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Polyspermic fertilization is still a major issue in porcine IVF systems.

New information is available to characterize the zona pellucida (ZP) at

different developmental stages by scanning electron microscopy (SEM)

and by confocal microscopy to show the distribution of ZP glycoproteins.

SEM images indicated no differences between in vivo and in vitro matured

oocytes; however a change in the surface structure between immature

and matured oocytes, as well as between mature oocytes and

preimplantation embryos was obvious. In addition, spermatozoa were

more tightly fixed in the ZP of in vivo produced compared to the ZP of in

vitro produced embryos. The ZP undergoes biochemical changes during

maturation prior to fertilization. The acidity of the ZP increases during

maturation as indicated by a shift of 1.3 pl units for ZPB/ZPC and 0.8 pl

units for ZPA in 2D gel electrophoresis, which is based on increasing

sulfation of the oligosaccharides during maturation. Mass spectrometry

in combination with in-gel deglycosylation allowed the mapping of new

glycosylation sites. Functionality of the ZP also depends on its maturation

status. Induction of the acrosome reaction was delayed when capacitated

spermatozoa were exposed to immature oocytes.

Introduction

Fertilization is the most prominent event in life, when male and female gametes fuse together

to initiate the life of a new individual. In mammals, fertilization results from three major

events during sperm-oocyte interaction. In the first step, the sperm cell binds to the outer

glycoprotein layers of the oocyte. The sperm cell then penetrates the zona pellucida (ZP) and
finally it binds to and fuses with the oolemma, which underlies the ZP. This triggers the cortical

reaction, and subsequent zona hardening prevents polyspermic penetrations. Gamete recogni-

tion, binding and fusion are highly regulated processes that involve a number of biochemical

processes (Jansenet al., 2001). Although many molecules are known to participate in fertiliza-

tion, it is still difficult to attribute a particular molecule to a certain function.
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After the sperm cell has undergone a series of membrane changes, summarized as sperm
capacitation, it binds to the ZP. The primary interaction with the sperm cell is reversible.
Several sperm proteins, like galactosyltransferase (GalTase) (Shur et al., 1988; Gong et al,.
1995), sp56 (Blei and Wassarman 1990; Cheng et al., 1994; Bookbinder et al., 1995), zona
receptor kinase (Leyton et al., 1992; Burks et al., 1995) and spermadhesins (Sanz et al., 1992a;
Dostalova et al., 1995; Tapfer-Petersen and Calvete, 1995), are involved. The primary binding
induces the acrosome reaction. During this process the sperm plasma membrane and the outer
acrosome membrane fuse and acrosomal enzymes are released to assist in penetration of the ZP
(Yanagimachi, 1994). In parallel, secondary irreversible binding of zona glycoproteins and
different specific sperm proteins occur.

In recent years, much progress was made in in vitro production techniques to elucidate
structural, biochemical and functional steps of sperm-oocyte interaction. Although offspring
were produced from in vitro derived embryos, the mechanism of fertilization is only partly
understood. In the porcine, in vitro production failures are commonly due to polyspermic fer-
tilization, and chances for successful in vitro fertilization (IVF) are much higher in oocytes
matured in vivo compared to oocytes matured in vitro (Kouba et al., 2000). Oocytes have to
resume meiosis to reach the metaphase II stage, and in parallel, the cytoplasm as well as the
oocyte organelles must finalize their maturation process. As our understanding of in vitro inter-
action of spermatozoa and ZP is incomplete, it remains open whether or not the ZP also must
undergo maturation in order to become fully competent.

Zona pellucida

The ZP is a highly specialized, three-dimensional matrix with a thickness of 16 pm in pigs and
it contains 30-33ng of glycoproteins (Nakano and Yonezawa, 2001). The ZP mediates species-
specific recognition and regulates the interaction with potential fertilizing spermatozoa, which
must pass through the ZP before they fuse with the oolemma. Finally, the ZP protects the
oocyte and the pre-implantation embryo. Recognition between both gametes is essential for
fertilization, and in most species, distinct oligosaccharides of zona glycoproteins interact with
complementary carbohydrate-binding proteins of the sperm head (Sinowatz et al., 1997). Such
a basic mechanism is conserved throughout evolution (Topfer-Petersen, 1999). The ZP is com-
posed of three highly specific glycoproteins, which contain a high amount of glycans. A ZP
module of about 260 amino acids is shared by all ZP glycoproteins (Bork and Sander, 1992).
Additionally, a trefoil domain and a cysteine-rich, 45 amino acid stretch with a 22 amino acid
signature sequence, is located N-terminally to the ZP module in the ZPB glycoproteins family
(Bork, 1993). Because different types of processing of the polypeptide chain and post-transla-
tional modifications e.g. glycosylation and sulfation occur (Wassarman, 1990), proteins of
different molecular weight are produced in different species and a classification based on mo-
lecular weight is not useful. Therefore, glycoproteins are designated ZPA, ZPB and ZPC, ac-
cording to the coding genes (Harris et a/., 1994). In porcine ZP, ZPB and ZPC glycoprotein
oligomers assemble the ZP architecture, whereas ZPA glycoproteins participate in late fertili-
zation events. This was confirmed by recent investigations of the distribution of glycoproteins
in the ZP, employing specific fluorescence labelled antibodies against porcine ZPA, ZPB and
ZPC (E. Topfer-Petersen and D. Rath, unpublished). Fig. 1 presents different distributions of
glycoprotein families that vary among maturation stages in vitro.

The carbohydrate part of the ZP glycoproteins consists of neutral and highly sulphated/ sialylated
N1-and 0-glycans. In the porcine, N-linked glycans belong mainly to the complex bi-, tri- and
tetra-antennary type with an a1,6 fucosylated trimannosyl core. Both N-linked and 0-linked
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Fig. 1 Confot-al MI( 1051 ve image of ZPA (green) and /PC (red) glvcoproteins, Porcine

oocyte 4811d-ter onset ot in vitro maturation

chains are elongated by tandemly arranged N-acetyllactosamine repeats (Nakano and Yonesawa,

2001; Takasaki et al., 1999). ZPA k the largest ZP protein, \.3.hich contains six potential N-

glycosylation sites. The number of O-glycosylated sites ot ZPA still remains unknown. In our

latest experiments, we investigated the distribution of N-glycosylation sites and the oligosac-

charide pattern of the porcine ZPA glycoproteins of immature oocytes tvon Witzendorff et al.,

2004). In-gel deglycolation ot electrophoretically separated ZPA protein allowed the analysis

of the glycan structures by MALDI-ToF-mass spectroscopy . The major N-glycans were neutral

bi-antennary structures. Complex oligosacc harides carrying N-acetyllactosamine repeats were

minor components and were mostly sialylated. Cilycan mapping showed the o«-urrence of ci

pentamannosyl glycan in the ZPA protein that \VcIS alkent in the ZPB and ZPC proteins. By

combination of tryptic digestion of the endo-k-galactosidase-treated ZP glycoproteins mixture

and in-gel digestion of ZPA with lectin-affinity chromatography and reyerse-phase HPLC, rive

out of six N-glycosylation sites at Asn (Asparagine) 84/93, Asn 268, Asn 316„Asn 323 and Asn

530 were identified by mass spectroscopy. Only the glycosylated site at Asa 530 was located in

the ZP-domain.

Porcine ZPA (pZP2/pZP4) has cl conserved proteolytic clip between A and D.,.„ Following

tertilization, ZPA proteins are cleaved into the disubide-bridged N-terminal 23 kDa polypep-

tide tpZP4) and the 65-kDa polypeptide (pZP2), which are separated by reduction or the

disulfide into both protein units (Hasgawa et al., 1994). This mechanism was also shown in

human (Bauskin et al., 1999), bovine (Iwamoto et al., 1999) and frog oocytes (Lindsay and

Hedrick, 2004). In vivo, d protease released from the cortical granules seems to be responsible

for processing ot the ZPA glycoproteins (Zhang et al., 1991). Furthermore, in the bovine, oxida-

tion of cysteine residues to cysteines occurs during 'Fertilization Thus, protein processing and

formation of inter- and intramolecular disulfide bonds are essential for the global structural

alteration of the ZP matrix, resulting in sona hardening and prevention of polyspermic fertiliza-

tion. (Iwamoto et al., 1999).

The ZPB and/or ZPC glycoproteins are responsible for sperm attachment and binding, and are

involved in induction ot the acrosome reaction and subsequent penetration through the ZP

(Töpfer-Petersen, 1999). Most of the carbohydrate structures ot porcine ZPB and ZPC, have been



320 D. Ruth et dl

identified and N- and 0-glycosylation sites of the proteins were recognised (Tapter-Petersen
1999; Nakano et al., 1996; 2001). N-glycans are bi/tri/tetra antennary oligosaccharides and are

elongated with N-acetyl-lactosamine repeats (Hokke et al., 1994). About 75% of the glycans
are sialylated and/or carry S03-6GIcNAc in the lactosamine units, thereby contributing to the
acidity of the glycoproteins. The predicted N-glycosylation sites of ZPB (three) and ZPC (four)

are located in the ZP-domain. All three positions of ZPB at Asn203, Asn220 and Asn333 are
occupied, whereas in ZPC, only three of four predicted sites at Asn124, Asn146 and Asn271

carry glycan chains. (Kudo et al., 1998; Yonezawa et al., 1999). Three glycosylated threonine
residues at position 156, 161 and 162 (ZPB) and two 0-glycosylated sites at Ser293 and Thr303
(ZPC) have been identified (Yurewicz et al., 1991; Nakano and Yonezawa, 2001) 0-linked

chains are less heterogeneous than N-linked chains and have unbranched structures carrying up
to seven lactosamine repeats (Hokke et al., 1993) Comparison between bovine and murine

species indicated that the glycosylation sites are not strictly conserved in the orthologous pro-
teins (Amari 2001; Easton et al., 2000). Although the oligosaccharide chains of the ZP

glycoproteins have been implicated in the initial phase of Fertilization; e.g. sperm-egg recog-
nition and binding, the function of the carbohydrate structures has not been fully elucidated so
tar. Sacco et al. (1986) described the 0-glycans from ZPB as ligands tor corresponding sperm
receptors, whereas Nakano and Yonezawa (2001) mapped the biological function to the neutral

tri- and tetra-antennary N-glycans linked to Asn220 of ZPB. Thereby, the non-reducing terminal
Es-galactosyl residues of the N-glycan chains play a crucial role in sperm recognition and bind-
ing events (Yonezawa et al., 2005) Interestingly, not only the carbohydrate structure itself, but

also its position in the molecule and the three dimensional architecture of the ZP affect its
bind ing tunctiona ity (Dunbar et al., 1994).

The zona glycoproteins build a structure that varies greatly among ditterent oocytes of women

(Schwartz et al., 2003) and appear as a network with multiple pores and hollows, created by a
three-dimensional arrangement of filaments. The porous structure might be the result ot cyto-
plasmic filaments from granulosa cells of the surrounding corona radiata, which penetrate the
ZP and come in close contact with the oolemma during oogenesis. However, a more compact

and smooth surface was also observed. According to Sundstrom (1982), this type was found in
non-ovulatory, immature oocytes. Funahashi et al. (2000) showed that the outer surface ot the
ZP from in vivo matured oocytes had a mesh-like structure with numerous fenestrations and an

uneven surface with microtrabecular appearance. In contrast, the outer surface of in vitro ma-
tured oocytes was more compact and smoother, which might indicate insufficient maturation.

However, opinions about the surtace structure ot oocytes during the tinal stages of oogenesis
are highly contradictory. Calafell et al. (1992) assumed a correlation between the type of sur-
face morphology and the stage of maturity. Familiari et al. (1992) and Mona et al (1991)
described a net-like, porous surface mainly in mature oocytes, while immature and degener-
ated oocytes had a compact type with no pores. A porous structure was detected already at the

germinal vesicle stage by Topfer-Petersen (1999) and Sathananthan (1994), thus, these results
were riot confirmed. At this time, cytoplasmic filaments from the corona radiata penetrated the
ZP surface and tormed the net-like surface.

In a recent study, we investigated the fine structure of the porcine ZP during in vitro matu-
ration and after fertilization, employing scanning electron microscopy (SEM) (Rath et al., 2005;

H.W. Michelmann, P. Schwartz, D. Rath, E. Thpfer-Petersen unpublished). The morphology of
the ZP was determined for fertilized and unfertilized oocytes, as well as early embryos.

Oocytes were either immature or were matured in vivo or in vitro over a time period of 24 h
and 48 h, respectively. Pre-implantation embryos were either flushed from the female genital
tract after in vivo development or cultured in vitro after IVF.
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Four different categories were identified for the surface structures. Type I represented a
distinct net-like structure with numerous pores and hollows, which were arranged on the sur-

face like a mesh. The zona of type II had a rough surface, sometimes folded and riddled with
cracks and pores. The net-like structure had totally disappeared. A relatively smooth ZP exte-

rior, that was divided by a net-like structure, but without or with only few pores characterized
zona type Ill. In zona type IV, no pores or hollows nor any net-hke structure were identified.
They seemed to be fused to form an even or sometimes wavy surface.

Analysis of either immature, in vivo matured, or in vitro matured oocytes showed that all
oocytes exhibited extremely heterogeneous zona morphologies with no clear trend. Only
immature oocytes frequently showed the net-like, porous morphology of type I. Type IV sur-

faces with a compact and smooth appearance were rare. After maturation, in vivo and in vitro
oocytes had a more compact and non-craggy ZP of Type III and IV. The distribution pattern of
spermatozoa on the ZP was extremely variable, and sperm penetration into the ZP seemed not
to be an active process solely of the spermatozoa. The ZP, as well, was actively involved in this

process by overgrowing the sperm head with zona material. The effect of acrosin release on the
zona surface was sporadically visible (Fig. 2).

Fig. 2 SEM image of cl porcine zygote (arrows indicate presumable effects of acrosin on the

sperm surface)
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In cornparing the ZP morphology of in vivo and in vitro produced embryos trom zygote stage

to the hatched blastocyst stage, it became obvious that the zona surface changed during embry-

onic development from a porous structure to the more compact and smooth surface of zona type

IV, whereas the surface morphology of in vitro produced embryos from different developmen-

tal stages was more or less homogeneous. More than 70% of all embryonic stages revealed a

compact and smooth ZP with hardly any pores, cracks or net-like structures. Independent of

their origin, a complete change in surface structures was obvious between oocytes and em-

bryos. While a majority of oocytes showed type III and IV morphologies (no pores, compact),

zygotes and embryos up to the 4-cell stage had a more porous, net-like structure. Compact

structures me more often visible, in addition to all the other structural types at the blastocyst

stage (Fig. 3).

Fig. 3 Porcine blastocysts after in vivo (left image) and in vitro (right image) fertilization.

Sperm integration into the 7P is tighter after in vivo fortilizabon.

Another interesting aspect was the kind of sperm binding to the ZP. During the first days ot

embryogenesis in vivo, the number of trapped spermatozoa increased with ongoing embryo

development in spite of a zona block. Spermatozoa were deeply integrated into zona material;

only their tails were visible on the ZP surface. In contrast, in vitro produced embryos had no

increase in sperm numbers trapped in the ZP due to the principle of the IVF system, in which

the fertilization medium is washed from presumed zygotes after 18h. However, in contrast to

in vivo produced embryos, spermatozoa were very loosely attached and did not invade deeply

into the ZP.

We recently established a special spermatozoa/ZP binding test (Rath et al., 2005) and flow

cytometric assay (E. Töpfer-Petersen, unpublished) to demonstrate functional differences be-

tween immature and mature oocytes based on the ability to induce the acrosome reaction.

Ejaculated, precapacitated sperm were co-cultured with intact ZP or solubi ized ZP glycopro-

teins from immature and in vitro matured oocytes. The acrosome reaction was demonstrated by

fluorescein isothiocyanate (FITC)-conjugated Peanut agglutinin (RNA) staining (Cross and Meizel,

1989). A double stain of FITC-PNA and propidium iodide (PI) was used to evaluate the acrosome

reaction and sperm viability in parallel by the flow cytometric assay. Sol ubilised ZP glycopro-

teins exert an accelerating effect on the dynamics of membrane changes revealed by FITC-

PNA, thereby demonstrating the ongoing acrosome reaction. This effect occurred with ZP gly-

coproteins isolated from oocytes in both the GV and the Mil stages. However, the maximal

response was obtained with ZP proteins from the Mil-stage oocytes, which induced an acrosome



Structural, biochemical and functional aspects of sperrn-oocyte interactions in pigs 32 3

reaction at about twofold higher rates than the GV stage oocytes (Fig. 4). An effect in the same
order of magnitude occurred by using the sperm/ZP binding test in the laser scanning confocal
microscope. From these data, it can be concluded that the ZP undergoes maturation processes
that influence the interaction potentials of the oocytes with the sperm surface.

Fig. 4 Time dependence of zona pellucida-induced acrosome reaction (FITC-PNA, mea-
sured by flowcytometry). Increase in the percentage of the acrosome reacted sperm was
about two-fold higher when 48h-matured oocytes were used compared to immature oo-
cytes

In order to elucidate the mechanisms behind this, ZP of immature and mature oocytes were
analyzed by two-dimensional polyacrylamide gel electrophoresis (2D -PAGE). Interestingly,
after maturation, ZPA moved 0.8 pl units and ZPB/ZPC moved 1.3 pl units to the anode indicat-
ing increased acidity compared to the pl of immature ZPA. In order to amplify the amount of
proteins, glycoproteins were detected after 2 D-PAGE and transferred to polyvinyl idene difluoride
(PVDF) membranes with the lectin Anguilla anguilla agglutinin (AAA) that recognizes fucose
structures (Fuc-a (1-6)-GIcNAc) of all ZP N-glycans. An enhanced chemiluminescence detec-
tion system was used for visualization. In this case, the pl shift of ZPBRPC even reached 2 pl
units. These results show that the ZP undergoes biochemical changes in the final maturation
phase of the oocyte prior to fertilization.

Importantly, so far, there were no differences between GVI and Mil stages in the ol igosac-
charide pattern or degree of sialylation (data not shown) of the ZP. However, there is evidence
that increasing sulfation of the oligosaccharides during the maturation phase is mainly respon-
sible for acidification of porcine ZP glycoproteins. Concanavalin A agglutinin (Con A) binding
demonstrated the dominant existence of mannose in diantennary complexes and the occur-
rence of oligomannosyl chains in ZPA, but not in ZPBRPC. Use of the lectins, Sambucus nigra
agglutinin (SNA), Maackia amurensis agglutinin II (MAA II) and Amaranthus caudatus aggluti-
nin (ACA), revealed the presence of differently linked sialic acids that presumably produce the
shift in acidity. Now, the complete information on the carbohydrate structures and the
glycosylation pattern of the three porcine ZP glycoproteins and a sensitive MS-based technol-
ogy are available and may provide the basis to study the underlying mechanisms of maturation
dependent glycan alterations in the pig.
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Spermatozoa

The main task of spermatozoa is to transport the male DNA located in the sperm head into the
female oocyte. Before spermatozoa and oocytes can communicate, spermatozoa must undergo
capacitation. Capacitation involves several steps that gradually change the sperm membranes
during the transport through the female genital tract (Yanagimachi, 1994). It is characterized by
removal of epididymal and seminal plasma proteins (Oliphant 1976; Johnson and Hunter, 1972;
Reyes et al., 1975) as well as by a well-defined biochemical alteration of sperm surface pro-
teins. This leads to higher fluidity of the sperm membranes (O'Rand, 1979). Such alterations
induce membrane fusions and cause protein poor areas of high fluidity on the sperm surface.
Molecular events initiating capacitation have been partly elucidated and include removal of
cholesterol from the sperm plasma membrane, modifications in plasma membrane phospholip-
ids, and fluxes in Ca2+ and other ions that alter the sperm membrane potential. Furthermore,
tyrosine phosphorylation of proteins that are involved in induction of hyperactivation and
acrosome reaction, increase. The increase in tyrosine phosphorylation is dependent on the
presence of serum albumin, Ca2+ and HCO3 (Visconti et al., 1995). It was demonstrated in
mouse that glucose, but not lactate and pyruvate, is necessary to promote tyrosine phosphory-
lation. (Travis et al., 2001; Urner et al., 2001).

Zona pellucida binding proteins

Primary binding between capacitated spermatozoa and ZP involves many specialized mol-
ecules. The primary structures in some binding proteins have been elucidated, but, in most
cases, the binding domain has not been characterized and the contribution of primary and/or
secondary binding remains speculative. In the following paragraphs major characteristics of the
binding proteins are summarised:

131,4 Galactosyltransferase (GalTase) is an integral protein of the spermatozoa surface of
many mammals (Larson and Miller, 1997). It binds to specific terminal N-glucosamines of the
ZP and supports gamete binding as well as activation of G proteins in sperm membranes, which
assists phosphorylation to induce the acrosome reaction. Interestingly GalTase-knock-out mice
were still fertile, but less effective in sperm penetration (Shur, 1998). This indicates that pri-
mary binding and induction of acrosome reaction are mediated through several receptors.

Another integral sperm protein, as shown in mice, is p95. It cooperates with GalTase to
induce a signal cascade. Murine sp56 is a peripheral membrane protein that binds to 0-glycosidal
carbohydrate chains of ZPC and interacts with primary binding sites (Cheng et al., 1994). Spl 7
is a low molecular weight membrane protein belonging to, so-called, rabbit sperm antigens
(RSA)and it binds to the ZP by a sulphate recognition mechanism (0 'Rand et al., 1988; Abbdullah
et al, 1991). Sp 17 also seems to bind specifically to galactose (Richardson et al., 1994). Like
SP] 7, membrane binding protein (MBP) , belongs to C-type lectins (Drickramer, 1993).

PH 20 is necessary for secondary binding events (Yudin et al.; 1999) as was shown in guinea
pigs and primates (Primakoff et al„: 1997; Lin et al., 1993). It is expressed in testis and is located
on the posterior sperm head region and the inner acrosomal membrane (Tung et al., 1997). PH
20 has hyaluronidase activity and supports penetration of the sperm cell through the ZP. Its
functionality during secondary binding was inhibited by antibody (Hunnicutt et al., 1996). In
addition, arginine units contribute to sperm binding.

P47 is a protein bound to the peripheral sperm membrane with high homology in different
mammalian species (Ensslin et al., 1998; Topfer-Petersen, 1999). Its structure consists of two
epidermal growth factor (EGF) domains at the N-terminal end and two large C-terminal do-
mains, which are similar to blood clotting factors V and VII. A second EGF-like domain in-
cludes a RGD (Arg-Gly-Asp tripeptide) motif as seen in several integrin ligands (Eble and Kiihn,
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1997). The function of P47 still remains unclear; however, because they were in spermatozoa,
which were trapped in the ZP, and have affinity for glycoproteins, they may participate in
primary binding. After the acrosome reaction, p47 disappears, and therefore, does not contrib-
ute to secondary binding events. The homologous protein in the mouse, SED1, binds to the ZP
of unfertilised eggs. SED1 null mice are subfertile and their sperm were unable to bind to the
ZP in vitro (Ensslin and Shur, 2003). Proteins with the bimotif, EGF repeats and discoidin
domains, mediate a variety of cell-matrix interactions (Shur et al., 2004). P47/SED1 may, there-
fore, function in mammals as an intermediary between the sperm surface and the ZP.

Proacrosin is produced from pre-proacrosin. During acrosome reaction and when induced by
a pH increase, it transformed into B-Acrosin under the control of the ZP (Thpfer-Petersen and
Cechova, 1990). R-Acrosin promotes digestion of the ZP during sperm migration through this
matrix. In addition to proteolytic characteristics, proacrosin and acrosin have high polysulphate-
mediated affinity to the ZP, which is based on interactions between the positively charged
amino acids of proacrosin and acrosin and the sulphate groups of N- and 0-glycans containing
lactosamines (Jansen et al., 1995).

Zonadhesin is a transmembrane protein that mediates sperm-zona binding. It has been iso-
lated from porcine spermatozoa. Although species-specific differences are known, four do-
mains are similar. These are called MAM domain, mucin like domain, D-domain and EGF like
domain (Gao and Garbers, 1998). A precursor of zonadhesin is produced in the testis. During
sperm maturation in the porcine epididymis, it forms a dimer composed of 2 p45 and 1 p105
subunits. The dimer is connected by disulfide bridges (Lea et al., 2001). Zonadhesin partici-
pates in ZP binding and initial recognition.

Spermadhesins represent a novel group of lectins and belong to a superfamily of develop-
mentally regulated proteins, all of which share the, so-called, CUB domain within a modular
structure (Bork and Beckmann, 1993). The spermadhesins spanning 110 - 133 amino acids form
a subgroup comprising a single CUB domain. The overall structure of the domain consists of a
fi-sandwich build up by two sheets, each containing four anti-parallel and one parallel fi-strand.
(Romero et al., 1997; TOpfer-Petersen et al,. 1998). Spermadhesins have been identified in,
different species. The greatest diversity of this family was found in the pig (Thpfer-Petersen et
al., 1998) with five closely related genes. Two spermadhesin genes were present in cattle and
inactive copies were still detected in the human, chimpanzee and dog, while the correspond-
ing region was lost from rodent genomes (Haase et al., 2005). The spermadhesins, AWN, AQN-
1 and AQN-3, have been isolated from porcine spermatozoa. In addition, these proteins, the N-
terminally acetylated AWN isoform, the glycosylated isoforms of AWN and AQN-3, as well as
PSP-1and PSP-2were identified in seminal plasma, which comprise the bulk of seminal plasma
proteins (Solis et al., 1997; Calvete et al., 1993a, 1993b, 1994; Sanz et al. 1992,1993). In
equine spermatozoa, HSP-7, a homologue of AWN, was described by Reinert et al., (1996),
and in bovine spermatozoa, aSFP (acidic seminal fluid protein), newly termed SPADH1, and
Z13 (SPDH2) were characterized by Wempe et al.(1992) and Tedesch et al.(2000). Other major
sites of spermadhesin production are the seminal vesicle glands and prostate. Spermadhesins
are also expressed in the epididymis as shown by RT-PCR. However, only the mature protein,
AWN, was identified in the cauda epididymis by SDS-PAGE and Western blot (Ekhlasi-
Hundrieser et al., 2002). This explains why AWN is the only spermadhesin that is already
attached on epididymal spermatozoa, whereas the spermadhesins AQN-1 and AQN-3 are added
to the sperm surface during ejaculation. AWN, AQN-1 and AQN-3 represent the sperm-binding
spermadhesins, whereas the porcine spermadhesins (PSP)do not specifically interact with the
sperm surface (1-Opfer-Petersenet al., 1998). AWN is located on the acrosomal cap of porcine
spermatozoa, whereas equine spermatozoa carry it on the equatorial segment of the sperm
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head. (Topfer-Petersen et al., 1995). Interestingly, AWN is also expressed in the female genital
tract, namely, in the utero-tubal junction and oviductal ducts (Ekhlasi-Hundrieser et al., 2002).
Spermadhesins are multifunctional proteins and may participate in many biochemical pro-

cesses. Their ability to bind to phospholipids (AWN and AQN-3), serine-proteinase-inhibitors
and glycosaminoglycans (GAG) (Sanz et al., 1992b) may be responsible for their tight interac-
tion with the sperm surface and participation in capacitation as negative and positive regulating
factors (Thpfer-Petersen et al., 1998). The most striking feature of porcine spermadhesins is
their carbohydrate-binding ability. These sperm-binding proteins recognize non-reducing ter-
minal a- and g- galactose in 0- and N-glycans (AWN and AQN "s) (Topfer-Petersen et al., 1998)
and oligomannosyl chains (AQN-1) (Ekhlasi-Hundrieser et al., 2005). During sperm transport
through the female genital tract, spermadhesins (AQN-1) serve as receptors to bind spermato-
zoa to the epithelium lining the oviduct, which helps build up the sperm reservoir (Wagner et
al., 2002; Ekhlasi-Hundrieser et al., 2005). Later, spermadhesins may play an important role in
sperm-oocyte interaction in the oviduct. AWN was present in spermatozoa bound to the ZP in
vivo (Rodriguez-Martinez et al., 1998). Since it is located on the apical region of the sperm
head, it is assumed that AWN contributes to initiation of the first contact between gametes, and
may be part of the proposed multimeric receptor system (Shur, 1998).

Conclusion

Sperm-oocyte interaction is an important event leading to establishment of new life. Although
in vitro embryo production has been established in several species and many aspects of gamete
recognition and interaction have been elucidated on a structural, biochemical and functional
level, major aspects of the fertilization process remain speculative or unknown. However, the
basic tools to enable a better insight into gamete interaction have been established for the
porcine, asshown above, and will help to better understand fertilization. Occurrence of polyspermy
is critical, especially in porcine in vitro embryo production. With the understanding of sperm
selection during transport through the female genital tract and characterization of the fertilizing
sperm population, which are based on the information provided above, monospermic fertiliza-
tion will be established in the foreseeable future in the porcine too. In parallel, development of
indicators of maximal maturation of oocytes are required, since it is obvious that not only the
nucleus and the cytoplasm require adequate maturation to become fully competent, but the ZP
also undergoes a maturation process, which seems to be incomplete after employing the usual
in vitro maturation protocols.
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