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RESUM

Entre totes les proteïnases espermàtiques semblants a la tripsina estudiades, l’acrosina (EC
3.4.21.10) ha estat identificada en totes les espècies estudiades, i ha estat associada amb el poten-
cial fertilitzador de l’esperma. En aquesta breu revisió, volem presentar els principals aspectes
cell. ulars, moleculars i bioquímics del sistema proacrosina/acrosina definits pel nostre grup de
recerca i per molts altres equips de recerca del camp de la biologia de la reproducció. Com a
resultat de tots aquests estudis, presentem el model putatiu de la interacció del sistema proa-
crosina/acrosina amb les glicoproteïnes de la zona pell. úcida i la demostració de l’activació del
proenzim i la seva activitat com a proteïnasa.

Paraules clau: humans, fertilització, esperma, acrosina, zona pell. úcida.

SUMMARY

Among all of the sperm acrosomal trypsin-like proteinases studied, acrosin (EC 3.4.21.10)
has been identified in all of the species evaluated and has been associated with human sperm
fertility potential. In this report, a brief overview of cellular, biochemical, and molecular aspects
related to the human proacrosin/acrosin system, has been compiled from studies performed
by our research team, as well as contributions by numerous groups from the clinical and basic
field of reproductive biology. As a result of these studies, a putative model for the interaction
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between the proacrosin/acrosin system and the zona pellucida glycoproteins, in association
with proenzyme activation and proteinase activity, is presented.

Keywords: human, fertilization, sperm, acrosin, zona pellucida.

Abbreviations: Zona pellucida (ZP); hu-
man preproacrosin (h-preproacrosin); human
proacrosin (h-proacrosin); bp (base pair);
mRNA (messenger ribonucleic acid); 5′UTR
(5′ untranslated region); Domain I (DI); Do-
main II (DII); Domain III (DIII); amino termi-
nus (N-terminus), carboxy terminus (C-ter-
minus), in vitro fertilization and early embryo
transfer (IVF-ET), enzyme-linked immunoas-
say (ELISA).

Sperm-egg interaction is a specialized cell
adhesion process that leads to fertilization
and the activation of development. Once
spermatozoa reach the vicinity of the egg,
they interact with the glycoproteins of the
egg’s extracellular coat, called the zona pel-
lucida (ZP). Sperm-binding to the ZP trig-
gers the exocytosis of the acrosomal gran-
ule (acrosomal exocytosis), wherein fusion
of the sperm plasma membrane and the
outer acrosomal membrane occurs, followed
by the release of the acrosomal content;
acrosome-reacted sperm penetrate the ZP and
finally bind and fuse to the egg’s plasma
membrane (Yanagimachi, 1994; Wassarman
et al., 2001). Evidence of the participation of
sperm’s trypsin-like proteinases in the acro-
somal exocytosis and ZP penetration first
came from experiments showing a block-
ade on sperm penetration by the addition
of trypsin inhibitors (Liu and Baker, 1993;
Llanos et al., 1993). Among all of the acro-
somal trypsin-like proteinases studied acrosin
(EC 3.4.21.10) has been associated with hu-
man sperm fertility potential (see below). In
this report, a brief overview of cellular, bio-
chemical, and molecular aspects related to
the h-proacrosin/acrosin system, will be pre-
sented. Data has been compiled from stud-
ies performed by our research team, as well
as contributions made by numerous groups

from the clinical and basic field of reproduc-
tive biology.

MOLECULAR CLONING
OF THE SEQUENCE ENCODING
H-PROACROSIN

The cDNA encoding h-proacrosin (Baba et
al., 1989a; Adham et al., 1990), as well as the
human genomic sequence (Keime et al., 1990;
Vazquez-Levin et al., 1992), have been pre-
viously reported. The h-proacrosin structural
gene pattern (exon/intron) is very similar to
that characterized in other members of the
serine proteinases family: it is organized into
five exons (exon 1: 77 bp from the ATG start-
ing codon, exon 2: 204 bp, exon 3: 284 bp,
exon 4: 146 bp, and exon 5: 555 bp), which are
arranged in two clusters, separated by a long
intron (Keime et al., 1990). The amino acids of
the acrosin active site are localized on exon
2 (His69), 3 (Asp123) and 5 (Ser221), and the
substrate recognition site, Asp215, is located
on exon 4 (Keime et al., 1990; Vazquez-Levin
et al., 1992) (The nucleotide sequence reported
for human proacrosin at the EMBL/GenBank
can be found under the following accesion
numbers: Y00970, Baba et al., 1989; X17349,
Keime et al., 1990; M77378-M77381, Vazquez-
Levin et al., 1992.) In addition, the amino acids
involved in proenzyme processing towards
the activation to a mature enzyme (see be-
low) are localized in exon 2 and 5. Moreover,
exon 5 contains a Pro rich region, which is
absent in other serine proteinases. The tran-
scription initiation site was localized to the
C residue at position –74, upstream from the
translation initiation codon ATG (Keime et
al., 1990); sequence analysis of over 1 kbp nu-
cleotides from the 5′UTR showed an absence



AN OVERVIEW OF THE PROACROSIN/ACROSIN SYSTEM IN HUMAN SPERMATOZOA 61

of an identifiable TATA and CCAAT boxes
and the presence of a highly GC-rich region,
as well as several regulatory elements iden-
tified in other testis specific genes (Keime et
al., 1990; Vazquez-Levin et al., 1992; Vazquez-
Levin et al., 1996; Schulten et al., 2001).

Although the h-pre-proacrosin gene was
initially described as a single copy gene
mapped to chromosome 22 (q13-qter) (Ad-
ham et al., 1989), a report by Fan et al. (2002),
identified the truncated copy of exons 4 and
5 of the h-proacrosin gene in chromosome 2,
in a region called the 2qFUS region, which re-
sulted from the fusion of duplications in the
sub-telomeric regions of chromosomes 9p and
22q, now located in the 2q13-2q14.1 region.

EXPRESSION OF H-PROACROSIN
DURING SPERMATOGENESIS

Expression of the pre-proacrosin gene is
specific to male germ cells, finding an mRNA
form of approximately 1.6 kbp in all of the
species studied; however, evidence regard-
ing the cell stage where transcription and
translation occur, is still controversial. The hu-
man protein has been detected in pachytene
spermatocytes (Escalier et al., 1991), although
regulation of mRNA transcription and trans-
lation in humans has not been reported.
The expression of mouse acrosin mRNA
and its functional association with polysomes
was first detected in pachytene spermato-
cytes, and increased transcription and trans-
lation was found throughout spermiogenesis
(Kashiwabara et al., 1990). In the rat, transcrip-
tion of the acrosin gene was found at day 19 of
spermatogenesis, which does not contain hap-
loid cells (Nayernia et al., 1994), but proacrosin
biosynthesis was first identified in early sper-
matids (Phi-van et al., 1983); similarly, trans-
genic mice, carrying a construct with 2.3 kbp
of the proacrosin 5′ flanking sequence and
the CAT reporter, showed transcription of the
CAT gene in pachytene spermatocytes, al-

though the enzyme was first found in round
spermatids (Nayernia et al., 1992). Partial con-
trol of acrosin gene translation may result
from the association of the DNA/RNA bind-
ing protein MSY2 to stored or translationally
delayed acrosin transcripts (Yang et al., 2005).

STRUCTURAL FEATURES
OF H-PROACROSIN

The primary structure of h-proacrosin has
been deduced from its cDNA sequence (Baba
et al., 1989a; Adham et al., 1990). The proen-
zyme N-terminus is preceded by a highly
hydrophobic, cleavable signal peptide of 19
residues. The protein sequence of proacrosin
can be divided into three major domains: DI,
which encodes the amino acids 1-23 of the
light chain, DII or catalytic domain, which
contains the residues of the heavy chain for
the mature enzyme, and DIII or tail domain,
which comprises the C-terminal region of the
heavy chain (see figure 1a).

The amino acid sequence of h-proacrosin
shows an overall high degree of similar-
ity to those reported in other mammals:
DI is highly conserved within all of the
species (91-97% similarity), and the same is
observed in DII (75-92%). In contrast, DIII
shows a broad range of sequence conserva-
tion across the species (27% ascidian/mouse
and 83% boar/human) and is not present
in other members of the serine proteases
superfamily. In most mammals, except the
mouse and rat, this region is highly hy-
drophilic and unique because of its high
Pro content; on the other hand, the ascidian
proacrosin C-terminus is not Pro rich and has
two CUB domains (Kodama et al., 2001). Dif-
ferent functions have been proposed for the
proenzyme DIII (Klemm et al., 1991; Mori et
al., 1995; Kodama et al., 2001; see below).

The molecular weight of h-proacrosin de-
duced from its amino acidic sequence is 43,860
Daltons, although a higher Mr (55-60 KDa)



62 M. H. VAZQUEZ-LEVIN, L. I. FURLONG, C. M. VEAUTE AND P. D. GHIRINGHELLI

Figure 1. a) A schematic representation of the h-pre-proacrosin primary structure: signal
peptide (19 amino acids), DI (light chain, residues 1-23), DI (heavy chain, residues 24-322) and
DIII (heavy chain, residues 323-402). Cys residues involved in the inter-chain disulfide bonds
are indicated. b) Inset: the super-imposed backbones of boar and human beta-acrosin structures.
The 3D structure of h-acrosin (amino acid 24-282) was computationally predicted, using an au-
tomated protein modeling service (SWISS-MODEL 36.0002 and Swiss-Pdb Viewer v3.6b3
Expasy Proteomics Server, Swiss Institute of Bioinformatics, Switzerland) and by using the
previously determined 3D structure of boar beta-acrosin as a model (Tranter et al., 2000). The
N- andC- ends are represented by black-filled and white-filled circles, respectively. Yellow lines
represent intra-chain disulfide bridges. Main: A 3D-model of an h-acrosin heavy chain (amino
acids 24-284), obtained as indicated in the Inset. Representation of the polypeptide chain (gray
ribbons), where beta sheet (arrows) and alpha helix structures are shown. Red shaded Cα in-
dicate protease active site residues: 64LTAAH69, 118TEGND123 and 217QGDS221; blue shades
Cα correspond to amino acids that may be involved in interaction with the ZP components:

47NSHR50, 72VGKNN76 , and 249RAKR251.

has been estimated by SDS-PAGE under re-
ducing conditions; the discrepancy between
both values has been attributed, at least in

part, to the presence of sugar residues (see be-
low). In this regard, the h-proacrosin sequence
contains two N-linked glycosylation sites
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(Asn-Xaa-Thr) in the light and heavy chains.
In addition, several putative O-glycosylation
sites are present, some of which are partially
conserved in other species (data not shown).
The ability of h-proacrosin to bind to Con-
canavalin A-Sepharose suggests its glycosyla-
tion (Schleuning et al., 1976), although addi-
tional studies are needed to fully characterize
its glycosylated status.

The light and heavy chains of proacrosin
are connected through inter-chain disulphide
bonds (see figure 1a), in addition to the pres-
ence of several intra-chain bonds. Biochem-
ical identification of these residues was car-
ried out on boar proacrosin (Töpfer-Petersen
et al., 1990); the arrangement of the disulfide
bonds in h-proacrosin is probably the same
as in boar, taking into account that the 12
Cys residues are highly conserved within the
species (data not shown).

The 3D structure of h-proacrosin has not
been determined yet; however, the crystal
structures of mature beta-acrosin from both
ram and boar have been solved in com-
plex with p-aminobenzamidine (Tranter et
al., 2000). Using these 3D structures as tem-
plates (a boar-human sequence homology of
DII: 74% and ram-human: 79%), our group
obtained the predicted 3D structure of h-
proacrosin DII (residues Ile 24-Thr282) (see
figure 1b). In close correspondence to the find-
ings obtained in other species (see inset), a
high number of beta sheets and the alpha helix
structures were found; moreover, the amino
acids from the catalytic triad were localized in
two beta sheet subdomains. The 3D-structure
of DIII remains to be determined, and since
no similarity to protein sequences deposited
in the Proteins Data Bank (PDB) has yet been
found, a model of the complete proacrosin
structure cannot be obtained.

ACTIVATION OF H-PROACROSIN
TO THE MATURE ACTIVE ENZYME
BETA-ACROSIN

Acrosin is synthesized and stored mainly
in its zymogen form, proacrosin (Siegel et al.,
1986; Hardy et al., 1991), and is activated to
the mature enzyme and released during acro-
somal exocytosis (Tesarik et al., 1990; Moos
et al., 1993). By immunocytochemical analy-
sis, human sperm have shown the localiza-
tion of proacrosin/acrosin to the acrosomal
cap of ejaculated and capacitated cells, while
the proteinase system has been associated
with the equatorial segment or is absent after
the sperm have undergone the acrosome reac-
tion (Zahn et al., 2002). Studies done on guinea
pig sperm have found that proacrosin/acrosin
is located in the acrosomal matrix (Noland et
al., 1989), as well as on the outer and inner
acrosomal membrane (Urch, 1991); with re-
gard to the human proenzyme system, even
though it behaves as a membrane-associated
protein, sequence analysis has not revealed
any motifs that would indicate its association
with sperm membranes (Zahn et al., 2002).

The activation of h-proacrosin (55-60 KDa)
to the mature active enzyme, beta-acrosin
(34 KDa), can be achieved by raising the pH
and involves processing of both the N- and C-
terminal protein regions, with the generation
of several enzymatically active intermedi-
ates (52, 43, 22-24, 16 KDa). Protein activation
patterns obtained from purified proacrosin
(Siegel et al., 1986) or from whole human
sperm extracts (Zahn et al., 2002) have been
reported, showing similarities to those de-
scribed for the boar enzyme (Baba et al.,
1989b). Proacrosin activation can be modu-
lated by synthetic compounds (Zahler and
Polakoski, 1977), including sulphated poly-
mers and phospholipids (Parrish et al., 1978),
DNA (Eberspaecher et al., 1991), the acroso-
mal protein sp32 (Baba et al., 1994a), and by
natural inhibitors present in seminal plasma
(Lee and Wei, 1994; Elisen et al., 1998); with
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regard to the latter, our group recently com-
pleted a study that described the inhibitory
effect of caltrin (calcium trypsin inhibitor), a
proteinase inhibitor purified from rat semi-
nal vesicles, upon h-proacrosin activation in
whole sperm extracts (Biancotti et al., manu-
script under consideration).

In addition to the compounds mentioned
above, ZP glycoproteins have been found to
accelerate boar proacrosin activation (Töpfer-
Petersen and Cechova, 1990), but they had
no effect upon the activation of trypsinogen
(Eberspaecher et al., 1991). It is possible that,
since proacrosin and other zymogens from the
trypsin family mainly differ on their protein
C-termini (DIII in proacrosin), this specific do-
main could be the target of ZP regulation of
proacrosin activation. In this regard, the stud-
ies conducted on boar proacrosin first sug-
gested that ZP binding sites would be present
in the C-terminal region of proacrosin and
would be lost during its activation (Mori et
al., 1995); in agreement with these findings,
our group demonstrated the ability of hZPA
to bind to this protein region in h-proacrosin
(see below).

The regulation of proacrosin activation may
also involve phosphorylation of Ser/Thr
residues, a post-translational modification
that has been shown to alter protein stability
to intracellular proteolysis and/or to affect en-
zyme catalytic efficiency (Reddy et al., 1996).
A molecular analysis done on h-proacrosin
by our group revealed the presence of several
putative PKC phosphorylation sites (Ser48,
Thr287, Thr356). In agreement with these find-
ings, the enhancement of the ZP-induced
acrosome reaction of human sperm involves
activation of PKC (Liu and Baker, 1997); and,
the detection of PKC alpha and beta II iso-
forms was reported in the sperm equator-
ial segment (Rotem et al., 1992). Protein Tyr
sulfation may also regulate proacrosin acti-
vation/activity; this post-translational mod-
ification occurs in secretory, lysosomal, and
plasma membrane proteins, as well as in pro-

teins of the trans Golgi network (Hille and
Huttner, 1990), and alters protein sensitivity to
proteolytic cleavage (i.e., in vitro chymotryp-
tic cleavage does not occur at the C-terminus
of sulphated tyrosine residues; Huttner, 1987).
In h-proacrosin, a putative Tyr388 sulfation
site was identified in our analysis and located
within a region that participate in the initial
steps of proenzyme processing (Zahn et al.,
2002). In addition, this protein region may
participate in the interaction with sp32; bio-
chemical studies will help to confirm these in
silico findings.

H-PROACROSIN/ACROSIN
FUNCTION(S) DURING
MAMMALIAN FERTILIZATION

Trypsin-like proteinase activity

Biochemical studies have characterized
acrosin as a serine proteinase (Urch, 1991).
A BLAST analysis carried out on the whole
sequence confirmed acrosin homology with
other proteases from the same family, i.e., chy-
motrypsin, trypsin, plasminogen, kallikrein,
and thrombin, as well as testicular TESP-
1 and TESP-2 proteases. The catalytic triad
(His69, Asp123 and Ser221) was found in
all species at conserved positions; moreover,
the Asp215 residue was conserved within the
species and appeared to act as a recognition
residue for specific hydrolysis of the Arg/Lys
bonds in peptides. As acrosin is a trypsin-
like serine proteinase, several methods have
been described to assess its enzymatic activity,
including spectrophotometry and gelatinoly-
sis; among the spectrophotometric methods, a
simple clinical assay for h-acrosin enzymatic
activity was initially described by Kennedy
and collaborators (1989) and has been widely
used by many groups (see below).

For a long time, acrosin was thought to
aid in sperm penetration by the limited pro-
teolysis of ZP glycoproteins, facilitating the
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passage of motile spermatozoa through the
egg’s extracellular matrix (Urch, 1991). How-
ever, its role as ZP proteinase has been chal-
lenged by studies using an homologous re-
combination model of male mice, carrying a
disruptive mutation in the proacrosin gene
leading to the deletion of a portion of exon
2 and the entire exon 3 (Baba et al., 1994b;
Adham et al., 1997). Acrosin-deficient mice
were found to be fertile, although acrosin –/–
sperm exhibited delayed penetration of the
ZP and fertilization at the early stages of in-
semination, when compared to Acr +/+ and
Acr +/– (Baba et al., 1994b); moreover, the
incubation of oocytes with equal quantities
of wild-type and acrosin-deficient sperm ren-
dered only fertilized eggs carrying the Acr
+/+ sperm (Adham et al., 1997). Further stud-
ies have suggested that these findings could
result from a delay in the release of the acro-
somal components (Yamagata et al., 1998), in-
dicating that acrosin must play a role in their
coordinated release. In a more recent study,
the incubation of Acr –/– sperm along with
eggs, treated to harden the ZP, rendered a sig-
nificantly lower number of penetrated eggs,
as compared to wild-type sperm, suggesting
that the cells lacking acrosin were at a dis-
advantage in their ability to penetrate the ZP
(Nayernia et al., 2002). These results could im-
ply the potential contribution of alterations in
proacrosin/acrosin functions in the sperm fer-
tilizing ability, in cases of multi-factorial infer-
tility. In agreement with this hypothesis, there
have been several reports that described an as-
sociation between a decrease in sperm acrosin
amidase activity and the abnormal fertiliza-
tion of human oocytes in vitro (see below).
Thus, further work is needed to clarify the
“ZP lysin” role of acrosin in species other than
the mouse.

Alterations in H-acrosin activity in infertile
patients, and its impact upon male fertility

As mentioned before, total sperm acrosin
enzymatic activity can be determined in ejacu-
lated sperm by means of a spectrophotometric
assay using an exogenous substrate (Kennedy
et al., 1989). Utilizing this methodology, an
association between acrosin enzymatic levels
and male fertility has been reported, finding
lower acrosin levels in infertile men than in
fertile controls (Gerhard et al., 1989; Koukoulis
et al., 1989; Francavilla et al., 1992; El-Segini et
al., 2002).

Treatment of male infertility by standard in
vitro fertilization and early embryonic trans-
fer (IVF-ET) has allowed the identification
of an association between abnormal levels of
acrosin enzymatic activity and the reduced
ability of sperm to fertilize human oocytes
(Tummon et al., 1991; Sharma et al., 1993; De
Jonge et al., 1993). A biochemical and mol-
ecular evaluation of the proacrosin/acrosin
system was performed by our group on a sub-
set of male patients with no apparent cause
of infertility, undergoing treatment with stan-
dard IVF-ET (Marí et al., 2003). Out of over 200
cases, a total of 27 patients were included in
the study, finding an average acrosin activity
within normal values (53 µIU/million sper-
matozoa). However, 5 of the 27 cases (19%)
had an abnormal acrosin activity, and four
of them (80%) had an FR lower than 50%;
similar observations have been recently re-
ported (Chaundhury et al., 2005). Additional
evaluations made in our study revealed the
lack of sperm in the egg cytoplasm, in cases
with abnormal acrosin activity. In addition,
there were no decondensed paternal DNA in
the ooplasm from all of the cases studied but
one, indicating that a diminished acrosin en-
zymatic activity was associated with a sperm
penetration failure in most of the cases. When
testing whether the decreased enzymatic ac-
tivity was the result of an abnormal ex-
pression of the protein in the male gamete,
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no major differences in the signal were ob-
served by immunocytochemical analysis of
the sperm proacrosin/acrosin system, sug-
gesting that alterations in the proenzyme acti-
vation and/or in the enzyme function, rather
than a lack of enzyme, was responsible for
the diminished activity. Western immunoblot-
ting of protein sperm extracts, incubated to
undergo proacrosin activation, revealed a sig-
nificant decrease in the conversion to the ma-
ture enzymatic active form, the 34 KDa beta
acrosin, which could explain the reduced ac-
tivity. Altogether, these studies first described
the association between an abnormal acrosin
enzymatic activity and a diminished in vitro
fertilization rate in patients with unexplained
infertility, and they found abnormalities in the
proenzyme activation in these cases, which
could justify the abnormal enzymatic activity
(Marí et al., 2003).

A previous study (Shimizu et al., 1997) re-
ported a lack of reactivity in the human en-
zyme towards a boar anti-acrosin antibody
and a change in the enzyme’s peptidic map
in protein samples from patients with an ab-
normal acrosin activity, suggesting that al-
terations in the activity could have resulted
from changes in the proteinase amino acid
sequence. To further investigate the mole-
cular basis of the alterations identified in
our study, an evaluation of the genomic se-
quence encoding proacrosin was carried out
using Single Strand Conformation Polymor-
phism (SSCP) and nucleotide sequence analy-
ses of PCR products, amplified from the ge-
nomic DNA sequence around the acrosin cat-
alytic triad. No changes were found either in
the nucleotide sequence encoding the active
site residues or in the sequence around the
light/heavy chain cleavage site (Marí et al.,
2003), although in some cases, two polymor-
phic points (A777 → G; Tyr → Cys; A902 →
G; Met → Val) were identified in exon 5
(Falcinelli and Vazquez-Levin, unpublished
data). Further studies will help in understand-
ing the molecular basis of the abnormalities

in the acrosin protease activity of infertile
men.

Binding to the ZP glycoproteins activity

Acrosome-reacted spermatozoa remain as-
sociated with the egg’s extracellular matrix
in a process called secondary binding. The
molecular basis of this interaction is not fully
known, at least in part, due to the difficulty in
assessing such events; however, the identifi-
cation of the sperm and ZP proteins involved
in the early steps of gamete interaction, is of
great relevance, especially considering the ev-
idence which shows that a large proportion of
the recorded fertilization failures is associated
with sperm’s inability to bind and penetrate
the ZP (Liu and Baker, 2000).

The mammalian ZP is composed of three
glycoproteins, initially characterized in the
mouse and named ZP1, ZP2, and ZP3. The
ZP glycoproteins result from the expression
of ZPA, ZPB and ZPC genes (Rankin and
Dean, 2000); in humans, each gene is trans-
lated to a glycoprotein with an estimated
molecular mass of 90-110 (ZPA), 64-78 (ZPB)
and 57-73 kDa (ZPC) (Bauskin et al., 1999).
By sequence analysis, it has been deter-
mined that human ZPA is the homologue of
mouse ZP2 (mZP2, 57% amino acid similar-
ity) and human ZPC of mouse ZP3 (mZP3,
67% similarity). The similarity between hu-
man ZPB and mouse ZP1 (mZP3) is only 33%
(Spargo and Hope, 2003); in this regard,
Hughes and Barratt (1999) first found a hu-
man genomic sequence, orthologous to the
mouse ZP1 (67%) and paralogous to the hu-
man ZPB gene (Spargo and Hope, 2003). In
addition, the human ZP1 protein was recently
identified using tandem mass spectrometry,
indicating that ZP is composed of at least
four glycoproteins (Lefievre et al., 2004). On
the other hand, contrasting with the exten-
sive information suggesting that oligosaccha-
rides from mZP3 could participate in its lig-
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and activity during primary sperm binding
and in its ability to induce the acrosome re-
action (Wassarman et al., 2001), much less is
known about the function of the other ZP
components. Several reports have suggested
that mZP2 could be involved in secondary
sperm binding to the ZP (Bleil and Wassar-
man, 1986; Beil et al., 1988; Keer et al., 2002),
while mZP1 could maintain the integrity of
the ZP structure (Bleil and Wassarman, 1986).
However, recent models have also proposed
that mZP2 could regulate the supra-molecular
structure of the ZP, required to support sperm
binding (Rankin et al., 2003).

Similar to the mouse, several pieces of ev-
idence indicate that human ZP sugar moiety
plays a major role in receptor sperm binding
(Mori et al., 1993; Benoff, 1997; Ozgur et al.,
1998), particularly fucose (Tesarik et al., 1993;
Lucas et al., 1994) and mannose (Mori et al.,
1989; Benoff et al., 1993; Chen et al., 1995), as
well as sulphated glycans (Oehninger et al.,
1990). Biochemical studies with native human
ZP glycoproteins have been hampered by the
scarcity of this biological material, although
to overcome this limitation, several groups
developed in vitro systems to produce recom-
binant humanZP proteins in mammalian cells
(Van Duin et al., 1994; Whitmarsh et al., 1996;
Harris et al., 1999; Dong et al., 2001). Further
studies also demonstrated that recombinant
ZPC was effective in inducing acrosomal exo-
cytosis of human sperm (Van Duin et al., 1994;
Whitmarsh et al., 1996; Dong et al., 2001; Bray
et al., 2002).

With regard to the identification of sperm
receptors for secondary binding to the ZP,
studies conducted on animal models sug-
gested the participation of proacrosin/acro-
sin. In those studies, it was found that spe-
cific antibodies for acrosin interfered with the
sperms ability to interact with the ZP (Pekni-
cova et al., 2001), and biochemical studies
showed the ability of animal proacrosin/acro-
sin to bind to homologous native ZP gly-
coproteins (Jansen et al., 1995; Richardson

et al., 1996; Howes et al., 2001; Kodama et
al., 2001). Finally, spermatozoa from acrosin-
deficient mice were found to have decreased
binding activity to mZP2, when compared
to wild-type cells (Howes et al., 2001). Our
group first demonstrated the ability of h-
proacrosin to recognize native human egg
ZP glycoproteins (Furlong et al., 2000). These
studies were performed with whole solubi-
lized ZP; however, the scarce material pre-
cluded the assessment of the participation
of each ZP component in the interaction. In
a later study, recombinant ZP glycoproteins
were used with the aim of evaluating the in-
teraction between each ZP component and
h-proacrosin/acrosin; the results of those
studies showed that the ZPA had the high-
est affinity to bind to h-proacrosin/acrosin.
In addition, significantly lower affinity bind-
ing was obtained to ZPB and ZPC pro-
teins (Furlong et al., 2005a These results
indicated that all of the ZP glycoproteins
tested could be involved in the interaction of
proacrosin/acrosin with the ZP, as had been
suggested in other studies done on human
(Koyama et al., 1991; Rath et al., 2002), porcine
(Yurewicz et al., 1998) and bovine models
(Yonezawa et al., 2001). In the study by Fur-
long et al. (2005a), competitive experiments
indicated that h-acrosin binding to the ZPA
could be mediated by ZP oligosaccharides;
the ligand recognized by proacrosin/acrosin
would have mannosyl and fucosyl residues
and sulphated glycans, probably as part of
a complex structure. Complementary experi-
ments performed with BSA-mannose as a sur-
rogate for theZP glycoproteins, supported the
evidence alleging the participation of man-
nose residues in the interaction (Furlong et
al., 2005b). In agreement with these findings,
it has been reported that the mannose con-
tent of the human ZP is greater than in
other mammals (Maymon et al., 1994) and
that mannose residues have been involved
in the mechanism of secondary sperm bind-
ing/penetration of the human ZP (Chen et
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al., 1995; Mori et al., 1989). H-proacrosin bind-
ing sites were localized at both the N- and
C-terminal regions of the protein and were
mapped to residues 56-160 and 300-402; nev-
ertheless, the binding of full-length proacrosin
to ZP proteins was significantly higher than
that observed in the N-terminal fragments.
These data highlighted the relevance of the se-
quence between positions 300-402 (DIII) for
interaction with the ZP components, since
studies from the animal models tested trun-
cated recombinant proteins (Furlong et al.,
2005a). The sequence KRLQQLIE, proposed
to be involved in the binding of boar native
proacrosin to the ZP glycoproteins (Urch and
Patel, 1991; Mori et al., 1995), was localized in
this protein region (residues 367-374) and was
highly conserved across the species (Zahn et
al., 2002); consequently, this motif could me-
diate, at least in part, h-proacrosin binding to
the ZP glycoproteins through the interaction
of its basic residues (arginine, lysine) with the
ZP oligosaccharides.

In summary, our studies suggested that h-
proacrosin/acrosin binding to the ZP was
mainly a sugar-based interaction, residing pri-
marily on the ZPA; the ligand recognized by
h-proacrosin/acrosin had mannosyl and fuco-
syl residues and sulphated glycans. In addi-
tion, proacrosin/acrosin interaction with the
ZP glycoproteins could be mediated by con-
tact sites, present both at the proenzyme N-
and C-protein ends.

Antibodies for H-proacrosin/acrosin:
the incidence and impact upon protein
functions and fertility. Clinical findings and
development of an experimental model

The presence of anti-sperm antibodies
(ASA) has been associated with 10-25% of
the reported cases of infertility (Bronson,
1999). However, the pathophysiology ofASA-
related infertility has not yet been established.
In women consulting for infertility, ASA have

been detected in serum, follicular fluid, and
also in vaginal cervical secretions (Mazum-
dar and Levine, 1998). Some adverse effects
have been attributed to sperm immobilization
in the female tract, sperm agglutination and
cytolysis, the impairment of sperm-egg inter-
action by interfering with the dispersion of
the cumulus mass, in addition to sperm bind-
ing and ZP penetration, sperm fusion, and
early embryonic development (Bronson et al.,
1982; Kamada et al., 1985; Mahony et al., 1991;
Vazquez-Levin et al., 1992, 1997; Bohring et
al., 2002; Taneichi et al., 2002). However, the
identity of the sperm antigens, recognized by
these antibodies in most of the cases, is still
unknown; in particular, the presence and in-
cidence of anti-acrosin antibodies and their
effect upon fertilization has not been reported.
Several methods are routinely used in the as-
sessment of ASA in cells and fluids; however,
considering that the proacrosin/acrosin sys-
tem is trapped in the acrosome until the acro-
some reaction, the methods used worldwide
(i.e., Immunobead Binding Test, IBT; MAR-
Test) do not allow the identification of anti-
acrosin antibodies, because they only detect
surface anti-sperm antibodies.

A study designed by our group deter-
mined the incidence of anti-acrosin antibod-
ies in sera from women consulting for in-
fertility, and it was also able to determine
the protein region(s) recognized by the an-
tibodies and the effect of those antibodies
on the proacrosin/acrosin function(s). Us-
ing an ELISA with recombinant proacrosin
(Rec-40) and N-terminal fragments (Rec-30,
Rec-20, Rec-10) as antigen (Furlong et al.,
2000), 6 of 34 sera (18%) were found to rec-
ognize proacrosin/acrosin proteins, but only
a few of them were considered to be im-
munopositive towards the sperm head by the
clinical IBT. In all sera carrying anti-acrosin
antibodies, it was noted that the antibod-
ies only recognized the proacrosin C-terminus
(a region found to participate in proacrosin
binding to the ZP glycoproteins) and inter-
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Figure 2. A putative model of h-proacrosin/acrosin interaction with the ZP glycoproteins, in association
with proenzyme activation and proteinase activity: proacrosin would initiate contact with the ZP glycopro-
teins (mainly ZPA) during the early stages of acrosomal exocytosis through binding sites on domains DII and
DIII of the proenzyme; the ZP-proacrosin interaction would accelerate proenzyme activation towards beta-
acrosin (enzymatically active), and the contact sites present in DIII would be lost. Beta-acrosin could remain
associated with the ZPA through contact points located on DII (weaker binding than that displayed by the
proenzyme). Beta-acrosin would aid in the coordinated release of the acrosomal contents and the hydrolysis
of the matrix. Proteinase inhibitors (i.e., caltrin, sp32, etc.), and in pathological conditions, anti-acrosin anti-
bodies, would modulate proacrosin activation, affecting sperm detachment from the ZP, the process towards
the mature enzyme, and consequently, sperm penetration.

ferred with h-proacrosin ability to interact
with the recZPA and, in some cases, with its
ability to undergo activation to the enzymati-
cally active form. In a similar way, the mon-
oclonal antibody AcrC5F10, that recognized
the proacrosin C-terminus (Furlong, et al,
2000), inhibited h-proacrosin interaction with
the ZPA and sperm ability to undergo the ZP-
acrosome reaction. Altogether, the studies re-
ported the incidence of anti-acrosin antibodies
in sera from female patients undergoing infer-
tility treatment, as well as its negative effect
upon the proacrosin/acrosin functions and
sperm performance. In general, these stud-
ies have proposed a potentially deleterious
effect upon sperm-egg interaction (Veaute et
al., 2003a). In agreement with these observa-
tions, female mice carrying circulating anti-

proacrosin/acrosin antibodies, generated in
our group by genetic immunization with the
sequence encoding h-proacrosin, showed sig-
nificant levels of anti-acrosin antibodies and
affected both the proacrosin/acrosin func-
tions and the IVF rate, suggesting an in-
hibitory effect of the anti-acrosin antibodies
upon sperm’s fertilizing ability (Veaute et al.,
2001, 2003b).

A model for H-proacrosin/acrosin binding
to the ZP, and proenzyme activation
to mature active beta-acrosin

Based on the experimental evidence pre-
sented here, a simple, putative model of h-
proacrosin/acrosin interaction with the ZP
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glycoproteins, in association with proenzyme
activation and proteinase activity, can be
envisaged (see figure 2): proacrosin could
initiate contact with the ZP glycoproteins
during the early stages of acrosomal exo-
cytosis, when acrosomal contents are ex-
posed to the sperm surface, as also suggested
for mouse sp56 (Kim and Gerton, 2003).
Proacrosin interaction with the ZP compo-
nents, mainly ZPA, would take place through
binding sites, located on both domains DII
and DIII of the proenzyme. ZP-proacrosin
interaction would accelerate proenzyme acti-
vation towards the mature form, beta-acrosin
(Töpfer-Petersen and Cechova, 1990), and the
contact sites present in DIII would be lost.
Beta-acrosin could remain associated with the
ZPA through contact points located on DII,
but this binding would be weaker than that
displayed by the proenzyme. Enzymatically,
active beta-acrosin would aid in the coordi-
nated release of the acrosomal contents and
in sperm progression through the ZP ma-
trix, driven by sperm motility and the hy-
drolysis of the matrix. Several proteins, such
as caltrin proteins and other proteinase in-
hibitors, acrosomal sp32 and, in pathologi-
cal conditions, anti-acrosin antibodies, would
modulate proacrosin activation, thus affect-
ing sperm detachment from the ZP, the
process towards the mature enzyme, and con-
sequently, ZP sperm penetration.

Future studies will help us to understand
the mechanisms that regulate h-proacrosin
binding to the ZP glycoproteins, its activation
during sperm acrosomal exocytosis, and its
functions during ZP sperm penetration at a
molecular level, and thus, we will be able to
identify the alterations that negatively impact
male fertility potential.
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