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Abstract

The dopamine transporter (DAT) is a plasma membrane phosphoprotein that actively translocates
extracellular dopamine (DA) into presynaptic neurons. The transporter is the primary mechanism
for control of DA levels and subsequent neurotransmission, and is the target for abused and
therapeutic drugs that exert their effects by suppressing reuptake. The transport capacity of DAT is
acutely regulated by signaling systems and drug exposure, providing neurons the ability to fine-
tune DA clearance in response to specific conditions. Kinase pathways play major roles in these
mechanisms, and this review summarizes the current status of DAT phosphorylation characteristics
and the evidence linking transporter phosphorylation to control of reuptake and other functions.
Greater understanding of these processes may aid in elucidation of their possible contributions to
DA disease states and suggest specific phosphorylation sites as targets for therapeutic
manipulation of reuptake.
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1. Introduction.

In the central nervous system the neurotransmitter dopamine (DA) mediates control of
numerous functions including motor activity, mood, and cognition, and imbalances in DA
levels are associated with disorders such as Parkinson’s disease, attention deficit
hyperactivity disorder (ADHD), bipolar disorder, and drug addiction (Kristensen et al.,
2011; Pramod et al., 2013). The primary mechanism for spatial and temporal control of free
transmitter levels is the dopamine transporter (DAT), which actively transports DA from the
extracellular space into the presynaptic neuron. Many drugs interact with DAT to suppress
reuptake, including cocaine and amphetamine, which induce psychomotor stimulation and
addiction, and other categories of inhibitors such as methylphenidate and bupropion that are
used therapeutically to treat ADHD and other DA disorders (Iversen, 2006). The transport
capacity of DAT is acutely regulated by a variety of conditions and signaling pathways that
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function to rapidly modulate DA clearance in response to physiological demands, and
dysregulation of these responses is hypothesized to contribute to long-lasting transmitter
imbalances in DA pathologies (Blakely and Bauman, 2000; German et al., 2015).

DAT is an integral protein expressed primarily on the plasma membrane where it can interact
with extracellular transmitter (Nirenberg et al., 1996). It is composed of 12 transmembrane
(TM) spanning helices that form the core of the substrate translocation pathway and large N-
and C-terminal domains that are oriented toward the cytoplasm (Fig. 1). Translocation of
substrate against its concentration gradient is driven by co-transport of Na* and CI~ down
their concentration gradients and occurs by an alternating access mechanism in which the
protein cycles through inwardly and outwardly facing conformations that bind and release
DA on opposite sides of the membrane (Forrest and Rudnick, 2009). Cocaine and other
inhibitors bind to the outwardly facing form and prevent these movements, whereas
substrates such as amphetamine (AMPH) and methamphetamine (METH) are carried into
the cell and stimulate release of intracellular DA via reversal of the transport mechanism
(Sitte and Freissmuth, 2015; Sulzer, 2011). The balance between uptake and efflux not only
regulates free DA levels but is crucial for DA homeostasis, as inward transport is necessary
for re-loading synaptic vesicles and transmitter recycling (Jones et al., 1998), and efflux
leads to depletion of vesicular DA which contributes to abuse liability and neurotoxicity
(Sulzer, 2011), and may mediate dopaminergic excitability (Falkenburger et al., 2001). The
core structure of DAT and many of its transport mechanisms have been elucidated by
homology to crystallized bacterial and Drosophilatransporters (Beuming et al., 2006; Dahal
et al., 2014; Wang et al., 2015), but the N- and C-terminal domains are not conserved across
phylogeny and their structures have not been solved. In mammalian transporters the
cytoplasmic domains interact with regulatory binding partners and contain sites for post-
translational modifications including phosphorylation and palmitoylation (Bermingham and
Blakely, 2016; Kristensen et al., 2011; Vaughan and Foster, 2013) (Fig. 1), and here we
discuss role of transporter phosphorylation in kinase-mediated regulatory events.

2. Kinase-Regulated Functions of DAT.

Numerous properties of DAT including forward transport, reverse transport, and cell surface
expression are regulated by signaling pathways and psychostimulant drug exposure (German
et al., 2015; Vaughan and Foster, 2013). Acute and long-term alteration of these properties
could thus impact neurotransmission by affecting overall DA clearance capacity. Multiple
kinases have been implicated in these processes, with the most well-studied including
protein kinase C (PKC), calcium-calmodulin dependent kinase 1l (CAMKII), extracellular
signal-regulated protein kinase (ERK) (German et al., 2015; Vaughan and Foster, 2013)
Other signaling systems such as protein kinase A (PKA) (Batchelor and Schenk, 1998),
tyrosine kinases (Hoover et al., 2007), arachidonic acid (Chen et al., 2003), Akt (Speed et
al., 2010 phosphatidy! inositol 3-kinase (Carvelli et al., 2002), and nitric oxide (Pogun et al.,
1994) also affect transporter functions, but have been less extensively characterized. Major
issues regarding kinase effects include identifying the underlying mechanisms and
determining whether actions are mediated through phosphorylation of transporter,
phosphorylation of other proteins, or a combination of both.
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2.1 Protein Kinase C.

Multiple functions of DAT are regulated by PKC, with activation of the enzyme leading to
reduced transport Vax, elevated efflux Vnax, and enhanced transporter internalization
(German et al., 2015; Vaughan and Foster, 2013 Each of these actions would result in
increased extracellular DA levels, indicating PKC as a positive regulator of DA
neurotransmission. Dephosphorylation mechanisms factor into these processes, as
phosphatase inhibitors potentiate PKC effects and induce transport down-regulation in the
absence of exogenous PKC activation (Bauman et al., 2000; Vaughan et al., 1997).

2.2 Amphetamines.

DAT down-regulation, efflux, and endocytosis responses are also stimulated by pretreatment
of cells or striatal tissue with AMPH or METH, with many (Cervinski et al., 2005; Chen et
al., 2009; Fog et al., 2006; Johnson et al., 2005; Richards and Zahniser, 2009), although not
all (Boudanova et al., 2008), studies showing dependence of these properties on PKC and/or
CAMKII. AMPH-induced trafficking and efflux effects have been linked to PKCB (Johnson
et al., 2005) and CAMKII effects are mediated by a CAMKII (Steinkellner et al., 2014). In
the absence of AMPH, PKC and CAMKII activators stimulate DA efflux (Cowell et al.,
2000; Fog et al., 2006), and AMPH-induced stimulation of these events is suppressed by
pharmacological or genetic inhibition of the enzymes (Kantor et al., 1999; Steinkellner et al.,
2014; Steinkellner et al., 2012). Importantly, kinase effects on AMPH-induced trafficking
and efflux are not only observed /n vitro, but support AMPH neurochemical and behavioral
responses (Chen et al., 2009; Pizzo et al., 2014; Pizzo et al., 2013; Steinkellner et al., 2014),
indicating their involvement /n vivo.

2.3 Extracellular Signal Regulated Kinase.

contrast to down-regulation responses mediated by PKC, ERK pathways upregulate DAT
surface levels and transport capacity (Bolan et al., 2007; Moron et al., 2003). This would
function to reduce extracellular DA and dampen dopaminergic neurotransmission, indicating
ERK as a negative regulator of DA signaling. Together these findings support the ability of
DAT to undergo bidirectional regulation in response to distinct signaling systems and
suggest that the tonic level of uptake is established by the integration of information from
multiple inputs.

3. DAT phosphorylation characteristics.

Initial studies demonstrating the ability of of rat (r), mouse (m), and human (h) DATs to
undergo phosphorylation were performed by 32P metabolic labeling of the proteins in
heterologous expression systems (Granas et al., 2003; Huff et al., 1997) and in rat (\aughan
etal., 1997; Foster et al., 2002) and mouse (Vaughan and Foster, unpublished data) striatal
tissue. Transporters undergo basal 32P labeling that reflects the tonic level of phosphate
turnover, and 32P incorporation is rapidly elevated by activation of PKC with phorbol 12-
myristate, 13-acetate (PMA), diacylglycerol analogs, or Gq receptor agonists (Granas et al.,
2003; Huff et al., 1997; Vaughan et al., 1997). These effects are blocked by PKC inhibitors,
supporting direct or indirect control of transporter phosphorylation by PKC (Fig. 1). In the
absence of exogenous kinase activation, DAT 32P labeling is also strongly increased by
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okadaic acid (OA) and other inhibitors of protein phosphatase 1 (PP1) and protein
phosphatase 2A (PP2A) (Fig. 1), indicating that transporters are subject to robust tonic
dephosphorylation that suppresses the steady-state phosphorylation level (Huff et al., 1997;
Vaughan et al., 1997). OA dose-response and peptide inhibitor experiments implicate PP1 as
the primary phosphatase regulating 32P labeling (Foster et al., 2003b; Gorentla et al., 2009;
Vaughan et al., 1997), but the catalytic subunit of PP2A has been identified in complexes
with DAT (Bauman et al., 2000), suggesting that the protein may be acted on by multiple
phosphatases.

AMPH and METH also strongly increase DAT 32P labeling, whereas uptake blockers
including cocaine, GBR 12909, mazindol, and methylphenidate are without effect
(Cervinski et al., 2005; Gorentla and Vaughan, 2005). The AMPH and METH effects are
cocaine sensitive, indicating a requirement for binding or transport by DAT, and are blocked
by PKC inhibitors (Cervinski et al., 2005), suggesting that the drugs act upstream of the
kinase (Fig. 1). Importantly, AMPH stimulation of 32P labeling is not only induced in model
cell systems and synaptosomes, but occurs after injection of drug into animals,
demonstrating that the responses occur in the brain (Cervinski et al., 2005).

32p Jabeling of DAT is thus stimulated by many of the pharmacological agents that induce
PKC- or phosphatase-dependent regulation of transport and efflux, consistent with a
mechanistic relationship. Whether this holds for other signaling pathways remains an open
question, as attempts in our lab to demonstrate changes in DAT 32P labeling by modulation
of other kinases including PKA (Vaughan et al., 1997) and CAMKII (Vaughan and Foster,
unpublished data) have been unsuccessful, and to the best of our knowledge have not been
reported elsewhere. However, it is not known if these findings represent true negatives
regarding the involvement of these kinases in DAT phosphorylation or reflect insufficient
sensitivity of 32P labeling to detect inputs from these pathways.

DAT phosphorylation is also impacted through mechanisms other than direct kinase or
phosphatase modulation, indicating that the subcellular status of the transporter can affect
enzymatic outcomes. For example, treatment of rat striatal tissue with the syntaxin 1A (syn
1A) protease Botulinum Neurotoxin C leads to reduced 32P labeling of DAT (Cervinski et
al., 2010). This suggests that syn 1A, which binds to the transporter N-terminus, stabilizes
tonic phosphorylation, possibly by affecting its access to kinases or phosphatases. In
addition, DAT phosphorylation is affected by its palmitoylation state, as 32P labeling is
increased by suppression of transporter palmitoylation and decreased by enhancement of
palmitoylation (Moritz et al., 2015). Whether this occurs by steric hindrance between the
modifications or by other mechanisms such as subcellular localization of modified
transporters remains unknown. Similar to results obtained with kinase and phosphatase
modulators, however, in each of these conditions transport activity was decreased with
increased phosphorylation and increased with decreased phosphorylation, consistent with a
mechanistic relationship.

J Chem Neuroanat. Author manuscript; available in PMC 2019 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foster and Vaughan Page 5

4. Phosphorylation Sites.

Understanding the mechanism for phosphorylation-mediated control of transporter function
requires identification of the modified residues. Phosphoamino acid analysis of expressed
and striatal rDAT showed that ~90% of 32P labeling occurred on serine (Ser) with ~10%
occurring on threonine (Thr) (Foster et al., 2002). Numerous Ser and Thr residues that could
serve as phosphorylation sites are present throughout the N- and C-terminal domains and
intracellular loops (Fig. 1). Many of these residues are conserved in mouse and human
transporters, but there are also some non-conserved sites (Gorentla et al., 2009), suggesting
the potential for similarities and differences in phosphorylation profiles across species. DAT
also contains four intracellularly oriented tyrosine residues, but to date there is no evidence
supporting the presence of phosphotyrosine on the protein.

4.1 PKC domain phosphorylation.

Peptide mapping and mutagenesis studies of expressed and native rDATS identified the distal
end of the cytoplasmic N-terminus as the major site of basal, PKC- and AMPH-stimulated
phosphorylation (Cervinski et al., 2005; Foster et al., 2002). This domain contains a cluster
of five closely-spaced serines (Ser2, Ser4, Ser7, Serl12, and Ser13) that are conserved in
mDAT and hDAT, as well as nearby Ser21 which is not conserved (Fig. 1). This domain is
the primary region detected by 32P metabolic phosphorylation, as truncation of the first
21/22 residues in rDAT/hDAT eliminates the majority of basal, PKC-stimulated, and
AMPH-stimulated 32P incorporation (Cervinski et al., 2005; Granas et al., 2003). Significant
levels of 32P labeling are retained in individual S— A mutants, however (Foster et al.,
2003a), indicating that multiple sites in this domain are modified. While the vast majority of
basal, PKC- stimulated, and AMPH-stimulated metabolic phosphorylation occurs in this
domain, a small amount of labeling may remain on the A21/22 transporters, suggesting that
sites elsewhere on the protein could be modified at lower stoichiometric levels.

Due to the large number of possible phosphorylation combinations in the PKC domain and
the difficulties of pinpointing specific sites via partial reductions in 32P labeling after S—A
mutagenesis, we adopted an /in vitro approach to characterize phosphorylation properties of
recombinant rDAT N- and C-terminal tail peptides (NDAT and CDAT). We found that
NDAT was an excellent substrate for numerous kinases including PKC, PKA, CAMK, and
ERK1/2 (Gorentla et al., 2009), demonstrating the ability of these enzymes to directly act on
the N-terminal domain sequence. Phosphorylation of NDAT by PKC showed strong
similarities to the /in vivo pattern, with /n vitro phosphorylation occurring at multiple
residues, primarily Ser4, Ser7, and Ser13, in the PKC domain. Other kinases also catalyzed
phosphorylation of this domain, however, with PKA phosphorylation occurring solely on
Ser7 and CAMK phosphorylation occurring soley on Ser13. If these findings reflect in vivo
kinase usage and specificity, the overlapping but distinct phosphorylation patterns suggest
the potential for both specific and integrative regulatory inputs into this domain. We also
found that CDAT can be phosphorylated by PKC and CAMK, but the site(s) have not been
mapped or investigated /n vivo.

Based on our NDAT phosphorylation profiles we focused on Ser7 and Ser13 as likely
candidates for /n vivo phosphorylation (Fig. 1). We have now obtained strong evidence in
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support of Ser7 as a PKC-dependent phosphorylation site in both expressed and native
protein, as Ser7— Ala mutation reduced basal and PKC-stimulated 32P labeling of rDAT by
~50%; phospho (p) Ser7 was identified in expressed hDAT by mass spectrometry; and rat
striatal DAT phosphopeptides co-migrate through 2-dimensional thin layer chromatography
with NDAT Ser7 phosphopeptides (Moritz et al., 2013). We have not yet mapped the
AMPH-stimulated phosphorylation sites in this domain and do not know if the pattern
follows or differs from that of PKC. The retention of significant 32P labeling in S7TA DAT
indicates the presence of one or more additional phosphorylation sites in this domain, and as
tonic and AMPH-stimulated efflux are regulated by both PKC and CAMKII, our findings
that Ser13 is phosphorylated /in vitro by both of these kinases makes this an attractive
candidate for this function (Fig. 1). However, we have not yet been able to demonstrate the
usage of Serl3 /in vivo, and the additional phosphorylation site(s) in this domain currently
remain unknown.

4.2 Functions regulated by PKC domain phosphorylation.

Important mechanistic issues for understanding regulation of DAT and for potential use of
this information for interventional purposes are whether kinase effects on function occur by
single or multiple mechanisms and whether they are mediated directly via phosphorylation
of the transporter or indirectly via phosphorylation of regulatory partners. The results
described below are beginning to suggest that DAT is regulated by distinct kinetic and
endocytotic mechanisms that differ in their phosphorylation inputs and may provide multiple
targets for therapeutic manipulation of reuptake.

4.2.1 Transport.—With respect to regulation of transport, many studies initially equated
PKC-induced down-regulation with transporter endocytosis and reduction of surface
transporters available to mediate uptake. An early study that examined the phosphorylation
dependence of these processes showed that PMA-stimulated endocytosis and reductions in
transport were not lost in A22 hDAT, which lacks the PKC domain (Granas et al., 2003),
leading to the paradigm that these functions are independent of transporter phosphorylation.
Further studies in both exogenous and native systems however, showed that transport down-
regulation was reduced, although not eliminated, when DAT internalization was blocked
(Foster et al., 2008; Foster and Vaughan, 2011). These findings demonstrate the presence of
a kinetic regulatory mechanism that operates in parallel with endocytosis, and are consistent
with earlier reports of altered PKC regulation of a trafficking-impaired DAT mutant (Mazei-
Robison and Blakely, 2005) and with trafficking-independent down-regulation induced by
AMPH (Richards and Zahniser, 2009).

Several lines of evidence now indicate that this kinetic mechanism is driven by
phosphorylation of Ser7, as PKC-dependent down-regulation of S7A DAT is blunted relative
to the WT protein and is essentially eliminated when endocytosis is blocked; S7A DAT
possesses higher steady state transport capacity than the WT protein; and DA transport is
suppressed by reduction of palmitoylation on cysteine (Cys) 580, which elevates Ser7
phosphorylation in the absence of exogenous PKC activation (Moritz et al., 2013; Moritz et
al., 2015) (Table 1). However, PKC-induced endocytosis of S7A rDAT does not appear to be
substantially impaired (Moritz et al., 2015), similar to results obtained with A22 hDAT,
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indicating that the level of down-regulation retained in these mutants results from
internalization. Together these findings support a model in which PKC-induced reductions in
transport occur by a combination of kinetic regulation driven by phosphorylation of Ser7 and
endocytotic regulation that is independent of PKC domain phosphorylation.

4.2.2 Efflux.—Links between reverse transport and PKC domain phosphorylation were
first identified in studies showing that AMPH-stimulated DA efflux is reduced in hDAT A22
or PKC domain S— A mutants, with retention of responsiveness upon substitution of Ser7
and Ser12 with aspartic acid (D) to potentially mimic the phosphorylation state (Khoshbouei
et al., 2004). Similar but not identical results that point to roles for Ser4, Ser7 and/or Ser13
in efflux have been obtained by our lab (Zhen et al., 2012) and by others (Wang et al., 2016)
(Table 1). As AMPH-stimulated efflux is PKC-dependent, these results are consistent with
efflux being enhanced by PKC-induced phosphorylation of these residues. Although efflux
responses could result from AMPH-induced transporter trafficking (Chen et al., 2010), in
our hands DAT surface levels showed no alteration during the efflux procedures (Moritz et
al., 2013), again linking PKC domain phosphorylation to transporter kinetics.

While CAMKII also plays a role in AMPH-induced efflux, its mechanism remains to be
clarified. CAMKII interacts with DAT via a site on the distal end of the C-terminus (Fig. 1),
and disruption of this interaction reduces efflux /in vitroand /n vivo (Fog et al., 2006;
Steinkellner et al., 2014). Because CAMKII-dependent efflux and behaviors are reduced by
PKC domain S— A mutations and maintained by phosphomimetic mutations (Fog et al.,
2006; Pizzo et al., 2014) it has been assumed that this indicates CAMKII phosphorylation of
these residues. However, formal demonstration that this occurs remains lacking, leaving
open the possibility that the kinase effect is mediated by an alernative mechanism.

4.2.3 Cocaine analog binding.—Alterations in forward and reverse transport kinetics
suggest that phosphorylation of PKC domain residues affects the transporter conformational
equilibrium, which alters the rate at which the protein transitions through the substrate
translocation cycle. As one method to assess this possibility we examined Ser7 mutants for
effects on binding of the cocaine analog 2p - carbomethoxy- 3p- (4-fluorophenyl) tropane
(CFT), which is thought to be favored by the outwardly facing transporter conformation
(Dahal et al., 2014; Wang et al., 2015; Yamashita et al., 2005), and for Zn%* stimulation of
CFT binding, which is thought to occur by stabilization of the outward conformation
(Norregaard et al., 1998). We found that S7A and S7D mutants possess reduced CFT affinity
and altered CFT responses to Zn2* and also showed that phosphorylation conditions
increased the transporter CFT affinity (Moritz et al., 2013) (Table 1). This is consistent with
the ability of Ser7 phosphorylation to regulate the transporter conformational equilibrium
and suggests its potential to impact transporter responsiveness to cocaine.

4.2.4 Palmitoylation.—Ser7 phosphorylation also regulates palmitoylation of DAT on
Cysb80, with increased phosphorylation leading to reduced palmitoylation and reduced
phosphorylation leading to increased palmitoylation (Moritz et al., 2015; Rastedt et al.,
2015) (Table 1). The mechanisms underlying the concerted regulation of these events are
unknown, but the findings indicate complex interplay between these modifications and
communication between N- and C-terminal domains.

J Chem Neuroanat. Author manuscript; available in PMC 2019 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foster and Vaughan Page 8

4.3 Thr53 phosphorylation.

Our phosphorylation analyses using recombinant cytoplasmic domains were also
instrumental in guiding the discovery of a second phosphorylation site on DAT, as
phosphorylation of NDAT was catalyzed by several mitogen-activated protein kinases
(MAPKS) including ERK, JNK, and p38 (Gorentla et al., 2009). ERK-catalyzed
phosphorylation of NDAT was mapped to Thr53, and the usage of this site was subsequently
confirmed /n vivo (Foster et al., 2012). This may be the sole site of Thr phosphorylation on
rDAT as Thr53—Ala mutation led to the apparent loss of all 32P-labeled pThr (Gorentla et
al., 2009). Thr53 is present in the membrane proximal region of the N-terminus and is
followed by a proline (Pro) (Fig. 1), which serves as a targeting signal for MAPKSs and other
Pro-directed kinases, and is inhibitory for AGC and related kinases including PKC, PKA,
and CAMK (Ubersax and Ferrell, 2007). The Pro-rich region flanking Thr53 also constitutes
an SH3 binding domain that may drive binding partner interactions (Fig. 1).

To study phosphorylation of Thr53 against the backdrop of the larger amount of PKC
domain phosphorylation, we developed a phospho-specific antibody that recognizes pThr53
in rDAT and mDAT, but does not react with non-phosphorylated Thr53 or with hDAT, which
possesses a Ser-Pro motif at the homologous site (Foster et al., 2012). Although no
published studies have reported metabolic phosphorylation of hDAT Ser53, the likelihood
for this occurring is supported by our findings that ERK catalyzes robust /n vitro
phosphorylation of this site in the human version of NDAT (Foster and Stanislowski,
unpublished data).

Initial characterization of rDAT with this antibody showed increased Thr53 phosphorylation
in response to PMA and OA (Foster et al., 2012), suggesting potential involvement of the
site in PKC mechanisms. However, as PKC cannot directly phosphorylate Pro-directed sites,
this is likely due to cross-talk of PKC and MAPK pathways (Rozengurt, 2007). More
recently we have determined that Thr53 phosphorylation is stimulated /7 vitro and /n vivo by
AMPH and METH (Challasivakanaka etal., 2012), also implicating this site in physiological
mechanisms of these drugs. Whether the drug effects on this site are mediated by PKC or
MAPKSs has not been determined.

These findings have major structure-function implications for DAT, as phosphorylation of
Pro-directed sites promotes cis-isomerization of S/T-P peptide bonds (Lu and Zhou, 2007).
This configuration is far less common in proteins than the more energetically favorable trans
configuration, and can have significant impact on protein function. In addition, the ¢/s
conformer must be returned to the frans state before the residue can be dephosphorylated
(Lu, 2004). For Pro-directed phosphorylation sites this is catalyzed by the phosphorylation-
specific protein prolyl isomerase Peptidylprolyl Cis/Trans Isomerase, NIMA-Interacting 1
(PIN1), which thus functions to control the duration of the phosphorylated state in addition
to the backbone configuration (Lu and Zhou, 2007).

DAT is likely to be subject to these mechanisms, as ERK-phosphorylated NDAT displays
reduced electrophoretic mobility on SDS-PAGE gels that could be caused by Thr53-Pro54
cfs-isomerization (Gorentla et al., 2009), and PIN1 inhibitors induce robust increases in
Thr53 phosphorylation (Challasivakanaka et al., 2014) (Table 1), consistent with suppression
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of dephosphorylation in the absence of cis—trans conversion. PIN1 levels and activity are
under tight control, and its dysregulation has been implicated in many diseases including
cancer, diabetes, and Alzheimer’s disease (Lu, 2004), suggesting this enzyme as a novel
DAT input whose dysregulation could affect Thr53 functions. Dephosphorylation properties
of pThr53 have not been extensively investigated, but many proline-directed sites are acted
on by PP2A (Lu et al., 1999), suggesting this as the enzymatic input into this step (Fig. 1).
PP2A is also subject to complex regulation by signaling pathways, targeting subunits, and
inhibitors, with many diseases associated with its dysregulation (Brautigan, 2013).

4.4 Functions regulated by Thr53 phosphorylation.

Because PKC, AMPH/METH, and PP1/PP2A also regulate phosphorylation of the PKC
domain, we currently do not understand their specific contribution to MAPK domain
functions. At present we have few tools for selective activation of Thr53 phosphorylation,
and are in the process of identifying inputs into this site that do not stimulate
phosphorylation of PKC domain residues. However, some suggestion of Thr53 regulatory
functions have been revealed by studies involving mutagenesis and PIN1 inhibition.

4.4.1 Transport.—T53A and T53D DATs possess lower DA transport Vs Values than
the WT protein (Foster et al., 2012), suggesting that tonic phosphorylation of the site
supports steady-state uptake capacity. Inputs that stimulate phosphorylation of the site may
thus function to increase transmitter clearance and serve as negative regulators of DA
signaling. This could be consistent with Thr53 serving as a mechanism for ERK-mediated
regulation of transport, as ERK inhibitors suppress tonic transport activity (Moron et al.,
2003), and activation of DA and kappa opioid receptors increase DA uptake through ERK-
sensitive mechanisms (Bolan et al., 2007; Thompson et al., 2000; Zapata et al., 2007). While
upregulation of DAT surface levels may contribute to some of these effects, the reduced
steady state transport in the phosphorylation-null mutants suggests the potential for kinetic
effects related to this site as well. Kappa receptor agonists oppose neurochemical and
behavioral effects of cocaine (Thompson et al., 2000), which could potentially occur via
ERK-mediated upregulation of transport, suggesting Thr53 phosphorylation as a potential
target for therapeutic manipulation of cocaine neurochemical endpoints.

4.4.2 Efflux and cocaine analog binding.—T53A and T53D mutants also show loss
of AMPH-stimulated [3H]MPP* (1-methyl 4-phenylpyridinium) efflux (Foster et al., 2012),
implicating a role for the site in reverse transport. Consistent with this idea, we have found
in rat striatal synaptosomes that PIN1 that inhibitors th stimulate Thr53 phosphorylation also
stimulate [3H]DA efflux (Challasivakanaka et al., 2014) (Table 1), although further work is
needed to determine if this result is specific to the modification or occurs indirectly. In
contrast to our findings with MPP*, however, more recent work from our lab indicates that
DA efflux is moderately elevated in T53A DAT (Challasivakanaka et al., 2012), suggesting
that the residue is not required per se for reverse transport but rather performs a regulatory
function. The pronounced differences between effects of Thr53 mutations on MPP* efflux
relative to DA efflux likely arise from the different structures of the ligands, but suggest the
potential for the Thr53 phosphorylation status to affect outcomes of neurotoxic substrates by
impacting their ability to be extruded from the cell. For both MPP* and DA, efflux

J Chem Neuroanat. Author manuscript; available in PMC 2019 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foster and Vaughan

Page 10

differences in Thr53 mutants relative to the WT protein were not accompanied by altered
transporter surface levels, indicating that they result from kinetic effects. Consistent with this
idea, TS3A DAT shows reduced CFT affinity and loss of Zn2* stimulation of CFT binding
(Challasivakanaka et al., 2012), indicative of kinetic alterations, and supporting a role for
Thr53 phosphorylation in regulation of cocaine functions.

5. Potential Phosphorylation Mechanisms in Kinetic Regulation of

Transport.

The changes in substrate and inhibitor kinetics associated with Ser7 and Thr53
phosphorylation states indicate that modification of these sites impacts the transporter
conformational equilibrium to alter forward and reverse transport velocities and affect ligand
binding. Structural transitions of the protein during the transport cycle involve suspected
movements of the inner segment of TM1 and the membrane proximal region of the C-
terminus (Krishnamurthy and Gouaux, 2012; Wang et al., 2015) that are controlled by
extracellular and intracellular gating networks driven by ionic, H-bond, and aromatic side
chain interactions (Kniazeff et al., 2008). One potential mechanism for kinetic regulation of
transport is thus that negative phosphoryl charges and/or N-terminal backbone isomerization
status affects transport velocity via impacts on these functions. The proximity of Thr53 to
intracellular gate residues and the cytoplasmic end of TM1 is consistent with this idea, and
recent evidence indicates that the distal end of the N-terminus interacts with membrane
phospholipids (Khelashvili et al., 2015a; Khelashvili et al., 2015b; Khelashvili and
Weinstein, 2015), which could also place PKC domain serines near these elements. A non-
exclusive alternative possibility is that phosphorylation of PKC or MAPK domains affects
transport Kinetics by controlling interactions with DAT regulatory binding partners that
impact these processses (Eriksen et al., 2010; Sager and Torres, 2011). Although to date
there has been no demonstration of a binding partner interaction affected by the transporter
phosphorylation state, hints of such a mechanism have been seen with syn 1A, which
regulates DAT uptake and efflux kinetics, interacts with the distal end of the N-terminus via
a CAMK-dependent mechanism, (Binda et al., 2008; Carvelli et al., 2008; Cervinski et al.,
2010), and stabilizes the transporter phosphorylation level (Cervinski et al., 2010).

6. Subcellular aspects of phosphorylation

Kinetic regulation of transport by phosphorylation requires that modified transporters are
present on the plasma membrane. Subcellular fractionation and surface biotinylation studies
indicate that both 32P-labeled (i.e., PKC domain) and pThr53 DATS are present in plasma
membrane fractions (Moritz et al., 2015, Foster and Vaughan, unpublished data), fulfilling
this requirement. DAT phosphorylation is also related to its localization in cholesterol-rich
membrane rafts, which represent preferred sites for PKC-dependent phosphorylation (Foster
et al., 2008). Mechanisms that regulate raft partitioning of DAT thus have the potential to
indirectly affect transporter phosphorylation and associated functions. DAT kinetic
properties are affected by membrane cholesterol levels, either through effects on raft
partitioning or direct interaction (Foster et al., 2008; Hong and Amara, 2010; Jones et al.,
2012), consistent with interplay of these mechanisms. Raft localization of many proteins is
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also driven by lipid modifications, suggesting this as a possible mechanism underlying the
concerted regulation of DAT palmitoylation and phosphorylation (Rastedt et al., 2016 this
issue). DAT membrane raft partitioning and PKC-dependent endocytosis are also driven by
the raft protein Flotillin 1. Mutation of a conserved Flotillin 1 phosphorylation site
suppresses DAT internalization (Cremona et al., 2011), demonstrating this as an example of
indirect regulation of the transporter via phosphorylation of a binding partner.

7. Phosphorylation mechanisms in disease.

In addition to involvement with psychostimulant drug mechanisms, increasing evidence
supports dysregulation of phosphorylation-related DAT properties in other disorders.
Multiple rare polymorphisms of DAT that result in amino acid substitutions have been
identified by genetic screening of patients diagnosed with dopaminergic disorders (Hahn and
Blakely, 2007). Two that have been associated with ADHD and bipolar disorder are
Ala559Val, a residue on the extracellular end of TM12 (Mazei-Robison et al., 2008) and
Arg615Cys, a residue in the C-terminal CAMKII binding site (Sakrikar et al., 2012). /n vitro
analyses of these proteins revealed alterations in multiple regulatory properties including
anomalous DA efflux, which could result from transporter hyperphosphorylation, and
reductions in membrane raft targeting, which could indirectly affect phosphorylation levels.
Another polymorphism that affects transporter regulation is Val328Ala, (Mazei-Robison and
Blakely, 2005), a residue in extracellular loop four, which functions to stabilize closure of
the extracellular gate during the inward phase of transport. This polymorphism was
identified in screens of patients with alcohol dependence or Tourette’s syndrome, although it
was not reported if the sample derived from disease or control individuals. The protein
shows enhanced trafficking-independent down-regulation that could follow from PKC
domain hyperphosphorylation and result in hyperdopaminergia (Mazei-Robison and Blakely,
2005). A hypodopaminergic condition with potential links to DAT phosphorylation is
Angelman syndrome, a genetic disorder caused by reduction in CAMKII activity (Dichter et
al., 2012; Mabb et al., 2011; Steinkellner et al., 2012). In a mouse model of this disease, loss
of CAMKII interaction with DAT results in reduced efflux capacity that could follow from
PKC domain hypophosphorylation (Steinkellner et al., 2012). These findings support the
potential for alterations in phosphorylation-mediated regulatory events to contribute to DA
imbalances and phenotypic manifestations through effects on uptake or efflux, and further
dysfunctions in regulatory mechanisms associated with disease may be revealed as
increasing numbers of DAT genetic conditions are identified (Marecos et al., 2014).

8. Summary

The studies described here indicate the ability of multiple enzymatic and physiological
factors to regulate DA reuptake capacity by mechanisms mediated by transporter
phosphorylation. These findings suggest that genetic, physiological, or drug-induced
alterations in enzymes (kinases, phosphatases, PIN1), signaling components (receptors,
second messengers, targeting subunits), or other factors (cholesterol levels, membrane raft
partitioning) that modulate DAT phosphorylation could alter clearance and lead to
dysregulated neurotransmission. Impacts of transporter phosphorylation on cocaine analog
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affinity also suggest its potential to affect /n vivo responses of cocaine or other addictive or
therapeutic ligands.

Our current evidence indicates that PKC and MAPK domain phosphorylation affect uptake
kinetics, likely in different directions, and that both domains regulate efflux and cocaine
analog binding. Important issues that remain to be determined include how this information
is integrated and transmitted to the protein, whether other kinases or phosphatases feed into
these or additional sites, and identification of the endogenous signaling pathways that
regulate these events. In addition, most DAT regulatory studies to date have focused on
transport, efflux, and trafficking, but many other transporter functionalities such as
biosynthesis, stability, oligomerization, and ionic properties remain to be investigated with
respect to impacts of phosphorylation. Improved understanding of these processes will guide
the elucidation of potential strategies for utilizing these modifications as therapeutic targets
in DA disorders.
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Palmitoylation

Figure 1. Phosphorylation characteristics of DAT.
Schematic diagram of rDAT showing PKC and MAPK domain phosphorylation sites in blue,

with Ser7, Ser13, and Thr53 highlighted with large circles. Other intracellular Ser and Thr
residues are shown in mauve, prolines flanking Thr53 that constitute an SH3 binding domain
are shown in yellow, the CAMKII binding domain in the C-terminus is shown in green, and
palmitoylation site Cys580 is shown in orange. Known and suspected kinase, phosphatase,
and PIN1 inputs into Ser7, Ser13, and Thr53 are indicated with arrows, and dashed lines
show indirect AMPH and PKC inputs into each site.

J Chem Neuroanat. Author manuscript; available in PMC 2019 August 22.



Page 19

Foster and Vaughan

G66T “Ie 10 mmcﬁom

FALAN R hmumouk

5002 ““Ie 18 Bod L

y10C [e 19 mv_mcmv__zmm__20\u

¢10c e mv_mcmv__>_mm__mco_u

0T0C "[e 10 _v_mc_zmoQ

S00¢ ‘e 1 _v_mc_EmoN

:sa)1s paiy1oads 4o uone|Aloydsoyd asesldsp 1o 8seaIoul Jey) SUOIIPUOD U} JO SI0W 10 SUO 0} SBLUOIINO PaYEIIPUI BY) YUI| 1By} SAIPMIS 10} SaouaIayel ajousp sidiiosiadng

e 1301 SI0AIUU! VZ/Tdd
(XNI8 Va paonpul-HdINV| HLIN ‘HdIAY
M\wx:_tw +ddIA P8dNpul-HdINV*t SIOTEAIIOE I31d
g A var uoneINW v/es L e VAL SI0NGIYUI TNId £sIuL
A\é_c_tm 1401
A\vco_a_\AS_E_ma 08GsAD
wvcozm_:me.c\s% padnpuI-OXd+t fb_:_tm 140) SIONGIYUI UoNElAOHWIEd
@.a,:\vxs_tm paonpuI-HdINV+ A\vco_%_\su__t_g 085401 LoNEINW V085D
()™ A opedn vay uonEINWI V25 Ao var SI0JeAI9E O 1305
(p)UOIRINBRI-UMOP PaONPUI-HAINY/ 1 2 UIX0J0N3U WnuIniog (e 140} sIoNgIyu uope|Aonwied

§<~\vx:_tm Padnpul-HdINVt
Skvco_%_:me.c\s% paonpuI-OMdt

§,§§> aeidn va,,

awodINQ

s130UBYUS UOITRIAONIWIRd
uonedunil ¢¢/1ev

slougiyul OMd

uolre|Aloydsoyd peses 10aq

y

)UOIIeINBRI-UMOP PIINPUI-D M),

() A XNIR VA
s,\gvéf aeidn var

awodINQ

sloNqiyul Tdd

HL13IW ‘HdNV
SI0JBAII0E OMd | urewop OMd
uolre|Aioydsoyd paseatou| | 1S O0AIAU|

Author Manuscript

‘TalqeL

Author Manuscript

Author Manuscript

"sallIs uonejAioydsoyd 1wQ palesisuowap Jo sasuodsal feuonouny pue sinduil Alojejnbay

Author Manuscript

J Chem Neuroanat. Author manuscript; available in PMC 2019 August 22.



Page 20

Foster and Vaughan

2102 "R I0 UBLZ

9T0Z “|e 1 m%\su
/66T |81 cgma?
9TOZ “[e 10 Ipalsey |

GTOZ ‘[e 18 IO

/

€70 "[e 18 Nu:o_\/_v\

v00C "I 39 2IN0QUSNOY,

5002 “[e 18 :8::90

L66T “|e18 t:IN\

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

J Chem Neuroanat. Author manuscript; available in PMC 2019 August 22.



	Abstract
	Introduction.
	Kinase-Regulated Functions of DAT.
	Protein Kinase C.
	Amphetamines.
	Extracellular Signal Regulated Kinase.

	DAT phosphorylation characteristics.
	Phosphorylation Sites.
	PKC domain phosphorylation.
	Functions regulated by PKC domain phosphorylation.
	Transport.
	Efflux.
	Cocaine analog binding.
	Palmitoylation.

	Thr53 phosphorylation.
	Functions regulated by Thr53 phosphorylation.
	Transport.
	Efflux and cocaine analog binding.


	Potential Phosphorylation Mechanisms in Kinetic Regulation of Transport.
	Subcellular aspects of phosphorylation
	Phosphorylation mechanisms in disease.
	Summary
	References
	Figure 1.
	Table 1.

