Vol. 269,No. 51,Issue of December 23,pp. 32607-32614,
1994
Printed in U.S.A.

OF BIOLCGICAL
CHEMSTFY
THEJOURNAL
0 1994 by The American Society for Biochemistry and Molecular Biology, Inc.

The Sperm Acrosomal Matrix Contains
a Novel Member of the
Pentaxin Family of Calcium-dependent BindingProteins*
(Received forpublication, August 23, 1994, and in revised form, October 19, 1994)

Thomas D. NolandSO, Bret B. Fridafl, Maristelle

T.Maulit$

and George L. Gertonnll **

From the $Department of Cell Biology, Vanderbilt University, Nashville, Tennessee 37232 and the Departments of
TObstetrics and Gynecology and IlCell and Developmental Biology, University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania 19104

a
The sperm acrosome is a regulated secretory granule tion is coupled t o an extracellular stimulus that leads to
calcium or other second messenthat undergoes exocytosis during fertilization. To eluci- transient rise in intracellular
date the structuralorganization of the contents within gers; 2) regulated secretory products are concentrated conand
the acrosome, guinea pig sperm acrosomal apical s e g densed into secretory granules; and
3) regulated secretory cells
ments were isolated and mapped by two-dimensional store the product-filled granules for long periods of time. Repolyacrylamidegel electrophoresis (PAGE).Although markably, the dense cores of regulated secretory granules are
complex, the two-dimensional PAGE mapwasdomivery stable structures and
often can be isolated intact
following
nated by two M , 50,000 polypeptides (p50 and proacro- the disruption of the cell. Several studies have indicated that
sin), a M , 67,000 polypeptide(p67), and a M , 32,000 the condensation or aggregation of regulated secretory prodpolypeptide (sp32). Proacrosin (PI >€LO), p67, and sp32 ucts may be one of the ways that these substances are segrewere extracted from apical segments by 1 M NaC1. Progated from constitutive secretory products(2-4).
tein p50, a relatively acidic polypeptide, was not exSperm canbe consideredt o be regulated secretory cells, thus
tracted in 1 M NaCl and/or 1%Triton X-100 at 4 “C, but
was solubilized with 6 M urea. Protein p50 was purified providing a unique model for the studyof regulated secretion:
from the urea extract by elution from DEAE-Sephacel 1)secretion (i.e. the acrosome reaction) is initiated in several
with 100 m~ guanidine €IC1 and appeared homogeneous species following interaction of the sperm with theextracelluby SDS-PAGE. Antibodies to p50 were monospecific as lar coat of the egg, the zona pellucida (5);2) the contentsof the
judged by Western blot analysis. Indirect immunofluo- acrosome (the regulated secretory granule of sperm) are conrescence indicated that p50 was restricted to theacro- centrated andcondensed during spermiogenesis (6); and 3) acsomal apical segment. Incubation of apical segments at rosomal components are stored for periods of weeks as the
(7). tract
pH 7.5 in thepresence of 1m~ EDTA at 37 “Cresulted in sperm mature and are stored in the male reproductive
secretory granules of sothe release of p50 into the 200,000 x g supernatant fluid, Furthermore, similar to regulated
a process that was reversed by a subsequent incubation matic cells, the apical segments of large acrosomes from sperm
with 1.5 m~ CaCl,, but not with MgCl,. The Ca2+-depend- of certain species can be isolated intact and are suitable
for the
ent reassociation of p50 with the acrosomal apical seg- biochemical analysis of the contentsof the particulate matrix
of
ments was reversed by the addition of2.0 m~ EGTA, the acrosome and the outeracrosomal membrane (part of the
indicating that p50 binding is dependent on free Ca2+ secretory granule membrane) (8, 9).
concentrations. When acrosomal matrices were purified
In this paper,we report the purification of p50, a M, 50,000
following Triton X-100 extraction, p50was the major component of the acrosomal matrix. This protein is distinct
component, with p67, proacrosin, and sp32 as less from another M , 50,000 acrosomal protein, proacrosin, based
prominent constituents. Molecular
cloning
demonupon a number of criteria. Furthermore,p50 exhibits a reversstratedthat p50 is a unique, testis-specific member
ible, calcium-dependent association with theapical segment in
of the pentaxin family of calcium-dependent binding
vitro, suggesting that, in vivo, the distribution and solubility
proteins.
The vast majority of eukaryotic cells are involved in some
type of protein secretion. As outlined by Burgess andKelly (I),
constitutive and regulated protein secretion can exist in the
same cell, and regulated secretion can be distinguished from
constitutive secretion by three major characteristics: 1) secre-
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properties of p50 may be regulated by local concentrations of
free calcium. The primary structure of p50, as determined by
the deduced amino acid sequence encoded by the largest p50
cDNA clone and the sequences
of tryptic peptidesisolated from
the purified protein, demonstratedthat p50 is a unique, testisspecific member of the pentaxin family of calcium-dependent
binding proteins.

EXPERIMENTALPROCEDURES
Materials-Reagentsusedforelectrophoresiswereobtainedfrom
Bio-Rad.DEAE-Sephacel,Percoll,
leupeptin,pepstatin A, Freund’s
complete and incomplete adjuvants, and benzamidine HCl were from
Sigma. Female New Zealand White rabbits were purchased from Harlan Bioproducts for Science, Inc.
(Indianapolis,IN). An enhanced chemiluminescence (ECL)’ kit (Amersham Corp.) was used for Western blot
analyses. Fluorescein isothiocyanate-conjugated goat anti-rabbit IgG
was purchased from Kirkegaard and Perry Laboratories, Inc. (GaithThe abbreviations used are: ECL,enhancedchemiluminescence;
PAGE, polyacrylamide gel electrophoresis; C4BP, complement C4-binding protein.
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ersburg, MD). Guinea pigs (male, retired breeders) were purchased Indirect immunofluorescence on sperm attached to polylysine-coated
from Sasco(St. Louis, MO) or Charles River Laboratories (Wilmington, coverslips was performed by the method of Flaherty and Olson (18).
MA). TaqDyeDeoxyTM Terminator Cycle Sequencing kits were from
Proteins were separated by SDS-PAGE and electrophoretically transApplied Biosystems, Inc. (Foster City, CA).
ferred to nitrocellulose paper by the method of Towbin et al. (19) and
Purification of Guinea Pig Sperm AcrosomalApicalSegmentsprocessed as described previously using ECL procedures (20).
Epididymal spermatozoa were obtained by retrograde flushing of the
Sequencing of p5O and p67 w p t i c Peptides-For the initialcharaccauda epididymis with Dulbecco's phosphate-buffered saline, pH 7.4.
terization of p50 and p67, an acid extract of guinea pig sperm (consistSpermatozoa were centrifuged at 600 x g for 5 min, and the resulting ing mostly of solubilized acrosomalcomponents)was separated by twocell pellet was used for purification of p50. Acrosomal apical segments dimensional PAGE, and the gel was transferred to Immobilon P (20).
were isolated from guinea pig spermatozoa by modifications of the The transfer membrane was stained with Ponceau S, and the spots
methods described by Olson et al. (8)and Stojanoff et al. (9). All steps correspondingto p50 and p67 were excisedand sent for analysis to Dr.
were carried out at 4 "C.Briefly, washed spermatozoa were resus- John Leszyk (WorcesterFoundation for Experimental Biology). Tryptic
pended in buffer composed of 20 mM imidazole, pH 6.0, 1 mM EDTA, 5 peptides were generated from the transfer membranes. Individual
mM benzamidine HC1,5 pg/mlleupeptin, and 1pg/ml pepstatin A (buff- peptides were isolated by high performance liquid chromatography
er A) and homogenized with two 5-s bursts of a Polytron homogenizer and sequenced by the Edman degradation procedure. In addition,
(Brinkmann Instruments). The homogenate was centrifuged at 1000 x
N-terminal sequencing was performed directly on membrane pieces
g for 10 min, and the pellet was resuspended in buffer A and fraction- containing p50.
ated by centrifugation on a Percoll density gradient (8).Acrosomal
Isolation of cDNA Clones-A guinea pig testis h g t l l cDNA library
apical segments were collected, resuspended in buffer A, and centri- was screened for p50 accordingto standard procedures (21,22). Followfuged for 30 min at 1000 x g.
ing inoculation with phage, plates of Y1090 cells were incubated with
Preparation of Acrosomal Matrices-Acrosomal matrices were prenitrocellulose filters prewetted with 10mM isopropyl-P-D-thiogalactopypared following a modification of the procedure of Hardy et al. (10).
ranoside to induce the synthesis of the fusion protein. The filters were
Sperm were extruded from the caudae epididymides and vasa deferenremoved from the plates and incubated in 5% nonfat dry milk in Tristia by retrograde perfusion with 50 m~ sodium acetate, pH 5.2, containing 0.11 M NaC1, 5% sucrose, and 0.5 mM p-aminobenzamidine. buffered saline (20 m~ Tris-HC1, pH 7.5,0.5 M NaCl) overnight at 4 "C.
The filters then were incubated overnight with anti-p50 antibodies that
Following washing once in theperfusion buffer, the sperm were treated
with 50 mM sodium acetate, pH 5.2, containing 0.11 M NaC1, 0.625% had previously been affinity-purifiedon a column of Sepharose 4B conTriton X-100, 5% sucrose, and 0.5 m~ p-aminobenzamidine. Following jugated by the CNBr procedure to testicular proteins extracted by acid
extrusion through a 26-gauge needle three times, the majority of the (23-26). Following washing with Tris-buffered saline, the filters were
acrosomal matrices were dislodged from
the remainder of the detergent- incubated with the second antibody (horseradish peroxidase conjugated
extracted sperm. The acrosomal matrices were then purified by passing to goat anti-rabbit IgG; 15000 in 5% nonfat dry milk in Tris-buffered
the spedacrosomalmatrix suspension over a glass bead column. The saline) for 2 h at room temperature. The filters were washed, and the
antigen-antibody-horseradishperoxidase complexes weredetected with
acrosomal matrices were passed through the column; collected by centrifugation; and subsequently washed once with 50 mM sodium acetate, ECL detection reagents. Positive clones were plaque-purified, and the
cDNA inserts were subcloned into pUC19 and sequenced using Taq
pH 5.2, containing 0.11 M NaCl and 0.5 mMp-aminobenzamidine.
Purification of Guinea Pig Sperm p50-Acrosomal apical segments DyeDeoxym Terminator Cycle Sequencingkit chemistry and theappro(500-1000 pg of protein) were resuspended in 1.5 ml of buffer A con- priate primers. The products were separated by electrophoresis and
analyzed by an Applied Biosystems Model 373Aautomated sequencer.
taining 1 M NaCl and incubated for 30 min. The suspension was then
Both strands of each insert were sequenced.
centrifuged for 15 min at 200,000 x g in a Beckman TL-100 microulThe deduced amino acid sequence of p50 was analyzed with the
tracentrifuge using a TL-100.2 rotor. The supernatant fluid was discarded, and the pellet was resuspended in 1.5 ml of buffer A containing MacVectorQ molecular biology program (Kodak ScientificImaging Systems, New Haven, CT) or the MacPattern program using the Prosite
1M NaCl and 1%Triton X-100 and incubated for 30 min. Following the
incubation, the suspension was centrifuged again, the supernatant was and Blocks data bases (27).Homology searches of GenBankm and other
sequence data bases were performed using the BLAST program of the
discarded, and the pellet was resuspended in buffer A containing 1 M
NaCl. After an additional 30-min incubation, the suspension was cen- National Center for Biotechnology Information (28). Alignments were
trifuged, and the resulting pellet was resuspended in buffer A contain- created using the Clustal V program (29).The N-terminal amino acidof
ing 6 M urea. Following a 30-min incubation, the suspension was cen- mature p50 was deduced with the AnalyzeSignalase2.03 program,
trifuged, and the supernatantfluid was collected and stored at -80 "C. which predicts signal peptidase cleavages based upon the method of von
Heijne (29, 30).
In some experiments, the imidazole used in buffer A was replaced with
Northern Blot Analysis-Total RNAs (10 pg) from various guinea pig
20 mM Tris-HC1, pH 7.5 (buffer B). For ion-exchange chromatography,
urea extracts from three to four preparations of apical segments were tissues were denatured by glyoxal, separated on 1%agarose gels, and
pooled. DEAE-Sephacel(2 ml) was equilibrated in 20 mM Tris-HCI, pH transferred onto Hybond-N membranes (Amersham Corp.). The blots
by the random priming method,
7.5, 6 M urea, and 5 mM dithiothreitol (TU buffer). Pnor to application were probed with a [32PlcDNA labeled
to the column, the pH of the sample was adjusted to 7.5 with 1M NaOH and the hybridized bands were detected by autoradiography as deand made 5 mM dithiothreitol. The sample was applied to the column, scribed previously (20).
Dithiothreitol Titration-Acrosomal matrices were prepared as deand the column was washed with 10 volumes of TUbuffer. Subsescribedabove and extracted with l%acetic acid containing 50 m~
quently, the column was eluted with 5 x 2-ml aliquots of TU buffer
containing 25 mM guanidine HC1, which was followed by an additional benzamidine. The samples were then diluted in sample buffers contain10 volumes of the buffer. Finally; the column was eluted with 2-ml ing increasing amounts of dithiothreitol and analyzed by SDS-PAGE on
aliquots of TU buffercontaining 100 mM guanidine HCl until no protein a gel containing 7% polyacrylamidein the separating gel. Protein p50
was detected following immunoblotting using ECL. The membrane was
was detected in the eluate.
Protein Determination-Protein was determined by the method of then stripped by incubation at 50 "C for 30 min with 100 mM P-mercaptoethanol, 2% SDS, and 62.5 m~ Tris-HC1, pH 6.7, and reprobed with
Bradford (11)using y-globulin as a standard or by using the Pierce
bicinchoninic acid method according to the manufacturer's specifica- anti-proacrosin.
tions and employing bovine serum albumin as a standard (12).
RESULTS
ElectrophoresisSDS-polyacrylamide gel electrophoresis (PAGE)
was performed accordingt o Laemmli (13). The method of Anderson and
Boo-dimensional PAGE Polypeptide Map of Acrosomal ApiAnderson (14, 15) as described by Noland et al. (16) was used for twocal Segments- Apical segments of the acrosome weresheared
dimensional PAGE. Following electrophoresis, gels were stained with
silver by the method of Wray et al. (17). In some cases, visualization of from the sperm, isolated by gradient centrifugation, and anap50 required that previously silver-stained gels be washed extensively lyzed by two-dimensional PAGE. Several polypeptides werevisualized by silver staining, including two major components of
in methanol followed by restaining with silver.
Immunological Analysis of p50-Purified p50 (5 pg) was mixedwith M,50,000, a major componentofM, -67,000 (~671,
and a basic
an equal volume of complete Freund's adjuvant and injected subcuta- component of M, -32,000 (Fig. 1).The prominent M, 50,000
neously a t multiple sites intorabbits. At 2-week intervals, an additional
protein that formed a streak extending from the basic end of
5 pg of p5O mixed with Freund's incompleteadjuvant was administered.
After a total of 6 weeks, blood was collected fromthe ear vein, and the the gel has been identified as proacrosin based upon the folserum was screened for antibodies t o p50by Western blot analysis. lowing criteria. First, this streak reacted with antibodies to
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14FIG.1. Two-dimensional PAGE of isolated guinea pig sperm
acrosomal apical segments. Apical segments (50 pgof protein) were
solubilized in a solution containing 8.0 M urea and 8.0% Nonidet P-40
16-18 h. Subsequently,polypepand subjectedto isoelectric focusing for
tides were separatedby SDS-PAGE on 10-15% linear gradientpolyacrylamide gels. The numbers across the top of the gel denote the pH
gradient following isoelectric focusing. The positions of p50, p67, sp32,
and proacrosin (PA) are indicated. The molecular weights ( ~ 1 0 - 9of
protein standards areindicated on the left.
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FIG.2. Sequential extraction of isolated guinea pig sperm acrosomal apical segments. Apical segments (500-1000 pg of protein)

were incubatedfor 30 min a t 4 "C in thefollowing sequence of solutions:
buffer A, pH 6.0, containing 1.0 M NaCl (NaCl)(lane b ) , buffer A containing 1.0% Triton X-100( T x ) (lane d ) ,buffer Acontaining1.0 M NaCl
6.0
guinea pig proacrosin. Second, a similarly sized polypeptide and 1.0% Triton X-100 (TX+NaCl)(lane f),and buffer A containing
was rapidlyconverted to a M , 45,000 form during theacrosome M urea (Urea) (laneh).Lanes c, e, g, and i represent the same incubaexcept buffer B, pH 7.5, was substituted for buffer A. After each
reaction; both the M , 50,000 and 45,000 polypeptides cross- tions
incubation, the insoluble material was collected by centrifugation a t
reacted with anti-proacrosin(31, 32). Third,the isoelectric 200,000 x g for 5 min. An aliquot of the supernatantfluid was subjected
point exhibited by the M , 50,000 protein is consistent with the to SDS-PAGE, and the resulting pellet was re-extracted into the approin a.
reported and predicted basic isoelectric point for proacrosin priate solution. Unextracted apical segments are representedlune
The
positions
of
p50,
p67,
sp32,
and
proacrosin
(PA)
are
indicated.
The
(33).*Fourth, theM , 50,000 polypeptide possesses gelatinolytic molecular weights( x ~ O -of
~ )protein standards(unmarked left lane) are
activity following two-dimensional PAGE in theabsence of re- indicated on the left.

ducing agent (datanot shown).Protein p50, the more acidic (PI
-6.0) M , 50,000 protein, may besimilar toa protein(s) recently
detected in the acrosomal matrix or the apical segment by same manner as proacrosin. When apical segments were exothers (10, 34). Prior to restaining,p50 appeared as a translu- tracted with 6 M urea, p50 was released into the 200,000 x g
cent spot; upon washing and restainingof the gel, p50 became supernatant fluid.
intensely stained relative to the other
apical segment polypepPurification and Immunological Characterization of p50tides. The M , -32,000 protein is assumed to be proacrosin- Fig. 3 depicts the elution profile of p50 from DEAE-Sephacel.
binding protein (sp32) based upon its molecular weight, pres- The urea extract applied to the column contained p50 as a
ence in the acrosome, and isoelectric point of the C-terminal major component as well as several other bands of various
half of the sp32precursor (35). Protein p67 may be identicalto molecular weights. Fractions eluted with 100 mM guanidine
a polypeptide previously observed (10). The four major compo- HCl contained a broad band at M , 50,000 that represented
nents described above were the principal components of acro- purified p50. The breadth of the band may be indicative of
somal matrices prepared by Triton X-100 extraction and glass heterogeneous forms of p50, perhaps generated by proteolysis
bead filtration, although the relative amount sp32 was greatly
or oligosaccharide processing during purification or, possibly,
diminished (data not shown). Since the detergent used to iso- heterogeneity in protein or oligosaccharide structure. Multiple
late this structureremoves the membranous component asso- spots havebeen resolved by two-dimensional PAGE (see Fig. 1).
ciated with apicalsegments, theprotein composition of acroso- However, these spots migrate ina distinctive pattern and posmal matrices was much lesscomplex (10, 36).
sess identical silver staining properties. Similar heterogeneity
Sequential Extraction of Purified Acrosomal Apical has been observed inthe two-dimensional PAGE maps of
Segments-Following their isolation, acrosomal apical seg- polypeptides constituting the outer
acrosomal lamina of bovine
ments were extracted sequentially in
buffer A or B containing 1 spermatozoa (37).
Western blot analysis of acrosomal apical segments indicated
M NaCl; 1% Triton X-100; 1 M NaCl and 1% Triton X-100; and
finally, 6 M urea. The polypeptides present in the 200,000 x g that antibodies prepared against purified p50 were monospesupernatant fluid following each extraction were analyzed by cific. Antibodies to p50 were specific to guineapig spermatozoa
SDS-PAGE and are shown in Fig. 2. Proacrosin was extracted since immunoreactivebands of identical molecular weight were
with 1 M NaCl as reported earlier (311, and 1% Triton X-100 not detected in urea extractsof other guineapig tissues (heart,
solubilized only a limited number of proteins. Under thesecon- lung, muscle, kidney, spleen, and intestine)or in urea extracts
ditions, TritonX-100 would be expected to solubilize membrane of hamster,rat, mouse, or human spermatozoa (data not
components of the isolated apicalsegments (36). A combination shown). Indirect immunofluorescence with anti-p50 demonof these two agents extracted additional amounts
of proacrosin strated brightfluorescence in theacrosomal apical segments of
and other polypeptides. Protein p67 appeared to be largely
guinea pig cauda epididymal sperm, while none was observed
extracted by the 1M NaCl step. Proteinsp32 partitioned in the on the flagella or on sperm heads from which the apical segments had become detached (data not shown). In addition, no
fluorescence was observed on spermatozoa that hadbeen incuG. L. Gerton, H. B. Hoff, and T. Baba, unpublished data.
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FIG.3. DEAE-Sephacel chromatographyof urea extracts from
isolated acrosomal apical segments. Urea extracts werepooled and
loaded on a DEAE-Sephacel column (2 ml) equilibrated in TUbuffer.
Following elution of the column with 2-ml aliquots of the appropriate
solution, samplesof each fraction were analyzed
by SDS-PAGE. Lane 1,
aliquot of the original urea extract prior DEAE-Sephacel
to
chromatography; lanes 2 4 , fractions eluted with TU buffer containing
25 mM
guanidine HCI; lanes 7-11, fractions eluted with TU buffer containing
100 mM guanidine HCI.
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bated with secondary antibody without prior incubation with
P
anti-p50 antiserum.
Ca'+-dependent Association of p50 with Isolated Acrosomal
Apical Segments-When apical segments isolated a t pH 6.0
were shifted to pH 7.5 and incubated a t 37 "C in the presence
of 1mM EDTA, p50 was released into the200,000 x g supernatant fluid (Fig. 4, upper). This band did not represent proacrosin, which is not released into the supernatant fluid under
these conditions (31).Furthermore, proacrosin is rapidly con31c
verted to a M , 45,000 polypeptide during the time
course of this
experiment (31).The addition of 1.5 mM CaC1, resulted in a
repartitioning of p5O into the200,000 x g particulate fraction of
the apical segments.If apical segments were then incubatedfor
14an additional 10 min in presence
the
of 2.0 mM EGTA, p50 was
200,000 x g supernatant fluid.
released, quantitatively, into the
Magnesium did not substitute for calcium in promoting p50
FIG.4. Calcium-dependent association of p50 with isolated
reassociation with the particulate fraction (Fig. 4, lower). The guinea pig acrosomal apical segments. Upper, isolated acrosomal
response of p50 to changes infree calcium concentrations was apical segments were incubated under various conditions, afterwhich
time an aliquot was removed and centrifuged a t 200,000 x g for 5 min.
not limited to p50 since other polypeptides, such as p67, ap- Following each centrifugation,
supernatant fluids (S; lanes a , c, e , and
peared to exhibit a similar behavior. In the absence of apical g) and pellets ( P ; lanes 6, d , f, and h ) were collected and solubilized in
segments, calcium did not cause p50 to be redistributed into the SDS-PAGE sample buffer. Lanes a and h resulted from apical segments
200,000 x g particulate fraction (data not shown), suggesting incubated at 4 "C for 30 min. Lanes c and d were from an aliqout of a
of apical segments incubated buffer
in
B, pH 7.5, for 10 min
that the calcium-induced aggregation of p50 into an insoluble asuspension
t 37 "C. To the remaining suspensionof apical segments incubated in
state requires heterotypic interactions.
buffer B, pH 7.5, for 10 min a t 37 "C, CaCI, wasaddedtoafinal
Primary Structure of p50"Complementary DNAs encoding concentration of 1.5 mM, and the incubation was continued for a n adp50 were obtainedby screening the cDNA library with affinity- ditional 10 min at 37 "C. Following this incubation, another aliquot was
and centrifugeda s described above (lanes eand f ) . EGTA was
purifiedantibodiesdirected
against p50. These clones were removed
a final
added to the remaining apical segment suspension
to concentraconfirmed as positive by demonstrating that theyencoded the tion of 2.0 mM, and the incubation was carried outfor an additional 10
sequences of peptides generated by tryptic digestion of p50. min, afterwhich time an aliquot was
removed and centrifuged (lanesg
as
above, except
Two clones (p50-A3 (1390 base pairs) and p50-B8 (1547 base and h).Lower, apical segments were treated described
pairs)) were characterized and found to overlap in a 1364-base that MgCI, was substituted for CaCI,. Arrowheads indicate the bands
of p50.
pair region. The composite sequence was 1572 basepairs,
similar to the 1.65-kilobase transcript size detected by Northern analysis (data notshown).
(30); this would leave a mature p50 with a M , of 45,618. GlyThe cDNA sequence and deduced amino acid sequence of the cosylation probably accounts for the remainderof the apparent
open reading frame encoding p50 are shown in Fig. 5. The molecular weight as there are three sites
for N-linked glycosywhole open reading frameencodes a polypeptide moiety with a lation. The protein is rich in leucines (13.5%), which are mostly
half, including a predicted leucine
M , of 47,229 and a calculated isoelectric point of 5.1.Although clustered in the N-terminal
we have yet to obtain an amino-terminal sequence of the iso- zipper (residues 162-183). Besides the N-terminal signal seinterspersed
lated protein, the first 17 amino acids probably constitute a quence, additional hydrophobic regions are
hydrophobic signal sequence that isremoved during synthesis throughout thepolypeptide, but it is unlikely that anyof these
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Gn;GGGTTGTACGTCGGCGGGTGGCCCn;GTl‘CGGCGTT~CGGCCACTCCACn;G~TACCCCGACGGC~TGGC~TTAGTl’CGCGGG~TGA
102
GTTGAGCGCGGCGGCGGCGGCGGCAAG ATG TTG GCG CTA TTG GCC GCC GGC GTG GCG TTC GCC
GTG
GTG GTC CTG GCT CAG
Met Leu A l a Leu Leu A l a A l a G l v V a l
Ala Phe A l a V a l V a l V a l
Leu A l a G l n >

183
18

TGC CCTCTA
P r o Leu>

258
43

CCC GCG ACG CCC ATG CAG GGC GTC TCG CTG AM: CCC GAG GAG GAG CTG CGG GCC
GCC
GTG
CTG CAG CTG CGT GAG
Pro Ala T h r Pro M e t G l n G l y V a l
S e r Leu Ser Pro G l u G l u G l u
Leu Arg A l a Ala V a l Leu G l n Leu Arg G l u >

333
68

ACC GTC GTT ATG CAG AAG GAG ACG TTG GGC GCC CAG CGC GAG GCT ATT CGC
GAG
CTC ACG
AGC
AAG CTG GCG
CGC
T h r V a l V a l Met Gln Lys G l u Thr Leu G l y A l a G l n Arg G l u Ala Ile Arg G l u Leu T h r Ser L y s Leu Ala Arg>

408
93
483
118
558
143

GAC AAG CCG CTG CCC GGC
AGC

CAC TTC GTG TGC
TCG
GCA ATA CCC CCG GAG
GCG
TTG Tl‘C GCC GGC
S e r Ala Ile Pro Pro G l u A l a Leu Phe Ala G l y

Asp Lys Pro Leu Pro G l y Ser H i s Phe V a l C y a

TGC GAG GGG CTG ATG GCC GGG AAG GCG GAG TCG AGC AAG GAC
ACC
ATG
Leu M e t A l a G l y Lya Ala G l u S e r Ser L y s Asp Thr Met
GTC GTG WU: CAA CTC AGC CGC TCG CTG CAG GTT CTC AAG GAC CGT CTG
ValValGluGln
Leu Ser Arg Ser Leu G l n V a l Leu L y s Asp Arg Leu
Cy8GluGly

Cy8

GGC GAC CTG CCG CGG GAC CCT TCC CGA
G l y Asp Leu Pro Arg Asp Pro S e r A
r
p
GAG AGC CTG GAG CTT CAG CTC CGC
ACC
G l u S e r Leu G l u Leu G l n Leu Arg Thr>

A m Ala Ser Asn T h r
-

AAT GCA TCC AAC ACG GGG CTG CCC AGT GAC TTT AGA GAG
GTG
CTC CAG
CGG
CGG
CTT GGG GAG CTG GAG AGG CAG
G l y Leu Pro Ser Asp Phe Rrg G l u V a l Leu G l n Arg A r g Leu G l y G l u Leu G l u Arg Gin>

633
168

CTG CTG CGC AAA GTG GCG GAG CTT GAA GAT GAG AAG TCC CTG CTC CAC AAT GAA ACT TCC GCT CAC CAG CAA AAG
Leu Leu Arg L y a V a l A l a G l u Leu G l u A s p G l u L y s Ser Leu Leu His E G l u Thr Ser A l a H i s G l n G l n L y a >

708
193

ACT GAG AAC ACC CTG AAT GCA CTG CTG CAG AGG GTG ACT GAA CTG GAG
GGC AAC AGT GCA TTT AAG TCT CCA
ThrGluAsnThr
Leu A s n Ala Leu Leu G l n Arg V a l Thr G l u Leu G l u Arg G l y Asn Ser A l a Phe L y s Ser Pro>

783
218

GAT GCA TTC AAA GTG TCC CTCCCC
TTC CGC ACC AAC TAC CTA
Asp Ala Phe L y s V a l Ser Leu P r o Phe Arg T h r Aan Tyr Leu
TAT TCC TTC ACC ATC TGC CTG TGG CTG CGG TCC AGC GCC TCA
Tyr Ser Phe Thr Ile C y s Leu T r p Leu Arg Ser Ser A l a S e r

TAT GGC
AAG
ATC A X AAG ACG CTG CCA GAA CTA
Tyr G l y L y s Ile L y s L y s Thr Leu Pro G l u Leu>

858
243

CCA GGC ATT GGC
ACC

CCA TTC TCC TAT GCC GTA
Pro Phe Ser Tyr A l a V a l >

933
268

CCT GGG CAG GCT AAT GAG ATT GTG CTG ATA GAG
TGG
GGT A X AAC CCC ATC GAG CTG CTC ATC AAT GAC A X GTT
p r o G l y ~ l Anl a Asn G l u Ile V a l Leu Ile G l u T r p G l y Asn Asn Pro Ile G l u L e u Leu Ile A s n Aap L y a V a l >

1008
293
1083
318
1158
343

Pro G l y Ile G l y T h r

GCA CAG CTG CCC CTG TTT GTC AGT GAT GGC A?& TGG CAC CAT ATC TGC A X ACC TGG
ACG
ACA CGG GAT GGC CTG
A l a G l n Leu Pro Leu Phe V a l Ser Asp G l y L y s T r p H i s 8 x 8 Z I S CY# 1
I
s RIR TRP !JWR RIR Arg Asp G l y Leu>

TGG GAG GCT TlC CAG GAT GGA GAG A S CTT GGC ACT GGG GAG AAC CTG GCA CCC TGG CAC CCC ATC AAG TCA GGA
T r p G l u A l a Phe G l n A s p G l y G l u L y s
Leu G l v T h r G l v G l u A s n
Leu Ala Pro Trr, H i s Pro Ile L y s S e r G l v >
GGG GTG CTG ATC CTT GGA CAG GAG
CAG

GAC ACT GTC GGG GGC AGA TTT GAT GCC ACA CAG
GCG
G l v V a l Leu Ile Leu G l v G l n Glu G l n A ~ DThr V a l G l v G l v Arq Phe AsD A l a T h r G l n A l a

TTC GTG GGA GAG
Phe V a l G l v G l u >

1233
368

CTC AGC CAG TTC AAC ATC TGG GAC CGT GTC CTT CGC CCG CAG GAA ATT AGC AAC ATC GCC
AAC
TGC
K C TTA AAC
Leu Ser G l n Phe Asn Ile TLP A ~ DArq V a l Leu Arg Pro G l nG l u Ile Ser Asn Ile Ala
Cys S e r Leu a n >

1308
393

ATG GCA GGC AAC A X ATC CCC TGG GTA GAC AAC AAT
GTG
GAT
GTG
M e t Ala G l y A n n Ile Ile pro T r p V a l Asp A s n A s n V a l A s p V a l

1383
418

TTT GGA GGG GCT TCC
TGG CCG GTG GAG
Phe G l y G l y A l a Ser L y s T r p Pro V a l G l u >

TAACCPCCTTCTCCGTCTAGGAGGCCAGGXCAGGCTGTCTCTATGGGGATATCAGAACCXT
Asp Leu>

ACG TGT GAG GAG CGC CTT CTG GAC TTG

Thr Cys Glu Glu

Arg LeuLeu

1471

T A C T C C C C A G C T G G A C T C T G T T A A A C C T C T T G C C C C A G T ~ ~ A C C C ~ C C C A T T C C C ~ G A A ~ T C T A A G A A T T T C T A ~ T G1572
TT~

FIG.5. Deduced amino acid sequence of p50 showing the pentaxin domain. Complementary DNAs were isolated and characterized as
described under “Experimental Procedures.”Translation of the largest open reading frame yielded an amino acid sequencecontaining each of the
four sequences determined from tryptic peptides of p50 (single underlined).The two longest peptides (residues 342-358 and 359-376) were from
a continuous region. The pentaxin family signature is denoted by boldface italics, the dotted underlined sequence is the predicted signal sequence,
and the double underlined residues are potential sites for asparagine-linked glycosylation.

would constitute a transmembrane domain (data not shown).
Analysis by the BLAST program demonstrates that the C-terminal halfof the molecule is highly homologous to the pentaxin
family of proteins, which includes the M , -25,000 C-reactive
protein, serum amyloid P-component, and Limulus lectin as
well as two newly described M , -50,000 members: PTX3/
TSG-14 and XL-PXN1 (38-40). Reid and Blobel (41) have also
isolated clones encoding apexin (GenBankm accession number
identical to p50. They provide
U13236), a protein that is almost
a more extensive comparison of sequence homologies to other
pTx3 is
pentaxins. Forsimplicity, only an alignment to human
provided here to illustrate the
conservation of structure within
the C-terminal pentaxin domain (Fig. 6). Although fairly distinct, the N-terminal halves ofPTX3A’SG-14 and p50 bear
some similarity to each other.
Oligomerization of p5O-The homology of p50 to pentaxins
suggested that this protein forms pentamers or higher order
oligomers. In addition, other studies have
indicated that an
acrosomal matrix protein ofM, -50,000 forms large aggregates
in the absence of reducing reagents (10, 34). To examine this
possibility, acrosomal matrices were prepared according to the
method of Hardy et al. (10)and incubatedwith increasing concentrations of dithiothreitol prior to SDS-PAGE. As shown in
Fig. 7, p50 barely penetrated gels containing 7% polyacrylamide in the absence of dithiothreitol ( M , s>200,000).With increasing amountsof reducing agent, progressively smaller molecular weight aggregates (M,-200,000, -100,000, and
50,000) were formed until all of the protein was detected as

M , 50,000 monomers. Proacrosin, on theotherhand,ran
as a monomer ( M , 50,000) under reducing or nonreducing
conditions.
Protein p67“To analyze p67, acrosomal matrix proteins
were separated by SDS-PAGE and transferred toImmobilon P
membranes.Theproteins
weredetected
by staining with
Ponceau S, and the bandcontaining the M , 67,000 protein was
excised and submitted for tryptic peptide sequencing. Three
peptides were obtained by this method, one of which did not
produce any sequence. The other two peptides gave the sequences of MALEVYK and LSLEIEQLEKEKY. A BLAST
search of the nonredundant data bases of GenBankTMdemonstrated that these peptides were highly homologous to contiguous
regions
inhuman
complement C4-binding protein
(C4BP), divergingonly at the last4 amino acids( K E K Y in p67
and LQRD in human C4BP). We were unable to obtain any
sequence information from the intact protein, suggesting that
the N terminus may be blocked.
DISCUSSION

The characterization of the sperm acrosomal matrix is significant because, in specific terms, a properly functioning acrosome is essential for fertilization to occur, and in a general
sense, the resultsfrom this study may have an impacton the
understanding of regulated secretion in other tissues. On a
functional level, the components of the acrosomal matrix could
be involved in at least three important processes: acrosome
biogenesis, the release of substances during the acrosome re-
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compartment such as an immature secretory granule where it
is released. This model implies either a peptide-based sorting
signal or, perhaps, a carbohydrate moiety similar to themannose 6-phosphategroup of soluble lysosomal enzymes. Our
3:;
analyses to dateof four acrosomal components (proacrosin,acrogranin,
p50, and proacrosin-binding protein) have yetto deG K A E S S K D T M G D L P R D P S Q ~ R S L Q V L I ( D R G E S L E 149
ATDDVLRGEW-SmA------------PGAPAEAR 112 tect amino acid homologies that could be candidate targeting
;E3
I I II I
I I’l
*l*l
IIII
sequences. The second model proposes that sortingdomains of
LF’SDFR~~WRRU;ELERQWLEDEKSLLHNETSAHQQKTENTLN199
P50
regulated secretory proteins help to assemble these ‘compoPTx3 LTSALDELLQA-----TRDA-GAEMRPEEAG---R&A&m
154
nents into dense cores. In subsequent steps, the aggregate inI *I**
I +* I* I
I‘l I I + l I I
*I
teracts with membrane proteins of the secretory granule. Ac~ ~ Y ~ ~ - ~
~ 5 0 A L L Q R V T E L E - - - - R G N S P ~ ~ S ~243
cording to thismodel, only one member of the dense core needs
PTx3 E L R Q ~ L H n V p G w A A R s W L P A G C E T A I L F P M R S X K I F 204
*
II*I
II I Ill
I I * * l l II* I
* ’
to interact with the membrane. All other components could
their way into the secretory gr%nule through
Y S F T I C L W L R S S A S P G I G T Y A ~ 293
~ ~ ~ ~then
~ ~ “piggyback”
I ~ ~
;E3
ESFSACIWWATDVLNKTILFSYGTKRNPYEIQLY-LSYQSIVFWGm 253
their interaction with the core. The demonstration that p50
**I * I * l I I I
***I
I I **
I II* I l l I
becomes particulate when incubated with calcium and apical
~ 5 0 AQLFT”FVSDGIWHHICITWTTRDGLwEAFpDGEKL0KIK 341
segments indicates that this
protein may be an importantcomPTx3 N K L V A E A M V S I X ; R W T H L C G T W N S E E G L T S L W V N G E L A A T 303
I*
Ct *
tt
ponent
of
the
aggregation
process.
The p50 oligomer would also
I I
I *I *I * *
It*
I
be
expected
to
be
multivalent.
The
fact that
EDTA-released p50
SccvLIIGQEQDT--VGGFPDATQAFVGELSQFNIWDF?LP.PQEISNIA- 388
P50
PTx3 E G G I L Q 1 G Q ~ G C C V G G G F D E ~ S G R L n ; F N I w D S v L353
does not become particulate when calcium is added in the ab**I* l**tlI
* + + ** ** * I +**** +* I** I I
sence of apical segments suggests that
p50 interacts with other
--NCSLNMAGNIIPWVDNNMVFGGASKWPVETCERLLDL
427
factors (e.g.piggybacking with other matrix proteins
or directly
;E3
AESC--HIRGNIVGWGVTEIQPHGGAQYVS
381
binding
the
outer
acrosomal
membrane).
Since
pentaxins
are
I * I I ***I
I l l ***
known to bind to a variety of substances, including membranes,
FIG.
6. Comparison of the sequence of p50 with human PTX3.
carbohydrates, and proteins such as C4BP (43-49, there may
The sequence of p5O was aligned with humanFTX3 (GenBankTMaccesbe multiple ligands for the calcium-induced reassociation of
sion number X63613) using the Clustal V program. Asterisks indicate
p50 with apical segments in the presence of calcium.
the positions of identical amino acid residues. Vertical bars indicate
conservative substitutions identified by the computer program, and
Compartmentalization of the acrosome into ”soluble” or “pardashes indicate gaps used to align the sequences.
ticulate” compartments has been proposed as an important
means for regulating the noncoordinate release of different
rnM DTT
components following the acrosome reaction (10, 31, 46-52).
0.0 0.01 0.05 0.1 0.5
1.0
For example,autoantigen 1, hyaluronidase, anddipeptidyl peptidase I1 are free to diffuse from the spermat the outsetof the
acrosome reaction, whereas the release of acrosin appears to
require proteolysis of the acrosomal matrix, with the consequence that acrosin remains associated with the sperm for a
relatively much longer period of time. Compartmentalization of
the acrosomal components of mature guinea pig sperm has
been demonstrated by morphological, immunohistochemical,
and biochemical methods. The guineapig acrosome consists of
68.
the large apical segment that extends past the nucleus, the
principal segment (a thin, perinuclear, posterior acrosomal region), and the equatorial segment that delimits the posterior
43 boundaries of the acrosome and encircles the nucleus (7, 5355). In matureepididymal sperm, three zones of differing elec0.0 0.01 0.05 0.1
tron density can be distinguished: the electron-lucent dorsal
bulge (Ml), a zone of intermediate electron density (M2), and
O - O a
IProacrosin
the most electron-dense ventral region (M3) (8). By enzyme
43 histochemistry, dipeptidyl peptidaseI1 has been localized in the
FIG.7. Western blot analysis of p50 from isolated guinea pig
acrosomal matrices treated under reducing and nonreducing M1 zone (56). Using electron microscopic immunocytochemisconditions. Acrosomal matrices were analyzed by SDS-PAGE on a gel try, autoantigen 1 was found to be distributed throughout the
containing 7%polyacrylamide. Each lane contained 5 pg of protein with
whole acrosome with a slightly higher concentration in the
the indicated concentrations of dithiothreitol ( D m ) After
. blotting to denser regions, while proacrosin was localized almost exclunitrocellulose, the membrane was probed with anti-p50 and processed
using ECL procedures. After probing withanti-p50,the
blot was sively in the most electron-dense regions (M2 and M3) of the
acrosome (10). Both autoantigen 1 and proacrosin were found
stripped and then reprobed with anti-proacrosin. Proacrosin was always detected near M,50,000, while p50 could be found in high molec- in theprincipal segment, but neither
was localized in the equaular weight complexes until the dithiothreitol level reached 1 mM.
torial segment of the acrosome. Biochemically, proacrosin remains associated with the particulate acrosomal matrix when
action, or the fertilization process itself.
guinea pig sperm are preparedby extraction of caput epididynonionic detergent Triton X-100(10).Other
Acrosome biogenesis is initiated during meiosis and peaks mal sperm with the
during spermiogenesis, the haploid phase of spermatid differ- acrosomal proteins such as dipeptidyl peptidase11, autoantigen
entiation (7). Considering the acrosome as a regulated secre- 1, and hyaluronidase partition into the soluble fraction using
tory granule, two current models could be evaluated for the these conditions.
targeting of acrosomal proteins to theacrosome (42). The first
Recently, two other studies have examined proteins similar
model proposes that a “sortase” in the trans-Golgi network
to those described in this study. While our study was being
binds to the acrosomal protein and carriesit to an intermediate concluded, Westbrook-Case et al. (34) published theinitial
P50
PTx3

+

+
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characterization of AM50, a protein of the apical segment of
guinea pig sperm. This protein is restricted to the ventral domain (M3)of the acrosomal matrix and isproteolytically processed during theacrosome reaction. AM50 and p50 have many
properties in common such as their localization within the acrosome, the samemonomer molecular weight, and aggregation
into a high molecular weight complex in the absenceof reducing agent. Studies currently in progress indicate that AM50
and p50 a r e i d e n t i ~ a l , ~ a n d f u tinvestigations
ure
will identify
the proteolytic cleavagesite of theAM50 (p50) protein resulting
from the acrosome reaction. In the accompanying paper, Reid
and Blobel (41) havecloned cDNAs encoding a protein, apexin,
identified by its interaction with fertilin(PH-301, a disintegrin
implicated insperm-eggplasmamembrane
fusion. The deduced amino acid sequence of apexin is identicalt o that of p50,
except that apexin lacks2 amino acids(Gln14' and Leu'41) found
in our sequenceof p50. Our group hassequenced a total of four
clones through this region and have not found any variation
However, variationsinthe
from our nucleotidesequence.
amino acid sequences deduced from p50 cDNA clones could
account for some of the heterogeneity seenby electrophoresis.
The primary structure of p50 helps t o explain the calciuminduced aggregation of p50 with the acrosomal matrix since
pentaxins are calcium-dependent binding proteins. Until recently, the smaller, M , -25,000 pentaxins (C-reactive protein,
serum amyloid P-component, and limulin) had been the only
known membersof this family of proteins. Withthe discovery of
PTX3PTSG-14, n - P X N 1 , a n dp50, a second group of pentaxins
with M , values around 45,000-50,000 is now known, suggesting that the pentaxins might constitute a larger family than
had been previously appreciated (3840). Our description of
p50, however, represents the first purification of a larger penor
taxin. Since otherpentaxinsaremultimers(pentamers
higher order oligomers), it was predicted and demonstrated
that p50 aggregates into a large complex(es) in the absenceof
reducing agents. The unique N-terminal half
of p5O is interesting since theleucine zipper region may be involved in binding
to other protein molecules. Computer modeling of this region
and otherleucine-rich areas of the N-terminal halfof p50 suggests that these regions may form amphipathic helices (data
not shown).
The pentaxin homology also suggests that p50 may bind to
other molecules such as carbohydrates, phosphorylcholine or
phosphorylserine, and other proteins
(43-45). Binding of a multimeric p50 complex to other acrosomal glycoconjugates could
provide a mechanism for the aggregation andpossible sorting
of acrosomal components during acrosome biogenesis. The post o establish the domain
sible lipid binding properties may help
characteristics of the acrosomal matrix if p50 preferentially
binds the lipids on the ventral aspect of the apical segment
outer acrosomal membrane. Serum pentaxins are
known to
interact specifically with serum C4BP to form high molecular
weight complexes (44). Thus, the observation that
p67 contains
peptide regions homologous to human C4BP is very exciting
and suggests that
one feature of acrosomal matrix organization
may be the complexation of p50 with p67 in a manner analogous to serum amyloidP-component-C4BP interaction^.^ In
other studies, a guinea pig sperm protein of M , -50,000 has
been identified a s a zona carbohydrate-binding molecule (57,
58). This protein was originally characterized as proacrosin,
but these experiments warrant a reassessment in light of the
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fact that proacrosin and p50 comigrate on reducing SDS-PAGE.
In themouse, a M , 56,000 protein (sp56) has beenisolated from
sperm on the basis of its specific interaction with the zona
pellucida (59).Tryptic peptides of sp56 have been sequenced
and are homologous to murine C4BP (60). Future studies will
examine the relationship
of p67 to mouse sp56,the interactions
between p67 and p50, and the abilities of these proteins to
interact with thezona pellucida of guinea pig eggs.
Acknowledgments-We acknowledge Linda S. Davis and Kenneth
Andrejko for excellent technical assistance. We also thank Drs. James
Foster, Stuart Moss, and Carl Blobel for advice on this manuscript. We
are also grateful to Dr. Blobel for sharing dataconcerning p50 (apexin).
REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

M. T. Maulit, G . E. Olson, and G. L. Gerton, unpublished data.
Preliminary characterization indicates that the M , 75,000 protein
observed by Reid and Blobel (41)is distinct from the M , 67,000 protein
of this study (B. B. Friday, C. P. Blobel, and G. L. Gerton, unpublished
data).

39.
40.
41.

Burgess, T. L., and Kelly, R. B. (1987)Annu. Reu. Cell Biol. 3, 243-293
Tooze, S. A. (1991) FEES Lett. 285,220-224
Tooze, S. A. (1992) Semin. Cell Biol. 3, 357-366
Tooze, J.,Kern, H. F., Fuller, S. D., and Howell, K. E. (1989)J. Cell Biol. 109,
35-50
Kopf, G. S., and Gerton, G. L. (1991) Elements of Mammalian Fertilization
(Wassarman, P. M., ed) Vol. 1, pp. 153-203, CRC Press, Inc.,Boca Raton, FL
Courtens, J. L. (1978) J . Ultrastruct. Res. 65, 182-189
Eddy, E. M., and OBrien, D. A. (1993) in The Physiology of Reproduction
(Knobil, E., and Neill, J., eds) 2nd Ed., pp, 29-77, Raven Press, New York
Olson, G. E., Winfrey, V. P., Winer, M. A,, and Davenport, G. R. (1987) Gamete
Res. 17, 77-84
Stojanoff, A,, Bourne,H., Andrews, A. G., and Hyne, R. V. (1987) Gamete Res.
17,321-332
Hardy, D. M., Oda, M. N., Friend, D. S., andHuang, T. T. F., Jr. (199l)Biochem.
J. 275,759-766
Bradford, M. M. (1976)Anal. Biochem. 72, 248-254
Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, R. H.,
Provenzoano, M. D., Fujimoto, E. K.,Goeke, N. M., Olson, B. J., and Klenk,
D. C. (1985)AnaL Biochem. 1 5 0 , 7 6 4 5
Laemmli, U. K. (1970)Nature 227, 680-685
Anderson, N. G., and Anderson, N. L. (1978)Anal. Biochem. 85, 331-340
Anderson, N. L., and Anderson, N. G. (1978)AnaL Biochem. 85,341-354
Noland, T. D., Abumrad, N. A., Beth, A. H., and Garbers. D. L. (1987) Biol.
Reprod. 37, 171-180
Wray, W., Boulikas, T., Wray, V. P., and Hancock, R.(1981)AnaLBiochem. 118,
197-203
Flaherty, S. P., and Olson, G. E. (1988)Anat. Rec. 220, 267-280
Towbin, H., Staehelin, T., and Gordon,J. (1979)Proc. Nutl. Acad. Sci. U. S. A.
76,43504354
Camera, A,, Gerton, G. L., and Moss, S . B. (1994)Deu. Biol. 165, 272-284
Kashiwabara, S., Baba, T., Takada, M., Watanabe, K., Yano, Y., and Arai, Y.
(1990) J. Biochem. (Tokyo) 108, 785-791
Baba, T., Hoff, H. B., 111,Nemoto, H., Lee, H., Orth, J.,Arai, Y., and Gerton,G.
L. (1993) Mol. Reprod. Deu. 34, 233-243
Anakwe, 0.O., Sharma, S., Hardy, D. M., andGerton, G.L. (1991) Mol.
Reprod. Deu. 29, 172-179
Fuller, S. A,, Takahashi, M., and Hurrell, J. G. R. (1991) in Current Protocols
in Molecular Biology (Ausubel, F. M., Brent, P., Kingston, R. E., Moore, D.
D., Seidman, J. G., Smith, J.A., and Struhl, K., eds) pp. 11.11.1-11.11.5,
GreeneNiley-Interscience,New York
Springer, T. A. (1991) in Current Protocols in Molecular Biology (Ausubel, F.
M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G . , Smith, J. A,,
and Struhl, K., eds) pp. 10.16.1-10.16.11, Greenemiley-Interscience, New
York
Hardy, D. M., Wild, G. C., and Tung, K. S. K. (1987) B i d . Reprod. 37, 189-199
Fuchs, R. (1991) Comput. Appl. Biosci. 7, 105-106
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990)
J . Mol. Biol. 215, 403410
Von Heijne, G. (1986)Nucleic Acids Res. 14, 46834690
Higgins, D. G., Bleasby, A. J., and Fuchs, R. (1992) Comput. Appl. Biosci. 8,
189-191
Noland, T. D., Davis, L. S., and Olson, G. E. (1989)J. Biol. Chem. 264, 1358613590
Anakwe, 0.O., Sharma, S., Hoff, H. B., Hardy, D. M., and Gerton,G. L. (1991)
Mol. Reprod. Deu. 29, 294301
Adekunle, A. O., Arboleda, C. E., Zervos, P. H., Gerton, G. L., and Teuscher, C.
(1987) Biol. Reprod. 37, 201-210
Westbrook-Case, V.A., Winfrey, V. P., and Olson, G. E. (1994) Biol. Reprod. 51,
1-13
Baba, T., Niida, Y., Michikawa, Y., Kashiwabara, S., Kodaira, K., Takenaka,
M., Kohno, N., Gerton, G. L., andArai,Y. (1994)J. Biol. Chem. 269, 1013310140
Huang, T. T. F., Jr., Hardy, D., Yanagimachi, H., Teuscher, C., Tung, K., Wild,
G., and Yanagimachi, R. (1985) Biol. Reprod. 32, 451462
Olson, G. E., Winfrey, V. P., Garbers, D. L., and Noland, T.D. (1985) Biol.
Reprod. 33,761-779
Breviario, F., d'Aniello, E. M., Golay, J., Pen, G., Bottazzi, B., Bairoch, A,,
Saccone, S., Marzella, R., Predazzi, V., Rocchi, M., Della Valle, G . , Dejana,
E., Mantovani,A., and Introna,M. (1992)J . Biol. Chem. 267,22190-22197
Lee, G. W., Lee, T. H., and Vilcek, J. (1993) J. Immunol. 150, 1804-1812
Seery, L. T., Schoenberg, D. R., Barbaux, S., Sharp, P. M., and Whitehead, A.
S. (1993) Proc. R. Soc. Lond. B Biol. Sci. 253, 263-270
Reid, M., and Blobel, C. P. (1994) J. Biol. Chem. 269,32615-32620

32614

AcrosomalCa2+-binding
Matrix
Pentaxin
Protein

42. Chidgey, M. A. J. (1993)BioEssays 16, 317-321 52.
Green, D. P. L., and Hockaday, A. R. (1978)J. Cell Sci. 32, 177-184
Fawcett, W.,
D.
and Hollenberg, R. D. (1963)Z. Zellforsch. 60, 276-292
43. Kolb-Bachofen, V. (1991)Immunobiology 183, 133-145 53.
44. Garcia deFrutos, P., and Dahlback, B. (1994)J. Immunol. 152, 2430-2436 54. Fawcett, D. w. (1975)in The FunctionalAnatomy of the Spermatozoon
45. Tennent, G. A,, and Pepys, M. B. (1994)Biochern. SOC.
Dans. 22,7679
(Afzelius, B. A., ed) pp. 199-210,PergamonPress, Oxford
55. Fawcett, D. W. (1975)Deu. Biol. 44,394-436
46. Noland, T.D. (1990)Biol. Reprod. 42, 252-259
56. Talbot, P., and DiCarlantonio, G. (1985)J. Histochern. Cytochem. 33, 116947. Talbot, P.. and Franklin, L. E. (1974)J. Reprod. Fertil. 39. 429-432

81-88
50. DiCarlantonio, G., and Talbot, P. (1988)Gamete Res. 21, 425438
51. Green,
P. D. L. (1978)J. Cell Sci. 32,153-164

.

,

5563-5567
60. Chena, A,. Le, T..Palacios, M.. Bookbinder. L. H., Wassarman, P. M., Suzuki,
F.,and Bleil, J. D. (1994)J. Cell Biol. 125,867-878

