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Abstract

Fertilization, the union of male and female gametes to create offspring, is an intricate biological 

process dependent upon several biochemical and physiological events. Our understanding of the 

functions of protein constituents of the outer acrosomal membrane-associated matrix complex 

(OMC) is limited. A highly purified OMC fraction isolated from bovine cauda sperm heads is 

comprised of 54, 50, 45, and 38–19kDa polypeptides. The objective of this study is to identify and 

to characterize the 45kDa (OMC45) polypeptide and to define its role in binding acrosomal 

hydrolases and to examine the fate of OMC45 polypeptide during the acrosome reaction. We 

isolated OMC45 polypeptide from the high-pH insoluble fraction of OMC. Proteomic analysis of 

OMC45 by MALDI–TOF–TOF yielded 8 peptides that matched the NCBI database sequence of 

Tektin 3 (TEKT3). Triton X–100–permeabilized cauda sperm exhibited intense staining of the 

acrosomal segment with anti–OMC45 and anti–TEKT3. The OMC45 polypeptide was solubilized 

by RIPA (radio-immunoprecipitation assay) buffer extraction. The solubilized fraction was 

subjected to immunoprecipitation analysis. The OMC45 polypeptide was recovered in the anti–

OMC45 immunoprecipitation pellet. An identical blot stained with anti–TEKT3 exhibited the 

presence of TEKT3 polypeptide in the anti–OMC45 pellet. Our immunofluorescence and 

biochemical studies confirm the proteomics identification of OMC45 polypeptide; that it exhibits 

a sequence similarity to TEKT3. OMC45 glycoprotein possesses both N–linked and O–linked 

oligosaccharides. Deglycosylated OMC45 revealed a significant reduction in both acrosin and N–

acetylglucosaminidase (NAGA) binding in comparison with acrosin and NAGA binding to a 

native OMC45 polypeptide, demonstrating the important role of oligosaccharides in hydrolase 

binding. OMC45 polypeptide is not released during the acrosome reaction but remains in the 

particulate cell subfraction, associated with the hybrid membrane complex.
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Introduction

Mammalian fertilization leads to the formation of a new organism when the exchange of the 

nuclear components of opposite gametes occurs [1–3]. The formation of a fertilization 

competent sperm cell is a complex, multifaceted process initiated in the testis 

(spermatogenesis) and completed in the female reproductive tract. Testicular spermatozoa 

must undergo epididymal maturation, capacitation, and the acrosome reaction to be able to 

fertilize the oocyte [1]. Both male and female gametes are equipped with specialized cell-

type specific proteins needed for the completion of fertilization. The interaction of sperm 

proteins and glycoproteins of the egg’s zona pellucida activates signal transduction 

pathways and calcium uptake, leading to the acrosome reaction. The acrosome reaction is an 

extensive fusion between the outer acrosomal membrane and plasma membrane located at 

the anterior of a sperm head permitting the release of acrosomal hydrolases. A well-

organized secretory event from sperm (i.e., the acrosome reaction) is requisite for 

fertilization [4].

The mammalian sperm acrosome is a membrane-bounded, exocytotic vesicle located over 

the anterior portion of the nucleus and contains hydrolytic enzymes which are required for 

fertilization. Some hydrolases are compartmentalized within morphologically distinct 

domains of the acrosomal matrix [5–11]. The insoluble matrix assemblies define acrosomal 

shape, but they also bind specific hydrolases [5, 8, 10, 12–14]. The association of acrosomal 

enzymes with domain-specific matrix proteins has been suggested to function in enzyme 

stabilization prior to the acrosome reaction and to regulate sequential enzyme release during 

the acrosome reaction [7, 9, 11, 13, 15–17]. Thus, several studies suggest that mammalian 

fertilization is indeed a complicated process in which multiple hydrolases are involved.

We have previously isolated and characterized a stable acrosomal matrix assembly from the 

bovine acrosome termed the outer acrosomal membrane-associated matrix complex (OMC) 

[13, 18]. Our understanding of the functions of protein constituents of the outer acrosomal 

membrane–associated matrix complex (OMC) is limited. This stable matrix assembly 

exhibits specific binding activity for acrosin [13] and N-acetylglucosaminidase (NAGA) 

[19]. A highly purified OMC fraction is comprised of three major (54, 50, and 45kDa) and 

several minor (38-19kDa) polypeptides. The set of 38-19kDa polypeptides termed “rpf” 

(related polypeptide family) is selectively solubilized by extraction of OMC in 0.1M CAPS 

buffer (3-[cyclohexylamino]-1-propane sulfonic acid), pH 10.5, while the remaining three 

major polypeptides (55, 50 and 45kDa) remain associated with the sedimentable “stripped” 

OMC [20]. We published the purification of a 45kDa polypeptide (OMC45) from the high–

pH insoluble fraction by continuous-elution SDS-PAGE. Anti-OMC45 polyclonal antibody 

reacts strongly on immunoblots with the OMC45 band. Using immunofluorescence, anti-

OMC45 localizes specifically to the acrosomal cap [19]. Acrosin and NAGA bound the 

OMC32 polypeptide (one of the major polypeptides in rpf) in a concentration-dependent 

fashion. In contrast, OMC45 polypeptide exhibited stronger affinity to acrosin than NAGA 

[19]. The binding specificity of acrosomal matrix proteins to hydrolases strongly suggests 

that the matrix polypeptides play an important role in the regulation of hydrolases released 

during the acrosome reaction. However, the molecular characterization of OMC45 

polypeptide is not known. The objective of this study is to identify and to characterize the 

Nagdas et al. Page 2

Mol Cell Biochem. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



45kDa (OMC45) polypeptide and to define its role in binding acrosomal hydrolases and to 

investigate the fate of OMC45 polypeptide during the acrosome reaction. Our 

immunofluorescence and biochemical studies strongly confirm the proteomic identification 

of OMC45 polypeptide; that it exhibits a sequence similarity to Tektin 3 (TEKT3). Our 

results suggest that oligosaccharide moieties of OMC45 polypeptide play an important role 

in hydrolase binding.

Materials and Methods

Isolation of Outer Acrosomal Membrane-Associated Matrix Complex (OMC)

Bovine epididymides were obtained from Randloph Packing Co., Inc., Asheboro, NC. Heads 

from bovine cauda epididymal spermatozoa were isolated following our published 

procedure [13]. The OMC fraction was isolated by centrifugation on a Percoll gradient [13]. 

Isolated OMC fractions were fixed with 4% glutaraldehyde in 0.1M sodium cacodylate 

buffer, pH 7.4. The samples were then postfixed with OsO4, dehydrated, and embedded in 

epon [13]. Thin sections were stained with uranyl acetate and lead citrate to examine the 

purity of OMC by electron microscopic analysis. The purification of the 45kDa polypeptide 

(OMC45) from the high-pH insoluble fraction was performed by continuous-elution SDS-

PAGE on 7.5% acrylamide gels using a Model 491 Prep Cell (Bio-Rad Laboratories, 

Hercules, CA) following the method of Nagdas et al. [19].

Proteomic Analysis

Proteomic identification of OMC45 polypeptide was performed at the Mass Spectrometry 

Facility of UNC School of Medicine Proteomic Center, Chapel Hill, NC. The 45kDa band 

was subjected to MALDI-TOF-TOF analysis to obtain internal amino acid sequences of 

several tryptic peptides. Derived peptide sequences was analyzed in the National Center for 

Biotechnology Information (NCBI) database to determine if a full length sequence has been 

reported and to identify potential functional motifs such as a transmembrane hydrophobic 

domain, an extracellular domain with consensus glycosylation sites, and to define potential 

phosphorylation sites as well as protein interaction domains on its cytoplasmic segment.

Gel Electrophoresis and Western Blotting

SDS-PAGE was performed on 12% or 7.5% continuous or 7.5% to 15% gradient 

polyacrylamide gels [21]. Polypeptides were then electrophoretically transferred to 

polyvinylidene difluoride (PVDF) membranes [22] or stained with Coomassie blue [23] or 

silver [24]. Western blots were stained either with affinity-purified anti-OMC45 IgG 

fraction, anti-TEKT3, anti-phosphotyrosine antibodies (BD Transduction Laboratories, 

Lexington, KY), or preimmune serum. We received an aliquot of TEKT3 antibody from the 

laboratory of Prof. Hiroshi Iida, Laboratory of Zoology, Kyushu University, Fukuoka, 

Japan. Lectin blot analysis was used to identify glycosylated polypeptides following the 

method of Nagdas et al. [25] using biotinylated lectins (Vector Laboratories, Burlingame, 

CA). The specificity of lectin sugar interactions was examined with incubations containing a 

proper saccharide inhibitor in lectin-containing buffer, including 0.2M N-acetylglucosamine 

for Wheat Germ Agglutinin (WGA) and 0.2M D-galactose for Ricinus Communis 
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Agglutinin (RCA). Lectin binding polypeptides were visualized by color development using 

H2O2 and diaminobenzidine.

Immunofluorescence Microscopy

Spermatozoa were fixed in 4% formalin in PBS (0.1M sodium phosphate buffer, pH 7.4) at 

4°C for 30 min and plated on poly-L-lysine-coated coverslips. Cells were then washed in 

PBS and permeabilized in PBS containing 0.1% Triton X-100 for 30 min at 4°C. After three 

rinses in PBS, samples were blocked with 1% normal goat serum in PBS (PBS-NGS). 

Coverslips were then incubated with equal dilutions of immune or preimmune serum in 

PBS-NGS for 1 hr and washed three times with PBS. Cells were then incubated with Cy3-

conjugated goat anti-rabbit IgG (KPL) in PBS-NGS for 1 hr. Following incubation, cells 

were then washed three times with PBS to remove unbound antibody molecules. Coverslips 

were examined by phase contrast and epifluorescence microscopy.

Immunoprecipitation

For immunoprecipitation experiments, the particulate fraction of OMC obtained after high-

pH extraction was extracted in RIPA buffer composed of 1% NP-40, 1% Na-deoxycholate, 

0.1% SDS, 0.15M NaCl, 10mM sodium phosphate, pH 7.2, at 4°C for 1 hr and then 

centrifuged at 12,000 ×g for 15 min. The supernatant fraction (lysate) was then precleared of 

endogenous IgG by incubation with Protein A Sepharose beads for 15 min at 4°C and 

centrifugation at 12,000 ×g for 1–2 min. Immunoprecipitation was performed using Pierce 

Immunoprecipitation Kit following the manufacturer’s protocol. The supernatant obtained 

after the removal of endogenous IgG was immunoprecipitated with affinity-purified anti-

OMC45 IgG fraction covalently conjugated to Protein A-Sepharose. Control 

immunoprecipitations utilized preimmune IgG conjugated to Protein A-Sepharose. The 

beads containing bound proteins were washed two or three times by centrifugation in RIPA 

buffer. Immunoprecipitates were fractionated by SDS-PAGE, transferred to PVDF 

membranes, and stained with anti-OMC45 or anti-TEKT3 antibodies.

Deglycosylation of OMC45 Polypeptide and Hydrolases Binding to Deglycosylated OMC45

OMC45 polypeptide was treated with N-glycanase and O-glycanase separately following the 

manufacturer’s instructions. Both N-glycanase and O-glycanase were purchased from New 

England Biolabs., MA. After enzymatic digestion, deglycosylated OMC45 polypeptide was 

analzed by Western blot stained with anti-OMC45.

For the hydrolase binding experiments, the homogenous fraction of OMC45 polypeptide 

was first treated with N-glycanase (to remove all N-linked oligosaccharide moieties) and the 

resulting OMC45 polypeptide was treated with O-glycanase (an endoenzyme known to 

cleave O-linked OS chains). Both incubations were done overnight at 37°C according to the 

New England Biolabs’ instructions. After enzymatic digestion, deglycosylated OMC45 

polypeptide and native OMC45 polypeptide were conjugated to AminoLink Plus coupling 

gel (Pierce Chemical Co.) separately at pH 10.0 according to the manufacturer’s 

instructions. As a control, same units of N-glycanase and O-glycanase were conjugated to 

AminoLink Plus coupling gel. A centrifugation assay was performed to determine the 
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binding efficacy of hydrolases to the deglysosylated OMC45 polypeptide following the 

method of Nagdas et al. [13].

Sperm Capacitation and Acrosome Reaction

Sperm (4–6 × 107/ml) were capacitated in the presence of heparin (10 mg/ml) in a modified 

Tyrode’s medium (pH 7.4) for 4 hours at 39°C with a 95% air: 5% CO2 atmosphere [26]. To 

initiate the acrosome reaction, sperm were incubated with 100 µg/mL lysophosphatidyl 

choline (LPC) for 15 min following the end of the 4 hr incubation. Samples were either 

fixed for immunofluorescence staining or centrifuged at 10,000 ×g for 10 min at 4°C. The 

pellets and supernatants were adjusted to equal volumes and used for SDS-PAGE and 

acrosin determination.

Hydrolase Assays

Acrosin activity was measured spectrophotometrically at 410nm in 0.05M Tris-HCl buffer 

(pH 8.0), 0.1% Triton X-100, 0.05M CaCl2, and 0.1mM N-p-Tosyl-Gly-Pro-Arg-p-

niroanilide (Sigma Chemical Co., St. Louis, MO) (27). β-N-acetylglucosaminidase (NAGA) 

activity was also measured spectrophotometrically at 410nm using 2mM p-nitrophenyl N-

acetyl-β-D-glucosaminide as a substrate [28]. Protein was estimated by the procedure of 

Bradford [29].

Results

Purification and Proteomic Identification of OMC45 Polypeptide

We have previously identified a set of acrosomal components from bovine cauda epididymal 

spermatozoa (Fig. 1A) that resist disruption by sonication and detergent treatment [18, 30]. 

Sperm heads (Fig. 1B) were purified from suspensions of sonicated cauda spermatozoa 

following the method of Nagdas et al. [13]. Then, the OMC (Fig. 1C) was purified from 

Triton X-100 treated heads by centrifugation on Percoll gradients following our published 

procedure [13]. SDS-PAGE of the OMC fraction reveals a distinct set of major polypeptides 

(Fig. 1D, lane 1) that includes protein bands of 54, 50, and 45 kDa and a family of 

polypeptides between 38 and 19 kDa, termed as “rpf”. High-pH extraction of OMC 

solubilized rpf polypeptides (Fig. 1D, lane 2), whereas the 54, 50, and 45 kDa polypeptides 

remained associated with the high-pH insoluble particulate fraction (Fig. 1D, lane 3). The 

homogeneous fraction of OMC45 polypeptide (Fig. 2A) was isolated from the high-pH 

insoluble fraction by continuous-elution SDS-PAGE following the method of Nagdas et al. 

[19] for the proteomic identification. Proteomic identification of the OMC45 polypeptide by 

MALDI-TOF-TOF analysis yielded 8 peptides (Fig. 2B) that matched the NCBI database 

sequence of Tektin 3 protein (Bos Taurus).

Immunofluorescence Localization of OMC45 Polypeptide

Takiguchi et al. [31] showed that TEKT3 is a constituent of the rat sperm midpiece as well 

as the acrosomal membrane and proposed that TEKT3 may be involved in acrosome-related 

events. Using both TEKT3 and OMC45 antibodies, we examined the immunological 

localization of OMC45 polypeptide. Triton X-100-permeabilized cauda sperm exhibited 

intense staining of the acrosomal segment both with anti-OMC45 (Fig. 3 A and A’) and anti-
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TEKT3 (Fig. 3 B and B’). No staining of the equatorial segment or postacrosomal segment 

of the head was observed. No stain was evident with preimmune serum (Fig. 3 C and C’). 

This study demonstrates that both anti-TEKT3 and anti-OMC45 antibodies localize OMC45 

polypeptide and TEKT3 polypeptide to the anterior segment of the acrosome.

Solubilization of OMC45 Polypeptide

Since OMC45 polypeptide remains insoluble in the particulate fraction after high-pH 

extraction (20), we tested the solubility properties of OMC45 polypeptide in the high-pH 

pellet fraction (Fig. 4, lane 1) in RIPA buffer. Our data revealed that a portion of the 

OMC45 polypeptide was solubilized by RIPA buffer (Fig. 4, lane 2) and the remaining 

OMC45 polypeptide was present in the particulate fraction (Fig. 4, lane 3).

Immunoprecipitation Analysis of OMC45 Polypeptide

Immunoprecipitation analyses were performed to examine the biochemical co-localization 

of TEKT3 utilizing anti-OMC45 antibody. The supernatant obtained after RIPA buffer 

extraction (lane 1 of Figs. 5A and 5B) was subjected to immunoprecipitation analysis. As 

shown in figure 5A, lane 2, the recovery of OMC45 polypeptide was achieved in the anti-

OMC45 immunoprecipitation pellet. When an identical blot was stained with anti-TEKT3 

antibody, OMC45 polypeptide was immunologically detected in the anti-OMC45 

immunoprecipitation pellet (Fig. 5B, lane 2). Our immunofluorescence and biochemical 

studies strongly confirm the proteomics identification of OMC45 polypeptide, which 

exhibits the sequence similarity to TEKT3 protein.

Biochemical Localization of OMC45 Polypeptide in Testis, Caput and Cauda Epididymal 
Spermatozoa

Bovine testes, caput and cauda spermatozoa were homogenized in a Tris-saline-protease 

inhibitor solution (TNI), composed of 150mM NaCl, 25mM Tris-HCl (pH 7.5), 2mM 

benzamidine, 1µg/ml leupeptin, 1µg/ml pepstatin, 1mM NaF, 1mM sodium orthovanadate 

and 0.05% sodium azide. An equal amount of protein of each homogenized fraction was 

examined by Western blot analysis stained with anti-OMC45 and anti-TEKT3 antibodies. 

The testicular fraction possessed a 57kDa (apparent molecular weight) polypeptide (Fig. 6A, 

lane 1) that reacted with anti-OMC45 polyclonal antibody. Total lysates of caput (Fig. 6A, 

lane 2) and cauda (Fig. 6A, lane 3) spermatozoa exhibited the presence of a 45kDa 

immunoreactive polypeptide. When an identical blot was stained with anti-TEKT3 antibody, 

a 57kDa band was observed in the testicular fraction (Fig. 6B, lane 1) and a 45kDa TEKT3 

immunorecative band was present both in caput (Fig. 6B, lane 2) and cauda (Fig. 6B, lane 3) 

sperm lysates. No band was seen when an identical blot was stained with preimmune serum 

(data not shown). These data suggest the 57kDa polypeptide of the testis represent a 

precursor polypeptide that is processed during spermatogenesis into a mature OMC45/

TEKT3 polypeptide. It is also noted that no change in molecular form of OMC45 

polypeptide was observed during epididymal transit.
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OMC45 Polypeptide is a Glycoprotein

Western blot of purified OMC45 polypeptide was stained with biotinylated RCA and WGA 

to examine whether OMC45 polypeptide is a glycoconjugated protein. OMC45 polypeptide 

stained intensely with both RCA (Fig. 7, lane 1) and WGA (Fig. 7, lane 2). No staining was 

observed when biotinylated RCA and WGA were pre-incubated with D-galactose and N-

acetylglucosamine, respectively (data not shown) demonstrating the specificity of the RCA 

and WGA glycoproteins staining.

Evidence for the Presence of N-linked and O-linked Sugars on OMC45 Polypeptide

To identify N-linked and O-linked oligosaccharides, OMC45 polypeptide was treated with 

N-Glycanase and O-Glycanase separately, followed by SDS-PAGE and immunoblot 

analysis. Compared to native OMC45 polypeptide (Fig. 8A, lane 1), both N-Glycanase (Fig. 

8A, lane 2) and O-Glycanase (Fig. 8, lane 3) treated deglycosylated OMC45 polypeptide 

migrated with an apparent molecular weight of 41kDa. Our results reveal that OMC45 

possesses approximately 4kDa of N-linked and approximately 4kDa of O-linked 

oligosaccharides.

Demonstration of Acrosin and NAGA Binding to Deglycosylated and Native OMC45 
Polypeptide

A sedimentation assay was employed to determine the binding efficiency of deglycosylated 

OMC45 to acrosin (Fig. 8B) and NAGA (Fig. 8C). Deglycosylated OMC45 revealed a 

noticeable reduction in both acrosin (~50% reduction) and NAGA (~25% reduction) binding 

in comparison to native OMC45 polypeptide binding to acrosin and NAGA. In contrast, N-

Glycanase/O-Glycanase conjugated beads, used as control for specificity, did not bind 

acrosin and NAGA (data not shown), demonstrating the specificity of binding of hydrolases 

to native and deglycosylated OMC45 polypeptide. Our results suggest that carbohydrate 

moieties play an important role in hydrolase binding.

Biochemical and Immunocytochemical Localization of OMC45 Polypeptide during 
Capacitation and the Acrosome Reaction

Protein tyrosine phosphorylation is a key biochemical event accompanying sperm 

capacitation [32–34]. To examine whether capacitation successfully occurred under our 

current conditions, we analyzed our capacitated sperm fraction with immunoblots stained 

with anti-phosphotyrosine antibody (Fig. 9A). We observed that the 29 and 26kDa 

polypeptides were phosphorylated during capacitation (Fig. 9A, lane 2). Since the 20kDa 

phosphorylated polypeptide was present in both the control (Fig. 9A, lane 1) and capacitated 

(Fig. 9A, lane 2) sperm fractions, it suggests that the 20kDa is a non-specific band. 

Phosphorylation of the bovine cauda sperm polypeptide during capacitation confirms the 

efficacy of our capacitation protocol. Acrosin levels were analyzed in the pellet and 

supernatant fractions of non-capacitated and acrosome reacted spermatozoa to confirm the 

occurrence of an LPC-induced acrosome reaction. As shown in Table-1, almost 90% acrosin 

activity remained in the pellet fraction of non-capacitated spermatozoa whereas the addition 

of LPC to heparin-capacitated sperm exhibited the release of ~81% of total acrosin into the 

supernatant fraction. All results demonstrate the competency of our acrosome reaction 

Nagdas et al. Page 7

Mol Cell Biochem. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



model. Previously, comparable results were also reported in bovine ejaculated and cauda 

epididymal spermatozoa (20, 35). Immunoblot analysis was employed to examine whether 

OMC45 polypeptide is retained or released following capacitation and the acrosome 

reaction. As demonstrated in figure 9B, the OMC45 polypeptide was retained in the sperm 

pellets (Fig. 9B, lanes 1 and 3) after LPC-induced acrosome reaction; no immunoreactive 

polypeptides were detected in the supernatant fractions (Fig. 9B, lanes 2 and 4). LPC 

induced acrosome reacted sperm were permeabilized with Triton X-100 and immunostained 

with anti-OMC45 antibody to delineate the fate of OMC45 polypeptide by 

immunofluorescence localization. All positive staining remained associated with the hybrid 

membrane complex over the apical and principal segments of the acrosome (Fig. 9C, panel 

b). It is also noted that non-capacitated spermatozoa exhibited intense staining of the 

acrosomal segment (Fig. 9C, panel a). These studies suggest that the OMC45 polypeptide 

remains associated to the particulate fraction even after the release of acrosomal contents 

(acrosomal exocytosis).

Discussion

The acrosomal segment of spermatozoon plays key roles in the recognition, binding, and 

penetration of the egg investments [1]. The outer acrosomal membrane possesses the 

restricted domain that fuses with the overlying plasma membrane during the acrosome 

reaction. It has been reported that neither the outer acrosomal membrane of the equatorial 

segment nor the inner acrosomal membrane participate in the membrane fusion event. Our 

previously published studies suggested that the OMC provides the maintenance of acrosome 

assembly, the segregation of hydrolases within the acrosome, and the regulation of 

acrosomal hydrolases during the acrosome reaction [13,19, 20]. First, we isolated and 

characterized a localized, stable acrosomal matrix assembly from the bovine acrosome 

termed the outer acrosomal membrane-associated matrix complex (OMC) [13, 18] and this 

stable matrix is restricted to the apical and principal segments of the acrosome where it is 

associated with the luminal surface of the outer acrosomal membrane [13, 18]. Second, we 

demonstrated that OMC exhibits specific binding activity for acrosin [13] and NAGA [19]. 

Third, a highly purified OMC fraction is comprised of three major (54, 50, and 45kDa) and 

several minor (38-19kDa) polypeptides. The set of polypeptides (38-19kDa) termed “rpf” is 

selectively solubilized by extraction of OMC at pH 10.5, while the remaining three major 

polypeptides (55, 50 and 45kDa) remain associated with the sedimentable “stripped” OMC 

[20]. Fourth, we purified a 45kDa polypeptide from the high-pH insoluble fraction by 

continuous-elution SDS-PAGE. Anti-OMC45 polyclonal antibody reacts strongly on 

immunoblots with the OMC45 band. Using immunofluorescence, anti-OMC45 localizes 

specifically to the acrosomal cap [19]. Acrosin and NAGA bound OMC32 polypeptide in a 

concentration-dependent fashion. In contrast, OMC45 polypeptide exhibited stronger 

affinity to acrosin than NAGA [19]. Using biochemical, immunological, and proteomic 

analyses we demonstrated the molecular characterization of OMC45 polypeptide. Proteomic 

analysis of OMC45 polypeptide by MALDI-TOF-TOF yielded 8 peptides that matched the 

NCBI database sequence of Tektin3 (TEKT3).

Tektins are intermediate filament (IF) proteins [36–38] and nuclear lamins [39–41] localized 

in cilia and flagella. Five Tektin proteins (TEKT1-5) have been identified in mammals [42–
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49]. In situ hybridization analyses of mice testes revealed the expression of TEKT3 mRNA 

particularly in late pachytene and early round spermatids [46]. It has been observed that 

TEKT3-null mice generate sperm with reduced motility and forward progression as well as 

increased flagellar structural bending defects. They proposed that sperm motility is regulated 

by TEKT3 via a distinct mechanism [50]. Takiguchi et al. [31] investigated the sub-cellular 

localization of TEKT3 in rat sperm at the ultra-structure level using a polyclonal antibody 

that is raised against an unique hydrophobic amino acid sequence of rat TEKT3 

(RKTQADSTQN), and this specific amino acid sequence is not present in other Tektin 

family proteins. All ultra-structural and biochemical results demonstrate the association of 

TEKT3 with the surface of mitochondria and outer dense fibers in the middle piece, and not 

directly associated with the flagellar axoneme. In addition, they found that TEKT3 was 

present at the equatorial region of the acrosomal membrane in rat sperm heads. They also 

proposed that TEKT3 may be involved in acrosome-related events. The presence and the 

functions of other Tektin family member proteins in sperm have also been illustrated. In bull 

and mouse sperm, TEKT1 was localized in the tail as well as the apical region of the 

acrosomal cap. In mice, loss of acrosome-associated TEKT1 was observed after the in vitro 

acrosome reaction [51]. TEKT2 is present at the surface of outer dense fibers (ODFs) and 

may be involved in flagellum stability and sperm motility [52]. TEKT2-null sperm exhibited 

flagella bending and reduced motility []). Recently, Yamaguchi et al. [54] identified a 

36kDa TEKT2-binding protein1 associated with mitochondria of rat sperm flagella. It has 

been reported that Tektin 2 of hamster sperm becomes tyrosine phosphorylated during in 

vitro capacitation [55]. TEKT4 is associated with outer dense fibers, not with axonemal 

tubulins of rat and mouse spermatozoa [48]. Roy et al. [50] found significant reduction of 

forward progressive velocity in TEKT4-null mouse sperm. Murayama et al. [49] reported 

the localization of TEKT5 at the surface of mitochondrial sheaths in rat sperm flagella. The 

high expression of TEKT5 mRNA was observed during late stages of spermiogenesis and 

TEKT5 protein was localized throughout the sperm tail [56]. It has been suggested that 

TEKT5 plays an important role in flagella formation during spermiogenesis and involved in 

sperm motility. Thus, several studies have proposed the localization and putative role of 

each Tektin protein in mammalian spermatozoa. However, the precise function of each 

Tektin protein is not clearly elucidated. In the current study, using the rat TEKT3 polyclonal 

antibody, we observed the localization of anti-TEKT3 specifically to the acrosomal cap of 

bovine cauda epididymal sperm using immunofluorescence microscopy. No staining of the 

tail was observed. Thus, our biochemical and immunofluorescence studies strongly confirm 

the proteomic identification of OMC45 polypeptide; that it exhibits a sequence similarity to 

TEKT3. Only two TEKT family members (TEKT1 and TEKT3) are reported in mammalian 

sperm acrosome [31]. We are the first to report the presence of Tektin 3 in detergent-

resistant acrosomal matrix in mammalian spermatozoa. We propose potential roles of 

TEKT3 as being a detergent (Triton X-100) resistant acrosomal matrix structural element in 

the bovine sperm acrosome. Our data also suggest the participation of TEKT3 in the 

regulation of hydrolases released during the acrosome reaction. In addition, it may be 

possible that the acrosomal matrix TEKT3 may be involved in the segregation of acrosomal 

hydrolases and other matrix polypeptides within the acrosome interior.
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We now demonstrate the presence of a precursor form (~57kDa) of the OMC45 in the total 

testicular lysate. This result allows us to suggest that the OMC45 polypeptide is synthesized 

in the testis in a high molecular weight precursor form which undergoes processing, 

presumably in the testicular germ cells. Previously, it has been shown that two major 

acrosomal matrix proteins (29kDa and 22kDa) in hamster caput and cauda epidiydmal 

spermatozoa are structurally related and appear to arise from a common 40kDa precursor 

protein in round spermatids [57]. In other species, including the baboon, human, and mouse, 

the testicular forms of SP10 or SP10-related polypeptides are high-molecular weight 

precursors of the mature polypeptides found in epididymal spermatozoa [58–61]. In bovine 

sperm, Olson et al. [20] demonstrated that a 32kDa acrosomal protein, one of the members 

of “rpf”, exhibits sequence homology to SP-10 proteins and the Western blot analysis of 

total testicular lysate stained with anti-OMC32 antibody showed two (50.5 and 48kDa) high 

molecular weight precursor forms (unpublished data). Although several high molecular 

weight precursor forms of mSP10 of mouse testis [58] and “rpf” family of bovine testis have 

been identified, Olson et al. [57] found only a single immunologically reactive band of 

40KDa in hamster testis. In the present study, a 57kDa (apparent molecular weight) 

precursor form of OMC45/TEKT3 polypeptide was observed in bovine testis. This may 

reflect species specific differences of polypeptides. Other intermediate forms of OMC45/

TEKT3 polypeptide in the bovine testis could be identified as more mature spermatids or 

testicular spermatozoa are examined. Additional studies with the isolated germ cells will be 

needed to determine the stage-specific synthesis and processing of the acrosomal matrix 

polypetide. Moreover, it is possible that size processing of the precursor polypeptide is 

required for the assembly of the insoluble matrix elements and for the binding of the 

acrosomal matrix elements to the outer acrosomal membrane. Future studies will address 

these issues. The deduced molecular weight of Bos Taurus Tektin 3 having 490 amino acids 

is 56607, in close agreement to the noted apparent molecular weight (57,000) of the 

testicular precursor form of OMC45 polypeptide.

Our lectin blot and glycohydrolases-treated results revealed that OMC45 is a glycoprotein. 

Previously, we have shown by two-dimensional PAGE that OMC45 polypeptide possesses a 

charge-variant pattern with 5–6 isoforms which may represent glycosylation variants [19]. 

Thus, our current observation that OMC45 polypeptide contains ~4kDa of each N-linked 

and O-linked oligosaccharides strongly supports that the presence of charge-variants of 

OMC45 polypeptide are due to the post-translational glycosylation of apoprotein. Whether 

other post-translational modifications such as sulfation, nitration, or phosphorylation also 

contribute to charge heterogenetity of OMC45 remains to be investigated. Previously, we 

have demonstrated that the OMC45 polypeptide exhibited stronger binding affinity to 

acrosin than NAGA [19]. In the current study, we show that the oligosaccharide moieties of 

OMC45 polypeptide play important roles in acrosomal hydrolase binding. A significant 

reduction of acrosin binding (~50% reduction) to deglycosylated OMC45 polypeptide was 

observed in comparison to native OMC45 polypeptide. NAGA’s lower binding affinity to 

native OMC45 polypeptide [19] could be the plausible explanation for less binding 

reduction of NAGA (~25% reduction) in comparison to acrosin with carbohydrate-stripped 

OMC45 polypeptide. Although we have shown that the carbohydrate moieties of OMC45 

polypeptide are involved in acrosin/NAGA binding, the current study will not rule out 
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whether N-linked or O-linked oligosaccharides alone are involved in hydrolase binding. 

Even if both oligosaccharide moieties of OMC45 polypeptide are involved in binding, 

would there be any differential binding affinity of N-linked and O-linked oligosaccharides to 

acrosin/NAGA? Future studies will better define the role of both N-linked and O-linked 

oligosaccharides of OMC45 polypeptide in hydrolase binding.

Following capacitation and the acrosome reaction, some matrix polypeptides are 

proteolytically processed and released along with the acrosomal contents [62–64], whereas 

the retention of other acrosomal matrix proteins with the hybrid membrane complex was 

previously noted [65, 66]. Human SP-10 polypeptide fraction remains associated with 

various acrosomal structures following the ionophore-induced acrosome reaction [67]. 

Previously, we have shown that bovine OMCrpf polypeptides [20] and PRDX5 polypeptide 

[35] remained associated with the hybrid membrane complex. Our current data clearly 

reveal that the bovine acrosomal matrix OMC45 polypeptide is exclusively localized to the 

hybrid membrane complex and remains in the particulate following the acrosome reaction. 

The association of OMC45 polypeptide to a stable acrosomal matrix assembly suggests that 

this polypeptide plays a significant role in maintaining the structural integrity of the hybrid 

membrane complex generated by the membrane fusion process of the acrosome reaction. 

We propose that OMC45 polypeptide having sequence similarity to TEKT3 polypeptide is 

one of the constituents of stable intra-acrosomal framework of the bovine sperm acrosome 

and it plays an important role in the regulation of hydrolases released during the acrosome 

reaction. It may have a potential role in the segregation of acrosomal hydrolases and other 

matrix polypeptides.
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Figure 1. 
Phase contrast photomicrograph showing intact ejaculated bovine sperm (A) and enriched 

sperm head fraction isolated from sonicated spermatozoa (B), employed in OMC isolation. 

Electron micrograph demonstrating purity of isolated OMC fraction (C) X26000. Silver-

stained SDS-polyacrylamide gel (D). Lane 1 shows the pattern of polypeptides in the total 

OMC fraction (T). Lane 2 shows that the 38-19kDa family of polypeptides is released to the 

supernatant fraction (S) following high-pH extraction. Lane 3 shows that the high molecular 

weight polypeptides of the OMC complex remain in the pellet (P) fraction after high-pH 

extraction.
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Figure 2. 
OMC45 polypeptide was identified by Coomassie blue staining (A) and was subjected to 

MALDI-TOF-TOF analysis at the UNC School of Medicine Proteomic Center, Chapel Hill, 

NC. Proteomic analysis of OMC45 by MALDI-TOF-TOF yielded 8 peptides (B) that 

matched the NCBI database sequences of Tektin 3.

Nagdas et al. Page 16

Mol Cell Biochem. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Paired phase-contrast (A’, B’, and C’) and fluorescence images (A, B, and C) of bovine 

cauda sperm immunostained with anti-OMC45 (A and A’), anti-TEKT3 (B and B’) 

antibodies and preimmune serum (C and C’). Cauda spermatozoa were permeabilized with 

Triton X-100 and then immunostained with antibodies. They show intense fluorescence of 

the acrosomal segment. Both the equatorial segment and the postacrosomal segment are 

negative.
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Figure 4. 
Immunoblot showing the solubility properties of OMC45 polypeptide (lane 1) in RIPA 

buffer. A portion of the OMC45 polypeptide was solubilized by RIPA buffer (lane 2) and 

the remaining OMC45 polypeptide was present in the particulate fraction (lane 3).
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Figure 5. 
The supernatant obtained after RIPA buffer extraction was subjected to immunoprecipitation 

analysis. Total (Fig. 5A, lane 1), and IP- Pellet (Fig. 5A, lane 2) fractions were analyzed by 

Western blot analyses and immunostained with anti-OMC45 antibody. As shown in figure 

5A lane 2, OMC45 polypeptide was recovered in the anti-OMC45 immunoprecipitation 

pellet. Another immunoblot having the same total (Fig. 5B, lane 1), and IP-Pellet (Fig. 5B, 

lane 2) fractions were stained with anti-TEKT3 antibody. The presence of a TEKT3 band 

was exhibited in the anti-OMC45 IP-Pellet (Fig. 5B, lane 2).
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Figure 6. 
Immunoblot showing total testis lysate (lane 1), total caput (lane 2) and cauda (lane 3) sperm 

lysates stained with anti-OMC45 (Fig. 6A) and anti-TEKT3 (Fig. 6B) antibodies. Each lane 

was loaded with 2.5µg of protein.
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Figure 7. 
The OMC45 polypeptide was analyzed by Western blot analyses and stained with RCA and 

WGA biotinylated lectins and with anti-OMC45 antibody. OMC45 polypeptide binds both 

RCA (lane 1) and WGA (lane 2). Lane 3 immunostained with anti-OMC45 antibody showed 

the presence of a 45kDa band. Lectin blot analyses demonstrate that OMC45 is a 

glycoprotein. Each lane was loaded with 3µg of protein.
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Figure 8. 
A: Solubilized OMC45 polypeptide (lane 1) was treated with N-glycanase (lane 2) and O-

glycanase (lane 3) separately following the manufacturer’s instructions. After enzymatic 

digestion, deglycosylated OMC45 polypeptide was analzed by Western blot stained with 

anti-OMC45. Our results reveal that OMC45 possesses ~4kDa N-linked and ~4kDa O-

linked oligosaccharides.

B and C: After enzymatic digestion, deglycosylated OMC45 polypeptide and native OMC 

45 polypeptide were conjugated to AminoLink Plus coupling gel (Pierce Chemical Co.) 

separately at pH 10.0, according to the manufacturer’s instructions. As a control, same units 

of N-glycanase and O-glycanase were conjugated to AminoLink Plus coupling gel. Bovine 

epididymal cauda spermatozoa were extracted in high-salt Triton X-100 solution. The 

supernatant obtained after centrifugation, that contained hydrolase activities, was dialyzed 

against 25mM Tris-HCl buffer, pH 7.5, incubated with deglycosylated and native OMC45 

polypeptide, and N-Glycanase/O-Glycanase conjugated beads separately overnight at 4°C. 

After centrifugation at 1000 ×g for 5 min at 4°C, all three pellet fractions were assayed for 

acrosin (Fig. 8B) and NAGA (Fig. 8C). Values represent mean ± SD of three experiments. 

One unit of acrosin is the quantity of enzyme required to hydrolyze one µM of substrate per 

min at 25°C. One unit of NAGA is the quantity of enzyme required to release one mM of p-

nitrophenol per hr at 25°C.

Nagdas et al. Page 23

Mol Cell Biochem. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
A: Demonstates the detection of phosphorylation in capacitated sperm fractions. X-ray film 

of capacitated sperm fractions incubated in the absence and presence of heparin. Sperm 

fractions incubated in the presence of heparin (lane 2) underwent phosphorylation, as 

opposed to those incubated in the absence of heparin (lane 1). These results provide 

biochemical evidence that the capacitation reaction was properly executed.

B: Immunoblot analysis of the pattern of OMC45 polypeptide in the particulate (P) and 

supernatant (S) fractions of non-capacitated (lanes1 and 2) and LPC-induced capacitated 

(lanes 3 and 4) spermatozoa. The immunoblot was stained with anti-OMC45 antibody. Note 

that under each treatment condition the OMC45 polypeptide remains in the pellet fraction 

(lanes 1 and 3), no stained band was observed in the supernatant (lanes 2 and 4).

C: Matched phase contrast (panels a’ and b’) and fluorescence (panels a and b) 

photomicrographs of non-capacitated sperm (a and a’) and sperm capacitated 4 hrs in the 

presence of heparin and exposed to LPC for 15 min (b and b’). Note that acrosome-reacted 

sperm show specific staining of the acrosomal segment.
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Table-1

Distribution of Total Acrosin of Non-Capacitated and Acrosome-Reacted Spermatozoa

Non-Capacitated Sperm Acrosome-Reacted Sperm

Pellet 90 ± 8 19 ± 10

Supernatant 10 ± 6 81 ± 7

The distribution of acrosin between pellet and supernatant fractions is shown in Table-1. Only acrosome-reacted sperm exhibit substantial acrosin 
release to the supernatant fraction. Values represent mean ± SD of three experiments.
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