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Abstract

The dopamine transporter (DAT), a member of the neurotransmitter:sodium symporter family,
mediates the reuptake of dopamine at the synaptic cleft. DAT is the primary target for
psychostimulants such as cocaine and amphetamine. We previously demonstrated that cocaine
binding and dopamine transport alter the accessibility of Cys342 in the third intracellular loop
(IL3). To study the conformational changes associated with the functional mechanism of the
transporter, we made cysteine substitution mutants, one at a time, from Phe332 to Ser351 in IL3 of
the background DAT construct, X7C, in which 7 endogenous cysteines were mutated. The
accessibility of the 20 engineered cysteines to polar charged sulfhydryl reagents was studied in the
absence and presence of cocaine or dopamine. Of the 11 positions that reacted with
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methanethiosulfonate ethyl ammonium, as evidenced by inhibition of ligand binding, 5 were
protected against this inhibition by cocaine and dopamine (S333C, S334C, N336C, M342C and
T349C), indicating that reagent accessibility is affected by conformational changes associated
with inhibitor and substrate binding. In some of the cysteine mutants, transport activity is
disrupted, but can be rescued by the presence of zinc, most likely because the distribution between
inward- and outward-facing conformations is restored by zinc binding. The experimental data
were interpreted in the context of molecular models of DAT in both the inward- and outward-
facing conformations. Differences in the solvent accessible surface area for individual IL3
residues calculated for these states correlate well with the experimental accessibility data, and
suggest that protection by ligand binding results from the stabilization of the outward-facing
configuration. Changes in the residue interaction networks observed from the molecular dynamics
simulations also revealed the critical roles of several positions during the conformational
transitions. We conclude that the IL3 region of DAT undergoes significant conformational
changes in transitions necessary for both cocaine binding and substrate transport.

Keywords

Dopamine transporter (DAT); Cocaine binding; Dopamine transport; Cysteine accessibility;
Molecular dynamics simulations

1. Introduction

Eukaryotic members of the neurotransmitter: Na* symporter (NSS) family, which include
transporters for GABA, dopamine (DA), norepinephrine, and serotonin (GAT, DAT, NET,
and SERT, respectively), terminate signaling by recapturing released neurotransmitter
(Amara and Sonders, 1998; Rudnick, 2002; Sonders et al., 2005). These secondary active
transporters enable the thermodynamically uphill transport of their respective substrates
across the plasma membrane of the presynaptic neuron in a co-transport (symport)
mechanism driven by the Na* electrochemical gradient (Gu et al., 1994; Krause and
Schwarz, 2005; Torres et al., 2003). Drugs that interfere with reuptake profoundly influence
behavior and mood. DAT is the primary target for the psychostimulants cocaine and
amphetamine (Koob, 1992) and is a target for treatment of attention deficit hyperactivity
disorder and depression (Volkow et al., 2002). Genes encoding more than 200 putative NSS
homologs have been identified computationally in prokaryotic genomes, thereby expanding
the functional spectrum of this transporter family (Beuming et al., 2006).

A structural context for the information gathered from extensive experimental studies of
DAT activity under various conditions has emerged even before the recent elucidation of a
Drosophila DAT construct (Penmatsa et al., 2013), from the crystal structure of LeuT, a
prokaryotic NSS homolog (Yamashita et al., 2005). In this structure, one Leu and two Na*
are bound in a pocket formed by the unwound portions of transmembrane segment (TM) 1
and TM6, and residues in TM3 and TM8 that are highly conserved among NSS. The LeuT
structure has been invaluable for structure-based interrogation of functional mechanisms and
ligand binding (Beuming et al., 2008; Celik et al., 2008; Forrest et al., 2006; Forrest et al.,
2008; Huang et al., 2009; Kanner and Zomot, 2008; Kaufmann et al., 2009; Kniazeff et al.,
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2008; Rudnick, 2006; Shan et al., 2011; Shi et al., 2008; Zhao et al., 2010; Zhao et al.,
2011).

In the transport cycle, substrate binding is thought to initiate a transition from an outward to
an inward facing conformation, but the mechanism for this transition and how it is driven by
the sodium gradient had been unclear. The first LeuT crystal structure, closed to both the
outside and the inside (occluded), appeared to represent an intermediate conformation, and
subsequently solved crystal structures of LeuT mutants have captured conformations
thought to represent outward-open as well as inward-open configurations (Krishnamurthy
and Gouaux, 2012; Singh et al., 2008; Yamashita et al., 2005).

Using steered molecular dynamics (SMD) simulations starting from the initial occluded
structure of LeuT, the substrate translocation pathway in LeuT was explored
computationally and a second substrate binding site (S2) was identified in the extracellular
vestibule (Shi et al., 2008). In LeuT this site is also the binding site for tricyclic
antidepressants (TCAS) (Singh et al., 2007; Zhou et al., 2007; Zhou et al., 2009). Substrate
binding in the S2 site is thought to constitute an allosteric trigger for the mechanism of
intracellular release of Na* and substrate from the primary S1 site, whereas TCAs in the S2
site inhibit transport by binding in a way that prevents substrate release (Cheng and Bahar,
2013; Shi et al., 2008; Singh et al., 2007; Zhao et al., 2011). A similar role of the bound S2
substrate was also observed in the SMD simulations of a LeuT-based DAT homology
model, where the stably bound dopamine molecule in the S2 site triggers the opening of the
intracellular gate in the absence of sodium in the Na2 site, thereby enabling penetration of
waters from the intracellular milieu and the gradual rearrangement of intracellular segments
towards an inward-open conformation (Shan et al., 2011).

Binding of cocaine to DAT was shown to occur in the S1 site (Beuming et al., 2008).
Interestingly, cocaine has been proposed to stabilize DAT in an outward-facing
configuration (Chen et al., 2000; Chen and Justice, 1998). Extensive work in the
homologous serotonin transporter (SERT) using the substituted-cysteine-accessibility
method (SCAM) (Karlin and Akabas, 1998) has shown that cocaine modulates the
conformation of this transporter, and has led to the proposal of a rocking-bundle model
(Chen et al., 1997; Forrest et al., 2008; Henry et al., 2003; Zhang and Rudnick, 2006). Our
combined computational and experimental studies of LeuT and DAT have brought to light
detailed elements of the transport mechanism propagated through flexible rearrangements.
The global rearrangements in DAT were found in computational simulations of substrate
translocation in DAT (Shan et al., 2011) to be quite similar to those observed from similar
simulations in LeuT (Shi et al., 2008), and to correspond substantially to inferences from the
comparison of LeuT crystal structures. Notably, however, in LeuT some intracellular
portions of TM segments exhibited either smaller-scale movements (TMs 4 and 8) or did not
appear to move at all (TMs 3, 9 and 10). The structural rearrangements propagated in DAT
by substrate translocation were shown (Shan et al., 2011) to take advantage of specific hinge
regions and the rearrangement of local interaction networks that result in the conformational
transitions observed both computationally and from smFRET measurements of LeuT (Shan
et al., 2011; Shi et al., 2008; Zhao et al., 2010; Zhao et al., 2011). In DAT, one such region
is the third intracellular loop (IL3), for which we found significant rearrangements
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associated with the TM1 and TM6 movements in the transition towards inward-facing
conformations in mechanisms explored computationally and shown to reach beyond the
inferences of rigid motions inherent in comparisons of crystal structures or whole bundle
repositioning (Shan et al., 2011).

As described here, we used the substituted-cysteine accessibility method (SCAM) and
computational modeling to identify the structural signature of ligand-dependent
conformational rearrangements of IL3 in DAT, by evaluating the impact of cocaine binding
and DA transport on changes in accessibility of cysteine-targeting reagents. The results are
presented in the structural context of an established homology model for DAT based on the
LeuT structure in which we simulated the outward and inward facing conformations (Shan
et al., 2011), which was shown to be in excellent agreement with the recently determined
structure of a construct from the drosophila DAT (Penmatsa et al., 2013). Our results
suggest that the TM6-1L3-TM7 region plays an important role in functionally relevant
conformational changes and thus shed light on conformational transitions during the
transport cycle.

2. Material and methods

2.1. Mutagenesis and subcloning of cysteine mutants

We have shown previously that the accessibility of Cys342 in IL3 of DAT is transport-
dependent (Chen et al., 2000) and sensitive to cocaine binding (Ferrer and Javitch, 1998),
which is most consistent with this residue being buried in the TM bundle in the outward
facing state and becoming intermittently accessible during the transport cycle. To investigate
the properties and putative roles of residues in the TM6-I1L3-TM7 region, we made a
background DAT construct in which seven intra- and extracellular cysteines were mutated to
other residues (X7C). Twenty cysteine substitution mutants were made in IL3 and the
contiguous intracellular ends of TM6 and TM7 in the X7C background by replacing, one at
a time, each residue from Phe332 to Ser351.

We used EM4 cells, which are human embryonic kidney 293 cells stably transfected with
macrophage scavenger receptor to increase their adherence to tissue culture plastic (Robbins
and Horlick, 1998). These cells were additionally stably transfected with a synthetic human
DAT gene that was tagged at the amino terminus with a tandem epitope. The Flag epitope
was fused to the hemagglutinin epitope (Flag-HA; 18 residues). This epitope replaced the
first 22 amino acids of the protein and did not significantly affect expression or transport
(Saunders et al., 2000). Mutations were made by PCR and confirmed by DNA sequencing.
EM4 cells were grown in DMEM supplemented with 10% fetal bovine serum at 37 °C and
5% CO,. Thirty-five millimeter dishes of EM4 cells at 70-80% confluence were transfected
with 2 ug of mutant DAT cDNA in the bicistronic expression vector pCIHyg (Saunders et
al., 2000) with 9 pl of Lipofectamine (Invitrogen) and 500 pl of OPTIMEM (Invitrogen).
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 250 pug/ml hygromycin
was added to select for a stably transfected pool of cells.
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2.2. Indexing of residues

A generic numbering scheme for amino acid residues has been developed to facilitate direct
comparison of sequences of the individual members in the Na*/CI~ family of transporters
(Beuming et al., 2006). In this scheme the most conserved residue in each TM has been
given the number 50, and each residue is numbered according to its position relative to this
conserved residue. Each index number starts with the number of the TM, so a residue five
positions carboxyl-terminal to the most conserved residue in TM6 of DAT (GIn3176-50) will
be referred to as Leu322%-55, The most conserved residue in TM7 is Phe-356, and so the
generic numbers for the residues mutated to cysteine in this study are Tyr3326-65
Ser3336-66 5er3346-67 Tyr3356-68 Asn336!L3, Lys337!L3, Phe338!L3, Thr339/L3,
Asn340'-3) Asn341!L3, Cys342!L3 Tyr3437-28 Arg3447-29 Asp3457-30, Ala3467-3L,
11347732, Val3487-33, Thr3497-34, Thr3507-3% and Ser3517-6,

2.3 [BH]tyramine uptake

The DAT substrate tyramine was used instead of DA for uptake assays since it is a substrate
for DAT but not a substrate for endogenous catechol-O-methyl transferase, which has shown
to be present in HEK 293 cells (Eshleman et al., 1997). EM4 cells stably expressing X7C or
mutants thereof were seeded in poly-D-lysine coated 96-well plates. After 48 h, the cells
were washed twice with serum free DMEM, and incubated in serum free DMEM for 4 h at
37 °C and 5% CO,. The cells were washed once with 200 pl uptake buffer (130 mM NaCl,
1.3 mM KCI, 1.2 mM MgSQOy, 1.2 mM KH,POy, 2.2 mM CaCl,, 10 mM glucose, 10 mM
Hepes, pH 7.4) and incubated in uptake buffer for 30 min at 37 °C and 5% CO, . The uptake
assay was initiated by the addition of 60-80 nM [3H]tyramine (American Radiolabeled
Chemicals, Inc.) in a final volume of 50 ul in uptake buffer. Nonspecific uptake was
determined in the presence of 2 mM tyramine. Uptake kinetics were determined using a
range of unlabeled tyramine (10 nM-10 pM) in competition with [3H]tyramine. After 5 min
of incubation at 37 °C, uptake was terminated by aspiration and washing twice with 200 pl
ice cold buffer. The cells were lysed in 50 ul of 1% Triton X-100 for 30 min, and 200 pl
Optiphase Supermix scintillation fluid was added before counting the plate in a Wallac 1450
microbeta counter. K, and Vnax Values were calculated from non-linear regression analysis
(Prism 4, GraphPad software).

To measure the effect of Zn2* on uptake, 10 pM ZnCl, was added to the uptake buffer 15
min prior to [3H]tyramine; uptake measurements were otherwise performed as described
above.

2.4. Membrane preparation and protein measurement

Stably transfected EM4 cells, expressing the IL3 cysteine mutants in the X7C background,
were washed with PBS (1.9 mM NaH 5,P0O4;2H,0, 8.1 mM NaHPOy, 154 mM NaCl). The
cells were scraped into PBS containing 1 mM EDTA and pelleted at 1000 x g for 5 min at 4
°C. Pellets were resuspended in PBS and disrupted on ice with a Polytron homogenizer for
10-15 s. The membranes were collected by centrifugation at 39,000 x g for 20 min at 4 °C
and stored at —80 °C until use. Resuspended membranes were solubilized in 1% Triton and
measured against a BSA standard curve using the bicinchoninic acid (BCA) protein assay
(Pierce).
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2.5. Binding of MFZ 2-12 and cocaine

Membrane pellets were thawed quickly, resuspended in binding buffer (130 mM NacCl, 1.3
mM KCI, 1.2 mM MgSQy, 1.2 mM KH,PQOy, 2.2 mM CaCl,, 10 mM Hepes, pH 7.4) and
125 pl transferred to a prewetted 96 well Multiscreen-FB1 filter plate (Millipore) with 1.0
um glass fiber filters. The binding assay was initiated by adding 2.5-3 nM [BH]MFZ 2-12
(Newman et al., 2001) to a total volume of 200 pl. Nonspecific binding was determined in
the presence of 2 M unlabeled MFZ 2-12. For determination of Kp and Byyax Values for
MFZ 2-12 and K; for cocaine binding, increasing concentrations of unlabeled ligand was
added. When binding was performed in the presence of Zn2*, 10 uM ZnCl, was added to the
resuspended membranes 15 min prior to ligand. After 2 h incubation at RT, the binding was
terminated by filtering the mixture through the plate on a vacuum manifold and washed
three times with ice cold binding buffer. After removing the durapore backing, a 96 well
plastic liner was fitted under the plate. Optiphase Supermix scintillation fluid (30 pl) was
added to the radioactive samples 30 min prior to counting in a Wallac 1450 microbeta
counter.

2.6. Treatment with MTS reagents

Methanethiosulfonate (MTS) reagents (Toronto Research Chemicals) were freshly prepared
in water as 30x stocks and placed on ice prior to use. Resuspended membranes of X7C and
the IL3 cysteine mutants were treated with either MTS ethylammonium (MTSEA) (0.25
mM), MTS ethyltrimethylammonium (MTSET) (1 mM) or MTS ethylsulfonate (MTSES)
(10 mM), at room temperature, or 4 °C when stated, in a Multiscreen-FBL1 filter plate. After
2 min incubation the reaction was terminated by filtering the mixture through the plate with
vacuum suction and washing three times with binding buffer. The MTS treated membranes
were resuspended in binding buffer and [BH]MFZ 2-12 binding activities were measured as
described above. For estimation of rate of reaction, 6 concentrations of the MTS reagent
were added.

2.7. Protection experiments with cocaine and DA

Resuspended membranes were treated with cocaine (0.1 mM, unless otherwise stated) or
DA (1 mM) for 20 min at room temperature, or 4 °C when stated, prior to reaction with
MTSEA. The MTSEA treatment was performed as described above, but with ligand present.
To insure that all ligand was removed prior to the [BHJMFZ 2-12 binding step, the
membranes were washed an additional 2 x 5 min with binding buffer on a plate shaker.

2.8. Electrophoresis and immunoblotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed as
described in Laemmli (Laemmli, 1970) with separating gels consisting of 7.5% acrylamide.
Immunoblotting was performed as described previously (Hastrup et al., 2001). Briefly,
resolved proteins were transferred by electroblotting onto polyvinylidene fluoride (PVDF)
membranes (Millipore) and blocked in a solution of 5% (w/v) dry milk, 1% BSA and 0.1%
Tween-20 in TBS (50 mM Tris-HCI, 150 mM NaCl, pH 7.4). FLAG epitope-tagged DAT
protein was detected by anti-FLAG M2 primary antibody (Sigma) and anti-mouse
horseradish peroxidase (HRP) secondary antibody (Santa Cruz Biotechnology, Inc.) with
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ECL-Plus (Amersham). Chemiluminescence was detected and quantified on a FluorChem
8000 (Alpha Innotech Corp.).

2.9. Data calculations

Uptake data and binding data were analyzed by nonlinear regression analysis using Prism
4.0 from GraphPad Software. The Khand Vyax for uptake and the Kp and Byax for
binding were determined in Prism by fitting the data to the equation Y= (Bmax*L)/(L + C +
Kd) + NS, where Y is binding or uptake, L is the concentration of hot ligand ([3 H]Tyramine
or [BH]MFZ 2-12) and C is the concentration of cold ligand (tyramine or MFZ 2-12). The K;
for cocaine binding was calculated in Prism by fitting the data using the equations logeEC50
= log(10"MogKi*(1+HotNM/HotKdNM)) and Y= Bottom + (Top-Bottom)/
(1+10"M(XLogEC50)), where Y is binding, HotNM is the concentration of [SBH]MFZ 2-12,
HotKdNM is the Kp for MFZ 2-12 and X is the logmolar concentration of cocaine. The
rates of reaction (K) for MTSEA were calculated in Prism by fitting the data to the equation
Y=Span*exp(-K*X) + Plateau, where Y is binding and X is the concentration of MTSEA.

Statistical significance was evaluated using one-way ANOVA with Dunnet's multiple
comparison post hoc test using Graphpad Prism 4.0.

2.10. Solvent-Accessible Surface Area (SASA) calculations

The SASA values were calculated for the equilibrated structures obtained from the SMD
simulations described recently (Shan et al., 2011). To this end, the 20 consecutive residues
from F332 to S351 were mutated one at a time to cysteine with the structure building tool
psfgen within the Visual Molecular Dynamics (VMD) visualization program (Humphrey et
al., 1996). All the other residues in DAT, as well as the ligands including DA molecules,
lipids, waters and ions were maintained at their original positions. The systems were
minimized for 2000 steps, followed by short molecular dynamics (MD) simulations to take
potential conformational changes into account.

For particular positions, in which the mutations to cysteines might affect the steric
arrangement of the immediate environment, we sampled more fully the impact of the
mutations with free energy perturbation (FEP) simulations. This control procedure was
applied to two selected residues (F332 and T349) which were mutated to cysteines in both
the occluded state homology model and the inward-facing conformation. For each FEP run,
a total of 1.98 ns FEP calculation with 66 windows was carried out with explicit solvents
using the molecular dynamics simulator NAMD (Henin et al., 2006). Each resulting model
was further equilibrated for 5 ns MD after FEP. SASA values were evaluated along the
entire MD trajectories and found to be consistent with the data obtained by the direct
mutation method described above (Supplemental Fig. 1).

Other than for these controls, SASA values were calculated based on the last half of each
MD simulation. In the SASA analysis, the calculated accessible area excludes the surface
area exposed to lipids, which was treated as buried. The SASA percentage was obtained by
dividing the SASA of the residue calculated in the environment of the protein and lipids, by
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the SASA reference value, calculated as usual for a residue X in the extended conformation
of a Gly-X-Gly tripeptide (Miller et al., 1987; Newman et al., 2001).

3. Results

3.1. Transport activity of cysteine mutants

In order to generate a suitable human DAT background construct for studying the residues
in IL3, all the reduced cysteines in predicted extracellular and intracellular loops were
mutated. In the resulting construct, X7C DAT (AC6/C90A/C135A/C306A/C319M/ C342M/
C581L), we mutated to cysteine, one at a time, each of the wild type residues in the
predicted IL3 and the juxtamembrane regions of TM6 and TM7 from Phe332 to Ser351.
After stable expression in EM4 cells, tyramine transport was determined in all the mutants
(Fig. 1). Cysteine substitution of most of the highly conserved residues (Phe332, Ser333,
Ser334, Tyr335, Phe338, Asn340, Asn341 and Asp345, Supplemental Table 1) led to
significantly diminished transport activity, ranging from 6% to 52% of that for the X7C
construct (Fig.1). Three conserved residues, Asn336, Tyr343 and Thr349, tolerated the
mutation well, displaying transport activities similar to X7C. In T350C the uptake activity
was significantly increased (250%), whereas in the remaining mutants it ranged from 70% to
130% that of X7C.

Since these initial experiments were conducted at a single tracer concentration of
[3H]tyramine, we also determined the tyramine concentration dependence of uptake for all
20 mutants (Table 1). We know from previous experiments that substituting Cys135 and
Cys342 reduced the Ky, and Vp,x for tyramine uptake (Chen et al., 2000)), and as expected,
reinserting the endogenous Cys342 back into X7C increased both the Ky, and V% ~5-fold
(Table 1). Interestingly, in N336C, T349C and T350C, the cysteine mutations had a similar
effect, significantly increasing the K, and Vo for tyramine uptake. The Ky, for tyramine
transport by S333C, F338C, N340C, N341C and Y343C was 7-10 fold lower than that of
X7C, and the V,x Of these mutants was markedly decreased (Table 1). Extremely low
specific uptake precluded reliable determination of K, and Vs for F332C, S334C and
Y335C.

3.2. Effect of Zn2* on tyramine uptake

It has previously been shown that the low uptake capacity caused by the mutation of Tyr335
to alanine is substantially restored by Zn2* (Loland et al., 2002). This is in marked contrast
to the effect seen in WT DAT, where binding of Zn?* to its endogenous site inhibits
dopamine uptake (Loland et al., 1999; Norregaard et al., 1998). We determined the effect of
Zn2* on the transport activity of all the IL3 cysteine mutants. Uptake by all the mutants with
significantly lowered uptake capacity (indicated by * in Fig. 1A) was potentiated by the
presence of Zn?*, as was uptake by Y343C (Fig. 1B). For all the remaining mutants as well
as the background construct X7C, Zn2* inhibited uptake, just as in WT.

Since uptake kinetics could not be reliably determined for F332C, S334C and Y335C, and
transport activity was potentiated by Zn?*, we determined the K, and Vmax for tyramine
uptake in the presence of 10 pM Zn2* for these mutants (Table 1, Fig. 1C). The apparent
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substrate affinity of F332C in the presence of Zn2* was 10-fold lower than for X7C. Both
S334C and Y335C displayed a higher affinity for tyramine compared to X7C, which was
accompanied by a marked reduction in the maximal rate of transport (23 and 48 fold lower,
respectively, than X7C) (Table 1).

3.3. Binding properties of cysteine mutants

Since the substituted cysteines were in an intracellular loop, accessibility studies had to be
performed in a membrane preparation to allow direct access of the MTS reagents, some of
which are membrane impermeant, and also to overcome the reducing environment inside the
cell. To characterize inhibitor binding to the mutants we determined the binding affinity
(Kq) and binding capacity (B max) of the cocaine analog [*BHJMFZ 2-12 (Newman et al.,
2001) to each of the mutants (Table 2). The binding affinities of F332C, S334C, Y335C and
D345C were dramatically impaired compared to X7C. In other mutants (S333C, F338C,
N340C, N341C and Y343C), the cysteine mutation caused an intermediate 4-15 fold
decrease in affinity for MFZ 2-12. The remaining mutants displayed affinities similar to that
of X7C. The Byax for many of the mutants was unchanged (Table 2), whereas the Byax
values for S334C, R344C and 1347C were reduced 3-6 fold.

We also measured the ability of cocaine to inhibit [BH]MFZ 2-12 binding to all of the
mutants (Table 2). The impaired [BH]JMFZ 2-12 binding in F332C, Y335C and D345C
precluded reliable fits for cocaine inhibition. Binding in the presence of Zn did not improve
reproducibility for F332C or Y335C. For D345C the presence of Zn?* increased [*H]MFZ
2-12 binding and revealed a reduced affinity for cocaine (Kj(cocaine + Zn2*) = 96 + 10 uM,
n=3). The affinities for the remaining mutants were within 4 fold of that of X7C.

3.4. Reactivity towards sulfhydryl reagents

To study the accessibility of the loop residues, we assessed the effect of several charged
hydrophilic MTS reagents on [BH]MFZ 2-12 binding to the cysteine mutants. A number of
the mutants were reactive with MTSEA, MTSET or MTSES, as determined by their impact
on subsequent [3H]MFZ 2-12 binding (Fig. 2). After treatment with the positively charged
MTSEA (0.25 mM), the binding activity of F332C, S333C, N336C, N340C, M342C,
D345C and T349C was inhibited by 87-98%, as compared to only 8% in X7C (Fig. 2A).
The same mutants were also sensitive to the larger and positively charged MTSET, though
to a lesser extent (Fig. 2B). S333C and D345C were significantly inhibited by the negatively
charged MTSES (Fig. 2C). Binding of [3H]MFZ 2-12 to F338C and T339C was potentiated
by all three MTS reagents.

[®H]MFZ 2-12 binding to N336C, N340C and T349C was greatly inhibited by MTSEA,
whereas MTSET and MTSES had much less of an effect on binding (Fig. 2). To determine
whether these cysteines were less reactive with MTSET and MTSES or whether they reacted
“silently” without a substantial impact on binding, membrane preparations of these mutants
were treated with MTSES or MTSET followed by MTSEA. In T349C, MTSEA still
inhibited after treatment with MTSET and MTSES (Supplemental Fig. 2), consistent with a
decreased accessibility and lack of reaction of the larger reagents. Similarly, MTSET was
less reactive with N336C (data not shown) and N340C (Supplemental Fig. 2B), as it did not
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prevent the subsequent effects of MTSEA. In contrast, the negatively charged MTSES
slightly potentiated N340C (Supplemental Fig. 2A) and reacted silently with N336C (data
not shown), in both cases preventing subsequent reaction with MTSEA. Thus, a measured
effect on binding indicates that the substituted cysteine reacted, but the lack of an effect on
binding is not conclusive evidence for lack of accessibility (as demonstrated by the lack of
effect of MTSES despite its reaction with N336C).

The rate of reaction of MTSEA varied greatly among the sensitive cysteine mutants (Table 3
and Fig. 3). The most reactive mutant, N336C, had a rate constant of about 2000 M~1s71,
The reaction of MTSEA with F334C and Y335C was also quite rapid but with maximal
inhibition of only about 50% (Figs. 1, 3, Table 3).

3.5. The effect of cocaine and DA on MTSEA reaction

Ligand-dependent conformational changes that decrease access to a substituted cysteine or
alter the microenvironment to reduce the reaction rate with MTSEA, would register as
protection against the effect of MTSEA addition to the mutant constructs. Protection could
also result from direct steric block by bound ligand, but since IL3 does not contribute
directly to the DA and cocaine binding sites in DAT (Beuming et al., 2008), this seems
unlikely for the mutants studied here. In contrast, increased reactivity is consistent only with
an allosterically altered conformation.

Membrane preparations of the MTSEA-sensitive mutants were treated with either cocaine or
DA prior to and during treatment with MTSEA. A number of the mutants were significantly
protected from MTSEA inhibition by cocaine. At S334C, N336C, M342C and T349C the
presence of cocaine reduced the binding inhibition produced by MTSEA by 60-70% (Fig.
4A,B). The substrate DA also significantly protected against MTSEA reaction at S334C,
N336C, M342C, and T349C (Fig. 4A,B) but failed to protect S333C, which was also less
efficiently protected by cocaine (Fig. 4A). Neither DA nor cocaine protected F332C, N340C
or D345C (Fig. 4A,C).

To test whether the presumed conformational changes induced by cocaine binding are
restricted to higher temperatures, we carried out parallel protection experiments at 4 °C.
Membrane preparations of N336C, M342C and T349C were incubated with cocaine and
treated with MTSEA at 4 °C, with subsequent [3H]MFZ 2-12 binding at RT after removal of
the MTS reagents at 4 °C. To compensate for the slower reaction rate at 4 °C, we increased
the MTSEA concentration to achieve similar levels of inhibition. All three mutants were
robustly protected by cocaine at 4 °C (shown for T349C in Fig. 5), consistent with an ability
of DAT to undergo the conformational changes necessary to reduce reactivity with MTSEA
at 4 °C, even though transport is extremely slow or absent at this temperature. This is in
contrast to published inferences that at 4 °C protection of a substituted cysteine supports its
location within the binding site where it must be sterically shielded by bound ligand.

3.6. Solvent accessible residues

As described in the Experimental Procedures, we created a homology model of DAT in the
occluded state based on the LeuT structure and then established a model for the “inward-
facing” conformation based on SMD simulation of DA movement towards the intracellular
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end of DAT from the S1 site, with the S2 site occupied by DA (Shan et al., 2011). The
configuration of the TM domain on the intracellular side in the occluded model should
reflect the properties of this region in an “outward facing” state since, like in the occluded
state, the intracellular “gate” is expected to be closed. Indeed, the intracellular part of LeuT
is almost identical in its occluded (PDB code: 2A65) structure and the Trp-bound outward
facing (PDB code: 3F3A) structure (for this reason, the state of the investigated region of the
intracellular side is referred to interchangeably as either “occluded conformation” or
“outward-facing” conformation).

The solvent accessibility of the mutants was determined from SASA calculations for each
residue in both the inward- and “outward-facing” conformations. We found that the
predicted solvent accessibility correlates well with the effects of MTSEA on ligand binding.
Thus the accessible residue positions identified by the SCAM study have larger SASA
values than the buried positions in the corresponding conformation, with 8.5% as a threshold
separating these two groups of positions (Supplemental Fig. 3). The 5 mutants S334C,
A346C, 1347C, T350C and S351C are buried, and their calculated SASA is <8.5% in both
conformations (Fig. 6). As expected, ligand binding to these 5 mutants was not affected
significantly by MTSEA (Fig. 2). All the other 15 mutants are predicted to be accessible
with their SASA in either the outward or inward-facing conformation is greater than 8.5%.
Among these 15 mutants, ligand binding to 10 of them (F332C, S333C, Y335C, N336C,
F338C, T339C, N340C, M342C, D345C and T349C) was affected by the MTS reagents,
consistent with their calculated accessibilities. Ligand binding to the remaining 5 mutants
(K337C, N341C, Y343C, R344C and V348C) was not significantly affected by treatment
with the MTS reagents. K337C and N341C are in the loop region and thus the MTS reagents
might react “silently” without affecting ligand binding, as discussed above. Y343C, R344C
and V348C face the lipid/solvent interface, so silent reaction might also explain the lack of
functional effect at these positions. These findings from SASA calculations on a homology
model of the human DAT agree substantially with the experimental accessibility
measurements.

3.7. SASA differences of the protected positions

Because cocaine has been inferred to bind to the outward-facing conformation of the
transporter (Beuming et al., 2008), the alternating-access model suggests that a residue
position in the intracellular end of the transporter would be protected by cocaine if it was
accessible in the inward-facing configuration but not in the outward-facing conformation.
We found that the state-dependent accessibilities of the TM6-IL3-TM7 residues correlated
well with the experimental protection data. The mutants that were significantly protected by
cocaine, S333C, N336C, C342 and T349C (Fig. 4), are buried in the outward facing
conformation with calculated SASA less than 4%. In contrast, in the inward facing
conformation, residues in these positions are exposed with SASA greater than 8.5% (Fig. 6).
The apparent increase in accessibility in moving from the outward to inward facing
conformations is therefore >100% for these positions. Notably, the exposure of these
residues in the inward-facing conformations is consistent with their reactivity with MTSEA
when DAT is not stabilized by bound inhibitor so that it can interchange between the
different conformations. Although the SASA of the Cys at position 334 was calculated to be
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<8.5% threshold, especially in the outward-facing conformation, binding to S334C was
inhibited partially by MTSEA (Fig. 3) and was significantly protected by cocaine and
dopamine (Fig. 4); the relative accessibility criterion is obeyed, however, as the calculated
SASA in the inward-facing conformation was more than twice that in the outward-facing
conformation (Fig. 6), consistent with the direction of the experimental observations. In
contrast, the SASA values for F332C, N340C, and D345C were greater than 8.5% in both
the outward and inward facing conformations (Fig. 6) and the changes in their SASA values
are much smaller than for the protected residues. Since these residues are exposed to similar
extents in both conformations, the corresponding substituted cysteine mutants react with
MTSEA in the presence and absence of cocaine. This computational finding agrees with the
experimental data, as cocaine failed to protect these mutants.

4. Discussion

The TM6-IL3-TMT7 region is highly conserved across NSS, and, based on the LeuT structure
and computational modeling and experimental studies of DAT (Beuming et al., 2008), it is
not directly involved in ligand binding. Therefore, the accessibilities of residues in this
region to the MTS reagents, and the ability of cocaine to alter these accessibilities, is likely
indicative of the allosteric impact of ligand binding on the dynamic transitions between
outward- and inward-facing states. Indeed, the present study provides evidence that residues
in the TM6-IL3-TM7 region of DAT undergo conformational change upon ligand binding
and presumably substrate translocation. Protection by DA was very similar to that by the
inhibitor cocaine. The experiments were performed in membranes in the presence of high
Na* and the absence of a Na* gradient. We have shown that under these conditions substrate
stabilizes the inward-closed configuration, since inward opening requires loss of Na2 (Shi et
al., 2008). Indeed, the LeuT crystal structure with Leu and Na* bound (PDB 2A65) is in an
inward-occluded configuration (Yamashita et al., 2005).

In our SMD simulations we observed significant rearrangements around TM6-IL3-TM7
when DA is translocated from the primary binding site to the intracellular side (Shan et al.,
2011). These rearrangements, indicated by the arrows in Fig. 7b, increase the solvent
exposure of Ser333, Asn336, Cys342, and Thr349 (Fig. 7b). Specifically, Thr349 forms
close contacts with TM1, TM2 and TM6 in the outward-facing conformation; in the inward-
facing conformation a cavity emerges between TM1, TM2, TM6 and TM7 due to their
translations and rotations, and water molecules penetrate to the cavity from the intracellular
side (Fig. 7c, 7d). The exposure of S333C, N336C, M342C, and T349C in the inward-facing
conformation is consistent with our experimental data, which shows reactivity with MTS
reagents (Fig. 2). The increased accessibilities for these residues in the inward-facing
conformation also explain why the corresponding mutants were protected from reacting with
MTSEA by cocaine pretreatment (Fig. 4), since inhibitor binding shifts the conformational
equilibrium of DAT to the outward-facing conformation and makes these positions less
accessible to MTS reagents.

Interestingly, the experimental data also correlate well with changes in the interaction
networks of residues in this region of DAT, during conformational transitions between
outward- and inward-facing conformations. For most mutants with intact uptake, the
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interaction networks do not change when DAT transitions from the outward- to inward-
facing conformations. This is because they either interact with lipids or are buried in the
protein without forming specific interactions or being exposed to the water phase.
Specifically, residues Arg344, 11e347, Val348 and Ser351 face lipid; Ala346 is buried in the
protein and forms non-specific hydrophobic interactions with a neighboring hydrophobic
amino acid that can also be achieved by cysteine; Asn336, Lys337 and Thr339 are exposed
to water and their interaction networks do not change during the transportation cycle.

In contrast, most of the mutations that disrupt transport involve residues in interaction
networks that are likely important for the conformational transition. Changes in their
association with interacting residues were observed in our SMD/MD simulations when the
transporter was steered toward an inward-facing conformation. Specifically, the mutations
F332C, Y335C, F338C, N340C, N341C, and D345C destabilize interactions that are present
in the outward-facing “starting” conformation, and thus are expected to disrupt transport.
Thus, H-bonding of the pairs Tyr335-Glu4288-66 and Asn340-Lys65-31 seen in the
occluded/outward-facing conformation, is no longer present in the inward-facing one (Fig.
8). In addition, residues Phe332 and Tyr335 are part of an aromatic cluster that also involves
the neighboring Trp63NT, Phe691-35, and Phe76142. When DA is translocated to the
intracellular side in the simulation, the coordinated rotamer changes of these aromatic
residues facilitate opening of the intracellular pathway (for details, see (Shan et al., 2011)).
In particular, the rotation of Phe332 in TM6 pushes Phe69 in TM1 away, and thus TM1
swings out from the center of DAT; this creates a cavity between TM1 and TM6 which is
detected by the calculated changes in SASA of TM6 residues from F332C to Y335C (Fig.
6).

Previous studies have identified two residues (Tyr335 and Asp345) in TM6-IL3-TM7 where
point-mutation leads to a great loss of inhibitor affinities, accompanied by an increased
affinity for substrate and a substantial decrease in uptake velocity (Chen et al., 2004; Loland
et al., 2004; Loland et al., 2002). While binding of Zn2* to the endogenous Zn2* binding site
in WT DAT inhibits DA uptake—possibly by restricting a conformational change necessary
for transport - DA uptake by Y335A and D345A is restored by micromolar concentrations
of Zn?* (Loland et al., 1999; Norregaard et al., 1998). Our occluded and inward-facing
conformations of DAT provide a structural context for understanding these effects.
Tyramine uptake in nine of the twenty cysteine-mutants was potentiated rather than
inhibited by the presence of ZnZ*. In our models for these mutants, either the interaction
networks stabilizing the occluded conformation were disrupted, or networks stabilizing the
inward-facing conformation were established, thereby explaining why uptake can be
potentiated by Zn2* in these constructs: the binding of Zn2* helps restore the transition to
the occluded or outward-facing state if the conformational equilibrium had shifted toward an
inward-facing conformation, like in Y335A. Taken together, our findings indicate that the
TM6-IL3-TM7 region plays a critical role in the transition toward the inward-facing
conformation and its stabilization.
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ANOVA analysis of variance

BCA bicinchoninic acid

DA dopamine

DAT dopamine transporter

FEP free energy perturbation

GABA gamma-amino butyric acid
GAT GABA transporter

HRP horseradish peroxidase

IL3 intracellular loop 3

MD molecular dynamics

MTS methanethiosulfonate

MTSEA MTS ethyl ammonium

MTSES MTS ethylsulfonate

MTSET MTS ethyltrimethylammonium
NET norepinephrine transporter

NSS neurotransmitter: Na*™ symporter
PVDF polyvinylidene fluoride

S1 primary substrate binding site
S2 second substrate binding site
SASA solvent accessible surface area
SDS-PAGE sodium dodecy!l sulfate polyacrylamide gel electrophoresis
SMD steered molecular dynamics
SCAM substituted cysteine accessibility method
SERT serotonin transporter

TCA tricyclic antidepressants

™ transmembrane segment

VMD Visual Molecular Dynamics
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Tyramine transport by X7C and the TM6-1L3-TM7 cysteine substitution mutants. (A)
[3H]Tyramine uptake was measured at 37 °C for 5 min, as described in Methods. Non-
specific uptake was determined in the presence of 2 mM unlabeled tyramine. The data
shown are the mean £ SEM from three separate experiments performed in triplicate. * and
** indicate significantly different (p<0.01 and p<0.001, respectively) from X7C by one way
ANOVA and Dunnett's post hoc test. (B) Cells were incubated with 10 uM Zn2™* for 15 min
at 37 °C prior to and during the tyramine uptake assay and the change in uptake from control
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(no Zn2*) is shown from 3 separate experiments performed in triplicate. Several mutants are
potentiated (F332C through Y335C, F338C, N340C, N341C, Y343C and D345C) rather
than inhibited (like wt (not shown here) and X7C) by the presence of Zn2*. * and ** indicate
significantly different (p < 0.01 and p < 0.05, respectively) from X7C by one way ANOVA
and Dunnett's post hoc test. (C) Impaired uptake Kinetics for S334C were partially restored
by the presence of 10 uM Zn%* during uptake. Data shown are mean of 3 different uptake
experiments +/- Zn2*.
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Figure 2.
Effect of MTS-reagents on [BH]MFZ 2-12 binding. Membrane preparations of the cysteine

mutants were incubated with 0.25 mM MTSEA, 1 mM MTSET or 10 mM MTSES for 2
min at RT, and washed, prior to [BH]MFZ2-12 binding assay, as described in Methods. The
remaining binding activity is shown as % of control (no MTS-reagent). The binding activity
of a large number of mutants in TM6-1L3-TM7 was greatly inhibited by the MTS-reagents.
*,**and *** indicate significantly different (p < 0.05, p < 0.01 and p< 0.001, respectively)
from X7C by One-way ANOVA with Dunnett's post hoc test.
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Rates of reaction of MTSEA. Membrane preparations of the mutants were incubated with
increasing concentrations of MTSEA for 2 min at RT and washed, prior to the [BH]MFZ
2-12 binding assay, as described in Methods. The reactivity toward MTSEA varied greatly
among the different cysteine mutants; note the 100-fold difference in the MTSEA
concentrations for N336C and K337C. The data shown are from representative experiments

performed in triplicate, and the summarized data are shown in Table 3.
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Figure 4.
Protection of MTSEA-induced binding inhibition by cocaine and dopamine. (A) Protection

against MTSEA reaction by 0.1 mM cocaine or 1 mM dopamine was performed as
described above. Percent protection is the change in MTSEA-inhibition seen with cocaine
(white bars) or dopamine (black bars) present during MTSEA treatment relative to control
(no ligand present). A MTSEA concentration that would give 70-80 % inhibition without
ligand present was chosen for the individual mutants. (B, C) MTSEA effect on [BH]MFZ
2-12 binding in the absence (filled triangles) and presence of 0.1 mM (D345C) or 60 uM

Neurochem Int. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dehnes et al.

Page 24

(T349C) cocaine (open sgquares), or 1 mM dopamine (filled squares). Membrane
preparations of TM6-1L3-TM7 cysteine mutants were treated with ligand for 20 min,
incubated with MTSEA, washed and assayed for [BH]MFZ 2-12 binding, as described in
Methods. The results are from a representative experiment performed in triplicate. While the
MTSEA-induced binding inhibition was greatly reduced in the presence of cocaine for
several mutants (panels A and B), the MTSEA-sensitivity of some mutants was unaffected
by the presence of ligand, as seen with D345C (panel C). The results are the mean = SEM of
3-7 experiments. *, ** and *** indicate significantly different (p< 0.05, p<0.01 and
p<0.001, respectively) from control (without ligand) by one way ANOVA and Dunnett's
test. Y335C could not be tested due to poor binding of the radioligand.
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Figure 5.

Protection by ligand is not temperature-dependent. The 4 °C- assay was performed just as
for RT, except the membranes were kept at 4 °C during the cocaine and MTSEA
incubations. The step with [BH]MFZ binding was performed at RT. To compensate for the
slower reaction, 2.5-fold higher MTSEA concentrations were used in the 4 °C-assay. Similar
protection by cocaine and dopamine at 4 °C was seen for N336C and M342C as well (not
shown). Data displayed here are from a single representative experiment performed in
triplicate.
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Figure 6.
SASA for TM6-IL3-TM?7 in the occluded and inward-facing conformations of DAT. SASA

values were calculated for each position after residues were mutated to cysteines, one at a
time, and then minimized and equilibrated in a water/lipid environment. In the SASA
analysis, only surface area accessible to solvents was counted; surface area exposed to lipids
was treated as buried. The SASA percentage was obtained as described in Methods. The 8.5
% threshold chosen to define accessibility is indicated with a stippled line.
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Figure 7.
Global conformational changes around TM6-1L3-TM7 and accessibility changes of three

TMY residues comparing the occluded to inward-facing conformations. (A) Cartoon

representation of the homology model of DAT. The experimental tested portion TM6-IL3-
TM7 is colored in red and blue, representing, respectively, positions where [BH]MFZ 2-12
binding were affected by MTS reagents treatment (red) and those that were not (blue). (B)
The global change in position of TMs 1, 2, 6 and 7, as well as loop IL3, from the occluded
(orange) to inward facing conformation (cyan), which render Cys342, Asp345 and Thr349
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(sticks) more exposed. Note that the SASA of Tyr335 and Asp345 is >8.5% in both the
occluded and inward-facing conformations, and they are both more exposed in the inward-
facing conformation. In addition, these residues are located on the same side of the helix as
Cys 342 and Thr349. In the occluded state (C), residues Ser333, Ser334, Tyr335, and
Asn336 are buried by interactions with TM1, but become more exposed to waters in the
inward-facing conformation (D) where a water-filled cavity is created on the intracellular
side between TMs 1, 2, 6 and 7 due to translational and rotational movements in that region.
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Figure 8.
Differences in the network of interactions in the occluded vs inward-facing states. (A)

Tyr335 and Glu428 form an H-bond that helps stabilize the occluded conformation (yellow
side chains, orange ribbons), but is not seen in the inward-facing conformation (blue side
chains, cyan ribbons). Therefore, the Y335C mutant favors an inward-facing conformation
over the occluded one, thus disrupting dopamine uptake. Similarly, Lys65 in TM1 and
Asn340 in TM7 form an H-bond in the occluded conformation but do not interact in the
inward-facing conformation (same color scheme as above). (B) Evolution of the changes in
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the H-bonding monitored by the minimum distances between the hydroxyl oxygen of
Tyr335 and the carboxyl oxygens of Glu428 in the occluded (orange) and inward-facing
conformations (cyan) in the last 5 ns of the equilibrated phase of the simulation. (C) The
distances between the carbonyl oxygen of Lys65 and the side chain amide nitrogen of
Asn340 in the occluded (orange) and inward-facing conformations (cyan) in the last 5 ns of
the equilibrated phase of the simulation.
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Kinetic characteristics of TM6-1L3-TM7 cysteine mutants in a X7C background

X7C
F332C
S333C
S334C
Y335C
N336C

K337C
F338C
T339C
N340C
N341C
M342C

Y343C
R344C
D345C
A346C

1347C
V348C
T349C

T350C

S351C

F332C
S334C
Y335C

26+06 5 29+8 5
ND ND
0354006 4 023+0.16 4
ND ND
ND ND
60092 % 109+16° 3
07£02 5 18%¢5 5
03+01 4 18+08 4
1504 3 179 3
02+01 4 12+02 4
02+01 5 22%06 5
11£4° 3 18gx50¢ 3
04+03 3 241 3
08+01 3  8+4 3
0404026 4 08+04 4
23+02 3 246 3
1304 5 2048 5
079+004 3 8+l 3
155+03° 3 137:45¢ 3
7¢12 % 135:41° 3
30£03 3 395 3
+10 UM Zn?*
26+1 3 274 3
0114004 4 06+01 4
0504006 3 16+02 3

The data shown are mean + SEM of 3-5 experiments performed in duplicate. ND = not determined.

% <0.05

bp <0.01

Cp <0.001, vs. X7C by one-way ANOVA and Dunnett's multiple comparison post hoc test.
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Table 2
Apparent affinities for cocaine and MFZ 2-12 at DAT TM6-1L3-TM7 cysteine mutants

MFZ 2-12Kp + SEM  MFZ 2-12 Bmax + SEM  Cocaine K; £ SEM

Mutant (nM) n (pmol/mg) n (M) n
X7C 22+05 4 5+2 4 4%1 4
F332C ND ND ND
S333C 21+ 5b 4 7x1 4 10+6 3
S334C 09 + 7b 3 1.7+03 3 17 +10 2
Y335C ND ND ND
N336C 4+2 3 6+2 3 46+08 3
K337C 3x1 3 31 3 5008 3
F338C 31 i?b 3 8+3 3 13+6 3
T339C 26+0.6 4 38+04 4 25+04 3
N340C 26 + gb 3 34+03 3 14+ 30
N341C 12+2 3 3.1+0.6 3 11.7+0.7 3
M342C 20+04 4 8+4 4 1.3+0.2 4
Y343C 9+2 4 10+3 4 10+£1 3
R344C 2803 3 08+0.2 3 5+1 3
D345C ND ND ND
A346C 3+1 3 9+3 3 40+09 3
1347C 5+1 3 1.3+0.2 3 5+1 3
V348C 41+09 3 4+1 3 38+08 3
T349C 22+09 4 16+6 4 3.0+£0.8 3
T350C 2709 3 8+3 3 3.1+03 3
S351C 43+0.1 3 11+4 3 38+04 3

ND = not determined.
bp <0.001

Cp < 0.01, vs. X7C by one way ANOVA and Dunnett's multiple comparison post hoc test.
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Table 3

Rates of reaction of MTSEA

Kmrsea £ SEM
Mutant M 1sD n
F332C 455 + 48 3
S333C 933+110 5
S334C 353+ 76 4
Y335C 243 £ 60 3
N336C 2113 £ 391 6
F338C 958 + 373 3
N340C 649 + 94 4
M342C 860 + 134 7
D345C 90 £ 26 4
T349C 277 +33 6

n = number of experiments
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