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ABSTRACT

ESP1/SPESP1 is a testis-specific, postmeiotic gene expressed
in round spermatids that encodes equatorial segment protein 1,
an intra-acrosomal protein found in the acrosomal matrix and on
the luminal surface of the inner and outer acrosomal membranes
within the equatorial segment domain of mature spermatozoa. A
comparison of testicular protein extracts with caput, corpus, and
caudal epididymal sperm proteins revealed striking differences
in the apparent masses of SPESP1 isoforms. The predominant
isoforms of SPESP1 in the testis were 77 and 67 kDa, with 47-
kDa forms present to a minor degree. In contrast, SPESP1
isoforms of 47 and 43 kDa were found in caput, corpus, and
caudal sperm, indicating that SPESP1 undergoes noticeable mass
changes during spermiogenesis and/or subsequent transport to
the epididymis. On two-dimensional (2D) SDS-PAGE, testicular
SPESP1 isoforms resolved as a train of pl values from 4.9 to 5.2.
Immunoprecipitated 77-kDa SPESP1 from testis reacted with the
glycoprofile stain after one-dimensional and 2D gel electropho-
resis, indicating that the 77-kDa testicular isoform was highly
glycosylated. One charge variant of the 67-kDa isoform was also
glycoprofile positive after 2D gel resolution. The 47- and 43-kDa
isoforms of SPESP1 from epididymal sperm did not stain with
glycoprofile, suggesting an absence of, or few, glycoprofile-
sensitive glycoconjugates in epididymal SPESP1. Treatment of
testicular extracts with a variety of glycosidases resulted in mass
shifts in immunoreactive SPESP1, indicating that testicular
SPESP1 was glycosylated and that terminal sialic acid, N- and
O-glycans were present. A mixture of deglycosidase enzymes
(including PNGase-F, neuraminidase, betal-4 galactosidase,
endo-alpha-N-acetylgalactosaminidase, and beta N-acetyl-glu-
cosaminidase) completely eliminated the 77- and 67-kDa
SPESP1 bands and resulted in the appearance of 75-, 60-, 55-,
50-, 47-, and 43-kDa forms, confirming that both the 77- and 67-
kDa testicular forms of SPESP1 contain complex carbohydrate
residues. Treatment of caudal epididymal sperm with PNGase-F
enzymes showed a faint deglycosylated band at 30 kDa, but
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neuraminidase did not result in any molecular shift, indicating
that epididymal sperm SPESP1 did not contain sialic acid/N-
acetylglucosamine residues. These findings are consistent with
the hypothesis that SPSPESP1 undergoes significant glycosylation
in the testis and that the majority of these glycoconjugates are
removed by the time sperm reach the caput epididymis. Studies
of the fate of SPESP1 after the acrosome reaction localized
SPESP1 to the equatorial segment region in both noncapacitated
and capacitated, acrosome-reacted sperm. During capacitation,
SPESP1 underwent proteolysis, resulting in a 27-kDa fragment.
Zona-free oocytes incubated with recSPESP1 protein showed
complementary binding sites on the microvillar oolemmal
domain. Both recSPESP1 and anti-recSPESP1 antibody inhibited
in vitro fertilization.

acrosome, acrosome biogenesis, acrosome reaction, capacitation,
deglycosylation, equatorial segment, equatorial segment protein,
glycoprotein, glycosylation, oocyte, proteolysis, sperm,
spermatogenesis, SPESP1, testis

INTRODUCTION

In the fertilization cascade, capacitated sperm first bind to
the ovum’s extracellular matrix, the zona pellucida (an event
termed primary binding), and subsequently undergo the
acrosome reaction, an event involving exocytosis of the
anterior acrosome, leaving intact the structurally stable
equatorial segment. After the acrosome reaction, sperm burrow
a fertilization channel through the zona pellucida, interacting
with zonal proteins in an event termed secondary binding, and
enter the perivitelline space, where the sperm’s equatorial
segment is thought to bind with the egg plasma membrane
(tertiary binding) and where the sperm and egg membranes
undergo fusion, leading to sperm internalization and eventual
syngamy [1]. The equatorial segment is a specialized region of
the acrosome comprised of two subdomains: a region where
inner and outer acrosomal membranes are closely opposed (the
region of tight apposition), and a region where the inner and
outer acrosomal membranes are not tightly apposed (the
terminal equatorial bulb, containing acrosomal matrix). Based
on electron microscopic observations of fertilization, the
plasma membrane overlying the equatorial segment has been
regarded as the classical site where fusion between the sperm
and oolemma initiates in mammals [1-3].

Equatorial segment protein 1 (SPESP1) was first cloned and
characterized in humans [4], and it has been shown to be
involved in sperm-egg fusion [5]. Anti-SPESP1 antibodies
inhibited sperm-egg fusion in mice [6], and sperm from mice
bearing a targeted disruption of the SPESP1 gene showed a
reduced ability to fuse with oocytes [7]. SPESP1 is an
acrosomal matrix protein that is concentrated in the equatorial
segment of mature sperm [4]. The protein is expressed
selectively postmeiotically in round spermatids during acro-
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some biogenesis. A defined electron-lucent equatorial segment
subdomain within the acrosomal matrix of human sperm may
be identified as early as the acrosomal vesicle stage (Golgi
phase) of acrosome biogenesis using SPESP1 as a biomarker
[4], allowing the equatorial segment subdomain to be traced
through various phases of acrosome formation, including
Golgi, cap, acrosome elongation, and acrosomal matrix
condensation, during the steps of spermiogenesis [4].

The plasma membrane overlying the equatorial segment has
been studied in mice, rats, and humans using freeze-fracture
[8-10], surface replica [11], and atomic force microscopy
techniques [12], revealing structural features that distinguish it
from the plasma membrane overlying the anterior acrosomal
and postacrosomal domains. The remarkable molecular
architecture of the region of tight apposition within the
equatorial segment is characterized by a heterogeneous
population of both small and large intramembranous particles
[8].

Several molecules have been localized to the equatorial
segment [13] domain (lying within the acrosomal matrix, inner
and outer acrosomal membranes, adjacent cytoplasm, and/or
overlying plasmalemma), including CALMI [14], actin [15,
16], annexins ANXA1 and ANXA2 [17], and heat shock
proteins HSPA1A (Hsp70) and HSP90OAA1 (Hsp90) [18, 19].
Molecules that mediate fusion have generally been considered
to be localized in the plasma membrane overlying the
equatorial segment or possibly within the exposed acrosomal
matrix that occupies the cleft in acrosome-reacted sperm
between the inner and outer acrosomal membranes of the
equatorial segment. Because sperm are not able to fuse with the
egg before the acrosome reaction, the molecules responsible for
fusion likely are not available in a fusigenic state on the
membrane overlying the equatorial segment of noncapacitated,
nonacrosome-reacted sperm.

One protein has been identified as being restricted to the
sperm and unique to the equatorial segment. The equatorin
protein (MN9 antigen) was identified in mice and found to be
conserved in mammals, including humans, and selectively
localized to the equatorial segment region of mature sperm
[20]. Gametes incubated with anti-equatorin (MN9 antibody)
showed defective fertilization. In particular, sperm-egg
fusion and release of cortical granules and early egg
activation were especially affected; however, no effects were
seen on zona pellucida binding or zona penetration [21]
either in vivo or in vitro [22]. Electron microscopic studies
led to the conclusion that during the acrosome reaction,
equatorin translocates to the plasma membrane overlying the
equatorial segment [23].

To date, investigations of SPESP1 have focused on the
molecule’s temporal appearance during spermiogenesis and the
role of SPESPI in sperm-egg interaction and fertilization, but
to our knowledge, detailed biochemical characterization of
SPESP1 protein isoforms has not been reported. In contrast to
previous studies [7] that concluded SPESP1 is no longer
detected in the equatorial segments of acrosome-reacted sperm,
the present study provides evidence that SPESP1 is localized in
the equatorial region of mouse spermatozoa and is retained in
this domain during capacitation and following exocytosis of the
anterior acrosome. Importantly, mouse SPESP1 is shown to be
polymorphic and highly glycosylated and to undergo deglyco-
sylation before sperm reach the epididymis, leading to a new
hypothesis that acrosome biogenesis is accompanied by
deglycosylation. This hypothesis may have broad significance
for understanding the basic cell biology of luminal condensa-
tion of some types of secretory vesicle proteins.
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MATERIALS AND METHODS

Cloning and Expression of Murine SPESP1 from Mouse
Testicular cDNA

Utilizing the human SPESP1 (hSPESPI1) gene, the National Center for
Biotechnology Information Basic Local Alignment Search Tool (BLAST)
database was queried, and a murine transcript (accession no. AK015620)
demonstrating 81% homology to the hSPESP1 gene was found. Two gene-
specific primers designed from the nucleotide sequence were used to amplify
by PCR the full-length murine SPESP1 (mSPESP1) from a mouse testis cDNA
library (BD Biosciences Clontech). PCR products were separated on agarose
gels, and bands of expected molecular sizes were gel eluted and subcloned in
pCR2.1 TOPO vector (Invitrogen). Multiple cDNA clones were sequenced in
both directions using vector-derived primers on a PerkinElmer Applied
Biosystems DNA sequencer (Biomolecular Research Facility, University of
Virginia). Expression of a recombinant SPESP1 (recSPESP1) protein with a C-
terminus His tag was achieved by designing both forward and reverse gene-
specific primers containing Pcil and Xhol restriction sites, respectively, and
amplifying the mature form of mSPESP1 lacking the signal peptide from the
previously isolated mouse testis ¢cDNA library transcript. The Pcil site
simultaneously contains an ATG start codon and a “‘sticky-ended,” ligation-
compatible Ncol site. It should be noted that both half-sites are lost upon
successful ligation. PCR products were separated on agarose gels, and a band of
approximately 800 bp was isolated and subcloned in pCR2.1 TOPO vector.
After confirming the sequence, the insert was restriction digested, gel purified,
directionally ligated into predigested (Ncol and Xhol) pET28b(+) vector, and
used to transform competent NovaBlue (DE3) cells (Invitrogen). The bacterial
cultures from single colonies were grown to an optical density of 0.8 at 600 nm
at 37°C in Luria broth in the presence of 50 pg/ml of ampicillin. Isopropyl-f-p-
thiogalactopyranoside (IPTG; Sigma) was then added to a final concentration of
1 mM to induce expression. After 3 h of induction, the bacteria were collected
by centrifugation. The bacterial pellet was extracted in Bugbuster Protein
Extraction Reagent (Novagen) containing benzonase nuclease (Novagen),
chicken lysozyme (Sigma), and a protease inhibitor cocktail (Roche). The cell
extract was centrifuged at 15000 X g, and recombinant protein was purified
from the supernatant on a His-binding., Ni** chelation-affinity resin column
following the instructions from the manufacturer (Novagen). This was followed
by Prep Cell (Bio-Rad) isolation to homogeneity, and subsequently, the eluates
were dialyzed overnight against three changes of PBS. The dialyzed protein
was stored at —80°C until use.

Generation of SPESP1 Polyclonal Antibody

Polyclonal antibody to mSPESP1 was raised in guinea pigs against the
purified recSPESP1 polypeptide. The purified mSPESPI recombinant protein
was homogenized in PBS and emulsified with an equal volume of complete
Freund adjuvant. Approximately 30 pg of the affinity- and Prep Cell-purified
recombinant protein were injected subcutaneously into each guinea pig. Control
animals were injected with Freund’s adjuvant alone. Animals were boosted
three times at intervals of 14 days with 30 pg of the recombinant protein in
incomplete Freund adjuvant, and serum was collected 7 days after each boost.
The guinea pigs were euthanized according to the Institutional Animal Care and
Use Committee Guidelines of the University of Virginia for collection of the
antiserum.

Preparation of Mouse Sperm and In Vitro Capacitation

Mice were handled and euthanized according to the guidelines of the
Institutional Animal Care and Use Committee of the University of Virginia.
Caput, corpus, and cauda epididymis from ICR mice were separated, and
spermatozoa were collected by teasing the tissues into Whitten HEPES-
buffered medium (WH). Fewer sperm were routinely released from the caput
and corpus compared to the cauda epididymis; thus, after sperm washing, equal
amounts of epididymal sperm extracts were loaded into each well. In vitro
capacitation was carried out as described previously [24, 25]. Briefly, sperm
were collected and washed in WH medium [24, 26, 27] containing 100 mM
NaCl, 4.7 mM KCl, 1.2 mM KHZPO4, 1.2 mM MgSO4, 5.5 mM glucose, 1
mM pyruvic acid, and 4.8 mM L(+)-lactic acid hemicalcium salt in 20 mM
HEPES (pH 7.3). Sperm pellets were resuspended in WH medium at 2 X 10°
sperm/ml and incubated at 37°C and 5% CO, in air. Capacitating medium
consisted of 5 mg/ml of bovine serum albumin (BSA) and 10 mM NaHCO, in
WH medium. In all cases, pH was maintained at 7.3. Spermatozoa were
capacitated for 90 min. After capacitation, the acrosome reaction was induced
by supplementing the medium with calcium ionophore A23187 (Sigma) to a
final concentration of 5 pg/ml (from 5 mg/ml stock solution in dimethyl
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sulfoxide) and incubating sperm for 30 min at 37°C under 5% CO2 [24, 26, 28].
For noncapacitation controls, spermatozoa were collected at time zero.

recSPESP1-Binding Domain in Metaphase II-Arrested
Oocytes

Metaphase II eggs were obtained from ICR female mice (age, 8—10 wks)
that were superovulated by injection of 5 IU of equine chorionic gonadotropin
(Sigma) followed 48 h later by 5 IU of human chorionic gonadotropin (hCG;
Sigma). Eggs were collected from the oviducts 16 h post-hCG and were washed
with TYH medium [28]. Cumulus cells were removed with 0.1% bovine testis
hyaluronidase (Sigma). In experiments requiring eggs without zona pellucida,
the eggs were treated with Tyrode acidic solution (Sigma), and zona-free eggs
were then washed in Tyrode-lactate solution (Sigma) and left to recover in
fertilization medium (TYH medium) for at least 1 h at 37°C in a 5% CO,
incubator. Zona-free oocytes were incubated with 5% normal goat serum
(NGS)/medium for 30 min. Oocytes were washed five times in TYH medium
and incubated with 100 pg/ml of recSPESP1 for 60 min at 37°C and 5% CO,,.
They were then washed five times and incubated with guinea pig anti-
recSPESP1 polyclonal antibody (1:100) in 5% NGS/medium for 1 h at 37°C
and 5% CO,. Oocytes were washed five times and incubated with fluorescent-
conjugated goat anti-guinea pig antibody (1:200; Jackson ImmunoResearch) in
5% NGS/medium for 1 h at 37°C and 5% CO,. The specimens were washed
and incubated with Hoechst nuclear stain and visualized under a Zeiss standard
fluorescence microscope.

In Vitro Fertilization

In vitro fertilization (IVF) was performed as previously described [28]. To
study the effect of anti-recSPESP1 serum, sperm were incubated with
decomplemented (56°C, 30 min) immune or nonimmune serum. Zona-intact
oocytes were incubated in fertilization medium with immune/nonimmune
serum and with or without recSPESP1 protein for 60 min before coincubation.
Capacitated sperm (10%/ml) were then added into each oocyte-containing drop.
After 6 h of coincubation, oocytes were washed in fertilization medium to
remove loosely bound sperm and incubated in embryo culture medium for 24 h,
and 2-cell embryos were scored for determination of fertilization. In addition,
Hoechst nuclear stain was used to distinguish 1-cell embryos containing both
male and female pronuclei from unfertilized oocytes (with metaphase II-
arrested nuclei).

Indirect Imnmunofluorescence of Sperm

Mouse sperm (both capacitated and noncapacitated) were air-dried on
slides, fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature, and washed with PBS (four washes for 5 min each). After
fixation, the sperm were permeabilized with ice-cold methanol for 7 min,
washed with PBS (four washes for 5 min each), and blocked with 10% NGS in
PBS for 60 min at room temperature. Sperm cells were then incubated with
guinea pig antiserum against mSPESP1 diluted (1:200) in PBS containing 1%
NGS for 1 h at room temperature. After the primary antibody incubation, the
sperm cells were washed with PBS (four washes) and incubated with
fluorescein isothiocyanate-conjugated anti-guinea pig secondary antibody
diluted (1:200) in 1% NGS in PBS for 1 h at room temperature. The secondary
antibody treatment was followed by four washes in PBS, treatment with DAPI-
SlowFade Light (Molecular Probes), and observation by phase-contrast and
epifluorescence microscopy using an Axiophot microscope (Carl Zeiss, Inc.).
Peanut agglutinin (PNA) lectin (1:100) was used to analyze the status of the
acrosome. Controls included nonimmune serum and secondary antibody alone.

For live staining, after 60 min of capacitation, caudal epididymal sperm
were probed with immune or nonimmune serum for 1 h, washed three times,
and incubated with secondary antibody as described above. Sperm were then
stained with PNA lectin as described above and scored for PNA staining. PNA-
positive anterior acrosomes were scored as acrosome intact, whereas PNA-
negative sperm were scored as acrosome reacted. The colocalization of SPESP1
was determined in PNA-positive and PNA-negative populations. One-hundred
sperm were scored for PNA and SPESP1 staining. Sperm nuclei were stained
with Hoechst 33342 (Molecular Probes), and cells were observed under a
Nikon Eclipse 80i microscope.

Western Blot Analysis

Proteins from testis and spermatozoa were extracted in RIPA buffer
(Thermo Scientific) for immunoprecipitation in NP-40 (20 mM Tris-HCI [pH
8], 137 mM NaCl, 10% glycerol, 1% Nonidet P-40, and 2 mM ethyl-
enediaminetetra-acetic acid) for deglycosylation experiments and in Celis
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buffer (9.8 M urea, 2% Nonidet P-40, and 100 mM dithiothreitol) for two-
dimensional (2D) analysis. All extraction buffers were supplemented with
protease inhibitor cocktail (Roche), and total protein was quantified using the
Bradford assay (Thermo Scientific). Samples were loaded onto precast 10.5%—
14% Criterion SDS-PAGE gels (Bio-Rad) and electrotransferred onto
nitrocellulose membranes (pore size, 0.2 um; Bio-Rad), and membranes were
stained with Ponceau-S to confirm the protein transfer. The membranes were
blocked with 5% nonfat dry milk in 0.05% Tween 20 and PBS for 1 h at room
temperature and probed with guinea pig anti-mouse SPESP1 antibody at 1:3000
dilution in 5% blocking reagent for 1 h. The blots were incubated with a
horseradish peroxidase-conjugated goat anti-guinea pig immunoglobulin (Ig) G
antibody (The Jackson Laboratory) at a dilution of 1:5000 to 1:7500 in PBS
containing 0.01% Tween 20 for 1 h. The membranes were developed using
TMB substrate (KPL). The histidine-tagged recSPESP1 was detected using
anti-His tag monoclonal antibody.

Immunoprecipitation of SPESP1 in Testis and Sperm

Immunoprecipitation was carried out using the Immunoprecipitation Kit
(Roche Applied Science). RIPA protein extracts of mouse testis (3 mg in 1 ml)
or sperm (700 pg in 1 ml) were incubated with a 1:100 dilution of guinea pig
anti-mouse SPESP1 antibody and gently rocked for 4 h at 4°C. A homogeneous
protein-A agarose suspension (70 pl) was added to the mixture and incubated
overnight at 4°C on a rocking platform. Immune complexes were collected by
centrifugation at 12000 X g for 30 sec in a microcentrifuge. After careful
removal of supernatants, 1 ml of wash buffer 1 (50 mM Tris-HCI, 150 mM
NaCl, 1% NP-40, and 0.05% sodium deoxycholate) was added, and the beads
were resuspended and incubated for 20 min at 4°C on a rocking platform. This
washing process was repeated with wash buffer 2 (50 mM Tris-HCI, 500 mM
NaCl, 0.1% NP-40, and 0.05% sodium deoxycholate) and wash buffer 3 (10
mM Tris-HCl, 0.1% NP-40, and 0.05% sodium deoxycholate), and complexes
were collected and solubilized with 75 pl of 2X Laemmli sample buffer.
Proteins were denatured by heating to 100°C for 10 min. Protein-A agarose was
removed by centrifugation at 12000 X g for 60 sec at room temperature in a
microcentrifuge, and aliquots were analyzed by SDS-PAGE and Western
blotting.

2D Gel Electrophoresis

Mouse testicular immunoprecipitates (both immune and nonimmune) were
eluted from protein-A agarose beads with Celis extraction buffer containing
protease inhibitors (Roche) and resolved by 2D gel electrophoresis [25, 29, 30].
SPESP1 eluates were loaded onto IPG strips (pI 3—10 nonlinear immobilized
pH gradient; Bio-Rad) and were subjected to passive rehydration for 3 h at
room temperature and active rehydration overnight at 50 V followed by
isoelectric focusing at 25000 Vh. The IPG strips were then loaded on the
second dimension 10%-14% gradient SDS-PAGE gels (Bio-Rad). Proteins
were transferred onto nitrocellulose membranes for immunoblotting.

Glycosylation Site Analyses by Mass Spectrometry

Immunoprecipitated mouse testicular and sperm SPESP1 isoforms were
analyzed by one-dimensional (ID) and 2D SDS-PAGE. Gels were fixed,
stained with glycoprofile fluorescent stain (Sigma) according to manufacturer’s
instructions, and observed under ultraviolet transillumination. The glycosyla-
tion positive bands (1D gels) or spots (2D gels) were cored and subjected to
mass spectrometry to authenticate SPESP1 amino acid sequences. In addition,
protein sequences were analyzed by mass spectrometry for signs of in vivo
deglycosylation (Asparagine-X-Ser/Thr to Aspartic acid-X-Ser/Thr). This is a
consensus sequence for N-linked protein glycosylation [31]. Positive controls
consisted of the glycosylated proteins ovalbumin (45 kDa) and RNase (17 kDa)
(PTM Marker; Sigma), which were used as standards.

Enzymatic Deglycosylation of Proteins

Glycosidase treatments of testicular and sperm protein extracts were
performed with peptide N-glycanase-F (PNGase-F), neuraminidase, endo-o-N-
acetylgalactosaminidase, f1-4 galactosidase, B-N-acetylglucosaminidase, and a
combination of these enzymes (Glycomix) as well as a combination of
neuraminidase and PNGase-F. Protocols and buffers supplied by the
manufacturer (New England BioLabs) were used. In the basic form of the
experiment, testicular and caudal epididymal sperm proteins were extracted
with NP-40 lysis buffer and incubated overnight with each enzyme at 37°C.
Control samples were incubated in reaction buffers without glycosidases.

For PNGase-F, deglycosylation proteins were extracted from testis and
sperm using NP-40 lysis buffer supplemented with complete protease inhibitor
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Purified recSPESP1 and antiserum specificity. a) Coomassie blue-stained SDS-PAGE gel of 100 ng of Ni-affinity-purified, His-tagged mouse

SPESP1 (expressed in BL21-DE3 cells) showing the major 52-kDa recombinant protein. b) Purified SPESP1 transferred to nitrocellulose membrane and
probed with anti-His tag antibody immunoreacted with the 52-kDa band and a fainter 47-kDa band. ¢) RecSPESP1 probed with anti-recSPESP1 immune
serum recognized a 52-kDa band as well as 47- and 43-KDa bands. d) Nonimmune serum-probed membrane containing recSPESP1 showed no

immunoreactivity.

(Sigma). Testis (20 pg) or sperm (10 pg) extracts were combined with 1 pl of
10X glycoprotein denaturing buffer and H,O to make a total reaction volume of
10 pl. Glycoproteins were denatured by heating the samples at 95°C for 5 min,
followed immediately by placing samples on ice and then a brief centrifugation
at 16000 X g for 10 sec. Next, 2 ul of 10X G7 Reaction Buffer, 2 pl of 10%
NP-40, and 6 pl of HZO were added to the sample to reach a total reaction
volume of 20 pl, to which 1 pl of PNGase-F (catalog no. P0704S; New
England BioLabs) was added. Samples were mixed gently and incubated at
37°C overnight.

For deglycosylation mix (catalog no. P6039; New England BioLabs, Inc.),
testis and sperm lysates were incubated with 2 pl of 10X glycoprotein
denaturing buffer, heated at 100°C for 10 min, placed on ice, and centrifuged as
described above for 10 sec. To the denatured glycoprotein reaction were added
5 pl of 10X G7 Reaction Buffer, 5 pl of 10% NP-40, 15 pl of H,0, and 5 pl of
deglycosylation enzyme cocktail. The sample was gently mixed and incubated
at 37°C overnight.

In the case of endo-a-N-acetylgalactosaminidase (catalog no. P0733S; New
England BioLabs, Inc.), testis and sperm lysates were denatured with 1 pl of
10X glycoprotein denaturing buffer, heated for 5 min at 95°C, chilled on ice,
centrifuged as described above, and then combined with 10X G7 Reaction
Buffer (4 pl), NP-40 (4 pl), and 2 pl of endo-o-N-acetylgalactosaminidase.

For the other glycosidases, testis or sperm lysates were incubated with 1 pl
of 10X G1 Reaction Buffer and neuraminidase (catalog no. P0720S; New
England BioLabs, Inc.), f1-4 galactosidase (catalog no. P0730S; New England
BioLabs, Inc), B-N-acetylglucosaminidase (catalog no. P0732S; New England
BioLabs, Inc.), and glycol at 37°C overnight. The control samples were
incubated without these glycosidases. Following these enzymatic treatments,
experimental samples were analyzed for changes in SPESP1 mass by SDS-
PAGE-Western blot analysis with mouse anti-SPESP1 antibody.

RESULTS

Expression of recSPESP1 Protein and Generation of
Polyclonal Anti-SPESP1 Antibody

SPESP1 cDNA was amplified from an adaptor ligated
murine testicular cDNA library. The SPESP1 open reading
frame encoded a 399-amino-acid protein, and the full-length
recSPESP1, including amino acids 1-399 and a C-terminal
His -tag, was expressed in Escherichia coli. Upon induction
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with IPTG for 3 h, the bacterial cells were analyzed by SDS-
PAGE with an anti-His tag antibody, and a major recSPESP1
protein migrating at 52 kDa was observed on Coomassie gels
(data not shown). The recSPESP1 protein was then purified to
homogeneity by Ni-affinity chromatography followed by Prep
Cell isolation and was subsequently used to immunize guinea
pigs. Purity of the recSPESP1 preparation was analyzed by 1D
electrophoresis, and the gel was stained with Coomassie blue
(Fig. la), revealing a prominent 52-kDa band as well as very
faint minor bands. Probing with anti-His antibody, both the
prominent 52-kDa band (Fig. 1b) as well as the less abundant
47-kDa band immunoreacted, demonstrating the presence of
the C-terminal His-tag. This indicated that the recSPESP1
preparation used in the present study was highly purified. Blots
containing the purified mouse SPESP1 recombinant protein
were probed with the guinea pig anti-mouse SPESP1
polyclonal serum raised to this preparation, revealing immu-
noreactivity with the major 52-kDa SPESP1 band (Fig. Ic) as
well as the minor 47- and 43-kDa SPESP1 bands. Although the
expected molecular weight of SPESP1 deduced from primary
sequence is 44.7 kDa, recombinant bacterial SPESP1 ran at the
higher (52 and 47 kDa) apparent masses, whereas nonimmune
control blots showed no signal (Fig. 1d). Due to absence of
anti-His immunoreactivity with the 43-kDa band but staining
with the anti-SPESP1 antisera, the 43-kDa form likely lacks a
C-terminus.

SPESP1 Protein Isoforms in Testis and Epididymal Sperm

SPESP1 protein masses were studied in protein extracts of
the testis and in sperm collected from the caput, corpus, and
cauda epididymis. Testicular SPESP1 showed predominantly
77- and 67-kDa masses, whereas epididymal sperm extracts
from caput, corpus, and cauda all showed similar 47- and 43-
kDa SPESPI1-immunoreactive bands (Fig. 2). Identical mem-
branes probed with nonimmune sera showed no immunoreac-
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FIG. 2. Western blot analysis of SPESP1 in testis and epididymis. Caput
(lane cap), corpus (lane cor), and caudal (lane cau) epididymal sperm all
showed immunoreactive SPESP1 bands of 47 and 43 kDa, whereas
testicular protein extracts (lane Tes) revealed major 77- and 67-kDa
immunoreactive SPESP1 bands, which were absent in epididymal sperm,
as well as a minor 47-kDa SPESP1 band.

tivity (Supplemental Fig. S1; all Supplemental Data are
available online at www.biolreprod.org). The sperm samples
from each epididymal region notably lacked the high-
molecular-weight, 77- and 67-kDa immunoreactive bands
observed in the samples from testis. From these observations,
it may be concluded that the processes by which the high-
molecular-weight, 77- and 67-kDa SPESP1 isoforms transform
to lower mass proteins occurs principally within the testis
before sperm reach the epididymis.

Careful analysis of the testicular protein extracts revealed
that although the predominant protein isoforms of SPESP1 in
the testis were 77 and 67 kDa, testicular extracts contained a
fainter 47-kDa band that comigrated with the 47-kDa SPESP1
band from the epididymal samples (Fig. 2). These observations
suggested that SPESP1 proteins from the testis consisted
predominantly of high-molecular-weight isoforms, but testis
samples also contained a subpopulation of SPESP1 that had
changed from the higher-molecular-weight, 77- and 67-kDa
forms to the 47-kDa form before reaching the caput
epididymis.

Interestingly, corpus and cauda sperm extracts showed
additional minor immunoreactive SPESP1 bands between 40
and 27 kDa. These could be proteolyzed products of SPESP1
(Fig. 2). Immunoprecipitation of sperm SPESP1, precise
excision, and mass spectrometry microsequencing of the 37-
and 34-kDa bands yielded six and four SPESP1 peptides,
respectively, confirming these as authentic SPESP1 proteins and
supporting their possible derivation by proteolysis (Supplemen-
tal Fig. S2, c—f). Blots probed with nonimmune serum did not
show any immunoreactivity (Supplemental Fig. S1). It was
noted that the intensity of the 47-, 43-, and 27-kDa sperm bands
(Fig. 2) was greater in samples from cauda than caput.

Immunoprecipitation of Testicular and Sperm SPESP1 and
Authentication by Mass Spectrometry Microsequencing

SPESP1 was immunoprecipitated from mouse testis and
sperm and analyzed by SDS-PAGE-Western blotting, and a
portion of each gel was silver stained. Based on immunore-
active bands on the Western blot, corresponding silver-stained
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bands of 77 kDa from testis and 47, 43, 37, and 34 kDa from
sperm were cored from the gel, digested with trypsin, and
analyzed by mass spectrometry, yielding a range of SPESP1
peptides (Supplemental Fig. S2, a—f). This recovery of SPESP1
peptides (highlighted in yellow) confirmed that both the high-
and low-molecular-weight immunoreactive bands identified in
testis and sperm were authentic SPESP1 proteins.

Analysis of the amino acid residues at each end of the
peptides recovered from both testicular and sperm SPESP1
(Supplemental Fig. S2) revealed that all peptides were bounded
by arginine or lysine residues, confirming their tryptic origins.
Tryptic peptides derived from the N-terminal 134 amino acids of
SPESP1 were notably absent from the analysis of both testicular
and sperm protein digests, although lysines 2, 49, 55, 56, and 74
and arginines 61, 69, 96, 105, 107, 112, 113, 114, 115, and 125
are present in this N-terminal domain and are predicted to be
potential cleavage sites. A peptide that began after lysine 142
was the most N-terminal sequence to be recovered from the
digest of the 77-kDa testicular SPESP1, whereas other peptides
recovered from testicular SPESP1 spanned sequences extending
to the very C-terminal proline 399. Tryptic peptides beginning
after arginine 134 were recovered from both the 47- and 43-kDa
immunoprecipitated sperm SPESP1 bands. However, peptides
spanning amino acids 370-399 at the C-terminus were not
detected in the sperm preparations, although they were present in
the 77 testicular SPESP1, suggesting that a C-terminal
proteolysis event might occur.

Evidence for SPESP1 Glycosylation

One explanation for the higher-molecular-weight forms of
SPESPI1 in the testis might be glycosylation. Bioinformatic
analysis using NetOGlyc 3.1 showed two potential N-linked
(Supplemental Fig. S3) and 18 potential O-linked glycosylation
sites in SPESP1. To test if SPESP1 is a glycoprotein, both
testicular and sperm SPESP1 were immunoprecipitated and
confirmed by Western blot analysis (Fig. 3, a and b), and the
glycoprofile stain was employed to identify glycoproteins on a
1D gel loaded with SPESP1 immunoprecipitates (Fig. 3, ¢ and
d). Western blot analysis confirmed that prominent SPESP1
bands were immunoprecipitated from both testis (77 and 67
kDa) (Fig. 3a) and sperm (47 and 43 kDa) (Fig. 3b).
Glycoprofile staining showed that the 77-kDa SPESP1 band
from testis was glycopositive (Fig. 3c, white asterisk).
Interestingly, although they were very abundant in immunopre-
cipitates when stained with anti-SPESP1 antibody (Fig. 3b),
neither the 47- nor the 43-kDa SPESP1 bands from the sperm
were positive with the glycoprofile stain in the 1D SDS-PAGE
(Fig. 3d), suggesting that these epididymal sperm SPESP1
isoforms contain few oligosaccharides. Known to be glycosy-
lated in the CH2 domain on the Fc fragment [32], heavy chains
from IgG in the immunoprecipitates were strongly glycopositive
and served as an endogenous positive-control glycoprotein.

Testicular SPESP1 was immunoprecipitated, and immune
complexes were eluted with Celis buffer and analyzed using
2D SDS-PAGE to resolve glycosylated isoforms for spot
coring and mass spectrometry. Western blot analysis with anti-
SPESP1 antibody revealed a series of SPESP1 charge variants
at 77 and 67 kDa (Fig. 3e, red circle) and a few spots at 47 and
43 kDa (Fig. 3e, black circle). Nonimmune immunoprecipitates
did not show any immunoreactivity (Supplemental Fig. S4).
Having confirmed by Western blot analysis that SPESP1 had
been immunoprecipitated (Fig. 3e), a parallel gel was stained
with glycoprofile and showed four positive glycoprotein spots
(two major and two minor) at 77 kDa, ranging from pI 4.9 to pl
5.2, and one minor positive spot at 67 kDa, in the range of pl
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FIG. 3. Glycoprofile staining of immunoprecipitated mouse testicular and sperm SPESP1. a) 1D Western blot probed with anti-SPESP1 serum shows 77-

and 67-kDa SPESP1 isoforms in the starting testicular lysate (Lys). These isoforms were enriched in testicular immune complexes precipitated with immune
(Imm) but not with nonimmune (Pre) sera. b) 1D Western blot of sperm lysate (Lys) revealed SPESP1 proteins at 47- and 43-kDa, which were enriched only
in the immune, not in the nonimmune, immunoprecipitates. ¢) The 77-kDa testicular SPESP1 band (white asterisk) reacted with the glycoprofile stain only
in the lane with immune serum precipitate. d) Neither the 47- nor the 43-kDa sperm band reacted positively with glycoprofile stain. ¢ and d) In
glycoprofile-stained gels, 56-kDa IgG heavy chains were stained in both immune and nonimmune lanes in accord with the known heavy-chain
glycosylation at Asn297 [37]. Glycoprotein standards (Gly) ovalbumin at 45 kDa (c and d) and RNase at 17 kDa (d) were glycostain positive. e) SPESP1
isoforms immunoprecipitated from mouse testis were analyzed by 2D SDS-PAGE Western blot using SPESP1 antibody, revealing trains of SPESP1 charge
variants at 77 and 67 kDa (red circle); 47 and 43 kDa (black circle). f) Several 77-kDa SPESP1 charge variants and one 67-kDa variant stained with
glycoprofile. Nonimmune immunoprecipitates probed with SPESP1 immune serum showed only heavy and light chains (Supplemental Fig. S4). Std,

Standard.

4.9. One of the 77-kDa glycopositive spots (Fig. 3f) was cored
under the ultraviolet transilluminator and sent for mass
spectrometry microsequencing, resulting in the recovery of
14 peptides (Supplemental Fig. S2b) unique to SPESP1 and
providing additional confirmation that testicular SPESP1 was
glycosylated.

Deglycosylation and Mobility Shifts in Mouse Testicular
SPESP1

Because SPESP1 was predicted to possess two well-
conserved N-glycosylation (N128 and N278) sites (Supple-
mental Fig. S3) as well as O-glycosylation sites, testicular and
sperm extracts containing SPESP1 were treated with glycosi-
dases and examined for changes in apparent molecular weights
using Western blot analysis with SPESP1-specific polyclonal
antibodies.

An amidase, PNGase-F cleaves between the innermost
GlcNAc and asparagine residues of high-mannose, hybrid,
and complex oligosaccharides from N-linked glycoproteins
[33], whereas neuraminidase removes sialic acids from O-
linked sugars [34]. In Western blots of PNGase-F-treated
testis samples, the upper 77-kDa SPESP1 band became less
prominent, and a 60-kDa band appeared, an apparent
molecular weight shift of approximately 17 kDa (Fig. 4a).
Neuraminidase-treated testis samples showed a shift of
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approximately 7 kDa, with the upper 77-kDa SPESP1 band
being reduced to 70 kDa and the lower 67-kDa band not
showing any change in apparent molecular weight (Fig. 4b).
Interestingly, neither of these enzymes deglycosylated all of
the 77-kDa band, suggesting that SPESP1 could be a
polyglycoprotein with both N- and O-linked residues. Next,
treatment with endo-o-N-acetylgalactosaminidase resulted in
the appearance of 50-, 47-, and 43-kDa bands (Fig. 4c),
similar to the masses of SPESP1 isoforms in sperm (47 and 43
kDa). In addition, endo-a-N-acetylgalactosaminidase treat-
ment abolished the 67-kDa band. Combined treatment with
PNGase-F and neuraminidase resulted in mass shifts of
SPESP1 immunoreactive bands to 70 kDa (neuraminidase)
and 60 kDa (PNGase-F) (Fig. 4d). These mobility shifts were
absent in buffer control (Fig. 4, lane —) testicular extracts not
treated with deglycosidases.

Treatment of testicular proteins with a cocktail of
deglycosylation enzymes containing PNGase-F, neuramini-
dase, endo-o-N-acetylgalactosaminidase (removes O-gly-
cans), PBl1-4 galactosidase (releases only [1,4-linked,
nonreducing terminal galactose), and B-N-acetylglucosamini-
dase (cleaves all nonreducing terminal B-linked N-acetylglu-
cosamine residues) showed (Fig. 4e) a shift of all 77-kDa
forms of SPESPI to 70 kDa as well as the appearance of 60-,
55-, 50-, and 47-kDa forms, whereas the lower 67-kDa band
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FIG. 3. Continued

completely vanished. Testis samples treated with buffer alone
showed intact 77- and 67-kDa SPESP1 bands, confirming that
the mobility shifts observed in samples treated with
deglycosylation enzymes were due to removal of carbohy-
drate moieties, not to endogenous proteolysis (Fig. 4e). In
sum, the 70-kDa SPESP1 band was a deglycosylation product
of neuraminidase, the 60-kDa form was a PNGase-F
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deglycosylation product, and the 50-, 47-, and 43-kDa bands
were deglycosylation products of endo-a-N-acetylgalactosa-
minidase.

Western blots of caudal sperm extracts treated with
PNGase-F showed some evidence of deglycosylation. Al-
though very little change was seen in the parent 47- and 43-
kDa molecules, a 30-kDa immunoreactive SPESP1 band was
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FIG. 4. Western blots of mouse testicular (a—e) and sperm (f-h) protein extracts treated with deglycosidases (+) or buffer alone () and stained with
antibodies to SPESP1: PNGase-F (a and f), neuraminidase (b and g), endo-oa-N-acetylgalactosaminidase (c), combination of PNGase-F and neuraminidase
(d and h), and mixture of deglycosidases (e). Deglycosylated testicular SPESP1 showed major mass shifts, particularly with mixtures of deglycosidases (e),

indicating testicular SPESP1 is highly glycosylated.

noted in the enzyme-treated, but not in the buffer-treated,
samples (Fig. 4f). Neuraminidase-treated sperm extract did
not show any deglycosylation-related mass changes (Fig. 4g).
The combination of PNGase-F and neuraminidase also
showed only one deglycosylated immunoreactive SPESP1
band at 30 kDa, which was absent in the buffer-treated sample
(Fig. 4h). Given the repeated appearance of the 30-kDa
SPESPI1 band in caudal epididymal sperm extracts treated
with PNGase-F and the known specificity of this amidase for
cleaving between the innermost GIcNAc and asparagine
residues of N-linked oligosaccharides, we conclude that
caudal epididymal sperm SPESP1 contain an N-linked
carbohydrate chain.

Determination of Possible Clycosylation Sites by Mass
Spectrometry

The Expasy posttranslational modification analysis tool
[35] predicted two N-linked glycosylation sites at amino acids
128 and 278 (NXS/T) in SPESP1 (N128 with high score
and N278 with low score). Deamidation of asparagine to
aspartic acid is a potential predictor of glycosylation sites
[36, 37]. Mass spectrometry identified the peptide
ISNINAEIQQGLLGGnNSPEFK with amino acid 278 shown
to be deamidated, suggesting glycosylation at this classical
consensus glycosylation sequence (NXS/T) in SPESPI.
Strikingly, protein sequence analysis by mass spectrometry
identified several additional potential N-glycosylation

TABLE 1. Summary of SPESP1 peptides showing deamidation in testis and sperm by mass spectrometry.

Sample SPESP1 Peptides Modifications

Testis 322-TSDPDNDmEmIInmLYNSR-340 N334 deamidated

Testis 322-TSDPDNDmEmIINmLYnSR-340 N338 deamidated

Testis 384-KLLS[nn]mK-391 N388 or N389 deamidated
Testis 263-ISNINAEIQQGLLGGNNSPEFK-284 N278 deamidated

Testis 263-ISNINAEIQQGLLGGNNSPEFK-284 N267 deamidated

Testis 263-ISNINAEIQQGLLGGNNSPEFK-284 N279 or N278 deamidated
Testis 384-KLLSNnMK-391 N389 deamidated

Sperm 197-ISSMATQPANTQATR-211 N206 deamidated

8
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FIG. 5. Western blot analysis of intra-acrosomal proteins SPESP1, SLLP1,
and SAMP14 during capacitation. Noncapacitated (0 h, lane 1),
capacitated (90 min, lane 2) and capacitated, ionophore (A23187)-
treated, and acrosome-reacted (for 30 min, lane 3) sperm were analyzed
with antibodies to SPESP1 (a), SLLP1 (b), SAMP14 (c), and equal loading
control beta-tubulin (d). A 27-kDa SPESP1 peptide appeared after
capacitation only in SPESP1 samples. S, standard.

sites, further suggesting that SPESP1 is a glycoprotein
(Table 1) and that multiple noncanonical asparagine residues
may be involved. These include asparagine residues at
267, 279, and 338 (observed in three separate mass
spectrometry experiments) as well as those at 388, 278,
334, and 389 (observed in two independent experiments).
These observations included deamidations of the SPESP1
peptides ISNINnAEIQQGLLGGNNSPEFK (n = 267),
ISNINAEIQQGLLGGnNSPEFK (n = 278; predicted by
Expasy glycosylation tool [Supplemental Fig. S3]; http:/
www.cbs.dtu.dk/services/NetNGlyc/), TSDPDNDmEmIInm-
LYNSR (n = 334), TSDPDNDMEMIINmMLYnSR (n = 338),
KLLSNnMK (n = 389), and KLLS[nn]JmK (n = 388 and 389).
Two of these noncanonical glycosylation sites have serine
located adjacent to the asparagines (nS), whereas three showed
methionines (nM or nm) next to the asparagines (Table 1).
Immunoprecipitation of caudal sperm SPESP1 showed 47-
and 43-kDa immunoreactive bands and also a few additional
bands of 37, 34, and 27 kDa (Fig. 3b). Analysis by mass
spectrometry of 47-, 43-, 37-, and 34-kDa bands yielded 4, 12,
6, and 4 SPESPI1 peptides, respectively. In contrast to the
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identification of numerous aspartic acid residues in testicular
SPESP1, only one peptide, ISSMATQPAnTQATR, isolated
from immunoprecipitated sperm SPESP1 showed deamidated
N residues, in this case at residue 206 (Table 1).

SPESP1 Undergoes Further Changes During Capacitation

Mouse caudal epididymal sperm were collected in non-
capacitation medium and capacitated for 90 min in WH
medium, after which the acrosome reaction was induced with
calcium ionophore A23187 for 30 min. SPESP1 isoforms in
each group were subsequently examined by Western blot
analysis (Fig. 5a). All three experimental samples showed
prominent 47- and 43-kDa SPESP1 bands, with the 43-kDa
band being more intense than the 47-kDa band, which ran as a
tight doublet. The capacitated and acrosome-reacted samples
revealed an additional 27-kDa immunoreactive band (Fig. 5a)
that was very faint in the noncapacitated sperm. In capacitated
as well as ionophore-treated spermatozoa, the upper band of
the 47-kDa doublet showed decreased intensity, but little
change was observed in the 43-kDa band, suggesting that the
27-kDa band might be derived from the upper 47-kDa doublet
band. Duplicate membranes were probed with antibodies to
other intra-acrosomal proteins, including anti-SLLP1 (an intra-
acrosomal matrix protein) (Fig. 5b) [28] and anti-SAMP14 (an
intra-acrosomal membrane protein) (Fig. 5c¢) [38]. Neither of
these intra-acrosomal proteins showed additional lower-molec-
ular-weight bands when capacitated and acrosome-reacted
samples were compared to noncapacitated spermatozoa. Thus,
a mass change during capacitation and the acrosome reaction is
a feature that SPESP1 apparently does not share with these
other intra-acrosomal proteins. It is tempting to speculate that
this property of serving as a substrate for proteolysis during
capacitation and the acrosome reaction may, in some way,
relate to the restricted localization of SPESP1 to the equatorial
segment subdomain and processes occurring there. However,
due to unknown antibody coverage of SAMP14 and SLLP1
epitopes, peptide products of these proteins may have been
undetected. A blot probed with a tubulin antibody confirmed
the equal loading of these protein preparations (Fig. 5d).

Immunolocalization of SPESP1 in Noncapacitated and
Capacitated Mouse Sperm

Immunofluorescent localization on fixed and permeabilized
mouse sperm using the guinea pig anti-SPESP1 antibody
revealed that SPESP1 was localized only in the equatorial
segment (Fig. 6a). Both noncapacitated and capacitated,
acrosome-reacted spermatozoa (lectin positive and negative,
respectively) retained the SPESP1 proteins in the equatorial
segment (Fig. 6b). Of 400 sperm scored for the acrosome
reaction due to a lack of PNA staining of the anterior acrosome,
100% showed retention of SPESP1 in the equatorial segment.
The nonimmune control serum did not stain the sperm
(Supplemental Fig. S5, al-a6). Comparison of the fluores-
cent-staining intensity of intact sperm with that of acrosome-
reacted sperm revealed that the SPESP1 staining in acrosome-
reacted sperm was less than in intact sperm. This suggested that
although a population of SPESPI is retained within all sperm
after the acrosome reaction, some SPESP1 is lost from the
equatorial segment with the acrosome reaction.

Live sperm (unfixed and nonpermeabilized) staining
showed that SPESP1 protein was localized in the equatorial
segments of 97% of sperm that had acrosome reacted and
completely lost the anterior acrosome (Fig. 6¢) as assessed by
PNA lectin staining. Spermatozoa incubated with nonimmune
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FIG. 6. Immunofluorescence analysis of SPESP1 (green signal) in fixed, permeabilized, noncapacitated (a) and capacitated, acrosome-reacted (b)
spermatozoa. Noncapacitated spermatozoa and acrosome-reacted spermatozoa both retained SPESPT immunofluorescence, which was confined to the
equatorial segment. Status and position of the anterior acrosome was imaged using PNA lectin (red signal). a) Noncapacitated sperm: a1) bright field; a2)
SPESPT immunofluorescence confined to equatorial segment; a3) PNA staining of anterior acrosome; a4) merged image of PNA-positive anterior
acrosome and SPESP1-positive equatorial segment demonstrating distinct domains; a5) green SPESP1domain overlain by blue 4’,6-diamidino-2-
phenylindole (DAPI) nuclear staining; a6) merged image of SPESPT, PNA, and DAPI domains; a7) dual bright-field/fluorescence images of blue DAPI-
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FIG. 6. Continued.

stained sperm nucleus; a8) dual bright-field/fluorescence image of PNA-stained anterior acrosome; a9) dual bright-field/fluorescence image of SPESP1-
positive domain confined to equatorial segment; a10) dual SPESP1 and DAPI; a11) dual DAPI and PNA; a12) dual SPESP1 and PNA-positive revealing
distinct segregation of PNA and SPESP1 domains. Bar=10 um (a1-a6) and 5 pm (a7-a12). b) Capacitated, acrosome-reacted sperm: b1) bright field; b2)
green immunofluorescent SPESP1 domain confined to equatorial segment in each cell, albeit at lower intensity than in acrosome-intact sperm (a series
above); b3) SPESP1 and PNA staining reveals absence of red staining anterior acrosome in acrosome-reacted sperm; b4) DAPI staining alone; b5) DAPI
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FIG. 6. Continued.
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and PNA; b6) SPESP1, PNA, and DAPI; b7) dual bright-field/fluorescence of SPESP1 domain in acrosome-reacted sperm lacking anterior acrosome; b8)
SPESP1 domain in acrosome-reacted sperm; b9) DAPI; b10) dual SPESP1 and PNA; b11) dual SPESPT and DAPI; b12) SPESP1, PNA, and DAPI. Bar=10
pum (b1-b6) and 5 pm (b7-b12). ¢) Immunofluorescence localization of SPESP1 (green) in live stained acrosome-intact and acrosome-reacted epididymal
sperm costained with PNA lectin (red) to determine acrosomal status: ¢1) PNA signals in sperm with and without acrosomes; ¢2) SPESP1 localization
within the equatorial segment domain in sperm that had undergone the acrosome reaction and lost the anterior acrosome; ¢3) DAPI signal for DNA in
nucleus; c4) merged image of SPESP1 localization in the equatorial segment; ¢5) inset showing magnified region of c4. Bar =10 pm (c1-c5) and 5 um

(c5).

serum showed no positive immunofluorescent signals (Sup-
plemental Fig. S6). This result indicates that SPESP1 is
retained in the equatorial segment of acrosome-reacted live
sperm. However, it does not definitively assign the localization
of the equatorial segment domain-restricted SPESP1 to the
plasma membrane overlying the equatorial segment, to intra-
acrosomal SPESP1 lying within the acrosomal matrix between
the inner and outer acrosomal membranes, or to both the
plasma membrane overlying the equatorial segment and an
intra-acrosomal site. This is because the acrosomal matrix
becomes accessible (to antibody and other molecular interac-
tions) via the cleft created by the loss of the anterior acrosome
and accompanying outer acrosomal membrane. Thus, from
these light-microscopic observations alone, it is not certain if
intra-acrosomal SPESP1 translocates to the plasma membrane
overlying the equatorial segment, as has been suggested for
MN9 [21]. A definitive resolution to this question requires
detailed ultrastructural immunolocalization studies of the
plasmalemma overlying the equatorial segment using probes
for both MN9 and SPESP1.

Mouse SPESP1 Has Complementary Binding Sites on
Unfertilized Zona-Free Eggs

To study the possible localization of mSPESP1-binding
sites on the egg surface, unfertilized zona-free oocytes were
incubated with purified recSPESP1 for 60 min, washed, and
then exposed to anti-recSPESP1. Unfertilized oocytes exhib-
ited fluorescent labeling of SPESP1 within the microvillar
domain of the oocyte surface (Fig. 7), which lies antipodal to
the eccentrically located meiotic-arrested oocyte nucleus. An
area devoid of fluorescence on the oocyte surface was
consistently detected, and Hoechst staining (Fig. 7b) revealed
that this negative area was always associated with the
nonmicrovillar area of the oocyte’s plasma membrane
overlying the metaphase plate (Fig. 7). Thus, mSPESPI-
binding sites were restricted to the fusogenic region of the egg,
consistent with a role for SPESP1 interaction in sperm—egg
binding [7]. Oocytes incubated with nonimmune serum, BSA
(negative control), or medium alone (no protein control) did
not show any immunoreactivity (data not shown).

recSPESP1 and Anti-recSPESP1 Serum Inhibited IVF

To determine a possible role of SPESP1 during mouse
fertilization, both spermatozoa and zona-intact oocytes were

preincubated with anti-recSPESP1 serum or nonimmune serum
for 60 min before insemination. Fertilization was conducted in
the presence of the antibody, and 6 h later, the eggs were
washed with fertilization medium and incubated overnight.
With immune sera (1:50 dilution), the percentage of 2-cell
embryos was reduced (37%) compared to that with nonimmune
serum. Incubation of oocytes with recSPESP1 protein also
inhibited fertilization by 50% compared to BSA incubation or
no-protein controls. These data suggest that the SPESP1
molecule is, in part, involved in fertilization (data not shown).

c

FIG.7. Zona-free mouse oocytes were incubated with recSPESP1 protein
and probed with SPESP1 immune and nonimmune antibody to detect the
oolemmal binding domain of SPESP1. Bright field (a), nuclear 4’,6-
diamidino-2-phenylindole (DAPI) stain in blue (b), immune SPESP1 in red
(c), and overlapped image (d) revealed SPESP1 binding to microvillar
domain antipodal to eccentrically located M2 nucleus. Bar =25 um.
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DISCUSSION

Changes in Mass of 77- and 67-kDa Testicular SPESP1
Occur Before Sperm Arrive in the Caput Epididymis

Mass spectrometry analysis of both high- and low-
molecular-weight immunoreactive bands and spots from 1D
and 2D Western blots recovered multiple SPESP1 peptides,
confirming that the proteins studied in this report represent
authentic SPESP1 isoforms, validating the specificity of the
antiserum employed, and revealing microheterogeneity of
SPESP1 in both testis and sperm. The analysis of sperm
proteins from the caput, corpus, and cauda epididymis revealed
that none of these epididymal samples contained the 77- or 67-
kDa SPESP1 isoforms that were seen in testis. This finding
indicated that the transformation of SPESP1 from high-
molecular-weight, 77/67-kDa to lower-molecular-weight, 47/
43-kDa isoforms occurred before sperm reached the caput
epididymis. That this transformation in mass is already
underway in the testis is supported by detection of a minor
subpopulation of 47- and 43-kDa SPESP1 in testicular protein
extracts in addition to the major testicular 77- and 67-kDa
SPESP1 forms. The array of SPESP1 bands (47 and 43 kDa) in
epididymal samples did not show any major molecular weight
differences in samples from different epididymal regions,
suggesting that SPESP1 had undergone posttranslational
changes within the seminiferous epithelium before spermiation,
within the lumen of the seminiferous tubules, in the rete testis,
or in the efferent ductules before entering the epididymis. The
relative intensities of immunoreactive SPESP1 bands did vary
in the samples from caput, corpus, and cauda (Fig. 2), although
equal amounts of proteins were loaded in each well. These
differences may reflect regional sperm densities.

Testicular SPESP1 Is Glycosylated

Four lines of evidence support the hypothesis that 77- and
67-kDa SPESP1 isoforms in the testis are highly glycosylated.
First, the 77-kDa band and 77- and 67-kDa SPESP1 spots
recovered from the testis by immunoprecipitation stained with
the glycoprofile stain. Second, the 77- and 67-kDa protein
bands and spots staining with glycoprofile were confirmed to
be authentic SPESP1 by Western blot analysis with SPESP1
antibody and by identification of SPESP1 peptides (77 kDa)
by mass spectrometry microsequencing. Third, the 77- and
67-kDa SPESPI isoforms decreased in apparent mass after
enzymatic deglycosylation. Fourth, deamidated asparagine
residues (N = 334, 338, 388, 278, 267, 279/278, and 389)
were present in the testicular SPESP1 peptides (eight sites),
whereas only one site was found in the sperm SPESP1
peptides (N = 206), suggesting that a subpopulation of
asparagine residues in the high-molecular-weight forms of
SPESP1 had been converted to aspartic acid in the testis
samples (Table 1).

Glycosylation site prediction programs showed a potential
glycosylated site at amino acid 128 (Supplemental Fig. S3).
Mass spectrometry data could not confirm this site due to
failure to recover tryptic peptides between amino acids 1-134,
although this region contains several potential tryptic arginine
and lysine residues (Supplemental Fig. S2). It is possible that
glycosylation protects this region from tryptic hydrolysis.

Deglycosylation with a deglycosidase mixture resulted in
reductions in mass of both 77- and 67-kDa bands (Fig. 4e). The
67-kDa SPESP1 showed only one glycoprofile positive spot on
2D gels (Fig. 3f) and may be less sensitive to glycoprofile
stain.

77- and 67-kDa Testicular SPESP1 Isoforms Are
Polyglycosylated Sialoglycoproteins

Deglycosylation with various glycosidases that trim com-
plex carbohydrate chains at various linkages confirmed that
glycosylation of the 77- and 67-kDa testicular isoforms of
SPESP1 involves both N- and O-linked sugars as well as sialic
acid. Neuraminidase removal of sialic acid, which is usually
terminal on carbohydrate chains, resulted in a 7-kDa mass shift
from 77 to 70 kDa, suggesting that SPESP1 is a highly
sialylated or polysialylated protein. PNGase-F treatment is
known to release N-linked carbohydrates [39], and treatment of
testicular SPESP1 with PNGase-F resulted in 17-kDa mass
shifts, indicating that a population of SPESP1 contains N-
linked sugars. Removal of O-linked N-acetyl galactosamine
with endo-a-N-acetylgalactosaminidase caused the 77- and 67-
kDa testicular SPESP1 to shift to 50-, 47-, and 43-kDa bands
(Fig. 4c), similar to the masses of SPESP1 isoforms in sperm
(47 and 43 kDa), indicating that a subpopulation of testicular
SPESP1 contains O-linked carbohydrates and that these
glycosidic linkages are very abundant. Bioinformatic analysis
predicts 18 O-linked and 2 canonical N-linked glycosylation
sites in SPESP1. Preliminary analysis by mass spectrometry of
testicular SPESP1 identified deamidated asparagines at one
canonical NXS/T site (N =278) (Supplemental Fig. S3), which
was also predicted by Expasy tool, and five noncanonical sites,
including two sites having serine located next to the
asparagines (NS) and three sites showing methionines next to
the asparagines (NM). Similar noncanonical glycosylation sites
have been identified by mass spectrometry in breast cancer cell
lines [36]. Analysis of O-glycosylation by mass spectrometry
of peptides is a difficult task because of high structural
diversity of glycans, including the carbohydrate moiety
mediating attachment and nature of sugar backbone molecules
[40]. Further studies are needed to identify the type, sequences,
and branching of these carbohydrate chains. This evidence for
SPESP1 glycosylation is in concert with the observation that
the high-molecular-weight forms of murine testicular SPESP1
run on gels as a smear between 77 and 67 kDa.

Microheterogeneity of Mouse Sperm SPESP1

In addition to discovering the glycosylated testicular
isoforms of SPESPI, the present study refines and enlarges
previous reports [6, 7] that characterized mouse sperm
SPESP1. The present findings define mouse sperm SPESP1
as a microheterogeneous protein with two predominant 47- and
43-kDa isoforms. Fujihara et al. [7] reported mouse sperm
SPESP1 as a 40-kDa protein [7]. Lv et al. [6] found SPESP1 to
be a 45-kDa protein. Although a major loss of carbohydrate
from SPESP1 appears to occur in the testis, some glycocon-
jugates of mouse SPESP1 are retained in sperm. No mass shifts
in mouse cauda sperm SPESP1 were observed after treatments
with the deglycosidase neuraminidase; however, PNGase-F
treatment resulted in the appearance of a faint 30-kDa band
(17-kDa shift), indicating that some N-glycosylation-linked
glycoconjugates of sperm SPESP1 persist. This supports earlier
findings in humans [5] that ejaculated sperm SPESP1 bound
PSA lectin.

Proteolysis of SPESP1 Occurs During Capacitation and the
Acrosome Reaction

The comparison of noncapacitated (0 min), capacitated (90
min), and capacitated, acrosome-reacted spermatozoa (120
min) showed SPESP1 mass changes during capacitation and
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the acrosome reaction. In noncapacitated spermatozoa, 47- and
43-kDa SPESP1-positive bands predominated, with two minor
bands at 37 and 34 kDa. Capacitated, acrosome-reacted
samples of SPESP1 showed 47- and 43-kDa bands and an
additional SPESP1-positive band at 27 kDa, suggesting that
SPESP1 underwent proteolysis during capacitation and the
acrosome reaction. The identical samples were examined for
mass shifts in other sperm-specific, intra-acrosomal antigens,
such SLLP1 [28] and SAMP14 [38], but these proteins did not
show the appearance of lower-molecular-weight products.

SPESP1 Is Retained in the Equatorial Segment of Acrosome-
Reacted Mouse Sperm

Fujihara et al. [7] reported that SPESP1 was detected in
mouse sperm only after membrane permeabilization, a finding
supported by the present study in mice as well as previous
results in human sperm [4]. All published reports agree that
SPESP1 is restricted to the intra-acrosomal equatorial segment
compartment of noncapacitated caudal sperm. The present
findings differ notably from those of Fujihara et al. [7],
however, regarding the fate of SPESP1 after capacitation and
the acrosome reaction. Based on the use of anti-SPESP1
peptide antisera, Fujihara et al. concluded that when sperm
underwent the acrosome reaction, SPESP1 was no longer
detected in the equatorial segment. The present study examined
400 ionophore-induced acrosome-reacted mouse sperm, each
validated to be acrosome reacted by the absence of PNA lectin
stain of the anterior acrosome, and we observed SPESP1 to be
retained and confined in the equatorial segment of all, using an
anti-recombinant full-length SPESP1 immunoreagent. Appre-
ciation that SPESP1 is retained in the equatorial segment of
acrosome-reacted sperm is crucial for a complete understand-
ing of SPESP1’s biological role and supports the interpretation
that this molecule plays an important role in equatorial segment
structural integrity [7]. Comparison of intact mouse sperm with
acrosome-reacted sperm by Western blot analysis (Fig. 5a)
showed that the 43-kDa isoform of SPESP1 was maintained in
acrosome-reacted sperm whereas the 47-kDa isoform was
reduced, leading to the hypothesis that the 43-kDa isoform may
be the SPESP1 isoform that is retained within the equatorial
segment and mediates the tight binding that occurs between the
leaflets of the inner and outer acrosomal membranes charac-
terizing the equatorial segment in the region of tight apposition.
Studies of SPESPI1 in the equatorial segment of acrosome-
reacted human sperm [5] similarly show retention within the
equatorial segment, albeit with a lower intensity of SPESP1
staining.

SPESP1 Glycosylation Is Germane to Understanding
SPESP1’s Role in Acrosome Biogenesis and Fertilization

The murine knockout (KO) of SPESP1 showed reduced
average litter size from 10 to 7.8 pups (but not complete
infertility) as well as dramatic changes in sperm-egg fusion
during IVF (from 4.2 to 1.9 sperm/egg) and a decrease in IVF
rates (from 90% to 37.2%) [7]. In the present study, both anti-
mouse SPESP1 immune sera and recSPESP1 protein reduced
the percentage of 2-cell embryos when compared to control,
underscoring that the SPESP1 molecule is involved in
fertilization. Zona-intact oocytes incubated with anti-ESP
antibody showed 60% inhibition of fertilization in mice [6],
and antibodies to hSPESP1 blocked the hamster egg
penetration test by 52% [5]. SPESP1 thus has been shown to
play a role in fertilization, albeit one that is not entirely
indispensable, and this role may, in part, be compensated by

other proteins. It is well established that sperm fuse in the
microvillar region of the murine egg (see Figure 1 in Runge et
al. [41]). Mouse recSPESP1 incubated with zona-free oocytes
showed microvillar domain binding antipodal to the position of
the metaphase Il-arrested nucleus, supporting a role for
SPESP1 in sperm-oocyte fusion. This observation of micro-
villar domain binding of SPESP1 contrasts with a previous
study that found recSPESP1 protein binding across the entire
oocyte surface [6]. In addition, acrosome-reacted sperm
isolated by cell sorting from SPESP1 KO mice show a loss
of the plasma membrane that overlies the equatorial segment all
the way back to the edge of the equatorial segment domain in
scanning microscopic images of freeze-dried sperm [7],
providing direct evidence that SPESP1 plays a role in
maintaining the integrity of the equatorial segment domain of
the plasma membrane. Thus, the microheterogeneity and
glycosylation of SPESP1 protein isoforms are germane to
understanding both the role of SPESP1 in acrosome biogenesis,
particularly equatorial segment formation, and the role of the
equatorial segment in fertilization, including equatorial seg-
ment preservation and integrity after the acrosome reaction.

New Hypotheses Emerging from These Findings

The finding of a 77/67- to 47/43-kDa transformation in
SPESP1 mass within the testis leads to new hypotheses
regarding acrosome biogenesis. The first hypothesis is that
deglycosylation of some acrosomal matrix proteins accompa-
nies acrosome biogenesis and equatorial segment formation.
SPESP1 has been shown to appear as early as the Golgi phase
in the electron-lucent regions of the acrosomal vesicle matrix
and to mark an intra-acrosomal equatorial segment domain
during cap and elongation phases of acrosome formation [4].
SPESP1 then localizes within the equatorial segment of mature
sperm. The hypothesis that deglycosylation of SPESP1
accompanies equatorial segment formation opens a potentially
new and exciting field of enquiry into the molecular events
underlying aspects of acrosomal biogenesis that have previ-
ously received scant attention—namely, acrosomal matrix
condensation and formation of the bridges between inner and
outer acrosomal membranes that stabilize and characterize the
equatorial segment. Because the acrosome is considered a
hybrid organelle orthologous to both secretory granules and
lysosomes [3, 42, 43], the hypothesis that deglycosylation of
acrosomal matrix components accompanies acrosome biogen-
esis may be of general cell biological significance when
considering the phenomenon of secretory granule condensa-
tion, which occurs in a variety of exocrine cells. To our
knowledge, mass changes of acrosomal matrix proteins
ascribed to deglycosylation have not been previously proposed
to occur during spermiogenesis. However, the sperm equatorial
region protein equatorin, also a glycoprotein, showed a pattern
of deglycosylation during epididymal maturation [44].

A second proposition arising from the present study is that
SPESP1 glycosylation and deglycosylation are both occurring
within the testis. This suggests that SPESP1 is possibly
glycosylated during early spermiogenesis and then subsequent-
ly deglycosylated, likely before spermatid release as acrosome
formation is completed. A central question is whether
glycosylation and deglycosylation occur within the Golgi
during synthesis of proacrosomal granules or within the
acrosomal vesicle itself. One corollary derived from the second
hypothesis is that intra-acrosomal deglycosidases are predicted
to be synthesized at some stage of acrosome biogenesis and
become activated within the acrosomal vesicle or acrosomal
membranes. Due to the observation that 18 O-linked
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glycosylation sites are predicted in SPESP1 and that the O-
glycosidase B1-4-N-acetylgalactosaminidase effected the most
significant reduction in mass of testicular SPESPI1, this
corollary leads to a prediction that an O-glycosidase is
involved in modification of SPESP1 during acrosome biogen-
esis. A second corollary posits that the deglycosylation of
SPESP1 is achieved by proteolytic removal of a highly
glycosylated peptide fragment of SPESP1. Failure to recover
peptides by tryptic digestion and mass spectrometry within the
C-terminal 29 amino acids of sperm SPESP1 may indicate
sperm SPESPI1 lacks this region and a highly glycosylated
peptide lies therein that is removed by a carboxypeptidase.
Possibly, deglycosidases and proteolysis act in concert to
achieve the SPESP1 mass changes revealed in the present
study.

During the various steps of acrosomal biogenesis, the
acrosomal matrix undergoes condensation in a process that is
analogous to the condensation of secretory granules destined
for release by regulated exocytosis [45]. The condensation and
packaging of secretory granule luminal proteins, where intra-
granular concentrations of 0.1 g/ml of a diverse array of
secretory proteins coexist within a single granule, previously
were ascribed to a variety of processes, including protein
dimerization, removal of luminal contents from the immature
granule by vesicular budding [46], proteolytic processing,
changes in ionic environment including mild acidification, and
ions such as zinc or calcium [45]. Such processes reflect
progressive protein insolubility within the luminal environment
of the maturing granule. To our knowledge, no previous author
has suggested that protein glycosylation and deglycosylation
may accompany secretory granule condensation. The acrosome
in some respects represents a unique type of secretory granule
in that the granule membranes (inner and outer acrosomal
membranes) undergo adhesion during formation of the zone of
tight apposition in the equatorial segment. It is possible that
deglycosylation of SPESP1 represents a process unique to the
formation of the equatorial segment. Alternatively, deglycosy-
lation of secretory granule luminal proteins during secretory
granule condensation may be a more widespread phenomenon
occurring in other secretory cells.
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