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Real-Time Measurements of the Interactions
between Fluorescent Speract and Its Sperm Receptor

Takuya Nishigaki1 and Alberto Darszon
Departamento de Genética y Fisiologı́a Molecular, Instituto de Biotecnologı́a, Universidad
Nacional Autónoma de México, Cuernavaca, Morelos 62250, México

Lytechinus pictus sea urchin sperm express receptors for speract, a sperm-activating peptide derived from the homologous
egg jelly coat. We found that the fluorescence of fluorophore-labeled, active, speract analogs is quenched upon receptor
binding. This property allowed us to perform real-time measurements of speract–receptor interactions using intact sperm
and to determine, for the first time, their association (kon) and dissociation (koff) rate constants. The high kon (2.4 3 107 M21

s21) and low koff (4.4 3 1026 s21 (95%) and 3.7 3 1024 s21 (5%)) can account for the sperm response to picomolar
oncentrations of speract. We also examined the influence of extracellular ions on speract–receptor interactions using the
uorescence quenching method described in this study. The association rate of speract to the receptor is dramatically
educed in Na1-free seawater (NaFSW), divalent cation-free seawater (DCFSW), and high-K1 seawater (HKSW). In seawater

speract induces an increase in intracellular pH (pHi), while it is unable to do so in either NaFSW or HKSW. To test if the
lack of this pHi change causes the reduction in the speract association rate, pHi was increased with NH4Cl (10 mM) at the
time labeled speract was added. Interestingly, this procedure completely (in HKSW) or partially (in NaFSW and DCFSW)
restored the speract association rate to its receptor. These findings indicate that an increase in sperm pHi positively affects
the receptor binding activity for this peptide and may partially explain the positive binding cooperativity displayed by the
speract receptor. © 2000 Academic Press
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INTRODUCTION

Sperm-activating peptides (SAPs)2 (Suzuki, 1995) are dif-
usible components of the echinoderm egg jelly coat. They
re among the best characterized molecules involved in
amete interaction. It has been proposed that the physio-
ogical function of SAPs is to attract sperm to the egg (Ward
t al., 1985), accelerate sperm penetration through the jelly

1 To whom correspondence should be addressed. Fax: (52-73)
172388. E-mail: takuya@ibt.unam.mx.

2 Abbreviations used: [Ca21]i, intracellular Ca21 concentration;
CFSW, divalent cation-free seawater; DiSC3(5), 3,39-dipropyl-

thiadicarbocyanine iodide; Em, membrane potential; F-speract, 5(6)-
SFX-labeled speract; GC, guanylate cyclase; HKSW, high-K1 seawater;

on, association rate constant; koff, dissociation rate constant; LC7SW,
low-Ca21 pH 7.0 seawater; NaFSW, Na1-free seawater; pHi, intracel-
lular pH; R-speract, 5(6)-TAMRA-X-labeled speract; SAP, sperm-
activating peptide; 5(6)-SFX, 6-(fluorescein-5-(and 6-)carboxamido)-
hexanoic acid, succinimidyl ester; 5(6)-TAMRA-X, SE, 6-(tetramethyl-

rhodamine-5-(and 6-)carboxamido)hexanoic acid, succinimidyl ester.
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oat (Suzuki and Garbers, 1984), and promote the acrosome
eaction (Yamaguchi et al., 1987; Nishigaki et al., 1996).

Speract (or SAP-1), Gly-Phe-Asp-Leu-Asn-Gly-Gly-Gly-
al-Gly, was the first purified and structurally identified
AP (Suzuki et al., 1981; Garbers et al., 1982). Thereafter,
his peptide has been used as a model to study the physio-
ogical function of SAPs and the underlying signal transduc-
ion pathways. Speract is thought to bind to its receptor
Smith and Garbers, 1983; Dangott and Garbers, 1984;
himizu et al., 1994) on the plasma membrane of sperm
agella (Cardullo et al., 1994) and transiently activate

guanylate cyclase (Bentley et al., 1986). The increased
cGMP levels activate a K1-selective ion channel (Cook and
Babcock, 1993; Galindo et al., 2000) which hyperpolarizes
he sperm membrane potential (Babcock et al., 1992). This
yperpolarization may activate several voltage-dependent
embrane proteins such as a Na1/H1 exchange system (Lee

nd Garbers, 1986), adenylate cyclase (Beltrán et al., 1996),
and a poorly selective K1 channel (Labarca et al., 1996;
Gauss et al., 1998), which contribute to intracellular alka-

linization, elevation of intracellular concentration of cAMP,
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18 Nishigaki and Darszon
and membrane depolarization, respectively. In addition,
intracellular Ca21 concentration ([Ca21]i) transiently in-
creases by activation of a Ca21 channel and/or a Na1/Ca21

exchanger (Schackmann and Chock, 1986). Speract is also
known to induce dephosphorylation of membrane-bound
guanylate cyclase and lipid hydrolysis and oxidation (re-
viewed in Darszon et al., 1999).

Although the speract receptor has been extensively stud-
ied (Smith and Garbers, 1983; Dangott and Garbers, 1984;
Shimizu et al., 1994; Cardullo et al., 1994), the kinetics of
ts interaction with speract have not been described in
etail. Here, we performed real-time binding experiments
n whole sperm utilizing fluorescence quenching of
uorophore-labeled, active speract and obtained association
nd dissociation rate constants for the speract–receptor
nteractions for the first time. Furthermore, we examined
he effects of ionic composition of seawater and pHi on the
peract–receptor association kinetics and demonstrated
hat the speract receptor is very sensitive to the chemical
ilieu. The physiological consequences of the properties of

he speract receptor revealed in this study are discussed.

MATERIALS AND METHODS

Materials. Lytechinus pictus sperm were obtained by intracoe-
lomic injection of 0.5 M KCl and “dry sperm” were kept on ice.
Artificial seawater (ASW) consisted of (mM) 486 NaCl, 10 CaCl2,
0 KCl, 27 MgCl2, 29 MgSO4, 2.5 NaHCO3, 0.1 EDTA, and 10
epes (pH 8.0 with NaOH). Na1-free seawater (NaFSW) consisted
f (mM) 486 choline chloride, 10 CaCl2, 7.5 KCl, 27 MgCl2, 29

MgSO4, 2.5 KHCO3, and 10 Hepes (pH 8.0 with N-methyl-D-
lucamine). Divalent cation-free seawater (DCFSW) was as ASW
ut without Ca21 and Mg21 salts. Low-Ca21 pH 7.0 seawater
LC7SW) was as ASW but with 1 mM CaCl2 and at pH 7.0 and was
sed for preincubation of sperm for all experiments. In the binding
xperiments, 0.1% BSA was added to the seawater to avoid non-
pecific binding of ligand. Fluorophores 6-(fluorescein-5-(and
-)carboxamido)hexanoic acid, succinimidyl ester (5(6)-SFX) and
-(tetramethylrhodamine-5-(and 6-)carboxamido)hexanoic acid,
uccinimidyl ester (5(6)-TAMRA-X, SE) were from Molecular
robes. Speract was from Peninsula Laboratories, Inc.
Sperm Em, pHi, and [Ca21]i measurements. Changes in sperm
embrane potential, pHi, and [Ca21]i induced by speract were

determined as previously described (Gonzáles-Martı́nes et al.,
1992), using DiSC3(5), dimethylcarboxyfluorescein, and Quin-2,
respectively. Em responses to speract and F-speract in Strongylo-
centrotus purpuratus sperm were performed in hypotonic seawater
(1/10 diluted ASW with distilled water), since swollen sperm
undergo larger speract-induced membrane potential changes (Bab-
cock et al., 1992).

Labeling speract with fluorophores. Speract (5–10 nmol) was
dissolved in 100 ml of 200 mM sodium borate buffer, pH 8.5,
ontaining about fivefold labeling-reagent, 5(6)-SFX or 5(6)-
AMRA-X. The solution was stirred well and incubated for 1 h at

oom temperature. The excess reagents were blocked by adding 10
ml of 1 M glycine to the solution and incubated for 30 min at room
temperature. Labeled peptides were purified by reverse-phase
HPLC, and their concentrations were determined by amino acid

analysis. u

Copyright © 2000 by Academic Press. All right
Fluorescence measurements. Fluorescence intensity and spec-
tra were recorded on an Aminco SLM 8000 spectrofluorimeter.
Sample solution (1.5–2 ml) was measured in a glass tube at 15°C.
Real-time binding experiments were performed under gentle mag-
netic stirring. For centrifugation binding experiments, free and
bound ligands were separated by centrifugation at maximum velocity
(16,000g) in a microfuge for 1 min, and the fluorescence intensity of
the supernatant (free ligand concentration) was determined.

Data processing. Incomplete fluorescence quenching of
F-speract was corrected by using the following equation: F corrected 5
F c 2 (F c 2 F)/0.88, where F is the fluorescence intensity of
F-speract with sperm and F c is the fluorescence intensity of
F-speract without sperm. The association rate constant (k on) was
btained by using the following equation: k on 5 v 0/([L 0] 3 [R 0]),
here v 0, [L 0], and [R 0] indicate the initial velocity of ligand

ssociation, total ligand concentration, and total receptor concen-
ration, respectively. Total receptor concentrations were deter-
ined by the fluorescence quenching methods described in Fig. 5a.
issociation rates (B/B 0) were obtained by using the following

equation: B/B 0 5 (F c 2 F)/(F c0 2 F 0), where F 0 and F c0 indicate the
values of F and F c at t 5 0.

RESULTS

Properties of fluorophore-labeled speract analogs upon
binding to the receptor. Speract receptors were shown to
be localized on S. purpuratus sperm flagella by using the
fluorescent speract analog, FITC-GGG[Y2]-speract (Car-
ullo et al., 1994). Attempts to reproduce this result using
(6)-SFX-labeled speract (F-speract) failed despite the fact
hat F-speract induced the same membrane potential
hanges in S. purpuratus sperm as unlabeled speract (Fig.
a). This result could indicate that fluorescence quenching
as occurring upon ligand–receptor binding.
This possibility was explored by measuring emission

pectra of F-speract in the absence or presence of sperm.
ue to seasonal availability, L. pictus sperm were used in

ll experiments presented hereafter. Speract induces
hanges in Em, pHi, and [Ca21]i in similar fashions in L.
ictus and S. purpuratus sperm (Fig. 1b). As shown in Fig.
a, the emission peak of F-speract remarkably decreased in
he presence of sperm. When an excess of unlabeled speract
as added to the F-speract solution in the presence of

perm, emission of F-speract was almost the same as that in
he absence of sperm. When 5(6)-TAMRA-X-labeled speract
R-speract) was used, its fluorescence also decreased upon
inding to the receptor (Fig. 2b). These results indicate that
he fluorescence of the fluorophores is quenched when
igand–receptor complexes are formed and explain the dif-
culty of detecting sperm-bound labeled speract by fluores-
ence microscopy.
Thereafter, competition experiments were performed to

uantitatively assess the binding activity of fluorophore-
abeled speract analogs to the receptor. When R-speract (1
M) was used as a ligand, both unlabeled speract and
-speract almost equally competed with R-speract for recep-
or binding (Fig. 3a). This result indicates that F-speract is a

seful tool to study ligand–receptor interactions. Similar

s of reproduction in any form reserved.
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19Speract–Sperm Receptor Interactions
experiments were performed to assess the binding activity
of R-speract using F-speract as a ligand. In contrast to
F-speract, R-speract competed with the ligand more effec-
tively than unlabeled speract (Fig. 3b), suggesting that
R-speract has higher affinity for the receptor than unlabeled
speract. Therefore, we used mainly F-speract to explore the
interactions between speract and its receptor. Centrifuga-
tion binding experiments at various sperm concentrations
in the presence and absence of unlabeled speract indicated
that nonspecific binding of F-speract is not significant in
the sperm concentration range used in this study (Fig. 3c).

To determine if the quenching of F-speract when it binds
to the receptor can be used to quantitatively describe the
characteristics of the speract–receptor interactions, the re-
sults obtained by the fluorescence quenching method were
compared with those derived from a centrifugation method.

FIG. 1. Sperm response to speract. (a) Speract and F-speract induce
similar membrane potential (Em) changes in S. purpuratus sperm.
Sperm (10 ml of 1/10 diluted dry sperm) were suspended in 2 ml
of hypotonic seawater (1/10 diluted ASW) containing 0.5 mM
DiSC3(5), and fluorescence was monitored at 620 nm excitation and
70 nm emission every 0.2 s (5 Hz). Oligomycin (0.5 mM) was added
o the sperm suspension to eliminate mitochondrial Em before
dding speract or F-speract. Em responses to 5 pM and 50 nM of
peract (left) and F-speract (right) are shown. A downward deflec-
ion indicates hyperpolarization, an upward deflection depolariza-
ion. (b) Speract responses in L. pictus sperm. Speract-induced
hanges in sperm Em, pHi, and [Ca21]i were measured as previously

described (Gonzáles-Martı́nes et al., 1992), using DiSC3(5), dimeth-
lcarboxyfluorescein, and Quin-2, respectively. Arrows indicate
he time when speract was added to sperm (10–25 ml of 1/10 diluted

dry sperm) suspended in 0.8 ml of ASW. The upper traces represent
responses to 100 nM speract, the lower ones to 5 pM speract.
Representative traces from at least five independent experiments
are shown.
First, the labeled ligand (1 nM F-speract) was incubated r

Copyright © 2000 by Academic Press. All right
ith various concentrations of sperm, and the free ligand
oncentration was measured by the two methods (Fig. 4a).
ext, competition curves were obtained by adding increas-

ng concentrations of unlabeled speract to the ligand solu-
FIG. 2. Emission spectra of labeled speract analogs. (a) F-speract.
Samples were excited at 494 nm, and emission spectra were
scanned from 515 to 585 nm. In all figure legends FI is the
fluorescence intensity and A.U. is an arbitrary fluorescence unit.
This figure shows 1 nM F-speract (closed circle), 1 nM F-speract
with sperm (open circle), 1 nM F-speract with sperm in the
presence of 1 mM unlabeled speract (X), ASW only (closed rect-
angle), sperm (open rectangle), and 1 mM speract (closed triangle).
The scan was initiated after 10 min incubation of the ligand and
sperm. In the cases of ASW, sperm, and speract symbols are
displayed for every 10 points of data. For the other conditions
symbols for every 5 data points are shown. (b) R-speract. Samples
were excited at 549 nm and emission spectra were obtained from
575 to 646 nm. This figure shows 1 nM R-speract (closed circle), 1
nM R-speract with sperm (open circle), 1 nM R-speract with sperm
in the presence of 1 mM unlabeled speract (X), ASW only (closed
rectangle), sperm (open rectangle), and 1 mM speract (closed tri-
ngle). Samples were processed as in the case of F-speract but
-speract was used instead. The results are the averages of three
easurements, having SD smaller than the symbols. Similar
esults were obtained in at least two other experiments.

s of reproduction in any form reserved.
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two methods (Fig. 4b). These experiments showed that the
fluorescence of F-speract was not quenched 100% upon

FIG. 3. Properties of fluorophore-labeled speract analogs. (a) Com-
petition activity of F-speract for the receptor. R-speract (1 nM) used
as ligand was mixed with various concentrations of F-speract
(closed circle) or unlabeled speract (open circle) to compete for
receptor binding. The fluorescence of R-speract was measured after
30 min incubation of the ligand with spermatozoa. The net
R-speract emission was obtained by subtracting the background
fluorescence of F-speract. (b) Competition activity of R-speract for
the receptor. F-speract (1 nM) was used as ligand, and R-speract
(closed circle) and unlabeled speract (open circle) were utilized as
competitors. The net F-speract emission was obtained by subtract-
ing the background fluorescence of R-speract. (c) Assessment of
nonspecific binding. F-speract (1 nM) was incubated with various
concentrations of sperm in the presence (open circle) or absence
(closed circle) of unlabeled speract (1 mM). After 1 h incubation the
samples were centrifuged and the fluorescence intensity of the
supernatant was measured. Relative sperm concentration indicates
the total speract receptor concentration measured as described for
Fig. 5a. All data are the means of three measurements. Error bars
(6SD) are displayed only when they are larger than the symbols.
Similar results were obtained in at least two other experiments.
receptor binding. We estimated the percentage of quenching

Copyright © 2000 by Academic Press. All right
o be 88% from the above data. When the result derived
rom the quenching method is corrected considering the
ncomplete quenching, it gives results that are consistent
ith the centrifugation method (insets of Fig. 4). Thus, the

FIG. 4. The quenching ratio of F-speract upon receptor binding. (a)
Binding experiments using fluorescence quenching and centrifuga-
tion. F-speract (1 nM) was incubated in a glass tube (2 ml) with
various concentrations of sperm for 60 min at 15°C, and then
fluorescence intensities of the suspensions were measured (closed
circle). Immediately after that the suspensions were centrifuged
and fluorescence intensities of the supernatant (free F-speract) were
determined (open circle). Data shown in the quenching method
were corrected by subtraction of sperm intrinsic fluorescence.
Sperm concentrations were expressed as in Fig. 3c. (b) Competition
binding experiments measured by the two methods. F-speract (1
nM) was mixed with various concentrations of unlabeled speract
and incubated with sperm (1 nM speract receptor) for 60 min at
15°C. Thereafter the fluorescence intensities of the suspensions
(closed circle) and the supernatant after centrifugation (open circle)
were measured. Sperm intrinsic fluorescence was subtracted for the
quenching method. The insets (both a and b) show results of the
quenching method after correction for incomplete quenching
(88%) as described under Materials and Methods. All data represent
the means of three measurements. Error bars (6SD) are displayed
only when they are larger than the symbols. Similar results were

obtained in at least two other experiments.

s of reproduction in any form reserved.
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21Speract–Sperm Receptor Interactions
quenching method can be used in quantitative studies of
receptor binding.

Real-time measurement of the kinetics of the ligand–
receptor interactions in normal ASW. First, we measured
the total concentration of speract receptor using the fluores-
cence quenching method. When the free ligand concentration
is more than 100 times higher than the Kd for its receptor,

ost receptors (.99%) will be occupied with the ligand
Hulme et al., 1992). Thus, we incubated sperm containing
round 1 nM speract receptor (1000- to 5000-fold dilution of
dry sperm”) with 10 nM F-speract and measured the decrease
n fluorescence intensity (Fig. 5a), assuming that the Kd of

speract for its receptor is smaller than 0.1 nM, which was
demonstrated to be true in this study. This rapid and easy
determination of the total receptor concentration was carried
out prior to all binding experiments to perform them under
appropriate conditions. Counting the number of cells in the
sperm suspension with a hemacytometer after fixing sperm
with glutaraldehyde, the maximal speract binding sites (Bmax)
n a single sperm cell were determined to be 6.3 6 0.53 3 104

sites/cell (n 5 5).
Next, association kinetics of the ligand–receptor interac-

tion were measured by the fluorescence quenching method
using lower concentrations of F-speract (0.5 or 1.0 nM) to
determine the association rate constant (k on) of the speract
receptor. Figure 5b shows representative speract binding
kinetics to the receptor. Background fluorescences of ASW
and sperm were subtracted and incomplete quenching was
corrected in the figure. The k on was determined to be 2.4 6
0.21 3 107 M21 s21 (n 5 5) using the concentration of
F-speract and receptor and initial velocity of the ligand
association as described under Materials and Methods.

Thereafter, the dissociation rate constant (k off) of the
peract receptor was studied using the fluorescence quench-
ng method. Ligand dissociation was initiated by adding an
xcess of unlabeled speract 30 min after F-speract binding
ad been started. Figure 6a shows that F-speract dissociated
ery slowly; however, it dissociated rapidly when cells were
olubilized with Triton X-100. This fast dissociation was
bserved even when the detergent was added in the absence
f unlabeled speract (data not shown), indicating that the
peract receptor rapidly loses its affinity for speract upon
etergent solubilization (Bentley et al., 1988).
Dissociation kinetics were then measured, keeping the

amples in the dark to avoid bleaching of fluorescence of
-speract (see Fig. 6a inset) and exposing them to light only
o measure the fluorescence intensity. The results show
hat F-speract dissociation is extremely slow and biphasic
ith a minor fast component contributing 5% of the total
inding (3.7 3 1024 s21) and a major (resting 95%) slower
omponent (4.4 3 1026 s21) as seen in Figs. 6b and 6c.
Ionic composition of ASW influences speract–receptor

nteractions. Smith and Garbers (1983) demonstrated that
peract–receptor interactions are very sensitive to the ionic
nvironment in equilibrium binding experiments. We fur-
her explored this aspect by measuring association kinetics

f F-speract to the receptor by the quenching method. When

Copyright © 2000 by Academic Press. All right
a1 was substituted by choline (NaFSW), F-speract did not
bind any more to the receptor, as expected (Fig. 7a). Addi-
tion of 0.5% normal seawater to NaFSW (about 2.5 mM
Na1 final concentration) was enough to obtain 50% of the
eceptor binding activity. F-speract was also unable to bind
o its receptor in DCFSW (Fig. 7b). Adding 10% normal
eawater to DCFSW (about 5 mM Mg21 and 1 mM Ca21

FIG. 5. Real-time measurement of F-speract association to the
receptor in normal ASW. (a) Measurement of total receptor con-
centration. Sperm preincubated in LC7SW was added to a glass
tube containing 10 nM F-speract in normal ASW at t 5 0 in the
resence (upper line) or absence (lower line) of 4 mM unlabeled

speract. Fluorescence intensity was measured every 2 s. Total
receptor concentration was calculated from the reduction of fluo-
rescence intensity, about 8 min after addition of sperm, considering
the quenching ratio of 88%. (b) F-speract association kinetics to the
receptor. Experiments were performed as above, except for using a
lower concentration of F-speract (0.5 nM). Data were corrected as in
the insets of Fig. 4. The samples are without sperm (line only) and
with sperm containing 0.22 nM receptor (closed circle) or 0.44 nM
receptor (open circle). Slopes indicated by broken lines express
initial velocities of the ligand association to the receptor. Symbols
are displayed every 20 data points. All data are the averages of three
measurements, having SD smaller than the symbols. One repre-
sentative experiment of five is shown.
final) was enough to obtain 50% of the normal receptor

s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All right
binding activity. Added individually, Mg21 appeared
lightly more potent than Ca21 (Fig. 7c). Though K1-free

seawater did not affect the kinetics of F-speract binding,
high-K1 seawater (HKSW) decreased the ligand association
rate (Fig. 7d). This alteration is most probably caused by the
decrease in the association rate constant because the disso-
ciation rate constant did not change in HKSW (Fig. 6b).

It is well known that speract cannot elevate sperm pHi in
HKSW or NaFSW as it does in normal ASW (Lee and
Garbers, 1986). Thus, we examined how a pHi increase
influences the speract association kinetics by adding 10
mM NH4Cl to HKSW. Interestingly, addition of NH4Cl
ompletely reversed the inhibition effect of high K1 (Fig.

8a). Furthermore, positive effects of NH4Cl on speract–
receptor interactions were observed in NaFSW and DCFSW
(Figs. 8b and 8c), although the ligand–receptor interactions
did not completely recover under the latter conditions.
In contrast, NH4Cl had a very small effect in normal ASW
(Fig. 8d).

Our results indicate that conditions that prevent speract
from increasing sperm pHi remarkably reduce its associa-
tion rate to the receptor and this reduction is restored by
alkalinization of pHi with NH4Cl. Therefore, sperm pHi is
an important factor that regulates the ligand binding activ-
ity of the speract receptor.

DISCUSSION

We found that the 5(6)-SFX- and 5(6)-TAMRA-X-labeled
speract analogs (F- and R-speract) are active and their
fluorescence is quenched upon receptor binding. Using
F-speract, which has almost the same affinity for the
receptor as unlabeled speract (Fig. 3a), incomplete quench-
ing upon receptor binding (12%) could be corrected after
estimating free fluorescent ligand by centrifugation (Fig. 4).
Thus, fluorescence quenching of F-speract allowed us to
perform quantitative real-time measurements of speract–
receptor interactions conveniently under conditions under
which artifacts of sperm autofluorescence and turbidity are
negligible. This is to our knowledge one of a few successful
reports of real-time measurements of ligand–receptor inter-
actions using intact cells. The fact that echinoderm sperm
have an extraordinary amount (0.6–11 3 104 binding sites/
ell) of high-affinity receptors for sperm-activating peptide
Smith and Garbers 1983; Shimizu et al., 1994; Yoshino and

than the symbols. Similar results were obtained in at least two
other experiments. (c) Comparison of experimental and theoretical
data for the dissociation kinetics. The broken line represents a
single exponential function using k off 5 4.7 3 1026 s21. To fit the
experimental results (open circles, normal ASW) a double exponen-
tial function was used considering two k off, 3.7 3 1024 s21 (5%) and
4.4 3 1026 s21 (95%). The fitting was done using SigmaPlot (R 2 5
FIG. 6. Dissociation kinetics of F-speract from the receptor. (a)
Continuous monitoring of F-speract dissociation. Sperm (0.9 nM
speract receptor) were incubated with 1 nM F-speract for 30 min
and ligand dissociation was initiated at t 5 0 by adding 1 mM

nlabeled speract to the suspension. Triton X-100 (0.05% final) was
dded to the suspension at t 5 40 (arrow). Just before adding Triton
-100, DNase I (0.05 mg/ml final) was added to avoid an increase in
iscosity. The fluorescence intensity of the sample with (open
ircle) and without sperm (closed circle) is shown in the inset. The
ample was continuously exposed to excitation light (ex 494 nm,
m 524 nm). Fluorescence values were measured every 30 s.
ymbols in the inset are displayed every 30 points. Dissociation
ates (B/B 0) were obtained as described under Materials and Meth-
ds. One representative experiment of four is shown. (b) Slow
igand dissociation. Experiments were carried out similarly with
perm (0.7 nM speract receptor) except that continuous exposure of
he ligand (1 nM F-speract) to the excitation light was avoided.
luorescence intensity was measured at the times indicated, oth-
rwise the samples were kept in the dark without stirring. The
amples are without sperm (closed circle, inset), with sperm in
ormal ASW (open circle), and with sperm in 50 mM K1 ASW (X).
0.996). The inset has an expanded time axis.

s of reproduction in any form reserved.
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23Speract–Sperm Receptor Interactions
Suzuki, 1992; Nishigaki et al., 2000) permits this experi-
mental approach.

Using this fluorescence quenching method, the maximal
speract binding sites (Bmax) in L. pictus sperm were calcu-
lated to be 6.3 3 104/cell (Fig. 5a). This number is nine
imes larger than that reported for S. purpuratus (Smith and
arbers, 1983), but similar for Hemicentrotus pulcherrimus

Shimizu et al., 1994). Next, we determined both associa-
ion and dissociation rate constants for the speract–receptor
nteractions. The k on determined from the initial associa-

tion velocity is high (2.4 3 107 M21 s21); in contrast the k off

is extremely low and biphasic (3.7 3 1024 s21 (5%), 4.4 3
1026 s21 (95%)). This slow dissociation is probably not due
o receptor internalization because similar results were

FIG. 7. The ion composition of ASW modulates F-speract associ
eceptor (0.7 nM for a, b, and d, 0.8 nM for c) was measured as desc
or the incomplete quenching. (a) Effect of Na1. NaFSW was mixed
f Na1. The samples are normal ASW (broken line), NaFSW (closed
M Na1, closed rectangle), and 1% normal ASW (open rectangle).

repare ASW containing various concentrations of divalent cations.
ormal ASW (open circle), 10% normal ASW (about 1 mM Ca21 and

(c) Individual effects of Ca21 and Mg21. The samples are normal AS
mM Mg21 (closed triangle), 10 mM Ca21 (open rectangle), and 10 m

10 mM K1, broken line), K1 free (closed circle), 30 mM K1 (open c
oints for all data. Each point is the average of three measurements
ere reproduced at least four times.
btained when ligand dissociation was initiated after short r
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ncubation time (5 min) of the ligand and the receptor (data
ot shown). In S. purpuratus, less than 20% of radiolabeled
peract dissociated from the receptor after 60 min (Dangott
nd Garbers, 1984). Thus, the slow dissociation of speract
rom the receptor seems a common property of the speract
eceptor regardless of the species. The two distinct k off

values suggest that two different receptor types or two
different states of a receptor exist. However, it was not
possible to estimate two apparent k on values from our data.

ccording to the conventional calculation (K d 5 k off/k on),
two K d values were estimated using one k on value: 15 (5%)
nd 0.19 pM (95%). Considering that picomolar concentra-
ions of speract have significant effects on sperm (Fig. 1), the

d values estimated in this study are physiologically more

kinetics to the receptor. F-speract (1 nM) binding kinetics to the
for Fig. 5b. Fluorescence intensities are shown without correction

h normal ASW to prepare ASW containing various concentrations
le), 0.25% normal ASW (open circle), 0.5% normal ASW (about 2.5
ffect of divalent cations. DCFSW was mixed with normal ASW to
samples are normal ASW (broken line), DCFSW (closed circle), 5%
M Mg21, closed rectangle), and 20% normal ASW (open rectangle).
roken line), DCFSW (closed circle), 5 mM Ca21 (closed rectangle),

g21 (open triangle). (d) Effect of K1. The samples are normal ASW
, and 50 mM K1 (closed rectangle). Symbols are displayed every 10
ing SD smaller than the symbols. The results from this experiment
ation
ribed

wit
circ
(b) E
The
5 m

W (b
M M

ircle)
, hav
easonable than those estimated (nM range) in other species
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24 Nishigaki and Darszon
by using a radioactive speract analog in equilibrium binding
experiments (Smith and Garbers, 1983; Shimizu et al.,
1994). These latter values possibly reflect an overestima-
tion of the free ligand concentration and/or conditions of
incomplete binding equilibrium.

Regulation of speract receptor. Our kinetic studies
show that Na1 is physiologically essential for the speract–
receptor interactions, as demonstrated in equilibrium bind-
ing experiments by Smith and Garbers (1983). In addition,
we found that the association rate of speract to the receptor
decreases in HKSW (Fig. 7d). This result was surprising
since under this condition the speract–receptor interactions
were not affected in equilibrium binding experiments
(Harumi et al., 1992). Speract increases sperm pHi in
normal ASW while it does not in either HKSW or NaFSW
(Lee and Garbers, 1986). Interestingly, addition of NH4

1,
hich increases pHi (Roos and Boron, 1981), to HKSW

ompletely restored the ligand association kinetics (Fig. 8a).
oreover, NH4

1 also accelerated ligand association in
aFSW (Fig. 8b). These findings suggest that pHi regulates

he binding activity for the speract receptor.
In addition, Smith and Garbers (1983) reported that Mg21,

but not Ca21, is important for speract association to the

FIG. 8. NH4Cl reverses the inhibition of F-speract association to i
(1 nM) binding kinetics to the receptor (0.7 nM) were measured as fo
incomplete quenching. (a) High-K1 SW. The samples are normal AS
0 mM NH4Cl (open circle). (b) Na1-free SW. The samples are norm
H4Cl (open circle). (c) Divalent cation-free SW. The samples are n

mM NH4Cl (open circle). (d) Effect of NH4Cl in normal ASW. In th
and with 10 mM NH4Cl (open circle). Symbols are displayed every

aving SD smaller than the symbols. The results from this experi
receptor. Since divalent cations influence SAP–receptor o
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nteractions in starfish, Asterias amurensis (Nishigaki et
l., 2000), this matter was further explored. Both Ca21 and

Mg21 affect speract–receptor interactions, although Mg21

seems more important than Ca21 (Fig. 7c). Other divalent
ations (Mn21, Sr21, and Co21) also accelerated the ligand
ssociation in DCFSW (data not shown), indicating that
ivalent cations have a positive effect on speract–receptor
nteractions in general. Addition of NH4

1 to DCFSW also
restored the speract association rate to the receptor, al-
though partially (Fig. 8c). This result suggests that external
divalent cations may participate in sperm pHi regulation.
Further studies are necessary to clarify the relation between
sperm pHi and external divalent cations.

In normal ASW (pH 8.0), NH4
1 had only a minor effect on

he speract–receptor interactions in sperm (Fig. 8d). This is
ot surprising since speract itself increases sperm pHi in
ormal seawater. If the k on of the speract receptor at rest

was smaller than that at high pHi, the receptor would be
positively regulated by a speract-induced alkalinization.
Positive binding cooperativity has been reported for the
speract receptor and other SAP receptors using equilibrium
binding (Shimizu et al., 1994; Yoshino and Suzuki, 1992).

his phenomenon may be partially explained by the effect

ceptor in high-K1, Na1-free, and divalent cation-free SW. F-speract
. 5b. Fluorescence intensities are shown without correction for the
roken line), 50 mM K1 SW (closed circle), and 50 mM K1 SW with
SW (broken line), NaFSW (closed circle), and NaFSW with 10 mM
al ASW (broken line), DCFSW (closed circle), and DCFSW with 10
periment 0.5 nM F-speract was used in normal ASW (broken line)
ints for all data. Each point is the average of three measurements,
were reproduced at least four times.
ts re
r Fig
W (b
al A
orm
is ex
10 po
f pHi on the receptor.
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25Speract–Sperm Receptor Interactions
Guanylate cyclase (GC) is thought to be associated with
the speract receptor in S. purpuratus (Bentley et al., 1988).
When speract binds to the receptor, it induces cGMP
production, which activates a K1-selective ion channel
(Cook and Babcock, 1993), causing a hyperpolarization, as
described in the Introduction. This hyperpolarization
stimulates Na1/H1 exchange and leads to intracellular
alkalinization. It was reported that an increase in sperm pHi
induces dephosphorylation of GC and decreases its enzy-
matic activity in L. pictus and Arbacia punctulata (Bentley
et al., 1986; Ward et al., 1986). Considering the effect of pHi
on the phosphorylation state of GC, our results suggest that
the allosteric interactions between GC and the speract
receptor are influenced by pHi. These interactions may also
explain why it has been difficult to solubilize the speract
receptor with detergent in a functional state (see Fig. 6a).
Long-time (30 min) incubation of sperm in NaFSW and
DCFSW induced the irreversible inactivation of speract
receptor (data not shown). It will be interesting to study
which chemical modifications are induced by these treat-
ments on the speract receptor or receptor-associated pro-
teins like GC. Real-time measurements of speract binding
to its receptor utilizing the fluorescence quenching method
may reveal further details of how the receptor is regulated.

Physiological role of speract. The speract–receptor k on

and k off that were determined in this study prompted us to
econsider the physiological role of speract. This peptide
as been proposed to attract sperm toward the egg; how-
ver, its chemotactic activity has never been demonstrated
nder physiological conditions. During chemotaxis, a com-
on feature of sperm swimming is a short turn (less than

.5 s) involving asymmetric flagellar bending, termed che-
otactic turning, that changes swimming direction (re-

iewed in Miller, 1985). Sperm [Ca21]i probably increases
when chemotactic turning occurs in vivo, since asymmet-
ric flagellar beating can be obtained in vitro in demem-
ranated sea urchin sperm at high Ca21 concentrations
Brokaw, 1979). The external Ca21 requirement for chemo-
axis supports this idea (Ward et al., 1985). Chemotactic
urning occurs when sperm swim away from the source of
hemoattractant. Thus, it was proposed that sperm [Ca21]i

may increase when chemoattractants dissociate from the
receptors (Miller, 1985). This seems unlikely for the speract
receptor since the k off obtained in this study is too small.
Cook et al. (1994) proposed that sperm [Ca21]i is maintained
ow as long as sperm Em is hyperpolarized by continuous
ctivation of the speract receptor. Thus, when sperm swim
oward the egg (positive and steep gradient of speract),
Ca21]i does not increase. Instead, when sperm swim in the
wrong direction (insufficiently steep or negative speract
gradient), [Ca21]i would increase, triggering chemotactic
urning. Therefore, a receptor having a low k off could

function in chemotaxis, considering that there are plenty of
speract receptors on the sperm plasma membrane (6 3
104/cell). However, when most of the receptors are satu-
ated with speract, sperm [Ca21]i would increase anyhow,
changing the swimming direction of sperm before it reaches

Copyright © 2000 by Academic Press. All right
the egg plasma membrane. Taking into account the k on and
off values from this study and the speract concentration in

egg jelly (mM), it can be estimated that 99% of the receptors
ould be occupied within 0.2 s inside this layer.
Mammalian sperm hyperactivation may offer a clue to

olve this paradox (reviewed in Suarez, 1996). In the female
eproductive tract, mammalian sperm display asymmetric
nd high-amplitude flagellar waves accompanied with
Ca21]i elevation (Suarez and Dai, 1995), named hyperacti-
vation. Hyperactivated hamster sperm progress more effi-
ciently in high-viscosity medium than normally activated
sperm do, although they show nonprogressive movement in
low-viscosity medium (Suarez et al., 1991). Hyperactivation
may help mammalian sperm to penetrate the cumulus
matrix and the zona pellucida, as was shown in hamster
(Stauss et al., 1995). In analogy, speract may induce in sea
urchin sperm a hyperactivated-like flagellar movement
inside the jelly coat to accelerate sperm penetration
through this layer. Sea urchin sperm extrude a short (0.5
mm) acrosomal process upon the acrosome reaction and
must keep swimming to reach the egg plasma membrane.
Thus, for sea urchin fertilization, sperm penetration
through the jelly coat is critical, and speract could play a
key role in this process. Therefore, we propose that the
speract-induced [Ca21]i increase triggers chemotactic turn-
ing in normal seawater (low viscosity), and after sperm
reach the egg jelly coat (high viscosity), it accelerates sperm
penetration (enhances progressiveness) through this layer.
Further experiments will be needed to test this working
hypothesis.
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