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Abstract

The ovulated mammalian oocyte is surrounded by the ‘cumulus ECM’, composed of cells embedded in an extracellular
Ž .matrix that is rich in hyaluronic acid HA . The cumulus ECM is a viscoelastic gel that sperm must traverse prior to

fertilization. Mammalian sperm have a GPI-anchored hyaluronidase which is known as PH-20 and also as SPAM 1. PH-20 is
located on the sperm surface, and in the lysosome-derived acrosome, where it is bound to the inner acrosomal membrane.
PH-20 appears to be a multifunctional protein; it is a hyaluronidase, a receptor for HA-induced cell signaling, and a receptor
for the zona pellucida surrounding the oocyte. The zona pellucida recognition function of PH-20 was discovered first. This
function is ascribed to the inner acrosomal membrane PH-20, which appears to differ biochemically from the PH-20 on the
sperm surface. Later, when bee venom hyaluronidase was cloned, a marked cDNA sequence homology with PH-20 was
recognized, and it is now apparent that PH-20 is the hyaluronidase of mammalian sperm. PH-20 is unique among the
hyaluronidases in that it has enzyme activity at both acid and neutral pH, and these activities appear to involve two different
domains in the protein. The neutral enzyme activity of plasma membrane PH-20 is responsible for local degradation of the
cumulus ECM during sperm penetration. Plasma membrane PH-20 mediates HA-induced sperm signaling via a HA binding
domain that is separate from the hyaluronidase domains. This signaling is associated with an increase in intracellular calcium
and as a consequence, the responsiveness of sperm to induction of the acrosome reaction by the zona pellucida is increased.
There is extensive evidence that GPI-anchored proteins are involved in signal transduction initiated by a diverse group of cell
surface receptors. GPI-anchored proteins involved in signaling are often associated with signaling proteins bound to the
cytoplasmic leaflet of the plasma membrane, typically Src family, non-receptor protein tyrosine kinases. PH-20 appears to
initiate intracellular signaling by aggregating in the plasma membrane, and a 92-kDa protein may be the cell signaling
molecule linked to PH-20. � 2001 Elsevier Science B.V.�International Society of Matrix Biology. All rights reserved.
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1. Introduction

Mammals have two different extracellular matrices
Ž . ŽECMs that surround the oocyte Yanagimachi, 1994,

.for review . The sperm initially traverses a viscoelastic
Ž .hyaluronic acid HA -protein ECM, the ‘cumulus

ŽECM’, which is fully expanded at ovulation Eppig,
.1991; Salustri et al., 1999 . The cumulus ECM extends

� Corresponding author. Tel.: �1-707-875-2051; fax: �1-707-
875-2089.

Ž .E-mail address: gncherr@ucdavis.edu G.N. Cherr .

into the outer porous region of the glycoprotein ECM,
the zona pellucida, that sperm must penetrate before

Ž .fertilizing the egg Yanagimachi, 1994, review . The
cumulus ECM is dependent on protein�HA interac-
tions for its elasticity, as shown by protease treatment,
which results in a highly viscous gel with no elasticity
Ž .Cherr et al., 1990 . The cumulus ECM can be de-

Žgraded by a variety of hyaluronidases Cherr et al.,
.1990 .

Mammalian testes have long been recognized as a
rich source of what was referred to as ‘spreading

Žfactor’ and was later found to be hyaluronidase Chain
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.and Duthie, 1939 . Some years later, sperm-derived
hyaluronidase was identified as being involved in

Ž .mammalian gamete interaction Austin, 1960 . While
the existence of a sperm derived hyaluronidase be-
came widely accepted, its function during fertilization
remained controversial. Soluble hyaluronidase was
known to be released from sperm at the time of the

Ž .acrosome reaction, but Saling and Storey 1979 de-
monstrated that sperm pass through the cumulus in
an acrosome-intact state and acrosome react after
reaching the zona. A hyaluronidase on the sperm
surface was eventually shown to hydrolyze HA, and

Žwas implicated in penetration of the cumulus Lewin
.et al., 1982 . When bee venom hyaluronidase was

cloned, a marked cDNA sequence homology with the
ŽN-terminal region of PH-20 was recognized Gmachl

.and Kreil, 1993; Lin et al., 1993 , and it became
apparent that PH-20 was likely to have hyaluronidase
activity. This prediction was confirmed in experiments

Žwith purified PH-20 Gmachl and Kreil, 1993; Lin et
.al., 1994; Cherr et al., 1996 .

There is now strong evidence that PH-20 is the only
hyaluronidase in mammalian sperm, including sperm

Ž . Žof guinea pigs Hunnicutt et al., 1996a , rats Hou et
. Žal., 1996 , macaques Cherr et al., 1996; Li et al.,

. Ž .1997a and humans Sabeur et al., 1997 . The well-
known ‘bovine testicular hyaluronidase’ is also PH-20
Ž .Meyer et al., 1997 . Prior to these discoveries, almost
a decade of research had characterized PH-20 as a

Žsperm receptor for zona pellucida Primakoff et al.,
.1985; Myles et al., 1987; Hunnicutt et al., 1996b . Now

there is evidence that PH-20 is essential for sperm
penetration of both the cumulus ECM and the zona

Žpellucida Primakoff et al., 1985; Lin et al., 1994;
Hunnicutt et al., 1996b; Meyers et al., 1997; Li et al.,

.1997b; Yudin et al., 1999 . Recently it was shown that
Žmice bearing the Robertsonian translocation Rb 6.16

.or 6.15 results in sperm with both a qualitative and
quantitative deficiency in PH-20 hyaluronidase activ-

Ž .ity Zheng et al., 2001 . This genetic dysfunction re-
sults in a clear reduction in fertility based on litter

Ž .size Zheng et al., 2001 .
A number of ubiquitous and tissue-specific forms of

mammalian hyaluronidase have been identified in-
Ž .cluding HYAL 1, 2, 3 and 4 Csoka et al., 1999 .

Although the mammalian hyaluronidases are derived
from different genes, these enzymes share conserved
structural and biological characteristics with one an-
other and with other glycosidases. PH-20 has varying
degrees of sequence homology with each of these
hyaluronidases, but it appears to be the only
hyaluronidase with significant enzyme activity at neu-
tral pH. Recently HYAL 2 was shown not only to be
found in lysosomes, but also, like PH-20, to be ex-
pressed on the cell surface as a GPI-anchored protein
Ž .Rai et al., 2001 .

Although there are conflicting data, Northern and
Southern blots of various tissues suggest that there is

Ža single testis-specific gene for PH-20 Li et al., 1993;
.Jones et al., 1995 . Sperm leaving the testes have

GPI-anchored PH-20 over their entire surface, as well
as, on the sequestered inner acrosomal membrane
ŽPhelps and Myles, 1987; Phelps et al., 1990; Deng et

.al., 1999 . Although Northern blots of the epididymal
tissue were negative for PH-20, there is strong evi-
dence that PH-20 is actively secreted by the principal

Žcells in the epididymal lumen Deng et al., 1999;
.Zhang and Martin-DeLeon, 2001 . During sperm

transit through the epididymis, additional PH-20 is
Žassumed to be adsorbed to the sperm surface Deng

.et al., 2000 . This phenomenon could reflect a redun-
dant expression of PH-20, or it could represent a
mechanism for insertion of an isoform of PH-20 that

Žis different from those expressed in testes Zhang and
.Martin-DeLeon, 2001 . By the time sperm reach the

cauda region of the epididymis, PH-20 is proposed to
undergo a reduction in molecular weight, as well as,
relocation and restriction to the sperm head mem-

Ž .brane Phelps and Myles, 1987 . Inexplicably, the 2�3
kDa reduction in molecular weight is also observed
for PH-20 on the inner acrosomal membrane, which
is not exposed to epididymal glycosidases or pro-
teases.

Cell surface hyaluronidase activity, as well as flag-
ellar activity, is important for sperm penetration of

Ž .the HA-rich cumulus ECM Cherr et al., 1990 . Be-
cause the HA in cumulus ECM is organized in a
macromolecular gel, it can efficiently crosslink multi-
ple sites on the sperm plasma membrane that bind
HA. We now recognize that such HA binding to the
sperm membrane and subsequent intracellular signal-

Žing events in sperm are mediated by PH-20 Cherr et
.al., 1999; Vines et al., 2001 . It is accepted that most

mammalian sperm do not undergo the acrosome reac-
tion until they contact the zona pellucida, where the

Žzona glycoproteins initiate this exocytotic event Was-
.sarman, 1990, for review . Only at this time is the

soluble form of PH-20 released from the sperm cell,
and the function of this hyaluronidase remains un-
clear, since like the HYAL proteins, it is active only

Ž .at acid pH Cherr et al., 1996 . Following the acro-
some reaction, the bulk of PH-20 remains on the
inner acrosomal membrane. There is evidence that
PH-20 on the inner acrosomal membrane participates
in secondary or tertiary sperm-zona binding as well as

Žin sperm penetration of the zona pellucida Hunnicutt
.et al., 1996b; Yudin et al., 1999 , but the details of

these interactions are also unclear. In this review we
will focus on the hyaluronidase and cell signaling
functions of PH-20 that operate during sperm pene-
tration of the cumulus.
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2. The hyaluronidase activity of PH-20

The glycosidases characteristically have two acidic
amino acids that function as either the acid�base

Žcatalyst site or the nucleophile site Braithwaite et al.,
.1997; Zverlov et al., 1998 . Initially, Arming et al.

Ž .1997 constructed a variety of recombinant human
PH-20 proteins that were mutated at sites with highly
conserved acidic and basic amino acids. All of the
mutated proteins were shown to be deficient in
hyaluronidase activity at neutral pH. We investigated
the active site of macaque PH-20 using affinity puri-
fied Fab fragments of antibodies constructed against

Ž .selected peptide regions Yudin et al., 2001 . Two
potential catalytic sites for PH-20 were identified. The
region designated Peptide 1 encompasses the amino

Žacid sequence 142 � 172 AVIDWEEWRPT-
.WARNWKPKDVYKNRSIELV . This region is ap-

proximately 86% conserved from human to mouse
PH-20, but when compared to the HYAL proteins,
human PH-20 ranges from as low as 46% conserved
for HYAL 3�66% for HYAL 1. A second region with
characteristics of an enzyme catalytic site was desig-
nated Peptide 3 and includes the amino acid sequence

Ž .277�297 YVRNRVREAIRVSKIPDAKN . This re-
gion of PH-20 is approximately 70% conserved from
human to mouse, but has less than 40% homology
when HYAL proteins are compared with PH-20.
Plasma membrane PH-20 has hyaluronidase activity
only at neutral pH, while inner acrosomal membrane

ŽPH-20 has activity at both neutral and acid pH Li et
.al., 1997a; Yudin et al., 2001 . Our data suggest that

the Peptide 1 region is essential for enzyme activity of
PH-20 at neutral pH, and it is likely to be the
acid�base region of the enzyme. The Peptide 3 region
appears to be important at a lower pH and may be

Ž .the nucleophilic site of PH-20 Yudin et al., 2001 .
The Peptide 1 region is characterized by an abun-

dance of aromatic amino acids flanking the catalytic
residue, glutamic acid, a common feature of other

Ž .glycosyl hydrolases Van Roey et al., 1994 . Another
common feature of these enzymes is the presence of
basic amino acids or an organized region of basic
amino acids which are utilized for substrate HA bind-

Ž .ing or docking Withers and Aebersold, 1995 , and
this is also present in the Peptide 1 region. Further
support for the Peptide 1 region being the primary

Ž .active site of PH-20 comes from Chan et al. 1999
who found that antibodies to PH-20, which caused
infertility in female guinea pigs, had highest titers to a
region of the PH-20 molecule corresponding to the
Peptide 1 region.

Ž .Markovic-Housley et al. 2000 have published the
crystal structure of bee venom hyaluronidase and
have shown that the overall topography includes a
groove or cleft that extends perpendicular to the

barrel axis. The groove is approximately 30 A�10 A
which is large enough to contain at least a hexasac-
charide of HA. The ‘valley’ of the groove has a high
concentration of aromatic residues that are conserved
throughout all of the hyaluronidases, and this location
is considered the active site. The Peptide 1 region of

Ž .macaque PH-20 Yudin et al., 2001 is located along
Žone of the walls of the active site groove Markovic-

.Housley et al., 2000 .
The Peptide 3 site corresponds to one of the inac-

Ž .tive mutations made by Arming et al. 1997 and to
the site of a natural mutation at amino acid 268 of
HYAL 1,which resulted in a lack of enzyme activity at

Žacid pH in the affected individual Triggs-Raine et al.,
.1999 . In our study, we found that the antibody to

Peptide 3 region did not inhibit hyaluronidase activity
Ž .of plasma membrane PH-20 at neutral pH pH 7.0 ;

however, antibodies to both Peptide 3 and Peptide 1
Ž .were capable of inhibiting the acid-active pH 5.0

activity of PH-20 obtained from the inner acrosomal
Žmembrane following the acrosome reaction Yudin et

.al., 2001 . These findings suggest that PH-20 attains
the capability of acid-active hyaluronidase activity
after the acrosome reaction, and that the Peptide 3
region is involved in acid-active enzyme activity, as
appears to be the case for HYAL 1.

At the time of the acrosome reaction, PH-20 is
Žendoproteolytically cleaved between amino acids 312

.and 313 but is held together after cleavage by a
Ž .disulfide bond Primakoff et al., 1988 . This endopro-

teolysis may alter the three-dimensional structure of
PH-20, enabling the Peptide 3 region to become ac-
tive and thus imparting both neutral- and acid-active
activities to PH-20. A major structural feature of all
hyaluronidases is the highly conserved cysteine
residues and their potential for disulfide bonding
ŽLathrop et al., 1990; Gmachl and Kreil, 1993; Li et

.al., 1993; Csoka et al., 1999 . It is likely that the four
highly conserved cysteines create the loops and
stabilize the groove that has been shown in bee venom

Ž .hyaluronidase Markovic-Housley et al., 2000 . In PH-
20 there are two cysteines in the N-terminal region,
one of which is linked to the cysteine at approxi-
mately 316aa, which is just past the endoproteolytic
cleavage site; this linkage holds the molecule together

Ž .following endoproteolysis Lathrop et al., 1990 . Re-
ducing agents completely eliminate all hyaluronidase

Ž .activity of PH-20 Li et al., 2001 . We propose that
the removal of the loops formed by disulfide bonds in
PH-20 eliminates hyaluronidase activity by radically
modifying the conformation. Unfortunately, only a
subset of PH-20 is endoproteolyzed or capable of
being cleaved; therefore, it is difficult to identify the
physiological changes that occur in PH-20 after prote-
olysis.

The functions of a multifunctional glycoprotein may
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be regulated by its secondary structure. N-Linked
glycans play a major role in the regulation of protein
conformation and ultimate stabilization of intra-
molecular folding that is critical for biological activity
ŽLis and Sharon, 1993; Varki, 1993; Zhang et al.,

.1995 . Amino acid sequence data have been published
Žfor a number of different hyaluronidases Gmachl

and Kreil, 1993; Lu et al., 1995; Lin et al., 1993;
.Lathrop et al., 1990 . All of the hyaluronidases have

numerous potential N-glycosylation sites within the
amino acid sequence Asp-X -Ser�Thr, in which theAA

Žinternal X is not a proline Osawa and Tsuiji, 1987;
.Struck and Lennarz, 1980 . Guinea pig sperm PH-20

has six potential glycosylation sites, and after treat-
ment with N-glycanase, the molecular weight shifts
approximately 10 kDa. Therefore, it is believed that
most, if not all, of these sites have oligosaccharides
Ž .Lathrop et al., 1990 . Macaque sperm PH-20 has at
least eight sites capable of N-glycosylation, and has
�20% reduction in apparent molecular mass fol-

Ž .lowing deglycosylation Li et al., 2001 , which is a
similar response to that observed for guinea pig PH-20
Ž .Lathrop et al., 1990 . While hyaluronidases may have
the common feature of glycosylation at similar sites,
the specific oligosaccharides may be quite diverse. For
example, mouse sperm PH-20 is expressed by the

Žepididymis as well as the testis Deng et al., 2000;
.Zhang and Martin-DeLeon, 2001 , and it is also known

that the epididymis can modify enzymatically plasma
Žmembrane glycoproteins Yanagimachi, 1994, for re-

.view . Although it has not been investigated, we spec-
ulate that plasma membrane PH-20 may have subtle
differences in glycosylation as compared to inner
acrosomal membrane PH-20, due to the temporal and
spatial sorting of PH-20 within the testes and the
additional production and modification of PH-20
within the epididymis. Whether such glycosylation
differences, the difference in endoproteolysis of the
two forms of the protein, or both of these phenomena
are responsible for differences in pH optima of en-
zyme activity remains to be determined.

ŽThe broad, bimodal pH range of PH-20 from 4.5 to
8 in primate sperm; Cherr et al., 1996; Li et al.,

.1997b is due, in part, to a 53-kDa form of PH-20 that
appears after the acrosome reaction and is at least
partially released from the inner acrosomal mem-

Ž .brane Cherr et al., 1996 . This 53-kDa form of PH-20
is acid-active with an optimum at approximately pH

Ž .4.5 Li et al., 1997a . This unique shift in pH activity
may be the result of a proteolytic cleavage in the
carboxyl region of the molecule or removal of glycosy-

Ž .lation sites Meyer et al., 1997 . Bee venom
hyaluronidase is acid-active and does not possess the
carboxyl terminal 150 amino acids, but when recombi-
nant PH-20 was produced without the carboxyl region

Žthere was a complete loss of activity Gmachl and

.Kreil, 1993; Arming et al., 1997 . The acid-active
53-kDa PH-20 only appears after the acrosome reac-
tion and only accounts for approximately 10% of the
PH-20, regardless of the percentage of reacted sperm
or the duration of sperm incubation following the
reaction. This observation suggests that only a sub-
population of PH-20 on the inner acrosomal mem-
brane is susceptible to enzymatic modification, or that

Ža very transient enzymatic reaction occurs Cherr et
.al., 1996 . It has been proposed that the acid-active

soluble 53-kDa PH-20 may be functionally important
in clearing a space in the cumulus ECM around the
head of the sperm, thus facilitating repositioning of

Žthe sperm head for penetration into the zona Drob-
.nis et al., 1988; Cherr et al., 1996 . In this model, the

area of hydrolysis is limited by the return of the
microenvironment to a physiological pH, thereby ren-
dering the soluble 53-kDa PH-20 inactive.

The glycosylation state of the enzyme may be a key
similarity between the acid-active 53-kDa PH-20 and
the acid-active HYAL proteins. The secondary struc-
tures of the hyaluronidases including bee venom, PH-
20 and the HYAL proteins, have highly conserved

Žactive sites as well as conserved cysteines Lin et al.,
.1993; Gmachl and Kreil, 1993; Csoka et al., 1999 .

Bee venom hyaluronidase is acid-active and has three
potential N-glycosylation sites, but only one site ap-

Žpears to be glycosylated Markovic-Housley et al.,
.2000 . HYAL 1, the serum hyaluronidase, has a very

Žstrict and low pH optimum of approximately 4 Frost
.et al., 1997a; Csoka et al., 1997 . HYAL 1 has a

theoretical molecular weight of 49 kDa, but posttrans-
lational glycosylation results in an observed molecular

Ž .weight of approximately 57 kDa Csoka et al., 1997 .
ŽHYAL 2 has a similar acid-active profile Strobl et al.,

.1998 . HYAL 1, 2 and 3 have three potential glycosyl-
ation sites, while PH-20 has been shown to have seven
or eight sites, depending on the species. This variation
in glycosylation may modulate biological activity and
confer different properties on different enzymes.

There are a number of reports of PH-20 in cancer
Ž .cells Liu et al., 1996; Madan et al., 1999 , and it

Ž .appears that hyaluronidase s are involved in tumor
Žinvasion and metastasis West and Kumar, 1989;

Lokeshwar et al., 1996; Tamakoshi et al., 1997; Csoka
et al., 1997; Lokeshwar et al., 1998, 1999; Madan et

. Ž .al., 1999; Victor et al., 1999 . Podyma et al. 1997
showed that human carcinoma cells expressed six
biologically active isoforms of HYAL 1, while only
two forms were expressed in normal tissue. They also
found that by blocking the glycosylation process, a
complete loss of hyaluronidase activity was induced
Ž .Podyma et al., 1997 . We observed a similar loss of
hyaluronidase activity when PH-20 was incubated with

Ž .n-glycanase Li et al., 2001 . Neuramindase treatment
of HYAL 1 from carcinoma cells resulted in a re-
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duced molecular weight and a marked increase in
Ž .hyaluronidase activity Podyma et al., 1997 . Lokesh-

Ž .war et al. 1999 reported that bladder cancer cell
lines produce 10�100 times more of HYAL 1 than do
normal bladder cells and that the molecular weight of
this isoform is higher than that of the normal enzyme.
Unlike the HYAL 1 of normal cells, which has no
activity at pH 4.5, the isoform from malignant cells
retains at least 80% of the activity at pH 4.5
Ž .Lokeshwar et al., 1999 . The HYAL 1 of invasive
cancer cells may have a different pattern of glycosyla-

Žtion that modifies its hyaluronidase activity Maingon-
.nat et al., 1999 . Macaque sperm surface PH-20 has at

least six isoforms, all of which are active at neutral
Ž .pH Li et al., 2001 . The lower pH optimum of the

53-kDa acid-active form of PH-20 may result from
Ž .action of glycosidases Cherr et al., 1996 rather than

a post-translational modification as seen in HYAL
proteins. The expression of PH-20 in cancer cells has
been suggested and requires confirmation, but it seems
likely that an up-regulation HYAL proteins does oc-
cur in cancer cells with a consequent increase in
hyaluronidase activity that is associated with metasta-

Žsis Pham et al., 1997; Tamakoshi et al., 1997; Victor
.et al., 1999; Lokeshwar et al., 1999 .

3. A role for PH-20 in hyaluronic acid-induced sperm
signaling

Hyaluronic acid, the substrate for hyaluronidase, is
now known to have important functions in angiogene-
sis, cell motility, wound healing, fertilization, embryo-

Žgenesis, and cancer progression Frost et al., 1997b;
Delpech et al., 1997; Toole, 1997, 2000; Collis et al.,
1998; Lokeshwar et al., 1999; Madan et al., 1999;

.Camenisch et al., 2000 . Recently, there have been
numerous investigations to identify the cell surface
proteins that interact with HA and regulate its signal

Žtransduction activity Aruffo, 1996; Bourguignon et
al., 1997; Fitzgerald et al., 2000; Oliferenko et al.,

.2000; Stern et al., 2001 . Cell surface receptors that
may be involved in HA-signaling include CD44,

ŽRHAMM, and TSG-6 Toole, 1990; Neame and Barry,
1993; Iozzo and Murdoch, 1996; Cheung et al., 1999;

.Knudson et al., 1999 .
In both human and macaque sperm, HA induces an

2� Ž� 2�� .increase in intracellular Ca Ca through ani
Žinteraction with PH-20 Sabeur et al., 1998; Cherr et

.al., 1999 . It has been proposed that the binding of
HA in the cumulus ECM to sperm surface PH-20
results in aggregation of the PH-20 protein, causing

Ž .this signaling event Cherr et al., 1999 . The increase
� 2��in Ca that occurs when sperm encounter HA isi

not sufficient to trigger the acrosome reaction, but
may function synergistically with zona pellucida gly-

coproteins during induction of the acrosome reaction
after sperm binding to the zona.

3.1. Identification of a PH-20 HA binding domain
responsible for cell signaling

Ž .Gaseca et al. 1994 identified a potential HA bind-
ing domain that is within one of the catalytic sites of
PH-20 and is similar to the HA binding domain

Ž .described for RHAMM Yang et al., 1993 . We have
recently investigated a different putative HA-binding
domain of macaque sperm plasma membrane PH-20
Ž .termed ‘Peptide 2’ and examined its function in

Ž .HA-induced cell signaling Vines et al., 2001 . The
ŽPeptide 2 region amino acids 205�235 with boxes

representing putative HA-binding regions of the pep-
tide: KLGRSLRPNHLWGYYLFPDCYNHH-

.YRKPGYN of the PH-20 molecule contains a cluster
of basic amino acids with neutral amino acids in

Ž .between BxxBxxB , an arrangement that is similar to
Ž Ž . . Žthe HA binding motif of RHAMM B X7 B Yang et

.al., 1993 . This region is highly conserved in
hyaluronidases and is similar to the heparin binding

Ž . Ž .motif BxxBxBxxB Sobel et al., 1992 . The presence
of an HA binding motif in this region of PH-20 is
supported by binding of HA to a recombinant protein
Ž .amino acids 143�510 which encompasses the Pep-
tide 2 region, but not to the recombinant protein E12
Ž .amino acids 291�510 , which lacks the Peptide 2
region. We have also shown that the Peptide 2 do-
main mediates the HA-induced increase in sperm
� 2��Ca by blocking this activity with an affinity puri-i
fied Fab fragment of anti-Peptide 2 IgG. Arming et al.
Ž .1997 substituted the highly conserved terminal argi-
nine within this motif and found that it caused a
substantial loss of hyaluronidase activity, which would
suggest that HA binding in this region also is neces-
sary for hyaluronidase activity. However, in contrast
to the inhibition of macaque sperm hyaluronidase
activity by Fab fragments of IgG from anti-Peptides 1

Ž .and 3 Yudin et al., 2001 , Fab fragments of anti-
Peptide 2 IgG did not inhibit macaque sperm

Ž .hyaluronidase activity Vines et al., 2001 . Taken
together, these results provide direct evidence that
primate PH-20 has an HA binding domain that is

Ždistinct from the hyaluronidase domains Yudin et al.,
.2001 .

3.2. Possible mechanisms of PH-20 signal transduction

It has been established that HA is involved in
signal transduction in a number of cell types, and
some of these are analogous to signaling events we
observe in sperm exposed to HA. HA is known to
stimulate protein kinase activity in intact fibroblasts
Ž .Turley, 1989 , it mediates motility via phosphoryla-
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tion of an HA binding protein in sperm flagella
Ž .Ranganathan et al., 1995 and it induces phosphoryl-

Žation of an HA binding protein in lymphocytes Rao
.et al., 1996 . More recently, HA has been shown to be

involved in promotion of tumor activation, angiogene-
sis, and inflammatory responses. These examples of

Ž .HA signaling include: 1 ovarian carcinoma cells,
where CD44 binds HA and then interacts with
p185HER2 to signal human ovarian carcinoma devel-

Ž . Ž .opment Bourguignon et al., 1997 ; 2 T lymphoma
� 2��cells, where HA binding increases Ca , interactionI

with ankyrin, and patching and capping of the HA
Ž . Ž .receptor Bourguignon et al., 1993 ; 3 chemokine

Žgene expression in alveolar macrophges McKee et
. Ž .al., 1996 ; and 4 nitric oxide synthase activation in

Ž .macrophages McKee et al., 1997 .
Our findings that the GPI-anchored plasma mem-

brane hyaluronidase in primate sperm is a receptor
for HA and that it mediates intracellular calcium

Žincreases Sabeur et al., 1998; Yudin et al., 1998;
.Cherr et al., 1999; Vines et al., 2001 at first appeared

to be novel. However, recently the GPI-anchored
HYAL 2 was found to be enzymatically inactive, and
instead functions as a receptor for Jaagsiekte retro-
virus, which induces transformation in fibroblasts

Žleading to oncogenesis Rai et al., 2001; see Lep-
.perdinger et al., 2001 this volume . HYAL 2 is 35.2%

identical to PH-20 and in the Peptide 2 region it is
Ž .60% identical Lepperdinger et al., 1998, 2001 .

Whether the homologue of the PH-20 Peptide 2 re-
gion is involved in HYAL 2 retrovirus recognition is
unknown, but functional comparisons between HYAL
2 and PH-20 would enable us to begin to understand
the multifunctional roles of GPI-anchored
hyaluronidases.

Our laboratory provided the first evidence that
PH-20 interacts with HA to potentiate the zona pellu-

Žcida-induced acrosome reaction VandeVoort et al.,
.1997b; Sabeur et al., 1998 , and we showed that the

� 2��mechanism of this function involves Ca increasesI
ŽSabeur et al., 1998; Yudin et al., 1998; Cherr et al.,

.1999 , possibly through clustering of PH-20. GPI-
anchored proteins such as PH-20 are implicated in
the signal transduction initiated by a diverse group of
cell surface receptors, even though these GPI-
anchored proteins do not have a cytoplasmic signal

Ždomain Brown, 1993; Robinson, 1997; Horejsi et al.,
.1998; Ilangumaran et al., 1999 . GPI-linked proteins

are known to communicate with the intracellular en-
vironment, which was originally perplexing given that
they are inserted into the outer leaflet of the plasma

Ž .membrane Robinson, 1991 . The GPI-anchored pro-
teins involved in signaling are always associated with
signaling molecules that are typically bound to the
cytoplasmic leaflet of the membrane. These proteins
include the Src-family of tyrosine kinases. These kin-

ases have been isolated by treating cells with anti-
bodies to the GPI-anchored proteins followed by de-
tergent extraction and immunopreciptation of the

ŽGPI-anchored protein complex Harder et al., 1998;
.Horejsi et al., 1998 . The GPI-anchored proteins and

the Src-family tyrosine kinases appear to be located in
Žglycosphingolipid-cholesterol microdomains so-called

.‘lipid rafts’ , since GPI-anchored proteins have satur-
ated acyl chains and are likely to be preferentially

Žinserted into these lipid domains reviewed by Kasa-
.hara and Sania, 2000 . It has been demonstrated that

signaling can occur following aggregation and
crosslinking of the GPI-anchored protein and that the
patches that form around the aggregated proteins are
enriched in tyrosine phosphorylated proteins as well

Ž .as tyrosine kinase Harder and Simon, 1997 .
GPI-anchored proteins are often resistant to deter-

Ž .gent extraction Triton X-100 and are referred to as
Ž .detergent insoluble glycolipids DIG , which float on

Ž .top of sucrose gradients Ferguson et al., 1999 . The
DIG fraction is highly enriched in sphingolipids,
cholesterol, GPI-anchored proteins, non-receptor ty-

Žrosine kinases and g-proteins Kasahara and Sania,
.2000 . Currently there are at least 200 identified

GPI-anchored proteins, all of which are highly glyco-
Žsylated and have multiple isoforms Ferguson, 1999;

.Fivaz et al., 2000 . These DIG fractions are reported
to form platforms of supra-molecular complexes that
enable the concentration of receptors and signal

Žtransducers on both sides of the membrane Simon
.and Ikonian, 1997; Brown and London, 1998 . Ken-

Ž .worthy and Edinin 1998 reported that they could not
detect these platforms using FRET-microscopy, but

Ž .Varma and Mayor 1998 proposed that often the
microdomains are below the resolution of microscopy.

Ž .Harder et al. 1998 found that not all GPI-anchored
proteins are within microdomains and those within
the microdomains would co-aggregate with specific
antibodies.

The GPI-anchored plasma membrane PH-20 on
the surface of capacitated macaque sperm, when lo-
calized fine structurally, shows an even distribution

Ž .along the head Overstreet et al., 1995 . PH-20 on the
sperm surface is probably expressed and inserted by
two different tissues and by two different cellular

Žprocesses Phelps et al., 1988; Deng et al., 2000;
.Zheng et al., 2001 . It is not known if GPI-anchored

protein expressed and secreted into the epidiymal
lumen occurs via lipid vesicles that contain a complex
of GPI-linked proteins and signaling molecules, or if

Žthey are individually secreted Kirchhoff and Hale,
1996; Minelli et al., 1999; Deng et al., 2000; Zhang

.and Martin-DeLeon, 2001 . PH-20 has been shown to
move along the plasma membrane at the same lateral
mobility as reported for integral membrane proteins,
which would suggest that it exists in a complex, as
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Ž .seen in other cell types Primakoff et al., 1988 . This
could explain why a substantial population of PH-20
molecules is found to be Triton X-100 extractable
Ž .Cherr et al., 1996 . We speculate that PH-20 along
the inner acrosomal membrane may not be in sphin-
golipid-cholesterol microdomains as it is on the plasma
membrane, since there is probably little need for the
inner acrosomal membrane to communicate with the
internal cytoplasmic environment. Recently Ohta et

Ž .al. 2000 found that the sea urchin sperm receptor
for the egg ligand was found in the DIG fraction,
which had at least four proteins involved in signal
transduction, including a 63-kDa GPI-anchored pro-
tein. Specific antibodies to either the egg receptor or
the GPI-anchored 63-kDa protein would co-im-
munoprecipitate this complex of receptors, the GPI-
anchored protein, and other putative signal transduc-

Ž .ers Ohta et al., 2000 . Antibodies to specific GPI-
anchored proteins have been shown to co-precipitate

Ž .a variety of tyrosine kinases src, fyn, lyn and csk ,
which are believed to regulate signal transduction
Ž .Harder et al., 1998; Prinetti et al., 1999 .

We now have data suggesting the existence of a
protein associated with PH-20 in the plasma mem-
brane of macaque sperm that may be involved in
signal transduction. To isolate this protein, we in-
cubated live capacitated sperm with anti-PH-20 IgG.
After washing through Ficoll to remove free IgG,
sperm were extracted in Triton X-100�OG buffer
containing protease inhibitors. The extract was then
subjected to Protein A-agarose affinity chromatogra-
phy to isolate IgG�PH-20�protein complexes. These
complexes were eluted off of the Protein A-agarose
after washing and were analyzed by SDS-PAGE with
silver staining as well as immunoblotting. These com-

Ž .plexes consist of plasma membrane PH-20 64 kDa ,
Ž .the anti-PH-20 IgG 150 kDa , and a 92-kDa protein

Ž .Fig. 1b . A polyclonal antibody was raised against this
92-kDa protein and this anti-92-kDa IgG recognizes
only the 92-kDa protein in whole sperm on Western

Ž .blots Fig. 1c . We have also observed that a 92-kDa
protein is one of the proteins that undergoes tyrosine
phosphorylation when sperm are treated with HA or

Ž .anti-PH-20 IgG Fig. 1d , but not with Fab fragments
Ž .of anti-PH-20 IgG not shown . The phosphorylation

of tyrosine by HA is inhibited when sperm are pre-
treated with Fab fragments of anti-PH-20 IgG.

Work is now in progress to complete the characteri-
zation of the PH-20-associated 92-kDa protein and to
determine if it has kinase activity and if it is the same
protein that is tyrosine phosphorylated in sperm
treated with HA or anti-PH-20 IgG. We are also
determining if this protein is associated with the in-
ternal leaflet of the plasma membrane bilayer or if it
is a transmembrane protein that has an external do-

Ž . Ž .Fig. 1. a Silver stain SDS-PAGE of whole macaque sperm. b
Isolate of PH-20 following aggregation with anti-PH-20 IgG. A
�92-kDa protein is co-isolated with PH-20 using the anti-PH-20
antibody. The band at 150 kDa is the anti-PH-20 IgG and the

Ž .64-kDa protein is PH-20. c A polyclonal antibody raised against
the 92-kDa protein recognizes a single band in whole sperm that

Ž .corresponds to the purified protein. d Whole sperm treated with
ŽHA and probed with an antibody to phosphotyrosine RC20;Trans-

.duction Labs . There is a prominent band at the 90�92-kDa region.
Identical results are obtained in sperm treated with anti-PH-20

Ž .IgG. All molecular weights shown are in kilodaltons kDa .

main that interacts with PH-20 other than at the GPI
anchor.

4. Summary

PH-20 is a GPI-anchored hyaluronidase that has
both enzymatic and signaling activity. This sperm pro-

Ž .tein is novel in that it is multi-functional: a the
Žhyaluronidase activity neutral-active on the cell sur-

face, acid and neutral on the inner acrosomal mem-
.brane is required for penetration of the cumulus

ECM, and the active domains show some degree of
Ž .homology with HYAL proteins; b the binding of HA

by plasma membrane PH-20 via a distinct HA-binding
domain results in tyrosine phosphorylation and in-
creases in intracellular Ca2�, possible via a 92-kDa

Ž .associated protein; and c inner acrosomal mem-
brane PH-20 is a zona-recognition molecule in some
species, and at the very least, plays a key role in
sperm interaction with and penetration of the zona
pellucida. While the PH-20 protein was thought to be
sperm-specific, there are indications that it could be
expressed in metastatic cancer cells. The functional
domains of such a PH-20 homologue are unknown.
However, by studying the normal isoforms of sperm
PH-20 and their different biological properties, we
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will gain new insights into the function of similar
proteins in cancer cells.
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