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Human sperm degradation of zona
pellucida proteins contributes to
fertilization
Analilia Saldívar-Hernández1, María E. González-González1, Ana Sánchez-Tusié2, Israel Maldonado-Rosas3,
Pablo López3, Claudia L. Treviño2, Fernando Larrea1* and Mayel Chirinos1*

Background: The mammalian oocyte extracellular matrix known as the zona pellucida (ZP) acts as a barrier to
accomplish sperm fusion with the female gamete. Although penetration of the ZP is a limiting event to achieve
fertilization, this is one of the least comprehended stages of gamete interaction. Even though previous studies
suggest that proteases of sperm origin contribute to facilitate the passage of sperm through the ZP, in human
this process is not yet fully understood. The aim of this study was to determine the ability of human sperm
to degrade recombinant human ZP (rhZPs) proteins and to characterize the proteases involved in this process.

Methods: Purified rhZP2, rhZP3 and rhZP4 proteins were incubated with capacitated sperm and the proteolytic activity
was determined by Western blot analysis. To further characterize the proteases involved, parallel incubations
were performed in the presence of the protease inhibitors o-phenanthroline, benzamidine and MG-132 meant
to block the activity of metalloproteases, serine proteases and the proteasome, respectively. Additionally, protease
inhibitors effect on sperm-ZP binding was evaluated by hemizona assay.

Results: The results showed that rhZPs were hydrolyzed in the presence of capacitated sperm. O-phenanthroline
inhibited the degradation of rhZP3, MG-132 inhibited the degradation of rhZP4 and benzamidine inhibited the
degradation of the three proteins under investigation. Moreover, hemizona assays demonstrated that sperm
proteasome inhibition impairs sperm interaction with human native ZP.

Conclusions: This study suggests that sperm proteasomes could participate in the degradation of ZP, particularly of
the ZP4 protein. Besides, metalloproteases may be involved in specific degradation of ZP3 while serine proteases may
contribute to unspecific degradation of the ZP. These findings suggest that localized degradation of ZP proteins by
sperm is probably involved in ZP penetration and may be of help in understanding the mechanisms of fertilization in
humans.
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Background
During mammalian fertilization, sperm should be able to
reach the cumulus-oocyte complex, get through the hya-
luronic matrix of the cumulus and penetrate the zona
pellucida (ZP) in order to fuse with the egg. Despite the
limiting nature of the last step, the underlying mecha-
nisms that mediate the ZP penetration are barely under-
stood. During the female tract transit, spermatozoa
undergo a series of biochemical and functional changes,

known as capacitation [1], that prepare the cells for
an ultimate exocytosis event called acrosome reaction.
This event allows the release of molecules from the
acrosome -such as proteases- in the surroundings of the
ZP. Human ZP is mostly constituted by four glycopro-
teins, named ZP1, ZP2, ZP3 and ZP4, being the ZP1 the
least abundant [2]. Mechanical force applied by the capac-
itated spermatozoa in motion is essential to penetrate the
ZP but the physical force generated by the flagellum may
not be sufficient to enable sperm to push through this
matrix [3]. There is growing evidence that sperm prote-
ases may play a relevant role during gamete interaction [4]
and that some extent of ZP protein degradation occurs
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during sperm-ZP penetration [5]. Besides, sperm proteases
involved in penetration are likely to be located either in
the surface of the plasma membrane or in the acrosome,
since during penetration spermatozoa remain associated
to ZP components by receptors located in the inner acro-
somal membrane.
Proteolytic hydrolysis of ZP could be mediated by ac-

rosomal/membrane associated proteases or by the con-
trolled degradation of the ubiquitin-proteasome system.
Evidence of these two protein degradation systems have
been widely described in sperm of several species. In
mouse, the most plausible candidates to be involved in
ZP degradation are the serine protease TESP5 and the
proteasome while acrosin, another serine protease, could
also play an indirect role by dispersing acrosomal matrix
content during acrosome reaction [reviewed by [4]]. How-
ever, the ZP degradation mechanism may not be conserved
in all mammals. Indeed, while proteasome inhibitors block
ZP penetration in porcine [5, 6], some studies suggest
that bull sperm get use of matrix metalloprotease 2
(MMP2) and acrosin to accomplish ZP digestion dur-
ing penetration [7]. Regarding human sperm, several pro-
teases have been identified in the acrosome, such as
acrosin and MMP2 and MMP9 (metalloproteases) [8, 7].
The proteasome is also present in human sperm located in
the head, middle piece [9, 10] and the surface on sperm-
atozoa [11]. Different investigations have demonstrated
proteasome participation during human sperm capacita-
tion [12], acrosome reaction [13, 14] and ZP binding [15],
but its contribution during ZP penetration remains un-
known. If a proteasome dependent ZP degradation occurs
during penetration, ZP protein/proteins are then likely to
be ubiquitinated, either by a maturation process during
oogenesis (as in the pig) [6] or by a sperm extracellular
machinery (as in ascidians) [16], but ZP proteins ubiquiti-
nation in human has not been properly investigated.
All the evidence collected up to date indicates that

sperm proteases may be involved in human sperm pene-
tration of ZP but this process remains unestablished due
to the limited access to native human ZP. In the present
study, we show evidence that human and mouse ZP were
ubiquitinated and that human sperm is able to degrade re-
combinant human ZP proteins by a proteolytic-mediated
process. In addition, proteasome inhibition reduced sperm
binding to human native ZP. Therefore, results herein
presented indicate that sperm proteases participate in the
mechanism of ZP penetration during fertilization.

Methods
All procedures herein described were undergone after
protocol approval by the Institutional Review Board (IRB;
Comité de Ética en Investigación) from the Instituto Nacio-
nal de Ciencias Médicas y Nutrición Salvador Zubirán, ap-
proved on 02/27/2012 with the reference number 564. The

experimental procedures were executed between March
2012 and March 2014. IRB also approved the informed
consent read and signed by each participant in the study.

Zona pellucida immunofluorescence
The presence of ubiquitin (Ub) conjugates in human zona
pellucida was investigated by immunofluorescence of post-
mortem ovary tissues and mature oocytes. Ovary tissues
were formalin fixed and paraffin embedded in order to per-
form 5–8 μm slices of the tissue. Afterwards, consecutive
tissue sections were deparaffinized, rehydrated and blocked
for 1 h with 3 % bovine serum albumin in phosphate buff-
ered saline (PBS) for overnight incubation with rabbit anti-
Ub antibody (Kamiya Biomedical Co., Seattle, WA) or with
a rabbit immune serum against Heat-Solubilized Pig ZP
(anti-HSPZ) that recognizes human native as well as re-
combinant ZP proteins [17]. After 3 washes with PBS,
specimens were incubated for 1 h with a goat anti-
rIgG antibody coupled to Cy3. Slides were again washed
with PBS, mounted with Vectashield (Vector Laboratories)
and samples were simultaneously examined by fluores-
cence and phase-contrast microscopy. On the other hand,
cumulus-free mature oocytes from women under ovarian
stimulation treatment for assisted reproduction techniques
were employed for immunofluorescence analysis and pre-
served frozen in liquid nitrogen until use. After defrosting,
they were fixed with 4 % p-formaldehyde for 30 min at
room temperature, processed following the procedure
above described and analyzed by confocal fluorescence mi-
croscopy (Zeiss, Weimar, Germany). Fresh oocytes from
hyperstimulated mouse were also analyzed by immuno-
fluorescence as positive controls. In all cases, negative con-
trol specimens were obtained by incubation with either
total gamma globulin from rabbit or in the absence of pri-
mary antibodies but otherwise processed as test slides.

Preparation of rhZP2, rhZP3 and rhZP4 proteins
The cDNAs coding for human ZP2, ZP3 and ZP4 were
expressed in Sf9 cell line as previously described [18, 19].
Recombinant viruses containing the different protein se-
quences and a 6xHis tag were used for infection of the cell
line in TNM-FH medium containing 10 % fetal bovine
serum (Pharmingen, San Diego, CA) at 27 °C and cultured
for 4–5 days. Before harvesting, Sf9 cells were subjected
to heat-shock conditions to enhance the production of
ubiquitin conjugates by incubation at 41 °C for 30 min
followed by a 3 h recovery period at 27 °C. Afterwards
cells were harvested and used for affinity protein purifica-
tion using Ni-NTA agarose beads (Invitrogen, Carlsbad,
CA) under denaturing conditions. After renaturing by a
decreasing urea gradient, purified proteins were used for
experiments here described either attached to the agarose
beads or in solution after elution from the resin with
100 mM imidazole.
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Characterization of purified rhZP proteins
Purified rhZP proteins were characterized by SDS-PAGE
on 10 % polyacrylamide gels and either stained with
Coomassie brilliant blue (CBB) or blotted onto nitrocel-
lulose membranes to be analyzed by Western Blot. Iden-
tical membranes were probed with anti-HSPZ serum
and the rabbit anti-Ub antibody. Antibody detection was
undergone by incubation with protein A coupled to 125I,
followed by autoradiography.

Sperm samples collection and preparation
Human semen samples used in this study were obtained
by masturbation from healthy normozoospermic donors
after 3–5 days of sexual abstinence. Ejaculates were
assessed and processed using standard methods [20]. For
capacitation, samples were centrifuged through a discon-
tinuous density gradient (Isolate; Irvine Scientific, Santa
Ana, CA), and resulting pellets were incubated overnight
at 4 °C with equal volumes of Modified Sperm Washing
Medium (MSWM, Irvine Scientific) and Refrigeration
Test Yolk Buffer (Irvine Scientific). After washing with
MSWM, sperm pellets were overlaid with 1.2 ml of
modified Human Tubal Fluid medium (HTF; Irvine Sci-
entific) supplemented with 0.3 % human serum albumin
and 1 mM sodium pyruvate (supHTF) for swim-up sep-
aration, by incubating for 1 h at 37 °C in 5 % CO2 and
95 % of humidity with the tube inclined at a 45° angle.
The uppermost layer (1.0 ml) with the motile sperm
fraction were recovered and incubated for 4 h at 37 °C
before their use for experiments.

Sperm function analysis
Protease inhibitors were used to characterize the par-
ticipation of sperm proteases in rhZP proteins deg-
radation. For this purpose, protease inhibitors effects
on sperm viability, motility, spontaneous acrosome re-
action (AR) and calcium ionophore (CaI) induced AR
were evaluated, following methodologies previously de-
scribed [18]. The protease inhibitors selected and evalu-
ated were MG-132 for proteasome mediated degradation,
o-phenanthroline for metalloproteases and benzamidine
for serine proteases. Concentration ranges tested for each
protease inhibitor were selected according to previous
studies [6, 21, 22]. After capacitation, sperm aliquots were
incubated with the protease inhibitors at different concen-
trations or corresponding vehicles during 30 min and
sperm variables were evaluated. Viability was evaluated by
staining with the trypan blue vital exclusion dye followed
by analysis under the microscope to determine the per-
centage of live cells. Motility changes were analyzed by
phase contrast microscopy and sperm movement was
graded following W.H.O. motility criteria [20]; after
evaluating at least 200 cells per treatment, data were
presented as percentage of sperm with progressive

motility (a + b), non-progressive motility (c) and immoti-
lity (d). Spontaneous and CaI (A23187 10 μM, Sigma) in-
duced AR were evaluated after sperm fixation with 70 %
ethanol followed by acrosome staining the PSA lectin
coupled to FITC [18]. Each experiment was repeated at
least three times. Values are presented as the mean ±
SEM and treatments groups were analyzed using the
GraphPad Prism 5.01 software (GraphPad, San Diego,
CA, USA), using one way ANOVA and Tukey’s multi-
comparison for post hoc test, considering significant a
P value ≤ 0.05.

Evaluation of sperm mediated rhZPs degradation
Experiments were carried out using sperm aliquots
from a single semen sample for simultaneous analysis
of rhZP2, rhZP3 and rhZP4 degradation. Agarose beads
immobilized rhZPs were incubated in 48-well plates with
2x106 capacitated sperm in supHTF medium for 16 h at
37 °C in 5 % CO2 and 95 % of humidity, in the presence
or absence of protease inhibitors. At the end of incuba-
tion, sperm motility was checked under the microscope
and experiments with total motility below 70 % were dis-
carded. Agarose beads were gently washed twice with PBS
and mixed with Laemmli denaturing sample buffer. All
samples were used for SDS-PAGE and analyzed by West-
ern blot using anti-HSPZ as primary antibody. When pro-
tease inhibitors were used, capacitated sperm were pre-
incubated for 30 min with the inhibitors before addition to
the agarose immobilized rhZPs. Degradation experiments
were repeated at least 5 times. Densitometry analyses
were performed using the ImageJ software.

Hemizona assay
Human oocytes from women undergoing ovulation induc-
tion for assisted fertilization procedures were employed
for hemizona assays (HZA) [23]. Only non-viable oocytes
(either immature oocytes that were not inseminated or
mature oocytes that failed to be fertilized by conventional
ICSI) were collected and stored at 4 °C in 20 mM Tris–
HCl (pH 7.2-7.6), 2 M (NH4)2SO4 and 0.5 % dextran until
use. On the day of the experiment, oocytes were thor-
oughly washed with HTF medium before bisection with a
microscalpel attached to micromanipulators (Narishigue,
Tokyo, Japan) to separate ZPs from oocytes and cut them
into equal halves (hemizonas, HZ). HZs were transferred
to 50 μl drops of supHTP under mineral oil and 3–5 x 104

capacitated sperm in 50 μl of supHTF were added to
each drop for co-incubation for 4 h at 37 °C in an at-
mosphere of 5 % CO2. For each HZA, sperm aliquots
were pre-incubated for 30 min with either the prote-
ase inhibitor at twice the final concentration chosen
for the assay or the corresponding vehicle in supHTF
before addition to matching counterparts. At the end
of the co-incubations, HZ were removed and washed
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by repeated vigorous pipetting and the number of
sperm tightly bound to the outer surface of each HZ
was determined under the microscope. Results of the
HZA were expressed as the HemiZona Index (HZI = [num-
ber of test sperm bound/number of control sperm
bound] × 100) [24]. At least three independent experi-
ments were performed using sperm samples from dif-
ferent donors. Data are expressed as mean ± SD. The
different groups of HZA were compared by the paired
sample t-test.

Results
Ubiquitination of native zona pellucida at different stages
of oocyte maturation
The presence of ubiquitin (Ub) in human oocytes was in-
vestigated by indirect immunofluorescence analysis using
consecutive slices of ovary tissue. In Fig. 1, positive label-
ing for ZP is shown when incubated in the presence of
anti-HSPZ (Fig. 1a) whereas no signal was detected in the
oocytes of negative control (Fig. 1b). When ovary sections
were incubated with anti-Ub antibodies, positive staining

Fig. 1 Presence of ubiquitin in human ovary tissue. Immunofluorescent analysis of formalin fixed ovary sections, using for primary detection
either anti zona pellucida serum (anti-HZPZ) (a), total gamma globulins from rabbit (b) or anti-Ub antibodies (c and d). Afterwards, all slices where
incubated with secondary antibody and mounted for examination using phase-contrast (left panels) or epifluorescence (right panels). Ub was
mostly detected inside oocytes and no signal was detected in the ZP (indicated with white arrows) of oocytes from early or developed follicles.
Original magnification x400
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was only detected inside oocytes as well as in granu-
losa cells, suggesting that most of the oocytes in the
studied specimens were probably under follicular atresia
(Fig. 1c and d). In order to investigate whether ZP proteins
ubiquitination appears later during follicle development,
we studied ubiquitination in more mature oocytes recov-
ered after ovarian stimulation. Under this condition, a
ZP positive signal was detected in the presence of the
anti-HSPZ serum (Fig. 2a). Incubation with anti-Ub

antibodies showed positive staining in the ZP as well
as in the oocyte plasma membrane (Fig. 2b), suggest-
ing that ZP protein/proteins ubiquitination appears at
advanced stages of oocyte development. Control incu-
bations in the absence of primary antibody showed no
fluorescent signal (Fig. 2c). Furthermore, the specificity of
the Ub recognition was demonstrated by competence ex-
periments where saturation of anti-Ub antibody with free
Ub visibly reduced the immunofluorescent signal (Fig. 2d).

Fig. 2 Assessment of ubiquitin in mature oocytes. Left panel shows phase-contrast images of analyzed oocytes, center panel displays the corresponding
confocal fluorescent images with pseudocolor and right panel the merged images of the phase-contrast image and the fluorescence image. Human
oocytes discarded from assisted reproduction techniques were collected and kept frozen until use for immunofluorescence studies for detection of
(a) ZP; (b) Ub; (c) No primary detection (negative control without primary antibody); (d) Antibody competence (Anti-Ub antibodies + Ub protein). (e)
Mouse oocytes obtained from hyperstimulated females were used as positive control by incubating with anti-Ub as positive control. Specific staining for
Ub was detected in the ZP of both species
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Mouse oocytes from hyperstimulated females were also
employed as controls for antibody specificity, where ZP
ubiquitination was also detected while virtually no signal
was observed in the oocyte (Fig. 2e).

Production of ubiquitinated rhZP proteins
Considering that human native ZP proteins from mature
oocytes are ubiquitinated, we produced rhZP2, rhZP3 and
rhZP4 proteins as well as their ubiquitinated forms by the
use of an expression system that allows the production of
proteins with post-translational modifications, as described
in Materials and Methods. This procedure allowed us to
obtain highly enriched purified rhZP proteins (Fig. 3a).
When these purified proteins were tested with the anti-
HSPZ serum, proteins with the expected molecular weights
for ZP2 (80 kDa), ZP3 (55 and 65 kDa) and ZP4 (66 kDa)
were detected [19], besides some additional protein bands
of higher and lower molecular weight (Fig. 3b). Western
blots of rhZP proteins with anti-Ub revealed that at least
some of the high molecular weight forms of the proteins
were ubiquitinated (Fig. 3c). In addition, few low molecular
weight proteins were also detected by the anti-Ub antibody
which may correspond to Ub-targeted ZP proteins already
involved in the proteasome degradation system of the Sf9
cells or to unspecific degradation products. The overall re-
sults indicate that the baculovirus expression system used
in this study was able to produce ZP proteins conjugated
to Ub moieties.

rhZPs proteins degradation by capacitated sperm
Sperm ability to perform proteolytic activity on rhZPs
was investigated by the co-incubation of capacitated
spermatozoa with the recombinant proteins, followed by
Western blot with the anti-HSPZ serum to detect mo-
lecular weight changes in rhZPs. Figure 4 shows that

incubations with capacitated sperm caused a reduction
in the abundance of the three rhZP protein bands at
their corresponding full length molecular weights (black
arrows). Correspondingly, rh ZP2 and rh ZP4 abun-
dance reductions were accompanied by the appear-
ance of a novel protein band pattern of lower
molecular weight. Control incubations of rhZPs in the
absence of capacitated spermatozoa resulted in no
changes in the molecular weight patterns and spermato-
zoa alone showed no signal, demonstrating the specificity
of the anti-HSPZ serum. This approach suggested that ca-
pacitated human sperm is able to degrade rhZP proteins.

Protease inhibitors prevent rhZPs degradation
To evaluate the specific activity of human sperm pro-
teolytical activity on rhZPs, protease inhibitors were
employed. However, they were previously tested in
order to determine if they could affect sperm function
variables related to sperm fertilization ability, such as
viability, motility and acrosome reaction (AR). When
we analyzed the effects of the protease inhibitors
MG-132, o-phenanthroline and benzamidine on sperm
function, we found no effect on motility parameters
(Fig. 5a) as well as on spontaneous and CaI induced
AR (Fig. 5b). Moreover, no significant changes in sperm
viability were detected with any of the treatments, since
live sperm values were above 95 % under all tested
conditions.
Sperm co-incubations with immobilized rhZP2, 3

and 4 were carried out in the presence of MG-132, o-
phenanthroline and benzamidine to characterize proteases

Fig. 3 Obtaining of ubiquitinated recombinant human ZP proteins.
Human ZP2, ZP3 and ZP4 proteins were expressed in Sf9 cell line
under heat shock conditions followed by affinity purification. (a)
The purity of rhZP proteins was examined by SDS-PAGE followed
by staining with CBB. (b) The identity of purified proteins was
determined by Western blot using anti-HSPZ for primary detection.
(c) Ubiquitination levels of purified rhZP proteins were assessed by
Western blot of same proteins using anti-Ub antibodies

Fig. 4 Sperm degradation of rhZP proteins. Agarose beads immobilized
rhZP2, rhZP3 and rhZP4 proteins were co-incubated under capacitating
conditions with human spermatozoa for 16 h. Afterwards, beads were
washed and bound proteins were solubilized in Laemmli denaturing
sample buffer for Western blot analysis with anti-HSPZ. Control
incubations without rhZP proteins and without sperm are also
presented. Black arrows indicate the expected full length for each rhZP
protein. Spm= spermatozoa
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participation in rhZPs degradation. Representative West-
ern blots with anti-HSPZ (Fig. 6, left panel) are presented
accompanied by corresponding histogram densitometry
analyses (Fig. 6, right panel) for enhanced detection of mo-
lecular masses changes and protein abundance. As ex-
pected, sperm-rhZPs incubations in the absence of
inhibitors showed decrease in full length rhZPs (see
black arrows) accompanied by increase in low mo-
lecular weight forms of each rhZP (see brackets). No
changes in the degradation protein pattern was ob-
served when rhZP2 was co-incubated with sperm in
the presence of MG-132 and o-phenanthroline, but

benzamidine partially preserved the integrity of rhZP2 sug-
gesting that some of the observed sperm proteolysis of
rhZP2 was mediated by serine proteases. Likewise, the
proteolysis of rhZP3 was prevented in the presence of
benzamidine and also with o-phenanthroline, suggest-
ing that serine proteases as well as metalloproteases
may be involved in rhZP3 degradation, while MG-132
showed no effect in the overall proteolysis of this protein.
Regarding rhZP4 degradation, it was inhibited by ben-
zamidine and MG-132 and not by o-phenanthroline, de-
noting that sperm proteasomes and serine proteases could
mediate the degradation of this protein.

Fig. 5 Effects of protease inhibitors on sperm function. (a) Effects on motility: Percentages of progressive motility (dark grey bars), non-progressive motility
(white bars) and immotility (light grey bars) after sperm incubation in the presence of MG-132, O-phenanthroline and benzamidine. (b) Effects on acrosome
reaction: Percentage of spontaneous (grey bars) and calcium ionophore (CaI) induced (black bars) acrosome reaction of sperm treated with MG-132,
O-phenanthroline and benzamidine. Acrosomal status was evaluated after staining with FITC-PSA and percentage of reacted cells were determined.
Values in percentage are presented as the mean ± SEM. No significant differences between controls (in the absence of inhibitors) and treatments were
detected. N≥ 3 experiments
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Proteasome inhibitor reduces sperm-ZP binding
To further investigate if sperm mediated rhZP proteins
degradation is comparable to what physiologically occurs
during gamete interaction, HZA were performed in the
presence of the protease inhibitors under investigation. As
shown in Fig. 7, only MG-132 was able to reduce the index
of sperm tightly bound to the ZP. This result suggests that
under physiological conditions proteasome activity may
contribute during the sperm binding/penetration of the ZP.

Discussion
Since early studies on fertilization, a possible role of
sperm proteases during mammal ZP penetration has

been suggested due to the evident physical limitation
that this extracellular matrix impose to sperm fusing
with the oocyte. The presence of serine proteases and
metalloproteases in human sperm has been widely docu-
mented but their participation during the ZP recogni-
tion/penetration step remains unclear. However, several
reports, mostly performed in non-human mammal models,
suggest that they may contribute to this process. In the hu-
man, information on this issue is limited particularly due to
difficulties in the access to human native ZP for research.
By use of bioactive recombinant human ZP proteins, this
work demonstrate that human capacitated sperm are able
to degrade rhZP2, rhZP3 and rhZP4, and that such

Fig. 6 Differential degradation of rhZP2, rhZP3 and rhZP4 proteins by capacitated sperm. Agarose beads immobilized rhZP proteins were incubated in
the absence or presence of capacitated sperm with and without protease inhibitors, and analyzed by Western blot with anti-HSPZ. Left panel shows
representative Western blots for sperm degradation of rhZP2, rhZP3 and rhZP4. Right panel presents corresponding densitometry histograms, showing
the effects of MG-132, o-phenanthroline and benzamidine over the rhZPs protein degradation patterns. Black arrows indicate proteins at the expected
full length size and brackets highlight low molecular weight forms of each protein
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proteolytic activity is partially prevented by different prote-
ase inhibitors. Particularly, benzamidine, a serine-protease
inhibitor, was able to reduce the proteolysis of rhZPs. Acro-
sin, a serine-protease localized in the acrosomal matrix, is
the most abundant protease in human sperm and has
been the target of many investigations about its role in
fertilization. Its localization supports a possible participa-
tion during ZP penetration, since only acrosome reacted
spermatozoa penetrate the ZP. In this regard, the observa-
tion that recombinant human proacrosin/acrosin binds to
rhZP2 [25] and the presence of acrosin antibodies in sera
from infertile women [26] supports the participation of
acrosin in the process of fertilization. However acrosin
knockout mice have revealed that it is not essential to
fertilize the oocyte [27], suggesting that, in addition to it,
another proteases may be involved in this process. In this
regard, metalloproteases are a family of proteolytic en-
zymes that degrade protein components of the extracellu-
lar matrix, so we studied the effect of an inhibitor of these
enzymes on sperm-induced breakdown of rhZPs. The re-
sults in this study showing that o-phenanthroline affected
the ability of sperm to degrade rhZP3 might represent an-
other mechanism by which sperm penetrate the ZP. As far
as we know, no previous evidence has suggested a possible
role for human sperm metalloproteases during interaction
with the ZP. Nevertheless, clinical observations have
previously described that normal and abnormal semen
samples have different metalloproteases profile [8], sug-
gesting a correlation between metalloproteases and sperm
fertilization capacity.
On the other hand, in recent years the presence of pro-

teasomes in human [13, 9] and other mammalian [28]
spermatozoa has been reported and consequently their par-
ticipation in sperm ZP penetration has also been subject to

investigations. In porcine, it has been demonstrated
that proteasomal interference prevents zona pellucida
penetration and fertilization [6] and that sperm prote-
asome degrades the ZP, specifically the ZPC protein
that is homologue to human ZP3 [5]. If a proteasome
proteolysis of ZP occurs during penetration of this oocyte
vest, ubiquitination of ZP proteins could be expected. To
address this hypothesis, we explored if native human ZP
proteins were ubiquitinated and found that ZP appears to
be ubiquitinated but only in mature oocytes. Attempts to
detect ubiquitin on ZP from early stages oocytes were not
successful, suggesting that either ZP proteins were not
ubiquitinated or that the degree of ubiquitination was
lower than the detection limit of the immunofluorescence
technique employed in this study. Instead, we observed
ubiquitination in oocytes as well as granulosa cells in
primordial, primary and secondary follicles, a finding that
may be of biological relevance since this process is as-
sociated with oocyte resorption, a process normally oc-
curring during the menstrual cycle. Indeed, ubiquitination
is thought to be part of the mechanisms by which follicles
are destined for atresia [29].
There are several observations that suggest and sup-

port that proteasome may control sperm capacitation
and in turn have an indirect effect on sperm capability
to bind and penetrate the ZP. For instance, proteasomal
inhibition reduced the protein Ser-phosphorylation that
accompanies sperm capacitation [26]. However, the
proteasome may also have a direct participation dur-
ing sperm-ZP interaction. As we employed already ca-
pacitated sperm for incubation with rhZPs in the presence
of the proteasomal inhibitor MG-132, our results indicate
that a compromised proteasome function lead to a re-
duced sperm capacity to degrade rhZP4. Furthermore,
proteasomal participation in sperm-ZP interaction was
confirmed for native human ZP in hemizona assays. How-
ever, the participation of sperm serine proteases and metal-
loproteases during ZP binding could not be confirmed with
this approach, but the functional and mechanistic redun-
dancy widely described for gametes during mammalian
fertilization [30] may be masking the participation of these
proteases in sperm-ZP interaction in this approach.

Conclusions
In summary, in this study we present evidence that ca-
pacitated sperm are able to degrade rhZP proteins, sug-
gesting the presence of a sperm-dependent proteolysis
mechanism that may participate in the process of sperm
interaction and penetration of the ZP. Moreover, we sug-
gest that an ubiquitin proteasome pathway is required for
the targeted degradation of human ZP proteins. Therefore
these results may contribute to the understanding of the
molecular mechanisms involved in the process of gamete
interaction during human fertilization.

Fig. 7 Effect of protease inhibitors on sperm binding to human
native zona pellucida. Protease inhibitors effects on sperm-ZP binding
were investigated by hemizona assay as described in Materials and
Methods. For each hemizona incubated in the presence of a protease
inhibitor, the matching counterpart was incubated with medium. HZI
were estimated and presented as percentage (Mean ± SD). N = 4. (*)
Control and treatment were significantly different, p = 0.0002

Saldívar-Hernández et al. Reproductive Biology and Endocrinology  (2015) 13:99 Page 9 of 10



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
ASH performed or participated in all experiments. MEGG participated in rhZP
proteins preparation and sperm function analyses. AST collaborated during
oocytes immunofluorescence analysis. IM and PL assisted in HZA. CLT and FL
contributed to the research design and data interpretation. FL was also
involved in writing the manuscript. MC designed the study and drafted
the manuscript. All read and approved the final manuscript.

Acknowledgements
This study was supported by the Consejo Nacional de Ciencia y Tecnología
(CONACyT, Mexico), grant number 154923. ASH was recipient of a scholarship
for post-graduate studies in the Universidad Nacional Autónoma de México
(UNAM) from CONACyT.

Author details
1Departamento de Biología de la Reproducción, Instituto Nacional de
Ciencias Médicas y Nutrición Salvador Zubirán, México D.F. 14080, Mexico.
2Departamento de Genética del Desarrollo y Fisiología Molecular, Instituto de
Biotecnología, UNAM, Cuernavaca 62210, Mexico. 3Instituto Mexicano de Alta
Tecnología Reproductiva (Inmater), Mexico D.F. 11000, Mexico.

Received: 13 July 2015 Accepted: 12 August 2015

References
1. Yanagimachi R. Mammalian fertilization. In: Knobil E, Neill J, editors.

The Physiology of Reproduction. New York: Raven; 1994. p. 189–317.
2. Lefievre L, Conner SJ, Salpekar A, Olufowobi O, Ashton P, Pavlovic B, et al.

Four zona pellucida glycoproteins are expressed in the human. Hum Reprod.
2004;19(7):1580–6.

3. Green DP. Mammalian sperm cannot penetrate the zona pellucida solely by
force. Exp Cell Res. 1987;169(1):31–8.

4. Kim E, Yamashita M, Kimura M, Honda A, Kashiwabara S, Baba T. Sperm
penetration through cumulus mass and zona pellucida. Int J Dev Biol.
2008;52(5–6):677–82.

5. Zimmerman SW, Manandhar G, Yi YJ, Gupta SK, Sutovsky M, Odhiambo JF, et al.
Sperm proteasomes degrade sperm receptor on the egg zona pellucida
during mammalian fertilization. PLoS One. 2011;6(2):e17256. doi:10.1371/
journal.pone.0017256.

6. Sutovsky P, Manandhar G, McCauley TC, Caamano JN, Sutovsky M, Thompson
WE, et al. Proteasomal interference prevents zona pellucida penetration and
fertilization in mammals. Biol Reprod. 2004;71(5):1625–37.

7. Ferrer M, Rodriguez H, Zara L, Yu Y, Xu W, Oko R. MMP2 and acrosin
are major proteinases associated with the inner acrosomal membrane
and may cooperate in sperm penetration of the zona pellucida during
fertilization. Cell Tissue Res. 2012;349(3):881–95.

8. Buchman-Shaked O, Kraiem Z, Gonen Y, Goldman S. Presence of matrix
metalloproteinases and tissue inhibitor of matrix metalloproteinase in
human sperm. J Androl. 2002;23(5):702–8.

9. Wojcik C, Benchaib M, Lornage J, Czyba JC, Guerin JF. Proteasomes in human
spermatozoa. Int J Androl. 2000;23(3):169–77.

10. Rawe VY, Diaz ES, Abdelmassih R, Wojcik C, Morales P, Sutovsky P, et al.
The role of sperm proteasomes during sperm aster formation and early
zygote development: implications for fertilization failure in humans.
Hum Reprod. 2008;23(3):573–80.

11. Morales P, Pizarro E, Kong M, Jara M. Extracellular localization of proteasomes
in human sperm. Mol Reprod Dev. 2004;68(1):115–24. doi:10.1002/mrd.20052.

12. Kong M, Diaz ES, Morales P. Participation of the human sperm proteasome
in the capacitation process and its regulation by protein kinase A and tyrosine
kinase. Biol Reprod. 2009;80(5):1026–35.

13. Morales P, Kong M, Pizarro E, Pasten C. Participation of the sperm proteasome
in human fertilization. Hum Reprod. 2003;18(5):1010–7.

14. Chakravarty S, Bansal P, Sutovsky P, Gupta SK. Role of proteasomal activity in
the induction of acrosomal exocytosis in human spermatozoa. Reprod Biomed
Online. 2008;16(3):391–400.

15. Redgrove KA, Anderson AL, Dun MD, McLaughlin EA, O'Bryan MK, Aitken RJ,
et al. Involvement of multimeric protein complexes in mediating the

capacitation-dependent binding of human spermatozoa to homologous
zonae pellucidae. Dev Biol. 2011;356(2):460–74.

16. Sawada H, Sakai N, Abe Y, Tanaka E, Takahashi Y, Fujino J, et al. Extracellular
ubiquitination and proteasome-mediated degradation of the ascidian sperm
receptor. Proc Natl Acad Sci U S A. 2002;99(3):1223–8.

17. Cariño C, Prasad S, Skinner S, Dunbar B, Chirinos M, Schwoebel E, et al.
Localization of species conserved zona pellucida antigens in mammalian
ovaries. Reprod Biomed Online. 2002;4(2):116–26.

18. Caballero-Campo P, Chirinos M, Fan XJ, Gonzalez-Gonzalez ME, Galicia-Chavarria
M, Larrea F, et al. Biological effects of recombinant human zona pellucida
proteins on sperm function. Biol Reprod. 2006;74(4):760–8.

19. Chirinos M, Carino C, Gonzalez-Gonzalez ME, Arreola E, Reveles R, Larrea F.
Characterization of human sperm binding to homologous recombinant
zona pellucida proteins. Reprod Sci. 2011;18(9):876–85.

20. World Health Organization. WHO laboratory manual for the examination of
human semen and sperm-cervical mucus interaction. In: Published on behalf
of the World Health Organization. 4th ed. Cambridge, U.K.; New York, NY:
Cambridge University Press; 1999.

21. Gottlieb W, Meizel S. Biochemical studies of metalloendoprotease activity in
the spermatozoa of three mammalian species. J Androl. 1987;8(1):14–24.

22. Perreault SD, Zirkin BR, Rogers BJ. Effect of trypsin inhibitors on acrosome
reaction of guinea pig spermatozoa. Biol Reprod. 1982;26(2):343–51.

23. Burkman LJ, Coddington CC, Franken DR, Krugen TF, Rosenwaks Z, Hogen
GD. The hemizona assay (HZA): development of a diagnostic test for the
binding of human spermatozoa to the human hemizona pellucida to
predict fertilization potential. Fertil Steril. 1988;49(4):688–97.

24. Coddington CC, Oehninger SC, Olive DL, Franken DR, Kruger TF, Hodgen
GD. Hemizona index (HZI) demonstrates excellent predictability when
evaluating sperm fertilizing capacity in in vitro fertilization patients. J Androl.
1994;15(3):250–4.

25. Furlong LI, Harris JD, Vazquez-Levin MH. Binding of recombinant human
proacrosin/acrosin to zona pellucida (ZP) glycoproteins. I. Studies with
recombinant human ZPA, ZPB, and ZPC. Fertil Steril. 2005;83(6):1780–90.
doi:10.1016/j.fertnstert.2004.12.042.

26. Veaute C, Furlong LI, Bronson R, Harris JD, Vazquez-Levin MH. Acrosin
antibodies and infertility. I. Detection of antibodies towards proacrosin/
acrosin in women consulting for infertility and evaluation of their effects
upon the sperm protease activities. Fertil Steril. 2009;91(4):1245–55.
doi:10.1016/j.fertnstert.2007.12.072.

27. Baba T, Azuma S, Kashiwabara S, Toyoda Y. Sperm from mice carrying a
targeted mutation of the acrosin gene can penetrate the oocyte zona
pellucida and effect fertilization. J Biol Chem. 1994;269(50):31845–9.

28. Pizarro E, Pasten C, Kong M, Morales P. Proteasomal activity in mammalian
spermatozoa. Mol Reprod Dev. 2004;69(1):87–93.

29. Depalo R, Nappi L, Loverro G, Bettocchi S, Caruso ML, Valentini AM, et al.
Evidence of apoptosis in human primordial and primary follicles. Hum
Reprod. 2003;18(12):2678–82.

30. Miller DJ, Shi X, Burkin H. Molecular basis of mammalian gamete binding.
Recent Prog Horm Res. 2002;57:37–73.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Saldívar-Hernández et al. Reproductive Biology and Endocrinology  (2015) 13:99 Page 10 of 10


