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The sperm acrosome is a large dense-core granule whose contents are secreted by regulated exocytosis at fertilization through the opening of numerous fusion pores between the acrosomal and plasma membranes. In other cells, the nascent pore generated when the membrane surrounding a secretory vesicle fuses with the plasma membrane may have different fates. In sperm, pore dilation leads to the vesiculation and release of these membranes, together with the granule contents. α-Synuclein is a small cytosolic protein claimed to exhibit different roles in exocytic pathways in neurons and neuroendocrine cells. Here, we scrutinized its function in human sperm. Western blot revealed the presence of α-synuclein and indirect immunofluorescence its localization to the acrosomal domain of human sperm. Despite its small size, the protein was retained following permeabilization of the plasma membrane with streptolysin O. α-Synuclein was required for acrosomal release, as demonstrated by the inability of an inducer to elicit exocytosis when permeabilized human sperm were loaded with inhibitory antibodies to human α-synuclein. The antibodies halted calcium-induced secretion when introduced after the acrosome docked to the cell membrane. Two functional assays, fluorescence and transmission electron microscopies revealed that the stabilization of open fusion pores was responsible for the secretion blockage. Interestingly, synaptobrevin was insensitive to neurotoxin cleavage at this point, an indication of its engagement in cis SNARE complexes. The very existence of such complexes during AE reflects a new paradigm. Recombinant α-synuclein rescued the inhibitory effects of the anti-α-synuclein antibodies and of a chimeric Rab3A-22A protein that also inhibits AE after fusion pore opening. We applied restrained molecular dynamics simulations to compare the energy cost of expanding a nascent fusion pore between two model membranes and found it higher in the absence than in the presence of α-synuclein. Hence, our results suggest that α-synuclein is essential for expanding fusion pores.
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INTRODUCTION
Exocytosis is a widespread process that most cells utilize to deliver membranes, lipids, and soluble molecules to the cell surface and the extracellular space. It is mediated by membranous carriers—secretory vesicles—of different sizes and shapes. In regulated exocytosis, vesicles fuse with the plasma membrane in response to extracellular stimuli. This type of exocytosis occurs in specialized cells in order to satisfy specific physiological tasks, such as neurotransmission, respiration, digestion, reproduction, immune responses, and many others (Porat-Shliom et al., 2013). Exocytosis consists of multiple kinetically, functionally and/or morphologically definable stages, the latest of which include docking of secretory vesicles with the plasma membrane and calcium-triggered membrane fusion, followed by release of the granules’ contents (Rizo, 2018; Silva et al., 2021).
During the fusion of a vesicle with the plasma membrane, the lumen of the former initially connects to the extracellular space via a narrow fusion pore (Quevedo et al., 2016; Alvarez de et al., 2018; Karatekin, 2018; Sharma and Lindau, 2018). Low-molecular-weight substances can permeate the narrow pore, which is sometimes stable for several tens of milliseconds before it expands. An Ω-shaped membrane profile may occasionally be captured by electron microscopy. Exocytosis may occur in distinct ways: full-collapse fusion or kiss-and-run. In the former, the fusion pore rapidly dilates, allowing the vesicle membrane to flatten and integrate its lipid and proteins into the planar surface of the plasma membrane. In the kiss-and-run mode, a narrow fusion pore allows the vesicle to retain its gross morphological shape while it releases its contents; the pore is transient and it eventually reseals (Alabi and Tsien, 2013). Large molecules or those packed into dense matrices can only be released by full fusion. Although various members of the fusion machinery have been implicated in fusion pore opening and dilation, the mechanisms involved are far from being elucidated [(Quevedo et al., 2016) and references therein].
The accumulation and aggregation of α-synuclein in the brain characterize devastating neurodegenerative disorders such as Parkinson’s disease, dementia with Lewy bodies, and multiple system atrophy (Masaracchia et al., 2018; Runwal and Edwards, 2021). α-Synuclein is a small (≃15 kDa), cytosolic protein, unstructured in solution, whose amino terminal region folds into two antiparallel α-helices in the presence of highly curved membranes with acidic phospholipid headgroups. Synuclein promotes, as well as senses, membrane curvature (Gallea et al., 2018; Alza et al., 2019). Although the precise normal function of α-synuclein is not well established, evidence toward its involvement in the exocytotic pathway is beginning to emerge [see (Gallea et al., 2018; Alza et al., 2019) for functions attributed to α-synuclein]. Of particular interest to this study is α-synuclein’s involvement in fusion pore dilation, a phenomenon observed in artificial membranes (Khounlo et al., 2021) and during exocytosis in cultured rat hippocampal neurons and mouse adrenal chromaffin cells (Logan et al., 2017).
A discrete number of highly conserved protein families involved in the late stages of the exocytotic cascade has been identified; within them, the SNAREs constitute the core of the fusion machinery in all cells [reviewed in (Barclay et al., 2012; Jahn and Fasshauer, 2012; Rizo and Xu, 2015; Zhang and Hughson, 2021)]. Synaptobrevin-2, syntaxin1, and SNAP-25 families are the synaptic isoforms of the SNARE superfamily. Synaptobrevins are classified as R-SNAREs (arginine-containing SNAREs) and syntaxins and SNAPs as Q-SNAREs (glutamine-containing SNAREs) based on the identity of highly conserved residues (Fasshauer et al., 1998). The Q- and R-SNAREs join into parallel four-helix bundles; Q-SNAREs contribute three helices whereas R-SNAREs contribute the remaining one. When Q-SNARES are located in one membrane and the cognate R-SNARE in the other, complexes are in a trans configuration. SNARE proteins zipper progressively from the amino terminus portion of the molecules toward the membranes. The energy barrier for bilayer mixing is overcome by the zippering of trans SNARE complexes (Sorensen et al., 2006; Walter et al., 2010; Gao et al., 2012; Rizo, 2022). SNAREs are engaged in a functionally inactive cis configuration when all cognates are located on the same membrane. Although they have a role in pre-fusion events (Haynes et al., 1998; Xu et al., 1999a; De Blas et al., 2005; Tomes et al., 2005; Jun and Wickner, 2019), cis SNARE complexes are often only viewed as by-products of exocytosis (Sorensen, 2009). Disentangling cis complexes so that monomeric SNAREs would be available to engage in productive trans complexes requires metabolic energy; this energy is provided by the hydrolysis of ATP catalyzed by NSF. α-SNAP bridges the SNARE complex to NSF and stimulates the ATPase activity of the latter (Ryu et al., 2016; Zhao and Brunger, 2016).
Sperm contain a single, large dense-core secretory granule (the acrosome) whose contents are released by regulated exocytosis (acrosomal exocytosis, AE) in the female tract at fertilization or in response to an increase in calcium levels in the test tube (Vardjan et al., 2013; Chiang et al., 2014). The topology of the AE fits neither full collapse nor kiss and run modes because the acrosomal and sperm’s plasma membranes merge through a unique membrane fusion mechanism. Briefly, the AE proceeds through a series of steps that include the swelling of the acrosome and remodeling of its membrane, the docking of the outer acrosomal to the overlying plasma membrane, and the genesis of pores at the points of apposition (Buffone et al., 2012; Zhao et al., 2016). In most dense-core secretion events, the pores widen and the granule contents discharge. In sperm, however, the granule membrane is as large as the section of the plasma membrane it must fuse with, therefore Ω-shaped structures are never observed. Pore expansion leads to the fenestration of the fusing membranes and joining of pores to generate a reticulum of tubules and hybrid plasma-outer acrosomal membrane vesicles. Exactly at which point after the opening of fusion pores do acrosomal contents begin to be released has been a matter of intense study in the field [reviewed in (Buffone et al., 2014; Foster and Gerton, 2016; Hirohashi, 2016)]. When the vesiculated membranes and acrosomal contents are lost, the inner acrosomal membrane becomes the leading edge of the sperm and the AE is fully accomplished (Harper et al., 2008; Tomes, 2015; Belmonte et al., 2016; La Spina et al., 2016). Although no direct evidence supported the claim, it was believed that sperm fusion pores dilated spontaneously. We have been able to dispute this notion by means of a chimeric protein consisting of the amino-terminal portion of Rab3A fused to the carboxy-terminal portion of Rab22A. Thanks to this tool, we have demonstrated that sperm fusion pores are subjected to post-fusion regulation, as happens in many other cells (Quevedo et al., 2016).
Due to their highly specific, zinc-dependent, proteolytic cleavage of the neuronal isoforms of SNARE proteins, tetanus (TeTx) and botulinum (BoNT) toxins are potent inhibitors of secretory vesicle release (Ahnert-Hilger et al., 2013; Pantano and Montecucco, 2014; Pirazzini et al., 2022). Monomeric SNAREs are sensitive—whereas those in cis complexes are resistant—to all toxins (Hayashi et al., 1994). Because SNAREs cycle through toxin-sensitive stages, exocytosis is blocked by neurotoxins in neuroendocrine cells. In contrast, SNAREs do not cycle in capacitated human sperm; instead, they are engaged in toxin-resistant cis complexes on both the granule and the cell membranes (De Blas et al., 2005). This is because NSF’s dissociating activity is kept dormant by tyrosine phosphorylation. Once AE is initiated, protein tyrosine phosphatase 1B (PTP1B) dephosphorylates NSF, which derepresses its activity (Zarelli et al., 2009). The monomeric SNAREs thus generated are free to assemble in trans and achieve the docking of the acrosome to the plasma membrane (Zanetti and Mayorga, 2009). Monomeric synaptobrevin and that engaged in partially assembled trans complexes exhibit differential sensitivity to BoNT/B and TeTx (Xu et al., 1999b; Sorensen et al., 2006; Gaisano, 2014; Bombardier and Munson, 2015). These toxins cleave a peptide bond exposed in both configurations (Schiavo et al., 2000; Fabris et al., 2022; Pirazzini et al., 2022), but to sever the bond toxins must bind their substrate. TeTx binds to the N-terminal, whereas BoNT/B binds the C-terminal portion of synaptobrevin’s coil domain. Because SNARE complex assembly begins at the N-terminus, the TeTx-recognition site is hidden in partially assembled SNARE complexes while the BoNT/B recognition site is exposed. This feature is responsible for synaptobrevin’s differential sensitivity to toxins: TeTx only cleaves free synaptobrevin while BoNT/B also cuts synaptobrevin loosely assembled in complexes (Hua and Charlton, 1999; De Blas et al., 2005; Giraudo et al., 2006; Wu et al., 2016). At a very late stage during the AE, downstream the full zippering of SNARE proteins in trans and the subsequent opening of fusion pores, sperm SNAREs are engaged in cis complexes (Quevedo et al., 2016).
Here, we combined in silico with biochemical, functional and microscopy-based methods employing recombinant proteins, neurotoxins, lectins and antibodies to show that human sperm α-synuclein is required for fusion pore expansion during a very late stage of the AE.
MATERIALS AND METHODS
Reagents
Recombinant streptolysin O (SLO) was obtained from Dr. Bhakdi (University of Mainz, Mainz, Germany). The rabbit polyclonal antibody directed towards human α-synuclein (purified on protein A) was from Axxora, LLC (Farmingdale, NY). The mouse monoclonal anti-synaptobrevin-2 antibody (clone 69.1, purified IgG) and the rabbit polyclonal anti-complexin I/II (purified IgG) were from Synaptic Systems (Göttingen, Germany). HisTrap columns, FF, Cytiva (formerly GE healthcare Life Sciences) were purchased from ALLSCIENCE, LLC (Doral, FL). FITC-coupled Pisum sativum agglutinin (FITC-PSA) was from Vector Labs (BIOARS S.A, Buenos Aires, Argentina). PSA coupled to 20 nm colloidal gold was from glycoMatrix (Dublin, OH). Horseradish peroxidase- and Cy™3-conjugated goat anti-rabbit, as well as Cy™3-conjugated goat anti-mouse IgGs (H + L) were from Jackson ImmunoResearch (West Grove, PA). O-nitrophenyl EGTA-acetoxymethyl ester (NP-EGTA-AM) was purchased from Life Technologies (Buenos Aires, Argentina). Ni-NTA-agarose was from GE Healthcare. Prestained molecular weight markers were from Bio-Rad (Tecnolab, Buenos Aires, Argentina). All other chemicals were from Sigma-Aldrich™ Argentina S.A., Genbiotech, or Tecnolab (Buenos Aires, Argentina).
Recombinant proteins
The light chains of BoNT/B and TeTx fused to His6 in a pQE3 vector were generously provided by Dr. T. Binz (Medizinische Hochschule Hannover, Hannover, Germany). The cDNA encoding human α-synuclein fused to His6 and to the TAT-transduction domain of HIV virus in a pET11a plasmid was a kind gift of Dr. L. Pollegioni (Università degli Studi dell’Insubria, Varese, Italy). Purified, recombinant Rab3A-22A fused to glutathione S-transferase was a kind gift from Dr. M.F. Quevedo (IHEM, Mendoza, Argentina).
Expression and purification of recombinant His6-BoNT/B and His6-TeTx were as in (De Blas et al., 2005). The plasmid encoding His6-TAT-α-synuclein was transformed into Escherichia coli BL21 (DE3) and protein expression was induced with 0.5 mM IPTG 4 h at 37°C. Recombinant-α-synuclein is mostly located in the periplasmic space (Ren et al., 2007). We recovered the periplasm of transformed bacteria by osmotic shock as in (Caldinelli et al., 2013), made it 20 mM TrisHCl, pH 7.4 and run it through a metal-chelating HisTrap column. Twenty volumes of 20 mM TrisHCl, pH 7.4, 1 M NaCl, and 5 volumes each of 20 mM TrisHCl, pH 7.4 plus 125 mM, 250 mM and 500 mM imidazole were applied to the column. Purified His6-TAT-α-synuclein eluted with 500 mM imidazole was added 10% glycerol, aliquoted and stored at −80°C until use.
Human sperm sample preparation procedures
Semen samples were donated by normal healthy men. Semen was allowed to liquefy by incubating at 37°C for 30–60 min. Highly motile cells were isolated from semen following a swim-up protocol. Sperm concentrations were adjusted to 7 × 106/mL before incubating for at least 2 h under capacitating conditions (37°C, 5% CO2/95% air) in Human Tubal Fluid media (Serendipia Lab, Vedia, Argentina) supplemented with 0.5% bovine serum albumin (BSA, HTF media). Sperm were permeabilized with SLO as follows: after washing twice with PBS, sperm were incubated for 15 min at 4°C in cold PBS containing 3 U/mL SLO. Cells were washed once with PBS, resuspended in ice-cold sucrose buffer (20 mM Hepes-K, pH 7, 250 mM sucrose, 0.5 mM EGTA) and permeabilized by activating the SLO bound to their plasma membrane with 2 mM DTT. The reagents to test were added sequentially as indicated in the figure legends, and incubated for 8–15 min at 37°C after each addition. Samples were processed for AE assays, immunofluorescence and for transmission electron microscopy. To obtain the results shown in Figure 2B, photosensitive NP-EGTA-AM was supplied to SLO-permeabilized sperm at the beginning of the experiments, ensuring that all subsequent procedures were carried out in the dark. After the last incubation, photolysis was induced by exposing twice (1 min each) to an UV lamp, mixing, and incubating for 5 min at 37°C.
Indirect AE assay
Sperm were spotted on teflon-printed slides, air dried, and fixed/permeabilized in ice-cold methanol for 20 s. Acrosomal status was assessed by staining with 25 μg/mL FITC-PSA in PBS for 40 min at room temperature and washing for 20 min in water (Mendoza et al., 1992). PSA binds α-methyl mannoside moieties in proteins present in the acrosomal matrix (Cross et al., 1986). At least 200 cells per condition were scored manually using an upright Zeiss microscope equipped with epifluorescence optics. All experiments included a basal (no stimulation) and a positive (0.5 mM CaCl2 [corresponding to 10 μM free calcium]) controls. AE indices were calculated by subtracting the number of spermatozoa that lost their acrosome spontaneously (“control”; assigned 0% for normalization) from all values and expressing the results as a percentage of the AE observed with 0.5 mM CaCl2 (“Ca”, assigned 100% for normalization). Our analysis only included results derived from experiments that produced similar responses and where the difference between basal (7%–19% before normalization) and stimulated conditions was of at least 8–10 percentage points (Supplementary Figure S1B). SLO did not affect the PSA staining patterns (see images of PSA-stained SLO-permeabilized sperm in Supplementary Figure S1A; compare “-SLO and “+SLO” FITC-PSA panels in Figure 1B). Data were evaluated before normalization with the program GraphPad Prism 8, using the one way Anova, Dunnett’s multiple comparisons test. Bar plots represent the mean ± SEM of at least three independent experiments. Different letters indicate statistical significance (p < 0.05).
[image: Figure 1]FIGURE 1 | α-synuclein is present in the acrosomal domain of human sperm that retain the acrosome. (A) 0.7 µg of recombinant, purified α-synuclein (lane 1) and proteins from unfractionated sperm extracts (20 × 106 cells, lane 2) were immunoblotted with anti-α-synuclein antibodies. Shown are Western blots representative of three repetitions. (B) SLO permeabilized (+SLO) and non permeabilized (-SLO) capacitated human sperm were triple stained with (top and middle rows) or without (bottom row, negative control) antibodies to α-synuclein followed by a fluorescent secondary antibody (anti-rabbit-Cy3, red, left panels), FITC-PSA (to assess the integrity of the acrosome; green, central panels), and Hoechst 33,342 (to visualize all cells in the field; blue, right panels). Shown are epifluorescence micrographs of typically stained cells. Bars = 5 μm. (C) Quantification of the percentage of non-exocytosed sperm with α-synuclein staining. + SLO: SLO-permeabilized sperm; + A23187: non-SLO-permeabilized cells challenged with a calcium ionophore, an AE inducer. The data represent the mean ± SEM of at least three independent experiments. Statistical difference between the groups was non-significant (p > 0.05) except when comparing with the background control without primary antibodies.
Direct AE assay
SLO-permeabilized sperm were bathed in 30 μg/mL FITC-PSA for all the incubation time. Cells were loaded with 5 nM anti-α-synuclein antibodies followed by 0.5 mM CaCl2 and incubated for 15 min at 37°C after each addition. At the end of the second incubation, sperm were spotted on teflon-printed slides, air dried overnight and fixed/permeabilized in 2% paraformaldehyde for 10 min, followed by a 5 min-wash in water. AE indices and statistical analysis were as described above.
Indirect immunofluorescence
For anti-synaptobrevin-2 immunofluorescence, capacitated and SLO-permeabilized sperm samples were processed as described for indirect AE assays, adding reagents and CaCl2 sequentially, and incubating for 10 min at 37°C after each addition. α-Synuclein immunofluorescence was performed on cells subjected or not to SLO permeabilization. Samples were fixed in 2% paraformaldehyde in PBS for 15 min at room temperature, centrifuged and resuspended in PBS containing 100 mM glycine to neutralize the fixative. Cells (5 × 105 per condition) were attached to poly-L-lysine-coated, 12 mm round coverslips by incubating for 30 min at room temperature in a moisturized chamber. Exposure to 0.1% Triton X-100 in PBS for 10 min at room temperature was used to permeabilize the plasma membrane. After the detergent, sperm were washed three times with PBS containing 0.1% polyvinylpyrrolidone (PVP, average M.W. = 40,000; PBS/PVP). Incubation in 3% BSA in PBS/PVP for 1 h at 37°C was used to reduce nonspecific staining. Anti-α-synuclein (10 μg/mL) and anti-synaptobrevin-2 (25 μg/mL) antibodies were diluted in 2% BSA in PBS/PVP, added to the coverslips, and incubated for 1 h at 37°C in a moisturized chamber. After washing (three times, 6 min each) with PBS/PVP, 2.5 μg/mL Cy™3-conjugated anti-rabbit (synuclein) or mouse (synaptobrevin) IgGs in 1% BSA in PBS/PVP) were added and incubated for 1 h at room temperature protected from light. Coverslips were washed (three times, 6 min each) with PBS/PVP. The acrosomal membrane was permeabilized with ice-cold methanol for 1 min, and the acrosomal contents stained with FITC-PSA as described in “Indirect AE assay” (but without air drying). Coverslips were washed (three times, 10 min each) with PBS/PVP, mounted with Mowiol® 4–88 in PBS containing 2 μM Hoechst 33342, and stored at room temperature in the dark. Samples were examined with an 80i Nikon microscope equipped with a Plan Apo 60x/1.40 oil objective. Images were captured with a Nikon DS-Fi1 camera operated with NIS software (Nikon). ImageJ (freeware from N.I.H.) was used to subtract background and adjust brightness/contrast to render all-or nothing labeling patterns. The presence of immunostaining in the acrosomal region was scored in digital images from at least ≈100 cells contained in 10 fields. Data were evaluated before normalization with the program GraphPad Prism 8 using the one way Anova, Dunnett’s multiple comparisons test.
SDS-PAGE and western blot
Proteins were resolved by electrophoresis on 15% Tris-glycine-SDS-gels and electro-transferred to 0.22 μm nitrocellulose membranes (Hybond, GE Healthcare) on a semi-dry apparatus (Amersham Biosciences) for 35 min at 25 mA. Because α-synuclein monomers tend to detach from blotted membranes, resulting in no or very poor detection (Lee and Kamitani, 2011), membranes were treated with 0.4% paraformaldehyde for 30 min at room temperature immediately after transfer. Non-specific reactivity was blocked with 2% BSA dissolved in washing buffer (PBS, pH 7.6, 0.2% Tween 20) for 1 h at room temperature. Blots were incubated with 1 μg/mL anti-α-synuclein in blocking solution overnight at 4°C. Horseradish peroxidase-conjugated goat-anti-rabbit IgG (0.1 μg/mL in washing buffer) was used as secondary antibody with 1 h incubation at room temperature. Excess first and second antibodies were removed by rocking three times, 10 min each in washing buffer. Detection was accomplished with a chemiluminescence kit from Kalium Technologies (Biolumina, Buenos Aires, Argentina) on a Luminescent Image Analyzer LAS-4000 (Fujifilm, Tokyo, Japan).
Transmission electron microscopy
For experiments summarized in Figure 4, we processed capacitated and SLO-permeabilized human sperm (5 × 106 cells in 250 µL per condition) as described for “Indirect AE assays”. For experiments summarized in Figure 5, we incubated the cells with 20 μg/mL PSA-colloidal gold as described in the legend. Reactions were stopped by fixing in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer and incubating overnight at 4°C or 2 h at room temperature. Samples were washed in PBS (three times, 20 min each) and postfixed in 1% OsO4 in PBS for 1 h at room temperature, washed as before, dehydrated in a graded acetone series and embedded in a low viscosity epoxy resin (Pelco International, Fresno, CA) (Spurr, 1969). Polymerization was performed at 70°C for 48 h. Ultrathin sections with interference color gray were cut with an ultramicrotome (Ultracut R; Leica, Wien, Austria), mounted on grids and stained with uranyl acetate and lead citrate (Reynolds, 1963). Grids were examined by transmission electron microscopy at 80 kV in a 900 Zeiss microscope (Jena, Germany). We included negative (not stimulated) and positive (stimulated with 0.5 mM CaCl2) controls in all experiments.
Computational methods
We conducted umbrella sampling molecular dynamics using GROMACS (GROningen Machine for Chemical Simulations)-2020.5 (Van Der et al., 2005; Pronk et al., 2013), PLUMED-2.7.2 (Tribello et al., 2014) and the Martini 3 coarse-grained model (Souza et al., 2021). In all cases, we modeled two 1024-lipid bilayers patches composed of 87.5% of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 10% of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and 2.5% of the recently developed phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2, or PIP2) model (Borges-Araujo et al., 2022). This arrangement, previously used in our laboratory (Di Bartolo et al., 2022; Di Bartolo and Masone, 2022) follows the experimental membrane composition reported by Jahn and collaborators to trap Syt1 to the plasma membrane in the presence of calcium (Perez-Lara et al., 2016). These bilayer patches of ∼17 × 17 nm ensure negligible finite-size effects due to interactions between periodic images of the fusion pore (Caparotta et al., 2020b). Solvation fulfilled the ample water condition for Martini (Ingolfsson et al., 2014) and the inter-membrane separation was adjusted to equilibrate at ∼3.9 nm (Di Bartolo and Masone, 2022). See Supplementary Material for more technical details.
RESULTS
α-Synuclein is localized to the acrosomal region of human sperm
We investigated the presence of α-synuclein in human sperm by Western blot using a polyclonal antibody raised against recombinant human α-synuclein as probe. Immunoblot analysis of whole cell extracts detected a single protein band with an apparent molecular mass of 15 kDa (Figure 1A, lane 2). The recombinant protein used as positive control showed decreased electrophoretic mobility compared to that of the endogenous form (Figure 1A, lane 1). This is because α-synuclein expressed in E. coli contains the TAT peptide and therefore has a higher molecular weight (≃ 17.8 kDa) than sperm α-synuclein.
To explore the localization of α-synuclein in sperm, we performed indirect immunofluorescence experiments using anti-α-synuclein as primary and anti-rabbit-Cy3 IgGs as secondary antibodies (Figure 1B, red, left panels). FITC-coupled PSA, a lectin that binds the acrosomal matrix, allowed visualization of the acrosomes (Figure 1B, green, central panels). Hoechst 33342 stained the nuclei and accounted for all cells in each field (Figure 1B, blue, right panels). α-Synuclein was detected in the acrosomal region of the sperm head in over 60% of the cells (Figure 1C); this is the expected localization for a protein with a role in exocytosis. No head staining was observed in sperm that lost their acrosomes either spontaneously (6%) or upon inducing AE with the calcium ionophore A23187 (20%) (not shown). These results suggest that the subcellular compartments that bear α-synuclein shed in cells that undergo exocytosis. Very few cells unexposed to primary antibodies showed fluorescence in the acrosomal domain, indicating that the staining was specific (Figures 1B, C). The percentage of cells labeled by the anti-α-synuclein antibodies was identical whether or not the plasma membrane had been permeabilized with SLO, which indicated that despite its small size, α-synuclein did not diffuse out of cells upon treatment with SLO (Figure 1C).
α-Synuclein is required for the human sperm AE at a late stage
To investigate the requirement of α-synuclein for AE, we introduced anti-α-synuclein antibodies into SLO-permeabilized sperm before inducing exocytosis with calcium. The antibodies inhibited the AE in a dose-response fashion, reaching 77% inhibition at 5 nM and 90% inhibition at 7.5 nM (Figure 2A). Preincubation of the antibody with recombinant α-synuclein abolished the IgG’s ability to prevent the AE (Supplementary Figure S2). His6-TAT-α-synuclein did not affect either the spontaneous or calcium-induced AE. Nor did imidazole, used in the purification of the protein, or a nonimmune rabbit IgG (Supplementary Figure S2). Antibodies to complexin bind the endogenous protein and decorate the acrosomal domain of the head in human sperm (Roggero et al., 2007). In contrast to anti-α-synuclein antibodies, 7.5 nM anti-complexin (cpx) antibodies did not affect the AE (Supplementary Figure S2). Thus, we concluded that the negative effect of the anti-α-synuclein antibodies on sperm secretion was due to binding to endogenous α-synuclein and therefore specific. Our results revealed that α-synuclein exhibits a role in human sperm AE.
[image: Figure 2]FIGURE 2 | α-synuclein is required for the AE at a late stage. (A) Anti-α-synuclein antibodies were introduced into SLO-permeabilized sperm incubating at 37°C for 15 min before initiating the AE by adding 0.5 mM CaCl2 and incubating as before. After fixing, the AE was measured as described in “indirect AE assay”. Data were evaluated before normalization with the program GraphPad Prism 8 using the one way Anova, Tukey’s test multiple comparisons test. Statistically significant differences against the control without anti-α-synuclein antibodies were **p < 0.02, ***p < 0.0002 and ****p < 0.0001. (B) Permeabilized spermatozoa were loaded with 10 μM NP-EGTA-AM (NP) for 10 min at 37°C before initiating the AE with 0.5 mM CaCl2. After another incubation at 37°C, sperm were treated with 5 nM anti-α-synuclein antibodies. All procedures were carried out protecting the tubes from the light. Photolysis of the chelator by UV light (hv) was induced at the end (6: NP→Ca2+→ anti-α-syn→hv, black bar). Gray bars represent controls: 1 = background; 2 = AE stimulated by 0.5 mM CaCl2; 3 = inhibitory effect of NP in the dark (NP→Ca→dark); 4 = the recovery upon illumination (NP→Ca→hv); 5 = inhibitory effect of the antibodies when present throughout the experiment (NP→ anti-α-syn→Ca→hv). The AE was measured as in “A”.
The acrosome behaves as an internal calcium reservoir; release from this store is necessary for the AE [reviewed in (Darszon et al., 2011; Correia et al., 2015)] after the outer acrosomal membrane docks to the plasma membrane and before they fuse (De Blas et al., 2005; Zanetti and Mayorga, 2009; Rodriguez et al., 2011). NP-EGTA-AM is a membrane permeant, photolabile calcium chelator that crosses the plasma (because it is permeabilized with SLO) and outer acrosomal (due to the AM moiety) membranes. After this, the AM group is removed and NP-EGTA accumulates inside the acrosome, where it halts the AE by chelating intra-acrosomal calcium for as long as the system is kept in the dark. Photolysis of the chelator by exposure to UV light rapidly replenishes the acrosomal calcium pool and allows exocytosis to resume (De Blas et al., 2002; Ackermann et al., 2008; Hu et al., 2010; Sosa et al., 2015). In sperm loaded with NP-EGTA-AM and kept in the dark, challenging with CaCl2 allowed exocytosis to advance up to the stage that requires intracellular calcium mobilization. Subsequent incubation with anti-α-synuclein antibodies prevented exocytosis even after illuminating the tubes to photolyse the chelator (Figure 2B, black bar). These results indicate that α-synuclein is required at a late stage of the AR, likely after docking and intra-acrosomal calcium release. Interestingly, this is the same timeframe in which the chimeric protein Rab3A-22A halts the AE (Bustos et al., 2014; Quevedo et al., 2016).
Sperm SNAREs are engaged in cis complexes by the time α-synuclein exhibits its role in the AE
When introduced into SLO-permeabilized human sperm, recombinant α-synuclein reversed the exocytotic block imposed by the anti-α-synuclein antibodies on the AE (Figure 3A, black bar). The reversibility of the effect of the antibodies by bacterially expressed α-synuclein was instrumental to interpret the findings described below.
[image: Figure 3]FIGURE 3 | anti-α-synuclein antibodies halt exocytosis at a stage when synaptobrevin-2 is engaged in cis SNARE complexes. (A) Sperm with their plasma membrane permeabilized with SLO were incubated sequentially with 7.5 nM anti-α-synuclein antibodies, 0.5 mM CaCl2, and 20 nM recombinant α-synuclein (15 min at 37°C after each addition; black bar). When indicated, 100 nM TeTx or BoNT/B were added after CaCl2 and before recombinant α-synuclein (striped bars). Gray bars represent controls. The AE was measured as indicated in the legend to Figure 2A. (B) Sperm incubated as indicated in the figure key, were fixed and triple stained without (bottom row, negative control) or with (all the rest) an anti-synaptobrevin-2 (syb2) antibody followed by a fluorescent secondary antibody (anti-mouse-Cy3, red, left panels), FITC-PSA (green, central panels), and Hoechst 33,342 (blue, right panels). Shown are representative images of sperm with intact acrosomes i) with synaptobrevin-2 staining or ii) without synaptobrevin-2 immunostaining due to toxin cleavage (asterisks). Bars = 5 μm. (C) Quantification of the percentage of non-exocytosed sperm with synaptobrevin-2 staining. The left to right order of the bars corresponds to the top to bottom order of the pictures in panel (B). The data represent the mean ± SEM of at least three independent experiments. Statistical difference between the groups was non-significant (p > 0.05) except when comparing the % sperm with intact synaptobrevin between the condition BoNT/B →Ca against all the rest and when comparing synaptobrevin-2 labeling against the background control without primary antibodies (p < 0.05).
Results summarized in Figure 2B indicated that α-synuclein controls a post-docking stage during the human sperm AR. Molecularly, docking corresponds to a state where the outer acrosomal and plasma membranes are bridged together by partially assembled trans SNARE complexes in preparation for fusion. When in this configuration, SNARE proteins are sensitive to BoNTs but resistant to TeTx. To scrutinize the configuration of the SNARE complex at the post-docking stage governed by α-synuclein, we combined anti-α-synuclein antibodies, BoNT/B and TeTx in a functional assay (Figure 3A). When reagents were introduced into SLO-permeabilized sperm in the sequence anti-α-synuclein → calcium → BoNT/B or TeTx → α-synuclein, the AE proceeded normally (Figure 3A, striped bars). These results revealed that synaptobrevin-2 was protected from either toxin cleavage, which only happens when engaged in SNARE complexes in a cis configuration.
We have established in the past that monitoring SNARE proteins’ sensitivity to neurotoxins by indirect immunofluorescence is a suitable assay to determine their configuration. Following a triple staining strategy similar to that used to gather the data compiled in Figures 1B, C, we scrutinized if the introduction of anti-α-synuclein antibodies into SLO-permeabilized sperm affected the susceptibility of synaptobrevin-2 to BoNT/B. The monoclonal antibody used in these experiments recognizes an epitope located in a portion of the molecule severed by the toxin and therefore detects intact—but not BoNT/B-cleaved—synaptobrevin-2. Representative images are shown in Figure 3B. As we have reported before, the anti-synaptobrevin-2 antibody decorated the acrosomal region despite pretreatment with BoNT/B because SNAREs are in a cis configuration in resting sperm. When sperm were treated with the toxin plus CaCl2, the proportion of cells exhibiting synaptobrevin-2 labeling dropped significantly because the initiation of the AE sensitized this SNARE to BoNT/B. In contrast, when anti-α-synuclein antibodies were introduced into sperm before CaCl2, synaptobrevin was insensitive to BoNT/B cleavage (Figure 3C). These results suggest that when CaCl2 advanced the AE until it reached the stage blocked by the anti-α-synuclein antibodies, synaptobrevin was in a BoNT/B-resistant configuration. Once again, our findings indicate that the anti-α-synuclein antibodies halted the AE at a stage when SNAREs were likely engaged in a cis configuration. This arrangement is characteristic of two exocytotic stages: an early one in resting cells and a late, post-fusion, one. Only the latter is consistent with the findings reported here and therefore we conclude that α-synuclein exhibits its role in the AE after the opening of fusion pores between the acrosomal and plasma membranes.
α-Synuclein exhibits its role in the AE after the opening of fusion pores
Anti-α-synuclein antibodies froze sperm SNAREs in toxin-resistant, cis complexes (Figure 3). We used fluorescence and transmission electron microscopies to further explore the premise that the antibodies affect a post-fusion event. FITC-PSA reveals the presence of the acrosomal matrix after fixation in the standard (indirect) functional assay: sperm without acrosomes are not stained whereas sperm with acrosomes, are (see diagram). On the contrary, in the direct functional assay, PSA reaches the acrosomal matrix of sperm undergoing exocytosis without fixation: only these sperm stain. This is because PSA enters the acrosomes through the fusion pores and remains attached to the matrix (see diagram) (Sanchez-Cardenas et al., 2014; Pelletan et al., 2015; Sosa et al., 2015). Thus, the read outs of both protocols are complementary. Sperm loaded with anti-α-synuclein antibodies and challenged with CaCl2 evinced fluorescent acrosomes under both staining methods: cells incorporated the lectin through the fusion pores (direct protocol, Figure 4B); yet, they retained their acrosomal matrix (indirect staining, Figure 4A). Taken together these results support our hypothesis that the exocytotic cascade advanced to a post-fusion—and before acrosomal dispersion—stage. Similar results are obtained when permeabilized sperm are incubated with the chimaeric protein Rab3A-22A before challenging with CaCl2 (Quevedo et al., 2016).
[image: Figure 4]FIGURE 4 | treatment with anti-α-synuclein antibodies allows the efflux of electron dense material from the acrosome of sperm undergoing AE through stabilized fusion pores. (A) Sperm were treated with 5 nM anti-α-synuclein antibodies and 0.5 mM CaCl2 and incubated 15 min at 37°C after each addition. After fixing, the AE was measured as described in the legend to Figure 2A. The diagram represents the staining patterns of sperm with intact acrosomes, and undergoing intermediate exocytosis stages and after losing the acrosome. Roman numerals are as in panel (C). (B) Spermatozoa were bathed in 30 μg/mL FITC-PSA and incubated (15 min at 37°C after each addition) with 5 nM anti-α-synuclein antibodies and 0.5 mM CaCl2. The AE was measured as described in “direct AE assay”. The diagram represents the staining patterns of sperm with intact acrosomes, and undergoing intermediate exocytosis stages. Roman numerals are as in panel (C). With this staining method, exocytosis halts at the vesiculated stage, more advanced than II and III but never reaching stage IV. (C) Transmission electron micrographs of human sperm heads representative of the four patterns distinguished in this study. Sperm with a flat acrosome (intact, I), sperm with swollen and waving acrosome (II), sperm with swollen and waving acrosome plus electron dense material diffusing out of the cell (III, arrows point to this material), sperm that lost its acrosome completely (fully exocytosed IV). Bars = 200 nm. A acrosome; IAM: inner acrosomal membrane; OAM: outer acrosomal membrane; PM: plasma membrane; N: nucleus. (D) Frequency histogram of the percentage of sperm in each of the four categories shown in C when cells were incubated with 0.5 mM CaCl2 (Ca, gray bars) or pretreated with 15 nM anti-α-synuclein antibodies before adding 0.5 mM CaCl2 (anti-α-syn→Ca, black bars). Open bars (control) represent the percentage of sperm in each category in untreated samples. The data represent mean values ±SEM, calculated from four independent experiments with at least 100 cells analyzed in each repetition. Two-way ANOVA shows statistically significant differences between “anti-α-syn→Ca” vs. “Ca” groups for all the samples analyzed, *p < 0.05 and ***p < 0.0001 (Tukey’s test).
We resorted to transmission electron microscopy to gain further insights into the exocytotic stage halted by the anti-α-synuclein antibodies. Micrograph labeled “intact” in Figure 4C shows the typical aspect of the heads of a resting cell, where the acrosome is planar. This pattern is the most abundant in unperturbed cells (Figure 4D, I). The cell photographed in the panel “fully exocytosed” has completed the AE. As expected, this stage was predominantly observed in samples challenged with calcium (Figure 4D, IV). Panel “swollen and waving” illustrates a cell that underwent acrosomal swelling/deformation in response to external calcium, but it could not complete the AE. This pattern is seldom observed in cells undergoing exocytosis spontaneously and those challenged with calcium, because swelling is transient (Figure 4D, II) and (Sosa et al., 2015). Interestingly, this was the predominant pattern in cells preloaded with anti-α-synuclein antibodies before adding CaCl2 (Figure 4D, black bars). This response resembled that observed when using recombinant Rab3A-22A instead of anti-α-synuclein antibodies (Quevedo et al., 2016). Few cells completed the AE because the antibodies prevented it. We visualized diffuse, localized and electron dense material adhered to the surface of a subpopulation of cells with swollen and waving acrosomes, exclusively upon treatment with anti-α-synuclein antibodies and calcium (Figure 4C, pattern “swollen, waving and diffuse (III)”, arrows, quantified in Figure 4D, III).
Considering that the anti-α-synuclein antibodies stabilized open—but not expanded—fusion pores (Figure 4B), we hypothesized that the electron dense material characteristic of pattern III might correspond to acrosomal components that diffuse out of the cells through those pores. To test this premise, we adapted for electron microscopy experiments similar to those summarized in Figure 4B, only that PSA coupled to 20 nm colloidal gold particles substituted for FITC-PSA. The membranes of intact sperm (pattern I in Figure 4C) showed absence of gold nanoparticles (images not shown but included in quantifications to compose Figure 5B), which indicates that they were not ruptured by SLO-permeabilization or processing for transmission electron microscopy. Likewise, PSA-gold did not bind sperm that had completed the AE (pattern IV in Figure 4C; images not shown but included in quantifications to compose Figure 5B), which suggests that no acrosomal matrix remained associated to the inner acrosomal membrane. Interestingly, one or more gold particles were consistently found adjacent to the surface of cells exhibiting swollen and waving acrosomes (patterns II and III in Figure 4C, undistinguishable here). A gallery of typical images illustrating this subpopulation of sperm is shown in Figure 5A, with arrows pointing to gold nanoparticles. Quantification of hundreds of electron micrographs showed that the proportion of gold-labelled cells (+AuNP) was low in sperm that underwent no treatment (Figure 5B, control) or were exposed to the AE inducer (Figure 5B, Ca). This is consistent with the observations that bins II and III were the least abundant of the histogram shown in Figure 4C. In contrast, gold nanoparticles decorated the extracellular face of the acrosomal region in a high percentage of cells that had initiated the AE but could not complete it because the anti-α-synuclein prevented it (Figure 5B, anti-α-syn → Ca). This is consistent with the distribution shown in Figure 4C, where bins II and III were the most abundant under these experimental conditions. Because colloidal gold was coupled to a probe that exclusively binds the acrosomal matrix, these results support our hypothesis that the acrosomal contents targeted by PSA had diffused out of the sperm (diffuse material, arrows in pattern III, Figure 4C). Similar patterns of detection of extracellular acrosomal contents attributed to efflux through fusion pores have been described with anti-acrosin antibodies (Tesarik et al., 1988) and PSA coupled to paramagnetic beads (Kohn et al., 1996). Colloidal gold present in the medium bathing the cells was seldom observed inside acrosomes, which reflects its inability to traverse the pores opened between the plasma and acrosomal membranes. Soluble PSA permeated through fusion pores and reached the acrosomal membrane (Figure 4B) but that bound to gold nanoparticles did not; these observations suggest that the latter was excluded because of size. The pores were large enough to allow efflux of acrosomal material but too small to allow influx of 20 nm gold nanoparticles. Thus, we conclude that the fusion pores stabilized by anti-α-synuclein antibodies were smaller than 20 nm, the size of the gold nanoparticles used in this study.
[image: Figure 5]FIGURE 5 | PSA-gold binds the electron dense material that diffuses out of sperm. Spermatozoa were incubated for 15 min at 37°C with culture medium or 15 nM anti-α-synuclein antibodies (α-syn) followed by 20 μg/mL PSA-gold nanoparticles (AuNP) and a 15 min at 37°C incubation. When indicated, 0.5 mM CaCl2 (Ca) was added and incubations continued for 30 min at 37°C. (A) Gallery showing gold nanoparticles (arrows) bound to the surface in the acrosomal region of sperm heads with swollen and waving acrosomes. Bars = 200 nm. (B) Quantification: grey area: cells without gold nanoparticles (-AuNP, numbers indicate the percentage of cells in this category); black area: cells with gold nanoparticles (+AuNP). “Control” 102 cells scored, “Ca”, 101 cells scored, “anti-α-syn→Ca”, 102 cells scored. Statistical analysis was performed using GraphPad Prism. Chi-square test was applied for proportions. p-value < 0.0001 were considered statistically significant.
α-Synuclein is required for fusion pore dilation
We have shown that the inhibition of the AE by anti-α-synuclein antibodies is a post-fusion event because they freeze sperm SNAREs in toxin-resistant, cis complexes (Figure 3) and allow the influx of an acrosomal probe (Figure 4B) as well as the efflux of the acrosomal matrix (Figure 5). Is α-synuclein required after bilayer fusion to dilate the fusion pores? We tested this hypothesis with computational and experimental approaches. We have recently implemented into PLUMED the reaction coordinate ξe to study the thermodynamics of the expansion of the fusion pore using restrained molecular dynamics (Di Bartolo et al., 2022). ξe is a dimensionless parameter approximately proportional to the radius (R, in nm) of a toroid-shaped fusion pore (see Eq. 1) [for mathematical details on ξe see Masone and collaborators (Di Bartolo et al., 2022)]
[image: image]
To investigate the influence of α-synuclein, we expanded a fusion pore nucleated between two lipid bilayers using molecular dynamics simulations and the collective variable ξe. We inserted a Martini model of α-synuclein between the bilayers (in the cytosolic space) generated from the human micelle-bound α-synuclein (PDB ID: 1xq8) (Ulmer et al., 2005). Figure 6A shows the Gibbs free energy needed to expand a fusion pore with (red) and without (black) α-synuclein in system. A significant reduction (∼ 20 kJ/mol) of the free energy occurred as the fusion pore expanded from ξe ∼ 0.4 (R ≃ 0.5 nm) to ξe ∼ 0.75 (R ≃ 0.75 nm) in the presence of the protein. Snapshots of the expanding pore at three different values of ξe are shown in panel B. Notice that the protein, initially situated in the “cytoplasm” (between the bilayers), freely adsorbed on the phospholipid surface of the pore. This location is consistent with experimental data that show strong binding of α-synuclein to highly curved lipid membranes (Middleton and Rhoades, 2010; Caparotta et al., 2020a). These findings suggest that α-synuclein facilitates the expansion of fusion pores that connect two pure lipid membranes.
[image: Figure 6]FIGURE 6 | restrained molecular dynamics simulations reveal that α-synuclein favors the expansion of the fusion pore. (A) Free energy profiles for fusion pore expansion with (red line) and without (black line) full-length α-synuclein. (B) Molecular dynamics snapshots for different stages of the expanded fusion pore. Lipids are colored in black with phosphate groups in yellow and α-synuclein in cyan. For clarity, water molecules are not shown. (C) SLO-permeabilized sperm were incubated with 300 nM Rab3A-22A, 0.5 mM CaCl2, and 50 nM α-synuclein (10 min at 37°C after each addition, black bar). Gray bars represent controls. The AE was measured as indicated in the legend to Figure 2A.
When introduced into SLO-permeabilized human sperm, the chimeric protein Rab3A-22A halts the AE elicited by calcium at a stage after membrane fusion/pore opening but before pore expansion/membrane vesiculation (Quevedo et al., 2016). Addition of recombinant α-synuclein after Rab3A-22A and calcium rescued the exocytotic block imposed by the chimaera (Figure 6C). Taken together, our results suggest that α-synuclein is required at a post-fusion stage during sperm exocytosis and that its unavailability inhibits the AE because pores do not expand.
DISCUSSION
Exocytosis involves fusion of cargo-loaded vesicles and granules with the plasma membrane. Despite similar molecular machineries, exocytosis proceeds at different speeds, being much faster in synaptic vesicles (∼40 nm diameter, high curvature) than in chromaffin and insulin granules (∼100–300 nm diameter, low curvature) (Kreutzberger et al., 2019). The fusion pore that opens between the fusing membranes and connects the granule’s lumen with the extracellular space can evolve in various ways: it can dilate—slowly or rapidly—to allow full cargo release (full fusion), it can reseal (kiss and run) or open and close repeatedly (flickering) (Karatekin, 2018; Mion et al., 2022). Among other factors, pore dynamics, vesicle size and curvature of the membrane determine the kinetics of cargo release. The acrosome is a very large, electron dense granule that surrounds the elongated nucleus in the apical domain of the sperm head. The head of the human sperm is oval, 3.7–4.7 μm long and 2.5–3.2 μm wide, with the acrosomal domain comprising 40%–70% of the head (Bellastella et al., 2010). Owing to its large size, exocytosis of the acrosome is very slow (minutes instead of seconds or milliseconds) (Harper et al., 2008; Sosa et al., 2015; Romarowski et al., 2016). Rather than being spherical like most vesicles and granules, it resembles a horseshoe in longitudinal sections of resting sperm observed by transmission electron microscopy. The anterior acrosome, or acrosomal cap, is involved in AE, whereas the posterior acrosome, or equatorial segment, is involved in fusion with the oolema. The acrosomal membrane of resting cells exhibits low curvature, except for the anterior tip, the region where fusion with the plasma membrane begins in human sperm (Yudin et al., 1988; Harper et al., 2008). Once the AE has initiated, the acrosome swells and its outer membrane waves profusely, acquiring high curvature. Swelling, fusion and vesiculation do not extend to the equatorial segment, which remains intact after AE, with plasma, inner and outer acrosomal membranes close to one another in a parallel, linear array (Yudin et al., 1988). As stated before, the fate of the fusion pores that open during the AE does not fit into full fusion, kiss and run or flickering modes. Despite these differences, exocytosis of the acrosome relies on the same molecular machinery as that in endocrine and neuroendocrine cells and also depends on the opening and dilation of fusion pores between the acrosomal and plasma membranes.
Modulation of fusion pore opening and dilation during exocytosis has been attributed to various members of the fusion machinery (reviewed in (Karatekin, 2018; Chowdhury and Zorec, 2020; Risselada and Mayer, 2020)), Epac2 (Gucek et al., 2019) and α-synuclein. A study conducted in rat hippocampal primary neurons and mouse adrenal chromaffin cells shows that both, overexpressed and endogenous α-synucleins accelerate the dilation of the fusion pores, whereas loss of all three synuclein isoforms increases the likelihood of pore closure events without affecting the time to closure. Fusion pore dilation would not be expected to influence the release of classical transmitters, such as glutamate, that escape rapidly even through small pores. In contrast, it would affect the release of monoamines and peptides that dissociate slowly from a luminal matrix (Logan et al., 2017). Likewise, in an in vitro system that uses TIRF microscopy to study the fusion between single vesicles containing synaptobrevin-2 and flat artificial membranes containing syntaxin1a and SNAP-25, α-synuclein promotes the probability of opening, duration and expansion of large (6 nm) fusion pores (Khounlo et al., 2021). Lastly, overexpression of α-synuclein quickens the post-fusion discharge of brain-derived neurotrophic factor in bovine chromaffin cells detected by videomicroscopy in live cells (Abbineni et al., 2019). Although these observations are consistent with an increase in fusion pore expansion, the authors of this report failed to capture such expansion by TIRF microscopy.
α-Synuclein adopts a bent helix structure when bound to highly curved micelles but adopts an elongated helix structure when bound to membranes with low curvature (Trexler and Rhoades, 2009). It has been hypothesized that at the highly curved membranes surrounding the fusion pore, α-synuclein adopts a bent α-helix structure that binds to the vesicle on one side and to the plasma membrane on the other. Its transition to an extended state would drive pore dilation (Runwal and Edwards, 2021). The authors of this very insightful review put forth an alternative mechanism by which α-synuclein may regulate SNARE complex dynamics after fusion (Runwal and Edwards, 2021). Given the high curvature of the outer membrane in swollen acrosomes (Figures 4C, 5) and the resistance of synaptobrevin to toxin cleavage (Figure 3) in sperm treated with anti-α-synuclein and calcium, both hypotheses would be worth exploring.
Despite its small size, α-synuclein failed to diffuse out of SLO-permeabilized human sperm (Figure 1C), perhaps reflecting its interaction with sperm membranes. Alternatively, α-synuclein may engage in large molecular weight complexes unable to exit the cell through the toxin-generated pores. No loss of protein by diffusion accounted for the access of the anti-α-synuclein antibodies to their intracellular target. By obstructing the function of sperm α-synuclein, the antibodies inhibited the AE because they impaired a post-docking (Figure 2B), post-fusion pore opening (Figures 4A, B) step of the pathway. It is licit to speculate that the electron dense material appreciated in the “swollen, waving and diffuse” classification in Figure 4 may correspond, at least partially, to the acrosomal contents recognized by the gold-coupled lectin (Figure 5). Taken together, these findings strongly suggest that treatment with anti-α-synuclein antibodies stabilizes fusion pores during the calcium-induced AE. It was through these pores that FITC-PSA entered (Figure 4B) and electron dense material diffused out of (Figure 5) the acrosomal granule. These findings are reminiscent of those attained when Rab3A-22A substituted for anti-α-synuclein antibodies (Quevedo et al., 2016). Addition of recombinant α-synuclein rescued the block imposed by the antibodies (Figure 3A). One possible explanation for these findings is that the recombinant protein (which did not influence the percentage of AE per se in our end-point assay, see Supplementary Figure S2) added at the end of the incubation displaced the antibody from sperm synuclein and allowed the exocytotic cascade to resume. Exogenous α-synuclein also rescued the block imposed by Rab3A-22A (Figure 6C), which supports the more attractive notion that the protein directly or indirectly expanded the pores. Results from computational analysis also agree with this view (Figures 6A, B).
The novel findings reported here are: i) α-synuclein regulates a post-fusion stage of the AE to dilate the pores; ii) when endogenous α-synuclein is unavailable, SNARE proteins are engaged in post-fusion cis complexes; iii) when endogenous α-synuclein is unavailable, electron dense contents diffuse out of the acrosome through open, stable fusion pores. As happens in other cells, sperm fusion pores are subjected to post-fusion regulation.
Misfolded α-synuclein species can spread between cells in a prion-like manner and seed the aggregation of endogenous protein in recipient cells. This cell-to-cell transmission and propagation of misfolded α-synuclein mirrors the spread of human neurodegenerative diseases such as Parkinson’s (Bras et al., 2020; Oliveira et al., 2021). Many pathogenic mutations have been discovered in the α-synuclein-encoding gene SNCA in cases of familial Parkinson’s disease. SNCA overexpression and its mutants were introduced in animal models of neurodegeneration [reviewed in (Oliveira et al., 2021) (Runwal and Edwards, 2021; Gasser, 2023]. Neither aggregation of synuclein in the male germline nor the fertility of these animals have been reported to date. Single α-synuclein (Abeliovich et al., 2000), double αγ-synuclein (Papachroni et al., 2005) and triple αβγ-synuclein (Greten-Harrison et al., 2010) null mice are viable and fertile. We would have expected reduced male fertility in these cases. However, overt reproductive phenotypes are rarely observed in mating experiments even when egg- or sperm-specific proteins with well established roles in fertility are knocked out. In contrast, problems are readily detected when gametes of deficient animals are tested in experiments designed to assess their fertility, such as IVF, something that has not been done for synucleins. This is an interesting avenue to pursue in the future.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Comité de Bioética School of Medicine, Cuyo University. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
MaB, MiB, AD, and DM performed the experiments; MaB, MiB, AD, DM, and CT analyzed the data; CT coordinated the project and wrote the paper. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by Agencia Nacional de Promoción Científica y Tecnológica (grant numbers PICT 2017-1179 to CT and PICT2017-1002 to DM, Argentina), CONICET (grant number PIP-0409CO to DM) and Secretaría de Investigación, Internacionales y Posgrado, Universidad Nacional de Cuyo (grant numbers 06/M126 to CT and M007-T1 to MaB, Argentina).
ACKNOWLEDGMENTS
The authors thank very specially M.C. Ruete for her generous initial training of MiB, Drs. M.C.Ruete and L. Mayorga for revising this manuscript critically for important intellectual content, Drs. T. Binz, L. Pollegioni for plasmids, M.F. Quevedo for purified GST-Rab3A-22A, and R. Militello, E. Bocanegra, N. Domizio and J. Ibáñez for excellent technical assistance. Supercomputing time for this work was provided by CCAD (Centro de Computación de Alto Desempeño de la Universidad Nacional de Córdoba). The preparation of samples for transmission electron microscopy was carried out by A. Morales and P. López, Servicio de Microscopía Electrónica del Instituto de Histología y Embriología “Mario H. Burgos” (IHEM—CONICET-UNCuyo).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1125988/full#supplementary-material
ABBREVIATIONS
AE, acrosome exocytosis; BoNT/B, botulinum toxin B; BSA, bovine serum albumin; FITC, fluorescein isothiocyanate; HTF, human tubal fluid; IPTG, isopropyl-β-D-thio-galactoside; NP-EGTA-AM, O-nitrophenyl EGTA-acetoxymethyl ester; PBS, phosphate buffer saline; PSA, Pisum sativum agglutinin; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PVP, polyvinylpyrrolidone; SLO, streptolysin O; SNARE, SNAP receptor; TeTx, tetanus toxin.
REFERENCES
 Abbineni, P. S., Bohannon, K. P., Bittner, M. A., Axelrod, D., and Holz, R. W. (2019). Identification of beta-synuclein on secretory granules in chromaffin cells and the effects of alpha- and beta-synuclein on post-fusion BDNF discharge and fusion pore expansion. Neurosci. Lett. 699, 134–139. doi:10.1016/j.neulet.2019.01.056
 Abeliovich, A., Schmitz, Y., Farinas, I., Choi-Lundberg, D., Ho, W. H., Castillo, P. E., et al. (2000). Mice lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine system. Neuron 25, 239–252. doi:10.1016/s0896-6273(00)80886-7
 Ackermann, F., Zitranski, N., Heydecke, D., Wilhelm, B., Gudermann, T., and Boekhoff, I. (2008). The Multi-PDZ domain protein MUPP1 as a lipid raft-associated scaffolding protein controlling the acrosome reaction in mammalian spermatozoa. J. Cell Physiol. 214, 757–768. doi:10.1002/jcp.21272
 Ahnert-Hilger, G., Munster-Wandowski, A., and Holtje, M. (2013). Synaptic vesicle proteins: Targets and routes for botulinum neurotoxins. Curr. Top. Microbiol. Immunol. 364, 159–177. doi:10.1007/978-3-642-33570-9_8
 Alabi, A. A., and Tsien, R. W. (2013). Perspectives on kiss-and-run: Role in exocytosis, endocytosis, and neurotransmission. Annu. Rev. Physiol. 75, 393–422. doi:10.1146/annurev-physiol-020911-153305
 Alvarez de, T. G., Montes, M. A., Montenegro, P., and Borges, R. (2018). Phases of the exocytotic fusion pore. FEBS Lett. 592, 3532–3541. doi:10.1002/1873-3468.13234
 Alza, N. P., Iglesias Gonzalez, P. A., Conde, M. A., Uranga, R. M., and Salvador, G. A. (2019). Lipids at the crossroad of alpha-synuclein function and dysfunction: Biological and pathological implications. Front. Cell Neurosci. 13, 175. doi:10.3389/fncel.2019.00175
 Barclay, J. W., Morgan, A., and Burgoyne, R. D. (2012). Neurotransmitter release mechanisms studied in Caenorhabditis elegans. Cell Calcium 52, 289–295. doi:10.1016/j.ceca.2012.03.005
 Bellastella, G., Cooper, T. G., Battaglia, M., Strose, A., Torres, I., Hellenkemper, B., et al. (2010). Dimensions of human ejaculated spermatozoa in Papanicolaou-stained seminal and swim-up smears obtained from the Integrated Semen Analysis System (ISAS((R))). Asian J. Androl. 12, 871–879. doi:10.1038/aja.2010.90
 Belmonte, S. A., Mayorga, L. S., and Tomes, C. N. (2016). The molecules of sperm exocytosis. Adv. Anat. Embryol. Cell Biol. 220, 71–92. doi:10.1007/978-3-319-30567-7_4
 Bombardier, J. P., and Munson, M. (2015). Three steps forward, two steps back: Mechanistic insights into the assembly and disassembly of the SNARE complex. Curr. Opin. Chem. Biol. 29, 66–71. doi:10.1016/j.cbpa.2015.10.003
 Borges-Araujo, L., Souza, P. C. T., Fernandes, F., and Melo, M. N. (2022). Improved parameterization of phosphatidylinositide lipid headgroups for the Martini 3 coarse-grain force field. J. Chem. Theory. Comput. 18, 357–373. doi:10.1021/acs.jctc.1c00615
 Bras, I. C., Dominguez-Meijide, A., Gerhardt, E., Koss, D., Lazaro, D. F., Santos, P. I., et al. (2020). Synucleinopathies: Where we are and where we need to go. J. Neurochem. 153, 433–454. doi:10.1111/jnc.14965
 Buffone, M. G., Hirohashi, N., and Gerton, G. L. (2014). Unresolved questions concerning mammalian sperm acrosomal exocytosis. Biol. Reprod. 90, 112. doi:10.1095/biolreprod.114.117911
 Buffone, M. G., Ijiri, T. W., Cao, W., Merdiushev, T., Aghajanian, H. K., and Gerton, G. L. (2012). Heads or tails? Structural events and molecular mechanisms that promote mammalian sperm acrosomal exocytosis and motility. Mol. Reprod. Dev. 79, 4–18. doi:10.1002/mrd.21393
 Bustos, M. A., Roggero, C. M., De, I., Mayorga, L. S., and Tomes, C. N. (2014). GTP-bound Rab3A exhibits consecutive positive and negative roles during human sperm dense-core granule exocytosis. J. Mol. Cell Biol. 6, 286–298. doi:10.1093/jmcb/mju021
 Caldinelli, L., Albani, D., and Pollegioni, L. (2013). One single method to produce native and Tat-fused recombinant human alpha-synuclein in Escherichia coli. Bmc. Biotechnol. 13, 32–13. doi:10.1186/1472-6750-13-32
 Caparotta, M., Bustos, D. M., and Masone, D. (2020a). Order-disorder skewness in alpha-synuclein: A key mechanism to recognize membrane curvature. Phys. Chem. Chem. Phys. 22 (9), 5255–5263. doi:10.1039/c9cp04951g
 Caparotta, M., Tomes, C. N., Mayorga, L. S., and Masone, D. (2020b). The synaptotagmin-1 C2B domain is a key regulator in the stabilization of the fusion pore. J. Chem. Theory. Comput. 16, 7840–7851. doi:10.1021/acs.jctc.0c00734
 Chiang, H. C., Shin, W., Zhao, W. D., Hamid, E., Sheng, J., Baydyuk, M., et al. (2014). Post-fusion structural changes and their roles in exocytosis and endocytosis of dense-core vesicles. Nat. Commun. 5, 3356. doi:10.1038/ncomms4356
 Chowdhury, H. H., and Zorec, R. (2020). Exocytotic fusion pore under stress. Cell Stress 4, 218–226. doi:10.15698/cst2020.09.230
 Correia, J., Michelangeli, F., and Publicover, S. (2015). Regulation and roles of Ca2+ stores in human sperm. Reproduction 150, 65–76. doi:10.1530/REP-15-0102
 Cross, N. L., Morales, P., Overstreet, J. W., and Hanson, F. W. (1986). Two simple methods for detecting acrosome-reacted human sperm. Gamete Res. 15, 213–226. doi:10.1002/mrd.1120150303
 Darszon, A., Nishigaki, T., Beltran, C., and Treviño, C. L. (2011). Calcium channels in the development, maturation, and function of spermatozoa. Physiol. Rev. 91, 1305–1355. doi:10.1152/physrev.00028.2010
 De Blas, G. A., Roggero, C. M., Tomes, C. N., and Mayorga, L. S. (2005). Dynamics of SNARE assembly and disassembly during sperm acrosomal exocytosis. PLoS. Biol. 3, e323. doi:10.1371/journal.pbio.0030323
 De Blas, G., Michaut, M., Treviño, C. L., Tomes, C. N., Yunes, R., Darszon, A., et al. (2002). The intraacrosomal calcium pool plays a direct role in acrosomal exocytosis. J. Biol. Chem. 277, 49326–49331. doi:10.1074/jbc.M208587200
 Di Bartolo, A. L., and Masone, D. (2022). Synaptotagmin-1 C2B domains cooperatively stabilize the fusion stalk via a master-servant mechanism. Chem. Sci. 13, 3437–3446. doi:10.1039/d1sc06711g
 Di Bartolo, A. L., Tomes, C. N., Mayorga, L. S., and Masone, D. (2022). Enhanced expansion and reduced kiss-and-run events in fusion pores steered by synaptotagmin-1 C2B domains. J. Chem. Theory. Comput. 18, 4544–4554. doi:10.1021/acs.jctc.2c00424
 Fabris, F., Sostaric, P., Matak, I., Binz, T., Toffan, A., Simonato, M., et al. (2022). Detection of VAMP proteolysis by tetanus and botulinum neurotoxin type B in vivo with a cleavage-specific antibody. Int. J. Mol. Sci. 23, 4355. doi:10.3390/ijms23084355
 Fasshauer, D., Sutton, R. B., Brunger, A. T., and Jahn, R. (1998). Conserved structural features of the synaptic fusion complex: SNARE proteins reclassified as Q- and R-SNAREs. Proc. Natl. Acad. Sci. U. S. A. 95, 15781–15786. doi:10.1073/pnas.95.26.15781
 Foster, J. A., and Gerton, G. L. (2016). The acrosomal matrix. Adv. Anat. Embryol. Cell Biol. 220, 15–33. doi:10.1007/978-3-319-30567-7_2
 Gaisano, H. Y. (2014). Here come the newcomer granules, better late than never. Trends Endocrinol. Metab. 25, 381–388. doi:10.1016/j.tem.2014.03.005
 Gallea, J. I., Ambroggio, E. E., Vilcaes, A. A., James, N. G., Jameson, D. M., and Celej, M. S. (2018). Amyloid oligomerization of the Parkinson's disease related protein alpha-synuclein impacts on its curvature-membrane sensitivity. J. Neurochem. 147, 541–556. doi:10.1111/jnc.14573
 Gao, Y., Zorman, S., Gundersen, G., Xi, Z., Ma, L., Sirinakis, G., et al. (2012). Single reconstituted neuronal SNARE complexes zipper in three distinct stages. Science 337, 1340–1343. doi:10.1126/science.1224492
 Gasser, T. (2023). Genetic testing for Parkinson's disease in clinical practice. Vienna: J. Neural Transm. 
 Giraudo, C. G., Eng, W. S., Melia, T. J., and Rothman, J. E. (2006). A clamping mechanism involved in SNARE-dependent exocytosis. Science 313, 676–680. doi:10.1126/science.1129450
 Greten-Harrison, B., Polydoro, M., Morimoto-Tomita, M., Diao, L., Williams, A. M., Nie, E. H., et al. (2010). αβγ-Synuclein triple knockout mice reveal age-dependent neuronal dysfunction. Proc. Natl. Acad. Sci. U. S. A. 107, 19573–19578. doi:10.1073/pnas.1005005107
 Gucek, A., Gandasi, N. R., Omar-Hmeadi, M., Bakke, M., Doskeland, S. O., Tengholm, A., et al. (2019). Fusion pore regulation by cAMP/Epac2 controls cargo release during insulin exocytosis. Elife 8, e41711. doi:10.7554/eLife.41711
 Harper, C. V., Cummerson, J. A., White, M. R., Publicover, S. J., and Johnson, P. M. (2008). Dynamic resolution of acrosomal exocytosis in human sperm. J. Cell Sci. 121, 2130–2135. doi:10.1242/jcs.030379
 Hayashi, T., McMahon, H., Yamasaki, S., Binz, T., Hata, Y., Sudhof, T. C., et al. (1994). Synaptic vesicle membrane fusion complex: Action of clostridial neurotoxins on assembly. EMBO J. 13, 5051–5061. doi:10.1002/j.1460-2075.1994.tb06834.x
 Haynes, L. P., Barnard, R. J., Morgan, A., and Burgoyne, R. D. (1998). Stimulation of NSF ATPase activity during t-SNARE priming. FEBS Lett. 436, 1–5. doi:10.1016/s0014-5793(98)01088-6
 Hirohashi, N. (2016). Site of mammalian sperm acrosome reaction. Adv. Anat. Embryol. Cell Biol. 220, 145–158. doi:10.1007/978-3-319-30567-7_8
 Hu, X. Q., Ji, S. Y., Li, Y. C., Fan, C. H., Cai, H., Yang, J. L., et al. (2010). Acrosome formation-associated factor is involved in fertilization. Fertil. Steril. 93, 1482–1492. doi:10.1016/j.fertnstert.2009.01.067
 Hua, S. Y., and Charlton, M. P. (1999). Activity-dependent changes in partial VAMP complexes during neurotransmitter release. Nat. Neurosci. 2, 1078–1083. doi:10.1038/16005
 Ingolfsson, H. I., Melo, M. N., van Eerden, F. J., Arnarez, C., Lopez, C. A., Wassenaar, T. A., et al. (2014). Lipid organization of the plasma membrane. J. Am. Chem. Soc. 136, 14554–14559. doi:10.1021/ja507832e
 Jahn, R., and Fasshauer, D. (2012). Molecular machines governing exocytosis of synaptic vesicles. Nature 490, 201–207. doi:10.1038/nature11320
 Jun, Y., and Wickner, W. (2019). Sec17 (alpha-SNAP) and Sec18 (NSF) restrict membrane fusion to R-SNAREs, Q-SNAREs, and SM proteins from identical compartments. Proc. Natl. Acad. Sci. U. S. A. 116, 23573–23581. doi:10.1073/pnas.1913985116
 Karatekin, E. (2018). Toward a unified picture of the exocytotic fusion pore. FEBS Lett. 592, 3563–3585. doi:10.1002/1873-3468.13270
 Khounlo, R., Hawk, B. J. D., Khu, T. M., Yoo, G., Lee, N. K., Pierson, J., et al. (2021). Membrane binding of α-synuclein stimulates expansion of SNARE-dependent fusion pore. Front. Cell Dev. Biol. 9, 663431. doi:10.3389/fcell.2021.663431
 Kohn, F. M., Mack, S. R., Hashish, Y. A., Anderson, R. A., and Zaneveld, L. J. (1996). Paramagnetic beads coated with Pisum sativum agglutinin bind to human spermatozoa undergoing the acrosome reaction. Andrologia 28, 231–239. doi:10.1111/j.1439-0272.1996.tb02788.x
 Kreutzberger, A. J. B., Kiessling, V., Stroupe, C., Liang, B., Preobraschenski, J., Ganzella, M., et al. (2019). In vitro fusion of single synaptic and dense core vesicles reproduces key physiological properties. Nat. Commun. 10, 3904. doi:10.1038/s41467-019-11873-8
 La Spina, F. A., Puga Molina, L. C., Romarowski, A., Vitale, A. M., Falzone, T. L., Krapf, D., et al. (2016). Mouse sperm begin to undergo acrosomal exocytosis in the upper isthmus of the oviduct. Dev. Biol. 411, 172–182. doi:10.1016/j.ydbio.2016.02.006
 Lee, B. R., and Kamitani, T. (2011). Improved immunodetection of endogenous alpha-synuclein. PLoS. ONE. 6, e23939. doi:10.1371/journal.pone.0023939
 Logan, T., Bendor, J., Toupin, C., Thorn, K., and Edwards, R. H. (2017). α-Synuclein promotes dilation of the exocytotic fusion pore. Nat. Neurosci. 20, 681–689. doi:10.1038/nn.4529
 Masaracchia, C., Hnida, M., Gerhardt, E., Lopes da, F. T., Villar-Pique, A., Branco, T., et al. (2018). Membrane binding, internalization, and sorting of alpha-synuclein in the cell. Acta Neuropathol. Commun. 6, 79. doi:10.1186/s40478-018-0578-1
 Mendoza, C., Carreras, A., Moos, J., and Tesarik, J. (1992). Distinction between true acrosome reaction and degenerative acrosome loss by a one-step staining method using Pisum sativum agglutinin. J. Reprod. Fertil. 95, 755–763. doi:10.1530/jrf.0.0950755
 Middleton, E. R., and Rhoades, E. (2010). Effects of curvature and composition on alpha-synuclein binding to lipid vesicles. Biophys. J. 99, 2279–2288. doi:10.1016/j.bpj.2010.07.056
 Mion, D., Bunel, L., Heo, P., and Pincet, F. (2022). The beginning and the end of SNARE-induced membrane fusion. FEBS Open 12, 1958–1979. doi:10.1002/2211-5463.13447
 Oliveira, L. M. A., Gasser, T., Edwards, R., Zweckstetter, M., Melki, R., Stefanis, L., et al. (2021). Alpha-synuclein research: Defining strategic moves in the battle against Parkinson's disease. NPJ. Park. Dis. 7, 65. doi:10.1038/s41531-021-00203-9
 Pantano, S., and Montecucco, C. (2014). The blockade of the neurotransmitter release apparatus by botulinum neurotoxins. Cell Mol. Life Sci. 71, 793–811. doi:10.1007/s00018-013-1380-7
 Papachroni, K., Ninkina, N., Wanless, J., Kalofoutis, A. T., Gnuchev, N. V., and Buchman, V. L. (2005). Peripheral sensory neurons survive in the absence of alpha- and gamma-synucleins. J. Mol. Neurosci. 25, 157–164. doi:10.1385/JMN:25:2:157
 Pelletan, L. E., Suhaiman, L., Vaquer, C. C., Bustos, M. A., De Blas, G. A., Vitale, N., et al. (2015). ADP ribosylation factor 6 (ARF6) promotes acrosomal exocytosis by modulating lipid turnover and Rab3A activation. J. Biol. Chem. 290, 9823–9841. doi:10.1074/jbc.M114.629006
 Perez-Lara, A., Thapa, A., Nyenhuis, S. B., Nyenhuis, D. A., Halder, P., Tietzel, M., et al. (2016). PtdInsP2 and PtdSer cooperate to trap synaptotagmin-1 to the plasma membrane in the presence of calcium. Elife 5, e15886. doi:10.7554/eLife.15886
 Pirazzini, M., Montecucco, C., and Rossetto, O. (2022). Toxicology and pharmacology of botulinum and tetanus neurotoxins: An update. Arch. Toxicol. 96, 1521–1539. doi:10.1007/s00204-022-03271-9
 Porat-Shliom, N., Milberg, O., Masedunskas, A., and Weigert, R. (2013). Multiple roles for the actin cytoskeleton during regulated exocytosis. Cell Mol. Life Sci. 70, 2099–2121. doi:10.1007/s00018-012-1156-5
 Pronk, S., Pall, S., Schulz, R., Larsson, P., Bjelkmar, P., Apostolov, R., et al. (2013). Gromacs 4.5: A high-throughput and highly parallel open source molecular simulation toolkit. Bioinformatics 29, 845–854. doi:10.1093/bioinformatics/btt055
 Quevedo, M. F., Lucchesi, O., Bustos, M. A., Pocognoni, C. A., De, l. I., and Tomes, C. N. (2016). The Rab3A-22a chimera prevents sperm exocytosis by stabilizing open fusion pores. J. Biol. Chem. 291, 23101–23111. doi:10.1074/jbc.M116.729954
 Ren, G., Wang, X., Hao, S., Hu, H., and Wang, C. C. (2007). Translocation of alpha-synuclein expressed in Escherichia coli. J. Bacteriol. 189, 2777–2786. doi:10.1128/JB.01406-06
 Reynolds, E. S. (1963). The use of lead citrate at high pH as an electron-opaque stain in electron microscopy. J. Cell Biol. 17, 208–212. doi:10.1083/jcb.17.1.208
 Risselada, H. J., and Mayer, A. (2020). SNAREs, tethers and SM proteins: How to overcome the final barriers to membrane fusion?Biochem. J. 477, 243–258. doi:10.1042/BCJ20190050
 Rizo, J. (2018). Mechanism of neurotransmitter release coming into focus. Protein Sci. 27, 1364–1391. doi:10.1002/pro.3445
 Rizo, J. (2022). Molecular mechanisms underlying neurotransmitter release. Annu. Rev. Biophys. 51, 377–408. doi:10.1146/annurev-biophys-111821-104732
 Rizo, J., and Xu, J. (2015). The synaptic vesicle release machinery. Annu. Rev. Biophys. 44, 339–367. doi:10.1146/annurev-biophys-060414-034057
 Rodriguez, F., Bustos, M. A., Zanetti, M. N., Ruete, M. C., Mayorga, L. S., and Tomes, C. N. (2011). α-SNAP prevents docking of the acrosome during sperm exocytosis because it sequesters monomeric syntaxin. PLoS. ONE. 6, e21925. doi:10.1371/journal.pone.0021925
 Roggero, C. M., De Blas, G. A., Dai, H., Tomes, C. N., Rizo, J., and Mayorga, L. S. (2007). Complexin/synaptotagmin interplay controls acrosomal exocytosis. J. Biol. Chem. 282, 26335–26343. doi:10.1074/jbc.M700854200
 Romarowski, A., Sanchez-Cardenas, C., Ramirez-Gomez, H. V., Puga Molina, L. C., Trevino, C. L., Hernandez-Cruz, A., et al. (2016). A specific transitory increase in intracellular calcium induced by progesterone promotes acrosomal exocytosis in mouse sperm. Biol. Reprod. 94, 63. doi:10.1095/biolreprod.115.136085
 Runwal, G., and Edwards, R. H. (2021). The membrane interactions of synuclein: Physiology and pathology. Annu. Rev. Pathol. 16, 465–485. doi:10.1146/annurev-pathol-031920-092547
 Ryu, J. K., Jahn, R., and Yoon, T. Y. (2016). Review: Progresses in understanding N-ethylmaleimide sensitive factor (NSF) mediated disassembly of SNARE complexes. Biopolymers 105, 518–531. doi:10.1002/bip.22854
 Sanchez-Cardenas, C., Servin-Vences, M. R., Jose, O., Treviño, C. L., Hernandez-Cruz, A., and Darszon, A. (2014). Acrosome reaction and Ca2+ imaging in single human spermatozoa: New regulatory roles of [Ca2+]i. Biol. Reprod. 91, 67. doi:10.1095/biolreprod.114.119768
 Schiavo, G., Matteoli, M., and Montecucco, C. (2000). Neurotoxins affecting neuroexocytosis. Physiol. Rev. 80, 717–766. doi:10.1152/physrev.2000.80.2.717
 Sharma, S., and Lindau, M. (2018). The fusion pore, 60 years after the first cartoon. FEBS Lett. 592, 3542–3562. doi:10.1002/1873-3468.13160
 Silva, M., Tran, V., and Marty, A. (2021). Calcium-dependent docking of synaptic vesicles. Trends Neurosci. 44, 579–592. doi:10.1016/j.tins.2021.04.003
 Sorensen, J. B. (2009). Conflicting views on the membrane fusion machinery and the fusion pore. Annu. Rev. Cell Dev. Biol. 25, 513–537. doi:10.1146/annurev.cellbio.24.110707.175239
 Sorensen, J. B., Wiederhold, K., Muller, E. M., Milosevic, I., Nagy, G., de Groot, B. L., et al. (2006). Sequential N- to C-terminal SNARE complex assembly drives priming and fusion of secretory vesicles. EMBO J. 25, 955–966. doi:10.1038/sj.emboj.7601003
 Sosa, C. M., Pavarotti, M. A., Zanetti, M. N., Zoppino, F. C., De Blas, G. A., and Mayorga, L. S. (2015). Kinetics of human sperm acrosomal exocytosis. Mol. Hum. Reprod. 21, 244–254. doi:10.1093/molehr/gau110
 Souza, P. C. T., Alessandri, R., Barnoud, J., Thallmair, S., Faustino, I., Grunewald, F., et al. (2021). Martini 3: A general purpose force field for coarse-grained molecular dynamics. Nat. Methods 18, 382–388. doi:10.1038/s41592-021-01098-3
 Spurr, A. R. (1969). A low-viscosity epoxy resin embedding medium for electron microscopy. J. Ultrastruct. Res. 26, 31–43. doi:10.1016/s0022-5320(69)90033-1
 Tesarik, J., Drahorad, J., and Peknicova, J. (1988). Subcellular immunochemical localization of acrosin in human spermatozoa during the acrosome reaction and zona pellucida penetration. Fertil. Steril. 50, 133–141. doi:10.1016/s0015-0282(16)60021-3
 Tomes, C. N., De Blas, G. A., Michaut, M. A., Farre, E. V., Cherhitin, O., Visconti, P. E., et al. (2005). alpha-SNAP and NSF are required in a priming step during the human sperm acrosome reaction. Mol. Hum. Reprod. 11, 43–51. doi:10.1093/molehr/gah126
 Tomes, C. N. (2015). The proteins of exocytosis: Lessons from the sperm model. Biochem. J. 465, 359–370. doi:10.1042/BJ20141169
 Trexler, A. J., and Rhoades, E. (2009). Alpha-synuclein binds large unilamellar vesicles as an extended helix. Biochemistry 48, 2304–2306. doi:10.1021/bi900114z
 Tribello, G., Bonomi, M., Branduardi, D., Camillioni, C., and Bussi, G. (2014). Plumed 2: New feathers for an old bird. Comput. Phys. Commun. 185, 604–613. doi:10.1016/j.cpc.2013.09.018
 Ulmer, T. S., Bax, A., Cole, N. B., and Nussbaum, R. L. (2005). Structure and dynamics of micelle-bound human alpha-synuclein. J. Biol. Chem. 280, 9595–9603. doi:10.1074/jbc.M411805200
 Van Der, S. D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E., and Berendsen, H. J. (2005). Gromacs: Fast, flexible, and free. J. Comput. Chem. 26, 1701–1718. doi:10.1002/jcc.20291
 Vardjan, N., Jorgacevski, J., and Zorec, R. (2013). Fusion pores, SNAREs, and exocytosis. Neuroscientist 19, 160–174. doi:10.1177/1073858412461691
 Walter, A. M., Wiederhold, K., Bruns, D., Fasshauer, D., and Sorensen, J. B. (2010). Synaptobrevin N-terminally bound to syntaxin-SNAP-25 defines the primed vesicle state in regulated exocytosis. J. Cell Biol. 188, 401–413. doi:10.1083/jcb.200907018
 Wu, Z., Auclair, S. M., Bello, O., Vennekate, W., Dudzinski, N. R., Krishnakumar, S. S., et al. (2016). Nanodisc-cell fusion: Control of fusion pore nucleation and lifetimes by SNARE protein transmembrane domains. Sci. Rep. 6, 27287. doi:10.1038/srep27287
 Xu, T., Ashery, U., Burgoyne, R. D., and Neher, E. (1999a). Early requirement for alpha-SNAP and NSF in the secretory cascade in chromaffin cells. EMBO J. 18, 3293–3304. doi:10.1093/emboj/18.12.3293
 Xu, T., Rammner, B., Margittai, M., Artalejo, A. R., Neher, E., and Jahn, R. (1999b). Inhibition of SNARE complex assembly differentially affects kinetic components of exocytosis. Cell 99, 713–722. doi:10.1016/s0092-8674(00)81669-4
 Yudin, A. I., Gottlieb, W., and Meizel, S. (1988). Ultrastructural studies of the early events of the human sperm acrosome reaction as initiated by human follicular fluid. Gamete Res. 20, 11–24. doi:10.1002/mrd.1120200103
 Zanetti, N., and Mayorga, L. S. (2009). Acrosomal swelling and membrane docking are required for hybrid vesicle formation during the human sperm acrosome reaction. Biol. Reprod. 81, 396–405. doi:10.1095/biolreprod.109.076166
 Zarelli, V. E., Ruete, M. C., Roggero, C. M., Mayorga, L. S., and Tomes, C. N. (2009). PTP1B dephosphorylates N-Ethylmaleimide-sensitive factor and elicits SNARE complex disassembly during human sperm exocytosis. J. Biol. Chem. 284, 10491–10503. doi:10.1074/jbc.M807614200
 Zhang, Y., and Hughson, F. M. (2021). Chaperoning SNARE folding and assembly. Annu. Rev. Biochem. 90, 581–603. doi:10.1146/annurev-biochem-081820-103615
 Zhao, M., and Brunger, A. T. (2016). Recent advances in deciphering the structure and molecular mechanism of the AAA+ ATPase N-Ethylmaleimide-Sensitive factor (NSF). J. Mol. Biol. 428, 1912–1926. doi:10.1016/j.jmb.2015.10.026
 Zhao, W. D., Hamid, E., Shin, W., Wen, P. J., Krystofiak, E. S., Villarreal, S. A., et al. (2016). Hemi-fused structure mediates and controls fusion and fission in live cells. Nature 534, 548–552. doi:10.1038/nature18598
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Buzzatto, Berberián, Di Bartolo, Masone and Tomes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1125988-g005.gif





OPS/images/fcell-11-1125988-g006.gif
AG pdimol)

PRI

B
e0s 406 007
c

. =
-

e mbats





OPS/images/fcell-11-1125988-g003.gif
—
v
77727279






OPS/images/fcell-11-1125988-g004.gif





OPS/images/math_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		α-Synuclein is required for sperm exocytosis at a post-fusion stage		Introduction

		Materials and methods		Reagents

		Recombinant proteins

		Human sperm sample preparation procedures

		Indirect AE assay

		Direct AE assay

		Indirect immunofluorescence

		SDS-PAGE and western blot

		Transmission electron microscopy

		Computational methods





		Results		α-Synuclein is localized to the acrosomal region of human sperm

		α-Synuclein is required for the human sperm AE at a late stage

		Sperm SNAREs are engaged in cis complexes by the time α-synuclein exhibits its role in the AE

		α-Synuclein exhibits its role in the AE after the opening of fusion pores

		α-Synuclein is required for fusion pore dilation





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1125988-g001.gif





OPS/images/fcell-11-1125988-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





