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ABSTRACT: PH-20 is a glycoprotein located on the surface of the
sperm plasma membrane and on the inner acrosomal membrane.
The best understood function of sperm surface PH-20 is its hyal-
uronidase activity, which results in hydrolysis of the hyaluronic
acid-rich cumulus matrix during sperm penetration of this extra-
cellular oocyte investment. In this study, we investigated whether
alterations in the secondary and tertiary structures of sperm sur-
face PH-20 would affect its enzyme activity. Proteins were isolated
from the sperm plasma membrane by treatment of living cells with
phosphatidylinositol-specific phospholipase C (PI-PLC). PH-20
was purified from the PI-PLC released proteins by immunoaffinity
chromatography. Two-dimensional electrophoresis of purified PH-
20 revealed 6 isoforms with isoelectric points ranging from 5.1 to
6.0. Removal of the N-linked glycans from PH-20 with N-glycosi-
dase F shifted the molecular weight from 64 kd to approximately
54 kd, its deduced molecular weight based on sequence analysis,

suggesting that most if not all, of the potential N-glycosylation sites
are linked to oligosaccharides. The lectins Con A and PSA rec-
ognized purified sperm surface PH-20 after Western blotting, sug-
gesting that mannose is a major sugar within or at the terminal end
of the linked glycan. The lectins UEA and LPA did not recognize
PH-20 Western blot, suggesting that fucose and sialic acid are not
terminal sugars of sperm surface PH-20. Deglycosylation of sperm
surface PH-20 resulted in a complete loss of its hyaluronidase ac-
tivity. The reduction of disulfide bonds with B-mercaptoethanol or
dithiothreitol also resulted in loss of enzyme activity. We conclude
that the hyaluronidase activity of sperm surface PH-20 is depen-
dent on structural features established by sulfhydryl linkages, as
well as glycosylation.
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P 20 is a glycosylphosphatidylinositol-anchored action of plasma membrane PH-20 has been shown to
lycoprotein present on the plasma membrane ofacilitate sperm penetration of the cumulus oophorus (Lin
mammalian sperm heads and on the inner acrosomal al, 1994; Cherr et al, 1996). In addition, plasma mem-
membrane (Myles and Primakoff, 1984; Lin et al, 1994;brane PH-20 interacts with hyaluronic acid in the cumulus
Overstreet et al, 1995). Mammalian sperm are highlymatrix to raise the internal concentration of calcium in
compartmentalized, and have numerous membrane deperm, an action that may “prime” the sperm for induc-
mains (Bearer and Friend, 1990). The functions of PH+ion of the acrosome reaction by zona pellucida proteins
20 are varied and are related to its various locations irf{Sabeur et al, 1997; Cherr et al, 1999). In light of the
sperm. Initially, PH-20 on the inner acrosomal membranenumerous fertilization-related functions of PH-20, it is not
of guinea pig sperm was recognized as a binding ligandurprising that female guinea pigs became infertile after
for the zona pellucida (Myles et al, 1987a). Later, PH-20they were immunized against PH-20 (Primakoff et al,
was found to be the sperm hyaluronidase (Gmachl and988b).
Kreil, 1993). PH-20 found on the plasma membrane and The various actions of a multifunctional glycoprotein
inner acrosomal membrane has hyaluronidase activity, a®ay be regulated by its secondary and tertiary structures.
does a soluble form of the protein, which is believed toPH-20 is known to have a number of potential N-glyco-
be processed from PH-20 on the inner acrosomal mensylation sites, and as many as 12 cysteines are conserved
brane (Cherr et al, 1996; Li et al, 1997). The enzymen the PH-20 of different mammalian species (Lin et al,
1993). Addition of oligosaccharides (glycans) to protein
structures is a common occurrence in higher organisms
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tivity and protection (Lis and Sharon, 1993; Varki, 1993;S|c_)erm were we_lshed an additional 2 times in 10 mL of DPBS
Zhang et al, 1995). Glycosylation is a common characwith centrifugation at 300< g.

teristic of cell surface proteins, and variation in protein
glycosylation is responsible for diversity of biological Treatment of Sperm to Recover Sperm Surface PH-20

functions in protein isoforms (Gagneux and Varki, 1999;Washed sperm pellets were resuspended at a concentration of
Apweiler et al, 1999). 100 million/mL in DPBS containing 3 units/mL of phosphati-

In this manuscript we report the results of studies dedvlinositol-specific phospholipase C (PI-PLC) and a mixture of

. : . . otease inhibitors (20 mM EDTA, 1 mM p-hydroxymercuro-
signed to investigate the secondary and tertiary structun%é o e 5 mM( N-ethymalemide, and 'z nXM be);mzami dine)
of macaque sperm PH-20 and how variation in thesg-:O ' ’ '

truct . lated to the bioloaical functi fth llowing 2 hours of incubation at 3Z with gentle rolling, the
structures IS related to the biological tunctions of the plT"sperm samples were centrifuged at 1000g for 10 minutes,

tein. We report the presence of a number of isoforms of,q the supernatant was passed through a @r@2yringe filter.
sperm surface PH-20, and we use lectins to evaluate thhe supernatants were transferred to another tube and ultracen-
diversity of carbohydrates associated with the PH-20 moltrifuged for 1 hour. The PI-PLC released proteins were concen-

ecule. We also determined whether glycosylation wasrated threefold at°€ using a Centricon 10 ultrafiltration tube
necessary for the hyaluronidase activity of PH-20. Be{Millipore, Bedford, Mass), and were stored @80°C. The PI-
cause the cysteines are conserved within all hyaluroniPLC released proteins were subsequently separated by sodium
dases, we propose that intramolecular folding due to sulfdodecyl sulfate—polyacrylamide gel electrophoresis (SDS-

hydryl linkages is required for hyaluronidase activity. =~ PAGE) and analyzed as described below. PH-20 protein was
purified from PI-PLC released proteins by immunoaffinity chro-

matography as described below.

Materials and Methods Purification of PH-20
, The antibody designated 4639 was prepared by purifying PI-
Chemicals PLC released plasma membrane PH-20 (PM-PH-20) on an R-10

Biotinylated lectin kits I, II, and 1ll, and alkaline phosphatase- |mmunpaff|n|ty column. The R-10 |mmynoglobulln (I9) G was
labeled anti-biotin antibodies were purchased from Vector Lab&n @ntibody developed to the recombinant cynomolgus PH-20
oratories (Burlingame, Calif). After screening, the following lec- (Overstreet et al, 1995). PM-PH-20 was used as an antigen in
tins were used: concanavalin A (Con A) isolated from seeds of2Pbits, and the subsequent immunoglobulin was isolated on a
the Jack beanCanavalia ensiformis; Pisum sativum agglutinin protein A column. Immunoaffinity beads were prepared by cou-

(PSA) isolated from seeds of the garden feaativum; Phas- pling rabbit anti-PH-ZQ IgG (46'39) to Actigel-ALD resin (Ster-
eolus wulgaris agglutinin with 4 “E” subunits (PHA-E) isolated ogene, Carlsbad, Calif) according to the manufacturer’s instruc-

from seeds of the red kidney bedn vulgaris; Jacalin, isolated tions. Briefly, 5 mg 19G in 2.5-mL coupling buffer (0.1 M

from seeds of the Jackfruifirtocarpus integrifolia; Lycopersi- N&,HPOy: PO, pH 8.0) afmd O'hS mL Of_ A%D-couplir)g soluti_on
con esculentum lectin (LEL) isolated from tomato fruit; an8o- were added to 2.5 mL of washed Actigel-ALD resin, and incu-

lanum tuberosum lectin (STL) isolated from potato tubers. bater(]j ;or_::;] ggursl_ atf (;OSOrICI ’t\lengl).erat(;lre. Tt:jebres:jnd_waz thfn
Chemicals used for electrophoresis and Western blotting werd’as F Vt\;'tﬁ 1m I?AL.D al_ ' enl cappe dy a '?19 m
purchased from Bio-Rad Laboratories (Hercules, Calif). All oth- coupling bufter, L m -coupling solution, and 3. ethan-

er chemicals and reagents were purchased from Sigma Chemic mine; and mcub.a.ted for 2 hours at room FemperatL.Jre. To pu-
Company (St Louis, Mo) unless stated otherwise. rify PH-20, the affinity beads were pre-equilibrated with TTBS

(50 mM Tris-HCI pH 7.5, containing 0.025% Tween 20, 0.025%

. . Triton X-100, and 0.3 M NacCl) and then incubated with PI-PLC
Sperm Collection and Processmg released sperm surface proteins for 3-5 hours@ti® the pres-
Semen samples were collected by electroejaculation from 10 inence of 0.05% Tween 20. The beads were centrifuged to remove
dividually caged cynomolgus macaques (Sarason et al, 1991§he supernatant and washed 5 times (30 gel volumes) with
Animals were housed at the California Regional Primate Re-TTBS. PH-20 was eluted by incubation with 2-3 gel volumes
search Center in compliance with the Federal Animal Welfareof elution buffer (50 mM glycine-HCI pH 3.0) for 5 minutes
Act and the National Institutes of HealtBuidelines for Care with rolling. The eluted PH-20 was neutralized immediately by
and Use of Laboratory Animals. Each ejaculate was collected addition of 0.1 volume of 1 M Tris-HCI (pH 8.0). PH-20 was
into a 15-mL centrifuge tube containing 5 mL of HEPES-buff- concentrated using Centricon 10 ultrafiltration tubes, and stored
ered Biggers Whitten Whittingham (BWW) medium (Irvine Sci- at —80°C prior to use. PH-20 concentration was measured using
entific, Santa Ana, Calif). After liquefaction of the semen at BCA protein assay regents (Pierce, Rockford, 1Il).

room temperature for 1 hour, the top 4 mL of the sperm sus- . .
pension were transferred to another tube and centrifuged for 1Qeg/ycosy/at’0n or Reduction of PH-20

minutes at 300X g. Sperm pellets were resuspended in 2 mL To remove N-linked glycans from PH-20, approximately.§

of Dulbecco phosphate-buffered saline (DPBS, Life Technolo-of immunoaffinity-purified PH-20 protein was treated with 10
gies, Rockville, Md) and layered over 4 mL of 40% Percoll in units/0.1 mL N-glycosidase F (Boehringer-Manneheim GmbH,
DPBS and centrifuged at 308 g for 15 minutes. Then, the Mannheim, Germany) in 100 mM Tris-HCI pH 7.5, in the pres-
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ence of 0.1 % SDS, 0.5% Triton X-100, 0.5% n-ocyb-glu- instructions. The first dimension (isoelectric focusing; IEF) gel
copyranoside, and a mixture of protease inhibitors (0.04 mg/mLmonomer solution contained 9.2 M urea, 4% acrylamide, 20%
phenylmethylsulfonyl fluoride, 20 mM EDTA, 1 mM p-hydrox- Triton X-100, 1.6% Bio-Lyte 5/7 ampholyte, 0.4% Bio-Lyte 3/
ymercurobenzenzoate, 5 mM N-ethymalemide, and 1 mM beni0 ampholyte, 0.01% ammonium persulfate, and 0.1%
zamidine) at 37TC overnight. To remove possible O-linked gly- N,N,N’,N’-Tetramethylethylenediamine (TEMED). The upper
cans from PH-20, approximately /g of purified PH-20 protein  chamber buffer was 20 mM NaOH, and the lower chamber buff-
was treated with 5 mU/0.1 mL O-glycosidase (Roche Diagnoser was 10 mM HPQ,. The IEF dimension gels were pre-elec-
tics GmbH, Germany) in DPBS pH 7.2, in the presence of 0.05%rophoresed at 200 V for 10 minutes, 300 V for 15 minutes, and
SDS and 1% Triton X-100 at 3€ overnight. Both glycosidases 400 V for 15 minutes. Then, 20L of sample containing 1 part
were used according to the manufacturer’s specifications. Corof first-dimension sample buffer (9.5 M urea, 2.0% Triton X-
trols consisted of PH-20 proteins treated in an identical mannet00, 5% p-mercaptoethanol, 1.6% Bio-lyte 5/7 ampholyte, and
but without N-glycosidase F or O-glycosidase. The deglycosy-0.4% Bio-Lyte 3/10 ampholyte) and 1 part of PH-20 samplé (
lated protein was then used for Western blotting or hyaluronicug PLC-released sperm surface proteins) were loaded onto the
acid substrate gel assay. To determine the function of disulfidéop of each tube gel, and then overlaid with LD of overlay
bonds in PH-20 hyaluronidase activity, samples of purified PH-buffer (9 M urea, 0.8% Bio-Lyte 5/7 ampholyte, 0.2% Bio-Lyte
20 were incubated at 3Z for 15 minutes in SDS sample buffer 3/10 ampholyte). The gels were run at 400 V for 10-13 hours.
in the absence (control) or presence of B¥mercaptoethanol The second dimension SDS-PAGE was performed by loading
or 100 mM dithiothreitol (DTT) before the hyaluronic acid sub- extruded tube gel horizontally onto the top of discontinuous

strate gel assay. polyacrylamide slab gel (10% separating gel and 4% stacking
. gel). The proteins separated by SDS-PAGE were electrotrans-
SDS-PAGE and Western Blotting ferred to nitrocellulose membranes (100 V for 1 hour E)4

Electrophoresis of the surface proteins of PI-PLC treated spermand stained with BLOT-FastStain (Chemicon International Inc,
was carried out using precast 10% or 4%—20% Tris-glycine gelSemecula, Calif). Two-dimensional SDS-PAGE standards were
(Fisher Scientific, Pittsburgh, Pa). Approximately 3§ of used to determine the isoelectric points of PH-20 isoforms. Ni-
sperm protein were loaded onto each well. After SDS-PAGE trocellulose membranes were then destained in warm deionized
some gels were stained with GelCode Blue protein stain omwater and blocked in 3% BSA before immunoblotting to detect
GelCode glycoprotein stain. For other gels, proteins separateBH-20. SeeBlue prestained protein standards (Novex, San Diego,
by SDS-PAGE were electrotransferred to nitrocellulose mem-Calif) were used to determine the molecular weights of separated
branes (100 V for 1 hour at ). Then, the nitrocellulose mem- proteins.

branes were blocked by incubation overnight in TTBS (50 mM

Tris-HCI, 0.3 M NaCl, 0.02% Tween 20 pH 7.5) containing 5% Hyaluronic Acid Substrate Gel Assay

nonfat dry milk and 0.1% Napat room temperature, and probed ppy oq pyajuronidase activity was assessed by hyaluronic acid
either with rabbit 19G raised against sperm surface PH-20 (4639} ,pstrate gel electrophoresis (Li et al, 1997). Briefly, samples
(Lin et al, 1994), or against Peptide 1, a synthesized peptidgere glectrophoresed on 7.5% SDS polyacrylamide gels con-
representing a region of the PH-20 molecule (Yudin et al, 2001)5ining hyaluronic acid, and after removal of SDS, the gels were
or with control preimmune IgG for 2 hours at room temperature ;- \pated at pH 7.0 for 15 to 20 hours af@7Gels were stained
After being thoroughly washed, the nitrocellulose membrane wagith alcian blue and counterstained with Coomassie blue to de-

incubated for 1 hour in alkaline phosphatase-labeled goat antigt 4reas of hyaluronic acid digestion. Prestained protein stan-
rabbit IgG (Bio-Rad) at a concentration of 1:3000 in TTBS CON- yar4s SeeBlue, were used to determine the hyaluronidase mo-
taining 3% BSA and 0.1%NalN The membrane was washed |o¢|ar weights.

thoroughly in TTBS and the immune complexes were detected
using precipitating alkaline phosphatase substrate (1-step NBT-

BCIP, Pierce). Results

Lectin Blotting

Following the procedures for SDS-PAGE and Western blotting/A number of proteins were released from the sperm sur-
the nitrocellulose membrane was blocked in 3% bovine serunface after treatment of sperm with PI-PLC (Figure 1B).
albumin (BSA) in TTBS at room temperature overnight. The The 64-kd band, as well as a few others (14 kd, 24 kd,
blot was then incubated for 2 hours with biotinylated lectin at agnd 53 kd), was shown to have a detectable carbohydrate
concentration of Jug/mL in TTBS containing 3% BSA and 10 component when the PI-PLC released sperm surface pro-
mM Ca' and 10 mM M’ at room temperature. After being +tejng were electrophoretically separated on SDS-PAGE

washed thoroughly with TTBS and incubated in alkaline phos—and then stained for alvcoproteins (Fiqure 1C). A Western
phatase-labeled anti-biotin antibodies for 1 hour, the membran glycop (Fig ):

was washed again in TTBS and developed in 1-step NBT—BCIFBIO.t of the same gel was probed with anti-PH-20 IgG,
(Pierce). which revealed a band corresponding to the 64-kd protein

stained for carbohydrates (Figure 1D). Further informa-
Two-Dimensional PAGE tion about the oligosaccharides that are present on PH-20
Two-dimensional electrophoresis was performed using Mini-was obtained by probing immunoaffinity-purified PH-20
PROTEIN Il 2-D Cell (Bio-Rad) according to the manufacturer’s with lectins that have known carbohydrate specificity. Of
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n Oligosaccharides are joined to the polypeptide back-
bone at specific locations by either N- or O-linked bonds.
N-glycosidase F hydrolyzes the N-linked bonds at the N-

acetylglucosamine attachment to specific asparagine res-
98> oR—— idues along the polypeptide. After deglycosylation of
sperm surface PH-20 with N-glycosidase F, Western blot
analysis of the digested protein with anti-PH-20 IgG re-

64> p— - P— - vealed a major band with an apparent molecular weight
r— of 54 kd (Figure 4B). Deglycosylation of PH-20 also pro-
. duced a number of bands between 54 kd and 64 kd as a

50> — result of incomplete digestion (Figure 4D). Sperm surface

o

PH-20 has hyaluronidase activity at pH 7.0 (Li et al,

1997), as shown in these experiments by the hyaluronic
36> pra— acid substrate gel assay (Figure 4C and E). Neither the
54-kd band nor the other bands of partially deglycosylat-
ed PH-20 had detectable hyaluronidase activity at pH 7.0
(Figure 4D and F). In contrast, the 64-kd band remaining

29 ” after deglycosylation retained enzyme activity (Figure 4D
s and F). PH-20 was also subjected to enzyme removal of
A O-linked glycans, but there was no shift in the molecular

16> weight or loss of hyaluronidase activity (data not shown).

When sperm surface PH-20 was treated with reducing
6 ; reagent §-mercaptoethanol or DTT) to break disulfide
> R, — bonds, there was a shift in molecular weight from 64 kd
to 67 kd, as shown previously (Li et al, 1997). After re-
A B C D duction, there was a complete loss of enzyme activity as
assessed with the hyaluronic acid substrate gel assay (Fig-
Figure 1. Cell surface proteins released after PI-PLC treatment of ma- ure 5B and C).
cague sperm. Molecular weight markers are shown in lane A. The SDS-
PAGE gel is stained silver to show the various proteins released (lane

B). The gel is stained with Gel Code Glycoprotein Blue to identify gly-

coproteins (lane C) and with anti-PH-20 1gG to identify PH-20 (lane D). DiSCUSSion

the 22 different lectins tested, PSA, Con A, LEL, STL, ) )
PHA-E, and Jacalin recognized the 64-kd band (Figurérhe mammalian oocyte is surrounded by two extracellular

2). The other lectins tested did not recognize PH-20, ofmatrices that the sperm must traverse prior to fertilization.
they recognized it faintly (not shown). Initially, the sperm passes through the cumulus oophorus,

Immunoaffinity-purified PH-20 at low concentrations which is composed of granulosa cells embedded in a thick
often appeared on the silver-stained gel as multiple band®atrix of polymerized hyaluronic acid (Eppig, 1991). The
with molecular weights of approximately 64 kd (Figure cumulus matrix extends into the outer, porous region of
3A), and when probed with anti-Peptide 1 IgG, an anti-the zona pellucida, a glycoprotein investment that the
body raised to a peptide region of PH-20, the bands wergperm also must penetrate (Tesarik and Kopecny, 1986;
easily discerned on a Western blot (Figure 3B). AnalysiKatz et al, 1989; Wassarman, 1991). PH-20 has been
by 2-D PAGE revealed 6 isoforms of sperm surface PH-shown to be involved in sperm passage through both the
20, and their isoelectric points ranged from 5.1 to 6.0cumulus and the zona (Primakoff et al, 1985; Lin et al,
(Figure 3C). 1994; Hunnicutt et al, 1996; Meyers et al, 1997; Yudin

64> PP R ————

A B c D E F G

Figure 2. Lectin blot analysis of immunopurified sperm surface PH-20. The Western blot shows that anti-PH-20 IgG recognizes a single band of
molecular weight 64 kd (lane A). The lectins Con A, PSA, LEL, STL, Jacalin, and PHA-E recognize this band, as shown in lanes B—G, respectively.
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o B Hi N 9

53>

pH pH
6.0 5.0

A B C

Figure 3. Western blot analysis of 1-D and 2-D SDS-PAGE of immunopurified sperm surface PH-20. The gel is stained with silver in lane A to reveal
the protein bands. The multiple PH-20 bands are recognized by anti-Peptide 1 1gG (lane B). Panel (C) shows the Western blot analysis of 2-dimensional
SDS-PAGE with anti-PH-20 1gG revealing 6 isoforms with isoelectric points ranging from 5.1 to 6.0.

et al, 1999). The various functions that have been attrisome-reacted guinea pig sperm from binding to the zona
buted to the PH-20 protein include hyaluronidase activitypellucida did not block hyaluronidase activity, whereas
intracellular signaling, and zona pellucida adhesion andhe monoclonal antibody that inhibited hyaluronidase ac-
penetration (Myles et al, 1987b; Lin et al, 1994; Cherr ettivity had no effect on sperm-zona hinding. It stands to
al, 1999; Yudin et al, 1999). The diverse functions of PH-reason that the multiple functions attributed to PH-20 may
20 were demonstrated initially by Hunnicutt et al (1996),result from variations in its secondary or tertiary struc-
who found that monoclonal antibodies that inhibit acro-ture, and the experiments described in this paper are a

98>

A B C D E F

Figure 4. Western blot analysis and hyaluronic acid substrate gel analysis of immunopurified sperm surface PH-20 after treatment with N-glycosidase
F. A single band at 64 kd is recognized by anti-PH-20 IgG in the control preparation (lane A). In the preparation treated with N-glycosidase F, a single
band is recognized at 54 kd, but a band of intact PH-20 is still apparent at 64 kd (lane B). Minor bands representing PH-20 proteins with varying
degrees of deglycosylation appear between 54 kd and 64 kd (lane C). The hyaluronic acid substrate gel analysis of this sample demonstrates
hyaluronidase activity of the control preparation of PH-20 at pH 7.0 (lane E). The deglycosylated forms of PH-20, including the 54-kd band and the
other minor bands, show no evidence of hyaluronidase activity, except that the 64-kd protein that remains following treatment with N-glycosidase F
has hyaluronidase activity (lane F).
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A B C

Figure 5. Hyaluronic acid substrate gel analysis of immunopurified sperm surface PH-20 after treatment with B-mercaptoethanol. Purified PH-20 (64
kd) prior to chemical reduction demonstrates hyaluronidase activity at pH 7 (lane A). After reduction with either 3-mercaptoethanol or DTT there was
no evidence of hyaluronidase activity (lanes B and C).

64>

first attempt to gain information about these aspects o€-terminal portions of the molecule, implying glycosyl-
the PH-20 protein. ation within each region (unpublished data). Similar data
Amino acid sequence data have been published for are not available for sperm surface PH-20 because it is
number of different hyaluronidases (Lathrop et al, 1990not endoproteolyzed (Li et al, 1997). Bee venom hyal-
Gmachl and Kreil, 1993; Lin et al, 1993; Lu et al, 1995). uronidase is believed to be glycosylated at only 1 of 4
All of the hyaluronidases have numerous potential N-gly-potential sites (Markovic-Housley et al, 2000). The ad-
cosylation sites characterized by the amino acid sequenadtion of oligosaccharides is often cell specific, tissue spe-
Asp-Xaa-Ser/Thr, in which the internal X is not a proline cific, species specific, or a combination of these (Lis and
(Struck and Lennarz, 1980; Osawa and Tsuiji, 1987), alSharon, 1993); therefore, hyaluronidases may be glyco-
though this sequence is not always glycosylated (Ronisylated at similar sites, but the overall carbohydrate con-
et al, 1981). The addition of carbohydrate moieties is aent could still be highly variable.
common secondary gene product critical for biological or In Western blot analyses of macaque sperm surface PH-
functional diversity (Kobata, 1992). Guinea pig sperm20 under nonreducing conditions, anti-PH-20 antibodies
PH-20 has 6 potential glycosylation sites, and after treattypically recognize a single broad band with an apparent
ment with N-glyanase, the molecular weight shifts ap-molecular weight of 64 kd. Some antibodies, especially
proximately 10 kd; therefore, it is believed that most, if those built to short segments of PH-20, such as Peptide
not all, of the sites are linked to oligosaccharides (Lathrofl (Yudin et al, 2001), will often recognize multiple bands
et al, 1990). This assumption is due to the similarity inwithin the broad 64-kd region, which is consistent with
molecular weight following deglycosylation (54 kd) and the results of 2-D PAGE showing 6 isoforms with iso-
the theoretical molecular weight determined by amino acelectric points ranging from 5 to 6. Initially, Primakoff et
ids (52 kd; Lathrop et al, 1990). Bovine PH-20 has 6al (1988a) showed a single isoform for guinea pig PH-20
potential glycosylation sites, 2 of which are in the N-at pH 7.0. It was later reported that human PH-20 has a
terminal region, but only one within the N-terminus ap- number of isoforms (Naaby-Hansen et al, 1997), but the
pears to be glycosylated (Meyer et al, 1997). Macaquenolecular weights of the putative isoforms are different
sperm PH-20 has at least 8 potential sites capable of Nfrom the molecular weight proposed for human PH-20
glycosylation, and the molecular weight of sperm surfacgNaaby-Hansen et al, 1997; Sabeur et al, 1997). The var-
PH-20 falls approximately 20% after deglycosylation,ious PH-20 isoforms are believed to be a reflection of the
suggesting multiple sites of glycosylation. differences in glycosylation, which could arise at several
We propose that sperm surface PH-20 is glycosylatedtages in the processes of sperm production and matura-
throughout the N- and C-terminal regions of the proteintion. PH-20 is derived from both the testis and the epi-
This interpretation is consistent with the high degree ofdidymis, and the epididymis also modifies sperm surface
glycosylation (-20%) of the molecule. It is also based on PH-20 during sperm maturation (Yanagimachi, 1994, for
the observation that when endoproteolyzed inner acroreview; Phelps et al, 1999; Deng et al, 2000).
somal membrane PH-20 is deglycosylated and reduced, The present data show that removal of oligosaccharides
there is a shift in the molecular weight of both the N- andfrom PH-20 eliminates its hyaluronidase activity. The re-
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quirement of glycosylation for enzyme activity may not of the molecule to the membrane (Lathrop et al, 1990).
be a general feature of hyaluronidases. Gmachl and KrelThe present data demonstrate that removal of these loops
(1993) reported that a bacterial recombinant bee venomwithin PH-20 by reduction of disulfide bonds wigamer-
hyaluronidase had at least 80% of the activity of the nacaptoethanol or DTT results in loss of hyaluronidase ac-
tive form, which suggests that glycosylation may not betivity, probably because of changes in the conformation
critical for activity of the insect enzyme. Perhaps the sin-of the molecule. It is interesting to note that recombinant
gle most important function of glycosylation is to aid in (bacterial) bee venom hyaluronidase retains its enzyme
the folding of the molecule and stabilization of the con-activity, although it is doubtful that any cysteine linkages
formation necessary for function (Lis and Sharon, 1993are present. Two locations in the N-terminal region of PH-
Varki, 1993; Parodi, 2000). Glycosylation has been showr20 with highly conserved sequences of amino acids have
to be critical for the catalytic activity of a number of been shown to be the active sites for hyaluronidase en-
enzymes (Cumming, 1991; Howard et al, 1991). A singlezyme activity (Arming et al, 1997; Yudin et al, 2001),
amino acid shift in the protein structure of saposin B re-and a third site as been identified as the hyaluronic acid
sults in loss of glycosylation at that site and, as a conbinding site responsible for intracellular signaling (Vines
sequence, the rapid proteolysis and removal of the eret al, unpublished observations). It is likely that the prox-
zyme (Kretz et al, 1990). Hormones and receptors als@mal relationships of these sites are altered after chemical
have been shown to rely on glycosylation for affinity, reduction, and as a consequence, the enzyme activity of
with modification of the carbohydrate component of thepH-20 is lost.
hormone inducing a pronounced decrease in receptor |n conclusion, the PH-20 glycoprotein on the surface
binding (Ji and Ji, 1990; Zhang et al, 1991). of cynomolgus macaque sperm is composed of 6 isoforms
The glycan variability within the protein components that differ in their carbohydrate composition. The hyal-
of tissues and cells underlies much of the diversity obyronidase activity of the sperm surface PH-20 was lost
served in cell functions. One approach to investigation ofyhen N-linked glycans were removed, and when sulfhy-
this variability is to probe glycoproteins with specific lec- dry| linkages in the protein were reduced. These results
tins that have known carbohydrate specificity (Sumar ejemonstrate that the enzyme activity of sperm surface

al, 1990). In most cases, lectins bind more strongly topH-20 is dependent on the secondary and tertiary struc-
oligosaccharides than monosaccharides, and the termingjre of the molecule.
sugar is most likely to be recognized (Goldstein and Po-
retz, 1986; Gravel and Golaz, 1996). The results of the
present study suggest that mannose occurs as the termi
sugar or as a major component of the core oligosaccharide
structure in sperm surface PH-20, whereas fucose and shpweiler R, Hermjakob H, Sharon N. On the frequency of protein gly-
alic acid appear not to be present. Jacalin has been pro- cosylation, as deduced from analysis of the SWISS-PROT database.
posed to reCOQnize those oIigosaccharides that are Cé)A}m?Lngm;ir%%TYSAV%Z-C;SZ%S%Z’;:?:—SKEH G. In vitro mutagenesis of
linked, but in our results, PH-20 appears to lack glycan ' ! ' o o
that are O-linked. The existence of N-acetylglucosamines g:gfglwalummdase from human sperr ) Blochem. 1997;:247:
within the glycans was shown by |abe|ing with both STL Bearer EL, Friend DS. Morphology of mammalian sperm membranes
and LEL. Both lectins preferentially bind to trimers and  during differentiation, maturation, and capacitatiognElectron Mi-
tetramers of the sugar. PHA-E is a lectin with powerful  crosc Technol. 1990;16:281-297.
red cell agg|utination properties, and it recognizes com<Cherr GN, Meyers SA, Yudin Al, VandeVoort CA, Myles DG, Primakoff
plex carbohydrates. P, Overstreet JW. The PH-20 protein in cynomolgus macaque sper-

A major structural feature of all hyaluronidases is the matozoaf !dentificgtion of two different forms exhibiting hyaluroni-
highly conserved cysteine residues, which are responsiblg, dase activityDev Biol. 1996;175:142-153. o

’ . . err GN, Yudin Al, Li MW, Overstreet JW. Hyaluronic acid and the

for disulfide bondmg (Lathmp et al, 1990; Gmachl and cumulus extracellular matrix induce increases in intracellular calcium
Kreil, 1993; Lin et al, 1993; Csoka et al, 1999). There i, macaque sperm via the plasma membrane protein PHszpte.
are 3 cysteines in the N-terminal region of PH-20, one of 1999;7:211-222.
these is linked by disulfide bonds to a cysteine in theCsoka AB, Scherer SW, Stern R. Expression analysis of six paralogous
carboxyl region, and this linkage holds the PH-20 mole- human hyaluronidase genes clustered on chromosomes 3p21 and
cule together after endoproteolytic cleavage (Lathrop et 7931.Genomics. 1999,60:356-361. , ,
al, 1990). In bee venom hyaluronidase the cysteines 2Eummmg DA. Glycosylation of recombinant protein therapeutics: control

. . and functional implications [see comment§]lycobiology. 1991;1:
and 313 are linked, and 189 and 210 are also linked, thus ;= ;49 P [ Ay v

forming an 'ntemal loop. The clustering of cystelngs InDeng X, He Y, Martin-Deleon PA. Mouse Spam1 (PH-20): evidence for
the carboxyl region of PH-20 was proposed to contribute iis expression in the epididymis and for a new category of spermato-

to the molecular structure required for close relationship genic-expressed genesAndrol. 2000;21:822-832.
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