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Abstract In order to advance the assisted reproductive
technologies used in animals and human beings, it is impor-
tant to accumulate basic informations about underlying
molecular mechanisms that shape the biological processes of
reproduction. From within seminal plasma, proteins perform
a wide variety of distinct functions that regulate major
reproductive events such as fertilization. The ability of such
proteins to bind and interact with different antagonistic ions
and biomolecules such as polysaccharides, lipids, and other
proteins present in the male and female reproductive tract
define these capabilities. Over the last two decades, extensive
work has been undertaken in an attempt to define the role of
seminal plasma proteins, of which, Gelatin binding proteins
(GBPs) represent a large family. GBPs comprise of known
group of Bovine seminal plasma (BSP) protein family, matrix
metallo proteinases (MMP 2 and MMP 9) and fibronectin,
which have been widely studied. The presence of a type II
repeat is a characteristic feature of GBPs, which is similar in
structure to the fibronectin type II domain (fn2), which has
ability to bind multiple ligands including gelatin, gly-
cosaminoglycans, choline phospholipids, and lipoproteins.
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Two fn2 domains are present within the BSP protein family,
while, three fn2 domains are found in gelatinases (MMP-2
and MMP9), and ELSPBP1 (Epididymosomes Transfer
Epididymal Sperm Binding Protein 1) contains four long fn2
domains. For the most part BSP proteins are exclusively
expressed in seminal vesicles although mBSPH1, mBSPH?2
and hBSPHI1 are all expressed in the epididymis. The
expression of gelatinases has been demonstrated in several
organs and tissues such as the prostate, testis, epididymis,
ovary, human placenta, cervix and endometrial wall. This
review intends to bring current updates on the role of GBPs in
reproductive physiology to light, which may act as basis for
future studies on GBPs.
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Introduction

Reproduction is the foundation of life and is essential for
maintaining the generation of species on earth. It is known
that mammalian reproduction is achieved sexually by internal
fertilization involving both male and female gametes. Prior to
this event the maturation of sperm and oocyte must be
achieved within the respective male and female reproductive
systems and involves several established steps and external
factors. Spermatozoa develop in the testes, mature in the
epididymis and are ejaculated along with seminal fluids,
which provide nutrition and protection for sperm deposited in
the female reproductive tract. This fluid contains a liquid
fraction known as seminal plasma, which is secreted from
various accessory sex glands such as the epididymis, seminal
vesicles, ampullae, prostate and the bulbourethral glands [1].
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Apart from a plethora of minerals, metal ions, sugars, peptides
and basic amines, seminal plasma contains more than one
thousand proteins, which regulate the different functions of
spermatozoa and allows them to achieve fertilization poten-
tial [1]. Bicarbonate ions were reported to modulate motility
of spermatozoa and destabilize the plasma membrane during
capacitation [2], and zinc ions plays role in chromatin stability
of sperms [3]. The proteomic study of seminal plasma has
detailed a large array of extracellular proteins, proteases and
other proteins secreted from the accessory sex glands [4].
However, the structure and functional association of seminal
plasma proteins at the molecular level are creating a great deal
of medical as well as physiological interest. The sources and
components of SP and their specific functions are compiled in
the Fig. 1.

Amongst the proteins found in seminal plasma, gelatin
binding proteins (GBPs) are a highly conserved group and
have been thoroughly explored in various mammal species
over the past few decades [5]. In the present review we
detail the current available literatures on GBPs in relation to
their biological functions, particularly with respect to
reproductive physiology.

Gelatin

Gelatin has been characterized as a ligand for proteins pre-
sent in the seminal fluids of many mammals, which are called
GBPs [5]. Although, no known biological function of gelatin
and GBPs interactions has been reported so far, gelatin has
been used to purify GBPs from different sources such as
seminal plasma, seminal vesicles and sperm in different

Fig. 1 Schematic
representation of male
reproductive system and their

mammals [5]. In best of my knowledge, it is also not clear
that whether gelatin is naturally present in seminal plasma or
is liberated from collagen. In future, more work is needed to
elucidate the exact role of gelatin, and the significance of
gelatin and GBP interactions in seminal plasma.

Gelatin is a soluble protein molecule, derived from the
denaturation of the collagen type I molecule either by heating
or acidic and alkaline treatments. Successive treatment of
collagen with heat, breaks hydrogen bonds, destabilizes its
triple helix structure, and finally converts it to a coiled
structural form of gelatin [6]. Depending upon the pH
treatment of collagen, two kinds of gelatin may be produced
commercially. Gelatin type A is produced with acidic
treatment, having an isoelectric point (p/) of 8.9, while
gelatin type B is formed under alkaline conditions and shows
aplof4.5. The overall commercial value of gelatin is related
to its gel strength and thermostabilty, which is mainly
dependent on two key points: (1) its species specific com-
position of amino acids, (2) its molecular weight distribution,
established during the processing of collagen [6]. Gelatin is
comprised of many glycine amino acids (occurring once
every three residues) as well as proline and hydroxyl proline
residues. The chemical structure is represented by -Ala-Gly-
Pro-Arg-Gly-Glu-4Hyp-Gly-Pro- [6].

Gelatin Binding Proteins (GBPs)
BSP Proteins and their Homologs

Various studies have revealed that BSP proteins can be
purified and characterized using gelatin agarose column
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chromatography from a number of sources such as seminal
plasma and seminal vesicles in different mammals
including the bull, stallion, goat, buffalo, boar, ram and
bison [5, 7]. BSP homologue genes (BSPH4, BSPHS and
BSPH6) have been recognized in the bovine model [7]. In
addition, BSP homologous DNA sequences were also
characterized in the genomes of other mammals including
humans, mice, rabbits, dogs and chimpanzees [8]. In the
mouse and in humans, BSP homologs were characterized
as mouse BSP homolog 1-3 (mBSPH1, mBSPH2 and
mBSPH3) and human BSP homolog 1 (hBSPH1) [7, 9].
The significant difference between the BSP proteins found
in other species and those in mice and humans is the site of
their expression in accessory sex glands and their con-
centration found in seminal plasma. BSP homologs are
expressed in the epididymis in mice and humans, whilst the
site of expression is commonly the seminal vesicles in
other mammals [9]. Approximately 60 % of seminal
plasma proteins are made up of BSP proteins in most
mammalian species which is in stark contrast to the 0.01 %
found in the mouse and human [8, 9]. This variation in the
site of expression amongst species may be because of
differences in species specificity in terms of the maturation
of spermatozoa, in contrast to the bull, the semen of mice
and humans coagulates just after ejaculation and the
coating of spermatozoa by seminal plasma proteins may
not occur extensively. Mammalian species producing BSP
homologs in the epididymis do not appear to require the
coating of sperm with seminal plasma proteins, in contrast
to those producing BSP homologs in the seminal vesicles
[8, 10]. Structurally, all epididymal BSP proteins identified
have one common feature distinct from the other BSPs: the
presence of the C-terminal tail. In the proteins expressed by
seminal vesicle glands, the C-terminus always ends with
cysteine, whereas the BSP proteins of epididymal origin
contain an additional C-terminal tail composed of 1-5

amino acids after the last cysteine [11]. The sources and
type of GBPs are listed in Table 1.

Other GBPs
MMP 2 and MMP 9

MMP 2 and MMP 9 have been characterized as GBPs in
bovine seminal plasma using gelatin zymography [12].
Furthermore, MMP 2 and MMP 9 have been shown to be
expressed in multiple genital organs including the testicu-
lar, epididymal fluids and seminal plasma amongst mam-
mals such as ram, boar, stallion, buffaloes and canine
[13—16]. With regards to reproduction, MMP2 and MMP9
have been associated with ovulation [17] and implantation
of the embryo [18]. These two proteins exhibit three gelatin
binding fn2 domains at the catalytic site as compared two
fn2 domain in BSP proteins and their homologs [19]. These
domains are mainly essential for binding with substrates of
MMP-2 and MMP-9, such as gelatins, collagens and
laminine [20]. Matrix metalloproteinases (MMPs) cleave
the extracellular matrix components (ECM) of tissues and
fluids and guide the secretion of various cytokines and
growth factors [20]. MMPs are categorized into four
groups of (1) gelatinases, cleaving collagen substrates, (2)
stromolysins acting on non collagenous components, (3)
Collagenases which targets the fibril forms of collagens
and (4) MT-MMps which are transmembrane enzymes,
which do not act on ECM components but rather are
involved in the activation of other MMPs [20].

MMPs are initially released in an inactive form such as
proMMPs and converted into the active form by the
removal of some inhibitory peptides. The molecular weight
of proMMPs is usually 10 kDa less than the active form.
Human seminal plasma possesses latent as well as active
types of MMP 2 and MMP 9 with latent MMPs more

Table 1 Types of gelatin binding proteins (GBPs) identified from different sources in male reproductive tracts in mammals

Organism Sources Types of GBPs References
Bovine Seminal plasma  BSP Al, BSP A2, BSP A3, BSP-30 kDa, PDC-109 [5, 11, 41]
Goat Seminal plasma GSP-14 kDa, GSP-15 kDa, GSP-20 kDa and GSP-22 kDa [5, 11, 41]
Bison Seminal vesicle BiSV-16 kDa, BiSV-17 kDa, BiSV-18 kDa, and BiSV-28 kDa [5, 11]
Ram Seminal plasma RSP-15 kDa, RSP-16, RSP-22 kDa and RSP-24 kDa [5, 11]

Stallion (horse) Seminal plasma

HSPI1, HSP2, EQ-12 [41]

Human, bovine, canine, ram Seminal plasma MMP-2 and MMP-9 [12, 14, 16, 41]
Bovine, human, dog, horse and pig ~ Epididymis Epididymal sperm-binding protein 1 (ELSPBP1) [8, 23, 25]
Human Epididymis hBSPH1 [7,9, 11]
Mouse Epididymis m BSPH1 and mBSPH2 [7,9, 11]
Porcine Seminal plasma  pBl [7]

Buffalo Seminal plasma BSP homologs [11, 41]
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predominant than the active form. In addition, the expres-
sion of proMMP 2 and MMP 9 increases sharply up to
maximum levels 2 h after capacitation, which implies a
role in triggering the hyperactivation of spermatozoa [21].
In addition, the inactive form of MMP 9 has been associ-
ated with semen parameters in humans and its concentra-
tion has been found to be higher in patients showing low
sperm counts [21]. Hence, these proteins can be correlated
with infertility in human.

Epididymal Sperm-Binding Protein 1 (ELSPBPI)

ELSPBP1 was characterized as a sperm binding protein,
expressed in the epididymis and containing the highest
number of the four fn2 domains in comparison to other
GBPs [22, 23]. ELSPBP1 has been also described as HE12
in humans and CEI2 in dogs [23, 24]. Furthermore
ELSPBP1 orthologs have been recognized in equine, por-
cine and bovine systems [25] while no DNA homologs of
ELSPBP1 were observed in either the rat or mouse [25].
The role of ELSPBP1 in male reproductive physiology is
yet not clear but common sequence identity with BSP
proteins, suggests some common characteristics. The
sequence identity of fn2 domains in both BSP proteins and
ELSPBP1 suggests that an identical two dimensional
structure and similar amino acid residues participate in
lipid binding [25]. This indicates an identical binding
pattern for both proteins, but different expression patterns
in the reproductive tract pointing different functions in
spermatozoa. The study of ELSPBP1 expression in the bull
epididymis utilizing a specific antibody has revealed an
association with its role in maintaining spermatozoa cell
volume during sperm maturation [26]. More recently,
ELSPBP1 has been observed to be more prominent in
extracts of spermatozoa in sub fertile bulls and has been
exclusively identified in dead spermatozoa [23, 27]. Fur-
thermore, it was investigated that the epididymis secretes
ELSPBP1 complexed with an epididymosome, which
transports ELSPBP1 to dead spermatozoa in the presence
of zinc [24, 27]. However, the roles of ELSPBP1 in dead
spermatozoa are matter of investigations in future.

Gelatin Binding Domain

GBPs are characterized by the presence of a fibronectin
type II (fn2) domain, also called the gelatin binding domain
which works as a functional unit for GBPs proteins. The
BSP super family proteins possess common conserved two
fn2 domains with variable acidic N-terminal extension.
These two domains are arranged in tandem repeat of fn2A
and fn2B, and separated by linker chain (LC) of 7-9 amino
acids followed by acidic N-terminal extension. Some of

@ Springer

BSP proteins (especially epididymal in origin) contain also
small variable carboxyl terminal end. Typically, in BSP
proteins each fn2 domain contains eight cysteine residues,
which make four disulphide bonds, two in each domain
[5, 7, 11, 28] (Fig. 2a). Based on data available in uniprot,
there are three fn2 domains that exist in MMP-2 and MMP-
9 and a total of 12 cysteine residues, four in each domain,
which are covalently linked with six disulphide bonds (two
in each domain) (Fig. 2b, ¢). Similarly uniprot based data
shows that in ELSPBP1, four fn2 domains are arranged in
repeats of fn2A, fn2B, fn2C and fn2D, each domain pos-
sessing four cysteine amino acids, and forming two disul-
phide bonds per domain. There is no LC present between
fn2A and fn2B (Fig. 2d). Thus, each fn2 domain of all
known GBPs appears to possess two disulphide bonds. The
characteristics of the fn2 domain in all GBPs were prepared
from data available in uniprot and are summarized in
Table 2.

Functions of GBPs
Capacitation

Capacitation is an important phenomenon in fertilization,
which occurs in the female reproductive tract after the
ejaculation of spermatozoa and is an essential step in sperm
gaining the ability to fuse with an oocyte and achieve
successful fertilization. It has been speculated that sper-
matozoa unite with SP containing BSP proteins during
ejaculation. Such proteins bind with choline phospholipids
present in sperm plasma membranes and stimulate
cholesterol discharge, this is called the first cholesterol
efflux [11, 29]. Within the female genital tract, BSP pro-
teins have been shown to interact with high density lipids
(HDL) present in oviductal and follicular fluids, affecting
further cholesterol discharge from sperm plasma mem-
branes, this is known as the second cholesterol efflux
[11, 29]. This cholesterol efflux causes the destabilization
of the spermatozoa plasma membrane, which in turn rise in
calcium ions permeability, alteration in intracellular pH,
elevation in membrane fluidity, which finally leads to
capacitation [11, 29]. Further, HDL and glycosaminogly-
cans (GAGs) such as heparin have been displayed to
induce capacitation in the female reproductive tract and
GAGs interact with BSP proteins perhaps regulating
capacitation [11, 29], which is essential for fertilization.
Recombinant human BSPH1 has been shown to induce
capacitation in humans in a similar way to the murine rec-
BSPHI1 in murine species [9, 29]. The functions of murine
BSPH2 in capacitation is not known, although a high
sequence similarity with murine BSPH1 has been
observed. Therefore, murine BSPH2 may also have a
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Fig. 2 Schematic representation of gelatin binding proteins (GBPs)
structure based on the sequences and data available in uniprot site
(http://www.uniprot.org/). a BSP Protein (PDC-109) contains two
gelatin binding domains fn2A and fn2B, which are connected with
linker chain (LC) of 7-9 amino acids. Two disulphide bonds (---S—
S--+) are present in each domain. b MMP-2 and ¢ MMP-9 carry three
gelatin binding domains at N terminal, which are tandemly arranged
as fn2A, fn2B and fn2C and they are joined with each other by LC.

Table 2 Features of gelatin binding (fn2) domain in different proteins
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Their C-terminal contains four hemopexin domains also d ELSPBP1
is a long fn2 domain containing protein. Each all four domains have
two disulphide bonds. fn2A domain of GBPs is followed by N ter-
minal and signal peptides. There is no LC between fn2A and fn2B
domain in ELSPBP1. The uniprot identification numbers of these
proteins are UniProtKB-P02784 for BSP protein (PDC-109), Uni-
ProtKB-P08253 for MMP-2, UniProtKB-P14780 for MMP-9 and
UniProtKB-Q7YR83 for ELSPBP1

Characteristcs of fn2 Gelatin binding proteins(GBPs)

domains - - -
BSP protein family and their homologs MMP-2 and MMP-9 ELSPBP1
Number 2 3 4
Glycosylation + +
(except BSP A3 and hBSPH1)
Number of (-S-S-) 4 6 8
disulfide bonds
Site of expression Seminal vesicles (except mBSPH1, mBSPH2, and Testis, epididymis, ovary, endometrium,  Epididymis

hBSPHI from epididymis)

prostate, cervix

These lists were prepared from data available in uniprot and matter discussed in this article
The uniprot identification numbers of these proteins are UniProtKB—P02784 for BSP protein, UniProtKB—P08253 for MMP-2, UniProtKB—

P14780 for MMP-9 and UniProtKB—-Q7YRS83 for ELSPBP1
+ indicates Present
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Fig. 3 The proposed
mechanisms of capacitation
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specific role in the capacitation of spermatozoa though
further study is needed to fully elucidate any proposed
mechanism of sperm capacitation by murine BSPH2. It has
been suggested that during the maturation of sperm in the
epididymis, murine BSPH1 proteins bind to and destabilize
the membranes of spermatozoa, then, following ejaculation
in the female genital tract, the sperm BSPH1 complex may
easily bind with high density lipids (HDL) present in
oviductal fluid, inducing capacitation [29]. This possible
role of BSP proteins in the induction of capacitation could
be used to understand the braoder involvement of GBPs
family in the future. The complete pathway for regulation
of capacitation by GBPs is shown in Fig. 3.

Menstruation Cycle

Menstruation is the regular monthly discharge of blood and
mucosal tissue from the inner lining of the uterus through
the vagina. Previously, menstruation was purely described
as an event of ischemic necrosis of endometrial epithelial
linings, producing vasoconstriction of arterioles, finally
leading to bleeding. Presently, it is understood that the
endometrium produces plenty of MMPs during menstrua-
tion and consequently MMPs have been regarded as
effectors molecules in endometrial disruption during this
process in women. MMP-2 and MMP-9 contain an fn2
domain near catalytic sites, and as such cleave ECM
components at neutral pH and are involved in various
physiological processes including the remodeling and dis-
ruption of tissues during normal estrous and menstrual
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cycles and pregnancy [30, 31]. In addition, MMP-2 mRNA
has been shown to be expressed in the bovine endometrium
and placenta throughout the whole gestation period, which
suggests that these genes are one of the main endometrial
remodeling factors for implantation and pre-partum in
cattle [32]. As reviewed, stromal cells produces MMP-2,
which acts on ECM components including epithelial cells
and the vascular basement membrane, degrading the
integrity of the epithelial lining and blood vessels of the
endometrium, ultimately causing bleeding [33]. Proges-
terone and tissues inhibitors of metalloproteinases (TIMPs)
have been described as key molecules regulate the
expression of MMPs, which is essential in maintaining the
time and space relation between expressions of MMPs and
disruption of epithelial linings [34, 35].

Establishment of Sperm Reservoir in Oviduct

Following male ejaculation inside female reproductive
tract, after ejaculation, millions of spermatozoa are
deposited; however, only a few thousands of them ever
manage to approach the oviductal isthmus after crossing
the uterotubal junction to form a reservoir for spermatozoa
[36]. The ampulla—isthmus has been identified as a reser-
voir for sperm in many mammals such as cattle, horse,
pigs, mice, hamsters, guinea pigs and camelids [5, 36-38].
The occurrence of a sperm reservoir performs significant
for three main reasons; (1) It reduces polyspermy by per-
mitting fewer spermatozoa to reach the site of fertilization
in the ampulla, (2) It allows for the selection of highly
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viable sperm (3) and lastly it helps to regulate capacitation
and the induction of hyper activation of spermatozoa
[38, 39]. The mechanisms involved in formation of this
reservoir are not fully understood, but it is believed that
spermatozoa bind with the epithelial linings of the oviduct,
which produce a hub during passage in female genital
canal. This binding has been thought to be vital in main-
taining the viability and motility of sperm in vitro [28, 40].
Furthermore, sperm binding to oviductal epithelia is
facilitated by a Lewis like trisaccheride molecule present in
oviductal membranes which contains a fucose molecule,
and PDC-109 present in the sperm plasma membrane has a
demonstrable affinity for fucose [5, 28, 40]. Therefore,
PDC-109 might have potential role in oviductal binding of
spermatozoa.

Another hypothesis for sperm reservoir formation in the
female genital tract has been forwarded involving the
coating of spermatozoa with BSP proteins in the epi-
didymis during maturation by the binding of phospholipids
to the plasma membrane. Upon reaching oviduct, these
BSP coated spermatozoa are coordinated towards the
oviductal reservoir by binding to the epithelia of the ovi-
duct [28, 41]. This binding inhibits premature capacitation
and enhances the viability of spermatozoa [41, 42]. Further
to this, BSP1 has been shown to remain present on sper-
matozoa even after capacitation, suggesting a function in
the binding of spermatozoa to the epithelium of the
ampulla [43]. More work is required in order to know
mechanisms underlying the actions performed by GBPs
during sperm reservoir formation.

Cryopreservation

Cryopreservation is a procedure used in order to preserve
semen in assisted reproductive technology, and involves
sequential steps of cooling, freezing and finally the thawing
of spermatozoa. This process negatively affects spermatoza
in several ways such as ultrastructural damage sustained to
plasma membranes and cytoskeleton, rises in intracellular
Ca*? and K*! ions levels, reduced tolerance to stress, and
reduction in cAMP levels. Overall, these alterations reduce
the life span and fertilizing capacity of spermatozoa
[44, 45]. The addition of seminal plasma after semen
thawing has been used to enhance the resistance of sper-
matozoa to cold shock and overcome the deleterious con-
sequences of cryopreservation in the ram [10, 46]. In
addition, SP incorporating to semen prior to cyropreserv-
sation has led to the recovery of lost motility, acrosomal
integrity, mitochondrial respiration and viability of sper-
matozoa during semen preservation in liquid nitrogen
[47, 48]. These cryoprotective effects of SP have been
largely attributed to some proteins available within it.
GBPs such as, RSVP14 and RSVP20 have been exhibited

to have antioxidant properties in ram seminal plasma and
protect ram sperm from oxidative stresses and premature
capacitation (cryocapacitation) during cryopreservation
[8, 49]. Recently, it has been described that two SP proteins
RSVP20 and lactotransferin of ram SP are conserved in
three breeds of ram and bind to spermatozoa and maintain
their fertilizing ability during cryopreservation of semen in
this species [49]. The exact molecular mechanism by which
the reversal of these deleterious effects during cryop-
reservation is achieved is not fully understood. In several
studies, it has been reported that SP proteins are adsorbed
onto the surfaces of boar spermatozoa and that this may
allow damaged spermatozoa surfaces to retain their origi-
nal shape during cryopreservation [43, 50].

Cryocapicitation caused by cryopreservation reduces the
fertilizing ability of spermatozoa, negatively impacting the
efficiency of artificial reproduction techniques which may
often rely on frozen semen such as artificial insemination.
A reduced impact of cryocapacitation has been observed
when SP proteins have been added to semen extender
during the cryopreservation of boar semen, [51]. The
addition of SP to spermatozoa in cryopreservation reduces
the cryocapacitation of boar sperm and enhances the fer-
tilizing ability of both cryopreserved ram and boar sper-
matozoa [49, 51]. It is believed that cryocapacitation is
induced partially by reactive oxygen species and those
GBPs such as RSVP14 and RSVP20 in ram SP protect
sperm from these cryoinjuries via antioxidant action
against ROS species [8, 49, 51]. Hence, such proteins may
be used to formulate more optimal semen extenders for the
cryopreservation of semen.

Sperm Maturation

Functionally immature sperm are synthesized in the testis,
and then pass to the epididymis, where their maturation is
completed. Throughout this process spermatozoa experi-
ence many biochemical and morphological modifications
such as changes in pH, membrane remodeling and alter-
ations in plasma membranes. Maturation of spermatozoa is
partly controlled by addition of epididymal fluid proteins,
which alter the sperm plasma membrane. This alteration is
caused by the proteolysis of some proteins that leads to the
disappearance or redistribution of protein domains within
plasma membranes [52]. The proteolysis of different pro-
teins varies amongst animal species, such as ADAMs
(disintegrin and metalloproteinases) in rodents and mon-
keys [53]. MMPs such as MMP-2 and MMP-9 and as well
as other gelatinolytic proteases have been observed in the
fluids of the testis and the epididymis of canines [54]. In
mammals, MMP-2 has been shown to be secreted mostly in
the epididymis and is associated with membrane remod-
eling functions during sperm maturation [55, 56].
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However, spermatozoa only gain their complete maturation
and fertilizing capacity during capacitation inside the
female reproductive tract, a process highly regulated by
BSP proteins [28, 29, 31, 56].

Sperm Motility

Motility is key factor defining the fertility of sperm as only
sufficiently active sperms will reach the fertilization site
once deposited in the female reproductive tract. SP is
crucial modulator of sperm motility in mammals and sev-
eral SP proteins have been linked to the motility of sper-
matozoa [57]. Most proteins associated with motility are
usually located within the mid piece of spermatozoa and
BSP proteins have been detected on the mid piece of
spermatozoa in several species, which hints at a biological
function in the motility of spermatozoa [reviewed in [5].
The motility of spermatozoa is known to be regulated by
intracellular calcium signaling molecules, indicating a
regulatory function of Ca™-ATPase in spermatozoa
motility through this signaling pathway [58]. Further, it
was reported that PDC-109 interacts with Ca*>-ATPase
and enhances the motility of spermatozoa in the bovine
model by increasing the pumping efficiency of Cat*-
ATPase in an irreversible and cooperative way across the
plasma membrane [reviewed in [28]. It has been shown that
buffalo spermatozoa treated with heparin binding proteins
show increased motility, and the fn2 domains of GBPs also
share a similar heparin binding property [28], suggesting a
role in sperm motility for this molecule.

QOocyte Maturation and Ovulation

Ovulation is triggered by a preovulatory wave of luteiniz-
ing hormone initiated from the pituitary gland, which
ultimately results in the release of mature oocytes from
ovarian follicles. This process requires extensive remod-
eling of granulose cell membranes and the ECM break-
down of the follicular wall, prior to the liberation of
oocytes [59]. Extracellular MMPs have been correlated
with ovarian tissue remodeling in various studies, and are
seen as important for the follicular microenvironment and
ovulation [59-61]. In addition, MMP-2 and MMP-9 (ge-
latinases) are expressed in mammalian ovaries [62]. During
follicular development in humans, the size of a follicle is
thought to expand around 400 times its original size before
ovulation, requiring tremendous remodeling of the ECM
both outside and inside follicles and gelatinases plays key
role in this process. Furthermore, human MMP-2 expres-
sion has been shown to increase as follicles grow over time
and its expression has also been found to be higher in the
corpus luteum [63]. MMP-2 and MMP-9 activity was
demonstrated in inside follicles and higher rates of activity
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were observed in women suffering from polycystic ovary
syndrome as compared to women experiencing normal
ovulation [64]. TIMP regulate the function of gelatinases,
which are essential for the controlled remodeling of ECM
during normal follicular development and ovulation [64].
In addition, both MMPs and their TIMPs have also been
implicated during sperm oocyte interactions [65]. Recently,
MMP2 levels and activity has been significantly correlated
with oocyte maturation and fertilization rates, suggesting
that MMP-2 activity can be used as a prognostic marker in
follicular fluids of IVF/ICSI patients [66]. These observa-
tions infer that these proteins play a crucial role in the
maturation of oocytes and ovulation, which are important
for successful fertilization.

Chaperon like Activity

Molecular chaperones are a functionally related group of
proteins, which are essential for maintaining cellular
physiology under both normal and unfavorable environ-
ments. Chaperones enable the proper folding of normal and
misfolded proteins. However, chaperons proteins and their
behavior in semen have not been well documented to date.
For the first time, Seminal PDC-109 was identified as a
molecular chaperon in SP and the functional similarities of
PDC-109 with well characterized chaperon proteins
R-crystallin and spectrin has been studied under in vitro
conditions [67]. Some proteins like G6PD are very prone to
aggregate in SP even in their native state, it was hypoth-
esized therefore that PDC-109 interacts with this protein
and make facilitates their active confirmation [67]. The
most common feature of PDC-109, which forms an oli-
gomeric protein structure of 150 kDa, is its polydisperty.
The oligomerization into smaller components results in the
loss of the chaperon like activities of PDC-109. This con-
formational flexibility of PDC-109 helps in its chaperon
like activities, where, it binds with targeted proteins and
protects them from different kinds of stress conditions [67].
Amylodogenesis is the abnormal deposition of dena-
tured proteins occurring during the maturation of sperma-
tozoa in the epididymis [67]. Some proteins in SP have
been detected very prone to amyloid formation and amy-
loid synthesis in the testis and epididymis, and they have
been correlated with male infertility [68]. Bovine PDC 109
reported as molecular chaperone, which may stops amyloid
formation by binding denatured or unfolded proteins
[67, 68]. More recently, chaperon like activity has also
been demonstrated in equine SP protein HSP1/2, a gelatin
binding protein, homologous to PDC-109. HSP1/2 exhibits
chaperon activity and inhibits the aggregation (induced by
heat) of targeted proteins such as insulin [69]. The behavior
of GBPs as molecular chaperones in vivo has yet to be fully
understood and is a possible area of future study.
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Fig. 4 Divergent role of gelatin
binding proteins (GBPs) in
different steps of reproduction,
such as capacitation, formation
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maturation, maturation of
oocytes and ovulation and
chaperone like activities

o

[ Menstrual Cycle

Chaperone Like
Activities

Conclusion

GBPs have been extensively studied as a ubiquitous protein
family in many mammalian species, however, the origin
and function of GBPs is still largely a mystery and is a
focused area of continuous research. As an important
protein family, much of the current information on GBPs
has been discussed in this review. GBPs play an important
role in many aspect of reproduction with many functions
attributed to GBPs such as physiological roles in sperm
motility, sperm viability, cell volume regulation, sperm
capacitaion, the acrosome reaction, formation of the
oviductal sperm reservoir, the menstruation cycle and
ovulation in females (Fig. 4). The cryopreservation of
sperm provides a means of maintaining genetic stocks and
has broad usages in artificial insemination and other
reproductive technologies. The protective role of GBPs
during cryopreservation may be beneficial when designing
chemically defined semen extenders, (free of products such
as egg yolk), which will help in improving semen cryop-
reservation techniques.

Although, plenty of work has been done on defining the
role GBPs with respect to reproductive physiology, more
study is required to know how GBPs binds to gelatin in
seminal plasma and regulate important physiological pro-
cesses. In addition, mostly studies to date have focused on
a few proteins within GBP family such as the BSP proteins;
PDC-109, fibronectin, MMP2 and MMP9. Further inves-
tigations are required to explore the functions of other
proteins within this family to understand their relevance to
the physiology of reproduction.

Gelatin
Binding
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(GBPs)
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Sperm Maturation ]
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