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Abstract
The dopamine transporter (DAT) facilitates the regulation of synaptic neurotransmitter levels. As
a target for therapeutic and illicit psycho-stimulant drugs like antidepressants and cocaine, DAT
has been studied intensively. Despite a wealth of mutational and physiological data regarding
DAT, the structure remains unsolved and details of the transport mechanism, binding sites and
conformational changes remain debated. A bacterial homologue of DAT, the leucine transporter
(LeuTAa) has been used as a template and framework for modeling and understanding DAT. Free
energy profiles obtained from Multi-Configuration Thermodynamic Integration allowed us to
correctly identify the primary and secondary binding pockets of LeuTAa. A comparison of free
energy profiles for dopamine and cocaine in DAT suggests that the binding site of cocaine is
located in a secondary pocket, not the primary substrate site. Two recurring primary pathways for
intracellular substrate release from the primary pocket are identified in both transporters using the
Random Acceleration Molecular Dynamics method. One pathway appears to follow
transmembranes (TMs) 1a and 6b while the other pathway follows along TMs 6b and 8.
Interestingly, we observe that a single sodium ion is co-transported with leucine during both
simulations types.

Keywords
Neurotransmitter; transporter; DAT; LeuT; leucine; dopamine; amphetamine; cocaine; molecular
dynamics; MCTI; RAMD

1. Introduction
Neurotransmitter transporters such as the monoamine transporters (MATs) facilitate the
regulation of synaptic neurotransmitter levels. These integral membrane proteins which
include the dopamine (DAT), serotonin (SERT) and norepinephrine (NET) transporters
shuttle their respective neurotransmitter molecules from the synaptic cleft for reuse or
destruction into the presynaptic nerve. Dysregulation of the monoamine transporters can
have devastating effects on motor function, memory and mood. Diseases and disorders such
as: depression, obsessive-compulsive disorder (OCD), epilepsy, autism, attention-deficit
hyperactivity disorder (ADHD), Parkinson's and Alzheimer's diseases are associated with
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the dysfunction of the MATs.1–5 Additionally, the MATs are targets for the therapeutic
drugs used to treat these diseases and disorders, in addition to illicit drugs such as cocaine
and amphetamine.6 In DAT, it is believed that cocaine blocks the re-uptake of dopamine
from the synaptic cleft, thereby allowing dopamine neurotransmitters to accumulate in the
nucleus accumbens, the “pleasure center” of the brain.7

DAT (SLC6A3), NET (SLC6A2) and SERT (SLC6A4) belong to the solute carrier 6
(SLC6) gene family.8–10 The membrane-bound MATs are also classified as
neurotransmitter:sodium symporters (NSS) which rely on the naturally occurring neuronal
Na+ gradient to drive the transport of substrates against their concentration gradient.11

Despite a lack of three-dimensional crystallographic data for the MATs, they are believed to
contain 12 transmembrane (TM) helices. In 2005, Yamashita et al.12 published the crystal
structure of bacterial MAT homologue, the leucine transporter (LeuTAa). LeuTAa exhibits
20-25% sequence identity and 40-45% sequence similarity to the MATs.13 Despite a
relatively low sequence identity, the disparities in the sequences of MATs and LeuTAa are
mainly located in the loop regions, while the binding regions display the highest degrees of
sequence identity and similarity.14 Identical and similar residues of LeuTAa and DAT are
highlighted in Figure 1.

The publication of the LeuTAa crystal structure12 provided an invigorating breakthrough for
the study of MATs as there is no direct crystallographic data. With the structure of LeuTAa
now available, computational techniques can and have been applied to the MATs by using
LeuTAa as a template. There have been many studies11,14–29 that set out to investigate the
molecular principles behind the transport mechanism, conformational changes, pathways,
and sites for the permeation of ligands through the MATs and LeuTAa. Despite this, the
fundamental mechanism of transport has not been clearly elucidated for the MATs or their
homologue, LeuTAa.

Bound at the primary substrate pocket in the outward-occluded crystal structure of LeuTAa
(PDB 2A65) are two sodiums, Na1 and Na2. Na1 is directly coordinated to the leucine
substrate, in addition to 1A22, 1N27, 6T254 and 7N286. (This nomenclature identifies the
TM helix first, then the residue name and number. For example, 1G20 indicates glycine 20
on TM 1.) Na2, roughly 7.0 Å away from Na1, is coordinated through interactions with
1G20, 1V23, 8A351, 8T354 and 8S355.12 Based on the original crystal structure, Yamashita
et al. proposed that the sodium ions are required for transport as they serve an organizational
role for leucine in the binding site. Further studies have attempted to tease out the exact roles
of Na1 and Na2. One study14 suggested that the Na2 binding site is a structural site that
plays a role in substrate binding and local pocket formation. In another study, in which an
inward-facing state of LeuTAa was generated, Na2 was observed to be released first (leucine
and Na1 release were not observed) to the intracellular milieu after conformational
rearrangement (through targeted molecular dynamics).24 Yet another study showed that
binding of Na+ in the Na2 site is required to enhance the ion selectivity of Na+ in the Na1
site.17 Another study suggested that the binding and unbinding of sodium at the Na2 site
allows the substrate to shift the conformational equilibrium needed for transport by altering
the energetic requirements.25

To transport substrates across the membrane, it has been proposed30,31 that LeuTAa follows
an alternating access mechanism.32 This model proposes that the substrate binds to one side
of the membrane protein, while some energy input drives a conformational change in the
protein allowing the substrate to be transported to the other milieu. This transport is
proposed to occur if and only if all co-transported components are bound, and not when the
primary pocket is partially filled.33 LeuTAa thus alternates between the outward-facing-open
(OF-o) and inward-facing-open (IF-o) states, where outward refers to the extracellular
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milieu and inward refers to intracellular milieu. During this alternating activity, there exists
at minimum two other states: outward-facing-occluded (OF-occ) and inward-facing-
occluded (IF-occ).24 These occluded states reflect structures where the substrate is bound,
but not directly accessible to the extracellular or intracellular environments. While
crystallography has captured some of these states,12,13,22,34–40 the mechanism by which
LeuTAa alternates between the OF-o, OF-occ, IF-occ, and IF-o states remains unclear.

The transport picture of LeuTAa, and by extension, the MATs, is further clouded by a
disparity in results regarding the number of substrates required for transport. Recently, two
independent studies have reported on the transport of leucine in LeuTAa. One study
indicated that only one substrate is necessary for transport, while the other study concluded
that two substrates are needed for transport. The disparity is detailed in a recent review on
the topic.41

The hypothesis of a two-substrate transport mechanism arises from the fact that two pockets
have been identified in leuTAa. There exists the primary substrate pocket buried midway
through the transporter. A second pocket, often referred to throughout the literature as the
extracellular vestibule, secondary pocket, inhibitor pocket or (the notation we will use here)
the S2 pocket is located roughly 10 Å toward the extracellular milieu. (By this naming
convention, the primary pocket becomes the S1 pocket.) The aromatic lid formed by 3Y108
and 6F253 as well as the extracellular salt bridge formed by 1R30 and 10D404 delineates
these two pockets, highlighted in Figure 2. In DAT, the location of the S1 and S2 pockets
are anticipated to be analogous, separated by a corresponding aromatic lid (3Y156/6F319)
and salt bridge (1R85/10D475).

In terms of the S1 and S2 sites of DAT, the binding mode and pocket of cocaine has long
been studied computationally and experimentally.11,15,28,33,42–49 Two recent, independent
studies present data regarding the binding location of cocaine in DAT.47,49 Beuming et al.47

performed binding assays and observed cocaine binding to be competitive with dopamine
binding. Based on a molecular model and site-directed mutagenesis, they propose that the
binding site of cocaine in DAT overlaps with the substrate binding pocket of dopamine. An
independent study by Huang et al.49 involving molecular modeling and dynamics
simulations suggests that the cocaine binding site is close to, but does not overlap with, the
dopamine binding site of DAT. Huang et al. identify the binding pocket of cocaine to be in
the “substrate-entry tunnel” (analogous to the S2 site) from the extracellular milieu
composed of residues from TMs 1, 3, 6, 8 and 10. They suggest this binding pocket to be, at
minimum, the initial binding site for cocaine in DAT. They point out that DAT can naturally
accommodate cocaine in this pocket. DAT would need to undergo significant
conformational rearrangements in order to expand the substrate pocket to accommodate for
the large size of cocaine, compared to dopamine.49

In order to gain insight to the binding sites and permeation pathways of DAT and LeuTAa,
we performed two types of specialized molecular dynamics (MD) techniques. In the first
MD method, a proposed permeation pathway was selected for the substrate based on the
intracellular and extracellular gates of LeuTAa and DAT. Subsequently, the overall free
energy score of the substrate in the transporter was calculated over the fixed permeation
pathway. In these simulations, we gain insight to the binding site of cocaine, in addition to
behavior of Na1 in leucine transporter in LeuTAa. In the second method, substrates were
allowed to search for an escape route from the transporters. In collecting many replicates of
the escape routes, we can determine a likely permeation pathway for substrates in the
transporters. In these simulations we again observe Na1 co-transport with leucine in
LeuTAa. We also identify two recurring intracellular pathways in LeuTAa and DAT.
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2. Methods
2.1. LeuTAa Structure for MCTI Simulations

The coordinates of LeuTAa were obtained from the Protein Data Bank entry 2A65
(www.rcsb.org, MMDB accession no. 34395) corresponding to the bacterial (Aquifex
aeolicus) leucine transporter. This particular structure is missing residues el2N133 and
el2A134, in addition to four residues at each N- and C-termini. el2N133 and el2A134 were
reintroduced into the structure using the model builder module in Molecular Operating
Environment 2008.10.50 Two structures were generated for use in MCTI simulations. The
first was only the protein in medium (in vacuum environment); the second structure included
the protein in a water sphere with a 25 Å radius. The total system sizes were 8,321 atoms
and 36,816 atoms, respectively. These environment choices were made in order to reduce
system size and subsequent computational cost of MD simulations.

2.2. DAT Structure for MCTI Simulations
Construction of the molecular model for DAT has been described in detail elsewhere.15

Briefly, the FASTA sequence of the rat DAT protein (SwissProt locus SC6A3 RAT;
accession number P23977; NCBI accession number AAB21099) was used as the query in
three independent sequence alignments with LeuTAa: Robetta server, 3D-JIGSAW server
and the alignment of Yamashita et al.12 The model from the Robetta server was chosen as it
produced the best docking energies for dopamine and amphetamine in the software program
MOE.51 The AMBER99 all-atom force field was used to add hydrogen atoms and assign
partial charges.52 The newly added hydrogen atoms were relaxed via several cycles of
energy minimization using a conjugated gradient/truncated Newton optimization algorithm.
The convergence criteria for final sidechain refinement was carried out with AMBER99:
0.05 kcal/mol Å and a dielectric constant ε = 3. Since the 2A65 structure was used as a
template, the final DAT model represents and outward-facing conformation. Additional
dynamics of the DAT molecular model were collected,11 which totaled 35 ns of production
dynamics of DAT embedded in a bilayer (described below). The coordinates of DAT were
obtained from the 32 ns structure and isolated for use in the MCTI simulations, in vacuum.

2.3. Solvated Protein and Lipid Bilayer Construction for RAMD Simulations
Construction of the embedded DAT and LeuTAa systems has been describe elsewhere.11

Briefly, the LeuTAa crystal structure and DAT outward-facing model were embedded in a 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) membrane using the
membrane builder plugin of Visual Molecular Dynamics (VMD).53 The protein and POPE
membrane were solvated with approximately 32,000 TIP3 waters. Sodium and chloride ions
were added to the system, yielding an overall neutral system at approximately 0.2M NaCl.
The 32 ns structure (also used for MCTI simulations) if the DAT molecular model was
obtained from11 and used for all RAMD simulations involving the dopamine transporter.

One LeuTAa structure was obtained from54 which reflects the initial 2A65 structure after
250 ns of accelerated molecular dynamics (aMD).55 The final protein structure from the
aMD simulation was used in this study for RAMD simulations. Coordinates of two inward-
facing LeuTAa models were obtained from the Supplemental Information provided by
Shaikh and Tajkhorshid24. These will be referred to as M1 and M2. Each of these models
were embedded in a POPE membrane and solvated as described above. Structures were
minimized, equilibrated and put through a production run of 1 ns using a 2 fs timestep at a
constant temperature (310K) and pressure (1 atm) before using them for RAMD simulations.

Merchant and Madura Page 4

J Mol Graph Model. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.rcsb.org


2.4. Multi-Configuration Thermodynamic Integration
To study the proposed permeation pathway via the extracellular and intracellular gates of
LeuTAa 12 and DAT, the Multi-Configuration Thermodynamic Integration (MCTI)
method56 was utilized. MCTI has been used to compute the potential of mean force (PMF)
around the φ and ψ angles of alanine dipeptide.57 Additionally, this method has been used to
calculate the free energy barrier for the OH transfer step of the hydroxylation reaction of p-
hydroxybenzoate in the enzyme p-hydroxybenzoate hydroxylase (PHBH).58 The method has
also been used to investigate the free energy surfaces of alanine (Ala) and R-methylalanine
(Aib) homopeptides.59

The MCTI method uses MD simulations to generate configurations. The method then uses
these configurations to smoothly transform one state to another while calculating the change
in free energy. The Gibbs free energy difference between the two states is described by the
Hamiltonians Hλ=0 (i.e. ligand in S1/S2) and Hλ=1 (i.e. ligand at extracellular/intracellular
milieu) and can be obtained from the integral:

(1)

where ΔG is the change in Gibbs energy, λ is a coupling parameter and  is the
ensemble average of the partial derivative of the Hamiltonian with respect to the partial
derivatives of λ. By introducing the coupling parameter λ, the Hamiltonian is thus λ-
dependent thereby connecting λ to the position and momenta of the particles. Since
molecular dynamics are done in discrete steps, the integral is evaluated as a sum of the
ensemble averages:

(2)

where i counts over the values of λ and Δλi is the difference between each value of λ. This
change in λ is carried out at discrete steps called windows. At each window, a molecular
dynamics simulation is performed which consists of an equilibration period, followed by a
data accumulation stage in order to calculate the free energy.56

Transport of ligands through both the leucine and dopamine transporters was simulated. For
LeuTAa:Leu and DAT:DA complexes, the lsubstrate was bound in the primary (S1) pocket
of the protein. However, in the DATCOC complex, cocaine was docked into the S2 pocket
for the starting structure. For each complex, the structure was equilibrated at a constant
temperature (310K) and pressure (1 atm) for 500 ps prior to use in MCTI simulations.

For each complex, a permeation pathway for the substrate was selected from a pocket (S1 or
S2) to either the extracellular or intracellular milieu. Two vectors were defined for each
complex. The first vector was defined from the geometric center of the ligand through the
midpoint of the extracellular gates (1R30/10D404 in LeuTAa, 1R85/10D475 in DAT). The
second vector was defined from the geometric center of the ligand through the midpoints of
the intracellular gates (1R5/8D369 in LeuTAa, 1R60/8D435 in DAT). These fixed vectors
were determined through the use of VMD 1.8.7.53 Geometric centers of the gate residues
were determined in VMD, and the midpoint of the two gate residues were manually
calculated. The lengths of the vectors were extended at least 7 Å past the protein. This is
depicted in Figure 3. The LeuTAa:Leu complex was simulated in both a vacuum and water
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sphere environment. The DATDA and DATCOC complexes were simulated in vacuum
only.

MCTI simulations were carried out using the implementation found in NAMD 2.660. The z-
distance option was used to incrementally move ligands from the pocket to both
extracellular and intracellular milieus. For each permeation pathway, the vector was split
into 250 windows. This resulted in the ligand being moved out of the pocket in 0.18Å
increments on average. An accumulation time of 60 ps was used, with 20 ps of relaxation
used between each window.

Each MCTI simulation from the pocket to either milieu was 40 ns. For each setup, a total of
twenty MCTI simulations were carried out; ten simulations where the substrate was
incrementally moved from the pocket to the extracellular milieu and ten simulations where
the substrate was incrementally moved from the pocket to the intracellular milieu. In total,
1.6 μs of MCTI MD trajectory data was collected for each transporter. Multiple replicates of
the simulations were executed such that the resulting free energy profiles could be averaged
and overall noise in the data could be reduced. Simulations were carried out through
TeraGrid resources provided by the Pittsburgh Supercomputing Center and National
Institute for Computational Sciences.

2.5. Random Acceleration Molecular Dynamics
The Random Acceleration Molecular Dynamics (RAMD)61,62 method, implemented in
NAMD60 was used to investigate the unbiased entrance and exit pathways for a variety of
ligands and structures relating to the MATs and LeuTAa. Previously, the RAMD method has
been used to identify egress routes for ligands from buried active sites in Cytochrome
P450cam,61 retinoic acid receptor,63 liver fatty acid binding protein,64 the vitamin D
receptor65 and the β2-adrenergic receptor.66

In the RAMD method, a force is applied to the ligand in order to explore possible egress
routes. The force constant, k is chosen by the user, and the unit vector, r⃗0 is obtained from a
random number generator. The force on the ligand is then given by:

(3)

The force, F ⃗ is maintained on the ligand for a specified number of steps, m, so long as the
ligand maintains a threshold velocity, given by:

(4)

The threshold velocity (vmin) has units of Å/fs, where the rmin value is determined by the
user, and Δt indicates the timestep used in the simulation.

If the velocity of the ligand falls below the threshold velocity (vmin) the direction in which
the force is applied will be changed. A new (random) unit vector will be chosen by the
random number generator and applied to Equation 3. This process repeats until the ligand
escapes from the complex. In comparison to the MCTI method (where a single, fixed
pathway was study), this method allows for an unbiased search for escape routes of the
ligand from the complex. Furthermore, the RAMD method enables nanosecond timescales
for ligand exit as dissociation kinetics are accelerated in a given RAMD simulation.
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RAMD simulations of the following LeuTAa and DAT were carried out. Several LeuTAa
structures were chosen for this study. Table 1 summarize the various simulation setups. In
R1 and R2, the LeuTAa structure after 250 ns of accelerated MD was used. In R1, the
substrate leucine (Leu) was placed only in the S1 pocket. In R2, Leu was docked into both
the S1 and S2 pockets. Three other systems were setup using the two inward-facing models
(M1 and M2) from Shaikh24. In R3 and R4, Leu was placed only in the S1 pocket. Lastly,
R5 represents the M1 inward-facing model with Leu bound at S1 and S2. In all simulations
involving LeuTAa, the force in RAMD simulations was applied to the Leu in S1. These
simulations were carried out in the lipid bilayer and solvent system described earlier.

For the dopamine transporter, RAMD simulations were carried such that the inhibitors
amphetamine (AMA) and cocaine (COC) were docked into the S2 pocket, while the S1
pocket remained empty (R7 and R8, respectively). Dopamine (DA) was docked in S1 pocket
for setup R6. For simulations R9-11, dopamine was docked into the S1 pocket for each,
while either dopamine, amphetamine or cocaine were docked into the S2 pocket. As in the
case for the LeuTAa:Leu:Leu complexes, the substrate in the S1 pocket was the chosen
substrate for the force to be applied.

Between 40 and 50 replicates were executed for each setup, as indicated in Table 1. As with
the MCTI simulations, the structure of each complex was equilibrated at a constant
temperature (310K) and pressure (1 atm) for ∼500 ps before performing the RAMD
simulations. All RAMD simulations were also carried out at a constant temperature of 310
K, constant pressure of 1 atm, using periodic boundary conditions for the system and
timestep of 2 fs. A force constant of k = 0.1 kcal/mol Å was used for all simulations. This
force was maintained for m = 50 steps and the rmin distance was set to 0.02 Å. Thus, the
threshold velocity, as given by Equation 4 is equal to 0.01Å/fs. Several values of k,m and
rmin were chosen before arriving at those final values. Initial choices were guided by
published values given in previous studies using the RAMD method.61–63,66 Large values of
k and m led to escapes on very short timescales. If the distant required for the ligand to
move was too large (large rmin) the ligand would not move from pocket. Thus, the final
values were chosen to promote slower escapes on achievable timescales.

The escape criteria for the simulations was set to a 40 Å from the initial center of mass for
the ligand. This distance is chosen based on the overall size and shape of the transporter.
Based on intracellular and extracellular egress routes, the bulk is 40 Åfrom the pocket. once
the escape criteria is met, the RAMD simulation is complete. Simulations were carried out
using NAMD 2.7b260 through TeraGrid resources provided by the National Institute for
Computational Sciences.

3. Results and Discussion
3.1. MCTI

The average free energy score as substrates are moved along the proposed permeation
pathway are presented in Figures 4 and 5 for the following complexes: LeuTAa:Leu,
DAT:DA and DAT:COC. Note that we are not reporting quantitative numbers; rather, we
use this as a qualitative approach to identify stop-over sites and sites of interest in the
transporters. The timescale of the transport process is estimated to be on the order of 1 ms12

and each individual MCTI simulation was only 40 ns in length. These simulations are
informative; however they do not allow for significant conformational changes in the
protein.

The sites labeled A-H in Figures 4 and 5 were isolated from the MCTI trajectory files as
sites of interest and analyzed in MOE 2009.1051 to identify the interacting residues of the
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transporter with the substrate at that site. MOE 2009.10 was used to generate all 2D
interaction maps for the substrate at the sites (available in Supporting Information). A
summary of the residues found to interact with the ligand (leucine, dopamine or cocaine)
along the proposed permeation pathway are presented in tabular for in Supporting
Information.

3.1.1. Low Free Energy Scores Correspond to S1 and S2 in LeuTAa—In both
environments studied for the LeuTAa:Leu complex, relative low free energy scores are
observed for the primary (S1) and secondary (S2) substrate pockets, as indicated by site C
(S2) and site E (S1) in Figure 4. An increase in free energy score is observed in both
environments as Leu is moved from the S2 pocket to the S1 pocket, which can be attributed
to breaking of the aromatic lid (3Y108/6F253) that seals off the S1 site from the
extracellular milieu. Substrate movement from S1 toward the intracellular milieu (site F)
results in an increase in free energy score, attributed to disruption of binding pocket residue
interactions. An increase and relative positive free energy score is also observed in both
environments (although it is more evident in the vacuum environment) when leucine passes
through intracellular gate (1R5/8D369) as represented by stopover site H.

Investigation of interacting residues, in conjunction with the free energy profiles, confirms
that the S2 pocket identified in this study is in agreement with work done by Quick et al.22

While there are differences in the profiles for the two environments, the distinct similarities,
particularly those of the S1 and S2 sites, gives us confidence that this method can be
effectively used to investigate complexes of dopamine and cocaine with a previously
validated DAT molecular model.15

3.1.2. Profiles of dopamine and cocaine in DAT differ at S1—Similar features are
observed in the DAT:DA free energy profile as in the LeuTAa:Leu profiles. Low free energy
scores are observed for dopamine at both S1 (site E) and S2 (site D), as is expected for the
natural substrate of DAT. For DA, the magnitude of those free energy scores are similar. A
free energy score barrier is observed between those sites, indicating the breakage of the
aromatic lid (3Y156/6F319) separating S1 and S2 in DAT.

An important feature of the DAT:COC profile is the striking difference as the inhibitor is
moved toward the intracellular milieu from the S2 pocket. Here, a positive free energy score
for cocaine in the intracellular half of DAT is expected as cocaine is an inhibitor that is not
transported. A relative low free energy score at the S2 site is observed (site D) for cocaine in
DAT. However, a higher free energy score is observed for cocaine at the S1 pocket of DAT.
Recalling that free energy scores for DA at S1 and S2 were low, and similar, these results
suggest that S2 is a more favorable pocket for cocaine in DAT, compared to the S1 pocket.

3.1.3. Cocaine is not stabilized by S1 residues in DAT—Further investigation of
the DAT:DA and DAT:COC trajectories and coordinates reveal that cocaine does not
participate in side-chain interactions with DAT beyond site C labeled on the DAT:COC free
energy profile in Figure 5. Coordinates of dopamine and cocaine in S1 of DAT were
extracted from trajectory frames corresponding to the local minima present at stopover site E
which reflects the S1 site in DAT. The extracted coordinates were then used for a short MD
simulation (1ns) to allow for the macromolecule and amino acid side-chains to relax. The
final structures were then loaded into MOE 2009.10, where 2D ligand interactions plots
were generated, see Figure 6. At the S1 site, dopamine is stabilized by interactions with
1F76, 1D79, 6V327 and 8S421 and fits comfortably in the binding cavity. By comparison,
cocaine at the S1 site is not stabilized by any amino acid side-chain interactions and appears
to be quite large for the given cavity size. These results further suggest that the binding site
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of cocaine is located above the aromatic lid (3Y156/6F319) of DAT in what Huang et al.
refer to as the “substrate-entry tunnel”, or what we refer to here as the S2 site.

3.1.4. Pocket volumes of S1 and S2 in DAT—The volumes of the S1 and S2 pockets
in the presence of dopamine and cocaine were analyzed from extracted coordinates of the
ligands at S1 and S2 pockets. Ligand and amino acid side-chains of the four structures were
allowed to relax for 1 ns. After MD, the ligands were removed and only the protein structure
were used for analysis using POcket Volume MEasurer (POVME).67 In this method, a
volume-grid file is generated by defining an inclusion sphere centered about a defined
region that encompasses the binding pocket. Points from the volume-grid file that are close
to protein atoms are deleted, leaving points that define the binding pocket. Prior to deleting
the ligands, their geometric centers were obtained and used as the centers of the inclusion
spheres of size 10 Å. A grid-spacing of 1.0 Å was used while a padding of 1.09 Å was used.

The S1 pocket of the DAT:DA complex occupies a volume of 140 Å3. In order for cocaine
to bind in the same pocket, S1 must expand to nearly twice the volume, 261 Å3. Analysis of
the S2 pocket provided an interesting insight. For the DAT:DA complex, the S2 pocket
volume is comparable to the S1 pocket: 141 Å3. The S2 pocket of DAT allowed DA to
nestle into the S2 pocket with a similar pocket volume as in S1. By comparison, the pocket
volume of S2 in the DAT:COC complex is far greater: 305 Å3. The general flexibility of the
“substrate-entry tunnel” and subsequent S2 pocket allows for a bulky inhibitor such as
cocaine to bind to DAT, while the interior of the protein at S1 does not provide the
flexibility necessary to accommodate and coordinate cocaine.

3.1.5. Co-transport of Na1 with leucine—During all LeuTAa:Leu MCTI simulations,
we observed an interesting escorting behavior of the Na+ of Na1 site. Movement of sodium
in the Na2 binding pocket was not observed. In Figure 7, we present snapshots of the
simulated transport of leucine in LeuTAa. Throughout the transport process, Na1 remains
close to leucine while leucine was moved from the binding pocket to either milieu. It is
important to note that the MCTI method was not used to move either sodium, and that
indeed Na1 was co-transported with leucine during simulated transport.

Interestingly, in the case of DAT MCTI simulations, there was no co-transport of Na+

observed with dopamine or cocaine. This observation is consistent with findings44,45,68 that
dopamine binds to the DAT in the absence of Na+.

3.2. RAMD
Table 1 provides an overview of the systems studied, generalized egress points and the range
of simulation lengths. Initially, pathways were clusters on very general criteria: extracellular
escapes, intracellular escapes or failed escapes. A “failed escape” refers to either 1) a
simulation in which the substrate does not find an escape pathway during the simulation
(e.g. substrate does not leave the pocket) or 2) a simulation in which the escape pathway
sampled for the substrate is neither extracellular or intracellular; rather the substrate finds an
escape pathway from the pocket out the middle of the protein and in to membrane.

For a given setup, all of the trajectory files from the simulations were analyzed using the
Volmap Plugin in VMD 1.8.753 to visualize the escape route of the molecule of interest. The
center of mass for the substrate was selected and volume files indicating the substrate
occupancy over the trajectory were generated. Individual pathways of a given setup were
then clustered based on visual inspection of the volume files and sodium movement to
determine one or a few main pathways. Those trajectories which fall into a main pathway
category were then analyzed using the Hydrogen Bonds Plugin of VMD 1.8.7. Hydrogen
bonds between the substrate and the protein were calculated for each trajectory of a given
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pathway cluster. In this way, we categorize the pathways observed from 500+ RAMD
simulations.

3.2.1. General findings: LeuTAa—In RAMD simulations using the single bound
substrate LeuTAa structure (R1), we observe that the majority (77.5%, see Table 1) of escape
routes sampled were via an intracellular egress point. Noting that this structure has been
through roughly 250 ns of accelerated MD, a large majority of intracellular escapes may
indicate that the structure is approaching an inward-facing state. As anticipated, RAMD
simulations using either inward-facing model (R3-R5) from Shaikh and Tajkhorshid24

resulted in primarily (92%+) intracellular escapes, with leucine bound only in S1 or leucine
bound in both S1 and S2. In the dual-bound 2A65 structure after dynamics (R2), we observe
the only successful egresses to be to the intracellular milieu. We do note that 46% of those
simulations resulted in failed escapes. This too may suggest that the structure54 is
approaching an inward-facing conformation.

After initial clustering, it became apparent that a single intracellular escape pathway was not
being sampled. Thus, we classified two primary intracellular escape pathways found in
RAMD simulations of all LeuTAa models. Tables 2 and 3 highlight the further classification
of intracellular and extracellular escape pathways. Several of these pathways are shown in
Figures 8 and 9. After clustering, hydrogen bonding of leucine to LeuTAa was analyzed.
Residues not part of the substrate pocket are listed in Tables 2 and 3 for each cluster of
pathways LeuTAa and DAT. A complete list of interacting residues can be found in
Supporting Information.

3.2.2. Pathways: LeuTAa—The main extracellular pathway was observed in RAMD
simulations of LeuTAa is shown in Figure 8A. Aside from interacting with residues in the
defined binding pocket of LeuTAa, hydrogen bonding was only observed between leucine
and T254 of TM6. 6T254 is one of the four residues (in addition to 1A22, 1N27 and 7N286
and the substrate, leucine) that coordinate the sodium of Na1. In fact, across most of the
pathways sampled for LeuTAa, 6T254 has been identified as an interacting residue. Based on
these observations, it is clear that the coordination of leucine, Na1 and 6T254 play a pivotal
role in the release of substrate from the primary pocket.

Two primary intracellular pathways were observed across all simulations of LeuTAa.
Pathways from these simulations appear in panels B, C and D of Figure 8. Panels B and D
represent the first recurring pathway. This pathway follows along TMs 1a and 6b. The other
pathway is represented by panel C, which follows along TMs 6b and 8. In R1, both recurring
intracellular pathways were sampled. Interestingly, the 6b/8 pathway (R1I1) was sampled
when Na1 was co-transported; yet the 1a/6b pathway (R1I2) was sampled when Na1 was
not co-transported. In simulations of the dual-bound LeuTAa structure (R2), only the 1a/6b
pathway was sampled. It is important to note that this pathway was sampled in both cases,
i.e. with and without Na1 co-transport.

The TM 6b/8 pathway was also sampled heavily in simulations using inward-facing model
#1 from Shaikh and Tajkhorshid's,24 represented by setup R3. In this setup, 46 of 49 RAMD
jobs resulted in an intracellular egress. Of those 46 pathways, 31 resulted in intracellular
egress routes along TMs 6b and 8. Inward-facing M2 from Shaikh and Tajkhorshid's24 was
also used (R4) and we observed only the TM 1a/6b pathway to be sampled. Finally, we
studied the inward-facing M1, with leucine bound at both the S1 and S2 sites. The resulting
pathways, R5I1 and R5I2, are equivalent in terms of pathway sampled (TMs 6b/8), only
differing in if Na1 was co-transported or not.
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3.2.3. Pathways: DAT—RAMD of the DAT:DA complex resulted in observation of three
main pathways for ligand egress. The primary extracellular escape pathway observed is
similar to that observed in LeuTAa (R1E1). Similar to LeuTAa, two main intracellular
pathways were observed for intracellular escape of dopamine from DAT- R6I1 and R6I2.
These pathways are shown in Figure 9. Panels B and C of Figure 9 highlight these two
intracellular egress points. The first, R6I1 tends to follow a pathway along TMs 6b/8, while
R6I2 tends to follow a pathway along TMs 1a/6b. Path R6I1 was sampled twice as often as
R6I2 over the 50 simulations of DAT:DA. RAMD simulations of psycho-stimulant drugs
(amphetamine and cocaine) bound in the S2 pocket of DAT were also carried out. In both
case (R7 and R8), only extracellular egresses were observed.

The set of simulations of R9-R11 set out to determine the permeation pathway of dopamine
in the presence of dopamine, amphetamine or cocaine (R9, R10, R11, respectively) in the S2
pocket. While it should be intuitive that dopamine should not be able to escape to the
extracellular milieu from the S1 pocket with a bound substrate or inhibitor in S2, we do
observe extracellular egresses in each case of DAT:DA:DA (R9E1), DAT:DA:AMA
(R10E1 and R10E2) and DAT:DA:COC (R11E1). We note that the difference in the R10E1
and R10E2 pathways for DAT:DA:AMA differ only slightly regarding maneuvering about
amphetamine in S2 (data not shown). The extracellular pathways observed in R9-R11 are
consistent with the observed extracellular egresses of DAT:DA (R6E1) and are overall
similar to that observed in LeuTAa (R1E1).

In R9, no general consensus was reached for dopamine release to the intracellular milieu
from the DAT:DA:DA complex, as evidence of four sub-pathways (R9I1-R9I4) with no
strong clustering. Especially compared to such clustered escapes for DA from DAT:DA, this
may suggest that DAT does not follow a two-substrate alternating access transport
mechanism. In R10, we observe one primary intracellular egress for DA from the
DAT:DA:AMA complex. The intracellular pathway, R10I1 is visually equivalent to that of
R6I2 of DAT, which follows a pathway that closely follows TM 1a/6b. It should be noted
that this pathway was only observed in 8 of 50 RAMD simulations of the DAT:DA:AMA
complex.

4. Concluding Discussion
4.1. Insights Regarding the Leucine Transporter

At the S1 and S2 site of LeuTAa, low free energy scores were observed during MCTI
simulations. The S2 site identified in this work is in agreement with work done by Quick et
al.22 regarding the S2 site of LeuTAa. This success gave us confidence in using the MCTI
method for further investigations of the S1 and S2 sites of our15 DAT homology model.

While both types of simulations (MCTI and RAMD) were not designed to investigate
sodium transport, we made interesting observations regarding sodium co-transport in
numerous simulations. In all MCTI LeuTAa simulations, Na1 was observed to be co-
transported. Additionally, in cases when sodium was co-transported in RAMD simulations,
the sodium observed to be co-transported was always Na1. Based on the results from these
studies and others14,17,24 we suggest the following steps regarding the transport mechanism
of leucine in LeuTAa.

Na2 first binds to an outward-facing state of LeuTAa. The binding of Na2 would play a
structural role for local rearrangement of the unwound region of TMs 1 and 6 as suggested
by Celik et al.14. Additionally, Celik et al. suggest that binding of Na2 provides enhanced
selectivity for Na+ at the Na1 site. Upon Na2 binding and structural rearrangements, Na1
and leucine approach the interior of LeuTAa from the extracellular milieu together.
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Following this, release of Na2 from the S1 region triggers the inward-facing state, as
observed in TMD simulations by Shaikh and Tajkhorshid.24 With an inward-facing state
then available, Na1 and leucine exit together from the S1 site and make their way to the
intracellular milieu.

From both the RAMD and MCTI simulations, the results from this study suggests that Na1
plays an escorting role for leucine transport. It should be noted that Na2 release to the
intracellular milieu was not observed, as was in a previous study.24 We maintain that Na2 is
likely released before Na1 and leucine. The release of Na2 to trigger transport however, may
not have necessary in these simulations as the leucine was being forced out of the S1 site-
either along some biased z-vector (MCTI simulations) or in some random direction (RAMD
simulations).

During RAMD simulations, two main intracellular pathways were observed in LeuTAa. One
pathway appears to follow down TMs 1/6 (R2I1, R2I2, R5I2) and one that follows along
TMs 6b/8 (R3I1). Currently, it is difficult to say which of these intracellular pathways is the
true intracellular egress route. In a movie provided in the supplemental information of
Shaikh and Tajkhorshid's24 inward-facing model of LeuTAa, Na2 appears to be released
along a pathway similar to the pathway observed in this study that follows TMs 6b/8. It
should be noted that due to the shorter timescale of the RAMD simulations, it is likely that
the discussed pathways are “ligand-induced” egress routes as opposed to “conformationally-
selected” egress routes.

4.2. Insights Regarding the Dopamine Transporter
At the S1 site of DAT, we observe dopamine to be stabilized by interactions with 1F76,
1D79, 6V327 and 8S421 and fits comfortably in the binding cavity. By comparison, cocaine
at the S1 site is not stabilized by any amino acid side-chain interactions and appears to be
quite large for the given cavity size. This observation, in addition to the observed differences
in the free energy profiles obtained from MCTI simulations, suggest that the binding site of
cocaine does not overlap with that of dopamine as has been previously suggested.47 Rather,
these results fall in accord with the observation of Huang et al.49 that the binding site of
cocaine is located above the aromatic lid (Y156-F319) of DAT in what Huang et al. refer to
as the “substrate-entry tunnel”, or what we refer to here as the S2 site.

The intracellular pathways observed for dopamine unbinding from DAT were visually
similar to the two main intracellular pathways that were observed for the LeuTAa. Fewer,
and less clustered intracellular pathways were sampled for dopamine from the S1 when a
substrate or an inhibitor was present in the S2 pocket during RAMD simulations. While this
is intuitive for cases of inhibitors (amphetamine and cocaine), this observation for the
DAT:DA:DA case may suggest that DAT does not require a second substrate to be bound in
the S2 pocket for transport. In fact, any bound ligand in S2 may produce an inhibitory effect.
Finally, sodium transport was never observed for DAT, in either MCTI or RAMD
simulations, which is consistent with observations that dopamine binds to the DAT in the
absence of Na+.44,45,68
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Highlights

• The binding pocket of cocaine in DAT differs from the binding pocket of
dopamine.

• A single sodium is co-transported with leucine during the translocation process.

• Two primary intracellular escape pathways are identified for substrates of
LeuTAa and DAT.
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Figure 1.
Conserved residues are highlighted in dark grey while similar residues are highlighted in
light grey. Above the sequences, orange open triangles indicate the intracellular gates and
orange filled triangles indicate the extracellular gates. Residues comprising the primary
substrate site (S1) of LeuTAa are marked with black bullets while red bullets indicate
interacting residues of the S1 site of LeuTAa.12 Below the sequence, red diamonds indicate
residues involved in dopamine binding of DAT.15
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Figure 2.
Close-up of the S1 and S2 sites in LeuTAa. The crystal structure of 2Q6H is shown, which is
LeuTAa with leucine bound in the S1 pocket and clomipramine bound in the S2 pocket. The
S1 pocket is highlighted with an red molecular surface and the S2 pocket is highlighted with
an orange molecular surface. The ligands are displayed in gray ball-and-stick models. The
aromatic lid formed by 3Y108 and 6F253 as well as the extracellular salt bridge formed by
10D404 and 1R30 are shown in yellow and green stick models, respectively. LeuTAa is
shown in blue ribbons.
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Figure 3.
A graphic representation of the LeuTAa:Leu complex for MCTI simulations. The substrate,
leucine is shown in the primary pocket in VDW spheres. Intracellular (1R5/8D369) and
extracellular (1R30/10D404) salt bridges are highlighted in a black CPK representation. The
proposed permeation pathway from the pocket to each milieu is shown with a blue vector.
The 12 transmembrane helices are colored as ribbons: TM1, red; TM2, dark orange; TM3,
light orange; TM4, yellow; TM5, lime-green; TM6, sea-foam green; TM7, green-cyan;
TM8, cyan; TM9, navy-blue; TM10,violet; TM11, purple; TM12, mauve. This coloring
scheme for TM helices will be used throughout the figures, unless otherwise noted.

Merchant and Madura Page 20

J Mol Graph Model. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Free energies profiles of the substrate leucine through LeuTAa, as calculated via the MCTI
method in both environments (vacuum and water sphere). Identified stopover sites (points of
interest) are labeled A-H with horizontal lines depicting their general position in their
respective transporter.
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Figure 5.
Free energies profiles of the substrate dopamine and inhibitor cocaine in DAT, as calculated
via the MCTI method in vacuum. Identified stopover sites (points of interest) are labeled A-
H with horizontal lines depicting their general position in their respective transporter.
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Figure 6.
Residue interactions of DAT with dopamine (A) and cocaine (B) at the primary (S1) pocket.
Coordinates of dopamine and cocaine in S1 of DAT were extracted from trajectory frames
corresponding to the local minima present at stopover site E which corresponds to the S1
site. The apparent lack of residue interactions with cocaine at S1 suggests that cocaine does
not favorably bind at the same pocket as dopamine in DAT. 2D interaction maps were
generated using MOE 2009.10.
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Figure 7.
MCTI stop-over sites identified for leucine in LeuT, water sphere environment. Stop-over
sites are labeled A-H, represented by a surface representation of the substrate at that
particular site, with a 3.5 Å probe radius. Leucine is presented in a ball and stick
representation, with the surface representation changed to transparent for clarity. (In some
insets, nearby pockets are changed to transparent for added clarity and to highlight
proximity and overlaps of the stop-over sites.) Key residues at each site are identified and
labeled, drawn in a stick model. Note, “E” is the S1 site while “C” represents the S2 site.
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Figure 8.
Selection of pathways observed in LeuTAa RAMD simulations. (A) R1E1: Main
extracellular pathway. (B) R2I1/R2I2: Main intracellular sub-pathway 1a/6b. (C) R3I1:
Main intracellular sub-pathway 6b/8. (D) R5I2: Main intracellular sub-pathway 1a/6b. In
each panel, LeuTAa TMs 1, 3, 6 and 8 are colored as red, light orange, sea-foam green and
cyan ribbons respectively. The remainder of the TMs are shown are transparent grey tubes,
for clarity. Residues lining the pathway are highlighted in purple stick representations.
Observed pathways are represented as isosurfaces; each color of pathway indicates a
separate run.
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Figure 9.
Pathways observed in the DAT:DA RAMD simulations. (A) Three pathways were observed
for the DAT:DA complex: One primary extracellular pathway (R6E1), and two main
intracellular pathways (R6I1 and R6I2). (B) Snapshot from a trajectory of an R6I1 egress.
Dopamine (shown in VDW spheres) follows a pathway that closely follows TM 6b/8. (C)
Snapshot from a trajectory of an R6I2 egress. Dopamine follows a pathway that closely
follows TM 1a/6b. Pathways of R6I1 can be seen on the left-hand side of this image. In (A),
TMs 1, 3, 6 and 8 are colored as red, light orange, sea-foam green and ribbons, respectively;
while in (B) and (C) the TMs are colored the same but represented by surfaces with a 1.4 Å
probe radius. The remainder of the TMs are shown are transparent grey tubes or surfaces, for
clarity. Dopamine is represented by VDW spheres. In all panels, observed pathways are
represented as isosurfaces; each color of pathway indicates a separate run.
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Table 3

Observed residues interacting via hydrogen bonding for each pathway cluster in DAT. We denote the
transmembrane (TM) helix the residue belongs to i.e.,1F76 specifies the F76 residue, belonging to TM1.
Clusters are identified as intracellular (I) or extracellular (E), followed by a number denoting a specific
pathway. Observation of sodium movement which was NA1 in all cases with the substrate is also indicated, as
well as how many paths belong to the cluster.

Setup Path # Times Residues

R6 E1 14 1F76, 1R85, I148, 3S149, 3Y156, 6L321, 6G322, 6F325, el4A382, 10D475

I1 15 1F76, il1G127, il1A128, 3S149, 3Y156, 6L321, 6G322, 6F325, 8G425, 10E490

I2 7 1S72, 1F76, 3S149, 3Y156, 6L321,6G322, 6F325, 8S428

R7 E1 44 1W84, 3Y156, el4A382, el4T383, el4D384, el4G385, 10F471, 10T472, 10D475

R8 E1 34† 1W84, 1R85, el4D384, el4G385, el4P386, 10D475

R9 E1 16 1F76, 3I148, 3S149, 3Y156, 6L321, 6F325, el4T383, 8D420, 8G425, 10T472, 10D475

I1 3 1F76, 3S149, 3Y156, 6L321

I2 3 1F76, 3S149, 3Y156, 6L321, 7N339, 7D344, 7T348, 8G425,

I3 3 1F76, 3S149, 6F325, 8G425

I4 4 1F76, 3S149, 3Y156, 6F325, 8E436

R10 E1 9 1F76, 1R85, 3I148, 3S149, 3Y151, 3Y156, el4T383, 8S421, 9A442, 10D475, 10A478

E2 12 1F76, 1R85, 3I148, 3S149, 3Y156, 6L321, 6F325, el4A382, 10D475

I1 8 1D68, 1S72, 1F76, 3S149, 3Y156, 5L254, 6L321, 7N352, 8D420, 8G424, 8G425, 8S428

R11 E1 17 1F76, 1R85, 3I148, 3S149, 3Y156, 6L321, 6F325

I1 4 1F76, 3S149, 6L321

I2 7 1F76, il1A128, il1W132, 3S149, 3Y156, 6L321, 6F325, 8G425, 8S428, 8E436

†
In 16/50 DAT:COC RAMD runs, no hydrogen bonding between the protein and cocaine was observed. Note that this list omits binding pocket

residues (as described in Indarte et al.:15 A77, D79, V152, F319, S320, V327, S421and A422) for clarity. A complete list can be found in
supporting information.
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