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We report the cloning of a rat cDNA encoding a functional dopamine transporter. This cDNA. derived from an intron-containing gene, encodes

a protein of 620 amino acids. Hydropathicity analysis of the protein sequence suggests the presence of 12 putative transmembrane domains. The

protein displays considerable identity with transporters for noradrenaline and GABA (64 and 309, respectively). Transient expression of the cDNA

in COS7 cells directs the expression of dopamine uptake activity with appropriate pharmacology and in a sodium-dependent fashion. In siiu

hybridization reveals that the mRNA for this transporter is expressed in the substantia nigra and ventral tegmental arsa, regions that contain
dopaminergic cell bodies.

Dopamine transporter: Transmembrane domain; Substantia nigra pars compacta; Ventral tegmental

I. INTRODUCTION

Neurotransission is a complex phenomenon involv-
ing the interplay of several processes. These various
systems include: (i) the synthesis, storage and release of
the neurotransmitter; (ii) the interaction of the neuro-
transmitter with specific receptors located on both pre-
and postsynaptic terminals; and (iii) the rapid removal
of the transmitter, and termination of its action via
enzymatic degradation or via specialized transporter
proteins on presynaptic terminals [1].

Whereas many of the protein components and mech-
anisms involved in the synthesis and receptor-mediated
effects of neurotransmitters have been fairly well stud-
ied, the biochemical and molecular details of termina-
tion processes have been mostly unknown. The uptake
of neurotransmitters such as noradrenaline, dopamine
and serotonin is mediated by a Na*-dependent process
{2] and seems to represent the most important pathway
for cessation of the action of these monoamines. For
example, 80-90% of noradrenaline is removed from the
synapse into nerve terminals by a specific noradrenaline
uptake mechanism [3], as opposed to being degraded by
metabolizing enzymes such as monoamine oxidase or
catechol-O-methyl transferase [3]. The importance of
uptake mechanisms in the synaptic function is further
highlighted by the large number and dramatic pharma-
cological effects of drugs that interact with these trans-
porter proteins, such as anti-depressants and substances
of abuse such as cocaine and amphetamine. Dopamine
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uptake is related, for example, to locomotor activity,
positive reinforcement and cocaine self-administration
[4]. Because of the potential involvement of the dopami-
nergic neurotransmission system in the etiology of psy-
chiatric disorders or necurological diseases, elucidation
of the molecular properties of the dopamine transporter
could provide new and powerful means to understand
these mechanisms and develop novel therapeutic tools.

The recent biochemical purification of a brain y- ami-
nobutyric acid (GABA) transporter [5] and the develop-
ment of expression cloning techniques for these proteins
{6,7] has led to the elucidation of the structure of 2
members of this transporter protein family, one for
GABA and another selective for the biogenic amine
noradrenaline (NA) [8,9]. These proteins are single po-
lypeptides of ~600 amino acids, characlerized by the
presence within their sequence of 12 hydrophobic stret-
ches of 20-25 amino acids thai may represent trans-
membrane domains [8,9]. In that respect, these proteins
resemble the ATP-driven and nutrient familics of trans-
porter proteins {10,11]. However, their primary struc-
ture clearly indicates that they define a unique family of
transmembrane proteins. Within several of their trans-
membrane domains, the NA and GABA transporters
display significant (>46%) amino acid identities. Neuro-
transmitter transporters are synthesized within the same
neurons that synthesize their neurotransmitters. Thus,
for the dopaminergic, noradrenergic and serotonergic
systems, mRNA for these transporters would be ex-
pected to show a distribution essentially restricted to
these particular cell bodies. Based on these premises, it
was surmised that the use of degenerate oligonucleotide
primers from conserved regions of known transporters
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could be used to amplify by polymerase chain reaction
(PCR) partial cDNA clones from specific brain areas to
obtain putative related members of this family. In this
paper, we report using a partial PCR cDNA clone ob-
tained from the substantia nigra, the cloning and char-
acterization of a full length cDNA which encodes a
cocaine-sensitive brain dopamine transporter,

2. MATERIALS AND METHODS
2.

1. Drugs and chemicals

Enzymes used in recombinant DNA manipulations were obtained
from Bochringer and Promega Biotech. Chemicals were from RBI
{Natick, MA). Mazindol and GBR 12783 were gifts from Dr. J.-J.
Bonnet (Rouen, France), whereas cocaine and I- and d-amphetamine
were obtained from Dr. E. Ellinwood (Duke University, NC). The
c¢DNA library wus a generous gift (rom Dr, T.P. Snutch [12].

2.2, Amplification of mRNA by the polvmerase chain reaction

Total mRNA was extracted from rat substantia nigra using the
method of Chomcynsky and Sacchi [13]. First-strand synthesis of
cDNA was performed using a cDNA synthesis kit (Invitrogen) uc-
carding to the supplier's instructions. except that mMRNA was primed
with a degenerate 21mer oligonucleotide derived from the alignment
of the sixth transmembrane (TM 6) scgment of the rat GABA 1runs-
porter and human NA transporter [8.9], ATCTG(A/G)GT(G/
TGCGGCA/G)TCIA(T/G)C (Primer A) at a finul concentration of
400 nM. Double-strunded cDNA was synthesized and amplified using
2.5 U Taq Polymerase (Cetus) and 75 nM primers A and B (AA(C/
TIGT(G/ATGG(A/C)G(G/C)TTCCCITA. derived from the consen-
sus alignment of TM | (as above) in 50 ul of 10 mM Tris-HCI, nH
8.3, 50 n:M KCl, 1.5 mM MgCl,. 0.5 mM dNTP, 0.5 mM dithiothre-
itol and 0.01% gelatin, for 30 cycles at 94°C for | min, 50°C for | min.
and 72°C for 80 s. ended by 12 min at 72°C. The products of this
reaction were resolved on a 192 agarose gel and the cDNA ranging
from 500-800 bp was extracted (Gene-clean, BIO 101) and an aliquot
re-amplified using primers C. located in TM 6 (TACGAATTCTG(A/
GIGT(G/TIGCGGC(A/G)TCIATCCA) and D, located in TM |
(GCCGAATTCAA(C/TIGT(G/A)TGGAGGTTCCCITA) for 30cy-
cles at 94°C for 1 min, 54°C for 45 s, und 72°C for 80 s, ended by 12
min at 72°C. Thesc primers each contained EcoRlI restriction sites.
The ¢cDNA obltained (~700 bp) was then digested with EcoRI and
subcloned into pBlueScript (Stratagene) both for sequencing and syn-
thesis of cRNA probes.

2.3. PCR-lased library screening

Two specific primers. E (TGCCCTACCTGCTCTTCATGG. nu-
cleotides 299-318 on Fig. 1) and F (GCCCAGGTCATCAATGCCA-
C, nucleotides 680-699 on Fig. 1) were designed from the sequence of
clone PCT2und used to amplify the DNA from 15 batches comprising
citch 1350 000 individual clones from a high molecular weight- enriched
¢DNA library from total brain, construcled in AZAP [12). One of these
samples revealed the presence of a specifically amplified material, and
the 150 000 starting clones {rom this biatch were split into 25 fractions
ol' ~10 000 pfu, among which onc fraction was positive again aflter
PCR amplification. The lambda clones were then plated and lifted on
nitrocellulose filters (Schieicher and Schlucll), and hybridized with a
nick-transluted probe obtained from PCT2, as described elsewhere
[14]. The pBlueScript was excised from the purified phage, and 1 2.2
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kb fragment was sequenced and subcloned into pCMVS5 {15] for ex-
pression. Screening of a S«w3A partial rat genomic library (Strata-
gene) and rat genomic Southern blot analysis with a nick-translated
probe from clone PCT2 were performed as described {14}.

2.4, In site hybridization

The PCT2 clone which encodes sequences of the transporter protein
from the putative TM 1 to TM 6 ligated into the EcoRl site of
pBlueScript was used to synthesize sense and antisense strand cRNA
probes, Uridine 5-({o-**S]thio)triphosphate-labeled probes were pre-
pared by in vitro transcription of circular templates with T7 and T3
RNA polymerases, to a specific activity of >10° cpm-ug™'. In situ
hybridization was conducted as previously described [16). Bricfly,
frozen rat brain sections were thawed and fixed for 10 min in 4%
paraformaldehyde with phosphate buffered saline at 4°C, Scctions
were hybridized with heat-denaturated probes (2-5%10° cpm-ml™')
and treated with RNase A at 50 gg -ml™!. Sections were washed in 4
| of 0.1X standard saline citrate, 14 mM 2:mercaptoethanol, 0.05%
sodium pyrophosphate for 3 h at 35-38°C and cooled to room
temperature gradually over 12-16 h. Slides were exposed at —80°C to
Kodak XAR film for 6 days.

2.5. 'H-Dopumine uptake experiments

African green monkey kidney (COS-7) cells were transiently (rans-
fected with a pCMVS-TS3 construct using the lipofectine method
(Gibco BRL) in i2-well tissue culture plates (22-mm diameter) accord-
ing to the supplier’s instructions. In briefl, each well containing 4-5x10°
subconfluent COS-7 cells was washed 3-times with 0.5 ml of serum-
free DMEM medium before adding 15 4l of a mixture containing 0.5
Hg DNA and 5 ug lipofectine. After 5-7 h incubation at 37°C, the wells
were supplemented with an additional 0.5 ml DMEM medium con-
taining 20% fetal bovine serum and the antibiotic gentamycin (10 000
U/l and ircubated an additional 48 h at 37°C in a 5% CO, incubator.

For uptake experiments, the DMEM medium was replaced by 5
mM Tris-base, 7.5 mM HEPES, 140 mM NuCl, 5.4 mM KClI, 1.8 mM
CaCl,, 0.8 mM MgSO,, | mM ascorbic acid, 5 mM D-glucose. final
pH 7.1 (uptake buffer). At the end of the incubation, cells were washed
3-timas in the uptake buffer containing 0.5 mM nomifensine, and then
resuspended in 9.5 mi of 0.1 N NafH for ! h. An aliquet was then
taken for scintillation counting. For determination of inhibition of
uptake, cells were incubated 2 min with thedrug to be tested, and then
15 nM of *H-dopamine was added in a final volume of 0.5 ml for §
min. To determine the Na~ dependency. NaCl was substituted with
140 mM LiCl. The K; values were determined using the EBDA and
LIGAND programs [17].

3. RESULTS AND DISCUSSION

The recent cloning and molecular characterization of
specific transporter proteins for the neurotransmitters
GABA and NA has revealed the emergence of a novel
family of transmembrane proteins with simiiar putative
topography and significant amino acid identity {8.9].
Since NA and dopamine are bolh catecholamines, it
may be expected that a specific dopamine transporter
may share significant homology with both the GABA
and NA transporters, To test this hypothesis, and at-
tempt to isolate a putative dopamine transporter, a set

D EE—

Fig. |. Nucleotide und deduced amino ucid sequences of the rat TS3 clone. Nucleotides and amino acids are numbered (right side) consecutively

from the putative translation initiation codon, Solid bars represent putative transmembrane domains. Cross-hatched bars indicate consensus sites

for N-glycosylation. Asterisks indicate potential sites of protein kinase A and C phosphorylation on presumed intracellular domains. Arrows
indicate the location of intron-exon junctions mapped from the partial sequence of a rat genomic clone.
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Fig. 2. Localization of the dopamine transporter mRNA in rat brain
by in situ hybridization. Consecutive coronal sections (Bregma-3)
were incubated with cRNA probes in the antisense (A) and sense (B)
orientation as described in section 2. SNC: substantia nigra pars com-
pacta; VTA: ventral tegmental arca. No positive signal was observe
in other sections at the level of the caudate putamen and nucleus
accumbens, areas where functional dopamine uptake is present.

of degenerate primers derived from conserved sequen-
ces among the GABA and NA transporters in the first
(nrimers B and D, nucleotides 244-264 in Fig. 1) and
sixth {primers A and C, nucleotides 948-928 in Fig. 1)
TM were synthesized and used for PCR amplification
(see Materials and Methods). To increase the probabil-
ity of amplifying a dopamine transporter, we used as
template mRNA from substantia nigra, a brain nucleus
which mainly comprises dopaminergic cell bodies.
Among the clones obtained, one (PCT2) displayed a
high level of identity in its nucleotide sequence both
with the human NA (70%) and rat GABA (66%) trans-
porters.

In an attempt to isolate a full length cDNA clone, a
PCR-based library screening approach was used. Two
specific oligonucleotides (primers E and F) were synthe-
sized based on the sequence of PCT2 clone, and em-
ployed to amplify DNA from a cDNA library (see Ma-
terials and Methods). Three identical clones (TSI, TS2
and T83) were finally isolated by plaque hybridization,
and their 2.2 kb ¢cDNA insert used for sequencing and
expression in mammalian cells. The nucleotide and de-
duced amino acid sequence of clone TS3 is shown on
Fig. 1. An open reading frame for a putative protein of
620 residues (M, 69 029) starts with methionine at base
1 and extends to base 1860 (Fig. 1) which is followed by
a stop codon. The methionine tentatively assigned as the
start of translation for this protein was chosen on the
basis that it conformed to the Kozak consensus se-
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Fig. 3. Pharmacological characterization of the expressed dopamine

transporter in COS-7 cells, (A) Time—course of dopamine uptake,

Celis were incubated as described in section 2 with 15 nM *H-dopa-

mine. (B) Competition ol *H-dopamine-uptake by various neurotrans-

mitters and uptake blockers. Results are the mean of triplicate deter-

minations from a single experiment and are representutive of 2-3
simnilar determinations.
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quence [18]. Although no in-frame stop codon could be
identified in the 12 bp 5" upstream of this putative start
site. the protein sequence matches fairly well with that
of other members of this protein family. Hydropathicity
analysis (not shown) of the deduced amino acid se-
quence suggests that this protein comprises 12 stretches
of 22-24 amino acids (underlined in Fig. 1) that may
represent transmembrane spanning domains. The de-
duced sequence indicates the presence of 4 putative sites
for NV-glycosylation, all contained within the sequence
which lies between proposed TM 3 and TM 4. The lack
of a readily identifiable signal sequence peptide suggests
that the N-terminal segment of the protein resides on
the cytoplasmic side of the plasma membrane. These
various features of the protein encoded by this TS3
clone strikingly resemble the molecular properties of
transporter proteins for GABA and NA [8,9).
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To determinate initially whether the isolated PCT2
clone might represent a specific transporter for the bio-
genic amine dopamine, in situ hybridization was per-
formed on rat brain sections. In the central nervous
system (CNS) dopamine is mainly synthesized in the
substantia nigra pars compacta (SNC, A9) and in the
ventral tegmental area (VTA, A10). Fig. 2A shows that
an antisense cRNA probe synthesized from the PCT2
clone hybridizes selectively to both the SNC and the
VTA on coronal brain sections. In Fig. 2B the same
experiment was repeated on a consecutive section with
a scnge cRNA-labelled probe. Under these conditions
no radiolabelling of the A9 and A10 dopaminergic neu-
rons was observed thus confirming the specificity of the
signal observed in Fig. 2A. Thus, the distribution of the
mRNA encoding for this protein is consistent with it
being a dopamine transporter.

To confirm the identity of this presumed dopamine
transporter, transient expression of the protein was ex-
amined in COS-7 cells using the 2.2 kb cDNA clone
subcloned into pCMV3. As shown in Fig. 3A expres-
sion of the cDNA established in these cells a time- and
sodium- dependent uptake of dopamine. At that con-
centration of dopamine (15 nM) a plateau was reached
between 20-30 min. The uptake of dopamine was spe-
cifically blocked by the uptake blocker, nomifensine, or
in the absence of Na** (i.e. presence of Li*). The K, for
dopamine uptake was ~-300 nM. The ability of several
neurotransmitters and uptake blockers to compete for
‘the uptake of dopamine by transfected COS-7 cells was
determined (Fig. 3B and Table 1). The selective dopa-
mine uptake blockers GBR-12783 [19], GBR-12909 [29]
and mazindol, were the most potent competitors of up-
take. Nomifensine and cocaine showed intermediate le-
vels of potency. D- and L-amphetamine showed about
a 10-fold stereoselectivity in their ability to decrease
*H-dopamine-uptake. Several other compounds listed
in Table I, like the tricyclic anti-depressants, nortrypti-
line or desipramine, displayed K; values greater than 1
MM for inhibition of uptake, as expected [21]. Note-
worthy is the fact that the K value for cocaine is similar
to that which has been reported previously for the clo-
ned human NA transporter (300 vs. 150 nM) [9]. Nora-
drenaline has a K; of 10 uM at this cloned transporter,
a value significantly greater than that which has been
previously reported for the *H-dopamine transporter in
rat brain (1 gM) [22]. Thus, the pharmacological profile
of the uptake of dopamine by transfected COS-7 cells
confirms the identity of this protein as a dopamine
transporter protein.

Comparison of the amino acid sequence of this rat
dopamine transporter with the sequence of the previ-
ously cloned GABA and NA transporters reveals a sig-
nificant degree of amino acid conservations, The rat
dopamine transporter is 64% identical to the human NA
trunsporter and 30% to the rat GABA transporter.
These identities are even more pronounced when com-
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Table 1
Pharmacology of the rat dopamine transporter expressed in COS-7
cells
Compound K(nM) Hill coefficient
GBR 12783 11 0.83
GBR 12909 12 1.28
Mazindol 27 1.12
Nomifensine 118 0.81
Dopamine 316 1.38
Cocaine 336 0.83
D-Amphetamine 881 0.93
L-Amphetamine 9590 1.29
6-OH-Dopamine >1000 nd
Reserpine >1000 nd
Epinephrine >1000 nd
Norepinephrine >10,000 nd
Histamine >10,000 nd
Amitryptiline >10,000 nd
Desipramine >10,000 nd
GABA >10,000 nd
Serotonin >10,000 nd

COS-7 cells were transiently transfected with a pCMVS-TS3 construct

as described in Materials and Methods. Dopamine uplake was meas-

ured in the presence of 15 nM *H-dopamine and at least 6 concentra-

tions of each compound as listed. Each point represents the mean of
3 similar experiments. nd, not determined.

paring sequences within the putative transmembrane
domains (74% with NE and 49% with GABA transpor-
ters). An alignment (not shown) of the amino acid se-
quences of this dopamine transporter with those for the
NA and GABA transporters shows that these 3 proteins
obviously belong to the same family of proteins. Their
amino- and carboxyl-terminal domains are of similar
lengths. Various intra- and extracellular connecting
loops display similar sizes. In addition, specific motifs
appear to be conserved, as there are a total of 217 amino
acids that are invariant between all 3 proteins.

Preliminary experiments indicate that the gene for
this rat dopamine transporter will display the usual
complex structure of eukaryotic genes. Partial sequenc-
ing of the rat genomic clone revealed the presence of at
least 2 introns in this gene (indicated by the arrow heads
in Fig. 1). The complexity of the gene structure for this
transporter is confirmed by the resuits of genomic
Southern blot analysis (Fig. 4). Using several restriction
enzymes on rat genomic DNA probed with the PCT2
clone, muitiple hybridizing bands were obtained even
for restriction enzymes for which no restriction sites
exist in the cDNA (all but Bg/ll) (Fig. 4, legend).

The cloning of a cCNA for a dopamine transporter
indicates that a single polypeptide chain is capable,
when expressed into a host cell, of recapitulating the
function of the CNS dopamine transporter with appro-
priate pharmacological characteristics and dependence
on Na®. The distribution of the mRMA for this trans-
porter protein in the areas of dopaminergic cell bodics
suggests that this protein may be the main component
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Fig. 4. Southern blot of rat genomic DNA, Rat genomic DNA (10
ngltane) was digested with the restriction enzymes shown. subjected
10 agarose gel electrophoresis, blotted onto nitrocellulose and probed
with the PCT2 clone. The filter was washed in 2x SSC, 0.1% SDS.
two-times for 15 min at 37°C and then 0.1x SSC., 0.1 SDS for 15 min
at 37 and 45°C, consecutively. The autoradiogram was developed for
48 h, The position of molecular weight standards are indicated on the
right, The PCT2 probe did not contain restriction sites for any enzyme
excepl Beill {1 site).

for the termination of dopaminergic neurotransmission.
In vitro and in vivo pharmacological studies have sug-
gested that this transporter can interact with several
classes of neurctransmitter-uptake inhibitors [23]. The
most weil known example of this would be the interac-
tion of this transporter with the substance of abuse,
cocaine. Indeed, the rewarding and addictive effects of
cocaine administration seem to be mediated by its inter-
action with a dopamine transporter in dopaminergic
innervated areas of the CNS, Thus. the clucidation of
the structure of this transporter should facilitate studies
of the structure and function of drugs that interact with
this transporter or into the mechanisms mediating re-
ward and addiction to substances of abuse. In addition,
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since the function of dopamine is impaired in many
neuropsychiatric disorders, the availability of probes
for a dopamine transporter may help in assessing
whether the gene for this transporter might bear rela-
tions to the etiology of these disorders.
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