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ABSTRACT 

Arrestins mediate G protein-coupled receptor desensitization, internalization, and signaling.  

Dopamine D2 and D3 receptors have similar structures, but distinct characteristics of interaction 

with arrestins.  The goals of this study were to compare arrestin-binding determinants in D2 and 

D3 receptors other than phosphorylation sites and to create a D2 receptor that is deficient in 

arrestin binding.  We first assessed the ability of purified arrestins to bind to glutathione S-

transferase (GST) fusion proteins containing the receptor third intracellular loops (IC3).  

Arrestin3 bound to IC3 of both D2 and D3 receptors, with the affinity and localization of the 

binding site indistinguishable between the receptor subtypes.  Mutagenesis of the GST-IC3 

fusion proteins identified an important determinant of the binding of arrestin3 in the N-terminal 

region of IC3.  Alanine mutations of this determinant (IYIV212-215) in the full-length D2 

receptor generated a signaling-biased receptor with intact ligand binding and G-protein coupling 

and activation, but deficient in receptor-mediated arrestin3 translocation to the membrane, 

agonist-induced receptor internalization, and agonist-induced desensitization in human 

embryonic kidney 293 cells.  This mutation also decreased arrestin-dependent activation of 

extracellular signal-regulated kinases.  The finding that non-phosphorylated D2-IC3 and D3-IC3 

have similar affinity for arrestin is consistent with previous suggestions that the differential 

effects of D2 and D3 receptor activation on membrane translocation of arrestin and receptor 

internalization are at least in part due to differential phosphorylation of the receptors.  In addition, 

these results imply that the sequence IYIV212-215 at the N-terminus of IC3 of the D2 receptor is 

a key element of the arrestin binding site. 
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Introduction 

The non-visual arrestins arrestin2 and 3 (also termed β-arrestin1 and 2) are cytosolic 

proteins involved in homologous desensitization and resensitization of G protein-coupled 

receptors (GPCRs), and serve as adaptors to link GPCRs to the endocytotic machinery. Arrestins 

also redirect GPCRs to alternative, G protein-independent signaling pathways (Pierce and 

Lefkowitz, 2001). Although most or all GPCRs bind arrestins, and phosphorylated serine and 

threonine residues often comprise part of the arrestin binding site, little information is available 

concerning other structural features of receptors that cause them to be recognized by arrestins.  

Three D2-like receptors, D2, D3, and D4, have been identified.  D2-like receptors are the 

major targets of antipsychotic drugs.  When activated, they couple to the Gi/o family of G 

proteins and regulate adenylate cyclases, potassium channels, calcium channels, and other 

effectors (Neve et al., 2004).  Despite close sequence homology between D2 and D3 receptors, 

agonist-induced receptor phosphorylation, arrestin translocation to the plasma membrane, and 

receptor internalization for the two subtypes differ dramatically.  These differences can be 

attributed primarily to IC2 and IC3 of the two receptors (Kim et al., 2001).  

Numerous studies have examined the role of IC2, IC3, and the carboxyl-terminus of GPCRs 

in receptor internalization.  In the classic model of G protein-coupled receptor kinase- (GRK-) 

and arrestin-mediated intracellular trafficking of GPCRs, GRK phosphorylates residues in the 

intracellular segments of receptors, recruiting arrestin to bind to the phosphorylated residues and 

to other residues whose accessibility is regulated by receptor phosphorylation and by the 

activation state of the receptor (Pierce and Lefkowitz, 2001; Lee et al., 2000; Kim et al., 2004; 

Gurevich and Gurevich, 2006). One way to quantify the contribution of non-phosphorylated 

residues to the binding of arrestin is to use peptides representing intracellular receptor domains, 
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either measuring their ability to inhibit arrestin binding to receptors or measuring direct binding 

of arrestin to the receptor fragments.  Such studies have demonstrated that arrestin binds to 

multiple unphosphorylated intracellular domains of GPCRs (Wu et al., 1997; Gelber et al., 1999; 

Cen et al., 2001; Han et al., 2001; DeGraff et al., 2002; Macey et al., 2004; Macey et al., 2005). 

To identify non-phosphorylated arrestin-binding sites of D2 and D3 receptors, we generated 

glutathione S-transferase (GST) fusion proteins of intracellular loops of the receptors and used 

them in direct binding assays with purified arrestins. We now report that arrestin3 bound avidly 

to IC3 of both receptors.  Binding of arrestin3 to D2-IC3 required 4-5 residues at the N-terminus 

of the loop.  Simultaneous substitution of alanine for four of these residues in the full-length D2 

receptor abolished receptor-mediated recruitment of arrestin3 to the membrane, agonist-induced 

receptor internalization, and agonist-induced desensitization of cyclic AMP accumulation in 

HEK 293 cells and decreased arrestin-dependent activation of extracellular signal-regulated 

kinases (ERKs), without altering high- or low-affinity agonist binding to the receptor and the 

potency of agonist for inhibition of cyclic AMP accumulation.  Our data suggest that the D2-A4 

mutant differentiates between G protein- and arrestin-dependent responses to receptor activation. 
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Materials and Methods 

Materials.  [3H]spiperone (83 Ci/mmol) was purchased from GE Healthcare (Little Chalfont, 

Buckinghamshire, UK), and [3H]sulpiride (77.7 Ci/mmol) from PerkinElmer Life and Analytical 

Sciences (Boston, MA).  Serum was purchased from Hyclone Laboratories (Logan, UT). 

Dopamine, (+)-butaclamol, haloperidol, and most reagents, including culture medium, were 

purchased from Sigma-Aldrich (St. Louis, MO). Antibodies used include: mouse anti-rat 

arrestin2 (A47520 from BD Transduction Laboratories, Lexington, KY), mouse anti-human 

arrestin3 (sc-13140 from Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-dually 

phosphorylated (i.e., activated) ERKs (44-680G from Biosource International, Camarillo, CA), 

p44/42 MAP kinase antibody (i.e., total ERKs; #9102 from Cell Signaling Technology, Danvers, 

MA), and secondary antibodies horseradish peroxidase conjugated goat anti-mouse IgG (31430, 

from Pierce Biotechnology, Rockford, IL) and horseradish peroxidase conjugated goat anti-

rabbit IgG (#1858415 from Pierce Biotechnology).  The cyclic AMP EIA kit was from Cayman 

Chemical (Ann Arbor, MI).  Arrestin-3-pCMV5 was a generous gift from Dr. Marc Caron. 

Generation of GST Fusion Proteins and D2 Receptor Constructs.  For construction of the 

GST fusion proteins the IC3 of the rat dopamine D2L receptor (D2-IC3), amino acids 211-371, 

and IC3 of the rat dopamine D3 receptor (D3-IC3), amino acids 210-372, were amplified by 

polymerase chain reaction, subcloned into SpeI-XhoI sites in pET-41a(+) (Novagen, Madison, 

Wisconsin), transformed into NovaBlue competent cells, sequenced, and subsequently 

transformed into Rosetta 2(DE3) competent cells (Novagen, Madison, Wisconsin). For 

purification of GST fusion proteins, Rosetta 2(DE3) cells were grown in 2X YTK medium 

containing kanamycin (50 μg/ml) at 37 °C to A600 = 0.8 and induced with 1 mM isopropyl-β-D-

thiogalactopyranoside for 2 h at 32 °C. Cells were pelleted, resuspended in lysis buffer (50 mM 
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Tris, 1 mM EDTA, 0.5 mg/ml lysozyme, pH 8.0) containing Complete protease inhibitor tablet 

(Roche Diagnostics, Mannheim, Germany), and incubated for 20 min with gentle rotation at 

room temperature. The homogenates were clarified by centrifugation, and supernatants were 

applied to microcentrifuge tubes containing Glutathione Sepharose 4B beads (GE Healthcare), 

and purified as described by the manufacturer. To quantify the amounts of fusion proteins, SDS 

sample loading buffer was applied to beads bound with purified proteins, samples were separated 

by SDS-PAGE and the gel was stained with Gel Code Blue (Pierce, Rockford, IL). BSA was 

used as a standard. 

The D2-IC3 substitution mutants, the A4 mutant (myc-D2-IYIV212-215A4), and the 

IC3ΔMID mutant (myc-D2-IC3ΔMID) were constructed using the QuikChange mutagenesis kit 

(Stratagene, La Jolla, CA) through one or more mutagenesis steps, with GST-D2-IC3 or the myc-

D2 receptor as a template. The IC3 truncation mutants were generated using a QuikChange 

method modified to introduce large truncations (Makarova et al., 2000) with GST-D2-IC3 or 

GST-D3-IC3 plasmid as template. The myc-D2 receptor (referred to herein as wild type D2 to 

differentiate it from the D2-A4 mutant) was constructed by cloning a rat D2L receptor cDNA into 

SfiI-XhoI sites in the pCMV-Myc vector (BD Biosciences Clontech, Mountain View, CA). 

Purified Arrestin Binding to GST Fusion Proteins.  To obtain purified arrestins, plasmids 

were expressed in BL21 cells and arrestins purified using heparin-Sepharose chromatography, 

followed by Q-Sepharose chromatography (Han et al., 2001).  GST fusion proteins bound to 

glutathione Sepharose 4B beads were incubated with purified bovine arrestin2 or arrestin3 in 

arrestin binding buffer (25 mM Tris-HCl, 150 mM NaCl, pH 7.2, Complete protease inhibitor 

tablet, 0.1% Triton X-100) for 30 min at room temperature. Incubation mixtures were washed 

four times in wash buffer (arrestin binding buffer without protease inhibitors), and the proteins 
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were released with SDS sample loading buffer. Proteins were separated by SDS-PAGE, 

transferred to PVDF membranes that were then blocked with 5% nonfat-dry milk in Tris-

buffered saline (TBS), and detected by immunoblotting using anti-arrestin2 (1:300 dilution in 

TBS) or anti-arrestin3 (1:400 dilution in TBS) antibody, with horseradish peroxidase-conjugated 

goat anti-mouse IgG (1:10,000 dilution in TBS) as secondary antibody. Visualization of the 

secondary antibody was performed using the SuperSignal West Pico Chemiluminescence kit 

(Pierce, Rockford, IL) and quantified by IP Lab (Scanalytics, Fairfax, VA). The amount of 

bound arrestin2 or arrestin3 was calculated from linear regression of a standard curve generated 

using background optical density (i.e., no arrestin) and 3-6 concentrations of arrestin2 or 

arrestin3 varying between 0.25 and 20 ng. Saturation analysis of the binding of arrestin was 

carried out by incubating various concentrations of arrestin2 or -3 with a fixed concentration of 

GST alone (150 or 175 ng) or GST-IC3 (300 ng) for 30 min at room temperature.  The resulting 

concentration-response curves were analyzed by nonlinear regression using Prism 3.0 (Graphpad 

Software) and statistical comparisons of the curves were made using two-way ANOVA followed 

by Bonferroni post test analysis.  In experiments where only one concentration of arrestin was 

used, statistical significance was evaluated using a paired t test.  

Internalization Assay.  Internalization was measured using the intact cell [3H]sulpiride binding 

assay described by Itokowa et al. (Itokawa et al., 1996).  HEK 293 cells grown to 80% 

confluency were co-transfected with 30 ng D2 wild type, 10 μg D2-A4 mutant receptor DNA (the 

A4 mutant was expressed on the membrane at a lower density so a greater amount of DNA was 

used to achieve similar expression levels), or 100 ng D2-IC3ΔMID mutant receptor DNA and 3 

μg arrestin3-pCMV5 using Lipofectamine2000 (Invitrogen, Carlsbad, CA). Cells were split into 

2 plates after 12 h, and 2 days later rinsed once with pre-warmed, calcium- and magnesium-free 
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phosphate-buffered saline (CMF-PBS; 138 mM NaCl, 4.1 mM KCl, 5.1 mM sodium phosphate, 

5 mM potassium phosphate, and 0.2% glucose, pH 7.4), and pre-incubated for 15 min with pre-

warmed, CO2-saturated serum-free Dulbecco’s modified Eagle’s medium containing 20 mM 

HEPES, pH 7.4, at 37 °C. Cells were stimulated with 10 μM dopamine in the same HEPES-

buffered medium at 37 °C for 20 min. Stimulation was terminated by quickly cooling the plates 

on ice and washing the cells three times with ice-cold calcium-, magnesium-free phosphate-

buffered saline (CMF-PBS), after which cells were removed from the plate in 2 ml of ice-cold 

CMF-PBS assay buffer (CMF-PBS containing 2 mM EDTA and 0.001% bovine serum albumin).  

Cells were gently mixed, added to assay tubes in a final volume of 250 μl with [3H]sulpiride (5 

nM final concentration), and incubated at 4 °C for 150 min in the absence and presence of 

unlabeled haloperidol (10 μM final concentration). The assay was terminated by filtration 

through Whatman GF/C filters presoaked with 0.05% polyethylenimine using a 96-well Tomtec 

cell harvester (Orange, CT) and ice-cold wash buffer (10 mM Tris-HCl, pH 7.4, 0.9% NaCl). 

Filters were allowed to dry, and BetaPlate scintillation fluid (50 μl) was added to each sample. 

Radioactivity on the filters was determined using a Wallac 1205 BetaPlate scintillation counter 

(Gaithersburg, MD). To confirm the expression of arrestin3, the remaining cells were pelleted 

and resuspended with ice-cold lysis buffer (20 mM HEPES, 20 mM NaCl, 5 mM EDTA, 0.5% 3-

[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) and Complete protease 

inhibitor tablet). The suspensions were gently rocked on an orbital shaker at 4 °C for 60 min and 

then were centrifuged at 100,000 x g for 30 min at 4°C. The supernatant was saved and 

immunoblotting of overexpressed arrestin3 was performed as described below. 

Arrestin3 Translocation.  Transient expression of wild type D2 or D2-A4 mutant receptor with 

arrestin3 and dopamine stimulation of cells were performed as described above, except that each 
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plate was split into 3 plates after transfection (one plate for the intact cell [3H]sulpiride binding to 

detect the levels of receptor expression, performed as described above but without dopamine 

treatment). Stimulation was terminated by quickly cooling the plates on ice and washing the cells 

once with ice-cold CMF-PBS. Cells were lysed with 1 ml ice-cold lysis buffer (20 mM HEPES, 

20 mM NaCl, 5 mM EDTA, and Complete protease inhibitor tablet), scraped, collected, 

homogenized with a glass-Teflon homogenizer, and sonicated for 8-10 s. Samples were 

centrifuged at 1,000 x g for 10 min at 4 °C. Supernatants were transferred to new centrifuge 

tubes and centrifuged at 100,000 x g for 30 min at 4 °C. Supernatants were collected; pellets 

were rinsed carefully with ice-cold CMF-PBS and then resuspended with 100 μl CMF-PBS. The 

abundance of arrestin3 in both pellet and supernatant fractions was quantified by immunoblotting 

as described above, except with a 1:100 dilution of the anti-arrestin3 antibody and the addition of 

0.1% Tween 20 and 5% dry milk to the incubations with primary and secondary antibodies. 

Radioligand Binding Assays.  Cells expressing wild type D2 receptor or the D2-A4 mutant were 

lysed in ice-cold hypotonic buffer (1 mM Na+HEPES, pH 7.4, 2 mM EDTA) for 15 min, scraped 

from the plate, and centrifuged at 17,000 x g for 20 min.  The resulting crude membrane fraction 

was resuspended with a Brinkmann Polytron homogenizer (Brinkmann Instruments, Westbury, 

NY) at setting 6 for 8 to 10 s in TBS for saturation assays of the binding of [3H]spiperone, or 

resuspended in preincubation buffer (50 mM Tris-HCl, pH 7.4, 0.9% NaCl, 5 mM MgCl2, 1 mM 

dithiothreitol), preincubated for 30 min at 37 °C, centrifuged at 17,000 x g for 10 min, and 

resuspended again in Tris assay buffer (50 mM Tris-HCl, pH 7.4, 6 mM MgCl2, 1 mM EDTA, 1 

mM dithiothreitol, 0.001% BSA, 0.002% ascorbic acid) for competition binding studies in which 

dopamine displacement of the binding of [3H]spiperone was assessed. Membranes (40-100 μg 

protein) were incubated in duplicate in a total reaction volume of 1 ml with [3H]spiperone at 
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concentrations ranging from 0.01-0.6 nM for saturation binding or ~0.1 nM with the appropriate 

concentration of the competing drug dopamine for competition binding. (+)-Butaclamol (2 μM 

final) was used to define nonspecific binding. Reactions were incubated at 37 °C for 45 min and 

terminated by filtration as described above. Data for saturation and competition binding were 

analyzed by nonlinear regression using the computer program Prism 3.0 (GraphPad, San Diego, 

CA) to determine Kd and IC50 values.  Apparent affinity (Ki) values were calculated from the IC50 

values by the method of Cheng and Prusoff (Cheng and Prusoff, 1973).  In all assays, the free 

concentration of radioligand was calculated as the concentration added minus the concentration 

specifically bound. 

Cyclic AMP Accumulation Assay. Wild-type or mutant D2 receptors in pCMV-Myc were 

cotransfected with pcDNA3.1 (for G418 resistance) into HEK 293 cells using 

Lipofectamine2000, and clonal cell line stably expressing the receptors were isolated after 

selection with G418 (800 μg/ml). Cell lines were maintained in Dulbecco’s modified Eagle’s 

medium supplemented with 5% iron-supplemented calf bovine serum, 5% fetal bovine serum 

and 600 μg/ml G418 at 37 °C and 10% CO2. For production of cell lines overexpressing 

arrestin3, stable D2 cell lines were transiently transfected with 3 μg arrestin3-pCMV5. The cyclic 

AMP accumulation assay was performed as described by Liu et al. (Liu et al., 2007), except that 

the agonist dopamine was used and the assay was performed two days after transient transfection. 

The expression of cell surface receptor was determined by intact cell [3H]sulpiride binding. The 

overexpression of arrestin3 was confirmed by immunoblotting as described above.   In some 

experiments, cells were pre-treated with 10 μM dopamine for 20 min at 37°C, followed by 3 

rinses with ice-cold Earle’s balanced salt solution, prior to measuring dopamine inhibition of 

forskolin-stimulated cyclic AMP accumulation for 10 min at 37°C. 
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Immunodetection of ERKs.  Stable expression of D2 receptors and transient expression of 

arrestin3 were performed as described above.  For detection of phosphospecific ERKs, PVDF 

membranes were probed with rabbit anti-dually phosphorylated ERKs (1/100 dilution in TBST 

(TBS + 0.1% Tween 20) with 5% dry milk), followed by horseradish peroxidase conjugated goat 

anti-rabbit IgG (1/200 dilution in TBST with 1% dry milk). Phospho-ERKs were visualized and 

quantified as described above for arrestins. Multiple dilutions of sample WT+arr-DA were used 

to verify that the concentration of phospho-ERKs varied linearly with optical density.  For 

detection of total ERKs, PVDF membranes were blocked with 5% dry milk in TBST, and 

detected by immunoblotting using p44/42 MAP kinase antibody (1/1000 dilution in TBST), with 

horseradish peroxidase conjugated goat anti-rabbit IgG (1/1000 dilution in TBST) as secondary 

antibody.  
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Results 

Robust Binding of Arrestin3 to IC3. GST-D2-IC3 and GST-D3-IC3 were constructed and the 

binding of arrestin determined using an in vitro GST pull-down assay. To identify conditions for 

equilibrium binding, the rate of association of arrestin3 with GST-D2-IC3 was determined. The 

half-time for binding was approximately 2 min and the binding approached equilibrium within 

15 min (data not shown).  Therefore, GST binding assays were carried out for 30 min. Arrestin3 

bound avidly to both GST-D2-IC3 and GST-D3-IC3, showing no apparent difference between the 

two IC3 fusion proteins (Fig. 1, Table 1).  Arrestin2 bound weakly to both fusion proteins (Fig. 

1). 

Identification of Arrestin3 Binding Sites within IC3 of the D2 and D3 Receptors.  

Intracellular residues in proximity to the transmembrane domains are critical for GPCR 

interactions with many cytosolic proteins, so we made truncation/deletion mutants to identify 

regions of arrestin3 binding to IC3, focusing on residues close to those transmembrane domains 

(Fig. 2A). GST pull-down assays revealed that deletion of the first 20 residues of D2-IC3 (D2-

IC3ΔNT20) dramatically decreased its arrestin-binding capability; when the last 20 amino acids 

were deleted (D2-IC3ΔCT20), the binding capability also decreased, though to a lesser extent; 

when both the first and last 20 residues were deleted (D2-IC3Δ(NT20+CT20)), little binding was 

observed (Fig. 2B). In contrast, deletion of ~120 residues comprising all of IC3 except the 20 

residues at each terminus (D2-IC3ΔMID) had little effect on the binding of arrestin.  The arrestin 

binding patterns of the truncation/deletion mutants of the D3 receptor were the same as for the D2 

receptor (Fig. 2C).  

Having localized arrestin3 binding to the first and last 20 residues of IC3, with the N-

terminal segment playing a more important role, we constructed additional N-terminal truncation 
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mutants of D2-IC3 in which the first 5 or 10 or the second 10 amino acids were deleted (Fig. 3A).  

In the GST pull-down assay, deletion of either the first 5 (D2-IC3ΔNT5) or 10 (D2-IC3ΔNT10) 

residues decreased arrestin binding by about 60%, whereas deletion of the second 10 residues 

(D2-IC3ΔNT10-2) had little effect (Fig. 3B). We also made smaller C-terminal 

truncation/deletion mutants, deleting the last 5 or 10 or the penultimate 10 residues, but none of 

these deletions caused a significant reduction in the binding of arrestin (data not shown).  This is 

consistent with the lesser role of the C-terminus suggested by the 20-residue truncation, and 

suggests that any contiguous 10 residues in the C-terminus are sufficient for the smaller 

contribution of the C-terminus to the binding of arrestin. 

Because most of the effect of deleting the N-terminal 20 residues of D2-IC3 could be 

attributed to the first 5 residues (D2-IC3ΔNT5), we made additional mutations within this 

segment (Fig. 4A). Deletion of the first 3 residues (D2-IC3ΔNT3) had no effect on the binding of 

arrestin3 (Fig. 4B). On the other hand, deletion of D2-IC3 residues 2-5 (IYIV212-215 in the D2 

receptor, D2-IC3ΔIYIV) was as deleterious to the binding of arrestin as deletion of the first 5 

residues (D2-IC3ΔNT5) (Fig. 4B).  

Within the cytosolic domains of many integral membrane proteins, the motif YXXφ (where 

Y is tyrosine, X is any amino acid, and φ is an amino acid with a bulky hydrophobic group) 

mediates endocytosis and other intracellular trafficking events (Collins et al., 2002; Vogt et al., 

2005; Boll et al., 1996). A copy of this motif, YIVL213-216, is at positions 3-6 of D2-IC3, and a 

deletion mutant of residues 2-6 that removes the entire motif (D2-IC3ΔIYIVL) caused a 90% loss 

of arrestin binding that was slightly greater than the loss of binding to D2-IC3ΔIYIV (Fig. 4A 

and B) and similar to the 83% loss of binding caused by the N-terminal 20-residue truncation 

(D2-IC3ΔNT20; Fig. 3).  Finally, we mutated IYIV212-215 or IYIVL212-216 to alanines, 
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creating the substitution mutants D2-IC3IYIV212-215A4 and D2-IC3IYIVL212-216A5 that 

correspond to the deletion mutants D2-IC3ΔIYIV and D2-IC3ΔIYIVL (Fig. 4A). Alanine 

substitutions were at least as effective as corresponding deletion mutations at decreasing the 

binding of arrestin (Fig. 4B).  

The A4 Mutation had no Effect on D2 Receptor Affinity for Ligands.  The effect of the A4 

(IYIV212-215A4) mutation in the context of the full-length D2 receptor was evaluated by 

analysis of radioligand binding to membranes prepared from HEK 293 cells transiently 

expressing wild type D2 and D2-A4 mutant receptors. Saturation analysis of the binding of the 

D2-selective antagonist radioligand, [3H]spiperone, yielded Kd values of 83 ± 13 pM and 86 ± 4 

pM for D2 and D2-A4 receptors, respectively (Table II; Fig. 5A). Competition binding analysis of 

the ability of dopamine to decrease the binding of [3H]spiperone indicated that high- and low-

affinity binding of dopamine to the A4 mutant was indistinguishable from binding to the wild 

type D2 receptor (Table II; Fig. 5B), suggesting that the A4 mutation did not alter D2 receptor 

affinity for ligands or coupling to G proteins. 

Inhibition of Cyclic AMP by D2-A4.  The ability of the A4 mutant to inhibit adenylate cyclase 

was also characterized. The potency of the agonist was unchanged by the mutation, either in the 

absence or presence of overexpressed arrestin3 (Fig. 6A and B). Similarly, maximal inhibition of 

cyclic AMP accumulation did not differ significantly between wild type D2 and D2-A4 in the 

absence of added arrestin (Fig. 6C), indicating that the A4 mutation did not affect receptor 

activation of the G proteins mediating inhibition of adenylate cyclase. Overexpression of 

arrestin3 significantly decreased D2 receptor-mediated maximum inhibition of cyclic AMP 

accumulation (57 ± 1%), whereas the maximum inhibition mediated by the A4 mutant was not 
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altered (69 ± 4%), perhaps reflecting the consequences of differential arrestin translocation and 

receptor desensitization and internalization (but see below). 

The A4 Mutation Abolished Arrestin3 Translocation and Receptor Internalization.  The 

functional interaction of D2 and D2-A4 receptors with arrestin was evaluated by quantifying 

agonist-induced translocation of arrestin to the cell membrane and agonist-induced receptor 

internalization in HEK 293 cells transiently co-expressing wild type or mutant D2 receptor and 

arrestin3.  The amount of arrestin3 in the membrane fraction of cells transfected with the wild 

type D2 receptor was doubled from 1.0 ± 0.2 ng of arrestin3 in untreated cells to 2.1 ± 0.3 ng 

after treatment with 10 μM dopamine for 20 min (Fig. 7A). In contrast, in cells coexpressing D2-

A4 and arrestin3, the levels of arrestin3 in the membrane preparations were equal in vehicle- and 

dopamine-treated cells (1.2 ± 0.1 vs. 1.1 ± 0.1, respectively), indicating that the A4 mutation 

prevented dopamine-induced arrestin3 translocation to the plasma membrane (Fig. 7A).  Neither 

D2 nor D2-A4 mediated detectable translocation of arrestin2 in HEK 293 cells co-transfected 

with arrestin2 (data not shown).  

D2 receptor internalization was assessed by quantifying the agonist-induced loss of cell-

surface binding of the hydrophilic ligand [3H]sulpiride in an intact cell binding assay.  In cells 

transiently expressing the wild type D2 receptor and arrestin3, treatment with 10 μM dopamine 

for 20 min decreased binding of [3H]sulpiride by 32 ± 2% (Fig. 7B).  In contrast, co-transfection 

with arrestin2 supported little agonist-induced internalization (data not shown).  Consistent with 

the lack of arrestin3 translocation mediated by the A4 mutant and the role of arrestin binding in 

D2 receptor internalization (Macey et al., 2004), the A4 mutation abolished dopamine-induced 

receptor internalization.  In contrast, the D2-IC3ΔMID mutation (deletion of 121 residues 

comprising all of IC3 except the 20 residues at each terminus; see Fig. 2A) had little effect on 
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receptor internalization (Fig. 7B).  Together, these data suggest that the motif IYIV212-215 at 

the N-terminus of the D2 receptor IC3 is required for a functional interaction between the 

receptor and arrestin3.  

The A4 Mutation Abolished Desensitization of Cyclic AMP Accumulation.  Because of the 

role of arrestin in desensitization of GPCRs, we evaluated the effect of the A4 mutation on 

dopamine-induced desensitization of D2 receptor-mediated inhibition of cyclic AMP 

accumulation.  HEK 293 cells stably expressing wild type or mutant D2 receptors and transiently 

overexpressing arrestin3 were treated with 10 μM dopamine for 20 min prior to measuring acute 

inhibition of forskolin-stimulated activity (Fig. 8).  Dopamine pretreatment caused a decrease in 

the potency of dopamine at the wild type D2 receptor from 3.7 nM (pEC50 = 8.43 ± 0.05) to 16 

nM (pEC50 = 7.78 ± 0.09; p < 0.01), whereas the potency at the D2-A4 mutant receptor was 

unaffected (pEC50 = 7.97 ± 0.03 for vehicle-treated cells vs. 8.12 ± 0.33 for dopamine-treated 

cells).  Maximal inhibition of cyclic AMP accumulation was not altered by dopamine treatment, 

but in this set of experiments the maximal inhibition by D2-A4 was slightly but not significantly 

enhanced compared to wild type D2 (Fig. 8C). 

The A4 Mutation Decreased Arrestin-dependent Activation of ERKs.  Because the D2-A4 

mutation abolished receptor internalization/desensitization and arrestin3 translocation, one 

intriguing issue is whether this mutation inhibits ERK activation.  Receptor-mediated activation 

of ERKs (ERK1, 44 kDa and ERK2, 42 kDa) was measured by quantifying the abundance of 

dually phosphorylated ERKs.  Treatment with dopamine induced rapid and robust activation of 

ERKs in HEK 293 cells expressing either the wild type or the mutant receptor (Fig. 9).  The 

levels of dopamine-stimulated phospho-ERKs for D2 wild type receptor and D2-A4 receptor in 

the absence of overexpressed arrestin were not significantly different (Fig. 9C), which suggested 
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that D2 receptor stimulation of ERKs in HEK 293 cells was independent of arrestin binding to 

the receptor in the absence of arrestin overexpression.  For wild type D2 receptor, overexpression 

of arrestin3 dramatically increased basal (12 fold) and dopamine-induced (2.9 fold) ERK 

phosphorylation, whereas for the A4 mutant the corresponding increments were smaller (3.2 and 

1.5 fold, respectively; Fig. 9A and C).  Thus, the A4 mutation decreased arrestin-dependent 

activation of ERKs.  Similar results were observed with the D2-selective agonist quinpirole (data 

not shown). 

 To assess the G protein-dependence of D2 receptor-mediated activation of ERKs, some 

cells were pretreated with pertussis toxin (PTX; 50 ng/ml overnight) prior to agonist treatment.  

This treatment regimen abolishes D2 receptor inhibition of adenylate cyclase activity and 

coupling to G proteins in a variety of cell lines, including HEK 293 cells (Neve et al., 1989; 

Watts and Neve, 1996; Watts and Neve, 1997; Watts et al., 1998).  PTX treatment greatly 

decreased activation of ERKs by D2 and D2-A4 receptors (Fig. 9), indicating that a major 

component of ERK activation by the D2 receptor in HEK 293 cells requires PTX-sensitive G 

proteins Gαi/o.  PTX treatment also decreased the activation of ERKs in cells overexpressing 

arrestin3, but a substantial PTX-insensitive component may be mediated by arrestin rather than 

Gαi/o.  This PTX-insensitive and arrestin-dependent component is smaller but still present in 

cells expressing D2-A4, suggesting that the mutant receptor retains residual ability to bind 

arrestins. 
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Discussion 

Studies of receptor-mediated translocation of GFP-tagged arrestin to the cell membrane have 

identified IC2 and IC3 as being particularly important for the interaction between D2-like 

receptors and arrestin (Kim et al., 2001).  In the present study, we constructed GST fusion 

proteins as “bait” to identify arrestin-binding subdomains.  We determined that IC3 from both D2 

and D3 receptors bound arrestin3 more avidly than arrestin2.  Our data also indicated that D2-IC3 

and D3-IC3 bound arrestin with similar affinities; this is in contrast to the lower and different 

affinities of D2-IC2 and D3-IC2 for arrestin (Lan et al., 2008).  Four residues at the N-terminus of 

D2-IC3 were critical for arrestin binding.  Alanine mutations of those four residues abolished D2 

receptor-mediated translocation of arrestin and receptor internalization and decreased arrestin-

dependent activation of ERKs, without altering receptor coupling to G proteins and the potency 

of agonist for inhibition of cyclic AMP accumulation, suggesting that the D2-A4 mutant is a 

receptor that is biased towards G protein-mediated signaling pathways and away from arrestin-

dependent pathways. 

Accumulating evidence suggests that multiple mechanisms contribute to GPCR-arrestin 

interactions.  Phosphorylation of receptor intracellular domains by GRKs may promote arrestin 

binding due to electrostatic interactions between negatively charged phosphates on the receptor 

and positively charged arrestin residues that serve as a phosphorylation sensor (Gurevich and 

Gurevich, 2006). These electrostatic interactions may also induce a conformational change in 

arrestin that enhances its binding to the receptor (Gurevich and Gurevich, 2004).  

Phosphorylation of the receptor may also contribute indirectly to arrestin binding by initiating 

conformational changes of the intracellular domains that expose binding sites for arrestin (Kim et 

al., 2004). Receptor activation is also accompanied by conformational changes, exposing 
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receptor sites that interact with a proposed activation sensor in arrestin (Gurevich and Gurevich, 

2006). Because the GST fusion proteins are not phosphorylated, this method does not identify 

receptor phosphorylation sites that bind arrestin, but identifies only determinants of binding that 

are revealed by activation- or phosphorylation-dependent conformational changes of the receptor 

intracellular domains; the determinants are presumably occluded in the inactive and/or 

unphosphorylated full-length receptor but exposed when the receptor fragments are expressed as 

GST fusion proteins, free from constraints imposed by other domains of the intact receptor. Thus, 

this in vitro binding assay may identify both phosphorylation-independent and some 

phosphorylation-dependent determinants of the interaction between receptor and arrestin. 

Arrestin-binding domains/residues vary among GPCRs, based on results from binding 

studies with purified arrestins along with recombinant or synthetic peptides representing receptor 

intracellular fragments. Both arrestin2 and arrestin3 bind to IC3 of the 5-HT2A receptor and the 

δ-opioid receptor, and to the C-terminal domain of δ- and κ-opioid receptors, with certain 

serine/threonine residues in these receptor regions being important for binding (Gelber et al., 

1999; Cen et al., 2001). Binding of arrestin2 to the M3-muscarinic receptor requires both N- and 

C-terminal regions of the IC3 of the M3-muscarinic receptor subdomains, whereas for arrestin3 

the C-terminal region of the IC3 is sufficient for binding (Wu et al., 1997). Attempts to define 

more precisely non-phosphorylated residues that are sites of arrestin binding have identified the 

highly conserved DRY sequence at the N-terminus of IC2 (Hüttenrauch et al., 2002), an 

aspartate residue in IC3 of the luteinizing hormone/choriogonadotropin receptor that is thought 

to mimic a phosphorylated residue (Mukherjee et al., 2002), and BXXBB (B = basic residue, X 

= any) motifs present in the N- and C-terminal portions of IC3 of the α2-adrenoceptors (DeGraff 
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et al., 2002).  Our studies on basic residues in similar locations in the D2 receptor suggest that 

they are not involved in the binding of arrestin3 to this receptor (unpublished observations). 

Our GST pull-down studies demonstrated the ability of D2-like receptor IC3 to bind 

arrestin3 with high affinity (Kd = 70-80 nM).  These values are lower (i.e., higher affinity) than 

the micromolar affinities derived from surface plasmon resonance studies (Cen et al., 2001; Liu 

et al., 2004), closer to the sub-nanomolar affinity of arrestin for the intact phosphorylated active 

receptors(Gurevich et al., 1995), and consistent with estimates of arrestin concentrations in 

neurons (30-200 nM) (Gurevich et al., 2004), suggesting that arrestin affinities for the receptor 

loops are biologically relevant.  Consistent with the view that stronger agonist-induced 

phosphorylation of the D2 receptor than of the D3 receptor contributes to differential patterns of 

translocation of arrestin to cell membrane (Kim et al., 2001), we observed that arrestin bound 

with equal affinity to non-phosphorylated IC3 from both receptors. 

Studies with full-length receptors have used direct binding of arrestin, arrestin translocation, 

and receptor internalization as assays to explore receptor determinants of arrestin binding 

(Gurevich and Gurevich, 2006), although with these assays it is sometimes difficult to 

distinguish between phosphorylated or non-phosphorylated determinants of binding. These 

approaches revealed that receptor elements involved in arrestin binding can be localized almost 

anywhere on the intracellular surface of the receptor, including in the C-terminal tail (Qian et al., 

2001), IC3 (Kim et al., 2001; Lee et al., 2000; DeGraff et al., 2002; Namkung and Sibley, 2004), 

IC2 (Raman et al., 1999; Kim et al., 2001), and IC1 (Raman et al., 1999; Kishi et al., 2002).  The 

present work describes a significant non-phosphorylated determinant of arrestin binding at the N 

terminus of D2-IC3.  
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The predominant pathway for GPCR endocytosis/internalization involves arrestin-dependent 

recruitment into clathrin-coated vesicles (Ferguson, 2001). A number of motifs have been 

proposed to be required for receptor endocytosis, including NP(X2,3)Y, DRYXXV/IXXPL, 

BXXBB, and a dileucine motif, all located within or close to the transmembrane proximal 

domains of IC2, IC3, and the carboxyl-terminus of GPCRs (DeGraff et al., 2002; Barak et al., 

1994; Moro et al., 1994; Arora et al., 1995; Gabilondo et al., 1997). Interestingly, a membrane-

proximal YXXφ motif, where φ is any bulky hydrophobic residue, was reported to interact with 

μ2 subunit of the AP2 complex and to be important for clathrin-mediated endocytosis of many 

integral membrane proteins(Ohno et al., 1995; Boll et al., 1996; Royle et al., 2005; Owen and 

Evans, 1998; Collins et al., 2002; Vogt et al., 2005). In our study, via GST pull-down assays, we 

identified the 5-residue sequence IYIVL at the N-terminus of D2-IC3 that incorporates the YXXφ 

motif and that is required for high-affinity binding of arrestin.  Mutation of four of these residues 

to alanine in the full-length receptor (D2-A4) prevented D2 receptor-mediated translocation of 

arrestin to the membrane, agonist-induced receptor internalization, and desensitization of cyclic 

AMP accumulation associated with overexpression of arrestin, indicating that this sequence is 

required for a functional interaction between the D2 receptor and arrestin.  Importantly, the A4 

mutation did not alter either high-affinity binding of dopamine to the D2 receptor or the potency 

of dopamine for D2-mediated inhibition of cyclic AMP accumulation, suggesting that coupling 

of the mutant receptor to G proteins and the activation of G proteins were not affected by the 

mutation; thus, distinct structural determinants of the D2 receptor mediate its interactions with 

arrestins and G proteins. 

The lack of evidence for binding of arrestin2 to the D2 receptor is surprising in light of an 

earlier publication from this laboratory reporting that the D2 receptor preferentially interacts with 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 22, 2008 as DOI: 10.1124/mol.108.050534

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #50534 
 

 23

arrestin2 over arrestin3 in neostriatal neurons (Macey et al., 2004).  Much of the discrepancy 

could potentially be explained by the type of cell in which the receptor is expressed.  In the 

earlier publication we reported that the preferential interaction with arrestin2 was observed in 

neostriatal neurons, but not in NS20Y neuroblastoma cells, and we concluded that the 

preferential interaction with arrestin2 in neurons was related to compartmentalization of the 

receptor, arrestins, or other interacting proteins rather than to an inherent preference for arrestin3.  

The preferential interaction with arrestin3 in HEK293 cells may be due to the influence of 

similar cell type-dependent factors.  In addition, the preference for arrestin3 described here is 

consistent with work indicating that arrestin3, but not arrestin2, mediates D2 receptor inhibition 

of the protein kinase Akt and methamphetamine-induced locomotor activity (Beaulieu et al., 

2005). 

As a signaling-biased GPCR, capable of activating G protein-regulated signaling pathways 

but with reduced ability to bind arrestin, the D2-A4 mutant receptor is a useful experimental tool.  

Stimulation of some GPCRs induces the assembly of a protein complex in which arrestin acts as 

a receptor-regulated scaffold, recruiting mitogen-activated protein kinase cascades to the agonist-

occupied GPCR and facilitating GPCR-dependent kinase activation (Luttrell et al., 1999; 

McDonald et al., 2000).  That the D2 receptor-mediated activation of ERKs was not affected by 

the A4 mutation but almost entirely prevented by PTX in HEK 293 cells indicates that when the 

abundance of arrestins is low, D2 receptor activation of ERKs is independent of arrestin binding 

to the receptor and mediated predominantly by PTX-sensitive G proteins.  In contrast, 

overexpression of arrestin3 greatly increased the D2 receptor-mediated activation of ERKs, in 

particular enhancing a PTX-insensitive component of ERK activation, but had a much smaller 

effect in cells expressing the arrestin-insensitive mutant D2-A4.  Similarly, parathyroid hormone 
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receptor-mediated activation of ERK in HEK 293 cells is comprised of distinct arrestin- and G 

protein-dependent pathways (Gesty-Palmer et al., 2006).  

Arrestin3 is also a scaffold for Akt and protein phosphatase 2A, and disruption of signaling 

through this protein complex reduces dopamine-dependent behaviors in mice(Beaulieu et al., 

2005).  If arrestin3 binding to the D2 receptor is required for activation of this signaling pathway, 

we predict that the D2-A4 mutant would also be deficient in signaling via Akt.  The use of 

arrestin3 null mutant mice is one way in which investigators have differentiated between G 

protein- and arrestin-dependent responses to receptor activation (Beaulieu et al., 2005; Raehal et 

al., 2005); the use of arrestin-insensitive mutant receptors represents an alternative approach. 
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Figure Legends 

Fig. 1. Binding of arrestins to GST-D2-IC3 and GST-D3-IC3 fusion proteins. GST alone (GST, 

150 ng) or receptor third intracellular loop GST fusion proteins (GST-D2-IC3 and GST-D3-IC3, 

300 ng) were incubated with the indicated amount of arrestin2 or arrestin3. The amount of 

arrestin that co-eluted with GST or the GST fusion proteins was determined by immunoblotting 

with anti-arrestin antibodies.  Results were quantified using standard curves constructed with 

known amounts of arrestin2 and arrestin3.  A, Immunoblots are shown from an experiment 

representative of 4 independent experiments. Arrestin standards are shown on the right of each 

blot. B, The protein-stained gel demonstrates that equal amounts of GST-D2-IC3 and GST-D3-

IC3 were included in the reactions.  C, Results shown are the mean ± S.E.M. for the binding of 

arrestins to IC3 fusion proteins. The amount of arrestin bound is plotted against the amount of 

arrestin included in the pull-down assay.  

Fig. 2. Binding of arrestin3 to D2 and D3 receptor IC3 truncation mutants. A, Alignment of IC3 

from the rat D2 and D3 dopamine receptors. Each IC3 is divided into NT (20 residues), MID (121 

residues not shown for D2 and 123 residues for D3) and CT (20 residues). B and C, Purified GST 

or GST fusion proteins (ranging from 500 to 800 ng to keep the molar concentration constant) 

were incubated with 100 ng of purified arrestin3, and the amount of arrestin bound was 

determined by quantitative immunoblotting.  Upper panels, representative arrestin immunoblots 

are shown.  The amount of bound arrestin was quantified using a standard curve constructed with 

known amounts of arrestin as shown on the right of each blot.  Middle panels, protein-stained 

gels used to verify the size of the truncation mutants and to quantify the amount of each fusion 

protein are shown.  Lower panels, the results shown are the mean ± S.E.M. from 4 independent 
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experiments (* p < 0.05, ** p < 0.01, *** p < 0.001 versus the respective wild type fusion 

protein by paired t test). 

Fig. 3. Binding of arrestin3 to truncation mutants of the amino-terminal region of the D2 receptor 

IC3. A, Sequence of the 20 amino acids in the amino-terminal region of D2-IC3. The first 5 or 10 

or the second 10 amino acids were deleted to form the indicated mutants. B, Purified GST or 

GST fusion proteins (400 ng) were incubated with 100 ng of purified arrestin3, and the amount 

of arrestin bound was determined by quantitative immunoblotting.  The results shown are the 

mean ± S.E.M. from 4 independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001 versus 

D2-IC3 by paired t test). 

Fig. 4. Binding of arrestin3 to 3-, 4-, and 5-residue deletion mutants and 4- and 5-residue 

substitution mutants of the amino-terminal region of D2-IC3. A, Sequence of amino acids in the 

amino-terminal region of D2-IC3, along with the name of each construct where Δ denotes the 

residues that were deleted. B, Purified GST or GST fusion proteins (600 ng) were incubated with 

100 ng of purified arrestin3, and the amount of arrestin bound was determined by quantitative 

immunoblotting. Results shown are the mean ± S.E.M. from 4-5 independent experiments. (* p < 

0.05, ** p < 0.01, *** p < 0.001 versus D2-IC3 by paired t test). 

Fig. 5. Ligand binding properties of the D2-A4 mutant receptor. A, Saturation analysis of the 

binding of the D2 receptor antagonist [3H]spiperone to membrane preparations from HEK 293 

cells expressing wild type D2 or D2-A4 receptors. Data are plotted as specific binding (fmol/mg 

protein) versus the free ligand concentration of radioligand. B, Inhibition of the binding of 

[3H]spiperone by dopamine. Data are plotted as a percentage of specific binding in the absence 
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of dopamine versus the logarithm of the concentration of dopamine. In both A and B, the 

experiment shown is representative of three or more independent experiments. 

Fig. 6. Dopamine inhibition of forskolin-stimulated cyclic AMP accumulation. HEK293 cells 

overexpressing wild type D2 (WT) or D2-A4 (A4) receptors in the absence or presence of 

exogeneous arrestin3 (arr) were incubated with 30 μM forskolin and increasing concentrations of 

dopamine, and cyclic AMP accumulation was determined. A, data are plotted as a percentage of 

forskolin-stimulated cyclic AMP accumulation in the absence of dopamine. B and C, the mean ± 

S.E.M. values for EC50 and maximum inhibition from four experiments are shown. (*** p < 

0.001 versus wild type by paired t test).  The expression levels of cell surface D2 receptors were 

similar in all cell lines (data not shown). 

Fig 7. Agonist-induced translocation of arrestin3 and receptor internalization in HEK 293 cells 

coexpressing arrestin3 and wild type or mutant D2 receptors. A, Cells were treated with 10 μM 

dopamine for 20 min, membranes were prepared, and levels of arrestin3 were determined by 

quantitative immunoblotting. Results were quantified using standard curves constructed with 

known amounts of purified arrestin3. The expression of cell surface receptor for the A4 mutant is 

similar to or higher than that for D2 wild type, as determined by intact cell [3H]sulpiride binding 

(data not shown). Upper panel, an immunoblot is shown from an experiment representative of 4 

independent experiments. Supernatants were loaded to show similar expression levels of 

arrestin3.  Lower panel, Results from all four experiments are shown as the mean ± S.E.M.  B, 

Cells were treated with 10 μM dopamine for 20 min, and were subjected to the intact cell 

[3H]sulpiride binding assay. Results are expressed as the percentage by which the binding of 

[3H]sulpiride to cell surface receptors decreased after agonist stimulation, and are shown as the 
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mean ± S.E.M. from 4 independent experiments (* p < 0.05, ** p < 0.01 versus wild type by 

paired t test).  The expression levels of arrestin3 were similar in cells transfected with wild type 

or mutant receptors (data not shown).  

Fig. 8. Desensitization of dopamine inhibition of forskolin-stimulated cyclic AMP accumulation. 

HEK293 cells stably overexpressing wild type D2 (WT) or D2-A4 (A4) receptors and transiently 

overexpressing arrestin3 were treated with 10 μM dopamine (DA) or vehicle (Con) for 20 min.  

After washing, cells were incubated with 30 μM forskolin and increasing concentrations of 

dopamine for 10 min, and cyclic AMP accumulation was determined.  A, results from a 

representative experiment are plotted as a percentage of forskolin-stimulated cyclic AMP 

accumulation in the absence of dopamine. B and C, the mean ± S.E.M. values for EC50 and 

maximum inhibition from four independent experiments are shown. (** p < 0.01 versus vehicle-

treated cells by paired t test).   

Fig. 9. Interaction of arrestin3 with the dopamine D2 receptor modulates receptor activation of 

ERKs. HEK293 cells overexpressing wild type D2 (WT) or D2-A4 (A4) receptors in the absence 

or presence of heterologously expressed arrestin3 (arr) were treated with 10 μM dopamine for 5 

min prior to quantification of activated ERKs in cell lysates.  Some cells were pretreated with 

pertussis toxin (PTX) overnight.  A, Upper panel, a representative immunoblot is shown for 

phospho-ERKs in lysates of cells without (CTL) or with (DA) dopamine treatment.  Middle 

panel, an immunoblot shows similar expression levels of total ERKs. Lower panel, an 

immuoblot shows that the band optical density varies linearly with the concentration of phospho-

ERKs from sample WT+arr-DA.  B, the expression levels of arrestin3 are shown. C, results from 
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four independent experiments are shown as the mean ± S.E.M. (* p < 0.05, ** p < 0.01, *** p < 

0.001, versus the same drug/receptor combination without overexpressed arrestin, paired t test). 
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Tables 

TABLE 1 

Saturation analysis of binding of arrestin3 to receptor fragments 

Kd values were calculated based on the molecular weight of arrestin3 (~54 kDa ). Bmax values 

represent the amount of arrestin3 bound to 300 ng of GST-IC3 (~44 kDa). Each value represents 

the mean ± S.E. of 3 or more independent experiments.   

 

 

 

 

 

 

Fusion Protein Arrestin3 

 Kd (nM) Bmax (ng) 

GST-D2-IC3 72 ± 14 10.1 ± 0.6 

GST-D3-IC3 79 ± 14 10.2 ± 0.6 
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TABLE 2 

Binding characteristics of the wild type and A4 mutant dopamine D2 receptors 

Affinity values for [3H]spiperone (Kd) were determined by saturation analyses. The apparent 

affinity values for dopamine were determined by inhibition of the binding of [3H]spiperone, 

followed by nonlinear regression analysis of the competition curves.  Two-site fits generated 

values for binding sites with high affinity (Kihigh) and low affinity (Kilow) for dopamine.  Each 

value represents the mean ± S.E. of 3 or more independent experiments. 

 

Receptor Kd [
3H]Spiperone 

(pM) 

Kihigh for 

dopamine 

(nM) 

Kilow for 

dopamine 

(μM) 

Receptor in high 

affinity state 

(%) 

D2 wild type 83 ± 13 9.0 ± 2.9 4.3 ± 0.5 22.1 ± 3.5 

D2-A4 86 ± 4 11.2 ± 3.2 3.6 ± 0.7 22.7 ± 3.4 
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