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ABSTRACT

Purpose The D3 dopamine receptor exhibits tolerance and
slow response termination (SRT) properties that are not
exhibited by the closely-related D2 dopamine receptor. We
previously demonstrated that the induction of tolerance elicits a
unique conformational change in the D3 receptor. Here we
tested the hypothesis that the tolerance and SRT properties of
the D3 receptor are ligand-dependent.

Methods We used pharmacophore modeling and in silico
screening approaches coupled with electrophysiological and
biochemical methods to identify and functionally characterize
the novel dopamine receptor agonists.

Results We identified cis-8-OH-PBZI (PBZI), FAUC73 and an
additional novel compound, ES609, which although they are full
D3 receptor agonists, do not induce the tolerance and SRT
properties of the D3 receptor. In addition, PBZI has full intrinsic
activity at D2L, is a partial agonist at D2S and exhibits functional
selectivity at D4.2 dopamine receptors. ES609 is a partial
agonist at D2S, D2L and D4.2 receptors, and exhibits functional
selectivity at D2L and D4.2 dopamine receptors.

Conclusion We have discovered a novel class of atypical do-
pamine receptor agonists that include three structurally dissim-
ilar compounds. These new agonists will help determine the
physiological and pathophysiological relevance of D3 receptor
tolerance and SRT properties.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-012-0754-0) contains supplementary material,
which is available to authorized users.
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ABBREVIATIONS

cAMP  cyclic adenosine monophosphate

EC extracellular

ECso half-maximal effective concentration

GIRK G protein—coupled inward rectifier potassium
GPCR G protein—coupled receptor

hERG  human ether-a-go-go related gene

HSB hybrid structure—based

IBMX  3-isobutyl- I -methylxanthine

IC intracellular

MAP mitogen-activated protein

MD molecular dynamics

OPLS  optimized potentials for liquid simulations

PBZI  cis-8-hydroxy-3-(n-propyl)-1,2,3a,4,5,9b-hexahydro-
| H-benz[eJindole hydrobromide

POPC  [|-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

RMSD  root mean square deviation

SRT slow response termination

™ transmembrane

B2-AR  [B,-adrenergic receptor

INTRODUCTION

The neurotransmitter dopamine controls a wide variety of
physiological and behavioral functions in mammals via five
major subtypes of dopamine receptors. They are broadly
classified as “D1-like” and “D2-like” dopamine receptors
based on pharmacology and function. The D1-like receptors
include Dy and Dj5 receptors, and D2-like receptors include
Dy, D3, and Dy receptors. The D3 receptor primarily cou-
ples to the pertussis toxin-sensitive Ga-proteins (Gi/Go) (1).
When transfected into different cell lines, the D3 receptor
couples to the adenylate cyclase V isoform (2) and initiates
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signaling events including phosphorylation of mitogen-
activated protein (MAP) kinases (3,4). Dy and D3 dopamine
receptors also modulate potassium and calcium channel
function (5,6). We have shown that transfected D3 receptors
couple robustly to natively expressed G protein-coupled
inward rectifier potassium (GIRK) and voltage-gated P/Q
type calcium channels and inhibit firing of spontaneous
action potentials and secretory activity in the AtT-20 neu-
roendocrine cell line (7-9). We have also shown that the Dy
receptor couples to natively expressed adenylate cyclase V
(10), MAP kinases (4) and ion channels (11) in AtT-20 cells.

We have previously reported that the D5 dopamine recep-
tor exhibits tolerance and slow response termination (SRT)
properties that distinguish it from the closely related Dy do-
pamine receptors (11). The tolerance property of the Dj
receptor 1s the progressive decrease in receptor signaling func-
tion upon repeated stimulation by classical agonists, including
dopamine. The SRT property is the prolongation of time
taken to terminate the signaling function of the D3 receptor,
after removal of the agonist. The D3 receptor tolerance prop-
erty 1s distinct from classical desensitization as it develops only
after the removal of agonist; there is negligible loss of response
in the continued presence of agonists. We have also shown
that the tolerance property is not mediated by D3 receptor
internalization, persistent agonist binding or a change in bind-
ing affinity (4,11). We have hypothesized that tolerance and
SRT properties provide functionally distinguishable roles for
D3 and Dy dopamine receptors, resulting in differential mod-
ulation of i vwo neuronal activity and locomotor behaviors (4).
Our structure-function studies have identified the structural
features of the D3 receptor that determine these two proper-
ties (4,11). Mutating the C147 residue in the second cytoplas-
mic loop of the D3 receptor to a positively charged amino acid
residue, results in a mutant D3 receptor that exhibits SR'T but
not the tolerance property (4).

Our recent study demonstrated that agonist-induced toler-
ance in D3 receptors is associated with a unique conforma-
tional state of the receptor (12). The association of tolerance
with a unique conformation state led us to hypothesize that
the tolerance and SRT properties of the D3 receptor are
ligand dependent and that agonists that altered the
tolerance-specific conformation would not induce the toler-
ance and SRT properties. Here we tested this hypothesis by
screening known Dg receptor agonists and determining their
ability to induce the tolerance and SRT properties. We iden-
tified two existing agonists, cis-8-OH-PBZI (PBZI) and FAUC
73, which although they are full agonists at D receptors,
failed to induce its tolerance and SRT properties. We devel-
oped a pharmacophore model based on the interactions of
PBZI with the D3 receptor as an input to the hybrid structure-
based (HSB) i silico screening method (13) and identified an
additional novel agonist, ES609, which also did not induce Dj
receptor tolerance and SRT properties. Using

electrophysiological and biochemical approaches we charac-
terized the functional properties of this new class of atypical
D3 dopamine receptor agonists. In the context of D3 receptor
signal transduction, our studies have identified a novel class of
agonists that modulate specific receptor signaling properties,
pharmacologically converting the D5 receptor to the function-
al equivalent of a Dy receptor with respect to activation of
GIRK channels and modulation of action potential firing.
Interestingly, these agonists also exhibited functional selectivity
at the Dy and D, 5 dopamine receptor subtypes and showed
differential efficacy for activating signaling pathways coupled
to the Dog and Dy, dopamine receptor splice isoforms.

MATERIALS AND METHODS
Computational Modeling (HSB Method)

The HSB protocol for designing small molecule inhibitors to
GPCRs has been described in detail by Kortagere and
Welsh (13). Briefly, the method involves creating a focused
library of small molecules derived from commercial ven-
dors. All molecules in the database were converted to the
UNITY format and screened using UNITY module inte-
grated in SYBYL (SYBYL 8.0, Tripos International). At the
time the project was initiated, the recently reported antago-
mist-bound crystal structure of Djs receptor (14) was not
available and hence the entire screening was performed
using a homology model of Dj receptor. To create a
three-dimensional pharmacophore based on the interac-
tions of PBZI in the Dj receptor binding site, a homology
model of the D3 receptor was created using the crystal
structure of the Po-adrenergic (Bo-AR) receptor in complex
with a partial inverse agonist (PDB code: 2RH1) as a tem-
plate (15). We used the homology modeling program Mod-
eller (ver 9.4) (16) as previously described (12,17). PBZI has
a fairly rigid conformation owing to its tricyclic structure.
Similarly, FAUC73 has a di-propyl group extending from
the amine group. To obtain the best conformation of these
alkyl tail regions extending from the amine group, we per-
formed a conformational analysis using the stochastic search
method adopted in Molecular Operating Environment
(MOE; Chemical Computing Group, Montreal, Quebec,
Canada). All conformations obtained were clustered based
on energy and a representative member from the most
populated cluster was chosen for further optimization using
the AM1 semi-empirical quantum chemical method adop-
ted in MOE. A similar procedure was used for other ligands
in this study. The optimized conformations were used for
further docking experiments. Previous studies have shown
that the amine groups of known Dj receptor ligands form a
salt bridge with Asp110 of the D5 receptor. To facilitate this
interaction, the amine groups of all the ligands were set to a
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protonated state. PBZI and FAUC73 were docked to the
three-dimensional structure of the refined Dj structure using
the docking program GOLD ver 4.1 (Genetic Optimisation
for Ligand Docking; Cambridge Crystallographic Data
Centre [CCDC], Gambridge, UK) (18). Twenty independent
runs were performed to adequately sample the ligand and
receptor conformational space. The docked complexes were
scored using Goldscore (18), Chemscore (19) and the custom-
ized scoring scheme described previously (13). To obtain a
more realistic conformation of the agonist-bound model, the
D3-PBZI complex was immersed in an explicit water-POPC
lipid bilayer-water model membrane system using the Des-
mond module (20) of the Schrodinger suite program. The
model membrane was prealigned to the fo-AR crystal struc-
ture to adopt its orientation to our Dj receptor-PBZI model.
Default conditions for bilayer composition including those of
Na" and CI ions were chosen and the entire simulation was
performed using the default all-atom OPLS (optimized poten-
tials for liquid simulations) force field (47). To completely
refine the model, we carried out a production run of 3 ns
and followed a four-step protocol that included routines for
prerelaxation, minimization, heating, and equilibration (14).
Throughout the simulations, the interactions of PBZI with
residues from transmembrane 3 and transmembrane 5 (TM3
and TM5) were maintained using low levels of constraints.
However, all constraints were removed during the production
run to completely relax the ligand in the protein environment.
Key interactions between PBZI and the D5 receptor, namely
the salt bridge with Aspl110, the hydrogen bond interaction
with Ser192, the aromatic ring interactions with His349, and
the hydrophobic interactions with Vall 11 and other aromatic
residues from TM6 were used to build a four-point hybrid
pharmacophore as shown in Fig. 6b. Electronic libraries of
vendor-available small molecules were screened to identify
hits that corresponded to the pharmacophore. Finally, the hits
were filtered using Lipinski’s rule of 5 (21), blood—brain bar-
rier (BBB) penetration (22) and off-target screening against
pregnane xenobiotic receptors (23) and human ether-a-go-go
related gene (hERG) channels (24). The resulting 290 hits
were docked to the binding site of the D3 receptor using the
GOLD program and scored using a variety of scoring func-
tions as described previously for docking of PBZI. The 15
best-ranking hits were obtained from the vendors and func-
tionally evaluated.

Cell Culture

AtT-20 mouse pituitary cells were grown in Ham’s 10 medium
with 5 % fetal bovine serum, 10 % heat-inactivated horse
serum, 2 mM glutamine and 50 pg/mlL gentamicin (Invitrogen,
Carlsbad, CA, USA). AtT-20 cells stably expressing the human
Dys, Doy, D3, and Dy o receptors were maintained in the above
F10 culture media supplemented with 500 pg/mL G418
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(Invitrogen). For electrophysiological characterization, cells were
plated onto glass coverslips coated with 40 pg/mL poly L-lysine
(Sigma, St. Louis, MO, USA). The generation and character-
ization of the AtT-20 cells stably expressing various human
dopamine receptors have been previously reported (8,10).

Drugs and Solutions

(4aR-Trans)-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1 H-pyra-
zolo[3,4-g]quinoline hydrochloride (Quinpirole; Sigma); R-
(+)-trans-3,4,4a,10b-tetrahydro-4-propyl-2 H,5 H-(1)benzo-
pyrano[4,3-b]-1,4-oxazine-9-ol (PD128907; Tocris, Ellisville,
MO, USA); (+)-7-hydroxy-2-aminopropylaminotetralin
(7TOH-DPAT; Tocris); (S)-2-amino-4,5,6,7-tetrahydro-6-(pro-
pylamino)benzothiazole dihydrochloride (pramipexole; Toc-
ris); (6 S)-5,6,7,8-tetrahydro-6-[propyl[2-(2-thienyl)ethyl]
amino|-1-naphthalenol hydrochloride (rotigotine; Tocris); 4-
(2-chlorophenyl)-butan-2-amine (ES609; Asinex, Winston
Salem, NC, USA); and cis-8-hydroxy-3-(n-propyl)-
1,2,3a,4,5,9b-hexahydro-1 H-benz[e]indole hydrobromide
(PBZI; Sigma) were dissolved in water and used at indicated
concentrations. (R)-(—)-2-[5-(4-fluorophenyl)-3-pyridylmethy-
laminomethyl]-chromane hydrochloride (sarizotan; Merck
KGaA, Darmstadt, Germany); [4-Ethynylcyclohex-3-enyl]
dipropylamine (FAUC73; Sigma); and (RS)-trans-7-Hy-
droxy-2-[N-propyl-N-(3'-iodo-2'-propenyl)amino]tetralin
maleate (7OH-PIPAT; Tocris) were dissolved in DMSO. A
10 mM stock of dopamine (Sigma) was freshly dissolved in
100 mM ascorbic acid and used at a final concentration of 100
nM. Figure | shows the chemical structures of dopamine,
PBZI, ES609, PD128907, FAUC73 and quinpirole.
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Fig. 1 Chemical structures of the ligands discussed in the study. (a)
PD 128907, (b) PBZI, (c) dopamine, (d) ES609, (e) quinpirole, and (f)
FAUC73.
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Measurement of cAMP

Cyclic adenosine monophosphate (cAMP) levels were
assessed using the cAMP Biotrak Enzymeimmunoassay
(EIA) kit (GE Healthcare, Piscataway, NJ, USA) as de-
scribed previously (10). The cAMP levels in each treated
sample were assayed in triplicate and the entire experiment
was repeated three independent times.

Electrophysiology

Agonist-activated currents were measured by the whole-cell
patch clamp technique in voltage clamp and current clamp
mode as described previously (7,8,10). Drug solutions were
delivered to cells via a multi-barreled micropipette array.
The current responses are normalized to the cell capaci-
tance, to account for variation in cell size.

Statistics

Analysis of variance (ANOVA) and the Holm-Sidak multi-
ple pair-wise comparison tests and Student #-test were per-
formed with the SigmaPlot® 11 software (SPSS Inc.,
Chicago, 1L, USA). Data were considered statistically sig-
nificant when P was less than 0.05.

RESULTS

D3 Receptor Tolerance and SRT Properties are Ligand
Dependent

Figure 2 shows the D3 dopamine receptor-induced activa-
tion of native GIRK channels when the receptor is stimu-
lated with the endogenous agonist dopamine. The tolerance
property of D3 receptor is quantified as the ratio of second
to first agonist-induced response. We have previously shown
that the D3 receptor tolerance property is also observed in
the D3 receptor-adenylate cyclase and -MAP kinase path-
ways (4). In addition, Fig. 2 shows the Dj receptor SRT
property, which is the delayed termination of the agonist-
induced response after agonist removal. In a previous study,
we showed that tolerant Ds receptor adopts a distinct con-
formation (12), suggesting that tolerance and SRT proper-
ties might be modulated by agonists that alter this distinct
conformational state. To identify agonists that might mod-
ulate D3 receptor tolerance and SRT properties, we
screened 10 different agonists for their ability to induce
tolerance and SRT using the Ds receptor-GIRK channel
signaling pathway as an assay. The selected agonists includ-
ed the endogenous ligand dopamine, ligands that exhibited
selectivity for D3, and compounds used to treat Parkinson’s
disease in the clinic. The results in Fig. 3 show that although
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Fig. 2 Dopamine-induced tolerance and SRT properties are exhibited in
cells expressing the D3 dopamine receptor. Representative voltage clamp
recording from an AtT-20 cell stably expressing the human D3 dopamine
receptor. The cell was held at —65 mV and inward currents elicited by 100
nM dopamine (gray diamonds/black bar) dissolved in extracellular solution
with 30 mM potassium (to enhance GIRK currents). Tolerance is quantified
as the ratio of second to first response. The duration of agonist application
was ~60 s.

most agonists induced tolerance, two agonists, PBZI and
FAUC73, did not induce the tolerance property. Interest-
ingly, PD128907 induced enhanced tolerance that was sig-
nificantly different from the other agonists. Figure 4 shows
representative voltage clamp recordings of AtT-20 cells
stably expressing the human D3 dopamine receptor and

1
N AT |

Fig. 3 The tolerance property of D3 receptor is agonist-dependent.
Cumulative data show the ratio of second to first agonist-induced GIRK
response in AtT-20 cells stably expressing the human D3 dopamine recep-
tor. GIRK responses were elicited using dopamine (DA, 100 nM, n=5),
quinpirole (100 nM, n=5), PD 128907 (100 nM, n=5), 7OH-DPAT (100
nM, n=4), 7OH-PIPAT (100 nM, n=4), sarizotan (100 nM, N=6), prami-
pexole (300 nM, n=4), rotigotine (100 nM, n=4), PBZI (300 nM, n=10),
and FAUC 73 (300 nM, n=4). Error bars represent = SEM. *, ** P <0.05,
ANOVA, post-hoc Holm-Sidak test.
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treated with agonists that either induce tolerance or do not
induce tolerance. PBZI (Fig. 4a) and FAUC73 (Fig. 4b) did
not induce tolerance and SRT properties; however in the
same cell, quinpirole (Fig. 4a) and PD128907 (Fig. 4b) in-
duced severe tolerance and SRT. Control experiments in
parental AtT-20 cells, as well as pretreatment with the Do/
D3 receptor antagonist, eticlopride (100 nM), showed that
the agonistic effects of PBZI and FAUC73 are specific for
D3 receptors (Supplementary Material Fig. SIA and B).
Furthermore, the inability to induce tolerance and SRT
was not concentration dependent; PBZI tested at doses from
100 nM to 10 puM did not induce tolerance (Supplementary
Material Fig. S1C). Together, these results suggest that the
D3 receptor tolerance and SRT properties are ligand de-
pendent. Of the two compounds, PBZI is water soluble and
has been more extensively characterized in vitro and n viwo
(25-27); therefore, its structure was used to identify addi-
tional D3 receptor agonists in subsequent studies.

D3 Receptor Signaling Properties Affect Cellular
Function and Signaling Pathways

We have previously shown that the stably expressed Ds
receptor couples to endogenous GIRK channels in AtT-20
neuroendocrine cells and modulates spontaneous action
potentials and secretion (7-9). Activation of the stably
expressed human D3 dopamine receptor by dopamine
inhibits spontancous action potentials during the first appli-
cation, but not upon subsequent applications (Fig. 5a). In
contrast, the activation of D3 receptors by PBZI, which does
not induce tolerance and SRT, inhibits spontaneous action
potentials during the first and subsequent applications
(Fig. 5b). This result suggests that the modulation of
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neuronal firing by D3 receptor agonists that induce tolerance
is very different from those that do not induce tolerance. The
latter class of agonists converts the Dy receptor to the func-
tional equivalent of a Dy receptor with respect to activation of
GIRK channels and modulation of action potentials.

D; Receptor-PBZI Pharmacophore Model Identifies
a Novel Agonist that Does Not Induce Tolerance
and SRT

The results in Figs. 3 and 4 showed that PD128907 induces
severe tolerance and SRT; interestingly, PBZI, which does
not induce tolerance or SRT shares a few core structural
elements with PD128907 (Fig. 1). The stark difference in the
ability of PD128907 and PBZI to induce tolerance and SRT
suggested that comparative modeling studies of these com-
pounds, docked in the D3 receptor homology model in a
dynamic mode of binding, might yield information to de-
velop a pharmacophore model that could be used to screen
for additional compounds that do not induce tolerance and
SRT properties. To further understand the receptor con-
formations that elicited the different signaling properties
induced by PD128907 and PBZI, these compounds were
docked to the binding site of the Dy receptor homology
model. The docking was defined by the salt bridge inter-
actions of the protonatable amine with Asp110, the hydro-
gen bond interactions with conserved serine residues in TM
5 and the aromatic interactions with residues from TM6
and TMY7. The ligand-bound complexes were minimized
and further refined using molecular dynamics (MD) simu-
lations. A structural superpositioning of the refined com-
plexes yielded a root mean square deviation (rmsd) of 3.5 A
with well-marked differences in the TM bundle as well as
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Fig. 4 Ds receptor agonists PBZI and FAUC73 do not elicit tolerance and SRT properties. (a) Representative voltage clamp recording shows that 300 nM
PBZI (gray hatched bar) induces GIRK currents that do not show tolerance or SRT in an AtT-20 cell stably expressing the human D3 receptor. In contrast, in
the same cell, 100 nM quinpirole (QP black bar) elicits tolerance and SRT. (b) Similarly, representative voltage clamp recording shows that 300 nM FAUC73
(square crossed gray bar) induces GIRK currents that do not show D3 receptor tolerance and SRT. In contrast, in the same cell, 300 nM PD 128907 (black
bar) elicits tolerance or SRT. The cells were held at —65 mV and the duration of agonist application was ~60 s.
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Fig. 5 Activation of D3 receptor by dopamine and PBZI modulates neuronal firing differently. (@) Representative current clamp recording in an AtT-20
neuroendocrine cell stably expressing the human D3 dopamine receptor. Activation of the D5 receptor by 100 nM dopamine (black bar) dissolved in
standard external solution with 5 mM potassium, hyperpolarizes the cell and inhibits the spontaneous action potentials during the first application but not the
second or third application. (b) Activation of the D3 receptor by 300 nM PBZI (gray hatched bar) dissolved in standard external solution with 5 mM

potassium hyperpolarizes the cell and inhibits the spontaneous action potentials during the first and second treatment.

the loop regions (Fig. 6a), leading us to hypothesize that
each of these agonists elicit a unique conformational change
in the receptor as previously observed for quinpirole (12).
Although PD128907 forms a conserved salt bridge with
Aspl10, hydrogen bonds with Ser193 on TM5 and few
aromatic interactions with His349, Trp342 and Tyr373,
the tetrahydropyran ring of PD128907 is more electroneg-
ative than the equivalent hexahydrobenzo group of PBZI,
resulting in fewer interactions with the hydrophobic groups
in TM3 as well as other aromatic residues in TM6. PBZI
forms the conserved salt bridge with Aspl10, hydrogen
bonds with Ser192 in TM5 and has favorable cation-pi
interactions with His349 and Phe345. In addition, due to
the hydrophobic nature of hexahydrobenzo group, it forms
favorable interactions with Vallll in TM3, Phel97 in
TM5, Trp342 in TM6 and Tyr373 in TM?7. Interactions
of FAUC73 were similar to those of PBZI except for the loss
of the hydrogen-bond interactions with Ser192, which
seemed to be compensated by the gain of pi-pi interaction
with His349. A three-dimensional pharmacophore incorpo-
rating the hydrophobic elements, salt bridge interaction and
aromatic-pi interactions was designed to screen for addition-
al chemical cores that could mimic the functional features of
PBZI. Using this three-dimensional pharmacophore, a li-
brary of 3 million compounds was screened using the HSB
method. The hits from the screen were then subjected to
filtering schemes that include Lipinski’s drug-like properties,
pregnane xenobiotic receptor activation and, more impor-
tantly, penetration of the blood—brain barrier. The 290 hits
that resulted from the filtering schemes were docked to the
binding site of D3 receptor using the GOLD program and

a b

== c
(r) aw/

EC1 e 1;

s
184 r 345
s
\1s2 )
=
195/
v
189
c W =
F v
1 5 197 - 111
L. .
}Il(fﬁrm._ s b -~
I 193 e ) i
/ ) @ i
s B, S )
\ ey L | o
. 152 ) C 345

Fig. 6 The HSB method identifies residues and conformations involved in
D5 receptor tolerance and SRT properties. (a) Structural super positioning
of D3 receptor bound to PD 128907 (cyan), PBZI (red) and ES609 (or-
ange) is shown with the receptor represented in cartoon format. The
transmembrane helices are numbered | through 7 and the extracellular
and intracellular loops are labeled ECI-EC3 and ICI-IC3, respectively.
Schematic representations of the mode of interaction of PBZI (b) and
ES609 (c). The binding site residues are colored by their nature, with
hydrophobic residues in green, polar residues in purple and charged
residues highlighted with bold contours. Blue spheres and contours indicate
matching regions between ligand and receptors. Hydrogen bonded inter-
actions are shown by green arrows, ionic interactions in magenta lines and
pi-pi interactions in green lines extending across the two six membered
rings. The figures were generated using the LIGX module of the MOE
program. The three-dimensional pharmacophore used to screen the
molecules is overlaid on the PBZI structure with open red circles repre-
senting hydrophilic interactions, blue open circles representing hydropho-
bic and aromatic interactions and black dotted lines representing distance
between the pharmacophore elements.
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the docked complexes were scored using a variety of scoring  chlorophenyl)-butan-2-amine), that did not induce tolerance
schemes. The scoring schemes were customized to rank only ~ or SRT. Figure 7 shows representative traces and cumula-
those molecules that formed a salt bridge interaction with  tive data for ES609 and suggests that, as in the case of PBZI
Asp110 and had favorable interactions with aromatic cluster ~ and FAUC73, ES609 does not induce D3 receptor tolerance
formed by TM5, TM6 and TM7. or SRT properties (Fig. 7a). Control experiments showed

The 15 compounds identified by the HSB in silico screen  that ES609 did not elicit GIRK currents in parental AtT-20
were evaluated for their ability to activate D5 receptors and  cells (Fig. 7b) and the currents induced in AtT-20 cells stably
induce GIRK response, tolerance, and SRT. Only com-  expressing the D3 receptor were blocked by pretreatment
pounds that demonstrated full intrinsic activity and failed ~ with the Dy/D3 receptor antagonist eticlopride (data not
to induce tolerance and SRT at D3 receptors in the GIRK ~ shown). Docking experiments confirmed that ES609 follows
channel functional assay were chosen for further studies.  the interaction pattern of PBZI, with favorable pi-stacking
Based on these stringent criteria the functional studies  interactions with His349 and salt bridge formation with
identified a novel Dj receptor agonist, ES609 (4-(2-  Aspl10 (Fig. 6b). Further refinement of the D3 receptor-
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Fig. 7 Novel D3 receptor agonist, ES609, does not induce tolerance or SRT properties. (a) Representative voltage clamp recording shows that 100 nM
ES609 (cross hatched bar) induces GIRK currents that do not show tolerance or SRT in an AtT-20 cell stably expressing the human D5 receptor. In contrast,
in the same cell, 100 nM quinpirole (QP, black bar) elicits tolerance and SRT. (b) Representative voltage clamp recording shows that neither 300 n™M PBZI
(gray hatched bar) nor 300 nM ES609 (cross hatched bar) induce GIRK currents in parental AtT-20 cells in the absence of exogenous Ds receptor
expression. (c) Representative voltage clamp recording shows that 100 nM ES609 (cross hatched bar) and 100 nM quinpirole (black bar) induce GIRK
currents in AtT-20 cell stably expressing the human Dys receptor. The ES609-induced GIRK current is significantly less than the quinpirole-induced current in
D55 receptor expressing cells. The cells were held at —65 mV and the duration of agonist application was ~60 s. (d) Cumulative dose response of ES609-
induced GIRK response in AtT-20 cells stably expressing the human D5 receptor. The black filled circle is the GIRK response elicited by a high dose of
quinpirole (QP 300 nM) and shows that ES609 has full intrinsic activity at the D5 receptor-GIRK channel pathway. Error bars represent = SEM. The GIRK
currents were divided by cell capacitance (pF) to normalize for cell size. The data points were fit with a four-parameter Hill equation.
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Table 1 PBZI Induced Inhibition of Adenylate Cyclase and Activation of GIRK Channels in AtT-20 Cells Stably Expressing the Individual Dopamine Receptor
Subtypes

D2-like dopamine ~ Adenylate cyclase Adenylate cyclase inhibition (%) GIRK channel GIRK channel activation (pA/pF)
receptor inhibition ECso (nM) activation ECsg (nM)
300 1M QP 300 nM PBZI Ratio PBZI/QP 300nM QP 300 nM PBZI Ratio PBZI/QP
Das >150 644+23  329+1.8 05l 53=19.8 117£03  5.6%14° 0.48
Dy 67=+15 741£03  614=1.1 0.83 ND 128+13  10.6+0.9 0.83
D; 35+28 559+17 542+1.7 0.97 29+ 16.1 63014  8.1+1.1 1.3
D2 No response 76807  0° 0 ND 76+ 27+09¢ 035

@ b p<0,05, statistically significant, Student’s t-test comparing the percent inhibition of 10 uM forskolin-induced cAMP levels elicited by 300 nM PBZI and
300 nM quinpirole in the adenylate cyclase assay. © @ P<0.05, statistically significant, Student’s t-test comparing the agonist-activated current densities
elicited by 300 nM PBZI and 300 nM quinpirole in the GIRK channel assay. ND- not determined; a full dose—response experiment to determine ECsq was
not performed; data was obtained for a single concentration (300 nM) of PBZI. + Standard Error of Mean.

ES609 complex using MD simulation studies showed that  like” dopamine receptors. The ECj;q values of PBZI and
ES609 elicits a conformation similar to that of PBZI.  ES609 for inhibiting adenylate cyclase and activating GIRK
ES609-bound D3 receptor structure superpositioned on to  channels are in the range of 0.2 nM to 30 nM for Dj
the PBZI-bound Dj receptor structure with an RMSD of  receptors. We compared the functional responses elicited
1.2A (Fig. 6a); in contrast, ES609-bound Ds receptor struc- by PBZI and ES609 to those elicited by quinpirole, an
ture superpositioned on to the dopamine-bound Dj receptor ~ agonist that at 300 nM has full intrinsic activity at Dag,
structure with an RMSD of 3.4A. Taken together, the results Doy, D3, and D4 dopamine receptors in these two functional
suggest that while ES609 has the same core structure as thatof ~ assays. Comparing PBZI- and ES609-elicited functional
dopamine (Fig. 1), its interaction pattern and the conforma-  response to the functional response elicited by a high con-
tional change it elicits in the D3 receptor are similar to those of ~ centration of the full agonist, quinpirole, allowed us to
PBZI (Fig. 6¢). These differences between dopamine and  determine the relative intrinsic activity of PBZI and ES609
PBZI/ES609 might contribute to the inability of the latter  in cell lines expressing the different D2-like dopamine recep-
agonists to elicit D3 receptor tolerance and SR'T properties. tors. The results show that PBZI and ES609 have full

intrinsic activity at D3 receptors in both the adenylate cy-

clase and GIRK channel assays. Both PBZI and ES609 are
Functional Characterization of PBZI and ES609 partial agonists at the Dog dopamine receptor (Table I and

II; Fig. 8a). At Dy;, dopamine receptors, PBZI has full
To compare the functional effects of the new class of Ds  intrinsic activity in both assays (Table I; Fig. 8b); in contrast,
receptor agonists, we tested PBZI (Table I) and ES609  ES609 does not elicit any response in the adenylate cyclase
(Table II) on AtT-20 cells stably expressing human Ds,  assay and is a partial agonist in the GIRK channel assay
Dyg, Dor, or Dyo. Functional efficacy was determined by (Table II; Fig. 8b). We have previously shown that the
assessing the ability of PBZI and ES609 to inhibit adenylate  expression level of Dyg (854%20 fmol/mg) and Doy, (1032
cyclase or activate GIRK channels coupled to these “D2-  +51 fmol/mg) receptors in the stable AtT20 cell lines are

Table Il ES609 Induced Inhibition of Adenylate Cyclase and Activation of GIRK Channels in AtT-20 Cells Stably Expressing the Individual Dopamine
Receptor Subtypes

D2-like dopamine  Adenylate cyclase Adenylate cyclase inhibition (%) GIRK channel GIRK channel activation (pA/pF)
receptor inhibition ECsg (nM) activation ECsg (nM)
300 nM QP 300 nM ES609  Ratio ES609/ 300 nM 300 nM Ratio ES609/
QP QP ES609 QP
Dos 24+0.2 664+28 195+ 1.6° 0.29 ND 1.7£03 3.5+0.87 030
Do No response 76.1+08 0 0 ND 128=13 4.1x0.6% 0.32
Ds 0.15=0.06 582+77 41.3%33 0.71 30+7.7 63+0.14 54+04 086
Dassy 0.82+0.3 78.8+04 473+3.7° 0.60 No response 7.6+ 1.1 of 0

@ b p<0.05, statistically significant, Student's t-test comparing the percent inhibition of 10 M forskolin-induced cAMP levels elicited by 300 nM ES609
and 300 nM quinpirole in the adenylate cyclase assay. @ © * P<0.05, statistically significant, Student's t-test comparing the agonist-activated current
densities elicited by 300 nM ES609 and 300 nM quinpirole in the GIRK channel assay. ND- not determined; a full dose—response experiment to determine
ECso was not performed; data was obtained for a single concentration (300 nM) of ES609. = Standard Error of Mean.
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comparable (10). At D4y dopamine receptors, PBZI elicits
no response (Table I) and ES609 is a partial agonist in the
adenylate cyclase assay (Fig. 9a). In the GIRK channel
assay, PBZI is a partial agonist at Dy o receptors, whereas
ES609 elicits no response (Fig. 9b). Together these results
suggest that both PBZI and ES609 have full intrinsic activity
at Dj receptor and exhibits partial agonism at Dyg dopa-
mine receptors in both the adenylate cyclase and GIRK
channel assays. Whereas PBZI exhibits functional selectivity
at Dyo, ES609 is functionally selective at Doy, and Dy
dopamine receptors.

DISCUSSION

D3 dopamine receptor tolerance and SRT properties were
first observed in primary cultures of substantia nigra pars
compacta neurons treated with the Do/Dj receptor agonist
quinpirole (28). These properties were also observed in
human Dj receptors expressed in Xenopus oocytes (6). We
have previously characterized human D3 receptor tolerance
and SRT properties in AtT-20 and CHO cells and identi-
fied the key residues and domains that determine these
properties (4,10,11). In this paper we demonstrate that the
Dj receptor tolerance and SRT properties are ligand de-
pendent and we identify a new class of atypical Dj receptor
agonists that do not induce these properties. Currently, this
novel class of D3 receptor agonist has three members, in-
cluding two previously known compounds and one novel
compound. In a functional screen, we initially identified
PBZI, a water-soluble compound that is structurally similar
to PD128907 but does not induce tolerance or SRT. Previ-
ous binding studies have shown that for D2-like receptors,
PBZI has a Ki of 27 nM for D3, 1800 nM for Dyg and 280
nM for Dy 5 (25). Binding at D1-like receptors and a panel of
other neurotransmitter receptors, ion channels and trans-
porters was negligible (25). Functionally, a previous m vitro
study showed that PBZI is a partial agonist at Dog receptors
(25). This finding is consistent with the result from our
functional studies showing that PBZI is a full agonist at Dy
receptors and a partial agonist at the Dog dopamine recep-
tors (Table I). In viwvo, animals administered PBZI, show
specific increases in ¢-fos expression in the medial prefrontal
cortex and in the shell region of nucleus accumbens, regions
with high Dj receptor expression (25). The effect of PBZI on
Dy, receptors had not been previously determined. Our
results show that, PBZI is a full agonist at the Doy, dopamine
receptor (Table I). More importantly, the differential effica-
cy of PBZI at Dog and Do, receptor is intriguing and, to our
knowledge, this agonist represents the first that has been
shown to pharmacologically distinguish the function of the
two Dy receptor splice isoforms (29). Dog and Doy, receptors
are located and modulate dopaminergic neurotransmission
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pre- and post-synaptically, respectively (30,31). Given the
differential efficacy at Dog and Dyy, receptors, PBZI would
be predicted to have primarily postsynaptic effects. This is
supported by previous i vivo studies in which PBZI-induced
contralateral rotations in rats with 6-OHDA lesions were
not blocked by D, or Dj receptor-selective antagonists (26).

The classical D2-like receptor agonist, PD128907, has a
relatively high affinity for D3 receptor and is widely used
both in vitro and i vivo (32). Our study shows that PD128907
induces severe tolerance and SRT at the Djs receptor
(Fig. 3). Interestingly, the chemical structure of PD128907
1s similar to PBZI (Fig. 1). Although PD128907 and PBZI
share a similar core structure and function as full agonists at
the D3 receptor, they have dramatically different effects on
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Fig. 8 PBZI exhibits different intrinsic efficacy at D5 and D, dopamine
receptors. Representative voltage clamp recordings in AtT-20 cells stably
expressing the human D-s (@) and human D, (b) dopamine receptors.
The representative results shows that 300 nM PBZI (gray hatched bar),
quinpirole (black bar) and ES609 (cross hatched bar) induce GIRK currents
of different magnitude in AtT-20 cells stably expressing the human Dys (a)
and D, (b) dopamine receptor. Specifically, compared to full agonist
quinpirole (black bar), PBZI (gray hatched bar) elicits a very small response
in D2S-expressing cell (a) while eliciting a response equivalent to quinpirole
in D2L-expressing cell (b). The cells were held at —65 mV and the
duration of agonist application is indicated by the length of the bars.
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the tolerance and SRT properties (Figs. 3 and 4). Results
from the modeling studies suggest that the functional differ-
ences between PBZI and PD128907 are due to the different
conformation these agonists induce in the D3 receptor. The
majority of these conformational changes are confined to
the regions closest to the binding site and extracellular loop
(EC) 2 loop region. Comparison of the PBZI- and
PD128907-bound structures suggests that the maximum
shift occurs in TM4 which is coupled with large movements
of EC2. In addition, conformational changes are observed
in intracellular loop (IC) 2 which we have previously shown
to be important for mediating the tolerance property (12).
Other significant conformational changes include a down-
ward shift along the length of the TM6 helix and an un-
winding of the first turn of the TM3 helix in the PD128907-
bound form. The crystal structure of dopamine D3 receptor
in complex with a selective antagonist was published recently
(14). Comparison of our agonist-bound model with that of
the published crystal structure showed minimal deviations
within the TM bundles, the exception being TM3, TM5
and TM6 where the RMSD varied between 2 and 3 A. The
loop regions connecting TM3, TM4, TM5 and TM6
showed deviations greater than 3A. The IC2 in the
agonist-bound conformation did not form a helix as
reported in the antagonist-bound form (14). The observed
differences between the agonist and antagonist forms are in
agreement with the previous studies reported in the litera-
ture for other GPCRs (33-35).
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In this study, by carefully monitoring the conforma-
tional effects produced by the binding of PBZI and
PD128907 in computational models, we identified a nov-
el atypical Dj receptor agonist, ES609, which does not
induce the Dy receptor tolerance and SRT properties and
exhibits functional selectivity at Dyr, and D49 dopamine
receptors. We are currently using the HSB method to
identify additional atypical Dj receptor agonists. ES609
was identified by screening a 3 million compound library
for small molecules that could mimic the pharmacophore
features of PBZI. Our hypothesis was to increase the
strength of the pi-pi interactions with the aromatic core
by introducing electron withdrawing groups on the li-
gand. Thus the halogen group at the ortho position in
ES609 was highly suitable to the design, along with the
added hydrophobicity proximal to the protonatable
amine (Fig. 6¢). The latter strengthened the interactions
with hydrophobic groups on TM3 similar to the interac-
tions of FAUC73 with residues in TM3. It has been
recently shown that His349 may play a major role in
promoting ligand biased signaling in Doy, receptor (36).
These results are consistent with our findings that
strengthening the pi-pi interactions with His349 and in-
troducing additional hydrophobic moieties that can form
favorable hydrophobic interactions with TM3 and TM6
may contribute favorably to the unique conformational
changes that could lead to the inability to induce toler-
ance and SRT by PBZI, FAUC73 and ES609.
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Fig. 9 ES609 exhibits functional selectivity at D4, dopamine receptors. (@) Dose-dependent inhibition of 10 M forskolin-induced cAMP levels by ES609
in AtT-20 cells stably expressing the human D4, dopamine receptors. Cells were treated with 10 uM forskolin and 300 uM IBMX and different
concentrations of ES609 for 30 min at 37 °C. In each experiment control cells were also treated with 300 nM quinpirole (QP) and forskolin-IBMX (dark
circles). Cellular cAMP levels were measured using the BioTrak immunoassay kit from GE Healthcare. The cAMP levels in each sample were normalized to
the total protein concentration to minimize well-to-well variability in cell density. Percent inhibition values for each ES609 or quinpirole concentration were
determined by comparing the cAMP levels to control cells treated with just forskolin and IBMX. The cAMP measurement assays were performed in
triplicate. (b) Representative voltage clamp recording shows that 300 nM PBZI (gray hatched bar), ES609 (cross hatched bar) and quinpirole (black bar)
induce GIRK currents of different magnitude in AtT-20 cells stably expressing the human D, dopamine receptor. The cells were held at —65 mV and the
duration of agonist application is indicated by the length of the bars.
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Functionally, ES609 and PBZI have similar efficacy for
activating Dj receptor coupled signal transduction path-
ways. In contrast to PBZI, however, ES609 is either a partial
agonist or elicits no response at other D2-like receptors (Do,
Dyy, and Dy o) when tested in two different signaling path-
ways. The selectivity exhibited by ES609 for D3 receptors
suggests that its structure could serve as a template for
designing future selective D3 receptor agonists. The potency
of ES609, defined by it ECj, is similar to other D2-like
dopamine receptor agonists in the two signaling pathways
that we studied. Furthermore, its small molecular weight
and water solubility makes it ideally suited for i viwo studies.
Given that PBZI and ES609 have similar signaling proper-
ties in vitro, they are expected to have a similar effect i vivo.

CONCLUSION

Functional selectivity is defined as the ability of different
ligands to elicit varying responses in different signal trans-
duction pathways coupled to the same receptor (37—40).
The ability of ligands to activate different pathways coupled
to the same receptor to different degrees results from the
different conformations that the ligand engenders in the
receptor (39). For D2-like dopamine receptors, dihydrexi-
dine and its analogs elicit functional selectivity at Dy recep-
tors (41,42). To our knowledge, functionally-selective
agonists for D3 and D, dopamine receptors have not been
previously described. Our results suggest that PBZI exhibits
functional selectivity at Dy o (Table I) and that ES609 exhib-
its functional selectivity at Dy, and Dy (Table II). Both
agonists exhibit full intrinsic efficacy at the Ds receptor-
GIRK channel and at adenylate cyclase signaling pathways.
More interestingly, PBZI, ES609 and FAUC73 do not
induce the Dj receptor tolerance and SRT properties that
we have previously shown are determined by distinct con-
formations states (12). The newly identified Ds receptor
agonists most likely induce a different Dy receptor confor-
mation, which while retaining the ability to couple to down-
stream signal transduction pathways fails to induce the Dg
receptor tolerance and SRT properties. D3 receptor struc-
tural components described in our previous studies (4,11)
are likely to be involved. Indeed, we recently showed that
the D3 receptor conformation elicited by PBZI is distinct
from that elicited by tolerance-inducing quinpirole but sim-
ilar to the mutant C147K D receptor that does not show
tolerance (12). This suggests that the inability to induce
tolerance and SRT 1is associated with a distinct yet stable
D3 receptor conformation.

The expression of D3 dopamine receptor is altered under
many pathological conditions and following chronic drug
treatment. Ectopic expression or alterations in the D3 receptor
tolerance and SRT properties could underlie the pathology of
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various disorders. In Parkinson’s disease, levodopa-induced
dyskinesias are associated with a specific up regulation of Ds
receptor expression in putamen and globus pallidus internal
segment, regions that normally express the Dy receptor
(43—45). In rodent models, the behavioral sensitization associ-
ated with levodopa treatment is mediated by upregulated D4
receptors (44,46). We have proposed that the alteration of the
ratio of D3/Dy receptor expression and the ectopic expression
of D3 receptor tolerance and SRT properties in the striatum
of animals with levodopa-induced dyskinesia could contribute
to the dyskinetic behavior (4). We are currently determining
the ability of atypical D3 receptor agonists described in this
paper to improve levodopa-induced dyskinesia in animal
models of Parkinson’s disease.
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