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ABSTRACT: The dopamine transporter (DAT) is a trans-
membrane protein that terminates dopamine signaling in the
brain by driving rapid dopamine reuptake into presynaptic
nerve terminals. Several lines of evidence indicate that DAT
dysfunction is linked to neuropsychiatric disorders such as
attention-deficit/hyperactivity disorder (ADHD), bipolar
disorder (BPD), and autism spectrum disorder (ASD).
Indeed, individuals with these disorders have been found to
express the rare, functional DAT coding variant Val559, which
confers anomalous dopamine efflux (ADE) in vitro and in vivo.
To elucidate the impact of the DAT Val559 variant on
membrane diffusion dynamics, we implemented our antago-
nist-conjugated quantum dot (QD) labeling approach to monitor the lateral mobility of single particle-labeled transporters in
transfected HEK-293 and SK-N-MC cells. Our results demonstrate significantly higher diffusion coefficients of DAT Val559
compared to those of DAT Ala559, effects likely determined by elevated N-terminal transporter phosphorylation. We also
provide pharmacological evidence that PKCβ-mediated signaling supports enhanced DAT Val559 membrane diffusion rates.
Additionally, our results are complimented with diffusion rates of phosphomimicked and phosphorylation-occluded DAT
variants. Furthermore, we show DAT Val559 has a lower propensity for membrane clustering, which may be caused by a
mutation-derived shift out of membrane microdomains leading to faster lateral membrane diffusion rates. These findings further
demonstrate a functional impact of DAT Val559 and suggest that changes in transporter localization and lateral mobility may
sustain ADE and contribute to alterations in dopamine signaling underlying multiple neuropsychiatric disorders.

KEYWORDS: Attention-deficit/hyperactivity disorder, bipolar disorder, clustering, single quantum dot tracking,
dopamine transporter, single molecule imaging

■ INTRODUCTION

The catecholamine neurotransmitter dopamine is central to
the modulation of neuronal pathways that control diverse
behaviors including those linked to movement, reward, mood,
attention, and cognition.1,2 Disrupted dopamine signaling is
associated with multiple brain disorders such as Parkinson’s
disease (PD), schizophrenia, bipolar disorder (BPD),
attention-deficit/hyperactive disorder (ADHD), and addic-
tion.3−6 The presynaptic Na+/Cl− coupled dopamine trans-
porter (DAT) determines dopamine signaling amplitude and
duration by actively clearing synaptic dopamine following
vesicular release.7−9 Importantly, genetic polymorphisms of the
human DAT gene (DAT1, SLC6A3) have been identified in
cases of ADHD, BPD, autism spectrum disorder (ASD), PD,

and juvenile dystonia.10−15 DAT endocytic trafficking at
presynaptic terminals is likely a major regulatory mode of
synaptic strength in dopamine neurons,16−19 a process that can
be referred to as vesicle trafficking, wherein DAT proteins are
moved into and out of the plasma membrane from intracellular
compartments. Consequently, constitutive and regulated
vesicle trafficking is considered to be the principal determinant
of functional DAT availability, though engagement of these
mechanisms appears to be region dependent.20,21 DAT
proteins can also engage cell surface trafficking or lateral
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membrane diffusion that can be impacted by DAT-associated
proteins and disease-associated mutations revealed by total
internal reflection fluorescence (TIRF) microscopy,22,23

fluorescence recovery after photobleaching (FRAP),24 and
single particle tracking (SPT) techniques.25,26

Single molecule imaging offers information such as kinetics
and dynamics of molecules in real-time, which would be lost in
conventional ensemble measurements. The study of lateral
diffusion at a single protein level requires an approach that uses
bright probes, such as quantum dots (QD), to achieve signal-
to-noise ratios suitable for high spatiotemporal resolution. QDs
exhibit unique photophysical properties that make them an
attractive first choice for single molecule imaging applica-
tions,27 which many groups have employed to investigate the
diffusion dynamics of single transmembrane, neurotransmitter
receptors, and transporter proteins (e.g., GABA receptors,
glycine receptors, serotonin transporters, DAT).26,28−32 First,
QDs offer a prolonged photostability required for imaging
acquisition times on the order of minutes.27 Second, QDs have
broad absorption spectra and size-tunable narrow Gaussian
photoluminescence profiles that permit simultaneous multi-
color tracking with little to no spectral bleedthrough. As a
product of high quantum yields and large absorption cross
sections, QDs are also very bright upon laser irradiation.33

Together, these properties have enabled the detection of single
proteins in living cells targeted by antagonist- and antibody-
conjugated biocompatible QDs.27,34 Because surface trafficking
is believed to be a critical posttranslational regulatory
mechanism,35−37 our group developed an antagonist-con-
jugated QD labeling approach to monitor individual
membrane proteins in live cells (Figure 1).38−41 Subsequently,

we reported that the ADHD-associated DAT Cys615 coding
variant exhibited significantly increased membrane mobility
and a pronounced lack of dynamic response to lipid raft
disruption and amphetamine (AMPH) stimulation.26

Along with Cys615 as one of the multiple genetic DAT
variants, a second variant, Val559, has been identified in
subjects with distinct disorders associated with dopamine

signaling dysfunction. The Val559 mutation was first identified
in a female proband presenting with BPD11 followed by its
detection in two brothers with ADHD10 and subsequently in
two unrelated adolescent males with ASD.42 Studies with mice
expressing the DAT Val559 variant demonstrate elevated
extracellular dopamine levels, altered biochemical and
behavioral responses to psychostimulants, and changes in
behaviors linked to reward and impulsivity circuits.43,44 In
reduced preparations, the mutant transporter displays multiple,
striking phenotypes. Mazei-Robison and colleagues demon-
strated that the Val559 mutation, though not impacting DAT
surface expression or dopamine uptake, induces anomalous
dopamine efflux (ADE), whereby mutant transporters
spontaneously move dopamine from the cytosol to the
extracellular space.45 DAT Val559 also demonstrates elevated
levels of N-terminal phosphorylation at distal Ser residues.42

Mutation of these sites eliminates ADE, suggesting that N-
terminal phosphorylation plays an essential role in sustaining
dopamine reverse transport. Whether ADE is induced directly
by transporter phosphorylation or is a consequence of changes
in membrane distribution, lateral membrane trafficking, and/or
the spatiotemporal organization of DAT with membrane
partners is unclear. Here, we implemented our dynamic QD-
based DAT monitoring approach to examine the impact of the
DAT Val559 mutation on DAT membrane diffusion dynamics.
We demonstrate that DAT exhibits increased lateral mobility
in transiently transfected HEK-293 and SK-N-MC cells,
movements that are also sensitive to mutations and
pharmacological approaches impacting DAT phosphorylation.
Using tracking and localization microscopy (TALM) and an
intensity-based clustering analysis we developed, we demon-
strate that the mutant targets to surface membrane clusters of
HEK-293 cells to a lesser degree than the wild-type
transporter. Our findings support the idea that disruption of
normal DAT spatiotemporal organization may impose elevated
risk for neuropsychiatric disorders linked to perturbed
dopamine signaling.

■ RESULTS AND DISCUSSION
Single QD Tracking Analysis Reveals DAT Val559 Has

Aberrant Membrane Diffusion Dynamics. DAT Val559
has been reported to display altered vesicle trafficking in vitro
and in vivo.21,42 To assess the impact of the DAT Val559
mutation on lateral membrane trafficking, we targeted DATs
with DAT antagonist-conjugated QDs.40 Figure 1 illustrates
the chemical structure of IDT444, the DAT-specific ligand
used in our labeling paradigm, which makes use of the high-
affinity carbomethoxy-fluorophenyl cocaine analog β-CFT
(also known as WIN 35,428), an 11-carbon alkyl spacer to
allow the antagonist to access its DAT binding site, and a PEG
linker connected to a biotin molecule to provide for
streptavidin-mediated QD binding.40 This QD-IDT444 label-
ing strategy has proven successful in single QD tracking of
DAT proteins.26,40 At concentrations of 100 nM IDT444 and
<0.1 nM QD, we previously demonstrated that nonspecific
binding was virtually eliminated.26,40 Because DAT Val559 is
similar to wild-type DAT Ala559 in both β-CFT binding
affinity and cocaine inhibition of [3H]-DA uptake,46,47 we
expect IDT444 labeling to be comparable across cells
expressing DAT Ala559 or Val559. Because dopamine D2
receptors (D2Rs) physically associate with DAT and promote
DAT Val559-induced ADE,48−50 we pursued studies of
multiple DAT variants (e.g., A559V, YFPDAT, YFPDAT S/

Figure 1. Schematic outlining single QD-DAT labeling architecture
and chemical structure of the DAT-specific IDT444 affinity tool.

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.8b00350
ACS Chem. Neurosci. 2019, 10, 460−471

461

http://dx.doi.org/10.1021/acschemneuro.8b00350


D, DAT S53A, DAT S53D, A559V + S53A, A559V + S53D) in
HEK-293 cells that endogenously express D2Rs.50 QD-labeled
human DAT Ala559 and human DAT Val559 were studied in
live, transiently transfected HEK-293 cells and imaged using
TIRF microscopy at 10 hz (see Movie S1 for a representative
time series). Representative trajectories for both DAT Ala559
and DAT Val559 coding variants are shown in Figure 2a and b.
IDT307 (4-(4-dimethylamino)phenyl-1-methylpyridinium,
APP+),51,52 a DAT-specific fluorescent analog of 1-methyl-4-
phenylpyridinium (MPP+), was used to outline the cell
boundaries (Figure 2a−d). Diffusion coefficients (D1−3, see
Materials and Methods for details on calculations and analysis)
were determined for populations of DAT Ala559 and DAT

Val559 trajectories. Cumulative probability distributions
(Figure 2e) of D1−3 values reveal a significant increase in
DAT Val559 diffusion rates under basal conditions as
compared to DAT Ala559. Averaged mean square displace-
ment (MSD) curves show confined motion for both DAT
Ala559 and DAT Val559, though the Val559 slope is
significantly larger than the wild-type. DAT Val559 D1−3
interquartile ranges (25−75%) are also significantly greater
than DAT Ala559 (Figure 2f). In addition to diffusion
coefficients, 5 s radial displacement vectors were calculated
by obtaining QD particle distance and direction traveled in 5 s
(50 frames at 10 Hz) normalized to the particle position at the
first frame (see Materials and Methods). Averaged 5 s

Figure 2. DAT Val559 exhibits faster mobility compared to that of DAT Ala559 transiently expressed in HEK-293 cells. (a,b) Representative
trajectories collected over 60 s of QD-bound DAT and DAT Val559 coding variants superimposed to the IDT307 channel (scale bar = 5 μm).
(c,d) Images at 4× magnification of images in a and b, respectively. (e) Cumulative frequency distributions of diffusion coefficients (D1−3) of
immobile QDs, DAT Ala559, and DAT Val559 (Kolmogorov−Smirnov 2-sample test, p < 0.0001). (f) Averaged mean square displacement (MSD)
plots (mean ± S.E.M.) and diffusion coefficient box plots (median, 25% and 75% interquartiles, one-way ANOVA followed by Bonferroni’s
multiple comparison test, ***p < 0.001, ####p < 0.001 comparing data sets to immobilized QDs as control) of trajectories analyzed for DAT Ala559
and DAT Val559. (g) A 5 s displacement bar graph (mean ± S.E.M., unpaired Student’s t test, ***p < 0.001) and polar plots (outer radius limit = 2
μm) of single DAT Ala559 (gray) and DAT Val559 (blue). DAT displacements are normalized to their spatial origin. N (trajectories) are provided
in Table S1.
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displacements for DAT Ala559 and DAT Val559 under basal
conditions proved to be significantly different (Figure 2g). To
increase the physiological relevance of our studies, we repeated
our experiments using catecholaminergic neuroblastoma cells
(SK-N-MC) derived from the human brain. Results in Figure
S1 demonstrate findings similar to those in our HEK-293
studies using SK-N-MC cells expressing DAT Ala559 and
DAT Val559.
DAT Val559 Membrane Mobility Is Insensitive to

PMA-Triggered PKC Activation but Can Be Diminished
by PKCβ Inhibition. DAT-mediated dopamine efflux and
DAT surface density are impacted by protein kinase C (PKC)
signaling.5 To examine whether faster DAT Val559 mobility is
associated with transporter phosphorylation status, we
examined the effects of general PKC activation on DAT
Ala559 and DAT Val559 mobility using phorbol-12-myristate-

13-acetate (PMA), a diester that binds to the catalytic C1
domain of PKC, which leads to stimulation of PKC activity.
HEK-293 cells were preincubated with 100 nM PMA for 30
min prior to QD labeling. PKC activation induced an increase
in DAT Ala559 D1−3 and 5 s displacements. However, these
effects of PMA were not observed for DAT Val559 (Figure 3b,
c). Similar results to those observed in HEK-293 cells were
obtained with transfected SK-N-MC cells, demonstrating
consistency across cell lines (Figure S2).
PMA activates multiple PKC isoforms that can regulate

DAT.5 Because PKCβ regulates dopamine efflux,53 PKCβ
activity is elevated in DAT Val559 expressing HEK-293 cells,42

and antagonism of PKCβ restores AMPH-induced DAT
internalization,54 we focused further studies on this PKC
isoform. Specifically, we tested the ability of the PKCβ-specific
inhibitor enzastaurin, previously shown to attenuate dopamine

Figure 3. DAT Val559 diffusion is unresponsive to protein kinase C (PKC) activation and is attenuated by PKCβ inhibition in HEK-293 cells. (a)
Schematic of DAT with PKC activation by PMA highlighted in blue and PKCβ inhibition by enzastaurin (Enz) highlighted in red. The dashed line
denotes the general region of phosphorylation mediated by PKC activation. (b) Diffusion coefficient box plot (median, 25% and 75%
interquantiles, one-way ANOVA followed by Bonferroni’s multiple comparison test, NS p > 0.05, ***p < 0.001) of trajectories analyzed for DAT
Ala559 and DAT Val559 under basal, stimulated (+PMA) conditions, and inhibited (+Enz) conditions. (c) A 5 s displacement bar graph (mean ±
S.E.M., unpaired Student’s t test, NS p > 0.05 *p < 0.05, **p < 0.01, ***p < 0.001) of trajectories analyzed for DAT Ala559 and DAT Val559
under basal, stimulated (+PMA), and inhibited (+Enz) conditions. N (trajectories) are provided in Table S1.
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efflux in vivo,55 to determine whether PKCβ activity supports
enhanced DAT Val559 membrane diffusion. DAT Ala559 and
DAT Val559 transfected cells were preincubated with 1 μM
enzastaurin for 30 min prior to PMA treatment and QD
labeling. Both DAT and DAT Val559 responded to PKCβ
inhibition by reduced D1−3 and reduced 5 s displace-
ments (Figure 3b, c). Similar results were obtained using
SK-N-MC cells as well (Figure S2). These findings indicate
that PKCβ tone exists in our cell models that supports basal
DAT Ala559 and DAT Val559 lateral mobility and that PMA
can further enhance wild-type but not mutant DAT lateral
mobility in a PKCβ-dependent manner. Our findings are also
consistent with a model whereby the elevated PKCβ activity

reported in DAT Val559 transfected cells leads to elevated
DAT phosphorylation and increased lateral mobility,42 effects
mimicked by treating DAT Ala559 expressing cells with PMA.
DAT Val559 has been shown to exhibit elevated

phosphorylation of multiple N-terminal Ser residues, which is
essential for DAT Val559 ADE.50 We hypothesized that
elevated Ser phosphorylation of the DAT Val559 N-terminus
might also be involved in the enhanced lateral mobility of this
variant. To test this idea, we evaluated the impact of
phosphomimetic mutations of the N-termimal Ser residues
on lateral mobility using our antagonist-coupled QD approach.
Here, Ser residues were mutated to Asp residues (S/D), which
are negatively charged at pH 7, thus mimicking a

Figure 4. Phosphomimetic YFP-DAT S/D exhibits faster membrane mobility than that of wild-type YFP-DAT in HEK-293 cells. (a,b)
Representative trajectories collected over 60 s of QD-bound YFP-DAT WT and YFP-DAT S/D superimposed to cell membranes outlined by YFP
(scale bar = 5 μm). (c,d) Images at 4× magnification of images in a and b, respectively. (e) Cumulative frequency distributions of diffusion
coefficients (D1−3) of immobile QDs, YFP-DAT WT, and YFP-DAT S/D (Kolmogorov−Smirnov 2-sample test, p< 0.0001). (f) Averaged mean
square displacement (MSD) plots (mean ± S.E.M.) and a diffusion coefficient box plot (median, 25% and 75% interquantiles, one-way ANOVA
followed by Bonferroni’s multiple comparison test, ***p < 0.001) of trajectories analyzed for YFP-DAT WT and YFP-DAT S/D. (g) A 5 s
displacement bar graph (mean ± S.E.M., unpaired Student’s t test, ***p < 0.001) and polar plots (outer radius limit = 2 μm) of single YFP-DAT
WT (gray) and YFP-DAT S/D (blue). DAT-QD displacements are normalized to their spatial origin. N (trajectories) are provided in Table S1.
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phosphorylated state. We chose to use YFP-DAT and YFP-
DAT S/D available for purchase from Addgene (see Materials
and Methods) considering GFP and YFP moieties have been
reported to induce no adverse effects on DAT function.56,57

Representative trajectories of QD-labeled YFP-DAT S/D
demonstrate a greater area explored compared to QD-labeled
YFP-DAT (Figure 4a−d). In Figure 4e, the cumulative
probability distribution plot of D1−3 clearly demonstrates an
increase in YFP-DAT S/D diffusion rate compared to that of
YFP-DAT. Complementing the mobility of DAT Val559, YFP-
DAT S/D has elevated D1−3 and 5 s displacements compared
to those of YFP-DAT. Results using SK-N-MC are in
agreement with these data (Figure S3).
A559V-Induced Ser53 Phosphorylation Increases

Membrane DAT Mobility. In addition to the phosphor-
ylation of N-terminal Ser residues, juxtamembrane DAT
residue Thr53 (Ser53 in humans) accounts for a portion of
basal DAT phosphorylation in transfected cells and in vivo.58

Phosphorylation of Thr53 has been reported to impact
dopamine uptake and AMPH-induced efflux,58 whereas
spatiotemporal effects of Thr53 phosphorylation on DAT
lateral mobility remain unexplored. Intriguingly, elevated DAT
Thr53 phosphorylation is evident in DAT Val559 knock-in
mice21 in concert with elevated DAT Val559 surface
expression and ADE. Thus, we explored a possible
contribution of Ser53 phosphorylation to DAT membrane
mobility. Upon generating diffusion profiles for DAT Ala559
and DAT Val559 expressing phosphorylation-occluded (S53A)
and phosphomimetic (S53D) mutations, we observed a
significant increase in D1−3 and 5 s displacements comparing
DAT Ala559,Asp53 to DAT Ala559 populations, whereas DAT
Val559,Asp53 exhibited no significant difference in D1−3 or 5 s
displacements compared to those of DAT Val559 populations
(Figure 5b, c).
Additionally, we observed that the DAT Val559,Ala53

mutant exhibited lower D1−3 and 5 s displacements compared

Figure 5. S53 phosphorylation alters mobility of DAT and DAT Val559. (a) Schematic of DAT and positions of variants tested. The A559V site is
highlighted in yellow; S53A is highlighted in blue, and S53A is highlighted in red. (b) Diffusion coefficient box plot (median, 25% and 75%
interquantiles, one-way ANOVA followed by Bonferroni’s multiple comparison test, NS p > 0.05, **p < 0.01 ***p < 0.001) of trajectories analyzed
for Ser53, Asp53, and Ala53 under DAT Ala559 and DAT Val559 backgrounds. (c) A 5 s displacement bar graph (mean ± S.E.M., unpaired
Student's t test, NS p > 0.05, **p < 0.01, ***p < 0.001) of trajectories analyzed for Ser53, Asp53, and Ala53 under DAT Ala559 and DAT Val559
backgrounds. N (trajectories) are provided in Table S1.
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to those of DAT Val559. Unexpectedly, the DAT Ala559,Ala53
mutant exhibited higher D1−3 and faster 5 s displacements than
those of DAT Ala559, which may reflect a nonspecific impact
of the Ala53 substitution on the membrane transporter
diffusion. Nonetheless, occluding Ser53 phosphorylation in
DAT Val559 with the Ala53 substitution resulted in diffusion
coefficients comparable to those of DAT Ala559, consistent
with a model where elevated phosphorylation at Ser53 in DAT
Val559 is essential to the mutant’s increased lateral mobility.
Given that phosphorylation at distal N-terminal Ser residues as
well as at Ser53 appears required for increased lateral mobility
of DAT Val559, we suggest that these sites may “communi-
cate” with each other through either transmitted conforma-
tional changes in the N-terminus or through changes in protein
associations that impact transporter lateral mobility. In this
regard, a number of DAT-associated proteins interact with the
N-terminus including D2Rs, syntaxin 1A, and kappa opioid
receptors.49,59,60 Future studies of DAT Val559 lateral mobility
should explore contributions of disrupted associations of one
or more of these proteins.
DAT Val559 Exhibits Reduced Clustering at the

Apical Surface of HEK-293 Cells. Several groups demon-
strated that DAT undergoes oligomerization via various
biochemical and optical approaches.61−65 A more recent
superresolution microscopy study demonstrated that DAT
proteins are organized into functional, cholesterol-dependent
nanodomains in both transfected CAD cells and dopamine
neurons.66 Moreover, transmembrane domain 12 (TM12),
where the Ala559Val mutation is located, has been suggested
to support dimer formation in DAT via in silico experiments as
well as serotonin transporter (SERT) proteins via in vitro and
in silico studies.67−69 To explore the possibility of the
Ala559Val mutation altering DAT clustering, we evaluated
DAT Val559 clustering at the apical surface of HEK-293 cells
by widefield epifluorescence microscopy. Consistent with our
tracking experiments, we treated cells expressing DAT Ala559
and DAT Val559 with 100 nM IDT444 and <0.1 nM QD.

Briefly, we analyzed clusters by an in house-developed
intensity-based algorithm (see Materials and Methods, Figure
6a) where integrated density (ID) values were obtained by
integrating point spread functions (PSF) from acquired images
(Figure 6b, c). Higher ID values indicate the presence of
clustered DAT-QDs (Figure 6c). For the best visualization of
clusters, TALM reconstructed maps are provided (Figure 7a)
for both DAT Ala559 and DAT Val559. We fit ID distributions
with a lognormal function and used quantile-quantile (Q-Q)
plots to compare ID values that fall outside of the fit with a
99% confidence value. DAT Ala559 ID values clearly indicate a
distinct population of density values that fall outside the
lognormal fit in the cluster regime, unlike DAT Val559 ID
values that deviate less from the reference line (Figure 7b).
These findings indicate that, in addition to an increase in
lateral mobility, DAT Val559 proteins appear to cluster less on
the apical surface of HEK-293 cells with other labeled
transporters. These changes may preclude interactions with
other DAT regulators that support normal dopamine influx/
efflux bias and proper regulation of the transporter by cell
signaling mechanisms. Notably, studies in the literature are
mixed with respect to whether cocaine impacts multimer
formation with differences possibly related to expression
systems, levels of DAT expressed, and methods for multimer
capture.63,64,70−72 Although we used low concentrations of
IDT444-conjugated QDs to afford labeling of a small number
of targets, additional studies are needed to know whether the
binding of probes to these transporters has effects on multimer
formation probability on its own. Studies using TIRF
approaches with GFP-tagged transporters in the presence
and absence of IDT444 present one possible route to explore
this possibility.73

In the model suggesting that alterations in cholesterol may
indirectly influence DAT Val559 engagement in multi-
transporter clusters, conformational changes and/or steric
clashes that DAT Val559 imparts on TM12 may shift the
equilibrium from a stabilized clustered state in membrane rafts

Figure 6. Intensity-based widefield imaging analysis reveals clusters at the apical cell surface. (a) Cartoon outlining the experimental widefield focal
plane (orange) and DAT-QD (red) localization. (b) Representative montage of widefield epifluorescence micrographs of two DAT-QD PSFs
interacting over a period of 5 s. (c) 3D surface plots of representative PSFs for single DAT-QDs and DAT-QD clusters.
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toward a more mobile, efflux-prone dissociated state. This
would agree with the idea explored by Sitte and Freissmuth in
which oligomerization acts as an important factor in reverse
dopamine transport.74 Such modification in the DAT
membrane lipid environment could affect the efficacy of
DAT regulation by endogenous G protein coupled receptors,
such as D2R, that result in dysfunctional DAT Val559
phenotypes. Another component that could be affecting
DAT clustering is phosphatidylinositol 4,5-biphosphate
(PIP2) interaction with the N-terminus of Val559. Interest-
ingly, an unphosphorylated DAT N-terminus interacts
with PIP2in silico,75 which the Galli group reported enables
consequent AMPH-induced efflux.76 The possibility of
impaired efflux as a result of Val559 mistargeting PIP2 pools
cannot be easily reconciled with the observation of PIP2
electrostatic interaction with the N-terminus being necessary
for AMPH-induced efflux.76 However, considering the
phosphorylation status of DAT is important in PIP2 binding
and direct PIP2 binding has been shown to facilitate membrane
oligomerization of SERT,73 we cannot exclude the possibility
of impaired interaction between the DAT Val559 and PIP2.

■ CONCLUSIONS
Neuropsychiatric disease-derived DAT missense mutations
demonstrate both trafficking-dependent and -independent
DAT modes of transporter dysfunction, reinforcing perturbed
synaptic dopamine homeostasis as a risk determinant for
neuropsychiatric disease. Although the underlying molecular
mechanisms of DAT dysregulation in neuropsychiatric
disorders remain to be fully elucidated, recent evidence

suggests that disrupted DAT membrane microdomain
compartmentalization is potentially a common culprit of
DAT-mediated dopamine pathology.26,77 Previously, we
demonstrated that the ADHD-associated DAT coding
Cys615 demonstrates alterations in membrane lateral mobility.
Here, we provide the first single molecule tracking evidence for
the DAT Val559 variant, a mutation found in subjects with
ADHD, ASD, and BPD. Like DAT Cys615, DAT Val559 is
more mobile compared to DAT under basal conditions.
Longstanding evidence indicating that PKC mediates N-
terminal phosphorylation of DAT at Ser and Thr residues,5

and our observation of the DAT Val559 variant exhibiting
altered diffusion rates, led us to perform pharmacological
investigation of requirements for PKC-mediated phosphor-
ylation. We demonstrate that DAT Val559 mobility is
unresponsive to PKC activation but is attenuated by a potent
and selective PKCβ inhibitor. Furthermore, DAT phosphomi-
micked at distal serine residues is more mobile, supporting N-
terminal phosphorylation as one determinant of DAT
membrane diffusion. Adding to the growing appreciation of
the role of Ser/Thr53 phosphorylation in DAT function, we
provide evidence that phosphorylation at this site mobilizes
DAT for increased lateral diffusion, effects (phosphorylation
and mobilization) instituted constitutively in the DAT Val559
variant. We report here the first experimental evidence of
reduced DAT Val559 clustering related to aberrant membrane
mobility.
Several groups have reported PKC modulation of DAT

endocytic trafficking observed in heterologous cells to be
absent in cultured midbrain neurons.24,78−80 In contrast,
Gabriel et al. recently reported PKC-mediated action on
DAT trafficking observed intact striatal slices.23 It is possible
that some of this discrepancy may derive from culture versus
slice approaches or the study of circuits that differentially
support regulated DAT trafficking. For instance, Gowrishankar
et al. found in studies of acute brain slices that D2R-dependent
DAT trafficking occurs in dorsal but not ventral striatum.21

Currently, the degree to which Val559 variant proteins diffuse
and cluster in vivo is unknown, though this is a goal for our
efforts moving forward.
As the ADHD-associated DAT Cys615 variant also

demonstrates increased lateral mobility,26 disrupted membrane
localization may be a common attribute of disease-associated
changes in neurotransmitter transporter availability and/or
function. Beyond this more general conclusion, our results
reveal previously unreported perturbations of the membrane
dynamics DAT Val559 variant implicating PKCβ activation as
an important determinant of transporter lateral mobility.
Future studies are needed to dissect whether altered DAT
Val559 membrane dynamics are a consequence of disrupted
interactions between membrane domains enriched with
cholesterol and/or PIP2. Resolution of this question may
lead to new opportunities for neuropsychiatric disease
intervention.

■ MATERIALS AND METHODS
Materials. AmpQD-655, SavQD-605, and SavQD655 were

purchased from Invitrogen. DMEM, fetal bovine serum (Gibco),
phosphate buffer saline (PBS, w/o Ca2+, Mg2+), penicillin/
streptomycin, and Lipofectamine 3000 were purchased from Thermo-
Fisher. EMEM was purchased from VWR. MatTek dishes were
purchased from MatTek directly. Laminin (Millipore), phorbol-12-
myristate-13-acetate (PMA) (Sigma), and poly-D-lysine (Sigma) were

Figure 7. DAT Val559 has a lower propensity to reside in clusters at
the apical surface of HEK-293 cells. (a) TALM reconstructions
of DAT Ala559-QD and DAT Val559-QD PSFs from 1000-frame
time series (scale bars = 2 μm). Q-Q plots (99% confidence intervals,
black) of background-subtracted integrated intensity values for DAT
Ala559 and DAT Val559. Upper and lower percentiles are calculated
with a 99% confidence. NA559 = 1871, NV559 = 1864, 26 cells analyzed.
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purchased from Millipore Sigma. IDT307 (Blakely et al., 2011, U.S.
Patent Number 7947255 B2) and IDT444 were synthesized in the
Rosenthal Lab by Dr. Ian D. Tomlinson.37

Coding Variant Constructs. pcDNA3.1(+) DAT and
pcDNA3.1(+) DAT Val559 constructs were previously detailed.15

yfpsyndat (Addgene plasmid # 19991) and YFP-synDAT-S/D
(Addgene plasmid # 48793) were gifts from Jonathan Javitch, Ph.D.
at Columbia University. Q5 site directed mutagenesis (NEB Inc.) was
used to generate hDAT A53 and D53 on both the hDAT and hDAT
A559V plasmid with forward primer RB5576 5′-CCCGCGGCA-
GgccCCCGTGGAGG-3′ and RB5578 5′-CCCGCGGCAGgacCCC-
GTGGAGG-3′, respectively, and reverse primer RB5577 5′-TTGG-
TGAGGGTGGAGCTGG-3′.
Cell Culture. HEK-293 cells were a kind gift from Eva Harth,

Ph.D. at Vanderbilt University, and SK-N-MC cells were kindly pro-
vided by Jerry Chang, Ph.D. at the Rockefeller University Laboratory
of Molecular and Cellular Neuroscience. HEK-293 and SK-N-MC
cells were maintained in DMEM and EMEM, respectively, with 2
mM/L glutamine, 10% fetal bovine serum (FBS), and 1% penicillin/
streptomycin. Both cell cultures were transiently transfected 24 h
prior to labeling at 1 μg DNA:3 μL Lipofectamine 3000 ratio.
QD Labeling. DAT-expressing HEK-293 and SK-N-MC cells were

plated on MatTek No. 1.5 coverslips coated with poly-D-lysine and
laminin, respectively. QD labeling was employed following a two-step
protocol previously outlined.81 Briefly, cells in 2 mL of full growth
medium were spiked with 20 μL of 10 μM IDT444 suspended in PBS
(w/o Ca2+, Mg2+) and incubated at 37 °C and 5% CO2 for 10 min.
Three washes with warm DMEM Fluorobrite were performed prior to
treating cells with 10 pM SavQD 2% dialyzed FBS in DMEM
Fluorobrite. The QD-IDT444 DAT-labeled cells were washed three
times with warm DMEM Fluorobrite. Activation of PKC and
inhibition of PKCβ were performed by administering 100 nM PMA
30 min prior to washing and 1 μM Enz prior to PMA treatment,
respectively. PMA- and Enz-treated cells were washed an additional 3
times with warm DMEM Fluorobrite. At the microscope, IDT307 was
added to the MatTek dish prior to imaging.
Microscopy. Time-series images were generated by TIRF and

widefield epifluorescence microscopy on a Nikon Eclipse Ti-E
inverted microscope equipped with an Andor Zyla 4.2 PLUS
sCMOS camera and viewed with an Apo TIRF 60×/1.49 NA oil
objective. Excitation at 488 nm was sourced by a Nikon LU-NV laser
unit. YFP-DAT and IDT307 emissions were collected with a 525 ±
18 nm emission filter. SavQD-605 and SavQD-655 signals were
collected with 603 ± 15 nm and 655 ± 15 nm emission filters,
respectively. For SPT experiments, time series were produced at a 10
Hz frame rate. For clustering experiments, time series were produced
at a 17 Hz frame rate.
Single Particle Tracking Analysis. Raw TIFF stacks were

extracted from Nikon Elements ndl files in Fiji, an ImageJ distribution
(National Institutes of Health, Bethesda, MD). Trajectories were
compiled from these raw data given the conditions that (i) the particle
emission is intermittent to ensure discrimination of single particles,
(ii) the blinking gap is less than 10 frames, (iii) the PSF is located
within a 3 × 3 pixel area surrounding the PSF location from the
previous frame, and (iv) the trajectory persists at least 50 frames.
Mean square displacement, ⟨r2(nδt)⟩, values were calculated for each
of the trajectories collected for time intervals of 0.1−1.5 s in 0.1 s
intervals via
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where δt is the temporal resolution, (x(jδt), x(jδt)) is the coordinate
at t = jδt, and N is the number of total frames recorded during a single
trajectory.
Diffusion coefficients (D1−3) were determined from the linear fits

of the first three MSD values in the algorithm

σ= +− −r t t( ) 4D 42
1 3 1 3

2

where σ is the uncertainty of particle localization. The uncertainty,
dependent on the signal-to-noise ratio (SNR) and limited by the
diffraction limit using visible light, was estimated by Δσ ≈ ω/SNR,
where ω is approximately the widefield mode diffraction limit and
SNR values for QD emitters exited by an evanescent field in TIRF
mode range between 20 and 30. D1−3 values were populated, and a
significant difference between distributions was determined by one-
way ANOVA followed by Bonferroni’s multiple comparison test. 5 s
displacement vectors were obtained by indexing particle coordinates
after 50 frames and normalizing to the particle origin. Populated 5 s
displacement values were analyzed by unpaired Student's t test. All
analysis was performed and automated by MATLAB codes. For
extensive detail regarding microscopy and analysis in SPT experi-
ments, see Chang and Rosenthal et al.82

Cluster Analysis. Raw TIFF stacks were extracted from Nikon
Elements ndl files in Fiji. PSF centroids were subsequently identified
and indexed. For the intensity of each PSF to be quantified, ID values
were calculated by integrating raw intensity values in a 5 × 5 pixel
matrix and normalized to the particle centroid coordinate. Because
background in widefield mode is heterogeneous due to emission from
QDs outside of the focal plane, background values were calculated by
averaging intensity counts of a 9 × 9 pixel parameter centered around
each centroid. Raw IDs were then corrected by their assigned
backgrounds. All analysis was performed and automated by an in-
house MATLAB script. The QuickPALM plugin in Fiji was used to
generate TALM images.
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