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Abstract

Human seminal plasma contains a protein factor that can inhibit the motility of both

demembranated-reactivated and intact spermatozoa T1ùs factor, named seminal plasma

motility inlubitor (SPMI), was originally isolated from seminal plasma and shown to originate

exclusively from the seminal vesicles, where its specific activity is 5- to 10-fold higher than

it is in seminal plasma. The present study aimed at investigating the mechanism responsible

for this differenœ in activity. Analysis ofsemen after ejaculation allowed to demonstrate that

this difference in SPMl specific activity is due to the presence ofa predominant 52 kDa SPMl

precursor form in seminal vesicle fiuid whieb is rapidly degraded after ejaculation by prostatic

proteases. In addition, SPMl precursor was found to be associated with semen coagulum

proteins and abnormal processing ofthe precursor in semen was associated with poor,;perm

motility.

A novel method was deve\oped to purifY SPMl precursor from seminal vesicle tluid and

semen coagulum. Prostate-specific antigen (PSA) hydrolyzed SPMI precursor in a manner

reminiscent ofits processing in whole semen. Biochemical anaIysis ofthe precursor protein

and its hydrolysis produets provided evidence that SPMI precursor is identical to

semenogelin, the main structural protein ofsemen coagulum. The purified precursor inhibited

the motility ofintact spermatozoa in a reverstble and dose-dependent manner.

Finally, the characterization of SPMI molecular processing by PSA was addressed. The

results direetly demonstrate for the first time the restricted chymotrypsin-like specificity of

PSA on its majorphysiological substrate. The sites ofhydro\ysis by PSA were identified along

the precursor molecu\e and specific domains within the SPMI precursor responsible for
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biologica1 activity and reactivity with various annbodies were mapped.

Overall, these results shed Iight on the proteolytic processing ofSPMI precursor occurring

after ejaculation, and the associated change in SPMI activity on spermatozoa. The present

findings provide evidence, for the first time, that a specifie protein appears responsible for the

observed low sperm motility in freshly ejaculated semen, and that its processing by PSA

paral1e\s the progressive increase in sperm motility observed during semen Iiquefaction.
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Résumé

Le plasma séminal humain contient une protéine qui a la capacité d'inhiber la mobilité des

spermatozoïdes démembranés-réactivés ou intacts. Ce facteur, nommé "seminal plasma

motility inhibitor" (SPMI), fut initialement isolé àpartir du plasma séminal humain et provient

uniquement des sécrétions des vésicules séminales où son activité spécifique est de 5 à 10 fois

plus élevée que celle retrouvé dans le plasma séminal. La présente étude visait donc à

élucider le mécanisme expliquant cette différence d'activité. L'analyse du semen après

éjaculation a permis de conclure que cette différence d'activité est due au fait que dans le

fluide des vésicules séminales, le SPMI est présent sous la forme d'ILot précurseur de 52 kDa

qui est rapidement dégradé éjaculation par des protéases prostatiques. De plus, le précurseur

du SPMI fut retrouvé parmi les composantes coagulées du semen et l'absence de dégradation

normale du précurseur dans le sperme a pu être associé à une faible mobilité des

spermatozoïdes.

Un nouveau procédé de purification du préCl!rseur de SPMI a été développé. Nous avons

démontré que l'antigène spécifique de la prostate (PSA) peut hydrolyser le précurseur du

SPMI de la même façon que dans le sperme. L'analyse biochimique du précurseur et de

certains produits d'hydrolyse a permis de conclure que le précurseur du SPMI est identique

à la "semenoge!in", principale composante du coagulum séminal. Le précurseur du SPMI

purifié inhibe la mobilité des spermatozoïdes intacts en fonction de la concentration de SPMI

et de facon réversible.

Pour tdUÙi1er, une analyse détaillée du processus de transformation moléculaire du précurseur

du SPMI par le PSA fut entreprise. Les résultats ont permis de démontrer que l'activité et
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la spécificité de type chymotrypsine du PSA sur son substrat physiologique prédominant est

inhabituelle. Les différents sites d'hydrolyse par PSA furent identifiés. pennettant ainsi de

localiser la région du prësurseur du SPMI responsable de l'activité biologique ainsi que les

épitopes reconnus par différents anticorps.

Globalement, ces résultats permettent de mieux comprendre le processus de transformation

molëculaire du précurseur du SPMI après éjaculation. Les résultats pennettent de démontrer.

pour la première fois que le précurseur du SPMI semble responsable de la faible mobilité des

SPell\1atozoïdes dans le spenne fraîchement éjaculé et que sa transformation moléculaire par

le PSA se fait en parallèle avec l'augmentation progressive de mobilité des spermatozoïdes

se produisant durant la liquéfaction du spenne.
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Preface

Guidelines from the thesis office

Candidates have the option ofincluding, as part ofthe thesis, the text ofone or more papers

submitted or to be submitted for publication, or the clearly-duplicated text ofone or more

published papers. These texts must be bound as an integral part ofthe thesis. Ifthis option

is chosen, connectïng texts that provide logical bridges between the different papers are

mandatory. The thesis must be written in such a way tbat it is more than a mere collection

ofmanuscripts; in other words, results ofa series ofpapers must be integrated.

The thesis must still conform to all other requirements of the "Guidelines for Thesis

Preparation". The thesis must indude: A Table ofContents, an abstraet in Eng\ish and

French, an introduction which c1eariy states the rationale and objectives of the study, a

comprehensive review of the literature, a final conclusion and summary, and a thorough

bibliography or reference Iist.

Additional material must he provided where appropriate (e.g. in appendices) and in sufficiem

detail to aI10wa clearand precisejudgement to he made ofthe importance and originality of

the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate is

required to maIœ an expIicit statement in the thesis as to who contrihuted to SU....l work

and to what ment. Supervisors must attest to the accuracy of such statements at the
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doctoral oral defense. Since the task ofthe examiners is made more difficult in these cases.

it is in the candidate's interest to make perfect1y clear the responsibilities ofall the authors of

the co-authored papers. Uilder no circumstances tan a co-author ofany component of

such a thesis serve as an examiner for that thesis.

The above descn"bed option was chosen in preparing the present thesis. The first

chapter is an introduction containing a review ofthe Iiterature and presenting the objectives

and rationale ofthe present study. Chapters nand mconsist ofreprints ofpublished papers

from thelntemationaJJournal ofAndrology and Human Reproduction. Written permission

has been obtained trom the respective publishers to reproduce integrally these published

articles. Chapters IV and V are composed oftwo manuscripts to be published. CollectiveIy,

these chapters form the logical progression ofthe present investigation. Chapters n to VI are

preceded by short introductory texts that provide a Iink between them. The references found

at the end ofthe thesis are valid for Chapters 1and VI. The references for Chapters n to V

are found at the end ofthe respective chapter.

Apart trom the following exceptions, ail of the experimental work, data collection, and

analysis descn"bed in the present work were performed by M Robert under the supervision

ofOr.C.Gagnon.

- In chapter IV, the amino acid analyses were performed by Susan James ofthe endocrine

Iaboratory, Royal Victoria Hospital, Montréal, Québec.
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• - In chapter IV and V, the N-terminaJ sequence analyses were performed at the Sheldon

Biotechnology Center and the mass spectrometIy ana1ysis was performed by Bernard Gibbs

at the Biotechnology Research Institute of the National Research Counci1 of Canada,

Montréal, Québec.

- E\ka Jacobson, a summer research student under the immediate supervision ofthe author

contributed to some ofthe resu\ts related to the effect ofvarious protease inhibitors on

PSA activity found in chapter V.
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Introduction

1.1 Overview

Reproduction, or the begetting of descendants and the as50ciated recombination and

transmission ofgenes is, together with tèeding, the main basic preoccupation that allliving

organisms share. It is no surprise then, that during development ofthis function throughout

evolution, nature bas "given birth" to an astonishing array of different processes and

mechanisms to achieve this ultimate goal. This variety probably retlects efforts to optimize

chances offertilization success and, at the same time, provide a uniqueness to most species.

From the most basic process of binary fission in uniceIluiar organisms to the extremely

50phisticated process ofmammalian reproduction, the variation on this theme never ceases

to puzzle and fascinate the buman mind. It appears overwbelming that, in mammals, such a

complex mechanism starting from gametogenesis and leading to fertilization and zygote

development manages to be 50 efficient. However, in spite of the high success rate and

surviva1 of species through millions ofyears ofevolution, the reproductive function ofail

living species is not immune to malfunctions. For humans, failure to reproduce bas always

been a great Source ofconcern. History's earliest records make reference to infertility and aIl

cultures possess rituals, prayers or ceremonies to induce fertility.

It was the Dutch microscopist Antoni van Leeuwenhoek (1678) who first reported the

presence of spermatozoa in semen. He was aIso first to recognize that their presence in

semen and their ability to move and survive sufiiciently long in the femaie genital tract were

the essential prerequisites to a man's fertility potential. It is now reported that about 1S% of

couples in North America tàce infertility problems (Hargreave, 1984). Traditionally, for
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various historical and socio-cultural reasons, failure to conceive was associated almost

exclusively to failures occurring in the female's reproductive system. For this reason, the

study of andrology (the male counterpart to gynecology) was considerably neglected.

However, more recently, male factors were found to be directly responsible for 30% of cases

in infertile couples, and to play a role in an additional 20% ofcases (Amelar et al., 1977).

These changes in perception led to the development of andrology as a sub-speciality of

urology (or obstetrics and gynecology) and reproductive medicine. However, most processes

concerning the endocrinology of the male reproductive system, the complex process of

spermatogenesis, the role ofthe accessory glands and the various steps ofthe spermjourney

from the male reproductive tract to the site offertilization remain poorly characterized. It is

thus a fonnidable challenge, where most mechanisms remain to be uncovered, that many

scientists have undertaken with great enthusiasm. The field has thus expanded exponentially

in the recent years especially with the development of novel and powerful molecular

approaches to probe the function of the various components. The male germ cells are a

splendid model of cellular differentiation while at the same lime they retain the genetic

pluripotentiality that will aIlow the growth ofa new complete organism after the fusion with

the egg.

The present project was undertaken in an environment where the emphasis in research is at

the leve\ ofthe control ofsperm motility and sperm function. Most ofthe investigations aim

at highIighting specific mechanisms and factors, whether beneficial or detrimentaI, involved

in the regulation ofsperm motiIit:y and sperm functions. The applied objective is to eIucidate

sorne of the mechanisms underlying male factor infertility and to develop avenues for new

treatments.

3
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Obviously, in a world where almost every life fonn, from the most basic bacteria to humans,

expresses sorne form ofsexuaIity, female reproductive function bears an importance equal to

that of males for successful reproduction. However, for sake of brevity and cIarity, the

present review focusses on male reproductive function. Moreover, due to the exttaordinary

variety ofreproductive processes betWeen the different living organisms and species we will,

in the present study, focus our attention on mammalian species. The present introduction

proposes a general overview ofthe basic male reproductive function with particu1ar emphasis

en sperm motility and functions as weil as on the secretions ofthe male accessory glands and

the biochemistry of semen since these have particu1ar relevance to the experimental

component ofthe present work.

1.2 Male reproductive system

Among all physiological systems known, it is within the reproductive system, and more

specifically among the so-called male accessory sex glands, that the widest variations betWeen

species exist (Mann and Lutwak-Mann, 1981; Coffey, 1994), bath anatomically and

biochemical1y. Little is known about the need for such diversity. However, tIùs wide variety

is suggested to ref1ect adaptation of species to various environmental exposures, to

differences in reproductive behavior that conttibute to minimize exposure to pathogens, and

to avoid inter-species breeding and injuries to the reproductive system (Coffey, 1994).

A diagram ofthe human male reproductive system is presented in Figure 1. The~~.sic organ

ofthe male reproductive tract is the testis and its main secretory produets are the spennatozoa

and testosterone. This male hormone is mainly responsible for the male reproductive tract

differentiation and the induction of spennatogenesis. Anatomical1y, the testis is main1y

4
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EPlDlll'tM1S

Figure 1. Posterior view ofthe bnman male reproductive system. From Dym. M (1977)

The male reproductive system. In: Histology. Weiss L.• Greep RO. editors. McGraw-Hill

Book Co. New York
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constituted ofseminiferous tubules at the base ofwhieh the epithelium, and more specifically,

the Sertoli cells are actively involved in the coordination ofspermatogenesis. The Leydig

ceIls, on the other band, are found in the interstitia1 space and are responsible for the synthesis

oftestosterolle (Setchell and Brooks, 1994). Spermatozoa produced in the testis travel to the

epididymis, where sperm maturation and storage take place. The epididymis is a long

convoluted tubular structure (about 6-7 meters in man) secreting various proteins and low

molecu1ar weight compounds that interaet with spermatozoa in specifie regions of the

epididymis (Hoskins and Vijayaraghavan, 1990). It is during epididymal transit that

spermatozoa acquire the capacity to move forward and gain their fertilizing ability (Eddy and

O'Brien, 1994). The vas deferens is a tubule connecting the epididymis to the ejaculatory

duct. Its main fimetion is its contractile activity which propeis spermatozoa toward the distal

regions ofthe reproductive traet. However, it also demonstrates 1imited secretory activity

making a minor contribution to semen. The distal end ofthe vas deferens is terminated by an

anatomical enlargement, the ampulla, located near the site ofentrance within the prostate, at

the level ofthe so-caIIed ejaculatory duct.

Humans, rats and boars all have laTg': elongated seminal vesicles whereas these glands are

absent in dogs and cats (Mann and Lutwak-Mann, 1981). Carpi, who first descnoed these

structures in 1521, thought that they fimctioned merely as storage for semen, hence the

misnomer. However, these structures are now Iœown to actively secrete numerous semen

components (AwnllIIer and Riva, 1992). The mml vesicles rest in the connective tissue on

the posterior side ofthe bladder, adjacent to the rectum. Recent evidence suggests that the

seminal vesicles, along with the ampu1la ofthe vas deferens and the ejaculatory duet cao be

considered fimctionally as a single unit, called the ampullo-vesiculo-ductal complex (Riva et

6
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al., 1989).

In contrast to the seminal vesic\es, the prostate gland is conunon to ail mammalian species

even though there aIso exist large variations amongst different species. In humans, the

prostate surrounds the proximal urethra immediately below the bladder base. Whereas the

rat prostate is macroscopically divided into three distinct lobes, eaeh having a specialized

function, the Inunan and dog prostates have a much more unifonn morphological appearance.

While the role of the prostatie secretions remains poorly eharacterized. the cellular

components ofthe gland have been extensively studied since this organ is particularly prone

to abnormal growth and carcinoma in aged men (Aumü1ler and Seitz, 1990). Within the

prostate gland, the vas defecens and the seminal vesieles merge to fonn the ejaculatory ducts.

The latter terminate at the level ofthe prostatie urethra, a site known as the verumontanum

(Coffey, 1994). Fmally, along the urethra are found minor glands, the paired pea-size

bulbourethral or Cowper's gland found below the prostate and the Littre's gland lining the

penile urethra. The accessory glands ofthe male reproductive tract are actively involved in

de 1I9VO synthesis and secretion ofnumerous specifie substances that do not simply originale

from serum by transudation. However, the exact biological functions ofail these accessory

glands and their secretory products are poorly understood (Coffey, 1994).

Ejaculation is triggered by sequential contractions ofmultiple pe1vie muscles. This results in

the propulsion of epididymal spermatozoa along the effeJent ducts and urethra with

concomitant emptying ofthe various gland contents. There is thus both a cellular component

(spermatozoa) and a soluble component (seminal plasma) in semen. Ali these components

arenot emitted simu1taneously, but rather sequentially (Tauber et al, 1975, 1976). The first

fraction ofthe ejaQJ1ate ccntains mainly prostatie secretions. The second fraction contains

7
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spermatozoa and epididymal components while the contents of the seminal vesicles are

emitted in the last fraction (Lindholmer, 1973).

1.3 Androgen action on reproductive organs.

Male sexual development and maturation of reproductive organs are closely linked to

androgen action. The male hormon,; testosterone and its Metabolite dihydrotestosterone

(DHr) are responsible for the onset ofspermatogenesis at puberty (Steinberger et al., 1973),

the development and maturation ofthe various glands along the reproductive system, semen

production and male secondary sexual characteristics (Mann and Lutwak-Mann, 1981). In

the accessory sex glands, circulating testosterone enters the cell by simple or facilitated

diffusion, and is metabolized by the enzyme 5a-reductase which converts it into the more

patent DHT (Aümuller and Seitz, 1990). DHT is then transported to the nucleus where its

effects are mediated through binding to the intraeellular androgen receptor (Zhou et al.,

1994). Bath testosterone and DHT can bind to the receptor. The hormonelreceptor complex

then binds to specifie DNA elements, modifYing the topology of the chromatin, and resulting

in increased transcription ofspecifie genes. Despite enormous advances in the study ofthe

steroid family of nuclear receptors at the molecular level, relatively few genes whose

expression is directly regulated byandrogens have been characterized. Sorne ofthese include

the mouse mammary tumor virus promoter (Cato et al, 1987), the rat SVS IV and V proteins

(Higgins and Hemingway, 1991), a mouse vas deferens protein (Fabre et al, 1994), and an

e18S!l1se-1ike protease in the guinea pig seminal vesicle (Harvey et al, 1995). In addition, litt1e

is known about the specifie DNA sequences with which the hormonelandrogen receptor

complex interaets. However, an androgen response e1ement was identified in the promoter
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ofthe prostate-specific antigen gene (Riegman et al, 1991) and evidence for binding of the

androgen receptor to this element was recently provided (Luke and Coffey. 1994).

1.4 The spermatozoon

The basic functions ofthe male gamete are to carry a hap10id COPY ofthe ma!e's genome in

close proximity to the female gamete within the female genital tract, to penetrate the egg and

to achieve fertilization. As we WIll see be1ow, the spermatozoon possesses remarkably

specialized features that allow it to perform its function successfu1ly. These characteristics

paradoxically reflect extensive morpho10gical differentiation while, at the same time, the

genetic material ofthe ce11 remains deve10pmentally totipotent (Eddy and O'Brien, 1994).

Spermatogenesis bas its origins within the epithe1ium ofthe seminiferous tubules ofthe testis

where, following a comp1ex series ofmitotic divisions, spermatogonial stem cells undergo two

successive meiotic divisions, to produce the spermatids. The latter, following extensive

morphological changes are in tum released into the lumen of the seminiferous tubules as

spermatozoa. The whole differentiation process takes approximate1y 60 to 80 days in man

(Helier and Clermont, 1964). As spermatozoa leave the testis, they are fully differentiated but

do not yet possess the ability to move effective1y (Eddy and O'Brien, 1994). Spermatozoa

are then tran.'lported to the epididymis where maturation and storage take place. It is during

the epididymal maturation process that spermatozoa acquire the capacity for progressive

motiIity, even though they remam immotile within the epididymis until ejaculation (Eddy and

O'Brien, 1994). It is aIso during epididymal transit that spermatozoa acquire the ability 10

fertiIize the egg (Yanagimacbi, 1994).
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1.4.1 Morphology

A mammalian spermatozoon is composee! of two different parts, a head and a flagellum,

which are joined at the neck, as shown in Figure 2. The head consists primarily ofa nucleus,

the acrosome and a limited amount of eytoplasm and cytoskeleton. The extended tail of

spermatozoa, or flagellum, is made up of the axoneme, mitochondria, outer dense fibers,

fibrous sheath, and eytop\asm. While ail mammaIian spermatozoa share these basic features,

sorne differences exist between species in the shape and size ofthe head and in the length and

relative size ofthe components ofthe taiI (Yanagimachi, 1994).

The plasma membrane surrounds the whole surface ofthe spermatozoa. This membrane is

shaped according to the standard lipid bilayer f1uid mosaic model in which various proteins

are embedded. The main component phospholipids are phosphatidylcholine,

phosphatidylethanolamine, phosphatidylserine, sphingomyelin, phosphatidylinositol,

Iyso-pbosphatidylcholine and Iyso-pbosphatidylethanolamine together with smaller amounts

ofneutrallipids and g1ycolipids (parks and Hammerstedt, 1985; Mack et al., 1987; Agrawal

et al., 1988). Interestingly, the plasma membrane bas been found to contain regional domains

that differ in composition (Holt, 1984; Wolfand Voglmayr, 1984). This probably reflects the

separate functions perfonned by different parts of the cell (Eddy and O'Brien, 1994).

However, the mechanism responsible for the production and maintenance ofthose domains

bas not been elucidated. Extensive remodeling of the plasma membrane occurs during

epididymal transit (Eddy et al., 1991). These changes affect the composition ofboth the

membrane lipids and proteins, and likely modifY membrane f1uidity (Yanagimachi, 1994). A

good example is that ofcholesterol wbieb is actively synthesized and transferred to the plasma

membrane during epididymal maturation and appears to participate in plasma membrane
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Figure 2. Diagram ofa rat spermatozoon. The four regions ofthe tail are indieated, i.e., the

connecting piece (CP) joining the head to the tail, the middle piece (MP) showing the

transverse1y oriented mitochondria, theprincipal piece (PP), and the end piece (EP). Electron

microscope photographs a10ng the tail give the ultrastrueture ofthe regions as seen in cross

sections. These show the axoneme (microtubular doublets and singlets), the outer dense

fibres, the fibrous sheath with the longitudinal columns and nos, and mitochondria. The

amD!ln$ is aIso indieated at thejunclion ofthemiddle and principal piece. Modified from Oka

and Clennont (1990).
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stabi1ization (Seki et al., 1992). Numerous sperm surface proteins are lost during epididymal

maturation, while others are added to the membrane ofspermatozoa as integral membrane

proteins or simply adsorbed on the cell surface (Eddy and O'Brien, 1994). Sorne ofthese

proteins may serve as membrane stabilizing factors to prevent a premature acrosome reaction

(Reynolds et al, 1989) while others are be1ieved to be involved in sperm-egg into:raction at

fertilization (Moore et al, 1987; O'Rand et al, 1988). Alterations in sperm-surface

composition also occur at ejaculation (Eddy and O'Brien, 1994). AIl these various changes

appear to be necessary for the spermatozoon to acquire the ability to fertilize.

1.4.1.1 Sperm head

One ofthe specific features ofthe sperm head is the acrosome, a structure lying immediately

anterior to the tip of the sperm head, beneath the plasma membrane (Figure 3).

Developmentally, this structure originates from the Golgi apparatus ofspermatids (Eddy and

O'Brien, 1994). The outer acrosomal membrane directly underlies the plasma membrane of

the anterior sperm head while the inner acrosomal membrane overlies the anterior part ofthe

outer nucJear membrane (Eddy and O'Brien, 1994). These membranes define the acrosome

which can be most simply symbolized as a sac containing a wide array ofpotent hydrolytic

enzymes that a1low the sperm to penetrate the egg's outer vestmen15 before achieving

fertilization (Zaneve1d and De Jonge, 1991). 115 best charaeterized componen15 are

proacrosin, a powerfùl serine protease and hyaluronidase (Goldbezg, 1977; Muller-Esterl and

Fritz, 1981). Several other proteases, incJuding phospholipases, glycosidases and esterases

aJso have been deteeted in the acrosome (Yanagirnachi, 1994). Conversion ofthe inactive

zymogen proacrosin to the active enzyme acrosin occurs during the acrosome reaction
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Figure3. Diagrams ilIustrating the re1ative size and topograpbical re1ationsbip between the

•
acrosomal cap and the equatorial segment of the spermatozoa ofseven different species.

Although sbapes and œlative size ofthese two regions ofthe acrosome vary from species to

species. tbeir basic structures are the same. The central figure is a scbemaric repr=senta'ioo

of the sagittal section (-) through the bead. Modified fi'om Yan agim8 clü (1994).
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(Nuzzo et al. 1990). Acrosin is believed to he the major player in the capacity ofspermatozoa

to penetrate the egg surface. However, it was recently reported that spermatozoa from mice

with a targeted disruption ofthe acrosin gene cao still penetrate the oocyte zona pellucida and

effect ferti1ization (Baba et al., 1994). This finding suggests that acrosin may be dispensable

and that alternative enzymes or factors are also very important for fertilization.

The sperm nucleus carries ooly a single copy ofeach chromosome. During spermatogenesis,

the sperm chromatin is remodeled and becomes Iùghly condensed, allowing the sperm nucleus

to occupy a much smaller volume than in somalic ce\ls and assume the relatively narrow and

elongated shape typical of the mammaIian sperm head (Yasuzumi, 1974). This tight

compaction is in part made possible by the replacement of Iùstones, the nuclear proteins

present in somalic ce\ls, with the sma\l and very basic sperm specific protamines (Balhom,

1989; Meistrich, 1989). The protamine bound DNA is coiled into concentric circles that are

attached to the nuclear matrix and the nuclear annulus (Ward and Cotfey, 1991; Hud et al.,

1993; Ward, 1993). This Iùghly ccndensed protamine-DNA complex is stabili7ed by disulfide

bridges between protamines (Kvist, 1980; Yanagimachi, 1994). In its supercondensed state,

the sperm chromatin is maintained in a genetica1ly inactive state (poccia, 1986). The sperm

head additional1y comains cytoskeleton components (perinuclear theca) thought to define the

shape of the sperm head (Oison et al., 1983) but relatively Iittle cytoplasm (Yanagimachi,

1994).

1.4.1.2 The Oagellum

Four difti:J:ent segments cao he identified along the mammalian sperm flagellum (Figure 2):

the conneeting piece, the middie piece, the principal piece, and the end piece (Eddy and
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O'Brien, 1994). Extending over the fulliength ofthe flagellum is the axoneme, a remarkable

structure responsible for generating movement (Figure 4). The axoneme is composed ofa

so-c;illed "9+2" nùcrotubule complex in wlùch a central pair ofnùcrotubules is surrounded

by nine nùcrotubule doublets, each composed ofA and B nùcrotubules or subfibers (Fawcett

and Porter, 1954). The nùcrotubules themselves are composed of both ex and B-tubulin

isoforms (Hecht et al., 1984). The A nùcrotubule consists of 13 protofilaments, whereas the

"C-shaped" B nùcrotubule contains only Il protofilaments and is attached to the A

nùcrotubule (Tilney et al., 1973). Two dynein arms prottude fi:om the A nùcrotubule toward

the B nùcrotubuie ofthe adjacent doublet. These projecting arms contain the ATPase aetivity

that is responsible for the generation ofmovement through the siiding ofnùcrotubules upon

ATP hydro1ysis (Satir, 1979). Additionaily, structures known as radial spokes are connected

to each outer doublet at the level ofthe A nùcrotubule and project toward the central pair of

nùcrotubules (Bryan and Wilson, 1971). Nexin links are also present in some species, linking

adjacent outer doublets by flexible extensions. Fmal1y, besides these major components, the

axoneme is composed ofnumerous other proteins (Lucie, 1984).

Additionai features ofthe fiagellum ofmammalian spermatozoa inc1ude the outer dense fibers

network and the fibrous sheath whose funetions are not clearly understood (Eddy and

O'Brien, 1994). Surrounding the outer dense fiber in the nùddle piece ofthe sperm taiI is an

end to end he\ical ammgementofnùtochondria (pbi11ips, 1977). These organelles are the site

ofsperm oxidative metabo1ism where the ATP required for sperm motility is generated (Ford

and Rees, 1990).
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Figure 4. Structure ofthe sperm axoneme. The diagram shows the main la10wn components,

i.e., the microtubule doublets, the dynein amIS, the radial spokes and the nexin links.

Modified from Tash (1990).
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1.4.2 Sperm functions

In order to achieve their ultimate goal, spermatozoa must undertake, following ejaculation,

a long and perilousjoumey through the female reproductive tract up to the Fallopian tubule.

Ofthe tens ofmillions ofspermatozoa deposited in the female tract at ejaculation, only few

will reach the site of fertilization. The single most important factor that will allow

spermatozoa to reach the vicinity ofthe egg is motility.

1.4.2.1 Motility: Mechanism and energetics

Sperm motility is by far the most energy demanding process in spermatozoa The stiffness

of the flagellum and the viscosity of the fluid in which spermatozoa are bathed are two

interacting factors that must be overcome (Mann and Lutwak-Mann, 1981). The meciumism

enabling spermatozoa to deve10p flagellar motion is linked to the transfonnation of the

chemical energy stored in the ATP pool into mechanical energy (Ford and Rees, 1990). This

transformation is mediated by the proteins ofthe axoneme and more specifically by the action

ofthe dynein arms which contain an ATPase activity (Satir, 1979; Gibbons, 1981). Flagellar

movement is initiated when sliding between adjacent outer microtubule doublets occurs

through a mechanism reminiscent ofthe actin-myosin translocation occurring during muscle

contraction (Mann and Lutwak-Mann, 1981). The dynein arms fonn bridges to the adjacent

pair ofmicrotubules. Upon ATP binding this attaehment is released, and ATP is hydrolyzed

cansing a translational movement ofthe arms along the axoneme and translocation (Gibbons

and Gibbons, 1974). This attaehment-detaehment-translocation cycle triggers the s1iding of

adjacent microtubules against each other resulting in a bending ofthe flagellum and wave

propagation (Gibbons, 1981). The ATP neeessary to sustain motility is generated primari1y
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by the catabolism ofdifferent substrates, most notably by glycolysis offruetose and glucose,

and oxidative phosphorylation (Ford and Rees, 1990).

Gagnon et al. (1982. 1986) demonstrated the importance of protein carboxymethylase

activities in spermatozoa for the maintenance of motility and a role for proteases in the

regulation ofsperm motility bas a1so been suggested (de Lamirande and Gagnon, 1983; de

Lamirande et al.• 1986).

1.4.2.2 Capacitation

Of the multiple spermatozoa that reach the vicinity of the oocyte, only those that have

undergone a process ca11ed capacitation can successfully achieve fertilization. The

phenomenon ofcapacitation was originally discovered following unsuccessful attempts to

fertilize eggs in vitro, using ejacu\ated or epididyma1 spermatozoa On the other band,

spermatozoa that had resided in the oviduet or uterus could ferti\ize (Chang, 1951, 1955;

Austin, 1951, 1967). This ill-defined process is best described as a series of functional

changes in spermatozoa, occurring in the female reproductive tract, that give spermatozoa the

competency to undergo the acrosome reaction and achieve fertilization (Yanagimachi, 1994).

The heterogeneity ofspenn populations bas been a major hurdie to the study ofcapacitation.

Traditiona1ly, the capacity ofspermatozoa to undergo the acrosome reaction (see below) in

vitro (triggered by substances such as the calcium ionophore A23187, lysa­

phosphatidylcholine or isoiated zona peIlucida) bas been used as an indicator ofcapacitation.

However, it is possible that special conditions may induce the acrosome reaction

spontaneous1y through a pathway that bypasses capacitation. Moreover, spermatozoa which

have been capaàtated may somehowbeprevented ta undergo the acrosome reaction. In such
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cases, failure ofthe acrosome reaction does not necessarily imply that spetrnatozoa were not

capacitated (Yanagimachi, 1994). The exact molecu1ar mechanisms responsible for

capacitation remain largely unknown, but appear to involve changes in the properties ofthe

spenn plasma membrane (Clegg, 1983), in intracellular ionic composition (Hyne et al., 1985).

increases in metabo\ism and motility parameters (Boen, 1985). and loss of seminal plasma

proteins attaehed to the spenn membrane (Vernon et al., 1985). Sorne decapacitating factors

may be bound to the sperm surface and released only at the proper moment. Potential

candidates for this activity were found in diffoent species and showed to inhibit the fertilizing

abiIity ofspennatozoa (Bedford and Chang, 1962; Wtlliams et al., 1967; Fraser et al., 1990).

1.4.2.3. ByperactivatioD

The phenomenon of sperm hyperactivation refers to a specifie type of motility where

spermatozoa start to move frantically (Yanagimachi, 1994). Sperm hyperaetivation occurs

concomitantly with capacitation while the latter is a prerequisite for the acrosome reaction in

1IÎ1IO (Burkman, 1990). The motility ofhyperactivated spermatozoa is characterized by high

velocity, low forward progression and whip1ash-like movement ofthe flagellum (Katz and

Yanagimachi, 1980; Burkman, 1990). General1y, there is a good correlation between sperm

hyperactivation and sperm ability to penetrate the zona peIIucida (Yanagimachi, 1994).

Hyperaetivation is believed to tàci1itate the release of spermatozoa from the folds of the

oviduetal epithelium (Demott and Suarez, 1992), swimming of spermatozoa through the

viscous fluid of the oviduct (Suarez et al., 1991; Suarez and Dai, 1992) and penetration

through the zona peIIucida and other egg vestments by generating strong propulsive thrust

(Katz and Yanagimacbi. 1981; Suarez et al., 1991). Hyperaclivation is be1ieved ta he induced
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by activation ofcalcium channels, resulting in transient calcium influx and initiation ofthe

cAMP-protein kinase signalling cascade (Suarez et al., 1993; Yanagimachi, 1994)

1.4.2.4 Acrosome reaction

Once capacitated, spermatozoa can bind to the zona pellucida proteins. This binding induces

a cascade of reactions in spermatozoa involving calcium influx and activation of sperm

phospholipases that ultimately resu1t in the acrosome reaction (Harrisson and Roldan, 1990;

Kopf and Gerton, 1991; Yanagimachi, 1994). The mechanism ofthe acrosome reaction,

which is an exocytotic event, involves a fusion reaction as weil as the vesicu1ation and

shedding of the outer acrosomal membrane and the sperm plasma membrane covering the

proximal part of the head, down to the equatorial segment (Yanagimachi, 1994). This

reaction resu1ts in the re\ease ofthe various acrosomal hydrolytic enzymes which, in tum,

allow the spermatozoon to penetrate the vestments surrounding the egg. Human seminal

plasma can prevent spermatozoa from undergoing the acrosome reaction (Cross, 1993). The

inlubitory factor bas recently been identified as cholesterol (Cross, 1996). ln vivo, the zona

pellucida, and progesterone are believed to induce the acrosome reaction (FIorman and

Storey, 1982; Osman et al., 1989). The zona-induced acrosome reaction is usually species

specific but exceptions have been reported (Lee et al., 1987; Uto et al., 1988).

1.4.2.5 Fertilization

After successfully penetrating the zona pellucida, the spermatozoon rapidly crosses the

perivitelline spaœ, and reaches the egg plasma membrane. The inner acrosomal membrane

then fuses with it (Yanagimachi, 1994). Following internaJjzation ofthe spermatozoon, the
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dormant egg gets activated, resulting in the completion of the second meiosis (Yanagimachi.

1994). During that time, the male nucleus decondenses and transforms into a pronucleus

(Zirkin et al., 1989). Finally both pronuclei meet at the center of the egg, their nuclear

membranes disintegrate and the diploid ceII is now ready to undergo its first division

(Yanagimachi, 1994). This stage marks the end ofthe fertilization process and the beginning

ofembryo development.
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1.5 Biochemistry of seminal plasma

1.5.1 Overview

As descnbed above, seminal plasma fonns at ejaaJ1ation when the fluids ofthe various glands

ofthe reproductive tract are mixed. Apart trom its obvious role as a hydrodynamic medium

for transporting spermatozoa, the physiological function of seminal plasma during the

reproductive process bas traditionally been underestimated and negiected and thus remains

poorly charaeterized (Coffey, 1994). This is explained in part by the faet that, in various

species, successful fertilization bas been possible with the use ofepididymal spermatozoa,

suggesting that seminal plasma is not an absolute requirement for fertility in vitro (E1iasson

and Johnsen, 1986). However, this does not rule out important functions in vivo. There are

also various reports demonstrating the importance ofthe secretions trom the accessory glands

for fertility. In some species, surgical removal of certain accessory sex glands does not

significant1y affect fertility (Eliasson and Johnsen, 1986). On the other band, in the domestic

mouse, the seminal vesicles appear to play a major role in fertility (pang et al., 1979; Peitz and

Olds-Clarke, 1986; Peitz, 1988). In rats, ablation ofthe seminal vesicles rendered males

completely infertile (Cukierski et al., 1991). Moreover, while the removal of either the

ampullary gland or the ventral prostate in hamsters did not affect fertilization rate, the

premature death ofembryos suggested an impairment in reproductive efficiency (Chow & 0,

1988). These findings suggest that, under special circumstances, fertilization is possible using

epididymal spermatozoa and that the faetors conttibuted by seminal plasma may be

dispensable in vitro. However, it also implies that components ofseminal plasma contributed

by the accessory glands are very important to acbieve fertilization and may be involved in
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supporting early embryo development (Chow et al., 1994). Moreover, taking into account

the wide variation in aeeessory glands between species, it would be inappropriate to infer that

observations made in one species are necessarily applicable to another (Mann and

Lutwak-Mann, 1981). The controversy conceming the physiologica\ relevance of seminal

plasma was weil summarized by Mann and Lutwak-Mann (1981); "In conclusion, although

many unanswered questions rernain as to how the various chemica\ constituents of seminal

plasma figure in reproduction, to deny to this fluid any physiologica\ significance whatsoever

is neither sensible nor justified.".

Severa! functions for seminal plasma have been descnlled or hypothesized: modulation of

sperm metabolism (Mann and Lutwak-Mann, 1981; Inskeep et al., 1985), immunosuppressive

activity to protect spermatozoa from immune ceUs ofthe fema1e reproductive tract (James and

Hargreave, 1984), stimulation of fema1e reproductive tract smooth muscle contraction

(Clavert et al., 1990), protection ofspermatozoa against reaetive oxygen species (lwasaki and

Gagnon, 1992) and lipid peroxidation (Eliasson and Johnsen, 1986) and the modulation of

sperm function and motility (Aumüller et al., 1990; lwamoto et al, 1990).

In hnmans, the secretions originating from the prostate contnllute around 15 to 25% ofthe

total ejaculate volume, while those ofthe seminal vesicles account for as much as 60 to 70"10

(Eliasson and Johnsen, 1986; Aümuller and Riva, 1992; Coffey 1994). The contnllutions of

the vas deferens, ampulla, Cowper's glands and Littre's glands represent less than 10"10 ofthe

volume (polakoski et al, 1976). Paradoxically, spermatozoa account for less than 1% ofthe

semen volume (Coffey, 1994).

Seminal plasma is formed by the sequentia1 emission of the various tluids of the male

reproductive tract (Tauber et al, 1975, 1976). The ejaculate can thus he split into different
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fractions for anaIysis. Using this approaeh in humans, the fluids from the prostate and the

sperm-rieh epididymal fluid were found to be ejaculated first, foUowed in the late phase by

eonstituents originating from the senünal vesieles (Lundquist, 1949; Lindholmer, 1973,

Eliasson and Johnsen, 1986). Disruption ofthis normal ejaculatory sequence can result in

poor sperm motility (Mann and Lutwak-Mann, 1981). Human semen coagulates rapidly

foUowing ejaculation and then normaUy liquefies within 5 to 20 minutes (Tauber et al., 1980).

The substrates responsible for the coagulation reaction are associated with the secretions of

the seminal vesieles whereas the liquefying activity is associated with prostatie secretions

(Mann and Lutwak-Mann, 1981). A very exhaustive description of the constituents of

seminal plasma, in various species, can he found in the literature (Mann and Lutwak-Mann,

1981).

In the present section, we win focus our attention on compounds that are either very specifie

to seminal plasma or others that are also he expressed in other tissues or fluids, but are

present in semen at unusually high concentrations. These substances are thus more likely

relevant to the reproductive process.

1.5.2 lODS and small organic molecules

Sodium and chloride are the main ions in seminal plasma, but their concentrations remain weil

beiowthat ofblood plasma (Mann and Lutwak-Mann, 1981; Kavanagh, 1985). Potassium,

on the other band, is preseÎlt in a relatively high concentration, and thus with multiple other

small organic molecules, it is thought to compensate for the osmolality deficit (Mann and

Lutwak-Mann, 1981). Calcium and magnesium ions are present in seminal plasma at

concentrations similar to those ofblood plasma (Mann and Lutwak-Mann, 1981; Coffey,
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1994). An unusual feature of seminal plasma is the abundance ofzinc ions which averages

2 mM (Mann and Lutwak-Mann, 1981). This divalent ion originates from the prostate where.

of ail organs, it is found at the highest concentration (Bertrand and V1adesco, 1921). 115

concentration in prostatic secretions can be as high as 7 mM, roughly 20 to 30 times the

concentration found in blood plasma (Lynch et al., 1994). Zinc is used as a marker for the

secretory function of the prostate gland, and is thought to be mainly secreted as a citrate

chelate although this process is not weil defined (Kavanagh, 1994). 115 function is not weil

established, but sorne studies have proposed possible roles. Zinc is known to he important

for the maintenance ofchromatin stabi1ity in the sperm nucleus (Kvist et al., 1990). Following

ejaculation, zinc ions bind to protein ligands originating from the seminal vesicles (Arver,

1980; Bjorndal and Kvist, 1990). These zinc ligands may, in this way, affect the zinc

complexed to sperm chromatin by competing with ce11s for seminal zinc and thus influence

spermfùnction (Kjellberg et al., 1992). Fair and Wehner (1976) have also shown that zinc

may have an antibaeterial effeet. Recently, a role for zinc in regulating hamster sperm

capacitation bas been suggested (Andrews et al., 1994).

Citrate is one ofthe major anions ofseminal plasma and is present at concentrations varying

between 13 and 50 mM (Kavanagh, 1994; Lynch et al., 1994). The human prostate is the

major source ofcitrate whieb is a1so used as a marker for the gland. Prostatic secretions have

been shown to contain up to 180 mM of citrate (Kavanagh, 1994). It is be1ieved to he

activeIy synthesized in the g\and rather than simply CODcenttated from blood citrate (Costello

and Franklin, 1991). Citrate is recognized main1y for its important role in maintaining the

osmotic equilibrium ofthe prostate. and it is a powerful zinc ebelator in thepf~ (Mann

and Lutwak:-Mann, 1981; Coffey, 1994; Kavanagh, 1994).
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Fructose, the essential reducing sugar in seminal plasma, is active\y secreted by the seminal

vesic\es and is used as a marker for the gland's secretory function (Mann and Lutwak-Mann,

1981). Fructose is synthesized from glucose and its concentration ranges between 6 and 60

mM in seminal plasma (Aumüller and Riva, 1992). It represents the main metabolizable

substrate in semen (Mann and Lutwak-Mann, 1981). In addition, fructose may be involved

in the phenomenon ofsemen coagulation (Montagnon et al., 1985). Other sugars such as

glucose, sorbitol, inositol, n'bose and fucose are also present in seminal plasma at low

concentrations (Mann and Lutwak-Mann, 1981; Coffey, 1994)

Phosphorylcholine is a highly specifie substrate for the enzyme prostatic acid phosphatase

present in semen (Se\igman et al., 1975). This compound represents the major source of

bound choline in seminal plasma, but its exact function in semen remains unknown.

Spermine, a basic aliphatic polyamine, is present at high concentrations in human seminal

plasma (1 to 3 mM) and originates from the prostal:e (Setchell and Brooks, 1994). Interest

in spermine and related polyamines originates from studies showing a correlation between

changes in polyamine l:vels and the induction ofcell growth (Coffey, 1994). However, in

semen, its exact biological function remains speculative, although there may exist a

relationship with sperm count and motility (Fair and Parrish, 1981). Free inorganic phosphate

released by the seminal acid phosphatase is known to interact with spermine and trigger the

formation ofspermine phosphate crystals in seminal plasma (Setchell and Brooks, 1994).

Seminal plasma is also the richest source of prostaglandins ofail body fluids (Mann and

Lutwak-Mann, 1981; Aumüller and Riva, 1992). Multiple members ofthe prostaglandin

family are present in seminal plasma, ranging in concentration between 100 and 300 Ilgfml

(Coffey, 1994). The name prostaglandin is derived from the initial belief that these
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compounds originated from the prostate (von Euler, 1934). However, the seminal vesic1es

were subsequently found to be the source of the prostaglandins, hence the misnomer

(Eliasson. 1959). These molecules are known for their potent pharmacological effects but

their role in semen is poorly understood. A1though there is controversy concerning the role

of prostaglandins in stimulating sperm motility, it is currently be1ieved that they may have

effects on cervical mucus and vagina1 secretions, thus promoting sperm transport in the female

reproductive tract (Clavert et al., 1985; Aümuller and Riva, 1992; Coffey, 1994). The

prostaglandins are also be1ieved to have immunosuppressive activity (Kelly, 1991).

Seminal plasma also contains a broad range of free amino acids, and their concentration is

known to increase during semen Iiquefàction due to eKtensive proteolysis (Aümuller and Riva,

1992; Setche11 and Brooks, 1994). Numerous Iipids are aIso present in seminal plasma, the

most abundant ones being cholesterol and phospholipids (Scott, 1945; White et al., 1976).

The predominant phospholipids are phosphatidy1serlne and sphingomye1in (Nissen and

KreyseI, 1988). Lip.~ in semina1 plasma may interact with the sperm plasma membrane

(Eddy and O'Brien, 1994). Fmally, many reducing substances such as ascorbie acid,

ergotbioneine, hypotaurine and urie acid, wlùeh originate from different glands depending on

the species, are present in semina1 plasma (Mann and Lutwak-Mann, 1981; Setche11 and

Brooks, 1994).

1.5.3 Proteïns in seminal plasma

Human seminal pIasma contains a widevariety ofproteins with a tota1 COIlcent1ation of 35-55

mgfml Q izana and Eneroth, 1983). Onlya minor proportion ofthese proteins are abstracted

from serum, and most are activeIy secreted by the various accessory g1ands and are specifie
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for semen. Many proteins have been identified and eharacterized based on activities or

properties reminiscent of known proteins in other tissue and systems. However, other

proteins have a1so been found to be specifie to semen and likely play an active role in the

reproductive process.

1.5.3.1 Enzymes

Among the proteins identified in seminal plasma, several are enzymes. In human seminal

plasma, the presence of a y-g1utamyl transferase (Heite and Wetterauer, 1977), various

nbonucleases (Lee et al, 1983) and a sorbitol dehydrogenase (Ibarra et al., 1982) have been

reported. In rodents, a transglutaminase catalyzing the covalent cross-linking of seminal

vesicle proteins (Williams-Ashman, 1984) and a suIfbydryl oxidase, whieh catalyzes the

oxidation ofthiol groups in the presence ofoxygen to form disulfides are present (Seitz and

Aümuller, 1990). An acid phosphatase that catalyzes the hydrolysis of phosphate

ester-eontaining substrates under acidie conditions was reported in both rat (paul and

Richardson, 1969) and dog prostates (Saini and Van Etten, 1978). In humans, the enzyme

prostatie acid phosphatase bas a long history ofuse as a tool in the monitoring ofprostatic

malignancies (LiIja and Abrahamson, 1988) but its physiological function bas not been weil

established. It bas been shown to possess phosphatase activity toward tyrosine-

phosphorylated proteins (Lin and Clinton, 1986) and may thus have a role in regulating the

phosphorylation state ofsperm membrane proteins known to control sperm fertilizing capacity

(Naz et aI.. 1991). In prostate cancer, it might be involved in the progression oftumors or

metastasis (Chevalier et al, 1988; Ishibe et aI.. 1991). Fmal1y, severaI other enzymes and
,

hydrolases incIuding a ladie dehydrogenase, phospholipases and oxidoreduetases are present
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in seminal plasma and have been described e1sewhere (Aümuller and Seitz, 1990; Cotrey,

1994).

1.5.3.2 Proteases

Numerous proteolytic enzymes are present at bigh concentration in seminal plasma (Mann and

Lutwak-Mann, 1981). An arginine esterase of prostatic origin is present in very bigh

concentration in dog seminal plasma (Chapde1aine et al., 1984). Y"m et al. (1990) reported

the presence of multiple ge1atinolytic proteinase activities in human seminal plasma and

showed that most ofthem originated from the prostate. Some ofthe proteases identified

inc1ude p1asminogen activator (Hisazumi, 1970), a collagenase-Iike peptidase (Lukac and

Koren, 1979), angiotensin-converting enzyme or kininase II (Miska et al., 1988), a

zinc-dependent peptidase (LaurelI et al, 1982), seminin (Syner et al., 1975; Tauber et al,

1980) and a basic carboxypeptidase (Slàdgel et al., 1988).

Prostate-specific antigen (PSA) is another seminal enzyme that has attraeted a lot ofinterest

since its introduction in c1inical praetice as a tumor marker in the monitoring ofbenign and

malignant prostatic growth (Oesterling, 1991). PSA was origina11y isolated from semina1

plasma and identified as a prostate-specific protein (Wang et al., 1979). However, recent

evidence using ultrasensitive immunoassays demonstrates low levels ofits expression in other

tissues as we1l (Diamandis, 1995). The protein was deteeted in human breast cancer tissue

(Diamandis et al, 1994), in the endometrium (Clements and Mukhtar, 1994), in the milk of

laetarlng women (Yu and Diamandis, 1995) and in various tumors originating from different

tissues (Levesque et aI., 1995). PSAis secreted in semen, by the epithe1ial celb:ofthe normal

and diseased prostate, at a concentration of0.2-5 mg/ml (0esterIing, 1991). Its complete
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• primary structure bas been detennined from protein chemical anaIysis and from its cDNA

sequence (Watt et al, 1986; Lundwall and LiIja, 1987; Scha11er et al., 1987). PSA is a single

chain, 33 kDa serine protease with high homology to the kalIikrein family of processing

enzymes and is one ofthe most abundant proteins in human prostatic secretions (Watt et al.,

1986; Schaller et al., 1987; Lundwall and LiIja, 1987; LiIja and Abrahamson, 1988).

Contrarily to other members ofthe kalIikrein family which display trypsin-like aetivity, the

primary structure ofPSA alIows to predict a chymotrypsin-like aetivïty. This prediction is

supported by expelimentaI evidence using synthetic substrates and various protein substrates

(Watt et al., 1986; Akiyama et al., 1987; Chrïstensson et al., 1990), and by computer

modeling of the three-dimensional structure of the substrate specificity pocket of PSA

(Vihinen, 1994). PSA is be1ieved to hydrolyze the main structural protein components of

semen coagulum ailer ejaculation (Lilja, 1985; LiIja et al., 1989; McGee and Herr, 1987;

1988).

The gene and the cDNA coding for another kalIikrein protease Iœown as the human glandu\ar

kalJikrein-1 (hGK-1 orhK2) bas been c10ned and characterized (Schedlich et al., 1987; Young

et al., 1992). Thetranseript ofthis gene is expressed at re\atively high levels in the prostatic

epitheIium (Chapde\aine et al, 1988) but there is yet no definite evidence for the secretion of

the protein in semen (paradis et al., 1989). According to its cDNA sequence, the enzyme is

highIy homologous to PSA but should display trypsin-like substrate specificity. Recent1y, a

novel serine protease, pmstasin. bas been isolated from seminal plasma and characterized (Yu

et al., 1994). It bas an appaieut molecularweigbt of40 kDa, displays trypsin-like aetivïty and

is ecpressed inepitheflll\ and ductal ceIIsofthe prostate. It aIso seems present at lower levels- .
in other tissues and in urine (Yu et al, 1994).
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Until now, the majority of seminal proteases charaeterized have been associated with the

œensive protein proteolysis occurring in semen after ejaculation (Mann and Lutwak-Mann,

1981). Besides contributing to the coagulum liquelàetiOll, proteolysis ofseminal proteins may

also contribute to reduce the antigenic load that semen proteins represent in the vagina

(Szcesi and Lilja, 1993). It is aIso possible that some proteases aet on sperm proteins and

thus modulate their fertilizing ability or other functional parameters.

1.5.3.3 Protease inhibitors

Since mnnerous proteases are present at bigh concentration in seminal plasma, it is natura! to

suspect that regulatory mechanisms must also exist to control their aetîvity. Unregulated

proteolytic aetivity in semen could resuIt in damage to spermatozoa. It is thus very unlikely

that ail these proteases are free to aet at ail time in the reproductive tract or in semen.

Accordîngly, seminal plasma basbeen found to be a rich source ofvarious protease inIu"bitors.

The bigh molecular weight proteinase inIu"bitors cx.-antitrypsin and «.-antichymotrypsin are

present in seminal plasma (SchilI, 1976). The cx,-antichymotrypsin can bind to PSA and

regulate its activity (Christensson et al, 1990). In addition, protein C, a member ofthe serine

protease inluOitors (serpins) was deteeted at bigh concenbation in seminal plasma (LaureIl et

al, 1992). It appears10 originate mainly ftom the semjnal vesicles but also to a lesser extent

ftom the testis, epididymis and prostate. This protease inluOitor might be reguIatiug the

activity ofPSA, the hGK-1.gene product, and acrosin (LaureIl et al., 1992; Chrîstensson and

Lilja, 1994). In addition, a fiunily oftrypsin inIu"bitors and a low molecular weight cysteine

protease inIu"bitor have aIso been described in 111Iman semen (ScbiessDer et al, 1976;

Minakata et al., 1986). Beside poSSl"ble effects on seminal proteases, many ofthe protease
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inhibitors present in seminal plasma are be1ieved to inactivate the sperm acrosomal protease

aerosin, released from damaged spermatozoa and to protect spermatozoa, from the various

proteases present in the secretions of the female reproductive tract (Aümuller and Seitz,

1990).

1.5.3.4 Immunosuppressants

Proteins with immunosuppressive properties have been reported in seminal plasma (Marcus

et al., 1987). Their presence probably refleets the need to avoid sensitization ofthe female

to sperm antigens following intercourse and to protect spermatozoa from potential damage

caused by cells ofthe immune system (James miHargreave, 1984). Lactoferrin is suspeeted

to provide immunotolerance of the endometrium against spermatozoa (Wichmann et al,

1989). The potential mechanisms for immune response modu1ation have been descnoed by

James and Hargreave (1984). One POSSlOility is the protection of spermatozoa against

antibody-mediated destruction provided by proteins ofseminal plasma wlùch cao interaet with

the Fe portion ofimmunoglobulins (Wrtkin et al, 1983; Thaler et al., 1989; Liang et al.,

1991). However, ilie other side ofthe coin suggests that the same fàctors MaY aIso have

detrimental eftèets, by decreasing defense mechanisms against the appearance ofgenitaI tract

tumors, and facilitating the transmission ofinfectious agents (Ablin et aI.,1980; James and

Hargreave, 1984; Marcus et al., 1987; Kelly, 1991). In spite of the presence of

immunosuppressants, various immunoglobu1ins are detectable in seminal plasma but their

conceullationsmnain be1owthosefound in blood plasma (Coffey, 1994). They are be1ieved

to originate from ilie aceessory glands.
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1.5.3.5 Structural proteio3 and semen coagulation-liquefaction

In many mammalian specie.c. semen is known to coagulate into a ge1atinous mass after

ejaculation (Maron and Lutwak-Mann, 1981). The seminal vesicles are the source of

coagulating substances in most species (Mann and Lutwak-Mann, 1981). Interestingly. dogs

and cats lack seminal vesicles, and their scmen does not coagulate (Tauber and Zaneve1d.

1981). The phenomenon ofsemer. coagulation has been extensively characterized in rodents

where formation ofa solid copulatory plug, which does not readily lïquefy. takes place in the

vagina (Williams-Ashman. 1984). This plug is believed to prevent the outflow ofsemen and

avoid additional fertilization by non-dominant males (Aumüller and Seitz, 1990). The vaginal

plug is formed by extensive covalent bond formation between basic protein substrates

originating from the seminal vesicles. This cross-linking ofproteins occurs via a reaction

between the E- amino group of lysine residues and the y-glutamyl groups catalyzed by a

transglutaminase originating from the coagulating gland (Williams-Ashman et al., 1972;

Wi1Iiams-Ashman. 1984; Fawell and Higgins., 1987). While in the guinea pig a single protein

appears to be the precursor ofthe cross-linked clot (Notides and Williams-Ashman, 1967),

severa! proteins participate in the same phenomenon in rat seminal plasma (Williams-Ashman

et al., 1980). The major substrate for the transglutaminase in rat semen appears to be the

seminal vesicle secretory protein-II (SVS-lI) (Wagner and Kistler, 1987). This protein

forms disulfide-linked complexes in the lumen ofthe seminal vesicle (Wagner and Kistler,

1987) through an oxidation reaction that may be eatalyzed by a sulfhydryl oxidase present in

the seminal vesicle (Ostrowslà and Kistler, 1980). The proteins involved in the plug

"'.
formation have simiIar amino acidcompositions which are nnmlllally rich in lysine, histidine,

. serine, and glutaminelglutamic acid (Wagner and Kistler, 1987).
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In the bœr. a different mechanism involving interactions between sialomucoproteins derived

from the Cowper's gland and proteins from the seminal vesicle appears to be responsible for

the coagulation of semen (Mann and Lutwak-Mann, 1981).

FoUowing ejaculation, human semen spontaneously coagulates into a semï-solid gelatinous

mass wlüch then liquelies within 5 to 20 minutes (Amelar, 1962; Tauber and Zaneveld, 1981).

This coagulum appears as a dense network ofnarrow and long fibers that are approximately

0.15 Ilm thick (Zaneveld et al., 1974). The major structural components ofhuman semen

coagulum have been descnoed as disulfide-linked complexes of a predominant 52 kDa

protein, semenoge1in, and two less abundant semenogelin-related proteins of71 and 76 kDa,

ail originating from the seminal vesicle secretions (LiIja and Laurell, 1984; 1985).

Fibronectin, another major secretion of the human seminal vesicles, also appears to be

incorporated in the coagulum structure with semenogelin (LiIja et al., 1987). The primaty

structures ofsemenogelin and semenogelin-related proteins have been elucidated (LiIja et al.,

1989; LiIja and Lundwall, 1992). The 71 kDa semenogelin-related protein (or semenogelin

II) is highly homologous (80"10) to the 52 kDa semenogelin (or semenogelin 1), the main

difference being the presence ofan extended C-terminal, while the 76 kDa protein appears

to be a glycosylated f('lrm of the 71 kDa polypeptide (LiIja and Lundwall, 1992). Whereas

semenogelin is expressed exclusively in the seminal vesicles, transeripts reiated to the 71-76

kDa semenogelin-related proteins have been detected in the epididymis (LiIja et al, 1989).

These proteins contain various internaUy repeated units but do not possess significant

homology to other known proteins. However, significant sequence simiIarity exists in the

signal peptide and the 3'-end untrans1ated nucleotides of the cDNA of semenoge1in and

semenogelin-reiated proteins and that ofbath rat seminal vesicle secretory protein n and
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guinea pig semina1 vesicles protein GPl, the major semina1 clotting protein in these species

(Lilja and Lundwall, 1992; Lundwall and Lazure, 1995).

The exact molecular mechanism responsible for the gelation ofthese human semina1 proteins

remains unclear but some hypotheses have been proposed. Chaistitnavitch and Boonsaeng

(1983) observed acceleration ofsemen liquefaction in the presence ofthe reducing agent 2­

mercaptoethanol. However, the interactions between proteins that are responsible for

coagulation do not appear to be mediated by disulfides or other covalent bonds since the

coagulum structure is unaffected by reducing agents but the coagulum cao be readily

solubilizedin 2-3 Mguanidine-HCI (LiJjaandLaurel1, 1985). Moreover, in contrast to rodent

species, no transglutaminase activity cao be detected in human semen (LiIja and Laurell, 1985)

a1though a nove! transglutaminase cDNA was recently cloned from a human prostate cDNA

(Grant et al., 1994). The mechanism responsible for semen coagulation is different from the

one involved in blood coagulation since fàctor XII, fibrinogen, and prothrombin are all absent

from semina1 plasma (Mann and Lutwak-Mann, 1981). Lilja and coworkers (1987) have

proposed that prostatic components may induce a polymerization reaction between the

semenogelins and fibronectin. Alternately, based on observations that heavy metals cao

prevent semen liquefaction while EDTA enhances it (Lukac and Koren, 1979), Polak and

Daunter (1989) suggested that interactions between glycoproteins and metal ions are

responsible for coagulum formation. Another model proposed a reticu1ation ofproteins by

formation ofstable links between fructose and monomer vesicular proteins in the formation

ofsemen coagulum (Mont.'\gDon et al., 1985; 1990).

Semen liquefaction, on the other band, is thought to be induced by proteolytic degradation

ofthe structural protein components, since the disappearance ofthe gel structure para1Jels
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fragmentation ofsemenogelin and semenogelin-related proteins (Lilja, 1985; Lilja et al., 1987;

MeGee and Herr, 1988). A collagenase-Iike activity (Lukac and Koren, 1979), and the

enzymes seminin (Tauber et al., 1980) and plasminogen activator (Hisazumi, 1970) were

originaIly associated with this activity. However, recent evidence suggests that PSA plays

the major role in degrading the structural components ofthe coagulum (Lilja, 1985; Lilja et

al., 1987; MeGee and Herr, 1988; Lee et al., 1989). PSA was shown to degrade the

predominant coagulum proteins in a manner identical to their degradation in liquefying

semen. Fragmentation of these proteins parallels semen liquefaction and the progressive

release of spermatozoa (LiIja and LaurelI, 1984; 1985; MeGee and Herr, 1987). Various

polypeptides isolated ftom seminal plasma appear to be derived from the proteolytie

degradation ofsemenogelin (Li et al., 1985; Schneider et al., 1989; Lilja et al, 1989).

1.5.3.6 Proteins that modulate sperm function

The presence in semina1 plasma ofa variety ofproteins that are specifie to that fluid suggests

that some ofthese are Iikely to interact with spermatozoa after ejaculation and modulate their

function. A decapacitating action (Bedford, 1983). a role in sperm binding to the zona

peIIucida (Topfer-Peterson, 1994), and in the inhibition ofthe acrosome reaction (Reddy et

al., 1982; Han et al., 1990), have been associated with components of seminal plasma. In

addition,various protease inhibitors present in seminal plasma are be1ieved to bind to

spermatozoa·and prevent-premature activation ofthe sperm acrosin (Aumü11er and Seïtz,

1990). However, only a few of the fàctors that may affect sperm function have been

characterized.

An antifertiIity plotein bas been iso1ated from semina1 plasma (Audhya et al, 1987). This 200
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kDa protein can inhibit, in a reversible manner. the penetration of capacitated mouse

spermatozoa through the zona pellucida without inf1uencing sperm motility or acrosome

reaction. Caltrin is a low molecular weight calcium transport inhibitor protein that was

purified !Tom bovine seminal plasma (Rufo et al.• 1982). Scuùna1plasmin, a protein that

antagonizes the function ofca1modulin (Gietzen and Galla, 1985) was originally isolated from

bull seminal plasma and subsequently found to be identical to caltrin (Lewis et al.• 1985).

Caltrin binds specifica11y to the acrosome and the principal part of the tail of bovine

spermatozoa (San Agustin et al.• 1987). Caltrin proteins have also been identified in the

senùnal fluid ofthe guinea pig. rat and mouse (Coronel et al.• 1992). Since calcium uptake

by spermatozoa is important in modulating hyperaetivation and the acrosome reaetion, caltrin

is believed to prevent premature activation ofthese processes in the female reproductive tract

(Lardy et al.• 1988). Once spermatozoa get in the viCÏIÙty of the ferti1ization site, factors

present in the oviduct MaY modiiY caltrin and transform it into an enhancer ofcalcium uptake

(Corone1 et al.• 1992).

Bovine seminal fluid contains a family ofpredominant and close1y relaied proteins that are

secretory produets of the semina1 vesieles. These proteins were origina11y purified from

bovine seminal plasma and named BSP-Al. BSP-A2. BSP-AJ and BSP-30 kDa (Manjunath

et al. 1987; Manjunath and Sairam, 1987). BSP-AlI-A2/-AJ have molecular masses between

15-and 16.5 kDa, while BSP-30 kDa bas a mass of28-30 kDa. One particularity ofthese

proteins is tbat BSP-Al/-A2/-AJ all contain duplieate homologous domains that are simiIar

ta type-n structures found in the gelatin binding domain offibroneetin (Seidah et al.• 1987),

and other proteins (Therien et al., 1995). This specifie domain can interaet with co1\agen

(Ma$math et al. 1988), apolipoprotein Al (Manjunath et al. 1989), heparin (Chandonnet
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et al., 1990) and calmodulin (Manjunath et al., 1993). BSP proteins have also been shown

to bind to the plasma membrane ofbull spermatozoa (Manjunath et al., 1988; 1994). The

nature ofthis interaction bas been clarified by studies demonstrating specifie binding ofBSP·

AlI-A2f-A3 to phospholi~·.]~ containing the phosphoryleholine moiety (Desnoyers and

Manjunath, 1992, 1993). BSP proteins localize over most of the surfàce of ejaculated

spermatozoa and they can be specifically displaced by phosphorylcholine (Manjunath et al.,

1993). Overall, these results suggest that BSP proteins are involved in Iipid transport and

plasma membrane modifications known to occur during sperm capacitation and acrosome

reaction (Chandonnet et al., 1990).

Upon ejacu\ation, BSP proteins are believed to bind to phospholipids on sperm surface and

aet as decapacitant filctors. During transit through the fema1e reproductive tract, these

proteins may be removed from the sperm surface along with certain phospholipids. This

would result in destabi1ization ofthe plasma membrane, activation ofphospholipase A2 and

induction ofthe membrane fusion occurring during the acrosome reaction. Tlùs hypothesis

is reinforced by recent findings showing that BSP proteins inhibit phospholipase A2

(Manjunath et al, 1994) and modu1ate the heparin-induced capacitation of bovine

spermatozoa (Therien et al., 1995).

Fmally, BSP proteins have also recently been shown to bind to insuIin-like growth filctor-ll

(IGF-ll) (Desnoyers and Manjunath, 1994). However, there is no sequence homology

between BSP.proteins and any of the known IGF-binding proteins. The IGF-ll binding

domain of BSP proteins appears diiferent from the phosphorylcholine binding domain,

suggesting that BSP proteins could serve as IGF-ll binding site on the sperm membrane and

modu1ate the activity ofthis growth filctor.
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The boar spermadhesins are another family ofproteins that were originally isolated from boar

spennatozoa as sperm proteins that display zona pellucida binding aetivity. Severa! low

molecular weight proteins (12-15 kDa) were purified from acid extracts ofejacu1ated boar

spermatozoa (Jonakova et al., 1991; Sanz et al., 1992a). However, these polypeptides were

later found to originate from the seminal vesic\es and to coat spermatozoa following

ejacu1ation (Jonakova et al., 1991; Sanz et al., 1992a). The N-termina\ amino acid sequence

ofthese proteins showed the common presence of the amino acids alanine, glutamine (or

tlyptophan) and asparagine and werethus coined AQN-l, AQN-2, AQN-3, AWN-l, AWN-2.

In subsequent studies, their complete primary structure was reported (Sanz et al., 1991;

1992b). AlI these proteins show high homology to each other (40-60"10), but no significant

homology to other proteins in the databases. The original preparation ofAQN-2 was found

to be composed oftwo different polypeptides: a glycosylated form ofAQN-3 (Calvete et al.,

1993) and PSP-I, a porcine seminal plasma protein whose function is unknown (Rutherford

et al., 1992; Kwok et al., 1993).

The spermadhesins display zona pellucida binding activity in vitro through a earbohydrate­

mediated mechanism (Calvete et al., 1992). These proteins can also inhibit acrosin aetivity

and bind to heparin and serine protease inIu'bitors (Sanz et al., 1992c; 1993). Modifications

to the g1ycosylation state of spermadhesins may provide a way to regulate their binding

properties. Overa1l, these proteins are believed to aet at two different levels of spenn

function. They may modulate spenn capacitation tbrough their glycosaminoglycan binding

property and maya\so be involved in sperm egg letogIIition and binding tbrough their affinity

for oligosaccharide found on zona pellucida proteins (Calvete et al, 1993). AlI spennadhesin

members become coated on spermatozoa following ejaculation and localize ove!" the anterior
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part of the sperm head (Calvete et al., 1992). A recent study showed that most of these

bound proteins are released upon incubating spermatozoa under capacitating conditions in

vitro, suggesting a potential role as decapacitating factors (Dostalova et al., 1994). It is

suspected that the remaining tightly bound proteins are involved in zona binding.

The BSP and spermadhesin proteins are multimember fiunilies ofc\ose\y related proteins that

appear to have multiple activities. Whether ail of the proposed activities are relevant

physiologically and can affect sperm function remains to be established. However, it is

tempting to speculate that their mere abundance in semen and the 1eve1 ofredundancy in each

fami1y may ref1ect the importance ofthese factors in the reproductive process.

1.5.4 Factors that modulate spenn motility

A1though spermatozoa acquire the potential for moti1ity during epididyma1 transit, they are

maintained in an immotile state in the epididymis (Eddy and O'Brien, 1994). Different factors

are be1ieved to be responsible for tIüs phenomenon. Immobi1in, a protein found in epididyma1

fluid ofthe rat, keeps spermatozoa immotile through a viscoelastic mechanism (Usse1man and

Cone, 1983). In the bu1\, the low emace11u1ar pH in epididyma1 fluid maintains spermatozoa

immoti1e (Acott and Cm, 1984; Cm et al., 1985). Progressive sperm moti\ity is initiated at

the time ofejaculatiOD, wben epididymaJ spermatozoa come into contact with seminal plasma

components (Eliasson and Johnsen, 1986). Whùe addition ofhuman seminal plasma at a fina1

concentration of 8 % was shoWD to initiate the progressive moti\ity of epididyma1

spermatozoa (Lindholmer, 1974), prostatic and seminal vesic\e secretions have divelgent

effcets. The f1uid obtained from the initial1i:action ofthe ejacu\ate, which is enriched in

prostatic components, bas very beneficia1 efrects for the induction of moti\ity at a
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concentration of6-8"1o (Lindholmer, 1974). Moreover, prostatic secretions at a concentration

of 1 to 5% induce motility ofepididymal spermatozoa (Eliasson and Jonhsen, 1986). On the

other band, seminal vesicle secretions seern to have a sperm moti1ity inhibiting effect. Sperm

motility was found to be significantly lower in the last fra(:tions ofthe ejaculate, which are

enriched in seminal vesicle components, than in the first fractions and continued to decrease

in a time-dependent manner (Lindholmer, 1973; Lindholmer. 1974).

Different factors are thought to be involved in the activation ofsperm moti1ity at ejaculation.

An increase in extracellular and intracellular pH appears to activate sperm motility (Acon and

Carr, 1984; Carr et al., 1985). The intracellular second messengers cAMP and calcium are

important factors in the initiation and maintenance of sperm moti1ity and seminal plasma

components that affect the leve\s of these messengers will thus influence sperm motility

(Tash, 1990). The presence of bicarbonate in seminal plasma activates sperm adenylyl

cyclase, resulting in an increase in intracellular cAMP concentrations (Okamura et al., 1985).

In tum, this nucleotide can activate cAMP-dependent protein kinase, which may

phosphorylate proteins that affect the initiation and maintenance ofmoti1ity (Tash and Means,

1983; Tash, 1990). Support for this model cornes from the finding that bicarbonate

concentration is correlated with sperm motility (O\œmura et al., 1986). In addition,

prostaglandins and steroids, which are present in seminal plasma, are known to control cAMP

levels in other tissues, and could also affect sperm moti1ity through a similar effect (Garbers

and Kopt: 1980). Calcium on the other band, may affect sperm motility through pathways

invo1ving calmodulin (Tash, 1990). Thus, the low molecu\ar weight components in seminal

plasma (semina1plasmin/caltrin) that inhibit calcium uptake by spermatozoa are be\ievecl te

affect sperm motility (Rufo et aL, 1982; Shiva.lï, 1988). In addition, rdaxin, and a major
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protein in bovine seminal plasma are beIieved to he involved in the initiation ofsperm motility

(Lessing et al., 1985; Aumüller et al., 1988)

Paradoxically, different factors identified in seminal plasma were found to have inlùbitory

effeets on sperm motility (Baas et al., 1983; Kononov et al., 1991). Mouse seminal vesicle

components of 12-24 kOa cao a1so inhibit sperm motility (peitz, 1988). In boar seminal

plasma, a 5700 Da polypeptide was found to inhibit sperm motility (Strzezek et al., 1992).

Jeng and coworkers (1993) have isolated !Wo similar proteins from porcine seminal plasma

that display dose-dependent sperm motility inhibiting properties that cao be reversed in the

presence of porcine follicular fluid. These same proteins were a1so found to inhibit the

proteolytie aetivity ofchymottypsin (Jeng et al., 1993). More recently, low molecu1ar weight

components in bovine seminal plasma showed a dose-dependent inhibition ofsperm motility

(Al-Somai et al., 1994a). These components appear to he derived from high molecu1ar weight

aggregates present in seminal plasma that cao he dissociated in citrate or acidie solution. The

dissociation process is reversible and aggregates will reform under neutral conditions (Al­

Somai et al., 1994a). The aggregation process appears to be mediated through ionie and

hydrophobie interactions (Hameed et al., 1991) and sperm motility appears to be less affeeted

when the components are found in high molecular weight aggregates. The 10w molecu1ar

weight factors may he related to the dialyzable factors previously reported in bovine semen

to reduce sperm motility recovery after thawing frozen sperm (Garcia and Graham, 1987).

Partial ion-elCCbange separation ofthe components ofthese aggregates showed that eationie

components were especiaIly detrimental to sperm motility under the dîsaggregated fonn,

whereas anionie components were inhibitory only in the aggregated state (Al-Somai et ai.,

1994b). However, the mode ofaction ofthese substances on spermatozoa remains to he
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investigated.

Fmally, the semina1 plasma ofvarious species investigated were found to contain factors !hat

can inhibit the motility ofdemembrar~c:dspermatozoa (de Lamirande et al., 1983). Since

the present study focuses on the isolation, characterization, and molecular processing ofone

such motility inhibitor, a more detailed description of the current information available on

these factors follows.

1.6 Seminal plasma sperm motility inbibitor (SPMI)

Hoffinan-Berling (1955) was first to demonstrate that treatment ofgrasshopper spermatozoa

with 50"10 g1ycerol results in the loss oftheir membrane selective permeability and in the arrest

offlagellar movement. However, motility was reinitiated by the addition ofATP as long as

magnesium was a1so present in the medium. Gibbons and Gibbons (1972) later showed !hat

excellent moti1ity reactivation was acbieved using sea urcbin spermatozoa if the non-ionic

detergent Triton X-100 was used instead ofg1ycerol to demembranate the cel1s. This was an

important acbievement that provided a new, useful, and ~..ient system to study intracellular,

and exogenous, factors !hat control or affect sperm motility. The main advantage ofthis

mode! was !hat it aIlowed direct access to the axonema1 macbinery without the interference

of the plasma membrane. Later on, this marine sperm mode! was adapted to permit the

demembranation and reactivation of mamma1ian spermatozoa (Lindemann and Gibbons,

1975). Using this mode\, Mohri and Yanagimacbi (1980) showed that epididyma1

spermatozoa collected in physiologica1 solutions were readily reactivated fol1owing

demembranatioD. On the other band, the reinitiatiOD of motility of ejaculated and then
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demembranated rabbit spermatozoa was not possible (Gagnon et al., 1981). Interestingly,

spermatozoa washed on a Ficoll gradient before demembranation, to remove the semina1

plasma, reinitiated motility following addition of Mg.ATP (de Lamirande et al., 1983).

Moreover, it was also observed !bat the addition of semina1 plasma to demembranated­

reactivated epididyma1 spermatozoa causee! an immediate arrest ofmotility. These resu\ts

suggested !bat sorne component(s) present in semina1 plasma interfered with the reinitiation

of moti1ity. The semina1 plasma of other mammalian species was also found to contain a

similar inhibitory activity (de Lamirande et al., 1983). The motility in1uoitor does not seem

species specifie since the semina1 plasma from one species cao in1uoit the moti1ity of

demembranated-reactivated spermatozoa from different species. However, it appears to be

specifie to seminal plasma, since blood plasma and other tissues tested were devoid of

inluoitory activity (de Lanùrande et al, 1983). The in1uoitory factor originates from both the

prostate and the seminal vesieles in bul\s, rats and rabbits but the highest leve1s were found

in the latter tissue (de Lamirande and Gagnon, 1984). Surprisingly, in bulls the leveis of

inluoitory activity were higher in semina1 plasma !ban in semina1 vesieles. This conttasts with

a decrease ofactivity in semina1 plasma tbat would norma11y he expected due to dilution of

semina1 vesic1e fluid with other fluids at ejaculation. Moreover, dialysis ofbull semina1 plasma

resulted in the 1055 of 70"10 of its in1uoitory potency while the dialysate did not contain

inlu1>itory activity by itseIf(deLamirande and Gagnon, 1984). On the other band, when the

dialyzed seminal plasma was reeombined with the dia1ysate in the proper proportion, the

original activity Ievei was restored. These results suggest !bat there is a small dialyzable

mo1ecule, ofyetunknown origin, present in bovine semina1 plasma !bat potentiates the activity

ofseminal vesic1e fluid or ofdialyzed seminal plasma.

44



•

•

The inluoition ofmovement ofdemembranated-reactivated spermatozoa causee! by seminal

plasma is reversed by addition of Mg.ATP (de Lamirande et al., 1984). Moreover, as the

initial concentration ofMg.ATP in the reactivation medium is increased, before addition of

seminal plasma, a larger quantity of seminal plasma is required to inhibit sperm motility (de

Lamirande et al., 1984).

The sperm motility inluoitor bas been isolated from both boar and human seminal plasma and

named semina1 plasma motility inluoitor (SPMl) (Iwamoto and Gagnon, 1988a; Iwamoto et

al, 1992). ln the boar, it appears to be a major protein ofsemina1 plasma. 115 molecular mass

bas been estimated to be 50 kDa by gel filtration under nondenaturing conditions (Iwamoto

et al, 1992). However, three different polypeptides of 14, 16 and 18 kDa were observed by

sodium dodecyl sulfàte polyaay1amidegel e\ectrophoresis (SDS-PAGE). It is a thermolabile

protein that is stable between pH 6 and Il, and a potent and specifie dynein ATPase inhibitor

(Iwamoto et al, 1992). Boar SPMI originates exc1usively from the epithelial ~ls ofseminal

vesic1es (Iwamoto et al., 1993). The cDNA encoding the 14 kDa subunit ofboar SPMI bas

reeently been charaeterized (Iwamoto et al., 1995). lnterestingly, i15 deduced amine acid

sequence shows 97"10 homology to AQN-3, a member ofthe boar spennadhesin protein family

(Sanz et al., 1991). T1ùs spermadhesin protein had previously been charaeterized for i15

carbohydrate-binding properties (see section 1.5.3.6).

ln humans, SPMI was purified 28G-fold from seminal plasma, suggesting that it is a miner

component ofthat fluid (Iwamoto and Gagnon, 1988a). It is a very basic protein (pl of9.1)

with a molecular mass estimated at 13 to 1S kDa by nondenaturing gel filtration or 18 10 22

kDa by SDS-PAGE. It is stable over a wide pH range (5 to 10), up to 60°C, and is a1so a

potent dynein-ATPase inluoitor (Iwamoto and Gagnon, 1988a). Beside its elfeet on
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demembranated-reactivated spermatozoa, SPMI can also interfere with the motility ofintact

spermatozoa (lwamoto and Gagnon, 1988b). The effect is dose-dependent and causes a

progressive decrease in the percentage ofmotile spermatozoa, the curvilinear velocity and the

beat-cross frequency, without affecting the linearity. The effect on the percentage ofmotility

inereases with the time of contact between the inhibitor and spermatozoa. SPMI at a

concentration of 1800 U/ml can complete\y inhibit the movement ofintact spermatozoa within

5 minutes (lwamoto and Gagnon, 1988b). Moreover, the presence ofseminal plasma during

incubation ofthe purified fàctor with intact spermatozoa does not compromise the inhibitory

effects but rather potentiates il Human SPMI originales exc1usive\y from the seminal vesicles

(Luterman et al., 1991).

While the inhibitory potency ofseminal plasma does not corre\ate with the percentage of

motile spermatozoa in that fluid, SPMI may be a contnDuting factor in cases of infertility

caused by poor sperm moti1ity. Experimental support in that favor came from the

demonstration that sorne extracts ofspermatozoa obtained from men with poor sperm moti1ity

contained factors that prevented the reactivation of moti1ity of highly motile control

spermatozoa (de Lamirande et al., 1986). In contrast, none ofthe control Satnples extracts

demonstrated inhibitory activity. Whether these factors are simi1ar to SPMI remains to be

established.
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1.7 Rationale and outline ofthe present study.

Sincethe secretions ofthe seminal vesieles account for approximate1y 60 to 70"10 ofthe total

volume ofthe ejaculate (Coffey, 1994), the concentration of SPMI in the seminal vesiele tluid

cao be expected to be approximate1y 1.6-fold higher than that ofseminal plasma, by a simple

concentration effect. The concentration ofSPMI antigen as measured by an enzyme-IWced

immunosorbent assay (ELISA), using an anti-SPMI antiserurn, corresponds tO this cxpected

value, being 1.54-fold higher in semina\ vesic1es secretions than in seminal pla~ma (Luterman

et al., 1991). However, when levels ofSPMI inhibitoty activity in seminal vesic1e fiuid were

quantified, a value 13.6-fold higher than that found in seminal plasma was obtained. This

puzzIing and unexpected finding ofa 9-fold difference in SPMI specifie activity between

seminal vesic1e f1uid and seminal plasma thus suggests that SPMI originating from the seminal

vesieles is transformed into a less active form as it gets mixed with tluids from the various

aeeessoty glands at ejacu\ation. In the beginning of the present study, no experimental

evidence to explain this difference in SPMI activity between seminal vesic1e tluid and seminal

plasma was available. The rationaie underiying the present study was to attempt to e1ucidate

the cause and investigate the mechanism responsible for the difference in SPMI specifie

activity between semina\ vesiele tluid and seminal plasma Whi1e the leve1s ofSPMI activity

present in liquelied seminal plasma do not appear to inlnbit the moti1ity ofintact spermatozoa,

the high leveis found in semina\ vesiele tluid are in the range ofSPMI concentrations shawn

to inhibit intact sperm motility (Iwamoto and Gagnon, 1988b). The change in SPMI activity

after ejaculation thus appears essentia\ for spermatozoa to acquire normal moti1ity and allow

them to undertake their long joumey up the fema\e reproductive tract. Anomalies in the

process leading to SPMI inactivation after ejaculation would like1y result in very low sperm
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motility and associated fertility problems. For this reason, investigating the mechanism

underlying this change in SPMI aetivity after ejaculation appeared ofprime importance.

A series ofexperiments that allowed to e1ucidate the mechanism explaining this phenomenon

were e\aborated. In the first part ofthe present study we provide evidence that SPMI exists

in theform ofa precursor molecule ofhigher molecular mass in the seminal vesicle f1uid, and

that it is rapidly processed after ejacu1ation into less active polypeptides of1ower molecular

masses by proteases originating from the prostate. SPMI processing paralle1ed the

phenomenon ofsemen liquefaction and these original results demonstrated close similerities

between SPMI and semenoge1in, the pr-edominant structural protein of semina1 coagulum.

This paved the way for further investigation of possible association of SPMI witll semen

coagulum components. We could demonstrate in the second part of the study that SPMI is

in fuet associated with the constituents ofthe semen coagulum and that semen that fails to

Iiquefy spontaneous1y contains high levels ofSPMI aetivity that may significantly affect sperm

motility. These findings lead to the third part ofthis study where a novel method to purifY

the SPMI precursor from seminal vesicle f1uid as weil as semina1 coagulum W"aS deve10ped

and itsproperties were charaeterized. Fmally, the processing ofpurified SPMI precursor by

the serine protease PSA was studied. The results demonstrate that PSA is the main enzyme

responsible for SPMI processing. In addition, anaIysis ofthe proteolytic fragments allowed

mapping of the precursor molecule and charaeterization ofPSA activity toward its major

physiologica1 substrate.
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Chapter II

Sperm motility inhibitor from human seminal plasma:

presence ofa precursor molecule in seminal vesicles fluid

and its molecular processing after ejaculation

Martin Robert and Claude Gagnon

Published in lnlemalional Journal ofAndrology. 17, 232-240 (1994)

Preface

The following chapter presents the original experiments developed to investigate the

mechanism responsible for the large difference in SPMl activity levels between seminal vesicle

f1uid and seminal plasma.
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• Sperm motility inhibitor from human seminal plasma:
presence of a precursor molecule in seminal vesicle
fluid and ifs molecular processing after eiaculation

MARTIN ROBERT :lOd CLAUDE GAGNON

Urology Rese::trch r..bOr:llory. Royol Vîcrori:l Hospit:l1 .nd McCill Unive"iry. Montre:l!.
Quebee. C:1n.ri:l

5iJmmary
Hum.n semin:L1 pl..rno cont:lÏns • protein fuctor thot h:ls the cp.city ro inhibit the

movement of demembronoted .nd int:lct sperrnotozo•. This fuctor 'seminol p!:lsrno
motility inhibitor' (SPMI) h.. been shown ro originate exclusively from the semin:L1
vesicles. The present results demonstr:lre tho~ the biologic:l! .ctivity ofSPMI in semen
decre..es ropidly from 1000 U/ml. immediotely .fter ej.cubàon. to 220 U/ml2 h brer.

Immunoblots of semin:L1 p!:lsrno protdns probed with an .ntibody .g.tinst humon SPMI.
reveoled the ropid processing of. predominant 52 kD. SPMI .ntigen. present in the
seminol vesicle secretions. This precursor w:lS degroded initi:illy into intermediote
molecubr = fr:lgments of25-40 kD., .nd subsequendy inro sm:iller fr:lgments of
17-21 kD•. When seminol vesicle fluid w:lS mixed with prost:làc secretions (3 : 1 v/·r),

prote..es presenr in prost:làc secreàons \Vere shown to be re::ponsible for processing of
the SPMI precursor. Addiàon of prote..e inhibitors such .. phenylmethylsu1phonyl

fluoride (PMSF, 5 mM). benzomidine (100 mM) or ethylenediominetetr:laceàc acid
(EDTA. 5 mM) to the mixture ofsernin:L1 vesî::le and prost:lte secreàons puti:illy pre­
vented the loss ofacàvity ofSl'MI by 54%. 27% and 9%, respecàvely. However, the
simult:lneous .ddiàon of PMSF and be=rnidine conferred olmost totol st:lbility to the
SPMI precursor acàvity. These results demonstr:lte thot SPMI exists .. a predomiIw1t 52
kDa precursor form in the seminol vesicles .nd is processed ropidly .fter ejacuJ.àon into
lcss active, lower molecuJ.r = forms by one or more serine proteoses andlor met:illo­

prote..es ofprost:làc origin which = present in liquefied semen.

Keywords: Prot...e inlubitors. protein precursor, proteolyàc processing, semen.
serine prote..es, spermotozoa
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Introduction
Human senùn:l1 plasma is eomposed of secretions from

multiple glands of the reproductive tract, among which the
main eontribul<:< in tenns ofvolume are the senùn:l1 vesî­
cles (60-70%) .nd the prostate (15-25%) (EIiasson &
johnsen. 1986; CofFey. 1988). ContnDutions from the...as.
the sperm-rich epididym2l tluid and from Cowpe,,'s and

Correspondence: Dr Claude G.gnon. Diroctor. Urology Rese:m:h
Labor:atory. Room H6.46. Roy>! Victoria HospiCl1, 687 Pine
Avenue Wes~ Mtom:al. Quebee. Canada H3A lAI.
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Liare's gbnds aceounlS for only 10-15% ofthe total semen
volume (Lundquist, 1949). Human semin:I1 plasma contains
t.eters which are cither bene5cial or detrimental to sperm
motility and which have been associated with prostatic and
vesicular secretions, respectively (Lindholmer. 1973. 1974).
Upon ejacuJation. the secretions from the difFerent accesso­
ry gbnds mile and a coagulum foens spontaneously. The
coagulum then lique5es within 5-20 min. through prote­
olytie depclation of ilS struetutal componenlS (LiIja &
LaureJI. 1985; Lilj. el aL, 196"7).
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The motility of m:lmnulian spernu.tazoa Cln be arresced
by nattionie detergc:nts ::md reiniti:ueci subsequently upon
.ddition of Mg.ATP (Lindenunn & Gibbons. 1975: Mohri
& Y.naginuehi. 1980: de Lamir.mde ct al•• 1983). Using this
mode!. epididym:ù spemu<ozo. eolle«ed in ph)~iologie.1

solutions are re::Ldily reacti~ted following demembrJnation
(Mohri & Y.nagim.ehi. 1980). de Lamir.mde ct al. (1984)
observed dut the reiniti:ltion of menlit)' is prevented when
ejacubted spemutoZO:L are used However. once Speml:lto­
zoa tÏ'om semen are W3Shed free of sentin~ p!'1Snu. they
rcctîvate nomully mer ciememb[';lnation. le was thus sug­
gcsted wc sorne components of senùnal plasma interfered
with the reiniti.tion ofmotility. The seminal pLm. ofmos<
~n species investigatcd sa f:lr have becn shown ta
eonClin • sperm motility inhibitor (de Lamir.mde ct al. 1983.
1984). The inhibitor is not species-speeifie sinee the semin.1
plasma from one species on inhibit the motility ofdemem­
br:uuted-re:lctiv:lted spemuto%oa &om :1 different specics
(de Lamir.mde ct .1.• 1983. 1984). However. it is speeitie tO
the reproduetive system. being .bsent from aU other tissues
tested (de Lamir.mde ct al.. 1983).

The human sperm motility inhibitor has been puritied
from seminal plasnu .nd named 'seminal plasma morility
inhil>itor' (SPMI, Iwamoto & G.gnon, 1988.). lt is • very
basie protein (pl 9.1) of18-22 kO. chat is st:lble over. wide
range of pH (6-10) and tO temperalUre5 of up tO 60°C.
Besides its effecc on demembranatecl-reaetivated spermato­
zca, SPMI <an also inhibit the motility of int:let ej.eul.ted
sperm:uozo. by decreasing the percent:lge of motne ee!Is,
their curvilinear velocity as well as their beaucross frequen­
Cf (Iwamoro &: G.gnon, 1988b). The observation that the
effecc ofSPMI on demembranatecl-reactivated spermatozo.
<an be reversed by increasing amounts of ATP in the :lS!:ly
medium (de Lamirande ct al., 1984) .nd chat SPMI <an
inhibit purified bull dynein ATPase in • dose-dependent
nunner (Iwamoto &: G.gnon. 1988.; G.gnon ct al., 1992:
Iwamoto et al., 1992), suggeslS chat it =y act on dentem­
branated spermalOzo, by intetfering \Vith funetion of the
dynein :ums.

Luterman ct al. (1991) have shown chat hunun SPMI
originaleS exc1usively from the seminal vesic1es. The biolog­
ical .etivity ofSPMI per unit volume ofseminal vesic1e fluid
is 14-fold higher chan chat ofseminal pl=. However, the
eoneentt:ltion of SPMI antigen measured br .n enzyme­
Iinlted ïmmunosotbene =y (ELISA) using .nti-SPMI anti­
bodies is only 1.6-fold higher in semin:ù vesic1e fluid when
compareci te chat ofsemiNl plasma (Lutetman et al., 1991).
This 1.6-fold higher ratio in antigen eoneentt:ltion is ptob­
abIy expbined br the simple dilution of the seminal vesic1e
secretions br the fluids ofthe other .ceessory glands at <j.e­
uhtion. On the other band. the 8-9-fold differenee in spe­
cifie aetivity (units of biological .etivity/I'S SPMI antigen)
between thes< two fluids sugge5ts chat the SPMI .etivity
present in semin:ù vesicle secretions decreases after ej.cu1:I­
tion. In the present study we .ttempted 10 e1uciclate the pos-
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sible mechJnism Jcc::ounting for chis dltTcrencC' in spccitié'
Jctivit)'. Wc report chat SPMI is prcsent in semin;ù \'C':>idc
tll1id as J predominJnt precursor t,,-lnn of 52 kD-, J,lld that
alter ejacubtion ie is proé'~sC'd rJ,rid1y lm.., IC'~~ .h:ti\'C'• .\m;ùl~

er molecul.lf tonns hy protC'~ses of prClSUUC l'ri~n.

Materials and methocls

Rra..l!ctlrs
Glycine. N-2-hydro~cyC'tllyl pip('r.\~ine ;"-~' -('t!ul1('\tl1­

phonie Jcid (HEPES), bCllz;\midiue. SI..,di1ll1l ..lçJ\,.iC'l'vbml­
phJte (SOS) and dithiothreitol (DTr) wcrC' pur.:.:h.l",cd trom
ICN Biomedicùs (Montreal. C;ln;1d:t); 1,1 (l-rhcn;\l\thrl'\lint',
Triton X-IOO and soybeau tryp~in mluhltor tÎ"1,,1m Si~l1J,

Chenùcal Co. (St Louis. MO, U.S.A.); ,ll,,'rytU1ü~IC'1 B~mer­

capcoethanol (f3-ME), Cool11assie hlue. nitrohlu,: cccr.lzoli­
um chloride (NBT) and hrol11o-cltloro-iIHlolpho-.phatc
(BCIP) from Bio-Rad Labot"'Jtories (Mi~sis<;;lllb-.;!, C~nacb}:

adenosine criphosphate (ATP) , phcnylmcthylslIlphonyl
tluoride (PMSF) , lcurepcin, t-l-to:oy!amido-2­
phenylethylchlotomethyl ketone (T\'CK), "".I1l.ero~lobu-..
lin and pcpsCltin A from Bochringer M;umheim (Lav;l,
C:tnacb): Tween-20 and cthylencdiaminetetraa(eric acid
(EDTA) from Fisher Seientitie (Mamre.l. C.n.da). Pereoll
was obcined tram Ph;;tnnacia (Baie d'Urfè. Canada).
porcine scnml from Gibco BRL (Burlington. Canada). and
che :Ùka.linc phospharase-conjug-Jted ~at anti-rJ,bbit IgG
front Jackson Immunoresearch Labor.nories (West Grave,
PA. U.S.A.). AIl other chemicals \Vere at lea.'it of reagent
grado.

Collcction ofsemil/al vcsic1e fil/id (SVF) and pmstatic
fil/id (Pl-)
SVF was obt:lined during surgie.1 procedures on patients

undergoing radial prosCltectomy (prosene carcinomOl. St2gt:

D, mean .ge: 58 ± 2 yeats, " = 2) or at .utopsy (aceidencù
de.th, mean .ge: 33 ± 9 yeats, /1 = 10). SVF 'Va' eollee/ed
direedy by needle aspiration from the duets of the ligated
g1.nd. PF was obt:lined exc1usive1y from 'lIlopsy specimens.
The prostate w:tS dissected free from surrounding tissues Olnd
opened 10ngilUdinaUy through the ured1r.l. PF W:lS eolleet­
ed :.fter thorough washing ofthe gland with 0.9% N.CI, by
timùy squeezing the gland, .nd eolleeting fluid at the level
ofthe veturnont:ll1um. Thes< fluids Were diluted in .n equal
volume of Hepes saline solution (HSS, 25 mM Hepe<, 100
mM NaCQ al pH 8.0, to f:aeilit:lte handling .nd teeovety of
ptoteins, mixed .nd then eenrrifuged for 20 min at 10000g.
The supernat:ll1ts were eollected and frozen al -70°C until
used.

Stmen collection and sperm washing
Semen W:lS provided by he:ùthy male volunteers br mas­

lUtb.tion into Slctile eonClinets mer 3 claY' of sexual .bsti­
nenCe. Two different semcn samplcs were used in cath
experiment. To me:lSure the eatly changes in SPMI .etivity
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~nd molecubr (omu. one s::I.mple was obt:lined 1-2 min
,fier ej,culation. centrifuged briefly (30 sec at 10000 g) ,nd
:w:ayed for biologioJ ::I.ctivity .:md immunoblotting. The
other s;ample \V:lS ;illowed co liquefy nomully at rQorn tern­
per.1ture. FoIJowing lique&.ction the semen w:lS layered on
, discontinuous Percoll density gradient m,de up of 1.5 ml
each of 20%. 40%. ,nd 65% Percoll ,nd 0.2 ml cf 95%
Percoll butTered in HBS (25 mM Hepes. 130 mM N,CI. 0.5
mM MgCl, ,nd 14 mM fructose) at pH 8.0. Following cen­
trifub",tion at 1300 g for 30 min. the spemutozo, from the
65-95% Percoll intemce ,nd the 95% Percoll layer were
rccovered and used in the SPMI activity assay.

SPMI aClivity assay
PercoU-\Y.lShed hunun spc:muCOZ03 wcre dernc:mhranat­

cd in a medium concùning O. t% Triton X-tOO • 0.2 M

sucrose. 0.025 M potlSSium g1ut:lnUte pH 8.0, 0.035 M
Tris-Ha pH 8.0 ,nd 1 mM OTT (de L:unit:>nde er al.,
1983). After demembt:>nation the motility of spermatozo,
was reinitiated by the ,ddition of O.S mM Mg.ATP. One
unit of SPMI biologic:U ,ctivity is defined as the mininul
>mount of protei:> <hat completely inhibits the motility of
demembr:U12tc:d-re:tetÏV3ted spermatozo::l. within 5-10 s in
1nù of demembr:lOaàon-re:letÎ.v:r.tion medium.

Sadium dodtcyl SlIlpllarc-polyacrylamidt gel
eltaroplloresis (SDS-PAGEj
Proteins from semin:ù plasma ,nd other fluids were sep­

,tated by SDS-PAGE aecording ro I.:Iemmli (1970) using
the Bio-Rod, Mini Prottan II electrophoresis syo;tem. The
st>cking ,nd ruoning gels eont:lÏned 5% ,nd IS% ,Cty­

bmide, respectively. Eleetrophoresis was at • co"""nt cur­
rent of 20 mA for 1 h. Gels were then st:ùned with 0.1%
Coomassie Brilli.nt Blue R-250 in 40% methanoVIO%
.cetie .cid .nd dest:ùned successively in 40% methanoVIO%
.cetic .cid and 10% me<hanoVIO% .cetic .cid.

Immunoblotring and immunodtreaion
Following eleetrophoresis, proteins were dectrottans­

fetred from slab gels onto Nitroplus nitrocellulose mem­
branes (Micron Separations Inc., Westboro, MA, U.S.A.)
for 2 h or 70 V. The tr:msfer buflèr was composed of25 mM

glycine, 25 mM ethanobmine, 0.01% SOS and 20%
methanol, pH 9.8. After tt:msfer. the membranes were air
dried and srored or 4°C until used. Metnbt:lOes were then
6ISt st:lÏned in 0.2% Ponceau S in 3% >ceric .cid to vîsu:ù­
ize proteins and ulolecu1ar weight markets. Afiet dest:ùning
in 10 mM Tris-Ha. 0.9% N.Cl (TBS) pH 7.4, uonspecif­
ic sites on the metnbt:lOes were blocked with 10% porcine
serum in TBS cout:ùnïng 0.25% Tween-20 .nd 0.02% sodi­
um azide (bloclcing solution) for 1 h or room tempetature.
The metnbt:lOes were then incubared for 1 h with the rab­
bit anti-human SPMI an!iserum (Lu=n et al, 1991)
dilured 1 : 200 in bloclcing solution. Afiet four suecessive
100min washes in TBS cont:ùning 0.25% Tween-20, the
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membranes were incubated for 1 h at room temperature
with :ùka1ine phosph,t:lSe-conjugated goat .nti-t:>bbit IgG
diluted 1 : 2000 in blocking solution. Membt:>nes were then
washed four rimes in TBS cont:lining 0.25% Tween-20.
Antigcns were visu:ùized by incubation in :ùbline phos­
ph,,,,,e butTer (\00 mM Tris-HCI, 1 mM MgCI,. pH 9.5)
cont:lining the substrates NET .nd BCIP at 0.1 .nd 0.05
mg/ml respectively. The ","ction was tetmÎnated by wash­
ing the membrane in distilled \V;lter.

Protein determination
The concentr.ltion of proteins in the sampIes W2S me:a­

sured with the bicinchoninic >cid (pietce Chemic:U Co.,
Rockford, IL, U.S.A.) ,ssay using the procedure described
by Smith er al. (1985). Bovine serum :ùbumin was used as 0

st:lndard.

Results

Posr-ejao,lalol"/ dlan.~es in SPMI
SPMI biologic:U >ctivity in semen de=ed tapid1y with

time afrer ej.culation (Fig. 1). From. leve! of 1000 ± 5
U/ml within 2.5 min from ej.culation, the .ctivity
decreosed to 220 ± 20 U/nù afrer 2 h or room tempetature,
.nd it renuined 't:lble ot this level for up to 3 h. Most ofthe
loss in activity of SPMI occutred within the first 30 min.
The electrophoretic p,ttern of semin:ù plasma proteins was
modified t:>pid1y afrer ej.culation (Fig. 20). Immunoblots of
the ..me samples probed with anti-SPMI .ntibodies
reve:ùed the presence of multiple irnmunoreactive bands of
vatious molecula: masses (Fig. 2b). A major irnmunoreacti..
protein of 52 kD. cortesponding tO • predominant
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Time .(minutes)
PIgure 1. Level 01 SPMI biologicol odivily in seminol plasmo
olter ejacula60n. Semen obloined 1 or 2 min alter ejacula60n
wcs cenlrifvged brieRy 10 reltlQYe spennalozOo, Seminal plasma
wcs kept at room temperolure and SPMI biologico1 octiYity wos
meosured ot severol time petiods. os describecl in Materials and
melhods. The octivity is reporte<l os mecn '" SEM. (owroges 01
rour independent experimenls using diflerent ejaculotes).
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HlI"re 3. Effecl of pro'lotie Ruid on the SPM; oclivity of ..minol
ve,icle Ruid (SVF). The SVF wos mixcd 01 room lemperolure whh
proslotic Ruid (PF. 3 : 1 v/v). or HSS buffer. ond SPMI biologi.
cal activity wc, measured at different lime periods. Proslatic
Ruid wos diluted 2.fold in HSS buffer ond hod no signifieonl
intrinsic SPMI octivity (lutermon el 01.. 1991). The oclivity is
neporte<! as meon :l: SEM (overoges of thr.. independenl exper·
iments using diffenenl Ruids)•
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cive prec1.1rsor Jnd as.....llciacc:d rl,IYrt:rtidC'~ Were (J,\Ised by
the action of proteolytil: ~u:ti\'ity present in prllst;ltl~ SCI,,"tC'­

tions, SVF was lll.ixed ''''ah rrost.1tù: tluid in rhysil'llo~':.ll

proportions (3 : 1 \'1\'). :\"ldieion ....'1f l't'I.'1scaüc tluid CI.) SVF
caused .1 de~rease in SPMI ;1Cti\·ity. from ;\11 \I1iual
630 ± 50 U/nù Co ~40 ± 4 U/ml ;lttC'r ill~ubaell.'n t~'1r 3 h
(Fig. 3). The le\'d of SPMI acti\'ie-..· WJS then l11;unt;ulll'd .lt

that le\'d for up to 4 h. l\1I.)st .......f the drop in SPMI .Il·tl\'lt~·

occurrc:d wich.in the tirst J~50 min. On the othet' h;lIl"i. \Il

the absence of prost'Jtic tluid. 1'0 ..:hJn~l· m the' IC'\'d l,f
SPMI activity occurred tOI' up t('l 4 h. As ohsC"t"\'C'd Itl wlHll.....
se:me:n. the: l'rotein prl)lile l'If the SVF + prl'~t;m,: 11Ul....! IUIX­

ture WJoS modifieJ t'Jpidly with Î1K:e;lsin~ tlIue: ....'1 in(ub.ltll'l\

(Fil;. 4a). On il1lnUinoblot~.SPMI Jntigells trnlH SVF \\'C'rC'
chat:lctcrizc:d. imme:diatc:ly ;\ttet' mixinf: with prl,st;m..: tluhl
(rime: 0). by a prcdom.În:me 5~ kD;l protC'U\ ;lSSl'('I~Ir..~,1 wlth
intenllcdiate mas:> polypeptides prc:sc:llt in sm;lUt"t' .I:nounts
(Fig. 4b). Onl~' low levds of 17-21 kD;\ ;mclgl"ll" WC't'C'
de:tected at thl" initial cime:. From th;lt p....)im ;l progres..sivc
decreasc: in the l1lolecular I1lJSS of the ilUlllUI10re:ll:tl\'e tonus
of SPMI p;lrallc:1ed the decreJsC' in biolob";cal activity. The
major SPMI ;mtigen ;\t 52 kDa WJoS tr.msfonned into imer­
mediate U1;lSS (onus of25-40 kD.1 bctween :!.5 and 10 min.
By 1S min the 52 kDa antigen WOlS no longer detected.
There \Vas also Jo prob-res..'iive increa.'ie in the level of l7-21
kDa I1l,l..SS CornlS bctween 2.5 and ·lS min uf incuhation.
After -+ h the SPMI anti~ens were almust exclusively \Vithin
the 17-21 kDa mass range. The whole pro~e$S occ:urred in
a nu.nner that \Vas very similar to that obset'Ved in whole
semilu.l plasma after ejaculation. In the absence of prosbtic

'00
(a) 97-

66-

45-

31-

21-

" -

Efficr ofprostal~ j/uid on ~minal ves~I. SPMI
To deteanine whether the rapid drop in SPMI biologie!

•càviry and degradation of the S2 kD:1 SPMI immunoreac-

31-

(b) 97­
66-

45-

21 -

Cool\12$Sie blue-stained polypeptide was observed during
the fust few minuteS :lfter ej.cubtion. However, ia scining
intensiry dec=ed rapidly tO :Wnost undeteccble levels .fter
10 min, with a concomiClnt inc:rease ofincennecliate mole­
cubr l\12$S proteins (2S-4O kD:1) wr 5-10 min. Th...
intem'1ediaœ m2SS antigens men. in rom, dec:re:ased in inten­
siry .. they were tr:>.nsfoancd into still sm:ùier l\12$S peptides
of17-21 kD. found in semin:ù pbsrm :lfter 2-3 h. Thus, the
de=e in SPMI .ctiviry .ppeared tO be :lSSOCÎated with the
processing of a predomin...t S2 kDa .. weil .. multiple
25-40 kDa SPMI antigens mat are precursotS of the lower
l\12$S foans p=t in liquefied semin:ù pl=.

234567

Figure 2. Immunorecclive forms of SPMI in seminol plosmo offer
ejaculation. At 80ch time point of the expE'riment describecl in
Fig. 1. on oliquot of ..minol plosmo {30 Vgl. kept 01 room tem­
perolune. wo. mixcd wilh SOS semple' buffer. heoted 10 95'C
ond onolysed by SOSl'AGE loI ond immunoblotting {bl. Lones
1-7 correspond 10 the Hme periods in Fig. 1: 2.5 {lI. 5 {21. 10
{31. 30 (A). 60 (51. 120 (6) ond 180 (7) min offer ejoculoHon.

•

•

•
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(5 mM), benz:mùdine (100 mM) and EDTA (5 mM) pre­
ventcd the lass in bialogiCl! aetivity by 54%, 27% and 9%,
<cspectively. When both PMSF and benzmùdine wete
added simulcneously, 100% of the SPMI aetivity W:lS ean­
served. A1iquots of prosctie fluid incubated separ.ltely with
caeh prot=e inhibitor wete testcd in the absence of SVF.
AlI re:letian mixtu<cs had no deteCt3ble SPMI aetivity. The
effeet of these inlùbitots on the SPMI molecul3r m:lSS

ch:lnges ate depieted in Figute 6. In the absence ofany pro­
te:lSe inlùbitor, the ptedonùnant 52 kDa SPMI fann p=nt
in SVF W:lS degr.>dcd eompletely in,o sm:ùler ft:lgments of
17-21 kDa (Fig. 6b). In the p<csence ofPMSF, the 52 kDa
p=tsor W:lS 3lmost undeteCt3ble. However, twO ptedom­
inant intennedi3te m:lSS proteins of35 and 33 kD:I. :lS weil
:lS thtee lowet m:lSS polypeptides of 21. 20 and 17 kD:I,
renuincd wr incubation for 4 h. On the other band. the
benzmùdine-tre:>tcd s:unple showcd mote extensive degr.>­
dation of the lùgh molecul3r m:lSS fonns ofSPMl311d gen­
=ted o!Ùy twO st:lble low molecul3r m:lSS proteins of 20
and 17 kDa; fùnt =etions oecurted betwee:1 25 and 35
kD:I. The s:unple tre:>ted with both PMSF and benz:mùdine
showcd an e1ectrophotetic pattern vCty simiI:lr ta th3t of
untre:>ted SVF with the presence oftl,e 52 kDa ptecutsOr :lS
weil :lS addition;Ù incensé re:letions 3t 33-40 kD:L Tlùs is

Figure 5. Effect of variaus prolease inhibilors an the degroda­
lion of SPMI aetivity in seminal vesicle fiuid (SVF] by proslotie
secretions. Proslotie fiuid wos pre-ineubaled at room lemperoture
wilh various prolease inhibilors for 60 min. SVF was then addad.
and the mixture ineubaled at room lemperoture. SPMI biologicol
oclivity wos mecsurad 4 h 101er. The bialogieal aetivity of untreot·
ad SVF is given a relative value of 100%. The SPMI oetivity
remaining afler SVF and proslotie fiuids were ca-ineubaled for 4
h, in the absence of any protease inhibitor is given Q value of
0%. Resulls are reported as the m80n percenloge of aetivity :t:

SEM relative ta these Iwo limils (overoges of six independent
experimenls using diflerent fiuids).
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fluid. the SPMI inununore:letive fonlls p<csent in SVF wete
utl:lffectcd for up to 4 h.

EffiCI of ,,,,riOIlS protcasc inlribiton on SPMI prccllnor
prtJ(CSSin.~

To investigote furthet the type of prote:lSe involvcd in
proeessins: of the SPMI pteeursor, ""rious ptote:lSe
inhibitors \Vete incu!>:ltcd with prost:ltie fluid prior to its
addition to SVF. In the absence of any exogenous prot=
inhibiror. SPMI biologiCl! aetivity dCCte:lSed r.lpidly, :lS
described above. On the other band. the addition ofspecif­
ie pro= inhibitors parti;ùly ptevented the loss of SPMI
bialogiCl! aeti\~ty Clused by prosetie fluid (Fig. 5). PMSF

2 3 4 ~ 6 7 8 9 10 Il 12 13

Figure 4. Effect of proslotie fiuid on immunor8Oetive forms of
SPMI present in seminol vesicle fiuid. At 80eh lime point of the
experimont described in Fig. 3, on cliquot of the seminal veside
ond proslotie fiuid mixture (30 Vgl. kepl ot room lemperoture.
wos mixad with SOS somple bufler. h80led 10 9S'C and
analysed by SOs.PAGE (a) and immunablolling (b). lanes 1-11
correspond ta Ihe time periods in Fig. 3: 0 (l). 2.S (21. S (3). 10
(4). 1S (S). 30 (61. 4S (7). 60 (8). 120 (9). 180 (lOI and 240
min (11) ofler oddition of proslotie ~uid 10 seminol vesicle fiuid.
lane 12 - proslotie fiuid alone; lane 13 - seminal vesicle fiuid
in absence of proslotie fiuid. aher incubation for <1 h.
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for assay of sprvu Jcti\·ity. EDT:\ W;\~ not vet'Y ctfe..:ti\'c J.[

protecting: SPMI activity and Jml~CnS ,l~.linst protC'ases. The
c1ectrophoreric pJttC'nl showc:d extC'llsi\'C' l'rotC'm. dC'~·T';u..lJ,­

tion. Ocl)' polypeptides ;lt ~O. 1Î ;md, 1S kD;\. as ",dl as \'e~'

f.tine bJ,nd~ arol1nd 25-32 kD.\, Weft' dC'tectC'J. Samplcs
crt:Jted ",ith 1 m~/nù c;,1eh 01 TPCK. \C'upt:ptin. STl.
etz-m31...rog:lobulin or p('psl;uin :\ kl,~t bl\,I\'t:il."11 ,l\.'t1vity ro
the salUe extent a... the umrear..:d :,:unple. Extt"nsi,'C' \i~~r.h.b­

tion ioto low lUolecubr mas... tomlS (17-~1 kD,l) W~lS Jl~\,

apparent on poly;"tc~'lalUi\le~ds .md immUllllhkltS. l'Hl\tJti,'
tl11id aione rcprcst"ntcd ;\ nünor I:ontrib\lù...'n tl.\ tht" h\t.:l

protcins .md conc.ünC'd Il'' detcl't'~thlC' SP~\'t1 ,mti~t'n.

•

lb)
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Figure 6. Ellect of various preteose inhibilors on Ihe degredo­
60n of SPMI on6sens in seminol ""sicle Ruid (SVF) by proslo6c
Ruid (PFJ. The procedure wcs os described in Fig. S. After incu­
bo60n for 4 h. on oliquol (30 VS) wcs mixed wilh SOS sample
buffer. heoted 10 9S·C ond onolysed by S05-PAGE
(0) ond immunoblol6ns (b). untreoled SVF (1). SVF+PF
(2). SVF+PF+PMSF (3). SVF+PF+benzomidin6 (4).

• SVF+PF+PMSF+benzomidine (SI. SVF+PF+EOTA (6).
M+PF+1.1 ().phenonlhreline (7J. preslolic Ruid 01 concentrolion
used.

consistent with dte tesult of the ....y for biologic:ù .ctiviry
which demonsrrated tOCÙ protection .gainst the loss of
SPMI .ctiviry (Fig. 5).

The zinc chelator 1.10-phenanthroline (50 n\M) also pro­
vided prorection .gainst the processing of the 52 kO. SPMI
precutSOr into sm:iller molecular mass proteins. The teSulr­
ing electrophorcric pro6Ie W3S a1most identic:ù to chat
observed using the combination of PMSF .nd benz:uuidine
(Fig. 5). However, the biologic:ù .ctiviry ofSPMI could not
he determined in th... samples due tO the form.tion of •
co.guIared prorein complex upon the .ddirion of 1,10­
phenanthroline which W3S solubiIized by SDS-PAGE
sample buffet but rem:\Îned insoluble in the medium used
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Discussion
ScvCr.11 11lcchanisnlS could :Iccount lor thi..' ditlcrcncc in

the 1e\'e1s oi SPMI :\ctivity hctwcen svp ;md ~<'I11iUJI

pl:1sma: for cxamplc. the presence oLm ~tcti\'~\ltlr l.l(SPMI in
SVF and its inactiv:ltion at cjaclilation, whcn mixmg ot
sccrctory tluids from the vJnow; acce!\.~ory gland~ oeeut"'.
Altemativdy. the presence in seulinal pttsm.1 of Jn inhihitur
originating from a gland other than the seminal vesides
could expiain this. ditTerencc in aelivity, l-lowever, the
rcsults of the present snldy favour ;\ thinl mcch;1I1islll. lt is
dearly 3pparcot from the immunoblottin~ resul~ that the
SPMI in seminal vcsidcs is present OlS a precursor Conn of
higher molecular l1\a.u th'1I1 that found in liquefi~ù scmin;tl
plasnt. (Figs 2b .nd 4b). The ditTerencc in SPMI .ctivity
betwc:en SVF and seminal plasma is then:fon: probab1y
explaincd by the: extensive proccs.~ing ;\fter ej3culation of a
prcdomin:mt 52 kDa SPMI prccursor moleculc. as well as
3SSoci.ted 25-10 kO. polypeptides, ioto the low nt3SS
(17-21 1<0.) SPMI fomts p....ent in liqudied semin.l
pl.snt•• The resulrs suggest that the 19 kO. SI'MI, isol.red
otiginally from sentin.l plasma by lwamoto & G.gnon
(1988.), .nd to which dte SPMI .ntibody used in the pre­
senr study was taised. W3S • degradation praduct of the 52
1<0. SPMI precursor.

The dctecrion of mulriple immunore.ctive SPMI b.nds
shortly .ftcr ej.cubtion does not 'ppe.r to be the result of.
I.ck ofspeci6ciry of the .ntibody since sevetal b.nds ofpro­
teins clearly rel110lin undc:tected aCter reaction with the SPMI
.nribody. Unrel.ted protein Ouids tes«d with the .ntibody
did oot demonstrate 30Y immunoreactivÎty (data nOt
shown). A wide mass heterogeneiry of SPMI .ntigens is
.pparent in SVF (Figs 4b .nd 6b). Whether rhis is 'n .rtif.ct
resulting &om manipulation or collection, or is ;m intrinsic
properry of the Ouie\, rem:ùns to be esbblished. However.
the derection of multiple .nrigenic:ùIy rebted polypeptides
in SVF .nd seminal p1:lsm:a bas been demonsrrared previous­
ly by McGee Il< Herr (1987, 1988). Using the monoclonal
.nribody MHS-S, genetated .gainst the seminal vesicle-spe­
ci6c .ntigen (SVSA) these .uthors showed the ptesence of
mulriple immunoreactive forms (10-71 kO.) of SVSA in
seminal p1:lsm:a immediately mer <j.cubrion and in narive
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semirul vesicle secretions. The presence of 5uch hetero­
gencity (10-15 ,ntigenie polypeptides) in ,ntigen irnmun­
odetecuon in seminal plasrn:t is not 50 surprising considering
the exten1Ïve protcin processing known [0 t:l.ke pl:lce aftcr
ej,eubtion (M.nn & Lucw:ak-M.nn. 1981). Multiple SPMI
:lnd SVSA :mtigc:ns seem ta slure severo dUrJctc:nstics.
induding moleculaT rmss of prccursors and intennc:di3tes. as
weU :as the time-fr.une ofproecssing. It should be noted th.t
one 15 kO. immunore>etive SPMI polypeptide 'ppe:lts tO
be present unifotmly in ill ..mplcs, reg:ltdless of the time
period aftcr ejaculation or incubation of SVF :lod prosbcc
Ouid. This polypeptide 'ppe.rs to =pe the norm>1 prote­
alyac proc~sing and does not correspond with any major
Coom.ssie blue st:lining polypeptide. Thus chis polypeptide
seem'l; ta represent :Jo minor SPMI :mtigen even though ie is
higlùy immunorcor.tive. Another eh>t:leteristie of the SPMI
.ntibody used w:lS rel:otiveJy poor sClining of the 52 kO.
preeursor (see in Figs 2 .nd 4). Sinee the mtibody used w:lS

genet:lted from the 19 kO. peptide purified by Iw:>moto &
G.gnon (1988.). the epitope on the 52 kO. preeursor m>y
not be :as re.dily .v.Ul:oble to the .ntibody.

The in vitro mixture of SVF .nd p=tie Ouids con
doscly mimi, the events occurring in semen mer ej2.cuIa­
tion (Figs 1-4). Thus... ej.cubtion. when prost:lCC .nd sem­
in2l vc:side fluids mix, the prosbtïc components induce a
t:lpid degt:ld>tion "f the 52 kO. SPMI preeursor md its
assoc:iated intennediate nws antigens inta snuller fr:agments
.nd therefore reduee its biologie>! .ctivity eonsidet:lbly. The
loss of .ctivity md ellmge in moleeul:or tn:lSS oecucred ...
slower poce in experiments in wlùch SVF md prost:ltie flu­
ids were eo-incub>ted. when eomp>ted tO th>t in sernin>!
p1=. This diIl'erenee results prob.bly from the use of
diluted prostltie Ouid for the incub.tion. The degt:ld>tion of
SPMI preeursor fornu Cln be prevented by the .ddition of
some prote"'" inhibitors. the eoneentr.ltions ofwlùch were
chosen to he in ""cess of th>t suggested normilly tO ensure
complecc inhibition of their respective prote:ases. Only
PMSF, benz:mùdine .nd 1.100phonmthroline eonferred sig­
nifiClnt protection .g:linst the loss ofSPMI precursor fornu
.nd of biologie>! octivity.

Numerous studios h>ve repotted proceolytie .ctivitios in
semen such :IS • zine-dependent peptid:ase (L:lurell <, aL.
1982). neutr.l1 prot...e or serninin (Syner tI aL. 1975.
T.uber er al.. 1980). eoll:ogen:ue-like peptid:ase (Lube &
Koren. 1979). ltillikrein-like >erine prore:ase (LiIj.. 1985)
.nd prostlte-specifie :antigen (PSA; W.tt tI al•• 1986). The
obse"..tion th>t twO prore:ase inhibicolS (PMSF :and henza­
midine) were necess>ry CO provent the loss ofSPMl biolog­
ie>! .ctivity :and degt:ld>tion of the 52 kO. preeursor.
>uggescs th>t .. 1= <wo prote:lSeS "'" involved in chis
proccssing. The tim: is presumed CO he a serine prore:ase
wlùch is inhibited by PMSF :md the other a prore:ase with
propcrtios simil>r co th>t of ttypsin beause ofits sensitivity
to benz:mùdine. on 'n>!ogue of >rginine sicle ch>in. This
h)'P0thesis is reinforced by the obserntion th>t the extent of
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SPMI octivity protection w:lS difierent (54% vs. 27%) for
PMSF .nd benz:>rnidine••nd th.. fr:lgments of diIl'erent
molecubr nuss were obcined when these !:wo inhibitors
were used. It is therefore unlikely th>t PMSF .nd benz:uni­
cline 3.ct on the same protease.

Possible Clndid>tes for the prot=es involved in SPMI
proeessing >te the 31 kO. ehymotrypsin-like proSt:lte
specifie .ntigen (Akiy>tn> <t al.. 1987: Christensson <, al.•
1990) shown previously tO be inlùbited by OFP md PMSF
.nd the )1GK-l gene producc. The I.tter is .n .rginine­
restriaed ttypsin-like prot=e of the hum>n gl:ondul:or
k:illikrein f2mi1y. wlùeh is scrongly suspeeted to be present
in semirul pbsnu, since its messenger RNA is expressed 3.t
Iùgh levels in the prostltie epithelium (CIupdel:oine <r al••
1988; P.t:ldis <1 al.• 1989). However. there h>s becn no
repott yet ofits isobtion from sernin>! pl=n:1. On the other
h>nd. some trypsin-like .ctivity h:as been repotted to eont:l­
rninote puri6ed prep.t:ltions ofPSA (W.tt <, al•• 1986; Lilj••
1985). This >etivity eould be elirnin..ed by :lllinity chro­
matogr:aphy on 3.n aprotinin or beru:mùdine column
(Christensson <, al.. 1990; Akiy>tn> <, al•• 1987). Moreover.
• 36 kO. prot=e inhibited by benz:mùdine h>s heen
repOtted reeendy in prost:ltie fluid (Wilson <t al•• 1993). The
henz:mùdine-sensitive proteolytie .ctivity observed in the
present experiments rnight originote from th.. prote:lse. As
• working hypothcsis we propose th>t PSA. shown previ­
ously to be inhibited by DFP md PMSF (W.tt <r al•• 1986;
MeGee & Hett. 1988). is the prot=e inhibiccd by PMSF in
the present experiment. md th>t the hGK-l gene produa
represents the other prot""'" inhibited by benzamidine.
However. de6nicc identifiCltion of the prot..... involved
will require futther experiments. including purifiCltion of
the 52 kD> SPMl precursor md pro=

The SPMl precursor degt:ld>tion phenomenon obscrved
in the present study closeJy resembles the proeess ofsemin>I
lique&.ction md the simult:meous degt:ld>tion of the pre­
domin:lnt protein of semin>I eoogulum (LiIj. & L:aurell.
1985; Lilj. e' al•• 1987), :IS weil :lS the proecssing ond ch>r­
.cceristics of. sernin>! vesicle-specifie :antigen (MeGec &
Herr. 1987. 1988). The vesicul:or origin ofill these proteins,
their molecul:or proccssing md the .eeompmying c1unges in
molecul:or nusses "'" strikingly simil>r. Anùno .cid compo­
sition :md sequence infotm>tion >bout the SPMl preeursor
mdlor its proceolytie 6::lgments should provide futther
infotm>tion on possible rel:otionsbips with these proteins.

The .etu>1 physiologie>! roIe of SPMl remains specub.­
tive. Whether it pb.ys on .ctive :andlor bene6cW role
duting the reproductive process is presendy unknown. The
levcl ofbiologie>! >ctivity ofthe SPMl precursor in SVF :md
in lique6ed semin>I p1= is much higher than th>t
required CO = the motility ofdemembrm:oted-teactiv:lt­
ed spe=cozo>. This demonsmces the effi:ctiveness of the
spetm pbsIm membcme in preventing the >ceess of SPMl
CO the dynein A'1'P:lSe on the oxoneme (Iw=oco &
G>gnon, 1988». However. the high levcl ofSPMl biolog-



• ici 3ctivity present in SVF and in freslùy ejacubted semen
is widùn the r:lnse (600-1600 U/nù) shown '0 inrerfere
with the mocility of incct sperrnatozoa (Iwamoto &

G'gnon. 1988b). Thus, r:lpid processing of the SPMI
preeursor and the associated decrease in biolosical activit)'
by prosotic prcteases. to a level ;lt which spenn motilit)" is
nOt re:.ldily affeaed. becomes essenô:ù for proper sperm
funetion. Whether sonle oses of m;ùe infertility (3Stheno­
zoospennia) could be attributed ta improper. or lack of.
processing of the SPMI precutSor rem:lins tO be investig>t­
cd.
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ChapternI

Sperm motility inhibitor from human seminal plasma:

association with semen coagulum

Martin Robert and Claude Gagnon

Pub\ished in Human Reproduction. 10,2192-2197 (1995)

Preface

In Chapter fi, we observed that SPMI is present in seminal vesicle f1uid as a predominant 52

kDa precursor which is rapidly degraded in semen by proteases originating from the prostate.

This phenomenon oceurred, after ejaculation in paralle1 with semen Iiquefaction. The mass

ofthe SPMI precursor and ofits proteolytic products together with the fàct that proteases

originating from the prostate are responsible for its processing suggest that the SPMI

precursor shares multiple similarities with the predominant proteins forming the structural

components ofsemen coagulum. To investigate these simi1arities further, the isolation and

analysis ofthe coaguIated and soluble components ofsemen was undertaken. In the following

chapter, we have determined the distn1>ution ofSPMI in these two semen components and

evaluated whether processing ofthe SPMI precursor is associated with the phenomenon of

semen coagulation and Iiquefaction.
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Sperm motility inhibitor trom human seminal plasma: association
with semen çoagltlum

M.Robert and C.Gagnon'

Urology Rf~Sf.:arch Laboratory, Royal Victoria Hospital and Faculty of Medicine. McGill University, 687 Pine Avenue West,
MOnlrr:al, aucbec, H3A 1A1 Canada

;TQ whom r.orrcspondence should bc addressed

Hurnan seminal plasma contains a sperm motility inhibitor (SPMI) originating from the seminal vesicles as a
52 kOa precursor form that is rapidly degraded by prostatic proteases after ejaculation. In this study, the
distribution of SPMI biological activity and antigens was analysed in chemically induced, as weil as naturally
occurring. arrest of semen Iiquefaction. SPMI activity was detected exclusively in the coagulated semen
fraction at 2200 =560 lU, whereas total seminal plasma proteins separated more evenly between soluble
and coagulated components (91 =19 and 65 =18 m~, respectively). An SPMI antiserum recognized different
lorms 01 SPMI precursors at 52, 38, 35, 33 and 20 kOa in the coagulum while the soluble protein fraction
contained only one major immunoreactive band at 15 kOa. High levels of SPMI activity (1500 :: 180 lU/mI)
together with high molecular mass forms of SPMI precursor and low sperm motility 126%1 were detected in
semen samples that failed to liquefy spontaneously at room temperature. Addition of prostatic secretions to
the non-liquefying samples caused a decrease of SPMI activity (330 :: 17 lU/mI) and transformed the SPMI
precursor into low molecular ma'ÇS forms (14-22 kOa! with a concomitant increase in sperm motility to 49%.
The results suggest that SPMI is highly associated with the seminal coagulum components as very active
forms that may adversely affect sperm motility when not properly processed after ejaculation.
Key words: protein precursor/proteolytic rrocessing/prostate/semen/sperm motility

The motilily of mammalian spermalo1.o:l can be arrcsted by
non·ionic delergents and subsequently reinilialed by addition
of magnesium.ATP (Lindemann and Gibbons. 1975; Mohri
and Yanagimachi. 1980; de Lamir~nde el <I/.. 1983). However.
the presence of seminal plasma can prevent the reinitiation of
sperm motility in demembr~nated sperm models (de Lamir~nde

er <I/.. 1983. 1984). A basic protein of 18-22 kDa has been
purified l'rom human seminal plasma and shown to contain the
inhibilory aclivity. This protein was named the seminal plasma
motility inhibitor (SPMI. Iwamoto and Gagnon. 198&a), There
is good evidence suggesling that at Ica." on demembmllated
reactivated spermatozoa. SPMI blocks the motility by intener­
ing with the aelivity of thc forcc genemling ATPase of the
axoneme clynein arms «(wamotc and Gagnon. 1988a: Gagnon
er al.. 1992; Iwamoto el al.. 1992). However. SPMI cao aIso
affect the motility of intact spermatozoa in a dose-dependent
manner (Iwamoto and Gagnon. 1988b). by a yet unknown
mechani5m.

Luterman er al. (1991) have shown that the human SPMI
originates exelu5ively l'rom the seminal vesicles and that the
5pecifie activity in thesc gland.<· secretions is eight to nine
times higher than that in seminal plasma. In a previous study
(Roben and Gagnon. 1994). we provided cvidenec that this
differencc in specific aclivity is explained by the presence of
a predominant 52 kDa SPMI prccursor molecule in the seminal
vesicles which has higher biological activity !han the forms
found in seminal plasma. AI'ter ejaculation the prccursor is
rnpidly proccssed. along with its :lS.'<OCiated inlCrmedialC mass•

Introduction

At ejaculation. l1uids front the various accessory glands of the
mule reproductive tr:lct mix with the: spcnn rich lluid from the:
epididymis. Analysis of semen fmclions colleeted by the split
ejaeulale method providcd cvidcncc that secretions of thc
\'urious glands along the male reproductive trJct an: emiued
sC"luenli:lIly (Tauber <1 <II•• 1975. 1976). The prostatie secretions
are .,mined first togelher with the epididymal lIuid. and are
followed in the laler stage of ejaculalion by lhc secretions
l'rom the seminal vesicles (Lindholmer. 1973; Eliasson and
Johnsen. 1986). Semen eoagulates spomancously (Amelar.
1962). and then Iiquelies through the action of proleolYlic
enzymes (T.1uber <1 <II.. 1976. 1980). ';ne struclUml proleins
of the seminal coagulum have been identified (Lilja and
Laurell. 1985; Lilja el <II.. 1987); lhese arc constituted of a
predominant 52 kOa prolein. semenogclin which intcmcL< with
!wo less abundant 71 and 76 kDa relalcd pro!eins by disulphide
bonds (Lilja el al.• 19X9). Non·covalenl intemctions betwecn
the;;,: proteins appcar to be imponanl for the coagulum stnlcture
since the coagulum can be solubilized in the denaluring agent
guanidine ~ydrochloride (Lilja and Laurell. 1985>' However.
the exact moleeular n,echanism :'y whieh the ,oagulum is
fomled remains tO be elucidated. On the other hand. it has
been proposed tha. semen liquefaetion occur5 by proteolytic
degmdation of thcsc proleins by the prostate -specific antigen
(Lilja. 1985; Lilja er al.. 1987; MeGec an~ lIerr. 1987. 1988:
Lee er <II.• 1989).
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(25-;0 kDa) polypeptides. by protcascs ongmating !"rom the
prosCltic secretions. Thcsc protea."Cs could he succcssfull~:

inhibitcd by the addition of the proteasc inhibitors phcnyl­
melhylsulphonyl naoride tp~ISFl and benzamidine and by
the hca"y rnetal chclator 1.10-phcnanthrolinc. l1lt: molccular
processing of the SPMI prccursor shows close similaritics with
that of the 52 kDa semcnogelin. the main structurJ.1 componcnt
of the seminal coagulum (Lilja. 1985: Lilja and Laurell. 1985:
LiIja et al.. 1987), Thcsc observations Ied us to in\'cstigatc
whcthcr SPMI prccursor polypeptides eould be a..,sociatcd with
the componcnL'\ of semc:n coagulum. Ta do this. "affilai ~mcn
samplcs collcctcd under chernieal conditions that prc\'cntcd
nonnal semen Iiqucfaction. as weil as a naturJ.lIy occurring
case of non-tiqucfying semen wcre analyscd.

Materials and methods

Materisls

Glycine. HEPES. sodium dodecylsulphate (S1)S) and dithiothn:itol
(Dm wen: purcha....ed l'rom lCN Biomedical'\ (Montreal. Canada).
Triton X-IOO and I.lO·phenanthroline l'rom Sigma Chcmic;d Cn.
(SI. Louis. MO. USA). Acrylamide. ~-mereaplocthanol (~-ME).

Coonm..~sie Blue, Nitroblue tetr.lZolium chloride (NBT) ;lOd broma­
chlonrindolphosphatc (BCIP) from Bia-Rad (Missis....."uga. Canada).
Adenosine triphosphate (ATP) wa..'\ from Boc:hringcr Mannheim
(Laval, Canada). Uhr.lpure urea wa.'\ obtaincd l'rom Bcthesda Rcscarch
Labor':ltorit:." (Bethesda, MO, USA), Percoll l'rom Pharmacia (Baie
d'Urfé, Canada), porcine serum from Gibco BRL (Burlinglon, Canada)
and alkatine phosphatase-conjugatcd goal anti-rabbit immunoglobulin
(Ig) G from Jackson Immunoresearch Laboratorics (West Grave. PA,
USA). Ali Olher chemicals wc:re of n:agc:nl gr.lde al Ica..'\t.

Proststic secretions collection
Prost:lIespc:cimc:ns werc: obtainc:d al autopsy from victilnsof;lccidentOlI
death (II = 2) wilh a me:l.n age of 41 :=: 2 yc:ars. The prostate was
dissecl~ free from surrounding tis.'\ues and opene:d longitudinally
through the urethr.L. Prostatic secretions were collc:ctcd after thorough
wa.,hing or the gland with 0.9% NaCI solution. by hrmly squeczing
the glane!. and collecting fluid Olt the: Icvel of the verumontanum. The
secretions were then dilutc:d in an cqual volume of HEPES saline
solution (25 mM HEPES. 100 mM NaC!) at pH 8.0. mixcd and
centrifugc:c1 for 20 min at la 000 g. The supc:matanL'\ were collech:d
and fro7.en at -70'C unlil use<!.

Isolation of coagulsted and soluble semen fractions

Semen wa... provided by he:l.hhy male volunlecrs by ma...turbation,
dirc:ctly into sterile: containers containing 0.5 ml of a 0.5 M solution
of t ,1 o-.phenanthroline. The :.;ample wa.... mixed and stored immediately
in iCt:..CQld water. This procedure ensured a minimal final conee:nll':uion
of 50 mM I.IO-phenanthroline for an avenlge ejaculate "'5 ml and
p.."vented semen liquefaction (Lilja and Laurell. 1985). In a 15 ml
cor:ical UI~. la ml ofHEPES saline solution wa.~ added to eoagulated
setIV.:n, The mixture WOlS stirred cxtensively to cxtraet a maximum of
,aluble eompone:lts and eentrirugcd al 1000 g for 10 min. The
supcrnatant wa... rcmoved and kept on ice. An additional 10 ml of
HEPIiS saline solution was added to the pellet of in.o;oluble compon­
ents,. the content mixed and centrifuged again, This procedure WOlS
repe:net' ("ur tirnes. Ali supernamnts were poolcd and centrifugcd
agr.:~ for b min at 10 000 g. Finally the wa.,hed coagulum wa.'
solubilized in 8 M urealHEPES saline solulion. The presence of urea
was .shown ta have no effect on SPMI biological aetivity as.-.ay. For
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Clll1lpari:-;I,}n. :-;llmc :"ocmcn ~llnplC':"o \\C'rl' .1bn Ollh'Wl-d hl liquc-f~

:-;[X,ntancl,u:-;Iy.

Analysis of a narurally occu"ing C.Jse of non·/iqul'fying
semen
Sl:men ohlained fn\l1\ ;1 p;ltic-nl ':\'n"lllun~ lh~' PC'11iht\ l \'llIfC' Ilf Ihl'
Rl\)"al \'i~tori;\ Hu~rÎt;l1l~hlnlt"(';II. C'.U1OlÔ;I\ fllf l"\,.,llllll' "l'lllC'1l .m;IIY'l~

wa:-; ~1l't:-;I:("\'ed hl rel1l;ün in ;1 hi~hly ...·1\.1~1l1;lh:,1 l"rln :tl l'ml'. 1'\'l'l1
~Iîter:: h ;lt n'lmn teMtx'r;lturl', Thi:-. pl'nl",l ~n.-.ltl~ ...·' ...·C'C'd .. th ...• Ihll'lll:lI
time rcquircJ ùlr full "Cl1l~'1l llqUcl";I..·llI1ll. \l"ll;lll~ :' )1 '~lln l'hl 1''''
different :-;uch 11lll1-li'4Ul:fYln~ ~l:lUl'n \;II11pk.. WCII- '1l1.\I~- ..~-d :Ilf Ih..·

prc~ncc of SP~11 flllh'will~ i1ll't1n;llh'n Wllh l'nl~l;lll": ..t·~'ll-II"I1" "1

"''.1ft...:.. 0:1. v/vI hlr ~ h;1( nli.ll1l h:l1l\lI:r;IIUl"I·. T!w S!'~1l hl'II\':~l,,·.i1

;tcti\'it)- W;IS JCh:rmincd ;lftl:r ...·\llllplC"lc "1'!lIC'1l ,\llubllt:.llh'll Itl S ~l

un.:;uHEPES ,\;Ilinc "\l\utiull ;md l'ml t'm' \"'~'l't' ,11l,lh ..~', t h~ SIlS
[Xllyacryl;l1llllte ~c1 c1CI,:lfIlphlll"l:"" tSPS-I',·\l~l:\ :'P~'ll:1 ::h':'hl~ \\a"
me;l~urerJ llsill~ the Cc1ISllft CI1ll\pUll·I·;h.....ll·d dl1~l,.d ,ll'.:h .. I....~ ..1..'111

lCryo RC:-;llUn.:CS. ~tlll1lgl,lIllCfY. :"'1". l'S·\}.

SPMI biologiesl aetivity sssay

Pcrcoli w,lshcJ 11\111\;U1 "jl(rm;UU/,t\;l WCI'I' \!C:llll,'lllhrall:l1cd 11\ .1
medium conlaining 0.1',:;' Tril\1l1 X-I()(l. tl.2 :\,1 ."\l~hl'o~-. tl,tl~5 :\1
pllta.......ium ~Iut;un;ltc pH ~.O. U.o35 M Tris-1I0 l'II :-UI ;u\\1 1 ltl~t

DIT (de Larnir.mrJe ('r Ill.. 19~:;1. Ath.·r demClllhr;Ill'ltillll. thl,'
rnotility of spenn;lluI.U;1 W;IS rciniti:ltcd hy thc additilln Ill' 1I.~ mM
m;lgncsium.ATP. Onc inhibitory unil (lU) Ill' 51'1\·11 hHlhl~ic;lt ;IClivity
is delined ;L" lhe mininml ;unuulll uf phllcin:-. 111;11 ...·\llllpICldy inluhits
the motility of dCl11embr.m:llc,l-n::lcli\·;lleli SI'lC'IlU;\IU/ua within ;'l..

la s in 1 ml uf demcmbr;maliun-n:;lctiv;ltinn lucl!illlll.

Sodium dodecyl sulphate-polyacrylamide gel ,,l''''tro­
phorBSis ISD5-PAGE)

Prolcins l'rom seminôll phlMU;1 ,un] uther l111il1" \Verc ~rl;lr;lIcd hy
SOS·PAGE according to u\cl1llnli (197UI u~ill~' lhe Biu·Rôlll. Mini
Pmlc;sn Il clc:ctnl['lhol'Csis system, OI1kor SUlllhilil:~llillll in SDS.~mplc

butTer (62.5 mM Tris-HCI, I()% glycerul, :!% SDS. 5% I\-m~rcaplu.

cth.mol, 0.0125% 6rolnuphenul Bluc). TIle sluding ;md running
gels contained 5 am! 15% acryl:unidc respet:tivcly. Electruphnrc!'lis
WolS earricd out Olt a const:mt current nI' 20 mA for 1 h. 'nu: gel::
wen: then scaincd with 0.1% ComuOlssic Brilli:ml Blue 1{·25lJ in
40% TnclhanolllO% :lcctie Olcid ,lOd l.!cslainel1 succcssivel)l in 4()'J',
mclhanol/IO% acetic acil.! and 10% Incth;moIlIO% "cclic acil.!.

Immunoblotting and immunodllt«tion
Following eh.'Clrophorcsis. prute:ins wcn: eleclrotmnsferrcl.! l'rom slab
gels onto Nilroplus nitl'fY.:dlulosc membrane (Micron Separalions
Ine., Westboro. MA, USA) for :2 h al 70 V. The tr.II1!'1fcr buffer W:L..
composed of 2S mM glycine:. 25 mM ethano1:lmillc, O.ot% SOS and
20% mcthanol Olt pH 9.8. Artcr transfcr. thc rne:mhmnes were :Iir
dried and slored at 4°C unlil used. Membr.mes wcrc then lir.a srained
in 0.2% Ponceau S in 3% acctic acid to visu:di7.c proleins and
molecutarweight markcrs. Aflc:r destaining in la mM Tri,\-HCI. 0.9%
N:.,CI (TBS) pH 7.4, non.spccillc sites on the mc:mbrune~ wen:
blockcd with 10% swinc seNm in TBS conUlining 0.25% Tween-20
and 0.02% sodium :l4!:ide (blocking solution) for 1 h al room
tempc:l':llun:_ The membr.lnc... wen: then incubated for 1 h with a
rolbbit anti-human SPMI antiscNfil gcnC:l':llcd againM:1 19 kOa SPMI
fonn purified from human seminal pl3.\ma (Luterman ct al.• 1991)
diluced 1:200 in blocking solution. After four sucCC:s'\ive 10 min
wa.'W"cs in TBS containing 0,25% Twc:c:n-20, the membranes were
incubate:tl for 1 h Olt room lempc:roltun: with alkaline phosphat:l.'C.
eonjugated goat anti-nlbbit IgO diluted 1:2000 in bloeking solution.
Membranes wcn: then wa.'ihed four times in TSS containin6 0.2S%
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Table 1. DI..lrlbutlun uf ..perm motillly inhlbilOr (SP~lI) biolugical aClivity
am: (CIlOiI prolelO" hcl\lrCen the coagulaled and \Otublc: ~men l.:omponcnt....
Re..ulh arc e.\pre'.\Cd a.. l~n ::: SEo...' (n -, .;)

Twcen-:!O. Anligens We:fe: ...i~ualized by incubalion in alk;Jline: phos­
ph':lt:l'le bUller 1100 mM Tri~·HCI, 1 mM MgCI2' pH 9.5) containing
:he ~uh~lf':lh:~ NBT ':101.1 BCI?u 0.1 and 0.05 mg/ml rc:...pc:ctivc:ly. TIlt:
fC':IClion wa:-. lcrminaled by w.:t;hing the: me:mbr.mc in distillcd waler.

---
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Ana/ysis of SPM/ bi%gica/ activity, antigens and
sperm moti/ity in naturally occurring, non-/iqUefying
semen samp/es

SPMI biologieal activity u.' mensure<! in highly coagulatee! but
non-trented semen samples that failcd to liquefy spontaneously
was 1500 =180 lU/mi immcdi.tely ofter ejaeulation (Table
II). The cotTeSponding spenn motility was 26 =3%. The
SPMI biologieal activity and spenn motility level in semen
remaincd aImost unchangcd at room tempcrawrc. after 2 h
(1300 =205 IUlml and 21 = 1%). However. when the
non-liquefying semen sample was ineubatee! with exogenous
prostatic secretions (3:1. v/v). SPMI biologieal ac:tivity
decrcased to 330 =17 lU/mI in parallel with the disappearance
of the coagulat-=d materiai and an increase in spenn motility
to 49 =S% over the 2 h period. SPMI specifie activity went
from 20 =4 and 19 =5 IUlmg in the sample to which buff(;t

bands correspondcd to the m.jor Coomassie Blue smincd
bands describcd above for this fraction. However. one intcnsely
smined prolein at 18 kD. did not show any immunoreactivity.
ln the soluble componenl' (I.nc 3). immunoreactivity wu.,
observed at 15 kD••nd faintly at 33 kOu. In liqueficd '<"men.
thc same 15 kD. polypeplide was also observed and was the
only immunorcactive band detecled. However. it was .bsent
from the coagulated semen componenl'- On the olher hand,
thc 33 kO. b.nd. present in the soluble cOmponenl'. seemcd
to correspond to thc 33 kO. prolein observed in the coagulated
componenlS. When the same samples were probcd with pre·
immune serum. no immunoreactive band was detocled (not
shown).

Figure 1. Elcctrophoretic profile and distribution of sperm
motility inhibitor (SPMI) antigens in coogul.:sted and soluble
semen components. Semen collectc:d into a solution of 1.10­
phenanthroline WOlS proces.'OCd as described above. An aliquol of the
scparated semen component~ (30 J.1g) WOlS rnixed with sodium
dodccyl sulphat. (SOS) sampi. buff.r and hcated 10 9S·C for
3 min before analysis by SDSapolyacrylamide gel electrophoresis
(A) and immunoblotting with SPMI anliserum (8). Nonnally
liquefied semen (1). coogul.ued component'i (2) and soluble
companent.. (3). Arrows identify specifie band..; described in the
text: long arrows relate ta l:l.Oe 2. shon O1rrows to lanes 1 and 3.

Liquc:llcd
..emcn

.no =60
120 =2

.; =US

SO
6S = IX

Soluble
fr.l.Clion

2:!oo ~ S60
91 ::: 19
23::: 2

C()':l~utum

BU'lnSIl.:al aclillity nu}
Tol;ll protcin (mg)
SpcClhc actlllity C1tJ1rng}

Results

Ana/ysis of SPMI bi%gica/ activity and antigens in
coagu/ated semen

Following cjaculalion into a Solulion of I.IO-phcnanthrolinc.
semcn samples wcrc separ~tcd inlo solublc and coagulated
componcnl' as dcseribcd abovc. SPMI biological activity was
exclusivcly dClccted in thc coagulatcd componenl' with a toml
of 2200 o!: 560 IU/ejaculatc (mcan volume of 3 ml: Tablc 1).
No SPMI aClivity was delected in the supemamnt. Thc loml
SPMI biological activity in nonnally Iiquefied semcn was
ncarly 5-fold lower (470 =60 lU) than that of the coagulatcd
componenl'. On thc othcr hand. total semcn proteins distributed
more evenly l"'twecn l~C coagulatcd and the soluble compon­
cnlS of non-Iiquefied scmcn with 91 =19 and 65 =18 mg
of protcins. respectively. Thc total amount of proleins in
nonn.lly Iiqucficd semen amounted to 120 =2 :;o,g. 4 h
after ejaculalion. SPMI specific activity w.s 6-fold highcr in
thc coagulatcd fraction with 23 =2 lU/mg comp.red with
4 =0.5 lU/mg in Iiqucficd semen.

Major differences werc observed in the protein composition
of coagulated and soluble componenlS of semen when analysed
by SOS-PAGE (Figure 1A). Coagulatcd componenl' (I.ne 2)
differed mainly from soluble componenl' (lane 3) by the
presence of intcnsely smined bands at 52. 38. 35. 33. 20 and
18 kDa. In contra.'l. the pmtein composition of the soluble
components did not conmin intensely smined bands :t such
molecular mu.'-'CS but were rather eh:uacterized by the presence
of 90 and 66 kD. bands. a doublet amund ~9 kD. and
fainter bands of smaller molecular mass 14-21 kDu. The
electrophoretic profile ofliqueficd semen (I.ne 1) also differe<!
from th.l of the coagulum. but c10sely resemblcd thar of the
solUble componenlS. Immunodetection of SPMI antigens in
the same samples using SPMI antibodies revealcd the presence
of immunorcactive proteins at 52. 38. 35. 33 and 20 kD.. in
coagulatcd COmponenl' (Figure 1B. lane 2). These protein

ProttJin det8rminlltion

111l: cunr.:cl1lr,uion of protcins in the ...arious sample... was measun:d
with the: bicinchoninic .:tcid (Pierce: Chemical Co.. Rockford. IL
USA) as.·.. ly using Ihe: procedure d~ribed by Smith ~t al. (1985).
Bo...ine serum .:slbumin ',Na... uSt.'1.! as a standard.

•

•
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Sperm motility inhibitor in coagulated semon

Table 11. Seminal pl;;,,~ molilily inhibilor tS~m hil~klgil:al OlI:ti\'ity anJ a~~iateJ 'perm mlnillty in nIln-li4uct'~ IO~ '\Cl\1cn. R~·,ulb .ln:' c'"rrt:"'\Cll .1' mC,1lI

~ SE.\1 (n ." 3)

• BiolQ~ical activity (IU/n,l)
Specifie acti\'il)' OU/mg)
Spcnn motilily (t;;.)

Semen - huiler
Aflcr 0 min

ISOO = ISO
~) =.~

16 =~

Sem.:n ... huff.:r
At"tcr ::: ~

IJOU :!: :::115
lQ =5
:1 =1

Semcn .. rh,,!,ll': llui.l
Aller =h

."\.'(} ~ 1"
t1.= 1

.N· ..

Figure 2. Electrophoretic profile and immunodctection of spcrm
motility inhibitor (SPMI) antigens in non·liquefying semen. An
aliquot of the whole semen (30 !Jg) was mixed with sodium
dodeq>1 sulpha,e (SOS) sample buffer and heated to 9S·C for
3 min befo", analysis by SOS-polyaerylamide gel elec,rophoresis
(A) and immunoblolting with SPMI anliserum (8). Non.liquefying
sc:men. immediatcly after cjaeulation (1). non·liquefying semen
following 2 h incubation Olt room tempcr:llure with HEPES saline
solution buffer (2). or prosUltic secretions (3: 1. v/v) (3). Arrows
identify specifie band.'i dcscribc<1 in the text.

was added. immediately and 2 h after ejaculation respec'ively.
to 6 :!: 1 lU/mg in the sample treated with prostatic secretions
for 2 h.

The change in SPMI specific activity and spenn motility.
following treatment with prostatic secretions. was accompanied
by changes in the proteins' elecMlphoretic profile (Figure 2A).
Non-liquefying semen contained predominant proleins at 66.
52, 38. 33. 20 and 18 kDa which showed intense immuna­
reaetivity when probed with SPMI antibody on the immuna­
blolS (Figure 28. lane 1). In the sample treated with prostalic
secretio~s. the high molecular mass bands at 52. 38 and
35 kDa had disappeared after 2 " (lane 3). Only small
arnounlS of 49 and 33 kDa polypeptides. as weil as most bands
<22 kDa remained. On the other hand. almost no change
occured in the ·electrophoreuc profile of the non-liquefying
semen after 2 h of incubation with buffer (Iane 2). Only <wo
bands at 22 and 20 kDa decreased in intensity.

Discussion
The n:..sults of the present stud~· ~Icarly 1.h:11\l'llStl';ltt: Ih~l( SPi\ll
biological activit)' aoll amigcnidty ~Irc ti~htly 'l"isllI,:i:ucd. ,l11d

sc::cm 10 agg,rcgatc with the l1un·s\l\uhlc f,.·nmp~ll1Cllts \lf 11\\1\·

liquclicd semen. or semen cO:lgulul1l. No :I.:ti\"ity w;\:- dC":lo..'tcd
in the solublt frJction. Undcl' tl1l,.- pn::-::n! C\p.:rilllcnt;11 condi­
tions and cOI\sidcring the :\Cnsiti\'ity \.lf the .\ss:\y.•\ Ic\'d
cqui\'ulcnt to 5';é- of the SPi\ll :lctivity in \...·Ill'h: s,,-mt:n \\'01111.1
have ea....ily b<:cn l.iclcctcd. Thus. in l1un-liqucfying scmcn. Ihe

greut majonty ~> 95%) of the SPMI biologic:llIy :lcli"c anù
immu'loreactivc polypeptides cxbt as coagukltcd f(mus. or
associatcd with the semen co'lgulul1l. The specitie ;ll·tivity uf
SPMI wu" round to bc six-raid highcr in the co~!gulum th;m
in liquelied seminal pl:l'\ma. This is explainet.l in p;lrt by the
presence in the coagulum of ve:ry ;lclive SPMI precursor fUl1tls
originating l'rom the: seminal vesicles (Robert :md G;'lgnun.
1994) as weil as the SPMI enrichment obtaincd when 'he
soluble proteins are climinatcd by w'L"ihing c~gulatcd scmcn.
To isolatt: the coagulum componC'nL'\ l'mm the solubk lmes in
semen. wc clected to use the heavy met,,1 chelator 1.10­
phcnanthrolinc in the present expcrimcnls. since il W'IS prcvi.
ously shown to inhibit the liqucfaction of coagulutct.l semen
(Lilja and Weibcr. 1984; Lilja and Laurell. 1985). TIle exact
mechanism of this inhibition is still iIl-delined but Iikcly
involves the inhibition of zine-dependent seminal pro'eascs.
We have also n.'cently reported 'hat pro'eolytie dcgmdation of
the SPMI preeursor by prostatic secretions ean bc partially
inhibiled by 1.l00phenanlhroline (Robert and Gagnon. 1994).

Immunoreaetive polypeptides of various sizes (20-52 kOa)
were always detected in ail coagula analysed. On th~ other
hand. the staining intensity ratio of these polypeptid~. in the
coagulated componenl. ·,aried from One sample toariother.
The 52 kOa immunore..ctive protein which was previously
identified as the predominanl pn:cursor form of SPMI (Robert
and Gagnon. 1994) was always associated. in lhe coa8ulum.
with other polypeptides at 38. 35. 33 and 20 kOa. The pre.sence
of these polypeptides in lhe coagutated componenls probably
reflects partial degradation of the 52 kDa SPMI protein which
already took place in spite or the use of I.IO-phenanthroline
to prevent ilS degradation and semen Iiquefaction. A similar
observation was also reported previously (Lilja and Laurell.
1985). This partial clcavage of the 52 kOa SPMI precursor is
possibly the consequence of the lime delay before 1.10­
phenanthroline completely chelates lhe metal ion required for
nonnal precursor degradation. The heterogeneity in SileS of

• SPMI molecule.s in the coagulum could also be an inherent
characleristie of these seminal vesicle proteins. We have often
observed the presence of multiple immunoreactive SPMI fonns
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in freshly collected seminal vesicle nuid (data not shawn). lt
is possible th:.lt SPMI precursors are secretcd under various
ma.\s fanns directJy from the seminal vesiclc cpithclium. duc
ta intr.Jccllular protdn processing priar to secretion. or to
alternative mR:-IA splicing. Il may also be the result of partial
protc:>lysis occurring in the lumen of the seminal vesiclcs.

The ~oluble componcnts. obuincd from multiple wa.'ihings
of the coagulatcd semen, do nol simply reprcscnl a non·
specifie. partial solubili7.ation of coagulum protcins since their
c1eclrophoretic pattcm considerably differed from thal of the
coagulated material. Thcy rather likely represent a set of
distinct soluble proteins having no active role to play in the
coagulum network. such a.'i albumin. lactoferrin. transfcrrin
and other proteins conlributed by blood plasma (Tauber er a/••
1975) or by the secretions originating from ;he various male
accessory glands. Il is nol possible la conclude from the
rcsulls of the present cxpcrimcnl'\ whcther SPMI is an nctual
contributing structur.J1 componcnt of the seminal coagulum
structure. Nonetheless. it appcan; ta be tightly associated with
the: coagulate:d componcnl";.

The presence in high concentrations of stable and highly
active (1500 := 180 lU/mi) SPMI preeursor forms in a semen
that fails la spontaneously Iiquefy. grcally contrasl' with that
of normal semen IVhich Iiquefies within 20 min after ejaeula­
tian and whose SPM1 biologieal activity drops ta levels of
150-250 lU/mi within 2 h (Robert and Gagnon. 1994). We
reported that serine and/or metallo-prot=. originaling from
the prostate. were responsible for SPMI preeursor degradation.
The present resull' thus scem ta indicate that the quantity of
prostatic secretions and/or their proteolytic activity content is
inadequate in this panicular semen sample. This conclusion is
supported by the observation that addition of exogenous
prostalic secretions triggered the normal processing of SPMi
preeursor into les., active and 10IVer mass forms uf SPMI in
parallel with semen Iiquefaction. The absence of nurmal
proteolytic aetivity in the non·liquefying semen eould be the
consequence of a decre= in the secretory aelivity of the
prostate. obstruction of the excretory path or altematively of
a redueed level of proleolytic aclivily in those secretions. The
presence of addilional immunorcaetive bands. in the semen
sample Iiquefied lVith prostalic secretions (Figure 2B. lane 3).
thal an: nol observed in normally Iiquefied semen (Figure 1B.
lane 1) is Iikely the consequence of incomplele degradalion
01" SPMI precursor in the formcr. The use of IWo-fold diluled
and frolOn-thalVed prostalic secrelions. IVhich have 10IVer
proteolytie aClivity than normal whole semen. may explain
this dil"ferenee.

It is lVell establishcd that spenn motility is higher in the
initial fraction of the ejaculate. whieh is composed mostly of
prostatie secretions and spennatowa. tllan in the final fraction.
enriched in seminal vesicle secretions (Lindholmer. 1973). A
preliminlll)' srudy demonstr:lted !hal SPMI aclivity level and
ilS stability with time following ejaculation were higher in the
final fraclion of the ejaculale (unpubI:shed resUllS). This finding
thus suggesl' a possible role of SPMI in !hat phenomenon.

The resullS elcarly demonstr:lte !hat sem~n Iiquefaction is
as.'iOCiated with the degradation of the SPMI precursor fonns
presenl in eoagulated semen and an accompanying four-fold
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reduction in specific activity. Howevcr. the exact mechanism
responsible for the difference in sperm motilily inhibitory
activity between the high mass SPMI :md the degraded forms
is still unclcar. Il may be related ta the la" of a speeifi~

domain or to structural differences between the precursor and
degraded forms which alter thc affinity of SPMI for iL' target
site on spcnnatozoa.

Ejaeulated spermatoloa are immolilc immcdiately after
ejaculation. being ci1trapped in the semcn coagulum. and only
gain progressive motility as semen Iiquefies (Amelar. 1962).
The resull' of thc present study suggest an explanation for
this observation. SPMI was shown to cxist a."i prccursor forros
in coagulated semen. The high level ofSPMI activity associated
with thc.", precursor forms appears ta adverscly affect the
motility of intact spennatoloa. as suggesled by the poor
motility of spermatoloa in the non-liquefying semen sample
ca",. Moreover. when SPMI activity wa' redueed eonsiderably
by prostatic secretions. with concomitant SPMI degradation.
there was a clcar increase in sperm motility up ta 49%. Thc....
resullS suggest a po"ible elinical use of proteases ta proccss
non-liquefying semen samples from whieh the reeovery of
motile spermatoloa is poor following standard sperm prepara­
tion methods. In theory. addition of various protease., (i.e.
trypsin. chymotrypsin. etc.) eould induce the degradation of
the high molceular mass SPMI molceules. and induce semen
Iiquefaction and the relcase of motile spermatoloa However.
the Use of protcases whieh are naturally oceutring in semen
and are wcll characterized. such as prostate-specific anligen.
would probably be safer and more physiological. Ideally. when
such enlymes become available in a safe. recombinanl and
pathogen-free form. they should be usefullO treat non-Iiquefy­
ing semen samples. The use of an endogenous protcase might
avoid the hydrolysis of other important seminal or spenn
proteins and eliminate the associaled detrimental effeclS on
the success of assisled reproduction that less 'physiological'
proleases might have.

From the dala eurrently available. the properties of the
52 kDa SPMI preeursor and Ihe 52 kDa semenogelin demon­
strate striking similarilies. Both protei::, an: associated with
semen coagulum and are degraded coneomitantly during semen
Iiquefaction producing multiple polypeptide intermediates of
similar masses (Lilj.. 1985: Lilja and Laurell. 1985: Lilja
er aL. i987). Purification of the 52 kDa SPMI precursor and
analysis of ilS amino acid sequence will be required before a
definitive conclusion ean be reached on whether these IWO
protei~;,_-,:e identica1.
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ChapterIV

Purification and ch~cterizationofthe active precursor ofa

human spenn motility inhibitor secreted by the seminal vesicles

Martin Robert ar.d Claude Gagnon

Preface

ln the previous chapter, evidence that SPMl precursor is associated with the proteins of

coagulated semen was provided. 115 association w:th the 10w sperm motility found in

roagnblted semen was suggested from the study ofan infertile patient whose semen does not

liquetY spontaneously. SPMl precursor may thus he an important factor contributing to some

cases ofmale-related infertility. ln order to get more definite answers about the molecular

nature of SPMl precursor, i15 purification was undertaken. The resul15 presented in the

following chapter describe: a nove! method for the purification of SPMl precursor, the

characterization of i15 aetivity on intact human spertnatozoa, and provide details about i15

molecular nature.
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SUMMARY

Hwnan seminal plasma contains a spenn motility inhibitor originating from seminal vesicles as a

precursor form which is degraded into smaller peptides by prostatic proteases shortly after

ejaculation. The seminal plasma sperm motility inhibitor (SPMl) precursor was purified bl' a

combination of cation-exchange chromatography on S-Sepharose foUowed by C. reverse-phase

higlt performance liquid chromatography (RP-HPLC) directly from seminal vesicle fluid or wash~

seminal coagulum. The purification procedure yielded a protein ofapparent homogeneity, with

a molecular mass of 52 kDa by sodium-dodecyl-sulfate polyaaylamide gel electrophoresis

(SD5-PAGE). Il migrated as a 105 kDa protein by molecu1ar sieving under denaturing conditions.

The purified SPMl precursor could be digested by the prostatic protease prostate-specific antigen

(PSA), causing a 76:1: 4% drop in biological activity and transformation into low molecu1ar mass

SPMI polypeptides (5-20 kDa), similar to those observed in lique.lied semen. The N-terminal

arnino acid sequences of three degradation peptides were obtained by Edman degradation and

found to correspond to residues 45-50, 85-90, and 137-143 of semenogeIin, a prolein

characterized as the major struetural component ofsemen coagulum. The arnino acid composition

of SPMI precursor was found to be almoSl identical to that ofsemenogelin. Moreover, the mass

of the precursor was estimated at 49, 677 Da by electrospray-ionisation mass spectrometry, a

value in close agreement with the expected mass ofsemenogelin according to its cDNA sequence.

SPMI precursor was found to inhibit progressively spenn motility in il dose-dependent manner,

with complete irnmobilization at 500 U/mi of SPMI. The motility of completely irnmobilized

spermatozoa could be partiaIIy recovered foUowing washing ofthe celIs. The results suggest that

. :~l'MI p=oris the major componenl ofthe seminal vesicles secretions and seminal coagulum,

and that il may have significanl effects on sperm motility in freshIy ejaculated semen. Il can be

degraded by ~...A in a manner reminiscenl to its processing in whole semen. AU characteristics of

SPMI precursor suggest that il is identical 10 semenogelin.
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INTRODUCTION

Hurnan seminal plasma is a complex biologica1 f1uid formed from the mixing ofvarious f1uids

of the male reproductive tract, namely the secretions of the testes, epididymides. seminal

vesic1es, prostate and Cowper's glands (Mann and Lutwak-Mann. 1981). Immediately

following ejacu\ation, hurnan semen spontaneously coagulates into a semi-solid gelatinous

mass w1ùch then liquefies within 5 to 20 minutes (Ame\ar, 1962; Tauber et al., 1976). Semen

coagulum appears to be main1y constituted of a predominant 52 kDa protein, known as

semenoge\in, and two 1t:SS abundant 71 and 76 kDa semenoge\in-related proteins (Lilja and

Laurell, 1985; Lilja et al., 1987; 1989). Whi1e sorne hypotheses have been proposed (polak

and Daunter, 1989; Lilja et al., 1987), the mechanism by which human semen coagulum

components coagu!.lte bas not yet been elucidated. On the other band, semen liquefaetion is

be\ieved to occur following proteolytic degradation ofthese proteins by the prostatic enzyme

prostate-specific antigen (PSA) (LiIja et al., 1987; Lilja, 1985; McGee and Herr, 1988). This

enzyme, wide\y used as a marker ofprostatic malignancies (Oesterling, 1991), was origina1ly

purified from semina1 plasma as a semen specific protein (Wang et al !~·.9). PSA is a 33

kDa protein which be\ongs to the kaI\ikrein fami1y ofproteases (Watt et al., 1986; Schaller

et a1., 1987; Lundwall and Lilja, 1987) and is the most abundant protease secreted in semina1

plasma, with physiologica1 concentrations ranging betWeen 0.2 and 5 mg/ml (Wang et al.,

1979; Oesterling, 1991).

In the epididymis, spermatozoa are maintained in an immotile state (Eddy and O'Brien, 1994).

Progressive sperm motility is initiated after ejacu\ation when epididymal spermatozoa C<lme

into contact with components of seminal plasma (Lindholmer, 1974). White prostatic

secretions can stimnlate sperm motility, the secretions of seminal vesicles have long been
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known to be detrimenta1 to spenn motility (Lindholmer, 1973). However, the specifie

components responsible for these detrimenta1 effects have not yet been well characterized.

Factors that can inhibit sperm motility have been reported in the seminal plasma and semina1

vesicle fluid ofvarious mammals including boar (Strzezek et al., 1992; Iwamoto et al., 1992;

Jeng et al., 1993), bull (Al-Somai et al., 1994) and mouse (peitz, 1988). In hurnans,

lwamoto and Gagnon (1988a) reported the purification ofa basic semina1 plasma protein of

19 kDa that can MOit the motility ofTriton X-l00 demembranated spermatozoa reactivated

by the addition ofMg.ATP. Under these conditions, it appears to act by interfering with

dynein ATPase, the key enzyme responsible for flagellar motility (Iwamoto and Gagnon,

1988a). This factor, narned "seminal plasma motility inhibitor" (SPMI) was subsequently

shown to inluoit the motility ofintact spermatozoa (Iwamoto and Gagnon, 1988b) through

a mechanism not yet characterized.

Human SPMI originates exc1usively from the semina1 vesicles, as a potent precursor fonn of

52 kDa (Lutennan et al., 1991; Robert and Gagnon, 1994). This precursor is rapidly

degraded and partïaily inactivated by prostatic serine and/or metallo-proteases immediate1y

ailer ejacu1ation, in paralle1 '" ,.:' 'ien1en liquefaction. This degradation transforms the SPMI

precursor into less active, smaller molecular mass forms of 17-21 kDa found in liquefied

semen that are compabole with sperm motility. SPMI precursor antigens and a potent sperm

motility inhibitory activity are associated with the coagulated components ofnon-liquefied

semina1 plasma, and experimental evidence is suggesting that improper SPMI precursor

processing after ejaculation may result in poor sperm moti1ity and reduced fertility (Robert

and Gagnon, 1995). These results also demonstrate that SPMI shares muitiDle charaeteristics

with semenogelin.
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The properties of SPMI precursor indicate that it may be responsible for the temporary

immobilization ofspermatozoa in coagulated semen. Proper processing ofSPMI precursor

during semen liquefaction appears essential for spermatozoa to acquire progressive motility.

In the present study, we developed the first purification procedure for SPMI precursor and

charaeterized some of its properties. The protein displays potent, reversible sperm

immobilizing activity and appears to form macromolecular aggregates. We have also

examined the capacity ofthe enzyme PSA to hydrolyze SPMI precursor and ana\yzed some

ofits fragments. The results provide strong evidence that SPMI precursor is the predominant

protein in seminal coagulum and seminal vesicle fluid, and that it is identical to semenogelin.
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MATERIALS AND METHODS

Materials

Glycine, N-2-hydroxyethyl piperazine N-2'-ethanesulfonic acid (HEPES),

cyclohexylarninopropane sulfonic acid (CAPS), sodium dodecylsulfate (SDS), dithiothreitol

(OTT) were purchased from lCN Biomedicals (Montréal, QC, Canada); acrylamide,

~-mercaptoethanol (~-ME), Coomassie Blue, nitroblue tetrazolium chloride (NBT) and

bromo-chloro-indolphosphate (BCIP) from Bio-Rad (Mississauga, ON, Canada).

10doacetamide was from Sigma Chemical Co. (St-Louis, MO) and adenosine triphosphate

(ATP) from Boehringer Mannheim (Laval, QC, Canada). Ultrapure urea was obtained from

Bethesda Research Laboratories (Bethesda, MD), HPLC-grade tritluoroacetic acid (TFA) and

acetonitrile from IT. Baker (Toronto, ON, Canada), S-Sepharose Fast Flow and Percoll from

Pharmacia (Baie d'Urfé, Canada), porcine serum from Gibco-BRL (Burlington, ON, Canada)

and alkaline phosphatase-conjugated goat anti-rabbit and anti-mouse 180 from Jackson

Immunoresearch Laboratories (West Grove, PA). PSA purified from human seminal plasma

was generously provided by Dr. J.Y. Dubé, Laval University (Québec, QC, Canada) or

obtained commercially from Saipps Laboratories (San Diego, CA). AlI other chemicals were

at least ofreagent grade.

Seminal vesicle fluid collection

Tissue specimens were collected from patients undergoing radical prostatectomy. ~eminal

vesicle fluid (SVF) was collected by dà'ect needle aspiration ofthe ligated gland. The fluid

was düuted in an equal volume ofHEPES saline solution (HSS, 25 mM HEPES, 100 mM

NaCI, pH 8.0) containing 8 M urea te achieve complete solubilization of the viscous and
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gelatinous components.

Isolation of seminal coagulum.

Semen from vasectomized volunteers was collected by masturbation into a sterile container

to which 40 ml ofice-cold 50 mM sodium acetate (pH 4.5) were added immediately afier

ejaculation. The coagulum was then isolated by successive washings, according to a

previously described method (Mandai and Bhattacharyya, 1992). The resulting coagulum was

solubilized in an equal volume of8 M urea/HSS and kept at 4·C until use.

Protein disulfide reduetion and blocking.

Prior to chromatography, urea solubilized seminal vesicle f1uid or seminal coagulum proteins

were reduced by the addition of crystalline DIT to a final concentration of 25 mM and

incubation at room temperature for 30 minutes. Reduced disulfides were then covalently

blocked by addition of crystalline iodoacetamide to 125 mM and incubated at room

temperature for another 30 minutes. 1 he proteins were then precipitated in 94% ethanol at

-70· C, resuspended in 8 M urea/HSS, and stored at the same temperature until use.

Isolation of motile spennatozoa.

Semen was provided by healthy volunteers by masturbation into sterile containers, after 3

days of sexual abstinence, After liquefaction, the semen was layered on a discontinuous

Percoll density gradient made of2 ml each of20, 40, 65% Percoll and 0.2 ml of95% Percoll

buffered in HBS (25 mM HEPES, 130 mM NaCl, 4 mM KC~ 0.5 mM MSC~ and 14 mM

fructose, pH 8.0). Following centrifugation at 1300 x g for 30 minutes, highly motile and
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morphologically normal spermatozoa from the 65-95% Percoll interface and the 95% Percoll

layer were recovered and combined.

SPMI activity assay

Percoll washed human spermatozoa were demembranated in a medium containing 0.1%

Triton X-l00, 0.2 M sucrose, 0.025 M potassium glutamate, 0.û35 M Tris-HCI pH 8.0 and

1 mM DTT and the moti1ity was reinitiated by the addition of0.5 mM Mg.ATP. Aliquots of

the test solutions were then addcd to the assay medium (".ontail'ing the reaetivated

spermatozoa and observee! under the microscope for inIu"bition ofmotility. One inlu"bitory unit

of SPMI activity was defined as the minimal amount of proteins that completely inhibits,

within 5 to 10 seconds, the motility ofspermatozoa demembranated and reaetivated in 1ml

of medium.

Spenn motility analysis

Sperm moti1ity parameters were analyzed using the Cel\Soft computer-assisted semen analysis

system (Cryo Resources Ltcl., New York, NY). Five microliters ofthe sample to be analyzed

were placed in a MakIer counting chamber (10 Ilm depth) kept at room temperature. The

chamber was placed under an Olympus BH-2 phase contrast microscope. Using a 50 X

objective, the image was relayed to a teievision monitor via a video camera mounted on the

microscope. The imaged was digitized and fed ioto a computer. The digital video image was

then analyzed by the Cei\Soft program. The following user-defined settings were used: 20

frames to ana1yze at 30 frames per second; minimum samplings for motility and veiocîty were

3 and 10, respective1y; minimum and maximum ve10cities were 10 and 250 Ilm per second;
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pixel scale of 0.92 and eell size range of 5-25 pixels. Measurements were performed in at

!east five random fields and a minimum of200 cells were analyzed for eaeh sample. Both the

percentage ofmotility and the sperm velocity (totallength travelled divided by the total time

the cell was traeked) were measured.

Sodium dodecyl sulfate-polyaerylamide gel e1ectrophoresis (SDS-PAGE) and

immunoblotting.

Proteins were separated by SOS-PAGE as previously described (Robert and Gagnon, 1994)

and electrotransferred onto Nitroplus nitrocellulose membrane (Micron Separations lne.,

Westboro, MA) for 1hourat 70 V under alkaline conditions (10 mM CAPS pH 11.0, 0.01%

SOS and 15% methanol). lmmunodetection was performed, as previously descn"bed (Robert

and Gagnon, 1995), using a rabbit anti-human SPMI antiserum generated against a 19 kDa

SPMI form purified from human seminal plasma. For microsequencing, proteins were

similarly transferred to Immobilon-P membrane (Millipore, Bedford, MA). The membranes

were washed extensively in water and polypeptide bands were carefully excised with a clea.,

scalpel blade.

Amino acid analysis

Selected purilied samples ofSPMI preeursor were subjected to 6N HCI vapor hydrolysis, for

18 hOUTS at llO'C using a Pico-Tag workstation (Waters Associates, Bedford, MA).

Samples were analyzed for their amino acid composition using a Bec\anan model 6300A

autoanalyzer.
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N-tenninal amino acid sequencing

The amino acid sequencing was performed at the Protein Sequencing Facility of the Sheldon

Biotechnology Center, McGiU U!Ùversity. Individual polypeptide bands excised !Tom

Immobilon-P membranes were inserted into the sample canridge. The N-terminal amino 'lcid

sequence was deterIIÙned by Edman degradation using a Porton Instruments automated

gas-phase sequenator.

Atmospheric pressure ionization mliSS spectrometry (API-MS)

Mass spectra were obtained in the positive mode on a triple stage mass spectrometer Model

API-ID (SCŒX, Toronto, ON, Canada). The samples were dissolved in 100/0 acetic acid and

infused through a stain1ess steel capillary (100 !lm I.D.) at a flow rate of I!lVmin. A stream

of air (pneumatic nebulization) was introduced to assist in the formation of submicron

droplets. These droplets were evaporated at the interface by nitrogen gas producing highly

charged ions which were detected by the analyzer. The system calibration was performed

with the ammonium adduet ions of polypropylene glycol of known mass to charge ratios

throughout the detection range ofthe instrument (0-2470 atomic mass units). Instrument

tuning. data acquisition and processing were controlled by a computer system. Simple

algorithms correlated the charges produced by the polypeptides to their molecular mass.

Protein concentration detennination

The concentration ofproteins in ail samples was measured with the bicinchoninic acid (Pierce

Chemical Co., RocIâord, IL) assay following the procedure described hy Smith et al. (1985)

using bovine serum albumin as a standard.

76



•

•

RESULTS

Purification orthe SPMI precursor

The seminal vesicle fIuid loaded on the S-S~harose colurnn COiltaÏnS multiple polypeptides

spread over a wide r<illge ofmolecular masses (Fig. 1C). Among these, the predominant 52

kDa precursor as weIl as multiple polypeptides « 52 kDa) were recognized by SPMI

antibodies. When applied on the cation excbanger, the majority of seminal vesicle fIuid

proteins dia not bind to the resin and eluted in the colurnn fIow tbrough (Fig. lA). This peak

ofunretained proteins contained no SPMI activity, and the various polypeptides showed no

immunoreactivity with SPMI antiserum (Fig lC). Most bound proteins eluted as a single

broad peak al NaO concentrations between 40 and 200 mM, and ail SPMI activity co-eluted

in tbis peak of proteins. The early eluting polypeptides (40-100 mM NaCl) contained

predominantly two 71 and 76 kDa proteins wlüch were weak1y immunoreactive to SPMI

antiserum and littIe ofthe 52 kDa protein. On the other band, the late eluting components

(l00-200mM NaCl) contained predominantiy the 52 kDa protein togetber with other less

abundant polypeptides oflower mass as weil as small amounts ofthe 71 and 76 kDa proteins.

Most ofthe polypeptides eluting at tbis position (15-50 kDa) were immunologically related

to SPMI and likely represented degradation produets of the precursor present in seminal

vesicle tluid priorto purification (Robert and Gagnoa, 1994). Only the late eluting fractions

oftbat peak, wlüch contained minimal amounts of the 71 and 76 kDa polypeptides were

pooled owing to the difficulty in eliminating these Iügh molecu\ar mass polypeptides in the

subsequent step. TIüs initial purification step. resulted in a 3.9-fold enrichment ofthe 52 kDa

SPMI precursor witb an overall recovery of75% ofthe initial SPMI activity (Table 1).

Pooled S-Sepharose fractions were loaded on a C. RP-HPLC colurnn equilibrated in 0.1%
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TFA. Linear gradient elution (25-40% solvent B) gave rise to two major distinct protein

peaks (Fig. lB) e1uting at 32 and 34% ofsolvent B. respeetively. SPMl activity was present

in both peaks. Subsequent ar.alysis of the contents of each peak by SOS-PAGE and

immunoblotting revealed that the first eluting peak was composed of multiple polypeptides

cf 15-50 kDa, the majority ofwhich were reactive with SPMI antiserum (Fig. le) The

second elution peak contained the 52 kDa SPMl precursor in homogeneous form. This

second step yielded an overall5-fold purification factor with a total recovery of 12% ofthe

initial SPMl activity (Table 1).

When washed semen coagulum solubilized in urea was used as the source ofSPMl precursor.

the majority ofthe proteins bound to the S-Sepharose resin (Fig. 2A). The chromatographie

behavior ofthe e1uting components was very simi1ar to that observed with seminal vesicle

f1uid. However, the proteins in the f10w through ofthe cation-exchanger column represented

a smal1er proportion of total proteins when compared with the procedure using seminal

vesic1e f1uid. The pooled S-Sepharose fractions gave rise to sirnïlar e1ution peaks on C. RP­

HPLC, and most of the activity was found in the second peak containing the 52 kDa

polypeptide (Fig. 2B). The purification factor reached 2.2 when semen coagulum was used

as a source ofSPMl precursor and the overall recovery ofSPMl activity was 18% (Table ll).

CbaracterizatioD orthe SPMI precursor.

Gelfiltration -

When gel filtration chromatography was performed under denaturing conditions (8 M urea

inHSS), the 52 kDa precursor e\uted at an intermediate volume between gamma-globulin and

bovine serum albumin (Fig. 3) at an estimated molecular mass of 105 kDa. However, under
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native conditions (HSS a1one) the purified SPMI precursor did not elute from the column,

independently ofthe presence or absence ofO. 5 M NaCI in the elution buffer. On the other

band, the presence of 0.1% Triton X-IOO in the HSS eluant resulted in essentially the same

profile as with urea (data not shown).

Effect ofPSA on SPMl precursor.

Previous l'eSl.llts have shown that SPMI precursor is processed in semen by a serine protease

originating from the prostate (Robert and Gagnon, 1994). Since PSA is the most abundant

protease in semen and its characteristics (Watt et al., 1986; Schal1er et al., 1987) correspond

well with previous observations on SPMI processing (Robert and Gagnon, 1994), we

investigated whether the purified SPMI precursor could be a substrate for PSA. Incubation

with purified PSA caused hydro\ysis ofthe 52 kDa SPMI precursor into smaller polypeptides

(Fig. 4). After 3 hours ofincubation, the 52 kDa precursor was transformed into smaller

fragments of8-31 kDa and the 52 kDa protein was no longer detectable. Only the 31, 19 and

16 kDa fragments were recognized by the SPMI antibody. Following 24 hours ofincubation,

the 31 kDa fragment was furthe:- degraded into smaller fragments and the staining intensity

ofthe 16 and 17 kDa fragments had decreased with the concomitant appearance of 10-13

kDa fragments.

Microsequencing

Attempts to obtain the N-terminal sequence of the 52 kDa SPMI preeursor by Edman

degradation fai1ed even though the quantity of protein used great1y ex:ceeded standard

detection Iimits (> 100 picomoles), suggesting that the N-termïnus was blocked. To
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circumvent this problem. four different polypeptides produced by PSA digestion of SPMl

precursor were submined to microsequencing by Edman degradation in order to obtain

internal sequences. The 17, 16 and 12 kDa polypeptides yieided three distinct sequences

(Table nI). Search among known protein sequences in the GenBank and Swiss-Prot data

banks using the Blast protocol (Altsehul et al., 1990) revealed that the three sequences

experimentally obtained matched perfeet1y (100010 identity) various internai amine acid

sequences of a protein known as semenogeiin. These three sequences corresponded

respectiveiyto residues 137-143, 45-50, and 85-90 ofsemenogeiin 1protein precursor (Lilja

et al., 1989). Semenogelin Il protein precursor (Liija and Lundwall, 1992) was also highly

homologous but contained a few mismatches. Other protein sequences in the databank also

showed sorne Iimited homology to SPMI fragments but ooly the semenogelin 1 precursor

showed 100% identity for all three sequences obtained. N-terminal sequencing ofthe other

SPMI polypeptide (19 kDa fragment) also failed to yieid any sequence.

Amino acid ana/ysis

The values obtained from amino acid composition analysis of the purified 52 kDa SPMI

precursor are shown in table IV. Each value was compared with those ca1culated from the

semenogelin 1protein precursor cDNA sequence (LiIja et al., 1989), since the results obtained

from N-terminal sequencing suggested homology with semenogelin. The amino acid

composition ofSPMI precursor and semenogelin appear nearly identica1 thus confirming the

results ofN-termina1 sequence and the observed deviations are within reasonable experimental

error. Most notable are the abundance of g1utaminelglutamate, serine, and glycine residues,

as well as the basic amino acids lysine and histidine. The protein contains re1ative1y few
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hydrophobie and aromatie residues. Moreover, it contains only a single cysteine residue and

appears devoid ofmethionine.

Moss spectrometrie analysis

Determination of the mass of purified SPMI precursor by electrospray-ionization mass

spectrometry yielded a value of49, 677 Da When this value is COITected to take into account

alkylation ofa single cysteine residue with iodoacetarnide prior to purification (-57 Da), the

calcu1ated mass of the unmodified SPMI polypeptide baekbone becomes 49. 620 Da This

value is in good agreement with an expected mass 49, 607 kDa, calcu1ated according to the

eDNA sequence ofsemenogelin (Lilja et al., 1989).

Effect ofSPMIprecursor on intact human spermatozoa.

Treatment ofwashed and highly motile human spermatozoa with purified SPMI precursor

caused a rapid dose-dependent decrease in sperm motility with a 50010 relative motility

inhibition(I~ observed at 240 U/ml (Fig. SA). Complete inhibition ofsperm motility was

observed at 500 U/ml. Sperm veiocity alse progressively decreased with increasing SPMI

concentration (Fig. SB). Inactive seminal protein fractions obtained from the flow through

ofS-Sepharose chromatography (Fig. lA, peak 2) had no effect on sperm motility, when used

at the same concentration as the SPMI precursor, when compared to samples containing

bovine serum a1bumin (net shawn). The inlubitory etreets ofSPMI precursor were dependent

on the time ofcontact with spermatozoa Lower doses ofSPMI achieved full inlnbition when

the incubation period was prolonged (data not shawn). To assess reveI'SIbility, immobilized

spermatozoa were washed by centrifugation on a mini Percoll gradient (Fig. SC). Under
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these circumstances, 60 ± 6% of the total number of spermatozoa layered on the Percoll

gradient were recovered at the bottom ofthe gradient, and their motility was partially restored

(80 ± 20% ofcontrol).

When SPMI precursor was pre-incubated with PSA for 24 hours, the precursor was

transformed into lower mass polyneptides (as in fig. 4) which was accompanied by a 76 ± 4%

decrease in SPMI precursor activity, as measurP.d by the demembranated-reactivated sperm

assay (Fig. 6A). On the other hand, when incubated with zinc clùoride-inactivated PSA. ail

SPMI precursor activity was conserved. When intact spermatozoa were added to PSA­

treated SPMI precursor, motility was oruy partial1y reduced (58% ofcontrol), while untreated

SPMI precursor, or SPMI precursor incubated with mc chIoride-inactivated PSA completely

inhibited sperm moti1ity (Fig. 6B). PSA and mc did not significantly affect sperm motility.
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DISCUSSION

In humans, freshly collected seminal vesicle fluid is highly viscous and often variable in

consistency. Proper solubilization ofproteins in urea is therefore mandatory, in order to

completely recover the 52 kDa SPMI precursor prior to chromatography. The purification

procedure for SPMI precursor ;3 relatively simple and str.l1ghtforward. However, proper

reduction of disulfide bonds ane! covalent modification of thiol groups prior to

chromatography is essential to achieve successful purification ofthe 52 kDa SPMI form. In

the absence of disuIfide reduction, significant quantities of contaminants of intermediate

molecular mass were carried over from the first to the second peak during the HPLC run

(data not shown) suggesting that disuIfide bridges exist between these SPMI molecules.

Disulfide reduction and covalent modification ofSPMI precursor, with iodoacetamide, did

not result in any significant change in SPMI activity (data not shown). Immunodetection of

the basic polypeptides e\uting from the S-Sepharose column revealed that most polypeptides

whose masses are lower than the 52 kDa polypeptide lU"e antigenically re\ated to SPMI and

are Iike\y degradation produets ofthe 52 kDa precursor (Robert and Gagnon, 1994). The

following chromatographie step on the reverse phase-HPLC column allowed the separation

ofthe 52 kDa SPMI precursor from these smaller SPMI peptides.

The relatively small purification factor (2 to 5-fold) for the 52 kDa SPMI precursor and its

predominance as refleeted by the relative staining intensity of the 52 kDa protein band in

seminal vesicle secretions and seminal coagulum proteins (Fig. 1C and 2C) indicates that it

is the major component ofhuman seminal vesicle fluid and semen coagulum. It may account

for as much as 20 and 50"10 of the total proteins in these sources, respective\y. The

observation that the protein is active in denatured and reduced form suggests that a Iinear
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segment ofthe molecule is responsible for the sperm motility inhibiting activity rather than a

three-dimensional structure.

The observation that SPMI precursor was not recovered during gel filtration experiments

performed in a physiologica1 buffer indicates that macromolecular aggregates Iikely form

under these conditions. The fact that denaturing elution conditions such as 8 M urea or the

presence ofdetergent aIlowed normal elution ofSPMI from the gel filtration column. suggests

that SPMI molecules interact togetber via hydrophobie or other non-covalent interactions and

form macromolecular aggregates of very high molecular weight under physiologica1

conditions. A sinùlar phenomenon was reported for bovine seminal plasma proteins that are

a\so detrimental to sperm motility (A1-Somai et al., 1994). Elution ofSPMI precursor at a

position corresponding to a mass of lOS kDa suggests that the protein may retain a particu1ar

three-dimensional structure, in the presence of8M ures, causing e1ution earHer than would

nonna!ly be expected.

PSA hydrolyzed the SPMI precursor into multiple polypeptides with an associ&ted loss of

most ofits aetivity as observed in whole semen after ejaculation (Robert and Gagnon, 1994).

Moreover, most peptides released by PSA hydrolysis ofpurified SPMI precursor have masses

corresponding to those observed in Iiquefied semen (Robert and Gagnon, 1994), strongly

suggestÎng that PSA is the main enzyme responstble for SPMI degradation in semen, at least

in the early post-ejaculatory stages. However, the pOSSlbiiity that other proteases also

participate in the phenomenon cannot be ruled out (Robert and Gagnon, 1994). Interestingly,

not ail polypeptides resulting from hydrolysis of SPMI precursor were reco~.üzed by the

SPMI antisenun, suggesting that the antigenic detenninant may be Iimited to a specifie

portion of the precursor molecule. This phenomenon is to be expected since the SPMI
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antiserum was originally raised against a 19 kDa SPMl fragment isolated from liquefied semen

(Iwamoto and GagnOll, 1988a). This hypothesis aIso receives support from the faet that !Wo

ofthe immunoreactive polypeptides that were sequenced (16 and 12 kDa) appear to have a

N-terminallocated within the first 100 amino acid residues of semenogelin. On the other

hand, the 19 kDa polypeptide, which is also immunoreactive but failed to yield a sequence by

Edman degradation, likely corresponds to the blocked N-terminal peptide.

The basic charaeter ofSPMl precursor observed during purification is refleeted in its amino

acid composition which is rich in the basic residues histidine and lysine. The presence ofonly

one cysteine residue in the SPMl precursor prevents the formation ofintrarnolecular disu1fides

but as demonstrated previously for semenogelill, this residue appears to be actively involved

in intermolecular disulfide bridge formation (Lilja and Laurel\, 1985). The faet that the N­

terminal amine acid sequences ofthree different SPMl precursor fragments are identical to

those ofintemai segments of semenogelin, as weil as the close agreement between the mass

ofSPMl precursor measured by mass speetrometry and that predieted for semenogelin from

its cDNA sequence, strongly suggest that these two proteins are identical. Moreover, the

amine acid composition ofSPMl precursor is aImost identical to that ofsemenogelin and the

differences observed are within reasonable experimental error.

Semenoge\in is a protein that was originally cbaracterized as the main structural component

of semen coagulum (Lilja et aI., 1989). It was found to he present in semen coagulum as a

52 kDa molecule that gets degraded to lower mass forms, as semen liquefies (Lilja and

Laurel\, 1985). No significant homology to other known protein sequences was found. Two

different expeeted masses of49, 607 and 49, 621 Da were previously repOrted ftom the

semenogelin cDNA sequence (LiIja et al., 1989). This difference of 14 Da corresponded to
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a single nucleotide discrepancy observed between the sequence obtained from two different

semenogelin clones. in which a serine residue at position 56 is substituted for a threonine.

This variation may represent a DNA sequencing error or a troe genetie variant (Lilja et al.•

1989). However. the presence of a serine residue at this position. as reported from the

sequence ofa peptide isolated from seminal plasma that appears to be derived from residues

45-136 ofsemenogelin (Li et al.• 1985) argues in favor ofthe predominance ofthe lower mass

forrn. N-terminal pyroglutamination of semenogelin was previously suspected (Lilja et al..

1989). and this hypothesis is reinforced by the present failure to obtain sequence from the 52

kDa SPMI precursor and a 19 kDa SPMI fragment. In addition. N-terrninal

pyroglutamination was reported in a 26 amine acid peptide isolated from human seminal

plasma that has an amino acid sequence identical to residues 1 to 26 ofsemenoge\in (Kausler

and Spiteller., 1992). Pyroglutamination of the N-terminai glutamine residue would thus

reduee the expected mass of the precursor to 49, 590. The measured mass, for SPMI

precursor, after correction for carboxymethylation ofa single cysteine residue, is 49, 620.

This 30 Da difference is within reasonable experimental error « 0.1 % of total mass of

polypeptide) and likely represents oxidation ofthe two tryptophan residues present in the

precursor (+32 Da). This phenomenon is known to occur frequently during sample handling.

The good agreement between the expected and measured mass ofSPMI precursor suggests

the absence of any extensive post-translational modification of the precursor besides N­

tenninal pyroglutamination.

AlI three peptides whose sequence was obtained from PSA-catalyzed SPMI precursor

eleavage contain aN-terminai amino acid adjacent to the hydrophobie residues leucine and

tyrosine plefetentially eleaved by ehymotrypsin-like proteases. Our results thus support the
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previously reponed chymotrypsin-like specificity ofPSA, obtained by comparing amino acid

residues homology in the active site of PSA with ether members of the serine-family of

proteases or from studies using synthetic substrate and various proteins (Watt et al., 1986;

Akiyama et al., 1987; Schaller et al., 1987; Lundwal1 and Lilja, 1987; Christensson et al.,

1990). More recently, computer modeling ofthe 3-D structure ofPSA also demonstrated

that its active site structure was most similar to that of chymotrypsin (VJhinen, 1994).

Hcwever, the present results provide for the first time a direct demonstration of the

chymotrypsin-Iike activity ofPSA on a physiological substrate and confirm that the origin of

severa! peptides previously isolated from seminal plasma that are believed to be derived from

semenogelin are genuine products ofPSA hydrolysis of the precursor protein (Lilja et al.,

1984; Li et al., 1985; Liija et al., 1989).

Purified SPMI precursor at a dose of 500 Ulm! completely inhibited the motility ofintact

spermatozoawithin 5 minutes and SPMI activity levels in semen immediately after ejaculation

usually exceed that level (Robert and Gagllo", 1994). This resu1t contrasts with previous

findings using a degraded 19 kDa SPMI form isolated from liquefied seminal plasma wlùch

showed that 1600 Ulm! were necessaI)' to inhibit completely the motility of intact

spermatozoa (lwamoto and Gagno", 1988b). This difference suggests that at an identical

level of aetivity (as measured in the demembranated-reaetivated sperm assay), SPMI

precursor is 3 to 4-fold more potent than the 10wer mass hydrolysis products with respect to

the inhibition ofmotility ofintact spermatozoa. TIùs phenomenon Iikely refleets a stronger

af6nity ofSPMI precursor for its target site on spermatozoa as compared with the degraded

fonns. The effeets of SPMI on sperm motility appear to be reversible since immobilized

spermatozoa can resume movement following was1ùng. TIùs argues in favor ofa cel1 surface
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mediated effect whose exaet nature remains to be investigated. Pre-incubation of SPMl

precursor with PSA conmlluted to decrease the activity ofSPMl precursor (demembranated­

reactivated sperm assay) and to reduce its effeets on sperm motility, demonstrating that SPMl

precursor is the active component and that at equal arnounts, the degraded forms have much

less effect on sperm motility!han the precursor form. Considering the abundance ofthe 52

kDa precursor in seminal vesic1e fluid and seminal coagulum (10-17 mg/ml), the

concentrations of SPMI precursor protein used to inlullit completely sperm motility (s 5

mg/ml) are compatIllle with its concentration in seminal plasma immediately after ejaculation.

Various cationic proteins have been shown to be detrimentai to sperm motility (Iwarnoto et

al., 1992; Al-Somai et al., 1994; Shivaj~ 1988). Cationic proteins are known to bind to sperm

membranes and may aet on spermatozoa in a manner similar to their action on baeterial

membranes (Farley et al., 1989). However, the high isoelectric point (pl >8.0) of SPMI

precursor does not appear to be the main characteristic that is responsible for its activity since

the highly basic cytochrome c (pl of 10.5) at a concentration up to 10 mg/ml had no

significant effect on sperm motility. Moreover, a peptide derived from a cationic

antimicrobial protein was recently shown to have specific sperm immobi1izing activity not

solely due to the charge ofthe peptide (D'Cruz et al., 1995).

The results ofthe present study otfer a new explanation for the reported 10w sperm motility

in fresh1y ejaculated and coagulated semen (Tauber and Z8neveld, 1981). Immediately

foUowing ejaculation, SPMI activity leve1s in semen norma1ly ranges between 500-2000 U/mI

(Robert and Gagnon, 1994; 1995) and sperm motility is thus probably inhibited due to SPMI

aetiVÏty on spermatozoa, as observed in the present experiment. As the precursor gets

degraded through PSA hydrolysis, SPMI aetivity is gradua11y reduced, providing a like1y
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explanation for the progre<sive increa.<;(' in sperm motility during semen liquefaction. Physical

restraint to sperm movement due to the entrapment of the cells in a web ofprotein aggregate

in the coagulum may he partially responsible for the immobilization ofspermatozoa, but sueh

a phenomenon is un1ikely to cause the complete arrest offlagellar movement as was observed

in the present study using SPMI precursor. The purified precursor at concentrations up to

1000 U/ml ('" 10 mg/ml), remains readily soluble, yet aIl flagellar beating is complete1y

arrested suggesting a specifie effect. on spermatozoa rather than immobilization via a network

ofextrace11u1ar fibers.· The physiological importance ofthe temporary sperm immobi1ization

following ejaculation remains to be estab1ished. However, as demonstrated previously, the

absence ofproper processing ofSPMI precursor by PSA appears re1ated to fertility probletns

in men with non-liquefying semen (Robert and Gagnon, 1994).

In summary, we have developed a simple method for the purification .)f a natural sperm

motility inlnbitor present in human semen. This factor is the major protein ofsemina1 vesiele

secretions and seminal coagulum an" appears to be an important regu\ator ofsperm motility

after ejaculation. AlI its eharacteristics indieate that it is identical to semenoge1in, the

predominant structural component ofsemen coagulum. The road is now paved for further

investigating its molecuJar processingby PSAafter ejaculation and analyze its function in the

reproductive process.

. .
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• Figure 1. Purification of SPMI precursor from seminal vesicle Ouid.

A) 5-Sepharose chromatograpby. Solubilized seminal vesicle tluid was centrifuged at 10,000 x

g for 15 minutes. The resulting supematant was loaded on to a 5 X 100 mm S-Sepharose column

and separated using a Fast Protein Liquid Chromatography (FPLC) system (pharmacia, Baie d'Urfé,

QC, Canada) equilibrated in HSS containing 1 M urea (buffer A) at a tlow rate of 1 ml/min. The

column was washed in buffer A to remove any unbound material. Bound proteins were eluted by

a linear gradient of0 to 300 mM NaCI in buffer A at a tlow rate of 1 ml/min. SPMl activity was

assayed as descnoed in Materials and Methods. Numbers identify different protein peaks whose

content is shown in panel C. 2. Flow through proteins, 3. Early eluting components 4. Late

eluting components. This chromatogram is representative ofa series ofS similar procedures.

B) C. reverse-pbase bigh performance liquid cbromatography (RP-BPLC). Selected active

fractions from the 5-Sepharose chromatography (peak 4) were pooled, made up to 0.1% TFA and

loaded on a Vydac (The Separations Group, Hesperia, CA) semi-preparative C. protein column (10

X 300 mm, lO~m beads, 300 Apore size) equiborated in solvent A (0.1% TFA). Proteins were

eluted with a linear gradient iTom 25 to 40"A> of solvent B (SO% acetonitri1e10.1% TFA) over 30

minutes at a tlow rate of3 ml/min. Eluted fractions were dried in a rotary evaporator and stored

at _70°C until assayed. Numbers identify different protein peaks whose content is shown in panel

C. This chromatogram is representative ofa series ofS simi1ar procedures.

C) EIectrophoretic anaIysis ofchromatography fractions. Aliquots offractions from the various

chromatographic peaks ofpanel A and B were mixed with SOS sample buffer, heated te 95°C for

3 minutes and analyzed by SOS-PAGE and immunoblotting: 1. Solubilized seminal vesicle tluid.

Numbers 2 to 6 correspond to fractions isolated iTom the numbered peaks ofpanel A and B. No

immunoreactive proteins were observed when the samples were probed with pre-immune serum.
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Figure 2. Purification of SPMI precursor using washed semen coagulum.

The procedure was the same as in Figure 1 exc:ept that solubilized seminal coagulum was usee!

instead of seminal vesicle tluid (see the legend to Figure 1). A) S-Sepharose

chromatography B) C4 RP-HPLC C) Elec:trophoretic analysis of chromatography

fractions. The chromatograms are representative ofa series of5 similar procedures.
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Figure 3. Gel filtration chromatography of the purified SPMI precursor.

The chromatopraphy was performed on a Superdex-200 (pharmacia Biotechnology. Baie

d'Urfé, QC, Canada) column under native (HSS) and denaturing (8M urea/HSS) conditions.

The column was eluted at a flow rate of0.5 ml/min using a Pharmacia FPLC system. Protein

elution was mOIÜtored at 280 Dm. 1. Void volume, 2. Gamma-g1obulin, 3. Bovine serum

a1bumin, 4. ovalbumin, 5. cytochrome c.
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Figure 4. Digestion of the SPMI precursor by PSA.

The purified SPMI precursor was solubilized in HSS, pH 8.0 at a concentration of0.5 mg/ml

and incubated with PSA at room temperature at a 1:50 enzyme:substrate ratio (w/w).

Following 3 or 24 hours ofincubation the sample was solubilized in SDS sample buffer and

analyzed by SDS-PAGE and immunoblotting. C. Control purified SPMI precursor without

PSA The 33 kDa band observed at 3 and 24 hours corresponds to PSA. The bands marked

with a dash were se1ected for N-terminal sequencing.
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Figure 5. Effect of SPMI precur.;or on the motility of intact spermatozoa.

Spermatozoa were incubated for 5 DÙnutes with various concentrations of purified SPMl

precursor or control proteins (bovine serum albunùn or cytochrome c (pl of 10.5), at the same

protein concentration) in HBS buffer. The final concentration ofspermatozoa in all samples

was 50 X 106ce1ls/m!. Motility was then assessed as described in Materials and Methods.

Motility values are expressed as percentage ofcontrols :l: S.D. The percentage ofmotility in

the control sample was 6O:l: 10"/0 (n=3). A) Effect on sperm motility B) Effect on sperm

velocity q Effect ofwashing SPMI immobiliud spermatozoa. FoUowing immobilization

with 500 Ulm! ofSPMl precursor, spermatozoa were \ayered on a mini PercoU gradient (50111

of65% PercoU and 20 III of9S% PercoU in HBS) and centrifuged 10 DÙnutes at 2000 X g.

The bottom layer (20 ul) was recovered and motility assessed. Control samples containing

BSA or cytochrome c at the same protein concentration underwent the same treatment.

Values are expressed as relative motility ± S.D. compared to control samples (n=4).



A

20

80

100"1':::"--------------.,

e
ë
8 60
'0
"dt-~ 40

~
:::l:

•

100 200 :100 400 500 600

SPMI aclivIly (U/ml)

0+-.,....--r-..--,........,........,........---,........-4~-l

o
8

80

20

100"'F'=-----------"ï

"""e
ë
8 60
'0
"dt-i 40

~

600500400100 200 300

0+-.,....--r-..--,........,........,........---,........----1.........-l
oc

SPMI aclIvIly (Ulml)

100

120-,--------------,

c::-
g 80
c:
8

'"dt 60
~

g
c:
oo

o

20

•



•

•

Figure 6. EfTect ofpre-incubating SPMI precursor with PSA. SPMI precursor was pre­

incubated with PSA (20:1, w/w) or zinc-inactivated (10 mM zinc chloride) PSA. After 24

hours, SPMI activity was assayed as described in Materials and Methods. Results are

expressed as relative SPMI activity:!: SD. compared to untreated SPMI precursor (n=4). A)

EfTect on SPMI activity level. B) EfTect on spenn motility. SPMI precursor at 500 U/ml

was pre-incubated with PSA (20:1, w/w) or zinc-inactivated (10 mM zinc chloride) PSA.

After 24 hours, spermatozoa were added to the mixture and sperm motility was measured

after 5 nûnutes as descnoed in Materials and Methods. Resu\ts are expressed as relative

motility:!: S.D., compared to control samples containing BSA or cytochrome c at the same

protein concentration as SPMI precursor (n=4).
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Table L Purification of SPMI precursor from seminal vesicle fluid•

• Purification step Total Total Specifie Purification Recovery
activity protein activity factor rate

CU) (mg) (V/mg) (%)

Diluted seminal 2736 187.0 14.6 1.0 100
vesic1e f1uid

S-Sepharose FF 2058 36.0 57.2 3.9 75
ehromatography

C4 reverse-phase 318 4.4 73.0 5.0 12
ehromatography

•
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• Table li. Purification of SPMI precursor from washed semen coagulum.

Purification step Total Total Specifie Purification Recovery
activity protein activity factor rate

(lI) (mg) (V/mg) (%)

Solubilized 1110 24.0 46.3 1.0 100
coagulum

S-Sepharose FF 540 6.1 88.0 1.9 49
ehromatography

C4 reverse-phase 203 2.0 100.0 2.2 18
ehromatography

•
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• Table m. N-terminal sequence analysis of SPMI.

Polypeptide

18kDa

17kDa

12kDa

N-terminal sequence

SNTEERL

*TYHVDA

*HNKQEG

Corresponding semenogelin
sequence

137
••• SQYSNTEERLW •••

45
•••IQY~AND•••

85
.•• QLLHNKQEGRD...

•

* Polypeptides that are immunoreactive with SPMI antiserum.
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• Table IV. Amino acid composition of SPMI precursor and
semenogelin.

Amino acid SPMI SemenogelinT

precursor*

Aspartic acidlasparagine 10.1 9.8

Threonine 4.4 4.3

Serine 11.4 12.3

Glutarnic acidlglutarnine 21.1 20.7

Proline 2.7 2.3

Glycine 9.0 8.9

Alanine 3.1 3.0

Cysteine 0.2 0.2

Valine 3.9 4.1

Methionine 0.1 0.0

Isoleucine 3.1 3.2

Leucine 5.8 5.5

Tyrosine 2.9 3.2

Phenylalanine 1.3 1.4

Histidine 7.0 7.1

Lysine 8.8 9.1

Arginine 4.6 4.6

Tryptophan ND 0.5

* Numbers represent percent relative values oftotal amino acids.
The values for SPMI precursor are averages of three different
determinatioDS. Tryptophan residues in the sequence were not
determined due to destruction during acid hydrolysis.

T Semenogelin composition is according to its pub1ished cDNA
sequence (Lilja et al., 1989).

•
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ChapterV

Proteolytic processing ofa spenn motility inhibitor

precursorlsemenogelin by prostate-specifie antigen

Martin Robert and Claude Gagnon

Preface

In ehapter IV, we provided evidence that SPMI preeursor is identical to semenogelin, the

main structural component ofsemen coagulum. The protein can inlubit the motility ofintact

spermatozoa in a rever5lble manner, supporting its role in the temporary sperm immobi1ization

observed in semen after ejaculation. Moreover, the protein appears to be eleaved in a

chymotrypsin-Iike manner by prostate-specifie antigen to generate some SPMI polypeptides

similar to those found in Iiquefied semen. PSA is likely the main SPMI precursor processing

enzyme in semen. 115 activity thus appears very important for proper SPMI precursor

processing and release ofmotile spennatozoa. In the following chapter we have characterïzed

for the first time the activity ofPSA on i15 major physiological substrate, studied the details

ofPSA-mediated SPMI precursor processing, and mapped the diftèrent polypeptides released

by PSA hydrolysis to specifie domains ofthe preeursor molecule.
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SUMMARY

Human senùnal plasma contains a protein that can inlubit sperm motility. This factor. named

senùna1 plasma sperm motility in1ubitor (SPMI) originates from the seminal vesicles as a very

active 52 kDa precursor form. Following ejaculation. SPMI precursor is rapidly degraded in

semen by prostatic proteases to be transformed into less active. low molecular mass forms.

SPMI precursor was found to he identical to semenogelin, the predominant protein of semen

coagulum. The prostatic kallikrein-like enzyme prostate-specific antigen (PSA). a marker

widely used clinically for monitoring prostatic malignancies, appears to be the main SPMI

precursor processing enzyme after ejacu1ation. However, little is known about the activity

ofthis enzyme on its physiological substrates. The present study was aimed at characterizing

the proteolytic processing of the SPMI precursorlsemenogelin by PSA. Purified SPMI

precursorlsemenogelin was incubated with PSA in the presence or absence of protease

in1ubitors. The general serine protease inhibitors 4-{2-arninoethyl)-benzenesulfonyl f1uoride

(AEBSF) and phenylmethylsulfonyl f1uoride (pMSF), the trypsin inhibitor, p-nitrophenyl

guanidobenzoate, heavy metal cations (Zn2• and Hg2·) and the heavy metal chelator 1.10­

phenanthroline partially or totally inlubited the proteolytic activity ofPSA towards SPMI

precursorlsemenogelin. Under identical conditions, other proteins, such as bovine serum

albumin, ovalbumin and casein were very poor substrates for PSA. The inhibitory effect of

1,10-phenanthroline on PSA-mediated degradation ofSPMI precursorlsemenogelin appeared

to he IIlM iated by the chelation ofsubstrate associated ions. SPMI hydrolysis produets were

separated by reverse-pbase high performance liquid chromatography, assayed for SPMI

activity, and analyzed for immUDoreaetivity using various annbodïes. The various PSA

cleavage sites were identified by mass spectrometric analysis ofthe hydrolysis produets. The
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region responsible for SPMI activity was localized to the N-tenninal portion ofthe molecule

between residues 85 and 136. This portion of the precursor molecule aIse corresponded to

the segment recognized by the SPMI antiserum. On the other band, a monoclonal antibody

against a seminal vesicle-specific antigen (MHS-5) recognized fragments derived from the

eentral part ofthe SPMI precursorlsemenogelin (residues 198-223). PSA hydrolysis occurred

aImoS! exclusively at either leucine or tyrosine residues, demonstrating directly for the first

rime a restricted chymottypsin-like activity on a physiological substrate. The results suggest

that PSA is the main enzyme responsible for the processing ofSPMI precursorlsemenogelin

in human semen and that this protease manifests a strong specificity with respect to

hydrolyzable substrates and sites ofhydrolysis.
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INTRODUCTION

Seminal plasma is fonned al ejaculation when secretions from the various male accessory sex

glands are combined. It contains numerous proteins and peptides that are products ofactive

synthesis ofthe accessory glands (Mann and Lutwak-Mann, 1981). However, the role of

most of these substances in the reproductive system remains poorly understood. Sorne

factors have been associated with immunosuppressive activities. protecting spermatozoa

during transit through the female reproductive tract (Kelly, 1991), while others act as

capacitatingfdecapacitating factors (Bedford, 1983; Han et al., 1990). Seminal proteins have

also been found to bind to the sperm surface (Mann and Lutwak-Mann, 1981), act as

receptors during binding to the zona pellucida (Topfer-Peterson, 1994), and may play a role

in the modulation of the acrosome reaction and fertilization (ChandoMet et al., 1990;

Corone\ et al., 1992).

Following spermatogenesis and maturation during epididymal transit, spermatozoa are stored

in the cauda epididymis where they are maintained in an immotile state (Eddy and O'Brien.

1994). Moti1ity is induced at ejaculation when spermatozoa are mixed with seminal plasma

components (Lindholmer, 1974). However, immediate\y after ejaculation, human

spermatozoa remain immotile, trapped in the semen coagulum (Tauber and Zaneveld, 1981).

As semen liquefies, forward moti\ity is progressively initiated. Paradoxica11y, the seminal

plasma of various species contains factors detrimental to sperm motility (lwamoto et al.,

1992; Jeng et al., 1993; Al-Somai et al, 1994). One such factor, the semina1 plasma sperm

motility inhibitor (SPMI), was isolated from human semina1 plasma (lwamoto and Gagnon,

1988a). This 19 kDa protein inhibits the motility ofintaet spermatozoa in a dose-dependent

manner (lwamoto and Gagnon, 1988b). SPMI originales exclusive\y from the semina1
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vesicles (Luterman et al., 1991) as a very active 52 kDa precursor fOIlll (Robert and Gagnon,

1994). After ejaculation, the precursor is partially inaetivated by transfollllation into less

active, low molecuIar mass forms by prostatic proteases (Robert and Gagnon, 1994). Recent

evidence suggests that absence of normal SPMl precursor processing may resu1t in poor

sperm motility (Robert and Gagnon, 1995).

SPMl precursor bas been purified from semina1 vesicle fluid and coagulated semen and found

to be a potent inhibitor of sperm motiIity when tested at levels comparable to those

encountered in semen immediateiy after ejacuIation (Robert and Gagnon, Chapter IV). This

inluoitory effect is reverstole and appears to be sperm surface-mediated since motiIity can be

recovered after washing the immobilized cells. Once processed, the levels ofSPMl aetivity

are reduced, allowing the initiation of progressive sperm motiIity. Biochemical ana1ysis

revealed that the SPMl precursor is identical to semenogelin, the main structural protein of

semen coagulum (LiIja et al, 1989; Robert and Gagnon, Chapter IV). SPMl

precursorlsemenoge1in is a basic 49.6 kDa non-glycosylated protein. It contains a total of439

amino acids and the only apparent post-transIational modification consist5 ofthe presence of

a pyroglutamine residue at its N-terminus (Lilja et al., 1989; Robert and Gagnon, Chapter

IV).

Human seminal plasma is rich in proteolytic enzymes (Mann and Lutwak-Mann, 1981). One

ofthese proteases, the prostate-specific antigen (PSA) bas been extensively studied, and is

wide1y used clinica1Iy in monitoring the growth ofprostatic malignancies (OesterIing, 1991).

PSAwas originally purified from seminal plasma as a prostate-specific protein (Wang et al,

1979). Characterization ofits primary structurebyamino acid sequencing and cDNA c10ning

revealed that PSA is a 33 kDa g1ycoprotein with a high degree ofsequence homology to the
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kallikrein-family ofproteases (Watt et al., 1986; Lundwa11 and Lilja. 1987; Sehal1er et al.,

1987). In eontraS! to other members ofthe kaIlikrein family, its primary structure suggests

a chymotrypsin-like aetivity, a c1aim supported by experimental evidence using synthetic

substrates and various proteins (Watt et ai. 1986; Akiyama et al., 1987; Sehaller et al., 1987;

Chrïstensson et a1., 1990). Moreover, computer modeling ofthe three-dimensional structure

ofPSA showed that its substrate specificity poeket is closely related to that ofehymotrypsin

(V1hinen, 1994). However, no direct characterization ofPSA aetivity bas yet been performed

on physiological substrates. PSA can cleave SPMl precursorlsernenogelin, the predominant

protein in human seminal vesicle fluid, in a manner reminiscent ofits degradation in sernen.

Preliminary results also demonstrate that sorne ofthe hydrolysis sites are consistent with a

restricted chymotrypsir.-like specificity (Robert and Gagnon, Chapter IV).

In the present study we have investigated the proteolytic processing of SPMl

precursorlsemenogelin by PSA. The results reveal that when compared with other proteins,

SPMl precursorlsemenogelin is preferentially hydrolyzed by PSA, in a non-classical

chymotrypsin-like manner and that the sperm motility inhibiting aetivity of SPMl

precursorlsemenogelin resides within the N-terminal domain ofthe molecule.
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MATERIALS AND METHOnS

Materials

Glycine, N-2-hydroxyethyl pJpeIaZUle N-2'-ethanesulfonic acid (HEPES),

cyc1ohexylaminopropane sulfonic acid (CAPS), sodium dodecylsu1fate (SDS), dithiothreitol

(OTT), benzamidine, p-nitrophenyl guanidobenzoate (NPGB) were purchased from ICN

Biomedicals (Montréal, QC, Canada); acrylamide, p-mercaptoethanol (P-ME), Coomassie

blue, nitroblue tetrazolium chioride (NBT) and bromo-chloro-indolphosphate (BCIP) from

Bio-Rad (Mississauga, ON, Canada); iodoacetamide, aprotinin, 1,1O-phenanthroline from

Sigma Chemical Co. (St-Louis, MO, USA); adenosine triphosphate (ATP), and

phenylmethy1sulfonylfluoride (pMSF), 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF),

leupeptin, pepstatin, N-a-tosyl-phenylalanine-chloromethyl ketone (TPCK), and tosyl-Iysine­

chloromethyl ketone (TI.CK) from Boehringer Mannheim (Laval, QC, Canada). Ultrapure

urea wasob~ from BethesdaResearch Laboratories (Bethesda, MD, USA); HPLC-grade

trifluoroacetic acid (TFA) and aeetonitrile from J.T. Baker (Toronto, ON, Canada), Percoll

from Pharmacia (Baie d'Urfé, QC, Canada), MHS-S monoclonal antibody from Humagen

Fertility Diagnostics (Charlottesville, VA, USA) and alkaline phosphatase-conjugated goat

anti-rabbit and anti-mouse 19Gfrom Jackson Immunoresearcb Laboratories (West Grave, PA,

USA). PSA purified from human seminal plasma was obtained commercially from Scripps

Laboratories (San Diego, CA, USA). Al1 other chemicals were at least ofreagent grade.

Purification ofSPMI precursorlsemenogelin

The purification of SPMI precursorlsemenogelin was performed as previously descnoed

(Robert and Gagnon, Chapter IV). Brie8y, seminal vesic1e fluid or wasbed seminal coagulum
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were diluted in an equal volume ofHEPES saline solution (HSS, 25 mM HEPES, 100 mM

NaCI, pH 8.0) containing 8 M urea to achieve complete solubi1ization. The proteins were

reduced by the addition ofcrystalline DTI to a final concentration of25 mM and incubated

at room temperature for 30 minutes. Reduced disu1fides were then covalently blocked by the

addition of crystalline iodoacetamide to a final concentration of 125 mM followed by

incubation at room temperature for another 30 minutes. The proteins were precipitated in

94% ethanol at _70 0 C, resuspended in 8 M urealHSS, and stored at the same temperature

until use. Reduced and blocked proteins were loaded on a 5 X 100 mm, S-Sepharose Fast

Flow (pharmacia, Laval, QC, Canada) packed column using a Fast Protein Liquid

Chromatography (FPLC) system (pharmacia, Laval, QC, Canada) equilibrated in HSS

containing 1M urea (bulfer A) at a f10w rate of1 ml/min. The column was washed in buffer

A to remove any unbound material. Bound proteins were eluted by a linear gradient of0 to

300 mM NaCI in buffer Aat a f10w rate of! ml/min. Selected fractions from the S-Sepharose

chromatography were pooled, made up to 0.1% TFA and loaded on a Vydac (The

Separations Group, Hesperia, CA, USA) semi-preparative C. protein column (10 X 300 mm,

10~m beads, 300 Apore size) equilibrated in solvent A (0.1% TFA). Proteins were eluted

with a linear gradient from 25 to 40"10 of solvent B (80"10 acetonitrilelO.l% TFA) over 30

minutes at a f10w rate of 3 ml/min. Fractions containing the purified SPMI

precursorlsemenogelin were dried in a rotary evaporator and stored at _70°C until assayed.

Hydrolysis ofproteins with PSA

AIl hydrolysis reactions with PSA (presence or absence ofinhibitors) were performed in HSS

buffer (25 mM HEPES pH 7.6, 100 mMNaO) at a 1:50 enzyme/substrate ratio for 24 bours
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at 25°C. Purified SPMI precursor/semenogelin and other protein substrates were used at a

final concentration of 1 mg/ml.

Isolation of motile spermatozoa.

Semen was provided by hea1thy volunteers by masturbation into sterile containers after 3 days

of sexua\ abstinence. After liquefaction, the semen was layered on a discontinuous Percoll

density gradient made of2 ml each of20, 40, 65% Percoll and 0.2 ml of95% Percoll buffered

in HBS (25 mM HEPES, 130 mM NaCl, 4 mM KC~ 0.5 mM MgCI2 and 14 mM fluctose,

pH 8.0). Following centrifugation at 1300 x g for 30 minutes, highly motile and

morphologically normal spermatozoa from the 65-95% Percoll interface and the 95% Percoll

layer were recovered and combined.

SPMI ac:tivity assay

Aliquots ofthe different e\uted fractions were dried in a rotary evaporator and dissolved in

40 III ofdemembranation-reactivation medium (0.1% Triton X-I00, 0.2 M sucrose, 0.025

M potassium glutamate pH 8.0, 0.035 M Tris-HCI pH 8.0 and 1mM DTT, 0.5 mM Mg.ATP.

Percoll washed human spermatozoa (2 Ill) was added to the medium and reactivation of

sperm motility was evaluated under a phase-contrast microscope. Fractions in which

reactivation ofmoti1ity did not occur were considered to contain SPMl activity.

Sodium Dodec:yl Sulfate-Polyac:rylamide Gel Elec:trophoresis (SD8-PAGE)

Proteins from semina1 plasma and other fluids were separated by SD8-PAGE according to

Laemmli (1970) using the Bio-Rad, Mini Protean n e\ectrophoresis system, after
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solubilization in SOS-sarnple buffer (62.5 mM Tris-CL 10% g1ycerol. 2% SOS. 5% ~­

mercaptoethanol. 0.0125% bromophenol blue). The stacking and running gels contained 5

and 15% acrylamide, respectively. The electrophoresis was carried out at a constant CUITent

of20 mA for one hour. The gels were then stained with 0.1% Coomassie Brilliant Blue R-250

in 40% methanoVl0% acetic acid and destained successively in 40% methanoVl0% acetic

acid and 10% methanoVl0% acetic acid.

ImmuDoblotting and immunodetection

Following electrophoresis, proteins were electrotransferred from slab gels onto Nitroplus

nitrocellulose membrane (Micron Separations Inc., Westboro, MA) for 40 minutes at 70 V

in 10 mM CAPS and 10% methanol at pH 9.8. Following transfer, the membranes were air

dried and stored at 4·C until use. Membranes were then first stained in 0.2% Ponceau S in

3% acetic acid to visualize proteins and molecular weight markers. After destaining in 10

mM Tris-HCI, 0.9"10 NaCI (TBS) pH 7.4, non-specifie sites on the membranes were blocked

with 10% swine serum in TBS containing 0.25% Tween-20 and 0.02% sodium azide

(blocking solution) for 1hour at room temperature. The membranes were then incubated for

1 hour with a rabbit anti-human SPMI antiserum generated against a 19 kDa SPMI form

purified from hurnan semina\ plasma (Luterman et al., 1991) diluted 1:400 in blocking

solution or the MHS-5 monoclonal antibody (1 :2000) generated against a seminal vesicle­

specifie antigen (Herr et al., 1986). After four successive 10 minute washes in TBS

containing 1).25% Tween-20, the membranes were incubated for 1 hour at room temperature

with a\ka\ine phosphatase-conjugated gcat anti-rabbit IgG or anti-mouse IgG diluted 1:2000

in blocking solution. Membranes were then washed four times in TBS containing 0.25%
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Tween-20. Antigens were visualized by incubation in aIkaline phosphatase buffer (100 mM

Tris-HCL 1 mM Mgq. pH 9.5) containing the substrates NBT and BCIP at 0.1 and 0.05

mg/ml, respectively. The reaction was terminated by washing the membrane in distilled water.

N-terminal amino acid sequencing

Hydrolysis products of SPMI precursorlsemenogelin were separated by SOS-PAGE as

descnOed above and transferred onto Immobilon-P membrane (MiIIipore. Bedford, MA) for

40 minutes at 70 V in CAPS 10 mM pH 11.0 and 10% methanol. Individual polypeptide

bands were excised from the membrane and inserted into the sample cartridge. The

N-terrninal amino acid sequence was determined by Edman degradation using a Porton

Instruments automated gas-phase sequenator at the Protein Sequencing Facility of the

Sheldon Biotechnology Center, McGill University, Montreal, QC.

Atmospheric pressure ionization mass spectrometry (API-MS)

Mass spectra were obtained in the positive mode on a triple stage mass spectrometer Model

API-ID (SCIEX, Toronto, ON, Canada). The samples were dissolved in 10% acetic acid and

infused througb a stainless steel capillllIY (100 Ilm 10.) at a f10w rate oflll11min. A stream

of air (pneumatic nebulization) was introduced to assist in the formation of submicron

droplets. These droplets were evaporated at the interiàce by nitrogen gas producing highly

cbarged ions whicb were detected by the ana1yzer.

The system calibration was performed with the ammonium adduet ions of polypropylene

glycol of known mass to charge ratios througbout the detection range ofthe instrument (0­

2,470 atomic mass units). Instrument timing, data acquisition and processing were controlled
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by a computer system. Simple algorithms correlated the charges produced by the

polypeptides to their molecular mass.

Identification of SPMI precursorlsemenogelin peptides.

The complete semenogelin sequence (Lilja et al., 1989) was imported into the program

Protein Analysis WorkSheet Version 5.1 (Robert Beavis, 01995, New York University). The

mass ofcysteine 216 was adjusted to take into account alkylation with iodoaeetamide before

purification (+57 Da). Cleavage at leucine, tyrosine, phenylalanine and tryptophan residues

was simulated to generate ail possible combinations of hydrolysis produets and their

associated masses. The experimenta\ly detemùned masses were then compared with the

computer generated Iist ofpossibi1ities, allowing identification ofthe hydrolysis polypeptides

along the precursor sequence.

Protein concentration detennination

The concentration ofproteins in ail samples was measured with the bicinchoninic acid (l'i~

Chemical Co., Rockford, n., USA) assay following the procedure descnoed by Smith et al.

(1985) using bovine serum a1bumin as a standard.
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RESULTS

EfTect of protease inhibitors on processing of SPMI precursor/semenogelin by PSA

Incubation of SPMI precursor/semenogelin with purified PSA caused the hydrolysis of the

52 kDa precursor (Fig. 1) into multiple peptides with apparent masses below 20 kDa, while

the purified 52 kDa SPMI precursor/semenogelin remained unchanged for 24 hours in the

absence ofenzyme. When PSA was pretreated with a series ofprotease inhibitors, various

etfects were observed (Fig. 1). The serine protease inluoitors PMSF and AEBSF, at a final

concentration of 5mM, prevented the hydrolysis of most of the 52 kDa SPMI

precursor/semenogelin. OnIy low levels ofproteolytie products were viSlole when compared

with that ofthe untreated SPMI precursor/semenogelin. The divalent heavy metal cations

Zn2+ and Hi' at a concentration of 10 mM completely inluoited PSA activity, whereas Mn2
+

and Ca2+ at the same concentration had no effect on PSA activity. The metal chelator 1,10­

phenanthroline (50 mM) also prevented the degradation ofSPMI precursor/semenogelin by

PSA, while EDTA, at the same concentration, had no effect. The specifie ehymottypsin

inluoitor TPCK, Iike the specifie ttypsin inIu"bitors (TI.CK, Sn leupeptin, benzamidine and

aprotinin) had no efl'ect on PSA activity. On the other hand, the ttypsin titrant p-nitrophenyl

guanidobenzoate inluoited PSA activity and caused a shift in molecular mass of SPMI

precursor/semenogelin ftom S2 to 60 kDa. This shift in mass was accompanied by an

apparent decrease in reactivity toward SPMI antiserum (Fig. 1). AIl inlu"bitors were proven

effective when tested on their specifie target proteases, indicating that thëy were ail active

(data DOt shown). The inluoitol)' effect ofl,lO-phenanthroline was partiaIly reversed when

ZnCI2 was added in increasing conœntlationsto samples containing 1,1O-phenanthroline (Fig.

2).
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Comparison of proteolytic activities of PSA and chymotrypsin on various substrates.

Previous studies have reported that PSA displays chymotrypsin-Iike activity on synthetic

substrates and proteins but that in comparison to chymotrypsin, this hydrolyzing activity is

very low (Lilja, 1985; Watt et al., 1986; Akiyama et al., 1987; Scha1ler et al., 1987;

Chrïstensson et al., 1990). We have thus compared PSA activity with that ofchymotrypsin

on different proteins, inc\uding its predominant physiologica1 substrate (SPMI

precursor/Setnenogelin). Among the various protein substrates incubated with PSA, on\y

SPMI precursor/semenogelin was significantly hydrolyzed into smaller fragments, while

neither bovine serum a1bumin nor ovalbumin were visibly hydrolyzed by PSA (Fig. 3). On\y

very Iimited PSA hydro\ysis ofcasein was observed. On the other band, ail substrates tested

were hydrolyzed by chymotrypsin at a 1:50 enzymelsubstrate ratio (w/w) yie1ding multiple

bands of lower molecular masses. SPMI preeursor/Setnenogelin was especially prone to

hydrolysis by this enzyme. The proteolytic activity ofchymotrypsin was also tested in the

presence and absence ofthe heavy metal chelator l,lO-phenanthroline. The presence ofl,lo­

phenanthroline (50 mM) in the hydrolysis mixture greatly reduced chymotrypsin proteolysis

when SPMl precursor/Setnenogelin was used as the substrate, but had no significant effect

when other substrates were used. In contrast to its inhibitory effect on PSA activity, ZnCI:z

did not inluoit chymotrypsin activitytoward any substrate tested (data not shown). However,

as observed for PSA (Fig. 2), addition ofZnCI2 (10 mM} partia11y reversed the inIùoitory

effect of1,1o-phenanthroline on SPMI preeursor/semenogelin proteolysis by cbymotrypsin.
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Separation and anaIysis ofSPMI prec:ursorlsemenogdin polypeptides rdeased by PSA.

To analyze the sites preferentially hydrolyzed by PSA, SPMI precursorlsemenoge1in was

digested with PSA (1 : 50 enzyme:substrate ratio, w/w) for 24 hours (Fig. 4). The hydrolysis

mixture was then injected on a C. reverse-phase HPLC column. Linear gradient e1ution with

acetonitrile generated a series of peaks as depieted in Figure SA. PSA was shown not to

interfere with the e1ution of SPMI polypeptides since in a control run, it e1uted at a

concentration greater than 50010 of solvent B (data not shown). The e1uted fractions

contained 1to 3 peptides with apparent masses by SDS-PAGE between 6 and 20 kDa (Fig.

SB). An aliquot ofeach fraction was tested for SPMI biologica1 activity using an in vitro

assay on demembranated-reactivated spermatozoa, as descnDed in Materials and Methods.

Only the contents ofpeaks 1, 3, 4, and 5were found to possess SPMI biologica1 activity. To

identify regions ofSPMI precursorlsemenoge1in containing specific antigenic determinants,

the contents ofail fiactions were a1so anaIyzed by immunoblotting using an SPMI antiserum

generated against a 19 kDa SPMI fragment isolated from semina1 plasma (lwamoto and

Gagnon, 1988a) and with the MH:S-S monoclonal antibody, generated against the seminal

vesicle specific antigen (Herr et al., 1986). The reactivity ofthese antibodies toward SPMI

polypeptides differed. The SPMI antiserum reacted with the series of consecutive early

e1uting fractions (1, 3 to 5) whicb a1so corresponded to the fractions containing the SPMI

aetivity (Fig. SA and C). The predominant immunoreactive peptides had apparent masses of

16,15,12, and 8 kDa The contents ofall otherfractions did not demonstrate any reactivity

with SPMI antis:;nnn. On the other band, the MHS-S monoclonal antibody recognized four

predominant polypeptides with apparent masses of 19, 10, 8, and 7 kDa (Fig. 50) that e1uted

at aeetonitrile concentrations higher than those recognized by the SPMI antiserum. Faint

121



•

•

immunoreactivity was also observed on a polypeptide with an apparent masses of 17 kDa

(Jane 13).

The content ofall fractions demonstrating the presence ofpolypeptides. as judged by SOS­

PAGE were subjected to ion-spray ionization mass spectrometrie analysis. The polypeptides

in these fractions produced distinct ionization patterns that allowed calculation of their

respective masses with high accuracy (error < 0.1% oftotal mass). Since SPMI precursor

was previously found to be identical to semenogelin (Robert and Gagnon, Chapter IV) and

that PSA demonstrates restricted ehymotrypsin-like activity. the experimentally determined

masses were compared with the mass of peptides generated from a computer simulated

digestion at the C-terminal ofIeucine, tyrosine, phenylalanine, and tryptophan residues of

SPMI precursorlsemenogelin according to the reported semenogelin sequence (Lilja et al.,

1989) as descn1led in Materials and Methods. Partial N-terminal sequence of sorne

polypeptides was aIso obtained. Using this approaeh, the polypeptides in eaeh fraction with

masses matching those ofthe simulated e1eavages could be assigned to a specifie segment of

the precursor molecule, thus identifying PSA eleavage sites. The results ofthe polypeptide

mass spectrometrie ana1ysis are summarized in Table l The measured masses ofpolypeptides

were in excellent agreement with values calculated from the ci>NA sequence of semenogelin.

The mass variation was within 5 mass units per 10 kDa for the majority ofpolypeptides. Four

different polypeptides had masses that were 14 to 20 Da higher than the expected masses.

These higher masses are likely associated with the oxidation (+16 Da) oftryptophan residues

145 and 375, the only two oxidizable residues in the precursor, as observed previous1y (see

chapterIV). Ingeneral, the measured mass for most peptides was significant1y less than the

apparent mass deduced by SDS-PAGE (Fig. 5, Table 1).
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The peptides identified in Table 1coyer the whole length ofthe precursor molecu1e. and show

considerable overlap. The complete sequence ofSPMI precursorlsemenogelin identifYing the

observed hydrolysis sites is shown in Figure 6. Hydrolysis ofSPMI precursorlsemenogelin

by PSA was incomplete since not ail leucine. tyrosine and phenylalarune residues present in

the precursor molecule were hydrolyzed. Certain residues in the vicinity ofthe cleavage sites

appear to be conserved. In one instance, one or more serine residues found 3 to 6 residues

upstream of the cleavage sites occur more !han ten rimes and in another, a histidine or a

glutamine residue immediately precedes c1eaved tyrosine residues at eight different sites.

Glutamine or glycine residues are a1so found 3 to 7 residues upstream ofmany cleavage sites.

In addition, three diffaent sites where adjacent leucine residues occur were hydrolyzed. An

ahnost perfect repeat of38 amino acids (only one mismatch) occurs at residues 259-296 and

319-356, and four different hydrolysis sites were observed at homologous positions in each

ofthese repeats.

The information obtained from the mass and electtophoretic analyses ofthe polypeptides is

represented schematical1y in Figure 7. The map revea1s the part ofthe precursor!bat appears

to contain the SPMI activity and the domains recognized by the various antibodies used. The

po1ypeptides having SPMI activity correspond to those recogcized by the SPMI antibody, and

appear to de6ne an area between residues 85 and 136 thus containing both the active region

and the SPMI epitope. On the other band, the polypeptides recognized by the MHS-5

antibody originate from a different, and more centra11y located, portion ofthe precursor.

Together these de6ne an area between residues 198 and 223 !bat seem to constitute the

epitope for this antibody. Regions corresponding to polypeptides previously isolated from

human semina1 plasma are a1so shown.
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DISCUSSION

PSA bas been shown to degrade readily SPMI precursor into multiple fragments of low

molecu\ar masses (Robert and Gagnon, Chapter IV). This degradation considerably reduces

the inhibitory effect ofSPMI on sperm motility. The primary structure of PSA suggests a

ehymotrypsin-like specificity (Sehaller et al., 1987; Lundwall and Lilja, 1987). However,

previous studies on the characterization ofPSA activity using synthetie or non-physiologica1

protein substrates suggested that the specificity of PSA is unusual in spite of its close

similarity to ehymotrypsin (Akiyama et al., 1987; Schal1er et al., 1987; Christensson et al.,

1990). For this reason, we decided to study the effect of various substances on PSA

proteolytie activity measured on its main physiologica1 substrate. The effect ofthe various

protease inlüDitOrs on PSA activity toward SPMI precursorlsemenogelin suggests that while

the active site ofPSA is elosely related to that ofehymotrypsin (VJhinen, 1994), it displays

major differences. The specifie ehymotrypsin inhibitor TPCK did not inhibit PSA activity.

On the other band, while most classica1 trypsin inhibitors had no effect on PSA activity, the

trypsin titrant NPGB completely inhibited PSA activity. Beside binding to the active site of

PSA, the trypsin inhibitor NPGB may have alse covalently modified SPMI during the

incubation since a shift in mass ofthe precursor and a loss ofimmunoreactivity with SPMI

antiserum was observed after SOS-PAGE. NPGB is known to bind to serine residues in the

active site oftrypsin, and a similar binding to SPMI serine residues may have contributed to

the mo.:iifieations observed. Further studies will he required to confinn this hypothesis.

The specifie inIu"bition of PSA activity by zinc and mercury suggests the POSSl"bi!ity of a

specifie regu1atory mechanism ofPSA activity by heavy meta1s. It aIso highlights another

difference with chymottypsin which is not affected by heavy meta1s. Zine is likely to he the
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most physiologically relevant metal since its concentration averages 2 mM in seminal plasma

(Mann and Lutwak-Mann, 1981). Most of the results on the effect of different protease

inhibitors on PSA activity obtained in the present study are genera11y in agreement with those

of previous studies on PSA aetivity. These studies, performed on non-physiologica1 or

synthetic substrates, showed inhibition ofPSA activity by the active site reagents düsopropyl

fluorophosphate (OFF) and PMSF and by zinc and mercury (Watt et al., 1986; Akiyama et

al., 1987; Schaller et al., 1987). We also found in the present study that copper and nickel

have an inlubitory effect on PSA activity simi1arto that ofzinc and mercury (data not shown).

The effect of the metal chelator 1,10-phenan~oline has not been reported previously, and

was more puzz1ing. Since high concentrations ofheavy metals can inlubit PSA activity, the

inlubitory effect ofthe chelator was unexpected. A high concentration ofthe metal chelator

was necessary to inhibit the degradation of SPMI precursorlsemenogelin by PSA The

chelator could aet by removing an ion associated with PSA and required for its activity.

However, the effect ofthe metal chelator on PSA proteolysis ofthe other substrates tested

was not evaluated since PSA did not readily hydrolyze them. We thus tested the effect ofthe

cheIator on chymotrypsin activity. The fàct that 1,1o-phenanthroline also affected the activity

ofchymotrypsin, but only when SPMI was used as the substrate suggests that the metal ion

cheIated by 1,1o-phenanthroline is associated with the substrate rather !han the enzyme. The

poSSlbility ofa nonspecific effect ofthe metal chelator such as denaturation ofthe enzyme or

substrate was ruled out since addition of 10 mM zinc to samples containing 1,10­

phenanthroline partially restored both PSA and chymotrypsin activities toward SPMI

precursorlsemenogelin. Taken together these observations suggest that SPMI may be a zinc

binding protein and that removal of SPMI-bound metal by chelators would reduce the
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susceptibility of SPMI to proteolysis. possibly by inducing structural changes. SPMI

precursorlsemenoge1in is rich in histidine, a known zinc binding amino acid (Robert and

Gagnon, Chapter IV and Figure 6). This hypothesis is reinforced by the results ofprevious

experiments demonstrating that the major zinc ligand in seminal plasma is the predominant

coagulum protein having a molecular mass identical to SPMIlsemenoge1in (Frenette et al.•

1989). The concentration offree zinc in seminal plasma is thus like1y to be important for

proper processing ofSPMI precursorlsemenogelin after ejaculation. High concentrations of

free zinc are like1y to inhibit PSA activity and thus degradation ofthe precursor, while a lack

ofzinc may protect SPMI from proteolysis. The latter effect is likely related to the arrest of

semen liquefaction and SPMIlsemenogelin degradation observed when l,1o-phenanthroline

is added to freslùy ejaculated semen (Lilja and LaureU, 1985; Robert and Gagnon, 1995).

PSA appears to be higlùy specific with respect to hydrolyzable substrates as other proteins

were poorly hydrolyzed. This may retlect a requirement for the presence ofspecific structures

or consensus amino ecid sequences in the substrates that are specifically recognized by PSA

for hydrolysis. This hypothesis is reinforced by the faet that hydrolysis by PSA does not

occur at ail leucine and tyrosine residues in the precursor sequence and that certain amino

acids in the vicinity ofmany PSA cleavage sites appear conserved. The activity of PSA was

much lower than that ofchymotrypsin under the conditions used. These results agree with

those ofprevious studies showing that PSA activity was 200 to 4000 rimes lower than that

ofchymotrypsin (Watt et al., 1986; Akiyama et al., 1987). While the lower activity ofPSA

on most proteins may be an intrinsic property of the enzyme, it is also possible that a

proportion of the PSA used in these experiments, which is purified from human seminal

p\asma, may be partially complexed with endogenous protease inhibitors (Christensson et al.,
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1990; Laurell et al., 1992) or partially inaetivated during its purification.

The anaIysis ofSPMI polypeptides by rnass spectrometty demonstrated that PSA exhibits a

restrieted chymotrypsin-Iike specificity. The sites ofPSA hydrolysis were almost exc1usively

limited to leucine and tyrosine residues. The rnass ofonly one polypeptide was consistent

with hydrolysis at phenylalanine. Moreover, none ofthe peptides obtained were consistent

with c1eavage at tryptophan residues. The hydrolysis preference ofPSA thus contrasts with

that ofchymotrypsin which preferentially hydrolyzes tyrosine, phenylalanine and tryptophan,

and only to a lesser extent leucine residues. It alse differs from the specificity of the other

members ofthe kallikrein family ofproteases which hydrolyze proteins at basie residues in a

trypsin-Iike manner (Chrïstensson et al., 1990). Previous studies have also associated trypsin­

Iike activity to PSA (Lilja, 1985; Watt et al, 1986). However, this activity was tater shown

to originate from the presence ofa contaminant enzyme in the PSA preparation (Akiyama et

al., 1987; Christensson et al., 1990). The preference ofPSA for hydrolysis at hydrophobie

residues is explained by the presence of a serine residue in the bottom of the substrate

specificity poeket, as in ehymotrypsin (serine-183), whereas trypsin-like enzymes have an

aspartie acid residue at the homologous position (Lundwall and LiIja, 1987; Schaller et al.,

1987). In the latter, this aspartie acid residue favors e1eetrostatie interactions with the

positive1y eharged arginine and lysine residues preferentially hydrolyzed by kalIikrein

proteases whereas the stnalI side chain ofthe serine residue in PSA leaves space for bu1ky

hydrophobie residues (Vihinen, 1994). The present results suggest that additional properties

ofthe PSA active poeket may further increase the specificity of PSA when compared with

cbymotrypsin. It is also possible that, through tertiary structure alteratiODS ofthe substrate,

the presence of substrate bound-zine near hydrolysis sites increases susceptibility of the
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substrate to hydrolysis by PSA. In that context it is interesting to note that four different

cleavage sites occurring at tyrosine residues are adjacent to a histidine residue.

AnaIysis of the different polypeptides with respect to SPMI activity and reactivity with the

various antibodies provided information about different domains ofthe precursor. The faet

that oruy polypeptides derived from a common region located between amine acid 85 and 136

contained SPMI activity suggests that the active site is located within this specifie segment

ofthe precursor molecule. An identica1 conclusion cao be drawn for the epitope recognized

by the SPMI antiserum. The presence ofthe epitope in that same region reflects the faet that

the SPMI antiserum was originaIly raised against a 19 kDa active SPMI form isolated trom

Iiquefied seminal plasma (lwamoto and Gagnon, 1988a). The two short peptides representing

residues 1 to 25 and 26 to 44 ofSPMI precursorlsemenoge1in could not be detected by SDS­

PAGE or immunoblots. These are Iikely toc small to stain weU by Coomassie blue and are

Iike\y lost during polyaay1amide gel fixation and/or eleetroblotting. Thus, the possibility that

this region (residues 1 and 44) might aIse be recognized by the SPMI antiserum cannot be

ruled out. On the other hand, the polypeptides recognized by the MHS-5 monoclonal

antibody appear to define a segment of the SPMI precursorlsemenogelin located between

residues 198 and 223. This monoclonal anttoody was origina11y produced against washed

human spermatozoa in an attempt to produce sperm-specific anttoodies but it was later found

to recognize a sperm-coating antigen secreted by the human seminal vesicles and thus termed

seminal vesic1e-specific antigen (Herr et al., 1986). The charaeteristics and fate ofthe seminal

vesic1e-specific antigen (SVSA) during semen Iiquefaetion suggest that it is identica1 to

SPMIlsemenogelin (McGee and Herr, 1987; Lüja, 1989).
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It is noteworthy that some of the fragments released by PSA hydrolysis of SPMl

precursorlsemenogelin correspond to polypeptides that had previously been purified from

seminal plasma. The 5754 Da (residues 85-136) peptide containing the SPMl active site

corresponds to the seminal basic polypeptide of52 residues purified by Lilja and co-workers

(1984) and to a-inhibin-52, ::m inlùbin-like peptide previously isolated from seminal plasma

(Li et al., 1985). The 10, 356 Da polypeptide (residues 45-136) corresponds to another

inlùbin-like peptide, a-inlùbin-92 (Li et al., 1985). ln addition, another semina\ plasma

peptide containing a N-termina\ pyroglutamine residue, was previously characterized (Kausler

and Spite1ler, 1992), and corresponds to the 2770 Da peptide (residues 1-25) identified in the

present experiments. These findings thus directly demonstrate that these polypeptides are

derived from PSA hydrolysis of SPMl precursorlsemenogelin. The possibi1ity that SPMl

precursorlsemenogelin undergoes alternative processing by other semina\ proteases cannot

be ruled out. However, the present results support the notion that PSA is the main SPMI

precursorlsemenogelin processing enzyme in the early stage after ejaculation (Szecsi and Lilja,

1993; Robert and Gagnon, Chapter IV).

In summary, the present results provide for the first time a direct characterization ofPSA

activity on its major physiologica\ substrate. PSA displays a non-classica\ and restricted

chymotrypsin-like activity and appears specifie with respect to substrate. The zinc

concentration in seminal plasma is 1ike1y important in regulating SPMI precursorlsemenogelin

processing by PSA. The sperm immobi1izing activity of the precursor molecule appears to

reside witlùn the N·terminal region of the preeurser molecule. The hydrolysis of SPMI

precursorlsemenogelin by PSA re1eases multiple polypeptides that may have di1ferent

functions in the reproductive process.
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precursorlsemenogelin.

Various protease inlubitors were pre-incubated with PSA for 18 hours. SPMI

precursorlsemenogelin was then added and hydrolysis was performed for 24 hours. The

reactions were stopped by the addition of SDS-sample buffer and heating to 95 oC for 5

minutes and the proteins were analyzed by SDS-PAGE and immunoblotting as described in

Materials and Methods. A) Coomassie blue stained gel. B) Immunoblot probed with an

SPMI antiserum generated against a 19 kDa SPMI fragment. The concentrations of

inlubitors, metals and chelators used were: AEBSF and PMSF, 5 mM; ZnCI:!> HgCI~, CaCI~,

andMnCI2> 10 mM; benzamidine, 1,1o-phenantbroline and EDTA, 50 mM; NPGB 10 mM;

leupeptin, 15~ TPCK and TLCK, 1 mM; Sn 1 mg/ml and aprotinin 0.1 mg/ml.

•

•

Figure 1• EfTect of protease inhibitors on PSA hydrolysis of SPMI
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Figure 2. Reversai of 1,I6-pbenantbroline elTect on SPMI precursorlsemenogeIin

degradation by PSA.

SPMI precursorlsemenogelin was incubated with PSA in the presence of 1,1o-phenantroline

(50mM). After 10 minutes ZnCl: was added and the mixture was incubated for 24 hours.

The reactions were stopped by the addition ofSDS-samp\e buffer and heating to 95 oC for 5

minutes. Samples were analyzed by SDS-PAGE as descnoed in Materials and Methods. 1)

Control SPMI precursorlsemenogelin. 2) SPMI precursorlsemenogelin and PSA in absence

of l,lo-phenanthroline. 3) SPMI precursorlsemenoge1in and PSA wi!h 50 mM 1,10­

phenanthroline. SPMI precursorlsemenogelin and PSA with 50 mM l,lO-phenanthroline +

4) ZnCl: 0 .1 mM 5) ZnCI2 0.3 mM 6) ZnCI2 3 mM 7) ZnCl: 10 mM.

-
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Figure 3. Activity of PSA and chymotrypsin on various substrates.

Various protein substrates were incubated with PSA (1:50 enzyme:substrate. w/w) or

chymotrypsin (1:100 enzyme:substrate. w/w). in the presence or absence of 1,10­

pher.anthroline (50 mM), for 24 hOUTS. The reaction was stopped by addition ofSOS-sample

buffer and the samples were ana1yzed by SOS-PAGE as described in Materials and Methods.

1) Protein substrate without enzyme. 2) Protein substrate + PSA. 3) protein substrate +

chymotrypsin 4) protein substrate + chymotrypsin + i,lo-phenanthroline 5) protein substrate

+ chymotrypsin + l, lo-phenanthroline + ZnCl2 10 mM. Chymotrypsin (C), PSA (P).
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Figure 4. Digestion orthe SPMI precursorlsemenogelin with PSA.

The purified SPMI precursorlsemenogelin solubilized in HSS (800 J.lg) was incubated with

PSA for 24 hours. An aliquot was taken, mixed wit!; SDS-sample buffer and analyzed by

SDS-PAGE as descn1led in Materials and Metbods. 1) Control SPMI precursorlsemenoge\in

without PSA 2) SPMI precursorlsemenoge\in with PSA
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Figure 5. Separation and analysis of polypeptides released by hydrolysis of SPMI

precursorlsemenogelin by PSA.

A) The hydrolysis mixture shown in Fig. 4 was made up to 0.1% TFA Md injected on C.

reverse phase column (10 X 300 mm, 10j.Lm beads. 300 Â pore size) equilibrated in solvent

A (0.1% TFA). Peptides were eluted with a linear gradient of 10 to SO% solvent B (0.1%

TFA in 80% acetonitrile) over 60 minutes. An aliquot of each fraction was dried and

analyzed for SPMI biologica\ activity using the demembranated-reactivated sperm assay.

Fractions that contain aetivity are highlighted.

Individual fractions from the HPLC separation ofhydrolysis fragments were dried in a rotary

evaporator and analyzed by SDS-PAGE using the tricine based buffer system according to

Schligger and von Jagow (1987) using 3% and 16.S% acrylamide fer the stacking and

resolving gels respective\y. Proteins were stained in Coomassie Blue or electrotransferred to

a nitrocellulose membrane as described in Materials and Methods. The numbers correspond

the numbered peaks ofpanel A. Numbers 10 and Il correspond respectively to the early and

Iate eluting portion ofthe same peak at 37 minutes. Number 13 corresponds to the shoulder

peak at 39 minutes. B) Coomassie blue stained gel. C) Immunoblot probed with SPMI

antiserum (1 :400) raised against a 19 kDa SPMI fragment isolated from seminal plasma D)

Immunoblot probed with MHS-S monoclonal antibody (1 :2000) generated against a seminal

vesicle-specilic antigen (Herr et al., 1986).
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Figure 6. Complete sequence of SPMI precursorlsemenogelin.

The complete sequence of semenogelin (Lilja et al.. 1989) is presented in the standard

IUPAC, one-letter code for amino acid residues. The observed PSA cleavage sites are

identified by an arrow. Residues that occur at an identical position relative to the cleavage

sites in at least two different PSA hydrolysis sites are underlined. Histidine residues near the

cleavage sites are doubly underlined.
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Figure 7. Schematic representation of SPMI precursorlsemenogelin

The full SPMI precursorlsemenogelin (residues 1 to 439) is shown with a carboxymethylated

cysteine residue 216 (CM-cys) and a pyroglutamine residues at the N-tenninus (pQ). The

polypeptides identified in the present study are shown below the precursor with their N and

C-ternùnus residue numbered. The order ofpresentation corresponds to that ofTable 1. The

polypeptides shown in black contain SPMI activity and correspond to those recognized by

the SPMI antiserum. The polypeptides recognized by the MHS-5 antibody are shown in gray.

Polypeptides previously isolated from seminal plasma and charaeterized are shown above the

precursor: a-inlùbin-92 (Li et al, 1985), semina1 basic protein or a-inlubin-52 (Lilja et al.•

1984; Li et al., 1985) and a semina1 peptide isolated by Kausler and Spiteller (1992).
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1 inhibin-92
L-_;::::=~I seminel basic prcteinlinhibin-52

o Kausler and Spiteller (1992)
CM-C

1 216 439
pol Il 1

1

III Il Il Il 1

Pl 85 136
P2 26044
P3 63 136

P4 85 178

P5 45 136

P6 1741 1223

P7 2241 1337

P8 2411 13!l2

P9 2391 1292

PlO 1981 1265

Pll 1721 1231

P12 3381 1394

P13 3591 J439

P14 278 1 1411

P15 3261 1437
P16 1025

P17 1371 1250

P18 3531 1437

P19 2511 1335

P20 179 1 1275

P21 2411 1337
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• Table L Identification ofPSA c1eavage sites and resulting SPMI peptides.

Peptide Fraction Measured Expected mass Polypeptide N-terminal Immuno·
number mass fromcDNA' sequence sequence reactivity

PI 5754 5753 85-136 HNKQE SPMl

P2 2 2089b 2088 26-44

P3 3 8185 8181 63-136 SPMl

P4 4 10370' 10356 85-178 SPMl

P5 5 10356 10355 45-136 TYHVD SPMl

P6 6 5873 5869 174-223 MHS-5

P7 7 13234 13239 224-337

P8 7 12933 12939 241-352

P9 7 6319 6322 239-292

PlO 8 7958 7957 198-265 QNVVE MHS-5

Pli 8 7000 6995 172-231 MHS-5

P12 8 6272 6266 338-394

P13 9 9083' 9065 359-439

P14 10 14939' 14922 278-411

P15 10 12640 12639 326-437

P16 10 2770b,d 2786 1-25

P17 Il 13060' 13040 137-250 SNTEERL MHS-5

P18 Il 9505 9503 353-437

P19 12 9773 9770 251-335

P20 13 11381 11380 179-275 MHS-5'

P21 13 11279 11277 241-337

• Mass modified to take ioto account alkylation of one cysteine residue (see Materials and
Methods).

b Peptide not visible by SD5-PAGE.

• ' Peptide showing a mass difference corresponding to oxidation (+16 Da).
d Peptide showing a mass difference corresponding to N-temünal pyroglutamination (-17 Da).
, Faint reactivity
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ChapterVI

General discussion

Preface

The following discussion summarizes the main findings ofthe present study. The results of

the different sections are integrated in an atternpt to draw general conclusions on SPMI

precursor, its molecular processing and physiological function.
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General discussion

The results presented in this study c1early demonstrate that the presence ofa 52 kDa SPMl

precursor molecule in semina1 vesicle f1uid and its molecular processing in semen explain the

rapid decrease in SPMl activity after ejaculation (Chapter II). The precursor was first

transformed into intermediate molecular mass fragments (25-40 kDa) and subsequently into

smaller fragments of 15-20 kDa. This transformation into smaller forms was accompanied

by a large reduction in SPMl activity to leve1s that are compatible with normal sperm motility

(150-200 U/mI). SPMl processing was reconstituted in vitro by incubating secretions isolated

from the seminal vesicles and prostate gland, demonstrating the prostatic origin of the

processing fàctor. The results showed that a serine protease inhibited by PMSF and a ttypsin­

Iike protease inhibited by benzamidine are re:.-ponsible for SPMl processing in semen.

However, the extensive SPMl precursor degradation taking place in the presence of

benzamidine demonstrated that the protease inhibited by this compound was only responsible

for 1imited proteolysis when compared with that ofthe PMSF-inlubited protease. In addition,

the inhibitory effect of the meta1 che1ator 1,10-phenanthroline on the degradation ofSPMI

precursor suggested that the same proteases may be metallo-dependent.

The similarities between the properties ofSPMI processing after ejaculation and the extensive

proteolysis occurring during semen Iiquefaction suggested a possible association between

these phenomena. Moreover, abnormal SPMI processing after ejacu\ation could be

responsible for the poor sperm motility associated with some cases of infertility. These

possibilities were confirmed by ana1yzing SPMI in coagulated semen. All the SPMI activity

was detected in the coagnhtted fraction ofsemen (Chapter III). In addition, SPMI precursor

145



•

•

and SPMI antigens of intennediate mass (20-38 kDa) were detected in this fraction. The

possibility of a detrimental effect on sperm motiIity of abnormal SPMI processing after

ejaculation was supported by observations made on semen samples obtained from a patient

consulting for infertility. In these samples, which fai1ed to liquefy spontaneously, very low

sperm motility was associated with very high levels ofSPMI activity (1500 U/ml), and the

presence of nondegraded SPMI precursor forms. Addition of prostatic secretions to the

nonliquefied semen samples resulted in a marked increase in sperm moti1ity with a

conconû1ant degradation ofhigh mass SPMI forms and a decrease in SPMI activity. These

findings offer an explanation for the known low sperm motiIity in coagulated semen shortly

after ejaculation, and the progressive increase in sperm moti1ity as SPMI precursor gets

inactivated during semen liquefaction. While multiple anomalies may induce male infertility,

these results suggest that improper SPMI processing may be responsible for infertility in a

subset of asthenozoospermic patients whose semen fails to liquefy. The results also

demonstrate that coagu1ated semen displays properties that are similar to seminal vesicle fluid

with respect to SPMI activity and antigens, and could serve as a source ofSPMI precursor.

6.1 Purification and properties ofSPMI precursor

In order to gain further insight on SPMI characteristics and its molecu1ar processing, a

method to purify the SPMI preœrsor from the complec mixture ofproteins present in semina1

vesic1e fluid and from washed seminal coagulum proteins was deveioped. One of the

diflicu1ties encountered during the purification ofthe SPMI precursor was in the retnoval of

by-produets ofSPMl degradation present in the starting material. These by-produets had

an inherent tendency to co-elute with the 52 kDa precurso.... Their successful retnoval was
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achieved using high performance reverse-phase liquid chromatography. The strong staining

intensity ofthe 52 kDa SPMI precursor polypeptide observed in SDS-PAGE ofsamples of

seminal vesicle fluid and washed semen coagulum, together with the low enrichment factor

(2- to 5-fold) for the SPMI precursor after purification.. suggest that this protein may

represent more than 20% and up to 50% of the total proteins in these sources of SPMI.

respeetive!y.

The purified precursc;r was incubated with PSA to investigate the possibility that PSA may

be involveè in SPMI processing in semen., and to obtain internal SPMI fragments from which

N-terminal amino acid sequence could be derived. This particular enzyme was chosen

because its characteristics corresponded we\l with those ofthe serine protease inhibited by

PMSF that was found to be involved in SPMI precursor proeessing (Chapter II). It is also

the most abundant protease in seminal plasma and appears to be the main enzyme responsible

for semen liquefaction (LiIja, 1985; Lilja et al., 1987; McGee and Herr, 1988). Using purified

preparations ofSPMI precursor and PSA, we demonstrated that PSA perforrns proteolytic

processing ofSPMI precursor, similarly to what is observed in sernen after ejaculation. Our

results pro'lided evidence that PSA cleaves SPMI rrecursor at residues that are consistent

with a restricted chyrnotrypsin-like activity for PSA. The degradation of SPMI precursor

resulted in a loss ofmost ofits activity, as it occurs in whole semen after ejaculation.

Biochemical analysîs ofSPMI precursor and ofsorne ofits peptides provided evidence that

SPMI is identical to semenoge\in, the protein charaeterized as the main structural component

of hurnan sernen coagulum. Although only partial amino acid sequence information was

obtained for SPMI precursor, the charaeteristics ofthe proeessing ofSPMI. its amino acid

composition and its molecu1ar mass rnake the likelihood of Ûle proteins being identical
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extremely high.

ln physiologicaJ solution the purifiee! SPMI precursor appearee! to form aggregates oflarge

molecular mass. TIùs fincling was expected, considering the proposed identity betWeen SPMI

precursor and semenogelin, and might be relate<! with non-covalent interactions betWeen

proteins that appear to induce semen coagulation (as discussed below). The demonstration

of the immobilizing effect of purifiee! SPMI precursor on spermatozoa, at doses

corresponding to those measuree! in coagulatee! semen early after ejaculation, strongly

suggests that it is the factor responsible for the low motility ofspermatozoa in coagulatee!

semen. Its effects on sperm motility were reversible and appeared to be mediatee! at the

sperm surface.

Experiments on the properties of SPMI precursor, its mass and processing by PSA \Vere

performee! on bath SPMI precursor purifiee! from seminal vesicle f1uid and seminal coagulum.

IdenticaJ results were obtainee! for these two sources ofSPMI precursor, suggesting that at

ejaculation, the SPMI precursor does not undergo modifications by other components of

semen, besides the hydrolysis by PSA.

In the last part of the present study, further information on the processing of SPMI

precurscrlsemenogelin by PSA was obtainee!. OnIy the N-terminal domain of SPMI

precursorlsemenogelin appeared to contain the e1ements responsible for SPMI activity and

reactivity with the antibody raised against a 19 kDa SPMI form present in Iiquefiee! seminal

plasma. On the other band, the epitope recognized by the MHS-S monoclonal antibody

appeared to originate from the central part ofthe precursor molecule. PSA c1eavee! SPMI

precursorlsemenogelin with a restrictee! chymotrypsin-Iike specificity, in contrast to the

trypsin-Iike specificity ofthe other members ofthe kaIIikrein famiIy ofproteases, to which
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PSA belongs. The unusua1 specificity ofPSA is explained by the presence ofa serine residue

at the bottom ofthe subsuate pocket where an aspartic acid residue is found in trypsin-like

enzymes (Lundwa11 and Lilja, 1987). PSA aise differs from chymotrypsin in its preference

for leucine and tyrosine residues. while chymotrypsin predominantly cleaves at the aromatic

residues phenylalanine, tryptophan, and tyrosine and, to a lower extent. at leucine residues.

In addition, the classica1 chymotrypsin inhibitor TPCK did not affect PSA. while the trypsin

inhibitor NPGB blocked PSA activity. Fma1ly. zinc and other heavy metal ions inhibited PSA

activity. while they did not affect chymotrypsin activity. PSA appeared more specific than

chymotrypsin and did not readiIy hydrolyze most proteins tested. 1t is thus possible that PSA

cleaves plefi:Ieutia\ly at peptide bonds surrounded by specific conserved residues as observed

in SPMI precursorlsemenogelin. These structures woald need to be recognized by the

enzyme in order for hydrolysis to occur and could explain the lower activity ofPSA when

compared with chymotrypsin. Together. these differences demonstrate that PSA is a unique

processing enzyme that displays distinct properties in spite ofits close relationship to 'Jther

known serine proteases ofthe kallikrein family.

6.2 Possible mode of action ofSPMI on sperm motility.

The exact mechanismby which SPMI exerts its action on spermatozoa is ~;11 unknown, and

its elucidation remained beyond the scopeofthe present investigation. Nonetbeless, it is

possible te draw~meinferences as to the nature ofthis aetivity. The 19 kDa form ofSPMI

purified from seminal plasma can inhibit the ATPlise aetivity of the dynein of human

demembranated-reactivated spermatozoa and that ofdynein purified from bull spermatozoa

(Iwamoto and Gagnon, 1988a). However, the inhibitory effeet of SPMI on intact
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spermatozoa (Iwamoto and Gagnon, 1988b and Chapter IV) is not weil understood. Whether

SPMI affects sperm motiL'ty by disturbing membrane structure, acting through a receptor on

the cell surface or penetrating spermatozoa to interaet direetIy with the axonemal dynein

remains to be established. The possibility of a hrge protein readily penetrating into

spermatozoa appears unIike1y. However, an interesting .mJdy demonstrated the intraceIluIar

integration ofa buII seminal vesicle protein into the mid-pi~ ofspermatozoa and its binding

to an acceptor protein on mitochondria (AumüIIer et aI., 1988). Moreover, the isolation and

identification, in sperm nuclei, ofa 19 kDa polypertide that appears to originale from the N­

terminal domain of semenoge1in (Zalensky et aI., 1993) may suggest that at least sorne

fragments ofthe SPMI precursor aIso enter the ceIl. Moreover, in preliminary experiments,

we have Clbserved that bath detergent soluble and insoluble fractions ofspermatozoa washed

twice on PercoIl gradients to maximize the removal ofseminaI plasma proteins and proteins

100se1y lISS<'::iated with the sperm plasma membrane contained polypeptides recognized by

the SPMI antiserum. Interestingly, forms ofmasses greater !han 20 kDa were observed in

the insoluble fraction, supporting the notion that SPMI may have penetrated the celIs and was

thus partiaIly proteeted from PSA hydrolysis.

On the other band, the observations that the motility ofSPMi-immobilized spermatozoa cau

be reeovered by washing the celIs, thus removing the extracelIuIar components, lII'd that

prostatie extracelIuIar proteases inactivate SPMI and aIlow recovery of sperm motility

(Chapter IV) argue in favor of a surfaee-mediated mechanism of action. Moreover,

immunodetection ofsemenoge1in using an ann"body generated against a basic semenoge1in

fragment and using the MHS-S monoclonal annDody generated against the seminal vesicIe­

specifie antigen, loca1jzed antigens on the postaerosomal sheath ofthe head, the mid-region
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and the tail of human spermatozoa (Herr et al., 1986; Lilja et al.. 1989). SPMI

precursorlsemenogelin thus appears to bind to the sperm surface in these regions, where it

aets on sperm motility. Receptor binding proteins are usualiy present in trace amounts in

biological f1uids. and sudden differenees in their concentrations trigger biological responses.

As sueh. the abundance of SPMI in seminal plasma would tend to argue against sueh a

mechanism.

The graduai decrease in SPMI activity, as the 52 kDa precursor protein is being cleaved

indicates that specifie domains ofthe precursor molecule may be involved in max.:.'tIizing the

internction between the active domain ofSPMI precursorlsemenogelin and its target site on

spermatozoa T1ùs observation shares simi1arities with findings concerning inhibin-Iike

peptides isolated from human semina\ plasma Three different inlubin-Iike peptides were

original1y isolated from semen as tàctors that could suppress pituitary FSH secretion in vitro.

and their complete amino acid sequences were e1ucidated (Li et al.• 1985). AlI have a primary

structure corresponding to segments of semenogelin derived between residues 45 and 136

(LiIja et al., 1989); ex-inlnbin-921-52 and -31 correspond to residues 45-136, 85-136, and 85­

115 respective1y. In the present study, SPMI fragments Ct,.-responding to ex-inhibin-92 and

-52 were observed following PSA-mediated degradation ofSPMI precursor and happen to

correspond to the active domain ofSPMI. Interestingly, ex-inhibin-92 and ex-inhibin-52 were

40- and 3.4-fold more active, respective1y, !han ex-inlnbin-31 in inlubiting FSH re1ease in vitro

(Li et al., 1985). T1ùs decrease in aetivity ofinlnoin-Iike peptides as they are lragmented into

sma11er peptides is reminiscent to the drop ofSPMI activity during processing ofthe 52 kDa

SPMI. The affinity ofSPMI and inlnbin-Iike peptides for their respective targe! appears to

be greater for larger fragment~. 'The mechanism ofaction ofthese peptides on the pituitary
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gland has not been weil estab\ished, but binding ofthe peptides to human pituitary membranes

has been demonstrated (Ramashanna and Li., 1987). Crosslinking experiments using labeled

IX-inhibin-92 and pituitllI)" membrane revealed the presence of a 90 kDa complex

(Ramasharma and L~ 1987). It is therefore tempting to speculate that SPMI could similarly

bind to a specific molecule present on spermatozoa.

These various observations do not allow to draw definite conclusions about the target site of

SPMI on spermatozoa but they do suggest potential mechanisms ofaction. By integrating

these various observations, 1propose that under normal circumstances, SPMI precursor binds

to an acceptor site on the flagellum of spermatozoa and immobilizes the ce11. As the

precursor gets degraded, its affinity for its acceptor site on spermatozoa is reduced and the

molecu1e is released. T1ùs causes the progressive increase in motility observed during semen

liquefaction. In other cases where a large proportion ofspermatozoa remain immotile in spite

of normal semen liquefaction and SPMI precursorlsemenogelin processing into low mass

fragments, a diftèrent mechanism may be responsible. In such ejacu1ates, a large proportion

ofspermatozoa may have membrane defects that allow SPMI to attain the intracellular space

and reach the dynein arms ofthe axoneme or other target sites, and ,,"-use irreversiblt: arrest

ofmotility and associated infertility. In a preliminarj study, de Lamirande and Gagnon (1986)

demonstrated that extraet;!Tom immotile spermatozoa contained motility inhibitors, whereas

normal spermatozoa did not. Unfortunately, no biochemical information was available then

to draw definite conclusions about the nature ofthe factors responsible for this phenomenon.

The availability ofpurified SPMI should now allow to perform specifie experiments to answer

these important interrogations. Labeled SPMI precursor could be cross-linked to

spermatozoa to identify the receptor site on spermatozoa. Similarly the labeled precursor
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could also he used in gel overlay experiments. where sperm proteins have been separate<!. to

identify potential protein targets. Immunodetection. at the electron microscopic level, of

SPMl in control and SPMl-immobilized spermatozoa could alse help in locating target sites

of SPMl and eiucidating the mechanism of action of SPMl on spermatozoa. ln addition.

further experiments analyzing multiple ejaculates that fuil to liquefy might allow to c1arify the

way in which the precursor, by interacting with such a target site causes the reversible

immobilization ofspermatozoa. It may alse be interesting to try to identify the fimetions of

the various SPMl fragments released by PSA hydrolysis ofthe precursor.

6.3 SPMI precursorlsemenogelin and semen coagulation­

Iiquefaction

ln the present study, a sperm immobilizing activity in seminal plasma was associated with the

major protein responsible for human semen coagulation. narnely semenogelin. Even though

this protein and the two semenogeiü...related proteins ha'le been well charaeterized (Lilja and

Laure1\, 1985; Lilja et al., 1987; Lilja et al., 1989; Lilja and Lundwall, 1992), the mechanism

responsible for the formation ofthe geIatin,us network ofproteins bas not been convincingly

eiucidated. As discussed in the introduction (Chapter 1), seme hints concerning the type of

interactions existing hetween coagulum components have been found experimentally.

Disulfide bridges seem to play an active role in the coagulation and liquefaction of human

semen since the main proteins of coagulated semen are disulfide bonde<!. and semen

liquefaction is enhanced in the presence of the reducing agent l3-mercaptoethanol

(Chaistitvanich and Boonsaeng, 1983). On the other band, dithiothreitol bas no macroscopic
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effect on the coagulum structure suggesting that these disulfide interactions do not constitute

the main force holding coagulum proteins together (Lilja and Laure1l, 1985). The role of the

reducing agents in the acce1eration ofliquefaction (Chaistitvanich and Boonsaeng, 1983) is

thus probably indirect. Reduction of disu1fide-linked coagulum proteins may change their

three-dimensional structure and increase their sensitivity to proteolytic activities.

The denaturing agent guanidine-HCI (3 M) readily solubilizes semen coagulum, indicating that

non-covalent interactions are essential for maintaining the coagulum structure (LiIja and

Laurell, 1985). The fact that urea (4 M) also complete1y solubi1ized semen coagulum

(Chapter ID and IV), is consistent with this finding. In addition, while in rodents

transglutaminases from the coagulating gland crosslink pr..:ein substrates from the seminal

vesic\e forming the so-<:alled copulatory plug (Williams-Ashman, 1984), no transglutaminase

activity bas been detected in human semen (LiIja and Laurel\, 1985). Moreover, extensive

cross1inking of protein substr:ltes would cause a significant decrease in the mobility of

coagulum proteins separated by SDS-PAGE, but no such observations were obtained on

coagulum proteins (Lilja and Laurel\, 1985; Chapter ID and chapter IV).

The mechanism by which non-covalent interactions between proteins trigger semen

coagulation remains more speculative. Fibronectin originates from seminal vesicle f1uid :'.Ile!,

1ike semenogelin and the semenogelin-re1ated-proteins, gets fragmented during semen

liquefaction (Li1ja et al., 1987). At ejacu1ation, prostatic components, such as zinc (see

section 6.5), may induce a polymerization reaction involving semenogelins and fibronectin by

triggering conformational changes in these proteins, thus inducing coagulation (Li1ja et al.,

1987). Another mode1 proposed that semen coagulation is induced by the formation of

complexes ofg1ycoproteins and metal ions mediated by a redox reaction (polak and Daunter,
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1989). However, as shown in the present study, SPMl precursorlsemenoge1in does not

appear to be glycosilated, thus making sueh a mechanism unlikely.

On the other band, the results ofsevera! studies clearly demonstrate that the phenomenon of

semen liquefaction is asseeiated with the proteolytie degradation of the major coagulum

proteins (LiIja, 1985; Boonsaeng, 1986; Lilja et al., 1987; McGee and Herr, 1987; Lee et al.,

1989; Chapters n and IIl). PSA appears to be the main enzyme involved in this process

(Lilja, 1985; Lilja et al., 1987; MeGee and Herr, 1988). However, the role ofPSA during

semen liquefaction bas been questioned, since the concentration of PSA as measured by

immunoassay was found to he the same in high1y viscous semen and in liquefied semen (Dubé

et al., 1989). However, according to the methodology used, this study dealt with semen

samples of high viscosity, rather than non-liquefied semen. Hyperviscous semen fonns

threads ofmore than 6 an when forced through the tip ofa Pasteur pipette, whereas normal

liquefied semen flows drop by drop. On the other hand, non-liquefied semen consists ofa

semi-solid ge1ly-like mass that is not uniform1y distn"buted in semen. A specifie case of

absence ofsemen liquefaction, where anomalies in PSA activity leve1s were like1y involved,

was presented in Chapter m. Whi1e little is known about ~e cause of semen hyperviscosity,

non-liquefied semen is associated with the presence of non-degraded form of SPMl

precursorlsemenoge1in (Chapter IIl). We have alse analyzed severa! hypet'\iscous semen

samples by SDS-PAGE, and found that SPMl prer,ursorlsemenogelin had properly been

degraded into low mass fonns (data not shown). This indieates that the phenomenon of
,

semen hypervisco~ty is not associated with incomplete processing of SPMl

precursorlsemenoge1in in semen by PSA.

While PSA appears to he the main SPMl precursorlsemenoge1in processing enzyme after
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ejaculation, additional proteases may also participate in the phenomenon (Chapter 1I).

Candidate enzymes for this role include the hGK-l gene product c10sely related to PSA

(paradis et al., 1989) and the recently characterized prosrasin, (Yu et al., 1994) both ofwhich

are prosratic trypsin-Iike proteases that correspond well with the prosratic proteolytic activity

inIn"bited by benzamidine (Chapter ll). Even though these enzymes could contribute to c1eave

the SPMl precursor/semenogeIin al alternative sites, their effect is likely to be marginal since

PSA cleaves purified SPMl precursor/semenogelin in a way that is almost identical to what

is observed in whole liquefied semen (Lilja, 1985; LiIja et al., 1987; Chapters IV and V).

6.4 Possible physiological roles for SPMI and the coagulation of

human semene

The phenomenon ofsemen coagulation occurs in most mammals but the mechanism varies

between species. A notable exception to semen coagulation is found in dogs and cats, which

interestingiy lack seminal vesicles, the main source ofcoagulating proteins in severa! species

(Mann and Lutwak-Mann, 1981). The physiological role ofsemen coagulum during the

human reproductive process bas not been addressed extensively. In sorne species, the

formation ofa vaginal plug is essential to prevent the outflow ofsemen from the fema\e's

vagina. It is believed to act as a reservoir and contribute to the gradual release of

spermatozoa in species where the female does not possess a long cervix and cervical mucus,

and where semen must he deposited directly into the uterus. In rodents, it is also thought to

prevent superfecundation by non-dominant males (Aümuller and Seitz, 1990).

Whether the phenomenon of semen coagulation in b!JIIlanS is simply a remnant of our
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evolution from other species is not clearly established. While the amine acid sequence of

SPMI precursorlsemenogelin does not show significant homology to other known proteins.

a segment ofsemenoge1in demonstrales limited, but significant. homology with the rat seminal

vesic\e secretory protein (SVS-ll). a known substrate ofthe transglutaminase that cross-links

proteins to form the vaginal plug (data not shown). ln addition. the signal peptides of

semenoge1in and semenoge1in-related proteins and the 3'-untrans\ated regions oftheir cDNA

are ve:y similar to that of the major seminal clotting protein ofguinea pig seminal vesicles.

GPl and rat SVS-ll protein (Lilja and Lundwall, 1992; Lundwall and Lazure., 1995).

Some interesting findings reported by Cohen (1990) may provide insights into a pOSSIble ill

vivo funetion for human semen coagulation and liquefaetion. and by extension. a role for

SPMI. T1ùs mode! proposes a "double-sperm-presentation" pattern relying on the observaticn

that following ejaculation. a few h:.mdred "uninvolved" or untrapped spermatozoa would

stimulate the cervical area and elicit a massive immune response in the female hosto During

that phase, spennatozoa trapped in the coagulum would get coated with immunoglobulins.

Leukocytosis might contnbute to some type of"sperm selection" and the bulk ofspennatozoa

might be e\iminated. Such reactions were shown to occur rapidly after copulation in rabbits

(Smallcombe and Tyler, 1980). The immobi\ization ofspermatozoa within the coagulum by

the high leve! ofSPMI activity after ejacu1ation could nicely fit into that model and active!y

contribute to the phenomenon. Once the immune reaction occurred and liquefaction is

completed, some "se1eeted" sperm could then go on to fertilize.

The semi-solid and adherent properties of the human semen coagulum may a1so contribute

to prevent a~ outflow ofspermatozoa from the fernale's reproductive tract. until they

are released progressively during liquefaction. In addition. the bulk ofseminal plasma is
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removed by passage ofspermatozoa through the "iscous cervical mucus. 1therefore propose

that sperrn immobilization by SPMI in the first few minutes post-ejaculation might have

beneficial effects by providing sufficient time for seminal factors. affecting sperrn function. to

interaet with sperrnatozoa before crossing the cervical mucus. Moreover. temporary

imrnobilization ofsperrnatozoa by SPMI and their physical protection by the coagulum may

also provide the nccessary time for seminal faetors to elicit irnrnunosuppressive reactions in

the female reproductive traet before the progressive release ofsperrnatozoa.

6.5 Potential interactions ofSPMI and PSA with seminal zinc.

The results of experiments presented in Chapter V have led to postu!ate that SPMI

precursorlsernenogelin may be a zinc binding protein. Zinc is an important ion in biological

systems. Although it is usually present only in very low concentrations in body fluids, zinc

is present in the prostate gland at the highest concentration ofany known organ (Lynch et al.,

1994), and is secreted in semen at high levels. However, its role in that fluid remains poorly

understc?d. In coagulated sernen, most of the seminal zinc is tightly associated with the

coagu\ated protein rnass (Frenette et al., 1989; Mandai and Bhattacharyya, 1990), and more

specifically with different polypeptides having identical electrophoretic mobility to SPMI

precursorlsernenogelin (Frenette et al., 1989). Furtherrnore, as liquefaction progresses, zinc

is associated with progressively lower rnass polypeptides « 25 kDa) of electrophoretic

rnobilities sirnilar to those ofthe SPMI precursorlsernenogelin degradation produets. These

experirnental resuIts thus support the hypothesis that SPMI rnay he a zinc binding protein.

The presence ofbound ions on SPMI prewrsorlsernenogeIin supports the hypothesis that this

protein is affected by this ion. In prostatic secretions, zinc is present at concentrations up to
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7 mM (Lynch et al., 1994) a level sufficient to inhibit most ofPSA aetivity (see Chapter V).

At ejaculation, SPMI precursorlsemenogelin might chelate most of free zinc, an event that

would induce a struetuJ'al change in the precursor molecule, thus facilitating the non-covalent

aggregation ofSPMI molecu1es and the formation ofinsoluble protein complexes. FolIowing

this important decrease in free zinc concentration, PSA activity would be restored, alIowing

graduai SPMI precursorlsemenogelin proteolysis to proceed. As the SPMI

precursorlsemenogelin would be hydrolyzed into smaller polypeptides during semen

liquefaction, zinc would he released into solution due to structural changes around the metal­

coordinating residues ofthe protein. FmaI1y, free zinc would inactivate PSA, thus preventing

further undesirable proteolysis ofimportant semen components or damage to spermatozoa.

While this simple model remains speculative in nature, it is in agreement with the results

obtained in the present study and proposes a new physiologica1 role for the high seminal zinc

levels.

6.6 Is the synthesis of SPMI precursorlsemenogelin :androgen

dependent?

The overwhelming abundance ofSPMI precursorlsemenogelin protein in the secretions ofthe

seminal vesicles, a gland whose secretory function is androgen dependent, argues in favor of

an androgen regulated synthesis of this protein. In a preliminary study, semenogelin

immunoreactivity was observed on the epithelium ofseminal vesicles specimens obtained from

post-pubertal subjects, but not on those ofa new born or a five year old child (Aümuller et

al., 1990). In addition. during the collection of seminal vesicle fluid for the present

159



•

•

experiments, we have observed that the seminal vesicle f1uid collected from !wo patients who

underwent radical prostatectomy, and had followed a preoperative treatment with anti­

androgens. showed a strong decrease in SPMI activity and immunoreaetivity (as observed on

Western blots) compared with that obtained from untreated patients (unpublished results).

Moreover, the reported semenogelin 1 gene sequence (Ulvsback et al., 1992) contains

nucleotide sequences that are closely related to a reported androgen-response element

consensus (Luke and Coffey, 1994), in both the promoter upstream sequence and in the tirst

intron ofthe semenogelin 1gene (unpub1ished resu\ts). Together, these observations strongly

suggeS! an androgen-dependent synthesis of SPMI precursorlsemenogelin in the human

seminal vesicles.

6.7 General considerations about SPMI precursorlsemenogelin

processing.

The type of protein processing uncovered in the present study is reminiseent of other

biochemical pathways making use ofprecursor molecules. The occurrence of precursor

molecules in cel1s and biological fluids is common. Many hormones and neurottansmitters

are synthesized as large inactive prohormone precursor molecules !hat are proteolytically

processed al very specific sites to form smaIler active peptides (Docherty and Steiner. 1982).

However. in contr3st to such systems where the precursor is an inactive pro-molecule, the

SPMI precursor is in filet more active !han its proteolytic fragments with respect to its sperm

immobilizing aetivity. A particularly interesting precursor molecule is the pro­

opiomelanocortin protein precursor !bat includes, in a single precursor molecule, multiple
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peptides that have different biological activities. Upon proteolytic processing, tbis precursor

re1eases active honnones and neurotransmitters such as the polypeptides melanocyte­

stimulating honnone, adrenocorticotropic honnone, enkephalins, ~-endorpbin and ~­

lipotropin. Similarly, SPMl precursorlsemenogelin may, upon hydrolysis, re1ease

polypeptides that have various biological activities. This hypothesis is supported by the fact

that PSA is a member ofthe ka11ikrein fami1y ofproteases, knovm for their growth factors and

vasoactive polypeptides processing activities (Clements, 1989). Possible candidate roles for

such bioactive peptides released by SPMl precursorlsemenogelin hydrolysis include the

inlubin-h"ke peptides isolated from seminal plasma that are derived from residues 45 to 136

ofsemenogelin (Li et al., 1985; Lilja et al., 1989). The fact that a component ofthe boar

SPMl was found to be bighly homologous to a protein shovm to be involved in spenn-egg

binding (Iwamoto et al., 1995) raises the pOSSlbility that a fragment derived from the human

SPMl precursor processing may also be involved in the interaction of human gametes. In

addition, extended forms ofthyrotropin-re1easing honnone (TRH)-Iike peptides have been

isolated from human seminal plasma (Khan and Smyth, 1993). These peptides correspond

to sequences occurring between residues 350-374 ofsemenogelin and are thus like1y derived

from it The N-terminal ofone ofthese peptides occurs at a position along the semenogelin

sequence that is consistent with c1eavageby PSA at a leucine residue. Obviously, assessment

ofthe physiologicai significance ofail these activities in seminal plasma will require further

investigation. However, these observations bighlight the pOSSloility that SPMl

precursorlsemenogelin may be an important precursor molecule that releases multiple

polypeptides with various functions.
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Conclusion

Overall, the results of the present study have considerably contributed to broaden the

knowledge on SPMl and shed light on the processing ofits precursor after ejaculation. SPMI

precursor appears to be ir.volved in the immobilization of spennatozoa observed in semen

shortly after e:jacu\atiOll, and in the progressive increase in sperm motility as it gets processed

by PSA. Abnormal processing of SPMl precursor may result in low sperm motility and

infertility. Moreover, the results aise demonstrate that PSA is the main protease involved in

the extensive processing ofSPMI precursorlsemenogelin occuning shortly after ejaculation.

PSA is highly specific and displays properties that differ from other known proteases. These

new findings on the molecu\ar processing ofSPMl precursorlsemenogelin should help to pave

the way for further functional studies on the role of SPMl precursorlsemenogelin and its

degradation peptides. Such investigations are necessary to identitY precisely the site ofaction

and the mechanism by which SPMI affects sperm motility. The fact that multiple and very

different activities can be associated with the same precursor molecu\e and its degradation

produets is ofsignificant biological interest. An atternpt to integrate these functions and to

uncover the nature ofthe interactions and mechanism ofaction ofthese polypeptides during

the reproductive process would constitute a logical follow-up to the present study. Since the

cDNA for semenogelin bas been c\oned, mutation and deletion studies followed by expression

of the protein in a suitable experimental model could he attempted to answer these

interrogations. Such studies will possibly enable better understanding ofthe modulation of

sperm function by seminal plasma components, and consequently lead to novel approacbcs

to the diagnosis and treatment ofinfertility.
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• Claim of original contribution

The following items constitute genuine novel contribution:

1) Identification ofan SPMI precursor form in seminal vesicle f1uid. and the ana\ysis ofits

processing in semen after ejaculation.

2) Association ofSPMI activity and antigens with the coagulated semen components and

demonstration oftheir detrimental eftècts on sperm motility. Association ofpoor sperm

motility with absence ofSPMI processing.

3) Development ofa purification procedure for SPMI precursor, the char::eterization ofits

properties and aetivity on spermatozoa

4) Charaeterization ofPSA aetivity on a physiologica\ substrate. Demonstration ofPSA­

mediated cleavage ofSPMI, charaeterization ofthis phenomenon and mapping ofthe

precursor molecule.
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