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Abstract

The neuromodulator dopamine signals through the dopamine D2 receptor (D:2R)
to modulate central nervous system functions through diverse signal transduction
pathways. D2R is a prominent target for drug treatments in disorders where dopamine
function is aberrant, such as schizophrenia. D2R signals through distinct G protein and
B-arrestin pathways and drugs that are functionally selective for these pathways could
have improved therapeutic potential. How D2R signals through the two pathways is still
not well defined, and efforts to elucidate these pathways have been hampered by the
lack of adequate tools for assessing the contribution of each pathway independently. To
address this, Evolutionary Trace was used to produce D2R mutants with strongly biased
interactions for either G protein or [3-arrestin. Additionally, various permutations of
these mutants were used to identify critical determinants of D2R functional selectivity.
D:R interactions with the two major downstream signal transducers were effectively
dissociated and G protein signaling accounts for D2R canonical MAP kinase signaling
cascade activation. Nevertheless, when expressed in mice, the B-arrestin biased D2R
caused a significant potentiation of amphetamine-induced locomotion, while the G
protein biased D2R had minimal effects. The mutant receptors generated here provide a
new molecular tool set that enable a better definition of the individual roles of G protein

and B-arrestin signaling in D2R pharmacology, neurobiology and associated pathologies.
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1. Introduction

The dopamine D2 receptor (D:2R) is an inhibitory G protein-coupled receptor
(GPCR) that is a common target of all antipsychotics. D2R responds to the binding of a
single ligand, dopamine (DA), to transduce pleiotropic signaling patterns. Synthetic D2R
ligands have been shown to elicit or blunt a subset of these responses, a property
referred to as functional selectivity. The literature describing these phenomena is
reviewed and a mechanistic understanding of D2R functional selectivity is proposed
based on the receptor’s physical environment in the plasma membrane as well as its
interactions with canonical signaling molecules (heterotrimeric G proteins) and non-
canonical signaling molecules ((3-arrestins and other proteins). This mechanistic
understanding of functional selectivity will then be used to explore the role of functional
selectivity of D2R in the central nervous system at the cellular and circuitry levels. The
therapeutic potential of D2R functional selectivity requires a mechanistic understanding
of D2R in physiologically relevant systems in order to be leveraged for the development
of improved drugs targeting D2R. This review of the current state of the literature places
context for the work presented in Chapters 2-5 and provides a clear rationale for

elucidating D2R functional selectivity.



1.1 The conformational theory of functional selectivity

Functional selectivity is a term that describes the phenomenon of ligands
eliciting multiple downstream signaling events through one GPCR (1). Functional
selectivity was originally observed when the administration of a drug to a system
resulted in pleiotropic responses (2-4) and D2R functional selectivity was observed when
studying the effects of the atypical antipsychotic aripiprazole (5, 6). The concept has
evolved and the molecular details have been elucidated for many prototypical GPCRs,
culminating in the structural determination of the serotonin type 2B receptor in complex
with different functionally selective ligands (7). The dopamine system is one of the
earliest examples of functional selectivity observed and the therapeutic implications are
manifold.

Functional selectivity has been theorized to arise from the ability of a protein to
adopt multiple heterogeneous conformations. The functional significance of
conformational heterogeneity is that each conformation allows for distinct interactions
with ligands, G proteins, kinases, and 3-arrestins (Figure 1A). The conformational
theory was proposed in 1995 and described ligands that would interact preferentially
with a specific conformation as a protean agonist (8) because the character of the ligand
(agonist or antagonist) would change depending on how the receptor was observed. For

example, a cell that expresses a high concentration of GPCR kinases (GRKSs) will make



an antagonist (such as aripiprazole, Figure 1B) seem to act as an agonist (Figure 1C) in a
[-arrestin recruitment assay. The term biased agonism describes a similar phenomenon:
an agonist that is able to preferentially signal through a specific pathway (9) such as 3-

arrestin rather than G proteins.
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Figure 1: The functional selectivity of D:R. (A) Interaction with dopamine
stimulates G proteins (G« in green, Gg in cyan and Gy in magenta), recruitment of GPCR
kinases (GRKSs) which phosphorylate the receptor (red spheres) and (-arrestins (yellow)
at D2R. Subunit variations that are known to interact with D2R are labelled (seven Ga, three
Gg, and ten Gy subunits, five major serine/threonine kinases, and two p-arrestins). (B)
Aripiprazole is a potent antagonist at the B-arrestin recruitment assay as determined by



Bioluminescent Resonance Energy Tranfer (BRET) but a weak partial agonist when the
same assay is performed with high levels of GRK2 (C).

While the distinctions between functional selectivity, protean agonism, and
biased agonism are not always clear, the term functional selectivity is a broad definition
that encompasses phenomenon observed in crystallography all the way to intact neural
circuits. D2R functional selectivity can arise from predicted mechanisms (such as GRK
expression and ligand structure) as well as novel mechanisms (such as receptor
dimerization and ligand allosterism). Furthermore, the therapeutic implications of D2R
functional selectivity are apparent in preclinical models of D:R related diseases such as
schizophrenia, Parkinson’s disease, bipolar disorder, attention deficit-hyperactivity

disorder, and addiction.

1.2 A molecular and mechanistic basis for functional selectivity
at D:R

A bare-bones model of D:2R signal transduction is presented in Figure 1A. The
functional selectivity of D2R is based on the interaction between D:R, ligand, and
interacting proteins. Described below is a thorough (though not exhaustive) examination

of each of these elements as they relate to D2R.

1.2.1 The physical properties of dopamine

Dopamine (DA) is the endogenous ligand for D2R and is considered the reference

agonist (meaning that the bias of agonists at D2R are relative to the ability of DA to elicit



that response). DA is synthesized from the amino acid tyrosine and is only one step in
the biosynthesis of many small molecule ligands for other GPCRs. Tyrosine is
hydroxylated by tyrosine hydroxylase to L-DOPA, which is decarboxylated by aromatic
L-amino acid decarboxylase to form DA. DA is further metabolized into norepinephrine
and epinephrine, as well as trace amines (all of which are the endogenous ligands for
other GPCRs) (10, 11). DA is toxic to cells, as it is a catechol and can be oxidized to
release free radicals (12). However, D2R appears to modulate L-DOPA (and DA) free
radical cytotoxicity (13) in a pleiotropic manner. DA itself may also have an effect on the

plasma membrane and lipid environment of D2R by binding directly to membranes (14).

1.2.2 Lipid membrane domains and interactions with other receptors
modulate D2R function

D:R is embedded into the plasma membrane, thus functional selectivity and
conformational heterogeneity is dependent on the lipid environment. D2R has been
shown to exist in both detergent soluble and insoluble fractions of the plasma membrane
and the insoluble fraction was shown to interact with G proteins and -arrestin (15).
Additionally, the N-terminus of D2R has been shown to regulate compartmentalization
through lipid microdomains into intracellular vesicles (16). D2R has been shown to
preferentially internalize in nonsynaptic membranes of dendrites in vivo (17). Recently,
GPCRs have been shown to signal from intracellular vesicles (18) which is another

means by which D2R can achieve functional selectivity. The lipid environment



fundamentally affects D2R conformational heterogeneity, however, the other GPCRs
present in these membrane domains also affect D2R signaling.

There is considerable evidence for GPCR dimerization as a substrate for D2R
functional selectivity (19). D2R can interact with many other GPCRs, which results in
diverse functional consequences. There are five DA receptors that belong to two
pharmacologically and genetically homologous families: the D1-like family (DiR and
DsR) and the D2-like family (D2R, D3R, and DsR). All D2-like family receptors have a
large third intracellular (IC3) loop and no C-terminus (the protein ends with the
lipidated cysteine of helix 8). There is evidence that D2R can heterodimerize with all of
the members of the DA receptor family. Functional selectivity can be a direct
consequence of GPCR dimerization. The unique aspect of dimerization mediated
functional selectivity is that it is dependent upon which specific GPCRs are interacting
with D2R. However, it should be noted that the functional and physiological relevance of
the concept of GPCR dimerization is still highly debated (20, 21), with D2R at the center
of the physiological relevance debate (22).

D2R homodimers have been shown using cross-linking and mutagenesis (23).
The functional consequences of D:R homodimerization was shown using a novel, albeit
artificial, system of D2R fused to a Ga subunit (24). This system showed that D2R

homodimers are more efficient than monomers at transducing their signal. This



principle may have therapeutic significance, as D:R homodimers were shown to be
increased in post-mortem tissue from schizophrenia patients (25). Functional selectivity
could be achieved by ligands that specifically manipulate the balance of D2R dimers and
monomers. For instance, SB269652 was recently described as functioning as a D2R
allosteric modulator for the D2R homodimer, but a competitive antagonist for the
monomer (26). Functional selectivity was shown for the agonist NPA at DiR/D2R
heterodimers when compared to D2R homodimers (27) when Gai activation was used as
the readout.

D:R has been shown to heterodimerize with many receptors, including the
dopamine D1 receptor (D1R). DiR, unlike D:R, is intronless in its coding sequence,
coupled to Gas, and possess a traditional GPCR C-terminal tail. In vitro and in vivo it was
shown that DiR and D:R heterodimerize but instead of signaling through inhibitory or
stimulatory G proteins, the heterodimer signals through Ga«q and activates calcium
release when both DiR and D:R are activated (28). D2R is thus functionally selective in
this regard, depending on the dimerization state with DiR. It has been suggested that
GRK?2 regulates aspects of this signaling paradigm (29) and that the G protein signal is
mediated through Ggy subunits (30). This adds another layer of functional selectivity to
D2R: functional selectivity through D2R monomers (i.e. G protein versus B-arrestin) and

D:R functional selectivity through DiR heterodimers (i.e. Ga versus Ggy).



While DiR was shown to heterodimerize with D2R to generate a new G protein
coupling, for the closely related DsR it was shown that DsR signals through Gaq as a
monomer and that this signal is inhibited by heterodimerization with D2R (31).
However, this inhibition is disinhibited when D:2R is activated. D:R also has been shown
to heterodimerize with its closely related D2-like family members, DsR and DsR. The
significance of the D2R/D:R heterodimer is that each receptor is able to transactivate G
proteins, which was shown by G protein-receptor fusions (32). The D2R/DsR
dimerization state seems to be sensitive to the alternative splicing that the IC3 of D2R
undergoes and the variable number of tandem repeats of the IC3 of D4R (33). This
D2R/D4R heterodimer was shown to signal through MAP kinases and modulate
glutamate release in vivo.

D:R has also been shown to dimerize with many diverse GPCRs. The adenosine
2A receptor (A2aR) is coexpressed with D2R in the striatal medium spiny neurons
(MSNs) and has been shown to be in a complex with D2R and calmodulin (34). In vitro
the functional consequence of the D2R/A24R heterodimer is that D2R acts as a negative
allosteric modulator of A2aR ligand binding (35). In vivo, the D2R/A2aR dimer works in
an antagonistic fashion when the depolarized membrane potential is measured by
patch-clamp recordings (36). A small molecule was discovered that modulates the

D2R/A2aR dimer by inducing cointernalization of the receptors (37). Thus, a functionally



selective ligand has been developed that targets the dimerization state of D2R. Finally,
D:R has also been shown to dimerize with neurotensin receptors (38) as well as the
ghrelin receptor (39). Both of these receptors have high therapeutic potential as small
molecule targets, and D2R dimerization with them adds a more specific potential to

develop effective therapeutic small molecules.

1.2.3 D2R interacting proteins

Just as D2R functional selectivity is dependent on the lipid environment and
other receptors present, it is also dependent on the presence and abundance of signaling
molecules. Figure 1A depicts the possible interacting partners (including different
complements of G protein subunits, kinases and p-arrestins). D2R’s interaction partners
are perhaps the most important determinant of functional selectivity, as Figure 1B and
1C demonstrate, the level of kinase determines the efficacy of aripiprazole and its
classification as an antagonist or partial agonist.

D:2R is a cell surface, ligand activated guanine nucleotide exchange factor (GEF)
for heterotrimeric G proteins. Heterotrimeric G proteins are comprised of a G« subunit
and Ggy subunits (referred to as Ggy because the Gg and Gy subunits are always bound to
each other) (40). The Ga subunit contains a GTPase domain (that shares homology to
small GTPases and is referred to as a ras-like domain) as well as an alpha-helical

domain. The GTPase domain hydrolyzes GTP into GDP to go from an active to inactive
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conformation (41), and D:zR catalyzes the exchange of GDP for GTP. D2R binds to the
pertussis toxin sensitive family of inhibitory G« subunits referred to as the Gaio family
(Gait, Gaiz, Gaiz, and Gao) as well as the pertussis toxin insensitive inhibitory G protein
Guz. The specificity of G protein/D:2R interactions is regulated by the G« C-terminal tail,
as well as the complement of Ggy subunits. D2R could possibly be queried with 280
different Gogy combinations and D2R binds to the GDP-bound state of the heterotrimer
under basal conditions (42). D2R functional selectivity is largely dependent upon the
complement and specificity of G proteins present and the significance of functional
selectivity is largely dependent on the functional diversity of the different G proteins.
The three related inhibitory G proteins (Guil, Gai2, and Gais) are all able to inhibit
cAMP production by binding to adenylate cyclase (AC). The N-terminus is alt