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Abstract

 Syntaxins are membrane integrated Q-SNARE proteins known to participate 
in exocytosis. Vesicle docking involves the binding of two plasma membrane proteins, 
syntaxin and SNAP-25, to the vesicle membrane protein VAMP to form a stable trimeric 
core complex; synaptophysin is thought to regulate the formation of this complex. Al-
though the members of Q-SNARE proteins are characterized in somatic cells, it is not 
known whether related proteins function in the sperm acrosome reaction. The objective 
of the present study is to identify and localize syntaxin in bovine epididymal sperma-
tozoa and to determine the fate of syntaxin 2 during the acrosome reaction. Western 
blots of caput and cauda sperm lysates and plasma membrane fractions, stained with 
anti-syntaxin 2, revealed the presence of a 31kDa band in both sperm lysates and plasma 
membrane fractions, respectively. Indirect immunofluorescence localized syntaxin 2 to 
the anterior but not the equatorial regions of the acrosomal segment. Several biochem-
ical analyses demonstrated that syntaxin 2 is an integral component of bovine cauda 
sperm plasma membranes. Our immunoblot data reveals that syntaxin 2 of bovine cauda 
sperm is released after lysophosphatidylcholine (LPC)-induced acrosomal exocytosis. It 
is assumed that syntaxin 2 may be involved in triggering the acrosome reaction through 
a ligand-receptor mediated signal transduction pathway.
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Introduction

 The successfulness of mammalian fertilization completely relies on the efficacy of the acrosome reaction. The mammalian 
sperm acrosome reaction entails extensive fusion between the periacrosomal plasma membrane and the outer acrosomal membrane, 
with the release of hydrolases which function in sperm penetration through the zona pellucida[1-3]. Following the acrosome reaction 
the fused hybrid membrane complex remains adherent to the zona surface,[4] and the newly exposed inner acrosomal membrane of 
the spermatozoon functions as the limiting membrane or plasma membrane equivalent[1]. Receptors on the inner acrosomal mem-
brane maintain sperm adhesion to the zona pellucida by binding ZP2[5], and although the inner acrosomal membrane makes first 
contact with the egg membrane[1,6], the plasma membrane overlying the equatorial, or possibly the postacrosomal segment appears 
to function in the initial fusion with the egg plasma membrane[1,7,8]. These diverse functions performed by the acrosomal segment 
during fertilization reveal the importance of identifying the specific signaling events and protein constituents which initiate and 
regulate the membrane fusion process of the acrosome reaction and prepare spermatozoa to fuse with the egg. 
 The acrosome reaction is analogous to regulated exocytosis in somatic cells in that both are initiated by ligand acting at 
the plasma membrane, both require activation of signaling pathways and ion channels, both are Ca2+-dependent and both result in 
the fusion of the plasma membrane with the membrane of a docked secretory granule (acrosome)[2,9,10]. In contrast to the sperm 
acrosome reaction, the secretory pathway of somatic cells has received detailed characterization in recent years and a great deal 
has been learned of the processes regulating vesicle docking and fusion with the plasma membrane. Key interacting proteins of the 
plasma membrane, the cytosol and the vesicle membrane which function in the membrane fusion pathway, have been identified in 
a variety of cell types and characterized at the molecular level[10-14]. These include syntaxin and SNAP25 (synaptosome-associated 
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protein of 25kDa) localized to the plasma membrane; VAMP/synaptobrevin, synaptophysin and synaptotagmin of the vesicle mem-
brane; and the cytosolic proteins N-ethylmalemide sensitive factor (NSF), a trimeric ATPase required for membrane fusion, and 
the α-β-Y-SNAPs (soluble NSF attachment proteins), which function in binding NSF to the membrane[10,14]. Although the members 
of these protein families are widely distributed among various types of somatic cells[10,11], it is not known whether related proteins 
function in the acrosome reaction. Vesicle docking involves the binding of two plasma membrane proteins, syntaxin and SNAP-25, 
to the vesicle membrane protein VAMP to form a stable trimeric core complex[10]; synaptophysin is thought to regulate formation 
of this complex[15-17]. Exocytosis is triggered by an increase in cytosolic calcium levels, and the synaptotagmin, a Ca2+- binding 
protein to the vesicle membrane, is proposed to function as a sensor and molecular trigger in the final steps leading to membrane 
fusion[10,13,14,18,19]. These steps include the association of the soluble SNAPs and NSF with the core complex to form a 20S complex 
responsible for membrane fusion. Thus, a highly regulated and ordered set of protein-protein interactions leads to membrane fusion. 
What is the molecular machinery employed to generate the specific fusion of the plasma membrane and outer acrosomal membrane 
during the acrosome reaction? It has been shown that syntaxin 2 was present over the acrosomal region of rat sperm and during the 
acrosome reaction syntaxin 2 was shed from sperm heads[20]. Hutt et al[21] showed that mouse sperm syntaxin 2 binds to synaptotag-
min I, VI and VIII isoforms in a calcium-dependent manner. The interaction of synaptotagmin VI and VIII isoforms to syntaxin 2 
can potentially mediate calcium-stimulated secretion and exocytosis. All these studies strongly suggest that the mammalian sperm 
acrosome reaction employs proteins related to those involved in regulated exocytosis of somatic cells. The objective of the present 
study is to localize and biochemically characterize syntaxin 2 in bovine epididymal spermatozoa and to elucidate its role in the ac-
rosome reaction.

Materials and Methods

Sperm preparation
 Bovine epididymides were obtained from Randloph Packing Co., Inc., Asheboro, NC. Caput and cauda epididymides were 
minced and incubated for 5 minutes at 37°C in Hank’s balanced saline, pH 7.4, to permit sperm release. The sperm suspensions 
were centrifuged at 5,000 rpm for 10 minutes. The pellets were washed by re-suspension in Hank’s saline followed by centrifuga-
tion as above. The final pellets were re-suspended in a Tris-saline-protease inhibitor solution (TNI) composed of 150 mM NaCl, 
25 mM Tris-HCl (pH 7.5), 2 mM benzamidine, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 mM NaF, 1 mM sodium orthovanadate and 
0.05% sodium azide, and centrifuged at 5,000 rpm for 10 minutes at 4°C. The pellets were washed one additional time with TNI as 
described above. Sperm pellets were used in extraction and fractionation protocols described below. An enriched plasma membrane 
fraction was isolated from cauda spermatozoa using nitrogen cavitation and sucrose density gradient centrifugation[22]. Protein was 
estimated by the procedure of Bradford[23]. 

Preparation of cell fractions for western blot analysis: Cauda sperm plasma membrane was extracted in high salt (0.5M NaCl) in 
TNI for 1 hour at 4°C followed by centrifugation at 30,000 rpm for 35 minutes at 4°C in a Beckman SW40 rotor. The supernatant 
was collected, and the pellet was suspended in TNI. The volume of both pellet and supernatant fractions were made equal to that 
used in the initial high salt extraction step. To identify the integral membrane protein(s), phase separation analysis of cauda sperm 
plasma membranes was performed[24]. Both aqueous and detergent phases were analyzed on 12% SDS-PAGE and transferred to 
PVDF membranes for immunoblot analysis.

SDS-PAGE and western blotting: SDS-PAGE was performed on 12% acrylamide gels[25]. Protein bands were stained with 
Coomassie Brilliant blue dye[26]. For 2D-PAGE, Bio-Rad precast immobilized pH-gradient (pH 3 - 10) strips (7 cm) were used for 
isoelectric focusing (IEF) in a Bio-Rad Protean IEF cell according to the manufacturer’s instructions. Western blots were prepared 
on polyvinyl difluride (PVDF) membranes[27]. For immunoblot analysis, nonspecific protein binding sites on blots were blocked with 
buffers containing BSA, goat serum, nonfat dry milk, and Tween-20. Blots were stained with anti-syntaxin 2 polyclonal antibody 
(Catalog# ab118829, abcam, Cambridge, MA, USA) followed by affinity-purified horseradish peroxidase-conjugated goat anti-rab-
bit IgG. Immunoreactive bands were visualized using diaminobenzidine for color development or by ECL detection.

Immunocytochemistry: For immunofluorescence microscopy of intact cauda epididymal sperm, prepared as described above, 
were fixed at 4°C in 4% formaldehyde in 0.1 M sodium phosphate buffer, pH7.6, for at least 30 minutes, attached to poly-L-Lysine 
coated coverslips, washed with PBS, and permeabilized by incubation for 10 minutes in -20°C acetone. After three rinses in PBS, 
nonspecific protein binding sites were blocked in PBS containing 0.1% Tween-20 and 2.5% BSA (blocking solution). Coverslips 
were then incubated with anti-syntaxin 2 polyclonal antibody in blocking solution, washed and incubated with FITC-conjugated 
goat anti-rabbit IgG in blocking solution. Coverslips were washed with PBS and the cells were examined by phase contrast and 
epifluorescence microscopy.

Capacitation and acrosome reaction: Sperm (4 - 6 X 107/ml) were capacitated in the presence 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[28]. To initiate the acrosome reaction, sperm were 
incubated with 100 μg/mL lysophosphatidyl choline (LPC) for 15 minutes following the end of the 4 hour incubation. Samples were 
centrifuged at 4000 x g for 10 minutes at 4°C. The pellets and supernatants were adjusted to equal volumes and used for SDS-PAGE 
and acrosin determination. Morphologically, the fluorescent PSA lectin staining was performed to examine the efficacy of LPC-in-
duced acrosome reaction of bovine cauda epididymal spermatozoa[29].
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Acrosin assay: Acrosin activity of the pellet and supernatant fractions of capacitated and acrosome reacted spermatozoa were as-
sayed[30,31]. One unit of acrosin is defined as the quantity of enzyme required to hydrolyze 1 μm of N-p-tosyl-gly-pro-arg-p-nitroan-
ilide per minute.

Results

Identification of syntaxin 2 in caput and cauda epididymal spermatozoa 
 To identify syntaxin 2 in bovine epididymal spermatozoa, Western blots of total lysate of caput sperm (Figure. 1A, lane 1) 
and cauda sperm (Figure. 1A, lane 2) were stained with anti-syntaxin 2 antibody. Bovine caput (Figure. 1A, lane 3) sperm revealed 
the presence of a 31kDa syntaxin 2 immunoreactive band. We then examined the presence of syntaxin 2 in bovine caput and cauda 
plasma membrane fractions. Immunoblots of the enriched plasma membrane fractions of caput (Figure. 1A, lane 3) and cauda (Fig-
ure. 1A, lane 4) spermatozoa stained with anti-syntaxin 2 antibody showed the presence of a 31kDa syntaxin 2 band. An identical 
blot stained with preimmune IgG did not exhibit any immunoreactive band (data not shown). This study showed the presence of 
a 31kDa syntaxin 2 both in bovine caput and cauda epididymal spermatozoa. Two-dimensional PAGE was performed to examine 
charge variant isoforms of synatxin 2 polypeptide. The cauda sperm plasma membrane fraction was fractionated by two-dimension-
al PAGE and transferred to PVDF membranes for immunoblot analysis. Blot stained with anti-syntaxin 2 exhibited the presence of 
a major isoform of 31kDa syntaxin 2 polypeptide (pI~5.9) (Figure. 1B). A duplicate blot stained with preimmune serum was used 
as the control and exhibited no positive spots (data not shown).

Figure. 1A: A 31kDa syntaxin 2 was present both in bovine caput and cauda epididymal spermatozoa. Immunoblot analysis of syntaxin 2 in total 
caput (lane 1) and cauda (lane 2) sperm lysates and in plasma membranes isolated from caput (lane 3) and cauda (lane 4) epididymal spermatozoa. 
B: 2D PAGE: The cauda sperm plasma membrane fraction reveals the presence of a major isoform of a 31kDa syntaxin 2 polypeptide having 
pI~5.9. Immunoblot, stained with anti-syntaxin 2, of cauda sperm plasma fraction, exhibiting the presence of a major isoform of a 31kDa syntaxin 
2 polypeptide (pI~5.9). 

Membrane anchoring of syntaxin 2 in spermatozoa 
 We next examined the solubility pattern of syntaxin 2 of cauda sperm plasma membrane fraction in high salt (0.5M NaCl). 
Western blot of the total (Figure. 2, lane 1), the particulate (Figure. 2, lane 2), and the high salt soluble fraction (Figure. 2, lane 3) 
stained with anti-syntaxin showed the presence of a 31kDa immunoreactive syntaxin 2 band both in the total (lane 1) and in the high 
salt extracted particulate fraction (lane 2). This study suggests that the syntaxin 2 is an integral component of bovine cauda sperm 
plasma membranes.

Figure. 2: Syntaxin 2 is only associated with the particulate fraction. Western blot immunostained with syntaxin 2 antibody showing the total cauda 
plasma membrane (PM) fraction (lane 1), the particulate (lane 2) and soluble (lane 3) fractions obtained after high salt (0.5M NaCl) extraction of 
cauda plasma membrane fraction.
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Phase separation analysis of syntaxin 2 
 To determine if the syntaxin 2 is an integral or peripheral membrane protein, cauda plasma membrane fractions (3.4 μg pro-
tein/μl) were extracted in 1% Triton X-114. Resulting aqueous and detergent phases were collected and SDS-PAGE was performed 
on 12% gels. Western blot analysis with anti-syntaxin 2 revealed the presence of a significant portion of a 31kDa syntaxin 2 in the 
detergent phase (Figure. 3, lane 3); whereas, the remaining syntaxin 2 was present in the aqueous phase (Figure. 3, lane 2). Since the 
major portion of the 31kDa syntaxin 2 was existent in the detergent phase (Figure. 3, lane 3) by phase separation analysis, it strongly 
confirms that the syntaxin 2 is an integral membrane protein. This study has revealed that the bovine sperm syntaxin 2 polypeptide 
is embedded within the lipid bilayer of cauda sperm plasma membrane.

Figure 3: Syntaxin 2 is an integral membrane protein. Triton X-114 Phase Separation Analysis. Lane 1: Total bovine cauda plasma membrane pro-
tein prior to phase separation analysis. Lane 2: Aqueous phase. Lane 3: Detergent phase containing a significant portion of syntaxin 2 polypeptide.

Immunolocalization of the syntaxin 2 
 Light microscopic immunocytochemistry were utilized to define the localization of syntaxin 2 in bovine cauda sperm. Ac-
etone permeabilized sperm exhibited intense staining on sperm head with anti-syntaxin 2 (Figure. 4A). No staining of the equatorial 
segment or of the postacrosomal segment of the head was noted. Control specimens of acetone-permeabilized spermatozoa that were 
immunostained with preimmune IgG were completely negative (Figure. 4B).

Figure 4: Syntaxin 2 is localized on bovine sperm head. Paired phase-contrast (A’ and B’) and fluorescence images (A and B) of bovine cauda 
sperm immunostained with anti-syntaxin 2 (A and A’) and preimmune serum (B and B’). Cauda spermatozoa were permeabilized with acetone 
and then immunostained with antibodies. They show intense fluorescence of syntaxin 2 to the anterior but not equatorial regions of the acrosomal 
segment of bovine cauda sperm (A). No staining was observed when sperm stained with preimmune serum (B).

Fate of syntaxin 2 during capacitation and acrosome reaction 
 To determine if syntaxin 2 is retained or released following capacitation and the acrosome reaction, Western blots of 12% 
SDS-PAGE were stained with anti-syntaxin 2. As demonstrated in Figure. 5A (lanes 1, and 2), syntaxin 2 was retained in the pellet 
before (lane 1) and after capacitation (lane 2), and the entire syntaxin 2 polypeptide was released after LPC-induced acrosome re-
action (lane 5). Both morphological (stained with FITC-conjugated PSA-Figure. 5B) and biochemical (acrosin assay-Figure. 5C) 
assays were performed to confirm the occurrence of an LPC-induced acrosome reaction. Matched phase contrast (a’ & b’) and flu-
orescence (a & b) images of acrosome-intact (Figure. a & a’) and acrosome-reacted sperm induced by LPC (Figure. b & b’) stained 
with FITC-conjugated PSA (Pisum Sativum agglutin) (Figure. 5B). Acrosome-intact sperm exhibited a homogenous signal over 
the entire acrosomal region (a), and the acrosome-reacted sperm displayed a signal over the equatorial region (b). As illustrated in 
Figure. 5C, fractions incubated in the presence of both heparin and LPC (Set 4) demonstrated a lower percentage (approximately 
20%) of acrosin in pelleted fractions and a higher percentage (approximately 80%) of acrosin in supernatant fractions. This study 
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revealed that most of the acrosin present in cauda sperm was released in the supernatant fraction. All results support the proficiency 
of our acrosome reaction model. Previously, comparable results were also reported in bovine ejaculated sperm[32]. This data further 
suggests that the syntaxin 2 of bovine cauda sperm is released after LPC-induced acrosomal exocytosis.

Figure. 5A: Syntaxin 2 is released after LPC-induced acrosome reaction of bovine spermatozoa. Immunoblot analysis of the pattern of syntaxin 2 
in the particulate (P) and supernatant (S) fractions of spermatozoa after a 4 hr incubation in the presence or absence of heparin and with or without 
a final 15 min exposure to LPC. As demonstrated in figure A (lanes 1 and 2), the entire syntaxin 2 polypeptide was retained in the pellet of nonca-
pacitated and capacitated sperm pellet fractions and was released after LPC-induced acrosome reaction (lane 5). 
B: FITC-conjugated PSA staining displays the efficacy of the acrosome reaction. Matched fluorescence (a & b) and phase contrast (a’ & b’) images 
of acrosome-intact (Fig. a & a’) and acrosome-reacted sperm induced by LPC (Fig. b & b’) and stained with FITC-conjugated PSA (Pisum Sativum 
agglutin). Acrosome-intact sperm exhibited a homogenous signal over the entire acrosomal region (a), and the acrosome-reacted sperm displayed 
a signal over the equatorial region (b).
C: Release of Acrosin Following Acrosome Reaction. Set 1: Pellet and supernatant fractions incubated in the absence of heparin and LPC. Set 2: 
Pellet and supernatant fractions incubated in the presence of heparin and the absence of LPC. Set 3: Pellet and supernatant fractions incubated in 
the presence of LPC and the absence of heparin. Set 4: Pellet and supernatant fractions incubated in the presence of both heparin and LPC. The 
percent of acrosin released in Set 4 was significantly higher than that of Sets 1-3 resulting in a successful execution of the acrosome reaction. The 
data are representative of three experiments. Blue Bar-Pellet, Red Bar-Supernatant.

Discussion

 Soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins are present in mammalian sperm and 
could be involved in the acrosome reaction. Vesicle docking involves the binding of two plasma membrane proteins, syntaxin and 
SNAP-25, to the vesicle-associated membrane protein/synaptobrevin VAMP to form a stable trimeric core complex[10]; synapto-
physin is thought to regulate formation of this complex[15-17]. Vesicle-associated membrane protein/synaptobrevin, a SNARE on the 
membrane of a vesicular carrier, and syntaxin I, a SNARE on the target membrane as well as the calcium sensor synaptotagmin I, 
are present in the acrosome of mammalian sperm[33]. Syntaxin 2 is one of the SNARE family members[34]. In the present study, we 
have demonstrated the localization of syntaxin 2 to the anterior but not the equatorial regions of the acrosomal segment. Katafuchi 
et al[20] showed that syntaxin 2 is localized to the acrosomal region of rat spermatozoa.
 The post-translational modification(s) of proteins during epididymal transit could be an important biochemical event lead-
ing to the production of functionally mature spermatozoa[35-42]. In the present study, no change in the molecular form of syntaxin 
2 was observed in total sperm lysates and in the isolated sperm plasma membrane fractions of both caput and cauda epididymal 
spermatozoa. Several lines of our biochemical studies reveal that bovine sperm syntaxin 2 is an integral membrane protein. Our 
2D-PAGE reveals a major form of 31kDa syntaxin 2 (~pI 5.9) and a minor form. Tian et al[43] reported that syntaxin-1 is a substrate of 
DAP (death-associated protein) kinase, a calcium/calmodulin-dependent protein kinase. Other investigators showed that syntaxin-1 
was phosphorylated by casein kinase II on both serine and threonine residues[44,45]. Risinger and Bennett[44] reported an enhanced 
interaction between phosphorylated syntaxin-1 and the synaptic vesicle protein synaptotagmin 1, a potential calcium sensor in 
triggering synaptic vesicle exocytosis. It is assumed that the syntaxin 2 of the bovine sperm plasma membrane fraction undergo 
phosphorylation during capacitation that may lead to the generation of different syntaxin 2 isoforms generates during capacitation. 
Future studies will address this issue.
 In the current study, we have shown that syntaxin 2 is released during LPC induced acrosome reaction. Rat sperm syntaxin 
2 is released upon the acrosome reaction induced by calcium ionophore in vitro[20]. Other investigators also reported that bovine and 
rhesus sperm SNAREs are sloughed off during the acrosome reaction[33]. SNARE antibodies inhibit both the acrosome reaction and 
fertilization, without inhibiting sperm-egg binding[33]. In sea urchin-the involvement of syntaxin in the acrosome reaction, possibly 
through the interaction with VAMP and SNAP-25 during membrane fusion process, as proposed for synaptic vesicle exocytosis[46]. 
SNARE fusion machinery for neuron and endocrine tissues has something in common with that operating during the acrosome re-
action in both invertebrates and rodents[20]. Rab3A, a small GTPase that has a regulatory role in many exocytotic fusion events, was 
also found in mammalian sperm[47,48]. The localization of syntaxin 2 to the acrosomal region suggest the involvement of SNARE and 
Rab GTPase in the membrane fusion phase of the mammalian acrosome reaction[20]. However, how the rab3A is involved in the acti-
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vation or assembly of SNARE fusion machinery in mammalian spermatozoa is yet to be determined. It has been shown that syntaxin 
binds directly to a voltage-dependent calcium channel in the presynaptic membrane thereby directly linking regulated ion fluxes 
to the fusion machinery[49,50]. Whether synatxin 2 in spermatozoa could associate with an acrosome-specific voltage-dependent cal-
cium channel during the final steps preceding acrosomal exocytosis needs to be elucidated. Previously, Tsai et al[51] demonstrated 
the capacitation-dependent formation of a trimeric trans-SNARE complex (syntaxin 1B/SNAP23/VAMP3) that served to dock the 
outer acrosomal membrane with the apical porcine sperm plasma membrane. Recently, same investigators showed that calcium 
ionophore-induced acrosome reaction results in the formaltion of unilamellar hybrid membrane vesicles that contained syntaxin 3, 
SNAP 23 and VAMP2, with an additional SNARE interacting protein, complexin 2[52].
 Collectively, several components are involved in mammalian sperm acrosomal exocytosis that include Rab3A activation, 
α-SNAP/NSF, synaptotagmin VI, complexin, and SNAREs (toxin-sensitive members of the synaptobrevin, syntaxin, and SNAP-25 
families). In addition, it also requires cAMP and Epac[53]. Our current study reveals that bovine sperm syntaxin 2 is released during 
the acrosome reaction. Recently, we have also shown that LPC-induced heparin-capacitated sperm exhibit the release of a significant 
portion of SPACA3[54]. We proposed that acrosin participates in the release of SPACA3 during acrosome exocytosis[54]. Presently, we 
do not know whether syntaxin 2 is assembled into a pre-fusion core complex in epididymal spermatozoa or whether the core com-
plex is assembled during capacitation. Alternatively, it is also possible that syntaxin 2 functions in the assembly of a membrane fu-
sion complex during the lysophosphatidylcholine (LPC)-induced acrosome reaction. These possibilities will be addressed in future 
studies. The molecular machinery engaged to generate the specific fusion of the plasma membrane and outer acrosomal membrane 
during the acrosome reaction is yet to be elucidated. Our hypothesis is that germ cell syntaxin 2 functions in the regulated fusion of 
the periacrosomal plasma membrane with the acrosomal membrane during the acrosome reaction. Permeabilized[55] bovine sperma-
tozoa can be utilized to examine the potential function of syntaxin 2 in acrosomal exocytosis in the presence of anti-syntaxin 2 IgG 
or Fab fragments of syntaxin 2 IgG. Future studies will address this issue.

Acknowledgement: Supported by NIH/NIGMS/ 1SC3GM096875, FSU NC-LSAMP Grant, FSU RISE NIH Grant # 
2R25GM064508-13

Conflict of Interest: The authors declare that they have no conflict of interest.

References

1. Yanagimachi, R. Mammalian Fertilization. The physiology of reproduction. (1994): 189-317. 
2. Kopf, G.S., Gerton, G.L. The mammalian sperm acrosome and the acrosome reaction, in Elements of Mammalian Fertilization. (1991) P.M. 
Wassarman, Editor, CRC Press: Boca Raton, Ann Arbor, Boston 153-203. 
3. Meizel, S. The importance of hydrolytic enzymes to an exocytotic event, the mammalian sperm acrosome reaction. (1984) Biol Rev Camb 
Philos Soc 59(1): 125-157. 
4. Yanagimachi, R., Phillips, D.M. The status of acrosomal caps of hamster spermatozoa immediately before fertilization in vivo. (1984) Gamete 
Res 9(1): 1-19. 
5. Bleil, J.D., Greve, J.M., Wassarman, P.M. Identification of a secondary sperm receptor in the mouse egg zona pellucida: Role in maintenance of 
binding of acrosome- reacted sperm to eggs. (1988) Dev Biol 128(2): 376-385. 
6. Huang, T.T.Jr, Yanagimachi, R. Inner acrosomal membrane of mammalian spermatozoa: its properties and possible functions in fertilization. 
(1985) Am J Anat 174(3): 249-268. 
7. Myles, D.G. Molecular mechanism of sperm-egg membrane binding and fusion in mammals. (1993) Dev Biol 158(1): 35-45. 
8. Myles, D.G., Primakoff, P. Why did the sperm cross the cumulus? To get to the oocyte. Functions of the sperm surface proteins PH-20 and 
fertilin in arriving at, and fusing with, the egg. (1997) Biol Reprod 56(2): 320-327. 
9. Ward, C.R., Kopf, G.S. Molecular events mediating sperm activation. (1993) Dev Biol 158(1): 9-34. 
10. Sudof, T.C. The synaptic vesicle cycle: a cascade of protein-protein interactions. (1995) Nature 375(6533): 645-653. 
11. Bennett, M.K., Scheller, R.H. The molecular machinery for secretion is conserved from yeast to neurons. (1993) Proc Natl Acad Sci 90(7): 
2559-2563. 
12. Rothman, J.E., Orci, L. Molecular dissection of the secretory pathway. (1992) Nature 355(6359): 409-415. 
13. Brose, N., Petrenko, A.G., Sudhof, T.C., et al. Synaptotagmin: A calcium sensor on the synaptic vesicle surface. (1992) Science 256(5059): 
1021-1025. 
14. Sollner, T., Whiteheart, S.W., Brunner, M., et al. SNAP receptors implicated in vesicle targeting and fusion. (1993) Nature 362(6418): 318-324. 
15. Calakos, N., Scheller, R.H. Vesicle-associated membrane protein and synaptophysin are associated on the synaptic vesicle. (1994) J Biol Chem 
269(40): 24534-24537. 
16. Edelmann, L., Hanson, P.I., Chapman, E.R., et al. Synaptobrevin binding to synaptophysinL a potential mechanism for controlling the exocy-
totic fusion machine. (1995) EMBO J 14(2): 224-231. 
17. Pevsner, J., Scheller, R.H. Mechanisms of vesicle docking and fusion: insights from the nervous system. (1994) Curr Opin Cell Biol 6(4): 
555-560. 
18. Mehta, P.P., Battenberg, E., Wilson, M.C. SNAP-25 and synaptotagmin involvement in the final Ca(2+)-dependent triggering of neurotransmit-
ter exocytosis. (1996) Proc Natl Acad Sci 93(19): 10471-10476.
19. Burgoyne, R.D., Morgan, A. Ca2+ and secretory-vesicle dynamics. (1995) Trends Neurosci 18(4): 191-196. 
20. Katafuchi, K., Mori, T., Toshimori, K., et al. Localization of a syntaxin isoform, syntaxin 2, to the acrosomal region of rodent spermatozoa. 
(2000) Mol Reprod Dev 57(4): 375-383. 
21. Hutt, D.M., Cardullo, R.A., Baltz, J.M., et al. Synaptotagmin VIII is localized to the mouse sperm head and may function in acrosomal exo-
cytosis. (2002) Biol Reprod 66(1): 50-56. 

Cell Immunol Serum Biol | volume 2: issue 2www.ommegaonline.org 46

Bovine Sperm Syntaxin 2

https://www.crcpress.com/Elements-of-Mammalian-Fertilization-Volume-II/Wassarman/p/book/9780849363870#googlePreviewContainer
https://www.crcpress.com/Elements-of-Mammalian-Fertilization-Volume-II/Wassarman/p/book/9780849363870#googlePreviewContainer
http://www.ncbi.nlm.nih.gov/pubmed/6231059
http://www.ncbi.nlm.nih.gov/pubmed/6231059
http://onlinelibrary.wiley.com/doi/10.1002/mrd.1120090102/abstract
http://onlinelibrary.wiley.com/doi/10.1002/mrd.1120090102/abstract
http://www.ncbi.nlm.nih.gov/pubmed/3396765
http://www.ncbi.nlm.nih.gov/pubmed/3396765
http://www.ncbi.nlm.nih.gov/pubmed/3840952
http://www.ncbi.nlm.nih.gov/pubmed/3840952
http://www.ncbi.nlm.nih.gov/pubmed/8330674
http://www.ncbi.nlm.nih.gov/pubmed/9116127
http://www.ncbi.nlm.nih.gov/pubmed/9116127
http://www.ncbi.nlm.nih.gov/pubmed/8392473
http://www.ncbi.nlm.nih.gov/pubmed/7791897
http://www.ncbi.nlm.nih.gov/pubmed/8096639
http://www.ncbi.nlm.nih.gov/pubmed/8096639
http://www.ncbi.nlm.nih.gov/pubmed/1734280
http://www.ncbi.nlm.nih.gov/pubmed/1589771
http://www.ncbi.nlm.nih.gov/pubmed/1589771
http://www.ncbi.nlm.nih.gov/pubmed/8455717
http://www.ncbi.nlm.nih.gov/pubmed/7929121
http://www.ncbi.nlm.nih.gov/pubmed/7929121
http://www.ncbi.nlm.nih.gov/pubmed/7835333
http://www.ncbi.nlm.nih.gov/pubmed/7835333
http://www.ncbi.nlm.nih.gov/pubmed/7986533
http://www.ncbi.nlm.nih.gov/pubmed/7986533
http://www.ncbi.nlm.nih.gov/pubmed/8816825
http://www.ncbi.nlm.nih.gov/pubmed/8816825
http://www.ncbi.nlm.nih.gov/pubmed/7778190
http://www.ncbi.nlm.nih.gov/pubmed/11066067
http://www.ncbi.nlm.nih.gov/pubmed/11066067
http://www.ncbi.nlm.nih.gov/pubmed/11751263
http://www.ncbi.nlm.nih.gov/pubmed/11751263
http://www.ommegaonline.org


Ommega Online Publisher
Cellular Immunology and Serum Biology 
Short Title : Cell Immunol Serum Biol

E-mail: molecubio@ommegaonline.com
website: www.ommegaonline.org

22. Nagdas, S.K., Winfrey, V.P., Olson, G.E. Identification of Ras and Its Downstream Signaling Elements and Their Potential Role in Hamster 
Sperm Motility. (2002) Biol Reprod 67(4): 1058-1066. 
23. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye 
binding. (1976) Anal Biochem 72: 248-254. 
24. Bordier, C. Phase separation of integral membrane proteins in Triton X-114 solution. (1981) J Biol Chem 256(4): 1604-1607. 
25. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. (1970) Nature 227(5259): 680-685. 
26. Fairbanks, G., Steck, T.L., Wallach, D.F. Electrophoretic analysis of the major polypeptides of the human erythrocyte membrane. (1971) Bio-
chemistry 10(13): 2606-2617. 
27. Towbin, H., Staehelin, T., Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets: Procedure and some 
applications. (1979) Proc Natl Acad Sci 76(9): 4350-4354. 
28. Parrish, J.J., Susko-Parrish, J., Winer, M.A., et al. Capacitation of bovine sperm by heparin. (1988) BiolReprod 38(5): 1171-1180. 
29. Mendoza, C., Carreras, A., Moos, J., et al. Distinction between the true acrosome reaction by a one step staining method using Pisum sativum 
agglutinin. (1992) J Reprod Fertil 95(3): 755-763. 
30. Nagdas, S.K., Winfrey, V.P., Olson, G.E. Proacrosin-acrosomal matrix binding interactions in ejaculated bovine spermatozoa. (1996) Biol 
Reprod 54(1): 111-121. 
31. Nagdas, S.K., Winfrey, V.P., Olson, G.E. Identification of hydrolase binding activities of the acrosomal matrix of hamster spermatozoa. (1996) 
Biol Reprod 55(6): 1405-1414. 
32. Olson, G.E., Winfrey, V.P., Neff, J.C., et al. An antigenically related polypeptide family is a major structural constituent of a stable acrosomal 
matrix assembly in bovine spermatozoa. (1997) Biol Reprod 57(2): 325-334. 
33. Ramalho-Santos, J., Moreno, R.D., Sutovsky, P., et al. SNAREs in mammalia sperm: possible implications for fertilization. (2000) Dev Biol 
223(1): 54-69.
34. Fujiwara, Y., Ogonuki, N., Inoue, K., et al. t-SNARE Syntaxin2 (STX2) Is Implicated in Intracellular Transport of Sulfoglycolipids During 
Meiotic Prophase in Mouse Spermatogenesis. (2013) Biol Reprod 88(6): 141. 
35. Bedford, J.M. Maturation, transport, and fate of spermatozoa in the epididymis. (1975) Handbook of Physiology: Endocrinology, Male Repro-
ductive System, R.O. Greep and E.B. Astwood, Editors, Waverly Press: Washington, D.C: 303-317.
36. Hamilton, D.W. Structure and function of the epithelium lining the ductuli efferentes, ductus epididymidis, and ductus deferens in the rat. 
(1975) Handbook of Physiology: Endocrinology, Male Reproductive System, R.O. Greep and E.B. Astwood, Editors., Waverly Press: Washington, 
D.C: 259-301. 
37. Orgebin-Crist, M.C., Danzo, B.J., Davies, J. Endocrine control of the development and maintenance of sperm fertilizing ability in the epidid-
ymis. (1975) Handbook of Physiology: Endocrinology, Male Reproductive System, Greep, R.O., Hamilton, D.W, Editors, Waverly Press: Wash-
ington, D.C: 319-338. 
38. Olson, G.E., Orgebin-Crist, M.C. Sperm surface changes during epididymal maturation. (1982) Ann N Y Acad Sci 383: 372-392. 
39. Cooper, T.G. Sperm maturation in the epididymis: a new look at an old problem. (2007) Asian J Androl 9(4): 533-539. 
40. Eddy, E.M., O’Brien, D.A., Welch, J.E. Mammalian sperm development in vivo and invitro. (1991) Elements of Mammalian fertilization, W. 
OM, Editor, CRC Press: Boca Raton 1-28. 
41. Dacheux, J.L., Dacheux, F., Paquignon, M. Changes in sperm surface membrane and luminal protein fluid content during epididymal transit in 
the boar. (1989) Biol Reprod 40(3): 635-651. 
42. Belleannee, C., Thimon, V., Sullivan, R. Region-specific gene expression in the epididymis. (2012) Cell Tissue Res 349(3): 717-731. 
43. Tian, J.H., Das, S., Sheng, Z.H. Ca2+-dependent phosphorylation of syntaxin-1A by the death-associated protein (DAP) kinase regulates its 
interaction with Munc18. (2003) J Biol Chem 278(28): 26265-26274. 
44. Risinger, C., Bennett, M.K. Differential Phosphorylation of Syntaxin and Synaptosome-Associated Protein of 25 kDa (SNAP-25) Isoforms. 
(1999) J Neurochem 72(2): 614-624. 
45. Foletti, D.L., Lin, R., Finley, M.A., et al. Phosphorylated Syntaxin 1 Is Localized to Discrete Domains Along a Subset of Axons. (2000) J 
Neurosci 20(12): 4535-4544. 
46. Schulz, J.R., Sasaki, J.D., Vacquier, V.D. Increased Association of Synaptosome-associated Protein of 25 kDa with Syntaxin and Vesicle-asso-
ciated Membrane Protein following Acrosomal Exocytosis of Sea Urchin Sperm. (1998) J Biol Chem 273(38): 24355-24359. 
47. Iida, H., Yoshinaga, Y., Tanaka, S., et al. Identification of Rab3A GTPase as an acrosome-associated small GTP-binding protein in rat sperm. 
(1999) Dev Biol 211(1): 144-155. 
48. Ward, C.R., Faundes, D., Foster, J.A. The monomeric GTP binding protein, rab3a, is asociated with the acrosome in mouse sperm. (1999) Mol 
Reprod Dev 53(4): 413-421. 
49. Sheng, Z.H., Rettig, J., Takahashi, M., et al. Identification of a syntaxin-binding site on N-type calcium channels. (1994) Neuron 13(6): 1303-
1313. 
50. Martin-Moutot, N., Charvin, N., Leveque, C., et al. Interaction of SNARE Complexes with P/Q-type Calcium Channels in Rat Cerebellar 
Synaptosomes. (1996) J Biol Chem 271(12): 6567-6570.
51. Tsai, P.S., Garcia-Gil, N., Haeften, T.V., et al. How Pig Sperm Prepares to Fertilize: Stable Acrosome Docking to the Plasma Membrane. (2010) 
PLoS One 5(6): e11204. 
52. Tsai, P.S., Brewis, I.A., Maaren, J.V., et al. Involvement of Complexin 2 in Docking, Locking and Unlocking of Different SNARE Complexes 
during Sperm Capacitation and Induced Acrosomal Exocytosis. (2012) PLoS One 7(3): e32603. 
53. Rodriguez, F., Bustos, M.A., Zanetti, M.N., et al. α-SNAP Prevents Docking of the Acrosome during Sperm Exocytosis because It Sequesters 
Monomeric Syntaxin. (2011) PLoS One 6(7): e21925. 
54. Nagdas, S.K., Smith, L., Mcnamara, A., et al. Identification and Characterization of a Bovine Sperm Acrosomal Matrix Protein and its Mech-
anism of Interaction with Acrosomal Hydrolases. (2015) Mol Cell Biochem 410(1-2): 11-23. 
55. Schulz, I. Permeabilizing Cells: Some methods and applications for the study of intracellular processes. (1990) Methods Enzymol 192: 280-
300.

www.ommegaonline.org

Bovine Sperm Syntaxin 2

Cell Immunol Serum Biol | volume 2: issue 247

mailto:molecubio@ommegaonline.com
http://www.ncbi.nlm.nih.gov/pubmed/12297518
http://www.ncbi.nlm.nih.gov/pubmed/12297518
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/6257680
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/4326772
http://www.ncbi.nlm.nih.gov/pubmed/4326772
http://www.ncbi.nlm.nih.gov/pubmed/388439
http://www.ncbi.nlm.nih.gov/pubmed/388439
http://www.biolreprod.org/content/38/5/1171.short
http://www.ncbi.nlm.nih.gov/pubmed/1383539
http://www.ncbi.nlm.nih.gov/pubmed/1383539
http://www.ncbi.nlm.nih.gov/pubmed/8838007
http://www.ncbi.nlm.nih.gov/pubmed/8838007
http://www.ncbi.nlm.nih.gov/pubmed/8949900
http://www.ncbi.nlm.nih.gov/pubmed/8949900
http://www.ncbi.nlm.nih.gov/pubmed/9241046
http://www.ncbi.nlm.nih.gov/pubmed/9241046
http://www.ncbi.nlm.nih.gov/pubmed/10864460
http://www.ncbi.nlm.nih.gov/pubmed/10864460
http://www.ncbi.nlm.nih.gov/pubmed/23595907
http://www.ncbi.nlm.nih.gov/pubmed/23595907
http://www.popline.org/node/505649
http://www.popline.org/node/505649
http://www.popline.org/node/505650
http://www.popline.org/node/505650
http://www.popline.org/node/505650
http://www.ncbi.nlm.nih.gov/pubmed/6953810
http://www.ncbi.nlm.nih.gov/pubmed/17589792
https://www.crcpress.com/Elements-of-Mammalian-Fertilization-Volume-II/Wassarman/p/book/9780849363870#googlePreviewContainer
https://www.crcpress.com/Elements-of-Mammalian-Fertilization-Volume-II/Wassarman/p/book/9780849363870#googlePreviewContainer
http://www.ncbi.nlm.nih.gov/pubmed/2758093
http://www.ncbi.nlm.nih.gov/pubmed/2758093
http://www.ncbi.nlm.nih.gov/pubmed/22427067
http://www.ncbi.nlm.nih.gov/pubmed/12730201
http://www.ncbi.nlm.nih.gov/pubmed/12730201
http://www.ncbi.nlm.nih.gov/pubmed/9930733
http://www.ncbi.nlm.nih.gov/pubmed/9930733
http://www.ncbi.nlm.nih.gov/pubmed/10844023
http://www.ncbi.nlm.nih.gov/pubmed/10844023
http://www.ncbi.nlm.nih.gov/pubmed/9733723
http://www.ncbi.nlm.nih.gov/pubmed/9733723
http://www.ncbi.nlm.nih.gov/pubmed/10373312
http://www.ncbi.nlm.nih.gov/pubmed/10373312
http://www.ncbi.nlm.nih.gov/pubmed/10398417
http://www.ncbi.nlm.nih.gov/pubmed/10398417
http://www.ncbi.nlm.nih.gov/pubmed/7993624
http://www.ncbi.nlm.nih.gov/pubmed/7993624
http://www.ncbi.nlm.nih.gov/pubmed/8636067
http://www.ncbi.nlm.nih.gov/pubmed/8636067
http://www.ncbi.nlm.nih.gov/pubmed/20585455
http://www.ncbi.nlm.nih.gov/pubmed/20585455
http://www.ncbi.nlm.nih.gov/pubmed/22412896
http://www.ncbi.nlm.nih.gov/pubmed/22412896
http://www.ncbi.nlm.nih.gov/pubmed/21789195
http://www.ncbi.nlm.nih.gov/pubmed/21789195
http://www.ncbi.nlm.nih.gov/pubmed/26268136
http://www.ncbi.nlm.nih.gov/pubmed/26268136
http://www.ncbi.nlm.nih.gov/pubmed/2074793
http://www.ncbi.nlm.nih.gov/pubmed/2074793
http://www.ommegaonline.org

