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ABSTRACT

The presence of functional nongenomic progesterone (P) receptors
in human spermatozoa has been investigated by equilibrium binding
studies in intact spermatozoa, ligand blot and Western blot analysis
of sperm lysates, as well as determination of the effects of the steroid
on sperm intracellular Ca%* concentrations. Binding experiments
were performed using progesterone-11la-glucuronide-[***I]iodotyra-
mine as tracer. Computer analysis of competition curves using dif-
ferent steroids as competitors indicated the presence of two distinct
binding sites for P. The high affinity site (K4 in the nanomolar range)
appears to be specific for P, whereas the low affinity one (K, in the
micromolar range) binds with equal affinity 11B-hydroxyprogester-
one (1130HP) and 17«-hydroxyprogesterone (17«OHP). A significant
correlation exists among affinity constants (as determined by binding
studies) and ECj, values for the effects of P, 110HP, and 17«OHP
on intracellular Ca2" in fura-2-loaded spermatozoa, strongly indicat-
ing the involvement of P-binding sites in the biological effect of the
steroid. In particular, dose-response curves for P were biphasic, with

an EC;,in the nanomolar range and another in the micromolar range.
Conversely, curves for 1130HP and 17«OHP were monophasic, with
an EC; just in the micromolar range. Ligand blot analysis of sperm
total lysates performed with peroxidase-conjugated P revealed the
presence of two binding proteins of 54 and 57 kDa that were specific
for P. Indeed, peroxidase-conjugated P binding was blocked by the
simultaneous presence of the unconjugated steroid. Using ac262 an-
tibody, which is directed against the P-binding domain of genomic
receptor, we detected two proteins of similar molecular mass (54 and
57 kDa), whereas using antibodies directed against the DNA-binding
and N-terminal domains of the genomic P receptors, the two proteins
were not detected. In addition, p54 and p57 appear to be mostly
localized in sperm membranes and virtually absent in the cytoplasm.
The involvement of these proteins in the biological effects of P is
indicated by the strong inhibitory effect of «c262 on P-induced acro-
some reaction of capacitated human spermatozoa. (J Clin Endocrinol
Metab 83: 877-885, 1998)

CROSOME reaction (AR) is an essential event of the
process of fertilization. In mammals, physiological

AR occurs after interaction with the zona pellucida, the gly-
coprotein coat overlying the egg plasma membrane (1), and
is mediated by specific sperm receptor (2). During the pro-
cess of fertilization, AR can also be induced by progesterone
(P), which is present in high concentrations in the cumulus
matrix that surrounds the oocyte and in the follicular fluid
(3,4). In particular, in human spermatozoa, P induces a rapid
influx of calcium, calcium-dependent phosphoinositide hy-
drolysis, an increase in tyrosine phosphorylation of sperm
proteins, and chloride efflux, ultimately leading to stimula-
tion of AR (for review, see Ref. 5). In addition, in vitro studies
on mouse spermatozoa suggest that P exerts a priming effect
on zona pellucida 3-induced AR (6). The effects of P are
believed to be exerted by a nongenomic pathway (5), as also
recently described for other steroids in different cell types
(for review, see Ref. 7). A steroid effect is defined as non-
genomic when it occurs between a few seconds and 1-2 min
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after its application and does not involve transcriptional
processes. The possible involvement of a y-aminobutyric
acid, (GABA,) receptor/Cl™ channel complex in the effects
of P has been suggested (for review, see Ref. 8), leading to the
hypothesis of the existence of at least two different receptors
for P, one mediating the influx of calcium and the other
mediating the efflux of chloride (9). However, although data
obtained in mice (10) suggest that the GABA , receptor/Cl™
channel complex can account for both P-induced chloride
and calcium fluxes, results obtained in human spermatozoa
seem to exclude the involvement of GABA, receptor/Cl™
channel complex involvement in the increase in intracellular
Ca®" ([Ca®*];) caused by P (11-13), with the exception of a
recent report (14).

Several findings suggest that the putative receptor(s) for P
in spermatozoa is located on the membrane surface. BSA-
conjugated P, which is unable to cross the plasma membrane,
produces the same effects as P (15, 16). Moreover, immuno-
histochemical studies using fluorescein isothiocyanate
(FITC)-labeled BSA-conjugated P (17, 18), peroxidase-conju-
gated P (13), and an antibody directed against the C-terminal
domain of the genomic P receptor (19) localize P-binding
sites on human sperm heads. Further, sperm P-binding sites
are sensitive to treatment with trypsin and aggregate after
binding with the agonist (20), suggesting similarities with
other surface receptors. Despite all of these studies showing
P binding to the surface of ejaculated spermatozoa, the mo-
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lecular, pharmacological, and kinetic characteristics of this
putative receptor(s) have not been clearly elucidated. Pos-
sible candidates as sperm P receptors include a 94- to 97-kDa
protein that is tyrosine phosphorylated upon stimulation
with the steroid (21-24) and GABA 4 receptor-like/Cl chan-
nels with apparent masses of 50 and 75 kDa (reviewed in Ref.
8). Using an antibody directed against the C-terminal bind-
ing domain of the P genomic receptor, Sauber et al. (19)
recently identified a sperm protein with an apparent mass of
50-52 kDa as a possible nongenomic sperm P receptor.

In the present study, we used different approaches to
identify and characterize nongenomic P receptors on human
sperm surface. By using progesterone-1la-glucuronide-
[*’IJiodotyramine as the labeled ligand, we identified two
distinct P-binding sites on human sperm plasma membrane.
By ligand and Western blot analysis we initiated the molec-
ular characterization of P-binding proteins. We identified
two proteins of 54 and 57 kDa molecular mass that specif-
ically bind P. In addition, we reexamined the possible in-
volvement of GABA receptors in the effect of P by evaluating
the ability of this agonist to displace P binding as well as its
effects on sperm [Ca*"];.

Materials and Methods
Chemicals

Percoll was obtained from Pharmacia LKB (Uppsala, Sweden). Hu-
man serum albumin-free human tubal fluid (HTF) was purchased from
Irvine (Santa Ana, CA). Progesterone-11a-glucuronide-['*’IJiodotyra-
mine (2666 Ci/mmol) and enhanced chemiluminescence Western blot-
ting detection reagent (ECL) were obtained from Amersham (Aylesbury,
UK). Mifepristone (RU486) was provided by Roussel-UCLAF (Romain-
ville, France). Steroids, peroxidase-conjugated P (P-POD), antimouse
1gG-POD, antirabbit IgG-POD, GABA, and all other chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO). Reagents for SDS-
PAGE were purchased from Bio-Rad Laboratories (Hercules, CA).
Monoclonal «ac262 antibody was obtained from StressGen (Victoria,
Canada). Polyclonal anti-DNA-binding domain P receptor antibody was
purchased from Dako (Milan, Italy). Monoclonal aPR anti-P receptor
was obtained from Biogenex (San Ramon, CA). Ionomycin and fura-
2/AM were obtained from Calbiochem (La Jolla, CA).

Preparation of spermatozoa

Human semen was collected, according to the WHO recommended
procedure (25), by masturbation from normozoospermic men under-
going semen analysis for couple infertility. Samples with a linear pro-
gressive motility of less than 50% and with leukocytes and/or immature
germ cell concentration greater than 10°/mL were not included in the
study. Semen samples were processed as previously described (11).
Briefly, spermatozoa were separated on 40% and 80% Percoll gradients,
combined, washed in HTF medium containing 0.3% fatty acid-free BSA,
and finally resuspended in the same medium at the indicated concen-
tration. Spermatozoa were capacitated for 2 h or otherwise indicated in
0.3% BSA-containing HTF.

Equilibrium binding studies

Binding studies were performed on human intact spermatozoa. After
2 h of capacitation, spermatozoa were washed in phosphate-buffered
saline (PBS) and resuspended in 0.3% BSA-PBS. One hundred-microliter
aliquots of spermatozoa (8 X 107/mL) were incubated for 1 h at 4 C with
77 pmol/L progesterone-11a-glucuronide-['*’Iliodotyramine in 0.3%
BSA-PBS in the presence of increasing concentrations (1E-11 to 1E-3
mol/L) of wunlabeled compounds: P, 17a-hydroxyprogesterone
(172OHP), 11B-hydroxyprogesterone (113OHP), RU486, GABA, dihy-
drotestosterone (DHT), and Norgestrel (Sigma). After incubation, 1 mL
iced Tris (50 mmol /L) was added to each tube. Samples were centrifuged
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at 3000 rpm for 10 min at 4 C, and radioactivity associated with the
obtained pellets was measured in a y-counter at 70% efficiency. In some
experiments, pellets were resuspended in 1 mL glycine acid buffer (pH
2), incubated for 10 min on ice, and then centrifuged, and the obtained
pellets and supernatants were counted in a y-counter to determine the
loss of radioactivity after the acid wash.

Measurement of [Ca®™ ],

Spermatozoa, prepared as described above, were loaded with 2
pmol/L fura-2/AM for 45 min at 37 C, washed, and resuspended in FM
medium (125 mmol/L NaCl, 10 mmol/L KCl, 2.5 mmol/L CaCl,, 0.25
mmol/L MgCl,, 19 mmol/L sodium lactate, 2.5 mmol/L sodium pyru-
vate, 2 mmol/L HEPES, and 0.3% BSA, pH 7.5), and [Ca®*]; before and
after stimulation with the different agonists was measured as described
previously using the spectrofluorometric method (11). Fluorescence
measurements were converted to [Ca®>*]; by determining maximal flu-
orescence (F,,,) with ionomycin (8 wmol/L, final concentration) fol-
lowed by minimal fluorescence (F,;,,) with 10 mmol/L ethyleneglycol-
bis-(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid, pH 810. [Ca®*]; was
calculated according to the method of Grynkiewicz (26), assuming a
dissociation constant of fura-2 for calcium of 224 nmol/L.

Preparation of uterine lysate

Human uterine samples in the proliferative phase of the menstrual
cycle obtained at surgery were minced with sharp scissors, suspended
in lysis buffer (20 mmol/L Tris, pH 7.4; 150 mmol/L NaCl; 0.25%
Nonidet P-40; 1 mmol/L Na;VO,; and 1 mmol/L phenylmethylsulfo-
nylfluoride), and homogenized (Teflon-glass). The homogenates were
centrifuged at 1500 rpm for 10 min at 4 C, and supernatants corre-
sponding to total lysates were subjected to protein measurement.

Sperm membrane preparation

Spermatozoa stored in liquid nitrogen were lysed in lysis buffer for
1 h on ice. Then, the samples were subjected to two subsequent cycles
of homogenizing (Teflon-glass) and sonicating (three times, 15-s 8 burst).
The homogenates were centrifuged at 1,500 rpm for 10 min at 4 C, and
supernatants were ultracentrifuged at 48,000 rpm for 45 min at 4 C. The
resulting pellets (cellular membranes) were resuspended in lysis buffer
and homogenized. The supernatants (cytosolic fractions) were dried in
a speed vacuum and resuspended in lysis buffer. Proteins were mea-
sured in cell lysates using a Bio-Rad kit (Bio-Rad, Hercules, CA).

SDS-PAGE

After 5-h capacitation in 0.3% BSA-containing HTF, sperm samples
were processed for SDS-PAGE as previously described (22, 27). Briefly,
they were centrifuged at 400 X g at 4 C for 10 min, washed twice in PBS,
and resuspended in 10 uL lysis buffer. After measurement of proteins,
the sperm extracts, containing approximately 30-50 ug proteins, were
diluted in equal volume of 2-fold concentrated Laemmli sample buffer,
vortexed, incubated at 95 C for 5 min, and then loaded onto 10% poly-
acrylamide-bisacrylamide gels. After SDS-PAGE, proteins were trans-
ferred to nitrocellulose membranes (Sigma Chemical Co.).

Ligand blot analysis

The nitrocellulose was incubated for 30 min in 3% Nonidet P-40/PBS,
then for 2 h in 0.3% BSA/0.1% Tween-20/PBS, for 10 min in 0.1%
Tween-20/PBS, and finally overnight in 0.3% BSA /0.1% Tween-20/PBS
containing P-POD (0.5 umol/L) in the presence or absence of a high
concentration of free P (10 umol/L). After several washes in 0.1%
Tween-20/PBS, reacted proteins were simultaneously revealed by an
ECL system (Amersham). Particular attention was paid in these exper-
iments to treat the samples (with or without free P) simultaneously and
for exactly the same incubation times.

Western blot analysis

Transferred nitrocellulose was blocked for 3 h at room temperature
in TTBS (0.1 Tween-20, 20 mmol/L Tris, and 150 mmol/L NaCl) con-
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taining 5% BSA, then washed repeatedly in TTBS and incubated for 2 h
in 2% BSA-TTBS containing ac262 (1:400). After washing, nitrocellulose
were incubated with goat antimouse IgG-POD (1:5000 in 2% BSA-TTBS).
In other experiments, different primary antibodies were used (aPR and
aDNADbd-PR, 1:100 dilution). After several washes in TTBS, reacted
proteins were revealed by the ECL system (Amersham).

AR assay

Acrosome-reacted spermatozoa were evaluated using the fluorescent
probe FITC-labeled Arachis hypogea (peanut) lectin according to the
method of Aitken (28) as previously described (29). Briefly, after 2-h
capacitation, spermatozoa (10°/mL) were preincubated for 30 min with
ac262 antibody or aPR (1:100) and then stimulated with P (10 wmol/L),
A23187 (10 wmol/L), or the appropriate control solvent (dimethylsul-
foxide) for 2 h at 37 C. After staining with fluorescent lectin, fluorescence
was observed under a fluorescent microscope (type 307-148.002, Leitz,
Wetzlar, Germany), and the AR was evaluated on a total of 100 sper-
matozoa/slide. Using the method of Aitken (28), only curly-tailed sper-
matozoa were considered viable and thus scored.

Analysis of experimental results

The binding data were evaluated quantitatively with nonlinear least
squares curve fitting using the computer program Ligand (30). The
program provides objective measures of goodness of fit in terms of both
magnitude and randomness of residuals. The computer program Allfit
(31) was used for the analysis of sigmoidal dose-response curves ob-
tained in binding and calcium studies. AR data were analyzed by Stu-
dent’s t test and one-way ANOVA after data transformation in arcsins
of the root square. Each data point represents the mean * sem.

Results

Competitive equilibrium binding studies in human
spermatozoa

To identify and pharmacologically characterize P-binding
sites on human spermatozoa, we performed binding studies
in pooled capacitated human spermatozoa using progester-
one-11a-glucuronide-['*IJiodotyramine as tracer (Fig. 1, in-
set). Preliminary time-course experiments indicated that pro-
gesterone-11a-glucuronide-['*I]iodotyramine binding was
time dependent and reached apparent equilibrium within 60
min at 4 C (Fig. 1). Accordingly, all subsequent binding

experiments were conducted using these experimental con-
ditions. The steric compliance and the hydrophilic properties
of the substitution group should prevent 11a-glucuronide-
["*°IJiodotyramine from crossing the plasmalemma, as indi-
cated by the dramatic decrease in radioactivity (73.96 *
0.74%; n = 10) after acid washing of samples. To exclude the
possibility that binding of progesterone-11a-glucuronide-
[*’IJiodotyramine to BSA could be responsible for the ob-
served binding, these experiments were also conducted in
the absence of BSA with results similar to those obtained in
its presence (results not shown).

Figure 2 shows a typical Scatchard plot for progesterone-
11a-glucuronide-[**IJliodotyramine binding to human sper-
matozoa. The curvilinear relationship indicates heterogene-
ity of P binding in human spermatozoa. To further
characterize P-binding sites, we performed 10 experiments of
competition curves for progesterone-11a-glucuronide-
[*’TJiodotyramine binding using increasing concentrations
of P, 17aOHP, and 11B0OHP as competitors for the radioac-
tive tracer. Competition experiments were conducted in
sperm derived from different subjects or in pooled sperm
from different donors (n = 10). Simultaneous mathematical
analysis of experimental results strongly indicated the pres-
ence of at least two distinct classes of sites. The introduction
of a second independent class of sites dramatically improved
the fitting of experimental results (P < 0.0001). A typical
family of competition curves is shown in Fig. 3. Affinity
constants and concentrations of receptors are reported in
Table 1. We found a high affinity, low capacity binding site
that is apparently selective for P and a low affinity, high
capacity site that binds with virtually equal affinity all three
progestins. Note that GABA, DHT, and Norgestrel did not
displace binding even at micromolar concentrations. To ex-
clude the possibility that displacement of radioactive tracer
by P might be due to induction of the AR and, thus, loss of
acrosome in a high percentage of cells, we evaluated the AR
in spermatozoa treated with P (1 nmol/L, 0.1 umol/L, and
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Fic. 2. Typical Scatchard plot analysis of progesterone-11a-glucu-
ronide-['**T]iodotyramine binding to human spermatozoa. The cur-
vilinear plot was derived from the predicted relationship for the two-
site model for P binding, as in Table 1. Ordinate, bound to free ratio
(B/F); abscissa, concentration of bound ligand.
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Fic. 3. Representative binding experiment showing heterologous
displacement curves of progesterone-11a-glucuronide-[*?*I]iodotyra-
mine using P, 1130HP, and 17«OHP as competitors. Ordinate, bound
to total ratio (B/T); abscissa, concentration of ligands (molar). Smooth
curves show the predicted relationships for the two-site model shown
in Table 1.

10 umol/L) for 60 min on ice (same experimental conditions
as those used for binding experiments). We found that in
these conditions, P was unable to stimulate the AR (mean =
SEM acrosome-reacted sperm, 15.5 * 2.0 in controls, 13.2 *
2.7with 1nmol/LP,12.5 £ 3.5with 0.1 wumol/LP,and 17.5 =
4.4 with 10 umol/L P; n = 2). Similar results were obtained
by Tesarik and Mendoza (32) using FITC-BSA-conjugated P.

Effects of different steroids and other agonists on [Ca®*]; in
human spermatozoa

To investigate the biological function of the two binding
sites identified with equilibrium binding studies, we evalu-
ated the effects of increasing concentrations of P, 17aOHP,
and 11B0OHP on [Ca®"]; of fura-2-loaded spermatozoa. Fig-
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TABLE 1. Concentration (B,,,, = sites/cell) and affinity constant
(Ky) of the two predicted binding sites (R; and R,) for the
indicated ligands

R, R,

Boax 274 * 87 39 + 12 X 10s

Agonists K4 (nmol/L) Ky (umol/L)
Progesterone 0.58 = 0.42 26 £ 4
11B0H-P ND 81 = 40
17a0H-P ND 273 = 70
RU486 ND 7.6 =28
GABA ND >10,000
DHT ND >10,000
Norgestrel ND >10,000

Values = SEM were derived from computer modeling using the
program Ligand (30) of 10 families of competitive curves for proges-
terone-11a-glucuronide-[*?*Tliodotyramine. ND, Not detectable.
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Fic. 4. Dose-response curves of the effects of different steroids on
intracellular calcium levels in fura-2-loaded human spermatozoa. The
percentage of the [Ca®"]; increase is reported on the ordinate. Each
point represents the mean = SEM of at least four different experi-
ments. The curves were generated by the program Allfit after simul-
taneous analysis of the different dose-response curves.

ure 4 reports the percent increase in [Ca®"]; in response to
increasing concentrations of P, 17a¢OHP, and 1180HP, as
generated by the computer program Allfit after simultaneous
analysis of the different curves. The dose-response curve for
P was clearly biphasic, with a first component in the nano-
molar range (EC5, = 55.6 = 15.4 nmol/L; n = 12) and a
second component in the micromolar range (EC5, = 40.1 *
20.1 umol/L; n = 12). On the contrary, dose-response curves
for 17aOHP and 11B0OHP were monophasic, with ECs, val-
ues, respectively, of 53.4 + 41.4 umol/L (n=7)and 5.8 = 4.4
pmol/L (n = 8). A significant correlation was observed be-
tween pK and logECs5, (r = 0.946; P = 0.05). Interestingly, at
low concentrations (10-50 nmol /L), the intracellular calcium
increase in response to P was significantly higher (P < 0.05)
than that of the other steroids, whereas at micromolar con-
centrations, the three progestins induced similar responses,
as previously reported (11, 33). The addition of different
concentrations of solvent control (0.01-1% dimethylsulfox-
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ide) did not modify sperm [Ca®*]; (not shown). In Table 2, the
percent stimulation of [Ca®"]; vs. basal in response to several
agonists at two different concentrations is reported. At the
concentration of 50 nmol/L, only P induced a significant
response, whereas at 50 umol/L P, 1180HP and 17«OHP
stimulated a similar influx of calcium. The other tested mol-
ecules did not stimulate an appreciable increase in sperm
[Ca?*]; (Table 2).

In somatic cells, agonists whose biological effects are me-
diated by membrane receptors are subjected to a phenom-
enon termed desensitization or down-regulation (34). We
tested the possibility that this also occurs in human sper-
matozoa stimulated with progestins by measuring the effect
of two repeated administrations of steroid on [Ca®"];. As
shown in Fig. 5, a first dose of 50 nmol/L P induced an
increase in [Ca”"]; that could not be reproduced by a sub-
sequent equimolar administration of the same agonist (Fig.
5a), indicating the occurrence of homologous desensitization
(34). No response and no modification of the response to
subsequent administration of P were observed with 50
nmol/L 11B0HP or 17a¢OHP (not shown). At the concen-
tration of 50 umol/L, homologous and heterologous (34)
desensitization occurred with all three steroids. At this con-
centration, a first administration of P (Fig. 5b) or 1180HP
(Fig. 5¢) induced similar intracellular calcium transients (see
also Table 2), which was not followed by a response to a
subsequent equimolar dose of P (compared with the re-
sponse to P in the same subject; Fig. 5d). Similar results were
obtained with 17aOHP (not shown).

As stated above, controversial results have been obtained
concerning the possible involvement of GABA , receptors in
calcium transients stimulated by P (10-14). We have reex-
amined this issue by studying the direct effects of GABA on
basal and P-stimulated [Ca®"]; as well as on AR. As shown
in Fig. 6, GABA did not stimulate an increase in [Ca®*]; at
either low (50 nmol/L; Fig. 6a) or high (50 umol/L; Fig. 6¢)
concentrations. Moreover, GABA did not affect calcium tran-
sient in response to a subsequent equimolar administration
of P at both low (Fig. 6, a vs. b) and high (Fig. 6, c vs. d)
concentrations compared to the respective control values. In
addition, in our hands, GABA at concentrations ranging
from 50 nmol/L to 50 wmol/L did not induce acrosome
reaction of capacitated human spermatozoa or modify the
response to P (percent AR; mean * sem of three experiments;
control, 8 = 1.1; 10 wmol/L P, 14 = 1.1; 50 nmol/L GABA,
8 £ 1.0; 500 nmol/L GABA, 8 = 1.0; 5 umol/L GABA, 7.5
0.5; 50 umol/L GABA, 8.6 = 0.3; 50 nmol/L GABA plus 10

TABLE 2. Effects of the indicated ligands on intracellular
calcium levels in fura-2-loaded human spermatozoa

50 nmol/L (% stimulation) 50 umol/L (% stimulation)

Progesterone 41.2 = 7.4(11) 252.3 = 33.1 (6)
1180H-P 22+ 1.414) 271.1 = 50.2 (7)
17«0OH-P 14.6.0 = 5.6 (6) 151.0 + 28.6 (4)
DHT 0(2) 11.6 = 1.6 (3)
Testosterone 0(2) 0(2)
GABA 0(3) 0(3)

Percentages of [Ca®*]; increase vs. basal for two doses (50 nmol/L
and 50 umol/L) of the ligands are reported. Data represent the mean *
SEM of the number of experiments indicated in parentheses.
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Fic. 5. Calcium waves in response to two repeated administrations
of progestins in fura-2-loaded spermatozoa. The [Ca®*]; transient
induced by 50 nmol/Li (a) and 50 umol/L (b) P and the absence of
response after a second administration of an equimolar dose of the
same steroid are shown. ¢, 1180HP (50 pwmol/L) induces an [Ca®*];
transient comparable to that of P in the same subject (d) and com-
pletely blocks the calcium response to a subsequent equimolar dose
of P.

pmol/L P, 16 = 4; 50 umol/L GABA plus 10 umol/L P,
14.6 = 2.7).

Identification of P-binding proteins on human spermatozoa

To identify the molecular mass of P-binding proteins in
capacitated human spermatozoa, we performed ligand blot
experiments using P-POD (0.5 umol/L) as probe. This mol-
ecule has been shown to be effective in inducing AR in
human spermatozoa (13) and thus is an interesting tool to
perform this type of experiment. As shown in Fig. 7A, P-POD
identifies two protein bands on total sperm lysate (right panel)
of 54 and 57 kDa, which totally disappear when P-POD is
added in the presence of a high concentration (10 wmol/L)
of free P (left panel), suggesting that these proteins bind P in
a specific manner. These results have been consistently re-
produced in six different sperm samples.

We also performed Western blot experiments using the
monoclonal antibody «c262, which is directed against the
C-terminal tail of genomic P receptor (35). Recent data dem-
onstrated that this antibody is able to counteract the effect of
P in human spermatozoa and stains some protein bands in
sperm lysates (19). As shown in Fig. 7B (left panel), Western
blot immunostaining of sperm lysates with ac262 identified
two protein bands of similar molecular mass (57 and 54 kDa)
as those revealed by ligand blot with P-POD (Fig. 7A) and an
additional band at 66 kDa. In uterine lysates, used as a control
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Fic. 6. Effects of GABA on sperm [Ca®"]; and on the calcium response
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for P genomic receptor, the antibody detected several bands.
Among these, two bands of about 100-110 and 60 kDa, which
correspond to known isoforms of genomic P receptor (35, 36),
are not present in spermatozoa, confirming the absence of
genomic P receptors in these cells (37).

The same sperm and uterine total lysates as those in Fig.
7B (left panel) were stained with antibodies directed against
different regions of the genomic P receptor, respectively the
N-terminal («PR) and the DNA-binding domains of the
genomic receptor. Interestingly, aPR detected only the 66-
kDa band (Fig. 7B, right panel), whereas no protein bands
were revealed by the antibody directed against the DNA-
binding domain (data not shown), indicating that the puta-
tive 57- and 54-kDa P-binding proteins do not show homol-
ogy with the classical nuclear receptor family at the
N-terminal and DNA-binding sequences. To exclude the
possibility that the 66-kDa protein band detected with a-c262
and aPR is due to the residual presence of BSA, we per-
formed Western blot analysis of BSA standard with the two
antibodies. In this case, no protein bands were detected (not
shown), indicating that the 66-kDa band revealed in sperm
lysates is indeed a sperm protein.

The possible sperm surface localization of 54- and 57-kDa
P-binding proteins was demonstrated by Western blot anal-
ysis with ac262 of purified sperm membrane and cytosol
shown in Fig. 7C. The monoclonal antibody detected the
same three bands of 66, 57, and 54 kDa as in total lysate (Fig.
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7B, left panel), whereas in the cytosolic fraction, only the
66-kDa band was observed.

In Table 3, we summarize the results of Western and ligand
blot experiments on sperm P-binding proteins (six experi-
ments for ligand and four experiments for Western blot). We
believe that only the 54- and 57-kDa proteins are specific
P-binding proteins, as only these two proteins were detected
by both ac262 and P-POD and disappeared when P-POD was
used in the presence of a high concentration of free P (Table
3). Moreover, our results confirm that genomic P receptors
are not present in spermatozoa (37), as no protein bands are
detected by the antibody directed against the DNA-binding
domain of genomic receptor.

We also tried to perform immunoprecipitation of P recep-
tors in sperm lysates with ac262 antibody, but the heavy
chain of the antibody (~60 kDa) used to immunoprecipitate
masks the proteins of interest as they comigrate at the same
molecular mass (data not shown).

Effects of ac262 and aPR antibodies on AR

As P is a well known stimulus for acrosome reaction (5),
we investigated whether ac262 antibody affected this effect.
Human capacitated spermatozoa were stimulated with P (10
pmol/L) in the presence or absence of monoclonal antibody
ac262 or aPR antibody (1:100 dilution). As shown in Table 4,
ac262 antibody did not alter the spontaneous AR, whereas it
totally blunted the effect of P. No effects of the antibody were
observed on A23187-induced AR (data not shown). These
results strongly indicate that the membrane p54 and p57
proteins revealed by ac262 are involved in transducing P
biological effects in human spermatozoa. Conversely, the
aPR antibody, which did not detect the 57- and 54-kDa pro-
tein bands, but only the 66-kDa one, in Western blot analysis
of sperm lysates, did not inhibit the P-stimulated AR (Table
4), suggesting that the 66-kDa band is not involved in me-
diating P activity.

Discussion

The present study demonstrates the presence of distinct
membrane surface receptors for P in capacitated human sper-
matozoa. This result is supported by data obtained using
three different experimental approaches: binding on intact
spermatozoa, ligand blot, and Western blot analysis in sperm
lysates. The biological functions of these receptors in human
spermatozoa were established by measuring intracellular
calcium fluxes in response to different concentrations of P
and other agonists.

Computerized analysis of binding displacement curves
with the program Ligand strongly indicates the presence of
two distinct P-binding sites on human spermatozoa. The
high affinity, low capacity site is displaced, among the dif-
ferent molecules used in our experiments, only by P, whereas
the low affinity, high capacity site is displaced by P, 11OHP,
17a¢OHP, and RU486. Both binding sites appear to be rele-
vant for P-induced calcium fluxes in human spermatozoa.
Indeed, we found that the dose-response curve of P-induced
[Ca®"]; increase was characterized by two distinct compo-
nents, with ECsq values, respectively, in the nanomolar and
in the micromolar ranges, whereas dose-response curves for
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Fic. 7. A, Ligand blot analysis of whole human sperm lysates using
P-POD to reveal P-binding proteins. Sperm proteins (50 ug/lane)
separated by reducing 10% SDS-PAGE were blotted with P-POD (0.5
umol/L) in the absence (left panel) or presence (right panel) of an
excess of free P (10 umol/L). On sperm lysates, P-POD reveals two

11BOHP and 17aOHP were characterized by a single com-
ponent with an ECs, in the micromolar range. Most relevant,
ECs, values for [Ca®"]; dose-response curves and binding
affinity constants for the three progestins were correlated,
indicating that the two surface receptors identified with equi-
librium binding studies are involved in P-induced calcium
influx. As P is present at micromolar levels in the cumulus
oophorus surrounding the oocyte (3), it can virtually bind
both the high and low affinity receptors present on sperma-
tozoa; hence, it can be hypothesized that both sites are phys-
iologically involved in the action of the steroid in human
spermatozoa. Moreover, the ability of other molecules shar-
ing a progestin structure, such as 17«¢OHP and 1180HP, to
displace the low affinity site suggests that 17«OHP, which is
also present in high concentrations in follicular fluid and
cumulus matrix (3), might be physiologically relevant during
the process of fertilization. The low affinity site is also dis-
placed by RU486, a potent antagonist of the genomic P re-
ceptor. This finding is consistent with its reported inhibition
of P biological effects in human spermatozoa when used at
micromolar doses (38). In a previous report, Neulen et al. (39),
using [PH]P as ligand, found a single site for P with a K4 of
about 10 nmol/L in human seminal plasma and spermato-
zoa. However, a comparison of these results with the present
data is difficult, because these researchers used as tracer
[PH]P, which can easily cross the plasma membrane, and
performed most of the experiments in seminal plasma (39).

Ligand blot analysis of sperm lysates using P-POD identified
two protein bands of about 57 and 54 kDa that were displaced
in the presence of unconjugated P. Two proteins with similar
molecular masses were also identified by Western blot analysis
of sperm proteins with an antibody directed against the C-
terminal domain of the P> genomic receptor (a-c262). At present,
we do not have any evidence that these two proteins are related
to the two receptors evidentiated with equilibrium binding
studies. On the other hand, the inhibitory effect of the a-c262
antibody of P-induced AR (Ref. 19 and the present study) and
the increase in [Ca®*]; (19) strongly suggests that the proteins
detected with this antibody are involved in the biological effects
of P. P-POD has been used as a probe in ligand blot analysis of

protein bands (arrowheads) of 57 and 54 kDa (left panel) that disap-
pear in the presence of free P (right panel). Similar results were
obtained in four different experiments. Molecular mass markers are
indicated on both sides of the figure. B, Western blot analysis of whole
human sperm and uterine lysates with antibodies directed against
different domains of the genomic P receptor. Sperm and uterine pro-
teins (50 wpg/lane) separated by reducing 10% SDS-PAGE were re-
vealed by «c262 (1:400 dilution; left panel) and «PR (1:100 dilution;
right panel). On sperm lysates, ac262 detects three protein bands of
66, 57, and 54 kDa (left panel), whereas oPR reveals the 66-kDa band
only (right panel). On uterine lysates, both antibodies reveal a similar
pattern of proteins. Similar results were obtained in four different
experiments. Molecular mass markers are indicated to the right of
both panels. C, Western blot analysis of human sperm membrane and
cytosolic lysates with ac262. Total, membrane, and cytosolic proteins
(30 pg), obtained as described in Materials and Methods, were sep-
arated by reducing 10% SDS-PAGE and revealed by «ac262 (1:400
dilution). In particulate membranes, three proteins of 66, 57, and 54
kDa apparent molecular mass were detected, whereas in the cytosolic
fraction only the 66-kDa band was detected. Molecular mass markers
are indicated to the right of figure.
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TABLE 3. Protein bands detected by Western blot and ligand blot analysis on human sperm lysates
kDa + SEMm P-POD P + P-POD ac262 total lysate ac262 membrane ac262 cytosol oPR aDNA bd-PR
542 *0.4 + - + + - - -
57.8 = 0.3 + - + + - - -
66.0 * 0.05 - - + + + + -

In Western analysis, antibodies directed against different domains of progesterone genomic receptor, respectively against C-terminal
progesterone-binding sequence (ac262), N-terminal sequence («PR), and DNA-binding sequence («DNAbd-PR), were used. In ligand blot
analysis, P-POD in the presence or absence of free progesterone (P) was used as probe. The mol wt of protein bands are the mean * SEM of at

least four experiments for each tool used.

TABLE 4. Effect of ac262 antibody on basal (C) and progesterone-stimulated (P) acrosome reaction in human spermatozoa

% Acrosome Reaction

C(n=6) P(n=6) ac262 (n = 4)

P + ac262 (n = 4)

aPR (n = 2) P+ oPR (n = 2)

5.16 = 1.04 12.5 = 0.76¢ 4.75 + 2.06

4.50 = 1.29 7.00 = 1.41 13.00 + 0.00°

C, Control; P, progesterone.
“P < 0.001 vs. C.
4P < 0.05 vs. aPR.

Capacitated spermatozoa were treated for 2 h with progesterone (10 umol/L) in the presence or absence of ac262 antibody (against C-terminal
progesterone-binding sequence) or oPR (against DNA-binding sequence; both at the final dilution of 1:100) and then processed as described
in Materials and Methods. Values are the mean *= SEM percentage of acrosome reaction in four different subjects.

sperm proteins by Benoff et al. (18), who identified two proteins
of 70 and 58 kDa present on sperm crude membranes. It must
be also mentioned that in Western blot analysis of sperm pro-
teins with a-c262 antibody, Sauber et al. (19) detected two major
proteins with molecular masses of 50-52 and 46-48 kDa and
additional bands at lower molecular masses. The discrepancies
in apparent molecular mass of the two P-binding proteins iden-
tified in these studies may be due to covalent modifications
(glycosylation, phosphorylation) of the proteins that could be
altered by the different methods of protein preparation. Among
proteins capable of binding P, cortisol-binding globulin (40) and
albumin (41) show molecular masses similar to those of p54 and
p57. Using pure BSA as a positive control, we excluded ac262
cross-reaction with albumin, confirming data reported by Be-
noff et al. (18). In addition, Sauber ef al. (19) did not detect any
immunoreactivity with antibody against cortisol-binding glob-
ulin in washed spermatozoa. In our study we detected an ad-
ditional protein band at 66 kDa, which is also present in West-
ern blot performed with an antibody directed against a different
domain of the P genomic receptor (a«PR). However, the lack of
effect of this antibody on P-stimulated AR suggests that this
band is not specific and is not involved in the biological effect
of the steroid. Using proteins lysates from partially purified
sperm membranes, we demonstrated that the two binding pro-
teins of 57 and 54 kDa are selectively localized in the mem-
branes and absent in the cytosol, in agreement with immuno-
fluorescence studies demonstrating surface localization of the
staining with a-c262 (19). Recently, high affinity binding sites
for P have been characterized and purified in porcine liver
membranes (42). Interestingly, binding studies using [°H]P as
ligand identified two binding sites for P with apparent Ky
values of 11 and 286 nmol/L, while purification of P-binding
proteins revealed the presence of two proteins of 56 and 28 kDa
(42). From these studies it appears that nongenomic P receptors
show profound structural and functional differences compared
to the genomic receptor family. In keeping with this conclusion,
spermatozoa from transgenic mice lacking the nuclear genomic
P receptor show normal surface P receptors (43), suggesting the

presence of two different genes encoding for genomic and non-
genomic receptors for the steroid.

As stated above, the possible involvement of GABA re-
ceptors in the mechanism of action of P in mammalian sperm
is still a matter of discussion, as both positive (9, 10, 14) and
negative (11-13) results have been reported. Binding sites for
GABA have been shown in spermatozoa (9, 44). However,
competitive displacement of [’THJGABA tracer by nipecotic
acid, a blocker of GABA transport protein, suggests the pres-
ence of GABA transport proteins more than true GABA
receptors (44). [PH]JGABA transport has been demonstrated
in human spermatozoa (45). By immunofluorescence studies,
a GABA , receptor/Cl™ channel complex has been localized
on the surface of the sperm head at the equatorial segment
(9). It has been proposed that the effects of P may be mediated
by such a channel on the surface of human sperm (8). How-
ever, despite different results obtained in mice (10), GABA
has been reported to only weakly stimulate the AR in human
spermatozoa (9) and, in contrast to the effects of P, to be
devoid of stimulatory effects on sperm-oocyte fusion (13). At
least in the mouse, the effect of GABA appears to be mediated
by the influx of calcium (10). We were unable to demonstrate
any effect of GABA on AR in either the absence or presence
of P. Moreover, our data confirm that GABA does not stim-
ulate an influx of calcium in human spermatozoa or modify
P-induced calcium influx, as reported previously (11-13). In
addition, competitive binding studies demonstrate no inter-
action of GABA with either the high or the low affinity
P-binding sites. Taken together, our results seem to exclude
the involvement of GABA receptors in calcium signaling
stimulated by P in human spermatozoa. In a recent report,
Meizel et al. (14) demonstrated, by image analysis of single
sperm cells loaded with fura-2, that the effect of P could be
partially reverted by picrotoxin, suggesting the involvement
of GABA, receptors. However, direct effects of GABA on
calcium influx were not investigated in this study (14), and
using an identical experimental approach, Aitken et al. (13)
did not demonstrate any effect of GABA on sperm calcium.
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As the P-induced AR clearly requires chloride efflux and
activation of GABA 4 receptor/Cl™ channel complex (8), it is
possible that P receptors and GABA , receptor/Cl™ channel
complex are distinct and cooperate to induce the AR.

In conclusion, our results demonstrated the presence of two
functional membrane P receptors in human spermatozoa. The
p54 and p57 P-binding molecules detected in our study may
represent novel nongenomic P receptors on human sperm
membrane that can mediate the steroid effects. Isolation, se-
quencing, and further functional characterization of these two
protein candidates of nongenomic P receptors are presently
under investigation in our laboratory. As we have recently
shown that a correlation exists between sperm responsiveness
to P and sperm fertilizing ability (29, 46), identification and
characterization of nongenomic P receptor(s) may be clinically
relevant not only in future research in male infertility, but also
in the development of new contraceptive tools.
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