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Summary

The capacitation of mammalian spermatozoa involves
the activation of a cAMP-mediated signal transduction
pathway that drives tyrosine phosphorylation via
mechanisms that are unique to this cell type. Controversy
surrounds the impact of extracellular calcium on this
process, with positive and negative effects being recorded
in independent publications. We clearly demonstrate that
the presence of calcium in the external medium decreases
tyrosine phosphorylation in both human and mouse
spermatozoa. Under these conditions, a rise in intracellular
pH was recorded, however, this event was not responsible
for the observed changes in phosphotyrosine expression.
Rather, the impact of calcium on tyrosine phosphorylation

of 2-deoxyglucose, decreased ATP levels within human
spermatozoon populations and induced a corresponding
decline in phosphotyrosine expression. In contrast, the
mitochondrial inhibitor rotenone had no effect on either
ATP levels or tyrosine phosphorylation. Addition of the
affinity-labeling probe 8-N3 ATP confirmed our prediction
that spermatozoa have many calcium-dependent ATPases.
Moreover, addition of the ATPase inhibitor thapsigargin,
increased intracellular calcium levels, decreased ATP and
suppressed tyrosine phosphorylation. Based on these
findings, the present study indicates that extracellular
calcium suppresses tyrosine phosphorylation by decreasing
the availability of intracellular ATP, and not by activating

in these cells was associated with an unexpected change intyrosine phosphatases or inhibiting tyrosine kinases as has
the intracellular availability of ATP. Thus, the ATP content  been previously suggested.

of both human and mouse spermatozoa fell significantly

when these cells were incubated in the presence of external Key words: Human spermatozoa, Capacitation, Tyrosine
calcium. Furthermore, the removal of glucose, or addition  phosphorylation, Calcium, ATP

Introduction simple defined medium that mimics oviductal fluid. The latter
During the process of mammalian fertilization, spermatozo&ormally contains electrolytes, metabolic energy sources and a
undergo a priming process, known as capacitation, before th&@cromolecule such as serum albumin to allow for cholesterol
are capable of fertilizing the oocyte. Functional maturation offflux (Yanagimachi, 1969; Yanagimachi and Usui, 1974;
the spermatozoa is achieved as these cells ascend the fenfilken et al., 1983; Yanagimachi and Bhattacharyya, 1988;
reproductive tract; a process that can take anywhere from 6 ¥&nagimachi, 1994a). Biochemical changes occurring during
30 hours depending on the species (Chang, 1951). Originalfapacitation have been reported and include a decrease in
assumed to be a simple accumulation process, the movem@ngmbrane cholesterol content (Aitken et al., 1983; Cross,
of spermatozoa from the vagina to the upper part of the femal98), an increase in intracellular pH (Schackmann et al.,
reproductive tract is a highly regulated phenomenonl1981; Carr and Acott, 1989; Parrish et al., 1989) changes in
coordinated with oocyte release and culminating in the creationtracellular Ca&* concentration (Baldi et al., 1991) and the
of viable embryos. Using the rabbit as an animal model, Chargyoduction of reactive oxygen species (Aitken and Clarkson,
(Chang, 1951; Chang, 1955) demonstrated that spermatoz@87; Aitken and Buckingham, 1992; Aitken et al., 1992a;
must spend at least 6 hours in the female reproductive traditken et al., 1992b; Aitken and Fisher, 1994; Aitken et al.,
before fertilization can be successful. The finite period of timd 995; De Lamirande and Gagnon, 1995; Aitken et al., 1997;
that spermatozoa must spend in the female tract has beaitken et al., 1995; De Lamirande et al., 1998).
termed ‘capacitation’ (Austin, 1952) and involves a variety of A further correlate of capacitation is the ability of spermatozoa
post-translational modifications that allow these cells tdo undergo tyrosine phosphorylation (Visconti et al., 1995a;
respond to cues presented in the cumulus-oocyte compl&#sconti et al., 1995b; Aitken et al., 1996). In all mammalian
(Aitken et al., 1996). species studied thus far, tyrosine phosphorylation in spermatozoa
In the context of assisted reproduction, the capacitation a$ regulated by the second messenger, cAMP (Furuya et al., 1992;
spermatozoa is performed in vitro. In this procedure, freshifpuncan and Fraser, 1993; Visconti et al., 1995b; Leclerc et al.,
ejaculated or epididymal sperm are washed and incubated inl896; Galantino-Homer et al., 1997; Visconti et al., 1997; Aitken
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et al., 1998a; Aitken et al., 1998b; Leclerc et al., 1998). Thusjedium

addition of its cell permeable analogue, dibutryl cAMPBWW medium consisted of 95 mM NaCl, ¥ sodium lactate, 25
(dbcAMP), or phosphodiesterase inhibitors including 3-isobutylmM NaHCQ, 20 mM Hepes, 5.6 mM D-glucose, 4.6 mM KCl, 1.7
1-methylxanthine (IBMX), increase tyrosine phosphorylation ofnM CaCp, 1.2 mM KHPQs, 1.2 mM MgSQ, 0.27 mM sodium
sperm proteins (Aitken et al., 1998a; Leclerc et al., 1998). It ha¥yruvate, 0.3% (w/v) BSA, 5 U/ml penicillin, j5g/ml streptomycin,

been proposed that following production of cAMP, tyrosineFE);'\'/'VJV-“(-a ?;\g)\ivtﬂ?lf7cmunﬂang¥)éﬁ ‘Eﬁgsgtaegh?f Eogr';‘ra"
; ; ; I X . is bu
phosphorylation occurs through a protein kinase A (PKA) tained 2.0+0.5uM Ca&*, as measured by atomic absorption

dependent mechanism, since this process can be inhibited g&:{l sis
H89, a PKA inhibitor (Thundathil et al., 2002). Furthermore, one ySIS.

of the proteins phosphorylated in spermatozoa is an A-kinase- )

anchoring protein (AKAP), which anchors PKA and ensures thBreparation of human spermatozoa _ _
enzyme is exposed to local changes in cAMP (Pawson and Scdeshly e.jaculated .human ‘semen were obtained by masturbatlon,
1997). As PKA is a serine/threonine kinase, it cannot play a direep’llected into a sterile plastic container and transported immediately
role in tyrosine phosphorylation and therefore must activat to the laboratory for subsequent analysis according to normal

. . o . riteria set out by the World Health Organization (1992). Approval
tyrosine kinases indirectly (Leclerc et al., 1996). Such I('naseﬁar the donation of human semen samples was obtained from the

must be highly cell specific since cAMP-dependent tyrosing)njyersity of Newcastle human ethics committee. Each sample was

phosphorylation has not been reported for any other cell typgiowed to liquefy for 45 minutes at 37°C, before being processed.

examined to date. The spermatozoa were separated from seminal plasma on a two step
A powerful, potential regulator of tyrosine phosphorylationdiscontinuous Percoll gradient as previously described (Aitken et al.,

during sperm capacitation is €a Thus, early reports 1997). Following centrifugation, sperm concentration was assessed

documented that by increasing extracellular>*Can the  using a Neubauer haemocytometer. The cells were aliquoted into

surrounding medium, an increase in tyrosine phosphorylatioyfious treatments at a final concentration of1IB sperm/m and

could be observed in both mouse (Visconti et al., 1995a) arffen incubated at 3T under a 5% C§) 95% air atmosphere.

human (Leclerc et al., 1998) spermatozoa. However, this is

in direct contrast to others who observed that increasingreparation of mouse epididymal spermatozoa

extracellular ca decreased tyrosine phosphorylation, caydal epididymal spermatozoa were obtained from adult (8-14
suggesting that G& negatively regulates phosphotyrosine week) Swiss mice. The experiments described in this report were
expression during sperm capacitation (Luconi et al., 1996hpproved by the University of Newcastle animal ethics committee.
Supporting this latter notion, kinetic analysis of both tyrosineThe mice were killed by carbon dioxide asphyxiation and the
kinase and phosphatase activities in the presence and absergggoductive tracts removed. Caudal spermatozoa were collected by
of C&* suggested that this cation had a negative impact on sk@ck-flushing with water-saturated paraffin oil, collecting the
kinase activity, but no impact on phosphatase activity (Lucorffé'fusate and depositing it under oil at’G7 Sperm were then

et al., 1996). Following on from this discovery, Leclercactivated by addition of BWW that lacked T4BWW ~C&*). The

. . perm suspension was left to disperse in the droplet for 10 minutes at
ﬁ%uggrﬂgtlgcﬂfrﬁliig a:r? d Gevuegtlérnzootzll)c,)t re;ﬁglt;}/sisusi%fc and then the sperm concentration was assessed using a Neubauer

. emocytometer. The cells were aliquoted into various treatment
demonstrate the presence of c-yes kinase (a member of the gfGps at a final concentration obdI@® sperm/ml and then incubated

family of kinases) in the head of human spermatozoa. Thig 37C under a 5% C® 95% air atmosphere. Cell viability was
enzyme was activated by cAMP and inhibited with>’Ca assessed after each treatment using the hypo-osmotic swelling (HOS)
(Leclerc and Goupil, 2002). Furthermore, upon addition ofest (World Health Organization, 1997).
IBMX an increase in the activity of c-yes was demonstrated,
suggesting this enzyme may be involved in the cAMP/PKA- . .
dependent pathway of sperm capacitation. Extraction of sperm proteins . .

With these data in mind, current evidence suggests tRat CgAer incubation, spermatozoa were centrifuged (§0G minutes)
either positively or negatively regulates a kinase involved i"d Washed in 1 mi of BWW lacking BSA. The spermatozoa were

N . hen solubilized (2% w/v SDS, 0.375 M Tris, pH 6.8, 10% sucrose)
sperm capacitation. The goal of this study was to re-evalua d heated to 10Q for 5 minutes. Following centrifugation at

the impact of extracellular €a on this unique tyrosine 20,000g for 10 minutes, the supernatant was retained and boiled in

phosphorylation cascade in human and mouse spermatozess-sample buffer containing 2% (v/v) 2-mercaptoethanol. Samples

and resolve the mechanisms by which this cation exerts itgere then stored at 20 until required. In order to ensure that equal

regulatory effect. amounts of protein were loaded into the gels, protein estimations were

performed on each sample using a bicinchoninic acid (BCA) kit

. (Pierce, IL) according to the manufacturer’s instructions. A minimum

Materials and Methods of 1 ug of total protein was loaded per lane.

Materials

Bovine serum albumin (BSA) was purchased from Research Organics ]

(Cleveland, OH). Hepes, penicillin and streptomycin were from Gibc®>PS-PAGE and western blotting

(Grand Island, NY). The anti-phosphotyrosine antibody (clone 4G10$3DS-PAGE was conducted omug solubilized sperm proteins using
was purchased from Upstate Biotechnology (Lake Placid, NY)7.5 or 10% polyacrylamide gels at 10 mA constant current per gel.
The goat anti-mouse antibody was obtained from Santa Crufhe proteins were then transferred onto nitrocellulose Hybond
Biotechnology (Santa Cruz, CA) and the goat serum from HunteBuper-C membrane (Amersham International, Sydney, Australia) at
Antisera (Jesmond, NSW). Fura-2AM and BCECF were from350 mA constant current for 1 hour. The membrane was blocked for
Molecular Probes (Molecular Probes, Leiden, The Netherlands). All hour at room temperature with Tris buffered saline (TBS; 0.02 M
other reagents were obtained from Sigma (St. Louis, MO). Tris, pH 7.6, 0.15 M NaCl) containing 3% (w/v) BSA. The
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membrane was then incubated for 2 hours at room temperature iriLanl of cells were removed and subjected to UV irradiation (2 minutes
1:4000 dilution of a monoclonal anti-phosphotyrosine antibodyat 1200 MW/m). The cells were then washed twice with BWW-BSA.
(clone 4G10) or antix-tubulin (Clone B-5-1-2) in TBS containing Following the second wash, spermatozoa were lysed in 5% (w/v)
1% (w/v) BSA and 0.1% (v/v) Tween. After incubation, the CHAPS for further analysis.
membrane was washed four times for 5 minutes with TBS
containing 0.01% Tween 20, and then incubated for 1 hour at room
temperature with goat anti-mouse immunoglobulin G horseradisfyleasurement of ATP levels
peroxidase (HRP) conjugate, at a concentration of 1:3000 in TBBuman (16&10° cell/ml) or mouse (2106 cells/ml) spermatozoa were
containing 1% (w/v) BSA and 0.1% (v/v) Tween 20. The membranéncubated in either BWW or BWW —€4 At the times indicated, 50
was again washed as described above and then the phosphorylaédf sample were taken and ATP was measured using an ATP assay
proteins were detected using an enhanced chemiluminescenki according to the manufacturer’s instructions (Sigma, St Louis, IL).
(ECL) kit (Amersham International, Sydney, Australia) according toEvery effort was made to ensure that loss of ATP did not occur post-
the manufacturer’s instructions. lysis. Thus, equal amounts of Ca@lere added to lysates of sperm
incubated in BWW —C# so that both populations had the same
o ) amount of C&" immediately post-lysis. The manufacturer-supplied
Stripping nitrocellulose membranes lysis buffer was then added, which contained EDTA to chelate this
In order to confirm equal loading of protein, blots that had beemesidual C&*. Upon lysis, the mixture was immediately placed in a
probed for phosphotyrosine proteins were stripped and reprobed wihfC water ice slush to minimize post-lysis 2Gdependent ATP
an antibody against-tubulin. For this procedure, approximately 30 consumption. Finally, before performing luminometry measurements,
ml of stripping buffer, consisting of 2% (w/v) SDS, 62.5 mM Tris, pH samples were coded and then randomized.
6.7, 100 mM 2-mercaptoethanol, was added to the membrane for 1
hour with constant shaking at 60°C. The membrane was then washed )
(3x 10 minutes in TBS), blocked and probed with the primaryAcrosome reactions
antibody as described. A sub-sample from each treatment was treated witluRIA23187
and incubated for 30 minutes. Untreated ‘control’ samples were
) ] treated with vehicle alone (1% DMSO, v/v). After incubation,
Measurement of intracellular pH in spermatozoa spermatozoa were fixed with ice-cold methanol and stored at 4°C.
Spermatozoa were collected and adjusted t®10® (human) or  Samples were coded and arranged in random order to avoid bias,
1x10° (mouse) cells/ml with complete BWW. Cells were then plated onto poly-L-lysine-coated slides and allowed to dry. The
incubated in a 5% Cfincubator at 37°C. When needed,u! presence of the acrosome was assessed by adding phosphate-buffered
2',7'-bis-2(2-carbosyethyl)-5-(and-6)-carboxyfluorescence, acetoxysaline (PBS; pH 7.4) containing fluorescein-labeélealchis hypogea
methyl ester (BCECF) was added and the incubation continued forlectin (1 mg/ml), incubated for 15 minutes at 4°C, rinsed in PBS and
further 40 minutes. Following this, the cells were pelleted @0  viewed under a Zeiss Axioplan 2 microscope equipped with FITC
minutes) and washed twice to remove free dye. To determine tHiters. Spermatozoa were examined for the occurrence of the
intracellular pH ([pH]), a ratiometric analysis of fluorescence dataacrosome reaction, and a minimum of 200 cells were scored per
using an excitation wavelength of 440 nm and an emission of 53@eatment.
nm (5 nm excitation/emission bandpass) was performed. Calibration
was achieved by loading uncapacitated spermatozoa with BCECF
and washing to remove the free dye as described above. Followirgfatistics
the second wash, samples were placed in a range of pH buffers (froll experiments were replicated at least three times and the statistical
6.4-7.4). 10uM of the K'/H* ionophore nigericin was added to significance of any differences observed between group means
collapse the pH gradient across the sperm membrane. A 440/490 mmas determined by analysis of variance. Before testing?*[Ca
ratio was then plotted against the known pH values. Unknowmeasurements were log transformed and all percentage data were
samples were then analyzed from this standard curve. arcsine transformed. Fisher’s Protected Least Significant Difference
was used to test the statistical significance of differences between
group meansP<0.05 was considered to be statistically significant.
Measurement of intracellular Ca2* in sperm
The intracellular free G4 concentration ([C#]i) was assessed using
the fluorescent G4 indicator Fura-2AM. Spermatozoa were Igaded Results
with 2 uM Fura-2AM (20 minutes, 37°C), washed in BWW <Ca ; ; ; PR
(300 g, 5 minutes) and resuspended at a concentration xt0t0 r(lil?rlggjnmsngggg\t/glzyé;egulates tyrosine phosphorylation in
sperm/ml. The [C#]i was determined by loading 1 ml of sperm into P . .
a prewarmed cuvette, and fluorescence intensity recorded usinglf order to clarify the impact of extracellular €an human
Shimadzu (Tokyo, Japan) RF-5301PC spectrofluorophotometéipermatozoa, cells were incubated in either BWW or BWW
following excitation at 340 nm and 380 nm, and emission at 510 nm;:C&* medium and the level of tyrosine phosphorylation was
and calculating the fluorescence ratio (F). The?’{favas calculated measured via western blot analysis (Fig. 1A). Over a 3-hour
using the equation [C&i = Kd (FFmin)/(Fmax—F), where = 224 time course, human spermatozoa incubated with extracellular
nm. Fmaxand fmin were recorded at the end of each incubatiaaxF  cg2+ (BWW) demonstrated only a slight increase in tyrosine
was determined after the addition of 1% (v/v) Triton X-100 made upypgsphorylation. In contrast, spermatozoa incubated in
in BWW containing 1.7 mM CagJ and in was determined after Cé*-depleted medium (BWW _@a) showed not only a
addition of 5 mM EGTA (pH 10) to the cuvette. - . . .
marked increase, but a hastening of tyrosine phosphorylation,
with the maximal response seen after 140 minutes. As
Labeling with 8-azido ATP the degree of tyrosine phosphorylation changed in every
In order to label CH-dependent ATP consuming enzymeqi@i  Protein, the membrane was stripped and re-probed avith
a-32P-labelled  8-azidoadenosin&tfiphosphate [8-NATP; 20  tubulin to demonstrate equal amounts of protein in each lane
Ci/mmol, 2 mCi/ml] was added to £00° cells. At the time indicated, (Fig. 1B).
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Mw BWW BWW Ca?+ Changes in intracellular pH do not drive tyrosine
A kDa | phosphorylation

200 It has been reported in bovine spermatozoa, that intracellular
m;;ii

8

40

pH [pH]i is a regulator of intracellular calcium [E%
concentrations  (Vijayaraghavan and Hoskins, 1990).
Specifically, alkalinization of the [pl]s associated with a
decrease in [C4];, whereas acidification of the [pH]s
associated with increased R (Vijayaraghavan and
Hoskins, 1990). Therefore, we examined whether the removal
of C&* from the incubation medium resulted in rise in [pH]

in human spermatozoa. Over a 3-hour time course,
spermatozoa incubated in BWW -Lahowed a significant

o

B 50 [+ 4 v we we 0w 04 wa 0" w0 rise in [pH] compared to cells incubated in complete BWW
o 5 o 5 5o - oo (Fig. 2A). In order to establish whether such a rise in j[pH]

@I EgeroIR could account for the increase in tyrosine phosphorylation

) ) observed in calcium-depleted medium, we manipulated the

Time (min) [pH]i, and examined the impact of this change on tyrosine

phosphorylation. To achieve this, spermatozoa were placed

spermatozoa. Spermatozoa%10°) were incubated in either BWW |nrt]9 calllc:|um(;cohnta|n|nngWW medium buff_ered tor? pH of 8.2.
medium or in calcium-depleted medium (BWW 2Qas indicated. This a oWe the [pH]o spermatozoa _to rise to the same as
(A) At the times indicated, the cells were centrifuged, washed and that_ seen in cells ur]dergomg tyrosine phosphorylation in
lysed in 2% SDS. fug of each lysate was loaded onto a 10% calcium-depleted medium (Fig. 2B). However, after 3 hours
polyacrylamide gel. Tyrosine phosphorylated proteins were detectedncubation, those cells in BWW at pH 8.2 (Fig. 2C, lane 3)
with western blot analysis using the anti-phosphotyrosine antibody, showed no appreciable increase in tyrosine phosphorylation
4G10. The positions of the molecular mass markers (kDa) are showoompared to control cells (BWW; Fig. 2C, lane 2). As a
on the left hand side. (B) The nitrocellulose membrane was strippedpositive control, spermatozoa incubated in medium depleted of
(2% SDS, 2 mM DTE, 50 mM Tris, pH 8.8) at 65°C with shaking.  Cg2*, demonstrated the anticipated increase in phosphotyrosine
Following this, the membrane was blocked and re-probed asing expression (Fig. 2B, lane 1). Such an increase was not an

Bejblrjleige?rtlgg\?g%f?ﬁrggﬂﬁgz]ge%%gr:?lé)jheerivr;/](;ittim blot is artifact of unequal protein loading, as demonstrated byithe
P P P ' tubulin control (Fig. 2D).

Fig. 1.Impact of calcium on tyrosine phosphorylation in human
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Fig. 2.Impact of extracellular calcium on intracellular pH. (A) Spermatozoal@ml) were incubated in either complete BWW (circles) or
BWW —C&* (squares). Approximately 40 minutes before the time shown, 1 ml of sperm was harvested, washed and incubgtdd with 9
BCECF. Following 40 minutes incubation, the cells were washed to remove free dye. A ratiometric analysis of 440/530 normed aed
plotted against known standards to determine the; [JHE results are presented as the average of three experiments performed in triplicate;
*P<0.05. (B) Spermatozoa (£00%/ml) were incubated in either BWW —&¢lane 1), complete BWW (lane 2) or BWW with a pH of 8.2
(lane 3). After 2 hours, 1 ml of sperm from each treatment was harvested, washed and incubate®! \B@EZF. Following 40 minutes
incubation, the cells were washed to remove free dye. A ratiometric analysis of 440/530 nm was performed and plotted\against kn
standards to determine the [pHlhe results are presented as the average of three experiments performed in tripiCeds; *

(C) Spermatozoa (2A0%/ml) were incubated in either BWW —&¢lane 1), complete BWW (lane 2) or BWW with a pH of 8.2 (lane 3).
Following a 3-hour incubation the cells were lysed (2% SDS) and subject to anti-phosphotyrosine western blot analydiedsrdescri
Materials and Methods. (D) The nitrocellulose membrane was stripped at 65°C with shaking. Following this, the membraned/asdlock
re-probed usingi-tubulin antibody. The western blot is representative of three independent experiments.
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A c
Mw
Fig. 3.Impact of tyrosine phosphorylation on KDa 4 *

intracellular pH. (A) Spermatozoa were incubi 2 3 456 741
for 3 hours in either complete BWW (lane 1) 200 : |

BWW —C&* (lane 2), or BWW —C# containing 127 : :
1 (lane 3) 10 (lane 4) 20 (lane 5) or 50 (lane € 80 re

UM H89. The cells were centrifuged, washed =
lysed in 2% SDS. lug of each lysate was loadt L T
onto a 10% polyacrylamide gel. Tyrosine 2
phosphorylated proteins were identified by 40
western blot analysis using the

antiphosphotyrosine antibody 4G10. The 6.8 -
positions of the molecular mass markers (kDe B
are shown on the left. (B) The nitrocellulose
membrane was stripped at 65°C with shaking el ol L -l

Following this, the membrane was blocked an 6.6
re-probed using-tubulin antibody. The wester 1 5 3 4 5

blot is representative of three similar

experiments. (C) Spermatozoa were incubated for 3 hours in BWW (lane 1) or BWAMla@a 2), or BWW —C# containing 10 (lane 3), 20
(lane 4) or 50 (lane 5)M H89. The cells were then harvested, and thei[pid$ determined as described. The graph is the average of three
independent experiments?£0.05.

Although, under these experimental conditions, [ph#d 3001
no impact on tyrosine phosphorylation, it was of interest tc
determine whether tyrosine phosphorylation regulated;[pH]
Upon addition of increasing concentrations of H89 to humai
spermatozoa bathed in BWW -£a a dose-dependent

inhibition of tyrosine phosphorylation was seen (Fig. 3A),
which is not an artifact of protein loading (Fig. 3B). However,
the [pH} under these conditions continued to rise (Fig. 3C)
suggesting that changes in tyrosine phosphorylation and [pF
observed in calcium-depleted medium are independent even

BWW BWW - Ca®*

L8]
3

100

Intracellular calcium (nM)

0
30 60 80 120 30 60 80 120

Calcium homeostasis and ATP levels in human Time (min)

spermatozoa Fig. 4. Relationship between intracellular and extracellular calcium.
Given the profound impact that extracellular2Céad on  Spermatozoa were incubated in either complete BWW or BWW
phosphotyrosine expression by human spermatozoa, it was df&" as indicated. Approximately 40 minutes before the time
interest to determine how the level of fcJachanged under shown, 1&10° cells were harvested and loaded with\ FURA 2.

. : p . llowing a 20-minute incubation, the cells were centrifuged,
these conditions. In order to investigate this, we measured tIl]:(g:olshed and the [€4; was determined as described in Materials and

. . ;
level of [C&*]; over a 2-hour tlme course using the ﬂuoresc.enx\//lethods. This graph represents the data from three experiments
probe Fura-2AM (Fig. 4). This experiment revealed S|m|Iarperf0rmed in duplicate.

levels of [C&*]i in spermatozoa incubated in either BWW or
BWW —C&* (approx. 200 nM; Fig. 4). Since it is established

that C&* can diffuse through the sperm plasma membran8WW. Every effort was made to ensure that the decrease of
(Vijayaraghavan and Hoskins, 1990), f@lahomeostasis must ATP was not due to an artificial post-lysis decrease in ATP
be maintained by pumping this cation intc?Catores within  levels. Thus, 4 mM EDTA was present in the lysis buffer to
the spermatozoa, or across the plasma membrane, or both (&helate any excess €aFurthermore, we also standardized the
a review, see Breitbart, 2002). This being the case, the level amount of C&* (post-lysis) in each sample by including CaCl
ATP in spermatozoa incubated in complete BWW, wouldnto the BWW —C&" lysis buffer.

expected to be lower than that incubated in BWW2tCgo To ensure that extracellular €a was regulating
examine this hypothesis, spermatozoa were placed in eithitracellular ATP levels, a dose-dependent study was
BWW or BWW —C&* and the amount of ATP measured (Fig. performed in which spermatozoa were incubated in BWW
5). Spermatozoa incubated in BWW showed no increase inCa&*, supplemented with 0-60QM CaChk. We took into
ATP levels over a 2-hour incubation. Cells incubated in BWWeonsideration that the amount of&Caresent in BWW —C&
—C&* had similar levels of ATP after 10 minutes incubation asvas approximately M as measured by atomic absorption
those incubated in BWW. However, this level increased bwnalysis (data not shown). Spermatozoa were incubated for
~15% over the next 20 minutes and remained significantlf20 minutes and subjected to western blot analysis (Fig. 6).
higher P<0.05) for the rest of the incubation. Thus, after 120This analysis revealed a clear decrease in tyrosine
minutes, spermatozoa incubated in BWW 2Claad 59uug  phosphorylation when more than 100! Ca2* was added to
ATP/1( cells, compared with 4iIg ATP/1® cells in complete the buffer (Fig. 6; lane 3).
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w 60 * ¥ * * Fig. 6.Relationship between A
E o5 /%_H\H extracellular calcium and
7 tyrosine phosphorylation. Mw

?-_’ 50 + (A) Spermatozoa were kD
= — incubated in BWW —C¥ (lane a 12345
~ % 1), or BWW —C&* 200
£ w0 supplemented with 50 (lane Z 127
< 100 (lane 3), 300 (lane 4) or
Q * 600 (lane 5)uM CaCb. After

30— : . . : 120 minutes incubation, the 80

10 30 60 0 120 cells were centrifuged, washe 111

and lysed in 2% SDS. ig of
each lysate was loaded onto

Fig. 5. Impact of extracellular calcium on intracellular ATP. 10% polyacrylamide gel. 40
Spermatozoa (3A0¥/ml) were incubated in either complete BWwW  1Yrosine phoszhorylat;%
(circles) or BWW —C& (squares). At the times indicated, jHof proteins were detected by

the cell suspension was taken for measurement of ATP, as describeff€Stérn blot analysis using tr - B 50 |~~~ "o

in Materials and methods. The graph represents the data from threg?Nti-Phosphotyrosine antibod

; ; : 4G10. The positions of the
experiments performed in quadruplicat®s0.05. molecular mass markers (kDa) are shown on the left hand side.

(B) The nitrocellulose membrane was stripped at 65°C with shaking.
Following this, the membrane was blocked and re-probed asing
Even though external €acaused a decrease in intracellulartubulin antibody. The western blot is representative of three similar
ATP, it could still be argued from the data presented thus fagxperiments.
that C&* itself may negatively regulate kinase activity. To
confirm that ATP levels are the critical factor, we sought to alter
the amount of ATP production in the sperm populations. Thi&xtracellular calcium decreases ATP levels in mouse
was achieved by incubating sperm in BWW (with or withoutepididymal spermatozoa
Ca"), which was devoid of glucose (to inhibit glycolysis), or The above data demonstrated that the presence of extracellular
contained 1pM rotenone (to inhibit the mitochondria) or Ce&* causes a decrease in intracellular ATP, and consequent
contained 2 mM deoxyglucose (which is phosphorylated byyrosine phosphorylation, in human spermatozoa. In order to
hexokinase to deoxyglucose-6-phosphate, a non-metabolizatgstablish that this model was not specific to human, we
substrate). When spermatozoa were incubated in eithettempted to look for the same response in an animal model.
complete BWW (Fig. 7A, open bars) or Calepleted BWW Mouse caudal epididymal preparations were placed in either
(Fig. 7A, closed bars), both the absence of glucose (lane 2) andmplete BWW medium or medium depleted of?Caand
the presence of 2-deoxyglucose (lane 3) caused a decreasehigir intracellular ATP levels were measured over time. As
the amount of ATP over the vehicle control (lane 1). In contrasgshown (Fig. 8A), an increase in the amount of ATP was
the addition of rotenone did not decrease the level of ATBbserved in spermatozoa incubated in calcium-depleted
production in both cases. Western-blot analysis of tyrosinmedium (squares) compared with cells cultured in complete
phosphorylated proteins in sperm incubated under the®WW (circles) after only 30 minutes incubatioR<Q.05).
conditions is shown in Fig. 7B. Spermatozoa incubated iThis change in ATP levels was also reflected in the intensity
BWW devoid of glucose (Fig. 7B, lane 2) demonstrated af tyrosine phosphorylation (Fig. 8B). Thus, as in the human,
decrease in the amount of tyrosine phosphorylation comparedouse spermatozoa incubated in complete BWW for 90
to the vehicle control (Fig. 7B, lane 1) in keeping with theminutes (Fig. 8B, lane 1) had lower levels of tyrosine
observed decline in intracellular ATP. Furthermore, the level ophosphorylation compared to cells incubated in BWW?2tCa
tyrosine phosphorylation was further decreased in the presen(féig. 8B, lane 2). The presence of a constitutively
of 2-deoxyglucose (Fig. 7B, lane 3), a phenomenon that wgshosphorylated hexokinase (molecular mass 116 kDa)
again highly correlated with the low level of ATP observed indemonstrated that equal protein loading had occurred between
these samples. In contrast, the addition of rotenone (Fig. 7Bamples. These data suggest that the ability of extracellular
lane 4), a potent inhibitor of the mitochondrial complex 1, hadCa* to regulate tyrosine phosphorylation through a decrease
littte effect on either ATP production or tyrosine in ATP levels is not specific to human sperm, but occurs across
phosphorylation in these cells (Fig. 7B, lane 1 versus 4). species.
Spermatozoa incubated in BWW -Lalemonstrated the
same pattern. Thus, in the absence of glucose (Fig. 7B lane 6),
a decrease in tyrosine phosphorylation occurred compared €&lcium deficient medium promotes the acrosome
that of the vehicle control (Fig. 7B, lane 5). Moreover, in the'eaction through a H89-dependent process
presence of 2-deoxyglucose (Fig. 7B, lane 7), a furtheRecently, Luconi et al. (Luconi et al., 1996) have suggested
decrease in tyrosine phosphorylation was observed, perfectiijat tyrosine phosphorylation negatively regulates the
matching the low levels of ATP observed in these cells (Figacrosome reaction. By incubating spermatozoa if"-@ae
7B, lanes 3 and 7). Finally, rotenone (Fig. 7B, lane 8), whiclnedium, they demonstrated that the acrosome reaction was
did not affect intracellular ATP levels (Fig. 7A, lane 4), alsoinhibited following progesterone challenge, even though
had no affect on the high levels of tyrosine phosphorylatiomyrosine phosphorylation in these cells was high. That
observed in calcium-depleted medium. acrosomal exocytosis was inhibited in calcium-free medium,

Time (min)
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Fig. 7. Relationship between ATP and A B

tyrosine phosphorylation. (A) Human

spermatozoa were incubated for 120 BWW  BWW-Ca?*
minutes in either complete BWW (opel 501 Mw | [ |
bars) or BWW —C# (closed bars). The £ kD 123456 78
four treatments consisted of the vehicl: 8 45 a

control BWW (lane 1), BWW-glucose © 40 « 200

(lane 2) BWW +2-deoxyglucose (lane o 127 .

and BWW +1uM rotenone (lane 4). 50 S 35

ul of cell suspension was taken for ATF T~ 80

measurements, as described in Materi 3~ 301

and Methods. The graph represents th = 5] "
data from three experiments performec  <C 40

quadruplicate; P<0.05, **P<0.01. o) 20

(B) Cells were incubated in either = kK

complete BWW (lanes 1-4) or BWW 15

—Ca&* (lanes 5-8) as shown. Following 10 C 0o o on o e o
120-minute incubation, cells incubated 1 2 3 4

complete BWW (lanes 1, 5), BWW

—glucose (lanes 2, 6), BWW +2-deoxyglucose (lanes 3, 7) or BWWMtotenone (lanes 4, 8) were harvested, washed and lysed in 2% SDS.
1 pg of each lysate was loaded onto a 10% polyacrylamide gel. Tyrosine phosphorylated proteins were detected by westesishlsiranaly
the anti-phosphotyrosine antibody 4G10. The positions of the molecular mass markers (kDa) are shown on the left. (C¢lMthesaitroc
membrane was stripped at 65°C with shaking. Following this, the membrane was blocked and re-probewiosiimgantibody. The western

blot is representative of three independent experiments.

even though phosphotyrosine expression was high is nbive a direct effect on kinase activity, but rather an indirect
surprising since Cd-dependent enzymes, such as actireffect through ATP levels. In order to look for the presence
severing proteins, are involved in the acrosome reactioof Ca&* sensitive kinases (such as c-yes) we employed a
(Bielfeld et al., 1994; Breitbart, 2002). Therefore, we revisited
the question of the importance of tyrosine phosphorylation fo

the acrosome reaction. To achieve this, cells were incubated A B
either BWW for 3 hours (Fig. 9A, lane 1), BWW -&dor 3

hours (Fig. 9A, lane 2) or BWW —&afor 2.5 hours before kME‘;‘; 1
being transferred to calcium-containing BWW for 30 minutes .
(Fig. 9A, lane 3). Following this, the level of acrosomal 14007 # 200
exocytosis was assessed (Fig. 9A). As shown, spermatoz® 4500 127'
incubated under tyrosine phosphorylation-promoting, calcium & * 80 (e
depleted conditions demonstrated a significant increase in t/& 1000 * -

level of A23187-induced acrosome reaction, provided calciurE
was re-introduced into the system (Fig. 9A, lane 2 versus 3~
To ensure phosphotyrosine expression remained high in thix 600+
system, cells incubated in BWW (Fig. 9B, lane 1), BWW‘;
—C&* (Fig. 9B, lane 2) or BWW —C4 for 2.5 hours then =
BWW for 30 minutes (Fig. 9B, lane 3) were probed for 200 |
phosphotyrosine expression. As shown (Fig. 9B), tyrosin 0
phosphorylation is not reduced when the cells are re 10 30 60 %0
introduced into calcium medium.

The importance of tyrosine phosphorylation to capacitatiol

was further validated when we inhibited the rise ingig g Extracellular calcium ATP and tyrosine phosphorylation in
phosphotyrosine expression usingl®® H89, and re-assessed mouse spermatozoa. (A) Mouse spermatozoa obtained from the
the level of acrosomal exocytosis. Under these conditions, Wsuda epididymides were incubated in either BWW (circles) or
found a 20% decrease in the level of A23187-induce@®WWw —C&* (squares). At the times indicated, j#f each cell
acrosomal loss compared with untreated controls (data netspension was taken for ATP measurements as described in
shown). Materials and methods. The graph represents data from three
experiments performed in duplicatd3<0.05. (B) Caudal mouse
preparations were harvested and incubated in either complete BWW
Human Spermatozoa Contaln a number of Ca2+_ (Iane 1) or BWW —Cg— (lane 2) FO||0Wil’lg a 90-minute inCUbatiOn,
dependent ATP-utilizing enzymes the cells were lysed anduy of each lysate was loaded onto a 10%
polyacrylamide gel. Tyrosine phosphorylated proteins were detected

800 -
40

400 A

Time (min)

The impact of extracellular calcium on intracellular ATPp yestern blot analysis using the anti-phosphotyrosine antibody,
suggested the presence of?Gdependent, ATP-cONSUMING 4G10. The positions of the molecular mass markers (kDa) are shown
enzymes, which can include ATPases,2'Caumps and on the left hand side. This western blot is representative of four
kinases. It is therefore possible that extracellul&*@al not  independent experiments.
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B ww reinforcing the concept that calcium negatively regulates
70 * kDa tyrosine phosphorylation through the ATP status of these cells
200 (Flg 10C,D).

1.2 3
60 L
127 | .
- . .
sl 7§ Discussion

Contrasting reports exist on the impact of extracelluld@r Ga
tyrosine phosphorylation in spermatozoa. On one hand,
analyses of both mouse (Visconti et al., 1995a) and human
40 (Leclerc et al.,, 1998) spermatozoa have documented that
increasing amounts of extracellular Z€dncrease tyrosine
phosphorylation. On the other hand, others have demonstrated
(o] SU‘E the opposite effect (Luconi et al., 1996; Carrera et al., 1996).
The aim of this work was to resolve the impact of extracellular
Ca&* upon tyrosine phosphorylation in  mammalian

(A) Cells were placed into either complete BWW (lane 1) or BWW spermatozoa and to elucidate the mechanism(s) by which it

_ca* (lane 2). Approximately 2.5 hours later, an aliquot of cells in €Xerts its cellular effects. _ o
BWW —C&* was placed into complete BWW (lane 3) and It has been demonstrated that during capacitation of both

challenged with 2.5M A23187 for a further 30 minutes. The level  bull (Vredenburgh-Wilberg and Parrish, 1995) and mouse
of acrosome reaction was then counted as described in Materials affdeng et al., 1996) spermatozoa, cytosolic alkalinization
Methods. The graph represents the mean and standard deviation ofoccurs. Furthermore, such changes have been suggested to
three independent experiment<0.05. (B) Phosphotyrosine regulate [C&"i levels and consequently, tyrosine
expression in the treatments |Ilustr§ted in A (C) The nltrocgllulose phosphorylation levels. In other biological systems, changes in
o o B ond s roe ams y na” - PH): have been shown to egulate various cellar funcions
; e ; - including Ca&* homeostasis and the status of ion channels
western blot is representative of three independent experiments. (Busa et al., 1985), gene expression (Isfort et al., 1993) and
cell death (Reynolds et al., 1996). In our hands, spermatozoa
incubated in C#-depleted medium also displayed cytosolic
photoaffinity-labeling agent, 8-azido ATP (&ATP). This alkalinization, which rose simultaneously with tyrosine
radio-labeled compound will covalently bind to the active sitgphosphorylation. However, the changes in [pb§sociated
of ATP-dependent enzymes, and under UV excitation willith Cz* removal in human spermatozoa, did not regulate
photoaffinity label the active site. tyrosine phosphorylation in these cells.

Spermatozoa were lysed in BWW medium with (Fig. 10A, Furthermore, changing the tyrosine phosphorylation status
lane 1) or without (Fig. 10A, lane 2) €aOf the proteins that of the cells did not change [€%. Such a phenomenon has
became photoaffinity labeled all but one was dependent dmeen reported in neonatal rat cardiomyocytes, where Fyn, a
Ca* being present in the lysis buffer. We found no evidencenember of the src family of tyrosine kinases, has been shown
for an enzyme that was negatively regulated by*@ader to associate with, and induce phosphorylation of, the anion
these conditions. A combination of experiments in which weClI/HCOz ~ exchanger, AE1 (Puceat et al., 1988). Moreover,
included capacitated and non-capacitated spermatozoa aimdalveolar type Il cells, stimulation of PKC with 80 nM
lysed them with or without G4, demonstrated that the processphorbol 12-myristate 13-acetate appeared to regulate the
of capacitation did not activate any kinase; it was simplyNa‘*/H* exchanger and cause an increase ini[fWadsworth
the presence of @& in the lysis buffer that allowed for et al., 1996). However, in spermatozoa, even when tyrosine
photoaffinity labeling (data not shown). phosphorylation was inhibited by the addition of up tqub0

H89, cytosolic alkalinization still occurred, demonstrating that
these events are completely independent of one another.

% Acrosome reaction (%) >

1 2 3

Fig. 9. Sperm function correlates with tyrosine phosphorylation.

Inhibition of a thapsigargin sensitive ATPase increases In general, mammalian cells are able to maintair?mat
intracellular calcium levels and decreases submicromolar levels (Bootman and Berridge, 1995) and in the
phosphotyrosine expression case of human spermatozoa, $Gais normally around 200

The data presented herein suggest tha#*]Chomeostasis is nM (Irvine and Aitken, 1986). As Careadily crosses the
maintained in mammalian spermatozoa by**@ependent plasma membrane (Vijayaraghavan and Hoskins, 1990) it
ATPases. One prime candidate for this process is a thapsigarguould be necessary for the spermatozoa to either pump excess
sensitive C&-ATPase, whose role appears to involve theCa* out of the cell, or store this cation in subcellular locations
storage of calcium within the acrosome. Previous reports hawich as the acrosome (Dorval et al., 2002). In either case,
demonstrated that upon addition of thapsigargin, an increase iomeostatic regulation of €awould be an energy-dependent
[Ca2']i occurs in human spermatozoa (Spungin and Breitbarprocess. In support of this proposal, spermatozoa incubated
1996; Dragileva et al., 1999; Dorval et al., 2003). In keepinginder C&*-depleted conditions were shown to have
with the data presented in this paper, elevation of intracellulagignificantly higher amounts of ATP than those incubated in
calcium through the addition of thapsigargin, caused a gener@k?*-supplemented medium. These results suggest that in
decrease in the level of ATP, which became significant apermatozoa, homeostatic maintenance of?fjcan Ca*-

10 pM (Fig. 10B; **P<0.01). At this dose, tyrosine supplemented medium is an energy-dependent process
phosphorylation became significantly suppressed, furtheequiring consumption of internal ATP. A profound
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A C Fig. 10.Sperm function and calcium-dependent ATP binding
proteins. (A) Approximately 20.0° human spermatozoa were
Mw Mw harvested, washed and lysed in either 5% CHAPS, with 0.6 mM

CacCb (lane 1) or without CaGl(lane 2). Approximately RCi a-

32p-labeled 8-azidoadenosinktfphosphate [8-NATP; 20

Ci/mmol, 2 mCi/ml] was added. Following 10 minutes incubation,

the cells lysates were UV irradiated (2 minutes at 1200 MAV/An

equal amount of loading dye was then addedyig af protein,

which was subject to 10% SDS-PAGE. Autoradiography was

performed using X-ray film according to the manufacturer’s

instructions. (B) Cells were incubated in BWW 2§41) or BWW

medium (vehicle control, 2), or BWW medium containing 1 (3), 5

(4) or 10 (5)uM thapsigargin. After 3 hours, 30 of cell suspension

was taken and ATP measured as described in Materials and Methods.

Inset shows relative increase in f&afollowing the addition of

thapsigargin (Tps, 1AM). The graph represents data from three

experiments performed in duplicate;P£0.01. (C) Cells were

incubated in BWW medium (vehicle control, lane 1,), or BWW

D s L Kk medium containing 1 (lane 3), 5 (lane 4) or 10 (lang\B)

thapsigargin. As a positive control, cells were incubated in BWW

B —Ca&* (lane 2). After 3-hours incubation, cells were harvested,

170 washed and lysed in 2% SDSug of each lysate was loaded onto a

160 " Tps 10% polyacrylamide gel. Tyrosine phosphorylated proteins were

< 120 ¢ detected by western blot analysis using the anti-phosphotyrosine
antibody, 4G10. The positions of the molecular mass markers (kDa)

are shown on the left. (D) The nitrocellulose membrane was stripped

at 65°C with shaking. Following this, the membrane was blocked and

re-probed usingi-tubulin antibody. The western blot is

representative of three independent experiments.

kDa 1 2 kDa 1 2 3 4 5
200

127

80

40

A ATP content (%)

cells were compared to non-capacitated cells, no difference in
the protein labeling profile occurred, further suggesting that
capacitation does not activate a specific kinase.

A similar mechanism was also demonstrated to exist in
mouse spermatozoa. Thus, in the presence of exterdl Ca
both ATP levels and tyrosine phosphorylation decreased. The
kinetics of ATP loss between the mouse and human
spermatozoa appear similar. However, a comparative analysis
consequence of this activity is a significant decrease in th&f both human and mouse ATP levels reveals that mouse sperm
tyrosine phosphorylation events associated with spermontain approximately 4 times as much ATP. The increased
capacitation. amount of ATP may result from the larger head, mid- and

The relationship between &a homeostasis and ATP principal-piece that mouse spermatozoa possess compared
consumption in human spermatozoa was also evidenced byw8th human cells (Yanagamachi, 1994b).

N3z-ATP labeling. This compound contains a photoactive azido Although the data presented support the idea that the
(-N3) group substitution in the base ring of the nucleotidepresence of external Edeads to the consumption of ATP and
Upon photolysis, a reactive nitrene is generated that covalentyy consequent decrease in kinase activity, the possibility that
binds to the interacting protein allowing permanent taggingCe2* may directly inhibit kinases in mammalian spermatozoa
Since the 8 NATP is radiolabeled on the phosphate, only cannot be discounted. To address this issue, the level of
ATP-dependent enzymes will be labeled, and not the substratesracellular ATP was adjusted by altering the availability of
phosphorylated as a consequence of kinase activatiometabolizable energy substrates in the incubation medium.
Successful labeling of many enzymes, including creatindhus, when glucose was removed, both a decrease in ATP and
kinase (Olcott et al., 1994), adenylate kinase (Chuan et atyrosine phosphorylation occurred, regardless of whether
1989) fructose-6-phosphate, 2-kinase (Sakakibara et al., 1984¢lls were in BWW or BWW —C4. Furthermore, when
and ATPases including the mitochondrial ATPase (Muratalie\2-deoxyglucose was added to the medium, ATP levels
1995) the N&K* ATPase (Murataliev, 1995) and the dramatically decreased, and again, tyrosine patterns were
thapsigargin sensitive ATPase (Hua and Inesi, 1997) have bekighly reduced. These data confirm those of Urner et al. (Urner
performed using this compound. et al., 2001) who demonstrated that removal of glucose also

Upon UV irradiation, the proteins that became photoaffinitydecreased tyrosine phosphorylation in mouse spermatozoa.
labeled were all (bar one) dependent oR*®@@ing present in  They also reflect the importance of glycolysis as the major
the lysis buffer. In this system, we found no evidence thasource of ATP production, as rotenone, a well-documented
Ca&* negatively regulates protein kinase activity in humaninhibitor of the mitochondrial complex 1, had no effect on ATP
spermatozoa (Leclerc and Goupil, 2002). When capacitatgatoduction.
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1. Sperm transport 5. Fertilization

Non capacitated sperm Tyrosine phosphorylation levels

exhibit small amplitude remain high in hyperactivated
symmetrical flagellar beat cells. Sperm bind to zona
pattern.. pellucida and respond to calcium
influx by undergoing the

acrosome reaction

3. ATP rise
While bound to epithelium,
calcium levels decline,
intracellular ATP increases

4. Hyperactivation
. - Sperm respond to high
2. Sd ertml bm‘ilhtol‘ intracellular ATP by exhibiting
oviductal epithelium hyperactivated motility. Sperm
. . . . . . . . . . . . . . break away from the oviductal

Tyrosine phosphorylation
low, intracellular calcium high

epithelium and initiate tyrosine
phosphorylation .

0 = high intracellular calcium

O = low intracellular calcium Fig. 11.Proposed mechanism of sperm capacitation.

These data suggest that2Caloes not directly suppress aforementioned compounds. In our system, tyrosine
tyrosine kinase activity, but rather inhibits the availability ofphosphorylation induced by &awithdrawal was sensitive to
ATP. However, the notion that &€anegatively regulates H89, however, the dose used (2048) does not suggest the
tyrosine kinase activity in human spermatozoa has previousipvolvement of PKA. In light of these results, it is possible that
been proposed. By measuring the level of both kinase arehzymes such as yes are only involved in cAMP/PKA-
phosphatase activity (after leaving sperm for 1 hour in theependent pathways.
presence and absence of?galuconi et al. (Luconi et al., A protein(s) central to the role of calcium homeostasis in
1996) reported no change in phosphatase activity, but eukaryotic cells is a thapsigargin-sensitive2 CATPase(s).
doubling in kinase activity in calcium-deficient medium. TheyThapsigargin, a specific inhibitor of sarcoplasmic and
have suggested that this is due td‘Qaegatively regulating endoplasmic reticulum C&ATPase (SERCa) family of
(a) kinase(s). In light the results present herein, we suggest th@abteins (Thastrup et al., 1990) binds to the acrosome of
the apparent increase in kinase activity observed in theseammalian spermatozoa (Spungin and Breitbart, 1996;
experiments when spermatozoa were incubated iA*-Ca Dragileva et al., 1999; Dorval et al., 2003). The ability of 10
deficient medium, was simply due to the increased amount @M thapsigargin to elicit an increase in fCalevel confirms
ATP. the data presented by Dorval et al. (Dorval et al., 2003). In our

The notion that extracellular €adecreases tyrosine kinase hands, this concentration of thapsigargin induced a decrease in
activity has also been supported by the discovery of thboth ATP and phosphotyrosine expression. These data
tyrosine kinase enzyme y@s in human spermatozoa (Leclerc reinforce the concept that €anegatively regulates tyrosine
and Goupil, 2002). This protein is located in the acrosomgbhosphorylation via ATP depletion and further suggests the
region of these cells, and is negatively regulated 7.0  importance of SERCa-like enzymes and their ability to fill the
activity was demonstrated to increase in the presence of IBMX4crosome with C4.

a phosphodiesterase inhibitor. However, recently Thundathil et The biological significance of the tyrosine phosphorylation
al. (Thundathil et al., 2002) demonstrated two different signathanges induced on exposure to calcium-depleted medium was
transduction pathways involved in human sperm capacitatiomlemonstrated when these cells were subsequently shown to
In the presence of fetal cord serum, follicular fluid ultrafiltrateexhibit an enhanced capacity for undergoing the acrosome
or progesterone, tyrosine phosphorylation can be inhibited witteaction, providing sufficient extracellular calcium was present
the tyrphostin, A47, PP2 (tyrosine kinase inhibitors) ando support the membrane fusion events associated with
PD98059 (MEK-like kinase inhibitor). However, H89, the exocytosis. A dose response analysis revealed that around 100
PKA inhibitor had no effect at 10M under these conditions. uM external C&" was sufficient to inhibit tyrosine

In contrast, capacitation induced by IBMX could be inhibitedphosphorylation in human spermatozoa. Intriguingly, human
with this same concentration of H89, but not any of the otheseminal plasma typically contains 1f®M Ca2* (Arver and



Signal transduction in sperm 221

Sjoberg, 1983). Therefore, in the presence of seminal fluidyitken, R. J., Paterson, M., Fisher, H., Buckingham, D. W. and van Duin,
ATP levels would be kept low. Under such conditions, the M. (1995). Redox regulation of tyrosine phosphorylation in human

spermatozoa would not tyrosine phosphorylate to a |argeiggrrgggz_c2)82a5nd its role in the control of human sperm fundti@ell Sci.
extent, and premature acrosomal loss would be avoided. (%ﬂken’ R. J., Buckingham, D. W., Harkiss, D., Paterson, M., Fisher, H.

reaching the oviduct, spermatozoa are retained in the isthmiCand irvine, D. S. (1996). The extragenomic action of progesterone on
region until ovulation occurs. Recently, Petrunkina et al. human spermatozoa is influenced by redox regulated changes in tyrosine
(Petrunkina et al., 2001) have demonstrated that upon bindingphosphorylation during capacitatiovol. Cell. Endocrinol.117, 83-93.

; ; ; . ; Aitken, R. J., Fisher, H. M., Fulton, N., Gomez, E., Knox, W., Lewis, B.
to oviductal Eplthe“al cells the [@H' of mammalian and Irvine, S. (1997). Reactive oxygen species generation by human

spermatozoa is reduced. This may be the ‘priming’ event, spermatozoa is induced by exogenous NADPH and inhibited by the
which allows a build up of ATP in mammalian spermatozoa fiavoprotein inhibitors diphenylene iodonium and quinacriviel. Reprod.

during sperm transport. This increased ATP availability may Dev.47, 468-482. .
then lead to the initiation of hyperactivated movement (d\tken. R.J., Harkiss, D., Knox, W., Paterson, M. and Irvine, D. S1998a).

. . . - A novel signal transduction cascade in capacitating human spermatozoa
critical endpomt of capaC|tat|on) aIIowmg these cells to break characterised by a redox-regulated, cAMP-mediated induction of tyrosine

away from the oviductal epithelium and continue their journey phosphorylationd. Cell Sci.111 645-656.

towards the site of fertilization (Suarez, 1996). The high ATRuitken, R. J., Harkiss, D., Knox, W., Paterson, M. and Irvine, S(1998b).
levels present in these cells on release from the oviductalOn the cellular mechanisms by which the bicarbonate ion mediates the
epithelium might then promote a rapid increase in extragenomic action of progesterone on human spermat®mbaReprod.

- . - . 58, 186-196.
phosphotyrosine expression that would be sustained (see F}g\ver, S. and Sjoberg, H. E.(1983). lonized calcium in human seminal

9) as the spermatozoa migrate tO_WEide thef ampullary regipn OfplasmaScand. J. Clin. Lab. InvesSupplement 165 123-126.
the Fallopian tube, where free ionic calcium concentrationgustin, C. R. (1952). The “capacitation” of the mammalian speNature
would approximate to those in blood serum (~1.7 mM). In this 170 326.

condition, the spermatozoa would be perfectly primed t&2dh E. Casano, R., Falsetti, C., Krausz, C., Maggi, M. and Forti, G.
exhibit acrosomal exocvtosis on binding to the zona pellucida (1991). Intra(_:ellular _ca!mum accumulation and responsiveness to
Y 9 p * progesterone in capacitating human spermatakzoandrol.12, 323-330.

This hypothesis for sperm capacitation in vivo is summarizedielfeld, P., Anderson, R. A., Mack, S. R., De Jonge, C. J. and Zaneveld,
in Fig. 11 and is clearly amenable to experimental verification. L. J. D. (1994). Are capacitation or calcium ion influx required for the
In summary, our results clearly resolve previous conflicts human sperm acrosome reactidie?il. Steril. 62, 1255-1261.

. : - : ootman, M. D. and Berridge, M. J.(1995). The elemental principles of
concerning the impact of extracellular calcium on a unique” '\ signalingCell 83, 675-678.

tyros!ne phosphorylatio_n, signal transduction cascade foungleitbart, H. (2002). Intracellular calcium regulation in sperm capacitation
only in the male germ line. Extracellular €das a profound and acrosomal reactidviol. Cell. Endocrinol. 187, 139-144.
negative impact of phosphotyrosine expression by mammalig#ysa, W. B., Ferguson, J. E., Joseph, S. K., Wiliamson, J. R. and

spermatozoa by virtue of an associated decrease in intracellulaP‘“Cﬂte"ihR- (19853]- Activation of frfggcxeln‘)pusf 'ae")seggslt’% inasitol
™ . . trisphosphate. |I. Characterization of°Ceelease from intracellular stores.

ATP availability. Re.solvmg .the nature of the calcmm- J. Cell Biol. 101, 677-682.

depende_nt enzymes |nYO|Ve_q In ATP depletion may shed lightar, D. W. and Acott, T. S.(1989). Intracellular pH regulates bovine sperm

on the etiology of male infertility given the association between motility and protein phosphorylatiosiol. Reprod41, 907-920.

defective sperm function and intracellular ATP contentCarrera, A., Moos, J., Ning, X. P., Gerton, G. L., Tesarik, J., Kopf, G. S.

(Comhaire et al 1987) and Moss, S. B(1996). Regulation of protein tyrosine phosphorylation in

o ' human sperm by a calcium/calmodulin-dependent mechanism:

. .. identification of A kinase anchor proteins as major substrates for tyrosine
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