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Abstract HIV-1 Tat protein plays a crucial role in perturba-
tions of the dopamine (DA) system. Our previous studies have
demonstrated that Tat decreases DA uptake, and allosterically
modulates DA transporter (DAT) function. In the present stud-
y, we have found that Tat interacts directly with DAT, leading
to inhibition of DAT function. Through computational model-
ing and simulations, a potential recognition binding site of
human DAT (hDAT) for Tat was predicted. Mutation of tyro-
sine470 (Y470H) attenuated Tat-induced inhibition of DA
transport, implicating the functional relevance of this residue
for Tat binding to hDAT. Y470H reduced the maximal velocity
of [3H]DA uptake without changes in the K,;, and ICs values
for DA inhibition of DA uptake but increased DA uptake
potency for cocaine and GBR12909, suggesting that this res-
idue does not overlap with the binding sites in hDAT for
substrate but is critical for these inhibitors. Furthermore,
Y470H also led to transporter conformational transitions by
affecting zinc modulation of DA uptake and WIN35,428 bind-
ing as well as enhancing basal DA efflux. Collectively, these
findings demonstrate Tyr470 as a functional recognition resi-
due in hDAT for Tat-induced inhibition of DA transport and
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transporter conformational transitions. The consequence of
mutation at this residue is to block the functional binding of
Tat to hDAT without affecting physiological DA transport.
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Introduction

The estimated prevalence of HIV-1-associated neurocognitive
disorders (HAND) is about 70 % of HIV-1 positive individuals
with antiretroviral therapy (Robertson et al. 2007; Tozzi et al.
2007; Ernst et al. 2009). Cocaine has been shown to increase
the incidence and exacerbate the severity of HAND by en-
hancing viral replication (Nath et al. 2001; Ferris et al. 2008).
Antiretroviral agents cannot prevent the production of HIV-1
viral proteins, such as Tat protein, in HIV-1 infected brains in
the early stage of HIV-1 infection (McArthur et al. 2010; Nath
and Clements 2011). Tat has been detected in the brains (Del
Valle et al. 2000; Hudson et al. 2000; Lamers et al. 2010) and
the sera (Westendorp et al. 1995; Xiao et al. 2000) of HIV-1
infected patients. Furthermore, Tat interacting with cocaine
exacerbates the progression of neurocognitive impairment
(Buch et al. 2011; Gannon et al. 2011).

Accumulating clinical evidence supported by imaging
(Chang et al. 2008; Meade et al. 2011a), neurocognitive
(Kumar et al. 2011; Meade et al. 2011b), and postmortem
examinations (Kumar et al. 2009; Gelman et al. 2012) reveals
that abnormal neurocognitive function observed in HAND is
associated with dysfunctions in dopamine (DA) neurotrans-
mission (Berger and Arendt 2000; Purohit et al. 2011). The
DA transporter (DAT) terminates DA signaling and thus is
central to control synaptic dopaminergic tone (Torres and
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Amara 2007). DAT activity is strikingly reduced in HIV-1-
infected patients with a history of cocaine use (Wang et al.
2004; Chang et al. 2008). We have demonstrated that Tat
allosterically modulates DAT function and reduces DAT cell
surface expression in rat striatal synaptosomes (Zhu et al.
2009; Zhu et al. 2011; Midde et al. 2012).

Viral replication within HIV-1 infected brain regions re-
sults in Tat release, which elevates DA levels via inhibiting
DAT function (Gaskill et al. 2009). Exposure of HIV-1
infected patients to cocaine further impairs DAT function
and increases synaptic DA levels (Ferris et al. 2010).
Importantly, the elevated DA induced by Tat and cocaine
stimulates viral replication and Tat release (Gaskill et al.
2009), which has been implicated in the neuropathogenesis
of HAND (Li et al. 2009). Considering oxidative stress-
induced damage to dopaminergic neurons, long lasting ex-
posure to viral proteins and elevated DA eventually lead to a
DAT deficit that potentiates HAND severity and accelerates
its progression (Purohit et al. 2011). To the best of our
knowledge, the mechanism(s) of Tat and cocaine interaction
with hDAT have been virtually unexplored. In order to
explore the molecular mechanism(s) underlying the inter-
play of Tat with cocaine in disrupting DAT-mediated DA
neurotransmission, we performed computational modeling
and simulations to predict potential recognition binding sites
of human DAT (hDAT) for Tat. Identifying the functional
recognition residues in hDAT for Tat may provide therapeu-
tic insights into HAND in concurrent cocaine users. Upon
prediction and validation of the functional relevance of
tyrosine 470 (Tyr470) in hDAT, we determined the mecha-
nisms that underlie mutation of Tyr470 in Tat-induced inhi-
bition of DA transport and transporter conformational
transitions.

Materials and methods
Construction of plasmids

Plasmid pcDNA3.1+/Tat;_;, that encodes Tat;_;, protein
was provided by Dr. Avindra Nath (NINDS/NIH). Plasmid
GFP-tagged Tat;_g¢ was a gift from by Dr. Mauro Giacca
(Molecular Medicine Laboratory, ICGEB, Italy). Plasmid
pcDNA3.1+/Tat;_1o; that encodes Tat;_;(; protein was pro-
vided by NIH AIDS Reagent Program. Mutation in hDAT
(tyrosine to histidine, Y470H-hDAT) was generated based
on WT hDAT sequence (NCBI, cDNA clone MGC:164608
IMAGE:40146999) by site-directed mutagenesis. Synthetic
cDNA encoding hDAT subcloned into pcDNA3.1+ (provid-
ed by Dr. Haley E Melikian, University of Massachusetts)
was used as a template to generate Y470H-hDAT using a
QuikChange™ site-directed mutagenesis Kit (Agilent Tech,
Santa Clara CA). The sequence of the mutant construct was
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confirmed by restriction enzyme mapping and DNA
sequencing.

Cell culture and DNA transfection

CHO cells (ATCC #CCL-61) were maintained in F12 me-
dium supplemented with 10 % fetal bovine serum (FBS) and
antibiotics (100 U/ml penicillin and 100 pg/mL streptomy-
cin) at 37 °C in a 5 % CO, incubator. For hDAT transfec-
tion, cells were seeded into 24 well plates at a density of 1 x
10° cells/cm?. After 24 h, cells were transfected with WT or
mutant DAT plasmids using Lipofactamine 2000 (Life Tech,
Carlsbad, CA). Cells were used for the experiments after
24 h of transfection.

Co-immunoprecipitation (Co-IP) of DAT and Tat

To determine whether Tat directly binds to DAT, Co-IP of Tat
and DAT assays were performed in rat synaptosomes after
exposure to recombinant Tat; g as described previously (Li et
al. 2008). In brief, rat anti-DAT antibody (6 pg, MAB369,
Millipore, Temecula, CA) was incubated with 20 pl protein
A/G agarose beads (SC2003, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) for 5-6 h at 4 °C with constant rotating and
were centrifuged at 8,000 g for 5 min. The agarose-anti DAT
antibody complex was washed five times with immunopre-
cipitation buffer (1 % Triton X-100, 150 mM NaCl, 10 mM
Tris, 1 mM EDTA, 1 mM EGTA, 0.2 mM sodium ortho-
vanadate, 0.2 mM PMSF, 0.5 % NP-40) to remove the un-
bound antibody. Rat synaptosomes from striatum and cerebel-
lum, and spleen homogenates were prepared as described
previously (Zhu et al. 2009) and adjusted to equal protein
concentration (1.5 mg/ml) using the Bradford protein assay
(Bradford 1976). Then, aliquots (500 pg) of synaptosomes or
homogenates were incubated in Krebs-Ringer-HEPES (KRH)
buffer (final concentration in mM: 125 NaCl, 5 KCI,
1.5 MgSQ,, 1.25 CaCl,, 1.5 KH,PO,4, 10 D-glucose, 25
HEPES, 0.1 EDTA, 0.1 pargyline, and 0.1 L-ascorbic acid;
pH 7.4) containing recombinant Tat;_g¢ (350 nM, final con-
centration, Clade B, # REP0002a, DIATHEVIA, Fano, Italy)
for 1 h at room temperature and were then centrifuged at
8,000 g for 5 min. The resulting pellets were washed 5 times
with KRH buffer. The pellets were resuspended and added to
the agarose-antibody complex and incubated with agitation at
4 °C overnight. These samples (agarose-antibody-protein
complex) were centrifuged at 8,000 g for 1 min and the
resulting pellets were washed with immunoprecipitation buff-
er 5 times. These samples were then mixed with 2 x Laemmli
sample buffer and boiled for 5 min. To detect immunoreactiv-
ity of DAT or Tat protein, the samples were then subjected to
Western blotting with either goat polyclonal DAT antibody
(1:200, Cat # SC-1433, Santa Cruz Biotechnology Inc., Santa
Cruz, CA) or mouse anti HIV-1 Tat (1:1000, Cat # ab24778,
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Abcam, Cambridge, MA) using our published method (Zhu et
al. 2009).

GST-pull-down assay

To confirm whether Tat interacts with DAT through a protein-
protein interaction, GST-Tat fusion protein was used as bait
for pull-down DAT to show their interaction as described
previously (Li et al. 2008). In brief, BL21 E. coli expressing
pGEX-Tat;_g¢ (obtained from Dr. Virginie W Gautier,
University College Dublin, Ireland) and GST only (as nega-
tive control) were grown in liquid culture media and induced
GST protein expression by 100 mM IPTG. These GST pro-
teins were added to glutathione sepharose beads (17-0756-01,
GE Healthcare) and then incubated with the cell lysates from
CHO cells transfected with hDAT. The beads were washed
with the immunoprecipitation buffer described above and
mixed with protein sample buffer. The eluted proteins were
subjected to immunoblotting with anti-DAT antibody (Cat #
SC-1433, Santa Cruz Biotechnology Inc., Santa Cruz, CA).

Predicting the site for hDAT binding with Tat

The binding structure of hDAT with HIV-1 clade B type Tat
was modeled and simulated based on the nuclear magnetic
resonance (NMR) structures of Tat (Peloponese et al. 2000)
and the constructed structure of DAT(DA), as reported previ-
ously (Huang and Zhan 2007; Huang et al. 2009). Briefly,
Brownian dynamics (BD) simulations were performed to
obtain the initial binding structure of the hDAT-Tat complex.
Starting from the available 11 NMR structures of Tat, the BD
simulations were launched from a spherical surface around the
extracellular side of hDAT, and the electrostatic interaction
energy was calculated for each BD trajectory by multiplying
the electrostatic potential of hDAT with the atomic charges of
Tat. The initial complex for hDAT binding with Tat was
identified from the BD trajectories, with the lowest interaction
energy and the best geometric matching quality. The identified
initial hDAT-Tat complex structures were energy-minimized
in the same way as described in our previous studies on hDAT
binding with DA and cocaine (Huang and Zhan 2007; Huang
et al. 2009). Molecular dynamics (MD) simulations were
performed to further relax and equilibrate the energy-
minimized structure of the hDAT-Tat binding complex.
Finally, the MD-simulated hDAT-Tat binding structure was
energy-minimized and analyzed.

Preparation of released Tat from Tat-expressing cells

To generate released Tat from Tat-expressing cells, CHO cells
were seeded into 60 mm plates at a density of 1x10%cm?.
After 24 h, cells were transfected with different amounts (5 or
10 pg) of plasmid DNAs for Tat,_5,, GFP-tagged Tat;_g¢ and

Tat;_;9; using Lipofactamine 2000. Cells transfected with
pcDNA3.1+ were used as a negative control. After transfec-
tion, culture media from Tat-transfected cells were collected at
24,48 and 72 h.

[PH]DA uptake assay

Twenty four hours after transfection, [PH]DA uptake in CHO
cells transfected with wild type hDAT (WT hDAT) and
Y470H-hDAT was performed in KRH buffer using a modified
procedure as reported previously (Zhu et al. 2009). To deter-
mine whether mutated hDAT alters the maximal velocity
(Vimax) OF Michaelis-Menten constant (K,,) of [’H]DA uptake,
kinetic analyses were conducted in WT hDAT versus Y470H-
hDAT in the presence or absence of recombinant Tat;_gs. To
generate saturation isotherms, [’HJDA uptake was conducted
in duplicate wells containing one of six concentrations of
unlabeled DA (final DA concentrations, 1.0 nM—5 uM) and
a fixed concentration of [PH]DA (500,000 dpm/well, specific
activity, 31 Ci/mmol; PerkinElmer Life and Analytical
Sciences, Boston, MA). In parallel, nonspecific uptake of each
concentration of [PH]DA (in the presence of 10 puM
nomifensine, final concentration) was subtracted from total
uptake to calculate DAT-mediated uptake. To determine the
effect of Tat on DA uptake, cells transfected with WT or
Y470H-hDAT were preincubated with each concentration of
[*H]DA in the presence or absence of the concentrations of
released Tat or Tat;_gg (350 nM). The reaction was terminated
by washing twice with ice cold uptake buffer. Cells were
solubilized in 1 % SDS and radioactivity was measured using
a liquid scintillation counter (model Tri-Carb 2900TR;
PerkinElmer Life and Analytical Sciences, Waltham, MA).
Kinetic parameters (V. and K;,,) were determined using
Prism 5.0 (GraphPad Software Inc., San Diego, CA).

For the competitive inhibition experiment, assays were
performed in duplicate in a final volume of 500 pl. Cells in
each well were incubated in 450 ul buffer containing 50 pl
one of final concentrations of unlabeled DA (1 nM—1 mM),
GBR12909 (1 nM-10 uM), cocaine (1 nM—-1 mM), or
ZnClI, (10 uM) at 37 °C for 10 min and [’H]DA uptake
was determined by addition of 50 ul of [PH]DA (0.1 uM,
final concentration) for an additional 5 min.

Immunodepletion

Released Tat was prepared as described above. Seventy-two
hours after transfection with Tat, 7, plasmid, aliquots (500 pl)
of the conditioned media were incubated with mouse anti-Tat
antibody (1:200, # ab6539, Abcam, Cambridge, MA) at 4 °C
for 2 h on a shaking platform, followed by incubation with
20 pl of Protein A/G-PLUS Agarose beads (# SC2003, Santa
Cruz Biotechnology Inc., Santa Cruz, CA) at 4 °C for 2 h.
After incubation, the agarose-antibody-Tat complex was
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pelleted at 12,000 g for 2 min at 4 °C and supernatants were
collected. For the immunodepletion assay, CHO cells
transfected with hDAT were incubated with either Tat-
conditioned media or supernatant at 37 °C for 2 h, followed
by [PH]DA uptake assay, as described above. Anti-Tat anti-
body specificity for the Tat protein was determined by using
mouse IgG1 kappa monoclonal antibody (1:200, # ab18447,
Abcam, Cambridge, MA) as an isotype control.

Cell surface biotinylation

To determine whether decreased DA uptake in Y470H-hDAT
is due to a reduction of cell surface DAT, biotinylation assays
were performed as described previously (Zhu et al. 2005).
CHO cells expressing hDAT and Y470H-hDAT were plated
on 6 well plates at a density of 10° cells/well. Cells were
incubated with 1 ml of 1.5 mg/ml sulfo-NHS-SS biotin
(Pierce, Rockford, IL) in PBS/Ca/Mg buffer (In mM:
138 NaCl, 2.7 KCl, 1.5 KH,POy, 9.6 Na,HPO,4, 1 MgCl,,
0.1 CaCl,, pH 7.3). After incubation, cells were washed 3
times with 1 ml of ice-cold 100 mM glycine in PBS/Ca/Mg
buffer and incubated for 30 min at4 °C in 100 mM glycine in
PBS/Ca/Mg buffer. Cells were then washed 3 times with 1 ml
of ice-cold PBS/Ca/Mg buffer and then lysed by addition of
500 ml of Triton X-100, 1 pg/ml aprotinin, 1 pg/ml leupeptin,
1 uM pepstatin, 250 uM phenylmethylsulfonyl fluoride),
followed by incubation and continual shaking for 20 min at
4 °C. Cells were transferred to 1.5 ml tubes and centrifuged at
20,000 g for 20 min. The resulting pellets were discarded, and
100 pl of the supernatants was stored at —20 °C for determi-
nation of immunoreactive total DAT. Remaining supernatants
were incubated with continuous shaking in the presence of
monomeric avidin beads in Triton X-100 buffer (100 pl/tube)
for 1 h at room temperature. Samples were centrifuged sub-
sequently at 17,000 g for 4 min at 4 °C, and supernatants
(containing the nonbiotinylated, intracellular protein fraction)
were stored at —20 °C. Resulting pellets containing the avidin-
absorbed biotinylated proteins (cell-surface fraction) were
resuspended in 1 ml of 1.0 % Triton X-100 buffer and
centrifuged at 17,000 g for 4 min at 4 °C, and pellets were
resuspended and centrifuged twice. Final pellets consisted of
the biotinylated proteins adsorbed to monomeric avidin beads.
Biotinylated proteins were eluted by incubating with 50 ul of
Laemmli sample buffer for 20 min at room temperature. If
further assay was not immediately conducted, samples were
stored at —20 °C.

[PH]JWIN 35,428 binding assay
For the competitive inhibition experiment, cells transfected
with hDAT and Y470H-hDAT were incubated in KRH buffer

containing 50 pl of [PH]WIN 35,428 (5 nM, final concentra-
tion, specific activity, 85 Ci/mmol) and ZnCI, (10 uM) using
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our published method (Zhu et al. 2009). The reaction was
terminated by washing twice with ice cold KRH buffer.
Nonspecific binding at each concentration of [PHJWIN
35,428 was determined in the presence of 30 uM cocaine
(final concentration). Cells were solubilized in 1 % SDS and
radioactivity was measured using a liquid scintillation counter.

DA efflux assay

Basal efflux from CHO cells transfected with hDAT or mutated
hDAT was measured, as described previously (Guptaroy et al.
2009). Cells were incubated in 24 well plates at a density of 10°
cells/well for 24 h. Before assays, cells were washed 3 times
with KRH buffer and preloaded with [?H]DA (0.05 M, final
concentration) for 20 min at room temperature. After loading,
cells were washed 3 times with KRH buffer. To obtain an
estimate of the total amount of [PH]DA in the cells at the zero
time point, cells from a set of wells (four wells/sample) were
lysed rapidly in 1 % SDS after preloading with [P’H]DA. Buffer
(500 pl) was added into separate set of cell wells and transferred
to scintillation vials after 1 min as fractional efflux at 1 min, and
another 500 pl buffer was added to the same wells (where the
buffer was just removed for 1 min time point) and collected to
vials after 10 min. Additional fractional efflux at 20, 30, 40 and
50 min, respectively, was repeated under the same procedure.
After 40 or 50 min, cells were lysed and counted as total amount
of [’H]DA remaining in the cells from each well. To determine
whether exposure to Tat alters basal DA efflux, CHO cells
transfected with hDAT were incubated with Tat-conditioned
media from Tat-transfected cells collected at 72 h after trans-
fection at 37 °C for 2 h, followed by DA efflux assay.

Data analysis

Descriptive statistics and graphical analyses were used as
appropriate. Results are presented as mean = S.E.M., and n
represents the number of independent experiments for each
experiment group. ICso values for DA, cocaine and
GBR12909 inhibiting specific [’H]DA uptake were deter-
mined from inhibition curves by nonlinear regression analysis
using a one-site model with variable slope. Kinetic parameters
(Vimax 0r K,) of [PH]DA uptake were determined from satu-
ration curves by nonlinear regression analysis using a one-site
model with variable slope. For experiments involving com-
parisons between unpaired samples, unpaired Student’s ¢ test
was used to assess any difference in the kinetic parameters
(ICs0, Vimax or K,;)) between WT and mutant; log-transformed
values of ICs( or K, were used for the statistical comparisons.
Significant differences between samples were analyzed with
separate ANOVAs followed by post-hoc tests, as indicated in
the results section of each experiment. All statistical analyses
were performed using IBM SPSS Statistics version 20, and
differences were considered significant at p < 0.05.
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Results
Tat protein directly binds to hDAT

Exposure of rat striatal synaptosomes to Tat protein inhibits
DA uptake (Zhu et al. 2009). To determine whether Tat
protein directly binds to DAT, we performed Co-IP of
hDAT and Tat assays. As depicted in Fig. 1a, recombinant
Tat;_g¢ bound to Tat antibody was able to immunoprecipitate
hDAT in rat striatal synaptosomes but not in spleen and
cerebellum where the density of DAT was low. To confirm
this finding, we also used GST-Tat fusion protein (as bait) to
pull down hDAT to show their interaction. Figure 1b shows
that GST-Tat;_g¢ bound to hDAT protein. These data strong-
ly suggest that the influence of Tat on DAT function in-
volves a protein-protein interaction between Tat and DAT,
which provides an experimental base for us to perform the
following computational modeling analysis of the bindings
between Tat and hDAT.

Binding structure of hDAT with HIV-1 Tat

The energy-minimized binding structure of hDAT with Tat
following the MD trajectory was shown in Fig. 1c and d. Tat

Fig. 1 A direct interaction between Tat and DAT and the energy-p

minimized hDAT(DA) binding complex following the MD simulation.
Co-IP of DAT and Tat was performed by immunoprecipitation (IP)
with anti-DAT antibody as bait and immunoblot (IB) with anti-Tat
antibody. (a) Co-IP of DAT and Tat. Rat synaptosomes from spleen,
cerebellum, striatum were preincubated with (+, lanes 1, 2 and 4, from
left) or without (—, lane 3) 350 nM recombinant Tat; gs (rTat;_ge). Top
panel: DAT immunoreactivity was detected in striatum but not in
spleen and cerebellum. Bottom panel: rTat; g bound to agarose beads
was able to immunoprecipitate DAT in rat striatum but not in spleen
and cerebellum. rTat; g5 (10 ng) was loaded in lane 5 as the positive
control for Tat immunoreactivity. (b) GST-Tat, gc bound to WT hDAT
protein. Top panel: The GST-Tat;_gs fusion proteins were bound to
glutathione-sepharose beads, and then incubated with cell lysates from
CHO cells transfected with WT hDAT at room temperature for 1 h
following Western Blot using anti-DAT. GST-Tat fusion protein bound
to glutathione-sepharose was able to pull down DAT, but GST alone
was not. Bottom panel: DAT immunoreactivity in CHO cells express-
ing hDAT was shown in all lanes. (¢) Side view of the complex
structure. Tat is shown as the ribbon in cyan color and hDAT(DA) as
the ribbon in gold color. Atoms of residue C22 (Cys22) of Tat are
shown as overlapped balls in cyan color. Atoms of substrate dopamine
(DA) and the CI” ion are shown as overlapped balls in green color.
2 Na" ions are shown as balls in blue color. The vestibule (colored in
purple) is represented as the molecular surface calculated by using the
program HOLLOW (Ho and Gruswitz 2008). (d) Local view of the
anchoring residues Lys 19 (K19) and Cys22 (C22) of Tat inside the
vestibule of hDAT(DA). Residues K19 and C22 of Tat are shown in
ball-and-stick style, and colored by the atom types. Residue Tyr470
(Y470) of hDAT(DA) is also shown in ball-and-stick style and colored
by the atom types. The hydrogen bonding between the K19 side chain
of Tat and the hydroxyl oxygen atom on Y470 side chain of
hDAT(DA) is indicated with the dashed line. Non-polar hydrogen
atoms are not shown for clarity. The positions of transmembrane
domainll and 12 (TM11 and TM12) of hDAT(DA) are also labeled

protein is located on the gate of the vestibule of hDAT(DA).
A loop (formed from residues #19 to #22) of Tat is
plunged into the vestibule of hDAT(DA), blocking the
central pore of the substrate-entry tunnel of hDAT(DA).
Tat and DAT molecules bind with each other through
both electrostatic interactions and shape complementarity.
Particularly, the side chain of Cys22 (C22) of Tat is
located inside the vestibule of hDAT(DA), contacting
closely with the side chain of Tyr470 residue of hDAT
and Lys19 (K19) side chain of Tat. The positively
charged head group of Lysl19 side chain of Tat is
hydrogen-bonded with the hydroxyl oxygen on Tyr470
side chain of hDAT(DA). The positively charged side
chain of Lys19 also interacts with the aromatic side chain
of Tyrd70 through the cation-7t interaction; the modeled
distance between the N atom of Lys19 side chain and the
center of the aromatic ring of Tyr470 side chain of
hDAT(DA) is 4.55 A. Based on the modeled hDAT-Tat
complex structure, we predicted that residue Tyr470 is
critical for the hDAT binding for Tat.

+ o+ - + rTat, g

IP: DAT ‘ - ‘ IB: Tat
Q
i e>\§ «z}“\'& N
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Extracellularly released Tat is more potent than recombinant
Tat in inhibiting hDAT function

Most previous studies of Tat-induced inhibition of DAT func-
tion have been performed using recombinant Tat. To mimic
the nature of Tat released from HIV-1 infected cells, we have
established a technique to ensure that clade B type Tat can be
released from Tat-expressing cells, and the effects of released
Tat on DA uptake were examined. CHO cells were transfected
with different amounts of plasmid Tat,_;, GFP-tagged Tat,_
g6, and Tat;_;o; DNA, and subsequently the conditioned me-
dia from these transfected cells were collected as a source of
released Tat. The estimated amount (~1 ng/ml) of released Tat
in culture media was measured by the density of immunore-
active bands and quantitated by comparison to a known
amount of recombinant Tat;_gg.

To determine the effects of released Tat on DA uptake, we
first performed the concentration and time-dependent studies
for released Tat. Different amounts of released Tat from con-
ditioned media collected at 24, 48 and 72 h were tested in
[*H]DA uptake in CHO expressing hDAT. A maximal effect of
released Tat on DA uptake was observed when 100 pl condi-
tioned media collected at 72 h were used (data not shown). As
shown in Fig. 2a, released Tat from cells transfected with Tat,;
72, Tat;_ge or Tat;_jo; produced a similar magnitude of change
from control in [PH]DA uptake (F3, 12y=29.6; p<0.01, one-
way ANOVA with Dunnett’s multiple comparison test),
suggesting that Tat;_7,, Tat;_g¢ and full length Tat;_;(; exhibit
an equal ability in Tat-induced inhibitory effect on DA trans-
port. We next determined whether the inhibitory effect on DA
uptake was specific for released Tat by immunodepletion assay
(Fig. 2b). Exposure to released Tat (1 ng/ml) produced a
significant reduction (31+2.7 %) of specific ["H]DA uptake
compared to control (media collected from cells transfected
with vector alone). The released Tat-induced decrease in DA
uptake was diminished by immunodepletion with anti-Tat
antibody but not with an isotype control antibody (F3 12)=
13.4; p<0.001, one-way ANOVA with Tukey’s multiple com-
parison test). These data also confirmed that the inhibitory
effect of incubation with conditioned media on DA uptake
was specific for released Tat.

Mutation of Tyr470 alters DA uptake kinetics and potency
of substrate and inhibitors

To validate the feasibility of the computational model of the
DAT(DA)-Tat complex, we determined whether a specific
residue (Tyrd470, which was predicted by the computational
modeling as one of favorable intermolecular interactions be-
tween Tat and hDAT) in hDAT is important for intermolecular
interaction between Tat and DAT. A mutation in hDAT (tyro-
sine to histidine, Y470H-hDAT) was generated by
site-directed mutagenesis. We first determined the
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Fig. 2 Inhibition of DA uptake by released Tat from Tat-expressing
cells. a CHO cells transfected with WT hDAT were preincubated in
KRH buffer including 100 pl conditioned media collected at 72 h from
cells transfected with plasmid Tat, 75, Tat, g¢, Tat;_jo; DNAs and
vector alone (Control) followed by addition of [PH]DA uptake. * p<
0.05 different from control (Dunnett’s Multiple comparison test). b
Specificity of released Tat in inhibition of [’H]DA uptake. Conditioned
media collected at 72 h from cells transfected with Tat,_;, were
preincubated with anti-Tat antibody or isotype control IgG at 4 °C
for 3 h, followed by incubation with protein A/G—Agarose beads 4 °C
for 2 h. Media collected at same time from cells transfected with vector
alone was used as control. Cells transfected with WT hDAT were
preincubated in KRH buffer containing supernatants from the aga-
rose-antibody-medium-beads complex, followed by [PH]DA uptake.
Released Tat; 7, caused significant decrease in [’H]DA uptake, which
was attenuated by immunodepletion with anti-Tat antibody but not
isotype control antibody (one-way ANOVA followed by Tukey’s mul-
tiple comparison test). * p<0.05 different from control. # p<0.05
different from Tat; 7, and Tat;_7,+Con IgG. (n=4)

pharmacological profiles of [’H]DA uptake in CHO cells
transfected with equal amounts of plasmid DNA for WT
hDAT and mutated hDAT. As shown in Fig. 3a, the Y470H-
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Fig. 3 [*H]DA uptake and DAT surface expression in WT hDAT and
mutant. a Kinetic analysis of [’H]DA uptake in WT hDAT and Y470H-
hDAT. CHO cells transfected with WT hDAT or Y470H-hDAT were
incubated with one of six mixed concentrations of the ["H]DA as total
rate of DA uptake. In parallel, nonspecific uptake of each concentration
of [PH]DA (in the presence of 10 tM nomifensine, final concentration)
was subtracted from total uptake to calculate DAT-mediated uptake. *
p<0.05 compared to control value (unpaired Student’s ¢ test) (n=5). b
Cell surface of WT hDAT (WT) or Y470H-hDAT (Y470H) was
analyzed by biotinylation. Top panel: representative immunoblots in
CHO cells expressing WT hDAT or Y470H-hDAT. Bottom panel: DAT
immunoreactivity is expressed as mean £+ S.E.M. densitometry units
from three independent experiments (n=3). * p<0.05 compared to WT
hDAT (unpaired Student’s ¢ test)

hDAT displayed a decrease in the V., values (2.8+
0.8 pmol/min/10° cells) compared with WT hDAT [15.7+
0.9 pmol/min/10° cells; t(3)=15.6, p<0.001, unpaired
Student’s 7 test]; no difference in the K, values was observed.

We have reported that Tat protein influences selective
binding sites on the DAT, with differential impact on bind-
ing to GBR12909, WIN35,428 and cocaine (Zhu et al.
2009; Zhu et al. 2011). To explore the potential relationship
between the binding sites of Tat in DAT and the binding

sites of DAT substrate and inhibitors, we also tested the
ability of DA, cocaine and GBR12909 to inhibit [PH]DA
uptake in WT hDAT and Y470H-hDAT (Table 1). The
apparent affinity (ICsq) for DA was not significantly differ-
ent between the WT hDAT (895+80 nM) and Y470H-hDAT
(73772 nM). However, the potencies of cocaine and
GBR12909 for inhibition of [°’H]DA uptake were ~3.5-fold
greater in Y470H-hDAT as compared with WT hDAT
(unpaired Student’s ¢ test).

To assess whether the decreased V.« in this mutant was
caused by decreased surface DAT expression, we determined
DAT surface expression in CHO cells transfected with WT or
Y470H-hDAT using cell surface biotinylation. As shown in
Fig. 3b, despite no difference in the ratio of surface DAT to
total DAT between WT and Y470-hDAT (biotinylated/total:
WT, 0.70+0.06; and Y470H, 0.68+0.1; p>0.05, one-way
ANOVA), the absolute surface DAT in the mutant hDAT was
decreased slightly compared to WT hDAT (unpaired Student’s
t test). Thus, the reduction of available DAT on the cell surface
may also partially contribute to the decreased DA uptake
actually measured in Y470H-hDAT, relative to WT DAT.

Mutation of Tyr470 attenuates Tat-induced inhibitory effects
on DA transport

To determine whether the mutation of Tyr470 alters inhibitory
effects of Tat on DA uptake, we examined the specific [PTH]DA
uptake in WT hDAT and Y470H-hDAT in the presence or
absence of released Tat;_7, (1 ng/ml) or recombinant Tat;_gg
(350 nM). As shown in Fig. 4a, two-way ANOVA on the
specific [P’H]DA uptake in WT and Y470H-hDAT revealed a
significant main effect of mutation (F;, 24y=6.5; p<0.05), Tat
treatment (Fy, 24)=7.5; p<0.05) and a significant mutation x
Tat interaction (F(;, 24=8.9; p<0.05). A subsequent simple
effect analysis revealed a dramatic decrease (80 %) in ["H]DA
uptake in Y470H-hDAT (F(,, 12)=25; p<0.001) compared to
WT hDAT in the absence of Tat. Exposure to Tat decreased
PH]DA uptake by 50 % in hDAT (F. 1»=16.1; p<0.01;
Fig. 4a); however, no effect of Tat was observed in Y470H-
hDAT (F(1, 12)=0.05; p>0.05), suggesting that mutation of

Table 1 Summary of inhibitory activities in [°’H]DA uptake in WT and
mutated hDAT in the presence of DA, cocaine or GBR12909

DA cocaine GBR12909
ICs0 (nM)
WT hDAT 895+80 370+40 160+£30
Y470H-hDAT 737+72 100+30* 50+10%*

Data are calculated as a percentage of DA uptake in the absence of
substrate or inhibitor and analyzed by nonlinear regression. Data are
presented as mean + S.E.M. of ICs, values from three to four indepen-
dent experiments performed in duplicate. * p<0.05 compared with WT
hDAT (unpaired Student’s ¢ test).
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Fig. 4 Effects of Tat on kinetic analysis of [*’H]DA uptake in WT
hDAT and mutant. a CHO cells transfected with WT or Y470H-hDAT
were preincubated with or without released Tat; -, (1.0 ng/ml) at room
temperature for 20 min followed by the addition of one of six mixed
concentrations of the [PH]DA. In parallel, nonspecific uptake at each
concentration of [3 H]DA (in the presence of 10 pM nomifensine, final
concentration) was subtracted from total uptake to calculate DAT-
mediated uptake. b [PH]DA uptake in cells transfected with WT or
Y470H-hDAT was determined in the presence or absence of recombi-
nant Tat;_ge (rTat|_gs, 350 nM, final concentration). ¢ [3H]DA uptake
in cells transfected with WT (0.8 pg plasmid cDNA) or Y470H-hDAT
(2.4 pg plasmid cDNA) was determined in the presence or absence of
rTat; g6 (350 nM). Data are expressed as means from five independent
experiments = S.E.M. * p<0.05 compared with the respective control
values. # p<0.05 compared to WT hDAT. (n=5)

Tyr470 in hDAT attenuates Tat-induced reduction of hDAT
function.

With regard to the effect of recombinant Tat;_g on DA
uptake (Fig. 4b), a separate two-way ANOVA analysis re-
vealed a significant main effect of mutation (F(;, 24)=7.4;
p<0.05) and Tat treatment (F(;, 24)=9.5; p<0.05) as well as
a significant mutation x Tat interaction (F(;, 24,=12.9;
p<0.05). [’H]DA uptake in Y470H-hDAT was 19 % of that
in WT hDAT in cells transfected with equal amount of plas-
mid DNA for WT and mutated DAT, which is consistent with
the low DAT expression observed in Fig. 3b. Exposure to
Tat, g decreased [PH]DA uptake by 38 % in WT hDAT
(Fa, 12y=12.8; p<0.01); however, no effect of Tat on
[PH]DA uptake was observed in Y470H-hDAT. Since DA
uptake is linear with DAT expression, in order to rule out
whether the lack of effect of Tat on DA uptake in this mutant
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hDAT is due to a low DAT expression level in Y470H-hDAT
relative to WT hDAT, we corrected the V., value of Y470H-
hDAT to 40 % of that in WT hDAT using 3x amount of
plasmid Y470H DNA in transfection (Fig. 4c), as reported
previously (Chen et al. 2004). A two-way ANOVA revealed a
significant main effect of mutation (F;, 24)=6.4; p<0.05) and
Tat treatment (F(;, 24)=5.5; p<0.05) as well as a significant
mutation* Tat interaction (F(;, 24)=11.2; p<0.05). Similarly,
exposure to recombinant Tat;_gs decreased V .« by 35 % and
6 % in WT hDAT and Y470H-hDAT, respectively. Thus, this
result supports the inference that Tyr470 in hDAT is critical for
HIV-1 Tat-induced inhibition of dopamine transport.

Mutation of Tyr470 affects zinc regulation of DAT
conformational transitions and basal DA efflux

We hypothesize that Tat, via allosteric modulation sites, alters
conformational states of DAT, thereby decreasing DA trans-
port. To test this possibility, we determined whether mutation of
Tyr470 affects zinc regulation of DAT conformational transi-
tions and basal DA efflux. In general, the conformational
changes in DA transport processes involve conversions be-
tween outward-and inward-facing conformations (Zhao et al.
2010). Occupancy of the endogenous Zn”* binding site in WT
hDAT (His193, His375, and Glu396) stabilizes the transporter
in an outward-facing conformation, which allows DA to bind
but inhibits its translocation, thereby increasing ["THJWIN
35,428 binding (Norregaard et al. 1998; Moritz et al. 2013),
but decreasing DA uptake (Loland et al. 2003). Addition of
Zn*" is able to partially reverse an inward-facing state to an
outward-facing state (Norregaard et al. 1998; Loland et al.
2003). On the basis of this principle, the addition of Zn** to
WT hDAT would inhibit DA uptake, whereas in a functional
mutation in DAT Zn®" might diminish the preference for the
inward-facing conformation and thus enhance DA uptake. To
explore this possibility, we examined the effects of Tyr470
mutation on Zn®>" modulation of [*’H]DA uptake and
[*H]WIN35,428 binding that are thought to reflect stabilization
of outwardly facing transporter forms (Richfield 1993;
Norregaard et al. 1998). For these experiments, CHO cells
expressing WT and Y470H-hDAT were treated with 10 pM
ZnCl, and assayed for both [’H]DA uptake and [’H]WIN
35,428 (Fig. 5a and b). As shown in Fig. 5a, two-way
ANOVA on the specific [P’HJDA uptake in WT and Y470H-
hDAT revealed a significant main effect of mutation (F;, 24)=
11.5; p<0.05), zinc (F(;, 24y=9.1; p<0.05) and a significant
mutation x zinc interaction (F(;, 24y=9.9; p<0.05). The addition
of Zn*" decreased [PH]DA uptake in WT and Y470H-hDAT by
89 % versus 32 %, respectively (Fig. 5a, p<0.001 relative to
control, unpaired Student’s ¢ test). A two-way ANOVA on the
specific [PHJWIN35,428 binding in WT and Y470H-hDAT
revealed a significant main effect of mutation (F(;, 24,=6.5;
p<0.05), zinc (F(;, 24)=4.3; p<0.05) and a significant
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mutation X zinc interaction (F;, 24,=4.2; p<0.05). Zn*" caused
a 40 % increase in ["THJWIN 35,428 binding in WT but had no
effect on Y470H-hDAT (Fig. 5b, p<0.001 relative to control,
unpaired Student’s ¢ test). The data suggest that Tyr470
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Fig. 5 Mutation of Tyr470 alters transporter conformational transi-
tions. Tyr470 mutation of DAT affects zinc regulation of DA uptake (a)
and [PHJWIN 35,428 binding (b). CHO cells transfected with WT or
Y470H-hDAT were incubated with KRH buffer alone (control) or with
ZnCl, (10 uM, final concentration) followed by [PH]DA uptake or
[PHJWIN 35,428 binding (n=4). The histogram shows ["H]DA uptake
and [PH]WIN 35,428 binding expressed as mean=S.E.M. of the re-
spective controls set to 100 % for the mutant. * p<0.05 compared to
control. * p<0.05 compared to WT hDAT with ZnCl,. ¢ Functional DA
eftlux properties of WT hDAT and mutant. CHO cells transfected WT
or Y470H-hDAT were preincubated with [PH]DA (0.05 uM, final
concentration) at room temperature for 20 min. After incubation, cells
were washed and incubated with fresh buffer at indicated time points.
Subsequently, the buffer was separated from cells, and radioactivity in
the buffer and remaining in the cells was counted. Each fractional
PHIDA efflux in WT hDAT and Y470H-hDAT was expressed as
percentage of total [°H] in the cells at the start of the experiment.
Fractional [3H]DA efflux at 1, 10, 20, 30 and 40 min are expressed
as the percentage of total [*H]DA with preloading with 0.05 uM (WT
hDAT: 15,379+1,800 dpm and Y470H-hDAT: 2,488+150 dpm) pres-
ent in the cells at the start of the experiment (n=4). * p<0.05 and ** p<
0.01, compared to WT hDAT (Bonferroni #-test). d Functional DA
efflux properties of WT hDAT in the presence or absence of Tat; 7;.
CHO cells transfected with WT hDAT were preincubated with released
Tat;_7> (1 ng/mg) followed by DA efflux assay. Fractional [*H]DA
efflux at 1, 10, 20, 30, 40 and 50 min are expressed as the percentage of
total [PH]DA with preloading with 0.05 uM (control: 14,200+
1,448 dpm and released Tat: 10,102+1,505 dpm) present in the cells
at the start of the experiment (n=6). " p<0.05 and ~~ p<0.01, compared
to WT hDAT in the absence of Tat (Bonferroni #-test)

mutation disrupts an intermolecular interaction key for mainte-
nance of the outward—facing conformation.

To further determine the role of Y470H-hDAT in the
transition between outward-facing and inward-facing states,
we also examined basal DA efflux in WT hDAT and this
mutant. As shown in Fig. 5c, after preloading with 0.05 uM
[PH]DA for 20 min at room temperature, cells were washed
and fractional DA efflux samples were collected at the
indicated times. A two-way ANOVA revealed significant
main effects of mutation (F(;, 14)=170; p<0.001) and time
(F4, s6y=145; p<0.001). A significant mutation x time inter-
action (F, 56=78; p<0.001) was also found. Post-hoc
analysis revealed robust increases in DA efflux at 1, 10,
20, and 30 min compared to WT hDAT (p<0.05, Bonferroni
t-test). To determine whether exposure to Tat represents
similar results, basal DA efflux in WT hDAT was deter-
mined in the presence or absence of released Tat,_;,
(Fig. 5d). The fractional basal DA efflux data in WT
hDAT were expressed as a percentage change in the respec-
tive controls of total DA content in cells with or without Tat.
Two-way ANOVA revealed a significant main effect of
treatment (F(; 10)=18.7; p<0.01) and time (F(s 50)=291.9;
p<0.001) as well as a significant treatment  time interaction
(Fes, 50=9.9; p<0.001). Although a lower magnitude of DA
efflux in response to Tat treatment was found in WT hDAT in
comparison to DA efflux in Y470H-hDAT (Fig. 5d), post-hoc
analysis revealed that exposure to released Tat;_;, significant-
ly increased basal DA efflux at 1, 10, 20 and 30 min compared
to control (p<0.05, Bonferroni #-test). These data further
support the possibility that Tyr470 mutation causes a regional
conformational change that affects hDAT associated with Tat.

Discussion

In the current study, we used an integrated approach including
computational modeling and simulations, protein mutagenesis
and molecular pharmacological function assays to explore a
key residue in the intermolecular interactions between HIV-1
Tat and hDAT. Our data provide additional evidence showing a
direct interaction between Tat and hDAT as suggested in our
previous report (Zhu et al. 2009). Through modeling and
simulations, the site for Tat interaction with DAT has predicted
that residue Tyr470 in hDAT is crucial for HIV-1 Tat-induced
inhibition of DA transport. Tyr470 mutation did not alter the
affinity for DA uptake but increased DA uptake potency for
cocaine and GBR12909, suggesting that Tyr470 does not
overlap with the substrate binding site but disrupts the binding
sites on DAT for these inhibitors. Importantly, mutation of
Tyr470 alters Zn>" modulation of DAT and basal DA efflux,
compared to WT hDAT, implying a mechanistic context for the
transporter conformational transitions by this mutant.
Collectively, our results provide a relatively comprehensive
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molecular insight into this important residue for DA translo-
cation and the underlying allosteric mechanism in DAT for Tat
binding.

In response to the fundamental question of how Tat in-
teracts with hDAT through their recognition binding sites to
interrupt DAT-mediated DA transmission, our computational
model has predicted Tyr470 of hDAT and Cys22 as well as
Lys19 in Tat as the favorable intermolecular interactions be-
tween hDAT and Tat protein. Data from Co-IP and GST pull-
down experiments demonstrate a direct interaction between
Tat and DAT, which is consistent with the predictions from
computational modeling and simulations. This study, based on
the computational prediction, demonstrated that mutation of
Tyr470 changes hDAT conformation and attenuates Tat-
induced inhibition of DA transport. Despite the importance
of Tyr470, our computational modeling does not anticipate
that a single residue in hDAT is sufficient to control the
interaction of Tat with hDAT. Therefore, once all recognition
residues in hDAT are identified, an essential task in our future
studies will be to determine the influence of combined recog-
nition residues on Tat-DAT interaction. The computational
prediction of the binding mode was based on a series of
computational modeling studies including homology model-
ing, Brownian dynamics simulations (Gabdoulline and Wade
1998), and molecular dynamics simulations. Considering the
fact that the Tat molecule has a large positive electrostatic
potential, and hDAT(DA) bears negative charge, the long-
range electrostatic attraction can be viewed as the driving
force for the association of Tat with hDAT. The binding mode
of hDAT with Tat demonstrates that the Tat molecule is
associated with DAT through inter-molecular electrostatic
attractions and complementary hydrophobic interactions. In
support of our proposed model, the current study and our
previous report (Zhu et al. 2009) demonstrate that mutation
of either Tyr470 in hDAT or Cys22 in Tat leads to attenuation
of WT Tat-induced inhibitory effects on DA transport, impli-
cating a structural and functional relationship between Tat and
hDAT. Since Lys19 is also predicted to a critical residue for
Tat interaction with the Tyr470 residue in DAT, we will also
determine whether mutation of Lys19 produces a similar
effect as mutation of Cys22 in Tat on DAT function in our
future investigation. These data also qualitatively support that
our computationally simulated model of the hDAT(DA)-Tat
complex is reliable to be used to predict the intermolecular
interactions between Tat and DAT.

Although both recombinant Tat and Tat released from cells
expressing Tat produced a strong inhibitory effect on DA
transport, released Tat was ~4,000-fold more potent than
recombinant Tat. This finding is consistent with a previous
report showing this form of Tat was more neurotoxic than
recombinant Tat protein (Li et al. 2008). We also found that
Tat,_7,, Tat,_gg and full length Tat,_,(; exhibited an equivalent
inhibitory effect on DAT function, which is consistent with
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previous studies showing the equal ability of Tat protein in
Tat-induced neurotoxicity (Li et al. 2008; Aksenov et al.
2009). The concentration of released Tat (1 ng/ml) used in
this study is similar to native HIV-1 Tat actually detected in the
serum of patients with HIV infection (Westendorp et al. 1995)
and in the conditioned medium of HIV-infected cells (Albini
et al. 1998). Thus, our data support that physiologically se-
creted Tat is more neurotoxic to neuronal targets, such as DAT.
This approach is feasible for further determination of the
recognition sites of Tat (WT versus mutated) that functionally
interact with hDAT.

The present results show that mutation of Tyr470 decreased
the V ,ax With no changes in K, value and ICs, value for DA
inhibiting DA uptake compared to WT hDAT, demonstrating
that the Tyr470 residue does not affect substrate transport
characteristics. These data are consistent with the aforemen-
tioned computational prediction based on the modeled
hDAT(DA)-Tat complex structure: Tat binding site in the
hDAT(DA) complex does not overlap with the binding site
of substrate DA (Fig. 2). In contrast, the DA uptake potency of
cocaine and GBR12909 was increased in Y470H-hDAT com-
pared to WT hDAT. While GBR12909 labels the classic DA
uptake site in rodent brain, binding to the piperazine acceptor
site (Andersen et al. 1987) is affected much less by mutation
of hDAT than cocaine (Loland et al. 2002; Guptaroy et al.
2011), consistent with the fact that cocaine preferentially
stabilizes the hDAT in the outward-facing conformational
state, resulting in a reduction of DA uptake (Reith et al.
2001; Loland et al. 2002). One interpretation of our finding
is that Tat allosterically modulates DA transport rather than
overlaps DA uptake sites on DAT as previously suggested
(Zhu et al. 2011). However, the Tat binding site in hDAT may
be close to the binding sites in hDAT for cocaine and
GBR12909, increasing their DA uptake potency. Thus, the
results may suggest synergistic influences of Tat and cocaine
on DAT function: Tat, via allosteric modulation of the DAT,
enhances the inhibitory effects of cocaine on DA transport.
These findings also provide evidence to support our previous
reports that Tat and cocaine synergistically inhibit DAT func-
tion in vivo and in vitro (Harrod et al. 2008; Ferris et al. 2010).

Our previous work provides evidence that Tat allosteri-
cally modulates DAT function (Zhu et al. 2009; Zhu et al.
2011). The allosteric modulation of DAT is responsible for
conformational transitions via substrate-and ligand-binding
sites on DAT (Zhao et al. 2010; Shan et al. 2011). In the
present study, we found that mutation of Tyr470 diminished
Zn*"-induced inhibition of [*’H]DA uptake and attenuated
increased [PHJWIN 35,428 binding compared to WT hDAT.
The endogenous Zn>" binding sites in hDAT have been
widely employed to investigate whether mutations of
hDAT alter transporter conformational transitions in DA
transport (Norregaard et al. 1998). The Zn**-mediated inhi-
bition of DA transport and stimulation of WIN35,428
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binding to DAT occur by stabilization of outwardly facing
transporter conformations (Richfield 1993; Norregaard et al.
1998; Moritz et al. 2013). Although analysis of Zn*" regu-
lation of DAT function only reflects one mechanistic aspect
of DAT mutant-induced conformational change, our data
provide strong evidence for the context of an allosteric
mechanism responsible for conformational transitions in
DAT. To explore the possible mechanism, we also examined
the effects of mutant hDAT on basal DA efflux and observed
extremely low accumulation of DA over time in Y470H-
hDAT relative to WT hDAT. One possible explanation for
the low accumulation of DA is that basal DA efflux can be
elevated in this mutant, resulting in reduced accumulation of
intracellular DA. One caveat is that DA efflux data may
reflect not only DA moving out of the cell through the
transporter, but also non-specific diffusion and reuptake.
However, there is evidence (Guptaroy et al. 2009;
Guptaroy et al. 2011) that this measurement largely reflects
basal DA efflux through DAT because such basal DA efflux
is consistent with amphetamine- or voltage-stimulated ef-
flux of intracellular DA in cells expressing hDAT and its
mutant. Amphetamine, a substrate for DAT, competitively
inhibits DA reuptake and elicits outward transport of DA by
reversal of the transporter (Sulzer et al. 2005). Thus, it is
possible that Y470H mutation shifts the conformation of DAT
from physiologically favored substrate influx mode to an
efflux one; a conformational switch promoted by Tat protein,
and disturbs transition between inward-and outward-facing
conformations. Taken together, these findings infer a potential
mechanism that mutation of Tyr470 alters the transporter
conformational transitions, which is consistent with our pre-
vious findings that Tat mediates allosteric modulation of DAT
(Zhu et al. 2011). Additionally, the enhanced DA efflux was
also observed in WT hDAT in the presence of Tat.
Interestingly, the magnitude of DA efflux in WT hDAT was
lower in response to Tat compared to that in Y470H-hDAT.
One possible explanation for the discrepancy is that in addi-
tion to residue Tyr470, other recognition residues of the DAT
may be involved in the effects of Tat on DA efflux. Therefore,
to fully understand the mechanisms by which Tat inhibits
DAT function, future studies based on the combined experi-
mental and computational approaches will be necessary to
further analyze the changes in the conformational transition
attributed to the identified residues in DAT (i.e. an outward-
facing form and an inward-facing form).

In conclusion, we have begun to identify the specific
intermolecular interactions between Tat and DAT and the
molecular mechanism(s) that underlie how Tat, via the rec-
ognition binding sites in DAT, interrupts DA transport.
Particularly, our results provide a relatively comprehensive
molecular validation of this important residue on DA trans-
location and the underlying allosteric mechanism in DAT
for Tat. We propose that multiple recognition residues in the

DAT are involved in the dynamic and complex interactions
between Tat and DAT. Results obtained from Tyr470 only
reflect the role of this residue in DAT-Tat interaction. The
current findings have shed light on further mapping and
validating the predicted sites for Tat interaction with DAT
towards an ultimate goal to develop compounds that specif-
ically block Tat binding site(s) in DAT without affecting
physiological DA transport. Ideally, these compounds
would be therapeutic candidates for stabilizing physiologi-
cal dopaminergic tone.
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