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Abstract

Endothelins exert their physiological effects through interaction with cell surface receptors that are members of the G-protein-couple
receptor family. The endothelin receptor subtype B {E&ceptor) is abundantly expressed in rat cerebellum. Since agonist binding to
G-protein-coupled receptors may be modulated by cations and guanine nucleotides, we investigated the effects of cations and guano:
5'-O-(2-thiotriphosphate) (GT#S) on*29-endothelin-1 29-ET-1) binding to rat cerebellar membranes. Both"Nend Mg -stimulated
129-ET-1 binding causing an increase in receptor affinity for the agonist. While the effect of the divalent cation was evident at relatively
low concentrations (5—-10 mM), the stimulatory activity of the monovalent cation appeared at relatively high concentrations (50 mM).
Additive activities of 25-50 mM NaCl and 1 mM MggCsuggested that monovalent and divalent cations increased receptor affinity for ET-1
by different mechanisms. In the presence of 5 mM MgBD mM NaCl caused an additional modest reduction ofkheralue. Whereas
5 mM MgCl, affected the displacement curves of both ET-3 and suc?[@lla***9-endothelin-1 (8—21) (IRL 1620), the influence of 50
mM NacCl on these curves was less substantial. All together, these results suggest that modulation of receptor affinity by NaCl depends
the nature of the displacing agonist. In the presence of 5 mM lgCh0 mM NacCl, a partial regulation df3-ET-1 binding by GTRS
was detectable, while in the absence of cations no {SF&ependent inhibition was evident. © 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction tors that belong to the superfamily of heptahelical G-protein-
coupled receptors. Two ET receptor (ETR) subtypes, &Td
Endothelins (ETs), a family of three closely related pep- ETg, have been cloned, sequenced, and expressed [3—7]. They
tide hormones (ET-1, -2, -3), are potent modulators of can be pharmacologically distinguished by different rank or-
vascular functions. They all consist of 21 amino acid resi- ders of affinity toward ET isopeptides. The ETeceptor is
dues with two intramolecular disulfide bonds. Endothelins ET-1 selective, whereas the g Teceptor exhibits similar af-
are produced in a wide variety of tissues where they exert finities for all three isopeptides [1,2].
diverse physiological effects on cellular development, differ-  Binding of ligands to a number of G-protein-coupled
entiation, vasoconstriction, and mitogenesis [for reviews see:receptors and subsequent regulation of cell function is in-
1,2]. Their actions are mediated by specific cell surface recep-fluenced by cations such as kg C&*, and Na [8-12].
The ionic requirement of certain receptors allows to differ-
entiate between distinct subpopulations [13,14]. This occurs

* Corresponding author. Tel+39-050-240-92; fax:+39-050-503-534. for somatostatin receptors, which consist of a’NMglepen-
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Abbreviations ETs, endothelins; ETR, endothelin receptors; G$P gt phrain [15]. Two distinct pharmacological populations of
guanosine 50-(2-thiotriphosphate); BQ 788\-cis-2,6-dimethylpiperidi- . . . .
nocarbonyl-yMeLeub-Trp(COOMe)o-Nle-ONa: IRL 1620, suc-[GH somatostatin receptors characterized in several tissues cor-
Ala**13-endothelin-1 (8-21); and PMSF, phenylmethanesulphony! fluo- espond to two receptor subtypes which have been cloned
ride. [16]. In some instances, such as the glucagon receptor [17],
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different patterns of M§" regulation of ligand—receptor  bonyli-yMeLeun-Trp(COOMe)o-Nle-ONa (BQ 788)
interaction have been observed depending on the animaland suc-[GI§, Ala'**3-endothelin-1 (8—21) (IRL 1620)
species. In most systems, divalent cations enhance agonistvere obtained from Alexis. GT¥S and benzamidine were
binding to receptors such as;A18] and A,, adenosine purchased from Sigma Chemical Co. Bacitracin and phe-
[11,19], a,- [20,21] andB-adrenergic [22], opiate [23], and  nylmethanesulphonyl fluoride (PMSF) were products of

H, histamine [24] receptors. The important role of #Mgn Fluka Chemie AG. Aprotinin and leupeptin were purchased
activation of G-proteins and formation of the high-affinity from Boehringer-Mannheim (Roche Diagnostic, F. Hoff-
receptor—G-protein complex is well documented [8]. mann-La Roche Ltd.). All other agents and reagents were

For a number of G-protein-coupled receptors, including from standard commercial sources.
thea,- [25,26] andB-adrenergic [27], Ddopamine [28] u-
and s-opiate [29,30], and muscarinic [31] receptors,Na 2.2. Membrane preparation
has been reported to reduce the affinity for agonists. Several
of these receptors contain a conserved Asp residue in their Male Sprague—Dawley rats (150 g) were killed by cer-
second transmembrane-spanning region [26,32]. Site-di-vical dislocation, rapidly bled, and cerebellum was imme-
rected mutagenesis of the Asp to an Asn results in mutantdiately removed. Fresh tissue was homogenised using a
receptors that are insensitive to the effects of Nand to Polytron homogenizer in 10 vols. of ice-cold 20 mM HEP-
modulation of agonist binding by GTP analogs [33,34]. ES—Tris pH 7.4 (buffer A) containing 0.32 M sucrose, 5
Thus, this conserved Asp site is essential foi Megulation mM EDTA, 1 ug/mL of leupeptin, 0.1 mM bacitracin, 0.1
of agonist binding and its mutation may perturb receptor— mM benzamidine, and 0.1 mM PMSF [40]. The homoge-
G-protein coupling [26,33,34]. Similar mutagenesis studies nate was centrifuged at 1000 & for 5 min at 4°. The
of the somatostatin receptor subtype 2 have shown that thissupernatant was centrifuged at 48,00@ ¥or 15 min at 4°.
same residue participates in the allosteric regulation of ag- The pellet was resuspended in 10 vols. of buffer A contain-
onist binding by the monovalent cation but that its mutation ing 5 mM EDTA and protease inhibitors (as above) and
does not affect receptor interaction with G-protein [35]. In centrifuged at 48,000 X for 15 min at 4°. The membrane
addition, agonist binding to some types of G-protein-cou- pellet was resuspended in buffer A (0.1 g/mL), divided into
pled receptors is either unmodified (somatostatin receptor Eppendorf tubes (1 mL), and centrifuged at 13,009 ¥r
subtype 1) [35] or increased (angiotensin Il amdadren 10 min at 4°. The resulting pellets were stored-&0° until
ergic receptors) [36,37] by Naions. the time of assay. Protein content was determined according

So far, cation modulation of agonist binding to ETRs has to the method of Lowret al. [41], using BSA as a standard.
not been extensively investigated. Agonist binding to;ET
receptors has been shown to be positively regulated by2.3. Binding assay
Mn?* [38]. However, ET-1 binds with high affinity to ETRs
even in the absence of divalent cations, such asMg 129.ET-1 binding assays were performed as described by
[38,39]. This lack of MG" requirement for agonist binding  Cody et al [42] with some modifications [40]. Briefly,
seems to be associated with the absence of modulation bycerebellar membranes-@ pg of proteins) were incubated
GTP analogs [39]. with 9-ET-1 (15 pM) in 0.25 mL of 20 mM Tris—HCI

In order to elucidate whether cations and GTP analogs buffer, pH 7.4 at 37°, containing 2 mM EDTA, 0.1 mM
modulate agonist binding to ETreceptors in rat cerebellar  bacitracin, 0.1 mM PMSF, Lg/mL of leupeptin, Sug/mL
membranes, we analyzéé-ET-1 binding in the presence  of aprotinin (buffer B), and 0.08 mg BSA for 2 hr at 37°
and absence of monovalent (NaK™, or Li*), divalent [40]. After incubation, reactions were stopped with 3 mL of

(Mg®*, C&™, or Mn?") cations and/or guanosiné-B-(2- ice-cold 50 mM Tris—HCI, pH 7.3 at 4°, containing 0.1 mM
thiotriphosphate) (GT#S). Our investigation was particu-  bacitracin (buffer C). Membrane-bound radioactivity was
larly focused to understand the role of Nand M¢* on separated from free ligand by filtration through Whatman

agonist binding regulation. Both Naand Mg " increased GF/C filters that had been presoaked in buffer C containing
receptor affinity for ET-1. Their effects were additive but a 2 mg/mL of BSA. Filters were then washed three times with
Na“-modulation was less evident in competition experi 3 mL of buffer C and then counted in gcounter. Non-
ments with either ET-3 or IRL 1620. In addition, both cations specific binding was defined in the presence of 100 nM
influenced the sensitivity d?3-ET-1 binding to GTRS. ET-1. In order to study the effects of cations, binding assays
were performed in the presence and absence of various
concentrations of the following salts: MgC(0.01 to 50

2. Materials and methods mM), MnCl, (0.01 to 50 mM), CaGl(0.01 to 50 mM), LiCl
(0.1 to 200 mM), NaCl (0.1 to 200 mM), KCI (0.1 to 200
2.1. Materials mM), Na,SO, (1 to 200 mM), and gH,,NOCI (choline)

(0.01 to 250 mM). Dilution and competition binding exper-
129_ET-1 (2000 Ci/mmol) was purchased from Amer iments were performed incubating membranes wWih-
sham Corp. ET-1, ET-3N-cis-2,6-dimethylpiperidinocar-  ET-1 (15 pM) in the presence and absence of various con-
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centrations of the following compounds: ET-1 (0.003 to 1 A
nM), ET-3 (0.001 to 1 nM), BQ 788 (0.250 to 1000 nM),
and IRL 1620 (0.003 to 50 nM). Stock solutions of ET-1
and ET-3 were prepared in buffer B, while BQ 788 and IRL
1620 were dissolved in dimethyl sulfoxide and then diluted
in buffer B to the proper concentration. In the assay, the
final concentration of dimethyl sulfoxide never exceeded
0.2%. In order to study the nucleoside triphosphate effect,
membranes were incubated witfrl-ET-1 (as above) in the
presence and absence of six different concentrations of
GTPyS, ranging from 0.1 to 50@&M, with and without 5

mM MgCl, or 50 mM NacCl.

Log [salt] (M)

2.4. Analysis of data

A non-linear multipurpose curve-fitting computer pro-
gram (EBDA/LIGAND, Elsevier-Biosoft) [43] was used to
analyze and transform dilution experiments 6f-ET-1
with unlabelled ET-1. Displacement and dilution curves
were analyzed and fitted using the GraphPad Prism (Version
3.0) computer program (GraphPad Software). Transformed
saturation data were also fitted with the GraphPad Prism U
(Version 3.0) program. Single- and multiple-site models <
were statistically compared to determine the best fit, and
differences between models were tested by comparing the 0 = :
residual variance using a partial F test and a significance -4 -3 2 -1
level of P < 0.05. Derived icg, values obtained from Log [salt] (M)
displacement and dilution curves wer_e convertetltwal- Fig. 1. Effects of cations ot*1-ET-1 binding to rat cerebellar membranes.
ues by the Cheng and Prusoff equation [44]. Values repre- Membranes were incubated with 15 piffi-ET-1 in the presence (Bound)
sent the meansg SEM of at least three independent exper- and absence (Bougdof various concentrations of CaCIMnCl,, and
iments except when otherwise stated. Statistical analysisMgCl, (0.01 to 50 mM) panel A or LiCl, NaCl, and KCI (0.1 to 200 mM)
was performed by means of unpaired Studehtest and (panel B for 2 hr at 37°, as described in “Methods.” Data points represent

: : : means*+ SEM of three or four independent experiments. B (Bound),
ANOVA using GraphPad Prism Version 3.0. specifically **9-ET-1 bound in the presence of the salt; BBound,),

specifically*23-ET-1 bound in the absence of salts. Boyifdontrol) was
127 = 7 fmol/mg protein (N= 12). Abscissa: total salt concentrations.
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3. Results

Previous studies [40] have shown that under our standardstimulators of**3-ET-1 binding to ET receptors in rat
binding conditions, specifi¢?3-ET-1 binding to rat cere cerebellar membranes. To ensure that the striking effect of
bellar membranes is linearly related to protein concentration the Na  salt was not due to Cl or changes in the ionic
up to 50ug of proteins and reaches equilibrium by 2 hr at strength, we compared the activity of a range of NaCl and
37°. Saturability of specific binding has also been demon- Na,SO, concentrations. Both 100 mM NaCl and 50 mM
strated [40]. Under these experimental conditions, both di- Na,SO, produced a similar stimulation df3-ET-1 bind-
valent and monovalent cations enhanced spetifleET-1 ing, independent from the ionic strength of the solutions
binding to rat cerebellar membranes (Fig. 1). Divalent cat- (0.1 and 0.15 for NaCl and N&0O,, respectively) (data not
ions were substantially more potent and effective than shown). In addition, the positive modulation of agonist
monovalent cations. Among divalent cations, Vgand binding was not produced by the Csalt of a bulky monova
Mn?* were more effective than €& at concentrations of  lent cation such as choline. Within a concentration range of
their chloride salts ranging from 5 to 50 mM. Whereas 0.01-250 mM, choline did not cause any increase in binding
Mg?* stimulation of **3-ET-1 binding increased up to a  but only a modest inhibition at 250 mM (data not shown).
MgCl, concentration of 50 mM, both & and Mrf* In order to investigate the general nature of cation ef-
reached their maximal efficacy at salt concentrations of 10 fects, we studied Mg~ and Na  activities in more detail.
mM (Fig. 1, panel A. The three monovalent cations exam- To test whether they acted at the same or different sites, we
ined showed similar potency. However, Navas the most ~ examined the effects of three NaCl concentrations (10, 25,
effective with a maximal efficacy at a NaCl concentration of and 50 mM) at three MgGlconcentrations (1, 5, and 10
100 mM (Fig. 1 panel B. Both Li™ and K" were less active ~ mM) in the assays (Fig. 2). At a Mggtoncentration of 1
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Fig. 2. Influence of NaCl oh*3-ET-1 binding to rat cerebellar membranes
in the presence of three concentrations of Mg@&lembranes were ineu
bated with 15 pM-?4-ET-1 in the presence (Bound) and absence (Bgund
of three concentrations of Mgg(1, 5, and 10 mM) plus or minus NaCl
(10, 25, and 50 mM) for 2 hr at 37°, as described in “Methods.” Data points
represent means SEM of four independent experiments. B (Bound),
specifically*3-ET-1 bound in the presence of MgQir MgCl, plus NaCl;

B, (Bound,), specifically*?3-ET-1 bound in the absence of salts. Boynd
(control) was 161+ 44 fmol/mg protein (N= 4). **, P < 0.01.

mM that induced a modest increase in speciid-ET-1
binding by itself (Fig. 1panel A, all three concentrations of
NaCl stimulated specific binding (Fig. 2). The induced in-
crease was significant at 25 and 50 mM NaCl as compared
to the control P < 0.01). At 5 and 10 mM MgCJl 25 and

50 mM NaCl caused a modest decrease in specific binding
(Fig. 2).

To determine whether these cations modified receptor
affinity for ET-1 and/or the maximal number of binding
sites Ba), We performed dilution experiments df3-
ET-1 with unlabelled ET-1, in the presence and absence of
5 mM MgCl,, 50 mM NaCl or both salts. Data of the
dilution curves were transformed as saturation data using
the EBDA software [43]. Under each condition, specific
binding was saturable (Fig. anel A. In the presence of
Mg?* or Na', saturation was reached at lower concentra
tions of the agonist ligand than in the absence of either
cations. This effect was particularly conspicuous in the
presence of both salts (Fig. Banel A. Analysis of satura-
tion data using the non-linear curve fitting techniques of
EBDA/LIGAND and GraphPad Prism computer programs
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Fig. 3. Equilibrium binding of?3-ET-1 to rat cerebellar membranes in the
presence and absence of 5 mM Mg@0 mM NacCl, or 5 mM MgCJ plus

50 mM NaCl. Saturation isothermpdnel A were obtained by transfor-
mation of dilution binding data. Saturation data were further transformed
using Scatchard’s analysipgnel B. Membranes (3.g of proteins) were
incubated with*9-ET-1 (15 pM) in the presence and absence of increas
ing concentrations of unlabeled ET-1 (0.003 to 1 nM) with and without
salts for 2 hr at 37°, as described in “Methods.” Values shown are means
from a representative experiment performed in duplicate and repeated two
or three additional times with similar results. For these experiments, in the
absence of salts the, andB,,,,, values were 98.3 pM and 1315 fmol/mg
proteins while in the presence of 5 mM MgC5h0 mM NaCl or both salts,

K4 andB,,,, values were 33.5 pM and 1152 fmol/mg protein, 20.0 pM and
1030 fmol/mg protein, and 13.4 pM and 1272 fmol/mg proteins, respec-
tively. In panel A curves are based on results of computer analysis with
GraphPad Prism (Version 3.0) program.

for ET-1 significantly increased in the presence of salts. In
the absence of cations, the deriieglvalue was 88.9- 7.8

pM while in the presence of 5 mM Mggl50 mM NacCl or
both salt¥, values were 30.2 3.6 (P < 0.001),22.5*

1.7 (P < 0.01), andl3.3*= 0.1 (P < 0.001) pM,respec-
tively. Thus, theK, values decreased, respectively, 3-, 4-,

revealed that the best fits observed were for one-site modelsand 7-fold in the presence of 5 mM MggCBE0 mM Nacl,

Transformation of data according to Scatchard resulted in
linear plots (Fig. 3panel B, confirming the existence of a
single class of binding sites under all experimental condi-
tions. The maximal number of binding sites was not influ-
enced by either one of the cations or their combination. In
the absence of cations, the derivigg,, value was 1367

45 fmol/mg protein (N= 3), while in the presence of 5 mM
MgCl,, 50 mM NaCl or both saltB,, ., values were 1124

166 (N= 4), 1165 95 (N = 3), and 1653+ 269 (N = 3)
fmol/mg protein, respectively. In contrast, receptor affinity

or both salts. Representation ¥1-ET-1 dilution data as
competitions showed monophasic curves which were fitted
by one-site models (Fig. $anel A. The addition of cations
caused a left-shift of the curves. In the presence of 5 mM
MgCl, or 50 mM NacCl, a 4- and 3-fold decrease IKf
values was detectable (Table 1), while in the presence of
both salts the&K; value was 19.4+ 3.3 pM (N = 3).

The Mg *-induced increase in EgTreceptor affinity for
agonist ligands was also supported by competition binding
experiments with ET-3 (Fig. 4anel B and IRL 1620 (Fig.
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Fig. 4. Competition of?3-ET-1 binding to rat cerebellar membranes by agonist and antagonist ligands in the presence and absence of 5,80 MYyCl

NaCl, or both salts. Membranes () of proteins) were incubated wif3-ET-1 (15 pM) in the presence and absence of increasing concentrations of ET-1
(0.003 to 1 nM) panel A, ET-3 (0.001 to 1 nM)ganel B, IRL 1620 (0.003 to 50 nM)danel Q, or BQ 788 (0.25 to 1000 nM)p@nel D with and without

salts for 2 hr at 37°, as described in “Methods.” A non-linear regression analysis of the GraphPad Prism (Version 3.0) computer program was esed to fit t
dose-response curves and dernivg values. Values shown are means from a representative experiment performed in duplicate and repeated two or thre:
additional times with similar results. B (Bound), specificaffl-ET-1 bound at various concentrations of the displacement ligap@8und,), specifically

129-ET-1 bound in the absence of the displacement ligand.

4, panel Q performed in the presence and absence of 5 mM IRL 1620 decreased 7-fold, that for ET-3 was reduced
MgCl,. Under both conditions, ET-3 and IRL 1620 dis 2-fold (Table 1). We also investigated the fgeffect on
placement curves were monophasic and represented by onedisplacement of**1-ET-1 binding by the EE receptor

site models. However, they were left-shifted in the presence antagonist, BQ 788. Both in the presence and absence of the
of the divalent cation (Fig. 4anel BandC). This shift was divalent cation the curves were monophasic and fitted by
particularly evident for the IRL 1620 competition curve. one-site models (Fig. ganel D. However, in the presence
Whereas in the presence of 5 mM MgCthe K; value for of 5 mM MgCl,, the BQ 788 competition curve was right-

Table 1

Influence of cations on inhibition d?3-ET-1 binding to rat cerebellar membranes by agonist and antagonist ligands

Ki (pM)

Ligand No cation (control) 5 mM MgGl 50 mM NacCl

ET-1 118.0* 8.6 (3) 26.7+ 4.8 (4)*+* 33.3 £ 0.4 (3)***
ET-3 36.8+ 2.6 (3) 17.4+ 1.3 (3)** 30.7+ 2.7 (3)
IRL1620 262.3+ 40.0 (3) 40.2+ 2.6 (3)** 107.3*+ 31.1 (3)*
BQ788 5,800.0t 20.0 (3) 27,300.0= 140.0 (3)*** 5,740.0= 120.0 (3)

Values are means SEM; the number of experiments is reported in parentheses.
* P < 0.05; * P < 0.01;** P < 0.001 (ascompared to corresponding controls).
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Fig. 5. Effect of various concentrations of G¥® on*?9-ET-1 binding to
rat cerebellar membranes. Membranes &HET-1 (15 pM) were incu
bated with (Bound) and without (BougdGTPyS (0.1 to 500uM) in the
presence of 5 mM MgGlor 50 mM NaCl for 2 hr at 37°, as described in
“Methods.” Data points represent meahsSEM of three or four indepen-
dent experiments. B (Bound), specificatf-ET-1 bound in the presence
of the various concentrations of G¥8; B, (Bound,), specifically**3-
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4. Discussion

The major findings of the present paper are that both
monovalent and divalent cations modulate agonist binding
to ETg receptors in rat cerebellar membranes. Divalent
cations are more effective in increasifi-ET-1 binding
than monovalent cations. Among the former, ¥Mgand
Mn?* are more effective than & whereas among the
latter, Na shows the highest efficacy.

A positive effect of Mg™" ions on*?3-ET-1 binding to
ETRs has not been described previously. ET-1 binds with
high affinity to ET; receptors even in the absence of diva
lent cations. However, the addition of ¥igions (5-10 mM
MgCl,) causes a considerable increase in agonist binding
that is similar to that observed for several other G-protein-
coupled receptors including,- and B-adrenergic [20—22],
A, and A, adenosine [11,18,19], Hhistamine [24], opiate
[23], glucagon [12], somatostatin [15], and formyl-peptide

ET-1 bound in the absence of the guanine nucleotide. In the presence of[45] receptors. Stimulation df3-ET-1 binding is the con

MgCl, and NaCl, boungl(control) was 420+ 74 and 332+ 30 fmol/mg
protein, respectively.

shifted as compared to the control with a 5-fold increase in
the K; value (Table 1).

The influence of Na on competition of ET-3, IRL 1620,
and BQ 788 for**3-ET-1 binding was also examined (Fig.
4). All competition curves were monophasic and fitted by
one-site models (Fig. 4). In the presence of 50 mM NaCl,
competition curves of ET-3 (Fig. 4anel B, IRL 1620
(Fig. 4, panel Q, and BQ 788 (Fig. 4panel D showed
modest changes. Th& values for ET-3 and BQ 788 were
similar to those of corresponding control experiments (Ta-
ble 1). However, the addition of NaCl produced a 2-fold
decrease in th&; value for IRL 1620 (Table 1).

We also examined the effect of a non-hydrolizable GTP
analog, GTRS, on*?3-ET-1 binding to rat cerebellar mem
branes. In the presence of 5 mM MgQ@r 50 mM NacCl,
GTPyS caused a concentration-dependent inhibition of spe-
cific binding (Fig. 5). The inhibitory effect was not com-
plete and reached 40-45% at a nucleotide concentration o
500 uM. Thus, apparently 60-55% of total ETeceptor
sites were not sensitive to modulation of agonist binding by
GTPyS. However, in the absence of cations no inhibition
was detectable even at the highest concentration (80P
of the guanine nucleotide (data not shown). To determine
whether GTRS was able to modify ET-1 binding parame-
ters, we performed dilution experiments GA-ET-1 with
unlabelled ET-1 in the presence of 5 mM MgGind 500

sequence of an increased receptor affinity for the agonist
ligand, as indicated by the significant reduction in g
value without any change in the number of binding sites.
This result is in agreement with previous data reported by us
[11] for Mg®* modulation of fH]CGS21680 binding to rat
A,, adenosine receptors. Indeed, several reports indicate
that Mg?™ ions cause an increase in G-protein-coupled
receptor affinity for their agonist ligands without affecting
antagonist affinity [15,17,18,22]. For some receptors, a par-
tial or selective effect of the cation dy,,,, values has also
been described [18,46]. The addition of MgQhcreases
ETg receptor affinity for other agonists as shown by eom
petition of *29-ET-1 binding with ET-3 or IRL 1620. The
receptor affinity for the EJ-selective synthetic agonist,
IRL 1620, is particularly sensitive to regulation by the
divalent cation. Thus, the receptor sensitivity to modulation
of its affinity is dependent on the type of agonist. On the
other hand, the receptor affinity for an antagonist, BQ 788,
decreases as shown witfF-ET-1 competition assays. This
effect of M@ ions is likely the consequence of the-in
creased receptor affinity for the radiolabelled agonist. A

fpositive influence of Mfi" ions on the affinity of human

placental endothelin receptors [38] and Efeceptors in
neuroblastoma cells [47] has been described. This modula-
tion appears to affect a cross-linking reaction [38] and is
maintained after receptor solubilization [38,47]. Overall,
these data and our present findings suggest that the presence
of divalent cations is required for the high-affinity state of
endothelin receptors while in the absence of these cations a
low-affinity state is detected. Divalent cations may enhance
receptor—G-protein coupling acting at the level of receptor

pM GTPyS. Data were transformed and analyzed as satu- and/or its interaction with G-proteins. Since in the millimo-
ration. Specific binding was saturable and the curve was |gr range Mg+ and Mrf* share a similar activity, their
represented by a one-site model indicating the existence ofinfluence on'?3-ET-1 binding cannot be related to an
a single class of binding sites (data not shown). The derived action on the guanine nucleotide site ofGubunits.

K4 andB,,,,, values were 52.6- 10.8 pM and 1284+ 151 The monovalent cation, Na stimulates*?3-ET-1 bind-
fmol/mg protein (N= 3), respectively. ing to rat cerebellar membranes. This effect is also mim-
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icked by other monovalent cations but is not supported by a imal variations in isopeptide structure may influence its

bulky monovalent cation, suggesting the specificity of small
cation activity. Nd causes a significant decrease in ke
value while theB,, ., value does not show any change. The
addition of NaCl induces an increase in receptor affinity for
ET-1 but that for other agonists is either unmodified (ET-3)
or slightly changed (IRL 1620). Thus, this effect seems
selective for ET-1. In addition, Nastimulation of specific
binding is additive with that induced by 1 mM MgCIAt
higher concentrations of the divalent cation (5-10 mM
MgCl,), the addition of Na causes modest effects. How
ever,*®3-ET-1 dilution experiments shows that the combi
nation of 5 mM MgC}, and 50 mM NacCl induces a further
increase in receptor affinity for ET-1, suggesting cation
cooperation in modulating the receptor affinity state. A
similar stimulatory effect of Na ions on agonist binding
has been reported for angiotensin Il [3@];-adrenergic
[37], and dopamine receptors [46]. For other G-protein-

coupled receptors, this cation has been shown to reduce th

affinity for agonists [25-31].

A conserved Asp residue in the second membrane-span-

ning region appears to be involved in supporting the" Na
mediated inhibition of agonist binding [33—35]. The recent
resolution of the crystal structure of rhodopsin [48] has

shown that this conserved Asp residue can form a hydrogen

bond with the peptide carbonyl of an Ala residue &fof

rhodopsin) in the seventh membrane-spanning region and
be connected via a water molecule to the peptide carbonyl

of a Gly residue (GI° of rhodopsin) in the third mem

response to the increase of salt concentration.
Sokolovskyet al. [39] have reported that rat ETrecep
tors are not sensitive to modulation of the affinity state by a
guanine nucleotide triphosphate analog. We have found that
in the presence of 5 mM Mg€lor 50 mM NaCl, GTRS
inhibits *29-ET-1 binding to rat cerebellar membranes
while in the absence of salts no regulation of agonist bind-
ing is detectable. However, only 40—45% of receptor sites
are sensitive to modulation by the guanine nucleotide. A
Gg-coupled receptor, the Aadenosine receptor, also shows
Mg?* requirement for modulation of the affinity state by
GTPyS together with an incomplete inhibition [11]. Under
our experimental conditions, the addition of Gy (500
uM) does not induce a complete shift to receptor low-
affinity state. This is either the consequence of a reduced
sensitivity of the E, receptor—G-protein system to medu
lation by guanine nucleotides or due to intrinsic pharmaco-

dogical properties of ET-1. As mentioned before, our data

also support an indirect positive effect of Nan receptor—
G-protein coupling.

In conclusion, we have found that in rat cerebellar mem-
branes the EJ receptor affinity state is positively regulated
by Mg?" and Na ions, while guanine nucleoside triphos
phate exerts an inhibitory effect. Both mono- and divalent
cations facilitate the high-affinity state of receptors acting at
different levels of the EZ receptor—G-protein system.

brane-spanning region. Thus, the Asp residue participates inAcknowledgment

those intramolecular interactions required to maintain the
tridimensional arrangement of receptor transmembrane do-
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mains. Monovalent cations may perturb these interactions and M. R. M.

between amino acid side chains and water molecules. Two

Asp residues are present in the second membrane-spanning

region of the rat EJ receptor [49]. The effect of Naon
129.ET-1 binding to ET, receptors may be caused by a
perturbation of receptor intramolecular interactions which
stabilizes the intrinsic receptor affinity for ET-1. Modifica-
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