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ABSTRACT

The goal of my dissertation research was to determine the effect that potential
cyclic AMP-dependent protein kinase (PKA) phosphorylation sites of the dopamine D1
receptor have on agonist-stimulated phosphorylation, desensitization and internalization
of the receptor.

To facilitate purification and imaging of the DI receptor, I attached a
polyhistidine tag to the amino terminus and the enhanced green fluorescent protein
(EGFP) to the carboxy terminus (D1-EGFP). 1 found the properties of the D1-EGFP
receptor to be similar to the non-tagged D1 receptor in terms of affinity for agonists and
antagonists ligands, coupling to G proteins, cyclic AMP-dependent responsiveness, and
cellular redistribution.

When I substituted either the potential PKA phosphorylation site Thr268 or
Ser380 with Ala, I measured no effect on desensitization of the D1-EGFP receptor when
stably expressed in NS20Y neuroblastoma cells. When I pretreated the wildtype D1-
EGFP with the PKA inhibitor H89 there was also no effect on desensitization.

Stimulation by dopamine caused an increase in the incorporation of phosphate by
wildtype and the S380A mutant D1-EGFP receptor. However, the T268A mutant
showed no increase in phosphorylation. Pretreatment of the wildtype D1-EGFP
expressing cells with PKA inhibitor H89 prevented an increase in agonist-induced
phosphorylation to an extent similar to that caused by mutation of Thr268.

Using real-time fluorescent microscopy I demonstrated that mutation of Thr268

attenuates the rate of dopamine-induced fluorescence accumulation of the D1-EGFP

viil



receptor in the perinuclear region of NS20Y neuroblastoma cells. I confirmed that this
attenuated increase in accumulated fluorescence was due to a difference in the
intracellular sorting of the T268 A mutant receptor and not from an inability of the T268A
mutant to be internalized. 1 demonstrated that this effect could be replicated in the
wildtype by pretreatment with H89.

Based on these results I then hypothesized that this decrease in fluorescent
accumulation in the perinuclear region was due to the absence of Thr268 phosphorylation
that could affect the sorting of the D1-EGFP between recycling compartments of the long
recycling pathway. To test this hypothesis I used fluorescent microscopy to assess for
differences between the wildtype and T268 A mutant receptors in their colocalization with
endosomal markers EEA1, mTF, and Rab11 of the long recycling pathway.

Colocalization results indicated that T268A promotes constitutive accumulation
of D1-EGFP in mTF and Rabl1 compartments and expedites the movement of the D1-
EGFP through the long recycling pathway in response to dopamine. My results also
demonstrated that in response to agonist, T268A causes the formation of enlarged early
endosomes colocalized with D1-EGFP immediately adjacent to the plasma membrane.

In this dissertation I conclude that the phosphorylation of Thr268 of the dopamine
D1-EGFP receptor by PKA regulates the sorting of the receptor to compartments of the

long recycling pathway that does not involve desensitization of the receptor.
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PREFACE

In accordance with the guidelines set forth by the Graduate Program of the School
of Medicine, Oregon Health Science University of Portland, Oregon, | have prepared my
dissertation, consisting of a general introduction, two chapters of original data, and a
discussion and conclusions chapter. Each data chapter includes an abstract, introduction,
materials and methods, results, and discussion and conclusion section. All data and
results reported in this dissertation are my own work with the exception of figure 2-6.
References are listed separately in the order in which they first appear, and follow the

format of Neuroscience.
Papers representative of this work

Mason J.N. and Neve, K.A., Trafficking of a Thr268-Ala dopamine D1 receptor mutant.
Mol Pharm: (to be submitted).

Mason J.N., Laura B. Kozell, and Neve, K.A., Regulation of dopamine D1 receptor
trafficking by protein kinase A-dependent phosphorylation. Mol Pharm: (in press, 2002).

Abstracts

Neve, K.A., Macey, T.A., Mason, J.N. Agonist induced trafficking of EGFP-tagged
dopamine receptors. Abstract No. 30: The 34" Annual Winter Conference on Brain
Research 2001.

Mason, J.N., Hauge, X., and Neve K.A. Agonist-induced trafficking of DA D1-EGFP
receptors lacking putative protein kinase A phsphorylation sites. Abstract 532.13,
Part II: Society for Neuroscience 2000.

Mason, J.N., and Neve, K.N. Agonist-Regulated phoshorylation and trafficking of the
dopamine D1 receptor. Abstract 389.12, Vol. 13, 1: Exper. Biology 1999.

Mason, J.N., Weins, B.W., Neve, K.A. Agonist-regulated phoshorylation and trafficking
of the dopamine D1 receptor. Abstract: 584.2, Part II: Society for Neuroscience 1999,



I. INTRODUCTION

Dopamine is an important neurotransmitter that affects many central nervous
system (CNS) functions. It has been implicated in psychiatric and neurological disorders
such as Parkinson’s disease, schizophrenia, and Huntington’s disease. Dopamine acts by
binding to and activating integral membrane proteins, dopamine receptors, which then
transduce the signal acrosé the cell membrane. These signals lead to downstream effects
that include phosphorylation of the receptor. An understanding of how agonist-induced
phosphorylation affects the function of the dopamine receptor is important for
understanding the role of dopamine in the CNS. The goal of my dissertation was to
examine how agonist-induced phosphorylation alters dopamine receptor function.
Specifically, I wanted to elucidate the effect of cyclic AMP-dependent protein kinase
phosphorylation of the dopamine DI receptor on adenylate cyclase responsivencss,
phosphorylation, and trafficking. Therefore, potential cAMP- dependent phosphorylation
sites of the dopamine D1 receptor were removed and their effect on desensitization and
trafficking assessed.

This introductory section contains background information on dopamine as a
neurotransmitter, but its primary purpose is to characterize and distinguish the D1
dopamine receptor from other dopamine receptors, and then to discuss the evidence for a
role for agonist-induced phosphorylation in regulation of D1 receptor responsiveness and
trafficking. Finally, I will also discuss the use of different fluorescent probes as tools for

tracking subcellular redistribution of the dopamine D1 receptor.



DOPAMINE AS A NEUROTRANSMITTER

Historical

Dopamine (3,4-dihydrophenylethylamine) is the major catecholamine in the CNS.
Dopamine neurotransmission is involved in numerous physiological processes, including
motor control, cardiovascular homeostasis, endocrine function, and cognition. Disease
states that have been linked to dysfunction of dopamine neurotransmission include
Huntington’s chorea, Parkinson’s disease, schizophrenia and affective disorders, and
endocrine disturbances. Not until the mid 1950s was dopamine hypothesized to be a

neurotransmitter 2°.

Before this time dopamine was considered to be exclusively an
intermediate in the biosynthesis of the catecholamines norepinephrine and epinephrine.
Norepinephrine is concentrated in the hypothalamus, with small quantities found
throughout other brain regions, whereas dopamine is concentrated in nuclei within the
basal ganglia. This marked difference in regional distribution of dopamine and
norepinephrine led investigators to propose a biological role for dopamine independent of
its function as a precursor for norepinephrine biosynthesis *°.

The first behavioral evidence for dopamine as a neurotransmitter came from the
akinetic reversal effect of L-DOPA administration on rabbits depleted of catecholamine
stores after treatment by reserpine. Further analysis revealed that the behavioral action of
L-DOPA closely correlated with the accumulation of dopamine in the brain °. This and
subsequent studies demonstrating that the majority of dopamine is confined to the basal
ganglia of the brain, led to the hypothesis that dopamine might be involved in motor

control and that decreased striatal dopamine could be the cause of extrapyramidal

symptoms of Parkinson’s disease. Subsequent studies confirmed that dopamine is



released and taken back up by nerve terminals, and its occurrence in neural pathways was

demonstrated using histochemical fluorescence methods >+,

Dopamine pathways in the CNS

The mapping studies of Dahlstrom and Fuxe in the mid 1960s, based on
fluorescent staining, showed that dopaminergic neurons are organized in three main
systems 2. Accounting for about 75% of the dopamine in the brain is the nigrostriatal
pathway (Fig. 1-1).  Cell bodies of this pathway lie in the substantia nigra, and project to
the neostriatum (caudate and putamen in human brain). The second important system is
comprised of the mesolimbic and mesocortical pathways which project from the ventral
tegmental area (VTA) to the olfactory tubercle, nucleus accumbens, amygdala, and

regions of the frontal cortex (prefrontal, cingulate, and entorhinal cortex).

Figure 1-1 Major dopamine pathways in the rat.

Major dopaminergic neurons project from the substantia nigra (SN) to the neostriatum (N S) and from the
ventral tegmental area (VTA) to the nucleus accumbens (NA), olfactory tubercule (OT), and frontal cortex
(FC).



The tuberoinfundibular pathway is a group of short projections running from the
arcuate nucleus of the hypothalamus to the median eminence and pituitary gland,
regulating release of pituitary hormones. Finally, other dopaminergic pathways include
the incertohypothalamic dopamine pathway, which links the dorsal and posterior
hypothalamus with the dorsal anterior hypothalamus and lateral septal nuclei, and the
medullary periventricular dopamine-containing cells, which are located near the vagus
nerve, the nucleus tractus solitarius, and the cells scattered in the tegmental radiation of
the periaqueductal grey matter. There are also dopaminergic interneurons in the olfactory

bulb and in the retina.

Dopamine biosynthesis

Dopamine synthesis begins with the amino acid precursor L-tyrosine, which must be
transported across the blood brain barrier into the dopamine neuron. Once in the neuron,
L-tyrosine is converted to L-dihydroxyphenylalanine (DOPA) by the enzyme tyrosine
hydroxylase (Fig 1-2). This is the rate limiting step, as DOPA is very quickly converted

to dopamine by L-aromatic amino acid decarboxylase (DOPA decarboxylase).

HO Tyrosine HO Dopa HO
Hydroxylase Decarboxylase
.................... 3 ................>
HO HO
COOH COCH
NH2 NH2 NH2
L-Tyrosine L-Dopa Dopamine

Figure 1-2 Dopamine (3, 4-dihydroxyphenylethylamine) is synthesized from L-tyrosine.



Endogenous mechanisms for regulating the rate of dopamine synthesis in
dopaminergic neurons primarily involve modulation of tyrosine hydroxylase activity.
Dopamine acts as an end product inhibitor of tyrosine hydroxylase (TH) by competing
with a tetrahydrobiopterin (BH4) cofactor for a binding site on the enzyme .
Phosphorylation of TH results in its conversion to an activated form with greater affinity
for BH4 cofactor and reduced affinity for dopamine °°, Presynaptic dopamine
autoreceptors activated by dopamine released from the nerve terminal modulate the rate
of tyrosine hydroxylation by inhibition of TH phosphorylation via reduction of adenylate
cyclase activity. The synthesis of dopamine also depends on the rate of impulse flow in
the nigrostriatal pathway. High impulse flow increases the rate of tyrosine hydroxylation
through kinetic activation of TH that increases its affinity for BH4 and decreases its
affinity for the end product inhibitor dopamine *.

The release of dopamine from the nerve terminal is calcium dependent. Invasion
of the terminal by an action potential results in the release of calcium from intraceltular
stores, the subsequent fusion of dopamine-containing vesicles to the plasma membrane,
and the release of dopamine into the synaptic cleft. After its release into the synaptic
cleft, dopamine can interact with presynaptic (autoreceptors) and postsynaptic dopamine
receptors (Fig. 1-3). Postsynaptic dopamine receptors may be on the axon terminals or
dendrites of nondopaminergic cells, whereas autoreceptors may be located on the cell
bodies or the axon terminals of dopamine-containing neurons. Dopamine is largely
recaptured from the synaptic cleft by a high affinity neurotransmitter transporter, through
which reuptake depends upon Na” and CI” gradients and ATP. A number of drugs inhibit

high affinity uptake, including cocaine, nomifensine, and benztropine.



After reuptake by the nerve terminal, dopamine is converted to
dihydroyphenylacetic acid (DOPAC) by monoamine oxidase (MAO) or packaged nto
vesicles for re-release. Dopamine not taken back into the nerve terminal is converted to

homovanillic acid (HVA) by catechol-O-methyltransferase (COMT) and MAQ %!,

Dopaminergic neuron %

*E

«— TH Autoreceplor
Transporter ‘l‘
) i pe
., -
DA
| :}-\,- i
CcOMT T DA
A .
& DA #
MAO Na
HVA AT ——

Postsynaptic receptors

Figure 1-3 Model of a dopaminergic nerve terminal.

Diagram illustrates the life cycle of dopamine and the mechanisms that modulate dopamine synthesis,
release, and storage. Invasion of the terminal by a nerve impulse resulis in the Ca2+-dependent release of
dopamine. This release process is attenuated by release-modulating autoreceptors. The conversion of
tyrosine to L-DOPA by tyrosine hydroxylase is the rate limiting step in dopamine biosynthesis. Newly
synthesized dopamine may be sequestered into storage vesicles for subsequent release. The plasma
membrane dopamine transporter recycles dopamine released into the synaptic cleft. The vesicular amine
transporter (VAT) transports cytoplasmic dopamine into storage vesicles, decreasing cytoplasmic
concentrations of dopamine and preventing metabolism by monoamine oxidase (MAO)

Dopamine receptors

The first neurochemical evidence for the existence of dopamine receptors came in
1972, when it was demonstrated that dopamine stimulates adenylate cyclase activity !"*°,
Pharmacological and biochemical studies by Cools and Van Rossum et al. *® provided
evidence for the existence of multiple binding sites for dopamine. Spano and Govoni et

all. 14 proposed the existence of two populations of dopamine receptors, one positively



coupled to adenylate cyclase and the other independent of this effector. In 1979
Kebabian and Calne * suggested the classification system of D1 and D2 receptors (Table
1-1).

Table 1-1 Signaling pathways of D1 and D2 like receptors

D1-like D2-like

Adenylate cyclase activation Inhibition of adenylate cyclase

Phosphoinositide (PT) hydrolysis Inhibition of Ca++ and
enhancement of K+ conductances

Modulation of PI turnover

In 1988, a cDNA encoding a 415 amino acid protein was isolated from a rat brain
cDNA library '’ Hydrophobicity plots suggested that the protein had seven membrane
spanning domains, a characteristic of G protein-coupled receptors. Transfection of the
cDNA into mammalian cell lines resulted in the expression of a receptor with D2-like
pharmacology that mediated inhibition of adenylate cyclase in response to dopamine.

In 1990 several groups nearly simultaneously cloned full length cDNAs and genes
of the dopamine D1 receptor *!#180121 = The identity of the D1 receptor cDNAs/genes
was confirmed on the basis that transfection of any of the cloned cDNAs or genes into
mammalian cells produced a receptor that was pharmacologically indistinguishable from
the D1 class of receptors proposed by Kababian and Calne >,

Gene cloning studies in the early 1990s split the D2 receptor type into multiple
subgroups. The second D2-like receptor to be cloned, D2L, is generated by alternative

splicing of the same gene that encodes the D2S receptor, the first D2 receptor to be



cloned **. The D2L and D2S receptor sequences are identical with the exception of a 29
amino acid insert in the third cytoplasmic loop of D2L. Based on pharmacological
profiles, sequence homology with the D2 receptor (53% and 41%, respectively), and gene
structure, two other dopamine receptors (D3 and D4) fit into the D2-subtype class 11,
At approximately the same time as the initial cloning of the D4 receptor, there
was the cloning of a novel D1-like receptor named D5 or D1B ***2.  The D5 receptor
gene product was identified as a DI-like receptor based on its sequence and
pharmacological profile. The sequence of the D5 receptor is more closely related to that

of the D1 receptor than to other dopamine or catecholamine receptors.

MOLECULAR BIOLOGY OF DOPAMINE RECEPTORS

Gene and protein structure

All the mammalian D1 receptors are 446-amino acid proteins, with a predicted
molecular weight of ~49,000 '?!. The mammalian D1 receptors have two potential sites
for N-linked glycosylation: Asn-5 at the amino terminus, and Asnl75 in the third
extracellular domain (Fig 1-4).  Potential sites for phoshorylation by cyclic AMP-
dependent kinase (PKA) are Thr136 in the second cytoplasmic loop, within the sequence
R-K-X-T, Thr268, at the C-terminal end of the third cytoplasmic loop, within the less
commonly phosphorylated sequence R-X-T, and Ser380 (R-X-S). The human dopamine
D1 receptor gene resides on the long arm of chromosome 5, at q35.1 *.  The human D5
receptor is a 477-amino acid protein with ~60% amino acid identity with the D1 receptor,
increasing to ~80% in the transmembrane regions. D1-like receptors have multiple serine

and threonine residues in the long cytoplasmic tail in close proximity to acidic residues,



making them potential sites for phosphorylation by the G-protein coupled receptor kinase

family. Finally, D1 receptors do not have introns within their coding regions '%.
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Figure 1-4 Map showing predicted structure of dopamine D1 receptor.
Residues that are potential phosphorylation sites for PKA are Thr136, Thr268, and Ser380, indicated by

bold lettering.

All D2-like receptors contain several introns within their coding region, allowing
for alternative splicing of a single gene, and resulting in multiple gene products such as
D2L and D2S "**, The human D2S and D2L receptors are 414 and 443 amino acids
long, respectively. The human D3 receptor is 400 amino acid residues long. Many
allelic variants of the human D4 receptor gene have been identified that differ in the
number and order of copies of a direct, imperfect 48 base pair repeat in the third
cytoplasmic loop. This 48 base pair repeat gives rise to human D4 receptors that vary in
amino acid sequence and length. The shortest human D4 receptor variant, D4.2, has 387

amino acids, whereas the most common human D4 variant, D4.4, has 419 amino acids.



The D4 has relatively low homology of ~40% to the other receptors in its subclass, the

D2 and D3 receptors.

Table 1-2 Distinguishing molecular characteristics of dopamine receptors

D1-like D2-like

1y DS D2 D3 D4
Chromosomal
localization 59351 4pl15.1-16.1 11q22-23 3q133 11p15.5
Introns in coding No No Yes Yes Yes
region
Amino acids 446 477 414 (S) 400 387
(human) 443 (L)
mRNA size 3.8 kb 3.0 kb 2.5kb 8.3 kb 5.3kb

Pharmacology

The dopamine D1-like receptors are distinguished from the D2-like receptors on
the basis of drug potency and their ability to activate adenylate cyclase. Selective D1-
like (D1 and DS5) receptor agonists are fenoldepam and SKF 38393. At present, no
ligands have been developed that can distinguish between D1 and D5 receptors. The
major pharmacological characteristic that distinguishes D1 and D5 receptors is the
increased affinity of the D5 receptor for dopamine, SKF 38393, and other agonists.

Selective ligands have been developed that can differentiate D2-like receptors.
The agonists quinpirole and 7-OH DPAT have a higher affinity for D3 receptors than for
other D2-like subtypes. Bromocriptine has a higher affinity for D2 than for D3 and D4
(sec Table 1-3). For antagonists, raclopride distinguishes D4 from D2 and D3 subtypes
because is has lower affinity for D4, and clozapine has a slightly higher affinity for D4

than for D2 and D3.
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Table 1-3 Receptor pharmacology

D1-like D2-like
DI D5 D2s 4y D3 D4
Agonists SKF-38393 SKF-38393 Bromocriptine  7-OH-DPAT i
Dihydrexidine Quinpirole Quinpirole
ABT-431
Antagonists SCH-23390 SCH-23390  Spiperone (+)UH232 Clozapine
Sulpiride PNU-99194A

AGONIST-INDUCED RESPONSES
Signaling

The D2-like dopamine receptors couple to the G-proteins Gi or Go to inhibit the
activity of adenylate cyclase. Although both D2 receptor splice variants D2S and D2L
couple to G proteins, there appear to be differences in the G-protein that each receptor
couples to . Another difference between the splice variants is the enhanced potency of
agonists and greater inhibition of adenylate cyclase activity by the D2S splice variant in
some cell lines "*%.

The D3 receptor inhibits adenylate cyclase activity, although this inhibition is
very weak compared to inhibition via the D2 receptor ***°. The D2-like dopamine
receptors have also been shown to modulate arachidonic acid release, Na”/H™ exchange,

H +
K" currents, and Ca'™ currents 523

The D4 receptor can couple to most of the same
pathways as the D2 receptor, although like the D2 and D3 receptors, this appears to be

somewhat dependent on the cell type in which it is expressed.
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Desensitization
Persistent agonist occupancy of various G-protein coupled receptors can lead to a

1 called desensitization. Receptor phosphorylation,

reversible loss of responsiveness
internalization, and down regulation can contribute to desensitization *°.  The
contribution of each of these events to desensitization is believed to be receptor and cell
type dependent *°.

Dopamine D1 receptor desensitization has been demonstrated in a variety of cells
that express the dopamine D1 receptor endogenously, such as NS20Y neuroblastoma,

S101285  For the dopamine D2

D384 astrocytoma-derived, and opossum kidney cells
receptor Barton et al. ° demonstrated that agonist treatment of retinoblastoma Y-79 cells
endogenously expressing the D2 receptor, decreased the ability of the D2 receptor to
mediate inhibition of adenylate cyclase activity. Nesby et al. ** demonstrated that in

response to morphine administration, D2 receptors in rat striatum show a profound

decrease in the apparent affinity for the agonist quinpirole.

Phosphorylation

Agonist-stimulated phosphorylation of G-protein coupled receptors (GPCRs) is
required for desensitization and internalization of numerous GPCRs (B-adrenergic
receptor, p-opioid, histamine H2, etc.) **. However, agonist-induced phosphorylation has
a minimal effect on desensitization and/or internalization for GPCRs such as vasopressin

e Agonist induced

V2, parathyroid hormone, angiotensin I, and M3 muscarinic
phosphorylation of D1 and D2-like dopamine receptors occurs in a variety of cell Lines.

In S9 cells that over-express the dopamine D2L receptor, agonist stimulation increased

phosphate incorporation by 2 fold *. For the D1 dopamine receptor, Ng et al. 5%
12



demonstrated that Sf9 cells over-expressing the dopamine DI receptor undergo
phosphorylation following a 15 minute exposure to 10 uM dopamine, and that the
incorporation of phosphate was increased 1.7 fold over basal. After whole cell 2P
labeling and subsequent treatment with 10 pM dopamine for 15 minutes, a 50% increase
in dopamine D1 receptor phosphorylation in HEK293 cells overexpressing the D1
receptor was demonstrated by Tiberi et al. '%". Phosphorylation of the dopamine D1
receptor was increased 2 to 3 fold over basal after a 10 minute exposure to dopamine
when over-expressed in HEK 293 cells that were metabolically labeled with **P *° . For
many GPCRs, phosphorylation plays an important role in regulating arrestin binding,
adenylate cyclase responsiveness, and sequestration. However, there also are a number
of GPCRs for which agonist-induced receptor phosphorylation has little or no effect on
sequestration or desensitization. For example, mutations that abolished or greatly
reduced agonist-induced incorporation of phosphate by parathyroid hormone, vasopressin
V2, and the o, adrenergic receptors had no measurable effect on either desensitization or

. c i 2,90,
internalization "%,

Trafficking

Ariano et al. * examined immunofluorescent staining of dopamine D1 receptor
protein expression in non-permeabilized Chinese Hamster Ovary (CHO) cells using
antisera directed against the third cytoplasmic loop of the protein. After agonist exposure
for as brief as 2 minutes, profound loss of immunofluorescence staining occurred. This

agonist-induced loss was blocked by the antagonist (+)-butaclamol. Vickery et al. ''?
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demonstrated that treatment by agonist for 5 minutes resulted in a 60% increase in D1
receptor internalization and 40% in D2 internalization.

Dynamin associates with clathrin coated vesicles and caveolae to promote their
scission from the plasma membrane °' Over-expression of a dominant negative mutant of
dynamin blocked D1 but not D2 internalization''>. Thus, D1 and D2 receptors are

selectively endocytosed by distinct mechanisms.

DESENSITIZATION AND NEUROLOGICAL DISEASE

Parkinson’s Disease

Degenerative changes in the dopaminergic system are the main neuropathological
features of Parkinson’s Disease (PD). Standard therapy for treatment of PD is L-dopa,
which may promote a refractory “off” period side effect. Apomorphine, a nonselective
agonist at D1 and D2 dopamine receptors, is effective at reversing refractory L-dopa

2

induced “off” periods *!, but the response to apomorphine is reduced after repeated

administration. This loss of response may be due to dopamine receptor phosphorylation

and desensitization "

. Beneficial responses are obtained from the dopamine D1 receptor
agonist A-77636 in animal models of PD. However, A-77636 is of limited potential for
PD therapy because it induces rapid tolerance in vivo. This tolerance is thought to occur
because A-77636 dissociates slowly from the D1 receptor causing prolonged receptor
desensitization *’. Clarification of the molecular bases for desensitization of the dopamine

receptor may lead to a better understanding of the regulation of dopamine receptor

responsiveness, and to more effective treatment of PD 7.
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Schizophrenia

Antipsychotic drugs, such as chloropromazine and related phenothiazine
neuroleptics, that are effective in the treatment of schizophrenia also block D2-like
receptors. It was this correlation between alleviating the symptoms of schizophrenia and
blockade of D2 receptors that suggested an excess of dopaminergic transmission may
underlie some aspect(s) of the pathogenesis of schizophrenia. Studies by Lidow et al. %
demonstrated in primates that dopamine D1 receptor sites in prefrontal cortex are down
regulated by chronic treatment with D2 antagonists. The authors speculate that down
regulation of the dopamine D1 receptor may be an obligatory consequence of D2 receptor
pharmacological antagonism. On the other hand, Okubo et al. ** used positron emission
tomography (PET) to reveal reduced radioligand binding to the dopamine D1 receptor in
the prefrontal cortex of schizophrenics. They observed that this reduction was related to
severity of negative symptoms of schizophrenia. The reduced radioligand binding may be
a result of desensitization from excess dopaminergic transmission. They suggest that
dysfunction of the dopamine D1 receptor signaling in the prefrontal cortex may contribute

to the negative symptoms and cognitive deficits seen in schizophrenia.
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TRAFFICKING

GPCR Pathways
GPCRs such as the B adrenergic and p opioid receptors traffic by three recognized
pathways *°, (Fig. 1-5). These pathways are; 1) rapid recycling, 2) slow recycling, and

7. The internalization of GPCRs is typically by a clathrin-dependent

3) degradation
mechanism. However, more recently it has been shown that blocking clathrin-dependent
internalization of GPCRs may cause internalization by other mechanisms *. Thus, the

particular pathway through which a GPCR traffics may depend on the mechanism by

which it is internalized.

Internalization

A well established first step is the delivery of receptors from the plasma
membrane via clathrin-coated vesicles (CCV) into early endosomes. Coat propagation
and fission of CCV from the plasma membrane regulated by a series of protein factors
and lipids, including the small GTPase Rab5. Rab5 mediates the heterotypic tethering
and fusion of CCV with early endosomes as well as the homotypic fusion between early

endosomes.

Endosomal sorting

The Rab family is part of the Ras superfamily of small GTPases. The Rab
GTPase switches between GDP- and GTP-bound conformations. Conversion from GDP-
to the GTP-bound form is caused by nucleotide exchange, catalyzed by a GDP/GTP

exchange factor (GEF). Conversion from the GTP-to the GDP-bound form

16



Pt ‘
B ) A
Rapid recycling L h
K N -' :
_ e &8 cov :
(@) SR Long recycling .
. * B

" b aarg <

“"eoo--‘ RC Rabll

----- P> Long recycling
pathway

Figure 1-5: Major trafficking pathways and endosomal markers.
Diagram depicts 3 major pathways (rapid recycling, long recycling, and degradation) through which
GPCRs are thought to traffic. Also shown are endosomes identified by transferrin and anti-EEA 1and
Rabll. SE= sorting endosome, EE=carly endosome, CCV=clathrin coated vesicle, RC=Recycling
compartment.
occurs by GTP hydrolysis, facilitated by a GTPase-activating protein (GAP). The GTP-
bound form interacts with effector molecules '%°.

Rab5 is symmetrically distributed between CCV and early endosomes °. Several
Rab effectors are required for homotypic endosomal fusion, including early endosomal

antigen 1 (EEA1) and PtdIns 3 kinase (PI3K).

One of the products of PI3K, PtdIns 3-phosphate (PI3P), plays a major role in

endocytic trafficking ',

PI3P is highly enriched on early endosomes and in the internal
vesicles of multivesicular endosomes. Proteins that contain a FYVE zinc finger domain,
such as EEA1, are effectors of PI3P ''7. The restricted localization of PI3P to endosomes
suggests that most FYVE domain proteins regulate endosomal function.

8 Recruitment of BEA1 to early

EEAT 1s selective to early endosomes
endosomes requires both PI3P and Rab5, although in the presence of high levels of PI3P,

Rabs5 is not required. Low levels of Rab11 are associated with EEA1 endosomes and with
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pericentriole recycling endosomes %, The hydrolysis of GTP on Rabl11 is required for
the direct delivery of transferrin from the pericentriole recycling compartment to the cell
surface, but not from sorting endosomes **. Rab11 is localized to late Golgi and post-
Golgi membranes, as well as to specialized recycling membranes, suggesting a role for

Rab11 in late Golgi and post-Golgi transport '*®.

These reports suggest that the precise
function of Rab11 is uncertain.

The transferrin intracellular trafficking pathway has been extensively studied.
After binding with iron, transferrin is internalized by clathrin coated pits into CCV, fused

with sorting endosomes containing EEA1, and then to recycling endosomes before

returning to the surface 5.

Green Fluorescent Protein

The gene encoding the green fluorescent protein (GFP) comes from the jellyfish
Aequoria victoria. The gene was first isolated in 1992 and has rapidly become a popular
reporter molecule for monitoring protein expression and localization. GFP is an
autofluorescent protein of 238 amino acids of which 11 beta-strands form a hollow
cylinder through which a cyclic tripeptide chromophore is threaded post-translationally
(Fig 1-6).

GFP absorbs blue light at 395 nm, with a smaller peak at 475 nm, and emits green
light at 508 nm. The existence of two excitation peaks complicates the use of wildtype
GFP for routine fluorescence observations. Mutation of Ser65 to Thr (S65T) completely
suppresses the 395-nm peak while amplifying the 475-nm excitation peak ~6 fold and

shifting it to 489 nm. Mutation of Phe64 to Leu (F64L) improves folding at 37°C. Thus,

18



these two highly advantageous substitutions have been incorporated into a variant of GFP
named Enhanced Green Fluorescent Protein (EGFP). Expression of functional GPCR-
EGFP fusion proteins has been demonstrated for the P-adrenergic, GnRH,
cholecystokinin (CCK), and muscarinic receptors. These receptors, when tethered to the
EGFP, recapitulate the characteristics of the wild-type form. The intrinsically fluorescent
properties of EGFP eliminate problems of substrate availability to the fluorescent marker,
and EGFP fluorescence in vivo allows real-time imaging of the tagged receptor.
Potential disadvantages of GPCR-EGFP chimeras are that expression in cells often
produces labeling of protein biosynthetic compartments, such as the endoplasmic
reticulum and Golgi, and that production of a GPCR-EGFP chimera might result in

altered properties of the receptor.

Fig. 1-6. Green Fluorescent Protein. Ribbon diagram of the wildtype GFP
structure. The alpha-helices are shown in black and the beta-pleated sheets
are shown in green. The chromophore is shown as a ball-and-stick®.
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SPECIFIC AIMS OF DISSERTATION
Specific aim #1

Both G protein-coupled receptor kinases (GRKs) and cyclic AMP-dependent
protein kinase (PKA) are thought to contribute to agonist-induced phosphorylation of the
dopamine D1 receptor. Over-expression of either GRK-2, -3, or -5 in dopamine D1
receptor-expressing HEK293 cells enhances phosphorylation of the dopamine DI

107

receptor Evidence for the role of PKA in agonist-induced phosphorylation is

controversial. Based on reports by Ng et al. *"* that correlate phosphorylation with

1123 that demonstrate that agonist-

desensitization, and reports by Bates and Jiang
stimulation of the dopamine D1 receptor reduces adenylate cyclase responsiveness,
hypothesized that phosphorylation of potential PKA sites of the receptor would alter
agonist-induced receptor desensitization, phosphorylation, and trafficking. When the
work that is the subject of this dissertation was begun, there was no direct evidence to
link the contribution of D1 receptor GRK or PKA consensus site phosphorylation with
agonist-induced phosphorylation of the D1 receptor. To determine the contribution of
GRK and PKA potential phosphorylation sites in agonist-induced phosphorylation of the
D1 receptor, each potential phosphorylation site must be individually removed. The
impact of the mutation on dopamine-induced receptor phosphorylation is then assessed.
The consensus sequences most frequently recognized by PKA have been identified,
whereas those for GRKs have not been clearly identified *"%, Therefore, in this
dissertation I chose to examine only the contribution of PKA to agonist-induced receptor

phosphorylation. I also assessed the role of each PKA consensus site in regulating

receptor responsiveness and trafficking.
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To assess changes in phosphorylation of the receptor in response to the removal
of individual PKA consensus sites, I placed a polyhistidine tag on the N-terminus of the
receptor to separate the dopamine receptor from other phosphorylated proteins in the cell.
To study the redistribution of the receptor in living cells, I placed green fluorescent
protein on the C-terminus, to allow me to visually track and assess the movement of the
receptor throughout the cell in real-time.

The possible effects of these modifications on antagonist/agonist affinity and
adenylate cyclase response were assessed by radioligand binding and adenylate cyclase
assays, respectively. Results indicated little difference between the tagged receptor and
untagged receptors. Thus, I concluded that the tagged receptor recapitulated the
characteristics of the wildtype receptor and was a useful tool to evaluate the effects of
individual PKA site mutations on receptor phosphorylation, responsiveness, and

trafficking, in response to agonists.

Specific aim #2

In the initial part of this dissertation, I identified a difference between the
wildtype D1-EGFP and the mutant T268A D1-EGFP receptor in their accumulation in
the perinuclear region of the cell in response to agonist. Agonist stimulation of the D1-
EGFP receptor, but not T268A, led to an increase in the ratio of the perinuclear to plasma
membrane fluorescence. We hypothesized that Thr268 acts as a sorting signal in the
long recycling pathway, and that mutating it to alanine altered a sorting step in the
pathway. Thus, the second aim of this study was to determine if the pathways through

which the two receptors traffic differ. To further our understanding of how the
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intracellular trafficking pathways of this mutant (T268A) might differ from the wildtype
DI-EGFP receptor, we compared the colocalization of the mutant and wildtype receptors
with the endosomal markers EEA1 (early endosomal antigen 1), Rabl1 (GTPase Rabl 1),
and TF (transferrin). We also used fluorescent recovery after photobleaching (FRAP) to
look for possible differences between the receptors in how they tether to the plasma

membrane.

22



II. REGULATION OF DOPAMINE D1 RECEPTOR
TRAFFICKING BY PROTEIN KINASE A-
DEPENDENT PHOSPHORYLATION

As published in '
Molecular Pharmacology (Mar, 2002)
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ABSTRACT

The aim of this study was to use pharmacological inhibition of protein kinase A and
mutation of potential protein kinase A phosphorylation sites to determine the role of
protein kinase A-catalyzed phosphorylation of the dopamine D; receptor in agonist-
stimulated desensitization and internalization of the receptor. To facilitate purification

and imaging of the D receptor, we attached a polyhistidine tag to the amino terminus
and enhanced green fluorescent protein to the carboxy terminus of the receptor (Dy-
EGFP). D;-EGFP was similar to the untagged Dy receptor in terms of affinity for agonist

and antagonist ligands, coupling to G proteins, and stimulation of cyclic AMP

accumulation. D{-EGFP and two mutants in which either Thr268 or Ser380 was replaced

with Ala were stably expressed in NS20Y neuroblastoma cells. Pretreatment with the
protein kinase A inhibitor H-89 or substitution of Ala for Thr268 reduced agonist-
stimulated phosphorylation of the receptor and resulted in diminished trafficking of the
receptor to the perinuclear region of the cell. Substitution of Ala for Thr268 had no
cffect, however, on agonist-induced receptor sequestration or desensitization of cyclic

AMP accumulation.  Substitution of Ala for Ser380 had no effect on D; receptor
phosphorylation, sequestration, desensitization, or trafficking to the perinuclear region.
We conclude that protein kinase A-dependent phosphorylation of the D; receptor on
Thr268 regulates a late step in the sorting of the receptor to the perinuclear region of the
cell, but that phosphorylation of Thr268 is not required for receptor sequestration or

maximal desensitization of cyclic AMP accumulation.
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INTRODUCTION

The dopamine D1 receptor belongs to the superfamily of heptahelical receptors
that modulate the activity of effectors such as adenylate cyclase by activiation of specific
heterotrimeric GTP-binding proteins (G-proteins). For many G protein coupled receptors
(GPCR), phosphorylation by protein kinases such as protein kinase A (PKA) or G
protein-coupled receptor kinases (GRK) is an early step in agonist-induced
desensitization, the diminished responsiveness that occurs after continuous or repeated
exposure of the receptors to agonist “°. The mechanisms of desensitization and
resensitization have been perhaps most thoroughly characterized for the -adrenergic
receptor, a Gos-coupled receptor that is structurally and functionally homologous to the
DI receptor.  Occupation of the B-adrenergic receptor by agonists stabilizes a
conformation of the receptor that increases its phosphorylation by GRK, which in turn

2

increases the affinity of the receptor for B-arrestin . The coupling of the receptor to

heterotrimeric G proteins is inhibited by binding of B-arrestin which is likely to be the
immediate cause of rapid desensitization. B-Arrestin also acts as an adaptor protein to
facilitate receptor endocytosis *. Once internalized the receptor is either resensitized by

1 k
2 , or directed to an

dephosphorylation and then recycled back to the cell surface
intracellular compartment for degradation '*°.

Although this model closely describes the regulation of some GPCRs, the
regulation of other receptors differs significantly in ways that may be both cell- and
receptor-dependent ®°. For example, GPCR desensitization and internalization can occur
despite greatly reduced or undetectable agonist-induced phosphorylation of the receptor

729096 and dephosphorylation/resensitization can occur without internalization *°,
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Desensitization of the dopamine D1 receptor has been demonstrated in a varicty
of tissue preparations, including brain slices and retina, primary neuronal culture,
neuroblastoma, astrocytoma, or kidney cell lines expressing an endogenous D1 receptor,

10,54,76,111 .
761 The responsiveness of the

and cell lines expressing a recombinant D1 receptor
D1 receptor is probably regulated by PKA- and GRK-catalyzed phosphorylation of the
receptor, since dopamine-induced desensitization is temporally associated with or

1085 enhanced by activation of PKA or

preceded by receptor phosphorylation
overexpression of GRK ', and reduced by inhibitors of PKA or GRK. Furthermore,
desensitization of the D1 receptor is blunted in cells deficient in PKA ''!, and mutation of
a potential site of PKA phosphorylation of the D1 receptor, Thr268, reduces the rate of
agonist-induced desensitization >*. Ser380 has also been proposed to be a site of
phosphorylation by PKA, because a peptide comprised of D1 receptor amino acid
residues 372-442 is phosphorylated by PKA on Ser380 ''°.

In this study we assessed the role of two potential sites of phosphorylation by

PKA, Thr268 and Ser380, in agonist-induced phosphorylation, desensitization, and

internalization of the dopamine D receptor. We created a Dy receptor (D;-EGFP) with

enhanced green fluorescent protein at the carboxy terminus and a hexa-histidine tag at the

amino terminus. Wildtype D{-EGFP and mutants in which an alanine residue was

substituted for Thr268 (T268A) or Ser380 (S380A) were stably expressed in NS20Y
neuroblastoma cells. We now report that mutation of Thr268, but not Ser380, prevented

dopamine-induced phosphorylation of D{-EGFP and redistribution of the receptor to the

perinuclear region of NS20Y cells, without altering maximal desensitization of cyclic
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AMP accumulation or sequestration of the receptor away from the extracellular surface of

the membrane.
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MATERIALS AND METHODS

Construction of tagged and mutant receptors. We attached a polyhistidine tag to the

N-terminus of the rhesus macaque D7 receptor '° using the polymerase chain reaction.
q 1 p g polym

The entire amplified portion of the gene was sequenced to confirm the absence of random
mutations and cloned into pcDNA3. To place the enhanced green fluorescent protein
(EGFP) to the C-terminus, we used the QuikChange mutagenesis kit (Stratagene, La

Jolla, CA) to introduce a BamHI site at Pro445 of the histidine-tagged D] receptor, which

resulted in the loss of the terminal Thr residue (position 446), and the substitution of Asn

for His444. A Hindlll - BamHI fragment containing the histidine-tagged D1 receptor
was cloned into pEGFP-N1 (Clontech, Palo Alto, CA), creating a histidine-tagged Dy

receptor with EGFP tethered by a 6 residue linker at the C-terminus to form the construct
D1-EGFP (Fig. 2-1). Mutants of the D1-EGFP construct were made in which two
potential sites of phosphorylation by PKA, Thr268 and Ser380, were changed to alanine,
yielding the mutants T268A and S380A (Fig. 2-1). Untagged alanine substitution

mutants of Thr268 and Ser380 for expression in Cg glioma cells were constructed

separately using the trans-polymerase chain reaction (PCR) method described previously
8 except using Pfu thermostable DNA polymerase instead of 7ag. The T268A mutant
was cloned into pcDNAI, whereas the S380A mutant was cloned into pcDNA3. The
PCR-amplified portion of each mutant was sequenced to confirm the presence of the
desired mutation and to identify random errors introduced by PCR. The untagged T268A

had two additional mutations that changed Ile34 — to Val in the first transmembrane

domain and Gln436 — His close to the C terminus.
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Creation and Maintenance of Cell Lines. Both tagged and untagged wildtype and
mutant receptors were stably expressed in NS20Y neuroblastoma cells by calcium
phosphate co-precipitation, and after selection for G418-resistance, pooled populations

of D1-EGFP-, T268A- and S380A-expressing cells werc isolated using a BD
FACSVantage SE flow cytometry system (Becton Dickinson, San Jose, CA) with
excitation at 488 nm. Cells were maintained at 37 'C in a humidified atmosphere with
10% CO; in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Chemical Co, St.
Louis, MO) supplemented with 5% fetal bovine serum and 5% calf bovine serum, with

600 pg/ml of G418 Sulfate (Calbiochem Co, San Diego, CA) Clonal Cg cell lines
expressing untagged wildtype and mutant D receptors were created by co-transfection
with pBabe-Puro ' and selection with puromycin (wildtype D1 and T268A, 2 ug/ml) or
by transfection (in pcDNA3) and selection with G418 (S380A, 600 pg/ml), exactly as
described previously . Ce cells expressing wildtype and mutant D receptors were
maintained in DMEM supplemented with 2% fetal bovine serum, 3% iron-supplemented
calf bovine serum, penicillin (50 pg/ml), streptomycin (50 pg/ml), and either puromycin
or G418.

[3H]SCH 23390 Saturation Binding. Confluent cells in 10 cm-dia. tissue culture plates
were lysed by replacing the medium with ice-cold hypotonic buffer (1 mM Na'-HEPES,
pH 7.4, 2 mM EDTA). After swelling for 10-15 min, the cells were scraped off the plate
and centrifuged at 24,000 x g for 20 min. The crude membrane fraction was resuspended
in Tris-buffered saline (50 mM Tris-HCL, pH 7.4, 155 mM NaCl) with a Brinkmann

Polytron homogenizer at setting 6 for 10 sec. Aliquots of the membrane preparation (~30
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pg of protein) were added to duplicate assay tubes containing 50 mM Tris-HCI, pH 7.4,
155 mM NaCl, 0.001% bovine serum albumin, and 6 concentrations of ["H]SCH23390
(75.5 Ci/mmol; NEN Life Science Products, Boston, MA) ranging from 0.05 to 2.0 nM in
a final volume of 0.5 ml. Nonspecific binding was determined in the presence of (+)-
butaclamol (2 uM). Incubations were carried out at 30°C for 60 min and terminated by
filtration using a 96-well Tomtec Mach II cell harvester (Orange, CT). Filters (BetaPlate
filtermat A) were dried, and 50 pl of BetaPlate scintillation cocktail was added to each
sample. Radioactivity on the filters was determined using a LKB/Wallac BetaPlate 1205
scintillation counter (Gaithersburg, MD).

Agonist Binding. The crude membrane fraction was resuspended in competition binding

assay buffer (20 mM HEPES, pH 7.5, 6 mM MgCl,, 1 mM EDTA, 1 mM EGTA, and 1

mM dithiothreitol), incubated at 37°C for 15 to 20 min, re-centrifuged, and resuspended a
second time in assay buffer. An aliquot of the membrane preparation was added to
duplicate assay tubes containing assay buffer with 0.025% ascorbic acid, 0.001% bovine
serum albumin, [3H]SCH 23390 (~0.8 nM) and 24 concentrations of dopamine ranging
from 1 x 107" - 1 x 10 M. Incubations were carried out and filtered as detailed above.

Cyclic AMP accumulation assay. NS20Y cells stably expressing wildtype or mutant Dj

receptors were plated out in 12-well tissue culture clusters and used to assess
desensitization 36-48 hr later, when they were at a density of ~150,000 cells/well,
whereas Cg cells stably expressing untagged wildtype and mutant Dy receptors were
plated in 48-well clusters at a density of 100,000 to 150,000 cells/well and used 3-4 days
later. Cells were pre-incubated for 10 min with 200 pL assay buffer (Earle’s Balanced

Salt Solution containing 0.02% ascorbic acid, 2% bovine calf serum, and 500 pM
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isobutylmethylxanthine). The cells were then placed on ice and drugs added to triplicate
wells as indicated. For measurement of dopamine-stimulated cyclic AMP accumulation

in Cg cells, 1 pM propranolol was added to prevent potential stimulation of endogenous

B—adrenergic receptors by dopamine. After incubation for 15 min at 370C, the assay
buffer was decanted and cells were lysed with 3% trichloroacetic acid (100 pl/well). The
cyclic AMP in each well was quantified using a competitive binding assay modified as

4

described previously ''*.  Ten ul of cell lysate was incubated in duplicate tubes

containing 1.5 nM [*H]cyclic AMP and crude adrenal extract (~100 ug protein) in 500 pl
of cyclic AMP binding buffer (100 mM Tris/HCI, pH, 7.4, 100 mM NaCl, 5 mM EDTA)
for 2 hr on ice, then harvested by filtration as described for radioligand binding assays,
except using filtermat B. Unknown samples were plotted against a standard curve (0.1 to
100 pmol) to calculate the amount of cyclic AMP.

Metabolic Labeling. NS20Y neuroblastoma cells stably expressing the wildtype or
mutant D1-EGFP receptors were plated in 6-well tissue culture clusters and used 36-48 hr
later, when they were at a density of ~320,000 cells/well. The following day plates were
rinsed twice with 1 ml phosphate-free DMEM, then incubated for 1 hr at 37°C with 200
uCi/ml [*P]POy in 1 ml phosphate-free DMEM containing 25 mM Na-HEPES, pH 7.4,
and 0.02% ascorbic acid. Cells were then treated with dopamine (25 uM) or vehicle for 5
or 20 min, followed by cell lysis and affinity purification of D-EGFP.

Affinity Purification. The medium was aspirated off and replaced with ice-cold lysis
buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaF, 10 mM disodium pyrophosphate, and
protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). Cells were

then loaded into 50 ml centrifuge tubes and centrifuged at 500 rpm for 5 min at 4°C. The
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supernatant was decanted, and cells were resuspended in lysis buffer before
centrifugation at 40,000 x g at 4°C for 20 min. The supernatant was removed and the
pellet resuspended in 3 ml of ice-cold solubilization buffer (500 mM NaCl, 20 mM Tris-
HCI, pH 7.5, 1% n-dodecylmaltose, 10 mM NaF, 10 mM disodium pyrophosphate, and 1
tablet protease inhibitor cocktail/50 ml). The resuspended pellet was sonicated on ice for
20 sec, and the contents were transferred to a 15 ml conical centrifuge tube and placed on
a tilt shaker at 4°C for 1 hr. Following solubilization, the solution was centrifuged at
40,000 x g at 4°C to remove non-solubilized material. The His-tagged receptor was then
purified using nickel-charged Chelating Sepharose Fast Flow beads (Pharmacia Biotech
AB, Uppsala Sweden) as described >°. The eluate (1 ml) from this procedure was
collected 1n a 1.7 ml microfuge tube and 10 pl of 1 M phosphate buffer (pH 4.5) added
for a final concentration of 10 mM. Next, 20 ul of Protein G Sepharose 4 Fast Flow
(Pharmacia Biotech AB) and 1 pg of monoclonal anti-autofluorescent protein (Quantum
Biotechnologies Inc., Montreal, Canada) was added. After incubating for 2 hr at 4°C on a
tilt rocker, the tube was centrifuged at 2000 x g and the supernatant removed by
aspiration. The pellet was resuspended in 1 ml radioimmunoprecipitation assay (RIPA)
buffer (10mM Tris, 150mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X-100, and 1%
sodium deoxycholate) and centrifuged at 2000 x g; this step was repeated 3 times. The
washed pellet was resuspended in 30 pl Laemmli sample buffer and incubated at 65°C for

20 minutes to dissociate the D1-EGFP receptor from the protein G sepharose. After

centrifugation at 2000 x g for 5 minutes, the supernatant protein was separated by SDS

PAGE and transferred to a PVDF membrane. The D1-EGFP receptor was detected by

immunoblotting as described below using monoclonal anti-GFP (Clontech, Palo Alto,
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CA). Membranes were scanned using a Storm 840 Imaging System (Molecular
Dynamics; Sunnyvale CA), then juxtaposed to Kodak X-OMAT film for 24-48 hours.
The film was developed, and the resulting autoradiograph was digitally captured with a

Hewlett Packard Scan Jet LP. The bands showing D{-EGFP immunoreactivity were

quantified by densitometry using ImageQuant software (Molecular Dynamics; Sunnyvale
CA).

Immunoblotting. Proteins were separated by SDS-PAGE through a 10%
polyacrylamide gel and transferred to PVDF membranes (Costar Corning, Cambridge,
MA). The membranes were blocked overnight with 5% nonfat dry milk, washed with
Tris-buffered saline, and incubated with the indicated primary antibody for 2 hr. The
PVDF membranes were washed, incubated with secondary antibody (fluorescein-linked
anti-mouse IgG, Amersham Life Science Ltd., Buckinghamshire, England), and
immunodetection was accomplished using an ECF Western blotting kit (Amersham). In
some cases membranes were stripped and re-blotted using a western blot recycling kit
(Chemicon International, Temecula, CA) and a monoclonal antibody recognizing
phosphothreonine (Santa Cruz Biotechnology, Santa Cruz, CA).

Fluorescence Microscopy. Sterile coverslips (Fisherbrand™ #1) were placed in 12 well

tissue culture dishes and seeded with cells stably expressing D1-EGFP. Imaging of live

cells was performed the next day using either a Leica TCS SP scanning confocal
microscope or a Nikon TE200 inverted fluorescent microscope with a CH350L camera.

Images captured by the Nikon microscope were deconvolved using software by API

Delta Vision (Applied Precision Co., Issaquah, WA). Cells were maintained at 37°C

using a Delta T Stage Adapter (Bioptechs Co., Butler, PA) for the Nikon TE200
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microscope and an RC 26 open bath imaging chamber on a PH-1 heater platform (Warner
Instruments, Hamden, CT) for the Leica TCS SP. Image quantification was done using
NIH Image V. 1.62B.

Biotinylation of membrane proteins. Cells grown to 80% confluency on 10 cm tissue
culture plates were treated with dopamine (25 pM) or vehicle (0.02% ascorbic acid) in
DMEM for 20 min, after which the medium was decanted and the plates were placed on
ice. The remaining cell surface proteins were then biotinylation and separated from
nonbiotinylated proteins by ImmunoPure™ Immobilized strepavidin (Pierce, Rockford,
IL) as described . Protein was eluted from the strepavidin beads with 30 pl of Laemmli
sample buffer and constant mixing for 20 min before separation by SDS PAGE and
transfer to PVDF membranes for western blotting with monoclonal anti-GFP (Clontech,

Palo Alto, CA).. D1-EGFP immunoreactivity was quantified by densitometry using

ImageQuant software (Molecular Dynamics; Sunnyvale CA).
Data analysis. Saturation isotherms, radioligand binding inhibition curves, and dose-
response curves for cyclic AMP accumulation were analyzed by nonlinea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>