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Capacitated spermatozoa initiate fertilization by binding to the zona pellucida (ZP). Defective spermatozoa-ZP binding causes infertility. The sialyl-Lewis(x) (SLeX) sequence is the most abundant terminal sequence on the glycans of human ZP glycoproteins involving in spermatozoa-ZP binding. This study aimed to identify and characterize the SLeX-binding proteins on human spermatozoa. By using affinity chromatography followed by mass spectrometric analysis, chromosome 1 open reading frame 56 (C1orf56) was identified to be a SLeX-binding protein of capacitated spermatozoa. The acrosomal region of spermatozoa possessed C1orf56 immunoreactive signals with intensities that increased after capacitation indicating translocation of C1orf56 to the cell surface during capacitation. Treatment with antibody against C1orf56 inhibited spermatozoa-ZP binding and ZP-induced acrosome reaction. Purified C1orf56 from capacitated spermatozoa bound to human ZP. A pilot clinical study was conducted and found no association between the percentage of capacitated spermatozoa with C1orf56 expression and in vitro fertilization (IVF) rate in assisted reproduction treatment. However, the percentage of C1orf56 positive spermatozoa in the acrosome-reacted population was significantly (P < 0.05) lower in cycles with a fertilization rate < 60% when compared to those with a higher fertilization rate, suggesting that C1orf56 may have functions after ZP-binding and acrosome reaction. A larger clinical trial is needed to determine the possible use of sperm C1orf56 content for the prediction of fertilization potential of sperm samples.
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INTRODUCTION

Human oocytes are surrounded by a ∼7–20 μm thick porous cellular extracellular matrix termed zona pellucida (ZP), which is the main player in spermatozoa-oocyte interactions and species-specific fertilization. Spermatozoa-ZP binding is the first event in fertilization. Defective spermatozoa-ZP binding leads to infertility and is an important cause of reduced fertilization rates in assisted reproduction (Liu and Baker, 2000). A meta-analysis has shown high predictive power of spermatozoa-ZP binding on fertilization outcome (Oehninger et al., 2000). Defective spermatozoa-ZP binding is more frequent for men with abnormal semen parameters, especially those with severe teratozoospermia and oligozoospermia (Liu and Baker, 2004). Despite the importance of spermatozoa-ZP interaction, the mechanisms regulating the process are unclear partly due to failure in the identification of ZP receptor(s) on human spermatozoa.

Human ZP is composed of four glycoproteins namely ZP glycoprotein 1 (ZP1), ZP2, ZP3, and ZP4 (Chiu et al., 2014). Glycan chains are found on the asparagine (N-linked) and serine/threonine (O-linked) residues of these ZP glycoproteins. We have identified sialyl-Lewis(x) (SLeX) [NeuAcα2–3Galβ1-4(Fucα1–3)GlcNAc] as the most abundant terminal sequence on the N-linked glycans of human ZP (Pang et al., 2011). Human oocyte–spermatozoon binding involves both protein-protein and protein-glycans interactions (Chiu et al., 2014; Gupta, 2021).

Recent transgenic mice studies suggested that ZP2 is the primary ligand for human sperm binding to ZP (Baibakov et al., 2012; Avella et al., 2014, 2016). Human spermatozoa bind to and penetrate the ZP of oocytes from transgenic mice carrying the four human ZP glycoproteins in place of the three mouse ZP glycoproteins (Baibakov et al., 2012). When human ZP2 is absent from these mice, human spermatozoa rarely bind to the oocytes (Avella et al., 2014). It is noted that the human spermatozoa take 180–240 min to bind onto the mouse ZP containing human ZP2 (Baibakov et al., 2012), which was much longer than 15–60 min for binding to human ZP (Plachot et al., 1986; Morales et al., 1994). The slower binding kinetics could be due to inappropriate glycosylation of human ZP2 in the mice, consistent with differential interaction of human spermatozoa to recombinant human ZP2 and native ZP2 with different glycosylation (Chiu et al., 2014; Gupta, 2021).

Several glycoconjugates have been associated with human spermatozoa-ZP binding (Chiu et al., 2014; Gupta, 2021). For example, glycoconjugates terminated with the SLeX sequences or antibodies against the sequence inhibited the spermatozoa-ZP binding (Pang et al., 2011). Synthesized highly complex triantennary N-glycans with SLeX moieties have increased inhibitory activities (Chinoy and Friscourt, 2018). Spermatozoa-SLeX interaction has been used to capture human spermatozoa in a microfluidic system for forensic investigation (Inci et al., 2018; Deshmukh et al., 2020). The ZP glycans may take part in direct interaction with the sperm ZP receptors or may provide the proper tertiary structure that maximizes the availability of the ZP glycoproteins to their receptors on spermatozoa.

The identity of human sperm ZP receptor(s) is controversial (Gupta, 2018; Tumova and Zigo, 2021). Several human sperm carbohydrate-binding proteins have been proposed (Chiu et al., 2007b). However, antibodies against and competitors/substrates of these molecules fail to completely block spermatozoa-ZP binding and/or ZP-induced acrosome reaction, suggesting that they are not solely mediating spermatozoa-ZP binding. The objective of this study was to identify and characterize the human sperm SLeX-binding proteins.



MATERIALS AND METHODS


Semen and Oocyte Samples

The Ethics Committee of the University of Hong Kong/Hospital Authority Hong Kong West Cluster approved the research protocol. Informed consent was obtained from patients who donated their semen and oocyte samples for research use. Human spermatozoa were collected by masturbation from patients attending the infertility clinic at the Queen Mary Hospital and the Family Planning Association, Hong Kong (Mei et al., 2019). Only semen samples with normal semen parameters according to the World Health Organization (2010) criteria (strict criteria >4%, volume >1.5 ml, total sperm number >39 × 106 per ejaculate, concentration >15 × 106/ml, total motility >40%, progressive motility >32%, and vitality >58%) were used. Spermatozoa were processed by density gradient centrifugation using AllGrad (LifeGlobal, Brussels, Belgium) and resuspended in Earle Balanced Salt Solution (EBSS; Flow Laboratories, Irvine, United Kingdom) supplemented with 0.3% bovine serum albumin (BSA), 0.3 mmol/l sodium pyruvate, 0.16 mmol/l penicillin-G, 0.05 mmol/l streptomycin sulfate, and 14 mmol/l sodium bicarbonate (all from Sigma, St Louis, MO, United States) (EBSS/0.3% BSA) to a concentration of 2 × 106 spermatozoa/ml. Capacitated spermatozoa were prepared by a 3-h incubation in EBSS supplemented with 3% BSA as previously described (Chiu et al., 2010).

For the pilot clinical study, semen samples were collected from men whose female partner underwent conventional IVF treatment at the Sixth affiliated Hospital of the Sun Yat-sen University, Guangzhou, China. The research protocol of the study was approved by the Ethics Committee of the Sun Yat-sen University. Semen samples were prepared by density gradient centrifugation followed by a standard swim-up procedure World Health Organization (2010). Briefly, 1 mL EBSS/0.3%BSA medium was gently layered over the processed spermatozoa pellet in a sterile 15 mL centrifuge tube after density gradient centrifugation. The tube was inclined at 45° and incubated for 1 h at 37°C. The upper 0.5 mL medium was collected for IVF treatment and the remaining sperm suspension was used for experimentation. After washing with EBSS/0.3%BSA once, the final sperm pellet was resuspended in 1 mL EBSS/0.3%BSA. The motility and morphology of the spermatozoa were then determined.

Human oocytes were collected from the Assisted Reproduction Program at the Queen Mary Hospital, Hong Kong. Unfertilized metaphase II oocytes from couples who underwent intracytoplasmic sperm injection were collected and stored in an oocyte storage buffer at 4°C. The oocyte storage buffer contained 1.5 M MgCl2, 0.1% polyvinyl pyrrolidone (PVP) and 40 mM HEPES with pH 7.2.



Determination of Sperm Viability

Sperm viability was determined by the trypan blue exclusion staining. Processed spermatozoa (2 × 105) and trypan blue dye were mixed in a 1:1 ratio to a final volume of 12 μL. The mixture was placed on a glass slide for 3 min before examination under a light microscope with 400 × magnification. Viable spermatozoa were transparent without staining, whereas non-viable spermatozoa were stained blue. At least 200 spermatozoa were randomly counted to evaluate the sperm viability of the sample.



Determination of Sperm Motility

The Hobson sperm tracker system (Hobson Tracking Systems Ltd., Sheffield, United Kingdom) was used to determine the sperm motility parameters in all the experiments except the clinical study. The set-up parameters of the system and the procedures were described previously (Huang et al., 2013). Each measurement was performed on a warmed microscope stage at 37°C. Five hundred spermatozoa per sample in randomly selected fields were evaluated to determine (1) average path velocity (VAP, μm/s), (2) curvilinear velocity (VCL, μm/s), (3) straight-line velocity (VSL, μm/s), (4) beat cross frequency (BCF, Hz), (5) amplitude of lateral head displacement (ALH, μm), (6) mean linearity (LIN, VSL/VCL), (7) straightness (STR, VSL/VAP), (8) percentage hyperactivation (HYP), and (9) percentage progressive motility (VAP ≥ 25 μm/s). All samples were processed in triplicate.

Manual sperm motility counting based on the WHO recommended protocol (World Health Organization, 2010) was also used. In manual counting, 2 × 105 processed spermatozoa were added on a glass slide and observed under a light microscope at 400 × magnification. At least 200 spermatozoa were counted randomly. Their motilities were divided into three classes according to the WHO criteria (World Health Organization, 2010), namely progressive motile (PR), non-progressive motile (NP) and immotile (IM). PR were spermatozoa moving actively, either linearly or in a large circle. NP were those exhibiting all other patterns of motility and without progression; IM were those without movement. In this study, total motility referred to the sum of PR and NP spermatozoa. The WHO reference value of total motility is >40%. For comparison purposes, the samples were divided into a high motility group and a low motility group when their total motility was >40% and ≤40%, respectively.



Determination of Sperm Morphology

Diff-Quik staining was used to determine sperm morphology. In general, 10 μL of semen was smeared on a glass slide, air-dried at room temperature and placed successively in the Diff-Quik fixative (Microptic S.L., Barcelona, Spain) for 10 s, the Diff-Quik solution I for 15 s, and the Diff-Quik solution II for 15 s at room temperature. The slides were then placed under running water to remove excess stain and air-dried at room temperature. The morphology of spermatozoa was determined under a light microscope at 1,000 × magnification. For each sample, 200 spermatozoa in randomly selected fields were counted. Only spermatozoa with both head and tail seen were assessed. The samples were considered normal when the percentage of spermatozoa with normal morphology as defined by strict criteria (World Health Organization, 2010) was >4%.



Hemizona Binding Assay

The hemizona binding assay was performed as described (Yao et al., 1998). Unfertilized oocytes were micro-bisected into two identical hemizona. Each hemizonae was incubated with 2 × 105 spermatozoa/mL in a 100 μL droplet of EBSS/0.3%BSA under mineral oil for 3 h at 37°C in an atmosphere of 5% CO2. After incubation, the loosely bound spermatozoa were removed by several washes with EBSS/0.3% BSA and the numbers of tightly bound spermatozoa on the outer surface of the hemizona were counted. The results are expressed as hemizona index (HZI), which is the ratio of the number of bound spermatozoa in the test droplet to that in the control droplet × 100.



Determination of Ionophore and ZP-Induced Acrosome Reaction

Purification of solubilized ZP was performed as described (Chiu et al., 2010). Briefly, the ZP was separated from the oocytes under a microscope and heat-solubilized at 70°C in 5 mM NaH2PO4 buffer (pH 2.5) for 90 min. Capacitated spermatozoa at a concentration of 2 × 106 spermatozoa/ml were incubated with solubilized ZP (1 μg/ml, 60 min) or ionophore A23187 (2.5 μM, 30 min) at 37°C in an atmosphere of 5% CO2 in air (Chiu et al., 2008a). The acrosomal status of the treated spermatozoa was then evaluated.



Determination of Acrosomal Status

The percentage of capacitated spermatozoa was assayed by chlortetracycline staining (CTC) as described (Chiu et al., 2005). The capacitation status of 200 spermatozoa were evaluated under a fluorescence microscope (Zeiss, Oberkochen, Germany) at × 630 magnification. Five CTC staining patterns of the sperm head were identified (Chiu et al., 2005). CTC4 pattern (uniform head fluorescence) was the main capacitated pattern.

Fluorescein isothiocyanate-labeled Pisum sativum (FITC-PSA) (Sigma, St Louis, MO, United States) was used to determine acrosome reaction. Processed spermatozoa (0.5 × 106) were fixed in 300 μl of 95% ethanol and dried on slides before staining with Hoechst 33258 [Pentahydrate (bis-Benzimide); Sigma] and 2 μg/20 μL FITC-PSA in PBS for 30 min. The slides were then washed, mounted in glycerol containing 0.2 M n-propyl gallate (Sigma), and observed under a fluorescent microscope (Zeiss). At least 200 spermatozoa were randomly selected and counted under the microscope with 400 × magnification. Acrosome-reacted spermatozoa were defined as those without Hoechst and FITC-PSA staining or with FITC-PSA staining at the equatorial segment only. The filter set used for CTC and FITC-PSA staining consisted of an excitation filter BP 450-490, a chromatic beam splitter FT510 and a barrier filter LP520.



Purification of Sialyl-Lewis(x) Binding Protein

Sialyl-Lewis(x) -binding proteins on the plasma membrane of capacitated spermatozoa were identified by our established chromatographic method using SLeX-BSA neoglycoprotein affinity column followed by mass spectrometric analysis as described (Chiu et al., 2007a; Lee et al., 2011). In brief, capacitated spermatozoa (100 × 106) were washed thrice in EBSS. Non-integral, peripheral membrane-associated proteins on spermatozoa were removed by incubation of the washed spermatozoa in 1 M NaCl in PBS with gentle stirring for 10 min at 25°C as described (Chiu et al., 2007a). The spermatozoa were then collected by centrifugation at 600 × g for 10 min before extraction of the sperm plasma membrane proteins by the ProteoExtract Native Membrane Protein Extraction Kit (Merck, Kenilworth, NJ, United States) according to the manufacturer’s instructions. The insoluble fraction was discarded after centrifugation at 15,000 × g for 40 min. The supernatant was diluted in a solution of MOPS-NaOH buffer (pH 7.3) containing 0.2% Triton X-100 and 6 mM MnCl2. SLeX-BSA (Dextra, Reading, United Kingdom) conjugated sepharose beads (GE Healthcare) were used to precipitate the SLeX-binding protein from the extracted membrane protein fractions. Lewis(x) (LeX)-BSA, which did not bind to human spermatozoa (Chiu et al., 2012) was used as a control.



Tryptic In-Solution Digestion

The purified SLeX-binding proteins were precipitated in precooled acetone and collected as a pellet after centrifugation at 16,000 × g for 10 min followed by removal of the supernatant. Trypsin digestion of the pellets was performed as described (Ye et al., 2015). The digestion was terminated by acidification with 1% trifluoroacetic acid. The supernatant was then saved until use.



Two-Dimensional Liquid Chromatography With Tandem Mass Spectrometry

The Proteomic Laboratory for System Biology Research (Baptist University, Hong Kong, People’s Republic of China) performed 2D LC-MS/MS analyses on the purified samples. The liquid chromatographic separation was conducted in a nano-liquid chromatography system (Dionex UltiMate 3000 Nano-LC System; Dionex). For the first dimension, two buffers were used to set up a gradient for separation: buffer A was 20% acetonitrile/10 mM potassium dihydrogen phosphate, pH 3.0; buffer B was buffer A plus 0.5 M potassium chloride. Peptides were injected into a 50 × 1.0 mm polysulfoethyl A strong cation exchange column (Poly LC Inc.) and eluted at a flow rate of 30 μL/min with increasing salt concentrations (100% buffer A and 0% buffer B from 0 to 10 min; 70% buffer A and 30% buffer B from 10 to 40 min; 65% buffer A and 35% buffer B from 40 to 45 min, 0% buffer A, and 100% buffer B from 45 to 50 min). Fractions were collected every 5 min.

The 2D LC separation was performed in the same nano-LC system with a reverse-phase column (Pepmap C18, 75 μm × 150 mm; Dionex). Two buffers were used for this step: buffer C was 0.05% trifluoroacetic acid and buffer D was 80% ACN/0.04% trifluoroacetic acid. Each fraction from the strong cation exchange column was injected into a reversed-phase column with a 100-min linear gradient (a 90-min gradient from 0 to 35% buffer D; 5 min from 35% buffer D to 50% buffer D; and a 5-min holding at 90% buffer D). Matrix-assisted laser desorption ionization (MALDI) spot was applied every 30 s, and the MS/MS analysis was performed in a Bruker Autoflex III MALDI Tandem Time-of-Flight (MALDI TOF/TOF) Mass Spectrometer (Bruker Daltonics).



Analysis of MS Data

Mascot (version 2.2.041) was used to identify the peptides. Each MS/MS spectrum was searched against the Human IPI Protein Database 3.71. Proteins were considered to be successfully identified when the total Mascot score reached 65 or above.



Expression and Localization of Sperm C1orf56

Uncapacitated and capacitated spermatozoa (2 × 106) were extracted by SDS, resolved by 10% SDS-PAGE and blotted on polyvinylidene difluoride membranes. Western blotting was performed using a rabbit polyclonal anti-chromosome 1 open reading frame 56 (C1orf56) antibody (0.1 μg/mL; Sigma). Anti-beta-tubulin antibody (Sigma) was used to determine sample loading. Quantification of protein bands normalized with respect to the tubulin control was carried out with the Image J 1.49 software2.

For immunostaining and cytometry analysis, human spermatozoa were mildly fixed in 0.5% paraformaldehyde for 10 min at room temperature (Chiu et al., 2008b) followed by incubation with polyclonal anti-C1orf56 antibody (1 μg/mL; Sigma) overnight at 4°C. The bound antibodies were detected by the Alexa Fluor 488/555-conjugated goat anti-rabbit IgG (Invitrogen, CA, United States). For simultaneous staining, the slides were washed, further immersed for 1 min in ice-cold methanol for cell permeabilization and incubated with FITC-PSA for 9 min following our established protocol (Chiu et al., 2008b). After washing, the spermatozoa were examined under a fluorescence microscope (Zeiss) with 600 × magnification or a flow cytometer (BD FACSCanto II Analyzer; BD Biosciences). The flow cytometry data were evaluated with the use of the Flowjo software (Tree Star).



Effects of Anti-C1orf56 Antibody on Sperm Functions

Capacitated spermatozoa (2 × 106/mL) were pre-incubated in medium supplemented with functional blocking anti-C1orf56 antibody (0.01, 0.1 or 1 μg/mL; Sigma) at 37°C in a 5% CO2 atmosphere for 1 h. Isotypic-matched antibody (non-specific rabbit IgG; Invitrogen) was used as control. The spermatozoa were washed with fresh EBSS/0.3% BSA before evaluation of their viability and motility, acrosomal status, ZP-induced acrosome reaction and ZP binding capacity as described above. To study the effect of anti-C1orf56 antibody treatment on the binding capabilities of the capacitated spermatozoa to SLeX, capacitated spermatozoa (5 × 107) were incubated with 0.5 μM Alexa Fluor-594 labeled SLeX-BSA in the presence of 1 μg/ml anti-C1orf56 antibody for 120 min followed by the flow cytometry analysis.



Purification of C1orf56 on Human Spermatozoa

C1orf56 on human spermatozoa was purified by immuno-affinity chromatography. To prepare the anti-C1orf56 affinity column, cyanogen bromide activated Sepharose 4 Fast Flow gel beads (GE Healthcare) were swelled in the swelling buffer (1 mM HCl) for 30 min, and washed with 10 gel volumes of the same buffer. Antibody coupling was done by incubation of 1 mg of anti-C1orf56 antibodies (Sigma) with 0.5 mL of swelled cyanogen bromide beads in coupling buffer overnight at 4°C with gentle shaking. The coupled affinity column was then washed with blocking buffer (0.2 M glycine, pH 8.0) before further blocking in the same buffer overnight at 4°C. The blocked affinity column was then washed successively with the coupling buffer and the acetate buffer (0.1 M sodium acetate, 0.5 M NaCl, and pH 4.0) for four times. Finally, the affinity column was washed twice with Tris-buffered saline (TBS: 25 mM Tris, 3 mM KCl, and 140 mM NaCl, pH 7.4; USB corporation, Cleveland, OH, United States) and kept at 4°C until use.

The extracted membrane proteins (see above) of capacitated spermatozoa (5 × 107) were loaded onto the anti-C1orf56 antibody coated Sepharose column and washed successively by TBS, 1 M NaCl with 1% isopropyl alcohol, 10 mM ammonium acetate with 0.1% isopropyl alcohol (pH 5.0), and TBS. The bound C1orf56 was eluted with 0.1% trifluoroacetic acid. The concentration of the purified C1orf56 was determined by a protein assay kit (Bio-Rad, Hercules, CA, United States). The purity of C1orf56 was checked by SDS-PAGE and western blotting.



Binding of C1orf56 to Zona Pellucida

Purified C1orf56 was labeled with Alexa Fluor-594® (Alexa Fluor 594 Protein Labeling Kit; Molecular Probes). Matched hemizona were incubated with 1 μg/mL labeled C1orf56 in the presence or absence of the anti-C1orf56 neutralizing antibody (Sigma) for 3 h at 37°C in an atmosphere of 5% CO2. The binding was then observed under a fluorescence microscope.



Ovarian Stimulation and in vitro Fertilization

Couples attending the infertility clinic at the Sixth Affiliated Hospital of Sun Yat-sen University from January, 2016 to March, 2017 were recruited in this study. The standard gonadotrophin-releasing hormone agonist long protocol was used. Conventional insemination was performed 4 h after oocyte retrieval, and the fertilization check was conducted after 16–18 h. Normal fertilization was indicated by the appearance of two pronuclei (2PN). Fertilization rate was defined as the number of 2PN zygotes observed divided by the total number of inseminated oocytes × 100.



Data Analyses

All values were expressed as mean ± standard error of the mean (SEM). For all experiments, the non-parametric rank sum test for comparisons was used to identify differences between groups. If the data were normally distributed, parametric Student t-test was used as the posttest. The data were analyzed by SPSS 20.0 (IBM) and P-value < 0.05 was considered as statistically significant.




RESULTS


Identification of Potential SLeX-Binding Proteins

Mass spectrometry analysis of the SLeX-BSA affinity purified sperm membrane fraction identified a total of 59 proteins with Mascot protein score higher than 653. Proteins were selected for studies when they were absent in the LeX-BSA (Dextra) affinity purified fraction and when they had been reported to be present only in human sperm head region. Only 4 proteins met these criteria. They were chromosome 1 open reading frame 56 (C1orf56), ZP-binding protein 1 (ZPBP1), heat shock-related 70 kDa protein 2 (HSPA2) and sperm acrosome membrane-associated protein 1 (SPACA 1) (Figure 1). ZPBP1 (Lin et al., 2007), HSPA2 (Huszar et al., 2000), and SPACA1 (Hao et al., 2002) are known to be involved in spermatozoon-oocyte interaction. In this report, C1orf56 was investigated for its role in spermatozoa-ZP interaction.


[image: image]

FIGURE 1. Identification of SLeX/LeX-binding proteins from sperm membrane protein extracts using SLeX/LeX-BSA affinity chromatography followed by MALDI-TOF-MS/MS. Sperm membrane protein extracts were purified by membrane protein extraction kit (ProteoExtract native membrane protein Extraction Kit; Merck). Each MS/MS spectrum was searched against the Human IPI Protein Database 3.71.




Presence of C1orf56 in Human Spermatozoa

The percentage of capacitated spermatozoa increased from 16.86 ± 3.0% to 61.43 ± 4.8% (N = 10) (Supplementary Figure 1) after capacitation, as demonstrated by chlortetracycline staining (Chiu et al., 2005). The anti-C1orf56 antibody recognized a major protein band of size ∼39 kDa in the human sperm extract (Figure 2). Densitometric analysis of Western blot (Figure 2A) showed the presence of a comparable amount of C1orf56 in the uncapacitated and capacitated spermatozoa. Another band of 65 kDa was also found which might represent the non-specific binding of the antibodies to the albumin which were abundant in the sperm culture medium. Similar observation on the sperm C1orf56 expression was found in flow cytometric analysis (Figure 2B); the percentage of uncapacitated and capacitated spermatozoa with positive C1orf56 immunoreactivities were 19.6 ± 4.6% and 17.5 ± 4.2%, respectively.
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FIGURE 2. Uncapacitated and capacitated spermatozoa possess similar levels of C1orf56 expression. (A) Washed spermatozoa (2 × 106) were lysed and resolved in 10% SDS-PAGE followed by Western blotting using anti-C1orf56 antibody. Sample loading was revealed by anti-tubulin antibody. Semi-quantitative comparison of C1orf56 expression between uncapacitated and capacitated sperm samples in Western blotting was also shown. (B) Flow cytometry analysis of the C1orf56 surface expression on uncapacitated and capacitated sperm. Spermatozoa were first incubated with 1 μg/mL anti-C1orf56 antibody or isotypic-matched antibody from the same species (control) followed by Alexa Fluor-488 fluorescence-conjugated secondary antibody. All data are represented as mean ± standard error of the mean (SEM) (N = 5).


Immunostaining for C1orf56 was performed on non-permeabilized uncapacitated, capacitated and acrosome reacted spermatozoa (Figure 3). Most uncapacitated C1orf56-positive spermatozoa (69.2 ± 4.8%) exhibited immunoreactive signals on the equatorial region. After capacitation, strong signals were observed in the acrosomal region (18.1 ± 3.3%). Calcium ionophore treatment significantly induced acrosome reaction of the capacitated spermatozoa (7.62 ± 1.9% vs. 45.82 ± 7.8%; N = 5) (Supplementary Figure 1). The fluorescence signals on the acrosomal region became much weaker after ionophore-induced acrosome reaction (Figure 3B). This observation was further confirmed by simultaneous staining with antibody against C1orf56 and FITC-PSA (Supplementary Figure 2). The observation suggests translocation of C1orf56 to sperm surface during capacitation, which is lost after acrosome reaction.


[image: image]

FIGURE 3. Acrosomal region of human spermatozoa possesses strong C1orf56 immunoreactivity after capacitation. (A) C1orf56 immunoreactivities were visualized using Alexa Fluor 488-conjugated secondary antibody. Three staining patterns were observed in the C1orf56-positive sperm: (A–E+): Focal signals over the equatorial region; (A+E+): Strong signals over both the equatorial and acrosomal regions; (A–E–): No staining signal on sperm head. All the results shown are representative of five replicate experiments. (B) Percentage of C1orf56-positive sperm with A–E+, A+E+, or A–E– staining patterns. 200 C1orf56-positive sperm in randomly selected fields were determined under a fluorescence microscope after immunostaining. All data are represented as mean ± standard error of the mean (SEM). *P < 0.05 when compared the percentages of A+E+ staining pattern of C1orf56 in capacitated (CAP) sperm with uncapacitated (UN) or acrosome reacted (AR) sperm. A, acrosomal region; E, equatorial region, N = 10.




Anti-C1orf56 Antibody inhibited Spermatozoa-Zona Pellucida and -SLeX Binding

Treatment with anti-C1orf56 antibody at a concentration of 1 μg/ml significantly (P < 0.05) decreased the number of capacitated spermatozoa bound onto hemizona (Figure 4A) when compared to the untreated control spermatozoa or those treated with isotypic-matched antibody. The treatment also suppressed spermatozoa-SLeX binding (Figure 5) and ZP-induced acrosome reaction of capacitated spermatozoa (Figure 4B) significantly. The antibody at the concentration used did not affect sperm viability, motility and acrosomal status (Supplementary Figures 3–5).
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FIGURE 4. Anti-C1orf56 antibody inhibits spermatozoa-ZP interaction. Capacitated spermatozoa were incubated in culture medium supplemented with different concentrations of anti-C1orf56 antibody. The (A) ZP-binding capacity and (B) solubilized ZP-induced acrosome reaction of the sperm were then determined by hemizona assay and FITC-PSA staining, respectively. Hemizona binding index (HZI) was the ratio of the number of bound spermatozoa on the test hemizona to that on the control hemizona times 100. *P < 0.05 when compared with the corresponding control with isotypic matched antibody.
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FIGURE 5. Anti-C1orf56 antibody inhibits spermatozoa-SLeX binding. Capacitated sperm were incubated with 0.5 μM Alexa Fluor-594 labeled SLeX-BSA in the presence or absence of 1 μg/ml anti-C1orf56 antibody for 120 min followed by the flow cytometry analysis. The results shown are representative of three replicate experiments. *P < 0.05 when compared with the control without anti-C1orf56 antibody.




Purified C1orf56 Bound to Human Zona Pellucida

C1orf56 with molecular size ∼39 kDa was significantly enriched from spermatozoa by affinity chromatography (Figure 6A). Fluorescence-labeled C1orf56 bound to the ZP of human oocytes specifically (Figure 6B). There were impurities in the partially purified C1orf56 fraction as demonstrated by SDS-PAGE. The impurities may be due to non-specific interaction of the cyanogen bromide activated Sepharose 4 with other proteins eluted together with C1orf56 during purification (Kennedy and Barnes, 1980). In order to demonstrate the specific action of c1orf56 on binding to ZP, we included a control study using neutralizing antibody against c1orf56 (Figure 6B). The bound signal diminished in the presence of the neutralizing antibody. To increase the purity of the isolated C1orf56, further purification steps, such as ion exchange chromatography, and gel filtration, were required.


[image: image]

FIGURE 6. Binding of purified C1orf56 to human ZP. (A) C1orf56 was partially purified from membrane protein extracts of capacitated spermatozoa by anti-C1orf56 immuno-affinity chromatography. The purity of the purified proteins (arrow) was checked by SDS-PAGE and Western blotting. (B) Purified C1orf56 was labeled with Alexa Fluor-594 labeling kit (Invitrogen). Matching hemizona were incubated with the 1 μg/mL labeled C1orf56 in the presence or absence of polyclonal anti-C1orf56 neutralizing antibody. The results shown are representative of three replicate experiments.




The Relationship Between C1orf56 Surface Expression and Fertilization Rates

The association of C1orf56 surface expression with fertilization rate (FR) was investigated. Flow cytometry analysis was used to detect the surface expression of C1orf56 in spermatozoa. In this analysis, the samples were divided into a high FR group with fertilization rate is ≥60% and a low FR group with fertilization rate <60%. There was no significant difference in the percentage of capacitated spermatozoa with surface C1orf56 expression between the high and the low FR group (P > 0.05, Figure 7A). In the acrosome reacted spermatozoa population (Figure 7B), there was a significantly lower C1orf56 expression in the low FR group when compared to the high FR group.
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FIGURE 7. The relationship between C1orf56 expression and fertilization rate. C1orf56 surface expression is determined on (A) capacitated spermatozoa and (B) acrosome reacted spermatozoa by flow cytometry. Data was classified and analyzed according to the fertilization rate (FR), which is divided into high FR group (FR ≥ 60%) and low FR group (FR < 60%).


The relationship between the C1orf56 expression and sperm motility and morphology were also studied. When the samples were divided into a high motility group (Total motility >40%) and a low motility group (total motility ≤40%), there was no difference between the two groups (Supplementary Figure 6). Similarly, there was no difference in both the capacitated and the acrosome reacted subpopulation between samples with percentages of normal form >4% and ≤4% (Supplementary Figure 7).




DISCUSSION

Using an affinity chromatography with SLeX as a bait, four potential SLeX-binding proteins, including chromosome 1 open reading frame 56 (C1orf56), was identified to be the SLeX-binding proteins of capacitated spermatozoa. The contribution of C1orf56 to spermatozoa-ZP interaction was further demonstrated by the binding of purified C1orf56 to the ZP as well as the inhibitory effect of anti-C1orf56 antibody on spermatozoa-ZP interaction.

This is the first study on localization and function of C1orf56 in human spermatozoa. C1orf56 was identified in a human sperm proteomic study (Wang et al., 2013). Immunohistochemical staining of human testicular tissue shows strong C1orf56 immunoreactivities only in cells of the seminiferous tubules (The Human Protein Altas4), suggesting a role of C1orf56 in sperm functions. Consistently, we demonstrated that human sperm surface C1orf56 is involved in spermatozoa-ZP binding.

Derived from three observations: (1) Immunofluorescence staining localized C1orf56 to the acrosomal region of capacitated spermatozoa, a region that binds ZP (Chiu et al., 2008b); (2) Anti-C1orf56 antibody suppressed spermatozoa-SLeX and spermatozoa-ZP binding and ZP-induced acrosome reaction; and (3) Purified C1orf56 from spermatozoa bound to human ZP. The mechanism by which C1orf56 regulates spermatozoa-SLeX binding is unknown. Bioinformatics analysis using a motif scan program revealed that C1orf56 contains a thrombospondin type-1 (TSP1) repeat profile known to be involved in the binding of multiple matrix glycoproteins and proteoglycans (Adams and Tucker, 2000). The possible involvement of TSP1 repeats on ZP binding needs further investigation.

According to the contact mechanics theory (Kozlovsky and Gefen, 2012), a high density of sperm ZP receptors on the sperm head is required to provide sufficient biochemical binding forces for efficient spermatozoa-ZP interaction counteracting the propulsive forces generated by the swimming spermatozoa. Despite the theoretical need of a large number of ZP receptors on spermatozoa for fertilization, their identities are controversial. Several candidate carbohydrate-binding proteins such as fucosyltransferase-5 (Chiu et al., 2007b), sperm agglutination antigen-1 (Diekman et al., 1997), alpha-D-mannosidase (Tulsiani et al., 1990), and galactosyltransferase (Shur et al., 1998), have been proposed as the putative receptors on human spermatozoa. The failure of genetic ablation of these potential molecules in affecting male fertility in animal models, and the inability of antibodies against and competitors/substrates of these molecules to completely block human spermatozoa-ZP binding and/or ZP-induced acrosome reaction, suggest that they are not the sole mediator of spermatozoa-ZP binding and that there are multiple sperm receptors for the ZP glycoproteins (Wassarman, 1999; Wassarman et al., 2001; Avella et al., 2013). Consistently, anti-C1orf56 antibody alone could not completely block spermatozoa-ZP binding.

Apart from C1orf56, three other SLeX-binding proteins were identified in this study. ZPBP1 (Lin et al., 2007) and SPACA1 (Hao et al., 2002) are involved in spermatozoon-oocyte interaction in animals, but there are no similar studies on human spermatozoa. HSPA2 is a testis-enriched member of the heat shock protein family. In humans, HSPA2 facilitates the assembly and/or presentation of ZP-interacting protein complexes on the sperm surface (Nixon et al., 2015). Interestingly, the HSPA2-associated ZP-interacting complex undergoes a capacitation-associated translocation to the outer leaflet of the sperm surface (Nixon et al., 2015). Reduced expression of HSPA2 from the human sperm proteome reduces the capacity for spermatozoa-oocyte recognition and fertilization after assisted reproduction treatment (Huszar et al., 2000). These data support a multi-molecular structures of the sperm ZP receptor(s) that are assembled during capacitation.

A human sperm ZP receptor complex has been identified. It composes of arylsulfatase A (ARSA), sperm adhesion molecule 1 (SPAM1) and HSPA2 (Redgrove et al., 2013). During capacitation, the complex is translocated to the sperm acrosomal region. ARSA mediates sperm-ZP interaction, SPAM1 is involved in the dispersal of cumulus matrix, and while HSPA2 organizes other proteins in the complex to be on the sperm surface (Asquith et al., 2004; Redgrove et al., 2012, 2013). Another sperm ZP receptor complex composing of galactosyltransferase (GalT) and SED1 has been reported (Shur et al., 2006). In this complex, GalT recognizes the ZP glycans while SED1 mediates the initial docking of the spermatozoa with the ZP to facilitate the GalT-ZP interaction. The relationship between C1orf56 and other sperm-ZP interacting proteins remains to be investigated.

The present results showed that C1orf56 expression is relocated from the equatorial region to the acrosomal region after capacitation. Capacitation involves lipid remodeling with rearrangement of glycoproteins on the sperm plasma membrane (Gadella et al., 2008; Fraser, 2010). The mechanism for the protein relocation is unknown. The lipids in the plasma membranes are organized as compact structures with microdomains termed lipid rafts, which are small, heterogeneous, highly dynamic, sterol and sphingolipid-enriched membrane domains formed through protein, and lipid interaction for cell adhesion and signaling (Harris and Siu, 2002; Lajoie et al., 2009). During capacitation, efflux of cholesterol induces aggregation of lipid raft microdomains into a large membrane raft (Aoki et al., 2005; van Gestel et al., 2005; Selvaraj et al., 2007). After capacitation, the uniform localization of lipid rafts in uncapacitated spermatozoa is replaced by a pattern of confinement with lipid rafts enriched with proteins known to take part in spermatozoa-ZP binding (Nixon and Aitken, 2009; Wang et al., 2020). There is also an increased presence of lipid rafts on the acrosomal region of the sperm plasma membrane (Nixon et al., 2009). These data indicate that the lipid rafts serve as a dynamic platform for relocation of proteins on the sperm plasma membrane during capacitation.

Our results demonstrated diminishment of C1orf56 immunoreactivities after acrosome reaction. The observation is highly suggestive that C1orf56 is present mainly on the plasma membrane, which is lost after acrosome reaction.



CONCLUSION

Standard semen analysis provides limited information on sperm fertilizing capacity. Defective spermatozoa-ZP interaction can still occur in 13% men with normal semen analysis (Chiu et al., 2014). Until now, there is no simple method to identify spermatozoa with defective spermatozoa-ZP interaction. The present study tested the possibility of using C1orf56 expression on spermatozoa in predicting fertilization in clinical IVF. No difference in the C1orf56 expression on capacitated spermatozoa between the high FR group and the low FR group was found. The lack of difference between the two groups is likely due to the presence of multiple ZP receptors (Wassarman, 1999; Gadella et al., 2008; Fraser, 2010; Chiu et al., 2014) and reduction in one of them can be compensated by others. On the other hand, the C1orf56 level in the acrosome reacted spermatozoa was positively associated with fertilization rates. The observation suggests that C1orf56 may have functions after ZP-binding and acrosome reaction. However, the sample size in this study is small and a follow-up study with larger sample size is needed to confirm the observation.

Although assisted reproduction with intracytoplasmic sperm injection can improve fertilization, the cost and the associated risks of the micromanipulation procedure may not justify men with mild fertilization problems to undergo such treatment (Bhattacharya et al., 2001). To improve the clinical management of these men, it is important to diagnose defective ZP interaction with a reliable test before the commencement of assisted reproduction treatment. The determination of sperm ZP receptor can be a simple test for prediction of the fertilization potential of sperm samples in the future.



DATA AVAILABILITY STATEMENT

The mass spectrometry data is available at HKU Data Repository: https://doi.org/10.25442/hku.14677797.v1.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the University of Hong Kong/Hospital Authority Hong Kong West Cluster. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YW, WZ, and SM: acquisition of data, analysis of data, and drafting the manuscript. PC and T-YL: analysis of data and critically revising the article. C-LL: analysis of data, critically revising the article, and teaching the technique. WY, J-PO, XL, and PC: study design, critically revising the article, and final approval of the version to be published. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was supported in part by the Hong Kong Research Grant Council Grant (17116417), Hong Kong Health and Medical Research Fund (07182446), Sanming Project of Medicine in Shenzhen (81801447), and the High Level-Hospital Program, Health Commission of Guangdong Province, China (HKUSZH201902041).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.700396/full#supplementary-material


FOOTNOTES

1http://www.matrixscience.com

2http://imagej.nih.gov/ij/index.html

3https://doi.org/10.25442/hku.14677797.v1

4http://www.proteinatlas.org/ENSG00000143443/normal


REFERENCES

Adams, J. C., and Tucker, R. P. (2000). The thrombospondin type 1 repeat (TSR) superfamily: diverse proteins with related roles in neuronal development. Dev. Dyn. 218, 280–299. doi: 10.1002/(SICI)1097-0177(200006)218:2<280::AID-DVDY4<3.0.CO;2-0

Aoki, V. W., Liu, L., and Carrell, D. T. (2005). Identification and evaluation of a novel sperm protamine abnormality in a population of infertile males. Hum. Reprod. 20, 1298–1306. doi: 10.1093/humrep/deh798

Asquith, K. L., Baleato, R. M., McLaughlin, E. A., Nixon, B., and Aitken, R. J. (2004). Tyrosine phosphorylation activates surface chaperones facilitating sperm-zona recognition. J. Cell Sci. 117(Pt 16), 3645–3657. doi: 10.1242/jcs.01214

Avella, M. A., Baibakov, B. A., Jimenez-Movilla, M., Sadusky, A. B., and Dean, J. (2016). ZP2 peptide beads select human sperm in vitro, decoy mouse sperm in vivo, and provide reversible contraception. Sci. Transl. Med. 8:336ra360. doi: 10.1126/scitranslmed.aad9946

Avella, M. A., Baibakov, B., and Dean, J. (2014). A single domain of the ZP2 zona pellucida protein mediates gamete recognition in mice and humans. J. Cell Biol. 205, 801–809. doi: 10.1083/jcb.201404025

Avella, M. A., Xiong, B., and Dean, J. (2013). The molecular basis of gamete recognition in mice and humans. Mol. Hum. Reprod. 19, 279–289. doi: 10.1093/molehr/gat004

Baibakov, B., Boggs, N. A., Yauger, B., Baibakov, G., and Dean, J. (2012). Human sperm bind to the N-terminal domain of ZP2 in humanized zonae pellucidae in transgenic mice. J. Cell Biol. 197, 897–905. doi: 10.1083/jcb.201203062

Bhattacharya, S., Hamilton, M. P., Shaaban, M., Khalaf, Y., Seddler, M., Ghobara, T., et al. (2001). Conventional in-vitro fertilisation versus intracytoplasmic sperm injection for the treatment of non-male-factor infertility: a randomised controlled trial. Lancet 357, 2075–2079. doi: 10.1016/s0140-6736(00)05179-5

Chinoy, Z. S., and Friscourt, F. (2018). Chemoenzymatic synthesis of asymmetrical multi-antennary N-glycans to dissect glycan-mediated interactions between human sperm and oocytes. Chemistry 24, 7970–7975. doi: 10.1002/chem.201800451

Chiu, P. C., Chung, M. K., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., et al. (2007a). Cumulus oophorus-associated glycodelin-C displaces sperm-bound glycodelin-A and -F and stimulates spermatozoa-zona pellucida binding. J. Biol. Chem. 282, 5378–5388. doi: 10.1074/jbc.M607482200

Chiu, P. C., Chung, M. K., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., et al. (2007b). Glycodelin-A interacts with fucosyltransferase on human sperm plasma membrane to inhibit spermatozoa-zona pellucida binding. J. Cell Sci. 120(Pt 1), 33–44. doi: 10.1242/jcs.03258

Chiu, P. C., Chung, M. K., Tsang, H. Y., Koistinen, R., Koistinen, H., Seppala, M., et al. (2005). Glycodelin-S in human seminal plasma reduces cholesterol efflux and inhibits capacitation of spermatozoa. J. Biol. Chem. 280, 25580–25589. doi: 10.1074/jbc.M504103200

Chiu, P. C., Lam, K. K., Lee, C. L., Huang, V. W., Wong, B. S., Zhao, W., et al. (2012). Adrenomedullin enhances the progressive motility and zona pellucida-binding capacity of spermatozoa from normozoospermic but not asthenozoospermic men. Mol. Reprod. Dev. 79:76. doi: 10.1002/mrd.21398

Chiu, P. C., Lam, K. K., Wong, R. C., and Yeung, W. S. (2014). The identity of zona pellucida receptor on spermatozoa: an unresolved issue in developmental biology. Semin. Cell Dev. Biol. 30, 86–95. doi: 10.1016/j.semcdb.2014.04.016

Chiu, P. C., Wong, B. S., Chung, M. K., Lam, K. K., Pang, R. T., Lee, K. F., et al. (2008a). Effects of native human zona pellucida glycoproteins 3 and 4 on acrosome reaction and zona pellucida binding of human spermatozoa. Biol. Reprod. 79, 869–877 doi: 10.1095/biolreprod.108.069344

Chiu, P. C., Wong, B. S., Lee, C. L., Lam, K. K., Chung, M. K., Lee, K. F., et al. (2010). Zona pellucida-induced acrosome reaction in human spermatozoa is potentiated by glycodelin-A via down-regulation of extracellular signal-regulated kinases and up-regulation of zona pellucida-induced calcium influx. Hum. Reprod. 25, 2721–2733. doi: 10.1093/humrep/deq243

Chiu, P. C., Wong, B. S., Lee, C. L., Pang, R. T., Lee, K. F., Sumitro, S. B., et al. (2008b). Native human zona pellucida glycoproteins: purification and binding properties. Hum. Reprod. 23, 1385–1393. doi: 10.1093/humrep/den047

Deshmukh, S., Inci, F., Karaaslan, M. G., Ogut, M. G., Duncan, D., Klevan, L., et al. (2020). A confirmatory test for sperm in sexual assault samples using a microfluidic-integrated cell phone imaging system. Forensic. Sci. Int. Genet. 48:102313. doi: 10.1016/j.fsigen.2020.102313

Diekman, A. B., Westbrook-Case, V. A., Naaby-Hansen, S., Klotz, K. L., Flickinger, C. J., and Herr, J. C. (1997). Biochemical characterization of sperm agglutination antigen-1, a human sperm surface antigen implicated in gamete interactions. Biol. Reprod. 57, 1136–1144. doi: 10.1095/biolreprod57.5.1136

Fraser, L. R. (2010). The “switching on” of mammalian spermatozoa: molecular events involved in promotion and regulation of capacitation. Mol. Reprod. Dev. 77, 197–208. doi: 10.1002/mrd.21124

Gadella, B. M., Tsai, P. S., Boerke, A., and Brewis, I. A. (2008). Sperm head membrane reorganisation during capacitation. Int. J. Dev. Biol. 52, 473–480. doi: 10.1387/ijdb.082583bg

Gupta, S. K. (2018). The human egg’s zona pellucida. Curr. Top. Dev. Biol. 130, 379–411. doi: 10.1016/bs.ctdb.2018.01.001

Gupta, S. K. (2021). Human zona pellucida glycoproteins: binding characteristics with human spermatozoa and induction of acrosome reaction. Front. Cell Dev. Biol. 9:619868. doi: 10.3389/fcell.2021.619868

Hao, Z., Wolkowicz, M. J., Shetty, J., Klotz, K., Bolling, L., Sen, B., et al. (2002). SAMP32, a testis-specific, isoantigenic sperm acrosomal membrane-associated protein. Biol. Reprod. 66, 735–744. doi: 10.1095/biolreprod66.3.735

Harris, T. J., and Siu, C. H. (2002). Reciprocal raft-receptor interactions and the assembly of adhesion complexes. Bioessays 24, 996–1003. doi: 10.1002/bies.10172

Huang, V. W., Zhao, W., Lee, C. L., Lee, C. Y., Lam, K. K., Ko, J. K., et al. (2013). Cell membrane proteins from oviductal epithelial cell line protect human spermatozoa from oxidative damage. Fertil Steril 99, 1444–1452.e23. doi: 10.1016/j.fertnstert.2012.11.056

Huszar, G., Stone, K., Dix, D., and Vigue, L. (2000). Putative creatine kinase M-isoform in human sperm is identifiedas the 70-kilodalton heat shock protein HspA2. Biol. Reprod. 63, 925–932. doi: 10.1095/biolreprod63.3.925

Inci, F., Ozen, M. O., Saylan, Y., Miansari, M., Cimen, D., Dhara, R., et al. (2018). A novel on-chip method for differential extraction of sperm in forensic cases. Adv. Sci. (Weinh) 5:1800121. doi: 10.1002/advs.201800121

Kennedy, J. F., and Barnes, J. A. (1980). Assessment of the use of cyanogen bromide-activated Sepharose in analytic and preparative immunoadsorption. Int. J. Biol. Macromol 2, 289–296. doi: 10.1016/0141-8130(80)90047-1

Kozlovsky, P., and Gefen, A. (2012). The relative contributions of propulsive forces and receptor-ligand binding forces during early contact between spermatozoa and zona pellucida of oocytes. J. Theor. Biol. 294, 139–143. doi: 10.1016/j.jtbi.2011.11.002

Lajoie, P., Goetz, J. G., Dennis, J. W., and Nabi, I. R. (2009). Lattices, rafts, and scaffolds: domain regulation of receptor signaling at the plasma membrane. J. Cell Biol. 185, 381–385. doi: 10.1083/jcb.200811059

Lee, C. L., Chiu, P. C., Pang, P. C., Chu, I. K., Lee, K. F., Koistinen, R., et al. (2011). Glycosylation failure extends to glycoproteins in gestational diabetes mellitus: evidence from reduced alpha2-6 sialylation and impaired immunomodulatory activities of pregnancy-related glycodelin-A. Diabetes 60, 909–917. doi: 10.2337/db10-1186

Lin, Y. N., Roy, A., Yan, W., Burns, K. H., and Matzuk, M. M. (2007). Loss of zona pellucida binding proteins in the acrosomal matrix disrupts acrosome biogenesis and sperm morphogenesis. Mol. Cell Biol. 27, 6794–6805. doi: 10.1128/MCB.01029-07

Liu, D. Y., and Baker, H. W. (2000). Defective sperm-zona pellucida interaction: a major cause of failure of fertilization in clinical in-vitro fertilization. Hum. Reprod. 15, 702–708. doi: 10.1093/humrep/15.3.702

Liu, D. Y., and Baker, H. W. (2004). High frequency of defective sperm-zona pellucida interaction in oligozoospermic infertile men. Hum. Reprod. 19, 228–233. doi: 10.1093/humrep/deh067

Mei, S., Chen, P., Lee, C. L., Zhao, W., Wang, Y., Lam, K. K. W., et al. (2019). The role of galectin-3 in spermatozoa-zona pellucida binding and its association with fertilization in vitro. Mol. Hum. Reprod. 25, 458–470. doi: 10.1093/molehr/gaz030

Morales, P., Vigil, P., Franken, D. R., Kaskar, K., Coetzee, K., and Kruger, T. F. (1994). Sperm-oocyte interaction: studies on the kinetics of zona pellucida binding and acrosome reaction of human spermatozoa. Andrologia 26, 131–137. doi: 10.1111/j.1439-0272.1994.tb00774.x

Nixon, B., and Aitken, R. J. (2009). The biological significance of detergent-resistant membranes in spermatozoa. J. Reprod. Immunol. 83, 8–13. doi: 10.1016/j.jri.2009.06.258

Nixon, B., Bielanowicz, A., McLaughlin, E. A., Tanphaichitr, N., Ensslin, M. A., and Aitken, R. J. (2009). Composition and significance of detergent resistant membranes in mouse spermatozoa. J. Cell Physiol. 218, 122–134. doi: 10.1002/jcp.21575

Nixon, B., Bromfield, E. G., Dun, M. D., Redgrove, K. A., McLaughlin, E. A., and Aitken, R. J. (2015). The role of the molecular chaperone heat shock protein A2 (HSPA2) in regulating human sperm-egg recognition. Asian J. Androl. 17, 568–573. doi: 10.4103/1008-682X.151395

Oehninger, S., Franken, D. R., Sayed, E., Barroso, G., and Kolm, P. (2000). Sperm function assays and their predictive value for fertilization outcome in IVF therapy: a meta-analysis. Hum. Reprod. Update 6, 160–168. doi: 10.1093/humupd/6.2.160

Pang, P. C., Chiu, P. C., Lee, C. L., Chang, L. Y., Panico, M., Morris, H. R., et al. (2011). Human sperm binding is mediated by the sialyl-Lewis(x) oligosaccharide on the zona pellucida. Science 333, 1761–1764. doi: 10.1126/science.1207438

Plachot, M., Junca, A. M., Mandelbaum, J., Cohen, J., Salat-Baroux, J., and Da Lage, C. (1986). Timing of in-vitro fertilization of cumulus-free and cumulus-enclosed human oocytes. Hum. Reprod. 1, 237–242. doi: 10.1093/oxfordjournals.humrep.a136392

Redgrove, K. A., Anderson, A. L., McLaughlin, E. A., O’Bryan, M. K., Aitken, R. J., and Nixon, B. (2013). Investigation of the mechanisms by which the molecular chaperone HSPA2 regulates the expression of sperm surface receptors involved in human sperm-oocyte recognition. Mol. Hum. Reprod. 19, 120–135. doi: 10.1093/molehr/gas064

Redgrove, K. A., Nixon, B., Baker, M. A., Hetherington, L., Baker, G., Liu, D. Y., et al. (2012). The molecular chaperone HSPA2 plays a key role in regulating the expression of sperm surface receptors that mediate sperm-egg recognition. PLoS One 7:e50851. doi: 10.1371/journal.pone.0050851

Selvaraj, V., Buttke, D. E., Asano, A., McElwee, J. L., Wolff, C. A., Nelson, J. L., et al. (2007). GM1 dynamics as a marker for membrane changes associated with the process of capacitation in murine and bovine spermatozoa. J. Androl. 28, 588–599. doi: 10.2164/jandrol.106.002279

Shur, B. D., Evans, S., and Lu, Q. (1998). Cell surface galactosyltransferase: current issues. Glycoconj. J. 15, 537–548.

Shur, B. D., Rodeheffer, C., Ensslin, M. A., Lyng, R., and Raymond, A. (2006). Identification of novel gamete receptors that mediate sperm adhesion to the egg coat. Mol. Cell Endocrinol. 250, 137–148. doi: 10.1016/j.mce.2005.12.037

Tulsiani, D., Skudlarek, M., and Orgebin-Crist, M. (1990). Human sperm plasma menbranes possess alpha-D-mannosidase activity but no galactosyltransferase activity but no falactosyltransferase activity. Biol. Reprod. 42, 843–858. doi: 10.1095/biolreprod42.5.843

Tumova, L., and Zigo, M. (2021). Ligands and receptors involved in the sperm-zona pellucida interactions in mammals. Cells 10:133. doi: 10.3390/cells10010133

van Gestel, R. A., Brewis, I. A., Ashton, P. R., Helms, J. B., Brouwers, J. F., and Gadella, B. M. (2005). Capacitation-dependent concentration of lipid rafts in the apical ridge head area of porcine sperm cells. Mol. Hum. Reprod. 11, 583–590. doi: 10.1093/molehr/gah200

Wang, D., Cheng, L., Xia, W., Liu, X., Guo, Y., Yang, X., et al. (2020). LYPD4, mouse homolog of a human acrosome protein, is essential for sperm fertilizing ability and male fertility†. Biol. Reprod. 102, 1033–1044. doi: 10.1093/biolre/ioaa018

Wang, G., Wu, Y., Zhou, T., Guo, Y., Zheng, B., Wang, J., et al. (2013). Mapping of the N-linked glycoproteome of human spermatozoa. J. Proteome Res. 12, 5750–5759. doi: 10.1021/pr400753f

Wassarman, P. (1999). Mammalian fertilization: molecular aspects of gamete adhesion, exocytosis, and fusion. Cell 96, 175–183.

Wassarman, P., Jovine, L., and Litscher, E. (2001). A profile of fertilization in mammals. Nat. Cell. Biol. 3, 59–64.

World Health Organization (2010). Laboratory Manual for the Examination and Processing of Human Semen. Geneva: World Health Organization, 7–113.

Yao, Y. Q., Chiu, C. N., Ip, S. M., Ho, P. C., and Yeung, W. S. (1998). Glycoproteins present in human follicular fluid that inhibit the zona-binding capacity of spermatozoa. Hum. Reprod. 13, 2541–2547. doi: 10.1093/humrep/13.9.2541

Ye, H., Hill, J., Gucinski, A. C., Boyne, M. T. II, and Buhse, L. F. (2015). Direct site-specific glycoform identification and quantitative comparison of glycoprotein therapeutics: imiglucerase and velaglucerase alfa. AAPS J. 17, 405–415. doi: 10.1208/s12248-014-9706-4


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 © 2021 Wang, Zhao, Mei, Chen, Leung, Lee, Yeung, Ou, Liang and Chiu. 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-09-700396-g001.jpg
IPI00SS0S33 Mass: 37259 Score: 115 ies matched: 7 emPAI: 0.2%
Tax_Id=9606 Gene_Symbol=ClorfSé Isoform 1 of| Uncharacterized protein ClorfsSé
Observed Mr(expt) Mr (calc) Del ss re

Query
2317 422.9000 843.7854 842.4974 1.2881 [} 7 24 6 R.VGALSQLR.T
£322 652.3000 1302.5854 1302.6568 -0.0713 0 60 0.00029 1 R.FIANSQEPEIR.L €341
2504 788.3000 1574.5854 1574.7536 -0.1682 O 42 0.018 1  R.ELPSATPNTAGSSSTR.F £50S
11323 880.0000 2636.9782 2637.2002 -0.2220 1 53 0.00034 1 R.SSAINEEDGSSEEGVVINAGKDSTSR.E 11829

4

2P10001300¢ Mass: 40971 H : 11  emPAI: 0.3¢6
Tax_Idw960€ Gene_SymbolwZPBP|Zona pellucida-binding protein 1
Observed Mr(expt) (calc) Delta Miss Score t Rank Peptide

Query
342¢€ 517.8000 1033.5854 1033.5808 0.0046 0 19 5.1 1 K.IVGSTSFPVK.A
£3222 675.8000 1349.5854 1349.7092 -0.1237 0 32 0.23 1 R.FFNQQVEILGR.R €827
7582 480.3000 1437.8782 1436.7558 1.1223 0 24 1.1 1 K.SPHVLCVTQQLR.N 756§
5466 883.4000 1764.7854 1763.8519 0.9336 o 30 0.25 1 R.NAELIDPSFQWYGPK.G 24635
272 978.3000 1954.5854 1954.7794 -0.1940 0 37 0.0088 1 K.CPECCVICSPGSYNPR.D 10273 10274 10278

IPI00007702 Mass: 702€3 Score: 103 Queries matched: 12 emPAI: 0.20
Tax_Id=9606 Gene_Symbol=HSPAJ Heat shock-related 70 kDa protein 2 |
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide

2327 465.8000 929.5854 929.5004 0.0850 )} 19 5.3 1 R.VCNPIISK.L
S112 614.8000 1227.5854 1227.6207 -0.03S3 0 32 0.23 1 K.VEIIANDQGNR.T S$113
5365 627.8000 1253.5854 1252.6088 0.9767 0 1 2.7e+002 2 R.FEELNADLFR.G
€452 658.3000 1314.5854 1314.6455 -0.0601 0 21 2.3 1 K.NALESYTYNIK.Q
7937 744.3000 1486.5854 1486.6%40 =0.108¢ 0 44 0.012 ; 1 R.TITPSYVAFIDTER.L 7938 7939
8952 830.4000 165S8.7854 16S8.8879% -0.1024 0 4s 0.0082 1 R.IINEPTAARIAYGLDK.K
S11¢ 846.3000 1690.5854 1690.7183 -0.1329 0 15 5.5 1 K.STAGDTHLGGEDFDNR.M 8114
10778 703.0000 210S5.9782 2106.0633 -0.08S1 b | 1 1.9e+002 7 R.FEELNADLFRGILEPVEK.A
2P1000028610 Mass: 32693 Score: £8 Queries matched: ¢ emPAI: 0.21

Tax_Id=960€ Gene_Symbol=SPACAL| Sperm acrosome membrane-associated protein 1 |
Observed Mr (expt) Mr (calc) Delta Miss Score Expect Rank Peptide

!

2728 731.3000 1460.5854 1460.6970 -0.1115 o 68 4.2e-005 1 K.FTVYTSSELOMR.R 7730
2733 731.3000 1460.5854 1459.6977 0.8878 0 17 6.2 1 R.EVILTNGCPGGESK.C 7731 7732
5085 752.8000 1503.5854 1503.7165 -0.1311 o 17 4.8 1 K.ASTPEVOSEQSSVR.Y
10664 692.3000 2073.8782 2073.9790 -0.1008 0 14 8.4 1 R.GPTDCGWGKPISESLESVR.L 10663
A1l838 661.8000 2643.1709 2643.2850 -0.1141 1 8 22 1 R.KESHPLAFECDTLDNNEIVATIK.F
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