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ABSTRACT

Dopamine D; receptor full agonists have been efficacious in Parkinson’s disease
(PD) animal models and PD patients. SKF-83959 is reported to be a functionally
selective dopamine D; receptor ligand with high bias for D;-mediated phospholipase C
(PLC) versus D;-coupled adenylate cyclase (AC) signaling. The signaling bias of SKF-
83959 is commonly accepted and proposed to explain Di-mediated behavioral activity in
PD animal models, but there is substantial (although not all unanimous) literature that
failed to account for SKF-83959-mediated PLC activation. Thus, we decided to conduct
an in-depth pharmacological characterization of SKF-83959. Contrary to common
assumptions, SKF-83959 is a partial agonist (not an antagonist) at AC in vitro and ex
vivo. In addition, it shows partial agonistic activity for B-arrestin activation. SKF-83959
failed to show D;-mediated PLC signaling in a cellular expression system. We conclude
that SKF-83959 is not a highly-biased functionally selective D; ligand, and that its
reported behavioral effects can be explained solely by its partial D; agonism for

canonical signaling pathway(s).

Current dopamine D; receptor full agonists have poor pharmacokinetic properties
due to their intrinsic catechol moiety, and it is important to determine how novel non-
catechol D; ligands might be designed. To provide a scientific platform for structure-
based drug design, we investigated the molecular interactions of the D; receptor with
several ergolines that have significant D; activity and oral bioavailability, but not a
catechol moiety. | focused on the conserved amino acids of the D; receptor (T3.37,
S5.42, S5.43, S5.46, F6.51, and F6.52) that are known to play a critical role in ligand
interactions and/or receptor activation. Mutations to alanine (T3.37A, S5.42A, S5.43A,
S5.46A, F6.51A, and F6.52A) on the D; receptor were basically used to examine the role

of the conserved amino acids in ligand interactions.

A T3.37A mutation greatly decreased the D, affinity and efficacy of the ergolines.
However, a hydrogen bond-conservative T3.37S mutation markedly restored the loss of
D, affinity and efficacy suggesting the possible role of a hydrogen bond provided by



Y,
T3.37. Unexpectedly, a S5.42A mutation increased the D; affinity and efficacy for D;-
mediated AC activation suggesting that this mutation may induce a favorable D; receptor
conformation for the ergolines. Although a S5.43A mutation failed to decrease the
affinity of the ergolines consistently, a S5.46A mutation significantly decreased the
affinity of the ergolines but to a small degree. Both the S5.43A and S5.46A mutations
showed no significant effects on D; efficacy of the ergolines. S5.42A/S5.46A and
S5.43A/S5.46A double mutations elicited equal or greater effects than those of the single
mutations. An F6.51A mutation dramatically decreased the D; affinity of the ergolines,
and an F6.52A mutation showed smaller, but significant decreases than the F6.51A
mutation. The F6.51A mutation greatly decreased the ergoline efficacy for AC activation,
but an aromatic-ring conserved F6.51W mutation markedly restored the D; affinity and
efficacy. This suggests the critical role of the hydrophobic and aromatic interactions
provided by F6.51. Docking simulations illustrated that B-ring nitrogen of the ergoline
agonists is located close to T3.37 and S5.46. In addition, the B-ring and the D-ring of the
ergoline backbone are located close to F6.52 and F6.51, respectively.

Rotigotine is another non-catechol drug that has reasonable D; receptor efficacy.
S5.42A and S5.43A mutations greatly decreased the D; affinity and efficacy of
rotigotine, whereas a S5.46A mutation failed to make changes suggesting that S5.42 and
S5.43 may provide hydrogen bonds for rotigotine. An F6.51A mutation decreased the D;
affinity and efficacy of rotigotine to a far greater extent than an F6.52A mutation
indicating that hydrophobic and aromatic interactions of F6.51 are particularly important.
Mutagenesis results with 5-OH DPAT and 7-OH DPAT also supported the interaction
between the thiophene group of rotigotine and F6.51. The simulations showed that the
hydroxyl group is located close to S5.42 and S5.43 and that the thiophene group interacts
closely with F6.51.

In conclusion, we report that PLC activation by SKF-83959 is not a D;-mediated
response, and that it is highly likely non-specific effects occurring at supra-
pharmacological concentrations. Using AC activation (not PLC activation) as a

functional end-point of D; receptor signaling, we investigated the molecular interactions
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between the D; receptor and non-catechol ligands (the ergolines and rotigotine). This
study provides molecular mechanisms for the critical signaling and ligand interactions of

the D, receptor that may help design novel non-catechol D; agonists.
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Chapter 1: Introduction to the dopamine D, receptor

Preface

The physiological actions of the neurotransmitter dopamine are mediated by a
family of receptors that belong to the Class A G protein-coupled receptor (GPCR)
superfamily. Dopamine receptors have been promising targets for several brain disorders,
and there are clinically available dopamine receptor ligands for conditions such as
Parkinson’s disease, schizophrenia, and restless leg syndromes among other conditions. |
will offer a brief overview focusing on D; dopamine receptor signaling to show how D;
activation may translate to clinical benefits. This chapter will also explain the way that
my research developed, in some cases unexpectedly. Because later chapters will deal with
molecular interactions for the ligand-receptor complex, | will also provide brief
information on the molecular forces that can work for dopamine receptors and their

ligands.



Dopamine D, receptor signaling
A brief history of distinct dopamine receptor signaling

The first evidence for dopamine receptor signaling was the report on the increase
in cyclic AMP (cAMP) and the activation of adenylate cyclase by dopamine in bovine
cervical ganglion (Kebabian and Greengard, 1971). Dopaminergic drugs (e.g.,
amphetamine and apomorphine) induced psychotic behaviors, and hyperactive
dopaminergic signaling is suggested to cause positive symptoms of schizophrenia.
Clinical potency of antischizophrenic drugs was reported to correlate with their ability to
bind to dopamine receptors (Creese et al., 1976; Seeman et al., 1975). Sulpride that was
marketed then as a new antipsychotic medicine presumably working as a dopamine
receptor antagonist actually failed to inhibit dopamine-mediated adenylate cyclase
activity in rat striatum (Trabucchi et al., 1975). This led to the hypothesis of two different
kinds of dopamine receptors; one stimulates adenylate cyclase, but the other has no effect
on adenylate cyclase (Garau et al., 1978). Based on these reports, two types of dopamine
receptors were first designated as D-1 and D-2 receptors (Kebabian and Calne, 1979). In
the early 1990’s, five distinct genes encoding dopamine receptors were identified in
humans using molecular cloning (Dearry et al., 1990; Monsma, Jr. et al., 1989; Sokoloff
et al., 1990; Sunahara et al., 1991; van Tol et al., 1991; Zhou et al., 1990). All five genes
are G protein coupled receptors, and they are divided into D;-like family (D; and Ds) and
Dy-like family (D;, D3, and D,). D;-like receptors stimulate adenylate cyclase and
produce cAMP primarily through Gaoirs activation, whereas Do-like receptors often
coupled with Gayo inhibit adenylate cyclase activity and cAMP production. Although
adenylate cyclase activation has been accepted as the canonical signaling of the D,

receptor, the D, receptor is also known to trigger other signaling pathways.

D, receptor-mediated cAMP/protein kinase A signaling

In striatum, where dopamine is deficient in Parkinson’s disease patients, Gaoyr IS
highly expressed, but Gasg is less abundant; the coupling of the D; receptor to adenylate

cyclase in striatum is primarily mediated by Gao r (Herve et al., 1993). Gaorr knock-out
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mice reduced dopamine-stimulated CAMP production in the striatum, and they lack the
behavioral responses to the D receptor stimulation supporting the essential role of Gao,r
in D; receptor signaling (Zhuang et al., 2000; Corvol et al., 2001). Although the roles of
G protein By subunit have not been extensively reported, the suppression of endogenous
vz subunit in HEK-293 cells is known to greatly diminish D1-mediated adenylate cyclase
activity (Wang et al., 2001). Both D; receptor and y7 subunit are selectively expressed in
the striatum suggesting the potential interaction of y; subunit with the D; receptor
(Watson et al., 1994). Dopamine sensitive-adenylate cyclase is highly concentrated in
striatum and named as type 5 adenylate cyclase (Glatt and Snyder, 1993). Genetic
ablation of the adenylate cyclase type 5 eliminated adenylate cyclase activity in striatum
stimulated by D; agonists (Lee et al., 2002). In addition, adenylate cyclase type 5 null-
mice exhibited Parkinsonian-like motor dysfunction suggesting that adenylate cyclase
type 5 is involved in motor symptoms of Parkinson’s disease (lwamoto et al., 2003).
Striatal CAMP, produced by adenylate cyclase type 5, binds to the regulatory subunits of
protein kinase A (PKA) that phosphorylates several proteins (e.g., dopamine and CAMP-
regulated 32kDa phosphoprotein DARPP-32 and cAMP response element-binding
protein CREB). Although these down-stream molecules are involved in the regulation of
gene expression (Neve et al., 2004), how the gene regulation contributes to D;-mediated

behavioral effects is still unclear.

Mitogen-activated protein (MAP) Kinase activation via the D; receptor

MAP kinases play critical roles in cell proliferation and apoptotic cell death as the
downstream mediators of signal transduction from the cell surface receptors. Three kinds
of MAP kinases have been identified: extracellular signal-regulated kinases 1 and 2
(ERK1/2), p38, and c-Jun N-terminal kinase (JNK). Although D;-mediated p38 and JNK
activation has not been reported in striatum, ERK phosphorylation is known to be
triggered by D; receptor stimulation in striatal neurons (Brami-Cherrier et al., 2002). A
selective D; receptor agonist SKF38393 also increased ERK1/2 phosphorylation in the
prefrontal cortex as well as in cortical neurons in mice (Nagai et al., 2007). However,

there are conflicting reports on D;-mediated ERK activation in SK-N-MC neuroblastoma
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cells, which endogenously express D; receptors. Chen et al. (2004) showed that the D,
selective agonist SKF38393 increased ERK phosphorylation, whereas Zhen et al. (1998)
failed to detect ERK phosphorylation by the same D; agonist. Although the mechanisms
for D1-mediated ERK activation remain to be fully elucidated, B-arrestin2 is suggested to
act as a scaffold protein for ERK activation. Coimmunoprecipitation results showed the
heterotrimeric complexes of the Dy receptor, ERK, and B-arrestin2 (Chen et al., 2004). D
receptor knock-out mice blunted the formation of the B-arrestin2 and ERK complexes
suggesting the existence of the heterotrimer (Urs et al., 2011). Nevertheless, D1-mediated
ERK phosphorylation in striatum may be dependent on PKA because co-treatment with a
selective PKA inhibitor Rp-cAMP eliminated the ERK phosphorylation (Brami-Cherrier
et al., 2002). Recent reports also showed the involvement of a PKA substrate DARPP-32
in Di-mediated ERK activation (Santini et al., 2007; Santini et al., 2012). cAMP is
reported to directly activate a Rap-specific guanine nucleotide-exchange factor EPAC
that activates Rap GTPase and promotes MAP kinase cascade (de Rooij et al., 1998;
Weissman et al., 2004). Together, these reports suggest that D;-mediated CAMP/PKA
signaling can regulate ERK activation. Because ERK activation correlates with levodopa-
induced dyskinesia in the PD animal model, and because blocking ERK activation
significantly decreases it (Santini et al., 2007), extensive future studies should be carried

out to clearly understand the roles of D;-mediated ERK activation in PD symptoms.

Regulation of Ca*", K*, and Na* channels by the D; receptor

D, receptors have been involved in the regulation of ion channels in striatal and
prefrontal cortical neurons. Voltage-dependent Ca®* channels (L-, N-, and P/Q-type) play
a critical role in balancing the intracellular Ca®* concentration that is a key parameter for
neurotransmitter release and synaptic plasticity (Cull-Candy et al., 2006; Luebke et al.,
1993; Regehr and Mintz, 1994; Takahashi and Momiyama, 1993). Activation of the D;
receptor is known to enhance L-type, but decrease N- and P-type Ca?* channel
conductance in rat striatum (Surmeier et al., 1995). By acting on L-type Ca®* current, D,
receptors are reported to regulate the firing of striatal neurons depending on the level of

membrane depolarization (Hernandez-Lopez et al., 1997). In addition, decreasing N- and
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P-type Ca** current is reported to inhibit spike-induced Ca®* influx and attenuate
neurotransmitter release (Takahashi and Momiyama, 1993). A report with prefrontal
cortex supports the Dy regulation on Ca®* channels showing evidence that D; receptors
physically interact with N-type Ca®* channel and inhibit Ca®* current (Kisilevsky et al.,
2008). In addition, the cAMP/PKA/DARPP-32 signaling cascade appears to mediate
these effects on Ca*" channels (Surmeier et al., 1995). Nonetheless, how D;-mediated
Ca®" current regulates neuronal activity and develops subsequent behavioral effects still

remains elusive.

A study on striatal K™ channel showed that D1/D, receptor coactivation increased
spike firing of striatal neurons through the inhibition of voltage-gated K* current (I)
(Hopf et al., 2003). In addition, selective D; receptor activation is known to suppress K*
current in prefrontal cortex by inhibiting several K* channels (Dong and White, 2003;
Dong et al., 2004; Gorelova et al., 2002; Yang and Seamans, 1996). Although the precise
D, signaling mechanism for K* channel regulation remains unclear, studies have raised
possible mechanisms: the direct interaction of cAMP with K* channels (Dong et al.,
2004) and the involvement of D;-mediated cAMP/PKA signaling (Dong and White,
2003). By inhibiting several K™ channels, D; receptor agonists may contribute to the

neuronal excitability in prefrontal cortex and striatum.

For Na* channels, D; receptor activation is reported to inhibit Na* current in
striatum (Calabresi et al., 1987; Surmeier et al., 1992). Na* current inhibition induces the
depression of striatal neuronal excitability, and PKA signaling was reported to be
involved in this effect (Schiffmann et al., 1995). A subsequent report by Schiffmann et al.
(1998) suggested a critical role of phosphorylated DARPP-32 in the inhibition of Na*
current. A report with hippocampal neurons also suggests that Di-stimulated PKA
activation mediates the inhibition of hippocampal Na® current, and that the
phosphorylation of Ser573 of the Na* channel a subunit is critical for D;-mediated Na*
current inhibition (Cantrell et al., 1997).

Overall, the D, receptor can modulate neuronal excitability by acting on multiple

ion channels in striatum and prefrontal cortex. Although canonical cCAMP/PKA signaling
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seems to be involved in these effects, the mechanisms for how ion currents contribute to

in vivo effects are still elusive and remain to be fully investigated for future studies.

Phospholipase C activation as purported D; receptor signaling

Studies with adenylate cyclase type 5 null mice showed that the null mice
exhibited Parkinsonian-like motor dysfunction with a great loss of adenylate cyclase
activity in striatum (Ilwamoto et al., 2003; Lee et al., 2002). Interestingly, D; receptor-
mediated motor functions were preserved in the null mice. Genetic disruption of
adenylate cyclase type 5 induced compensatory increases in other adenylate cyclase
expression and significant decreases in Dy receptor and Gos expressions (lwamoto et al.,
2003). Although these compensatory changes may complicate the interpretation of the
behaviors of the null mice, the involvement of other signaling was suggested for the D;-
mediated motor behaviors. Such one non-cyclase signaling for the D; receptor is
phospholipase C (PLC) activation and subsequent Ca** elevation (Mahan et al., 1990;
Undie and Friedman, 1990; Undie et al., 1994). A D; receptor agonist SKF38393
increased Gag binding to the Dy receptor in striatum suggesting the possible role of Gag
in D;-mediated PLC activation (Wang et al., 1995). Calcyon as a D; receptor interacting
protein was once suggested to mediate Gag-mediated intracellular Ca®* release, but the
report was retracted in 2006 by the authors because the main results were not reproduced
(Lezcano et al., 2000; Lezcano et al., 2006). Nonetheless, a behaviorally active D;
receptor ligand SKF-83959 that has no efficacy for adenylate cyclase, but full efficacy for
PLC activation has supported the role of D;-mediated PLC signaling in motor function
(Jin et al., 2003; Zhen et al., 2005).

Contrary to the earlier reports, the D; involvement in PLC signaling still remains
as the subject of controversy. In addition, we found that SKF-83959 showed D;-mediated
adenylate cyclase activation with over 35% intrinsic activity in several D; receptor
expression systems and in vivo striatum and that SKF-83959 failed to stimulate D;-
mediated PLC activation (Lee et al., 2014). If SKF-83959 is a typical partial agonist for

adenylate cyclase activation, its behavioral effects can be explained by the known cyclase



7

signaling. Recent papers have shown that SKF-83959 stimulates PLC activation via D1-
D, heterodimers (Hasbi et al., 2009; Hasbi et al., 2011; Rashid et al., 2007a; Rashid et al.,
2007b). However, the striatal formation of the D1-D, heterodimers is also controversial
because most D; and D, receptors are segregated in mice striatum (Bateup et al., 2008;
Aubert et al., 2000; Gerfen et al., 1990; Thibault et al., 2013; Bertran-Gonzalez et al.,
2010; Le Moine and Bloch, 1995). These lines of evidence strongly suggest that if D1-D,
heterodimers exist, PLC activation triggered by them would be minor and limited
compared to adenylate cyclase activation. Because at micromolar concentrations SKF-
83959 can bind to several GPCRs that directly mediate PLC activation (Chun et al.,
2013), PLC activation by SKF-83959 is highly likely non-specific effects. Chapter 2 and
6 will deal with this matter in detail.

Potential utility of D; receptor functional selectivity

Functional selectivity has been used to demonstrate the different activation of
independent signaling pathways mediated by one single receptor. Functionally selective
ligands can act as a full agonist for one signaling pathway, but it can act as a total
antagonist for the other (Mailman, 2007; Urban et al., 2007). Dopamine D; receptor
belongs to GPCR Class A, and it signals through multiple G proteins or G protein-
independent mechanisms (e.g., p-arrestin signaling). It has been difficult to study
functional selectivity of the D; receptor due to the lack of the independent signaling that
mediates clinical effects. Nevertheless, a couple of studies examined the efficacy of D;
agonists for adenylate cyclase activation and receptor internalization (Ryman-Rasmussen
et al., 2005; Ryman-Rasmussen et al., 2007). Whereas full D; agonists for adenylate
cyclase caused significant receptor internalization, partial D; agonists for adenylate
cyclase failed to show receptor internalization (Ryman-Rasmussen et al., 2005). In
addition, Ryman-Rasmussen et al. (2007) compared two structurally different D; agonists
that have full activity for adenylate cyclase (an isochroman A-77636 and an isoquinoline
dinapsoline). A-77636 showed receptor internalization greater than dinapsoline, and it
caused the receptor to be retained intracellularly much longer than dinapsoline after

agonist removal. These reports indicate that although they have full D; activity for
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adenylate cyclase, the chemically distinct full D; agonists can produce different

intracellular D, trafficking.

Although the concept of functional selectivity has provided novel opportunities
for the design of more desirable D; agonists, more studies are required to clearly
understand how independent D; signaling contributes to in vivo behavioral effects. In
Parkinson’s disease, levodopa-induced dyskinesia is known to correlate with ERK
activation (Santini et al., 2007). Although D;-mediated cAMP/PKA signaling may be
involved in ERK activation (Brami-Cherrier et al., 2002), the mechanisms for how ERK
is activated are still unclear. Theoretically, the D; agonist with full intrinsic activity for
adenylate cyclase and partial or no intrinsic activity for ERK activation may reduce
dyskinesia in Parkinson’s disease. B-arrestin has been known to mediate ERK activation,
and it is suggested as one of G protein-independent D; signaling pathways. Studies on
how B-arrestin mediates dyskinesia in vivo may help develop novel functionally selective

D; ligands that may have less clinical side effects.
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Figure 1-1. D; receptor signaling pathways in striatal neurons.

Activating effects are indicated with a solid line ending in an arrowhead, and inhibitory
effects with a solid line ending in a bar. D, receptor activation inhibits Ca®*, K*, and Na*
currents via the ion channels mentioned in the present dissertation except the L-type Ca**
channel. D;-mediated PLC activation is still in controversy. D;R, dopamine D, receptor;
ACS5, adenylate cyclase type 5; PKA, protein kinase A; DARPP-32, Dopamine and CAMP-
related phosphoprotein 32KDa; PP-1, protein phosphatase 1; EPAC, Exchange protein
activated by cAMP; Rap, a small GTPase; ERK, extracellular-signal-regulated kinase;
GRK, G protein-coupled receptor kinase; CREB, cAMP response element-binding protein;
PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacyl glycerol;
IP3, inositol 1,4,5-trisphosphate; IP3 R, IP3 receptor; ER, endoplasmic reticulum.

Molecular forces used for receptor-ligand interactions

There are four important intramolecular forces primarily working on receptor-
ligand interactions: salt bridge interactions, hydrogen bonds, aromatic pi interactions, and
hydrophobic interactions. | will briefly introduce these molecular interactions involved in

biogenic amine GPCRs and their ligands.
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Salt bridge interactions

Salt bridge interactions are an example of non-covalent interactions, and they are
electrostatic interactions between two oppositely charged molecules (e.g., amino acids in
proteins). The salt bridge often arises between the anionic carboxylate (RCOO-) of
aspartic acid or glutamic acid and the cationic ammonium (RNHs") of lysine or the
guanidinium (RNHC(NH,),") of arginine. lonizable side chains such as histidine,
tyrosine, and serine can also participate depending on outside factors perturbing their
pKa. The distance between the residues participating in the salt bridge is also important,

and the distance required is less than 4 A (Kumar and Nussinov, 2002).

The conserved amino acids in biogenic amine GPCRs are known to interact with
biogenic amine ligands such as dopamine, epinephrine, serotonin, and histamine. The
amine part of these endogenous ligands is protonated in the physiological pH condition
(pH 7 £ 2), and the protonated amine is known to form salt bridge interactions with the
receptors (Floresca and Schetz, 2004). The amino acid that is reported to interact with the
protonated amine is the highly conserved aspartate D3.32 in transmembrane three
segment (TM3) (Ballesteros et al., 2001). The Ballesteros and Weinstein nomenclature is
used to indicate amino acids in a transmembrane segment (Ballesteros and Weinstein,
1995). The protonated amine has a positive charge, and aspartate D3.32 of the receptors
has a negative charge within physiological pH levels. The salt bridge interactions are
known as a major attraction force between biogenic amine receptors and their

endogenous ligands.

The electrostatic interactions between the transmembrane segments are also
known as a critical factor for receptor activation. The D(E)RY region in TM3 (aspartate
D3.49 or glutamate E3.49, arginine R3.50, and tyrosine Y3.51) is highly conserved in
biogenic amine receptors. Particularly, the positive charge of arginine R3.50 is reported
to form an ionic lock with glutamate E6.30 in TM6 in the inactive B,-adrenergic receptor
(Ballesteros et al., 2001). Mutations on these residues break this electrostatic interaction
and increase the constitutive activity of the Pp-adrenergic receptor (Rasmussen et al.,

1999). This polar interaction maintains the inactive state of the receptor by bridging TM3
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and TM6 segments and preventing TM6 outward movement. Together, the electrostatic

salt bridge interactions play a major role in the activation of the biogenic amine GPCRs.

Hydrogen bonds

Hydrogen bonds are attractive interactions between polar molecules where a
hydrogen atom shares electrons with a highly electronegative atom like oxygen and
nitrogen. This is a particularly strong dipole-dipole attraction. A hydrogen atom attached
to a relatively electronegative atom works as a hydrogen bond donor, and an
electronegative atom such as oxygen or nitrogen works as a hydrogen bond acceptor.
Hydrogen bonds can vary in strength depending on the atoms used for hydrogen bond
donors or acceptors and the bond angle between them. Generally, a hydrogen bond is
weaker than covalent or ionic bonds, but stronger than van der Waals interaction. In
addition, a single hydrogen bond acceptor can take two hydrogen bond donors and form
two hydrogen bonds at the same time. The “bifurcated” (split in two or 'two-forked")
hydrogen bonds are used in natural molecules including reorientation of a water molecule
(Laage and Hynes, 2006).

The hydrogen bond is another critical force for receptor-ligand interactions. For
dopamine D; receptors, the catechol moiety of dopamine and all full D; agonists is
known to form hydrogen bonds with conserved TM5 serines: S5.42, S5.43, and S5.46
(Chemel et al., 2012; Pollock et al., 1992). The hydroxyl groups of both the serines and
the catechol moiety can act as hydrogen bond donors/acceptors. All of serine to alanine
mutations that remove the hydroxyl group greatly reduced the D, affinity and activity of
dopamine and catechol-type D; agonists (Chemel et al., 2012; Pollock et al., 1992). The
hydrogen bonds between the hydroxyl groups are most common in receptor-ligand
interactions. In the B,-adrenergic receptor, the B-hydroxyl group of epinephrine is also
known to form hydrogen bonds with the side chain amine of both aspartate D3.32 and
asparagine N7.39 (Ring et al., 2013). Likewise, the nitrogen atom of drugs can also
participate in hydrogen bond formation evidenced by the recent report that threonine

T3.37 of several serotonin 5-HT receptors forms a hydrogen bond with B-ring nitrogen of
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ergotamine (Wang et al., 2013). Water molecules can also be part of the hydrogen bonds
and bridge the ligand and the receptors (Cueva et al., 2011). In addition, the hydrogen
bond between the ligands and S5.46 of the [i-adrenergic receptor is suggested to
participate in receptor full activation (Warne et al., 2011). Full agonists can form
hydrogen bonds with serine S5.42 and S5.46 of the B;-adrenergic receptor, but partial
agonists only interact with serine S5.42. Together, hydrogen bonds between the ligands
and the conserved TMD5 serines can contribute to both the ligand affinity and efficacy for

the biogenic amine GPCRs.

Aromatic pi interactions

Aromatic pi interactions are a type of non-covalent interaction that involves pi
bonds. Pi bonds are covalent chemical bonds where two lobes of one involved atomic
electron orbital overlap two lobes of the other involved atomic electron orbital occurring
at, for example, aromatic rings. Aromatic pi interactions produce an attractive force
between two aromatic rings. Two benzene dimers, for example, can have three
representative conformations with aromatic pi bonds: parallel-displaced, T-shape edge-
to-face, and eclipsed face-to-face (Figure 1-2). A pair of aromatic rings (dimer) is
reported to preferentially take the parallel-displaced conformation, which is 1 kcal/mol
more stable than a T-shaped structure (McGaughey et al., 1998). When there is a
favorable superimposition of the polarized atoms in the interacting partner (e.g., between
aromatic heterocycles), aromatic pi interactions frequently occur in the eclipsed face-to-

face conformation.
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Parallel-displaced T-shaped edge-to-face eclipsed face-to-face

Figure 1-2. Three conformations of aromatic pi interactions at the benzene dimer.

6" and ¢ indicate the polarity of electron cloud. r and d represent the horizontal and
vertical distances between the centers of aromatic rings, respectively.

Aromatic pi interactions contribute to many biological events, and many known
protein crystal structures have supported the critical role of aromatic pi-interactions in
receptor-ligand complexes (Salonen et al., 2011). Steuber and co-workers (2007) solved
the crystal structure of aldose reductase that shows favorable aromatic pi stacking
interaction between the aromatic inhibitor and the side chain of tryptophan 111. The
acetylcholinesterase (AChE) inhibitor Tacrine is suggested to form pi stacking interaction
with the indole ring of tryptophan 84 of AChE (Rydberg et al., 2006). As intramolecular
interactions, aromatic pi-stacking at transmembrane six segment (TM6) is hypothesized
as a main mechanism that moves transmembrane segment for receptor activation (Shi et
al., 2002). The conserved phenylalanine F6.44, tryptophan W6.48, and phenylalanine
F6.51 and F6.52 of the dopamine D; receptor are suggested as candidate amino acids
responsible for the TM6 segment movement (Floresca and Schetz, 2004). Although not
yet tested with the dopamine D; receptor, aromatic pi interactions are suggested to play a

prominent role in the ligand interaction and the activation of the D, receptor.

Hydrophobic interactions (hydrophobic effects)

Hydrophobic interactions are the tendency of non-polar molecules to aggregate in
aqueous solution and exclude water molecules (Chandler, 2005). At the molecular level,
hydrophobic interactions are important in protein folding, formation of micelles, and

protein-ligand interactions. Hydrophobic amino acids like alanine, valine, leucine,
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isoleucine, phenylalanine, tryptophan, and methionine consist of the hydrophobic core of
the protein that is buried in the interior of the protein out of contact with water (Lesser
and Rose, 1990). Minimizing their exposure to water molecules is known as one of the
driving forces of protein folding (Dill, 1990). These hydrophobic interactions are also
reported to make large contributions to the stability of globular proteins (Pace et al.,
1996). In addition, hydrophobic interactions participate in protein-ligand interactions
(Breiten et al., 2013; Snyder et al., 2011). When the hydrophobic surfaces of the protein
and the ligand approach one another, the water molecules interacting with both surfaces
rearrange and, in part, escape into the bulk water solution. By aggregating water
molecules, the non-polar parts of the ligand and the protein can reduce the surface
exposed to water and minimize the disruption of hydrogen bond network of water
molecules. Simulations with molecular dynamics showed the formation of five-
membered water ring at the streptavidin binding cavity supporting the role of water
molecules in the supra-strong affinity of the streptavidin-biotin system (Young et al.,
2007). Releasing water molecules filling in binding site of the protein into bulk is
reported to correlate with peptide binding affinity (Beuming et al., 2009). Although the
molecular models for the hydrophobic effect remain a subject of controversy, the
hydrophobic effects initiated by the hydrogen bonds of water molecules are widely

believed as a key factor for protein-ligand interactions.

Goal of my research

As this framework indicates, | began my research with the goal of understanding
the molecular mechanisms by which ligands could activate the D, receptor. My hope was
to provide new insights that would help in the structure-based drug design with two novel
properties: 1) ligands with a high degree of bias for D; receptor signaling, and 2) non-

catechol and non-toxic compounds that are orally available and of high intrinsic activity.

As | was beginning my research, there was a common belief that focused on the
role of D, receptors in stimulating phospholipase C activity via activation of Gog. Of

special relevance was the fact that one ligand, SKF-83959, not only fully activated PLC,
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but was also a highly-biased functionally selective compound (specifically, an antagonist
at D;-mediated adenylate cyclase via Gaopr/s activation). Obviously, this was a crucial
potential lead for my planned studies on D; receptor functional selectivity. Thus, as
detailed in the next chapter, | began studies that would provide the needed framework on

D; receptor signaling.



Chapter 2: SKF-83959 is not a highly-biased functionally selective dopamine
D, receptor ligand with activity at phospholipase C

Preface

The notion of discovering functionally selective ligands requires understanding
the important signaling pathways triggered by a receptor. Although adenylate cyclase and
[-arrestin activations are accepted pathways of the D; receptor, there have been reports
that the D, receptor also signals through stimulation of phospholipase C via Gog. More
recently, it has been proposed that at least part of this D;1-Gog-PLC signaling may involve
a dopamine D1-D, heterodimer. Most importantly, a major tool used by dozens of papers
in the field was the ligand SKF-83959, widely considered to be a highly-biased
functionally selective D; ligand that fully activates D;-mediated phospholipase C, but
acts as an antagonist at D;-mediated adenylate cyclase. Because this was potentially
important in my mechanistic studies of D, activation mechanisms, | needed to utilize this
compound as an important reference for my studies. This led to the unexpected results in
the following chapter, and to an overall commentary that comprises Chapter 6 of the
dissertation.

[This chapter is published in Neuropharmacology. Sang-Min Lee, Andrew Kant, Daniel
Blake, Vishakantha Murthy, Kevin Boyd, Steven J. Wyrick, Richard B. Mailman. SKF-
83959 is not a highly-biased functionally selective D; dopamine receptor ligand with
activity at phospholipase C. Neuropharmacology. 2014 Jun 12. pii: S0028-
3908(14)00218-4. doi: 10.1016/j.neuropharm.2014.05.042. [Epub ahead of print] PMID:
24929112. S-ML designed and performed the experiments and wrote the manuscript. DB,
VM, KB, and SJW assisted with the experiments. RBM designed experiments and wrote
the manuscript.]
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Abstract

SKF-83959 [6-chloro-7,8-dihydroxy-3-methyl-1-(3-methylphenyl)-2,3,4,5-tetra-
hydro-1H-3-benzazepine] is reported to be a functionally selective dopamine D; receptor
ligand with high bias for Dj;-mediated phospholipase C (PLC) versus D;-coupled
adenylate cyclase signaling. This signaling bias is proposed to explain behavioral activity
in both rat and primate Parkinson’s disease models, and a D;-D, heterodimer has been
proposed as the underlying mechanism. We have conducted an in-depth pharmacological
characterization of this compound in dopamine D; and D, receptors in both rat brain and
heterologous systems expressing human D; or D, receptors. Contrary to common
assumptions, SKF-83959 is similar to the classical, well-characterized partial agonist
SKF38393 in all systems. It is a partial agonist (not an antagonist) at adenylate cyclase in
vitro and ex vivo, and is also a partial agonist in Di-mediated B-arrestin recruitment.
Contrary to earlier reports, it does not have Di-mediated effects on PLC signaling in
heterologous systems. Because drug metabolites can also contribute, its
3-N-demethylated analog was synthesized and tested. As expected from the known
structure-activity relationships of the benzazepines, this compound also had high affinity
for the Dy receptor and somewhat higher intrinsic activity than the parent ligand, and
might contribute to in vivo effects of SKF-83959. Together, these data demonstrate that
SKF-83959 is not a highly-biased functionally selective D, ligand, and that its reported
behavioral data can be explained solely by its partial D; agonism in canonical signaling
pathway(s). Mechanisms that have been proposed based on the purported signaling
novelty of SKF-83959 at PLC should be reconsidered.
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Introduction

One of the major conceptual changes in pharmacology the last decade has been
the awareness that some ligands, after interacting with a single molecular target, can
differentially affect the signaling pathways engaged by the target. This phenomenon is
now generally termed functional selectivity (Urban et al., 2007), and the degree of
differential activation is termed the bias of a ligand. One of the first GPCR receptor
systems in which functional selectivity was demonstrated was for dopamine receptors
(Lawler et al., 1999; Mailman et al., 1998). The potential therapeutic utility of this
mechanism has probably been shown most clearly by aripiprazole, a compound with a
mechanism of action clearly differentiated from other approved antipsychotic drugs
(Lawler et al., 1999; Shapiro et al., 2003; Mailman, 2007; Mailman and Murthy, 2010).
Although aripiprazole is a partial D, agonist in some systems, in other systems (e.g.,
behavioral, electrophysiological, and GTPyS binding) it behaves as a pure antagonist, and
in others may have very high intrinsic activity (Kikuchi et al., 1995; Lawler et al., 1999;
Shapiro et al., 2003). It also has markedly different potencies at different assays in the
same cell systems unlike typical partial agonists (Shapiro et al., 2003; Urban et al., 2007).
These reports are consistent with the hypothesis that aripiprazole is functionally selective
at D, receptors, but are inconsistent with it being simply a partial agonist (Burris et al.,
2002). Aripiprazole has a clinical profile somewhat different than earlier antipsychotics,

and its D, functional selectivity may explain at least part of its atypicality.

Canonical signaling of D;-like receptors (D1, Ds) is thought to involve coupling to
the G proteins Gaor or Gos to stimulate adenylate cyclase, whereas D,-like family
receptors (D, D3, D4) couple to Ga, or Gao to inhibit adenylate cyclase (Mailman et al.,
2001; Neve et al., 2004). Thus, the cAMP resulting from D; receptor activation could
initiate a host of downstream cascades such as from activation of cAMP/protein kinase A
(PKA) signaling. There have been data, however, that challenge this notion and postulate
that behavioral effects of D; agonists in rodents can be due not to canonical pathways
(Gnanalingham et al., 1995a; Gnanalingham et al., 1995b), but rather phospholipase C
(PLC)-mediated calcium elevation (Undie et al., 1994; O'Sullivan et al., 2004; Undie and
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Friedman, 1990; Andringa et al., 1999b). This has led to the hypothesis that a

functionally selective D1 ligand highly biased against cAMP signaling would have an
improved therapeutic index [e.g., for antiparkinson effects (Taylor et al., 1991; Mailman
et al., 2001) or cognitive enhancement (Arnsten et al., 1994)], without undesirable effects
such as seizures (Starr, 1996) or rapid tolerance (Asin and Wirtshafter, 1993; Gulwadi et
al., 2001).

There is a prevailing view that SKF-83959 [6-chloro-7,8-dihydroxy-3-methyl-1-
(3-methylphenyl)-2,3,4,5-tetrahydro-1H-3-benzazepine] represents such a highly biased
D; ligand. SKF-83959 is purported to be a biochemical antagonist at D;-coupled
adenylate cyclase. Conversely, it is proposed to stimulate phospholipase C via Gag based
on the fact that it stimulated phosphatidylinositol-4,5-biphosphate hydrolysis in
membranes of rat frontal cortex in a D; receptor-dependent manner (Jin et al., 2003; Zhen
et al., 2005; Panchalingam and Undie, 2001), and also induced PLC-mediated calcium
elevation through the Gog protein in D1-D,, receptor heterodimer-expressing cells (Rashid
et al., 2007b; Hasbi et al., 2009). SKF-83959 is behaviorally active in rat and primate
Parkinson’s disease (PD) models via its action at Dy receptors (Arnt et al., 1992; Jin et al.,
2003), and has behavioral activity in a variety of species that is known to be induced by
D, full or partial agonists, but not by D; antagonists (Gnanalingham et al., 1995a). This
has led to the hypothesis that the behavioral actions of SKF-83959 may be mediated by
its unique actions at PLC/Ca*" signaling at D;-D, heterodimers (Rashid et al., 2007a;
Hasbi et al., 2009; Downes and Waddington, 1993; Deveney and Waddington, 1995;
Fujita et al., 2010; Perreault et al., 2010; Arnt et al., 1992). This widespread belief that
SKF-83959 is the first highly biased D ligand has led many to consider it an important
probe for studying the mechanisms related to D; signaling (Yu et al., 2008; Zhang et al.,
2007; Zhang et al., 2005; Perreault et al., 2011; Zhang et al., 2009b).

We had previously used this compound, and contrary to its widely-cited
pharmacology, consistently found that SKF-83959 was a partial agonist at D;-adenylate
cyclase (Ryman-Rasmussen et al., 2005). Although one recent report offered data

suggesting that in at least one system SKF-83959 may not be a highly-biased PLC
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preferring ligand (Chun et al., 2013), the recent literature is replete with use of this
compound for its novel properties. A rigorous reevaluation of its pharmacology in a
variety of heterologous and native D; systems is therefore needed. In addition, the
structure of SKF-83959 suggests that the N-demethylated analog (“‘desmethylSKF”) is a
probable metabolite that might contribute to its pharmacology in vivo. We therefore
synthesized and characterized this potential metabolite. Our data clearly show that rather
than being a highly-biased functionally selective D; ligand, SKF-83959 actually is a
typical partial agonist of low intrinsic activity much like the prototype D; partial agonist
SKF38393. Our data suggest that many hypotheses based on the purported signaling bias

must be reconsidered.

Material and Methods
Materials

Both SKF-83959 and desmethylSKF [6-chloro-7,8-hydroxy-1-(3-methylphenyl)-
2,3,4,5-tetrahydro-1H-3-benzazepine] (Figure 2-1) were synthesized according to
procedures described in the supplemental data (Lee et al., 2014). In addition, SKF-83959
was also purchased commercially from Sigma/RBI. Samples from both sources behaved
identically. [*H]-SCH23390 and [®H]-N-methylspiperone (NMS) were purchased from
Perkin-Elmer Life Sciences Inc. (Boston, MA). SKF38393, quinpirole, and SCH23390
were obtained from Sigma/RBI (Natick, MA). Ham’s F-12, penicillin, streptomycin, and
geneticin (G418) were from Invitrogen Co. (Carlsbad, CA). Rat brains were either
obtained from Sprague-Dawley rats euthanized according to procedures approved by the
institutional IACUC committees, or purchased frozen (Pel-Freez Biologicals, Rogers,
AR). Goat anti-cAMP antibody was obtained from Dr. Gary Brooker (George
Washington University, Washington D.C.), and the donkey anti-goat secondary antibody
was immobilized to Biomagnetic Particles (BMP) according to the manufacturer’s
procedure (Polyscience, Inc. Warrington, PA) for the filtration. All other reagents and

materials were from Sigma Chemical Company (St. Louis, MO), unless otherwise stated.
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SKF-83959 6-chloro-7,8-hydroxy-1-(3-methylphenyl)-2,3,4,5-
tetrahydro-1H-3-benzazepine
(“desmethylSKF”)

Figure 2-1. Structures of SKF-83959 and a postulated demethylated metabolite.
Receptor source

All experiments with rats were conducted under protocols approved by our
Institutional Animal Care and Use Committee. Rat striatal tissue was obtained from male
Sprague Dawley rats (250-400 g) obtained from Charles River Laboratories, and housed
under a 12 h light/dark cycle and given food and water ad libitum. For experiments, the
rats were briefly restrained in DecapiCones (Braintree Scientific), and the head was
removed using a rat guillotine. Whole brains were removed rapidly, chilled briefly in ice-
cold 0.9% (w/v) sodium chloride solution, and sliced into 1.2 mm coronal sections with
the aid of a dissecting block similar to that described by Heffner et al. (1980). The
striatum was dissected and frozen immediately on dry ice, and stored at -70° C until the
day of the assay. In addition, two different cell lines were used for D; or D, receptor
expression: HEK-293 and CHO cells.

Membrane homogenates

Transfected cells and fresh or frozen rat striata were homogenized by several
manual strokes in a Wheaton Teflon-glass homogenizer in 5 mL ice-cold lysis buffer (2
mM HEPES, 2 mM EDTA, 1 mM DTT, protease inhibitor cocktail, pH 7.4). The

homogenate was centrifuged at 27,000 g for 20 min, the supernatant was discarded, and
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the pellet was homogenized (20 strokes) in ice-cold buffer and centrifuged again. The

pellet was used as the membrane fraction for radioreceptor assays.

Radioreceptor assays

Human D; or D,_ receptor density was assessed with saturation binding assay
with [®H]-SCH23390 or [*H]-NMS, respectively. For saturation binding assay, membrane
homogenates in triplicate were incubated with several concentrations of a radioligand in
binding buffer (50 mM HEPES, 4 mM MgCl,, 0.1% ascorbic acid, pH 7.4) for 15 min at
37°C. The affinity of a test ligand was assessed by competitive binding assays in which
triplicate wells were incubated with increasing concentrations of a test ligand and a fixed
concentration of a radioligand. Non-specific binding for the D; or D, receptor was
determined by parallel incubation with 1 puM SCH23390 or 1 uM haloperidol,

respectively.

Adenylate cyclase assays

Essentially following a published procedure (Watts et al., 1993), striatal tissue
was homogenized with eight manual strokes in a Wheaton-Teflon glass homogenizer in 5
mM HEPES buffer (pH 7.5) containing 2 mM EGTA (50 mL/g tissue). Following the
addition and mixing of another 50 mL/g of HEPES buffer, a 20 pL aliquot of this tissue
homogenate was added to a prepared reaction mixture (final volume of 100 uL)
containing 0.5 mM ATP, 0.5 mM isobutylmethylxanthine, [*p]ATP (0.5 uCi), 1 mM
CAMP, 2 mM MgCl,, 100 mM HEPES buffer, 2 uM GTP, and test drug(s), 10 mM
phosphocreatine and 5 U creatine phosphokinase. Triplicate determinations were
performed for each drug concentration. The reaction proceeded for 15 min at 30°C and
was terminated by the addition of 100 uL of 3% sodium dodecyl sulfate (SDS). Proteins
and much of the non-cyclic nucleotides were precipitated by addition of 300 uL each of
4.5% ZnSO, and 10% Ba(OH),. Samples were centrifuged (10,000 g for 8-9 min), and
the supernatants injected on an HPLC system (Waters Z-module or RCM 8 x 10 module
equipped with a C18, 10 um cartridge). The mobile phase was 150 mM sodium acetate
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(pH 5.0) with 23% methanol. A UV detector (254 nm detection) was used to quantify the

unlabeled cAMP added to the samples to serve as internal standard. The radioactivity in
each fraction was determined by a flow-through radiation detector (Inus Systems, Tampa,
FL) using Cerenkov counting. Sample recovery was based on UV measurement of total
unlabeled cAMP peak areas quantified using PE Nelson (Cupertino, CA) Model900 data

collection modules and TurboChrom software.

For the studies in heterologous systems, we used two different assay methods to
insure that assay issues were not affecting our results. Thus, both radioimmunoassay and
the GloSensor™ cAMP system (Promega Corporation, Madison, WI) were used. Stably
transfected CHO cells and transiently transfected HEK-293 cells were used for
radioimmunoassay, and GloSensor™ cAMP system used transiently transfected HEK-
293 cells. The procedures of radioimmunoassay have been previously published (Brown
et al., 2009; Harper and Brooker, 1975). For D, receptor-mediated cAMP inhibition,
forskolin was added in assay media to elevate the basal level of cAMP, and haloperidol
(10 uM) was used to block D, receptor activity. The inhibition of forskolin-induced
CAMP was assessed as described above.

Assessment of activation of phospholipase C by D; receptors

The IP-One assay was used to determine inositol phosphate accumulation (Cisbio,
Bedford, MA). In 96-well plates (pre-treated with poly-L-lysine), HEK-293 cells
transiently transfected with the D; receptor were seeded at 80,000 cells/well and
incubated overnight. Drug dilutions were performed in stimulation buffer and added to
the plates, which were incubated for 1 h at 379C, 5% CO,. Cells were then incubated in
lysis buffer for 30 min. Samples were transferred to the IP-One ELISA plate, and IP1
standards, a-IP1 mAb, and competitive IP1-HRP conjugate were added. The plate was
incubated for 3 h at room temperature followed by six washings. The colorimetric
reaction was initiated by adding TMB (tetramethylbenzidine), and the plate was
incubated for 30 min. The reaction was terminated with stop solution. The 96-well plate
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was read at 450 nm/620 nm using a Vmax plate reader (Molecular Devices, Sunnyvale,
CA).

Assessment of B-arrestin activation at D, or D, receptors

B-arrestin activation in live CHO cells was monitored using PathHunter® [-
arrestin assay (DiscoverX Corporation, Fremont, CA) as a D; or D, mediated non-cyclase
signaling pathway. The platform of this assay is based on ligand binding to the D; or D,
receptor that triggers the recruitment of intracellular B-arrestin to the activated receptors.
The receptor expression in this kit was not available from DiscoverX, but they informed
us that these engineered systems stably expressing D; or D, receptors have been
standardized with well-known full and partial agonists and the potency and intrinsic

activity are consistent with literature reports (personal communication).

Data and statistical analysis

The receptor binding and dose-response curves were analyzed by nonlinear
regression using Prism 5.0 (GraphPad Software, San Diego, CA). Ky for test ligands
was calculated by Cheng-Prusoff equation with ICsy from the binding curves (Cheng and
Prusoff, 1973). Functional dose-response curves for all experiments (except D;-mediated
[-arrestin activation) were analyzed using a sigmoidal dose-response equation with a
fixed slope to obtain apparent potency (ECso) and maximal intrinsic activity (Emax). For
D;-mediated B-arrestin activation, a sigmoidal dose-response equation with a variable
slope was used to better represent the original data points. Student’s t-tests or ANOVA
with post hoc Tukey’s test were used for the statistical differences between two or

multiple groups, respectively.
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Results
Dopamine D1 or D, receptor expressions and SKF-83959 affinity

We used several human D; receptor expression systems: stably transfected CHO
and HEK-293 cells (0.7 pmol/mg protein and 5.2 pmol/mg protein, respectively) and
transiently transfected HEK-293 cells (1.1 pmol/mg protein). D; receptor expression in
rat striatal membranes was 1.95 pmol/mg protein. D, receptor expression in stably
transfected CHO cells was 6.45 pmol/mg protein, which was higher than that in rat
striatum (0.93 pmol/mg protein). SKF-83959 showed high affinity (Kos = 2.5 + 0.2 nM)
for the D; receptor in rat striatum, whereas it had much lower affinity for the D, receptor
(Kos = 1.1 £ 0.2 puM) (Table 2-1). The affinity of SKF-83959 for human D; or D,

receptor expressed heterologously was similar to that in rat striatum.

Table 2-1. Summary of SKF-83959 binding affinity.

SKF-83959 desmethyISKF

Receptor Source, System [Kos (NM)]
D1.like rat striatum 25 + 0.2 40+ 0.7
D, human, CHO 11 + 01 --
D, human, HEK-293 08 = 0.1 --
Do.jike rat striatum 1,080 + 225 > 1,000
Dy human, CHO 1,080+ 115 --

Data are from at least three independent experiments and expressed as mean + SEM.
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Partial intrinsic activity of SKF-83959 at D; receptor-mediated adenylate
cyclase

The maximal dopamine response for D;-mediated CAMP synthesis was defined as
100% intrinsic activity. SKF-83959 had 35 + 2% intrinsic activity at CAMP production in
CHO cells expressing human D; receptors (Figure 2-2), whereas the prototypical D
partial agonist SKF38393 had ca. 50% intrinsic activity. In CHO cells, the prototypical
D1 receptor antagonist SCH23390 (10 uM) blocked cAMP elevation induced by
SKF-83959 (Figure 2-3 Left) indicating that the cAMP production was a D; receptor-
mediated response. SKF-83959 also had around 50% intrinsic activity at cAMP
production in HEK-293 cells transiently expressing human D; receptors. When we
assessed the CAMP elevation using CAMP-dependent luciferase activity in the same cells,
SKF-83959 showed 42 + 6% intrinsic activity, similar to results using radioimmunoassay
(Figure 2-2). Again, the activity of SKF-83959 was significantly inhibited by SCH23390
(10 uM) (Figure 2-3 Middle and Right panels). Inhibition by SCH23390 at Glosensor
assay was not as strong as those at RIA. Whereas SCH23390 was pretreated 5 min at RIA
before adding drugs, SCH23390 was co-treated with drugs at Glosensor assay. This
cotreatment with agonists may be insufficient for SCH23390 to fully inhibit the effects of
the agonists. Together, these results demonstrate that SKF-83959 is a partial agonist
much like SKF38393 at D; receptor-mediated CAMP synthesis.



27

CHO cells HEK-293 cells HEK-293 cells
RIA RIA Glosensor assay
. -~ Dopamine -e- Dopamine -~ Dopamine
S 100 { & SKF38393 100 4 = SKF38393 100 { - SKF38393 K
0 Z -4 SKF83959 - SKF83959 -+~ SKF83959
@ E
S
S [ ]
0= 50 4 50 1 50
g
S o
33
©
S J
S 0 0 0
T T T T T T T T T T T T T T T T
-0 9 8 -7 -6 5 -9 -8 -7 -6 -5 -9 -8 -7 -6 -5
log [drug] (M) log [drug] (M) log [drug] (M)

Figure 2-2. D;-mediated adenylate cyclase activation by SKF-83959 in heterologous
expression systems.
D, receptor activation in; (Left) CHO cells and (Middle) HEK-293 cells expressing D,
receptors was assessed by radioimmunoassay. (Right) D, receptor activation in transiently
transfected HEK-293 cells was also assessed by Glosensor assay. Representative curves of
at least three independent experiments are shown. The points in each figure are the mean of
triplicates, and error bars are SEM.
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Figure 2-3. Inhibition of SKF-83959-stimulated cAMP synthesis by SCH23390 (10 uM).

Left panel: CHO cells. Middle and right panels: HEK-293 cells. Both cell types were
transfected with the human D; receptor as noted in the methods.

SKF-83959 fails to activate the D, receptor

Because SKF-83959 had some affinity for the D, receptor, we sought to

characterize its D, functional effects by assessing its actions on D,-mediated inhibition of
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CAMP synthesis. SKF-83959 has no intrinsic activity whatsoever against forskolin-
stimulated adenylate cyclase activity (Figure 2-4), whereas the prototypical D, full
agonist quinpirole and the partial agonist (—)3-PPP showed the expected full and partial

activity, respectively.
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Figure 2-4. D,-mediated adenylate cyclase inhibition.

D, receptor activation was assessed by radioimmunoassay in CHO cells stably transfected
with human D, receptors. Representative curves of at least three independent experiments
are shown. A sigmoidal dose-response curve equation was used to fit the lines.

Potency and intrinsic activity of SKF-83959 for B-arrestin activation at D;
receptors

G protein—coupled receptor kinases (GRKs) have been known to phosphorylate
dopamine receptors, and the phosphorylated dopamine receptors can recruit B-arrestin
that plays a critical role in receptor desensitization and internalization (Gainetdinov et al.,
2004). B-arrestin recruitment to dopamine receptors can be a measure of non-cyclase
dopamine receptor signaling. SKF-83959 was a partial agonist with 32 + 2% intrinsic
activity in D;-mediated B-arrestin activation (Figure 2-5 Left), slightly less than the
prototypical partial agonist SKF38393. SCH23390 treatment (10 puM) significantly
reduced the effect of SKF-83959 (Figure 2-5 Right) indicating that this [B-arrestin

activation was mediated by the D; receptor.
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Figure 2-5. Induction of B-arrestin activation at D; receptors by SKF-83959.

SKF-83959 was a partial agonist at B-arrestin activation at D, (Left), and this was reversed
by SCH23390 (Right). Representative curves of at least three independent experiments are
shown. For the right panel, 10 uM concentrations were used for both SKF-83959 and
SCH23390.

Potency and intrinsic activity of SKF-83959 for B-arrestin activation at D,
receptors

SKF-83959 showed 19 + 2% of the maximal response of quinpirole at D,-
mediated B-arrestin activation (Figure 2-6 Left). Consistent with its low D, affinity, the
potency of SKF-83959 at the D, receptor (1.3 £ 0.2 uM) was much less than that at the
D; receptor. The typical D, receptor antagonist haloperidol (10 uM) completely inhibited
the activity of SKF-83959 (Figure 2-6 Right). These results indicate that SKF-83959 is

also a partial agonist at B-arrestin signaling mediated by either the D, or D, receptor.
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Figure 2-6. Partial agonism of SKF-83959 on induction of B-arrestin by D, receptors.

(Left) SKF-83959 causes ca. 20% activation, somewhat less than the known partial agonist
(-)3-PPP. (Right) The D, antagonist haloperidol (10 uM) completely inhibits the
SKF-83959-mediated activation of 3-arrestin.

Lack of SKF-83959 activity on D; receptor-mediated PLC stimulation

As noted in the Introduction, the major foundation for the proposed functional
selectivity of SKF-83959 was its purported high bias and high intrinsic activity towards
D;-mediated PLC activation versus antagonism at D;-mediated adenylate cyclase.
Because of the potential issues that were discussed above (vide supra), this was examined
in detail in a heterologous system using human D; receptor-transfected HEK-293 cells.
As shown in Figure 2-7A, in hD;-HEK-293 cells the muscarinic agonist carbachol (a
positive control) caused marked stimulation of IP1 production, and the potency we
observed is consistent with its known micromolar-range affinity for muscarinic receptors
(Cheng et al., 2002; Jakubik et al., 1997; Wood et al., 1999). SKF-83959, however,
produced no significant increase except for a slight trend at non-pharmacological
concentrations (i.e., 300 uM). Moreover, there was no difference between the amount of
IP1 produced by SKF-83959 alone and in combination with the D; antagonist SCH23390
(10 uM) (Figure 2-7B). Conversely, the stimulation of carbachol was blocked by the
muscarinic receptor antagonist atropine (10 uM), whereas atropine had no effect on the
action of SKF-83959 (Figure 2-7C).
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Figure 2-7. SKF-83959 does not stimulate phospholipase C activity via D; receptors in
hD;-HEK-293 cells.

(Panel A) SKF-83959 could not induce IP1 production in transiently transfected hD,-HEK-
293 cells. The muscarinic receptor agonist carbachol produced IP1 dose-dependently with
expected potency. Representative curves of at least three independent experiments are
shown. (Panel B) The slight increase seen at 300 uM SKF-83959 was not inhibited by the
D, antagonist SCH23390 (10 puM). (Panel C) The stimulation by the muscarinic agonist
carbachol was inhibited by the muscarinic antagonist atropine (10 uM), and there is no
effect on the action of SKF-83959 (300 uM).

These studies were also repeated in stably transfected hD;-HEK-293 cells using
D; agonists from three chemical classes [benzazepines (SKF-83959 & SKF-83822),
phenanthridine (dihydrexidine), or isochroman (A77636)]. None caused significant
activation of PLC even at concentrations as high as 30 uM (Figure 2-8A). In addition, the
effects of both carbachol and SKF-83959 were identical in both D; transfected and wild-
type HEK-293 cells (Figure 2-8B).
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Figure 2-8. Selective D; agonists including SKF-83959 and dopamine fail to stimulate
PLC activity at physiologically-relevant concentrations.

(Panel A) In stably transfected hD;-HEK-293 cells, D; agonists from three chemical
classes [benzazepines (SKF-83959 & SKF-83822), phenanthridine (dihydrexidine), or
isochroman (A77636)] failed to activate PLC. (Panel B) In wild-type HEK-293 cells,
carbachol caused significant PLC activation whereas SKF-83959 did not, and both
compounds caused identical results to those shown in Figure 2-7A. Representative curves
of at least two independent experiments are shown.

Activity of SKF-83959 and its N-demethylated analog in rat striatum

Because some of the novelty of SKF-83959 has been related to its actions in vivo,
we also examined the pharmacology of the parent compound and a likely oxidative
metabolite, the N-demethylated analog, both of which were synthesized as described by
Lee et al. (2014). In rat striatal membranes, the prototypical partial agonist SKF38393
(Watts et al., 1993), SKF-83959, and its demethylated analog had high affinity for the rat
D, receptor (Table 2-1). Interestingly, as shown in Figure 2-9, the N-demethylated analog
had intrinsic activity (~60%) at D;-mediated stimulation of adenylate cyclase
significantly higher than SKF-83959 (~35%) (Student’s t-test, P<0.05) with both
compounds having sub-micromolar potency. The stimulation of cAMP synthesis was
completely blocked by SCH23390 (Figure 2-9).
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Figure 2-9. Partial agonist properties of SKF-83959 and desMe-SKF-83959 on D;-
stimulated adenylate cyclase of rat striatum.

For the panel B, the benzazepine ligands were used at 1 uM concentrations, dopamine at
10 uM, and SCH23390 at 10 puM.

Discussion

There are no clinically-approved CNS penetrant, high intrinsic activity selective
dopamine D; agonists, yet animal models have suggested that selective D; agonists may
have utility for Parkinson’s disease (Taylor et al., 1991; Mailman et al., 2001) and
cognition (Arnsten et al., 1994; Schneider et al., 1994; Steele et al., 1996; Steele et al.,
1997) among other disorders. For these two conditions, therapeutic efficacy of D;
agonists has been translated into the clinic with large effect sizes predicted by preclinical
models (Rosell et al., 2014; Rascol et al., 1999). Despite this support for the clinical
efficacy of D, agonists, there are reports of serious D;-mediated side effects that may
prevent approval of a D; agonist, including rapid tolerance (Asin and Wirtshafter, 1993),
profound hypotension (Blanchet et al., 1998), and seizures (Starr, 1996). During the past
decade, it has become clear that one way of improving the pharmacological actions of a
drug is to make it functionally selective at its targeted receptor(s) (Urban et al., 2007;
Neve, 2009; Kenakin, 2007; Mailman, 2007). If a D; agonist with high bias for different
D;-mediated signaling pathways were available, it would be a useful research tool that

also might overcome some of the possible limitations associated with current D; agonists.

SKF-83959 is purported to be such a ligand, highly-biased towards D; stimulation

of phosphoinositide hydrolysis (via a D1-Gag mechanism), but with no intrinsic activity
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at GaoLrs mechanisms that stimulate adenylate cyclase (Undie and Friedman, 1992;
Undie et al., 1994; Gnanalingham et al., 1995b; Arnt et al., 1992). The literature is
consistent with our finding that SKF-83959 has nanomolar affinity for the dopamine D;
receptor in rat brain and the human D; receptor expressed heterologously (Table 2-1), and
micromolar affinity for the cloned D, and rat brain D,-like receptor. The question, then,

is what functional profile does this ligand actually have?

D; effects on adenylate cyclase stimulation and B-arrestin activation

We studied D;-mediated cAMP synthesis using the expressed human D; receptor
in two different cell lines and two different assays, as well as in rat brain striatal
homogenates. Both heterologously and in situ, SKF-83959 was a partial agonist with
intrinsic activity slightly less than SKF38393, the prototypical partial agonist. These
studies were performed both with compound synthesized by us (structure verified
chemically), as well as material obtained commercially, and with two different assays for
CAMP. Identical results were obtained with all combinations. We also studied these two
compounds against a second accepted signaling system, [-arrestin-mediated signaling
(Shenoy and Lefkowitz, 2005; Urs et al., 2011). SKF-83959 also was a partial agonist at
the D, receptor with intrinsic activity similar to the partial agonist SKF38393 and similar
potency to its effects on adenylate cyclase, both in the nanomolar range. Together, this is
consistent evidence that SKF-83959 appears to have properties expected of a partial D,
agonist, not a highly-biased D, ligand. It is important to reiterate the fact of essentially
identical intrinsic activity and potency seen with the D; receptor in rat striatum versus the
human D; receptor expressed heterologously. Although receptor reserve clearly can
influence measured intrinsic activity (Watts et al., 1995b), the agreement between the
data obtained ex vivo versus in vitro strongly suggests that our conclusions are

physiologically relevant.

How does one resolve the conundrum that many consider SKF-83959 an
antagonist at D;-CAMP signaling? A previous study from our lab also reported partial

intrinsic activity for SKF-83959 in a human D; heterologous system (Ryman-Rasmussen
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et al., 2005), and some of the published data are consistent with the current report when
the data are examined (Gnanalingham et al., 1995b; Rashid et al., 2007b; Chemel et al.,
2012), yet other reports clearly show that SKF-83959 completely lacks intrinsic activity
at Di-stimulated adenylate cyclase (Jin et al., 2003; Arnt et al., 1992). Further

independent studies are needed to arrive at a consensus.

D, effects on activation of phospholipase C

The second conundrum relates to the purported stimulation of PLC signaling by
SKF-83959. The current data found no evidence that SKF-83959 causes any stimulation
of PLC mediated by the D; receptor, even at concentrations five orders-of-magnitude
higher than the Kp. This clearly contrasts with numerous reports that D; receptors
directly stimulate the phosphoinositide signaling system in murine and primate brain (Liu
et al., 2009a; Liu et al., 2009b; Yu et al., 2008; Perreault et al., 2014; Felder et al., 1989a;
Felder et al., 1989b; Dyck, 1990; Undie and Friedman, 1992; Vyas et al., 1992; Undie
and Friedman, 1994; Pacheco and Jope, 1997; Lee et al., 2004; Banday and
Lokhandwala, 2007; Liu et al., 2009a; Mizuno et al., 2012; Mahan et al., 1990; Undie and
Friedman, 1990; Zhang et al., 2009b). We believe that there is a logical explanation for
this lack of concordance. In examining the prior literature, the one constant was that
effects of SKF-83959 on PLC signaling required concentrations of 10 uM and higher.
Although SKF-83959 is a nanomolar affinity, selective Dy ligand, it is known that in the
micromolar range it (and its congeners) have numerous off-target activities (Setler et al.,
1978; Neumeyer et al., 2003; Chun et al., 2013) some of which are to systems known to
be coupled to PLC. In addition, despite the plethora of reports linking D, agonists to PLC
activation, those studies only used D; agonists of the phenylbenzazepine family, and
generally relied on SCH23390 (another phenylbenzazepine) as the D; antagonist.
Because SCH23390 and SKF-83959 share phenylbenzazepine backbone, SCH23390 may
bind to other receptors similarly to SKF-83959, and can counteract the non-specific
effects of SKF-83959. Thus, using antagonists with similar chemical structure of test

agonist can increase the likelihood of confounding off-target effects.
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Effects of D;-D; heterodimers on phospholipase C activation

There has been an alternative hypothesis that D;1-D; heterodimers mediate PLC
activation (Rashid et al., 2007b; Hasbi et al., 2009). However, the existence of D;-D,
heterodimers in vivo is still unclear. We noticed that most of those papers supporting this
hypothesis also used the typically high SKF-83959 concentrations, and we feel that they
must be approached skeptically due to the following reasons. 1) In brain the percentage
of D; receptors that are colocalized with D is very small (Le Moine and Bloch, 1995;
Aubert et al., 2000; Thibault et al., 2013; Lidow and Goldman-Rakic, 1994; Gerfen et al.,
1990); 2) Because colocalization is a tiny fraction of the total D;, one would predict that
the magnitude of PLC or Ca®* signals would be much less that from known Gag
receptors directly linked to PLC and expressed at high levels, but it is not; 3) Co-
expressing at high levels different receptors in heterologous systems can force protein
interactions that would never occur in situ; 4) One paper from the George group used
more reasonable (but still high, 100 nM) SKF-83959 concentrations in specifically
isolated D;-D, coexpressing neurons (Hasbi et al., 2009), but while a Ca?* response was
reported, PLC was not tested directly and the response could have been secondary to
other signaling; 5) A recent paper from Sibley’s group failed to replicate some of the
effects predicted from the George hypothesis (Chun et al., 2013). What is more important
is that the heterodimer hypothesis is secondary to the first hypothesis of our manuscript:
that SKF-83959 and a possible metabolite both are partial D; agonists and activate
adenylate cyclase. Accepting the PLC hypothesis would seem to require first showing
that CAMP-PKA-dependent signaling was not involved, but this was never done. Our
secondary target is related to D; stimulation of PLC, and here one well-controlled
experiment was offered and supplemented by a careful look at the literature. Together,
these lines of evidence strongly suggest that PLC activation is highly likely a result of

non-D; effects caused by the use of suprapharmacological concentrations.

Summary

To our knowledge, this is the first rigorous characterization of the pharmacology

of SKF-83959 in several systems. Although we are confident in our current data, we
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recognize the possibility that unknown experimental differences might explain why we
feel that SKF-83959 is a typical partial agonist, rather than being a highly-biased
functionally selective D; ligand. Our data suggest that at relevant pharmacological
concentrations, SKF-83959 does not activate PLC, and we hypothesize that the prior
reports were detecting off-target effects. The use of 10-300 uM concentrations of a
nanomolar affinity ligand would thereby affect many known, as well as unknown, targets.
We recognize that there are many hypotheses that could explain why D; receptor
activation might directly stimulate PLC (homomeric D;, D;-D, dimer, D; heteromer with
some other receptor, etc.), but all of these depend on the D;. Of particular relevance,
therefore, is a study that actually compared the PLC stimulation of the 1-phenyl-3-
benzazepines in wild-type and D; knockout mice (Friedman et al., 1997). Those authors
report no difference in PLC stimulation between wild-type and D; knockout mice, yet
rather than reject the D1-PLC hypothesis, they postulated that it was caused by a novel,
unknown Ds-like receptor (Friedman et al., 1997). This novel explanation seems
extremely unlikely as there are essentially no Ds receptors in the mouse striatum and no

other GPCR (characterized or orphan) in the mouse genome that has D;-like properties.

These data impact many studies that have examined aspects of D; function based
on novel properties of SKF-83959 (Yu et al., 2008; Guo et al., 2013; Lee et al., 2004;
Hasbi et al., 2009; Hasbi et al., 2011; Rashid et al., 2007a; Rashid et al., 2007b),
including suggestions that downplay the role of cCAMP signaling in behavioral actions of
D; ligands (Arnt et al., 1992; Downes and Waddington, 1993; Gnanalingham et al.,
1995a). If our assessment of the pharmacology of SKF-83959 is correct, it may affect the
validity of the conclusions that were drawn from such studies. In addition, we have
shown that at least one predicted metabolite of SKF-83959 has actually somewhat higher
intrinsic activity than the parent molecule, offering another possible confounding
mechanism when used in behavioral or physiological studies. We urge investigators to
consider the current data and to review the supporting literature for themselves, before

utilizing this compound for properties that it may, or may not, have.



Chapter 3: Dopamine D; receptor interaction with ergolines:

roles of conserved TM3 threonine and TM5 serines

Preface

Although current catechol-type full D; agonists have a great efficacy on several
CNS disorders, no full D; agonists are approved clinically primarily due to poor oral
bioavailability. The intrinsic catechol moiety of the current full D, agonists can be rapidly
metabolized at gut and liver by multiple enzymes (e.g., catechol-O-methyl transferases
and Phase Il enzymes). Thus, we focused on non-catechol scaffolds and chose the
ergolines as a candidate for orally available D; agonists. Because structural information
of the receptor-ligand complex helps design novel D; agonists, we investigated the
molecular interactions between non-catechol ergolines and the D; receptor particularly
through hydrogen bonds in this chapter. Because similar methods were applied for ligand
interaction studies, the methods used in the Chapter 3 were elaborated separately in the
Appendix section.
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Abstract

Current dopamine D; receptor full agonists have poor pharmacokinetic properties
due to their intrinsic catechol moiety in the chemical structure, and it is important to
determine how novel non-catechol D; ligands might be designed. To provide the
scientific basis for novel D; agonists, we investigated the molecular interactions of the D;
receptor with non-catechol ergolines. | examined the role of the threonine (T3.37) within
transmembrane (TM) three segment, which is reported to form a hydrogen bond for
ergotamine at serotonin receptors. As expected, the alanine mutation on T3.37 (T3.37A)
greatly decreased the affinity and efficacy of the ergolines within the concentration range
we used (maximum 10 pM), whereas the hydrogen bond-conservative serine mutation
(T3.37S) acted similarly to the wild-type D; receptor. Based on the preliminary docking
simulations, we also hypothesized that at least one of the conserved serines in TM five
segment (S5.42, S5.43, and/or S5.46) would form a hydrogen bond with the non-catechol
ergolines. The alanine mutation at S5.46 (S5.46A) significantly decreased the affinity of
the ergolines, but not D, efficacy of the ergolines. Contrary to our hypothesis, the alanine
mutation at S5.42 (S5.42A) greatly increased the D, affinity and efficacy of the ergolines.
The alanine mutation at S5.43 (S5.43A) was ineffective for the ergoline interaction
except the small decrease in LEK-8829 affinity. The effects of the double mutations on
these serines were similar or greater than those of the individual mutations. At D;
receptor homology models, the ergoline agonists have docking poses close to T3.37,
S5.42, and S5.46 that may explain current mutagenesis results. Together, this structural
information helps understand the mechanisms of how non-catechol ergolines interact

with the conserved amino acids in TM3 and TM5 of the D; receptor.
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Introduction

Dopamine D; receptor full agonists have a great deal of clinical potential as being
equi-efficacious to levodopa in monotherapeutic treatment for Parkinson’s discase
(Blanchet et al., 1998; Rascol et al., 1999; Taylor et al., 1991), as well as being useful for
cognition (Cai and Arnsten, 1997; Steele et al., 1997; Hersi et al., 1995; Arnsten et al.,
1994) and drug abuse (Self et al., 1996; Haney et al., 1999). All current selective full D,
agonists contain a catechol moiety in the chemical structure that is presumably a major
factor causing their poor oral bioavailability and short duration of action (Mailman et al.,
2001). Thus, non-catechol scaffolds may be useful for the effective full D; agonists that
have favorable pharmacokinetic profile (Kvernmo et al., 2006). One such class of
compounds is ergolines. The ergolines generally have more favorable oral bioavailability
than catechol-type D; agonists. Although they are selective for D, receptors, they have
reasonable D; affinity and intrinsic activity (Krisch et al., 1994; Emre et al., 1992). Thus,
we decided to characterize the interaction of the D; receptor with non-catechol ergolines
as part of receptor-ligand interaction studies. | first focused on the conserved amino acids
in transmembrane three and five segments that have been reported critical for ligand
interactions. Ballesteros and Weinstein nomenclature was used to indicate the conserved
amino acids (Ballesteros and Weinstein, 1995).

Threonine T3.37 in transmembrane three segment (TM3) is one of the most
highly conserved amino acids among Class A GPCRs for catecholamine binding (Xhaard
et al., 2006). A recent report revealed a crystal structure of several serotonin receptors
and suggested that T3.37 forms a hydrogen bond with ergotamine that has an ergoline
backbone (Wang et al., 2013). Based on this report, we hypothesized that T3.37 may
provide a critical hydrogen bond for the ergolines at the D; receptor. | mutated the
threonine to alanine (T3.37A) to remove the hydroxyl group that works as a hydrogen
bond donor/acceptor. | also mutated the threonine to serine (T3.37S) to keep the hydroxyl
group and remove the methyl group. In addition, our preliminary computational
simulations suggested that the ergolines have docking poses close to the conserved

serines in transmembrane 5 (TM5): S5.42, S5.43, and S5.46. These serines are located in
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the ligand binding pocket and reported to provide critical hydrogen bonds for dopamine
and other catechol-type D; agonists (Pollock et al., 1992; Chemel et al., 2012). S5.46
would be most critical for the interaction because S5.46 has the shortest distance and the
most proper angle for hydrogen bonding in the simulations. Bach et al. (1980) supported
this idea suggesting that B-ring nitrogen of the ergoline backbone may form a hydrogen
bond with the TM5 conserved serines in a similar pattern to a catechol-type D,/D; agonist
apomorphine. Thus, in the current study each residue of the serines was mutated to
alanine to investigate the roles of the hydroxyl group of the serines in hydrogen bond
interactions (S5.42A, S5.43A, and S5.46A). The double mutations on the serines were
also created and tested (S5.42A/S5.46A and S5.43A/S5.46A).

Based on the mutagenesis results, we also refined the docking poses of the
ergoline agonists to the D; receptor homology models and illustrated the hypothetical
interaction mechanisms for the ergolines with the conserved TM3 threonine and TM5
serines. This structural information on the receptor-ligand complex can serve as a

structural basis for new drug design.
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Ergoline agonists

e ak

CY 208 243

Other ergoline ligands

o b L/ L
e

Cabergoline Lisuride

Non-ergoline ligands

HO

Dihydrexidine (DHX) (+)-Butaclamol SCH23390

Figure 3-1. Chemical structures of the D; ligands tested in the study.
Each ring of the ergoline backbone is labeled the same way as that depicted in LEK-8829.
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Table 3-1. Receptor expressions and Kp of SCH23390 for wild-type and mutated D,

receptors.

Receptor Bmax Kp of
(pmol/mg SCH23390
protein) (nM)

Mean = SEM

Wild-type 1.0 £ 0.2 1.0 £ 0.1

T3.37A 04 = 01 144 + 0.7

T3.37S 15 £ 06 19 £ 0.2

S5.42A 08 = 0.1 100 = 1.0

S5.43A 34 = 03 81 = 04

S5.46A 1.2 £ 0.1 08 = 0.1

S5.42A/S5.46A 08 = 0.1 113 = 0.7

S5.43A/S5.46A 23 £ 05 141 = 05

Bmex and Kp were produced using the one-site specific binding mode of non-linear
regression. N> 3.

Results
Transient expressions of wild-type and mutated dopamine D; receptors

Wild-type human D; receptors were expressed at the level of 1 pmol/mg protein.
The expression of other mutated receptors ranged from 0.4 to 3.4 pmol/ mg protein.
Receptor expressions varied depending on the mutations. Higher amounts of DNA
plasmid were used for some mutated receptors (e.g., T3.37A, S5.42A, S5.43A, and
double mutations) versus the wild-type to obtain comparable expressions to the wild-

type. No significant cell death was observed until 48 h after transfection.

Mutational effects of T3.37A and T3.37S on the D, affinity and efficacy of the
ergoline agonists and DHX

Consistent with our hypothesis, the T3.37A mutation decreased the affinity of the
ergoline agonists and DHX by at least 5-fold (Table 3-2 and Figure 3-2A). The hydroxyl
group-conservative mutation T3.37S, however, completely restored the affinity loss.
Consistent with the affinity results, the T3.37A mutation greatly decreased the cAMP

production stimulated by the ergoline agonists or DHX within the concentration range we
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used (maximal 10 uM) (Figure 3-2B), whereas the T3.37S mutation markedly restored
the loss of cCAMP production caused by T3.37A mutation (Figure 3-2C). These data

suggest that the hydroxyl group of T3.37 plays a critical role in the interaction with both

the ergoline agonists and DHX through possible hydrogen bond formation. In addition,

the methyl group of T3.37 was dispensable for the affinity of the ergolines. The T3.37A

mutation also significantly decreased the affinity of butaclamol by 5-fold, which is a D,

antagonist with a unique non-catechol structure (Figure 3-3).

Table 3-2. Affinity of the D, receptor agonists at wild-type and mutated D; receptors.

pKos (Mean £ SEM)

LEK-8829 CY 208 243 Dihydrexidine

Wild-type 6.59 + 0.08 (1) 6.36 + 0.04 (1) 6.76 + 0.12 (1)
T3.37A 558 + 0.12 (10.21)** 563 + 0.14 (54l)** 487 + 0.06 (77.6)***
T3.37S 6.59 + 0.08 (1) 6.46 + 0.10 (1.31) 6.55 + 0.10 (1.61)
S5.42A 771+ 006 (13.27)%* 745 + 007 (1231)** 548 + 0.06 (19.1)***
S5.43A 621+ 007 (241)* 6.23 + 008 (14)) 5.35 + 0.05 (25.7)%**
S5.46A 6.15 + 0.09 (2.8])** 591 + 0.08 (2.8])** 551 + 0.08 (17.8)***
S5.42A/S5.46A 700 + 0.08 (2.67)* 6.78 + 0.05 (2.67)** 4.97 + 012 (61.7])***
S5.43A/S5.46A 586 + 0.11 (541)*** 598 + 001 (24])* 5.40 + 0.08 (22.9])***

Fold changes in Kg5 are shown in the parentheses with an up or down arrow. One-way
ANOVA followed by Tukey’s multiple comparison test was used to show significant
differences from the wild-type receptor (* P < 0.05, ** P < 0.01, *** P < 0.001). N> 3.
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Figure 3-2. The effects of T3.37A and T3.37S mutations on D, affinity and efficacy of
the ergoline agonists and dihydrexidine (DHX).

(A) The T3.37A mutation significantly decreased the D, affinity that is completely restored
by the T3.37S mutation. The lines indicate the mean of pKgs from three independent
experiments. (B) The T3.37A mutation greatly decreased the cAMP production mediated
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by the ergoline agonists and DHX. (C) The T3.37S mutation partially restored the D,
efficacy of the ergoline agonists and DHX.

Butaclamol
9.01
8.5
g 8.0+ %— Fkk
X 7.54
e — gy
7.0
6.5 T T
S \
/\’5('5

Figure 3-3. The T3.37A mutation significantly decreased the D; affinity of butaclamol.

Student’s t-test was used to show significant differences from the wild-type receptor
(*** P <0.001).

Mutational effects of the conserved TM5 serines on D; affinity of the ergoline
agonists and DHX

Figure 3-4 and Table 3-2 show the affinity changes of the ergoline agonists and
the catechol-type full D; agonist DHX. Contrary to the results of the T3.37A mutation
and what we hypothesized, the S5.42A mutation actually increased the affinity of the
ergoline agonists by over 10-fold. The S5.43A mutation failed to change the affinity of
CY 208 243, but it significantly decreased LEK-8829 by 2-fold, which is relatively a
small degree compared with the affinity decrease by the T3.37A mutation. The S5.46A
mutation also showed a small, but significant and consistent, 3-fold decrease in the
affinity of both LEK-8829 and CY 208 243 (Figure 3-4A). S5.42A/S5.46A double
mutations significantly increased the affinity of the ergoline agonists by 3-fold, but the
increases were less than those caused by the S5.42A mutation alone. Although the
S5.43A/S5.46A double mutations failed to make a statistical difference from the
individual mutations, they decreased the affinity of LEK-8829 greater than the individual
mutations. The S5.43A/S5.46A double mutations significantly decreased the affinity of
CY 208 243 similarly to the S5.46A single mutation. In contrast to the mutational effects
on the ergoline agonists, all of S5.42A, S5.43A and S5.46A single mutations markedly
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decreased the affinity of DHX (Figure 3-4B). The S5.42A/S5.46A double mutations

decreased the affinity of DHX greater than the individual mutations, whereas the
S5.43A/S5.46A double mutations decreased the affinity of DHX similarly to each of the
single mutations. The affinity of butaclamol was unchanged by any of the mutations
suggesting that the binding pocket for butaclamol was preserved at the mutated receptors
(Figure 3-4C).
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Figure 3-4. Changes in the affinity of (A) the ergoline agonists and (B) dihydrexidine by
the single and double mutations on the conserved TM5 serines. (C) A D; antagonist
butaclamol was used as a negative control.

Significant differences from the wild-type receptor are shown (* P < 0.05, ** P < 0.01, ***
P < 0.001, one-way ANOVA with Tukey’s multiple comparison test). N.S.; not significant.

Changes in D;-mediated cAMP synthesis by single and double mutations on the
TMS5 conserved serines

Consistent with the affinity results, the S5.42A mutation greatly increased the
potency of the ergoline agonists for Di-mediated cAMP synthesis. In addition, the
maximal levels of CAMP production stimulated by the ergoline agonists were markedly
increased (Figure 3-5A). The cAMP synthesis mediated by the ergoline agonists was
unchanged by either of the single S5.43A and S5.46A mutations (Table 3-3). Despite no
significant change in the potency versus the wild-type, S5.42A/S5.46A double mutations
markedly increased the maximal levels of cAMP produced by the ergoline agonists.
However, these increases were less than those caused by the S5.42A mutation alone.
Contrary to the effects of either the S5.43A or S5.46A single mutation, S5.43A/S5.46A
double mutations significantly decreased the potency of the ergoline agonists (Figure 3-
5A). In addition, the S5.43A/S5.46A double mutations considerably decreased cAMP
production mediated by the ergoline agonists within the concentration range we used
(maximal 10 uM), but the effects failed to obtain statistical significance versus the wild-

type (ANOVA followed by Tukey’s multiple comparison test).

Consistent with the previous reports with DHX, the S5.42A mutation greatly
decreased the potency of DHX, but it actually increased the maximal level of DHX-
mediated CAMP production (Figure 3-5B). Except for S5.42A mutation, all other single
and double mutations greatly diminished DHX-mediated CAMP production within the
concentration range we used (maximum 10 uM) confirming the critical role of the serines

in the interaction with catechol-type D; agonists.
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Table 3-3. cAMP production mediated by the ergoline agonists and pEC50.

LEK-8829 CY 208 243 LEK-8829 CY 208 243

CAMP production (nM) at 10 uM pEC50
Wild-type 20 + 01 28 + 02 6.52 + 0.06 6.83 + 0.4
T3.37A N.A. N.A. N.A. N.A.
T3.37S 1.2 + 0.03 1.7 £ 0.1 7.14 £ 0.06** 699 + 0.16
S5.42A 81 + 1.0+ 95 + 13%+ 736 #+ 012%* 727 % 0.10*
S5.43A 1.5 + 0.2 23 + 02 6.42 + 0.07 6.93 + 0.03
S5.46A 21 + 03 23 + 03 6.64 + 0.11 6.61 + 0.3
S5.42A/S5.46A 70 £+ 0.6 71 + 06** 686 + 0.07 6.69 + 0.05
S5.43A/S5.46A 1.5 * 02 17 * 03 598 % 007 600 * 0.12%%

Significant differences from the wild-type receptor are shown (* P < 0.05, ** P < 0.01, ***
P < 0.001, one-way ANOVA followed by Tukey’s multiple comparison test). N.A.; not
applicable. Values represent the mean = SEM of at least three independent experiments.
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Figure 3-5. CAMP production stimulated by (A) the ergoline agonists and (B)
dihydrexidine at wild-type and mutated D, receptors.
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CAMP production at S5.42A and S5.42A/S5.46A mutated receptors is a Dq
receptor-mediated response

The typical D; antagonist SCH23390 decreased cAMP production stimulated by
the ergoline agonists at the S5.42A mutated receptor dose-dependently (Figure 3-6A).
However, only high concentrations of SCH23390 (over 30 uM) inhibited the activity of
the ergoline agonists by half at the S5.42A mutated receptor. Butaclamol (10 uM), on the
other hand, completely inhibited cAMP production at the S5.42A mutated receptor at the
10 uM concentration suggesting that cAMP production is mediated by the D; receptor.
S5.42A mutation dramatically decreased the affinity of SCH23390, and the affinity of
SCH23390 for S5.42A mutated receptors became very similar to that of butaclamol (ca.
10 nM). Despite the similar affinity of SCH23390 and butaclamol, SCH23390 failed to
inhibit ergoline-mediated cAMP production at the 10 uM concentration, whereas
butaclamol clearly inhibited the effects of the ergolines. | hypothesize that
conformational changes by the S5.42A mutation may weaken the competitive antagonist
property of SCH23390, so that SCH23390 failed to inhibit D;-mediated cAMP
production similarly to butaclamol. Although DHX-induced cAMP production was
greatly decreased by 10 uM SCH23390 at the S5.42A mutated receptor, the effect was
smaller than that of butaclamol. Another possibility is that real affinity of SCH23390 for
the S5.42A mutated receptor may be lower than what | obtained from saturation binding
assays. Some previous reports show lower affinity of SCH23390 (e.g., Kp = 52 nM or
greater) than that | obtained in the current study (Kp = 10 nM) (Chemel et al., 2012;
Pollock et al., 1992). Assuming that the affinity of SCH23390 is lower than butaclamol
affinity can easily explain less inhibition of SCH23390 than that of butaclamol at the

same concentration.

CAMP production at the S5.42A mutated receptor was also dependent on the
receptor expression. When the receptor expression was reduced, the maximal levels of
CAMP production were also decreased (Figure 3-7). At the S5.42A/S5.46A double
mutated receptor, SCH23390 also markedly decreased the cAMP production dose-



52

dependently (Figure 3-6B). Together, these results suggest that cAMP production at the
S5.42A and S5.42A/S5.46 A mutated receptors is a D; receptor-mediated response.

(A)

H
<

CcAMP production
(nM)

(B)

CAMP production
(nM)

Figure 3-6. Inhibition of CAMP production by SCH23390 or butaclamol at the (A)
S5.42A or (B) the S5.42A/S5.46 A mutated receptors.
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Figure 3-7. CAMP production by the ergoline agonists at S5.42A mutated receptors was
dependent on the receptor expression.

Mutational effects of the conserved TM3 threonine and TM5 serines on other
ergoline-type D; ligands
Three additional D; receptor ligands with the ergoline backbone (cabergoline,

lisuride, and terguride) were used to confirm the mutational effects of the conserved TM3
threonine and TM5 serines. The S5.42A mutation markedly increased the affinity of these
ergoline-type D; ligands, whereas the S5.46A mutation showed small, but significant
decreases in their affinity (Figure 3-8). Consistent with the results of LEK-8829 and CY
208 243, the T3.37A mutation greatly decreased the affinity of these ergoline-type D,
ligands. The common pattern of the mutational effects between the ergoline ligands
suggest that the ergoline backbone may be involved in the interaction with the conserved
TM3 threonine and TM5 serines.
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Figure 3-8. Mutational effects on the affinity of other ergoline-type D; ligands.

Significant differences from the wild-type are shown (** P < 0.01, *** P < 0.001, one-way
ANOVA with Tukey’s multiple comparison test). N.S.; not significant.

Docking simulations with the ergoline agonists at the D; receptor homology
models

The structure of the B,-adrenergic receptor representing the active or the inactive
state was used as a template for the active or the inactive state of D; receptor homology
model, respectively (Rasmussen et al., 2011a; Cherezov et al., 2007). When the D;
receptor is activated, the TM5 segment moves toward the ligand binding pocket in the
models. In particular, S5.46 turns its hydroxyl group to the ligand binding pocket. This
movement seems to induce a more favorable position for S5.46 to form a hydrogen bond
with B-ring nitrogen of the ergolines (Figure 3-9). LEK-8829 and CY 208 243 showed
similar docking poses to the ligand-binding pocket of the D; receptor models. B-ring
nitrogen of the ergoline agonists is located close to T3.37 and S5.46, and the distance
from T3.37 is shorter than that from S5.46 suggesting that T3.37 may form a stronger
hydrogen bond than S5.46. In addition, A-ring of the ergoline backbone is located close
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to S5.42 generating possible steric hindrance with the hydroxyl group of S5.42. The
simulations also suggested that S5.43 is located distant, over 7A from B-ring nitrogen of

the ergoline backbone.

Figure 3-9. Docking poses of (A) LEK-8829 and (B) CY 208 243 at the D; receptor
homology models.
The grey ribbons indicate the inactive-state D, receptor model, whereas the orange ribbons

reflect the active-state D; receptor model. Agonists are depicted as light blue in the
inactive-state model and pink in the active-state model.
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Discussion

A catechol moiety has been reported as a critical component for Dy receptor full
agonists (Mottola et al., 1996), and the activation mechanisms of catechol-type D;
agonists have been extensively investigated (Ryman-Rasmussen et al., 2007; Zhang et al.,
2009a; Chemel et al., 2012; Pollock et al., 1992). The catechol moiety, however, can be
rapidly metabolized by phase Il enzymes which subsequently inactivate the D; agonists.
To help establish a scientific basis for the development of orally available D; agonists,
we chose the ergolines as a non-catechol scaffold and investigated their interaction with
the Dy receptor. This study is the first report on the mechanisms of how these ergolines
interact with the conserved TM3 threonine and TM5 serines of the D; receptor. The
current study reveals that the ergolines interact with the conserved TM3 threonine and
TMS5 serines quite differently than the typical catechol-type D; agonist DHX.

Possible hydrogen bond formation between the ergolines and the D receptor

The T3.37A mutation markedly decreased the D affinity and efficacy of the
ergoline agonists and DHX within the concentration range we used (Table 3-2 and Figure
3-2) suggesting that T3.37 may provide a critical hydrogen bond for both the ergoline
agonists and DHX. The S5.46A mutation also decreased the affinity of the ergolines
significantly, but the decreases were smaller than those caused by the T3.37A mutation.
Although S5.46 is reported to play a critical role in the hydrogen bond interaction with
catechol-type D; agonists (Chemel et al., 2012; Pollock et al., 1992), the hydrogen bond
provided by S5.46 for the ergolines may be weaker than that provided by T3.37. A recent
report in the D, receptor showed that T3.37 may form an intermolecular hydrogen bond
with S5.46, and that T3.37 and S5.46 may be functionally coupled during receptor
activation (Daeffler et al., 2012). Likewise, T3.37 of the D; receptor may form an
intramolecular hydrogen bond with S5.46, and both T3.37 and S5.46 may be involved
together in the interaction with the ergolines. The crystal structures of ergotamine at
several serotonin receptors showed that T3.37 forms a hydrogen bond with B-ring
nitrogen of the ergoline backbone (Wang et al., 2013) suggesting the conserved T3.37
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may be involved in hydrogen bond interactions at both dopamine and serotonin receptors.
In addition to the hydrogen bond formation, there is a possibility that the T3.37A
mutation may disrupt the overall ligand binding site of the D; receptor and decrease the
affinity of the ergolines. This mutation significantly decreased the affinity of butaclamol
that appears not to interact with T3.37 at docking simulations suggesting that the binding

pocket for butaclamol is likely to be affected by the mutation.

Increases in the ergoline affinity by the S5.42A mutation

Whereas the S5.42A mutation greatly decreased the affinity of the catechol-type
agonist DHX, it dramatically increased the affinity of the ergolines (Table 3-2, Figures 3-
4 and 3-8). At the D, receptor, the S5.42A mutation also increased the affinity of (-)-
sulpride and R010-4548 (Cummings et al., 2010). In addition, the S5.42A mutation in the
D, receptor greatly increased the affinity of an ergoline-type D, agonist pergolide
(Wilcox et al., 2000). Based on these reports, S5.42 in the D; receptor is unlikely to form
a hydrogen bond with the ergolines. Rather, the hydroxyl group of S5.42 may produce
steric hindrance for the ergolines, so that the S5.42A mutation actually increased the
interaction with the ergolines. Computational simulations support the hypothesis that (-)-
sulpride and R010-4548 are located beyond the range of possible hydrogen bond
interactions with S5.42 (Cummings et al., 2010). Docking simulations with the ergoline
agonists (Figure 3-9) demonstrated that A-ring of the ergoline backbone is located close
to S5.42 and is likely to generate steric hindrance. Loss of the hydroxyl group at S5.42
may reduce the steric hindrance and make more favorable conditions for the ergolines to

interact with the D receptor.

Simulations of hydrophobic interactions suggest that A-ring of the ergolines have
hydrophobic interactions with tyrosine Y5.38 and isoleucine 13.33 of the D; receptor.
Particularly, tyrosine Y5.38 can form additional aromatic pi interaction with the A-ring.
As yet undetermined, Y5.38 and 13.33 may play a role in the interaction with the A-ring
of the ergoline backbone through the additional aromatic and hydrophobic interactions.

Thus, the loss of the A-ring of the ergolines would decrease the affinity for the D,
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receptor. A previous report supports this idea showing that tricyclic structures containing
the B-, C-, D-rings of the ergoline backbone (e.g., quinpirole) possess very weak D;
receptor interaction, but strong dopamine D, receptor agonist activity (Schaus et al.,
1993).

Unique roles of TM5 conserved serines in D;-mediated cAMP production

High concentrations of DHX (over 10 uM) increased the maximal cAMP
production at the S5.42A mutated receptor (Figure 3-5B). A previous report showed a
similar increase in dopamine-stimulated cAMP production at the S5.42A mutated D;
receptor (Pollock et al., 1992). The S5.42A mutation also increased the maximal level of
CAMP production stimulated by the ergoline agonists (Figure 3-5A). The basal activity of
CAMP production was unchanged at the S5.42A mutated receptor. Thus, it seems that the
S5.42A mutation increases the ligand-mediated D; receptor activation. A recent paper
suggested that agonist binding in B, adrenergic receptor have a bit different energy
landscape than that of G protein binding suggesting multiples steps in in the process of
GPCR activation (Nygaard et al., 2013). | hypothesize that the S5.42A mutation may
affect the conformational changes of the D receptor at the activation processes and may
induce conformational changes for better G protein binding and activation. If the ergoline
agonists still show great D, efficacy at transfected S5.42A mutated D; receptors in vivo,
the S5.42A mutation and the ergoline agonists together can be used a scientific tool for

investigating the behavioral effects of cAMP overproduction.

The S5.43A mutation in the D; receptor is a naturally occurring polymorphism in
human population (Al-Fulaij et al., 2008). Previous studies have demonstrated that this
polymorphic S5.43A mutation dramatically decreases the interaction with catechol-type
D; agonists (Chemel et al.,, 2012; Floresca and Schetz, 2004). The current study,
however, shows that the S5.43A mutation failed to decrease the D; affinity and efficacy
of the ergoline agonists (Tables 3-2 and 3-3). In fact, the ergoline agonists produced more
CAMP than the catechol-type agonist DHX at the S5.43A mutated receptor. These results
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suggest that the ergolines may be used as the chemical source that activates the D;

receptor regardless of the polymorphic S5.43A mutation in an individual.

Previous reports showed that S5.46 was a critical residue for the D; interaction
with catechol-type D; agonists, and that the S5.46A mutation greatly decreased the D,
efficacy of DHX (Chemel et al., 2012; Pollock et al., 1992). In contrast to the results of
catechol-type D; agonists, the S5.46A mutation was unable to significantly reduce D,
efficacy of the ergoline agonists although the S5.46A mutation significantly decreased
the affinity of the ergoline agonists. Future studies should probe the interaction of the
conserved residues in TM6 that play a critical role in G protein binding and receptor
activation (Lebon et al., 2012). These studies may provide additional information on the

critical residues that contributes to the D; efficacy of the ergoline agonists.

Equal and greater effects of double mutations versus single mutations

S5.42A/S5.46A double mutations markedly increased the cAMP production
stimulated by the ergoline agonists like the S5.42A mutation, but the potency at the
double mutated receptor was considerably weaker than that at the S5.42A mutated
receptor (Table 3-3 and Figure 3-5A). The potency at this double mutated receptor seems
to reflect the affinity of the ergoline agonists decreased by the S5.46A mutation. | also
made S5.43A/S5.46A double mutations that decreased the affinity of LEK-8829 greater
than either of the S5.43A and S5.46A single mutations (Table 3-2 and Figure 3-4A).
Although each of the S5.43A and S5.46A single mutations failed to decrease ergoline-
mediated cAMP production, the combined double mutations decreased it considerably.
This decrease did not reach statistical significance, but it suggests that at least either
S5.43 or S5.46 may be necessary for the D; efficacy of the ergoline agonists.

Docking poses of DHX to the D; receptor

DHX and other full agonists are suggested to share a D; receptor pharmacophore,
and the two hydroxyl groups of the catechol moiety are proposed as key components in
the recognition and activation of the D; receptor (Mottola et al., 1996). Several previous

reports illustrated the possible docking poses of the catechol-type D; agonists at the D;
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receptor homology models. Bonner et al. (2011) suggested that the meta- and para-
catechol hydroxyl groups of the heterocyclic compounds directly form a hydrogen bond
with S5.42 and S5.46, respectively. In this model, S5.43 did not participate in the
hydrogen bond interactions, but it was located close to N6.55 suggesting possible
intramolecular interaction with N6.55. Consistent with the results of Bonner et al., Cueva
et al. (2011) reported that S5.42 and S5.46 form hydrogen bonds with the catechol
hydroxyl groups of DHX. This study also suggests that S5.43 interacts with N6.55, and
that N6.55 forms a hydrogen bond with the meta-catechol hydroxyl group via a water
molecule. Malo et al. (2012) reported the docking pose of another D; full agonist
SKF89626, and suggested that S5.43 was unable to form the hydrogen bond with the
catechol groups of SKF89626. The hydroxyl group S5.43 was quite distant (5 A) from
the meta-hydroxyl group SKF89626 (Malo et al., 2012). This study also reports the
hydrogen bond interaction between T3.37 and the para-catechol hydroxyl group of
SKF89626. Together, T3.37, S5.42, and S5.46 of the D; receptor, but not S5.43 are
suggested to serve as hydrogen bond donors/acceptors for the catechol group of D;
agonists. S5.43 in the D; receptor seems unlikely to form a hydrogen bond with the
catechol moiety of D; agonists, but it may form an intramolecular interaction with other
residues (e.g., N6.55) and participate in ligand interactions facilitated by a water

molecule.

Conclusions

In the current study, we reported that the T3.37A mutation greatly decreased both
D, affinity and efficacy of the ergoline agonists suggesting a possible hydrogen bond
formation between the ergolines and T3.37. In addition, we showed that at least five
ergoline-type D; ligands (LEK-8829, CY 208 243, cabergoline, lisuride, and terguride)
interact with S5.42 and S5.46 differently from the interactions of the catechol-type D;
agonist DHX. This structural information assists with understanding the molecular
interactions between the ergolines and the conserved amino acids of TM3 and TM5 in the
D, receptor. This study provides a scientific basis for the development of modified

ergolines that may have improved D; receptor interaction.



Chapter 4: Critical interaction of the dopamine D, receptor with ergolines:

roles of conserved aromatic residues in transmembrane six segment

Preface

I have shown possible hydrogen bond interactions between the ergolines and the
D; receptor. Particularly, T3.37 and S5.46 likely have hydrogen bonds with B-ring
nitrogen of the ergolines. In addition to the hydrogen bonds, aromatic and hydrophobic
interactions are also reported critical in the formation of receptor-ligand complexes. In
particular, the conserved aromatic residues in TM6 are known to contribute to G protein
binding and receptor activation. Because the ergolines have aromatic and heterocyclic
rings in their chemical structure, we interrogated the possible aromatic and hydrophobic
interactions between the ergoline and the D; receptor focusing on the roles of the
conserved aromatic residues in TM6. Because similar methods were applied for ligand
interaction studies, the methods used in the Chapter 4 were elaborated separately in the

Appendix section.
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Abstract

| have investigated the interaction of the dopamine D; receptor with ergoline-
based ligands to understand how non-catechols activate this receptor. In the current study,
we examined the roles of the conserved aromatic residues (F6.51 and F6.52) in
transmembrane six segment (TM6), which are known to play a critical role in GPCR
activation. An alanine mutation on F6.51 (F6.51A) dramatically decreased the binding
affinity of the ergolines, and an alanine mutation on F6.52 (F6.52A) showed significant,
but smaller decreases in the ergoline affinity than the F6.51A mutation. The potency of
these ergolines for D;-mediated cCAMP synthesis was greatly diminished at the F6.51A
mutated receptor within the concentration range we used (maximal 10 uM). The F6.52A
mutation also significantly reduced the potency of the ergolines (consistent with their
decreased affinity), but it actually increased the maximal cAMP production. | also studied
F6.51Y and F6.51W mutations that likely mimic aromatic and hydrophobic interactions
of F6.51. Although the F6.51Y mutation failed to restore the affinity loss caused by the
F6.51A mutation, it markedly restored the functional potency. The F6.51W mutation was
essentially identical to the wild-type receptor when compared with D; affinity and
efficacy of the ergolines. Both F6.51A and F6.52A mutations greatly decreased the
affinity of the catechol-type D; full agonist dihydrexidine (DHX), and the affinity
decreases were greater than those of the ergolines. Based on my mutagenesis results and
docking simulations, we hypothesize that B-ring and the D-ring of the ergoline backbone
have a docking pose close to F6.52 and F6.51, respectively. This structural information
provides insight into chemical modifications of the ergolines that may induce better Dy

efficacy.
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Introduction

Full Dy agonists (e.g., dihydrexidine) have been efficacious in Parkinson’s disease
(PD) animal models and PD patients as well as other neurodisorders (e.g., cognitive
deficit and drug addiction) (Rascol et al., 1999; Blanchet et al., 1998; Arnsten et al.,
1994; Cai and Arnsten, 1997; Haney et al., 1999; Self et al., 1996). However, full D,
agonists (e.g., dihydrexidine and ABT-431) are not clinically available primarily due to
poor oral bioavailability and dose-limiting side effects (e.g., hypotension). Current full D,
agonists have a catechol moiety that presumably results in rapid metabolism and short
drug action. Although a couple of catechol-type D; agonists have been orally available in
animals (Kebabian et al., 1992; Gulwadi et al., 2001), how the structural features
contribute to oral bioavailability is still elusive. On the other hand, non-catechol
dopamine agonists such as ergolines have much longer half-life and duration of action
than catechol-type D; agonists (Kvernmo et al., 2006; Poewe, 2009). These led us to
hypothesize that D; agonists without the catechol moiety may have improved oral

bioavailability versus catechol-type D; agonists.

| chose ergoline derivatives as a non-catechol scaffold because the ergolines do
not contain the catechol moiety and generally have longer half-life than catechol-type D
agonists (Blanchet, 1999; Kvernmo et al., 2006). Although they have selective interaction
with serotonin and dopamine D, receptors (Kvernmo et al., 2006; Millan et al., 2002),
they have shown D; partial agonistic activity (e.g., pergolide and CY 208 243)
(Markstein et al., 1992). Our previous results show that T3.37 in the transmembrane three
segment (TM3) may interact with the ergolines and dihydrexidine possibly through
hydrogen bonds. In addition, we have investigated the interaction of the ergolines with
the conserved serines (S5.42, S5.43, and S5.46) in the transmembrane five segment
(TM5), which are reported to participate in hydrogen bond interactions with catechol-
type D; ligands. Contrary to our hypothesis, a S5.42A mutation actually increased D;
affinity and efficacy of the ergoline agonists suggesting inhibitory interaction occurs
between the hydroxyl group of S5.42 and the ergolines. Although a S5.46A mutation

failed to reduce the D; efficacy of the ergolines, it significantly decreased the affinity of
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the ergolines. A S5.43A mutation failed to decrease the D; affinity and efficacy of the

ergoline agonists consistently suggesting that S5.43 may not participate in D; receptor

interaction with the ergolines.

| expanded the receptor-ligand interaction study to the transmembrane segment
six (TM®6) of the D, receptor, which has been extensively examined for G protein binding
and receptor activation (Shi and Javitch, 2002; Cho et al., 1995; Shi et al., 2002). The
recent report on the crystal structure of the Pp-adrenergic receptor revealed that the
outward movement of TM6 is critical for G protein binding (Rasmussen et al., 2011b). In
the D, receptor, conserved five aromatic residues (F6.44, W6.48, F6.51, F6.52, and
H6.55) are lined in TM6 and believed to form a hydrophobic face for ligands and trigger
TM6 movement at receptor activation (Floresca and Schetz, 2004; Javitch et al., 1998).
The D; receptor has aspartate N6.55 instead of histidine H6.55, and F6.44 of the D;
receptor is located relatively far from the center of the ligand binding pocket. Thus, we
first focused on three conserved aromatic residues (W6.48, F6.51, and F6.52) of the D;
receptor for the interaction with the ergolines. Our mutagenesis results were used to
refine hypothetical docking poses of the ergolines at the D; receptor models suggesting

the potential utility of the ergolines for a lead skeleton of non-catechol D; agonists.

Results

Receptor expression and Kp of SCH23390 for wild-type and mutated D;
receptors

No significant binding of radiolabeled SCH23390 was detected at W6.48A
mutated receptors. However, the W6.48A mutated receptors were considerably expressed
in transiently transfected cells indicating that W6.48A mutated receptors were
successfully translated and expressed (Figure 4-1). Because the specific binding of
SCH23390 was not observed, the W6.48A mutation appears to greatly diminish the
affinity of radiolabeled SCH23390 for the D; receptor. Other mutated receptors were
expressed similarly to the level of the wild-type except F6.52A mutated receptors that
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were expressed considerably less than the wild-type. All the mutated receptors greatly
decreased the affinity of SCH23390 at least by 7-fold (Table 4-1).
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Figure 4-1. W6.48A mutated receptors were expressed in HEK-293 cells.
DNA amounts were shown for transient expression of wild-type and W6.48A mutated

receptors.
Table 4-1. Receptor expression and Kp of SCH23390 for wild-type and mutated D
receptors.
Receptor Bmax Kp of
(pmol/mg SCH23390
protein) (nM)
Mean + SEM
Wild-type 10 = 0.2 10 + 01
W6.48A N.A. N.A.
F6.51A 15 + 0.2 78 + 0.6
F6.51Y 08 + 0.1 102 £ 0.7
F6.51W 08 + 0.2 105 £ 0.6
F6.52A 04 £ 0.03 96 + 05

N> 3. N.A.; not applicable. B and Kp were produced using the one-site specific binding
mode of non-linear regression.

F6.51A and F6.52A mutations significantly decreased the affinity of the ergoline
agonists and dihydrexidine

An F6.51A mutation dramatically decreased the affinity of the ergoline agonists

and dihydrexidine, and an F6.52A mutation showed significant, but less decreases than
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the F6.51A mutation (Figure 4-2A and 4-2B). The decreases in dihydrexidine affinity by
the F6.51A and F6.52A mutations were much greater than those of the ergoline agonists.
Aromatic ring-conservative F6.51Y and F6.51W mutations were made to test the
hydrophobic and aromatic interactions provided by F6.51. Although the F6.51Y mutation
failed to restore the affinity decreases of both the ergoline agonists and dihydrexidine, the
F6.51W mutation markedly restored the affinity loss caused by the F6.51A mutation. The
F6.51W mutation restored the affinity loss of CY 208 243 somewhat greater than that of
LEK-8829. Although the F6.51A mutation significantly decreased the affinity of
butaclamol, the effects of F6.51A and F6.52A mutations on butaclamol affinity were
much smaller than those on the affinity of the ergoline agonists and dihydrexidine (Figure

4-2C). Table 4-2 summarizes the affinity changes of the test ligands by the mutations.
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Figure 4-2. Affinity changes of (A) the ergoline agonists, (B) dihydrexidine, and (C) a D,
antagonist butaclamol by the mutations on the conserved aromatic residues in TM6.

Significant differences from the wild-type receptor are shown (* P <0.05, *** P <0.001;
one way ANOVA with Dunnett’s multiple comparison test). N.S.; not significant.
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Table 4-2. Affinity changes of the ergoline agonists and dihydrexidine by the mutations
on the conserved aromatic residues in TM®6.

pKos (Mean £ SEM)

LEK-8829 CY 208 243 Dihydrexidine
Wild-type 6.59 + 0.08 (1) 6.36 + 0.04 (1) 6.76 = 0.12 (1)
F6.51A 534 + 0.06 (17.8)*** 553 + 0.09 (6.8)*** 4.83 + 0.11 (85.3)***
F6.51Y 533+ 0.12 (18.4)*** 543 + 0.03  (8.6)*** 5.00 + 0.15 (57.5)***
F6.51W 567 = 0.10 (8.4)*** 6.13 = 0.07 (1.7)NS 5.89 + 0.10 (7.4)***
F6.52A 579+ 0.05 (6.2)*** 576 + 0.09  (4.0)*** 5.58 + 0.07 (15.3)***

N> 3. N.S.; not significant. Fold decreases in Ky 5 were shown in the parentheses. One-way
ANOVA with Dunnett’s multiple comparison test was used for statistical differences
between the wild-type and the mutated receptors (*** P <0.001).

Effects of non-conservative or conservative mutations on D; efficacy of the
ergoline agonists and dihydrexidine

A non-conservative F6.51A mutation greatly diminished cAMP production
mediated by the ergoline agonists and dihydrexidine within the concentration range we
used (maximum 10 uM) (Figure 4-3). Another non-conservative F6.52A mutation also
significantly decreased the potency of the ergoline agonists and dihydrexidine for cCAMP
production (Table 4-4). However, the maximal levels of cAMP production were actually
increased at the F6.52A mutated receptor (Table 4-3). Although an aromatic ring-
conservative F6.51Y mutation failed to restore the loss of the affinity caused by the
F6.51A mutation, the ergoline-type D; agonists (10 uM) produced cAMP at the F6.51Y
mutated receptor similarly to at the wild-type receptor. Another conservative F6.51W
mutation mimicked the potency of the ergoline agonists and dihydrexidine at the wild-
type receptors. Moreover, the F6.51W mutation considerably increased the maximal

levels of CAMP production compared to the wild-type receptor.
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Figure 4-3. cAMP production stimulated by (A) the ergoline agonists and (B)

dihydrexidine.

Table 4-3. Maximal levels of cAMP production stimulated by the ergoline agonists and
dihydrexidine at the 10 uM concentrations.

LEK-8829

CAMP production for 5 min (nM)

CY 208 243

Dihydrexidine

Wild-type 2.0
F6.51A 0.9
F6.51Y 24
F6.51W 3.0
F6.52A 3.7

I+

I+

I+

+

+

0.1
0.1%
0.3
0.3*
0.4%%

2.8
11
3.5
3.7
5.6

*

*

*

*

*

0.2
0.1*
0.2

0.5
0.9%**

2.6
15
4.0
6.7
9.7

I+

I+

+

+

*

0.3

0.3

0.7
0.6*
1.6%**

Mean £ SEM, N > 3. Significant differences from the wild-type are shown (* P <0.05, ***
P <0.001; one-way ANOV A with Dunnett’s multiple comparison test).



Table 4-4. pEC50 of the ergoline agonists and dihydrexidine for D1-mediated CAMP

production.
LEK-8829 CY 208 243 Dihydrexidine
pEC50 (M)

Wild-type 6.52 + 0.06 6.83 + 0.14 7.46 + 0.19
F6.51A N.A. N.A. N.A.
F6.51Y 515 + 0.08*** 542 + 0.17** 624 + 0.06*
F6.51W 6.20 * 0.12 6.64 + 0.17 6.74 + 0.14
F6.52A 528 + 0.17*** 545 + 0.11** 635 + 0.31*

70

Mean £+ SEM, N > 3. N.A.; not applicable. Significant differences from the wild-type are
shown (* P <0.05, *** P <0.001; one-way ANOVA with Dunnett’s multiple comparison

test).

Inhibition of cAMP production by SCH23390 at F6.51W and F6.52A mutated

receptors

F6.51W and F6.52A mutations greatly increased CAMP production mediated by

the ergoline agonists and dihydrexidine. | examined whether these increases are mediated

by the D; receptor. Co-treatment of the D; receptor antagonist SCH23390 markedly

blocked the cAMP production dose-dependently suggesting that the cCAMP production is
a D receptor-mediated response (Figure 4-4A and 4-4B). Although SCH23390 inhibited
cAMP significantly at F6.51W and F6.52A mutated receptors, cCAMP production by

dihydrexidine at the F6.52A mutated receptor was not completely inhibited by the D,

antagonist SCH23390 even at the 30 uM concentration.
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Figure 4-4. The D; receptor antagonist SCH23390 inhibits CAMP production at (A)
F6.51W and (B) F6.52A mutated receptors.

Mutational effects of the TMG6 aromatic residues on other ergoline-type D;
ligands

Consistent with the results of LEK-8829 and CY 208 243, both F6.51A and
F6.52A mutations significantly decreased the affinity of cabergoline, and the effect of
F6.51A mutation was greater than that of the F6.52A mutation. As expected, the
aromatic-ring conservative F6.51W mutation partially restored the affinity loss of
cabergoline (Figure 4-5). Both F6.51A and F6.52A mutations significantly decreased the
affinity of lisuride. The F6.52A mutation decreased the affinity of lisuride greater than
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the F6.51A mutation. Interestingly, the F6.51A mutation failed to affect the affinity of
terguride, but the F6.52A mutation markedly decreased it (Figure 4-5). Lisuride affinity
at the F6.51W mutated receptor was similar to that at the wild-type receptor confirming
the critical role of hydrophobic and aromatic interactions between the F6.51 and lisuride.
Because lisuride and terguride have a very similar chemical structure, the great difference
in the F6.51A mutational effects led us to further examine the interaction of F6.51 with

lisuride and terguride at the D, receptor model.

Cabergoline Lisuride Terguride
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Figure 4-5. Effects of F6.51A, F6.51W, and F6.52A on the affinity of other ergoline-type
D; ligands.

The F6.52A mutation decreased the affinity of lisuride and terguride greater than the
F6.51A mutation. Significant differences from the wild-type are shown (*** P <0.001; one
way ANOVA with Dunnett’s multiple comparison test). N.S.; not significant.

Docking simulations of the ergoline agonists with the active-state D, receptor
homology model

The active-state D; receptor homology model was constructed using the structure
of the nanobody-stabilized B,-adrenergic receptor that is suggested to be the active state
of the receptor (PDB: 3P0G). Figure 4-6 shows that B-ring and D-ring of the ergoline
backbone are located close to F6.52 and F6.51, respectively. The docking poses of the
two ergoline agonists (LEK-8829 and CY 208 243) at the D; receptor model were very
similar. The computational simulations suggested that the F6.51A mutation reduced the
hydrophobic interactions between the ergoline agonists and the D; receptor, and that the
aromatic ring-conservative F6.51W mutation markedly restored the reduction as expected
(Figure 4-7).
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Figure 4-6. Docking poses of the ergoline agonists to the active-state D; receptor
homology model. (A) A front view and (B) an upright view.
The orange ribbons indicate the active-state D, receptor model. LEK-8829 and CY 208 243
are depicted as yellow and light blue, respectively. Pink indicates the conserved residues of
the active-state D, receptor model.
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F6.51 wild-type F6.51A

Figure 4-7. Hypothetical hydrophobic interactions between the D; receptor and the
ergoline agonists.

The F6.51W mutation restored the loss of the hydrophobic interactions caused by the
F6.51A mutation. The dotted green line shows possible hydrophobic interactions. LEK-
8829 and CY 208 243 are depicted as yellow and light blue, respectively. Pink and grey
indicate the wild-type and mutated residues of the active-state D; receptor model,
respectively.

Docking simulations of lisuride and terguride with the inactive-state D; receptor
homology model

| used the inactive-state model of the D; receptor for the docking poses of lisuride
and terguride because they have been known as D; receptor antagonists or partial
agonists with low intrinsic activity (Markstein et al., 1992; Fici et al., 1997). The only
difference in the chemical structure between lisuride and terguride is that lisuride has a
carbon-carbon double bond in the D-ring, whereas terguride has a carbon-carbon single
bond. The docking poses of lisuride and terguride were very similar, and the D-rings of
both lisuride and terguride were located close to F6.51 (Figure 4-8) suggesting that the
interaction with F6.51 may contribute to the affinity changes by the F6.51A mutation.
Lisuride may interact with the aromatic ring of F6.51 stronger than terguride due to its
carbon-carbon double bond. Terguride has no intrinsic activity, but lisuride is a partial D,
agonist with low intrinsic activity (Figure 4-9). Thus, compared with terguride the
additional interaction between lisuride and F6.51 may contribute to the D; intrinsic

activity of lisuride.
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(B)

Figure 4-8. Docking simulations with lisuride and terguride at the inactive-state D,
receptor homology model from (A) a front view and (B) an upright view.

Lisuride and terguride are depicted as green and pink, respectively. Blue indicates the
conserved residues of the inactive-state D; receptor model.
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Figure 4-9. D;-mediated cCAMP production by lisuride and terguride at CHO cells stably
transfected with human D, receptors.

SKF38393 was used as the typical partial D; agonist. Representative curves are shown
from two independent experiments.

Discussion

The ligand binding pocket of GPCRs for biogenic amines is mainly comprised of
the conserved residues in TM3, TM5, TM6, and TM7 (Shi and Javitch, 2002). The
crystal structure of the P,-adrenergic receptor bound with Gag protein shows that the
outward movement of the TM6 segment is necessary for G protein binding (Rasmussen
et al., 2011b). Although the molecular mechanisms for the outward movement of TM6
are still unclear, interactions between conserved TM6 aromatic residues are suggested to
be the main force for the TM6 movement and G protein binding (Shi et al., 2002). For
Class A GPCRs, highly conserved aromatic residues (e.g., W6.48, F6.51, and F6.52)
have been suggested as the residues that participate in these aromatic interactions
(Floresca and Schetz, 2004). In the dopamine D; receptor, the current study suggests that
F6.51 and F6.52 interact with D-ring and B-ring of the ergoline backbone through
possible hydrophobic and aromatic interactions, respectively. As the first mutagenesis
report on the TM6 aromatic residues of the Dy receptor, our results provide structural
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information on how the ergolines interact with the conserved aromatic residues of TM6

in the D1 receptor.

Critical interaction of F6.51 and F6.52 with the ergoline agonists and
dihydrexidine
An F6.51A mutation greatly decreased the D; affinity and efficacy of both the

ergoline agonists and dihydrexidine within the concentration range we used (maximal 10
uM). The F6.51A mutation also significantly decreased the affinity of cabergoline and
lisuride. Although this mutation significantly, but moderately decreased the affinity of the
D; receptor antagonist butaclamol, it had no effect on the affinity of another D;
antagonist terguride. The order of affinity decreases was a full agonist dihydrexidine >
partial agonists (LEK-8829, CY 208 243, cabergoline, and lisuride) > antagonists
(butaclamol and terguride). This suggests that F6.51 may form stronger interaction with
the full agonists than the partial agonists or antagonists, and that F6.51 may be a critical
residue for D; receptor activation. An aromatic ring-conservative F6.51W mutation
markedly restored the loss of the D; affinity and efficacy of dihydrexidine, LEK-8829,
and CY 208 243 caused by the F6.51A mutation. Computational simulations suggest that
the F6.51W mutation restored the hydrophobic interactions with the ergolines decreased
by the F6.51A mutation. The critical role of F6.51 was also reported in the D, receptor
interaction. An F6.51A mutation in the D, receptor greatly decreased the affinity of the
ergoline-type D, full agonist bromocriptine (Cho et al., 1995).

An F6.52A mutation significantly decreased the affinity and functional potency of
the ergoline agonists and dihydrexidine, but less than the F6.51A mutation.
Unexpectedly, the F6.52A mutation actually increased the maximal cAMP produced by
the ergoline agonists and dihydrexidine. Although the interaction of F6.52 may contribute
to the D1 receptor affinity, the loss of the phenyl group on F6.52 may be favorable for D;
receptor activation. For example, several single point mutations have been reported to
enhance the basal GPCR activity by interrupting intramolecular interaction and inducing
a high energy state (Cotecchia et al., 2003). Although the F6.52A mutation failed to
affect the basal activity of the D; receptor, the removal of the phenyl ring at F6.52 may



78

induce the D; receptor conformation that is more favorable for the agonist-mediated D,

activation.

Consistent with my results, an F6.52A mutation at the serotonin 5-HT,a receptor
greatly impaired the binding of lisuride and ergonovine (Choudhary et al., 1995). A
recent paper reported the crystal structures of 5-HTig and 5-HTg serotonin receptors
bound with ergotamine (Wang et al., 2013), and the docking poses of ergotamine at the
serotonin receptors were similar to those of the ergoline agonists at the D, receptor model
shown in the current study. These suggest that the several conserved amino acids in TM6
of both the dopamine and serotonin receptors commonly contribute to the interaction with

the ergolines.

Different interaction of F6.51 with lisuride and terguride

Lisuride and terguride share most of their chemical structure, and the only
difference is that the presence or absence of the carbon-carbon double bond in D-ring of
the ergoline backbone. Despite the chemical similarity, different pharmacological profiles
between lisuride and terguride have been reported at several receptors. Lisuride acts as a
weak partial agonist at serotonin 5-HT,a receptor, whereas terguride behaves as a silent
antagonist (Kekewska et al., 2012; Kurrasch-Orbaugh et al., 2003). At the histamine H;
receptor, lisuride has over 10-fold higher binding affinity for the guinea pig H; receptor
than terguride (Pertz et al., 2006). Lisuride is a low intrinsic activity partial agonist for
D;-mediated cCAMP synthesis (Fici et al., 1997), whereas terguride was known to be a D,
receptor antagonist (Markstein et al., 1992). | also examined the partial intrinsic activity
of lisuride and an antagonistic property of terguride for Di-mediated cAMP production
(Figure 4-9). Figure 4-5 shows that lisuride has slightly higher affinity than terguride for
the D; receptor (54 nM Vs 84 nM). In addition, the F6.51A mutation greatly decreased
the affinity of lisuride, but not terguride suggesting lisuride and terguride may have
different interaction with F6.51. Computational docking simulations illustrate that the D-
ring double bond of lisuride is located close to F6.51. Taken together, we hypothesize

that lisuride may have additional interaction with F6.51 compared with terguride, and this
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interaction may provide a scientific mechanism for how lisuride has higher D; affinity

and efficacy than terguride.

The role of W6.48 in GPCR activation

In the ligand-binding pocket of the D, receptor, five conserved aromatic residues
(F6.44, W6.48, F6.51, F6.52, and H6.55) in the TM6 segment are believed to form
hydrophobic contacts. These residues can generate steric clashes that reorient
neighboring aromatics (Floresca and Schetz, 2004). In particular, the movement of
tryptophan W6.48 from perpendicular to parallel orientation was observed in rhodopsin
activation, and this is suggested to trigger the movement of TM6 (Lin and Sakmar, 1996).
Although the hypothesis of “W6.48 movement” has not yet been directly tested for the D;
or D, receptor, a mutagenesis study with the D, receptor shows that a W6.48C mutation
greatly reduced the affinity of D, antagonists such as [*H]-methylspiperone and [*H]-
sulpride (Javitch et al., 1998). In the present study, no binding of [*H]-SCH23390 was
detected for the W6.48A mutated D; receptor. Although the W6.48A mutated D;
receptors were significantly expressed in the transfected cells (Figure 4-1), the mutation
appears to greatly decrease the binding affinity of [*H]-SCH23390 for the D; receptor.
These suggest that W6.48 of the D; or D, receptor at least contributes to the ligand

interactions.

However, the conformations of W6.48 were almost the same at the active- and the
inactive-state D; receptor homology models. This is because, for the homology models,
we used the crystal structures of the [,-adrenergic receptors as templates where the
conformations of W6.48 were unchanged at the active and inactive states of the receptor
(Rasmussen et al., 2011a). A recent mutagenesis study with serotonin 5-HT, receptors
showed that the rotamer change of W6.48 contributed to stabilizing the receptor in the
presence of synthetic agonists, but it was not involved in the receptor activation mediated
by an endogenous ligand serotonin (Pellissier et al., 2009). More recently, active-state
GPCRs were reported to have multiple conformations (Fowler et al., 2012). Thus, we

hypothesize that the rotamer conformational change of W6.48 represents one type of the
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multiple mechanisms for GPCR activation and may be unrelated to the D; receptor

activation.

Interestingly, the computational simulations suggest that tryptophan 7.43 (W7.43)
forms strong hydrophobic interactions with D-ring of the ergolines particularly at the
active state D; receptor model (data not shown). In contrast, at the inactive Dy receptor
model W7.43 shows no hydrophobic interactions with the ergoline agonists. In addition,
the hydrophobic accessary parts of the ergoline agonists (the moiety out of the ergoline
backbone) are suggested to form hydrophobic interactions with phenylalanine 7.35
(F7.35) and valine 7.39 (\V7.39) in TM7. These suggest that the amino acids in TM7 such
as F7.35, V7.39, and W7.43 may participate in the interaction with the ergolines. Thus,

the interaction of these conserved TM7 residues should be investigated for future studies.

Insight into chemical modifications on the ergoline-type D; agonists

Full D; receptor activation is required to show satisfactory improvement in
Parkinson’s disease symptoms (Emre et al., 1992). Because the ergoline derivatives used
in the present study are all partial D; agonists, the ergolines should be chemically
modified to enhance their D; efficacy. There have been several reports on structure-
activity relationship with the ergolines. The methyl group on D-ring nitrogen of the
ergoline backbone was replaced with an ethyl or a propyl group to examine if the longer
alkyl groups may affect the D; receptor interaction. Addition of an ethyl or a propyl
group on CY 208 243 failed to enhance the D; efficacy and potency (Markstein et al.,
1992). Lysergic acid diethylamide (LSD) has the ergoline backbone and is reported to
have interactions with dopamine receptors. Although adding an ethyl group on D-ring
nitrogen of LSD slightly increased D; efficacy, an allyl group was unable to make any
significant changes (Watts et al., 1995a). Moreover, addition of a bulky group on D-ring
nitrogen of LSD dramatically reduced the affinity for the D; and D, receptor (Thoma et
al., 2009). Bases on these reports, adding an alkyl or a bulky group to D-ring nitrogen of
the ergoline backbone may not warrant the improvement of D; receptor efficacy.



81

On the other hand, the accessary hydrophobic region of the ergoline backbone has
been targeted for chemical modifications. Seiler et al. (1993) showed that the loss of the
benzene ring attached to D-ring of CY 208 243 reduced its D; efficacy over 50% with an
over 10-fold potency decrease. This suggests that the benzene ring attached to D-ring of
the ergoline backbone plays a critical role in D; receptor potency and activation. The
mutagenesis results and computational simulations support the importance of the
hydrophobic D-ring of the ergoline backbone that is suggested to interact with F6.51 of
the D; receptor. In addition, Mantegani et al. (1999) reported that the ergoline derivatives
with an additional dioxopiperazine moiety attached to D-ring showed strong D; agonistic
activity. Although more structural information is required, adding a hydrophobic moiety
on D-ring of the ergoline backbone may enhance interaction with F6.51 and D; receptor

activation.

Conclusions

We investigated the interaction of the D; receptor with the ergolines as a
candidate skeleton for non-catechol full D; agonists. The mutagenesis results strongly
suggest the hydrophobic and aromatic interactions occurring at the conserved F6.51 and
F6.52 and the ergoline backbone. Computational simulations support this idea that F6.51
and F6.52 interact with D-ring and B-ring of the ergoline backbone, respectively. This
structural information provides a scientific basis for the chemical modifications of the

ergolines that may serve as novel non-catechol full D; agonists.



Chapter 5: Interaction of rotigotine with the dopamine D; receptor:

roles of the conserved amino acids in transmembrane five and six segments

Preface

In addition to the ergolines, rotigotine is another non-catechol scaffold that has
reasonable D, affinity and efficacy. Rotigotine has a unique chemical structure with one
hydroxyl group and one thiophene group on the 2-aminotetralin backbone. I interrogated
the molecular interactions between the D receptor and rotigotine using the mutations on
the conserved amino acids in TM5 and TM6. Two more 2-aminotetralins (5-OH DPAT
and 7-OH DPAT) were also used to test the critical role of the thiophene group of
rotigotine in Dy interaction. Because similar methods were applied for ligand interaction
studies, the methods used in the Chapter 5 were elaborated separately in the Appendix

section.
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Abstract

Rotigotine is a dopamine D,/D3 receptor agonist clinically used as symptomatic
therapy for Parkinson’s disease. Although all available Dy receptor full agonists have a
catechol moiety that causes poor oral bioavailability, rotigotine does not contain a
catechol moiety but has partial agonistic Dy activity. The molecular mechanisms by
which rotigotine activates the D; receptor may provide leads to novel non-catechol D;
agonists. Thus, we investigated the interaction of the D; receptor with rotigotine.
Mutations to alanine were made on the D; receptor in the conserved serines (S5.42A,
S5.43A, and S5.46A) in the transmembrane five segment, as well as the conserved
aromatic residues (F6.51A and F6.52A) in the transmembrane six segment that have been
reported critical for ligand interactions and GPCR activation. S5.42A and S5.43A single
mutations greatly decreased the D; affinity and efficacy of rotigotine within the
concentration range we used (maximal 10 pM), whereas a S5.46A mutation failed to
make significant changes suggesting S5.42 and S5.43 may form hydrogen bonds with
rotigotine. S5.42A/S5.43A double mutations decreased the rotigotine affinity similarly to
either the S5.42A or S5.43A single mutation. An F6.51A mutation decreased the affinity
of rotigotine to a far greater extent than an F6.52A mutation suggesting that hydrophobic
and aromatic interactions of F6.51 are particularly important. An aromatic-ring
conservative F6.51W mutation significantly restored the affinity of rotigotine decreased
by the F6.51A mutation. In addition, the F6.51A mutation greatly diminished cAMP
production mediated by rotigotine, but F6.51W and F6.51Y mutations partially recovered
the loss of D; efficacy. The F6.51A mutation failed to affect the affinity of 5-OH DPAT
and 7-OH DPAT that have no thiophene group strongly suggesting that the thiophene of
rotigotine contributes to the interaction with F6.51. These molecular interactions between
rotigotine and the D; receptor may provide structural information useful for the
development of novel non-catechol D, agonists.
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Introduction

The main hallmark of Parkinson’s disease (PD) is degeneration of dopaminergic
cells in substantia nigra par compacta (Damier et al., 1999; Hassler R, 1938). A dopamine
precursor levodopa has been a gold standard medicine for PD symptoms. However, long
term treatment of levodopa has shown the decreases in efficacy and the increases in side
effects (e.g., dyskinesias) due to the massive loss of dopaminergic cells as the disease
progresses (Marsden and Parkes, 1976; Spencer and Wooten, 1984; Nutt, 1987). Direct
activation of dopamine receptors has been pursued as alternative therapy to levodopa. In
the early 1990’s, molecular cloning studies identified five kinds of dopamine receptors:
D;-like (D; and Ds) and Dy-like (D2, D3, and D) receptors (Sunahara et al., 1991; Zhou et
al., 1990; van Tol et al., 1991; Monsma, Jr. et al., 1989; Sokoloff et al., 1990). Previous
reports primarily focused on D, receptor activation as the molecular target of levodopa
because D, antagonists showed similar PD symptoms (e.g., extrapyramidal side effects)
(Barnes and McPhillips, 1999; Creese et al., 1976; Serrano, 1981). Several D, receptor
agonists have been developed and clinically approved for PD patients (Calne, 1999;
Hobson et al., 1999). Although D, selective agonists significantly improve PD symptoms,
D, receptor activation alone failed to show antiparkinson effects equal to levodopa’s

efficacy (Parkinson Study Group, 2000).

The dopamine D; receptor is the most abundant dopamine receptor type in
striatum (De Keyser J., 1993; Meador-Woodruff et al., 1996). Full activation of the D;
receptor has shown satisfactory improvement of the PD symptoms equal to levodopa in
animal models and PD patients (Blanchet et al., 1998; Rascol et al., 1999; Taylor et al.,
1991). Although full D; agonists (e.g., dihydrexidine and ABT-431) have the potential
for effective PD therapy, they are not clinically available due to several side effects and
pharmacokinetic issues. When full D; agonists are given intravenously due to their poor
oral bioavailability, dopamine receptor activation in peripheral tissues is suggested as the
main cause for the side effect hypotension. A catechol structure in currently available full
D, agonists is known to cause rapid metabolism in gut and liver and subsequent poor
bioavailability (Mailman et al., 2001; Myohanen et al., 2010; Nissinen et al., 1988).
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Although in some cases D; full agonists with a catechol moiety (A77636, dinapsoline,
and doxanthrine) are orally effective in PD animal models (Gulwadi et al., 2001;
Kebabian et al., 1992; McCorvy et al., 2012), it is still elusive which structural features
contribute to their oral bioavailability. However, dopamine agonists without a catechol
moiety generally have higher oral bioavailability than those with a catechol moiety (e.g.,
ergolines and approved D, agonists). Thus, we focused on non-catechol skeletons for the

development of novel D, agonists with reasonable bioavailability.

Rotigotine is a clinically approved D,/Ds3 selective full agonist for PD patients. It
also has shown reasonable D; receptor affinity and efficacy (Scheller et al., 2009). The
chemical structure of rotigotine is different than those of the available full D, agonists as
it does not have a catechol moiety. Although rotigotine is not metabolized by the
enzymes targeting a catechol moiety, its oral bioavailability is very low due to the first
pass effect at gastrointestinal tracts (Swart and De Zeeuw, 1992). When it is delivered
transdermally, however, the bioavailability of rotigotine approaches 37 % without rapid
metabolism (Cawello et al., 2009). Although the first pass effect induces poor oral
bioavailability of rotigotine, its unique structure as a D1 agonist led us to hypothesize that

rotigotine may serve as a chemical backbone for novel non-catechol D; agonists.

To provide a scientific basis for how rotigotine interacts with the D, receptor, we
investigated the roles of the conserved serines in TM5 and the aromatic amino acids in
TM6 of the D; receptor (Floresca and Schetz, 2004). Previous studies on the conserved
TM5 serines (S5.42, S5.43, and S5.46) showed that the mutations to alanine greatly
decreased the interaction with D; agonists and that the serines may provide hydrogen
bonds for the catechol moiety of the D; agonists (Bonner et al., 2011; Chemel et al.,
2012; Malo et al., 2012; Pollock et al., 1992). Because rotigotine has one hydroxyl group
that can form hydrogen bonds with the conserved TM5 serines, | hypothesized that the
conserved TMD5 serines will play a role in rotigotine interaction through hydrogen bonds.
In addition to the conserved TM5 serines, the conserved TM6 aromatic residues of the 3,-
adrenergic receptor have been suggested to involve TM6 movement and G protein

binding by generating steric clashes between the aromatic rings (Shi et al., 2002). Among
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these aromatic residues, F6.44, W6.48, F6.51 and F6.52 are conserved in the D; receptor
(Floresca and Schetz, 2004). Because F6.44 are located far from the ligand binding
pocket relatively to other residues, and because the mutation on W6.48 caused an
experimental issue (refer to Chapter 4), | focused on the roles of F6.51 and F6.52 in
rotigotine interaction. In addition, the thiophene group of rotigotine is highly likely to
contribute to the D, efficacy of rotigotine through the interaction with the conserved TM6
aromatic residues. Thus, | test the hypothesis that the conserved TM6 aromatic residues
will critically interact with the thiophene group of the rotigotine through hydrophobic and
aromatic interactions. | also used two aminotetralins (5-OH DPAT and 7-OH DPAT) that
lack the thiophene group to further examine the role of the thiophene group of rotigotine
in D1 receptor interaction. If our hypotheses are correct, | expect the affinity and efficacy
of rotigotine would be greatly decreased by the mutations on the residues possibly by
removing the molecular interactions (e.g., hydrogen bonds or hydrophobic/aromatic

interactions).



87

Rotigotine

. »
- ROCAS

5-OH DPAT (Racemate) 7-OH DPAT (Racemate)

Figure 5-1. Chemical structures of the D; ligands used in this chapter.

Results

Receptor expression and the affinity of SCH23390 at wild-type and mutated D;
receptors

I made single and double point mutations on the conserved TM5 serines and the
TM6 aromatic residues of the D; receptor. Table 5-1 shows the mutated receptor
expressions used in this study. S5.43A and S5.43A/S5.46A mutated receptors were
expressed 3.6-fold and 2.3-fold higher than the wild-type, respectively. In contrast, both
S5.42A/S5.43A and F6.52A mutated receptors were expressed 2.5-fold less than the
wild-type. Other mutated receptors were expressed similarly to the wild-type receptor.

The affinity of SCH23390 was greatly decreased by all of the mutations except the
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S5.46A mutation by which the affinity of SCH23390 was unchanged. Kp of SCH23390

for each of mutated receptors was used for Kg 5 calculation of test ligands.

Table 5-1. Wild-type and mutated D, receptor expression and the affinity of SCH23390.

Receptor Brmax Kp of
(pmol/mg SCH23390
protein) (nM)

Mean + SEM

Wild-type 1.0 £ 0.2 1.0 £ 0.1

S5.42A 08 = 0.1 100 = 1.0

S5.43A 34 = 03 81 = 04

S5.46A 1.2 £ 0.1 08 £ 0.1

S5.42A/S5.43A 04 = 007 147 =+ 07

S5.42A/S5.46A 08 = 0.2 113 = 0.7

S5.43A/S5.46A 23 £ 05 141 = 05

F6.51A 15 £ 0.2 78 = 0.6

F6.51Y 08 = 0.1 102 + 0.7

F6.51W 08 = 0.2 118 + 0.7

F6.52A 04 =+ 0.03 96 * 05

N> 3. Bax and Kp were produced using the one-site specific binding mode of non-linear
regression.

Changes in D; affinity and efficacy of rotigotine by the mutations on the TM5
conserved serines

Table 5-2 and Figure 5-2A summarize the affinity changes of rotigotine by the
single and double mutations on the conserved TM5 serines. S5.42A and S5.43A
mutations greatly decreased the affinity of rotigotine by over 7-fold, whereas a S5.46A
mutation failed to make a significant change. The effects of all of S5.42A/S5.43A,
S5.42A/S5.46A, and S5.43A/S5.46A double mutations were similar to those of the
S5.42A and S5.43A single mutations. Consistent with the affinity results, the S5.42A and
S5.43A mutations dramatically reduced the rotigotine efficacy for D;-mediated cAMP
production (Figure 5-2B), and the S5.46A mutation had no effect on rotigotine efficacy.
At all of the double mutated receptors, rotigotine failed to produce cAMP significantly

within the concentration range we used (maximum 10 puM).
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Table 5-2. Changes in the D; affinity of rotigotine by the mutations.

pKos (Mean + SEM)

Wild-type 6.25+ 0.10 (1)
S5.42A 521+ 0.05 (10.6)***
S5.43A 533+ 0.02 (7.8)***
S5.46A 6.19+ 0.05 (1.1)

S5.42A/S5.43A 530 % 0.15 (9.4)%**
S5.42A/S5.46A 528+ 0.06 (8.9)***
S5.43A/S5.46A 554+ 0.06 (4.9)**

F6.51A 528+ 0.08 (9.0)***
F6.51Y 5.47 + 0.08 (5.8)***
F6.51W 582+ 0.03 (2.6)**
F6.52A 5.86 + 0.08 (2.4)*

Fold decreases in Kqs were shown in the parentheses. One-way ANOVA with Dunnett’s
multiple comparison test was used to show significantly differences from the wild-type
receptor (* P <0.05, ** P <0.01, *** P <(0.001). N> 3.
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Figure 5-2. Changes in the D, affinity and efficacy of rotigotine by the single and double
mutations on the conserved TM5 serines.

(A) pKgs of rotigotine, (B) D;-mediated cAMP production stimulated by rotigotine.

Effects of S5.42A/S5.43A double mutations on the affinity of the catechol-type
D; agonist dihydrexidine
Although each of S5.42A and S5.43A mutations greatly decreased the affinity of
rotigotine, the S5.42A/S5.43A double mutations were unable to decrease rotigotine
affinity greater than the single mutations (Figure 5-2A). | further examined the effect of
S5.42A/S5.43A double mutations on the affinity of the catechol-type D; agonist
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dihydrexidine. Although dihydrexidine markedly lost D, receptor affinity by either of the
S5.42A and S5.43A mutations, the S5.42A/S5.43A double mutations failed to decrease
dihydrexidine affinity significantly greater than the individual S5.42A and S5.43A
mutations (Figure 5-3). Together, the S5.42A/S5.43A double mutations mimicked the

effects of the single mutations on the affinity of both rotigotine and dihydrexidine.
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Figure 5-3. Change of dihydrexidine affinity by the S5.42A/S5.43A double mutations.

Changes in D; affinity and efficacy of rotigotine by the mutations on the
conserved TM6 aromatic residues

F6.51A and F6.52A mutations significantly decreased the affinity of rotigotine by
9-fold and 2.4-fold, respectively (Figure 5-4A). The effect of the F6.51A mutation was
significantly greater than that of the F6.52A mutation (P < 0.001, ANOVA with Tukey’s
multiple comparison test) suggesting F6.51 is particularly important for the rotigotine
interaction. Interestingly, aromatic ring-conservative F6.51Y and F6.51W mutations
partially restored the affinity loss of rotigotine caused by the F6.51A mutation. The
F6.51W mutation restored rotigotine affinity greater than the F6.51Y mutation.
Rotigotine lost most of D, efficacy for cCAMP production by the F6.51A mutation (Figure
5-4B). The F6.51Y mutation fully restored the maximal level of cAMP production at the
10 puM concentration, and the F6.51W mutation seems to further increase the cAMP
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production versus the wild-type receptor. The potency of rotigotine was partially restored
by both of the aromatic ring-conservative mutations. Consistent with the affinity results,
the F6.51W mutation restored the potency of rotigotine greater than the F6.51Y mutation.
Although the F6.52A mutation significantly decreased the potency of rotigotine, CAMP
production by 10 uM rotigotine was actually higher than the level at the wild-type
receptor (Table 5-3).
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Figure 5-4. Changes in D; affinity and efficacy of rotigotine by the mutations on the
conserved TM6 aromatic residues.

(A) pKgs of rotigotine, (B) D;-mediated cAMP production stimulated by rotigotine.
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Table 5-3 cAMP production mediated by 10 uM rotigotine and pEC50.

CAMP production

(M) pEC50 (M)
Wild-type 26 + 04 7.30 + 0.16
S5.42A7 1.2 + 0.1 N.A.
S5.43A 16 + 02 N.A.
S5.46A 26 + 0.1 748 + 0.21
S5.42A/S5.43A 09 + 0.1* N.A.
S5.42A/S5.46A" 1.3 + 04 N.A.
S5.43A/S5.46A" 1.2 + 01 N.A.
F6.51A" 1.1 + 0.2 N.A.
F6.51Y 36 + 04 5.44 + 0.15%**
F6.51W 37 + 05 5.83 + 0.13%**
F6.52A 53 + 1.0%** 593 + 0.14***

Significant differences from the wild-type receptor are shown (* P < 0.05, *** P < 0.001;
one-way ANOVA with Dunnett’s multiple comparison test). Mean + SEM, N > 3. " N=2.

Molecular interactions of rotigotine at the D; receptor models

| constructed inactive- and active-state D; receptor homology models with the
crystal structures of the B-adrenergic receptor using PRIME 3.0 in MAESTRO 2012
package. Based on the mutagenesis results, the best docking pose of rotigotine was
selected and shown in Figure 5-5. Except for S5.46, the positions of the conserved amino
acids in TM5 and TM6 were not considerably changed by receptor activation. Although
S5.46 moves towards the ligand binding pocket at the active-state D; model, the S5.46
appears far from the hydroxyl group of rotigotine. The hydroxyl group of rotigotine is
located close to S5.42 and S5.43, especially in the active-state D, receptor model. F6.51
and F6.52 were close to the thiophene group and the aminotetralin backbone of
rotigotine, respectively. Based on mutagenesis and simulation results, the thiophene
group of rotigotine appears to move toward F6.51 and W6.48 when the D; receptor is
activated. Figure 5-6 shows hydrophobic interactions of rotigotine at the active-state D;
receptor model. Loss of the aromatic benzene ring of F6.51 reduced the hydrophobic
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interactions between rotigotine and the D; receptor, but these interactions were

considerably restored by the aromatic-ring conservative F6.51W mutation.

A

Figure 5-5. Docking poses of rotigotine at the D; receptor homology models.

(A) A front view, (B) an upright view. Grey; the inactive-state D, receptor model, Orange;
the active-state D; receptor model, Light blue; rotigotine in the inactive-state model,
Green; rotigotine in the active-state model.
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Figure 5-6. Changes in the hydrophobic interactions by F6.51A and F6.51W mutations.

(A) The wild-type D, receptor, (B) the F6.51A mutated receptor, (C) the F6.51W mutated
receptor. Hydrophobic interactions between the active D, receptor model and rotigotine
(yellow) were shown with green dotted lines.
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Interactions of the D; receptor with other 2-aminotetralin D; ligands:
5-OH DPAT and 7-OH DPAT

Racemate 5-OH DPAT and 7-OH DPAT (Figure 5-1) were used to investigate the
role of the thiophene group of rotigotine in D; receptor interaction. 5-OH DPAT has the
chemical backbone and the hydroxyl group same as those of rotigotine, but it does not
have the thiophene group. The affinity of 5-OH DPAT for the D; receptor was
considerably lower than that of rotigotine suggesting the significant role of the thiophene
group in D; receptor interaction. As expected, S5.42A and S5.43A mutations greatly
decreased the affinity of 5-OH DPAT, but a S5.46A mutation has no effect (Figure 5-
7A). An F6.51A mutation failed to significantly affect the 5-OH DPAT affinity
supporting the interaction between the thiophene group and F6.51. However, an F6.52A
mutation greatly decreased the affinity of 5-OH DPAT for the D, receptor (Figure 5-7A).
In fact, we could not calculate Kos of 5-OH DPAT at the F6.52A mutated receptor
because the whole curve of the competitive binding was not obtained within the
concentration range we used (maximum 300 uM). Docking simulations with the inactive
D; receptor model suggest that the 5-OH DPAT s located at the receptor similarly to
rotigotine (Figure 5-7B).

7-OH DPAT has a hydroxyl group that locates in the different position versus 5-
OH DPAT. Due to the different position of the hydroxyl group, we hypothesized that 7-
OH DPAT would interact with S5.46 greater than S5.42 and S5.43. Unexpectedly, the
S5.46A mutation failed to make any affinity change, but the S5.42A and S5.43A
mutations significantly decreased the affinity of 7-OH DPAT (Figure 5-8A). Affinity
decreases of 7-OH DPAT by the S5.42A and S5.43A mutations were similar to those of
5-OH DPAT and rotigotine. Docking simulations suggest that 7-OH DPAT has a flip-
flop conformation and that the hydroxyl group of 7-OH DPAT is located closer to S5.42
and S5.43 than S5.46 (Figure 5-8B). When 7-OH DPAT approaches the D; receptor from
the outside of the ligand binding pocket, the hydroxyl group of the flip-flop conformation
of 7-OH DPAT may interact with S5.42 and S5.43 before it reaches S5.46. | also
hypothesize that this precedent interaction with S5.42 and S5.43 may prevent 7-OH
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DPAT from moving down to S5.46 that locates at the bottom of the ligand binding

pocket.
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Figure 5-7. Effects of the mutations on the D, affinity of 5-OH DPAT.

(A) D, affinity changes of 5-OH DPAT. N.A.; non-available due to the lack of the whole
competitive binding curve within the concentration range we used (maximum 300 puM).
(B) Docking pose comparison of 5-OH DPAT with rotigotine. Purple and light blue colors
indicate rotigotine and 5-OH DPAT, respectively.
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Figure 5-8. Effects of the mutations on the D, affinity of 7-OH DPAT.

(A) D, affinity changes of 7-OH DPAT. (B) Docking pose comparison of 7-OH DPAT
with rotigotine. Purple and light blue colors indicate rotigotine and 7-OH DPAT,
respectively.

Discussion

The aminotetralin derivative N-0437 (2-(N-propyl-N-2-thienylethylamino)-5-
hydroxytetralin) was known as a potent D, receptor agonist (Van der Weide et al., 1986;
Beaulieu et al., 1984). N-0437 was a racemic mixture, and the (-)-enantiomer of N-0437
was reported to have greater potency and efficacy for the D, receptor than its (+)-
enantiomer (Van der Weide et al., 1987; Timmerman et al., 1989; Belluzzi et al., 1994).
The (-)-enantiomer of N-0437 became known as N-0923, and later it has another name



99

rotigotine. Because N-0437 has selective affinity and efficacy for the D, over the D,
receptor, the molecular interactions of aminotetralin derivatives have been focused on the
D, receptor (Cho et al., 1995; Mansour et al., 1992). Nevertheless, rotigotine was
reported to bind to the D; receptor with moderate affinity and activate adenylate cyclase
in the D; receptor expression systems (Scheller et al., 2009). In addition, aminotetralin
derivatives with 5,6-dihydroxy groups were reported to activate D;-mediated adenylate
cyclase in retina homogenates with equi-potency to dopamine (Beaulieu et al., 1984).
Based on its unique chemical structure and the D; receptor efficacy, rotigotine may be
useful as a non-catechol skeleton for the development of novel D; agonists. In this
chapter, | report that the conserved serine S5.42 and S5.43 and the conserved aromatic
residue F6.51 of the D; receptor critically interact with the hydroxyl group and the
thiophene group of rotigotine, respectively. This structural information helps understand
how non-catechol rotigotine interacts with the D receptor and may provide insights into

the design of novel non-catechol D; agonists.

Hydrogen bond interactions between rotigotine and the D; receptor

Conserved serine S5.43 and S5.46 have been investigated as possible hydrogen
bond participants for meta- and para-hydroxyl groups of the catecholamines at the o,- and
B.-adrenergic receptors (Strader et al., 1989; Wang et al., 1991). For the D; or D,
dopamine receptor, mutagenesis studies on the conserved TM5 serines (S5.42, S5.43, and
S5.46) suggested that hydrogen bonds provided by the serines play a critical role in the
affinity and efficacy of catechol-type D; agonists (Chemel et al., 2012; Floresca and
Schetz, 2004; Pollock et al., 1992). Several studies demonstrated the hydrogen bonds
between the catechol moiety and S5.42 and S5.46 of the D; receptor (Bonner et al., 2011;
Cueva et al., 2011; Malo et al., 2012). Rotigotine has a hydroxyl group that corresponds
to the catechol moiety of the known D; agonists. A study using radiolabeled N-0437
suggested that the hydroxyl group of N-0437 may form a hydrogen bond with one of the
S5.43 and S5.46 of the D, receptor (Mansour et al., 1992). Although S5.43A and S5.46A
single mutations failed to affect the D, receptor affinity of N-0437, N-0437 showed no
specific binding for the D, receptor with S5.43A/S5.46A double mutations (Mansour et
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al., 1992). Racemate 5-hydroxy-N,N-dipropyl-2-aminotetralin (5-OH DPAT) has the
same chemical backbone as rotigotine, but it does not have the thiophene group. The loss
of the hydroxyl group in 5-OH DPAT markedly decreased the potency for D,-mediated
inhibition of prolactin release suggesting the significant role of the hydroxyl group in D,
receptor interaction (Beaulieu et al., 1984). Our mutagenesis results also suggest that
S5.42 and S5.43 of the D; receptor, but not S5.46 may form hydrogen bonds with the
hydroxyl group of rotigotine. The hydroxyl group of rotigotine can form bifurcated
hydrogen bonds with S5.42 and S5.43. Interestingly, S5.42A/S5.43A double mutations
decreased the affinity of rotigotine equal to either the S5.42A or the S5.43A single
mutation. Based on these results, | hypothesize that the bifurcated hydrogen bonds exist
only when both S5.42 and S5.43 are available, and that either the S5.42 or S5.43 alone
may be unable to form a hydrogen bond with the rotigotine.

Critical interactions of the aromatic residues in TM6 with rotigotine

The conserved TM6 aromatic amino acids (e.g., W6.48, F6.51 and F6.52) have
been known as the key interaction sites for the activation of dopamine receptors and other
GPCRs (Floresca and Schetz, 2004; Shi and Javitch, 2002). Hydrophobic and aromatic
interactions between these aromatic amino acids are hypothesized as the main force for
TM6 movement and G protein binding (Shi et al., 2002). Although the molecular
interactions of rotigotine with the D; receptor have not been previously reported, one
paper showed that the F6.51A or F6.52A mutated D, receptor was unable to bind [*H]-N-
0437 (Cho et al., 1995). This suggests that the conserved TM6 aromatic residues of the

D, receptor play a critical role in rotigotine interaction.

The aminotetralin backbone and thiophene (thienyl) moiety of rotigotine are
likely to produce hydrophobic and aromatic interactions with these aromatic residues.
The affinity of racemate 5-OH DPAT for the D, receptor was relatively lower than that of
N-0437 (Glase et al., 1995; van Vliet et al., 1996; Rodenhuis et al., 2000) suggesting that
the thiophene group of rotigotine is responsible for the high affinity for the D, receptor.

In addition, the replacement of the thiophene group of N-0437 with the phenyl moiety
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retained D, affinity and agonistic activity similarly to those of N-0437 (Beaulieu et al.,
1984; Van der Weide et al., 1986). This suggests that hydrophobic and aromatic
interactions provided by the phenyl ring can compensate for the role of the thiophene in
the D, receptor interaction. In the current study, the mutagenesis results suggest that the
thiophene group of rotigotine critically interacts with F6.51 possibly through
hydrophobic and aromatic interactions. The results that the affinity of 5-OH DPAT and 7-
OH DPAT was unchanged by the F6.51A mutation also support the interactions between
the thiophene group of rotigotine and F6.51. The aromatic ring of F6.51 and the
heterocyclic ring of rotigotine can have a conjugated planar structure presumably using
delocalized aromatic pi-electrons. Although the attraction force of aromatic pi-
interactions is weaker than that of the hydrogen bond, the aromatic pi-interactions may
play a significant role in D; receptor interaction with rotigotine (Marsili et al., 2008).

| was unable to obtain the affinity of rotigotine for the W6.48A mutated D,
receptor due to extremely low specific binding of [*H]-SCH23390 at the mutated
receptor. However, the docking simulations suggested the thiophene group of rotigotine
is located in proximity of hydrophobic interactions with W6.48 (Figure 5-5). Thus, the
role of W6.48 in rotigotine interaction can be pursued as an interesting research topic. In
addition, the roles of the conserved TM7 residues of the D; receptor (e.g., NPXXY motif)
remain to be investigated for better understanding of additional interactions between the
D, receptor and rotigotine.

Insights into the modifications of rotigotine for better D; receptor interaction

Among monohydroxy 2-aminotetralins, 5-OH DPAT showed the highest affinity
for the D, receptor. 7-OH DPAT and 8-OH DPAT have relatively low affinity for the D;
receptor suggesting the position of the hydroxyl group seems to contribute to D; receptor
interaction. In addition, (S)-5-OH DPAT was more potent for dopamine receptor
activation than (R)-5-OH DPAT (Seiler and Markstein, 1984; van Vliet et al., 1996)
suggesting the chirality on the aminotetralin backbone is also critical for the D; receptor

interaction. Likewise, (S)-enantiomer rotigotine (N-0923) has higher D; receptor affinity
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than (R)-enantiomer N-0924 (Belluzzi et al., 1994). Moreover, 5,6-dihydroxy DPAT
showed higher potency than monohydroxy 5-OH DPAT for D;-mediated cAMP
production (Beaulieu et al., 1984) as well as for D,-mediated emetic response
(McDermed et al., 1976). Although having two hydroxyl groups in the aminotetralin
backbone may provide better interaction with the Dy receptor, the resulting catechol
moiety can be easily metabolized by multiple enzymes such as catechol-O-methyl
transferases and Phase Il conjugation enzymes. When the 5-hydroxyl group of N-0437
was modified or removed, the affinity for both D; and D, receptors was greatly weakened
in vitro (Jansen et al., 1991) suggesting the necessity of the intact 5-OH group for
dopamine receptor interactions. Several studies have reported the dopamine receptor
activity of the pyridine or thiophene analogs of 5-OH DPAT. Glase et al. (1995) replaced
the phenolic portion of 5-OH DPAT with pyridine and tested for D, or D3 receptor
interaction. All pyridine substitutions used in the study failed to improve binding and
efficacy of 5-OH DPAT for the D, and D3 receptor (Glase et al., 1995). In addition,
Rodenhuis et al. (2000) replaced the phenol moiety of 5-OH DPAT with a thiophene
moiety, and tetrahydrobenzo[b]thiophenes used in the study also failed to gain better
affinity for D, and D3 receptors than that of original 5-OH DPAT. Although the pyridine
and thiophene substitutes for the phenolic part of 5-OH DPAT have not been tested for
D; receptor interaction, previous results with the D, receptor suggest that those
modifications on 5-OH DPAT would not warrant the improvement of the D; receptor

interaction.

The thiophene group of rotigotine was modified and tested for better dopamine
receptor interaction. Chemical modifications that remove the thiophene group and add a
heterocyclic ring next to aminotetralin backbone actually increased the affinity for the D,
receptor (Risgaard et al., 2014). Although the increase was small and the modified
chemical still has higher affinity for the D, receptor versus Di, these results provide
evidence that chemical modifications at the thiophene group may improve D; receptor
interaction of rotigotine. The mutagenesis results and docking simulations also show that

the thiophene group of rotigotine is located close to the F6.51 that is suggested as a
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critical site for receptor activation. Thus, the modifications on the thiophene group that
enhance the hydrophobic and aromatic interactions with F6.51 may produce novel D;

agonists that show better D interaction than rotigotine.

Conclusions

In the current study, we report the molecular interaction of the Dy receptor with
rotigotine focusing on the conserved amino acids in TM5 and TM6. Although rotigotine
is a D, and D3 selective agonist, the D; receptor interaction with rotigotine can provide
structural knowledge on how non-catechol scaffolds activate the D; receptor. The results
suggested that the hydroxyl group and the thiophene group of rotigotine may be critical
for D; receptor interaction via hydrogen bonds (with S5.42 and S5.43) and hydrophobic
and aromatic interactions (with F6.51), respectively. D; receptor agonists without a
catechol moiety can show better pharmacokinetic properties than current catechol-type
D; agonists, and full D; agonists with reasonable oral bioavailability may enhance the
utility of Dy receptor agonists in clinic. The structural information from the current study
may serve as a scientific basis for the design of novel non-catechol D; agonists.



Chapter 6: Dopamine D; receptor signaling:

Does Gag—phospholipase C actually play a role?

Preface

Functional selectivity has opened a new era for GPCR drug development in that
selective signaling activation mediated by one receptor type may help design more
desirable drugs by enhancing efficacy and reducing side effects. As was discussed in the
Introduction to Chapter 2, it was of special interest that SKF-83959 has been widely
considered a highly-biased functionally selective D; ligand that fully activates D;-
mediated phospholipase C, but is an antagonist at D;-mediated adenylate cyclase. As the
studies in Chapter 2 were being finished, | felt that there was an opportunity to do a
critical review of the whole issue of D; activation of PLC, especially as it impacted the
notion of special signaling properties of D;1-D, heterodimers that has been extant in

papers including many in high impact journals. This chapter is a result of that effort.

[This chapter was my contribution to a Perspective in Pharmacology that has been
accepted publication in the Journal of Pharmacology and Experimental Therapeutics.
Sang-Min Lee, Yang Yang, and Richard B. Mailman. Dopamine D; receptor signaling:
Does Gag-phospholipase C actually play a role? Journal of Pharmacology and
Experimental Therapeutics. S-ML was the lead author, with substantial contributions
from the co-authors.]
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Abstract

Despite numerous studies showing therapeutic potential, no central dopamine D,
receptor ligand has ever been approved because of potential limitations such as
hypotension, seizures, and tolerance. Functional selectivity has been widely recognized
as providing a potential mechanism to develop novel therapeutics from existing targets,
and a highly-biased functionally selective D; ligand might overcome some of the past
limitations. SKF-83959 is reported to be a highly biased D, ligand, having full agonism at
D:-mediated activation of phospholipase C (PLC) signaling (via Gog) and antagonism at
D;-mediated adenylate cyclase signaling (via GaoLrss). For this reason, numerous studies
have used this compound to elucidate the physiological role of D;-PLC signaling,
including a novel molecular mechanism (Gag-PLC activation via D1:D, heterodimers).
There is, however, contradictory literature that suggests that SKF-83959 is actually a
partial agonist at both D;-mediated adenylate cyclase and [-arrestin recruitment.
Moreover, the D;-mediated of PLC stimulation has also been questioned. This
perspective reviews 30 years of relevant literature, and proposes that the data strongly
favor alternate hypotheses, first that SKF-83959 is a typical D; partial agonist, and
second, that the reported activation of PLC by SKF-83959 and related 1-phenyl-3-
benzazepines likely is due to off-target effects, not actions at D; receptors. If these
hypotheses are supported by future studies, it would suggest that caution should be used
regarding the role of PLC and downstream pathways in D; signaling.
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The potential utility of a functional selective D, ligand

Animal models have suggested the utility of selective D, agonists for a variety of
therapeutic targets including Parkinson’s disease (Taylor et al., 1991; Mailman et al.,
2001; Mailman and Nichols, 1998), cognition (Arnsten et al., 1994; Schneider et al.,
1994, Steele et al., 1996; Steele et al., 1997; Goldman-Rakic et al., 2004; Toda and Abi-
Dargham, 2007; Rosell et al., 2014), and other disorders. In fact, for Parkinson’s disease,
the efficacy of D; agonists in animal models has translated into clinical trials with large
effect sizes similar to those seen in the preclinical models (Rascol et al., 2001; Rascol et
al., 1999). A recent preliminary clinical study (Rosell et al., 2014) also reported
significant effects on working memory consistent with predictions from preclinical
models (Arnsten et al., 1994; Schneider et al., 1994; Steele et al., 1996; Steele et al.,
1997). Despite this support for the clinical efficacy of D, agonists, there are reports of
serious D;-mediated side effects that may prevent approval of a D; agonist, including
rapid tolerance (Asin and Wirtshafter, 1993; Gulwadi et al., 2001), profound hypotension
(Blanchet et al., 1998), and seizures (Starr, 1996).

During the past decade, it has become clear that one way of improving a
pharmacological profile is to discover functionally selective ligands for the target
receptor (Urban et al., 2007; Neve, 2009; Kenakin, 2007; Mailman, 2007). Functional
selectivity describes the property of some ligands to interact with a single receptor and
differentially affect the signaling pathways engaged by that target. The degree to which
the ligand differentially affects signaling pathways is termed the bias of the ligand. The
first use of the term functional selectivity in the context of a single receptor was with
dopamine receptor ligands (Mailman et al., 1998; Lawler et al., 1999; Mailman et al.,
1998), and the earliest therapeutic utility of this mechanism was suggested by
aripiprazole, a D,-preferring compound with a mechanism of action clearly differentiated
from earlier approved antipsychotic drugs (Kikuchi et al., 1995; Lawler et al., 1999;
Shapiro et al., 2003; Mailman, 2007; Mailman and Murthy, 2010). Thus, if a D; agonist

with high bias for Dj;-mediated signaling pathways were available, it would be an
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excellent investigational tool, and it also might overcome some of the possible limitations

sometimes thought to be obligatory with D; agonists.

SKF-83959, the first functionally selective D, ligand?

Dopamine receptors were originally classified on the basis of their coupling to
adenylate cyclase (Kebabian et al., 1972; Garau et al., 1978; Kebabian and Calne, 1979),
and this canonical signaling of the D;-like receptors (D;, Ds) is thought to involve
coupling to the G proteins GaoLr or Gos (Neve et al., 2004; Mailman and Huang, 2007).
Thus, the cCAMP resulting from D; receptor activation could initiate a host of downstream
cascades such as engaged by the activation of cAMP/protein kinase A (PKA) signaling.
The importance of this pathway was challenged, however, with reports that the
behavioral effects of some D; agonists were unrelated to cAMP/PKA signaling
(Gnanalingham et al., 1995a; Gnanalingham et al., 1995b), but rather involved non-
cAMP-mediated signaling including phospholipase C (PLC)-mediated calcium elevation
(Undie et al., 1994; O'Sullivan et al., 2004; Andringa et al., 1999b; Undie and Friedman,
1990). This has led to the hypothesis that a functionally selective D; ligand highly biased

against CAMP signaling might have an improved therapeutic index.

Much of this research has focused on SKF-83959 [6-chloro-7,8-dihydroxy-3-
methyl-1-(3-methylphenyl)-2,3,4,5-tetranydro-1H-3-benzazepine]  because it was
purported to be a highly biased D, ligand that was a biochemical antagonist at D;-coupled
adenylate cyclase, but a full agonist at D;-stimulated PLC via Gog (Jin et al., 2003; Zhen
et al., 2005; Rashid et al., 2007b; Hasbi et al., 2009; Panchalingam and Undie, 2001) (see
Figure 6-1 for structures of SKF-83959 and other relevant ligands). SKF-83959 is
behaviorally active in rat and primate PD models via its action at D, receptors (Arnt et
al., 1992; Jin et al., 2003), and it has behavioral activity in several animal species that is
known to be induced by D; full or partial agonists, but not by D; antagonists

(Gnanalingham et al., 1995a).

The concatenation of these data led to the hypothesis that the behavioral actions
of SKF-83959 were independent of D;-mediated cCAMP signaling, but depended on D;
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actions at PLC/calcium signaling (Rashid et al., 2007a; Hasbi et al., 2009; Downes and
Waddington, 1993; Deveney and Waddington, 1995; Fujita et al., 2010; Perreault et al.,
2010), possibly mediated by D1-D, heterodimers (Rashid et al., 2007a; Hasbi et al., 2009;
Perreault et al., 2010; Chun et al., 2013). This would mean that SKF-83959 is the first
highly-biased functionally selective D; ligand (Undie and Friedman, 1992; Undie et al.,
1994; Gnanalingham et al., 1995b; Arnt et al., 1992), and would make it an important
probe for studying mechanisms related to D; signaling (Yu et al., 2008; Zhang et al.,
2007; Zhang et al., 2005; Perreault et al., 2011; Liu et al., 2009a; Liu et al., 2009b;
Perreault et al., 2014; Zhang et al., 2009b) as if often explicitly stated “SKF 83959
robustly stimulat[es] the D;-D, heteromer-mediated calcium signal and [does] not
activat[e] adenylyl cyclase by the D;-D; homomer” (Perreault et al., 2014); SKF-83959
IS “a selective PI-linked D;-like receptor agonist” (Zhang et al., 2009b); and there are
“potential stimulant-antagonist actions, as observed with SKF-83959” (Neumeyer et al.,
2003).

Some years ago Pacheco and Jope (1997) noted some contradictions in the
literature, but speculated that “variations in experimental methods likely contribute to the
differing results” although no attempts to discern what these experimental issues might
be. They themselves reported that “dopamine D; receptors directly stimulate the
[phosphoinositide] signaling system” in human brain (Pacheco and Jope, 1997). In
noting such inconsistencies, we had offered a skeptical view of the hypothesis that
SKF-83959 was a highly biased functionally selective ligand (Huang et al., 2001). Yet
the increasing numbers of papers whose data depend in large part on the highly-biased
signaling of SKF-83959 have made it important to re-examine the pharmacology of this
compound. In evaluating the evidence for SKF-83959 being a highly biased ligand, one
must also consider the role of D;-PLC signaling. We have chosen to do this by
formulating a series of hypotheses that together form the basis for accepted dogma about
the direct role for D; receptors in stimulating Gag-PLC and more recently, the role of Ds-
D, heterodimers in affecting PLC/Ca**-mediated signaling.



109

HO NH,
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HO 1-phenyl-3-benzazepines
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SKF82958 Cl CH,CHCH, H
SKF82957 cl CH, H
SKF83959 Cl CH, CH,
A86929

Figure 6-1. Research ligands and drugs that have properties relevant to these issues.

Hypothesis: SKF-83959 is a selective high affinity D, ligand

There is universal agreement that SKF-83959 has nanomolar affinity for both rat
and human D; receptors - heterologously expressed or in situ (Lee et al., 2014; Arnt et al.,
1992; Chun et al., 2013), and also that the ligand has micromolar affinity for D, receptors
(Arnt et al., 1992; Chun et al., 2013; Lee et al., 2014) where it is an antagonist at CAMP
signaling and a low-intrinsic activity partial agonist at 3-arrestin recruitment (Lee et al.,
2014). Similar D;:D; selectivity with a wide range of D; intrinsic activities has been
shown for other ligands of the 1-phenyl-3-benzazepine family (Setler et al., 1978;
Weinstock et al., 1985; Neumeyer et al., 2003; lorio et al., 1983). Because the D,
affinities of most 1-phenyl-3-benzazepines are in the micromolar range, this provides an
obvious off-target mechanism when high concentrations or doses are used
experimentally. Ligands of this family also have measurable affinity for other
neuroreceptors. Andringa et al. (1999a) reported that SKF-83959 had micromolar affinity
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for all a-adrenoreceptors and the norepinephrine transporter, and Neumeyer et al. (2003)
noted that it also had affinity for both 5-HT,a (K; = 88 nM) as well as the a,-adrenergic
(K} ~ 3,000 nM) receptors. More recently, Chun et al. (2013) reported the results of a
broader screen, reporting micromolar affinity for dozens of GPCRs, including K; < 10
uM for many receptors that couple directly to Gag such as the 5-HT,a and 5-HTyc
serotonin, agj-adrenergic, H; histamine, and Ms muscarinic receptors, among others.
Thus, the literature shows that although SKF-83959 has its highest affinity for D1/Ds
receptors, at micromolar concentrations it will interact both with D,-like dopamine

receptors and a variety of other targets. This has implications discussed below.

Hypothesis: SKF-83959 has no intrinsic activity at D;-mediated stimulation of
adenylate cyclase

Although purported to have no intrinsic activity at D;-mediated adenylate cyclase,
we previously used SKF-83959 and found it to be a partial agonist (Ryman-Rasmussen et
al., 2005). Because of the continuing use of this ligand for its “novel” properties, we
recently did a rigorous evaluation of SKF-83959 pharmacology in a variety of
heterologous and native D; systems, studying both the parent ligand and a potential N-
demethylated metabolite, 6-chloro-1-(m-tolyl)-2,3,4,5-tetrahydro-1H-benzo[d]azepine-
7,8-diol, that might contribute to pharmacological effects in vivo (Lee et al., 2014). Both
in vitro and ex vivo, SKF-83959 was a partial agonist at D;-mediated adenylate cyclase in
two different cell lines transfected with the human D; receptor, as well as in rat striatal
homogenates. Its potency and affinity were very similar in all of these systems. The
functional effects were inhibited by SCH23390, as well as by structurally dissimilar Dy
antagonists, and SKF-83959 had no effect in untransfected cells. As noted above, while
D; selective, SKF-83959 also had micromolar affinity for D, receptors, where it was an

antagonist at CAMP signaling (Lee et al., 2014).

In some cases, the published data actually agree with the findings of Lee et al.
(2014). As an example, Gnanalingham et al. (1995b) reported that SKF-83959 did not
cause significant stimulation of adenylate cyclase, yet their data clearly show measurable
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(~50%) intrinsic activity, with some data points marked as significant. In addition to our
previous study showing >40% intrinsic activity in an hD; heterologous system (Ryman-
Rasmussen et al., 2005), Chemel et al. (2012) reported high intrinsic activity in an over-
expressed human D; receptor system. Although Rashid et al. (2007b) showed a “flat”
dose-response curve for SKF-83959, only relative activity units were provided making it
impossible to know the level of basal synthesis. The lowest SKF-83959 concentration
tested was 10 nM (Rashid et al., 2007b) making it possible that maximal stimulation had
already been caused. Without either basal synthesis levels or lower concentrations, the
only valid conclusion from those data is that SKF-83959 was not a full agonist. There
are, however, a few studies reporting no intrinsic activity for SKF-83959 for which
obvious experimental or interpretational confounds are not evident (Jin et al., 2003; Arnt
et al., 1992). It will be useful for other laboratories using this compound to independently
determine whether or not SKF-83959 has measurable intrinsic activity in canonical

assays.

Signaling via B-arrestin also represents an important non-G protein signaling
pathway (Shenoy and Lefkowitz, 2005), one that can be evoked by D; receptors (Urs et
al., 2011). SKF-83959 also is a partial agonist at the D;—mediated B-arrestin activation,
with intrinsic activity similar to the partial agonist SKF38393 and with similar potency as
seen with adenylate cyclase activation (Lee et al., 2014). Importantly, its potency in both
D;-mediated adenylate cyclase and B-arrestin assays was in the nanomolar range, similar
to its affinity (Lee et al., 2014). Interestingly, at the D, receptor, SKF-83959 had no
intrinsic activity at adenylate cyclase, but modest agonist activity at D,-mediated -
arrestin activation (Lee et al., 2014). At both of these D;-mediated functions, the potency
of SKF-83959 was, again, similar to its affinity, a point of relevance to the following
section. Thus, the weight of the evidence suggests that SKF-83959 is a typical partial D;

agonist, not a highly-biased, non-cyclase preferring D1 ligand.
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Hypothesis: SKF-83959 activates phospholipase C via a D;-Gag mechanism

Although SKF-83959 may have partial agonist properties at Goors-mediated
stimulation of cAMP, it may still be a useful as a moderately-biased functionally
selective ligand if it were a full agonist in activating PLC. Some years ago, we briefly
reviewed the evidence for D; linkage to PLC (Huang et al., 2001), and suggested flaws
with that hypothesis, yet there has been a continued use of this compound based on this
property. We recently investigated whether D; signaling was mediated by PLC
activation. There was no significant stimulation caused by SKF-83959 in either D;-
transfected or wild-type HEK-293 cells. Conversely, in both wild-type and D;-transfected
cells, the positive Goag control carbachol markedly stimulated IP1 synthesis with a

potency consistent with its affinity, and the response was completely blocked by atropine.

In attempting to resolve the discrepancy between these recent data (Lee et al.,
2014) and a sizable literature, we carefully reviewed the experimental protocols.
Strikingly, in all prior publications reporting direct D; stimulation of PLC activity, the
concentrations of SKF-83959 or other 1-phenyl-3-benzazepines required to elicit these
effects were in the high micromolar/low millimolar range (Felder et al., 1989a; Felder et
al., 1989b; Dyck, 1990; Undie and Friedman, 1992; Vyas et al., 1992; Undie and
Friedman, 1994; Pacheco and Jope, 1997; Lee et al., 2004; Banday and Lokhandwala,
2007; Liu et al., 2009a; Mizuno et al., 2012; Mahan et al., 1990; Undie and Friedman,
1990; Zhang et al., 2009b). No rationale was offered for use of SKF-83959 and
chemically-related benzazepines at concentrations far greater than their nanomolar Kp’s.
For SKF-83959 in particular, this raises a conundrum. The functional potency reported
for D;-mediated PLC activation is about four orders-of-magnitude greater than either its

D; affinity or its D; potency for stimulating cAMP synthesis or activating [3-arrestin.

Earlier we summarized the off-target activity of SKF-83959 and other 1-phenyl-3-
benzazepines, noting the many receptors and transporters whose Kp’s are in the 1-10 uM
micromolar range. Thus, when concentrations of 100-300 uM are used, these (as well as

other) targets are probably engaged unintentionally. It would seem prudent that there be
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tests of the obvious alternate hypothesis that activation of PLC, when found, is mediated
by one or several of these off-target receptors. In fact, some data already support this
latter hypothesis. Yu et al. (1996) reported that 5 uM fenoldopam (an SKF-83959 analog
that has high D; intrinsic activity) increased PLC activity, but only by 30-50% and that
this increase was mediated by cAMP, not direct PLC activation. Similarly, Jin et al.
(2003) reported that the D; receptor linked to PLC was found in striatum, hippocampus,
frontal cortex, and cerebellum. Since neither D; binding sites nor D; mMRNA are found in
the cerebellum, this suggests an off-target, rather than D1, mechanism. Finally, in almost
every study using pharmacological antagonism of D;-PLC effects, the sole antagonist
employed was the structurally similar 1-phenyl-3-benzazepine SCH23390 (Felder et al.,
1989a; Felder et al., 1989b; Dyck, 1990; Undie and Friedman, 1992; Vyas et al., 1992;
Undie and Friedman, 1994; Pacheco and Jope, 1997; Lee et al., 2004; Banday and
Lokhandwala, 2007; Liu et al., 2009a; Mizuno et al., 2012; Mahan et al., 1990; Undie and
Friedman, 1990; Zhang et al., 2009b). Yet when structurally diverse antagonists were
used, a very different picture emerges. For example, Jin et al. (2003) reported that the
antagonist cis-flupenthixol was only half as effective as SCH23390 in blocking purported
D;-PLC activation, moreover, the D1/D, antagonist (+)butaclamol failed to block these

effects at all.

In our view, the most compelling evidence comes from the study of Friedman et
al. (1997), who found that the PLC-activation ex vivo was unaffected by knockout of the
D, receptor. Rather than interpreting this as evidence for a non-D; action of the 1-phenyl-
3-benzazepines, Friedman et al. (1997) proposed that there was a novel D;-like receptor
that was responsible, despite inconsistencies with both the known expression of the Ds
receptor, and the likely properties of then-orphan receptors in the mouse genome.
Recalling that every published study over the last three decades failed to find D;-
mediated PLC activation at theoretical fractional occupancies even of 95%, there seems
compelling support for the alternate hypothesis that off-target effects were the actual

mechanism. The original idea has, however, morphed into a newer second hypothesis that



114

D;-D, heterodimers actually activate the Gag-PLC-Ca”* cascade. Although we feel the

foundation for this novel hypothesis was flawed, it must be evaluated on its merits.

Hypothesis: D;-D, heterodimer-mediated activation of GGQ-PLC-C32+ by D,
selective ligands is an important signaling mechanism

George and coworkers have recognized the discrepancy between functional
potencies of SKF-83959 and its affinity, and hypothesized that whereas D; receptors
alone (monomer and/or homodimer) could not stimulate PLC signaling, this would occur
via co-activation of a D;1-D; heterodimer in a Gog protein-dependent manner (Lee et al.,
2004; Hasbi et al., 2009; Hasbi et al., 2011; Rashid et al., 2007a; Rashid et al., 2007b).
Their view is that the limiting factor is the uM affinity of SKF-83959 for the D, receptor
(Rashid et al., 2007b; Lee et al., 2014). There are several lines of evidence, however, that

are inconsistent with this D;-D, hypothesis.

First, if the effects are dependent on D, receptors, it is unclear how one can
conclude the occupancy of the D receptor is important as the Dy receptor is essentially
saturated at the concentrations when there is even partial fractional occupancy of the D..
In addition, the reports of PLC activation in either kidney or brain (Felder et al., 1989a;
Felder et al., 1989b; Dyck, 1990; Undie and Friedman, 1992; Vyas et al., 1992; Undie
and Friedman, 1994; Pacheco and Jope, 1997; Lee et al., 2004; Banday and
Lokhandwala, 2007; Liu et al., 2009a; Mizuno et al., 2012; Mahan et al., 1990; Undie and
Friedman, 1990; Zhang et al., 2009b) show no effect at concentrations that would
essentially saturate both D; and D, receptors (e.g., 10 uM). The rare reports showing
functional Ca®* effects at more reasonable concentrations also have anomalies. For
example, one study reported essentially a quantal-like response for SKF-83959 in which
no significant effects were seen at 30 nM concentrations, but a maximal effect at 100 nM
(see Figure 1B in Hashi et al., 2009). This type of dose-response behavior is inconsistent

with a Ga-type of mechanism that almost always yields graded response.

More recently, it has been suggested that there is a unique role of D;i:D,

heterodimers in subsets of co-expressing striatal neurons (Perreault et al., 2012; Perreault
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et al., 2014). Although this is a change from the original hypothesis of direct D1-Gauo-
PLC activation by SKF-83959, it is important to consider its merits. One line of evidence
that argues against the D;-D, heterodimer hypothesis is that Chun et al. (2013) failed to
find the predicted calcium signaling. Secondly, in HEK-293 cells, SKF-83959 is an
antagonist at D,-mediated adenylate cyclase and a low intrinsic activity partial agonist at
D,-mediated B-arrestin recruitment (Lee et al., 2014), inconsistent with a dopamine-like
physiological effect. Thirdly, there was no PLC activation by SKF-83959 in HEK-293
cells co-expressing D; and D, receptors (Lee et al., 2014). Finally, although there may be
some co-expressing D; and D, cells (especially early in development), the vast majority
of adult striatal neurons [where D;-PLC activation was first reported (Undie and
Friedman, 1992; Friedman et al., 1993; Undie and Friedman, 1990)] are highly
segregated. Medium spiny neurons of the direct pathway are largely D;-expressing, those
of the indirect pathway largely D,-expressing, and such segregation also occurs
elsewhere in brain (Harrison et al., 1990; Bateup et al., 2008; Aubert et al., 2000; Deng et
al., 2006; Rappaport et al., 1993; Matamales et al., 2009; Scibilia et al., 1992; Bertran-
Gonzalez et al., 2010; Gerfen et al., 1990; Le Moine and Bloch, 1995). In summary,
while the D;-D, heterodimer hypothesis is enticing, there is a significant body of

evidence that suggests it may not be valid.

Hypothesis: D;-PLC signaling of SKF-83959 causes novel behavioral effects

One purportedly novel characteristic of SKF-83959 is its D;-like behavioral
activity in the absence of the ability to activate adenylate cyclase. This has been reported
in both murine (Arnt et al., 1992; Downes and Waddington, 1993) and primate species
(Gnanalingham et al., 1995a), and has been used as prima facie functional evidence for
the importance of the D1-Gag-PLC and/or D;-D, heterodimer-GocQ-PLC-Ca2+ signaling
pathway. There are, however, two lines of evidence that suggest that this hypothesis may
not be true. These relevant in vivo studies have relied solely on the 1-phenyl-3-
benzazepine family of D; agonists that like SKF-83959, are behaviorally effective at
quite low doses. For example, Arnt et al. (1992) reported that SKF-83959 caused
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maximal turning in the unilateral 6-OHDA model at a dose of 0.3 umol/kg, whereas
Deveney et al. (1995) found that yet lower doses were active in evoking D; behaviors in
unlesioned rats. Yet even assuming no metabolism (and these catechols are rapidly
metabolized), this yields a predicted concentration at the D; receptor far lower than
required in vitro to activate either the hypothesized D;-PLC or D;-D, heterodimer
systems. More recently, Medvedev et al. (2013) concluded that PLCP via D; mechanisms
regulated forward locomotion in mice, yet the sole experimental selective D; agonist,
SKF81297, was used at doses of 10 mg/kg, far higher than the 0.001-0.3 mg/kg known to
show typical D;-like behavioral activity (Vermeulen et al., 1994; Diaz and Castellanos,
2006; Cai and Arnsten, 1997). A parsimonious deduction would seem to be that D;-like
behavioral effects are irrelevant to these purported PLC signaling mechanisms requiring

near-millimolar concentrations.

Another important potential confound also relates to pharmacokinetic factors. For
example, a classic phase | metabolic reaction is N-demethylation, and SKF-83959 has the
chemical properties that suggest it would be a substrate for this type of CYP-mediated
reaction (see Figure 6-1). Recently, we demonstrated that the N-demethylated product of
SKF-83959 actually has somewhat greater D, intrinsic activity than the parent compound
(Lee et al., 2014). Thus, even if one still posits that the behavioral effects of SKF-83959
cannot involve adenylate cyclase signaling, the possibility that all of its behavioral

actions might be explained by one or more active metabolites must be addressed.

Reconciliation of the role of D; receptors and Gop-PLC activation

Popper (1959) has written “Whenever the ‘classical’ system of the day is
threatened by the results of new experiments which might be interpreted as
falsifications..., the system will appear unshaken to the conventionalist. He will explain
away the inconsistencies which may have arisen; perhaps by blaming our inadequate
mastery of the system. Or he will eliminate them by suggesting ad hoc the adoption of
certain auxiliary hypotheses, or perhaps of certain corrections to our measuring

instruments.” 1t is with due irony that this seems to encapsulate the issues addressed in
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this Perspective. We have not sought to be provocative, but rather to follow the notion
that it is appropriate, and even desirable, to be skeptical (not cynical) about hypotheses
(or even theories or laws). Devising experiments to disprove a hypothesis actually honors
the original conceptualization if those experiments fail to do so. Thus, the fundamental
question is whether SKF-83959, or indeed any other D; agonist, causes PLC activation
via actions at the D; receptor. We have encapsulated the issues at hand into three inter-

related hypotheses illustrated in the cartoon in Figure 6-2.

3 SKF-83959 ‘ SKF-83959 , SKF-83959
signals through signals through signals through PLC
canonical D, pathways | PLC signaling via & Ca?* via D,-D,
(e.g., cAMP) via Gag, other receptors or heterodimers

and B-arrestin proteins D, Ky ~ 1 nM

D, Ky ~ 1 nM D, Ky ~ 1 M

IA 2 35% Kp of 0.03-3.0 uM for _

known Ga,-coupled IA = 100%
EC,, =2 ~180 nM Q"
%0 receptors ECso2 100 uM

At 100 pM,SKF-83959 &
other benzazepines have high
occupancies at Gag-coupled
receptors or other proteins
including
5-HT;,, 5-HT;¢, Ms
H,, a,, etc. etc.

v DAG + IP3

DAG + IP3 \
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CREB eftc. Ca2* Ca?*

Figure 6-2. Schematic representation of three hypotheses related to D; signaling by SKF-
83959.

Activating effects are indicated with a solid line ending in an arrowhead. Kp, dissociation
constant; 1A, intrinsic activity; ECs, half maximal effective concentration; D;, dopamine
D, receptor; ACase, adenylate cyclase; cAMP, cyclic adenosine monophosphate; PKA,
protein kinase A; CREB, cAMP response element-binding protein; 5-HT,, and 5-HTyc, 5-
hydroxytryptamine serotonin receptor subtype 2A and 2C; Ms, muscarinic acetylcholine
receptor subtype 5; H,, histamine receptor subtype 2; a3, adrenergic receptor subtype 1;
PLC, phospholipase C; DAG, diacyl glycerol; IP3, inositol 1,4,5-trisphosphate.
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The first hypothesis (Figure 6-2, left panel) deals with whether SKF-83959 is

highly biased because of a lack of activity at canonical signaling pathways, a property
used to explain why D;-PLC signaling was important for behavioral/physiological effects
of SKF-83959 and related compounds. As we have reviewed, the weight of the literature
(although not unanimous) suggests that the compound is actually a partial agonist at Dy
receptors in both heterologous systems and in the striatum, with activity in at least three
D;-mediated pathways: adenylate cyclase; [-arrestin; and receptor internalization
(Ryman-Rasmussen et al., 2005; Lee et al., 2014; Gnanalingham et al., 1995b; Chemel et
al., 2012). Thus, above and beyond the hypothesis that the D, receptor engages Goig-
PLC, SKF-83959 would, at most, have modest bias, and canonical mechanisms would
have to be ruled out before assigning physiological/behavioral effects to PLC signaling.

The second hypothesis (Figure 6-2, center panel) posits that PLC-mediated
signaling is an important mechanism for SKF-83959 and other D; agonists. The studies in
both kidney and brain that have supported a role of D; activation of PLC have been
consistent in the use of ligands only from the 1-phenyl-3-benzazpine family, and have
employed these agonists at concentrations orders of magnitude higher either than their Kp
or than their functional potency in canonical assays. Moreover, they generally used only
the structurally similar SCH23390 as an antagonist (see references cited earlier).
Unfortunately, the use of suprapharmacological concentrations of SKF-83959 and failure
to consider non-D; mechanisms is not unique to studies of PLC signaling (Yu et al.,
2008; Guo et al., 2013). It is unclear why off-target actions, an obvious factor in
pharmacological designs, have not generally been considered, especially as many of the
likely targets are Gag-linked receptors.

To complicate matters, numerous studies failing to show D; mediated stimulation
of phosphoinositide hydrolysis (Kelly et al., 1988; Rubinstein and Hitzemann, 1990;
Kimura et al., 1995; Demchyshyn et al., 1995; Pedersen et al., 1994; Lee et al., 2014;
Dearry et al., 1990) have often been ignored. Indeed, Wallace and Claro (1990) noted that
dopamine (at concentrations that stimulate CAMP synthesis) actually inhibited muscarinic

stimulation of phosphoinositide hydrolysis. The most telling piece of data is the fact that
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PLC activation by SKF-83959 and other benzazepines was absolutely preserved in tissue
from mice that had the D; receptor knocked out genetically (Friedman et al., 1997).
Together, the available data suggests that the second hypothesis in Figure 6-2 is false --
SKF-83959 and other 1-phenyl-3-benzazepines do not stimulate PLC activity via the D,

receptor.

The third hypothesis (Figure 6-2, right panel) posits a critical role for D;-D,
heterodimers, and is the one of greatest current interest because of the novel underlying
molecular mechanism. In Popper’s words, it may be considered as a “correction” of the
initial hypothesis (Figure 6-2, center panel). Although it was based originally on the D-
PLC mechanism and the use of SKF-83959, it has now taken on a life of its own because
of the hypothesized unique role of D1:D, heterodimers in subsets of co-expressing striatal
neurons (Perreault et al., 2012; Perreault et al., 2014). We have reviewed the available
data that we feel can be construed as weakening this hypothesis. Above and beyond the
experimental issues [including our failure to be able to see evidence of PLC signaling in
D;-D, co-transfected HEK cells (Lee et al., 2014)], there is the question of the degree to
which D;-D, colocalization occurs in the mature nervous system. Thus, our view is that
hypothesis 3 is also false. Some may view this conclusion as premature, yet a recent
paper concluded “.... the mechanism of D;R/D,R—mediated calcium signaling involves
more than receptor-mediated Gq protein activation, may largely involve downstream
signaling pathways, and may not be completely heteromer-specific. In addition,
SKF-83959 may not exhibit selective activation of D;-D, heteromers, and its significant
Cross-reactivity to other receptors warrants careful interpretation” (Chun et al., 2013).
Unfortunately, this may be interpreted by some as simply being an experimental
difference between investigators. A more skeptical view is that an extensive literature has
already provided adequate evidence to falsify all of these prevailing hypotheses, much as

we suggested years ago (Huang et al., 2001).
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Conclusions

Although we have tried to offer a critical review of the available literature, there
are several issues that we could not address. An obvious one with a pharmacological
basis has to do with receptor reserve, a well-known mechanism that can affect
interpretation of functional studies and might be thought to be a reason for the disparate
literature. Yet, it is important to remember that much of the PLC hypothesis has been
based on studies done ex vivo using brain or kidney tissue where presumably all
investigators were dealing with both physiologically-relevant and similar receptor
reserve. Thus, the huge difference in D; potencies between canonical functional assays
and PLC activation is unlikely to involve receptor reserve. Moreover, the near-millimolar
concentrations of D; agonists required to cause PLC activation ex vivo never will be
achieved in vivo when administering D, dopamine agonists to animals at behaviorally
active concentrations (Mottola et al., 2002; Arnsten et al., 1994; Schneider et al., 1994;
Taylor et al., 1991).

In addition to our recent work (Lee et al., 2014), there are other experiments that
might be useful if one felt that the available data were not adequately conclusive. The two
most obvious are those with a pharmacological basis. First, future studies should take
advantage of the structurally diverse D; agonists and antagonists that are available (e.g.,
Figure 6-1). Second, when there is a question of off-target engagement, studies done in
vivo or ex vivo should measure drug concentrations in tissue. In addition, a host of
molecular approaches might also be useful. The most challenging relate to the idea that
D;-D; heterodimers are the mechanistic key. Although we feel that this hypothesis is not
well-supported, others may feel further studies are required to reach firm conclusions.
Techniques such as proximity ligation assays (Trifilieff et al., 2011) can be used to look
for molecular proximity between D; and D, in brain slices, and bioluminescence
resonance energy transfer (BRET) can be used to determine if Goy is activated by the D,
alone or when complexed with D, (Urizar et al., 2011). Indeed, there are recent data
using such approaches that failed to find evidence for either D; agonist engagement of

Gog, or molecular proximity of D; and D, in mouse brain (Jonathan Javitch et al.,
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personal communication). Such data, while “negative,” are compelling evidence for the

perspectives we have offered.

There may be substantial impact to resolution of this controversy. The potential
clinical utility of Dy agonists has slowly been receiving human validation (Rosell et al.,
2014; Rascol et al., 1999), although the development of an approvable drug has been
inhibited by issues including pharmacokinetics, seizures, and hypotension. A functionally
selective D; agonist could theoretically have advantages (Mailman, 2007), yet whereas
some existing Dy ligands do have some degree of functional selectivity (Lewis et al.,
1998; Ryman-Rasmussen et al., 2005; Ryman-Rasmussen et al., 2007), no compound has
yet been shown to have sufficient signaling bias to translate into meaningful
pharmacological differences. As we conclude here, none of the known 1-phenyl-3-
benzazepine compounds is a highly biased D; ligand, contrary to what has been
hypothesized. It is timely that the field should focus on the substantial scientific issues
that remain to be elucidated about D; function and their impact on drug discovery, and

not be distracted by mechanisms that may be artificial.



Chapter 7: Summary of research, implications, and future research

directions

Preface

In early chapters, | introduced the area in which my research was to be conducted.
| provided the results about common belief and our hypotheses on functional selectivity
at the D; receptor, and about ligand interaction mechanisms for non-catechol scaffolds.
My research has established the critical Dy signaling that is useful for the explanation of
its behavioral effects and further can be adopted for the development of functionally
selective D; ligands. The common belief on PLC-preferring SKF-83959 was greatly
weakened by our results, and PLC activation is unlikely to be a solid D;-mediated
signaling. In later chapters, for the first time | have provided a scientific basis for novel
non-catechol full D; agonists suggesting the molecular mechanism for how non-catechol
scaffolds interact with the conserved amino acids in TM3, TM5, and TM6 of the D;
receptor. This chapter will discuss the implications toward novel D; agonists and future

research directions that may overcome the limitations of the current study.
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Critical cell signaling for the development of novel D, agonists

Since dopamine receptors are reported to stimulate adenylate cyclase (AC) and
increase intracellular cAMP (Kebabian and Greengard, 1971), Gao_rs-adenylate cyclase
activation has been a canonical signaling pathway for the dopamine D, receptor. For the
D, receptor, which is another major dopamine receptor type in brain, inhibition of AC
activity and subsequent reduction of cAMP have been used to assess the intrinsic activity
of D, receptor agonists. Although regulation of AC activity has been the main signaling
mechanism of the D; or D, receptors, several reports suggest that non-AC signaling may
be stimulated by the dopamine receptor and important for its clinical benefits (Undie et
al., 1994; O'Sullivan et al., 2004; Andringa et al., 1999b; Undie and Friedman, 1990;
Gnanalingham et al., 1995b; Gnanalingham et al., 1995a). Gag-phospholipase C
activation has been used as one such non-cyclase signaling mechanism mediated by D,
receptors (Felder et al., 1989a; Felder et al., 1989b; Dyck, 1990; Undie and Friedman,
1992; Vyas et al., 1992; Undie and Friedman, 1994; Pacheco and Jope, 1997; Banday and
Lokhandwala, 2007; Liu et al., 2009a; Zhang et al., 2009b; Lee et al., 2004). Because
some of the experiments supporting Di-mediated PLC activation were not well-designed
and because we have failed to reproduce some of previous results, we interrogated
whether PLC activation is truly mediated by the D; receptor. In many reports that suggest
PLC activation occurs in striatum by dopamine and selective D; agonists, we have found
that D; agonist concentrations used for PLC stimulation were much higher than the Kp
for the D receptor and the ECs, for adenylate cyclase activation. Among the Dy agonists,
we focused on SKF-83959 because it has been known as the first PLC-preferring highly
biased D; ligand. Although SKF-83959 has high affinity for the D, receptor (ca. 1 nM),
the ECs, for PLC activation was at least four orders of magnitude higher than its affinity
(Jin et al., 2003). In addition, SKF-83959 was reported as a chemical antagonist for D;-
mediated AC activation and a full agonist for D;-mediated PLC activation. Friedman et
al. (1997) reported that D; agonists still showed PLC activation in D; knock-out mice,
whereas AC activation was totally eliminated. This evidence from the D; knock-out study

led us to reexamine the D; pharmacology of SKF-83959 more skeptically.
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We investigated D; signaling of SKF-83959 in cellular expression systems and
striatal tissues. Contrary to what was commonly assumed, SKF-83959 was a typical
partial agonist for D;-mediated AC activation and failed to stimulate D;-mediated PLC
activation. Furthermore, we examined the activity of SKF-83959 for a non-cyclase
signaling pathway B-arrestin recruitment. SKF-83959 showed partial agonistic activity
similarly to the typical D, partial agonist SKF38393. More interestingly, we synthesized
a possible demethylated form of SKF-83959 (desmethylSKF) and found that the
metabolite also has higher intrinsic activity for AC activation than the parent compound.
Although we cannot fully explain the reasons for these discrepancies between the
previous reports and our current data, our results strongly suggest that SKF-83959 is a D
partial agonist both for AC activation and B-arrestin recruitment, but has no intrinsic
activity for D;-mediated PLC activation. Moreover, many reports are also consistent with
our results (Kelly et al., 1988; Rubinstein and Hitzemann, 1990; Kimura et al., 1995;
Demchyshyn et al., 1995; Pedersen et al., 1994; Dearry et al., 1990). Thus, hypotheses
and conclusions based on the assumption that SKF-83959 is a PLC-preferring D; ligand
should be reconsidered. Partial intrinsic activity for AC signaling should be addressed
when evaluating D receptor efficacy of SKF-83959. We hope that our results will be

confirmed by other independent research groups in the near future.

Insights into non-catechol full D; agonists from the molecular interaction
studies

Although partial D; agonists (e.g., SKF38393 and CY 208 243) have failed to
show satisfactory effects on Parkinson’s disease (PD) (Emre et al., 1992; Braun et al.,
1987), full Dy agonists (e.g., dihydrexidine and ABT-431) have clearly shown clinical
efficacy for PD equal to the gold-standard therapeutic medicine, levodopa (Blanchet et
al., 1998; Rascol et al., 1999). One of the main issues for full D; agonists is poor oral
bioavailability presumably caused by an intrinsic catechol moiety. Although the catechol
moiety was suggested to be a critical part of full D; agonists (Mottola et al., 1996), there

are non-catechol scaffolds that have reasonable D; affinity and efficacy suggesting that
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full D, agonists without a catechol moiety may be developed (Krisch et al., 1994; Emre et
al., 1992; Scheller et al., 2009).

Although the ergolines and rotigotine are selective for D, or D3 receptors, | have
chosen them as non-catechol scaffolds due to their partial D; agonistic activity. The
ergolines are reported to have longer half-life than catechol-type D; agonists and
reasonable oral bioavailability (Kvernmo et al., 2006). Although rotigotine itself was
unable to show high oral bioavailability due to rapid metabolism in liver (first-pass
effects), its transdermal patch formulation has shown over 37% bioavailability and the
plasma concentration of rotigotine lasts consistently over 24 hours (Cawello et al., 2009).
Because molecular interactions of the receptor-ligand complex can provide insights to
new drug design (Ehrlich et al., 2009; Tschammer et al., 2011), | investigated the
interaction between the D; receptor and these two non-catechol scaffolds (ergolines and
rotigotine). | focused on the conserved threonine in TM3, serines in TM5, and aromatic
residues in TM6 that are located in the ligand-binding pocket and highly likely to play a
role in receptor-ligand interaction (Floresca and Schetz, 2004; Shi et al., 2002; Shi and
Javitch, 2002). Adenylate cyclase activation was used as a measure of the D; intrinsic

activity for these non-catechol scaffolds.

In Chapter 3, | found that the mutation of threonine T3.37 to alanine (T3.37A)
greatly decreased the D; affinity and efficacy of the ergoline agonists, and that the
mutation of the TM5 conserved serine S5.46 to alanine (S5.46A) showed a significant but
small decrease in the affinity of the ergolines. Docking simulations suggest that B-ring
nitrogen of the ergoline backbone is located close to both T3.37 and S5.46 providing
possible hydrogen bond interactions between the ergoline backbone and the D; receptor.
Unexpectedly, the alanine mutation of the conserved serine S5.42 (S5.42A) markedly
increased the D; affinity and efficacy of the ergoline agonists. S5.42 appears to generate
steric hindrance for the A-ring of the ergolines, but docking simulations show that the A-
ring can additionally interact with Y5.38 through hydrophobic and aromatic interactions.
The S5.42A mutation may be able to provide more room for the A-ring of the ergoline

backbone to interact with Y5.38. This suggests a possible mechanism for the great
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increases in the affinity and efficacy of the ergolines at the S5.42A mutated receptor. For
chemical modifications on the A-ring, | propose that replacing the A-ring with 5-
membered ring heterocyclic compounds such as pyrrole, furan, and thiophene may
reduce steric hindrance with the hydroxyl group of S5.42, but can keep the hydrophobic
and aromatic interactions with Y5.38. These modifications may generate the ergoline-
type D; ligand with better affinity and/or efficacy. Because the A-ring can form
hydrophobic and aromatic interactions with Y5.38, removing the entire A-ring from the
ergoline backbone would decrease D; interaction with the ergolines.

In addition to hydrogen bonds, hydrophobic and aromatic interactions also play a
critical role in receptor-ligand interaction. In Chapter 4, | found that the conserved
phenylalanine F6.51 to alanine mutation (F6.51A) greatly decreased the D; affinity and
efficacy of the ergoline agonists. The mutagenesis results and simulations with lisuride
and terguride also support the hypothesis that interaction with F6.51 may be critical for
D; receptor efficacy. Docking simulations suggest that F6.51 and F6.52 are positioned
closely to the D-ring and the B-ring of the ergoline backbone, respectively. | propose that
chemical modifications on the D-ring that enhance the interaction with F6.51 may
produce ergoline-type D; agonists with higher D; intrinsic activity. In case of CY 208
243, introducing a double bond to the D-ring may increase D; intrinsic activity of CY 208
243. Other modifications can focus on the accessary hydrophobic ring of CY 208 243 and
add, for example, a methyl or an ethyl groups. These modifications may increase the
interaction with TM6 or TM7 amino acids by providing additional hydrophobic contacts.
In the current dissertation, | have not investigated the roles of conserved TM7 residues
that can form hydrophobic interactions with the accessary ring of CY 208 243. Future
studies that include molecular interactions with TM7 residues would provide more

information on chemical modifications of the ergolines.

Chapter 5 investigated the molecular interactions of another non-catechol scaffold
rotigotine. | have found that S5.42A and S5.43A mutations greatly decreased the D;
affinity and efficacy. Docking simulations show that the hydroxyl group of rotigotine is
located close to S5.42 and S5.43 suggesting the possible formation of bifurcated
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hydrogen bonds. In addition, the F6.51A mutation also markedly decreased the D,
affinity and efficacy of rotigotine. Mutagenesis results with two 2-aminotetralins (5-OH
DPAT and 7-OH DPAT) that do not have the thiophene group also showed the critical
role of the thiophene group in D; receptor interaction. Although rotigotine is reported to
have full agonistic properties in the D; receptor expression system (Scheller et al., 2009),
my preliminary data suggest that rotigotine showed partial D; agonistic activity like CY
208 243 (ca. 80% of dopamine maximal response). Thus, chemical modifications on the
thiophene group that increase the interaction with F6.51 may generate aminotetralin D;
ligands with enhanced D; efficacy. | propose that adding a methyl or an ethyl group to
the thiophene ring may increase the hydrophobic contacts to F6.51. In addition, adding
ring structures such as benzene, pyrrole, furan or thiophene to the propyl group of
rotigotine may enhance the molecular interaction with TM6 and TM7 residues. Although
these bulky groups may decrease the D; receptor interaction by producing steric
hindrance with other amino acids, they can contribute to additional hydrophobic and
aromatic interactions with the D; receptor. Together, our results strongly suggest that
there are critical residues for the interactions of ergolines and rotigotine, and that
alternations of these molecular interactions can regulate the D, affinity and efficacy of
the non-catechol ligands. The chemical modifications | suggest in this section may be

useful for the synthesis of novel non-catechol D; agonists with full intrinsic activity.

Future research directions for clinically available selective full D, agonists

Although non-catechol full D; agonists may overcome the poor pharmacokinetic
properties of current full D, agonist, there are several issues that need to be resolved prior

to the clinical approval of full non-catechol D, agonists.

Rapid tolerance to D; receptor activation

Contrary to the D, agonists that do not develop tolerance to chronic receptor
activation, the key issue of D; receptor full agonists has been that it induces rapid
tolerance and that the beneficial effects last no more than several days. The best example

is the case of A77636 that has a unique isochroman structure (Ryman-Rasmussen et al.,
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2007; Lin et al., 1996). Although the internalized D; receptors are rapidly recycled to the
membrane within 1 h of removal of dopamine, A77636 caused the receptor to be retained
intracellularly up to 48 h after agonist removal (Ryman-Rasmussen et al., 2007).
Computational simulations suggest that the isochroman structure may stick to the D;
receptor at the additional site out of the ligand binding pocket (Ryman-Rasmussen et al.,
2007). Although the unique isochroman structure may explain the increase in receptor
occupancy and the subsequent desensitization to D; receptor signaling, other full Dy
agonists also caused behavioral tolerance in 6-OHDA-lesioned rats after administration
for several days (Britton et al.,, 1991; Blanchet et al., 1996) and especially when
administered continuously over 24 h (Gulwadi et al.,, 2001). Although some
desensitization of the effects was observed in one experiment, interestingly once or twice
treatment of dinapsoline a day retained the behavioral effects for 14 days (Gulwadi et al.,
2001). In addition, our preliminary results also showed that when dinapsoline was
injected intermittently and D; receptor occupancy lasted no more than 20 h, it still
exhibited significant D;-mediated behavioral effects on the next day. Together, these
suggest that duration of D; receptor occupancy may be critical for the D; receptor
tolerance and that D; agonists with an intermediate half-life (e.g., 3 ~ 5 h) may retain
their clinical efficacy for several days without showing rapid tolerance. Thus, the range
of appropriate half-life should be tested, and drug regimen should be carefully considered
to avoid continuous receptor occupancy and rapid tolerance. More research is also needed

to clearly understand the molecular mechanisms for the D receptor tolerance.

Side effects of D; receptor activation

One typical side effect of full D, agonists is hypotension. This side effect was the
main reason for the discontinuation of the previous clinical study with dihydrexidine
(Blanchet et al., 1998). In the pilot human trial that administered dihydrexidine
intravenously during one hour, peripheral D; receptors in the kidney and blood vessels
were activated by dihydrexidine and suggested as the mechanism leading to the severe
hypotension (Amenta et al., 1995). However, one paper showed that subcutaneous

injection of a single 20 mg dose of dihydrexidine is safe and tolerated in patients with
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schizophrenia (George et al., 2007). Because lower doses of dihydrexidine are required
for the improvement of cognitive and memory ability than those for PD symptoms, the
hypotension caused by D; agonists may not be an issue for schizophrenic patients. Future
studies should establish a safe therapeutic dose range of full D, agonists and address this

issue prior to the clinical use of full D, agonists.

Production of seizures has been another issue for full D; agonists. Although
dihydrexidine did not cause seizures in normal rats (Darney, Jr. et al., 1991), other D,
agonists (e.g., A68930 and A77636) have been reported to induce seizures at higher
doses than those showing behavioral effects (DeNinno et al., 1991; Kebabian et al.,
1992). Although some reports suggest that selective D; agonists are proconvulsant (e.g.,
lowering the seizure threshold) (al-Tajir et al., 1990; Starr, 1996), other receptors (e.g.,
D, receptors, op-adrenergic receptors, and serotonin receptors) are also involved in
inducing seizures and these full D; agonists may interact with them when used at high
doses. Because the mechanisms involved in seizures are not fully understood, future
studies should reveal the role of the D; receptor in seizures and establish the safety
margin of D; agonists that does not elicit seizures and seizure-like behaviors.

Concerns on non-catechol scaffolds

One concern about using non-catechol scaffolds as full D, agonists is that they
have relatively low D; receptor selectivity over D,-like and other biogenic amine
receptors. All selective D; full agonists have a catechol moiety that is, at least to date,
suggested to be necessary for D, receptor selectivity. The ergolines and rotigotine used as
non-catechol scaffolds in the current dissertation have selective D,-like receptor
interaction than Di, and some of ergolines show full D, receptor activity. Based on
previous interaction profiles, full D; non-catechol agonists (if any) are expected to have
the interactions with other dopamine receptor subtypes (e.g., D, receptors). A recent
paper, however, showed that adding a spacer that sticks outside the actual orthosteric
binding pocket towards the extracellular loops greatly increased the dopamine Ds

receptor selectivity versus D; (Troger et al., 2014). In addition, a couple of reports
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suggest that ligand interaction with one glycine in the extracellular loop 1 is critical for
dopamine D, or D3 subtype selectivity (Michino et al., 2013; Troger et al., 2014). These
molecular interactions may provide clues to dopamine D; receptor selectivity versus
other subtypes. More research is still required to clearly understand the molecular

mechanism for dopamine receptor subtype selectivity.

D;-mediated non-AC signaling for novel D, full agonists

The definition of “D; full agonist” has been based on its efficacy in canonical D;
signaling AC activation. Recent reports also suggest that other signaling pathways are
also activated by the D; receptor (Chen et al., 2004; Urs et al., 2011; Del'guidice et al.,
2011), and such signaling (e.g., B-arrestin signaling) may be important for the action of
the Di-mediated behavioral effects. In Chapter 2, | showed that phospholipase C
activation that has been purported as non-AC signaling is not a D;-mediated response, but
a non-specific effect occurring at suprapharmacological concentrations of phenyl-
benzazepines. For non-AC signaling, the D; receptor is known to recruit -arrestin to the
receptor that plays a role in D;-mediated ERK activation (Chen et al., 2004; Urs et al.,
2011; Del'guidice et al., 2011). In addition, the D; receptor can mediate other G protein-
independent signaling pathways (e.g., ion channel activation). For the D, receptor, Free et
al. (2014) recently discovered and characterized G protein signaling-biased agonists that
inhibit B-arrestin recruitment, but activates G protein signaling (e.g., CAMP regulation).
There is a possibility that partial agonists and antagonists for AC signaling may have
different intrinsic activity for non-AC signaling. Although how non-AC signaling
contributes to the behavioral effects of the D; receptor is still elusive, non-AC signaling
pathway(s) (excluding erroneous PLC activation) should be considered for the

development of full D, agonists and tested for novel D; agonists.

Other research topics for the development of full D; agonists

Finally, an obvious topic of future research is to investigate the possibility of
allosteric ligands as a way to accomplish long-term goals for which | focused on

orthosteric compounds in this dissertation. To this date, no good allosteric ligand has



131

been reported yet for any of the dopamine receptors. Based on the anecdotal reports from
several investigators who had tried to search for such ligands and consideration of the
informal data from the research groups expert in this type of study, we felt that screening
for allosteric modulators would not be an attractive topic. It may be that after a non-
catechol and selective D; agonist is discovered, there would be utility for discovery of a
functionally selective allosteric modulator that might attenuate D;-side effects that might

occur (e.g., hypotension).

More directly, | have not discussed the discovery of selective ligands for the D;
receptor versus the Ds receptor, which is very similar to the D; and also triggers a
GooLrs-AC-CAMP signaling cascade. Although there are reports of drugs with modest
selectivity, neither antagonist nor agonist adequately selective for these two very similar
receptors has been found. D; or Ds receptor selective agonists or antagonists would be
great pharmacological tools to investigate the functional roles of each of D; and Ds
receptors. Activation of D; or Ds receptors may have different roles in functions that can
be targeted for more desirable drugs (e.g., reducing off-target effects). In addition, the
molecular interaction studies with D; or Ds selective ligands may provide a mechanism
for how D; and Ds receptor selectivity can be achieved by the ligands. One route towards
such a ligand is to expand my studies into the Ds area. Furthermore, there would be some
more of the interesting future research topics that could be pursued based on this

dissertation.
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Summary of the methods used in this work
Reagents and materials

Cell culture media, flasks and dishes were purchased from VWR (West Chester,
PA). Trypsin and penicillin/streptomycin were purchased from Invitrogen (Grand Island,
NY). UniFilter-96 GF/B RIA filter plates, Microscint™ 20, [*H]-SCH23390, and [*H]-N-
methylspiperone were obtained from Perkin-Elmer Life Sciences Inc. (Boston, MA).
SKF38393, quinpirole, SCH23390, (+)-butaclamol, 7-OH DPAT, and fetal bovine serum
were purchased from Sigma Aldrich (St. Louis, MO). LEK-8829 was a gift from Dr.
Marko Zivin, and CY 208 243, cabergoline, lisuride, terguride, and rotigotine were
purchased from Tocris Bioscience (Ellisville, MO). Dihydrexidine was synthesized
according to published procedures (Brewster et al., 1990). 5-OH DPAT was obtained

from Pfizer through Compound Transfer Program (Peapack, NJ).

Mutations of human dopamine D; receptors

The human dopamine D; receptor containing an HA tag was cloned from a human
cDNA library and the human D; receptor was confirmed by DNA sequencing. The DNA
plasmid vector that carries the wild-type dopamine D; receptor was used as a template for
creating mutated D; receptors. Primers for mutated receptors were designed using the
Quikchange Primer Design program (Stratagene, La Jolla, CA) and synthesized by
Invitrogen (Carlsbad, CA). Single point mutations were introduced using the
Quikchange™ kit (Stratagene, La Jolla, CA). Double mutations were made using the
single mutated D; receptor as a template and the primers required for the other mutation.
After mutagenesis, the particular mutations of the mutated D; receptors were confirmed
by DNA sequencing. The verified DNA plasmids for the wild-type and the mutated D;

receptors were stored at 4°C until their use for transfection.
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Receptor source

HEK-293 cells were grown in 5% CO, at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM) with 50 U/mL of penicillin and 50 pg/mL of streptomycin
supplemented with 10% fetal bovine serum. HEK-293 cells were transiently transfected
with human D; receptors using Lipofectamine 2000™ (Invitrogen, Carlsbad, CA) in
OptiMEM medium according to the manufacturer’s protocol or using calcium phosphate
precipitation (Kingston et al., 2003). Transiently transfected cells were used for
radioreceptor and functional assays 48 h after transfection. For stable transfection, the
cells were split into new plates 24 h after transfection, and every two or three days the
culture media were replaced with fresh selection media containing 500 pg/mL G418.
When stably transfected colonies were visible, the entire plate was resuspended and
transferred to a new plate. These cells were maintained in DMEM (Hyclone Laboratories,
Inc., South Logan, UT) containing 10% fetal bovine serum, 100 U/mL penicillin, 100
ug/mL streptomycin, and 500 ug/mL G418. CHO cells stably expressing the human D or
D, receptor were maintained in Ham’s F-12 medium (Hyclone Laboratories, Inc., South
Logan, UT) containing 10% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 500 pg/mL G418.

Fresh or frozen rat striata were homogenized by several manual strokes in a
Wheaton Teflon-glass homogenizer in 8 mL ice-cold 50 mM HEPES buffer with 4.0 mM
MgCl, (pH 7.4). Tissue was centrifuged at 27,000 g for 20 min, the supernatant was
discarded, and the pellet was homogenized (20 strokes) and resuspended in ice-cold
buffer and centrifuged again. D; receptors were labeled with [*H]-SCH23390, and D.
receptors were labeled with [*H]-N-methylspiperone. Total and non-specific bindings
were defined, and saturation and competitive binding assays with rat striata were

performed as described below.

Radioligand binding assay and Kg s calculation

Expressions of D; or Dy receptors and affinity of ligands were determined by

saturation and competitive binding assays according to the published procedures (Gay et
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al., 2004; Watts et al., 1993; Mottola et al., 2002; Kilts et al., 2002; Ryman-Rasmussen et

al., 2005). The total protein concentrations of membrane preparations used in the
saturation binding assay were determined using BioRad protein assay according to the
manufacturer’s instructions (Bio-Rad Laboratories, Inc., Hercules, CA). The competition
curves of the receptor binding experiments were analyzed by the one-site binding
equation of nonlinear regression using Prism 5.0 (GraphPad Software, San Diego, CA).
Kos values for test ligands were calculated by using Cheng-Prusoff equation with ICs
from sigmoid curves (Cheng and Prusoff, 1973).

CAMP radioimmunoassay

Transiently transfected HEK-293 cells were seeded in 48-well plates at a density
of 10° cells per well and grown overnight. After aspirating the cell culture media, fresh
assay media (serum-free media containing 25 mM HEPES, 500 uM IBMX, 100 uM
propranolol, and 0.1% ascorbic acid) containing various concentrations of test
compounds were added. The plates were incubated for 5 min at 37°C, and then the cells
were rinsed with fresh assay media. After adding 0.1M HCI to each well, cCAMP
production was quantified using a modified radioimmunoassay according to the

previously reported method (Brown et al., 2009).

Dopamine D; receptor homology model and ligand docking simulation

The crystal structure of a nanobody-stabilized active state of the p,-adrenergic
receptor (PDB ID: 3P0G) was used as a template for the active-state D; receptor
homology model. For the inactive-state D; receptor homology model, the B,-adrenergic
receptor bound with the inverse agonist carazolol (PDB ID: 2RH1) was used. D; receptor
homology models were constructed using PRIME 3.0 (Schrddinger, Inc., Portland, OR).
The chemical structures of the test ligands were obtained from the PUBCHEM database,
and the three dimensional coordinates were generated using Epik 2.3 in Schrodinger suite
2012. Docking simulation was performed with Maestro GLIDE (Schrddinger, Inc.,
Portland, OR). The most reliable docking poses were selected based on their energy level

and visual inspection. Because the highly conserved D3.32 has been known to provide a
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strong salt bridge for the biogenic amine neurotransmitters (Xhaard et al., 2006), the
interaction between the amine nitrogen in the ligands and the conserved D3.32 of the D;

receptor was considered when selecting docking poses (Floresca and Schetz, 2004).

The nomenclature suggested by Ballesteros and Weinstein (Ballesteros and
Weinstein, 1995) was used to indicate the conserved amino acids in transmembrane
segments of the D, receptor. According to this nomenclature, the most conserved single
amino acid in each TM segment of the class A GPCRs is labeled as X.50 where X
indicates the TM segment number. The positions of all other amino acids in the same TM
segment are numbered incrementally or decrementally according to the relative position
to X.50 (Ballesteros and Weinstein, 1995; Ballesteros et al., 2001).

Statistical analysis

Significant differences in binding affinity (pKos) and functional values (maximal
cAMP production and pECsp) between wild-type and mutated D, receptors were analyzed
using analysis of variance (ANOVA) with post hoc Tukey’s test or Dunnett’s test for

multiple comparisons.
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