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Dopamine transporter phosphorylation site threonine 53 is
stimulated by amphetamines and regulates dopamine
transport, efflux, and cocaine analog binding
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The dopamine transporter (DAT) controls the spatial and
temporal dynamics of dopamine neurotransmission through
reuptake of extracellular transmitter and is a target for addictive
compounds such as cocaine, amphetamine (AMPH), and meth-
amphetamine (METH). Reuptake is regulated by kinase path-
ways and drug exposure, allowing for fine-tuning of clearance in
response to specific conditions, and here we examine the impact
of transporter ligands on DAT residue Thr-53, a proline-di-
rected phosphorylation site previously implicated in AMPH-
stimulated efflux mechanisms. Our findings show that Thr-53
phosphorylation is stimulated in a transporter-dependent man-
ner by AMPH and METH in model cells and rat striatal synap-
tosomes, and in striatum of rats given subcutaneous injection of
METH. Rotating disc electrode voltammetry revealed that ini-
tial rates of uptake and AMPH-induced efflux were elevated in
phosphorylation-null T53A DAT relative to WT and charge-
substituted T53D DATSs, consistent with functions related to
charge or polarity. These effects occurred without alterations of
surface transporter levels, and mutants also showed reduced
cocaine analog binding affinity that was not rescued by Zn>".
Together these findings support a role for Thr-53 phosphoryla-
tion in regulation of transporter kinetic properties that could
impact DAT responses to amphetamines and cocaine.

The dopamine transporter (DAT)? is an integral plasma
membrane protein expressed in dopaminergic neurons that
translocates dopamine (DA) from the extracellular space into
the presynaptic terminal and is a major factor in spatial and
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temporal control of DA signaling (1). DAT is a primary target
for psychostimulant drugs that elevate extracellular DA includ-
ing inhibitors such as cocaine that block reuptake, and sub-
strates such as amphetamine (AMPH) and methamphetamine
(METH) that stimulate efflux of intracellular transmitter (2).
Uptake and efflux activities are tightly regulated by signaling
pathways including protein kinase C (PKC) and extracellular
signal-regulated kinase (ERK), providing for acute modulation
of reuptake in response to physiological demands (3-6). Dys-
regulation of these processes has been hypothesized to contrib-
ute to DA imbalances in disorders such as Parkinson’s disease,
bipolar disorder, attention deficit hyperactivity disorder, and
dopamine transporter deficiency syndrome (7), with recent
studies supporting DAT regulatory alterations in some of these
conditions (8 —-10).

Our group has shown that rat (r) DAT undergoes PKC- and
AMPH-stimulated phosphorylation on a cluster of serine resi-
dues at the distal end of the cytoplasmic N terminus (6, 11-13),
and numerous studies have examined the roles of these sites in
AMPH- and kinase-mediated regulation of uptake and efflux
(14, 15). More recently we demonstrated that threonine 53 in
the membrane proximal region of the N terminus also under-
goes PKC- and phosphatase-dependent phosphorylation (16).
This site, which is conserved as a Thr in mouse DAT and a Ser
in human DAT, is followed by a proline, making it a substrate
for kinases such as mitogen-activated protein kinases (MAPKs),
cyclin-dependent kinases (CDKs), and glycogen-synthase
kinases that require a Pro immediately C-terminal to the phos-
phoacceptor (17, 18). Our previous analyses showed that phos-
phorylation-null Thr-53 — alanine (Ala) and charge-substi-
tuted Thr-53 — aspartate (Asp) mutants possessed reduced
[*H]DA transport V.., and essentially complete loss of AMPH-
stimulated [*H]1-methyl-4-phenylpyridinium (MPP ) efflux (16),
implicating this residue in mechanisms of forward and reverse
transport.

Here we further characterize the relationship between
Thr-53 and psychostimulant drug mechanisms by examining
phosphorylation responses to transporter substrates and block-
ers. Our findings show that Thr-53 phosphorylation is not
affected by cocaine or other inhibitors but is rapidly stimulated
by AMPH and METH in model cells and rat striatal synapto-
somes, and in striatal tissue of rats injected with METH. Anal-
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Figure 1. AMPH and METH stimulate Thr-53 phosphorylation by a cocaine-sensitive mechanism. rDAT-LLCPK; cells were treated for 30 min with vehicle
or: A, (-)-cocaine (COC) (10 um), BZT (10 wm), AMPH (10 um), or OA (1 um); B, AMPH, METH, or DA (all 10 um); or D, the indicated combinations of AMPH (10 wm)
and cocaine (100 um). G, rat striatal synaptosomes were treated with vehicle, 10 um AMPH or 10 um METH. Equal amounts of protein were analyzed for Thr-53
phosphorylation (upper panels) or total DAT (lower panels). Vertical white dividing lines in blots indicate the removal of intervening lanes from the same gel.
Histograms show quantification of Thr-53 phosphorylation (% basal, mean = S.E. of 9 (A) or 4 (B-D) independent experiments). ¥, p < 0.05; **, p < 0.01 versus
basal (one-way ANOVA, with Tukeys’ post-hoc test). Molecular mass markers for all gels are shown on the right.

ysis of transporter properties by rotating disc electrode voltam-
metry (RDEV) showed that initial velocities of DA uptake and
AMPH-stimulated DA efflux are increased in T53A DAT rela-
tive to WT and T53D DATSs, supporting a role for phosphory-
lation in regulation of these functions. The mutant forms
showed no differences from the WT protein in AMPH trans-
port inhibition potency, and no changes in surface levels under
efflux assay conditions, indicating that altered functions follow
from changes in kinetic parameters. T53A DAT also showed
reduced cocaine analog binding affinity, which was not rescued
by Zn*". These findings support a role for Thr-53 phosphory-
lation in regulation of DAT kinetic properties that may impact
transporter responsiveness to amphetamines and cocaine.

Results
Psychostimulant substrates stimulate Thr-53 phosphorylation

In all phosphorylation experiments Thr-53 modification was
assessed using a highly specific antibody developed against the
phosphorylated form of this site (16), and signals obtained were
normalized to the amount of total DAT protein assessed in
parallel using a pan monoclonal antibody (20). None of the
treatments examined had any effect on total DAT levels, indi-
cating that changes in phospho (p)Thr-53 signals arise from
stoichiometric alterations of phosphorylation.

To examine the effects of substrates and blockers on Thr-53
phosphorylation, we treated rDAT-LLCPK; cells for 30 min
with vehicle, (—)-cocaine, benztropine (BZT), or AMPH (all 10
uM), using 1 um okadaic acid (OA), a phosphatase inhibitor
previously shown to increase Thr-53 phosphorylation (16), as a
positive control (Fig. 14). With vehicle treatment Thr-53 dis-
played a basal level of phosphorylation that reflects the tonic
rate of phosphate turnover, and no change in this level was
detected when cells were exposed to the typical or atypical
transport blockers cocaine (110 = 15% of basal, p > 0.05) or
BZT (93 = 13% of basal, p > 0.05) (Fig. 1A), or in other exper-
iments to 10 um GBR 12909 or 10 uM rimcazole (not shown). In
contrast, phosphorylation of Thr-53 was significantly increased
by AMPH (152 = 9% of basal, p < 0.05), similar to levels
induced by OA (177 £ 19% of basal, p < 0.01).
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Characterization of additional substrates in rDAT-LLCPK;
cells showed that Thr-53 phosphorylation was increased by
AMPH (142 = 8% of basal, p < 0.05) and METH (159 = 24% of
basal, p < 0.01), with a possible trend toward enhanced phos-
phorylation induced by DA (125 = 6% of basal) (Fig. 1B). Sim-
ilar responses were seen in rat striatal synaptosomes, with
Thr-53 phosphorylation increased by both AMPH (175 = 18%
of basal, p < 0.05) and METH (179 = 23% of basal, p < 0.05)
(Fig. 1C). To determine whether the effect of amphetamines
was due to diffusion through the plasma membrane (24) or to
transport or binding to DAT, we pretreated rDAT-LLCPK;
cells with 100 uMm (—)-cocaine prior to addition of 10 um AMPH
(Fig. 1D). When drugs were applied separately, pThr-53 levels
were stimulated by AMPH (154 = 6% of basal, p < 0.01) but not
cocaine (111 = 16% of basal, p > 0.05), and when cells were
pre-treated with cocaine prior toapplication of AMPH, no phos-
phorylation increase was observed (97 = 6% of basal, p > 0.05),
indicating that the AMPH effect occurs through a DAT-depen-
dent mechanism.

Time course of AMPH/METH-stimulated Thr-53
phosphorylation

Characterization of the Thr-53 response to drugs for various
periods of time between 1 and 60 min showed that treatment of
rDAT-LLCPK, cells with 10 um AMPH (Fig. 24) induced a
gradual increase in Thr-53 phosphorylation that reached the
highest levels (143 * 8% of basal, p < 0.01 and 139 *= 8% of
basal, p < 0.05) between 30 and 60 min. 10 um METH (Fig. 2B)
also induced a gradual response that peaked by 20-30 min
(123 £ 2% of basal, p < 0.01 and 131 = 4% of basal, p < 0.001).
In contrast, METH stimulation of Thr-53 phosphorylation in
synaptosomes occurred much more rapidly (Fig. 2C), with
apparent maximal increases obtained within 1 min of drug
application (133 = 3% of basal, p < 0.01) and sustained through
10 (128 = 3% of basal, p < 0.01) and 20 min (121 * 7% of basal,
» <0.01) (not shown). The slower development of Thr-53 phos-
phorylation in LLCPK, cells than in synaptosomes may follow
from different complements of kinases and phosphatases, or
from other factors that may impact the apparent time course
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Figure 2. Time course of Thr-53 phosphorylation in cells and synaptosomes. rDAT-LLCPK, cells (A and B) and rat striatal synaptosomes (C) were treated for
the indicated times with 10 um AMPH (A) or 10 um METH (B and (), and equal amounts of protein were analyzed for Thr-53 phosphorylation (upper panels) or
total DAT (lower panels). Vertical white dividing lines in blots indicate the removal of intervening lanes from the same gel. Graphs show quantification of Thr-53
phosphorylation (% basal, mean = S.E. for each time point, n = 3-5). %, p < 0.05; **, p < 0.01; ***, p < 0.001 (one-way ANOVA, with Tukeys post hoc test).

such as transporter expression levels or relative phosphoryla-
tion of total and surface transporters.

METH stimulates pThr-53 in vivo

To determine whether drug-induced phosphorylation
changes occur in the brain, we administered single subcutane-
ous injections of saline, cocaine (15 mg/kg), or METH (15
mg/kg) to rats and harvested striatal tissue 30 min after injec-
tion (Fig. 3A4). In animals that received saline, Thr-53 showed a
tonic level of phosphorylation, and this was not changed when
animals were injected with cocaine (97 * 4% of basal, p > 0.05),
paralleling results from in vitro studies, but in animals that
received METH, Thr-53 phosphorylation was significantly
increased (130 * 10% of basal, p < 0.05), demonstrating the
regulation of this site in vivo. Time course analysis of the
response (Fig. 3B) showed that Thr-53 phosphorylation was
increased within 10 min of METH injection (119 = 4% of basal,
p < 0.01) and remained elevated through 30 (129 * 10% of
basal, p < 0.05) and 60 min (128 = 10% of basal, p < 0.05),
indicating a rapid and sustained response upon entry of the
drug into the brain.

T53A DAT displays altered transport and efflux kinetics

In previous analyses of Thr-53 function we used radioisotope
assays to examine kinetic characteristics of T53A and T53D
DAT mutants (16). These forms are active for transport, sensi-
tive to cocaine and AMPH, and show total and surface expres-
sion of ~60-70% of the WT DAT levels (16). Results from
these previous studies indicated that steady-state [*H]DA
transport capacities of the T53A and T53D forms normalized
for DAT surface levels were ~50% of the WT DAT level and
that AMPH-stimulated efflux of [PH]MPP" was essentially
abolished (16), implicating a role for the residue in regulation of
transport and efflux properties.

In the current study we sought to further characterize Thr-53
transport mechanisms specifically related to DA using RDEV
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Figure 3. METH stimulates Thr-53 phosphorylation in vivo. A, male
Sprague-Dawley rats were given subcutaneous injections of (A) saline, (-)-
cocaine (15 mg/kg), or METH (15 mg/kg) and decapitated after 30 min, or (B)
saline or METH (15 mg/kg) and decapitated at the indicated time points. Stri-
atal membranes were harvested and equal amounts of protein analyzed for
Thr-53 phosphorylation (upper panels) or total DAT (lower panels). Vertical
white dividing lines in blots indicate the removal of intervening lanes from the
same gel. Histograms show quantification of Thr-53 phosphorylation (%
basal, mean = S.E., *, p < 0.05; **, p < 0.01, n = 3-5); A, one-way ANOVA, with
Tukey's post hoc test; B, Student’s t test.

(21). Fig. 4, A and B, show representative RDEV traces for WT,
T53A, and T53D DATs performed using 0.25 and 1 um DA, and
summarized kinetic values obtained using 0.25-10 um DA are
presented in Table 1. The findings show that T53A DAT pos-
sesses elevated uptake V, .. compared with the WT transporter
(64.6 = 10.9 versus 28.2 £ 5.7 pmol/s/mg, p < 0.05), with T53D
DAT possessing an intermediate value (43.8 = 9.7 pmol/s/mg)
that is not statistically different from either (Table 1). These are
absolute values not corrected for the lower surface expression
of the mutants, and the differences between the forms may thus
be somewhat greater. DA K, values between the forms were
not significantly different.

Once DA accumulation in the cells reached steady-state lev-
els (2-5 min), 10 uMm AMPH was applied to stimulate efflux.
T53A and T53D DATs displayed clearly detectable efflux as
demonstrated in the RDEV traces (Fig. 4, A and B) and in Table
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Figure 4. Uptake and efflux analyses of T53A and T53D DATSs. A and B, RDEV analysis of DA uptake and efflux. Superimposed representative traces WT DAT
(blackline), T53A DAT (red line), and T53D DAT (green line) show clearance of (A) 0.25 um DA and (B) 1 um DA, followed by application of 10 um AMPH (arrow) to
induce DA release. Kinetic values obtained from replicate experiments using 0.25-10 um DA are presented in Table 1. C, WT-and T53A-LLCPK, cells loaded with
[*HIDA were treated with vehicle or 10 wm AMPH for 5 min. Histogram shows amount of radioactivity (% of internal DA) collected in supernatants of each form

(mean = S.E. of 3 independent experiments), ¥, p < 0.05 versus vehicle for each form by Student’s t test.

Table 1
Kinetic properties of DAT Thr-53 mutants

WT, T53A, and T53D DAT forms were analyzed by RDEV to determine Michaelis constant (K,,) and maximal velocity (V,,

) for DA uptake and AMPH-induced DA efflux.

ax.

Results are expressed as mean = S.E. from n = 4 (T53A) or n = 5 (WT and T53D) independent experiments.

DA uptake

AMPH-induced DA efflux

Vinax efflux/
Cells Vinax K, Vinax K, V ax Uptake
pmol/s/mg M pmol/s/mg M
wWT 282+ 5.7 1.83 = 0.38 15221 446 *= 116 0.72 = 0.23
T53A 64.6 + 10.9" 3.05 +0.73 81.4 *+ 6.7° 743 *= 136° 1.46 £ 0.17°
T53D 43.8 £ 9.7 1.86 + 0.34 252 = 5.2° 389 = 60” 0.49 * 0.06”

“ p <0.05, T53A DAT vs. WT DAT.

b p <0.05, T53D DAT vs. T53A DAT (one-way ANOVA followed by Holm-Sidak post hoc test).

1. Compared with the WT protein, T53A DAT showed elevated
DA efflux V, . (81.4 = 6.7 versus 15.2 * 2.1 pmol/s/mg, p <
0.05) and increased DA K, (743 = 136 versus 446 = 116 uMm,
p <0.05). Efflux V., (25.2 = 5.2 pmol/s/mg) and K, (389 = 60
uMm) for T53D DAT were significantly different from those of
T53A DAT (both p < 0.05) (Table 1), but not from the WT
protein, suggesting that normal responsiveness is maintained
by polarity or negative charge at the site.

As the velocity of substrate-induced efflux depends on the
uptake velocity of the inducer, which can vary for each muta-
tion (21, and see “Experimental procedures” for more detail),
we also considered the ratio of efflux to uptake V, . for each of
the forms (Table 1). This ratio was significantly greater for
T53A DAT (1.46 = 0.17) than for WT DAT (0.72 + 0.23, p <
0.05) or T53D DAT (0.49 = 0.06, p < 0.05), further supporting
enhanced efflux capacity in the T53A form. Examination of
these ratios at multiple internal DA concentrations (5-5000
uM) showed that efflux mediated by T53A DAT is always
enhanced relative to the WT protein (3.2-fold at 5 uMm to 5.1-
fold at 5000 um), indicating the effect of the mutation over a
wide range of intracellular substrate levels.

Because these results differed significantly from our previous
studies in which we found essentially complete loss of AMPH-
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stimulated [PHJMPP™ efflux in T53A and T53D DATSs using
perfusion analysis (16), we also examined the ability of T53A
DAT to mediate [°H]DA efflux in batch treatment conditions of
plated cells (Fig. 4B). For these experiments WT and T53A
DAT cells were loaded with [*’H]DA and assessed for basal and
AMPH-stimulated release over a period of 5 min. In vehicle
conditions, WT and T53A DAT cells released 9.1 * 3.0 and
8.4 = 2.0% of intracellular [PH]DA, respectively, and in the
presence of AMPH released 38.1 * 4.6 and 51.3 = 9.0% of
intracellular [*H]DA, respectively (both p < 0.05 versus basal),
confirming the ability of the mutant to support both basal and
AMPH-stimulated reverse transport.

To determine whether differential efflux in the forms could
result from altered responses to AMPH or to differential traf-
ficking in response to DA during the cell loading phase, we
examined the forms for AMPH-inhibition of uptake and for
changes in transporter surface expression (Fig. 5). AMPH con-
centration-response experiments showed no difference in
AMPH potencies for any of the forms (Fig. 54), with equivalent
levels of inhibition obtained at 10 um AMPH, the concentration
used to stimulate efflux, indicating that differential efflux did
not result from mutation-induced impacts on this property. To
determine whether plasma membrane levels of transporters

J. Biol. Chem. (2017) 292(46) 1906619075 19069
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Figure 5. AMPH concentration-dependence and surface biotinylation of WT, T53A, and T53D DATSs. A, LLCPK, cells expressing WT, T53A, or T53D DATs
were analyzed for [*H]DA transport in the presence of the indicated concentrations of AMPH. Results are expressed as % control for each form and represent
mean = S.E. of three independent experiments. B, LLCPK; cells expressing the indicated DAT forms were treated with vehicle, 0.5 um DA, or 5 um DA for 5 min
and subjected to surface biotinylation. Equal amounts of protein for each form were analyzed for total and surface DAT levels. Quantification of surface levels

for each form normalized to vehicle control is shown in panel C.

changed during the DA loading phase of the RDEV procedure
we treated cells with 0.5 or 5 uM DA for 5 min and performed
cell surface biotinylation (Fig. 5B). Quantification of the results
(Fig. 5C) showed no changes in surface DAT levels with DA
treatments, indicating that the enhanced efflux capacity of
T53A occurs via a kinetic alteration of the transporter.

CFT binding analyses

Our findings that T53A DAT exhibited altered uptake and
efflux parameters without obvious changes in surface levels
suggest that the mutation impacts the rate of transporter
cycling through outwardly and inwardly facing conformations
during the substrate translocation process (25). It is thought
that [*’H]CFT binding is favored by the outwardly facing con-
formation (26), and that Zn>" stimulation of binding reflects
stabilization of outward forms (27). Saturation binding per-
formed across 1-100 nMm (—)2B-carbomethoxy-3-(4-fluoro-
phenyl)tropane (CFT) produced typical curvilinear profiles for
WT and T53D DAT, with a clearly altered response for T53A
DAT (Fig. 6A), and regression analyses of the data revealed a
significantly increased K, for T53A DAT (196 £ 6 nm) relative
to that of WT (30 = 3 nm, p < 0.01) or T53D DATs (57 = 6 nm,
p < 0.05) (Fig. 6B). In Zn>"* experiments (Fig. 6C) the WT
protein showed the expected stimulation of [*H]CFT binding in
the presence of Zn*" (139 = 10% of control, p < 0.001),
whereas neither T53A nor T53D DATSs showed responsiveness
(both p > 0.05 versus vehicle, and p < 0.01 versus WT DAT plus
Zn>"). The inability of Zn>" to rescue T53A binding indicates
that reduced CFT affinity does not result from inward confor-
mational bias, and suggests the binding pocket impacts result
from enhanced inward and outward transitions.

Discussion

These findings demonstrate that phosphorylation of DAT
Thr-53 is stimulated in vitro and in vivo by AMPH and METH,
and mechanistically link modification of the site to control of
DA transport, AMPH-induced DA efflux, and cocaine analog
binding. Thr-53 is located near the intracellular end of TM1,

19070 J. Biol. Chem. (2017) 292(46) 1906619075

which forms key contacts with DA and cocaine in the core
active site, contains intracellular and extracellular gating resi-
dues, and is thought to undergo significant movements during
substrate-driven transition from outwardly to inwardly facing
conformations that open the translocation pathway (28, 29).
Phosphorylation of Pro-directed residues adds negative charge
to the site and also promotes cis-isomerization of the (S/T)-P
peptide bond (30), generating a structure that likely possesses a
distinct functionality from the trans form. The proximity of
Thr-53 to TM1 thus suggests that regulation of transport func-
tionalities could occur directly via charge or peptide backbone
effects on helix conformation or gating properties. Thr-53 is
also located within an SH3 domain that may dictate interac-
tions with regulatory N-terminal binding partners (3) to induce
effects.

The mechanisms underlying the effects of Thr-53 phosphor-
ylation status on transport, efflux, and CFT binding will require
further studies to clarify, as our findings of enhanced uptake,
enhanced efflux, and reduced CFT affinity in T53A are not con-
sistent with inward or outward conformational bias as has been
invoked for other mutations. An alternative possibility could be
that the increased uptake and efflux velocities of T53A follow
from increased rates of transitioning between inward and
outward forms, which would be consonant with Thr-53 phos-
phorylation reducing V, . by slowing these transitions (31).
Reduced CFT affinity might thus result from impacts of these
transitional alterations on binding pocket structure (32).

Although the identity of the kinase for Thr-53 remains
unknown, Pro-directed motifs are specific for kinases such as
MAPKSs, CDKs, and glycogen-synthase kinases (33), indicating
the potential for these pathways to provide functional input
into reuptake and binding properties via this site. With the
exception of ERK, few members of these kinase classes have
been examined for regulation of DAT. DAT surface levels and
uptake capacity are reduced by ERK inhibitors and increased
by ERK-dependent signaling (34 —36), and inhibition of ERK
dampens receptor-mediated DA efflux (37) and affects AMPH

SASBMB
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behavioral outcomes that may be related to efflux (38). It is not
known if any of these ERK effects are driven by in vivo phos-
phorylation of Thr-53, although ERK can phosphorylate
Thr-53 in vitro (39) and is activated in vivo by systemic AMPH
(38, 40). Indirect involvement of PKC in Thr-53-mediated pro-
cesses is also a possibility, as PKC activators increase Thr-53
phosphorylation (16), likely by cross-talk with Pro-directed
kinases (41), and AMPH stimulation of efflux is PKC-depen-
dent (42).

With respect to Thr-53-mediated functions, we obtained
unexpected differences from our previous study, finding ele-
vated uptake and efflux V.., for T53A DAT and unchanged
uptake and efflux V,,, for T53D DAT, compared with our ear-
lier findings that T53A and T53D DATSs both possessed
decreased transport and loss of AMPH-stimulated MPP ™" efflux
(16). The different end points obtained in the two studies may
thus arise from the different assessment methods used and will
require further work to clarify, but importantly, our current
findings demonstrate that phosphorylation of Thr-53 is not a
mechanistic requirement for reverse transport.

Multiple methodological differences between perfusion and
RDEV could factor into these differential outcomes, as perfu-
sion is performed in attached cells, measures DA released by
uncoupled ion influx as well as DA released by DAT operating
in the exchange mode (43), and released DA is continuously
removed, minimizing the extent of re-uptake, whereas RDEV is
performed in cell suspension, only detects exchange-based DA
efflux (21, 22), and DA is released into batch solution in which
re-uptake can occur. Kinetic issues may also be key, as RDEV
measurements are based on events occurring during the first
10 s after DA or AMPH addition, compared with radioisotope
assays that measure events occurring over the course of min-
utes. The Thr-53 phosphorylation time course in our cell sys-
tem indicates that fewer transporters would undergo AMPH-
induced modification during RDEV analysis than in perfusion,
which may establish different WT baselines used for compari-
sons to mutants. WT and mutant forms may also be regulated
by time-dependent changes at other sites such as phosphoryla-
tion of Ser-7 or palmitoylation of Cys-580 (44) that may lead to
differential outcomes depending on assay duration.

A final possibility underlying our different efflux findings
could be the use of the endogenous substrate DA, which our
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study and a perfusion analysis (45) show can be released by
T53A DAT, versus the exogenous compound MPP ¥, which was
not released by the Thr-53 mutants. The apparent affinity of
DAT for MPP™ is considerably lower than for DA (46, 47), and
its reduced recognition and subsequent capacity for efflux may
be exacerbated by Thr-53 mutation. These results may have
implications for Thr-53 phosphorylation mechanisms in sus-
ceptibility of neurons to MPP" and other neurotoxic DAT
substrates.

The findings that Thr-53 phosphorylation is stimulated by
AMPH and METH but that T53A DAT exhibits elevated
AMPH-stimulated DA efflux V., suggests that phosphoryla-
tion of the site may dampen the initial rate of efflux. This con-
trasts with the enhancement of efflux driven by AMPH-stimu-
lated phosphorylation of distal N-terminal serines (11, 12, 15),
and indicates that overall efflux levels are established by inte-
gration of information from the two domains. Deciphering how
this occurs will require further work, but could follow from
differential kinase and phosphatase inputs or phosphoryla-
tion— dephosphorylation time courses. In this regard, AMPH/
METH-stimulated Thr-53 phosphorylation in synaptosomes
and the brain appears to occur more rapidly (1-10 min) than
that of distal N-terminal phosphorylation (20 —30 min) (12, 48),
suggesting that the two domains may function as timers to con-
trol onset and suppression of efflux.

This study also adds to a growing body of evidence that sup-
ports regulation of cocaine binding to DAT by N-terminal phos-
phorylation. Mutagenesis and chimera studies have identified
crucial roles for the N-terminal domain related to transporter
conformational equilibrium and uptake blocker potencies (31,
49), and our findings that CFT affinity is reduced by phosphor-
ylation-null mutations of Thr-53 and Ser-7 (13) and increased
by conditions that stimulate phosphorylation of both sites (13,
16) indicates the ability of physiological inputs into the N
terminus to confer rapid and reversible regulation of these
functions. The potential for the increased affinity induced by
Thr-53 phosphorylation to affect cocaine neurochemical
and behavioral outcomes is supported by a recent finding
that Thr-53 phosphorylation is elevated in conditions that
promote enhanced cocaine potency and cocaine conditioned
place preference (50).
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Together these results provide strong evidence that Thr-
53 phosphorylation functions to regulate uptake, efflux, and
cocaine-binding properties of DAT, supporting the ability of
this residue to control major functions in DA neurotransmis-
sion and psychostimulant drug mechanisms. Polymorphisms of
DAT associated with bipolar and attention deficit hyperactivity
disorders lead to dysregulation of uptake and efflux responses
that are consistent with altered DA levels in pathologies (51).
Signaling pathways that regulate proline-directed kinase path-
ways may thus provide major input on these functions via phos-
phorylation of Thr-53, and suggest this residue as a potential
site for dysregulation in DA diseases and as a target for thera-
peutic manipulation of re-uptake.

Experimental procedures
Animals

Male Sprague-Dawley rats (175-300g) were purchased from
Charles Rivers Laboratories (Wilmington, MA) and maintained
in compliance with the guidelines established by the University
of North Dakota Institutional Animal Care and Use Committee
and the National Institutes of Health.

Reagents

CFT, (-)-cocaine, d-amphetamine, (+)-methamphetamine,
dopamine, BZT, GBR 12909, mazindol, rimcazole, and Color-
burst molecular mass markers were purchased from Sigma.
[PH]CFT (76 Ci/mmol) and [7,8->*H]DA (45 Ci/mmol) were
from PerkinElmer Life Sciences. Protein A—Sepharose resin
was purchased from GE Healthcare Life Sciences. OA was pur-
chased from Calbiochem/EMD Biosciences (La Jolla, CA), and
all other chemicals were purchased from Sigma or Fischer Sci-
entific (Pittsburg, PA).

Treatments in LLCPK, cells

LLCPK, (Lewis lung carcinoma porcine kidney) cells stably
expressing the indicated forms of rDAT were maintained in
a-minimum essential medium supplemented with 10% fetal
bovine serum, 2 mm L-glutamine, 200 pg/ml of G418, and 100
pg/ml of penicillin/streptomycin in an incubation chamber
with 5% CO,, 95% O, at 37 °C. For phosphorylation experi-
ments cells were plated in 6- or 12-well plates and grown to
70-80% confluence, washed twice with 1 or 2 ml of Krebs-
Ringer HEPES (KRH) buffer (25 mm HEPES, 125 mMm NaCl, 4.8
mu KCl, 1.2 mm KH,PO,, 1.3 mm CaCl,, 1.2 mm MgSO,, 5.6
mM glucose, pH 7.4), and treated with vehicle or the indicated
concentrations of drugs for 30 min at 37 °C. At the end of treat-
ment, cells were placed on ice, washed twice with ice-cold KRH,
and lysed by adding RIPA buffer (1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 125 mm sodium phosphate, 150 mm
NaCl, 2 mm EDTA, 50 mMm sodium fluoride) containing prote-
ase inhibitor. Samples were rocked on ice for 20 min and insol-
uble material was removed by centrifugation at 15,000 X g for
30 min at 4 °C.

Treatments in rat striatal synaptosomes

Striatal synaptosomes were prepared as previously described
(19). Male Sprague-Dawley rats (175-300 g) were decapitated
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and the striatum was removed and weighed. Tissue was sus-
pended in 10 ml of cold sucrose phosphate (SP) buffer (10 mm
Na,HPO,, 0.32 M sucrose, pH 7.4) and homogenized in a Tef-
lon-glass homogenizer. The homogenate was centrifuged at
3,000 X g for 3 min at 4 °C and the resulting supernatant was
centrifuged at 17,000 X g for 12 min at 4 °C. The resulting P2
synaptosomal pellet was resuspended in SP buffer at 20-50
mg/ml of the original wet tissue weight. Synaptosomes were
treated with vehicle, 10 um AMPH, or 10 um METH for the
indicated times at 30 °C. Treatments were terminated by plac-
ing the sample at 4 °C and solubilizing tissue at 20 mg/ml of the
original wet tissue weight with 0.5% SDS sample buffer (12).

In vivo treatments

Male Sprague-Dawley rats were injected subcutaneously
with saline, METH (15 mg/kg), or cocaine (15 mg/kg), and
caged separately for the duration of the experiment. At the end
of the treatment time the animals were decapitated and striata
were removed, weighed, and placed in ice-cold SP buffer. Tis-
sue was disrupted with a Polytron homogenizer, and mem-
branes were pelleted by centrifugation at 12,000 X g for 12 min
at4 °C and solubilized at 20 mg/ml of original wet tissue weight
with 0.5% SDS sample buffer (12).

DAT immunoblotting and detection of Thr-53 phosphorylation

Lysates from cells, striatal synaptosomes, and striatal mem-
branes were analyzed in duplicate for total DAT levels or
Thr-53 phosphorylation as previously described (11, 16, 20).
For analysis of total DAT, proteins were separated by SDS-
PAGE on 4-20% gels and transferred to PVDF. Membranes
were blocked with 3% BSA in PBS, incubated with MAbl16
(1:1000), probed with alkaline phosphatase-conjugated anti-
mouse IgG, and DAT bands were visualized via chemilumines-
cence. For analysis of Thr-53 phosphorylation, lysates were
subjected to immunoprecipitation with pThr-53 Ab (16).
Briefly, lysates were adjusted to 0.1% SDS with immunoprecipi-
tation buffer (0.1% Triton X-100, 50 mm Tris-HC], pH 8.0), and
incubated for 2 h at 4°C with affinity-purified polyclonal
pThr-53 Ab covalently cross-linked to protein A—Sepharose
resin. The resin was washed twice, and bound DATs were
eluted with sample buffer (60 mm Tris, pH 6.8, 2% SDS, 10%
glycerol, 100 mm DTT, 3% mercaptoethanol) and detected by
immunoblotting with MAb16. DAT band intensities were
quantified by densitometry using Quantity One (Bio-Rad) soft-
ware and pThr-53 levels were normalized to the amount of total
DAT protein and expressed relative to control samples set to
100%. Statistical significance was determined using ANOVA
with Tukey’s post hoc test or Student’s ¢ test with significance
setat p < 0.05.

DA uptake and surface biotinylation

For analysis of AMPH potencies to inhibit [PH]DA transport,
WT and mutant rDAT-LLCPK, cells were grown to 70 —80%
confluence and uptake assays performed as described (16) with
vehicle or the indicated concentrations of AMPH added simul-
taneously with DA, and transport values were converted to %
control for each form. For analysis of DAT surface levels, cells
were treated with vehicle, 0.5 um DA, or 5 um DA for 5 min and
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subjected to surface biotinylation as described (16). For each
form, the biotinylated bands were normalized to total DAT and
expressed relative to WT control set at 100%. Statistical signif-
icance was determined using ANOVA with Tukey’s post hoc
test or Student’s ¢ test with significance set at p < 0.05.

RDEV

The general methods were as described previously (21-23).
LLCPK, cells stably expressing WT, T53A, or T53D rDATSs
were cultured to confluence. Cells were harvested by try-
psinization, washed with 1X PBS, and resuspended in 1.2 ml of
KRH buffer (120 mm NaCl, 4.7 mm KCl, 2.2 mm CaCl,, 1.2 mm
MgSO,, 1.2 mm KH,PO,, 10 mm HEPES, and 10 mm glucose,
pH 7.4). Cell suspensions (300 ul) were added to the electro-
chemical chamber (kept at 37 °C) and the disk electrode was
rotated at 4000 rpm for 5 min, sufficient for the assay temper-
ature to stabilize. The oxidized DA current (+0.4 V versus
Ag/AgCl reference electrode) was recorded every 300 ms by a
National Instruments (Austin, TX) PC interface board. After 1
min of baseline signal acquisition, final concentrations of DA
ranging from 0.25 to 10 uM were added to cell suspension to
initiate the uptake measurement. Once the oxidized DA cur-
rent was cleared to a plateau, AMPH was added at a final con-
centration of 10 uMm to induce DA efflux. Recording was contin-
ued until no increase of oxidized DA current was observed, i.e.
an elevated plateau was reached. The electrochemical chamber
was washed 5 times with deionized water before carrying out
the next assay. Protein levels in each assay were determined by
the detergent compatible protein method (Bio-Rad). Initial DA
uptake and efflux rates (pmol/s/mg) were calculated with the
Origin Labtalk program at each tested DA concentration.
Uptake and efflux kinetic parameters (K, and V. ) were esti-
mated by nonlinear fitting of the initial uptake or efflux rate to
the initial added concentration of DA according to the Michae-
lis-Menten equation for saturation using Biosoft Kell Radlig
software. The measurement of uptake and efflux in the same
cell samples allowed us to make a correction for differences in
efflux due to potential changes in uptake. It should be noted
that at 10 um AMPH, the concentration used to induce DA
efflux, uptake of AMPH is saturated and determined only by its
Ve In RDEV, which measures exchange, efflux is propor-
tional to uptake of inducer (21), which can vary depending on
the mutation introduced in DAT. Assuming the V.. for
AMPH uptake is proportional to that for DA uptake, we adopt
the parameter V,, ratio, to normalize DA efflux: the ratio of
Vonax efflux over V. uptake. Internal DA concentrations used
for quantification of efflux kinetics are estimated as described.

max

[PHICFT binding

LLCPK; cells stably expressing the indicated DAT forms
were washed with Hanks’ balanced salt solution (5.33 mm KClI,
0.44 mm KH,PO,, 4.17 mm NaHCO3, 137.93 mm NaCl, 0.34 mMm
Na,HPO,, and 5.56 mm glucose, pH 7.4). Cells were incubated
with 1-100 nm CFT (each concentration 50% [*H]CFT plus
50% unlabeled CFT) in KRH buffer for 2 h at 4 °C for saturation
analysis, or incubated with 20 um ZnCl, plus 5 nm [*H]CFT for
2 h at 4°C for Zn>" response experiments. Binding was per-
formed in triplicate with nonspecific binding determined using
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10 wMm mazindol. At the end of the incubation, cells were
washed twice with KRH buffer, lysed with 1% Triton X-100, and
samples were assessed for radioactivity by liquid scintillation
counting. For saturation analyzes, B, and K, values were
determined by nonlinear regression using Prism 3 software. For
Zn>" studies control binding values for each cell type were nor-
malized to 100% and binding levels for treatment conditions
were converted to percent control. Values were analyzed by
ANOVA followed by Tukey’s post hoc test with significance set
at p < 0.05.

[PHIDA efflux assay

WT and T53A rDAT LLCPK, cells were incubated at 37 °C
with 10 nm [*H]DA plus 3 um DA for 15 min to load cells,
followed by washing with ice-cold KRH to remove extracellular
DA. Cells were then incubated for 5 min at 37 °C with 1 ml of
KRH with or without 10 um AMPH, and the entire volume was
removed and counted to determine basal and stimulated DA
efflux. Parallel sets of cells were assayed for cocaine-sensitive
uptake, and efflux values are expressed as a fraction of the total
amount of intracellular DA for each form.
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