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ABSTRACT Ubiquitin and ubiquitin-like proteins control the degradation of substrates as
diverse as cyclins, viral envelope proteins, plasma membrane receptors, and mRNAs. The ubiqui-
tinated substrates are targeted towards the lysosomal or proteasomal degradation sites. The
number and position of ubiquitin molecules bound to substrates’ lysine residues and the number
and position of ubiquitin molecules in polyubiquitin chains determine the astonishing substrate
specificity of ubiquitin-mediated proteolysis. Ubiquitin is likely to be expressed in mammalian
gametes and embryos at any given developmental step, but the information on ubiquitin depen-
dence of gametogenesis and fertilization is sketchy. Ubiquitin ligases E1, E2, E3, and UBC4 are
active in the testis. Ubiquitin and proteasomal subunits can be detected in the human sperm
centrosome that undergoes dramatic reduction during spermatid elongation. Spermatid histones
are ubiquitinated as they are being transiently replaced by transitional proteins and permanently
by protamines. Ubiquitin tagging of the sperm mitochondrial membranes may serve as a death
sentence for paternal mitochondria at fertilization, thus promoting the maternal inheritance of
mitochondrial DNA (mtDNA) in mammals. The defective spermatozoa become surface-ubiquiti-
nated during sperm descent down the epididymis. Finally, new evidence suggests the involvement
of ubiquitin-proteasome pathway in the zona penetration by the acrosome-reacted spermatozoon.
Such differential patterns of ubiquitination in the testis and epididymis, and inside the egg, may be
necessary for reproductive success in humans and animals. Deciphering and eventually manipu-
lating the ubiquitin-dependent proteolysis in the reproductive system could allow us to redirect the
mode of mtDNA inheritance after cloning and ooplasmic transplantation, provide germ line therapy
in some cases of male infertility, develop new contraceptives, manage polyspermia during in vitro
fertilization, and establish objective markers for infertility diagnostics, semen evaluation, and
prediction of future fertility. Microsc. Res. Tech. 61:88–102, 2003. © 2003 Wiley-Liss, Inc.

INTRODUCTION
Recent results from the human genome project indi-

cate that fewer genes than originally thought are nec-
essary to control the complexity of human and animal
cells (Baltimore, 2001). Limited numbers of gene prod-
ucts available in a cell must therefore perform diversi-
fied functions wherein one molecule can exert control
upon a multitude of cellular events. Ubiquitin, the
cellular proteolytic marker peptide, is a prime example
of such strategy, controlling events as diverse as cell
cycle progression (Glotzer et al., 1991), protein degra-
dation and recycling (Ciechanover et al., 1984), mem-
brane receptor endocytosis (Strous and Govers, 1999),
and even retroviral infection (Ott et al., 1998). This is
achieved through the covalent binding of 76-amino
acid, 8.5 kDa ubiquitin to the E-amino group on the
substrate’s Lys-residues. This reaction requires the hy-
drolysis of ATP and is catalyzed by a set of ubiquitin-
carriers and ligases termed E1–E4 in mammals, or
UBC-1 to UBC-5 in yeast (reviewed by Ciechanover,
1994; Hershko and Ciechanover, 1998).

The common patterns of ubiquitination include
monoubiquitination, diubiquitination, and tetraubiq-

uitination, all of them increasing the molecular weight
of a substrate by an appropriate multiple of 8.5 kDa
(Pickart, 1998). Often one ubiquitinated substrate can
occur in a variety of ubiquitination orders, resulting in
a typical ladder of bands, separated by 8.5 kDa spaces,
or their multiples on Western blots. The purpose of the
ligation of polyubiquitin chains is to deliver the ubiqui-
tinated substrates to a cellular trash bin, a lysosome,
an autophagosomal vacuole, or a 26 S proteasome.
There the polyubiquitin chain is removed by ubiquitin
C-terminal hydrolases and the substrate is hydrolyzed
into small peptides and individual amino acids (Wilkin-
son and Hochstrasser, 1998).
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A quarter of a century after the initial characteriza-
tion of the ubiquitin-dependent proteolytic pathway
(Etlinger and Golberg, 1977; Goldstein et al., 1975),
few reports exist on the role of ubiquitination in game-
togenesis and fertilization (see recent reviews by
Baarends et al., 1999; Bebington et al., 2001). Most
work has emerged in the last decade and the present
article is an attempt to review these data with empha-
sis on fertilization and sperm maturation during epi-
didymal passage. Some yet to be published studies on
ubiquitin-dependent proteolytic events in male and in
the female reproductive system and embryogenesis, up
to the point of fertilization, are also discussed.

ROLE OF UBIQUITINATION IN SUBSTRATE
SPECIFICITY OF PROTEOLYSIS: STICKY

LYSINES, MULTIUBIQUITIN CHAINS,
AND UBIQUITIN LIGASES

Ubiquitination is likely one of the most versatile
cellular regulatory mechanisms, controlling physiolog-
ical and pathological events ranging from protein turn-
over (Ciechanover, 1994) to Alzheimer’s disease and
HIV (Cochran et al., 1991). While a number of enzymes
and substrate-targeting sequences are involved in
these events, ubiquitin, with its ability to bind co-
valently to Lys-residues of most known proteins, is a
common denominator of these reactions. In addition to
its affinity for Lys-residues of the substrate, ubiquitin
has seven lysines of its own, at least five of which may
participate in ubiquitin–ubiquitin conjugation. Ubiq-
uitin molecules already attached to the substrate can
therefore form dimers, tetramers, and a variety of poly-
mers with additional, unconjugated ubiquitin mole-
cules (Pickart, 1998). By a simple combinatoric, an
almost infinite number of ubiquitination patterns can
be achieved through such coupling. This, along with a
variety of destruction boxes and N-end rules that de-
termine protein life span, accounts for the unexpected
substrate specificity of ubiquitin-protein conjugation
(Laney and Hochstrasser, 1999; Varshavsky, 1997). In
addition, there are a variety of ubiquitin carriers and
conjugating enzymes that may contribute to a peculiar
substrate specificity of ubiquitination. The respective
roles of three common ubiquitin conjugating enzymes,
designated E1, E2, and E3 in mammals, are to activate,
carry/conjugate, and ligate ubiquitin to the substrates.
A number of yeast analogs, Ubcs, and a novel mamma-
lian ligase, E4, have been described recently (reviewed
by Hershko and Ciechanover, 1998). Ubiquitin-related
proteins with similar function in proteolysis include
SUMO1, Rad23, and NEDD8 (reviewed by Tanaka et
al., 1998; Jentsch and Pyrowolakis, 2000).

Monoubiquitination, i.e., the covalent ligation of a
single ubiquitin molecule to a molecule of substrate, is
sufficient to elicit substrate-proteolysis (e.g., Horak
and Wolf, 2001). Similarly, ubiquitin conjugating en-
zymes E1 and E2, but not necessarily E3 and/or E4, are
required for ubiquitination (Scheffler et al., 1998).
While ubiquitin is the most conservative protein ex-
trapolated from yeast to humans (Özkaynak et al.,
1984), there is much variability in ubiquitin-protein
and ubiquitin-ubiquitin conjugation, which is also
thought to be responsible for the varied and limited
specificity of anti-ubiquitin antibodies (Pickart, 1998).
In most cases, these cross-react exclusively with cer-

tain orders of multiubiquitin chains and sometimes
only recognize the unconjugated ubiquitin (reviewed by
Pickart, 1998).

UBIQUITIN IN SPERMATOGENESIS:
THE TESTIS

Ubiquitin (Fig. 1A–C,E), the ubiquitin conjugating
enzymes E1, E2 (Fig. 1D), and UBC4 and the ubiq-
uitin-recycling protein PGP 9.5 are highly expressed
during gonad and germ cell differentiation by Sertoli
cells, spermatogonia, spermatocytes, and spermatids
(Agell and Mezquita, 1988; Baarends et al., 1999a;
Bebington et al., 2001; Kon et al., 1999; Pusch et al.,
1998; Rajapurohitam et al., 1999).

Dramatic reduction of cytoplasmic volume occurs
during the haploid stage of spermatogenesis, i.e., sper-
matid elongation, when half of all spermatid mitochon-
dria, along with most of the cytosol, are rejected in the
form of a residual body destined for resorption by Ser-
toli cells of the testis (reviewed by Oko and Clermont,
1998). The ubiquitination of the spermatid mitochon-
dria (Fig. 1E) is supported by the colocalization of ubiq-
uitin with mitochondria in spermatids and mature
sperm (Sutovsky et al., 1999b, 2000a). Expression of
ubiquitin in the round spermatids and mature sperm
was reported in roosters (Agell and Mezquita, 1988),
bulls (Sutovsky et al., 2000a), men, and mice (Tipler et
al., 1997). The ubiquitin-activating enzyme E1 (Kay et
al., 1991) and ubiquitin carriers E2 (Wing and Jain,
1995; Sutovsky et al., 2000a) and UBC4 (Rajapurohi-
tam et al., 1999; Wing et al., 1996) are active during
spermatogenesis. Ubiquitin C-terminal hydrolase,
PGP 9.5, which is responsible for the recycling of ubiq-
uitin, is expressed in both testis (Kon et al., 1999) and
the epididymis (Fraile et al., 1996; Santamaria et al.,
1993). Ubiquitination is instrumental in the replace-
ment of the spermatid’s nuclear histones by transition
proteins, followed by permanent substitution with pro-
tamines during spermatid elongation. Histone H2A
(Baarends et al., 1999a,b) and histone H3 (Chen et al.,
1998) are ubiquitinated and discarded in the cytoplas-
mic droplet prior to sperm release from seminiferous
tubules. Accordingly, ubiquitin levels are decreased in
ram elongated spermatids no earlier than after his-
tone-protamine exchange (Loir et al., 1986). Nuclear
pore complexes are also removed from the nuclear en-
velopes of elongating spermatids and hatched into
their cytoplasmic lobe (Sutovsky et al., 1999c), where
they could be subject to ubiquitination and proteolysis.
A testicular homolog of human 26 S proteasome com-
ponent, TPB-1, is present in the microtubules of the
manchette and in the cytoplasmic lobe of the elongat-
ing rat spermatids, where it could participate in the
proteolysis of the ubiquitinated proteins (Rivkin et al.,
1997). At the genome level, targeting of the ubiquitin-
conjugating DNA repair enzymes USP9Y and HR6B
prevents normal spermatogenesis without affecting vi-
tal functions of the mutants (Baarends et al., 2000).

Centrosome reduction is yet another hallmark of
spermatid elongation. A somatic cell-like spermatid
centrosome is composed of two centrioles and a halo of
pericentriolar, microtubule nucleating material. After
fulfilling its role in generating the sperm axoneme, this
centrosome is either completely removed (mouse, rat,
hamster, probably most other rodents) or reduced to a
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single, inactive centriole (other mammals, including
humans; reviewed by Sutovsky et al., 1999a). Ubiquitin
immunoreactivity can be detected in the centrosomal
part of the human and rhesus sperm tail when perme-
abilization is used in an immunocytochemistry protocol
(Fig. 1L and unpubl. data). Proteasomal subunits were
also detected inside or near the sperm centriole (Bialy
et al., 2001; Mochida et al., 2000; Wojcik et al., 2000).
These could be either an inactive carryover of disman-
tled proteasomes and ubiquitinated centrosomal pro-
teins or a part of the proteolytic apparatus that could
be activated and instrumental in the release of the
sperm centriole at fertilization.

UBIQUITINATION DURING SPERM
MATURATION AND STORAGE

IN THE EPIDIDYMIS
After leaving the testis via testicular rete, sperma-

tozoa are collected in the epididymis, where they un-
dergo final maturation and storage. The mammalian
epididymis is composed of three distinct compart-
ments: caput, corpus, and cauda, each of them having a
specific role in sperm maturation, sustenance, trans-
port, and storage (reviewed by Bedford, 1979; Cooper,
1998). Numerous proteins, secreted in apocrine fashion
by the epididymal epithelium, are implicated in sperm
immobilization, stabilization of sperm perinuclear
structure by disulfide bond-formation, and acquisition
of fertilizing potential (reviewed by Kirchhoff, 1998).
Epididymal protein secretion occurs by the detachment
of prostasome-like particles and membrane vesicles
from the apical surface protrusions of the epididymal
epithelium into the lumen of epididymal tubules
(Agrawal et al., 1988). This maturation and hardening
step protects sperm from oxidative damage during
their storage and after their release into the female
genital tract. The sperm-associated droplets of residual
cytoplasm carried over from the testis (Hermo et al.,
1988; Fig. 2G) and a portion of the abnormal sperma-
tozoa (Ramamohana et al., 1980; Roussel et al., 1967)
are either liquefacted or phagocytosed by epididymal

epithelial cells (EEC) during sperm descent down the
epididymis.

Ubiquitin is present in human seminal plasma (Lip-
pert et al., 1993) and the defective spermatozoa in both
humans and animals become ubiquitinated during ep-
ididymal passage (Sutovsky et al., 2001a,b). Although
the sex accessory glands could be a source of ubiquitin
in seminal plasma, it is likely that most originates in
the epididymis (Fig. 1F,G), a suggestion supported by
the low levels of anti-ubiquitin cross-reactivity in the
human and animal prostate, bulbourethral glans, sem-
inal colliculus, and seminal vesicle (Sutovsky P., and
Turner R., unpubl.).

It is not clear how the defective spermatozoa are
recognized by the ubiquitination machinery and how
they are disposed of. Paternal mitochondria are al-
ready tagged with ubiquitin in the testis (Sutovsky et
al., 1999b, 2000a) and this nascent ubiquitin tag could
be recognized by epididymal ubiquitination machinery
in the abnormal sperm, where the disulfide bond cross-
linking of mitochondrial membranes fails during epi-
didymal passage. This is consistent with the accumu-
lation of ubiquitin-cross-reactive substrates in the im-
motile sperm fraction, which contains most of the
defective spermatozoa after gradient separation (Su-
tovsky et al., 2001a). Often, sperm mitochondria are
the only structure with a ubiquitinated surface in de-
fective bull sperm isolated from the upper epididymal
compartment, caput epididymis (Sutovsky et al.,
2001a; and unpubl. obs.). We have recently detected an
unexpected, high molecular weight isoform of prohib-
itin, a highly conserved, 30 kDa protein of the inner
mitochondrial membrane (Nuell et al., 1991), in bull
sperm, where it appears to be ubiquitinated and
masked by disulfide bond cross-linking of the sperm
mitochondrial sheath (Sutovsky et al., 2000b). Similar
to ubiquitin accumulation, an increase in prohibitin
ubiquitination is evident in the immotile sperm frac-
tion after gradient separation (Sutovsky et al., 2000b).
Such a ubiquitinated isoform of prohibitin, or of an-
other mitochondrial membrane component, could be

Fig. 1. Ubiquitin is expressed by the mammalian male reproduc-
tive system, germ cells, and embryos. A–C: Accumulation of ubiquitin
(green) is seen in the stroma and Sertolli cells (A, arrow) and in the
mitochondria of the fully differentiated testicular sperm (C, arrow) in
the testis of a fertile mouse male, while the spermatogenesis is absent
and ubiquitin accumulates predominantly inside the seminiferous
tubules of a cancer patient who underwent chemotherapy (B). D:
Ubiquitin conjugating enzyme E2 (red), a crucial component of ubiq-
uitin-protein conjugation pathway, in the acrosomal cap and perinu-
clear theca of round and elongated rhesus monkey spermatids. E:
Ubiquitin (green) colocalizes with mitochondria (red) in the cytoplasm
of rhesus spermatids, as identified by the presence of perinuclear
theca (white). Ubiquitin is inserted in the sperm mitochondrial mem-
branes at this stage of spermatogenesis and carried over to mature
sperm (Sutovsky et al., 2000a). F: Accumulation of ubiquitin (green)
in the apical surface protrusions, microcillia (arrowheads) of the bo-
vine epididymal epithelium, the site of apocrine secretion of epididy-
mal sperm-binding proteins (Sutovsky et al., 2001b). G,H: Ubiquitin
(green) in the apical microcillia lining the microvilli of horse epidid-
ymal lumen (G) and in the ejaculated horse sperm obtained during
nonreproductive season (H). Seasonal changes in stallion fertility
could be modulated by epididymal sperm ubiquitination. I: Compar-
ison of ubiquitin levels (red) in the sperm of a fertile man (I) and of an
infertility patient (I�). Spermatozoa with coiled tails (arrows) are seen
in both fertile and infertile semen samples, but are more frequent in
the later ones. Ubiquitin is a candidate semen quality marker in

humans (Sutovsky et al., 2001a). J: Coincidence of ubiquitination
(red) and DNA fragmentation (green; TUNEL assay kit) in the ejac-
ulated sperm of an infertility patient. Arrow points to a ubiquitinated
residual body, frequently seen in infertile semen samples. K: Local-
ization of the apoptotic Fas-protein in the mitochondria of defective
human sperm. Apoptotic markers are frequently seen in the ubiqui-
tinated, defective human and animal sperm. L: Ubiquitin in the
connecting piece and centriolar region of the permeabilized rhesus
monkey sperm could be involved in the reduction of the male germ cell
centrosome during spermatogenesis and/or participate in the release
of the sperm proximal centriole into oocyte cytoplasm at fertilization.
The center spermatozoon displays a coiled tail-defect. M: After a
masking event during epididymal maturation, ubiquitin (red) be-
comes again detectable in the bull sperm mitochondria (arrow; green
MitoTracker labeling) at the onset of the first embryonic cleavage.
Note the accumulation of ubiquitin in the mitotic metaphase spindle.
N: A protein cross-reactive with antibodies against 12/15-lipoxygen-
ases (15-LOX; red), the enzymes implicated in the permeabilization of
mitochondrial membranes during mitochondrial macroautophagy in
differentiating reticulocytes, is abundant in bovine oocyte cytoplasm
and appears to enter some of the sperm mitochondria (arrow; green)
as they are degraded by the fertilized oocyte (see also Fig. 4). DNA in
all panels was counterstained with DAPI (blue). Magnifications: A �
250�; B � 200�; C � 500�; D � 750�; E � 1,000�; F � 300�; G �
150�; H � 1,200�; I � 600�; I��,J,K � 750�; L � 600�; M,N �
1,500�.
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exposed by mitochondrial membrane rupture (Marti-
nou et al., 1999) in the apoptotic sperm and rendered
sensitive to further ubiquitination in the epididymis.
The apoptotic Fas ligand localizes to the mitochondria
of sperm from infertile men (Fig. 1K) and the TUNEL
assay-detected DNA fragmentation coincides with the
increased surface-ubiquitination in the epididymal and
ejaculated sperm (Fig. 1J). An intriguing hypothesis
has been proposed by Untergasser et al. (2001), sug-
gesting that factors in seminal plasma may induce
apoptosis in sensitized cells via the changes in mito-
chondrial potential and Bax/Blc-2 imbalance. While
this mechanism would primarily target epithelial cells
of the prostate and deferent ductuli, it could also in-
duce apoptosis in the defective sperm. Overexpression
of the ubiquitin-like protein FAT10 induced apoptosis
in mouse fibroblasts (Raasi et al., 2001).

Epididymal protein secretion occurs by the way of
the apocrine pathway, wherein secretory vesicles are
detached from the apical surface of the epididymal
epithelial cells (EEC) and sloughed into the lumen of
epididymal tubules (Agrawal et al., 1988; Fouchecort et
al., 2000; Yanagimachi et al., 1985). Accumulation of
ubiquitin is seen in the microvilli, surface protrusions,
and vesicles in bulls (Sutovsky et al., 2001b), men,
rhesus monkeys, mice, and horses (Fig. 1F,G; Sutovsky
P., and Turner R., unpubl. data). Ubiquitin can be
pulse-chased in the cultured EEC and immunoprecipi-
tated from the EEC-conditioned medium (Sutovsky et
al., 2001b). Ubiquitin is present in epididymal vesicles
and secretory granules that can be isolated from bovine
epididymal fluid (Figs. 2F–H, 3F–G). Prostasome-like
particles of similar size were isolated from bull epidid-
ymal fluid and shown to transfer epididymis-secreted
protein p25 to the bull sperm plasma membrane
(Frenette and Sullivan, 2001). Other major epididymal
proteins such as the GPI-anchored sperm plasma mem-
brane protein CD52/HE5 (Yeung et al., 1997b; Perry et
al., 1992) and CD55 and CD59 (Kirchhoff and Hale,
1996) are inserted in the sperm plasma membrane
during epididymal maturation. These or other epidid-
ymal sperm-surface proteins could be targeted for ubiq-
uitination in defective sperm, or inversely, epididymal

ubiquitination could prevent the anchorage of such pro-
teins to the defective sperm plasma membrane. Anti-
CD52 cross-reactivity is indeed reduced in asthenozo-
ospermic and oligozoospermic patients (Yeung et al.,
1997a).

Epididymal ubiquitination may intersect with apo-
ptotic mechanisms operating in the testis (Sinha Hikim
and Swerdloff, 1999), which may recognize the struc-
tural damage of sperm DNA and/or damaged sperm
accessory structures. We found a high correlation be-
tween anti-ubiquitin cross-reactivity and TUNEL-la-
beling of fragmented sperm nuclear DNA, a common
apoptotic marker, in bull and human sperm screened
by flow cytometry and epifluorescence microscopy (Fig.
1L; Sutovsky et al., 2002). Components of an active
apoptotic pathway, active caspase 3, fas-protein, and
Fas-ligand (Fas-L), were found in mature sperm of
mice (Weil et al., 1998) and men (Fig. 1K; and Sakkas
et al., 1999). An elevated percentage of Fas ligand-
positive sperm was found in the semen of infertile men
(Sakkas et al., 1999). Annexin V, an early apoptotic
indicator of the modification of plasma membrane dur-
ing apoptosis, preferentially binds to the sperm from
infertile patients (Oosterhuis et al., 2000). Ruffling
and/or complete removal of the plasma membrane are
frequently seen in defective epididymal and ejaculated
sperm (Barth and Oko, 1989; Sutovsky et al., 2001a)
and could make such spermatozoa prone to fusion with
epididymal secretory vesicles. Similarly, the perme-
abilization or rearrangement of the sperm plasma
membrane could expose the sperm-anchored ubiquitin
conjugating enzyme E2 (Sutovsky et al., 2001a; Fig.
1D) and make it available for ubiquitin conjugation.

In our studies (Sutovsky et al., 2001a), the numbers
of ubiquitinated spermatozoa seemed to decline pro-
gressively between caput and cauda epididymis. Other
recent studies have documented the loss of defective
spermatozoa during epididymal passage (Axner et al.,
1999; Chenoweth et al., 2000; Ramamohana Rao et al.,
1980). With respect to the disposal of the defective
spermatozoa by epididymal epithelium (Figs. 2A–H,
3A,B), ubiquitination could facilitate sperm and cyto-
plasmic droplet degradation by clumping such cells
together by its positively charged lysine residues
and/or to trigger their internalization by a yet to be
investigated membrane-docking event. While sperm
phagocytosis in the epididymis is hard to document and
has occasionally been disputed, some ultrastructural
studies do support it (e.g., Goyal, 1982; Lopez Alvarez
and Bustos Obregon, 1995). Alternatively, sperm liq-
uefaction and intraluminal phagocytosis could lower
the number of defective spermatozoa during epididy-
mal passage (Barrat and Cohen, 1987; Flickinger,
1982). Solid evidence exists for the phagocytosis of the
sperm cytoplasmic droplets by the clear cells of the
caput-epididymal epithelium (Hermo et al., 1988; Tem-
ple-Smith, 1984). The defective spermatozoa are often
clumped together in the epididymis and in the ejacu-
late (Sutovsky P., unpubl. obs.) and the preferential
binding of the ubiquitin-coated microspheres (as op-
posed to the uncoated, or albumin-coated ones) to the
surface of cultured epididymal cells was shown in bull
EEC cultures (Sutovsky et al., 2001a; Fig. 3C–E).
Other proteins such as clusterin (Ibrahim et al., 2000)
and HEP64 (NagDas et al., 2000) are associated with

Fig. 2. Electron micrographs of the breakdown of defective sperma-
tozoa in the bovine epididymis. A: Sperm (SP) are bound to surface
stereocillia/microvilli (MV) in caput epididymis. Note the junctional
complexes (arrows) separating the baso-lateral and apical cell com-
partments. B: Sperm heads and tails (arrows) intermingling with the
apical cytoplasm of epididymal epithelial cells. Rootlets of the stereo-
cillia (arrowheads) are seen in the apical cytoplasm. C: A defective
epididymal spermatozoon (arrow) and the sloughed cytoplasmic drop-
lets (arrowheads) in the lumen of a caput-epididymal tubule. D: A
sperm tail with residual cytoplasmic droplet containing prominent
lysosomes (L). E: Cauda-epididymal spermatozoon with a detaching
perinuclear theca (arrow) and disintegrating mitochondrial sheath
(arrowheads). F: A defective spermatozoon with deformed nucleus
(N), engulfed by the cytoplasm of an epithelial cell in the cauda
epididymis. G: Colloidal gold labeling of ubiquitin in a residual cyto-
plasmic droplet. The residual droplets are shed by the sperm and
phagocytosed in the caput epididymis (Hermo et al., 1988) and appear
to have a high content of ubiquitin. H: Binding of a prostasome-like
particle to the ruffled plasma membrane of a defective epididymal
spermatozoon. Epididymal secretory proteins are believed to be trans-
ferred from the epididymal epithelial cells to sperm in similar parti-
cles. Magnifications: A � 3,000�; B � 6,500�; C � 4,500�; D �
8,000�; E � 10,000�; F � 8,000�; G � 12,500�; H � 35,000�.
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Fig. 3. Phagocytosis of the rhesus monkey sperm (A,B), and of the
ubiquitin-coated magnetic microspheres (Dynabeads; C–E) by the in
vitro-cultured bovine epididymal epithelial cells and the immunogold
labeling of ubiquitin in such cultured cells (F–G). A: A rhesus sperm
nucleus (N), completely engulfed by a large lysosome in the cytoplasm
of a bovine epididymal cell. B: Multiple phagocytosed sperm (arrows)
are seen in certain cell, presumed to be the clear cells, within epidid-
ymal epithelial plaques in vitro. C: A ubiquitin-coated Dynabead (B)
occupies most of the cytoplasm of a cultured epididymal cell (N �

nucleus). D,E: Lysosomes (L) and phagocytosed [bull] spermatozoon
with a nuclear vacuole (arrow) in the cytoplasm of a cultured bovine
epididymal epithelial cell. Coating of Dynabeads with purified bovine
erythrocyte ubiquitin accelerated their binding to cultured epididy-
mal cells in our previous studies (Sutovsky et al., 2001a). F–H: Accu-
mulation of ubiquitin, as shown by colloidal gold labeling in the cortex
of a cultured epididymal cell (F) and in the secretory vesicles (G) and
granules (H) formed in vitro. Magnifications: A,B � 5,000�; C �
2,000�; D,E � 7,000�; F � 15,000�; G,H � 25,000�.
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clumps of defective sperm and could be involved in
their removal by the epididymal epithelium. It is of
interest that the latter protein, HEP64, is only secreted
by the lower epididymal compartments, corpus and
cauda epididymis, in the hamster (NagDas et al.,
2001), while ubiquitin is also produced by the caput
epididymis (Sutovsky et al., 2001a). SpanX, a human
testicular sperm protein (Westbrook et al., 2001),
shows affinity for the nuclear vacuoles, considered to be
a sperm head defect. Subunits of the 26 S proteasome
(Bialy et al., 2001) and ubiquitin (Sutovsky P., unpubl.
data) were also detected in the nuclear vacuoles of
defective human sperm. Similar to the proteolysis of
internalized plasma membrane receptors (Strous and
Govers, 1999), the destruction of the defective sperm
may occur by means of lysosomal proteolysis (Fig.
3A,D,E). Ubiquitin could be cleaved off from the phago-
cytosed sperms’ surface by the ubiquitin C-terminal
hydrolase, protein gene product, 9.5, abundant in epi-
didymal tissue (Fraile et al., 1996; Santamaria et al.,
1993).

Besides apoptotic signals, the pathways leading to
the ubiquitination of defective spermatozoa could also
recognize the misfolding or denaturation of sperm sur-
face antigens. A specific motif within the amino acid
sequence of the N-terminal domain, called the N-end
rule, determines the half-life of most proteins and is
subject to ubiquitination when the tertiary structure of
such proteins is altered by the unveiling of their hydro-
phobic surfaces (Varshavsky, 1997). Ubiquitination is
involved in a number of endocytotic events, including
the endocytosis of membrane receptors and plasma
membrane-anchored transporters (reviewed by Her-
shko and Ciechanover, 1998; Strous and Govers, 1999).
While the concept of extracellular, sperm-surface ubiq-
uitination may appear surprising at first, there may be
other instances when ubiquitin is secreted in the ex-
tracellular space, exemplified by the presence of ubiq-
uitin in the ovarian-follicular fluid (Einspanier et al.,
1993).

FERTILIZATION, MITOCHONDRIAL
INHERITANCE, AND EARLY EMBRYONIC

DEVELOPMENT: A SHAKESPEARIAN TALE?
The consensus view prevails that the inheritance of

mitochondria and mtDNA in mammals is predomi-
nantly maternal (Hutchinson et al., 1974; Giles et al.,
1980). Sperm mitochondria, carrying paternal mtDNA,
are destroyed in the egg cytoplasm shortly after fertil-
ization (Fig. 4A–D; Sutovsky et al., 1996b). The reasons
for enforcing maternal inheritance of mtDNA could be
evolutionary (selection for fittest mtDNA genomes by a
genetic bottleneck may operate during oogenesis but
perhaps not in spermatogenesis) or developmental (an
advantage of eliminating the mutation-prone sperm
mtDNAs; reviewed by Ankel-Simon and Cummins,
1996). Ubiquitination of the sperm mitochondria after
fertilization (Fig. 1M; Sutovsky et al., 1999) provides a
feasible explanation for how the sperm mitochondria
are targeted for degradation, while egg mitochondria
are spared (Scheffler, 2001). The ubiquitin tag is ac-
quired by the sperm mitochondria during spermatid
differentiation in the testis and masked during disul-
fide-bond cross-linking of the sperm mitochondrial
sheath in the epididymis. In immunocytochemical

analysis of bull sperm, such hardening renders sperm
mitochondrial ubiquitin undetectable to anti-ubiquitin
antibodies, unless permeabilization or S-S reduction
are included in the protocol (Sutovsky et al., 1999b,
2000a). After fertilization, the exposure of ubiquitin in
the sperm mitochondria probably requires the relief of
S-S cross-linking by the oocyte-produced reducing pep-
tide, glutathione (GSH; Perreault et al., 1984; Su-
tovsky and Schatten, 1997) and glutathione synergists
present in oocyte cytoplasm and/or in sperm (e.g.,
sperm thioredoxins; Miranda Vizuete et al., 2001). The
exposed ubiquitin tag alone could be a sufficient signal
for the degradation of the sperm mitochondria inside
the egg cytoplasm, which can be prevented by the mi-
croinjection of anti-ubiquitin antibodies or by the treat-
ment of fertilized eggs with lysosomal (Sutovsky et al.,
2000a) or proteasomal (Sutovsky P., McCauley T.C., in
prep.) inhibitors. Those findings inspired a comparison
to Rosenkrantz and Guildenstern, Hamlet’s ill-fated
heroes delivering their own death sentence to the rul-
ers of England (Travis, 2000). Prohibitin is a possible
candidate for the ubiquitinated sperm mitochondrial
substrate (Sutovsky et al., 2000a,b). Such a mechanism
of mitochondrial inheritance may not be reserved to
mammals: Prohibitin-family members were implicated
in the control of mitochondrial inheritance in budding
yeast (Berger et al., 1998) and the substitution of ubiq-
uitin’s Lys-63 residuum by arginine derailed the redis-
tribution of mitochondria in the newly formed buds
(Fisk and Yaffe, 1999).

A great deal can be learned about mitochondrial
degradation, and perhaps extrapolated to fertilization,
from the studies of organelle degradation by macroau-
tophagy (reviewed by Klionsky and Emr, 2000). In the
differentiating red blood cells, reticulocytes, all or-
ganelles, including the mitochondria, undergo autoph-
agy. In addition to ubiquitin (Rappoport et al., 1985), a
mitochondrial membrane-permeabilizing enzyme, 15-
lipoxygenase (15-LOX), has been implicated in the deg-
radation of reticulocyte mitochondria (van Leyen et al.,
1998). The changes of the sperm mitochondria inside
oocyte cytoplasm, i.e., swelling and loss of mitochon-
drial cristae (Fig. 4A–C), are reminiscent of macroau-
tophagy, and our new data indeed show the presence of
a protein cross-reactive with antibodies against 15-
LOX and a related gene product, 12-LOX, in the oocyte
cytoplasm (Sutovsky and van Leyen, unpubl. data; Fig.
1N).

Other events during fertilization may rely on prote-
olysis. Proteolysis may be necessary for the release of
the sperm-borne, oocyte-activating factor (SOAF) dur-
ing sperm head perinuclear theca removal at fertiliza-
tion (Sutovsky et al., 1997). The dissolution of the
sperm perinuclear theca in the oocyte cytoplasm can be
inhibited by serine protease inhibitors (Perry et al.,
2000), although this does not necessarily imply the
participation of a ubiquitin system. The sperm centri-
ole is released at fertilization from the compact mass of
the sperm tail capitulum, which is restrained in the
elaborate structure of the sperm tail connecting piece
(Sutovsky et al., 1996a). Ubiquitin (Fig. 1L) and the
26 S proteasomal-subunits localize to the centriolar
region of the sperm tail (Wojcik et al., 2000) and to the
other parts of the sperm tail midpiece (Mochida et al.,
2000), and may be instrumental in this process. Fol-
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lowing the sperm aster formation, S-phase, and pro-
nuclear apposition, the first embryonic mitosis is con-
trolled by the ubiquitin-dependent degradation of cy-
clin B, a recurring component of the maturation
promoting factor (Josefsberg et al., 2001). Accumula-
tion of ubiquitin is also seen in the midbody of the
second meiotic spindle in fertilized eggs and in the
embryonic metaphase spindles (Sutovsky et al., 1999b,
2000a). The role of ubiquitination in fertilization and
maternal–embryonic transition is further supported by
the finding that ubiquitin-like proteins, ubiquitin li-
gases, and ubiquitin hydrolases are highly expressed in
the mammalian zygote (Hwang et al., 2001).

Finally, new evidence that is just emerging impli-
cates the proteasomal route for the degradation of ubi-
quitinated substrates in the process of acrosomal exo-
cytosis and zona penetration.

Sawada et al. (2002a) showed that acrosomal exu-
date of the ascidian spermatozoa contains both ubiq-
uitin and proteasomes and causes sequential ubiquiti-
nation and proteasomal degradation of the putative
sperm receptor protein HrVC70 on the egg vitelline
envelope. Consequently, these authors were able to
block fertilization with anti-proteasomal antibodies.
Further work shows that proteasomal inhibitors, small
peptides binding to proteasome’s catalytic subunit,
block fertilization not only in ascidians (Sawada et al.,
2002b) and sea urchins (Matsumara and Aketa, 1991),
but also in mouse (Wang et al., 2002) and pig, where
ubiquitin-cross-reactive substrates can be detected on
the outer face of the zona pelluciada in both follicular
and ovulated oocytes (Sutovsky, McCauley, and Day, in
prep.). Proteasomal subunits were detected in the hu-
man (Bialy et al., 2001; Wojcik et al., 2000), ascidian
(Sawada et al., 2002b), pig (Sutovsky, McCauley, and
Day, in prep.), and sea urchin (Matsumara and Aketa,

1991) sperm. Component 2 and zeta chain of the pro-
teasome are recognized by anti-sperm antibodies in
patients diagnosed with autoimmune infertility (Bo-
hring et al., 2001). These discoveries may completely
change the current understanding of acrosome reaction
and zona penetration, possibly providing new means
for contraception in humans and management of
polyspermy during in vitro fertilization in farm ani-
mals.

CLINICAL CONSIDERATIONS: INFERTILITY
DIAGNOSTICS, VASECTOMY,

CONTRACEPTION, IMMUNOSTERILITY,
ART, AND HETEROPLASMY

Sperm morphology analysis by light microscopy pro-
vides useful, but not necessarily complete, information
on sperm quality (Amann, 1989) and novel, objective
markers of semen quality are sought to achieve a more
accurate diagnostics of male infertility. Proteins with
high affinity to defective sperm (e.g., annexin V, p64,
Fas-ligand; see above) can be used as “negative” mark-
ers in infertility diagnostics. Other, “positive” markers
such as p34H (Boue and Sullivan, 1996) and SP22
(Welch et al., 1998) may reveal some types of male
infertility by the virtue of being absent from defective
spermatozoa. Ubiquitin, however, may be a universal
marker of sperm and semen abnormalities, as it recog-
nizes an array of semen abnormalities including all
variations of sperm head and tail defects, but also
leukocytes, spermatids, cellular debris, and residual
bodies present in the ejaculates of infertile men (Fig.
1I,I�; Sutovsky et al., 2001a). High ubiquitin levels are
seen in the sperm of men suffering from some of the
well-defined, presumably heritable spermatogenic de-
fects. These include the dysplasia of the fibrous sheath,
DFS, or stomp tail syndrome, and globozoospermia or
round-headed sperm syndrome (Sutovsky et al., 2001b;
Rawe et al., 2002; and unpubl. data). Similar to human
globozoospermia, attributable to a heritable mutation
of casein kinase II alpha gene (Xu et al., 1999), the
males of azh mutant mice are infertile due to sperm
head malformations (Meistrich et al., 1994) and display
an increased ubiquitination by immunofluorescence. A
shift in the MW of major ubiquitin-cross-reactive bands
by Western blotting is also seen in azh mutants (Su-
tovsky and Moreno, unpubl. data).

Anti-sperm antibodies are produced by both men and
women (reviewed by Bronson, 1999) and ubiquitin as a
major surface antigen of defective spermatozoa could
contribute to such immune response. Most anti-sperm
antibodies recognize multiple bands in Western blots,
making it difficult to determine which sperm antigens
triggered the immune response. Such a pattern is con-
sistent with multiple isoforms of polyubiquitinated
substrates and a comparison of autoimmune sera with
well-characterized anti-ubiquitin antibodies could
yield some intriguing results. It is of interest to note
high titers of anti-sperm immunoglobulins in patients
with congenital blockage/absence of deferent ductuli
and in vasectomized men (Primakoff et al., 1990), both
conditions accompanied by the accumulation of defec-
tive sperm in the epididymis. In such men, the ubiq-
uitination of defective spermatozoa could occur con-
comitantly with their accumulation resulting from the
saturation of the proteolytic capacity of epididymal ep-

Fig. 4. Fate of the sperm mitochondria following in vitro fertilization
of bovine oocytes. A: Disintegrating sperm mitochondrial sheath re-
mains in the vicinity of the male pronucleus (MPN). Some of the
sperm mitochondria became detached from the mitochondrial sheath
and appear to be transformed into autophagosomal vacuole-like struc-
tures (arrows), one of them still containing residual cristae (asterisk).
B: Sperm tail connecting piece (CP) with sperm centriole, detached
sperm mitochondria (arrow), autophagosomal vacuole (arrowhead),
and an intact oocyte mitochondrion (asterisk) with normal cristae at
the pronuclear stage of the zygotic development. C: A cross-section of
sperm tail midpiece with sperm mitochondria at various stages of
swelling. Arrowheads point to the disintegrating mitochondrial cris-
tae, asterisk shows a sperm mitochondrion that resembles an auto-
phagosomal vacuole. D: Close contact between sperm tail (ST) mito-
chondria and oocyte mitochondria (arrows) after intracytoplasmic
sperm injection in the rhesus monkey oocyte. Arrowheads point to the
residual sperm plasma membrane, which could cause a delayed rec-
ognition and degradation of sperm mitochondria after this assisted
reproductive procedure. E,F: Can sperm mitochondria fuse with other
cells’ mitochondria and eventually support homologous recombination
of their respective mtDNAs? Fusion (arrowheads in E) between a
sperm mitochondrion (SM) and a cumulus cell mitochondrion (aster-
isk in E; arrow in F), outlined by arrowheads in (E) has been observed
when a bull spermatozoon penetrated a cell of bovine oocyte’s cumulus
oophorus. Cumulus cell mitochondria (arrows) display a distinct mor-
phology with thick mitochondrial cristae. Some authors maintain that
the leakage of paternal mtDNA and its recombination with oocyte-
derived mtDNA occurs on occasion in the human and primate popu-
lations (discussed by Eyre-Walker, 2000). Magnifications: A �
20,000�; B � 15,000�; C � 25,000�; D � 12,000�; E � 30,000�; F �
5,000�.
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ithelium. Even in fertile males, a substantial portion of
ubiquitinated sperm is not removed during epididymal
passage and can be found in the ejaculate (Sutovsky et
al., 2001a,b). ICSI can efficiently treat such cases
(Check et al., 2000), supporting the view that they are
mainly caused by sperm surface antigen-induced anti-
bodies (Shetty et al., 1999).

What is the significance of sperm ubiquitination in
the epididymis? Besides clustering and removal of de-
fective sperm (epididymal sperm quality control; Su-
tovsky et al., 2001b), it could serve to immobilize de-
fective sperm and prevent them from competing for an
egg. Once in the female genital tract, these spermato-
zoa could be targeted by resident leukocytes and trig-
ger an immune response, preventing them from fertil-
izing an egg. If this is true, ubiquitin could provide an
excellent target for either male or female immunocon-
traceptive. Is the increased output of defective sperm in
infertile individuals compensated for by an overall in-
crease in sperm production? In our studies, we found a
slight, but statistically significant, increase in total
sperm count in some men with increased sperm ubiq-
uitin medians (Sutovsky et al., 2001a). A carefully con-
trolled study comparing folate levels in seminal plasma
of smokers and nonsmokers also reported higher sperm
counts in the smokers (Wallock et al., 2001), whose
fertility is presumably diminished. While the ubiquiti-
nation of defective sperm occurs mainly in the epidid-
ymis, the accumulation of ubiquitin in the testicular
cells may also be indicative of pathological process.
This is often seen in patients who underwent cancer
treatments by chemotherapy or radiation (Fig. 1B) and
in the age-related testicular tissue necrosis (not
shown). This is perhaps a parallel to the accumulation
of ubiquitin in the amyloid plaques in Alzheimer’s dis-
ease (Cochran et al., 1991) and during apoptosis.

New assisted reproductive technologies (ART), in-
cluding intracytoplasmic sperm injection (ICSI), round
spermatid injection (ROSI), and oocyte cytoplasm do-
nation/ooplasmic transplantation, were introduced in
recent years to overcome infertility. Bypassing the
sperm demembranation and sperm-oocyte fusion steps
of natural fertilization, ICSI may cause delayed elimi-
nation of sperm accessory structures and the persis-
tence of an intact plasma membrane on the surface of
spermatozoa microinjected directly into oocyte cyto-
plasm (Sutovsky et al., 1996b). Such delay could hinder
the degradation of the sperm mitochondria and facili-
tate the persistence of the sperm mtDNA, hetero-
plasmy, in the embryonic cytoplasm. So far, the com-
pleted studies of human ICSI embryos ruled out het-
eroplasmy (Danan et al., 1999; Houshmand et al.,
1997). However, oocytes deficient in their ability to
reduce/unmask the sperm mitochondrial capsule could
be generated from superficially stimulated cycles and
subsequently fail to expose the ubiquitin tag in the
sperm mitochondrial membranes. If there is a specific
window of opportunity for the degradation of sperm
mitochondria after fertilization, this could be missed in
some eggs compromised by ICSI and/or by in vitro
maturation/culture. The paternal, sperm-derived mtDNA
was indeed detected in the abnormal embryos con-
ceived by conventional in vitro fertilization (St John et
al., 1999). When somatic cell or other oocytes’ mito-
chondria are introduced in the egg cytoplasm by micro-

injection (Shitara et al., 2000), cloning (e.g., Hiendleder
et al., 1999) or ooplasmic transplantation (Barritt et
al., 2001), a variable degree of heteroplasmy is ob-
served in the resultant hybrid cells, or offspring, sug-
gesting that only the sperm mitochondria are targeted
for proteolysis.

EVOLUTIONARY CONSIDERATIONS:
REPRODUCTIVE SEASONALITY, SPERM

COMPETITION, mtDNA RECOMBINATION,
AND SPECIES SPECIFICITY OF

MITOCHONDRIAL INHERITANCE
In general, the sperm production is lowered only by a

certain percentage in seasonally breeding animals such
as horses and hamsters, while the fertilizing ability of
such sperm is diminished almost completely (reviewed
by Goodman, 1998). While the hormonal mechanism of
daylight period-dependent male reproductive cycle is
relatively well-defined along the hypothalamo-gonadal
axis, the effects of sperm “hibernation” in the testis and
epididymis are poorly understood. Reproductive sea-
sonality could be executed by the ubiquitination of all
sperm in the nonbreeding season. Our new data show
the accumulation of ubiquitinated sperm in the epidid-
ymis of stallions probed during the nonreproductive
season (Fig. 1H; Sutovsky and Turner, unpubl.).

Sperm competition, recently revisited by Birkhead
(2000) in a delightfully entertaining and educational
treatise, was believed to occur in female genital tract
where “killer” and “blocker” sperm with coiled tails
supposedly eradicate competing motile sperm (Baker
and Bellis, 1988). Most of such “blockers” may in fact be
the ubiquitinated, defective, and immotile sperm, in
which the coiled tails are a common defect (Sutovsky et
al., 2001b). Two decades prior to killer sperm hypoth-
esis, the coiled tail, or “Dag defect,” was described and
named after a bull that suffered from this type of
infertility (Bloom, 1966). After initial enthusiasm, the
killer sperm hypothesis was dismissed by many an-
drologists, although it seems to persist in urban folk-
lore. On the other hand, one could speculate that the
“sticky” lysine-rich ubiquitin on the surface of defective
sperm could bind motile sperm or trigger anti-sperm
antibodies in the cervical fluid. Could the supernumer-
ary, ubiquitinated, defective sperm of infertile patients
agglutinate the remaining motile spermatozoa? Or, in-
versely, could the surface ubiquitination actually pre-
vent such an effect and act as a natural defense against
autoimmune infertility?

The carryover of paternal, sperm-derived mtDNA
has been shown in interspecies hybrids of laboratory
mice Mus musculus and a wild mouse, Mus spretus
(Kaneda et al., 1995). Intact sperm mitochondrial
sheaths with no signs of ubiquitin-cross-reactivity were
detected in the hybrid, 8–16-cell embryos generated by
the fertilization of domestic cow oocytes with the sperm
of wild bull, gaur (Bos gaurus; Sutovsky et al., 2000a).
If ubiquitination is indeed involved in the recognition
and elimination of sperm mitochondria by oocyte cyto-
plasm, the species specificity of such a mechanism
could be promoted by the interspecies differences in the
order and pattern of sperm mitochondrial ubiquitina-
tion. This could explain how a highly conservative
amino acid sequence of ubiquitin could be recognized
by the lysosomal/proteasomal docking sites in the in-
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traspecific, but not in the interspecific, crosses. Back-
crossing, which seems to eliminate paternal mtDNA in
the subsequent generations (Shitara et al., 1998), could
then eliminate the conflict between mitochondrial ge-
nome encoding the foreign, paternal mtDNA, and the
nuclear genome of the recipient oocyte, encoding the
ubiquitination-prone mitochondrial membrane pro-
teins. As discussed above, the interspecies differences
in the amino acid sequence of participating ubiquitin
ligases and carriers could contribute to this effect.

While it can be agreed that the sperm mitochondria
are targeted for destruction after fertilization (Fig. 4A–
D), opinions may vary as to whether the same holds
true for sperm mtDNA. Some population studies de-
fend the possibility of paternal–maternal mtDNA re-
combination after sperm mtDNA leakage (Awadalla et
al., 1999; Eyre-Walker et al., 1999; Hagelberg, 1999a;
Zhao et al., 2001) and it is yet to be demonstrated that
the degradation of sperm mitochondrial proteins is par-
allel to the hydrolysis of sperm mtDNA. It should be
considered that the sperm mitochondria can survive
inside other cells (Manfredi et al., 1997). The mtDNA
repair mechanism, no matter how simple, could in the-
ory allow for recombination (Eyre-Walker, 2000), and
some of the testicular ubiquitin-conjugating enzymes
may also participate in DNA repair (Baarends et al.,
2000). Our own observations also show that sperm
mitochondria can occasionally fuse with the mitochon-
dria of other cell types (Fig. 4E,F). On the other hand,
there is little evidence that homologous recombination
could occur between paternal and maternal mtDNAs
(reviewed by Howell, 1997). At least one of the above
studies (Hagelberg et al., 1999a), referring to a possible
recombination event in human populations, was with-
drawn (Hagelberg et al., 1999b), and others remain
unsupported by a recent survey of the complete human
mtDNA sequence (Ingman et al., 2000; Herrnstadt et
al., 2002). It is of interest to note that the timing of
sperm mitochondrion destruction in the mouse (one
cell; Kaneda et al., 1995) and cattle (two to four cell;
Sutovsky et al., 1996) roughly coincides with the ma-
ternal–embryonic transition of transcriptional control
in these species (Memili and First, 1999; Schultz et al.,
1999).

In summary, ubiquitin-dependent proteolysis plays a
proven role in sperm cell differentiation inside the tes-
ticular seminiferous tubules and in the cell cycle con-
trol throughout spermatogenesis, oogenesis, fertiliza-
tion, and embryonic development. In addition, ubiq-
uitin emerges as a key player in epididymal sperm
quality control and a regulator of mitochondrial inher-
itance. Further research on the respective roles of ubiq-
uitination in the gametogenesis and fertilization may
lead to advances in infertility diagnostics and treat-
ment, immunocontraception, amelioration of farm an-
imal reproduction, and animal cloning. This can be
achieved by exploiting the ubiquitin-system to identify
diagnostic markers, contraceptive targets, and means
of controlling mitochondrial inheritance in the recon-
structed, hybrid embryos. Stemming for the involve-
ment of ubiquitin-proteasome pathway in the penetra-
tion of zona pellucida by the spermatozoon, new con-
traceptive targets and means for controlling
polyspermia can be expected.
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NOTE ADDED IN PROOF
While this article was in press, an article document-

ing ubiquitin secretion in the rat epididymis was pub-
lished (Hermo and Jacks. 2002. Mol Reprod Dev 63:
394–410). Transmission of paternal mtDNA, but not
the mtDNA recombination, was documented in a male
mitochondrial myopathy patient carrying a de novo
deletion in the mitochondrial ND2 gene (Schwartz and
Vissing. 2002. N Engl J Med 22:576–580). Seasonal
sperm ubiquitination was documented in stallion (Su-
tovsky et al., Biol Reprod 68(2):688–698), and the con-
tribution of the proteasomal pathway to the degrada-
tion of the paternal mitochondria was shown in the
porcine zygote (Sutovsky et al., 2003. Biol Reprod
68(3): In press).

REFERENCES
Agell N, Mezquita C. 1988. Cellular content of ubiquitin and forma-

tion of ubiquitin conjugates during chicken spermatogenesis. Bio-
chem J 250:883–889.

Agrawal Y, Vanha-Perttula T. 1988. Electron microscopic study of the
secretion process in bovine reproductive organs. J Androl 9:307–
316.

Amann RP. 1989. Can the fertility potential of a seminal sample be
predicted accurately? J Androl 10:89–98.

Ankel-Simons F, Cummins JM. 1996. Misconceptions about mito-
chondria and mammalian fertilization: implications for theories on
human evolution. Proc Natl Acad Sci USA 93:13859–13863.

Awadalla P, Eyre-Walker A, Smith JM. 1999. Linkage disequilibrium
and recombination in hominid mitochondrial DNA. Science 286:
2524–2525.

Axner E, Ström B, Linde-Forsberg C. 1999. Morphology and motility
of spermatozoa from different regions of the epididymal duct in the
domestic cat. Theriogenology 52:767–778.

Baarends WM, Hoogerbrugge JW, Roest HP, Ooms M, Vreeburg J,
Hoeijmakers JH, Grootegoed JA. 1999a. Histone ubiquitination and
chromatin remodeling in mouse spermatogenesis. Dev Biol 207:
322–333.

99UBIQUITIN IN SPERMATOGENESIS AND FERTILIZATION



Baarends WM, Roest HP, Grootegoed JA. 1999b. The ubiquitin sys-
tem in gametogenesis. Mol Cell Endocrinol 151:5–16.

Baarends WM, van der Laan R, Grootegoed JA. 2000. Specific aspects
of the ubiquitin system in spermatogenesis. J Endocrinol Invest
23:597–604.

Baker RR, Bellis MA. 1988. “Kamikaze sperm in animals?” Anim
Behav 36:936–939.

Baltimore D. 2001. Our genome unveiled. Nature 40:814–816.
Barrat CL, Cohen J. 1987. Quantitation of sperm disposal and phago-

cytic cells in the tract of short- and long-term vasectomized mice. J
Reprod Fertil 81:377–384.

Barritt JA, Brenner CA, Malter HE, Cohen J. 2001. Mitochondria in
human offspring derived from ooplasmic transplantation. Hum Re-
prod 16:513–516.

Barth AD, Oko RJ. 1989. Abnormal morphology of bovine spermato-
zoa. Ames: Iowa State University Press.

Bebington C, Doherty FJ, Fleming SD. 2001. The possible biological
and reproductive functions of ubiquitin. Hum Reprod Update
7:102–111.

Bedford JM. 1979. Evolution of the sperm maturation and sperm
storage functions of the epididymis. In: Fawcett DW, Bedford JM,
editors. The spermatozoon. Baltimore, Munich: Urban and Schwar-
zenberg. p 7–21.

Berger KH, Yaffe MP. 1998. Prohibitin family members interact ge-
netically with mitochondrial inheritance components in Saccharo-
myces cerevisiae. Mol Cell Biol 18:4043–4052.

Bialy LP, Ziemba HT, Marianowski P, Fracki S, Bury M, Wojcik C.
2001. Localization of a proteasomal antigen in human spermatozoa:
immunohistochemical electron microscopic study. Folia Histochem
Cytobiol 39:129–130.

Birkhead T. 2000. Promiscuity. An evolutionary history of sperm
competition and sexual conflict. London: Faber and Faber.

Bloom E. 1966. A new sterilizing and hereditary defect (the ‘Dag
defect’) located in the bull sperm tail. Nature 209:739–740.

Bohring C, Krause E, Habermann B, Krause W. 2001. Isolation and
identification of sperm membrane antigens recognized by anti-
sperm antibodies, and their possible role in immunological infertil-
ity disease. Mol Hum Reprod 7:113–118.

Boue F, Sullivan R. 1996. Cases of human infertility are associated
with the absence of P34H an epididymal sperm antigen. Biol Re-
prod 54:1018–1024.

Bronson RA. 1999. Antisperm antibodies: a critical evaluation and
clinical guidelines. J Reprod Immunol 45:159–158

Check ML, Check JH, Katsoff D, Summers-Chase D. 2000. ICSI as an
effective therapy for male factor with antisperm antibodies. Arch
Androl 45:125–130.

Chen HY, Sun JM, Zhang Y, Davie JR, Meistrich ML. 1998. Ubiquiti-
nation of histone H3 in elongating spermatids of rat testes. J Biol
Chem 273:13165–13269.

Chenoweth PJ, Chase CC Jr, Risco CA, Larsen RE. 2000. Character-
ization of gossypol-induced sperm abnormalities in bulls. Theriog-
enology 53:1193–1203

Ciechanover A. 1994. The ubiquitin-proteasome proteolytic pathway.
Cell 79:13–21.

Ciechanover A, Finley D, Varshavsky A. 1984. Ubiquitin dependence
of selective protein degradation demonstrated in the mammalian
cell cycle mutants. Cell 37:57–66.

Cochran E, Bacci B, Chen Y, Patton A, Gambetti P, Autilio-Gambetti
L. 1991. Amyloid precursor protein and ubiquitin immunoreactivity
in dystrophic axons is not unique to Alzheimer’s disease. Am J
Pathol 139:485–489.

Cooper TG. 1998. Epididymis. In: Knobil E, Neil JD, editors. Ency-
clopedia of reproduction, vol. IV. San Diego: Academic Press. p
602–609.

Danan C, Sternberg D, Van Steirteghem A, Cazeneuve C, Duquesnoy
P, Besmond C, Goossens M, Lissens W, Amselem S. 1999. Evalua-
tion of parental mitochondrial inheritance in neonates born after
intracytoplasmic sperm injection. Am J Hum Genet 65:463–473.

Einspanier R, Schuster H, Schams D. 1993. A comparison of hormone
levels in follicle-lutein-cyst and in normal bovine ovarian follicles.
Theriogenology 40:181–188.

Etlinger JD, Goldberg AL. 1977. A soluble ATP-dependent proteolytic
system responsible for the degradation of abnormal proteins in
reticulocytes. Proc Natl Acad Sci USA 74:54–58.

Eyre-Walker A. 2000. Do mitochondria recombine in humans? Philos
Trans R Soc Lond B Biol Sci 355:1573–1580.

Eyre-Walker A, Smith NH, Smith JM. 1999. How clonal are human
mitochondria? Proc R Soc Lond B Biol Sci. 266:477–483.

Fisk HA, Yaffe MP. 1999. A role for ubiquitination in mitochondrial
inheritance in Saccharomyces cerevisiae. J Cell Biol 145:1199–
1208.

Flickinger CJ. 1982. The fate of sperm after vasectomy in the ham-
ster. Anat Rec 202:231–239.

Fouchecourt S, Metayer S, Locatelli A, Dacheux F, Dacheux JL. 2000.
Stallion epididymal fluid proteome: qualitative and quantitative
characterization, secretion and dynamic changes of major proteins.
Biol Reprod 62:1790–1803.

Fraile B, Martin R, De Miguel MP, Arenas MI, Bethencourt FR,
Peinado F, Paniagua R, Santamaria L. 1996. Light and electron
microscopic immunohistochemical localization of protein gene prod-
uct 9.5 and ubiquitin immunoreactivities in the human epididymis
and vas deferens. Biol Reprod 55:291–297.

Frenette G, Sullivan R. 2001. Prostasome-like particles are involved
in the transfer of P25b from the bovine epididymal fluid to the
sperm surface. Mol Reprod Dev 59:115–121.

Giles RE, Blanc H, Cann HM, Wallace DC. 1980. Maternal inheri-
tance of human mitochondrial DNA. Proc Natl Acad Sci USA 77:
6715–6719.

Glotzer M, Murray AW, Kirschner MW. 1991. Cyclin is degraded by
the ubiquitin pathway. Nature 349:132–138.

Goldstein G, Scheid M, Hammerling U, Schlesinger DH, Niall HD,
Boyse EA. 1975. Isolation of a polypeptide that has lymphocyte-
differentiating properties and is probably represented universally
in living cells. Proc Natl Acad Sci USA 72:11–15.

Goodman RL. 1998. Seasonal reproduction, mammals. In: Knobil E,
Neil JD, editors. Encyclopedia of reproduction, vol. IV. San Diego:
Academic Press. p 602–609.

Goyal HO. 1982. Light microscopic and ultrastructural evidence of
epithelial phagocytosis of sperm in the rete testis and ductuli effer-
entes in the bull. Am J Vet Res 43:785–790.

Hagelberg E, Goldman N, Lio P, Whelan S, Schiefenhovel W, Clegg
JB, Bowden DK. 1999a. Evidence for mitochondrial DNA recombi-
nation in a human population of island Melanesia. R Soc Lond B
Biol Sci 266:485–492.

Hagelberg E, Goldman N, Lio P, Whelan S, Schiefenhovel W, Clegg
JB, Bowden DK. 1999b. Evidence for mitochondrial DNA recombi-
nation in a human population of island Melanesia: correction. R Soc
Lond B Biol Sci 267:1595–1596.

Hermo L, Dworkin J, Oko R. 1988. Role of epithelial clear cells of the
rat epididymis in the disposal of the contents of cytoplasmic drop-
lets detached from spermatozoa. Am J Anat 183:107–124.

Herrnstadt C, Elson JL, Fahy E, Preston G, Turnbull DM, Anderson
C, Ghosh SS, Olefsky JM, Beal MF, Davis RE, Howell N. 2002.
Reduced-median-network analysis of complete mitochondrial DNA
coding-region sequences for the major african, asian, and European
haplogroups. Am J Hum Genet 70:1152–1171.

Hershko A. 1998. The ubiquitin system: Past, present and future
perspectives. In: Peters J-M, Harris JR, Finley D, editors. Ubiquitin
and the biology of the cell. New York: Plenum Press. p 1–17.

Hershko A, Ciechanover A. 1998. The ubiquitin system. Annu Rev
Biochem 67:425–479.

Hiendleder S, Schmutz SM, Erhardt G, Green RD, Plante Y. 1999.
Transmitochondrial differences and varying levels of heteroplasmy
in nuclear transfer cloned cattle. Mol Reprod Dev 54:24–31.

Horak J, Wolf DH. 2001. Glucose-induced monoubiquitination of the
Saccharomyces cerevisiae galactose transporter is sufficient to sig-
nal its internalization. J Bacteriol 183:3083–3088.

Houshmand M, Holme E, Hanson C, Wennerholm UB, Hamberger L.
1997. Is paternal mitochondrial DNA transferred to the offspring
following intracytoplasmic sperm injection? J Assist Reprod Genet
14:223–227.

Howell N. 1997. mtDNA recombination: what do in vitro data mean?
Am J Hum Genet 61:19–22.

Hutchinson CA, Newbold JE, Potter SS. 1974. Maternal inheritance
of mammalian mitochondrial DNA. Nature 251:536–538.

Hwang S-Y, Oh B, Knowles BB, Solter D, Lee J-S. 2001. Expression of
genes involved in mammalian meiosis during the transition from
egg to embryo. Mol Reprod Dev 59:144–158.

Ibrahim NM, Gilbert GR, Loseth KJ, Crabo BG. 2000. Correlation
between clusterin-positive spermatozoa determined by flow cytom-
etry in bull semen and fertility. J Androl 21:887–894.

Ingman M, Kaessmann H, Paabo S, Gyllensten U. 2000. Mitochon-
drial genome variation and the origin of modern humans. Nature
408:708–713.

Jentsch S, Pyrowolakis G. 2000. Ubiquitin and its kin: how close are
the family ties? Trends Cell Biol 10:335–342.

Josefsberg LB, Kaufman O, Galiani D, Kovo M, Dekel N. 2001. Inac-
tivation of M-phase promoting factor at exit from first embryonic
mitosis in the rat is independent of cyclin B1 degradation. Biol
Reprod 64:871–878.

Kaneda H, Hayashi J-I, Takahama S, Taya C, Fischer-Lindahl K,
Yonekawa H. 1995. Elimination of paternal mitochondrial DNA in

100 P. SUTOVSKY



intraspecific crosses during early mouse embryogenesis. Proc Natl
Acad Sci USA 92:4542–4546.

Kay GF, Ashworth A, Penny GD, Dunlop M, Swift S, Brockdorff N,
Rastan SA. 1991. Candidate spermatogenesis gene on the mouse Y
chromosome is homologous to ubiquitin-activating enzyme E1. Na-
ture 12,354:486–489.

Kirchhoff C. 1998. Molecular characterization of epididymal proteins.
Rev Reprod 3:86–95.

Kirchhoff C, Hale G. 1996. Cell-to-cell transfer of glycosylphosphati-
dylinositol-anchored membrane proteins during sperm maturation.
Mol Hum Reprod 2:177–184.

Klionsky DJ, Emr SD. 2000. Autophagy as a regulated pathway of
cellular degradation. Science 290:1717–1721.

Kon Y, Endoh D, Iwanaga T. 1999. Expression of protein gene product
9.5, a neuronal ubiquitin C-terminal hydrolase, and its developing
change in Sertoli cells of mouse testis. Mol Reprod Dev 54:333–341.

Laney JD, Hochstrasser M. 1999. Substrate targeting in the ubiquitin
system. Cell 97:427–330.

Lippert TH, Seeger H, Schieferstein G, Voelter W. 1993. Immunore-
active ubiquitin in human seminal plasma. J Androl 14:130–131.

Loir M, Dupressoir T, Lanneau M, Le Gac F, Sautiere P. 1986. High
mobility group proteins in ram spermatids. Exp Cell Res 165:441–
449.

Lopez Alvarez ML, Bustos Obregon E. 1995. Spermatophagy in the
stallion epididymis: a scanning and transmission electron micros-
copy study. Acta Anat 153:181–188.

Matsumura K, Aketa K. 1991. Proteasome (multicatalytic proteinase)
of sea urchin sperm and its possible participation in the acrosome
reaction. Mol Reprod Dev 29:189–119.

Manfredi G, Thyagarajan D, Papadopoulou LC, Pallotti F, Schon EA.
1997. The fate of human sperm-derived mtDNA in somatic cells.
Am J Hum Genet 61:953–960.

Martinou JC. 1999. Apoptosis. Key to the mitochondrial gate. Nature
399:411–412.

Meistrich ML, Kasai K, Olds-Clarke P, MacGregor GR, Berkowitz AD,
Tung KS. 1994. Deficiency in fertilization by morphologically ab-
normal sperm produced by azh mutant mice. Mol Reprod Dev 37:
69–77.

Memili E, First NL. 1999. Control of gene expression at the onset of
bovine embryonic development. Biol Reprod 61:1198–1207.

Miranda-Vizuete A, Ljung J, Damdimopoulos AE, Gustafsson JA, Oko
R, Pelto-Huikko M, Spyrou G. 2001. Characterization of Sptrx, a
novel member of the thioredoxin family specifically expressed in
human spermatozoa. J Biol Chem 276:31567–31574.

Mochida K, Tres LL, Kierszenbaum AL. 2000. Structural features of
the 26S proteasome complex isolated from rat testis and sperm tail.
Mol Reprod Dev 57:176–184.

NagDas SK, Winfrey VP, Olson GE. 2000. Identification of a hamster
epididymal region-specific secretory glycoprotein that binds nonvi-
able spermatozoa. Biol Reprod 63:1428–1436.

Nuell MJ, Stewart DA, Walker L, Friedman V, Wood CM, Owens GA,
Smith JR, Schneider EL, Dell’ Orco R, Lumpkin CK, Danner DB,
McClung JK. 1991. Prohibitin, an evolutionarily conserved intra-
cellular protein that blocks DNA synthesis in normal fibroblasts
and HeLa cells. Mol Cell Biol 11:1372–1381.

Oko R, Clermont Y. 1998. Spermiogenesis. In: Knobil E, Neil JD,
editors. Encyclopedia of reproduction, vol. IV. San Diego: Academic
Press. p 602–609.

Oosterhuis GJ, Mulder AB, Kalsbeek-Batenburg E, Lambalk CB,
Schoemaker J, Vermes I. 2000. Measuring apoptosis in human
spermatozoa: a biological assay for semen quality? Fertil Steril
74:245–250.

Ott DE, Coren LV, Copeland TD, Kane BP, Johnson DG, Sowder RC
2nd, Yoshinaka Y, Oroszlan S, Arthur LO, Henderson LE. 1998.
Ubiquitin is covalently attached to the p6Gag proteins of human
immunodeficiency virus type 1 and simian immunodeficiency virus
and to the p12Gag protein of Moloney murine leukemia virus.
J Virol 72:2962–2968.
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