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Fertilization is a decisive moment in life and enables the combination of
the DNA from two gametes to ultimately form a new organism. The sperm
surface, especially the head area, has distinguishable subdomains that are
involved in distinct fertilization processes. It is known that the sperm head
surface undergoes constant remodelling during epididymal maturation
and migration in the male and female genital tract. But intriguingly, the
identity, origin and spatial ordering of proteins at the sperm surface that are
involved in mammalian fertilization are essentially unknown. This review
deals with sperm surface protein modifications that are under somatic cell
control. As soon as the sperm is released from the seminiferous tubules it
is subjected to these madifications. These surface reorganisations continue
until the sperm reside in the fallopian tube where they meet the oocyte and
may fertilize it. Most likely, a selective process allows only functionally
mature and intact sperm to optimally interact and fertilize the oocyte.
Recent data suggest that even the perivitelline fluid is involved in sperm
surface remodelling as it contains factors which could facilitate the first
penetrating sperm to fertilize the oocyte. In this contribution, the kinetics
of proteins at the sperm surface will be overviewed. Better understanding
of this would help to design strategies to improve male fertility or to devise
novel contraceptives.

Introduction

Although it is still not clear how sperm fertilize the oocyte, the general consensus is that only
functionally mature sperm can fertilizes the cocyte and this is somehow accomplished at
the surface of the sperm head (Yanagimachi 1994). The sperm is a highly polarized cell with
a minimum of cytosol and organelles (Eddy & O’Brien 1994). The sperm head consists of
the nucleus that houses the male haploid genome which is highly condensed together with
protamines in the late haploid phase of spermatogenesis, and a large secretory granule called
the acrosome which is oriented over the anterior area of the sperm nucleus. At the distal part
of the sperm head the flagellum sprouts. In the mid-piece of this flagellum mitochondria are
spiralled around the microtubules of the flagellum. In the tail part, specific cytoskeletal elements
surround the microtubules of the flagellum. The surfaces of the sperm head, mid-piece and the
tail parts of the sperm are heterogeneous (Phelps et al. 1988, Gadella et al. 1995) and reflect
the polar distributed organelles that lie under the surface. In particular, the sperm head surface
is heterogeneous and at least three subdomains can be distinguished which have separate
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functions in the fertilization process. In general, the sperm has lost many somatic cell features
and doesn’t house an endoplasmic reticulum, Golgi, lysosomes or peroxisomes. Moreover, the
loss of ribosomes disables the sperm’s capability to express genes (both transcription as well
as translation processes are silenced {Boerke et al. 2007)). Furthermore, due to the removal
of almost the entire cytoplasm in the testis (Eddy & O’Brien 1994) and during epididymal
maturation {Dacheux et al. 2005) the sperm has a typical ordering of the remaining organelles
and cytoskeletal elements and probably this polar ordering is reflecting into the lateral domains
ordering of the sperm’s surface (Gadella et al. 2008).

Function of sperm membrane domains at fertilization

The subdomains of the sperm head area have diversified functions in the series of processes
that are involved in fertilization. The apical ridge area of the sperm head specifically recognizes
and binds to the zona pellucida (ZP, van Gestel et al. 2007); a larger area of the sperm head
surface (the pre-equatorial domain) is involved in the acrosome reaction which results in the
release of acrosome components required for ZP-penetration (Yanagimachi 1994, Filesch &
Gadella 2000}. The equatorial segment of the sperm head remains intact after the acrosome
reaction and is the specific area that recognizes and fuses with the oolemma (the cocyte’s
plasma membrane) in order to fertilize the oocyte (Vjugina & Evans 2008). Although the
plasrma membrane at the mid-piece and tail of sperm are also heterogeneous, the functions of
these surface specialisations are not yet understood (Kan & Pinto-da Silva 1987). It is possible
that they are involved in the organisation of optimal sperm motility characteristics. The sperm
surface protein organisation is rather complex and, especially in the sperm head, the surface is
subjected to constant dynamical changes evoked by the series of changing environments in the
male and female genital tract or during sperm handling as is overviewed in the next section.

Sperm surface kinetics

The domained surface of sperm is already apparent in testicular sperm (Eddy & O’Brien 1994),
however, the molecular dynamics, involved in the establishment of surface specialisation upon
spermatogenesis, is largely unknown. Generally, the polar organization of the extracellular
matrix components the cytoskeleton and the cell organelles of the sperm are involved in its
heterogeneous surface. In mature spermatids the amount of cytoso! is minimal and indeed
the observed surface domains mirror the organisation of the acrosome, the post-equatorial
nucleus the mitochandria and the fibrous sheath, respectively. Moreover, once liberated in the
lumen of the seminiferous tubule, the sperm will start its travel through the male and female
genital tract and will meet a sequence of different environments. During this voyage, surface
remodelling takes place most likely at any site within the two genital tracts. These constant
changes start with stabilization of sperm in the male genital tract and is probably accomplished
upon epididymal maturation (Gatti et af. 2004, Dacheux et al. 2005) and by re- and decoating
events induced by the accessory fluids combined at ejaculation {Gwathmey et al. 2006,
Girouard et al. 2008}. Beyond surface rearrangements epididymal maturation also results in
the removal of cytoplasmic droplets (the cytosolic remnant of the bridges between spermatids)
and the acquisition of sperm muotility. In the pig, the most important contributions to seminal
fluid originate froam the seminal vesicles and the bulbo-urethral gland (see Fig. 1). After their
deposition in the female genital tract, the reorganization process continues to ensure its further
journey in and prepare the sperm surface for its fertilization task. The removal of extracellular
glycoprotein coating (release of decapacitation factors) and further remodelling by (cervical)
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leading to fertilization. The compaosition of uterine fluid and its effects on the sperm surface or
sperm functioning has been completely neglected by most researchers. The only study on the
effects of porcine uterine fluids on sperm reports on lipid modifications in sperm membranes
{(Evans et al. 1987). Porcine sperm contain non-genomic progesterone receptors at the plasma
membrane {Jang & Li 2005} and most likely this hormone binding at the sperm surface is part
of the in vivo sperm capacitation process. Murine uterine fluids have been shown to contain
exosomes. Interestingly these particles called uterosomes contain the sperm adhesion molecule
SPAM-1 and other GPI-linked proteins that can be exchanged with cauda epididymal sperm
(Griffiths et al. 2008). It is possible that this exchange improves the sperm’s capacity to fertilize
the oocyte. However, this possibility is not yet established nor is the presence of uterosomes
in the pig species. When semen enters the uterus, it elicits immunclogical responses which
can be observed by a migration of leukocytes (predominantly polymorphonuclear neutrophils;
PMNSs) into the uterine fluid (Lovell & Ceitty 1960, Schuberth et al. 2008, Taylor et al. 2008). It
is not clear whether this infiltration will affect sperm that later enter the oviduct but leukocytes
clearly reduce the amount of sperm that will enter the oviduct by phagocytosis (Woelders &
Matthijs 2001). It is also uncertain whether phagocytosis is selective (for aberrant sperm) or
only unselectively depletes the amount of sperm that migrate further to the oviduct, which
is free of leukocytes and the site where sperm are capacitated in vivo in order to fertilize the
oocyte (Suarez 2008). In pigs the role of leukocyte infiltration on fertilization is questionable
as the vanguard cohort of sperm that occupy the oviduct have been shown to reside and bind
to the oviduct epithelia of the isthmic region within 30 minutes after insemination (Rodriguez-
Martinez et al. 2005} which is long before the invasion of PMNs into the uterus.

A number of reports have shown that fluids from the oviduct stimulate sperm capacitation
and induce hyperactivated sperm motility. One of the factors involved in this sperm activation
is bicarbonate, which is also commonly used for IVF treatments (Rodriguez-Martinez 2007).
Oviduct-specific glycoproteins (OSG) as well as osteopontin have been shown to support
fertilization in the cow and are secreted by the oviduct (Killian 2004). A sperm binding
glycoprotein from the oviductal fluid has recently been shown to induce porcine sperm
capacitation (Teijeiro et al. 2008). The lower part of the oviduct is considered to function as the
sperm activation site, making sperm capable to meet and fertilize the oocyte. In the isthmus,
small numbers of sperm are bound and become capacitated in vivo, there, sperm await to be
released at ovulation, to migrate to the upper part of the oviduct (the ampulla) and to fertilize
the passing oocyte(s) (for review see Suarez 2008). To this end, the oviduct epithelia and fluids
contain sperm binding factors as well as sperm releasing factors that are causing sperm adhesion
and release in the correct timing around ovulation (for binding and release characteristics in the
bovine oviduct see also Sostaric et al. 2008). Most likely, spermadhesins such as AQN-1 are
involved in the formation of the oviductal sperm reservoir as they are involved in sperm binding
to this specific epithelium {Ekhlasi-Hundrieser et al. 2005). Note that some spermadhesins
(DQH, Manaskova et al. 2007, AQN-3, AWN, P47, Gadella 2009) are added to the sperm phase
during epididymal sperm maturation, others (like PSP-1 /PSP-It subunits) are partialy added in
the testis (Garcia et al. 2009). Interestingly, recently oviduct-specific glycoproteins have been
shown to modulate sperm-ZP interaction and to control the polyspermic fertilization rates in
pigs (Hao et al. 2006, Coy et al. 2008). Polyspermy is a well recognised problem in pig IVF and
prevention of this unwanted phenomenon may be accomplished by additions of oviductal fluid
components to the IVF media. Oviduct epithelial annexins have been suggested to immobilize
bovine sperm (by binding bovine sperm proteins BSP; Ignotz et al. 2007). Annexin A2 has also
been proposed to be involved in sperm-oviduct binding in the sow (Teijero et al. 2009). In the
bovine species this interaction is reversed by oviductal fluid factors such as catalase (Lapointe &



32 P.S. Tsai and B.M. Cadella

Sirard 1998). Catalases that secreted from oviduct may protect sperm from peroxidation damage
as is demonstrated in the cow {Lapointe et al. 1998). The interplay of varying glycoproteins at
the surface of sperm and oviduct epithelia or oviductal fluid as well as the varying amounts
and composition of glycosidases probably orchestrate proper sperm activation just around
ovulation in the pig (Carrasco et al. 2008, Topfer-Petersen et al. 2008). However, the effect
of oviduct and uterine proteins on sperm-ZP binding as well as their putative association to
the sperm surface is not yet established. Of course it is possible that secreted products of the
female genital tract enhance sperm-ZP binding and that more protein candidates from the
female genital tract should be added to the surface of the ZP-interacting sperm. In this respect,
also the ZP itself, besides being a binding target, may add proteins to the sperm surface. The
cumulus cells and the ZP were impregnated with follicular fluid and remnants of this fluid
probably will remain attached to the cumulus oocyte complex. For instance, different growth
factors and extracellular matrix compenents have been involved in interactions of sperm to
the cumulus oocyte complex (for review see Einspanier et al. 1999). Sperm that interact with
these structures may respond to these fluid components like they do to extracted follicular
fluid (hyperactivated motility, Getpook & Wirotkarun 2007, Gil et al. 2007). It shouid also be
mentioned that the oviductal fluid has also been found to be supportive for early embryonic
development of the fertilized pig oocyte (Hao et al. 2008, Lloyd et al. 2009),

Finally, an interesting observation has recently been made showing that membrane
remodelling occurs after the acrosome reaction when sperm reach the perivitelline space but
before the fertilization fusion. Within the perivitelline space, membrane fragments containing
CD9 are added to the sperm surface {Barraud-Lange et al. 2007a,b). If correct, this would
demonstrate the “bestowment principle” that may exist in mammalian reproduction as the
oocyte facilitates the first incoming sperm in the perivitelline space to fertilize by transferring
functional tethering proteins to the surface of sperm cells. It remains to be established whether
such process also enables oviductal sperm to bind to the ZP. It may also be mentioned that
sperm proteins involved in oolemmal binding and the fertilization fusion are reported for mouse
and human sperm (Ellerman et al. 2006, Vjugina & Evans 2008) but data for boar sperm are
scarce.

Conclusions

The continuous sperm surface remodelling that occurs during sperm transit from the rete testis
towards the oviduct and possibly even within the peri-vitelline space and the physiological
role of this surface kinetics is, to a large extent, terra incognita. The identification of different
complex proteins systems within the male and female genital tract is promising; however, their
role and function in events associated with sperm-oocyte interactions are still difficult to test
{(Boerke et al. 2008).

Wild-type and genotypically knock-out mice have already been used to validate the function
of certain proteins proposed to play partin sperm ZP-binding, the acrosome reaction, oolemma
binding as well as oolemma-sperm fusion (for an overview see Vjugina & Evans 2008). Such
approaches delivered some valuable information on the potential impact of certain proteins
involved in mammalian fertilization. However, the molecular intervention of transcription
and translation in gametes is hampered by the fact that in sperm both processes are silenced
and in the oocyte almost all mRNA is stored for post-fertilization translation. Therefore, it
is possible to intervene with molecular processes involved in either gametogenesis or post-
fertilization development rather than the molecular processes required for gamete interaction
and fertilization. An example of this is a mutation in spermatogenic cells of the syntaxin2/
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epimorphin gene. The protein translated from this gene plays, according to our research, arole
in the acrosome reaction (Tsai et al. 2007) but the mutation causes a defect in the transition
from spermatocyte to spermatids. Thus, a phenotypic knock-out of syntaxin 2 cannot be used
to study the effect of this protein on fertilization simply because the knock-out phenotype fails
to produce sperm (Akiyama et al. 2008). Furthermore, in many cases homologous genetic
recombination applications have shown that knocking out the expression of phenotypic factors
that were previously believed to be essential for fertilization were found to be dispensable to
this process (Okabe & Cummins 2007). This could be partly explained by the fact that biological
systems contain redundancies and compensatory mechanisms and both processes are believed
to play a prominent role in the evolution of gamete interaction and thus in speciation {Turner
& Hoekstra 2008, Herlyn & Zischler 2008}. On the other hand, future outcome from genomic
approaches devoted to study the molecular mechanisms involved in mammalian fertilization
may also indicate that a substantial modification of classical fertilization models is required
{Okabe & Cummins 2007).

The production of knock-out pigs is very expensive and time consuming but it is possible to
isolate specific structures of the male or female genital tract from pigs. Gene specific silencing
of protein translation is possible with interference RNA technology. In this way the specific
role of proteins in fertilization and in sperm surface kinetics can be studied. The big problem
is that the treatment of explants and cells cause dedifferentiation and alter their interaction
with sperm (Sostaric et al. 2008).

Therefore, after leaving the testis, sperm are subjected to a series of events causing continuous
sperm surface remodelling, with specific sperm surface protein kinetics, relevant for its final
fertilization task. Difficulties in molecular intervention approaches as well as the difficulties
to study sperm surface remodelling in sitv are nowadays compensated by high throughput
proteomic technologies that allow identification of low abundant proteins. In combination with
oft-gel full LC-MS/MS platforms, sperm surface isolation and purification technologies, isobaric
tagging strategies for peptides (Ernoult et al. 2008, Zieske 2006) will enable us to cover the
full sperm surface proteome (Gadella 2009} in the near future, when the full pig genome and
its annotation will become accessible to the public (expected early 2010, Churcher, personal
communication).
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