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Abstract

The mode of binding of [*H]BQ-123 (cyclo(-p-Trp-p-Asp-[prolyl-3,4(n)-[*H]]Pro-p-Val-Leu-)), an endothelin receptor antago-
nist radioligand, was evaluated in the human neuroblastoma cell line SK-N-MC at 37°C. Scatchard analysis indicated the
presence of a single class of [PH]BQ-123 binding sites with a high affinity of 3.2 nM. [*HIBQ-123 binding achieved steady state
within 7 min and dissociated with a half-time of 1.4 min, while [1**I]lendothelin-1 binding barely reached a steady state even after
6 h and showed little dissociation. [*HIBQ-123 binding was sensitive to endothelin-1 and endothelin-2 (K; values = 0.058 and
0.10 nM, respectively) and the endothelin ET, receptor-selective antagonist BQ-123 (K; = 3.3 nM), while showing low affinity for
endothelin-3 (K; = 50 nM), the endothelin ETy receptor-selective agonist BQ-3020 (K; = 970 nM) and other bioactive peptides.
Thus, [*H]BQ-123 is a specific and reversible radioligand for endothelin ET, receptors. The rapid reversibility of [*HIBQ-123
binding should provide a tool for estimating the equilibrium inhibition constants (K, values) of various compounds for

endothelin ET, receptors.
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1. Introduction

Endothelin-1 is a 21-amino acid peptide with potent
and long-lasting vasoconstrictive activity, originally iso-
lated from cultured porcine endothelial cells (Yana-
gisawa et al., 1988). Studies have revealed the existence
of two additional related peptides termed endothelin-2
and endothelin-3 in mammalian species (Inoue et al.,
1989). These endothelin family isopeptides and their
receptors have been found in not only cardiovascular
tissues but also several non-vascular tissues including
those of the central nervous system (CNS) (Matsumoto
et al., 1989; Koseki et al., 1989). Therefore, the pres-
ence of endothelin-1 immunoreactive peptides and their
receptors within the CNS suggests an important role
for these peptides there.

These endothelin family peptides produce multiple
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biological responses via at least two distinct endothelin
receptors termed ET, (selective for endothelin-1 and
endothelin-2) and ET}, (nonselective for endothelin
isopeptides) (Sakurai et al., 1992). Endothelin ETg
receptor-selective agonists such as sarafotoxin Séc, BQ-
3020 and IRL-1620 are useful for analyzing the re-
sponses to and binding sites of endothelin ETy recep-
tors (Williams et al., 1991; Ihara et al., 1992a; Takai et
al., 1992). In particular, the radioligands ['*1]BQ-3020
and ['"®IJIRL-1620 are useful for characterizing the
binding sites of endothelin ETj receptors (I1hara et al.,
1992a; Watakabe et al., 1992). The endothelin ET,
receptor-selective antagonists developed so far, such as
BQ-123, BQ-153, BQ-485, BQ-610 and FR139317
(Thara et al., 1992b; Ishikawa et al., 1992a,b; Itoh et al.,
1993; Sogabe et al., 1993), have revealed that endothe-
lin-1-induced vasoconstriction and hypertension are
mediated mainly by endothelin ET, receptors (Ihara et
al., 1992b; Sogabe et al., 1993). In order to characterize
the binding sites of endothelin ET, receptors, ['*I]en-
dothelin-1 is currently used (Nakamichi et al., 1992).
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However, ['*Ilendothelin-1 binds to both endothelin
ET, and ETjy receptors nonselectively (Saeki et al.,
1991) and the binding is very slow and shows little
dissociation (Waggoner et al., 1992). These slow bind-
ing kinetics may be misleading with respect to the
dissociation constants (K, values) (Waggoner et al.,
1992) and inhibition constants (K, values) (Cheng and
Prusoff, 1973), because these values are calculated on
the assumption of an equilibrium steady state. Thus, an
endothelin ET, receptor-selective and reversible radi-
oligand has been sought to characterize the binding
kinetics of endothelin ET, receptors. Using human
neuroblastoma SK-N-MC cells, we report here the
binding characteristics of [*’H]BQ-123 as a novel and
reversible radioligand for human endothelin ET, re-
ceptors.

2. Materials and methods
2.1. Materials

[*HIBQ-123 (cyclo(-p-Trp-p-Asp-[prolyl-3,4(n)-
[*H]IPro-p-Val-Leu-)) was synthesized at Amersham
International, UK (41 Ci/mmol). It was dissolved in 10
mM Tris /HCI buffer, pH 7.4 and stored at 4°C for 3
months. ['*T]Endothelin-1 was purchased from Amer-
sham International, UK (2000 Ci/mmol). BQ-123
(cyclo(-D-Trp-p-Asp-Pro-np-Val-Leu-)), BQ-153 (cyclo(-
p-Trp-p-Cys(O;H)-Pro-p-Val-Leu-)), BQ-485 (N-(1-
perhydroazepinyl)carbonyl-Leu-p-Trp-p-Trp), BQ-610
(N-(1-perhydroazepinyl)carbonyl-Leu-p-Trp( N -
CHO)-p-Trp), FR139317 (N-(1-perhydroazepinyl)
carbonyl-Leu-p-Trp( N "-Me)-p-2-pyridylalanine) and
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BQ-3020 (N-acetyl-Leu-Met-Asp-Lys-Glu-Ala-Val-
Tyr-Phe-Ala-His-Leu-Asp-lle-Ile-Trp) were synthe-
sized at the Tsukuba Research Institute of Banyu
Pharmaceutical Co., Japan. Endothelin-1, endothelin-2
and endothelin-3 were purchased from the Peptide
Institute (Osaka, Japan). SK-N-MC cells derived from
a human neuroblastoma were obtained from the Amer-
ican Type Culture Collection (Rockville, MD, USA).
Girardi heart cells were obtained from Dainippon
Seiyaku Co. (Osaka, Japan).

2.2. Binding experiments

SK-N-MC cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) containing 10% fetal calf
serum (FCS), 100 units /ml of penicillin and 100 pg/ml
of streptomycin at 37°C under an atmosphere of 95%
air /5% CO,, while Girardi heart cells were grown in
minimum essential medium with Earle’s salt (MEM)
containing 10% FCS and the above-mentioned antibi-
otics under the same conditions of temperature and
atmosphere. After washes with Hanks’ balanced salt
solution containing 0.1% glucose and 0.3% bovine
serum albumin (buffer A), the SK-N-MC or Girardi
heart cells were incubated at 37°C with [H|BQ-123 or
[?5T]endothelin-1 in the presence of test compounds in
a 95% air-5% CO, humidified atmosphere for 1 or 4 h,
respectively. The cells were then washed 3 times with
ice-cold buffer A and the cell-bound radioactivity was
determined by a liquid scintillation counter (Packard:
2500TR) or a gamma counter (Packard: Cobra 5002).
Nonspecific binding was defined by the addition of 1
uM BQ-123 or 0.2 uM endothelin-1 to each assay,
respectively.
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Fig. 1. Time course of (A) [*H]BQ-123 and (B) ['®I]endothelin-1 (('**IJET-1) binding to SK-N-MC cells. After 1 or 4 h, (A) 10 uM BQ-123 or
(B) 0.2 uM endothelin-1 (ET-1), respectively, was added to the assay tubes to evaluate the dissociation kinetics (open circles). Each point
represents the mean value of triplicate determinations. Inserts (A), plots of the association and dissociation of the specific binding according to

the first-order kinetic equation, as described in the data analysis section.
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2.3. Data analysis

The ICy, values were determined by regression
analysis of displacement curves. Saturation binding was
analyzed by Scatchard plot to determine the equilib-
rium dissociation constant (K,) and the concentration
of binding sites (B,,,,). The k., and k_, values were
calculated from the data of the kinetic experiments.
The k., values were determined from k_,, the first
order rate constant for association, according to the
method of Bennet (1978). A plot of In[B,/(B, — B)]
vs. time, where B, = the amount bound at equilibrium
and B, = the amount bound at various times before
equilibrium, yields k,, the slope of the line. A plot of
In(B,/B,) vs. time, where B, = the amount bound at
various times after dissociation was initiated and B, =
the amount bound at time = 0, yields the k_, value,
the slope of the line. The k. value was then calcu-
lated by the following formula: &k, = (k. —k_,)/F,
where F equals the free concentration of radioligands.
The values of T, ,, half-life, were calculated by the
formula T),,=0.693/k_,. The Hill coefficients (ny
values) were determined by the method of Hill (1913).
Student’s t-tests (one-sample tests) were used to deter-
mine whether Hill slopes were significantly different
from unity. The apparent inhibition constants (K, val-
ues) were calculated from the equation (K; = ICy, /(1
+ L /K,)) (Cheng and Prusoff, 1973). All values in this
study are indicated as the mean + S.E.M. values deter-
mined by triplicate determinations in more than three
separate experiments.

3. Results

3.1. Binding kinetics of [°H]BQ-123 and ['*’I]endo-
thelin-1

The time course of binding for [*’HIBQ-123 (3.0 nM)
or ['PIlendothelin-1 (10 pM) was estimated at 37°C
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using SK-N-MC cells. As shown in Fig. 1A, specific
binding for [*HIBQ-123 increased rapidly with a half-
time of about 3 min and achieved equilibrium within 7
min of reaction, with an apparent pseudo-first order
rate constant k., of 0.48 + 0.08 min~'. The calculated
association rate constant k., was 0.34 + 0.06 min~'
nM ~!. Furthermore, after a steady state was reached,
the addition of an excess of unlabeled BQ-123 (10 uM)
caused a rapid release of bound radioactivity from the
cells. The dissociation half-time of [*H]BQ-123 binding
was calculated from this study to be 1.4 + 0.2 min. The
off-rate constant k_, was calculated as 0.51 +0.09
min~!. The kinetically derived dissociation constant
(k_,/k.,) was 1.6+ 0.3 nM. This steady state was
maintained for up to 90 min of incubation. Nonspecific
binding of [*H]BQ-123 determined by the addition of 1
uM BQ-123 was 3.4 + 0.5% of the total binding. The
nonspecific binding was not different from that deter-
mined with 10 nM endothelin-1 (4.1 + 0.4%). Based on
these data, a 1-h period of incubation was chosen for
all subsequent experiments. In contrast, as shown in
Fig. 1B, specific binding for ['*’Ilendothelin-1 in-
creased slowly and did not reach steady state even
after 6 h. The nonspecific binding of ['*I]lendothelin-1
determined by the addition of 0.2 uM endothelin-1
was 2.3 + 1.0% of the total binding. It was not different
from that determined by 10 uM BQ-123 (2.0 + 0.2%).
After incubation for 4 h, 0.2 uM endothelin-1 was
added to displace the radioligand. Most parts of the
specific binding were resistant to displacement even
after 2 h. The slow onset and offset binding profile of
['*Ilendothelin-1 was remarkably distinct from the
rapid and reversible kinetics of [*H]BQ-123.

Fig. 2A shows the saturation binding of [*H]BQ-123
to SK-N-MC cells. The amount of bound [*HIBQ-123
increased in a concentration-dependent manner reach-
ing a plateau. The binding of [*HIBQ-123 to the cells,
using concentrations between 1.5 and 95 nM, was sat-
urable. Scatchard analysis of several binding isotherms
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Fig. 2. (A) Saturation curve of [*H]BQ-123 specific binding (@) to SK-N-MC cells. Nonspecific binding (O) was defined in the presence of 1 uM
BQ-123. (B) Scatchard plot of the same data. Each point represents the mean value of triplicate determinations.
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showed a single class of binding sites characterized by
the following parameters: K;=3.2+ 0.6 nM and B,
= 68000 + 11000 sites/cell (n =3, Fig. 2B). The K,
value from equilibrium binding kinetics was slightly
higher than the dissociation constant determined by
kinetic experiments. Although it was impossible to
estimate the equilibrium binding parameters of
['*I)endothelin-1 due to the lack of an equilibrium
state of binding, the apparent binding parameters were
calculated from Scatchard analysis of the saturation
binding data of ['*Ilendothelin-1; a linear Scatchard
plot indicated the presence of a single population of
high-affinity sites, K4, =34+ 3 pM with B_, = 53000
+ 4000 sites /cell (n =3, data not shown), which was
not significantly different from the B_, value for
[*HIBQ-123. In human Girardi heart cells, where en-
dothelin receptors are predominantly of the endothelin
ETy type (Mihara and Fujimoto, 1992), specific bind-
ing of [*H]BQ-123 was not found in the concentration
range of 0.42—-42 nM of [*H]BQ-123, while the satura-
tion kinetics of [!*IJendothelin-1 binding indicated the
existence of saturable binding sites of endothelin-1
(K4=3248 pM, B, = 7400 + 700 sites /cell (n =3,
data not shown)).

3.2. Competitive binding studies

Fig. 3 illustrates the selectivity of various com-
pounds for the endothelin ET, receptors on SK-N-MC
cells labeled by [*H]BQ-123. Endothelin family pep-
tides inhibited the specific binding of [*HIBQ-123 in a
concentration-dependent, monophasic manner. The
IC,, values of endothelin-1, endothelin-2, endothelin-3
and BQ-3020 were 0.10 + 0.01, 0.19 + 0.02, 70 + 14 and
1800 + 400 nM, respectively. The endothelin ET, re-
ceptor antagonist BQ-123 inhibited binding with an
ICy, value of 4.9 + 0.6 nM, while other non-related
peptides such as neuropeptide Y, vasopressin, oxy-
tocin, substance P, bradykinin, angiotensin II and
CGREP inhibited less than 10% of the specific [*HIBQ-
123 binding even at 1 uM (data not shown).

Table 1
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Fig. 3. Competitive inhibition of the specific binding of [*H]BQ-123
to SK-N-MC cells by endothelin-1 (), endothelin-2 (0), endothelin-3
(a), BQ-3020 (») and BQ-123 (m). Each point represents the
mean + S.E.M. value of more than three different experiments.

Table 1 provides calculated inhibition constants (K
values) of various endothelin agonists and antagonists
for the endothelin ET, receptors labeled by either
[*HIBQ-123 or ['®I]endothelin-1. The inhibitory pro-
files for [*H}BQ-123 binding were almost parallel to
those for ['*I]endothelin-1 binding. The K, values of
endothelin-1 and endothelin-2 for [*H]BQ-123 binding
were close to those for [1%I]endothelin-1 binding, while
K, values of endothelin ET, receptor antagonists such
as BQ-123, BQ-153, BQ-485, BQ-610 and FR139317
and of endothelin ETg receptor agonist such as en-
dothelin-3 and BQ-3020 for [*H]BQ-123 binding were
significantly 3.2—12 times lower than those for ['®I]en-
dothelin-1 binding. The Hill coefficients of these en-
dothelin agonists and antagonists for [°H]BQ-123 and
['1Jendothelin-1 binding inhibition had values close to
unity except for that of endothelin-3 for [*H]BQ-123
binding.

The inhibition constants (X;) and Hill constants (ny;) of endothelin agonists and antagonists for [*H]BQ-123 or [**I]endothelin-1 binding in

SK-N-MC cells

Compounds [*HIBQ-123 [>51]Endothelin-1
K, (nM) ny K; (nM) ny

Endothelin-1 0.058 + 0.006 1.03 + 0.07 0057+ 0011 1.04 + 0.10
Endothelin-2 0.10 + 0.01 1.10 + 0.03 017 + 0.03 0.97 + 0.04
Endothelin-3 50 + 1 0.82+0.01°2 180 + 30 1.00 + 0.02
BQ-3020 970  +90 1.04 + 0.05 5000  + 1000 0.97 + 0.07
BQ-123 33 + 05 1.05 + 0.04 21+ 1 1.06 + 0.18
BQ-153 52 + 12 0.98 + 0.01 21+ S 0.89 + 0.20
BQ-485 25 + 05 1.03 + 0.06 11+ 4 1.04 +0.17
BQ-610 0.82 + 0.32 1.09 + 0.03 26 + 10 0.90 + 0.08
FR139317 089 + 0.14 0.90 + 0.05 11 o+ 1 0.98 + 0.14

The K; values in this table represent mean + S.E.M. values from more than three different experiments.

 Statistical significance from unity, P < 0.05.
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4. Discussion

In this study, we characterized the binding sites of
endothelin receptors in human neuroblastoma SK-N-
MC cells using ['®I]endothelin-1 and a novel radioli-
gand, [*H]BQ-123. The saturation binding kinetics re-
vealed a single class of BQ-123 binding sites with a
high affinity of 3.2 nM, and the B, value was not
significantly different from that of ['*Tlendothelin-1.
[*HIBQ-123 binding was sensitive to endothelin-1, en-
dothelin-2 and endothelin ET, receptor-selective an-
tagonists such as BQ-123, BQ-153, BQ-485, BQ-610
and FR139317, while it showed low affinity for en-
dothelin-3, the endothelin ETy receptor-selective ago-
nist BQ-3020 and various other bioactive peptides.
[*H]BQ-123 did not bind to human Girardi heart cells,
on which endothelin ETy receptors are predominant
(Mihara and Fujimoto, 1992). These data indicate that
[*HIBQ-123 selectively labels endothelin ET, recep-
tors. Hill constants for the inhibition of [*H]BQ-123
and ['®Ilendothelin-1 binding were not significantly
different from unity except for that of endothelin-3
with [*HIBQ-123 binding. These data suggest that both
[*HIBQ-123 and ['®Ilendothelin-1 share common
binding sites on endothelin ET, receptors. Further-
more, the significantly lower Hill constants of endothe-
lin-3 for [*H]BQ-123 binding may be due to interaction
of endothelin-3 with the binding sites of BQ-123 on
endothelin ET, receptors in a negative cooperative
manner.

One of the most attractive features of [*HIBQ-123 is
the rapid reversibility of its binding to endothelin ET,
receptors. Since binding of [*H]BQ-123 to the cells was
rapidly displaced by excess amounts of BQ-123 in a
monophasic manner, [*H]BQ-123 bound to SK-N-MC
cells at least may not be internalized into the cells. The
half-time of [H]BQ-123 for association and dissocia-
tion is of the order of a few minutes, while ['**I]endo-
thelin-1 binds very slowly and shows little dissociation
from the cells. The extremely slow binding kinetics of
['#I]endothelin-1 have also been described by others
(Hemsen et al., 1990; Waggoner et al., 1992; Thara et
al., 1992a). Scatchard analysis is based on the equilib-
rium process of ligand binding with a receptor to form
a dissociable receptor-ligand complex. Therefore, the
K, values derived from Scatchard analysis of ['*Ilen-
dothelin-1 binding data and the calculated K; values
may be misleading. However, [*H]BQ-123 reached an
equilibrium steady state within 7 min. Therefore, this
compound is an ideal radioligand to evaluate the inhi-
bition constants (K; values) of various reversible com-
pounds reflecting their equilibrium dissociation con-
stants (K values). Although K; values of endothelin
agonists and antagonists for [*H]BQ-123 binding are
quite similar to the inhibition constants obtained by
displacement of ['*Ilendothelin-1 binding, the K, val-

ues of endothelin ET, receptor antagonists and en-
dothelin ETy receptor agonists for [°H]BQ-123 bind-
ing are lower than those observed for ['*’Ilendothelin-1
binding. These differences in the calculated K, values
result from the lower reliability of K, values calculated
using the slow and almost irreversible binding kinetics
of ['*Ilendothelin-1, which does not reach an equilib-
rium steady state.

Recently, based on a chimera receptor technique, it
was reported that the binding sites of BQ-123 on the
endothelin ET, receptor are distinct from the subdo-
mains of endothelin receptors which determine the
selectivity for endothelin isopeptides (Sakamoto et al.,
1993). Therefore, it will be interesting to use [*H]BQ-
123 to determine whether recently developed nonpep-
tide endothelin antagonists (Fujimoto et al., 1992;
Clozel et al., 1993) share a common binding site with
BQ-123 on endothelin ET, receptors. The develop-
ment of a novel ET, receptor-specific and reversible
radioligand, [*H]BQ-123, offers a specific tool to inves-
tigate the distribution of endothelin ET, receptors,
binding sites of endothelin antagonists and equilibrium
inhibition constants for endothelin ET, receptors.
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