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ABSTRACT 

Dl  and D2L receptors expressed in Si9 cells were pharmacologicaliy indistinguishable 

from native receptors, and were shown for the first time to be posttranslahonally modified 

by phosphorylation and palmitoylation. Further, direct evidence now showed the existence of 

dopamine receptor dimers, in equilibrium with receptor monomers, formed by intermolecular 

noncovalent interactions involving TM regions. The exposure of D l/cells to dopamine for 15 

min resulted in the desensitization of the Dl receptor stimulated adenylyl cyclase system, 

which was amibuted to the increase in phosphorylation and palmitoylation level of the 

receptor and uncoupling of the receptor from G protein. Following 60 rnin of agonist 

exposure, d a c e  Dl receptors, comprising predominantly receptor monomers, were internalized 

into an intracellular light vesicdar membrane hction. Pretreatment of Dlkells with 

concanavalin A or sucrose completely blocked agonist-induced Dl  receptor internalization 

without preventing agonist-induced desensitization indicating that these processes were 

temporally and biochemically distinct mechanisms regulating D 1 receptor hc t ion .  In marked 

contrast, the D2L receptor coupled adenylyl cyclase system was resistant to agonist-induced 

desensitization, and dopamine exposure mediated a paradoxical increase in surface D2L 

receptor density, involving translocation of intracellular receptors and possibly receptor 

iii 



dimerization. In cells coexpressing D 1 and D2L receptors, no modulation of D 1 binding in the 

presence of the D2L receptor, and no modulation of D2L binding in the presence of the Dl 

receptor, or Dl and D2L receptor heterodirnerization was observed. However, in tissues 

containing both Dl  and D2L receptors, selective activation of these receptors resulted in a 

synergistic adenylyl cyclase response. Under similar conditions, when dopamine was the 

activator, effector activity was the net effect of Dl receptor stimulation and D2L receptor 

inhi'bition. In summary, these findings showed for the tirst time that D 1 and D2L receptors were 

posttranslationally modified, exist as dimers, and are subject to distinct patterns of regulation 

upon exposure to dopamine. These processes have not been demonstrated previously, and 

should prove to be of significant fundamental importance for understanding the hc t i on  of D 1 

and D2L and possibly other G protein-coupled receptors. 
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1. INTRODUCTION 

1.1 General Introduction 

Communication in the brain is centred on the electrochemical messages delivered within 

networks of neurons. The chemical component of the message is a neurotransmitter that binds to 

membrane spanning receptors to perpetuate the chain of signals. No role other than the propagation 

of the chemical message conveyed by the neurotransmitter is more important in receptor 

fimction. The neurotransmitter dopamine has wide but discrete localization in the mammalian brain 

g .  1). Dopamine containing neurons comprise two major ascending mesencephalic projections 

with cell bodies located in the substantia nigra and ventral tegmental area of the mid brain (Lindvall 

and Borklund, 1983). Dopamine has been shown to play an important role in posture and motor 

control, and in generating emotions such as feelings of well-being, pleasure and euphoria Thus, 

aberrations in dopamine neurotransmission have been implicated in neuropsychiatric diseases such 

as schizophrenia, Huntington's disease and Tourette' s syndrome (reviewed by Seeman and Niznik, 

1990). However to date, no clear link has yet emerged, although it is well known that drugs that 

target doparnine receptors alleviate symptoms of these disorders. Molecular cloning has 

identified the genes for 5 distinct dopamine receptors, categorized as Dl-like, including Dl and 

D5 receptors, or D2-like, comprising D2, D3 and D4 receptors (reviewed by O'Dowd, 1993). 

All dopamine receptors belong to the family of G protein-coupled recepton (GPCRs) that have 

seven highly conserved membrane spanning regions which are linked by intracellular and 

extracellular loops (reviewed by Probst et al., 1992) (Fig. 2, 3). Dopamine receptors differ most 

in the homology and size of the hydrophilic intracellular domains. For instance, D 1 and D5 

receptors have a shorter third intracellular loop and a longer carboxyl tail compared to D2, D3, and 
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D4 receptors (Fig. 4). The third intracellular loop and carboxyl tail have been shown for other 

structurally related receptors to be involved with G protein interaction, and contain consensus sites 

for phosphorylation by regulatory kinases. Additionally7 in the carboxyl tail of GPCRs are cysteine 

residues that are putative sites for pahitoylation which may play a role in the functional coupling 

of some receptors (reviewed by Bouvier et al., 1 994). It was therefore of great interest to determine 

whether dopamine receptors were biochemically modified in this manner. Moreover, very little was 

known about the regulation of dopamine receptors following activation by agonist at the molecular 

level. For instance what happens fiom the time agonist binds the receptor, turning on the signal, to 

the time the signal is turned off. It has been shown that agonist activation of other GPCRs lead to 

a decrease in receptor responsiveness to subsequent ago& stimulation, an adaptive process 

collectively termed desensitization. Agonist-induced desensitization has been most extensively 

characterized for the P-adrenergic receptor, and shown to involve several distinct mechanisms: 

rapid hctional uncoupling, involving the phosphorylation and palmitoylation of the receptor; rapid 

receptor sequestration or internalization; and longer-term receptor down-regulation (reviewed by 

Benovic et al., 1988, Perkins et al., 1990, and Dohlman et al., 199 1). The challenge was to identify 

whether dopamine receptors are posttranslationally modified and regulated in a manner similar to 

P-adrenergic receptors believed to be a prototyical model for all GPCRs. To date, our current 

understanding about dopamine receptor mediated hormonal signalling at the molecular level derive 

h m  a few limited d i e s  (reviewed by Sibley and Monsma, 1992). Studies in tissues are difficult 

given the presence of other related receptor subtypes, and the limited amount of receptors available 

for detailed analysis. More significantly, the difficulty in purifyiog these receptors and the lack of 

cell lines able to express biologically active receptors have hampered our understanding of the 



structure and function of these important brain proteins. Such mechanistic studies are essential for 

understanding normal and aberrant functioning of dopamine receptors upon activation by their 

cognate hormone. Our goal was to experimentally determine the biology of the Dl receptor, 

which is prototypic of the D 1-Like receptors, and the D2L receptor, which is prototypic of the D2- 

like receptors, at the molecular level. For this purpose, we expressed recombinant D l  and D2L 

receptors in the baculovirus/Sf9 insect cell system. Others have shown that expression of other 

GPCRs in this foster cell line yields sufficient quantities of biologically and irnrnunoreactive protein 

for detailed studies (George et al., 1989, Parker et al., I99 1, Mouiilac et al., 1 992, Richardson and 

Hosey, 1992, Vasudevan et al., 1992, Oker-Blom et al., 1993, Mills et al., 1993, Mulheron et al., 

1994). Our methods included a variety of molecular, biochemical and advanced imaging techniques 

never applied to the investigation of such receptors. To study the D 1 receptor, the D 1 receptor was 

c-rnyc epitope-tagged which allowed the identification and purification of the receptor by a 

monoclonal antibody raised against c-myc. In the case of the D2L receptor, a receptor-specific 

antibody directed against amino acid residues of the third intracellular Loop would enable its 

immunological identification and purification. These original approaches have enabled us for 

the first time to purify Dl  and D2L receptors for detailed biochemical and pharmacological 

analysis. In this thesis research, we provide fust direct evidence to show that Dl and D2L 

receptors undergo distinct patterns of regulation, involving receptor dimers , following agonist 

exposure. These studies constitute a fundamental advance in our understanding of the biology of 

D 1 and D2L receptors and possibly other GPCRs. 

1.2 Brain Dopamine Neuron Pathways 

Dopamine, a catcholamine neurotransmitter, exhibits a wide but distinct distribution in the 
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mammalian brain (Fig. 1). Based on anatomical measurements of dopamine content, two major 

ascending mesencephalic projections have been identified with neuron cell bodies located in the 

substantia nigra and v e n d  tegmental area (Lindvall and Bjorklmd, 1983, Fuxe et al., 1978). The 

nigrostriatal pathway has projections terminating in the nucleus accumbens and caudate nucleus of 

the striaturn, and is mainly involved in posture and motor control. For instance, striatal dopamine 

receptors are targets and mediators of antipsychotic drug-induced Parkinsonism and tardive 

dyskinesia (reviewed by Seeman and Nhik,  1990). The mesolimbic pathway is anatomically and 

hctionally distinct fiom the nigrostriatal system. Mesolimbic neuronal projections terminate in 

such areas as the globus pautdus, olfkctory tubercle, septum, amygdala, and cortex. The mesolimbic 

system has been implicated in generating feelings of well-being, pleasure, and euphoria associated 

with the rewarding properties of drugs of abuse since lesioning of these neurons or administration 

of drugs with antagonistic activity at dopamine receptors would reduced the self-adminstration of 

these drugs (Imperato and DiChiara, 1988). For these reasons, doparnine has been identified in 

some laboratories as the neural substrate of reward for drugs of abuse (Bozarth, 1986). Dopamine's 

diverse biological activities can be explained both by the wide distribution of doparnine and the 

multiplicity of dopamine receptors. 





13 Defining Stnrctnraf And Biophysiochemical Features Of G Proteincoupled Receptors 

All dopamine receptors belong to the superfamily of cell d a c e  receptors referred to as G 

protein-coupled receptors (GPCRs) (reviewed by Robst et al., 1992). Based on hydropathy analysis, 

all GPCRs are thought to share a similar topological motif consisting of seven hydrophobic a-helical 

domains that span the lipid bilayer connected by extracellular and intracellular loops (Fig. 2). The 

similar topology is probably indicative of a common mode of receptor self-assembly, ligand binding 

and ligand-induced signal transduction. The seven transmembrane (TM I-VII) helices of GPCRs 

are thought to be sequentially arranged in anticlockwise fashion, thus forming a very tightly packed 

TM core or pocket for ligand binding (reviewed by Baldwin, 1993). Mutagenesis studies have 

suggested that the proper folding of GPCR monomers involves intramolecular interactions between 

TM 1 and TM W (Kobilka et al., 1988, Suryanarayana et al., 1992). The resuits of these studies 

suggested that TM regions contain not only the structural determinants for ligand binding, but also 

binding sites that mediate specific interactions between TM segments of receptor proteins essential 

for receptor self-assembly (Fig. 3). Comparison of the primary structure of GPCRs shows that the 

greatest similarity exist in the transmembrane domains, whereas greatest differences are found 

within the N- and C-terminal regions and the cytoplasmic third loop connecting transmembrane 

domains V and VI. For instance, Dl and D5 receptors have a shorter third intracellular loop and a 

longer carboxyl tail compared to D2, D3, and D4 receptors (Fig. 4). These structural distinctions 

are predicted to distinpuish the G proteins and signalling pathways activated by the various receptors 

as well as  differences in the regulation of these receptors. 

The third intraceilular loop and carboxyl tail of G protein-coupled receptors are believed to 

be most important in G protein interaction, and contain consensus serine and threonine residues for 



phosphorylation by various intracellular kinases such as protein kinase A, receptor specific 

kinase and protein kinase C (Fig. 2). Protein phosphorylation by regulatory kinases is a common 

mechanism by which receptor activity is regulated in a cell such as following activation by agonist 

(Lefkowitz et al., 1990). Under basal conditions, receptor phosphorylation in the absence of agonist 

may determine receptor cycling (Orti et al., 1989) andlor the intrinsic or constitutive properties of 

receptors. Additionally, comparison of the primary sequence among GPCRs reveals one or two 

cysteine residues within the carboxyl tail believed to be putative site(s) for palmitoylation which 

occurs through the thioesterification of cysteine residues (Fig. 2) (reviewed by Bouvier et al., 1994). 

The sensitivity of the paImitate labeling of GPCR to neutral hydroxylarnine treatment supports the 

attachment of the fatty acid through a thioester link. Because of the hydrophobic nature of the 

palmitate residues, it has been proposed that palmitoylation may anchor part of the carboxyl tail of 

GPCRs to the plasma membrane to form a fourth intracellular loop which may play a role in G 

protein coupling and regulating the access of phosphorylating kinases to the receptor. These ideas 

are supported by site-directed mutagenesis studies of the Pz-adrenergic receptor which showed that 

when Cys-341 was substituted with Gly-341 this resulted in a decreased ability of the receptor to 

couple to Gs and to stimulate adenylyl cyclase activity (O'Dowd et al., 1989). Subsequent studies 

showed that the functional uncoupling of this receptor was accompanied by an increase in the basal 

phosphorylation of the receptor indicating that dynamic receptor palmitoylation could play an 

important role in governing the activity of GPCRs (Moffet et al., 1993). Whether the same is true 

for other GPCRs that are patmitoylated remains to be shown. The challenge, however, has been to 

determine which features are shared among GPCRs because of conservation of hction, and which 

divergent features represent structural adaptations to new bctions. 



Fig. 2. Schematic model of the proposed membrane topology of a G protein-coupled receptor. 
The cxtracellular amino (NH3, and intracellular carboxy (COOK) termini, putative palmitoylation 
(tc) and phosphorylation (P) sites of the receptor, areas of interaction with G protein (Ga), 
glycosylation sites (Y), and the transmembrane spanning domains (numbered I-WI) are indicated. 





Fig. 3. Model of the proposed anticlockwise connectivity of TM I -W of G proteincoupled 
receptors. The seven cylinders represent TM I-W, whereas the solid circles mark 
extramembranous receptor sequences. TM I and W are thought to interact and mediate the self- 
assembly of receptors, whereas the third cytoplasmic loop (i3) is thought to act as a linker sequence 
between two structural receptor subunits (one containing TM I-V and the other containing TM V- 
VII. The figure was adapted fiom Maggio et al., 1993. 





1.4 Dopamiue Receptor Classification 

1.4.1 Biochemical Classification 

In the late 1970's dopamine receptors were classified into Dl and D2 receptors to explain 

the electrophysiological, biochemical and pharrnacological behavior of dopamine receptor ago& 

and antagonists (Spano and Trabucchi, 1 978, Kebabian and Calne, 1 979). Molecular cloning has 

since revealed a heterogeneity of dopamine receptors classified now as Dl-like or DZ-like. 

Classically, Dl-like receptors, such as Dl receptor and subtype D5 receptor, couple to the 

stirnulatory guanine nucleotide protein G, to mediate dopamine stimulation of adenylyl cyclase 

(Kebabian and Calne, 1979, Sunahara et al., 1990, 1991). In contrast, D2-Like receptors which 

include the D2 isoforms: designated D2Long (D2L) and D2Short @2S), and subtypes D3 receptor 

and D4 receptor interact with the inhibitory guanine nucleotide protein G, to mediate dopamine 

inhibition of adenylyl cyclase activity (Clement-Cormier et al., 1 974, Seeman, 1 977, Bunzow et al., 

1988, O'Malley et al., 1990, Todd et al., 1989, Dal Toso et d., 1989, Sokoloff et d., 1990, Van To1 

et d., 199 1, Tang et al., 1994). Recently, it has also been shown that D 1 receptors are linked to the 

increase, and D2 recepton to the decrease in membrane-bound enzyme phospholipase C activities 

(Mahan et al., 1990, Liu et al., 1992, and reviewed by Casey and Gilman, 1988, Neer and Clapham, 

1988). More complete understanding of the molecular events of how each receptor subtype 

mediates hormonal signalling will ultimately have a tremendous impact on our understanding of the 

biology of these recepton and on the development of receptor subtype-specific pharmaceuticals. 

1.42 Pharmacological Classification 

Radioligand binding assays provide an operational means of quantifying and measuring a 

receptor's affinity for ligands, and have been used traditionally for the identification of receptos 



based on a pharmacological rank order of Ligand binding affinities. Thus a receptor with the 

following rank order of catecholamine binding: dopamine> serotonin> noradrenalin> isoproterenol 

would be classified as a dopamine receptor. However ligands are not specific, and under many 

conditions ligands show nonselective pharmacology and bind many related receptor subtypes. As 

a result, previous radioligand binding studies failed to identify the heterogeneity in dopamine 

receptor subtypes in tissues until the recent application of molecular cloning techniques. This 

multiplicity of receptor subtypes and/or low abundance of some of these receptors make precise 

pharmacological analysis of a given receptor subtype impossible unless an extremely selective 

ligand is available. Further, whether a ligand behaves as antagonist or partial agonist or other seems 

a current concern as factors such as receptor density and the characteristics of the cell line in which 

the receptor is expressed can affect the determination of intrinsic activity (reviewed by Hoyer and 

Boddeke, 1993). Thus the pharmacological characterization of receptors in tissues could potentially 

be an uncertain exercise. 

1.42.1 Selective Dl-Like Receptor Ligands 

SKF-38393 represents the first selective D 1 -like receptor ligand to be characterized, binding 

to Dl-like receptors as a partial agonist with a K, 5 1 nM (Setler et al., 1978). SCH-23390 has 

emerged as a Dl-like selective antagonist shown to inhibit dopamine stimulated adenylyl cyclase 

activity in brain tissue (Iorio et al., 1983), and bind Dl-like receptors with high affinity at pM 

concentration (Billard et al., 1984, Sunahara et al., 1991). It should also be noted that type 1 and 2 

serotonin receptors (Hess et al., 1986) can also be detected with SCH-23390, but with low affinity 

and at high pM concentrations. Although ligands are lacking to discriminate receptor subtypes 

within the D 1 -like family, there are ligands better able to distinguish between D 1 -like and D2-like 



receptor families. 

1.433 Selective D2-like Receptor Ligands 

Selective D2-like receptor agonist activity was demonstrated for the ergot derivative 

bromocriptine (Kebabian et al., 1978), whereas DZlike antagonist activity is characteristic of 

neuroleptic drugs (Seeman, 1987). (-)Sulpiride, a substituted benzamide, has been used as a 

selective D2-like receptor antagonist but its lower affinity for the receptor than spiperone has limited 

its wide application. Spiperone, a butyrophenone, has emerged as the Ligand of choice for the D2- 

like receptors due to its high affinity and low non-specific binding to other catecholamine receptoa 

(Leyson et al., 1978). However, a significant drawback to spiperone's universal application is that 

it shows similar affinities for D2, D3 and D4 receptoa. Unfortunately, few selective ligands for D2- 

like receptor subtypes have been identified. The atypical neuroleptic clozapine has been identified 

as a relatively selective D4 receptor antagonist (Van To1 et al., 1991), and better sanity of 7- 

OHDPAT for D3 receptors (SokolofTet al., 1990) has made this the ligand of choice for identifying 

these receptors. it is apparent that the successfid design of selective ligands for dopamine receptoa 

will need to evolve h m  a rational drug design program based on the new understanding of receptor 

structure and function at the molecular level. 

1 4  Structurai Classification 

There seems to be evolutionary pressure to retain certain structural differences between D 1 - 

like and D2-like receptoa (reviewed by O'Dowd, 1993). For instance, the genes for the D 1 -like, 

D 1 and D5, receptors are intronless, that is they do not have intervening nucleotide sequences that 

intempt the coding sequences (Sunahara et al., 1990, 1991). Pseudogenes related to the D5 

receptor, tenned JrDS-1 and JrD5-2, believed to encode truncated receptors are similarly intronless 



(Nguyen et al., 1991). In contrast, genes encoding D2-Like receptors such as  the D2 receptor 

(Bunzow et al., 1988) and closely related D3 (Sokoloff et al., 1990) and D4 (Van To1 et al., 1991) 

receptors have their coding sequences separated by introns. The D2 gene encodes two isoforms of 

the D2 receptor, that arise through alternative splicing of the primary mRNA m c r i p t ,  designated 

D2L and D2S that differ only by the insertion of a 29 amino acid sequence in the third intraceflular 

loop (Dd Toso et al., 1989, Giros et al., 1989, Grandy et al., 1989, Monsma et al., 1989, Selbie et 

al., 1989, Chi0 et al., 1990, O'Dowd et al., 1990, O'Malley et al., 1990, Rao et al., 1990). Similarly, 

the D3 gene encode multiple receptor species generated by alternative splicing of receptor mRNA 

giving rise to D3Long (D3L) and D3Short 0 3 s )  isoforms, and truncated receptors (Fishbum et al., 

1993, Giros et al., 1991, Snyder et al., 1991, Nagai et al., 1993, Schmauss et al., 1993). Although 

mRNA splice variants have not been found for the D4 gene, multiple variants of the D4 receptor 

arise via gene polymorphisin (Van To1 et al., 1992). Presently, receptor isoforms and variants of the 

D 2-like family cannot be differentiated pharmacologically and the elucidation of their bction(s) 

are the subject of much research. 

Structural similarities between Dl-like and DZ-like receptors at the primary amino acid level 

are also strictly conserved throughout evolution. The amino acid sequences of these receptors show 

that all dopamine receptors have seven highly conserved membrane (TM) spanning regions 

characteristic of all GPCRs (Fig. 2). The high degree of conservation of this structural arrangement 

suggests that TM regions may play key roles in dopamine receptor folding and/or receptor hct ion.  

The dopamine receptors however differ markedly in the homology and size of hydrophilic 

intracellular domains. D1 and D5 receptors have a shorter intracellular third loop and a longer 

carboxyl tail as compared to D2, D3 and D4 receptors (Fig. 3). These intracellular regions contain 



putative serine and threonine residues for phosphorylation by regulating kinase(s) suggesting that 

struchual ciifkmces in these regions may confer hctiond differences among dopamine receptors. 

For instance, it has been reported that Dl -like receptors show higher affinity for dopamine than D2- 

like receptors, the basis of which is as yet unclear. 



Fig. 4. Proposed membrane topology, common and unique structural features of dopamine 
receptors. The schematic shows the proposed membrane topology of a c-myc epitope-tagged Dl  
receptor (left panel) and the D2 receptor (right panel). The extracellular amino (NH3, and 
intracellular carboxy (COOH) termini, putative palmitoylation (a) and phosphorylation (P) sites of 
the receptor, areas of interaction with G protein (Ga), glycosylation sites (Y), and the 
transmembrane spanning domains (numbered I-VQ are indicated. 





Table 1. Summary of the biochemical, pharmarologid and structural properties of dopamine 
receptors. The second messenger response, selective receptor antagonists and agonists, percentage 
amino acid (aa) identity, the gene structure and chromosome localization of dopamine receptors are 
summarized. 
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1.5 Brain Distribution 

Receptor radioligand binding analysis has shown that D 1-like and D2-like receptors have 

distinct but overlapping distributions in the brain (Bouthenet et al., 1987, 1991, Mansour et al., 

1990). Highest densities are found in the striaturn (caudate-putamen, nucleus accumbens), olfactory 

tubercle, and substantia nigra with lower densities in the cortex, hippocampus and limbic brain 

regions. At the cellular level, D 1 -like and D2-like receptors have been identified on synaptic nerve 

terminals, and there is evidence that Dl and D2 receptors are coiocalized in certain neuronal 

populations (Surmeier et al., 1992). The cloning of the genes for the D l  and D2 receptors and their 

subtypes has enabled the anatomical localization and mapping of receptor subtype mRNAs using 

specific oligonucleotides probes. Northern blot analysis and in situ hybridization histochemistry 

have shown that the distributions of Dl and D2 receptor mRNAs pardel the distribution patterns 

of D 1 -like and D2-like receptor proteins. Although little is known about D3, D4, and D5 receptor 

proteins, their mRNAs are present in highest levels in limbic regions suggesting a greater role for 

these receptors in the regulation of emotional states (Bouthenet et al., 1987, Wamsley et al., 1989, 

Mansour et al., 1990, Sokoloff et al., 1990, Sunaham et al., 199 1). These mapping studies also 

indicate a pre-synaptic localization of D2-like receptors where they may function as autoreceptors 

regulating the synthesis andor release of dopamine (Starke et al., 1 989, Sokolo ff et al., 1990). Thus 

the distributions of dopamine receptor rnRNAs and receptor proteins reveal the different activities, 

organization and possibly functions of the brain dopamine receptor systems. 

1.6 Dl-D2 Receptor Linkage 

The actions of indirect dopamine agonists such as apomorphine and amphetamine to induce 

hyperactivity and stereotyped behaviour that could be blocked by dopamine receptor antagonists 



prompted the greater clarification of the fhctional roles of Dl and D2 receptors. Behavioural 

studies have consistently shown that Dl agonists behave as D2 and/or exerted a qualitative and 

quantitative cooperative control of D2-mediated motor activity (Star and Star, 1989). In humans, 

these two receptors can enhance each other's actions in hctions including body motion (Gershanik 

et d., 1983) and neuron firing (Walters et al., 1987). Collectively, these and other data gave rise to 

concepts of behavioural cooperative/synergistic D 1 -D2 interactions. Biochemical and 

electrophysiological studies have also shown a kctional balance and possibly synergistic 

interaction between D 1 receptors and D2 receptors (Waiters et ai., 1987, Piomelli et al., 1 99 I), and 

it has also been suggested that a DbD2 link is reduced in brains of schizophrenics (Seeman et al., 

1989). However to date, the mechanisms underlying the linkage between DLD2 receptor systems 

remain a matter of speculation. 

1.7 G protein Classification, Structure and Function 

In the early 1980s, the role of guanine nucleotide-binding proteins (G proteins) as the 

transducing element in receptor signalling was identified (reviewed by Casey and Gilman, 1988). 

G proteins exist as heterotrimeric complexes of a and P y h e r  subunits, and are normally 

associated with the plasma membrane. To date, at least 21 G protein a subunits, 4 P subunits, and 

6 y subunits have been identified, and increasing evidence show that these proteins play a fac greater 

role beyond just the activation of adenylyl cyclase (reviewed by Clapham and Neer, 1 993). The best 

characterized G, subunits are G, a polypeptide of 4 5  kDa, which stimulates adenylyl cyclase 

activity and cat' channels, and G,, a polypeptide of 4 1  kDa, which inhibits adenylyl cyclase 

activity, but also shown to activate phospholipase C and A2 and K' channels (reviewed by Casey 

and Gihan, 1988, Clapham and Neer, 1993). The discovery of bacterial cholera toxin and bacterial 



islet activating protein or pertussis toxin were the most important findings in understanding post- 

receptor mechanisns. Both toxins are e m s  which can covalently modify the G, proteins by the 

addition of an ADP-ribose group. Whereas cholera toxin results in the uncoupling of receptor-Gs 

protein interactions, pertussis toxin has been used to uncouple receptorGjG, protein interactions. 

The biochemical characterization of Gpy dimers is less well understood. Although py subunits are 

also heterogeneous, this heterogeneity owes in large part to the stable combinations of similar P 

subunits with different y subunits. The combinations may be fimctionally different, Recently, Gh 

dimers have been shown to directly activate adenylyl cyclase, mediate receptor tdficking, and 

participate in G proteincoupled receptor b a s e  (GRK) phosphorylation of GPCRs (reviewed by 

Lefkowitz, 1993, Clapham and Neer, 1993, MiIligan, 1993). Thus, G proteins seem to play a much 

bigger role in transducing receptor signalling than previously predicted. 

1.8 Receptor-G Protein-Effector Interactions In Hormonal Signaling 

Much of our current thinking about G protein-coupled receptor signalling is based on the 

idea of the ternary complex model involving freely mobile receptors, G proteins and effectors in 

which the specificity of their interaction derives from the three-dimensional structure at the protein- 

protein interface (De Lean et al., 1980). This concept arose in part fiom an effort to account for the 

heterogeneity of agonist binding to the P,-adrenergic receptor. Agonist competition of radiolabelled 

antagonist binding are described as biphasic, "shallow" in appearance reflecting (1) a high-affinity 

state of the receptor, a guanine nucleotide- and sodium-sensitive receptor-G protein complex, and 

(2) a low-affinity state of the receptor, a guanine nucleotide- and sodium-insensitive receptor, free 

h m  G proteins. A population of receptors then comprise a mixture of uncoupled receptors and G 

proteincoupled receptors. According to the model, hormonal signalling is widely held to occur via 



a transient complex between the receptor and G protein whereby guanine nucleotides act via G 

proteins to effect an interconversion h r n  higher to lower affinity of the recept0r-G protein complex 

for hormone. Upon hormone binding to the G protein-coupled receptor, the agonist-bound receptor, 

in high affinity state, is believed to undergo isomerization into an active conformation. This results 

in receptor activation of (sthulatory or inhibitory) heterotrimeric G proteins (reviewed by 

Clapham and Neer, 1993) which invokes the exchange of GDP on G, for GTP. Concomitantly, the 

receptor loses aftinty for the ligand and reverts to the low-affinity state. Consequently, Ga -GTP and 

GB, dissociate to tramnit the receptor-generated signal. Separate G a -GTP and G B, subunits in turn 

independently activate an effector molecule such as adenylyl cyclase, a family of membrane-bound 

enzymes, resulting in the generation of the second messenger. These reactions are terminated when 

G,-GTP is rapidly inactivated by GTPase converting the GTP to GDP. -GDP now reassociates 

with free Ggy dirner and subsequently interacts with the unliganded receptor to start the cycle over 

again. Antagonists in contrast may exhibit the opposite preference of agonist or bind to either the 

coupled or uncoupled form of the receptor with equal atFnity (Costa et al., 1992, Chidiac et al., 

1994). A schematic representation of receptor/G proteinladenylyl cyclase interactions is 

summarized in Fig. 5. 



Fig. 5. A proposed scheme for G protein mediated signal transduction. Schematic diagram 
showing the cycle of receptor/G protedeffector action upon hormone binding. (a) Receptor and 
G-protein complex and effector. (b) Binding of agonist (A) to receptor and association of receptor 
and G-proteins. (c) Dissociation of receptor and G-proteins and activation of effector pathway. 
Figure was adpated from Neer and Clapham, 1988. 





L 3 Agonist-induced Receptor Desensitization, Phosphorylation And Palmitoy lation 

A common property of receptor mediated hormonal signalling is the ability to undergo 

negative regulation to prevent sensory overload of the signal-response system. This adaptation is 

collectively referred to as desensitization which may be termed homologous, leading to the reduced 

responsiveness to the original stimulus, or heterologous leading to a decrease in responsiveness as 

a result of the stimulus acting through other systems. To date, very little is known about the 

molecular mechanisms b o r n  the time agonist binds to doparnine receptors, turning on the signal, to 

the time the signal is turned off. Agonist-induced desensitization has been most extensively 

characterized for the structurauy related P2-adrenergic receptor expressed in various heterologous 

cell lines (Fig. 6) (reviewed by Benovic et al., 1988, Perkins et al., 1990, Dohlman et al., 1991). 

A model of the homologous desensitization of the P,-adrenergic receptor proposes that high 

concentrations of agonist are required to activate receptors invoking phosphorylation of the 

intracellular third loop of the receptor by CAMP-dependent protein kinase (PKA) and 

phosphorylation of the receptor C-terminal by substratedependent G protein-coupled receptor 

kinase (GEX). It has been proposed that phosphorylation changes the net charge of the receptor 

thus disrupting receptor-G protein coupling. Further studies have shown that agonist-induced 

desensitization is accompanied by increased turnover rate of the pdrnitoylation of the receptor 

(reviewed by Bouvier et al., 1994). Palmitoylation of the P,-adrenergic receptor is believed to 

participate in G, coupling and stimulation of adenylyl cyclase activity. Mutan$ P -adrenergic 

receptors, lacking Cys-341 for palmitoylation, are thought unable to attach the receptor C-terminal 

to the plasma membrane. Consequently, these receptors exhibit increased constitutive 

phosphorylation which could be responsible for the bctional uncoupling of the receptors. It has 
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been proposed then that pahitoylation of the receptor, and generation of a fourth intracellular loop, 

govern the accessibility of regulatory kinases such as GRK to C-terminal receptor phosphorylation 

sites contributing to the development of agonist-induced desensitization. 

In the heterologous desensitization of the P,-adrenergic receptor, it has been proposed that 

this process involves phosphorylation of the receptor by PKA as a consequence of elevated 

intracellular CAMP. This type of desensitization occurs following exposure of cells to agonist at 

n .  levels that d t  in fiactionai occupany of the receptor pool, but maximal stimulation of CAMP 

and PKA. The end result is similar with the h c t i o n d  uncoupling of the receptor. The precise role 

of palmitoylation in this process remains unknown. 

Two other distinct processes occur concomitantly with agonist-induced desensitization that 

serve to regulate cell surface P,-adrenergic receptor density following agonist exposure: rapid 

receptor sequestration or internalization, and longer term receptor down-regulation. Agonist- 

induced rapid sequestration occurs biochemically separate from desensitization, and not requiring 

receptor phosphorylation. It is believed that sequestration may be responsible for delivering 

desensitized receptors to intracelIular vesicles where agonist and phosphate groups from 

desensitized receptors are removed, and reactivated receptors are recycled back to the cell 

surface. This process has been termed resensitization. Longer-term agonist exposure, involving 

PKA mediated receptor phosphorylation, results in receptor down-regulation which is defmed 

as a net loss of total receptors in the cell presumably due to negative feedback resulting in 

altered stability and reduced levels of receptor synthesis. Although the 8,-adrenergic receptor 

system has been a valuable model upon which theories of cell signalling have been proposed, 

these mectnnhms may not be universal for all GPCRs. Given the well-known roles doparnine 



receptors may have in the brain in the generation of mood, emotion, reward, motor control, and 

endocrine functions, it was of interest to determine the molecular events underlying the 

regulation of dopamine receptor-Linked signalling. 



Fig. 6. A schematic diagram summarizing the multiple levels of receptor regulation following 
agonist activation. The biochemical processes involved in the agonist-induced functional 
uncoupling (desensitization) of the receptor coupled G protein, effector system may include 
phosphorylation (P) and palmitoylation (0 of the receptor. Sequestration (internalization), down- 
regulation (receptor degradation) and receptor recycling have also been shown to regulate receptor 
activity. 





1.9 Receptor Dimers 

A prevailing view of GPCR signalling in cells includes freely mobile receptors and 

random collisions with G proteins with great specificity at the sites of protein-protein interaction 

(De Lean et al., 1980). A better understanding of signalling via single transnembrane spanning 

receptors such as the tyrosine kinase receptors and growth factor receptors raises the possibility of 

a specific organization of GPCRs into multimers. 

A critical mechanism needed for signal transduction to occur for tyrosine kinase receptors 

is the dimerization of receptor monomers (reviewed by Schiessinger et al., 1986). Dirnerization has 

been suggested to generate the close contact needed for high affinity ligand binding. It has been 

shown that dimers of epidermal growth factor receptor isolated from cell lysates exhibited higher 

affinity for ligand than monomers (Boni-SchnetAer and Pilch, 1987), and chemical cross-linking 

has shown epidermal growth factor induced dimerization of epidermal growth factor receptors 

Ognger et al., 1986). Another example is the interleukin 2 receptor that exists as a heterocomplex 

of at least two peptides of 75 and 55 kDa (Tsudo et al., 1986). The heterocomplex is the only form 

of the receptor that is able to bind interleukin 2 with high affinity and transduce a mitogenic signal 

(Robb et al., 1987). Receptor self-aggregation is thought to be criticid for the major 

histocompatibility antigens and the CD4 antigen (Kahan  et al., 1984, Maddon et al., 1985), 

receptors for fibronectin and vitronectin (Argraves et al., 1986, Pytela et al., 1985), platelet 

glycoprotein IIb/IIIa (Charo et ai., 1986), the low density lipoprotein and poly (Ig) receptoa 

(Yamarnoto et al., 1984, Mostov et al., 1984), and transferrin and insulin receptors (McCIelland et 

al., 1984, Ebina et al., 1985). Recent evidence suggests that GPCR signalling systems may be 

more highly organized than previously anticipated. 



Radioligand binding and radiation inactivation studies have suggested that GPCRs exist 

as higher molecular weight forms (Venter and Fraser, 1983, Wregget and Wells, 1995). 

Receptor dimen for muscarinic M1 and M2 receptors (Parker et al., 199 I), the human serotonin 5- 

HT,, receptor (Ng et al., 1993), and the metabotropic glutamate receptor (Pickering et al., 1993) 

have been suggested, and support the radioligand binding studies described for the histamine 

receptor (Sinkins and Wells, 1993, Sinkins et al., 1993). A possible mechanism of GPCR signal 

tramduction, for which there is increasing circumstantial evidence, might involve dimerization. The 

demonstration of GPCR dirners should prove to be a fundamental advance in our current 

understanding of the biology of these important receptors that represent greater than 80% of all 

known receptors (reviewed by Probst et al., 1992). 

1.10 The Baculovirus/SB Cell Model 

The recombinant Autographs califmica nuclear polyhedrosis virus (AcNPV) baculovirus/ 

Spodopterafigiperda (Sf9) insect cell model is an eukaryotic expression system that performs all 

common mammalian protein posttranslational modifications (reviewed by Luckow and Summers, 

t 988). For instance, Sf9 cells are able to produce truncated high-mannose type glycomoieties and 

sustain thiopalmitoylation which may be required for the correct folding and targeting of proteins 

such as GPCRs to the plasma membrane. AcNPV baculoviruses are host-specific insect vinws 

commonly used with Sf9 cells which originate from the oviduct of Spodopterafi.ugiperda, the fall 

army worm. Sf9 cells can be grown as monolayer or suspension culture at 27" C in normal 

atmosphere, and not requiring extensive culture conditions and facilities. The strong promoter of 

the abundantly expressed matrix protein (polyhedrin) is generally used for the expression of foreign 

DNA, and the host-specificity of the recombinant baculovirus makes this an attractive model for the 
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investigation of foRign genes (Fig. 7). Recombinant virus is obtained by homologous recombination 

after cobansfection of host cells with viral DNA and a transfer vector, which contains the powerful 

polyhedrin promoter and the foreign cDNA insert. The high efficiency of virus infection, insuring 

high expression of foreign genes, has also helped make the baculovirus/SB expression system 

popular. Most importantly, this model has been proven highly suitable to generate a number of 

recombinant eukaryo tic (g1yco)proteins such as GPCRs for detailed fiinctional studies. 



Fig. 7. A schematic diagram showing the expression of an epitope-tagged Dl  receptor in the 
baculovirus/Sb cell system. The human Dl receptor cDNA is linked to a c-myc nucleotide 
sequence and inserted into the bacdovirus transfer vector, and through the process of homologous 
recombination with wild-type baculovirus DNA, results in a recombinant baculovirus DNA 
encoding an epitope-tagged D 1 receptor. 





2. RATIONALE 

Aberrations in dopaminergic hct ion have been implicated in a number of neuropsychiatric, 

mood and endocrine diseases. Disorders of movement, and alcohol and drug abuse have also been 

associated with this important neurotransmitter system. Despite numerous genetic and biochemical 

studies associating dopamine receptors with these illnesses, no clear link has yet emerged. The 

challenge now is to iden@ the physiological processes of dopamine receptors at the mechanistic 

and fundamental level, which will be extremely valuable for understanding and developing 

hypotheses concerning receptor-ligand and receptor-effector interactions as  they may relate in 

normal and pathological states. Additionally, this greater understanding of the molecular biology 

of dopamine receptors holds the promise of the creation of new receptor-subtype specific drugs with 

greater efficacy and lower incidence of unwanted sideeffects. We therefore perceive a great need 

and potential for the understanding, diagnosis and treatment of CNS-doparninergic disorders. 

Molecular cloning has revealed a heterogeneity of doparnine receptors, and although the 

similarity of their sequences has made the cloning of related genedcDNAs easier, it has made the 

separation of receptors and correlation of receptor and function an uncertain exercise in tissues. 

Heterologous expression systems have been shown to be of significant usellness for the study of 

cloned GPCRs. To better understand the biology of Merent dopamine receptor subtypes, cloned 

receptors have been expressed in various foster cell lines for detailed functional studies. However, 

yet another obstacle has been an inability to pun@ these receptors. Additionally, not all cell lines 

are capable of expressing dopamine receptors in d c i e n t  levels and with appropriate coupling to 

down-stream effector systems. In vitro expression of membrane glycoproteins in general, and hence 

of functional protein, is not easily realized in many heterologous systems probably due to the need 



for posttranslational modifications which govern the correct membrane insertion and correct 

folding of receptors including the formation of disulfide bonds. The recombinant Autogrqha 

caZi$ornica nuclear polyhedrosis virus (AcNPV) baculovirus/ Spodopterafiugiperda Sf9 insect cell 

model has all these desired qualities, and has been chosen by some investigators for the study of a 

wide spectrum of proteins. Taking advantage of the remarkable similarity in processing pathways 

used by the Sf9 insect cells and by ''an cells, others have shown that a number of G protein- 

coupled receptoors such as  h-adrenergic (Mouiltac et a1 . , 1 992), muscafinic (Parker et a1 . , 199 1, 

Richardson and Hosey, 1992, Vasudevan et al., 1992), q-C4 adrenergic (Oker-Blom et al., 1993) 

and serotonin 5-HT, (Mulheron et d., 1994) receptors expressed in Sf'9 cells were biologically 

and immunologically active, and firnctionally coupled to endogenous G proteins. Further, Sf9 

cells are able to sustain thiopalmitoylation (IUoc et al., 1991), and expressed P,-adrenergic 

(Mouillac et al., 1992) and muscarinic (Richardson and Hosey, 1992) receptors were shown to 

undergo desensitization a d  posttranslational modifications. The establishment of the SfP model 

system for the expression of dopamine receptors should prove tremendously useful towards the 

elucidation of the molecular biology of these important bmin proteins. 

For the purposes of establishing and validating the suitability of the baculovidS f9 model, 

we expressed the structurally related serotonin 5-HT,, receptor for pharmacological and 

biophysioc hemicd analysis. Like dopamine receptors, it too is a complex glyco pro tein that requires 

membrane translocation and possibly several posttmnslational modifications (palmitoylation, 

phosphorylation, disulfide bridge formation) in order to llfil l  all its structural and functional 

properties. Thus, the successful expression and characterization of *ibis receptor should not only 

permit us to establish and validate the suitability of the model system, but will increase our poor 
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understanding of the important family of serotonin receptors. An additional aim was to show that 

expressed receptors in Sf9 cells were immunoreactive, since the strategy chosen to study D 1 receptor 

biology was to express a recombinant c-myc epitope-tagged Dl receptor so that specific antibodies 

directed against the c-myc epitope in the amino terminal domain of the receptor would enable its 

identification by immunoblotting and purification by immunoprecipitation. Lastly, it was critical 

to establish that the monoclonal antibody show high signal to low noise background in the Sf9 cells. 

Thus, the strategy chosen was to express and pharmacologically and biophysiochemically 

chamc&ke a c-myc epitope-tagged 5-HT,, receptor prior to conducting more extensive studies on 

the biology of dopamine receptors. 

In summary, the ability to express receptors in isolation and in the absence of related 

receptor subtypes may enable the identification of receptor subtype-specific biochemical and 

functional processes nearly impossible to identify in tissues. The levels of protein expression 

in the Sf9 cells add only to the confidence of the experimental results, and the evidence is 

convincing that processes observed in Sf9 cells may occur in cells endogenously expressing 

dopamine receptors. Thus, we chose this model system for the study of dopamine Dl receptors, 

prototypic of Dl-like receptors, and D2L receptors, prototypic of M-like receptors. 



3. HYPOTHESIS 

I. Posttranslational modifications of proteins are common mechanisms by which GPCR activity is 

modulated. D 1 and D2L receptors are candidate targets of phosphorylation and palmitoylation. 

II. It is commonly believed that GPCRs exist in monovalent form to mediate biological activities. 

The involvement of receptor dimers and receptor cross-talk in these processes have been suggested, 

but direct evidence has been lacking to support these claims. Dl and D2L receptors exist as  dimea 

and participate in receptor cross-talk. 

III. Receptor-G protein coupled systems show waning of receptor responsiveness following 

sustained stimulation by agonist. Dl and D2L receptor coupled adenylyl cyclase systems are subject 

to agonist-induced patterns of regulation. 



4. RESEARCH OBJEXTIVES 

The overall goal was to elucidate the pharmacological and biochemical properties 

distinguishing dopamine Dl and D2.L receptor transmembrane signalling at the molecular level. 

These investigations should further our understanding of normal physiological processes, and 

may have considerable clinical importance for the understanding and treatment of dopamine- 

based CNS diseases. 

Specific goals were: 

1. Establish and validate a model system for the study of G protein-coupled receptors. 

2. Expression, biophysicochemical and pharmacological characterization of D 1 and D2L 

receptors. 

3. To delineate the mechanisms of regulation for D 1 receptor-stimulated adeny ly 1 cyclase 

and D2L receptor-inhibited adenylyl cyclase systems. 



5. METHODS 

5.1 Materials 

Cell culture mataids such as Grace's supplemented medium, fetal bovine serum, gentamycin 

sulffte, and h g i z o n e  were purchased h r n  Gibco (Toronto, Ont). Radiolabelled compounds such 

as [3H]SCH-23390, IlSCH-23982,'T lj[3methyl-2-(4'-azidophenyI)-2,3,,5-tetrahych-2H-3- 

benzazepine] ([IXII]IMAB), [3H]spiperone, [ ~ Y M - 0 9  1 5 1-2, Carrier-he 'P ,  [%Ilpalmitic acid, 

[3]cAMJ?, [~?]ATP, r3H-9, 1 01-palmitic acid, ['w-pazidophenethy lspiperone (["-'IJNAPS) and 

[L25u4-azido-5-YM-09 15 1-2 (['251]Y~-09 15 1-2) were obtained f?om Du Pont-New England Nuclear 

(Boston, MA). Receptor ligands were purchased fiom Research Biochemicals Inc. (Natick, MA) 

unless indicated. Glycopeptidase F (PNGase F) was fiom Boehringer Mannheim. All other 

laboratory chemicals such as G p p o p ,  ATP, GTP, CAMP, phosphoenol pyruvate, myokinase, 

anti-mouse and anti-rabbit IgG agarose, leupeptin, benzamidine, and soybean trypsin inhibitor were 

from Sigma Chemical Co (St. Louis, MO). immunologicals such as anti-mouse IgG FITC 

(fluorescein-5-isothiocyanate) conjugate, anti-mouse IgG alkaiine phosphatase conjugate and anti- 

rabbit IgG alkaline phosphatase conjugate were purchased fiom BioRad (Toronto, Ont). Digitonin 

was purchased from Gallard-Schlessinger (Carle Place, NY, USA). The mouse monoclonal 

antibody anti-c-myc (9E 1 O), and the AL-26 polyclonal D2 antibody were gifts fiom Dr. J. Park, 

Massachusetts General Hospital, USA and Dr. M.R. Brann, Departments of Pharmacology and 

Psychiatry, University of Vermont, Vermont, USA respectively. Partially purified GJG, was 

supplied by Jean Labreque (BioSignal, Montreal, QC). Recombinant receptor baculovinws were 

prepared by Dr. M. Dennis and M. Caron (BioSignal, Montreal, QC). All other chemicals and 

materials for gel electrophoresis were of analytical grade and purchased fiom commercial sources. 



The human D2.L receptor as h r n  Dr. 0. CiveUi (Portland, OR, USA). Spodoprrafiugperda (Sf9 

cells) were fkom ATCC (Rockville, MD, USA). 

5.2 Construction Of Recombinant Receptor Baculoviruses 

The plasnid vector Sp65 containing the human dopamine D 1 receptor on an EcoRI genomic 

fragment was digested with EcoRYNcol. This digestion removed a fragment comprising 5'-non- 

coding sequences plus a portion of the N-terminal coding segment up to the unique Ncol site. The 

resulting NcollEcoRI ~ ~ e n t  was isolated by agarose gel electrophoresis. To reconstitute the 

complete Dl receptor coding sequence, two complementary oligonucleotides were synthesized 

which encoded the missing N-terminal sequence, plus an Xbcrl site 5 nucleotides upstream of the 

initiator ATG, with EcoRI and Ncol sites at the 5' and 3' extremities, respectively. The two 

oligonucleotides were annealed and subcloned into the EcoRVNcol site of the D 1 receptor-Sp65. 

The resulting plasmid was digested with LYbaVEcoRI and the hgment containing the reconstituted 

Dl receptor coding sequence was isolated and 5'-protruding ends filled in with Klenow DNA 

polymerase. This hgment was then subcloned by blunt-end ligation into the filled-in Me1 site of 

pJVETLZ, a modified baculovirus transfer vector (Vialard et al., 1990) containing the gene for beta- 

galactosidase. The c-myc-Dl receptor fusion was constructed in a similar manner. Two 

complementary oligonucleotides were synthesized which encoded the N-terminal sequence of D, 

receptor up to the Ncol site, fused at the N-terminus to an I1 amino acid sequence corresponding 

to residues 4 1 1 -42 1 (Glu-Gh-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu-) of human c-rnyc protein 

(Evan et al., 1985) and an initiator ATG codon. The oligonucleotides, flanked by EcoRI and Ncol 

sites were annealed and cloned into the EcoRI/Ncol site of Dl  -Sp65. The hgment containing the 

c-myc-D, receptor fusion was recovered by digestion with EcoRI, filled-in with Klenow DNA 



polymerase and subcloned into the Nhel site of pJVETLZ by blunt-end Ligation. Similar procedures 

were employed to construct the recombinant baculovims encoding theD2L receptor. 

A cDNA clone encoding the long form of the human D2 receptor (D2L) was extracted h m  

the pZem 3 vector with Dram and kpnI. The resulting merit was blunt ended and isolated by 

electrophoresis on soft agarose. The M e r  vector pJVETLZ New was digested with Me1 and 

blunt ended. The cDNA hgment coding for the D2L receptor was inserted into this vector by 

blunt-end ligation and the orientation verified by sequencing. 

Transfer of recombinant baculovirus encoding the D 1 receptor, c-myc-D 1 receptor, or D2L 

receptor into the AcNPV genome was achieved by co-transfection of plasmid and wild-type viral 

DNA in Sf9 cells using the calcium phosphate precipitation procedure. Purification of recombinant 

D 1 and D2L viruses was carried out as described (Vialard et d., 1990), and stocks of the purified 

recombinant viruses were amplified in Sf9 cells. 

53 Cell Culture 

Sf9 cells were grown in monolayer or suspension culture essentially as described by 

Summers and Smith (1987) in supplemented Grace's insect media at 27 "C. Pluronic F-68, a cell 

protective agent, was added to improve cell viability in suspension cultures since Sf9 cells are very 

sensitive to mechanical shear. Cells at a density of 1-2 x 106/ml were infected with the appropriate 

recombinant virus at a multiplicity of infection of 2-5 and harvested at 24 or 48-h post-infection for 

D I /SB cells or 72 h post-infection for D2USfP cells. Typically, viral infections were performed 

in one-third of the final volume to a final cell density of 2 x 10' celldml. Cell viability at these times 

were -90% (trypan blue-negative) as determined by trypan blue staining. To minimize variations 

in recombinant baculovirus infection efficiencies among batches of cultures, the same recombinant 



virus stock was used in all experiments for a study. 

5.4 Preparation of CeII Membrane F'ractions 

The preparation of membranes was done at 4°C. Cells were centrifuged at 1 OOxg for 7 min 

and pelleted. Cells were then washed twice with PBS and centrifuged at l OOxg for 7 min (X2) and 

resuspended in 10 ml of buffer A: 5 m M  Tris-HCI, 2 m M  EDTA buffer containing the protease 

inhibitors: 10 pgmi benzamidine, 5 pg/ml leupeptin, and 5 pg/d soybean trypsin inhibitor (pH 7.4 

at 4 "C). The cell suspension was then polytroned, two bursts at maximum setting for 15 seconds 

and homogenates were centrifuged at IOOxg for 7 min to pellet unbroken cells and nuclei, and 

supernatant was collected. The resulting pellet was homogenized a second time in 10 ml of buffer 

A, cen-ed as described above and supernatant hctions saved. The pooled S 1 supernatant was 

centrihged at high speed (27 OOOxg for 20 min) washed once with buffer A, centrifuged again at 

high speed and resuspended in buffer A, and stored at -80°C or resuspended in buffer B: 75 mM 

Tris-HCI, 12.5 mM MgCI,, 2 m M  EDTA, pH 7.4 and assayed immediately for adenylyl cyclase 

activity. Alternatively, the S1 supernatant was used to prepare a cell surface plasma membrane 

fraction or an intracellular light vesicular membrane fraction that exhibits a lower density than 

that of the plasma membrane (Waldo et al., 1983, Hertel et al., 1990). This was done by 

layering the S1 supernatant on top of a 35% sucrose cushion which was then subjected to 

centrifugation at 150 000 x g for 90 min at 4 "C. As reported by Lohe et al. (1990), the 0- 

35 % interface contains the light vesicular membrane fraction believed to contain sequestered &- 

adrenergic receptors, whereas the plasma membrane fraction containing surface receptors 

sediments at the bottom of the sucrose cushion. Plasma and light membrane fractions were 

resuspended in buffer A and centrifuged at 200,000 x g for 60 min. Pelleted membranes were 



resuspended in buffer A and stored at -70 "C or resuspended in the appropriate buffers for 

immediate use in various assays. 

5.5 Protein Determination 

Protein content was determined by the method of Bradford (BioM). A standard protein 

concentration curve was made with bovine senun albumin (BSA). Protein concentration in the test 

sample was determined fbm the standard curve which was a plot of absorbance at 595 nm measured 

using a Hitachi model U-2000 spectrophotometer against concentration. 

5.6 Receptor Binding Assays 

Saturation binding experiments were performed with -25 pg P2 membrane protein unless 

indicated and used to determine receptor densities (BA and affinities for ligands &). Saturation 

experiments for the Dl receptor were done with increasing concentrations of [3wSCH-23390 (10- 

40 00 pM, final concentration) whereas increasing concentrations of L34 spiperone (1 -2000 pM, 

tinal concentration) were used for the D2L receptor. Each concentration was examined in duplicate 

and incubated for 2 hours at 22°C in a total volume of 1 mL binding buffer C: 50 mM Tris-HCI, 5 

m M  EDTA, 1.5 mM CaCl, 5 rnM MgCI, 5 mM KCI, 120 m M  NaCl buffer with protease inhibitors. 

Nonspecific binding for [ ' ~ ] ~ ~ ~ - 2 3 3 9 0  and f Hjspiperone was defined as binding that was not 

displaced by 1 pM (+)-butaclarnol. Competition experiments were done in triplicate without 

G p p O p  or GTPy S (used at 100-1 50 pM where indicated) with increasing concentrations of 

agonists (1 0-'~-10-~ M) or antagonists. Tubes were incubated for 2 h at 22 "C in a final volume of 

1 ml with binding buffer C as described, with NaCl for antagonists, without NaCl and with ascorbic 

acid for agonists. The concentration of radioligand used in the competition assays was 

approximately equivalent to its KD. Bound ligand was isolated by rapid filtration through a Brandel 



48-well cell harvester using Whatman GFK filters. Filters were washed with 10 ml of cold 50 mM 

Tris-HCI buffer (pH 7.4) and placed in glass vials with 5 mi of Universal scintillation fluid and 

counted for tritium. Data were analysed by nonlinear least-squares regression using the computer- 

fitting program INPLOT version 3.0 GraphPad (San Diego). 

5.7 Adenylyl Cyclase Assay 

Adenylyl cyclase assays were conducted essentially as described (Salomon et al., 1974). The 

assay mix contained 0.02 ml of membrane suspension (1 0-25 pg of protein), 0.0 12 mM ATP, 0.1 

mM CAMP, 0.053 mM GTP, 2.7 mM phosphoenolpyruvate, 0.2 units of pyruvate kinase, 1 unit of 

myokinase and 0.13 pCi of [ 3 2 ~ ] ~ ~ ~  in a final volume of 0.05 ml. Enzyme activities were 

determined in duplicate or triplicate assay tubes containing 10e3 - lb M dopamine or 100 p M  

forskolin or 10 mM sodium fluoride and incubated at 37°C for 30 mins. For inhibitory receptors 

such as the D2L receptor, adenylyl cyclase activity mix contained 100 p M  tbrskolin. Inhibition of 

adenylyl cyclase assays was determine following incubation at 27OC for 20 m k .  Reactions were 

stopped by the addition of 1 ml of an ice-cold solution containing 0.4 m M  ATP, 0.3 mM CAMP and 

[ 3 H l c ~ ~ ~  (25000 cpm). Antagonist inhibition of dopamine stimulated cyclase was performed with 

10'4 0-" M SCH-23390 in the presence of 10 p M  dopamine. CAMP was isolated by sequential 

column chromatography using Dowex cation exchange resin and aluminum oxide. Data were 

analysed by computer fitted nonlinear least-squares regression. 

5.8 Endoglycosidase Treatment 

PNGase F has a broad specificity against sulfated and nonsulfated high-mannose type 

glycans including complex type N-linked glycans. Photoaffinity labelled P2 membranes (-25 pg) 

fiom receptor expressing cells were washed twice in PBS containing 2.5 m M  EDTA, and 



preincubated for 1 h at 22 "C with 0.5% SDS and 100 m .  2-mercaptoethanol. 125% Nonidet P-40, 

and glycopeptidase F (PNGase F) (up to 60 U h l ,  h a l  concentration) were added to samples with 

a final concentration of 0.3% SDS and incubated for a minimum of 12 h at 37 "C. 

5.9 SDS-PAGE Electrophoresis 

Sodium dodecyl sulfate 10- 12% polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed as described by LaernmIi, 1970. Membranes were solubilized in SDS sample buffer 

consisting of 50 mM Tris-HCl pH 6.5,10% SDS, 1 0% glycerol, and 0.003% bromophenol blue with 

or without 10% 2-mercaptoethanol. Molecular mass @a) of receptors was determined graphically 

by plotting the log molecular weight of known protein standards versus the R, (relative migration) 

of these proteins. The apparent molecular mass of proteins was estimated by determining the R, 

@om the centre of the band) and interpolating this value onto the standard curve. 

5.10 Photoaffinity Labelling 

P2 membranes were resuspended in buffer D: PBS, 5 mM EDTA, pH 7.4 with protease 

inhibitors and incubated in the dark with photoactive ligands at KD concentrations in a final volume 

of 10 rnl for 3 h at 22°C. D1 receptors were identified by 7-['UI]iodo-8-hydroxy-3-methyl-1 - 

(4'azidophenyl)-2,3,4,5 -tetrahydro- 1 H- l -bemepine  (['=I]IMAB), whereas D2L receptors were 

labelled by ['sI]N-p-azidophenethylspiperone ( [IZSI]N~PS) and 114-azido-5-YM-09 1 5 1 -2 

([1'511 YM-09 1 5 1 -2). The membranes were centrifuged at 27 OOOxg for 20 min and resuspended in 

buffer D with 0.5% bovine serum albumin and recentrifbged. The pellet was washed in buffer D, 

centrifhged at 27 OOOxg for 20 rnin and resuspended in 1 ml of buffer D and exposed on ice to 360 

nm ultraviolet Light at 2 inches  om the source for 10 min. Photolabelled membranes were washed 

in buffer D and pelleted membmes were solubilized in SDS sample buffer, electrophoresed, blotted 



onto nitrocellulose and exposed to Kodak XAR film with an intensifying screen at -70°C as 

described above- 

5.11 Immunoblot Analysis 

Membranes fiom cells infected with recombinant virus or with wild type baculovirus were 

prepared, electrophoresed, and blotted on to nitrocellulose as described. The blots were washed in 

TBS for 10 min, blocked with 3% skim milk powder in TBS buffer for 30 min, washed for 10 min 

and incubated for 1 h at 22 "C with the mouse monoclonai antibody (9E10) directed against the c- 

rnyc epitope of the c-myc-D 1 receptor, or with the AL-26 polyclonal antibody against a 120 amino 

acid sequence (nt 661-1020) in the third intracellular loop of the human D2 receptor. Primary 

antibodies were diluted 1/1000 in TBS containing 1% skim milk powder. Blots were then treated 

with 0.05% Tween 20 in TBS for 30 min and binding of the primary antibody was detected after 

incubation for 1 h at 22°C with goat antimouse or goat anti-rabbit IgG alkaline phosphatase 

conjugate diluted 1/1000 in TBS containing 1 % skim milk powder. Blots were then rinsed in 150 

mM NaCl50 mM Tris-HCI pH 7.5 before developing with BCIP/NBT (5-bromo-4-chloro-3-indolyl 

phosphatelnitroblue terazolium) substrate. 

5.12 Agonist-induced Desensitization Of Expressed Receptors 

Sf9 cells (25 ml culture with a cell density of lo6 cells/ml) were infected with recombinant 

virus and cultured up to 48 h post-infection, the last 18 h in serum h e  media. Prior to harvesting, 

cells were preincubated with 10 p M  dopamine and 5 mM ascorbic acid for various periods. To 

determine whether the effects observed after agonist exposure were agonist-specific, cells were 

pretreated with 1 00 pM receptor antagonist 1 5 min prior to incubation with 1 0 ,uM dopamine. The 

incubations were stopped by washing with PBS. TO biochemically assess the contribution of 



receptor-mediated internalization cm desensitization, cells were preincubated for 45 min with 

coacanavalin A prepared in PBS (0.25 mglml, final concentration) or sucrose prepared in PBS 

(0.5 M, find concentration) before dopamine treatment. In all cases, controls for treatment 

conditions were receptor expressing cells from the same batch treated with vehicle and 

performed in parallel. 

5.13 Treatment of Sf9 Cells with Pertussis Or Cholera Toxin 

Pertussis or cholera toxin (1 pg/ml) were preactivated at 30°C for 20 min with 20 mM DTT 

and added to a suspension cell culture infected with recombinant virus and incubated for 20 hours 

prior to harvesting of cells at the 48-h @1/Sf9 cells) or 72-h (DZUSB cells) post-infection time 

point. 

5.14 ADP-Ribosylation of Sf9 Membrane Components by Pertussis Toxin 

The ADP-ribosylation experiments were performed essentially as described (Ribeiro-Neto 

et al., 1985) with minor modifications. Pertussis toxin (ZOpg/mL) was preactivated as described and 

added to a tube containing 1 00 pg of membrane protein, 1 0 mM Tris-HC1 pH 7.4,25 mM DTT, 0.5 

m M  EDTA, 1 rnM ATP, 0.1 mM GTP, 10 p M  NAD' , 5 gl protease inhibitor cocktail and 50 pCi 

["PINAD' in a final volume of 50 pl and incubated at 37°C for 60 min. Reactions were stopped 

by adding SDS sample buffer and samples boiled before SDS-PAGE analysis. Control samples 

were incubated in the absence of pertussis toxin or utilized 1-2.5 pmol of partially purified 

solubilized bovine brain GJG, in place of Sf9 membrane protein. The number of pmol of ADP- 

ribosylated protein was calculated by excising the -41 kDa band from the gel for liquid scintillation 

counting. 

5.15 Solubilization And Immunoprecipitation Of Receptors 



Membranes were p ~ p a r e d  by sonication in buffer A as described. The pellet was 

resuspended and stirred at 4°C for 2 h in 2 rnl of kshly prepared solubilization buffer consisting 

of 100 mM NaCI, 10 mM Tris-HC1 pH 7.4,2% digitonin, and 5 rnM EDTA with protease inhibitors. 

The homogenate was centrifuged at 27 OOOxg for 20 min and the solubilized fi-action was washed 

and concentrated in Centriprep 30 four times with 10 ml cold buffer C: 100 rnM NaCI, 10 mM Tris- 

HCI pH 7.4 with protease inhibitors. The washed kction was precleared with 1/20 normal rabbit 

serum and protein A-Sepharose beads for 2 h on ice. Solubilized receptors were immunoprecipitated 

with the mouse monoclonal 9E 10 antibody (D 1 receptor) or rabbit AL-26 polyclonal antibody @2 

receptor) at a 1/37 dilution in buffer C for 2 h on ice, and agitated gently overnight at 4OC with 1/40 

dilution of agarose fixed goat antiprimary IgG. The immunoprecipitate was washed 6 times with 

5 volumes cold buffer C for 20 min, solubilized in SDS sample buffer, sonicated and 

electrophoresed on SDS-PAGE as described. 

5.16 Whole Cell Phosphorylation 

Sf9 cells (25 ml culture) expressing recombinant receptors were incubated for 18 h in serum 

free media. Carrier-free "P (0.5 mCi/rnl) was then added and equilibrated at 22°C for 90 mins at 

48 h post-infection. Desensitization experiments were done as described above and reactions were 

terminated by centrifbgation at 100xg, and the cells washed twice with PBS before membrane 

preparation, solubilization and immunoprecipitation as described. 

5.1 7 Whole Cell Palmitoy Iation 

Sf9 cells (25 ml culture) expressing c-myc-dopamine D, receptors were cultured for 18 h 

prior to the labelling experiment in senun k e  media Following this period, cells were resuspended 

in Grace's insect media supplemented with 1 % fetal bovine senun for 1 h at 27 " C. [3Hlpalmitic acid 



was dissolved in dimethyl sulfoxide (0.05 ml) and added to the suspension culture (0.2 mCi/mi) for 

4 h at 48 h post-infection. Palmitic acid labelling and desensitization experiments were terminated 

by centrifbgation at lOOxg and cells washed twice with cold PBS and receptors prepared as 

described above. The nature of the chemical linkage between the receptor and the palmitate was 

determined by incubation of irnmunoprecipitated [3H]palmitoylated receptors with 1 -0 M 

hydroxylamine pH 10.0 for 1 2 h at 22°C. Following electrophoresis, the gels were fixed and treated 

with Enlightning fluid 0 for 30 min, dried and exposed to Kodak X-AR film at -70°C. 

5.18 Soluble Binding And Determination Of Specific Activity Of VEIJpalmitic Acid Or '*P 

Labelled Receptors 

The amount of solubilized Rceptor irnmunoprecipitated and loaded in each lane of a gel was 

determined by radioligand binding with, in the case of the D 1 receptor, the antagonist ['ZSI]~CH- 

23982. Aliquots were taken before and after immunoprecipitation experiments and incubated with 

[IxI]sC~-23982, 4 n M  final concentration, for 2 h at 22°C in a total volume of 1 ml binding buffer: 

100 mM NaC1, 10 m .  Tris-HCl, 0.05% digitonin, 2 mM EDTA with protease inhibitors, pH 7.4. 

Following the incubation period, the binding preparation was loaded onto a Sephadex G-25 column 

(Pharmacia) and ligand bound receptor was separated fiom h e  ligand by elution. The eluate was 

counted in a gamma counter for determination of the amount @M) of receptor immunoprecipitated. 

In the same experiments, the activity of ['H]palmitate or [UP] labelled receptors, expressed in Ci, was 

determined by cutting out the 4 8  kDa band from the gels and dissolving the gel slice in scintillation 

fluid before counting in a scintillation counter. The specific activity of metabolically labelled 

receptors is reported as CVmole of receptor. 1 pm (+)-butaclamol was used to define specific 

binding. 



5.19 Kmmunoeytochemical Fluorescence Labelling of Receptors in Fixed CeUs 

Immunofluorescence labelling was carried out in aliquots of cells fiom a suspension culture 

at a concentration of 1.5 x 106/d. Cells were fixed in freshly prepared 4% paraformaldehyde in 

PBS, pH 7.3 for 15 min in microtubes, pelleted in a Mini Spin Microfbge (BioKan Scientific; 

Mississauga, ON) at a speed of 300 rpm for 10 sec. The supernatant was removed and the cells were 

washed in PBS and re-suspended. Cells were pemeabilized with methanol at -70 OC for 3 min to 

allow labelling of ktracellularly located receptors. Samples were next incubated with a blocking 

solution of 1% bovine senrm albumin and 5% goat serum to reduce nonspecific staining. Cells were 

incubated with primary antibody for 60 min. This was followed by incubation with an FITC- 

secondary anti-primary antibody for 60 min. After final PBS rinses totalling 30 min, all Liquid was 

removed kom the microtubes and the cells were resuspended in the mounting media Mowiol-88 

(Hoechst; Montreal, QC) with 2.5% 174diazobicyclo-octane (DABCO; Sigma, MO) added to reduce 

photobleaching. The drop of liquid containing the labelled cells was placed on a slide protected by 

a coverslip and allowed to polymerize overnight. Alternatively, slides were cover slipped with 

Fluoromount@. 

520 Microscopy of Immunofluorescently Labelled Cells 

Fluorescently labelled Sf9 cells were examined under conventional microscopy and with 

greater detail with a BioRad MRC600 confocal microscope with a krypton-argon ion laser light 

source equipped with a Nikon Optiphot upright microscope (Bio-Rad; Mississauga, ON). Using a 

600<), 1.4 NA Nikon Plvlaphochromat objective lens, a multiple series of sections was collected 

at incremental steps of 1.5 pm steps with a minimum of five multiple passes for a smoothing effect 

using a technique of distributed averaging which eliminates the uneven effects of photobleaching 



while stepping through the z-axis. In brief, sequential images for a single cell were collected. 

During the second pass the stage was returned to its original position, the fkne buffer loaded with 

previously stored first image, and another image was collected and averaged with the first one. This 

was repeated for all the individual sections and resulted in an even distribution of any bleaching 

amfacts throughout the entire cell's volume. All collected images were averaged with an identical 

number of passes. Settings such as neutral density filter, gain, pinhole size, and background level 

were maintained at identical values during the imaging of all samples to allow subsequent direct 

comparison. The intensity range was 0-255 gray levels and care was taken not to saturate the 

maximal range. The staining pattem of receptor expressing cells not found in control wild-type 

baculovirus infected cells were defined as follows: 1. Surface, if labelling appeared as a even or 

broken ring of fluorescence on the cell periphery. 2. Internal, if labelling appeared as pockets of 

label in the perinuclear area 3. Unclassified, if staining occurred in nucleus and included ruptured, 

unstained or dead cells. This classification of a population of cells was done twice, independently 

by 2 investigators, and the number of cells with a particular staining pattern was expressed as a 

percentage of the total number of cells examined. 

5.21 Three-dimensional Reconstruction of Irnmunofluorescently Labelled Cells 

A Silicon Graphics workstation was used with a high-speed proprietary graphics processor 

(ISG Technologies; Mississauga, ON). Three-dimensional reconstruction was carried out on a series 

of confocal sections representing many cells. Briefly, reconstruction consisted of conversion of two- 

dimensional pixels of selected intensities into arrays of three-dimensional voxels used to create an 

object. Identification of objects consisted of selection of pixels representative of the staining pattern 

and was carried out by density segmentation, using an identical range of values in each section of 



a stack of sequential sections representing a single cell. In this study, the brightest pixels were 

outlined with an automatic contouring algorithm and converted into three-dimensional voxels. Next, 

pixels of intensity value just above background noise level were selected to outline the cell body. 

Finally, manual tracing around the edge of the space in the centre of each permeabilized cell fbm 

which all label was excluded represented the nucleus. Each three-dimensional array of voxels 

defining a selected range of intensities visually represented a component of the original image. The 

final reconstruction were interactively rotated, outer membrane cut away, and appropriate 

orientations found that visually best described the receptor distribution indicated by the numerical 

data. 

522 Coincubation of Imrnonoprecipitated C-rnyc D l  Receptors and D2L Receptors in 

Detergent Solution 

P2 membranes from Sf9 cells expressing the D2L receptor and c-myc epitope-tagged Dl 

receptor were prepare and solubilized by stirring in 100 mM NaCI, 10 m M  Tris-HCl pH 7.4,2% 

digitonin, and 5 mM EDTA with protease inhibitors at 4°C for 8 h. The homogenate was 

centrifuged at 27 OOOxg for 20 min and the solubilized hction was washed and concentrated in 

Centriprep 30 four times with 10 ml cold buffer D: 100 mM NaCl, 10 rnM Tris-HCl p H  7.4 with 

protease inhibitors. The washed fraction was precleared with 1/20 normal rabbit serum and protein 

A-Sepharose beads for 2 h on ice. The solubilized receptors were immunoprecipitated yvith the 

mouse monoclonal 9E 10 c-myc D 1 antibody or the rabbit AL-26 D2 antibody at a 1 /3 7 dilution in 

buffer D for 2 h on ice, and agitated gently overnight at 4°C with 1/40 dilution of agarose fixed goat 

anti-mouse IgG. The imrnunoprecipitate was washed 6 times with 5 vol cold buffer D for 20 min, 

solubilized in SDS sample buffer or in buffer E (100 mM NaCI, 10 rnM Tris-HC1 pH 7.4, 2 m M  



EDTA and 0.5% digitonin with 5 mgM leupeptin, 10 m g / d  bemamidine and 5 m g h l  soybean 

trypsin inhibitor) at 37 OC for 1 h. Samples were sonicated to free receptors fiom resin and 

following centrifugation the supernatant was subjected SDS-PAGE and immunoblot analysis as 

described, 

5.23 Biophysicochemical Characterization of Receptor Dimers 

The human D2L receptor, c-myc epitope-tagged human Dl receptor, and c-myc epitope- 

tagged human 5-HT,, receptor were expressed in Sf9 cells and immunoprecipitated for assays as 

previously described. 3 pmol of receptors, as determined by soluble binding assay were prepared 

in buffer F (100 m M  NaCI, 10 mM Tris-HCl pH 7.4, 2 mM EDTA and 0.5% digitonin with 5 

mg/ml leupepti. 10 m g / d  benzamidine and 5 mglml soybean trypsin inhibitor), imci incubated 

with 1.6 pglpl (fmal concentration) of peptide (unless otherwise indicated). All peptides were 

freshly prepared in buffer F with 10% DMSO. SDS buffer (50 mM Tris-HCl, pH 6312% 

SDS/ 1 0% 2-rnercaptoethanoV 1 0% (voVvo1) glyceroV0.003% bromo phenol blue) was added to the 

samples to make a total assay volume of 30 pl, and incubated at 37 OC for 30 min prior to SDS- 

PAGE and irnmunoblo t analysis. Peptide sequences are as follows: 

D2-TM VI peptide (aa 375-394: H-LAIVLGVFIICWLPFFI THI-NHd, 

D2-TM VII (aa 407-426: H-LYSAFTWLGYVNSAVNPIIY-W&, 

D2-C 111, peptide (aa 244-263: H-CmEDMKLCTVIMKSNGSF-NH, ), 

D2-C 111, peptide (aa 284-303: H-LSSTSPPERTRYSPIPPSHH-NWZ), 

P2-AR-TM VI peptide (aa 276-296: NH, -GIIMGTFTLCWLPFFIVNIVH-COOW, 

D 1 -C-tail, peptide (aa 369-383 : NH, -MFSSHHEPRGSISKE-COOH), and 

D 1 -C-tail, peptide (aa 41 6-43 1 : MI, -SPALSVILDYDTDVS-COOK). 



Peptides were synthesized by Chiron Mimotopes, Victoria, Australia Receptor temperature 

stability studies were performed with 1.5 pmol of immunoprecipitated D2L receptors. Receptors 

were prepared in buffer A and incubated at 23, 37, 65, and 90 OC for 30 min with SDS buffer 

at a final volume of 30 pI, and subjected to SDS-PAGE and irnmunobiot analysis. Receptor pH- 

stability experiments were performed with 1.5 pmol of immunoprecipitated D2L receptors 

prepared in buffer A. Receptors were treated with H,O, or 0.1 N tartaric acid (final 

concentration), or 0.1 N HCL (Final concentration), or 0.1% glacial acetic acid (final 

concentration). Samples were then incubated at 37 OC for 30 min with SDS buffer at a final 

volume of 30 ply and subjected to SDS-PAGE and immunoblot analysis. 

5.24 Statistics 

Ligand binding data were nnalysed and K, and B, values were determined by the weighted 

nonlinear-least squares curve-fitting program GraphPAD Inplot version 3.0 (GraphPAD Software, 

San Diego, CA). Unless indicated otherwise, the statistical significance of the differences 

between groups was measured using a paired student's t test using GraphPAD Instat version 3.0 

(GraphPAD Software. San Diego, CA). A probability of P < 0.01 at the 99% and P < 0.05 

at the 95 8 confidence limits respectively was considered to represent a significant difference. 



6. RESULTS 

6.1 Establishing and Validating the BacuIopirUs/Sf9 Cell Model System: Pharmacological 

and Biochemical Characterization of the Serotonin SHT, Receptor 

To establish arid validate the baculoviruslSf9 cell model for the detailed study of dopamine 

receptors, we have expressed the structurally related WIT,, receptor. The strategy employed was 

to c-rnyc epitope-tag the 5-HT,, receptor which should provide a means to detect receptors by 

immunoblot analysis and plrrify receptors by immunoprecipitation using a monoclonal antibody, 

9E10, specific for the c-myc epitope. Detailed reporting of the 5-HT,, receptor results, and a 

thorough discussion of these data is provided in the APPENDR. A brief summary is given now. 

Saturation binding was fmt conducted to assess whether recombinant receptors were 

expressed and biologically active. Indeed, c-myc-HIT,, receptors showed sahmble binding for 

PI~S-HT with specific activities reaching 1-5 pmoVmg of protein at 72 h post-infection. 

Additionally, a desirable high signal to noise ratio was achieved which prompted the critical 

examination of the pharmacology of the expressed receptors. The data showed that c-myc-5- 

HT,, receptors bound agonists and antagonists with a rank order of potency characteristic of a 

classical SHT,, receptor pharmacological profile. Additionally, agonist binding to expressed 

receptors was sensitive to guanine nucleotides and bacterial toxins, suggesting receptor coupling 

to endogenous G proteins. Receptor mediated agonist inhibition of adenylyl cyclase activity 

supported this interpretation providing direct evidence of intact G proteideffector pathways in 

the cell line. Immunoblots of membranes prepared from c-myc-5-HT,,/celIs revealed major 

bands of -44 and -90 kDa suggesting the presence of receptor monomers and dimers. Indeed, 

[ i s I ] M ~ ~  photoaffity labelling experiments confirmed that these species were active ligand 



binding receptors indicating for the first time existence of serotonin receptor dimers. It was of 

significance to further determine the presence of phosphorylating and palmitoylating enzymes 

in the Sf9 cells since the phosphorylation and palmitoylation of other receptors, in many cases, 

is associated with desensitization. Indeed, c-myc-5-HT,, receptor monomer and dirner isolated 

by immunoprecipitation from whole cells were shown to be postaanslatioIlitlly modified by 

phosphorylation and palmitoylation. Collectively, these studies led us to believe that dopamine . 

receptors could also be expressed successllly in Sf9 cells with the appropriate biologically and 

immunoreactive activity for detailed functional studies. 

6.2 Pharmacological And Biochemical Characterization of D l  Receptors 

6.2.1 Ligand Binding Rofde of D l  Receptors 

To determine whether recombinant Dl receptors expressed in S B  cells exhibited similar 

binding patterns as the human Dl  receptor in neuronal tissue, binding of the Dl receptor 

selective antagonist ['H]SCH-23390 was assessed. 7 HISCH-23390 bound in a specific and 

saturable manner to the expressed receptors, and receptor densities up to 33 pmol per mg of 

protein were detected at 48 h post-infection. KD values of the ligand for the D l  receptor and 

the c-myc-Dl receptor were not significantly different (P > 0.05) and were 574.2k33.0 pM 

(n =7) and 696.9+20.9 pM (n=7) respectively, and nearly identical to the KD value of the 

ligand for the Dl receptor in human caudate tissue (Seeman, 1987). No specific [3mSCH-23390 

binding was detected in cells infected with the wild-type baculovirus (data not shown), and 

nonspecific binding represented - 15% of total binding at 4000 pM concentration of c3WSCH- 

23390. 

To define whether the expressed receptors exhibited Dl receptor pharmacology, 



catecholamine ago& and dopaminergic antagonists were used to compete for [3HlSCH-23390 

binding. Agonist displacements were observed with the rank order of potency: dopamine > 

SKF-38393 > (-)-noradrenaline > serotonin > isoproterenol. Bimling constants for the 

agonist-detected high aml low affinity receptor states and the relative proportions of sites in each 

state are indicated in Table 2. The KD value for the selective @ -adrenergic receptor agonist, 

isoproterenol is not shown because it did not displace FWSCH-23390 binding at concentrations 

below 1 mM. As shown in Fig. 8A, the displacement c w e  for dopamine was shallow and 

statistically best fitted to a two affinity state model (P<0.05) using the computer program 

Graphpad INPLOT. When the binding was determined in the presence of the non-hydrolyzable 

GTP analogue G p p o p ,  the curve became steeper and was best fined to a single affiity state 

(PC 0.05). Such a guanine rmcleotide-sensitive high-affmity state of the receptor suggested the 

presence of receptors fimctionally coupled to endogenous G-proteins in Sf9 cells. Inhibition of 

['HISCH-23390 binding by antagonists was concentration dependent and monophasic, 

corresponding to a single affinity form of the receptor recogwed by antagonists. The following 

rank order of antagonist potency was determined: SCH-23390 > (+)-butaclamol > haloperidol 

with KD values listed in Table 2. The above data indicated that the expressed D l  receptors were 

pharmacologically similar to human neuronal D 1 receptor (Seeman and N S ,  1988). 

6.2.2 Dl Receptor Coupling to Endogenous Adenylyl Cyclase 

Fig. 8B, shows agonist mediated c-myc-D 1 receptor stimulation of adenylyl cyclase 

activity and antagonist SCH-23390 inhibition of 10 p M  dopamine stimulated adenylyl cyclase 

activity. The mean EC, for dopamine stimulated adenylyl cyclase was 153 .O+8.8 nM (n=3) 

and the IC, for SCH-23390 inhibition of dopamine stimulated adenylyl cyclase activity was 



65.9k4l.Z nM (n=2). Dopamine induced a maximal 3 -5 fold increase in adenylyl cyclase 

activity from basal values (Table 3). No dopamine stimulated adenylyl cyclase activity was 

detected in cells infected with the wild-type baculovirus (data not shown). 



Fig. 8. Pharmacology of expressed c-mycDl receptors. (A) Effect of G p p o p  on the 
affinity of c-mycdoparnine D, receptor for dopamine at 24 h post-infection. Membranes were 
incubated with -600 pM VHjSCH-23390 and increasing concentrations (I@ - H) M) of 
dopamine in the absence (0) or presence ( A )  of 150 pM Gpp(NH)p as described in methods. 
The data were analysed by Graphpad INPLOT and fitted statistically for one and two sites. KD 
values of the dopamine detected affinity states for this fit are indicated and the results shown are 
representative of three independent experiments. (B) Effect of increasing concentrations of 
dopamine to stimulate adeny l y 1 c yclase activity and, inset, effect of increasing concentrations 
of SCH-23390 to inhibit 10 pM dopamine stimulated adenylyl cyclase activity. Adenylyl cyclase 
activity was measured in membranes derived from cells expressing c-myc-Dl receptors at 48 h 
post-infection and are expressed as pmol of CAMP produced/min/mg of protein. The data were 
analysed using nonlinear least squares regression and the results shown are representative of 2 
or 3 independent experiments. Reproduced, with permission, from Ng et al., Desensitization, 
phosphoryian'on and palrniroylaiion of the human dopamine Dl  receptor, Eur. J. Phannacol. 
Mol. Phannacol. Sect. 267, 7-16, 1994. 



DOPAMINE (M) 



Table 2. Ago& and antagonist dksmhtion constants for c-myc-Dl receptors. Membranes 
prepared fiom S B  cells at 24 h post-ilnfection were incubated with varying concentrations (I@" - 
lo3 M) of catecholamine agonists or dopamine receptor antagonists in the presence of - 600 pM 
[3HlSCH-23390 as described in methods. Nonspecific binding was defined by 1 p M  (+)- 
butaclamol. Data was analysed by Graphpad INPLOT and fitted statistically to the best of either 
one or two sites. Data are expressed as either the mean + SEM when n=3 or as the mean + 
SD when n=2. 

Aaonists 
Dopamine 9.0k3.5 470.0k36.4 29.6k13.4 
SKF-38393 98.2436.2 375.0k115.0 57.3k8.6 
(-)-Noradrenaline 1590.0k659.0 2,877.0+2850.0 53.5B. 1 
Serotonin 39,700.0+1560.0 

Antagonists K&?a 
SCH-23390 0.28+0.01 
( + )-butaclamol 2.47k0.76 
Haloperido 1 166.0k27.6 



6.2.3 Biochemiwi Characterization of the c-myc-Dl Receptor 

To further characterize the c-myc-Dl receptor species expressed in Sf9 cells, 

photolabelling experiments were carried out with the Dl receptor selective ligand [lZUMAB 

(Fig. 9A). Upon exposure to UV light, [=rjMAB photolabelled a major band at -48 kDa in 

membranes fkom cells expressing Dl receptors (lane 2). Labelling was completely blocked by 

incubation in 1 pM of the dopamine receptor antagonist (+)-butaciamol (lane 3), and was absent 

as expected in membranes from cells infected with the wild-type baculovirus (lane 1). 

The seiectivity and sensitivity of the monoclonal 9E10 antibody for the c-myc epitope of 

the c-myc-Dl receptor, was confirmed by immunoblot analysis (Fig. 9B). The antibody 

revealed the presence of three groups of immunoreactive bands in the range of 43-50 kDA, 86- 

100 kDa and above 200 kDa. The series of immunoreactive material in the 43-50 kDa range 

comigrated with the major photolabelled ligand binding species of the c-myc-Dl receptor seen 

in lane 2 of Fig. 9A. The immunoreactive bands at 43-50 kDa appears to represent the 

unglycosylated Dl receptor monomer as deduced from the predicted molecular mass of the Dl 

receptor. The additional immunoreactive species at -90 and > 200 kDa (lane 2) were poorly 

labelled by [ ' ~ M A B  and may represent improperly folded or denatured forms of the receptor. 

Alternatively, they may suggest dimea and oligomers of the D 1 receptor. Similar results were 

obtained for the &-adrenergic receptor expressed in Sf9 cells (Mouillac et al., 1992). No 

immunoreactive material was observed in cells infected with the wild-type baculovirus (lane 1) 

or cells expressing untagged Dl receptor (lane 3) demonstrating the specificity of the 9E10 

antibody for the c-myc epitope of the c-myc-Dl receptor. Moreover, the 9E10 antibody 

immunoprecipitated more than 80% of the dopamine receptor binding activity expressed in the 



Sf9 cells. 

Following metabolic labelling of c-myc-Dlfcells with aP, c-myc-Dl receptor was 

immmoprecipitated using the 9E10 antibody. As shown in Fig. 9C, autoradiography of an SDS- 

PAGE of the immunoprecipitated material revealed a major phosphorylated band in the range 

of 43-50 kDa (lane 2) corresponding to the mobility of the photolabelled receptor (Fig. 9A, lane 

2). NO phosphorylated proteins were immunoprecipitated using the 9E10 antibody from Sf'9 

cells infected with the wild-type of baculovirus (lane 1). The relatively high concentration of 

phosphate in Grace's medium may account for the low specific activity of '*P labelling, but the 

data clearly demonstrate that the immunoprecipitated c-myc-D 1 receptor is phosphorylated in the 

Sf9 cells. 

Following metabolic labelling of the c-myc-D lkells with [3apalmitic acid, c-myc-D 1 

receptor was immunoprecipitated with the 9E10 antibody. Fluorograph of an SDS-PAGE of the 

immunoprecipitated material revealed the presence of a radiolabelled band migrating at the 

expected molecular weight (43-50 H a )  (Fig. 9D, lane 2) which was absent in Sf9 cells infected 

with the wild-type baculovirus (lane 1). 

In these experiments the 9E10 antibody could immunoprecipitate with 80+5 % 

efficiency, as much as 2-5 pmol of receptor From a 25 ml culture as determined by radioligand 

binding. These receptor levels were sufficient to study the extent of post-translational 

modifications. 



Fig. 9 Biophy sicochemical characterization of the c-myc-Dl receptor. (A) Identification 
of photolabelled c-myc-D 1 receptors in SfP membranes. Membranes derived from c-myc-D 1 
receptor-baculovirus infected cells at 48 h post-infection were photoiabelled with [lzI]MAEl and 
visualized by autoradiography. Lane 1, membranes fiom cells infeted with wild-type 
baculovirus. Lane 2, photoincorporation of [ l Z I l M . .  upon photolysis in the absence and lane 
3, in the presence of 1 pM (+)-butaclamol. The amount of membrane protein used for each 
labelling condition was 250 pg protein and in membranes from cells expressing c-myc-Dl 
receptors. This contained 10 pmol receptor. The autoradiogram shown is from a 7-day 
exposure. Three independent experiments were done to determine the specificity of the 
photolabel and the molecular weight of the photolabelled species identified by an arrow. (B) 
Identification of imrnunoreactive c-myc-Dl receptors in Sf9 membranes. Membranes (100 pg 
protein) were prepared at 48 h post-infection from cells infected with the wild type baculovirus 
(lane 1) or from cells expressing c-myc-Dl receptors (lane 2) or D l  receptors (lane 3). 
Membranes were solubilized in SDS buffer, electrophoresed, and electroblotted onto 
nitrocellulose as described in methods. hunoreactivity was revealed with a goat anti-mouse 
IgG conjugated to alkaline phosphatase. The blot is representative of three independent 
experiments. (C) Phosphorylation of c-myc-Dl receptor. The figure shows an autoradiogram 
(3 day exposure) of 9E10 immunoprecipitated c-myc-D 1 receptors solubilized from membranes 
prepared from Sf9 cells infected with wild type bacuIovirus (lane 1) or expressing c-myc-Dl 
receptors (lane 2) prelabeued with camer free 32P. The -48 kDa immunoprecipitated 
radiolabelled band is identified and the result shown is representative of three independent 
experiments. @) Palmitoylation of c-myc-Dl receptor. The figure shows a fluorograph (1 
month exposure) of immunoprecipitated sample fiom cells prelabelled with [3Hlpalmitic acid 
infected with the wild-type bacdovirus (lane 1) or expressing c-myc-Dl receptors (lane 2). The 
radiolabelled band identified is representative of 3 different experiments. Reproduced, with 
permission, from Ng et aL, Desensitization, phosphorylation and palmitoylation of the human 
dopamine D1 receptor, Eur. J. Phannacol. Mol. Pharmacol. Sect. 267, 7-16, I994. 





6.2.4 Ago&-induced . * *em O€ c-myc-Dl Receptor Stimulated Adenylyl Cydase 

Activity 

Cells expressing c-myc-Dl receptors were preincubated for 15 and 30 min with 1 pM 

dopamine before measurement of adenylyl cyclase enzyme activity in membranes derived from 

these elk. As seen in Table 3, pretreatment for 15 min with 1 pM dopamine resulted in a 16 % 

reduction in adenylyl cyclase stimulation, and incubation for 30 min resulted in a 22% decrease 

in the receptor mediated enzyme activity. No change in basal, sodium fluoride, or fonkolin 

stimulated adenylyl cyclase were seen following the 15 minute preincubation. However, 

following the 30 minute dopamine treatment, a modest decrease in these parameters was 

observed. When the desensitization was conducted using a higher concentration of dopamine 

(10 pM), maximal dopamine stimulation of adenylyl cyclase activity was significantly reduced 

by 40% accompanying a 2 fold right-ward shift of the dose-response c w e  (Table 3). 

Preincubation with dopamine for 30 min resulted in no further significant reduction in c-myc-Dl 

receptor responsiveness to dopamine (Table 3). Under these conditions, decreases in basal, 

sodium fluoride, and forskolin stimulated activities were observed following both 15 and 30 

minute preincubatiom. Mean parameter values for receptor stimulated adenylyl cyclase activities 

and accompanying statistical analysis are summarized in Table 3. AU results presented are from 

Sf9 cells expressing - 7 pmol receptorfmg of protein at 48-h post-infection ( - 85 % viability). 

Doparnine sensitive adenylyl cyclase activity was not detected in Sf9 cells infected with wild-type 

recombinant baculovirus (data not shown). These findings showed that desensitization of the D1 

receptor stimulated adenylyl cyclase system was maximal following 15 min dopamine exposure. 

6.2.5 Agonist-induced c-rnyc-Dl Receptor Uncoupling h.om G Protein and Reduction in 



Cell Surface Receptor Binding 

We examined the effects of dopamine exposure on the ability of expressed c-myc-Dl 

receptors to bind ligands. Mean parameter values for dopamine/mSCH-23390 competition 

binding assays in membranes prepared fiom vehicle-treated and dopamine-treated cells are shown 

in Table 4. In membranes prepared from vehicle-treated cells, the competition curve was 

shallow indicating two affinity states suggesting receptor coupling to endogenous G proteins. 

Agonist-detected high affinity binding was guanine nucleotide-sensitive as reported previously 

(Fig. 8). In membranes prepared fiom cells preincubated with dopamine for 15 or 30 min, the 

dopamine displacement curve was steeper and best fitted to a single affinity state model (Table 

4) indicating agonist-induced receptor-G protein uncoupling. Mean agonist binding constants 

(K,) and proportions of agonistdetected high and low affii ty receptor states from competition 

binding studies are summarized in Table 4. 



Table 3. Summary of the effects of dopamine exposure on c-myc-Dl receptor and non- 
receptor stimulation of adenylyl cyclase activity. Cells were treated for 15 or 30 min with 
1 or 10 pM dopamine and the adenylyl cyclase activity measured in membranes derived from 
Sf9 cells as d e s c r i i  in methocfs. The activities were measured in the presence of H,O (basal), 
10 pM dopamine, 100 p M  forskoiin and 10 mM sodium fluoride and are expressed as pmol of 
CAMP produced/minlrng of protein and are the average of two independent experiments + SD. 

Adenvlyl Cvciase Activitv Profile 
@mol cAMP/min/mg protein) 

basal 15 min 30 min 

basal 
dopamine 
forskolin 
sodium fluoride 

basal 
dopamine 
forskolin 
sodium fluoride 

1 UM do~amine pretreatment 
65.4k10.7 70.1+ 7.4 50.8k 9.6 

260.6k 7.0 218.0k23.5 201.8+ 9.0 
270.8k38.9 316.7k26.4 245.8k19.4 
148.0k 2.6 156.4& 3.8 126.3t 4.3 



Table 4. S- of the effeets of dopamine exposure on c-myc-Dl receptor radioligand 
binding. Details of the experiments and data analysis are described in text. 'Ihe data shown 
represent the mean 5 SEM. Dopamine competition binding @est fit as determined by F test at P < 
0.05) is measured as the concentration of dopaminedetected high-affinity (Ei3 and low-affinity 0 
binding sites with the percentage of total binding sites shown in parentheses. ND, agonist high- 
affinity binding not detected; n, number of independent experiments; *, P < 0.05 when compared 
to vehicle values. Unless otherwise noted, no significant differences were observed between 
dopamine-treated compared to vehicle-treated values. 

-- 

Doparnine competition binding [3H]SCH-233 90 saturation binding 

Treatment K,.,, pM (96) &, pM (%) n &,pM B,, pmoumg n 

Ve hide 10&4(25) 1100+15(75) 5 737k27 7.3 + 0.4 5 

Doparnine 

15 min ND 1120 + 18 (100) 5 608 _f 41 6.5 + 0.2 5 

30 min ND 1800 &I13 (100) 5 601 + 35 6.3 + 0.2' 5 



6.2.6 Agonist-induced Phosphorylation of the c-myc-Dl Receptor 

As shown in Fig. 10, dopamine exposure of c-myc-Dllcells for 15 min increased the 

intensity of c-myc-DI receptor-=P labelling from basal (compare lane 1 to 2). This agonist- 

mediated increase was blocked by the antagonist SCH-23390 (compare lane 2 to 3). 

Densitometric analysis of 3 such experiments revealed a l.7kO.3 fold increase (p < 0.05) in the 

intensity following ago& exposure. Further analysis incIuded determining the specific activity 

of receptor Iabelling, by excising the radiolabelled bands fiom the gel for scintillation counting 

and determining the amount of receptor immunoprecipitated, as described in Methods. Under 

basal conditions, the receptor was found to be labelled to a specific activity of 1.4 + 0.4 

nCi/pmol (n=2). Following dopamine exposure for 15 min, specific activity was increased to 

4.1 + 2.5 nCi/pmol (n = 2). The slightly higher increase observed using this quantitation 

technique probably reflected the higher sensitivity of this assay. This increase in the 

incorporation of ''P into the receptor was blocked by the antagonist SCH-23390 and receptors 

under these conditions were labelled to a specific activity of 0.6 + 0.3 nCi/pmol (n=2). In 

these experiments, 84+10% of the dopamine receptor binding activity was immunoprecipitated 

reflecting a very efficient irnmunoprecipitation of the receptor by the 9E 10 antibody. 

6.2.7 Agonist-induced Palmitoy lation of the c-myc-Dl Receptor 

Fig. 11 shows a fluorograph of immunoprecipitated c-myc-Dl receptor following 

metabolic labelling of cells with Mpalmitic acid. Upon exposure to dopamine for 15 min, the 

intensity of c-myc-Dl receptor-palmitate labelling was increased (compare lane 1 to 2). 

Densitometric analysis of 3 such experiments revealed a 2.lk0.7 fold increase (p < 0.05) in the 

intensity of labelling. The specific activity of receptor labelling was determined by excising the 



radiolabeUed band fkom the gel for scintillation counting as d e s c r i i  in Methods. Under basal 

codtiom, the receptor was labeiled to a specific activity of 11 -0 + 4.0 nCi/pmol (n=2). Upon 

exposure to dopamine for 15 min, [3HJpalmitic acid incorporation was increased and receptors 

were labelled to a specific activity of 75.3 f 6.3 nCifpmo1 (n=2). The agonist-promoted 

palmitoylation of c-myc-Dl receptor was blocked by SCH-23390 and under these conditions, a 

specific activity of 18.3 nCilpmo1 was determined for the receptor. Once more, although both 

quantitation methods reveal an increase in the incorporation of rwpalmitic acid, the scintillation 

counting of the protein band appears more sensitive in quantifying the increase. The difference 

may also be tbat the intensity of label as  detected on an autoradiogram is not linear with respect 

to the activity of the labelled receptor measured as nCi/pmol. 

To assess the nature of the attachment of rqpalmitic acid to the receptor, 

immunoprecipitated samples were treated with 1.0 M hydroxylamine and subsequent 

fluorography revealed the absence of radiolabelled bands indicating that [3Hlpalmitate was 

covalently attached to the receptor by a thioester bond (lane 3). In these experiments the 

efficacy of receptor immunoprecipitation was 7523 %. 



I?&. 10. Agonist-promoted phosphoryiation of the c-myc-Dl receptor. The figure shows an 
autoradiogram (5 day exposure) of 9E10 immunoprecipitated c-myc-Dl receptors solubilized 
from membranes prepared from Sf9 cells expressing c-myc-Dl receptors, prelabelled with 
carrier free 32PZP. Lane 1 represents basal labelling of c-myc-Dl receptors from cells untreated 
with dopamine; lane 2 represents increased incorporation of 32P into c-myc-Dl receptors in cells 
treated for 15 min with 10 pM dopamine; lane 3 represents blockade of agonist mediated =P 
incorporation into c-myc-Dl receptors in cells pretreated for 15 min with 100 p M  SCH-23390. 
This fig. is representative of three independent experiments and in this experiment - 1.0 pmol 
of receptor was loaded per lane as determined by [12SIJSCH-23982 binding, described in 
Methods. Reproduced, with pennission, from Ng et al., Desensitizatratron, phosphorylution and 
palmitoylation of the humM dopamine DI receptor. Eur. J. Phamcol. Mol. Phurmacol. Sect. 
267, 7-16, 1994. 





Fig. 11. Agonist-regulated pahitoyiation of the c-myc-Dl receptor. Fluorograph (3 weeks 
exposure) of inmunoprecipitated [3H]palmitate labelled<-myc-Dl receptor in the absence (lane 
1) and presence of 10 p M  dopamine for 15 min (lane 2). Immunoprecipitated c-myc-Dl 
receptor treated with 1.0 M hydroxylamine as described in methods showed no labelling (lane 
3). Data shown is representative of three independent experiments. - 2 pmol of receptor was 
loaded in each lane as determined by [12SI]S~~-23982 binding as described in Methods. 
Reprdced, with permission, from Ng et al., Desensitization, phosphorylation and palmitoylation 
of the h u m  doparnine DI receptor, Eur. J. Phannacol. Mol. Pitarmacot. Sect. 267, 7-16, 
1994. 





6.2.8 Agonist-induced c-myc-Dl Receptor Redistribution As Assessed by Radioligand 

Binding in Plasma and Light Vesicular Membrane Fractions 

Agonist-induced c-myc-Dl receptor intermhation was assessed by subcellular 

fractionation and radioligand binding. A decrease in surface plasma membrane receptors 

accompanied by a proportional increase in receptors in an intracellular light membrane fraction, 

with no change in the total number of cellular receptors indicated agonist-promoted receptor 

intetaalization. Total number of receptors in cells was defined as the sum of specific PWSCH- 

23390 bound to the plasma membrane fraction added to the specific [3HlSCH-23390 bound to 

a light vesicular membrane fraction. 

In membranes prepared from vehicle-treated cells expressing c-myc-D 1 receptors, the 

KD value for mSCH-23390 binding to plasma and light membrane fractions were similar (658 

+ 12 pM (n=3) and 720 + 15 pM (n=3) respectively). No specific rH]SCH-23390 binding - 

was detected in membranes prepared from cells infected with the wild-type baculovirus (data not 

shown). Dopamine/ VH'l SCH-23390 competition binding to c-myc-D 1 receptors in the plasma 

membrane showed dopaminedetected high and low affiity states with proportions and affinity 

for dopamine (data not shown) similar to values reported for competition experiments performed 

on P2 membranes. These data confirmed the expected pharmacological properties of d a c e  

receptors showing coupling to G proteins. Radioligand binding determined that 52 + 4 % 

(n=5) of the total cellular c-myc-Dl receptors were localized on the cell surface with the 

remaining pool comprising of internally located receptors in a light membraw fraction (Fig. 

12). Dopaminel[3HISCH-23390 competition binding to c-myc-D 1 receptors in the light vesicular 



membrane fraction was best fitted to a single low-affinity state (K, for dopamine of 866 + 50 

n M  (n=4)) suggesting that this population of iatracellularly located receptors was not coupled 

to G protein. Sustained incubations of cells expressing c-myc-Dl receptors with 10 pM 

dopamine brought about a timedependent and gradual decrease in M a c e  plasma membrane 

receptor density (Fig. 12). A statistically significant agonist-promoted receptor internalization 

of 28 + 2% (n=5) was observed after 60 min (P < 0.05), and maximal 33 + 4% (n=3) 

agonist-induced internalization was detected following 4-h (P < 0.05) incubation. Under these 

conditions, we could not detect any difference in the total cell receptor density between vehicle- 

treated and dopamine-treated cells, suggesting that this slow onset agonist-induced c-myc-Dl 

receptor internalization was not accompanied by down-regulation. Fig. 12 (inset) shows that 

preincubation of cells with 1 p M  (+)-butaclarnol 1 h prior to 10 pM dopamine exposure for 60 

min blocked agonist-induced c-myc-D l receptor internalization. We concluded fiom these data 

that Dl receptor internalization mechanisms are present in this cell line, and that agonist-induced 

D 1 receptor internalization occurred temporally later than agonist-induced desensitization. 

6.2.9 Agonist-induced c-myc-Dl Receptor Internalization As Asessed By Photoaffimity 

Labelling Photoaffinity labelling experiments using the Dl receptor specifc photoaffity 

label ([lHI]IMAB) revealed a major -48 kDa ligand binding species in membranes prepared 

from vehicle-treated and dopamine-treated c-myc-D 1 receptor expressing cells in agreement 

with the predicted molecular mass deduced fiom the amino acid sequence of a D l  receptor 

monomer (Fig. 13). Agonist treatment led to a reduction of the labelled - 48 kDa receptor 

species in plasma membranes (Fig. 13, compare lane 1 to lane 2) accompanied by an increase 

in the labelled -48 kDa receptor species in the intracellular light vesicular membrane fraction 



(Fig. 13, compare lane 3 to lane 4). These data are in good agreement with the radiofigand 

binding data supporting the internalization of cell surface plasma membrane Dl receptors into 

an internal Light vesicular membrane hction following sustained agonist exposure. 



F'ig. U. The effeds of 10 pM dopamine treatment on the number of c-myc-Dl receptors in 
the plasma membrane fradion. The percentage of total cellular receptors was determined by 
subcellular fractionation and radioligand binding as descri'bed in methods. * signifies a significant 
difference (P < 0.05) from time zero as determined by student's t test. m e t )  The control 
vehicle-treated condition is shown in the open bar (n=3). The effect of 10 p M  dopa& 
treatment for 60 rnin is shown by the solid-filled bar (n=3). The effect of preincubation with 
1 pM (+)-butac1amol prior to dopamine exposure is indicated by the speckled-fded bar (n=2). 
Data are the mean + SEM (n= 3) or average + SD (n=2), and is the total number of receptors 
in the plasma membrane fraction (% of total cellular receptors). * signifies a significant 
difference between dopamiw-treated and vehicle-treated conditions at P < 0.05 as determined 
by student's t test. Repr&cedd, with pemssion, from Ng et al.. Agonist-induced desensitizatratron 
of dopamine DI receptor-stimulated adenylyl cyclase activity is temporally and biochemically 
separuted from D I receptor intemaiization. Proc. Nml. A c d .  Sci. USA 92, I O l57 - lOI  61, 199.5. 
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Fig. 13. Autoradiogram shows [*IJMAB photoamnitg labelled membrane preparations 
electrophoresed on SDS-PAGE. Lane 1, photolabelled plasma membranes from vehicle- 
treated cells. Lane 2, photolabelled plasma membranes from cells preincubated with 10 pM 
doparnine for 4 hours. Lane 3, photolabeUed Light membranes from vehicle-treated cells. Lane 
4, photolabelled light membranes from cells preincubated with 10 p M  dopamine for 4 hours. 
100 pg membrane protein was used for each IabeIling condition. The autoradiograms shown are 
from a 1 day exposure. Three independent experiments were done as described in methods to 
determine the specificity of the photolabel and the molecular mass of the photolabelled receptor 
species. Reproduced, with permission, from Ng et al., Agonist-induced desemitization of 
dopamine DI receptor-stimulated adenyiyl cyclase activity is tempomlly and biochemically 
separated from D I receptor irrtemalization. Proc. NNL Acad. Sci. USA 92, 10157-1 01 61, 1995. 





6.2.10 Agonist-induced Redistribution of Surface c-myc-Dl Receptors in Whole Cells As 

Assessed by Immunocytochemicd Lab- and Conventional Fluorescence Miaoscopy 

The surface localization of c-myc-Dl receptors expressed in Sf9 cells was examined by 

conventional imm~~~)fluoresence to determine if the pattern of surface receptors was affected by 

exposure to dopamine (Fig. 14). The 9E10 monoclonal antibody identified specific 

immunofeactive fluorescence in fixed Sf9 cells expressing c-myc-Dl receptors. In cells treated 

with dopamine for 15 min, the pattern of fluorescence changed from diffuse labelling to discrete 

aggregates (compare panel A to B). When the cells were pretreated with the antagonist SCH- 

23390 and then challenged with the agonist for 15 min, the agonist mediated effect was blocked 

(compare panel B to C). Following prolonged exposure for 18 h with doparnine, a sigmficant 

reduction in the labelling was observed (compare pawl A to D). No specific labelling was 

observed in control cells expressing the untagged dopamine Dl receptor or infected with the wild 

type baculovirus or cells treated with goat anti-mouse IgG FITC conjugate alone (data not 

shown) . Together, the data suggested that agonist activation mediated the redistribution of 

surface D 1 receptors. 

6.2.11 Agonist-induced c-myc-Dl Receptor Redistribution in Whole Cells As Assessed by 

Imrnunocytochemical Labelling and Confocal Fluorescence Microscopy 

Fixed and immunofluorescently labelled c-myc-Dl/cells were imaged by confocal 

microscopy and the tabulation of results verified by several repetitions of the experiment (n=6). 

Distributed averaging protocol was used routinely for all data collection, even though in our 

experience, DABCO, an antibleaching agent in the mounting medium, has proven to prevent 

significant photobleaching during data collection of an average of 12-14 optical sections at 1.5 pm 



increment. and five averaged passes per cell, the parameters used in these experiments. Fig. 15 

shows the cellular localization of immunofluorescently labelled c-myc-D 1 receptors in vehicle- 

treated cells compared to cells exposed to 10 jiM dopamine for 60 min through the z-axis. In 

nonpermeabilized vehicle-treated cells, labelled receptors appeared abundant on the cell surface 

appearing as a continuous bright ring of fluorescence suggesting an even and diffuse distribution 

(panel A). Within the ring, presumably occupied by the nucleus and cytoplasm, a total absence of 

intracellular fluorescence signal was noted, as expected, indicating lack of penetration af antibodies 

into non-permeabilized cells. On a slide preparation of cells (n = 25) fiom a typical experiment 

representative of n=6 experiments, 85-90 % of recombinant baculovirus infected ceils exhibited this 

staining pattern, with only 10-15 % of cells exhibiting unclassified staining (including dead u d  

ruptured cells). In contrast, non-perrneabilized cells subjected to sustained dopamine exposure 

showed interruptions and a less intense band of fluorescence around the periphery of the cell 

ranging from 1 to 20 pm in length suggesting a redistribution of cell surface receptors (panel 

B). On a slide preparation of cells (n = 22) from a typical experiment of n=6 experiments, 75- 

85 % of dopamine-treated recombinant baculovirus infected cells exhibited this staining pattem 

with 5-7 % of cells exhibiting a ring of surface labelling and 10-18 % unclassified. Thus, the 

imaging of nonpermeabilized cells by confocal microscopy indicated that the agonist promoted 

a disappearance of cell surface Dl receptors. 

In permeabilized vehicle-treated cells, labelled receptors appeared evenly distributed on 

the cell surface as in nonpermeabilized cells, and to a lesser extent in the cytoplasm appearing 

as pockets of label (Fig. 16, panel A) interspersed with areas without any staining suggesting 

localization in vesicles. Each cell contained a large circular area in the center of the cytoplasm, 



seen in sections through the middle of the mil, without detectable fluorochrome emission 

presumably occupied by the rmcleus. Overall, vehicle-treated cells demonstrated an internal 

fluorescenty labelled receptor distniiution near the periphery of the cell, close to the inner wall. 

In contrast, penneabilized cells treated with dopamine showed considerable reduction in cell 

surface fluorescence (panel B). The ring, when present, was less intense. Intracellularly , there 

appeared an increase in the aggregates of label localized deeper within the cytoplasm, closer to 

the unlabelled nucleus (compare panel A to B). No specific labelling was observed in 

permeabilized cells expressing the untagged Dl  receptor (Fig. 17, panel A), cells infected with 

the wild-type baculovirus (panel B), wild-type Sf9 cells (panel C), or cells treated with goat anti- 

mouse IgG FITC conjugate alone (data not shown). 



Fig. 14. Conventional fluorescence microscopy of agonist-mediated redistribution of cell 
surface c-myc-Dl receptors. In cells expressing c-myc-Dl receptors at 48 h post-infection, 
receptors were detected with the 9E10 antibody recognizing the c-myc epitope and a FITC- 
conjugated anti-mouse a n t l i y  as described in methods. Cells were visualized by fluorescence 
microscopy. (A) basal condition; (B) incubation of cells for 15 min with 10 p M  dopamine; (C) : 
incubation for 15 min with 100 ph4 SCH-23390 followed then by 15 min with 10 pM doparnine, 
and 0): incubation for 18 h with 10 @I dopamine. AU experiments were performed in parallel 
using the same culture and photographs were taken under identical exposure conditions. 
Reproduced, with permission, from Ng m al., &semlizmion, phosphorylan'on and palmitoylation 
of the h u m  dopamine DI receptor, Eur. J. Phannacol. Mol. P h a m c o l .  Sect. 267, 7-16, 
1994. 





Fig. 15. Confocal microscopy of immunofluorescently labelled nonpermeabilized agonist- 
treated c-myc-Dllcells. c-myc-Dl receptors were labelled with the 9E10 antibody specific for 
c-myc, and a secondary FITC antibody. In nonpermeabilized c-myc-Dllcelis, the receptors are 
localized on each cell's surface. Two sets are displayed. Each set shows six optical sections 
through the z-axis, progressing sequentially from Left to right in two rows, from a series 
containing 12 images recorded at 1 -5-pm intervals. Both cells were imaged with identical 
microscope settings. (A) Nonpermeabilized c-rnyc-Dllcell d e r  basal conditions, showing a 
continuous ring of c-myc Dl receptors in each section with minor intensity variations at the top 
of the cell. (B) Nonperrneabilized c-myc-Dllcell after treatment with dopamine, displaying gaps 
in the circular distribution. Arrows denote differences between A and B. Ban = 10 pm. 
Reproduced, with permission, from Trogadis et al., Dopamine DI receptor distn'bution in SfP 
celk imaged by confocal microscopy: A quantitative e v a l ~ * u n ,  The Jouml of Histochemistry 
and Cytochemisrry 43, 497-506, 1995. 





Fig. 16. Confocal images of immunofluorescently labelled permeabilized agonist-treated c- 
myc-DUcells. c-myc-Dl receptors were labelled -with the 9E10 antibody specific for c-myc, and 
a secondary FITC antibody. In permeabilized c-myc-DlkeIIs, receptors are seen on the cell's 
surface as well as in clusters intracellularly. The nucleus, a dark area in the center of eact cell, 
contains no label. Two sets are displayed. Each set shows six optical sections through the z- 
axis, progressing sequentially from left to right in two rows, from a series containing 12 images 
recorded at 1.5-pm intervals. Both cells were imaged with identical microscope settings. (A) 
Under basal conditions, with clusters localized close to the cell's surface. (B) After treatment 
with dopamine, showing less intense peripheral distribution and clusters Iodized deeper 
intracellularly . Reproduced, with permission, from Trogudis et al., Dopamine Dl  receptor 
distn'btctrtctron in SIP cells imaged by confocal microscopy: A qwntitatrive evaluation, The Journal 
of Histochemistry and Cytochemisrry 43, 497-506, 1995. 





Fig. 17. Confocal images of immunofluorescently labelled control Sf9 cells. (A) Staining 
of Sf9 cells expressing non-tagged D l  receptors. (B) Staining of wild-type Sf9 cells. (C) 
Staining of Sf9 cells infected with wild-type baculovirus. AU cells show negligible background 
staining under identical illumination conditions used in all experiments. Bars = 10 pm. 
Reproduced, with permission, from Trogadis er aL, Dopamine DI receptor distribution in Sf9 
celk imaged &y confocal microscopy: A quanrirative evaluation, The Journal of Hisrochemistry 
and Cytochemistry 43, 497-506, 1995. 





6.2.U Three-dimensional Assessment of c-myc-Dl Receptor Distribution in Whole Cells 

Three-dimensional reconstructions also produced an invaluable visual description of the 

experimental results. Multiple repeated reconstructions were carried out, and a non- 

permeabilized vehicle-treated c-myc-Dl/cell is shown in Fig. 18A. Segmentation of the brightest 

pixel values corresponded precisely to the bright ring along the periphery of each section, 

representing the location of label. Green was selected to represent fluorescently labelied 

receptors, and these covered the entire surface of the cell. This is expected since a bright 

continuous fluorescent ring is seen in every confocal image. Slight irregularities and 

indentations of the outline reflected the contour of the cell surface, and two small holes at the 

top of this cell allowed a brief view of the cytoplasm, seen in white. The non-permeabilized, 

dopamine-treated cell shown in Fig. 15B has been reconstructed to reveal a patchy pattern of 

label (Fig. 18B). Single cross-sections do not adequately describe the overall spatial pattern of 

the bare patches with respect to size, location and fkquency. The reconstructed cell showed 

fewer and larger areas of receptor loss rather than small diffuse series of holes as the single 

sections may indicate. The green color represents receptors, their distribution exposing the 

white soma. 

Fig. 18C is a reconstructed image of the vehicle-treated penneabilized cell whose 

confocal slices are shown in Fig. 16C. The top of the cell has been cut away to reveal 

intracellular components such as the receptors (green), the nucleus (orange), and the soma 

(white). Segmentation of the brightest pixels in the two-dimensional images showed c-myc Dl 

receptors around the outside of the cell and, in addition, intracellularly close to the cell 

membrane. Few receptor clusters were located in the fullest area of the soma. In contrast, in 



Fig. 18D, a reconstruction of the dopamine-treated cell shown in Fig. 16B, had few c-myc Dl 

receptors (green) on periphery of the cell, most having translocated to a perirmclear location 

(orange 1luc1eus). The posterior section of the cell surface is retained. Since the images can be 

interactively positioned in any arbitrary plane, other viewing angles could have been selected and 

any partial surface displayed. As only pixels of the highest intensity levels were segmented to 

obtain this image, the peripheral fluorescent ring seen in the two-dimensional slices is only 

partially visible in the three-dimensional reconstruction because pixel values at the outer surface 

of the cell were less intense. i.e., they had a lower density of labelled c-myc Dl  receptors than 

the internal volume. These results were consistent with findings of radiofigand-binding studies 

suggesting an agonist-promoted internalization of surface D 1 receptors. 



Fig. 18. Three-dimensional reconstruction of agonist-treated c-myc-Dl/celIs. The brightest 
pixel intensities were selected and reconstructed to show receptors. Low-intensity pixels 
representing nonspecific staining were reconstructed to show the white cytoplasm. (A, B) The 
non-permeabilized cells seen in Fig. 15. (A) under basal conditions and (B) after treatment with 
dopamine, showing a different pattern of fluorescently labelled receptor distribution. (C, D) The 
pemeabilized cells shown in Fig. 16. In addition to the white soma and green receptors, the 
area in the center of each cell, devoid of any fluorescence labelling, was manually traced and 
reconstructed to represent the nucleus (orange). The surface of the cell body has been cut away 
to reveal intracellular receptors and a large nucleus. (C) Cell under basal conditions. (D) After 
treatment with dopamine. Reproduced, with permission, from Trogadis ef al., Dopamine DI 
receptor distn'bution in SJP ceih imaged by confocal microscopy: A quantitative evaluation, The 
JoumaL of Hisrochemistry and Cytochernim 43, 497-506, 1995. 





6.2.13 Agonist-induced c-myc-Dl Receptor Internalization As Assessed by Immunoblot 

Analysis 

Immumblot analysis of cell surface membranes from vehicle-treated cells expressing c- 

myc-Dl receptors revealed the presence of a -48 kDa species possibly representing a receptor 

monomer and a second species at approximately twice the molecular mass - 110 H a ,  the nature 

of which may be a receptor dimer (Fig. 19, lane 1). Sustained preincubation with 10 p M  

dopamine brought about a loss of the -48 kDa species with somewhat lesser change in the 

- 110 kDa receptor species (Fig. 19, lane 2). These immunological studies confirmed that 

agonist induced Dl receptor protein internalization occurred, as demonstrated also by I3WSCH- 

23 390 binding, photoafFmity labelling, and whole cell immunofluorescence labeil ing . 

6.2.14 Inhibition of Agonist-induced c-myc-Dl Receptor Internalization by Concanavah 

A Does Not Prevent Desensitization 

Co~~canavalin A and hypertonic concentrations of sucrose have been shown to inhibit &- 

adrener g ic receptor internalization without affecting the pharmacological properties of the 

expressed receptors (Waldo et al., 1983, Yu et al., 1993). Preincubation of c-myc-Dl receptor 

expressing cells with concanavalin A or sucrose blocked agonist-mediated receptor internalization 

(Fig. 20). Interestingly, in concanavalin A-treated c-myc-D 1 lcells. we observed a signifcant 

29% increase in cell surface receptor density over control values. Sucrose-treatment had a 

similar but smaller increase (22%) in surface receptor density. Although direct evidence is 

lacking, we interpreted these data to show that cellular populations of receptors undergo cycling 

between membrane compartments even in the absence of agonist, so that inhibition of the 

internalization pathway may be expected to result in an accumulation of surface receptors. 



In order to investigate Dl receptor internalization funher, we examined the effects of 

dopamine exposure on concanavalin A-treated c-myc-DllceUs. Agonist treatment led to a 

marked 47% denease in the maximal dopamine stimulated adenylyl cyclase activity (Vmax for 

control, 158.0 + 14.1 (n=4); concanavalin A- and dopamine-treated, 85 -2 + 6.0 (n=4), P < 

0.01), and significant loss of potency of dopamine (EC, for control, 30 f 5 (n=4); 

concanavalin A- and dopamine- treated, 290 + 30 (n=4), P < 0.01). These observations 

provided convincing evidence that Dl receptor internaiization and hctional uncoupling were 

biochemically dissociable events that may represent two distinct mechanisms responsible for 

adaptation to sustained stimuli. 



Fig. 19. Immunoblot of P2 plasma membranes prepared from ago&-treated c-myc 
Dlkells. Membranes (100 pg protein) were solubilized in SDS buffer, electrophoresed, and 
electroblotted onto nitrocellulose as described in methods. Lane 1, membranes from vehicle- 
treated cells. Lane 2, membranes from cells preincubated with 10 pM dopamine for 60 min. 
Reproduced, with permission, from Ng et al., Agonist-induced desensitization of dopamine Dl  
receptor-str'lllulcned adenylyl cyclase activily is temporally and biochemically separmd from Dl  
receptor intemaliz~m~on, Proc. Nml. Acad. Sci. USA 92, 10157-10161, 1995. 





Ftg. 20. Biochemical separation of ago&-induced c-myc-Dl receptor internalization and 
d m  0 0 'on. (A) Dl receptor density in the plasma membrane fraction (% of total cellular 
receptors) was determined by differential centrifhgation and radioligand binding as detailed in 
methods. The effett of vehicle (Veh), 10 pM dopamine treatment for 60 min @A), and 
pretreatment with concanavalin A (con A) and sucrose (Suc) on dopamine-induced Dl  receptor 
internalization are indicated. Data shown is the mean + SEM (n=3). *, P C 0.05 when 
compared to values obtained for vehicle conditions. **, P < 0.01 when compared to values 
obtained for vehicle conditions. (B) Dose-response for Dl  receptor-mediated dopamine 
stimulated adenylyl cyclase activity in P2 membranes prepared from vehicle-treated cells ( 0 )  

compared to cells predbated with concanavalin A prior to being treated with 10 pM dopamine 
for 60 min (*) as described in methods. All membranes were prepared from cells at 48-h post- 
infection. Data shown is representative of 4 independent experiments. Reproduced, with 
permission, from Ng et al., Agonist-induced desemitizahZatron of dopamine D I receptor-strstrmu&ed 
adenybl cyclase activity is temporally and biochemicaZly separated from Dl receptor 
internalization, Proc. Null. Acad Sci. USA 92, lOl57-IOl6l, 1995. 
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6.3 PharmacoIogical and Biochemical Characterization of the D2L Receptor 

6.3.1 Ligand Binding Properties of Expressed D2L Receptors 

Figure 21A shows the saturation isotherms of raYM-09151-2 (also termed 

nemonapride) and C3H]spiperone binding to the same membrane preparation from Sf9 cells 

expressing D2L receptors at 724 after infection. I3WYM-09 15 1-2 and ( aspiperone each 

bound saturably with mean KD values of 238 + 9 pM (n=3) and 334 + 12 pM (n=3), 

respectively. The apparent receptor density, B- (pmoVmg of protein), determined by 13H]YM- 

0915 1-2 was 2.6 + 0.4 (n=3). This was two-fold higher than the receptor density estimated 

by raspiperone at 1.1 + 0.2 (n= 3) in the same membrane preparation. These findings are 

in good agreement with receptor density data previously obtained from D2L receptor expressing 

cultured cells (Seeman et al., 1992), rat and porcine anterior pituitary tissues (Nimik et d., 1985, 

Temi et al., 1989), human postmortem tissue (Seeman et al., 1992) and PET studies (Wong et 

ai., 1993). Sf9 cells infected with wild-type baculovirus did not show any specific [3HJYM- 

0915 1-2 and r3Wspiperone binding (data not shown) indicating that [ aYM-09151-2 and 

r3H] spiperone bound only to expressed D2L receptors. 

Antagonist competition of mspiperone binding to membranes prepared from DZLkells 

was best fitted to a single antagonist-recognized affiity state of the receptor. The rank order of 

antagonist potencies was haloperidol > (-)sulpiride > clozapine > ketanserin > SCH-23390, 

as shown in Fig. 21B. These compounds were chosen based on previous reports for their 

abilities to discriminate between Dl-like and D2-like receptors. These radioligand binding data 

indicated that the expressed D2L receptor in S B  cells exhibited a D2 receptor pharmacological 

rank order as d e s c r i i  for the human D2L receptor expressed in mammalian cells (Bunzow et 



al., 1988, Sokoloff et al., 1990). 

6.3.2 D2L Receptor Coupling with Endogenous G Proteins 

Dopamine competition of paspiperone binding in the absence of the nonhydrolysable 

GTP analog, Gpp(NH)p, was best fitted to a two-site model, indicating two affinity states of the 

expressed D2L receptor as shown in Fig. 21C. The dopamine-detected high-affiity receptor 

state and proportion of sites were similar to D2L receptors expressed in mammalian cell lines 

(Castro and Strange, 1993) (Table 5). The dopaminedetected high-affinity receptor state was 

sensitive to guanine nucleotides as shown by the rightward shift of the displacement curve and 

the complete conversion to a low-affinity state of the receptor (Fig. 21C and Table 5). These 

results suggested that the D2L receptor interacted with endogenous GTP sensitive G-proteins in 

Sf9 cells and the nature of this interaction was next examined. 

Dopamine competition of mspiperone binding in membranes from cells expressing the 

D2L receptor pretreated with 1 or 2 pg/ml pertussis toxin was still best-fitted to a two-site 

model. One interpretation of these data might be that D2L receptors are coupled to endogenous 

G proteins which are not likely substrates for pertussis toxin. Tbe most likely explanation is that 

expressed D2L receptors couple to both toxin-sensitive and insensitive G proteins in Sf9 cells as also 

demonstrated in neuronal tissues (Neve et al., 1992, Montmayeur et al., 1993). 



Fig. 21. Radiofigand binding studies on membranes from DZLlcells. Specific radioligand 
binding was defined as binding inhibited by 1 UM (+)-butaclamol. (A) Saturation isotherms of 
[3H]spiperone and [ 3 H J Y ~ - ~ 9  1 5 1-2 specific binding in the same membrane preparation. The results 
shown are &om one of three independent experiments, and in this experiment, B, @moYmg of 
protein) and K, @M) are as follows: [3H]spiperone (o), B, = 1.2, K, = 327; for [3H]YM-09 15 1-2 
(A), B, = 2.2, & = 238. (B) Competition curves are shown for inhibition of specifically bound 
[3H]spiperone by dopamine receptor antagonists, as follows: haloperidol (e); sulpiride (*); clozapine 
(W); ketanserin (+I; and SCH-23390 (A). (C) Inhibition of [3HJspiperone binding by dopamine 
in the absence (0) and in the presence (9) of guanine nucleotide Gpp(NH)p. The curves are the mean 
of three independent experiments statistically determined by LIGAND and values are given in Table 
5. Reproduced, with permission. from Ng et al., Phosphorylation and palmitoylan'on of the 
humun D Z  receptor in SfP cells, Jouml  of Neurochemistry 63. 1589-1595, 1994. 
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Table 5. Dopamine dissociation constants for the human D2L receptor expressed in 
eukaryotic cell lines. Binding to crude membranes prepared fiom Sf9 cells expressing the human 
D2L receptor at 72 h after infection. Dopamine K, values for high (& and low ( 3 - f i t y  states, and 
the proportion of low-affinity sites (%J for the two-site fit in the absence and in the presence of  
guanine nucleotide (GN) are given and were statistically determined by LIGAND analysis. 
Nonspecific binding was defined by 1 p M  (+)-butaclamol. Dopamine K., values for the D2L 
receptor expressed in mammalian cell lines are given for comparison. 'Castro and Strange (1 993). 

Sf9 n Ltk 59" CHOa 
Dopamine, K, (nM) 25.1 + 4.6 3 8.0 2 3.0 29.5 2 5.9 



6 3.3 Identification of Multiple D2L Receptor Species 

Immunoblot aaalysis using the D2 receptor-specific AL-26 antibody detected the presence 

of major immunoreactive species preexisting at 4 4  and -90 kDa in crude membranes fkom 

D2Ucells (Fig. 22A)- The 4 4  kDa molecular mass band identified likely represents an 

unglycosylated D2L receptor monomer based on its predicted molecular size of a 444 amino acid 

protein. The -90 kDa molecular mass band, of approximately twice the size of the D2L receptor 

monomer, may represent a receptor dimer or a receptor-G protein complex as neither possibility 

could be rigorously excluded by this assay. These proteins however were not substrates for 

pertusis toxin-catalysed [~IADP-ribosylation (data not shown), and the molecular mass of these 

species was not affected following treatment with GTPyS (Fig. 22). We interpreted these 

findings to be suggestive that the -90 kDa species did not represent receptor-G protein 

complexes. Further, the giycan nature of the -90 kDa Iigand-binding species was not significant 

as TNGase F treatment had negligible effect on altering the migration of this species on SDS- 

PAGE (Fig. 23). The most likely interpretation of these data was that D2L receptors exist as 

monomers and dimers. 



Fig. 22. Effects of guanine nucleotide treatment on the SDSPAGE mobility of D2L receptors. 
P2 membranes prepared fkom D2Ucells at 72 h post-infection were incubated in the absence (-) or 
in the presence of 100 pM GTPy S (GN) (+) for 1 h at 2 1 OC. Membranes were solubilized in SDS 
buffer, electrophoresed, and electroblotted onto nitrocellulose, and immunoreactivity was revealed 
with a goat anti-rabbit IgG conjugated to alkaline phosphatase as described in Methods. The 
molecular mass (kDa) of protein standards is shown. 





Fig. 23. Effects of deglycosylation treatments on the SDS-PAGE mobility of D2L receptors= 
P2 membranes were prepared fiom D2Ucells at 72 h post-infection and photoaffinity labelled with 
[IxTJYM-0 19 15-2, and incubated in the absence (-) or presence (+) of the glycosidase as described 
in Methods. Membranes were solubilized in SDS buffer and electrophoresed, gels dried and 
exposed to Kodak X-AR film for 12 h before developing. The molecular mass (kDa) of protein 
standards is shown. 
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63.4 Biophysical Properties of Dopamine Receptor Dimers 

Immunoblot analysis showed that immunoprecipitated 4 4  kDa D2L monomer and -90 

kDa dimer were stable in the presence o f f  um dodecyi dphate (SDS) and reducing agent (P- 

mercaptoethanol) (Fig. 24A). The dissociation of the D2L dimer to monomer was accomplished 

in a dosedependent manner upon addition of the hydrophobic D2-TM VI peptide (aa 375-394) 

(Fig. 24A) or D2-TM VII peptide (aa 407-426) (Fig. 24B). Both D2-TM VI and VII peptides, 

containing no strongly polar residues, had similar ability to dissociate D2L dimen 

immunoprecipitated f?om a human caudate preparation as well (Fig. 24C). It should be noted that 

at the time of this writing, a D2L h e r  disrupting effect was also observed for a peptide derived 

&om the TM IV domain of the D2 receptor (data not shown). A small increase in the molecular 

mass of receptor monomer in samples coincubated with peptide was noted, which may be 

attributed to the formation of a peptide-D2L receptor heterodimer. Peptide actions were receptor 

and site-specific since no disruption of D2L dimers was observed under identical experimental 

conditions using the hydrophilic D2-C 111, peptide (aa 244-263) and D2-C IIb peptide (aa 284- 

303) derived fkom the third cytoplasmic loop of the D2 receptor, or a hydrophobic peptide (aa 

276-296) corresponding to the TM-VI region of the P,-adrenergic receptor (I) -AR), or two 

peptides derived from the carboxyl tail of the Dl receptor (aa 369-383 and aa 416-43 1) (Fig. 

24D). In addition, no dissociation of immunoprecipitated human dopamine D 1 and serotonin 5- 

JFIT,, receptor dirners was o b w e d  with the D2-TM VII peptide (Fig. 24F). The ability of TM 

VI and VII peptides to disrupt D2L dimers could be attributed to peptide-induced interference 

with the TM domains which participate at the dimer interface. Alternatively, it is possible that 

these peptides act by disrupting the 3-dimensional conformation of the receptor monomer, 



rdting in the disruption of D2L dimers or inhibition of dima formation. Taken together, these 

data are consistent with a model that D2L dim- exist in association-dissociation equilibrium 

with monomers involving receptor subtype-specific noncovalent interactions between TM regions. 

Consistent with this concept, D2L dimers dissociate as a function of increasing temperature (Fig. 

24F) or in the presence of acid (approximate pH 3) (Fig. 24G). We conclude that D2L 

dimerization and possibly the dimerization of other GPCRs is mediated at the protein level 

involving specific intermolecular, noncovalent, electrostatic interactions of residues within TM 

a-helices. 



Fig. 24. Biophysical characterization of D2L receptors. D2L monomers and dimers are 
indicated by arrows. (A) The dose-response (n=3) for the interaction between the D2-TM VI 
peptide (aa 375-394) and D2L receptors (lanes 1-4). (B) The dose-response (n=3) for the 
interaction between D2-TM VII (aa 407-426) peptide and D2L receptors (lane 1-7). (C) The 
effects of the D2-TM VI and D2-TM W peptides on D2 receptors fiom human caudate nucleus 
(sample CBTB #1271). D2L receptors were incubated in peptide buffer (lane 1) and presence 
(lane 2) of D2-TM VI peptide, and in peptide buffer (lane 3) or presence of the D2-TM W 
peptide. @) Effects of hydrophilic and hydrophobic receptor peptides on an identical D2L 
receptor preparation. D2L receptors were incubated in peptide buffer (lane I) or presence of D2- 
C 111, peptide (aa 244-263) (lane 2), D2-C II&, peptide (aa 284-303) (lane 3),# -AR TM VI 
peptide (aa 276-296) (lane 4), Dl-C III, peptide (aa 369-383) (lane 5) and D 1 -C IIL peptide (aa 
416-43 1) (law 6). This blot has been repeated twice. (E) Effects of M-TM VII peptide on c- 
myc epitope-tagged human dopamine Dl receptor and c-myc epitope-tagged human serotonin 5- 
HT,, receptor. Dl receptors were incubated in peptide buffer without (lane I )  or with (lane 2) 
of D2-TM VII peptide, and 5-HTlB receptors were incubated in peptide buffer without (lane 3) 
or with (lane 4) D2-TM VII peptide. A representative of 3 blots is shown. (F) Stability of the 
D2L dimer at various incubation temperatures. D2L receptors were incubated at 23 O C  (lane I), 
37 OC (lane 2), 65 OC (lane 3), and 90 OC (lane 4). This blot is representative of 3 experiments. 
G, Stability of the D2L dimer in various acids. D2L receptors were incubated in HzO (lane I), 
0.1 N tartaric acid (lane 2), 0.1% glacial acetic acid (lane 3), or 0.1 N HCI (lane 4). This 
experiment is representative of 3 replicates. 
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6.3.5 Ligand Binding Properties of D2L Receptor Monomer and Dimer 

We have already shown that in the same membrane preparation fiom DZLkells, the 

benzamide D2 antagonist [3HlYM-~9 15 1-2 detected - 1 -5-2 fold the receptor density estimated 

by the butyrophenone D2 antagonist [3HJspipaone believed to represent binding to different D2L 

receptor species (Fig. 25A). The receptor species-specificity of these ligands was clarified by 

photoaffinity labelling experiments performed using [LU~~-pazidophenethylspiperone 

( [ ' W A P S )  and ["s~]4-azido-5-~~-~9 15 1-2 (fZI IIYM-09 15 1-2). As observed in Fig. 25B, [ 

l z ~ A P ~  labelied the D2L monomer whereas [" UYM-09 151-2 labelled D2L monomer and D2L 

dimer in identical tissues. These data indicated that distinct classes of D2 receptor antagonists 

indeed detect receptor monomer and dimer differentially, accounting at least in part, for the 

higher D2 receptor densities estimated by b e d d e s  compared to butyrophenones. 



Fig. 25. Rndioligand detection of D2L receptor monomers and dimers. (A) A representative 
experiment (n=6) showing the saturation isotherms for [3H]spiperone and HIYM-09 15 1-2 
specific binding to an identical P2 membrane preparation fiom DWSB cells. In this experiment, 
Bmax @mol/mg of protein) and K, @M) are as follows: ['HIspiperone (o), & = 1.8, &, = 215; 
for [ 'HIYM-o~ 15 1-2 (*), B, = 2.8, IC, = 150. These & and If, values differed < 10% from 
the mean of 6 independent experiments. (B) A representative autoradiognm (n=4) showing the 
photoincorporation of [~Y]NAPS (NAPS) in the absence (lane 1) and presence (lane 2) of 1 pM 
(+) butaclamol (BTC) and [~TYM-O~~ 5 1-2 (YM) in the absence (lane 3) and presence (lane 4) 
of 1 pM (+) butaclamol (BTC). D2L monomers and dimers are indicated by arrows. 
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63.6 Phosphorylation and Pahitoylation of the D2L Receptor 

The biochemical characteristics of the D2L receptor were examined using the D2 receptor- 

specific AL-26 antisera. Cells expressing the D2L receptors were metabolically labelled with "P, 

in serum-fke media The antibody imrnunoprecipitated phosphorylated proteins at 4 4  and -90 kDa 

(Fig. 26B, lane 2), corresponding to the receptor monomer and dimer identified by immunoblot 

analysis (Fig. 26A, lane 1). No specific immunoreactive and phosphorylated material was detected 

in Sf9 cek infected with the wild-type baculovirus cultured under similar conditions (Fig. 26B, lane 

3). These data constitute the tirst direct evidence to show that the imrnunoprecipitated D2L 

monomer and dimer are phosphorylated even in the absence of agonist. 

Cells expressing the D2L were cultured in serum-he media in the presence of [3wpalmitic 

acid to metabolically label receptors. Membranes were solubilized and subsequent 

immunoprecipitation experiments with the antibody revealed the presence of two labelled bands 

(Fig. 26C, lane 4) migrating at -44 and -90 kDa, corresponding to the sizes of the D2L monomer 

and dirner on the immmoblot (Fig. 26A, lane 1). These immunoreactive palmitoylated species were 

not present in immunoprecipitated samples from cells infected with the wild-type bacdovirus 

cultured under similar conditions (Fig. 26C, lane 5). These results show for the first time direct 

evidence that D2L monomer and dimer are palmitoylated in the basal state in the absence of agonist. 



Fig. 26. Biochemical characterization of D2L receptors. The experiment shown are 
representative of two or three independent experiments. (A) Immunoblot analysis. Lane 1, 
identification of immunoreaciive D2L receptors in Sf9 membranes (200 pg of protein). Membranes 
were solubilized in SDS buffer, electrophoresed, and electroblotted onto nitrocellulose, and 
immunoreactivity was revealed with a goat anti-rabbit IgG conjugated to alkaline phosphatase as  
described in Methods. (B) Whole cell metabolic labelling with carrier-he "P. Lane 2, 
phosphorylated D2L receptors immunoprecipitated with the AL-26 antibody fiom solubilized 
membranes prepared fiom Sf9 cells expressing D2L; lane 3, immunoprecipitated sample using the 
AL-26 antibody from cells infected with wild-type baculovirus. The autoradiogram shown is fiom 
a 2day exposure. (C) Whole cell metabolic labelling [3Hlpalmitic acid. Lane 4, palmitoylated D2L 
receptors immunoprecipitated with the AL-26 antibody fiom solubilized membranes prepared fiom 
Sf9 cells expressing D2L receptors; lane 5, an immunoprecipitated sample using the AL-26 antibody 
fiom cells infected with the wild-type baculovirus. The autoradiogram shown is fiom a 1-month 
exposure. Reproduced, with permission, from Ng et af., Phosphoryiation and palmitaylarion of 
the h u m  D2L receptor in Sf9 cells, Joumai of Neurochemisny 63, 1589-1595, 1994. 





63.7 Pharmacological Characterization of D2L Receptors Under Basal Conditions and 

Following Varying Periods of Dopamine Exposure 

Expressed D2L receptors, mediated dopamine inhibition of forskolin-stimulated adenylyl 

cyclase activity by 25% with an IC, of 265 + 33 nM (n=3) in P2 membranes prepared h m  vehicle- 

treated cells as shown in Fig. 27A. Following exposure of the cells to dopamine for as long as 60 

min, the ability of receptors to mediate maximal dopamine inhibition of adenylyl cyclase activity 

was unchanged (IC, of 284 5 27 nM (n=3)) suggesting that the D2L receptor coupled adenylyl 

cyclase system did not undergo agonist-induced desensitization under these conditions. All 

experiments were performed on cells expressing -2 pmol receptodmg of membrane protein (48-h 

post infection) as assessed by [3qspiperone binding, and were -85% viable as assessed by trypan 

blue staining. No dopamine sensitive adenylyl cyclase was detected in Sf9 cells infected with the 

wild-type baculovirus (data not shown). 

Dopamine competition of specific ['KJspiperone binding on P2 membranes from vehicle- 

treated D2L receptor expressing cells was best fitted to a two affinity receptor state model (Fig. 27B) 

suggesting coupling to endogenous G proteins as previously characterized. In these experiments, 

K, values and proportions for dopamine-detected high-affinity and low-affinity were 2 1 + 2 pM 

(23%) and 1 3 + 0.5 n M  (77%) respectively (n=3). Following preincubation with 1 0 p M  dopamine 

for 60 min, high-affinity and low-affinity D2L receptor states were still detected by agonist (Fig. 

27B) confirming the D2L receptor mediated inhibition of adenylyl cyclase activity observed under 

these conditions (Fig. 27A). Binding constants for the agonistdetected high-affinity and low- 

affinity D2L receptor states and the relative proportions of sites were 520 & 50 pM (30%) and 18 

+ 0.4 n M  (70%) respectively (~3). - 



Fig. 27. Pharmacological properties of D2L receptors under basal conditions and following 
preincabation with dopamine, (A) Membranes were prepared from cells expressing D2L receptors 
at basal state (o), and following 60 min dopamine exposure (A) for adenylyl cyclase activity 
determination as described in methods. Data was fitted statistically by nonlinear regression and are 
representative of 3-4 independent experiments. (B) For dopamioe competition experiments, 
membranes prepared &om D2Ucells were incubated with varying concentrations (1 0-" - 10" M) of 
dopamine in the presence of radiolabelled antagonist as described in methods. Dopamine 
competition data was fitted statistically to the best of either one or two sites using computer analysis. 
Nonspecific binding for ail radioligand binding experiments was defmed by 1 pM (+)-butaclamol. 
Results shown are f?om one of three independent experiments. 
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63.8 Agonist-indud Ce11niar Redistribution of D2L Receptors As Assessed by Sebcelluiar 

Fractionation and Radioligand Binding 

We have shown by multiple independent assays that sustained agonist exposure mediated 

the internalization of d a c e  D 1 receptors. Similarly, subcellular fiactiomtion experiments were 

conducted to determine directly by radioligand binding the number of D2L receptors in the plasma, 

cell d a c e  membrane and in the light intracellula. vesicular membrane hction under basal 

conditions and following dopamine exposure. Receptor sequestration was again defined as a 

decrease in the number of receptors in the plasma cell d a c e  and a proportional increase in the 

number of receptors in the light vesicular membrane following doparnine treatment. 

In marked contrast to the Dl receptor, D2L receptor density increased in the plasma 

membrane with sustained dopamine exposure which corresponded in time and proportion with a 

decrease in receptors in the light membrane hction (Fig. 28). This D2L receptor response to 

agonist stimulation began to plateau (1 8 + 4%, P c 0.05) after 1 hour and was maximal (28 + 6%, 

P < 0.05) after 6 hours. Removal of dopamine resulted in a near recovery of receptors in the plasma 

membrane and light vesicular membrane fkctions to near control values in the Sf9 cells after 10 

hours (data not shown). These data suggested that D2L receptor redistribution is a means by which 

the cell regulates surface receptor density upon exposure to stimuli. 



Fig. 28. Agonist-induced cellular redistribution of D2L receptors as assessed by subceilular 
fractionation and radioligand binding. Plasma membranes ( 0 )  and light membranes (0) were 
prepared fiom recombinant bacdovirus infected S 9  cells incubated in the presence of 10 pM 
dopamine for various lengths of time. D2L receptor densities of tissues was assessed by binding 
under saturating concentrations of ['H]spiperone as described in methods. Data represent the 
receptor densities compared to control untreated tissues expressed as mean SEM (n=3). 
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Fig. 29. Identification of photolabelled c-myc-Dl and D2L receptor species in plasma 
membranes and in intracellular light membrane fractions. Photoaflkity labelled plasma and 
light membranes were electrophoresed on SDS-PAGE and visualized by autoradiography as 
described in methods. (A) c-myc-Dl/cell membrane hctions photolabelled with [ lUI]M~B. (B) 
DZLkell membrane hctions photolabelled with [ ' 3 ~ ~ ~ ~ ~ .  Lane 1, photolabelled plasma 
membranes Eiom cells at basal state. Lane 2, photolabelled plasma membranes fkom cells 
preincubated with 10 p M  dopamine for 4 hours. Lane 3, photolabelled light membranes fiom cells 
at basal state. Lane 4, photolabelled light membranes from cells preincubated with 10 pM dopamine 
for 4 hours. 200 pg membrane protein was used for each labelling condition. The autoradiograms 
shown are f?om a 1 day exposure. Two or three independent experiments were done to determine 
the specificity of the photolabel and the molecular mass of the photolabelled receptor species. 





63.9 Agonist-induced Redistribution of Cellular D l  and D2L Receptors As Assessed by 

Photoaffinity Labelling 

The pharmacological specificity of the photoafkity label ( [ l Z S ~ ~ ~ ~ )  for the D 1 receptor, 

and the p h o t o f i t y  label (['=I]NAPS) for the D2 receptor have been previously described ( N i a  

et al, 1988, Amlaiky and Caron, 1985) and were used to characterize the receptor species subjected 

to cellular trafticking. Photoaffinity labelling experiments of c-myc Dllcell plasma and Light 

membranes revealed a major 4 8  kDa active ligand binding species (Fig. 29A). Agonist mediated 

a decrease in this species in the plasma membrane and an increase in the light membrane hct ion  

in keeping with the notion of Dl receptor internalization described previously. Photoaffinity 

labelling experiments of D2Ucell plasma and light membranes revealed a major -44 kDa active 

ligand binding species (Fig. 29B) absent in membranes prepared &om wild-type baculovirus infected 

cells and when labelling experiments were performed in presence of 1 p M  (+)butaclamol (data not 

shown). Agonist mediated an increase in the 4 4  kDa D2L species on the plasma membrane and 

a decrease in the light membrane £kction suggesting a physical translocation of the receptor fiom 

the intracellular pools to the plasma membrane. These results suggest that Dl and D2L receptors 

undergo distinct patterns of redistribution, involving monomeric species, upon exposure to agonist . 

63.10 Localization of D2L Receptors in Whole CeUs by Immunocytochemical Fluorescent 

Staining 

The D2 receptor specific AL-26 polyclond rabbit antibody enabled us to examine via 

another independent measure the cellular distribution of the receptor by immunocytochemicd 

staining. Receptor labelling was visualized by confocal immunofluorescent microscopy which 

optically sections a cell such that each section or slice could be viewed individually. Cells were 



penneabiized so that both cell surface and internally located receptors could be detected. All 

comparative analysis was performed under identical iUuminating and viewing conditions. 

Imrnunocytochemical labelling of D2Ucells at basal state showed D2L receptors exhibiting 

a patchy distribution on the cell surface with most of the receptors in intracellular compartments 

appearing as pockets of label. Dopamine exposure mediated a reorganization of the cellular 

distribution of D2L receptors resulting in an increase in surface receptors appearing as a 

prominent ring of fluorescence on the cell surface (Fig. 30A, compare panel A to B). For 

comparison, agonist exposure induced the internalization of the c-myc-D I receptor in the Sf9 

cells (Fig. 30A, compare p e l  D to E), data we have described in detail elsewhere (Fig. 15, 16). 

Contro 1 cells, expressing no receptors, are barely visible reflecting no specific 

immunocytochemical labelling (Fig. 30A, panel C and F). These findings constitute the frst direct 

demonstration that Dl and D2L receptors undergo subtype-specific patterns of redistribution 

following agonist exposure in an identical cell line suggesting, a distinction that likely owed to 

an inherent property of the receptor proteins. 

6.3.11 Agonist-induced Increase in Cell Surface D2L Receptor Monomer and Dimer 

Immunoblot analysis revealed that the increase in surface D2L receptor density in 

dopamine-treated D2L/Sf9 cells was composed of an increase in both D2L monomer and dimer 

(Fig. 3 OB). In agreement with these data, [3wspiperone and 1 HI YM-09 1 5 1-2 radioligand 

binding showed a statistically significant mean 26 + 2% (n=4) and 32 + 4% (n=4) increase (P 

< 0.01) in receptor density in dopamine-treated cells, representing D2L monomers and dimers in 

the plasma membrane (Fig. 30C). Agonist-induced increases in D2L receptor density has also 

been shown in mammalian cell lines (Filtz et al., 1993, Zhang et al., 1994, Ivins et al., 1991), 



and animals treated with indirect dopamine agonists (Rouillard et ale, 1987, Bischoff et al., 1 99 1, 

Vassout et al., 1993, Star et aL, 1995). These data lend support to the notion that the equilibrium 

between receptor monomer and h e r  may have a role in the regulation of D2L receptor activity. 

63.12 Antagonist-induced increase in cell surface D2L receptor density 

Interestingly, D2L receptor upregulation was not specific to agonist. Treatment of 

DZUcells with the benzamide antagonist (-)sulpiride caused smaller increase (average increase, 

10%) in cell surface receptor density (Table 6). This was accompanied by a -30% increased 

affinity of the D2L receptor for the ligand (Table 6). It is unclear at present if these observations 

correspond with this compound's partial ability to mediate a consistent inhibition (average decrease. 

-5%) of adenylyl cyclase activity in these tissues (IC, of 200 + 10 nM ( ~ 2 ) ) .  Interestingly, 

treatment of D2Ucells with butyrophenones such as  haloperidol had no effect on cell surface D2L 

receptor density (data not shown). 

63.13 Clathrin-like Immunoreactive Material and Dopamine Receptor Subtype Sorting 

In many cases, receptor tmfficking may be mediated by clathrin-coated vesicles. 

Preincubation of cells with concanavalin A or sucrose, agents which are known to inhibit clathrin 

processes, blocked agonist-mediated c-myc-D 1 receptor internalization (Fig. 18). However D2L 

receptor tmnslocation to the cell surface was not hindered under similar conditions (data not shown). 

Immunoblot analysis of Sf9 cell lysate with a rabbit polyclonal antibody raised against bovine brain 

clathrin revealed the presence of an abundance of clathrin-like immunoreactive material at the 

expected molecular mass for the heavy chain of neuronal clathrin (Fig. 31) (Kirchhausen and 

Harrison, 1981). These data suggested that clathrin may participate in Dl but not D2L receptor 

cellular trafficking. 



Table 6. Antagonist binding constants for D2L receptors under basal conditions and following 
preincubation with (-)sdpiride. D2Ucells were incubated either in the absence (vehicle) or in the 
presence of 10 p M  antagonist for 1 h. Membranes were then prepared for radioligand binding as 
described. Data was fitted statistically to the best of one or two sites, and KD and & values 
determined by Graphpad INPLOT analysis Data shown represent the average + SD (n=2). 

Treatments 

Vehicle 

[)H] spiperone 

KD 415 39 

B- 3.2 t 0.02 



Fig. 30. Agonist-induced D2L receptor redistribution as assessed by confocai microscopy, 
immunoblot analysis and radioligand binding. (A) Immunocytochemical labelling of whole 
perxneabilized cells (representative cells are shown) visualized under confocal laser microscopy. 
Panel A: D2L/SB cells with vehicle; panel B: D2L/SB cells following preincubation for 4 h 
with 10 @f dopamine; and panel C: a wild-type Sf9 cell. Panel D: c-myc-Dl/SB cell with 
vehicle; panel E: c-myc-Dl/SfP cell following preincubation for 1 h with 10 pM dopamine; and 
panel F: a wild-type Sf9 cell. Cells were perrneabilized to allow detection of both surface and 
intracellular receptors which appear in white in the cell sections. The nucleus of the cell appears 
in the center as black. All samples were taken under identical illuminating conditions. (B) 
Immunoblot of P2 membranes fiom D2L/SB cells treated for 4 h with vehicle (lane 1) or 10 p M  
dopamine (lane 2). Results are representative of 4 experiments. (C)Saturation isotherms of 
[ 3 a Y ~ - ~ 9  15 1-2 and f Hlspiperone specific binding to P2 membranes fiom MUSB cells treated 
for 4 h with vehicle or with 10 pM dopamine are shown. In this [3HlYM-~ 195 1-2 experiment 
(top), B,, (pmoVmg of protein) and K, @M) values for vehicle ( 0 )  and dopamine-treated (A)  
conditions are: B, = 2.8, KD = 121; 8, = 3.8, KD = 115. In this [3H&iperone experiment 
(bottom), B, and K, values for vehicle (0) and dopamine-treated (A) conditions respectively 
are: B, = 2.0, K, = 206; B, = 2.7, KD = 197. These & and &, values differed < 10% 
fiom the mean of 4 independent experiments. 
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Fig. 31. Clathrin-immunoreactive material in Sf9 cell lysate. Sf9 cell lysate (100 pg protein) 
was separated by SDS-PAGE and electrophoretically transferred onto nitrocellulose and 
irnmunoblotted with a goat antibody directed against bovine brain clathrin as described in methods. 
Clathrin-like immunoreactive material was detected at - 160-1 80 kDa representative of a typical 
experiment repeated two times. 





6.4 Pharmacological Characterization of Coexpressed D l  and D2L Receptors 

6.4.1 Binding Properties of D l  and D2L Receptors Are Not Altered in the Presence of the 

Receptor Subtype 

The effects of presence of the D2L receptor on Dl receptor binding, and the effects of the 

Dl  receptor on D2L receptor binding were examined in Sf9 cells coexpressing c-myc-Dl receptors 

and D2L receptors to specific activities of -6 and 4 pmoVmg of protein respectively. Saturation 

binding analysis with [ 3 H ] S ~ ~ - 2 3  390 and ['Hlspiperone on membranes prepared &om D 1 - 

DZL/cells revealed KD values of 934+57 pM and 389+41 pM respectively similar to receptors 

expressed in isolation (Table 7). SKF-383931 [3H]SCH-23390 competition analysis binding was 

best-fitted to a two affinity state model in membranes from D 1-D2Ucells, with K,, and K, values and 

the proportions for each site similar to Dl  receptors expressed in isolation (Table 7). 

~uinpirole/[~Hlspipe~one competition binding revealed agonist detected high- and low-affinity sites 

in membranes &om Dl-DZUcells with similar affinities compared to DZUcells (Table 7). 

Collectively, these data showed no modulation of ligand binding properties of D 1 or D2L receptors 

in the presence of the other receptor subtype when coexpressed in an identical cell line. 



Table 7. Binding parameters for c-myc-Dl and D2L receptors expressed in isolation and 
coexpressed in SfP cells. [ 3 w ~ ~ ~ - 2 3 3 9 0  and [ 3~spiperone K, (pM) values were determined by 
saturation binding, whereas SKF-38393 and quinpirole K, @M) values for high and low Wty 
receptor states were determined by competition for [3H]SCH-23390 and [3H]spiperone binding at 
D 1 or D2L receptors respectively. The values represent the mean + SEM for n=3 or average + SD 
for n=2. ND refers to not determined. 

I Ligand 

I spiperone 

spiperone 

1 6.750.3 1 0.150.01 
@moVmg protein) 

B, 

@mol/mg protein) 
0.2 t 0.01 1.8 k.2 



6.43 Absence of Dl-D2L Receptor Heterodimerization in Living Cells Coexpresssing the 

Receptor Subtypes 

The high-level of receptor expression that can be generated in Sf9 cells was taken advantage 

of to M t a t e  the detection of possible D 1 -D2L receptor heterodimers. For these studies, c-myc-D 1 

receptors and D2L receptors were expressed to levels of 4 and 4 prndmg of protein respectively. 

[mmunoblot analysis of membranes prepared from D 1 -DZL/ceIls using a monoclonal antibody 

directed against c-myc of c-myc-Dl receptor showed the presence of two major species migrating 

at -48 kDa and -1 10 kDa identical to the staining pattern observed for membranes prepared fiom 

D lkells (Fig. 32A). Irnmmoblot analysis using a D2 receptor selective antisera directed at the third 

intracellular loop of the D2 receptor revealed two major species at -44 kDa and -90 kDa identical 

to the immunoreactive pattern observed for membranes prepared fiom D2Ucells (Fig. 32B). The 

immunoreactive staining patterns of D l  and D2L receptors were identical under reducing and 

denaturing and non-reducing and denaturing conditions. Taken together, these data indicate that D 1 

and D2L receptors heterodimers do not appear to preexist in membranes of living cells. 

6.43 Absence of Dl-D2L Receptor Heterodimerization in Detergent Solution 

To confirm whether D1 and D2L receptors had a quaternary structure, as may be predicted 

to occur by the three-dimensional molecular fining at the protein-protein interface of a GPCR dimer, 

immunopurified receptors were coincubated in detergent solution. Immunoblot analysis of a sample 

of immunoprecipitated D2L receptoa compared to a sample of immunoprecipitated D2L receptors 

coincubated with immunoprecipitated D 1 receptors in detergent buffer revealed D2L monomer and 

dimer at the expected molecular mass for the D2L receptor (Fig. 33). No other band at - 100 kDa 



was observed indicating that Dl and D2L receptors do not undergo association to form Dl-D2L 

heterodimers in detergent solutions under these conditions. Collectively, these results confirm that 

stable receptor dirners are formed by highly receptor subtype-specific structural interactions, and 

that heterodimerization of Dl  and D2L receptors is an unlikely basis of the reported synergism 

between these two receptor systems. 



Fig. 32. Immunoblot analysis of c-myc-Dl and D2L receptors expressed in isolation and 
coexpressed in Sf9 cells. (A) D 1 receptor monomers and dimers were revealed in P2 membranes 
prepared h m  Dl-D2USB cells coexpressing c-myc-Dl and D2L receptors and D l/SB cells 
expressing Dl receptors (Dl) using the monoclonal 9E10 antibody directed against the c-myc 
epitope attached to the amino terminus of the D 1 receptor. No immunoreactive species were 
detected with the 9E10 antibody in P2 membranes fiom D2L/Sf9 cells or wild-type (WT) Sf9 cells. 
(B) D2L monomers and dimers were revealed in Dl -D2USf9 cells coexpressing c-myc-Dl and 
D2L receptors and D2USf9 cells expressing D2L receptors using the polyclonal antibody raised 
against 120 aa residues of the third intracellular loop of the D2 receptor (nt 661-1020). Little 
background labelling was detected with the AL-26 antibody in Dl/SB cells or wild-type Sf9 cells. 
Receptor monomers and dimers, indicated by arrows, were found to be stable in the presence of SDS 
and reducing agents such as P-mercaptoethanol and DTT during SDS-PAGE. The blot shown is 
representative of n=2. 





Fig. 33. Lmmunoblot of immunoprecipitated D2L receptors coincubated in the absence or 
presence of immunoprecipitated c-myc-Dl receptors in detergent. Immunoblot analysis was 
performed with the AL-26 D2 antibody against 3 pmol of immunoprecipitated D2L receptors 
(lane I), and 1.5 pmol of immunoprecipitated D2L receptor incubated for 1 h at room 
temperature with 1.5 pmol of immunoprecipitatated c-myc D1 receptor prior to SDS-PAGE (lane 
2)- 





6.4.4 Dl-ML Receptor Interaction Downstream the Level of the Receptor 

The effect of the presence of the D2L receptor on D 1 receptor stimulated adenylyl cyclase, 

and the effects of the D I receptor on D2L receptor inhibition of adenylyl cyclase were examined in 

Sf9 cells coexpressing c-myc-Dl receptors and D2L receptors. Maximal Dl receptor-mediated 

SKF-38393 stimulated adenylyl cyclase activity was consistently higher in membranes prepared 

fiom cells coexpressing Dl and D2L receptors compared to membranes prepared £?om cells 

expressing Dl receptors alone (Fig. 34). Interestingly, the SFK-38393 EC, values did not differ 

(Fig. 34). Consistent with this D2L-potentiation of D 1 receptor stimulated adenylyl cyclase activity, 

maximal D2L receptormediated quinpirole inhibition of adenylyl cyclase activity was greater in 

membranes prepared h m  cells coexpressing the receptor subtypes compared to cells expressing the 

D2L receptor in isolation (Fig. 34). No difference in quinpirole IC, value was observed in these 

preparations (Fig. 34). However, no synergism was observed in membranes from Dl-DZUcells 

when dopamine was used as the agonist. In fact, maximal Dl receptor-mediated dopamine 

stimulated adenylyl cyclase activity was reduced in membranes prepared fiom D 1 -DZL/cells 

compared to D l/cells (Fig. 34) suggesting possibly the net contribution of D 1 receptor stimulation 

and concurrent D2L receptor inhibition of adenylyl cyclase under these conditions. The results of 

these studies suggest that Dl and D2L receptor coupled adenylyl cyclase systems can functionally 

interact with each other at the G protein and/or effector level. 



Fig. 34. Dl and D2L receptor coupled adenylyl cyclase activities in Dl-DZL/cells. (A) The 
dose-response for SKF-38393 mediated Dl receptor stimulated adenylyl cyclase activity is shown 
in membranes prepared fkom Dlkells or Dl -DZL/ceUs. SKF-38393 EC, values for membranes 
from D lkells compared to D 1 -ML/cells were 177 + 41 nM (n=2) and 1 10 5 1 1 nM (n=2) 
respectively. (B) The dose-response for quinpirole mediated D2L receptor inhibition of adenylyl 
cyclase activity is shown ic membranes prepared from D2L receptor expressing Sf9 cells or Sf9 
cells coexpressing Dl and D2L receptors. Quinpirole IC, values for membranes Eom D2USf9 
cells compared to D 1 -D2USB cells were 2 + 0.3 n M  (n=2) and 1.1 5 0.1 nM (n=2) respectively. 
(C)The dose-response for dopamine mediated D 1 receptor stimulated adenylyl cyclase activity 
is shown in membranes prepared fiom Dl receptor expressing Sf3 cells or Sf9 cells coexpressing 
D 1 and D2L receptors. Dopamine EC, values for membranes h m  D lkells compared to D 1- 
D2Ucells were 1 89 2 24 nM ( ~ 2 )  and 202 2 3 1 nM (n=2) respectively. 
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DISCUSSION 

Dopamine Dl and D2 ~ceptors bind dopamine to mediate a plethora of biological activities 

such as modulating emotional states, motor control and reproduction. The molecular basis of this 

functional diversity is poorly understood, but can be explained in part by the multiplicity of 

dopamine receptors. The Dl receptor and the D2L receptor exhibit the seven transmembrane 

spanning domains linked by intracellular and extracellular loops characteristic of all GPCRs. Amino 

acid sequence analysis of the Dl and D2L receptors reveals the presence of serine and threonine 

residues in the third putative inincellular cytoplasmic loop, consensus sequences recognized by 

p hosphorylating enzymes. Additionally, cysteine residues are present in the cytoplasmic tail of both 

D 1 and D2L receptors recognized by a palmitoylating e r n e .  These structural determinants 

suggest that these receptors could be subject to regulation by these key posttranslational 

modifications that govern the activity of other proteins. However in contrast to the D 1 receptor, the 

D2L receptor has a significantly larger third inhacellular loop and shorter carboxyl tail, suggesting 

potentially different patterns of regulation for these receptors. Until now, neither biochemical 

characterization nor ligand-induced regulation of these receptors has yet been described in detail 

owing to the coexpression or coexistence of related receptor subtypes in tissues, and the low 

amounts of native protein available for detailed analysis. Further the challenge is made greater by 

the inability to purify D 1 and D2L receptors, and the lack of foster cell lines able to express these 

receptors with appropriate biological activity. 

A number of GPCRs such as  P,-adrenergic (Mouillac et al., l992), muscarinic (Parker 

et al., 1991, Richardson and Hosey, 1992, Vasudevan et al., 1992), q-C4 adrenergic (Oker- 

Blom et al., 1993) and serotonin 5-HT, (Mulheron et al., 1994) receptors have been successllly 
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studied in the baculovinrs/Sf9 insea cell system. Distinguishing features of the Sf9 cell Line include 

high signal to low noise background, and the ability to generate biologically active and 

immunoreactive recombinant proteins. The biology of Dl and D2L receptors at the molecular 

level has remained largely unclear, a fact that has changed now that cloned D l  and D2L 

receptors have been successfully expressed and studied in the foster Sf9 insect cell line. 

7.1 Biochemical and Pharmacotogid Properties of the D l  Receptor 

7.1.1 Pharmacology of Dl  Receptors 

The initial step was to determine whether Dl receptors expressed in Sf9 cells were 

similar to the neuronal Dl receptor. The strategy employed to study Dl  receptor biology was 

to express a c-myc epitope tagged Dl receptor which would enable receptor characterization 

using a monocIonal antibody directed against c-myc of c-myc-Dl receptor. Dl receptors were 

expressed efficiently in Sf9 cells under the transcriptional control of the AcNPV polyhedrin 

promoter. Expressed receptors showed selective, reversible, and saturable binding of sCH- 

23390 with KD values similar to binding constants reported for D l  receptor in human caudate 

(Seeman, 1987). Displacement of paSC~-23390 by agonists and antagonists was in the 

appropriate rank order of potency characteristic of the human brain Dl  receptor profile (Seeman 

and Niznik, 1988) indicating that Dl receptors expressed in Sf9 cells bound ligands 

indistinguishable from native receptors. Most impomtly, expressed Dl receptors appeared 

biologically active. Indeed, the guanine nucleotide-sensitive agonist-detected high affinity state, 

and the ability of dopamine to stimulate adenylyl cyclase suggested that expressed Dl receptors 

were coupled to endogenous G,-like proteins in the Sf9 cells. These encouraging results 

prompted detailed structure-function studies of the D l  receptor which had not been possible in 



previous model systems. 

7.1.2 Biophysicochemicai Roperties of Dl receptors 

To characterize the nature of expressed D l  receptors, photolabelling and h u n o b l o t  

analysis identified Dl  receptor species of -48 kDa in good agreement with the predicted 

molecular mass of the Dl receptor (Sunahara et al., 1990). In cells metabolically labelled with 

=Pi or I H]palmitic acid, the immunoprecipitated -48 kDa species was found to be 

phosphorylated and palmitoylated demonstrating for the first time posttranslational modifications 

of Dl receptors. Additionally the - 110 and -200 kDa immunoreactive species, at 

approximateiy twice- and four-times the molecular mass of the receptor monomer, were believed 

to represent Dl dimers and tetramers. However their lack of photolabel [lSIJIMAB binding, 

as well as absence of postaanslational modifications, suggested that these species may not have 

a direct role in Dl signalling. The most k l y  conclusion is that the Dl receptor monomer likely 

represents the major biologically active species. We next sought to identify the biochemical 

mechanisms that might regulate the hctional coupling of recombinant D 1 receptors to adenylyl 

c yclase . 

7 . 1  Agonist-induced Desensitization of Dl receptors 

Preincubation of Dl/cells with 1 p M  dopamine for 15 min led to a 16% reduction of 

dopamine-stimulated adenylyl cyclase with no change in basal, forskolin- or sodium fluoride- 

stimulated adenylyl cyclase activity, consistent with a receptor-specific homologous desensitization. 

Stimulation for a longer period of time (30 min) or with a higher concentration of dopamine (1 0 &I) 

resulted in a broader pattern of desensitization which led to a decreased responsiveness to forskolin 

and sodium fluoride. This might reflect the combination of both homologous and heterologous 



desensitization under these conditions. The mechanisms underlying the desensitization of the D1 

receptor coupled adenylyl cyclase system appeared to involve the agonist-induced uncoupling of 

receptors h m  G proteins and effector molecule. The biochemical basis of this most likely 

involved the posttranslational modifications of the D l  receptor since desensitization was 

accompanied by an increase in receptor phosphorylation level. It has been shown that 

phosphorylation of the structurally related &-adrenergic receptor results directly in the fhctional 

uncoupling of this receptor (Bouvier et al., 1988). Consensus sequences for cyclic AMP- 

dependent protein kinase phosphorylation are present in the primary structure of the Dl receptor 

( Sunahara et al., 1990). Additionally, serine and threonine residues present in the carboxyl tail 

of the D l  receptor could serve as potential sites for GRK phosphorylation (reviewed by 

Lefkowitz, 1993). Thus, an increased state of Dl  receptor phosphorylation appears to be a 

biochemical determinant mediating the hnctional uncoupling of this receptor. However, we now 

show that the desensitization of the D l  receptor stimulated adenyly cyclase system was also 

associated with increased Dl  receptor palmitoylation. 

Thioesterification of the Dl  receptor with palmitic acid may involve the cysteine residue 

(Cysm) present in the carboxy 1 tail (Sunahara et al., I WO), since it has been previously shown 

that the Cys"' located in an equivalent region of the &-adrewrgic receptor is the site for 

palmitoylation (O'Dowd et al., 1989). For the P,-adrenergic receptor, mutation of this cysteine led 

to a receptor form with a decreased ability to stimulate adenylyl cyclase. We now show that agonist 

treatment mediated a significant increase in [3H]palmitate acid incorporation in the Dl receptor. 

According to the proposed model, palmitoylation of cyf18 in the carboxyl tail of the Dl receptor 



would impose an additional fourth intracellular loop anchoring part of the carboxyl tail to the plasma 

membrane governing the susceptibility of the receptor for phosphorylation. We conclude that 

agonist modulated palmitoylation of the D 1 receptor may represent a novel regulatory mechanism. 

It will be important to determine the relatedness of Dl receptor palmitoylation and G-protein 

coupling with a substitution of Cy? + Ala in the D l  receptor. In light of these data, it would 

also be of interest to elucidate the dependence or interdependence of phosphorylation and 

palmitoylation and the effect(s) on Dl receptor regulation. 

7.1.4 Agonist-induced Redistribution of D l  Receptors 

Immunofluorescent labelling showed that acute ago& treatment of the Dlkells induced 

a rapid redistribution of the surface receptors into discrete aggregates accompanying a small 

- 13 % reduction in cell surface receptor density, but no D 1 receptor internalization as 

determined by differential ce-gation and radioligand binding. It could be hypothesized that 

acute agonist exposure triggered a coafonnatiod change and/or aggregation of surface Dl 

receptors rendering receptors refractory or inaccessible to ligand binding. This response has 

never been demonstrated previously for any dopamine receptor, but is consistent with the lack 

of change in the cellular distribution of receptors, as suggested previously for a model of 6,- 

adrenergic receptor questration (Wang et al., 1989). However, sustained agonist exposure for 

an hour or more resulted in a significant Dl receptor internalization with the response beginning 

to plateau following 1 hour and reaching maximal after 4 hours. Photoaffinity labelling experiments 

provided visual confirmation indicating an agonist-promoted physical translocation of a - 48 kDa 

receptor species from the surface plasma membrane to a Light membrane fraction. This 

conclusion was supported further by immunocytochemical localization studies employing 



powerful confocal mimscope techniques which revealed ago&-induced redistribution of 

surface receptors from a diffuse pattern of distribution to aggregates, with internalization of 

receptors in to pmctare pockets in the cytoplasm. Additionally, these data are highly suggestive 

that this process could be sequential in manner such that receptor aggregation and possibly 

dimerization may serve to package receptors for internalization. Indeed immunoblot analysis 

confirmed an agonist-mediated reduction in the -48 kDa receptor monomer in plasma 

membranes, with little change in the level of irnmunoreactivity of the - 1 10 kDa dimer species. 

Thase data indicated that using either biochemical or immunological techniques, agonist exposure 

mediated a timedependent Dl  receptor internalization long after agonist-induced desensitization 

had occurred. We have provided first evidence that agonist-induced Dl receptor internalization 

may be a mecbankm distinct from receptor desensitization that serves to regulate the activity of 

D l  receptors following agonist exposure. The physiological role of D 1 receptor internalization 

remains an active area of research. One explanation might be that D 1 receptor redistribution may 

represent a mechanism by which the cell acts to reestablish steady-state conditions. In this model, 

it is suggested that uncoupled and phosphorylated receptors are rapidly sequestered away from 

the celi surface, and are dephosphorylated and retumed to the surface in an active form 

(reviewed by Perkins et al., 1990). The recovery of receptors in the plasma membrane and light 

membrane hction to near control values following the removal of agonist is consistent with this 

model. Further evidence of multiple levels of Dl receptor regulation comes from the fact that 

pretreatment of Dlkells prior to dopamine exposure with concanavalin A or a hypertonic 

concentration of sucrose completely blocked agonist-induced Dl receptor internalization but not 



desensitization. Moreover, foilowing 18 h of agonist treatment, almost no specific labelling 

cwld be detected on the surface of Dllcells indicating longer-term down-regulation or loss of 

the total number of receptors. We conclude that the human Dl receptor is posttramlationally 

modified by phosphate and palmitate residues, and undergoes rapid agonist-promoted 

desensitization which is accompanied by enhanced phosphorylation and palmitoylation of the 

receptor. We also provide the first evidence for at least three temporally distinct pathways, 

involving the rapid bctional uncoupling of the D l  receptor, intermediate-term Dl  receptor 

internalization, and longer-term Dl receptor down-regulation, that regulate Dl receptor-Wed 

transmembrane signalling and its inactivation. 

7.2 Biochemical and Pharmacological Properties of D2L Receptors 

7.2.1 Pharmacological Characterization of D2L receptor Monomers and Dimers 

D2L receptors expressed in Sf9 cells exhibited a pharmacological rank order characteristic 

of D2 receptors in neuronal tissues (Seeman et al., 1992) and cloned D2L receptors expressed in 

mammalian cell lines (Castro and Strange, 1993). ~gonistl[~H]spiperone competition binding was 

guanine nucleotide-sensitive suggesting that expressed receptors were coupled to endogenous 

Gi/Go-like proteins in Sf9 cells. Immunoblot analysis of membranes prepared fiom MUSB cells 

revealed major immunoreactive species at 4 4  kDa, and at approximately twice the molecular mass 

at -90 kDa, similar to immunoreactive receptor species identified in membranes &om D2L receptor 

expressing mammalian cells (Levey et al., 1993). Radioligand binding analysis also suggested the 

identification of multiple D2L rezeptor species. In the same membranes preparation from D2Wcells, 

[3qYM-09 15 1-2 detected twice the receptor density identified by ['Hjspiperone in agreement with 

reported findings (Niznik et al., 1985, Terai et al., 1989, Seeman et al., 1992, Wong et al., 1993). 



Receptor dimerization may be a likely interpretation of these immunoblot and radioligand binding 

data. 

72.2 Biophysicochemieal Properties of D2L Dimers 

We have shown that D2L receptor monomers and dirners are stable in the presence of 

detergents such as SDS and triton, and reducing agents such as 2-mercaptoethanol and DTT 

indicating that dimeintion did not result h m  disulphide bonding. Structure.-based receptor studies 

provided a clue to the nature underlying GPCR dimerization. The seven trammembrane helices of 

GPCRs are thought to be sequentially arranged in anticlockwise fashion, thus forming a very tightly 

packed TM receptor core (reviewed by Baldwin, 1993). Residues located on the inner surfaces of 

different TM helices are thought to be involved in the binding of ligands that act on GPCRs 

(reviewed by Strader et al., 1989). Mutagenesis studies have suggested that the proper folding of 

GPCR monomers involves intramolecular interactions between TM I and TM W (Suryanarayana 

et al., 1992, Liu et al., 1995). Others have shown that coexpression of N-terminal domains 

(containing TM I-V) and C-terminal receptor domains (containing VI and VQ resulted in the 

appearance of functional Iigand binding and effector coupling Maggio et al., 1993). The results of 

these studies suggested that TM regions contain not only the structural determinants for Ligand 

binding, but contain also specific binding sites that mediate the profper 3-dimensional self-assembly 

of receptor proteins. These studies led us to test the hypothesis that interactions involving TM VI 

and W helices may be responsible for receptor dimerization. 

Consistent with our hypothesis, the dissociation of the D2L dimer to monomer was 

accomplished in a dose-dependent manner upon addition of the TM W peptide derived fkom the 

TM VII domain of the D2L receptor. Peptides derived fiom the TM IV and VI domains of the D2L 



receptor had similar dosedependent effects on dimer stability. In samples coincubated with 

peptides, we noted a consistent upward shift in the molecular weight of the monomer. This 

suggested that peptides bind to a TM region of the D2L receptor which normally associates with a 

companion D2L monomer to form a stable D2L dimer. In effect, D2L receptor dimerization is 

prevented by competitive inhibition of the association of receptor monomers by peptide. Binding 

of the peptide to the D2L monomer likely disrupts the tertiary structure of the D2L receptor 

monomers and inactivates D2 receptors. Alternatively, peptides may act by interfering at the 

outerface of the TM domains which participate at the dimer interface. In doing so, this may lead to 

the creation of a receptor monomer and a receptor-peptide heterodimer, or two receptor-peptide 

heterodimers assuming that the stochiometry is 1 peptide: 1 receptor. This model of action is 

unlikely since this would suggest that dimerization is mediated by any combination of TM-TM 

interactions, and one might expect from such interactions infinite aggregations of  receptor 

monomers with no uniformity in size of the receptor complex. Peptide actions were receptor and 

site-specific since no disruption of D2L dimers was observed under identical experimental 

conditions using peptides derived from the third intracellular loop of the D2L receptor, or peptides 

derived h m  the TM VI domain of the P,-adrenergic receptor or peptides derived from the carboxyl 

tail of the Dl receptor. In addition, no dissociation of human D 1 and 5-HT,, receptor dirners 

was observed with the D2-TM W peptide. Collectively, these data support the hypothesis that D2L 

dimers, which are stable in the presence of detergent and reducing agents, exist in association- 

dissociation equilibrium with monomers linked by receptor subtype-specific noncovalent 

interactions between TM regions. Consistent with this model, D2L dimers diluted in sodium dodecyl 

m h t e  buffer can be dissociated as a function of increasing temperature. The dimer was completely 



dissociated at 65 "C after a 30 min incubation. Our pH stability experiments are also in agreement 

with the inteqmtation that two D2L monomers are in equilibrium to form a dimer. Dissociation of 

the D2L dirner was achieved by addition of 0.1 N tartaric acid, 0.1% glacial acetic acid, or 0.1 N 

HCI (final pH of approximately 3) after a 30 min incubation. We conclude that D2L dimerization 

and possibly the dimerization of other GPCRs is mediated at the protein level involving specific 

intermolecular, noncovalent and electrostatic interactions of certain residues within TM N, VI and 

VII domains. IntereStingIy, sequence alignments show that virmally all GPCRs share several 

invariant proline and tryptophan amino acids located in TM N, VI and W (reviewed by Probst 

etal., 19!32). This gives rise to the intriguing speculation that if dimerization is universal to GPCRs, 

the high degree of conservation of these residues may indicate that these amino acids play a critical 

role in the dimerization of these receptors. It will be important now to determine the precise region 

and amino acid(s) required to form stable receptor dimers. 

The presence of multiple D2L receptor species was confirmed by radioligand binding. 

In the same membrane preparation fiom D2L/Sf9 cells, the benzamide D2 antagonist [ 3 ~ ~ ~ -  

09 1 5 1-2 detected -1.5-2 fold the receptor density estimated by the butyrophenone D2 antagonist 

[3wspiperone. These findings are in good agreement with receptor density data previously 

obtained fiom D2L receptors in cultured cells (Seeman et al.. 1992), in rat and porcine anterior 

pituitary tissues (Nimik et al., 1985, Terai et ai., 1989), human postmortem tissue (Seeman et 

al., 1992) and PET studies (Wong et al., 1993). The receptor species-specificity of these ligands 

was clarified by photoaffinity labelling experiments using [ ' 2 S ~ ] ~ ~ ~ ~  and ['" I] YM-09 1 5 1-2. As 

observed in Fig. 26B, [ lZIW~PS labelled the D2L monomer whereas tU IIYM-09 15 1-2 labelled 

D2L monomer and D2L h e r  in identicd tissues. These data indicated that distinct classes of 



D2 receptor antagonists detect receptor monomer and h e r  differentially, accounting at least in 

part, for the higher D2 receptor densities estimated by benzamides compared to butyrophenones. 

Of potentially gnat clinical significance, these studies suggest that dopamine receptor dimers and 

monomers may be different targets of neuroleptic drug actions. Taken together, these data 

constitute the first direct evidence that D2L receptors and other GPCRs exist as dimers and 

monomers. 

Analysis of the amino acid structure of the D2L receptor indicates the presence of several 

threonine and serine residues (Bunzow et al., 1988) that are putative sites for phosphorylation by 

regulatory protein kinases, supporting the notion that receptor phosphorylation may be an important 

determinant of D2 receptor f 'c t ion.  Cells expressing D2L receptors were cultured in serum-free 

media and incubated with '*pi to metabolically Iabel receptors. Imrnunoprecipitation experiments 

demonstrated for the first time that the -44 kDa and -90 kDa D2L receptor species were each 

phosphorylated even in the absence of agonist, with the dimer being labelled with higher specific 

activity. Agonist-independent phosphorylation of receptors suggest that this owes to an inherent 

property, intrinsic or consthtive activity, of the receptor proteins. Agonist-independent 

phosphorylation has been best studied for the glucocorticoid receptor and is believed to be important 

in regulating receptor recycling and reuse (Orti et al., 1989). This raises the interesting speculation 

that the receptor dimer is in a more active or higher energy state than monomer. The basis of this 

may owe to receptor-receptor cooperativity as described in the mathematical model for histamine 

receptor binding (Sinkins and Wells, 1993, Sinkins et al., 1993). However the precise molecular 

determinants of GPCR dimer formation remains unknown at this time. 

Palmitoylation has been shown for the serotonin S-HT,, and %-,-adrenergic receptors (Ng 



et al, 1993, Kennedy and Limbinl, 1993), two other structurauy related receptors with short carboxyl 

tails. The occurrence of cysteine residues in the carboxyi tail of the D2 receptor (Bunzow et al., 

1988) suggested that it may be a candidate for palmitoylation. Indeed, immunoprecipitation 

experiments showed that the 4 4  kDa and -93 kDa D2L receptor species were both palmitoylated. 

These data constitute the first direct evidence showing agonist-independent palmitoylation of the 

D2L receptor. It appears that in the absence of agonist, as  in the case of receptor phosphorylation, 

receptor palmitoylation may be mediated by an intrinsic or constitutive property of the receptor 

protein. However, the precise role of D2L receptor palmitoylation remains a subject of further 

research. Palmitoylation could be a modulator of ligand binding or receptor activity as shown for 

the Dl receptor. Alternatively, palmitoylation could constitute a site for receptor-membrane docking 

and presentation of monomers for dimerimtion. Further definition of the role of D2L palmitoylation 

on a molecular level seems important. 

7.23 Differential Regulation Of The D2L Receptor Coupled Adenylyl CycIase System 

Following Agonist Exposure 

We now present evidence demonstrating that the D2L receptor coupled adenylyl cyclase 

system, compared to the Dl system, is differentially regulated by agonist in the same foster cell line. 

Following sustained exposure to 10 p M  dopamine for as long as 60 min, D2L receptor mediated 

inhibition of forskolin-stimulated adenylyl cyclase activity was not significantly affected suggesting 

that the D2L receptor does not readily undergo agonist-induced desensitization. Indeed such 

treatments did not result in a loss of agonistdetected high affinity binding. The continued 

occurrence of D2L receptor hctional coupling following sustained agonist exposure might be 

attributed to a tight association of the D2L receptor-G protein-adenylyl cyclase complex not 



common to the Dl receptor coupled adenylyl cyclase system. Aithough the classical response of 

receptor systems to stimulation by agonist is desensitization, paradoxical regulation of the D2L 

receptor system by agonist is not unprecedented. Resistance of D2L receptor coupled adenylyl 

cyclase to agonist-induced desensitization has been demonstrated in several different mammalian 

cell lines (Ivins et ai., 199 1, Filtz et al,  1993, Zhang et al., 1994, Star et al., 1995). Conceivably, 

agonist-bound D2L receptors exist in a more stable state (Costa and Feldrnm, 1987, Wiese et al., 

1992). Alternatively, resistance to desensitization may be conferred by continuously replacing or 

making available signalling receptor species for as long as agonist is present This notion is 

consistent with the agonist-induced up-regulation of surface D2L receptors. Alternatively, 

differential sensitivity to ago& may owe to an inherent property of the D2L receptor protein and/or 

the biophysicochemical state of the receptor. We have shown that the D2L receptor is 

phosphorylated and palmitoylated and undergoes dimerization supporting the hypothesis that such 

posttranslational modifications may contribute to the activity of the receptor. 

7.2.4 Agonist-induced Redistribution of D2L Receptors 

In contrast to the D1 receptor, agonist mediated a slow timedependent redistribution 

(recruitment) of D2L receptors fiom intracellular pools to the cell surface as assessed by radioligand 

binding and confirmed by immunocytochemical labeling and confocal laser microscopy 

techniques. Immunoblot and [3HJspiperone and f ~ Y M - 0 9  15 1-2 binding analysis revealed that 

the dopamine-induced increase in surface D2L receptor density was composed of an increase in 

both D2L monomer and dimer. D2 receptor up-regulation and behavioural supersensitivity to D2 

agonist have been observed in animals treated with indirect dopamine agonists (Lee et al., 1988, 

Rouillard et al., 1987), and have been reported for the D2-like, D3 receptor as well (Cox et al., 



1995). Interestingly, the upregulation of D2L receptors was induced not only by agonist, but also 

by the benzamide antagonist, (-)sulpiride, but not the butyrophenone, haloperidol, confirming the 

results of other studies (Filtz et al, 1993, Star et al., 1995). We now attribute the effects of the 

benzamide to partial agonist activity at the D2L receptor, which correlates well with the lower 

incidence of Parkinson-like side-effects reported for this compound compared to other 

wuroleptics (Motohashi et al., 1992). Although these results imply some selectivity for agonists 

in inducing D2L receptor up-regulation, the basis of ligand-induced increase in surface D2L 

receptor density is not entirely clear. Agonist-induced receptor upregulation has been associated 

with the transcriptional control (biosynthesis rate and altered stability and levels of receptor mRNA) 

of the 5-HT2 receptor on cultured cerebellar neurons, and P,-adrenergic and P,-adrenergic receptors 

in cultured cells (Thomas et al., 1992, Akiyoshi et al., 1993, Collins et al., 1992). However, this is 

Likely not the mechanism for the D2L receptor since largely coding sequences and not untranslated 

regions, important for transcriptional regulation, are present in the recombinant D2L- baculovirus. 

It is likely that increased d a c e  D2L receptor density resuits from a redistribution of existing 

intracellular pools of D2L receptors to the swface, and not biosynthesis of new receptors. It has 

been postulated that intracellular receptors could serve as reserve receptor pools that may be induced 

by agonist to translocate to the cell surface or to functional microdomains (Von Zastrow et al., 1993, 

Clapham and Neer, 1993). It also follows that with the continuous up-regulation of d a c e  

receptors, the D2L receptor system should remain refractory to agonist-induced desensitization. 

It will now be important to uncover the physiological relevance of this ligand-induced D2L receptor 

response. 

7 3  Mechanistic Basis Of Dopamine Receptor-subtype Specific Redistribution 
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Coated vesicles have been shown to be involved in the short and long term agonist-induced 

trafficking of adenosine A, and glutamate receptors (Gonzalez-Calero et al., 1990, Martin et al., 

199 1 ). Recently D 1 and D2L receptors have been colocalized with their signalling system in 

clathrin coated vesicles in brain (Ozaki et al., 1994) suggesting some functional relationship between 

coated vesicles and dopamine receptor subtype trafficking. Preincubation of Dl/cells and D2Ycells 

with concanavalin A or with sucrose, agents shown to block clathrin-mediated processes, inhibited 

agonist-induced Dl, but not D2L receptor redistribution. Immunoblot analysis using an antibody 

raised against bovine neuronal clathrin revealed the presence of an abundance of clathrin 

immunoreactive-like material in Sf9 cell lysate corresponding in size to the heavy chain of neuronal 

clathrin. These data suggest that clathrin-like processes may be involved in dopamine receptor 

subtype-specific trafficking. D D1 receptors have been colocalized with its signalling system in coated 

vesicles (Ozaki et al., 1994). It has been postulated that cellular protein tdiicking by coated 

vesicles constitutes a rapid process whereby receptors are concentrated to increase the efficiency of 

their delivev to their targets- In addition coated vesicles have been shown to fimction as a recycling 

device (Goldstein et al., 1985, Brodsky, 1988). These observations are all consistent with the 

biology of the DI receptor, but not the biology of the D2L receptor following agonist exposure. 

This suggest an intriguing possibility that a further level of functional heterogeneity distinguishing 

these receptors may also be present at the level of the intracellular trafficking and subcellular sorting 

of these receptors. Several observations provide interesting speculations about possible molecular 

candidates for the mediators of D2L receptor trafficking. First, G, proteins have been implicated 

in the activation of noncoated vesicle-mediated exocytosis (Aridor et al., 1993), and second, Gp, 

dimers have been shown to regulate not only receptor phosphorylation and desensitization, but in 



addition intracellular vesicular tdicking (reviewed by Clapham and Neer, 1 993, Milligan, 1993). 

Thus, there appears to be a more complex level of cellular organization distingishing receptor 

subtypes than previously anticipated. 

7.4 Pharmacological Properties of Coexpressed D l  and D2L Receptors 

A Dl-D2 receptor interaction has been reported in nervous tissue (Seeman et al., 1989, 

LaHoste et al., l992), cultured cells (Wdters et al., 1987, Piomelli et al., 199 1, Surmeier et al., 1992) 

and animals (Star and Star, 1 989), the basis of which remains unknown. We have taken advantage 

of the suitability of the Sf9haculovirus expression system for the study of GPCRs to coexpressed 

D 1 and D2L receptors for the study of D 1 -D2 receptor interactions. Cells expressing the D 1 and 

D2L receptors to spec5c activities of -6 and -4 pmolhg of protein respectively were used in these 

studies. It should be noted that a similar ratio of D 1 and D2 receptors are found in neurons making 

it reasonable to assume that processes observed in this model may occur in native tissues. 

Saturation binding isotherms for [ 3 ~ ~ ~ ~ - 2 3  390 binding and SKF-38393/ [ ' H I S C H - ~ ~ ~  90 

competition analysis binding to membranes prepared fiom D 1 -D2USf9 cells were indistinguishable 

fiom D 1 receptors expressed in isolation. Saturation binding isotherms for ['HJspiperone and 

q~i.npiroie/[~H]spiperone competition binding to membranes prepared eom Dl-D2USf9 cells were 

similar to D2LISf9 cells. Collectively, these data showed no modulation of ligand binding 

properties of Dl or D2L receptors when co-expressed in an identical cell line. We reported also 

that in cells coexpressing the D 1 and D2L receptors, that biochemical and immunological studies 

revealed no D 1 and D2L receptor heterodimerization, although these receptor subtypes formed 

hornodimers that were stable in the presence of detergents and reducing agents. Although these data 

indicated no Dl-D2L receptor synergism or antagonism at the level of the receptor, this was 



observed at the level of adenylyl cyclase when D 1 and D2L receptors were independently activated. 

In membranes prepared h m  D 1 -D2L cells, selective D 1 receptor activation by SKF-38393 

resulted in greater adenylyl cyclase activity with no change in efficacy (EC, -200 nM) compared 

to membranes prepared h m  Dlkells. In membranes prepared h m  DLD2L cells, selective D2L 

receptor activation by quinpirole inhibited to a greater extent adenylyl cyclase activity with no 

change in efficacy (IC, -5 nM) compared to membranes prepared fiom D2Ucells. Synergistic D 1 

and D2L receptor activation or inhibition of adenylyl cyclase may owe to the additional interaction 

of the effector molecule by Gh dimers generated upon ligand binding to the receptor and 

dissociation of Gap, to Ga and Gpy (reviewed by Clapman and Neer, 1993). However, synergistic 

activity of the Dl and D2L receptor coupied adenylyl cyclase systems was not observed with 

doparnine as the agonist. In membranes prepared fiom cells coexpressing Dl and D2L receptors, 

dopamine stimulated adenylyl cyclase activity was reduced compared to membranes prepared fiom 

cells expressing the D 1 receptor in isolation. Presumably under these conditions, the net dopamine 

activated adenylyl cyclase activity is the contribution of D 1 receptor stimulation and concurrent D2L 

receptor inhibition since both Dl and D2L receptors are targets of dopamine actions. In summary, 

the high level expression of the receptors and the multiple lines of evidence allows us to conclude 

that Dl and D2L receptors do not undergo direct interaction, but that an interaction between D 1 and 

D2L receptor coupled adenylyl cyclase systems occurs downstream fiom the level of the receptor. 

We propose that this cellular organization of the signal transducing components will be important 

for the ability of the cell to respond correctly to multiple external stimuli. 



8. SUMMARY AND COMMENTARY 

Taking advantage of the similarity in processing pathways used by the Sf9 cells and by 

mammalian cells, we have shown that the baculovirus/SfP expression system is a highly suitable 

model system to generate sufficient, hctional, recombinant dopamine receptors for biochemical 

and pharmacological characterization at the molecular level. In fact much of our current 

understanding of receptor stmcture and fimction derive h m  the study of cloned receptors generated 

in heterologous expression systems (reviewed by Dohlman et al., 1 99 1 ). The levels of expression 

in these models add only to the confidence of experimental results, and the evidence is convincing 

that processes observed in the Sf9 cells may occur in cells endogenously expressing Dl  and D2L 

receptoa. Indeed, D 1 and D2L receptor agonist &ties and efficacies for adenylyl cyclase 

activation, and ability of the D 1 and resistance of D2L receptors to undergo agonist-induced 

desensitization are in excellent agreement with findings in cell types which endogenously express 

the dopamine receptors (reviewed by Sibley and Monsma, 1992). A wide variety of approaches has 

also yielded evidence that show that the biology of D1 and D2L receptors is more complex and 

interesting than previously predicted. I will now speculate about the maintenance of a sophisticated 

level of cellular organization of these receptoa, how receptor dimers may play a important role in 

their function, and the possible applications of these research findings. 

The results of these experiments demonstrated for the first time that D 1 and D2L receptors 

are posttranslationally modified indicating that these receptors are subject to regulation by 

phosphorylation and palmitoylation. However, the differences observed in the ability of dopamine 

to distinctly regulate D 1 receptor stimulated adenylyl cyclase and D2L receptor inhibited adenylyl 

cyclase suggested possibly important differences in the physiological roles of dopamine mediated 



through these receptor types. It is tempting to speculate that, since Dl and D2 receptors are found 

colocalized in the same brain regions (Levey et al., 1993, Maasour et ai., 1990) and perhaps even 

on the same neurons (Surmeier et al., 1 W2), conceivably at low concentrations of dopamine the D 1 

receptor would be preferentially activated owing to its higher affinity for dopamine, whereas for D2 

receptor activation, higher concentrations of dopamine or longer exposure may be required. 

Interestingly, drugs of abuse are known to increase dopamine release and the =warding properties 

are believed to be mediated by the D2 receptor (Wise and B o a  1989, Harris and Aston-Jones, 

1994). Conceivably, the proposed temporal and concentration-dependent activation of D 1 and then 

D2L receptors may contribute to mechanisms regulating the start and termination of the dopamine 

signal. The rapid pattern of DI receptor desensitization would ensure that Dl receptor-linked 

cellular signalling events are rapidly inactivated again, whereas D2L receptor activation will result 

in a longer, more sustained pattern of activation of D2L receptor linked intracellular events. These 

findings suggest that in tissues containing both Dl and D2L receptors, the repertoire of dopamine- 

mediated postreceptor events may be modulated in a temporal manner as well, with a changing ratio 

or shifting balance of D LD2L receptor effects. Although the mechanisms are unknown, it may be 

postdated that after dopamine stimulation, the sum of early effects relate to D 1 receptor activation, 

whereas in a later time f-e, the mm of effects will relate to D2L receptor activation. In 

particular, since D2 receptor mediated mechanisms are important for autoreceptor function in 

dopamine neurons, and in tonic inhibitory functions, such as the inhibition of prolactin or aMSH, 

the relative insensitivity to desensitization by agonist activation would form an importmt aspect of 

the functional role of D2 receptors. Alternatively, this distinction may reflect receptor sorting into 

functional microdomains making it possible for separation of receptor subtype-specific intracellular 



signals within a cell. We conclude that Dl and D2L receptor subtype-specific regulation may 

reprexmt fimctional differences distinguishing these two members of the dopamine receptor family 

which m y  account, at least in part, for the diverse biological activities of dopamine. Much of our 

current thinking about G protein-coupled receptors is based on the idea that monovalent receptors 

are the targets of agonist. In this model, classically referred to as the ternary complex model (De 

Lean et al., 1980), the agonist-bound receptor stimulates a G protein and in turn an effector 

molecule such as adenylyl cyclase with the receptorG protein:effector stochiometry of 1 : 1 : 1. 

Circumstantial evidence has suggested that GPCRs are more highly organized than predicted in this 

model. GPCR binding and receptor radiation inactivation studies (Wregget and Wells, 1995, 

Venter and Fraser, 1983) have suggested that GPCRs may exist as dimers. Additionally, 

immunoblots of crude membrane h m  Sf9 cells expressing muscarinic M1 and M2 receptors 

(Parker et al., 199 I), the human serotonin 5-HT,, receptor (Ng et al., 1993, and immunoblots of 

crude membrane fiom hamster kidney cells expressing the cloned metabotropic glutamate receptor 

(Pickering et al., 1993) revealed the existence of species believed to be receptor monomers and 

species at approximately twice the molecular mass suggested to be receptor dimen. Further, a 

mechanistic basis for receptor-receptor interactions such as dimerization has been reported (Sinkins 

and Wells, 1993, Sinkins et al., 1993) suggesting that the ternary complex model may be an over- 

simplification of the mechanisms underlying hormonal signalling by GPCRs. We have now 

provided the first direct evidence that the dopamine receptors exists as dimers in equilibrium with 

monomers, resulting fiom specific noncovalent interactions between receptor transmembrane 

domains. This raises the intriguing possibility that some GPCRs may signal via receptor dimen. 



By analogy with the receptor tyrosine kinases (reviewed by Schlessinger, 1990), certain ligands 

require associations with multivalent receptors for appropriate binding or stimulation to occur. 

According to this model, the ligand-binding receptor species would be composed of at least two or 

more monomers with each subunit contributing to binding. Ligand binding might require the 

presence of preexisting receptor complexes on the cell surface, or ligands might be able to generate 

such complexes by recruiting monomers. It will be important now to determine whether GPCR 

monomers can signal alone or function as part of a larger receptor complex. Further definition of 

the targets for agonist seems important A partial answer comes already with the biochemical studies 

which showed that only the D 1 monomer is posttranslationally modified suggesting that monomers 

are more active than dimes. In this instance, D 1 dimerization may serve to package desensitized 

receptors for recycling. In contrast, similar biochemical studies showed that the D2L dimer is 

phosphorylated and patmitoylated to a greater extent than the monomer suggesting that the dimer 

is spontaneously more active and is the candidate signalling species. If this proves to be important 

for D2L signalling, D2L monomers may act as a reservoir or capacitor for this receptor system. 

Consistent with this view, D2L monomers are recruited to the cell surface becoming available to 

undergo dirnerization to the signalling species upon agonist exposure. This reserve receptor capacity 

may contribute to the resistance of the D2L receptor coupled adenylyl cyclase system in undergoing 

agonist-induced desensitization. Collectively, these observations suggest that dimerization may 

have different roles in the distinct biology of closely related receptor subtypes, and renders 

questionable the widely held belief that only monovalent GPCRs participate in signalling @e Lean 

et al., 1980). It would still be premature, however, to discard this notion. Further work along these 

lines are needed, and should provide valuable insight into the molecular biology of the structure- 



function of GPCRs. What is clear is that the emerging biology of GPCRs appears to be more 

complicated than previously thought, and that the demonstration of G proteincoupled receptor 

h e r s  constitute a new beginning towards the better understanding of the biology of this important 

class of membrane proteins. 

Taking advantage of the high level of expression of the S£9/baculovirus system, we showed 

by multiple independent assays that Dl and D2L receptors do not undergo receptor 

heterodimerization in living cells or in solution excluding this process as a basis for the reported D 1 - 

D2 linkage. One explanation may be that dopamine receptor dimerization may occur only through 

related members within the Dl-like or D2-like families. The highest levels of structural similarity 

among GPCRs is observed in the transmembrane spanning domains which were identified as  the 

mediators of dimerization involving highly receptor-subtype specific associations of TM a helices. 

It will be attractive to identify the receptor subtypes able to undergo heterodimerization as this type 

of receptor diversity amplifies the signalling and regulatory potential of the dopamine system. A 

intriguing possibility is that this research confers a potential role for truncated receptor species 

encoded by GPCR pseudogenes or primary transcript via alternative splicing. D5 pseudogenes 

(qD5-1 and JrD5-2, reviewed by O'Dowd, 1992) and truncated D3 mRNA @3, Liu et al., 1994) 

were previously thought to have no biological hctions and were of only evolutionary significance. 

Although the D5 pseudogene or truncated D3 mRNA are not expected to encode for signalling 

receptors, these truncated receptors may undergo dimerization with native receptors to form 

pseudoreceptor-receptor dimers. These pseudodimen may represent a novel class of transmembrane 

signalling molecules, or alternatively could impair hormone signalling by acting as a competitor of 

D5 dimes or D3 dimers. This can now be tested. The findings could be universal for other 



receptors such as the large serotonin receptor family which includes the Jr5-HT,, pseudogene 

(Ngriyen et al., 1992). One might reasonably speculate that altered receptor proportions in the brain 

may underlie a susceptibility to psychiatric disorders or determine whether a patient will respond 

to drug treatments. 

One other promising area of research deals specifically with the applications arising from 

the knowledge that GPCR dimen are formed by receptor subtype-specific noncovalent and 

electrostatic transmembrane domain interactions. Peptides could be used as a novel means of 

mapping and identifjlng the structural determinants of dimer formation as applied in this thesis 

research. Additionally, these discoveries now offer new vistas of drug discovery such as creation 

of novel peptide-based receptor-specific pharmaceuticals. Peptides may be able to interfere with 

or modulate the response of the cells through their ability to disrupt receptor monomer folding and 

thus dimer formation. Peptide-receptor complexes could have many consequences. Those lacking 

parts of extracellular and/or cytoplasmic domains may lead possibly to stimulation or inhibition of 

different fimctions, depending on the receptor. This raises the possibility now to test these 

hypothesis in animals models. Such studies may provide the missing mechanistic details associating 

doparnine receptor systems with psychiatric and neuroendocrine disorders. The applications are 

tremendous and could well be extended to other GPCRs and disease. 

This thesis research describes the steps of discovery taken to elucidate the biochemical and 

pharmacological properties of Dl  and D2L receptors at the molecular level which has shown them 

to exhibit more complex biology than previously predicted. Based on the high structuraI homology 

found among all G protein-coupled receptors, these findings could be of universal importance for 

the entire receptor superfamily. I think you will agree that this thesis research has now opened a 



pandoras box with greater challenges and discovery ahead. 
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10. APPENDIX 

Biochemid Characterization of the Serotonin SETl, Receptor in Sf9 Cells: Phosphorylation, 

Palmitoylation and Adenyiyi Cyclase Inhibition 

Parts of this appendix have been reprinted with permission, fiom Ng et ui., Human serotoninIB 

receptor expression in SfP cells: Phosphorylation, palmitoylation and adenyhi cyclase inhibition, 

Biochemistry 32, 1 1 72 7-1 1 733,1993, American Chemical Sock&. 

10.1 Summary 

The baculovinrs/SB cell system was critically evaluated for its suitability to express GPCRs 

for detailed functional studies using the human serotonin,, (5-HT,,) receptor as a model for other 

GPCRs. This was done by expressing a c-myc epitope tagged 5-HT,, receptor (m5-HT,d in the Sf9 

cells whereby the biology of the 5-HT,, receptor was investigated. This strategy held the potential 

that other c-myc epitope-tagged GPCRs could be detected by immunoblot analysis and purified by 

immunoprecipitation using a monoclonal antibody, 9E 10, specific for the c-myc epitope. Agonist 

radioligand ['HIS-HT binding studies showed that m5-HT,, displayed the characteristic 

pharmacological profile of the human SHT,, receptor indicating that pharmacological properties 

of the receptor were unaltered by the presence of the epitope. Further, expressed receptors displayed 

both high and low affinity states for ~WS-HT, suggesting that they were coupled to endogenous G- 

proteins. Indeed, agonist binding to the high f i t y  receptor state was regulated in the presence 

of GTPyS, Gpp(NH)p and pertussis toxin as shown for receptors expressed in native tissues. 

[3?]~DP-ribosylation experiments identified a major -4 1 kDa ADP-ribosylated protein present in 



Sf9 membranes that co-migrated with partially purified bovine brain GJG, subunits suggesting 

intact effector pathways in this cell line. Indeed, measurements of adenylyl cyclase activity in 

membranes h m  cells expressing d-HT, ,  showed that serotonergic agonists mediated the 

inhibition of adenylyl cyclase activity with a rank order of potency comparable to their athnty 

constants. h u n o b l o t  analysis of membranes prepared fiom cells expressing mS-HT,, and 

photoafthity labelling of immunoprecipitated m5-HT,, receptors revealed ligand binding species 

at -95 kDa and at 4 2  kDa Immunoprecipitated material migrating with the -95 kDa and -42 kDa 

species were shown to be post-translationally modified following whole cell metabolic labelling 

with [32PJphosphate or f H-Jpalmitic acid, and provides the first evidence that a member of the 

serotonin receptor family is phosphorylated and pahitoylated. Additionally, these studies 

constituted direct evidence validating the suitability of this model system for the detailed 

pharmacological and biochemical studies of other GPCRs. 



1 0  Introduction 

The neurotraasmitter, 5-hydroxytryptamine (5-HT) is a monoamine like the neurotransmitter 

dopamine. Whereas dopamine has been associated with neuropsychiatric disorders such as 

schizophrenia, serotonin is postulated to have an important role in affective disorders such as 

depression, anxiety and substance abuse (Peroutka, 1990, Sellers et al, 1992). The fimctional 

diversity of 5-HT action is reflected in the multiplicity of 5-HT receptors which like dopamine 

receptors belong to the superfamily of G protein-coupled receptors. Distinct genes for fifteen 5-HT 

receptors have been categorized into seven families, 5-HT, - 5-HT,, according to pharmacological 

and biochemical criteria (Hartig et at, 1990, Smith and Parker, 1995). To date, cloning studies have 

identified ~-HTl,,,B,l,,,D,,E,,, receptors belonging to the 5-HT, class (Fargin et al, 1988, Jin et al, 

1992, Jutius et ai, 1988, Harnblin et al, 199 1, Adham et al, 1993). The 5-HT, class of receptors all 

bind 5-HT with high affinity but are distinguished from each other by their unique rank order of 

affinities for typical serotonergic Ligands. Each receptor appears to have a unique distribution and 

possibly a distinct function in the central nervous system. The biological studies of each receptor 

have been limited by the nonavailability of highly selective ligands or antisera Our recently cloned 

5-HT,, receptor has been characterized by binding assays (Jin et al, 1 W ) ,  recently reviewed by 

Peroutka 1993, and classified as coupling to and inhibiting adenylyl cyclase (Julius et al, 1991). 

However, none of the serotonin recepton have been purified and there is no information regarding 

the post-translational modification of any of the serotonin 5-HT,, receptor, although important 

hmctional roles for post-translatiooal modifications such as phosphorylation and palmitoylation have 

been documented for other G-protein coupled receptors (Bouvier et al, 1988; O'Dowd et al, 1989). 

Amino acid sequence analysis of the 5-HT,, receptor revealed consensus serine and 



threonine residues in the third intracellular loop for phosphorylation by cyclic AMP-dependent 

protein kinase (PICA), and protein kinase C (PKC) shown in other GPCRs such as dopamine. A 

putative site for palmitoylation is present at the cysteine residue in the small carboxy tail of the 5- 

HT,, receptor (Fig. 33) shown to be the determinant of palmitoylation for the P-AR (ODowd et al, 

1989). The similarities between serotonin and dopamine systems make it appropriate that the 5- 

HT,, receptor be chosen at the onset of the thesis research as a model for other GPCRs like 

dopamine for the validation of the expression system. 

The bacdovirus/Sf9 cell system was selected for receptor expression for the principal reason 

that other GPCRs expressed in these cells appear to be biochemically, pharmacologically, and 

fimctionally similar to those in native membranes (George et al, 1989, Parker et al, 1991). The 

strategy chosen was to express a recombinant c-myc epitope tagged SHT,, (m5-HT,,) receptor so 

that specific antibodies directed against the c-myc epitope in the amino terminal domain of mS-HT,, 

enabled receptor identification by immunoblotting and purification by immunoprecipitation. In 

addition, this strategy also allows us in fbture studies to rapidly express, purifjl and characterize 

other GPCRs. The data show that 5-HT,, receptors expressed in Sf9 cells are pharmacologically 

similar to the human neuronal 5-HT,, receptor and are coupled to pertussis toxin-sensitive G- 

proteins that mediate the inhibition of adenylyl cyclase. Moreover, in this report we show for the 

first time that the serotonin 5-HT,, receptor is phosphorylated and palmitoylated. Additionally. 

these data confirmed in our hands the suitability of the model for the study of other GPCRs. 



Fig. 35. Proposed model illustrating only the intraeellular domains of the human 5-HT,, 
receptor. The seven transmembrane-spanning regions (1 -7), the intracellular loops (C 1 -C4), and 
three PKC and two PKA sites are indicated. The small arrow indicates a possible palmitoylation 
site. Circles with letters represent amino acids in the single-letter code. Reprinted with permission, 
porn Ng et a[., Human serotonin1B receptor expression in Sf9 cells: Phosphorylation, 
palmitoylation and adenylyl cyclase inhibition, Biochemisiry 32, 11 72 7-1 1 733, 1993, American 
Chemical Society. 





103 Results 

103.1 Pharmacological Characterization of Expressed 5-HT,, Receptors 

[3H]5-HT bound in a specific and saturable manner to S-HT,, and m5-HT, receptors 

expressed in Sf9 cells with receptor densities ranging h m  1 to 5 pmoVmg of protein at 72 hours 

post infection (Fig. 34). [3H]S-HT binding to 5-H.TiB and mS-HT,, receptors was not significantly 

different and saturation data analyzed by LIGAND was best fitted to a two-site model (p<0.05) 

similar to wild type 5-HT,, receptors in neuronal tissue (Peroutka, 1993). The mean Kd values for 

the expressed receptors and proportions for high- and low- afEnity states were 24k2 nM and 62% 

( ~ 4 )  and 104*17 n M  and 38% (n=4) respectively. The identification of two agonistdetected 

affinity states of the receptor supports an interaction of expressed receptors with endogenous G- 

proteins in Sf9 cells. Indeed, the [ 3 ~ ~ - H T  binding to the high-a££hity state of m5-HT,, receptors 

decreased in a concentration dependent manner in the presence of GTPy S or Gpp(NH)p (Fig. 3 5) 

with Ki values of 3.1 5 0.1 n M  (n=3) and 38.8 + 1.9 n M  (n=2), respectively. 

Displacement of [ 3 H ] 5 - ~ ~  binding to the high-affinity state of mS-HT,, receptors by 

competing drugs was in the appropriate rank order of potency for serotonergic ligands, consistent 

with the human brain S-HT,, receptor profile. The 5-H'I;, pharmacological profile is defined by 

higher affinity for 5-CT (Frazer et al, 1990) and a lower atfinity for 8-OH-DPAT (Heuring and 

Peroutka, 1987). tn membranes prepared at 72 hours post-infection, the following rank order of 

potency was observed: 5-CT > 5-HT 2 methiothepin > methysergide > sumatriptan > 8-OH-DPAT 

and binding cofz~ta~ts are indicated in Table 8. SCH-23390 displaced [)H]S-HT binding at 

concentrations > 1pM (data not shown). As shown in Table 8, the Ki values for the competing drugs 

are in good agreement with the values we have obtained for the 5-HT,, receptor expressed in 



mammalian cells (Jin et al, 1991). Collectively, these data indicate that serotonin and likely other 

GPCRs expressed in SB cells are pharmacologically indistinguishable h m  native receptors. 



Table 8. Dissociation constants for [ ~ s - H T  in cells expressing m5-HT,, Membranes prepared 
b m  Sf9 cells at 72 hour post-infection were incubated with varying concentrations (1 0-" - lo-' M) 
of competitors in the presence of -5 n M  [3H]5-HT as described in methods. Nonspecific binding 
was defined by 20 p M  methiothepin. Data was analyzed by LIGAND. 

Human 5-HT,, 
SfP cells 293 cells* CHO cells# 
Y. b! Y. 

Drua 
5-CT 0.55 5. 1k0.3 0.920.1 
rnethio thepin 1.53 17.e2.0 3.lt1.0 
5-HT 3 -66 16.Wl .O 4 . e 1 . 9  
methysergide 18.44 7.69.6 
sumatriptan 64.1 5 6 1.e5.0 I l.Ofl.7 
8-OH-DPAT 106.9 260elOO 634.021 I 



Fi. 36. Saturation isotherms of [ ~ s - H T  specific binding to membranes from cells expressing 
5-HT,, and m5-HT,,. Bmax (pmoVmg protein) and Ki (nM) values for [3H-J5-HT binding were 
determined by the nonlinear, least square curve fitting program, LIGAND and fitted statistically for 
one or two site models at p<0.05. (A) Saturation curve of [31!f15-HT binding to membranes prepared 
at 72 hours post-infection. Results shown are fiom one of three independent experiments and in this 
experiment Bmax and Kd values were: 5-HI',, (0-0) Bmax = 0.5, K, = 10, Bmax = 0.5, K, = 100; 
mS-HT,, (0s )  Bmax = 0.4, &, = 9, Bmax =0.7,& = 120. (B) kt, double rectangular hyperbola 
plot of saturation data as bound (%)/he PHIS-HT verms bound (%). Specific [3H]5-HT binding 
was defined as binding inhibited by 20 p M  methiothepin. [%IJs-HT binding in the presence of 20 
pM methiothepin was detected in cells i n f i  with the wild type baculovirus but represented 4 0% 
of specific binding in cells infected with recombinant virus. Reprinted with pemzission, from Ng 
et al., Human serotonin1 B receptor expression in Sf9 cells: Phosphorylation, palrnitoylution and 
aderrylyZ cyclase inhibition, Biochemishy 32, 11 72 7-1 I 733, 1993, American Chemical Society. 
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Fig. 37. Eff'ect of guanine nudeotide reguIation on J 3 E I J ~  binding. (A) membranes from cells 
expressing mS-HT,, at 72 hours post-infection were incubated with -5 nM [-'HIS-HT and increasing 
concentrations (1 0-l2 - 1 u3 M) of GppQW)p (0-0) or GTPs (A-A) in the presence and absence of 20 
p M  methiothepin as described in methods. The data were analyzed by LIGAND and K, values are 
listed in Table 1. The results shown are representative of two independent experiments. (B) 
Membranes fkorn cells expressing m5-HT,, at 72 hours post-infection were incubated with 
increasing concentrations of [-'H]s-HT as described in methods. Specific binding isotherm in the 
absence (0-0) and presence (0-0) of 150 uM Gpp(NH)p. Specific binding was defined as that 
displaced by 20 uM methiothepin and is expressed as % specific for comparison. Shown is a 
representative of two independent experiments. Reprinted with permission, fiom Ng el al., Human 
serotuninlB receptor expression in SfP cells: Phospho~lation, palmitoylation and adenylyl cyclase 
inhibition, Biochemistry 32, I 1  72 7-1 1733, 1993, American Chemical Society. 
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103.2 Pertussis tosin-mediated [*P]ADP-riboqlation of membrane components from Sf9 

cells 

To demonstrate the presence of peaussis toxin-sensitive proteins in Sf9 cells, toxin-mediated 

[3?]ADP-nhsylation was studied. Fig. 36A shows an autoradiograph of pertussis toxin-mediated 

[3?]~DP-ribosylation of membrane components resolved on SDS-P AGE. A phosphorylated protein 

band at -41 kDa was present in membrane h m  wild-type baculovirus-infected cells and in 

membranes from cells expressing m5-HTI B receptors. This band migrated identically with the -41  

kDa bovine brain GIGo standard, which was also [32~]~DP-ribosylated by perhrssis toxin under 

the same reaction conditions. No labelling was observed in Sf9 membranes in the absence of 

pertussis toxin (data not shown). Bands were excised, and liquid scintillation counting determined 

the presence of 6.5 + 0.1 5 pmol (n=3) of ADP-ribosylated proteidmg of Sf9 membrane protein. 

1033 Pertussis toxin sensitivity of Sf9 cells and effect on [nP]ADP-ribosyIation 

To determine whether intact Sf9 cells were pertussis toxin-sensitive, cells were incubated 

with different concentrations of pertussis toxin prior to toxin-catalyzed [32~]~P-ribosylat ion 

experiments on membrane preparations (Fig. 36B). Autoradiographs of the pertussis toxin-mediated 

[3?]ADP-ribosylated proteins resolved on SDS-PAGE show that pretreatment of intact cells with 

the toxin resulted in a dosedependent decrease in labelling of the - 4 1 kDa substrate present in 

untreated cells. These results show that Sf9 cells are pertussis toxin sensitive and preincubation of 

1 pg/mL toxin is required to inactivate endogenous pertussis toxin substrates. Collectively, the 

results clearly indicate the presence of a pertussis toxin substrate in Sf9 membranes suggesting it 

to be highly suitable for expression of other GIGo coupled receptors. 



Fig. 36. Pertussis Toxin Assays. (A) Autoradiographs of [ 3 2 ~ ] ~ ~ ~ - r i b o s y l a t e d  Sf9 membrane 
proteins resolved by SDS-PAGE analysis. In lane (1) 100 ug of Sf9 membrane, lane (2) 100 pg of 
membrane protein fbm SB cells expressing mS-HT,,, lane (3) 2.5 pmol bovine brain G/G,. Under 
our assay conditions, no other pertussis toxin substrate could be resolved. Lane 1 and 2 are 
autoradiographs fkom a 2 hour exposure and lane 3 is fiorn an autoradiograph h m  a 15 minute 
exposure. The data shown is representative of 3 independent experiments. (B) Sf9 cells expressing 
m5-HT,, were incubated with 1.5 pg/ml (lane I), 1.0 pg/ml (lane 2) ,0.5 &rnl (lane 3) pertussis 
toxin or left untreated (lane 4) prior to fiuther toxin mediated [32~]~~~- r ibosy ia t ion .  ADP- 
ribosylation reactions were done as described under methods and proteins were resolved in 12% 
SDA-PAGE gels under constant current for 1 8 hours. Reprinted with permission. from Ng et al., 
Human serotonin1 B receptor expression in Sf9 cells: Phosphodation, palmitoylation and adenylyl 
cydase inhibition, Biochemishy 32. 1 1 72 7- 1 1 733. 1993. American Chemical Society. 





103.4 Effect of Pertussis Toxin on the Binding of ['WS-HT 

The [ 3 H ] S - ~  binding isotherm in nontreated Sf9 cells expressing m5-HT,, is best fitted by 

LIGAND to a two-site model @ < 0.05) with mean Kd values and proportion of receptors h high- 

and low-affinity states of 40 + 14 nM and 2%, and 106 + 6 nM and 38% (n=2), respectively. In 

contrast, the [3H15-HT binding isotherm in membranes fiom Sf9 cells expressing m5-HT,, treated 

*kith pertusis toxin for 20 hours was shifted toward the right and best fitted by LIGAND to a single 

affinity site with Kd 185 & 9 n M  (n=2). These remits suggest that mS-HT,, is coupled to a perhssis 

toxin sensitive G-protein in Sf9 cells. 

10.3.5 m5-HT,, Receptor Coupling to Endogenous Adenylyl Cyclase 

Agonist binding to G proteincoupled receptors, in most cases, results in the activation 

of G proteins that initiates down-stream signalling pathways. Although agonistdetected m5-HT,, 

receptor high affinity state was sensitive to both guanine nucleotides and pertussis toxin suggesting 

that receptors are coupled to endogenous guanine nucleotide-binding proteins, direct evidence for 

functional coupling of expressed receptors was sought. As seen in Fig. 37, m5-HT,, receptor 

activation mediated a 30% inhibition of adenylyl cyclase activity, with a rank order of potency 

highest for 5-HT followed by 8-OH-DPAT. The IC, values for 5-HT and 8-OH-DPAT inhibition 

of adenylyl cyclase activity by mS-HT,, receptors were (expressed as an average LSD) at 1 + 8 nM 

(n=2) and 12 2 3 p M  (n=2), respectively. Adenylyl cyclase activity was not affected by increasing 

concentrations of 5-E-IT in cells infected with the wild type baculovirus (Fig. 37). Interestingly, basal 

adenylyl cyclase activity in membranes fkom cells expressing the 5-HTI B receptor was 26% lower 

than in membranes fkom wild-type bacdovirus-infected cells (Fig. 37). Thus, the expressed 

receptors appeared to be l l l y  functional and interacted with an endogenous G-proteins. 
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Collectively the radioligand binding, toxin experiments and adenylyl cyclase data show that Sf9 

cells possess the complement of G proteins and effector components necessary for the study of 

serotonin and other related GPCRs, 

103.6 Biochemical characterization of the mS-FIT,, receptor 

Immunoblot anaIysis of membranes prepared fiom cells expressing mS-HT,, receptor, using 

the anti-c-myc 9E10 monoclonal antibody, specifically identified immunoreactive species of 4 2  

and -95 kDa (Fig. 38A); similar patterns have been identified for other G-protein receptors 

expressed in Sf9 cells (Parker et al, 199 1, Mouillac et al, 1992). Since the molecular weight of the 

5-HT,, receptor fiom the deduced amino acid sequence is - 40 kDa (Jin et al, 1992), it is possible 

that the immunoreactive species at approximately twice the molecular mass of 4 0  kDa represents 

receptor dimers. Receptor h e r  formaton has also been suggested for the M1 and M2 receptors 

expressed in Sf9 cells (Parker et al, 1991), and for the cloned metabotropic glutamate receptor 

expressed in hamster kidney cells (E5ckering et al., 1 993). Specific immunoreactive material was 

absent in membranes prepared from cells infected with the wild-type baculovirus or with the 

untagged 5-HT,, (Fig. 38A). 

The specificity of the 9E10 monoclonal antibody for c-myc in Sf9 cells has been well 

characterized by in biochemical and desensitization studies utilizing a c-myc epitope tagged P- 

adrenergic receptor (Mouillac et al, 1992). These studies showed that the 9E1 O antibody 

specifically recognized and immunoprecipitated over 70% of the ligand-bound c-myc tagged 

receptors. Taken together with our findings, the 9ElO antibody appears to be highly specific for c- 

myc with no detectable cross-reactivity with endogenous Sf9 proteins, and confirms the 

appropriateness of the epitope-tagging strategy for the study of m5-HT,, and other GPCRs. Indeed, 



immunoprecipitated material fkom cells expressing mS-HT,, was shown to be specifically and 

reversibly photoaffinity labelled with the bemazepine [ ' Z I ~ ~ ~ ~ ,  [3methyl-2-(4'-azidopheny1)- 

2,3,4,5-tetrahydr0-2H-3-benzazepine] (Fig. 38B). Upon exposure to UV light, ['ZSI]MAB was 

specifically photoincorporated into two major protein species at 4 2  and -95 kilodaltons (lane 2, 

Fig. 38) as resolved under reducing conditions using SDS-PAGE. Receptor labelling was prevented 

by incubation with I rnM 5-HT and was absent in immunoprecipitated material fiom cells infected 

with the wild-type baculovirus. Thus, both the -95 and 4 2  kDa proteins were capable of binding 

ligand supporting the notion that m5-HT,, exist as receptor monomers and dimers. 

Following metabolic labelling of the cells with 32P, mS-HTIB was immunoprecipitated using 

the 9E10 antibody. As shown in Fig. 38C, autoradiography of an SDS-PAGE of the 

immunoprecipitated material revealed a major phosphorylated species of 4 2  kDa and a lesser 

phosphorylated species at -95 kDa, corresponding to the mobility and size of the photolabelled 

receptor monomer and dimer. No phosphorylated immunoreactive proteins were 

immunoprecipitated fiom cells infected with the wild-type baculovirus processed in parallel. 

Following metabolic labelling with [3mpalmitic acid of Sf9 cells expressing m5-HT,,, 

immunoprecipitated material was electrophoresed on SDS-PAGE, and subsequent fluorography 

revealed the presence of -42 and -95 kDa radiolabelled bands migrating at equivalent size to that 

of the photolabelled receptor monomer and dimer (Fig. 38D). 



Fig. 37. rn5-ElT1, receptor mediated agonist inhibition of adenyiyl cyclase activity. (A) Effect 
of increasing concentrations of 5-HT (0-0) and 8-OH-DPAT (0-0) to inhibit forskolin stimulation 
of adenylyl cyclase in cells infected with recombinant m5-HT,, baculovirus at 72 hours post- 
infection. Adenlyly cyclase activity was measured as described in methods and is expressed as % 
maximal response for comparison. (B) Inset, basal and NaF and forskolin stimulated adenlyly 
cyclase activities at 36 and 72 hours post-infection. The data were analyzed using nonlinear least 
squares regression. The results shown are representative of 2 independent experiments. Reprinted 
with permission, fiom Ng et al., Human serotonin1B receptor expression in Sf4 cells: 
Phosphoryhtion, palmitoylation and adenyl'yl cyclase inhibition, Biochemistry 32, 11 72 7-1 1 733, 
1993, American Chemical Society 
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Fig. 38. Biochemical Characterization of mS-HT,, receptor. A. 2 mg of protein was solubilized 
fiom membranes derived from wild type and m5-HT,, baculovirus infected cells at 72 hours p o a  
infection and immunoprecipitated as described. Immunoprecipitated material was photolabelled 
with [ ' B I ] ~ ~ ~  and visualized by autoradiography. Lane 1, sample fiom cells infected with wild 
type baculovirus. Lane 2, sample from cells infected with mS-HTIB in absence and lane 3 in 
presence of 1 mM 5-HT. The autoradiogram shown is fiom a 7-day exposure and is representative 
of 2 independent experiments. Mobility of protein molecular weight standards (Amemham) is 
indicated on left. B. Identification of Tmmunoreactive m5-HTIB in Sf9 Membranes. Membranes 
(200 pg protein) were prepared at 72 hours post-infection fkom cells infected with wild type 
baculovirus (lane I), and cells infected with m5-HT,, baculovirus (lane 2), and cells infected with 
the untagged 5-HT,, baculovirus (lane 3). Membranes were solubilized in SDS buffer, 
electmphoresed, and electroblotted onto nitrocellulose as described in methods. Immunoreactivity 
was revealed with a goat anti-mouse IgG conjugated to alkaline phosphatase. C. Phosphorylation 
of m5-HT,,. Thc figure shows an autoradiogram (7 day exposure) of 9E 1 0 immuno precipitated m5- 
HTIB solubilized fioom membranes prepared from SfP cells infected with m5-H'I;, (lane 2) or wild 
type baculovirus prelabelled with carrier free "P (lane 1). This figure is representative of two 
independent experiments. D. Palmitoylation of mS-HT, ,. Fluorograph (3 weeks exposure) 
following imrnunoprecipitation fkom cells prelabelled with [3HJpalmitic acid at 72 hours post- 
infection. Sample from cells infected with m5-HT,, (lane 2) and sample fiom cells infected with 
wild type baculovirus (lane 1). Sample from cells infected with m5-HT,, following hydroxylamine 
treatment as  described in methods (lane 3). This figure is representative of 4 independent 
experiments. Reprinted with permission, fiom Ng et aL, Human serotonin1 B receptor expression 
in S' cells: Phosphory fation, pa fmitoyIation and adenylyl cyclase inhibition, Biochemist?y 32, 
I 1  72 7-1 1 733, 1993, American Chemical Society. 





10.4 Discussion 

We have employed the baculovirus/Sf9 cell system to successfully express and study the 

biology, fimction, and posttranslational modification of the human 5-HT,, receptor using a c-myc 

epitope-tagged receptor expressed in the absence of the pharmacologically indistinguishable 5HTl D 

receptor. The strategy of epitope-tagging has provided an opportunity to thoroughly investigate the 

characteristics of the 5HTlB receptor for which no specific antibodies are available. Further, these 

studies using the 5-HT1B receptor as a model for other GPCRs enabled us to establish and validate 

the suitability of this model system for the study of GPCRs at the molecular level. 

Saturation binding to expressed serotonin receptors showed advantageously high signal 

to noise ratio in the Sf9 cells promising similar quality of results for other GPCRs expressed in 

this cell be. Analysis of the saturation binding isotherm of [3H]S-HT to membranes fiom SB cells 

infected with recombinant virus fitted a two-site model, suggesting that the expressed 1x15-HT,, 

receptor, detected in two affinity forms, interacted with endogenous G-proteins. This was suggested 

by the guanine nucleotide regulation of rITj5-HT binding to the high affinity state of the receptor. 

The binding of guanine nucleoticies to G-proteins is thought to cause dissociation of the G-protein 

from the receptor, thus converting the receptor to a state with low agonist affinity. Similarly, 

guanine nucleotide sensitivity of agonist binding has been described for other GPCRs expressed in 

S B  cells (Kwatra et al., 1993, Mills et al., 1993). 

Further confirmation of receptor-G protein interaction was provided by the decrease (loss) 

of [3w5-HT binding to the high affinity receptor state by pertussis toxin and suggested the presence 

of a pertussis toxin-sensitive G-proteins in Sf9 cells. Pertussis toxin has been shown to ADP- 

ribosylate and uncouple the a subunits of G, and S fiom their respective cognate receptors 



(Stemweis et al, 1984, Van Dop et al, 1984). A -41 kDa substrate for pertussis toxin mediated 

ADP-ribosylation was identified in Sf9 cells that co-migrated with bovine GJG, standards. The 

expressed mS-HT,, appears then to be coupled to endogenous pertussis toxin-sensitive G-proteins 

of the G, or Go subtype to mediate a dosedependent agonist inhibition of adenylyl cyclase activity 

in Sf9 cells. 

A critical examination of the pharmacological profile (agonist and antagonist binding) 

of the expressed receptors was next conducted since any relevance of the proposed studies to 

physiological processes should require that expressed receptors were pharmacologically similar 

to neuronal counterparts. Of the ligands tested for the expressed 5-HT,, receptor, 5-CT (a 5-HT, 

agonist) had the highest affinity, and 8-OH-DPAT (a 5-HT,, subtype selective agonist) had the 

lowest affinity. The data indicated that the expressed 5-HT,, receptors were pharrnacologicdly 

similar to the cloned human neuronal 5-HT,, (Jh et al, 1992). Additionally, an important finding 

of this study suggested that GPCRs expressed in Sf9 cells bind ligand and are biologically active 

and functionally coupled. 

The next step was to discern whether Sf9 cells generated immunoreactive recombinant 

receptors, and whether antibodies were specific with a high signal to low noise background ratio. 

A monoclonal antibody directed against c-myc specifically identified the expressed c-rnyc 

epitope-tagged 5HT,, receptors not present in wild type cells demonstrating the appropriateness 

of the epitope-tagging strategy for the immunological detection and purification of other GPCRs 

in this cell line. 

Agonist-induced desensitization has been best characterized for the &-adrenergic 

receptor coupled adenylyl cyclase system and shown to involve post-translational processes such 



as phosphorylation (reviewed by Perkins et aI., 1991). Consensus sequences for PKA and PKC 

phosphorylation are present in the primary structure of 5-HT,, (Jin et al, 1991), and 

immunoprecipitated material (co-migrating with photolabelled receptor species) fiom "P, 

metabolically labelled Sf9 cells expressing m5-HT,, was shown to be phosphorylated- 

Additionally, a cysteine residue in the carboxyl terminus of the &-adrenergic receptor has been 

shown to be a site for palmitoylation and shown to be important for functional coupling. We also 

show that the m5-HT,, in Sf9 cells is post-translationally modified with palmitic acid. 

Palmitoylation may involve the cysteine residue (Cyp3 in the carboxy tail since we have previously 

shown that the ~ y ? '  located in the carboxy tail of P2-AR is the site for palmitoylation (ODowd 

et al, 1 989). According to the proposed model (Fig. 3 3), anchorage of a palmitate residue attached 

to w8 in the receptor would impose a loop structure of the amino terminal region of the carboxy 

tail forming a small 4th intracellular loop which may regulate GRK accessibility and receptor 

phosphorylation. Thus, the 5-HT,, receptor is phosphorylated and palmitoylated suggesting that 

these posttranslatinal modifications may be involved in receptor processes such as desensitization. 

We have provided evidence that the m5-HT,, receptors are coupled to a major pertussis toxin 

sensitive G-protein in Sf9 cells and mediate the inhibition of adenylyl cyclase. We have also 

provided the first evidence that this serotonin receptor has been purified by immunoprecipitation and 

post-translationally modified by phosphate and palmitate residues. Finally, these studies also 

indicate the usefulness of epitope-tagging strategy for the purification of GPCRs to which no 

specific receptor antisera is available and show that Sf9 cells are able to sustain posttranslational 

modifications. The results of this research indicate the suitability of the baculoviruslSf9 model 

system for evaluating the pharmacological and biochemical properties of the important class of 
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G-protein coupled receptors. 
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