v

www.elsevier.nl /locate /g phar

s

E European Journa of Pharmacology 405 (2000) 329-339

ELSE

Structure and function of the dopamine transporter

Nianhang Chen?°, Maarten E.A. Reith®*

& Department of Biomedical and Therapeutic Sciences, College of Medicine, University of lllinois, Box 1649, Peoria, I 61656, USA
b Department of Pharmacology, School of Basic Medical Sciences, Nanjing Medical University, 140 Han Zhong Road, Nanjing, Jiangsu 210029,
People’s Republic of China

Accepted 28 June 2000

Abstract

The dopamine transporter mediates uptake of dopamine into neurons and is a major target for various pharmacologically active drugs
and environmental toxins. Since its cloning, much information has been obtained regarding its structure and function. Binding domains
for dopamine and various blocking drugs including cocaine are likely formed by interactions with multiple amino acid residues, some of
which are separate in the primary structure but lie close together in the still unknown tertiary structure. Chimera and site-directed
mutagenesis studies suggest the involvement of both overlapping and separate domains in the interaction with substrates and blockers,
whereas recent findings with sulfhydryl reagents selectively targeting cysteine residues support a role for conformational changes in the
binding of blockers such as cocaine. The dopamine transporter can also operate in reverse, i.e. in an efflux mode, and recent mutagenesis
experiments show different structural requirements for inward and outward transport. Strong evidence for dopamine transporter domains
selectively influencing binding of dopamine or cocaine analogs has not yet emerged, although the development of a cocaine antagonist at

the level of the transporter remains a possibility. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The present article is linked to Professor De Wied and
the Rudolf Magnus Institute in two ways. First, one of the
present authors (M.E.A.R) is fortunate to have experienced
the inspiring leadership of Professor De Wied while study-
ing for the Masters degree in the Rudolf Magnus Institute,
and he is indebted to De Wied's mentorship while prepar-
ing for the PhD degree. De Wied's role model of scholar-
ship, discipline, and creativity has been crucial in develop-
ing the experiments in this laboratory that are part of the
present review of the dopamine transporter area. Second,
De Wied's pioneering work on the role of neuropeptidesin
learning and memory has important ramifications for our
understanding of mechanisms involved in the action of
drugs of abuse, which clearly involve components of learn-
ing and memory. One class of drugs of abuse, the psychos-
timulants, has the dopamine transporter as a major target,
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and it is this protein that is the subject of the present
mini-review.

The dopamine transporter or carrier, located on the
plasma membrane of nerve terminals, transports dopamine
across the membrane. By taking up synaptic dopamine into
neurons, it plays a critical role in terminating dopamine
neurotransmission and in maintaining dopamine homeosta-
sis in the central nervous system (Giros et al., 1996; Jones
et a., 1998a,b). Many substances, such as the psychostim-
ulant amphetamine, the dopaminergic neurotoxin 1-
methyl-4-phenylpyridinium (MPP*) and various sympath-
omimetic amines, structuraly resemble dopamine. They
are thus substrates for the dopamine carrier and can be
transported (Jones et a., 1998ab; Miller et a., 1999b).
The dopamine transporter is also a major molecular target
for the addictive drug cocaine and, to a lesser extent,
antidepressants (Tatsumi et al., 1997; Amara and Sonders,
1998). These drugs cannot be transported but can bind to
the dopamine carrier to block dopamine transport. There-
fore, interactions with the dopamine transporter protein can
have profound neurobiological, pathophysiological, and
pharmacological consequences. In the last decade, since
the cloning of the dopamine transporter (Giros et al., 1991;

0014-2999,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(00)00563-X



330 N. Chen, M.E.A. Reith / European Journal of Pharmacol ogy 405 (2000) 329-339

Kilty et al., 1991; Shimada et a., 1991; Usdin et a.,
1991), major advances have been made in the characteriza-
tion of dopamine carriers. The focus of this review is on
the recent progress in elucidating structure—function rela-
tionships for the dopamine transporter.

2. Molecular and pharmacological characteristics of the
dopamine transporter

The dopamine transporter has been identified from
brains of various species and from Caenorhabditis elegans
(for references see Table 1). A transporter with neuronal
dopamine transporter properties and a partial cDNA clone
has also been characterized from the African green mon-
key kidney (COS) cell line (Sugamori et al., 1999). The
mammalian dopamine transporters exhibit high sequence
identity (Table 1). The reported longer C-terminus of the
bovine dopamine transporter was due to an error of the
authors in the trandation of the cDNA sequence from the
corresponding mRNA, introducing a frame shift. The cor-
rect trandation of the bovine dopamine transporter C-
terminal sequence results in a C-terminus of 40 amino
acids, not longer than the C-termini of other dopamine
transporters (Briss et al., 1999). Among other members of
the neurotransmitter transporter gene family, the mam-
malian dopamine transporters display highest amino acid
homology with the norepinephrine transporter (~ 67%),
serotonin transporter (~ 49%), and y-amino butyric acid
(GABA) transporter (~ 45%). Dopamine uptake by all the
identified dopamine transporters has a similar pharmaco-

logical profile including a highly comparable sensitivity to
cocaine analogs (Table 1). It should be noted that high-af-
finity binding of the phenyltropane analog of cocaine,
2B-carbomethoxy-33-(4-fluorophenyltropane (CFT =

WIN 35,428), is not known for the mouse (Briss et al.,
1999; Wu and Gu, 1999) and C. elegans (Jayanthi et al.,
1998) dopamine transporter, appears to be poor in bovine
dopamine transporter (Lee et al., 1996ab, however, see
above), or is not found in COS dopamine transporter
(Sugamori et al., 1999). Additionally, C. elegans dopamine
transporter has a relatively lower amino acid identity and
appears highly sensitive to the serotonin transporter in-
hibitor imipramine (Jayanthi et al., 1998), which distin-
guishes it from mammalian dopamine carriers. All of the
identified dopamine transporters are functionally depen-
dent on the presence of external sodium and chloride (see
references in Table 1). Recent transport, binding, and
electrophysiological investigations revea that the interac-
tions of ions with the dopamine carrier are considerably
more complex than the simple picture of two Na* ions and
one Cl~ ion being co-transported with one dopamine
molecule (Sonders et al., 1997; Chen et a., 1999; Earles
and Schenk, 1999; Li and Reith, 1999, 2000).

3. Structure of dopamine transporter

Up to date, no X-ray crystallographic or high-resolution
structural information is available for the topological as-
signments of the transporters. Hydropathy analysis of the
primary sequences of mammalian monoamine transporters

Table 1
Comparison of cloned dopamine transporters
Species Name Size Homology to DA K& (nM) Sensitivity to Reference
(amino acid) hDAT (%) inhibitors
(K; ratio)®
GBR:MAZ:COC:BUP®
Human hDAT 620 100 1220 (Ltk-, 37°C) 1:0.65:3.4:19 Vandenbergh et al., 1992
2400 (COS, 22°C) 1:4.3:53:56 Giroset al., 1992, 1994
1500 (COS, 25°C) Pristupaet a., 1994
2540 (COS, 37°C) Eshleman et a., 1995
Rat DAT 619 92 885 (Hela, 37°C) 1:1.4:19:31 Shimadaet a., 1991
300 (COS, 37°0C) Kilty et al., 1991
1320-2090 (COS, 37°C) Giroset al., 1991, 1992,
Kitayamaet al., 1993, 1998
Bovine bDAT 617 88 31500 (CV-1, 37°C) 1:0.98:4.7:53 Usdinet d., 1991
990-1910 (COS, 37°C) Leeet al., 1996, 1998
Mouse mDAT 619 93.4 930 (HEK 293, 35°C) 1:—:56:288 Bruss et al., 1999
2000 (MDCK, 22°C) Wu and Gu, 1999
C. elegans CeDAT 615 43 1200 (Hela, 37°C) 1:0.05:29:— Jayanthi et al., 1998
COScdl COS-DAT 96 (TM91-6) 130 (high, 22°C) 1:0.05:0.41:1.08 Sugamori et al., 1999

8300 (low, 22°C)

#Except for MDCK, K, data were taken from references using transiently transfected cells. For comparison purpose, the host cell and the assay

temperature are included in parentheses.

bExcept for mDAT, the K; ratios (K; inhibitor /K; GBR) for inhibiting DA uptake are calculated according to data reported in the cited reference.

°GBR, GBR 12909; MAZ, mazindol; COC, cocaine; BUP, bupropion.

dTM, transmembrane domain.
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predicts a topology with 12 transmembrane segments con-
nected by alternating extracellular and intracellular loops
with the N- and C-termini located in the cytosol. A study
using cysteine/lysine-modifying reagents and biotinylated
probe scanning has agreed with the proposed topology on
predicting extracellular domains of the serotonin trans-
porter (Chen et al., 1998). For dopamine carriers, some
aspects of the proposed topology have also been experi-
mentally verified. Electron microscopic immunocytochem-
ical evidence confirms the cytoplasmic location of N-
terminal and the extracellular location of the sequence
between transmembrane domain 3 and 4 (Nirenberg et al.,
1996: Hersch et al., 1997). Proteolytic mapping and epi-
tope-specific immunoprecipitation of photolabeled
dopamine transporters demonstrates the presence of at
least one transmembrane helix or other membrane-anchor-
ing structure in two different regions of the protein pre-
dicted to contain transmembrane domains and again identi-
fies the extracellular orientation of the region between
putative transmembrane 3 and 4 (Vaughan and Kuhar,
1996). Determination of the accessibility of endogenous
cysteines, located on the putative intracellular or extracel-
lular loops of the human dopamine transporter, for mem-
brane-permeable and membrane-impermeable sulfhydryl
reagents also supports the originally proposed topology:
Cys® and Cys*® appear to be extracellular, and Cys'*®
and Cys**? appear to be intracellular (Ferrer and Javitch,
1998). Additionally, three residues on the extracellular
face of the human dopamine transporter, His'®3, His*®,
and Glu*®, have been characterized to form three coordi-
nates in the Zn?*-binding site. The common participation
of these residues in binding the small Zn?* ion suggests a
close proximity between extracellular loop 2, transmem-
brane domain 7, and transmembrane domain 8 in the
tertiary structure of the human dopamine transporter (Nor-
regaard et al., 1998; Loland et al., 1999).

Photoaffinity labelling studies show that dopamine car-
riers are glycoproteins with a molecular mass of ~ 80 kDa
on polyacrylamide gels. Prevention of transporter glyco-
gylation by glycosidase reduces the molecular mass to 50
kDa (Vaughan et a., 1996; Patel, 1997). All of the
dopamine transporters cloned to date have at least three
consensus sites for N-linked glycosylation in the second
extracellular loop located between transmembrane seg-
ments 3 and 4. Preliminary data indicates that removal of
more than two of the glycosylation sites dramatically
reduces plasma membrane expression (Lin et al., 1999b). It
has been shown that the stability and trafficking /targeting,
not ligand recognition, of the human norepinephrine trans-
porter to the membrane greatly depend on glycosylation of
the consensus sites (Mdlikian et al., 1996; Nguyen and
Amara, 1996). Whether such an effect also applies to the
dopamine carrier remains to be explored. Two cysteines in
the second extracellular loop are also conserved com-
pletely within monoamine transporters, which have been
presumed to form a disulfide bridge and to be involved in

the cell surface expression in the case of the rat dopamine
(Wang et al., 1995) and serotonin (Chen et al., 1997a,b;
Sur et d., 1997) transporter.

Dopamine transporters themselves undergo in vivo
phosphorylation in stably expressing cells and striatal
synaptosomes (Vrindavanam et al., 1996; Huff et al., 1997;
Vaughan et al., 1997). Protein kinase C-mediated dopamine
transporter phosphorylation (Huff et al., 1997; Vaughan et
al., 1997) results in sequestration of the transport protein
(Zhu et al., 1997; Pristupa et a., 1998; Melikian and
Buckley, 1999) and down-regulation of transport activity
(Kitayama et a., 1994; Huff et al., 1997; Vaughan et a.,
1997; Zhang et a., 1997). The primary sequence of the
dopamine carrier contains multiple phosphorylation sitesin
the putative intracellular domains. Although preliminary
studies with antibodies reveal that serine residues are
involved in the phosphorylation of the protein (Vrin-
davanam et al., 1996), dopamine transporters do not appear
to be directly phosphorylated at their consensus phospho-
rylation sites. Removing all the potential protein kinase C
sites failed to affect the ability of protein kinase C activa-
tors or inhibitors to regulate dopamine transport (Lee et al.,
1998), whereas mutation of the CaM kinase site, Thr®2 in
the human dopamine transporter, has shown contradictory
results on the effect of CaM kinase inactivation (Quan et
al., 1998). Canonical protein kinase C sites also do not
seem to be responsible for protein kinase C-mediated
changes in the norepinephrine (Bonisch et al., 1998) or
serotonin (Qian et a., 1997) transporter. Thus, direct
dopamine transporter phosphorylation might occur at non-
consensus phosphorylation sites. It is aso likely that the
phosphorylation of the dopamine carrier is substantialy
impacted by ligand occupancy as shown for the serotonin
transporter (Vrindavanam et al., 1996; Ramamoorthy and
Blakely, 1999).

4. Substrate structure/active form and substrate
recognition

The structural requirements for the interaction of sub-
strates with the dopamine transporter have been examined
by comparing the transport of phenethylamine derivatives
in striatal slice preparations (Meiergerd and Schenk, 1994).
These studies indicate that the dopamine transporter re-
quires molecules that possess a phenyl ring with a primary
ethylamine side chain for optimal activity, and the
rotamer of the extended conformation of catecholaminesis
transported preferentially (Meiergerd and Schenk, 1994). It
is proposed that the catechol appears to mediate the recog-
nition of the substrate, whereas the amine side chain
apparently facilitates the conformational change of the
transporter that results in movement of dopamine across
the membrane. Recent transport studies on the cloned
human dopamine transporter suggest that, although B- or
phenolic ring hydroxylation of a substrate results in change
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in the K,, over a wide range, the presence of a phenolic
hydroxyl group is not a perquisite for optimal function of
the transporter. Compounds without a phenolic hydroxyl
group such as PB-phenethylamine, amphetamines, and
MPP*, can bind to the carrier and be transported with the
same V.., as dopamine (Chen and Justice, 2000). There-
fore, phenethylamine seems the most important structural
element accommodated by the dopamine transporter.

Dopamine can exist in the anionic, neutral, cationic, or
zwitterionic form depending on the ambient pH. The ques-
tion of which is the active form of dopamine for the cloned
human dopamine transporter has been addressed (Berfield
et al., 1999). The data are in favor of the cationic forms of
dopamine, perhaps including the zwitterion, being the more
likely substrate. Moreover, the K; for dopamine in inhibit-
ing the binding of the cocaine analog [*HICFT displays a
pH dependence identical to that of the K. for [*H]dopa-
mine uptake, suggesting that changes in uptake result from
changes in dopamine recognition. pH-induced changes in
the interaction between dopamine and its transporter could
result from changes at either the ligand level or the trans-
porter level. At the ligand level, introduction of positive
charges on the ligand by protonation may result in confor-
mational changes in the ligand itself. At the transporter
level, the protonated amine group of dopamine could
interact with a negatively charged residue, such as Asp’,
as suggested by site-directed mutagenesis experiments
(Kitayama et al., 1992) and molecular modeling techniques
(Edvardsen and Dahl, 1994), or with a binding domain that
is susceptible to pH.

In evaluating the effect of a mutation on binding affin-
ity of a substrate, it should be noted that substrate binding
to the dopamine transporter cannot be measured directly
because of its rapid dissociation within the time scale of
the separation of bound from free ligand in binding assays.
Furthermore, the half-saturation substrate concentration
(K,,) for transport is not identica to the dissociation
constant (K,) for the binding of the substrate to the
transporter. K, aso dependsin a complex manner on rate
constants for transporter orientation (Bonisch 1998). Thus,
a change in a step beyond substrate recognition but associ-
ated with dopamine transocation can influence the K,
value, confounding the interpretation for substrate affinity.
Indeed, it is not uncommon that mutations showing lower
V,ax values display lower K, values. In this scenario, the
change in K, cannot be simply interpreted as a change in
substrate binding affinity. For better evauation of
dopamine affinity for a mutant dopamine transporter, the
ability of dopamine to compete for a non-transportable
ligand binding site overlapping with the dopamine site
needs to be considered.

Almost all of dopamine carrier substrates are pheneth-
ylamine derivatives and positively charged at physiological
pH. These features have been used as a guide to find
residues of the substrate-binding site at the carrier. Thus,
charged, aromatic, and polar residues become most attrac-

tive targets for mutagenesis. For the dopamine transporter,
Asp™ of the rat variant remains the only residue reported
to date, mutation of which results in an increase in both
K,, for dopamine uptake and the K; for dopamine to
compete for [*H]CFT binding site (Kitayama et al., 1992).
In homologous human norepinephrine and rat serotonin
carriers, replacement of the aligned aspartates with un-
charged amino acids also causes a disruption of transport
(Barker et al., 1999). It is reasoned that the positively
charged amino group of catecholamine substrates might
interact with the negatively charged carboxylic acid of
Asp™. This hypothesis is indirectly supported by a recent
mutagenesis study on the rat serotonin transporter (Barker
et a., 1999). Thus, in the rat mutant with glutamate
substitution for the aligned aspartate (D98E), serotonin
displays a sixfold loss of affinity as an inhibitor of the
binding of [**°I] 2p-carbomethoxy-3p-(4-iodopheny!)
tropane (RTI-55), a cocaine analog (Barker et al., 1999),
again supporting the importance of this residue in substrate
recognition. Moreover, GIu®, which extends the acidic
side chain by one carbon as compared with Asp®, selec-
tively increases the potency of two analogs with shorter
akylamine side chains, gramine and dihydroxybenzy-
lamine. The observation with dihydroxybenzylamine sug-
gests that catecholamines might be accomodated by the
dopamine transporter in a similar way.

Other residues that could serve as substrate binding
sites are aromatic residues of the dopamine transporter. As
cationic molecules, transporter substrates could bind to the
o faces of aromatic rings, producing noncovalent cation—
interactions (Dougherty, 1996). Alternatively, the aromatic
ring of substrates could recognize phenyl ring side chains
on the dopamine transporter through w—m interactions
(Burley and Petsko, 1985). In search of such interactions, a
large number of aromatic residues of the dopamine trans-
porter, including most of the phenylalanine and tryptophan
residues in transmembrane domains, have been mutated
(Lin et al., 1999a,b). Mutation of Phe'*®, a residue located
on transmembrane domain 3 and unique to the dopamine
transporter family, strikingly raises the K, for dopamine
uptake and reduces the V... Intriguingly, it also enhances
the potency of dopamine in inhibiting [*HICFT binding
more than 30-fold (Lin et al., 1999a), indicating that this
mutated dopamine transporter could still fully recognize
dopamine. Thus, changes beyond dopamine recognition
need to be considered, likely involving translocation steps
impacting the K, value.

5. Substrate transport: inward and outward

Among 62 single or double/triple dopamine transporter
mutants published so far, 14 of the 54 showing near
normal membrane expression or CFT binding display re-
ductions in turnover rates for dopamine to less than one-
third of wild-type values (Table 2). Except for Phe™® in
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Table 2
Effect of DAT mutations on dopamine transport or /and CFT binding?®

Mutated residues® Conservation in® Location Other changes Reference

DATs NET and SERT
Reduce DA turnover rate
F69 (A) yes yes rDAT-TM1 DA K, | Linetal., 1999a
F105 (A) no (CeDAT) no (SERT) rDAT-TM2 Lineta., 1999a
F114 (A) yes yes rDAT-TM2 Linetal., 1999a
F155 (A) yes no (NET, SERT) DAT-TM3 DA K, f, DA K; for CFT binding | Lineta., 1999a
F319 (A) yes yes rDAT-TM6 Linetal., 1999a
F331(A) no (CeDAT) yes rDAT-TM6 DA K, | Lineta., 1999a
F410 (A) yes yes rDAT-TM8 Linetal., 1999a
F530 (A) no (CeDAT) yes rDAT-TM11 DA K, | Lineta., 1999a
S356-359 (AG)¢ yes yes DAT-TM7 DA K; for CFT binding f © Kitayamaet a., 1992
Reduce CFT binding affinity
D385 (N) no (CeDAT) no (NET) hDAT-EL4 Loland et al., 1999
F361(A) yes yes IDAT-TM7 DA K; for CFT binding | Linetal., 1999a
Reduce both
D79 (AGE) yes yes rDAT-TM1 DA K; for CFT binding Kitayamaet a., 1992
E218 (Q) no (CeDAT) no (SERT) hDAT-EL2 Loland et a., 1999
F76 (A) yes no (SERT) DAT-TM1 DA K; for CFT binding | Linetal., 1999a
Y251 (A) yes yes rDAT-TM4 MPP* K, and Vi, U Kitayamaet al., 1998
Y273 (A) yes yes rDAT-TM5 MPP* Vo U Kitayamaet al., 1998

%only mutants are listed that are significantly different from wild-type proteins by at least threefold and that have near normal membrane expression
and/or B, of CFT binding. TM, transmembrane domain; EL, extracellular loop; DAT, dopamine transporter; NET, norepinephrine transporter; SERT,

serotonin transporter.

Pamino acid substitutes used are indicated in paranetheses; sometimes multiple substitutes were used.
°if a transporter does not contain the aligned residue, it is indicated in parentheses.

donIy the activity of double mutants was tested.
Conly for glycine substitution.

the rat dopamine transporter, all the other 13 residues are
conserved throughout mammal dopamine and norepineph-
rine carriers. Except for Glu®*® in the human dopamine
transporter, which is located on the second extracellular
loop, all the other 13 residues are located in regions
spanning transmembrane domain 1-8 and in transmem-
brane domain 11. Noticeably, 16 out of 17 substitutions of
charged residues located on the extracellular surface of the
human dopamine transporter displayed little or only mod-
est reduction in turnover rates for dopamine (Norregaard et
al., 1998; Loland et a., 1999). The influence of alanine
substitution for tryptophan and proline residues in or near
putative transmembrane domains has also been assessed.
Many of those substitutions impaired dopamine transloca
tion (Itokawa et al., 1998; Lin et al., 1999a,b). These data
are generally in favor of the view that determinants impor-
tant for substrate trandocation appear closely associated
with transmembrane segments. However, the role of extra
cellular and intracellular loops remains to be established
for the dopamine transporter. In the serotonin carrier,
external loops have been shown to participate in the
conformational changes required for translocation, al-
though they are not the primary determinants for ligand
recognition (Smicun et a., 1999).

Simultaneous mutation of the two serines in position
356 and 359 in transmembrane domain 7 of the rat

dopamine carrier reduces dopamine transport (Kitayama et
al., 1992). Conservation of these two serines in cate-
cholamine transporters and dopamine D, and B-adrenocep-
tors raises the hypothesis that the two serines might form
hydrogen bonds with the two hydroxy! groups of dopamine
(Strader et al., 1994). However, results obtained from
single and simultaneous mutation of the aligned serines in
the homol ogous norepinephrine transporter argue against a
direct hydrogen bond interaction between substrates and
the two serines (Danek Burgess and Justice, 1999).

Using site-directed chemical modification, the cytoplas-
mic loop residue Cys**? has been identified to be in a
conformationally sensitive part associated with the perme-
ation way or cytoplasmic gating of the human dopamine
transporter (Chen et al., 2000). Cys*? is located in a
region (transmembrane domain 5-8) hypothesized to be
critical for substrate translocation. m-Tyramine specifically
increased the rate of reaction of relatively permeant
methane-thiosulfonate-ethylamminum (MTSEA), rather
than impermeant methane-thiosulfonate-ethyltrimethylam-
monium (MTSET), with X-342C, a cysteine-less mutant
construct with Cys*? restored. This effect was observed
only under conditions allowing inward translocation and it
was blocked by cocaine. The observations indicate that
substrate translocation involves structural rearrangement of
the human dopamine transporter protein, which likely ex-
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poses either the thiol side chain of Cys*? or other endoge-
nous cysteine residues the exposure of which require the
presence of Cys**? to intracellular MTSEA. Conformation-
ally sensitive and translocation associated residues have
also been reported for homologous GABA and serotonin
transporters (Golovanevsky and Kanner, 1999; Chen and
Rudnick, 2000).

Effort has also been made to probe the dopamine
transporter structures participating in the transport of
dopaminergic neurotoxic MPP*. Amino acid substitutions
in the rat transporter have suggested that some serine and
tyrosine residues located in transmembrane domain 7 or 11
appear more influential on interaction with MPP* than
with dopamine. Thus, alanine substitution for Ser*° and
Ser®3 preferentialy elevate V., for MPP* transport,
whereas alanine substitution for Ser?’, Tyr3 and Ser®3®
mainly reduce K, for MPP" transport (Kitayama et al.,
1993). Whether this effect is specific for MPP* transport,
or, as found for the aligned transmembrane serine in
transmembrane domain 11 of the human dopamine trans-
porter (Chen and Justice, 2000), whether this also applies
to the transport of other substrates, remains to be clarified.
Phenylalanine substitution of Tyr>2 in transmembrane
domain 11 of the rat dopamine transporter, where the
corresponding residue is phenylaanine in the human car-
rier, increases the velocity of MPP* uptake. The differ-
ence in MPP* uptake kinetics between the wild-type and
the Y533F mutant was similar to the difference observed
between rat and human dopamine transporters (Mitsuhata
et al., 1998b). Therefore, Tyr>** may be important for the
species difference in the sensitivities to toxicity of MPP*
between humans and rats. The transport of MPP™ in 29 rat
dopamine carrier mutants with aanine substitution for
phenylalanine has also been examined (Mitsuhata et al.,
1998a). Evidence for mutations that strongly inhibit MPP*
transport without affecting dopamine transport has not yet
been found.

A common feature of dopamine carrier substrates is that
they can be transported in both directions. There are
essentially two ways to unveil the outward transport of
internal substrates: first, by changing transmembrane ion
gradients (Pifl et al., 1997) and second, via adding sub-
strates to the external medium (Eshleman et d., 1994;
Wall et a., 1995; Johnson et al., 1998; Jones et al.,
1998a,b; Sitte et al., 1998). In the latter case, externa
substrates, by undergoing inward transport, enhance trans-
porter availability at the inner face of the membrane and,
hence, bring about release of cytosolic substrates by induc-
ing outward transport. This has been demonstrated by
recent studies with the norepinephrine transporter (Chen
and Justice, 1998). Additionally, inward Na* current ac-
companying substrate uptake may also be the trigger for
dopamine transporter-mediated release (Sonders et al.,
1997; Pifl and Singer, 1999). Substrate-induced dopamine
efflux and uptake of the inducer appear to depend on
common structural features of the inducer. As inferred

from the K, or K, vaues for uptake and for inducing
dopamine efflux, both effects are reduced by B-hydroxyl-
ation, stereoselective to a-methylation, but relatively in-
sensitive to a switch of a single phenolic hydroxyl group
from the m- to p-position. Thus, individual substrates have
similar K, for uptake and for inducing dopamine efflux,
resulting in identical rank order of K, in efflux and
uptake assays (Chen and Justice, 2000). These findings
provide strong support for the concept that outward trans-
port of internal substrates is closely coupled with inward
transport of external substrates.

Despite the similarities in substrate structural—activity
relationship between efflux and uptake, the exchange be-
tween externa substrates and internal dopamine is ex-
tremely unequal. Simultaneous monitoring of tyramine
uptake and induced dopamine efflux reveals that the initial
exit rate of internal dopamine is only 6% of the initia
entry rate of externa tyramine. Recently, the contribution
of the dopamine carrier protein itself to the slow outward
transport has been revealed by studying the human protein
mutant S528A (Chen and Justice, 2000). Thus, a structural
perturbation with alanine substitution for Ser>?® dramati-
cally accelerates dopamine efflux induced by various sub-
strates. Further analysis reveals that the mutation does not
change the structure—activity relationships, V,,,, or cation
dependence for the uptake of external substrates, but selec-
tively enhances the efflux kinetics of internal dopamine.
Additionally, simultaneous monitoring of tyramine uptake
and resultant dopamine efflux demonstrates that Ala®?®
facilitates the dopamine efflux relative to tyramine uptake.
These experiments suggest that the structural requirements
of the human dopamine carrier protein differ for inward
and outward transport, which may partialy responsible for
the extremely unequal exchange between external substrate
and internal dopamine. It is possible that Ser®?® plays a
role in stabilizing a conformation unfavorable for outward
transport. Another evidence that the transporter conforma-
tion may differ between inward and outward transport
comes from the study on effects of covalent sulfhydryl
modification on dopamine uptake by X-342C. The m-
tyramine-induced increase in the reactivity of X-342C is
not observed under conditions allowing outward transport
only (Chen et a., 2000), implying that Cys-342 is not
accessible to sulfhydryl reagents during outward transport.
Evidence is aso emerging from mutagenesis studies on the
human norepinephrine transporter in that a single mutation,
Ser®7 to alanine, differentialy affects dopamine uptake
and tyramine-induced dopamine efflux (Danek Burgess
and Justice, 1999).

In physiological context, a restricted outward transport
would enhance the efficiency of the overall dopamine
uptake process. It can be speculated to aso have signifi-
cance in pathological processes. For example, release of
preloaded [PHIMPP* is facilitated in COS cells expressing
certain mutant rat dopamine transporters (S350A /S353A,
Y 273A, and Y533F), which show less sensitivity to MPP*
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toxicity. This suggests that re-distribution of MPP* due to
influx /efflux turnover through the dopamine transporter
might be a subtle factor in determining MPP* toxicity
(Kitayama et al., 1998).

6. Inhibitor structure and recognition

Among inhibitors, most information is available for
cocaine and the related analog CFT, as described in the
next section. General indications as to which dopamine
transporter domains interact with various inhibitors have
been obtained in chimera studies. Thus, chimeras between
the transporters for norepinephrine and dopamine con-
structed in two different laboratories (Giros et al., 1994;
Buck and Amara, 1995) point to transmembrane domains
5-8 for conferring inhibitor sensitivity to a variety of
compounds, including the antidepressants desipramine,
nisoxeting, nortyptiline, nomifensine; the anorectic drug
mazindol; the stimulants amphetamine, cocaine; and the
diphenyl-piperazine derivatives that potently inhibit
dopamine uptake such as GBR 12909, GBR 12935 and
LR1111. Proteolysis of the dopamine transporter labeled
with the photoaffinity label [*°1]1-(2-(diphenylmethoxy)-
ethyl]-4-[2-(4-azido-3-iodophenyl)ethyl]-piperazine
(DEEP), a derivative of the highly potent dopamine uptake
inhibitor GBR-12935, shows labeling of the amino half of
the dopamine transporter, in a region including transmem-
brane domains 1 and 2 and the 6-amino acid-linker
(Vaughan, 1995; Vaughan and Kuhar, 1996). Interestingly,
the same region interacts with [**°1]GA Il 34, a ben-
ztropine photoaffinity analog (Vaughan et a., 1999), con-
trasting with the region that interacts with the cocaine
analog [**°114-azido-3-iodophenylethyl ester (RTI-82),
which encompasses transmembrane domains 4-7
(Vaughan, 1995; Vaughan and Kuhar, 1996) (see next
section).

Protection by compounds against attack of the dopamine
transporter by sulfhydryl reagents has been monitored in
attempts to delineate differences in binding domains for
inhibitors and substrates (for references and discussion see
Povlock and Amara, 1997), but this approach has not
uncovered specific regions of the transporter involved in
binding interactions. A recent extension of the protection
strategy has been the use of more selective sulfhydryl
reagents targeting cysteine residues in the form of
methanethiosulfonates (MTS) such as MTSEA and MT-
SET (see also previous section). Exposure to cocaine
enhances the accessibility of Cys® to MTS in an human
dopamine transporter mutant with many cysteines re-
moved, and this paradoxically enhances rather than re-
duces subsequent [*HICFT binding (Ferrer and Javitch,
1998). It is likely that Cys® also contributes binding
increases with MTS treatment of wild-type human
dopamine transporter, in addition to binding decreases
mediated by other cysteine residues reacting with MTS, as

the C90A mutant displays a much weaker protection by
cocaine than the wild-type (Reith et al., 2000).

7. Relationship between substrate permeation way and
cocaine binding sites

This issue has been explored extensively by chimeric,
photoaffinity labeling, and site-directed mutagenesis strate-
gies. In identification of regions essential for function and
transport inhibition, of most interest are structural compo-
nents important for cocaine recognition but not for
dopamine transport. This could provide significant insights
into a transporter site that might recognize a dopamine-
sparing cocaine antagonist and could even provide infor-
mation about the structure of the cocaine antagonist ac-
commodated by the site (Xu et al., 1995; Uhl et al., 1998).
There is, however, abundance of evidence that domains on
the carrier for dopamine transport and for cocaine analog
binding are closely associated even though they are not
identical.

Chimeric proteins constructed from domains of the
dopamine and norepinephrine transporter (Buck and
Amara, 1994, 1995; Giros et d., 1994) indicate the impor-
tance of sequences in transmembrane regions 1-3 and
9-11 for the apparent affinity of substrates, while se-
guences in transmembrane regions 5-8 contribute to sub-
strate translocation and inhibitor interaction. In particular,
regions encompassing transmembrane domain 1 as well as
regions encompassing transmembrane segments 5-8 ap-
pear important for the recognition of cocaine and RTI-55,
a phenyltropane analog of cocaine. In other studies using
chimeras between human and bovine dopamine carrier,
dopamine transport and CFT binding are dramaticaly re-
duced when the bovine region encompassing transmem-
brane domain 3 is substituted for that of the human carrier
(Leeet a., 1998). Likewise, results from cysteine-scanning
mutagenesis approaches also suggests that transmembrane
domain 3 of the rat serotonin transporter contains residues
associated with substrate and cocaine binding (Chen et al.,
1997a,b). These studies indicate that cocaine's interactions
are likely to involve several domains, including those
shown to be important for substrate transport. In accor-
dance, photoaffinity labeling studies have shown that
[***1]RTI 82, a cocaine-like compound, is incorporated in a
region containing transmembrane domains 4—7 (Vaughan,
1995; Vaughan and Kuhar, 1996), the same region impli-
cated in dopamine translocation (Giros et al., 1994). Con-
sistent with chimeric and photoaffinity labeling studies,
mutation of several residues affects both dopamine trans-
port and cocaine analog binding, as inferred from the
changes in V,,,, for dopamine transport and K, for CFT
binding (Table 2). Four of them are indeed located in
regions important for dopamine transport (transmembrane
domain 1 and domains 4-5). As replacement of Asp™ of
the rat dopamine transporter, or the aligned aspartate of the
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rat serotonin transporter, strongly affects the binding affin-
ity of both amine substrates and cocaine analogs contain-
ing an amine nitrogen, a direct ionic interaction of the
wild-type aspartate with positive charged amine groups of
these compounds remains a possibility (Kitayama et al.,
1992; Barker et al., 1999; Miller et al., 1999a).

On the other hand, evidence for nonidentical domainsis
also growing. As shown in Table 2, quite a number of
mutations have displayed selective impact on dopamine
transport or cocaine analog binding. These observations
suggest that it is possible to dissociate domains influencing
dopamine translocation from those influencing cocaine
analog recognition. However, strong evidence for struc-
tures selectively modulating binding of dopamine or co-
caine analogs has not been obtained. For example, among
those mutations selectively affecting dopamine transport,
none have been reported to lower the ability of dopamine
to compete for cocaine analog binding, although some of
them cause a higher K, for dopamine transport. It is not
unlikely that the initial step in transport, substrate recogni-
tion, is less perturbed than subsequent steps involving
conformational changes. Interestingly, mutation of Phe®*!
in the rat dopamine carrier results in reduced cocaine
analog binding with preservation of membrane expression
and dopamine transport. Phe®! is highly conserved in
monoamine transporters, situated on transmembrane seg-
ment 7, and close to the serines implicated in dopamine
translocation. This encourages the possibility to develop
small molecules selectively occluding cocaine recognition
without affecting dopamine transport (Lin et al., 1999a). In
this context it is important to note that Meltzer et al.
(1998) point to the three-dimensional volume of cocaine-
like compounds of the bicyclo[3,2,1]octane series rather
than specific functionalities for dopamine transporter inhi-
bition, based on a wide-ranging set of newly synthesized
compounds that lack a protonatable nitrogen in the 8-posi-
tion or lack an 8-group capable of hydrogen bonding. In
this view (Meltzer et al., 1998), the possibility of develop-
ing a drug that interferes with cocaine binding while
allowing the passage of dopamine depends on the position
of the cocaine recognition site in the “pore” which is
postulated to be formed by a circular arrangement of the
12 transmembrane domains (Edvardsen and Dahl, 1994).

It has been noted that changes in binding affinity of a
cocaine analog (K,) do not always paralel changes in its
potency to inhibit dopamine uptake (K,). For example, in
mutant human dopamine transporter in which the C-
terminus is truncated or substituted, both cocaine and CFT
inhibit dopamine uptake with a K; similar to that in
wild-type, while their binding affinities are at least four to
fivefolds lower than those in wild-type (Lee et al., 1996a,b).
Likewise, CFT potently inhibits dopamine uptake by
COS-dopamine transporter in which the carrier appears
prematurely truncated after transmembrane domain 6, even
though no specific [*H]CFT binding is observed in those
cells (Sugamori et a., 1999). In our preliminary work with

mutants of the human dopamine carrier, a single mutation
amost completely abolished CFT binding but retained
high potency of CFT in inhibiting dopamine transport.
These observations suggest that the apparent lack of co-
caine analog binding does not necessarily mean a poor
recognition by the carrier. Changes in dopamine trans-
porter structure may alter the association and dissociation
rates for cocaine analogs binding such that their binding
cannot be detected by classical equilibrium binding meth-
ods. Another possibility is that certain mutants display
conformational states during the uptake cycle that have a
high affinity for cocaine analogs, whereas such conforma
tional states are not prevalent under the conditions of the
binding assay. Be that as it may, in searching for residues
specific for cocaine binding, it is necessary to examine the
potency of cocaine analogs to inhibit dopamine transport
in mutant human dopamine carriers in addition to assess-
ing radiolabeled cocaine analog binding.

Conformational hypotheses, in addition to models with
overlapping and separate domains in the interaction with
dopamine and cocaine analogs, are also raised by informa-
tion obtained from structure—function studies. Reaction of
Cys® or Cys® with impermeant methanethiosulfonate
derivatives enhances dopamine uptake and CFT binding to
asimilar extent. Because removal of Cys® or Cys®® does
not affect dopamine uptake and CFT binding, chemical
modification of these cysteines seems to induce a confor-
mational change in favor of both dopamine transport and
cocaine binding. A difference between the effects of the
covalent sulfhydryl modification of Cys® or Cys*® on
binding and transport is that the reaction of MTSET with
Cys® or Cys®® decreases the K, of [*H]CFT binding
(Ferrer and Javitch, 1998), but it increases the V,,, of
dopamine uptake (Chen et d., 2000). Thus, athough the
mechanism is unclear, the conformational alteration in-
duced by modification of Cys® or Cys®® likely increases
the propensity of the transporter to exist in a particular
conformation that binds CFT with higher affinity and
simultaneously also increases the turnover rate for trans-
port. If cocaine bound with higher affinity to an inactive
conformation of the transporter, dopamine transport could
not be facilitated by a modification that increased the
propensity of the transporter to exist in such a cocaine-pre-
ferring state. These data suggest that cocaine may bind
with higher affinity to a conformational state along the
transport cycle and that a modification that increases the
propensity of the transporter to exist in such a state
increases CFT binding and also enhances dopamine trans-
port by facilitating transition along the transport cycle.

Taken together, using different approaches, the struc-
tural—function studies show that domains for dopamine
and cocaine analogs are formed by interactions with multi-
ple residues, some of which are separate in the primary
structure but may lie close together in the still unknown
tertiary structure. A recent survey of alanine substitution
mutants altering polar residues in transmembrane domains
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of the rat dopamine transporter has provided interesting
data to support this possibility (Itokawa et al., 1999).
Calculation of changes in Gibbs free energies associated
with interactions between combined transmembrane do-
main mutants (AAG,,°) reveals that combined mutations
in transmembrane segments 4 + 5 yield some of the largest
AAG,,° values for dopamine upteke, supporting models
demonstrating their juxtaposition. Furthermore, transmem-
brane domain 4 + 11 mutants provide the largest AAG;.°

int
for CFT binding, implying contributions of residues in

transmembrane segment 4 and 11 to a polar pocket impor-
tant for cocaine recognition (Itokawa et al., 1999).
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