MOLECULAR AND CELLULAR BIOLOGY, Oct. 2007, p. 6794-6805
0270-7306/07/$08.00+0 doi:10.1128/MCB.01029-07

Vol. 27, No. 19

Copyright © 2007, American Society for Microbiology. All Rights Reserved.
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Zona pellucida binding protein 1 (ZPBP1), a spermatid and spermatozoon protein that localizes to the acrosome,
was originally identified in pigs and named for its binding to the oocyte zona pellucida. In an in silico search for
germ cell-specific genes, Zpbp1 and its novel paralog, Zpbp2, were discovered and confirmed to be expressed only in
the testes in both mice and humans. To study the in vivo functions of both ZPBP proteins, we disrupted ZpbpI and
Zpbp2 in mice. Males lacking ZPBP1 were sterile, with abnormal round-headed sperm morphology and no forward
sperm motility. Ultrastructural studies demonstrated that absence of ZPBP1 prevents proper acrosome compac-
tion, resulting in acrosome fragmentation and disruption of the Sertoli-spermatid junctions. Males null for ZPBP2
were subfertile, demonstrated aberrant acrosomal membrane invaginations, and produced dysmorphic sperm with
reduced ability to penetrate zona pellucida. Molecular phylogenetic analysis of ZPBPs from amphibians, birds, and
mammals suggests that these paralogous genes coevolved to play cooperative roles during spermiogenesis. Whereas
ZPBP1 was discovered for an in vitro role in sperm-egg interactions, we have shown that both ZPBP proteins play

an earlier structural role during spermiogenesis.

Studies on sperm-egg interactions in model organisms have
provided conceptual understandings for how spermatozoa
bind, penetrate, and fertilize the egg (15, 49). In placental
mammals (Eutheria), the egg investment, called the zona pel-
lucida (ZP), is a reticular meshwork assembled from three
groups of sulfated glycoproteins, ZP2, ZP3, and ZP1/ZP4 that
completely encircles mammalian eggs (12, 15). The ZP is re-
sponsible for the initial sperm binding and the subsequent
induction of the acrosome reaction that allows sperm penetra-
tion. The ZP also functions as a physical barrier to select for
functional spermatozoa capable of successful penetration, to
prevent polyspermy, and to protect early embryos. However,
the molecular details of sperm binding and zona penetration
are mostly unresolved (36). Therefore, much effort has been
focused on identifying sperm proteins involved in these pro-
cesses.

The acrosome is a cap-shaped, Golgi-derived organelle lo-
cated over the anterior part of the sperm nucleus and highly
conserved throughout evolution (2, 13). One exception in ver-
tebrates is the teleost (bony fish) lineage, in which acrosome-
less sperm can fertilize the egg by swimming through a spe-
cialized opening on the egg investment known as the micropyle
(10, 32). During the acrosome reaction, the vesiculization and
removal of the sperm plasma membrane and the outer acro-
somal membrane expose the inner acrosomal membrane and
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the overlaying acrosomal matrix materials for subsequent
sperm-egg interactions, including zona penetration and sperm-
egg fusion (15, 16, 49). Although acrosome biogenesis is im-
portant for sperm during gamete interaction, recent studies
have also revealed its involvement in sperm morphogenesis
(21). During spermiogenesis, close association of the acrosome
with the underlying nucleus through the acroplaxome (20) is
likely involved in the formation and maintenance of nuclear
polarity in spermatids during chromatin condensation through
chromatin components such as H1T2 (26). The acrosome also
anchors the spermatid nucleus to the Sertoli cell through
Sertoli-spermatid junctions, including the apical ectoplasmic
specializations until the time of spermiation (47).

During our in silico subtraction studies to identify novel
germ-cell-specific genes in the mouse (24, 37), we found ZP
binding protein 1 (Sp38) (30, 31) or Iam38 (51) (herein re-
ferred to as Zpbpl) and its novel paralog, Zpbp2. ZPBP1 has
been previously identified as an in vitro ZP2(ZPA)-binding
protein (30) associated with the persistent acrosomal matrix
over the inner acrosomal membrane of acrosome-reacted
sperm (31, 51); an anti-ZPBP1 antibody has also been shown
to block in vitro fertilization in pigs, potentially acting at the
zona penetration step (51).

Here, we report the identification of members of the ZPBP
gene family from amphibians to mammals and the physiolog-
ical characterization of both ZPBP1 and ZPBP2 using knock-
out mouse models. Unexpectedly and in contrast to the re-
ported in vitro roles of ZPBPs in fertilization, we uncovered in
vivo structural functions for both ZPBP proteins in the bio-
genesis of the acrosome and sperm morphogenesis during
spermiogenesis. Implications of the overlapping, but different,
localizations of ZPBP1 and ZPBP2 in the acrosomal matrix,
their different biochemical properties, possible coevolutionary
relationships between the ZPBPs, and mechanisms of sperm-
egg interaction are discussed.
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MATERIALS AND METHODS

In silico subtraction and semiquantitative RT-PCR. In silico subtraction was
performed as described earlier (39). The identified genes were further screened
for tissue specificity by using semiquantitative reverse transcription-PCR (RT-
PCR) as described previously (48). Primers were designed to span exons. Mouse
c¢DNAs were prepared from multiple mouse tissues, and human multiple tissue
c¢DNAs were purchased from BD Biosciences. The following gene-specific prim-
ers were used: mouse Zpbpl, TTGGACATTTGGCTCGACTG and AGCTGC
ATGGTATCGAGCTG; mouse Zpbp2, ACTAGTGCCTGAGCCGTGAT and
AGGTTCCCGATATGCAAAGA; human ZPBPI, CAAAGAGCTGGTTTGC
AAAATG and AAGCACGTTTTTGCTCCATACA; and human ZPBP2, TTG
GAGCCTTTGTCTGGACT and ATATGCTTGGCTCCGAAAAA. Human
B-actin was amplified as a loading control by using a primer set purchased from
BD Biosciences. To ensure that the PCR was in the exponential phase, different
PCR cycles from 15 to 35 were tested. Twenty-eight cycles were used for both
mouse Zpbp2 and human ZPBP2. The mouse Hprtl and human B-ACTIN served
as loading controls for the PCRs.

Genomic database search and protein sequence alignment. The amino acid
sequences from the open reading frames of mouse Zpbpl and Zpbp2 sequence
were used to perform a TBLASTN search against the different GenBank data-
base subsets, including the nonredundant database, the EST database, and the
WGS database as described by Roy et al. (38). Reciprocal best matches were
used as criteria to verify the orthologous pairs. An alignment of all ZPBP
proteins of different species was performed by using the MEGALIGN program
of the DNASTAR software package (DNASTAR, Inc.). The sequence similarity
was derived by using the same program.

5'RACE. To verify the completeness at the 5’ end, rapid amplification of
c¢DNA 5" ends (5'RACE) was performed by using a SMART RACE c¢cDNA
amplification kit (BD Biosciences) according to the manufacturer’s instructions.
The amplified DNA fragments visible on an ethidium bromide gel were isolated
and cloned into pGEM-T vector (Promega) for subsequent sequencing.

In situ hybridization. In situ hybridization was performed as described previ-
ously (48). Briefly, paraffin-embedded testes were cut into 5-pwm sections,
dewaxed, fixed, hybridized, and washed. The mouse Zpbp! cDNA fragment
(nucleotides 31 to 1245 in NM_015785) and the mouse Zpbp2 cDNA fragment
(nucleotides 105 to 539 in AY251601) were cloned into pGEM-T vector. Sense
and antisense probes were generated by labeling with [a-3*S]uridine phosphate
by using the Riboprobe labeling system (Promega). Hybridization signals were
detected by autoradiography using NTB-2 emulsion (Eastman Kodak). After
development and fixation, the slides were counterstained with hematoxylin and
mounted for photography. Neither the mouse ZpbpI nor the Zpbp2 sense probes
generated a signal above the background in the testes sections.

Generation of anti-ZPBP1 and anti-ZPBP2 antibodies. Recombinant mouse
Zpbp1 (amino acids 101 to 406 in NP_056600), produced from the pET-23b(+)
vector (Novagen), was used to immunize goats (Cocalico Biologicals) to produce
the anti-ZPBP1 polyclonal antibody (G176). A mouse ZPBP2 peptide (KETV
DPTYLWTGPNE; amino acids 62 to 76 in NP_081337) was used to generate
affinity-purified anti-ZPBP2 antibody in rabbit (Bethyl Laboratories).

Immunofluorescence microscopy. Immunofluorescence microscopy was per-
formed on tubule squash preparations as described previously (22) or on air-
dried epididymal sperm. Briefly, seminiferous tubules were dissected and staged
before squashing. The tubule squash preparations were fixed in 90% ethanol for
immunofluorescence labeling, and epididymal sperm were permeabilized with
0.5% Triton X-100 in phosphate-buffered saline (PBS) and fixed with 3:1 meth-
anol-acetic acid. The goat anti-ZPBP1 polyclonal antibody (G176) was used at a
dilution of 1:200, and the rabbit anti-ZPBP2 peptide antibody was used at a
dilution of 1:2,000. Secondary antibodies conjugated with Alexa fluorochrome
(Invitrogen) were used to visualize protein localizations. Negative controls, omit-
ting the primary antibodies, showed only background signals.

Generation of ZpbpI and Zpbp2 knockout mice. The targeting constructs were
electroporated into Hprt-deficient AB2.2 mouse embryonic stem (ES) cells de-
rived from a 129S5/SvEvBrd (129S5) strain, and double selection was used to
screen for targeted clones as described previously (27). Proper targeting was
verified by Southern blot analysis with both 5" and 3" probes. Two different ES
cell clones carrying targeted Zpbp?2 allele and one ES cell clone carrying targeted
Zpbpl allele were injected into recipient C57BL/6J blastocysts to generate chi-
meric mice. The examination of another gene, AK040906, whose exon 1 is
localized in the 5’-recombination arm, but unknown at the time of vector con-
struction, involved semiquantitative RT-PCR, 5'RACE, and sequencing of
cloned ¢cDNA to rule out mutations in this gene. Chimeric males were bred to
females of both the C57BL/6J (B6) and 129S5 strains to obtain F, heterozygous
mice carrying targeted mutant alleles. Male and female F, heterozygotes were
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intercrossed to produce homozygous mutant mice. Male and female progeny
were born with the expected Mendelian frequency at approximately 1:1 ratio for
both sexes. All mouse experiments were carried out on a C57BL/6/129S5/
SvEvBrd hybrid background. Litters were weaned at 3 weeks, and mice were
mated at 42 days. The number of litters and pups per litter born over a 6-month
period were recorded to obtain the mean litter sizes and the average litters born
in 6 months. All animal experiments were performed in accordance with proto-
cols approved by the Institutional Animal Care and Use Committee of Baylor
College of Medicine.

Northern blot analysis. Total RNA (15 pg) isolated from multiple mouse
tissues was fractionated on a 1.2% formaldehyde-agarose gel and transferred to
Hybond-N nylon membrane (GE Healthcare). The 697-bp (nucleotides 405 to
1101 in NM_015785) fragment of mouse Zpbpl cDNA and 721-bp (nucleotides
336 to 1056 in NM_027061) fragment of mouse Zpbp2 cDNA was labeled with
[«-3?P]deoxy(d)-ATP using the Strip-EZ kit (Ambion). Membrane hybridiza-
tion, washing, and autoradiography, as well as stripping and reprobing, were
performed according to the manufacturer’s instructions. Blots were stripped and
hybridized with a Gapdh cDNA labeled with [a->*P]dATP to verify equal RNA
loading.

Sperm parameter analysis. Caudal spermatozoa from adult mice were pre-
pared by mincing caudal epididymides in prewarmed M2 medium, and sperm
were allowed to swim out by incubation at 37°C under 5% CO, in air for 30 min.
For sperm counts, sperm are immobilized by dilution in water and counted with
a hemacytometer in duplicate to obtain an average. For analysis of percent
motility, 15 pl of an aliquot of sperm diluted to 10°/ml was spotted onto a glass
slide and covered with a 22-by-22-mm coverslip. A total of 100 sperm (both
motile and immotile) were scored in duplicate manually using differential inter-
ference contrast optics at X200 to obtain an average percent motility.

Electron microscopy. For transmission electron microscopy analysis, epididy-
mis or testes from transcardially perfused mice were further fixed in 2.5%
glutaraldehyde and 2.0% formaldehyde in 0.1 M cacodylate buffer containing 2
mM CaCl, and embedded in Spurr’s resin. Thin sections (80 nm) were made and
stained with uranyl acetate and lead citrate, and electron microscopy was per-
formed using a Hitachi H7500 transmission electron microscope (Hitachi-HTA)
at 80 kV.

Monitoring in vivo fertilized embryos. The collection of in vivo fertilized
two-pronucleus embryos were performed as described by Nagy (33). Briefly,
superovulation is performed with intraperitoneal injections of 5 TU of pregnant
mare serum gonadotropin, followed 48 h later with 5 TU of human chorionic
gonadotropin (hCG). Female C57/129S5 mice, 2 to 3 months old, were super-
ovulated and mated to Zpbp2 heterozygous or Zpbp2-null males. Test females
were checked for vaginal plugs the next morning and sacrificed for embryo
collection 24 h after the injection of hCG. After DNA was stained with DAPI
(4',6'-diamidino-2-phenylindole), the percentages of embryos with two pronuclei
were recorded.

In vitro sperm-egg binding with zona-intact eggs and fusion assay with zona-
free eggs. The in vitro sperm-egg binding assay was performed as described
previously (46). Briefly, superovulated eggs were treated with hyaluronidase in
M199* (M199 medium [Invitrogen| supplemented with 30 pg of sodium pyru-
vate/ml) to remove cumulus cells, washed in PBS-PVP (PBS with 0.4% poly-
vinylpyrrolidone), and fixed in 1% formaldehyde-PBS-PVP for use up to 1 week.
Fixed eggs were washed three times for 20 min each in M199* plus 0.4% bovine
serum albumin (M199*+0.4% BSA) before use. Caudal epididymal sperm were
capacitated in M199*+0.4% BSA for 1 h at 37°C in 5% CO, and adjusted to a
concentration of 10°/ml. Twelve eggs were added for each assay. After an incu-
bation period of 50 min, eggs were washed in M199*+0.4% BSA and fixed in 2%
formaldehyde-PBS-PVP, and the number of bound sperm per egg was deter-
mined at the widest egg diameter. The in vitro sperm-egg fusion assay was
performed as described previously (28). Isolated eggs were treated with hyal-
uronidase in M199*+0.3% BSA to remove cumulus cells and then treated with
10 pg of chymotrypsin/ml in M199*+0.3% BSA for 3 min to loosen the ZP. The
treated eggs were transferred through three clean drops of medium using a
narrow-bore pipette to mechanically remove the loosened zonae. Zona-free eggs
were preloaded with DAPI dihydrochloride at 10 wg/ml in M199*+0.3% BSA
for 15 min at 37°C in 5% CO,. After DAPI treatment, the eggs were washed
through three drops of clean M199*+0.3% BSA. The eggs were allowed to
recover for 3 h before insemination with caudal epididymal sperm incubated in
M199*+3.0% BSA for 3 h. Fused sperm can be identified by the fluorescent
staining with preloaded DAPI.

Time course analysis of in vitro fertilization. The time course analysis of in
vitro fertilization was performed as described previously (1). Briefly, for each
round of analysis, one Zpbp2 heterozygous male and one Zpbp2-null male were
used, and their caudal epididymal sperm were capacitated for 2 h in 0.2 ml of
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TYH medium before fertilization. For each time point, four female C57/129S5
mice, 2 to 3 months old, were superovulated, and the cumulus-oocyte complexes
were recovered 15 to 16 h after the administration of hCG in 0.2 ml of TYH
medium. To minimize the difference in the quality of recovered oocytes, the
cumulus-oocyte complexes in one oviduct were separated from those in the other
oviduct, and the two separate pools were then fertilized with capacitated sperm
from either the Zpbp2 heterozygous male or the Zpbp2-null male. For fertiliza-
tion, capacitated sperm were added to a final concentration of 1.5 X 10%/ml,
followed by incubation for 3 to 6 h at 37°C under 5% CO, in air. At the end of
incubation, the eggs were briefly treated with hyaluronidase, fixed with 2%
formaldehyde, and stained with DAPI. Embryos containing enlarged sperm head
in the cytoplasm or two pronuclei were recorded as fertilized embryos.

Western blot analysis of proteins remaining in acrosome-reacted sperm.
Mouse sperm were release from caudal epididymis in M2 medium and incubated
at 37°C for 30 min. The sperm were then washed with M2 medium and divided
into four aliquots. Calcium ionophore, A23187 (Sigma), was added to a final 10
uM concentration to induce acrosome reaction, and the four aliquots were
incubated at 37°C for 0, 10, 30, and 60 min, respectively. The treated sperm were
centrifuged to remove soluble proteins with the medium, and the sperm pellets
were extracted with radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris-HCI [pH 7.4], 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 150 mM sodium chloride) to monitor proteins remained on acrosome-
reacted sperm by Western blot analysis.

Serial extraction of acrosomal proteins. Two different serial extraction meth-
ods of mouse sperm proteins were used, and protease inhibitor (Roche) was used
in all extraction buffers. The three-step (sonication, high-salt, and RIPA) extrac-
tion method was performed as described previously (51) with minor modifica-
tions. Briefly, mouse sperm were release from caudal epididymis in M2 medium
and washed with PBS. Sperm were subjected to sonication with Branson Sonifier
250 six times at 20% duty cycle and output level 4. After centrifugation at
20,000 X g at 4°C for 10 min, the sonicated supernatant (SS fraction) was
separated from the sperm pellets. Sperm pellets were extracted in the high-salt
buffer (1 M KCl, 20 mM Tris-HCI [pH 7.4]) at 4°C overnight. After centrifuga-
tion, the supernatant contained high-salt extracted proteins (HS fraction), and
the cell pellets were further extracted with RIPA buffer. Similarly, the two-step,
M-PER/RIPA, extraction used M-PER buffer (Pierce) to permeabilize sperm
membrane and extract soluble sperm proteins at room temperature for 5 min.
After centrifugation, the M-PER supernatant (M-PER fraction) was separated,
and the cell pellets were further extracted with RIPA buffer. Equal aliquots of
extracted proteins from each step were used to compare the relative abundance
in each fraction. For Western blot analysis, the goat anti-ZPBP1 polyclonal
antibody (G176) was used at a dilution of 1:1,000, and the rabbit anti-ZPBP2
peptide antibody was used at a dilution of 1:15,000. The anti-green fluorescent
protein (anti-GFP) antibody (Sigma G6539) was used at a dilution of 1:3,000.

Statistical analysis methods. Statistical significance was determined by using
the two-tailed unpaired Student ¢ test assuming unequal variances.

RESULTS

Identification of the ZPBP gene family by in silico subtrac-
tion. To expand our understanding of the unique physiology of
germ cells and uncover candidate genes as novel contraceptive
targets, we took advantage of publicly available expressed se-
quence tag (EST) and microarray data to identify conserved
genes preferentially expressed in germ cells in silico (24, 38).
One of the identified novel EST clusters matched an adult
mouse testis cDNA (GenBank accession no. AK006058) an-
notated as a homolog of the testis-specific ZP binding protein
1 (Zpbpl) gene, suggesting possible roles of this protein in
gamete interactions. To verify the presence of this transcript in
the testis, 5'RACE analysis and RT-PCR cloning were per-
formed, and the verified sequence was submitted to GenBank
(AY251601). Based on its homology with mouse ZpbpI, this
paralogous gene was named Zpbp2. Zpbpl was originally iden-
tified in pigs (D17572 [31]), and the orthologs of ZpbpI from
mouse (D17569) and human (D17570) were also identified. By
mapping to the reference genome sequence, mouse Zpbpl and
Zpbp2 demonstrated similar eight-exon configurations and are
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FIG. 1. ZPBP genes are testis-specific in mice (m) and humans (h).
The testis-specific expression of mZpbpl and mZpbp2 (A) and
hZPBPI and hZPBP2 (B) are shown by multitissue RT-PCR. Hprt and
B-ACTIN were used as loading controls. He, heart; Li, liver; Sp, spleen;
Lu, lung; Ki, kidney; Br, brain; St-stomach; In-intestine; Te, testis; Ov,
ovary.

located on chromosome 11; the mouse Zpbpl gene is much
bigger, spanning 184 kb, compared to the mouse Zpbp2 gene,
which only spans 7.5 kb. Using mouse Zpbp2 sequences to
search EST databases, we also identified and cloned the rat
Zpbp2 (AY251605) and human ZPBP2 (AY251603) orthologs.

To examine the efficacy of our in silico subtraction process,
we confirmed the testis-specific expression of ZpbpI (31) and
Zpbp?2 in both mice and humans by multitissue RT-PCR (Fig.
1A and 1B) and Northern blot analysis (data not shown). After
extensive BLAST searches using the mouse ZpbpI and Zpbp2
sequences, no other paralogs besides Zpbpl and Zpbp2 were
identified in mice, rats, and humans. Thus, we grouped these
two genes into a ZPBP gene family.

ZPBP1 and ZPBP2 are acrosomal proteins found specifi-
cally in male germ cells. To examine the cell types expressing
the ZPBP genes and their temporal expression patterns during
mammalian spermatogenesis, we performed in situ hybridiza-
tion and found that both mouse Zpbpl and Zpbp2 are ex-
pressed exclusively in male germ cells from the mid-pachytene
spermatocyte stage to the early elongating spermatid stage (see
the supplemental material). Although the transcripts of both
Zpbpl and Zpbp2 begin to accumulate in pachytene spermato-
cytes with essentially identical expression patterns, their pro-
tein products are first detectable by immunostaining in the
proacrosomal granule in step 2 to 3 round spermatids (data not
shown). With the progression of acrosomal biogenesis, ZPBP1
and ZPBP2 begin to show different intra-acrosomal localiza-
tions. ZPBP1 is present throughout the entire acrosome during
spermiogenesis, whereas ZPBP2 is concentrated in the acro-
somal granule in early spermatids (Fig. 2A) and subsequently
distributed along the rostral ridge of the acrosome as a sharp
band (Fig. 2B).

Cross-species analysis of ZPBP family members. With the
rapidly growing collections of EST and WGS (for whole genome
shotgun) libraries, we were able to perform BLAST searches to
find short matches of both Zpbp1 and Zpbp?2 in the genomes of a
wide variety of mammalian species, including marsupials (opos-
sum [Monodelphis domestica]) and monotremes (platypus [Orni-
thorhynchus anatinus]). Outside of the mammalian lineage, we
also obtained short partial ZPBP matches in the genomes of
chicken (Gallus gallus) and Western clawed frog (Xenopus
tropicalis), and the most conserved regions were used to design
degenerate primers for cloning. We cloned both ZPBPI
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FIG. 2. ZPBP proteins are intra-acrosomal proteins and present in amphibian, avian, and mammalian species. (A and B) Immunofluorescence
microscopy showed different intra-acrosomal localizations of mouse ZPBP1 (red) and ZPBP2 proteins (green) in step 5 round spermatids (A) and
in mature spermatozoa (B). (C) Domain structures of ZPBP proteins. The signal peptide was predicted by using the SignalP server (http://www
.cbs.dtu.dk/services/SignalP) (14), and the immunoglobulin-like (IG-like) domain was predicted by using the SMART database (http://smart
.embl-heidelberg.de) (23). Red bars represent the 15 conserved cysteines (Cys) among ZPBP proteins, and 8 of these Cys are located near the C
terminus. (D) Protein sequence alignment shows the 15 conserved cysteines (red asterisks) outside of the signal peptide region as the defining
feature of the ZPBP protein family. h, human; m, mouse; g, chicken (G. gallus); x, frog (X. laevis).

(AY563140) and ZPBP2 (AY575015) from chicken testis cDNA.
Since the frog species preferred for fertilization studies is Xenopus
laevis, we also cloned the frog ZPBP (EF363028) from Xenopus
laevis testis cDNA. Protein sequence analysis revealed that both
ZPBP1 and ZPBP2 proteins have an N-terminal signal peptide,
an immunoglobulin-like domain, a C-terminal Cys-rich region,
and several predicted N-glycosylation sites (Fig. 2C). When
aligned, it is apparent that all 15 cysteines outside of the predicted

signal peptide region are conserved among ZPBP proteins (Fig.
2D), and the predicted secondary structures (data not shown)
suggest that all ZPBP family members share a similar conforma-
tion dependent on conserved disulfide bonds.

Alignment analysis (Fig. 2D) shows that frog ZPBP is the
ortholog of mouse Zpbp2. After careful examination of the
conserved neighboring genes, Grbl0-Znfnlal-Zpbpl and
Grb7-Znfnla3-Zpbp2, located at the syntenic loci in mamma-
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lian genomes (19), we were unable to identify a ZPBPI or-
tholog at the syntenic locus in the Xenopus tropicalis genome
assembly version 4.1. RT-PCRs using two different degenerate
primer pairs designed from sequences conserved among
ZPBPI members also failed to amplify a ZPBPI ortholog from
frog testis cDNA. We conclude that Xenopus species possess
only one ZPBP gene. Outside of amphibians, extensive BLAST
searches for the ZPBP family members using genome data-
bases, whole-genome shotgun sequence databases, and EST
databases failed to identify any ZPBP gene members in teleost
fish (bony fish) species, indicating major differences between
teleost fishes versus birds, amphibians, and mammals in the
process of spermatogenesis and/or fertilization (see Discus-
sion).

Generation of Zpbp1 and Zpbp2 knockout mice. To study the
physiological roles of ZPBP1 and ZPBP2 proteins, we gener-
ated targeted deletions of the signal peptide encoding regions
of the mouse Zpbpl and Zpbp2 genes by homologous recom-
bination in mouse ES cells (Fig. 3A to D), resulting in
Zpbpl™1Z4k and Zpbp2"1#“* targeted alleles, respectively
(herein called Zpbpl~ and Zpbp2~). Chimeric males gener-
ated from targeted ES cells were bred to C57BL/6J (B6) fe-
males to generate F, heterozygous mice, and heterozygous
littermates were intercrossed to produce homozygous mutant
mice. There was no distortion of the Mendelian ratio in off-
spring generated from heterozygous mating pairs, and both
Zpbpl homozygous null (Zpbpl ~'~) and Zpbp2 homozygous
null (Zpbp2~'~) mice showed no apparent defects in develop-
ment or ability to thrive (consistent with their testis-specific
expression). The testicular weights of Zpbpl '~ males (86.9 +
3.1 g;n = 8) and Zpbp2~'~ males (88.7 = 2.6g; n = 10) were
similar to that of their wild-type (88.2 * 2.7 g; n = 6) and
heterozygous siblings (89.3 = 2.2 g; n = 10). Northern blot
(Fig. 3E) and Western blot (Fig. 3F) analyses demonstrated
the absence of mRNA and proteins, respectively, in the testes
of homozygous Zpbpl and Zpbp2 mutant mice and confirmed
that both targeted mutant alleles are null alleles. The inability
to detect ZPBP2 protein in sperm from Zpbpl '~ mice (Fig.
3F) was ascribed to severely disrupted acrosome biogenesis in
ZpbpI-null spermatids (see below).

Zpbp2-null males show reduced fertility and produce sperm
with subtle deformation. When Zpbp2"/~ males were housed
with either Zpbp2™'~ or Zpbp2~/~ females for a 6-month pe-
riod, normal fecundities were observed (Fig. 3G and H). In
contrast, Zpbp2~/~ male mice showed significantly decreased
fecundity compared to heterozygous males (Fig. 3G and H).

Although sperm counts and sperm motility were similar be-
tween Zpbp2™/~ and Zpbp2~'~ males (data not shown), almost
all of the Zpbp2-null sperm showed subtle deformation, includ-
ing a shortened apical hook, smaller apical angle, and bulges in
close approximation of the acrosome region (Fig. 4B to E).
The absence of bulges on acrosome-reacted sperm indicated
that the bulges are acrosomal (Fig. 4D), and electron micros-
copy demonstrated that the bulges are formed from pockets of
excessive acrosome folding onto itself (Fig. 4G and H). These
affected structures matched the localization of ZPBP2 (Fig.
2B), suggesting structural roles of ZPBP2 in the compaction of
the acrosome along the acrosome ridge.

To determine the cause of the decreased fecundity in the
Zpbp2~'~ males, we performed various sperm-oocyte binding
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and fertilization assays in vitro (Fig. 41 to L). Whereas Zpbp2-
null sperm showed normal binding to the ZP (Fig. 4J) and
normal fusion with zona-free eggs (Fig. 4L), in vitro fertiliza-
tion rates with zona-intact eggs were slower (Fig. 4K), resulting
in fewer oocytes fertilized (Fig. 4I). This indicates that the
delayed fertilization most likely involves reduced zona pene-
tration in the absence of ZPBP2.

Zpbpl knockout males are infertile secondary to globozo-
ospermia. To study the function of ZPBP1 and possible redun-
dancy of the ZPBP proteins, we produced Zpbpl mutant and
Zpbpl/Zpbp2 double mutant mice. Like Zpbp2~'~ females,
Zpbpl '~ females and Zpbpl '~ /Zpbp2~'~ females showed
normal fertility (Fig. 31 and J). For both Zpbpl heterozygous
(Zpbp1™'~) and double heterozygous (Zpbpl™'~/Zpbp2*'™)
males, although higher percentages (>20%) of sperm with
abnormal morphology were observed, their fecundity was still
comparable to wild-type males (Fig. 31 and J). However, the
proportions of abnormal sperm in Zpbpl ™'~ /Zpbp2~/~ males
were higher, and the fecundity and fertility dropped to 3.4 =
0.40 pups/litter and 3.8 = 0.60 litters in 6 months (Fig. 31 and
J). These observations suggest dosage effects of the paralogous
Zpbpl and Zpbp2 genes in sperm morphogenesis.

In contrast to the decreased fecundity observed in Zpbp2 '~
males, homozygous ZpbpI-null (Zpbpl~'~) males and Zpbpl/
Zpbp2 double-null (Zpbpl '~ /Zpbp2~'~) males were all sterile
(Fig. 3I and J). The sperm counts were similar between wild-
type males (11.8 X 10° = 0.9 X 10% n = 7) and ZpbpI-null
(12.8 X 10° = 1.0 X 10% n = 7) or Zpbpl/Zpbp2 double-null
(11.3 X 10° = 1.2 X 10% n = 5) males. However, infertility was
associated with severe deformation of the spermatozoa (Fig.
5B and C; 100% abnormal morphology), with the majority of
caudal epididymal sperm demonstrating round-headed mor-
phology with a coiled tail around the sperm nucleus. In addi-
tion, ZpbpI-null sperm showed dramatically and statistically
reduced sperm motility (10.0% =+ 3.8% motile; n = 6) with no
forward motility compared to controls (68.0% * 5.2% motile;
n = 6). Further examination using ZpbpI-null sperm carrying
the Acr-EGFP transgene (34) or immunofluorescence labeling
with anti-ZPBP2 antibody showed that the acrosome was ab-
sent in >80% of the Zpbp1-null sperm. The remaining <20%
of sperm had only abnormally shaped acrosomal remnants
(data not shown). The proportions of ZpbpI-null spermatozoa
showing coiled flagellum increased from proximal caput epi-
didymis (9.3% =+ 1.7%, n = 4) to caudal epididymis (79.5 =
2.8, n = 4), suggesting that the transformation of noncoiled
proximal caput epididymal sperm (Fig. 5D) to coiled caudal
epididymal sperm (Fig. SE) occurs during epididymal mat-
uration, similar to Gopc knockout mice (18, 43, 50; see also
Discussion).

Using electron microscopy, additional ultrastructural abnor-
malities were observed in all spermatozoa, including mis-
shapen nuclei, detached flagella, and disorganized mitochon-
dria trapped inside excessive cytoplasmic droplets (Fig. SF and
G). As early as step 6 to 8 spermatids, minor acrosomal ab-
normalities, including a dilated acrosome (Fig. 51), detached or
eccentric acrosomal granules, and occasional nuclear indenta-
tion by the dilated acrosome were observed in spermatids and
spermatozoa in Zpbpl '~ testis. During spermiogenesis in the
mouse, the compaction of the acrosome begins around step 6
and results in a completely flattened vesicle with an electron-
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FIG. 4. Zpbp2-null spermatozoa show subtle deformations and impaired fertilization. (A to E) Light microscopy analysis of wild-type (WT)
(A) and Zpbp2-null sperm (2KO) (B to D). Zpbp2-null sperm showed bulges along the dorsal ridge (arrowheads in panels B and C) over the
acrosome. (D) The bulges were removed from Zpbp2-null sperm after A23187-induced acrosome reaction (2KO-AR). (E) Zpbp2-null sperm (D,
right) also showed a shortened apical hook and smaller apical angle compared to wild-type sperm (A, left). (F to H) Electron microscopic analysis
of wild-type (F) and Zpbp2-null (G and H) sperm. The acrosomal bulges on Zpbp2-null sperm are indicated by arrows. (I to L) In vitro binding
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dense acrosomal matrix in step 9 wild-type spermatids (Fig. 5J)
when the acrosome forms tight association with the Sertoli cell
and anchors the nucleus to the junctional structures (40). In
contrast, step 9 ZpbpI-null spermatids (Fig. SK) show a dilated
acrosome, indicating failure in the compaction of the develop-
ing acrosome. Acroplaxome (20), an actin-keratin-containing
structure anchoring the developing acrosome to the nuclear
membrane, was found to be present as an electron-dense layer
(Fig. 5I and K), suggesting that the acrosome-acroplaxome
interactions are intact in ZpbpI-null spermatids.

In elongating spermatids, the acrosome is seen as a compact
organelle anchoring the nucleus to the Sertoli cell at Sertoli-
spermatid junctions in wild-type spermatids (Fig. 5L). In con-
trast, close association of the spermatid nucleus with the Ser-
toli cell is disrupted, and abnormal vesicles can be found within
the Sertoli cell cytoplasm of Zpbpl '~ testes (Fig. SM). The
filamentous actin (F-actin) bundles surrounding these vesicles
suggest that these vesicles are internalized from the Sertoli-
spermatid junctions adjacent to the acrosome region of sper-
matids. Other images with the dilated acrosome undergoing
fragmentation further confirm that these internalized vesicles

were acrosome fragments coated with junctional structures
(Fig. 5N and O). Although small amounts of excessive acroso-
mal contents may be removed normally through tubulobulbar
complexes (44), the profound fragmentation and degradation
of dilated acrosomes observed in ZpbpI-null spermatids is not
seen in wild-type spermatids or described in other knockout
mouse models. When analyses were performed with double-
null males (data not shown), the fragmentation and degrada-
tion of acrosomes were identical to Zpbp! single-null males.
This is consistent with our observation that consequences of
ZPBP1 deficiency are so severe as to compromise accumula-
tion of ZPBP2 protein and mask any separable roles of ZPBP2.

Different release kinetics and posttranslational processing
between ZPBP1 and ZPBP2. ZPBP1 has been reported to
persist in acrosome-reacted sperm (31, 51), and ZPBP1 is
released by the A23187-induced acrosome reaction (42). To
understand why more significant phenotypes are observed in
spermatids and spermatozoa lacking ZPBP1 in addition to the
more widespread intra-acrosomal localization of ZPBP1 com-
pared to ZPBP2 (Fig. 2A and B), we compared the release
kinetics of ZPBP1 and ZPBP2 from acrosome-reacted sperm
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antibodies were used as shown.

using Acr-EGFP (for prepropeptide proacrosin-enhanced GFP
fusion transgene) mice (34), in which soluble ACR-EGFP ac-
cumulates in the acrosome. A time course Western blot anal-
ysis of proteins remaining in acrosome-reacted sperm showed
that the soluble ACR-EGFP and ZPBP2 were mostly released
by 30 min after the acrosome reaction, whereas ZPBP1 re-
mained detectable in the sperm 60 min after the acrosome
reaction (Fig. 6A), suggesting tighter association with the ac-
rosomal matrix. By using a modified two-step sonication/high-
salt extraction procedure (51), we observed persistent associ-
ation of ZPBP1 protein with the acrosomal matrix in all three
sequential extraction steps, while soluble ACR-EGFP and
ZPBP2 are readily released after sonication-mediated disrup-
tion of the outer acrosomal membrane (Fig. 6B). When we
replaced sonication with a mild membrane permeabilization
reagent, M-PER, preferential extraction of ZPBP2 and ACR-
EGFP was observed, with negligible levels of ZPBP1 extracted
(Fig. 6C). Taken together, these results indicate that ZPBP2 is
readily soluble after either the acrosome reaction or the per-
meabilization of the acrosomal membrane, while the slower
release of ZPBP1 supports a close association of ZPBP1 with
the acrosomal matrix through noncovalent interactions.

Because of the presence of putative N-glycosylation sites in
both ZPBP1 and ZPBP2 proteins, we also performed Western
blot analysis with the deglycosylated mouse sperm proteins.
Removal of the N-linked oligosaccharides with peptide N-
glycosidase F (PNGase F) revealed that the 38-kDa ZPBP1
band collapsed down to 34 kDa and the 29-kDa ZPBP2 band
collapsed down to 25 kDa (Fig. 6D). Although 34 kDa is the
expected size for the mature peptide portion of ZPBP1, the
observed 25-kDa band for deglycosylated ZPBP2 is much
smaller than the expected 35-kDa mature peptide. That the
anti-peptide ZPBP2 antibody was generated against amino
acids 62 to 76 within the 326-amino-acid open reading frame of
ZPBP2 and amino acids 62 to 326 alone account for an appar-
ent molecular mass of 30.4 kDa suggests additional proteolytic
processing in the C-terminal region of ZPBP2. These results
reveal different biochemical properties, including release ki-
netics and posttranslational processing, between ZPBP1 and
ZPBP2 in mouse sperm.

DISCUSSION

We demonstrated an unexpected aspect of the intra-acroso-
mal ZPBP proteins as integral structural components for the

compaction of the acrosomal matrix and the normal fertility of
knockout females confirms the specific functions of ZPBP1
and ZPBP2 in the male germ cells. The earliest phenotype in
mouse spermatids lacking ZPBP1 is failure of acrosome com-
paction, leading to a dilated acrosome overlying the sperm
nucleus. During the elongation phase of spermiogenesis, the
dilated acrosome undergoes fragmentation, and the Sertoli-
spermatid junctions are internalized by Sertoli cells with the
acrosome fragments (Fig. 5P). In contrast, loss of ZPBP2 re-
sults in decreased fecundity and subtle sperm head deformities
that correspond to the discrete localization of ZPBP2 along the
rostral ridge of spermatozoa. Since several muroid rodents (in
superfamily Muroidea) with a variety of less prominent apical
hook and nonhooked sperm heads exist in nature (6, 7), the
morphological changes of Zpbp2-null sperm are unlikely to be
prohibitive to their fertilization potentials, thus suggesting that
the reduced zona penetration is responsible for the decreased
fecundity. In double-knockout mice, the effects of disrupted
ZPBP1 preclude any appreciation of independent ZPBP2
function. This may reflect the wider distribution of ZPBP1 in
the entire acrosome (Fig. 2A and B) and the closer integration
of ZPBP1 within the acrosomal matrix as shown in the slower
release kinetics after the acrosome reaction (Fig. 6A). In ad-
dition, the delayed zona penetration by Zpbp2-null sperm sug-
gests that ZPBP proteins are important acrosomal matrix com-
ponents involved in interacting with the ZP during sperm
penetration.

Insights from the cross-species analysis of the ZPBP gene
family. The in silico identification and experimental validation
of ZPBP2, the paralog of the previously reported ZPBPI (30,
31, 51), completes the mammalian ZPBP gene family. By com-
parative cross-species studies, we further established the coex-
istence of both ZPBP members in birds and mammals, and the
presence of a single ZPBP2 ortholog in Xenopus. Based on the
absence of a ZPBP] ortholog among conserved adjacent genes
duplicated at syntenic loci in the Xenopus tropicalis draft ge-
nome, we conclude the absence of a ZPBPI ortholog is the
result of gene loss after a regional duplication event and sug-
gest that frog ZPBP (32% amino acid identity with mouse and
human ZPBP2) likely demonstrate activities of both mamma-
lian ZPBP1 and ZPBP2. These observations, combined with
the ease of performing biochemical experiments using Xenopus
eggs, suggest that Xenopus may be an alternative model organ-
ism system for future analysis of ZPBP functions during sperm
penetration.
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Since ZP2 is reported to be the in vitro binding partner of
ZPBP1 (30), we also examined the evolution of ZP2 among the
well-conserved ZP protein family members found in the egg
investment. Among the three groups of ZP proteins, ZP3 and
ZP1/ZP4 groups are highly conserved components of the egg
investment from teleost fishes to mammals (29, 41). Interest-
ingly, ZP2 orthologs are only found in frogs, birds, and mam-
mals (but not in teleosts [bony fishes] and more primitive
vertebrate species) (41), matching the distribution pattern of
ZPBP gene family members that we report here. Although a
possible coevolutionary relationship among ZP2 and ZPBP
proteins requires further analyses, it is noteworthy that this
pattern also correlates with another transition in the fertiliza-
tion process in evolution. In teleosts, the micropyle on the egg
investment provides an opening that allows the acrosomeless
sperm to swim through to achieve sperm-egg fusion (10). In
contrast, all living tetrapod vertebrates (amphibians, reptiles,
birds, and mammals) have eggs that lack a micropyle and are
completely encircled by an egg investment, thus necessitating
the sperm acrosome reaction for penetration (2, 25). This
raises an interesting question about a coevolutionary relation-
ship developed between the interacting proteins (ZP2 from
eggs and ZPBPs from sperm) and the mode of fertilization
(penetration of completely encircled egg investment in the
absence of micropyle) during the evolution of terrestrial tet-
rapod species from the ancestral fish species. Future compar-
ative studies among different fish species may shed more light
on this question.

Potential roles of ZPBP proteins during sperm penetration
of the ZP. Wassarman and coworkers (3, 4) have proposed a
secondary sperm binding activity of ZP2 to acrosome-reacted
sperm. In contrast to the primary sperm binding activity of ZP3
that anchors sperm to the ZP surface and initiates the acro-
some reaction, secondary sperm binding may be a more dy-
namic process during sperm penetration to allow the acro-
some-reacted sperm to slice through the ZP without being
immobilized by tight binding. Recently, Yu et al. (51) identi-
fied ZPBP1 as a component of the persistent acrosomal matrix
overlaying the inner acrosomal membrane and suggested di-
rect involvement of such persistent acrosomal matrix proteins
in sperm penetration by antibody inhibition in their in vitro
fertilization assay. The correlation between the reduced fecun-
dity of Zpbp2-null males and the delayed zona penetration of
Zpbp2-null sperm implicates ZPBP proteins in sperm-ZP in-
teractions. Because ZPBP2 is a readily soluble acrosomal pro-
tein localized along the rostral ridge of the acrosome and the
ridge is the exposed edge of acrosome-reacted sperm during
zona penetration, the absence of ZPBP2 along the rostral ridge
leaves only the more diffusely localized ZPBP1 to work, thus
resulting in delayed zona penetration. Although we intended
to study the in vivo ZP-interactions and possible redundant
functions of both ZPBP proteins using knockout mice, the
critical importance of ZPBP1 during spermiogenesis precluded
this assessment. One possible approach to address the roles of
ZPBP1 in sperm-egg binding would be to identify and separate
the structural domain of ZPBP1 responsible for its assembly
into the acrosome matrix from its ZP2-interacting domain. By
introducing transgenes that restore the structural domains of
ZPBP1 in Zpbpl/Zpbp2 double-null mice, we may restore ac-
rosome biogenesis and spermiogenesis, allowing for proper
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analysis of the physiological roles of ZPBP proteins during
sperm-egg interactions.

Disrupted acrosome biogenesis in ZpbpI-null spermatids is
linked to the subsequent disruption of Sertoli-spermatid junc-
tional structures. The morphological phenotypes of ZpbpI-
null sperm are similar to those observed in Gopc (for Golgi-
associated PDZ- and coiled-coil motif-containing protein)
knockout mice (18, 50), and the coiling of flagellum in ZpbpI-
null and Gopc-null (43) sperm also occurs during epididymal
maturation. Although acrosome biogenesis is disrupted at dif-
ferent stages and through different mechanisms in Gopc ™/~
and Zpbpl '~ mice, the resulting morphological defects in
sperm are similar. Both knockouts have morphologically ab-
normal sperm with severely disrupted acrosome, abnormal nu-
clear shape, excessive cytoplasm, and coiled sperm tails formed
during epididymal maturation.

The defective fusion of proacrosomal vesicles results in the
formation of miniscule pseudoacrosomes in early Gopc-null
round spermatids (18, 50), and apical ectoplasmic specializa-
tions are poorly formed in Gopc ™/~ testis (18). In ZpbpI1-null
spermatids, which demonstrate defective matrix protein assem-
bly during acrosome compaction, the fragile dilated acrosome
fails to withstand the exogenous morphogenic clutch force
exerted through the apical ectoplasmic specializations (21).
This leads to fragmentation and Sertoli cell internalization of
the abnormal acrosomes, the Sertoli-spermatid junctional
structures, and the apical ectoplasmic specializations. The pre-
mature loss of junctional structures (Fig. SM to O) in turn
reduces the exogenous morphogenic clutching force and con-
tributes to the abnormal nuclear morphogenesis (Fig. 5P).
Despite differences in the timing and the mechanism of defec-
tive acrosome biogenesis in Zpbpl '~ and Gopc ™'~ mice, the
phenotypes share an inability for proper formation and main-
tenance of Sertoli-spermatid junctions. Interestingly, studies
characterizing the important heterotypic Nectin-2-Nectin-3 in-
teractions at Sertoli-spermatid junctions also describe abnor-
mally shaped Nectin-2-null and Nectin-3-null sperm with dis-
organized mitochondria (5, 17, 35), and the reported sperm
morphological phenotypes are reminiscent of the descriptions
of ZpbpI-null and Gopc-null sperm, underscoring a crucial role
of proper Sertoli-spermatid junctions in sperm morphogenesis.

Although multiple morphological phenotypes are observed
with ZpbpI-null sperm, the infertility of Zpbpl '~ males seems
largely ascribable to the severely impaired sperm motility
(<10% motile sperm with no forward progression) in mature
spermatozoa due to either the coiled midpiece or the disorga-
nized mitochondrial sheath in sperm tails. Interestingly, in the
proximal epididymis before the maturation process, most
Gopc-null (43) and ZpbpI-null sperm carry excessive cyto-
plasm but not coiled tails. Because the coiling of sperm tails
appears during epididymal passage for both Gopc-null sperm
(43) and ZpbpI-null sperm, it is likely that reduction in the
volume of excessive cytoplasm by the volume regulatory re-
sponse in the hyperosmotic epididymal fluid (9) causes retrac-
tion and coiling of sperm tails into the excessive cytoplasm
surrounding the sperm nucleus, supporting the detrimental
effect of excessive cytoplasm on sperm maturation.

In wild-type males, most of the cytoplasm of elongated sper-
matids is removed as the residual body by Sertoli cells around
the time of spermiation. In contrast, both Gopc-null (18) and
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ZpbpI-null spermatids demonstrate a significant failure in the
removal of excessive cytoplasm during spermiation. During the
later steps of spermiogenesis, a significant amount of male
germ cell cytoplasm moves to the caudal pole of spermatids
and is reduced in three steps: during the elongation of sper-
matid, through tubulobulbar complexes, and through the re-
moval of residual body (40, 45). All three steps require the
integrity of Sertoli-spermatid junctions. It is thus likely that
the impaired Sertoli-spermatid junctions in Gopc™'~ and
Zpbpl '~ testis directly contribute to the retention of excessive
cytoplasm, which in turn disrupts sperm maturation as dis-
cussed above.

Globozoospermia is a rare human infertility disorder char-
acterized by round-headed sperm morphology (OMIM:
102530) and absence of the acrosome (11). The Zpbpl and
Gopc infertile mouse models should promote our understand-
ing how the disruption of acrosome biogenesis affects spermio-
genesis and results in round-headed sperm. Because the falci-
form (hook-shaped) sperm in mice differ significantly from
spatulate sperm in humans, the round-headed sperm appear-
ance cannot be the sole criteria to compare mouse and human
models of globozoospermia. Careful phenotypic analyses are
required to identify mouse models most closely resembling
human infertilities with features including acrosomal loss, dis-
organization of the mitochondrial, disruption of the Sertoli-
spermatid junctions, and excessive cytoplasmic droplets that
impede the epididymal maturation process. Similarly, as we
better understand these pathologies, discriminating between
primary and secondary morphological defects in both mouse
models and patients with male infertility will be increasingly
important. Interestingly, one case of human globozoospermia
(8) ultrastructurally showed anomalous dilated acrosomes and
acrosomal remnants in Sertoli cells, suggesting that at least
subsets of human globozoospermia also result from the frag-
mentation and degradation of abnormal acrosomes similar to
the Zpbpl '~ phenotype.
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