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Regulation of dopamine D3 receptors by protein-protein interactions
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Abstract: Gai/o protein-coupled dopamine D3 receptors (D3Rs) are preferentially expressed in the limbic system, including
the nucleus accumbens. This situates the receptor well in the regulation of limbic function and in the pathogenesis of various
neuropsychiatric and neurodegenerative disorders. The intracellular domains of the receptor, mainly the large third intracellu-
lar loop and the intracellular C-terminal tail, interact with multiple submembranous proteins. These interactions are critical for
the control of surface expression of the receptor and the efficacy of receptor signaling. Recently, a synapse-enriched protein
kinase, Ca**/calmodulin-dependent protein kinase II (CaMKII), has been found to interact with D3R in the above mentioned
interaction model. CaMKII directly binds to the N-terminal of the third loop of D3R. This binding is Ca**-dependent and is
sustained by the autophosphorylation of the kinase. In rat accumbal neurons, the increase in Ca** level induces the recruit-
ment of CaMKII to D3R, and CaMKII phosphorylates the receptor at a specific serine site. The CaMKII-induced phosphory-
lation could inhibit the receptor function and further regulate the behavioral response to the psychostimulant cocaine. These
findings reveal a prototypic protein association model between a G protein-coupled receptor and CaMKII. Through the
dynamic protein-protein interactions, the abundance, turnover cycle, and function of D3R can be regulated by multiple signals

and enzymatic proteins.
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1 Introduction mesolimbic dopaminergic projection areas, including the

) ) ) nucleus accumbens?*], while D1 and D2 receptors are much
Dopamine receptors are a family of G protein-coupled

receptors. Through Gas (D1 and D5) and Gai/o (D2, D3, and

D4) proteins, these receptors response to the neurotransmit-

more broadly expressed in the entire brain. Such a distinct
distribution pattern suggests a significant role of D3R in the

) ) ] i multiple limbic functions related to reward, motivation,
ter dopamine stimulation and regulate a variety of neuronal ., . . [4.5]
q ) vitiesl A e 5 d ) ) cognition, emotion, and extrapyramidal motor control®*~1.
and synaptic activities!'). Among the 5 dopamine receptor o . .
ynap ) g p o P Secondly, the third intracellular loop of D3R is large, which
subtypes, the dopamine D3 receptor (D3R) is unique in sev- . S . . .
) i i ] provides an intrinsic structural domain for its dynamic inter-

eral aspects. Firstly, D3R is preferentially expressed in the . .
actions with many membrane-bound or submembranous cy-
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tosol proteins. Indeed, several proteins have been identified
to directly bind to the third intracellular loop. Such binding is
critical for the control of the expression and/or function of

the receptor. Finally, D3R is less investigated compared to
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other subtypes of dopamine receptors, especially D1 and D2
receptors. Studies are further needed to elucidate its roles in
the regulation of limbic functions and in the pathogenesis of
various neuropsychiatric and motor disorders, such as
schizophrenia, depression, substance addiction, and

Parkinson’s disease.

2 Interactions involving non-phosphorylation
of D3R

Several proteins have been found to interact with D3R,
although they have no direct effects on the phosphorylation
status of the receptor. Filamin A, a protein ubiquitously ex-
pressed in neurons, has been revealed to directly interact
with the intracellular loop of D3R, It cross-links with the
structural protein actin, which promotes orthogonal branch-
ing of actin filaments and links membrane glycoproteins to
the actin cytoskeleton!”). Using the yeast two-hybrid
approach, Lin et al. have identified that filamin A interacts
with the intracellular third loop of D3R!, although the bio-
logical significance is unclear. However, based on the fact
that the interaction between filamin A and D2 receptors sta-
bilizes D2 receptors at the plasma membrane!®), it is specu-
lated that the interaction between filamin A and D3R may
control the receptor expression in the cell surface.

Another cytoskeletal protein, protein 4.1N, has also been
demonstrated to interact with D3RE. Protein 4.1N is a mem-
ber of the 4.1 family of cytoskeletal-associated proteins and
is specifically enriched in neurons of mammalian brain. As
a critical component of the spectrin-actin cytoskeleton, it
offers attachment between the cytoskeleton and the cell
plasma membrane. Data from yeast two-hybrid screen,
pulldown assays, and co-immunoprecipitation reveal that the
C-terminal region of protein 4.1N interacts with the N-termi-
nal region of the third intracellular domain of D3R. In trans-
fected HEK293 cells and mouse neuroblastoma Neuro2 A
cells, protein 4.1N and D3R are co-expressed at the plasma
membrane. The mutation in protein 4.1N which causes the
lack of membrane-binding domain can reduce the surface
expression of D3R. Thus, the interaction between protein
4.1N and D3R is critical for the stability of D3R at the plasma

membrane.

Paralemmin is a lipid-anchoring protein enriched in neu-
ronal plasma membranes at synaptic sites. It regulates plasma
membrane dynamics and neuronal plasticity!'”. Recently, it
has been indicated to interact with D3R!, However, unlike
aforementioned filamin A and protein 4.1N, paralemmin de-
creases the D3R level at the plasma membrane in HEK293
cells, which indicates that paralemmin serves to limit surface
D3R expression, either through accelerating internalization
of surface-expressed D3R, or through diminishing the exter-
nalization of intracellular D3R to the plasma membrane.

The intracellular C-terminal region of D3R also harbors
binding sites for other proteins. Being a member of the chlo-
ride intracellular channel (CLIC) family, the rat CLIC6 specifi-
cally interacts with D2-like receptors, including D3R! An-
ther protein that has been identified to interact with the C-
terminal of D3R is GAIP interacting protein, C terminus (GIPC)'%!,
Functionally, as a PDZ (PSD-95/Dig/Z0-1) domain-contain-
ing protein, GIPC may uncouple D3R from its signaling cas-
cade and subsequently link it to the cytoskeleton, leading to
receptor sequestration in vesicles and protecting against
degradation™®. Finally, at the receptor level, D3 and D1 re-
ceptors may form a receptor heteromer in striatal neuronst'4l.
This receptor complex represents a synergistic interaction

between the 2 receptors.
3 Interactions involving phosphorylation of D3R

As amember of G protein-coupled receptor family, D3R
may be subject to the modulation by protein kinase-medi-
ated phosphorylation of its cytoplasmic domains. Indeed, G
protein-coupled receptor kinase 4 (GRK4) interacts with D3R
to phosphorylate D3R and regulate the efficacy of D3R sig-
naling!®l. In addition, Liu ef a/. have identified a novel syn-
aptic model for regulation of D3R through a direct protein
association mechanism involving protein kinase-mediated
phosphorylation!'®!. Given that D3R contains a large third
intracellular domain, a glutathione-S-transferase (GST)-fusion
protein containing the third loop was used as a bait to screen
for new binding partners in rat accumbal lysates. They find
that the third loop of D3R specifically pulls down a 50 kD
protein, which is subsequently identified as Ca?*/calmodulin-
dependent protein kinase I (CaMKII). Further in vitro bind-
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ing assays concerning the purified third loop protein and
CaMKIlIa show that it is through its catalytic domain that
CaMKlIla directly binds to an N-terminal region of the D3R
third loop containing a 14-residue motif (RILTRQNSQCISIR).

CaMKIlI is activated by Ca*"/calmodulin. The binding of
Ca*"/calmodulin to the regulatory domain of the kinase can
release the autoinhibition, leading to activation of the kinase.
The activated CaMKII exhibits a markedly higher affinity for
D3R8, which establishes a Ca**-dependent property of the
CaMKII-D3R binding modulation. The Ca**-dependency is
noteworthy as it might imply an activity-dependent interac-
tion between the two proteins in live neurons in vivo. Acti-
vated CaMKII triggers autophosphorylation at threonine 286
(Thr286) in its own regulatory domain, and phosphorylates
its various substrates. Such autophosphorylation can keep
the enzyme in a catalytically active conformation, an autono-
mous (Ca*/calmodulin-independent) activity, even after at-
tenuation of the initial Ca?*/calmodulin signal™”. Interestingly,
autophosphorylation can also transform the CaMKII-D3R
binding to a prolonged autonomous state.

The amino acid sequence of D3R CaMKII-binding site
is remarkably homologous with those of other known sub-
strates of CaMKII, including NR2B, autocamtide-2, and
syntide-2. This suggests that D3R may serve as a phospho-
rylation substrate of CaMKII. Indeed, CaMKII can phos-
phorylate the third loop of D3RI Further phosphorylation
site mapping of the third loop with active CaMKII has iden-
tified a serine residue (Ser229) as the site of phosphorylation.
This residue lies within the CaMKII-binding motif in the N-
terminal of the third loop and aligns with a phospho-S/T site
predicted from the consensus CaMKII phosphorylation
sequence, (I/L)XRXX(S/T)!8!,

A more important question is whether and how CaMKII
regulates D3R function through binding and phosphorylation.
D3R may preferentially inhibit the adenylyl cyclase activity,
thereby reducing cAMP formation. In rat accumbal slices,
selective activation of D3R with a D3R selective agonist
PD128907 could reduce forskolin (an adenylyl cyclase
activator)-induced production of cAMP. The effect of
PD128907 could be antagonized by a Ca®" ionophore,

ionomycin. This antagonism is believed to be mediated by

the upregulated CaMKII-D3R interaction, since this effect
can be reversed by the CaMK inhibitor KN93 and a mem-
brane-permeable Tat-peptide that selectively interferes with
the CaMKII-D3R interaction. Thus, at the receptor level, the
rise in Ca?" level recruits CaMKII to the third loop of D3R and
D3R is phosphorylated at a selective serine site, thus in-
hibiting the D3R function in reducing cAMP formation. In a
population of neurons co-expressing D3R and Gs-coupled
D1 receptors, the inhibition of D3R signaling by CaMKII is
necessary for the positive response of D1 receptors to dopam-
ine stimulation.

Moreover, it is of great interest whether the neurochemi-
cal model also functions in behavioral regulation. It seems
that D3R can suppress the motor responses to cocainel'l.
Thus, it is speculated that cocaine would promote the inter-
actions between CaMKII and D3R to attenuate D3R function
in inhibiting behavioral responses to cocaine, which serves
to enhance behavioral sensitivity to cocaine stimulation. Data
from behavioral experiments conducted by Liu et al.!'*! are
consistent with this speculation. Besides, acute systemic
injection of cocaine can increase the formation of CaMKII-
D3R complex in rat nucleus accumbens. And this increase is
blocked by pretreatment with a Tat-peptide that can selec-
tively interfere with the CaMKII-D3R interaction. Importantly,

the Tat-peptide can reduce the motor response to cocaine.
4 Conclusion

D3R is an important dopamine receptor. Due to its pref-
erential expression in the limbic system, the receptor plays a
critical role in the regulation of normal neuronal and synaptic
activities. The dysfunction of this receptor has also been
linked to various mental and neurodegenerative disorders®..
Accumulative evidence has demonstrated that the receptor
in its subcellular expression, trafficking, and signaling efficacy,
is subject to the dynamic modulation by a molecular mecha-
nism involving protein association. Available data show that
several cytoskeletal proteins interact with the third loop or
the C-terminal of D3R, and these interactions control surface
expression of D3R or the receptor signaling. A recent study
uncovers a previously unrecognized Ca**- and phosphory-

lation-dependent route of D3R regulation. As illustrated in
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Fig. 1, arise in intracellular Ca®* level can promote the bind-
ing of cytosolic CaMKIlIa to the N-terminal region of the
third intracellular domain of D3R. This leads to a site-specific
phosphorylation, thereby attenuating the D3R-mediated in-
hibition of adenylyl cyclase. While this study and others
provide initial interesting findings, many questions still re-
main to be answered. Firstly, it is unclear whether the phos-
phorylation-based regulation by CaMKII can extend to other
dopamine receptor subtypes or neurotransmitter receptors.
It is possible that the CaMKII-mediated negative or positive
feedback also happens to other G protein-coupled receptors.
Secondly, intracellular domains of dopamine receptors may
interact with other structural, signaling, or enzymatic proteins.
Using a GST-fusion intracellular domain to screen potential

new interacting proteins is an efficient way to identify novel

SRLELRCCOOCOG A3
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Fig. 1 A schematic illustration of the CaMKII-D3R interaction in regulating
D3R signaling. The third intracellular domain of D3R and the associ-
ated heterotrimeric G protein that is made up of ai, B, and y subunits
are shown. Under basal conditions, the CaMKII-mediated phosphory-
lation and inhibition of D3R remain at a low level due to the limited
amount of CaMKII bound to D3R. This allows D3R to respond to the
baseline level of dopamine to inhibit adenylyl cyclase (AC). Of note,
D3R is the only subtype of dopamine receptors with an affinity (Ki =
30 nmol/L"") within the nanomolar range of basal dopamine concen-
trations at synapses. When transformed to a stimulated state in which
the synaptic dopamine level is increased to the micromolar range,
CaMKII is recruited to D3R by the increased Ca’*level, thereby de-
pressing D3R. This, in concert with the simultaneously activated D1
efficacy, induces a net upregulation of the cAMP-PKA pathway. AC:
adenylyl cyclase; ATP: adenosine triphosphate; CaM: calmodulin; IL3:
intracellular loop 3; PKA: protein kinase A.

interacting proteins. Thirdly, while CaMKII phosphorylates
and regulates the D3R signaling to cAMP, detailed mecha-
nisms underlying this process are unknown. CaMKII may
regulate the affinity of ligand-receptor binding, surface re-
ceptor expression, or G protein signaling to alter the readout
(cAMP) of D3R activity. Finally, plastic changes and impli-
cations of the association between D3R and CaMKII or other
proteins in various neuropsychiatric and neurodegenerative
diseases remain elusive. Alterations in interactions between
D3R and these proteins may play a significant role in the
pathogenesis of these disorders. In sum, studies on the rela-
tions between protein-protein interaction and regulation of
D3R are still at an initial stage. Future studies are required to
identify new partners and define the functional roles of known
and new interacting proteins in regulating expression and

function of the receptor.
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