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ABSTRACT. This paper defines the properties of interaction of endothelin-1 (Et-1) with cloned bovine
ETA receptors. Th&gy value of Et-1/ETA receptor complexes was estimated in membrane preparations
to 20 pM using kinetic experiments and saturation experiments performed under quasi equilibrium
conditions. Competition experiments yield a wide range of appafg(fit-1) values from 20 pM to 1

nM which were in fact measures of the receptor concentrations rather thé&nvafiues. This resulted

from the fact that complex second-order rate kinetics rather than pseudo-first-order kinetics control the
association of Et-1 to its receptor when the receptor concentration is largeK4(tetal). Et-1 induced

a production of inositol phosphates with an apparent affinity of 2.3 nM, 100 times higher th&a-the
(Et-1) value determined previously. Numerical simulation suggested that under time-limited conditions,
sub-nanomolar rather than picomolar concentrations of Et-1 are necessary to occupy an important fraction
of picomolar sites. It is concluded that bovine ETA receptors have a single affinity state folgt=l (

20 pM) and that this affinity state can account for nanomolar actions of Et-1 in intact cells. Itis suggested
that the sensitivity of a preparation to Et-1 is a cell property rather than a receptor property. It is also
suggested that the main advantage of high-affinity Et-1 binding is to promote autocrine actions rather
than a high potency of the peptide.

Endothelins (Ef are a family of 21 amino acid peptides both endogenous receptors and transfected receptors. Ac-
that are produced in a variety of tissues and act as modulatordions of Et-1 are also observed in a wide range of concentra-
of the vascular tone, cell proliferation, and hormone produc- tions. In some preparations, picomolar concentrations of Et-1
tion (Yanagisawa et al., 1988; Rubanyi & Polokoff, 1994). are active (Serradeil-Le Gal et al., 1991; Shirakami et al.,
They recognize two forms of receptors, namely, the ETA 1993; Shraga-Levine et al., 1994; Sokolovsky et al., 1994;
and ETB receptor subtypes (Arai et al., 1990; Sakurai et al., Journeaux et al., 1994). In many preparations, nanomolar
1990), that are seven-transmembrane domain receptors thatoncentrations of Et-1 are necessary to elicit an action. This
couple to different intracellular signaling pathways via variability had led to the suggestion that several subtypes of
heterotrimeric G proteins. Endothelin receptors are coupled Et receptors (with superhigh, high, and low affinities for Et-
to phospholipases C and A2 and adenylyl cyclase. Numerousl) mediate different actions of the peptide. The difficulty
studies performed using endothelins and specific receptorwith this hypothesis is that molecular cloning experiments
antagonists have suggested that these peptides are importattave identified only two forms of receptors: the Et-1
in vascular physiology and diseases (Rubanyi & Polokoff, selective ETA receptor and the Et isopeptide nonselective
1994). Their mechanisms of action are however complex, ETB receptor (Sakamoto et al., 1991).
and many aspects of the physiology of endothelins are still  The present study was performed to define the properties
poorly understood. Among numerous examples is the of interaction of Et-1 with ETA receptors, to look for possible
observation that in heterozygous Ett1— mice, decreased  receptor heterogeneities, and to analyze the functional
circulating Et-1 levels are associated with a mild increase consequences of high-affinity Et-1 binding. It was performed
in blood pressure rather than with the decrease expected fronysing fibroblasts transfected with cloned bovine ETA recep-
its vasoconstrictor action (Kurihara et al., 1994). tors.

Et-1 binds with a high affinity to its receptors, and it is
usually believed that high-affinity binding determines high- EXPERIMENTAL PROCEDURES

affinity responses. In spite of numerous studies Kiealue .
yresp b Kb Materials. Et-1 and BQ-123 were purchased from Neo-

of Et-1 for its receptor is not known with certainty. Values .
as low as a few picomolars and as high as a few nanomolars>YStems (Strasbourg, FrancefH]BQ-123 (42.7 Ci/mmol)

: o ~-was synthesized at Roussel UcldfiNa (2200 Ci/mmol)
have been reported. This variability has been observed WlthWas from NEN. myo[2-?H]Inositol (19 Gi/mmol) was from

Amersham. All reagents were from the Sigma Chemical Co.
T This work was supported by the CNRS and the Fondation de unless otherwise indicated
France. J. Desmarets is a recipient of a DRET fellowship. T o .
*To whom correspondence should be addressed. Tel: (33) 04 93 lodination. [*?]Et-1 (2200 Ci/mmol) was obtained from
95 77 55. Fax: (33) 04 93 95 77 08. E-mail: frelin@unice.fr. Amersham Corp. or prepared using chloramine T. Briefly,

; Universitede Nice Sophia Antipolis. 4 nmol of Et-1 dissolved into 0.05 M Na phosphate/boric
Roussel Uclaf.

® Abstract published idvance ACS Abstractdlovember 1,1996.  acid buffer at pH 7.4 was mixed with 0.7 nmol (1.5 mCi) of
1 Abbreviations: Et, endothelin. 12%Na and 20 nmol of freshly prepared chloramine T. After
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30 s, 500 nmol of tyrosine was added; the reaction mixture 1. We checked that 95% of the extracellular radioactivity

(280 uL) was diluted with 70QuL of a solution consisting
of 10% acetonitrile, 0.05% triethanolamine, and 0.1%
trifluoroacetic acid and injected on a C18 Lichrocart 250-4
column (Merck). The column was eluted with a linear
gradient of 16-50% acetonitrile containing 0.05% trietha-
nolamine and 0.1% trifluoroacetic acid for 60 min at a rate
of 1 mL/min. Optical density at 275 nm and radioactivity
were followed on line, and 1 mL fractions were collected
into low-absorption tubes containing 120 of a 1 M Tris
solution (pH 8.0) supplemented with 0.2% bovine serum
albumin.

Cell Cultures. A bovine ETA receptor cDNA clone was
kindly provided by Dr. S. Nakanishi. Stable transfectant
CCI39 fibroblasts were kindly provided by Dr. J. Pouyssegur.
Cells were grown into Dulbecco’s modified Eagle’s medium
supplemented with 7.5% fetal bovine serum, 100 U/mL
penicillin, and 10Qug/mL streptomycin.

Cell Homogenates All operations were performed at 4

remaining at the end of the incubation was unmodifiéd]f
Et-1.

Internalization of Et-1/receptor complexes was docu-
mented by the acid wash technique (Resink et al., 1990).
After different times of association witAfl]Et-1, cells were
exposed twice for 10 min to an ice cold solution consisting
of 0.5 M NaCl acidified to pH 2.5 with acetic acid. Cells
were then digested into 0.1 N NaOH and treated as above.

Phospholipase C Aclity. Cells (40 000/well) were seeded
into 96-well tissue culture clusters in DMEM supplemented
with 7.5% fetal bovine serum and allowed to grow for 24 h.
Culture media were then changed to a serum free culture
medium supplemented with 2Ci/mL [3H]inositol. After
24 h, cells were rinsed and further incubated for 15 min into
Hepes-buffered DMEM supplemented with 20 mM LiCl,
0.2% lysozyme, and the desired concentrations of Et-1. Cells
were then extracted with 10 mM formic acid, and inositol
phosphates were separated on Dowex A&18 anion

°C. Cells prepared using 100 mm culture dishes were exchange columns (Biorad). Columns were sequentially
washed and Scrapped with a rubber pOI|Ceman into the eluted with 3 mM NHOH' 40 mM ammonium formate' and

homogenization buffer (250 mM sucrose, 1 mM EDTA, 20

2 M ammonium formate. The last fraction, corresponding

mM Hepes/NaOH at pH 7.4) and supplemented with a tg total inositol phosphates, was counted.

cocktail of protease inhibitors (0.1 mM bacitracin, 0.1 mM
phenylmethanesulfonyl fluoride, &M leupeptine). The

extract was homogenized three times for 5 s using a Polytron

(position 6) and centrifuged at 125@)@or 45 min. The
pellet was collected, diluted into the homogenization buffer,
and stored at-20°C. Cell homogenates were used in kinetic

and competition experiments. Purified membranes were use
in some experiments (e.g., Figure 3). They were prepared

by first centrifuging cell homogenates at 1@0@0 min).

The supernatant was then recovered, and membranes were

pelleted by centrifigation at 200§@30 min). Proteins were
determined according to Bradford (Bradford, 1976).
Binding Experiments on Cell Membranesll experiments
were performed at 20C. Cell homogenates (0-8L66 ug
of protein/mL) were diluted into an Earle’s salt solution (140
mM NacCl, 5 mM KCI, 1.8 mM CaGCl, 0.8 mM MgSQ, 25
mM Hepes/Tris at pH 7.4) supplemented with the cocktalil
of protease inhibitors and the desired concentrationSdf [
Et-1 or of unlabeled Et-1. After selected times of incubation,
aliquots of the incubation solution were filtered under
reduced pressure onto Sartorius (Palaiseau, Francgn®.2
filters and washed three times with 4 mL of 0.1 M MgCl

Data Analysis. Data were analyzed by nonlinear regres-
sion using Sigma Plot (Jandel Corp.).

Numerical Similation of Et-1 BindingWe considered that
receptors (R) were mixed with a labeled ligand (L*) and the
corresponding nonlabeled ligand (L). Rates of formation of

dRL and RL* complexes, given by

d[RL
IO _ iRy~ RL
P~ IR) -~ RLY

were computed for 5 s intervals. RL and RL* concentrations
were cumulated over a 15 min period using the Excel
software (Microsoft Corp.). The time chosen corresponded
to the time at which the production of inositol phosphates
was measured. Parameters used wefl@29]Et-1) = 2.7

x 1074 pM~t min~%, k_4(Et-1) = k_4([**™]Et-1) =5 x 1073
min~1, [Ro] = 300 pM, and [f?9]Et-1] = 20 pM. Different
ki(Et-1) values were considered.

Filters were then counted. Nonspecific binding was deter- RESULTS

mined in parallel experiments using 100 nM unlabeled Et-
1.
For [FH]BQ-123 binding experiments, cell homogenates

Association ExperimentsConsider a simple bimolecular
reaction scheme in which a receptor (R) and its labeled ligand

(0.2 mg of protein/mL) were incubated in the presence of (L*) are mixed and allowed to form reversible complexes

varying concentrations ofi{]BQ-123 for 1 h at 20°C and

(RL*). [R¢] and [L*,] are the initial concentrations of R

the bound radioactivity was measured as described aboveand L*, respectively. The equilibrium dissociation constant

Nonspecific binding was defined in the presence oM
unlabeled BQ-123.
Binding to Intact Cells. All experiments were performed

(Kg) of RL* complexes is the ratio of the first-order rate
constant of dissociationk(;) to the second-order rate
constant of associatiorky). It is usual to define these

at 37 °C. Cells were seeded into 24-well tissue culture parameters from a pseudo-first-order plot of association data
clusters and used at confluency unless otherwise indicatedand a first-order plot of dissociation data. This procedure
Washed cells were incubated into an Earle’s salt solution was not satisfactory for two reasons: (i) Dissociation kinetics
containing [2]Et-1. Incubations were stopped by washing are very slow, and accurate estimateskof values could
cells six times with 0.2 mL of 0.1 M MgG! Cells were not be obtained from dissociation data, and (ii) at both low
then collected into 0.1 N NaOH, and the cell-associated R, and L*, concentrations (two conditions that are necessary
radioactivity was counted. Nonspecific binding was deter- to apply pseudo-first-order approximations), binding equi-
mined in parallel experiments using 100 nM unlabeled Et- librium develops very slowly and equilibrium [RL*] could
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Ficure 1: Kinetics of [?3]Et-1 binding. Panel A: Cell homoge-
nates (lug of protein/mL) were incubated with 1.3 pM\J, 2.6

pM (A), 5.5 pM (v), or 11.6 pM @) [**3]Et-1, and the specific
binding component was determined after different times of incuba-
tion. Each series of experimental points was fitted by nonlinear
regression to eq 1 to yield parametess and b. Panel B:
Relationship beween the initial rate of RL* formation (a) andJL*
The slope of the relationship (46 104 min~1) is a measure of
ki[Ro]. Symbols have the same meaning as in panel A.

not be defined with precision.
analyzed initial rates of'f3]Et-1 binding.

Under conditions in which [RL*]< [Ro] + [L* ], the
formation of RL* complexes follows an exponential course
of the form:

[RL*] = a(1 — exp(=bt)) 1)

_ [RIILT ]
wherea = K+ R+ (2)
andb =k, + k(RJ + [L* J]) 3)

Figure 1A shows the results of experiments in which cell
homogenates were incubated for different periods of time
in the presence of different concentrations6fiJEt-1. The
time course of P9]Et-1 binding followed an exponential
course in all conditions tested. Analysis of the data by
nonlinear regression yields parameteendb for each curve.
As expected, the initial rate of RL* formation (d[RL*}{eE
ki[Ro][L* o]) was linearly related to [L§ (Figure 1B). The
slope of the relationship (4.5 10~* min~1) was a measure
of ki[Ro].

Figure 2 further shows that, as expected from eq 3,
parameteb was linearly related to [Lg. The slope of the
representatiork() was 2.7x 104 pM~tmin~%. The ordinate
at the origin (5x 1072 min~%) was a measure d&f_; + k;-
[Ro]. From theki[R,] value defined previouslyk ; was
estimated to 4.5 103 min~%. This value corresponded to
a half-life of RL* complexes (In ;) of 2.5 h. This
procedure also allowed us to estimatg][RThis value was
1.8 pM, corresponding to 1.8 pmol/mg of protein.

The equilibrium dissociation constant dfj]Et-1/ETA
receptor complex K4([*?9]Et-1) = k_i/k;) was therefore

Desmarets et al.

b (min-1)

[L*o] (pM)

Ficure 2: Relationship between the exponential constaaind
[Lo]. Parameterd derived from 11 kinetic experiments such as
those shown in Figure 1 are plotted again¥tJEt-1]. The slope
of the representation is a measurekp{2.7 x 1074 pM~1 min-1).
The ordinate at the origin (5 1073 min=?1) is a measure df_; +
ki[Ro]-
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FicUrRE 3: Scatchard plot for the specifid?fi]Et-1 binding to
membranes. Membranes (Q:§ of protein/mL) were incubated in
the presence of varying concentrations Bf[Et-1 for 3 h, and

the bound radioactivity was measured. Nonspecific binding was

For these reasons, we defined in the presence of 100 nM unlabeled Et-1. The fté&8-|

Et-1 concentration was calculated by substracting botAMjgt-1
from the total [?4]Et-1 concentration. From this representation,
Kq was estimated to be 16 pM. Maximum binding capacity was
4.9 pmol/mg of protein corresponding toR= 2.45 pM. Similar
experiments performed with cell homogenates yield a lower
maximum binding capacity (1-01.4 pmol/mg of protein). Points
are means of triplicates.

estimated to 17 pM. This calculation assumes a one-step
binding reaction with no isomerization.

Scatchard Analysis. #[**™]Et-1) can be derived from a
Scatchard analysis of saturation experiments performed under
equilibrium binding conditions. Knowing that the half-life
of [*?3]Et-1/receptor complexes was 2.5 h (see above), an
incubation time> 20 h would be necessary to reach binding
equilibrium. Long incubation times were associated to a
partial degradation of'f3]Et-1 that could not be prevented
by protease inhibitors. We therefore reduced times of
equilibrations to 3 h. Under these conditions, less than 5%
of initially added [*H]Et-1 was degraded.

Figure 3 shows a linear Scatchard plot that indicated the
presence of a single family of noninteracting3]Et-1
binding sites. The slope of the relationship indicatet;a
([**™]Et-1) value of 16 pM, in good agreement with tkg-
([**¥]Et-1) value obtained in kinetic experiments (17 pM).

Competition ExperimentsCompetition experiments in
which membranes are incubated in the presencé&dfgt-

1 and different concentrations of unlabeled Et-1 are useful
to define the equilibrium dissociation constant of unlabeled
Et-1/receptor complexes. Figure 4A shows that Et-1 dose
dependently prevented?fi]Et-1 binding in monophasic
manners. No evidence of biphasic competition curves could
be obtained. It also shows that concentrations of Et-1
necessary to inhibit 50% of the specifi£q]Et-1 binding
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Ficure 4: Competition experiments using membrane preparations.
Panel A: Typical doseresponse curves for Et-1 inhibition of the
specific [2A]Et-1 binding to cell homogenates. Membranes (at 1
ug/mL (@) or 166 ug/mL (M)) were incubated for 3 h in the
presence of 5.7 pM#A]Et-1 and the indicated concentrations of
unlabeled Et-1, and the specific binding component was determined.
Points are means of triplicates. Panel B: Relationship betwegn IC
values for Et-1 inhibition of the specific!fi]Et-1 binding
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Ficure 5: Inhibition by unlabeled Et isopeptides of the specific
[*23]Et-1 binding. Cell homogenates (1@ of protein/mL) were
incubated for 3 h in the presence of 8 pMPEt-1 and the indicated
concentrations of unlabeled peptides. The speditfgEt-1 binding
component was then determined. Symbols used are sarafotoxin S6b
(m), BQ-123 (), Et-3 (@), and sarafotoxin S6d]). Points are
means of triplicates.

on the bound radioactivity, i.e., on fR When [R] is larger
thanKy by a factor of at least 100, all ligand molecules are
trapped onto receptors. This condition is known as a
stoichiometric (or tight binding) condition (Goldstein, 1944;
Henderson, 1972).

Figure 4B presents the results of experiments in which
competition curves were established for the same membrane
preparation and using identical concentrations'&f]Et-1.

It shows that measured dgvalues were linearly related to
the amount of protein used in the assay. At infinite dilution
of the membranes, Kgvalues extrapolated down to 20 pM
(Figure 4B). This value was close to tKg([*?3]Et-1) values

component and the protein concentration used in the assay. Theseletermined in kinetic and saturation experiments. Thus
experiments were performed using the same membrane preparatlorbicommar values OKd(Et'l) could be obtained in Competi_

and 20 pM [A]Et-1. The extrapolated 1§ value at infinite dilution
of the membranes was 20 pM. Means of two independent
experiments are shown.

(ICsg) as high as 1 nM and as low as 20 pM were obtained
in experiments performed at different membrane dilutions,
i.e., at different [R]. A dependence of 16 values on [R]

tion experiments, but this required the use of very diluted
membrane preparations. At high JRralues, 1Gy values
are not measures ¢f;. They are measures of R

The pharmacological profile of Et-1 binding sites was
defined in competition experiments. Figure 5 shows that
unlabeled Et isopeptides preventééf]Et-1 binding with

is not usual. It has however been recognized long ago thatthe following rank order of potency: sarafotoxin S6b{JC

a high [R] condition is a major source of artifacts for
characterizing high-affinity binding (Jacobs et al., 1975). The

= 300+ 36 pM) > BQ-123 (IGo = 2 &+ 0.5 nM) > Et-3
(ICso = 8 £ 2 nM) > sarafotoxin S6c¢c (I = 100 + 24

general formula relating the apparent dissociation constantnM). True affinities were determined using eq 4. They were

of a competitor ligand for its receptoK{, defined as the
concentration of free unlabeled ligand at which 50% of the
specific binding component is inhibited) to its true dissocia-
tion constanti{y) is

[ Kd * 3 *
Kg=Kqg+ K_d*([L o 7[R = 7RLY)  (4)

whereKg* is the equilibrium dissociation constant of RL*
complexes, [RL*] is the concentration of bound labeled
ligand in the absence of unlabeled ligand, {Lis the initial
concentration of labeled ligand, and,[i the initial receptor
concentration (Jacobs et al., 1975). Wheg] [R Kq, €q 4
simplifies and gives the well-known Chen@russoff rela-
tionship (Cheng and Prusoff, 1973):

1]

K'd = Kd Kd*

®)

When [R] > Kg, a nonnegligible fraction of the initial
ligand concentration binds to receptors and the free ligand

150 pM and 1, 4, and 50 nM for sarafotoxin S6b, BQ-123,
Et-3, and sarafotoxin S6c, respectively. This profile is
characteristic of an ETA receptor subtype.

Binding Properties of H]BQ-123. Figure 6 shows a
Scatchard plot for the specifiéH]BQ-123 binding to cell
homogenates. It indicated the presence of a single family
of binding sites with aKq value of 1.25 nM, in good
agreement with the&ly value for BQ-123 determined in
competition assays againdtJ]Et-1 (1 nM, Figure 5). The
maximum PH]BQ-123 binding capacity was 1.3 pmol/mg
of protein, close to the maximun*?fl]Et-1 binding capacity
obtained in the same preparation of cell homogenate (1.4
pmol/mg of protein).

Use of an Intermediate LigandAn important point to
consider when dealing with high-affinity binding is the
possible existence of stoichiometric (or tight binding) condi-
tions. Under such conditions, unusual binding isotherms
arise and all approaches that are classically used to define
Kq values are misleading (Goldstein, 1944; Henderson, 1972).
One method for defining &4 value under very general
conditions, which include stoichiometric binding, is to mix

concentration is overestimated by a factor which is dependentsimilar concentrations of R and L* in the presence of a large
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FIGURE 6: Scatchard plot for the specifieH]BQ-123 binding to phospholipase C and its inhibition by BQ-123. Cells were exposed
membranes. Cell ho?nogenates F()0.2 n:g on protein/mE) were 10 the indicated concentrations of Et-1 in the abser@p dnd
incubated in the presence of varying concentrationsidfHQ- presence®) of 5 uM BQ-123. The production of total inositol
123 for 1 h, and the bound radioactivity was measured. Nonspecific PNoSphates was measured after 15 min. Means of four determina-
binding was defined in the presence ofi¥ unlabeled BQ-123. tions are indicated. SE was smaller than the size of the symbols.
From this representatioKy was estimated to 1.25 nM. Maximum

binding capacity was 1.3 pmol/mg of protein. Points are means of

triplicates. 7000

excess of competitor drug whose binding is reversible and
well defined. This approach has been used successfully to
define the interaction of trypsin with the pancreatic trypsin
inhibitor. The complexes formed dissociate with a half-life
of the order of 4.5 months (Vincent and Lazdunski, 1972).
BQ-123 was suitable for this type of experiment for it binds
rapidly and reversibly to ETA receptors. Parameters de- 0 15 30 45 60 75 90 105
scribing the interaction of BQ-123 with ETA receptors have Time (minutes)
been defineq previously (Ihara et. al., 1995). Theylare FiIGURE 8: Internalization of ?3]Et-1 by intact cells. Cells were
0.34 nM—l_ min~* andk-, = 0.5 mim*. These correspond incubated in the presence o{f 2]4 pM%Et-l. At different times
to a half-life of BQ-123/receptor complexes of 1.4 min and of an association kinetics, cells were either washed with salije (
to aKq value of 1.5 nM, close to the value determined from or with acid @) to dissociate membrane-bound label. The non-
equilibrium binding experiments (1 nM, Figures 5 and 6). specific binding component was substracted from the data. Points
ETA receptors (1.35 nM, defined from*H]BQ-123 are means of mplicates.
binding experiments) were mixed for 30 min with 100 "M 3\ (Figures 5 and 6), it follows thay([129]Et-1) = 36
unlabeled BQ-123. It was calculated that these conditions p\1. This value is close t&g values determined from kinetic
were sufficient to reach equilibrium binding and saturate anq quasi equilibrium binding studies. It indicated that
receptors. PAJEt-1 (1.16 nM) was then added to the npanomolar concentrations oRfi]Et-1 detected picomolar
reaction mixture, and its binding was followed. After 2 h gjtes and not nanomolar sites.
of incubation at 20C, the concentration on[EI]Et—l/receptor Activation of Phospholipase CFigure 7 shows that Et-1
complexes reached a maximum which was estimated to 270jngyced a production of inositol phosphates from prelabeled
PM. TheKq value for BQ-123/receptor complexes is related jnositol phospholipids in a dose dependent manner. In six
to the equilibrium concentrations of R (which is very low jndependent experiments using confluent cell monolayers,
and cannot be assessed), BQ-123 (100 nM), and receptorthe concentration for half-maximum activation of phospho-
BQ123 complexes ([ — [RI[*A]Et-1], i.e., 1.08 nM) by jipase C (EGo) was 2.3+ 0.4 nM. Figure 7 also shows

3500

dpm Et-1 bound

the relationship: that the doseresponse curve for Et-1 action was shifted to
[R][BQ-123] higher concentrations in the presence of BQ-123. This result
Ky(BQ-123)="-—— (6) was expected for an ETA receptor subtype.
[R/BQ-123] Properties of Interaction off3]Et-1 with Intact Cells.

The previous results indicated a 100-fold difference between
the EGyp value for Et-1-induced activation of phospholipase
C (2.3 nM) and théy value of Et-1/receptor complexes (20
pM) determined in membrane preparations. The difference

Conversely, thé&q value for the }24]Et-1/receptor complexes
is related to the equilibrium concentrations of RI[Et-1
(890 pM), and RA?9]Et-1 complexes (270 pM):

RII 125I]Et—l] may suggest that intact cells provided an environment that
K ([*AEL-1) = T — (7 was different from that of membrane preparations and that
[R[*EL-1] modified the affinity of ETA receptors for Et-1.

A possible source of intricacy is internalization of Et-1/

receptor complexes (Resink et al., 1990; Marsault et al.,
12 1993). Figure 8 shows that 50% of the bouréf[Et-1

Ky(BQ-123) = [BQ-123][R/ Sl]Et'l] (8) could not be dissociated by an acidic treatment at any time

K ([(*Et-1)  [*A)EL-1][R/BQ-123] of an association kinetic to intact cells. Knowing that in

membrane preparations the same acid treatment dissociated

Data obtained indicatedky(BQ-123)K([*?4]Et-1) ratio >95% of preformed complexes within 2 min (data not

of 28. TheK, value of BQ-123/receptor complexes being 1 shown), an obvious conclusion was that transfected fibro-

Solving the two equations yields
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Ficure 9: Competition experiments using intact cells. Representa- g ,zc 10: Relationship beween igvalues obtained in competi-
tive dose-response curves for Et-1 inhibition of the specifit]- tion experiments and | + [L* o] — %[RL*. IC s values were

Et-1 binding to intact cells. Experiments were performed using pure ,painaq in competition experiments using membrane preparations
cultures of transfected fibroblasts seeded at two densities (corre-(.) pure cultures of transfected cells at different dilutiod3, or

sponding to [R] =4 pM (@) and 300 pM ©)) and with confluent 0 irres of transfected and parent cellly. (They were plotted
monolayers of mixed transfected cells and untransfected parent Ce"Sagainst [R] + [L* J — 3L,[RL¥]. The range of [L*] values covered

(m, at 1/500 ratio corresponding to JR= 2 pM). [[*?3]Et-1] was in these experi ]

- periments was—50 pM. The range of [f values
éO c?'M @), 20 pM t(O): Ord5(i pM [12;|]Etf-t1 (’1)5 The SRAeC'f'C ¢ covered was 0:5450 pM. Some points in the low-abcissa range
tl'nl'm% compoRen was determined aiter min. MVeans of have peen omitted for clarity. TH&[RL*] parameter contributed
riplicates are shown. little to the observed relationship.

blasts rapidly sequestretfi]Et-1/receptor complexes, pre-
sumably by internalization. It should be noted that seques-
tred sites are unable to release measurable amounts of

=
]
[*™]Et-1. As a consequence, Ho; value can be defined é 80 r
for sequestred ligand/receptor complexes, ldndalues have S 60 -
no real meaning when intact cells are considered. & 40
Figure 9 presents the results of competition experiments ® 20k
performed with confluent cell monolayers. The competition 0
curve was monophasic. The 4@value for Et-1 inhibition 2 11 10 9 8 7
of the specific {™]Et-1 binding was 1 nM. This value is -LOG [Et-1 (M)]

much larger than th&q value of [*1]Et-1/receptor cOM-  Fgure 11: Modeling Et-1 binding and actions in intact cells.
plexes determined in membrane preparations. The possibilitySymbols represent the results of a competition experiment in which
that the difference was due to a GTP effect was ruled out cells (at a density corresponding toJR= 300 pM) were exposed
by the observation that G/ (0.1 mM) did not affectif]- to 20 pM [?3]Et-1 and the indicated concentrations of unlabeled

- o Et-1. The specific binding component was determined after 15 min.
Et-1 binding to membranes. Another possibility is that, as This time corresponded to the time at which the production of

discussed previously, the 4g7alue was dependent on a high  jnositol phosphates was measured and to the conditions used for
[Ro] condition. [R] was reduced either by seeding cells at the numerical simulation of Et-1 binding. The descending curves
a very low cell density or by using confluent monolayers of represent the fractional inhibition of?fl]Et-1 binding calculated
transfected fibroblasts that have been mixed with untrans-PY numerical simulation using different valuesiaff*4]Et-1)/ki-
fected fibroblasts. Figure 9 shows that competition experi- (Et-1) ratio f1). The best fit of experimental data was obtained for
' : ! - a ratio of 2. Parameters used are defined in the Experimental

ments performed with diluted cell preparations yieldesb|C  procedures. The ascending curve shows the expected fractional
values in the picomolar range rather than in the nanomolar occupancy of the receptors by unlabeled Et-1 for a 15 min
range. The lowest I& value obtained at very low cell assgfiation. It was obtained usikg(Et-1) = 1.35x 10 pM~*
densities was 130 pM. The lowestsfalue obtained with gqg‘nl\/?'?z‘]t']‘il(Et'l) = 0. Half-maximum site occupancy requires
confluent cultures of transfected fibroblasts diluted with '
parent cells was 45 pM. is dependent on [ but which could not be corrected.

Equation 4 indicated that apparent affinities for competitor Another reason for a slope 1 could be that iodination of
drugs are related to R+ [L*o] — ¥[RL*]. Figure 10 Et-1 slightly improved its affinity for ETA receptors (i.e., a
shows a plot of IG values as a function of [lR+ [L* o] — KdKq* ratio > 1, see eq 4).
3/;[RL*]. The linearity of the plot indicated that different Significance of Et-1 DoseResponse Cuges in Intact
([Ro] + [L*¢]) conditions quantitatively accounted for the Cells. Interpretation of Et-1 actions in intact cells ultimately
wide range of IG, values observed both in membrane requires a knowledge of the fractional site occupancy
preparations and in intact cells. It also indicated that Et-1 achieved at the time of the measures. The difficulty is that
recognized its receptors in intact cells and membrane Et-1 actions are usually assessed under time-limited, complex
preparations with similar properties. second-order kinetic conditions. The only way of defining

The relationship extrapolated at the origin to a value of fractional site occupancies under such conditions is numerical
50 pM. The slope of the relationship was markedly higher simulation. We first simulated a competition experiment.
than 1. One reason is thatd@ralues rather thal'q values Conditions chosen (confluent monolayers and 15 min as-
were used to plot the dataK'y in eq 4 is defined as the  sociation) were those used for measuring the production of
concentration of free unlabeled ligand at which RL* is inositol phosphates. Figure 11 defines the range of concen-
reduced by 50% (Jacobs et al., 1975).50Galues used to  trations at which Et-1 is expected to prevedfd]Et-1
plot the data relate to the initial rather than the free binding. It shows that expected JCvalues are highly
concentration of unlabeled ligand that reduces the formation sensitive to thek; value for Et-1 association to receptors.
of RL* by 50%. K'q and 1Gy values differ by a factor which ~ They are insensitive t&_; values (for values< 5 x 1073
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min~Y). This confirms the intuitive notion that, in most apparenK, values, for instance, determined in competition
biochemical experiments, Et-1 binds and acts under kinetic experiments, are artifactually shifted to higher values (Jacobs
rather than thermodynamic conditions. The insensitivity to et al., 1975). They are not anymore representative of real
k-, values further suggests that the macroscopic irreversibility K4 values and can, under extreme conditions, be measures
introduced by the internalization of Et-1/receptor complexes of [R.] rather than oKg. Simply stated, apparei values,

has probably little influence on the fractional occupancy of determined from competition experiments, are measures of
the receptor sites achieved in short term experiments, i.e.,realKq values only if [R] + [L* o] is negligible (eq 4). The

on the sensitivity of a preparation to Et-1. This conclusion results of competition experiments performed both in mem-

is independent of the actual fate of*J]Et-1/receptor

brane preparations (Figure 4) and with intact cells (Figure

complexes and the fact that internalized receptors still signal 9) clearly indicated that different fRconditions have a large

(Chun et al., 1995).

incidence on apparent affinities of Et-1 for ETA receptors.

Figure 11 also presents the results of a real competition An uncontrolled [R] condition may lead to erroneous

experiment. It shows that the results could not be fitted by

conclusions about the existence of different affinity states

assuming identical rate constants of association of Et-1 andof ET receptors and about structuractivity relationships.

[**H]Et-1 to receptors. They were best fitted by considering
that Et-1 association was 2 times slower thafflJEt-1
association.

Taken together all results of binding experiments suggest
the presence in transfected fibroblasts of a single high-affinity
state of bovine ETA receptors for Et-1. Tikg value of

Parameters that satisfactorily fitted competition data were Et-1/ETA receptor complexes is of the order of 20 pM.

finally used to define the fractional site occupancies at
different concentrations of Et-1. Figure 11 shows that, for
a 15 min association, 500 pM Et-1 is necessary for half-
maximum site occupancy. Thus, under time-limited condi-

Et-1 is a potent agonist of phospholipase C in transfected
fibroblasts (Figure 7). This action requires concentrations
of the peptide that are 100 times higher than kaevalue
determined previously. An usual explanation for such an

tions, receptor occupancy requires sub-nanomolar concen-ppservation is that nanomolar actions of Et-1 are mediated
trations of Et-1 rather than picomolar concentrations expectedpy g |ow-affinity state of the receptor. This study rather

from the measurely(Et-1) value. The range of concentra-
tions at which receptors are occupied is similar to, but still

lower than, that necessary to produce half-maximum activa-

tion of phospholipase C (Bg= 2.3 nM, Figure 7).

DISCUSSION

The objective of this study was to define the affinity of
Et-1 for bovine ETA receptors expressed in CCI39 fibro-
blasts. Two major difficulties were encountered.

1. Et-1/receptor complexes dissociate only slowly. The
estimated half-life of the complexes is 2.5 h. Under such
conditions, incubation times 20 h are necessary to reach
thermodynamic equilibrium. Et-1 binding is never analyzed
under true equilibrium conditions for obvious technical
reasons, and this may lead to artifactually high appagfgnt
values. This difficulty was overcome by analyzing initial
rates of [?3]Et-1 binding to receptors. The results indicated
a Ky([**™™]Et-1) value of 17 pM. An identical value was

shows that because of time-limited second-order rate condi-
tions, sub-nanomolar concentrations of Et-1 are necessary
to occupy a significant fraction of high-affinity (picomolar)
receptor sites during the time course of most biochemical
experiments (Figure 11). Obvious conclusions are (i) that
super-high-affinity sites for Et-1 can mediate short term,
nanomolar actions of the peptide and (ii) that there is no
need to postulate existence of low-affinity (nhanomolar) states
of ETA receptors to account for nanomolar actions of Et-1.
Indeed, we cannot exclude the possibility that in tissues, yet
to be discovered nanomolar affinity sites for Et-1 mediate
nanomolar actions of the peptide.

It is of interest to note that while 500 pM Et-1 is sufficient
to produce half-maximum receptor site occupancy in a typical
biochemical experiment (Figure 11), 2.3 nM Et-1 is necessary
to half-maximally stimulate phospholipase C activity (Figure
7). The difference could be a trivial consequence of the fact
that initial rates of phospholipase C activity were not

obtained from a Scatchard analysis of a saturation experimentmeasured and could emerge if strong desensitization mech-

performed under quasi equilibrium conditions. This value
corresponds to the lower range k&§ values reported in the

anisms limit the function of activated receptors. Desensitiza-
tion of seven-transmembrane domain receptors is well known

litterature and to the sites that have been described as superto involve a whole hierarchy of mechanisms including

high-affinity sites (Sokolovsky et al., 1992).
2. Binding of ligands that have a nanomolar affinity for

receptor phosphorylation and receptor sequestration (Haus-
dorff et al., 1990). Desensitization of ETA receptors cannot

their receptors is easily assessed using pseudo-first-ordeP® €asily documented due to the slow dissociation of Et-1/

kinetic approximations. For picomolar ligands, pseudo-first-
order conditions are only fulfilled under two conditions: (i)
at very large [L%] values ([L*] > [Ro]) and (ii) at very
low [Ro] and [L*] values ([R] < Kgand [L*;] < Kg). The
second condition is most suitable for binding experiments,

receptor complexes. The shapes of the intracellulat Ca
transients induced by Et-1 in aortic smooth muscle cells are,
however, highly suggestive of a rapid desensitization of ETA
receptors (Marsault et al., 1991).

Some actions of Et-1 are observed at concentrations as

but it leads to very slow association kinetics and a very low low as a few picomolars (Serradeil-Le Gal et al., 1991;
specific binding component (unless care is taken to use veryShirakami et al., 1993; Shraga-Levine et al., 1994; Sokolovsky
large volumes of incubation solution) (Jacobs et al., 1975). et al., 1994; Journeaux et al., 1994). They are thought to be
Other conditions do not obey well-established kinetics of mediated by picomolar affinity sites (Sokolovsky et al., 1992,
reversible ligands. They are governed by mathematically 1993a,b). Kinetic data presented in this paper indicate that
complex second-order kinetics. A major consequence is thatpicomolar actions of Et-1 can only reflect picomolar affinity
usual approximations that the free and total concentrationssites if [R] < 10 pM and if very long association times are
of ligand are identical cannot be made. It follows that allowed, two conditions that are rarely met. They also
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