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SUMMARY

Using homologous probes for the cloning of related genes within
the family of guanine nucleotide-binding protein-coupled recap-
tors, we have cloned the gene for the rhesus macaqua Dl
dopamine receptor. By using the rat Dl receptor coding se-

quence as a probe under high stringency conditions, the rhesus
Dl receptor gene was isolated from a A EMBL3 rhesus genomic
DNA library. The rhesus Dl dopamine receptor gene is intronless
and encodes a 446-amino acid protein that contains two con-
sensus sites for asparagine-linked glycosylation (Asn-5 and Asn-
176) and two consensus sites for cAMP-dependent protein
kinase phosphorylation (Thr-l 36 and Thr-268). The primary
amino acid sequence of the rhesus Dl dopamine receptor shows
an extremely high degree of similarity (99.6%) to the human Dl
receptor. Genomic DNA analyses conducted with high and re-
duced stringency hybridizations indicate that the rhesus ma-
caque Dl receptor is a member of a large multigene family. Like
the human Dl receptor mRNA, the rhesus Dl receptor mRNA
is approximately 4 kilobases in size and is localized predomi-
nantly in the caudate, with lesser amounts in the hippocampus
and cortex. The rhesus Dl receptor coding region was inserted

into the cytomegalovirus promoter-driven expression vector
pcDNA-l , and the recombinant (pcDNA-Dl) was cotransfected
with the selectable marker pRSVneo, conferring G41 8 resist-
ance, into Dl receptor-deficient C6 glioma cells. Analyses of the
selected transfectant demonstrate the expression of a high
affinity, functional Dl dopamine receptor. The Dl receptor radi-
oligand [3H]SCH 23390 bound transfectant membranes with an
affinity (Kd), of 0.3 nM; the D2-selective ligand spiperone, the
dopamine receptor ligand clozapine, and the serotonin receptor
antagonist ketanserin bound with considerably lower affinities
(1 02, 80, and 95 nM, respectively). Both dopamine and the Dl -

selective agonist SKF 38393 inhibited the binding of [3HJSCH
23390 to transfectant cell membranes; the binding of these
agonists was sensitive to GTP. Dopamine potently stimulated
the accumulation of cAMP in transfected C6 cells, whereas SKF
38393 was a partial agonist in these cells. Also, the density of
recombinant Dl receptors on the transfectant cells was de-
creased 40% upon treatment with 1 0 pM dopamine, indicating
that occupation of recombinant Dl receptors by agonists alters
surface expression of the receptors.

The dopamine receptors are members of a superfamily of

neurotransmitter receptors that interact with G proteins to

modulate second messenger systems (1, 2). Dopamine receptors

serve as key elements in complex human behavior and are the

primary targets for drugs used in the treatment of several

psychomotor disorders, including Parkinson’s disease, and

schizophrenia (3, 4). Five subtypes of dopamine receptors (Dl,

D2, D3, D4, and D5) have been identified on the basis of their

pharmacological properties, physiological effects, tissue and cell

type specificity, and genetic structure (5-13). The Dl and D2

dopamine receptors have been traditionally classified according

to pharmacological and biochemical criteria (1). Agonist bind-
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ing to Dl receptors is linked to the stimulation of adenylyl

cyclase activity; in contrast, activation of D2 receptors results

in the inhibition of adenylyl cyclase activity, phosphatidylino-

sitol turnover, and Ca2� mobilization (1). The D3, D4, and D5

receptor genes have been recently isolated by homology screen-

ing (11-13). The D3 receptor is localized in limbic areas of the

brain and has been postulated to serve as a potential target for

neuroleptics (11). Ofthe five subtypes, the D4 receptor has the

highest affinity for clozapine, an antipsychotic favored in the

treatment of schizophrenia (12). The D5 receptor has an en-

hanced affinity for the endogenous neurotransmitter dopamine,

compared with the Dl receptor, and may be involved in main-

taming dopaminergic tone and arousal (13). All five dopamine

receptor subtypes have conserved structural features, including

hydrophobicity profiles consistent with seven transmembrane

domains, sites of asparagine-linked glycosylation near the
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amino terminus, potential phosphorylation sites for protein

kinases in presumed cytoplasmic domains, and highly con-

served amino acid similarity within the transmembrane do-

mains (5-13).

We report here the molecular cloning, nucleotide sequence,
and expression of the rhesus macaque Dl dopamine receptor

gene. The rhesus Dl dopamine receptor gene has been charac-
terized on the basis of five criteria, 1) nucleotide sequence
analyses of the rhesus Dl receptor gene and comparison with

previously reported sequences of the human Dl receptor hom-

ologue and other dopamine receptor genes, 2) genomic DNA

analyses conducted with high and reduced stringency hybridi-

zations, which show that the rhesus Dl receptor gene is a

member of a large multigene family, 3) demonstration of dis-

tinct of rhesus Dl receptor mRNA within selected tissues of

the nervous system, paralleling the known distribution of Dl

receptors, 4) transfection of the rhesus Dl receptor coding

sequence under the control of the cytomegalovirus promoter
into C6 glioma cells and demonstration by receptor binding and

second messenger analyses of high affinity, functional Dl do-

pamine receptors, and 5) demonstration of recombinant Dl
receptor down-regulation in transfectant cells upon dopamine
agonist stimulation.

Experimental Procedures

Materials. [3H]SCH 23390, [a-32P]dATP, [a-32P]dCTP, and hy-
bridization membranes (Colony/Plaque Screen) were obtained from
DuPont-New England Nuclear. DNA-modifying enzymes were pur-

chased from Boehringer Mannheim (Indianapolis, IN), New England
Biolabs (Boston, MA), and Bethesda Research Laboratories (Gaithers-
burg, MD). Nylon hybridization membranes were obtained from New
England Nuclear, Schleicher and Schuell, and Amersham. The Sequen-

ase DNA sequencing kit was purchased from U.S. Biochemical Corpo-
ration (Cleveland, OH). Most of the drugs and reagents were purchased

from Sigma Chemical Co. (St. Louis, MO). Rhesus macaque tissues

were obtained from the Oregon Regional Primate Research Center
Tissue Distribution Program.

Cloning of the rhesus macaque Dl dopamine receptor gene.
A A EMBL3 genomic library (Clontech) containing BamHI partial

digests of rhesus macaque genomic DNA was transferred to nylon
membranes (Colony/Plaque Screen, Dupont-New England Nuclear).
The 770-bp Pvu II fragment containing rat Dl receptor coding sequence
(generously provided by 0. Civelli, Vollum Institute for Advanced
Biomedical Research, Portland, OR) was labeled with [cs-32P]dCTP by

the random primer method and used to screen the rhesus genomic
library. Hybridizations were conducted in 50% formamide, 5x SSC (lx

SSC is 0.15 M sodium chloride, 0.15 M sodium citrate), 5x Denhardt’s
solution (100Y Denhardt’s solutin is 2% Ficoll (mol wt 400,000), 2%

polyvinyl pyrolidone (mol wt 400,000), 2% bovine serum albumin),
0.1% sodium pyrophosphate, 1% SDS, 100 pg/ml denatured salmon
sperm DNA, at 37’ for 48 hr. Filters were washed at highest stringency

in 0.2x SSC at 60’. DNA from positive isolates was digested with PvuII

and subjected to electrophoresis in agarose gels, before transfer onto
nylon membranes and blot hybridization with the 32P-labeled 770-bp
PuuII fragment. Prior blot analyses of rhesus macaque genomic DNA
indicated that the two PvuII restriction sites contained in the rat Dl
receptor coding sequence were conserved. A 700-800-bp PvuII restric-

tion fragment that was recognized by the rat D 1 receptor probe was
identified in one set of genomic clones. The insert from one A clone (A

5-1) was subcloned into pGEM 3Zf(+) (Promega) and characterized

extensively by restriction endonuclease mapping. An internal 2.1-kb

EcoRI-SphI fragment, containing the rhesus Dl receptor coding Se-
quence, was targeted for DNA sequence analyses. DNA sequencing was

performed on both strands by the Sanger dideoxynucleotide chain

termination method ( 14), using Sequenase. Fragments for DNA se-

quencing were generated by use of the nested deletion approach de-
scribed by Steggles (15) or by direct subcloning of identified restriction

fragments. A 2.0-kb PstI-SphI fragment was subcloned into the poly-
linker of the cytomegalovirus promoter-driven expression vector

pcDNA-1 (Invitrogen, San Diego, CA), and the recombinant pcDNA-
Dl was used for expression analyses.

Nucleic acid isolation and blot analyses. Preparation and re-

striction endonuclease digestion of genomic, A bacteriophage, or plas-

mid DNA, agarose gel electrophoresis, Southern transfer to nylon

membranes (Nytran; Schleicher and Schuell), and generation of ran-

dom-primed 32P-labeled DNA probes (Boehringer Mannheim) have all
been previously described (14). Southern blots were prehybridized with

30% (reduced stringency) or 50% (high stringency) formamide, 5x

SSC, 5x Denhardt’s solution, 1% SDS, 5 mM EDTA, 0.1� sodium

pyrophosphate, 100 pg/mI denatured salmon sperm DNA, for 4 hr at

37’. 32P-labeled probes were then added to the blots (5 x iO� dpm/ml)

and allowed to hybridize for 48 hr at 37’ . Southern blots were washed

twice in 2x SSC, 1% SDS, at 55’ for 10 mm for reduced stringency

analyses or twice in 2x SSC, 1% SDS, at 55 for 10 mm and once in

o.ix SSC, 1% SDS, at 65’ for 20 mm for high stringency analyses.

RNA was extracted from brain tissues and prepared using the

guanidinium isothiocyanate method (14). For Northern blot analysis,

RNA was denatured using formaldehyde and was subjected to electro-

phoresis in 1.2% agarose gels (14). After electrophoresis, RNA was

blotted onto nylon membranes (N-Bond; Amersham Corp.) and im-

mobilized to the blots by UV cross-linking (1.2 x l0� pJ/cm2) (Fisher

Scientific). The membranes were prehybridized with 50% formamide,

0.2% polyvinylpyrrolidine (M� 40,000), 0.2% Ficoll (M� 400,000), 0.2%
bovine serum albumin, 50 mM Tris . HC1 (pH 7.5), 1 M sodium chloride,

0.1% sodium pyrophosphate, 1% SDS, 100 pg/ml denatured salmon

sperm DNA, for 4 hr at 42’, and were subsequently hybridized with the

32P-labeled 2.0-kb PstI-SphI fragment (3-5 x 106 cpm/ml) for 48 hr at

42’. The blots were washed twice in 2x SSC, 1% SDS, at 55’ for 10

mm and once in 0.lx SSC, 1% SDS, at 65’ for 15 mm and were then

exposed to X-ray film for 18 hr at -80’, with intensifying screens.

DNA transfection and cell culture. C6 glioma cells were main-

tamed in DMEM supplemented with 3% calf bovine serum and 2%
fetal bovine serum. Transfection of DNA into C5 cells was performed

using the calcium phosphate precipitation method of Graham and van

der Eb (16), with modifications as described by Chen and Okayama

(17). Plasmid DNA (pRSVneo) conferring neomycin resistance (18)

and pcDNA-D1 were mixed as a coprecipitate (15 pg total; molar ratio
of pRSVneo to pcDNA-D1, 2:7) and applied to exponentially growing

C6 cells in a 100-mm culture dish for 24 hr. Drug selection began 72 hr

later, with the addition of the neomycin analogue G4l8 (Sigma) (final

concentration, 600 pg/ml) to the medium, and was maintained for

approximately 2 weeks. Clonal G4l8-resistant cells were isolated using

b-p1 cloning rings (Vangard International, Neptune, NJ) and were

expanded into duplicate 60-mm dishes. Cell lines positive for Dl
receptors, as determined by binding of [3H]SCH 23390, were expanded
into 100-mm dishes for further characterization. The apparent affinity

of antagonist ligands was determined by inhibition of binding of [3HJ

SCH 23390. Some of the antagonist competition experiments used

pooled cells from several Dl receptor-positive transfectant clones. All

other experiments used one clonal cell line.

Radioligand binding assays. Cells were lysed by replacing the
growth medium with ice-cold hypotonic buffer (1 mM Na�-HEPES, pH

7.4, 2 mM EDTA). After swelling for 10-15 mm, the cells were scraped

from the dish and centrifuged at 24,000 x g for 20 mm. The resulting
crude membrane fraction was resuspended with a Brinkmann Polytron

homogenizer at setting 6, for 10 sec, in 50 mM HEPES (pH 8.0), for

immediate use in radioligand binding assays. Aliquots of the membrane
preparation were added to assay tubes containing (final concentrations)

50 mM HEPES, pH 8.0, 0.9% NaCl, 0.001% bovine serum albumin,

[3H]SCH 23390 (75 Ci/mmol), and appropriate drugs. (+)-Butaclamol
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(2 pM for recombinant Dl receptors or 10 pM for rhesus caudate) was

used to define nonspecific binding. Incubations were initiated by the

addition of membranes, conducted at 30’ for 60 mm, and stopped by

the addition of ice-cold Tris-buffered saline ( 10 mM Tris . HC1, pH 7.4,

0.9% NaCI) to each assay tube. The assays were filtered through glass

fiber filters (Schleicher and Schuell no. 30) and washed with an

additional 10 ml of wash buffer. The radioactivity retained on the

filters was counted using a Beckman LS 1701 scintillation counter.

Membranes from rhesus macaque caudate tissue were prepared as

described previously for preparation of human brain membranes (19).

Tissue was homogenized in 40 volumes (w/v) of ice-cold Tris buffer

(50 mr�i Tris.HC1, pH 7.4 at 25’) and centrifuged at 25,000 x g for 20

mm. The resulting pellet was homogenized in 10 volumes (based on

original wet weight) of ice-cold Tris buffer supplemented with 5 mM

EDTA and was stored at -70’. Before use in radioligand binding

assays, samples were thawed, diluted to 40 volumes with Tris-EDTA,

and incubated at 30’ for 30 mm. The homogenate was then centrifuged

again and resuspended in Tris-buffered saline for direct use in binding

assays.

Saturation and competition binding experiments were conducted in

volumes of0.5 ml and 0.25 ml, respectively. IC50 values were determined

by nonlinear regression analysis using the program GraphPAD. In

competition experiments, the concentration of [3HJSCH 23390 varied

from 0.6 to 1.7 nM. K values were calculated from experimentally

determined IC� values as described by Munson and Rodbard (20).

Averages for K and Kd values ore expressed as the geometric means

(the antilogarithm of mean logarithms) (21). Protein concentrations

were determined by the method of Peterson (22). Experiments assessing

the sensitivity of binding of agonists to 100 pM GTP were conducted

as described above, with minor modifications. After centrifugation, the

membrane pellet was resuspended in HEPES buffer containing 4 mM

MgC12 and was incubated at 30’ for 30 mm before recentrifugation.
The assay buffer in these experiments included 4 mM MgCl2, 1 mM

ascorbate, and 1 mM Na�-EDTA.

cAMP accumulation. The accumulation of cAMP in intact cells

was measured as described previously (23). Cells were seeded in six-

well cluster dishes at a density of 18,000 cells/cm2. On day 3, the growth

medium was replaced by 1.5 ml of HEPES-buffered L15 medium, and

the cells were incubated at 37’ for 2 hr. [3H]Adenine (1 MCi/well) was

added to the incubation medium 15 mm before addition of drug.

Incubations with Dl receptor agonists were conducted for 7 mm, in the

presence of the /3-adrenergic receptor antagonist propranolol, and were

terminated by two rinses with ice-cold phosphate-buffered saline. [3H]

ATP and [3HJcAMP were extracted in 3% trichloroacetic acid and
separated using successive Dowex and alumina columns. Results are

expressed as the percentage of [3H]ATP converted to [3HIcAMP.
Treatment of transfectant cells with dopamine. Cells were

seeded in 15-cm-diameter tissue culture plates at a density of 18,000

cells/cm2. On day 3, DMEM was replaced with fresh medium; treatment

with dopamine began on day 5. Dopamine was dissolved in DMEM

immediately before use, sterilized by filtration, and added to the plates

at appropriate intervals. Dopamine treatment was terminated by rins-
ing cells with warm phosphate-buffered saline and incubating them for

an additional 10 mm in fresh DMEM. Cells were then lysed, membranes
were prepared, and the density of receptors was determined by satu-

ration binding analysis with [3H]SCH 23390. GTP (100 pM) was added

to these assays to inhibit binding of residual dopamine to the receptors.

Results

Isolation and characterization of the rhesus macaque
D 1 dopamine receptor gene. A rhesus macaque genomic

library in A EMBL3 was screened, under high stringency hy-

bridization conditions, with a random-primed 770-bp PvuII
fragment containing coding sequences of the rat Dl receptor

gene (6). Several clones were isolated under these conditions;

one set of clones contained a 700-800-bp PvuII fragment that

hybridized to the rat Dl receptor probe upon Southern blot

analyses. Sequence analyses of one of these genomic clones

(clone 5-1) indicated that the 15-kb insert contained an intron-

less open reading frame encoding a 446-amino acid protein (M.

48,304) (Fig. 1). The predicted amino acid sequence of this

protein is 99.6% similar to the human Dl dopamine receptor.

These results suggest that this clone contains sequences that

encode the rhesus macaque homologue of the Dl dopamine

receptor.

A comparison of the rhesus macaque (clone 5-1) and human
Dl receptor sequences shows that they share nearly identical

structural features. Both receptors possess two Asn-X-Ser(Thr)

consensus sites for asparagine-linked glycosylation, one site

located in the amino terminus at Asn-5 and the second site in

the second extracellular loop at Asn-176, and two sites for

cAMP-dependent protein kinase phosphorylation, at Thr-l36

and Thr-268. The rhesus and human Dl receptors also share

several common serine and threonine residues in the predicted

cytoplasmic loops and in the carboxyl-terminal region that can

serve as potential protein kinase C or receptor kinase phos-

phorylation sites (24, 25). Like other catecholamine receptors,

the rhesus Dl receptor contains a conserved aspartate residue

(Asp-103) in transmembrane domain III and a cluster of con-

served serine residues (Ser-l97, Ser-198, and Ser-202) in trans-

membrane domain V. These residues are postulated to serve as

counterions in (3-adrenergic receptor agonist binding (26, 27).

In addition, the Dl-like receptors (Dl and D5) contain a fourth

conserved serine residue (Ser-199) not found in other cat-

echolamine receptors. The contribution of each of these con-

served serine residues to the binding of catecholamines to �3-

adrenergic receptors differs from their contribution to the bind-

ing of dopamine to D2 receptors1; it is not known which of

these four serine residues are important determinants for do-

pamine binding to Dl receptors. In addition, the rhesus Dl

receptor also contains a cysteine residue (Cys-347) in the

carboxyl terminus that is conserved in many catecholamine

receptors and may be palmitoylated (28). There are only two

amino acid differences between the rhesus macaque and human

Dl receptor sequences; Ile-311 and Ile-438 in the rhesus recep-

tor are substituted with Asn-311 and Met-438, respectively, in

the human receptor. The overall homology of the rhesus ma-

caque Dl dopamine receptor to the human D2, rat D3, human

D4, and human D5 receptors is 42%, 39%, 28%, and 50%,

respectively.

Southern blot analyses of rhesus macaque genomic DNA

digested with restriction endonucleases were performed using

the rhesus 734-bp PvuII fragment as a hybridization probe,

under high and reduced stringency conditions (see Fig. 3). The

rhesus 734-bp PvuII fragment contains exclusively Dl receptor

coding sequence (Fig. 1A) and is equivalent to the rat 770-bp

PvuII fragment. Under high stringency conditions (Fig. 2A),

we observed patterns with multiple bands, suggesting that the

rhesus Dl receptor gene has multiple copies or is a member of

a highly related multigene family. When genomic Southern blot

analyses were conducted under reduced stringency hybridiza-

tion conditions (Fig. 2B), additional bands were observed, sug-

gesting that the rhesus macaque Dl dopamine receptor gene is

a potential member of an extended multigene family.
Dl dopamine receptor mRNA distribution within the
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Fig. 1. Restriction map, nucleotide se-
quence, and deduced amino acid se-
quence of the rhesus macaque Dl do-
pamine receptor gene. A, Restriction
map of the 2.1 -kb EcoRl-Sphl fragment
containing the rhesus Dl receptor cod-
ing sequence. Arrows, direction and ex-
tent of sequencing of individual sub-
clones. B, Nucleotide and deduced
amino acid sequences of the rhesus
macaque Dl dopamine receptor. The
potential asparagine-linked glycosyla-
tion sites and cAMP-dependent protein
kinase phosphorylation sites are under-
lined or bold, respectively. Numbers,
nucleotide sequence relative to the
translational initiation site. lle-31 1 and
Ile-438 in the rhesus Dl receptor are
substituted with Asn-31 1 and Met-438,
respectively, in the human Dl receptor.

human Dl dopamine receptor mRNAs (5-7) and is consistent

with radioligand binding studies (1, 3).

Characterization of radioligand binding to recombi-
nant rhesus macaque Dl dopamine receptors. The Dl
receptor radioligand [3H]SCH 23390 bound with high affinity

(K, = 0.3 nM) to membranes prepared from one clonal line

(clone 23) of C6 cells transfected with pcDNA-D1 (Fig. 4A) but

not to membranes from nontransfected cells (data not shown).

The density of binding sites on these transfected cells was 350
± 103 fmol/mg of protein. The pharmacological profile of the

recombinant receptors was that expected of a Dl receptor (Fig.

4B; Table 1). Thus, the affinity of the recombinant receptors
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(‘���O It Ala h1r Asn AOl) Ala lie (flu Thr Val Set Ile Aun Aun Asn 71y Ala Ala Met Ihe Ocr Ser i/is us

GAG Y�A 07A GCT I�T APO ‘P.C AAG GAG P3C AAT CrC GTr TAC C’l’G AI\ (CA CAT GOT G’P� COG lO�O r’-r GAG GAO 1200
IU Pr: Arg Gly Ser lie Our 1.ys Glu Cys Asn Leu Vai P�’r l.ei lie Pro His Ala Val Gly Ocr Gor :11 Asp

�lY: MA AAc1 (lAG GAO. GOA 9_?f CI�.A APr (iCC ACA CCC �V�)Ti GAG MG cT: 1700 COts CCC CIA P� ::� AlA 00.1 (lA.’ 1275
I.#{176}ul,ys lys Gb Gb Ala Ala Gly lie Ala Arg Pro Leo Giu Lys Lou Ser Pro Ala Leu Set Vii lie iou Asi.

TAT GAO ACT C.AC GTC ‘hlC’l CrC GAG MG ArC CAA CCC ATC ACA CM A/IC GGA CAG CAC CCA ACT 0A Aol�CJHAlC 1752
�l’/r ASP Thr Asp Val Ser cii Gb l.ys lie Gln Pro lie Thr Gin Asn 7iy Gin His Pro Thr

M’1�’’1�; i359

rhesus macaque nervous system. The tissue distribution of

Dl dopamine receptor mRNA was examined by Northern blot

analysis of selected brain regions (Fig. 3). RNA was isolated

from rhesus macaque nervous system tissues (caudate, cerebel-

lum, hippocampus, cortex, amygdala, thalamus, and midbrain)

and subjected to formaldehyde-agarose gel electrophoresis and

Northern blot analysis, using the 2.0-kb PstI-SphI fragment as

hybridization probe. The rhesus macaque Dl dopamine recep-

tor mRNA is approximately 4 kb and is localized predominantly

in the caudate, with lesser amounts in cortex and hippocampus.

This mRNA distribution parallels the distribution observed for
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Reduced Stringency
Hybrdzation

1!!

30 -

20 -

1.6 -

10-
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TABLE 1

Comparison of aftinity values for binding of drugs to recombinant
or native rhesus macaque Dl dopamine receptors

Mean affinity values, followed by the 95% confidence limit of the mean in parenthe-

2 3 4 5 ‘ ses, are given for inhibition ofthe binding of[3H]SCH 23390 by the indicated drugs.
Values for recombinant Dl receptors were determined in two to four independent

experiments for each drug, whereas the data for native Dl receptors were
determined in four experiments using rhesus caudate tissue preparations from two
animals. Data for SCH 23390 are K,, values determined from saturation analysis of

the binding of [3H]SCH 23390 and were used to convert lC� values to K, values

for all other drugs.

Drug

Affinity (K,)

Nafive rhesus Dl Recombinant rhesusDl
receptor receptor

SCH 23390 1.4 nr�i (1.1-1.8) 0.3 n� (0.2-0.4)
cis-Flupenthixol 12 n� (8-19) 2 n� (1-3)
(+)-Butaclamol 1 1 nr�i (8-2) 1 .1 nr�i (0.8-2.1)
Spiperone 1 .3 pM (0.9-1 .8) 0.1 pM (0.05-0.2)
Clozapine 1.2 pM (0.5-2.8) 0.08 pM (0.06-0.11)
Ketanserin 1 .1 pM (0.9-1 .5) 0.09 pM (0.06-0.15)
Dopamine 24 pM (20-30) 12 pM (9-15)

05 -

Fig. 2. Southern blot analyses of rhesus macaque genomic DNA con-
ducted with high (A) or reduced (B) stringency hybridizations. Twenty
micrograms of genomic DNA were digested with Xbal (lane 1 ), Xbal-Pstl
(lane 2), Xbal-EcoRl (lane 3), Xbal-Hindlll (lane 4), or Xbal-Sacl (lane 5)
and were subjected to Southern blot analyses using the 734-bp rhesus
Pvull fragment (contains the rhesus Dl receptor coding sequence; see
restriction map in Fig. 1) as hybridization probe. A and B contain identical
DNA digests. High and reduced stringency hybridizations and washes
were conducted as described in Experimental Procedures. Based on
restriction mapping analyses of the genomic A 5-1 clone, restriction
enzymes for the Southern analyses were chosen to generate single
fragments that contained the entire rhesus Dl receptor coding sequence.
In all cases, the restriction enzymes chosen do not recognize sites within
the 734-bp Pvull fragment. Arrows in A, predicted restriction fragments.
Asterisks in B, representative additional bands that appeared with re-
duced stringency hybridization and wash. Ordinate, migration of DNA
molecular weight standards (Bethesda Research Laboratories), with
weights in kb.

4.OKb

U) >( x
� >( 0

E #{176}-� t: �� E � 0 C� U)

a� = CS 8 � � .�
- a) U x � R��) �.�
Ce � �
� e� � t .� E

0 0 I > 0 Q- Ll�< �

Fig. 3. Northern blot analyses of rhesus macaque Dl dopamine receptor
mRNA in selected brain regions. Each lane contains 20 pg of total rhesus
RNA. Northern blot analyses were conducted with the 2.0-kb Pstl-Sphl
hybridization probe, as described in Experimental Procedures. Ordinate,
size of the rhesus Dl receptor mRNA, in kb.

for [‘H]SCH 23390 was greater than for (+)-butaclamol (K =

1.1 nM) or cis-flupenthixol (1.9 nM). In addition, the D2-

selective ligand spiperone (102 nM), clozapine (81 nM), and the

serotonin receptor antagonist ketanserin (95 nM) bound with

considerably lower affinities. Radioligand binding to recombi-

nant rhesus Dl receptors was stereoselectively inhibited; (+)-

butaclamol was 6000 times more potent than (-)-butaclamol

(6400 nM). Although the rank order of potency of ligands was

similar in membranes prepared from transfected cells and from

rhesus caudate, the affinity values obtained in the two tissues

differed for all ligands except dopamine (Table 1), with higher

affinity binding being observed in membranes from transfected

cells. The discrepancy was not due to binding of [3H}SCH

23390 to 5-HT2 receptors, because under our assay conditions

inhibition of radioligand binding by low nanomolar concentra-

tions of ketanserin was not reliably observed.

Inhibition of the binding of [3H]SCH 23390 by mianserin

was performed to determine whether any binding of radioligand

was to 5-HT1� receptors. K values in transfected cells and

rhesus caudate were 38 and 70 nM, respectively (K values are

reproducible in two independent experiments). These values

are close to the reported affinity of Dl receptors for mianserin

and considerably higher than the K of mianserin at 5-HT1.

receptors (29). Hill coefficients for mianserin were close to

unity for both transfected cells (1.06) and rhesus caudate (1.02),

arguing against a measurable population of 5HT1� receptors in

either tissue.

To control for the possibility that a significant proportion of

binding at higher concentrations of radioligand could be due to

5-HT2 receptors, saturation analyses in rhesus caudate were

carried out in the presence of varying concentrations of ketan-

serin, so that the ratio of the concentrations of ketanserin and

radioligand was always 40. Thus, at a concentration of [3H]

SCH 23390 equal to its Kd value, the concentration of ketan-

serin in the assay was 50 nM, or one twentieth of the K1 of

ketanserin in rhesus caudate. At this concentration, there

should be little effect of ketanserin on either the Kd or Bma.

values for binding of [3H}SCH 23390 to Dl receptors. If there

was an effect, it would be to decrease both the apparent Bma.

and Kd for the radioligand; the apparent affinity of [3H}SCH

23390 would be increased (30). Under these conditions, [3H]

SCH 23390 bound to Dl receptors in the rhesus caudate with
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Fig. 4. Binding of [3H]SCH 23390 to membranes prepared from cells
transfected with the recombinant pcDNA-D1 . A, A saturation isotherm
for binding of [3H]SCH 23390 in one of three independent experiments
is shown. Results are plotted as radioligand specifically bound versus
the free concentration of radioligand. Inset, data are transformed and
plotted as bound radioligand/free radioligand x 10� (B/F) versus amount
of radioligand bound (B). B and C, Results are shown from one experi-
ment in which the binding of [3H]SCH 23390 was inhibited by increasing
concentrations of the indicated drugs. Each drug was tested in three
independent experiments. Data are plotted as radioligand bound, ex-
pressed as the percentage of total binding, versus the logarithm of the
drug concentration. ICec values for the experiment shown in B (1 n� [3H]
SCH 23390) were as follows: (+)-butaclamol, 1.1 nM; cis-flupenthixol,
2.0 nM; ketansenn, 60 nM; spiperone, 78 nM; clozapine, 82 nM; and (-)-

butaclamol, 1 1 000 nM. IC� values for the experiment shown in C

log [Drug] (M)

a Kd value of 1.4 nM (Table 1). The mean density of binding

sites was 467 and 871 pmol/mg of protein in caudate nuclei

obtained from two rhesus macaques.

Both dopamine and the Dl-selective agonist SKF 38393

inhibited the binding of [1H]SCH 23390 to membranes pre-

pared from the transfectant cells (Fig. 4C). The binding of the

agonists was sensitive to GTP, in that competition curves

generated with assays conducted in the presence of GTP were
steeper and shifted to the right, compared with competition

curves generated with assays conducted in the absence of GTP.

Hill coefficients for inhibition of radioligand binding by dopa-

mine were increased from 0.67 ± 0.06 in the absence of GTP

to 1.04 ± 0.13 in the presence of GTP, and 1C5() values were

increased by GTP 4-fold, from 2 pM to 8 pM (K in the presence

of GTP = 1.7 pM; three experiments). The binding of SKF

38393 was less sensitive to GTP. Hill coefficients and ICr,,)

values were 0.87 ± 0.05 and 0.4 pM, respectively, in the absence

of GTP and 0.95 ± 0.04 and 0.8 pM (K 0.13 pM), respectively,

in the presence of GTP (four experiments). Inhibition curves

for dopamine in the absence of GTP were significantly (p <

0.001) improved by analysis of terms of two classes of binding

sites, with 32% of the sites having high affinity for dopamine

(K, = 0.01 pM) and the remaining sites having lower affinity

(K, = 1 pM). In contrast, inhibition curves for SKF 38393 in
the absence of GTP were significantly (p < 0.05) improved by

assuming two classes of sites in only two of four experiments.

K, values determined for dopamine in these experiments were

lower than values in Table 1, presumably reflecting the differ-
ent preincubation and assay conditions.

Stimulation of adenylyl cyclase activity by recombi-
nant rhesus macaque Dl dopamine receptors. Adenylyl
cyclase activity was assessed by quantifying the conversion of

[3H]ATP to [3HJcAMP in intact C� cells incubated with [3H]
adenine (Fig. 5). Dopamine potently stimulated the accumula-

tion of cAMP in transfected C6 cells. The mean ECr,o value was

69 nM (three experiments). Maximal stimulation of enzyme
activity by SKF 38393 was less than by dopamine. Dopamine

did not stimulate enzyme activity in nontransfected C cells,
which do not express endogenous Dl receptors (data not

shown).

Down-regulation of recombinant Dl receptors on C�,
cells. C6 cells expressing recombinant rhesus macaque Dl re-

ceptors were treated with 10 pM dopamine for 2-8 hr (Fig. 6).

Dopamine treatment decreased the density of receptors from a

mean control of 649 fmol/mg of protein to 424 fmol/mg of

protein after 2 hr of treatment, with no significant change in

affinity of the receptors for [)H]SCH 23390 (data not shown).

Treatment of the transfectant cells for up to 8 hr with 10 pM

dopamine caused little additional reduction in the density of

receptors (mean Bmax 362 fmol/mg after 8 hr).

Discussion

The gene encoding the rhesus macaque D 1 dopamine receptor

has been isolated on the basis of analysis of the sequence and

the properties of the clone expressed in eukaryotic cells. There

is a remarkable degree of amino acid sequence conservation

(99.6%) between the rhesus macaque and human Dl receptors.

(1 .7 nM [3H]SCH 23390) were as follows: SKF 38393, 0.6 pr�i;SKF 38393
and 100 pM GTP, 1 .1 pr�i; dopamine, 3.2 pM; and dopamine and 100 pM

GTP, 13.4 pM.

-9 -7 -5 .3

Rhesus Macaque Dl Dopamine Receptor Gene 657
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Fig. 5. Agonist-stimulated adenylyl cyclase activity in cells expressing
the recombinant rhesus macaque Dl receptor. Results are shown from
one of three (dopamine) or four (SKF 38393) independent experiments,
in which the conversion of [3H]ATP to [3H]cAMP was determined in cells
incubated with [3H]adenine. Data are plotted as [3HJcAMP/[3HJATP x
100 versus the logarithm of the concentration of agonist. ECec and �
values for dopamine in the experiment shown were 72 nr�i and 4.1%,
respectively. The data for SKF 38393 were fit by a spline function,
because the observed peak at an agonist concentration of 32 pM and
the subsequent decrease in stimulation of enzyme activity were repli-
cated in all four experiments. All experiments were carried out in the
presence of 1 pM propranolol, to prevent stimulation of �3-adrenergic
receptors.
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Fig. 6. Dopamine-induced down-regulation of recombinant Dl receptors.
Data are shown from four independent experiments in which the effects
of treatment of intact transfectant cells with 10 pM dopamine were
determined. After incubation in the presence of dopamine for the mdi-
cated time, the density of Dl receptors on membranes prepared from
the cells was determined by saturation analysis of the binding of [3H]
SCH 23390. Data shown are mean ± standard error, expressed as a
percentage of the control receptor density at time 0.

There are only two amino acid differences between the human

and rhesus receptors. Asn-3l1 and Met-438 in the human
receptor are substituted by Ile-311 and Ile-438, respectively, in

the rhesus receptor. These changes, one at the interface of

cytoplasmic loop III and transmembrane domain VII and the

other at the extreme end of the carboxyl terminus, represent

nonconservative and conservative residue changes, respec-

tively. The third cytoplasmic loop has been implicated in play-

ing an important role in receptor-G protein coupling (31). The

surface expression is altered by occupation of receptors with an

agonist. This provides a model system for evaluation by site-

directed mutagenesis of Dl receptor domains involved in ago-

658 Machida et a!.

Asn-31l to Ile-3l1 conversion observed between the human

and rhesus receptors does not appear to interfere with the

ability of the recombinant rhesus Dl receptor to accumulate

cAMP upon stimulation with dopamine in transfected cells.
Like the human Dl receptor homologue and D5 receptor

genes (5-7, 13), the rhesus Dl receptor gene is intronless.

Interestingly, the high stringency genomic Southern blot anal-

yses (Fig. 2A) suggests that there are multiple copies of the
rhesus macaque Dl dopamine receptor gene or that the probe

detects other highly related sequences. Because the human D5

receptor gene was originally isolated by hybridization with

portions ofthe human Dl receptor coding region (13), it appears

likely that one of the bands in Fig. 2A could represent rhesus

D5 receptor sequences. Furthermore, reduced stringency gen-
. 1 0 . 9 . 8 . 7 . 6 . 5 . 4 omic Southern blot analyses detect restriction fragments from

other related genes (Fig. 2B), possibly including genes from

log [Agonist] (M) other members of the catecholamine receptor family (e.g., do-

pamine receptors or adrenergic receptors).
The distribution of rhesus macaque Dl dopamine receptor

mRNA within the nervous system parallels the known tissue

distribution for the human and rat Dl receptor mRNAs (5-8).

Like the human Dl receptor mRNA, the rhesus Dl receptor

transcript is approximately 4 kb and is localized predominantly

in the caudate, with lesser amounts in cortex and hippocampus.

Interestingly, multiple Dl receptor transcripts are observed in

the caudate. It is unclear whether these multiple forms are due

to transcription from highly related but distinct Dl receptor

genes or due to transcription from alternate promoters located

in a single Dl receptor gene. We are currently investigating

these possibilities.

The recombinant rhesus macaque Dl dopamine receptor

coding sequence, under the control of a cytomegalovirus pro-

moter, was transfected into a mammalian cell line and shown

to direct the expression of high affinity, functional Dl recep-

tors. The ligand binding and stereoselectivity profile (Fig. 4) of

the recombinant rhesus receptor parallels those of recombinant

rat and human Dl receptors. Interestingly, affinity values

determined using membranes from rhesus caudate differed

from values determined using transfected cells. This discrep-

ancy could reflect the presence in rhesus caudate of several

“Dl-like” receptors, with slightly to moderately varying affini-

ties for [3H]SCH 23390 and other ligands, or could reflect

differences in membrane composition or levels of receptor

expression. The sensitivity to GTP of the binding of agonists

indicates that the recombinant rhesus macaque Dl receptor is

capable of interacting with G proteins. Furthermore, the bind-

ing of dopamine receptor agonists to the expressed receptor

stimulates the accumulation of cAMP (Fig. 5), as expected of

Dl receptors. The relative lack of high affinity binding of SKF

38393 to recombinant receptors in the absence of GTP is similar

to that reported for rat striatal Dl receptors (32) and may be a

reflection ofthe partial agonist activity ofSKF 38393 (33). The

reduced efficacy of SKF 38393 for stimulation of adenylyl

cyclase activity, compared with the efficacy of dopamine, con-

firms that the drug is a partial agonist at Dl receptors. In

addition, the density of recombinant rhesus Dl receptors, like

that of native Dl receptors on cultured cells (34), is regulated

by stimulation of the receptors with dopamine, indicating that
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nist-induced down-regulation of receptors. The cloning of the

rhesus macaque Dl dopamine receptor gene and the develop-

ment of a stable transfectant cell line provide valuable tools for
the investigation of structure and regulation of expression of

the Dl dopamine receptors.

Acknowledgments

The authors wish to express their thanks to Dr. Olivier Civelli and Q.-Y. Zhou
(Vollum Institute for Advanced Biomedical Research) for their generous contri-
bution of the rat Dl receptor PvuII fragment and for invaluable discussions
concerning the molecular biology of Dl dopamine receptors. We also wish to
thank Dr. Richard Simerly for conducting the dissections of rhesus macaque
brain tissue, Dr. Janice Thornton for her helpful discussions, and Ms. Lori
Hennings for excellent secretarial assistance.

References

1. Hess, E. J., and I. Creese. Biochemical characterization of dopamine recep-
tors, in Dopamine Receptors: Receptor Biochemistry and Methodology Series

(J. Creese and C. M. Fraser, eds.), Vol. 8. Alan R. Liss, Inc., New York, 1-27
(1987).

2. Anderson, P. J., J. A. Gingrich, M. D. Bates, A. Dearry, P. Falardeau, S.
Senogles, and M. G. Caron. Dopamine receptor subtypes: beyond the D1/D2

classification. Trends Pharmacof Sci. 1 1:231-236 (1990).
3. Seeman, P. Brain dopamine receptors. Pharmacol Rev. 32:229-313 (1981).

4. Seeman, P. Dopamine receptors in human brain disease, in Dopamine Recep-
tors: Receptor Biochemistry and Methodology Series (J. Creese and C. M.
Fraser, eds.), Vol. 8. Alan R. Liss, Inc., New York, 233-245 (1987).

5. Dearry, A., J. A. Gingrich, P. Falardeau, R. Fremeau, Jr., M. Bates, and M.
G. Caron. Molecular cloning and expression of the gene for a human Dl
dopamine receptor. Nature (Lond.) 347:72-76 (1990).

6. Zhou, Q.-Y., D. Grandy, L. Thambi, J. Kushner, H. H. M. Van Tol, R. Cone,

D. Pribnow, J. Salon, J. Bunzow, and 0. Civelli. Cloning and expression of
human and rat Dl dopamine receptors. Nature (Land.) 347:76-80 (1990).

7. Sunahara, R. K., H. Niznik, D. Weiner, T. Stormann, M. Brann, J. Kennedy,

J. Gelernter, R. Rozmahel, Y. Yang, Y. Israel, P. Seeman, and B. O’Dowd.
Human dopamine Dl receptor encoded by an intronless gene on chromosome
5. Nature (Lond.) 347:80-83 (1990).

8. Monsma, F. J., L. Mahau, L. McVittie, C. Gerfen, and D. Sibley. Molecular
cloning and expression of a Dl dopamine receptor linked to adenylyl cyclase
activation. Proc. Nati Acad. Sci. USA 87:6723-6727 (1990).

9. Bunzow, J., H. Van Tol, D. Grandy, P. Albert, J. Salon, M. Christie, C.
Machide, K. A. Neve, and 0. Civelli. Cloning and expression of a rat D2
dopamine receptor cDNA. Nature (Load.) 336:783-787 (1988).

10. Grandy, D., M. Marchionni, H. Makam, R. Stofko, M. Alfano, L. Froth-
ingham, J. Fischer, K. Burke-Howie, J. Bunzow, A. Server, and 0. Civelli.
Cloning of the cDNA and gene for a human D2 dopamine receptor. Proc.
Nati. Aced. Sci. USA 86:9762-9766 (1989).

11. Sokoloff, P., B. Giros, M.-P. Martres, M.-L. Bouthenet, and J.-C. Schwartz.
Molecular cloning and characterization of a novel dopamine receptor (D3) as
a target for neuroleptics. Nature (Load.) 347:146-151 (1990).

12. Van Tol, H. H. M., J. Bunzow, H.-C. Guan, R. Sunahara, P. Seeman, H.
Niznik, and 0. Civelli. Cloning ofthe gene for a human dopamine D4 receptor
with high affinity for the antipsychotic clozapine. Nature (Load.) 350:610-
614 (1991).

13. Sunahara, R., H-C. Guan, B. O’Dowd, P. Seeman, L. Laurier, G. Ng, S.
George, J. Torchia, H. Van Tol, and H. Niznik. Cloning of the gene for a
human dopamine D5 receptor with higher affinity for dopamine than Dl.
Nature (Land.) 350:614-619 (1991).

14. Ausubel, F., R. Brent, R. Kingston, D. Moore, J. Seidman, J. Smith, and K.

Struhl. Current ProtocoLs in Molecular Biology. John Wiley and Sons, New
York (1987).

15. Steggles, A. W. A rapid procedure for creating nested deletions using mini-
prep plasmid DNA samples. Biotechniques 7:241-242 (1989).

16. Graham, F. L., and A. J. van der Eb. Transformation of rat cells by DNA of

human adenovirus 5. Virology 52:456-467 (1973).
17. Chen, C. A., and H. Okayama. Calcium phosphate-mediated gene transfer: a

highly efficient transfection system for stably transforming cells with plasmid
DNA. Biotechniques 6:632-638 (1988).

18. Southern, P., and P. Berg. Transformation of mammalian cells to antibiotic

resistance with a bacterial gene under control of the SV4O early region
promoter. J. MoL App!. Genet. 1:327-341 (1982).

19. Joyce, J. N., A. Janowsky, and K. A. Neve. Characterization and distribution
of [‘9jepidepride binding to dopamine D2 receptors in basal ganglia and
cortex of human brain. J. Pharmacol Exp. Ther. 257:1253-1263 (1991).

20. Munson, P. J., and D. Rodbard. An exact correction to the “Cheng-Prusoff”
correction. J. Receptor Res. 8:533-546 (1988).

21. Fleming, W. W., D. P. Westfall, I. S. De La Lande, and L. B. ,Jellet. Log-
normal distribution of equieffective doses of norepinephrine and acetylcho-

line in several tissues. J. Pharmacof Exp. Titer. 181:339-345 (1972).
22. Peterson, G. L. A simplification of the protein assay of Lowry et at. which is

more generally applicable. Anal. Biochem. 83:346-356 (1977).
23. Neve, K. A., D. A. Barrett, and P. B. Molinoff. Selective regulation of beta- 1

and beta-2 adrenergic receptors by atypical agoniats. J. Pharmacol Exp. Ther.
235:657-664 (1985).

24. Kishimoto, A., K. Nishiyama, H. Nakanishi, Y. Uratsuji, H. Nomura, Y.
Takeyama, and Y. Nishizuka. Studies on the phosphorylation of myelin basic
protein by protein kinase C and adenosine 3’S’ .monophosphate.dependent

protein kinase. J. Bin!. Chem. 260:12492-12499 (1985).

25. Bouvier, M., L. Leeb-Lundberg, J. Benovic, M. Caron, and R. Lefkowitz.
Regulation of adrenergic receptor function by phosphorylation. J. Bin!. Chem.
262:3106-3117 (1987).

26. Strader, C. D., M. R. Candelore, W. S. Hill, I. S. Sigal, and R. A. F. Dixon.
Identification of two serine residues involved in agonist activation of the /3-
adrenergic receptor. J. Bin!. Chem. 264:13572-13578 (1989).

27. Dixon, R. A. F., I. S. Sigal, E. Rands, R. B. Register, M. R. Candelore, A. D.
Blake, and C. D. Strader. Ligand binding to the /3-adrenergic receptor involves
its rhodopsin-like core. Nature (Lond.) 326:73-77 (1987).

28. O’Dowd, B. F., M. Hnatowich, M. G. Caron, R. Lefkowitz, and M. Bouvier.
Palmitoylation of the human /32-adrenergic receptor. J. Biol. Chem.
264:7564-7569 (1989).

29. Nicklaus, K. J., P. McGonigle, and P. B. Molinoff. [3HJSCH 23390 labels

both dopamine-1 and 5-hydroxytryptamine receptors in the choroid plexus.
J. Pharmacol. Exp. Ther. 247:343-348 (1988).

30. Manik, C. P., P. B. Molinoff, and P. McGonigle. Comparison of l#{176}�IlSCH
23982 and I3HISCH 23390 as ligands for the D-1 dopamine receptor. J.
Neurochem. 51:391-397 (1988).

31. O’Dowd, B. F., M. Hnatowich, ,J. Regan, W. Leader, M. G. Caron, and R.
Lefkowitz. Site-directed mutagenesis of the cytoplasmic domains of the
human /32-adrenergic receptor: localization of regions involved in G protein-
receptor coupling. J. Biol. Chem. 263:15985-15992 (1988).

32. Sibley, D. R., S. Leff, and I. Creese. Interactions of novel dopaminergic
ligands with Dl and D2 dopamine receptors. Life Sci. 31:637-645 (1982).

33. Setler, P. E., H. Saurau, C. Zirkle, and H. Saunders. The central effects of a
novel dopamine agonist. Eur. J. Pharmacol. 50:419-430 (1978).

34. Barton, A. C., and D. R. Sibley. Agonist.induced desensitization of D,-
dopamine receptors linked to adenylyl cyclase activity in cultured NS2OY
neuroblastoma cells. Mol Pharmacof 38:531-541 (1990).

Send reprint requests to: Dr. Curtis A. Machida, Division of Neuroscience,
Oregon Regional Primate Research Center, 505 NW. 185th Avenue, Beaverton,
OR 97006.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



