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Abstract

Membrane modifications in sperm cells represent a key step in sperm capacitation; however, the molecular basis 
of these modifications is not fully understood.  Ezrin is the best-studied member of the ezrin/radixin/merlin family.  
As a cross-linker between the cortical cytoskeleton and plasma membrane proteins, ezrin contributes to remodeling 
of the membrane surface structure.  Furthermore, activated ezrin and the Rho dissociation inhibitor, RhoGDI, pro-
mote the formation of cortical cytoskeleton-polymerized actin through Rho activation.  Thus, ezrin, actin, RhoGDI, 
Rho and plasma membrane proteins form a complicated network in vivo, which contributes to the assembly of the 
structure of the membrane surface.  Previously, we showed that ezrin and RhoGDI1 are expressed in human testes.  
Thus, we sought to determine whether the ezrin–RhoGDI1–actin–membrane protein network has a role in human 
sperm capacitation.  Our results by Western blot indicate that ezrin is activated by phosphorylation of the threo-
nine567 residue during capacitation.  Co-immunoprecipitation studies revealed that, during sperm capacitation, the 
interaction between ezrin and RhoGDI1 increases, and phosphostaining of two dimensional electrophoresis gels 
showed that RhoGDI1 is phosphorylated, suggesting that RhoGDI1 dissociates from RhoA and leads to actin polym-
erization on the sperm head.  We speculate that activated ezrin interacts with polymerized actin and the glycosylated 
membrane protein cd44  after capacitation.  Blocking sperm capacitation using ezrin- or actin-specific monoclonal 
antibodies decreases their acrosome reaction (AR) rate, but has no effect on the AR alone.  Taken together, our re-
sults show that a network consisting of ezrin, RhoGDI1, RhoA, F-actin and membrane proteins functions to influ-
ence the modifications that occur on the membrane of the sperm head during human sperm capacitation.
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1    Introduction

Highly differentiated and polarized human sperma-
tozoa need to fulfil various requirements before fertili-
zation.  The preparative events that render the sperma-
tozoa competent for fertilization are collectively known 
as capacitation.  Capacitation is a process that takes 
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place in vivo after the spermatozoa have been inside the 
female genital tract for a period of time or in vitro under 
certain culture conditions.  During capacitation, modi-
fications in the distribution of proteins on the sperm 
surface, alterations in the characteristics of the plasma 
membrane, changes in enzyme activities and changes in 
the expression of intracellular constituents render these 
cells responsive to stimuli that induce the acrosome 
reaction (AR) before fertilization.  The major changes 
occur at the sperm plasma membrane, which confers 
them with the ability to be fusogenic and responsive to 
glycoproteins of the zona pellucida [1–4].  In the past 
50 years since Austin [5] and Chang [6] first defined 
capacitation, many groups have focused their research 
on the modifications that the sperm plasma membrane 
undergoes during capacitation, and their efforts have 
generated some progress in this area [1, 2, 7–10].  Most 
studies have shown that increased membrane fluidity 
is a key modification that occurs at the sperm plasma 
membrane, a change that may be regulated by cho-
lesterol efflux and is accompanied by changes in the 
dynamics of lipid rafts and relocalization of membrane 
proteins.  However, the exact mechanism of how these 
modifications occur is not completely understood.

The ezrin/radixin/merlin (ERM) family consists of 
three closely related proteins: ezrin, radixin and moesin.  
Ezrin is the best-studied member of the ERM family, 
which was first isolated as a component of microvilli 
from chicken intestinal brush borders [11], and is re-
ported to function as a cross-linker between the cortical 
cytoskeleton and membrane proteins.  Ezrin has been 
shown to localize beneath the plasma membrane in 
regions containing densely packed actin filaments and 
in cellular structures, such as microvilli, ruffling mem-
branes and cell–cell and cell–substrate adhesion sites 
[12–14].  Based on its localization and protein-binding 
activity, ezrin is suggested to be involved in the regula-
tion of a variety of cellular processes.  Ezrin exists in 
two functionally different states.  In its inactive state, 
the C-terminal domain is associated with the N-terminal 
domain, causing ezrin to acquire a ‘closed’ conforma-
tion.  On activation of ezrin by the phosphorylation 
of threonine567 (Thr567) in the C-terminal domain, the 
interaction between the N- and C-terminal domains is 
disrupted, exposing a binding site that is critical for 
membrane–cytoskeleton interactions [15, 16].  Inter-
estingly, ezrin has also been shown to regulate the po-
lymerization of actin.  Ezrin can interact directly with 
RhoGDI and dissociate it from Rho-GTPases, allowing 

the GTPases to become loaded with GTP and become 
subsequently activated.  Taken together, these findings 
indicate an important role for ezrin in the activation of 
the Rho family members and in the consequent promo-
tion of actin polymerization [17–19].

Recently, Brener et al. [20], Breitbart et al. [21–23] 
and Liu et al. [24–26] have focused their studies on the 
role of the cytoskeletal network on sperm capacitation, 
and they showed that during capacitation, F-actin is 
generated and has a role in the AR and fertilization [20–
26], which provides a strong basis for our work.  We pre-
viously showed that ezrin and RhoGDI1 are expressed in 
human testes [27].  Because previous findings in somatic 
cells suggest that the expression of these two proteins is 
associated with remodeling of the plasma membrane [13, 
14], we speculated that a protein network composed of 
ezrin, RhoGDI1 and their associated proteins may exist 
in human sperm and possibly have a role in capacitation.  
Therefore, the aim of the present study was to determine 
whether such a molecular protein network exists in hu-
man sperm and, if so, to examine its role in capacitation.  
We reasoned that this work would also advance our un-
derstanding of the process of capacitation.

2    Materials and methods

2.1  Sperm preparation
Before initiating the study, consent was obtained 

from all participants.  The semen samples were obtained 
by masturbation after at least 3 days of abstinence 
from 10 healthy male volunteers of proven fertility 
and with normal semen quality, as assessed by World 
Health Organization criteria (1999) [28].  The samples 
were ejaculated into sterile containers and allowed to 
liquefy for at least 30 min before being processed by 
centrifugation in a 60% Percoll gradient (GE Healthcare, 
Waukesha, WI, USA) to remove round cells.

2.2  Sperm capacitation
After centrifugation, sperm were washed twice with 

BWW medium (114.00 mmol L−1 NaCl, 4.78 mmol L−1 KCl, 
1.71 mmol L−1 CaCl2, 1.19 mmol L−1 MgSO4, 1.19 mmol L−1 
KH2PO4, 21.58 mmol L−1 sodium lactate, 5.56 mmol L−1 
glucose, 10.00 mmol L−1 HEPES (4-[2-hydroxyethyl]-1-
piperazineethanesulfonic acid), 25.07 mmol L−1 NaHCO3 
and 10% fetal bovine serum (pH 7.6) and resuspended 
in BWW at a final density of 50 × 106 cells per mL.  The 
samples were incubated in this capacitation medium for 
2.5 and 5 h at 37ºC in an atmosphere of 5% CO2.
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2.3  Western blot
The sperm samples were washed twice with PBS, 

lysed in lysis buffer (7 mol L−1 urea, 2 mol L−1 thiou-
rea, 4% [w/v] CHAPS, 2% [w/v] dithiothreitol [DTT], 
1 mmol L−1 NaF and 1 mmol L−1 Na2VO3·12H2O) sup-
plemented with 1% (v/v) protease inhibitor cocktail 
(Pierce, Rockford, IL, USA) and homogenized at 11 000 
r.p.m.  for 5 min on ice.  The lysates were then incubated 
for 1 h at 4ºC.  After centrifugation at 12 000 × g at 4ºC 
for 30 min, the supernatants were collected and stored 
at −70ºC until use.

The protein concentration of the lysates was de-
termined using the Bradford assay.  The proteins were 
then separated on 12% SDS-polyacrylamide gels and 
transferred onto nitrocellulose membranes under semi-
dry conditions using the Hoefer SemiPhor system (GE 
Healthcare).  The membranes were blocked in 5% non-
fat milk in Tris-buffered saline (TBS; pH 7.4) for 1 h 
before being incubated with ezrin monoclonal antibody 
(mAb; 1:500; Zymed Laboratories Inc., South San Fran-
cisco, CA, USA), rabbit RhoGDI1 antibody (1:1 000; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rab-
bit cd44 antibody (1:500; Santa Cruz Biotechnology), 
rabbit tubulin antibody (1:2 000; Abcam, Cambridge, 
MA, USA) or rabbit anti-phosphoezrin (Thr567)/radixin 
(Thr564)/moesin (Thr558) antibody (1:500; Cell Signaling 
Technology, Danvers, MA, USA) diluted in blocking 
solution at 4ºC overnight.  The membranes were then 
washed three times in TBS and incubated with perox-
idase-conjugated goat anti-mouse or goat anti-rabbit 
immunoglobulin G (IgG) antibody (1:1 000; Beijing 
ZhongShan Biotechnology Co., Beijing, China) for 1 h 
at 37ºC.  After washing, an enhanced chemiluminescence 
reaction kit (GE Healthcare) was used to detect peroxi-
dase activity, and images of the developed membranes 
were captured using the FluorChem 5500 system (Alpha 
Innotech, San Leandro, CA, USA).

2.4  Co-immunoprecipitation (Co-IP)
Spermatozoa from at least three healthy volunteers 

were lysed, as described above, using RIPA buffer (1% 
[v/v] NP-40, 0.1% [w/v] SDS, 0.5% [w/v] sodium 
deoxycholate, 0.05 mol L−1 Tris, 0.15 mol L−1 NaCl, 
1 mmol L−1 NaF and 1 mmol L−1 Na2VO3·12H2O) sup-
plemented with 1% (v/v) protease inhibitor cocktail 
(Pierce) instead of lysis buffer.  The lysates were mixed, 
precleared with 50 µL of protein A agarose slurry (Invi
trogen, Carlsbad, CA, USA) and rotated for 30 min at 
4ºC.  For immunoprecipitation, the precleared samples 

were incubated with antibodies overnight at 4ºC.  After 
the addition of 100 µL of protein A agarose slurry, the 
mixtures were rotated for 2 h at 4ºC.  The samples were 
then washed three times with RIPA buffer by centrifuga-
tion at 14 000 × g for 10 s at 4ºC and boiled in 50 µL of 
SDS buffer for 5 min.  The samples were then separated 
on 12% SDS-polyacrylamide gel electrophoresis gels and 
subjected to western blot analysis, as described above.

2.5  Immunofluorescence
For immunofluorescence analysis, the spermatozoa 

samples were spread onto microscope slides and al-
lowed to air-dry.  The samples were then fixed with 4% 
paraformaldehyde in phosphate-buffered saline (PBS) 
for 40 min and permeabilized with 0.2% Triton X-100 
in PBS for 20 min at 37ºC.  After three 5-min washes 
with PBS, the slides were blocked with goat serum 
(Beijing ZhongShan Biotechnology Co.) diluted in PBS 
for 1 h and then incubated with ezrin mAb (1:250), rab-
bit RhoGDI1 antibody (1:500) or rabbit cd44 antibody 
(1:100) overnight.  After incubation with fluorescein iso-
thiocyanate (FITC)- or TRITC (Tetramethylrhodamine-
5-[and 6]-isothiocyanate)-conjugated goat anti-mouse 
or anti-rabbit IgG (1:100; Beijing ZhongShan Biotech-
nology Co.) for 1 h, the slides were washed in PBS and 
covered with a coverslip.  The slides were viewed using 
an Axioskop 2 Plus microscope (Carl Zeiss, Oberkochen, 
Germany) with a × 100 oil objective, and the images 
were captured with a CCD camera (Carl Zeiss) using 
AxioVersion 4.5 software (Carl Zeiss).  The negative 
controls were incubated with an isotype mAb or normal 
rabbit serum (Santa Cruz Biotechnology) instead of the 
primary antibody.

2.6  Fluorescence staining of F-actin
The sperm samples were spread onto microscope 

slides, fixed and permeabilized, as described above.  The 
slides were incubated at room temperature (RT) with 1% 
bovine serum albumin in PBS for 2 h and then with Texas 
Red-conjugated phalloidin (Invitrogen) for 20 min.  Actin 
polymerization was analyzed using a Zeiss fluorescent 
microscope, as described above.

2.7  Two-dimensional electrophoresis (2-DE), pro-
tein spot detection, in-gel tryptic digestion, matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometer (MALDI-TOF MS), database searching 
and detection of phosphorylated proteins

Protein (80 µg) from uncapacitated or capacitated 
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sperm from three fertile donors was prepared for 2-DE, 
which was performed as described previously [29].  
The proteins on the gels were visualized by silver or 
phosphorylation staining with the Pro-Q Diamond 
phosphoprotein gel stain kit (Invitrogen) following the 
manufacturer’s instructions.

The silver-stained gels were scanned using the 
Atrix Scan 1010 plus (Microtek, Taiwan, China), and 
the resulting images were analyzed using ImageMaster 
2D Platinum software (GE Healthcare) for protein spot 
detection, quantification and comparative and statistical 
analyses.  The spot volumes of the proteins from each 
experimental group were pooled to calculate the mean 
± SD.  relative volume, and an independent t-test 
was performed to determine the significance of the 
differences between the two groups.  P < 0.05 were 
considered statistically significant.

The protein spots obtained by 2-DE were then ex-
cised, dehydrated in acetonitrile and dried at room tem-
perature.  The proteins were reduced with 10 mmol L−1 
DTT/25 mmol L−1 NH4HCO3 at 56ºC for 1 h and alkylated 
with 55 mmol L−1 iodoacetamide/25 mmol L−1 NH4HCO3 in 
the dark and at room temperature for 45 min in situ.  The gel 
fragments were thoroughly washed with 25 mmol L−1 NH4-

HCO3, 50% acetonitrile and 100% acetonitrile and dried 
in a Speedvac.  The dried fragments were the rehydrated 
in 2–3 µL of a 10-ng µL−1 solution of trypsin (Promega, 
Madison, WI, USA) in 25 mmol L−1 NH4HCO3 at 4ºC 
for 30 min.  The excess liquid was discarded, and the gel 
plugs were incubated at 37ºC for 12 h to allow for diges-
tion of the gel.  Trifluoroacetic acid (TFA) was added to a 
final concentration of 0.1% to stop the digestion.

The digests were immediately spotted onto 600-µm 
AnchorChips (Bruker Daltonics, Bremen, Germany).  
Spotting was achieved by pipetting 1 µL of each di-
gest, in duplicate, onto the MALDI target plate and 
then adding 0.05 µL of 2 g L−1 α-HCCA in 0.1% 
TFA/33% acetonitrile supplemented with 2 mmol L−1 
ammonium phosphate.  The Bruker Peptide Calibra-
tion Mixture was also spotted onto the plate for exter-
nal calibration.  All samples were allowed to air-dry at 
room temperature, and 0.1% TFA was used for on-tar-
get washing.  MALDI-TOF MS was carried out using 
a time-of-flight Ultraflex II mass spectrometer (Bruker 
Daltonics).  Mass maps for the peptides were acquired 
in the positive reflection mode, averaging 800 laser 
shots per MALDI-TOF spectrum (at a resolution 
of 15 000–20 000).  The Bruker Peptide Calibration 
Mixture was used to calibrate the spectrum to a mass 

tolerance within 0.1 Da.
For the database search, each acquired mass 

spectrum (m/z, range 700–4 000) was processed using 
FlexAnalysis v2.4 software (Bruker Daltonics) using 
the following parameters: peak detection algorithm: 
Sort Neaten Assign and Place; S/N threshold: 3; 
quality factor threshold: 50.  The trypsin autodigestion 
ion peaks (842.51 Da and 2 211.10 Da) were used as 
internal standards to validate the external calibration 
procedure.  The matrix and/or autoproteolytic trypsin 
fragments and any known ion contaminants (keratins) 
were excluded from the analysis.  The peptide masses 
obtained were used to search the Swiss-Prot database  
(http://www.matrixscience.com/) (241 242 sequences, 
88 541 632 residues, for Human 15 057 sequences) 
using Mascot (v2.1.03; Matrix Science, Boston, 
MA, USA) in the automated mode.  The following 
search parameters were used: significant protein 
MOWSE (molecular weight search) score: P < 0.05; 
minimum mass accuracy: 100 p.p.m.; trypsin as the 
enzyme; one missed cleavage site allowed; cysteine 
carbamidomethylation; acrylamide-modified cysteine; 
methionine oxidation; similarity of isoelectric point 
and relative molecular mass specified; and minimum 
sequence coverage: 15%.

For the detection of phosphorylated proteins, the 
gels were fixed in 50% methanol/10% acetic acid over-
night, washed three times with deionized water, incu-
bated in Pro-Q Diamond phosphoprotein gel stain for 
90 min and destained by washing three times with 20% 
ACN  in 50 mmol L−1 sodium acetate (pH 4.0) and two 
times with deionized water.  Images of the gels were ac-
quired using the Typhoon Variable Model Imagels 9400 
system (GE Healthcare) at an excitation wavelength of 
532 nm and a 580-nm band pass emission filter.

2.8  Deglycosylation of sperm proteins
The sperm proteins were deglycosylated using PN-

Gase F (Sigma-Aldrich, St. Louis, MO, USA) according 
to the manufacturer’s instructions with slight modifica-
tions.  Briefly, proteins from the capacitated sperm were 
extracted, as described above, diluted in 20 mmol L−1 
NH4HCO3 (pH 7.5) and denatured by boiling at 100ºC 
for 10 min in denaturing solution (10% SDS and 1 mol L−1 
DTT).  After the addition of 6 µL of PNGase F enzyme 
solution (500 000 U L−1), the mixture was incubated 
at 37ºC overnight.  For the controls, PNGase F was 
omitted.  The deglycosylated proteins were then subjected 
to Western blot analysis using a rabbit cd44 antibody.
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2.9  Assessment of acrosome status
The acrosome status of the sperm was determined 

using FITC-labelled Pisum sativum agglutinin (PSA; 
Sigma-Aldrich), as described previously [24].  Briefly, 
sperm smears were air-dried, fixed in 95% ethanol for 
30 min and stained with 25 mg L−1 PSA in PBS for 2 h at 
RT.  The slides were then washed with distilled water 
and mounted, and the sperm were counted using a fluo-
rescence microscope.

2.10  Effects of ezrin and actin depletion on capaci-
tation and the A23187-induced AR

Inhibition of capacitation using various concentra-
tions of anti-ezrin (Sigma-Aldrich) and anti-actin (MP 
Biomedicals, Solon, OH, USA) mAbs was performed 
as follows.  Motile sperm cultured in BWW were 
mixed with 1:10 to 1:80 dilutions of anti-ezrin, anti-
actin or control mAb (1:10) for 5 h at 37ºC in an atmos-
phere of 5% CO2, followed by the addition of A23187 
(Sigma-Aldrich) to induce the AR.  The inhibition of 
the A23187-induced AR using various concentrations 
of anti-ezrin or anti-actin mAb was performed, as just 
described, with the exception that the mAbs were added 
to the medium immediately before the addition of 
A23187.  Each experiment was repeated at least three 
times with sperm samples from at least three different 
subjects.

2.11  Statistical analysis
To assess the effects of mAb-mediated depletion 

of ezrin or actin on sperm capacitation and the AR, we 
calculated the percentage of sperm treated with the ap-
propriate mAb or with BWW that underwent the AR.  
The data are expressed as mean ± SD % AR.  One-way 
analysis of variance (ANOVA) was used for statistical 
analysis.  All ratios were transformed using the arcsine 
square root before performing ANOVA by SPSS version 
10.0 (SPSS Inc., Chicago, IL, USA), and the least sig-
nificant difference post hoc test was used to examine any 
significant differences between groups with equal vari-
ance.  P < 0.05 were considered statistically significant.

3    Results

3.1.  Expression of ezrin and RhoGDI1 in human sperm
To determine whether ezrin and RhoGDI1 were 

expressed in human sperm, we performed Western blot 
analysis of human sperm proteins and identified bands of 
∼82 and ∼23 kDa, consistent with the predicted molecu-

lar weights of ezrin and RhoGDI1, respectively (Figure 
1A).  Immunofluorescence studies showed that ezrin and 
RhoGDI1 are expressed in the acrosome region of the 
sperm head and in the tail (Figure 1B).  Dual-immunoflu-
orescence staining showed colocalization of ezrin and 
RhoGDI1 in the acrosome region (Figure 1C), suggest-
ing that these proteins may interact in the sperm head.

3.2.  Roles of ezrin and RhoGDI1 in actin polymeri
zation during capacitation

Because ezrin is activated by phosphorylation of 
the Thr567 residue, we performed a Western blot with the 
sperm samples using an antibody against rabbit anti-
phospho-ezrin (Thr567)/radixin (Thr564)/moesin (Thr558).  
Our results show that phosphorylation of ezrin on Thr567 
increases during capacitation (Figure 2A).  Using 2-DE, 
we identified two spots for RhoGDI1 from the sperm 
proteins before and after capacitation (Figure 2B and 

Figure 1. Expression of ezrin and RhoGDI1 in human sperm.  
(A): Western blot of human sperm lysates probed with ezrin- 
and RhoGDI1-specific antibodies showing single bands of ∼82 
and ∼23 kDa, respectively.  (B): Immunofluorescence labeling of 
ezrin and RhoGDI1 in human sperm showing that both proteins 
are expressed in the acrosome and flagellum of human sperm.  (C): 
Dual-immunofluorescence staining of ezrin (red) and RhoGDI1 
(green) in human sperm showing that the two proteins colocalize 
in the sperm acrosome and tail.  DIC, dynein intermediate chain; 
FITC, fluorescein isothiocyanate.  Bars = 10 µm.
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Table 1).  A comparison of the relative volumes of the 
two spots indicated an increase in spot 1 and a de-
crease in spot 2 after capacitation (Figure 2B), which 
may be indicative of phosphorylation.  Furthermore, 
our hypothesis that RhoGDI1 is phosphorylated dur-
ing capacitation was supported by phosphorylation 
staining of the 2-D gels (Figure 2B).  Co-IP assays 
further confirmed that ezrin and RhoGDI1 interact 
during capacitation, which leads to the release of 
RhoA from RhoGDI1 after capacitation (Figure 2C).  
Using Texas Red phalloidin staining, we also ob-
served the formation of F-actin during capacitation 
(Figure 2D).

3.3  Ezrin interacts with polymerized actin and the 
membrane protein cd44 during capacitation

As in somatic cells, our findings show that ezrin 
can interact with actin during capacitation (Figure 
3A).  Our results are consistent with those published 
by Bains et al. [30] showing that cd44 is expressed 
in human sperm (Figure 3B) and is localized to 
the acrosome and tail (Figure 3C).  By Western 
blot, two additional bands above the predicted size 
were observed for the capacitated sperm proteins, 
whereas uncapacitated sperm proteins only yielded 
one predicted band (Figure 3B).  Because previous 
studies showed that cd44 has multiple glycosyla-
tion sites [31], we used PNGase F to deglycosylate 
the proteins extracted from the capacitated human 
sperm, and the results confirmed that cd44 was in-
deed glycosylated during capacitation (Figure 3D).  
Subsequently, we performed a Co-IP assay for ezrin 
and cd44, and we found that ezrin interacts with the 
glycosylated and native forms of cd44 after capaci-
tation (Figure 3E).

3.4  Effects of ezrin and actin depletion on capacitation 
and the A23187-induced AR

When anti-ezrin and anti-actin mAbs were added to 
the culture medium before capacitation, the A23187-
induced AR decreased (P < 0.05 and P < 0.01, respec-
tively, Figure 4A).  However, when the mAbs were 
added after capacitation and immediately before the 
addition of A23187, there were no significant differ-
ences (P > 0.05) in the percentage of AR between 
the mAb-treated groups and the controls (Figure 4B).  
These findings suggest that the depletion of ezrin or 
actin through mAb treatment only inhibits capacita-
tion but has no effect on the A23187-induced AR.

Figure 2. Roles of ezrin and RhoGDI1 in actin polymerization 
during capacitation.  (A): Western blot analysis of human sperm 
lysates extracted before and after capacitation for 2.5 or 5 h.  The 
blots were probed with rabbit anti-phospho-ezrin (Thr567)/radixin 
(Thr564)/moesin (Thr558) antibody (p-erzin).  (B): Differential ex-
pression of RhoGDI1 before and after capacitation, as analyzed by 
two-dimensional electrophoresis analysis.  The gels were stained 
with the silver or Pro-Q Diamond phosphoprotein gel stain kit.  The 
graph (bottom) depicts the quantification of the silver-stained spots.  
*P < 0.01, compared with before capacitation.  (C): Co-immunopre-
cipitation assay with ezrin and RhoA antibodies for pull down and 
RhoGDI1 antibody for detection.  (D): Comparison of F-actin ex-
pression in human sperm before and after capacitation using Texas 
Red-conjugated phalloidin staining.  Cap, capacitation;  DIC, dynein 
intermediate chain;  Pre, before capacitation.  Bar = 10 µm.
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Table 1.  RhoGDI1 identification by mass spectrometry and database searches.
Spot ID	 Accession number	                         Protein name	 Score	   Expect	 Matched/searched	 Coverage

1	 P52565	 Rho GDP-dissociation inhibitor 1 (RhoGDI1)	 120	 1.5 × 10−8	 12/31	 35%
2	 P52565	 Rho GDP-dissociation inhibitor 1 (RhoGDI1)	 122	 9.5 × 10−9	 13/51	 35%

Figure 3. Ezrin interacts with polymerized actin and the membrane 
protein cd44 during capacitation.  (A): Co-IP assay using an ezrin-
specific mAb for pull down and an actin-specific antibody for 
detection.  (B): Western blot analysis of cd44 expression in human 
sperm before (0 h), during (2.5 h) and after (5 h) capacitation.  The 
blot shows the presence of two protein bands after capacitation (ar-
row). (C): Immunofluorescence staining of cd44 in human sperm.  
Bar = 10 µm.  (D): Western blot analysis of cd44 expression in 
capacitated sperm extracts pre-treated with (Deglyco) or without 
(Con) PNGase F.  (E): Co-immunoprecipitation assay using an 
ezrin-specific mAb for pull down and a cd44-specific antibody for 
detection.  The arrow depicts the band that pertains to glycosylated 
cd44.  Cap, capacitation;  DIC, dynein intermediate chain; FITC, 
fluorescein isothiocyanate; Pre, before capacitation.

Figure 4.  Assessment of the acrosome reaction (AR).  (A): The 
sperm were incubated in BWW alone (blank) or in the pres-
ence of different concentrations of ezrin, actin or control (Con) 
mAb during capacitation for 5 h before induction of the AR 
using A23187.  Bars = 10 µm.  The results were quantified and 
graphed, as shown on the right (mean ± SD % AR).  *P < 0.01, 
**P < 0.05, compared with the blank.  (B): During the A23187-
induced AR, capacitated sperm were incubated in BWW alone 
(blank) or in the presence of ezrin, actin (1:10) or control (Con) 
mAb (mean ± SD % AR).  
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4    Discussion

Recently, some groups have focused their research 
on the role of the cytoskeletal network on sperm capaci-
tation [20–26].  Breitbart et al. [21] showed that actin 
polymerizes during sperm capacitation and that inhibi-
tion of F-actin formation by cytochalasin D blocks ca-
pacitation.  Further studies using an in vitro culture as-
say showed that actin moves to the surface of the sperm 
head during capacitation, a process which may have a 
role in membrane modification during this process [25].  
Although these reports studied the role of F-actin dur-
ing sperm capacitation, a number of issues remain unre-
solved, such as: (1) which proteins regulate the forma-
tion of F-actin; (2) the role(s) of actin polymerization 
during capacitation; and (3) whether F-actin is a key 
regulator of the modifications that the sperm membrane 
undergoes.  Our results address these uncertainties.

Studies in somatic cells have suggested that ezrin 
exists in an inactive, dominant-negative conformation 
until its Thr567 residue is phosphorylated [15, 16].  Us-
ing Western blot analysis, we observed that phospho-
rylation of ezrin on its Thr567 residue increases after 
capacitation, suggesting an increase in the active form 
of ezrin.  We speculate that activated ezrin can then 
regulate sperm capacitation through its involvement 
in the ezrin–RhoGDI1–actin–membrane protein net-
work.  This hypothesis is supported by the results of our 
Co-IP experiments in which interaction between ezrin 
and RhoGDI1 increased after capacitation, suggesting 
that ezrin has the ability to dissociate RhoGDI1 from 
RhoA after capacitation.  In addition, studies in somatic 
cells have shown that RhoGDI1 dissociates from Rho 
through phosphorylation, a modification that we ob-
served in capacitated human sperm.  Subsequent Co-IP 
experiments revealed that RhoGDI1 exhibits decreased 
binding affinity for RhoA, suggesting that RhoA is re-
leased from RhoGDI1 after capacitation.  The released 
RhoA may then promote the formation of F-actin 
through the Rho-GTPase protein pathway.

We hypothesize that ezrin may be involved in the 
regulation of human sperm capacitation through the 
Rho-GTPase protein pathway.  In addition, ezrin may 
be a key player in another pathway that may involve 
F-actin, ezrin and membrane proteins, and the interac-
tion between these proteins may regulate sperm capaci-
tation.  These two pathways seem to be linked through 
the polymerization of actin, which was shown to be 
regulated by ezrin and its related proteins in the present 

study.
As observed in somatic cells, our study showed that 

activated ezrin can bind more actin (most likely F-actin) 
during human sperm capacitation.  Moreover, mAb-me-
diated depletion of ezrin and actin effectively blocked 
sperm capacitation, indicating that both proteins have 
important functional roles during this process.

We also examined whether ezrin interacts with 
membrane proteins during sperm capacitation and, if 
so, which membrane proteins are implicated in this 
process.  We selected some candidate proteins by re-
viewing the scientific literature for membrane proteins 
that were shown to interact with ezrin in somatic cells.  
Some of these candidate proteins were previously 
shown to be expressed by human sperm, such as the 
plasma membrane protein cd44 [30], which was chosen 
for further study.  Our results showed that ezrin binds 
to cd44 in its native and glycosylated forms.  We thus 
inferred that ezrin and actin might synergistically pro-
mote capacitation by interacting with cd44.  Although 
the role of cd44 in sperm has not yet been investigated, 
studies in other cell types have shown that cd44 is a re-
ceptor for hyaluronan [32–34], which is a component of 
the extracellular matrix.  In the oocyte, the extracellular 
matrix is a key component of the corona radiata [35].  
We speculate that cd44 may have a key role in sperm–
egg interaction; however, extensive studies are required 
to confirm this hypothesis.  An experimental model is 
not yet available to study human sperm–oocyte interac-
tions because of the ethical issues involved and the lim-
ited availability of samples.  Other animal-based mod-
els, such as in vitro fertilization, are not representative 
of the role of cd44 in human sperm, making it difficult 
to assess the role of cd44 in capacitation.  However, it is 
also possible that cd44 may not be the only membrane 
protein that interacts with ezrin during capacitation.

On the basis of the role of ezrin in membrane re-
modeling in somatic cells, we postulate that the ezrin–
RhoGDI1–actin–membrane protein network has an im-
portant role in the modification of membrane character-
istics during sperm capacitation, a process that is likely 
mediated by the relocalization of these membrane pro-
teins (Figure 5).  Previous reports have shown that some 
glycoproteins redistribute during sperm capacitation, 
which then facilitates the AR reaction and recognition, 
binding and fusion with the oocyte during fertilization [7, 
36, 37].  Thus, this study provides new insights into the 
remodeling of sperm membrane proteins during capacita-
tion and advances our understanding of capacitation.
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In summary, our results indicate that, during human 
sperm capacitation, a network composed of ezrin, RhoGDI1, 
RhoA, F-actin and membrane proteins influences the 
fluidity of the sperm membrane to promote capacitation.
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