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ABSTRACT: Nearly 70% of HIV-1-infected individuals suffer
from HIV-associated neurocognitive disorders (HAND). HIV-
1 transactivator of transcription (Tat) protein is known to
synergize with abused drugs and exacerbate the progression of
central nervous system (CNS) pathology. Cumulative
evidence suggest that the HIV-1 Tat protein exerts the
neurotoxicity through interaction with human dopamine
transporter (hDAT) in the CNS. Through computational
modeling and molecular dynamics (MD) simulations, we
develop a three-dimensional (3D) structural model for HIV-1 Tat binding with hDAT. The model provides novel mechanistic
insights concerning how HIV-1 Tat interacts with hDAT and inhibits dopamine uptake by hDAT. In particular, according to the
computational modeling, Tat binds most favorably with the outward-open state of hDAT. Residues Y88, K92, and Y470 of
hDAT are predicted to be key residues involved in the interaction between hDAT and Tat. The roles of these hDAT residues in
the interaction with Tat are validated by experimental tests through site-directed mutagensis and dopamine uptake assays. The
agreement between the computational and experimental data suggests that the computationally predicted hDAT−Tat binding
mode and mechanistic insights are reasonable and provide a new starting point to design further pharmacological studies on the
molecular mechanism of HIV-1-associated neurocognitive disorders.
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Human immunodeficiency virus (HIV) is a lentivirus
causing the acquired immune deficiency syndrome

(AIDS) disease.1,2 According to the 2013 report of World
Health Organization (WHO), a total number of 35.3 million
people in the world are living with HIV/AIDS.3 Among the
genes of HIV virus, the transactivator of transcription (Tat)
gene plays a role in the regulation of proteins that control how
the HIV virus infects cells.4−8 The HIV-1 positive cocaine
abusers exhibit more serious neurological impairments, and
they also have higher rates of motor and cognitive dysfunction
compared with HIV-1 negative drug abusers.9−12

The Tat protein has been detected in the brain and the sera
of HIV-1 patients.13−15 Accumulating evidence1,16−22 has
revealed that HIV-1 Tat plays an important role in HIV-
associated neurocognitive disorders (HAND) by disrupting
intracellular communication.23 Specifically, HIV-1 Tat exerts its
neurotoxicity through interaction with some crucial proteins in
the central nervous system (CNS), such as monoamine
(dopamine, norepinephrine, and serotonin) transporters and
N-methyl-D-aspartate (NMDA) receptors that are targets of
some widely abused drugs including cocaine and methamphet-
amine. There have been extensive studies on these interactions
and related problems.9,19,20,22,24−42 We are particularly

interested in human dopamine transporter (hDAT) due to
our long-standing research interest in development of cocaine
abuse-related medications43−51 and the fact that hDAT is the
primary target of cocaine in the CNS.52,53 It has been reported
that Tat and cocaine could synergistically impair hDAT
function as demonstrated both in vivo54 and in vitro.1 Activity
of presynaptic hDAT is strikingly reduced in HIV-1 patients
with cocaine abuse.30,55 As hDAT availability is correlated with
HIV-1 associated neurocognitive deficits,56,57 it has been
estimated that ∼70% of HIV-1 patients are suffering from
HAND.6,7,18,21,58 The prevalence of HAND and the compli-
cated connection of the HIV-1 infection with cocaine abuse
have made a high priority in understanding molecular
mechanism of HIV-1 Tat associated neurotoxicity. Under-
standing the detailed molecular mechanism concerning how the
HIV-1 Tat interacts with hDAT could provide valuable clues to
rationally design novel and effective therapeutics for treatment
of HAND.
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It has been known20,22,59 that HAND-related abnormal
neurocognitive function is associated with dysfunctions in
dopamine (DA) neurotransmission. Protein hDAT picks up
DA released from synaptic cleft and transports DA into
presynaptic neurons.60−62 The transporting process must be
assisted by the binding of two Na+ ions and one Cl− ion, and it
has been known that this process involves three typical
conformational states of hDAT: outward-open state (i.e., the
extracellular side of substrate-binding site for the transmitter is
open, while the intracellular side is blocked); the outward-
occluded state (i.e., both the extracellular and intracellular sides
of binding site are blocked such that the binding site is
occluded and no longer accessible for substrate); and the
inward-open state (i.e., the intracellular side of substrate-
binding site is open, while the extracellular side is
blocked).63−71

The present study aims to understand how hDAT interacts
with HIV-1 Tat at molecular level, particularly the detailed
hDAT−Tat binding mode. It is a grand challenge to determine
an X-ray crystal structure of hDAT−Tat binding complex in the
physiological membrane environment. There is also no X-ray
crystal structure available for hDAT itself. On the other hand,
state-of-the-art molecular modeling techniques provide a useful
tool to model the possible hDAT−Tat binding. Previous
computational studies64,72−75 provided homology models of
hDAT concerning the general features of conformational
changes during dopamine transporting process by hDAT.
The obtained hDAT models allow to investigate how hDAT
interacts with dopamine, cocaine, and other interesting
ligands.38,39 However, all of the previous studies, including
those by our own group38,40,76 were based on the hDAT
models built through homology modeling using the previously

available X-ray crystal structure of the bacterial homologue
Leucine transporter (LeuTAa)

70 as a template, and the template
LeuTAa shares less than 25% sequence identity with hDAT. It is
generally recognized that structural models derived from
homology modeling will be reliable only when the template
has a higher sequence identity and higher evolutionary
homology with the modeled protein.
It is very interesting to note that an X-ray crystal structure

has recently been determined for drosophila dopamine
transporter (dDAT).71 The sequences of dDAT and hDAT
are very similar, with a sequence similarity reaching 59%
(identity: 46%), which is considered rather high for homology
modeling; in general, 40% sequence identity between a
template protein and a target protein is considered sufficient
for constructing a satisfactory homology model.77,78 So, the
newly available X-ray crystal structure of dDAT has become the
most reasonable template for modeling the hDAT structures to
be used in our studies on the hDAT structures and its binding
with ligands. The newly built hDAT structures are consistent
with all of the known structural insights obtained from
previously reported wet-experimental validations on
hDAT.64,66,67,70,71 The more reasonable models of hDAT
have allowed us to study how hDAT interacts with HIV-1 Tat.
This is the first report on the use of the new hDAT models
(based on the X-ray crystal structure of dDAT) to study the
possible hDAT−Tat binding mode. The hDAT−Tat binding
structure is determined through protein−protein docking79 and
molecular dynamics (MD) simulations.80 Based on the
determined hDAT−Tat binding structure, the HIV-1 Tat
protein preferably binds with the outward-open state of hDAT,
and critical residues contributing to the hDAT−Tat binding are
identified. The computationally determined hDAT−Tat bind-

Figure 1. Simulated process of binding between HIV-1 Tat and hDAT in the outward-open state. (A) The HIV-1 Tat approaches hDAT through
long-range electrostatic attractions, as indicated by the electrostatic potential contour maps for these two proteins. Isopotential surfaces are calculated
at +4kBT/e for the positively charged surface (shown as blue mesh) and at −3kBT/e for the negatively charged surface (shown as red mesh),
respectively. Colored arrows indicate the directions of the dipoles of both molecules. (B) The general process of two proteins approaching toward
each other and form the initial encounter complex. Both proteins are represented as the surface style, with HIV-1 Tat in gold and hDAT in cyan. The
black arrow indicates the HIV-1 Tat aligning to the vestibule near the extracellular side of hDAT. (C) Typical hDAT−Tat binding structure derived
from the last snapshot of the MD trajectory #1 followed by the energy minimization. Tat is represented as gold ribbons. hDAT is represented by a
semitransparent cyan surface. Substrate dopamine, cholesterol, sodium ions, chloride ion, and zinc ion are represented by the sphere style and
colored in red, purple, blue, green, and yellow, respectively. The contact interface of hDAT between Tat and hDAT is colored in pink. It was
observed that both TM10 and TM1 are involved in the interaction between Tat and hDAT. (D) Atomic interactions on the binding interface of the
typical hDAT−Tat binding structure (as shown in C). HIV-1 Tat protein is shown as ribbon and colored in gold, and hDAT is shown as cyan
ribbon. Residues T-M1, T-P18, and T-K19 of HIV-1 Tat are shown in ball−stick style and colored in yellow. Residues D-Y470, D-Y88, and D-K92
are shown in ball−stick style and colored in green. Dashed lines represent intermolecular hydrogen bonds with labeled distances. For D-Y470, the
red point indicates the center of its aromatic ring, and the dashed line pointing to the red ball represents the cation-π interaction with labeled
distance.
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ing mode has been validated by experimental tests including
site-directed mutagenesis and DA uptake assays. The new
insights obtained from the current study provide a structural
basis for future extensive studies on the molecular mechanisms
of HIV-1 Tat associated neurotoxicity and the relationship
between HIV-1 infection and drug abuse.

■ RESULTS AND DISCUSSION
Binding Mode of HIV-1 Tat with hDAT. To determine

the hDAT−Tat binding structure, we first need to know the
detailed structures of both hDAT and HIV-1 Tat. The hDAT
structures were built from the X-ray crystal structure of dDAT
(PDB code: 4M48)71 through homology modeling. The
obtained structural model of hDAT are consistent with all of
the known structural insights obtained from previously
reported wet-experimental validations on hDAT.64,66,67,70,71 In
particular, the hDAT model has all of the previously known
general features of hDAT including D476-R85 salt bridge,
orientation of F320 residue, binding sites of dopamine, Zn2+,
Na+, and Cl−. Concerning HIV-1 Tat structure, B-type HIV-1
Tat (Tat Bru) is prevalent in North America and has 86 amino
acids with a net charge of +12e at the physiological pH 7.4.81

Multinuclear NMR spectroscopy revealed that the Tat Bru
protein exists in a random coil conformation, and only transient
folding can occur in its Cys-rich region (residues 22−37, see
Figure S1 in Supporting Information) and its core region
(residues 38−48). All of the 11 conformations of HIV-1 Tat
obtained from NMR studies (PDB entry as 1JFW)81 are quite
similar, with the average positional root-mean square deviation
(RMSD) of the backbone atoms being 1.3 Å. Starting from the
NMR structures of HIV-1 Tat,81 it is also important to know
which one of the three conformational states of hDAT (i.e., the
outward-open state, outward-occluded state, and inward-open
state) are more favored for the binding with HIV-1 Tat protein.
For this purpose, a protein−protein docking program, ZDOCK
3.0.2,79 was used to explore possible hDAT−Tat complex
structures (see Supporting Information for the computational
details). As shown in Figure 1A, the calculated electrostatic
potentials and the molecular dipole moments of both HIV-1
Tat and hDAT indicate that the long-range electrostatic
attraction may act as a driving force for the association of
these two proteins. Such obvious charge anisotropy between
these two proteins drives HIV-1 Tat approaching to the mouth
of the vestibule near the extracellular region of hDAT. This
suggests that the HIV-1 Tat interacts directly with hDAT
residues around the extracellular region of hDAT. Therefore,
our protein−protein docking was focused on docking the HIV-
1 Tat protein into the extracellular region for each of the three
conformational states of hDAT, and a total of 3000 candidates
(including all of the three possible conformational states of
hDAT with various poses and conformations of HIV-1 Tat)
were selected from all the docking results as initial complex
structures. Further, as the rigid-body protein−protein docking
cannot account for the conformational flexibility of the
proteins, the initial complex structures obtained from the
protein−protein docking were refined through a series of
energy-minimizations, MD simulations, and molecular mechan-
ics-Poisson−Boltzmann surface area (MM-PBSA)82 binding
energy calculations (see Supporting Information for the
computational details) to capture the most favorable hDAT−
Tat binding structure. Through the modeling and MD
simulations, we were able to identify the best possible
hDAT−Tat binding mode for each conformational state

(outward-open, outward-occluded, or inward-open) of hDAT.
According to the obtained binding structures and energies,
HIV-1 Tat can bind with only the outward-open structure of
hDAT due to the excellent geometrical match and favorable
binding energy, and the outward-occluded and inward-open
states cannot bind with HIV-1 Tat due to the bad geometrical
match and unfavorable binding energies. Hence, our discussion
below will focus on HIV-1 Tat binding with the outward-open
state of hDAT.
For the most favorable hDAT−Tat binding mode (with

hDAT in the outward-open state), we further carried out the
final MD simulations for a total of 100 ns, including 10
independent MD trajectories with 10 ns for each. It turned out
that the 10 trajectories (MD trajectories 1−10) led to very
similar binding structures, which gives us further confidence in
the MD-simulated hDAT−Tat binding mode. For convenience,
the specific hDAT−Tat binding structure discussed below will
always refer to the MD trajectory no. 1, unless explicitly stated
otherwise. Figure 1B depicts the general process of the hDAT−
Tat binding, that is, the HIV-1 Tat molecule diffuses around the
extracellular side of hDAT (colored in cyan), and forms an
initial encounter complex with hDAT due to the electrostatic
attraction, according to the computational modeling. Con-
formational adjustments around the binding interface lead to
the formation of the final hDAT−Tat binding structure. Figure
1C represents a typical complex structure of HIV-1 Tat binding
with the outward-open state of hDAT, which is derived from
the last snapshot of the 10 ns MD trajectory. The HIV-1 Tat
molecule sits just above the vestibule near the extracellular side
of hDAT, and it forms a contacting interface which involves
residues D-Y88, D-K92, and D-Y470. Such orientation of HIV-
1 Tat will certainly block the entry pathway of substrate DA
and, therefore, inhibit the transporting of DA by hDAT. Figure
1D depicts the critical intermolecular interactions as observed
from this hDAT−Tat binding structure (Figure 1C).
Specifically, these critical interactions include: the cation-π
interaction between the positively charged amino-group of T-
M1 at the N-terminus of HIV-1 Tat and the aromatic D-Y470
side chain of hDAT; the hydrogen bonding interaction between
the positively charged headgroup of T-K19 side chain and the
hydroxyl group of D-Y88 side chain; and the hydrogen bonding
interaction between the backbone oxygen atom of T-P18 and
the positively charged headgroup of D-K92 side chain.
Depicted in Figure 2 are the tracked time-dependent distances
of these critical intermolecular interactions and the positional
RMSD for all backbone atoms of the MD-simulated hDAT−
Tat complex in 10 MD trajectories for a total of 100 ns. As
shown in Figure 2, the RMSD values for all of the 10 MD
trajectories are around 2.11 ± 0.24 Å with small fluctuations,
suggesting a high conformational stability of the hDAT−Tat
binding structure. As shown in Figure 2, the cation-π
interaction between T-M1 and D-Y470 had an average distance
of 4.13 ± 0.35 Å (green curve), a weak hydrogen bond between
T-K19 and D-Y88 had an average H···O distance of 2.52 ± 0.31
Å (blue curve), and another weak hydrogen bond between T-
P18 and D-K92 had an average O···H distance of 2.33 ± 0.46 Å
(red curve). These tracked distances suggest that all these
hDAT−Tat interactions are persistent throughout the MD
simulations.

Validation of the Predicted hDAT−Tat Binding Mode.
For validation of the computationally predicted hDAT−Tat
binding structure, we also carried out wet experimental studies
including site-directed mutagenesis and DA-uptake assay (see
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the Methods section below; more extensive experimental assays
and data will be reported elsewhere) to determine the
inhibitory effects of Tat on several hDAT mutants (including
the Y470F, Y470H, Y470A, Y88F, and K92M mutants) in
comparison with wild-type hDAT (WT-hDAT).
According to the hDAT−Tat binding structure (Figures 1

and 2), there is a strong cation-π interaction between the
positively charged amino group of T-M1 (i.e., M1 of HIV-1
Tat) and the aromatic ring of D-Y470 (i.e., Y470 of hDAT)
side chain. Therefore, mutation of D-Y470 to phenylalanine
should not weaken the favorable cation-π interaction, but
mutation of D-Y470 to any other amino acid without the
aromatic ring would significantly decrease the hDAT−Tat
binding and the inhibitory effect of Tat on hDAT, as seen in
Figure 3.
All of these computational insights are supported by the

experimental data depicted in Figure 4. Experimental data
(Figure 4A) revealed that, compared to their respective
controls, exposure to Tat1−86 significantly decreased [3H]DA
uptake in WT-hDAT by 33.0% and Y470F-hDAT by 37.6%,
respectively; however, nearly negligible effects of Tat were
observed in Y470H-hDAT, Y470A-hDAT, Y88F-hDAT, and
K92M-hDAT. In addition, the Tat-mediated inhibitory effects
on DA uptake were also expressed as a percent change from the
DA uptake in WT-hDAT (100%) in the presence of Tat. As
illustrated in Figure 4B, the Tat-induced inhibitory effect on
DA uptake was dramatically reduced in Y470H-hDAT, Y470A-
hDAT, Y88F-hDAT, and K92M-hDAT, suggesting that these
mutants significantly attenuate Tat-induced inhibition of DA
uptake.
As seen in Figure 4B, the Y470H and Y470A mutations on

hDAT did decrease the inhibitory effect of Tat by ∼85% and
∼49%, respectively, and the Y470F mutation did not decrease
the inhibitory effect of Tat at all. These experimental activity
data strongly support the computationally predicted important
role of the aromatic ring of D-Y470 side chain (see Figure 3A).
The Y470F mutant of hDAT still has the aromatic side chain
(see Figure 3B), which explains why the Y470F mutation did
not decrease the inhibitory effect of Tat at all. In fact, the

Y470F mutation slightly increased the inhibitory effect (by
∼14%). The Y470F mutation-induced slight increase in the
inhibitory effect of Tat suggests that the cation-π interaction
between the positively charged amino group of T-M1 and the
aromatic ring (of D-Y470 side chain) becomes slightly stronger
after the hydroxyl group on the aromatic ring is removed.
The Y470A mutation on hDAT changes the aromatic side

chain of D-Y470 to a much smaller one (methyl group) and,
thus, removes the favorable cation-π interaction (see Figure
3D), which explains why the Y470A mutation significantly
decreased the inhibitory effect of Tat (by ∼49%). The Y470H
mutation not only removes the favorable cation-π interaction
but also produces unfavorable contacts with the positively
charged amino group of T-M1, and thus, the H470 side chain
was pushed away from the positively charged amino group of
T-M1 during the modeling process (see Figure 3C), which
explains why the Y470H mutation even more significantly
decreased the inhibitory effect of Tat (by ∼85%) compared to
the Y470A mutation (∼49%).
In addition, Y88 and K92 of hDAT (i.e., D-Y88 and D-K92)

are also predicted to be critical residues interacting with Tat
through forming hydrogen bonds with K19 and P18 of Tat (i.e.,
T-K19 and T-P18), respectively (see Figures 1D and 2). So, the
Y88F or K92M mutation on hDAT would decrease the
hDAT−Tat binding and the inhibitory effect of Tat on hDAT.
The experimental data in Figure 4B show that the Y88F and
K92M mutations on hDAT indeed significantly decreased the
inhibitory effect of Tat by ∼67% and ∼54%, respectively,
supporting the favorable roles of the D-Y88 and D-K92 side
chains. The agreement between the computational and

Figure 2. Tracked changes of critical distances and positional RMSD
values for the hDAT−Tat binding structure based on the 10 MD
trajectories (10 ns for each MD trajectory). Green curve refers to the
distance between the positively charged amino group of T-M1 of HIV-
1 Tat and the center of the aromatic ring at D-Y470 side chain. Blue
curve represents the distance between the hydrogen atom on the
positively charged head of T-K19 side chain and the hydroxyl oxygen
atom of D-Y88 side chain, and the red curve refers to the distance
between the backbone oxygen atom of T-P18 and the hydrogen atom
on the positively charged head of D-K92 side chain. The black curve
refers to the positional RMSD for the backbone atoms of the hDAT−
Tat binding complex.

Figure 3. Interactions between the positively charged amino group of
T-M1 and the side chain of residue no. 470 of hDAT in the modeled
complexes of HIV-1 Tat binding with WT-hDAT and its mutants.
Structures of the Y470F, Y470H, and Y470A mutants of hDAT were
modeled starting from that of WT-hDAT in the hDAT−Tat binding
structure shown in Figure 1C and 1D by changing the Y470 side chain
into the corresponding one of the mutant and then performing the
energy minimization. (A) Residues T-M1 and D-Y470 are represented
as sticks and colored by atom types. The red point represents the
center of aromatic ring of residue no. 470 of hDAT, and the dashed
line pointing to the red point represents the cation-π interaction with
the distance labeled. (B) Y470F mutation retains the cation-π
interaction between T-M1 and D-F470. The distance between the
center of aromatic side chain of D-F470 and the nitrogen atom of the
positively charged amino group of T-M1 is indicated in Å. (C) Residue
D-H470 stays far away from the positively charged amino group of T-
M1 (i.e., no direct cation-π interaction). (D) Residue D-A470 stays
further away from the positively charged amino group of T-M1 (i.e.,
no direct cation-π interaction).
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experimental data suggests that the computationally determined
hDAT−Tat binding mode is reasonable.
Lastly, we would like to point out that understanding the

molecular mechanism for hDAT−Tat interaction is the first
step of the more extensive efforts that aim to understand how
Tat interacts with other transporters and receptors in the CNS.
The similar integrated computational strategy used in this
report may be used to explore the structural models concerning
how Tat interacts with other transporters and receptors.
Understanding the detailed molecular mechanisms for Tat
interacting with all of the relevant transporters and receptors,
one could eventually have a chance to explore possible
therapeutic agents that can block Tat binding with multiple
transporters/receptors to combat HAND.

■ CONCLUSION
We have developed a reasonable 3D structural model of hDAT
binding with HIV-1 Tat through protein−protein docking and
molecular dynamics simulations. According to the computa-
tional data, HIV-1 Tat binds most favorably with the outward-
open state of hDAT. Based on the modeled hDAT−Tat
binding struture, residues Y88, K92, and Y470 of hDAT are
predicted to be key residues for hDAT interacting with Tat.
The computational predictions are supported by experimental
tests including site-directed mutagenesis and dopamine uptake
assays in the presence and absence of Tat. The good agreement
between the computational and experimental data suggests that

the computationally predicted hDAT−Tat binding mode is
reasonable. The newly obtained hDAT−Tat binding mode
provides novel mechanistic insights concerning how HIV-1 Tat
interacts with hDAT and inhibits the dopamine transporting in
hDAT. Starting from the new hDAT−Tat binding mode and
mechanistic insights, one may design further studies to explore
the more detailed molecular mechanisms and develop
potentially effective therapeutics for treatment of HIV-1
associated neurocognitive disorders. In general, this study also
demonstrates how the complex structural and mechanistic
questions concerning protein−protein interactions can be
addressed by using a generally applicable strategy including
integrated computational-experimental studies.

■ METHODS
Molecular Modeling. In order to dock HIV-1 Tat protein into the

possible binding site on the extracellular side of hDAT, and to build
the initial hDAT−Tat binding structure, protein−protein docking was
performed by using the ZDOCK 3.0.2 program.79 The 11
conformations of HIV-1 Tat based on NMR structural analysis81

were all treated equally as the ligand protein, and structures of the
three conformational states of hDAT (generated by the Modeler
module of Discovery 2.583 and energy-optimized using the AMBER 12
software package80) were treated as the receptor protein. For each of
the three conformational states of hDAT (i.e., the outward-open,
outward-occluded, and inward-open states), 10 snapshots were
selected with a 1 ns interval from a 10 ns trajectory of molecular
dynamics (MD) simulations in the production stage. In order to probe
whether there is a charge anisotropy between these two proteins, the
electrostatic potentials and the molecular dipole moments for both
HIV-1 Tat and hDAT were calculated by using the PDB2PQR
server.84 Because the HIV-1 Tat bears positive electrostatic potential
on its surface, and the hDAT bears negative electrostatic potential on
the surface of its extracellular side, these two proteins are expected to
electrostatically attract each other along the direction of their dipole
moments. Based on this piece of information, it is reasonable to
assume that the HIV-1 Tat would probably bind with hDAT at a site
around the extracellular region of hDAT. During the protein−protein
docking process, the rotational sampling (with 6° angular sampling)
method implemented in the ZDOCK 3.0.2 was used in order to make
a more complete configuration sampling for these two proteins. The
score function of ZRANK85 program was used to score the binding
energy between the ligand protein (HIV-1 Tat) and the receptor
protein (hDAT). For each protein−protein docking, the program was
set to output top-2000 candidates as the possible binding complexes.
The docking of 11 HIV-1 Tat conformations into the hDAT structures
associated with the 10 MD snapshots (i.e., 10 conformations) for each
conformational state of hDAT (e.g., the outward-open state)
generated 11 × 10 × 2000 = 220 000 candidates of the binding
structure. Considering that the HIV-1 Tat should contact directly with
residues around the mouth of the vestibule near the extracellular end
of hDAT structure (as this vestibule and the substrate-entry pathway
were explored in our previous studies on the homology modeling of
hDAT and its inhibition by (−)-cocaine72,74), we ruled out all
candidate complexes that do not directly align with the residues
around the mouth of the vestibule of hDAT. This initial screening
reduced the 220 000 candidates to 1000 candidates of HIV-1 binding
with the outward-open state of hDAT. Such protein−protein docking
and initial screening were also performed for the 11 HIV-1 Tat
conformations docking with the 10 MD snapshots of the outward-
occluded state of hDAT, and then docking with the 10 MD snapshots
of the inward-open state of hDAT. The total number of the selected
candidates for HIV-1 Tat binding with all three conformational states
of hDAT became 3000 (i.e., 1000 + 1000 + 1000). These 3000
candidates were subjected to further MD simulations and binding
energy calculations (see Supplemental Data for the computational
details), and lastly, the most favorable binding structure was
determined with the lowest binding energy.

Figure 4. Effects of Tat on the kinetic analysis of [3H]DA uptake by
WT-hDAT and its mutants. (A) PC12 cells transfected with WT-
hDAT (WT) Y470F-hDAT (Y470F), Y470H-hDAT (Y470H),
Y470A-hDAT (Y470A), Y88F-hDAT (Y88F), or K92M-hDAT
(K92M) were preincubated with or without recombinant Tat1−86
(500 nM, final concentration) at room temperature for 20 min
followed by the addition of 0.05 μM final concentration of the
[3H]DA. *p < 0.05 compared to respective control in the absence of
Tat (n = 4). (B) The corresponding Tat-induced inhibitory effects on
[3H]DA uptake in hDAT mutants were presented as the percentage of
the Tat-induced inhibitory effect of [3H]DA uptake in WT-hDAT
(100%) at the same concentrations of [3H]DA (0.05 μM) and Tat1−86
(500 nM).
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Construction of Plasmids. All point mutations of Tyr88, Lys92,
and Tyr470 in hDAT were selected on the basis of the predictions of
the 3D-computational modeling and simulations. All mutations in
hDAT were generated based on wild-type human DAT (WT-hDAT)
sequence (NCBI, cDNA clone MGC: 164608 IMAGE: 40146999) by
site-directed mutagenesis. Synthetic cDNA encoding hDAT subcloned
into pcDNA3.1+ (provided by Dr. Haley E Melikian, University of
Massachusetts) was used as a template to generate mutants using
QuikChange site-directed mutagenesis Kit (Agilent Tech, Santa Clara
CA). The sequence of the mutant construct was confirmed by DNA
sequencing at University of South Carolina EnGenCore facility.
Plasmids DNA were propagated and purified using plasmid isolation
kit (Qiagen, Valencia, CA, U.S.A.).
Cell Culture and DNA Transfection. Pheochromocytoma

(PC12, ATCC no. CRL-1721) cells were maintained in Dulbecco’s
modified eagle medium supplemented with 15% horse serum, 2.5%
bovine calf serum, 2 mM glutamine and antibiotics (100 U/ml
penicillin and 100 μg/mL streptomycin). Both cells were cultured at
37 °C in a 5% CO2 incubator. For hDAT (wild-type or mutant)
transfection, cells were seeded into 24 well plates at a density of 1 ×
105 cells/well. After 24 h, cells were transfected with WT or mutant
hDAT plasmids using Lipofectamine 2000 (Life Tech, Carlsbad, CA).
Cells were used for the experiments after 24 h of transfection.
[3H]DA Uptake Assay. Twenty-four hours after transfection,

[3H]DA uptake in PC12 cells transfected with WT-hDAT and
mutants was performed, as reported previously.76 To determine
whether Tat inhibits DA uptake, kinetic analyses of [3H]DA uptake
were conducted in WT-hDAT and its mutants in the absence or
presence of Tat. In brief, [3H]DA uptake was measured in Krebs-
Ringer-HEPES (KRH) buffer (final concentration in mM: 125 NaCl, 5
KCl, 1.5 MgSO4, 1.25 CaCl2, 1.5 KH2PO4, 10 D-glucose, 25 HEPES,
0.1 EDTA, 0.1 pargyline, and 0.1 L-ascorbic acid; pH 7.4) containing
one of six concentrations of unlabeled DA (final DA concentrations,
1.0 nM−5 μM) and a fixed concentration of [3H]DA (500,000 dpm/
well, specific activity, 21.2 Ci/mmol; PerkinElmer Life and Analytical
Sciences, Boston, MA). In parallel, nonspecific uptake of each
concentration of [3H]DA (in the presence of 10 μM nomifensine,
final concentration) was subtracted from total uptake to calculate
DAT-mediated uptake. To determine the inhibitory effects of Tat on
[3H]DA uptake, cells transfected with WT hDAT or mutant were
preincubated with or without Tat1−86 (500 nM, final concentration) at
room temperature for 20 min followed by addition of [3H]DA for an
additional 8 min. The reaction was conducted at room temperature for
8 min and terminated by washing twice with ice cold uptake buffer.
Cells were lysed in 500 μL of 1% SDS for an hour and radioactivity
was measured using a liquid scintillation counter (model Tri-Carb
2900TR; PerkinElmer Life and Analytical Sciences, Waltham, MA).
Kinetic data were analyzed using Prism 5.0 (GraphPad Software Inc.,
San Diego, CA).
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