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Abstract Complete elucidation of fertilization process at
molecular level is one of the unresolved challenges in sex-
ual reproduction studies, and understanding the molecular
mechanism is crucial in overcoming difficulties in infertil-
ity and unsuccessful in vitro fertilization. Sperm—oocyte
interaction is one of the most remarkable events in fertili-
zation process, and deficiency in protein—protein interac-
tions which mediate this interaction is a major cause of
unexplained infertility. Due to detection of how the various
defects of sperm—oocyte interaction can affect fertilization
failure, different experimental methods have been applied.
This review summarizes the current understanding of
sperm—egg interaction mechanism during fertilization and
also accumulates the different types of sperm-egg inter-
action abnormalities and their association with infertility.
Several detection approaches regarding sperm—egg protein
interactions and the associated defects are reviewed in this

paper.
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zp Zona pellucida
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ZPIAR ZP-induced AR
2D Two-dimension

TMEMI190 Transmembrane protein 190

SPESP1 Sperm equatorial segment protein 1

SPACA Sperm acrosome-associated proteins

SAMP Sperm acrosomal membrane-associated
protein

SLLP1 Sperm lysosomal-like protein 1

ADAMs Disintegrin and metalloproteinase domain

IgSF Immunoglobulin superfamily

Itg Integrin
Y2H Yeast two-hybrid

Introduction

Sperm—egg interaction is a unique cell-cell connection
process in sexual reproduction that involves two gam-
etes recognizing, binding, and eventually fusing with each
other (Wortzman et al. 2006). The potential intermediary
of molecular process in sperm—oocyte fusion and binding
has been studied over the past 20 years and is still poorly
understood (Kaji and Kudo 2004; Primakoff and Myles
2002; Stein et al. 2004). During this process, many molecu-
lar interactions in the form of protein—protein interactions
will mediate the sperm—egg binding process. The eluci-
dation of sperm—egg interaction at the molecular level is
crucial in solving problems in infertility and in vitro fer-
tilization (IVF) failure (Evans 2012). IVF is implemented
for couples with no sperm dysfunction and no female infer-
tility elements. Nevertheless, it is surprising that complete
fertilization failure is still a prevalent event in the process
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of IVF (Brewis et al. 2005). This suggests that the sperm
and egg dysfunctions are not certain even with common
analyzing, while their protein defects are as considerable
cause of fertilization failure (Stein et al. 2004). This phe-
nomenon is called unexplained infertility and remains an
unknown syndrome and researchers have limited informa-
tion regarding the clinical nature of the sperm and oocyte
dysfunctions (Brewis et al. 2005; Hamada et al. 2012).
Recent studies have represented that protein deficiencies
in membrane interaction such as zona binding or the zona-
induced AR (Acrosome Reaction) are significant causes of
reduced fertilization and total fertilization fail in assisted
reproductive technologies (Gadella 2008). They suggested
the major causes of fertilization failure in conventional IVF
of unexplained male infertile is due to abnormalities of pro-
tein—protein interaction in sperm—oocyte membrane inter-
action (Brewis et al. 2005; Hamada et al. 2012; Liu and
Baker 2000). Due to detection of the molecules that medi-
ate human membrane sperm—oocyte interaction, different
experimental methods have been applied (Evans 2012).
This review reflects on current understanding of sperm—egg
interaction mechanism during fertilization, with particular
focus on the effects of sperm and oocyte proteins on fer-
tility status. This review also discusses the applied experi-
mental techniques regarding identification of protein—pro-
tein interactions. Because of the difficulties in studying
membrane protein—protein interactions and the inadequacy
of materials, many efforts have failed to achieve compre-
hensive data about human sperm—egg interaction. Compu-
tational methods also can explain protein—protein interac-
tions at various levels as moving forward regarding study
on sperm—egg membrane interaction.

Fertilization

Fertilization is a distinctive cell-cell interaction occur-
rence encompassing two structurally dissimilar gam-
etes that recognize, bind, and eventually fuse with each
other (Sato 2014). The fertilization process has been
divided into five steps in order for the eventual entry of
the sperm nucleus into the ovum cytoplasm. During this
process, the fertilizing spermatozoon, after capacitation,
must initially interpenetrate the neighboring cumulus
layer of oocyte composed of follicular cells disseminated
in a polymerized matrix constituted primarily of hyalu-
ronic acid (Wortzman et al. 2006; Yu 2008). In order to
experience a specific gamete recognition process, acro-
some of spermatozoa makes contact with the oocyte in
most laboratory animals (Abou-haila and Tulsiani 2009).
This is facilitated by the sperm plasma membrane cover-
ing the acrosomal vesicle and complementary molecules
allied with the zona pellucida (ZP) of the oocyte. Later
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on, the spermatozoon goes through the acrosome reaction
(AR) after primary sperm-zona binding. The AR makes
multiple interactions between the overlying plasma mem-
brane and the outer membrane of acrosome, which dis-
closes the acrosomal substances of the spermatozoa and
its persistent inner acrosome membrane. During the acro-
some reaction, the contents of the acrosome are released
outwardly and the cell membrane of the spermatozoon
fuses with the outer membrane of the acrosome. When
the acrosome reaction has been completed, the spermato-
zoon is now covered at its upper end only by the former
inner membrane of the acrosome (Yanagimachi 2011).
Moreover, the fertilizing spermatozoa undertakes a more
determined secondary binding after induction of the AR
between the ZP and the inner acrosomal membrane; this
is followed by ZP penetration (Tokuhiro et al. 2012; Tul-
siani and Abou-Haila 2012).

However, only one sperm usually transpires into the
perivitelline space situated between the egg and the ZP,
and interacts with the oolemma (egg membrane) in a
sperm—egg binding function, which is immediately con-
tinued by sperm-egg fusion. After sperm entry into the
oocyte, different events happen, for instance, the quick
supply of a sperm factor (phospholipase zeta) in inducing
calcium oscillations and the role of the fertilizing sper-
matozoon (Tokmakov et al. 2014). The egg activation is
the resultant of these oscillations, which bring about the
ultimate development of the female pronucleus (Gadella
2008; Lee et al. 2010; Nomikos et al. 2012). Also, the
development of the male pronucleus and Sperm chroma-
tin decondensation takes place. The two pronuclei ulti-
mately fuse at syngamy from the different gametes; thus,
fertilization is believed to be completed at this point (van
der Heijden et al. 2008).

Deficiency in cell-cell adhesion event between sperm
and egg contributes to unsuccessful fertilization and
assisted reproductive technology (ART) failure (Swain
and Pool 2008).

Infertility

Infertility is a common medical problem having an
impact on 10-15% of couples around the globe. The
prevalence varies throughout developed and underdevel-
oped countries, being greater in the latter where inad-
equate resources are available for treatment and diagno-
sis (Hamada et al. 2011; Hotaling et al. 2011). Reports
indicate that there are 37-58% of infertile couples. These
cases remain infertile even past ART (Jungwirth et al.
2012; Rowe and Combhaire 2000).
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Fertilization Defects

In conventional IVF, the main cause of fertilization failure
of unexplained male infertility is because of abnormali-
ties of sperm—oocyte penetration and interaction (Liu and
Baker 2000). Even though most penetration defects and
sperm—oocyte binding defect are owing to apparent sperm
abnormalities, for instance teratozoospermia and astheno-
zoospermia, many patients have regular semen parameters
and elusive sperm weaknesses that influence sperm—oocyte
interaction. A routine semen analysis cannot show these
defects, but they are obvious with sperm—ZP interaction
examinations (Hamada et al. 2011).

Sperm-ZP Binding Defect

The existence of complementary binding receptors or sites
on the gamete surface are prerequired for sperm adhesion
to the ZP of oocyte; usually, these receptors are associ-
ated with a high rate of species specificity (Sinowatz et al.
2001). Human ZP (hZP) consists of four key glycoproteins
(hZP4, hZP3, hZP2, and hZP1) where the ZP3 of human
oocytes is supposed to be the main ZP receptor for capaci-
tated acrosome-intact sperm adhesion. Although the pre-
cise sperm receptors of humans for the hZP have not been
identified, numerous candidate proteins of sperm have been
reported to be capable of interacting with either intact or
solubilized ZP. On the other hand, it is not clear whether
the reported sperm receptors are the main ones for sperm
interaction with the ZP or not (Lefievre et al. 2004; Liu
et al. 2009; van Gestel et al. 2007). A signal transduction
cascade inside the spermatozoa is encouraged by the sperm
binding to ZP3, as shown in Fig. 1, comprising various
proteins and other aspects such as protein kinases A and C
pathways that results in the acrosome reaction (AR). ZP2
is supposed to be bound to spermatozoa, which enables the
progression into the perivitelline layer and the penetration
to the zona matrix (Baldi et al. 2000; Sun and Nagai 2003).

In about 25 and 15% of subfertile men with abnormal
and normal semen analysis, respectively, the defective
ZP-bound sperm are present. Thus, after undergoing IVF,
such individuals have a decreasing chance of attaining
effective fertilization (Liu et al. 2007). It has been stated
that with unexplained infertility, two out of 18 men indi-
cated a dearth of sperm binding to the ZP in spite of hav-
ing sperm parameters such as morphology or count like
fertile men. However, the defective signaling pathways
of protein kinases C and A could lead to the existence of
imperfect sperm binding to ZP in infertile individuals with
regular semen analysis. On the other hand, a lot of imper-
fect sperm—ZP adhesion of infertile men with normal
semen analysis and those with acute teratozoospermia are

Nucleus of sperm

Acrosomal vesicle

ZP3 receptor - O

Fig. 1 Acrosome-Zp interaction: A signal transduction cascade
inside the spermatozoa is encouraged by the sperm binding to ZP3,
comprising various proteins and other aspects such as protein kinases
A and C pathways that result in the acrosome reaction (AR)

expected to possess structural deficiencies, or lack of sperm
receptors for interaction with the ZP (Liu et al. 2009). CaP_
ZP3 protein is primarily detected in stage III oocytes, and
the protein accumulates as oocytes that develop into stage
IV oocytes and the transcription of the CaP_ZP3 protein
occurs prior to its translation in studied triploid fish and it
has been indicated that the transcription and translation of
the ZP3 gene in this special triploid fish are asynchronous
(Shi et al. 2013).

Acrosome Reaction Defect

Acrosome reaction (AR) is the interaction event of plasma
membrane with the outer acrosome membrane in sperm
that occurs by secreting of exocytotic proteolytic enzymes
(hyaluronidase and acrosine) in reaction to sperm—ZP adhe-
sion (Tulsiani and Abou-Haila 2001). In human sperm, the
natural stimulus for the AR is ZP3 that leads to the proteo-
lytic decomposition of the ZP and the principal binding of
the ZP with intact acrosome is started. There are two types
of defective AR that have clinical importance. The first is
a great amount of spontaneous AR (>20% of spermato-
zoa presenting spontaneous AR) that is due to the prema-
turity of AR and the second is the reduced responsiveness
to AR stimulants (when <15% of spermatozoa reacted to
AR stimulants) that is the reason of insufficiency of AR. In
conventional IVF treatment, both conditions are linked to
weak fertilization capability (Sigman et al. 2009a).
Moreover, some unexplained infertile men presenting
normal sperm—ZP adhesion possess imperfect ZP-induced
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AR (ZPIAR) that is associated with weak sperm—ZP pen-
etration and the failure of fertilization. A long period of
infertility, normal semen parameters, and normal sperm—ZP
adhesion have been demonstrated in patients with unex-
plained infertility but the patients show penetration failure
of sperm to ZP. Therefore, they show low or zero rates of
fertilization with conventional IVF (Liu and Baker 2003).
Although the precise mechanisms of deficient AR are uni-
dentified, imperfect ZPIAR is expected to be highly asso-
ciated with structural sperm head deficiencies, for instance
small or abnormal acrosomes, or disorders in the overlying
plasma membrane of subfertile men (Eddy 2006). Defec-
tive ZPIAR was found in 25% of subfertile men with nor-
mal semen parameters and the rate of this deficiency was
significant in subfertile men with idiopathic teratozoo-
spermia and oligozoospermia (Liu et al. 2007).

Sperm-mediated oocyte-activating factors (SOAF) com-
partmentalize as part of the postacrosomal sheath of sperm
perinuclear theca (PAS-PT) and trigger intracellular Ca2+-
release upon fusion of spermatozoa/oocyte membranes or
insemination of spermatozoa into oocyte (Anifandis et al.
2016; Sutovsky et al. 2003). Several factors have been con-
sidered as candidate for SOAFs including PLCC (a sperm-
specific phospholipase C), TR-KIT (a truncated form of
the KIT receptor), PAWP (postacrosomal sheath WW
domain-binding protein), and citrate synthase (Albertini
2015; Tavalaee and Nasr-Esfahani 2016; Yeste et al. 2016).
Failed fertilization post-ICSI is associated with the lack or
deficiency of SOAF(s) (Amdani et al. 2015). Absence of
SOAF(s) in globozoospermic individuals because of the
absence of acrosome and PAS-PT and during acrosome
biogenesis in these individuals may be considered as one
reason for failed fertilization in globozoospermic men
(Tavalaee and Nasr-Esfahani 2016).

Fusion Defect of the Acrosome-Reacted Sperm
with the Oocyte Plasma Membrane

The fusion capability of the acrosome-reacted human
sperm equatorial region with the oocyte vitelline mem-
brane is verified utilizing the sperm penetration assay
(SPA) (Sigman et al. 2009b). This test calculates the ability
of the spermatozoon to undergo AR, capacitation, fusion,
and penetration via oocyte plasma membrane. During this
test, a zona-free hamster oocyte was incubated with human
spermatozoa and the percent of egg’s penetration; normal
sperm capable of penetrating 10-30% of hamster oocyte
was measured. Modern refinement of this test was carried
out and showed the majority of oocyte to be penetrated if
the sperm was incubated in more potent capacitating man-
ner. It has been demonstrated that 34.1% of UMI group had
less than 10% egg penetration compared to 0% of fertile
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men group (Aitken et al. 1982). Also, in order to predict the
failure or success of IVF, the ability of the SPA has been
evaluated by numerous studies. Some investigators have
claimed 100% predictability, while others have revealed no
association with an abnormal test. In addition, a usual SPA
might have 70% predictability of IVF by taking an aver-
age from diverse studies. However, semen samples that are
unable to fertilize hamster oocyte typically fail to fertilize
human oocyte. Therefore, the SPA is regarded as a research
device, and it can be used for checking the medical level
of fertility potential of patients with UMI suffering from
negligible fertilization value of IVF (Hamada et al. 2011;
Hamada et al. 2012; Sigman et al. 2009b).

As demonstrated above, the defection or mutation of dif-
ferent molecules which play some role in sperm—egg inter-
action process is a major cause of unexplained infertility.

Sperm-Qocyte Interactions

One of the most remarkable processes in sexual reproduc-
tion is sperm—egg interaction. Over the past 20 years, the
molecular events associated with sperm—oocyte bind-
ing and fusion have been the focus of various and numer-
ous researches, with various sperm proteins associated
as prospective intermediaries (Kaji and Kudo 2004; Pri-
makoff and Myles 2002; Stein et al. 2004). Jan Frayne’s
attempt and other previous studies have introduced the
sperm—oocyte relations and defined both binding and
fusion events (Frayne and Hall 1999). The molecular inter-
actions that mediate sperm—oocyte membrane adhesion
are still poorly described. However, up till now, no certain
candidate proteins have been described and only a small
number of sperm proteins have been suggested to have a
fusogenic role (Brewis et al. 2005). Figure 2 presents the
molecules proposed to participate in sperm—egg membrane
interactions.

Experimental Methodologies to Identify Protein
Candidates in Sperm—Oocyte Interaction

In order to study the mammalian molecular candidate for
sperm—egg interaction, the original and unbiased method
was the utilizing of antigamete monoclonal antibody tech-
niques (typically against sperm) that were implemented in
IVF test for assessment of their stopping action and also to
inspect antigen localization. Some sperm proteins includ-
ing ADAMI1, ADAM?2, and IZUMOI1 have been detected
applying this technique (Evans 2012). A more recent and
relevant technique has been applied to determine the sperm
proteome such as proteins in definite subcellular seg-
ments, glycosylated proteins, or proteins that separate into
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Fig. 2 Proteins participated in sperm—egg membrane interaction:
GPI-anchored protein as known Juno is identified as a receptor for
IZUMOI on mouse eggs. ADAMs in sperm membrane interact with
integrins in egg via their integrin ligand-like disintegrin domain. Sev-
eral tetraspanins are probably involved in the regulation of membrane
through associating with and/or assisting the function of other mem-
brane proteins including different integrins and other interaction mol-
ecules. Spespl ™'~ sperms have represented the reduced capability for
sperm—oocyte fusion. Other sperm and egg proteins not pictured here
are summarized in Tables 1 and 2

a Triton X-114 detergent phase (Hao et al. 2002; Wolko-
wicz et al. 2003). The proteomic methods such as 2D
electrophoresis followed by mass spectrometry have iden-
tified some sperm proteins including transmembrane pro-
tein 190 (TMEM190), sperm equatorial segment protein 1
(SPESP1), and four sperm acrosome-associated (SPACA)
proteins: SPACA1 [sperm acrosomal membrane-associated
32 (SAMP32)], SPACA4 (sperm acrosomal membrane-
associated 14 (SAMP14)), and SPACA3 (sperm lysosomal-
like protein 1 (SLLP1)) and SPACA6 (Sperm acrosome
membrane-associated protein 6) (Evans 2012). It has been
proposed that SPACAG6 together with IZUMO1 my mediate
sperm fusion by binding an as yet unknown egg membrane
receptor (Lorenzetti et al. 2014).

A grouping of candidate methods and unbiased
approaches such as advanced proteomic technique linked to
the mass spectrometric methods have been also useful for
oocyte proteomics. Applying these methods, some oocyte
proteins have been identified that mediate sperm—egg inter-
action, for example, integrins on eggs come to mind with
the detection of an integrin ligand-like domain in a sperm
protein of mammalian (Blobel et al. 1992). A significant
assessment is by evaluating the impacts of genetic mutation
or deletion on reproductive function. A knockout mouse
with a failure to generate any offset reveals a crucial task
for molecular level of reproductive process for the candi-
date molecule. In contrast, if a knockout mouse is fertile
and produces an offspring, the molecule in question is not

so critical or may have been provided with a supplementary
molecule that acts in multiple pathways.

Another kind of significant phenotype that has long been
studied is synthetic lethality, which occurs if a mutation in
a single gene has poor to no efficacy on livability but join-
ing with a mutation in other gene(s) may result in a lethal
phenotype. On the other hand, a defect in a single gene may
have little efficacy on fertilization, while the integration of
the defect with other genetic imperfection eventuates in
total infertility. For example, Cd81~'~ females have a slight
loss of fertilization, knockout female mice with Cd9™~ are
barely subfertile, whereas Cd9~'~/1Cd81~'females are com-
pletely infertile (Rubinstein et al. 2006). Mice ovule has
more oocytes per cycle than the ovulation in human
females; therefore, a genetic imperfection accounts for
only a moderate fertilization deficiency in mice. In order to
make developments related to reproduction, especially in
humans in spite of the experimental challenges in analysis
and identification, the evaluation of fertility status is very
important, both in vivo subfertility and those that revealed
infertility via in vitro approaches (Ola et al. 2001; Tournaye
et al. 2002).

Candidate Sperm Proteins in Sperm—-Oocyte
Interaction

To date, some proteins in sperm have been identified that
mediate sperm—egg binding and fusion, using described
techniques.

IZUMO1

IZUMOL is one of the sperm proteins and is a member of
the immunoglobulin superfamily (IgSF) of proteins. This
protein was recognized using antisperm monoclonal anti-
bodies by liquid chromatography tandem-mass spectrom-
etry (Anifandis et al. 2014). Mouse IZUMOL is a 56-kDa
protein which contains one immunoglobulin-like domain
including an N-glycosylation site that seems to be testis-
specific. Sperm—egg adhesion with knockout ZP eggs
was prevented by monoclonal antibody OBF13, against
IZUMOI, and similarly, the antibodies to the recognized
human IZUMOL inhibit the fusion of human sperm to ZP
knockout hamster eggs (Inoue et al. 2005).

However, the possible relationship between human
infertility and IZUMO]1 abnormality has been considered
in the previous research and the most significant knowl-
edge about this relationship has been provided by the
knockout mouse. In fact, Izumol™~ females act healthy
and possess normal fertility. Conversely, in spite of the fact
that Izumol™'~ males have normal ejaculation and mating
behavior and have regular sperm migration and motility
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into the oviduct, these males are infertile (Granados-Gon-
zalez et al. 2008; Hayasaka et al. 2007; Inoue et al. 2005).

Izumol-null sperm was able to enter the ZP and then
penetrates to the perivitelline layer in IVF assays but the
fertilization failed. Therefore, Izumo™'~ sperm has been
found with deficient interaction through the egg plasma
membrane. Despite the exact function of IZUMOI1 is
poorly understood and it is not definite that [ZUMOI act
as an adhesion molecule, as a fusogen, and/or as a fusogen
regulator, the evidence shows that IZUMOL is critical for
sperm—oocyte fusion. [ZUMO1 with the immunoglobulin-
like domain probably interacts with other proteins (Briim-
mendorf and Lemmon 2001). Structure function analysis of
[ZUMOL is still demanding, as the most interesting assess-
ment on knockout sperm with the Izumol™~ background.
Thus far, researchers have revealed that Izumo-null males
represented significantly decreased value of sperm—egg
fusion in IVF (Inoue et al. 2008).

ADAMs

The ADAM (contain disintegrin and metalloproteinase
domain) family was an interesting protein family in repro-
ductive study, where fertilization was blocked using anti-
body against several members. ADAM?2 (fertilin p) is one
of the members that act in fertilization process is sperm.
Overall, ADAMs in sperm make interaction with numer-
ous members of the integrin family. Many of the integrin
members are expressed in the egg and may be involved in
sperm—oocyte interaction. The assessment of the relation-
ship between ADAMs in sperm and the integrin pairs in
the egg have showed that the integrin a9f1 in the egg spe-
cifically interact with ADAM?2 as its binding partner (Desi-
derio et al. 2010; Eto et al. 2002; Tomczuk et al. 2003).
Despite previous research on the role of ADAMs family in
sperm—oocyte interaction, the function of several members
of ADAMs in mammalian fertilization is still poorly deter-
mined. In order to study the function of several ADAMs,
multiple Adam-null mice have been produced (Kim et al.
2006; Nishimura et al. 2004). In several of these Adam
knockouts, the sperm showed abnormalities in its surface
proteins with lack of various ADAMs and reduced penetra-
tion to the zona matrix and/or decreased binding and fusion
to plasma membrane of the egg. Investigation of gamete
membrane interactions showed that the Adam2~'~ knock-
out relates to functional defects of sperm, while other Adam
knockouts possess low or no obvious effect on male fertili-
zation (Desiderio et al. 2010; Horiuchi et al. 2003).

Other Sperm Proteins

Biochemical fractions and structures of numerous sperm
proteins have been revealed in their functions in membrane
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interaction of the gametes. SPESP1 (Sperm equatorial seg-
ment protein 1) is one of the sperm proteins whose function
in sperm—egg interaction has been studied with generation
of a knockout mouse. Spespl ™'~ sperms have represented
the reduced capability for sperm—oocyte fusion and also
showed delayed migration via the reproductive tract of
female in comparison with sperm of wild-type controls.
Generally, the fertility level of Spespl~'~ males was slightly
lower than the wild-type controls (Fujihara et al. 2010).
Spespl deletion also affects biochemical and localiza-
tion features of the protein that are probably involved in
sperm—egg membrane interaction such as [ZUMOI, equa-
torin, and another sperm proteins. Furthermore, the dele-
tion of Spespl affects membrane morphology of sperm;
in these sperms, evaluation by electron microscopy shows
damage of the equatorial segment membrane. The con-
siderations of other sperm proteins which are involved in
sperm—oocyte interaction, comprising SPACA1, SPACA3,
SPACAA4, equatorin, CRISP1 and TMEM190, and numer-
ous enzyme activities and adhesion molecules are summa-
rized in Table 1 (Evans 2012).

Candidate Oocyte Proteins in Sperm—Qocyte
Interaction

To date, some oocyte proteins have been identified that
mediate sperm—egg binding and fusion, using described
techniques.

Integrins

The principle role of integrins in the oocyte in
sperm—oocyte interaction event has been revealed by inte-
grin ligand-like domain in ADAM?2 which is an antigen of
a function-blocking antisperm antibody (Liu et al. 2010).
Knockout mouse in several integrins’ backgrounds have
been studied to consider the significance of integrins in fer-
tilization. Mouse eggs express 8 of 18 integrin « subunits
and 3 of 8 integrin P subunits (Irghl, Itgh3, Itgb5, Itgal,
Itga2, Itga3, Itgas, Itga6, Itga8, Itga9, and Itgav) in mouse
eggs and therefore at least ten different o-f integrins inte-
gration according to identified heterodimer pairs can be
expressed (Desiderio et al. 2010). Several of the integrin
heterodimer pairs, especially ITGA9-ITGB1 (x9f1), inter-
act with several ADAMs (Edwards et al., 2008).

The certain deletion of egg-expressed integrins (Itgal,
Itga2, Itgh3, Itgb5) has shown no infertility status, while
the other seven in this list are lethal for embryos or neo-
nates. For example, the Irga9-defect oocytes have the clear-
est imperfection. Although oocytes defects in Itgbl, Itga3
or Itga6, can be fertilized in vitro, ItgbI-null eggs display
delay in time-lapse video analysis and also in modified
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Table 1 Participating sperm proteins in sperm—oocyte membrane interactions

Protein

Properties and result of defective proteins

1ZUMO1

ADAMs

CRISP1

SPACAI (SAMP32)
SPACA3 (S LLP1)
SPACA4 (SAMP 14)

Equatorin
TMEM190
E-cadherin (CDH1)

N-cadherin (CDH2)

avp3 or a6p1 integrin

Sperm-specific (at protein level). Detectable on sperm surface (Nomikos et al. 2012). Izumo-null males
represented significantly decreased value of sperm—egg fusion in IVF (Liu et al. 2009)

Membrane proteins. These proteins have been represented to mediate sperm—egg adhesion by interact-
ing their disintegrin-like domain with an integrin on the egg plasma membrane (Liu and Baker 2003).
Lack of various ADAMS reduced penetration to the zona matrix and/or decreased binding and fusion
to plasma membrane of the egg (Liu et al. 2010)

Epididymal protein. Knockouts sire litters of normal sizes in normal time frames in conventional mating
trials; null sperm have moderate deficiencies in sperm—oocyte interaction in vitro assays (Ola et al.
2001)

Inner acrosomal membrane protein. Antibodies reduce binding and fusion of human sperm to ZP-free
hamster eggs (Inoue et al. 2008)

Acrosomal matrix protein. Antibodies and recombinant protein reduce sperm—egg binding and fusion
(Amdani et al. 2015)

Inner acrosomal membrane protein. Antibodies reduce binding and fusion of human sperm to ZP-free
hamster oocytes (Perkins et al. 2010)

Novel protein localized in the equatorial segment (Primakoff and Myles 2002)

Identified in a fraction of surface and vesicle proteins (Rowe and Comhaire 2000)

Identified on human sperm. Antibodies reduce the adhesion of human sperm to ZP-free hamster oocytes
(Rubinstein et al. 2006)

Identified on human sperm. Antibodies reduce the adhesion of human sperm to ZP-free hamster oocytes
(Sachs et al. 2006)

Characterized in mouse sperm; antibody-based inhibition (Sato 2014)

Enzyme activities

Zinc metalloprotease activity

Inhibitors and zinc chelators reduce sperm—oocyte fusion (Shi et al. 2013)

Protein disulfide isomerases (PDIs)  Identified in a fraction of surface and vesicle proteins (Sigman et al. 2009a); inhibitors reduce sperm—
oocyte fusion (Sigman et al. 2009b; Singson et al. 2008)

assays, subtle defects have been detected with Izga3- and
Itga6-imperfection oocytes. Amount of fertilized eggs
and sperm—-egg binding and fusion have been decreased
with ITGA9 knockdown egg in comparison with controls.
ITGA9-null eggs did not show a complete failure of fertili-
zation, possibly due to only partial ITGA9 decrease on the
surface of oocyte, and it is possible that other egg surface
molecules have a likely role in gamete membrane interac-
tion (Evans 2012).

Tetraspanins

CD9 is a member of the tetraspanin family and Cd9-null
mouse showed the significance of this protein in fertiliza-
tion. Cd9~~ females are severely subfertile and create a
few offspring and in some cases, no offsets. Cd9~'~ females
may be fertile but have a severe delay in pregnancy (Le
Naour et al. 2000; Rubinstein et al. 2006). In IVF, very few
Cd9 knockout eggs are able to be fertile. CD9 is extensively
expressed in the body and the Cd9-null mouse survives and
is healthy but they have a serious fertility defect. Therefore,
it has been identified that CD9 has a critical function only
in the oocyte. More than 30 tetraspanins are expressed in
mammalians and CD9 is one of the multiple tetraspanins in

mouse oocytes. Cd9 deletion results a serious decrease in
fertility and the remaining tetraspanins on the oocyte can-
not retaliate for the lack of CD9. The precise function(s)
of CD9 in sperm—oocyte interaction is not identified, even
though the significance of CD9 in mouse sperm—oocyte
interaction is evidently proven (Miyado et al. 2000; Rubin-
stein et al. 2006).

CD8l1 is an associated tetraspanin that is 45% similar to
CD9. The Cd81-null mouse also indicates deficiencies in
sperm—egg interaction and female fertility with in vitro—fer-
tilized and in vivo—fertilized eggs (Rubinstein et al. 2006).
Cd9™=/Cd817~ female mice are entirely infertile; there-
fore, the combination of these two gene disruptions results
in severe infertility. In spite of information from antibody
inhibition researches, the role of tetraspanin participation in
human fertilization has been poorly recognized. However,
there is no effect of two diverse anti-CD9 antibodies on the
fusion of human ZP-free eggs with human sperm, while
using antibodies to CD9 have inhibitory impacts on sperm
fusion and binding with pig or mouse ZP-free oocytes.
A number of tetraspanins, such as CD81 and CD9, have
seemingly indirect roles in membrane fusion procedures
but are still poorly described (Fanaei et al. 2011; Ziyyat
et al. 2006).
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CD151 is another membrane of tetraspanin and treating
human eggs with an antibody against CD151 showed par-
tial inhibition in human sperm-egg fusion. Reproductive
deficiencies have not been demonstrated in Cd15] knock-
out mice or in humans with mutated forms of CDI151, but
this result may be because of no wide assessment in repro-
ductive function features. The preliminarily data increase
the probability that sperm—oocyte adhesion in diverse
mammalian species might depend on several members
of the tetraspanin family (Sachs et al. 2006; Takeda et al.
2007; Ziyyat et al. 2000).

Several tetraspanins are probably involved in the regula-
tion of membrane through associating with and/or assisting
the function of other membrane proteins including different
integrins and other interaction molecules, IgSF members,
ectoenzymes, and several intracellular signaling molecules
(Kovalenko et al. 2007; Le Naour et al. 2006). For example,
IgSF8 coimmunoprecipitates with CD9 in oocyte lysates
and is absent from the surfaces of Cd9 knockout oocytes.
An anti-IgSF8 antibody shows a slight inhibitory impact on
sperm—oocyte adhesion, although Igsf8-null mice have not
been investigated (Glazar and Evans 2009).

Glycosyl Phosphatidylinositol-Anchored Proteins

The eggs were treated with phosphatidylinositol-specific
phospholipase C (PI-PLC), which splits GPI-anchored pro-
teins, and the result showed affectedly decreased values
of sperm—-egg binding and fusion (Coonrod et al. 1999).

Succeeding researches utilized genetic ways to produce
oocytes missing GPI-anchored proteins via an oocyte-spe-
cific knockout of the phosphatidylinositol glycan anchor
biosynthesis, class A (PIG-A); PIG-A is a subunit of an
N-acetylglucosaminyl transferase that takes part in the ini-
tial stages of GPI synthesis. In mating trials, these PIG-A-
null females showed severely decreased sperm fusion and
produced no pups. Two-dimensional (2D) gel electropho-
resis of proteins that were isolated from PI-PLC-treated
eggs has so far revealed that one identified GPI-anchored
protein, CDS55, is reduced on Piga-defective oocytes
(Alfieri et al. 2003; Tiede et al. 2000). Moreover, a GPI-
anchored protein as known Juno is identified as a receptor
for IZUMOI1 on mouse eggs and Juno-null eggs do not fuse
with normal sperm. Quick lack of Juno from the egg mem-
brane after fertilization provides a possible mechanism for
the membrane block to polyspermy in mammalian eggs
(Bianchi et al. 2014). A summary of egg proteins involved
in sperm—oocyte interaction is represented in Table 2.

In summary, the molecular mechanisms regarding
sperm—egg membrane fusion and binding are still poorly
understood. In order to categorize the relevant proteins
and to support many of the unanswered queries concern-
ing the essential and fascinating human sperm—egg interac-
tion process, a substantial research is required. In addition,
the focus of most of the presented studies was on utilizing
animal models to further understand the related molecu-
lar mechanisms, but in order to understand human infer-
tility and fertilization mechanisms, the emphasis must be
on the human model. The study on human model in this

Table 2 Participating egg proteins in sperm—oocyte membrane interactions

Protein Family Proteins  fertility status in result of defective proteins
Integrins ITGBI lethal for embryos or neonates, delay and decreased in sperm—egg binding (Tulsiani and Abou-Haila 2001,
2012)
ITGB3 No infertility status (van der Heijden et al. 2008; van Gestel 2007)
ITGBS No infertility status (van der Heijden et al. 2008; van Gestel 2007)
ITGAI No infertility status (van der Heijden et al. 2008; van Gestel 2007)
ITGA2 No infertility status (van der Heijden et al. 2008; van Gestel 2007)
ITGA3 lethal for embryos or neonates; slight delay in sperm—oocyte binding (Tulsiani and Abou-Haila 2001, 2012)
ITGAS lethal for embryos or neonates (van der Heijden et al. 2008; van Gestel 2007)
ITGA6 lethal for embryos or neonates; slight delay in sperm—oocyte binding (Tulsiani and Abou-Haila 2001, 2012)
ITGAS lethal for embryos or neonates (van der Heijden et al. 2008; van Gestel 2007)
ITGA9 lethal for embryos or neonates, decreased in sperm—egg binding (Tulsiani and Abou-Haila 2001; van der
Heijden et al. 2008; van Gestel 2007)
ITGAV lethal for embryos or neonates (van der Heijden et al. 2008; van Gestel 2007)
Tetraspanins CD9 Severe infertility defects and decreased sperm—oocyte fusion (Kaji and Kudo 2004; Stein et al. 2004)
CDS81 Deficiency in sperm—egg interaction (Kaji and Kudo 2004)
CD 151  Partly inhibition in human sperm-oocyte fusion (Takeda et al. 2007; Von Mering et al. 2002)
IGSF IgSF8 Associated with CD9; slight inhibitory function on sperm—egg binding (Tokmakov et al. 2014)
GPI-anchored proteins  CD55 Severe defects in sperm—egg fusion (Tournaye et al. 2002)
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conception might be a predominantly difficult job because
of the ethical issues and also because of modicum of human
oocytes or embryos. Semen parameter analysis is the most
generally used test to diagnose male-factor infertility as a
cause of infertility. Common IVF assay is now utilized for
men with normal or nearly normal semen parameters (mod-
erate male-factor infertility). It is surprising that complete
fertilization failure is still a quite common occurrence at
IVF with the overall exclusion of men with sperm dysfunc-
tion (Ola et al. 2001; Tournaye et al. 2002). This highlights
the fact that common semen analysis, a diagnosis test to
determine a main reason of failure of fertilization, can-
not display sperm dysfunction; this condition is defined as
‘hidden’ male-factor infertility or unexplained male infertil-
ity. According to the background of such infertility, the new
research context on the interactions between sperm and egg
gametes in order to understand, in cellular and molecular
terms, has been initiated (Conner et al. 2007).

To date, very little has been understood about the details
of medical nature of sperm dysfunction in ‘hidden’ male-
factor infertility condition. There is a massive amount of
human data to display that sperm deficiencies, for instance
the zona-induced AR or zona binding defect, are substantial
reasons of total fertilization failure and poor fertilization in
assisted conception (Barratt and Publicover 2001; Liu and
Baker 2000). Presently, there is little knowledge about the
molecular nature of these imperfections in spermatozoa,
or whether these signify imperfections in individual pro-
teins included in the mechanisms. There is evidence in
animals that knockouts with individual protein can impact
sperm—oocyte binding (Ensslin and Shur 2003), and thus
it is likely that defects in the individual protein in humans
may also result in failure of fertilization. Therefore, the aim
of this research study is to identify the membrane proteins
of human sperm and oocyte and investigate all the potential
protein interactions between them.

Conclusion and Moving Forward

Recent findings of sperm-egg interaction and different
aspects of various sperm—egg interaction abnormalities
have been described in this review. This article also dis-
cussed how defective sperm—egg interaction can be a major
cause of fertilization failure. Even though experimental
approaches, for example immunoprecipitation, generated
great quality outcomes and these approaches have produced
large volumes of interaction data, they were extremely
time- and cost-consuming and their outcomes of the high-
throughput techniques contain a great number of false-
negative and false-positive relationships. As discussed,
the reliability of the experimental approaches utilized to
identify PPIs can have extensively diverse quality as some

techniques are linked with high error rates and because
of the difficulties in studying membrane protein—protein
interactions and the inadequacy of materials, many efforts
have failed to achieve comprehensive data about human
sperm—egg interaction. In addition, the focus of the most
of the presented studies was on utilizing animal models to
further understand the related molecular mechanisms; but
in order to understand the human infertility and fertilization
mechanisms, the emphasis must be on the human model.
The study on human model in this conception might be a
predominantly difficult job because of the modicum of
human oocytes or embryos. In addition to experimental
methods, computational methods can explain protein—pro-
tein interactions at various levels. In our new study, we will
intend to focus on computational methods regarding inves-
tigating the protein—protein interaction in sperm—egg inter-
action. This review paper provides us with comprehensive
current knowledge regarding sperm—egg interaction and
will be helpful for future studies.

Acknowledgements The authors would like to acknowledge the
Universiti Teknologi Malaysia Institutional Postal Doctorate Research
Grant (PDRUO02E96) for the funding.

Compliance with Ethical Standards

Conflict of interest The authors report no conflicts of interest. The
authors alone are responsible for the content and writing of the paper.

References

Abou-haila A, Tulsiani DR (2009) Signal transduction pathways that
regulate sperm capacitation and the acrosome reaction. Arch
Biochem Biophys 485(1):72-81

Aitken R, Best F, Richardson D, Djahanbakhch O, Mortimer D, Tem-
pleton A et al (1982) An analysis of sperm function in cases of
unexplained infertility: conventional criteria, movement charac-
teristics, and fertilizing capacity. Fertil Steril 38(2):212-221

Albertini DF (2015) What we have here is a failure to fertilize: back
to basics. J Assist Reprod Genet 32(6):851-852

Alfieri JA, Martin AD, Takeda J, Kondoh G, Myles DG, Primakoff P
(2003) Infertility in female mice with an oocyte-specific knock-
out of GPI-anchored proteins. J Cell Sci 116(11):2149-2155

Amdani SN, Yeste M, Jones C, Coward K (2015) Sperm factors and
oocyte activation: current controversies and considerations. Biol
Reprod 93(2):50

Anifandis G, Messini C, Dafopoulos K, Sotiriou S, Messinis I (2014)
Molecular and cellular mechanisms of sperm—oocyte interac-
tions opinions relative to in vitro fertilization (IVF). Int J Mol
Sci 15(7):12972-12997

Anifandis G, Messini CI, Dafopoulos K, Daponte A, Messinis IE
(2016) Sperm contributions to oocyte activation: more that
meets the eye. J Assist Reprod Genet 33(3):313-316

Bader GD, Betel D, Hogue CW (2003) BIND: the biomolecular inter-
action network database. Nucleic Acids Res 31(1):248-250

Baldi E, Luconi M, Bonaccorsi L, Muratori M, Forti G (2000)
Intracellular events and signaling pathways involved in sperm

@ Springer



142

S. Sabetian, M. S. Shamsir

acquisition of fertilizing capacity and acrosome reaction. Front
Biosci 5:E110-E123

Barratt CL, Publicover SJ (2001) Interaction between sperm and zona
pellucida in male fertility. The Lancet 358(9294):1660-1662

Bianchi E, Doe B, Goulding D, Wright GJ (2014) Juno is the egg
Izumo receptor and is essential for mammalian fertilization.
Nature 508(7497):483-487

Blobel CP, Wolfsberg TG, Turck CW, Myles DG, Primakoff P,
White JM (1992) A potential fusion peptide and an integrin
ligand domain in a protein active in sperm—egg fusion. Nature
356(6366):248-252

Brewis IA, Van Gestel RA, Gadella BM, Jones R, Publicover SJ,
Roldan ER et al (2005) The spermatozoon at fertilisation: cur-
rent understanding and future research directions*. Hum Fertil
8(4):241-251

Briimmendorf T, Lemmon V (2001) Immunoglobulin superfamily
receptors: cis-interactions, intracellular adapters and alternative
splicing regulate adhesion. Curr Opin Cell Biol 13(5):611-618

Chua HN, Wong L (2008) Increasing the reliability of protein interac-
tomes. Drug Discov Today 13(15):652-658

Conner SJ, Lefievre L, Kirkman-Brown J, Machado-Oliveira GS,
Michelangeli F, Publicover SJ et al. (2007). Physiological and
proteomic approaches to understanding human sperm func-
tion. In: The Genetics of Male Infertility. Springer, New York,
pp- 77-97

Coonrod SA, Naaby-Hansen S, Shetty J, Shibahara H, Chen M,
White JM et al (1999) Treatment of mouse oocytes with PI-PLC
releases 70-kDa (pI 5) and 35- to 45-kDa (pl 5.5) protein clusters
from the egg surface and inhibits sperm-oolemma binding and
fusion. Dev Biol 207(2):334-349

Desiderio UV, Zhu X, Evans JP (2010) ADAM2 interactions with
mouse eggs and cell lines expressing od/a9 (ITGA4/ITGA9)
integrins: implications for integrin-based adhesion and fertiliza-
tion. PloS ONE 5(10):e13744

Eddy E (2006) The spermatozoon. Knobil Neill’s Physiol Reprod
1:3-54

Edwards DR, Handsley MM, Pennington CJ (2008) The ADAM met-
alloproteinases. Mol Aspects Med 29(5):258-289

Ensslin MA, Shur BD (2003) Identification of mouse sperm SEDI,
a bimotif EGF repeat and discoidin-domain protein involved in
sperm-egg binding. Cell 114(4):405-417

Eto K, Huet C, Tarui T, Kupriyanov S, Liu H-Z, Puzon-McLaugh-
lin W et al (2002) Functional classification of ADAMs based
on a conserved motif for binding to integrin «9f1 Implications
for sperm—egg binding and other cell interactions. J Biol Chem
277(20):17804-17810

Evans JP (2012) Sperm-egg interaction.
74:477-502

Fanaei M, Monk P, Partridge L (2011) The role of tetraspanins in
fusion. Biochem Soc Trans 39(2):524

Frayne J, Hall L (1999) Mammalian sperm-egg recognition: does fer-
tilin § have a major role to play? Bioessays 21(3):183—187

Fujihara Y, Murakami M, Inoue N, Satouh Y, Kaseda K, Ikawa M et al
(2010) Sperm equatorial segment protein 1, SPESP1, is required
for fully fertile sperm in mouse. J Cell Sci 123(9):1531-1536

Gadella B (2008) Sperm membrane physiology and relevance for fer-
tilization. Anim Reprod Sci 107(3):229-236

Gavin AC, Bosche M, Krause R, Grandi P, Marzioch M, Bauer A et al
(2002) Functional organization of the yeast proteome by system-
atic analysis of protein complexes. Nature 415(6868):141-147

Glazar Al, Evans JP (2009) IgSF8 (EWI-2) and CD9 in fertilization:
evidence of distinct functions for CD9 and a CD9-associated
protein in mammalian sperm-egg interaction. Reprod Fertil Dev
21(2):293

Granados-Gonzalez V, Aknin-Seifer I, Touraine R-L, Chouteau J,
Wolf J-P, Levy R (2008) Preliminary study on the role of the

Annu Rev Physiol

@ Springer

human IZUMO gene in oocyte—spermatozoa fusion failure.
Fertil Steril 90(4):1246-1248

Hamada A, Esteves SC, Agarwal A (2011) Unexplained male
infertility: potential causes and management. Human Androl
1(1):2-16

Hamada A, Esteves SC, Nizza M, Agarwal A (2012) Unexplained
male infertility: diagnosis and management. Int Braz J Urol
38(5):576-594

Handel MA, Lessard C, Reinholdt L, Schimenti J, Eppig JJ (2006)
Mutagenesis as an unbiased approach to identify novel contra-
ceptive targets. Mol Cell Endocrinol 250(1):201-205

Hao Z, Wolkowicz MJ, Shetty J, Klotz K, Bolling L, Sen B et al
(2002) SAMP32, a testis-specific, isoantigenic sperm acrosomal
membrane-associated protein. Biol Reprod 66(3):735-744

Hayasaka S, Terada Y, Inoue N, Okabe M, Yaegashi N, Okamura K
(2007) Positive expression of the immunoglobulin superfam-
ily protein IZUMO on human sperm of severely infertile male
patients. Fertil Steril 88(1):214-216

Horiuchi K, Weskamp G, Lum L, Hammes H-P, Cai H, Brodie TA
et al (2003) Potential role for ADAM15 in pathological neovas-
cularization in mice. Mol Cell Biol 23(16):5614-5624

Hotaling JM, Smith JF, Rosen M, Muller CH, Walsh TJ (2011) The
relationship between isolated teratozoospermia and clinical preg-
nancy after in vitro fertilization with or without intracytoplasmic
sperm injection: a systematic review and meta-analysis. Fertil
Steril 95(3):1141-1145

Inoue N, Ikawa M, Isotani A, Okabe M (2005) The immunoglobu-
lin superfamily protein Izumo is required for sperm to fuse with
eggs. Nature 434(7030):234-238

Inoue N, Ikawa M, Okabe M (2008) Putative sperm fusion protein
IZUMO and the role of (i) N-glycosylation. Biochem Biophys
Res Commun 377(3):910-914

Ito T, Chiba T, Ozawa R, Yoshida M, Hattori M, Sakaki Y (2001) A
comprehensive two-hybrid analysis to explore the yeast protein
interactome. Proc Natl Acad Sci USA 98(8):4569-4574

Jungwirth A, Giwercman A, Tournaye H, Diemer T, Kopa Z, Dohle
G et al (2012) European Association of Urology guidelines on
Male Infertility: the 2012 update. Eur Urol 62(2):324-332

Kaji K, Kudo A (2004) The mechanism of sperm—oocyte fusion in
mammals. Reproduction 127(4):423-429

Kim E, Yamashita M, Nakanishi T, Park K-E, Kimura M, Kashiwa-
bara, S.-i. et al (2006) Mouse sperm lacking ADAM1b/ADAM2
fertilin can fuse with the egg plasma membrane and effect fertili-
zation. J Biol Chem 281(9):5634-5639

Kovalenko OV, Yang XH, Hemler ME (2007) A novel cysteine cross-
linking method reveals a direct association between claudin-1
and tetraspanin CD9. Mol Cell Proteom 6(11):1855-1867

Le Naour F, André M, Greco C, Billard M, Sordat B, Emile J-F et al
(2006) Profiling of the tetraspanin web of human colon cancer
cells. Mol Cell Proteom 5(5):845-857

Le Naour F, Rubinstein E, Jasmin C, Prenant M, Boucheix C (2000)
Severely reduced female fertility in CD9-deficient mice. Science
287(5451):319-321

Lee B, Yoon SY, Malcuit C, Parys JB, Fissore RA (2010) Inositol
1, 4, 5-trisphosphate receptor 1 degradation in mouse eggs and
impact on [Ca2+] i oscillations. J Cell Physiol 222(1):238-247

Lefievre L, Conner S, Salpekar A, Olufowobi O, Ashton P, Pavlovic
B et al (2004) Four zona pellucida glycoproteins are expressed in
the human*. Hum Reprod 19(7):1580-1586

Liu D, Baker H (2000) Defective sperm—zona pellucida interaction: a
major cause of failure of fertilization in clinical in-vitro fertiliza-
tion. Hum Reprod 15(3):702-708

Liu D, Liu M, Baker H (2009) Enhancement of sperm—zona pellucida
(ZP) binding capacity by activation of protein kinase A and C
pathways in certain infertile men with defective sperm—ZP bind-
ing. Hum Reprod 24(1):20-27



Deficiency in Sperm—Egg Protein Interaction as a Major Cause of Fertilization Failure 143

Liu DY, Baker H (2003) Disordered zona pellucida—induced acro-
some reaction and failure of in vitro fertilization in patients with
unexplained infertility. Fertil Steril 79(1):74-80

Liu DY, Liu ML, Garrett C, Baker HG (2007) Comparison of the fre-
quency of defective sperm—zona pellucida (ZP) binding and the
ZP-induced acrosome reaction between subfertile men with nor-
mal and abnormal semen. Human Reprod 22(7):1878-1884

Liu Y, Misamore MJ, Snell WJ (2010) Membrane fusion triggers
rapid degradation of two gamete-specific, fusion-essential pro-
teins in a membrane block to polygamy in chlamydomonas.
Development 137(9):1473-1481

Lorenzetti, D., Poirier, C., Zhao, M., Overbeek, P. A., Harrison, W.
and Bishop, C. E. (2014). A transgenic insertion on mouse chro-
mosome 17 inactivates a novel immunoglobulin superfamily
gene potentially involved in sperm—egg fusion. Mamm Genome,
25(3), 141-148.

Misamore MJ, Gupta S, Snell WJ (2003) The Chlamydomonas Fusl
protein is present on the mating type plus fusion organelle and
required for a critical membrane adhesion event during fusion
with minus gametes. Mol Biol Cell 14(6):2530-2542

Miyado K, Yamada G, Yamada S, Hasuwa H, Nakamura Y, Ryu F
et al (2000) Requirement of CD9 on the egg plasma membrane
for fertilization. Science 287(5451):321-324

Nishimura H, Kim E, Nakanishi T, Baba T (2004) Possible func-
tion of the ADAMIa/ADAM2 Fertilin complex in the
appearance of ADAMS3 on the sperm surface. J Biol Chem
279(33):34957-34962

Nomikos M, Swann K, Lai FA (2012) Starting a new life: sperm
PLC-zeta mobilizes the Ca2 + signal that induces egg activation
and embryo development. Bioessays 34(2):126-134

Ola B, Afnan M, Sharif K, Papaioannou S, Hammadieh N, Barratt
CL (2001) Should ICSI be the treatment of choice for all cases
of in-vitro conception? Considerations of fertilization and
embryo development, cost effectiveness and safety. Hum Reprod
16(12):2485-2490

Perkins JR, Diboun I, Dessailly BH, Lees JG, Orengo C (2010) Tran-
sient protein-protein interactions: structural, functional, and net-
work properties. Structure 18(10):1233-1243

Primakoff P, Myles DG (2002) Penetration, adhesion, and
fusion in mammalian sperm-egg interaction. Science
296(5576):2183-2185

Rowe PJ, Comhaire FH (2000). WHO manual for the standardized
investigation, diagnosis and management of the infertile male.
Cambridge University Press, Cambridge

Rubinstein E, Ziyyat A, Prenant M, Wrobel E, Wolf J-P, Levy S et al
(2006) Reduced fertility of female mice lacking CD81. Dev Biol
290(2):351-358

Sachs N, Kreft M, van den Bergh Weerman MA, Beynon AJ, Peters
TA, Weening JJ et al (2006) Kidney failure in mice lacking the
tetraspanin CD151. J Cell Biol 175(1):33-39

Sato, K.-i (2014) Transmembrane signal transduction in oocyte matu-
ration and fertilization: focusing on Xenopus laevis as a model
animal. Int J Mol Sci 16(1):114-134

Shi J, Sheng J, Peng K, Wang J, Yi W, Wu H et al (2013) Expression
pattern of the zona pellucida 3 (ZP3) gene during ovarian devel-
opment and the location of ZP3 protein in oocytes in a natural,
wild triploid crucian carp mutant, Carassius auratus var. Pingxi-
angnensis. Genet Mol Res 12(4):5640-5650

Sigman M, Baazeem A, Zini A (2009a) Semen analysis and sperm
function assays: what do they mean. Semin Reprod Med
27(2):115-123

Sigman M, Lipshultz L, Howards S (2009b) Office evaluation of the
subfertile male. Infertil Male 4:153-176

Singson A, Hang JS, Parry JM (2008) Genes required for the common
miracle of fertilization in Caenorhabditis elegans. Int J Dev Biol
52(5-6):647-656

Sinowatz F, Topfer-Petersen E, Kolle S, Palma G (2001) Func-
tional morphology of the zona pellucida. Anat Histol Embryol
30(5):257-263

Stein KK, Primakoff P, Myles D (2004) Sperm—egg fusion: events at
the plasma membrane. J Cell Sci 117(26):6269-6274

Stelzl U, Worm U, Lalowski M, Haenig C, Brembeck FH, Goehler
H et al (2005) A human protein-protein interaction network: a
resource for annotating the proteome. Cell 122(6):957-968

Sun Q-Y, Nagai T (2003) Molecular mechanisms underlying pig
oocyte maturation and fertilization. J Reprod Dev 49(5):347-359

Sutovsky P, Manandhar G, Wu A, Oko R (2003) Interactions of sperm
perinuclear theca with the oocyte: Implications for oocyte acti-
vation, anti-polyspermy defense, and assisted reproduction.
Microsc Res Tech 61(4):362-378

Swain JE, Pool TB (2008) ART failure: oocyte contributions to
unsuccessful fertilization. Hum Reprod Update 14(5):431-446

Takeda Y, Kazarov AR, Butterfield CE, Hopkins BD, Benjamin LE,
Kaipainen A et al (2007) Deletion of tetraspanin Cd151 results
in decreased pathologic angiogenesis in vivo and in vitro. Blood
109(4):1524-1532

Tavalaee, M., Nasr-Esfahani, M. (2016). Expression profile of PLCC,
PAWP, and TR-KIT in association with fertilization potential,
embryo development, and pregnancy outcomes in globozoosper-
mic candidates for intra-cytoplasmic sperm injection and artifi-
cial oocyte activation. Andrology 4:850-856

Tiede A, Nischan C, Schubert J, Schmidt RE (2000) Characterisation
of the enzymatic complex for the first step in glycosylphosphati-
dylinositol biosynthesis. Int J Biochem Cell Biol 32(3):339-350

Tokmakov AA, Stefanov VE, Iwasaki T, Sato K-I, Fukami Y (2014)
Calcium signaling and meiotic exit at fertilization in Xenopus
egg. Int J Mol Sci 15(10):18659-18676

Tokuhiro K, Ikawa M, Benham AM, Okabe M (2012) Protein
disulfide isomerase homolog PDILT is required for quality con-
trol of sperm membrane protein ADAM3 and male fertility. Proc
Natl Acad Sci USA 109(10):3850-3855

Tomczuk M, Takahashi Y, Huang J, Murase S, Mistretta M, Klaftky
E et al (2003) Role of multiple p1 integrins in cell adhesion
to the disintegrin domains of ADAMs 2 and 3. Exp Cell Res
290(1):68-81

Tournaye H, Verheyen G, Albano C, Camus M, Van Landuyt L,
Devroey P et al (2002) Intracytoplasmic sperm injection versus
in vitro fertilization: a randomized controlled trial and a meta-
analysis of the literature. Fertil Steril 78(5):1030-1037

Tulsiani DR, Abou-Haila A (2001) Mammalian sperm molecules that
are potentially important in interaction with female genital tract
and egg vestments. Zygote 9(01):51-69

Tulsiani, D. R. and Abou-Haila, A. (2012). Biological processes that
prepare mammalian spermatozoa to interact with an egg and fer-
tilize it. Scientifica

van der Heijden GW, Ramos L, Baart EB, van den Berg IM, Derijck
AA, van der Vlag J et al (2008) Sperm-derived histones contrib-
ute to zygotic chromatin in humans. BMC Deyv Biol 8(1):34

van Gestel RA, Brewis IA, Ashton PR, Brouwers JF, Gadella BM
(2007) Multiple proteins present in purified porcine sperm api-
cal plasma membranes interact with the zona pellucida of the
oocyte. Mol Hum Reprod 13(7):445-454

Von Mering C, Krause R, Snel B, Cornell M, Oliver SG, Fields S et al
(2002) Comparative assessment of large-scale data sets of pro-
tein—protein interactions. Nature 417(6887):399-403

Wolkowicz MJ, Shetty J, Westbrook A, Klotz K, Jayes F, Mandal A
et al (2003) Equatorial segment protein defines a discrete acro-
somal subcompartment persisting throughout acrosomal biogen-
esis. Biol Reprod 69(3):735-745

Wortzman GB, Gardner AJ, Evans JP (2006). Analysis of mammalian
sperm-egg membrane interactions during in vitro fertilization
cell—cell interactions. Springer, New York, pp. 89-101

@ Springer



144

S. Sabetian, M. S. Shamsir

Xenarios I, Salwinski L, Duan XJ, Higney P, Kim S-M, Eisenberg D
(2002) DIP, the database of interacting proteins: a research tool
for studying cellular networks of protein interactions. Nucleic
Acids Res 30(1):303-305

Yanagimachi R (2011) Mammalian sperm acrosome reaction: Where
does it begin before fertilization? Biol Reprod 85(1):4-5

Yeste M, Jones C, Amdani SN, Patel S, Coward K (2016) Oocyte
activation deficiency: a role for an oocyte contribution? Hum
Reprod Update 22(1):23—47

@ Springer

Yu, Y. (2008). The identification and characterization of an inner
acrosomal membrane associated protein, IAM38, responsible for
secondary sperm-zona binding during fertilization

Ziyyat A, Rubinstein E, Monier-Gavelle F, Barraud V, Kulski O, Pre-
nant M et al (2006) CD9 controls the formation of clusters that
contain tetraspanins and the integrin a6f1, which are involved
in human and mouse gamete fusion. J Cell Sci 119(3):416-424



	Deficiency in Sperm–Egg Protein Interaction as a Major Cause of Fertilization Failure
	Abstract 
	Introduction
	Fertilization
	Infertility
	Fertilization Defects
	Sperm–ZP Binding Defect
	Acrosome Reaction Defect
	Fusion Defect of the Acrosome-Reacted Sperm with the Oocyte Plasma Membrane
	Sperm–Oocyte Interactions
	Experimental Methodologies to Identify Protein Candidates in Sperm–Oocyte Interaction
	Candidate Sperm Proteins in Sperm–Oocyte Interaction
	IZUMO1
	ADAMs
	Other Sperm Proteins

	Candidate Oocyte Proteins in Sperm–Oocyte Interaction
	Integrins
	Tetraspanins

	Glycosyl Phosphatidylinositol–Anchored Proteins
	Conclusion and Moving Forward
	Acknowledgements 
	References


