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Sperm Surface Protein PH-20 Is Bifunctional: One Activity Is a Hyaluronidase and a
Second, Distinct Activity Is Required in Secondary Sperm-Zona Binding
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ABSTRACT

In previous studies, we have found that the sperm membrane
protein PH-20 acts during two different stages of fertilization.
On acrosome-intact sperm, PH-20 has a hyaluronidase activity
that is required for sperm penetration through the cumulus cell
layer that surrounds the oocyte. On acrosome-reacted sperm,
PH-20 has a required function in sperm-zona binding (second-
ary binding). Because hyaluronic acid (HA) has been detected
in the zona pellucida, secondary sperm-zona adhesion could de-
pend on repetitive binding and hydrolysis of HA by PH-20 acting
as a hyaluronidase. Alternatively, PH-20 may be bifunctional and
have a second, different activity required for secondary binding.
To distinguish between these two possibilities, in this study we
used reagents that inhibit either PH-20's function in sperm-zona
binding or its hyaluronidase activity. We found that an anti-PH-
20 monoclonal antibody that inhibited sperm-zona binding
(-90%) had no effect on hyaluronidase activity. Conversely,
apigenin, a hyaluronidase inhibitor, blocked PH-20 hyaluroni-
dase activity 93% without inhibiting sperm-zona binding. Sim-
ilarly, another anti-PH-20 monoclonal antibody that inhibited
hyaluronidase activity 95% only partially inhibited sperm-zona
binding (-45%). We also extensively pretreated oocytes with
hyaluronidase to remove all accessible HA on or in the zona
pellucida and found little or no effect on secondary sperm-zona
binding. Our results suggest that PH-20 is bifunctional and has
two activities: a hyaluronidase activity and a second, separate
activity required for secondary sperm-zona binding.

INTRODUCTION

Fertilization involves numerous interactions between the
sperm and the ovulated oocyte. As the sperm approaches
the oocyte it initially contacts the cumulus cell layer, a mass
of cells surrounding the oocyte. The cumulus layer com-
prises about 3000 cells held together by an extracellular
matrix, and the sperm must penetrate through the cumulus
layer to reach the oocyte. Once through the cumulus layer,
the sperm encounters the zona pellucida, an extracellular
coat encompassing the oocyte. The sperm's initial adhesion
to the zona pellucida is through primary binding receptor(s)
on the sperm surface, and primary binding induces the
sperm to acrosome-react [1-3]. During the acrosome reac-
tion, the membranes surrounding the anterior region of the
sperm head are shed, and the acrosomal contents are re-
leased into the medium [1]. With the loss of the anterior
head membranes and acrosomal contents, a previously in-
ternal membrane, the inner acrosomal membrane (IAM), is
exposed. The acrosome-reacted sperm binds again to the
zona pellucida, through secondary receptor(s) located on
the newly exposed IAM [4, 5], and then penetrates the ex-
tracellular coat. Once through the zona, the sperm reaches
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the oocyte plasma membrane, and sperm-oocyte fusion en-
sues.

PH-20 is a glycosyl phosphatidylinositol (GPI)-anchored
membrane protein that can be released from its membrane
anchor on the cell surface by treatment with the enzyme
PI-PLC [6]. It is located on the posterior head plasma mem-
brane and IAM of guinea pig sperm [4, 7]. When sperm
acrosome-react, PH-20 is altered in two major ways: 1) it
undergoes proteolytic cleavage, splitting the single 64-kDa
polypeptide into two polypeptides (a 41-kDa and a 27-kDa
fragment) that are disulfide bonded to each other [8]; and
2) the PH-20 molecules on the posterior head plasma mem-
brane migrate onto the IAM, joining the other population
of PH-20 molecules pre-existing on the IAM [9]. Acro-
some-reacted sperm binding (secondary binding) to the
zona can be inhibited by certain function-blocking anti-PH-
20 monoclonal antibodies [4, 5]. Secondary binding is also
inhibited by anti-PH-20 polyclonal antibodies, by Fab frag-
ments of these antibodies, and by specific removal of PH-
20 from the IAM by treating acrosome-reacted sperm with
PI-PLC ([10, 11], unpublished results). These findings in-
dicate that PH-20 has a required role in secondary binding.

Although PH-20 is present on the plasma membrane of
acrosome-intact sperm, it is not required in the primary
binding of these sperm to the zona pellucida [5]; the func-
tion of plasma membrane PH-20 on acrosome-intact sperm
has been unknown. Recently we and others found that PH-
20 has a hyaluronidase activity in its N-terminal domain
[12-14] and that the hyaluronidase activity of plasma mem-
brane PH-20 is required for acrosome-intact sperm to pen-
etrate the cumulus cell layer [14].

Many proteins are now known to be multifunctional and
to be composed of modular assemblies of domains that
have active sites for the individual functions [15-17]. The
finding that PH-20 has required activities at two stages in
the process of fertilization suggests that PH-20 could be
bifunctional. On the other hand, it is possible that PH-20's
required function in secondary binding could depend on the
repetitive binding and hydrolysis by its hyaluronidase do-
main of hyaluronic acid (HA) present in the zona. In this
study, we analyzed these two functions further and found
that PH-20's two activities are distinct.

MATERIALS AND METHODS

Buffers and Solutions

Media and buffers were as follows. PBS: 10 mM phos-
phate buffer, 150 mM NaC1 at pH 7.4. Calcium Hepes me-
dium: 4 mM Hepes, 140 mM NaCl, 4 mM KCI, 10 mM d-
glucose, and 2 mM CaCI 2, pH 7.4. Oocyte maturation me-
dium: 199 medium (Gibco, Grand Island, NY) supple-
mented with 20% heat-inactivated fetal bovine serum
(Gibco), 10 mM sodium lactate, 1.0 mM pyruvate, 100 U/
ml penicillin/streptomycin, and 19 mM NaHCO 3, pH 7.4-
7.6. Modified Tyrode's medium (MT): 108.8 mM NaCl, 2.8
mM KCI, 0.5 mM MgC12, 25.1 mM NaHCO3, 5.6 mM d-
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glucose, 10 mM sodium lactate, 1.0 mM sodium pyruvate,
and 3% BSA, pH 7.4-7.6. PHEM buffer: 60 mM Pipes, 25
mM Hepes, 10 mM EGTA, 2 mM MgCl 2, pH 7.2. Acid
albumin buffer: 24 mM sodium acetate, 0.46% glacial ace-
tic acid, and 0.1% BSA, pH 3.75. TNE buffer: 10 mM Tris,
140 mM NaCl, 10 mM EDTA, pH 8.0. The calcium ion-
ophore A23187 was made as a stock solution at 2 mg/ml
in dimethyl sulfoxide (DMSO). Lysophosphatidyl choline
(LC; Type I; Sigma Chemical Co., St. Louis, MO) was
made up fresh as a stock solution at 5 mg/ml in water.
Apigenin (Sigma) was made as a stock solution at 25 mM
in DMSO.

Antibodies

The antibodies used in this study were three different
anti-guinea pig PH-20 monoclonal antibodies-mAb PH-
20, mAb PH-21, and mAb PH-22-and a rabbit polyclonal
antibody raised against purified guinea pig PH-20. These
antibodies have been described previously [4, 18].

Induction of Acrosome Reaction Before Sperm-Zona
Binding Assay

LC method: Sperm were removed from regions VI and
VII (cauda) of the epididymis as described previously [19,
20], suspended to 107 sperm/ml in MT, covered with min-
eral oil (Squibb, Princeton, NJ), and incubated at 37°C. The
sperm were primed to acrosome-react with LC as previ-
ously described [5, 21, 22]. Briefly, 35-mm tissue culture
plates with the suspended sperm were supplemented with
varying concentrations of LC (55, 65, 75, 85, 95, or 105
jig/ml) and incubated for 45-60 min at 37°C. Sperm were
induced to acrosome-react by addition of an equal volume
of MT supplemented with 4.0 mM calcium to give a final
calcium concentration of 2.0 mM and were incubated an
additional 30 min at 37°C. The plate with the highest per-
centage of acrosome-reacted sperm showing hyperactive
motility was used as the acrosome-reacted sperm source in
the sperm-zona binding assay.

Oocyte Collection

Ovaries from young (250-350-g) guinea pigs were re-
moved and placed in oocyte maturation medium [5, 23].
Oocytes were released from the ovary by poking follicles
with a 30-gauge needle and were mouth-pipetted through
5 wash drops (200 il) of oocyte maturation medium. The
oocytes were placed in a final oocyte maturation medium
drop (200 jpl), covered with mineral oil, and incubated
overnight in a 37°C, 5% CO2 humidified incubator. The
cumulus was removed by gently mouth-pipetting the oo-
cytes through a pipette with a bore equal to the diameter
of the zona-intact oocyte (in order to obtain cumulus-free
oocytes that had not been exposed to exogenous hyaluron-
idase). The oocytes were pipetted through 5 wash drops
(200 pl each) of MT, supplemented with 2.0 mM calcium,
and placed in a final droplet of 200 1l MT with calcium,
covered with mineral oil, and returned to the incubator until
ready to use.

Hyaluronidase Treatment of Oocytes

Guinea pig oocytes, mechanically freed of cumulus cells,
were incubated with a hyaluronidase (purified, recombi-
nant, cynomolgus monkey PH-20, lacking the GPI anchor
so that it is soluble [14, 24]) at 67 000 U/ml in MT medium
at 37°C for 3.5 h. Oocytes were washed and placed into

fresh MT medium, and the sperm-zona binding assay car-
ried out as usual. Control oocytes (no treatment) were in-
cubated and washed in MT medium in parallel.

Sperm-Zona Binding Assay

Basic assay. Oocytes were transferred to a 90-1I, 37°C
droplet of MT supplemented with 2 mM calcium. Approx-
imately 105 acrosome-reacted sperm (10 ,al of the LC ac-
rosome-reacted sperm) were added to the droplet and in-
cubated for 20-30 min. The oocytes and bound sperm were
gently pipetted away from the incubation drop and into a
500-l wash droplet of MT supplemented with calcium.
After 5 min, sperm and oocytes were fixed by adding 100
Il of 12% formaldehyde to the wash droplet (giving a 2%
formaldehyde final concentration). Oocytes were trans-
ferred to a microscope slide and examined without being
immobilized. Sperm bound to the oocyte's zona pellucida
were counted in a standard plane of focus that passed ap-
proximately through the center of the oocyte.

Apigenin treatment. The suspension of LC acrosome-
reacted sperm was split into two equal samples. Apigenin
(from a 25 mM stock solution in DMSO) was added to one
sample to a final concentration of 250 M, while DMSO
was added to the other sample to final concentration of 1%
(for a solvent control). The sperm were preincubated with
these additions for 15-30 min before they were added to
oocytes. Oocytes were transferred to a 90-,al, 370C droplet
of MT supplemented with 2 mM calcium and either 250
IM apigenin or 1% DMSO. The apigenin-treated and
DMSO-treated sperm were added to their corresponding
droplets containing oocytes. Sperm bound per zona pellu-
cida were counted as above. The hyaluronidase activity was
determined for samples of the apigenin-treated and DMSO-
treated sperm used in the sperm-zona binding assay.

Affinity Purification of PH-20 Protein

Sperm (from five guinea pigs) were removed from
regions VI and VII (cauda) of the epididymis as described
previously [19, 20], suspended in calcium Hepes at 107
sperm/ml, and induced to acrosome-react by use of the cal-
cium ionophore A23187 at 2 pig/ml as previously described
[9]. The acrosome-reacted sperm were pelleted by centrif-
ugation (750 X g for 10 min at room temperature) and were
resuspended in PHEM buffer. PH-20 was released from the
sperm membrane with PI-PLC: the acrosome-reacted sperm
were washed through PHEM buffer twice and resuspended
in 5 ml PHEM buffer (-4 X 108 sperm/ml) and 0.25 U of
PI-PLC (PI-PLC from Bacillus cereus, spec. act. 600 U/
mg, catalog #1143069; Boehringer Mannheim, Indianapo-
lis, IN). The tube was covered with aluminum foil to pro-
tect the light-sensitive enzyme and placed on a rocker at
37°C for 60 min. Sperm remnants and particulates were
pelleted by ultra centrifugation at 150 000 g for 45 min
at 4°C (Beckman TLA-100.3 rotor, 60 000 rpm; Beckman
Instruments, Palo Alto, CA). The upper 3/4 of the super-
natant was carefully removed with a Pasteur pipette, and
this supernatant was dialyzed against TNE buffer. The di-
alyzed material was passed over a precolumn of Sepharose
CL-4B (Sigma), the flow through was collected and loaded
onto an affinity column (mAb PH-22 cross-linked Sephar-
ose), and after washing, the bound material was eluted with
diethylamine (pH 11.5) as previously described [8].
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were mixed with 0.5 ml of a 0.15 mg/ml solution of HA
in PBS for a substrate. The enzymatic digestion of the HA
was carried out at 37°C for 45 min. Undigested HA was
precipitated at the end of the incubation by addition of 5
ml of acid albumin buffer. The degree of turbidity of each
sample was determined by measuring the OD60onm 5 min
after the addition of the acid albumin buffer. The spectro-
photometer was blanked against a PBS-BSA, acid albumin
control. The units of activity for each sample were deter-
mined by comparing the OD600nm of the sample to the
OD600nm of a standard curve of hyaluronidase activity, gen-
erated from a solution of bovine testicular hyaluronidase
with a specific activity of 290 U/mg (Sigma H-3506).
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FIG. 1. Hyaluronidase activity of purified and surface bound PH-20. A)
Increasing amounts of purified PH-20 from acrosome-reacted sperm were
assayed for hyaluronidase activity and compared to standard curve of
activity that was run in parallel. Data points were taken in triplicate; error
bars represent standard deviation. B) Guinea pig sperm were acrosome-
reacted with calcium ionophore A23187, washed, and counted. Increas-
ing amounts of acrosome-reacted sperm were assayed for hyaluronidase
activity and compared to standard curve of activity that was run in par-
allel. Number of sperm used for data points is in range 10 x 104-100 x
104. Graph is of representative experiment. C) Affinity-purified PH-20
(200 ng) from acrosome-reacted sperm (black bars) and 3 x 106 acro-
some-reacted guinea pig sperm (grey bar) were preincubated with 1:500
dilution of rabbit anti-guinea pig PH-20 antiserum for 30 min at 370C.
Samples were tested for hyaluronidase activity and are shown as per-
centage of no-antibody control. Dilution (1:500) of normal rabbit serum
was used as control with purified PH-20.

Hyaluronidase Activity Assay

The assay used was a modification of the spectropho-
tometric, turbidity-clearing protocol of Dorfman [25]. Brief-
ly, various concentrations of affinity-purified, PI-PLC-re-
leased PH-20 from acrosome-reacted sperm or various
numbers of whole, acrosome-reacted sperm were placed in
0.5 ml of PBS (pH 7.4) supplemented with 0.01% BSA and

RESULTS

Membrane-Bound PH-20 on Acrosome-Reacted Guinea
Pig Sperm Has Hyaluronidase Activity

It has previously been found that recombinant mouse,
monkey, and human PH-20 have hyaluronidase activity
[13, 14]. To determine whether a hyaluronidase activity of
PH-20 is the activity required in secondary sperm-zona
binding in guinea pigs, we first confirmed that guinea pig
PH-20, purified from acrosome-reacted cells, has hyaluron-
idase activity. We affinity-purified PH-20 from acrosome-
reacted sperm [8] and determined hyaluronidase activity by
use of a turbidimetric assay [25]. The purified PH-20
showed hyaluronidase activity (Fig. 1A).

To show that PH-20 while anchored on the IAM has
hyaluronidase activity, we measured enzyme activity on ac-
rosome-reacted sperm cells. Before assaying, sperm were
extensively washed to remove loosely associated, soluble
hyaluronidase from the acrosomal contents. The washed ac-
rosome-reacted sperm showed high levels of hyaluronidase
activity (Fig B). An anti-PH-20 polyclonal antibody that
inhibited hyaluronidase activity of the purified PH-20 (Fig.
1C) also inhibited hyaluronidase activity on acrosome-re-
acted sperm 95% (Fig 1C), indicating that PH-20 is the
source of the surface hyaluronidase of acrosome-reacted
cells.

Apigenin Inhibits Sperm Surface Hyaluronidase Activity
but Not Sperm-Zona Binding

To determine whether the surface hyaluronidase activity
of acrosome-reacted sperm was required for secondary
sperm-zona binding, apigenin, an inhibitor of PH-20 hyalu-
ronidase activity [14], was tested as an inhibitor of second-
ary binding. An aliquot of acrosome-reacted sperm tested
in the presence of 250 ItM apigenin showed a 93% inhi-
bition of the surface hyaluronidase activity (Fig. 2A). When
another aliquot of the same acrosome-reacted sperm prep-
aration was added to oocytes in the continuing presence of
250 F.M apigenin, we saw no reduction in the level of
sperm-zona binding between the apigenin-treated sample
and controls (Fig. 2B).

mAb PH-20 Inhibits Sperm-Zona Binding but Not Sperm
Hyaluronidase Activity

In previous studies (and in this study, see Fig. 4), we
found that one function-blocking monoclonal antibody,
mAb PH-20, inhibits secondary sperm-zona binding -90%.
A different, nonfunction-blocking monoclonal antibody to
PH-20, mAb PH-22, has no effect on sperm-zona binding
[4]. Thus, mAb PH-20 binds so as to inhibit the active site
in PH-20 for secondary sperm-zona adhesion. We therefore
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investigated whether mAb PH-20 would also inhibit hyalu-
ronidase activity. Acrosome-reacted sperm were preincu-
bated with mAb PH-20 and assayed for hyaluronidase ac-
tivity (Fig. 3). We saw no significant inhibition of hyalu-
ronidase activity on mAb PH-20-treated sperm. Likewise,
only very slight inhibition of hyaluronidase was detected
on sperm treated with mAb PH-22 (Fig. 3). Interestingly, a
third monoclonal antibody to PH-20 (mAb PH-21), which
shows a partial inhibitory effect (-45%) in secondary
sperm-zona binding studies [4], inhibited the hyaluronidase
activity of acrosome-reacted sperm 95% (Fig. 3).

Sperm Still Bind to Oocytes Extensively Treated with
Hyaluronidase

Using another approach to determine whether HA as-
sociated with the zona pellucida is involved in secondary
sperm-zona binding, we extensively treated zona-intact oo-
cytes with a hyaluronidase to hydrolyze accessible HA. The
source of hyaluronidase we used was recombinant, purified
cynomolgus monkey PH-20 [14, 24]. Zona-intact oocytes
were treated with 67 000 U/ml of hyaluronidase for 3.5 h
at 37°C. (For comparison, the cumulus layer is typically
removed from oocytes using 725 U/ml of hyaluronidase at
37°C for 4-5 min [5]). LC acrosome-reacted sperm were
mixed with these oocytes, and 20-30 min later the number
of sperm bound to the zonae were counted. We saw little
or no difference in sperm binding to the zonae between the
hyaluronidase-treated oocytes and the controls (Table 1).

We also investigated whether the observed binding of
acrosome-reacted sperm to hyaluronidase-treated oocytes
still involved PH-20 and was not the result of some other,
functionally redundant mode of binding. In these experi-
ments, we determined the effect of mAb PH-20 on the bind-
ing of acrosome-reacted sperm to the zona of oocytes ex-
tensively treated with hyaluronidase. Monoclonal antibody
PH-20 still strongly inhibited sperm-zona binding under
these conditions (Fig. 4).

DISCUSSION

In previous work, we have made two findings about PH-
20: it has a hyaluronidase activity and a required function
in secondary sperm-zona binding (see Introduction). These
results suggest two hypotheses. First, the required function
of PH-20 in secondary binding could be a manifestation of
its hyaluronidase activity if secondary sperm-zona binding
depends on multiple and continuous rounds of binding and
hydrolysis of HA in the zona. The alternative hypothesis is
that PH-20 is a bifunctional protein with two distinct activ-
ities, one as a hyaluronidase, the other in secondary bind-
ing. The experiments in this study were done to evaluate
these hypotheses.

One approach we used was to test reagents that block
either the function of PH-20 in sperm-zona binding or its
hyaluronidase activity. We found that mAb PH-20, which
blocks secondary sperm-zona binding, does not inhibit PH-
20's hyaluronidase activity. This result suggests that the
function in secondary binding and the hyaluronidase func-
tion are two separate activities. We also obtained the con-
verse result that PH-20's hyaluronidase activity could be
blocked 93% (by apigenin) without inhibiting secondary
sperm-zona binding. This indicates that hyaluronidase ac-
tivity is not needed for secondary binding and that the PH-
20 protein has two distinct activities. The results with mAb
PH-20 and apigenin suggest that the hyaluronidase active
site and the active site for secondary binding could be spa-

FIG. 2. Effects of apigenin on hyaluronidase activity of acrosome-reacted
sperm and on sperm-zona binding assay. A) LC-induced, acrosome-re-
acted sperm were assayed for hyaluronidase activity. Approximately 106
sperm were assayed in presence of 250 p.M apigenin and 1% DMSO
(solvent), in presence of 1% DMSO alone, and with no treatment. Values
are plotted as percentage of activity compared to no-treatment control.
Error bars represent SEM. B) Aliquot of 104 sperm from sperm preparation
tested in A was incubated with 250 i.M apigenin/1% DMSO in MT me-
dium for 30 min before being mixed with zona-intact guinea pig oocytes,
also in 250 ixM apigenin/MT medium. Sperm and oocytes were incubated
together at 370C for 20-30 min before being fixed in 2% formaldehyde.
Data shown are from single experiment that was repeated with equivalent
results. Sperm bound to zona in single plane of focus were counted. No-
treatment and 1% DMSO-treated samples were run as controls. Error bars
represent SEM. Number of oocytes examined is given in parentheses.

tially separated in PH-20. The partial (45%) inhibition of
secondary binding by mAb PH-21 that blocks (> 95%)
hyaluronidase activity may mean that the PH-21 epitope is
in the hyaluronidase active site, yet antibody binding also
partially interferes with access to a separate PH-20 site in-
volved in secondary binding.

A different approach was to remove the putative HA
substrate in the zona pellucida by extensively pre-treating
the oocytes with a hyaluronidase. Because we found that
commercial hyaluronidase preparations are impure and at
least in one case contaminated with proteases, we used pu-
rified, recombinant monkey PH-20 as the source of hyalu-
ronidase activity [14]. HA has been identified in the zona
through use of nonquantitative, morphological staining
techniques [26]. We are not aware of chemical techniques

83

Downloaded from https://academic.oup.com/biolreprod/article-abstract/55/1/80/2760610
by guest
on 28 July 2018



HUNNICUTT ET AL.

100-

'5

a,

o'aa

75-

50-

25-

0-
Control

mAb
mAb mAb

PH-20 PH-21
mAb

PH-22

FIG. 3. Effect of three different anti-PH-20 monoclonal antibodies on hy-
aluronidase activity of acrosome-reacted sperm. A23187 ionophore-in-
duced, acrosome-reacted sperm were pretreated with either mAb PH-20,
mAb PH-21, or mAb PH-22 for 30 min at 37°C. Sperm were washed free
of unbound antibody and assayed for hyaluronidase activity. Irrelevant
antisperm monoclonal antibody (mAb PH-30) was used as control. Activ-
ity is expressed as percentage of no-treatment control. Error bars represent
SEM.

sensitive enough to allow quantification of the amounts of
zona-associated HA before and after hyaluronidase treat-
ment. Thus, we cannot rule out that some HA in the zona
was inaccessible or, for other reasons, not subject to en-
zymatic hydrolysis. However, the zona is readily accessible
to proteins (purified PH-20 in this case), and our conditions
were designed to maximize HA degradation. For sperm-
zona binding assays, oocytes are typically pretreated with
hyaluronidase at 725 U/ml for 4-5 min at 37°C to remove
the cumulus layer. For our extensive hyaluronidase diges-
tion, we treated oocytes (whose cumulus layer had been
removed mechanically) with 67 000 U/ml hyaluronidase for
3.5 h at 37°C. Despite this extensive pretreatment with hy-
aluronidase, no reduction in sperm-zona binding was ob-
served. Also, sperm binding remained inhibitable by mAb
PH-20, indicating that hyaluronidase treatment had not cre-
ated a new mode of sperm binding, while abolishing PH-
20's role in adhesion.

Collectively, the experiments in this study support the
conclusion that PH-20 has two distinct activities, a hyalu-
ronidase activity and a different activity required in sec-
ondary adhesion. Because the two activities of PH-20 are
apparently separate, the two active sites may be located in
distinct domains of the protein. During the acrosome re-
action, proteolytic cleavage occurs between residues 311
and 312, i.e., between the C-terminal domain and the N-

TABLE 1. Sperm binding to zona-intact oocytes extensively pretreated
with a purified hyaluronidase.

No. of sperm
bound/oocyte

Experi- (No. of oocytes
ment Treatment tested) % Control

1 Control 22.2 + 8.7 (26) (100)
Hyaluronidase 21.9 + 7.7 (38) 99

2 Control 30.2 + 9.1 (45) (100)
Hyaluronidase 26.6 + 9.7 (73) 88

FIG. 4. Inhibition by mAb PH-20 of sperm binding to zona-intact oocytes
extensively pretreated with hyaluronidase. Zona intact oocytes were pre-
treated with hyaluronidase (as in Table 1) and washed. LC-induced, ac-
rosome-reacted sperm were preincubated with 150 iLg/ml of mAb. Sperm
and oocytes were mixed and incubated together for 20 min at 370C before
being fixed in 2% formaldehyde, and sperm bound to zona in single plane
of focus counted. Sperm were preincubated with mAb PH-22 as control;
binding is expressed as percentage of this control. Number of oocytes
examined is given in parentheses. Error bars represent SEM.

terminal domain, creating a protein with two disulfide-
bonded subunits [8] (Fig. 5). The hyaluronidase active site
is presumably in the PH-20 N-terminal region (41 kDa on
SDS-PAGE, residues 1-311), since amino acids 17-307
have sequence homology with bee venom hyaluronidase
[12]. It is possible that the active site involved in secondary
sperm-zona binding is in the C-terminal region (27 kDa on
SDS-PAGE, residues 312-468 [8]) or at the interface be-
tween the two domains (Fig. 5). Proteolytic cleavage pro-
duces a new N-terminus (at amino acid 312), and many

FIG. 5. Diagram of guinea pig PH-20 before and after acrosome reaction.
PH-20, on acrosome-intact guinea pig sperm, is GPI-anchored, single
polypeptide of -64 kDa, 468 amino acids long ([8, 18], unpublished
results). Portion of molecule with sequence homology to bee venom hy-
aluronidase (shaded area) is located at N-terminal region ending at amino
acid 307 [121. Upon acrosome reaction, PH-20 is cleaved into two poly-
peptides (41-kDa fragment and 27-kDa fragment) that are held together
by disulfide bond(s) [8]. Site of cleavage is between amino acids 311
(arginine) and 312 (serine) [18] (unpublished results).
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adhesion proteins bind to their ligand near their N-terminus
[27-36]. Thus, cleavage may be essential in activating a
function of the C-terminal domain.

The data showing that mAb PH-20 blocks secondary
binding and mAb PH-21 blocks hyaluronidase activity sug-
gest that each monoclonal antibody may bind near (or at)
a corresponding active site. The location of the two active
sites might be defined more precisely by mapping the ep-
itopes recognized by mAb PH-20 and mAb PH-21. Current
attempts in mapping these epitopes, however, have been
unsuccessful; neither of the monoclonal antibodies works
in immunoblots, and we have not been able to separate the
two subunits in native form by standard methods.

If the required activity of PH-20 in secondary binding
is distinct from its hyaluronidase activity, what might this
required activity be? Secondary binding of sperm to the
zona is unusual among cell adhesion phenomena in that it
is transient and is shortly followed by sperm release that
must occur to allow penetration of the zona. It is not known
whether some amount of sperm penetration of the zona oc-
curs before secondary binding is initiated. Because second-
ary binding is poorly understood, it may be hard to guess
what the required activity of PH-20 might be. One possi-
bility is that PH-20 has an adhesion activity. The C-terminal
domain of PH-20 does not have homology to known ad-
hesion proteins. This, however, is consistent with the fact
that each of the zona proteins, the potential ligand(s) for
any sperm adhesion protein, is specific to gametes and ap-
parently unrelated to proteins of other cell types. We have
tested to see if purified, cleaved PH-20 or heterologous cell
types expressing uncleaved PH-20 (or PH-20 cleaved by
brief trypsin addition) will bind to the zona. These exper-
iments have so far given negative results. Thus, there is no
evidence at this time that the required function of PH-20
in secondary binding is an adhesion activity, but many tests
of this hypothesis remain to be done.

The results presented here may be an example of a com-
mon finding that proteins comprised separate domains with
separate functions [15-17, 37]. Indeed, the ability of cells
to make such proteins is of fundamental importance in the
course of evolution [15]. The evolution of PH-20 as a bi-
functional protein may reflect the unusual demands that
sperm meet in penetrating through and binding to the var-
ious layers surrounding the oocyte plasma membrane.

REFERENCES

1. Yanagimachi R. Mammalian Fertilization. In: Knobil E, Neill JD
(eds.), The Physiology of Reproduction. 2nd ed. New York: Raven
Press, Ltd.; 1994: 5:189-317.

2. Bleil JD. Sperm receptors of mammalian eggs. In: Wassarman PM
(ed.), Elements of Mammalian Fertilization. Boca Raton, FL: CRC
Press; 1991: 6:133-151.

3. Kopf GS, Gerton GL. The mammalian sperm acrosome and the ac-
rosome reaction. In: Wassarman PM (ed.), Elements of Mammalian
Fertilization. Boca Raton, FL: CRC Press; 1991: 7:153-203.

4. Primakoff P. Hyatt H, Myles DG. A role for the migrating sperm
surface antigen PH-20 in guinea pig sperm binding to the egg zona
pellucida. J Cell Biol 1985; 101:2239-2244.

5. Myles DG, Hyatt H, Primakoff P. Binding of both acrosome-intact
and acrosome-reacted guinea pig sperm to the zona pellucida during
in vitro fertilization. Dev Biol 1987; 121:559-567.

6. Phelps BM, Primakoff P, Koppel DE, Low MG, Myles DG. Restricted
lateral diffusion of PH-20, a PI-anchored sperm membrane protein.
Science 1988; 240:1780-1782.

7. Primakoff P. Myles DG. A map of the guinea pig sperm surface con-
structed with monoclonal antibodies. Dev Biol 1983; 98:417-428.

8. Primakoff P, Cowan A, Hyatt H, Tredick-Kline J, Myles DG. Purifi-
cation of the guinea pig sperm PH-20 antigen and detection of a site-
specific endoproteolytic activity in sperm preparations that cleaves

PH-20 into two disulfide-linked fragments. Biol Reprod 1988; 38:
921-934.

9. Cowan AE, Primakoff P, Myles DG. Sperm exocytosis increases the
amount of PH-20 antigen on the surface of guinea pig sperm. J Cell
Biol 1986; 103:1289-1297.

10. Primakoff P, Lathrop W, Woolman L, Cowan A, Myles DG. Fully
effective contraception in male and female guinea pigs immunized
with the sperm protein PH-20. Nature 1988; 335:543-546.

11. Primakoff P, Myles DG. Progress toward a birth control vaccine that
blocks sperm function. In: Alexander N, Acosta A, Griffin D, Waites
G, Spieler J (eds.), Gamete Interaction: Prospects for Immunocontra-
ception. New York: Wiley-Liss; 1990: 7:89-102.

12. Gmachl M, Kreil G. Bee venom hyaluronidase is homologous to a
membrane protein of mammalian sperm. Proc Natl Acad Sci USA
1993; 90:3569-3573.

13. Gmachl M, Sagan S, Ketter S, Kreil G. The human sperm protein
PH-20 has hyaluronidase activity. FEBS Lett 1993; 336:545-548.

14. Lin Y, Mahan K, Lathrop WF, Myles DG, Primakoff P A hyaluroni-
dase activity of the sperm plasma membrane protein PH-20 enables
sperm to penetrate the cumulus cell layer surrounding the egg. J Cell
Biol 1994; 125:1157-1163.

15. Kirschner K, Bisswanger H. Multifunctional proteins. Annu Rev Bio-
chem 1976; 45:143-166.

16. Bork P. Shuffled domains in extracellular proteins. FEBS Lett 1991;
286:47-54.

17. Perham RN. Domains, motifs, and linkers in 2-oxo acid dehydroge-
nase multienzyme complexes: a paradigm in the design of a multi-
functional protein. Biochemistry 1991; 30:8501-8512.

18. Lathrop WE Carmichael EP, Myles DG, Primakoff P. cDNA cloning
reveals the molecular structure of a sperm surface protein, PH-20,
involved in sperm-egg adhesion and the wide distribution of its gene
among mammals. J Cell Biol 1990; 111:2939-2949.

19. Hoffer AP, Greenberg J. The structure of the epididymis, efferent duct-
ules and ductus deferens of the guinea pig: a light microscope study.
Anat Rec 1978; 190:659-678.

20. Phelps BM, Koppel DE, Primakoff P, Myles DG. Evidence that pro-
teolysis of the surface is an initial step in the mechanism of formation
of sperm cell surface domains. J Cell Biol 1990; 111:1839-1847.

21. Fleming AE Yanagimachi R. Effects of various lipids on the acrosome
reaction and fertilizing capacity of guinea pig spermatozoa with spe-
cial reference to the possible involvement of lysophospholipids in the
acrosome reaction. Gamete Res 1981; 4:253-273.

22. Huang TTF, Fleming AD, Yanagimachi R. Only acrosome-reacted
spermatozoa can bind to and penetrate zona pellucida: a study of the
guinea pig. J Exp Zool 1981; 217:287-290.

23. Yanagimachi R. Calcium requirement for sperm-egg fusion in mam-
mals. Biol Reprod 1978; 19:949-958.

24. Lin Y, Kimmel LH, Myles DG, Primakoff P. Molecular cloning of the
human and monkey sperm surface protein PH-20. Proc Natl Acad Sci
USA 1993; 90:10071-10075.

25. Dorfman A. Mucopolysaccharidases. Methods Enzymol 1955; 1:166-173.
26. Talbot P. Hyaluronidase dissolves a component in the hamster zona

pellucida. J Exp Zool 1984; 229:309-316.
27. Peterson A, Seed B. Monoclonal antibody and ligand binding sites of

the T cell erythrocyte receptor (CD2). Nature 1987; 329:842.
28. Richardson NE, Change HC, Brown NR, Hussey RE, Sayre PH, Rein-

herz EL. Adhesion domain of human T1 (CD2) is encoded by a
single exon. Proc Natl Acad Sci USA 1988; 85:5176-5180.

29. Bevilacqua MP, Stengelin S Jr, Gimbrone MA, Seed B. Endothelial
leukocyte adhesion molecule 1: an inducible receptor for neutrophils
related to complement regulatory proteins and lectins. Science 1989;
243:1160-1165.

30. Johnston GI, Cook RG, McEver RP. Cloning of GMP-140, a granule
membrane protein of platelets and endothelium: sequence similarity
to proteins involved in cell adhesion and inflammation. Cell 1989; 56:
1033-1044.

31. Lasky LA, Singer MS, Yednock TA, Dowbenko D, Fennie C, Rod-
riguez H, Nguyen T, Stachel S, Rosen SD. Cloning of a lymphocyte
homing receptor reveals a lectin domain. Cell 1989; 56:1045-1055.

32. Siegelman MH, van de Rijn M, Weissman WL. Mouse lymph node
homing receptor cDNA clone encodes a glycoprotein revealing tan-
dem interaction domains. Science 1989; 243:1165-1172.

33. Brandley BK, Swiedler SJ, Robbins PW. Carbohydrate ligands of the
LEC Cell adhesion molecules. Cell 1990; 63:861-863.

34. Johnston GI, Bliss GA, Newman PJ, McEver RP Structure of the
human gene encoding granule membrane protein-140, a member of

85

Downloaded from https://academic.oup.com/biolreprod/article-abstract/55/1/80/2760610
by guest
on 28 July 2018



HUNNICUTT ET AL.

the selectin family of adhesion receptors for leukocytes. J Biol Chem
1990; 265:21381-21385.

35. Myles DG, Primakoff P. Sperm surface domains. In: Springer TA
(ed.), Hybridoma Technology in the Biosciences and Medicine. Ple-
num Publishing Corp.; 1985: 14:239-250.

36. Diamond MS, Garcia-Aguilar J, Bickford JK, Corbi AL, Springer TA.

The I domain is a major recognition site on the leukocyte integrin
Mac-i (DClb/CDI8) for four distinct adhesion ligands. J Cell Biol
1993; 120:1031-1043.

37. Evans DR, Bein K, Guy HI, Liu X, Molina JA, Zimmermann BH.
CAD gene sequence and the domain structure of the mammalian mul-
tifunctional protein CAD. Biochem Soc Trans 1993; 21:186-191.

86

Downloaded from https://academic.oup.com/biolreprod/article-abstract/55/1/80/2760610
by guest
on 28 July 2018




