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Abstract: Previously, we have identified a calcium-binding protein that is specifically expressed in 
spermatids and localized to the flagella of the mature sperm in mouse, so-called mCABS1. However, 
the physiological roles of CABS1 in the male reproductive system have not been fully elucidated yet. 
In the current study, we aimed to localize and clarify the role of CABS1 in porcine (pCABS1). We 
determined for the first time the full nucleotides sequence of pCABS1 mRNA. pCABS1 protein was 
detected on SDS-PAGE gel as two bands at 75 kDa and 70 kDa in adult porcine testis, whereas one 
band at 70 kDa in epididymal sperm. pCABS1 immunoreactivity in seminiferous tubules was detected 
in the elongated spermatids, and that in the epididymal sperm was found in the acrosome as well as 
flagellum. The immunoreactivity of pCABS1 in the acrosomai region disappeared during acrosome 
reaction. We also identified that pCABS1 has a transmembrane domain using computational prediction 
of the amino acids sequence. The treatment of porcine capacitated sperm with anti-pCABS1 antiserum 
significantly decreased acrosome reactions. These results suggest that pCABS1 plays an important 
role in controlling calcium ion signaling during the acrosome reaction.
Key words: porcine, calcium-binding protein, CABS1, transmembrane, testis, acrosome, epididymal 
sperm

Introduction

In mammalian testis, spermatozoa are immotile and 
incapable of fertilizing the oocytes. Spermatozoa are 
sequentially exposed to different environments and suc-
cessfully modified to acquire the ability of fertilization 
during passing through male and female reproductive 
tracts until their arrival to the oocytes, at the ampulla of 
fallopian tube where oocyte exists. Fertilization ability 
of sperm depends on successful completion of capacita-

tion, hyperactivation, and the acrosome reaction, where 
extracellular Ca2+ are involved in each of these steps [4, 
13, 24, 25]. Although the exact mechanisms regulating 
Ca2+ signaling in the sperm remain to be elucidated, a 
number of studies have shown that Ca2+ channel and 
pump proteins on the plasma membrane and Ca2+ stores 
are likely responsible for regulation of the intracellular 
Ca2+ levels in sperm [8, 15, 18, 23]. Calcium-binding 
proteins have also been reported to participate in Ca2+ 
signaling [3, 14, 20, 29]. Thus, identifying the function 
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of such proteins is important to understand the Ca2+ sig-
naling pathways as well as the male fertility.

Calcium binding protein and spermatid specific-1 
(CABS1) is one of the calcium-binding proteins identi-
fied by us in mouse testis, which is also named as Casein-
Like PHosphoprotein (CLPH) in rat [5, 17]. The Cabs1 
gene is located in a chromosomal region of the mam-
malian cluster of secretory calcium-binding phospho-
protein genes, and its protein interacts with Ca2+ since 
CABS1 has many acidic amino acids. Moreover, rat 
CLPH (rCABS1) was classified as an intrinsically dis-
ordered protein owing to its unique amino acid contents 
and sequences [5].

In testis, previous results showed that both mouse 
CABS1 (mCABS1) and rat CABS1 (rCABS1) are ex-
pressed in the round and elongated spermatids. In the 
epididymis, however, mCABS1 was localized in the 
sperm flagellum, but rCABS1 was not [5, 17]. Mc-
Clintock et al., reported that Cilia-flagellum-related 
mouse genes include Cabs1, indicating that mCABS1 
would be localized in the flagellum/Cilia [19]. These data 
suggested that CABS1 might be involved in Ca2+ signal-
ing during spermiogenesis and/or sperm maturation.

In the present study, we found that similar to mouse, 
porcine CABS1 (pCABS1) is expressed during the late 
stages of spermatogenesis in the elongated spermatids. 
However, in mature sperm, we found that pCABS1 local-
izes to the acrosome in addition to the tail where 
mCABS1 only localizes, suggesting that pCABS1 is 
involved in the acrosome reaction.

Materials and Methods

Animals
All animal experiments were approved by the Animal 

Experiment Committee of the University of Tsukuba. 
Fresh testes and epididymis were obtained from mature 
porcine (Sus scrofa domestica) at the local slaughter-
house. The mature sperm was collected by retrograde 
flush of air through epididymal ducts and then washed 
twice by centrifugation at 2,500 rpm for 10 min at room 
temperature. The precipitated spermatozoa were sus-
pended in an appropnate buffer.

Sequence analysis of pCABS1 mRNA by the RACE 
methods

Total RNA was isolated from porcine testis using 
ISOGEN reagent (Nippon Gene, Tokyo, Japan) and sub-

jected to RT-PCR (QuantiTect Reverse Transcription kit, 
Qiagen, Hilden, Germany). The nucleotide sequence of 
pCABS1 mRNA was determined by the RACE method 
using the 3′-Full RACE core set (Takara, Shiga, Japan). 
For 3′-RACE, first-strand cDNAs were synthesized by 
reverse transcription reaction of the porcine testis RNA 
using the Oligo dT-3 sites adaptor primer contained in 
the 3′-Full RACE core set. Polymerase chain reaction 
was performed with a Cabs1 specific primer 5′-TAGAT-
GTGCATGGTGCCACT-3′, according to the NCBI da-
tabase (dbEST ID=26461132 & GenBank gi=84125897), 
which corresponds to the 5′-terminal sequence of mouse 
Cabs1 mRNA and the 3 sites adaptor primer. The prod-
uct was then cloned into the pGEM-T vector (Promega, 
Madison, WI, USA) and sequenced.

The identity among CABS1 from different species; 
Sus, Bos (accession no. NM_001040539, XM_597308), 
Homo sapiens (accession no. BC046111), Mus (acces-
sion no. NM_027631, XM_132142), and Rattus (acces-
sion no. NM_022263, XM_341196) were calculated by 
clustalw tool (www.genome.jp/tools/clustalw).

Preparation of pCABS1 recombinant protein
The recombinant protein was prepared for antigen 

production and analysis of calcium-binding activity as 
follows. pCABS1 cDNA fragments were synthesized by 
RT-PCR from testis total RNAs as a template using the 
primer set 5′-ATGGCTGAAGATGGATCCCAGAA-3′ 
and 5′-TCAGGAACTCCCCGGGTTCTTCTTTCAG-3′. 
The product was ligated into the BamHI and SmaI sites 
of the bacterial expression vector pGEX-6P-2 (GE 
Healthcare; Piscataway, NJ, USA), which was trans-
formed into Escherichia coli DH5α. An overnight culture 
of the transformant in LB medium was diluted and 
shaken at 37°C until the OD 600 reached 0.4–0.6. After 
addition of 0.2 mM isopropyl-β-D-thiogalactopyranoside 
(Sigma, Saint Louis, MO, USA), the culture was shaken 
at 25°C for 5 h. The bacterial cells were collected by 
centrifugation, washed with PBS, and suspended in 20 
mM Tris-HCl (pH 7.4) containing 200 mM NaCl, 1 mM 
EDTA, 1 mM DTT, and 1/1,000 volume of protease in-
hibitor cocktail (Sigma). The suspended solutions were 
sonicated and Triton-X 100 was added to a final concen-
tration of 0.01%. The suspension was incubated for 30 
min at 4°C. The lysates were centrifuged at 16,000 ×g 
for 30 min, and the supernatant was bound to Glutathione 
Sepharose 4B beads (GE Healthcare). pCABS1 protein 
fragments were removed from GST by PreScission Pro-
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tease (GE Healthcare). The beads were centrifuged at 
12,000 ×g for 10 min, and the supernatant fraction was 
obtained as purified recombinant pCABS1.

pCABS1 antiserum
Purified recombinant pCABS1 was used as an antigen 

to produce rabbit antiserum. Subcutaneous injection of 
1 mg of purified antigen with Freund’s complete adjuvant 
(Sigma) was followed by three additional booster injec-
tions of 300 µg of purified antigen with Freund’s incom-
plete adjuvant (Sigma) at two-weeks intervals.

Analysis of calcium-binding activity
The properties of the calcium binding activity were 

analyzed by Stains-All staining (Sigma) or ruthenium red 
(Sigma) using recombinant pCABS1 protein. For Stains-
All staining, the protein was resolved by 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE). The gels were stained with Coomassie 
Brilliant Blue (CBB) kit (Nacalai Tesque, Kyoto, Japan). 
Alternatively, the gels were washed overnight with 30% 
isopropyl alcohol, then stained with the Stains-All dye 
for 48 h, and destained with 25% isopropyl alcohol until 
a clear background was achieved. For ruthenium red 
staining, recombinant pCABS1 protein was transferred 
to PVDF membrane and stained with Ponceau S or ru-
thenium red (25 mg/l of ruthenium red in 60 mM KCl, 5 
mM MgCl2, 10 mM Tris-HCl, pH 7.5) for 48 h [28].

Protein extraction from testis and cauda epididymal 
sperm

Porcine testis was homogenized using Polytron (Ki-
nematica AG, Lucerne, Switzerland) in Tris-buffered 
saline (TBS) containing a 1% protease inhibitor cocktail 
and 1% SDS. The homogenates were centrifuged at 
100,000 ×g for 60 min at 4°C and the supernatant was 
stored at −80°C until use. Cauda epididymal sperm were 
washed twice by centrifugation at 500 ×g for 5 min at 
4°C in modified Krebs-Ringer bicarbonate medium com-
posed of 4.8 mM KCl, 1.2 mM KH2PO4, 95 mM NaCl, 
5.56 mM glucose, 25 mM NaHCO3, 2 mM CaCl2, and 
1 mM pyruvate as described previously [27]. The sperm 
pellets were resuspended in homogenizing buffer (20 
mm Tris-HCl, pH 7.4, containing 2.5% protease inhibi-
tor cocktail and 0.25% phosphatase inhibitor cocktail), 
sonicated three times on ice for 30 s, and then centrifuged 
at 50,000 rpm for 30 min at 4°C. The supernatant was 
collected and protein concentrations were determined 

using a protein assay reagent (Bio-Rad, Hercules, CA, 
USA).

Western blot analysis
Proteins extracted from porcine testis and sperm were 

separated by 12.5% SDS-PAGE and electroblotted to 
PVDF membrane (GE Healthcare) under semidry condi-
tions (Atto, Tokyo, Japan). The membranes were blocked 
with 3% skim milk and 1% bovine serum albumin (BSA) 
in PBS overnight at 4°C and then incubated with anti-
pCABS1 antiserum (1:500) in PBS for 2 h at 37°C. 
After three times washing with PBS containing 0.1% 
Tween 20 (PBS-T), the membranes were then incubated 
with peroxidase-conjugated anti-rabbit IgG secondary 
antibody (Sigma, 1:2,000) in blocking buffer for 1 h at 
room temperature. After three times washing with PBS-
T, signals were detected with Western Blotting Luminol 
Reagents (Nacalai). The protein marker used was WIDE-
VIEW prestained protein size marker III (Wako, Osaka, 
Japan). BSA was used as the negative control.

Immunohistochemical analysis of porcine testis
Porcine testes were fixed by soaking in Bouin fixing 

fluid at room temperature for 24 h, and they then were 
dehydrated and embedded in paraffin. The block was 
sectioned at a thickness of 4 µm and mounted on slides. 
After deparaffinization, the sections were soaked in 0.1 
M sodium citrate buffer at 37°C and washed with dis-
tilled water. The sections were incubated with anti-
pCABS1 antiserum (1:500) at 37°C for 1 h. Signals were 
visualized by an avidin-biotin complex method using a 
Vectastain ABC Kit (Vector Laboratories, Burlingame, 
CA, USA) as previously reported [21]. Specificity con-
trol for the immunohistochemical reaction was carried 
out on adjacent sections, which were incubated with the 
neutralized antisera instead of the anti-pCABS1 antise-
rum. Counterstaining of the sections was done using 
hematoxylin.

Immunofluorescence analysis of porcine testis
Porcine testes were dissected and immediately trans-

ferred to 4% paraformaldehyde (PFA) in PBS (pH 7.4). 
The tissues were excised and postfixed in the same fixa-
tive overnight, and embedded in 4% carboxymethylcel-
lulose compound (Fintec, Tokyo, Japan). Testis sections 
(5 µm) were cut (8–9 serial sections for each sample), 
and then mounted on polylysine-precoated slides (Dako, 
Tokyo, Japan). Testis sections were boiled in 20 mM 
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citrate buffer (pH 6.0) for 30 min and cooled down to 
room temperature. After being washed in PBS, sections 
were permeabilized with 0.1% Triton X-100 in PBS for 
5 min at room temperature. The sections were blocked 
with 3% skim milk in PBS at 4°C overnight and then 
with 10% goat serum in PBS at 37°C for 1 h. The sections 
were incubated with anti-pCABS1 antiserum (1:500) at 
room temperature for 2 h. They were then washed three 
times with PBS-T and incubated with Alexa Fluor 594 
goat anti-rabbit IgG (1:1,000) (Invitrogen, Carlsbad, 
USA) and 20 µg/ml FITC-conjugated peanut agglutinin 
(FITC-PNA) (Sigma) dissolved in blocking buffer (10% 
goat serum in PBS) at room temperature for 1 h. Sections 
were counterstained with hoechst and subjected to ob-
servation with an immunofluorescence microscope 
(BX50/BX-FLA; Olympus, Tokyo, Japan).

Immunocytochemical analysis of porcine sperm
The washed cauda epididymal sperm were suspended 

to a final concentration of 4 × 106 cells/ml in PBS. The 
sperm suspension was placed on the polylysine-precoat-
ed slides (Dako, Glostrup, Denmark) and dried at 50°C 
for 30 min. After fixation with 4% PFA in PBS for 5 min 
at room temperature, sperm were washed with PBS three 
times and permeabilized with 0.1% Triton X-100 for 10 
min. The samples were washed with PBS and then 
blocked with 5% skim milk in PBS (Blocking Buffer) for 
1 h. The samples were then incubated with anti-pCABS1 
antiserum (1:300) diluted in blocking buffer at 37°C for 
1 h, followed by washing three times with PBS. Immu-
nodetection was done as the immunofluorescence analy-
sis except that Alexa Fluor 488 goat anti-rabbit IgG 
(Invitrogen) was used as the secondary antibody.

Induction of the acrosome reaction
To examine the expression of pCABS1 protein before 

and after the acrosome reaction, cauda epididymal sperm 
were capacitated as described by Katoh et al. with few 
modifications [16]. Briefly, sperm were adjusted to 2 × 
106/ml in modified Krebs-Ringer bicarbonate medium 
containing 0.4% BSA (Sigma) and then cultured at 39°C 
in 5% CO2 for 120 min. They were then incubated for 
an additional 15 min with or without calcium ionophore 
A23187 at a final concentration of 2.5 µM. Samples were 
then subjected to imunocytochemical analysis as de-
scribed above to evaluate pCABS1 expression status. 
Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen) was 
used as a secondary antibody together with 20 µg/ml 

FITC-conjugated peanut agglutinin (FITC-PNA) as an 
acrosomal marker.

Effect of anti-pCABS1 antiserum on acrosome reaction
The effect of anti-pCABS1 antiserum on the acrosome 

reaction was examined as following; capacitated sperm 
(2 × 106/ml) were further incubated at 39°C for 30 min 
in the capacitation medium with anti-pCABS1 antiserum 
(1:200 dilution and 1:50). Anti-pCABS1 was neutralized 
by incubation with purified pCABS1 recombinant anti-
gen (5 mg/ 80 µl) overnight at 4°C and used as the con-
trol. Ca2+ ionophore A23187 (final concentration 2.5 
µmol/l; Sigma) was added simultaneously to induce the 
acrosome reaction. The percentage of acrosome reactions 
of living spermatozoa was evaluated using FITC-PNA 
in conjunction with DNA-specific fluorochrome prop-
idium iodide (PI) as a viability test [10]. As described 
by Siciliano et al. for the evaluation of acrosome reaction 
of live spermatozoa, the sperm suspension was placed 
in a 96-well plate and exposed to FITC-PNA (10 µg/ml) 
and PI (12 µmol/l) for 10 min at 39°C then fixed by 
adding 4% (w/v) paraformaldehyde [26]. The samples 
were then examined with a fluorescence microscope with 
a multiple fluorescence filters (BX50/BX-FLA; Olym-
pus, Tokyo, Japan). Sperm were scored as acrosome-
reacted when a bright green stain was observed on the 
acrosome, or as acrosome-intact when either green fluo-
rescent staining was restricted to the equatorial segment 
or no labeling was observed. The acrosomal status was 
determined for 200 live sperm (PI-negative sperm) per 
well. Triplicate wells were analyzed, total 600 sperm for 
each treatment. The results were reported as means ± 
SD. Differences of the means were analyzed by the un-
paired t test, with P<0.05 considered significantly dif-
ferent.

Results

Determination of the full nucleotides sequence of the 
pCABS1 cDNA

According to the dbEST from the national center for 
biotechnology information (NCBI) there was a porcine 
sequence (dbEST ID=26461132 & GenBank 
gi=84125897) that corresponds to the 5′-terminal se-
quence of mouse Cabs1 mRNA. We identified full nu-
cleotides sequence of the porcine sequence by doing 
3′-RACE, which has 1,507 bp (Fig. 1A). After the in-
frame stop codon TAG in 5′ UTR region, there were three 
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Fig. 1.	 Nucleotide sequence of pCABS1 cDNA and a comparison of its predicted amino acid sequence with that of other 
species. (A) Nucleotide sequence of pCABS1 cDNA and deduced amino acid sequence. The predicted transmem-
brane domain is boxed. (B) Comparison of deduced amino acid sequences of CABS1 homologs among swine, 
cattle, humans, mice, and rats. Identical residues throughout the five species are shown with a shadow. Transmem-
brane region predicted for (C) porcine CABS1 (D) mouse CABS1 (E) rat CABS1 using the DAS server (http://
www.sbc.su.se/~miklos/DAS/). The solid and dot lines represent strict (2.2) and loose (1.7) cutoff values for 
prediction of the transmembrane domain, respectively. The peak above 1.7 indicates the transmembrane region.
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possible sites of the initiation codon ATG at base 8, 14, 
and 32 in the same frame of the matured mRNA se-
quence. The third one corresponded to the predicted 
initiation site in mouse and rat. An open reading frame 
consisted of 1,176 bp coding 392 amino acid residues, 
which was followed by a long 3′-untranslated region.

The amino acid sequence showed a high degree of 
identity with CABS1 proteins from different species, 
suggesting that the sequence we determined is porcine 
CABS1 (Fig. 1B). The molecular mass and the isoelectric 
point (pI) of the predicted pCABS1 protein were calcu-
lated to be 42,863 Daltons and 4.07, respectively. Porcine 
CABS1 shares the highest identity with bovine (72.4%), 
followed by human (58.4%), mouse (47.6%), and the 
lowest identity with rat (46.4%). The identity among the 
five species is 39.4%. A transmembrane region at a cut-
off value of 1.7 was predicted for pCABS1 spanning 
from 313–320, mCABS1 spanning from 125–131, and 
rCABS1 spanning from 121–132 (Figs. 1C–1E).

Calcium-binding activity of pCABS1
Recombinant pCABS1 protein was successfully puri-

fied and used for calcium-binding analyses (Fig. 2A). 
The calcium-binding activity of recombinant pCABS1 
protein was determined by the colorimetric assays using 
Stains-All (Figs. 2B and 2C) or ruthenium red (Figs. 2D 
and 2E). In Stains-All staining, proteins that are very 
rich in acidic amino acids has the ability for the calcium 
binding and stained in blue or purple on gels, whereas 
other proteins stained in red or pink [6]. Control BSA 
and pCABS1 were separated on SDS-PAGE gel and 
stained with CBB (Fig. 2B) or Stains-All (Fig. 2C). The 
Stains-All stained pCABS1 in blue, while BSA in pink. 
Alternatively, ruthenium red is known to interact with 
calcium binding proteins and show red [7]. After SDS-
PAGE, proteins were transferred electrically into a PVDF 
membrane and stained with Ponceau S (Fig. 2D) or ru-
thenium red (Fig. 2E). The ruthenium red stained 
pCABS1 in red, not BSA. Both results of Stains-All and 
ruthenium red suggested that pCABS1 protein has a 
calcium-binding activity.

Western blot analysis of pCABS1
Western blot analysis of the proteins extracted from 

porcine testis and epididymal sperm was performed. Two 
bands at 75 kDa and 70 kDa were detected for the proteins 
extracted from testis, and one band at 70 kDa was de-
tected for the proteins extracted from capacitated and 

non-capacitated sperm as indicated in Fig. 3 (Figs. 3A and 
3B).

Localization of pCABS1 in the seminiferous epithelium
 Immunohistochemical as well as immunofluorescent 

staining of the frozen sections from porcine testis with 
anti-pCABS1 antiserum revealed that the pCABS1 pro-
tein is localized in the elongated spermatids (ES) and 
testicular sperm (TS) within the lumen of the seminifer-
ous tubules (Figs. 4A–4D). No staining was detected in 
the spermatogonia, spermatocytes, round spermatids, or 
somatic cells. We examined pCABS1 localization in 
relationship to acrosomal development (Figs. 5A–5D). 
Fig. 5 shows double staining of the acrosome-specific 
marker PNA-lectin together with pCABS1. The pCABS1 
was strongly detected in the acrosomal regions, where 
the staining by PNA and pCABS1 antiserum was over-
lapped. pCABS1 was also expressed in the cytoplasm of 
the elongated spermatid, most of which then moved into 
the residual body of sperm.

Localization of pCABS1 in the epididymal sperm
 Immunofluorescent staining of cauda epididymal 

sperm shown in Fig. 6 indicated that pCABS1 is local-
ized to the principal and end piece of the flagellum as 
with mCABS1. Moreover, pCABS1 was further local-
ized in the acrosome of porcine sperm (Figs. 6A–6F).

Loss of pCABS1 through the acrosome reaction
 In order to further study the specific localization of 

pCABS1, we investigated its localization during the 
acrosome reaction. After capacitation, the sperm cells 
were incubated in the presence of the calcium ionophore 
A23187, fixed by 4%PFA, and then double staining was 
performed using FITC-PNA to assess the status of the 
acrosome and using anti-pCABS1 antiserum to localize 
pCABS1 (Figs. 7A–7J). Acrosome-reacted sperm were 
evidenced by the loss of an acrosome marker PNA-
lectin of fixed sperm (Fig. 7G). Fig. 7 clearly shows that 
pCABS1 was lost during the acrosome reaction since 
pCABS1 immunostaining was no longer detectable in 
the acrosome reacted-spermatozoa.

Effect of anti-pCABS1 antiserum on the acrosome 
reaction

To analyze the involvement of pCABS1 in the acro-
some reaction, capacitated sperm were incubated with 
anti-pCABS1 antisera (1:200 and 1:50 dilution) or 
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Fig. 2.	 Calcium-binding activity of the recombinant pCABS1 protein. (A) Purification of recom-
binant pCABS1 protein. Lane 1: Crude extract of GST as a negative control; lane 2: Crude 
extract of GST- pCABS1; lane 3: Purified GST; lane 4: Purified GST-pCABS1; and lane 5: 
Purified pCABS1. (B, C) 5 µg of bovine serum albumin (BSA) and the recombinant pCABS1 
protein were separated on 10% SDS-PAGE, and stained with Coomassie Brilliant Blue (B) 
or Stains-All (C). (D, E) PVDF transfer of BSA and recombinant pCABS1 protein was 
stained with Ponceau S (D) or ruthenium red (E). M: Molecular marker (kilodalton; kDa).
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Fig. 3.	W estern blot analysis of pCABS1 from testis and epididymis. 20 µg proteins extracted from testis, noncapacitated 
sperm, or capacitated sperm were separated on 10% SDS-PAGE. (A) Coomassie Brilliant Blue-staining. (B) West-
ern blot analysis with anti-pCABS1 antiserum. Lane 1: Testis; lane 2: Noncapacitated sperm; lane 3: Capacitated 
sperm; and lane 4: bovine serum albumin (BSA) as a negative control. M: Molecular marker (kilodalton; kDa).

Fig. 4.	I mmunohistochemical analysis of pCABS1 in porcine testis. Localization of pCABS1 protein in the porcine testis 
was analyzed with anti-pCABS1 antiserum (A–C). pCABS1 antiserum was localized in the elongated spermatids 
(ES) as well as in the testicular sperm (TS) in the lumen, as indicated by the arrows. Neutralized pCABS1 antise-
rum gave no specific staining (D). Scale bars: 100 µm.
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pCABS1-neutralized antisera (1:50 dilution) as a control. 
Because no abnormal sperm motility was observed, 
sperm acrosome reaction was then artificially induced 
by the addition of the calcium ionophore A23187. Eval-
uations were done by staining with FITC-PNA and prop-
idium iodide (PI) as a viability test. Four fluorescence 
patterns were observed (Figs. 8A–8D); acrosome-react-
ed alive sperm (PNA+PI−), acrosome-intact alive sperm 
(PNA−PI−), acrosome-reacted dead sperm (PNA+PI+), 
acrosome-intact dead sperm (PNA−PI+). Acrosomal in-
tegrity was expressed as the percentage of live acrosome-
reacted spermatozoa over total live spermatozoa for each 
treatment. The live/dead ratios were not affected by the 
addition of anti-pCABS1 antiserum (control 75.2% ± 
9.6, anti-pCABS1 1:200 dilution 71.5% ± 8.8, and anti-
pCABS1 1:50 dilution 77.7% ± 10.9), but the treatment 
resulted in a decrease of acrosome-reacted sperm (Fig. 

8E). The percentage of living acrosome-reacted sperm 
was 21.9% ± 1.4 and 16.2% ± 2.9 in the experimental 
group when sperm were treated with anti-pCABS1 an-
tiserum at 1:200 and 1:50 dilutions, respectively, al-
though that in the control group was 32.7% ± 4.0 
(P<0.05).

Discussion

Calcium ions are involved in multiple signaling pro-
cesses needed for fertilization of both invertebrate and 
vertebrate spermatozoa such as maturation, motility, and 
the acrosome reaction [9]. Calcium-binding proteins 
contribute to the control of Ca2+-concentration in the 
cytosol and participate in numerous cellular functions 
by acting as Ca2+-transporters across cell membranes or 
as Ca2+-modulated sensors [29]. Previously, we identi-

Fig. 5.	 Localization of pCABS1 in the acrosomal region of elongated spermatids and luminal sperm. Immunofluorescence labeling 
of frozen sections of porcine testis with (A) pCABS1 (B) acrosomal marker PNA-lectin (C) nuclear staining with Hoechst. 
(D) merged images for the localization of pCABS1 on the acrosome of testicular sperm, and acrosome and cytoplasm of the 
elongated spermatid as indicated by arrows in the high magnification image. Scale bar: 100 µm.
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Fig. 6.	 Immunofluorescence detection of pCABS1 protein in cauda epididymal sperm. (A–C) The localization of pCABS1 in the 
cauda epididymal sperm was detected in the sperm tail and acrosome as indicated by arrows. (D–F) negative control obtained 
with neutralized anti-pCABS1 antiserum. Nuclear stainings by Hoechst are shown as blue (B and E). Scale bars: 5 µm.

Fig. 7.	 Loss of pCABS1 protein during the acrosome reaction (AR) of the cauda epididymal sperm. Double-staining by anti-pCABS1 
antiserum with FITC-conjugated peanut agglutinin (PNA)-lectin. (A–E) before the acrosome reaction. (F–J) after the acro-
some reaction. pCABS1 (A and F), PNA-lectin (B and G), nuclear staining (C and H), bright field (D and I). merged photos 
(E and J). Acrosome-reacted sperm lost the pCABS1 staining (F). The AR is evidenced by the absence of PNA-lectin bind-
ing of fixed sperm. Scale bars: 5 µm.
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fied a calcium-binding protein expressed specifically in 
mouse spermatids, mCABS1, which was also reported 
in rat spermatids by another group [5, 17]. Here, we 
report for the first time that CABS1 is also expressed in 
porcine, which was named pCABS1, and its full nucle-
otide sequence was determined. As long as tested, 
pCABS1 amino acid sequence shares the highest iden-
tity with cow (72.4%), followed by human (58.4%), and 
has the lowest homology with rat and mouse (46.4%) 
and (47.6%), respectively.

pCABS1 consists of 392 amino acids and has a pre-
dicted molecular weight of 42,863. The molecular mass 
of recombinant pCABS1 protein, which contained whole 
predicted amino acids, was observed at 70 kDa on the 
SDS-PAGE. This difference between the predicted and 
observed molecular mass could be due to the fact that 
some highly acidic proteins show anomalous behavior 
on SDS-PAGE, migrating to the position with higher 
molecular mass than expected [1, 11]. pCABS1 is likely 
to behave in the same way owing to its highly acidic 

nature, which was also observed in mCABS1 [17].
Furthermore, the native pCABS1 protein was de-

tected by Western blot analysis as two bands at 75 kDa 
and 70 kDa in the testis and one band at 70 kDa for the 
proteins extracted from the mature sperm. It is interest-
ing that mCABS1 also showed two kinds of molecular 
form dependent on the calcium binding. Namely, 
mCABS1 shifted the electrophoretic migration from 66 
kDa in the testis to 58 kDa in the mature sperm by bind-
ing calcium during the transit through epididymis.

It was found that pCABS1 was specifically expressed 
in the elongated spermatids similarly to mCABS1. But 
the localization of pCABS1 in the cauda epididymal 
sperm was different from that in mouse. pCABS1 was 
found in the acrosome in addition to the principal piece 
of the flagellum, where mCABS1 was present. Acrosome 
is essential for fertilization process. It has been reported 
that the uptake of external Ca2+ into the acrosome is 
enhanced while sperm approach and interact with the 
egg, which is required for acrosomal exocytosis to be 

Fig. 8.	 Effect of anti-pCABS1 antiserum on the acrosome reaction of porcine sperm. (A–D) Representative photos of 
four fluorescence patterns stained with FITC-conjugated peanut agglutinin (PNA)-lectin and propidium iodide 
(PI) for the assessment of acrosome status and sperm viability. (A, B) Live sperm without PI staining. (C, D) 
Dead sperm showing nuclear red PI fluorescence. (A) Acrosome-reacted sperm with acrosomal cap and uniform 
green fluorescence FITC-PNA. (B) Acrosome-unreacted sperm with no staining of the acrosomal cap. Scale 
bars: 5 µm. (E) Percentage of acrosome-reacted live sperm after incubation with anti-pCABS1 diluted 1:200 
and 1:50 (treated) vs. incubation with the neutralized anti-pCABS1 antiserum diluted 1:50 (control). The bar 
chart demonstrates mean percentage ± SEM (n=200). *Significantly different from control sperm (P<0.05).
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completed [2, 12, 22]. pCABS1 is very rich in acidic 
amino acids and stained by Stains-All and ruthenium 
red, suggesting its ability for the calcium binding as same 
as mCABS1. Both the calcium-binding activity of 
pCABS1 and its localization in the acrosome suggest its 
participation in the acrosome reaction. In order to exam-
ine this hypothesis, we investigated whether anti-
pCABS1 antiserum affects the acrosome reaction. The 
results showed that anti-pCABS1 antiserum could react 
to its epitope on the sperm surface and that the percent-
age of acrosome reactions was significantly decreased. 
The inhibitory effects of antiserum are not due to the 
artificial effect of bivalent antibody, since the neutralized 
antiserum do not have an inhibitory effect on acrosome 
reaction. However, there is a possibility that the effect 
of pCABS1 might be indirect on acrosomal exocytosis. 
Furthermore, pCABS1 was not detected in the acrosome-
reacted sperm. These results suggest that pCABS1 is a 
membrane protein involved in the fusion of plasma 
membrane and outer acrosomal membrane through its 
calcium-binding activity. In this connection, it is interest-
ing that pCABS1 has a transmembrane domain spanning 
from 313 to 320 in the C-terminal region. Both mouse 
and rat have a transmembrane domain in CABS1 but 
spanning at different regions (125–131 in mCABS1, and 
121–132 in rCABS1) from that of pCABS1, which might 
make the difference in their subcellular localization. It 
is interesting that a very weak but significant signal of 
mCABS1 could be also detected in acrosome [17]. In 
order to determine the exact physiological function of 
mCABS1, it would be necessary to generate and analyze 
the phenotypes of CABS1 knockout mice.

It is indicated that the CABS1 proteins have different 
physiological functions in mature sperm among species. 
In mouse, mCABS1 is principally present in flagellum 
of mature sperm, suggesting its involvement in the 
regulation of flagellar movement. On the other hand, it 
has been reported that in rat CABS1 is also expressed in 
the spermatogenic cells but absent from mature sperm, 
suggesting that rCABS1 has some roles in the spermato-
genesis [5]. In porcine sperm, pCABS1 localizes in the 
acrosomal region in addition to flagellum and partici-
pates in the acrosome reaction. The exact molecular 
mechanisms of pCABS1 involved in the acrosome reac-
tion must be elucidated in near future.
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