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abstract: Deletion of the gene encoding the widely conserved plasma membrane calcium ATPase 4 (PMCA4), a major Ca2+ efflux pump,
leads to loss of sperm motility and male infertility in mice. PMCA4’s partners in sperm and how its absence exerts its effect on fertility are unknown.
We hypothesize that in sperm PMCA4 interacts with endothelial nitric oxide synthase (eNOS) and neuronal nitric oxide synthase (nNOS) which
are rapidly activated by Ca2+, and that these fertility-modulating proteins are present in prostasomes, which deliver them to sperm. We show that
in human sperm PMCA4 is present on the acrosome, inner acrosomal membrane, posterior head, neck, midpiece and the proximal principal
piece. PMCA4 localization showed inter- and intra-individual variation and was most abundant at the posterior head/neck junction, co-localizing
with NOSs. Co-immunoprecipitations (Co-IP) revealed a close association of PMCA4 and the NOSs in Ca2+ ionophore-treated sperm but much
less so in uncapacitated untreated sperm. Fluorescence resonance energy transfer (FRET) showed a similar Ca2+-related association: PMCA4 and
the NOSs are within 10 nm apart, and preferentially so in capacitated, compared with uncapacitated, sperm. FRET efficiencies varied, being sig-
nificantly (P , 0.001) higher at high cytosolic Ca2+ concentration ([Ca2+]c) in capacitated sperm than at low [Ca2+]c in uncapacitated sperm for
the PMCA4-eNOS complex. These dynamic interactions were not seen for PMCA4-nNOS complexes, which had the highest FRET efficiencies.
Further, along with Ca2+/CaM-dependent serine kinase (CASK), PMCA4 and the NOSs are present in the seminal plasma, specifically in prosta-
somes where Co-IP showed complexes similar to those in sperm. Finally, flow cytometry demonstrated that following co-incubation of sperm and
seminal plasma, PMCA4 and the NOSs can be delivered in vitro to sperm via prostasomes. Our findings indicate that PMCA4 interacts simultan-
eously with the NOSs preferentially at high [Ca2+]c in sperm to down-regulate them, and thus prevent elevated levels of NO, known to induce
asthenozoospermia via oxidative stress. Our studies point to the potential underlying cause of infertility in PMCA4’s absence, and suggest that
inactivating mutations of PMCA4 could lead to asthenozoospermia and human infertility. Screening for these mutations may serve both diagnostic
and therapeutic purposes.
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Introduction
Calcium extrusion from the cytosol, like its influx, is essential for main-
taining normal sperm motility and fertility, yet little is known of the
mechanisms involved in human sperm. While mammalian sperm have
specialized compartments, such as mitochondria, in which calcium can
be sequestered when cytosolic levels are elevated, Ca2+ efflux into the
extracellular space is dependent on two transporters: the sodium/
calcium exchanger (NCX) and plasma membrane calcium ATPase 4
(PMCA4) (Wennemuth et al., 2003). The highly conserved PMCA4
has been shown to be the major Ca2+ efflux pump in the murine

system, being far more effective than both the NCX and the mitochon-
drial calcium uniporter combined in Ca2+ clearance from the cytosol
(Wennemuth et al., 2003).

PMCA4 which is ubiquitously expressed has two isoforms, 4a and 4b,
with the latter maintaining a steep Ca2+ gradient between the intracellu-
lar and the extracellular space and also functioning as a modulator of
signal transduction pathways (DeMarco and Strehler, 2001; Di Leva
et al., 2008), while 4a is faster (Caride et al., 2007). When the murine
gene (Pmca4) is deleted, intracellular Ca2+ is significantly elevated, ac-
companied by Ca2+ overload in the mitochondria, resulting in the loss
of progressive and hyperactivated sperm motility which subsequently
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leads to male infertility (Okunade et al., 2004; Schuh et al., 2004). Simi-
larly, a significant decrease in progressive sperm motility and a more
severe reduction in hyperactivated motility (Shao et al., 2008) were
seen to accompany elevated levels of cytosolic Ca2+ concentration
([Ca2+]c) and mitochondrial Ca2+ overload in Jam-A ( Junctional adhesion
molecule A) null mice where PMCA4 activity is known to be significantly
decreased (Aravindan et al., 2012).

The mechanism by which the absence of PMCA4 or its reduced activ-
ity results in loss of sperm motility or asthenozoospermia (AZ) is
unknown. Also, studies of PMCA4’s interacting partners in sperm are
limited and only just beginning: in murine sperm PMCA4b was detected
to be in association with Ca2+/CaM-dependent serine kinase (CASK) to
which it binds preferentially at relatively low [Ca2+]c, via its PDZ
(PSD-95/Dlg/ZO1) ligand (Aravindan et al., 2012). In human sperm, al-
though PMCA4 has not yet been localized, its presence has been inferred
from studies in which its inhibitor was demonstrated to cause a decrease
in sperm motility (Williams and Ford, 2003; Jimenez-Gonazalez et al.,
2004; Peralta-Arias et al., 2015).

In attempting to elucidate the underlying mechanism of the loss of
sperm motility in the absence of PMCA4 activity, it is of interest to deter-
mine PMCA4’s interacting partners in sperm. In neuronal and endothelial
cells, PMCA4 is known to negatively regulate nNOS (Schuh et al., 2001)
and eNOS (Holton et al., 2010). These constitutive NOSs are present in
mammalian sperm (Herrero et al., 1996; O’Bryan et al., 1998) where
they are responsible for the synthesis of NO which is required for a
variety of sperm functional activities including hyperactivated motility,
capacitation and the acrosome reaction (Herrero and Gagnon, 2001).
Importantly, they are rapidly activated by Ca2+ (Knowles and
Moncada, 1994), and elevated levels of NO result in AZ and male infer-
tility (Ramya et al., 2011). In this study we ask whether or not PMCA4 in
human sperm dynamically interacts with nNOS and eNOS whose en-
coding gene, eNOS, is known to harbor a single nucleotide polymorphism
(SNP) that is associated with AZ and male infertility (Buldreghini et al.,
2010).

Interestingly, PMCA4a was recently shown to be expressed and
secreted in the bovine (Brandenburger et al., 2011) and murine
epididymides where it is present on epididymosomes and where it
is involved in epididymal sperm maturation (Patel et al., 2013).
We have also demonstrated that PMCA4a is expressed in the
female tract where it is associated with uterosomes and oviducto-
somes from which it can be delivered to sperm during capacitation
(AL-Dossary et al., 2013). These findings raise the possibility that
PMCA4 may also be expressed in prostasomes which have been
shown to recruit sperm to deliver Ca2+ signaling tools (Aalberts
et al., 2013).

Based on the above, we hypothesized that prostasomes carry
PMCA4 and its interacting partners in their cargo that they deliver to
sperm. Our results reveal the co-localization of PMCA4 with eNOS
and nNOS at the posterior head/neck junction of the sperm and
show that PMCA4 is physically associated with each, preferentially
during periods of elevated [Ca2+]c when down-regulation of NOS ac-
tivity would prevent elevated levels of NO and its resulting toxicity and
loss of sperm motility. Thus we provide insights into the mechanism
underlying the loss of motility and fertility in PMCA4’s absence in
sperm. Importantly, we show that PMCA4 and its interacting partners
are present in prostasomes which are able to deliver these fertility-
modulating proteins to the sperm in vitro.

Materials and Methods

Human samples and reagents
The use of human material was approved by the University of Delaware
Human Subject Review Board. Fresh semen samples were obtained
from patients attempting IVF/ICSI at the Reproductive Associates of Dela-
ware (RAD) Laboratory (Christiana Hospital in Newark, DE, USA). La-
boratory personnel assessed samples using standard World Health
Organization (WHO) criteria (WHO, 2010) which included sperm con-
centration, percentage motility and motility grade, prior to donating
them to our lab with an anonymous identification number. Informed
consent was obtained from all subjects providing samples. All enzymes
and chemicals were purchased from Fisher Scientific Co. (Malvern, PA,
USA), Sigma (St. Louis, MO, USA) or Invitrogen (Carlsbad, CA, USA),
unless otherwise specified.

Antibodies
Affinity purified goat polyclonal pan-PMCA4 antibody (Y20, sc 22080;
recognizes both 4a and 4b isoforms) raised against the N-terminus of
the rat protein was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), along with rabbit polyclonal anti-eNOS antibody (C20
or NOS3) which maps at the C-terminal end of NOS3 in humans, and
with rabbit polyclonal anti-nNOS antibody (NOS1 or R20). Anti-rat
CASK/Ln2 mouse monoclonal antibody (#75–000), which cross-reacts
with the human protein, was obtained from UC Davis/NINDS/NIMH
NeuroMab Facility (Davis, CA, USA). Secondary antibodies were pur-
chased from Life Technologies, Santa Cruz Biotechnology, or Molecular
Probes Inc. (Eugene, OR, USA). These antibodies were used in western
blots, co-immunoprecipitation (Co-IP) assays, indirect immunofluores-
cence (IF) and fluorescence resonance energy transfer (FRET) studies, all
of which demonstrated their specificity in detecting these proteins in
humans.

Isolation of sperm, seminal plasma and
prostasomes
Semen samples selected for the study were those with a progressive mo-
tility rate of ≥50%. Sperm were separated from liquefied samples by cen-
trifugation at 500g for 20 min and the seminal plasma collected. The
seminal plasma was clarified following the removal of cellular debris after
centrifugation at 16 000g for 20 min at 48C. Prostasomes were isolated
from the clarified seminal plasma by a process similar to that previously
described (Caballero et al., 2013). Briefly, using a Beckman Optima L-70
centrifuge with a Ti60 rotor, clarified seminal plasma was subjected to
ultracentrifugation at 120 000g for 2 h at 48C. Both insoluble (pellet) and
soluble (supernatant) fractions were collected and used in Western ana-
lysis while purified unfractionated seminal plasma was used for Co-IP
assays. Proteins from the soluble fraction were precipitated with three
volumes of acetone and recovered in sample buffer for western blotting,
as described (Zhang and Martin-DeLeon, 2003; Patel et al., 2013), along
with the pellet (containing the prostasomes) that was also re-suspended
in the sample buffer.

Sperm were studied under physiological states where [Ca2+]c varied.
Comparisons were made for uncapacitated and capacitated, or uncapaci-
tated and Ca2+ ionophore-treated (acrosome-reacted) sperm which had
the highest level of [Ca2+]c, while uncapacitated had the lowest. Sperm col-
lected in 100–200 ml of capacitating medium, HTF (Human tubal fluid;
InVitroCare, Frederick, MD, USA) were either incubated at 378C for 2 h
(capacitated) or immediately processed (uncapacitated). For Ca2+-
ionophore treatment, sperm were placed in 100 ml HTF medium containing
1 mM A23187 calcium ionophore and incubated at 378C for 65 min.
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Localization of PMCA4, eNOS, nNOS and
CASK on human sperm membrane, using
indirect immunofluorescence
Sperm samples, isolated as described above, were washed three times
with phosphate-buffered saline (PBS), and recovered by centrifugation for
20 min each at 500g. They were then fixed with 1.5% paraformaldehyde
for 1 h at room temperature (or stored overnight in paraformaldehyde at
48C), washed (3×, 20 min) with PBS and then permeabilized with 0.1%
Triton X-100 for 10 min at room temperature. After washing, cells were
blocked with 2% bovine serum albumin in PBS for 30 min and then incubated
with primary antibodies: anti-PMCA4 (Y20), anti-eNOS (C20), anti-nNOS
(R20) each at a dilution of 1:50, and/or anti-CASK (1:500) at 48C overnight.
The controls contained rabbit or goat immunoglobulin (Ig)G where ap-
propriate. The secondary antibodies were Alexa Fluor 555-conjugated
donkey anti-goat IgG (Molecular Probes, Eugene Oregon) for PMCA4 and
Alexa Fluor 488-conjugated goat anti-rabbit IgG for eNOS and nNOS, all
diluted 1:200. After 30 min incubation in the dark, cells were washed (3×,
20 min) with PBS. They were then re-suspended in �45 ml PBS and
smears made on slides to which �10 ml of proLong Gold with
4′,6-Diamidino-2-phenylindole (DAPI) was added for counter-staining.
Slides were examined using a Zeiss LSM 780 confocal microscope (Carl
Zeiss, Inc., Gottingen, Germany) using a plan-Apochromatic 63× or 40×
oil objective.

To determine if PMCA4 is present on the inner acrosomal membrane
(IAM), sperm treated with Ca2+ ionophore [where typically .90% of the
cells are acrosome-reacted (Deng et al., 1999)] were immunostained with
anti-PMCA4 antibodies, while its presence over the acrosome was probed
with fluorescein isothiocyanate (FITC)-conjugated peanut agglutinin (PNA)
lectin which stains the acrosomal matrix. Thus after treatment with the anti-
PMCA4 secondary antibodies, uncapacitated sperm were counter-stained
with 10 mg/ml PNA-FITC as described (Modelski et al., 2014). If the red
PMCA4 signal is present on the acrosome beyond background level, it is
expected to merge with the green FITC staining to give a yellow coloration,
while in its absence the green is unchanged.

Co-localization and FRET via acceptor
photobleaching
To co-localize the proteins sperm were fixed, permeabilized and immunos-
tained as described above with a few modifications; namely, the primary anti-
bodies were added in two pairs: anti-PMCA4 and anti-eNOS, and
anti-PMCA4 and anti-nNOS. Secondary antibodies were also added in sets
corresponding to the primary antibodies. Slides were visualized using a
Zeiss LSM 780 confocal microscope and analyzed using ZEN software
(Carl Zeiss, Inc., Gottingen, Germany).

FRET was used to study molecular scale interactions between two sets of
proteins: PMCA4/eNOS and PMCA4/nNOS. In this technique an excited
fluorophore (a donor) transfers its excited energy to a light-absorbing mol-
ecule (an acceptor) if the molecules are closer than �100 Å. FRET efficien-
cies were evaluated using the Acceptor Photobleaching approach described
by Bragdon et al. (2009, 2010). For this, a donor fluorophore (green label,
Alexa Fluor 488, which excites at 488 nm) was used to tag eNOS and
nNOS and an acceptor fluorophore (red, Alexa Fluor 555, which excites at
561 nm) was used for PMCA4. The Forster distance (R0, the distance at
which energy transfer efficiency is 50% of the maximum possible for a particu-
lar donor-acceptor) for Alexa Fluor 488 and Alexa Fluor 555 is known to be
70 Å (Life Technologies). With the occurrence of FRET the donor encoun-
ters a quenching of its fluorescence due to the energy transfer to the accept-
or. However after photobleaching of the acceptor, donor fluorescence is
unquenched. The difference between the average fluorescence intensities

of the donor after and before bleaching divided by the average post-bleach
intensity provides a direct assessment of the FRET efficiency.

To obtain the data, lasers were used to excite the fluorophores and a
region of interest (ROI) encompassing a sperm was selected and five initial
images of the donor fluorophore were taken. Following the bleaching
event, which consisted of 40 iterations of the laser, to ensure that the accept-
or was fully bleached and that there would be maximal enhancement of the
donor, 15 more images were captured. Thus, there were a total of 20
images/cell. These high resolution and high magnification images were col-
lected, using confocal microscopy (with a Zeiss LSM 780 confocal micro-
scope; Carl Zeiss, Inc., Gottingen, Germany) with a plan-Apochromatic
63× oil objective and the FRET module.

Using Image J (U.S. National Institute of Health, Bethesda, MD, USA), the
area of the ROI was calculated and normalized for the intensity values for pre-
and post-bleach. Also, the background fluorescence was calculated using
Image J and subtracted from the pre- and post-intensity values. There were
a total of eight treatment groups analyzed: (i) four for PMCA4/eNOS, two
of which were uncapacitated (UNCAP), pre- and post-bleaching and two
were capacitated (CAP), pre- and post-bleaching; and (ii) four for
PMCA4/nNOS in the categories described for PMCA4/eNOS.

Co-IP assays with sperm and seminal
plasma proteins
Co-IP assays of sperm proteins were similar to those previously described
from our laboratory (Modelski et al., 2014). Briefly, PureProteome Protein
G magnetic beads (Millipore Corp, Billerica, MA, USA) were washed twice
in PBS with 0.1% Tween 20 and recovered by centrifugation at 2500g for
5 min. They were then re-suspended in 100 ml of PBS with 2 mg of anti-
PMCA4 antibodies (anti-eNOS or anti-nNOS antibodies) for 2 h at 48C,
while the control received the same concentration of appropriate IgG
(goat for PMCA4 and rabbit for the NOSs). After incubation, the beads
were centrifuged at 2500g, and the supernatant removed prior to washing
them with PBS. The beads were then re-suspended in 150–200 mg of
sperm proteins [obtained from a lysate in RIPA buffer (Cell Signaling,
Danvers, MA, USA) supplemented with protease inhibitor (PI)]. In the
case of clarified seminal plasma, a volume containing 300–500 mg of proteins
was diluted with RIPA buffer containing PI before adding to the beads. This
sperm protein suspension was then brought to a final volume of 500 ml
with the addition of immunoprecipitation buffer (25 mM Tris, 150 mM
NaCl, pH 7.2) with PI (or 250 ml for clarified seminal plasma). Following in-
cubation in the protein suspensions for overnight at 48C, the beads were
recovered by centrifugation and all but 20 ml of the fluid removed. Loading
dye (5 ml of a 5× solution) was added to the fluid and the beads were
re-suspended.

The bead suspension was then boiled for 5 min and the reduced protein
eluate analyzed bysodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE, 8% gel) and electro-transferred to nitrocellulose membranes.
Membranes were probed using rabbit anti-eNOS primary antibody (1:250)
or rabbit anti-nNOS primary antibody (1:500) and detected with alkaline
phosphatase-conjugated anti-rabbit secondary antibody, or in some cases
detected with multilink secondary antibody (1:5000) from BioGenex. Visual-
ization was performed with the WesternBreeze Chemiluminescent immuno-
detection kit (Invitrogen).

In the reciprocal Co-IP either nNOS or eNOS antibody (2 mg) was used in
the immunoprecipitation step, while the membranes were probed with goat
anti-PMCA4 antibody (1:100). Detection occurred with donkey anti-goat
biotin-conjugated secondary antibodies (Jackson Laboratory, West Grove,
PA, USA) diluted 1:5000, followed by SA-HRP (Streptavidin-horse-radish
peroxidase, Jackson Laboratory, diluted 1:5000) incubation, and bands
were visualized using HRP (EMD Millipore Corporation). At least three
experiments were performed for each of the partner pairs.
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SDS-PAGE and western blot analysis
Sperm and prostasome samples were homogenized with either homogeniza-
tion buffer (62.5 mM Tris–HCl, 10% glycerol, 1% SDS) or 1× RIPA buffer
[�180 ml, containing PI], using a mortar and pestle. Protein concentrations
in the lysates and seminal plasma were determined using the Pierce bicinch-
oninic acid protein assay Kit (Thermo Scientific, Rockford, IL, USA), accord-
ing to the manufacturer’s protocol. Samples for electrophoresis were diluted
in 5× Laemmli sample buffer and incubated for 5 min at 998C. Twenty to
60 mg of proteins were loaded per lane on 10% polyacrylamide gels and
transferred onto a nitrocellulose membrane (Amersham Biosciences).

Blots were blocked for 1 h at room temperature and incubated in primary
antibodies: anti-eNOS (1:250), anti-nNOS (1:500), anti-PMCA4 (1: 100) or
anti-CASK (1:1000) overnight at 48C. Non-specific binding of antibody was
removed using washes (5×) of TBST (20 mM Tris, pH 8.0, containing
150 mM NaCl and 0.5% Tween 20) before incubation in the alkaline phos-
phatase (AP)-conjugated anti-rabbit IgG (Invitrogen, diluted 1:2000) or
AP-conjugated anti-goat IgG (Sigma-Aldrich, diluted 1:30 000) or
AP-conjugated anti-mouse IgG (Invitrogen 1:2000) for 1 h at 48C. The mem-
branewas again washed (6×, 15 min) using TBST before chemiluminescence
was detected by using the ECL kit (Bio-Rad, Hercules, CA, USA).

In vitro sperm uptake of PMCA4, eNOS and
nNOS from seminal plasma, as detected via
co-incubation and flow cytometric analysis
Freshly collected sperm were isolated from semen as described above and
co-incubated in the seminal plasma isolated from the semen sample, for
6 h at 378C. Following incubation sperm were centrifuged at 500g for
15 min, the supernatant was removed and the sperm were fixed with 4% par-
aformaldehyde overnight. After fixation the cells were permeabilized,
blocked, and treated with anti-PMCA4, anti-eNOS, or anti-nNOS primary
antibody (1:50) followed by treatment with secondary antibody (chicken
anti-goat Alexa Fluor 488 for PMCA4 or goat anti-rabbit 488 for the
NOSs), as described above. Cells were subjected to flow cytometric analysis,
using a FACSCalibur unit (Becton Dickinson, San Diego, CA) equipped with
an argon laser with excitation at 488 nm. The control untreated sperm were
aliquots isolated from the same individual as the treated sample and pro-
cessed similarly, without co-incubation with seminal plasma.

Statistical Analysis
A one-way ANOVA followed by a post hoc Tukey Kramer [SAS (SAS Institute,
Cary, NC, USA)] analysis was performed to determine significance among
the eight treatment groups in the FRET analysis. For FRET efficiency, Stu-
dent’s two-tailed t-test [SAS (SAS Institute)] was used to calculate significant
differences between treatment pairs. Significant differences were recorded
for P-values ,0.05.

Results
IF and confocal microscopy revealed that PMCA4 is localized over the
head, the neck and midpiece, and the proximal principal piece
(Fig. 1a). The staining varied: it was most intense on the neck/midpiece
junction and least intense over the acrosome where it was found in only
5% of the cells analyzed (Table I). The absent/low intensity red PMCA4
staining on the plasma membrane over the acrosome is revealed by the
unaltered green staining of the acrosomal matrix (Fig. 1d). However, fol-
lowing the acrosome reaction, PMCA4 staining on the IAM was seen
(Fig. 1e) in .50% of 40 sperm analyzed from two subjects. eNOS was
found to be localized predominantly on the posterior head and the
neck/midpiece junction, where the staining was most intense (Table I,

Fig. 1b). nNOS appeared to be more abundant than eNOS and to be
more widely distributed as it was seen over the anterior (acrosome)
and posterior head, the neck/midpiece junction, and the principal
piece (Fig. 1c). The absence of staining in the negative controls
(Fig. 1a–c,E) confirmed the specificity of the antibodies used. Unlike
the other proteins, CASK is absent from the head and is localized to
the midpiece and the proximal principal piece (Fig. 1f).

Staining for the localization of each protein and the co-localization ex-
periment was done on capacitated sperm where the [Ca2+]c is elevated.
Figure 2a shows that PMCA4 and eNOS co-localize at the base of the
head near the midpiece and the principal piece, identified as a yellow
signal where the red and green images merged. The most intense
yellow staining was seen at the base of the head near the neck. For
PMCA4 and nNOS, the most intense area of co-localization is also
seen in the base of the head and the proximal principal piece (Fig. 2b).
Thus the co-localizations overlapped at the base of the head near the
neck region and occurred in .92% of the cells with the eNOS-PMCA4
pair and 62% of those analyzed for nNOS-PMCA4. It should be noted
that while the staining in Figs 1 and 2 was typical, there was a wide spec-
trum of variability within an individual, with some sperm having little or no
staining in each of the regions identified (Fig. 2c and d). For nNOS some
sperm had very heavy deposits of the staining on the anterior head
(Fig. 2d, arrowed).

Co-IP assays showed that anti-PMCA4 antibodies were able to immu-
noprecipitate eNOS in proteins from Ca2+ ionophore-treated or
acrosome-reacted sperm, but only marginally so in uncapacitated
sperm (Fig. 3A). The 140 kDa eNOS is seen in the total sperm protein
used as a positive control, but missing in the IgG control. This finding sug-
gests that eNOS and PMCA4 are in close association after Ca2+ iono-
phore treatment when calcium levels are elevated. Similarly, Fig. 3B
shows that the 155 kDa nNOS could also be co-immunoprecipitated
with anti-PMCA4 antibodies after Ca2+ ionophore treatment, but to a
much lower extent in the untreated, again showing a close interaction
at elevated [Ca2+]c.

In Fig. 4A and B post-bleaching fluorescence intensities were shown to
increase for PMCA4-eNOS and PMCA4-nNOS pairs, indicating that
FRET had occurred for both. Significant differences in the intensities
were seen between CAP and UNCAP samples at both pre-bleaching
(P , 0.05) and post-bleaching (P , 0.001) stages for eNOS and P ,

0.01 and P , 0.0001 for nNOS, suggesting more molecules of the
NOSs are recruited at a close distance to PMCA4 during capacitating,
compared with uncapacitating, conditions where [Ca2+]c is elevated.
This is consistent with the Co-IP data, where more interaction is seen
at elevated [Ca2+]c after treatment with the ionophore.

When FRET efficiencies were calculated, the average ranged from 12
to 30% (Fig. 4C). These values represent the fraction of the donor (eNOS
or nNOS) molecules that exhibit FRET. The highest efficiency (30%) was
seen for the PMCA4-nNOS pair under non-capacitating conditions. This
efficiency was significantly (P , 0.001) higher than the 12% seen for the
UNCAP PMCA4-eNOS pair, which was significantly (P , 0.01) lower
than the 22% rate seen for CAP PMCA4-eNOS pair. For CAP sperm,
the 26% efficiency rate for the PMCA4-nNOS pair was more than
double the 12% rate for the UNCAP PMCA4-eNOS pair, a significant
(P , 0.01) difference, but not significantly different from the 30%
PMCA4-nNOS UNCAP pair. There was also a significant (P , 0.05) dif-
ference between the rates for PMCA4-eNOS CAP and PMCA4-nNOS
UNCAP.
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Prostasomes isolated from the seminal plasma of three men were
probed in Western analysis to detect the presence of PMCA4 and its
interacting partners, eNOS and nNOS, as well as CASK which was
shown earlier to interact with PMCA4b more strongly in UNCAP than
CAP murine sperm proteins (Aravindan et al., 2012). In Fig. 5A–D,
using sperm proteins as a positive control, it is shown that human prosta-
somes carry the �130 kDa PMCA4, along with its interacting partners,
eNOS (140 kDa), nNOS (155 KDa), as well as CASK (�60 kDa). For

CASK, mouse sperm proteins were used as a control and showed
both the insoluble (�100 kDa) and the soluble (60 kDa) isoforms of
CASK. Only the soluble isoform, which is known to interact with the
PDZ ligand of PMCA4, was seen in the human prostasome samples. In
Fig. 5C and D, proteins were precipitated from the supernatant recov-
ered from ultracentrifugation of the clarified seminal plasma and gave
no bands when subjected to Western analysis, indicating that the pro-
teins in the seminal plasma are carried in prostasomes.

Figure 1 Indirect immunofluorescence of human sperm shows that PMCA4 and the NOSs are localized on the head and flagellum. (a) Plasma membrane
Ca2+-ATPase 4 (PMCA4), red) is seen over the acrosome, midpiece and proximal principal piece, (b) endothelial nitric oxide synthase (eNOS, green) on
the neck and posterior head, and (c) neuronal NOS (nNOS, green) is more broadly distributed on the head and flagellum. IgG negative control is seen in (E).
(A) represents the primary antibody staining, (B) is the differential interference contrast (DIC) image, (C) is 4′,6-Diamidino-2-phenylindole (DAPI staining)
while (D) is the merged image showing the base of the head and the neck to have the most intense staining in the areas of overlap for the three proteins. (d)
Acrosome-intact sperm stained for PMCA4and the acrosomal matrix. The green fluorescein isothiocyanate (FITC)-conjugatedpeanut agglutinin stainingon
the acrosome is unaltered in the absence, or low intensity, of the red PMCA4 signal on the plasma membrane over the acrosome. The necks and midpieces
have the red signal. (e) Acrosome-reacted sperm stained for PMCA4 and eNOS show eNOS at the posterior head/neck junction and the red signal on the
inner acrosomal membrane and the neck of 1–4 in merged images, as seen in (D) of (a)–(c). The sperm in (e-4) is seen in transmitted light in (e-3). (f) Ca2+/
CaM-dependent serine kinase (CASK) is present on the midpiece and the proximal principal piece and absent from the sperm head (A), after staining with
anti-CASK antibodies. The immunoglobulin (IgG) negative control is seen in (F) where the head is stained with DAPI, (B) is the DIC image of (F) showing the
presence of the tails.
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To investigate if the interactions of PMCA4 and its partners seen in
sperm proteins also occur in prostasomes, Co-IP assays were performed
on the proteins in the seminal plasma. Figure 6A shows the Western for
the Co-IP for PMCA4 and eNOS, indicating that PMCA4 and its interact-
ing partners are intimately associated in prostasomes in the seminal
plasma. This finding was confirmed by reciprocal Co-IPs (Fig. 6B).
Figure 6C shows a similar close association for PMCA4 and nNOS in

prostasomes, with confirmation from the reciprocal Co-IPs (Fig. 6D).
Thus the protein complexes seen in sperm also exist in the prostasomes.

Following co-incubation of sperm with their seminal plasma, prosta-
somes were shown to be capable of delivering PMCA4 and its interacting
partners, eNOS and nNOS, to sperm (Fig. 7). An increase of �2.3-fold in
PMCA4 fluorescence intensity in sperm incubated with the seminal
plasma compared with control was observed for one individual

..........................................................................................................

.............................................................................................................................................................................................

Table I Immunofluorescence expression of plasma membrane Ca21-ATPase 4 (PMCA4), nitric oxide synthases (NOSs),
and Ca21/CaM-dependent serine kinase (CASK) in human sperm with ≥50% motility.

Protein Cells % Cells % of cells stained in different regions

Analyzed (n) Stained ACR Post. Head Neck Midpiece PPP

PMCA4 49 98 5 82 92 75 85

eNOS 38 74 10 76 100 68 70

nNOS 42 100 72 68 94 100 96

CASK 36 96 – – – 100 100

Sperm were analyzed from four men.
ACR, acrosome; Post., posterior; PPP, proximal principal piece; eNOS, endothelial NOS; nNOS, neuronal NOS.

Figure 2 PMCA4 co-localizes with eNOS and nNOS. Co-localization of (a) PMCA4 and eNOS, where (A) is PMCA4 and (B) is eNOS; (b) PMCA4 and
nNOS, where (A) is PMCA4 and (B) is nNOS is shown. (C) is the DIC image, (D) is the DAPI staining, and (E) is the merged images of the two proteins
identified as a yellow signal. Negative controls, using goat serum and rabbit IgG, are seen in (F) and (G). Bar ¼ 5 mm. Merged images of groups of cells
showing co-localization of eNOS and PMCA4 are seen in (c), and for nNOS and PMCA4 in (d) where heavy deposits of staining of the anterior head
are marked (white arrow).
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(Fig. 7A) and a 5-fold increase for another after the same co-incubation
period (data not shown) in duplicate experiments performed. Increases
in intensity of �8-fold for eNOS (Fig. 7B) and 4-fold for nNOS (Fig. 7C)
were detected compared with the untreated controls. Therefore our
findings are consistent with the notion that PMCA4, eNOS and nNOS
are among the proteins delivered by prostasomes to sperm following
their recruitment in vivo in the female.

Discussion

Localization of PMCA4 and its interacting
partners
PMCA4 is known to be the most efficient Ca2+ efflux pump in murine
sperm (Wennemuth et al., 2003). This is most likely the case for
human sperm, based on the 84% amino acid identity of the protein in
mouse and human (NCBI Blast). While PMCA4’s localization in human
sperm has only been speculated (Jimenez-Gonzalez et al., 2004) to
date, we show for the first time that it localizes on the head, neck, mid-
piece and proximal principal piece (Fig. 1) of human sperm. Importantly,
PMCA4 was found to be present on the IAM where it was recently found
to be localized in the mouse (AL-Dossary et al., 2015). This localization is
physiologically relevant with respect to Ca2+ clearance after the elevated
influx that accompanies the acrosome reaction.

PMCA4’s localization showed both inter- and intra-individual vari-
ation. This heterogeneity in ejaculated sperm may be due to differential
storage periods in the epididymis where they are likely to acquire the
protein to augment their testicular endowment, based on reports for
other mammals (Brandenburger et al., 2011; Patel et al., 2013).

The localization of PMCA4 on the midpiece and neck region is inter-
esting since these are regions of lipid rafts (Cross, 2004), where it is
known to exist in somatic cells (Sepúlveda et al., 2006) as well as in
murine sperm (Aravindan et al., 2012). As a signaling molecule,
PMCA4’s localization in lipid rafts of human sperm is of physiological sig-
nificance. During capacitation lipid rafts are known to concentrate

interacting molecules to initiate signaling cascades, amid the changes
that occur in the lipid composition and redistribution within the sperm
plasma membrane (Cross, 2004). PMCA4’s localization with respect
to other calcium tools is also interesting. Its localization at the neck
where a calcium store has been reported (Costello et al., 2009) and
on the proximal principal piece where the Ca2+ influx channel,
CATSPER, resides (Tamburrino et al., 2014) shows the spatially regu-
lated nature of calcium signaling.

Similar to PMCA4, CASK was localized for the first time in human
sperm and was shown to be on the midpiece and proximal principal
piece. It is absent from the head, as reported in the mouse (Aravindan
et al., 2012). Interestingly, localization of eNOS overlapped with that
of PMCA4 in the neck, midpiece and proximal principal piece (Fig. 2),
where lipid raft microdomains exist (Cross, 2004). Furthermore, staining
of eNOS appeared specifically on the equatorial regions of the head as
well as the neck, midpiece, and principal piece (Fig. 1). This finding is
only in partial agreement with the report by O’Bryan et al. (1998)
which did not detect eNOS on the flagellum, but concurs with that of Sal-
volini et al. (2012). Our results showing that nNOS is found on the acro-
some and flagellum in human sperm (Fig. 1) and exists in greater
abundance than eNOS are also in agreement with those of Salvolini
et al. (2012) and are consistent with the finding of Herrero et al.
(1996). Both of these reports also detected cell-to-cell variation in
protein expression, as seen in the present study. This is likely to arise,
similarly to that for PMCA4, from epididymal acquisition over different
storage periods, since eNOS is expressed in the human epididymis
(Zini et al., 1996) and both NOSs are present in the murine epididymal
fluid which can deliver them to sperm (our unpublished data).

As PMCA4, eNOS and nNOS were found in overlapping regions when
they were probed for individually, it was not surprising to detect their
co-localization (Fig. 2). This occurred on the posterior head near the
neck and the proximal principal piece, where they are likely to be in a
cluster to serve dynamic functional roles. Since the principal piece is
known to play a role in motility (Tamburrino et al., 2014), it can be pos-
tulated that the proteins are assembled in these regions in order to regu-
latemotility in human sperm (Schlingmann et al., 2007). Furthermore, the
presence of the proteins on the posterior head suggests that theyare also
important for fertilization (Toshimori et al., 2011).

PMCA4 interacts preferentially with eNOS
and nNOS at elevated [Ca21]c

Ca2+ uptake in sperm has been shown to be biphasic with the lower
influx associated with capacitation, while the second and more elevated
peak mediates acrosomal exocytosis (Fraser, 1987; de Lamirande et al.,
1997). Thus for AR sperm, the [Ca2+]c .CAP [Ca2+]c .UNCAP
[Ca2+]c. In this study basal [Ca2+]c in uncapacitated sperm was com-
pared with either that in capacitated or Ca2+ ionophore-induced AR
sperm to investigate functional interaction. The reciprocal Co-IP data
revealed that for both PMCA4-eNOS and PMCA4-nNOS pairs, interac-
tions occurred predominantly in AR sperm compared with UNCAP
sperm (Fig. 3), reflecting an association that is Ca2+-dependent.

Since co-immunoprecipitated proteins might not be directly interact-
ing we performed FRET assays to determine direct interactions of
PMCA4 and the NOSs and to ask whether or not the interaction
varied with [Ca2+]c. eNOS is known to interact with PMCA4 at the cata-
lytic domain on the larger cytosolic loop (Holton et al., 2010), while

Figure 3 Co-immunoprecipitation assays show a close association
of PMCA4 and the NOSs. Increased binding of PMCA4 and the
NOSs is seen in proteins from acrosome-reacted (AR), compared
with that in uncapacitated (UNCAP), human sperm. In (A) the
140 kDa eNOS and (B) the 155 kDa nNOS band are detected after
co-immunoprecipitation. Goat IgG was used as a negative control
and shows the specificity of the Co-IP. Total protein (TP) was used
as a positive control.
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Figure4 Data analysis reveals that FRET occurs for PMCA4 and the NOSs. Representative graphs of the average pre-bleaching (PRE) and post-bleaching
(POST) fluorescence intensities in capacitated (CAP) and uncapacitated (UNCAP) human sperm for eNOS (A) and nNOS (B). Post-bleaching intensities of
both increased, indicating that FRET had occurred. Intensities were significantly higher for CAP versus UNCAP sperm both PRE- and POST-bleaching for
eNOS-PMCA4 (P , 0.05; P , 0.001) and for nNOS-PMCA4 (P , 0.01; P , 0.0001) interactions. (C) The average % FRET efficiencies (the fractions of
donor molecules, eNOS and nNOS, that exhibit FRET) varied for the four treatment groups, being highest for nNOS interactions. Significant differences in
FRET efficiencies were found for PMCA4-eNOS CAP versus UNCAP (P , 0.01), for both PMCA4-nNOS and PMCA4-eNOS UNCAP (P , 0.001), for
PMCA4-nNOS CAP versus PMCA4-eNOS UNCAP (P , 0.01), and PMCA4-eNOS CAP versus PMCA4-nNOS UNCAP (P , 0.05). A total of 10–11
cells and 20 images percell were analyzed for each group. Error bars represent standard error (SEM). Datawere analyzed by one-way ANOVA followed by a
post hoc Tukey Kramer analysis and the Students two-tailed t-test.
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nNOS has a PDZ domain via which it interacts with the PDZ ligand at the
C-terminus of PMCA4 (Schuh et al., 2001). Thus both can interact with
PMCA4 simultaneously, as we have detected in Fig. 3 [While PMCA4 is
known to interact in other ternary complexes in somatic cells (Schuh
et al., 2001; Holton et al., 2010), this is the first such complex which
involves both constitutive NOSs]. In this vein, Fig. 4 shows that there
are significantly higher donor fluorescence intensities in capacitated
samples compared with uncapacitated ones, following the acceptor
bleaching event for both PMCA4-eNOS and PCMA4-nNOS pairs.
These data indicate that at high [Ca2+]c more of the NOS molecules
are in close proximity (i.e. within 10 nm) of PMCA4, confirming the pref-
erential physical association detected under this condition with the Co-IP
assays.

Since the interaction of PMCA4 with the NOSs in somatic cells results
in their down-regulation (Schuh et al., 2001; Holton et al., 2010), a similar
interaction in sperm is likely to also inhibit eNOS and nNOS at a time
when their heightened activity is favored by elevated [Ca2+]c. It should
be noted that calcium ionophore (A23187, used to generate AR
sperm) is a potent activator of constitutive NOSs (Donnelly et al.,
1997). Thus when [Ca2+]c is globally high, tethering the NOSs to acti-
vated PMCA4 would ensure that they would be in a local environment
of relatively low [Ca2+]c as Ca2+ is ejected into the extracellular space.
The resulting down-regulation of the NOSs in this locale is of physiologic-
al significance, since NO (in elevated levels) is known to be an inhibitor of
sperm motion (Nobunaga et al., 1996). Increased NO levels would gen-
erate elevated peroxynitrite levels after binding to superoxide. As

peroxynitrite is a highly reactive oxygen species (ROS) and is cytotoxic
at high levels, the interaction of PMCA4 and the NOSs prevents toxic
levels of ROS which are known to lead to lipid peroxidation. Sperm,
with membranes which are enriched in polyunsaturated fatty acids, are
vulnerable to lipid peroxidation which is a key mechanism for loss of mo-
tility (Hellstrom et al., 1994; Aitken et al., 2014). Thus it is likely that in
murine sperm with targeted disruption of Pmca4, the AZ results from
NO toxicity in PMCA4’s absence.

With respect to FRET efficiencies the NOSs behaved differently. The
PMCA4-eNOS pair displayed a significantly higher FRET efficiency at ele-
vated [Ca2+]c in capacitated sperm, compared with that at basal [Ca2+]c.
The greater number of molecules interacting at elevated [Ca2+]c would
inhibit the heightened activity of eNOS which occurs under this condi-
tion. However, PMCA4-nNOS samples for which uncapacitated
sperm had the highest FRET efficiency (30%) had significantly higher effi-
ciencies than the PMCA4-eNOS pairs, for both capacitated and uncapa-
citated sperm. Thus the data suggest that at both elevated and basal
[Ca2+]c more nNOS molecules, unlike those for eNOS, are inhibited
by PMCA4. This is likely due to the greater abundance of nNOS and
also its existence in both an insoluble and a soluble form (Matsumoto
et al., 1993). Since human nNOS binds to PMCA4 at basal [Ca2+]c in
uncapacitated sperm when PMCA4 is also known to bind CASK in
murine sperm (Aravindan et al., 2012), human sperm PMCA4 might
be interacting with both nNOS and CASK simultaneously via its PDZ

Figure 5 PMCA4and its interactingpartnersarepresent inhumanpros-
tasomes. (A) shows PMCA4 protein bands, �124–133 KDa, represent-
ing the 4a and 4b isoforms from two individuals (lanes 1 and 2). (B) shows
eNOS (140 KDa) in prostasomes from two individuals (lanes 1 and 2).
Lanes 3 in (A) and (B) show human sperm proteins used as a control.
(C) shows nNOS (155 KDa) in prostasomes (lane 3), clarified seminal
plasma (SP) (lane 4), and human sperm protein (lane 1); while lane 2
shows its absence in the supernatant recovered after ultracentrifugation
of SP for isolation of the prostasomes. (D) shows the presence of CASK
in mouse sperm, used as a positive control (lane 1), prostasomes (lane
3), clarified seminal plasma (SP) (lane 4), and its absence in the supernatant
following ultracentrifugation of SP (lane 2).

Figure 6 Reciprocal Co-IPs reveal that PMCA4 and the NOSs are
closely associated in prostasomes in human seminal plasma. Anti-
PMCA4 antibody was used to co-immunoprecipitate eNOS
(140 KDa) (A) and nNOS (155 KDa) (C), with goat IgG and total
sperm protein used as negative and positive control, respectively. Anti-
eNOS and anti-nNOS antibodies were used to co-immunoprecipitate
PMCA4 (�130 KDa) (B and D). Rabbit IgG and sperm proteins
were, respectively, used as the negative and positive control.
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ligand. This is not only probable, but highly likely, since PMCA4 functions
as a dimer (Di Leva et al., 2008) and one monomer could bind to CASK
and the other to nNOS.

CASK, PMCA4 and the NOSs are present in
prostasomes where PMCA4 and the NOSs are
in a complex which can be delivered to sperm
in vitro
Since prostasomes are known to carry Ca2+ signaling tools (Park et al.,
2011) we investigated if they also carry PMCA4, eNOS, nNOS and
CASK. Our results in Fig. 5 show that all are present in prostasomes,
which are membrane vesicles residing in the seminal plasma. These vesi-
cles are known to deliver a variety of proteins to the sperm surface, in-
cluding those responsible for sperm motility (Aalberts et al., 2013).
While PMCA4 is a transmembrane protein, CASK, eNOS, and nNOS

are membrane-associated proteins. It should be noted that CASK and
nNOS (Fig. 5C and D) and also PMCA4 and eNOS (data not shown)
were shown to be present in prostasomes but absent from the super-
natant after ultracentrifugation of the clarified seminal plasma. Thus in
Co-IP assays of seminal plasma we show that similar to sperm, eNOS
and nNOS in prostasomes are in intimate association with PMCA4
(Fig. 6). Since the 60 kDa CASK which is known to interact via its PDZ
domain (Funke et al., 2005) was detected in prostasomes (Fig. 5D), it
is likely to be associated with a population of PMCA4 molecules via
their PDZ ligands, as occurs in murine sperm proteins (Aravindan
et al., 2012).

Mammalian spermatozoa are known to undergo post-testicular mat-
uration by interacting with the epididymal luminal fluid and prostatic fluid,
so the presence of these proteins in prostasomes underscores their im-
portance in sperm physiology (Aalberts et al., 2013; Sullivan and Saez,
2013). Prostasomes are known to fuse with sperm to deliver their

Figure 7 PMCA4 and the NOSs are delivered to human sperm by prostasomes in the seminal plasma. Quantitative immunofluorescence, detected by
flow cytometry, demonstrates the acquisition of PMCA4 (A), eNOS (B) and nNOS (C) after co-incubation of human sperm and seminal plasma from the
same individuals at378C for 6 h. Fluorescence intensity increased 2.3-fold for PMCA4uptake in the treated sample versus the control, as seen from the peak
shift towards the right. For eNOS (B) and nNOS (C) the respective increases were 8.0- and 4-fold versus the untreated control. A total of 50 000 sperm
were analyzed for each sample.
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cargo (Park et al., 2011; Aalberts et al., 2013) and it has already been dis-
covered that prostasomes are capable of delivering to human sperm
members of the calcium signaling toolkit in response to progesterone
(Park et al., 2011; Aalberts et al., 2013). In Fig. 7 we show that
PMCA4, eNOS and nNOS can be delivered to sperm in vitro. This may
likely be in the form of a complex, based on our Co-IP results and a
recent report for epididymosomes (Martin-DeLeon, 2015). Thus pros-
tasomes not only transport Ca2+ influx molecules, but also molecules for
Ca2+ efflux and those involved in NO signaling.

Conclusions
This study identifies for the first time the localization of PMCA4, a major
Ca2+ efflux pump, and CASK in human sperm. It shows that nNOS is
more abundant than eNOS in human sperm and, along with PMCA4
and CASK, is present in prostasomes which can deliver these proteins
to sperm. Although both NOSs interact with PMCA4 dynamically and
preferentially at elevated [Ca2+]c, significantly more molecules of
nNOS than eNOS are involved. The results support the hypothesis
that at high [Ca2+]c PMCA4 simultaneously interacts with eNOS and
nNOS in human sperm in a novel ternary inhibitory complex to negatively
regulate NO production to prevent oxidative stress. The latter is likely to
be responsible for the loss of motility and infertility in Pmca4 null sperm.
Our findings suggest that screening men with AZ might reveal PMCA4,
nNOS and eNOS mutations, as already seen for eNOS (Buldreghini
et al., 2010). Besides improving diagnosis of AZ, the work also points
to a therapeutic strategy for a subset of AZ patients in the IVF clinic.
Due to the diffusible nature of NO, it can be readily removed or
added to sperm in vitro, depending on whether levels are elevated or
reduced, both of which are associated with AZ (Ramya et al., 2012).
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