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Abstract

The human dopamine 2 receptor (hD2R) modulates locomotor activity,
hormone secretion, as well as neuropsychiatric function. Current knowledge of
the hD2R structure is in large part derived from mutagenesis studies and
molecular pharmacologic analysis together with homology modeling using bovine
rhodopsin as a template. In this study, we utilized comparison of the Drosophila
D2-like receptor (DD2R) with the hD2R as a novel approach for identifying
candidate amino acids that are determinants of ligand potency and/or efficacy.
We focused our studies on four dopaminergic ligands that are used in the
treatment of Parkinson’s disease: bromocriptine, pergolide, piribedil, and
ropinirole. All four ligands are potent agonists at the wild type hD2R, whereas
only bromocriptine shows comparable function at the DD2R. We performed site-
directed mutagenesis to replace hD2R amino acids (modeled to project into the
ligand binding pocket) with corresponding fly residues, and vice versa.
Substitution of three amino acids in the hD2R with the homologous DD2R
residues (V91A, C118S, and L170I) led to a pronounced loss of pergolide
potency and efficacy. A converse triple amino acid substitution of human
residues into the fly receptor (DD2R-A133V/S160C/I211L) markedly enhanced
pergolide efficacy and potency at the mutant DD2R. The same substitutions also
converted piribedil and ropinirole, which lacked appreciable activity on the DD2R,
to partial agonists. These findings demonstrate an important role of these three

residues in drug-receptor interactions. Our study illustrates that comparison of a
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mammalian receptor with an invertebrate homolog complements previously

described strategies for defining GPCR structure-function relationships.
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Introduction

The human dopamine 2 receptor (hD2R) modulates locomotor activity,
cognition, emotion, reinforcement, and secretion of selected endocrine
hormones. The dysregulation of dopamine-mediated neurotransmission has
been linked to multiple pathologies, including Parkinson’s disease,
schizophrenia, Tourette’s syndrome, and hyperprolactinemia. The hD2R is a
class A G protein-coupled receptor (GPCR) with homology to rhodopsin and the
B-adrenergic receptor. Dopamine receptors have been divided into two
subgroups: D1- and D2-like based on amino acid homology as well as
biochemical and pharmacological properties. Among these, the D1 and D5
subtypes (classified as D1-like receptors) signal primarily through Gs whereas
hD2R as well as the D3 and D4 subtypes (classified as D2-like receptors) signal
predominately through Gi/o (Missale et al., 1998; Emilien et al., 1999; Vallone et
al., 2000).

Due to the inherent difficulties in crystallizing membrane proteins,
including GPCRs, high-resolution structural information is only available for one
class A family member, rhodopsin (Gether, 2000). As an alternative approach to
understanding D2 receptor function, a variety of molecular and pharmacologic
approaches have been utilized. Several laboratories have used the substituted
cysteine accessibility method (SCAM) to map residues that project into the hD2R
ligand pocket. By systematically substituting amino acids in transmembrane

domains 2, 3, 4, 5, 6 and 7 with cysteines and reacting the altered receptors with
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charged sulfhydryl-specific methanethiosulfonate derivatives, the accessibility of
these mutated residues in the predicted binding crevice was determined (Javitch
et al., 1994, Javitch et al., 1995a; Javitch et al., 1995b; Fu et al., 1996, Javitch et
al., 1998; Javitch et al., 1999; Javitch et al., 2000; Shi et al., 2001). SCAM
analysis along with a series of complementary approaches (e.g. studies of
chimeric receptors and point mutants as well as computer based modeling using
the known rhodopsin structure as a template) enabled the identification of amino
acids that line the putative binding pocket of the hD2 receptor (Neve et al., 1991,
Mansour et al., 1992; Javitch et al., 1994; Kozell et al., 1994; Javitch et al.,
1995a; Javitch et al., 1995b; Naylor et al., 1995; Fu et al., 1996; Javitch et al.,
1996; Javitch et al., 1998; Wilcox et al., 1998; Javitch et al., 1999; Simpson et al.,
1999; Coley et al., 2000; Javitch et al., 2000; Wilcox et al., 2000; Ballesteros et
al., 2001; Shi et al., 2001). These studies identified single residues as well as
multiple amino acid combinations which play a role in determining ligand affinity
(Javitch et al., 1996; Alberts et al., 1998; Simpson et al., 1999; Schetz and
Sibley, 2000). In contrast, the contribution of hD2R amino acids as potential

determinants of hD2R agonist function has been less extensively studied.

Our laboratory cloned and pharmacologically characterized the Drosophila
D2-like receptor (DD2R), the first known invertebrate homolog of mammalian
dopamine 2 receptors. Like its mammalian counterpart, the DD2R signals
through the inhibitory G protein, Gi, shows highest potency for dopamine (versus
other biogenic amines), and is fully activated by bromocriptine with nanomolar

potency (Hearn et al., 2002). Bromocriptine is among a group of synthetic

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

agonists which are used clinically for the treatment of Parkinson’s disease. In
contrast to this ligand, other drugs in this group including piribedil, pergolide and
ropinirole have little or no activity at the fly DD2R. The differential response to
synthetic hD2R agonists, in combination with the relatively high conservation of
the predicted fly binding pocket when aligned with its human counterpart (48/73
identical amino acids), suggests a limited number of candidate residues which
confer synthetic ligand potency/efficacy. Consistent with this prediction, we
demonstrate by exchanging homologous residues between the human and fly
D2-like receptors that a combination of amino acids in the ligand pocket that are
not conserved between the two receptors underlie the species-specific
differences in pharmacology. Comparison between a mammalian versus a
corresponding non-mammalian GPCR thus enabled the identification of a novel
combination of residues that are molecular determinants of ligand activity at both

the human and fly D2 receptors.
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Methods

Materials. The receptor ligands used in this study were purchased from Sigma-
Aldrich (St. Louis, MO). These reagents include: (+)-bromocriptine mesylate ((+)-
2-Bromo-12'-hydroxy-2'-(1-methylethyl)-5'-(2-methylpropyl)ergotaman-3',6'-18-
trione methanesulfonate salt), piribedil maleate (2-[4-(1,3-Benzodioxol-5-
ylmethyl)-1-piperazinyl]pyrimidine maleate salt), pergolide mesylate (8f-
[(Methylthio)methyl]-6-propylergoline methanesulfonate salt), ropinirole
hydrochloride (diethyl[2-(2-0x0-2,3-dihydro-1H-indol-4-yl)ethyllammonium
chloride), dopamine hydrochloride (2-(3,4-Dihydroxyphenyl)ethylamine
hydrochloride) and forskolin (7p-Acetoxy-8,13-epoxy-1a,6p,9a-trihydroxylabd-14-
en-11-one). All stock solutions for ligands were prepared in deionized water with
the exception of bromocriptine, which was prepared in ethanol, and pergolide
and forskolin which were prepared in DMSO. Aliquots of ligands were stored

frozen at -80°C and were diluted in serum-free media immediately before use.

Comparison of Amino Acid Sequences. An amino acid alignment of the
Drosophila D2-like receptor with the human D2 receptor was performed using
ALIGN X with the blosum62mt2 scoring matrix (Vector NTI Suite, version 5.5,
InforMax, North Bethesda, MD). An alignment comparing the human D2 receptor
with mammalian and invertebrate species orthologs was performed using

CLUSTALW version 3.2 (http://workbench.sdsc.edu).
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Generation of Mutant Receptors. The fly and human D2 receptors (506 and
443 amino acids respectively) (Grandy et al., 1989; Hearn et al., 2002) were
each subcloned into the expression vector pcDNA1.1 (Invitrogen, Carlsbad, CA).
Mutants were generated by modifying the coding region of either the wild type
human or fly D2 receptors. Amino acid substitutions were introduced via
oligonucleotide-directed, site-specific mutagenesis, as described previously
(Beinborn et al., 1993). Oligonucleotides of interest were synthesized at the Tufts
University DNA Synthesis Core Facility (Boston, MA). Introduction of desired
mutations was confirmed by restriction enzyme analyses followed by
dideoxynucleotide sequencing of the entire protein-coding region using an

automated ABI 37X DNA sequencer (Applied Biosystems, Foster City, CA).

Cell Culture. Human embryonic kidney (HEK) 293 cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (Biotechnics Research Inc., Lake Forest, CA) and
100 units/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA) at 37°C in a

humidified environment containing 5% CO..

Transfection and Luciferase Assay. HEK 293 cells were plated (5,000-7,000
per well) onto 96-well Primaria plates (BD Biosciences, Bedford, MA). Cells were
transiently transfected using Lipofectamine reagent (Invitrogen, Carlsbad, CA)

with cDNAs encoding (i) either wild type or mutant receptors (hD2R or DD2R), (ii)
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a reporter gene construct consisting of five tandem repeats of the serum
response element (SREsx) ligated upstream from a reporter gene encoding firefly
luciferase (Feuerbach et al., 2000) and (iii) Gg5i, a chimeric G protein consisting
of Gq with substitution of the five corresponding carboxy-terminal amino acids of
Gi (Conklin et al., 1993; Elshourbagy et al., 2000). The 5 amino acids at the
carboxy-terminus of Gq5i are sufficient to enable interaction with Gi coupled
receptors (Conklin et al., 1993; Coward et al., 1999). The Gg domains of Gg5i
enables receptor mediated signaling to the Gq pathway which can, in turn, be
detected using the serum response element (SRE)s-luciferase reporter gene
construct.

As a complementary approach to examine Gi mediated signaling, cells
were stimulated with forskolin and dopamine receptor mediated inhibition of
cyclic AMP (cAMP) induced transcription was examined. For these studies, cells
were transiently transfected with cDNAs encoding (i) either wild type or mutant
receptors (hD2R or DD2R) and (ii) a reporter gene construct consisting of six
tandem repeats of the cyclic AMP response element (CREsx) (George et al.,
1998; Kemp et al., 1999) ligated upstream from a reporter gene encoding firefly
luciferase (Feuerbach et al., 2000).

Twenty-four hours after transfection, cells were exposed to ligand for 3
hours in serum-free medium either in the presence or absence of forskolin (as
indicated in figure legends). The cells were then lysed, and luciferase activity
guantified using LuclLite reagents (PerkinElmer, Wellesley, MA). All

measurements were repeated in at least three separate experiments, each

10
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performed in triplicate. Ligand potencies were assessed by stimulating receptor
expressing cells with increasing concentrations of agonists. pECs values were
calculated from concentration response curves using computerized nonlinear
curve fitting (PRISM 3.0, GraphPad, San Diego, CA). Percent efficacies were
calculated by dividing the maximum light unit value of an agonist by the

maximum value for bromocriptine at the corresponding receptor.

Statistical Analysis. All statistical analyses were performed using one-way

ANOVA and Dunnet’s post-test (INSTAT, GraphPad, San Diego, CA).

11

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Results

Functional assessment of dopamine D2 receptor agonists on the fly
and human D2 receptors. Four dopamine agonists used in the treatment of
Parkinson’s disease (Figure 1) were the focus of this structure-function analysis.
Each of these agonists signals with relatively high potency at the hD2R;
corresponding ECsp values were < 10nM. However, among these four ligands,
only bromocriptine is a strong agonist at the DD2R as well (Figure 2). In
contrast, pergolide signals at the DD2 receptor with low potency and low efficacy,
whereas piribedil and ropinirole do not trigger ligand induced signaling at the fly

receptor (Figure 2).

Comparison of the hD2 and the DD2 receptors reveals candidate
molecular determinants of agonist efficacy/potency. As a first step to
identifying candidate residues which may underlie the pharmacological
differences between the Drosophila and human D2 receptors, an amino acid
alignment of the two GPCRs was made. Residues that are conserved or different
between the two receptors are indicated in Figure 3. A total of 73 residues
comprise the human D2 pocket (Javitch et al., 1994; Javitch et al., 1995a; Javitch
et al., 1995b; Fu et al., 1996; Javitch et al., 1998; Javitch et al., 1999; Javitch et
al., 2000; Ballesteros et al., 2001; Shi et al., 2001). Within this pocket, only 25
residues are not conserved between the fly and human homologs. Among these,

24 residues that are found in the outer two thirds of the transmembrane domain

12
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pocket were examined in this study and are highlighted in Figure 3. We
hypothesize that species divergence in these amino acids is the most likely
explanation for the distinct pharmacologies of the fly versus the human D2

receptors.

Selected hD2R mutants show aloss of agonist efficacy/potency.
Since the pharmacologic profile of agonist function differs between the hD2 and
DD2 receptors (Figure 2), amino acids in the ligand pocket that are not
conserved between the two receptors (Figure 3) represent candidate residues
underlying the species-specific differences. Site directed mutagenesis was
utilized to exchange the divergent amino acids between the Drosophila and
human D2-like receptor homologs, which had been identified as candidate
potency/efficacy determinants. As a first step, human receptor residues were
replaced with the corresponding fly amino acids. It was hypothesized that
substitution of fly residues into the human D2 receptor would result in mutants
with decreased potency for piribedil, pergolide and ropinirole while having little if
any impact on the ECsp of agonists which are not species-selective, i.e.
bromocriptine (Figure 2) and/or dopamine (Hearn et al., 2002). To assess all of
the candidate amino acids (24 residues), a total of 13 mutants were generated,;
each included one to five substitutions. The mutants were each expressed in
HEK293 cells and stimulated with increasing concentrations of agonist. Full
efficacy of bromocriptine or dopamine and conserved potency for at least one of

these agonists (within 3-fold of either the wild type hD2R or DD2R values) was

13
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utilized as an index of intact tertiary structure of the mutant receptors. The
pharmacologic profile of each of the variants satisfied these criteria. Two mutants
(hD2R-1IFV109FYI and hD2R-C118S) exhibited decreased potency for
bromocriptine (Table 1) but displayed ECsg values for dopamine that were
indistinguishable from the wild type human D2R value (mean pECs, + SEM for
hD2R is 6.08 + 0.24, for hD2R-IFV109FY1 is 6.05 + 0.27 and for hD2R-C118S is
5.84 + 0.26, no significant differences by ANOVA). These findings suggest that
the overall structure of the hD2R-IFV109FY| and hD2R-C118S mutants was
conserved despite a slight decrease in bromocriptine potency.

When the human D2 receptor mutants were stimulated with pergolide, six
of these constructs displayed a significant decrease in potency when compared
to the wild type receptor (highlighted in Table 1). Corresponding substituted
residues were thus considered potential contributors to the pharmacological

species differences between the fly and human receptors.

Selected mutant DD2 receptors show an increase in agonist
potency/efficacy. Further investigation focused on the six mutant human
receptors that displayed a significant decrease in pergolide potency (Table 1). To
explore whether converse substitutions confer increased agonist potency, human
D2 receptor residues were introduced in place of the corresponding fly amino
acids. Each of the generated receptors maintained conserved potency of at least
bromocriptine and/or dopamine suggesting that the DD2R mutants retained intact

tertiary structure (Table 2). Two mutants (DD2R-FA132WYV and DD2R-FL136LE)

14
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displayed decreased bromocriptine potency (Table 2) but retained dopamine
potency within 3-fold of the wild type DD2R value (mean pECsy+ SEM for DD2R
is 6.07 £ 0.26, for DD2R-FA132WYV is 6.05 *+ 0.24 for DD2R-FL136LE is 6.68 +
0.30, no significant differences by ANOVA). Four mutants, DD2R-S160C, DD2R-
FA132WV, DD2R-IVI211LLF and DD2R-LS239IV showed an increase in
pergolide potency however the change did not quite reach statistical significance
(Table 2). Among these mutants with a tendency toward gain of function, the
DD2R-S160C variant was chosen for further analysis since the complementary
hD2R construct (hD2R-C118S) showed the most pronounced loss of function
phenotype with regard to pergolide potency (Table 1). Taken together, the
findings with the C118S and S160C substitution mutants provided preliminary
evidence that the respective residues in DD2R and hD2R are important
determinants of agonist potency/efficacy. To further explore this possibility, a
series of additional Drosophila mutants was generated. Substitutions in each of
these constructs included the S160C alteration in combination with one of the
other putative gain of function mutations shown in Table 2. Of the five different
constructs generated, two (DD2R-S160C/FA132WYV and DD2R-
S160C/IVL211LLF) showed a significant increase in both pergolide potency and
efficacy versus the wild type DD2R (Table 3). Findings with the two combination
mutants suggested that a subset of the six substituted residues act in concert to

define pergolide activity at the human D2 receptor.

15

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

A triple mutant markedly enhances the potency of pergolide at the
DD2 receptor. To further define the residues that are important determinants of
pergolide activity, different combinations of amino acids were selected from
S160C, FA132WYV, and IVL211LLF. A series of six additional mutants (DD2R-
A133V/S160C/1211L, DD2R-F132W/S160C/1211L, DD2R-A133V/S160C/V212L,
DD2R-F132W/S160C/V212L, DD2R-A133V/S160C, and DD2R-F132W/S160C)
was generated and assessed sequentially with bromocriptine, pergolide, piribedil
and ropinirole) (data not shown). We focused on two of these constructs that
conferred the most pronounced gain of function to compounds with either minor
or no detectable activity at the wild type fly DD2R. A triple amino acid substitution
in the DD2R (DD2R-A133V/S160C/I211L) markedly increased pergolide efficacy
and enhanced the potency of this compound to within 10-fold of the wild type
human D2 receptor (Figure 4). In addition, a double mutant (DD2R-
A133V/S160C) increased the efficacy and potency of pergolide albeit to a lesser
degree than the triple substitution. Whereas, piribedil and ropinirole fail to
stimulate the wild type fly DD2 receptor, introduction of either the double or triple
combination of human amino acids into the wild type fly DD2R enabled these
agonists to induce a limited degree of signaling (Figure 4).

To further validate the importance of the corresponding amino acids for
ligand function, respective converse substitutions were introduced into the wild
type human D2 receptor. The double and triple amino acid human mutants were

assessed with each of the four agonists. Bromocriptine ECso was conserved

16
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(Figure 5); however, a decrease in potency was observed with pergolide, piribedil
and ropinirole.

A complementary reporter gene assay, which relies on receptor coupling
to the endogenous Gi, was used to confirm the pharmacologic significance of the
human D2R residues V91, C118 and L170. Cells were treated with forskolin to
stimulate cAMP induced expression of a CREgx-luciferase reporter gene. Gi
mediated inhibition of this activity in response to dopamine receptor agonists was
assessed. As anticipated, bromocriptine triggered a concentration dependent
decrease in forskolin-induced cyclic AMP mediated reporter gene (CREgy-
luciferase) transcription (Figure 6A). Consistent with our findings using the
GQg5i/SREsx-luciferase reporter assay (Figures 4 and 5), the function of
bromocriptine when assessed via the endogenous Gi protein and the CREgx-
luciferase construct was similar at the wild type and mutant hD2Rs and DD2Rs
(Figure 6A). Also supporting our prior observations, pergolide showed markedly
less activity at the wild type Drosophila versus the human D2 receptor (Figure
6B). This difference was largely reversed when examined at the triple mutant
receptors (hD2R-V91A/C118S/L170I versus DD2R-A133V/S160C/I1211L) where
three critical species-selective residues were exchanged between the two
receptor isoforms (Figure 6B). As predicted, while piribedil and ropinirole showed
significant endogenous Gi mediated activity at the wild type hD2R, essentially no
activity of these ligands was appreciable when the wild type DD2R was
examined (Figure 6C and 6D). The introduction of human residues into the fly

receptor (DD2R-A133V/S160C/1211L) conferred enhanced piribedil and
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ropinirole function, whereas the converse substitution of fly residues in the hD2R
(hD2R-V91A/C118S/L170I) led to a loss of pergolide and ropinirole activity
(Figure 6C and 6D).

Taken together, two complementary readouts of signal transduction
(which rely on either recombinant Gg5i or endogenous Gi mediated signaling)
provide consistent results. The findings suggest that V91, C118, and L170 (i.e.
the residues which are represented by the double and triple amino acid
substitutions discussed above) are important determinants of activity for selected

synthetic agonists at the human dopamine 2 receptor.
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Discussion

In the present study, the Drosophila DD2R provided a new tool to identify
molecular determinants of ligand activity at the human D2 receptor. This report
focuses on four synthetic agonists used as treatment options for Parkinson’s
disease (i.e. bromocriptine, piribedil, pergolide and ropinirole). For many GPCRs
(e.g. the cholecystokinin type 2, neurokinin type 1, and serotonin type 1B
receptors), species-specific (dog or rat versus human) differences in ligand
activity have been identified (Fong et al., 1992; Oksenberg et al., 1992; Beinborn
et al., 1993; Cascieri et al., 1994) and provided an experimental basis for
exploring the molecular determinants of ligand function. In contrast, known
dopamine 2 receptor agonists appear to act comparably on mammalian D2
receptor orthologs (Grandy et al., 1989). The similarity in the pharmacological
profiles of mammalian D2 receptors therefore does not enable these isoforms to
be used as molecular probes to identify functionally important residues.
Consistent with these observations, a comparison of mammalian D2 receptors
(human versus mouse versus rat) reveals a fully conserved (100% identical)
putative ligand pocket.

The cloning and the characterization of the Drosophila D2-like receptor
(Hearn et al., 2002) presented a novel opportunity to identify synthetic agonist
efficacy/potency determinants. Both the fly and human D2 receptors signal
through Gi and both are activated by dopamine and bromocriptine with relatively

high potency. At the same time, these two receptors showed marked differences
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in sensitivity to piribedil, pergolide and ropinirole (Figure 2). The receptor ligand
pockets show 66% identity and 77% similarity at the amino acid level leaving a
finite number of residues that may underlie the distinct pharmacological profiles.

Systematic exchange of residues between the fly and human D2 receptors
ultimately led to the identification of a three amino acid combination (A133V/
S160C/1211L) that when transferred from the human D2 receptor into the fly
receptor resulted in a marked increase in pergolide efficacy (converting this
compound into a full DD2R agonist) and potency (to within 10-fold of the wild
type human value) (Figure 4). These residue substitutions in the DD2R also
increased the function of the two other species-selective synthetic agonists that
were tested (i.e. piribedil and ropinirole) suggesting that these amino acids are
functionally important to multiple structurally diverse ligands. The observed
sequential increase in drug function with single vs. double vs. triple amino acid
substitutions in the DD2R is consistent with current models of synthetic agonist-
receptor interaction where combinations of selected amino acids within a
receptor’s binding pocket are postulated to interact with ligands to define potency
and/or efficacy (Javitch et al., 1996).

The most pronounced mutation induced potency and efficacy increases in
this study were observed with the agonist, pergolide (Figure 4). The observation
that limited alterations in the DD2R binding pocket were sufficient to enhance
pergolide function close to that of bromocriptine (which acts as a potent agonist
at the fly receptor) suggests that the mode of action of these two ligands may be

similar. Consistent with this hypothesis, an inspection of the structure of the
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ligands used in this study reveals that pergolide and bromocriptine are
structurally related compounds and on this basis are classified as ergoline
derivatives. In contrast, the two ligands that were less affected by the receptor
mutations that were studied, piribedil and ropinirole, are both nonergots. Future
studies will be needed to identify the additional pharmacological determinants
which further contribute to potency/activity differences of piribedil and ropinirole
at the fly versus human D2 receptors.

Our studies suggest that V91, C118, and L170 are critical to synthetic
agonist function at the human D2 receptor. A model of the hD2R was proposed
by Kalani et al. using computational techniques to predict the binding sites and
relative binding energies of various dopaminergic ligands (Kalani et al., 2004).
Based on in silico analysis, a model was thus proposed in which C118 is among
the residues that form a predominately hydrophobic pocket where dopamine, as
well as, class | (exemplified by clozapine) and class Il (exemplified by
haloperidol) antagonists bind to the receptor. Using the same approach, V91 is
modeled to lie in a largely hydrophobic pocket for class Il antagonists (Kalani et
al., 2004). It is of note that the predicted relevance of the C118 and V91 for
receptor-ligand interactions is in line with our experimental findings. However,
according to the in silico model, L170 (which we found to be pharmacologically
relevant) is not predicted to interact with any of the ligands that were studied. It is
well established that only some of the residues forming the surface of a GPCR

binding crevice are in direct contact with agonists or antagonists, whereas others
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primarily play a structural role in stabilizing the overall pocket configuration
(Javitch et al., 1996). L170 may fall into the latter class of amino acids.

In addition to modeling approaches, our conclusion that residues C118
and V91 are important determinants of synthetic agonist potency/efficacy at the

human D2R is also supported by complementary biochemical/pharmacological

investigations. Javitch et al. have shown by SCAM analysis that covalently linking

C118 to sulfhydryl-reactive reagents results in an inhibition of ligand affinity
(Javitch et al., 1994). This transmembrane domain 3 amino acid was therefore
postulated to reside within the binding site crevice of the human D2 receptor. In
addition, serial substitutions in place of C118 (i.e. K, S, M, and A), resulted in
mutant receptors exhibiting variable reductions in the binding affinities of
dopamine and a synthetic D2 receptor ligand, sulpiride. These observations led
the authors to conclude that the residue occupying position 118 in the hD2R
plays an important role in ligand binding affinity, an effect that depends on both
the size and the charge of the corresponding side chain (Javitch et al., 1996).
Our study extends these findings by demonstrating that C118 is an important
determinant not only of affinity but also of potency and efficacy for multiple
structurally diverse drugs that are commonly used for the treatment of
Parkinson’s disease (i.e. pergolide, piribedil and ropinirole).

Previous studies have also explored the role of valine 91 as a molecular
determinant of ligand affinity (Simpson et al., 1999; Kortagere et al., 2004;
Floresca et al., 2005). Valine 91 in the hD2R was found to be in the water-

accessible surface of the receptor by SCAM analysis (Javitch et al., 1999). The
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potential relevance of the residue occupying position 91 was inferred from
studies on the D4 receptor. When the corresponding residue in the rat D4
receptor (F88V) was substituted with its hD2R homolog (V91), there was a 100-
fold decrease in affinity for the D4R selective ligand L-750,667 (Schetz et al.,
2000). Conversely, when V91 in the hD2R was substituted with phenylalanine
(the corresponding residue in the hD4R), there was ~100-fold increase in affinity
for the highly selective D4R compound CPPMA compared to the wild type hD2
receptor (Simpson et al., 1999). The latter observation, although focused on the
binding properties of a D4R selective compound, support our conclusion that V91
in the hD2R is an important determinant of receptor-ligand interaction.

An amino acid alignment comparing the human D2 receptor with
mammalian and invertebrate species orthologs (Figure 7) highlights the residues
that were found to be determinants of synthetic agonist activity (C118/V91/L170).
Of note, residue C118 in the human D2 receptor is conserved among
mammalian D2 receptors whereas its corresponding amino acid is a serine in
both the fly DD2R and C. elegans D2 receptors. Residue V91 is also highly
conserved among mammalian receptors while the corresponding residue in both
the fly and C. elegans D2 receptors is an alanine. Leucine 170 is also conserved
among the mammlain D2 receptors however in the fly and C. elegans D2-like
receptors, it is an isoleucine and methionine, respectively. Variability in the amino
acid sequence of a given mammalian GPCR subtype (e.g. the cholecystokinin
type 2 and neurokinin type 1 receptors) has been previously used to identify

residues underlying ligand affinity and/or efficacy differences between species
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(e.g. dog versus human, and mouse versus human) (Fong et al., 1992; Beinborn
et al., 1993). The conservation of critical amino acids (i.e. C118, V91 and L170)
among mammalian D2 receptors precluded the use of these receptors in
mapping the efficacy/potency determinants of synthetic ligands. In contrast,
comparison of hD2R with the Drosophila D2 receptor homolog provided a greater
degree of divergence between the corresponding binding pockets. This strategy
thus enabled the identification of functionally important amino acids that could not
have been appreciated by comparison of only mammalian receptor isoforms.

In summary our study demonstrates that pharmacologic differences that
occur between vertebrate and invertebrate receptor homologs may be utilized to
map residues that are relevant to synthetic agonist binding and function. This
approach revealed three amino acids in the human D2 receptor which together
serve as important potency/efficacy determinants for selected anti-Parkinsonian
drugs. We suggest that parallel strategies utilizing other invertebrate orthologous
GPCRs may have utility in exploring the interplay between receptor-selective

ligands and their cognate GPCRs.

24

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Acknowledgments

We would like to thank Dr. Grandy and Dr. Bunzow for kindly providing us with

the human D2 receptor cDNA.

25

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

References

Alberts GL, Pregenzer JF and Im WB (1998) Contributions of cysteine 114 of the
human D3 dopamine receptor to ligand binding and sensitivity to external
oxidizing agents. Br J Pharmacol 125:705-710.

Ballesteros JA, Shi L and Javitch JA (2001) Structural mimicry in G protein-
coupled receptors: implications of the high-resolution structure of
rhodopsin for structure-function analysis of rhodopsin-like receptors. Mol
Pharmacol 60:1-19.

Beinborn M, Lee YM, McBride EW, Quinn SM and Kopin AS (1993) A single
amino acid of the cholecystokinin-B/gastrin receptor determines specificity
for non-peptide antagonists. Nature 362:348-350.

Cascieri MA, Macleod AM, Underwood D, Shiao LL, Ber E, Sadowski S, Yu H,
Merchant KJ, Swain CJ, Strader CD and et al. (1994) Characterization of
the interaction of N-acyl-L-tryptophan benzyl ester neurokinin antagonists
with the human neurokinin-1 receptor. J Biol Chem 269:6587-6591.

Coley C, Woodward R, Johansson AM, Strange PG and Naylor LH (2000) Effect
of multiple serine/alanine mutations in the transmembrane spanning
region V of the D2 dopamine receptor on ligand binding. J Neurochem
74:358-366.

Conklin BR, Farfel Z, Lustig KD, Julius D and Bourne HR (1993) Substitution of
three amino acids switches receptor specificity of Gq alpha to that of Gi

alpha. Nature 363:274-276.

26

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Coward P, Chan SD, Wada HG, Humphries GM and Conklin BR (1999) Chimeric
G proteins allow a high-throughput signaling assay of Gi-coupled
receptors. Anal Biochem 270:242-248.

Elshourbagy NA, Ames RS, Fitzgerald LR, Foley JJ, Chambers JK, Szekeres
PG, Evans NA, Schmidt DB, Buckley PT, Dytko GM, Murdock PR, Milligan
G, Groarke DA, Tan KB, Shabon U, Nuthulaganti P, Wang DY, Wilson S,
Bergsma DJ and Sarau HM (2000) Receptor for the pain modulatory
neuropeptides FF and AF is an orphan G protein-coupled receptor. J Biol
Chem 275:25965-25971.

Emilien G, Maloteaux JM, Geurts M, Hoogenberg K and Cragg S (1999)
Dopamine receptors--physiological understanding to therapeutic
intervention potential. Pharmacol Ther 84:133-156.

Feuerbach D, Fehlmann D, Nunn C, Siehler S, Langenegger D, Bouhelal R,
Seuwen K and Hoyer D (2000) Cloning, expression and pharmacological
characterisation of the mouse somatostatin sst(5) receptor.
Neuropharmacology 39:1451-1462.

Floresca CZ, Chen S, Kortagere S and Schetz JA (2005) Reciprocal mutations in
TM2/TM3 in a D2 dopamine receptor background confirms the importance
of this microdomain as a selective determinant of para-halogenated 1,4-
disubstituted aromatic piperazines. Arch Pharm (Weinheim) 338:268-275.

Fong TM, Yu H and Strader CD (1992) Molecular basis for the species selectivity
of the neurokinin-1 receptor antagonists CP-96,345 and RP67580. J Biol

Chem 267:25668-25671.

27

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Fu D, Ballesteros JA, Weinstein H, Chen J and Javitch JA (1996) Residues in the
seventh membrane-spanning segment of the dopamine D2 receptor
accessible in the binding-site crevice. Biochemistry 35:11278-11285.

George SE, Bungay PJ and Naylor LH (1998) Functional analysis of the D2L
dopamine receptor expressed in a cCAMP-responsive luciferase reporter
cell line. Biochem Pharmacol 56:25-30.

Gether U (2000) Uncovering molecular mechanisms involved in activation of G
protein-coupled receptors. Endocr Rev 21:90-113.

Grandy DK, Marchionni MA, Makam H, Stofko RE, Alfano M, Frothingham L,
Fischer JB, Burke-Howie KJ, Bunzow JR, Server AC and et al. (1989)
Cloning of the cDNA and gene for a human D2 dopamine receptor. Proc
Natl Acad Sci U S A 86:9762-9766.

Hearn MG, Ren Y, McBride EW, Reveillaud I, Beinborn M and Kopin AS (2002)
A Drosophila dopamine 2-like receptor: Molecular characterization and
identification of multiple alternatively spliced variants. Proc Natl Acad Sci
U S A 99:14554-14559.

Javitch JA, Ballesteros JA, Chen J, Chiappa V and Simpson MM (1999)
Electrostatic and aromatic microdomains within the binding-site crevice of
the D2 receptor: contributions of the second membrane-spanning
segment. Biochemistry 38:7961-7968.

Javitch JA, Ballesteros JA, Weinstein H and Chen J (1998) A cluster of aromatic

residues in the sixth membrane-spanning segment of the dopamine D2

28

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

receptor is accessible in the binding-site crevice. Biochemistry 37:998-
1006.

Javitch JA, Fu D and Chen J (1995a) Residues in the fifth membrane-spanning
segment of the dopamine D2 receptor exposed in the binding-site crevice.
Biochemistry 34:16433-16439.

Javitch JA, Fu D and Chen J (1996) Differentiating dopamine D2 ligands by their
sensitivities to modification of the cysteine exposed in the binding-site
crevice. Mol Pharmacol 49:692-698.

Javitch JA, Fu D, Chen J and Karlin A (1995b) Mapping the binding-site crevice
of the dopamine D2 receptor by the substituted-cysteine accessibility
method. Neuron 14:825-831.

Javitch JA, Li X, Kaback J and Karlin A (1994) A cysteine residue in the third
membrane-spanning segment of the human D2 dopamine receptor is
exposed in the binding-site crevice. Proc Natl Acad SciU S A 91:10355-
10359.

Javitch JA, Shi L, Simpson MM, Chen J, Chiappa V, Visiers |, Weinstein H and
Ballesteros JA (2000) The fourth transmembrane segment of the
dopamine D2 receptor: accessibility in the binding-site crevice and
position in the transmembrane bundle. Biochemistry 39:12190-12199.

Kalani MY, Vaidehi N, Hall SE, Trabanino RJ, Freddolino PL, Kalani MA, Floriano
WB, Kam VW and Goddard WA, 3rd (2004) The predicted 3D structure of

the human D2 dopamine receptor and the binding site and binding

29

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

affinities for agonists and antagonists. Proc Natl Acad SciU S A
101:3815-3820.

Kemp DM, George SE, Bungay PJ and Naylor LH (1999) Partial agonism at
serotonin 5-HT1B and dopamine D2L receptors using a luciferase reporter
gene assay. Eur J Pharmacol 373:215-222.

Kortagere S, Gmeiner P, Weinstein H and Schetz JA (2004) Certain 1,4-
disubstituted aromatic piperidines and piperazines with extreme selectivity
for the dopamine D4 receptor interact with a common receptor
microdomain. Mol Pharmacol 66:1491-1499.

Kozell LB, Machida CA, Neve RL and Neve KA (1994) Chimeric D1/D2
dopamine receptors. Distinct determinants of selective efficacy, potency,
and signal transduction. J Biol Chem 269:30299-30306.

Mansour A, Meng F, Meador-Woodruff JH, Taylor LP, Civelli O and Akil H (1992)
Site-directed mutagenesis of the human dopamine D2 receptor. Eur J
Pharmacol 227:205-214.

Missale C, Nash SR, Robinson SW, Jaber M and Caron MG (1998) Dopamine
receptors: from structure to function. Physiol Rev 78:189-225.

Naylor L, Woodward R, Daniell S, Coley C and Strange P (1995) Determinants of
ligand binding at the D2 dopamine receptor. Biochem Soc Trans 23:87-91.

Neve KA, Cox BA, Henningsen RA, Spanoyannis A and Neve RL (1991) Pivotal
role for aspartate-80 in the regulation of dopamine D2 receptor affinity for

drugs and inhibition of adenylyl cyclase. Mol Pharmacol 39:733-739.

30

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Oksenberg D, Marsters SA, O'Dowd BF, Jin H, Havlik S, Peroutka SJ and
Ashkenazi A (1992) A single amino-acid difference confers major
pharmacological variation between human and rodent 5-HT1B receptors.
Nature 360:161-163.

Schetz JA, Benjamin PS and Sibley DR (2000) Nonconserved residues in the
second transmembrane-spanning domain of the D(4) dopamine receptor
are molecular determinants of D(4)-selective pharmacology. Mol
Pharmacol 57:144-152.

Schetz JA and Sibley DR (2000) Tandem sulfur-containing amino acids are
epicritical determinants of dopamine D(2) receptor pharmacology. Eur J
Pharmacol 388:R5-7.

Shi L, Simpson MM, Ballesteros JA and Javitch JA (2001) The first
transmembrane segment of the dopamine D2 receptor: accessibility in the
binding-site crevice and position in the transmembrane bundle.
Biochemistry 40:12339-12348.

Simpson MM, Ballesteros JA, Chiappa V, Chen J, Suehiro M, Hartman DS,
Godel T, Snyder LA, Sakmar TP and Javitch JA (1999) Dopamine D4/D2
receptor selectivity is determined by A divergent aromatic microdomain
contained within the second, third, and seventh membrane-spanning
segments. Mol Pharmacol 56:1116-1126.

Vallone D, Picetti R and Borrelli E (2000) Structure and function of dopamine

receptors. Neurosci Biobehav Rev 24:125-132.

31

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Wilcox RE, Huang WH, Brusniak MY, Wilcox DM, Pearlman RS, Teeter MM,
DuRand CJ, Wiens BL and Neve KA (2000) CoMFA-based prediction of
agonist affinities at recombinant wild type versus serine to alanine point
mutated D2 dopamine receptors. J Med Chem 43:3005-3019.

Wilcox RE, Tseng T, Brusniak MY, Ginsburg B, Pearlman RS, Teeter M, DuRand
C, Starr S and Neve KA (1998) CoMFA-based prediction of agonist
affinities at recombinant D1 vs D2 dopamine receptors. J Med Chem

41:4385-4399.

32

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Footnotes

This work was supported by the National Institute of Health grant, RO1-

DA020415-01A2, and Digestive Disease Research Center grant, P30-DK34928.

Send reprint requests to: Dr. Alan S. Kopin, 750 Washington Street, Box 7703,
Boston, MA 02111; Tel.: 617-636-4834; Fax: 617-636-8692;

Email: akopin@tufts-nemc.org

33

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on January 4, 2007 as DOI: 10.1124/jpet.106.116384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #116384

Legends for Figures

Figure 1. Structure of selected hD2R agonists used in the treatment of

Parkinson’s disease.

Figure 2. Activity of D2 receptor ligands at the human D2 receptor versus
the Drosophila DD2R. HEK293 cells were co-transfected with receptor (either
hD2R or DD2R) cDNA in addition to a SREsx-luciferase reporter gene construct
and a plasmid encoding the chimeric G protein, Gq5i. After a 3 hour stimulation
with increasing concentrations of ligand, luciferase activity was quantified. Data
represent the mean + SEM of multiple independent experiments (n=11 for hD2R
and n=14 for DD2R). Luciferase activity is expressed as a percentage of the
bromocriptine induced maximum for each receptor. Calculated ECs, values (in
nM) for the hD2R were 0.11 (bromocriptine), 0.15 (pergolide), 9.3 (piribedil), and
6.7 (ropinirole). Corresponding ECsg values (in nM) for the DD2R were 0.44
(bromocriptine) and 82 (pergolide). Piribedil and ropinirole did not stimulate the
DD2R. The maximum levels of bromocriptine induced signaling for the hD2R and

DD2R were comparable: 21,568 + 1916 versus 27,707 + 4090 counts/second

(mean = SEM) respectively.

Figure 3. Schematic representation of the human dopamine 2 receptor.

Gray circles illustrate residues that are conserved between the human dopamine

2 receptor and fly DD2R based on amino acid sequence alignment. Black circles
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illustrate 24 residues that differ between the two receptors and are predicted to
comprise part of the putative ligand binding pocket. White circles represent

amino acids that are not conserved.

Figure 4. Double and triple amino acid substitutions in the DD2R result in
enhanced agonist potency/efficacy. HEK293 cells were co-transfected with
receptor cDNA in addition to a SREsx-luciferase reporter gene construct and a
plasmid encoding the chimeric G protein, Gg5i. After a 3 hour stimulation with
increasing concentrations of ligand, luciferase activity was quantified. Data
represent the mean + SEM of multiple independent experiments (n=11 for hD2R,
n=14 for DD2R, n=4 for DD2R-A133V/S160C/I1211L and n=4 for DD2R-
A133V/S160C). Luciferase activity is expressed as a percentage of the
bromocriptine induced maximum for each receptor. Calculated ECsp values (in
nM) for DD2R-A133V/S160C/I211L were 0.22 (bromocriptine) and 1.7
(pergolide). Corresponding ECsp values (in nM) for DD2R-A133V/S160C were
0.40 (bromocriptine) and 4.0 (pergolide). In contrast to findings with the wild type
DD2R, piribedil and ropinirole had detectable efficacies at the mutant receptors
although the potencies of these compounds remained relatively low (ECso values
> 10°M). The maximum levels of bromocriptine induced signaling were as follows
(in counts/second; mean + SEM): hD2R (11,908 + 1813), DD2R (13,531 + 600),
DD2R-A133V/S160C/1211L (13,004 + 1175) and DD2R-A133V/S160C (13,846 +

2094).
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Figure 5. Double and triple amino acid substitutions in the hD2R result in
decreased agonist potency/efficacy. HEK293 cells were co-transfected with
receptor cDNA in addition to a SREs-luciferase reporter gene construct and a
plasmid encoding the chimeric G protein, Gg5i. After a 3 hour stimulation with
increasing concentrations of ligand, luciferase activity was quantified. Data
represent the mean + SEM of multiple independent experiments (n=11 for hD2R,
n=14 for DD2R, n=4 for hD2R-V91A/C118S/L170I and n=4 for hD2R-
V91A/C118S). Luciferase activity is expressed as a percentage of the
bromocriptine induced maximum for each receptor. Calculated ECs, values (in
nM) for hD2R-V91A/C118S/L170I were 1.3 (bromocriptine), 74 (pergolide), and
1243 (ropinirole). Corresponding ECsp values (in nM) for hD2R-V91A/C118S
were 0.58 (bromocriptine), 38 (pergolide), and 406 (ropinirole). Low efficacy of
piribedil at these mutant receptors precluded calculation of ECsg values. The
maximum levels of bromocriptine induced signaling were as follows (in

counts/second; mean £ SEM): hD2R (3946 + 464), DD2R (5706 + 389), hD2R-

V91A/C118S/L170I (3673 + 374) and hD2R-V91A/C118S (3557 + 208).

Figure 6. Cyclic AMP dependent changes in gene transcription provide a
complementary measure of ligand function of wild type and mutant
dopamine receptors. HEK293 cells were co-transfected with receptor cDNA in
addition to a CREgx-luciferase reporter gene construct. After a 3 hour stimulation

with 0.5uM of forskolin in the absence or presence of increasing concentrations
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of ligand, luciferase activity was quantified. Data represent the mean + SEM of
three independent experiments. Luciferase activity is expressed as a percentage

of the forskolin induced maximum for each receptor.

Figure 7. Amino acid alignment between mammalian and invertebrate D2
receptor orthologs. Portions of transmembrane domains (TM) 2, 3 and 4
encompassing human D2 receptor residues (V91, C118, and L170) are shown.
The position of hD2R amino acids are indicated above the alignment. Residues
that correspond to positions 91, 118 and 170 of the human D2 receptor are
highlighted. The sequence labeled ‘mammalian D2R’ reflects conserved

sequences in the human, rat, mouse and dog D2 receptors.
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Tables

Table 1. Agonist potencies and efficacies at wild type versus mutant human

dopamine 2 receptors.

Mutation Bromocriptine Pergolide n
PECso PECso? %Efficacy”
mean = SEM | mean £ SEM mean = SEM

hD2R 9.95+0.04 9.81+0.10 77.3+7.1 11
hD2R-WV90FA 9.76 £ 0.07 9.08+ 0.09¢ 71.1+5.2 4
hD2R-LE94FL 9.65+ 0.08 9.03+0.16¢ 54.9+3.5 4
hD2R-IFV109FYI 8.86+ 0.06° 9.39 + 0.07 65.1+£4.8 4
hD2R-C118S 8.96+ 0.07° 7.78+ 0.20° 88.0t8.1 4
hD2R-F164A 9.83+0.08 9.87 £0.10 63.4+3.7 4
hD2R-S167G 9.61+0.20 10.46+ 0.14¢ 96.8+22.4 4
hD2R-LLF170IVL 9.32+£0.10 8.91+ 0.07° 75.0+13.1 3
hD2R-VV190IL 9.69 £ 0.10 10.49+ 0.21¢ 77.2+t7.3 4
hD2R-IV195LS 9.16 £ 0.11 9.04+ 0.10° 77.2+11.1 4
hD2R-V200I 9.78 £0.13 10.07 £ 0.08 80.2+5.5 4
hD2R-TH392CN 9.59+0.11 10.03 £ 0.15 67.0t5.1 4
hD2R-I397A 9.73x£0.10 9.81+0.11 64.0£5.2 4
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hD2R-LYSAF407AYMMT 9.60 £0.03 9.03+ 0.08" 69.1£5.4

& Mutants with a pergolide pECs value that is significantly lower than the wild
type human D2 receptor are highlighted.

® For all receptors, pergolide efficacy (expressed as a percentage of the
corresponding value for bromocriptine) is comparable (no significant
differences by ANOVA).

¢ Value is more than 3-fold lower than either the wild type hD2R or DD2R values
(see Table 2 for DD2R value) but the dopamine pECsg values are conserved
(see text).

4 Value significantly different (P<0.01) than wild type hD2R value.
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Table 2. Agonist potencies and efficacies of wild type versus mutant

Drosophila D2 receptors.

Mutation Bromocriptine Pergolide
PECso PECso %Efficacy?
mean + SEM [ mean + SEM mean + SEM
DD2R 9.36 + 0.02 7.08 £0.01 346 +2.6
DD2R-FA132WV 7.99 + 0.08° 7.43 +£0.10 545+10.1
DD2R-FL136LE 7.55+ 0.15¢ N.D.® 0.5+0.3°
DD2R-S160C 10.09 £ 0.12 7.29 +£0.22 50.9+10.1
DD2R-IVL211LLF 9.03+£0.08 7.27 £0.10 61.5+ 6.5
DD2R-LS2391V 9.25+0.12 7.34 +0.10 40.8+ 24
DD2R-AYMMT468LY SAF 8.79+£0.13 6.82 +0.28 10.1+2.8°

& Pergolide efficacy is expressed as a percentage of the corresponding value for
bromocriptine.

® value significantly different (P<0.05) versus wild type DD2R value.

¢ Value significantly different (P<0.01) versus wild type DD2R value.

4 Value more than 3-fold lower than either the wild type hD2R or DD2R values
but the dopamine pECsg values are conserved (see text).

® N.D. = not determined due to lack of efficacy.
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Table 3. Agonist potencies and efficacies of pergolide at the DD2R are

enhanced through the introduction of combination mutants.

Mutation Bromocriptine Pergolide® n

PECso pECs? %Efficacy®”

mean + SEM | mean + SEM | mean + SEM
DD2R 9.36 + 0.02 7.08 +0.01 346 +2.6 14
DD2R-S160C 10.09 £ 0.12 7.29 +0.22 50.9+10.1 5
DD2R-S160C/IVL211LLF 9.82 +0.03 7.80+ 0.03° 58.4+ 10.9° 5
DD2R-S160C/FA132WV 9.53+0.03 | 865+0.03° | 79.3+6.8° | 7
DD2R-S160C/FL136LE 9.37 £ 0.08 7.15+0.04 23.6 +4.7 4
DD2R-S160C/AYMMT468LY SAF 9.86 + 0.03 7.01 +0.03 30.6+15 3
DD2R-S160C/LS2391V 9.76 + 0.08 7.73+ 0.06° 51.0+1.9 3

& Mutants with pergolide potency and/or efficacy values that are significantly

higher than the wild type DD2 receptor are highlighted.

P pergolide efficacy is expressed as a percentage of the corresponding value for

bromocriptine.

¢ Value significantly different (P<0.05) than wild type DD2R value.

9 value significantly different (P<0.01) than wild type DD2R value.
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Figure 7
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