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Abstract

Sperm capacitation in mammals is a fundamental requirement to acquire their fertilizing capacity. Little is known about the action 
mechanism of the molecules that prevent capacitation from occurring prematurely. These molecules are known as decapacitation 
factors (DFs) and they must be removed from the sperm surface for capacitation to occur successfully. Serine protease inhibitor Kazal 
type 3 (SPINK3) has been proposed as one of these DFs. Here, we evaluate how this protein binds to mouse sperm and its removal 
kinetics. We describe that SPINK3 is capable of binding to the membrane of mature epididymal sperm through protein–lipid 
interactions, specifically to lipid rafts subcellular fraction. Moreover, cholera toxin subunit b (CTB) avoids SPINK3 binding. We 
observe that SPINK3 is removed from the sperm under in vitro capacitating conditions and by the uterine fluid from estrus females. 
Our ex vivo studies show the removal kinetics of this protein within the female tract, losing SPINK3 formerly from the apical region 
of the sperm in the uterus and later from the flagellar region within the oviduct. The presence of acrosome-reacted sperm in the 
female duct concurs with the absence of SPINK3 over its surface.
Reproduction (2022) 163 251–266

Introduction

Capacitation in mammals is known as the biochemical 
and physiological modifications that sperm undergoes 
to acquire its fertilizing capacity (Chang 1951, Austin 
1952). When capacitation begins, cholesterol is removed 
from the sperm plasma membrane, causing structural 
changes and allowing an increase in the permeability 
of the sperm to calcium (Ca2+) and bicarbonate (Puga 
Molina et al. 2018). Intracellular increase of these ions 
activates adenyl cyclase leading to increased cAMP and 
the consequent activation of cAMP-dependent protein 
kinase and its downstream signaling pathways (Stival 
et al. 2015, Graf et al. 2020). In this process, the plasma 
membrane undergoes a reorganization of proteins and 
lipids (Cross 2004, Harrison & Gadella 2005). Ultimately, 
capacitation leads to two physiological processes: 
an acrosomal reaction (AR) and hyperactivation of  
the flagellum.

Decapacitation factors (DFs) have been studied since 
the 1950s (Chang 1957, Bedford & Chang 1962, Fraser 
1984). The sperm surface is continually remodeled 
after spermiogenesis by molecules secreted from the 
epididymis and the secretory male glands composing 
the seminal plasma fluid (Leahy & Gadella 2011). DFs 
proteins modify the sperm physiology regulating the time 
and place of capacitation (Yanagimachi 1994, Nixon 
et al. 2006). In order to get a successful capacitation, the 
DFs must be removed.

Many proteolityc enzyme inhibitors have been 
reported in the epididymis and male accesory gland 
secretions. HongrES1, from the SERPIN family, has been 
reported in mouse as a regulator of sperm capacitation 
(Zhou et  al. 2008). The Kazal-like family of serine 
protease inhibitors (SPINK) is found in abundance in 
the male germ cells as well as in the male genital fluids 
(Odet et al. 2006, Raterman & Springer 2008, Yamashita 
et  al. 2008, Sipila et  al. 2009, Cesari et  al. 2010, Lu 
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et  al. 2011, O’Rand et  al. 2011, Kherraf et  al. 2017, 
Shang et  al. 2018). In mice, four epididymis-specific 
Spink genes – Spink8, Spink10, Spink11 and Spink12 – 
each with a distinctive regional expression pattern in the 
epididymis, have been identified (Jalkanen et al. 2006). 
Serine protease inhibitor Kazal-type-like (SPINKL) 
and serine protease inhibitor Kazal type 3 (SPINK3) 
are expressed in mouse seminal vesicles. SPINKL was 
reported to act as a decapacitation factor to prevent 
sperm from precocious capacitation (Lin et  al. 2008, 
Tseng et  al. 2013). Also, SPINK3, a small inhibitory 
protein of the Kazal type 3 serine protease, has been 
described as a potential decapacitation factor.

SPINK3 is secreted by the seminal vesicle into 
seminal fluid where it adheres to the surface of mouse 
sperm (Chen et al. 1998, Ou et al. 2012, Zalazar et al. 
2012, Assis et al. 2013). Previous studies showed that 
SPINK3 expression is not detected in the epididymis 
(Chen et  al. 1998). SPINK3 regulates capacitation by 
affecting Src activation and consequently the membrane 
hyperpolarization and the AR. In turn, it has been 
observed that Ca2+ entry into the cell is inhibited in 
the presence of this molecule, suggesting that it could 
be blocking the main calcium entry channel (CatSper) 
either directly or indirectly (Zalazar et al. 2020).

DFs attach to the apical portion of the head and/or to 
the flagellum of mouse spermatozoa (Nixon et al. 2006, 
Zalazar et al. 2020). However, there is no consensus on 
their binding mechanisms and the molecules involved 
therein. It has been proposed that DFs attachment is 
mediated by protein–membrane lipids interactions 
(Brewis & Gadella 2009). Many molecular interactions 
in the form of protein–protein interactions (PPIs) should 
also mediate the attachment of sperm-binding proteins; 
however, to date, due to the difficulties in analyzing in 
vivo membrane PPIs, there are insufficient reports for 
DFs. At the same time, the removal of DFs from the 
sperm surface in the female tract has been studied to a 
lesser extent.

Particularly for SPINK3, while the mechanism of 
action at the molecular level has been examined, little 
is known about its binding and removal kinetics and 
mechanisms. Previous studies by Ou et al. (2012) suggest 
that certain specific conditions of the female tract allow 
the release of the decapacitation factor in the uterus. 
The objective of this work is focused on evaluating how 
and where SPINK3 associates with and detaches from 
the sperm surface in the murine model. We evaluate the 
site, the kinetic and the release mechanism of SPINK3 
from the sperm surface.

Materials and methods

Reagents: Unless otherwise stated, products were sourced from 
Sigma-Aldrich and were of the highest reagent grade available. 
Probes: Annexin V/FITC (Miltenyi Biotec, Bergisch Gladbach, 
Germany; 130093060), Cholera toxin subunit beta Alexa fluor 

594 conjugate (Invitrogen, C34777), PNA Alexa fluor 594 
(Molecular Probes, L32459); Primary Antibodies: anti-caveolin 
(BD Biosciences, 610060), anti-Gapdh (Sanllorenti et al. 1992), 
anti-flotillin (Abcam, ab41927), anti-SPINK3 (Sigma-Aldrich, 
HPA027498), anti-SPINK3 (Sigma-Aldrich, WH0006690M1). 
Secondary antibodies: anti-mouse IgG Alexa 488 (Abcam, 
ab15105), anti-rabbit IgG Alexa 555 (Abcam, ab150074), 
anti-rabbit IgG Alexa 488 (Thermo Fisher, A11070), and HRP-
conjugated anti-rabbit (Sigma-Aldrich, A0545).

Animals

BALB/c mice (Mus musculus) were maintained at 22°C with 
a photoperiod of 12 h light:12 h darkness, food and water ad 
libitum. Sexually mature (2–3 months) male and female mice 
were euthanized by cervical dislocation. All procedures were 
approved by the local Institutional Animal Care and Welfare 
Committee from the National University of Mar del Plata 
(RD 225/16, RD 378/19), following the National Institutes of 
Health Guide to the Care and Use of Laboratory Animals.

Heterologous expression of recombinant SPINK3

In this study, we employed two different versions of recombinant 
SPINK3, SPINK3-His6 and GST-SPINK3. The use of one or the 
other was based on the specific aim of each experiment.

For the production of SPINK3-His6, the cDNA encoding the 
mature SPINK3 from M. musculus (NCBI ID: NM 009258.5) 
was cloned into the pET-24b(+) (Novagen, Madison, WI, 
USA) expression vector. Overexpression of SPINK3 was 
performed in Escherichia coli Rosetta cells (Novagen) and the 
recombinant protein was purified to apparent homogeneity 
by a HiTrap IMAC HP (GE Healthcare Life Sciences) affinity 
chromatography as described in a previous work (Assis et al. 
2013). Purified recombinant protein was dialyzed against 
phosphate-buffered saline (PBS, 10 mM phosphate buffer, 137 
mM NaCl and 2.7 mM KCl pH 7.4). The antibody α-SPINK1 
recognized SPINK3 with an efficiency over than 82% (Zalazar 
et al. 2012); this is because the homologous gene designated 
for SPINK3 is actually SPINK1, which was originally isolated 
from the pancreas as an inhibitor of trypsin and other serine 
proteases (Kazal et al. 1948, Turpeinen et al. 1988).

For the immobilization of GST-SPINK3 on sepharose beads, 
the cDNA encoding SPINK3 was cloned into a pGEX-4T-3 
expression vector (GE) downstream of the GST coding 
sequence, expressed, purified and crosslinked to Glutathione 
Sepharose 4B as described previously (Zalazar et al. 2014).

Sperm preparation

Epididymides were dissected in cauda, corpus or caput 
regions. When indicated, respective regions for each assay 
were immersed in PBS, HM medium (Modified Krebs Ringer 
Bicarbonate medium: 20 mM Hepes, 119.3 mM NaCl, 4.7 
mM KCl, 1.2 mM MgSO4, 5.6 mM glucose, 1.2 mM KH2PO4, 
0.5 mM Na pyruvate and 1.7 mM CaCl2; pH 7.4) or Annexin 
V binding buffer (10 mM Hepes, 5 mM KCl, 1 mM MgCl2, 150 
mM NaCl, 1.8 mM CaCl2; pH 7.2) in culture dishes on a warm 
plate at 37°C. The tissues were minced with scissors to allow 
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the sperm dispersion into the media. After 10 min, once the 
sperm was dispersed in the media, the tissue was pulled out 
and non-capacitated sperm was washed with fresh PBS, HM 
medium or Annexin V binding buffer by mild centrifugation for 
10 min at 800 ×g.

Sperm capacitation

For capacitation conditions, 25 mM NaHCO3 and 3 mg mL−1 
BSA (HMB) were added to sperm in HM. Then, sperm were 
incubated in an atmosphere of 5% CO2 at 37°C for at least 60 
min (7.5 × 106 cells mL−1). When capacitation was performed 
in the presence of SPINK3 (13 µM) (Samanta et al. 2018, Noda 
& Ikawa 2019), sperm were pre-incubated for 15 min at 37°C 
with recombinant protein SPINK3-His6 at the beginning of the 
assay (Zalazar et al. 2020).

When indicated, capacitation was initiated by methyl-β-
cyclodextrin (MβCD) (0.8 mM) for 15 min at room temperature.

Protein extracts and subcellular fractionation

Solubilized membrane proteins and membrane rafts were 
prepared following the standard laboratory protocols. Briefly, 
caudal epididymal sperm were washed and resuspended in 
2.5 mL of TEN buffer (10 mM Tris-HCl, 1 mM EDTA, 10 mM 
NaCl, pH 7.5). Sperm concentration was calculated using a 
Neubauer chamber. The cells were subjected to cold sonication 
for five pulses of 30 s at a power of 60 Hz, with intervals of 30 
s, followed by 1 h incubation at 4°C in the presence of 0.5% 
(v/v) of Triton X-100. Then, the solution was centrifuged for 
20 min at 12,000 ×g at 4°C, recovering both the soluble and 
insoluble fraction of the preparation.

The precipitate was resuspended in TEN buffer and stored 
at −20°C as the membrane fraction until use. The volume 
of the supernatant was measured and an equal volume of 
80% (w/v) sucrose in TEN buffer was added in order to 
achieve a concentration of 40% (w/v). An isopycnic sucrose 
gradient was composed from bottom to top by 750 µL layers 
of the protein fraction in 40% sucrose, followed by 30 and 
5% sucrose layers. The total sample was divided into eight 
columns that were centrifuged at 70,000 ×g at 4°C for 18 
hs. Then, 200 µL fractions were collected from the top to 
the bottom of each column (fractions 1–9). Pooled fractions 
were dialyzed against PBS and concentrated four times using 
3 kDa ultrafiltration membranes (Amicon). The raft fraction 
was confirmed by western blot using a specific anti-caveolin 
antibody (1: 1000, BD Biosciences, 610060). To obtain the 
cytosolic fraction, cauda epididymal sperm were collected 
from three mice, as it was described previously. The cells were 
sonicated and resuspended in TEN buffer and centrifuged for 
120 min at 200,000 ×g. The supernatant was resuspended and 
centrifuged again for 120 min at 200,000 ×g, separating the 
cytosol fraction. Each fraction was analyzed by western blot 
using an anti-GAPDH antibody (1: 25000, Sanllorenti et  al. 
1992) and anti-caveolin (1: 1000, BD Biosciences, 610060) in 
order to analyze their content (data not shown).

Pancreatic protein extracts were prepared as follows. Briefly, 
pancreas from mice were resuspended in TEN buffer (1.5 µL 
buffer per milligram of tissue). Homogenates were obtained 

by using a homogenizer (IKAWERKE T10 basic Ultra- Turrax®, 
S10N-8G dispersing tip) for two pulses of 60 s, with intervals 
of 2 min. Homogenates were centrifuged for 25 min at 20,000 
×g at 4°C, recovering the soluble fraction of the preparation 
and ultra-centrifugated for 40 min at 76,000 g at 4°C. The 
supernatant was stored at −80°C until use.

Uterine fluid preparation

For uterine fluid (UF) preparation, different stages of the estrus 
cycle were determined by observation of vaginal epithelium 
cells (Byers et al. 2012). This was performed over BALB/c strain 
(2–6 months) female mice. For UF preparation, sexually mature 
female mice of the BALB/c strain (2–6 months), different stages 
of the estrus cycle were determined at the observation of cells 
of the vaginal epithelium (Byers et  al. 2012). Females were 
euthanized by cervical dislocation. The uterus was extracted 
and flushed with PBS; the fluid obtained was centrifuged at 
11,180 ×g for 10 min at 4°C to remove cellular debris. The 
supernatant was stored at −80°C until used. Physiological 
status of the fluid was verified by microscopic observation 
of motile cilia of oviduct ciliated epithelial cells before 
centrifugation accounting for viability of the sample.

Protein concentration was determined by a Nano-Drop 
instrument.

Preparation of total sperm membrane lipids

Total membrane lipids of sperm were obtained using a variant 
of the technique described in Bligh and Dyer (1959). A total 
of 7 × 105 cells were mixed with a chloroform: methanol 
(2:1) solution. The samples were centrifuged at 2500 ×g for 
10 min to carry out phase separation. The organic phase was 
recuperated, and it was evaporated using a Savant AES 1010 
SpeedVac Concentrator. The pellet was stored at −20°C until 
used and resuspended in 20 μL of chloroform for blotting.

Annexin V labeling

In order to assess phosphatidylserine-type phospholipid 
exposure in spermatozoa, epididymides from mature mice 
were immersed in Annexin V binding buffer, washed and set 
to a concentration of 5 × 106 cells mL−1. Sperm (100 µL) were 
incubated with 10 µL solution Annexin V-FITC conjugated 
(Miltenybiotec, 5150324353) for 15 min at room temperature 
in the dark. Cells were washed in Annexin V binding buffer for 
5 min at 800 ×g, after washing, cells were placed on slides 
and fluorescence was observed under a 480/525 nm filter on 
a microscope: Nikon Eclipse T2000 at 1000× magnification.

Dot-blot assay

For the assessment of the interaction assays between SPINK3 
and subcellular fractions, protein-containing fractions 
membrane, rafts, cytosolic proteins or recombinant SPINK3-
His6 (3 µg) spot seeded on nitrocellulose membranes (0.06 
µg) and incubated in the presence or absence of SPINK3-His6 
(13 μM) for 120 min at 4°C in PBS. Subsequently, membranes 
were washed to eliminate non bound protein and blocked for 
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45 min with 1% BSA (w/v) in PBS. Then, they were incubated 
with the following primary antibodies: anti-SPINK3 (1:500, 
Sigma-Aldrich, HPA027498), anti-caveolin (1:1000, BD 
Biosciences, 610060) or anti-Gapdh (1:25,000, Sanllorenti 
et al. 1992). The immunoreactions were developed with HRP-
conjugated anti-rabbit (1:10,000, Sigma-Aldrich, A0545) and 
visualized with a C-Digit chemiluminescence reader (Li-Cor).

For the assays of interaction between SPINK3-His6 
lipids, total membrane extract or different amounts (as 
indicated) of phosphatidylcholine (PC, Avanti Polar 
Lipids, Alabaster, AL, USA; 840051), phosphatidylserine 
(PS, Avanti Polar Lipids, 840032) and cholesterol (Cho, 
Sigma-Aldrich, C8667) dissolved in chloroform, and the 
monosialotetrahexosylganglioside GM1 (GM1, Cayman 
Chemical, 19579) dissolved in DMSO, were spot seeded on 
nitrocellulose membranes. The membranes were blocked for 
60 min with 3% BSA in PBS. Then, they were incubated in the 
presence or absence of 13 µM SPINK3-His6 overnight. After 
washing and blocking (3% BSA 0.1% Tween 20 in PBS) for 45 
min, interaction was assessed with anti-SPINK3 as described 
above. As a positive control 3 µg of SPINK3 was dotted,  
as indicated.

Competition and removal assays

To evaluate the remotion of SPINK3-His6 by in vitro 
capacitation, sperm were incubated in HMB as indicated 
(section: Sperm preparation) and aliquots were evaluated by 
immunofluorescence at the following times: 0, 15, 30, 60 and 
90 min. To evaluate the ability of UF to remove SPINK3-His6 
from the sperm surface, cells (1 × 107 cells mL−1 in 100 µL 
PBS) were incubated with UF from estrus or metaestrus females 
(24 µg protein; based on the average protein concentration 
obtained in the extraction of UF). Aliquots were taken at 15 
and 30 min, washed and the presence of SPINK3-His6 was 
detected by immunofluorescence (see below).

A competition assay between SPINK3 and cholera toxin was 
carried out for GM1-rich regions. GM1 was located by a specific 
probe cholera toxin subunit beta Alexa Fluor 594 conjugate 
(CTB, Invitrogen, C34777). Two competition conditions were 
set up: (i) Sperm from cauda epididymis were obtained in PBS 
as previously described and were incubated with or without 4 
mM CTB at 37°C for 60 min (1 × 107 cells mL−1) and further 
incubated in the presence or absence of SPINK3-His6 13 µM 
for 15 min at 37°C; (ii) Sperm were incubated with SPINK3 
13 µM for 15 min at 37°C and 4 mM CTB was added for 60 
min. Cells were fixed for 30 min at room temperature with 
4% paraformaldehyde and washed (800 g 15 min), laid on 
the slides, dried, fixed with 96% ethanol and washed in PBS. 
Immunofluorescence assay was performed to detect SPINK3 
as described in the following section. The CTB probe was 
visualized in the red channel.

In vitro immunodetection of SPINK3-His6 and flotillin 
on the sperm surface

For immunodetection, spermatozoa were obtained as 
previously described and incubated in presence or absence of 
13 µM SPINK3-His6 for 15 min at 37°C under non-capacitating 

conditions to allow binding and washed for 10 min at 800 ×g 
to remove non-bound protein.

Immunofluorescence was carried out as follows: Cells 
were fixed in 0.4% (v/v) formaldehyde, washed and dried 
on slides. After washing and blocking (3% BSA (w/v)), the 
slides were incubated either with rabbit anti-SPINK3 (1:50, 
Sigma-Aldrich, HPA027498), mouse anti-SPINK3 (1:50, 
Sigma-Aldrich, WH0006690M1) or rabbit anti-flotilin (1:50, 
Abcam, ab41927), as indicated. Secondary antibodies 
anti-mouse IgG-Alexa 488 (1:500, Abcam, ab15105), anti-
rabbit IgG-Alexa 555 (1:500, Abcam, ab150074) or anti-
rabbit IgG-Alexa 488 (1:1000, Thermo Fisher, A11070) were 
used when indicated. The mounting was carried out with 
DABCO (Sigma-Aldrich 290734) and the cells were observed 
under a confocal microscope (Olympus FV1000) in a 
co-immunodetection assay. For assays that evaluate SPINK3-
His6 detachment, the slides were mounted with glycerol: 
PBS (9:1) and fluorescence was observed under a 480/525 
nm filter on a microscope: Nikon Eclipse T2000 at 400× or 
1000× magnification.

The rabbit anti-SPINK3 specificity was evaluated in samples 
without SPINK3-His6 and the control of the secondary antibody 
was carried out by incubating without the respective primary 
antibodies (data not shown).

Ex vivo immunolocalization of SPINK3 and  
acrosomal status

For each assay, four sexually mature females were placed in a 
cage with male bedding for 68 h before coitus to synchronize 
estrus. On the day of the experiment, three female mice 
were placed in a cage with a sexually mature male at lights 
off. The animals were monitored all along the experimental 
time until copulation behavior was detected. The time when 
the copulation plug was first found was recorded as 0 h post 
coitus. At this time, the female mice were removed from the 
cages. Females were euthanized at 0, 1.5 and 3 h post coitus 
by cervical dislocation and the entire uterus and oviduct 
were dissected. On the first euthanized female (0 h post 
coitus) flushing of the uterine horns was performed with PBS 
medium, fluid was collected, and cells were pelleted (800 ×g 
for 8 min),d the sperm concentration adjusted to 1 × 107 cells 
mL−1, placed onto glass slides and fixed/permeabilized with 
96% ethanol. At 1.5 and 3 h post coitus, the female tract was 
dissected and cryocuts of the different regions (uterus–uterine–
tubal junction–isthmus) were carried out, mounted and fixed 
for 10 min in 100% acetone.

Cells and histological cuts were blocked (3% BSA in PBS), 
incubated with rabbit anti-SPINK3 (1:50, Sigma-Aldrich, 
HPA027498) and developed with anti-rabbit IgG-Alexa 488 
(1:1000, Abcam, ab15105). For acrosome status assessment, 
PNA Alexa fluor 594 (1µL mL−1, Molecular Probes, L-32459) 
was added simultaneously with the secondary antibody, when 
indicated. Slides were washed and mounted with glycerol: 
PBS (9:1) and fluorescence was observed under 480/525 nm 
filter on the microscope at 400× or 1000× magnification. The 
specificity of the antibody was assessed in samples without 
SPINK3, and secondary antibody control was performed by 
incubation without the respective primary antibodies.
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Protein–protein interaction assays

Samples of UF from females in estrus, sperm membrane 
extract or pancreatic protein extracts (containing positive 
control trypsin) (30 µg of total protein) were charged on 
matrix with GST-SPINK3, or GST immobilized in glutathione-
agarose 4D (1 mL, GE Life Science, 17-0756-01) and kept 
for 60 min at room temperature under stirring as described 
previously (Zalazar et  al. 2014). Briefly, the immobilization 
of the protein was performed by the bifunctional cross-linker 
dithiobis (succinimidyl propionate) and the reliability of the 
cross-linking procedure was confirmed by analyzing the 
leakage produced by the elution buffer. The retained proteins 
were purified according to the previously described protocol 
(Zalazar et  al. 2014). Briefly, the column was washed with 
10 volumes of PBS and the retained proteins were eluted 
with five volumes of 8 mM glutathione reduced in 50 mM  
Tris–HCl, pH 8.

The purified complexes were visualized by SDS-PAGE on 
12% (w/v) acrylamide gels, with Coomassie Brilliant Blue 
(Laemmli et al. 1970). The gel was divided into two sections 
(UP and DOWN), cut into small cubes and destained as 
described in Cerletti et  al. (2018a). Gel pieces were dried 
using a SpeedVac and incubated with trypsin (porcine, 
sequencing grade, Promega) solution (12.5 ng mL−1 in 25 
mM ammonium bicarbonate, pH 8.6) overnight at 37°C 
with agitation (tempered shaker HLC MHR20, 550 rpm). 
After digestion, the peptides were eluted by adding elution 
buffer (50% acetonitrile, 0.5% TFA, UPLC grade, Biosolve, 
the Netherlands) (1 μL elution buffer for each microliter of 
digestion buffer) and sonicated for 20 min in an ultrasonic 
bath. The samples were centrifuged and the supernatants were 
transferred to new 1.5 mL tubes. The extracted peptides were 
dried using a SpeedVac and stored at −20°C. Before Mass 
spectrometry (MS) analysis, peptides were re-suspended in 20 
μL of buffer A (0.1% formic acid in water, ULC/MS, Biosolve, 
the Netherlands) by sonication for 10 min and transferred to 
liquid chromatography–mass spectrometry grade glass vials 
(12 × 32 mm glass screw neck vial, Waters, Milford, MA, 
USA). Each measurement was performed with 8 μL of the 
sample. Protein samples were subjected to LC-ESI-MS/MS 
using a nano ACQUITY gradient UPLC pump system (Waters) 
and an LTQ Orbitrap Elite mass spectrometer as described in 
Cerletti et al. (2018a).

Proteins were identified and quantified with MaxQuant 
version 1.5.3.17 using the LFQ algorithm searching against 
the Uniprot M. musculus database (downloaded in October 
2021). The parameters were set as described in Cerletti et al. 
(2018b): main search peptide mass tolerance of 4.5 ppm, 
minimum peptide length of six amino acids with maximum 
two missed cleavages, routine post-translational modifications 
were searched including variable oxidation of methionine, 
deamidation (NQ), N-terminal glu→pyroglutamate, and 
protein N-terminal acetylation, LFQminimum ratio count of 
2, matching between runs enabled, PSM and (Razor) protein 
FDR of 0.01, advanced ratio estimation and second peptides 
enabled. FDR was set to 0.05 using the permutation of data 
between samples implemented in Perseus (Tyanova et  al. 
2016) (250 permutations, S0 = 0.1). Proteins were considered 
to be potential SPINK3 interactors if they were detected only 

in the SPINK3 condition in at least two replicates and they 
contained secretory motives.

Determination of trypsin activity by zymography

Proteolytic activity was assessed in 12% (w/v) polyacrylamide 
gels copolymerized with 1% gelatin (Manchenko 2002). 
SDS-PAGE was run at 4°C and 15 mA under non-denaturing 
conditions. SDS was eliminated by 2.5% Triton X-100 followed 
by incubation in 10 mM CaCl2 and finally with distilled water. 
Gels were incubated at 50 mM Tris–HCl, pH 7.5 overnight 
at 37°C. The result was revealed with Coomassie Brilliant 
Blue R-250 (Hummel et al. 1996). The proteolytic activity was 
determined through the visualization of clear bands (degraded 
gelatin) in a dark background.

Statistical analysis

Data from experiments were analyzed by GLMM (generalized 
linear mixed effect model) to determine statistical significance 
between treatments and control (Zuur et al. 2009). The model 
included the male variable as a random effect. Normality of 
residuals was assessed by plotting theoretical quantiles vs 
standardized residuals (Q–Q plots). Homogeneity of variance 
was evaluated by plotting residuals vs fitted values. A post hoc 
analysis was conducted with the ‘lsmeans’’ package (Lenth 
2016). All analyzes were performed using R software version 
3.3.33, with the ‘nlme’ package for Gaussian models (Pinheiro 
et al. 2007). For all analyzes, statistically significant differences 
were determined at P  < 0.05. Graph bars indicate mean ± s.e.

Results

Binding of SPINK3 to the plasma membrane of 
mouse sperm

Given the membrane remodeling that occurs to sperm 
during epididymal transit, we were interested in 
evaluating whether these changes render sperm the 
ability to bind SPINK3. Thus, we incubated recombinant 
SPINK3 with sperm from different sections of the 
epididymis. Results showed that sperm from cauda 
presented an immunospecific signal of SPINK3 (Fig. 1), 
suggesting that only the membrane from mature sperm 
has a SPINK3 acceptor. The immunospecific signal of 
SPINK3 was observed both over the apical region and 
the principal piece of the cauda spermatozoa.

In order to evaluate whether SPINK3 is able to bind 
sperm proteins, mature sperm extracts were confronted 
to immobilized GST-SPINK3 in a glutathione agarose 
column and the retained fraction was analyzed by 
SDS-PAGE (Fig. 2A and B). While in control pancreas 
(PAN) extract a protein band compatible with the known 
SPINK3 interactor trypsin was detected (Fig. 2B, lanes 
4 and 5), no protein was attached to the column in 
the sperm (SPZ) samples (Fig. 2B, lane 2), suggesting 
that either there is no protein tag for this DFs in sperm 
or that this union is not stable enough under the  
assayed conditions.
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To test whether SPINK3 interacts with sperm through 
protein–lipid interactions, we incubated immobilized 
sperm lipid extracts with or without SPINK3. As shown in 
Fig. 3A, SPINK3 is able to interact with sperm membrane 
lipid extracts. To determine which lipids can interact 
with SPINK3, the assay was repeated with immobilized 
phosphatidylcholine (PC), phosphatidylserine (PS), 
cholesterol (Cho) and monosialotetrahexosylganglioside 
(GM1). SPINK3 interacted with the highest concentrations 
of PC, while the interaction with PS was dose dependent 
up to 0.1 µM (Fig. 3B). No interaction with cholesterol 
or GM1 was detected. PS exposure in non-capacitated 
sperm was evaluated by Annexin V labeling (Fig. 3C). 
A basal PS revelation was observed along the post 
acrosomal and midpiece regions.

To study if SPINK3 binds to specific regions of 
the plasma membrane such as lipid rafts, different 
membrane fractions were immobilized and exposed to 
SPINK3. Cellular fractions were validated by antibodies 
against marker proteins (Fig. 4A, lower panels). The 
fractions corresponding to the whole membrane (F9) and 
membrane rafts (F7) showed a greater binding affinity 
to SPINK3 (Fig. 4A, upper lane). Moreover, distribution 
of SPINK3 binding regions in the cells was similar to 
flotillin rich regions in the apical section of the head 

and principal piece (Fig. 4B). As these microdomains 
are stabilized by enriched cholesterol and sphingolipid 
regions (Kawano 2008) we studied if cholera toxin 
subunit B (CTB) competitively displaced SPINK3 binding 
to the sperm surface (Fig. 5). Sperm preincubated with 
CTB did not show SPINK3 immunolabeling while 
previous incubation with SPINK3 was not able to avoid 
CTB binding to most sperm, suggesting that pentameric 
CTB compete with SPINK3 for binding sites, but SPINK3 
was not sufficient to block CTB-GM1 interaction.

SPINK3 is removed in the within a capacitating 
environment

It has been reported that SPINK3 was removed from the 
sperm head in the uterus of the female mice (Ou et al. 
2012). However, we have recently reported that in vivo 
distribution of SPINK3 in non-capacitated sperm is also 
along the principal piece, where it might be regulating 
CatSper or Slo3 channels. Moreover, already capacitated 
sperm was no longer able to bind SPINK3 (Zalazar et al. 
2020). To determine if in vitro capacitation per se could 
remove the recombinant SPINK3, immunodetection 
assays were carried out under both capacitating and 
non-capacitating conditions at different times. We 

Figure 1 SPINK3-His6 binds to mature sperm. Immunodetection of 
recombinant SPINK3 binding to sperm from different epididymal 
sections. Mouse epididymis sperm from cauda, corpus or caput 
sperm were incubated in the presence of SPINK3-His6 (13 μM) and 
immunofluorescence assays were performed using rabbit anti-SPINK3 
(α-SPINK3) followed by anti-rabbit IgG-Alexa488 (green). Scale bar: 
10 μm. The images are representative images from three independent 
experiments. BF, bright field.

Figure 2 Interaction of sperm protein extracts with GST-SPINK3 
baited Glutathione Sepharose column. (A) Schematic representation 
of the method for purification of ligands with binding affinity to a 
GST-SPINK3. GST or GST-SPINK3 were immobilized to glutathione 
(GSH)–agarose affinity column (Zalazar et al. 2014). (GST portion 
symbolized as a circle + bait protein symbolized as a ‘→’, mobile 
phase symbolized as ∏). (B) Electrophoretic separation of putative 
protein interactors. Sperm protein extracts (SPZ, 74 × 106 cells, 1 mg) 
or pancreas protein extracts (PAN, 1 mg), were loaded onto the 
column. Flowthrough (fth) and non-retained proteins were collected 
by washing and retained proteins were eluted by 0.2 M glycine–HCl 
pH 2.6 and neutralized by 2 M Tris–HCl, pH 9. Fth and eluted (el) 
proteins (5 µg) were separated by SDS-PAGE in 12% acrylamide gels. 
The proteolytic activity of the protein from pancreas with 
electrophoretic mobility corresponding to trypsin was determined by 
zymography (right panel). The images are representative of three 
independent experiments.
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observed that in vitro capacitation triggered by BSA and 
sodium bicarbonate decreased the percentage of cells 
showing SPINK3 bound to the surface compared to the 
non-capacitating condition (Fig. 6A, bottom panel P  < 
0.05). Detachment of SPINK3 from the principal piece 
was detectable at 15 min after incubation of the cells 
under capacitating conditions (Fig. 6A), suggesting that 
capacitation-mediated membrane changes are sufficient 
to promote the release of SPINK3 from the sperm surface. 
Note that it has been previously demonstrated that BSA is 
not capable of removing SPINK3 (Zalazar et al. 2020). As 
we previously showed that SPINK3 binds to raft regions 
of the sperm membrane, raft destabilization caused by 
capacitation was monitored by alterations in flotillin 
distribution. As expected, incubation under capacitation 
conditions caused a dispersal in flotillin signal similar to 
the one caused by MβCD known to remove cholesterol 
from non-capacitated sperm (Fig. 6B). In order to study 
the kinetics and place of this process within the female 
environment, post coitus assays were performed. At 
time 0 post coitus, the endogenous SPINK3 signal was 
observed in the apical and flagellar regions of sperm 
obtained from the uterus (Fig. 7A), while 1.5 h later, 
only the flagellar signal was observed in sperm from 
the uterus and oviduct (Fig. 7B). After 3 h, sperm were 
observed interacting with the oviductal epithelium; 
however, there was no signal of SPINK3 (Fig. 7B). So, we 
can suggest that there is endogenous SPINK3 removal 
kinetics, where the apical mark would be the first to 
detach from the sperm and the flagellar bound protein 
would be lost later. These results are in line with the 
idea that DFs such as SPINK3 must be removed before 
reaching the oviduct for capacitation to take place.

Considering the physiological relevance of SPINK3 
removal, we investigated the acrosomal status of the 
sperm cells simultaneously with SPINK3 presence. 
According to what we expected, the percentage of 
reacted sperm in the uterus and the oviduct was higher 
at 3 h post coitus compared to 1.5 h (data not shown). 
We observed that no SPINK3 signal was present over 
the sperm surface in the acrosome reacted cells, while 
immunolabeling was found in non-reacted sperm (Fig. 
8), supporting that removal should take place before AR 
or that only sperm that lost the DF were able to react. 
Removal mechanisms of DFs are still unrevealed. Anchor 
receptors and mesmbrane destabilization are some of the 
hypothesized explanations. Based on the evidence that 
detachment starts in the uterus, we wondered whether 
UF from estrus females could remove recombinant 
SPINK3 from non-capacitated sperm. To test this, we 
pre-incubated sperm with SPINK3, then exposed them 
with UF from females in estrus (EUF) or metaestrus 
(MUF) for 15 or 30 min and evaluated SPINK3 presence 
in these cells. The SPINK3 label from the apical zone 
and the flagellum was reduced in cells incubated with 
EUF but not EUM at both times (Fig. 9). These results 
suggest that the environment of UF from estrus females 

Figure 3 Interaction of SPINK3-His6 with membrane lipids. (A) A 
membrane lipid extract obtained from 1 × 107 cells or (B) the 
indicated amounts of commercial PS, PC, Cho and GM1 were spot 
seeded on a nitrocellulose membrane that was then incubated 
SPINK3-His6 (13 µM). The interaction was revealed by 
immunoblotting. (C) Annexin V staining of non-capacitated sperm 
showing basal exposure of PS. The images are representative of three 
independent experiments. Cho, cholesterol; GM1, 
monosialotetrahexosylganglioside GM1; PC, phosphatidylcholine; 
PS, phosphatidylserine.
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could remove the recombinant protein SPINK3 from the 
sperm surface.

In order to evaluate if there is any protein–protein 
interaction that might be responsible for detaching 
the SPINK3, UF from estrus females was confronted 
to immobilized SPINK3 in an assay similar to the one 
described in Fig. 2. In this case, a number of proteins 
were retained by the column (Fig. 10). However, the 
proteomic analysis did not find secreted proteins 
candidates to interact with SPINK3 (data not shown). 
These results further substantiates that SPINK3, a protein 
that prevents acquisition of fertilizing competence, is 
removed from sperm by in vitro and in vivo capacitating 
environments without the participation of an exogenous 
protein.

Discussion

Sperm capacitation agonists have been widely studied 
in mammals; however, little is known regarding 
the mechanisms that avoid premature capacitation. 
Decapacitation proteins from seminal plasma play a 
fundamental role for the sperm to acquire their fertilizing 
capacity at the correct time and place. In the mouse, 
several potential DFs were characterized in seminal 
plasma, including seminal vesicle autoantigen (Huang 
et al. 2000), phosphatidylethanolamine binding protein 
1 (PBP) (Nixon et al. 2006), seminal vesicle secretion 2 
(Kawano et al. 2008), SPINKL (Lin et al. 2008), serpin 
peptidase inhibitor, clade E, member 2 (Lu et al. 2011) 
and SPINK3 (Assis et al. 2013) which are secreted by the 

seminal vesicles, and the epididymis-secreted a 40-kDa 
glycoprotein (Fraser et al. 1990). In other species, DFs 
have also been identified in seminal plasma, such as 
semenogelin in humans (de Lamirande et  al. 2001), 
Kazal type 2/acrosin inhibitor in boar (Zigo et al. 2019) 
and the secretory protein rich in cysteine secreted by 
the epididymis 1 identified in rats (Roberts et al. 2003). 
SPINK3, is a Kazal type 3 serine protease inhibitor 
(Zalazar et al. 2012). Once this protein is secreted by 
the seminal vesicle it has the ability to bind to the sperm 
surface (Chen et al. 1998, Zalazar et al. 2012). Mature 
SPINK3 adheres both to the sperm head (Zalazar et al. 
2012) and principal piece (Zalazar et al. 2020), inhibits 
intracellular calcium increase during capacitation and 
membrane hyperpolarization (Dematteis et  al. 2008, 
Zalazar et al. 2012, 2020) impairing the sperm acrosome 
reaction and zona binding (Boettger-Tong et al. 1993), 
regardless of its trypsin inhibitory activity (Ou et  al. 
2012, Zalazar et  al. 2012). Capacitation is negatively 
regulated by this protein, until it apparently detaches in 
the uterus (Ou et al. 2012).

In this work, we use two approaches to study SPINK3 
binding and detachment from mouse sperm from the 
epididymis to the female duct. We performed in vitro 
assays with recombinant SPINK3 and ex vivo post coitus 
assays. The concentration of recombinant SPINK3 was 
chosen to resemble physiological doses in seminal 
vesicle secretions (~ 0.1 mg/mL- Coronel et  al. 1992, 
Dematteis et  al. 2008, Ou et  al. 2012, Zalazar et  al. 
2012). We show that SPINK3 selectively attaches to 
mature mouse sperm and that this binding occurs to raft 

Figure 4 SPINK3-His6 binds specific sperm 
cellular fractions. (A) Sperm subcellular 
fractions were spot seeded on a nitrocellulose 
membrane and incubated with (+) and without 
(−) SPINK3-His6 (13 μM). C) or M fractions 
were spotted. Fractions 1–9 were collected 
from the top to the bottom of the isopycnic 
gradient being fraction 7 the one that contains 
the pure raft domains. Binding of SPINK3-His6 
to each fraction was developed with α-SPINK3 
antibody. As a positive control, pure 
recombinant SPINK-His6 was dotted (3 μg) (on 
the right last column: SPINK3). Subcellular 
fractions were immunologically identified by 
their specific markers: caveolin (α-Cav, raft 
marker), or glyceraldehyde phosphate 
dehydrogenase (α-Gapdh, cytosolic marker). 
(B) Immunolocalization of SPINK3-His6 and 
flotillin on the sperm surface. Mouse 
epididymis cauda sperm were incubated in 
the presence of SPINK3-His6 (13 μM) and 
immunofluorescence assays were developed 
by mouse anti-SPINK3 (α-SPINK3) and rabbit 
anti-flotillin (α-flot) followed by anti-mouse 
IgG-Alexa488 (green) and anti-rabbit 
IgG-Alexa555 (red). MERGE: red and green 
channels. Scale bar: 10 μm. The images are 
representative images from three independent 
experiments. C, cystolic; M, membrane.
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domains of the membrane. No protein ligand was found 
but instead, there was affinity in vitro between SPINK3 
and PS and PC lipids. Additionally, we show that SPINK3 
detachment from the sperm head starts in the female 
uterus at the head and later in the oviduct at the tail and 
that no sperm has bound protein in the oviduct at 3 h 
post coitus. This detachment occurs under in vivo and 
in vitro capacitation conditions which are sufficient to 
promote SPINK3 release, as no external SPINK3–protein 
interaction is found.

SPINK3–sperm binding has been demonstrated in 
different mammalian species such as the mouse (Irwin 
et al. 1983, Chen et al. 1998), human (Dietl et al. 1976), 
wild boar (Schill et  al. 1975) and bull (Veselský & 
Čechová 1980); however, to date, its binding mechanism 
to sperm cells is still unrevealed. It is known that during 
sperm maturation, protein-protein type associations are 
generated on its surface (Aarons et al. 1985), in which 
glycoproteins, proteins with fibronectin domains, serine 
proteases, and inhibitors are found (Monclus et al. 2007). 
Following this line, we studied whether there was a 
protein-protein interaction holding SPINK3 to the sperm 

surface. We were unable to retain and identify, under the 
conditions studied, a sperm protein bound to SPINK3 
bait. Curiously, a recent publication simultaneous to 
this work found the serine protease TESP1 as the protein 
receptor for SPINK3 at the sperm head by using a 
photoaffinity labeling assay (Ramachandran et al. 2021). 
To date, no ligand for SPINK3 was found on the sperm 
principal piece. Our failure to find this interactor can 
be explained in the partial homology between serine 
protease peptides and trypsin from Sus scrofa used for 
peptide digestion as these peptides were filtered from our 
peptide matching. Previous works have shown that other 
secretory proteins and DFs have the ability to interact 
with the outer layer of the plasma membrane through 
protein–lipid interactions (Glomset 1999, Manjunath & 
Thérien 2002, Brewis & Gadella 2009). Mouse PBP is 
a phosphatidylethanolamine binding protein found on 
mouse sperm, while the binder of sperm proteins family 
contains repeated fibronectin type 2 domains that are 
known to bind choline phospholipids (Kutty et al. 2014). 
Spermadhesins interact with sperm phospholipids and 
exhibit carbohydrate-binding activity with molecules 
from the female tract (Töpfer-Petersen et al. 1998, Schröter 
2017). In human sperm, glycodelin-S has been proposed 
to bind membrane cholesterol serving as an anchoring 
mechanism and decapacitation action by preventing 
cholesterol removal (Chiu et  al. 2005). Some sperm-
bound proteins, mostly secreted by the epididymis, 
were found on the monosialotetrahexosylganglioside 
GM1 rich fraction of the sperm membrane (Asano et al. 
2009, 2010). We found that SPINK3 is able to bind 
to the plasma membrane specifically in the regions 
where lipids rafts are found, and to pure PS and PC. PS 
is mostly localized typically in the inner cytoplasmic 
leaflet with the exception of several physiological 
conditions. However, there are studies showing that 
externalized PS is localized at the lipid raft regions in 
viable activated immune cells (Ishii et  al. 2005), and 
on the sperm head region of viable and motile sperm, 
progressively increasing during sperm transit through 
the epididymis (i.e. non-capacitated sperm), (Rival et al. 
2019). Besides we were able to demonstrate that there 
is a basal exposure of PS in non-capacitated sperm, this 
has been found over the post acrosomal and midpiece 
regions, different from the pattern of SPINK3 binding 
(Fig. 3C). In our work, SPINK3 is bound to flotillin 
and GM1 rich regions, and CTB avoids this binding, 
suggesting that anchoring of this DF is to raft membrane 
microdomains. Further work is needed to understand if 
binding to the head and the tail are mediated by the 
same target molecules.

For the sperm to acquire their fertilizing capacity, 
SPINK3, is one of the decapacitation proteins that must 
be removed in the female tract. A dramatic remodeling 
of the membrane is a hallmark of capacitation, with 
the redistribution and loss of certain components such 
as lipids and proteins. It is assumed that normal sperm 

Figure 5 Competition assay between CTB and SPINK3 for GM1-rich 
regions. Mouse epididymis cauda sperm were incubated in the 
presence (+) or absence (−) of CTB (4 mM) and SPINK3-His6  
(13 μM). The order of addition of either CTB and SPINK3 is indicated 
at the left. SPINK3 was detected by immunofluorescence using 
anti-SPINK3 (α-SPINK3) followed by anti-rabbit IgG-Alexa488 
(green), while CTB-Alexa594 was detected as red fluorescence.  
Scale bar: 10 μm. The images are representative images from three 
independent experiments. BF, bright field; GF, green field;  
RF, red field.
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Figure 6 Removal of SPINK3-His6 from the sperm surface by in vitro capacitation. (A) Mouse cauda sperm were incubated for 15 min with 
SPINK3-His6 (13 µM). Then they were incubated under capacitating (CAP) or non-capacitating media (NC control) for different times. The 
presence of SPINK3-His6 on the sperm surface was evaluated by immunofluorescence. Top panel shows representative pseudocolor (α-SPINK3, 
green) images. Scale bar: 10 µm. Bottom panel shows the percentage of positive immunoreactive cells (fluorescence in the apical region and/or 
in the main piece) after the different treatments, as indicated. *Significant differences with respect to its corresponding control (not capacitated 
with SPINK3-His6). (▪) Significant differences with respect to time 0. (B) Raft destabilization during capacitation evidenced by flotillin fading. 
Immunofluorescence assays were developed by rabbit anti-flotillin (α-flot) as described in Fig. 4B. Representative images are shown from three 
independent replicates. CAP, capacitated sperm; MβCD, cholesterol efflux triggered by methyl-β-cyclodextrin; NC, non-capacitated sperm.
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capacitation takes place in the oviduct after being 
released from the oviductal epithelium. Accordingly, 
previous studies had already shown that SPINK3 bound 
to the apical head hook was present at the uterus but 
absent in the sperm recovered from the oviduct lumen 
(Ou et al. 2012); however, no kinetics were reported and 
there is no mention of the protein bound to the principal 
piece. When we evaluated the removal of endogenous 
SPINK3, we observed that the signal in the apical region 
is removed prior to that of the flagellar region and that 

this removal occurs within the uterus, which suggests 
an orderly process. This might be mediated by uterine 
molecules or either by the environmental conditions 
that pursue sperm membrane remodeling and/or sperm 
physiology changes. We can also hypothesize that 
different mechanisms mediate detachment of SPINK3 
from the head and from the tail, as the time and 
place of the processes are distinct. As our approach is 
based on antibody labeling, it cannot be ruled out a 
SPINK3 coating within the female environment, being 

Figure 7 SPINK3 removal kinetics in the female tract. Estrus females were placed with sexually mature males and the presence of a vaginal plug 
was determined. Euthanasia was performed at 0, 1.5 and 3 h post coitus and the uterus–oviduct region was dissected. The presence of 
endogenous SPINK3 was evaluated by immunofluorescence with anti-SPINK3 (α-SPINK3). (A) Sperm bound SPINK3 in the uterus at 0, 1.5 and 3 
h post coitus. (B) Sperm bound SPINK3 in different regions of the oviduct at 1.5 and 3 h post coitus. Arrows (→) indicate the presence of 
spermatozoa. The images are representative of three independent experiments. Scale bar: 20 μm. BF, bright field.
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inaccessible to its specific antibodies. Delayed removal 
from the tail is in agreement with our previous report 
demonstrating that the effective decapacitating action of 
SPINK3 is due to some inhibitory activity over CatSper 
channel and/or Slo3 channel (Zalazar et al. 2020), both 
localized at sperm principal piece (Navarro et al. 2007, 
Chung et al. 2014, Hwang et al. 2019). The activation 
kinetics of these channels (Ritagliati et  al. 2018) in 
consonance with the proposal that changes associated 
with capacitation go from the tail to the head, which 
would accompany the order in which SPINK3 detaches 
itself from the spermatozoa. Further investigation is 
necessary to understand the role of each SPINK3 binding 
region and to determine if the receptor molecule is the 
same at both zones. Our work suggests that SPINK3 
early detachment might permit sperm subpopulations to 
undergo acrosomal exocytosis in the uterus and after that 
time most sperm cells reacted in the oviduct. Regarding 
the AR, we confirmed that SPINK3 is no longer present on 
the surface of sperm that already underwent AR, which is 

in line with the kinetics of the capacitation, that is prior 
to the AR. La Spina and co-workers (La Spina et al. 2016) 
showed that a significant number of sperm that reaches 
the upper isthmus had already undergone acrosomal 
exocytosis, and in this work, we also found AR sperm 
in the uterus. Additional research in the mouse system 
is required to understand whether the early capacitated 
sperm or the late population that conserve DFs lately are 
the ones that would be successful to fertilize the ovum.

About the molecular mechanism that enhances the 
removal of SPINK3 in the female tract, we hypothesize 
that the capacitating female environment should be 
responsible for this detachment. In this sense, raft 
destabilization promoted by capacitating conditions 
might contribute to SPINK3 detachment. Our results 
carried out in vitro demonstrated that the interaction 
of sperm pre-incubated with recombinant SPINK3 with 
fluid from estrus females and with capacitating media 
removes the decapacitation protein from the surface of 
both the head and the tail after 15 min, with no further 

Figure 8 SPINK3 detachment precedes acrosomal reaction in the female tract. Ex vivo cryosections were performed for immunodetection of 
endogenous SPINK3 in spermatozoa in the uterus or oviduct at 1.5 or 3 h post coitus. The extent of the acrosome reaction was judged by 
PNA-Alexa 594 labeling (PNA, red). Endogenous SPINK3 labeling was assessed by immunofluorescence with anti-SPINK3 antibodies followed 
by anti-rabbit IgG-Alexa488 conjugated (α-SPINK3, green). Arrows (→) indicate the presence of acrosome reacted spermatozoa without SPINK3 
labeling. Asterisks (*) indicate the presence of intact SPINK3-labeled sperm. The images are representative of three independent experiments. 
Scale bar: 10 µm. BF, brightfield.
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change after 30 min. This in vitro remotion did not 
mimic the head-tail kinetic observed in vivo. The ability 
to remove SPINK3 of the estrus fluid was significantly 
higher than those from metaestrus, suggesting that 
there would be signals, associated to the reproductive 
competence, mediating this removal. However, our 
protein-protein interaction assay did not trap any 
protease or other significant secretory protein from the 
UF. Otherwise, sperm–epithelia interaction necessary 

for capacitation (Gimeno et al. 2021) might support the 
idea that orderly and localized DF removal might take 
place only during this interaction.

In conclusion, this work presents for the first time 
molecular, kinetics and environmental insights into 
the way in which a decapacitation protein, SPINK3, 
is attached and later removed from the mouse sperm 
surface explaining in part how they regulate capacitation 
time and place.

Figure 9 In vitro SPINK3-His6 detachment by UF from estrus or metaestrus females. (A) Mouse cauda sperm were incubated for 15 min with or 
without SPINK3-His6 (13 µM). Then they were confronted with EUF, MUF or non-capacitating buffer (control UF−) for 15 or 30 min. The 
presence of SPINK3-His6 on the sperm surface was evaluated by immunofluorescence. Left panel shows representative pseudocolor (α-SPINK3, 
green) images and their corresponding BF. Scale bar: 10 µm. Representative images from three independent replicates. (B) Percentage of positive 
immunoreactive cells in the apical region or in the main piece after the different treatments, as indicated. Different letters indicate significant 
differences (P ≤ 0.05) within the time of incubation between treatments. BF, bright field; EUF, UF from females in estrus; MUF, UF from females 
in metaestrus; UF, uterine fluid.
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