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CHAPTERI

INTRODUCTION

Elements of this chapter are derived from: Aguilar JI et al. Neuronal Depolarization Drives

Increased Dopamine Synaptic Vesicle Loading via VGLUT. Neuron. 2017

The Origin of Dopamine

The cathecolamine neurotransmitter dopamine (3-4-dihydroxyphenylethylamine; DA) was
first synthesized in 1910 by George Barger and James Ewens. In its early days, DA was largely
accepted as a mere metabolic intermediate for nonadrenaline (norepinephrine, NE) and
adrenaline (epinephrine, EP) (1). It was not until the 1950’s, through the works of Holtz, Blaschko
and Hornykiewicz, among others, that DA became recognized as its own signaling molecule able
to regulate bodily functions independent of NE and EP (1, 2). Specifically, Hornykiewicz,
confirming Blascho’s earlier work, showed that DA, unlike EP, had a vasopressor effect that could
be modulated pharmacologically. Shortly thereafter, Kathleen Montagu (3) and Arvid Carlsson (4)
independently identified DA in the brain of various animals, setting the stage for the investigation
of DA’s role in the brain. The development of various techniques including the colorimetric iodine
assay by von Euler and Hamberg, fluorescence histochemical method by Falk and Hillarp, and
microdialysis by Brito, Delgado and Ungerstedt propelled the study of DAergic pathways as well
as DA’s physiological and behavioral effects in the 1960’s and 1970’s (5). These investigations

laid the foundation for the field of neurochemistry, and neuroscience more broadly.

Dopamine Circuitry in the Central Nervous System
Today, DA is well known to regulate several biological functions in both the peripheral

(PNS) and central nervous systems (CNS). Peripheral DA is synthesized mainly by neuronal,
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adrenal medulla and neuroendocrine cells (6). Here, DA acts as both an autocrine and paracrine
messenger regulating blood pressure, ventilation, and gastrointestinal motility, among others (7-
10). In the central nervous system, DA plays key roles in voluntary movement, motivation, reward,
and cognition as well as in the pathophysiology associated with various neurological and
neuropsychiatric disorders. DAergic innervation of the brain is classified into four major pathways:
tuberoinfundibular (TI), mesocortical, mesolimbic and nigrostriatal, as illustrated in Fig. 1. In a
simplified view, DA neurons originating in the dorsomedial arcuate nucleus of the hypothalmus
that project to the pituitary gland comprise the Tl pathway and regulate hypophyseal activities
(green). DA neurons originating in the ventral tegmental area (VTA) that project to limbic areas
(nucleus accumbens (NAc), hippocampus and amygdala) comprise the mesolimbic pathway and
regulate reward (magenta). DA neurons originating in the VTA that project to the prefrontal cortex
comprise the mesocortical pathway and regulate cognition (blue). DA neurons originating in the
substantia nigra that project to the dorsal striatum comprise the nigrostriatal pathway and regulate

motor activity (red).

Dopamine Neurotransmission

DA neurotransmission in the CNS relies on the coordination of various factors including DA
(1) synthesis, (2) vesicular packing, (3) localization and release, (4) pre- and post-synaptic signaling,
and (5) degradation and clearance. The classical pathway for catecholamine biosynthesis, including
DA biosynthesis, was independently proposed by Blaschko and Holtz in 1939 (1, 2). This process
occurs presynaptically in the cytosol of catecholaminergic neurons (Fig. 2). Foremost, the rate-limiting
enzyme tyrosine hydroxylase (TH) catalyzes the conversion of dietary L-tyrosine (green circle) to L-
dihyroxyphenylalanine (L-DOPA) (red circle). Next, L-DOPA is decarboxylated to DA (blue circle)
by L-amino acid decarboxylase (AADC). Thereafter, DA can be converted further to NE by DA-
hydroxylase and NE can be subsequently converted to EP by phenylethanolamine N-

methyltransferase.
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Figure 1: Dopaminergic pathways in the human CNS

lllustration of a sagittal section of the human brain highlighting the four major DAergic pathways.

Reference: Created with Biorender.com
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Figure 2: Dopamine at the Synapse

lllustration of DA neuron synapsing onto a postsynaptic neuron. Highlighted are pathways for
(a) DA synthesis, (b) packaging via the vesicular monoamine transporter 2 (VMAT2), (c)
signaling via D1-like receptors and D2-like receptors, (d) recycling via the dopamine transporter
(DAT) and (e) degradation via monoamine oxidase (MAO) and catechol-O-methyltransferase
(COMT) enzymes.

Reference: Created with Biorender.com
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TH activity undergoes long-term regulation of gene expression and short-term regulation
of enzyme activity, where the latter closely modulates catecholamine levels (11, 12). TH activity
is directly dependent on the availability of (1) tetrahydrobiopterin (BH4), a cofactor which is
synthesized from guanosine triphosphate (GTP), (2) molecular oxygen (Oz), and (3) ferric iron
(Fe?*). Catecholamines compete with BH4 to reversibly bind Fe?* at the TH catalytic site (12),
whereby high levels of catecholamines inhibit TH activity. Catecholamines also irreversibly bind
Fe?* at the TH catalytic site to decrease enzyme activity (11). Thus, TH functions as a local sensor
for intracellular catecholamine concentrations. TH is subject to further regulation by site-specific
phosphorylation at three sites (Ser 19, Ser 31 and Ser 40) by various kinases including cyclic
adenosine monophosphate (CAMP)-dependent protein kinase (PKA), protein kinase C (PKC) and
Ca**/calmodulin-dependent protein kinase Il (CaMKIl). Of these sites, phosphorylation at Ser 40,
mainly by PKA, has the most significant increase on TH activity and subsequently, catecholamine
synthesis (11). Phosphorylation of Ser 31 also increases TH activity (albeit to a lesser extent
relative to Ser 40 phosphorylation) by increasing the affinity of TH for BH4 (11, 12). Although Ser
19 phosphorylation does not directly affect TH activity, Ser 19 phosphorylation can facilitate Ser
40 phosphorylation (11). Kinase activity in DA neurons is primarily driven by increases in
intracellular calcium (Ca?*) that occur via the excitation and depolarization of the presynaptic
neuron as well as activation of G-protein coupled receptors (GPCRs). Importantly, high
extracellular DA levels activate DA autoreceptors (Fig. 2, orange), which as part of a negative
feedback loop suppress neuronal activity and inhibit CAMP-PKA signaling pathways, ultimately
limiting TH activity (13). In this way, TH activity and subsequently, DA synthesis are tightly
regulated by both extracellular and intracellular DA levels.

Once synthesized, cytoplasmic DA (Fig. 2, blue) is concentrated into synaptic vesicles via
the vesicular monoamine transporter 2 (VMAT2) (Fig. 2, purple). VMAT2 activity regulates the
concentration of DA in the cytosol and in synaptic vesicles, subsequently, modulating the scale of

extracellular DA release (14). Synaptic vesicles accumulate and retain neurotransmitter cargo,
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including DA by manipulating the electrochemical gradient (Aun*) across the vesicle membrane
that is generated by the vacuolar-type H*-ATPase (V-ATPase). Aux™ is comprised of the chemical
H* gradient (ApH) and electrical potential (Ay), where Apy™ = ApH + Ay (15-17). Vesicular
neurotransmitter transporters depending on their substrates rely to different extents on ApH and
Ay to fill synaptic vesicles (16, 18). In the case of VMAT2, two luminal H* are exchanged for every
charged entering DA molecule. This exchange results in a greater deficit in ApH (-2) compared
with Ay (-1) and in turn, a greater dependence on ApH for VMAT2-mediated DA loading (18).
Importantly, the interplay between H*-exchanging vesicle transporters, such as VMAT2 and the
V-ATPase, dynamically modulates ApH and in turn, quantal size (the number of molecules
released during a quantal event) (16, 17, 19-21). In addition, changes in the expression or activity
of synaptic vesicle transporters and/or the cytosolic environment, which alter ApH also alter the
scale of DA release. To this end, studies showed that overexpression of VMAT2 in cultured
neurons increases quantal size (15). Further, recent studies showed that neuronal activity by
driving ApH can significantly increase DA content in synaptic vesicles (“stores") in striatal slices
(22). In contrast, knockout of VMAT2 expression in mice depletes intracellular monoamine stores,
eliminates exocytic release and results in neonatal death (18, 23, 24).

VMAT2 also sequesters DA from the cytoplasm and protects neurons against cytosolic
DA toxicity. DA oxidation, which results in the production of free radicals can injure cells and
promote neurodegeneration (18, 25). By sequestering DA from the cytoplasm, VMAT2 also
regulates mitochondrial enzyme monoamine oxidase (MAO)-dependent DA metabolism (to be
discussed in detail in the following sections). MAOs limit DA oxidation by metabolizing cytosolic
DA. In the absence of VMAT2, MAO activity is thought to aberrantly increase resulting in
enhanced DA degradation (18). Together, these data highlight the essential role of VMAT2-
mediated DA synaptic vesicle loading in regulating DA quantal size and DA-induced toxicity;
regulation which is particularly relevant during periods of high burst firing that likely result in DA

accumulation (26).
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Following vesicular packing, DA is released into the synaptic space in response to
neuronal activity that elicits the fusion of DA-containing vesicles with the plasma membrane. DA
neurons undergo two distinct firing patterns: tonic versus phasic, to differentiate behaviorally
relevant information (27) (for detailed review on this topic refer to Bromberg-Martin et al., 2010).
Briefly, tonic activity consists of population-, low-frequency (3 - 5 Hz) firing that establishes steady,
baseline levels of extracellular DA (28). These slow changes in DA levels are thought to regulate
motivation (29). On the contrary, phasic activity consists of burst-, high-frequency (20 Hz or
greater) firing that generates greater, transient increases in extracellular DA (30). It is widely
thought that these fast changes in DA levels encode reward prediction errors (RPEs) defined as
the difference between a reward that is received and the reward that is predicted to be received
(29). RPEs are key to evaluating future rewards, making choices that maximize those reward,
and ultimately, learning (29). Importantly, recent studies have begun to expand on this dogma as
both phasic and tonic release have been found to regulate motivation and motivated behaviors
(29). Of note, amphetamine (AMPH)-like molecules can also elicit DA release (15, 31), the details
of which will be discussed in following chapters. Together, these forms of activity-dependent and
independent DA release modulate extracellular DA concentrations that determine downstream
signaling.

Extracellular DA can signal via five subtypes of DA receptors (DR) (DA 1 Receptor (D1R),
D2R, D3R, D4R and D5R) to activate or inhibit specific downstream signaling pathways. These
receptors are widely and differentially expressed throughout the forebrain and are distributed pre,
post- and extra-synaptically (32, 33). DRs belong to the GPCR superfamily and signal through
both G protein-dependent and -independent mechanisms. They are broadly divided into two
classes: D1-like (D1R and D5R) and D2-like (D2R, D3R, D4R). D1-like receptors, located
predominantly postsynaptically, typically couple to Gas/oir proteins to stimulate the production of
second messenger cAMP through the activation of the enzyme adenylyl cyclase (AC) (Fig. 3).

cAMP activates PKA promoting the phosphorylation of several downstream substrates that work
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Figure 3: DA signaling mechanisms and downstream effectors

DA receptors are G-protein coupled receptors (GPCRs) that are classified into D1-like receptors
(D1R and D5R) and D2-like receptors (D2R, D3R and D4R). D1-like receptors are coupled to
Gas, stimulate adenylyl cyclase (AC) activity, increase the production of CAMP and activate
PKA to increase neuronal excitability. In contrast, D2-like receptors are coupled to Gao, inhibit
AC and decrease cAMP production to decrease neuronal excitability and neurotransmitter
release.

Reference: Savica R, Benarroch EE. Dopamine receptor signaling in the forebrain: recent
insights and clinical implications. Neurology. 2014;83(8):758-6
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together to increase neuronal excitability and firing (33). Among PKA substrates, 32-kDa DA and
cAMP-regulated phosphoprotein (DARPP-32) once phosphorylated amplifies PKA-mediated
signaling by inhibiting protein phosphatase 1 (PP1). D2- like receptors, distributed both post- and
pre-synaptically, typically couple to Gai, proteins to suppress the production of cAMP through the
inhibition of AC. D2-like receptors can also signal via their G-protein beta gamma (GBy) subunit
to inhibit Ca* channel activity and decrease neuronal excitability (33). Interestingly, due to the
differences in DA affinity between D1-like and D2-like receptors, these receptor classes are
thought to have differential roles in responding to tonic versus phasic firing (27). D2-like receptors
have 10- to 100-fold higher DA affinity relative to D1-like receptors in vitro (32, 34). As such, D2-
like receptors are thought to preferentially detect changes in lower levels of DA associated with
tonic DA release. On the contrary, D1-like receptors are thought to preferentially detect changes
associated with transient, high changes in DA levels typically associated with phasic DA release.
Although this hypothesis has the potential to couple specific types of presynaptic DA release to
postsynaptic signaling mechanism, whether this differential pattern of activation occurs in vivo
remains unclear.

Presynaptic D2-like receptors (predominantly D2R and to a lesser extent D3R) function
mainly as autoreceptors to regulate extracellular DA levels as part of a dynamic negative feedback
system (35). Specifically, D2Rs are known regulate the rate of neuronal firing (36), DA synthesis
(13), DA uptake (37), and vesicular neurotransmitter release (32, 33). D2Rs are susceptible to
alternative splicing where D2S (short form) is thought to act primarily as a presynaptic
autoreceptor, while D2L (long form) is thought to act primarily as a postsynaptic receptor (32).
Interestingly, presynaptic D2Rs can complex with D1Rs to form D1R-D2R heterodimers that
couple to Gag11 proteins, directly linking DA to Ca?* signaling in the brain (38). Phospholipase C
(PLC) activation by Gag11 leads to the production of inositol trisphosphate (IP3) and diacylglycerol
(DAG). In turn, IP; binds to its receptor (IPsR) to trigger Ca* release from the endoplasmic

reticulum (ER), while diacylglycerol (DAG) activates protein kinase C (PKC) (Fig 3). Of note,
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various other DA receptor homodimers and heterodimers have been observed, each of which
have distinct receptor pharmacology as well as downstream signaling (39).

DA signaling is terminated on the postsynaptic terminal by G-protein coupled receptor
kinases (GRKs) and multifunctional adaptor proteins B-arrestins and on the presynaptic terminal
by DA transporter (DAT)-mediated uptake of DA, to be discussed in more detail in the next
chapter. Additionally, DA is subject to oxidation or further degradation by MAO or catechol-O-
methyltransferase (COMT) to its major metabolite homovanillic acid (HVA) (Fig. 2). Although the
acidic synaptic vesicle lumen inhibits DA oxidation, once in non-acidic environment (i.e. cytoplasm
or extracellular space) DA is subject to spontaneous, metal-catalyzed or enzyme-catalyzed
oxidation (40). MAOs isozymes (A or B) are outer membrane-bound mitochondrial enzymes
localized predominantly in presynaptic neurons, which catalyze the oxidative deamination of
various amines, hormones and monoamine neurotransmitters, including DA (41). By degrading
free, cytosolic DA, MAOs are thought prevent neuronal oxidative stress that results from DA
oxidation. However, recent studies have also suggested that MAO-mediated degradation itself
can contribute to oxidative stress through the accumulation of hydrogen peroxide, a major
byproduct of MAO-mediated degradation (41). This MAO-induced oxidative damage is to underlie
various neuropsychiatric and neurological disorders (12). Although these findings are highly
contended (26), as MAO inhibitors can have parkinsonian-like deficits, they do highlight the
importance of cytosolic DA homeostasis and MAOs role in this process. Less is known about
COMTs isozymes (membrane-bound or soluble), however, higher levels have been identified in
non-neuronal cells with lower levels in postsynaptic neurons (42). COMT catalyzes the O-
methylation of catecholamine neurotransmitters, catecholestrogens and dietary polyphenols.
MAO and COMT work together, often synergistically to catalyze the degradation of DA and to

maintain DA levels.
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The Dopamine Transporter: Structure, Function and Regulation

The DAT is a perisynaptic membrane protein critical to DA neurotransmission (43). Upon
vesicular release, the DAT mediates the active, high-affinity re-uptake of DA from the synapse to
the presynaptic bouton; thereby, regulating (1) the concentration and persistence of extracellular
DA and consequently, the intensity and duration of DA signaling, and (2) the concentration of
intracellular DA available for recycling, and consequently, DA storage and release (44). Altered
DA neurotransmission is linked to multiple neurological and neuropsychiatric disorders, including
Parkinson’s disease (PD), (45, 46), attention deficit hyperactive disorder (ADHD) (47), mood
disorders (48), schizophrenia (49), and autism spectrum disorder (ASD) (50-52). Growing
evidence implicates DAT dysfunction in many of these disorders, as will be discussed later in this
chapter. In addition, the DAT is a primary target for various psychostimulants, including cocaine
and AMPH as well as therapeutic agents, including Ritalin (methylphenidate) and Wellbutrin
(bupropion), whose actions on the DAT will also be explored later in this chapter (53).

Structure

The DAT is a member of solute carrier 6 (SLC6) transporter family, which are secondary
active co-transporters that utilize the Na* gradient generated by the Na*/K* ATPase to transport
substrates against their concentration gradients (43, 54). In particular, the DAT also requires the
co-transport of CI', where one CI" and two Na" ions are co-transported per molecule of substrate
(43). Thus, substrate translocation across the plasma membrane is electrogenic, resulting in two
net positive charges per transport cycle that produce a measurable inward current (55-57).

The SLC6A3 gene, localized to chromosome 5p15.3, encodes the human DAT (hDAT),
whose full-length cDNA was first cloned in the early 1990’s (54). According to hydropathicity
analysis, this 620-amino acid protein consists of 12 transmembrane domains (TMDs), 6
extracellular loops (EL), 5 intracellular loops (IL), a large EL containing glycosylation sites located

between TMD 3 and TMD 4, and cytoplasmic N- and C-termini (43, 54), as shown in Fig 4.
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Figure 4: Topographical representation of the dopamine transporter

The predicted membrane topology illustrated was based on a thermostable mutant of the hDAT
(Ile at position 287 mutated to Tyr, highlighted in red). Residues comprising the Zn+ binding
sites are highlighted (*) as well as those that undergo N-linked glycosylation (Y). In addition, a

disulfide bond between two proximal cysteines (indigo) is demarcated with a black dash.

Reference: Navratna V, Tosh DK, Jacobson KA, Gouaux E (2018) Thermostabilization and
purification of the human dopamine transporter (hDAT) in an inhibitor and allosteric ligand

bound conformation. PLoS ONE 13(7): e0200085
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Homology models of hDAT derived from crystal structures of other SLC6 transporters,
such as that the Drosophila melanogaster DAT (dDAT) (58, 59), serotonin transporter (SERT)
(60) and the bacterial homolog leucine transporter (LeuT) (61) have provided key insights about
the structure of hDAT (which has not yet been crystallized). The protein core of the hDAT follows
a 5 x 5 architecture, where TMDs 1-5 are related to TMDs 6-10 by a pseudo-two-fold axis of
symmetry along the plasma membrane. TMDs 11 and 12, located on the periphery, are thought
to play important regulatory functions, but be less critical to substrate translocation (61). Based
on LeuT and dDAT crystal structures, the substrate (S1 and S2), Na* (Na1 and Na2) and CI
binding sites are located in the center of the protein approximately halfway across the membrane
bilayer (58, 61, 62), as illustrated in Fig. 5. Notably, the S1 site, formed by residues on TMDs 1,
3, 6 and 8, is predicted to have an allosteric effect on the S2 site, where ligand occupancy at one
site affects binding at the other site (62). The N- and C-termini are relatively unstructured and
flexible structures that play key regulatory roles in the hDAT through a host of interactions with
innate lipids of the bilayer (63, 64), ILs (64-67) and cytoplasmic proteins (68-72). The N-terminus
is subject to extensive phosphorylation and ubiquitination that modulates the expression and
transport capacity of the DAT (53). The N-terminus is also critical to various protein-protein and
protein-lipid interactions, including those with D2R (73, 74), Syntaxin 1A (STX1A) (52, 69, 75) and
phosphatidylinositol (4, 5)-bisphosphate (PIP2) (63, 64). The C-terminus is subject to S-
palmitoylation and also interacts with various proteins, such as CAMKII (68, 76), the small ras-
like GTPase Rin1 (77) and Gy (53, 71, 72, 78). The relevance of these post-translational
modifications, binding partner interactions and DATs localization to membrane rafts will be
discussed in detail later in this chapter.

Function: Mechanisms of Translocation

Transport via the DAT is thought to occur via an alternating access mechanism, wherein
the central binding site (S1) is accessible either to the extracellular space through various

“outward-facing conformations” or to the intracellular space through various “inward-facing”
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Figure 5: The substrate binding sites of the DAT

Homology model of DAT in the occluded-state immersed in a lipid bilayer. Highlighted are two
Na+ ions (yellow spheres), one Cl- (cyan sphere) binding site and one dopamine (DA) molecule
in the S1 site and another in the S2 site. DA in the S1 site interacts with TMDs 1, 3, 6 and 8. DA
in the S2 site interacts predominantly with TMDs 1, 3 and 10 and EL2 and 4. Modeling is based
on a LeuT template (PDB ID: 2a65).

Reference: Shan J, Javitch JA, Shi L, Weinstein H (2011) The Substrate-Driven Transition to an

Inward-Facing Conformation in the Functional Mechanism of the Dopamine Transporter. PLoS
ONE 6(1): e16350
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Figure 6: Alternating access mechanism of substrate transport

Schematic of the alternating access mechanism employed by various Neurotransmitter:Sodium
Symporters (NSSs), including the SERT, NET, and DAT for substrate transport. The transport
cycle samples multiple conformational states of which the OF, OO, IF and 10 are highlighted.

Figured adapted from: Joseph D, Pidathala S, Mallela AK and Penmatsa A (2019) Structure and
Gating Dynamics of Na*/CI— Coupled Neurotransmitter Transporters. Front. Mol. Biosci. 6:80

26



conformations, as shown in Fig. 6 (79-81). Key to this alternating mechanism is a dynamic
network of interactions facing the extracellular space (“extracellular gate”) and the intracellular
space (“intracellular gate”), which occlude the central binding site from the external or internal
environment, respectively (62, 82, 83). As part of this mechanism, substrate binds the outward-
facing open (OF) conformation of the transporter after which the transporter undergoes a series
of conformational rearrangements to assume an inward-facing open (IF) conformation. These
conformational rearrangements transport substrate from the extracellular environment, through
the permeation pathway and into the cytoplasm. Upon completion of the transport cycle, the
transporter resets itself to an OF conformation. The kinetic capacity of the DAT is thought to be
regulated by the rate of these conformational changes. Further, according to this model the DAT
exists in constant dynamic equilibrium between these conformations, where conformational
changes are driven by numerous factors, including the localization of the DAT on the plasma
membrane, presence of lipids on the plasma membrane, and the availability of substrate or ions
on both the extracellular and intracellular faces of the transporter (84).

Crystal structures of various SLC6 transporters, which are also thought to move substrates
according to alternating access mechanism, have contributed to the development of this model.
For example, the LeuT has been resolved in three of the conformations shown above (Fig. 6):
OF (79), outward-facing occluded (OO) (61) and IF (79) conformations. The human SERT, the
only human SLC6 transporter to be crystallized, has been resolved in an inhibitor-bound OF
conformation (58, 60). Similarly, dDAT has been resolved in a substrate-bound OF conformation
(58, 59). To date, there is no crystal structure available for the hDAT. Despite the limited crystal
structures available, numerous other techniques including electron paramagnetic resonance
(EPR), fluorescence energy transfer (FRET), molecular dynamic (MD) simulations and
electrophysiology (amperometry and whole-cell patch-clamp recordings) have been used to study
substrate/ion translocation through SLC6 transporters. Interestingly, these strategies showed that

the DAT confers leak currents in the absence of substrate (55). In addition, these strategies
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revealed that the DAT adopts a channel-like mode during substrate translocation characterized
by uncoupled ion conductances (50, 85-88). To date, the physiological relevance of this channel-
like mode of the DAT remains unclear; however, its potential contribution to disease will be
explored in more detail in the following chapter.

Requlation: Post-translational modifications

Molecular regulation of the DAT occurs via site-specific modifications and through various
interactions with other proteins or plasma membrane elements. These regulatory mechanisms
are often overlapping, as specific post-translational modifications can influence protein-protein
interactions or transporter localization with the plasma membrane, and vice versa.

The DAT is subject to at least four types of post-translational modifications including
glycosylation, phosphorylation, palmitoylation, ubiquitination (89). DAT phosphorylation is
stimulated by various cellular states and substrates, including AMPH. Multiple kinases have been
implicated in this process, including PKC, CAMKII and extracellular signal-regulated protein
kinase (ERK). This section will focus on PKC, as this signaling molecule acts as a downstream
effector for many post-translational mechanisms. The action of other kinases, specifically as they
correspond to psychostimulant action will be discussed in more detail in the following sections.
PKC activation stimulates DAT phosphorylation (mainly at Ser 7), induces DAT internalization
and impairs DA uptake (89-91). DAT internalization occurs for acute (rapid trafficking to and from
the surface) or prolonged (lysosomal degradation) periods (90, 92-96) in a dynamin-dependent
manner. PKC-stimulated DAT internalization has been observed in various cell types, in primary
neurons and striatal slices (90). This process is thought to require Ras-like GTPase, Rin, which
binds to the DAT C-terminus, and Flotillin-1 (Flot 1), which retains DAT in lipid microdomains (53,
77). Of note, neutralizing substitutions at the DAT N-terminus (Ser7 to Ala) or truncation of
phosphorylation sites (A1-22) do not impair internalization of the transporter (90, 97). Together,

these data suggest that N-terminal phosphorylation of the DAT is not necessary for PKC-
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stimulated DAT internalization. PKC activation has also been shown to intricately regulate AMPH
action, as will be discussed in the following sections.

The hDAT contains five potential sites: Cys 6, 135, 342, 523, 581 for S-palmitoylation, as
shown in Figure 4. Of these sites, a neutralizing substitution of Cys 581 reduces transporter
palmitoylation by more than 60% (98). Palmitoylation of the DAT increases DA transport (Vmax),
without affecting DAT expression or DA affinity (Km) (98). In addition, palmitoylation and PKC-
mediated phosphorylation of the DAT appear to be inversely associated, where conditions that
reduce DAT palmitoylation enhance PKC-stimulated DAT phosphorylation and vice versa (91,
98). Indeed, sustained suppression of palmitoylation increases DAT degradation likely through a
PKC-dependent mechanism (99). Thus, in addition to regulating transporter capacity,
palmitoylation also likely opposes DAT turnover and PKC-mediated DAT regulation (89, 98, 99).

One of four major sites: Lys19, 27, and 35 and 63 (100, 101) on the N-terminus of the
DAT can be ubiquitinated. N-terminal ubiquitylation of the DAT targets the transporter for rapid
internalization from the cell surface and subsequent lysosomal degradation. Ubiquitinated DAT is
sorted away from the constitutive recycling pathway and into a late endocytic pathway via PKC-
dependent mechanisms (101). To date, two ubiquitin ligases: Nedd4-2 and parkin have been
identified to act on the DAT (89). Interestingly, parkin is thought to be neuroprotective, where
mutations in parkin have been associated with early-onset PD (102).

N-linked glycosylation of the DAT occurs at three sites: Asn 181, 188 and 205 (demarcated
by Y) on EL2, as shown in Fig. 4. Glycosylation of the DAT stabilizes the transporter on the
plasma membrane and in turn, increases DA transport capacity (Vmax) (103, 104). Although
glycosylation is not necessary for the surface expression of the DAT, partially glycosylated or non-
glycosylated transporters are preferentially internalized. The effects of glycosylation on DAT
transporter affinity is less clear (103, 104). Importantly, glycosylation of the DAT varies within
brain regions and cell types, and may regulate DAT surface stability in vivo (105). Recent studies

suggest that DAT glycosylation also correlates with vulnerability to degeneration in specific
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neuronal populations (106). Together, these studies link DAT surface stability with
neurodegeneration, and highlight, this mechanism as a potential therapeutic target.

Requlation: Protein-protein interactions

DAT localization and function are further regulated through the transporter’s association
with various proteins, as shown in Fig. 7. The trafficking of the DAT to and from the plasma
membrane and its specific localization away from the synaptic area to the perisynaptic area
requires numerous scaffolding proteins (104, 107). The C-terminus of the DAT contains a PDZ
domain, a protein interaction motif common to scaffolding proteins, which plays a critical role in
DAT localization (108). DAT knock-in mice with disrupted PDZ domain binding sequences display
a ~90% decrease in DAT levels in striatal terminals of DA neurons and behavioral anomalies that
resemble DAT knockout (KO) mice (108). Protein interacting with C-kinase 1 (PICK1) is the only
PDZ domain binding protein known to interact with the DAT and regulate surface expression (107,
109). To date the mechanism of this regulation remains elusive, as studies have demonstrated
PICK1 both facilitates and inhibits DAT surface expression (101, 102). Recent studies show that
PICK1 KO mice have increased strital DA content and TH levels, despite normal DAT surface
expression (110). These findings suggest that PICK1 regulates DA homeostasis through DAT-
dependent and independent mechanisms.

Various other proteins bind the DAT C-terminus, although the functional relevance of
these interactions has not been as well studied. For example, alpha-synuclein (a-synuclein)
directly couples to the C-terminus of the DAT at the plasma membrane (111), where AMPH
exposure potentiates DAT/a-Synuclein interactions (111) and parkin disrupts these interactions
(112). Of note, various studies have yielded opposing findings on whether a-synuclein promotes
or inhibits DAT expression as well as activity (111-113).

DAT has also been shown to form complexes with DRs. D2Rs, most likely presynaptic
D2Rs, interact with the DAT N-terminus to facilitate DAT surface expression, consequently

enhancing DA clearance (74) (114). Disrupting this interaction in vivo results in hyperlocomotion
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Figure 7: Regulatory elements of the dopamine transporter

lllustrated is a rat DAT based on LeuT crystal structure. Various post-translational modifications
are highlighted: phosphorylation (cyan sphere, P) at Ser 7, 14 and Thr53; ubiquitylation (light
green square, Ub) at Lys19 and Lys35 and palmitoylation (pink, Pal) at Cys580.
Binding/interactions motifs are demarcated as follows: Src homology domain epitope (mauve,
SH3), PKC endocytosis motif (blue, FREK), and Syntaxin 1A (STX1A, yellow), D2 DA receptor
(D2R, neon green), Ras-like GTPase, Rin 1 (Rin, blue) and Calcium-Calmodulin-Dependent
Protein Kinase (CaMK, green). Binding proteins a-synuclein (a-Syn, orange) and Parkin (Park,
dark blue-lavender) and Flotillin 1 (Flot 1, olive green) are also shown.

Reference: Vaughan RA, Foster JD. Mechanisms of dopamine transporter regulation in normal
and disease states. Trends Pharmacol Sci. 2013;34(9):489-96.
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in mice, and suggests impaired DA uptake (74). Thus, in addition to D2Rs function as
autoreceptors in negative feedback regulation of DA synthesis, release, uptake (13, 32, 33, 36,
37), D2Rs more directly regulate extracellular DA levels via their interaction with the DAT.

Aside from interacting with other proteins, DAT monomers also associate with each other
to form dimers or higher order oligomers (104, 115, 116). Oligomerization of the transporter is
thought to occur through interfaces at TMD 2, 4 and 6 (104, 115). Although the in vivo functional
relevance of these complexes remains unclear, its postulated that oligomerization regulates DAT
expression and function (104). To this end, some oligomers containing loss-of-function DAT
mutants have been found to inhibit wild-type (WT) DAT activity without inhibiting expression of
WT DAT, while others impair WT DAT activity by inhibiting surface expression of WT DAT (104).
Curiously, while some substrates, namely AMPH and cocaine, promote the dissociation of DAT
oligomers (117), others, such as methamphetamine (METH), promote the association of DAT
oligomers (118). Thus, further studies are necessary to determine whether oligomerization
regulates DAT surface stability as well as DAT function in vivo.

Requlation: Membrane microdomains

Under basal conditions, DAT moves between plasma membrane lipid raft and non-raft
microdomains (94, 119). Although these findings are highly contended, it is thought that lipid raft
microdomains are enriched with sphingolipids and cholesterol, where cholesterol directly interacts
with the DAT to promote specific DAT conformations and regulate DAT function (119, 120). Flot
1 is thought to be essential for DAT localization to lipid rafts. In addition, as mentioned previously,
Flot-1 is required for PKC-stimulated DAT internalization (121). PCK-stimulated DAT
internalization requires Rin, where DAT/Rin interactions were shown to occur primarily in lipid raft
microdomains (77). In contrast, constitutive DAT internalization is thought to occur in non-raft
microdomains (77). Notably, Flot 1 is important for AMPH action in both Drosophila (122) and

mice (123), as will be discussed below.
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Finally, it is important to note that many of regulatory mechanisms discussed have been
studied in heterologous expression systems which present with various limitations, including
potential differences across cell lines, varied expression vectors, and protein overexpression; all
factors that may reveal interactions not relevant in vivo. In addition, studies with whole-animal KO
as opposed to brain-region or cell-specific knockdown are often difficult to interpret due to
potential compensatory and/or developmental changes. Nonetheless, studies on these regulatory
mechanisms of the DAT, whether in vitro, in vivo or in silico are essential as the DAT plays a

pivotal role in maintaining DAergic tone.

Psychostimulant Action on the Dopamine Transporter

Psychostimulants increase extracellular DA levels in limbic regions of the brain, where this
increase in DA is associated with their rewarding and reinforcing effects. However, unlike
cocaine’s well-characterized inhibition of DA uptake, the precise molecular mechanisms that
underlie AMPH action remain unclear. Although this chapter will focus on AMPH’s actions on the
DAergic system, and the DAT specifically, it is important to note that AMPH has many off-target
effects on the serotonergic and noradrenergic systems (124-127).

AMPH, as a substrate for the DAT, competes for the substrate-binding site, thereby,
reducing DA uptake and increasing synaptic DA levels (128), as diagramed in Fig. 8. In addition,
AMPH induces the reverse transport of DA (DA efflux) through the DAT to enhance further
extracellular DA levels (129-131). AMPH relies on the tandem action of both DAT and VMAT to
first concentrate AMPH in the cytoplasm and then in the synaptic vesicle lumen (19). AMPH
translocation through the DAT elicits an inward current and is Na*-dependent (57, 88). Once in
the cytoplasm, AMPH is transported into synaptic vesicles through VMAT-mediated substrate:H*
antiport, which alkalinizes the synaptic vesicle lumen. For every AMPH molecule that enters the
synaptic vesicle, one proton exists; a process that ultimately collapses the pH gradient and

redistributes DA to the cytoplasm (19). Here, DAT mediates the reverse transport of DA, from the
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Figure 8: Psychostimulant action at the dopamine transporter

Actions of cocaine and AMPH result in increased DAergic signaling at DA receptors on the
postsynaptic neuron. Left: Cocaine acts as a high-affinity antagonist of the DAT that
competitively binds to the transporter to prevent substrate reuptake into the presynaptic neuron.
Right: AMPH acts as a substrate of the DAT, and undergoes competitive reuptake into the
presynaptic neuron. In addition, AMPH carries out multiple actions on the VMAT, DAT and DA
metabolizing enzymes which results in DAT-mediated DA efflux. AMPH-mediated elevation of

DA at the synaptic cleft is activity-independent.

Reference: Created with Biorender.com
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cytosol to the extracellular space, through a process that is independent of vesicular release
(132). Of note, at very high concentrations (>100 yM AMPH) studies speculate that AMPH acts
independent of transporters via lipophilic diffusion; a theory termed the weak base hypothesis.
This theory postulates that AMPH accumulates into synaptic vesicles due to its weak base
properties and collapses the vesicular pH gradient by becoming protonated (133-135). To date, it
is unclear whether this mode of action is physiologically relevant given the high AMPH
concentrations required.

The DAT was first proposed to efflux DA through facilitated exchange diffusion. Facilitated
exchange diffusion hypothesized the import of AMPH through the DAT induced the export of DA
to the extracellular space (136). Since, various studies have challenged this hypothesis (137).
Foremost, studies showed increasing intracellular Na* was sulfficient to drive DA efflux even in
absence of AMPH (57). Further, studies showed extracellular Na* influx was sufficient to trigger
DA efflux through the DAT (56, 138, 139). Finally, DA efflux was shown to occur in rapid bursts
through a channel-like mode of the DAT that doesn’t reflect the kinetics of facilitated exchange
diffusion (85). Although these findings do not rule out the possibility that DA efflux can occur via
facilitated exchange diffusion, they suggest that others mechanisms are more likely at play.

AMPH’s ability to promote DAT reverse transport is now known to be regulated by various
signaling cascades as well as the direct interaction of the DAT with proteins, lipids, and other plasma
membrane entities. Foremost, AMPH stimulates N-terminal phosphorylation of the DAT (140), which
is necessary for DA efflux (141). Truncation of the distal N-terminus (A1-22) or neutralizing
substitutions at Ser 2, 4, 7, 12, 13 (hDAT S/A) impairs DA efflux by approximately 80% without altering
DA uptake (141). Moreover, Drosophila expressing hDAT S/A are not sensitive to the psychomotor
effects of AMPH (142). Together, these data highlight the essential and selective role for DAT
phosphorylation in AMPH-induced DA efflux and behaviors.

Various kinases have been shown to phosphorylate the DAT N-terminus in response to

AMPH. Specifically, the DAT N-terminus contains putative phosphorylation sites for PKC and
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CAMKIla. AMPH increases striatal PKC activity (143, 144) in a Ca?* dependent manner (145).
Further, PKC activation leads to N-terminal phosphorylation in rat striatal tissue (96). Consistent
with the pivotal role of N-terminal phosphorylation in DA efflux, PCK inhibition or downregulation
decreases AMPH-induced DA efflux (146, 147) and hyperlocomotion in rats (148). Studies on
PKC isoforms, implicate PKCp in mediating AMPH action, including DA efflux and psychomotor
activity (70, 149).

CaMKlla interacts with the DAT C-terminus to promote N-terminal phosphorylation of the
DAT (68). Inhibiting DAT/CaMKlla interactions in vitro, ex vivo or in various mouse models in vivo
significantly decrease DA efflux (68, 150). It is thought that CAMKII activation occurs through the
elevation of intracellular Ca®*. Indeed, AMPH increases intracellular Ca?*, where Ca?* chelation
inhibits AMPH-induced DA efflux and voltage-dependent AMPH-induced DAT currents (151).
Recent studies suggest that extracellular Ca** may also contribute to AMPH action. AMPH-
induced DAT currents can activate various voltage-gated Ca* channels that elevate intracellular
Ca?* levels (152). In this way, intracellular Ca®" levels critically regulate AMPH action, working
upstream of both PKC and CAMKIla activity.

In addition, a growing body of evidence suggests that aside from kinases, other proteins
and lipids regulate AMPH action through direct interactions with the DAT, including Syntaxin 1A
(STX1A) (52, 69, 153), G protein By subunits (GBy) (71, 72) and phosphatidylinositol (4,5)-
bisphosphate (PIP2) (63). PIP2 binds the DAT N-terminus to promote N-terminal phosphorylation
(63, 64), facilitating the interaction between IL3 and the phosphorylated N-terminus (64). The
interactions of PIP2 with the N-terminus as well as that of the N-terminus with IL3 are critical to
AMPH-associated behaviors (63, 64), as will be discussed in Chapter 3.

Syntaxin 1A (STX1A) also plays a central role in AMPH action. STX1A interacts with the
DAT N-terminus to promote AMPH-induced DA efflux (69). DAT/STX1A interactions require
CaMKlla activity and are potentiated by AMPH, suggesting that AMPH activation of CaMKlla

supports DAT/STX1A association (69). Significantly, STX1A itself can be phosphorylated, a
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modification which affects its interaction with other proteins (154, 155). Indeed, inhibiting STX1
phosphorylation pharmacologically or via neutralizing substitutions at Ser14 (52) reduces
DAT/STX1 interactions. Our understanding of how STX1A/DAT regulate DA efflux, is further
complicated by findings showing that STX1A also modifies DAT cell surface expression (153),
and that PIP2> can module DAT/STX1A association (155). From these findings its evident that
STX1/DAT and PIP2/DAT associations as well as N-terminal phosphorylation of the DAT are
highly interrelated and work concomininantly (and perhaps together) to promote DA efflux.

To date, although it’s clear that AMPH-like substances induce DAT-mediated DA efflux,
the physiological role of DA efflux remains unclear. Interestingly, various disease-associated hDAT
variants display anomalous DA efflux (ADE), characterized by a constitutive DA leak through the DAT
(156). Thus, studies on the AMPH-induced DA efflux may shed light on the mechanisms that underlie
ADE, and more broadly, how DA dysregulation contributes to neuropsychiatric disease.

Of note, AMPH also regulates DAT trafficking by enhancing DAT surface expression acutely
and promoting DAT internalization in the long-term (157, 158). Although the mechanisms that regulate
these processes remain unclear and will not be discussed, these findings highlight that AMPH
stimulates high extracellular DA via multiple, overlapping mechanisms. DAT internalization in
response to AMPH limits DAT surface expression thereby sustaining high extracellular DA levels that

result from DA efflux and competitive-inhibition at the DAT.

The Dopamine Transporter in Human Disease

Many genetic studies on neuropsychiatric disorders have focused on the DAT due to is
essential role in regulating DA neurotransmission and because it is the target for various
therapeutic drugs, including methylphenidate (Ritalin), AMPHs (Adderall) and bupropion
(Wellbutrin). These studies have associated common variants in the SLC6A3 gene, which
encodes hDAT with increased risk for neuropsychiatric and neurological disease (159-161). In

addition, recent studies have identified rare variants in the SLC6A3 gene, which are associated
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Figure 9: Rare disease-associated variants in the dopamine transporter

Schematic representation of the dopamine transporter highlighting specific rare variants.

Figure adapted from: Ng J, Zhen J, Meyer E, et al. Dopamine transporter deficiency syndrome:
phenotypic spectrum from infancy to adulthood. Brain. 2014;137(Pt 4):1107-1119
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with Dopamine Transporter Deficiency Syndrome (DTDS) (162, 163), early-onset PD (164), ASD
(50-52, 165-167), ADHD (164, 168) and bipolar disorder (169) disorders. Rare variants have
proven to be critical in the elucidation of the molecular mechanisms underlying complex diseases.
This chapter will briefly discuss (1) A559V, T356M, A336, R51W, as they pertain to ASD and (2)
D421N, I312F and R445C, as they pertain to PD or parkinsonian-like symptoms (Fig. 9).
ASD

ASD is a neuropsychiatric disorder depicted by impairments across two core domains: (1)
social communication and interaction and (2) patterns of restricted and repetitive behaviors,
interests, or activities (170). ASD-associated hDAT variants are located throughout functionally
relevant sites on the transporter: A559V is found near the beginning of TMD 12, T356M is located
near the substrate and ion-binding sites on TMD 7, A336 is located in IL3 proximal to the
intracellular gate and R51W is located on the N-terminus. Common to these ASD-associated
variants is the impaired or altered ability of the DAT to respond to AMPH in a coordinated manner.

The hDAT A559V variant has been identified in two unrelated patients with ASD (50), a patient
with bipolar disorder (169) and in two siblings with attention deficit hyperactivity disorder (ADHD) (156,
168, 171). Heterologous expression of hDAT A559V showed normal DAT expression, surface
trafficking, DA uptake and DA affinity (156). Notably, hDAT A559V cells displayed ADE blocked
upon the application of methylphenidate, AMPH and cocaine (50, 156). ADE is characterized by a
constitutive leak in DA efflux via the DAT, which is commonly revealed by cocaine or other DAT
substrates. These substrates block the DAT and the constitutive DA leak, which in turn decreases
the amperometric signal. ADE in hDAT A559V cells was shown to result from D2R-autoreceptor
activation of CaMKIl, a kinase known to phosphorylate the N-terminus of the hDAT (86). Consistently,
the N-terminus of hDAT A559V was found to be hyperphosphorylated. Neutralizing substitutions
at N-terminal serines (Ser 2, 4, 7, 12, 13; hDAT A559V S/A) in the hDAT A5599V background

abolished ADE in cells (86). Studies in a murine model showed that DAT A559V elevated
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extracellular DA levels, altered D2R function, blunted AMPH-evoked DA release, and blunted
AMPH-induced locomotion (172). Interestingly, changes in DA neurotransmission were reversible
by D2R antagonism.

T356M was the first de novo hDAT variant identified in a patient diagnosed with ASD (51).
EPR studies in the bacterial homolog LeuT suggested that T356M biased the transporter in an
OF conformation termed “efflux-willing”. Consistently, hDAT T356M cells conferred cocaine-
sensitive ADE, similar to the molecular phenotype observed in hDAT A559V. In addition, hDAT
T356M cells displayed reductions in DA uptake and AMPH-induced DA efflux that were not
associated changes in hDAT surface expression. Drosophila expressing hDAT T356M displayed
hyperlocomotion, likely a result of increased extracellular DA levels. Recent studies in mice
homozygous for T356M showed that this variant impaired striatal DA neurotransmission and
promoted behaviors commonly associated with ASD (altered social interactions and repetitive
behaviors) as well as behaviors associated with ADHD (i.e. hyperactivity), a common comorbidity
of ASD (166). Together, the findings from hDAT variants A559V and T356M suggest that ADE may
underlie DA dysfunction observed in ASD.

The R51W variant was identified through exome sequencing of patients diagnosed with
ASD (52). In a heterologous expression system, hDAT R51W significantly reduced DA efflux
compared with hDAT WT, but did not alter DA uptake. Further, impairments in DA efflux were
associated with weakened DAT/STX1 interactions. In Drosophila, hDAT R51W supported normal
basal locomotion, but reduced sensitivity to the psychomotor effects of AMPH.

AN336, a rare in-frame deletion at the conserved residue Asn 336, was identified in a
single ASD family. Crystallographic and EPR studies on LeuT as well as MD simulations
suggested that AN336 compromised the structural integrity of hDAT and in turn, transport
capacity. Specifically, this variant stabilized a “half-open and inward facing” conformation (HOIF)
that was associated with impaired DA uptake, and diminished AMPH-induced DA efflux and

currents in cells. Drosophila expressing hDAT AN336 displayed phenotypes commonly
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associated with ASD, including impaired social interactions and increased fear. Together, the
findings from hDAT variants R51W and AN336 suggest that impaired DA efflux (albeit induced by
AMPH) may also contribute to disease pathology, emphasizing the idea that DA efflux may play a
physiological role.

Parkinson’s Disease and parkinsonian-like symptoms

PD is a neurodegenerative disorder characterized by deficits in motor symptoms, including
bradykinesia (slowed movement) and either resting tremor or rigidity. Common to hDAT variants
associated with PD or parkinsonian-like symptoms are deficits in hDAT capacity or regulation (162,
163, 173, 174). A recent study on a cohort of patients with parkinsonian-like movement disorders
identified a compound heterozygous mutation in a patient with early-onset PD and ADHD. This patient
possessed a heritable variant, hDAT 1312F and a de novo variant, hDAT D421N (164). hDAT I1312F
and hDAT D421N cells displayed impaired DA uptake despite normal cell surface expression. hDAT
D421N cells also displayed impairments in DA efflux and cocaine sensitive ADE. Further, hDAT
D421N altered Na* affinity by interfering with the second Na* binding site in cells.

Numerous loss-of-function hDAT variants, often resulting from impaired hDAT surface
expression have been associated with parkinsonian-like symptoms in DAT deficiency syndrome
(DTDS, first termed infantile dystonia-parkinsonism). The details of how these variants,
specifically R445C contributes to DAT dysfunction and parkinsonian-like phenotypes will be

discussed in detail in Chapter 2.

Drosophila Melanogaster as a Model System

Drosophila melanogaster have proven to be a robust model system for neuroscience
research due to powerful and versatile genetic techniques, ease of use, short lifespan and low
cost (175-177). Drosophila and humans share many of the same neurotransmitters including
GABA, glutamate, acetylcholine and some of the same monoamines including histamine,

serotonin and DA (175). Drosophila also express many of the same proteins that regulate DA
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Figure 10: Dopamine projections in the Drosophila brain

Schematic of DA clusters in an adult fly brain. Highlighted are PAM, PAL, PPM1, PPM2, PPM3,
PPL1, PPL2ab, PPL2c, and VUM neurons.

Dung V.M., Thao D.T.P. (2018) Parkinson’s Disease Model. In: Yamaguchi M. (eds) Drosophila

Models for Human Diseases. Advances in Experimental Medicine and Biology, vol 1076.
Springer, Singapore
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neurotransmission (synthesis, packaging, transport and metabolism) and signal transduction
(receptors and signaling pathways) (178). These include proteins that are proposed molecular
targets of vertebrate psychostimulant action, such as DAT, SERT and VMAT (178). Thus,
Drosophila have been used to the study the molecular mechanisms that underlie DA
neurotransmission in healthy and disease states.

In Drosophila brains there are approximately ~200 DA neurons that segregate into eight
clusters (179), as shown in Fig. 10. These DA neurons play key roles in regulating elemental
behaviors such as arousal, sleep, locomotion and courtship in flies (180-188). In addition, recent
studies, suggest that DA also regulates more complex behaviors such as attention, motivation,
fear, learning and memory (165, 189-191). Of note, psychostimulants produce stereotyped,
behavioral effects as seen in other vertebrate models. For example, flies exposed to volatilized
cocaine show dose-dependent increases in grooming and locomotion paralleling behaviors in
mammals (192, 193). AMPH administration promotes hyperlocomotion in both larvae and adult
flies consistent with phenotypes in mammals (19, 22, 122). Consequently, flies have become an
increasingly valuable model system to study drugs of abuse, and the mechanism that underlie
drug reward and preference (64).

Finally, Drosophila have been instrumental in the study of human disease. Animals models
for various disorders, including PD (177, 194-197) and ASD (51, 165, 176, 198) have shed light
on the mechanism that underlie specific disease-related phenotypes. The following chapters will
define whether and how DAT and DA dysregulation drive specific behavioral phenotypes in
Drosophila. Moreover, they will detail how these findings translate to our understanding of these

disease states in humans.
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CHAPTERIII

PARKINSONIAN-LIKE PHENOTYPES IN DROSPHILA MELANOGASTER PROMOTED BY

INTRACELLULAR GATE DYSFUNCTIONS IN THE HUMAN DOPAMINE TRANSPORTER

The work described in this chapter is part of, and adapted from the manuscript in preparation titled
“‘Aguilar JI et al. Parkinsonian-like phenotypes in Drosophila Melanogaster associated with

channel-like conformation in the human dopamine transporter”

Abstract

Parkinson disease (PD) is a progressive, neurodegenerative disorder affecting over 6.1
million people worldwide. Although the cause of PD remains unclear, studies on highly-penetrant
mutations identified in early-onset familial parkinsonism have contributed to our understanding of
the molecular mechanisms underlying disease pathology. Dopamine Transporter (DAT)
Deficiency Syndrome (DTDS) is a distinct type of infantile parkinsonism-dystonia that shares key
clinical features with PD, including motor deficits (progressive bradykinesia, tremor, hypomimia)
and altered dopamine (DA) neurotransmission. Here, we define structural, functional, and
physiological consequences of a Cys substitution at R445 in human DAT (hDAT), identified in a
patient with DTDS. We found that a Cys substitution at R445 disrupts a conserved intracellular
(IC) network of interactions, compromising the hDAT IC gate and thus, impairing transport
function. Notably, the disruption of this IC network supported a channel-like intermediate in the
hDAT. To understand the pathophysiological relevance of this mutation, we used Drosophila
melanogaster as a model system. We showed that hDAT R445C Drosophila exhibit motor deficits,
lack of motor coordination (i.e. flight coordination) and phenotypic heterogeneity in these
behaviors that is typically associated with DTDS and PD phenotypes. These behaviors were

linked with altered dopaminergic signaling stemming from loss of DA neurons and decreased DA
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availability. We rescued flight coordination via the lysosomal inhibitor chloroquine that we
identified to enhance DAT expression. Together, these studies shed light on how a DTDS-linked

DAT underlies DA dysfunction and the clinical phenotypes shared by DTDS and PD, more broadly

Introduction

Parkinson’s disease (PD) is the second-most prevalent neurodegenerative disorder,
affecting 2—3% of the population over the age of 65 (199). Classically, patients with PD present
with motor symptoms, including bradykinesia and either resting tremor or rigidity. A hallmark of
PD neuropathology is the loss of dopaminergic neurons in the substantia nigra that results in
severe striatal dopamine (DA) depletion, accompanied by a-synuclein inclusions in the remaining
neurons (46). Early in PD, a-synuclein, a protein largely expressed in the brain, forms soluble
oligomeric aggregates believed to confer neurotoxicity that mature to insoluble fibrils (200, 201).
Although a vast majority of PD cases occur idiopathically, affecting people over the age of 50
(late-onset), a subset of genetic mutations are associated with early-onset PD (202).
Investigations on these highly-penetrant, inherited forms of PD have provided tremendous
insights into specific molecular pathways that underlie neurodegeneration and motor deficits (46).

Recently, mutations in the human DA transporter (hDAT) gene (SLC6A3) have been
linked with a distinct type of infantile parkinsonism-dystonia, referred to as DA transporter
deficiency syndrome (DTDS) (162, 163, 174). Few patients diagnosed with DTDS survive to
adulthood, with a majority of patients dying in childhood or adolescence (162, 163, 174). Common
to DTDS-linked DAT variants is a multifaceted loss of DAT function, which includes impaired
transporter activity and expression (162, 163, 174, 196, 203). DTDS is a complex movement
disorder, typically characterized by initial infantile hyperkinesia (dyskinesia/dystonia) that
progresses to a parkinsonian movement disorder (bradykinesia/tremor) (162, 163). Other
characteristic clinical features include elevated levels of the DA metabolite, homovanillic acid

(HVA) in the cerebrospinal fluid and loss of DAT activity in the basal ganglia, as measured by
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single-photon emission tomography imaging of the DAT (i.e. DaTSCAN) (162, 163, 174). In
DTDS, increased levels of HVA typically reflect increased DA turnover promoted by higher
extracellular DA levels. This increase in DA levels likely reflects decreased DA clearance
mediated by a loss of DAT activity. Other forms of early-onset parkinsonism have also been
associated with impaired DAT function (164). Specifically, a patient with early-onset parkinsonism
and attention deficit hyperactivity disorder (ADHD) was identified with SLC6A3 compound
heterozygous missense mutations that gave rise to Phe substitution at 1321 and Asn at D421 in
the DAT(164, 204). To date, the mechanism through which altered DAT function underlies
parkinsonian symptoms remains unclear.

The DAT is a presynaptic membrane protein that spatially and temporally regulates DA
neurotransmission by mediating the reuptake of DA from the synapse following vesicular release.
Among other roles, DA regulates cognition, emotion, motor activity, and motivation (43, 205, 206).
Altered DA neurotransmission has been implicated in several neuropsychiatric and neurological
disorders, including ADHD, Autism Spectrum Disorder (ASD) and PD (47-52, 199). Structural and
molecular dynamic (MD) studies suggest that DA transport occurs via an alternating access
model, wherein the transporter alternates between various “outward-facing” and “inward-facing”
conformations (79-81). In addition, it has been shown that hDAT can form an aqueous pore in a
channel-like mode (50, 85, 86). Key to the alternating mechanism is a network of interactions
occurring at the extracellular and intracellular space, termed EC and IC gates, respectively.
Recent work identified a compound heterozygous missense mutation in the SLC6A3 gene, with
the mutation in one allele resulting in a Cys substitution at R445 (R445C) and the mutation in the
second allele resulting in a Leu substitution at R85 (R85L) in a patient who presented with
classical DTDS (162). Either mutation, when studied individually, has devastating effects on hDAT
activity and expression (162), given that these residues regulate either the EC or IC gates of hDAT
(62, 207, 208). In this study, we focused on the R445C mutation. R445 is located close to the

cytoplasmic end of TM9, facing the IC vestibule and is part of a conserved IC interaction network
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that comprises the IC gate (62, 66, 82, 209, 210). This network is thought to coordinate
conformational rearrangements in the DAT throughout the transport cycle (62, 82). Specifically,
R445-E428 salt bridge is predicted to stabilize the transition of the hDAT to an inward-occluded
conformation (58, 66, 209). Previous studies showed that substitutions at R445 impair DAT
function (162, 196, 203, 209). However, how and whether R445C impacts the dynamics of the IC
gate, and subsequently DA neurotransmission as well as DA-associated behaviors remains
unclear. Importantly, how R445C contributes to DA dysfunction in disease and more specifically,
DTDS etiology is largely unknown.

We undertook a close examination of the structural and functional consequences of
R445C substitution in the hDAT. We integrated molecular insights from X-ray crystallography,
electron paramagnetic resonance (EPR) and molecular dynamic (MD) simulations to determine
how R445C underlies DAT dysfunction. We adopted Drosophila melanogaster as an animal
model to examine whether and how this hDAT variant supports brain DA dysfunction, loss of DA
neurons and behavioral phenotypes characterized by DTDS. Finally, we assessed a
pharmacological agent in its ability to rescue behavioral deficits in Drosophila expressing hDAT
R445C. Together, this work provides insight into the structural mechanisms underlying DAT
dysfunction and the impact of DAT dysfunction on specific behaviors as well as on the molecular

mechanisms that underlie DTDS and more broadly, PD pathology.

Results
hDAT R445C compromises movement vigor in Drosophila

Drosophila melanogaster have provided unique and critical insights on the pathogenic
mechanisms underlying PD (194, 197). Drosophila PD models consistently recapitulate essential
PD phenotypes, including neurodegeneration as well as motor and non-motor behavioral deficits
(177). In addition, mechanisms that mediate DA neurotransmission and signaling observed in

other phyla are largely conserved in Drosophila (178). As observed in mammals, Drosophila
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exhibit increased arousal and hyperactivity, among other stereotypies when DAT function is
altered (187, 192, 211).

In order to understand whether certain DAT dysfunctions are associated with specific
phenotypes in Drosophila, we assessed whether the R445C missense mutation in the DAT
promoted behaviors associated with common DTDS phenotypes. We adopted the Gal4/UAS
system to express hDAT WT or hDAT R445C specifically in DA neurons of flies homozygous for
the Drosophila DAT null allele (DAT™) (51). We tested flies for spontaneous locomotor activity
and “anxiety”-related behaviors (i.e. center time). lllustrated are representative trajectories of adult
hDAT WT (Fig. 11A, black trace) and hDAT R445C (Fig. 11A, blue trace) flies assayed in an
open-field test for 5-min. We observed no differences in center time in hDAT R445C flies with
respect to hDAT WT flies (Fig. 11B; hDAT WT: 0.016 + 0.003 (/twta); hDAT R445C: 0.024 + 0.006
(t/tota); p > 0.05). We did observe a significant reduction in spontaneous locomotor activity in
hDAT R445C (59.7 + 6.1 cm) compared with hDAT WT flies (80.1 + 4.2 cm; p = 0.008) (Fig. 11C).
Given that parkinsonian locomotor deficits can be characterized by hypokinesia (inability to initiate
movement) and bradykinesia (slowed movement), we dissected the specific locomotor deficits
observed in hDAT R445C flies. We determined the frequency (number of times) with which
specific velocities were explored throughout the test period (Fig. 11D). We defined “initiating
movement” as velocity = 0.74 - 0.94 mm/s and “fast movement” as velocity = 5.3 — 10.0 mm/s
and determined their frequency per genotype. hDAT R445C flies spent 5.0 + 0.3 % of the testing
period initiating movement compared with 5.2 + 0.4 % for hDAT WT flies, suggesting hDAT R445C
flies did not have difficulty performing this task (p > 0.05; Fig. 11E). In contrast, hDAT R445C flies
displayed significantly decreased movement vigor, in fast movement for only 9.8 + 1.4 % of the
testing period compared with 14.5 + 1.1 % for hDAT WT flies (p = 0.0098; Fig. 11F). Together,
these data suggest that motor deficits in hDAT R445C flies are primarily characterized by deficits

in movement vigor.
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Figure 11: R445C variant disrupts locomotive behaviors

(A) hDAT WT or hDAT R445C was selectively expressed in DA neurons in a dDAT KO (fmn)
background. Representative trajectories of hDAT WT (black) and hDAT R445C (blue) flies in
an open-field test during a 5-min test period. 3 x 3 mm square (red dashed lines) delineates the
center space. (B) hDAT WT and hDAT R445C flies spent comparable time in the center space
(p > 0.05; n = 35). (C) hDAT R445C flies traveled significantly less relative to hDAT WT flies (p
= 0.006; n = 35). (D) Histogram represents instantaneous velocities ranging from 0.74 to 10.0
mm/s (bin width = 0.094 mm/s; see methods) and corresponding frequencies (number of times).
Initiating movement velocities (0.74 - 0.94 mm/s, orange shaded), fast movement velocities (5.3
- 10.0 mm/s, green shaded) and average velocity (X) are highlighted. (E) hDAT R445C flies
spent a comparable amount of time initiating movement relative to hDAT WT flies (p > 0.05; n
= 35). (F) hDAT WT flies spent significantly more time in fast movement compared with hDAT
R445C flies (p = 0.001; n = 35).

Data are presented as mean = SEM. Student’s t-test: (B); Mann-Whitney test (C) and (E - F).
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Figure 12: R445C variant selectively impairs flight take-off

(A) Single frames of Drosophila hDAT WT (top) and hDAT R445C (bottom) during various
phases of coordinated take-off (video recorded at 2000 fps). (B) Flight initiation (take-off) was
quantified from the initial phase of wing elevation (t = 0) to the second phase of simultaneous
wing depression and leg extension. Flight initiation was significantly delayed in hDAT R445C
flies relative to hDAT WT (p = 0.02; n =10 - 11). (C) hDAT R445C flies spent comparable time
grooming compared with hDAT WT flies (p > 0.05; n = 35).

Data are presented as mean = SEM. Student’s t-test: (B).
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hDAT R445C impairs selective coordinated movements

Patients with early-onset as well as sporadic PD often present with impairments in
coordination (212). To understand further the contribution of the DAT to coordinated motor
behaviors, we analyzed a quintessential fly behavior: flight. Various monoamines, including DA
modulate insect flight (184). Inhibition of specific TH-positive DA neurons has been found to
compromise flight, including impaired wing coordination and kinematics (184). Initiating voluntary
flight (take-off) consists of an initial phase of wing elevation followed by a second phase of
simultaneous left- and right-wing depression and leg extension (213). Using a high-speed camera
(2,000 fps), we quantified the time that elapsed between the initiation of wing elevation (t = 0) and
final take-off from a water surface (Fig. 12A). We found that flight initiation was significantly
compromised in hDAT R445C flies as the corresponding duration of take-off was 60.9 + 8.7 ms
compared with 36.6 + 4.4 ms for hDAT WT flies (p = 0.03) (Fig. 12B). To determine whether
impairments in coordination were consistent across multiple modalities, we assessed grooming.
In Drosophila, this stereotyped, coordinated movement of the forelegs and hindlegs is prompted
by a mechanical or microbial stimulus and is modulated by DAergic neurotransmission (214).
Interestingly, grooming was not significantly impaired in hDAT R445C flies (116.7 + 12.9 s) relative
to hDAT WT flies (88.8 + 7.7 s; p > 0.05) (Fig. 12C). These data suggest that coordinated
movements are selectively impaired in hDAT R445C flies.
Expressing hDAT R445C in Drosophila results in DA deficiency

DA dysregulation, specifically the loss of DA signaling, drastically alters the timing, velocity
and fluidity with which movement is executed (215, 216). We thus sought to determine whether
impairments in movement and coordination were driven by altered DA dynamics. We first
measured DA content in whole brains of hDAT WT and hDAT R445C flies. DA content was

significantly reduced by 16.9 + 3.2 % in hDAT R445C (21.4 + 0.8 ng/mg) relative to hDAT WT

brains (25.8 £ 1.0 ng/mg) (p = 0.02) (Fig. 13A, left). We also measured serotonin (5-HT) content,
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Figure 13: Reduced brain DA content and AMPH-induced DA efflux in hDAT R445C flies

(A) Tissue concentration of DA (left) and 5-HT (right) measured by HPLC (n = 4). DA content
was significantly decreased in hDAT R445C relative to hDAT WT brains (p = 0.01). 5-HT
content in hDAT R445C was comparable to hDAT WT (p > 0.05). (B) Confocal z-stack (5 ym)
of hDAT WT (left) and hDAT R445C (center) brains co-labeled with anti-TH (magenta) and anti-
n82 (cyan) zoomed-in on PPL1 neurons. Quantitation of TH-labeled PPL1 neurons showed a
significant reduction of these neurons in hDAT R445C brains relative to hDAT WT (p < 0.0001;
n=8-11) (C) Diagram illustrates an amperometric recording from TH-positive, PPL1 DA region
(red box) in fly brain. Currents recorded in response to AMPH application (20 uM) in hDAT WT
(black trace) and hDAT R445C (blue trace) brains. Quantitation of peak currents showed a
significant decrease in DA efflux in hDAT R445C relative to hDAT WT brains (p = 0.03; n = 7).

Data are presented as mean + SEM. Student’s t-test (A)-(B).
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as serotonergic dysfunction has also been associated with the development of motor and non-
motor symptoms in PD (217) . We found that 5-HT content was comparable in hDAT WT (67.0 +
1.8 ng/mg) and hDAT R445C (60.7 + 2.1 ng/mg; p > 0.05) brains (Fig. 13A, right).

Various Drosophila PD models have shown selective neurodegeneration of protocerebral
posterior lateral 1 (PPL1) DA neurons (113, 195, 218, 219). These clusters of neurons innervating
the mushroom and fan-shaped bodies are implicated in regulating motivated behaviors as well as
reward learning and reinforcement, and are thus parallel in their functions to DA projections from
the substantia nigra to the striatum in mammals (186, 189, 190, 220, 221). We assessed the
number of TH-positive PPL1 neurons in hDAT WT and hDAT R445C brains (Fig. 13B, left). We
found TH-positive PPL1 neurons to be significantly reduced in hDAT R445C flies (9.1 £ 0.4)
relative to hDAT WT controls (11.5 + 0.2); p <0.0001) (Fig. 13B, right). These data demonstrated
that specific motor deficits are associated with DA deficiency in hDAT R445C flies.

To determine the effects of DA deficiency on DAT function, we specifically examined if
hDAT R445C could support the reverse transport (efflux) of DA evoked by amphetamine (AMPH)
from isolated Drosophila brains. The psychostimulant AMPH causes DA efflux mediated by the
DAT. To measure DA efflux by amperometry, we guided a carbon fiber electrode into mCherry-
tagged PPL1 neurons (222) (Fig. 13C, left, red box). The representative traces displayed are an
integrated current measurement of DA efflux from this population of neurons (Fig. 13C, middle).
Given the DA deficiency in hDAT R445C brains, it was not surprising that AMPH-induced DA
efflux was significantly reduced in hDAT R445C (0.76 + 0.14 pA) compared with hDAT WT (1.74
+ 0.37 pA; p = 0.03) brains. Nonetheless, these brains were capable of DA efflux, suggesting that
hDAT R445C can support the reverse transport of DA.

Substitutions at R375 in LeuT (which corresponds to R445 in hDAT) disrupt IC network

interactions
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LeuT, the bacterial homolog of hDAT, has provided key insights that improved our
understanding of Na*- and substrate-coupled transport in the neurotransmitter sodium symporter
(NSS) family (61, 223). Integrating data from LeuT crystal structures, electron paramagnetic
resonance (EPR) and single-molecule fluorescence energy transfer (sm-FRET) and MD
simulations has defined the alternating access mechanism used by the NSS family to transport
substrate. Common to these models is the transition from outward-facing open (OF) to inward-
facing open (IF) states through the opening and closing of the IC and EC gates, respectively (81,
224). Here, we use a combination of Rosetta modeling, X-ray crystallography and EPR
spectroscopy to determine the consequence of hDAT mutations at R445 on conformational
changes in LeuT.

Cysteine residues exist at an equal ratio of protonated (neutral) to deprotonated (acidic)
states at physiological pH. Therefore, we determined the effects of a Cys to Ala and Cys to Asp
substitution at R445 by introducing the corresponding mutations in LeuT: LeuT R375A and LeuT
R375D, respectively, as well as LeuT R375C. Previous studies of LeuT conformational dynamics
have shown that the network of interactions between the N-terminus (residues R5, E6, W8),
TM6/IL3 (Y265, Y268), TM8 (D369) and TM9 (R375) are key to occluding the IC vestibule in the
outward-facing occluded (OO) state (225). In particular, salt bridges R5-D369 and E6-R375
stabilize the N-terminus in the OO state as illustrated in Fig. 14A (left). The residues participating
in this network are highly conserved across the NSS family, and are thus, likely critical to transport.
First, we constructed molecular models of LeuT R375A and R375D (Fig. 14A) using Rosetta to
determine potential changes in these interactions and in the thermodynamic stability (AAG) of
these variants relative to WT. We found that both, neutralizing and acidic substitutions at R375,
likely promote the dissociation of the salt bridge between R375 and E6 (closest atom-atom
distances: WT= 2.1 A; R375A = 5.4 A; R375D = 4.2 A), weaken the interaction of R375 and 1184
(WT =2.5 A; R375A = 6.0 A; R375D = 4.7 A), and decrease the thermodynamic stability of LeuT

(Rosetta scores: R375A = + 4.4 REU; R375D = + 5.6 REU relative to WT) (Fig. 14A, Fig. 15A-
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B). Other interactions were largely preserved, including R5-D369 and E6-1187 interactions (Fig.
14A). One key difference between these models was that K189 moved towards E6 in LeuT
R375A, but away from E6 in LeuT R375D (Fig. 15A). Together, these models predicted that both,
acidic and neutral mutations at the LeuT counterpart (R375) of hDAT R445 disrupt the interactions
near the IC vestibule, partially affecting the IC gate, but maintaining other IC network interactions.
Moreover, based on the model for LeuT R375C, where K189 also moves away from E6, we
conclude that a Cys mutation at R375 more closely resembles an acidic substitution (compare
Fig. 14A and Fig. 15A, C).

To define further the structural consequences of R375 substitutions, we determined the
X-ray crystal structures of LeuT WT, LeuT R375A and LeuT R375D solved in an L-Ala and Na*
bound OO conformation to a resolution of 2.1 A for WT and R375A and 2.6 A for R375D (Fig.
14B, detailed in Fig. 16). Expression of R375C was low and sufficient protein for crystallography.
Structures were aligned with a previous structure of LeuT WT in an OO conformation (PDB ID:
3F3E) with an RMSD of 0.134, 0.146 and 0.236 for LeuT WT, R375A and R375D, respectively.
In all structures (superimposed), L-Ala, Na1 and Na2 (purple spheres) could be modeled into their
respective binding sites (Fig. 14B, left). These crystal structures showed that substitution of Arg
to Ala in LeuT R375A (Fig. 14B, middle bottom) and of Arg to Asp in LeuT R375D (Fig. 14B,
right top) precluded salt bridge formation between R375 and E6 and between R375 and the
backbone of 1184 as was also observed with Rosetta modeling in Fig. 14A. In addition, K189
moved towards E6 by 3.4 A, reducing the distance between residues K189 and E6 from 8.0 A in
LeuT WT to 4.6 A in LeuT R375A (Fig. 14B, middle bottom), as observed in the Rosetta
modeling. The distance between residues RS and D369 and between residues E6 and 1187 were
conserved in all three structures (Fig. 14B, right bottom), as observed also in Fig. 14A. As
evident from these data as well as the REU versus RMSD plots (Fig. 15D), our Rosetta models
parallel our crystal structures. In addition, these data indicate that the IC gate is disrupted by

substitutions at position R375.

55



LeuT R375A LeuT R375D
& s @ 1L Y - A o

5 p IS | ) 5 | » 'S
£ X ( { D

IS 0 iy D (S gy~ D
" -] S 2 1184 Y, ] ¢ > Y l184/ - 3
Y ez} &7 - | % |1s7> €
} K189 =~ . . - ) >
3 — YQA' \ \ - ( ® K{189 1.8A' \ \)r N j (
o~ > ivY ard 4 \ / v . \ \
\ g 37! ~ \3% 8 . \
~ Y 7

S = é DSZS\

Y

~

o~

[ - W\ \
> \ - ~ - \
\ \Rs "20A qub )( J \ = 2 D§6_§ (o ’

Figure 14: Representative Rosetta models and crystallographic structures of LeuT
revealed weakening of E6-R375 salt bridge promoted by substitutions at R375

(A) Models derived using Rosetta of LeuT WT (left), LeuT R375A (middle) and LeuT R375D
(right) where protein backbones are represented as cartoons and residues EG, 1184, 1187, R5,
and D369 are represented as green spheres and sticks. K189 is colored in blue. R375 is colored
in green (left). A375 is colored in cyan (middle). D375 is colored in yellow (right). All
corresponding polar contacts between side chain or backbone atoms in each model are
represented as dashed lines in black. R375 substitution to either Ala or Asp disrupted E6-R375
salt bridge. (B) Crystal structures of LeuT WT (green), LeuT R375A (cream) and LeuT R375D
(grey) are superimposed. Box indicates area of zoomed-in view of TM1-TM8 IC region for LeuT
WT (top left), LeuT R375D (top right), LeuT R375A (bottom left) and overlay of three structures
(bottom right). Distances between residues are shown in dashed lines.
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Rosetta Distance Calculations of LeuT R375A/C/D

WT |rR37sA  |R375C jR37sD |
distance (A)
R375-1184 2.5 6 3.3 4.7
R375-E6 21 54 5.7 4.2
E6-1187 1.9 1.9 1.9 1.8
R5-D369 2 2 21 2.1
189-E6 8.2 7. 9.9 8.5
B
Rosetta AAG Calculations of LeuT R375A/C/D
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Figure 15: Detailed data for LeuT models

(A) Distances between IC residues in angstroms (A) in LeuT WT, R375A, R375C, and R375D.
(B) Rosetta scores represent the average scores of the top 5% of models. AAG values are in
Rosetta Energy Units (REUSs). (C) Rosetta modeling of LeuT R375C, where protein backbones
are represented in grey, amino acid side chains in green, K189 in blue and R375C in magenta.
All corresponding polar contacts between side chain or backbone atoms in each model are
represented as dashed lines in black. (D) REU versus RMSD diagrams were obtained from
1000 Rosetta Flex AAG trajectories for LeuT WT (left) and LeuT R375A (right). The RMSD
between the protein backbone and heavy side chain atoms within a 10 A distance of R375 and
R375A was calculated to show the correlation between the energy-optimized models and the
experimental model.
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LeuT WT LeuT R375A LeuT R375D
PDB ID: 6W99 6W95 6WIF
Data collection
Space group C121 C121 C121
Cell dimensions
a, b, c (&) 88.48, 86.87, 87.58,86.62, 86.63,87.06,
81.14 80.99 80.59
o, B,y (°) 90.00, 96.09, 90.00, 95.64, 90.00, 95.32,
90.00 90.00 90.00
Resolution (A) 43.99 - 2.1 47.31-2.1 47.22-2.6
Rsym OT Rmerge 0.06 (0.54) 0.06 (0.86) 0.26 (2.18)
1/al 14.9 (3.0) 11.8 (1.6) 7.6(2)
CC1/2 0.99 (0.89) 0.99 (0.71) 0.99 (0.69)
Completeness (%) 99.4 (93.5) 100 (100) 99 (98.9)
Redundancy 7.1 (6.9) 5.1(5.2) 7.1(7.4)
Refinement
Resolution (A) 43.43-2.1 43.58-2.1 43.53-2.6
No. reflections 33363 35182 18237
Ruwork / Riree 16.87/19.54 18.01/20.44 19.28/23.93
No. atoms 4272 4199 4093
Protein 4043 4040 3984
Ligand/ion
Ligand 94 102 77
Na 2 2 2
water 135 57 32
B-factors 48.10 53.23 55.19
Protein 46.92 52.18 54.83
Ligand/ion 84.83 94.62 74.36
R.m.s. deviations
Bond lengths (A) 0.006 0.003 0.005
Bond angles (°) 0.82 0.54 0.60
Ramachandran
(%)
Favored 97.62 98.22 95.77
Allowed 2.38 1.78 4.02
Disallowed 0.00 0.00 0.20

Figure 16: LeuT crystallographic data in detail

Table delineates crystallographic data for LeuT WT, R375A and R375D regarding data
collection, model building, and refinement statistics.

58



R375 substitutions stabilizes an inward-facing conformation in LeuT

To monitor the ligand-dependent conformational dynamics of the EC and IC gates, we used
EPR, and more specifically, double electron-electron resonance (DEER) to obtain distance
distributions between spin label pairs 309/480 and 7/86, respectively (Fig. 17A). These spin label
pairs are used to monitor the isomerization of LeuT between the OF, OO, IF and inward-facing
occluded (lO) states, as previously described (165, 226). It is important to note that the spin labels
were attached at introduced cysteines hence precluding the investigation of LeuT R375C. Instead,
we monitored the effects of Ala and Asp substitutions at R375 on LeuT conformational dynamics.
We found that these substitutions had relatively minor effects on the EC gate (left). In the absence
of ion and substrate (Apo), LeuT WT dwells between OO and OF conformation, with OO being
predominant (Fig. 17B, left; black trace). Na* enhances the OF conformation poised to bind
substrate (Fig. 17B, left; red trace) (224). Leu binding to Na*-bound LeuT restores the
conformational preference to the OO form (Fig. 17B, left; blue trace). We found that the
introduction of an Ala (Fig. 17C, left) or Asp (Fig. 17D, left) at position R375 did not drastically
affect the conformational dynamics of the EC gate. We do note that in R375A, longer-distance
components are sampled in the Apo (black trace), Na* (red trace) and Na*/Leu state (blue trace).
In R375D, the probability distribution of the dominant short-distance component (OO) decreased,
such that more open intermediary distances were sampled in the Apo state (black trace) (Fig.
17D, left).

More substantial changes were observed on the IC gate. Consistent with previous findings,
the spin label pair monitoring of the IC gate in LeuT WT showed a bimodal distribution between
IF and IO conformations in the Apo state (black trace), where Na* alone (red trace) or Na*/Leu
(blue trace) biased LeuT towards the 10 conformer (Fig. 17B, right). The substitution of R375 to
Ala in LeuT increased the probability of an IF conformation in the Apo (black trace) and Na*/Leu
states (blue trace) (Fig. 17C, right). Similarly, the substitution of R375 to Asp suppressed the

short-distance component (10 conformation) in favor of an IF conformation in the Apo (black trace)
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Figure 17: Asp substitution at R375 in LeuT favors an inward facing conformation

(A) Probability distance distributions (P(r)) of the spin labels pairs 308/409 and 7/86 reporting
the conformational dynamics of the EC (leff) and IC (right) gate of LeuT, respectively. Distance
distributions for each pair were obtained in the Apo (black), Na*-bound (Na*; red), and Na*- and
Leu-bound (Na*/ Leu; blue) conformations for (B) LeuT WT, (C) LeuT R375A and (D) LeuT
R375D.
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(Fig. 17D, right). The addition of Na* was able to partially rescue the probability distribution of the
IO conformer, where Na*/Leu resets the IC gate to the IO conformation.

Together, DEER distance distributions demonstrate that the substitution of R375 for Asp leads
to increased probability of open conformations on both sides of the transporter.
R445 substitutions lead to the intermittent formation of a channel-like intermediate in hDAT

To determine the structural and dynamic changes effected by a Cys substitution at R445,
we generated homology models of hDAT based on dDAT structures (PDB ID: 4M48). As
illustrated in Fig. 18A, salt-bridges at the IC surface (e.g. R445-E428 and R60-D436), a cation-1r
interaction between R60 and Y335, and a hydrogen bond between E428 and Y335, form an IC
network of interactions that stabilizes the occlusion of the IC vestibule in hDAT WT (Fig. 18A)
(62, 82, 227). In silico studies have suggested that disruption or reconfiguration of these IC salt
bridges facilitate the opening of the IC vestibule for release of substrate or ions (66, 227). This
feature has also been noted in the human serotonin transporter (hSERT) in recent cryo-EM
structures (228, 229).

The structural model generated for hDAT R445C showed that a Cys substitution at R445
disrupts this IC interaction network to support an intermittent channel-like intermediate (Fig. 18B),
characterized by continuous water occupancy in the transporter lumen. Superposition of hDAT
WT and R445C structures (Fig. 18C) showed an overall opening of the transmembrane (TM)
helices on the IC face (TM9, blue arrow) in hDAT R445C. MD simulations also showed that Na*
migrates from either the IC or EC side (Fig. 18D), where Na* binding occurs prior to the complete
dissociation of R60-D436 salt bridge at 150 ns (Fig. 18E). We also note that the IC-exposed
TM1a-TM6b pair retained their ‘closed’ state (Fig. 18F), in contrast to the usual opening of TM1a
in the IF state observed in WT. Finally, Na® entry was facilitated by the opening of TM9 and
consequent increase in the interhelical distance between TM9 and TM6b (Fig. 18F).

Similar channel-like intermediates were observed in hDAT R445A (data not shown) and

R445D (Fig. 19). In R445D, three Na* ions (cyan, violent and orange spheres) stabilize along the
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Figure 18: R445C mutation favors the opening of the IC vestibule, leading to intermittent
formation of a channel-like intermediate

(A) MD stimulations of hDAT WT in the OF state (white) illustrates a network of interactions at
the IC surface stabilizing the closure of IC vestibule and solvated EC vestibule (gray shaded
region). (B) Substitution of R445 with Cys (orange) breaks salt-bridge R445-E428, which
weakens IC network interactions and promotes the intermittent formation of a channel-like
intermediate. This conformation favors the entry of both water and ions from the IC space.
Hydrated regions inside the transporter are indicated in gray shaded areas with explicit water
molecules displayed in spheres and lines (CPK format). Green and purple spheres are Na*
migrating from the EC and IC side, respectively. (C) Structural alignment of hDAT R445C
(orange) with hDAT WT (white). In hDAT R445C the association between TM8 and TM9 (near
the IC exposed region) is weakened. TM9 undergoes an outward titling (blue curved arrow) to
allow for the ‘opening’ of IC vestibule along TM8, facilitated by the absence of C445-E428 salt
bridge (R445-E428 in hDAT WT holds TM8-TM9 in place). (D-F) Results from MD simulations
of hDAT R445C. Time evolution of distances between (D) Na*® and D79; (E) salt-bridge forming
residues at EC and IC regions. On the EC side, D476-R85 distance decreases (EC gate
closure). On the IC side, D436-R60 distance increases (IC gate opening). D345-K66 remains
closed. After dissociating from D436 (t = 150 ns), R60 interacts with E428 (t = 200 ns). (F)
Interhelical distances for EC-exposed TM1b-TM10 and TM6a-TM10 shows that the EC region
remains exposed to solvent with reduced opening, and IC-exposed TM1a-TM6b is closed, but
there is a new opening indicated by the increase in TM6b-TM9 distance. Conformation shown
in B is the last snapshot taken from the simulation trajectory in D-F.
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Figure 19: hDAT R445D confers a channel-like conformation with three Na* ions

(A) Model of hDAT R445D showed the formation of a channel-like intermediate promoted by
the opening of the IC vestibule. In hDAT R445D, three Na* ions bound along the transport
lumen (two diffusing from the IC region, and one from the EC region). The region enclosed in
the yellow ellipse is more exposed to the cytosol relative to WT, allowing Na* and water entry.
Hydrated regions inside the transporter are indicated in gray shaded areas with explicit water
molecules displayed in spheres and lines (CPK format). The conformation shown is a snapshot
(100 ns) taken from the simulation trajectory illustrated in B-D. (B) Time evolution of distances
between Na® and D79. (C) Time evolution of distances between D476-R85 salt-bridge on the
EC side show that this interaction shortens over time (EC gate closure). The distances between
D436-R60 on the IC side increase intermittently (IC gate opening). Interestingly, a new salt
bridge between D445 and K257 is formed intermittently. (D) Time evolution of interhelical
distances between EC-exposed TM1b-TM10 and TM6a-TM10 shows that the EC region
remains exposed to solvent with reduced opening, whereas IC-exposed TM1a-TM6b shows
that the IC region is predominantly closed with a slight opening indicated by the increase in
TM6b-TM9 distance.
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solvated transporter lumen (one entering from the IC region, one entering from the EC region,
and one intermittently diffusing from the IC region) (Fig. 19B), as compared with two Na* binding
sites in R445C (Fig. 18B). It is likely that the dissociation of R445-E428 salt bridge promoted by
R445D substitution allows E428 to bind an additional Na*. In contrast, in hDAT R445C, E428 finds
an alternative partner, R60. These findings point to a unique feature of the R445 residue, as
substitutions associated with DTDS stabilize a channel-like conformation only observed
occasionally in previous simulations (230).

We also observe that the dissolution of R445-E428 salt-bridge weakened the IC
interaction network as a whole. In particular, R445C weakened the association of TM8-TM9 near
the IC entrance, whereby TM9 underwent an outward tilting exposing an egress pathway along
TM8 for Na* (or a different cation) (Fig. 18C). The outward titing of TM9 has been observed
previously in the DA-loaded transition from OF to 10 states (227). Furthermore, R455C
substitution increases the likelihood that the R60-D436 salt bridge breaks, while promoting the
formation of a new salt bridge R60-E428 (Fig. 18E) at the expense of breaking R60-D436 salt-
bridge in both runs.

In addition to structural disruptions, hDAT R445C displays reduced expression that is
partially rescued by chloroquine

We determined the expression of hDAT R445C to be significantly compromised in a
heterologous expression system, as was also observed in LeuT R375C. Substitution of R445 to
Cys reduced the surface expression to 0.06 + 0.01 of hDAT WT (1.0 £ 0.04; p < 0.0001) and the
total mature DAT expression to 0.20 + 0.04 of hDAT WT (marked by #; 1.0 £ 0.05; p < 0.0001)
(Fig. 20A). Given this reduction in transporter expression and structural impairments, we
surmised that DA uptake would also be impaired. Indeed, [*H]DA uptake kinetics showed that
R445C cells have significantly reduced transport capacity with respect to WT cells as reflected in

the Vmax (F@, 15y = 160.3; p < 0.0001) (Fig. 20B). Instead, the apparent affinity for DA (K,)
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significantly increased in hDAT R445C relative to WT (p < 0.0001) cells, suggesting that
conformational changes promoting leading to translocation of DA across the membrane are also
affected (Fig. 20B). To determine if R445C affected the reverse transport function of the DAT (DA
efflux), we delivered DA (2mM DA, 10 min) to the inside of the cell through a patch-pipette in
whole-cell configuration and used amperometry to measure DA efflux in response to AMPH (10
uM) (64). Thus, we were able to load the cells with equal concentrations of DA despite differences
in DA uptake. Consistent with our ex vivo brain amperometric recordings, we found that R445C
supported DA efflux although significantly reduced compared with WT (hDAT WT = 0.74 + 0.09
pA; hDAT R445C = 0.28 + 0.06; p = 0.001) (Fig. 20C).

We found that both neutralizing and anionic substitutions at R445 (hDAT R445A and hDAT
R445D) significantly comprised surface DAT (p < 0.0001) and mature DAT expression (p <
0.0001) relative to hDAT WT (Fig. 21A, Fig. 22A). Given this significant reduction in hDAT surface
expression, it was unsurprising that [°H] DA uptake was also significantly reduced in hDAT R445A
(F5,92) = 22.7, p < 0.0001; Fig. 21B) and hDAT R445D cells (F504) = 42.1; Fig. 22B). Consistent
with R445C, we find that the K, of hDAT R445A and hDAT R445D was also significantly
increased. Combining patch-clamp with amperometry (as above), we found that AMPH-induced
DA efflux was significantly compromised in hDAT R445D (p = 0.002; Fig. 22C) compared with
hDAT WT cells. Interestingly, we observed that AMPH caused a reduction in the amperometric
current in hDAT R445A compared with hDAT WT cells (p = 0.001; Fig. 21C), consistent with
AMPH blocking constitutive DA efflux as previously noted in other DAT mutations (51, 86, 156).
Together, these data confirm that substitutions at R445 significantly compromised DAT DAT cell
surface expression and function

The severity and onset of clinical phenotypes are associated with residual DAT function
in DTDS (162, 163). DAT function is related to its expression in hDAT R445C and other DTDS-

associated variants; thus, we assessed the possibility of improving motor coordination deficits in
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Figure 20: Cys substitution at R445 compromises hDAT expression and function

(A) Representative immunoblots of surface hDAT (top left), total hDAT (top right) and
corresponding Na-K ATPase (bottom left) and actin (bottom right) loading controls. hDAT
expression was normalized to hDAT WT. hDAT R445C displayed significantly reduced surface
(p <0.0001; n =4, in triplicate) and total mature (#) expression relative to hDAT WT (p < 0.0001;
n = 4, in triplicate). (B) 3[H]DA saturation curves of DA uptake measured in hDAT WT (black)
or hDAT R445C (blue) cells (n = 3, in triplicate). Curves were fit to Michaelis-Menten kinetics to
derive K, and Vmax. DA uptake for hDAT R445C was significantly reduced compared with hDAT
WT at every DA concentration measured (Fee4) = 52.4, p < 0.0001), as were the kinetic
constants, Ky and Vmax (p < 0.0001). (C) Representative traces of amperometric currents (DA
efflux) recorded in response to AMPH application (left; 10 uM, indicated by arrow) from hDAT
WT (black) and hDAT R445C (blue) cells loaded with DA (2 mM, 10 min) with whole-cell pipette.
Quantitation of peak current amplitudes illustrated a significant reduction in DA efflux recorded
from hDAT R445C compare to hDAT WT (right; p = 0.008; n = 6-7).

Data are presented as mean = SEM. Student’s t-test (A) and (C); Two-way ANOVA with
Bonferroni’s multiple comparison test: (B).
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Figure 21: hDAT R445A cells display AMPH-sensitive DA leak despite reductions in
hDAT surface expression and uptake

Representative immunoblots of surface hDAT (top left), total hDAT (top right) and
corresponding Na-K ATPase (bottom left) and actin (bottom right) loading controls (n = 4, in
triplicate). hDAT expression was normalized to hDAT WT. hDAT R445A displayed significantly
impaired surface (p < 0.0001) and total (#) expression relative to hDAT WT (p < 0.0001).

(B) [*H]DA saturation curves of DA uptake measured in hDAT WT (black) and hDAT R445A
(red) cells (n = 3, in triplicate). Curves were fit to Michaelis-Menten kinetics to derive K and
Vmax. DA uptake for hDAT R445A was significantly reduced compared with hDAT WT (Fs,92) =
22.7, p < 0.0001) as were kinetic constants, Ky and Vmax (p < 0.0001). (C) Representative
amperometric traces (DA efflux) recorded in response to AMPH application (left; 10 uM,
indicated by arrow) from hDAT WT (black) and hDAT R445A (red) loaded with DA (2 mM, 10
min) via a whole-cell patch electrode in current-clamp. Quantitation of peak amperometric
current in hDAT R445A and hDAT WT cells (right, p = 0.002; n = 6).

Data are presented as mean + SEM. Student’s t-test (A); Two-way ANOVA with Bonferroni’s
multiple comparison test: (B). Mann-Whitney Test (C).
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Figure 22: Asp substitution at R445 impairs hDAT expression and function

(A) Representative immunoblots of surface hDAT (top left), total hDAT (top right) and
corresponding Na-K ATPase (bottom left) and actin (bottom right) loading controls (n = 4, in
triplicate). hDAT R445D displayed significantly reduced surface (p < 0.0001) and total (#)
expression relative hDAT WT (p < 0.0001). (B) [°*H]DA uptake was measured in hDAT WT
(black), hDAT R445D (green) cells (n = 3, in triplicate). Curves were fit to Michaelis-Menten
kinetics to derive K and Vmax. DA uptake for hDAT R445D was significantly reduced compared
with hDAT WT (Fse4) = 42.1, p < 0.0001), as were the kinetic constants, Ky and Vimax (p <
0.0001). (C) Left: Representative amperometric traces (DA efflux) recorded in response to
AMPH application (10 uM, indicated by arrow) from hDAT WT (black) and hDAT R445D (green)
cells loaded DA (left; 2 mM, 10min) with a whole-cell patch electrode. Peak current amplitudes
illustrated a significant reduction in DA efflux recorded from hDAT R445D relative hDAT WT
(right; p = 0.002; n = 6).

Data are presented as mean + SEM. Student’s t-test (A); Two-way ANOVA with Bonferroni’s
multiple comparison test: (B). Mann-Whitney Test (C).
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Figure 23: CQ enhances R445C expression ratios and flight coordination

(A) Representative immunoblots of total hDAT and actin (boftom) loading controls, where
glycosylated (#) and non-glycosylated (*) DAT is highlighted. Ratio of mature (glycosylated) to
immature (non-glycosylated) DAT (mDAT/iDAT) expression normalized to vehicle conditions
was quantified for hDAT WT and hDAT R445C (n = 4, in duplicate). Incubating hDAT R445C
cells with CQ (1 mM, 4 h) significantly increased the ratio of mMDAT/iDAT (F(1,20) = 18.0), p =
0.003). CQ also significantly increased mDAT/iDAT expression in hDAT WT cells (p = 0.04).
(B) Drosophila expressing hDAT R445C or hDAT WT were fed CQ (3 mM, 72 h) or vehicle
supplemented diet. Quantitation showed a significant reduction in the time to initiate flight in
hDAT R445C flies (F(1,100= 7.6, p=0.01) in response to CQ (1.54 + 0.60) compared with vehicle
(4.07 £ 0.48). Time for flight initiation was comparable in hDAT WT flies exposed to CQ and
vehicle supplemented diet (p > 0.05).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test: (A-B).

69



hDAT R445C flies by enhancing or correcting DAT expression. DAT expression and degradation
are regulated by endocytic, recycling, and lysosomal pathways (100, 231-233). Previous studies
have shown that chloroquine (CQ), a lysosomotropic weak base that inhibits lysosomal activity,
limits DAT lysosomal degradation (231, 234).

In DTDS-associated variants the ratio of mature (glycosylated) to immature
(unglycosylated) DAT is shifted where the immature form predominates (Fig. 20A) (162),
suggesting DAT degradation. Here, we determined whether CQ by inhibiting DAT lysosomal
degradation could improve this ratio. We found that CQ treatment (1mM, 4h) significantly
increased the ratio of mature (marked by #) to immature DAT (marked by *) in hDAT WT (p =
0.04) and R445C (p = 0.003) cells relative to vehicle (F(1,20) = 18.0) (Fig. 23A). As specified above
in DTDS, the severity of clinical phenotypes is correlated with DAT function/expression. Thus, we
sought to determine whether the improvement in DAT expression promote by CQ translated to
improvements in motor phenotypes. We supplemented fly food with CQ (3mM, 72 h) for both
hDAT WT and hDAT R445C flies and measured the timing of flight initiation. We found that CQ
treatment significantly improved the time for flight initiation in hDAT R445C flies relative to vehicle
(Fi1,100 = 7.6, p = 0.01) (Fig. 23B). CQ did not have significant effects on motor coordination in
hDAT WT flies (p > 0.05). These data suggest that CQ, by enhancing DAT expression, can
improve flight initiation in hDAT R445C flies and that when a threshold DAT expression is reached,

further increases in DAT expression do not further enhance flight initiation time.

Discussion

PD is a multi-system, heterogenous neurodegenerative disorder characterized clinically
by core motor symptoms, including resting tremors, bradykinesia, rigidity and postural instability.
As the disease progresses, additional motor symptoms develop, such as impairments in gait and
balance, eye movement control, speech and swallowing, and bladder control. Mood disorders

(e.g. anxiety and depression), sleep disorders (e.g. insomnia, disrupted circadian rhythm),
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hyposmia (impaired olfaction), gastrointestinal symptoms and other non-motor features usually
precede full PD diagnosis (235). Additionally, cognitive impairment, including dementia, typically
manifests after diagnosis and progresses steadily over time (236). Some motor and behavioral
symptoms can be alleviated by DA replacement therapies, such as levodopa (L-DOPA, a DA
precursor), DA metabolism inhibitors and DA receptor agonists (237). However, as the disease
progresses, there is often a “loss of drug” effect, with symptoms largely refractory to therapeutic
interventions (237). In some patients, DA replacement can promote new behavioral phenotypes,
most commonly: impulse control disorder (ICD) and DA dysregulation syndrome (DDS). In ICD,
patients impulsively or compulsively engage in reward-seeking behaviors, including gambling,
eating, or sexual activities (238). In DDS, patients display addictive behaviors with dependence
or withdrawal-type symptoms towards their DA medications (239). Essential to developing new
pharmacotherapies is understanding the underlying disease pathology.

Although the cause of PD is not completely understood, the combination of aging,
neuronal susceptibility, genetic risks and environmental factors are thought to underlie its etiology.
Studies on highly-penetrant mutations identified in familial parkinsonism, as well as candidate
gene and genome-wide association findings in idiopathic PD have contributed to our
understanding of the molecular mechanisms underlying disease pathology (46). DTDS is a
distinct type of infantile parkinsonism-dystonia associated with DAT dysfunction that shares
various clinical phenotypes with PD, including motor deficits and altered DA homeostasis (162,
163, 174). Investigations on DTDS-linked DAT variants are essential to understating the impact
of DAT dysfunction on DA neurocircuits and signaling pathways. Further, these studies may shed
light on the molecular mechanisms that underlie the clinical phenotypes shared by DTDS and PD
(240).

In this study, we define how a specific DAT variant identified in DTDS (R445C) confers
DAT dysfunction by altering the structure and gating dynamics of an IC interaction network as

well as DAT expression. In the NSS superfamily, which includes DAT and LeuT, thermodynamic
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coupling of substrate and Na* -co-transport occurs via an alternating access mechanism that
comprises the opening and closing of the IC and EC gates (61, 223). R445 corresponds to R375
in LeuT, which forms R375-E6 salt-bridge as part of the IC gate (225). Our crystallographic data,
supported by modeling and AAG calculations in LeuT, revealed that substitutions at R375 in LeuT
disrupt key IC interactions, including R375-E6 salt-bridge, promoting an IF conformation.

These findings are consistent with previous in silico studies which suggest that the
transition to an IF conformation is defined by the dissolution of IC salt-bridges D369-R5 and R375-
E6 in LeuT (225). Furthermore, from our EPR studies, we surmise that R375 substitutions disrupt
the IC network and bias LeuT to an IF conformation, subsequently altering transport, which
requires LeuT to isomerize toward an OF conformation. We have previously shown that other
mutations associated with neuropsychiatric disorders (i.e. AV269) that disrupt this IC network also
bias LeuT to an IF conformer, impairing transporter function (165). It is important to note that
R375A does not alter LeuT IC gate to the extent of R375D, suggesting that some variants at this
site are more tolerated, likely due to nearby residues conferring resiliency to this IC interaction
network. Indeed, it has been previously noted that the microenvironment surrounding the IC gate
is enriched with putative interaction partners that reinforce this IC network (82).

Using homology models and MD simulations, we were able to determine the structural
and dynamic changes effected by a Cys substitution at R445 in hDAT. In hDAT, R445 forms a
salt bridge with E428, an association that is highly conserved among the eukaryotic NSS
members and is proposed to be part of the IC gate (209). Although this association is distinct from
the R375-E6 salt-bridge in LeuT, they are thought to serve similar functions as part of the IC
network. We found that R445C promotes the dissociation of salt-bridge R445-E428 (209). MD
simulations suggested that the dissolution of R445-E428 salt-bridge weakened IC network
interactions as a whole, giving rise to a channel-like intermediate filled with water molecules. This
channel-like intermediate was also observed in hDAT R445D, with an additional Na* binding the

transporter from the IC environment. Previous studies have shown that DAT undergoes
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uncoupled DAT-mediated ionic fluxes (88) as well as reverse transport of DA (efflux) via channel-
like pathways (85). We have previously uncovered that the hDAT coding variant A559V identified
in patients with ADHD supports a channel-like mode in the DAT which is associated with
persistent DAT-mediated reverse transport of DA (DA leak) uncovered by AMPH blockade (50,
156). This DA leak was also identified in hDAT T356M, a de novo missense mutation in ASD (51).
We conclude that the channel-like intermediate observed in our simulations of R445 substitutions
may be associated with a channel-like mode supporting ion fluxes. Interestingly, we found that a
neutral substitution at R445 (hDAT R445A) results in constitutive, anomalous DA leak blocked by
AMPH. These data highlight the possibility that anomalous DA efflux may increase risk for various
psychiatric disorders (51, 156, 164). It is important to note that constitutive DA efflux is not
observed in cells expressing hDAT R445C nor hDAT R445D. This underscores the complexity of
the IC network and the possibility that distinct amino acid substitutions at R445 differentially affect
the IC dynamics, promoting different hDAT functions.

Our in vitro analysis, combined with our in silico data, revealed that impaired DAT R445C
transport capacity stems both from a reduction in transporter expression as well as impaired hDAT
function that reflects compromised DA uptake, but partially supported DA efflux. Our findings are
consistent with previous studies highlighting impaired transporter expression and uptake in hDAT
R445C cells (162, 196, 203). In addition, these data support the idea that the IC gate differentially
regulates inward versus outward transport of DA (165), as R445C supports DA efflux (albeit
reduced). In addition, we find that specific substitutions at this IC interaction network are distinctly
tolerated in LeuT versus hDAT, as has been previously noted with other substitutions at this site
(241). In hDAT, neither neutral (R445A) nor acidic (R445D) substitutions support normal hDAT
function. These findings contrast EPR measurements, which suggest that neutral (R375A) but not
acidic (R375D) substitutions are tolerated in LeuT. These findings highlight key differences in the

IC and perhaps redundancy existing in LeuT within this network that is absent in the hDAT.
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Despite neuroanatomical differences between mammalian and fly brains, increasing
evidence on the evolutionary relationships between molecules, neural networks and organization
within mammalian and invertebrate brains, as well as studies on animal models of disease,
suggest many similarities (177, 178, 194, 197, 242-244). We used Drosophila as an animal model
to explore the physiological and phenotypic consequences of a Cys substitution at Arg445 of the
DAT. Our studies found that hDAT R445C promotes altered motor and coordinated behaviors in
Drosophila. Specifically, hDAT R445C Drosophila displayed impaired locomotion that was driven
by compromised movement vigor (fast movement). This behavioral phenotype is parallel to
bradykinesia observed in patients with DTDS and PD, more broadly (162, 163, 174, 199) as well
as in various mammalian and Drosophila models of PD (177, 197, 245).

In patients with PD, loss of DA neurons elicits impaired movement and motor symptoms
as well as compromised fine and gross motor coordination. In flies, flight initiation requires
exquisite sensory-motor integration, where a fly first raises its wings to a ready position and
subsequently, simultaneously extends its mesothoracic legs and depresses its wings to
coordinate a jump with the initial downstroke (246). Here, using a high-speed camera, we studied
flight initiation in a Drosophila model of DTDS to understand the effects of hDAT R445C on
sensory-motor integration. We found spontaneous flight initiation to be significantly delayed in
Drosophila expressing hDAT R445C. Similarly, recent studies have observed wing coordination
defects in flies with reduced neurotransmitter release from DAergic neurons (184). These data
suggest that there may be a reduction in DA tone in hDAT R445C flies that contributes to flight
deficits. In addition, we found a disparate repetitive motor behavior requiring fine-motor
coordination, grooming to be unaffected in hDAT R445C Drosophila. These findings point to the
phenotypic heterogeneity commonly observed in DTDS and PD (46, 162, 163, 174, 202, 235) and
suggest that specific coordinated movements are selectively impaired or alternatively, present in

a progressive nature in this model of DTDS. It is important to note that this study focused on the
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motor symptoms exhibited in DTDS and PD; however, whether and if R445C promotes non-motor
deficits, including cognitive impairment and hyposmia, has not been explored.

Our studies in fly brains also demonstrate that the hDAT R445C mutation drives reduced
transporter function (i.e. DA efflux), impaired DA synthesis and reduction in TH-labeled DA
neurons. Our findings of diminished transporter function align with our previous in vitro findings
showing reduced hDAT R445C expression (162). In PD, core motor deficits are ascribed to the
loss of DA neurons in the substantia nigra and their projections to the striatum (46). To date,
neurodegeneration in DTDS has not been studied in depth; however, given that affected
individuals develop parkinsonism-dystonia, including resting and acting tremor, difficulty initiating
movements, bradykinesia and rigidity, it is likely that DA circuits are affected. To this end, we
observed a reduction in TH-labeled DA neurons in hDAT R445C flies, consistent with various
Drosophila models of PD that show selective neurodegeneration of protocerebral posterior lateral
1 (PPL1) DA neurons (113, 195, 218, 219). Although these findings suggest neurodegeneration
in PPL1 neurons, given the reduction in measured DA levels, it is also possible that there is an
overall reduction in TH, which limits the labeling of this neuronal population. However, our
behavioral data points to a decrease in DA function, as observed in PD.

Together, these findings support a mechanism where reduced DAT-mediated DA
reuptake results in excessive EC dopamine and depleted presynaptic stores. Synaptic
hyperdopaminergia leads to overstimulation of presynaptic D, autoreceptors which suppress DA
release and down-regulate tyrosine hydroxylase (TH), the rate limiting enzyme in DA synthesis;
thereby, decreasing DA synthesis (13). This mechanism aligns with previous findings in DAT
knockout animals and those with compromised DAT function (166, 247, 248).

DTDS presents in a phenotypic continuum, where clinical phenotypes appear to be
associated with varied, residual DAT function. Thus, higher residual DAT activity is suggested to
reduce symptom severity and/or postpone the age of disease onset (162, 163). Previous studies

have used pharmacological chaperones that stabilize the DAT in an IF conformation to rescue
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transporter expression (162, 196, 203). hDAT R445C function was not consistently rescued with
these agents (196, 203), in alignment with our EPR and in silico data, which showed that hDAT
R445C can isomerize and is even biased toward the IF conformer. In light of previous studies
which showed that CQ inhibits DAT lysosomal degradation (231, 234), we tested CQ in its ability
to improve motor deficits in hDAT R445C flies. We found that CQ was able to increase motor
coordination in hDAT R445C flies, reducing the time to initiate flight significantly. This
improvement in flight coordination was associated with improved DAT expression. It is important
to note that in some studies, lysosomal dysfunction has been associated with PD (46, 199). In
these instances, lysosomotropic agents should not considered, as they may exacerbate disease
progression. In addition, although CQ and other quinines have been used for more than 400 years
to treat malaria and more recently, re-purposed to treat cancer, these agents are not without
substantial adverse side effects (249, 250). Thus, the use of lysosomotropic agents, such as CQ
should be considered as therapeutic agents to ameliorate motor deficits only in specific cases of
DTDS.

Our study reveals how a specific DAT variant identified in DTDS contributes to DAT
dysfunction and subsequently, how DAT dysfunction supports altered DA neurotransmission as
well as behaviors in Drosophila. Moreover, this experimental paradigm supports Drosophila as a
model system in the study of DTDS, and PD, more broadly. Our investigation on hDAT R445C
provides a blueprint to gain valuable insights on the mechanisms regulating transporter function,
gating and expression, and how dysfunction of these processes translates to abnormal DA

physiology and behaviors.

Materials and Methods
Cell culture: peGFP expression vector was engineered to contain synhDAT WT (hDAT WT),
R445C (hDAT R445C), R445D (hDAT R445D) and R445A (hDAT R445A). All vectors were

sequenced via Sanger sequencing to confirm no off-target mutations. Vector DNA was transiently
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transfected into human embryonic kidney (HEK) cells using Fugene-6 (Roche Molecular
Biochemicals) transfection reagent. eGFP (enhanced green fluorescence protein was used for
cell selection and quantitation of transfection efficiency. Cells were maintained in a 5% CO
incubator at 37°C in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1 mM L-glutamine, 100 U/mL penicillin, and 100 pug/mL streptomycin. All
assays were conducted ~48 h post transfection.

[*H] DA uptake assays: Cells were washed in KRH buffer composed of (in mM): 130 NaCl, 25
HEPES, 4.8 KCI, 1.2 KH2PO4, 1.1 MgSO4 and 2.2 CaCl,, 10 d-glucose, 1.0 ascorbic acid, 0.1
pargyline, and 1.0 tropolone. KRH was titrated to pH 7.3 - 7.4. Cells were equilibrated in KRH at
37°C for 5 min. Saturation kinetics of DA were measured by incubating cells in a range of 0.1 to
15 uM DA, comprised of a mixture of [°’H]DA (PerkinElmer Life Sciences, Waltham, MA) and
unlabeled DA. Uptake was terminated after 10 min by washing cells twice in ice-cold KRH buffer.
Nonspecific binding was measured in the presence of 10 uM cocaine. Kn and Vmax values were
derived by fitting Michaelis-Menten kinetics to specific binding data.

Amperometry and patch-clamp electrophysiology: Cells were washed twice with 37°C Lub’s
external solution composed of (in mM): 130 NaCl, 1.5 CaCl,, 0.5 MgS0Os, 1.3 KH2PO4, 10 HEPES
and 34 d-glucose. Lub’s external solution adjusted to pH 7.3 - 7.4 and 300-310 mOsms/L. To
intracellularly load DA, a programmable puller (Model: P-2000; Sutter Instruments; Novato, CA)
was used to fabricate quartz patch-pipettes with a resistance of 3-8 mQ. Pipettes were filled with
an internal solution containing (in mM): 110 KCI, 10 NaClz, 2 MgClz, 0.1 CaClz, 1.1 EGTA, 10
HEPES, 30 d-glucose and 2.0 DA. The pH of the internal solution was adjusted to pH 7.3 - 7.4
and 280-290 mOsms/L. Upon gaining whole-cell access, the internal solution was allowed to
diffuse for 10 min. To record DA efflux, a carbon fiber electrode was juxtaposed to the plasma
membrane of the cell and held at +600 mV. After establishing a baseline, 10 yM AMPH was added
to the bath. Amperometric currents were low pass filtered at 1 Hz (Model: 3382; Krohn-Hite

Corporation; Brockton, MA), sampled at 100 Hz (Model: Axopatch 200B; Molecular Devices; San
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Jose, CA), and analyzed off-line using pCLAMP 9 software (Molecular Devices). DA efflux was
quantified as the peak of the amperometric current.

Biotinylation assays: Cells were washed on ice with 4 °C phosphate-buffered saline (PBS)
supplemented with 0.9 mM CaCl; and 0.49 mM MgCl.. Cells were incubated in 1.0 mg/ml
sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate-biotin (sulfo-NHS-SS-biotin; Pierce,
Rockford, IL) in PBS for 20 min at 4 °C. Excess biotin was quenched by incubating cells in 100
mM glycine in PBS for 15 min. Cells were solubilized in radioimmunoprecipitation assay buffer
(RIPA) composed of 150mM NaCl, 1.0% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS , 50 mM
Tris, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF and protease inhibitors (1:100), and titrated to pH
7.4. Cellular extracts were centrifuged for 30 min at 16,000 x g at 4 °C. The supernatant was
added to immunopure immobilized streptavidin beads (Pierce Chemical Company; Rockford, IL)
and incubated overnight at 4 °C. Beads were extensively washed and eluted in sample buffer.
Samples were processed according to a standard western blot protocol (see below).

Western blotting protocol: Cells were incubated in vehicle or 1 mM chloroquine (CQ) for 4 h.
Cells were solubilized in RIPA, sonicated and centrifuged. Supernatants were denatured in
sample buffer, run on SDS-PAGE gel and transferred to polyvinylidene fluoride membrane
(PVDF) (Millipore, Bedford, MA). Membranes were immunoblotted for DAT (1:1000) (MAB369;
Millipore), B-actin (1:5000) (A5441; Sigma-Aldrich; St. Louis, MO), and Na-K ATPase (1:100;
Developmental Studies Hybridoma Bank (DSHB), lowa City, lowa). The secondary antibodies
used were Li-COR goat-anti-rat IRDye 800 (1:15,000), goat-anti-rabbit IRDye 680 (1:15,000) and
goat-anti-mouse IRDye 680 (1:15,000). Band densities were quantified using Image Studio
(Odyssey Infrared Imaging System (LI-COR, Lincoln, Nebraska).

Drosophila Rearing and Stocks: All Drosophila melanogaster strains were grown and
maintained on standard cornmeal-molasses media at 25 °C under a 12:12 h light-dark schedule.
Fly stocks include w'’"® ((Bloomington Indiana Stock Center (Bl) 6326), TH-GAL4 (Bl 8848),

DATMBO315 (B| 25547), UAS-mCherry (Kyoto Stock Center 109594), and M[vas-int.Dm]ZH-2A;
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(M[3xP3-RFP.attP'|ZH-22A (Bl 24481) and DAT™ (dDAT KO). Drosophila expressing
homozygous dDAT null allele DAT™ (dDAT KO) (187), TH-Gal4 (251), and UAS-mCherry were
outcrossed to a control line (w'’®) for 5 - 10 generations and selected by PCR or eye color.
Transgenes (hDAT WT and hDAT RT445C) were cloned into pBID-UASC (252) and constructs
were injected into embryos from M[vas-int.Dm]ZH-2A, M[3xP3-RFP.attP']ZH-22A (Bl 24481)
(Rainbow Transgenic Flies Inc; Camarillo, CA). Initial potential transformants were isolated and
selected. Flies containing transgenes were outcrossed to dDAT KO flies (in w''"® background) for
5-10 generations. Age-paired adult male flies (10 days post eclosion) containing a single copy of
hDAT WT or hDAT R445C in DA neurons in a DAT™ background were used for all subsequent
experiments.

Drosophila amperometry assays: Drosophila brains were dissected with surgical forceps in ice-
cold Schneider’s Drosophila Medium supplemented with 1.5% BSA. Whole brains were placed in
a mesh holder in Lub’s external solution (see previous). A carbon fiber electrode was held at +600
mV and positioned in the TH-positive PPL1 DA neuronal region. After establishing a baseline, 20
MM AMPH was added to the bath. Amperometric currents were processed as previously (see
above).

Drosophila locomotion analysis: Spontaneous locomotor activity in an open field was
measured using custom 3D printed activity chambers (1.1 x 1.1 cm). Locomotion was detected
using NIS Elements AR (Melville, NY). Animals were placed in the activity chambers, where
activity was recorded for 5 min following 2-min acclimation period. Data from this test was also
used to measure anxiety-like behaviors. Thigmotaxis, the tendency of an animal to remain close
to the walls of an open field was measured by as the percent of time flies spent in center square
(3.0 x 3.0 mm). Total distance traveled, center time and velocity distribution were quantified using
MATLAB 2018b (MathWorks; Natick, MA). Velocity thresholds for movement initiation were set

based on the average velocity during non-movement phases (x + 0.5¢ = 0.50 + 0. 24 mm/s),
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whereas, fast movement was determined from the average velocity during the test period (y + ©
= 2.7 + 2.6 mm/s).

Drosophila grooming analysis: Flies were observed for a period of 5 min (~19 fps). Forelimb
and hindlimb grooming incidents were quantified per frame, where total grooming time was
calculated as the total number of frames spent grooming.

Drosophila flight assay: Coordinated flight was measured using custom 3D-printed chambers
(3.9 x 1.0 x 1.0 cm) filled with 2600 uL of water. Flight initiation was recorded at 2,000 frames per
second using a Phantom v1212 Camera (Ametek; Wayne, New Jersey), after a short acclimation
period. Delay in flight initiation was quantified as the time from the outset of the first wing motion
to the coordinated jump response.

HPLC: Biogenic amines were quantified by the Neurochemistry Core Facility at Vanderbilt
University. Briefly, Drosophila brains were dissected quickly in ice-cold PBS and immediately
frozen in liquid nitrogen. Brains were homogenized using a tissue dismembrator in 100 - 750ul of
solvent containing (mM) 100 TCA, 10 Na, 0.1 EDTA and 10.5% methanol (pH 3.8). Homogenate
was spun (10,000 g, 20 min) and supernatant was removed for biogenic monoamines analysis.
Biogenic amine concentrations were determined utilizing an Antec Decade Il (oxidation: 0.65)
electrochemical detector operated at 33 °C. Supernatant was injected using a Water 2707
autosampler onto a Phenomenex Kintex C18 HPLC column (100 x 4.60 mm, 2.6um). Biogenic
amines were eluted with a mobile phase 89.5% of solvent (see previous) and 10.5 % methanol
(pH 3.8). Solvent was delivered at 0.6 ml/min using a Waters 515 HPLC pump. Biogenic amines
elute in the following order: Noradrenaline, Adrenaline, DOPAC, Dopamine, 5-HIAA, HVA, 5-HT,
and 3-MT. HPLC control and data acquisition are managed by Empower software. Isoproterenol
(5ng/mL) was included in the homogenization buffer for use as a standard to quantify the biogenic
amines. Protein concentration was determined by BCA Protein Assay Kit (ThermoFisher

Scientific).
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Immunohistochemistry: Fly brains were dissected in PBS and fixed in 4% paraformaldehyde
for 20 mins at RT. Brains were washed 3 times with PBST (0.3% Triton X100). Brains were
blocked in 1% BSA and 5% normal goat serum. Brains were labeled for TH (1:200; Millipore,
AB152) and nc82 (1:50; DSHB) overnight at 4 °C, washed and labeled with secondary
antibodies Alexa 488—conjugated goat anti-rabbit (1:200; A11034, ThermoFisher Scientific)
and Alexa 566-conjugated goat anti-mouse (1:200, A11031, ThermoFisher Scientific)
overnight at 4 °C. Brains were washed and mounted with ProLong Diamond Anti-Fade
mounting solution (ThermoFisher Scientific). Imaging was performed using a Nikon A1R
confocal microscope. The resolution of the image stack was 1024 x 1024 with 0.5 um step
size. Neurons were counted manually using FIJI (Bethesda, MD)

Rosetta Homology Modeling and Stability Calculations: The Rosetta Flex AAG protocol (253,
254) and the Rosetta Membrane all-atom energy function (255) were used to estimate free energy
changes and sample conformational changes of the LeuT, hDAT and corresponding variants. The
Flex AAG protocol models mutation-induced conformational and energetic changes through a
series of “backrub” moves of the protein backbone together with side-chain repacking around the
mutation site. 15,000 backrub steps were used in this study to sample backbone and side chain
degrees of freedom for neighboring residues within an 9 A boundary of the mutation site. This is
subsequently followed by side chain optimization using the Rosetta “packer.” Global minimization
of the backbone and side chains torsion angles is performed with harmonic Ca atom-pair distance
restraints. The restraints are used to prevent large structural deviations from the input model.
Models are scored with the Rosetta Membrane all-atom energy function (255). This is carried out
in parallel for the WT input model and the mutant of interest. For the LeuT calculations, the LeuT
crystal structure (PDB ID: 2A65) (61) was used and 1000 independent trajectories were carried
out for both LeuT WT(control) and each variant. For the hDAT calculations, homology models for
hDAT WT were created in the Rosetta molecular modeling suite (revision 57712, Rosetta

Commons) as previously described (165) using the Drosophila melanogaster DAT (PDB ID:
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4XP9) (59) as a structural template. 500 independent trajectories were carried out for each hDAT
R445 mutant and hDAT WT (control). This protocol was used for the top three scoring hDAT
homology models resulting in 1500 trajectories total per mutant. The Rosetta energy change
(AAG) was calculated as score difference between the average of the top 5% of LeuT WT and
corresponding variants as well as of hDAT WT and corresponding variants. Rosetta AAG values
are in Rosetta Energy Units (REU). Representative structural models for LeuT, hDAT, and all
variants were selected for visualization in Pymol by removing outliers and taking the lowest-
energy model within the lowest interquartile range of a box plot.

Protein expression and purification: Escherichia coli C41 (DE3) cells were transformed with
the pET16b plasmid containing LeuT, LeuT-R375A, LeuT-R375C or LeuT-R375D tagged with a
C-Terminal 8xHis-tag and thrombin cleavage site. Transformed cells were grown in Terrific broth
media to an ODeoo of 0.6. Cells were induced with 0.1mM isopropyl-B-D-1-thiogalactopyranoside
(20 h, 20 °C), harvested by centrifugation and disrupted with a french press in 20 mM HEPES-
Tris pH 7.5, 190 mM NacCl, 10 mM KCI, 1 mM EDTA, 5 mM L-Alanine, 100 uM AEBSF and 0.004
mg/mL DNAse |. Cells membranes were isolated by ultracentrifugation at 200,000 x g (45 min)
and solubilised with 40 mM n-dodecyl-3-D-maltopyranoside (DDM, Anatrace). Solubilised
membranes were incubated with Ni-NTA resin (Qiagen) (1 h, 4 °C). Protein bound to the Ni-NTA
resin was washed with 50 mM imidiazole and then eluted with 300 mM imidiazole. The histidine
tag was subsequently removed by digestion with thrombin (10 U/mg protein) and the protein
further purified on a size exclusion column in 10 mM Tris-HCI pH 8.0, 45 mM NaCl, 5 mM KCI, 5
mM L-Alanine and 40 mM n-Octyl-B-D-glucopyranoside (OG, Anatrace). Purified protein was
concentrated to 8 mg/mL using 30 kDa cut-off AMICON concentrators (Merck).
Crystallography and structure determination: Crystals were grown at 18 °C using the hanging-
drop vapor diffusion method, by mixing protein (~8mg/ml) and well solution (1:1 vol:vol), 100 mM

HEPES-NaOH pH 7-7.5, 200 mM NaCl, 17-22 % PEG550 MME. Protein crystals were
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cryoprotected by soaking in the well solution supplemented with 25 — 35 % PEG550 MME. All
diffraction data was collected on the EIGER 16M detector at the Australian Synchrotron (ACRF
ANSTO) beamline MX2 at a wavelength of 0.954 A (256). Datasets were indexed, integrated and
scaled using XDS (257). Initial phases were obtained by molecular replacement with Phaser (258)
using the structure of LeuT with bound L-Leu (PDB ID: 3F3E) as the search model. The protein
model was built manually in Coot (259) and refined using REFMAC (260) with TLS and non-
crystallographic symmetry (NCS) restraints (261). Phases were further improved by rounds of
manual rebuilding followed by restrained refinement in REFMAC. Validation was carried out using
MolProbity (262). Unit cell parameters, data collection and refinement statistics are presented in
Table1. All structural figures were prepared using USCF Chimera (263).

Electron Paramagnetic Resonance (EPR) protocol: Cysteine residues were introduced using
site directed mutagenesis into LeuT, LeuT R375A, and LeuT R375D constructs. Experiments
were conducted as in Claxton et al. (224). The apo conformation refers to Na* and leucine-free
transporter, while the +Na/Leu state was obtained in 200 mM NaCl and 4-fold molar excess of
Leu relative to LeuT. Double Electron Electron Resonance (DEER) (264) was performed at 83K
on a Bruker 580 pulsed EPR spectrometer operating at Q-band frequency using a standard 4-
pulse sequence (265). DEER echo decays were analyzed to obtain distance distributions (266).
Statistical methods: Experiments were designed using statistical power calculations considering
means and standard errors from preliminary data. Statistical analyses were performed using
GraphPad Prism 8 (San Diego, CA). Shapiro-Wilk normality tests were performed to determine if
data was normally distributed and displayed equal variances; parametric or non-parametric tests
were chosen accordingly. All data was acquired unblinded, but analyzed blinded to genotype.
Molecular dynamics (MD) simulations: The structural model for apo hDAT (residues Q58-
D600) in the outward-facing open (OF) unbound state, based on dDAT structure (PDB ID: 4M48),
was taken from previous study (230). Four simulation systems using this initial structure were

constructed: wild-type (WT), R445C, R445A, and R445D. In each case, the transporter is
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embedded into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane lipids using
CHARMM-GUI Membrane Builder module (267). TIP3P waters and Na® and CI ions
corresponding to 0.15M NaCl solution were added to build a simulation box of ~110 x110 x118
A (268). Each simulation system contained ~ 131,000 atoms, the transporter, ~ 300 lipid
molecules, and 27,000 water molecules. All simulations were performed using NAMD (268)
(version NAMD_2.12) following previous protocol (230). For each mutant, two independent runs
of 200 ns are performed to verify the reproducibility of the results. VMD (269) with in-house scripts

was used for visualization and trajectory analysis.
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CHAPTER I

A NETWORK OF PHOSPHATIDYLINOSITIOL (4,5)-BISPHOSPHATE (PIP2) BINDING SITES
ON THE DOPAMINE TRANSPORTER REGULATE AMPHETAMINE BEHAVIOR IN

DROSOPHILA MELANOGASTER

The work described in this chapter is part of, and adapted from the published manuscript:

Belovich AN*, Aguilar JI**, et al. A Network of Phosphatidylinositol (4,5)-bisphosphate (PIP2)
Binding Sites on the Dopamine Transporter Regulates Amphetamine Behavior in Drosophila
Melanogaster. Molecular Psychiatry. 2020. * denotes equal contribution = denotes corresponding

author

Abstract

Reward modulates the saliency of a specific drug exposure and is essential for the
transition to addiction. Numerous human PET-fMRI studies establish a link between midbrain
dopamine (DA) release, DA transporter (DAT) availability, and reward responses. However, how
and whether DAT function and regulation directly participate in reward processes remains elusive.
Here, we developed a novel experimental paradigm in Drosophila melanogaster to study the
mechanisms underlying the psychomotor and rewarding properties of amphetamine (AMPH).
AMPH principally mediates its pharmacological and behavioral effects by increasing DA
availability through the reversal of DAT function (DA efflux). We have previously shown that the
phospholipid, phosphatidylinositol (4, 5)-bisphosphate (PIP2), directly interacts with the DAT N-
terminus to support DA efflux in response to AMPH. In this study, we demonstrate that the
interaction of PIP, with the DAT N-terminus is critical for AMPH-induced DAT phosphorylation,
a process required for DA efflux. We showed that PIP; also interacts with intracellular loop 4

at R443. Further, we identified that R443 electrostatically regulates DA efflux as part of a
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coordinated interaction with the phosphorylated N-terminus. In Drosophila, we determined that
a neutralizing substitution at R443 inhibited the psychomotor actions of AMPH. We associated
this inhibition with a decrease in AMPH-induced DA efflux in isolated fly brains. Notably, we
showed that the electrostatic interactions of R443 specifically regulate the rewarding properties
of AMPH without affecting AMPH avoidance. We present the first evidence linking PIP2, DAT, DA

efflux and phosphorylation processes with AMPH reward.

Introduction

Overshadowed by the current opioid epidemic, the resurgence of amphetamine (AMPH)
and its derivatives (e.g. methamphetamine) in the United States has gone largely underreported
(270). While AMPHs are used clinically, the potential for AMPH abuse and dependency is high
(271). Underscoring this possibility is the observation that there are 37 million illicit AMPH users
globally (272).

AMPH'’s rewarding and reinforcing effects, as well as its psychomotor stimulant properties,
are associated with its ability to increase extracellular dopamine (DA) levels (19, 128). AMPH
perturbs DA homeostasis maintained by the DA transporter (DAT) as a competitive inhibitor and
substrate of the DAT. The DAT is a presynaptic membrane protein that, under normal
physiological conditions, drives the high-affinity transport (reuptake) of synaptically released DA,
thereby regulating the spatial and temporal dynamics of extracellular DA levels. AMPH alters
psychomotor behaviors, at least in part, by promoting the reversal of the DAT function (a non-
vesicular event), here defined as DA efflux. Indeed, selective inhibition of DA efflux impairs AMPH
psychomotor behaviors (63, 122). Thus, in order to develop pharmacotherapies that
mechanistically target and limit AMPH action (i.e. DA efflux), it is critical to understand how AMPH
alters DAT function.

DA efflux is regulated by several molecular mechanisms and protein post-translational

modifications. We and others have shown that phosphorylation of the DAT N-terminus is required
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for AMPH-induced DA efflux (140, 141). This phosphorylation process is mediated by several
kinases, protein-protein interactions, as well as protein-lipid interactions (68-70, 72, 96, 97, 153).
Various other proteins and lipids regulate DA efflux through DAT association, including
Syntaxin 1 (STX1) (52, 69, 153), G protein By subunits (GBy) (71, 72) and phosphatidylinositol
(4,5)-bisphosphate (PIP2) (63).

Phospholipid molecules are an integral component of cell function and metabolism (273,
274), comprising approximately 50% of the plasma membrane. Among these, PIP: is the principal
substrate of receptor-stimulated phospholipases C (PLC) and the precursor to second
messengers inositol trisphosphate (IP3), diacylglycerol (DAG), and phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). Moreover, PIP; itself acts as a second messenger and cofactor, regulating
protein function (273, 275-278) and trafficking (279). Additionally, PIP2, through its electrostatic
interactions, has been shown to modulate the function of ion channels and transporters, including
the serotonin transporter (SERT) (124, 273) and the DAT (63). In earlier studies, we have shown
that PIP. directly interacts with the DAT through electrostatic interactions with basic, positively
charged DAT N-terminal residues (Lys3, Lys5). Substitution of these residues with uncharged
amino acids decreases DAT/PIP; interactions, and AMPH-induced DA efflux and behaviors (63).
This was the first demonstration that PIP-, through its interaction with a plasma membrane protein,
regulates DA-associated behaviors, underscoring the importance of elucidating the mechanism
through which PIP; regulates DAT function and DAT-associated behaviors.

Recently, in silico experiments pointed to the possibility that PIP» also associates with the
DAT intracellular loop 4 (IL4; specifically at R443) to regulate conformational rearrangements of
the DAT N-terminus (66). These simulations proposed that the interaction between the N-terminus
and IL4, mediated by PIP2, may coordinate the dynamics of the intracellular gate. However, the
biochemical, physiological or behavioral relevance of these findings remained unclear. Using a
combination of in silico and biochemical assays, we show that R443 physically interacts with PIP.

as well as the N-terminus. We demonstrate in silico, in vitro and ex vivo that R443 electrostatic
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interactions with PIP2 and the N-terminus are required for specific DAT conformations that support
DAT-mediated DA efflux in response to AMPH. In Drosophila, these interactions regulate
fundamental behaviors, such as AMPH-induced hyperlocomotion and, notably, the rewarding
properties of AMPH. Disrupting R443 electrostatic interactions does not affect the physiological
function of the DAT, namely, uptake, nor basal locomotion. Thus, we have uncovered how a single

residue in DAT IL4, R443 modulates AMPH actions, including reward.

Results
N-terminus/PIP; interactions are required for AMPH-induced DAT phosphorylation

We have previously shown that neutralizing substitutions of Lys3 and Lys5 disrupt N-
terminus/PIP- interactions and DA efflux (63). Here, we sought to understand the molecular
mechanism through which N-terminus/PIP: interactions regulate DA efflux. Specifically, does the
interaction between the N-terminus DAT and PIP. support DAT phosphorylation which is pivotal
for robust AMPH-induced DA efflux (141)? To address this question, we disrupted N-
terminus/PIP- interactions using hDAT K/A and hDAT K/N cells, where Lys3 and Lys5 were
substituted for Ala or Asn, respectively, and measured DAT phosphorylation in response to AMPH
(10 uM, 30 min) relative to hDAT WT cells. We quantified DAT phosphorylation by metabolic
labeling (3PQ4) as illustrated in representative autoradiographs under vehicle and AMPH
conditions (Fig. 24A, top left). The corresponding hDAT immunoblots for these autoradiographs
are shown below (Fig. 24A, bottom left). Post AMPH treatment, hDAT WT cells displayed an
increase in hDAT phosphorylation relative to vehicle-treated hDAT WT cells (p = 0.002). In
contrast, neither hDAT K/A nor hDAT K/N cells displayed a significant increase in hDAT
phosphorylation in response to AMPH (p > 0.05). Vehicle-treated (baseline) hDAT
phosphorylation was comparable for hDAT WT, hDAT K/A and hDAT K/N (p > 0.05) (Fig. 24A,

right). Since Lys3 and Lys5 on the N-terminus are required for PIP. binding, these data suggest
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Figure 24: PIP2/N-terminus interactions regulate DAT phosphorylation

hDAT WT, hDAT K/N or hDAT K/A cells were labeled with 3P prior to vehicle or AMPH (10 uM,
30 min) incubation. Equal amounts of DAT determined by immunoblotting were
immunoprecipitated and subjected to SDS-PAGE/autoradiography. Left: Representative
autoradiographs showing hDAT phosphorylation after vehicle or AMPH exposure, along with
respective immunoblots of total hDAT. Right: DAT phosphorylation is quantified as **P labeling
normalized to basal hDAT 2P labeling. hDAT WT phosphorylation increased post-AMPH
treatment relative to vehicle (n = 4; F(2, 18y = 5.05, p = 0.002). In hDAT K/N and hDAT K/A cells,
displayed no changes in DAT phosphorylation in response to AMPH compared with vehicle (p
> .05).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test: (A).
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that the interaction between the N-terminus and PIP; is required for AMPH to elicit DAT
phosphorylation.

Given PIP2’s integral role in DAT phosphorylation, we next sought to understand whether
DAT/PIP; interactions were required for the reverse transport of DA by phosphorylated DAT. We
used amperometry to measure DA efflux in response to AMPH (10 uM) in hDAT WT cells and in
cells where all N-terminal serines (2,4,7,12,13) were mutated to Asp (hDAT S/D) to mimic N-
terminus phosphorylation. We depleted PIP,, thereby disrupting DAT/PIP. interactions with
phenylarsine oxide (PAO, 20 uM, 10 min), a PI-4 kinase inhibitor, which limits the synthesis of
PIP, from phosphatidylinositol and effectively decreases PIP; levels. Consistent with our previous
findings in hDAT WT cells (63), PIP2 depletion by PAO pre-treatment significantly reduced AMPH-
induced DA efflux compared with vehicle conditions (Fig. 25A, top) (p = 0.04). In contrast, in
hDAT S/D cells PAO did not significantly reduce AMPH-induced DA efflux compared with vehicle
(Fig. 25A, bottom) (p > 0.05). Thus, our data strongly suggest that once DAT N-terminus
phosphorylation occurs, DAT/PIP; interactions do not regulate DA efflux (Fig. 25A, right).

To validate these findings further, we sequestered PIP, at the plasma membrane with a
basic peptide (pal-HRQKHFEKRR), which consists of a palmitic acid, a fatty acid moiety that
tethers the peptide to the plasma membrane and the putative PIP; binding domain of the Kv7.2
channel (280). This pal-HRQKHFEKRR acts as a competitive inhibitor, sequestering plasma
membrane PIP2, and subsequently reducing AMPH-induced DA efflux in hDAT WT cells (63).
Here, we perfused hDAT S/D cells with DA and either the basic peptide pal-HRQKHFEKRR (3
MM, 10 min) or the control peptide pal-HAQKHFEAAA (3 uM, 10 min) using a whole cell electrode
while recording DA efflux with an amperometric electrode (Fig. 25B, left). We found that pal-
HRQKHFEKRR did not significantly change DA efflux relative to control peptide (Fig. 25B, right).
Together, these data underscore that PIP. interactions are unlikely to regulate DA efflux once
DAT is phosphorylated.

R443 electrostatic interactions coordinate AMPH-induced DA efflux in vitro
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Figure 25: DAT phosphorylation supports PIP. independent DA efflux

(A) Left: Representative traces of amperometric currents recorded from hDAT WT (black
traces) and hDAT S/D (green traces) pre-incubated in either vehicle or PAO (20 pM, 10 min)
and subsequently treated with AMPH (10 uM; indicated by arrow). Right: Quantitation of mean
peak current amplitudes in hDAT WT and hDAT S/D cells. Pre-incubation with PAO significantly
decreased DA efflux in hDAT WT cells (0.33 + 0.04 pA) with respect to vehicle (0.16 £ 0.02 pA;
p = 0.03; n = 4), but not in hDAT S/D cells (vehicle: 0.38 + 0.06 pA, PAO: 0.35 + 0.05 pA;
p>0.05; n = 4). (B) Representative traces from hDAT S/D cells after whole-cell patch delivery
of control peptide (3 uM, pal-HAQKHFEAAA) or PIP, sequestering peptide (3 pM, pal-
HRQKHFEKRR) to the cytoplasm of the cell prior (10 min) to the application of AMPH (10 uM,
indicated by arrow). Delivery of control or PIP, sequestering peptides resulted in comparable
peak currents in response to AMPH (n = 4; p >.05).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test: (B); Student’s t-test: (C).
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Increasing evidence from TRPV1, Kir2.1 and other channels suggest that the effect of PIP>
is mediated by multiple binding sites that may have different and/or interacting functions (281).
Thus, we sought to understand the contribution of other putative PIP2 binding sites to reverse
transport of DA. PIP, binds basic amino acids, frequently in the proximity of hydrophobic amino
acids (273, 274). The fourth intracellular loop (IL4) of the DAT contains a basic motif (H442-R443-
H444-R445) surrounded by hydrophobic residues, thus, a likely site for PIP, binding. Indeed, our
molecular dynamic simulations (see below), as well as others, predicted that the IL4 and more
specifically, R443, is enriched and interacts with PIP. lipids (66). To test whether this possibility
had biological and functional relevance, we measured the effect of a charge-neutralizing
substitution of R443 to Ala (R443A) on DAT/PIP; interactions. Purified His-eGFP tagged hDAT
WT or hDAT R443A was incubated with a water-soluble analog of PIP- conjugated to an orange
fluorophore (BODIPY® TMR-PIP-). Protein-lipid complexes were pelleted and PIP; binding was
assayed as a ratio of PIP, to eGFP fluorescence. hDAT R443A displayed a significant 34.8 +
9.9% reduction in PIP2 binding compared with hDAT WT (p = 0.007) (Fig. 26A). The His-eGFP
tag (negative control) had significantly diminished PIP» binding compared with hDAT WT, as well
as to hDAT R443A. These data demonstrate that R443 contributes to the DAT/PIP. binding
network.

In order to determine whether DAT functions are altered by disrupting this IL4/PIP>
association, we first measured [°*H]DA uptake in both hDAT WT and hDAT R443A cells. DA
uptake kinetic curves for hDAT WT and hDAT R443A cells show that DA uptake is comparable
through a range of concentrations (p > 0.05) (Fig. 26B, top). Additionally, neither the maximal
velocity of DA uptake (V.ax) nor apparent affinity for DA (K,) in hDAT R443A cells were
significantly different from that of hDAT WT (p > 0.05) (Fig. 26B, bottom). Thus, DA uptake is not
regulated by the electrostatic interactions of R443.

Considering our previous findings that N-terminus/PIP- interactions support AMPH actions

(63), we reasoned that disrupting IL4/PIP; interactions might alter the ability of AMPH to cause
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Figure 26: R443A substitution reduced PIP2 binding and inhibited AMPH-induced DA
efflux in vitro

(A) hDAT WT or hDAT R443A (containing a His-eGFP tag on the N-terminus) were purified
from cellular extracts. Solubilized hDAT WT or hDAT R443A proteins were incubated with a
water-soluble analog of PIP, conjugated to an orange fluorophore (BODIPY® TMR-PIPy).
Specific binding was quantified as a ratio of PIP, fluorescence to eGFP. Minimal PIP; binding
was measured in the presence of His-eGFP only (0.16 £ 0.05 AU) relative to hDAT WT (1.38 £
0.12 AU) or hDAT R443A (0.90 £+ 0.24 AU) (F29) = 55.11, p < 0.0001; n = 4). hDAT R443A
displayed a 34.8 + 9.9% reduction in PIP2 binding compared with hDAT WT (p = 0.007). (B)
Top: *[H]DA saturation curves of DA uptake measured in hDAT WT (closed squares) or hDAT
R443A (open squares) cells (n = 4, in triplicate). Curves were fit to Michaelis-Menten kinetics
to derive K and Vmax. DA uptake for hDAT R443A was comparable to hDAT WT at every DA
concentration measured (F(1,120) = 1.40, p > 0.05), as were the kinetic constants, Km and Vmax (p
> 0.05). (C) Left: Representative traces of amperometric currents (DA efflux) recorded from
hDAT WT (top) and hDAT R443A (bottom) cells, in response to AMPH application (10 uM,
indicated by arrow). Right: Quantitation of peak current amplitudes. hDAT R443A display a 50.6
+ 15.1% decrease in AMPH-induced DA efflux relative to hDAT WT (p = 0.003; n = 14). (D)
Left: Representative immunoblots of surface hDAT (fop), total (glycosylated and non-
glycosylated) hDAT (middle), and actin as loading control (bottom). Right: hDAT expression is
quantified as a ratio of surface to total glycosylated hDAT normalized to hDAT WT. hDAT
R443A and hDAT WT had comparable expression (p > 0.05; n = 6, in triplicate).

Data are presented as mean + SEM. One-way ANOVA with Bonferroni’s multiple comparisons
test: (A); Two-way RM ANOVA with Bonferroni’s multiple comparison test: (B); Students t-test:
(B) and (D); Wilcoxon matched-pairs signed rank test: (C).
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DA efflux. Figure 26C (left) displays representative amperometric traces recorded from hDAT
WT and hDAT R443A upon AMPH application. hDAT R443A cells displayed a significant 50.6 +
15.1% decrease in AMPH-induced DA efflux relative to hDAT WT (p = 0.003) (Fig. 26C, right).
The disruption of the R443A mutation on DA efflux was so robust that PAO-mediated PIP;
depletion in hDAT R443A cells (as described above) did not further reduce DA efflux compared
with vehicle (p > 0.05; Fig. 27, bottom). In contrast, PAO significantly reduced AMPH-induced
DA efflux in hDAT WT cells compared with vehicle (p = 0.04; Fig. 27, top). Thus, the electrostatic
interactions of R443 with PIP, and/or other negatively charged motifs of the DAT regulate the
reverse transport of DA (Fig. 27, right).

Although we demonstrate no differences in DA uptake between hDAT WT and hDAT
R443A, we used cell-surface biotinylation to confirm that this reduction in DA efflux was not due
to changes in DAT plasma membrane expression. Surface fractions for hDAT WT and hDAT
R443A were quantitated, normalized to total DAT (glycosylated), and expressed as a ratio of
hDAT WT (Fig. 26D). This analysis yielded no significant differences in hDAT R443A and hDAT
WT expression (p > 0.05).

N-terminus phosphorylation and R443 electrostatic interactions are necessary for DA
efflux

Given the fundamental role of DAT phosphorylation in supporting DA efflux, we reasoned
that disrupting R443 electrostatic interactions would be ineffective in regulating this process once
the N-terminus DAT was phosphorylated. To test this, we mutated R443 to Ala in the hDAT S/D
background (hDAT S/D R443A). We first assessed whether this mutation affected DAT surface
expression. This charge neutralizing substitution at R443 did not affect DAT expression compared
with controls (hDAT S/D) (Fig. 28A, p > 0.05).

We also quantified the forward transport of DA supported by cells expressing hDAT S/D
R443A relative to hDAT S/D cells (Fig. 28B, top). [°*H]DA uptake kinetic curves showed

comparable uptake in hDAT S/D R443A compared with hDAT S/D cells through a range of DA
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Figure 27: PIP; depletion does not decrease DA efflux in hDAT R443A cells

Left: Representative traces of amperometric currents recorded from hDAT WT (black traces)
and hDAT R443A (gray traces) pre-incubated in either vehicle or PAO (20 uM, 10 min) and
subsequently treated with AMPH (10 uM; indicated by arrow). Right: Quantitation of mean peak
current amplitudes in hDAT WT and hDAT R443A cells (n = 4). PIP, depletion by PAO reduced
DA efflux in hDAT WT cells (0.28 + 0.05 pA) with respect to vehicle (0.54 + 0.10 pA; F,12) =

3.64, p = 0.04), but did not affect hDAT R443A cells (vehicle: 0.30 + 0.05 pA. PAO: 0.29 + 0.07
pA; p > 0.05).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test.
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Figure 28: Disrupting R443 electrostatic interactions inhibits DA efflux independent of
DAT N-terminus phosphorylation

(A) Left: Representative immunoblots of surface hDAT (top), total hDAT (middle), and actin
(bottom). Right: hDAT expression is quantified as a ratio of surface to total glycosylated hDAT
normalized to hDAT S/D. hDAT S/D R443A had comparable expression to hDAT S/D (p > 0.05;
n =4 in triplicate). Dashed lines indicate separate sets of experiments. (B) Top: Average °[H]DA
uptake kinetics measured in hDAT S/D R443A (grey line open squares) and hDAT S/D (green
line closed triangle) cells (n = 4, in triplicate). Curves were fit to Michaelis-Menten equation to
derive Km and Vmax. Bottom: The Vmax and Kn for hDAT S/D R443A were comparable to hDAT
S/D cells (p > 0.05). (C) Left: Representative traces of DA efflux recorded from hDAT S/D (green
trace) and hDAT S/D R443A cells (grey trace) in response to AMPH application (10 uM,
indicated by arrow). Right: Quantitation of peak current amplitudes (n = 9 - 10). DA efflux from
hDAT S/D R443A (0.15 + 0.02 pA; p = 0.01) was significantly lower compared with hDAT S/D
cells (0.42 + 0.07 pA; p = 0.0004).

Data are presented as mean + SEM. Students t-test: (A) - (C); Two-way RM ANOVA with
Bonferroni’s multiple comparison test: (B).
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concentrations (p > 0.05) (Fig. 28B, top). The Vmax and Kn in hDAT S/D R443A were not
significantly different from that of hDAT S/D cells (p > 0.05) (Fig. 28B, bottom). Finally, we
measured the reverse transport capacity of hDAT S/D R443A cells compared with hDAT S/D in
response to AMPH. Representative amperometric traces illustrated a significant 63.9 + 0.3%
reduction in DA efflux in hDAT S/D R443A cells compared with hDAT S/D cells (p = 0.0004) (Fig.
28C). hDAT S/D R443A cells displayed amperometric currents in response to AMPH, which were
comparable in magnitude to previous recordings from hDAT R443A cells (compare Fig. 28C to
Fig. 26C). These data emphasize the role of R443 in DA efflux, even when N-terminus
phosphorylation has occurred.

To determine whether other putative PIP, binding sites on the DAT could further modulate
the decrease in DA efflux promoted by R443 substitution, we reduced PIP; levels in hDAT S/D
R443A cells by either pre-treating cells with PAO or through patch delivery of a PIP, sequestering
peptide (pal-HRQKHFEKRR) and measured DA efflux. As shown previously, PAO significantly
reduced AMPH-induced DA efflux in hDAT WT cells compared with vehicle (p = 0.001; Fig. 29A).
Notably, PAO did not further inhibit DA efflux in hDAT S/D R443A cells compared with vehicle (p
> 0.05; Fig. 29A). Similarly, we found that pal-HRQKHFEKRR significantly reduced DA efflux
relative to control peptide in hDAT WT cells (p = 0.02, Fig. 29B), but did not significantly affect
DA efflux in hDAT S/D R443A cells (p > 0.05, Fig. 29B). Together, these data illustrate that once
PIP2 binding to R443 is impaired, N-terminus phosphorylation does not rescue impairments in DA
efflux, and other DAT/PIPzinteractions do not further regulate reverse transport of DA. These data
also raise the possibility that an electrostatic interaction between the positively charged R443 and
negatively charged, phosphorylated N-terminus may be important to DA efflux.

Our MD simulations showed that PIP. coordinates the interactions between the N-
terminus and IL4 (Fig. 30A). However, once the N-terminus is phosphorylated, it interacts directly
with IL4 (R443) displacing PIP, (Fig. 30B). Notably, we showed in vitro that

pseudophosphorylation of the N-terminus significantly increases its affinity for IL4 (p < 0.0001;

97



0.6 %%
A hDAT WT —_ °
Vehicle 20 M PAO < 0o
€ 0.4 ° NS
§ | %0,
o
o o
x 0.2
©
[
o

0.0-
A& (o) O (o)
O \oP B4

N qp*\& N "19\)\‘\

hDAT S/D R443A
Vehicle 20 uM PAO

hDAT WT hDAT S/D R443A

B hDAT WT

@pal-HAQKHFEAAA O pal-HRQKHFEKRR '*—‘
1.0 —
o
<é 0.8
AMPH -
ch 0.6 »&1
£
=]
O 0.4 o
&
o
& 02
0.0 = =
hDAT S/D R443A 53? & éj‘” &
@pal-HAQKHFEAAA O pal-HRQKHFEKRR § § érz\ é):-b
X £ x &£
& FF
< & § &
AMPH | AMPH
! WWW hDAT WT hDAT S/D R443A
S Wi, TRV bt by

Figure 29: PIP; does not regulate DA efflux in hDAT S/D R443A cells

(A) Left: Representative traces of amperometric currents recorded from hDAT WT (black
traces) and hDAT S/D R443A (gray traces) pre-incubated in either vehicle or PAO (20 uM, 10
min) and subsequently treated with AMPH (10 uM; arrow). Right: Quantitation of peak current
amplitudes in hDAT WT and hDAT S/D R443A cells (n = 4; F(1,22) = 11.70). Pre-incubation with
PAO decreased DA efflux in hDAT WT cells (0.27 + 0.04 pA) with respect to vehicle (0.42 +
0.03 pA; p =0.001), but not in hDAT S/D R443 cells (vehicle: 0.23 + 0.02 pA. PAO: 0.18 + 0.02
pA; p > 0.05). (B) Representative traces from hDAT WT cells after patch delivery of control
peptide (3 uM, pal-HAQKHFEAAA) or PIP, “sequestering” peptide (3 uM, pal-HRQKHFEKRR)
to the inside of cells prior AMPH application (10 uM, indicated by arrow). Delivery of PIP,
sequestering peptides significantly reduced peak currents in response to AMPH in hDAT WT
cells (control peptide: 0.56 + 0.12 pA, PIP, peptide: 0.18 £ 0.02 pA; F(1,12) = 5.38, p = 0.02).
Delivery of PIP, sequestering peptides did not affect response to AMPH in hDAT S/D R443A
cells (control peptide: 0.19 £ 0.02 pA, PIP, peptide: 0.24 + 0.07 pA; p > 0.05).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test: (A) — (B).
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Figure 30: R443 coordinates the interaction between phosphorylated N-terminus and
IL4

(A) MD stimulations of hDAT WT showed the propensity of PIP; (licorice) head group to form a
hydrogen bond with H444 (green, van der Waals (vdW) representation), and three salt-bridges
with R443(light blue, vdW), K3 (bright cyan, vdW), and K35 (dark cyan, vdW). The inset
illustrates the interactions in more detail. Red, tan, white and cyan in PIP, represent oxygen,
phosphorus, hydrogen and carbon atoms, respectively. (B) MD simulation of hDAT S/D in its
initial conformation (left) and at 50 ns (right). In hDAT S/D, the probability of PIP, binding N-
terminal Lys3 decreased to 20 + 15% relative to 80 + 20% for hDAT WT. Simulations illustrate
the intermittent formation of a salt bridge between R443 (blue, vdW) and S2D/S4D (red, vdW),
which resulted in unbinding PIP> from R443 N-terminus (S2D/S4D)/IL4 (R443) interactions
maintained the acidic N-terminal cluster (S2D/S4D/S7D) near the entrance of the intracellular
vestibule.
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Figure 31: N-terminus pseudophosphorylation increases N-terminus/IL4 association in
vitro

(C) N-terminus/IL4 binding was assayed by incubating purified N-terminus of hDAT WT or hDAT
S/D (1 - 68) with rhodamine tagged IL4 (RHodamine-(PEGx3)-IDEFQLLHRHRE). The N-
terminus of hDAT S/D had increased binding to IL4 (2567 + 228 AUC) compared that of hDAT

WT (1851 + 145 AUC; n = 3, in quintuplet; p <0.0001).

Data are presented as mean + SEM. Wilcoxon matched-pairs signed rank test: (C).
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hDAT R443A

Initial conformation

Figure 32: A neutralizing substitution at R443 disrupts N-terminus/ IL4 associations

lllustrated are two conformations of hDAT R443A at t = 0 ns (initial conformation, left) and at
50 ns (right) from MD simulations. Here, the PIP2 phospholipid head group made close
contacts with K3/K35 and remained bound to K3/K35, but did not interact with A443. R443A
substitution reduced the probability that PIP» bound IL4 to 2 £ 2% compared with 92 + 5% in
hDAT WT. Likewise, it decreased the probability that PIP> bound Lys3 to 35 £ 15% compared
with 80 £ 20% in hDAT WT.
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hDAT S/D R443A

Figure 33: R443A disrupts N-terminus/ IL4 associations even if N-terminus is
pseudophosphorylated

lllustrated are two conformations of hDAT S/D R443A at t = 0 ns (initial conformation, left) and
at 50 ns (right) from MD simulations. hDAT S/D R443A exhibited significant disordering at the
N-terminal segment during the simulations, as the comparison of the initial (left) to 50 ns (right)
conformation shows. Here, PIP2 phospholipid head initially interacted with K3 (/eft), then with
K35, and ultimately, lost contact with the disordered N-terminus. This disordering was driven
by repulsion between the N-terminal acidic cluster (S2D/S4D/S7D) and the PIP> phospholipid
head group and the inability of A443 to bind the acidic N-terminus cluster and maintain it in
close proximity to the IC vestibule.
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Fig. 31). As indicated by our in vitro experiments, our MD simulations confirmed that a neutralizing
substitution at R443 impairs the interaction between PIP, and IL4 (Fig. 32). Furthermore, R443A
substitution in the presence of N-terminal phosphorylation weakens and eventually impairs the
interaction between the anionically charged N-terminus and IL4 (Fig. 33), an interaction we show
is required for DA efflux.

Disrupting the electrostatic interactions of R443 limits central and behavioral responses
to AMPH

We utilized the genetic tractability of Drosophila melanogaster to study the ex vivo and in
vivo consequences of a charge-neutralizing substitution at R443. Drosophila is a powerful model
system to study DA signaling in vivo due to conserved mechanisms of DA neurotransmission,
including synthesis, packaging and transport (178). We used phiC31-based integration to insert
our UAS-driven transgene of interest (hDAT WT or hDAT R443A) in the fly genome of a
Drosophila DAT (dDAT) null background (DAT™), as previously described (51).

We first determined whether hDAT R443A expressing flies supported normal DAT
functions. We found that isolated hDAT R443A brains have comparable DA uptake to hDAT WT
brains (p > 0.05) (Fig. 34A). Next, we measured the reverse transport capacity of DAT in hDAT
WT or hDAT R443A isolated fly brains using amperometry. Upon the addition of AMPH, DA efflux
was measured from posterior inferior-lateral protocerebrum 1 (PPL1) neurons (Fig. 34B, white
box inset), a dense cluster DA neurons that innervate the mushroom-body modulating reward
and punishment learning (190, 220, 282). Consistent with our in vitro data, hDAT R443A displayed
a significant reduction in DA efflux compared with hDAT WT brains (p = 0.004).

Consequently, we focused on understanding the role of DA efflux in complex behaviors
using hDAT R443A flies. We first studied an elemental behavior regulated by DA, locomotion.
Based on our new findings that hDAT R443A supports normal DA uptake in Drosophila brains,

we hypothesized that hDAT R443A flies would have normal circadian locomotor activity.
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Figure 34: hDAT R443A limits AMPH-induced DA efflux in Drosophila brain

(A) hDAT WT or hDAT R443A was expressed in DA neurons in a dDAT KO (fmn) background.
3[H]DA uptake (200 nM, 10 min) was measured in adult isolated Drosophila brain (n = 5). DA
uptake measured in hDAT WT flies (86.9 + 13.7 fmol/brain) was comparable to that measured
in hDAT R443A flies (76.9 + 9.9 fmol/brain; p > 0.05). (B) Left: Representative traces of
amperometric currents recorded from a dense cluster of DA neurons (PPL1, boxed in inset,
scale bar: 50 uym) in response to AMPH application (20 uM; indicated by arrow) in hDAT WT
(black trace) and hDAT R443A (red trace) brains. Right: Quantitation of peak current
amplitudes. hDAT WT flies displayed higher peak currents (0.40 + 0.11 pA) than hDAT R443A

flies (0.08 £ 0.02 pA; n = 6; p = 0.004).

Data are presented as mean + SEM. Students t-test: (A) Mann-Whitney test: (B).
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Figure 35: hDAT R443A Drosophila display limited psychomotor responses to AMPH

(A) Left: Locomotor activity was assayed over a 24-hour period including both the light
(horizonal white bar) and dark (horizontal black bar) cycle. Circadian activity curves show
average beam crosses (20-min interval) during the 24-h period for hDAT WT (black line) and
hDAT R443A (red line) Drosophila. Right: Cumulative beam crosses were not significantly
different for hDAT WT (654 + 61) versus hDAT R443A Drosophila (879 £ 110; p > 0.05; n = 16).
(B) Locomotor activity was measured after a 30-min exposure to vehicle or 1 mM AMPH. The
total beam crosses increase in the AMPH (12.8 + 1.9; n = 39) compared with vehicle group (5.4
1 0.9; n = 38) of hDAT WT Drosophila (F,13s) = 11.83, p = 0.0005). In hDAT R443A Drosophila,
AMPH (10.3 + 1.2; n = 36; p > 0.05) did not increase the total beam crosses compared with
vehicle group (8.5 + 0.5; n = 29) and with respect to hDAT WT vehicle group (p > 0.05).

Data are presented as mean + SEM. Students t-test: (A); Two-way ANOVA with Bonferroni’s
multiple comparison test: (D).
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Consistent with our hypothesis, circadian locomotor activity in hDAT R443A flies did not
significantly differ from that of hDAT WT flies (Fig. 35A, p > 0.05).

Previous studies have shown that commonly abused drugs effect behavioral phenotypes
in flies, similar to those observed in rodents and humans (187, 192, 211). To this end, we and
others have shown that acute AMPH exposure increases locomotor activity in Drosophila (19, 22,
63, 122). AMPH elicits these behaviors by increasing levels of extracellular DA, a process
mediated (at least in part) by DA efflux (128, 132). We reasoned that given deficits in DA efflux in
hDAT R443A flies, AMPH-induced hyperactivity would also be diminished in these animals.
Exposure to AMPH (1 mM, 30 min) significantly increased activity in hDAT WT flies compared
with vehicle (Fig. 35B, p = 0.0005), but not in hDAT R443A flies relative to vehicle (p > 0.05).
Thus, charge neutralizing R443 blunts the acute psychomotor response to AMPH.

R443 electrostatic interactions selectively regulate AMPH preference

Reward is a fundamental behavior regulated across phyla by DA neurotransmission (283,
284).; however, the role of DA efflux in this process is not well understood. Increasing evidence
supports DAT’s role in regulating reward (285, 286). Thus, we took advantage of our fly model to
determine the role of DAT-mediated DA efflux in reward processes. To quantify possible
differences in AMPH preference in hDAT WT and hDAT R443A flies, we adapted the CApillary
FEeding assay (287-289) to measure AMPH consumption. In this redesigned paradigm, adult
male flies were acclimated to custom-built testing chambers containing two capillaries filled with
either (a) sucrose or (b) sucrose-blue food (Fig. 36A). Following this acclimation period, on day
1, baseline consumption, defined as a ratio of sucrose-blue (nLye) to total food consumed (nLr),
was measured. Consumption levels of 0.5 indicate no preference across the two capillaries.
Levels greater than 0.5 indicate preference, and levels lower than 0.5 indicate avoidance. On day
2, experimental groups were given the choice of (a) sucrose or (b) sucrose-blue food
supplemented with AMPH (1 mM or 10 mM; solid lines). Notably, hDAT WT flies displayed

preference for AMPH (day 2: 0.62 + 0.04) compared with baseline (day 1: 0.46 + 0.03; p = 0.005)
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Figure 36: In a two-choice consumption paradigm, hDAT R443A flies display
diminished AMPH preference

(A) Schematic illustrating a two-choice consumption paradigm developed to measure AMPH
preference in flies. The paradigm is comprised of three 24-h testing periods: acclimation,
baseline, and preference, where capillaries were replaced every 24-h period to measure AMPH
consumption. Adult Drosophila were placed in custom chambers containing two volumetric
capillaries filled with either clear (100 mM sucrose) or blue food (100 mM sucrose, 500 yM
blue). During AMPH preference testing, blue food was supplemented with either AMPH (1 mM
or 10 mM) for experimental groups (solid line) or vehicle for control groups (dashed line).
Preference is presented as a ratio of blue food to total food consumption. (B) Left: hDAT WT
Drosophila exposed to 1 mM AMPH (solid black line) consumed more AMPH (61.5 + 4.0 %)
relative to baseline vehicle (46.3 2.8 %; n = 12-13, F(1,49) = 5.23, p = 0.005). hDAT WT control
groups consumed equal amounts of blue food during day 1 (45.8 + 3.1%) and day 2 (46.0 + 3.0
%; n = 14; p > 0.05). Right: hDAT R443A Drosophila (solid red line) did not consume more
AMPH (57.4 + 2.4%) compared with baseline vehicle (51.1 £ 2.8%; n = 13, F(,s0) = 0.86, p >
0.05). hDAT R443A control groups consumed comparable amounts of blue food during day 1
(46.7 £ 2.6%) and day 2 (48.3 £ 2.2%; n = 14, p > 0.05).

Each data point represents the mean of 10-14 measurements + SEM. Two-way ANOVA with
Bonferroni’s multiple comparison test: (B).
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Figure 37: 1mM AMPH does not alter total food consumption

Total food consumed by hDAT WT flies in the control (vehicle) groups was not statistically
different from that of experimental (1 mM AMPH) groups (n = 13-14; p > 0.05) on day 2.
Similarly, food consumption by hDAT WT R443A flies in the control (vehicle) groups was
comparable to that of flies in the experimental (1 mM AMPH) groups (n = 13-14; p > 0.05) day
2. In addition, there was no significant difference in food consumption between hDAT WT and
hDAT R443A experimental groups (F1,51y= 0.03, p > 0.05).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test: (A).
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(Fig. 36B). To ensure that the increase in AMPH consumption was not due to a developed
preference for sucrose-blue food, control groups (dashed lines) were given the choice of (a)
sucrose or (b) sucrose-blue food supplemented with vehicle on day 2. hDAT WT control groups
(dashed black lines) did not develop a preference for sucrose-blue food (day 1: 0.46 + 0.03 versus
day 2: 0.46 + 0.03; p > 0.05). These data confirm that hDAT WT animals displayed a preference
specifically for 1 mM AMPH. Interestingly, hDAT R443A flies did not show preference for AMPH
relative to baseline (red solid line, p > 0.05). hDAT R443A control groups also did not develop a
preference for sucrose-blue food (red dashed line, p > 0.05). To account for potential changes in
feeding behavior, we compared total food consumption across genotypes (hDAT WT versus
hDAT R443A) and groups (control: vehicle versus experimental: 1mM AMPH). Total food
consumption on day 2 was not statistically different in control groups (lined bars) compared with
AMPH groups (solid bars) in either hDAT WT or hDAT R443A flies (Fig. 37; p > 0.05). Moreover,
total food consumption in hDAT WT (1.40 + 0.15) compared with hDAT R443A flies (1.32 + 0.10)
exposed to 1 mM AMPH was also not statistically different (p > 0.05). Thus, there were no
measurable changes in feeding across groups or genotypes. These data show that a single amino
acid substitution at position R443 decreases the rewarding properties of AMPH in flies without
altering food reward or consumption.

In hDAT WT flies, higher concentrations of AMPH (10 mM) resulted in a significant 39.2 +
1.9% decline in AMPH consumption compared with baseline (day 2 vs. day 1, p = 0.0004) (Fig.
38). hDAT R443A flies also displayed an avoidance for AMPH, where consumption decreased by
33.8 + 3.9% on day 2 compared with day 1 (p = 0.03). Neither control groups for both hDAT WT
or hDAT R443A saw a change in sucrose-blue food consumption on day 2 relative to baseline (p
> 0.05). Given AMPHs well known anorexigenic effects (290), we confirmed that avoidance for
AMPH was not skewed by significant changes in total food consumption on day 2 relative to day

1, neither in hDAT WT nor hDAT R443A flies (Fig. 39, p > 0.05). Therefore, an Arg at position
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Figure 38: hDAT R443A Drosophila display avoidance to high AMPH concentrations

(C) Left: hDAT WT Drosophila exposed to 10 mM AMPH (solid black line) consumed drastically
less AMPH (33.5 + 5.9%) compared with baseline vehicle (54.9 + 2.5%; n = 12; F(1.44) = 9.55, p
= 0.0004). Control groups for hDAT WT (black dashed line) consumed comparable food on day
1 and day 2 (n = 12; p > 0.05). Right: hDAT R443A Drosophila consumed significantly less 10
mM AMPH (35.0 + 5.6%) compared with baseline vehicle (52.9 £ 5.9%; n = 11; F(139)=5.18, p
= 0.03). Control groups for hDAT R443A (red dashed line) consumed comparable food on day
1 and day 2 (n = 10-11; p > 0.05).

Each data point represents the mean of 10-14 measurements + SEM. Two-way ANOVA with
Bonferroni’s multiple comparison test.
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Figure 39: 10mM AMPH does not alter total food consumption

Total food consumption in hDAT WT exposed to 10 mM AMPH on day 2 did not significantly
differ compared with baseline (day 1) consumption (n = 12; F1.44) = 0.03, p > 0.05). Food
consumption in hDAT R443A flies exposed to 10 mM AMPH on day 2 was comparable to that
of day 1 (n = 12; p > 0.05). Food consumption is normalized to hDAT WT baseline (day 1).

Data are presented as mean + SEM. Two-way ANOVA with Bonferroni’s multiple comparison
test: (A) - (B).
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443 is a hDAT residue that regulates AMPH reward, although it does not modulate AMPH

avoidance.

Discussion

Within the central nervous system, psychostimulant exposure modifies phospholipid
profiles in a brain region-dependent manner (291-293). Phospholipid levels increase in response
to psychostimulants in the striatum and hippocampus, regions critical for drug reward and
reinstatement, respectively (291, 294). In contrast, phospholipid levels decrease in the cerebellum
(294). Altered phospholipid levels and metabolism have also been reported in psychostimulant
users (293, 295). These findings support the notion that psychostimulant action is regulated by
phospholipids and, possibly, by the interaction of phospholipids with plasma membrane proteins.
In this study, we sought to understand how phospholipids, as well as their association with the
DAT, regulate the psychomotor and rewarding actions of AMPH.

We have previously shown that pharmacologically limiting PIP> availability impairs
AMPH’s actions at DAT (63), as well as its ability to induce hyperlocomotion. However, how the
interaction between PIP, and the DAT N-terminus supported AMPH behaviors remained unclear.
Here, we found that limiting PIP2 binding through neutralizing substitutions of Lys3 and Lys5 at
the N-terminus limits AMPH-induced DAT phosphorylation, which is required for AMPH actions
(68, 140, 141). Significantly, neither “sequestering” PIP> with a positively charged palmitoylated
peptide nor pharmacologically depleting PIP: by inhibiting PIP, synthesis affected DA efflux once
the DAT N-terminus had been pseudophosphorylated. Therefore, the electrostatic interactions
between N-terminus Lys and PIP; regulate DAT phosphorylation. Moreover, following DAT
phosphorylation, PIP; levels, as well as its interactions, are not critical to DA efflux.

Molecular dynamic simulations and biochemical experiments show that residue R443 also
contributes to PIP; interactions. A neutralizing substitution at R443 (hDAT R443A) significantly

decreased DAT/PIP; interactions. Specifically, this substitution was sufficient to disrupt the
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electrostatic interactions between R443 (IL4) and PIP,, as well as downregulate those between
PIP2 and N-terminus. Unsurprisingly, hDAT R443A displayed limited AMPH-induced DA efflux,
suggesting that R443 electrostatic interactions are important for the reverse transport of DA.

Probing further the contribution of R443 to AMPH action, we found that a neutralizing
substitution at R443 to Ala in a pseudophosphorylated hDAT (hDAT S/D) background (hDAT S/D
R443A) reduced DA efflux relative hDAT S/D controls. Our MD simulations show that once
phosphorylated, the N-terminus disrupts the interaction between IL4 and PIP,. Also, we show in
vitro that pseudophosphorylation of the N-terminus increases its affinity for IL4. Thus, a
neutralizing substitution at R443 limits the physical interaction of an anionically charged N-
terminus (phosphorylated) with the positively charged motif at IL4, an interaction we believe is
required for DA efflux and behaviors.

It is important to note that reducing PIP2 levels in hDAT S/D R443A cells did not further
impair DA efflux. Once R443 electrostatics are neutralized with Ala substitution, PIP; levels lose
their ability to regulate DA efflux. However, in this model, we cannot exclude the possibility that
the amino acids surrounding R443, in the positively charged motif (His442-Arg443-His444-
Arg445), also contribute to DA efflux. It is also important to consider the role of other DAT
interacting proteins, including STX1 and GBy. STX1 interacts with the DAT N-terminus to support
AMPH-induced DA efflux (69, 153, 296). In addition, GBy interacts with the carboxy terminus of
DAT, whereby activation of GBy promotes AMPH-induced DA efflux and behaviors (71, 72).
The actions of both GBy and STX1 are thought to be modulated by PIP, (71, 72, 155). Future
studies are necessary to determine how and if these protein-protein and protein-lipid
interactions work in concert to promote DA efflux.

Notably, in this study, we show that a neutralizing substitution of R443 in the DAT reduces
the ability of AMPH to elicit psychomotor behaviors without altering basal locomotion. Locomotion
is a fundamental behavior that enables seeking for rewarding stimuli including sex, food, and

drugs. AMPH induces increased locomotor activity in Drosophila as in mammals (19, 43, 63, 122,
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297). We found that hDAT R443A Drosophila were insensitive to locomotor actions of AMPH.
These data are consistent with our ex vivo findings showing that DA efflux was significantly
diminished in hDAT R443A compared with hDAT WT Drosophila brain. Intrigued by these results,
we further explored whether R443, as well as DA efflux, played a role in the rewarding properties
of AMPH.

Reward modulates the saliency of a specific drug exposure and is essential for the
transition from drug exposure to addiction (298). We developed a new behavioral paradigm to
measure AMPH preference in Drosophila. We show that a single amino acid substitution that
disrupts IL4 electrostatic interactions, reduces DA efflux and preference for AMPH without
affecting avoidance. Numerous human PET-fMRI studies have established a link between
midbrain DA release/DAT availability and reward responses (285, 286). Recent findings showed
that clinical subgroups with the lowest DAT levels displayed the lowest functional anticipatory
reward activation (285). Based on these findings, it is not surprising that we found that animals
with limited physiological responses to AMPH (i.e. DA efflux) displayed a lack of preference for
AMPH. Finally, previous findings demonstrated inverted responses to higher concentrations of
AMPH (290, 299). Here, in flies, we show that high AMPH concentrations cause avoidance. In
contrast to AMPH preference, in our animal model, neutralizing the electrostatic interaction of
R443 did not affect avoidance. Thus, AMPH avoidance in Drosophila is likely mediated by
mechanisms that are independent of reverse transport of DA and/or are DAT independent (300).
One possibility is that at higher concentrations, the bitter taste of AMPH itself drives an avoidance
response. Alternatively, AMPH avoidance may also be regulated by glutamatergic and
serotonergic inputs (301, 302) that are modified by AMPH and fine-tuned DA neurons. Recent
studies in Drosophila illustrate that preference for other stimulants such as cocaine is sex-specific,
thus, further studies to determine this potential contribution for AMPH preference are necessary.

We sought to understand the molecular mechanism through which structural domains of

the DAT regulate the psychomotor and rewarding properties of AMPH. We developed a novel
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behavioral paradigm in Drosophila to quantify AMPH’s rewarding properties by measuring
relative preference for AMPH and associate it with the ability of AMPH to cause DA efflux in
brain. We uncovered how a specific residue in the DAT tightly regulates DA efflux and the

rewarding properties of the psychostimulant AMPH.

Materials and Methods

Cell culture: pClHygro expression vector was engineered to contain synhDAT WT (hDAT WT),
synhDAT S/D (Ser 2, 4, 7, 12, 13 mutated to Asp; hDAT S/D), synhDAT R443A (Arg 443 mutated
to Ala; hDAT R443A) and synhDAT S/D R443A (hDAT S/D R443A). Vector DNA was transfected
into Chinese hamster ovary (CHO) cells as previously described (165).

*H[DA] uptake assays: Cells were washed and equilibrated in KRH (37°C, 5 min) buffer
composed of (in mM): 130 NaCl, 25 HEPES, 4.8 KCI, 1.2 KH2POs4, 1.1 MgSO,, 2.2 CaCly, 10 d-
glucose, 0.1 ascorbic acid, 0.1 pargyline, and 1.0 tropolone (pH 7.4). DA uptake kinetics were
performed from 10 nM to 10 uM [*H]DA (PerkinElmer Life Sciences, Waltham, MA) as previously
described (63).

Amperometry and patch-clamp electrophysiology: Cells were washed with 37°C Lub’s
external solution composed of (in mM): 130 NaCl, 1.5 CaCl,, 0.5 MgS0Os, 1.3 KH,PO4, 10 HEPES
and 34 d-glucose (pH 7.4; 300-310 mOsms/L). Quartz patch-pipettes were used to intracellularly
load DA (2 mM, Sigma Aldrich, St. Louis, MO) and/or PIP- inhibitory/control peptides (3 uM pal-
HRQKHFEKRR or pal-HAQKHFEAAA) in internal solution containing (in mM): 110 KCI, 10 NaCl,
2 MgCly, 0.1 CaCly, 1.1 EGTA, 10 HEPES, 30 d-glucose and 2.0 DA (pH 7.4; 280-290 mOsms/L).
To record AMPH-induced DA efflux (10 uM), a carbon fiber electrode held at +600 mV was
juxtaposed to cells as previously described (63).

Biotinylation assays: Cells were washed with 4°C phosphate-buffered saline (PBS)
supplemented with 0.9 mM CaCl; and 0.49 mM MgClz, incubated in 1.0 mg/ml sulfosuccinimidyl-

2-(biotinamido)ethyl-1,3-dithiopropionate-biotin (sulfo-NHS-SS-biotin; Pierce, Rockford, IL) and
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processed as previously described (165). Membranes were immunoblotted for DAT (1:1000)
(MAB369; Millipore, Billerica, MA) and B-actin (1:5000) (A5441; Sigma-Aldrich; St. Louis, MO),
and then quantified as previously described (165).

Immunoprecipitation assay: Cells expressing 6X-His, eGFP-tagged hDAT variants were lysed
in buffer containing (mM): 20 Tris, 100 NaCl, and 20 n-Dodecyl-B-D-Maltopyranoside (DDM)
supplemented with 10% glycerol and Protease Inhibitor Cocktail (1:100; Sigma Aldrich, St. Louis,
MO). Equivalent hDAT concentrations were isolated using batch cobalt-based immobilized metal
affinity chromatography. Cobalt beads were washed, incubated for 4 h with 1 uM BODIPY® TMR
Phosphatidylinositol 4,5-bisphosphate, washed, and eluted in buffer supplemented with 300 mM
Imidazole. Eluates were assayed in a TECAN Infinite 200 Pro microplate reader for eGFP (ex 454
/ em 505 + 9 nm) and PIP2 (ex 542 / em 574 + 9 nm).

DAT phosphorylation: hDAT WT, hDAT K/A and hDAT K/N cDNAs were generated within
pcDNA 3.0 plasmid using site-directed mutagenesis. Griptite 293 MSR cells (ThermoFisher
Scientific, Grand Island, NY) were transfected and metabolically labeled with *PO4 (>8500
Ci/mmol, Perkin Elmer) as described previously (140). DATs were immunoprecipitated with DAT
C-terminal antibody C-20 (1433, Santa Cruz Biotech; Santa Cruz, CA) crosslinked to protein A
sepharose followed by SDS-PAGE and autoradiography.

Drosophila melanogaster rearing and stocks: All Drosophila melanogaster strains were grown
and maintained on standard cornmeal-molasses media at 25°C under a 12:12 h light-dark
schedule. Fly stocks include w’’"® ((Bloomington Indiana Stock Center (Bl) 6326), TH-GAL4 (Bl
8848), DATMBO731% (B] 25547), UAS-mCherry (Kyoto Stock Center 109594), M[vas-int.Dm]ZH-2A;
M[3xP3-RFP.attP"|ZH-22A (Bl 24481) and DAT™ (dDAT KO). Drosophila expressing
homozygous dDAT null allele DAT™ (dDAT KO) (187), TH-Gal4 (251), and UAS-mcherry were
outcrossed to control lines for 10 generations. Transgenes were cloned into pBI-UASC (252) and

constructs were injected into embryos from Bl 24481 (Rainbow Transgenic Flies Inc; Camairillo,
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CA). Flies containing transgenes were outcrossed to dDAT KO flies (in w'""® background) for 10
generations. Final transgene generations were crossed to dDAT KO/TH-GAL4 flies.

*H[DA] Drosophila uptake assays: Drosophila male brains were dissected quickly in ice-cold
Schneider’s Drosophila Medium (ThermoFisher Scientific) supplemented with 1.5% BSA. Single
point DA uptake was measured by preincubating brains in either vehicle or 100 uM cocaine for
10 min followed by 200 nM [*H]DA, as previously described (165). Cocaine values were
subtracted from vehicle values to determine specific counts.

Drosophila amperometry assays: Drosophila male brains were dissected in ice-cold
Schneider’s Drosophila Medium supplemented with 1.5% BSA. Whole brains were placed in a
mesh holder in Lub’s external solution (see previous). A carbon fiber electrode held at +600 mV
was positioned in the TH-positive PPL1 DA neuronal region and DA efflux was recorded as
previously described (165).

Drosophila locomotion analysis: Drosophila male flies were transferred individually to activity
tubes containing standard food. TriKinetics Drosophila Activity Monitoring (DAM) system
(Waltham, MA) was used measure basal and AMPH-induced locomotion, as previously described
(51, 52).

Drosophila two-choice AMPH administration paradigm: To measure AMPH preference in
Drosophila, we built custom vials to measure liquid food consumption from volumetric capillaries.
Each vial contained two volumetric capillaries: capillary A (100 mM sucrose) and capillary B (100
mM sucrose; 500 uM blue dye). Food consumption was measured every 24 h when capillaries
were replaced and refilled. Adult male flies were individually transferred to vials and acclimated
to liquid food for 24 h. Baseline preference for capillary A and capillary B was assayed at 48 h.
To determine AMPH preference, in experimental groups, capillary B was supplemented with
AMPH (1 or 10 mM) and measured at 72 h. In control groups, capillary B was supplemented with
vehicle (water) and measured at 72 h. Preference was determined as consumption of capillary B

over total consumption (capillary A and capillary B) at 48 h (baseline) versus 72 h (preference).
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Molecular dynamics (MD) simulations: The full length hDAT was taken from previous study
(207). Four simulation systems were constructed: hDAT WT, hDAT R443A, hDAT S/D (Ser 2, 4,
7,12 and 13 mutated to Asp), and hDAT S/D R443A. Transporters were embedded into neuronal
membrane/lipids composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and -phosphocholine (POPC), cholesterol (CHOL), palmitoyl-oleoyl-phosphatidylinositol (POPI),
and phosphatidylinositol 4,5-bisphosphate (PIP2) using CHARMM-GUI Membrane Builder module
(267). The lipid composition accounted for the asymmetric lipid distribution of neuronal
membranes, as done previously (303). Fully equilibrated TIP3P waters were added to build a
simulation box of ~102 x102 x140 A, Na* and CI~ ions were added to obtain a 0.15 M neutral
solution. Each simulation system contained ~ 134,000 atoms, ~290 lipid molecules, and 30,000
water molecules. All simulations were performed using the MD NAMD package (268) as
previously (303). For each system, two or three independent runs of up to 200 ns were performed.
The probability of PIP» binding was evaluated as the frequency of PIP2/DAT contacts; mainly, the
fraction of 0.2 ns snapshots where PIP, was located within 4.0 A from any DAT atom.

N-terminus/IL4 binding assay: The hDAT WT or hDAT S/D (Ser 2,4,7,12,13 mutated to Asp)
N-terminus were cloned into pAT109 with a N-terminus GST and C-terminus His-tag. Proteins
were expressed in BI21(DE3) E. coli. Bacteria were induced with 0.5 mM isopropylB-d-
1thiogalactopyranoside, pelleted, and lysed with lysozyme and 1% Triton-X100. Supernatants
were isolated and bound to HisPur Cobalt Resin (ThermoFisher Scientific), eluted with 0.5 M
imidazole, dialyzed and applied to a glutathione column (GE Healthcare Life Sciences, Chicago,
IL). Protein was eluted with 10 mM glutathione, dialyzed, centrifuged and protein quantified.
Soluble, fluorescent IL4 (RHodamine-(PEGx3)-IDEFQLLHRHRE) was synthesized by the peptide
synthesis core at University of Texas Southwestern. N-terminus of hDAT (WT and S/D) (2 uM)
and IL4 (3 uM) were incubated for 2 h at RT in 25 mM HEPES (pH 7.2), 2 mM DTT and 15 mM

NaCl. Magnetic cobalt loaded beads were applied, incubated for 30 min, and washed three times
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in binding buffer. Beads were eluted with 0.3 M imidazole and assayed for fluorescence using
TECAN Infinite 200 Pro microplate (ex 546 / em 579 + 9 nm)

Statistical methods: Both animal and cell studies were designed using statistical power
calculations considering means and standard errors from preliminary data. For example, our
calculation rendered a minimum sample size of n = 6 for ex vivo animal studies (power=80%,
0=0.05). We estimated a maximum attrition of 33%; thus, we needed 10 animals per group.
Shapiro-Wilk normality tests were performed to evaluate sample distributions. Appropriate
nonparametric tests were performed to compare samples with unequal variances. Otherwise
parametric tests were used to compare data. Experiments were performed at random, except
when indicated. In such cases, experiments were performed paired. Appropriate statistical
analyses were conducted to reflect the paradigm used. Preference assays were performed

blinded to genotype. All other animal studies were performed unblinded.
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Chapter IV

ATYPICAL DOPAMINE EFFLUX CAUSED BY 3,4-METHYLENEDIOXYPYROVALERONE

VIA THE HUMAN DOPAMINE TRANSPORTER

The work described in this chapter is part of, and adapted from the published manuscript “Shekar
A*, Aguilar JI*, et al. Atypical dopamine efflux caused by 3,4-methylenedioxypyrovalerone
(MDPV) via the human dopamine transporter. J Chem Neuroanat. 2017”

* denotes equal contribution

Abstract

Recently synthetic cathinone drugs or “bath salts” have become a major health concern, as use
and abuse of these drugs continues to rise. Use of these designer drugs can result in severe
cardiovascular and psychiatric symptoms, including tachycardia, delusions, hallucinations,
seizures and even death. MDPV, the principal constituent in bath salts is associated with many
of these deleterious stimulant and hallucinogenic effects. Similar to other psychostimulants,
including cocaine and amphetamine, MPDV exerts its physiological effects through its action on
the dopamine transporter (DAT). Previous studies have shown that MDPV acts as a high affinity
blocker of the DAT at micromolar-range concentrations and elicits amphetamine-like behavioral
effects. In this study, we demonstrate for the first time, a new mode of action of MDPV, namely
its ability to promote DAT-mediated DA efflux. Using single cell amperometric assays, we
determined that nanomolar-range concentrations of MDPV can cause reverse transport of DA via
DAT. Notably, administration of MDPV leads to hyperlocomotion in Drosophila melanogaster. By
uncovering a new mode of action for MPDV, these findings reveal a new area of research these

designer drugs, and potentially new therapeutic strategies to treat the individuals that abuse them.
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Introduction

The neurotransmitter dopamine (DA) mediates behaviors relating to reward, motivation,
attention, and cognition (205, 304). Important to dopamine neurotransmission is the dopamine
transporter (DAT). DAT is a presynaptic membrane protein responsible for the reuptake and
recycling of DA following vesicular release (43). Dysfunctions in DAT can lead to dopamine-
associated neuropsychiatric disorders including ADHD, autism spectrum disorders,
schizophrenia, and bipolar disorder(305). DAT is also the target of commonly abused
psychostimulants and controlled substances, namely cocaine and amphetamine (AMPH).
Cocaine acts as a high-affinity antagonist of the transporter and blocks DA uptake, whereas
AMPH acts as a substrate of the transporter and, through a series of intracellular mechanisms,
causes DAT to reverse transport or “efflux” DA into the extracellular space(306). The actions of
cocaine and AMPH on the DAT are well-known to play a role in their rewarding properties and
abuse potential. Thus, determining the effects of psychostimulants on DAT function is important
for understanding the neural and molecular mechanisms underlying psychostimulant drug action.

In recent years, the abuse of synthetic cathinones or “bath salts” has grown to become a
major world-wide health concern (307). These substances are synthetic derivatives of the
naturally-occurring stimulant, cathinone, found in the flowering plant Catha edulis (308). The
psychoactive effects of synthetic cathinones vary from the cocaine-like stimulant effects seen with
3,4-methylenedioxypyrovalerone (MDPV) (309) to the MDMA-like empathogenic effects of
methylone (3,4-methylenedioxymethcathinone) (310). Among a number of identified biological
sites, cathinones are known to target proteins that modulate dopamine neurotransmission,
increasing dopaminergic signaling and associated behaviors (311-316), including drug-
seeking(317, 318). When consumed in small doses, cathinones can lead to euphoria, alertness,
increased libido, and elevated blood pressure. When consumed at higher doses, tremors,
seizures, paranoia, violent behavior, psychoses, tachycardia (319), delusions/hallucinations

(320), and death(321) can occur. A recent report released by the Substance Abuse and Mental
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Health Services Administration (SAMHSA) showed that nearly 23,000 emergency room visits in
2011 were a result of cathinone abuse (322). Due to the high risk associated with the use and the
abuse potential of these compounds, the Drug Enforcement Administration (DEA) designated
mephedrone (4-methylmethcathinone), methylone and MDPV as Schedule 1 substances under
the Controlled Substances Act (323). Nonetheless, illegal manufacturers continue to circumvent
this ban by synthesizing "designer" substances with novel chemical structures but which produce
similar psychostimulant effects (324). These compounds are readily available; sold with fraudulent

”

labels such as “plant food”, “research chemicals”, or “bath salts” at gas stations, tobacco stores,
and over the Internet with a warning that the contents are not intended for human consumption.
Their continued production and availability make it nearly impossible to control the exponentially
rising sales and consumption of synthetic cathinones.

Despite increased data regarding the use and abuse of cathinones(325), little is known
about their mechanism of action. To address this issue, several research groups have begun to
study the chemistry, pharmacology, and behavioral effects of various synthetic cathinones. Of
these, MDPV is most commonly implicated in high-risk use (319, 321, 324, 326-330). First
synthesized in 1969, MDPV gained popularity much later in 2010 (331). As a highly lipophilic
analogue of the synthetic cathinone pyrovalerone (332), MDPV readily crosses the blood-brain
barrier. Importantly, MDPV, when administered to animals exhibits striatal distribution, a brain
region enriched in DA projections (314). MDPV also shows high abuse potential in animal
behavioral tasks (313-315, 333).

Early research on MDPV demonstrated that this drug acts similarly to cocaine (a known
DAT blocker), but with a 10- to 50-fold higher potency (309, 334). However, increasing data
suggests that there may be more to MDPV action. Work from Bauman et al. showed that after
intravenous administration of MDPV, DA levels remain elevated for far longer than after cocaine
administration(309). In addition, MDPV administration results in long lasting cross-sensitization in

mice, similar to the effects of methamphetamine (317). These results suggest that MDPV, in
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addition to acting as a DAT blocker, may also display other modes of action. To examine further
the molecular mechanisms of MDPV on the DAT, we performed amperometric studies.
Specifically, to obtain greater temporal resolution, we studied MDPV action on human DAT
(hDAT) by employing single cell amperometry. This assay has been previously used to
discriminate AMPH versus cocaine actions in a single cell and these results have been
reproduced in different model systems (52). Further, we assessed MDPV-induced behaviors in
Drosophila melanogaster, specifically focusing on known DAT-associated behaviors. Drosophila
is a powerful genetic model for studying behaviors that are associated with DA as well as
promoted by psychostimulants (51, 52, 63), as several genes that regulate DA transport,

synthesis, and signaling are conserved between flies and humans (178).

Results
1 nM MDPV alone does not produce an amperometric signal

As a first control experiment, we demonstrated that hDAT cells pre-loaded with DA (see
methods section) did not release DA upon application of vehicle (Fig. 40, Vehicle). Next, we tested
whether MDPV alone does not react at the carbon fiber electrode. At concentrations as low as 1
nM, MDPV did not elicit any amperometric current when applied to a bath chamber in the absence
of hDAT cells (Fig. 40, MDPV). Finally, to demonstrate that we can record DA efflux with our
amperometric electrode, we show that bath application of 10 uM AMPH causes a robust DA efflux
in the presence of hDAT cells (Fig. 40, AMPH). We have previously shown that this AMPH-
induced DA efflux is mediated by the hDAT and is cocaine-sensitive (156). These control
experiments were conducted to ensure that amperometry is a fitting technique to elucidate the
actions of MDPV in terms of DA efflux and that MDPV at a concentration of 1 nM does not produce

a non-specific amperometric signal.
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Figure 40: 1 nM MDPV does not elicit an amperometric current in the absence of hDAT
cells

Top: Representative amperometric traces recorded from hDAT cells in response to application of
vehicle to (Vehicle), application of 1 nM MDPV to bath in the absence of hDAT cells (MDPV), or
application of 10 uM AMPH in the presence of hDAT cells. Bottom: Quantitation of the peak
amperometric current amplitude measured after vehicle or drug treatment (**** = p < 0.0001 by
One-way ANOVA with Dunnett’'s multiple comparisons post-hoc analysis; n = 5-6).
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Figure 41: MDPV, but not cocaine, induces reverse transport of DA via hDAT in cells

Top: Representative amperometric traces recorded in response to 10 yM cocaine or 1 nM MDPV
from hDAT cells. Bottom: Quantitation of DA efflux measured as peak amplitude of the
amperometric current after drug or vehicle treatment (** = p < 0.01 by Student’s t-test; n = 5-8).
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Figure 42: MDPV induces hyperlocomotion in flies

Left: Locomotion was measured by average beam crosses following 20 yM MDPV (n = 16) or
vehicle (n = 15) administration. Beam crosses were normalized to pre-treatment conditions for
each fly. Right: Cumulative beam breaks were quantified for up to six hours post drug or vehicle
administration. Flies exposed to MDPV displayed an increase in cumulative bream breaks
compared with vehicle-controls (* = p < 0.05 by Student’s t-test; n = 15-16).
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New mode of action of MDPV

24 hours after plating, hDAT cells were preloaded with DA (see methods). Amperometric
measurements were taken from individual hDAT cells after application of a low concentration of
MDPV (1 nM) or cocaine (10 uM). As expected, 10 uM cocaine did not cause DA efflux as
reflected by a lack of an upward deflection of the amperometric trace. These data are in
agreement with previously published studies (51, 156) and also establishes that there is no
anomalous dopamine efflux or “leak” associated with the transporter in this in vitro system as
previously shown (156). Surprisingly, and in contrast to the effects of cocaine, amperometric
traces recorded in response to 1 nM MDPV show a clear upward deflection of the amperometric
current. This upward deflection reflects DAT-mediated DA efflux (Fig. 41, MDPV). To note, hDAT
cells the peak amperometric responses for MDPV were smaller than those recorded for AMPH
(positive controls; compare Fig. 40 (AMPH) to Fig. 41 (MDPV).
MDPV causes hyperlocomotion in flies

Building on our in vitro findings, we examined MDPV’s role in modifying DA-associated
behaviors in Drosophila melanogaster. Wildtype flies were placed in locomotion chambers and
acclimated for a period of five days. 20 yM MDPV or vehicle was administered orally via voluntary
consumption. Locomotion was quantified as average beam crosses per 30 minutes normalized
to pre-treatment conditions. Flies administered MDPV (n = 16) show an elevated rate of
locomotion compared with those administered vehicle (n = 15) (Fig. 42). Cumulative beam breaks
over a period of 6 hours show a greater than two-fold increase in locomotion in flies administered

MDPYV compared with vehicle (Fig. 42).

Discussion
DA homeostasis in the central nervous system is essential to regulating important brain
functions, including reward. Synthetic cathinones disrupt normal dopaminergic neurotransmission

and thus affect DA-associated behaviors. These drugs elicit behaviors indicative of enhanced
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dopaminergic signaling. The past ten years of research on MDPV and other synthetic cathinones
demonstrate that the rewarding properties of synthetic cathinones are derived, in part, from their
actions on monoamine transporters (335, 336). Understanding how MDPV disrupts normal DA
neurotransmission via its actions on the DAT is essential to the development of novel treatment
options that can restore normal DA homeostasis in individuals that abuse MDPV and other
synthetic cathinones. In this study, we aimed to reveal new modes by which low concentrations
of MDPV cause an elevation in extracellular DA levels, and the behavioral consequences of its
actions on DAT.

Using single cell amperometry we reveal that low concentrations of MDPV (1 nM) cause
reverse transport of DA via DAT. Amperometry is a well-established paradigm that has been used
by our group and others in several studies to determine different aspects of monoamine release
mediated by catecholamine transporters (i.e. vesicular release or membrane diffusion)(51, 52, 63,
167). We first established that this assay is suitable for studying reverse transport of DA mediated
by MDPV. We conducted an initial characterization of MDPV to demonstrate that at low
concentrations, MDPV does not interact with the carbon fiber electrode to produce an artificial
signal. Next, we demonstrate that in hDAT cells MDPV (1 nM) causes reverse transport of DA
mediated by hDAT. To note is that high concentrations of MDPV, such as 100 nM, cause a non-
specific amperometric signal (i.e. an amperometric current is recorded with MDPV in the absence
of hDAT cells). These data describe for the first time a novel mode of action of MDPV at the DAT.
Interestingly and importantly, previous work with hDAT has shown that higher concentrations of
MDPV can block DAT function (20-30 nM) (309). Taken together, these data suggest that MDPV
might have multiple modes of action that are concentration-dependent, where at low
concentrations MDPV works to cause DAT reverse transport, and at high concentrations MDPV
primarily causes DAT blockade.

Drosophila melanogaster has been used in the past as a model organism to study the

behavioral consequences of newly discovered molecular mechanisms of AMPH and
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cocaine(122)(19). In Drosophila, locomotion requires functional DA neurotransmission.
Therefore, to understand the significance of the actions of MDPV in vivo, in terms of changes in
extracellular DA levels, we use flies as a behavioral model. Here, we show that MDPV
administration leads to hyperlocomotion in Drosophila melanogaster. These data point to
Drosophila melanogaster as a good animal model to further characterize in vivo the multiple
actions of MDPV at the hDAT. This increase in locomotor activity has been previously
documented to be associated with an increased in extracellular DA promoted by DAT blockers
(e.g. cocaine) as well as DA effluxers (e.g. AMPH).

In this study, we did not determine whether the increase in Drosophila locomotion is driven
by either the MDPV ability to block the hDAT, to cause DA efflux, or both. In the near future, we
aim to explore these different possibilities by generating flies that are insensitive to the ability of
MDPV to cause DA efflux, as we have done for AMPH (data not shown).

Further studying the different mode of actions of MDPV and other synthetic cathinone
drugs as well as their specific behavioral consequences will not only lead to better treatment
strategies for those who abuse them, but will also lead to better recognition/prediction of the

dangers posed by novel designer cathinones that are emerging in the market today.

Materials and Methods

Drugs: (+)-3,4-Methylenedioxypyrovalerone HCI (MDPV), was synthesized in racemic form in our
laboratories. Chemical and structural analysis included proton nuclear magnetic resonance, gas
chromatography/mass spectrometry, thin layer chromatography, and melting point determination.
All data were consistent with the expected structures. All other drugs used in this study including
their salt and enantiomeric forms were as follows and purchased from Sigma-Aldrich (St. Louis,
MO): Dopamine (i.e., 3-hydroxytyramine hydrochloride), D-amphetamine hemisulphate salt and

Cocaine hydrochloride.

129



Amperometry: Chinese hamster ovary (CHO) cells stably expressing hDAT (here defined as
hDAT cells) were plated at a density of ~20,000 per 35-mm culture dish. To preload cells with DA,
dishes were washed with KRH assay buffer (130 mM NacCl, 4.8 mM KCl, 1.2 mM KH2PQO4, 25 mM
HEPES, 1.1mM MgSO4 2.2 mM CaCl,, pH 7.4) supplemented with 10 mM dextrose, 100 M
pargyline, 1 mM tropolone, and 100 uM ascorbic acid, and incubated with 1 yM DA in KRH assay
buffer for 20 minutes at 37°C. To record DA efflux, a carbon fiber electrode (ProCFE; fiber
diameter of 5 ym; obtained from Dagan Corporation) juxtaposed to the plasma membrane and
held at +700 mV (a potential greater than the oxidation potential of DA) was used to measure DA
flux through oxidation reactions. Amperometric currents in response to the addition of 1 nM MDPV
were recorded using an Axopatch 200B amplifier (Molecular Devices, Union City, CA) with a low-
pass Bessel filter set at 1 kHz; traces were digitally filtered offline at 1 Hz using Clampex9 software
(Molecular Devices, Union City, CA). DA efflux was quantified as the peak value of the
amperometric current.

Drosophila melanogaster Behavior: To measure the locomotor response to MDPV we used
the TriKinetics Drosophila Activity Monitoring (DAM) system as described in earlier studies (337,
338). Wild-type Oregon-R male flies were entrained for seven days in 12:12 h light:dark (LD)
cycles at 25°C on standard cornmeal-molasses medium. On day two, flies were transferred
individually to activity tubes and acclimated for a period of five days. On day seven, flies were
transferred into identical activity tubes containing 20 yM MDPV or vehicle (water) in standard
medium. Activity was continuously measured as the number of times a fly crossed the infrared
beam (beam crosses) per 30 minutes. Activity data was recorded for six hours after drug
administration. Change in activity in response to drug treatment was reported as beam crosses

normalized to average beam crosses 30 minutes prior to drug administration.
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CHAPTER V

FUTURE DIRECTIONS

The DAT regulates the spatial and temporal dynamics of extracellular DA levels,
maintaining DA homeostasis. Multiple neuropsychiatric and neurological disorders (47, 48) (49-
52) are associated with abnormal DA tone. Recent studies have identified rare variants in the
DAT in patients with DTDS (162, 163), early-onset PD (164), ASD (50-52, 165-167), ADHD (164,
168) among others (169); directly implicating DAT dysfunction in many of these disorders. The
DAT is also the target for various pharmacological agents that are used to treat these disorders
as well as drugs of abuse and neurotoxins. Studies focusing on DAT structure, function and
regulation have provided significant insight into DAT trafficking, binding partners and transport;
however, much remains unclear about the mechanisms that underlie psychostimulant action as
well as how DAT dysfunction underlies disease pathology. To this end, the studies outlined in this
dissertation focus on defining (1) the structural and functional mechanisms that underlie DAT
dysfunction and how DAT dysfunction contributes to specific behaviors associated with DTDS
pathology and (2) molecular mechanisms that underlie DA efflux induced by AMPH and MDPV.

Chapter Il provided valuable structural, dynamic, and behavioral insights into a DTDS-
associated hDAT variant, R445C. Substitutions at R445C disrupted an IC network of interactions,
which conferred a channel-like intermediate in the hDAT and impaired hDAT function and
expression. Drosophila expressing hDAT R445C exhibited motor deficits, characterized by lack
of movement vigor and coordination that is typically associated with DTDS and PD phenotypes.
These behaviors were linked with altered DAergic signaling that stemmed from a loss of DA
neurons and reduced DA availability. Together these studies shed light on how a DTDS-linked

DAT underlies phenotypes observed in DTDS and PD, more broadly.

131



Chapter Il also unveiled that specific substitutions at R445 have differential effects on DAT
function. Although MD simulations suggested that Arg, Asp or Ala substitutions at R445 in the
hDAT confer a channel-like mode, electrophysiological studies measured DA leak (ADE) only in
hDAT R445A. This dichotomy poses an interesting question: Is persistent DA leak (ADE)
necessitated by a channel-like mode? ADE has been measured in two other DAT variants A559V,
identified in patients with ASD, ADHD and bipolar disorder and T356M identified in a patient with
ASD. Whether T356M supports channel-like activity has not been tested. On the contrary, hDAT
A559V was found to support a channel-like mode in the DAT, where D2R antagonism and
CAMKII-inhibition damped channel-like activity and ADE (86). Together, these data suggest that
ADE is supported by channel-like activity in hDAT A559V likely through a common signaling
pathway. Future studies will use electrophysiological methods to determine whether ADE in hDAT
R445A is necessitated by a channel-like mode and whether ADE occurs through similar
mechanisms observed in hDAT A559V. Specifically, we will assess D2R antagonism and CAMKII-
inhibition in suppressing channel-like activity or ADE. In addition, we will use phosphodeficient
variants (hDAT S/A R445A) to define the role of N-terminal phosphorylation in supporting channel-
like activity in hDAT R445A. Additional studies will evaluate whether channel-like activity
conferred by hDAT variants (R445A, T356M, A559V) is sufficient to depolarize DA neurons,
resulting in D2R/ CAMKII activation. Together, these findings will determine whether ADE in hDAT
R445A occurs through a channel-like mode and whether a common mechanism promotes
channel-like activity across DAT variants.

Future studies will also focus on understanding disease progression in this Drosophila
model of DTDS. DA dysfunction and motor deficits were not observed early in the life-span of
hDAT R445C Drosophila (data not shown), suggesting that these phenotypes are progressive in
nature. Foremost, we will use more sophisticated behavioral analyses, such as those available
through DeepLabCut to determine if subtle changes in gait or in movement fluidity precede more

noticeable deficits in movement vigor or coordination. In addition, it is possible that non-motor
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phenotypes which in humans usually precede full PD prognosis are present earlier in this model.
To this end, we will determine if there are disruptions in circadian rhythms, increased anxiety-like
behaviors or hyposmia (inability to smell) in hDAT R445C Drosophila. The identification of early
symptoms will allow us to test whether early pharmacological interventions (i.e. CQ) are more
effective in preventing or delaying deficits in movement coordination.

Chapter Il established that DAT/PIP. interactions are necessary for AMPH-induced DAT
phosphorylation, a modification required for DA efflux. Previous work from the Galli Lab
demonstrated that PIP2 directly interacts with the DAT N-terminus to regulate DA efflux (63). N-
terminal Lys 3 and 5 were found to mediate this interaction, where neutralizing substitutions at
these sites (hDAT K/A) weakened DAT/PIP; interactions and decreased AMPH-induced DA efflux
and behaviors. Chapter Il showed that the association between DAT/PIP; specifically regulates
AMPH-induced DA efflux by promoting N-terminal phosphorylation. Notably, we found that PIP,
was not essential in coordinating the interaction of the phosphorylated N-terminus with IL4, as
shown through pharmacological depletion and peptide-mediated “sequestration” of PIP; levels.
Disrupting N-terminus/IL4 interactions by a neutralizing substitution at a key residue, R443 (hDAT
R443A) impaired AMPH-induced DA efflux in Drosophila brains and inhibited AMPH’s
psychomotor and rewarding effects in Drosophila. Interestingly, AMPH avoidance at high
concentrations was maintained suggesting that this behavior is likely mediated by mechanisms
that are independent of DA efflux and/or are DAT independent.

Although Chapter Ill clarified the role of DAT/PIP interactions in DA efflux, PIP2 has been
shown to modulate the interaction of the DAT with other binding partners, including STX1 (71,
72, 155). Thus, future studies are necessary to determine if and how these protein-protein and
protein-lipid interactions work in concert to promote DA efflux. Recent studies showed that
STX1 binds the DAT N-terminus to promote DA efflux (52, 69). STX1 phosphorylation increases
DAT/STX1 association and is required for DA efflux (52). PIP2 is thought to coordinate STX1

phosphorylation, DAT/STX1 associations and DA efflux; however, the details of this mechanism
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remain unclear. Unaddressed is whether (1) STX1 N-terminus and DAT N-terminus compete for
PIP2 binding, (2) the phosphorylated state of the DAT N-terminus regulates STX1 association, (3)
STX1 binding regulates DAT phosphorylation and/or (4) phosphorylated versions of these
proteins interact with PIP2. To address these questions, | suggest a multipronged approach that
utilizes MD simulations, biochemistry and FRET. These approaches will be used to determine
whether DAT/PIP2/STX1 form a single complex or whether DAT has a higher affinity for STX1 or
PIP.. The use of pseudophosphorylated or phospho-deficient mutants of hDAT and STX1 will also
clarify whether the phosphorylation state of each protein modulates their interactions. Finally, the
use of pharmacological PIP, depletion or peptide-mediated PIP2 sequestration in combination with
these mutants will clarify the role of PIP. in regulating the association of the DAT/STX1 in various
phosphorylation states. Finally, to determine whether DAT phosphorylation is altered in these
conditions we will quantify DAT phosphorylation by metabolic labeling (**POs). Together, these
findings will elucidate how DAT/PIP2/STX1 interact to promote DAT phosphorylation and AMPH-
induced DA efflux.

Chapter Il also developed two critical tools: (1) a Drosophila model to specifically study
the contribution of AMPH-induced DA efflux to behaviors and (2) a two-choice administration
paradigm that can be employed in future studies to define the mechanisms that underlie reward
motivation, and perseverance. Drosophila brains expressing hDAT R443A uptake DA normally,
but have impaired AMPH-induced DA efflux. Thus, in this animal model the known physiological
function of the DAT (DA uptake) is uncoupled from AMPH-induced reverse transport. Future
studies will utilize this Drosophila model to define the contribution of DA efflux to various AMPH-
associated behaviors. For, example AMPHSs increase attention and as such are effectively and
commonly used to treat ADHD. To date, the contribution of DA efflux to changes in attention-like
behavior has not been explored. Using our existing Drosophila model, in combination with
paradigms to measure visual attention, including flight paradigms, future studies will assess the

contribution of AMPH-induced DA efflux to attention-like behaviors. Further, common side effects
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of AMPHSs use include anorexia, loss-of-appetite and anxiety, among others. Our Drosophila
model will be used to study the contribution of AMPH-induced DA efflux to these behaviors.
Notably, through the use of various genetic and pharmacological tools we will also begin to
disentangle the contribution of the serotonergic system to these AMPH-associated behaviors.
The two-choice administration paradigm developed here will be employed to understand
the rewarding properties of various stimulants, including cocaine, and MPDV as well as food.
Various modifications to this paradigm can be made to measure other aspects of drug use. For
example, motivation can be measured by placing rewarding stimuli at farther and farther distances
away from flight-deficient animals. Thus, allowing us to determine the maximum distance an
animal will travel for a rewarding stimulus. We can also measure persistence using this paradigm.
We can fill a single capillary with both aversive (quinine) and rewarding (cocaine) stimuli, to
determine the concentrations of aversive stimulus through which an animal will continue to pursue
a rewarding stimulus. In this way, the experimental paradigms developed in this Chapter will
assess various aspects of drug use as well as the contribution of DA efflux to AMPH behaviors.
Chapter IV showed that a major constituent of bath salts, MDPV has actions similar to that
of AMPH at low concentrations, promoting DA efflux and similar to that of cocaine at high
concentrations, inhibiting DA uptake. Future studies will explore the molecular mechanisms
regulating MPDV-stimulated DA efflux. These studies will test the requirement for DAT N-terminus
phosphorylation, involvement of various DAT interacting partners and activation of downstream
signaling pathways. Studies will also focus on understating specific behaviors associated with
MPDV administration. Together, these studies will assess whether MDPV and AMPH cause DAT

reverse transport via independent versus overlapping mechanisms.
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