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Abstract

G protein-coupled receptors (GPCRs) represent the largest and most diverse family of transmembrane
receptors, mediating a wide range of physiological processes through the activation of intracellular
signaling cascades. Among these, dopamine receptors (DARs) play a central role in regulating critical
neurological functions such as movement, cognition, and reward. The D1-class dopamine receptors (D1R
and D5R), particularly the D1R, have been implicated in several neurological disorders such as
Parkinson’s Disease (PD) and Levodopa-Induced Dyskinesia (LID). Therefore, more research is needed
to better understand novel methods to be able to treat these dysfunctions. A major topic in D1R signaling
is the role of proteins that interact with the receptor intracellular domains. The Promyelocytic Leukemia
Zinc Finger (PLZF) protein was previously identified through yeast two-hybrid screening in the Tiberi lab
as a novel interacting partner of the D1-class receptors. Unpublished studies in our lab found that PLZF, a
multifunctional nuclear protein and transcriptional regulator with major roles in brain development, exerts
subtype-specific effects on D1-class signaling and trafficking. Previous studies have also shown that
PLZF forms a complex with both the agonist-stimulated GPCR AT2R and the constitutively activated Goo
subunit. However, its mechanistic role in DR signaling and the desensitization process remains poorly

understood.

In this thesis, I investigate the phosphorylation of the proximal cytoplasmic tail (CT) residues of the D1R,
focusing on the contribution of the more distal CT domains in addition to complex formation with PLZF.
Using HEK293 cells transfected with Flag-tagged wild-type or truncated D1R constructs (fVal388-STOP,
fSer417-STOP, fSerd431-STOP), receptor phosphorylation was assessed at specific proximal residues
(Thr354 and Ser372/Ser373) through immunoprecipitation studies following dopamine stimulation. The
results demonstrate that truncation of the distal domains of the DIR CT sequentially impairs
phosphorylation of upstream residues, suggesting a hierarchical phosphorylation pattern. Co-expression

of HA-tagged PLZF with DI1R significantly decreases phosphorylation at these proximal sites, and this
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effect was modulated in truncated receptors, indicating that PLZF-mediated regulation occurs via specific

distal domains of the CT.

Furthermore, GST pulldown assays revealed that PLZF interacts with both the IL3 and CT domains of
DIR, with PLZF exhibiting a stronger affinity for the CT. Additionally, co-immunoprecipitation studies
show that PLZF displays dynamic recruitment to the IL3 and CT, with truncation of either IL3 domain
modulating the degree of binding under basal and dopamine-stimulated states, as well as retainment of
recruitment with complete removal of the CT. Collectively, this work identifies PLZF as a key regulator
of D1R signaling and provides new insight into the molecular mechanisms controlling dopaminergic
receptor responsiveness. These novel findings may provide a better understanding of the molecular
underpinnings involved in disorders compromising the dopaminergic system and potentially inform future

therapeutic strategies for dopaminergic dysfunction in neurological disorders.
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In this section of my thesis, I will begin by providing an overview of the G-Protein Coupled Receptors
(GPCRs), the largest and most diverse family of transmembrane receptors. As these receptors are broadly
implicated in physiology and disease, they represent appealing drug targets for the treatment of numerous
pathophysiological conditions in humans (Rehman et al., 2023). I will then focus this section on
dopamine, an essential neurotransmitter for the regulation of various central nervous system (CNS)
functions, which exerts its effects upon binding to GPCRs through several different pathways. Finally, I
will finish this section by discussing the Promyelocytic Leukemia Zinc Finger (PLZF), which the Tiberi
lab has previously identified as a novel interacting protein with the D1-class (D1R and D5R) of dopamine

receptors.

1.1. G Protein-Coupled Receptors

1.1.1. Transmembrane Receptors

The human body is a dynamic system that is constantly receiving signals from the external and internal
environment. The plasma membrane requires cell surface or transmembrane receptors to be able to
transduce these signals into the cell, which it achieves through the activation of various downstream
signaling pathways and responses. There exist three types of transmembrane receptors that can be
categorized according to their structure, biological function and ligand: ligand-gated ion channels,
enzyme-linked receptors and G protein-coupled receptors (GPCR) (Uings and Farrow, 2000). GPCRs
constitute the largest and most versatile family of transmembrane receptors and their signaling plays key
roles in mediating numerous physiological functions including vision, olfaction, gustation,
neurotransmission, hormone regulation, cellular growth and differentiation (Schidth and Fredriksson,
2005; Luttrell, 2008). GPCRs are activated by a wide range of endogenous agonists including peptides,
hormones, odorants, growth factors and even light (Flower, 1999; Schiéth and Fredriksson, 2005).
GPCRs are also implicated in several hereditary disorders including neurological and cardiovascular
diseases. In addition, mutated GPCRs were found in 30% of human thyroid tumors, suggesting a link

between GPCRS and cancer in humans (Marinissen and Gutkind, 2001). It is understandable why then
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over 50% of all therapeutic agents on the market are targeted at GPCRs as well as why their signaling
mechanisms are such an important topic of study (Flower, 1999).

1.1.2. Structure of GPCRs

GPCRs have been characteristically classified by their physiological and structural features. All GPCRS
share a common structural architype of seven hydrophobic transmembrane alpha-helices (TM1-7) linked
by three alternating extracellular loops (EL1-3) and three alternating intracellular loops (IL1-3), followed
by an extracellular amino terminus (NT) and an intracellular carboxyl terminus (CT). In terms of
sequence conservation, the transmembrane domains remain the most structurally similar due to their key
role in managing ligand binding, while the intracellular and extracellular domains vary in size and amino
acid composition depending on the class of GPCRs. The intracellular domains (CT and ILs) regulate G
protein binding and other downstream signaling and scaffolding proteins. The NT and ELs contain one or
more N-glycosylation sites, which are essential for cell surface expression and conformation stabilization
and may help to regulate GPCR signaling by orienting the loops away from the ligand binding pocket for
unimpeded ligand binding access. A disulfide bridge forms between two cysteine residues in EL1 and
EL2 to maintain proper folding conformation of the receptor (Wheatley et al., 2012). There are also two
cysteine residues in the CT that get palmitoylated, allowing for the formation of a putative fourth
intracellular loop (IL4) (Luttrell, 2008). However, further studies have shown in crystallization of the
GPCR structure that the IL4 is part of the alpha-helical domains and is referred to as helix 8 or H8 region

(Sensoy and Weinstein, 2015). (Fig. 1)
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Figure 1. Schematic Diagram of GPCR Structure. A GPCR contains seven alpha-helix TM
domains, forming the site of ligand binding. The TMs are connected by three ELs with an external NT
segment containing N-glycosylation sites. There are also three ILs with an internal CT segment
containing cysteine residues, serving as palmitoylation sites to form the IL4. The ILs and CT allow for

interaction with the G-protein. Created with BioRender.com.
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1.1.3. Classification of GPCRs
GPCRs have been historically classified using the A-F groups system which was first presented in 1994

by Attwood and Findlay, of which only four of the six GPCR groups were found in mammals. Regarding
humans, GPCRs can be divided into five groups in what is known as the GRAFS system, corresponding
to Glutamate (G), Rhodopsin (R), Adhesion (A), Frizzled/Taste2 (F) and Secretin (S) (Fredriksson et al.,
2003; Schitth and Fredriksson, 2005; Oldham and Hamm, 2008). Out of the five groups, the rhodopsin
family is the largest and most studied group of GPCRs, consisting of 701 total receptors which makes up
approximately 80% of all known GPCRs (Oldham and Hamm, 2008). As a result, the rhodopsin family
can be further divided into four main groups: o (biogenic amine receptors like dopamine and serotonin
receptors as well as opsin and melatonin receptors), B (peptide receptors like ghrelin, oxytocin and
neurotensin receptors), y (somatostatin, chemokine and opioid receptors), and & (MAS-related receptors,

glycoprotein receptors, purin receptors, and olfactory receptors) (Fredriksson et al., 2003).

Though the rhodopsin family has high sequence identity in its TM domains, its intracellular loops as well
as the NT and CT exhibit structural diversity in both their length and amino acid residues. Crystallized
structures show that the IL2 is the most conserved of the loop regions (20 + 2 amino-acids), while the IL3
is the most disordered and divergent (41 £+ 43 amino-acids). Both the NT and CT exhibit sequence
diversity as well, with the NT containing 62 + 98 amino-acids and the CT containing 53 = 36 amino-acids
(Moreira, 2014). Studies show that both the IL2 and IL3 are important for G-protein coupling, with
specific residues demonstrating a role in the interaction of specific types of G-protein alpha subunits. As
well, specific amino acid sequences in the TM regions play an important role in the functioning of the
rhodopsin family, with about 20 highly conserved amino acids in the cytoplasmic side being important for
receptor stability upon activation as well as proper protein folding. Specifically, an aspartate-arginine-
tyrosine (DRY)) motif at the cytoplasmic border of TM3 is essential for protein stabilization as well as G-
protein activation and specificity (Moreira, 2014; Calebiro et al., 2021). Residues E/D3x49, R3x50, and
E6x30 form an ionic interaction in the absence of an agonist, known as the “ionic lock™, keeping the

receptor in an inactive conformation until an agonist can bind to break this lock (Calebiro et al., 2021).
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1.1.4. G-proteins and GPCR Signaling

Crystallization and biophysical studies have demonstrated the large number of conformational changes
occurring in the residues of the TM domains during ligand binding and GPCR activation, of which some
have been described above. Altogether, these rearrangements result in a small rotation and upward
movement of the TM3, movement of three TM domains towards the receptor centre and a larger rotation
and outward movement of the intracellular region of TM6. These movements create an opening within the
intracellular surface, allowing for heterotrimeric G-proteins and other signaling molecules to bind
(Moreira, 2014; Calebiro et al., 2021) (Fig. 2). These G-proteins are essential for activating the classical
signal transduction pathway of GPCRs and act as a mediator for the activation of downstream effector
proteins, allowing for a wide variety of cellular responses to occur. The heterotrimeric G-protein is
comprised of three subunits: Ga, G and Gy. As the 3 and y units are strongly bound to each other, they
are commonly regarded as one functional unit as they can only be dissociated through protein
denaturation (Oldham and Hamm, 2008). Crystallized structures have been generated of each G-protein
subunit, with more focus on the Go. subunit due to its predominant role in regulating GPCR activation.
The Ga subunit ranges from 39-52 kDa and is composed of two domains: an a-helical domain, composed
of a long helical guanosine diphosphate (GDP)/guanine triphosphate (GTP)-binding site enclosed by five
structurally divergent helices, and a Ras-like GTPase domain (Luttrell, 2008; Moreira, 2014; Syrovatkina
et al., 2017). The GDP/GTP binding site is flanked by two regions known as Switch I and Switch II,
which are important for mediating GTP hydrolysis and permit changes in Ga conformation depending on
the bound nucleotide. Switch I participates in the catalysis of GTP hydrolysis, with Switch II forming the
binding pocket for the y-phosphate of GTP (Bohm et al., 1997; Syrovatkina et al., 2017). The GTPase
domain acts as a guanine exchange factor by phosphorylating GDP to form GTP and additionally serves
as the binding site for the Gy dimer as well as the GPCR and other effector proteins (Bohm et al., 1997,

Oldham and Hamm, 2008).
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Based on the functional properties of the Ga protein, heterotrimeric G-proteins have been conventionally
classified into four families: Gs/olf, Gi/o, Gq/11, and G12/13. Gs is expressed in most cell types and
predominantly couples to stimulatory receptors, while Golf is expressed in olfactory sensory neurons as
well as medium spiny neurons of the basal ganglia (Syrovatkina et al., 2017). Gi/o is the largest and most
diverse family of G-proteins and couples to inhibitory GPCRs. Gs and Gi/o G-protein families exert their
signaling effects through the activation and inhibition, respectively, of adenylyl cyclase (AC). The
binding of a ligand to the TM domain of the GPCR shifts the receptor from an inactive to an active state
and triggers a conformational change, allowing the conversion of GDP to GTP and dissociation of the Ga
subunit from the By dimer. Gs catalyzes the conversion of adenosine triphosphate (ATP) into cyclic
adenosine monophosphate (cAMP) through the activation of AC, a crucial second messenger molecule for
regulating several biological processes. cAMP can subsequently activate cAMP-dependent protein kinase
A (PKA), which can then go on to regulate different effector proteins through phosphorylation. In
contrast, Gi inhibits the production of cAMP due to the inhibition of AC, leading to inhibition of PKA. In
addition to PKA, the GTP-bound Ga subunit as well as the GBy complex can interact with different
downstream effector proteins. lon channels can be regulated by individual G-protein subunits, with the
inhibition of N-type calcium channels regulated by Gowo and the stimulation of L-type calcium channels
regulated by Gas. GPy subunits were first implicated as a functional G-protein signaling entity when it
was discovered that Gy can activate inward-rectifying K+ channels in cardiomyocytes, regulating the
impact of vagal stimulation on cardiac activity (Logothetis et al., 1987). GBy subunits can also interact
with certain kinases (G protein-coupled receptor kinases or GRKs) involved in receptor desensitization,
regulating their activity by allowing for translocation to the plasma membrane to gain access to free

receptors (Stoffel et al., 1997; Jones-Tabah et al., 2021).
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The activation of Gq proteins can go on to activate phospholipase C (PLC), which can then catalyze the
hydrolysis of the phospholipid phosphatidylinositol biphosphate (PIP2) into diacylglycerol (DAG) and
inositol triphosphate (IP3). IP3 stimulates receptors located along the endoplasmic reticulum (ER) to
release calcium, leading to the activation of protein kinase C (PKC). To restore the heterotrimeric G-
protein complex, the GTPase domain of Ga hydrolyzes the GTP back into GDP and reunite the subunits
of the heterotrimeric G-protein. This process is typically slow in comparison to other aspects of G-protein
coupling. However, the rate can be substantially accelerated through the allosteric binding of GTPase-
activating proteins (GAPs), also known as Regulators of G-protein Signaling (RGS) to Gao, (Ross and
Wilkie, 2000; Sprang et al., 2007).

extracellular view
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Figure modified from Calebiro et al (2021) Physiol Rev 101: 857 intracellular view

Figure 2. Conformational Changes Occurring in the GPCR During Ligand Binding. Activation of
the GPCR results in several rotations and movements of the TM regions to allow for the binding of
heterotrimeric G-proteins and other downstream signaling molecules. This includes movement of three
TM domains towards the receptor centre, a small rotation and upward movement of TM3 and a larger

rotation and outward movement of the intracellular region of TM6. Taken from (Calebiro et al., 2021).
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1.1.5. Ternary Complex Model
The ternary complex model (TCM) was first proposed in 1980 by De Lean, Stadel and Lefkowitz to

explain the cooperative relationship between the receptor, agonist and G-protein, focusing on the [3-
adrenergic receptor using a quantitative model. The TCM states that the receptor exists in a single
convertible state. In the absence of G-protein coupling, the GPCR has equal affinity for both the inactive
and active receptor state and can bind agonists with varying affinities. The coupling of G-proteins to the
receptor then shifts this equilibrium towards the active state and stabilizes high-affinity agonist binding.
Uncoupling shifts the equilibrium towards the inactive state and agonists display a lower binding affinity.
The binding of antagonists remains unaffected regardless of the state of G-protein coupling (Luttrell,
2008). Overall, this theory was highly influential as it was one of the first to link agonist binding affinity
with G-protein coupling in GPCRs; however, this model does not account for constitutive activity, where
some GPCRs have been shown to signal even in the absence of agonist, as well as the role that partial or
inverse agonists play in the state of the receptor. This led to the introduction of a new model known as the
extended TCM, which states that there are multiple conformation states that the receptor can exist in: the
inactive “R” state where agonists bind with low affinity, and the active “R*” state where agonists bind
with high affinity and receptors can signal through even without agonist (Samama et al., 1993; Lefkowitz
et al., 1993). It demonstrates that G-proteins enhance agonist binding and stabilizes the receptor in the R*
state, while inverse agonists promote a shift in the equilibrium towards the R state and decrease G-protein
coupling, keeping the receptor in an inactive conformation and suppressing constitutive activity. Partial
agonists and antagonists stabilize both R and R*, keeping the receptor at equilibrium so it has equal
affinity for both states.

1.1.6. Regulation of GPCR Signaling

Dampening of the GPCR signal, also known as desensitization, is essential for regulation of GPCR
responsiveness and maintenance of cell surface receptor levels. This regulation can be described as either
homologous or heterologous depending on the mechanism and affected GPCRs. Desensitization involves

a series of sequential steps including phosphorylation by kinases on the GPCR intracellular domains,
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internalization of the GPCR from the membrane through endocytosis, and either recycling of the GPCR
back to the membrane for reuse or downregulation of GPCRs through degradation. Both forms of
desensitization involve the phosphorylation of serine and threonine kinases on the GPCR IL3 and CT
(Fig. 3). In heterologous desensitization, this phosphorylation is achieved by second messenger-activated
protein kinases like PKA and PKC as described above, which can phosphorylate other GPCRs regardless
of activation state or agonist occupancy, leading to uncoupling of the G-protein from the GPCR (Luttrell,
2008). It was previously believed that phosphorylation by PKA or PKC was the primary mechanism of
GPCR desensitization. However, later studies revealing the phosphorylation and desensitization of the 2-
adrenergic receptor (2-AR) in lymphoma cells lacking PKA, as well as the ability of kinase to only
phosphorylate agonist-occupied receptors, demonstrated that there may exist an additional mechanism for

desensitization (Kelly et al., 2007).

In homologous desensitization, GPCRs undergo phosphorylation rapidly after agonist binding by
specialized GPCR kinases (GRKSs). To date, there are six known GRKs; GRK1, 2, 3, 4, 5, and 6, and they
can be classified based on their membrane substrate specificity (Stoffel et al., 1997). GRKs are widely
expressed through the CNS and periphery, showcasing their important role in regulating a wide set of
physiological functions through the modulation of GPCR responsiveness. GRK2 and GRK3 were the first
to be identified and purified based on their ability to phosphorylate the B-AR, one of the first receptors to
be identified and one of the most extensively studied for its desensitization process. GRK phosphorylation
has no impact on G-protein coupling; rather, it serves as a catalyst to increase the affinity of the GPCR for
arrestin protein binding to the IL3 and CT domains, thereby preventing further GPCR-G-protein coupling
(Ferguson et al., 1999; Luttrell, 2008). Removal of these serine and threonine residues on the cytosolic
domains can either weaken or outright eradicate the interaction with arrestin, depending on the receptor. It
has been shown that phosphorylation of the f2-AR by GRK?2 increases the affinity of the receptor for -

arrestin 1 up to 10-30-fold (Luttrell, 2008).
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There are four known arrestin proteins in vertebrates, with the first two expressed solely in the retina to

regulate photoreceptor function. The remaining two, arrestin-3 (also known as B-arrestin-1) and arrestin-4

(B-arrestin-2) are found to regulate almost all other GPCR types (Luttrell, 2008). Not only are arrestin
molecules essential for the desensitization process but they may also be a necessary component of
endocytosis and resensitization. Overexpression of either wildtype B-arrestin 1 or 2 restored receptor
sequestration, also known as endocytosis or internalization, of both the truncated and phosphorylation
site-deficient 32-AR, whereby the C-terminal tail was truncated to remove all putative f-adrenergic

receptor kinase 1 (BARK1 or GRK?2) phosphorylation sites or tyrosine residue 326 was mutated to an

alanine to block BARK1-mediated phosphorylation and sequestration (Ferguson et al., 1996). This shows

that while GRK phosphorylation is an important intermediary step for regulating internalization of the
receptor, it is not a required mechanism for inducing receptor internalization in the case of B-arrestin
overexpression; rather, the phosphorylation simply increases the affinity for -arrestin to bind to the

receptor.

Clathrin-mediated endocytosis is the main endocytic pathway occurring during desensitization and
involves the coating of the plasma membrane vesicle with clathrin and at least 40 other known types of
adaptor proteins, including AP-2 and dynamin, to form clathrin-coated pits, facilitating fission of the
vesicle from the membrane (Smith and Smith, 2022). Unlike the visual arrestins, -arrestin contains
binding motifs on its C-terminal tail for clathrin and the f2-adaptin subunit of the AP-2 complex,
showecasing its ability to form complexes with these proteins to facilitate the targeting of GPCRs to the
clathrin-coated pits for internalization (Goodman et al., 1996; Laporte et al., 1999). GPCRs can be
grouped based on their affinity for each B-arrestin isoform. Class A receptors, which include B2-AR, p-
opioid and the D1 dopamine receptor (D1R), bind B-arrestin-2 with higher affinity than B-arrestin-1,
whereas Class B, which includes angiotensin AT 1a and neurotensin 1 receptors, bind each isoform with
equal affinity (Oakley et al., 1999). While B-arrestins play a crucial role in inhibiting the GPCR signal,

they can also transduce their own signal by connecting GPCRs to various other signaling pathways to

11
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prolong GPCR signaling even in the absence of G-protein activity. One of the most well-studied f3-
arrestin-dependent signaling pathway involves activation of the mitogen-activated protein kinases
(MAPK) cascade. While bound to the receptor, B-arrestin acts as a scaffold to recruit the binding of
kinases Raf-1, MEK, and ERK, leading to the activation of ERK and subsequent uptake in the endosomal
vesicles (Luttrell et al., 2001; Luttrell, 2008). While normal G-protein-dependent ERK activation occurs
within minutes and results in translocation of ERK to the nucleus, B-arrestin-dependent ERK activation is
much slower and retains ERK in the endosome and other cytoplasmic locations, affecting the cellular
response through reduced phosphorylation of nuclear substrates (Eishingdrelo et al., 2015). This shows
that ERK has a wide range of cellular functions that can be vastly regulated by GPCRs depending on the

intended response.
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Figure 3. Schematic Diagram of GPCR Desensitization and Trafficking. Moments after ligand binding,
the receptor is phosphorylated by GRKs on the CT and ILs, causing rapid disruption and uncoupling of the
GPCR from its G protein. This phosphorylation promotes the binding of B-arrestin to the phosphorylated
receptor to target the receptor for dynamin-dependent endocytosis through clathrin-coated vesicles.
Internalized GPCRS are dephosphorylated and either sorted into lysosomes to be degraded or recycled back

to the cell surface. Created with BioRender.com.
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1.1.7. Positive Regulation of GPCRs

Beyond GRKSs and arrestin proteins, GPCRs can also be positively regulated through their interactions
with various other signaling and trafficking proteins, which can be organized into multi-protein
“signalsomes” depending on the cellular response. These protein-protein interactions include
heterodimerization and homodimerization, where two distinct receptors interact or two of the same
receptors interact with each other, respectively. Most GPCRs exist as multimers, as they assemble in this
way during synthesis, and dimerization is sometimes essential for trafficking to the plasma membrane
(Luttrell, 2008). Dimerization can also modulate GPCR functioning, with heterodimerization between the
AT A angiotensin receptor and B2 bradykinin receptor enhancing G-protein activation and altering
agonist efficacy (Luttrell, 2008). GPCRs can also interact with Receptor Activity Modifying Proteins
(RAMPs) and Post-Synaptic Density of 95 kDa (PSD95)-Disc large-Zona occludens (PDZ) Domain-
Containing proteins, the latter forming a complex with a PDZ domain-binding motif on the C-terminal of
several GPCRs. Both RAMPs and PDZ Domain-Containing Proteins have important roles in modulating

receptor function, particularly by regulating receptor trafficking and localization (Luttrell, 2008).

1.2. The Dopamine System

1.2.1. Overview

The tyrosine-derived catecholamine 3,4-dihydroxyphenethylamine, more commonly known as dopamine
(DA), is an essential neurotransmitter in the mammalian brain and is essential for the regulation of
numerous central nervous system (CNS) functions including locomotion, cognition, mood, learning,
reward and pleasure. DA also plays a role in the periphery, regulating functions like olfaction, hormone
secretion, cardiovascular functioning and gastrointestinal motility (Missale et al., 1998; Beaulieu and
Gainetdinov, 2011; Klein et al., 2019). DA exerts its effects through neural projections, of which its
innervations are the most prominent in the brain. Four major dopaminergic pathways exist in the brain:
the nigrostriatal, mesolimbic, mesocortical and tuberoinfundibular systems. Many of these pathways exert
their effects by projecting through the DA-rich regions of the midbrain, known as the ventral tegmental

area (VTA) and the substantia nigra pars compacta (SN¢), with the tuberoinfundibular pathway signaling

14
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through the arcuate nucleus and the periventricular nucleus of the hypothalamus towards the pituitary

gland to regulate the production of prolactin. The nigrostriatal pathway transmits dopamine from the zona

compacta of the SN towards the caudate nucleus and putamen of the dorsal striatum to control voluntary

movement and associative learning. Both the mesolimbic and mesocortical pathways begin in the VTA,

with the mesolimbic pathway terminating in the nucleus accumbens located in the ventral striatum while

the mesocortical pathway terminates in the prefrontal cortex. These pathways regulate reward and

motivation as well as executive functioning, respectively (Missale et al., 1998; Klein et al., 2019) (Fig. 4).

Most of the DA synthesis in the body originates from tyrosine, where it is converted to L-3,4-
dihydroxyphenylalanine (Levodopa/L-DOPA) by the rate-limiting enzyme tyrosine hydroxylase.
Levodopa can then cross the blood brain barrier into neurons to be converted into DA by L-amino acid
decarboxylase (DOPA decarboxylase) and subsequent reactions can convert DA to norepinephrine and
then epinephrine (Klein et al., 2019) (Fig. 5). Given that DA transmission is so crucial to normal
physiology, it is understandable why then dysfunctional dopamine neurotransmission is implicated in
many disorders, some of the most well-known being Parkinson’s Disease (PD), Levodopa-Induced

Dyskinesia (LID), schizophrenia, Huntington’s Disease and drug addiction.
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Figure 4. The Major Dopaminergic Pathways in the Brain. There are four main dopaminergic

neuronal pathways. The nigrostriatal pathway (highlighted in red) projects from the substantia nigra para

compacta (SNc) to the dorsal striatum and is responsible for regulating locomotion. The mesocortical

pathway (highlighted in green) projects from the ventral tegmental area (VTA) to the cerebral cortex and

regulates cognition, memory, learning and motivation. The mesolimbic pathway (highlighted in blue)

projects from the VTA to the ventral striatum/nucleus accumbens (NAc), hippocampus and amygdala, and

regulates emotion, perception and feelings of reward. Finally, the tuberoinfundibular pathway

(highlighted in purple) projects from the arcuate nucleus of the hippocampus to the pituitary gland and is

responsible for the regulation of hormone production. Created with BioRender.com.
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Figure 5. Schematic Diagram of Neuronal Dopamine Synthesis. Dopamine (DA) is synthesized from
tyrosine in the presynaptic neuron. Tyrosine hydroxylase (TH) converts tyrosine to L-DOPA during the
rate-limiting step. Decarboxylation by aromatic L-amino acid decarboxylase (AADC) converts L-DOPA
to DA. DA can then be packaged into storage vesicles by vesicular monoamine transporter 2 (VMAT?2) to
be released into the synaptic cleft upon generation of an action potential and increase of Ca®" influx in the
synaptic terminal. Upon release, DA can either bind to dopaminergic autoreceptors on the presynaptic
terminal, or it can activate postsynaptic DA receptors to activate various downstream signaling pathways.
Excess DA in the synaptic cleft is either reuptaken by the dopamine transporter (DAT) or metabolized by
monoamine oxidase (MAQ) and catechol-O-methyltransferase (COMT). Highlighted in red are known

drugs that inhibit DA synthesis, release, reuptake and degeneration. Created with BioRender.com.
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1.2.2. Dopamine Receptor (DAR) Classification
DA exerts its physiological effects in the CNS and periphery through binding to GPCRs, of which there

are five main subtypes (D1R, D2R, D3R, D4R, D5R) that are divided into two classes based on their
structural, biochemical and pharmacological properties. The ability of DA to differentially modulate
signaling activity through its interaction with a wide set of GPCRs is why DA cannot be simply
categorized as either an excitatory or inhibitory neurotransmitter. The D1R and D5R constitute the D1-
class, while the D2R, D3R and D4R constitute the D2-class. The D1-class couples to the Gasorr family of
G proteins, thereby activating AC to increase the production of cAMP and stimulate PKA, whereas the
D2-class couples to the Gai, family of G proteins to inhibit AC (Beaulieu et al., 2015; Klein et al., 2019).
D2-class receptors are found both pre-synaptically on dopaminergic neurons as well as post-synaptically
on dopamine-receptive cells, while D1-class receptors are more frequently observed post-synaptically and
rarely localize on presynaptic terminals (Missale et al., 1998; Beaulieu and Gainetdinov, 2011; Klein et
al., 2019). As well, the D1-class and D2-class differ in their genetic structure, with D1R and D5R each
existing as a single isoform due to the lack of intron sequences in their coding regions, a common
characteristic in most GPCR structures. In contrast, several introns are present within the D2-class
receptors, with six introns found in the D2R gene, five in D3R and three in D4R, generating different
variants of each receptor through alternative splicing (Dearry et al., 1990; Missale et al., 1998).
Interestingly, only the D2R generates more than one functional splice variant, referred to as D2S (D2R-
short) and D2L (D2R-long), with the long variant differing by an additional 29 amino acids in the IL3.
These variants are generated from alternative splicing of an 87 base-pair exon between introns 4 and 5
and have been shown to exhibit distinct physiological, biochemical and pharmacological properties
between each other, with D2S being predominantly expressed pre-synaptically and functioning as an
auto-receptor whereas D2L is mostly found in postsynaptic terminals (Missale et al., 1998; Beaulieu and
Gainetdinov, 2011). Most of the proteins encoded from the D3R variants have been shown to be

nonfunctional. For the D4R, several polymorphic variants containing a 48 base-pair repeat sequence in
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the IL3 have been discovered, with other repeat sequences up to 11 base-pairs being identified (Missale et
al., 1998; Klein et al., 2019).

1.2.3. DAR Structure

Like most other GPCRs, the structure of DARs consists of the alpha-helical 7TM regions along with an
extracellular NT linked with EL1-3 and intracellular CT linked with IL1-3. DA receptors display the
highest degree of sequence homology within their TM domains. Members of the same class have
considerable amino acid sequence conservation, with 80% identity between the TM domains of D1R and
D5R, 75% identity between D2R and D3R, and 53% identity between D2R and D4R (Missale et al.,
1998; Beaulieu and Gainetdinov, 2011). Overall, the D1R and D5R exhibit about 50% homology in their
amino acid residues but over 80% within their TM regions (Tiberi et al., 1991). Structurally, dopamine
receptors exhibit the most divergence in their cytoplasmic domains, with the CT being about seven times
longer for the D1-class than the D2-class. Both DAR classes contain a cysteine (Cys) residue in the CT,
which is thought to be important for anchoring the CT to the membrane as well as enhancing the affinity
for cytoplasmic proteins to associate with the membrane. While this cysteine residue is located near the
beginning of the D1-class CT, it is present near the end of the CT for the D2-class. Two cysteine residues
on the proximal end of the DIR CT act as palmitoylation sites, found at residues Cys347 and Cys351, and
are the only sites of palmitoylation on the receptor, as removal of both sites completely abolished
palmitoylation. This post-translational modification is known to enhance the binding of cytosolic proteins
with the receptor (Jin et al., 1999). The anchoring of the CT to the membrane from Cys palmitoylation has
been proposed to form the H8 region, as previously discussed above, and this domain has been
demonstrated to confer subtype-specific ligand binding and activation properties as well as regulating -
arrestin-mediated desensitization without directly affecting G-protein coupling selectivity (Tumova et al.,
2004; Yang et al., 2019). D1-class receptors exhibit a much shorter IL3 than the D2-class, with a long IL3
being an important characteristic in inhibitory GPCRs for the coupling of Gi proteins to inhibit AC. Akin
to all other GPCRs, DARs possess two cysteine residues to stabilize the receptor structure by forming an

intramolecular disulphide bridge. Regarding the D1-class, the IL3 and CT remain similar in size but
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exhibit sequence divergence, whereas the IL1 and IL2 are both highly conserved in the D1R and D5R

(Missale et al., 1998).

Many studies using site-specific mutagenesis have observed the IL3 and CT as major determinants in
regulating G-protein coupling and AC activation (Tiberi et al., 1991; Tiberi and Caron, 1994). Therefore,
the sequence diversity between the D1-class IL3 and CT may explain the observed distinct functional
properties of the D1-class as it relates to DA potency and binding affinity, constitutive activation, AC
activation, GRK-mediated phosphorylation and desensitization, and receptor levels (Jensen et al., 1995;
Charpentier et al., 1996; Jackson et al., 2000; Lamey et al., 2002; Tumova et al., 2003). The carboxyl
terminal domain of the IL3 (IL3-C) has been demonstrated to modulate the equilibrium between the
inactive and active conformations of several GPCRs. This activity is regulated by two distinct amino acid
residues in the IL3-C of the D1-class, as swapping of these residues between the D1R and D5R resulted
in each receptor exhibiting constitutive properties alike to that of the other subtype (Charpentier et al.,

1996).

1.2.4. DAR Expression
DA receptors are broadly expressed throughout the CNS as well as periphery regions like the heart, retina

and kidneys, with the D1R being the most widely expressed receptor out of all other subtypes. The level
of each receptor in the brain is variable depending on the region, with DI1R having high expression in the
nucleus accumbens, caudate putamen, SN pars reticulata (SNr) and the amygdala with lower expression
in the hippocampus, cerebellum and hypothalamus. The D5R exists in significantly lower amounts than
the D1R, being expressed in the prefrontal cortex, premotor cortex, the dentate gyrus of the hippocampus
and the striatal cholinergic interneurons (Jones-Tabah et al., 2022). After the D1R, the D2R is the 2™ most
widely expressed receptor and is found in regions like the nucleus accumbens, striatum, VTA and
olfactory tubercule. Though they exist in many of the same brain regions, colocalization between D1R
and D2R is rare. The D3R and D4R are expressed at much lower levels than the other subtypes, with the

D4R having the lowest expression in the brain. The D4R is mostly localized to the retina, with lower
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expression levels in the frontal cortex, amygdala, hippocampus and hypothalamus. The expression of the
D3R is more localized to the limbic areas such as the olfactory tubercle and the nucleus accumbens;
however, it is still detectable in very low levels in the SNc, striatum, VTA and various cortical areas
(Missale et al., 1998; Beaulieu and Gainetdinov, 2011; Klein et al., 2019).

1.2.5. DAR Canonical Signaling Pathway

As previously described, D1-class receptors couple to Gas/olf proteins to activate AC, increase
production of cAMP and activate PKA, whereas D2-class receptors exert the opposite effect by coupling
to Gai/o to inhibit AC. PKA is an important regulator of several different genes and downstream signaling
pathways, and has many targets including glutamate and GABA receptors, ion channels, cAMP response
element-binding protein (CREB), and dopamine and cAMP-regulated phosphoprotein 32 (DARRP-32), a
multifunctional protein predominantly expressed in medium spiny neurons (MSNs) that can act as a
feedback loop to regulate PKA activity depending on its post-translational modifications. Activated PKA
can go on to phosphorylate DARRP-32 on its Threonine 34 (Thr34) residue, promoting its inhibitory
activity on protein phosphatase 1 (PP1), an enzyme responsible for histone dephosphorylation. On the
other hand, the inhibition of PKA activity during stimulation of D2-class receptors reduces DARPP-32
phosphorylation at Thr34, preserving PP1 activity and histone dephosphorylation. Dephosphorylation of
DARPP-32 can also be promoted through casein kinase 1 (CK1), which phosphorylates DARPP-32 at
Serine 137 to downregulate PKA-mediated phosphorylation at Thr34. The activation of calmodulin-
dependent protein phosphatase 2B (PP2B/calcineurin) through increased calcium concentrations from D2-
class receptor activation can dephosphorylate Thr34. DARPP-32 can also be regulated through
phosphorylation on its other residues. For example, cyclin-dependent kinase 5 (CDKS5) can phosphorylate
DARPP-32 at Threonine 75 (Thr75), thereby blocking the inhibition of PP1. Casein kinase 2 (CK2) can
phosphorylate DARPP-32 at Serine 97/102 to enhance PKA-mediated DARPP-32 phosphorylation
(Beaulieu et al., 2015; Klein et al., 2019). Therefore, D1-class stimulation enhances PKA-mediated
signaling by rendering its potential gene targets more accessible for transcription and expression through

the activation of DARPP-32.
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1.2.6. DAR Non-Canonical Signaling Pathway
Aside from the regulation of AC activity and cAMP production through coupling to Gs/olf or Gi/o, there

is evidence suggesting that the D1R can couple to Gaq proteins, modulating the activity of PLC;
however, the physiological conditions regulating this manner of signaling remain poorly understood. PLC
catalyzes the production of IP3 and DAG, increasing intracellular calcium levels and activating PKC,
respectively. Intracellular calcium production can also activate PKC variants such as the
calcium/calmodulin-dependent PK II (CAMKII) and the protein phosphatase calcineurin/protein
phosphatase 2B (PP2B). This has been suggested to occur primarily through the formation of DIR-D2R
heterodimers, which are co-expressed in small populations of MSNs in the nucleus accumbens as well as
certain regions of the basal ganglia. However, the contribution of the D2-class in regulating PLC-
mediated signaling is unclear, as some studies have demonstrated the regulation of PLC by D1-class
receptors in vivo without activation of D2-class receptors, as well as a lack of Gaq/Ga 11 coupling to
DI1R-D2R heteromers (Beaulieu et al., 2015; Frederick et al., 2015). There have been several mechanisms
proposed to explain the Gaq signaling seen in vivo. One possible explanation is that PLC activation and
calcium mobilization may be GBy-dependent, as prior studies have shown sequestration of Gy to the
membrane ablated the calcium response in response to D1R and D2R activation (Chun et al., 2013; Jones-
Tabah et al., 2021). As well, the type of agonist bound may be an important factor in the mobilization of
calcium, as several D1R agonists from the benzazepine family appear to differentially effect calcium
mobilization, with 6-chloro-2,3,4,5-tetrahydro-1-(3-methylphenyl)-3-(2-propenyl)-1H-3-benzazepine-7,8-
diol (SKF83822) selectively activating D1R-mediated cAMP production with no effects on calcium
movement, whereas 6-chloro-2,3,4,5-tetrahydro-3-methyl-1-(3-methylphenyl)-1H-3-benzazepine-7,8-diol
(SKF83959) selectively activates calcium release with no effect on cAMP production (Jin et al., 2003;
Chun et al., 2013). However, the results of these studies are controversial as a study by D’ Aoust and
Tiberi found that SKF83959 mediates AC activation in HEK293 cells expressing low levels of DIR and

D5R (D’ Aoust and Tiberi, 2010) (Fig. 6).
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Figure 6. Schematic Diagram of the D1-Class Canonical and Non-Canonical Signaling Pathway.
The D1-class of receptors primarily signal through the Gas/olf coupled pathway AC to increase
intracellular cAMP. This action subsequently stimulates PKA to activate the inhibitory function of
DARPP-32 on PP1, as well as phosphorylates CREB to transcribe genes. The non-canonical pathway,
primarily acting through D1R-D2R heterodimers signals through Goq to stimulate PLC. PLC catalyzes
the hydrolysis of PIP2 to produce DAG and IP3. IP3 production leads to a release of intracellular calcium
from the ER. This production of calcium, along with DAG, can activate PKC. Created with

BioRender.com.
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1.2.7. Regulation of DARs
Like other GPCRs, DARs undergo agonist-mediated desensitization to regulate their physiological

responsiveness. As previously described, serine and threonine residues on the 1L3 and CT are
phosphorylated by second messenger-dependent PKA or PKC as well as GRKSs to induce endosomal
internalization and sorting of the DAR to be degraded or recycled back to the membrane (Tiberi et al.,
1996; Mason et al., 2002). There are seven known members of GRKs, and it has been demonstrated that
each DAR subtype can be regulated by different subsets of GRKs. The DIR can act as a substrate for
GRK2, GRK3 and GRKS, with GRK3 substantially enhancing the desensitization of DIR relative to
GRK2. Interestingly, cells expressing GRKS displayed an additional 40% reduction in maximal AC
activation of DIR relative to cells expressing GRK2 and GRK3 (Tiberi et al., 1996; Sedaghat and Tiberi,
2011). Studies have shown that the CT is the predominant D1R domain for GRK phosphorylation as well
as the IL3 to a lesser extent, with GRK-mediated phosphorylation of the CT thought to act as a primer to
facilitate subsequent IL3 phosphorylation. It has been thought that the IL3 and CT are in close association
with each other under basal conditions; however, phosphorylation of the CT and IL3 alters conformation
of the IL3 to allow binding of arrestin molecules, inducing receptor internalization (Kim et al., 2004).
Site-directed mutagenesis of serine and threonine residues in the IL3 and CT of D1R have revealed that
agonist-induced phosphorylation is mediated by individual residues, as isolated substitution of Thr 360
and its adjacent residue Glu 359 to alanine completely abolished D1R phosphorylation and
desensitization. Although there is no definitive consensus on the exact CT residues phosphorylated by
each GRK, studies have shown that GRK2 preferentially phosphorylates serine and threonine residues
flanked by acidic amino acid residues towards the CT side, whereas GRKS typically acts on serine
residues flanked by basic amino acid residues towards the NT side (Lamey et al., 2002). Studies with in-
vitro cellular systems have shown that overexpression of GRK2 enhances phosphorylation of the D1R,
D2R and D3R, showcasing a predominant role for GRK2 in mediating DAR desensitization (Gainetdinov
et al., 2004). However, as deletion of the GRK2 gene in mice results in embryonic lethality (Jaber et al.,

1996), it is impossible to know the exact role of this kinase in DAR regulation. Altogether, it can be
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postulated that the degree of desensitization and regulation of DAR signaling is critically dependent on
the manner of GRK recruitment and its phosphorylation pattern.

1.2.8. Direct and Indirect DAR Signaling Pathways

As previously discussed, the striatum is the primary input structure regulating motor function in the
dopaminergic system and is a major component of the basal ganglia, the major neuronal network for
motor control comprised of the external globus pallidus (GPe), internal globus pallidus (GP1), the
subthalamic nucleus (STN) and the SN (Smith et al., 1998; Thibault et al., 2013; Gerfen, 2023). The
regulation of movement by the basal ganglia is complex and involves the processing and transmission of
information from the motor cortex through two separate and parallel pathways, known as the indirect and
direct pathways. These pathways are formed from the axons of GABAergic MSNs, the predominant cell
type of the striatum, which send and receive excitatory afferent signals from thalamic and cortical
glutamatergic fibers as well as dopaminergic neurons from the SNc at their dense dendritic projections
(Thibault et al., 2013). MSNss in the direct pathway make inhibitory connections with the GPi and the
substantia nigra pars reticulata (SNr), which in turn decreases the degree of inhibitory output towards the
thalamus. The disinhibited thalamus can then send excitatory signals back to the motor cortex to facilitate
the initiation and execution of motor activity. In contrast, MSNs in the indirect pathway make inhibitory
connections with the GPe, reducing the inhibition of the STN. Instead of directly signaling to the
thalamus, the disinhibited STN excites the GPi and SNr, increasing inhibition of the thalamus. Thalamic
activity to the motor cortex is subsequently decreased and motor activity is suppressed (Thibault et al.,
2013; Smith et al., 1998). MSNss in the direct pathway have been found to express very high amounts of
DIR with very little presence of D2R, whereas MSNs in the indirect pathway express high levels of D2R

with minimal D1R expression.
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1.2.9. Dysfunctional DA Signaling and Treatments
Understanding the role that DARs play in regulating motor function through these pathways is important,

especially when looking at how this signaling becomes dysregulated in diseases affecting the
dopaminergic system. It was first established in the early 1960’s through the pioneering work of Arvid
Carlsson and Oleh Hornykiewicz that Parkinson’s Disease (PD) results from dopamine neuron
degeneration in the striatum. This degeneration creates an imbalance in the activity of the direct and
indirect pathways, causing a relative overactivity of the indirect pathway. The loss of dopamine neurons
in the SN leads to dopamine deficiency in the basal ganglia, resulting in increased thalamic output to the
motor cortex through the indirect pathway whereas the output is decreased in the direct pathway. This
mechanism is thought to be the primary cause of the slow bradykinetic movements, muscle rigidity and
tremors that are frequently experienced by patients with PD. In contrast, Huntington’s Disease (HD), a
neurodegenerative disorder with elevated dopamine levels and involuntary hyperkinetic motor symptoms
as hallmark symptoms in early stages of the disease, is associated with an imbalance in favour of the
direct pathway (Smith et al., 1998; Klein et al., 2019; Gerfen, 2023). While L-Dopa is still the most
effective and commonly used treatment to boost endogenous dopamine synthesis in PD patients, it only
provides therapeutic benefits in lessening the symptoms of PD and does not impact the neurodegeneration
of dopamine neurons. Therefore, PD continues to progress even with continuous L-Dopa treatment,

resulting in reduced clinical effectiveness over time.

One obstacle with the use of L-Dopa to treat PD is the development of Levodopa-Induced Dyskinesia
(LID), which frequently occurs in PD patients after long-term use of L-Dopa. This disorder exhibits
similar symptoms to that of PD, with patients experiencing slow involuntary movements and muscle
contractions, and presents as an additional challenge in being able to find appropriate pharmacological
interventions to treat PD. Fortunately, new DIR agonists are being developed that show promise in
replacing L-Dopa. These agonists act to shift striatal activity towards the direct pathway and alleviate
motor impairment, with these treatments being largely successful at treating symptoms in animal model

of PD. These agonists can be categorized into four main classes: Benzazeprine agonists,
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Tetrahydroisoquinoline agonists, Isochromans, and Non-catecholamine agonists (Jones-Tabah et al., 2021;
Klein et al., 2019). Though these drugs appear beneficial in treating PD symptoms, they remain limited in
their clinical effectiveness for a variety of reasons, such as the presence of adverse effects, rapid tolerance
buildup, short half-life and the lack of D1-class selectivity. Though the exact causes of LID are yet to be
fully understood, it is thought that the hypersensitization of the D1-class is a significant contributing
factor. Due to their perceived structural similarities and high degree of sequence homology, it has not
been possible so far to pharmacologically differentiate between the DIR and D5R, with agonist affinities
being almost identical between the two receptors (Missale et al., 1998). Other effective therapeutic
treatments have included lesioning of the GPi as well as deep brain stimulation of the STN to reduce

excitatory output to the GPi, thereby improving motor cortical activity (Fig. 7).
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Figure 7. Schematic Diagram of the Direct and Indirect Circuits of the Basal Ganglia and Thalamus

in Normal and Diseased States. (A) The basal ganglia consist of the striatum, the internal and external
segments of the globus pallidus (GPi and GPe, respectively), the substantia nigra pars compacta (SNc¢),
the substantia nigra pars reticulata (SNr) and the substantia nigra (STN). Together, these structures are
linked to form an intricate network of excitatory and inhibitory connections, depicted in the green and red
lines, respectively. (B) The striatum receives excitatory glutamatergic signals from the cortex. The
striatum can then send inhibitory GABAergic signals through the direct pathway (depicted in blue),
projecting to the GPi/SNr, and the indirect pathway (depicted in orange), projecting to the GPe. The GPe
can then send inhibitory output signals to the GPi/SNr and the STN, the latter of which can excite the
GPi/SNr. Inhibition of the GPi/SNr modulates thalamic and brainstem activity to promote or suppress
locomotion. (C) The degeneration of dopaminergic neurons in the striatum during Parkinson’s Disease
(PD) results in decreased inhibitory output to the GPi/SNr through both pathways, causing an increase in

inhibitory output to the thalamus and brainstem nuclei, leading to symptoms of dyskinesia. (D) Treatment
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of PD with Levodopa can result in overactivation of striatal neurons, leading to increased inhibition of the
GPi/SNr through both pathways. This decreases inhibitory output to the brainstem nuclei and thalamus.
Created with BioRender.com.

1.2.10. DAR Pharmacological Properties

As previously discussed, efforts to pharmacology differentiate between the D1-class receptors have fallen
short (Missale et al., 1998). However, studies have revealed that there are differences in the
pharmacological properties between the DIR and D5R. Specifically, the D5R exhibits greater affinity for
agonists, greater constitutive activity and lower affinity for antagonists than the D1R. Dopamine appears
to have a 10-fold greater affinity for the DSR than the D1R, whereas antagonists like butaclamol and
spiperone exhibit a 6-fold greater affinity for the D1R. Studies show that the D5R exhibits higher basal
AC activity than the D1R; however, upon agonist stimulation, the maximal activation of AC was higher
for D1R than D5R (Tiberi et al., 1991; Tiberi and Caron, 1994). It has been demonstrated that these
distinct properties are attributed to the divergent amino acid residues of the D1-class, as previously
mentioned above, specifically within the IL3 and CT as well as the IL4 to a lesser extent.

1.2.11. DAR-Interacting Proteins (DRIPs)

Studies have demonstrated that DARs are regulated throughout their lifecycles by a series of cytoskeletal,
adaptor and trafficking proteins known as dopamine-receptor interaction proteins (DRIPs). Many of these
DRIPs have been identified using a yeast two-hybrid system (Y2H), in which specific regions of the DAR
(usually the CT or IL3) are used to “pull out” potential interacting partners from a human brain cDNA
library. This method has revealed that the D1-class and D2-class interact with different sets of DRIPs,
likely due to the distinct sequence homology in their cytoplasmic structures, which highlights the
important role that these proteins play in regulating the biochemical and physiological functions of each
DAR (Bergson et al., 2003). Gaining a better understanding of how these proteins act to modulate DAR
activity can help to develop novel treatments for disorders compromising the dopaminergic system, as

well as improve their efficacy and safety, through an enhanced understanding of the molecular
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mechanisms that are implicated in dysfunctional dopamine signaling. These proteins include cytoskeletal
proteins like neurofilament-M (NF-M) and postsynaptic density-95 (PSD-95) as well as adaptor proteins
and chaperones like DRiP78, calnexin and calveolin-1 (Wang et al., 2008). NF-M was found to interact
with the [L3 of D1R in vivo and regulates trafficking of the receptor, with co-expression of D1R with NF-
M in HEK?293 cells resulting in over 50% reduction in the Bmax of the receptor as well as reducing D1R-
mediated cAMP production. Studies using confocal microscopy showed that NF-M reduced D1R
expression at the cell surface while promoting its accumulation in the cytosol. Interestingly, the co-
expressed DIR with NF-M that were still present at the cell surface were resistant to agonist-mediated
desensitization, demonstrating a role for NF-M in regulating D1R receptor expression and trafficking.
Colocalization was found to occur in the pyramidal cells and interneurons of the frontal cortex as well as

the striatum, with over 50% of MSNss expressing these proteins together (Kim et al., 2002).

Another protein found to interact with and regulate the activity of the D1R is PSD-95, a scaffolding
protein from the membrane-associated guanylyl kinase (MAGUK) family that has been previously shown
to regulate the internalization and synaptic transmission of N-methyl-D-aspartate (NMDA) receptors
(Kim and Sheng, 2004; Zhang et al., 2007). PSD-95 interacts with the CT of D1R both in HEK293 cells
as well as in vivo, within the dendritic spines of mice. Similarly to NF-M, PSD-95 was demonstrated to
inhibit D1R-mediated cAMP production as well as reduce cell surface expression of DIR while
increasing its expression in the cytosol. Interestingly, PSD-95 does not modulate the agonist binding
properties of D1R, showcasing that PSD-95 may only regulate the endocytosis of DIR under constitutive
activity. The regulation of D1R by PSD-95 may be dependent on the activity of the endocytic GTPase
dynamin, as co-expression of a dominant negative mutant form of dynamin with PSD-95 and D1R
completely abolished D1R endocytosis under constitutive activity (Zhang et al., 2007). A study by Li et al
showed that PSD-95 can interact with a Gy subunit, highlighting a potential mechanism for PSD-95 in its
ability to regulate D1R activity by possibly modulating G-protein coupling (Li et al., 2006). Unpublished

studies in the Tiberi lab have also shown that PSD-95 can interact with the IL3 of D5R in HEK293 cells
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as well as in vivo, colocalizing in neuronal dendrites in the hippocampus and cortex, and similarly to its
interaction with the D1R, does not affect the binding properties of DSR. However, PSD-95 increases
D5R-mediated cAMP production and ERK1/2 activation as well as inhibits agonist-mediated
internalization of the receptor through a dynamin- and BArr2-dependent pathway (Bassam Albraidy,

Ph.D. Thesis, 2023).

Interestingly, another MAGUK protein has recently been identified as a D1R-interacting protein. SAP102
forms a complex with the IL3 of the D1R and modulates D1R activity oppositely to PSD-95, increasing
DI1R-mediated cAMP production and ERK1/2 activation. SAP102 also promotes an increase in the
agonist-mediated phosphorylation of D1R as residues Thr354 and Ser372/373, but surprisingly, reduces
DIR internalization in the presence of an agonist. As it has been previously described in earlier sections
that phosphorylation by GRKSs increases affinity for BArr2 to bind to the receptor and facilitate receptor
desensitization and subsequent internalization, SAP102-D1R complex formation may impede access for
GRKSs to phosphorylate other cytoplasmic residues that are essential for mediating fArr2 binding,
resulting in reduced D1R internalization. This may also explain the increased phosphorylation of Thr354
and Ser372/373, as the GRKs may be overcompensating for the reduced access to these other cytoplasmic

residues (Bassam Albraidy, Ph.D. Thesis, 2023)

Furthermore, studies have suggested that the endoplasmic reticulum (ER) chaperone protein DRiP78
interacts with the motif FxxxFxxxF found on the proximal CT portion of the D1R, with its overexpression
obstructing its transport out of the ER and reducing its glycosylation and ligand binding. This is thought
to occur through blockage of a cargo-selection signal through binding and masking of an ER-export
signal, the FxxxFxxxF motif in this case. Endogenous levels of DRiP78 appear to be required for efficient
DIR transport outside of the ER., with competing peptides that interfere with DRiP78 reducing this
export. This demonstrates a role for DRiP78 in regulating the export of DIR based on its cellular levels
(Bermak et al., 2001). Another ER chaperone protein, calnexin, interacts with both D1 and D2-class

receptors to regulate the expression of cell surface proteins. Calnexin is important for protein folding and
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quality control and additionally acts as a chaperone for newly synthesized glycoproteins. The inhibition of
glycosylation, as well as overexpression of calnexin, is shown to partially blocks its complex formation
with D1R (Wang et al., 2008). D1R can also localize in caveolae-containing lipid raft microdomains,
which was shown in studies using COS-7 cells to be regulated through a complex formation with
calveolin-1 at a distinct caveolae-binding motif in the TM7 of D1R (Kong et al., 2007). Prior studies have
shown that caveolae have a well-defined role in mediating the activity of several signal transduction
pathways in GPCRs (Yamamoto et al., 1998; Allen et al., 2007). This motif regulated the agonist-induced
internalization of D1R into caveolin-1-enriched sucrose fractions specifically through a slower PKA-
independent pathway, showcasing an important role for caveolae in mediating D1R internalization (Kong

et al., 2007).

Finally, the Tiberi lab recently identified the Promyelocytic Leukemia Zinc Finger (PLZF) as a novel
interactor with the D1-class receptors and unpublished studies in the lab have shown that PLZF exhibits
subtype-specific regulation of D1-class activity. Notably, PLZF increases D1R-mediated cAMP
production and ERK1/2 activation while hindering that of DSR. PLZF also decreases the internalization
of DIR but increases D5R internalization. The underlying processes controlling these PLZF-mediated

changes in D1-class activity remain to be fully understood.

1.3. Promyvelocyvtic Leukemia Zinc Finger (PLZF)

1.3.1. Discovery of PLZF
The PLZF protein, also known by its genetic codes ZFP145 (Zinc Finger Protein 145) or ZBTB16 (Zinc

finger and bric a brac, tramtrack, and broad Domain-Containing Protein 16) was first discovered in a
patient with acute promyelocytic leukemia (APL), a rare subtype of acute myeloid leukemia resulting
from the accumulation of malignant myeloid cells due to blocked differentiation at the intermediate
promyelocytic stage. Over 95% of patients diagnosed with APL present with a t(15; 17) (q22;q21)
reciprocal chromosomal translocation, resulting in a chimeric gene formed by a fusion between the

promyelocytic leukemia (PML) and the retinoic acid receptor alpha (RARa) genes. Patients with this
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form of APL can be successfully treated with the administration of all-trans retinoic acid (ATRA) to
restore proper differentiation of immature promyelocytes into mature granulocytes. APL has been
associated with four known chromosomal translocations, all involving chimeric genes formed from a
fusion with the RARa gene and abnormal RAR signaling. In the case of APL involving PLZF, patients
present with a 46,xy,t(11;17) (q23;21) translocation without any rearrangement of chromosome 15.
Further molecular analysis showed that the RARa was rearranged and fused with PLZF to form two new
chimeric genes: PLZF-RARa and RARa-PLZF. The PLZF-RARa fusion protein can then bind to retinoic
acid response elements (RARESs) to interfere with normal RARa functioning via a double negative effect.
Patients with this form of APL are poorly, if at all responsive to ATRA treatment or conventional

chemotherapy (Chen et al., 1993; Li et al., 1997; Shaknovich et al., 1998).

1.3.2. PLZF Structure
The PLZF protein is encoded by the ZBTB16 gene and is found on chromosome 11923 alongside a series

of related genes belonging to the Kriippel-like zinc finger family, a group of eukaryotic proteins
containing stabilizing zinc ions and have regulatory roles in DNA transcription and RNA packaging. The
human ZBTB16 gene has three functional splice variants composed of seven exons that all exhibit shared
homology between exons 3 and 6. The first transcript is 2,477 bp while the second transcript is 2,249 bp
in length, both encoding a 673 amino acid long protein. The third transcript is 1,728 bp long and encodes
a 550 aa protein. The structure of PLZF is made up of an N-terminal bric a brac, tramtrack, and broad-
complex domain, also known as the poxvirus and zinc finger domain (BTB/POZ), a centre RD2 domain
and a C-terminal Kriippel-like C2H2 zinc finger domain (Suliman et al., 2012). The BTB/POZ domain is
made up of four a-helical segments connected by -sheet turns. This domain is highly conserved in
mammals and is essential for DNA looping, homodimerization and protein-protein interactions, including
complex formation with nuclear co-repressors to assert its transcriptional repressive activity. It is 120
amino acids long and has been shown to bear responsibility for the dominant negative properties of the

PLZF-RARa fusion seen in PLZF-mediated APL (Zollman et al., 1994; Li et al., 1997; Ahmad et al.,
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1998). While the Repression Domain 2 (RD2) domain of PLZF has been less characterized than its other
domains, it has been demonstrated in numerous studies that post-transcriptional modifications at this
domain modify the transcriptional activity of PLZF. For example, SUMOylation at lysine 242 of PLZF
via small ubiquitin-related modifier 1 (SUMO-1) is shown to regulate the ability of PLZF to
transcriptionally repress the activity of its target genes (Kang et al., 2003). The nine C2H2 zinc fingers
found at the C-terminal domain of PLZF facilitate sequence-specific DNA binding to the regulatory

promotor regions of its target genes to carry out its transcriptional control (Li et al., 1997; Sha et al.,

2024) (Fig. 8).
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Figure 8. Schematic Diagram of Full-Length PLZF Protein Structure. There are three functional
domains within the primary transcript of PLZF. They consist of the NT BTB/POZ domain, the centre RD2
domain, and the CT zinc finger domain, with the important functions of each domain listed below.

Created with BioRender.com.
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1.3.3. PLZF Functions
1.3.3.1. PLZF and Embryonic Limb Development

PLZF is a master transcriptional regulator and acts through the formation of multi-protein complexes on
the promotors of its target genes. These complexes include nuclear corepressors SMRT, Sin-3, and N-
CoR, which can recruit class I and II histone deacetylase complexes through its BTB/POZ domain to
locally reduce chromatin acetylation, thereby restricting genetic access to transcriptional machinery
(Barna et al., 2002; Liu et al., 2016). While PLZF is more commonly known as a transcriptional repressor,
it can induce gene expression depending on the molecular context (Kolesnichenko and Vogt, 2011). PLZF
plays a wide role in regulating numerous physiological processes including stem cell maintenance and
renewal, immune function and embryonic skeletal development. PLZF is directly involved in regulating
embryonic formation of the limbs and axial skeleton through its upstream transcriptional repression of the
Hox gene family. Hox genes are essential for specifying the correct placement and formation of body
parts along the anterior-posterior (AP) axis of the developing embryo. PLZF acts as a growth inhibitor
and pro-apoptotic factor in the limb bud as well as alters the spatial expression of the HoxD gene
complex, causing homeotic transformations of anterior into posterior structures. ZFP145 inactivation in
mice leads to drastic changes in limb skeletal patterning along the AP axis, including fusion of the tibia
and fibula as well as interdigital webbing in the hindlimbs and forelimbs (Barna et al., 2000; Barna et al.,
2002). The Sonic hedgehog (Shh) gene is also involved in these changes, with Hox5 interacting with
PLZF to restrict its expression in the forelimb bud (Xu et al., 2013). PLZF regulates the transcription of
Hox genes through close interaction with polycomb family proteins, controlling their ability to bind to cis
elements along the Hox gene locus (Barna et al., 2002). Polycomb proteins act as transcriptional
repressors of the Hox family as well as other genes involved in spatial patterning through histone

modifications (Golbabapour et al., 2013).
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1.3.3.2. PLZF and the Cell Cycle

Another function of PLZF relates to its negative regulatory control on the cell cycle. PLZF expression
significantly suppresses cell growth and causes cell aggregation in the GO/G1 phase, likely achieved
through its inhibition of the cyclin A2 gene (Shaknovich et al., 1998). Interestingly, the RARa-PLZF
fusion protein activates the transcription of the cyclin A2 promotor, showcasing a potential role for cyclin
A2 in mediating the aggressive phenotype of PLZF-mediated APL (Yeyati et al., 1999). PLZF
overexpression was also shown to induce apoptosis and inhibit myeloid differentiation, further
demonstrating its role as a pro-apoptotic factor (Shaknovich et al., 1998; Bernardo et al., 2007). PLZF has
also been shown to be important in maintaining stem cell homeostasis, particularly in the context of
spermatogenesis, by regulating both the maintenance and renewal of stem cells. PLZF is predominantly
expressed in undifferentiated spermatogonial progenitor cells (SPCs) and is closely associated with the
SPC differentiation-promoting genes Kit, Stra8, Sohlh2 and Dmrt1, repressing their transcriptional
activity to preserve the stem cell population (Song et al., 2020; Ghasemi et al., 2024). Mice lacking the
ZFP145 gene showed a progressive loss of spermatogonia with age, with increased apoptosis and
subsequent loss of tubule structure without any obvious defects in the supporting Sertoli cells (Costoya et
al., 2004). Other studies have shown that homozygous mutations in PLZF result in a limited number of
normal spermatozoa in young mice and progressive loss of the germ cell line after birth (Buaas et al.,
2004). It has been demonstrated that PLZF inhibits the activity of mammalian TOR complex 1
(mTORC1), a signaling complex that is important for maintaining stem cell homeostasis through
phosphorylation of various elements of the transcriptional machinery (Ma and Blenis, 2009). The lack of
mTORCI activation in PLZF-knockout SPCs inhibits its response to the glial cell - derived neurotrophic
factor (GDNF), an essential growth factor for stem cell self-renewal, via negative feedback to its receptor.
PLZF negatively influences mTORCI1 activity by inducing expression of the mTORCI inhibitor Redd]1,
showcasing the importance of the mTORCI1-PLZF functional relationship in preserving the SPC pool and
highlighting the dual nature role of PLZF as both a transcriptional repressor and activator (Hobbs et al.,

2010; Kolesnichenko and Vogt, 2011).
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1.3.3.3. Protective Effects of PLZF

As a transcriptional activator, PLZF can also enhance the interferon immune response by inducing the
activity of specific interferon-stimulated genes. Wildtype mouse embryonic fibroblasts (MEFs) exhibited
far greater interferon-mediated protection against infection from induced infection of the Semliki Forest
Virus than in ZBTB16-knockout MEFs. Induction of the antiviral gene Oaslg was markedly impaired in
these knockout mice, causing them to be more susceptible to viral infection than their wildtype
counterparts (Xu et al., 2009). PLZF expression also mediates conditioned protection of the cochlea from
acoustic trauma, whereby a pre-exposure to a moderate-level sound can protect the inner ear from hearing
loss caused by subsequent and more intense sounds. Following a period of restraint stress, whereby mice
are subjected to a 12-hour restraint in a ventilated tube followed by 2 hours of acoustic noise exposure,
PLZF mRNA becomes upregulated in the mouse cochlea, specifically within the spiral ganglion, organ of
Corti and the stria vascularis, as well as within the brain. Mice that were deficient for PLZF did not
experience conditioned cochlear protection despite maintaining similar hearing levels as their wild-type
counterparts (Peppi et al., 2011).

1.3.3.4. PLZF and Autophagy

Studies have shown that PLZF can regulate the autophagy pathway in cells. Autophagy is an essential
intracellular mechanism used to control the accumulation of misfolded proteins through the targeting of
autophagosomes and later to lysosomes for protein degradation via the proteasome and recycling of the
degraded components. Dysfunctions in the autophagy process can cause buildups of these misfolded
proteins and is the cause of many human neurodegenerative disorders like Alzheimer’s Disease (AD), HD
and PD. One way that proteins are targeted for degradation is through the ubiquitin system by attaching
polyubiquitin chains onto the lysine residues of these protein targets. This system typically involves three
enzymes: E1, which mediates the ATP-dependent ubiquitin activation; E2, which conjugates the active
ubiquitin molecule and with the help of the E3 ligase, catalyzes its transfer to the target protein (Furukawa
et al., 2003; Geyer et al., 2003). Ring domain E3s are one of the most well-studied classes of E3s and

form a complex with members of the cullin (Cul) family to mediate binding specificity to its target
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substrate. Studies have shown that BTB/POZ proteins act as substrate-specific adaptor proteins with
Cul3-based ubiquitin ligases, with the domain being essential for the interaction and ubiquitin-mediated
degradation of Btb1p, a yeast protein closely related to the human growth suppression protein BPOZ2
(Geyer et al., 2003). Additionally, PLZF has been demonstrated to form a complex with Cul3 and can
transport the protein to the nucleus, inducing changes in ubiquitination through association with a nuclear
chromatin-modifying complex. This function was found to be essential for the differentiation of several B
and T lymphocyte effector programs and may also be a contributing factor to the oncogenic role of PLZF
in leukemia and other cancers (Mathew et al., 2012). The role of PLZF as a Cul3 adaptor protein has
primarily been shown to regulate autophagy. One of the most important proteins involved in autophagy is
Atgl4L, also known as Beclin 1-associated autophagy-related key regulator (Barkor), a mammalian
protein necessary for autophagosome formation (Sun et al., 2008; Matsunaga et al., 2009; Diao et al.,
2015). A study by Zhang et al has demonstrated that the ubiquitination and degradation of this protein is
controlled by the Zbtb16-Cullin3-Roc1 E3 ubiquitin ligase complex and occurs through a direct protein
interaction between the centre RD2 domain of PLZF and the C-terminal BATS domain of ATG14 (Zhang
et al., 2015). The modulation of ATG14 activity through this pathway is regulated through a wide range of
GPCR ligands and agonists, with GPCR activation suppressing the autophagic destruction of misfolded
proteins (Abd-Elrahman et al., 2019). Serum starvation was also found to degrade Zbtb16 and
subsequently increase levels of ATG14. Additionally, activation of the Glycogen Synthase Kinase 3-beta
(GSK3p) has been shown to regulate the autophagic properties of PLZF through phosphorylation of the
protein, mediating its degradation and leading to increased cellular levels of ATG14. The knockdown of
multiple Ga proteins increased both ATG14L levels and autophagic flux, suggesting that autophagy is
regulated through a subset of GPCR signaling mechanisms (Zhang et al., 2015). Pharmacological
inhibition has shown to reduce the accumulation of these proteins through the promotion of autophagy. A
study by Abd-Elrahman et al showed that the metabotropic glutamate receptor 5 (mGIuRS5) regulates the

autophagic clearance of AP oligomers in AD through the ZBTB16 pathway. Interestingly, this was
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through a sex-dependent pathway, with pharmacological inhibition reducing oligomer buildup in male
mice whereas female mice experienced an exacerbated accumulation of oligomers (Abd-Elrahman et al.,
2019). These treatments may even act as a treatment for neurodegenerative disorders involving a

defective autophagy system (Fig. 9).
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Figure 9. The Regulation of Autophagy by PLZF. PLZF regulates the autophagy process through its
effect on the ATG14 protein. Through its association with the Cullin3-Roc1 E3 ubiquitin ligase complex,
PLZF allows for the ubiquitination and degradation of ATG14, subsequently downregulating autophagy.
This process is further regulated through mGIuRS signaling. Under serum starvation conditions, PLZF
can be degraded, leading to a concomitant increase in ATG14 levels. Under these same conditions, the
activation of GSK3f can regulate autophagy by phosphorylating PLZF at two different sites to either

promote or inhibit the ubiquitination activity of PLZF. Created with BioRender.com.
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1.3.4. PLZF Location

Extensive research has been conducted to better understand the functional dynamic role of PLZF by
studying its localization within the cell. PLZF has been discerned to co-localize within nuclear speckles
alongside the PML protein (Koken et al., 1997). Nuclear speckles are dynamic subnuclear domains which
contain large concentrations of small nuclear ribonucleoproteins (snRNPs) and other splicing-related
proteins essential for pre-mRNA processing and are thought to be important regions for mRNA
transcription and protein phosphorylation (Handwerger and Gall, 2006). Some of these speckles are
essential for transcription and it has been demonstrated that PLZF loses its transcriptional regulatory
activity as it is shuttled out of the nuclear speckles. For example, a study was published looking at the role
of the regulation of epidermal growth factor receptor (EGFR) through GPCR signaling. Activation of this
receptor is mediated by its ligand heparin-binding EGF-like growth factor (HB-EGF), which gets cleaved
from its membrane-bound form by the phorbol ester and PKC activator 12-O-tetradecanoylphorbol-13-
acetate (TPA) to release a soluble form of HB-EGF, which is essential for EGFR transactivation by GPCR
signaling (Prenzel et al., 1999). The carboxyl-terminal remnant of the cleaved HB-EGF (HB-EGF-C) can
be shuttled into the nucleus and interact with the zinc finger domain of PLZF, triggering its nuclear
export. This export was found to reverse the transcriptional repression of cyclin A as well as the delayed
cellular growth and accumulation of cells in the GO/G1 phase in HT1080 cells (Nanba et al., 2003). It is
possible that the transcriptional regulation by PLZF in the nuclear speckles is regulated by Epsin, a
cytosolic protein that mediates clathrin-mediated endocytosis through its direct interactions with clathrin,
AP-2 and Eps15. Epsin 1 was identified as an interactor with PLZF between residues 262-673 at the epsin
NH,-terminal homology (ENTH) domain of epsin 1 and upon co-transfection of both proteins, a nuclear
pool of epsin was detected. CHO cells incubated with leptomycin B, an antifungal antibiotic that can
block the Crm1-dependent nuclear export pathway of several proteins, caused accumulation of Epsin 1 in
the nucleus, but not in control cells. Therefore, despite its prominent role in regulating endocytosis in the

cell periphery, epsin 1 may be found in the nucleus under certain conditions and it may regulate the
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transcriptional activity of PLZF through its ability to shuttle the protein to and from the nuclear speckles.

PLZF may also play a versatile role in regulating proteins outside of the nucleus.

1.3.5. PLZF Interactions with Other Proteins

1.3.5.1. PLZF and the RARa
As previously discussed, PLZF can form a complex with RARa in t(11;17) APL through its zinc finger

domain (Chen et al., 1993). RARs act as transcription factors through RAR/RXR heterodimers and the
binding of ATRA to RAR activates its transcriptional regulatory activity of target RARE-containing genes
through a series of conformational changes, allowing for chromatin remodelling and increased binding of
RNA polymerase to promoters. Studies have demonstrated that the interaction with PLZF interferes with
the transcriptional activity of RARa in HeLa cells and is ligand-independent, meaning that PLZF does not
interfere with the ligand binding activity of RARa. PLZF impedes the dimerization of RARa with RXRa,
demonstrating that the symptoms of t(11;17) APL likely do not occur because of PLZF interfering with
RARa-ligand interaction but rather it prevents the transcriptional activity from blockage of the
heterodimerization of RARa-RXRa (Martin et al., 2003).

1.3.5.2. PLZF and the AT2R

PLZF also forms a complex with the C-terminal domain of angiotensin II type 2 receptor (AT2R), a
GPCR that plays important roles in the development of cardiovascular diseases such as hypertension and
cardiac hypertrophy. The stimulation of AT2R by its peptide, Ang II, induced co-localization of AT2R and
PLZF at the plasma membrane of CHO-K1 cells and subsequent translocation of PLZF to the nucleus and
AT2R to the perinuclear region between 1-3 hours after stimulation. Ang II failed to induce nuclear
translocation when cells were transfected with AT2R or PLZF only, showcasing that ligand-induced
nuclear import of PLZF is specifically regulated through its co-localization with AT2R. This translocation
may also be dependent on epsin 1, as it was observed that epsin 1 became associated with PLZF in the
cytosol prior to Ang II stimulation and that stimulation induced nuclear translocation of both proteins

together (Senbonmatsu et al., 2003). Interestingly, B-arrestin was not necessary for this translocation
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despite it being an important component for mediating the internalization of angiotensin II type 1A

receptor (AT1AR) (Ferguson et al., 2001).

It was detected through immunoblotting that stimulation of AT2R by Ang II induced phosphorylation of
PLZF at its Tyr669 residue and mutation of this specific phosphorylation site blocked the nuclear
translocation of PLZF, as well as administration of the tyrosine kinase-specific inhibitor genistein. Upon
translocation to the nucleus, PLZF can activate the p85a PI3K gene through a complex formation
between its zinc finger domain and the upstream flanking region of p85a PI3K, stimulating protein
synthesis in cardiomyocytes (Senbonmatsu et al., 2003). p85a PI3K is an important regulatory subunit of
several PI3K isoforms, which are significant for generating lipids during receptor-mediated signaling
processes (Vanhaesebroeck et al., 1997). The increased expression of p85a PI3K was dependent on both
AT2R and PLZF and its enhanced expression may fuel the growth factor-mediated cardiac hypertrophy
response (Senbonmatsu et al., 2003). PLZF is highly expressed in the heart (Cook et al., 1995) and prior
studies have demonstrated a lack of cardiac hypertrophy in mice lacking AT2R, demonstrating that
cardiac hypertrophy may be in part stimulated by the AT2R-PLZF-P85a PI3K pathway. This is also in line
with findings that PLZF-deficient mice do not experience left ventricular hypertrophy which is expected
with chronic Ang II infusion (Wang et al., 2007). As a GPCR, AT2R couples to Gia2 and Gia.3 (Zhang
and Pratt, 1996). Pretreatment of cells with the Gi/o inhibitor PTX not only inhibited the concurrent
translocation of AT2R and PLZF following Ang II stimulation but additionally prevented expression of
the p85a PI3K gene, indicating that Gi plays a role in the interaction with AT2R and subsequent nuclear
translocation of PLZF (Senbonmatsu et al., 2003).

1.3.5.3. PLZF and the Prorenin Receptor

PLZF also forms a complex with the (pro)renin receptor (RER), a single transmembrane receptor with
important implications in mediating the effects of renin on blood pressure control (Nguyen et al., 2002;
Schefe et al., 2008). Previously, no direct protein interactors had been identified for RER. A novel RER

signaling pathway was discovered in 2006 within human kidney cells and rat cardiomyoblasts when a
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Y2H screen and coimmunoprecipitation experiments identified the zinc finger domain of PLZF as a direct
interactor with the receptor. Similarly to AT2R and Ang II, RER regulates the nuclear translocation of
PLZF upon renin stimulation and subsequently induces transcription of p85a PI3K in the nucleus (Schefe
et al., 2006; Schefe et al., 2008). Interestingly, interaction with PLZF represses transcription of the RER
itself likely through a PLZF cis-element identified in the RER promotor through site-directed
mutagenesis, with renin stimulation inducing a 6-fold recruitment of PLZF to the RER promotor (Schefe

et al., 2006).

1.3.5.4. PLZF and the Go protein
Another PLZF-interacting partner pulled out by the Y2H screen is the alpha subunit of the Go protein, a

member of the inhibitory G-protein family and the most abundant heterotrimeric G-protein in the
brain.Y2H screens were performed for the alpha subunit as its downstream effects had not been clearly
identified at the time. As well, its role in regulating standard GPCR signaling processes such as AC and
cAMP production remained unclear. PLZF was confirmed to interact with the active form of Goa both
under in vitro and in vivo conditions. Immunoprecipitation studies also concluded that the alpha subunit
of Gi interacts with PLZF. Interestingly, its interaction appears to enhance the transcriptional repressive
activity of PLZF, with repression of luciferase gene transcription being completely abolished upon
treatment with PTX (Won et al., 2008). As previously discussed, PLZF represses progression of the cell
cycle through its repressed transcription of the cyclin A2 gene (Yeyati et al., 1999). Co-transfection of
HEK293T cells with both PLZF and Gowo inhibited cyclin A2 levels by 54% compared to 27.2%
reduction in cells transfected with PLZF alone, suggesting that Gao enhances PLZF transcriptional
repressive and contributes to its role in suppressing cell growth (Won et al., 2008). The enhancement of
PLZF-regulated growth suppression through Goo is mediated by activation of the Gi/o-coupled
cannabinoid receptor in HL60 cells, which can endogenously activate Gi/o proteins in these human APL

cell lines (Childers, 2006; Won et al., 2008).
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1.3.5.5. PLZF and the D1-class
Finally, unpublished studies in the Tiberi lab have identified PLZF as being a novel interactor of the D1-

class of dopamine receptor. PLZF was first identified through a Y2H screen using the IL3 of D5R and the
CT of D1R, and its complex formation was validated through co-immunoprecipitation studies. It was
demonstrated that dopamine stimulation enhanced PLZF complex formation with both the DIR and D5SR
while administration of cis-flupentixol, a D1-class inverse agonist, hindered complex formation,
suggesting that PLZF exhibits a higher affinity for the active R* conformation of the D1-class. Studies
were performed to assess the effect of D1-class functional properties on PLZF interaction, such as
GloSensor cAMP assays, ERK1/2 activation assays and ELISA to study the effects of internalization and
recycling properties of the receptor. Interestingly, it was discovered that PLZF confers differing effects of
the functional activity between D1R and D5R. For example, co-transfection of HEK293 cells with both
PLZF and DIR increased the production of cAMP levels relative to cells transfected with DIR alone.
Contrarily, cells co-transfected with both PLZF and D5R observed decreased cAMP production relative to
cells transfected with D5R alone. Similarly, co-transfection of D1R and PLZF increased ERK1/2
activation relative to D1R alone, whereas it decreased ERK1/2 activation for cells co-transfected with
D5R and PLZF relative to DSR alone. Results from ELISA assays showed that cells co-expressing both
DIR and PLZF experienced a decline in D1R internalization, whereas cell expressing D5R and PLZF
showed an increase in D5R internalization. Receptor recycling properties are also increased for cells with
both DIR and PLZF, whereas it is decreased for cells with DSR and PLZF. These differences in functional
properties exerted by PLZF on the D1-class may be the result of PLZF interacting with different
cytoplasmic regions on each receptor, as demonstrated by the results of the Y2H screen. As previously
discussed, the D1-class exhibit sequence divergence in their cytoplasmic domains, particularly in the IL3
and CT, which correspond to differences in DAR functional activity such as agonist binding affinity,
signalling pathways and receptor internalization, which are shown to be regulated through receptor

interaction with DRIPs as previously discussed. It remains to be known as to the exact molecular
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mechanisms that underlie these functional changes with regards to the interaction between PLZF and the

DIl-class.

1.3.6. PLZF in the CNS

1.3.6.1. PLZF and Brain Development
The PLZF protein has broad regulatory functions throughout the CNS. A study by Cook et al published in

1995 was one of the first studies to investigate how PLZF influences CNS development and functioning.
At the time, it had recently been discovered that PLZF was involved in a novel retinoid signaling pathway
implicated in the pathogenesis of APL (Chen et al., 1993). Additionally, other members of the C2H2 zinc-
finger gene family had been identified in regulating hindbrain segmentation such as the mammalian Krox-
20 gene, a zinc finger transcription factor required for rhombomere development in the segmented
embryonic hindbrain (Giudicelli et al., 2001; Dezmazi¢res et al., 2009). The hindbrain is a crucial
structure of the vertebrate brain for regulating vital physiological functions such as breathing and heart
rate. This structure is divided into 7-8 metameric units known as rhombomeres during early vertebrate
embryogenesis, occurring at approximately 8.5 to 10.5 days post-coitum (Cook et al., 1995; Dezmaziéres
et al., 2009). This process, in addition to the development of other cortical structures, is a complicated and
tightly regulated process involving the proliferation, differentiation, cell fate determination and migration
of neural stem cells (NSCs). Ensuring a proper balance between the self-renewal of NSCs and their
differentiation into adult neurons through neurogenesis is crucial to ensure there exists enough neurons to
suffice for proper brain development. Defects in this balance have been implicated in numerous types of
brain malformations (Lin et al., 2019). In the paper published by Cook et al., mouse and chicken
homologous were cloned and studied to identify potential genes of interest that may be implicated in
embryonic hindbrain formation, as shown by their changes in spatial and temporal expression. PLZF was
found to display a highly dynamic and spatially restricted expressed pattern within the hindbrain. PLZF
mRNA is initially expressed in high levels throughout the brain but starting from 8.5 days post-coitum,

PLZF becomes restricted to specific domains of the hindbrain, midbrain and parts of the forebrain, with
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its highest expression in the rhombencephalon, suggesting that PLZF is involved in regulating vertebrate

hindbrain segmentation (Cook et al., 1995).

Along with the hindbrain, other published papers suggest that PLZF may regulate development in other
neural regions during embryogenesis. PLZF is shown to exhibit dynamic temporal patterns of expression
during development, with PLZF expression detected in Pax6+ cells as early as embryonic day 7.5 in the
anterior neuroepithelium and eventually spreads to the neuroectoderm until day 10 (Avantaggiato et al.,
1995). Other studies with Pax6+ cells have found expression of PLZF in the prosencephalon at day 9.5
and 10.5, highlighting an important role for PLZF in regulating the early stages of neurogenesis. PLZF
expression appeared to decrease after day 12.5, with a dramatic decrease in the telencephalon at day 11.5
(Lin et al., 2019) (Fig. 10). In that same paper by Lin et al, mice were generated with a single nucleotide
change in the first coding exon of the PLZF gene, resulting in a severely truncated and non-functional
protein. The brains of those PLZF-deficient mice showed substantial declines in cerebral cortex size in
addition to the number of deep-layer cortical neurons. The loss of PLZF resulted in smaller average dorsal
cortical areas and hemisphere lengths in comparison to wild-type mice with functional PLZF proteins.
Specifically, these deficient mice exhibited brain volume decreases restricted to the cortex and
hippocampus areas only, as well as a prominent reduction in the neocortical thickness of layer 6 and a
significant decrease in neurons expressing Tbrl, a positive marker for deep-layer cortical neurons (Lin et
al., 2019; Usui et al., 2021) (Fig. 11). Interestingly, markers for layer 5 and layers 2/3 displayed no
noticeable changes between wild-type and PLZF-deficient mice, demonstrating that PLZF regulates early-
stage neurogenesis in a domain-specific manner, with its loss altering the formation of deep layer neural

structures (Lin et al., 2019).

The loss of PLZF also appears to have an impact on brain function and behaviours, possibly due to the
exhibited changes in cortical structures. PLZF-deficient mice showed a loss of recognition memory when
compared with wildtype mice, as those deficient mice displayed no change in preference during novel

object recognition tests (Lin et al., 2019; Usui et al., 2021). Other studies found that ZBTB16 knockout
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results in social impairments and repetitive grooming as well as object-burying behaviours with no
apparent differences in locomotion activity, behaviours that are all characteristic of autism spectrum
disorder (ASD) (Usui et al., 2021). As social impairments are also a key symptom of schizophrenia, Usui
et al wanted to investigate if PLZF has a role in mediating symptoms of schizophrenia. Prior studies using
a pathway-based bioinformatics approach have indicated ZBTB16 as a potential candidate gene for
influencing the onset of schizophrenia, with many single-nucleotide polymorphisms being identified
within the gene (Sun et al., 2010; Meda et al., 2014). It has been reported in numerous studies that
impulsive risk-taking is a key characteristic of schizophrenia (Cheng et al., 2012; Reddy et al., 2014), so
an open-field test was conducted in mice to evaluate the impact of ZBTB16 knockout on their risk-taking
behaviour. These mice spent significantly increased time and distance in the centre of the arena compared
to wild-type mice with no changes in the number of arena entries, demonstrating an elevation in risk-
taking behaviour in these mice and showcasing a new role for PLZF in regulating schizophrenia
symptoms (Usui et al., 2021). The impact of PLZF gene knockout on molecular morphology and cellular
composition was also evaluated, as it has been repeatedly shown that the activation of microglia is
implicated in the formation and maintenance of synapse numbers in addition to the development of
neurological disorders like ASD and schizophrenia (Fan et al., 2023). ZBTB16-deficient mice displayed a
significant increase in both dendritic spine and microglial numbers compared to wildtype, signifying that
PLZF may potentially regulate brain behaviours through structural changes in the cortex as well as

individual neuronal components.
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Figure 10. Schematic Diagram of the Regulation of Early Mouse Neurogenesis by PLZF. PLZF is
shown to be expressed as early as E7.5 in the anterior neuroepithelium of the mouse embryo and spreads
to the entire neuroectoderm around E10-E10.5. This broad expression is located particularly in the
prosencephalon (forebrain) and was found to decrease after E12.5, with a dramatic decline in the

telencephalon after E11.5.
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Figure 11. Schematic Diagram of the Regulation of Mouse Cortical Structure Size by PLZF. (A)
PLZF-deficient mice (PLZF") spontaneously arose due to a single nucleotide change in the first coding
exon of the PLZF gene, resulting in a truncated protein. (B) Mice with this deficiency experienced
significant reductions in their dorsal cortical surface area and hemisphere length compared to wildtype

mice (PLZF*'™), particularly within the cortex and hippocampus.
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1.3.6.2. PLZF and Neurological Disorders

Changes in PLZF expression levels have also been related to brain disorders like Alzheimer’s Disease
(AD) and Huntington’s Disease (HD). A study by Huguet et al explored the impact of genes regulating
dopaminergic cell fate on the manifestation of HD symptoms, as dopaminergic hyperactivity in the SNc
and VTA is a major mediator of HD symptoms. It is thought that mutations in the Htt gene, which codes
for the huntingtin protein, may be the cause of this dopamine hyperactivity rather than striatal
neurodegeneration as other studies have hypothesized. These mutations may alter the fate of transcription
factors such as PLZF which control dopaminergic cell fate (Huguet et al., 2019). Using transgenic rat
models of HD (tgHD), changes in expression patterns were evaluated for a select number of transcription
factors that have been previously shown to play a role in regulating neuronal cell fate, one of which was
the ZBTB gene. Through this study, it was discovered that ZBTB16 was significantly upregulated in both
the SNc¢ and VTA regions of the tgHD rats compared to wildtype. ZBTB16 expression was positively
correlated with the expression of Msx1, an important gene for determining early cell fate of midbrain
dopaminergic neurons (Andersson et al., 2006; Huguet et al., 2019). Interestingly, only the expression of
ZBTB16 was found to be significantly enhanced in the dorsal raphe nucleus (DRN) compared to all other
genes in the study. Altogether, this suggests that PLZF plays an important role in coordinating changes in
early dopaminergic cell fate that are characteristic of HD pathogenesis (Huguet et al., 2019). The
7ZBTB16-mediated mechanism of autophagy has also been shown to mediate HD pathology in huntingtin-
knockin zQ715 mice through mGIuRS signaling. A 12-week treatment of 2-chloro-4-((2,5-dimethyl-1-(4-
(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine (CTEP), a negative allosteric modulator of
mGluRS3, resulted in a reduced size and number of huntingtin aggregates in these mice in addition to
reduced neuronal apoptosis in brain tissue. These effects were correlated with reduced ZBTB16
activation, likely due to inhibitory phosphorylation from the activation of GSK3, which was associated
with increased expression of the autophagy protein ATG14 (Abd-Elrahman et al., 2018). The ZBTB16-
mediated mechanism of autophagy has also been implicated in other neurodegenerative disorders, with

studies demonstrating its contribution to the pathogenesis of AD, a neurodegenerative disorder
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characterized by the neurotoxic accumulation of beta amyloid plaques in the brain, leading to neuronal
loss and progressive cognitive decline. CTEP administration was found to reduce the accumulation of A3
oligomers and rescue cognitive function. This inhibition was associated with a GSK3[-dependent
degradation of ZBTB16 and a subsequent stabilization of ATG14 (Abd-Elrahman et al., 2020). The role of
PLZF in mediating AD and HD pathology may also be regulated through optineurin, a multifunctional
protein that forms a complex with members of the Group I metabotropic glutamate receptor family and
regulates their downstream signaling pathways, most notably through attenuation of PLCf and IP3
formation in mGluR 1. Optineurin deletion not only enhances Ca2+ mobilization following mGIuRS
activation but enhances both GSK3p activity and ZBTB16 breakdown while abolishing mGIluR5-
mediated inactivation of the GSK3[/ZBTB16 pathway (Ibrahim et al., 2021). Altogether, this
demonstrates an important role for PLZF in the regulation of downstream GPCR signaling and highlights
its potential as a therapeutic target in the treatment of neurological disorders.

1.3.6.3. PLZF and Stroke

As previously discussed, PLZF forms a complex with both the AT2R and the RER. Stroke is a widespread
and debilitating medical emergency affecting millions of individuals worldwide, and the renin-
angiotensin system (RAS) is heavily implicated. Prior studies using animal models have shown that
blockage of the AT1R through pretreatment with the medication cardesartan can have protective effects
on the brain by improving neurological outcomes post-stroke (Krikov et al., 2008). Additionally, these
effects are partially and indirectly mediated by the AT2R (Li et al., 2012). Therefore, studies were
conducted to determine if PLZF plays a role in these protective outcomes. Human neuronal KELLY cells
with endogenous PLZF expression were incubated with glutamate for 24 hours to induce neurotoxicity
and mimic neuronal injury. Glutamate-induced cytotoxicity triggers the release of calcium ions into the
cell to promote oxidative stress, leading to cell damage and death (Murphy et al., 1989; Fang et al., 2014).
After this incubation period, it was shown that 65% of cells survived and this survival rate increased to

80% when PLZF was overexpressed, demonstrating that PLZF mediates neuroprotection in neuronal
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injuries. This overexpression also caused a substantial upregulation of the production of AT2R transcripts
in addition to a reduction in cyclin A2 transcription, showcasing that these effects may be facilitated
through the antiproliferative effects of PLZF-mediated stem cell renewal and this may be further mediated
through its complex formation with the AT2R, a receptor known for its neuroprotective and
antiproliferative effects in stroke. This is further validated by the ubiquitous expression pattern of PLZF
and both the AT2R and RER throughout the brain, including the cortex and striatum (Seidel et al., 2010).
Seidel et al tested these effects in-vivo using the middle cerebral artery occlusion (MCAO) model, a well-
established and widely used model to mimic stroke in-vivo through blockage of the middle cerebral artery
to induce local brain ischemia (Shahjouei et al., 2016). Interestingly, transcription of cyclin A2 was
significantly upregulated on the injured ipsilateral hemisphere while PLZF and AT2R levels were
downregulated at both measured time points, showcasing the negative effects of stroke on PLZF
expression and further validating the neuroprotective effects of PLZF on stroke recovery (Seidel et al.,
2010).

1.3.6.4. PLZF and Neural Progenitor Cells

As previously described, the development of the CNS is spatially and temporally regulated through the
differentiation of multipotent NSCs and progenitor cells (NPCs) into neurons and glial cells, while
ensuring enough progenitors exist to generate other later-born cell types such as glia (Gaber et al., 2013).
NPCs are overtly represented in the developing spinal cord and are sustained by several types of
mitogenic growth factors, including the Fibroblast Growth Factors (FGFs). FGFs are expressed
throughout neural tissues and acts through their respective tyrosine kinases (FGFRs), whereby ligand
binding to these receptors leads to the activation of multiple different downstream signaling pathways
such as ERK1/2, STAT3 and PLC to inhibit neuronal differentiation and promote cell division (Guillemot
and Zimmer., 2011). As undifferentiated NPCs begin their transition into cells like astrocytes and
oligodendrocytes, their maintenance becomes heavily dependent on FGF signaling (Kang and Song,
2010; Furusho et al., 2011). Therefore, there is immense interest in understanding how FGFR and

mitogenic factor signaling is fine-tuned to regulate NPC development. PLZF was identified as a factor
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potentially involved in NPC maintenance in the spinal cord, as its upregulation was detected in mice
deficient of Olig2, a gene important for the development of oligodendrocytes and astrocytes and thought
to play a role in repressing the transcription of genes involved in NPC self-renewal (Mukouyama et al.,
2006; Skaggs et al., 2011). PLZF was also shown to suppress early stages of neurogenesis in zebrafish but
its mechanism of action in later developmental changes remained unknown at the time. Gaber et al
showed that PLZF becomes broadly expressed within NPCs in the neural tube between embryonic stages
2.5 and 3, howeyver, this expression later becomes restricted to a central domain associated with glial
progenitors. PLZF expression in this zone becomes undetectable during the period of astrocyte progenitor
migration into grey matter for differentiation. PLZF promotes the maintenance of these progenitor cells
and reduces their differentiation into neurons through its transcriptional repressor functions, with its
expression increasing the expression of NPC marker gene SOX2 by 26% and reducing differentiated
neuron marker gene NEUN by 39% relative to controls. Incorporation of two short hairpin RNAs to
knock down PLZF expression substantially affected NPC maintenance, reducing the expression of several
genes associated with NPC maintenance and increasing differentiation of interneurons expressing high
levels of PLZF. PLZF knockdown decreased FGFR3 expression while its ectopic expression expanded
FGFR3 expression. Similarly, misexpression of FGFR3 reduced SOX2-expressing cells by 25%,
showcasing that the effects of PLZF in regulating NPC maintenance are mediated through a heightened
response to FGFR signaling. Overall, this demonstrates the importance of PLZF in regulating NPC
maintenance and gliogenesis through FGFR3 expression and STAT3 activity as well as restricting

neuronal differentiation.

54



Ball 2026

2. Objectives and Hypothesis

As previously mentioned, dopamine receptor signaling is regulated by the binding of cytoskeletal,
adaptor, and signaling DRIPs. These DRIPs have been shown to play a role in nearly all aspects of the
receptor life cycle, and more research is needed as to their role in governing dopamine receptor
functioning. Given the immense involvement of dopamine receptors in regulating human physiology, as
well as the fact that dysfunctions in their signaling has been implicated in a wide range of CNS disorders,
a growing subset of pharmacological research has been devoted to gaining a deeper understanding of the
DRIPs and their role in receptor functioning. The identification of DRIPs may be used to improve our
understanding of these debilitating diseases and facilitate further development of novel therapeutics. A
useful method for identifying protein interactions is the Y2H screen. This screening method has revealed
a completely different subset of DRIPs between the D1 and D2 classes of dopamine receptors (Bergson et
al., 2003), highlighting the substantial variation in interacting partners with each dopamine receptor class.
Many of the disorders described above are implicated by defective D1-class signaling, however, due to
the high degree of homology between the subtypes, developing clinically useful ligands that are selective
for each receptor has proven to be immensely difficult, rendering the D1-class as pharmacologically
indistinguishable (Jones-Tabah et al., 2022). Regardless, evidence shows the IL3 and CT of the D1 and
D5 receptors exhibit key structural and functional differences, respectively, in their amino acid
compositions, as well as in ligand binding and G-protein coupling properties (Missale et al., 1998;
Tumova et al., 2003). As previously mentioned, previous unpublished studies in the Tiberi lab identified
PLZF as a D1-class interactor with the IL3 of D5SR and the CT of D1R. Additionally, PLZF was found to
convey differential regulation within the signaling and trafficking properties of the D1-class. PLZF
increases cAMP production and ERK1/2 activation in the D1R, while decreasing both in the D5R. As
well, PLZF hinders D1R internalization but increases D5R internalization. As the D1R and D5R each
possess unique serine and threonine phosphorylation sites (Moritz et al., 2023), differences in PLZF-D1-
class binding location may interfere with agonist-mediated phosphorylation to confer these subtype-

specific trafficking properties. However, as the D1R is the most abundant receptor in the CNS and is
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largely implicated in disorders compromising the dopaminergic system (Missale et al., 1998; Beaulieu
and Gainetdinov, 2011), the focus of this thesis is to better understand the molecular mechanisms

underlying the regulation of D1R activity by PLZF.

Therefore, I hypothesize that PLZF modulates the dopamine-mediated phosphorylation of D1R through

its recruitment to the D1R CT. I propose these objectives to test my hypothesis:

e Measure the extent of D1R phosphorylation when various lengths of the D1R CT are removed in
the absence of PLZF

e Measure the extent of D1R phosphorylation in the presence of PLZF with full-length D1R as well
as with various truncated CT forms of the DIR

o Characterize the CT regions of DIR interacting with PLZF
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3. Materials and Methods
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3.1. Materials
Eagle’s minimal essential medium (EMEM), incubation buffer (EMEM without phenol red), and

phosphate buffered saline (PBS) are from Wisent Bioproducts (Saint-Jean-Baptiste, QC, Canada).
Trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), fetal bovine serum (FBS) and gentamicin (50
mg/mL) are from ThermoFisher Scientific (Burlington, ON, Canada). (2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer is from ThermoFisher Scientific (Burlington, ON,
Canada). Bio-Safe Il biodegradable scintillation cocktail is from Research Products International (Mount
Prospect, IL, USA). [N-Methyl->H]-SCH23390 is from Revvity (Mississauga, ON, Canada). Bio-Rad
protein assay dye reagent concentrate and DC Protein Assay Reagents A, B and S are from Bio-Rad
Laboratories (Mississauga, ON, Canada). Ascorbic acid (AA), dopamine hydrochloride (DA), cis-
flupenthixol, soybean trypsin inhibitor, leupeptin, pepstatin A, benzamidine, phenylmethylsulfonyl
fluoride (PMSF), Bovine serum albumin (BSA), rabbit monoclonal anti-Flag antibody and anti-FLAG
M2 affinity gel are from Sigma-Aldrich (Oakville, ON, Canada). Rabbit monoclonal anti-PLZF antibody
is from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal anti-alpha tubulin antibody
is from Millipore Sigma (Oakville, ON, Canada). Rabbit polyclonal anti-phosphorylated Thr354 and
rabbit polyclonal anti-phosphorylated Ser372/Ser373 are from 7TM Antibodies (Jena, Germany).
Horseradish peroxidase (HRP)-conjugated rabbit polyclonal anti-GST antibody is from Bethyl
Laboratories (Montgomery, TX, USA). ECL HRP-conjugated donkey polyclonal anti-rabbit whole
antibody, ECL HRP-conjugated sheep polyclonal anti-mouse F(ab'). fragment antibody, and Amersham

ECL Prime Western Blotting Detection Reagents A and B are from Cytiva (Mississauga, ON, Canada).

3.2. Methods

3.2.1. Cell Culture and Transfection
HEK293 cells were cultured from passages 40-52 in complete EMEM supplemented with 10% (v/v) heat-

inactivated FBS and 40 pg/ml gentamicin. These cells were grown within a 37°C incubator containing a
5% CO; atmosphere. Cells were seeded in 100-mm culture dishes at approximately 2.2 million cells per

dish and cells were transiently transfected with human D1R, a mutant form of human D1R (AN-IL3, AC-
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IL3, Cys347-STOP, Cys351-STOP, Val388-STOP, Ser417-STOP and Ser431-STOP) and HA-tagged
PLZF. Cells were transfected either with empty pCMV5 vector, D1R, mutant D1R, HA-PLZF alone or a
combination of D1R with PLZF or mutant D1R with PLZF. Empty pCMV5 vector was transfected when
appropriate to ensure that the total amount of DNA transfected was 5 ug per 100-mm dish, as prior studies
in our lab demonstrate that 5 pg of DNA per dish gives maximal expression (Plouffe et al., 2010). Cells
transfected with 5 pg of empty pCMVS5 vector or pPCMV5 with HA-PLZF and untagged D1R were used
as negative control conditions. Between 18-24 hours after transfection, cells were washed once with 5 ml
of PBS, detached from plate using 0.5 ml of Trypsin-EDTA, resuspended in 6 ml of complete EMEM and
reseeded in new 100-mm dishes (12 ml/dish) for radioligand binding assays and immunoprecipitation
studies. Cells were subsequently grown for an additional 48 hours until the day of the experiment.

3.2.2. Radioligand Binding Assay

Radioligand binding assays were performed to assess the expression level of wildtype and mutant D1R in
transfected HEK293 cells by obtaining the total number of receptor binding sites (Bmax). Cells seeded in
100-mm dishes were washed with 5 mL of cold PBS and then lysed in a total volume of 10mL of cold
lysis buffer (comprised of 10 mM Tris-HCI, pH 7.4; and 5 mM EDTA, pH 8.0) by scrapping cells in
dishes. Lysed cell mixtures were transferred into centrifuge tubes and centrifuged at 40,000 gat 4°C for 20
minutes to pellet cellular membranes. After centrifugation, the resulting membrane pellet was
resuspended in 2 mL cold lysis buffer and homogenized at 15000 r.p.m. for 15 seconds using a
Kinematica Brinkmann Polytron 3000. After homogenization, 8 mL of cold lysis buffer was added to each
tube for a total volume of 10mL membrane homogenate, then centrifuged again at 40,000 g for 20
minutes at 4°C. The final membrane pellet was homogenized at 15000 r.p.m. for 15 seconds in 600-800 ul
resuspension buffer (comprised of 62.5 mM Tris-HCI, pH 7.4; and 1.25 mM EDTA, pH 8.0). 100ul of
membrane homogenate was then added to test tubes containing 300ul of binding buffer (62.5 mM Tris-
HCI, pH 7.4; 1.25 mM EDTA, pH 8.0; 200 mM NaCl; 8.33 mM KCI; 6.7 mM MgCly; and 2.5mM CacCl,),
50 ul of radioactive [N-Methyl-3H]-SCH23390 (82-83.9 Ci/mmol) and 50 ul of either cis-flupentixol or

water. In total, the final reaction mixture contained 50 mM Tris-HCI, pH 7.4; 1mM EDTA; 120 mM
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NaCl; 5 mM KCI; 4mM MgCl2; 1.5 mM CaCl2; and a saturating concentration of approximately 7-9 nM
of [N-Methyl-3H]-SCH23390, either in the absence or presence of 10 uM cis-flupenthixol. The tubes with
and without cis-flupentixol allow for determination of non-specific and total binding, respectively, of [N-
Methyl-3H]-SCH23390 to membranes. Membranes were incubated within this mixture for 90 minutes at
room temperature and binding reactions were terminated by rapid filtration onto glass fiber filters using a
Brandel M-48 Semi-Automated Harvesting System. Filters were then washed three times with cold
washing buffer (comprised of 50 mM Tris-HCI, pH 7.4; and 100 mM NaCl) and added to scintillations
vials containing 3 mL of Bio-Safe biodegradable scintillation fluid. Bound N-methyl-3H]-SCH23390
radioactivity was measured using a Beckman LS 6500 liquid scintillation counter. The Bradford protein
assay was performed to calculate the total membrane protein concentration in each reaction mixture,
using the Bio-Rad protein assay dye reagent in conjunction with the remaining homogenized membrane.
Membrane protein values were standardized against BSA. Bmax was calculated in pmol/mg of membrane
protein using total membrane protein concentration calculated from the Bradford along with bound N-
methyl-3H]-SCH23390 radioactivity in DPM calculated from the scintillation counter.

3.2.3. Co-immunoprecipitation

Complete EMEM was aspirated from 100-mm dishes containing HEK293 cells and cells were
subsequently incubated in incubation buffer (EMEM without phenol red; 20 mM HEPES; 10ug/ml
gentamicin) containing either DA (10 uM final, dissolved in ascorbic acid (AA)) or AA as a vehicle (0.1
mM final) for 15 mins in a 37°C incubator containing a 5% CO; environment. After incubation, cells
were placed on ice, media was aspirated, and cells were washed with 5 mL of cold PBS. Cells were lysed
by scrapping with 1mL of cold radioimmunoprecipitation assay buffer (RIPA) (10mM Tris-HCI, pH 8.0,
ImM EDTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS, 140mM NaCl buffer) containing
0.1% protease inhibitors (Aprotinin, Benzamidine, Leupeptin, Pepstatin A, PMSF, Trypsin Inhibitor) and
lysates were collected in microcentrifuge tubes. Cell lysates were solubilized by rotating end-over-end for
1 hour at 4°C and then centrifuged at 13000 g for 15 min to remove insoluble cell material. The Bio-Rad

DC assay was used to measure lysate protein concentrations using BSA as a protein standard. Based on
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the DC assay calculations, 20 ug of protein were taken as input samples with 1:1 ratio of 4x SDS-PAGE
Laemmli buffer. Anti-Flag M2 affinity gel was washed twice with 1mL of Tris-buffered saline (TBS) to
remove impurities. 1 mg of solubilized protein lysate according to the measured protein concentration
was then incubated with 50 ul of the Anti-Flag matrix for 2 hours by end-over-end rotating at 4°C. After
rotation, anti-Flag matrix was washed 5 times with 1 mL RIPA+ buffer to remove non-specific binding,
followed by elution of samples with 65ul of 4x SDS-PAGE Laemmli buffer overnight at room
temperature. After elution, samples were stored at -20°C until used in Western Blot.

3.2.4. GST-Protein Purification and Pulldown Assay

GST-fusion proteins for the IL3 and CT of D1R were constructed through PCR amplification of these
domains using the D1R in pCMV5 vector as a template, digested and ligated into the pGEX4T-1 vector
linearized with the corresponding enzymes (5’-BamHI and 3’-Xhol). The pGEX-4T1 constructs were
cloned into OverExpress C41 competent cells and E. Coli bacterial GST-tagged fusion proteins were
produced as indicated by the manufacturer. Proteins were purified on Glutathione-Sepharose 4B bead
matrix. Before pulldown, purified recombinant proteins were analyzed by Coomassie Brilliant Blue R-
250 staining as well as SDS-PAGE and Western Blotting using an anti-GST antibody (Fig. 12). On the
day of the pulldown assay, HEK293 cells overexpressing HA-PLZF in 100mm dishes were aspirated,
washed twice with 5 mL of cold PBS and lysed in approximately 1mL of cold RIPA+ buffer with 0.1%
protease inhibitors. All subsequent steps are identical to that of the immunoprecipitation protocol
described in “(Co)immunoprecipitation” section. 1mg of solubilized protein lysate was incubated by end-
over-end rotation at 4°C for 2 hours with 25 pl of purified GST-fusion proteins (or 25 ul GST for control
conditions) and 25ul of Glutathione Sepharose 4B in microcentrifuge tubes. After incubation, GST-
proteins and Glutathione Sepharose 4B matrix were washed 5 times with 1 mL cold RIPA+ buffer.
Samples were eluted overnight with 65ul Laemmli buffer. 20 pg of protein were taken as input samples
based on the DC protein assay calculations with a 1:1 ratio of 4x Laemmli buffer. After elution, samples

were stored at -20 °C until used in Western Blot.
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3.2.5. Western Blot

Western Blot samples from each experiment were collected and loaded into 10% (v/v) polyacrylamide
gels for SDS-PAGE, then subsequently transferred onto PVDF membranes using the Bio-Rad Trans-Blot
SD Semi-Dry Transfer Cell at 12V for 10 minutes. SDS-PAGE gels were run to separate proteins and to
detect PLZF (~75 kDa), phosphorylated Thr354 and phosphorylated Ser372/373 (~80 kDa); alpha-tubulin
(50 kDa) and GST fusion proteins (37-45 kDa). After transfer, membranes were incubated in Blotto
blocking buffer (comprised of 50 mM Tris-HCI, pH 8.0; 80 mM NaCl; 2 mM CaCl2; 5% [w/v] non-fat
dry milk; 0.2% [v/v] NP-40; and 0.02% [w/v] NaN3) on a rocking platform shaker for 1 hour at room
temperature. Membranes were then washed three times with TBS containing Tween-20 (20 mM Tris-HCI,
pH 7.4; 137 mM NaCl; and 0.2% (v/v) Tween 20) for 5 minutes. Afterwards, membranes were incubated
with either rabbit monoclonal anti-PLZF to analyze levels of PLZF interaction, rabbit polyclonal anti-
phosphorylated Thr354 to detect phosphorylation of the D1R cytoplasmic tail residue Thr354, rabbit
polyclonal anti-phosphorylation Ser372/373 to detect phosphorylation of the D1R cytoplasmic tail
residues Ser372 and Ser373, monoclonal rabbit anti-Flag to detect receptor levels, polyclonal HRP-
conjugated anti-GST to detect GST fusion protein levels, and monoclonal mouse anti-alpha tubulin to
assess total cellular input levels. Anti-phosphorylated antibodies were left to incubate overnight on a
rocking platform shaker at 4°C to ensure maximal detection due to antibody instability, whereas all other
antibodies were incubated at room temperature for 1 hour on a rocking platform shaker. Following
primary antibody incubation, membranes were washed three times for five minutes with TBS-T,
incubated for 1 hour with the appropriate secondary HRP-conjugated antibodies (ECL anti-mouse IgG for
alpha-tubulin detection or anti-rabbit IgG for all other primary antibodies excluding GST). Membranes
were subsequently washed three times with TBS-T for five minutes and bands corresponding to the
applicable protein were visualized using a dilution of Amersham ECL Prime A&B. Images were acquired
using the DNR Bio-Imaging Systems MicroChemi 2.0 gel imaging system. To remove bound antibodies
and detect different proteins of interest on the same membrane, membranes were incubated with stripping

buffer (comprised of 500 mM glacial acetic acid; 100 mM B-mercaptoethanol; and 0.5 % [w/v] SDS).
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Membranes were then washed three times for five minutes with TBS-T on a rocking platform shaker,
incubated for one hour at room temperature with Blotto on a rocking platform shaker and the appropriate
antibody was incubated either overnight at 4°C or at room temperature for one hour on a rocking platform
shaker. The densitometric analysis of protein bands was performed using ImageJ software.

3.2.6. Statistical Analysis

GraphPad Prism (version 10.6.1) was used for all statistical analyses and curve fitting. All data is
expressed as mean £ SEM. Immunoreactive bands for coimmunoprecipitation and phosphorylation
studies were quantified using ImageJ software as described in the figure legends. One-way ANOVA were
performed using GraphPad Prism as noted in the figure legends, with p<0.05 used as a threshold for

statistical significance.
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Figure 12. Analysis of Purified GST-Fusion Proteins. Purified GST proteins fused with either the IL3

of D1R, IL3 of D5R or CT D1R were analyzed through (A) SDS-PAGE and Western Blotting using an

anti-GST antibody, as well as (B) Coomassie Brilliant Blue R-250 staining.
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4. Results
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In this section, I will begin by discussing the results from my studies on the impact of three DIR CT
regions (Val388-Leu416; Ser417-Val430; Ser431-Thr446) located downstream of phosphorylation of
residues Thr354 and Ser372/Ser373. Then, I will examine the role of PLZF on the phosphorylation of
Thr354 and Ser372/Ser373. Since PLZF was initially identified as an interactor with the CT of D1R, I
will determine if deletion of distal CT domains interfere with the PLZF-mediated regulation of DIR
Thr354 and Ser372/373 phosphorylation. Finally, I will conclude this section by assessing the results I
obtained from mapping the interaction domains of PLZF, as its interaction site on the DIR may be a

contributing factor to its role in mediating the phosphorylation of Thr354 and Ser372/Ser373 on the D1R.

4.1. Assessing the role of the D1R cvtoplasmic tail residues in dopamine-mediated

phosphorvlation of Thr354 and Ser372/Ser373

4.1.1. Truncation of the D1R distal cytoplasmic tail impacts phosphorylation of upstream
residues

It is well-known that phosphorylation of activated GPCRs by GRKs is a critical regulatory step in
mediating the downstream effects of receptor desensitization (Tiberi et al., 1996; Sedaghat and Tiberi,
2011; Jean-Charles et al., 2017). This effect is explained by the phospho-barcode hypothesis, which states
that a unique phosphorylation pattern within the cytoplasmic domains of the receptor acts as a “barcode”
to dictate specific downstream cellular responses (Jean-Charles et al., 2017; Kaya et al., 2020). Also, the
elimination of various D1R CT regions has been shown to impact the GRK2 and GRK3regulation of DA-
mediated phosphorylation (Jackson et al., 2002; Kim et al., 2004; Sedaghat and Tiberi, 2011). However, it
remains unknown as to how the truncation of specific CT regions impacts the phosphorylation of certain
residues. Studies show that the D1R contains 32 different serine and threonine residues, although it
remains to be known if all residues are phosphorylated (Tiberi et al., 1996; Moritz et al., 2023). To
analyze this, HEK293 cells were transfected with either wildtype Flag-tagged D1R or various Flag-tagged
truncated forms of the D1R (fVal388, fSer417, fSer431), with the number corresponding to the most

distal amino acid number after the site of truncation (Fig. 13). Truncations were generated by inserting
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STOP codons between various residues along the CT. The purposes of these truncated receptors were to
illustrate the effect that different groups of CT residues impart on the degree of D1R phosphorylation at
residues Thr354 and Ser372/Ser373. Importantly, these truncated mutants did not display any significant
differences in agonist and antagonist affinities relative to wild type D1R. Likewise, all truncated human
DIR receptors retain similar agonist-independent and dependent Gs coupling properties relative to the
wild type DI1R (data not shown), with the exception of fCys351 that display a higher DA-induced

maximal activation of adenylyl cyclase (Jackson et al., 2001).
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Figure 13. Schematic Diagram of Phosphorylation Residues Thr354 and Ser372/Ser373 on the D1R.
Highlighted in blue are the D1R amino acid residues that are homologous to the D5R, while divergent
DIR residues are highlighted in white. Flag-tagged truncated receptors downstream of the
phosphorylation sites (fVal388-STOP, fSer417-STOP and fSer431-STOP) were used to study the impact
of the DIR CT residues on PLZF-mediated regulation of D1R phosphorylation, with the arrows pointing
to the specific sites of truncation along the D1R CT. Truncated receptors upstream of the phosphorylation
sites (fCys347-STOP and fCys351-STOP) were used to test the efficacy of the phosphorylation antibodies

used in these experiments (pThr354 and pSer372/Ser373). Generated with gpcrdb.com.
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IP experiments were performed in transfected HEK293 cells under DA stimulation. In all experiments,
anti-FLAG M2 agarose matrix beads were used to immunoprecipitate the Flag-tagged receptors and
phosphorylation was analyzed through Western blot by probing with anti-phosphorylated Thr354
(pThr354) and anti-phosphorylated Ser372/Ser373 (pSer372/Ser373), corresponding to three CT residues
phosphorylated by GRKs on the DIR. A proof-of-principle experiment was first performed using
HEK293 cells transfected with Flag-tagged forms of D1R truncated at residues Cys347 and Cys351 to
confirm the efficacy of both antibodies, with both mutant receptors having been truncated above the sites
of phosphorylation. The results from these experiments show that phosphorylation of Thr354 and
Ser372/373 does not occur in HEK293 cells transfected with fCys347 and fCys351 mutants (Figs. 14,

15), demonstrating that these antibodies are precisely recognizing their specific phosphorylation sites.
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Figure 14. pThr354 Antibody Recognizes Specific Phosphorylation Site. Proof-of-principle
experiment of co-immunoprecipitation and immunoblotting of HEK293 cells transfected with Flag-tagged
DIR (fD1R) and mutant forms of fD1R truncated at residues Cys347 (fCys347-STOP) and Cys351
(fCys351-STOP) then subjected to 15 minutes of stimulation with vehicle (AA) or 10 pM DA. Negative
controls were transfected with empty pCMV5 vector. Immunoprecipitated receptors were unable to be
detected by anti-Flag antibody due to loss of protein from membrane stripping as well as technical issues
with membrane transferring, but radioligand binding assays were performed to confirm presence of
receptors. IPs were boiled during preparation of Western blot samples, resulting in a possible protein
aggregation and the presence of extra bands (>80 KDa) during phosphorylation detection. (A) Receptors
were immunoprecipitated using anti-Flag conjugated beads and probed with anti-phosphorylated Thr354
(pThr354) to confirm accurate detection of Thr354 phosphorylation. (B) Inputs were probed with anti-
alpha tubulin antibody. Bmax values are 1.01 (fD1R), 4.75 (fCys347-STOP), and 1.07 (fCys351-STOP).

N=1.
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Figure 15. pSer372/Ser373 Antibody Recognizes Specific Phosphorylation Site. Proof-of-principle
experiment of co-immunoprecipitation and immunoblotting of HEK293 cells transfected with Flag-tagged
DIR (fD1R) and mutant forms of fD1R truncated at residues Cys347 (fCys347-STOP) and Cys351
(fCys351-STOP) then subjected to 15 minutes of stimulation with vehicle (AA) or 10 uM DA. Negative
controls were transfected with empty pCMV5 vector. Immunoprecipitated receptors were unable to be
detected by anti-Flag antibody due to a potential loss of protein from membrane stripping as well as
technical issues with membrane transferring, but radioligand binding assays were performed to confirm
presence of receptors. IPs were boiled during preparation of Western blot samples, resulting in a possible
protein aggregation and the presence of extra bands (>80 KDa) during phosphorylation detection. (A)
Receptors were immunoprecipitated using anti-Flag conjugated beads and probed with anti-
phosphorylated Ser372/373 (pSer372/Ser373) to confirm accurate detection of Ser372/373
phosphorylation. (B) Inputs were probed with anti-alpha tubulin antibody. Bmax values are 3.84 (fD1R),

5.59 (fCys347-STOP), and 2.98 (fCys351-STOP). N = 1.

Following the validation of the pThr354 and pSer372/Ser373 antibodies, I assessed the role of the three
downstream CT regions in the regulation of these D1R phosphorylation sites. Results show that
phosphorylation of these residues becomes hindered with increasing truncation of the D1R CT, with the

Val388 mutant showing little to no phosphorylation at either of these sites (Fig. 16, 17). Overall, this
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demonstrates that the distal DIR CT domains are important for DA-induced phosphorylation of the

upstream residues Thr354 and Ser372/Ser373.
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Figure 16. Removal of Distal DIR CT Domains Reduces Phosphorylation of Thr354 and
Ser372/Ser373 in a Successive Manner. Representative experiment of co-immunoprecipitation and
immunoblotting of HEK293 cells transfected with Flag-tagged DIR (fD1R) or mutant forms of fD1R
truncated at residue Ser431 (fSer431-STOP), Ser417 (fSer417-STOP) or Val388 (fVal388-STOP), then
subject to 15 minutes of stimulation with vehicle (AA) or 10 uM DA. Negative controls were transfected
with empty pCMVS5 vector. (A) Receptors were immunoprecipitated using anti-Flag conjugated beads and
probed with anti-phosphorylated Thr354 (pThr354). Membrane filter was stripped and re-probed for (B)
anti-phosphorylated Ser372/Ser373 (pSer372/Ser373) and again for (C) anti-Flag. IPs were boiled during
preparation of Western blot samples, resulting in a potential protein aggregation and the presence of extra
bands (>80 kDa) during phosphorylation detection. (D) Inputs were probed with anti-alpha tubulin
antibody. Bmax values (mean + SEM) are 3.45+0.49 (fD1R), 3.8540.76 (fVal388-STOP), 3.81+0.77

(fSer417-STOP) and 4.35+0.70 (fSer43-STOP). N = 4.
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Effects of D1R CT Truncation on Thr354 Phosphorylation Effects of D1R CT Truncation on Ser372/Ser373 Phosphorylation

Figure 17. Quantification of the Removal of Distal DIR CT Domains on Phosphorylation of Thr354
and Ser372/Ser373. Densitometric analysis using ImagelJ software for the immunoprecipitation of fD1R
and mutant forms of fD1R truncated at residues Val388, Ser417 and Ser431 under stimulation of HEK293
cells using 10 uM DA for 15 mins. Blots were quantified with ImageJ and analyzed with GraphPad Prism
to evaluate effects of cytoplasmic tail truncations on the phosphorylation of residues (A) Thr354 and (B)
Ser372/Ser373. Bmax values (mean=SEM) are 3.45+0.49 (fD1R), 3.85+0.76 (fVal388), 3.81+0.77
(fSer417) and 4.35+0.70 (fSer431). Statistical analysis was performed using column analysis and one-

way ANOVA. N =4.
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4.2. The role of PLZF in the dopamine-induced D1R phosphorylation process

4.2.1. PLZF hinders dopamine-mediated phosphorylation of D1R on CT Thr354 and

Ser372/Ser373 residues with its regulation mediated by specific domains of the CT

Prior work in the Tiberi lab has shown that PLZF reduces the internalization of the D1 receptor
(Josephine Zein, M.Sc. Thesis, 2022). As previously described, phosphorylation is a key mechanism in
the desensitization process, decreasing the affinity of the GPCR for its cognate G-protein and increasing
affinity for B-arrestin to bind to the IL3 and CT, facilitating endocytosis of the receptor (Kim et al., 2004).
Therefore, PLZF may alter D1R internalization through inhibition of phosphorylation. As well, it was
previously identified through a Y2H screen that PLZF interacts with the CT of D1R. Therefore, the
regulation of phosphorylation by PLZF may be mediated by its interaction with the CT. To analyze this,
HEK293 cells were transfected with either wildtype fD1R or various Flag-tagged truncated forms of the
DIR (fVal388, fSer417, fSer431) in the presence or absence of HA-tagged PLZF. As in Part 1, these
truncated receptors were employed to showcase the effect that different groups of CT residues impart on
DIR phosphorylation, except in this case, they are now additionally co-expressed with PLZF. IP
experiments were performed in transfected HEK293 cells under DA stimulation. Anti-FLAG M2 agarose
matrix beads were used to immunoprecipitate the Flag-tagged receptors and phosphorylation was
analyzed through Western blot by probing with pThr354 and pSer372/Ser373. The results demonstrate
that co-expression of PLZF reduces phosphorylation at residues Thr354 and Ser372/Ser373 on the DIR
CT. This regulation of phosphorylation by PLZF is either enhanced or diminished depending on the CT
domain of truncation. For example, phosphorylation of these sites is further reduced when PLZF is co-
expressed with the mutant receptor fSer431 (Fig. 18, 19), whereby the D1R is truncated at residue Ser431
to remove its downstream residues. Considering that PLZF reduces D1R phosphorylation (Fig. 16-19),
my results suggest that these residues downstream of Ser431 are likely not involved in the regulation of

DIR phosphorylation by PLZF and thus may not be involved in its interaction.
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Figure 18. PLZF Reduces Phosphorylation of Thr354 and Ser372/Ser373 on D1R, which is Further
Reduced with Truncation of the DIR CT at Ser431. Representative experiment of co-
immunoprecipitation and immunoblotting of HEK293 cells transfected with Flag-tagged D1R (fD1R) or
mutant forms of fD1R truncated at residue Ser431 (fSer431-STOP) in the presence or absence of HA-
PLZF, then subjected to 15 minutes of stimulation with vehicle (AA) or 10 uM DA. Negative controls
were transfected with PLZF and untagged D1R. (A) Receptors were immunoprecipitated using anti-Flag
conjugated beads and probed with anti-phosphorylated Thr354 (pThr354). Membrane filter was stripped
and re-probed for (B) anti-phosphorylated Ser372/Ser373 (pSer372/Ser373) and again for (C) anti-Flag.
Not all immunoprecipitated receptors were able to be detected by anti-Flag antibody due to a potential
loss of protein from membrane stripping as well as technical issues with membrane transferring, but
radioligand binding assays were performed to confirm presence of receptors. IPs were boiled during
preparation of Western blot samples, resulting in a possible protein aggregation and the presence of extra
bands (>80 KDa) during phosphorylation detection. (D) Inputs were probed with anti-PLZF and (E) anti-
alpha tubulin antibody. Bmax values (mean+=SEM) are 7.30+£1.51 (D1R+PLZF), 7.68+0.92 (fD1R),
5.78+1.74 (fD1R+PLZF), 7.23+1.92 (fSer431), and 4.64+1.03 (fSer431+PLZF). Statistical analysis was

performed using column analysis and one-way ANOVA. N =4
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Figure 19. Quantification of PLZF-Mediated Reduction of Thr354 and Ser372/Ser373
Phosphorylation of Wildtype D1R and D1R Truncated at Ser431. Densitometric analysis using
ImageJ software for the immunoprecipitation of fD1R, fD1R with HA-PLZF, a mutant form of f{DIR
truncated at residues Ser431 (fSer431), and the Ser431 mutant with PLZF (fSer431+PLZF), all
transfected into HEK293 cells that were stimulated with either AA or 10 uM DA for 15 mins. Blots were
quantified with ImagelJ and analyzed with GraphPad Prism to examine effects of cytoplasmic tail
truncations in the presence or absence of HA-PLZF on the phosphorylation of residue (A) Thr354 and (B)
Ser372/Ser373. Bmax values (mean+SEM) are 7.30+1.51 (DIR+PLZF), 7.68+0.92 (fD1R), 5.78+1.74
(fDIR+PLZF), 7.23+1.92 (fSer431), and 4.64+1.03 (fSer431+PLZF). Statistical analysis was performed

using column analysis and one-way ANOVA. N =4

Next, to investigate if there were other CT domains involved in this regulation of D1R phosphorylation
by PLZF, I employed mutant forms of the receptor where the D1R CT was truncated further upstream,
specifically at residues Ser417 (fSer417) and Val388 (fVal388). Interestingly, removal of the CT at Ser417
(Fig. 20, 21) and Val388 (Fig. 22, 23) diminishes the reduction of Thr354 and Ser372/Ser373
phosphorylation imposed by PLZF. Therefore, these downstream residues may be important for the
regulation of D1R phosphorylation, which may be mediated through a possible interaction with PLZF.
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Figure 20. Removal of DIR CT at Residue Ser417 Diminishes the Regulation of Thr354 and
Ser372/Ser373 Phosphorylation Imposed by PLZF. Representative experiment of co-
immunoprecipitation and immunoblotting of HEK293 cells transfected with Flag-tagged D1R (fD1R) or
mutant forms of fD1 truncated at residue Ser417 (fSer417-STOP), in the presence or absence of HA-
PLZF, then subjected to 15 mins stimulation with vehicle (AA) or 10 uM DA. Negative controls were
transfected with PLZF and untagged D1R. (A) Receptors were immunoprecipitated using anti-Flag
conjugated beads and probed with anti-phosphorylated Thr354 (pThr354). Membrane filters were stripped
and re-probed for (B) anti-phosphorylated Ser372/Ser373 (pSer372/Ser373) and again for (C) anti-Flag.
Not all immunoprecipitated receptors were able to be detected by anti-Flag antibody due to a potential
loss of protein from membrane stripping as well as technical issues with membrane transferring, but
radioligand binding assays were performed to confirm presence of receptors. (D) Inputs were probed with
anti-PLZF and (E) anti-alpha tubulin antibody. Bmax values (mean+ SEM) are 0.73+0.24 (D1R+PLZF),
4.56+1.46 (fD1R), 4.00+2.73 (fD1R+PLZF), 11.09+£3.67 (fSer417), and 4.64+2.23 (fSer417+PLZF). N =

3.
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Effects of D1R CT Truncation at residue Ser417 on PLZF-Mediated Regulation of Thr354 Effects of D1R CT Truncation at residue Ser417 on PLZF-Mediated Regulation of
Phosphorylation Ser372/Ser373 Phosphorylation

Figure 21. Quantification of PLZF-Mediated Reduction of Thr354 and Ser372/Ser373
Phosphorylation of Wildtype D1R and D1R Truncated at Ser417. Densitometric analysis using
ImageJ software for the immunoprecipitation of FD1, fD1 with HA-PLZF, a mutant form of fD1
truncated at residues Ser417 and the Ser417 mutant with PLZF, all transfected into HEK293 cells that
were stimulated with either AA or 10 uM DA for 15 mins. (A) Blots were quantified with ImageJ and
analyzed with GraphPad Prism to evaluate effects of cytoplasmic tail truncations in the presence or
absence of HA-PLZF on the phosphorylation of residue (A) Thr354 and (B) Ser372/Ser373. Bmax values
(mean+SEM) are 0.73+0.24 (DIR+PLZF), 4.56+1.46 (fD1R), 4.00+2.73 (fD1R+PLZF), 11.09+3.67
(fSer417), and 4.64+2.23 (fSerd17+PLZF). Statistical analysis was performed using column analysis and

one-way ANOVA. N =3
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Figure 22. Removal of DIR CT at Residue Val388 Diminishes the Regulation of Thr354 and
Ser372/Ser373 Phosphorylation Imposed by PLZF. Representative experiment of co-
immunoprecipitation and immunoblotting of HEK293 cells transfected with Flag-tagged D1R (fD1R),
mutant forms of fD1R truncated at residue Val388 (fVal388), in the presence or absence of HA-PLZF,
then subjected to 15 mins stimulation with vehicle (AA) or 10 uM DA. Negative controls were
transfected with PLZF and untagged D1R. (A) Receptors were immunoprecipitated using anti-Flag
conjugated beads and probed with anti-phosphorylated Thr354 (pThr354). Membrane filters were stripped
and re-probed for (B) anti-phosphorylated Ser372/Ser373 (pSer372/Ser373) and again for (C) anti-Flag.
Not all immunoprecipitated receptors were able to be detected by anti-Flag antibody due to a potential
loss of protein from membrane stripping as well as technical issues with membrane transferring, but
radioligand binding assays were performed to confirm presence of receptors. IPs were boiled during
preparation of Western blot samples, resulting in a possible protein aggregation and the presence of extra
bands (>80 KDa) during phosphorylation detection. (D) Inputs were probed with anti-PLZF and (E) anti-
alpha tubulin antibody. Bmax values (mean+SEM) are 7.60+5.52 (D1R+PLZF), 7.76+5.03 (fD1R),

8.34+4.18 (fDIR+PLZF), 6.06+5.26 (fVal388), and 8.77+4.42 (fVal388+PLZF). N = 3.
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Figure 23. Quantification of PLZF-Mediated Reduction of Thr354 and Ser372/Ser373
Phosphorylation of Wildtype D1R and D1R Truncated at Val388. Densitometric analysis using
ImageJ software for the immunoprecipitation of fD1R, fD1R with HA-PLZF, a mutant form of f{DIR
truncated at residues Val388 and the Val388 mutant with PLZF, all transfected into HEK293 cells that
were stimulated with either AA or 10 uM DA for 15 mins. Blots were quantified using ImageJ to analyze
effects of cytoplasmic tail truncations in the presence or absence of HA-PLZF on the phosphorylation of
residue Thr354 and Ser372/Ser373. Bmax values (mean+SEM) are 7.60+5.52 (D1R+PLZF), 7.76+5.03

(fDIR), 8.34+4.18 (fDIR+PLZF), 6.06+5.26 (fVal388), and 8.77+4.42 (fVal388+PLZF). N = 3.
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4.3. Mapping the interaction domains of PLZF on the D1-class

4.3.1. Removal of the D1R CT does not impact PLZF recruitment to the DIR

Prior studies have demonstrated that the CT constitutes a major site for protein-protein interactions on the
DIR (Bermak et al., 2002; Kim et al., 2002). PLZF was identified to interact with the CT through Y2H
studies and has been previously shown to form interactions with the D1R through preliminary
coimmunoprecipitation studies (Josephine Zein, M. Sc. Thesis, 2022), however it remains to be known
the precise site on the D1R CT that PLZF is recruited to. Identifying this site may help to understand the
mechanistic basis behind the regulation of D1R phosphorylation by PLZF, as I previously showed that
truncation of D1R CT domains hinders the effects of PLZF on reducing Thr354 and Ser372/Ser373
phosphorylation on the D1R. To identify the site of interaction for PLZF, HEK293 cells were transfected
with HA-tagged PLZF and Flag-tagged D1R or its truncated CT counterparts (fCys347, fCys351,
fVal388, fSer417, fSer431). The reasoning behind this was that if PLZF was no longer detectable during
immunoprecipitation of the mutated receptor, this would indicate that the missing domain was the site of
interaction for PLZF or at least was involved in its recruitment to the D1R. I first started by using the
three most distal truncated receptors (A388, A417, A431), as it was previously demonstrated that the
residues downstream of Val388 may be involved in the regulation of Thr354 and Ser372/Ser373
phosphorylation by PLZF. Interestingly, removal of these CT domains does not hinder PLZF recruitment;
rather, it appears to heighten its complex formation with the DIR (Fig. 24, Fig. 25), demonstrating that

these residues are not involved in forming an interaction with PLZF.

80



Ball 2026

, IP: Flag
okba § . IB: HA-PLZF
75kDa = et N L T Input

w- ) : LS. S |B: HA-PLZF

HA-PLZF V + + + + + + + + +

D1R + - - - - ; - -

D1R = + + . -

Val388-STOP i - - + + - _

Ser417-STOP - - . i I + : -

fSerd31-STOP - - - - - - + +

DA - - + - + - + - +

Figure 24. Removal of D1R CT at Residues Val388, Ser417 and Ser431 Does Not Inhibit PLZF
Complex Formation. Representative experiment of co-immunoprecipitation and immunoblotting of
HEK293 cells transfected with HA-PLZF and Flag-tagged DIR (fD1R) or mutant forms of fD1R
truncated at residues Val388 (fVal388-STOP), Ser417 (fSer417-STOP) or Serd31 (fSer431-STOP), then
subjected to 15 minutes of stimulation with vehicle (AA) or 10uM DA. Negative controls were
transfected with PLZF and untagged D1R. (A) Receptors were immunoprecipitated using anti-Flag
conjugated beads and probed with anti-PLZF. (B) Inputs were also probed with anti-PLZF.
Immunoprecipitated receptors were unable to be detected by anti-Flag antibody due to a potential loss of
protein from membrane stripping as well as technical issues with membrane transferring, but radioligand
binding assays were performed to confirm presence of receptors. Bmax values (meantSEM) are
0.21+0.14 (D1R+PLZF), 1.64+0.33 (fD1R+PLZF), 8.05+3.72 (fVal388+PLZF), 3.36+1.93

(fSer417+PLZF) and 5.00+3.51 (fSer431+PLZF). N = 3.
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Effects of D1R Distal CT Truncation on PLZF-D1R Interactions

Figure 25. Quantification of the Effect of DIR CT Domain Removal at Val388, Ser417 and Ser431
on PLZF Complex Formation Under Basal and Dopamine-Stimulated Conditions. Densitometric
analysis using ImageJ software for the co-immunoprecipitation of HA-PLZF with Flag-tagged D1R
(fD1R) or mutant forms of fD1 with CT truncated at either residue Val388 (fVal388), Ser417 (fSer417) or
Ser431 (fSer431), all transfected into HEK293 cells that were under stimulation with either AA or 10 uM
DA for 15 minutes. Blots were quantified with ImageJ and analyzed with GraphPad Prism to analyze
effects of removal of distal cytoplasmic domain residues on the interaction between receptor and PLZF.
Bmax values (mean+SEM) are 0.21+0.14 (D1R+PLZF), 1.64+0.33 (fD1R+PLZF), 8.05+3.72
(fVal388+PLZF), 3.36+1.93 (fSer417+PLZF) and 5.00+£3.51 (fSer431+PLZF). Statistical analysis was

performed using column analysis and one-way ANOVA. N =3
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Based on those results, I postulated that PLZF must be interacting upstream of Val388, so I hypothesized
that using a mutant receptor whose CT was truncated at a proximal site (fCys347 and fCys351) would
inhibit PLZF recruitment to the CT. Upon performing co-IPs with these mutant receptors, I saw similar
effects: complete removal of the CT (fCys347-STOP) as well as truncation at residue Cys351 (fCys351-
STOP) does not impair PLZF recruitment to the D1R (Fig. 26, Fig. 27). Altogether, this highlights that
PLZF does not form a complex with the D1R CT and there may be other domains, such as the helix 8

(HS) or the IL3 that are involved in this interaction.

A IP: Flag
i IB: HA-PLZF
B g
. IP: Flag
80 kDa — ¥, IB: Flag
75 kDa —C— — — --- e nPut
SRR R R |B: HA-PLZF
HA-PLZF + + + + + + +
D1R + = = 5 2 = X
fD1R = + + _ _
fCys347-STOP - = 2 + + s »
fCys351-STOP - - _ _ ~ + +
DA - N + . 7 i .

Figure 26. Removal of DIR CT at Residues Cys347 and Cys351 Does Not Inhibit PLZF Complex
Formation. Representative experiment of co-immunoprecipitation and immunoblotting of HEK293 cells
transfected with HA-PLZF and Flag-tagged D1R (fD1R) or mutant forms of fD1R truncated at residues
Cys347 (fCys347-STOP) and Cys351 (fCys351-STOP), then subjected to 15 mins stimulation with
vehicle (AA) or DA. Negative controls were transfected with PLZF and untagged D1R. Receptors were
immunoprecipitated using anti-Flag conjugated beads and probed with (A) anti-PLZF. Membrane was
stripped and re-probed for (B) anti-Flag. (C) Inputs were also probed with anti-PLZF. Bmax values
(mean+SEM) are 0.1+£0.03 (D1R+PLZF), 4.26+0.94 (fD1R+PLZF), 3.11+0.50 (fCys347+PLZF), and

1.35+0.20 (fCys351+PLZF). N = 6.
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Effects of D1R Proximal CT Truncation on PLZF-D1R Interactions

Figure 27. Quantification of the Effect of DIR CT Domain Removal at Cys347 and Cys351 on
PLZF Complex Formation Under Basal and Dopamine-Stimulated Conditions. Densitometric
analysis using Imagel] software for the co-immunoprecipitation of HA-PLZF with Flag-tagged DIR
(fD1R) or mutant forms of fD1R with the CT truncated at either residue Cys347 (fCys347) or Cys351
(fCys351), all transfected in HEK293 cells under stimulation with either AA or 10 uM DA for 15
minutes. Blots were quantified with ImageJ and analyzed with GraphPad Prism to examine effects of
removal of proximal cytoplasmic domain residues on the interaction between the DIR receptor and
PLZF.) Bmax values (mean+SEM) are 0.1+£0.03 (D1R+PLZF), 4.26+0.94 (fD1R+PLZF), 3.11+0.50
(fCys347+PLZF), and 1.35+0.20 (fCys351+PLZF). Statistical analysis was performed using column

analysis and one-way ANOVA. N = 6.
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4.3.2. PLZF interacts with the IL3 in addition to the CT

As previously described, Y2H screening performed in our lab pulled out PLZF as a potential interactor
with the CT of D1R; however, based on our co-IP results, complete removal of the D1R CT still yields
recruitment of PLZF. To confirm which D1R domains are interacting with PLZF, HEK293 cells were
transfected with HA-tagged PLZF, and a pulldown assay was performed using recombinant GST proteins
fused with either the IL3 or CT domain of the D1-class. Glutathione Sepharose beads were used to
immunoprecipitate the GST-tagged fusion proteins and PLZF interaction was assessed through Western
Blot by probing with anti-PLZF. The results show that PLZF forms an interaction with the CT of D1R,
confirming the results from the Y2H screen. However, the results also identified an interaction between
PLZF and the IL3 of DIR, albeit a weaker affinity than the CT of D1R (Fig. 28). Altogether, these
findings imply that PLZF may form a complex with both the IL3 and CT domains of the D1R in vitro,

with PLZF having a particularly stronger affinity for the CT.

GST-IL3- GST-CT-
GST  D1R DIR  PLZFInput

IB: HA-PLZF

Figure 28. PLZF Interacts with IL3 and CT of D1R. Representative experiment of GST-tagged protein
pulldown and immunoblotting of HEK293 cells transfected with HA-PLZF. HA-PLZF was pulled down
using Glutathione Sepharose beads conjugated with GST-proteins fused with the IL3 and CT domain of

DIR and probed with anti-PLZF antibody. Inputs were also probed using anti-PLZF antibody. N =3
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4.3.3. DA stimulation, in addition to specific IL3 segments, differentially modulates PLZF
binding to D1R

To better understand the role of the IL3 domain in regulating PLZF recruitment to the D1R, HEK392 cells

were transfected with receptors containing mutated forms of the IL3 (IL3-AN or IL3-AC), corresponding

to proteolytic cleavage at specific sites of the IL3 to remove either its N-terminal or C-terminal end (Fig.

29).

Flag-DIR-AIL3N Flag-D1R-AIL3C

Figure 29. Sites of IL.3 Domain Truncation for Mutated D1R Receptors Used in PLZF-D1R
Interaction Domain Mapping. Residues highlighted in red corresponded to the residues that are
truncated for each mutant IL3-D1R construct. A-1 corresponds to the residues of the N-terminus of 113
that were truncated (Q224-T245), while A-2 corresponds to the residues truncated in the C-terminus of

the IL3 (G246-K285).
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IP experiments using these truncated L3 mutants were performed in transfected HEK293 cells under 10
uM DA stimulation for 15 minutes, as it has been well-established that complex formation between
GPCRs and their interacting proteins can be modulated through the presence of agonists and antagonists
(Slater et al., 2016). Anti-FLAG M2 agarose matrix beads were used to immunoprecipitate the Flag-
tagged receptors and PLZF interaction was assessed through Western Blot by probing with anti-PLZF.
The results show that complex formation is increased with IL3-AN under basal conditions but is
decreased during DA stimulation. Contrarily, IL3-AC decreases complex formation under basal conditions
but becomes strongly increased under DA stimulation (Fig. 30, 31). Overall, these results suggest that
PLZF complex formation is potentially multifaceted and variable, depending on multiple factors

including receptor conformation and the presence of an agonist.
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Figure 30. Removal of D1R IL.3 Domains Oppositely Modulates PLZF Complex Formation Under
Basal and Dopamine-Stimulated Conditions. Representative experiment of co-immunoprecipitation
and immunoblotting of HEK293 cells transfected with HA-PLZF and Flag-tagged D1R (fD1R) or mutant
forms of fDIR cleaved at the N terminus (fAN-IL3) and C terminus (fAC-IL3) of the IL3, then subjected
to 15 minutes of stimulation with vehicle (AA) or 10 uM DA. Negative controls were transfected with
PLZF and untagged D1R. (A) Receptors were immunoprecipitated using anti-Flag conjugated beads and
probed with anti-PLZF. (B) Inputs were also probed with anti-PLZF. Immunoprecipitated receptors were
unable to be detected by anti-Flag antibody due to a potential loss of protein from membrane stripping as
well as technical issues with membrane transferring, but radioligand binding assays were performed to

confirm presence of receptors. Bmax values are 2.02+0.25 (D1R+PLZF), 4.10+1.52 (fD1R+PLZF),

0.69+0.29 (FAN-IL3+PLZF), and 5.10+1.0 (fAC-IL3+PLZF). N = 3.
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Figure 31. Quantification of the Effect of D1R IL3 Domain Removal on PLZF Complex Formation
Under Basal and Dopamine-Stimulated Conditions. Densitometric analysis using ImageJ software for
the co-immunoprecipitation of HA-PLZF with Flag-tagged D1R (fD1R) or mutant forms of fD1R with
removal of either the N-terminus (fAN-IL3) of the IL3 or C-terminus (fAC-IL3) of the IL3, all transfected
in HEK293 cells under stimulation with either AA or 10 uM DA for 15 minutes. (A) Blots were
quantified with ImagelJ and analyzed with GraphPad Prism to evaluate effects of IL3 truncations on the
interaction between receptor and PLZF. (C) Quantifications were normalized for respective Bmax values.
(B) Bmax values (mean+SEM) are 2.02+0.25 (D1R+PLZF), 4.10+1.52 (fD1R+PLZF), 0.69+0.29 (fAN-
IL3+PLZF), and 5.10£1.0 (fAC-IL3+PLZF). Statistical analysis was performed using column analysis

and one-way ANOVA. N =3
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5. Discussion
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Studies have shown that dopamine receptors are regulated by the interactions of numerous cytoskeletal,
adaptor and signaling proteins, referred to in the literature as DRIPs (Bergson et al., 2003). Given that
DARs are some of the most abundant receptors in the CNS and dysfunctions in their biochemical
functioning have been implicated in numerous neurological and psychological disorders, many efforts
have been taken to further investigate the role of these proteins in regulating the signaling and trafficking
pathways mediating individual DAR subtypes (Goldman-Rakic, 1998; Wang et al., 2008). Our lab
conducted Y2H screens, whereby the protein products of a cDNA library are screened with a selected
GPCR-derived domain, to delve into the full complement of possible DRIPs (Tanowitz & von Zastrow,
2004). Using this proteomic approach, we identified the Promyelocytic Leukemia Zinc Finger, which was
found to interact with the IL3 of D5R and the CT of D1R. The D1R-PLZF interaction was confirmed
through co-immunoprecipitation studies (Josephine Zein, 2022, Master’s Thesis, University of Ottawa).
Further assays were performed to better understand the impact of PLZF on the functional activity of the
D1-class, where it was discovered that PLZF differentially modulates D1-class signaling and trafficking
behaviour in a subtype-specific manner. Specifically, PLZF increases D1R-stimulated cAMP activity and
ERK activation but decreases DSR-stimulated cAMP activity and ERK activation. PLZF also
downregulates D1R internalization but facilitates the internalization of D5SR. The results from these
studies prompted further interest in understanding the underlying mechanisms surrounding these effects.
Given the role of phosphorylation in mediating receptor internalization as well as prior unpublished
results showing that B-arrestin recruitment to the D1R is decreased in the presence of PLZF, our lab
wanted to investigate if PLZF has an influence on the phosphorylation status of the receptor as well as the
overall role of the CT domains in mediating DA-induced phosphorylation. We also wanted to see if this
effect is mediated through the location of PLZF interaction on the DIR given the number of Ser and Thr
phosphorylation sites on the DIR (Tiberi et al., 1996; Sedaghat and Tiberi, 2011; Moritz et al., 2023). My
M.Sc. thesis focuses solely on the role of PLZF in the D1R as the DIR is the most abundant DAR in the
CNS and is more widely implicated in neurological disorders like PD (Missale et al., 1998; Beaulieu and
Gainetdinov, 2011). Additionally, the long-term administration of Levodopa for treating PD is frequently
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associated with the onset of LID, which is known to result from increased D1R-mediated transmission at
the level of the direct pathway (Bezard et al., 2001; Aubert et al., 2005). Given the high structural
homology between the DI1R and D5R, gaining a better understanding of the different protein complexes
formed during dopamine receptor activation and how this is altered under pathophysiological conditions
may postulate a new framework for the discovery of novel druggable receptor sites, thereby providing
better ways to pharmacologically differentiate between the D1-class subtypes and offering more

efficacious treatment of diseases.

The results from my project demonstrate that the truncation of the distal domains of the D1R CT, located
between Val388 and Thr446, imparts a sequential negative regulatory impact on the phosphorylation of
Thr354 and Ser372/Ser373, with greater truncation of the CT leading to greater loss of phosphorylation.
Furthermore, the co-expression of PLZF with the D1R negatively impacts D1R phosphorylation of these
specific residues. In addition, co-expression of PLZF with various truncated forms of the D1R CT alters
the degree of phosphorylation imposed on Thr354 and Ser372/Ser373 by PLZF, suggesting that these
downstream CT regions may mediate the regulatory effects of PLZF on D1R phosphorylation.
Interestingly, I show that PLZF is recruited to the D1R regardless of the length of CT truncation,
suggesting that PLZF may instead form a complex with the Helix 8/IL4 domain located proximally to the
CT, as this region was part of the Y2H bait used for the D1R CT. I also demonstrate that PLZF interacts
with both the CT and IL3 domains of the D1R, with PLZF forming a stronger interaction with the CT in
the GST pulldown assays. Finally, the regions of the D1R IL3 mediate different effects on the binding of
PLZF, with the removal of either the N-terminus or C-terminus shifting the degree of PLZF recruitment to

the D1R between basal and agonist-stimulated states.

5.1 Phosphorylation of DIR CT residues may prime more upstream residues for
phosphorylation
The findings show that the degree of phosphorylation of the DIR CT residues Thr354 and Ser372/Ser373

gradually decreases with progressive truncation of downstream CT domains. It is possible that the
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removal of these domains alters the structural conformation of the D1R CT to restrict GRK access to
Thr354 and Ser372/Ser373, thereby decreasing their phosphorylation levels. It is also possible that
phosphorylation of the CT occurs in a sequential order, with phosphorylation of residues on the distal
portion of the tail being of importance for the phosphorylation of more proximal residues like Thr354 and
Ser372/Ser373. This hypothesis aligns with previous studies which showed that sequential truncation of
the D1R CT, as well as mutation of specific residues of the CT, results in a consecutive loss of agonist-
induced phosphorylation (Jackson et al., 2002; Lamey et al., 2002; Kim et al., 2004). It has also been
demonstrated that receptor activation promotes phosphorylation in a hierarchical fashion, such that the CT
must be phosphorylated first before the IL3 can be phosphorylated (Kim et al., 2004; Moritz et al., 2023).
It has been well-established that B-arrestin associates with the IL3 during receptor desensitization. Studies
show that phosphorylation sites in the proximal CT residues are critical for B-arrestin binding, whereas
the phosphorylation sites in the IL3 bear responsibility for B-arrestin-mediated receptor internalization
(Kaya et al., 2020; Moritz et al., 2023). Therefore, rather than creating a binding pocket, the role of
phosphorylation is to alter the conformation of both the IL3 and CT to allow for the association and
binding of B-arrestin (Kim et al., 2004). Altogether, phosphorylation of CT residues located downstream
of Thr354 and Ser372/Ser373 may be an essential mediator to alter the structural conformation of DIR to

allow for the recruitment of B-arrestin to the IL3 (Fig. 32).

The phosphorylation of these sites may also yield a structural conformation that repels the association of
DIR with PLZF. As previously discussed, the Y2H screening performed in our lab showed that PLZF can
form a complex with the CT of D1R. The “phosphorylation barcode” hypothesis implies that different
receptor phosphorylation patterns dictate the probability of arrestin adopting a particular active
conformation for the receptor (Kaya et al., 2020). Previous coimmunoprecipitation studies in our lab also
unearthed that B-arrestin-2 levels decrease in the presence of D1R and PLZF. Based on this, the removal
of phosphorylation sites downstream of Thr354 and Ser372/Ser373 may alter the phosphorylation

barcode, reducing binding affinity for B-arrestin and allowing for the formation of a binding site that
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prefers PLZF. Whereas phosphorylation of those downstream CT residues, alongside phosphorylation of
Thr354 and Ser372/Ser373, may alter the receptor conformation in a way that impedes PLZF binding and
increases the recruitment of B-arrestin. This theory also supports the subsequent results of this thesis,
whereby phosphorylation of Thr354 and Ser372/373 is reduced in the presence of PLZF and becomes

more reduced with removal of the distal CT domains.

b4 £

=
70

M=

Figure 32. Phosphorylation of the DIR CT Occurs in a Sequential Manner. Schematic diagram of the

B-arrestin

gradual loss of D1R phosphorylation at residues Thr354 and Ser372/Ser373 with successive truncation of
the D1R distal CT domains. Phosphorylation of the DIR CT potentially occurs in a sequential manner,
starting with the most distal residues first. As phosphorylation of the CT has been shown to mediate the
phosphorylation of the IL3 to confer binding of B-arrestin, phosphorylation of the D1R distal CT domains
may regulate proper configuration of the receptor structure to increase the binding affinity of f-arrestin to

the IL3. Created with BioRender.com.
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5.2. PLZF may reduce the internalization of D1R through alterations in standard
phosphorylation barcode, which may be regulated through its interaction with specific

regions of the DIR CT

Prior unpublished results from the Tiberi lab have shown that PLZF inhibits internalization and
accelerates recycling of D1R, prompting an investigation into whether PLZF mediates the regulation of
DIR intracellular sorting through alterations in DA-induced phosphorylation. The results show that PLZF
hinders phosphorylation of residues Thr354 and Ser372/Ser373, located on the proximal end of the CT. It
is possible that PLZF, through its interaction on the CT, physically blocks GRK recruitment or triggers a
change in structural conformation which may block GRK recruitment to these residues or other
downstream residues that are essential for priming the phosphorylation of Thr354 and Ser372/Ser373, as 1
have shown in prior results. As previously discussed, receptor desensitization is governed by the phospho-
barcode hypothesis, which states that downstream cellular events, such as the recruitment of B-arrestin,
are facilitated through a unique phosphorylation pattern within the cytosolic domains (Kaya et al., 2020).
Preliminary unpublished studies in the lab suggest that PLZF may hinder the recruitment of B-arrestin to
the D1R. Therefore, the reduction in phosphorylation by PLZF may potentially interfere with this
barcode, hindering the signal that is essential for B-arrestin to be recruited to the D1R. Additionally, this
phosphorylation, in the presence of PLZF, is further altered through the deletion of the CT at Ser431
(Leu432-Thr446), with this truncation reducing phosphorylation of all three residues. On the other hand,
CT truncations at Ser417 (Pro418-Val430) and Val388 (Tyr389-Leu416) increase phosphorylation of
Thr354 and Ser372/Ser373, beyond that of wildtype D1R with PLZF. This shows that these regions play a
role in the PLZF-mediated regulation of DA-induced phosphorylation, with a significant contribution

from residues Tyr389-Val430.

We have shown that PLZF interacts primarily with the CT of DIR as well as the IL3 to a lesser extent.
The idea that PLZF only interacts with one specific site on all D1Rs at a given time is unlikely. Rather, it

can be assumed that the majority of D1Rs within a biological system form a complex with PLZF on the
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CT whereas a smaller portion form a complex on the IL3 and this is determined by the current molecular
conditions and needs of the cell at that given time. It is also possible that PLZF forms a complex with
both the IL3 and CT of the DIR at the same time. It was previously discussed that the IL3 is the site of
interaction for B-arrestin and that phosphorylation of the proximal CT residues is necessary to stimulate [3-
arrestin recruitment through changes in receptor conformation. Additionally, we previously hypothesized
that Ser/Thr phosphorylation of the distal DIR CT residues is necessary to prime Thr354 and
Ser372/Ser373 for phosphorylation. Therefore, PLZF may interact with the proximal CT to interfere with
the binding of GRKSs, impeding phosphorylation of those residues and preventing the conformational
changes in the D1R that are important for the recruitment of f-arrestin. Alternatively, PLZF may interact
with the distal CT residues to interfere with their phosphorylation and subsequently interfere with the
phosphorylation of more upstream CT residues to block B-arrestin recruitment. Additionally, the complex
formation between PLZF and the IL3 may impose a structural conformation of the receptor that hinders

phosphorylation at this site, hindering the recruitment of f-arrestin to this domain on the receptor.

These findings also show a further decline in Thr354 and Ser372/Ser373 phosphorylation when PLZF is
co-expressed with a form of DIR that is truncated at residue Ser431. In contrast, removal of the residues
downstream of Val388 and Ser417 enhances phosphorylation of these sites relative to wildtype D1R with
PLZF. This suggests that recruitment of PLZF to the Ser431 mutant alters the receptor conformation to
expand the reduction of phosphorylation at Thr354 and Ser372/Ser373. There may also be residues
downstream of Ser431 that are phosphorylated by GRKSs to prime these residues for phosphorylation, as I
showed in prior results. This may also lead to a downregulation in B-arrestin recruitment, though further
studies are needed to confirm the impact of these mutants on the recruitment of B-arrestin when PLZF is
co-expressed. In the case of the Val388 and Ser417 mutant receptors, the specific removal of CT residues
between Ser417 and Ser431 may disrupt the regulation of Thr354 and Ser372/Ser373 phosphorylation by
PLZF, either through a disturbance in PLZF interaction or a change in the receptor conformation mediated

by PLZF that allows for greater GRK recruitment to Thr354 and Ser372/Ser373 or to other residues
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whose phosphorylation is necessary to impart phosphorylation of these sites. Overall, these findings
coincide with previous unpublished results in the Tiberi lab showing that co-expression of the DIR and
PLZF results in a decreased B-arrestin interaction with D1R (Josephine Zein, 2022, Master’s Thesis,
University of Ottawa). This likely demonstrates that PLZF could be competing with p-arrestin for
complex formation with the receptor, allowing it to stay on the membrane for a longer period. Therefore,
the inhibition of D1R DA-induced phosphorylation by PLZF may potentially be a mechanism for the

inhibition of DA-induced internalization seen with D1R when in the presence of PLZF (Fig. 33).

Also, it is possible that PLZF modulates the phosphorylation of D1R through mediation of GRK activity.
While no studies have reported an interaction between PLZF and GRKs, a study showed that GIT1 and
GIT2, which are part of a family of multifunctional zinc-finger proteins, were found to interact with
GRK2, 3, 5 and 6 through a Y2H screen. Though the precise domains of interaction are yet to be
identified, it was found that endogenous GIT1 is strictly required for receptor internalization, and its
overexpression strongly impaired the endocytosis of several GPCRs (Premont et al., 1998; Premont et al.,
2000; Ribas et al., 2007). Therefore, the downregulation of phosphorylation observed in HEK293 cells
overexpressing D1R with PLZF may arise in part from PLZF-mediated impedance of GRK activity. In
other words, PLZF may create unfavourable conditions for GRKs to phosphorylate the Ser and Thr
residues of the CT of DIR or it may form a complex with GRK, hindering its ability to access

phosphorylation sites on the DIR.
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Figure 33. PLZF-Mediated Reduction in DA-Induced Phosphorylated Could Be a Factor in PLZF-
Mediated Attenuation of D1R Internalization. Schematic diagram of the possible mechanism of PLZF-
mediated reduction in D1R internalization. As GRK-mediated phosphorylation of the CT increases the
binding affinity of B-arrestin to stimulate receptor endocytosis, a reduction in D1R phosphorylation at
residues Thr354 and Ser372/Ser373 by PLZF may be a mediating factor in the decline of DA-mediated

DIR internalization regulated by PLZF. Created with BioRender.com.
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5.3. PLZF-D1R complex formation may be dynamic and interchangeable through

fluctuations in the structural composition and chemical environment of the receptor

PLZF was first identified as a novel interactor of the D1R through a Y2H screen, where the use of the CT
as bait pulled out PLZF as a positive match among several other potential interactors. On the contrary, the
IL3 of D1R only isolated SAP102 as an interactor. Unpublished co-IP studies in the Tiberi lab have
confirmed PLZF as an interactor in vitro. Additionally, preliminary data in our lab suggests that PLZF and
DIR form a complex in-vivo, specifically within the hippocampus, striatum and cortex. Treatment with
the natural agonist DA and the inverse agonist cis-flupentixol, respectively, enhanced and diminished
PLZF recruitment to the receptor. As described in the ternary complex model, receptors can interchange
between an inactive R conformation with low agonist affinity and an active R* conformation with high
agonist affinity, whereby binding of an agonist stabilizes the receptor in the R* state while inverse
agonists shift the equilibrium towards the R state (De Lean et al., 1980; Samama et al., 1993). This
demonstrates that PLZF is likely rapidly associating and disassociating with the D1R under the basal
state, however, PLZF recruitment appears to be rapidly enhanced when in contact with the active R* state

of the D1R.

We previously demonstrated that PLZF alters the phosphorylation status of Ser and Thr residues on the
DIR CT. Additionally, prior unpublished studies have found that PLZF downregulates DIR
internalization. Given that phosphorylation of the CT is an important mediating step for the recruitment of
B-arrestin to the cytosolic domains, whereby it can then stimulate receptor endocytosis, it is important to
understand how the physical interaction between PLZF and the DIR is implicated in this phenomenon by
mapping the precise interaction domains of PLZF on the D1R. A GST-pulldown assay was performed to
confirm that the CT is the site of interaction. Interestingly, both the CT and IL3 of the D1R serve as
interacting domains for PLZF, albeit the CT appears to mediate a stronger complex formation relative to
the IL3. Although the IL3 had not been previously detected as a domain of interest during the preliminary

Y2H screen, it is important to note that the accuracy of this approach is inherently limited and has been
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known to generate a high rate of false negatives and even some false positives. This stems from many
issues including protein misfolding or steric hindrance of the two proteins in yeast as well as the lack of
post-translational modifications that are necessary for the interaction to occur (Rajagopala and Uetz,
2009; Galletta and Rusan, 2016). It is also possible that there may be intermediary proteins interacting
with the GPCR in a cellular context that are required for the recruitment of PLZF to the IL3, hence its
lack of positive results on the Y2H screen. In contrast, given that the bait in a Y2H screen is fused to the
DNA-binding domain for the B-galactosidase gene, it cannot be ruled out that a positive interaction with a
particular prey may be impacted by that domain. Therefore, using different protein-protein interaction
approaches such as GST-pulldown assays and co-IPs are warranted to determine the interaction modalities

of D1R with PLZF.

Interestingly, PLZF was found to interact with the receptor regardless of the truncation location of the CT,
signifying that there are likely other domains involved in this interaction. It is also worth mentioning that
the helix 8 (H8) was included as part of the CT bait that pulled out PLZF during the Y2H screen. H8 is a
cytoplasmic domain located between the 7TM domain and the proximal CT portion of nearly all class A
GPCRs (Sensoy and Weinstein, 2015). Studies have shown that this domain acts as a membrane-
dependant conformational switch, meaning that it only adopts a helical structure when in the presence of
membranes or membrane mimetics (Krishna et al., 2002). This suggests that PLZF may form a complex
with H8, also known as the fourth intracellular domain (IL4), and this may explain why truncation of the
CT does not impact the recruitment of PLZF to the DIR. Though high-resolution structures have not
visualized this domain to the same degree as the rest of the receptor, many biochemical and biophysical
studies have suggested that the H8 plays an important role in ligand binding, G-protein activation and
receptor internalization (Tumova et al., 2004; Yang et al., 2019). Tumova et al demonstrated that
swapping of H8 between the D1-class results in a switch in basal activity as well as dopamine affinity.
Additionally, Yang et al found that swapping of the D1R H8 with that of D2R abolished B-arrestin-1/2-

mediated desensitization. However, this was not the case when the D2R H8 was swapped for that of DIR,
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showcasing that H8 alone is not sufficient in mediating the effects of desensitization. It is possible then
that the recruitment of PLZF to the H8 of DI1R may play a role in the downregulation of CT

phosphorylation observed when PLZF is recruited to the D1R.

Additionally, the degree of recruitment changed under dopamine stimulation depending on the domain of
IL3 that was cleaved. Specifically, cleavage of the IL3 N-terminus resulted in decreased recruitment of
PLZF under agonist stimulation relative to basal state. Contrarily, cleavage of the IL3 C-terminus
proceeded to increase PLZF recruitment during agonist stimulation relative to basal state, as was the case
for truncation of any of the CT domains as well as with the wild-type receptor. Nonetheless, one of the
most defining features from these results is that PLZF complex formation is always stronger with the

mutated receptors than with the wildtype, regardless of the location of truncation.

It is possible that PLZF interacts with both the IL3 and CT at the same time, as the domains of PLZF that
are involved in PLZF-DI1R complex formation have not yet been investigated. Though the BTB/POZ
domain is widely known to be the site of protein-protein interactions with PLZF, some studies have
shown that the zinc-finger domain can form complexes with proteins in addition to DNA promotors.
PLZF-mediated APL is caused by a reciprocal chromosomal translocation, fusing the retinoic acid
receptor alpha (RARa) with PLZF to create two fusion protein products: PLZF-RARao and RARa-PLZF,
whereby RARa forms a complex with the zinc fingers of PLZF in both proteins (Chen et al., 1993). A
study by Sadler et al introduced small organic fluorophores at residues L258, located at the C-terminal
domain of IL3, and Y350, located at the CT of the B2-AR to investigate the conformational dynamics of
the IL3. FRET studies showed that these probes were relatively far apart under basal state. However,
agonist stimulation resulted in increased FRET efficiency, suggesting that GPCR activation causes
conformational changes within the IL3 and that these probes may be brought closer together during
activation (Sadler et al., 2023; Wess, 2024). It is possible that PLZF forms a complex with both the DIR
CT and the C-terminus of the IL3, and the decrease in distance between the two domains during receptor

activation allows for more efficient recruitment of PLZF to the D1R. Removal of either the CT or IL3
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may destabilize the protein complex, resulting in a compensatory effect by PLZF to form a tighter
complex with the remaining domain so that PLZF can remain bound, hence the increase in PLZF binding

under dopamine stimulation when these domains are removed.

Figure 34. Working Model of PLZF-D1R Complex Formation. Schematic diagram of the potential
DIR domains involved with the recruitment of PLZF. Based on results from the coimmunoprecipitation
studies and GST-pulldown assays, PLZF appears to form a complex with both the IL3 and CT. As it is not
yet known which domains of PLZF are involved in this interaction, it is possible that PLZF interacts with
both DIR sites at the same time. Complete truncation of the D1R CT did not yield a loss of PLZF
interaction, therefore PLZF may form a complex at the proximal H8 domain. Created with

BioRender.com.
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6. Limitations

Despite the many strengths of my MSc project, there are several limiting factors that should be
considered, as they could potentially impact the interpretations of my obtained results. First off, the
sample sizes of several of my studies were relatively modest, leading to reduced statistical power and a
lower ability to detect smaller effect sizes. Nevertheless, some of these effects may be biologically
meaningful, so performing future studies with larger sample sizes may help to confirm the reproducibility
of these observed effects. Additionally, while many efforts were taken to control experimental conditions,
it is possible that certain factors may have influenced the results and contributed to differences in the
interpreted effect between samples numbers. For example, as previously described in some of the figure
legends, detecting the immunoprecipitated receptor was unsuccessful for many of my samples, likely due
to a combination of protein loss from repetitive stripping of the Western blot membrane or incomplete
transfer of the gel proteins onto the membrane. Regardless, I conducted radioligand binding assays
alongside all my co-immunoprecipitation studies to confirm the total level of receptor present, which
sometimes differed between samples. Individual variability in receptor expression may alter the
phosphorylation levels of residues Thr354 and Ser372/Ser373 on the D1R or the amount of receptor that
can interact with PLZF. Given that these receptors are overexpressed in HEK293 cells, this may not fully
recapitulate the effects of PLZF on endogenous receptor levels in native neuronal systems. Therefore,
performing future studies in neuronal models or using inducible gene expression systems such as
tetracycline (Fujimoto et al., 2010) to tightly regulate receptor expression could control these variabilities
and improve the physiological relevance of my project. Another limitation I encountered in my project
was due to the boiling of my IP samples when preparing them for my Western blots, resulting in the
presence of additional higher-molecular bands when detecting the phosphorylation levels of Thr354 and
Ser372/Ser373. Boiling samples at 100°C for 5 minutes is thought to be a critical step for Western blot
preparation to denature proteins within the sample to allow the antibody better access to its specific
epitope. However, boiling is not always necessary and, in some cases, can be detrimental to the proper

migration of proteins on the SDS gel. Incomplete denaturation during boiling can cause exposed
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hydrophobic domains in the protein structure to clump together and aggregate, resulting in bands that
migrate at different molecular weights. I determined that boiling my samples was causing this issue as my
samples migrated to their correct size once I stopped boiling them before loading. Finally, it could be
considered a limitation that my project only analyzes the phosphorylation of three D1R residues. As I've
previously discussed, there are 32 different serine and threonine residues on the DIR (Tiberi et al., 1996;
Moritz et al., 2023). Though it is not known if all the serine and threonine residues can be phosphorylated,
it is possible that PLZF could regulate the phosphorylation of some residues, which may contribute to its
regulation of DA-induced DIR internalization. Future studies using antibodies that detect other
phosphorylation sites or even performing whole-cell phosphorylation assays in the presence of PLZF may

help to decipher the role of PLZF in regulating the rest of the D1R phosphorylation barcode.
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7. Future directions
Through my M.Sc. project, we have identified PLZF as a novel interactor with the IL3 and CT of DIR. It

remains to be known as to the exact domains of PLZF that interact with D1R. Both the BTB/POZ domain
located at the N-terminus as well as the zinc fingers located at the C-terminus have been shown to confer
protein-protein interactions. As previously stated in earlier sections, PLZF may form a complex with both
domains at the same time or it may only be bound through either the BTB/POZ or zinc finger domain,
interchanging its recruitment between the IL3 and CT. It is even possible that the centre RD2 domain,
even though it has been formally regarded as a site for post-translational modifications, may be involved
in this complex formation. A prior study by Hyman et al showed that both the RD2 and zinc finger
domains were required for the association of PLZF with epsin, with epsin interaction being undetectable
when only the zinc finger domain of PLZF was expressed (Hyman et al., 2000). Therefore, the RD2

domain may regulate complex formation between PLZF and D1R.

Additionally, exploring the role of PLZF in neurons expressing the D1R may help to elucidate how DA-
mediated behaviours are modified by this complex. A study by Usui et al focused on the role of PLZF in
the adult brain and found that not only does Zbtb16 regulate specific genes known to be involved in
autism spectrum disorder and schizophrenia, but Zbtb16-knockout mice exhibit behaviours that are
relevant to each of these disorders (Usui et al., 2021). Given that schizophrenia is well-associated with
abnormalities in the dopaminergic system and that alterations in D1R expression within the prefrontal
cortex and parieto-temporal cortex have been implicated in schizophrenia patients (Brisch et al., 2014), it
is possible that complex formation between PLZF and D1R may play a role in the etiology of
schizophrenia. Additionally, it has been shown that increased D1R signaling in the dorsal striatum
promotes autistic-like behaviours (Lee et al., 2018). As prior studies in our lab have found that PLZF
increases D1R-mediated cAMP production and ERK1/2 activation, recruitment of PLZF to the DIR may

also be implicated in the behaviour of autistic patients.
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As mentioned in the introduction section, studies show that PLZF plays a role in regulating the autophagy
process, with mGluRS5 activation promoting the inhibitory phosphorylation of ZBTB16 by GSK3-8,
leading to activation of its ubiquitination activity through complex formation with Cullin3 and subsequent
proteasomal degradation of the Atgl4 protein (Zhang et al., 2015; Ibrahim et al., 2021). It is possible that
PLZF may regulate D1R signaling through its ubiquitination activity or it may target the D1R itself for
ubiquitination. Additionally, there are numerous autophagy-related proteins that are regulated by the DIR
and PLZF, one of the most well-studied being the mechanistic Target of Rapamycin Complex 1
(mTORC1). A study found that inhibition of mTORCI1 activity regulates autophagosome formation
through the phosphorylation of ATG14 by the unc-51 like autophagy activating kinase 1 (ULK1) (Park et
al., 2016). As well, increased mTORCI activity during cocaine use was shown to be mediated by the DIR
(Sutton and Caron, 2015). Additionally, a study demonstrated that PLZF regulates SPC maintenance
through the repression of mMTORCI activity (Hobbs et al., 2011). Finally, inhibition of mTORC1 was
found to prevent LID in mouse models of PD (Santini et al., 2009). As previously discussed, the
pharmacological targeting of PLZF may aid in the development of novel therapies for LID, given that
prior unpublished studies in our lab show that the co-expression of PLZF with D1R or D5R enacts
differential and opposite modulation of functional activity between the subtypes. Specifically, PLZF
reduces the recycling activity of the D5SR while increasing that of D1R, causing D1R to be returned to the
membrane more quickly. Therefore, PLZF may act on this protein to mediate the signaling and trafficking
effects of the D1-class. PLZF may also act on mTORCI1 to target the D5R to the autophagy machinery.
Epsin may also be involved in the regulation of D1-class internalization by PLZF, as studies can show
that it can directly interact with PLZF and together, can shuttle in and out of the nucleus (Hyman et al.,
2000). Epsin has also been implicated in the internalization and autophagic destruction of Drosophila
proteins (Csikos et al., 2009). Therefore, it could also play a role in PLZF-mediated regulation of D1-

class internalization.
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Unpublished studies in the lab have confirmed through immunoprecipitation that PLZF forms an
interaction in-vitro with both the D1R and D5R (Josephine Zein 2022 MSc Thesis). Additionally,
functional assays conducted in the lab showed that PLZF differentially regulates the signaling and
trafficking activity between the two receptors. Specifically, PLZF enhances D1R-mediated cAMP
signaling and ERK1/2 activity while decreasing that of D5R. PLZF also decreases internalization of D1R
while increasing the internalization of DSR. It remains to be known the exact site of PLZF recruitment on
the D5R as well as the molecular mechanisms underlying the regulation of D5R by PLZF. As we have
demonstrated from the results of this study, PLZF regulates the internalization of D1R through
modulation of phosphorylation on the CT, likely achieved through its dynamic binding pattern on the CT
and to a lesser extent, the [L3. PLZF may interchange recruitment to the IL3 or CT depending on the
current needs of the cell, or it may form a complex with both domains at the same time. Therefore, it is
possible that alterations in the D5R phosphorylation pattern by PLZF may mediate its effects on
internalization and this may be achieved through its recruitment to the IL3. PLZF-D5R interactions may
allow for an increase in phosphorylation to the CT, thereby increasing the receptor’s affinity for binding
of B-arrestin. Alternatively, the binding of PLZF to the IL.3 of DSR may increase the phosphorylation of
the IL3 or alter the conformational structure of the receptor to allow for increased binding of p-arrestin. It
is also possible that just like the D1R, PLZF may also form a complex with both the IL3 and CT of the
D5R to mediate these effects. Therefore, further studies are needed to better understand the underlying

molecular mechanisms surrounding the impact of PLZF on D5R activity.
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8. Conclusion

The findings of my M.Sc. thesis have provided a clearer understanding of the underlying molecular
mechanisms surrounding the regulation of D1R CT phosphorylation in addition to the PLZF-mediated
regulation of DIR activity. The results of this project reveal the impact of the distal and central CT
domains of the D1R on the phosphorylation of upstream residues, as well as the impact of PLZF
recruitment on D1R phosphorylation and how this regulation is modulated through the distal and central
domains. Specifically, the results demonstrate that phosphorylation of the distal and central residues of the
DIR convey importance in mediating the phosphorylation of the proximal residues, with consecutive
removal of these domains reducing phosphorylation of the upstream residues. These findings suggest that
the CT is phosphorylated in a sequential manner, starting with the most distal residues, and this step may
be important to phosphorylate the proximal residues, thereby mediating the correct structural
conformation for b-arrestin to bind and initiate endocytosis of the receptor. This effect may also be

regulated through changes in the recruitment of GRKs and other second messenger kinases.

The findings from this thesis also show that in the presence of PLZF, there is an observed decrease in DA-
mediated phosphorylation at the proximal residues of the D1R. Interestingly, phosphorylation was further
downregulated when PLZF was co-expressed with mutated forms of the D1R, whereby portions of the CT
were truncated at various residues along the distal and central domains. As prior unpublished results in
our lab have found that the presence of PLZF downregulates D1R internalization, these findings may be
due to a downregulation in b-arrestin recruitment mediated by the decrease in phosphorylation. The
removal of the distal and central CT domains, combined with the expression of PLZF, may further alter
the structural conformation necessary for GRKs to bind and phosphorylate the CT. Moreover, the
decrease in DA-induced D1R phosphorylation with PLZF may impact the level of GRK functional

activity.

Finally, the results show that PLZF mediates a dynamic binding profile on the DIR, with PLZF

interacting predominantly with the CT as well as the IL3 to a lower extent. Removal of either domain of
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the IL3 conveys opposing patterns of recruitment between basal and dopamine-stimulated states.
Complex formation between PLZF and any truncated form of the D1R was always stronger than with its
wildtype counterpart, potentially hinting at a compensatory mechanism by PLZF to remain bound to the
receptor. Future studies should further explore the effects of PLZF on the D5R as well as study the
complex formation between PLZF and the D1-class in-vivo, specifically in brain tissues like the
hippocampus and striatum where PLZF has been previously localized in other studies. Additionally, given
the role of PLZF in regulating autophagy, future studies should look further at the link between PLZF and
ubiquitination and regulation of other autophagy-related proteins and how this may mediate D1R
functional activity. This project reveals that the functional relationship between PLZF and the DIR is
much more complicated than previously thought, and further details about the molecular mechanisms
underlying this complex formation may aid in a better understanding of the PLZF-mediated regulation of

DIR.
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