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Abstract
Molecular modeling and dynamics simulations have been performed to study how cocaine inhibits
dopamine transporter (DAT) for the transport of dopamine. The computationally determined DAT-
ligand binding mode is totally different from previously proposed overlap binding mode in which
cocaine- and dopamine-binding sites are the same (Beuming, T. et al. Nature Neurosci. 2008, 11,
780–789). The new cocaine-binding site does not overlap with, but close to, the dopamine-binding
site. Analysis of all results reveals that when cocaine binds to DAT, the initial binding site is likely
the one modeled in this study, as this binding site can naturally accommodate cocaine. Then, cocaine
may move to the dopamine-binding site after DAT makes some necessary conformational change
and expands the binding site cavity. It has been demonstrated that cocaine may inhibit the transport
of dopamine through both blocking the initial DAT-dopamine binding and reducing the kinetic
turnover of the transporter following the DAT-dopamine binding. The relative contributions to the
phenomenological inhibition of the transport of dopamine from blocking the initial binding and
reducing the kinetic turnover can be different in different types of assays. The obtained general
structural and mechanistic insights are consistent with available experimental data and could be
valuable for guiding future studies towards understanding cocaine inhibiting other transporters.

Introduction
Cocaine has been recognized as one of the most psychostimulant drugs abused by millions of
people worldwide. The disastrous consequences of cocaine addiction has brought tremendous
burden to our society through increasing crimes, medical expenses, and loss of lives.1,2,3,4
Biological studies revealed that the primary target for cocaine in human body is dopamine
transporter (DAT).5,6 It has been proposed that the rewarding and reinforcing effects of cocaine
are mediated predominantly by its inhibition of DAT.4, 7 Cocaine analog, (−)-2β-
carbomethoxy-3β-(4-iodophenyl) tropane (β-CIT, see Figure S1 of Supporting Information for
its structure), was found8 to be competitive with substrate dopamine in the binding with DAT.
Considering that cocaine and analog β-CIT bind with DAT at the same site,9 cocaine can be
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regarded as a competitive inhibitor of DAT according to the binding assay. However, results
obtained from various kinetic inhibition assays on the inhibition of the transport of dopamine
have been confusing, as different kinetic assays10, 11, 12 demonstrated different patterns of
inhibition by cocaine, including competitive, noncompetitive, and uncompetitive. Apparent
patterns of inhibition of transport vary with the type of transport experiment being conducted.
The inhibition of the transport of dopamine by cocaine appears to result from the external
binding of cocaine to the transporter.9 Hence, it is important to understand how the transport
of dopamine through DAT is inhibited by cocaine binding with DAT.

Like other members of neurotransmitter sodium symporters (NSS) family, DAT binds with
dopamine released from synaptic cleft and transports dopamine into pre-synaptic neurons. The
process of the transport of dopamine must be assisted by the binding of two Na+ ions and one
Cl− ion, in which DAT frequently switches between different conformational states. 6,7, 13,
14, 15 The determination of X-ray structure of LeuTAa in complex with its substrate Leucine
and two Na+ ions (PDB entry of 2A65 at 1.65 Å resolution) has been viewed as a milestone in
understanding structural and functional relationships of NSS members.16 Since then,
computational and experimental studies17,18,19,20,21 have addressed several critical questions
of NSS members including DAT, e.g. the binding site of Cl− ion, the selectivity of cationic
ions, and the mechanism for inward-releasing of Na+ and substrate. These studies16,17,18,19,
20,21 have made the Na+/Cl−-dependent transporting more visible. Meanwhile, co-crystal
structures of LeuTAa with antidepressant drugs revealed that noncompetitive ligands bind in a
vestibule open toward extracellular side (called “extracellularly-open” state/conformation
below for convenience). Such a binding site for noncompetitive ligands is about 11 Å above
the binding sites of substrate and two Na+ ions, thus stabilizing the extracellularly-open
conformation of the transporter.22,23 These progresses16,22,23 provide fundamental
information about ligands interacting with NSS members such as DAT, making possible
exploring the inhibitory mechanism of cocaine inhibiting DAT at atomic resolution.

So far, considerable experimental and computational studies, including Zn2+-site engineering,
site-directed mutagenesis, and molecular dynamics (MD) simulations, have been performed
to explore the possible mechanism of cocaine inhibiting DAT.15,24,25,26,27,28,29,30,31,32,33,
34,35,36,37,38,39 Most of these studies were focused on exploring possible binding site of
cocaine in DAT and the extent of overlap between cocaine- and dopamine-binding sites.15,
25,26,27,31,32,33,35,36,38,39 Many of the studies aimed to identify key residues of DAT that can
differentiate the binding of cocaine and other non-addictive ligands. Identification of such
residues would be valuable for rational design of novel agents that can selectively inhibit
cocaine binding as antagonists, without (or with little) effect on the dopamine uptake.28,29,
30,35,36,38,39 However, no satisfactory antagonist has been identified yet. As indicated by the
X-ray crystal structures of LeuTAa complexed with its substrate and typical antidepressant
drugs like clomipramine (CMI), the transporting of substrate was inhibited by large-size
inhibitors (e.g. clomipramine, its structure is shown in Figure S1 of Supporting Information)
due to the binding of these inhibitors at a site located in the substrate-entry tunnel.16,22,23 A
recent study21 suggested that LeuTAa has a second binding site for its substrate Leucine, which
is located at the similar position as the reported binding sites for antidepressant drugs.22,23 All
these studies21,22,23 demonstrated that the substrate cannot be transported once the second
binding site was occupied by an inhibitor. In our previous study,40 we found that DAT shared
the same mechanism of substrate binding as that of LeuTAa. Our previously modeled structure
of DAT also has a substrate-entry tunnel which is formed by transmembrane (TM) helices 1,
3, 6, 8, and 10 and the tunnel opens toward extracellular side. However, Beuming et al.38

proposed that the binding site of cocaine and its analog (−)-2β-carbomethoxy-3β-(4-
fluorophenyl)tropane (β-CFT, Figure S1 in Supporting Information) overlaps with the binding
site of substrate dopamine based on the fact that the cocaine and the analog were observed to
be competitive with dopamine in the binding assays.
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Based on the assumption that cocaine binds with DAT in the dopamine-binding site, Beuming
et al.38 built a homology model of DAT similar to our aforementioned homology model40 (by
using the same template LeuTAa with substrate bound, PDB entry of 2A65) and constructed a
3D model of the DAT-cocaine binding complex. In order to obtain a reasonable DAT-cocaine
binding structure, Beuming et al.38 had to expand the binding site cavity as the directly modeled
dopamine-binding site cavity is not large enough to accommodate a larger ligand like cocaine.
Nevertheless, the proposed DAT-cocaine binding mode, denoted by “overlap binding mode”
here for convenience, was supported by their new site-directed mutagenesis and cross-linking
experiments.38 In particular, according to the overlap binding mode, cocaine should be close
to Val152, Asn157, Val328, and Ser422 and mutations on these residues indeed significantly
decreased the inhibitory activity of cocaine and binding affinity of β-CFT.38 However, the
overlap binding mode cannot explain some of the previously reported experimental
observations very well. For example, the Trp84Leu mutation significantly increased the
binding affinity of cocaine with DAT (~8-fold decrease of the apparent equilibrium
dissociation constant).28,39 The Leu104Val/Phe105Cys/Ala109Val mutant of DAT was ~70-
fold more insensitive to cocaine inhibition than the wild-type, but the mutant retained >50%
transporting activity in cultured cells.4 According to the overlap binding mode,38 these four
amino acid residues (Trp84, Leu104, Phe105, and Ala109) should be all far away from cocaine,
making these experimental observations4,28,39 hard to be explained as allosteric effects on the
binding of cocaine.

Based on our computational studies on DAT-ligand binding in combination with the findings
of recent reports,9,16,21,22,23,39,40 we demonstrate in the present study that DAT has a new,
alternative cocaine-binding site which is near the extracellular end of substrate-entry tunnel.
Our computational results and analysis of available data reveal that, at least for its initial binding
with DAT, cocaine can bind to this new binding site without the need of expanding the binding
site cavity. We first constructed a 3D model of the complex of DAT with cocaine in the presence
of dopamine started from our previously modeled DAT-dopamine complex structure.40 MD
simulations have been performed on the complex structure in an environment consistent with
the physiological condition. Our molecular modeling and MD simulations reveal that cocaine
is bound in the alternative/initial binding site located on the substrate-entry tunnel, typically
composed of residues from TM helices 1, 3, 6, 8, and 10. The benzoyl ester group of cocaine
is buried by conserved residues Leu80, Ala81, Ile159, Phe155, Tyr156, and Phe265. The
cationic head group of cocaine is partially covered by extracellular loop 4 (EL-4) and in contact
with residues from TM helices 3 and 6. Based on the modeling results, a detailed molecular
mechanism for cocaine inhibiting the transport of dopamine is proposed to reasonably interpret
aforementioned different patterns of the inhibition.8,10,11,12

Computational Methods
Model refinement and molecular docking

According to the experimental studies,7,24,25,32 EL-2 of DAT does not directly affect dopamine
entry into DAT or dopamine binding with the transporter. It has been demonstrated that there
is a disulfide bond inside EL-2.33 EL-2 is also involved in the formation of endogenous
Zn2+-binding site around extracellular loops including part of EL-4.7,25 In our previous
modeling of DAT structure,40 the initial structure of the DAT model was constructed according
to the structural information available at that time. The initial structure of DAT was relaxed
by carrying out MD simulation in a physiological environment. Since then, further
experimental studies have resulted in new structural insights reported recently.17,18,25,33 These
newly reported structural insights were used to refine our DAT model further in the present
study. First, a disulfide bond was assigned between residues Cys180 and Cys189 from EL-2,
in light of a recent experimental finding reported by one of us.33 According to the latest
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experimental studies on the binding site of Cl− ion in homologous LeuTAa
,17,18 one Cl− ion

was incorporated into the binding site formed by side chains of Tyr102, Ser321, Asn353,
Ser354, and Ser357 of DAT. Further modeling allowed the side chains of His193 from EL-2
and His375 and Glu396 from EL-4 to be close to each other and mimic the Zn2+-binding site,
which is consistent with the recent experimental observation.25 Finally, the DAT model was
energy-minimized by using the Sander module of Amber8 program suite with a nonbonded
cutoff of 12 Å and a conjugate gradient energy-minimization method.41

Recent studies have shown that cocaine inhibits dopamine reuptake through its binding with
the extracellularly-open state of DAT.9,10,11,12,27,28,29,32,35,36,38,39 Starting from the newly
refined DAT structure bound with dopamine, herein denoted by DAT-DA, molecular docking
was carried out by using AutoDock3.0.5 program42 to explore the mode of cocaine binding
with DAT in the presence of dopamine. Briefly, the atomic charges of protonated cocaine,
i.e. the biologically active (−)-cocaine, used in molecular docking were the RESP charges
determined and used in our previous studies on cocaine hydrolysis by butyrylcholinesterase
(BChE).43,44,45,46,47,48,49 During the process of docking with the AutoDock3.0.5 program,
the Lamarckian genetic algorithm42 was used to account for the translation and orientation of
the ligand with respect to the protein, and the search for local conformation of cocaine molecule
itself in the binding site was performed by using the Solis and Wets search method.50 During
the docking process, the grid size was set to be 60 × 60 × 60 and the grid space was the default
choice of 0.375 Å. The possible binding site of cocaine was first roughly assigned as that of
the ligand in the co-crystal structures of LeuTAa with antidepressant drugs,22,23 i.e. cocaine
binds at the vestibule around extracellular end of helices 1, 3, 6, 8, and 10. The binding site of
cocaine was further explored by changing the center and the size of docking grid. All the
obtained possible complex structures were evaluated and ranked in terms of geometric
matching quality and binding affinity by using the standard scoring function implemented in
the AutoDock 3.0.5 program.42 By visualizing the docking structures, the microscopic binding
structure which has the best score and best geometric matching with the vertical vestibule of
DAT-DA was selected as the initial complex structure for energy minimization using the
Sander module of Amber8 program.41

Molecular dynamics simulation
In order to further relax the structure of DAT-DA-cocaine complex selected from molecular
docking, MD simulations were carried out on the complex by using the Sander module of
Amber8 program.41 The complex structure was inserted into a pre-equilibrated palmitoyloleoyl
phosphatidylcholine (POPC) phospholipid bilayer structure and then solved by two layers of
water molecules at each side of the phospholipid bilayer. Atomic charges and force field
parameters for POPC molecules were directly adopted from our previous study,40 which were
developed based on the ab initio electronic structure calculations at the HF/6-31G* level. The
final system size was ~133 Å × 131 Å × 112 Å and consisted of 141,039 atoms, including 351
phospholipid molecules and 28,540 water molecules. The DAT-DA-cocaine complex was
energy-minimized in a similar way as described above for energy minimization of the DAT
model. After the energy minimization, MD simulations were performed on water molecules
in NTP ensemble for 200 ps, and then on phospholipid molecules for 82 ps. Then, the whole
solvated DAT-DA-cocaine complex system was slowly heated to 300 K by weak-coupling
method51 and further equilibrated for additional 40 ps. For MD simulations, a 12 Å non-bonded
interaction cutoff was used and the non-bonded list was updated every 25 steps and the
translational motion for the center of mass of the system was removed every 1,000 steps. The
particle-mesh Ewald (PME) method52 was applied to treat long-range electrostatic interactions.
The lengths of covalent bonds involving hydrogen atoms were fixed with the SHAKE
algorithm,53 enabling the use of a 2-fs time step to numerically integrate the equations of
motion. Finally, the production MD was kept running for 4.5 ns with a periodic boundary
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condition in the NTP ensemble at T = 300 K with Berendsen temperature coupling, and at P
= 1 atm with anisotropic molecule-based scaling (ntp=2 option in the Amber program41). The
surface tension of membrane molecules was kept constant (by using the ntp=2 option available
in the Amber8 program) throughout the MD simulation process.54

Most of the MD simulations were performed on a supercomputer (e.g. IBM X-series Cluster
with 340 nodes or 1,360 processors) at University of Kentucky Center for Computational
Sciences. Some other modeling and computations were carried out on SGI Fuel workstations
and a 34-processor IBM x335 Linux cluster in our own lab.

Results and Discussion
Binding mode

In the selected best candidate structure of the initial DAT-DA-cocaine complex, cocaine
molecule was orientated perpendicularly inside the vertical vestibule formed by helices 1, 3,
6, 8, and 10 of DAT-DA, with its cationic head pointed toward the extracellular end of the
vestibule. Such orientation of cocaine in the selected DAT-DA-cocaine complex represented
the most common binding pose among the conformational clusters of the docked results (see
Figure S2 of Supporting Information). As depicted in Figure 1, the overall DAT structure in
the energy-minimized DAT-DA-cocaine complex is essentially the same as that of our previous
modeled DAT structure40 in terms of the 12 helices, particularly the pseudo-two-fold axis
between helices 1 to 5 and 6 to 10. The first 10 helices act as an essential core of Na+/Cl−-
dependent dopamine transporting.6,7 An obvious difference from our previous DAT-DA model
exists in the relative positions of EL-2 and EL-4, as the side chain of His193 is close to the
side chains of His375 and Glu396. Another difference is the binding site for Cl− ion, which
consists of the side chains of residues Tyr102, Ser321, Asn353, Ser354, and Ser357 of DAT.

We also compared our modeled DAT structure in the DAT-DA-cocaine complex with the X-
ray crystal structure of LeuTAa bound with tricyclic antidepressant CMI (PDB entry code 2Q6H
at 1.85 Å resolution)22 by superimposing the Cα atoms of 12 transmembrane helices in the
DAT-DA-cocaine complex with the corresponding atoms in the X-ray crystal structure of the
LeuTAa-CMI complex (see Figure S3 of Supporting Information). The root-mean-square
deviation (RMSD) of the positions of all Cα atoms within the 12 transmembrane helices in the
energy-minimized DAT-DA-cocaine from those in the X-ray crystal structure of the LeuTAa-
CMI complex22 was calculated to be 1.99 Å. The two Na+ ions in the energy-minimized DAT-
DA-cocaine structure are located at similar binding sites as those in the X-ray structure of
LeuTAa bound with substrate and antidepressant CMI (PDB entry 2Q6H).22 One Na+ ion in
our DAT-DA-cocaine structure is ~0.81 Å away from the position of the corresponding Na+

ion in the X-ray structure, while the other Na+ ion in DAT-DA-cocaine structure is ~1.41 Å
away from the position of the corresponding Na+ ion in the X-ray structure.22 In this energy-
minimized DAT-DA-cocaine structure, the binding site of cocaine can be superimposed well
with the binding site for antidepressant CMI in the X-ray structure of LeuTAa (PDB entry
2Q6H)22 (Figure S3 of Supporting Information). As we proposed previously, the dopamine
entry starts from the extracellular side and the molecule slides down along the vertical vestibule
between helices 1, 3, 6, 8, and 10 of DAT.40 The docked cocaine plugs in this vestibule with
its benzoyl ester group steering down to the bottom, while its cationic head group stays straight
up along helices 1, 3, and 6, and is partially covered by Gly386 and Pro387 from EL-4 of DAT.

The energy-minimized DAT-DA-cocaine structure was used to carry out MD simulation in
order to examine the stability of the binding mode. The time-dependent RMSD of the positions
of all Cα atoms of DAT or all atoms of ligand (cocaine or DA) in the MD-simulated DAT-
DA-cocaine structure from those of the respective atoms in the energy-minimized DAT-DA-
cocaine structure (i.e. the starting structure of MD simulation) is depicted in Figure 2A. The
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tracked RMSD curve (lower panel in Figure 2A) for the Cα atoms during the MD simulation
became flat after ~1.3 ns, indicating that the DAT-DA-cocaine binding structure was stabilized
after ~1.3 ns. When tracking the changes of key internuclear distances between cocaine and
the surrounding residues of DAT, it was interesting to note that the cationic head group of
cocaine was always located nearby the aromatic side chain of Tyr88 from helix 1 (upper panel
of Figure 2A), but there was no direct cation-π interactions as the distance between the cationic
head of cocaine and the aromatic ring of Tyr88 was around 6 Å during the MD simulation. The
positively charged Arg85 from helix 1 formed a stable salt bridge with the negatively charged
side chain of Asp476 from helix 10 (Figure 2A), but not with Asp313 from helix 6. Our previous
MD simulations on DAT-dopamine complex and free DAT structures40 revealed that the
Arg85-Asp476 salt bridge existed only in the DAT-dopamine complex. The MD simulation
on DAT-DA-cocaine complex in the present study further indicates that the Arg85-Asp476
salt bridge can also exist when DAT binds with both cocaine and dopamine at the same time.

Tracked changes of the distances along the MD trajectories reveal that the benzoyl ester group
of cocaine is constantly packed with the hydrophobic side chains of Leu80, Ala81, and Ile159
and aromatic side chains of Phe155, Tyr156, and Phe320 of DAT (Figure 2B). The benzoyl
ester group of cocaine is perpendicular to the aromatic side chain of Tyr156 (Figure 3). Such
positioning of the cocaine benzoyl ester group makes it impossible for the escape of substrate
dopamine from its binding pocket, as Tyr156 is located right above the aromatic tail of
dopamine. Phe320 side chain is expected to play a similar, but much less, role as compared to
the side chain of Tyr156. The oxygen atoms of the benzoyl ester group of cocaine have close
contacts with side chains of Trp84 and Arg85 residues, while the 2β-methyl ester group
interacts with the side chains of Phe155, Phe472, and Leu475 (Figures 2B and 3). The cationic
head group of cocaine is packed with Tyr88, Ile390, Phe391, and Phe472, and partly sheltered
by Gly386 and Pro387 from EL-4 (Figure 3).

The binding of dopamine with DAT in the MD-simulated DAT-DA-cocaine structure was
essentially the same as that in our previously reported MD-simulated DAT-dopamine structure.
40 The very similar binding of dopamine indicates that the binding mode of dopamine with
DAT does not change significantly after a cocaine molecule also binds to DAT. Other
interesting structural features of the MD-simulated DAT-DA-cocaine binding include
information about the coordination of the Na+ and Cl− ions. The transporting of dopamine by
DAT is Na+/Cl−-dependent, 8,15 and typical antidepressant drugs were found to bind with
LeuTAa that has already bound with Na+ ions and substrate Leucine.22,23 Therefore, it is
interesting to compare the changes of coordinating atoms for the two Na+ ions after the binding
of cocaine. The atoms coordinating the first Na+ ion were the carbonyl oxygen of Ala77
backbone, OD2 of Asp79 side chain, OD1 of Asn82 side chain, OD1 of Asn353 side chain,
and carbonyl oxygen of Ser321 backbone. The OG atom of Ser321 side chain became the sixth
atom coordinating the first Na+ ion with a coordination fraction of 0.773 (i.e. the OG atom
coordinated this Na+ ion for 77.3% of the simulation time). Ser321 and Asn353 interacting
with the first Na+ also used their side chain atoms (i.e. the HG of Ser321 and HD21 of Asn353)
to coordinate Cl− ion, providing two of the five atoms coordinating Cl− ion. In the MD-
simulated DAT-DA-cocaine structure, the hexacoordination fraction of the first Na+ ion was
as large as 0.698 and its pentacoordination fraction was 0.295. The other Na+ ion was
coordinated mainly by the same five atoms as reported in our previous paper,40 i.e. the
backbone carbonyl oxygen atoms of Gly75, Val78, and Leu418 and OD1 and OD2 atoms of
Asp421 side chain. In addition, in the MD-simulated DAT-DA-cocaine structure, the OG atom
of Ser422 side chain served as a part-time (sixth) atom coordinating this Na+ ion, with a
coordination fraction of only 0.137.
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Comparison with available experimental data
It is important for validation of the modeling to appropriately compare our MD-simulated
DAT-DA-cocaine structure with the available experimental results. The modeled DAT-DA-
cocaine binding complex structure shows that cocaine inhibits the transport of dopamine from
the extracellular face of the transporter. The DAT-DA-cocaine complex structure is consistent
with accumulative indications about the location of the cocaine-binding site obtained from
experimental studies (Table 1).9,10,11,12,16,17,18,26,27,28,29,32,34,35,36,39 For example, it was
shown that the lipid-insoluble Hg2+ ion was able to inhibit cocaine binding10 and the transport
of dopamine,9 indicating that cocaine may bind at a site near the extracellular side of the
transmembrane domain of DAT.

In a recent study using epitope-specific immunoprecipitation method,35 the cocaine-binding
site was found near helix 6 but not helices 4, 5, and 7 of human DAT. It was reported that the
Trp84Leu mutation on DAT significantly increased the binding affinity of cocaine with the
transporter (~8-fold decrease in the apparent equilibrium dissociation constant).28,39 This can
be explained in terms of steric effect of Trp84 residue. As the bulky side chain of Trp84 is
replaced by a smaller hydrophobic side chain such as that of Leu or Ala, the mutation brings
more space for the cationic head of cocaine to be buried more deeply by residues near the
extracellular end of helix 1. On the contrary, the Phe154Ala and Phe155Ala mutations26 on
helix 3 have negative steric effects on the binding pocket of cocaine (Figure 3), because these
two residues are packed closely with Tyr156 residue and cocaine benzoyl ester group through
hydrophobic interactions. The aromatic side chain of Tyr156 is packed with the beneath
dopamine40 and also the above benzoyl ester group of cocaine. As shown in Figure 3, Phe391
from EL-4 interacts directly with the cationic head group of cocaine. The Phe391Ala mutation
makes the DAT-cocaine binding weaker, which is consistent with the experimental observation
that the Phe391Ala mutation caused a 6-fold decrease of binding affinity of cocaine with DAT.
26 As shown in Figure 2A, the shortest distance between charged atoms of Asp313 side chain
and charged atoms of Arg85 side chain was fluctuated around 5 Å during the MD simulation.
Asp313 interacts with the Arg85-Asp476 salt bridge through water molecules between them.
Based on the modeled binding structure, if Asp313 is changed into a hydrophilic residue such
as Asn or Gln, the long-range electrostatic interactions between Asp313 and Arg85 should be
decreased, leading to a somewhat better match between the Arg85-Asp476 salt bridge and the
cationic head of cocaine. Therefore, the Asp313Asn or Asp313Gln mutation is expected to
increase the binding affinity of cocaine with DAT, which is consistent with the experimental
observation that the Asp313Asn mutation did increase the binding affinity of cocaine (~3-fold
decrease of the apparent dissociation constant).28,39 Recently, it was found that both Trp84Leu
and Asp313Asn mutants of DAT have higher binding affinities with not only cocaine but also
cocaine analogs including β-CFT, 3β-benzoyltropane, and 2β,3α-allococaine (see structures
of these ligands in Figure S1 of Supporting Information).39 These experimental measurements
support that Trp84 and Asp313 of DAT may directly interact with cocaine or be around the
binding site of cocaine. It was reported that the Phe105Met27 and Leu104Val/Phe105Cys/
Ala109Val mutants4,29 became much more cocaine-insensitive than the wild-type DAT
although these mutants retained >50% transport activity. As observed in our MD-simulated
DAT-DA-cocaine structure, these residues from helix 2 form a local hydrophobic core along
with hydrophobic residues Ala315, Val318, and Cys319 from helix 6 (Figure 4A), making
TM6 packed tightly with TM2. When aromatic residue Phe105 is mutated into a smaller residue
like Cys or Met, a local hydrophobic cavity around residue #105 will be created (Figure 4B).
Such structural perturbation is expected to loose the hydrophobic packing between TM6 and
TM2. As a result, TM6 will probably be away from the cocaine-binding site, thus the binding
affinity of cocaine will be decreased. The influence of Phe98Ala, Pro101Ala, Phe114Cys, and
Gln122Cys mutations26,31 on the binding of cocaine with DAT may be considered similar to
that of the Phe105Cys mutation.
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As demonstrated in an experimental study,30 the Asp79Glu mutation had a dramatic influence
on the binding of dopamine, and decreased the inhibitory potency of cocaine on dopamine
uptake by only 2-fold. As demonstrated in our previous computational study,40 the Asp79Glu
mutation did significantly weaken the interaction of DAT with the cationic head of dopamine.
According to the modeled DAT-DA-cocaine complex structure in the present study, the
Asp79Glu mutation will have no obvious effect on the binding of cocaine because the binding
site of cocaine is far away from Asp79, and the mutation does not change the net charge of the
transporter and, therefore, should not dramatically change the long-range electrostatic
attraction between DAT and cocaine. The Glu491Ala mutation32 (i.e. the mutation on a residue
at the intracellular end of helix 10) does affect the cocaine binding through weakening of the
long-range electrostatic attractions as cocaine bears +1 net charge and Glu491 side chain is
negatively charged. Mutations on residues from helix 6, such as Thr316Ala, Gln317Ala, and
Phe332Ala, are expected to have negative, allosteric effects on the binding of cocaine as these
residues are located just nearby the cocaine-binding site.

In summary, our modeled new, alternative DAT-cocaine binding mode can reasonably explain
all of the previously reported experimental data.4,9,10,11,12,18,24,26,27,28,29,30,31,32,35,36,39

However, this new binding mode cannot explain very well the most recently reported data38

for the mutations on Val152, Asn157, Val328, and Ser422 residues. According to our new
binding mode, cocaine is far away from Val152, Asn157, Val328, and Ser422 residues, whereas
the Val152Ala, Val152Ile, Val152Met, Asn157Cys, Val328Ile, Val328Phe, and Ser422Ala
mutations significantly decreased the inhibitory activity of cocaine and binding affinity of β-
CFT.38 It would be hardly convincing to simply consider the effects of these mutations as the
result of the mutation-caused conformational changes of the transporter.

Further, compared to our modeled new binding mode, the recently proposed overlap binding
mode38 can more reasonably explain the experimental data for the mutations on Val152,
Asn157, Val328, and Ser422 residues, but the overlap binding mode cannot reasonably explain
the experimental data for the Trp84Leu and Leu104Val/Phe105Cys/Ala109Val mutants. The
Trp84Leu mutation significantly increased the DAT-cocaine binding affinity (~8-fold decrease
in the apparent equilibrium dissociation constant)28 and the Leu104Val/Phe105Cys/
Ala109Val mutation resulted in a ~70-fold more insensitive mutant for cocaine compared to
the wild-type DAT, but this mutant is still capable of transporting dopamine.4 Cocaine interacts
directly with Trp84 and indirectly with these three amino acid residues (Leu104, Phe105, and
Ala109; see Figure 4) according to our modeled alternative binding mode, whereas these four
residues are all far away from cocaine according to the overlap binding mode.38 So, none of
the two binding modes alone can perfectly explain all of the mutational data. In fact, residues
Trp84, Leu104, Phe105, and Ala109 are far away from Val152, Asn157, Val328, and Ser422
based on the modeled DAT structure. It would be impossible to find a site in DAT which allows
cocaine to be close to all of these crucial residues at the same time. In consideration of the all
available mutational data, the most likely scenario is that both of the two binding modes exist
so that cocaine can bind with all of these residues at different time. When cocaine binds to
DAT, the initial binding site is likely the one modeled in the present study, as this initial binding
mode does not require DAT to make a large conformational change. Then, cocaine may further
advance to the dopamine-binding site after DAT makes some necessary conformational change
and expands the binding site cavity. The existence of these two different binding modes for
DAT-cocaine binding is similar to that (non-prereactive and prereactive protein-cocaine
complexes) proposed for cocaine binding with butyrylcholinesterase (BChE).55,56 The concept
of the two BChE-cocaine binding modes has eventually led to the successful design and
discovery of promising high-activity mutants of human BChE for anti-cocaine medication
development.43,47,49,57
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It is also interesting to compare the DAT-cocaine binding modeled in the present study with
norepinephrine transporter (NET)-inhibitor binding proposed in a recent study,34 as NET is a
functionally close homolog of DAT. Paczkowski et al.34 tested various mutants of NET for its
interaction with an inhibitor, e.g. desipramine (DMI), and concluded that DMI binds with NET
just above the norepinephrine-binding site.34 Their proposed NET-DMI binding mode is
consistent with the DAT-cocaine binding mode modeled in the present study.

Mechanisms for cocaine blocking the transport of dopamine
In our previous study,40 we proposed a substrate-entry tunnel for dopamine entry into the
binding site, i.e. through a funnel-like tunnel between helices 1, 3, 6, 8, and 10. Along the
tunnel, Phe155, Phe320, and Phe326 act as a gate and form the bottom of this extracellular
vestibule. An inhibitor like cocaine or its analog with limited structural diversity can use this
vestibule as the alternative binding site. After dopamine is bound in DAT, the gate will
gradually be closed and further conformational changes will occur in order to transport the
bound dopamine into the intracellular side. However, right before DAT changes its
conformation from extracellularly-open state, cocaine molecule may readily be captured near
the mouth at the extracellular side of DAT. Once the cocaine molecule is captured, it will
prevent transporting-related conformational change of DAT. Further attraction by hydrophobic
interactions from Leu80, Phe155, Tyr156, Ile159, and Phe320 may direct the benzoyl ester
group of cocaine moving toward the bottom of the vestibule depicted in Figures 1 and 3.
Modulated by the local electrostatic and hydrophobic interactions from the Arg85-Asp476 salt
bridge, Asp313, and Tyr88 (Figures 2A and 3), the cationic head group of cocaine will be
located around the upper half of helices 1, 3, 6, and 8 as depicted in Figures 1 and 4A. Due to
the electrostatic and hydrophobic characters of the cationic head group of cocaine, side chains
of some residues nearby EL-4 may be attracted and dragged to cover the cationic head group
of cocaine. Thus, hydrophobic side chains of Ile390 and Phe391 form close contacts with
cocaine (Figure 3). As the extracellularly-open conformation of DAT is stabilized by the
binding of cocaine, the transporter protein is not expected to undergo the conformational
change necessary for the transport of dopamine in the presence of cocaine inside the protein.

According to our new (initial) DAT-DA-cocaine binding mode described above, cocaine and
dopamine can bind with DAT in different sites and the initial/alternative binding site of cocaine
does not overlap with the binding site of substrate dopamine. Although cocaine and dopamine
both interact with a common residue Tyr156, the modes of interaction with this same residue
are different. Accounting for the initial binding site alone, one might naturally consider cocaine
to be a noncompetitive inhibitor of DAT for the transport of dopamine. In order to better address
this critical issue, we also modeled the binding of cocaine with DAT in the absence of dopamine
and found that the binding mode of cocaine with DAT in the absence of dopamine is essentially
the same as that of cocaine with DAT-DA. The predicted existence of the DAT-cocaine binding
complex suggests that cocaine in the initial DAT-cocaine binding mode can inhibit the transport
of dopamine by blocking the formation of the DAT-dopamine complex, as cocaine blocks the
dopamine-entry tunnel. So, dopamine cannot bind with DAT once cocaine binds with DAT,
whether it is still in the initial binding mode or the overlap binding mode. The predicted
existence of the DAT-DA-cocaine binding complex suggests that cocaine can also inhibit the
transport of dopamine by blocking the conformational change of the formed DAT-dopamine
complex required for the transport of dopamine after dopamine binds with DAT, thus reducing
the kinetic turnover of the transporter.

Further, due to the electrostatic repulsion between the positively charged dopamine and
positively charged cocaine, the affinity of cocaine binding with DAT-DA, i.e. DAT in the
presence of dopamine, is expected to be significantly lower than that of cocaine binding with
DAT in the absence of dopamine. We estimated the binding free energy difference, ΔΔGbind,
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between the DAT-DA-cocaine binding and the DAT-cocaine binding (i.e. in the absence of
dopamine) by using the same molecular mechanics-Poison-Boltzmann surface area (MM-
PBSA) approach as used in our previous study.40 Based on the binding free energy calculations,
we obtained ΔΔGbind = ~4.0 kcal/mol, indicating that the dissociation constant (Kd3) of cocaine
binding with DAT-DA is ~1000-fold larger than the Kd2 value of cocaine binding with DAT
(i.e. Kd3 ≈ ~1000Kd2). This suggests that cocaine binding with DAT-DA is significantly weaker
than cocaine binding with DAT itself.

When cocaine and dopamine coexist with DAT, there are three essential equilibrium binding
processes. i.e. Eqs. (1) to (3), in solution:

(1)

(2)

(3)

The corresponding dissociation constants can be expressed as

(4)

(5)

(6)

Based on Eqs. (4) to (6), the overall concentration fraction of dopamine-bound DAT (fDA) in
the presence of cocaine can be defined as

(7)

Substitution of Eqs.(4) to (6) into Eq. (7) gives

(8)
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According to Eq.(8), when the cocaine concentration used in an experimental assay is low such
that [cocaine] ≪ Kd3, Eq.(8) can be simplified as

(9)

Equation (9) indicates that the concentration fraction of dopamine-bound DAT (fDA) is
dependent on the concentrations of cocaine and dopamine. In this situation, the contribution
to fDA from DAT-DA-cocaine binding is negligible in comparison with that from the
corresponding DAT-cocaine binding. As discussed above, the relative binding free energies
obtained from the MM-PBSA calculations suggest that the concentration of the DAT-cocaine
complex should be at least ~1000-fold higher than that of the DAT-DA-cocaine complex. When
the DAT-DA-cocaine binding is negligible, the main experimental observation would be that
DAT binds with either cocaine or dopamine. Thus, the practical experimental observation of
cocaine blocking DAT-dopamine binding should be close to that of a competitive inhibitor.

However, when the cocaine concentration used in an experimental assay is significantly higher
than the Kd3 value, the DAT-DA-cocaine binding becomes significant. Under this extreme
experimental condition, [cocaine] ≫ Kd3, Eq.(8) can be simplified as

(10)

Since [cocaine] ≫ Kd3 and Kd3 ≈ ~1000Kd2, Kd1Kd2Kd3 in Eq.(10) is negligible compared to
Kd1Kd3[cocaine]. Thus, under the extreme condition of [cocaine] ≫ Kd3, Eq.(10) can be
simplified further as

(11)

Equation (11) shows that fDA, i.e. the concentration fraction of dopamine-bound DAT, is
independent of the concentration of cocaine. So, when [cocaine] ≫ Kd3, the experimental
observation of cocaine blocking DAT-dopamine binding should be close to that of a
noncompetitive inhibitor, as cocaine can always bind with DAT no matter whether dopamine
is bound in DAT or not. The computational insight is consistent with the reported experimental
observations that different assays led to different patterns of cocaine inhibiting DAT for the
transport of dopamine. For example, in the binding assay,8 dopamine and β-CIT (a cocaine
analog in a low concentration) were found to competitively bind with DAT assuming that
cocaine and the analog bind with DAT in the same site, whereas a variety of kinetic inhibition
assays have demonstrated both the competitive and noncompetitive kinetic inhibition
mechanisms for the transport of dopamine, depending on how the assays were carried out.9

In addition, an uncompetitive inhibition mechanism was observed in the zero trans entry
experiment which determines the inhibition by cocaine of the apparent initial rate of the
transport of striatal dopamine.9 Based on their observed uncompetitive inhibition of the initial
rate, Meiergerd and Schenk9 concluded that cocaine appears to inhibit the transport of
dopamine by reducing the kinetic turnover of the transporter without affecting the kinetics of
association of dopamine with the extracellularly-open conformation of DAT. Their proposed
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molecular mechanism, i.e. cocaine inhibits the transport of dopamine by reducing the kinetic
turnover of the transporter after dopamine binding with DAT, is consistent with our MD-
simulated DAT-DA-cocaine binding structure. The MD-simulated DAT-DA-cocaine binding
suggests that cocaine still can bind with DAT-DA immediately after dopamine binds with DAT
in the initial process of the transport of dopamine. Once cocaine also binds with DAT in the
presence of dopamine, i.e. DAT-DA, the necessary conformational change of DAT-DA
required for the kinetic turnover of the transporter cannot occur.

Conclusion
The three-dimensional structural model of dopamine transporter (DAT) has been refined to
model and simulate DAT binding with cocaine and dopamine. Based on molecular docking
and molecular dynamics (MD) simulations, at least for its initial binding with DAT, cocaine
is bound inside the vestibule pocket formed by helices 1, 3, 6, and 8 near the extracellular side
of DAT. The benzoyl ester group of cocaine is buried by hydrophobic residues Leu80, Phe155,
Tyr156, Ile159, and Phe330, while the methyl ester group of cocaine contacts closely with side
chains of Phe155, Phe472, Leu475, and Trp84. The cationic head group of cocaine is packed
with side chains of several residues including Tyr88, Ile390, Phe391, and Phe472.

The computationally determined new DAT-ligand binding mode is totally different from the
overlap binding mode proposed recently in literature. It has been demonstrated that both of the
two binding modes can exist. When cocaine binds to DAT, the initial binding site is likely the
one modeled in the present study, as this binding site can naturally accommodate cocaine
without the need of a large conformational change in DAT. Then, cocaine may move further
to the dopamine-binding site (the overlap binding mode) after DAT makes some necessary
conformational change and expands the binding site cavity. The original dopamine-binding
site cavity is not large enough to accommodate cocaine. The existence of these two binding
modes is completely consistent with available experimental data concerning the binding site
of cocaine.

According to the new, initial DAT-ligand binding mode determined in the present study, the
initial cocaine-binding site does not overlap with, but close to, the dopamine-binding site.
Dopamine cannot reach its binding site if cocaine binds with DAT prior to dopamine binding
as cocaine blocks the dopamine-entry tunnel. However, cocaine can always bind with DAT
whether dopamine is bound in the transporter protein or not. On the other hand, the affinity of
cocaine binding with DAT in the presence of dopamine is much lower than that of cocaine
binding with DAT in the absence of dopamine. When both dopamine and cocaine bind with
DAT, the transporter protein is not expected to undergo the conformational change necessary
for the transport of dopamine. So, cocaine may inhibit the transport of dopamine through both
blocking the initial binding of dopamine with DAT and reducing the kinetic turnover of the
transporter after dopamine binds with DAT. The relative contributions to the
phenomenological inhibition of the transport of dopamine from blocking the initial binding
and reducing the kinetic turnover can be different in different types of kinetic inhibition assays.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The energy-minimized model of DAT-DA-cocaine complex structure. (A) Side view along the
normal of the membrane. (B) Top view of the complex structure. The DAT-DA protein is
represented as colored ribbons. Na+ ions are shown in cyan spheres, and Cl− ion in red sphere.
Dopamine (DA) is shown in space-filled spheres and colored in blue. Cocaine molecule (COC)
in the complex is shown in space-filled spheres and colored gray. Also labeled are the EL-2,
TM12, and the membrane position. This figure is generated by using PyMol (DeLano Scientific
LLC, San Carlos, California, USA).
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Figure 2.
Plots of RMSDs and key distances versus the simulation time during the MD simulations on
the DAT-DA-cocaine complex. (A) Lower panel: the RMSDs for DAT (Cα atoms only),
cocaine, and dopamine; upper panel: COCNH+---Tyr88 represents the distance from the
cationic nitrogen atom of cocaine to the center of the aromatic ring of Tyr88 side chain,
Arg85---Asp476 refers to the shortest distance from atom NH1 or NH2 of Arg85 side chain to
atom OD1 or OD2 of Asp476 side chain, and Arg85---Asp313 has the similar meaning of the
internuclear distance. (B) Lower panel: the distances from the center of the aromatic ring of
cocaine to the centers of side chains of Leu80, Phe155, Tyr156, and Phe320; upper panel: the
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distances from the methyl group on the methyl ester moiety of cocaine to the centers of the
side chains of Phe155 and Phe472.
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Figure 3.
Local view of representative structure for DAT-DA-cocaine complex, taken from the last
snapshot of the MD simulations. (A) The coloring scheme for the complex structure is the same
as that used in Figure 1A, except 180° rotation along the normal of the membrane. (B)
Molecular interactions between cocaine (COC) and DAT-DA. Cocaine is shown in ball-and-
stick, and residues within 5 Å of cocaine are labeled and shown in stick. The hydrogen bonding
interactions between the side chain atoms of Arg85 and Asp476 are shown in dashed lines
along with the distances.
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Figure 4.
Representative structural effect of Leu104Val/Phe105Cys/Ala109Val mutation on the binding
of cocaine with DAT-DA. (A) Wild-type DAT-DA. The aromatic side chain of Phe105 (circled
and colored in cyan) is packed with the surrounding residues as Leu104, Ala109, Ala315,
Val318, and Cys319. (B) The Leu104Val/Phe105Cys/Ala109Val mutant. The same cyan
colored circle shows the local hydrophobic cavity around position #105 created by the
mutation. The red arrow represents the probable leaning away motion of TM6 caused by the
triple mutation. The cocaine molecule is represented as dotted spheres as its binding affinity
with DAT-DA is significantly reduced. In both (A) and (B), the coloring scheme and the
orientation of the complex structure are the same as that in Figure 3A. Key residues are labeled
and shown in space-filled spheres.
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Table 1

Comparison between the experimental observations/insights and insights from our simulated 3D model of the
DAT-DA-cocaine complex.

Experiments
Observations or insights from
the experiment Ref. Insights from our DAT-DA-COC model

Hg2+ binding test Binding of cocaine was inhibited. 9, 10 Cocaine-binding site is near the extracellular side of TM domain
of DAT.

Epitope-specific immunoprecipitation studies Cocaine binding site should be
near helix 6 of DAT

35 Cocaine-binding site is formed by α-helices 1, 3, 6, and 8 of DAT

Trp84Leu mutation Cocaine-binding affinity was
increased (~8-fold decrease for
the apparent dissociation
constant).

28, 39 The mutation provides more space to accommodate the cationic
head of cocaine at the binding site.

Phe154Ala and Phe155Ala mutations Cocaine-binding affinity was
decreased.

26 The mutation weakens the packing between the two residues and
the benzoyl ester group of cocaine.

Phe391Ala mutation Cocaine-binding affinity was
decreased by ~6-fold.

26 The mutation weakens packing between the residue and the
cationic head of cocaine.

Asp313Asn and Asp313Gln mutations Cocaine-binding affinity was
increased (~3-fold decrease for
the apparent dissociation
constant).

28, 39 Arg85-Asp476 salt bridge matches better around cationic head of
cocaine after the mutation.

Leu104Val/Phe105C ys/Ala109Val mutation The mutant was ~70-fold
insensitive to cocaine inhibition
compared to the wild-type DAT.

4, 29 Hydrophobic interactions with Phe105 is destroyed and α-helix 6
stays away from the cocaine-binding site in the mutant.

Asp79Glu mutation The mutation considerably
decreased DAT binding with
dopamine, but with little change
in DAT-cocaine binding.

30 The negatively charged side chain of the residue has direct contact
with the cationic head of dopamine, but has not direct contact with
that of cocaine.
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