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Highlights 

 Sperm capacitation changes need longer time than the suggested by WHO 

guidelines.  

 Capacitation-associated plasma membrane remodelling includes HSPA2 

modifications. 

 HSPA2 must be at the equatorial band and acrosomal region during gamete 

interaction. 

 HSPA2 may be a good biomarker of capacitation and sperm maturity. 

 

Jo
ur

na
l P

re
-p

ro
of



2 
 

Abstract  

Human fertilization success depends on the ability of the spermatozoa to undergo 

capacitation. Even though this process can be conducted in vitro, the optimal time for a 

sperm cell to complete capacitation in vitro is still under discussion due to the lack of 

proper capacitation biomarkers. Here, we evaluated the influence of in vitro capacitation 

time on HSPA2 distribution over human sperm head testing this chaperone as a 

potential capacitation biomarker. The chaperone was assessed in human spermatozoa 

from 16 normozoospermic donors using indirect immunofluorescence in uncapacitated, 

one and four-hour capacitated spermatozoa. The percentage of HSPA2 

immunofluorescent cells before and after one hour of capacitation did not differ 

significantly. However, after four hours of capacitation, we observed a significantly 

higher percentage of HSPA2 labelled cells. In fluorescent cells analysed before 

capacitation, we could not identify a predominant distribution pattern. Meanwhile, after 

capacitation, most sperm showed a highly labelled equatorial band accompanied by a 

homogeneous fluorescence throughout the acrosomal region. Our findings suggest that 

HSPA2 needs more than one hour of in vitro capacitation for being correctly distributed 

in the anterior region of the sperm head. In conclusion, the present study provides solid 

evidences for the utility of HSPA2 as a biomarker of human sperm in vitro capacitation. 

Due to its importance during egg-sperm recognition, the use of HSPA2 as a biomarker 

before an artificial reproduction technique may be suggested, in addition to a longer 

capacitation time during sperm preparation. 

Keywords: Capacitation, Heat shock protein A2, HSP70, Immunofluorescence, 

Spermatozoa.  

1. Introduction 
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The spermatozoa fertilizing capacity is acquired after a period of time in the 

female tract. This time-dependent process, known as “capacitation”, is necessary for the 

sperm cell to become fully able to interact with the oocyte (Austin, 1952, 1951; Chang, 

1951; De Jonge, 2017; Florman and Fissore, 2014). At this point, it is the female tract 

environment which induces a sequence of physiological sperm changes including 

cholesterol loss (De Jonge, 2017), reorganization of glycoconjugates (Sáez-Espinosa et 

al., 2018), protein phosphorylation (Matamoros-Volante et al., 2018) and 

hyperactivation (Quill et al., 2003; Shur et al., 2004; Stival et al., 2016). Specifically, 

the tyrosine phosphorylation of flagellar proteins is an important and common 

capacitation biomarker (Nassar et al., 1999; Naz and Rajesh, 2004; Quill et al., 2003; 

Sakkas et al., 2003; Visconti et al., 1995).  

This knowledge about the molecular mechanisms occurring during capacitation 

has been enabled by the possibility of carrying out in vitro capacitation (Baker, 2016; 

De Jonge, 2017; Gervasi and Visconti, 2016; Jin and Yang, 2017). However, there is 

still controversy regarding the optimal time to perform this process in vitro (De Jonge, 

2017; Ostermeier et al., 2018). To date, the World Health Organization (WHO) 

guidelines have been considered for standard procedures, suggesting a time of one 

hour for swim-up selection under capacitating conditions (World Health Organization, 

2010). Nevertheless, these current protocols do not consider the presence of multiple 

subpopulations in one sperm sample, which have been demonstrated to capacitate at 

different incubation times (Ostermeier et al., 2018). Furthermore, previous studies 

suggest that sperm cells capacitated for less than two hours fail to bind the egg zona 

pellucida (ZP) (Rankin et al., 2003). However, after three to four hours of in vitro 

capacitation the spermatozoa are able to bind the ZP (Baibakov et al., 2012). This 

process is achieved by the interaction of a group of several candidate sperm molecular 
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receptors (Aitken and Nixon, 2013) with the ZP during fertilization (Bernabò et al., 

2014; Dun et al., 2012). In addition, the correct location of these sperm-ZP receptors is 

intimately regulated by chaperones (Dun et al., 2012; Redgrove et al., 2012, 2011).  

The Heat Shock Protein A2 (HSPA2), one of the chaperones involved in ZP 

recognition during fertilization, is considered a key target of study due to its 

participation in the dynamics of the hyaluronidase sperm adhesion molecule 1 

(SPAM1) and the zona-receptor molecule Arylsulfatase A (ARSA) (Redgrove et al., 

2013). In fact, the reduced expression of HSPA2 on sperm cells is associated with a 

low number of ZP binding sites on the sperm and failure to bind the oocyte ZP (Dix et 

al., 1996; Huszar et al., 2000; Motiei et al., 2013; Redgrove et al., 2013) and reduced 

fertility potential (Huszar et al., 2003, 1992).  

Relevant reports on HSPA2 (Huszar et al., 2000; Motiei et al., 2013; Redgrove et 

al., 2013) are based on the supposition that this protein is colocalized with ARSA and 

SPAM1 in the periacrosomal region of sperm head. This postulation, however, is 

controversial since other authors (Motiei et al., 2013) found this chaperone distributed 

over the different sperm head domains (acrosome, postacrosome and equatorial band) 

and associated these different distributions with fertility. Moreover, these studies were 

developed without taking into account the capacitation time. 

Consequently, and considering the current mismatches about HSPA2 distribution 

and the lack of studies on optimal in vitro capacitation time, the goal of this study was 

to know the presence and spatial location of HSPA2 on human sperm before and 

during one and four hours of in vitro capacitation. 

 

2. Materials and methods 

2.1 Seminal sample analysis 
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Semen samples were obtained from donors (n=15) after 3 to 4 days of 

abstinence. A basic semen analysis was performed prior to one hour and morphology 

was assessed before and after one and four hours of in vitro capacitation using strict 

criteria (World Health Organization, 2010). Only samples classified as 

normozoospermic according to the WHO (World Health Organization, 2010) were 

included and considered for further analyses. The samples were then divided into three 

aliquots in order to be studied before (uncapacitated sperm) and after one- and four-

hour in vitro capacitation. This study was approved by the Bioethics Committee of the 

University of Alicante (Spain) in accordance with the Declaration of Helsinki 

principles and informed written consent was obtained from each donor. 

 

2.2 In vitro capacitation 

The seminal plasma was removed by centrifugation for 10 minutes at 250 x g at 

room temperature. Sperm cells were then washed in human tubal fluid medium (HTF, 

Origio, Denmark) for 5 minutes at 250 x g. The samples were capacitated by the 

swim-up technique for one (World Health Organization, 2010) and four hours 

(Baibakov et al., 2012) using HTF medium supplemented with 5 mg/ml of bovine 

serum albumin (BSA, Sigma-Aldrich, Inc.) at 37ºC and 5% CO2. The supernatant 

fraction was then collected and washed in phosphate buffered saline (PBS, Life 

Technologies, Thermo Fisher Scientific Inc.). 

 

2.3 Spontaneous acrosome reaction assessment  

After capacitation, the acrosomal integrity was verified fixing 5µl of sample on 

coverslips with methanol for 30 minutes. After washing, the samples were incubated 

in dark with Pisum sativum agglutinin conjugated with fluorescein-5-isothiocyanate 
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(PSA-FITC, Sigma-Aldrich, Inc.) at a final concentration of 50 µg/mL for 30 minutes 

as previously reported (Cross et al., 1986). After three washes in PBS, samples were 

mounted using Vectashield® H-100 mounting medium containing 4’, 6-diamidine-2’-

phenylindole dihydrochloride (DAPI, Vector Laboratories, Inc.). Appropriate negative 

control experiments were performed. 

 

2.4 Tyrosine phosphorylation 

Before and after capacitation, samples were fixed in 2% paraformaldehyde for 1 

hour at 4ºC. Finally, they were re-suspended in PBS to reach a final concentration of 1 

x 106 sperm cells/ml and preserved at 4ºC. 

In order to quantify one of the molecular changes (Sakkas et al., 2003) taking 

place during capacitation, flagellum tyrosine phosphorylation was analysed. The 

assays were based on standard procedures, as described previously (Sati et al., 2014). 

Fixed cells were permeabilized in 0.1% Triton X-100 (Sigma-Aldrich, Inc.) for 10 

minutes. After PBS washing, unspecific binding was blocked by incubating with 2% 

BSA-PBS for 30 minutes. Phosphorylated tyrosine was labelled by incubating with a 

mouse monoclonal anti-phosphotyrosine antibody (PY20, Sigma-Aldrich, Inc.) at 

1:500 dilution in PBS for 1 hour, followed by a polyclonal donkey anti-mouse 

cyanine-3 antibody (©Jackson ImmunoResearch, UK) at 1:300 dilution in PBS for 1 

hour in darkness. After a final 15 minutes wash in PBS, the coverslips were mounted 

with Vectashield® H-100 mounting medium containing DAPI (Vector Laboratories, 

Inc.). Negative control experiments were performed omitting the anti-phosphotyrosine 

antibody. 

 

2.5 Heat Shock Protein A2 (HSPA2) immunolocalization 
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To evaluate the HSPA2 localization on the sperm, we modified the method 

previously described by Motiei et al. (2013). Briefly, previously fixed samples were 

placed on coverslips and, once dried, they were rehydrated in PBS for 15 minutes at 5 

minutes intervals and permeabilized with Triton X-100 at 0.2% in PBS for 10 minutes 

at room temperature. After permeabilization, the coverslips were incubated with the 

primary rabbit polyclonal anti-HSPA2 antibody (Sigma-Aldrich, Inc.) at a final 

concentration of 1:100 in blocking solution overnight. After being washed with PBS 

three times for 5 minutes, samples were incubated with a polyclonal donkey anti-rabbit 

IgG-FITC (Vector Laboratories, Inc.) antibody at 1:100 dilution in blocking solution 

for 1 hour in the dark. Finally, three washes were carried out at 5 minutes intervals. 

Once dry, the coverslips were mounted with Vectashield® H-100 mounting medium 

containing DAPI (Vector Laboratories, Inc.). Negative control experiments were 

performed omitting the primary antibody. 

 

2.6 Statistical analysis 

The staining patterns in the sperm head and the presence of phosphorylated 

tyrosine at the flagellum level were quantified as percentages (%). A total of 400 cells 

were evaluated from each seminal sample and physiological condition (uncapacitated, 

one-hour capacitated and four-hour capacitated) using a Leica TCS SP2 Laser 

Scanning Confocal Microscope (Germany). Data were analysed using two-way 

analysis of variance (ANOVA) followed by univariate analysis and Bonferroni post 

hoc tests. When analysing HSPA2 distribution, only the patterns present in more than 

5% of sperm in a sample, either before or after capacitation, were taken into account. 

Descriptive and statistical results were obtained using IBM SPSS Statistics 22.0. Two-

sided P-values <0.05 were considered to be statistically significant. 
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3. Results 

3.1 Seminal sample analysis 

All semen samples were classified as normozoospermic according to WHO 

reference values (World Health Organization, 2010). The descriptive statistics (mean 

± SD) of sperm concentration, motility percentage, normal sperm morphology, 

spontaneous acrosome reaction and tyrosine phosphorylation are shown in Table 1. 

 

3.2 Spontaneous acrosome reaction assessment  

Spermatozoa showing fluorescence in the acrosomal region were considered 

acrosome-intact, instead of those presenting equatorial band labelling or no labelling 

were perceived as acrosome reacted (Sáez-Espinosa et al., 2019). There were no 

significant differences between the percentage of cells reacted before and after one-

hour capacitation (7.7% vs 11.9% respectively). However, after four-hours 

capacitation, the percentage of reacted cells increased significantly (18.5%, 

Bonferroni difference, BD; P<0.001) (Table 1). 

 

3.3 Tyrosine phosphorylation 

Spermatozoa were classified as phosphorylated when they had partial or 

complete fluorescence in their flagellum (Sáez-Espinosa et al., 2019). We found a 

significant capacitation-dependent increase in sperm with phosphorylated tyrosine. In 

uncapacitated sperm, 8.9% of the cells showed phosphorylated tyrosine in their 

flagellum. After capacitation, this percentage significantly increased (BD; P<0.001) to 

31.5% and 42.6% after one- and four- hour respectively (Table 1), with significant 

differences between capacitation times (BD; P<0.05).  
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3.4 Distribution of the Heat Shock Protein A2 (HSPA2) 

The assessment of the presence of HSPA2 in sperm head showed no statistical 

differences between the percentage of cells labelled before and after one-hour 

capacitation (29.52% vs 23.12% respectively) (Figure 1B). However, we observed a 

significant increase of labelled cells for HSPA2 after four hours of capacitation 

(70.46%, BD; P<0.001). On the other hand, when we analysed in detail the 

distribution of HSPA2 in labelled cells, we identified three head staining patterns 

(Figure 1A): Pattern 1 (P1) showed high fluorescence in the post-acrosomal region, 

Pattern 2 (P2) was expressed in the equatorial band, and Pattern 3 (P3) displayed 

fluorescence in the equatorial region with less intense but homogeneous labelling 

throughout the acrosomal region. 

Before capacitation, the chaperone was expressed heterogeneously in labelled 

cells, displaying a P1 distribution over 12.05%. This pattern was not expressed in one-

hour capacitated sperm. However, after four-hours in vitro capacitation, this 

distribution pattern was observed in 17.61% of cells (Figure 1B). 

In contrast, once the spermatozoa were in vitro capacitated, most of the labelled 

cells for HSPA2 (13.34% and 31.65% after one and four hours respectively) showed 

intense fluorescence in the equatorial region accompanied with less intense but 

homogeneous labelling throughout the acrosomal region (P3). This pattern was 

significantly less representative in uncapacitated cells (10.48%) than after four-hours 

capacitation (BD; P<0.001) (Figure 1B). 

Furthermore, an intense fluorescence at the equatorial band level (P2) was 

observed in 6.99% and 9.77% of spermatozoa before and after one-hour capacitation 

respectively, without significant differences. However, this immunolabelling was 
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significantly higher (21.20%) when the cells were capacitated during four hours (BD; 

p < 0.001) (Figure 1B). Control samples were devoid of fluorescence, confirming the 

specificity of the method (data not shown).  

 

4. Discussion 

The failure of the male gamete to recognize and adhere to the ZP is one of the 

most frequent problems during human fertilization (E. Bromfield et al., 2015; Liu and 

Baker, 2000; Nixon et al., 2015; Redgrove et al., 2012; World Health Organization, 

2010). In this context, the molecular complex consisting on SPAM1, HSPA2 and 

ARSA has been implicated in the gamete recognition and binding process (Redgrove et 

al., 2013, 2012). Due the role of HSPA2 modulating the action of ARSA and SPAM1, 

the study of the dynamics of HSPA2 during capacitation, may lighten about the correct 

localization of this protein complex implicated in fertilization. To our knowledge, no 

study has ever mapped the temporal and spatial behaviour of HSPA2 in human 

spermatozoa during in vitro capacitation. 

Because of the long time of capacitation (four hours), a capacitation-required 

event such flagellar tyrosine phosphorylation was tested as a reference (Florman and 

Fissore, 2014; Nassar et al., 1999; Sati et al., 2014). Our results showed a capacitation 

time-dependent increase on phosphorylation. These data are consistent with previous 

studies, which confirm the presence of tyrosine phosphorylation in sperm at the 

flagellum level and its capacitation-dependent increase (Nassar et al., 1999; Naz and 

Rajesh, 2004; Sati et al., 2014) and demonstrates that the capacitation time used in this 

study is adequate for tyrosine phosphorylation. 

The study of HSPA2 by fluorescence microscopy showed a low percentage of 

unacapacitated and one-hour capacitated spermatozoa labelled for this chaperone. On 
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the contrary, we observed that in most of the cells capacitated during four hours 

HSPA2 was detected. These results are consistent with other studies where it was 

observed by flow cytometry an increase in HSPA2 surface labelling after three-hour 

capacitation in spermatozoa (Motiei et al., 2013; Nixon et al., 2015).  

Our immunofluorescence study showed three different distribution patterns of 

this receptor. Previous reports, however, characterized a higher number of HSPA2 

patterns (i.e. total head, anterior head, posterior head, equatorial band, mid piece, tail, 

cytoplasm and membrane) (Motiei et al., 2013). This discrepancy was probably due to 

different experimental conditions used in both studies since Motiei recorded HSPA2 

distribution only over uncapacitated cells and included patterns present in less than 5% 

of sperm. In this context, we did not consider the HSPA2 labelling of the sperm 

flagellum as a labelling pattern because only a total of 2.84% of cells showed this 

distribution. 

Interestingly, in contrast to uncapacitated labelled sperm, in which HSPA2 did 

not evidence a majoritarian pattern, during in vitro capacitation, the majority of cells 

presented an equatorial band accompanied by slight fluorescence in the acrosome, 

independently of the capacitation time. Other authors have illustrated a similar HSPA2 

distribution on the sperm (Bromfield, Aitken, Anderson et al., 2015; Huszar et al., 

1992, 2003; Liu and Baker, 2000; Motiei et al., 2013; Redgrove et al., 2013), 

suggesting a possible relationship between this HSPA2 location and high fertility 

capacity. This HSPA2 pattern (P3) showed a time-dependent increase that was 

significant after four-hour capacitation, indicating that the chaperone requires a longer 

capacitation time to be located on the equatorial band and acrosomal region.  

Other pattern observed after capacitation was at equatorial band level (P2). This 

distribution was observed in around 10% and 20% of capacitated cells (one and four 
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hours respectively), being these rates similar to the percentage of reacted cells found at 

these capacitation times. These spermatozoa could be acrosome reacted, according to 

other authors who reported that several of the proteins involved in gamete fusion are 

relocated to the equatorial band during the acrosomal reaction of the spermatozoa, in 

order to perform their function after external acrosome membrane removal (Flesch and 

Gadella, 2000; Gadella, 2008; Satouh et al., 2012; Okabe, 2014; Sáez-Espinosa et al., 

2018). Even though studies in mouse show that spermatozoon is already reacted before 

reaching the egg (Gahlay et al., 2010; Inoue et al., 2011; Jin et al., 2011; Okabe, 2014), 

in human fertilization, the interaction with the ZP would be a key step to trigger this 

crucial reaction. 

On the basis of the results reported in this study, we could deduce that when 

sperm are allowed to capacitate for a longer time, the number of cells with labelling for 

HSPA2 increased. In the same way, a greater sperm subpopulation that have been able 

to localize this protein to the oocyte-interaction region was recovered. The distribution 

of HSPA2 at the equatorial band and the acrosomal domain in capacitated cells in 

contrast to the labelling in the post-acrosomal region of uncapacitated sperm head could 

allow the protein complex ARSA, HSPA2 and SPAM1 to be temporarily and spatially 

located to play its role on sperm-oocyte interaction (E. G. Bromfield et al., 2015a, 

2015b; Nixon et al., 2015; Redgrove et al., 2013, 2011). 

These results lead us to suggest that the chaperone HSPA2 may be a good 

biomarker of capacitation and sperm maturity, since the spermatozoa that, after 

capacitation, fail to localize this protein correctly, will not be able to present ARSA or 

SPAM 1, both involved in the interaction of the spermatozoa with the oocyte 

(Bromfield, Aitken, Anderson et al., 2015; Bromfield, McLaughlin, et al., 2015; Nixon 

et al., 2015; Redgrove et al., 2013). These conclusions are supported by studies 
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indicating that a high percentage of sperm expressing this chaperone in the anterior and 

equatorial regions of the head is related to high fertility (Motiei et al., 2013). Moreover, 

our results highlight the need for a longer time than the hour suggested by WHO 

guidelines for swim-up capacitation. At least, four hours are needed for the optimal 

capacitation-associated remodelling of the sperm plasma membrane, which could 

include post-translational modifications of HSPA2 that may be uncovering the epitopes 

of HSPA2, resulting in the different chaperone locations observed in this study.  

Nevertheless, further research is needed on the location of this protein complex, 

replicating in vitro the different conditions to which spermatozoa are exposed until 

fertilization takes place. 

On the basis of our results, it could be concluded that capacitation-associated 

plasma membrane remodelling might include post-translational modifications of 

HSPA2. Furthermore, at least four hours of incubation in capacitating media would be 

required for an optimal HSPA2 localization on the sperm plasma membrane. This leads 

us to propose that some of the sperm physiological changes associated with 

capacitation, such plasma membrane remodelling and tyrosine phosphorylation, need a 

longer time than the hour suggested by WHO guidelines to reach ideal values. 

On the other hand, we could suggest that the presence of HSPA2 at the equatorial 

band and the acrosomal region after capacitation might be essential to play its role on 

sperm-oocyte interaction. So, by increasing the incubation time to four hours under 

capacitating conditions, we should be able to recover a greater sperm subpopulation 

that have been able to show and localize this protein into the oocyte-interaction region. 

In view of these factors, the chaperone HSPA2 might be proposed as good 

capacitation and maturity biomarker.  
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Figure 1. Expression and frequency (mean % ± σ) of HSPA2 patterns in human 

spermatozoa in different physiological conditions. Fluorescence patterns observed:  

post-acrosomal region (P1), equatorial band (P2), equatorial band and acrosomal 

region (P3). Significant differences at P<0.05 (*); no significant differences (NS). 

Scale bar: 10 µm common to all images. 
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Figure 2  

 

 

Table 1. Seminal sample analysis result (n=15) before and after in vitro capacitation.  

Parameter Mean ± σ 

 Uncapacitated 

One-hour 

capacitated 

Four-hour 

capacitated 
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Concentration (106 

cells/ml) 

70.7 ± 20.5 5.8 ± 2.8* 4.0 ± 2.4* 

Motility (%) 70.4 ± 14.5 96.0 ± 4.7* 97.8 ± 1.9* 

Normal Morphology 

(%) 

13.6 ± 6.3 18.8 ± 6.1* 23.3 ± 6.6* 

Spontaneous acrosome 

reaction (%) 

7.7 ± 2.4 11.8 ± 9.2 18.5 ± 5.7*# 

Flagellar tyrosine 

phosphorylation (%) 

8.8 ± 3.8 31.5 ± 13.0* 42.6 ± 13.6*# 

 

Significant differences against Uncapacitated cells at P<0.05 (*); Significant 

differences against One-hour capacitated cells at P<0.05 (#) 
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