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Background: The relationship between ion binding and conductance states of the dopamine transporter is poorly
understood.
Results: The Li� leak is mediated by the second sodium site (Na2) and is gated by Cl�.
Conclusion: Na2 controls transporter cation permeability and inner gate opening probability in a Cl�-dependent manner.
Significance: The data improve our mechanistic understanding of ion-coupling in neurotransmitter:sodium symporters.

The dopamine transporter (DAT) belongs to the family of
neurotransmitter:sodium symporters and controls dopamine
(DA) homeostasis by mediating Na�- and Cl�-dependent
reuptake of DA. Here we used two-electrode voltage clamp
measurements in Xenopus oocytes together with targeted
mutagenesis to investigate the mechanistic relationship
between DAT ion binding sites and transporter conductances.
In Li�, DAT displayed a cocaine-sensitive cation leak current
�10-fold larger than the substrate-induced current in Na�.
Mutation of Na� coordinating residues in the first (Na1) and
second (Na2) binding sites suggested that the Li� leak depends
on Li� interaction with Na2 rather than Na1. DA caused a
marked inhibition of the Li� leak, consistent with the ability of
the substrate to interact with the Li�-occupied state of the trans-
porter. The leak current in Li� was also potently inhibited by
low millimolar concentrations of Na�, which according to our
mutational data conceivably depended on high affinity binding
to Na1. The Li� leak was further regulated by Cl� that most
likely increases Li� permeation by allosterically lowering Na2
affinity. Interestingly, mutational lowering of Na2 affinity by
substituting Asp-420 with asparagine dramatically increased
cation permeability in Na� to a level higher than seen in Li�. In
addition to reveal a functional link between the bound Cl� and
the cation bound in the Na2 site, the data support a key role of
Na2 in determining cation permeability of the transporter and
thereby possibly in regulating the opening probability of the
inner gate.

The dopamine transporter (DAT)4 mediates reuptake of the
neurotransmitter dopamine (DA) from the extracellular space
into the presynaptic dopaminergic neuron, thereby serving an
important function in terminating dopaminergic signaling
(1–3). The critical role of DAT in maintaining DA homeostasis
is supported by recent data suggesting that altered or disrupted
DAT function might be important in psychiatric diseases such
as attention deficit hyperactivity disorder and autism (51, 52) as
well as in infantile parkinsonism (4). Moreover, DAT is a target
for multiple drugs of abuse including cocaine and ampheta-
mine (1–3). These drugs act to increase the extracellular DA
concentration; cocaine by binding and blocking the uptake of
substrate by the transporter (5, 6) and amphetamine by com-
peting for uptake of DA as well as by promoting reverse trans-
port of DA via DAT (7, 8). Together with the closely related
serotonin transporter (SERT) and the norepinephrine trans-
porter, DAT belongs to the class of neurotransmitter:sodium
symporters (NSSs), also referred to as the solute carrier family 6
(SLC6) (1, 3). NSS proteins operate by coupling transport of
Na� down its concentration gradient with “uphill” transport of
substrate (1, 3). In addition, several of the eukaryotic NSS pro-
teins display co-transport of Cl�. For DAT, this results in a
transport associated stoichiometry of 1DA:1Cl�:2Na� (9, 10).

High resolution crystal structures of the prokaryotic NSS
member LeuT (11–14) and more recently of the Drosophila
DAT (dDAT) (15) have provided critical insight into the tertia-
ry structure of NSS proteins and the putative transport mech-
anism. The structures revealed a unique structural-fold consis-
ting of 12 tightly packed transmembrane segments of which the
first 10 segments are arranged in a pseudo-2-fold symmetric
pattern (11–14). The structures substantiated that NSS pro-
teins operate by an alternating access mechanism in which
binding of substrate and ions from the extracellular side of the
transporter induces conformational changes in the transporter
leading to the translocation of substrate and ions to the intra-
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cellular side. Two Na� binding sites, designated Na1 and Na2,
were identified adjacent to the primary central substrate bind-
ing cavity (11, 13–15), and a Cl� binding site was predicted to
lie immediately adjacent to the Na1 site in the eukaryotic Cl�-
dependent transporters (15–18). Nonetheless, the mechanistic
relationship between the two sodium ions, the chloride ion, and
the substrate remains poorly understood. Specifically, the role
of Cl� in the transport process is unsettled and might involve
participation in several steps of the translocation cycle (16, 19).

Electrophysiological measurements in a number of biological
systems, including Xenopus laevis oocytes, heterologous cells,
and cultured dopaminergic neurons, have demonstrated sev-
eral different conducting states for DAT (20 –24). These
include, in addition to the predicted coupled substrate-depen-
dent current, a substrate-dependent uncoupled anion conduc-
tance and a small tonic cation leak that is blocked by cocaine
(20 –22). Interestingly, this tonic leak is not present in the Dro-
sophila DAT and thus is a feature that might have appeared
later in evolution (25). Importantly, uncoupled currents have
been identified in other NSS proteins, such as the norepineph-
rine transporter, SERT, and the �-aminobutyric acid transport-
er-1 (GAT-1) (26 –30). A leak current in Li� has also been iden-
tified in DAT as well as in GAT-1 and SERT (20, 26, 29, 31, 32).
Although a physiological significance of the cation leak remains
to be established, the uncoupled anion current has been
reported to be of such a magnitude that it might have physio-
logical relevance; that is, the uncoupled DAT-mediated anion
current was sufficient to affect the firing rate of dopaminergic
neurons in culture (21).

In the present study we employ the two-electrode voltage
clamp technique in Xenopus oocytes in combination with tar-
geted mutagenesis to obtain further insight into the molecular
basis for how anion and cation binding may collaborate to con-
trol the different DAT-conducting states. Our data provide evi-
dence that the Li� leak in DAT is dependent on the Na2 site
rather than the Na1 site, in good agreement with previous pre-
dictions for the Li� leak in GAT-1 (31, 33, 34). Importantly, we
also demonstrate that the Li� leak is regulated by Cl�, suggest-
ing a hitherto unknown functional link between the Cl� site
and Li� binding in the Na2 site. Moreover, our results support
a key role of Na2 in determining cation permeability of the
transporter. We speculate that binding in Na2 is tightly coupled
to the intracellular gate and that during the transport process
Cl� might facilitate transport by lowering Na2 affinity when the
inner gate is open.

EXPERIMENTAL PROCEDURES

Molecular Biology—Mouse DAT, residing in pcDNA3, was
kindly provided by Dr. Howard Gu, Ohio State University,
Columbus, OH. Mutants were generated by Invitrogen in the
pcDNA3 background and subcloned into the pFROG vector
(35) using HindIII and XbaI (New England Biolabs). cRNA was
generated as run-off transcripts from pFROG mouse DAT vec-
tor linearized with MluI using T7 mESSAGE-mMACHINE
(Ambion) and purified using Megaclear (Ambion) following
manufacturer’s instructions. Stage V defolliculated X. laevis
oocytes were ordered from EcoCyte BioScience. Oocytes were
injected with �50 ng of cRNA and incubated in Kulori’s

medium (88 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5
mM Hepes-Tris) at 18 °C for �5 days or until use.

Electrophysiology—Xenopus oocytes were voltage-clamped
similar to previously reported methods (22) using Dagan
CA1-B (Dagan Corp.), connected to a PC with Digidata 1440A
(Axon Instruments), and controlled with pClamp 9.2 (Axon
Instruments). An Ag�/AgCl grounding electrode was con-
nected to the recording chamber via a 2 M KCl, 2% agarose
bridge to minimize liquid junction potential offsets. Current
was acquired every 0.1 ms, and 50 Hz interference was off-line
filtered using the build-in functions of Clampfit 9.2 (Axon
Instruments). All oocytes were clamped in �20-mV steps
between �100 mV (250 ms) and �40 mV (250 ms) and
returned to the holding potential of �60 mV (250 ms) before
each voltage step. All buffers were gravity-perfused, and cur-
rent voltage relationships (I/V) and dose-response relations
were analyzed on steady-state currents using Origin 8 (Origin-
Lab). The substrate-induced current is defined as (INaCl,DA �
INaCl wash). Inhibition of the Li� leak current by Na� is defined
as (ILi � ILi�Na) and the inhibition by substrate as (ILi � ILi�DA).
Cocaine-sensitive currents are defined as (I � ICOC). Unless
indicated otherwise in the figure, all experiments were carried
out in the 130 mM NaCl standard buffer or one of its isotonic
substitutes. All recording buffers include 2.5 mM KCl, 1.8 mM

CaCl2, 1 mM MgCl2, and 1 mM Hepes-Tris. For ion substitution
experiments the standard buffer was isotonically substituted
with the indicated buffers. Lithium gluconate was made by mix-
ing LiOH with gluconic acid. Choline gluconate was made by
mixing choline bicarbonate with gluconic acid.

Modeling—A homology human DAT model was built based
on the crystal structure of dDAT (PDB code 4M48) (15) using
Modeler 9v13 (36). The EL2 loop of human DAT, which does
not have a complete template from dDAT, was further refined
by the ab initio loop modeling module of Modeler (37). The
bound Na� (Na1 and Na2) and Cl� ions in human DAT were
modeled at their aligned positions in dDAT.

Calculations—Data were analyzed by nonlinear regression
analysis using Prism 4.0 (GraphPad Software, San Diego, CA).
An unpaired t test was used for statistical calculations.

RESULTS

DAT Mediates a Li�-induced Leak Current—The mouse
DAT was expressed in X. laevis oocytes, and two-electrode
voltage clamp was used to evaluate DAT-mediated currents.
We chose to use the mouse DAT because we consistently
observed larger DAT-mediated currents when expressing this
transporter as compared with the rat and human DAT (data not
shown). In agreement with previous reports on rat and human
DAT (20 –22), we observed for mouse DAT that perfusion with
DA (20 �M) induced an inward current at negative potentials in
130 mM NaCl. This current is believed to represent the sum of
the stoichiometric-coupled current and an uncoupled flux of
anions (Fig. 1A) (20 –22). Assessing the current at different
membrane potentials yielded the I/V plot in Fig. 1B showing the
current during DA perfusion minus the control current during
perfusion with buffer. As previously observed for human DAT
(20), the I/V curve showed an inwardly rectifying current at
negative potentials, whereas at positive potentials the horizon-
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tal asymptote and off-set from the zero current level is thought
to reflect inhibition by DA of a tonic cation leak (20). This tonic
leak conductance has previously been characterized as a non-
selective cation conductance (20), but the molecular mecha-
nisms underlying the conductance remain poorly understood.
To further characterize the tonic leak, we performed ion sub-
stitution experiments. Substitution of 130 mM NaCl with
130 mM lithium chloride (LiCl) resulted in a tonic leak that was
�10-fold larger than the substrate-induced current (Fig. 1, A
and C). The current observed when substituting Na� with Li�
was indeed DAT-mediated, as the current was blocked by per-
fusion with 10 �M cocaine (Fig. 1D). Li� does not, however,
support transport in DAT (38), but importantly, DA can still
bind to the transporter as perfusion with 20 �M DA markedly
decreased the current in Li� (Fig. 1, A and C).

It has been shown for GAT-1 that low millimolar concentra-
tions of Na� blocks the Li� leak, and it was suggested that this
inhibition reflects restoration of the conformational equilib-
rium between different functional states in the transport cycle

(31, 32). Similar to these findings, perfusion with 3 mM Na�

caused a prominent reduction in the DAT Li� leak without
changing the reversal potential (Fig. 1, A and C). Finally, we
tested the importance of anions on the Li� leak current by
substituting Cl� with gluconate. As shown in the current trace
in Fig. 1A and in the I/V diagram in Fig. 1B, substitution of Cl�
with gluconate also caused a prominent reduction in the cur-
rent as compared with the current in LiCl. There was no change
in the reversal potential of the current upon Cl� substitution,
supporting that the current in Li� is not carried by anions (Fig.
1C). Note that perfusion with DA also did not change the rever-
sal potential (Fig. 1C). Summarizing, in the presence of Li�,
DAT mediates a major tonic leak that is sensitive to substrate as
well as to Na� and Cl�.

The Dopamine Affinity Is Reduced in Li�—We estimated the
apparent affinity of DA for the transporter in Na� by measuring
the DA-induced current at increasing DA concentrations.
From this experiment we obtained an EC50 for DA of 1.19 �
0.11 �M (mean � S.E., n � 5) (Fig. 2A) in good agreement with

A
NaCl +DA NaCl LiCl +Na +DA LiGluc NaCl

100 nA

25 sec.

DC

B

FIGURE 1. DAT mediates a Li�-induced leak current. A, trace recording of mouse DAT expressing oocytes voltage-clamped at �60 mV. Buffer changes were
made as indicated. The concentration of DA (�DA) was 20 �M and of Na� (�Na) was 3 mM. The figure shows a representative trace. B, I/V plot of steady-state
currents induced by DA (20 �M) with control (no DA) subtracted (means � S.E., n � 6). C, I/V plot of steady-state currents in NaCl plus 20 �M DA (open squares),
LiCl (open blue triangles), LiCl plus DA (open red triangle), LiCl plus 3 mM Na� (open green triangle), and Ligluc (open circles). Data are normalized to the maximum
response in LiCl (means � S.E., n � 4 – 6). D, I/V plot of steady-state current showing responses in NaCl and LiCl in the absence and presence of cocaine (COC,
10 �M) (means � S.E., n � 4 – 6). The I/V plots were generated in 20-mV steps from �100 to �40mV (B–D).
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the Km value for DA uptake obtained in heterologous expres-
sion systems (6, 9, 38). To assess the apparent affinity of DA in
Li�, we took advantage of the inhibition by DA of the Li� cur-
rent and determined the magnitude of the Li� leak inhibition at
increasing DA concentrations. A half-maximal effect (EC50)
was observed at 23.5 � 1.9 �M (mean � S.E., n � 5) (Fig. 2B).
This suggests that the apparent affinity of DA is lower for the
Li�-bound state than for the Na�-bound state, supporting that
Li� promotes a distinct conformation of the transporter, as has
been suggested before for GAT-1 and SERT (31, 39, 40). Of
interest, according to recent data obtained for SERT, the Li�-
bound state of the transporter might represent an inward facing
conformation with the inner gate open (40).

We also assessed the apparent DA affinity upon substitution
of Cl� with gluconate and found only a rather small change
(EC50 � 48 � 5 �M (mean � S.E., n � 5) (Fig. 2B), indicating
little coupling between the Cl� and the DA binding sites in the
Li�-bound state of the transporter. Notably, a tighter coupling
is likely in the Na�-bound state as uptake experiments on DAT
expressed in COS-7 cells suggested a �3-fold increase in Km for
dopamine uptake when decreasing the Cl� concentration from
200 to 30 mM.5

Cl� Decreases the Affinity of Li�—By isotonically substitut-
ing Na� with Li�, we determined the potency of Na� for inhi-

bition of the Li� leak. Half-maximal effect (IC50) was observed
at a Na� concentration of 2.72 � 0.09 mM (mean � S.E., n � 5)
(Fig. 3A), and thus the potency was similar to that observed for
Na� inhibition of the Li� leak in GAT-1 (31, 32). The potency
of Na� appeared not to be affected by the presence of Cl�; that
is, the potency of Na� was unaltered when substituting Cl�

with gluconate (IC50 � 3.7 � 0.2 mM; mean � S.E., n � 5) (Fig.
3A). Nonetheless, Cl� had a major effect on the apparent affin-
ity for Li� itself. This was determined by titrating Li� against
choline (which does not permeate the transporter) in Cl� or in
gluconate. At a membrane potential of �100 mV, the EC50 for
Li� was 81 � 18 mM in Cl� and was reduced to 23 � 4 mM in
gluconate (means � S.E., n � 5) (Fig. 3B). This suggests that Cl�5 L. Borre, T. F. Andreassen, and U. Gether, unpublished observation.
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FIGURE 2. The DA affinity is dramatically changed in the Li�-bound state
of the transporter. A, substrate-induced current at �100 mV plotted as a
function of increasing DA concentrations and normalized to the maximum
response. EC50 � 1.19 � 0.11 �M (mean � S.E., n � 5). B, inhibition of the leak
current by DA at �100 mV plotted as a function of increasing DA concentra-
tions after normalization to the maximum inhibition (Ligluc). IC50LiCl � 23.5 �
1.9 �M; mean � S.E., n � 7. IC50Ligluconate � 48 � 5 �M; mean � S.E., n � 3).
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FIGURE 3. Chloride decreases the Li� affinity but not Na� affinity. A, inhi-
bition of the Li� leak by Na�. The currents were normalized to the maximum
leak current observed at �100 mV and plotted against increasing Na� con-
centrations. In 80 mM LiCl, 50 mM ChCl the ChCl was isotonically substituted
with increasing concentrations of NaCl. IC50,LiCl � 2.72 � 0.09 mM (mean �
S.E., n � 3). In 80 mM Ligluc, 50 mM choline gluconate, the choline gluconate
was isotonically substituted with increasing concentrations of sodium gluco-
nate. IC50,Ligluc � 3.7 � 0.2 mM; mean � S.E., n � 5. B, lithium dose-response
curve. The currents were normalized to the maximum Li� current and plotted
against increasing Li� concentrations. ChCl or choline gluconate was isoton-
ically substituted with LiCl or Ligluc. The apparent Li� affinity was 81 � 18 mM

in LiCl and 23 � 4 mM in Ligluc, respectively (means � S.E., n � 3) (B).
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might increase Li� permeation by lowering the Li� affinity for
the transporter.

Mutation of the Na1 Site Does Not Affect the Affinity and
Selectivity of the Cation Leak Current—To further evaluate the
molecular basis of the leak current, we first mutated Ser-320
that according to a DAT model based on the Drosophila DAT
structure (11, 15) is involved in direct coordination of Na�

binding to Na1 (Fig. 4A). Mutation of Ser-320 to Ala eliminated
all currents and thus resulted in a transporter that was not ame-
nable to further electrophysiological analysis in the oocytes
(data not shown). Instead, we generated the more conservative
substitution S320T, which displayed a cocaine-sensitive Li�
leak, as seen in the wild type (WT) transporter (Fig. 4B and

Table 1). No cocaine-sensitive current was seen in uninjected
oocytes (Fig. 4D). Strikingly, Na� inhibited the tonic Li� leak
more potently in S320T than in the WT (Fig. 5A). In fact, the
inhibition was so potent that it was not possible to obtain a
reliable IC50 value (Fig. 5A). This might suggest that the S320T
mutation increases the interaction of Na� with the Na1 site. A
possible explanation for this finding would be that because
threonine is �-branched and less flexible it will have less
entropy to loose when it binds Na�.

We also determined the apparent affinity of Li� for S320T by
isotonically substituting choline with Li�. As illustrated in Fig.
5B, the apparent affinity of Li� was largely unchanged
compared with WT (EC50 � 111 � 36 mM for WT versus 81 �

S320T D420N

C
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FIGURE 4. Mutation of the second sodium site changes the selectivity of the leak current. A, model of DAT based on the structure of Drosophila DAT
illustrating the involvement of Ser-320 in coordinating Na� binding to Na1 and of Asp-420 in coordinating Na� binding to Na2. Note that Ser-320 also is
involved in coordination of Cl�. B, cocaine-sensitive leak currents in S320T shown as I/V plot of steady-state currents in NaCl (squares) and in LiCl (triangles)
(means � S.E. n � 5). The properties are similar to WT. C, cocaine-sensitive leak currents in D420N shown as I/V plot of steady-state currents in NaCl (squares)
and in LiCl (triangles) (means � S.E., n � 5). D, cocaine-sensitive leak currents in uninjected oocytes shown as I/V plot of steady-state currents in NaCl (squares)
and in LiCl (triangles) (means � S.E., n � 5). The mutation (D420N) preserved the leak in LiCl but dramatically increased the leak observed in NaCl. E, quantified
cocaine-sensitive leak currents in WT, S320T, and D420N at a holding potential of �100 mV. Data are normalized to the current in Na� (means � S.E., n � 4 –5).
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13 mM for S320T; means � S.E., n � 4) (Fig. 5B). This suggests
that Ser-320, and thereby possibly Na1, is not critical for the
DAT-Li� interaction and thus for the tonic Li� leak.

Of note, we were unable to measure a substrate-induced cur-
rent for S320T. This could relate to the increased Na� affinity
that perhaps could slow down transporter turnover rate and
thereby diminish the substrate-induced current. Because Ser-
320 also is involved in coordination of Cl� (Fig. 4A), it is possi-
ble that altered Cl� binding might affect transporter function as
well. However, the ability of Cl� to stimulate the Li� leak and
thus to bind to the transporter was fully preserved in S320T, i.e.
the leak current observed in LiCl was larger than the leak in
lithium gluconate (Ligluc), and no change was seen in the rever-
sal potential (Fig. 5C).

Mutation of the Na2 Site Affects the Affinity and Selectivity of
the Cation Leak Current—To investigate the importance of
Na2, we mutated Asp-420 to asparagine (D420N). Asp-420
coordinates Na� binding to Na2 according to our DAT model
based on the Drosophila DAT structure (11, 15) (Fig. 4A). Sim-
ilar to observations for S320T, a large Li� leak current was seen
in D420N (Fig. 4C and Table 1). However, whereas we hardly
were able to measure a cocaine-sensitive leak in the WT and
S320T, we observed in D420N a cocaine-sensitive leak current
in Na� that was larger than that the cocaine-sensitive current in
Li� but with the same reversal potential (Fig. 4, C and E, and
Table 1). Furthermore, the apparent Li� affinity was, in con-
trast to our findings for S320T, markedly decreased in D420N.
As shown in Fig. 6A, the Li� dose-response curve showed no
signs of saturation even up to a concentration of 125 mM Li�,
and thus, it was not even possible to estimate the affinity.
Together, these results suggest a critical role of Asp-420 and
thereby likely Na2 in mediating the Li� leak and possibly in
controlling cation permeation of the transporter.

To further characterize the properties of D420N, we assessed
the effect of DA perfusion on the leak current in Na�. This
caused an inhibition of the current similar to what we observed
for the WT (Fig. 6B), substantiating that DA can bind to the
mutant transporter.

Finally, we performed a series of ion substitution experi-
ments comparing WT and D420N (Fig. 7, A–D). Changing
from NaCl to choline chloride (ChCl) caused a dramatic left
shift in the reversal potential of �40 mV, consistent with the
leak in D420N being carried at least in part by Na� ions. The
D420N leak current in Na� is most likely not carried by anions
because we observed no change in reversal potential by chang-
ing NaCl to sodium gluconate. Nonetheless, the D420N leak is
influenced by the anion present: substitution of Cl� with the
more permeable anion thiocyanate (SCN�) dramatically

increased the magnitude of the current without changing the
reversal potential (Fig. 7, D–F).

DISCUSSION

NSS proteins constitute a major family of Na�-coupled
transport proteins conserved from prokaryotic organisms to

TABLE 1
Leak currents in NaCl or LiCl for WT and mutants
Data are unsubstracted in oocytes expressing the indicated constructs.

Buffer
Vhold � �100 mV (n � 5– 8)

WT S320T D420N

nA � S.E
NaCl �173 � 31 �114 � 7 �752 � 91
LiCl �728 � 67 �389 � 37 �503 � 76
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FIGURE 5. Mutation of the first sodium site changes affinity for Na� but
not Li�. A, inhibition in WT (black circles/dotted line) and S320T (red circles/
solid line) of the leak current by Na� at �100 mV plotted against increasing
Na� concentrations after normalization to the maximum inhibition (means �
S.E., n � 3– 4). Mutation of the Na1 site (S320T) dramatically increased the
affinity for Na� as evaluated by the ability of Na� to inhibit the Li� leak with
full inhibition observed at concentrations �1 mM. B, Li� dose-response
curves for WT (black circles/dotted line) and S320T (red circles/solid line). The
currents were normalized to the maximum Li� current and plotted against
increasing Li� concentrations. ChCl was isotonically substituted with LiCl.
EC50 was 111 � 36 mM for WT and 81 � 13 mM for S320T (means � S.E., n �
3– 4). C, I/V plot of steady-state leak currents in S320T in LiCl and Ligluc
(means � S.E., n � 4) showing that Cl� gates the Li� current in S320T similar
to our findings for the WT. The I/V plot was generated in 20-mV steps from
�100 to �40 mV.
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man (1). Application of x-ray crystallography to the prokaryotic
NSS protein LeuT and more recently to the Drosophila DAT
has provided insight into the structure of these proteins at
atomic resolution (11, 18). The structures have aided our
understanding of the transport mechanism and revealed the
structural context of ion binding to the transporters. Neverthe-
less, we continue to lack a mechanistic understanding of the
coupling between Na�, Cl�, and substrate in the translocation
cycle. Due to its slow turnover rates, LeuT has not been used
much in conventional functional assays to study ion binding
dynamics of NSS proteins (12). Rather, studies of ion binding
dynamics in LeuT have been mostly computational (41– 44). In
contrast, DAT has been intensively studied in radioactive
uptake assays and with electrophysiological measurements
both in heterologous and in native systems (1–3). These studies
have led to the identification of several ion-conducting states of
the transporter and have predicted the ion coupling stoichiom-
etry (9, 20 –23). Studies have also been carried out on homolo-
gous mammalian transporters (for review, see Refs. 1–3). In
SERT, for example, it was recently shown how mutation of an
asparagine in TM1 (Asn-101) rendered Ca2� capable of replac-
ing Na� at Na1. The data indicate that Na� bound to Na1 is not
co-transported and that Na� bound to Na2 is co-transported,
and thus that Na2 is critical for determining cation permeation
in SERT. The study accordingly provided a mechanism by
which SERT, in contrast to e.g. DAT, co-transports only one

Na� despite the presence of two Na� binding sites (45). In
DAT, however, the individual roles of the distinct ion binding
sites have not been discerned.

Here we have applied electrophysiological analyses in X. lae-
vis oocytes combined with targeted mutagenesis to investigate
the ion binding dynamics in DAT. The findings substantiate
that DAT, like GAT-1 and SERT (20, 26, 29, 31, 34), possesses a
large inwardly rectifying leak current in Li�. The current is
�10-fold larger than the substrate-induced current and is thus
by far the largest DAT-mediated current described. A leak in
Li� has been described before for DAT, but because the previ-
ous measurements were done with 2 mM Na� present in the
solution (20), the actual magnitude of the current was not
revealed due to the inhibitory action of Na� demonstrated here
(Fig. 1 and below).

Similar to previous observations for the Li� leak in GAT-1
(31, 32), the DAT Li� leak was inhibited by low concentrations
of Na�. This inhibition is likely the result of high affinity Na�

binding to Na1, as suggested by the findings for the S320T
mutant showing increased potency of Na� in inhibiting the Li�
leak. This would be consistent with an increased affinity of Na�

for Na1 that may result from the less flexible nature of the
�-branched threonine as compared with serine. The result sup-
ports that high affinity Na� binding to Na1 restores the confor-
mational equilibrium of the transporter and thereby impairs
Li� permeation. Our data also suggest that the Na1 coordinat-
ing residue Ser-320 is unlikely to be important for mediating
the Li� leak as the S320T mutation changed neither the Li�
current nor the apparent affinity of Li� for the transporter.

According to the structure of dDAT, Ser-320 is also involved
in the Cl� binding site, and thus the phenotype resulting from
mutating this residue could in part be a consequence of altered
Cl� binding. However, the enhanced potency of Na� for inhi-
bition of the Li� leak in S320T is less likely the result of altered
Cl� coordination, and Cl� is indeed able to interact with the
mutant transporter as removal of Cl� caused a marked reduc-
tion in the Li� leak of S320T (Fig. 5C). Interestingly, it was
shown by Henry et al. (46) that mutation of the corresponding
residue in SERT (Ser-336) resulted in transport activity largely
independent on Cl�, indicating a change in Cl� interaction. In
DAT, however, we were unable to measure reliable uptake
when mutating Ser-320 to Thr or Ala in DAT (data not shown).
This strong functional impairment did not only prevent us from
assessing Cl� dependence in the mutants but also suggests that
the residue might serve different roles in the two transporters.
Of further interest, the study by Henry et al. (46) also suggested
a tight link between Cl� and Na1 in SERT, i.e. their data indi-
cated that Asn-101, which is involved in Na1 coordination but
does not coordinate to the bound Cl�, was critical for coupling
Cl� binding to concentrative serotonin uptake. Future studies
should assess whether the corresponding residue in DAT serves
a similar function.

In contrast to our findings for S320T, we observed for the
D420N mutation in Na2 a major shift in the apparent Li� affin-
ity, as reflected in an unsaturable Li� dose-response curve. This
suggests that the Li� leak depends on the interaction of Li�
with Na2. Notably, Li� interaction with Na2 has also been sug-
gested to be critical for the Li� leak observed in GAT-1 (34). A
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FIGURE 6. Mutation of the Na2 site lowers apparent Li� affinity but pre-
serves DA binding. A, lithium dose-response curve for D420N (blue circles/
solid line) compared with WT (black circles/dotted line). The currents were nor-
malized to the maximum Li� current and plotted against increasing Li�

concentrations. ChCl was isotonically substituted with LiCl. An EC50 value
could not be determined for D420N because no saturation was observed. B,
I/V plot of steady-state leak currents in D420N in LiCl with and without perfu-
sion of DA (100 �M) (means � S.E., n � 5), showing that DA can bind to D420N.
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remarkable additional phenotype of the D420N mutation was a
large cocaine-sensitive leak conductance in Na� that was even
larger than the current observed in Li�. This is in stark contrast
to the WT DAT, which in Na� displays a barely detectable
cocaine-sensitive cation leak (20). The current observed in Na�

for D420N is at least in part carried by Na� because substituting
Na� with choline caused a dramatic leftward shift in the rever-
sal potential (Fig. 7C). We observed no change in the reversal
potential upon anion substitution, arguing that the current is
not carried by anions. It is nonetheless important to note that
the reversal potential observed in Na� was markedly more neg-
ative (�10 mV) than the Nernst potential for Na� alone deter-
mined from the Goldman-Hodgkin-Katz equation (�61 mV)
(47), indicating that the net current is not carried solely by Na�.
Hence, although the majority of the current probably is carried
by Na�, the current is also partially carried by other cations
such as potassium (as suggested by left-shift toward the reversal
potential for K� in response to substitution of Na� with cho-
line). Of further interest, our findings for D420N might have

pathophysiological perspectives. In a patient diagnosed with
early-onset parkinsonism and attention deficit hyperactivity
disorder we recently identified two DAT missense mutations
(48). One of the mutants (D421N) was equivalent to the Na2
mutation we have studied here in mouse DAT (D420N).
Indeed, an initial electrophysiological assessment of D421N in
human DAT revealed a phenotype similar to that for mouse
D420N showing that the phenotype of the mutant is conserved
across different species.

The Li� leak current in WT DAT was not merely regulated
by DA and Na� but also by Cl�. A regulation of the Li� leak by
Cl� has also been suggested for GAT-1 (28). It is important to
point out that Cl� is likely to serve several roles at different
steps in the transport cycle. First, it has been proposed that Cl�
plays a role in counterbalancing the charge of the co-trans-
ported cations (DA and Na�) during binding and translocation
(16). During binding this might involve electrostatic facilitation
of binding of the positively charged substrate to the substrate
binding site, predicted to lie in close proximity to the Cl� site.

FIGURE 7. Mutation of the Na2 site changes cation selectivity of the leak. A and C, I/V plot of steady-state cocaine-sensitive leak currents in WT (A) and
D420N (C) assessed in NaCl (open black squares), LiCl (open blue triangles), and ChCl (open green triangles) (means � S.E., n � 3– 4). A large leak current was seen
in NaCl for D420N but not for the WT. When Na� was removed from the extracellular side by changing from NaCl to ChCl, a change in reversal potential was
observed for D420N in agreement with Na� being the principal permeating ion. B and D, I/V plot of steady-state cocaine-sensitive leak currents in WT (B) and
D420N (D) assessed in NaCl (open black squares), sodium gluconate (Nagluc; open red circles) and NaSCN (open brown diamonds) (means � S.E., n � 3– 4). E and
F, trace recordings of WT and D420N clamped at �60 mV, illustrating the effect of substituting with thiocyanate (SCN). Buffer changes were made as indicated.
The figure shows representative traces.
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The putative importance of the charge counterbalancing effect
of Cl� has been supported by data suggesting that Cl�-inde-
pendent prokaryotic NSS proteins, such as LeuT, Tyt1, and
TnaT, contain a negatively charged aspartate/glutamate corre-
sponding to the predicted Cl� site and that deprotonation/pro-
tonation of this residue might serve a similar role as Cl� in the
transport cycle (11, 16, 18, 49). Secondly, it has been suggested
that the transport process is dependent not only on extracellu-
lar Cl� but also on intracellular Cl� based on whole-cell patch
clamp and use of a rapid solution exchange protocol in DAT-
expressing HEK293 cells where intracellular Cl� application
was found to positively regulate DAT turn-over rate (19). It was
accordingly proposed that that Cl� occupancy from the inside
played a yet unappreciated role in the transporter return step.

Finally, the present data suggest a coupling between the
bound Cl� and the cation bound in Na2. This conclusion is
based on our observations for D420N that link the Li� current
to Na2 and on the finding that removal of Cl� caused a prom-
inent reduction in the Li� current while at the same time caus-
ing a surprising decrease in the apparent Li� affinity. Because
Cl� does not permeate in the presence of Li� according to the
electrophysiological analyses, we suggest that binding of Cl�
weakens the interaction of Li� with the transporter by allosteri-
cally lowering the Li� affinity for Na2 and that this leads to
enhanced permeation. Our results suggest accordingly an
interesting link between Cl� and the cation bound in Na2 in the
Li� leak mode of the transporter.

The link between Cl� and Na2 becomes particularly inter-
esting in light of recent results obtained in the homologous
SERT, providing strong evidence that Li� promotes a state
equivalent to an open inner gate configuration (40). A preferred
inward-facing configuration of the transporter would also fit
with our finding that substrate (DA) can bind to the transporter
in Li� but with lowered affinity; hence, we have evidence from
studies on the homologous LeuT that the inward-facing config-
uration of this transporter displays lowered substrate affinity.6
In further agreement with a switch to the inward facing config-
uration in Li�, previous application of noise analysis on SERT
currents reported that changing from Na� to Li� increased the
frequency of channels openings (50), which could reflect an
increased inner gate opening probability in the presence of Li�.
We speculate moreover that when pushing the conformational
equilibrium toward an inward-facing configuration with
increased inner gate opening probability, lithium increases the
likelihood that both gates are simultaneously open, thereby
permitting lithium permeation in putative “channel”-like mode
of the transporter. Importantly, molecular dynamics studies
have further strengthened the link between inner gate opening
and the Na2 site by showing how unbinding of Na� from the
Na2 site leads to destabilization of the thin inner gate (41, 44).
According to our data, Cl� would be expected in this scenario
to increase Li� permeation by lowering its affinity for Na2 and
thereby possible increase inner gate opening probability. More-
over, the large cation leak seen for D420N in Na� suggests that
the notion may apply to Na� as well. The lower cation affinity of

Na2 might weaken the interaction of Na� with Na2, thereby lead-
ing to increased inner gate opening probability and augmentation
of spontaneous Na� permeation. In line with this, it could be
argued that D420N promotes a conformational equilibrium in
Na� that mimics the equilibrium seen in Li� for the WT. The
potential change in conformational equilibrium induced by the
D420N mutation might further explain the lack of inhibition of the
leak by sodium binding to the Na1 site as D420N might promote a
change in the conformational equilibrium that leads to a structural
perturbation preventing sodium from inhibiting the leak by inter-
acting with Na1. It is also interesting to note the dramatic increase
in the cation leak of D420N when substituting Cl� with the thio-
cyanate (SCN�), adding further support to a functional link
between the anion binding site and Na2.

Summarized, the present study assigns for the first time dis-
crete functional properties to the two presumed Na� binding
sites in DAT. Specifically, we unravel a conceivable key role of
Na2 in controlling cation permeation of the transporter and
inner gate opening. Moreover, we provide evidence for regula-
tion of the Na2 site by Cl�, and our results thereby add further
important insight into the mechanistic role of Cl� in the trans-
port cycle of NSS proteins.
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