
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 9238–9243, August 1998
Biochemistry

Cocaine alters the accessibility of endogenous cysteines in
putative extracellular and intracellular loops of the human
dopamine transporter

JASMINE V. FERRER* AND JONATHAN A. JAVITCH*†‡

*Center for Molecular Recognition and Departments of Pharmacology and †Psychiatry, College of Physicians and Surgeons, Columbia University, 630 W. 168th
Street, New York, NY 10032

Communicated by H. Ronald Kaback, University of California, Los Angeles, CA, June 12, 1998 (received for review April 2, 1998)

ABSTRACT Cocaine and other psychostimulants act by
blocking the dopamine transporter. Binding of the cocaine
analog, [3H]2-b-carbomethoxy-3-b-(4-fluorophenyl) tropane
(CFT) to the dopamine transporter is sensitive to polar sulfhy-
dryl-specific derivatives of methanethiosulfonate (MTS). These
reagents preferentially react with water-accessible, reduced cys-
teines. The human dopamine transporter has 13 cysteines. Their
topology is not completely determined. We sought to identify
those cysteine residues the modification of which affects CFT
binding and to determine the topology of these reactive cysteines.
We mutated each of the cysteines, one at a time and in various
combinations, to residues that preserved binding and transport,
and we tested the sensitivity of each of the mutant transporters
to the reagents. One construct, X5C, had five mutated cysteines
(C90A, C135A, C306A, C319F, and C342A). Using a membrane
preparation in which both extracellular and intracellular cys-
teines could be accessible, we found that CFT binding in X5C, as
compared with wild-type transporter, was two orders of magni-
tude less sensitive to MTS ethylammonium (MTSEA). The
wild-type cysteines were substituted back into X5C, one at a time,
and these constructs were tested in cells and in membranes.
Cys-90 and Cys-306 appear to be extracellular, and Cys-135 and
Cys-342 appear to be intracellular. Each of these residues is
predicted to be in extramembranous loops. The binding of
cocaine increases the rate of reaction of MTSEA and MTS
ethyltrimethylammonium with the extracellular Cys-90 and
therefore acts by inducing a conformational change. Cocaine
decreases the rate of reaction of MTSEA with Cys-135 and
Cys-342, acting either directly or indirectly on these intracellular
residues.

The concentration of dopamine in and around the synapse is
reduced by reuptake. The dopamine transporter (DAT), the
protein which carries out this reuptake at the plasma membrane,
has been cloned (1–5). DAT, like other related transporters
(6–8), requires extracellular Na1 and Cl2 and couples substrate
translocation to the movement of these ions (9).

The human DAT cDNA encodes a primary sequence of 620
amino acids. Hydrophobicity analysis of the sequence predicted
the presence of 12 membrane-spanning segments, which were
presumed to be a-helices (3, 4). In this predicted topology, the N
and C termini were both cytoplasmic (Fig. 1), several consensus
N-glycosylation sites were extracellular, and several consensus
phosphorylation sites were intracellular. Studies with antibodies
against defined epitopes also were consistent with this proposed
topology (10, 11). Different topologies for the amino-terminal
third of the homologous g-aminobutyric acid (GABA) and
glycine transporters, however, also were proposed (12, 13).

The dopamine transporter is the major molecular target re-
sponsible for the rewarding properties and abuse potential of
several psychostimulants, including cocaine, amphetamine, and
methamphetamine (14, 15). Despite significant effort, the struc-
tural bases of the binding and transport of dopamine remain
poorly understood. In particular, the molecular relationships
between the cocaine-binding site, the binding sites of other
inhibitors of dopamine transport, and the dopamine-binding site
remain controversial. Mutation of Asp-79 in the first putative
membrane-spanning segment dramatically reduced both dopa-
mine transport and the binding affinity of the cocaine analogue,
[3H]2-b-carbomethoxy-3-b-(4-f luorophenyl) tropane (CFT)
(16). In contrast, mutation to glycine of two serines in the seventh
putative membrane-spanning segment inhibited transport
whereas [3H]CFT binding was affected less (16). Mutations in the
seventh putative membrane-spanning segment increased 1-meth-
yl-4-phenylpyridinium (MPP1) transport substantially more than
dopamine transport. These mutations also had little impact on
[3H]CFT binding (17).

Cysteine substitution and covalent modification has been used
to study structure–function relationships and the dynamics of
protein function in a variety of membrane proteins (18–27).
Sulfhydryl reagents including N-ethylmaleimide (NEM) and mer-
curial compounds inhibited dopamine transport and the binding
of radiolabeled inhibitors (28–36). In addition, various metal ions
also have been found to affect dopamine uptake and inhibitor
binding, and some of these effects also may be mediated by
interaction of the metal ions with sulfhydryls in the transporter
(31, 33). Cocaine and dopamine both protected against reaction
with NEM (28, 29, 31, 36, 37).

These findings suggest the presence of at least one sulfhydryl
the modification of which alters the structure and function of
DAT. There are 13 cysteines in human DAT (Fig. 1). Two of the
cysteines in the putative second extracellular loop are conserved
completely within related transporters; in DAT, mutation of
either of these cysteines to alanine abolished transport as well as
the binding of [3H]CFT (38). Furthermore, very little transporter
was expressed on the cell surface when either of these cysteines
was mutated. They are likely to be disulfide-bonded. In the
homologous serotonin transporter (SERT), the aligned cysteines
also are likely disulfide-bonded (39). Disulfide-bonded cysteines
are unavailable for reaction with NEM, mercurial compounds, or
methanethiosulfonate (MTS) derivatives.

Based on the originally proposed topology, five cysteines are in
putative membrane-spanning segments (Cys-243, Cys-319, Cys-
463, Cys-523, and Cys-530). Four cysteines are in putative extra-
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cellular loops (Cys-180 and Cys-189, which are likely to be
disulfide-bonded, and Cys-90 and Cys-306) and four cysteines
(Cys-6, Cys-135, Cys-342, and Cys-581) are predicted to be
intracellular.

Here, we report the identification of the cysteine residues, the
modification of which affects CFT binding, and the determination
of the topology of these reactive cysteines. Cys-90 and Cys-306
appear to be extracellular, and Cys-135 and Cys-342 appear to be
intracellular. Cocaine alters the rate of reaction of the MTS
reagents with several of these cysteines, acting either directly or
indirectly on these residues in putative extracellular and intracel-
lular loops. Furthermore, the pattern of reactivity of the endog-
enous cysteines with impermeant sulfhydryl reagents is consistent
with the originally proposed topology (Fig. 1).

MATERIALS AND METHODS

Site-Directed Mutagenesis. Cysteine mutations were gener-
ated by the Altered Sites Mutagenesis System (Promega) or by
the Chameleon Mutagenesis Kit (Stratagene). Mutations were
confirmed by DNA sequencing.

Stable Transfection of DAT. HEK 293 cells in DMEMyF12
(1:1) with 10% bovine calf serum (HyClone) were maintained at
37°C and 5% CO2. For stable transfection, 35-mm dishes of HEK
293 cells at 70–80% confluence were transfected with 2 mg of
wild-type (wt) or mutant DAT cDNA in the bicistronic expres-
sion vector pcin4 (a gift from S. Rees, Glaxo) (40) by using 9 ml
of lipofectamine (GIBCO) and 1 ml of OPTIMEM (GIBCO).
Five hours after transfection, the solution was removed and fresh
media added. Twenty-four hours after transfection the cells were
split to a 100-mm dish and 700 mgyml geneticin was added to
select for a stably transfected pool of cells.

Harvesting Cells and Membrane Preparation. Stably trans-
fected HEK 293 cells were washed with PBS (154 mM NaCly11
mM Na2HPO4y2.7 mM KCly1 mM MgCl2y0.1 mM CaCl2, pH
7.4) and dissociated in PBS. Cells were pelleted at 1,000 3 g for
5 min at 4°C, and resuspended in PBS for binding or treatment
with MTS reagents. For membrane preparation, the pellets were
resuspended in PBS containing 1 mM EDTA and disrupted on
ice with a Polytron homogenizer at a setting of 6 for 12 s. The
membranes were collected by centrifugation at 40,000 3 g for 15
min at 4°C. The pellet was resuspended in PBS and stored at
280°C until use.

[3H]CFT Binding. For saturation binding, the appropriate
number of intact cells or membranes were resuspended in PBS.
Duplicate determinations of total and of nonspecific binding were
made at six different concentrations of [3H]CFT (New England
Nuclear) between 1 and 100 nM with 50 ml of cell suspension in
a final volume of 75 ml. The mixture was incubated at 4°C for 2
hr and then filtered by using a Brandel (Bethesda) cell harvester
through Whatman 934AH glass fiber filters soaked in 0.2%
polyethyleneimine. The filter was washed three times with 1 ml of
10 mM TriszHCl and 120 mM NaCl (pH 7.4) at 4°C. Specific
[3H]CFT binding was defined as total binding less nonspecific
binding in the presence of 100 mM cocaine.

Reactions with MTS Reagents. Intact cells or membranes from
one-half to two confluent 10-cm plates, depending on levels of
expression of the various mutants, were resuspended in 400 ml of
PBS. Aliquots (50 ml) of cell suspension or membrane prepara-
tion were incubated with freshly prepared MTSEA, MTSethylt-
rimethylammonium (MTSET), or MTSethylsulfonate (MTSES)
(Toronto Research Chemicals, Toronto) at the stated concen-
trations at room temperature for 2 min. Cells or membranes were
then diluted threefold with PBS, and 50 ml aliquots of this diluted
preparation were then directly used to assay for [3H]CFT (10nM)
binding as described above. In the experiments shown in Figs. 5
and 6, the MTS reagents were removed by filtration and washing
rather than by dilution. No significant differences in the effect of
reaction were observed with these two methods.

RESULTS

Effects of MTSEA on [3H]CFT binding to wt DAT. MTSEA
irreversibly inhibited [3H]CFT binding to intact cells stably ex-
pressing wt DAT (Fig. 2). The rate of reaction of MTSEA was
much faster in membranes prepared from these cells (Fig. 2). The
rate constants were '110 M21 s21 in membranes and 10 M21 s21

in cells. Because MTSEA is membrane permeant (41, 42), it can
react with cytoplasmic cysteines in intact cells, albeit at a slower
rate than with directly accessible cysteines (see Discussion).Thus
MTSEA was likely reacting with one or more cytoplasmic cys-
teines in DAT.

Effects of MTSEA on [3H]CFT binding to mutant DATs. We
mutated to serine or alanine each of the endogenous cysteines
(except Cys-180 and Cys-189, which are likely disulfide-bonded),
individually and in a large number of combinations to identify the
accessible cysteines responsible for the inhibition of binding. We
succeeded in substituting each of these endogenous cysteines in
DAT, one at a time. Each mutant bound [3H]CFT with approx-
imately normal affinity and with '30–200% the Bmax of wt DAT
(data not shown). None of the mutants with a single cysteine
removed, however, was resistant to the effects of MTSEA on
ligand binding (data not shown).

We tested mutants with combinations of mutated cysteines,
several of which had significantly reduced levels of expression. By
mutating Cys-319 to Phe§ rather than Ser or Ala, we constructed
a mutant DAT in which five endogenous cysteines were simul-
taneously replaced by other residues. This transporter, which we

§In the aligned sequences of every other NaCl-coupled transporter, the
residue corresponding to DAT Cys-319 is a Phe. We found that Phe
was a much better tolerated substitution at this position than was Ser,
as C319S, expressed at low levels.

FIG. 1. Predicted topology of DAT showing 12 putative mem-
brane-spanning segments. The predicted positions of the 13 endoge-
nous cysteines are shown. The cysteines in the second extracellular
loop between M3 and M4 are thought to be disulfide bonded in the
dopamine transporter and the serotonin transporter (see text).

FIG. 2. The inhibition of specific [3H]CFT binding (10 nM) to (h)
intact dissociated HEK 293 cells stably transfected with wt DAT or (■)
membranes prepared from these cells, resulting from a 2-min appli-
cation of varying concentrations of MTSEA. The means and SEM of
3–6 independent experiments each performed with triplicate deter-
minations are shown.

Biochemistry: Ferrer and Javitch Proc. Natl. Acad. Sci. USA 95 (1998) 9239



refer to as ‘‘X5C,’’ contains the mutations C90A, C135A, C306A,
C319F, and C342A. When stably expressed in HEK 293 cells,
X5C expressed at levels '30–50% that of wt DAT. Furthermore,
wt DAT and X5C had nearly identical affinities for [3H]CFT
(31 6 5 nM (n 5 3) and 38 6 6 nM (n 5 3), respectively).
Moreover, in cells expressing X5C, a 5-min incubation with 20 nM
[3H]dopamine resulted in '50% of the uptake seen in cells
expressing wt DAT (data not shown).

In membranes prepared from cells expressing X5C, MTSEA
had a significantly reduced effect on [3H]CFT binding (Fig. 3A).
Although binding was still inhibited at high concentrations of
MTSEA, the rate of reaction was two orders of magnitude slower
than with wt. In a background of X5C, each of the remaining
endogenous cysteines (Cys-6, Cys-243, Cys-463, Cys-523, Cys-530,
or Cys-581) was mutated, one at a time, to alanine or serine.
Binding to each of the resulting mutants (each with six cysteines
removed) was inhibited by high concentrations of MTSEA ap-
proximately as much as was binding to X5C (data not shown),
suggesting that more than one residual cysteine reacts with
MTSEA but relatively slowly.¶ The simultaneous mutation of
additional endogenous cysteines resulted in a transporter with
substantially reduced expression (data not shown).

We sought to determine the effect of reaction with MTSEA of
each of the five endogenous cysteines, which had been removed
in X5C. Therefore, in the X5C background, we restored, one at
a time, each cysteine. These mutants, referred to as X-A90C,
X-A135C, X-A306C, X-F319C, and X-A342C, were stably ex-
pressed in HEK 293 cells. We determined the effects of increasing
concentrations of MTSEA in membranes and in cells on the
subsequent binding of [3H]CFT. The difference between the
effect of reaction in each mutant and that seen in X5C was
inferred to be the effect of the reaction of MTSEA with the
cysteine, which had been reintroduced into X5C.

Reaction of MTSEA with X-A90C (Fig. 3B) and with
X-A306C (Fig. 3D) potentiated [3H]CFT binding. This potenti-
ation resulted from a decrease in the Kd for [3H]CFT (data not
shown). Reaction of MTSEA adds SCH2CH2NH3

1 to the cys-
teine sulfhydryl, thereby creating a lysine-like side chain; muta-

tion of Cys-306 to Lys also decreased the Kd for [3H]CFT and for
[3H]mazindol (data not shown). X-A90C and X-A306C reacted
with MTSEA with similar rates in intact cells and in membranes
(cell data not shown).

Reaction of MTSEA with X-A135C (Fig. 3C) and with
X-A342C (Fig. 3F) inhibited [3H]CFT binding. In membranes,
the rate of reaction of MTSEA with X-A342C was greater than
that with X-A135C. Both of these mutants reacted faster with

¶The slow rate of reaction of the residual cysteines likely results from
limited access caused by steric constraints andyor intermittent ac-
cessibility due to dynamic structural changes in the transporter.
Another theoretical possibility is that modification of a cysteine in
another protein endogenously expressed in HEK 293 cells indirectly
interferes with cocaine binding to DAT.

FIG. 3. The inhibition of specific [3H]CFT binding (10nM) to membranes prepared from HEK 293 cells stably transfected with (F) wt (A),
X-A90C (B), X-A135C (C), X-A306C (D), X-F319C (E), X-A342C (F), or with (E) X5C, resulting from a 2-min application of varying
concentrations of MTSEA. The means and SEM of 3–6 independent experiments each performed with triplicate determinations are shown.

FIG. 4. The percentage change of specific [3H]CFT binding (10
nM) to (filled bars) membranes prepared from or (open bars) intact
dissociated HEK 293 cells stably transfected with the indicated DAT
mutants resulting from a 2-min application of (Upper) 1 mM MTSET
or (Lower) 10 mM MTSES. These concentrations were chosen to
normalize for the different reactivities of the reagents with simple
sulfhydryls in solution. The means and SEM of 5–11 independent
experiments each performed with triplicate determinations are shown.
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MTSEA in membranes than in cells (cell data not shown),
consistent with a cytoplasmic location of Cys-135 and Cys-342.
[3H]CFT binding to X-F319C was not affected by treatment with
MTSEA (Fig. 3E).

Effects of MTSET and MTSES on [3H]CFT binding to mutant
DATs. Reaction of the relatively membrane-impermeant sulfhy-
dryl reagents MTSET (at 1 mM) and MTSES (at 10 mM) with
X-A90C and X-A306C potentiated [3H]CFT binding, and the
extent of reaction resulting from a 2-min application of the
reagents was similar in cells and membranes (Fig. 4). A 2-min
application of MTSET and MTSES to X-A135C and X-A342C,
however, resulted in a much greater extent of reaction in mem-
branes than in intact cells (Fig. 4).

Effects of cocaine and dopamine on the reaction of MTSEA.
After determining that the MTS reagents reacted with Cys-90,
Cys-135, Cys-306, and Cys-342, we determined the effects of
dopamine and of cocaine on these reactions. In a membrane
preparation, the reaction of MTSEA with Cys-135 and with
Cys-342 was significantly retarded by the presence of either 3 mM
cocaine or of 1 mM dopamine (Fig. 5).

In contrast, in the presence of 3 mM cocaine, a 2-min reaction
of Cys-90 with MTSEA produced a greater potentiation of
binding at all concentrations (Fig. 6). This effect was much
smaller in the presence of 1 mM dopamine (Fig. 5). The rate of
reaction of Cys-90 with MTSET also was faster in the presence of
cocaine (Fig. 6).

DISCUSSION
We found that reaction of the MTS reagents with Cys-90,
Cys-135, Cys-306, and Cys-342 in the human dopamine trans-
porter altered the binding of the cocaine analog CFT. Thus,
consistent with their predicted location in extracellular and
intracellular loops, these four endogenous cysteines are ex-
posed on the water-accessible surface of DAT. This inference
is based on the observation that the MTS reagents react 1
billion times faster with the ionized thiolate form of cysteine
(RS2) than with unionized thiol form (RSH) (43) and only
water-accessible cysteines are likely to ionize to a significant
extent. Moreover, the reagents are quite polar (44, 45). Cys-90,
Cys-135, and Cys-342 are highly conserved in related neuro-
transmitter transporters. In contrast, Cys-306 is unique to
DAT, as is Cys-319 in putative M6, which does not appear to
be accessible to the MTS reagents.i

By comparing the effects of the various MTS reagents in cells
and in membranes, we can infer the topology of DAT. In a
membrane preparation, the MTS reagents should have equal
access to cysteines accessible on the extracellular and cytoplasmic
sides of DAT.** Furthermore, in cells, the reagents should have
access to extracellular cysteines similar to that observed in
membranes. MTSEA is membrane permeant (41, 42). It is a weak
base and presumably can cross the membrane in the unproto-
nated state. MTSET is a quaternary ammonium with a fixed
charge and MTSES is fully ionized at neutral pH. Both are
relatively membrane-impermeant (41, 42). Therefore, a residue
which is water-accessible from the cytoplasmic side but not from
the extracellular side of the membrane should not react at an
appreciable rate with extracellularly applied MTSET or MTSES
even though it might react with MTSEA.

The rates of reaction of Cys-90 and Cys-306 with MTSEA,
MTSET, and MTSES were similar in cells and in membranes
(Figs. 3 and 4), consistent with an extracellular localization of
these residues.†† In contrast, Cys-135 and Cys-342 reacted with

iIt is possible that reaction could take place without an alteration in
function, although this seems unlikely for a residue in a membrane-
spanning segment.

**Although it is possible that membrane vesicles reseal to some extent,
the dramatically faster reaction of MTSEA and MTSET with
X-A135C and X-A342C in membranes than in intact cells suggests
that this is not a significant factor.

††If a significant amount of CFT binding were to intracellular trans-
porter, the extracellular Cys-90 and Cys-306 would not have been
similarly accessible in cells and in membranes to the impermeant
MTSET and MTSES. Thus, CFT does not appear to bind to a
significant extent to intracellular transporter.

FIG. 5. The effects of cocaine and dopamine on the reactivity of
MTSEA with the endogenous cysteines individually restored into the
X5C background. Membranes were incubated in PBS for 20 min at
room temperature in the presence or absence of (hatched bars) 3 mM
cocaine or (open bars) 1 mM dopamine. MTSEA was added, in the
continued presence or absence of cocaine or dopamine, for 2 min at
the following concentrations: 2.5 mM, X5C; 1 mM, X-A90C; 0.5 mM,
X-A135C; 0.25 mM, HDAT; 0.1 mM, X-A306C; and 0.06 mM,
X-A342C. To facilitate determination of a change in the rate of
reaction, the concentrations of MTSEA were chosen to produce, in the
absence of ligand, '70% of the maximal effect. Cells were washed with
PBS by filtration through 96-well multiscreen plates containing GFyB
filters (Millipore). [3H]CFT binding to the washed cells was performed
in a final volume of 75 ml. The means and SEM of 4–6 independent
experiments each performed with triplicate determinations are shown.
Filled bars represent the effect of MTSEA alone.

FIG. 6. The potentiation of [3H]CFT (10 nM) binding to mem-
branes prepared from HEK 293 cells stably transfected with X-A90C
resulting from reaction of MTSEA (A) or MTSET (B) at varying
concentrations in the (■) presence of 3 mM cocaine or (h) in its
absence. The means and SEM of two independent experiments each
performed with triplicate determinations are shown.

Biochemistry: Ferrer and Javitch Proc. Natl. Acad. Sci. USA 95 (1998) 9241



MTSEA more rapidly in membranes than in cells. Moreover, the
effects of a 2-min application of the impermeant reagents on
X-A135C and X-A342C were dramatically less in intact cells
compared with membranes (Fig. 4). These findings are consistent
with the cytoplasmic localization of these cysteines.

According to the originally proposed topology, Cys-90 is lo-
cated at the extracellular end of the first membrane-spanning
segment (M1), Cys-135 is in the intracellular loop between M2
and M3, Cys-306 is in an extracellular loop between M5 and M6,
and Cys-342 is in an intracellular loop between M6 and M7 (Fig.
1). Our results are entirely consistent with this topology but not
with a revised topology for the GABA and glycine transporters
that placed the residue aligned with Cys-90 in an intracellular loop
and the residue aligned with Cys-135 in an extracellular loop (12,
13).

Related experiments in SERT and in the GABA transporter
also were consistent with the accessibility of extracellularly ap-
plied MTSET to the cysteine that aligns with DAT Cys-90, further
supporting the original topology (39, 46). Moreover, in intact
cells, cysteine inserted into each of the putative extracellular loops
of SERT reacted with N-biotinylaminoethyl-MTS, whereas the
endogenous cytoplasmic cysteines did not react (47), again con-
sistent with the original topology and with our findings.

Although GABA and glycine transporters with glycosylation
sites added to the intracellular loop between M2 and M3, the loop
which contains DAT Cys-135, were glycosylated, these transport-
ers were almost completely nonfunctional (12, 13). The most
likely explanation for the discrepancy between these results and
our findings is that the topology of these nonfunctional glycosyl-
ation site mutants may have been disrupted, and the small
amount of transport function may have resulted from a small
amount of nonglycosylated transporter with normal topology.

In cells, MTSEA likely gains access to Cys-135 and Cys-342 by
passing through the membrane and reacting from the cytoplasmic
side. The slower rate of reaction compared with that in mem-
branes is consistent with only a small fraction of the total MTSEA
being unprotonated and with the cytoplasmic reducing environ-
ment scavenging some of the MTSEA that does cross the
membrane. It is surprising, however, that the relatively imper-
meant MTSET and MTSES reacted at all with Cys-135 and with
Cys-342 in intact cells. It is conceivable that the MTS reagents
gained access to the cytoplasmic residues by passing through the
transporter itself and then reacted with these cysteines as the
reagents emerged into the cytoplasm. Sodium is required for
dopamine transport, so the similar reactivities of Cys-135 and
Cys-342 in sodium-free high-potassium buffer (data not shown)
argue that the MTS reagents do not traverse the transporter in a
sodium-dependent manner.

The structure and orientation of the loop residues are unclear,
and it is likely that these ‘‘loops’’ have significant structure and
play important functional roles in binding and transport. It is
possible that the critical intracellular cysteines in DAT, Cys-135
and Cys-342, reenter the transport pathway where they may be
accessible for reaction from the extracellular side, albeit at a
slower rate of reaction than from the cytoplasmic side. In the
GABA transporter, extracellular loop residues have been sug-
gested to form part of the substrate-binding site (48). Based on
the protease sensitivity of GABA transporter-prolactin chimeras,
extracellular pore loop structures also have been proposed to
extend into the membrane sufficiently to expose the fused
prolactin to cytoplasmic proteolysis (49). The limited reaction of
Cys-135 and Cys-342 in intact cells may, however, reflect a small
percentage of ‘‘intact’’ cells that became leaky to the reagents
during dissociation of the cells.

The cytoplasmic loop between M2 and M3 which contains
Cys-135 also contains the conserved sequence GXXXRXG. The
M2-M3 loop in the bacterial Tn10 Tetracycline antiporter, and
related bacterial transporters, contains the related highly con-
served sequence GXXXXRXG. This loop in the Tn10 antiporter
has been suggested to form part of the gating mechanism in this

transporter (50). The related sequences raise the possibility of a
structurally and functionally similar role for this loop in DAT and
related neurotransmitter transporters.

The reactivities of Cys-135 and Cys-342 with MTSEA were
dramatically reduced in the presence of either cocaine or dopa-
mine. Protection could result from the ligand obstructing access
of MTSEA to the reactive cysteine or from a ligand-induced
conformational change that reduces the accessibility of the reac-
tive cysteine to the reagent. If protection resulted from direct
steric block, then bound ligand must prevent access to the
cytoplasmic loops bearing these cysteines, even in a membrane
preparation. This would require that the M2-M3 and M6-M7
cytoplasmic loops contribute to the binding sites for dopamine
and cocaine. It seems unlikely, however, that Cys-135 and Cys-342
directly interact with bound cocaine or dopamine, given that their
mutation to alanine had no significant effect on CFT binding or
dopamine uptake. Alternatively, the binding of cocaine and
dopamine may indirectly alter the conformation and, thereby,
reduce the accessibility of these cytoplasmic loop cysteines. In this
scenario, the MTS-modified cysteine side chain might indirectly
lower the affinity of the binding site for cocaine (and its analogue
CFT) through a reciprocal allosteric effect, thereby resulting in a
loss of binding.

In X-A90C the potentiation of CFT binding induced by MTS-
EA was substantially increased in the presence of 3 mM cocaine
(Figs. 5 and 6). Part of this increased potentiation resulted from
partial protection by cocaine against the residual effects of
MTSEA in X5C (and hence in X-A90C) and not solely from
increased reactivity of Cys-90 in the presence of cocaine. MTSET,
however, did not significantly affect the binding of CFT to X5C,
but, nonetheless, the reactivity of MTSET with Cys-90 also was
significantly enhanced in the presence of cocaine (Fig. 6B). Thus,
the binding of cocaine resulted in a conformational change which
increased the accessibility of Cys-90.

The greater effect of cocaine than dopamine on the accessi-
bility of Cys-90 likely accounts for reports that cocaine protected
wt DAT better than did dopamine against the effects of NEM (36,
37). Thus, the ability of cocaine to increase the accessibility of
Cys-90 to NEM, and the resulting potentiation, could have led to
higher binding and the inference that cocaine protected better
than did dopamine.

In SERT, reaction of Cys-109, the residue aligned with DAT
Cys-90, inhibited serotonin transport (39). The rate of reaction of
MTSET with SERT Cys-109 substantially increased when lithium
was substituted for sodium, a finding which we did not observe
with X-A90C in DAT when using CFT binding as the readout for
reaction (data not shown). Moreover, the presence of cocaine
failed to alter the reactivity of SERT Cys-109 (G. Rudnick,
personal communication). In GABA transporter, the reactivity of
MTSET with Cys-74, the residue aligned with DAT Cys-90, was
altered by mutation of a residue in M1 (46). These findings
suggest that the accessibility of the cysteine in this position varies
significantly during different functional states of these transport-
ers. Furthermore, differences in the ionic regulation of the
accessibility of this residue in SERT and DAT may relate to the
differences in ionic dependence and stoichiometry between these
two transporters (51).

In another curious potential parallel, a cysteine inserted into
the loop between M1 and M2 in the Tn10 transporter also
underwent dramatic changes in accessibility upon mutation of
residues in the M2-M3 loop, suggesting a conformational inter-
action between these two domains, separated by the M2 mem-
brane-spanning segment (50). In addition, in the lactose per-
mease, substrate alters the rate of disulfide cross-linking between
cysteines in the M1-M2 loop and the M7-M8 loop, suggesting that
conformational changes in these domains accompany substrate
binding andyor transport (H. R. Kaback, personal communica-
tion).

The effects on binding of reaction of a cysteine with a MTS
reagent could be a result of steric block, electrostatic interaction,
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or indirect structural changes. Although reaction with Cys-135
and Cys-342 inhibited binding, reaction with Cys-90 and Cys-306
increased the affinity of the transporter for CFT and mazindol
and thereby potentiated binding. Reaction of MTSEA adds
SCH2CH2NH3

1 to the cysteine sulfhydryl, thereby creating a
lysine-like side chain. Curiously, the norepinephrine transporter,
which has a higher affinity for mazindol than does DAT, contains
a Lys at the position aligned with DAT Cys-306 (52). Mutation of
Cys-306 in DAT to lysine increased the affinity of DAT for CFT
and mazindol but did not increase the affinity of tricyclic anti-
depressants for DAT (data not shown). Given that potentiation
resulted from the reaction of either the positively charged MTS-
EA or MTSET, or the negatively charged MTSES with Cys-90
and with Cys-306, the increased affinity apparently does not result
from an electrostatic interaction but rather from a structural
perturbation which favors a conformation of the transporter
having a higher affinity for cocaine and mazindol.

In summary, we have created a mutant transporter, X5C, in
which five endogenous cysteines have been replaced by other
residues. This transporter expressed at reasonable levels and
bound CFT in a near-normal manner. In preliminary studies,
dopamine uptake by X5C appeared near-normal as well, and we
are currently characterizing uptake and the effects of the MTS
reagents thereon. Binding to X5C is two orders of magnitude less
sensitive to MTSEA and nearly insensitive to MTSET and
MTSES. Thus, this mutant appears to be a suitable background
for the application of the SCAM (25, 27, 45) to map the binding
site and transport pathway of DAT.
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