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ABSTRACT 
 

In view of the therapeutic importance of dopamine D3 and D2 receptors, there remains 

considerable interest in novel ligands. Herein, we show that the tetrahydroisoquinoline, SB269,652, 

behaves as an atypical, allosteric antagonist at D3 and D2 receptors. Accordingly, SB269,652 

potently (low nM range) abolished specific binding of [3H]nemanopride and [3H]spiperone to CHO-

transfected D3 receptors when radioligands were used at 0.2 and 0.5 nM, respectively. However, 

even at high concentrations (5 µM), SB269,652 only sub-maximally inhibited the specific binding 

of these radioligands when they were employed at 10 fold higher concentrations. By analogy, 

though SB269,652 potently blocked D3 receptor-mediated activation of Gαi3 and phosphorylation 

of extracellular-signal-regulated kinase (ERK)1/2, when concentrations of dopamine were increased 

by 10-fold from 1 µM to 10 µM, SB269,652 only sub-maximally inhibited dopamine-induced 

stimulation of Gαi3. SB269,652 (up to 10 µM) only weakly and partially (by approximately 20-

30%) inhibited radioligand binding to D2 receptors. Correspondingly, SB269,652 only sub-

maximally suppressed D2 receptor-mediated stimulation of Gαi3 and Gαqi5 (detected with the 

aequorin assay) and phosphorylation of ERK1/2, and Akt. Furthermore, SB269,652 only partially 

(35%) inhibited the dopamine-induced recruitment of β-arrestin2 to D2 receptors. Finally, Schild 

analysis using Gαi3 assays, and studies of radioligand association and dissociation kinetics, 

supported allosteric actions of SB269,652 at D3 and D2 receptors. 
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INTRODUCTION 
 

The monoamine, dopamine, modulates motor activity, cognition, mood, endocrine secretion 

and a broad range of other physiological functions via actions at two families of G-protein-coupled 

receptors (GPCRs). D1-class receptors (D1 and D5) are principally coupled to stimulatory Gα-

proteins and enhance the production of cAMP, whereas D2-class receptors (D2, D3, and D4 

subtypes) are primarily coupled to inibitory Gα-proteins and suppress the activity of adenylyl 

cyclase (Ahlgren-Beckendorf and Levant, 2004; Neve et al, 2004; Zhuang et al, 2000). D2 receptors 

display a high degree of sequence similarity with D3 receptors, and they share a predicted binding 

site for dopamine and synthetic ligands at the interface of transmembrane helices (Shi and Javitch, 

2002). D2 and D3 receptors also show similar patterns of signal transduction, though under certain 

conditions the latter couple less broadly and robustly to intracellular messengers such as adenylyl 

cyclase (Cussac et al., 1999; Ahlgren-Beckendorf and Levant, 2004; Neve et al, 2004; Sokoloff et 

al., 2006). Substantial efforts have been made to synthesize ligands that competitively interact with 

orthosteric dopamine-binding sites on D3 and/or D2 receptors, but an alternative route towards 

clinically-useful drugs is offered by allosteric modulation. Allosteric modulators are agents that 

“remotely” alter the interaction of cognate ligands with their receptors, reflecting conformational 

changes and alterations in binding and coupling parameters (Christopoulos and Kenakin, 2002; 

Schetz, 2005; May et al., 2007). The quality of the allosteric effect is said to be positive if the 

modulator facilitates orthosteric-agonist induced receptor function, and negative where function is 

diminished.  A third possibility is that the binding of an allosteric modulator does not affect the 

affinity of a ligand at the primary site, an observation termed ‘neutral' cooperativity (Lazareno & 

Birdsall, 1995). 

Sodium and zinc ions (Schetz et al., 1999), amiloride and its nitrogen-substituted derivatives 

(Hoare and Strange, 1996), and analogues of the tripeptide proline-leucine-glycine (PLG) (Verma et 

al., 2005) were suggested to interact allosterically with D2 receptors. More recently, the distinctive 

in vivo profiles of (−)-OSU6162 and ACR16 were suggested to involve allosteric actions at D2 

receptors, though supporting data are limited (Tamminga and Carlsson, 2002; Rung et al., 2008). In 

general, allosteric modulators are well-tolerated and can fine-tune pharmacological responses to 

endogenous neurotransmitters and exogenous agents, underpinning interest in their clinical 

application either alone or as adjunctive treatments (Christopoulos and Kenakin, 2002; May et al., 

2007). Accordingly, (−)-OSU6162 displayed antipsychotic-like properties in rats in the absence of 

extrapyramidal motor effects and with little induction of dyskinesia (Tamminga and Carlsson, 2002; 

Natesan et al., 2006; Rung et al., 2008), and PLG potentiated the induction of controlateral rotation 

by L-DOPA in unilateral 6-hydroxydopamine lesioned rats without exacerbating the induction of 
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dyskinesia (Ott et al., 1996). These observations support the notion that, in addition to orthosteric 

agents, positive and negative allosteric modulators at D2 and/or D3 receptors could be 

therapeutically useful agents, used either alone or as adjunctive therapy. 

The present study characterized a novel tetrahydroisoquinoline derivative, SB269,652 ([1H-

indole-2-carboxylic acid {4-[2-(cyano-3,4-dihyro-1H-isoquinolin-2-yl)-ethyl)-cyclohexyl}-amide]), 

which was found to behave as an allosteric antagonist at dopamine D3 and D2 receptors employing a 

broad and complementary range of cellular approaches. To date, only a preliminary description of 

this drug has appeared in Abstract form (Taylor et al., 1999). 
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MATERIALS AND METHODS 

 

Materials. [3H]nemonapride and [3H]spiperone were purchased from PerkinElmer Life Sciences; 

dopamine haloperidol and sulpiride were obtained from Sigma. Tissue culture media and sera were 

acquired from Sigma and Gibco. SB269,652 ([1H-indole-2-carboxylic acid {4-[2-(cyano-3,4-

dihydro-1H-isoquinolin-2-yl)-ethyl]-cyclohexyl}-amide]), (Fig. 1) was synthesized by G. Lavielle 

(Paris, France). 

 

Mutant plasmid constructs. The wild type human D2L receptor (subsequently referred to as D2) 

inserted in a pcDNA 3.1 eukaryotic expression plasmid was purchased from the Guthrie cDNA 

resource center. The human dopamine D3 receptor (subsequently referred to as D3) was kindly 

provided by Dr. Robert Levenson. Human β-arrestin2 was fused to mVenus with a 7 amino acid 

linker (GAGALAT). Chimeric dopamine D2/D3 receptors were constructed as described in 

Supplemantal data. 

 

Cell cultures and transfection. Chinese Hamster Ovary (CHO)-D3-DHFR- cells (subsequently 

referred to as CHO-D3) were provided by Servier. CHO-D2 cells were constructed by inserting the 

pcDNA 3.1-D2 plasmid into wild type CHO cells and selected in G418. African green monkey 

kidney (COS)-7 cells were transiently transfected with the plasmid DNA encoding wild type or 

chimeric receptors by the DEAE-dextran chloroquine method (Cullen, 1987). The total amount of 

DNA used for each transfection was 4 μg. Receptor densities (Bmax) in stably transfected CHO-D3 

and CHO-D2 cells were respectively 5058 ± 241 and 3159 ± 184 fmol/mg of protein (calculated 

with [3H]nemonapride). Bmaxs ranged between 1000-1200 fmol/mg of protein in COS-7 cells 

transiently transfected with wild type and chimeric receptors. 

Flp-In T-REx 293 cells were stably transfected with human β-arrestin2-mVenus in pIRESpuro3 

and individual colonies were selected in 2 μg/ml puromycin. Colonies were screened for mVenus 

fluorescence, and an appropriate clone was transfected with Flag-D2L-Rluc8 in pcDNA5/FRT/TO 

together with pOG44, and a stable pool was selected in 100 µg/ml hygromycin. This led to 

constitutive expression of the bioluminescence resonance energy transfer (BRET) acceptor β-

arrestin2-mVenus and tetracycline-inducible expression of the donor Flag-D2L-Rluc8.  

 

Membrane preparations and binding assays. Three days after transfection (COS-7) or one day 

after plating (CHO) cells were lysed and membrane preparation and binding assays were performed 

as described previously (Maggio et al., 2003). Membranes were incubated with [3H]nemonapride 
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(82 Ci/mmol) or [3H]spiperone (100 Ci/mmol) at 30°C for 1 h in a final volume of 1 ml. In 

competition experiments, unless otherwise specified, the concentration of the radioligands were 50 

pM or 200 pM for [3H]nemonapride in COS-7 and CHO cells respectively, and 500 pM for 

[3H]spiperone. Nonspecific binding was determined in the presence of 2 mM dopamine. The total 

amount of protein in each sample was ∼5 μg for CHO cells and ∼20 μg for COS-7 cells. 

Dissociation kinetics assays were performed at 30°C by first equilibrating dopamine D2 receptors 

with 200 pM [3H]nemonapride or 800 pM [3H]spiperone in 20 μl binding assay buffer (50 mM Tris 

HCl, pH 7.4, 155 mM NaCl, 0.01 mg/ml bovine serum albumin). Two ml of binding buffer 

containing 10 μM haloperidol, sulpiride or SB269,652 were added at time 0 and sequential samples 

taken. Association kinetics assays were performed at 30°C with 0.65 nM [3H]nemonapride. When 

SB269,652 was present, it was allowed to equilibrate for 1 h before radioligand addition. 

 

Antibody-capture/Scintillation-Proximity Assays (SPA) studies of coupling to Gαi3. The 

influence of SB269,652 upon dopamine-induced activation of Gαi3 subunits coupled to CHO-

transfected D3 and D2 receptors was determined using a [35S]GTPγS binding assay coupled to 

Scintillation Proximity detection (SPA) in 96-well optiplates (PerkinElmer Life Sciences, Boston, 

MA) as described previously (Millan et al., 2004a). SB269,652 was pre-incubated for 30 min before 

addition of a fixed concentration of dopamine (1 or 10 μM). Following incubation, 20 µl of Nonidet 

P-40 (Roche Diagnostics, Mannheim, Germany, 0.27 % final concentration) was added and plates 

incubated for 30 min at 22°C. Then, after addition of 10 µl of mouse anti-Gαi3 monoclonal antibody 

(SA-281, Biomol, San Diego, CA), incubation continued for 1 hour. SPA beads coated with 

secondary, anti-mouse antibodies (GE Healthcare, Vélizy, France) were added in a volume of 50 µl 

and plates incubated overnight under gentle agitation. They were centrifuged (15 min, 1,300 g) and 

radioactivity determined on a TopCount microplate scintillation counter (PerkinElmer, Life 

Sciences).  

 

Aequorin assay. A functional assay based on luminescence of mitochondrial aequorin following 

intracellular Ca2+ release was performed as described previously (Blanpain et al., 1999; Han et al., 

2009). Flp-In T-REx 293 cells stably expressing aequorin, the human D2S receptor and a Gαqi5 

protein that can signal from Gαi-coupled receptors (Conklin et al., 1993) were seeded in a 15 cm 

dish and grown in antibiotic-free medium for ~48 h. One μg per ml tetracycline was added to the 

medium for 3–24 hours to induce receptor expression. Cells were detached and pelleted, and then 

resuspended at a final concentration of 5 × 106 cells per ml in the presence of 5 μM coelenterazine 

h. After 4 h rotating at room temperature (20 °C) in the dark, the cell solution was diluted tenfold, 
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followed by 1 hour incubation under the same conditions. Concentration-response curves were 

obtained by injecting 50 μl of cell solution into wells of a 96-well microplate containing 50 μl of a 

2×concentration of the desired compounds in medium. Luminescence signals from the first 15 s 

after injection were read by a POLARstar optima reader (BMG). Total response was defined as the 

signal resulting from injecting 50 μl cell solution into 50 μl assay medium containing 0.1% (v/v) 

triton, which raises the Ca2+ concentration directly by membrane permeabilization as described 

(Han et al., 2009). 

 

Phosphorylation of ERK1/2. CHO cells expressing D2 or D3 receptors were grown in HAM/F12 

or DMEM respectively, as previously described (Millan et al., 2008). SB269,652 was pre-incubated 

for 30 min at 37 °C before stimulation by dopamine for 5 minutes. For immunoblotting cell extracts 

(10 µl) were loaded on 15-well 12% polyacrylamide gels and after migration, proteins were 

transferred onto nitrocellulose membranes. Activated MAPK was detected with a monoclonal 

antibody specifically recognizing the phosphorylated pp42mapk (ERK2) and pp44mapk (ERK1) forms 

on both threonine and tyrosine residues (Cell Signaling Technology Inc. Danvers, MA). 

 

BRET. D2/arrestin cells were seeded in a 100 mm dish (1.5 x 106 cells); after 48 hours 0.01 µg/ml 

tetracycline was added to induce Flag-D2L-Rluc8 expression. After an overnight incubation, the 

cells were harvested, washed and resuspended in phosphate buffer saline (PBS). One percent of the 

cells were distributed into each well of a 96-well plate. Cells were treated with sulpiride or 

SB269,652 at room temperature for 30 min, incubated with 5 µM of coelenterazine h for 5 min and 

incubated for 5 min with 10 µM dopamine or PBS. The fluorescence (excitation at 510 nm and 

emission at 540 nm, 1-s recording) and luminescence (no filters, 1-s recording) were quantified 

(Pherastar; BMG). The BRET signal (Barak et al., 1997) was determined by calculating the ratio of 

the light emitted by Venus (510–540 nm) over that emitted by RLuc8 (485 nm). 

 

Analysis of data. Kd and Bmax values of [3H]nemonapride were determined in direct saturation 

experiments. IC50 values of SB269,652 were calculated in competition curves fitted to one-site 

binding models using the iterative, nonlinear, least squares regression analysis of OriginPro 7.5 

(OriginLab Corporation) software. When inhibition reached a plateau above the basal level, curves 

were fitted to the plateau. IC50 values were converted to IC50corr values according to the equation of 

Cheng and Prusoff (1973): IC50corr = IC50/(1 + [Radioligand]/Kd). In experiments assessing the 

functional interaction between SB269,652 and dopamine, estimates of the modulator-receptor 

dissociation constant (K) and co-operativity factor (α) for the interaction were obtained by Schild 
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analysis using the relationship: EC50ratio-1 = ([SB269,652]*(1-α))/(α[SB269,652]+K), being “α” 

the cooperative factor between dopamine and SB269,652 and “K” the apparent affinity of 

SB269,652 for the dopamine receptors (Ehlert, 1988). All values presented in the text are expressed 

as means ± SEMs. 
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RESULTS 

 

Binding profile of SB269,652 at D3 and D2 receptors expressed in CHO cells. In competition 

binding studies, SB269,652 concentration-dependently and potently inhibited the binding of 

[3H]nemonapride and [3H]spiperone to D3 receptors expressed in CHO cells (Fig. 2A). IC50corr of 

1.86 ± 0.10 nM and 2.51 ± 0.18 nM were found with [3H]nemonapride and [3H]spiperone 

respectively. 

At D2 receptors expressed in CHO cells, SB269,652 inhibited [3H]nemonapride and 

[3H]spiperone binding by about 20-30%, over a concentration range of 0.01 - 10 μM, (Fig. 2A). 

IC50corr for the partial inhibition of [3H]nemonapride and [3H]spiperone binding at D2 receptors were 

33.9 ± 17.4 and 43.5 ± 24.2 nM, respectively Inhibition binding experiments with CHO-D3 cells 

using ten times higher concentration of [3H]nemonapride (2 nM) and [3H]spiperone (5 nM) showed 

that SB269,652 could only inhibit binding by ~80% (Fig. 2B and 2C). IC50corrs were similar to the 

values calculated with the lower concentrations of the radioligands: 1.79 ± 0.41 nM and 3.08 ± 0.95 

nM for [3H]nemonapride and [3H]spiperone, respectively. 

In another set of experiments, we measured Kd and Bmax values of [3H]nemonapride in the 

presence or absence of fixed concentrations of SB269,652. As shown in Table 1 and Supplemental 

Fig. S1A and S1B, SB269,652 reduced the Bmax values at both D3 and D2 receptors without altering 

Kd values. Collectively, these equilibrium binding experiments suggest that SB269,652 is behaving 

as an allosteric compound at dopamine D3 and D2 receptors. 

 

Effect of SB269,652 on the rate of radioligand dissociation from dopamine D3 and D2 

receptors. In order to acquire further insight into the allosteric nature of SB269,652, we performed 

binding kinetics [3H]nemonapride dissociation from D3 receptors in the presence of haloperidol and 

sulpiride was best fitted by a one-phase exponential decay and off rates were similar, Koff = 0.059 ± 

0.006 min-1 and 0.064 ± 0.004 min-1, respectively (Fig. 3A). Dissociation kinetics were clearly 

decreased by SB269,652 at D3 receptors as compared to haloperidol and sulpiride; [3H]nemonapride 

dissociation in the presence of SB269,652 was best fitted by a one-phase exponential decay with 

Koff = 0.007 ± 0.0003 min-1 (Fig. 3A). At D2 receptors, off rates of [3H]nemonapride (Fig. 3B) in 

the presence of haloperidol and sulpiride were similar, Koff  = 0.023 ± 0.002 min-1 and  0.022 ± 

0.001 min-1, respectively. In accordance with D3 receptors, dissociation kinetics of 

[3H]nemonapride were clearly decreased by SB269,652, with Koff = 0.007 ± 0.0003 min-1. Similar 

results were obtained with [3H]spiperone (Fig. 3C), Koff = 0.033 ± 0.003 min-1 and 0.036 ± 0.003 

min-1, respectively, for haloperidol and supiride, and Koff = 0.011 ± 0.0002 min-1 with SB269,652. 
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Such a marked increase in the off rate would imply a major increase in affinity of the 

radioligand in the presence of SB269,652 unless there is a corresponding decrease in on-rate. To 

test this, we performed association kinetics with and without a fixed concentration of SB269,652. 

As shown in Table 1 and Supplemental Fig. S2A and S2B, SB269,652 greatly reduced the Kon at 

D3 receptors and also, though less strongly, at D2 receptors. The Kds measured by the ratio Koff/Kon 

were similar in the presence and absence of SB269,652 (10 µM) at both D3 and D2 receptors. 

 

Structural determinants of SB269,652 binding determined in chimeric D2/D3 receptors 

expressed in COS-7 cells. Chimeric D2/D3 receptors (Table 2) were used to delineate receptor 

domains engaged in SB269,652 binding. As illustrated in Table 2, [3H]nemonapride did not show 

differences in affinity for any of the tested Chimeras. It is worth noting that in COS-7 cells the Kd of 

[3H]nemonapride at wild type dopamine D3 and D2 receptors was considerably lower than in stably- 

transfected CHO-D3 and CHO-D2 cells.  

At Chimera A, which contains the first transmembrane segment (TMS) of D3 and the last six TMSs 

of D2, only high concentrations of SB269,652 modestly inhibited the binding of [3H]nemonapride 

(Table 2 and Supplemental Fig. S3A). Introduction of the second TMS together with extracellular 

loop (EL)-I and the proximal part of the third TMS of D3 in the D2 receptor results in Chimera B. 

SB269,652 displaced by about 44% the binding of [3H]nemonapride to this Chimera, and its affinity 

was 5.92 ± 0.63 nM (Table 2 and Supplemental Fig. S3A). Further addition of the distal part of 

TMS-III as in Chimera C, and of TMS-VI as in Chimera D, did not result in any significant increase 

in binding affinity or percentage of inhibition (Table 2 and Supplemental Fig. S3A). In sharp 

contrast, introduction of EL-II together with TD-V of D3 in D2 receptors as in Chimera E, 

substantially increased the potency of SB269,652 in displacing [3H]nemonapride binding (~20 

fold), and the percentage of inhibition reached 91.6% (Table 2 and Supplemental Fig. S3A). The 

addition of the third cytoplasmic loop together with the proximal part of TD VI as in Chimera F, 

failed to produce any further enhancement of SB269,652 binding (Table 2 and Supplemental Fig. 

S3A). Chimera G was constructed by inserting EL-II of D3 in the D2 receptor. SB269,652 bound to 

this chimera with an affinity similar to D2 but attained a significantly higher (31.3%) inhibition of 

[3H]nemonapride binding (Table 2 and Supplemental Fig. S3B). In contrast, at Chimera H, in 

which EL-II of D2 was inserted in the D3 receptor, SB269,652  inhibited [3H]nemonapride binding 

to an extent similar to D3 receptors, but with ~10 fold lower potency (Table 2 and Supplemental 

Fig. S3B). Finally, the insertion of TD-I of D2 in D3 receptor as in Chimera I did not modify the 

profile of SB269,652 as compared to the wild type D3 (Table 2 and Supplemental Fig. S3B). 
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Influence of SB269,652 upon dopamine-stimulated coupling to Gαi3 at D3 and D2 receptors. In 

line with previous work (Millan et al., 2004b), dopamine potently enhanced [35S]GTPγS binding to 

Gαi3 at CHO-expressed D3 receptors. SB269,652 given alone was without effect (not shown) but it 

potently and fully suppressed stimulation of Gαi3 by dopamine 1 μM, with a pKB of 9.44 ± 0.20 

(Fig. 4A). Consistent with a noncompetitive mode of inhibition by SB269,652, when the 

concentration of dopamine was raised to 10 μM, concentrations of SB269,652 up to 10 μM 

maximally reduced [35S]GTPγS binding only by approximately 60%. The preferential D2 antagonist 

L741,626, ineffective alone (not shown), was much less potent than SB269,652, displaying a pKB 

of 7.06 ± 0.05. 

In CHO-expressed D2 receptors, dopamine enhanced [35S]GTPγS binding to Gαi3 with a 

pEC50 of 6.17 ± 0.04. At D2 sites, SB269,652 (inactive alone) reduced the enhancement of 

[35S]GTPγS binding induced by 10 μM dopamine by approximately 30% with a pKB of 7.67 ± 0.14 

(Fig. 4B). Notably, when the concentration of dopamine was lowered to 1 μM, SB269,652 reduced 

[35S]GTPγS binding by approximately 50%. In distinction, the competitive antagonist L741,626 

completely prevented the enhancement by dopamine 10 μM of [35S]GTPγS at D2 receptors with a 

pKB of 8.74 ± 0.14 (Fig. 4B). These results demonstrate that functional inhibition of the SB269,652 

plateau above basal level is strictly dependent on the agonist concentration, supporting the allosteric 

nature of this ligand in functional assays in addition to binding procedures. 

 

Influence of SB269,652 on quinpirole induced D2 activation of Gαqi5 detected with the 

aequorin assay. In Flp-In T-REx 293 cells, activation of D2, transfected alone, does not lead to 

luminescence, but cotransfection with a pertussis toxin-resistant Gαqi5 that can signal from Gαi-

coupled receptors leads to activation-induced luminescence. In cells transfected with D2 and Gαqi5, 

quinpirole strongly stimulated the luminescence signal (data not shown). The competitive 

antagonist sulpiride completely inhibited the effect of 1 and 10 μM concentrations of quinpirole 

with an IC50 of 11.5 ± 1.4 nM and 5.9 ± 1.6 nM, respectively (Fig. 5). In contrast, SB269,652 only 

sub-maximally suppressed D2 receptor-mediated stimulation of Gαqi5, and the extent of inhibition 

was dependent on the concentration of the agonist, with approximately 20% and 45% of inhibition 

at 10 μM and 1 μM concentration of quinpirole, respectively. The IC50 value of SB269,652 

calculated in the presence of the two concentrations of quinpirole were very similar, 421 ± 16 nM 

and 212 ± 1.67 nM at 10 μM and 1 μM quinpirole, respectively. This novel approach to study G 

protein activation strengthens the findings [35S]GTPγS binding experiments in confirming the 

partial inhibitory effect of SB269,652 on D2 receptors. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 11, 2010 as DOI: 10.1124/mol.110.065755

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #65755 

 13   

 

Influence of SB269,652 upon dopamine-induced phosphorylation of ERK1/2 at D3 and D2 

receptors. In another set of experiments, we tested how SB269,652 affects downstream G protein-

dependent signaling. As described in previous studies (Cussac et al., 1999; Millan et al., 2004a), in 

CHO cells transfected with D3 receptors, dopamine triggered the transient phosphorylation of 

ERK1/2. In contrast to dopamine, SB269,652 failed to increase levels of the phosphorylated forms 

of ERK1/2 (Fig. 6A). Further, SB269,652 concentration-dependently abolished activation by 

dopamine of ERK1/2 at D3 receptors with a pKB of 9.26 ± 0.19 (Fig. 6A). Dopamine also elicited a 

transient phosphorylation of ERK1/2 via D2 receptors. SB269,652 alone did not exert any effect 

but, at concentrations up to 10 μM, it reduced the dopamine-induced phosphorylation of ERK1/2 by 

only 50% with a pKB value of 8.57 ± 0.21 (Fig. 6B). These results clearly demonstrate that 

SB269,652 inhibits ERK1/2 phosphorylation in the same way as it inhibits G protein activation. 

 

Influence of SB269,652 upon dopamine-induced recruitment of β-arrestin2 to the D2 receptor. 

These experiments were undertaken in order to test whether recruitment of β-arrestin2 was affected 

by SB269,652 in the same manner as G protein coupling. Agonist-induced recruitment of  β-

arrestin2 to D2 receptor was determined by a BRET assay. The addition of dopamine to cells co-

expressing β-arrestin2-mVenus and D2L-Rluc8 induced a concentration-dependent increase in the 

BRET signal (data not shown). Sulpiride and SB269,652 given alone did not alter the BRET signal 

(Fig. 6). The effect of dopamine was completely prevented by pre-incubation with the competitive 

antagonist sulpiride with a pIC50 of 7.68 ± 0.03 nM, whereas it was reduced about 36% by 

SB269,652 with a pIC50 of 5.28 ± 0.03 μM  (Fig. 7). These results show that, at least at D2 

receptors,  SB269,652 affects recruitment of β-arrestin2 in the same way as G protein coupling. 

 

Schild analysis of the actions of SB269,652 at D3 and D2 receptors in [35S]-GTPγS binding 

assays. This last set of experiments was performed to further underpin the allosteric nature of 

SB269,652, and to estimate its affinity and cooperativity at dopamine D3 and D2 receptors. In CHO-

D3 cells, increasing concentrations of SB269652 induced a non-proportional rightward shift of the 

dose-response curve of dopamine with a significant decrease of agonist efficacy (Fig. 8A). Plotting 

the data by the Schild method of linear regression gave a slope significantly less than 1 (0.27). The 

predicted affinity of SB269,652 for the putative allosteric site at D3 receptors, calculated by the 

method of Ehlert (1988) for curvilinear Schild plots, was 0.17 ± 0.05 nM and the cooperative factor 

α was 0.002 ± 0.0002 (Fig. 8B). 
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As for D3 receptors, the decrease in potency of dopamine-mediated [35S]GTPγS binding to 

Gαi3 was not proportional to the increase in SB269,652 concentrations at D2 receptors (Fig. 8C). 

Schild analysis yielded a slope significantly less than 1 (0.3). The predicted affinity of SB269,652 

for the putative allosteric site on D2 receptors was 13.1 ± 4.3 nM and the cooperative factor α was 

0.23 ± 0.01 (Fig. 8D). 
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DISCUSSION 
 
Binding profiles of SB269,652 at dopamine D3 and D2 receptors. At cloned, D3 receptors, 

SB269,652 potently and completely inhibited the binding of two chemically-distinct radiolabeled 

antagonists. However, increasing the concentration of the radioligands to 10 times their KD 

unmasked the limited ability of maximal concentrations of SB269,652 to inhibit specific binding. In 

contrast to D3 receptors, SB269,652 less potently suppressed the binding of [3H]nemonapride and 

[3H]spiperone to D2 receptors, and inhibition of radioligand binding by SB269,652 plateaued at sub-

micromolar concentrations. Furthermore, saturation binding experiments with and without a fixed 

concentration of SB269,652 showed a decrease in Bmax with no change in Kd, a typical feature of  

non-competitive antagonism. This distinctive binding profile of SB269,652 at D3 and D2 receptors 

differentiates SB269,652 both from the preferential D2 antagonist, L741,626, and from other 

ligands, including antipsychotics (like sulpiride and haloperidol), and highly “selective” D3 receptor 

antagonists (like S33084 and SB277,011) (Millan et al., 2000a, b; Reavill et al., 2000). 

These results raise the possibility that SB269,652 is not competing for radioligands at orthosteric D3 

and D2 binding sites, but rather affecting their binding through an allosteric binding site. Our studies 

with chimeric D3/D2 receptors indicated an essential role for both the first and second extracellular 

loops in the higher potency of SB269,652 at D3 receptors, consistent with an allosteric site more 

extracellular than the orthosteric site located in a hydrophobic core created by the TMSs. 

The muscarinic acetylcholine receptors, and in particular the M2 subtype, are amongst the 

best-characterized Family A GPCRs with respect to allosteric modulation by small molecules. The 

location of allosteric sites on these receptors have been studied in detail and EL-II and -III and the 

proximal part of the adjacent TMSs have been implicated in binding allosteric compounds (Matsui 

et al., 1995; Prilla et al., 2006). Single residues, like tyrosine 177 in EL-II and tryptophan 422 in 

TM-VII of M2 can account for the selectivity of structurally different allosteric agents (Prilla et al., 

2006). Further experiments with 1), chimeric D3/D2 receptors in which domain exchanges are less 

extensive (Alberts et al., 1998) and 2), receptors sustaining point mutations (Shi and Javitch, 2004; 

Ballesteros et al., 2001) would be instructive for more detailed characterisation of the proposed 

binding sites of SB269,652 on D3 and D2 receptors. Strong negative cooperativity for 

[3H]nemonapride and [3H]spiperone would explain why SB269,652 abolishes the binding of lower 

concentrations of these radioligands at D3 sites, while weak negative cooperativity for these 

radioligands would explain why “saturating concentrations” of SB269,652 only partially affect 

binding at D2 sites. As discussed below, the hypothesis of an allosteric effect of SB269,652 at D3 

and D2 site is corroborated by a series of functional experiments. 
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Antagonism of G-protein signalling, ERK1/2 and β-arrestin recruitment. SB269,652 abolished 

dopamine-induced activation of Gαi3 in CHO-D3 cells; an inhibitory effect that became partial 

when the dopamine concentration was raised to 10 µM. As previously described in CHO cells, Gαi3 

is a major link between D3 receptors and downstream cellular cascades such as ERK1/2 

phosphorylation (Ahlgren-Beckendorf and Levant, 2004; Neve et al., 2004). The recruitment of 

ERK1/2 by D3 receptors is a pertussis toxin-sensitive phenomenon involving Gβγ subunits, an 

atypical Protein Kinase C, and the Phosphoinositide 3-kinase (Cussac et al., 1999; Newman-

Tancredi et al., 1999; Beom et al., 2004; Neve et al., 2004). In the present study, as expected from 

experiments exploring the effects of SB269,652 upon G-protein coupling to D3 receptors, 

phosphorylation of ERK1/2 and protein kinase B (Akt) (Supplemental data) (Beaulieu et al., 2009) 

stimulated by dopamine was potently abolished by SB269,652 in CHO-D3 cells underpinning its 

antagonist properties at D3 receptors. 

Contrasting with D3 receptors, SB269,652 only partially antagonized the recruitment of Gαi3 

and Gαqi5 by dopamine in CHO-D2 and Flp-In T-REx 293 cells, respectively. In addition, the 

dopamine-mediated ERK1/2 phosphorylation in CHO-D2 cells was also partially inhibited by 

SB269,652. As shown in Supplemental data a series of  functional assays (phosphorylation of Akt 

and measurement of cAMP accumulation) confirmed the partial effect of SB269,652 at D2 

receptors. All together these results suggest that pertussis toxin-sensitive G-protein mediated 

signalling is only weakly and sub-maximally affected by SB269,652 at D2 transfected cells.  
Initially, the recruitment of β-arrestins was thought to be mainly involved in receptor 

desensitization (DeWire et al., 2007; Kendall and Luttrell, 2009). Recent data indicate that β-

arrestins can also recruit signaling cascades independently of G protein activation by forming 

multiprotein scaffolds that bring components of specific signaling pathways into close proximity 

(DeWire et al., 2007; Kendall and Luttrell, 2009). The BRET assay showed that SB269,652 only 

partially antagonized the recruitment of β-arrestin2 at D2 receptor expressing cells. These results 

indicate that both G-proteins and β-arrestin-mediated signalling are similarly modulated by 

SB269,652; reinforcing the hypothesis of the allosteric nature of this compound. 

 

Allosteric interaction of SB269,652 with D3 and D2 receptors: Schild and kinetic analysis. The 

above discussed binding and functional data collectively suggest that SB269,652 does not compete 

with radiolabeled ligands at the orthosteric site of D3 and D2 receptors, but rather acts via an 

allosteric effect. Indeed, negative allosterism would explain why “saturating concentrations” of 

SB269,652 only partially compete with binding of radiolabeled ligands. Whereas a competitive 

ligand will decrease the bound radioligand down to nonspecific levels, the maximal inhibition 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 11, 2010 as DOI: 10.1124/mol.110.065755

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #65755 

 17   

produced by an allosteric antagonist will depend upon the magnitude of the cooperativity factor, α, 

and the concentration of the radioligand. The lower the degree of negative cooperativity and the 

higher the concentration of the radioligand, the less the allosteric antagonist will inhibit. For 

example, the prototypical allosteric modulator of muscarinic M2 receptors gallamine, which is 

characterized by negative cooperativity, completely inhibits specific binding of radioligands when 

evaluated at their KDs, but increasing the concentration of the radioligand to 10 times the KD 

unmasks the limited ability of the negative allosteric modulator to inhibit specific binding (Lazareno 

and Birdsall, 1995; Christopoulos and Kenakin, 2002; May et al., 2007). Herein, this occurred with 

D3 receptors in both binding and functional assays where increasing the concentration of the 

radioligand and the agonist, respectively, unmasked the limited ability of SB269,652 to inhibit 

binding and function. 

Two further arguments favour an allosteric interaction of SB269,652 with D3 and D2 

receptors.  

First, in CHO cells expressing D2 receptors, increasing concentrations of SB269,652 elicited 

a non-proportional rightward shift of the dopamine concentration-response curve in [35S]GTPγS 

binding assay without a significant change of agonist efficacy. This observation is compatible with 

the influence of an allosteric modulator upon orthosteric ligand affinity. In addition, a notable 

deviation from linearity was observed in the Schild analysis, a phenomenon occurring with 

allosteric antagonism and reflecting the saturable nature of the antagonism (Christopoulos and 

Kenakin, 2002). 

Concerning D3 receptors, a non-proportional rightward shift of the dopamine concentration-

response curve was also observed in [35S]GTPγS binding assay. In this functional assay, high 

concentrations of SB269,652 elicited a strong decrease of agonist efficacy at D3 sites compatible 

with an allosteric compound. In addition, the displacement of the dopamine concentration-response 

curves by SB269,652 also reached a plateau, as reported for D2 receptors; suggesting a negative 

allosteric effect (Christopoulos and Kenakin, 2002). In line with this allosteric profile of 

SB269,652, the Schild regression deviated from a straight line with a slope less than 1. 

Second, at D2 and D3 receptors, binding kinetics of [3H]nemonapride and [3H]spiperone 

were clearly modified in the presence of SB269,652 as compared to the two orthosteric antagonists, 

haloperidol and sulpiride. Interestingly, at both D3 and D2 receptors, dissociation kinetics was 

decreased by SB269,652. This finding could be interpreted as SB269,652 physically occluding the 

orthosteric site so that competitive antagonists are unable to readily leave (or enter) the site if the 

allosteric modulator is present (Christopoulos and Kenakin, 2002; May et al., 2007). To compensate 
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for this reduction in off-rate, there was a proportional decrease in on-rate that left the ratio between 

the dissociation and association rate constants unchanged.   

Collectively, then, four complementary lines of evidence strongly indicate that SB269,652 

behaves as a negative allosteric modulator at both D2 and D3 receptors. Two recently developed 

compounds, (−)-OSU6162 and ACR16, were also suggested to act allosterically at D2 receptors, 

though data were complex and supporting evidence limited (Rung et al., 2008; Tamminga and 

Carlsson, 2002). The stimulation of dopamine-induced [35S]GTPγS incorporation by low (−)-

OSU6162 concentrations was attributed to an allosteric site, while higher concentrations of (−)-

OSU6162 antagonized dopamine by an action at the orthosteric site. A mixed competitive/allosteric 

interaction was also proposed for amiloride and its nitrogen-substituted derivatives on the basis of 

kinetic and equilibrium binding data (Hoare and Strange, 1996). In contrast to (−)-OSU6162, 

amiloride, and its nitrogen-substituted derivatives, SB269,652 appears to be a "pure" allosteric 

compound at D2 and D3 receptors. 

 

Concluding remarks. To summarize, the chemically-distinct tetrahydroisoquinoline derivative, 

SB269,652, behaves as a highly potent allosteric antagonist at recombinant D3 receptors, whereas it 

less potently and sub-maximally interferes with D2 receptors. As such, SB269,652 should prove of 

unique utility for the definition of actions mediated via D3 as compared to D2 receptors, both in 

cellular and in “in vivo” procedures. Furthermore, SB269,652 could prove useful as a lead for the 

design of novel allosteric ligands at D2 and or D3 receptors with potential advantages relative to 

conventional orthosteric agents in the treatment of psychiatric and neurological disorders. 
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 FIGURE LEGENDS 

 

Figure 1. Chemical structure of SB269,652 ([1H-indole-2-carboxylic acid {4-[2-(cyano-3,4-

dihydro-1H-isoquinolin-2-yl)-ethyl]-cyclohexyl}-amide]). 

 

Figure 2. Inhibition isotherms by SB269,652 of radioligand binding to D3 and D2 receptors. 

Influence of SB269,652 upon the binding of 0.2 nM [3H]nemonapride (filled symbols) and 0.5 nM 

[3H]spiperone (open symbols) to D2 and D3 receptors stably transfected in CHO cells (panel A). 

Influence of SB269,652 upon the binding of 0.2 nM and 2 nM concentrations of [3H]nemonapride 

(panel B) and 0.5 and 5 nM concentrations of [3H]spiperone (panel C) to D3 receptors. In the last 

two experiments the total amount of protein in each sample was ~10 μg. Isotherms are 

representative of single experiments, each of which was undertaken 4 times and performed in 

triplicate. 

 

Figure 3. Effect of haloperidol, sulpiride and SB269,652 on the rate of radioligand dissociation 

from dopamine D3 and D2 receptors expressed in CHO cells. Dissociation rate kinetics were 

measured for [3H]nemonapride (panels A and B) binding to membranes containing D3 and D2 

receptors respectively and for [3H]spiperone (panel C) binding to membranes containing the D2 

receptors. The dissociation rates were measured by first equilibrating dopamine receptors with 

radioligands at 30°C followed by 100-fold dilution and addition of excess (10 μM) nonisotopic 

antagonist (haloperidol, sulpiride or SB269,652). Kinetics are from representative experiments, 

each of which was undertaken 5 (A), 4 (B) or 2 (C) times and performed in triplicate. 

 

Figure 4. Antagonism by SB269,652 and L741,626 of D3 and D2 receptor-coupled Gαi3 

activation as determined by antibody-capture/scintillation proximity assays. Studies were 

performed at D3 and D2 receptors stably expressed in CHO cells. Panel A: Concentration-dependent 

antagonism by SB269,652 of dopamine (1 μM) induced Gαi3 activation at CHO cell-expressed D3 

receptors. Partial inhibition was attained when dopamine concentration was rised to 10 μM. Panel 

B: Concentration-dependent, but partial, attenuation by SB269,652 of dopamine (1 and 10 μM) 

induced Gαi3 activation at CHO cell-expressed D2 receptors. Data are means ± SEMs of 3 

independent experiments, each performed in triplicate. 

 

Figure 5. Influence of SB269,652 and sulpiride on quinpirole induced D2 activation of Gαqi5 

detected with an aequorin assay. Antagonist effect of sulpiride and SB269,542 in presence of two 
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different concentration of quinpirole in Flp-In T-REx 293 cells cotransfected with D2L and Gαqi5 

protein. Data are means ± SEMs of 3 independent experiments, each performed in triplicate. 

 

 

Figure 6. Influence of SB269,652 upon D3 and D2 receptor-coupled ERK1/2 phosphorylation, 

as determined by immunoblot assays. Studies were performed at D3 and D2 receptors stably 

expressed in CHO cells. Panel A, Concentration-dependent antagonism by SB269,652 of dopamine 

induced ERK1/2 phosphorylation at CHO cell-expressed D3 receptors and Panel B, Concentration-

dependent but partial attenuation by SB269,652 of dopamine-induced ERK1/2 phosphorylation at 

CHO cell-expressed D2 receptors. The concentration of dopamine was 1 µM and 0.1 µM for D3 and 

D2 receptors, respectively. Data are means ± SEMs of 3 independent experiments, each performed 

in triplicate. 

 

Figure 7. Recruitment of β-arrestin2 to the dopamine D2 receptor detected by BRET assay. 

Flp-In T-Rex 293 cells were stably transfected with human  β arrestin2-mVenus as acceptor and 

Flag -D2L-Rluc8 as donor (see Methods). Cells were treated with sulpiride or SB269,652 at room 

temperature for 30 min, incubated with 5 µM of coelenterazine h for 5 min, and then treated with 10 

µM dopamine. The BRET signal was determined at 5 min by calculating the ratio of the light 

emitted by mVenus (510-540nm) over the light emitted by Rluc8 (485nm). Data are means ± SEMs 

of 3 independent experiments, each performed in triplicate. 

 

Figure 8. Schild analysis of the influence of SB269,652 upon dopamine-induced [35S]GTPγS 

binding to Gαi3 at D3 and D2 receptors expressed in CHO cells. Panel A, Concentration-response 

curves of dopamine for activation of Gαi3 at D3 receptors evaluated in the absence ( ) or presence 

of incremental concentrations of SB269,652 and Panel B,  Schild plot transformation of data in 

Panel A. Panel C, Concentration-response curves of dopamine for activation of Gαi3 at D2 receptors 

evaluated in the absence ( ) or presence of incremental concentrations of SB269,652 and Panel D,  

Schild plot transformation of data in Panel C. In Panels B and D, the points are fitted according to 

the allosteric model of Ehlert (1988) and correspond to the behavior expected for a negative 

allosteric modulator. Graphs are from representative experiments, each of which was undertaken 3 

times and performed in triplicate. 
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TABLE 1. Equilibrium and kinetic binding experiments of [3H]nemonapride in the presence 

and absence of a fixed concentration of SB269,652 in stable transfected CHO-D2 and CHO-D3 

cells.   

All values are the means ± SEMs of 3 experiments, each of which was performed in triplicate. The 

concentration of [3H]nemonapride in association binding experiments was 0.65 nM. Data are the 

means ± SEMs of two experiments each performed in triplicate. The Koff values reported in the 

Control boxes for D2 and D3 receptors are the averages of values specified in the text for 

dissociations performed in the presence of haloperidol or sulpiride. 

 

 CHO-D2 CHO-D3 
Saturation binding Kd (nM) Bmax (fmol/mg of 

protein) 
Kd (nM) Bmax (fmol/mg of 

protein) 
Control 0.195 ± 0.014 3218 ± 77.8 0.421 ± 0.035 4932 ± 173 
SB269,652 (10 nM)   0.409 ± 0.034 3395 ± 117 
SB269,652 (10 µM) 0.196 ± 0.013 2271 ± 51.3 0.447 ± 0.074 564 ± 40.3 
     
Binding kinetics Kob (min-1) Kon (min-1nM-1) Kob (min-1) Kon (min-1nM-1) 
Control 0.153 ± 0.007 0.2008 0.295 ± 0.019 0.3594 
SB269,652 (50 nM)   0.025 ± 0.003  
SB269,652 (10 µM) 0.054 ± 0.008 0.0723 0.019 ± 0.002 0.0185 
 Koff (min-1) Koff /Kon (nM) Koff (min-1) Koff /Kon (nM) 
Control 0.0225 0.112 0.0615 0.171 
SB269,652 (10 µM) 0.007 ± 0.0003 0.097 0.007 ± 0.0003 0.378 
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TABLE 2 Affinity constants (IC50corr) of SB269,652 for wild type D3 and D2 and chimeric 

dopamine D3/D2 receptors in transiently transfected COS-7 cells.   

The amount of cDNA transiently transfected into COS-7 cells was 4 μg in each case. The 

concentration of [3H]nemonapride in displacement experiment was 2 nM. IC50corr = IC50 corrected 

for [3H]nemonapride occupancy. Data are the means ± SEMs of at least three experiments each 

performed in triplicate. 

 

 
[3H]nemonapride  SB269,652 Wild type and 

chimeric receptors (Kd nM) (IC50corr, nM) % inhibition 

D2 wild type 0.03 ± 0.004 8.23 ± 0.71  8.1 ± 7.5% 
 

 

D3 wild type 0.04 ± 0.01 0.69 ± 0.13 80.1 ± 2.7% 
 

 

Chimera A 0.03 ± 0.003 9.12 ± 1.42 13.8 ± 3.2% 
 

 

Chimera B 0.04 ± 0.01 5.92 ± 0.63 44.1 ± 1.8% 
 

 

Chimera C 0.03 ± 0.003 5.86 ± 0.32 47.9 ± 1.7% 
 

 

Chimera D 0.04 ± 0.002 6.09 ± 0.42 52.5 ± 1.7% 
 

 
Chimera E 0.03 ± 0.01 0.31 ± 0.02 91.6 ± 2.8% 

 

 

Chimera F 0.03 ± 0.003 0.21 ± 0.01 80.1 ± 2.5% 
 

 

Chimera G 0.04 ± 0.01 5.98 ± 0.17 31.3 ± 2.6% 
 

 

Chimera H 0.06 ± 0.01 7.07 ± 0.69 79.6 ± 1.7% 
 

 

Chimera I 0.04 ± 0.01 1.38 ± 0.1 89.9 ± 1.3% 
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