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ABSTRACT: To investigate the regulatory processes involved in the expression of the D2 dopamine receptor 
gene, a rat genomic clone was isolated using a 21-mer oligonucleotide probe made of exon 1 sequences. A 
1.3-kb region including all of exon 1, its 5’-flanking region, and part of intron 1 was sequenced. S1 nuclease 
analysis indicated three consecutive nucleotides as the main transcription start sites; several weaker sites 
were also noted between 321 and 363 nucleotides upstream from the 3’ end of exon 1. The promoter region 
lacks TATA and CAAT boxes and is rich in G+C content with several putative Sp l  binding sites. Transient 
expression assays using chimeric constructs of D2 promoter deletion mutants4hloramphenicol acetyl- 
transferase gene in the neuroblastoma cell line NB41 A3 which expresses D2 binding sites indicated strong 
transcription enhancing activity between nucleotides -75 and -30 and silencing activity between nucleotides 
-217 and -76. DNase I footprinting studies using nuclear extract from NB41A3 suggested Sp l  binding 
to its consensus sequence at  nucleotide -48  but inhibition of Spl  binding at nucleotide -86 by the extract. 
The D2 promoter could not induce transcription of the heterologous CAT gene in C6 glioma, embryonal 
N I H  3T3, or hepatic Hep G2 cells. It is concluded that the rat D2 gene shares with the human D ~ A  dopamine 
receptor gene several features typical of “housekeeping” genes but they are both tissue-specific, regulated 
genes. Unlike the D ~ A  gene, however, the D2 gene has a strong preference for transcription initiation to 
three consecutive nucleotides. The homology of the D2 sequence between nucleotides -6 and + 1 1 to the 
“initiator” sequence might be of functional significance in determining this preference. 

Central dopamine neurotransmission has a key role in several 
brain processes including the generation of coordinated motor 
function, hypothalamic-pituitary axis regulation, and probably 
affect and cognition (Creese & Fraser, 1987). Dopamine 
exerts its biochemical and cellular effects by interacting with 
its cell surface receptors that belong to a large superfamily 
of receptors coupled to guanine nucleotide binding proteins 
(Freissmuth et al., 1989). Prior to the advent of molecular 
cloning techniques, dopamine receptors were classified into 
two categories, D1 and D2. To date, many more different 
dopamine receptor cDNAs and some of their cognate genes 
have been cloned (Bunzow et al., 1988; Chi0 et al., 1990; Dal 
Tosoet al., 1989; Dearryet al., 1990; Gandelman et al., 1991; 
Giros et al., 1989; Grandy et al., 1989; Mack et al., 1991; 
Miller et al., 1990; Monsma et al., 1989b, 1990; OMalley et 

al., 1990; Rao et al., 1990; Selbie et al., 1989; Sokoloff et al., 
1990; Stormann et al., 1989; Sunahara et al., 1990; 1991; 
Tiberi et al., 1991; Van To1 et al., 1991; Weinshank et al., 
199 1 ; Zhou et al., 1990). Despite this progress, little is known 
about the molecular events that regulate the transcription of 
these genes with the exception of that coding for the D ~ A  
receptor. We recently reported on the promoter structure of 
the human DIA gene and found features typical of “house- 
keeping” genes, such as lack of TATA and CAAT boxes, rich 
G+C content, and multiple transcription initiation sites, even 
though this promoter induces transcription in a cell-type- 
specific manner (Minowa et al., 1992). Elucidationof factors 
involved in the transcriptional regulation of genes coding for 
dopamine receptors will assist our understanding of how the 
expression of these receptors could be altered by various 
Datholoeic and Dharmacoloeic states. 

I I * Address correspondence to this author at Bldg. 10, Room 5C116, 
National Institutes of Health, Bethesda, MD 20892 [phone (301) 496- The D2 dopamine receptor has been traditionally recognized 
7872; fax (301) 496-6609]. to be the primary mediator of the motor, endocrine, and 
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FIGURE 1: Restriction map of the rat D2 gene. Upper line is clone 
XD2G7 isolated in the present study; lower line represents the rat D2 
genomic clone reported previously (O’Malley et al., 1990). Exons 
1 and 2 are mapped but the 5’ boundary of the first exon had not been 
determined previously. The 21-mer oligonucleotide D2-PO made of 
exon 1 sequence was used as probe to screen the genomic library. 
Restriction sites: E, EcoRI; S, Sad; X, XhoI; Xb, XbaI. 

behavioral effects of dopaminergic transmission (Schachter 
et al., 1980; Seeman, 1981). The rat gene coding for the D2 
receptor spans at least 50 kilobases (kb),’ is interrupted by 
several introns, and can generate two alternatively spliced 
mature messages that differ by 87 nucleotides (Chio et al., 
1990; Dal Toso et al., 1989; Giros et al., 1989; Miller et al., 
1990; Monsma et al., 1989b; OMalley et al., 1990; Rao et 
al., 1990). However, no experimental evidence has been 
presented thus far addressing the transcription start site or 
promoter activity of this gene. Furthermore, available data 
do not exclude the possibility of another exon located up- 
stream to the previously described first exon. To analyze the 
structure and function of the promoter of the rat D2 receptor 
gene, we began by cloning exon 1 and defining its 5’ end; we 
then determined the transcription start sites and studied the 
ability of deletion mutants of the putative promoter to 
transcribe a heterologous gene in various cell types. 

EXPERIMENTAL PROCEDURES 

Screening of Genomic Library and DNA Sequencing. A 
rat genomic library constructed in the X phagevector EMBL3/ 
SP6/T7 (Clontech) was screened with a 21-mer oligonucle- 
otide probe, D2-PO (S-GGAGGGGCGGCCGTGCGTGGA- 
3’) (Figures 1 and 2),the sequence of which is part of the 
previously described first exon of the rat D2 dopamine receptor 
gene (Bunzow et al., 1988; O’Malley et al., 1990), extending 
between nucleotides 234 and 254 in Figure 2. Screening was 
done under medium-stringency hybridization conditions; filters 
were washed with 0.1 X SSC (1 X SSC is 0.15 M NaCl and 
0.015 M sodium citrate)/O.l% SDS at 42 OC. Among the 
seven positiveclones identified, one (XD2G7) had a 2-kb EcoRI 
fragment which was found to contain sequences from the first 
exon of the rat D2 gene on the basis of restriction analysis and 
Southern blots both with probe D2-PO used for library 
screening and with D2-P1 (S-CCGGGGCCAGAGAAG- 
GCG-3’, complementary to bases 287-304) (Figure 2). This 
EcoRI fragment was subcloned in pUC19 (Bethesda Research 
Laboratories) and in pGEM-3Zf(-) (Promega), giving plas- 
mids pG7E and pG7E2, respectively. Both strands of a 1.3- 
kb region of the inserts in pG7E and pG7E2 were sequenced 
with M13 primers (United States Biochemical and New 
England Biolabs) and with synthesized primers on the basis 
of previous sequence information. Sequencing was done by 
the dideoxynucleotide chain-termination method (Sanger et 
al., 1977) with Sequenase (United States Biochemical) using 
7-deaza-dGTP. 

SI Nuclease Analysis. S 1 nuclease protection assays were 
carried out according to standard procedures (Sambrook et 

Abbreviations: bp, base pair(s); kb, kilobase; PCR, polymerase chain 
reaction; RACE, rapid amplification of cDNA ends; CAT, chloram- 
phenicol acetyltransferase. 

al., 1989) with slight modification. Single-stranded DNA of 
pG7E2 was used as template in primer extension reaction 
with a 32P-5’-end labeled 30-mer oligonucleotide primer D2- 

3’, complementary to nucleotides 69-98) (Figure 2) followed 
by EcoRI digestion. The resulting probe was purified on 8.3 
M urea/4% polyacrylamide gel, boiled for 10 min with 50 pg 
of total RNA or 2 pg of poly (A)+ RNA from rat striatum, 
slowly cooled, and annealed overnight at 30 OC. Following 
hybridization, the nucleotides were digested with 300 units of 
S1 nuclease (United States Biochemical) at 30 OC for 60 min. 
The protected fragments were electrophoresed in 6% poly- 
acrylamide gel containing 8.3 M urea parallel to DNA 
sequencing reaction using pG7E2 as template and the same 
oligonucleotide primer, D2-P2, used for preparing the S1 
mapping probe. 

Analysis of 5’-End Sequences of D2 Receptor mRNA Using 
Reverse Transcription-Polymerase Chain Reaction (RT- 
PCR). Rapid amplification of cDNA 5’ ends (5’-RACE) 
was performed using a modification of a previously described 
method (Frohman et al., 1988). Briefly, first strand cDNA 
was synthesized using 3 pg of rat striatum poly (A)+ RNA 
and 10 pmol of the D2 receptor gene-specific primer, D2-P2, 
with 10 units of AMV reverse transcriptase (Invitrogen). After 
removal of primer by Centricon 100 (Amicon), poly[d(A)] 
tail was added to the 3’ ends of cDNAs by terminal 
deoxynucleotidyltransferase (United States Biochemical). The 
cDNAs was subjected to PCR amplification using the D2- 
specific primer D2-P3 (5’-CGGGGACCAGGCGGGAA-3’, 
complementary to bases 47-63) (60 pmol) as the 3’ primer 
and an 18-mer adaptor (5’-GCCGCATGCGAATTCACC- 
3’) (60 pmol) and adaptor with poly[d(T)17] tail (6 pmol) 
both as 5’ primers. PCR products were electrophoresed in 
2% agarose gel containing formaldehyde followed by 
Southern hybridization with the oligonucleotide probe D2- 
PR (5’-AGTGCCGGAGCTGGTCGC-3’, identical to nu- 
cleotides 1-1 8) (Figure 2) under high-stringency conditions. 
Subsequently, to clone the D~-specific product, a partial cDNA 
library was constructed from the PCR products in pUC19 
and screened with D2-PR, again under vigorous washing 
conditions. Twelve positive clones of 200 screened were 
isolated. Recombinant plasmids were analyzed by restriction 
enzymes EcoRI and Hind111 and by Southern hybridization 
with D2-PR. Seven of these 12 clones were further analyzed 
by DNA sequencing primed with D2-P3 or M13 universal 
primer. 

Plasmid Constructions. A 1.1-kb EcoRI-XhoI fragment 
in pG7E was excised using XhoI and the PstI site of thevector 
and subcloned between the PstI and Sal1 sites of pCAT-Basic 
plasmid (Promega) upstream of the translation initiation site 
of the chloramphenicol acetyltransferase (CAT) gene, giving 
rise to pCATD2-852. Four additional 5’-deletion mutants 
were constructed from pCATD2-852 using two AccIII sites, 
a SmaI site, and an Eco47III site, yielding constructs 
pCATD2-394, -217, -75, and -29, respectively (Figure 4). 
Length of the inserts and the 5‘-3‘ orientation relative to the 
CAT gene wereverified by restriction analysis and sequencing. 
pCAT-Basic plasmid, which lacks a promoter and an enhancer, 
was used as a negative control, and pCAT-Control (Promega), 
which has both the SV40 promoter and enhancer, was used 
as a positive control for CAT assays. 

Cell Culture and Transient Expression Assays. The murine 
neuroblastoma cell lineNB41A3, the rat glioma C6, the mouse 
embryonal NIH 3T3, and the human hepatoblastoma Hep 
G2 were all cultured in Dulbecco’s modified Eagle’s medium 

P2 (5’-AGGACGAGGCGGGGCGGGAGGACGGGAGCG- 
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-852 GAATTCTGTGGT -841  

-840 GCCTTCTCCTTGGGGACTTGAATTGGCCATGGCAGCTCCTGTGAGGT~TCCGGAGCTGT -781  

-780 CGGTACTCCACAGCACCTATTTAAGCTACAAGTATTTGGAGACTCTACTCTGGATTGAC -721  

-720 CCCATGCATTCTGAATCTCATGTAGAAGCTGGCCAAGGCAGGACAGAGGGACAG~GCA -661  

-540 AGGGTGAGCTAGAATTTTCACGGCCTTCTTTATCATTCCCATCTTAGATCTGCTCTGCCC -481  

-480 AAGTCTTCCTCTCAGAAAGCACAACAGCAGAACGAACTGCTGTGATTTTCAGACCTGAGG -421  
AccI I I 

-420 TCTGTACACCGACTCTGGATATCCTTCCGGAATCTATTTCTCCTTTAAAGACTTGATGTA -361  

-360 CCACATGTAGTGCTTCAGCTAGCCCTTGGCCCTGACTCCTCAAAGGAGGGGATCGACCCG -301  

-300 CTGGTGTTGTGATTGCTAGACCAGAGTAGGTTTGGATGGGCAGAGTGTTACTT~GT -241  

-240 ATAGGATGACACCGGCGAGCAGTCCGGAGCACAGGCTATCCCCACTCAAAGCCAGAGATG -181  
AccI I I D2-P4 

AP 2 1 
-180 GATTCTCGGTCTCAGCTCTCAAGGTTCCTT CCCACAGTGCAGAGATAGTTCT 

-120 GGGGCCCTGGGTGGGTGGGGCCTCTGTACAAG GGTTCCCGGGCGCCTCGTGGCC 

-60 AGGGTGACC CCTCCTCCTGCGCAGCGCTCTGATTCCGCGGAGCTGTCCAGCCTC 
M A A  A A M A A A  

+1 AGTGCCGGAGCTGGTCGCCTCTTGTGCGCAGCGCCTCCTGCCCGCCTTCCCGCC TGGTCC 

GCCCCGCCGCGGCCGGTCTACT 

CCGAGCCGGCCGAGCGGCTGCCCGCCGGGGATCTGAACGGCGCGGCG 

SmaI 

1 Eco4 7 I I I v 

v D2-PR \ 

M 

1 8 1  GGGCCGGAAGCCGAGGGACCCGCGGAGGGGACCGGCGGCCCCGGACGGCTGCC 

CCGTGCGTGGATGCGGCGGGAGCTGGAAGCCTCGAGCAGCCGG 
S Q ~ ( D )  1 XhoI 

-121 

-61  

-1 

60 

1 2 0  

180  

240 

300 
AP 2 

D2-P1 
301  CCGGCCGCCATATGGCTTGAAGgtaagaaccggcggggtggaacgacagtctgtggcttc 360 

361  tgcacgggtcgaagcgtccagagctgaccggccaggaacagaagtttgtccagccactct 4 2  

421  agcgccgcctgtcccgg 437 
FIGURE 2: Nucleotide sequence of the 1.3-kb EcoRI-XhoI region of the rat Dz gene. The segment in lower case characters downstream from 
base 322 indicates intron 1. Open arrowheads underneath the sequence indicate transcription initiation sites determined by S1 nuclease 
analysis. Solid arrowheads above the sequence refer to transcription initiation sites determined by 5’-RACE. Oligonucleotides and their 
orientation used in library screening and in RT-PCR are shown as horizontal arrows above and below the sequence. Restriction sites used 
for making deletion mutants for CAT constructs are indicated above the sequence. Consensus sequences for Spl (designated A-D) and for 
AP2 binding sites are shaded. 

(Mediatech) supplemented with 10% fetal bovine serum at 37 
OC in a humidified atmosphere containing 10% C02. All cell 
lines were obtained from ATCC. Transfections were carried 
out using the Cap04 coprecipitation method (Graham & Van 
Der Eb, 1973) with 10 pg of the test pCAT plasmid and 10 
pg of the @-galactosidase expression vector pRAS @GAL 
(Umesono & Evans, 1989) per 100-mm culture plate. All 
plasmids used in transfections were purified by two CsCl 
centrifugations. Following transfection, cell lysate [normal- 
ized according to@-galactosidase activity (Edlund et al., 1985)l 
was incubated with 0.15 pCi of [ 14C]chloramphenicol (Am- 
ersham), 0.5 mM acetyl-coA, and 0.25 M Tris-HC1, pH 7.8, 
in a final volume of 160 pL at 37 “C for 30 min. Incubation 
mix was extracted with ethyl acetate and analyzed by thin- 
layer chromatography. Radioactivity was quantitated by 

liquid scintillation counter. 
SI Mappingwith RNA from Transfected Cells. Poly (A)+ 

RNA from NB41A3 cells was isolated both from nontrans- 
fected cells and following transfection with pCATD2-75. S1 
mapping probe was prepared by PCR with 32P-5’-end labeled 
D2-P2 as the 3‘ primer and unlabeled D2-P4 (5’-TATC- 
CCCACTCAAAGCCAGAGATGG-3’, identical to nucle- 
otides -204 to -1 80) as the 5’ primer using pG7E as template 
and purified by denaturing gel electrophoresis. S1 mapping 
was performed using 12 pg of poly (A)+ RNA as described 
above. 

DNase Z Footprinting. Nuclear extract from NB41A3 cells 
was prepared using a modification of Dignam’s procedure 
(Dignam et al., 1983; Henninghausen & Lubon, 1987). 
Purified human Spl protein was purchased from Promega 
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FIGURE 3: S 1 nuclease analysis. 5’-End-labeled, single-stranded 
genomic DNA probe (complementary to nucleotide -852 to 98) was 
hybridized with 2 pg of rat striatum poly (A)+ RNA (lane l), 50 pg 
of rat striatum total RNA (lane 2), and 50 pg of yeast tRNA (lane 
3) and digested with S1 nuclease. The protected fragments were 
electrophoresed in 8.3 M urea/6% polyacrylamide gel. The left lanes 
show the DNA sequence of the minus strand determined with the 
same oligonucleotide primer (D2-P2, complementary to nucleotides 
69-98) used for preparing the S1 mapping probe. Arrows refer to 
the nucleotides corresponding to the strong signals. Several weaker 
signals of slower gel mobility were identified on the autoradiogram; 
their locations are indicated on the nucleotide sequence in Figure 2. 

(La Jolla, CA). DNA probe for footprinting was prepared 
by PCR using unlabeled 5‘ primer D2-N1 (5’-GAGATG- 
GTTCTGGGGCCCTGGGT-3’, identical to nucleotides -1 3 1 
to -109) and 32P-5’-end labeled 3‘ primer D2-N2 (5’- 
GGCGACCAGCTCCGGCACTGA-3’, complimentary to 
nucleotides -2 to + 19) with pG7E as template. The generated 
probe was purified by polyacrylamide gel electrophoresis. 
DNase I footprinting was performed according to an estab- 
lished method (Henninghausen & Lubon, 1987). 

RESULTS 

Cloning and Nucleotide Sequence of Exon I and the 5’- 
Upstream Region of the Rat D2 Dopamine Receptor Gene. 
A rat D2 genomic clone (XD2G7) was isolated by screening 
a library with a 21-mer oligonucleotide probe (D2-PO) based 
on the sequence of the previously described first exon. A 
partial restriction map of the insert in XD2G7 is shown in 
Figure 1 and compared with the map of a rat D2 genomic 
clone reported previously (O’Malley et al., 1990). The 
restriction map of the 2-kb EcoRI fragment is identical 
between the two clones. A 1.3-kb EcoRI-XhoI region of this 
fragment, which was subsequently determined to include the 
entire first exon, was completely sequenced (Figure 2). The 
exon 1 sequence is virtually identical to those of rat D2 receptor 
cDNAs (Bunzow et al., 1988; Miller et al., 1990; Monsma et 

CAT Activity in NE41 A3 Cells EXON1 , 
I I  %of pCAT-Control 
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FIGURE 4: Deletion mutants of the rat DZ gene 5’-flanking region 
used for transient expression assays and their transcriptional activity 
in NB41A3 cells. The black bar on top shows restriction map of the 
D2 upstream region. Ellipses A-D represent the putative Spl binding 
sites (see Figure 2). Restriction sites: A (AccIII), E (EcoRI), E4 
(Eco47III), S (SmaI), X (2301). Shaded bars represent the 
fragments subcloned upstream of the CAT gene in pCAT-Basic in 
the 5’-3’ orientation. Nucleotide numbers are shown under the bars. 
The constructs generated are designated pCAT-D2-852, -394, -217, 
-75, and -29. Hatched bars on the right show promoter activity of 
each pCAT construct in NB41A3 cells relative to the positive control 
plasmid, pCAT-Control. Promoter activity of pCAT-Basic is also 
shown. Transfection efficiencies were normalized according to 
8-galactosidase activity. The data shown are means SEM of three 
independent experiments. (Asterisk) ANOVA p < 0.002 for 
difference from all other clones. 

Table I: Stimulation of CAT Activity in Different Cell Lines‘ 
clone C6 NIH 3T3 Hep G2 

pCAT-D2-852 2.7 f 0.2 1.6 f 0.8 2.7 f 0.6 
pCAT-D2-394 4.1 f 0.6 2.3 f 0.8 5.2f 1.1 

6.0 f 1.4 pCAT-D2-217 2.3 f 0.3 2.5 f 1.4 
pCAT-D2-75 1.3 f 0.4 4.3 f 1.3 4.9 f 0.3 
pCAT-D2-29 0.5 f 0.0 0.9 f 0.1 1.4 f 0.1 
pCAT-Basic 1.0 f 0.1 1.5 f 0.5 4.1 f 0.7 
(I Deletion mutants of theD2 promoter and the negative control plasmid, 

pCAT-Basic, are indicated on the left. Acetylation results are expressed 
as percent of the positive control plasmid, pCAT-Control, in each cell 
line. Transfection efficiencies were normalized according to 8-galac- 
tosidase activity. Origins of cell lines are as follows: C6, rat glioma; 
NIH 3T3, mouse embryonal; Hep G2, human hepatoblastoma. The 
data shown are means f SEM of two independent experiments. 

al., 1989b; Rao et al., 1990). We conclude that XD2G7 has 
part of the rat D2 receptor gene. 

Comparison between our genomicclone and a rat D2 cDNA 
which has the longest 5’ stretch reported (Miller et al., 1990) 
indicated an abrupt diversion in the sequence identity in the 
36 nucleotides at the 5’ end of that cDNA (upstream of 
nucleotide -2 in Figure 2). To test if this additional sequence 
represented another upstream exon in the D2 gene, we 
performed reverse transcription coupled with PCR amplifi- 
cation of D2 message from rat striatum poly (A)+ RNA. While 
a specific product was obtained with the 5’ primer, D2-PR, 
which has a sequence common between our genomic clone 
and the reported cDNA clone, no such product could be 
amplified with a 5’ primer which had the unidentified sequence 
in the cDNA (5’-CGGAATCGAGAAAGAGCTATC-3’) 
(data not shown). Therefore, the 36 bases in the 5‘ end of 
that cDNA clone may be due to recombination during cDNA 
library construction and are not sequences from another exon 
of the D2 gene located further upstream. 

The 5’Ends of Exon I Are the Transcription Start Sites 
of the Rat D2 Gene. The 5‘ end of exon 1 was determined by 
S 1 nuclease analysis. S 1 mapping with a 5’-end-labeled single- 
stranded DNA probe and rat striatal RNA showed three strong 
signals and several weak ones with slower gel mobility (Figure 
3). The positions of all of these signals are indicated in the 
nucleotide sequence (Figure 2). The finding of several signals 
rather than a single S1 signal suggests that these nucleotides 
represent transcription start sites and not splice acceptor site. 
Furthermore, the nucleotide sequence around these signals is 
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FIGURE 5: S 1 nuclease analysis using RNA from transfected NB41A3 
cells. A 5'-end-labeled S 1 mapping probe (complementary to 
nucleotide -204 to 98) was generated by PCR with D2-P2 as the 
labeled 3' primer and D2-P4 as the unlabeled 5' primer using pG7E 
as template. Poly (A)+ RNA was isolated from NB41A3 (12 pg) 
cells both without transfection (-) and following transfection with 
pCATD2-75 (+). Parallel experiments were done with rat striatum 
total RNA (50 pg) and yeast tRNA (50 pg). S1 analysis was done 
as described under Experimental Procedures and in the legend to 
Figure 3. The left lanes show the DNA sequence of the minus strand 
determined with primer D2-P2. Arrowheads show the positions of 
the signals seen both with transfected cells and with rat striatum. 

generally G+C-rich and contains several putative Spl binding 
sites which are features of TATA-less promoters. 

The possibility that the 5' ends of exon 1 are indeed the 
transcription start sites was further confirmed by sequencing 
the 5' ends of D2 cDNAs using rapid amplification of cDNA 
ends (5'-RACE). The results of the RACE procedure were 
in general agreement with those of S1 mapping. Gel 
electrophoresis of RACE products revealed a smear, but 
Southern hybridization with the D2-specific probe, D2-PR, 
showed a single band of approximately 100 bases (data not 
shown). The RACE products were then ligated with linearized 
pUC19, and 200 clones were screened with D2-PR. Twelve 
positive clones were obtained, and all contained about 100 
base pair (bp) inserts which hybridized with D2-PR. Among 
the seven positive clones sequenced, the 5' ends of two were 
the same adenine that corresponded to one of the strong S1 
mapping signals, and the 5' ends of another five clones matched 
with one of the weak S1 signals (Figure 2). These results 
indicate that there is no exon further upstream to exon 1 in 
the rat D2 gene and that this gene has multiple transcription 
initiation sites located between 321 and 363 nucleotides 
upstream from the 3'end of the first exon. We have designated 
the adenine that corresponds to one of the strong S1 signals 
and is also one of the 5' cDNA ends generated by RACE as 
+ 1 (Figure 2). 

Transcriptional Activity of the Putative Promoter of the 
Rat D2 Gene in Transiently Transfected NB41A3 Cells. To 
determine the promoter region of the rat D2 gene, several 
5'-deletion mutants made of overlapping restriction fragments 
of the 5'-flanking region were subcloned in the promoter-less 
vector pCAT-Basic (Figure 4). In the mouse neuroblastoma 
cell line, NB4 1 A3 which expresses binding sites for D2 ligands 
(Monsma et al., 1989a), strong transcriptional activity was 
observed with pCATD2-75 but not with the other constructs 
(Figure 4; Table I ) .  To identify the transcription start site 
of this recombinant CAT gene in transient expression assays, 
S1 nuclease analysis was performed using RNA from 
transfected NB4 1A3. The results indicated that transcription 
of the recombinant D2 promoter-CAT gene in this cell line is 

I 
i 

3' 
FIGURE 6: DNase I footprinting of the rat D2 promoter region. The 
probe is 150 bp extending between nucleotides -1 3 1 and + 19, labeled 
at the 5' end of the noncoding strand at +19. The DNase I cleavage 
pattern is shown in the absence of protein, in the presence of 20 or 
40 pg of nuclear extract from NB41A3 cells, and in the presence of 
2 footprinting units of purified human Spl. The sequence ladder 
shown on the right is generated with the same labeled primer used 
to prepare the footprinting probe. The boxes represent the positions 
of the putative Spl binding sites A and B (see Figure 4). Parallel 
experiments were performed with the DNA probe labeled on the 
coding strand, yielding consistent results. 

initiated at the same points as is the D2 gene in vivo in the rat 
striatum (Figure 5). These results strongly suggest that the 
353-bp SmaI-XhoI fragment of the rat D2 gene contains the 
promoter of this gene. 

DNase I Footprinting Analysis of the 5'-Upstream Region 
of the Rat D2 Gene. The results of the CAT assays suggest 
that a strong positive modulator of the D2 promoter is localized 
between nucleotides -75 and -30. To identify the cis-acting 
elements and trans-acting factors interacting with this region, 
we performed DNase I footprinting using nuclear extract from 
NB41A3 cells and a DNA probe extending from nucleotides 
-131 to +19 which contains two putative Spl binding sites 
(sites A and B; see Figure 4). While purified human Spl 
protein strongly bound to both Spl consensus sequences, the 
nuclear extract showed strong binding only to site B, which 
is located between nucleotides -75 and -30 (Figure 6). 

Cell- Type-Specific Transcriptional Activity of the Rat D2 
Promoter. To determine cell-type specificity of the rat D2 
promoter, the rat glioma C6, mouse embryonal NIH 3T3, 



8394 

-360 

-260' 

-160. 

-60 ' 

Biochemistry, 

(a) 

Q) c 
8 
Q" 

s 
E 
I 
3 

Vol. 31, No. 36, 1992 Minowa et al. 

(b) 
RAT 

HUMAN 

RAT 

HUMAN 

RAT 

HUMAN 

RAT 

HUMAN 

RAT 

HUMAN 

I 

-250 -1 50 -50 +1 50 150 250 

Rat D2Gene 

I 

-250 -1 50 -50 +1 50 150 250 

Rat D2Gene 

GCCCCACAGTGCAGAGATAGTTCTGGG-GCCCTGGGTGGGTGGGGCCTCTGTACAAG~ 
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FIGURE 7: Sequence comparison of the 5'-upstream region between the rat and human D2 dopamine receptor genes. (a) Homology analysis 
was done with the program MacVector (International Biotechnologies). Lines indicate more than 65% homology with a window size of 30 
bases. (b) Sequence comparison between the rat and human genes. The numbering system for the rat gene is the same adopted in the present 
study as in Figure 2. The numbering system for the human gene is the same as previously published (Gandelman et al., 1991), whereby the 
adenine of the first ATG codon is +1 since the transcription start site for the human gene has not been defined. Putative Spl binding sites 
in both genes are underlined. 

and human hepatoblastoma Hep G2 were transfected with all 
five CAT constructs (Figure 4; Table I). Essentially no 
transcriptional activity was found in these cell lines tested 
compared with the negative control plasmid, pCAT-Basic. 

DISCUSSION 
To analyze the promoter region of the gene encoding the 

Dz dopamine receptor, we cloned a rat genomic fragment 
containing part of this gene. We sequenced a 1.3-kb EcoRI- 
XhoI region which includes all of exon 1, part of intron 1, and 
852 nucleotides upstream of exon 1. The sequence of 
overlapping segments between our clone and previously 
reported rat Dz cDNA or genomic clones is virtually identical 

(Bunzow et al., 1988; Miller et al., 1990; Monsma et al., 1989b; 
Rao et al., 1990). 

Experiments performed to determine transcription initiation 
site using S1 nuclease analysis and sequencing the 5' ends of 
DZ cDNAs indicated that the previously described exon 1 is 
indeed the first exon of this gene. The present experiments 
also revealed that the rat Dz gene has multiple transcription 
start sites located between 321 and 363 nucleotides upstream 
of the 3' end of the first exon. This assignment of transcription 
initiation sites and the known 3' extent of the rat Dz cDNA 
are consistent with the mRNA size of 2.7-2.9 kb (Bunzow et 
al., 1988; Giros et al., 1989; Monsma et al., 1989b). 



Rat D2 Promoter 

Functional analysis of the promoter region of the D2 gene 
revealed that pCATD2-75 demonstrates significant tran- 
scriptional activity in the neuroblastoma cell line NB41A3, 
which expresses binding sites for D2 ligands (Monsma et al., 
1989a). Furthermore, transcription of this chimeric gene starts 
a t  the same points as does the Dz gene in the rat brain, 
indicating that the authentic D2 promoter drives CAT gene 
expression in the transfection experiments (Figure 5 ) .  Thus, 
we conclude that the 1.3-kb region we sequenced contains the 
promoter of the rat Dz gene. The poor promoter activities of 
pCATD2-852, -394, and -217 might explain the low abundance 
of the D2 message in NB41A3 cells. In fact, we could detect 
a D2-specific mRNA signal in these cells by solution hybrid- 
ization/ribonuclease protection assay but not by northern 
hybridization (data not shown). 

Analysis of the sequence upstream of the transcription start 
sites indicated that the promoter region of the rat D2 gene 
lacks a TATA box and a CAAT box. A CCAAT sequence 
is found at -8 14, which is not the expected position of a CAAT 
box relative to transcription initiation site. In addition, this 
promoter is highly rich in G+C content, reaching 80% in 
some portions, and has multiple putative Spl  binding sites 
(Figure 2). These sequence features are typical for promoters 
of housekeeping genes (Dynan, 1986). Yet, the rat D2 gene 
is regulated and has a highly tissue-specific pattern of 
expression. Transient transfections of NB41A3 cells with 
chimeras of D2 upstream fragments-CAT gene indicated that 
the D2 promoter is positively modulated by a cis-acting element 
located between nucleotides -75 and -30 and negatively 
modulated by elements located between nucleotides -2 17 and 
-76 and between nucleotides -852 and -394. Furthermore, 
DNase I footprinting experiments suggested that Spl in 
nuclear extract of NB41A3 cells binds to its cognate sequence 
at nucleotide 4 8  (site B) but not to the same core sequence 
at nucleotide436 (site A). These observations strongly support 
the possibility that the Spl binding site B is crucial for 
transcription of the D2 gene. Whether lack of binding at site 
A is due to an as yet unidentified factor in the extract inhibiting 
Spl binding and whether this interference relates to the silencer 
activity of the -21 7 to -76 portion of the gene require further 
investigation. In contrast to NB41A3, none of the CAT 
constructs showed evidence of transcription in either the C6 
glioma cells, the NIH 3T3 embryonal cells, or the Hep G2 
hepatoblastoma cells, indicating that the D2 promoter is 
virtually silent in these cells. 

The housekeeping gene-like features of the D2 promoter 
are shared with several other tissue-specific genes including 
that encoding the human DIA dopamine receptor (Sehgal et 
al., 1988; Tsukamoto et al., 1991; Sauerwald et al., 1990; 
Minowa et al., 1992). However, distinct differences are noted 
between the D2 and D ~ A  promoters. While transcription of 
the D ~ A  gene starts apparently equally at multiple points, the 
D2 gene has a clear preference to begin transcription at the 
three consecutivenucleotides between -1 and +2, as indicated 
by the strong bands protected by S1 nuclease (Figure 3). 
Furthermore, 8 of the 17 nucleotides between -6 and + 1 1 of 
the D2 gene are identical to the “initiator” sequence, identified 
in the murine terminal deoxynucleotidyltransferase gene 
(5’-GCCCTCATTCTGGAGAC-3’, initiation site is under- 
lined). The initiator, for which no strong consensus sequence 
has thus far been identified, is functionally similar to TATA 
elements in influencing the direction of transcription as well 
as defining its site of initiation (O’Shea-Greenfield & Smale, 
1992). This initiator-like sequence in the rat D2 gene may be 
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critical in starting transcription preferentially at the three 
nucleotides. 

Sequence comparison of the D2 gene first exon and its 5‘- 
flanking region between human (Gandelman et al., 1991) 
and rat showed decreasing homology with increasing distance 
from the 3’ end of exon 1 (Figure 7). However, two highly 
homologous segments were identified in this generally non- 
homologous region of the two genes. Interestingly, one of 
these segments is around the transcription start sites of the 
rat gene. In addition, several consensus DNA sequences for 
Spl are found at corresponding sites between the D2 genes of 
both species. These observations may suggest that the human 
D2 gene has transcription initiation site(s) and promoter 
structure similar to those of its rat counterpart. 

We conclude that the rat D2 gene, similar to the human 
D1Agene (Minowa et al., 1992), is transcribed from a TATA- 
less promoter and is expressed in a tissue-specific manner. 
Unlike the DIA gene, however, transcription of the D2 gene 
is not initiated from all possible sites at equal efficiency. An 
initiator-like element in the D2 gene might be the determinant 
of this feature. Whether the promoters of other dopamine or 
catecholamine receptor genes share these features remains to 
be determineld. 
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