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    Abstract     During animal and human fertilization, the fertilizing spermatozoon 
creates and passes through a fertilization slit in the vitelline coat (VC) of the oocyte. 
It has been hypothesized that the penetration of the mammalian VC, the zona pellucida 
(ZP), is aided by a proteolytic enzyme capable of locally degrading ZP proteins. 
This putative “zona lysin” is predicted to reside within the sperm head acrosome 
and be released or exposed by ZP-induced acrosomal exocytosis. Evidence has been 
accumulating in favor of the 26S proteasome, the ubiquitin-dependent multi-subunit 
protease acting as the putative vitelline coat/zona lysin in humans and animals. To 
confi rm this hypothesis, three criteria must be met: (1) the sperm receptor on the ZP 
must be ubiquitinated, (2) proteasomes must be present, exposed, and enzymati-
cally active in the sperm acrosome, and (3) sperm proteasomes must be able to 
degrade the sperm receptor on the egg coat/ZP during fertilization. This review 
discusses recent data from a number of mammalian and nonmammalian models 
addressing these predictions. These data shed light on the mechanisms controlling 
sperm interactions with VC and on the evolutionary conservation of the protea-
some-assisted fertilization mechanisms.  
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37.1         Introduction: Zona Lysin and the Elusive Mechanism 
of Egg Coat Penetration by Sperm 

 The process of mammalian fertilization has long been studied, but many fundamental 
questions still remain unanswered. One that continues to be debated, despite decades 
of research, concerns the mechanism utilized by the fertilizing spermatozoa to pen-
etrate the oocyte vitelline coat (VC), the zona pellucida (ZP). When a capacitated, 
fertilization-competent spermatozoon binds to the sperm receptor on the ZP, it under-
goes acrosomal exocytosis (AE), which causes vesiculation of the acrosomal mem-
brane and exocytosis of the acrosomal cap (Yurewicz et al.  1998 ; Bleil and Wassarman 
 1980 ). This step exposes the acrosome-borne proteolytic enzymes and results in the 
formation of the acrosomal shroud, which allows the spermatozoa to create a local 
microenvironment that supports the opening of the fertilization slit and penetration of 
the sperm through the ZP (Yurewicz et al.  1998 ). There are two schools of thought 
about the mechanism of sperm–ZP penetration: (1) the mechanical force of the sperm 
tail motility is suffi cient to fully penetrate the ZP (Green and Purves  1984 ; Bedford 
 1998 ); and (2) an enzyme originating from the acrosome of the fertilizing spermato-
zoa acts as a putative zona lysin that digests the fertilization slit in the ZP and allows 
sperm to penetrate through the ZP (Austin and Bishop  1958 ;    Austin 1975). The latter 
theory was fi rst proposed as early as 1958 by Austin and Bishop ( 1958 ). 

 Several candidates have been proposed for this hypothetical zona lysin. Originally, 
the acrosomal protease acrosin was favored as the most likely zona lysin, but was 
ruled out when acrosin knockout mice remained fertile with only delayed ZP pene-
tration (Baba et al.  1994 ). Acrosin has since been considered to be involved in pro-
teolysis or processing of proteins in the acrosome and on acrosomal membranes 
(Honda et al.  2002 ). The serine protease Tesp5/Prss21 on the mouse sperm surface 
was identifi ed as a plausible candidate. Double-knockout studies have shown 
reduced fertility in vitro, which was rescued by exposure of the spermatozoa to the 
uterine microenvironment or by treatment with uterine fl uids (Yamashita et al.  2008 ; 
Kawano et al.  2010 ). These candidates have since been proposed to be involved in 
initial sperm–ZP binding (Yamashita et al.  2008 ; Kawano et al.  2010 ). Evidence has 
been accumulating in favor of the 26S proteasome as the candidate zona lysin in 
mammals, ascidians, and invertebrates (Sakai et al.  2004 ; Yi et al.  2007a ; Sutovsky 
et al.  2004 ). This review highlights the signifi cant studies and current research exam-
ining the possible role of the 26S proteasome as the putative mammalian zona lysin.  

37.2     Ubiquitin-Proteasome System 

37.2.1     Ubiquitin 

 Through a multistep enzymatic process, the ubiquitin-proteasome system (UPS) 
tags outlived or damaged intracellular proteins with a small chaperone protein ubiq-
uitin. This process, referred to as ubiquitination, typically targets the ubiquitinated 
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substrates for proteolytic degradation by a multi-subunit protease, the 26S proteasome, 
(Glickman and Ciechanover  2002 ). Ubiquitin, an 8.5-kDa, 76-amino-acid protein, 
was fi rst isolated and purifi ed by the Goldstein laboratory in 1975. They found that 
this polypeptide induced the differentiation of bovine thymus-derived and bone 
marrow-derived immunocytes in vitro (Goldstein et al.  1975 ). Consequently, they 
named this newly discovered polypeptide ubiquitous immunopoietic polypeptide 
(UBIP) because of its high degree of evolutionary conservation, exhibiting close 
structural, functional, and immunological similarity when isolated from species as 
diverse as protozoans to mammals and plants. In 1976, Etlinger and Goldberg fi rst 
described a novel ATP-dependent proteolytic system responsible for the rapid deg-
radation of abnormal proteins separate from the lysosomal degradation pathway 
(Etlinger and Goldberg  1977 ). The discovery that metabolic energy is required for 
intracellular protein degradation opposed the commonly accepted idea that cellular 
proteolysis was an entirely exergonic process occurring in the lysosome. In a joint 
effort, Aaron Ciechanover, Avram Hershko, and Ervin Rose described the ubiqui-
tin-mediated protein degradation, a discovery for which they shared the Nobel Prize 
in Chemistry in 2004. Ubiquitin is not just a housekeeping protein that helps recycle 
outlived or damaged protein molecules. It is also involved in a number of cellular 
mechanisms and pathologies, including but not limited to antigen presentation in 
the immune system, apoptosis, Alzheimer’s disease, cell-cycle control, endocytosis 
of membrane receptors, human immunodefi ciency virus (HIV) particle internaliza-
tion, protein quality control in the endoplasmic reticulum, reticulocyte differentia-
tion, signaling, and transcriptional control (Pines  1994 ; Hershko and Ciechanover 
 1998 ; Glickman and Ciechanover  2002 ).  

37.2.2     Ubiquitination 

 Ubiquitin is typically a cytoplasmic and nuclear protein, but it can be found in the 
extracellular space in some mammalian, lower vertebrate, and invertebrate systems 
and is highly substrate specifi c. Polymerization of substrate-bound ubiquitin mole-
cules into multi-ubiquitin chains serves as a degradation signal for numerous target 
proteins. The degradation of substrate protein is initiated by the covalent attachment 
of an isopeptide chain of four or more ubiquitin molecules. These ubiquitin 
molecules are linked to each other through one of seven lysine residues (K6, K11, 
K27, K29, K33, K48, K63) to form the poly-ubiquitin chains. All seven of these Lys 
residues are potential ubiquitin-chain initiation sites, but K48 is the most common 
linkage site for poly-ubiquitin chains recognized by the 26S proteasome (Walczak 
et al.  2012 ; Iwai  2012 ). The K63 site is the most common site of di-ubiquitination, 
targeting membrane receptors for lysosomal degradation, chromatin remodeling, 
and DNA repair (Walczak et al.  2012 ; Kim et al.  2006 ). 

 The formation and ligation of the poly-ubiquitin chain to its target protein occurs 
through a concerted series of ATP-dependent enzymatic reactions (Fig.  37.1 ). 
Ubiquitination starts with the activation of a single ubiquitin molecule with a 
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phosphorylation- dependent ubiquitin-activating enzyme E1 (UBE1 or UBA1 in 
HUGO nomenclature). The UBA1 is then supplanted by ubiquitin carrier/ubiquitin- 
conjugating enzyme E2. Simultaneously, an E3-type ubiquitin ligase seeks out and 
engages the target protein to be ubiquitinated and degraded (Hershko  2005 ). The 
E3-type ligases are highly diverse and responsible for the substrate specifi city of 
protein ubiquitination as there are about two E1 proteins, approximately 30 E2 pro-
teins, and more than 500 different E3 proteins in humans (Tanaka  2009 ). The 
E3-ligases catalyze the covalent ligation of the C-terminal glycine/Gly residue 
(G76) of ubiquitin to an internal lysine/Lys residue of the target protein. Next, the 
ubiquitin chain elongates from the mono-ubiquitinated substrate protein resulting in 
a poly- ubiquitinated protein. A poly-ubiquitin tail of four or more ubiquitin mole-
cules is needed to signal proteasomal degradation.

  Fig. 37.1    Diagram of protein ubiquitination and degradation by the 26S proteasome. Step  1 . 
Monoubiquitin is activated by a phosphorylated ubiquitin-activating enzyme E1 ( UBA1 ). Step  2A . 
UBE1 is supplanted by ubiquitin carrier enzyme/ubiquitin-conjugating enzyme E2 ( UBE2 ). Step 
 2B . Concurrently, the substrate protein is engaged by an E3-type ubiquitin ligase. Step  3A . 
Ubiquitin ligase E3 covalently links an activated monoubiquitin to an internal Lys residue of the 
substrate protein. Step  3B . A second activated ubiquitin molecule is linked to the substrate-bound 
ubiquitin. Step  4 . The ensuing tandem ligation of additional activated ubiquitin molecules results 
in the formation of a multi-ubiquitin chain. Step  5 . Multi-ubiquitin chain of four or more ubiquitin 
molecules is recognized and engaged by subunit  PSMD4  of the 19S proteasomal regulatory com-
plex. Step  6 . The substrate protein is deubiquitinated (liberated ubiquitin molecules re-enter the 
cycle), unfolded, threaded through the 20S core, and cleaved into small peptides, released from the 
20S core lumen. [From Sutovsky  2011 , © Society for Reproduction and Fertility (2013). 
Reproduced by permission]       
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37.2.3        26S Proteasome 

 The 26S proteasome is a 2.5-MDa multi-catalytic canonical protease localized in 
the cell cytosol and nucleus (Fig.  37.2 ). The 26S proteasome is responsible for 
degrading ubiquitinated proteins in the cell, although nonubiquitinated proteins 
could be substrates as well. The typical enzymatically active proteasome consists of 
two subcomplexes. One is a hollow catalytic 20S core particle (20S CP) capped by 
one or two terminal 19S regulatory particle(s) (19S RP). The 19S RP is responsible 
for poly-ubiquitin chain recognition and binding, deubiquitination, and substrate 
protein priming/linearization/unfolding. The 19S RP consists of at least 17 different 
subunits between the two subcomplexes: the lid and the base. The lid complex con-
tains 14 regulatory particle non-ATPase subunits (PSMD1-14) (Hanna and Finley 
 2007 ). Subunit PSMD4 (Rpn10) is the main 19S subunit responsible for substrate 
recognition. It binds the poly-ubiquitin chains on the target protein during poly- 
ubiquitin chain recognition by the 26S proteasome (   Yi et al.  2010a ,  b ). Subunit 
PSMD14 (Rpn11), then deubiquitinates the captured substrate by cleaving the 

  Fig. 37.2    Variations on the subunit composition of the 26S proteasome.  (a)  Subunit makeup of 
( top  to  bottom ) 19S regulatory particle (lid + base), 20S core, and 11S particle (PA28).  (b)  20S core 
capped with 19S particle on one side and an 11S complex/PA28 on the other.  (c)  20S core capped 
with one 19S particle.  (d)  Uncapped 20S proteasome.  (e)  20S core capped with proteasome activator 
PA200.  (f)  Canonical 26S proteasome, with one 19S particle/cap on each side of 20S core. [From 
Sutovsky  2011 , © Society for Reproduction and Fertility (2013). Reproduced by permission]       
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poly- ubiquitin chain at a proximal site, which is then further cleaved into single 
ubiquitin molecules by deubiquitinases (DUBs) that can associate with the 19S RP 
(   Verma et al.  2002 ). The cleaved ubiquitin molecules can be reused for ubiquitina-
tion of other protein molecules. New functions are still being discovered for sub-
units composing the 19S lid. Table  37.1  lists the known 26S proteasomal subunits 
and their proposed functions by species.

    The 19S RP base subcomplex is responsible for (1) capturing target proteins via 
poly-ubiquitin chain recognition, (2) unfolding the substrate protein, and (3) open-
ing the channel into the 20S CP. The base subcomplex contains six homologous 
AAA-ATPase subunits (PSMC1–6) and three non-ATPase subunits (PSMD1, -2, -4). 
These subunits create a narrow gated channel, which only allows unfolded proteins 
to enter the 20S core. PSMD1 and -2 have been proposed to work together as a 
functional unit and are required for substrate translocation and opening of the 20S 
channel. This compartmentalized design of the 26S proteasome separates proteoly-
sis from the cellular milieu and restricts degradation to unfolded and imported pro-
teins. Subunit PSMD2 attaches to the 20S CP, whereas subunit PSMD1 is located 
on top of PSMD2 and serves as a docking site for substrate recruitment factors 
(Rosenzweig et al.  2008 ). Subunit PSMD4 functions as an integral ubiquitin recep-
tor to trap poly-ubiquitinated proteins; PSMD4 does this by its C-terminal ubiquitin- 
interacting motif (Deveraux et al.  1995 ). Six ATPase subunits (PSMC1-6) 
surrounding the base are organized into a hexameric ring that controls the opening 
of the channel and allows the protein to reach the catalytic sites of the 20S CP. The 
base ATPases are required not only to open the channel into the 20S CP but to also 
unfold the substrate protein: this allows the protein to be threaded through the nar-
row channel of the 20S CP where the catalytic protease subunits are located. The 
details of the ATP-dependent mechanisms behind these processes are still unknown, 
but it is certain that these subunits work through a process that requires ATP hydro-
lysis (Liu et al.  2006 ). 

 The 20S CP is a 750-kDa cylindrical protein complex responsible for the prote-
olysis of the substrate protein. The 20S CP contains 28 subunit molecules of 14 
types formed from the stacking of two outer α-rings and two inner β-rings. Each 
ring is composed of seven structurally similar α- and β-subunits, respectively. The 
rings are heptamerically stacked in an α 1–7 β 1–7 β 1–7 α 1–7  pattern. The subunits of the 
α-ring (PSMA1-7) connect the 20S CP to the 19S base and act as a gate that opens 
in the presence of an ubiquitinated protein. The two inner rings are each composed 
of seven β-type subunits (PSMB1-7) and confer the threonine protease activities of 
the 26S proteasome. There are three catalytic β - type subunits: PSMB6 (β1), PSMB7 
(β2), and PSMB5 (β5). The β1-subunit is associated with caspase-like/PGPH (pep-
tidylglutamyl-peptide hydrolyzing) activity, -β2 with trypsin-like activity, and β5 
with chymotrypsin-like activities, which confer the ability to cleave peptide bonds 
at the C-terminal side of acidic, basic, and hydrophobic amino-acid residues, respec-
tively (Tanaka  2009 ). The 20S proteasome then degrades the target protein into 3 to 
15 amino-acid oligopeptides that are released into the cytosol and are further hydro-
lyzed into single amino acids by cytosolic oligopeptidases or amino-carboxyl pep-
tidases (Tanaka  2009 ).   
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37.3     Sperm Proteasome During Plant, Ascidian, 
and Echinoderm Fertilization 

37.3.1     Plant Fertilization 

 The sexual reproduction cycle in higher plants occurs in the reproductive organs of 
the fl ower. Similar to animal spermatozoon, pollen, the male gametophyte, is a 
highly specialized structure, consisting of two or three cells. Pollen is released from 
the anthers and adheres to the surface of the female stigma, equipped with a cyto-
plasmic extension known as the pollen tube (Boavida et al.  2005 ). The pollen tube 
rapidly grows through the style to the ovules (Boavida et al.  2005 ). Pollen tube adhe-
sion and growth guides the pollen toward the ovary where it fertilizes the embryo 
sac, the female gametophyte (Boavida et al.  2005 ). For a more in-depth account of 
fertilization in higher plants, please refer to the review by Boavida et al. ( 2005 ). 

 Evolutionary conservation of the components and roles of the UPS appear to 
reach beyond the animal kingdom to plants, where pollen adhesion and guidance 
seem to depend on ubiquitin. For example, during maize pollen development, the 
levels of ubiquitin and ubiquitin–protein conjugates in young pollen precursors, the 
microspores without vacuoles were 10 to 50 times lower than compared to mature 
pollen grains (Callis and Bedinger  1994 ). Treatment with 26S proteasomal inhibi-
tors, MG132 and epoxomicin, signifi cantly reduced pollen tube growth in kiwifruit 
( Actinidia deliciosa ) (Speranza et al.  2001 ). Kim et al. ( 2006 ) showed that pollen 
adhesion to styles of lily ( Lilium longifl orum  Thunb.) can be enhanced in vitro with 
the addition of exogenous ubiquitin. Furthermore, in  Arabidopsis thaliana  the 
proper conformation of SCF E3 ubiquitin-ligases that direct ubiquitination is 
required for male fertility (Devoto et al.  2002 ). Mutations in genes encoding 26S 
proteasomal subunits, ubiquitin-specifi c proteases, deubiquitinating enzymes, and 
19S regulatory particle non-ATPases result in infertility from defects in pollen mat-
uration or transmission (Doelling et al.  2007 ; Book et al.  2009 ). Several E3s have 
been shown to play key roles in self/non-self pollen recognition in snapdragons 
( Antirrhinum ) (Qiao et al.  2004 ). In snapdragons, the SCF AhSLF2  complex acts as an 
E3 that targets non-self S-RNases for ubiquitination and destruction by the 26S 
proteasome; however, it leaves self-S-RNases active during the self-incompatibility 
response, thus functioning as a cytotoxin that degrades RNA and terminates pollen 
tube growth (Qiao et al.  2004 ).The current data strongly suggest a role for the UPS 
in plant germination and gametophyte development, but more research is needed to 
elucidate how the UPS is utilized in these processes.  

37.3.2     Ascidian Fertilization 

 Ascidians are hermaphrodites that reproduce by releasing sperm and eggs simultane-
ously into the surrounding seawater during the spawning season; thus, large 
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quantities of readily fertilizable gametes can be easily obtained for research. The 
exposure to alkaline seawater activates the spermatozoa, very similar to capacitation 
in mammals, suggesting that the proteasome is then secreted to the sperm surface. 
The spermatozoa then undergo species-specifi c binding to the proteinaceous vitel-
line coat, which they must penetrate via sperm surface proteases that act as a VC-lysin 
to complete the fertilization process. It has been shown that the proteasomes are 
exposed on the ascidian sperm surface; proteasomal proteolytic activity was specifi -
cally detected in the sperm head region and was clearly increased upon sperm activa-
tion (   Sawada et al.  2002a ,  b ). Anti-proteasome antibodies, and proteasomal inhibitors 
MG115 and MG132, inhibit ascidian fertilization (Sawada et al.  2002b ). 

 Studies in two ascidian species,  Ciona intestinalis  and  Halocynthia roretzi , have 
shown a strict self-sterility in fertilization (Sawada et al.  2002a ). After self/non-self 
recognition via interactions between the sperm and VC, the sperm-borne egg coat 
lysin system is activated (Sawada et al.  2002a ). Data from Sawada’s laboratory have 
provided evidence that VC penetration by ascidian sperm involves the sequential 
ubiquitination and proteasomal degradation of the sperm receptor protein HrVC70, 
a major protein component of the ascidian VC. Ubiquitination of HrVC70 is accom-
plished by a 700-kDa ubiquitin-conjugating enzyme complex released during sperm 
activation (Sawada et al.  2002a ; Sakai et al.  2003 ). A 930-kDa proteasome (26S-like 
proteasome) seems to function as the egg coat lysin that directly degrades the VC. 
These data suggest that an extracellular, sperm-borne, ubiquitin-conjugating enzyme 
system is essential for the formation of these poly-ubiquitin chains on HrVC70 and 
for ascidian fertilization. 

 The HrVC70 is a 70-kDa component of the VC shown to be a novel sperm recep-
tor that bears signifi cant similarity to components of the mammalian zona pellucida, 
particularly the proposed mammalian/murine sperm receptor ZPC (Sawada et al. 
 2002a ). Three N-terminal cystine/Cys residues in the ZP domain of the 120-kDa 
HrVC70 precursor (HrVC120) share conserved positions within mammalian and 
frog ZPC (Sawada et al.  2002a ). HrVC70 contains 12 EGF (epidermal growth 
factor)-like repeats that confer its role in sperm binding to VC (Sawada et al.  2002b ). 
This protein has been shown to be degraded by purifi ed ascidian sperm 26S-like 
proteasomes only in the presence of ubiquitin, ATP, and the ubiquitin-conjugating 
enzymes purifi ed from a rabbit reticulocyte lysate (Sawada et al.  2002b ; Sakai et al. 
 2004 ). These results reveal that an extracellular UPS is essential for ascidian fertil-
ization, particularly in the degradation of the proteinaceous vitelline coat. 

 Recently, Yokota and Sawada investigated an extracellular transport signal and 
have discovered a novel posttranslational modifi cation of the ascidian sperm pro-
teasome. They found that the 20S core PSMA1/α6-subunit of purifi ed sperm pro-
teasomes is distinct from purifi ed egg and muscle proteasomes (Yokota et al.  2011 ). 
Tissue specifi c α-subunits are not commonplace, but several are expressed in the 
testis of  Drosophila  (α3T, α4T2, and α6T) (Belote and Zhong  2009 ). Among these 
testis-specifi c α-subunits, α6T is reported to be crucial for spermatogenesis and 
fertility (Belote and Zhong  2009 ). The α6-subunit of  H. roretzi  contains a cluster 
of acidic amino acid residues and the removal of this cluster may mimic the state of 
dephosphorylation of the α6-subunit which may affect function and localization of 
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the sperm proteasome (Yokota et al.  2011 ). Alternatively, it is also possible that the 
conserved sequence of the α6-subunit in  H. roretzi  and  C. intestinalis  may function 
as a transport signal to the acrosome during ascidian spermiogenesis. It is not known 
at present if similar modifi cations exist in the mammalian sperm proteasome.  

37.3.3     Echinoderm Fertilization 

 Most echinoderms can reproduce sexually by spawning eggs and spermatozoa into 
the seawater, much as do ascidians, and asexually by regenerating body parts. For 
the purpose of this review, only sexual reproduction is examined. It has been con-
fi rmed that the proteasomes are present in sea urchin spermatozoa and that the 
sperm proteasome may be involved in the acrosome reaction; but differing from 
ascidians, the proteasome is not essential for sperm binding to the echinoderm VC 
(Yokota and Sawada  2007 ; Matsumura and Aketa  1991 ). The role of sperm protea-
somes in echinoderm fertilization has been investigated in the sea urchin 
 Pseudocentrotus depressus  by Yokota and Sawada ( 2007 ), who examined the effects 
of proteasomal inhibitors and synthetic peptide substrates for the proteasome on 
different steps of the fertilization process. The inhibition of fertilization by protea-
somal inhibitors suggests that the echinoderm sperm proteasomes are important in 
the acrosome reaction and in sperm penetration through the VC, most likely as an 
egg coat lysin (Yokota and Sawada  2007 ). Among the examined proteasomal sub-
strates and inhibitors, a caspase substrate (Z-Leu-Leu-Glu-MCA) competitively 
inhibited the caspase-like catalytic center (β1-subunit) of the proteasome, which 
decreased fertilization in a concentration-dependent manner (Yokota and Sawada 
 2007 ); this suggests that the caspase-like activity of the proteasome β1-subunit must 
play a key role in sea urchin fertilization. 

 Echinoderm spermatozoa undergo acrosome reaction/acrosomal exocytosis 
when they enter the jelly coat surrounding the VC. Protein kinase A (PKA) has been 
implicated in the acrosome reaction in sea urchins (Su et al.  2005 ), and shown to 
stimulate the function of mammalian 26S proteasome (Zhang et al.  2007 ). Therefore, 
the sperm proteasome may act to degrade certain unknown PKA modulators, which 
would result in the irreversible activation of PKA during the acrosome reaction. 
During the acrosome reaction, the acrosomal contents containing an egg coat lysin 
are exposed and released, allowing spermatozoa to penetrate the VC (Yokota and 
Sawada  2007 ). For the sperm proteasome to act as egg coat/VC lysin, the VC must 
be ubiquitinated before fertilization and extracellular ATP must be present (Yokota 
and Sawada  2007 ). Yokota and Sawada used Western blotting with a monoclonal 
anti-ubiquitin antibody FK2, which recognizes both mono- and multi-ubiquitinated 
proteins, to reveal a band pattern indicative of VC ubiquitination. The identity of 
the ubiquitinated VC protein(s) remains to be determined, but current data support 
the hypothesis that the echinoderm sperm 26S proteasome is released during the 
acrosome reaction and degrades the ubiquitinated VC proteins in an ATP-dependent 
fashion.   
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37.4     Proteasome Localization and Activity 
in Mammalian Spermatozoa 

 Mammalian fertilization is a unique cellular-recognition event that comprises 
sequential interactions between the sperm and the oocyte vitelline coat (Yanagimachi 
 1994 ). First, a capacitated spermatozoon penetrates the cumulus oophorus, facili-
tated by a sperm membrane-bound hyaluronidase, and then binds to the zona pel-
lucida, a protective glycoprotein matrix that surrounds the ovulated oocyte. The ZP 
plays a pivotal role in the species specifi city of sperm–oocyte recognition, and bind-
ing, as well as in the induction of acrosomal exocytosis (AE), anti-polyspermy 
defense, and protection of the embryo until implantation. In most of the mammals 
studied, only spermatozoa with an intact acrosome bind to the ZP, in a species- 
specifi c manner. The fertilizing spermatozoan interaction with the zona glycopro-
tein that serves as sperm receptor (ZP3/ZPC in mouse/human and ZPB/ZPC 
complex in pig) triggers the AE via signal transduction events in the sperm acro-
some, such as the opening of T-type, low voltage-activated Ca 2+  channels, causing 
an infl ux of Ca 2+  and the activation of heterotrimeric G proteins (Pasten et al.  2005 ; 
Ikawa et al.  2010 ). An increase in intracellular pH, resulting in sustained Ca 2+  infl ux, 
which drives AE, causes the release or exposure of acrosomal enzymes and, when 
combined with vigorous sperm motility, allows the spermatozoon to penetrate the 
ZP and fuse with the oocyte plasma membrane, the oolemma (Pasten et al.  2005 ; 
Ikawa et al.  2010 ). 

 The role of the UPS has been well documented in the reproductive processes of 
several mammalian species. For example, multi-enzymatic sperm protease com-
plexes with similar sedimentation coeffi cients as purifi ed proteasomes from other 
tissues have been isolated from mouse (Pasten et al.  2005 ), pig (Zimmerman and 
Sutovsky  2009 ), and human (Morales et al.  2003 ; Morales et al.  2004 ; Baker et al. 
 2007 ) spermatozoa. Accordingly, the substrate-specifi c enzymatic activities (trypsin- 
like, chymotrypsin-like, and peptidylglutamyl peptide-hydrolyzing activities) of 
these sperm proteasomes have been recorded in mice (Pasten et al.  2005 ; Bedard 
et al.  2011 ; Rivkin et al.  2009 ), pigs (Sutovsky et al.  2004 ; Yi et al.  2007a ;    Yi et al. 
 2009 ), and humans (Morales et al. 2003; Chakravarty et al.  2008 ; Kong et al.  2009 ). 

 The sperm-associated proteasomes are tethered to the acrosomal surface in mice 
(Pasten et al.  2005 ), pigs (Sutovsky et al.  2004 ;    Yi et al.  2009 ), and humans (Morales 
et al.  2004 ). The proteasomes probably become associated with the spermatozoa 
inner and outer acrosomal membranes during acrosomal biogenesis at the spermatid 
stage (Rivkin et al.  2009 ). It appears that the extracellular proteasomes exposed on 
the acrosomal surface of mammalian spermatozoa are involved in the ZP-induced 
AE and are able to directly interact with the ZP during fertilization (Sutovsky et al. 
 2004 ;    Yi et al.  2009 ). The proteasomes located on the cell surface could participate 
in sperm–ZP binding in some mammalian species, such as humans (Chakravarty 
et al.  2008 ;    Naz and Dhandapani  2010 ) and mice (Pasten et al.  2005 ). Then, the 
intracellular and extracellular proteasomes would blend into the acrosomal shroud 
and participate during the AE. Sperm proteasomes have been shown to be essential 
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for acrosomal function and sperm–zona penetration during fertilization in several 
mammalian species such as mouse, pig, and human (Pasten et al.  2005 ; Kong et al. 
 2009 ; Zimmerman et al.  2011 ). It is possible that the proteasomes modulating these 
cellular events could participate in other steps of fertilization as well. 

 In addition to proteasomes, other UPS components have been implicated in sper-
matogenesis, epididymal sperm maturation, and fertilization. For example, ubiqui-
tinated substrates have been detected in the epididymal fl uid, the seminal plasma, on 
the surface of defective epididymal spermatozoa, and on the outer surface of the ZP 
(Sutovsky et al.  2001 ,  2004 ; Zimmerman et al.  2011 ). Anti-proteasome antibodies 
have been reported to be present in the seminal plasma of infertile men (Bohring 
et al.  2001 ; Bohring and Krause  2003 ). Addition of the deubiquitinating enzyme 
inhibitor, ubiquitin-aldehyde, to boar in vitro fertilization assays promotes poly-
spermy, which might be related to an increase in ubiquitination and degradation of 
the ZP because this C-terminally modifi ed ubiquitin species accelerates protea-
somal proteolysis (Yi et al.  2007b ). More recently, sperm deubiquitinating enzymes 
have been explored by the Wing laboratory in Canada. They reported that the sper-
matozoa of deubiquitinating enzyme  Usp2  knockout mice are severely subfertile, 
which appeared to be caused by a defect in ZP binding or penetration, even though 
the USP2 protein in wild-type mice does not seem to be specifi cally localized in the 
acrosome. In elongating spermatids, USP2 was localized perinuclearly in a thin 
layer between the outer acrosomal membrane and the plasma membrane, but absent 
from the nucleus (Lin et al.  2000 ). The  Usp2  null spermatozoa are motile and 
undergo the AE but fail to penetrate the ZP (Bedard et al.  2011 ). These data suggest 
that the deubiquitination of sperm or spermatid proteins by USP2 is an important 
regulatory mechanism required for the acquisition of fertilizing ability by mamma-
lian spermatozoa. It is not clear if the observed severe subfertility is a result of 
impaired deubiquitinating activity of the acrosomal USP2 enzyme during fertiliza-
tion, or if it is rather a result of abnormal assembly of the sperm acrosome during 
spermiogenesis. Either way, the failure of motile  Usp2  null spermatozoa to pene-
trate the zona supports the view that sperm motility alone is not suffi cient to propel 
the sperm head through the zona matrix. 

 The role of UPS in sperm penetration through the ZP has been well documented. 
Proteasomal inhibitors and anti-proteasome antibodies effectively block mouse, 
pig, and human sperm ability to penetrate the ZP of their respective species (Morales 
et al. 2003; Sutovsky et al.  2004 ; Pasten et al.  2005 ). The coincubation of pig sper-
matozoa with proteasomal inhibitors prevents sperm–ZP penetration without affect-
ing sperm motility and binding (Sutovsky et al.  2003 ,  2004 ; Yi et al.  2007a ; 
Zimmerman and Sutovsky  2009 ). However, if the zona is removed before fertiliza-
tion, fertilization proceeds even with the addition of proteasomal inhibitors 
(Sutovsky et al.  2004 ), which suggests a role for the proteasome in sperm–ZP pen-
etration. Chakravarty et al. reported that the human sperm-associated proteasomal 
activity is not stimulated by binding of recombinant ZP proteins, but that it remains 
steady after AE, most likely caused by the association of the proteasomes with the 
inner acrosomal membrane, which is not removed by AE (Chakravarty et al.  2008 ). 
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 The ZP3/ZPC in mice and humans has been identifi ed as the primary sperm- 
binding receptor on the ZP and perhaps the inducer of AE (Naz and Dhandapani 
 2010 ). The human sperm ubiquitin-associated protein UBAP2L was identifi ed as 
a ZP-interacting protein by the Naz Lab (Naz and Dhandapani  2010 ) using a yeast 
two-hybrid screen (Y2H) and was further tested when UBAP2L antibodies were 
shown to inhibit sperm–ZP binding when tested in vitro. The Y2H procedure is 
used to identify proteins that interact with a target protein expressed in yeast as a 
hybrid with a DNA-binding domain and has been widely used to examine protein–
protein interactions (Naz and Dhandapani  2010 ). Human sperm–oocyte recogni-
tion, binding, and AE have been proposed to be mediated by sugar residues 
( O - and  N -linked) and peptide moieties of ZP3 (Chakravarty et al.  2005 ; Gupta 
et al.  2009 ). Results from the Naz lab suggest that ubiquitination, in addition to 
glycosylation of the ZP proteins, may regulate the sperm–ZP interactions (Naz 
and Dhandapani  2010 ). 

 In agreement with the foregoing study, Aitken and colleagues found that the 
proteasome is a component of a multimeric ZP-binding complex found in human 
spermatozoa (Redgrove et al.  2011 ). They propose that sperm–ZP binding requires 
the concerted action of several sperm proteins that form multimeric recognition 
complexes on the sperm surface, which is an alternate and novel view different from 
the traditional simple lock-and-key mechanism of one receptor, one ligand. The 
formation of these complexes on the sperm surface is purported to depend upon 
posttesticular maturation driven by the environmental changes to which the sperma-
tozoa are exposed in the epididymis and within the female reproductive system. 
They report that human spermatozoa express a number of high molecular weight 
protein complexes on their surface and that subsets of these complexes display 
affi nity for homologous ZP (Redgrove et al.  2011 ). Two of these complexes were 
revealed to be a chaperonin-containing TCP-1 (CCT), which harbors a putative 
ZP-binding protein, ZPBP2, and several components of the 20S proteasome that 
were found previously in an analysis of the human sperm proteome (Redgrove et al. 
 2011 ; Johnston et al.  2005 ). The role of these protein complexes in sperm–ZP inter-
actions was further confi rmed when antibodies against the individual components 
of the complex, including proteasomal subunits, inhibited sperm binding to zona- 
intact oocytes (Redgrove et al.  2011 ). Because many sperm proteins exhibit 
ZP-binding affi nity, it is possible that complexes containing these ZP-binding pro-
teins may participate in sequential or hierarchical molecular interactions or act syn-
ergistically to ensure successful sperm–ZP binding. It is important to note that the 
proteasome complex was shown as three large bands when examined by blue native 
polyacrylamide gel electrophoresis. Aitken et al. theorize that this is caused by post-
translational modifi cations of certain subunits of the complex (α1–7, β1, and β4) 
that displayed charge shift signatures characteristic of tyrosine phosphorylation 
(Redgrove et al.  2011 ). This fi nding is consistent with the proteasomal subunit 
phosphorylation reported in the acrosome that, according to Diaz et al., modulates 
the fertilizing capacity of human spermatozoa by inducing AE (Diaz et al.  2007 ), 
suggesting that proteasome complexes may be differentially activated during the 
individual steps of fertilization.  
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37.5     Is the Mammalian Egg Coat Ubiquitinated 
Before Fertilization? 

 To confer with the hypothesis that the 26S proteasome acts as the putative egg coat 
lysin in mammalian fertilization, there must be an ubiquitinated sperm receptor on 
porcine ZP that is degraded by the sperm acrosome-borne proteasomes during por-
cine fertilization. These three prerequisites are required: (1) the sperm receptor on 
the mammalian egg coat is ubiquitinated; (2) proteasomes are present, exposed, and 
enzymatically active in the sperm acrosomal cap; and (3) sperm proteasomes 
degrade the sperm receptor on the egg coat during fertilization. 

 There is evidence that the sperm receptor complex ZPB-ZPC on the porcine ZP 
is ubiquitinated. In porcine oocytes, the ZPB-ZPC complex has been shown to be 
responsible for sperm–ZP binding (Yurewicz et al.  1998 ). Furthermore, the porcine 
ZPC homologues in mouse (ZP3) and human (ZP3) have been implicated in sperm 
binding and induction of acrosomal exocytosis (Shur et al.  2006 ; Gupta et al.  2009 ). 
Sutovsky et al. ( 2004 ) have shown the presence of ubiquitinated proteins in the 
unfertilized porcine egg coat. They reported that ubiquitin-immunoreactive proteins 
can be detected on the outer surface of porcine ZP, visualized ZP digestion with 
immunofl uorescence microscopy with anti-ubiquitin antibodies, and recorded the 
presence of ubiquitinated proteins in ZP preparations from high-quality metaphase 
II ova. More recently, they have observed Gly-Gly modifi cations, a fi ngerprint of 
ubiquitinated internal Lys-residues, on all three components of porcine ZP (ZPA, 
ZPB, and ZPC) using Nanospray LC-MS/MS spectroscopy (Peng et al.  2003 ; 
Zimmerman et al.  2011 ). These fi ndings corroborate the pattern of sequential ubiq-
uitination and proteasomal degradation of the ascidian sperm-receptor protein 
HrVC70, an analogue of mammalian ZP. Similarly, Yokota and Sawada ( 2007 ) 
reported that the vitelline envelopes of sea urchin eggs are already ubiquitinated 
before fertilization (Yokota and Sawada  2007 ). 

 Enzymatically active proteasomes have been found in the boar sperm acrosome. 
There is evidence that sperm proteasomes are exposed onto the sperm surface and 
remain associated with acrosomal membranes during sperm–ZP penetration. Boar 
sperm proteasomes are associated with acrosomal membranes and matrix before 
AE and remain associated with the inner acrosomal membrane after AE (Morales 
et al.  2004 ; Zimmerman and Sutovsky  2009 ; Yi et al.  2009 ; Yi et al.  2010a ,  b ). 
Proteasomal activity is present in motile boar spermatozoa (Yi et al.  2009 ). 
Adenosine triphosphate (ATP) is essential for the integrity of the 26S proteasome, 
which is maintained by the six 19S ATPase subunits. Depletion of sperm surface 
ATP by  Solanum tuberosum  apyrase inhibits sea urchin fertilization (Yokota and 
Sawada  2007 ) and porcine in vitro fertilization (IVF) (Yi et al.  2009 ). Enzymatic 
activity of boar sperm proteasomes was confi rmed in whole, motile spermatozoa, 
sperm acrosomal fractions, and affi nity purifi ed proteasomes (Yi et al.  2009 ; Miles 
et al.  2013 ). These purifi ed proteasomes were also tested for functionality via casein 
degradation (Manandhar and Sutovsky, unpublished data).  
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37.6     Sperm Proteasomes Can Degrade Zona Pellucida 
Proteins in Solution and In Situ 

 Studies in porcine and avian models suggest that sperm proteasomes can degrade 
the sperm receptor on porcine ZP and on the vitelline coat of Japanese quail egg, 
respectively (Zimmerman et al.  2011 ; Sasanami et al.  2012 ). It is diffi cult to capture 
the action of sperm acrosomal enzymes during fertilization, but the Sutovsky lab 
developed an in vitro assay using live, freshly collected, and capacitated boar sper-
matozoa coincubated with the ZP proteins solubilized from 100 meiotically mature, 
fertilization-competent porcine oocytes (Zimmerman et al.  2011 ). The soluble ZP 
proteins are thus enabled to bind to sperm acrosomal surface as the zona matrix 
would during fertilization and induce acrosomal exocytosis, resulting in the forma-
tion of acrosomal shrouds similar to those seen on the surface of ZP during IVF. 
Because there is no solid zona matrix in this assay, the acrosomal shrouds are easily 
separated from spermatozoa and interrogated for the degradation of the bound 
ZP-proteins. A distinct degradation pattern of the porcine sperm-receptor compo-
nent ZPC was observed, similar to the degradation pattern of ZPC with purifi ed 
sperm proteasomes (Zimmerman et al.  2011 ). The observed, rapid degradation of 
ZPC by spermatozoa and purifi ed sperm proteasomes was inhibited by ATP deple-
tion with  S. tuberosum  apyrase and with proteasomal inhibitors (MG132, CLBL, 
and Epoxomicin); it was accelerated by ubiquitin-aldehyde, a C-terminally modifi ed 
ubiquitin protein that stimulates proteasomal proteolysis (Zimmerman et al.  2011 ). 
Furthermore, they were able to record that purifi ed boar sperm proteasomes can 
digest intact pig ZP of in vitro maturing ova and reduce the rate of polyspermic fertil-
ization after IVF (Zimmerman et al.  2011 ). These results were corroborated by a 
study in Japanese quail model that used a similar in vitro system to demonstrate that 
the sperm proteasome is important for avian fertilization and helps sperm penetration 
through the perivitelline membrane, which is homologous to the ZP in mammals. 
Japanese quail spermatozoa contain proteasomes localized in the acrosomal region 
and can degrade the ZP1 protein in a fashion similar to the degradation of ZP3/ZPC 
in the porcine model; this degradation is also inhibited by proteasomal inhibitor 
MG132 and by extracellular ATP depletion by apyrase (Sasanami et al.  2012 ).  

37.7     Recent Advances in the Study of Sperm Ubiquitin 
Proteasome System 

 There is a growing acceptance of the involvement of the ubiquitin proteasome sys-
tem in the reproductive process in plants, ascidians, echinoderms, and mammals, 
but many outstanding questions remain. How is sperm proteasomal activity regu-
lated during sperm storage, capacitation, AE, and ZP penetration? How are protea-
somes inserted in the acrosome during spermiogenesis? What is the role of 
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deubiquitinating enzymes in fertilization? Can we target sperm proteasomes for a 
contraceptive effect? Novel animal models and assays will pave the way to elucidate 
these mechanisms. 

 A novel transgenic boar model with green fl uorescent protein (GFP) fused to the 
C-terminus of 20S proteasomal core subunit alpha-type 6 (PSMA1) has been devel-
oped through a joint effort between the Sutovsky, Prather, and Wells laboratories at 
the University of Missouri–Columbia (Miles et al.  2013 ). Functional GFP-tagged 
proteasomes have been shown to be incorporated in not only fertilization-competent 
spermatozoa but in other tissues and cell types (Miles et al.  2013 ). Using cross- 
immunoprecipitation experiments, the authors identifi ed various proteins interact-
ing with the GFP-PSMA1 subunit such as lactadherin/MFGE8, spermadhesins, and 
disintegrins/ADAM metalloproteinases; these proteins may regulate sperm protea-
somal activity or may be the substrates of proteasomal proteolysis during fertiliza-
tion (Miles et al.  2013 ). They have also proposed a method of isolating enzymatically 
active GFP proteasomes through GFP affi nity purifi cation (Miles et al.  2013 ). This 
novel model will be useful for studies of fertilization and wherever UPS plays a role 
in cellular function or pathology. 

 A protection assay utilizing proteasomal inhibitors was used as an alternative 
method of identifying sperm–proteasome interacting proteins. The treatment of 
porcine spermatozoa with proteasomal inhibitors during coincubation with solubi-
lized ZP proteins led to the accumulation of sperm acrosomal surface-associated 
proteins that would otherwise be degraded during AE (Zimmerman et al.  2011 ). 
The identifi ed proteins that were protected from degradation by proteasomal inhibi-
tors included sperm adhesion molecule 1 (SPAM1), lactadherin/MFGE8, zona 
pellucida- binding protein 2 (ZPBP2), and fragments of acrosin-binding protein 
ACRBP (SP32) (Zimmerman et al.  2011 ). Proteasomal degradation of these acro-
somal zona-binding proteins could facilitate the ZP-induced acrosomal exocytosis 
or serve to terminate primary sperm–ZP binding as the fertilizing spermatozoon 
starts to move forward and penetrate deeper into the ZP. Furthermore, proteasomal 
inhibitors suppressed the induction of AE when human spermatozoa were incu-
bated with recombinant human ZP3 and ZP4 (Chakravarty et al.  2008 ). Current 
research also implicates the ubiquitin proteasome system in sperm capacitation and 
AE, and that these sperm transformations may be regulated and reversed by deubiq-
uitinating enzymes that also regulate oocyte anti-polyspermy defense and oocyte 
maturation. Inhibition of the ubiquitin-activating enzyme UBA1 (E1) during boar 
sperm capacitation alters proteasomal subunit properties and sperm-fertilizing abil-
ity in vitro in a dose-dependent manner (Yi et al.  2012 ). Ubiquitin-conjugating 
enzyme, the ubiquitin- ligase UBR7, has been detected in the boar sperm acrosome, 
and de novo ubiquitination of UBB+1 has been achieved using sperm acrosomal 
extract (S.W. Zimmerman and P. Sutovsky, unpublished data). Deubiquitinating 
enzymes from the ubiquitin C-terminal hydrolase (UCHL) family have been shown 
to regulate anti-polyspermy defense and oocyte cortex and meiotic spindle forma-
tion. Block of sperm UCHL3 increases porcine polyspermy in vitro while supple-
mentation of recombinant UCHs to IVF media reduced polyspermy and increased 
the rate of monospermic fertilization (Yi et al.  2007b ). Interference with bovine oocyte 
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UCHL1 alters cortical granule maturation and causes polyspermy (Susor et al.  2010 ). 
Block of murine oocyte UCHL1 and UCHL3 prevents sperm incorporation in the 
ooplasm and causes meiotic spindle anomalies and polar body extrusion defects 
(Mtango et al.  2012a ,  b ). Subfertility, in vitro polyspermy, and failed morula com-
paction have been reported in the gad mutant mouse expressing an inactive form of 
UCHL1 (Kwon et al.  2003 ; Mtango et al.  2012a ). These data suggest that ubiquiti-
nation plays a key role in sperm function and that the deubiquitinating enzymes 
(UCHL1 and UCHL3) are important during fertilization and pre-implantation 
embryo development.  

37.8     Conclusions 

 Accumulating evidence suggests that the putative mammalian egg coat lysin is the 
26S proteasome. There are data supporting all the prerequisites in the porcine fertil-
ization model: (1) all three pig zona components (ZPA, ZPB, ZPC) are ubiquiti-
nated, (2) enzymatically active proteasomes are present in the boar sperm acrosome 
and exposed on the acrosomal surface, and (3) motile boar spermatozoa and isolated 
boar sperm proteasomes are capable of degrading the sperm receptor components of 
the zona pellucida in vitro. 

 Recent advances have elucidated more ways in which the UPS affects mamma-
lian reproduction that could possibly be manipulated to develop novel forms of 
nonhormonal contraceptives. Sperm proteasomes have been shown to copurify with 
various acrosomal sperm membrane-binding proteins. Sperm capacitation and acro-
some reaction have been reported to be altered by interference with UPS enzymes 
responsible for ubiquitin–substrate conjugation, deubiquitination, and proteasomal 
proteolysis. Acrosomal extracts can ubiquitinate exogenous substrates. Therefore, 
the properties of sperm-borne proteasomes are consistent with their proposed role 
of mammalian zona lysin. Evidence from several laboratories, animal models, and 
human gamete studies supports the participation of sperm proteasomes in multiple 
aspects of the fertilization process, including sperm capacitation, sperm zona binding, 
acrosomal exocytosis, and sperm–zona/vitelline coat penetration.     
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