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General introduction



Chapter 1

1.1. The discovery of dopamine receptors: a historical overview

The accidental discovery of the first antipsychotic in 19522, chlorpromazine, paved the way for the
identification of the first dopamine receptor more than two decades later in 197523, At the time, a
series of antihistamines was used to enhance analgesia, whereby in some patients treated with
chlorpromazine a “euphoric quietude” was observed*. In 1965 dopamine was described to excite or
inhibit neurons® and in 1971 reports of a dopamine-sensitive adenylyl cyclase (AC) became the first
evidence for the existence of dopamine receptors in the central nervous system (CNS)%’. What was
then called the “antipsychotic receptor”, later described as the dopamine D; receptor®, was identified
by means of [*H]haloperidol binding experiments and a direct correlation between clinical doses of
antipsychotics and ICsp values for blocking [*H]haloperidol binding was found?3. Shortly afterwards,
the existence of two distinct dopamine receptors was postulated, excitation-mediating dopamine
receptors on the one hand and inhibition-mediating receptors on the other hand®. It became obvious
that certain dopamine receptors are linked to the stimulation of adenylyl cyclase and cyclic AMP

6,10

accumulation®?, whereas others were found to inhibit adenylyl cyclase®!. Based on these findings, the

classification in D; and D receptors was introduced in 19798, About ten years later Grandy et al.?2
cloned the human dopamine D; receptor and showed that due to alternative splicing of the receptor’s
mRNA two isoforms of this receptor exist, the Dashort and the Daiong receptor®®. In the years 1990 and

d*1, as well as the D3 and the D4 receptor?,

1991, the dopamine D; and Ds receptors were clone
completing the family of dopamine receptors. Shortly after, a polymorphism of the coding sequence
of the D4 receptor in the human population, i.e. a varying number of repeats of a 48 base pair sequence

in the region coding for the third intracellular loop (ICL3), was reported?®.

1.2. Classification of dopamine receptors

G protein-coupled receptors (GPCRs) can be classified into five main families according to phylogenetic
analysis?®. The rhodopsin family is the largest of these groups and dopamine receptors are members
of this family?!. Within the dopamine receptor family, the receptors can be classified according to their
biochemical, structural and pharmacological properties into Di-like (D1 and Ds) and D,-like receptors
(D2, D3 and Ds4)”. This classification roots in the observation of a stimulatory as well as an inhibitory
modulation of the AC by dopamine receptors, namely that D; receptors are positively coupled to AC,
whereas D, receptors inhibit cAMP synthesis?2. Now it is commonly accepted that Di-like receptors
exert this effect via activation of G proteins of the Gasor family, whereas D,-like receptor activation
leads to inhibition of the AC through coupling to Gais, proteins?. Another distinguishing characteristic
is that genes encoding the D,-like receptors contain multiple introns, which leads to the occurrence of
receptor variants due to alternative splicing of the mRNA’. At the level of the receptor structure, the

two dopamine receptor classes can be distinguished due to the length of the C-terminus and the size
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of the third intracellular loop (ICL3), as shown in Figure 1.1. The C-terminus of D;-like receptors is about
seven times longer than that of D,-like receptors, whereas the D,-like receptors share the feature of a

long third intracellular loop?*, which appears to be a prerequisite for Ga; coupling?.

D; receptor Dziong receptor
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Figure 1.1. Two-dimensional schemes of the dopamine D1 and the Daong receptors. Highly conserved motifs
among all class A GPCRs are shown in red and blue. The DRY motif (red) stabilizes the inactive receptor
conformation, the NPXXY motif (blue) is associated with conformational changes during receptor activation and
other properties, such as receptor phosphorylation and down-regulation?®?’. The ICL3 are shown in yellow and
the C-termini in pink?2°,

1.3. Structures, expression and function of dopamine D,-like
receptors

Belonging to the superfamily of seven transmembrane (7TM) receptors alias GPCRs, the dopamine D;-
and D,-like receptors exhibit an extracellular N-terminus, seven membrane spanning a-helices, which
are connected by three extra- (ECL) and three intracellular loops (ICL), and an intracellular C-terminus’.
In their TM regions, the D-like receptors share a high sequence identity, amounting to 79% for D,/Ds
receptors, 51% for D,/D4 receptors and 53% for D3/D, receptors®®. Of every D,-like receptor subtype,
different variants were found. Due to alternative splicing, the D, receptor exists in three variants, of
which the short and the long isoform are the predominant forms, differing by a 29 amino acid insert in
ICL3*%. Seeman et al.3! discovered a third splicing variant of the DR, the DaongerR With two additional
amino acids in ICL3 compared to the D2ongR, Which appears to play only a minor role (found in 2.3% of
the investigated population) compared to the Dashort (18%) and DaiongR (79%). Shorter variants of the
D3R were reported, also resulting from alternative splicing, however they seem to be nonfunctional®2.

The D4R was found in polymorphic variants, with different numbers of a 16 amino acid sequence repeat

in the ICL3. The fourfold repeat (D4.4) is the most common form (60%), followed by the sevenfold repeat

3
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(D47R; 14%) and the two repeat sequence (D42R; 10%)2. The physiological role of the differing number
of repeats is not fully understood yet and regarding the pharmacological properties of the variants,

only minor differences have been observed®.

Crystal structures of all three dopamine D»-like receptors have been reported, the D3 receptor in
complex with the D,/Ds selective antagonist eticlopride being the first in 2010%, followed by the D,
receptor bound to nemonapride in 201734 and the D2ong receptor bound to risperidone in 2018%. The
crystallization of the receptors led to the discovery of extended binding pockets characteristic of each

subtype®, which could facilitate the development of subtype selective ligands.

The dopamine Diong receptor shows the highest expression level and the widest distribution of the D,-
like receptor family®. In certain brain regions, such as the hippocampus and the substantia nigra, all
three D-like receptor subtypes are expressed’3’. The D,R was furthermore detected at high levels in
the olfactory tubercle, the striatum and different structures associated with the limbic systems, such
as the hypothalamus and the amygdala”3¢. Over the years, increasing evidence on different functions
of the two main splicing variants of the DR has emerged. The short isoform was found to be a mainly
presynaptically expressed autoreceptor, controlling dopamine release3®, while the long variant
primarily mediates postsynaptic effects®. In comparison to the DR, the expression of the D3R is more
limited to the limbic system?, but it was also found in low amounts in the striatum and the
cerebellum?#, As the D;R, the D3R is found pre- and postsynaptically*?. The D4R exhibits the lowest
expression levels of the D,-like receptors and was found in the cerebral cortex and the amygdala,
among others®, where it is almost exclusively expressed postsynaptically*®. The D,-like receptors can
also be found in the periphery, for example in the kidney, being involved in the regulation of renal
functions or the adrenal gland, where D,-like receptors inhibit aldosterone secretion. Additionally, D,-

like receptors are expressed in the heart (D4R), retina (D4R) and blood vessels (D,R)"?%%7,

In general, the presynaptically expressed dopamine receptors regulate the synthesis and the release
of neurotransmitters, working as negative feedback mechanisms?. The physiological role of brain D,
receptors has been extensively studied and ranges from involvement in controlling locomotor activity**
or reward mechanisms® to functions regarding memory and learning*. Moreover, dysregulation of D,
receptor signaling is critically involved in the pathophysiology of schizophrenia or bipolar disorder?*#’,
The specific functions of the D3 and the D4 receptor are less well understood. D; receptors exert a less
pronounced effect on locomotion compared to D, receptors** and are thought to be involved in

cognition, together with D4 receptors®,
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1.4. Dopamine D-like receptor signaling and desensitization

D.-like receptors transduce signals from the extra- to the intracellular site of the plasma membrane
resulting in the activation of heterotrimeric G proteins, composed of Ga, G and Gy subunits, which is
referred to as G protein dependent signaling®. Furthermore, D,-like receptors recruit B-arrestins,
another major class of effector proteins, involved in the termination of G protein mediated signaling

but also in so called G protein independent signaling?:.

1.4.1. G protein-dependent signaling

In general, after being activated, GPCRs undergo conformational changes, followed by coupling to G
proteins®®. In the inactive state the Ga subunit of the heterotrimeric G protein is bound to GDP, which
is released upon the formation of the receptor-G protein complex. Subsequently, GTP is rapidly bound
to the nucleotide binding site of the Ga subunit, which undergoes a conformational change, followed
by the dissociation of the Ga and the GBy subunits®. Both subunits target different downstream
effectors until the Ga-bound GTP is hydrolyzed to GDP, due to the intrinsic GTPase activity of the a-
subunit, and the heterotrimeric G protein is reassociated®. All dopamine D,-like receptors activate G
proteins of the Gai/, family®® but exhibit slightly differing coupling specificities towards different Ga/o
isoforms. The D,R was shown to activate several Ga; subtypes, as well as Ga, and Ga,>>>3. Since the
two predominant variants of the D, receptor differ in the length of the ICL3, which was demonstrated
to be relevant for G protein coupling in the case of adrenergic receptors®, it was assumed that the
difference in this structural element is responsible for differential G protein coupling features.
However, investigations that have been made in this regard have led to inconsistent findings. It seems
likely that both isoforms couple to multiple Go; subtypes®>’. The D3R seems to preferentially activate
Ga, proteins®®> and generally appears to activate G proteins less effectively compared to the DR,
Additionally, the D3R was reported to signal through Gag1:°°. The D4R activates multiple Gaio

isoforms>862

and the varying lengths of the ICL3 in the different polymorphic variants of the receptor
do not appear to have an impact on G protein coupling specificity or efficiency®?. Via activation of Gai/o
proteins, D, and D4 receptors distinctly inhibit the activity of the AC*%, The D3R also inhibits cAMP
formation by ACs, but in a less pronounced manner and was reported to selectively inhibit AC type 5%,
Through this mechanism, the D»-like receptors inhibit the accumulation of cAMP, thereby decreasing
protein kinase A (PKA) activity and thus may have effects on PKA substrates?:. In the case of the D3R,
downstream effects on, for example, ionotropic glutamate receptors (AMPA, NMDA) and DARPP-32
(32-kDa dopamine and cAMP regulated phosphoprotein) were observed, as depicted schematically in

Figure 223, This contributes to slow synaptic transmission in the brain, whereby dopamine receptors

modulate the action of fast acting neurotransmitters, such as glutamate or y-aminobutyric acid®.
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Figure 1.2. Schematic representation of dopamine D2 receptor-mediated signaling. Extracted and modified from
Beaulieu et al.?* with permission from John Wiley & Sons, Inc.; license number: 5113560138742. CamKII,
Ca?*/calmodulin-dependent protein kinase Il; CDK5, cyclin-dependent kinase 5; DAG, diacylglycerol; GSK3,
glycogen synthase kinase 3; PKC, protein kinase C; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A.

After dissociation of the heterotrimeric G protein, the GBy subunit regulates multiple other processes,
as shown in Figure 1.2. Among others, GBy subunits were reported to activate phospholipase C (PLC)
resulting in an increase in intracellular Ca% . Furthermore, a reduction of Ca®* currents through
voltage gated Ca®* channels was observed after activation of D, and Ds receptors, contributing to the
inhibitory properties of the D,-like receptors®”®. On G protein-coupled inwardly rectifying potassium
channels (GIRKs), the GBy subunits were reported to have stimulatory effects, which results in a

decreased cell excitability®.

1.4.2. Desensitization and B-arrestin-mediated signaling

Many of the existing paradigms concerning the regulation of GPCRs have been established based on
investigations of prototypical receptors, such as the B, adrenergic receptor. The mechanism of
homologous desensitization of such receptors is described as follows: the agonist occupied GPCR is
phosphorylated by a G protein-coupled receptor kinase (GRK) at serine and threonine residues within
the C-terminal tail or the ICL3. This promotes binding of B-arrestins, which terminates the G protein
coupling of the receptor and links the GPCR to clathrin-dependent endocytosis. Then, the receptor can
be recycled to the plasma membrane or becomes subject to degradation’. This applies to many GPCRs,

but there is growing evidence for exceptions from this general scheme’. For instance, using the
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metabotropic glutamate receptor-1 (mGIuR1) it was shown that GRK2-mediated receptor
phosphorylation is not a mandatory prerequisite for desensitization or internalization’?. Deviations
from the general mechanism were also described for the dopamine D,-like receptors. Activation of the
D:R is followed by GRK-mediated phosphorylation, B-arrestin recruitment and internalization”.
However, it was shown that phosphorylation is not necessarily required for arrestin binding,
desensitization or endocytosis’. It was postulated that an agonist-induced conformational change is
the primary driver for arrestin recruitment and that arrestin association is relevant for the
internalization process’. Interestingly, GRK2 was reported to attenuate dopamine D, receptor
signaling, but in contrast to the generally accepted paradigm, in a phosphorylation-independent
manner’l, The exact mechanism is yet to be elucidated. Phosphorylation mediated by GRK2 was
suggested to dictate whether the receptor is recycled back to the cell membrane or degraded, with
phosphorylated receptors being more likely to be recycled’’>. In contrast to the DR, the D3R only
undergoes subtle agonist-mediated phosphorylation, recruits B-arrestin2 to a much lesser extent and

27%77 For the phosphorylation-independent

exhibits constitutive interaction with p-arrestin
desensitization of the D3R a completely novel mechanism was postulated’®. It was observed that the
D3R mediates, independent of agonist binding, translocation of Mdm2 from the nucleus to the cytosol,
a ubiquitin ligase which ubiquitinates B-arrestin2’®. After agonist stimulation of the DsR, Mdm2
translocates to the nucleus and B-arrestin2 is deubiquitinated, subsequently forming a tight complex
with the GBy subunit and thereby preventing D3R signaling and reassociation of the heterotrimeric G

protein’®. In the case of the D4 receptor, neither agonist-promoted phosphorylation nor B-arrestin

recruitment could be observed®®8!,

Besides their functions in the termination of G protein-mediated signaling or receptor internalization,
B-arrestins mediate further signaling processes. D, receptors have been shown to regulate Akt, a
protein kinase, through B-arrestin2 (Figure 1.2)%2. Stimulation of the receptor leads to the formation
of a signaling complex of receptor, B-arrestin2, Akt and protein phosphatase 2A (PP2A), whereas the
latter deactivates Akt. Subsequently, GSK3 (glycogen synthase kinase) signaling is stimulated, which
has been shown to be involved in the regulation of behavior by dopamine, such as locomotor activity®.
In addition, B-arrestins act as scaffolding proteins for other cytoplasmic signaling complexes®® and play
a complementary role in the negative regulation of G protein signaling by recruiting enzymes, that

catalyze second messenger degradation, such as cAMP phosphodiesterases®.

1.5. Drugs targeting dopamine D,-like receptors
Drugs targeting GPCRs represent about a quarter of the global therapeutic drug market of which 11%
are drugs addressing dopaminergic receptors®. Due to the expression pattern and the physiological

functions of the D,-like receptors, they are involved in the etiology and therapy of different
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pathological conditions, such as Parkinson’s disease, schizophrenia, Tourette’s syndrome or attention
deficit hyperactivity disorder (ADHD)%. In general, D,-like receptor agonists, such as pramipexole or
apomorphine (Figure 1.3), are applied in the therapy of Parkinson’s disease to counteract the
consequences of the loss of dopamine-producing neurons in the substantia nigra®. Compounds,
antagonizing D-like receptor functions, such as haloperidol or sulpiride (Figure 1.3) exert antipsychotic
effects and are therefore indicated in the therapy of schizophrenia or ADHD. High concentrations of
D3 receptors can be found in the chemoreceptive trigger zone located in the brainstem, which is
implicated in the control of nausea and vomiting®®. Dopamine D,-like receptor antagonists like
domperidone (Figure 1.3) or the non-specific dopamine D,/serotonin 5-HT3 receptor antagonist
metoclopramide are therefore also used to control nausea and vomiting®®. However, the
pharmacology of more recently developed antipsychotics, such as aripiprazole (Figure 1.3) or
cariprazine is more complex and remains controversial. Aripiprazole was reported to exhibit activities
of a partial agonist in inhibiting cAMP accumulation®® but antagonized binding of GTPyS to G-
proteins®’. The findings regarding B-arrestin recruitment are also controversial, since aripiprazole was
described as a partial agonist in recruiting B-arrestin2 to the D,R% and as an antagonist, a feature
commonly described for antipsychotics®. Cariprazine displays comparable actions at the D;R but other

than aripiprazole, exhibits a higher affinity for the DsR%*.

The development of subtype selective ligands remains difficult due to the high amino acid homology
within the transmembrane spanning domains of the D»-like receptors and clinically used dopaminergic
drugs are not subtype selective®°®. D, receptor subtype selective antagonists were thought to be a
valuable remedy in the treatment of psychosis or schizophrenia, but the development has proven
difficult®. Few ligands with only moderate selectivity have been reported. A promising compound

1.9, however, following studies

(indole derivative 1.1, Figure 1.3) was reported by Vangveravong et a
revealed a short half-life due to metabolic instability®. Ds receptor selective antagonists are potential
drug candidates for the treatment of substance abuse®. In an approach to develop compounds that
occupy the orthosteric binding site as well as the secondary binding pocket of the D3R, which was
discovered by means of the crystal structure of the receptor®®, compound 1.2 (Figure 1.3) was
developed, exhibiting about 1700-fold selectivity for the D3R over the D,R%. Many potent D,/Ds/D,
ligands belong to the class of 1,4-disubstituted aromatic piperazines and piperidines (1,4-DAPs), such
as haloperidol (Figure 1.3) and it was discovered that 1,4-DAPs containing a short methylene linker
exhibit enhanced D4R selectivity®®. FAUC 213 (Figure 1.3) is a 1,4-disubstituted piperazine that exhibits
antagonistic properties and high D4 receptor selectivity®®. Another structure-based approach to the
development of D4R selective ligands in the context of the determination of the D4R crystal structure

led to the partial agonist 1.3 (Figure 1.3), which occupies the orthosteric binding site of the D4R, as well

as the secondary binding pocket34. The first reported D;R selective agonist was suminarole, however,

8
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subsequent studies revealed only a moderate selectivity towards the D, receptor®. Based on the
sumanirole scaffold other D, agonists were developed by attaching molecular fragments, aiming at the
design of ligands that occupy the OBS and the secondary binding pocket of the receptor
simultaneously!®. The developed compounds, such as compound 1.4 (Figure 1.3), exhibit G, protein

100 D; receptor agonists have potential

bias, but show also only moderate subtype selectivity
neuroprotective and neurorestorative properties®. Since numerous known agonists, such as
dopamine or pramipexole slightly prefer the Ds over the D, receptor®, Chen et al. developed highly
selective D3R agonists based on the pramipexole scaffold (compound 1.5, Figure 1.3), which could help

to investigate the physiological role of the D3R in different processes®,
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Figure 1.3. Structures of compounds targeting dopamine D,-like receptors.
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1.6. Methods in GPCR drug discovery

GPCRs represent intensively studied drug targets and there is a variety of assays available to investigate ligands acting at GPCRs. A small selection of binding and

functional assays is presented in Table 1.1, where advantages and disadvantages of the different techniques are briefly addressed.

Table 1.1. A selection of common binding and functional assays for investigations at GPCRs.

assay type

measurement

advantages

disadvantages

equilibrium

binding

guantification of ligand-GPCR
interaction

radioligand binding

fluorescence

polarisation/anisotropy

flow cytometry

high content imaging

BRET binding

binding of a radiolabelled ligand is
quantified by the measurement of
radioactivity

ligand binding is monitored by changes
in the polarization of emitted light
when a fluorescently labelled ligand is
bound to a receptor®

binding of a fluorescently labelled
ligand is detected by measuring the
fluorescence intensity of single cells
combination of high-resolution
fluorescence microscopy with
automated image analysis®

BRET occurs when a fluorescently
labelled ligand binds to a receptor,
which is fused to a luciferase, such as
Nanoluc, in the presence of a
substrate!®

e theoretically applicable to any
GPCR

e no artificial modifications of ligands
(if isotopes 3H or 14C are used) or
receptors

e ligand depletion, if occurring, can
be easily quantified

® no separation step required

e real-time monitoring

® no separation step required
e neglectable ligand depletion

e real-time monitoring possible

e neglectable ligand depletion

e no separation/wash step required
(depends on the affinity and extent
of unspecific binding of the
fluorescent ligand)

® no separation step required

e no need for excitation light

o real-time monitoring

e availability of radiolabelled ligands
with high affinity

e ionizing radiation

e high costs for disposal of
radioactive waste

e separation step required

e ligand is modified (fluorescently
labelled)

o low signal-to-noise-ratio

e ligand depletion is unavoidable
e ligand is modified (fluorescently
labelled)

e high costs
e ligand is modified (fluorescently
labelled)

e artificial modifications of the
receptors/ligands

equilibrium, but
can be disturbed
by the separation
of bound/unbound
ligand

equilibrium

equilibrium

equilibrium (if no
separation step is
required)

equilibrium

11
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functional assays

[5S]GTPyS

Ca2+

cAMP

gene reporter assays

high content imaging

direct measurement of G protein
activation using a non-hydrolysable
GTP analogue!®

fluorescent indicators change their
optical properties upon Ca?*
binding/expression of Ca?*-sensitive
aequorin, that generates a
luminescent signal in the presence of
substrate!?’

different methods available:

e BRET-based cAMP sensor
(CAMYEL)08
e permuted firefly luciferase that
undergoes conformational change
upon cAMP binding concomitant
with an increased luciferase activity
(cAMP Glosensor™ by Promega)'®®
¢ split enzyme complementation
using B-galactosidase (HitHunter™
by DiscoverX)%
GPCR-mediated changes in second
messengers alter the expression of
conveniently detectable gene
products®?’

combination of high-resolution
fluorescence microscopy with
automated image analysis'®

e proximal readout
e discrimination between different
modes of ligand action

e high sensitivity

o real-time monitoring

e discrimination between different
modes of ligand action

e homogenous

o real-time monitoring

e homogenous

o Glosensor: very sensitive,
applicable to Gai-coupling receptors
without forskolin prestimulation

e high sensitivity
e theoretically applicable to any
GPCR

e monitoring of diverse GPCR
functions

e real-time monitoring of spatio-
temporal events possible

12

o often low signal-to-noise-ratios
with Gas or Gag coupling
receptors!®®

® jonizing radiation

e separation step required

e not applicable to investigations of
inverse agonists

e investigating antagonists at Gai/o-
coupled receptors can be difficult

® no real-time monitoring

o distal readout, comparably high risk
of false positives due to
interferences with other signaling
pathways

e |ong incubation times

e high costs

e complex assay protocols, labour

and data intensive

o modification of proteins and

ligands of interest

no equilibrium

no equilibrium,
transient signal

no equilibrium

equilibrium

depends on the
process under
investigation
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label-free methods

DMR

(dynamic mass
redistribution)

ECIS
(electric cell-substrate
impedance sensing)

o cells are grown on optical
biosensors, which transform changes
in cell shape or redistribution of
cellular constituents into an optical
readout?®

e cells are cultured on small gold
electrodes, to which an alternating
current is applied and changes in
impedance are monitored!*!

e highly sensitive (exceeds sensitivity
of traditional methods)*°

o real-time monitoring

e discrimination between different
modes of ligand action

o no artificial modifications of
receptors or ligands required

e potentially higher risk for false
positives and negatives
o further pathway analysis needed

no equilibrium

13
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1.7 Scope of this thesis

In our research group, the development of subtype selective histamine H, receptor ligands as
pharmacological tools for investigating the physiological role of H, receptors especially in the CNS has
been of great interest. During the optimization process of histamine H, receptor ligands, the need for
assays to characterize compounds in binding and functional assays at dopamine D»-like receptors
emerged, since carbamoylguanidine-type H;R ligands containing a 2-aminothiazole moiety share
structural similarities with reported dopamine D,-like receptor agonists. As both histamine H, and
dopamine receptors are expressed in the CNS?4#'12113 pharmacological tools for the investigation of

central H, receptors must be characterized with respect to dopamine receptor binding.

Overall, binding assays are indispensable for the characterization of GPCR ligands. In order to provide
means for the determination of D»-like receptor affinities, this thesis aimed at the establishment of a
radioligand binding assay for all three D»-like receptor subtypes. For this purpose, HEK293T cell lines
stably expressing the physiologically most dominant receptor isoforms of the human D,-like receptor
subtypes (hDaiongR, hD3R, hD44R) had to be generated. The binding of the used radioligand to every
receptor subtype had to be investigated and the assay needed to be validated by screening of reported

D,-like receptor ligands and comparing the data with literature reports.

Furthermore, an assay to probe B-arrestin recruitment to D,-like receptors, using the split luciferase

complementation technique!

was aimed at, enabling the functional characterization of dopamine
receptor ligands. HEK293T cells stably co-expressing the fusion constructs of B-arrestin2 with a split
luciferase fragment and the hDong, hD3s or hDa4 receptor fused to the complementary luciferase
fragment had to be developed for this purpose. For the validation of the assay, sets of reported D,-like
receptor (partial) agonists and antagonists had to be screened and again the results compared with

literature data.

Label-free assays, such as the dynamic mass redistribution (DMR) assay, yield holistic information
resulting from live cell responses to GPCR stimulation, utilizing optical biosensors. In contrast to assays
that quantify the activation of a distinct signaling pathway, DMR represents a readout resulting from
an integrated cell response to receptor stimulation. For the investigation of ligand agonism and
antagonism at the Daong receptor with the DMR technique, a stable CHO-K1 hDjongR cell line was
intended to be used. Results from the screening of known D, receptor ligands with the DMR assay
under optimized conditions had to be compared with data derived from more traditional functional
assays. Additionally, using specific pathway inhibitors, the signaling pathway in CHO-K1 hDajongR cells

had to be explored.

14
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Chapter 2

2.1 Introduction

Radioligand binding studies have been widely used for studying ligand-receptor interactions since the
1970’s!. They play an important role in high-throughput screening of compound libraries in drug
development?, serve as an irreplaceable tool for the determination of receptor ligand selectivities® and,
with the aid of radioligand binding studies, mechanisms of ligand-receptor interactions could be
explored®. With respect to the D,-like family of dopamine receptors (comprising D,, D3 and D4
receptors), radioligand binding assays have been extensively used in the development and study of
antipsychotic drugs* and therapeutics used for the treatment of other neurological disorders, such as

Parkinson’s, Tourette’s syndrome or attention deficit hyperactivity disorder (ADHD)?>.

For these purposes, a variety of radioligands have been used, a selection is displayed in Figure 2.1. The
antagonist spiperone was already widely used in the 1970’s as a radioligand with a sub-nanomolar
equilibrium dissociation constant (0.3 nM°®) for investigations on dopamine D, receptors®®. It should
be noted that, at this time, the D3R and the D4R were yet to be discovered. A few years later the
spiperone derivative [*H]N-methylspiperone was mentioned for the first time, exhibiting comparable
properties with Ky values of 0.11 nM or 0.44 nM determined at different human brain tissues®.
[3H]Domperidone was described in 1978 by Martres et al.’° with an equilibrium dissociation constant
of 0.8 — 1.0 nM (determined at mouse striata, where the D, receptor is predominantly expressed over
the D3 and the D4 receptor!!) and the advantageous features of low non-specific binding and higher
selectivity towards dopamine D»-like receptors compared to spiperone, the latter showing also
considerable affinity to serotoninergic receptors like the 5-HT,a receptor (pKi = 8.60)*. In the early
decades of radioligand binding studies, recombinant systems were not available, i.e. native tissues had
to be used. Thus, the lack of receptor-ligand specificity (binding to receptors of different receptor
families) or selectivity (binding to different subtypes within a receptor family) represented a greater
obstacle than today. Spiperone exhibits comparable affinities to all D,-like receptors®* and
domperidone also does not clearly discriminate between the D, and the Ds receptor binding site. A
radioligand claimed to be selective for the D3R with a sub-nanomolar Ky is [2H]7-OH-DPAT (K4 (rD3R) =
0.67 nM)®. Besides these antagonistic radioligands, tritiated agonists like [3*H]dopamine!® or

[®H]pramipexole!” have also been used.
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Figure 2.1. Structures of selected antagonistic dopamine D»-like receptor radioligands. * 3H-labeled position(s).
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It is well known that binding assays involving high-affinity radioligands, such as [*H]spiperone or [3H]N-
methylspiperone, are prone to radioligand depletion. This means that, upon binding of the radioligand
to the receptor, the free concentration of radioligand is markedly decreased compared to the total
concentration of added radioligand, which can lead to misinterpretation of experimental data if not
taken into account. Regarding determinations of equilibrium dissociation constants in saturation
binding experiments, unnoticed radioligand depletion would lead to an underestimation of the
affinity®. In addition, in competition binding experiments, radioligand depletion can result in an
apparently lower affinity of the competitor?®. Seeman et al.?® presented how different levels of
radioligand depletion can affect the determination of dissociation constants with the example of
[®H]spiperone. Reported [*H]spiperone dissociation constants vary over a broad range from 13 pM to
1.6 nM, which can be explained by greatly varying amounts of protein/receptor (high amounts of
protein result in more pronounced ligand depletion) and varying materials used in the different
studies, resulting in radioligand depletion through different processes®. It is recommended that the
portion of receptor bound radioligand should not exceed 10%, in order to obtain a good estimate of
the dissociation constant from saturation binding assays®. If this requirement cannot be met, there are
other means available to counteract ligand depletion or its consequences, but these are often not
straightforward to implement. For example, the receptor concentration can be reduced to 10% of the
Kq value of the radioligand, resulting in lower ratios of bound over free radioligand?’. However, for

tritiated ligands, this is often not feasible due to their relatively low specific activity. A low
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concentration of receptor bound radioligand could result in an insufficient number of counts. Another
approach is to increase the assay volume, which may be limited by technical conditions. To reduce the
fraction of bound radioligand, one could also increase the radioligand concentration while keeping the
amount of protein constant. Nevertheless, this would be accompanied by an increase in unspecific
binding resulting in lower ratios of specific/unspecific binding?. Regarding the analysis of saturation
binding data obtained from assays under conditions of radioligand depletion, misinterpretation can
partly be avoided by estimating the concentration of free radioligand (difference between totally
added and bound radioligand)?. Direct measurements of the free radioligand concentration would be
preferable but are difficult to achieve in homogeneous assay formats. Alternatively, the data could be
analysed according to a model described by Swillens?®. This model considers that under conditions of
radioligand depletion, non-specific binding will be overestimated. With respect to the analysis of
competition binding assays, Carter et al.®® showed that valid estimates of inhibition constants
(dissociation constant Kj) can be obtained by applying the Cheng-Prusoff equation with a reliably

determined Ky of the radioligand.

Another important aspect concerning radioligand binding studies on dopamine D,-like receptors is the
occurrence of different affinity states of the receptor in agonist/[3H]antagonist competition binding
studies'”?°, This phenomenon was also reported for other GPCRs such as muscarinic receptors®, B-
adrenergic receptors®! or the histamine H; receptor?. A two-stage binding reaction, as postulated by
the ternary complex model®, is discussed as the underlying mechanism of biphasic displacement
curves of agonists yielding two distinct dissociation constants (Kiy for the high-affinity and Ki. for the
low-affinity state)’. It is assumed that the high-affinity state reflects the G-protein bound receptor,
whereas the low-affinity state resembles the G-protein unbound receptor®*. The high-affinity
component is detectable in systems, where the ternary complex of agonist, receptor and G protein can
be stabilized, such as membrane preparations, where the concentration of GTP is low?>. A complete
conversion of the high-affinity state of agonist binding to the low-affinity state can be achieved by the
presence of non-hydrolysable guanine nucleotide analogues, such as GTPyS or

guanylylimidodiphosphate (Gpp(NH)p), causing the ternary complex to be persistently dissociated*®.

The objective of this project was to establish a radioligand binding assay that allows a reliable
determination of receptor affinities of dopamine D,, D3 and D4 receptor ligands. The need for such
dopamine receptor binding assays in our group arose from the development of subtype selective
histamine H, receptor ligands. In the process of optimizing the histamine H, receptor ligands,
representing derivatives of the bisalkylguanidine impromidine (Figure 2.2), different structural
changes were implemented. The introduction of an acylated guanidine group resulted in lower basicity
and improved bioavailability, and the bioisosteric replacement of the imidazole ring by a 2-amino-4-

methylthiazol-5-yl moiety as in UR-PG267 (Figure 2.2) gave access to selective H,R ligands®.
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Subsequently, with the replacement of the acylguanidine moiety by a carbamoylguanidine group,
compounds with increased stability against hydrolytic cleavage were obtained®. However, the
developed compounds share a structural feature, i.e. the aminomethylthiazole moiety, with reported
dopamine D,, D3 and D, receptor agonists, such as pramipexole!’ or (-)-19% (Figure 2.2). In order to
investigate a potential binding of aminomethylthiazole-type H;R ligands to D,-like receptors, dopamine

receptor binding assays were required.

For the establishment of the binding assays, HEK293T cell lines, expressing the human dopamine
DaiongR, D3R or Ds4R, were generated. [*H]N-methylspiperone was chosen as a radioligand. Binding of
[BHIN-methylspiperone was determined using cell homogenates and, in some cases, experiments were
also performed with whole cells for comparison. The problem of radioligand depletion is discussed in
the following. The detectability of the high-affinity states of dopamine receptor agonists was studied.
Furthermore, several carbamoylguanidine-type histamine H, receptor ligands were investigated with

respect to their affinities to receptors of the dopamine D,-like family.

NH | N; Jl\ll\l-' O
/N NJ\N/\/S N/ H2N\<\SI‘\/\H ﬁ/U\@
TN Y

impromidine UR-PG267
NH, O O NH,

s N/L\NJLN,Q\LGNJLN//KN s
HaN—( I\/\H NN H/\/I J—NH;
N N

UR-NK22

§

H S N\/\
S N\/\ N/\
HaN—( /\'O’ HZN%\ND/ LN
~ o
(-)-19 N
H

Figure 2.2. Structures of histamine H: receptor agonists (impromidine, UR-PG267, UR-NK22) and dopamine

pramipexole

D»-like receptor agonists (pramipexole and (—)-19).
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2.2 Results

2.2.1 Preparation of monoclonal cell lines expressing dopamine receptors

As monoclonal, genetically uniform cell lines allow a stable receptor expression over a long period of

time, monoclonal cell lines, expressing the DaiongR, the D3R or the D44R, were generated.

HEK293T cells stably expressing the firefly luciferase under the control of a cyclic AMP response
element (HEK293T CRE Luc)® were used for the transfection with the DaongR or the DsR. For the
transfection with the D44R, wild type HEK293T cells were used. Several clones of each transfectant
were picked for further cultivation (cf. Materials and Methods 2.3.4) and subjected to a screening of
the signal-to-background (S/B) ratio (radioligand binding). Unfortunately, in the case of the D3R only

two clones were found after antibiotic selection. All clones were studied with respect to total
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Figure 2.3. Single clones of HEK293T CRE Luc cells expressing the D2aiongR (A) or the D3R (B) and clones of HEK293T
cells expressing the D44R (C) were studied for total and non-specific binding of 0.05 nM [*H]spiperone (A,B) or
0.05 nM [3H]N-methylspiperone (C) (incubation time: 60 min). For the determination of non-specific binding, the
antagonist (+)-butaclamol (250 nM) was additionally added. Either 24,000 (A, B) or 16,000 (C) cells were applied
per well. Data are shown as means + SEM from one experiment performed in triplicate (A, B) or duplicate (C).
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radioligand binding and non-specific radioligand binding (NSB) using the tritiated antagonists
[®H]spiperone or [*H]N-methylspiperone (Figure 2.3). Based on the expression level of the respective
receptor, reflected by the S/B ratio, single clones were chosen for further cultivation, for the
preparation of cell homogenates and for radioligand binding studies (D2ngR: clone 5 (S/B ratio of 15),
DsR: clone 1 (S/B ratio of 9), D44R: clone 7 (S/B ratio of 1.6)). In the case of the D4R, (+)-butaclamol
appeared to be inadequate for the determination of non-specific binding. The high degree of non-
specifically bound radioligand (Figure 2.3C) indicates that (+)-butaclamol is not able to fully displace
[BH]N-methylspiperone from the Ds4R. Therefore, the antagonist nemonapride was used for the

determination of non-specific binding in the following radioligand binding experiments at the D4.4R.

2.2.2 Saturation binding studies with [2H]N-methylspiperone

Saturation binding experiments with the radiolabeled antagonist [3H]N-methylspiperone were
performed with whole HEK293T CRE Luc DjiongR, HEK293T CRE Luc D3R or HEK293T D4.4R cells as well

as with cell homogenates prepared from these cells (as described in Materials and Methods 2.3.6). In
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Figure 2.4. Representative saturation isotherms (specific binding) obtained from saturation binding experiments
with [2H]N-methylspiperone at whole HEK293T CRE Luc cells co-expressing the hDaiongR or the hDsR and at whole
HEK293T cells expressing the hD4.4R (A), as well as at cell homogenates prepared from the aforementioned cell
lines (B). Non-specific binding was determined in the presence of a 2000-fold excess of the antagonist
(+)-butaclamol (D2iongR, D3R) or nemonapride (Ds4R). Experiments were performed in triplicate. Error bars of
specific binding represent propagated errors. Error bars of total and non-specific binding represent the SEM.
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the case of whole cell experiments, [*H]N-methylspiperone bound to all three dopamine receptor
subtypes in a saturable manner, affording K4 values of 97 pM, 95 pM and 406 pM for the DzongR, D3R
and D.4R, respectively (mean values from three independent experiments performed in triplicate)
(Figure 2.4A, Table 2.1). Non-specific binding of the radioligand was low for all three cell lines
amounting to 8-13% of total binding at concentrations around the Ky. From the experimentally
determined Bmax values and the number of cells applied in the saturation binding experiments, the
cellular receptor expression was calculated and resulted in about 390,000, 120,000 and 480,000

receptors per cell for the DaongR, D3R and D4R, respectively.

The saturation binding curves obtained from experiments performed with cell homogenates prepared
from the aforementioned cell lines could be also best described by a one-site fit, being in accordance
with the law of mass action (Figure 2.4B). The dissociation constants Kq for the DaongR, D3R and D4.4R
were 33, 43 and 100 pM respectively (Table 2.1). Non-specific binding of [2H]N-methylspiperone was
low for all three dopamine receptor subtypes amounting to 7-9% of total binding at concentrations
around the Ky. The maximal number of binding sites (Bmax) resulted in approximately 21 (DzongR), 10
(D3R) and 19 (D4.4R) pmol per mg soluble protein of the cell homogenates.

Table 2.1. DzongR, D3R and DassR affinities of [*H]N-methylspiperone determined in saturation binding
experiments using whole cells or cell homogenates.

receptor pKy £ SEM (Kgy, nM)

subtype whole cells N homogenates N

DaiongR 10.02 +0.05 3 10.52 £ 0.07 6
(0.097) (0.033)

D3R 10.02 £0.02 3 10.39 £ 0.05 6
(0.095) (0.043)

D4R 9.43+£0.10 3 10.01 £ 0.06 4
(0.41) (0.10)

K4 values from individual experiments, obtained by one-site hyperbolic fitting, were transformed to pKa values,
for which mean and SEM values were calculated. N denotes the number of independent experiments, each
performed in triplicate.

It can be noticed, that [*H]N-methylspiperone consistently showed a slightly higher affinity to the
respective dopamine receptor in experiments performed with cell homogenates compared to whole

cell experiments. As this difference was low (< 0.6 log unit), the data were in good agreement.

Equilibrium dissociation constants of [3H]N-methylspiperone at the DaongR reported in the literature
range from 20 pM* over 72 pM*! to 230 pM*, determined under varying assay conditions. The herein
obtained Ky values from experiments with whole cells as well as those determined with cell
homogenates fit well into this range. For the D3R, Ky values ranging from 390 pM*° to 580 pM*? were
published, being about 9-fold higher compared to the dissociation constant determined at cell

homogenates in this study. Regarding the D4R, reported Ky values of [*H]N-methylspiperone were
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294 pM?8 and 480 pM*, being in good agreement with the Ky determined in the whole cell saturation
binding experiments. Differences in the data could arise, for example, from different assay conditions,
such as different compositions of buffers, the use of other expression vehicles than HEK293T cells,

different assay volumes or the use of whole cells vs. membrane preparations vs. cell homogenates.

As mentioned in the introduction, the event of radioligand depletion can affect the determination of
binding constants, especially in miniaturized assay formats with a limited assay volume®. In the
performed experiments, the portion of receptor bound radioligand at concentrations around the Kjy
amounted to 26%, 19% and 5% (in average) for the DaiongR, D3R and D4R, respectively. To counteract
the depletion effect, the bound radioactivity was plotted against the free concentration of radioligand,
which was calculated by subtracting bound radioactivity from totally added radioactivity (cf. Materials
and Methods 2.3.7). The Ky values obtained from this analysis are presented in Table 2.1. Applying the
model described by Swillens? for the evaluation of saturation binding data obtained under conditions
of radioligand depletion would have been another option, but since the non-specific binding in the
herein performed saturation assays is low, its influence was considered negligible. It should also be
noted that non-specific binding at the material of the 96-well plates, being undetectable by the used
method (suction and filtration), amounted to approximately 2% of totally added radioactivity at

concentrations around the Ky value (investigated by desorption using DMSO, data not shown).

2.2.3 Binding kinetics of [2H]N-methylspiperone

Kinetic experiments with [3H]N-methylspiperone were conducted with the same homogenate
preparations as used for saturation binding experiments. Association to the DjiongR, D3R and D4.4R could
be best described by an exponential one-phasic fit. [*H]N-methylspiperone completely associated to
the receptors within 50 min (D2ongR), 60 min (DsR) or 200 min (D4.4R), resulting in observed association
rate constants (kobs) of 0.078 +0.012 (DaongR), 0.11+0.01 (D3R) and 0.037 +0.009 (Ds4R) min?
(Figure 2.5A). For all three receptor subtypes, the dissociation from the receptors was monophasic
reaching plateaus at 34% (DaiongR), 7.5% (D3R) and 19% (D4.4R) when analyzed with a three-parameter
equation (Figure 2.5B). The plateaus were significantly different from zero (one-tailed t-test, p < 0.05).
Dissociation of [*H]N-methylspiperone from the D2ongR Was slower compared to the dissociation from
the D3R and D4R (for dissociation rate constants ko see Table 2.2). From the observed association rate
constant kobsand the kos values the association rate constant ko, was calculated (kon = (kobs-kof)/[ligand])
(Table 2.2). The resulting kon values for the DaiongR and the D3R were markedly higher compared to the
D4.4R (Table 2.2). The kon value obtained for the D2iongR (kon = 3.5 min™-nM™) was not far from a reported

kon of the structurally related radioligand [3H]spiperone (kon (D2iongR) = 0.95 mint-nM™)%4,

When comparing the kinetically derived equilibrium dissociation constants of [2H]N-methylspiperone
calculated from kot and kon (Ka(kin) = koft/kon) With the Ky values determined in saturation binding
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experiments, discrepancies of varying extents, depending on the receptor subtype, were found. The
K4 values derived from saturation binding experiments are consistently higher than the kinetic Kjy
values. The most pronounced difference (15-fold) was observed for the DaongR and the lowest
discrepancy (2-fold) was found for the D44R (Table 2.2). As already mentioned in the previous section,
radioligand depletion of high affinity radioligands can lead to an incorrect determination of binding
data. At the concentrations applied in the kinetic experiments, about 37%, 25% or 14% of the
radioligand were bound to Daong, D3 or Das receptors, respectively (calculated from saturation
experiment data). Interestingly, the magnitude of discrepancies between dissociation constants
determined in saturation binding experiments and kinetic experiments correlated with the amount of
receptor bound radioligand. It might have been advantageous to choose higher radioligand
concentrations than the applied concentrations of 0.02 nM (DziongR), 0.03 nM (D3R) and 0.08 nM (D4.4R)

for the association experiments.
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Figure 2.5. Kinetic binding data from experiments with [*H]N-methylspiperone at homogenates of HEK293T CRE
Luc cells expressing the DaiongR or DsR or homogenates of HEK293T cells expressing the D4R performed at
22 +1°C. (A) Representative associations of [*H]N-methylspiperone (c =0.02 nM (DzongR), 0.03 nM (D3R) or
0.08 nM (D4.4R)) as a function of time (kobs, 0bserved association rate constant). Insets: In[Beq)/(Beq)— B(v))] plotted
versus time. (B) Representative dissociations of [2H]N-methylspiperone (preincubation: 60 min (D2ingR, D3R) or
150 min (D4.4R); ¢ = 0.02 nM (D2iongR), 0.03 nM (DzR) or 0.08 nM (D4.4R)) as a function of time (kotf, dissociation
rate constant), showing an incomplete monophasic exponential decline (plateaus: 34% (D2iongR), 7.5% (D3R), 20%
(D4.4R)). Insets: In[(Bt — Bplateau)/(Bo— Bplateau)] plotted versus time. Non-specific binding was determined in the
presence of a 2000-fold excess of (+)-butaclamol (D2iongR, D3R) or nemonapride (D4.4R). Each experiment was
performed in triplicate.
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Table 2.2. D2iongR, D3R and D4R binding data of [*H]N-methylspiperone determined at cell homogenates.

pKd i SEM . b .1 kon koff [mln_l]d
receptor Ka(kin) [nM kobs [min . .
P (K4(sat), nM)? (kin) [nM] obs [ ] [mint-nM1]° t12 [min]¢
DaiongR 10.52 £ 0.07 0.0022 £+ 0.0007 0.078 £0.012 3.5+0.7 0.0078 £ 0.001
(0.033) 94 + 15
D3R 10.39 £ 0.05 0.0079 £ 0.0018 0.11+0.01 29+04 0.023 £ 0.002
(0.043) 302
Ds4R 10.01 £ 0.06 0.048 £ 0.025 0.037 £ 0.009 0.29+0.13 0.014 £ 0.001
(0.10) 51+5

2Equilibrium dissociation constant determined by saturation binding. "Kinetically derived dissociation constant
as mean t propagated error (Ka(kin) = koft/kon). ‘Association rate constant presented as mean * propagated
error (kon= (kobs—kof)/[radioligand]). YDissociation rate constant and derived half-life; mean + SEM. Data are
from at least three independent experiments each performed in triplicate.

2.2.4 Competition binding experiments with [3H]N-methylspiperone and reported
dopamine receptor ligands

Aiming at the development of a binding assay suitable to determine DR affinities of newly synthesized
compounds, literature known dopamine receptor ligands with different modes of action were studied
and the obtained binding constants were compared with literature data. The affinities of the
endogenous ligand dopamine, the partial agonist R-(-)-apomorphine® and the antagonist haloperidol
(Figure 1.3, general introduction) at the DaongR, DisR and Dss4R were determined in whole cell
competition binding assays using [*H]N-methylspiperone. Resulting competition binding curves are
shown in Figure 2.6. Haloperidol as well as R-(-)-apomorphine were able to fully displace [3H]N-
methylspiperone from the receptors. The determined inhibition constants (K; values) of haloperidol
were in agreement with reported data (Table 2.3). However, the obtained K; values of the partial

agonist R-(-)-apomorphine were consistently higher at all three dopamine receptor subtypes
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Figure 2.6. Radioligand displacement curves from competition binding experiments performed with [3H]N-
methylspiperone and dopamine, haloperidol or R-(-)-apomorphine at whole HEK293T CRE Luc D2iongR, HEK293T
CRE Luc D3R or HEK293T Da4R cells. [2H]N-Methylspiperone was applied in concentrations of 0.25 nM (DziongR,

D3R) or 0.30 nM (Ds.4R). Data represent means + SEM from at least three independent experiments performed
in triplicate.
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compared to reported literature values. The endogenous ligand dopamine could not fully displace the
radioligand at any dopamine receptor subtype (Figure 2.6) and the resulting Ki values did not
correspond to reference values found in the literature (Table 2.3). Regarding the DyiongR and the D4R,
the obtained K; values were markedly higher. Furthermore, high and low affinity inhibition constants
were reported for dopamine at the DaongR, D3R and D4 4R'™*¢. However, the data obtained in the whole
cell competition binding assays in this study were best described by a one-site binding model.

Table 2.3. Comparison of Daiong, D3 and Da.4 receptor affinities of selected dopamine receptor ligands, obtained
from whole cell radioligand competition binding studies, with reported data.

D2iongR DsR D4.4R
pKi £ SEM pKi £ SEM pKi £ SEM Ref. Ki [nM]
cmpd. (Ki, nM) N (Ki, nM) N (Ki, nM) N D2iongR/D3R/D4.4R
R-(=)- h 6.86+0.05 3 735+0.15 3 7.40+0.12 3 24/20%7/4.1%8
apomorphine (140) (53) (44)
dopamine 553+0.19 4 7.81+0.10 3 6.16 £+ 0.05 3 15, 3300%*36/50,
(4500) (20) (710) 1600%46/2848
haloperidol 9.56+0.06 3 9.30+0.08 3 8.36+0.02 3 0.91%/2.9%/5.1%
(0.28) (0.53) (4.4)

Data are presented as means + SEM. N denotes the number of independent experiments, each performed in
triplicate.
*Ki values for the high- and the low-affinity state.

These results suggested that the whole cell competition binding assay is no ideal system for the
determination of DR affinities of agonists and partial agonists. As described in the introduction, the
high-affinity binding component is detectable in systems, which allow an accumulation of the ternary
complex of agonist, receptor and G-protein®. In whole cells the intracellular GTP concentration is high,
thus intervening the persistence of the ternary complex®®. This does not apply to cell homogenates or
membrane preparations, so the assay procedure was adapted and the experiments were performed
with cell homogenates prepared from the same cell lines (cf. Materials and Methods, section 2.3.5).
This approach led to results that were in better agreement with reported data (Table 2.4). Results from
agonist/[3H]N-methylspiperone competition binding studies are discussed in chapter 2.2.6. In addition
to the compounds that were tested in the whole cell competition binding experiments, the partial
agonist aripiprazole and the antagonists (+)-butaclamol, domperidone, nemonapride and S-(-)-
sulpiride were included in the investigations (Figure 1.3, general introduction). All competition binding
curves were best fitted with a one-site model (Figure 2.7). Obtained ICso values were converted to
inhibition constants (K;) using the Cheng-Prusoff equation®. The determined ligand affinities were in
good agreement with reference data found in in the literature, with no more than half an order of

magnitude difference in pK; values (Table 2.4). Exceptions were, with larger discrepancies,
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nemonapride at the DaongR and (+)-butaclamol and domperidone at the Das4R. In the reference,
reporting the D4.4R affinities of (+)-butaclamol and domperidone, it was not specified which isoform of
the D4R was used. Possibly, the differences in affinities might be due to the use of different isoforms

of the D4 receptor.

As already mentioned in the previous sections, binding assays employing high affinity radioligands are
prone to ligand depletion. In terms of competition binding experiments, radioligand depletion can lead
to an underestimation of the affinity of the competitor?. The bound fraction of [*H]N-methylspiperone
in the DaongR and D3R binding assays amounted to approximately 26% and 19%, respectively (in
average). Radioligand depletion did not play a role in experiments with the D4R, where the bound
fraction of [*H]N-methylspiperone was ca. 6%. Carter et al.?> showed that employing radioligand
concentrations around the Ky value in competition binding experiments and the use of a correctly
determined Ky value in the Cheng-Prusoff equation to convert ICso values to K; values, reduces the

impact of ligand depletion.
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Figure 2.7. Radioligand displacement curves from competition binding experiments performed with [3H]N-
methylspiperone and various DR ligands at cell homogenates prepared from HEK293T CRE Luc cells co-expressing
the DawongR or the D3R, or from HEK293T cells expressing the DasR. [*H]N-methylspiperone was applied at
concentrations of 0.05 nM (D2iongR, D3R) or 0.10 nM (D4.4R). The lower curve plateau of the displacement curve
of S-(-)-sulpiride at the D4R was constrained to 0 to obtain an ICso value since S-(-)-sulpiride was not able to
fully displace the radioligand at a concentration of 10 uM. Data represent mean values + SEM from at least three
independent experiments, each performed in triplicate.
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Table 2.4. Daong, D3 and Da.4 receptor affinities of selected dopamine receptor ligands obtained by competition
binding with [*H]N-methylspiperone using cell homogenates.

DaiongR D3R D4R
pKi £ SEM pKi £ SEM pKi £ SEM Ref. k; [nM]
cmpd. (K,oM) N (K,oM) N (K,nM) N DaengR/DsR/DacR

R-(-)-

apomorphine 7.33+0.13 4

24%7/20%7/4.1%8

(57) (5.5) (5.4)
aripiprazole 8.08 +0.02 8.12+0.01 3 7.79+0.08 3 2.58°1/10°%/46.5°3
(8.3) (7.5) (17)
(+)- 8.90 + 0.06 8.46+0.02 3 8.01+0.09 3 4.1%/4.0%4/550%°
butaclamol RS - i : :
(1.3) (2.8) (11)

domperidone 9.23+0.07 3 0.87%°/2.9%6/90%

(0.62) (2.7) (9.3)
0.91%°/2.9%/5.1%

haloperidol 9.44+0.13 4

(0.44) (1.7) (1.2)

9.52+£0.08 3 9.86+0.06 3 9.53+0.13 4
(0.32) (0.14) (0.35)

nemonapride 0.02°4/0.06°4/0.09*%7

7.27 £0.09 3 7.07 £0.03 4 5.94 +0.04 3
(58) (86) (1300)
Data represent means £ SEM. N denotes the number of independent experiments, each performed in

S-(-)-sulpiride 15.9%/70°8/1900%

triplicate.
*Kq value.

2.2.5 Detection of high and low affinity receptor states for DR agonists

The dopamine D,-like receptor agonists dopamine, quinpirole and pramipexole were investigated in
equilibrium competition binding experiments with [3H]N-methylspiperone to assess the corresponding
affinities for the Daiong, the D3 and the D44 receptor. Furthermore, the detectability of different affinity
states of the receptors in the used recombinant systems was studied. To investigate the
interconvertible affinity states in detail, the competition binding experiments with dopamine and
quinpirole were additionally performed in the presence of guanylylimidodiphosphate (Gpp(NH)p), a
non-hydrolysable GTP analogue. The obtained competition binding curves are depicted in Figure 2.8,
where for illustration purposes, the data obtained from experiments in the absence of Gpp(NH)p were
fitted according to both a two-site model (grey line) and a one-site model (red dashed line). Results
obtained from experiments in the presence of Gpp(NH)p are shown in green. Whether the data were
best described by a one-site (One site — fit loglCso, slope constrained to unity) or a two-site (Two site —
fit loglCso, slopes constrained to unity) model (GraphPad Prism 9) was decided after comparing both
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fits using the extra sum-of-squares F-test, which accounts for the difference in the degrees of freedom
between the two models. P-values < 0.05 were considered to indicate statistical significance and the

more complex model (alternative hypothesis) was favored over the one-site model (null hypothesis).

Competition binding of the agonists dopamine, quinpirole or pramipexole with [2H]N-methylspiperone
at the Djiong receptor resulted in shallow displacement curves (Figure 2.8), indicating a more complex
binding interaction of the receptors with these ligands. The data were best described by a two-site
model (Figures 2.8B-C, grey lines) providing affinities for a high and a low affinity state (pKiy and pKi,
Table 2.5). The obtained pKjvalues of quinpirole and dopamine for the high and low affinity states of
the DaongR aligned well with reported data, whereas the pK; values obtained for pramipexole were
different from reported data by about one log unit (Table 2.5). However, reported binding data of
pramipexole are very inconsistent and in some cases only one inhibition constant for pramipexole was
determined. For instance, Millan et al.>® and Sautel et al.®® reported single K; values for pramipexole at

the DaiongR, amounting to 1.7 uM and 790 nM, respectively.

The dopamine competition binding curve at the D3R was also shallow and best described by a two-site
model (Figure 2.8A, grey line), yielding pKi values that correlated well with reported data (Table 2.5).
In contrast, the competition binding curves of quinpirole and pramipexole were steeper and the results
of the extra sum-of-squares F-test suggested a single binding state of the D3R. However, for both
agonists distinct inhibition constants for the high affinity and the low affinity state of the DsR were
reported!’*, The pK; values obtained from curve fitting according to a one-site model were in good
agreement with the reported inhibition constants for the high affinity state of the receptor, differing

less than half a log unit (Table 2.5).

The situation is similar for the D4R, where displacement of the radioligand by dopamine resulted in a
shallow curve and was best analysed according to a two-site model (Figure 2.8A). For the competition
binding curves of quinpirole and pramipexole (Figures 2.8B + C) the results of the extra sum-of-squares
F-test did not support the two-site model, being in disagreement with reported biphasic radioligand
displacement curves for these DR agonists at the D44R*%. The inhibition constant obtained for
quinpirole from the one-site fit (pKi: 7.94) fell between the values reported in the literature for the
high affinity and the low affinity states (pKiu: 9.64, pKi.: 6.75). Regarding pramipexole, the obtained
inhibition constant at the D44R (7.68 + 0.05) was in good agreement with the pKis reported for the high
affinity state (pKix: 7.56) (Table 2.5).

Whereas the fraction of Daong receptors in the high affinity state (% Ry, Table 2.5) ranged from 24 to
40%, 57% or 58% of the total population of binding sites of the DsR and the Ds4R, respectively,

accounted for the high affinity binding state.

38



Radioligand binding assays for dopamine Djiong, D3 and Da.4 receptors

DZIongR D44R

100 -6

% of specifically bound PHJNMSP >

50
=0= two site fit
==+ one site fit
=0~ + GppNHp
1 .2
T T T T T T T T T T T T T T T T
41 40 9 8 7 6 5 4 41 0 9 8 7 6 5 4
log c(dopamine) [M]
D R
% 2long
£ 100
[l
k-]
c
=
2
e} 50
= o two site fit
§ 4 --- onesitefit
) ~0- +GpphHp
2 D eeverrrrereerirrarsnniiiiiiiiiissisrieiiiens 0--
&
CQ’ T T T T T T T 1 T 1 1 1 1 1 1 1 1 1 I 1 1 I 1 1
& -1 10 9 8 7 6 5 4 11 10 -9 -8 7 6 5 -4 11 10 9 -8 -7 6 -5 -4
log c(quinpirole) [M]
DZIongR D3R D4.4R
)
100_ .T.'..‘.T...'...‘..‘.6 ......................... .
504

1 o twositefit
- - one site fit

% of specifically bound [PHJNMSP

T I T 1 1
1 10 9 8 -7 6 5 4 11 10 -9 8 7 6 -5 4 11 10 9 8 7 6 -5 4
log c(pramipexole) [M]

Figure 2.8. Radioligand displacement curves from competition binding experiments performed with [*H]N-
methylspiperone and dopamine (A), quinpirole (B) or pramipexole (C) at cell homogenates prepared from
HEK293T CRE Luc cells co-expressing the DaiongR or the D3R, or from HEK293T cells expressing the D44R. Data
obtained from experiments in the absence of Gpp(NH)p were fitted according to a two-site (grey line) and a one-
site (red broken line) model. Data derived from experiments in the presence of Gpp(NH)p are depicted in green
and were fitted according to a one-site model in the case of dopamine at the D2iongR and D3R and quinpirole at
the D2iongR and Da.4R. In the case of dopamine at the Da.4R and quinpirole at the D3R (in the presence of Gpp(NH)p),
data were fitted according to a two-site model. Note: Both fitting models used constrained slope factors
(slope = -1). Data represent mean values + SEM from at least three independent experiments, each performed
in triplicate.

To further investigate the occurrence of two interconvertible affinity states of the D,-like receptors,
competition binding experiments with dopamine and quinpirole were performed in the presence of
50 UM Gpp(NH)p. The resulting competition binding curves are shown in Figure 2.8A and B in green.
At the D;iongR, the addition of Gpp(NH)p led to a steepening of the curves and in the case of dopamine

also to a rightward shift. The second binding state was abolished, i.e. the competition binding curves
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were best described by a one-site model yielding pK; values closer to the pKi determined in the
absence of Gpp(NH)p. The same was observed for the dopamine competition binding curve at the DsR.
Interestingly, the quinpirole competition binding curve was flattened in the presence of Gpp(NH)p and
the comparison of the fits yielded a p-value < 0.05, indicating that the two-site model was more likely
to be correct. The determined pK; values amounted to 9.77 + 0.32 for the high affinity and 7.53 + 0.54
for the low affinity state. However, these results should be treated with caution, since for some of the
individual experiments no 95% confidence intervals of the ICso values or the fraction of high affinity
sites could be calculated. Consequently, it might be reasonable to assume a single binding site, yielding

a pKiof 8.90 £ 0.30.

At the D4R, neither the slope of the competition binding curve of dopamine nor the obtained pKk;
values for the high and low affinity site were markedly affected by the addition of Gpp(NH)p
(Figure 2.8A). Similar to the D3R, the competition binding curve of quinpirole was flattened in the
presence of Gpp(NH)p and a two-site fit yielded a pKiy of 10.06 + 1.02 and a pKi. of 7.59 + 0.20. The
calculated p-value for the depicted competition binding curve (Figure 2.8B) was 0.0012. However,
taking the high error of the pKiy value into account, as well as the fact that for some of the individual
experiments no or a very large 95% confidence interval was obtained for some of the parameters of
the two-site model analysis, the one-site model should be favored. The reason for the partially
ambiguous results could be that the GTP analogue Gpp(NH)p was not applied in a saturating
concentration. Kent et al.3! investigated the effect of different concentrations of Gpp(NH)p at B-
adrenergic receptors and the receptors were completely converted to the low affinity state in the
presence of 100 uM Gpp(NH)p. However, they noted a concentration-dependent effect of nucleotides

starting from Gpp(NH)p concentrations of 0.1 uM.

40



Radioligand binding assays for dopamine Djiong, D3 and Da.4 receptors

Table 2.5. Daiong, D3 and Da. receptor binding data of the DR agonists dopamine, quinpirole and pramipexole obtained from [*H]N-methylspiperone competition binding studies
in the absence or presence of guanylylimidodiphosphate (Gpp(NH)p).

+ Gpp(NH)p Ref.
pKin £ SEM pKiLt SEM pKi £ SEM pKin £ SEM pKiLt SEM pKi £ SEM
cmpd. (KiH, nM) % Rn (Ki|_, nM) (Ki, nM) (KiH, nM) % Rn (Kn_, nM) (Ki, nM) N pKiH/ pKu_
DzongR  dopamine 7.53+0.21 40+3 5.96£0.10 - - - - 6.27 £ 0.07 4 7.82/5.483%
(41) (1200) (560)
quinpirole 7.66 £0.10 24+1 5.87+£0.02 - - - - 6.56 £ 0.03 3 7.81/5.62%8
(24) (1300) (280)
pramipexole 7.35%+0.12 35+4 5.76 £0.03 - n.d. - - - - 8.68/6.87%
(50) (1700)
DsR dopamine 8.64 £0.09 57+5 7.10 £ 0.09 - - - - 8.06 £ 0.02 3 8.41/7.14%
(2.5) (86) (7)
quinpirole - - - 8.20£0.07 9.77 £0.32 52+17 7.53+0.54 - 3 7.71/6.58%%
(6.6) (0.29) (200)
pramipexole - - - 8.97 £ 0.08 n.d. - - - - 9.31/8.56%
(1.2)
Ds4R dopamine 8.02 £0.02 58+8 6.72£0.13 - 8.11 £ 0.06 52+7 6.81 £ 0.07 - 3 8.92/7.21%
(10) (220) (8.0) (160)
quinpirole - - - 7.93+0.07 - - - 8.20+0.06 3 7.47%°
(12) (6.6)
pramipexole - - - 7.68 +0.05 n.d. - - - - 7.56/6.86%
(22)

Data were analysed as described in Materials and Methods. If data were best described by a two-site binding model, affinities for the high (Kin) and the low (Ki.) affinity

state of the respective receptor and the percentage of high affinity states (%Rn) are given. Data represent mean values + SEM from N independent experiments, each

performed in triplicate.
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2.2.6 Dopamine receptor binding of carbamoylguanidine-type histamine H»

receptor ligands

As already described in the introduction, the establishment of DR binding assays was prompted by the
synthesis of histamine H, receptor ligands (performed by other doctoral students), which might also
bind to receptors of the D»-like family. A selection of these ligands, shown in Figure 2.9, was studied
with respect to the capability of displacing [*H]N-methylspiperone from the dopamine Djiong and D3
receptor. Some of these data were already published (Biselli et al.’* and Tropmann et al.®?). The most
promising ligands regarding histamine H, receptor selectivity and those that were selected as
representatives of the different heterocyclic moieties were also investigated with respect to Dy
receptor binding. Competition binding curves of the compounds studied at all three dopamine
receptor subtypes are shown in Figure 2.10, radioligand displacement curves obtained from the
remaining H,-receptor ligands are given in Figure A1 (Appendix). If the compounds were able to
displace the radioligand by more than 50% (at a concentration of 10 or 100 uM), the curves were fitted
by a four-parameter logistic fit with variable slope as depicted in Figure 2.10. Obtained ICso values were
converted to inhibition constants K; using the Cheng-Prusoff equation (Kivalues presented in Table 2.6
and Table A1 (Appendix)).

The dimeric carbamoylguanidine UR-NK22 showed affinities to the D,-like receptors in the nanomolar
range, with the highest affinity to the DsR (pKi=8.57, Table 2.6). In comparison, monomeric
compounds carrying a 2-amino-4-methylthiazole heterocycle (UR-SB283, UR-KAT523, UR-CH22, UR-
MB-69 and UR-KAT580) exhibited a slightly lower affinity to the studied dopamine receptor subtypes.
However, especially in the case of the D3R, low binding constants in the two-digit nanomolar range
were determined (cf. Table 2.6). With few exceptions, the affinities of the 2-amino-4-methylthiazoles
at the studied receptors can be ranked according to D3R > D4.4R > DjiongR, wWith UR-P0563 showing the
highest affinity at the D3R (pKi=7.88, cf. Table 2.6 and Figure A1, Appendix). Ligands containing an
aminothiazole heterocycle, such as UR-KAT580 or UR-KAT583, still showed moderate to high affinities
to the D»-like receptors, again especially to the D3 receptor (Table 2.6, Figure 2.10 and Figure A1,
Appendix). With the introduction of the heterocycles 2-amino-1,3,4-thiadiazole (UR-KAT505, UR-
KAT533) or 1H-1,2,4-triazole (UR-MB-159), the D,-like receptor binding could be abolished. These
ligands displayed lower affinities at the Daong, D3 and Da.4 receptors (pKi< 6; except for UR-KAT533 at
the D44R, pKi=6.17). The compounds UR-SB238 and UR-SB239 with a rigidized aminothiazolylpropyl
moiety also showed very low affinities for the DyongR and the D3R, however, they also exhibited only

moderate to low affinities to the histamine H; receptor®..
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Figure 2.9. Structures of the investigated carbamoylguanidine-type and thiocarbamoylguanidine-type H;R agonists.
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Figure 2.10. Radioligand displacement curves from competition binding experiments performed with [3H]N-
methylspiperone and various histamine Hz receptor ligands (structures see Figure 2.9) at cell homogenates of
HEK293T CRE Luc cells co-expressing the DaiongR or the D3R or of HEK293T cells expressing the D4.4R. If radioligand
displacement was incomplete (< 90%) at 10 or 100 uM, but more than 50% of the radioligand was displaced, data
were fitted constraining the lower curve plateau to 0. Data represent mean values + SEM from at least three
independent experiments, each performed in triplicate.
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Table 2.6. D2iong, D3 and Das receptor affinities of selected carbamoylguanidine-type histamine Hz-receptor
ligands obtained by competition binding with [2H]N-methylspiperone using cell homogenates.

DZIongR DsR D4R
pKi + SEM pKi + SEM pKi + SEM
cmpd. (Ki, nM) N (Ki, nM) N (Ki, nM) N
UR-NK22 6.85 + 0.07 3 8.57+0.04 3 7.15+0.03 3
(120) (2.7) (72)
UR-CH22 5.98 + 0.08 3 7.21+0.02 3 6.77 £ 0.04 3
(1100) (63) (170)
UR-SB283 6.14 £ 0.04 3 7.20+0.03 4 7.01+0.07 3
(640) (63) (100)
UR-KAT523 6.05 £ 0.05 3 7.67 £0.09 3 6.96 £ 0.01 3
(910) (23) (110)
UR-P0563 6.03+0.12 3 7.88+0.16 3 n.d.
(1100) (16)
UR-MB-69 6.32£0.09 3 7.70£0.08 3 6.39£0.06 3
(520) (21) (420)
UR-KAT580 6.06 = 0.06 3 6.46 +0.02 3 6.64 £ 0.08 3
(900) (350) (210)
UR-KAT583 <5 3 7.31+£0.02 3 n.d.
(49)
UR-KAT505 <4 3 6.0+ 0.05 4 5.65+£0.02 3
(1000) (2300)
UR-KAT533 4.93+0.03 3 5.39+0.15 3 6.14 £0.10 3
(12000) (4800) (740)
UR-MB-159 <5 3 <5 3 <5 3
UR-SB238 4.41+0.09 3 5.08 £ 0.04 3 n.d.
(41000) (8400)
UR-SB239 <5 3 5.49 £ 0.06 3 n.d.
(3300)

Data represent means * SEM. N denotes the number of independent experiments, each
performed in triplicate. n.d.: not determined.
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2.3 Materials and methods
2.3.1 Materials

Dulbecco’s modified Eagle’s medium (DMEM) and L-glutamine were from Sigma (Taufkirchen,
Germany). Leibovitz’ L-15 medium (L-15) was from Fisher Scientific (Nidderau, Germany). Fetal calf
serum (FCS), trypsin/EDTA and geneticin (G418) were from Merck Biochrom (Darmstadt, Germany)
and hygromycin B was from MoBiTec (Gottingen, Germany). Cell culture flasks and dishes were from
Sarstedt (Nimbrecht, Germany). The cDNAs of the hD;0ngR and hDsR were kindly provided by Dr.
Harald Hibner (Department of Chemistry and Pharmacy, Friedrich-Alexander-University, Erlangen).
The cDNA of the D4.4R was purchased from the cDNA Resource Center (Rolla, MO, USA). The pIRESneo3
vector was a gift from Prof. G. Meister (Institute of Biochemistry, Genetics, and Microbiology,
University of Regensburg, Germany). Bacitracin was from SERVA Electrophoresis GmbH (Heidelberg,
Germany). If possible, stock solutions of receptor ligands were prepared using H,O (millipore);
otherwise DMSO was used (Merck, Darmstadt, Germany). (+)-Butaclamol, dopamine, pramipexole and
quinpirole were from Sigma (Taufkirchen, Germany), aripiprazole and haloperidol were from TCI
Deutschland GmbH (Eschborn, Germany). R-(-)-Apomorphine, nemonapride, S-(-)-sulpiride and

domperidone were from Tocris Bioscience (Bristol, United Kingdom).

2.3.2 Cell cultivation

HEK293T cells obtained as a kind gift from Prof. Dr. Wulf Schneider (Institute for Medical Microbiology
and Hygiene, Regensburg, Germany) were cultured in DMEM supplemented with 10% FCS at 37 °C in
a water-saturated atmosphere containing 5% CO,. Cells were routinely tested for mycoplasma
contamination using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Germany) and were

negative.

2.33 Generation of plasmids

The hDjongR, hD3R and hDssR were cloned into a pIRESneo3 vector via Gibson assembly. The
pIRESneo3-SP-FLAG-hH4R vector, described elsewhere®, was used as a template. First, the vector was
linearized using standard PCR techniques (Q5 high fidelity DNA polymerase; New England Biolabs,
Ipswich, MA, USA). The sequences of the dopamine receptors were amplified and, simultaneously,
overlaps complementary to both ends of the linearized vector were attached to the dopamine
receptors using specific primers and the Q5 high fidelity DNA polymerase. Subsequently, receptors
were cloned into pIRESneo3 according to the NEBuilder HiFi DNA Assembly Reaction Protocol (New
England Biolabs GmbH, Frankfurt/Main, Germany) resulting in receptors that are N-terminally fused
to the membrane signal peptide (SP) of the murine 5-HT3a receptor and tagged with a codon-optimized
FLAG tag. The quality of the vectors was controlled by sequencing (Eurofins Genomics GmbH,

Ebersberg, Germany).
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234 Generation of stable transfectants

For the generation of a cell line stably expressing the human Dsjong Or the human D3 receptor, the
previously described*® HEK293T CRE Luc cell line stably expressing a CRE controlled luciferase was used.
For generating the cell line stably expressing the human D44R, HEK293T wild-type cells were used. Cells
were seeded in a 6-well plate (Sarstedt, Nimbrecht, Germany) one day prior to transfection with 2 pg
of cDNA. The transfection was performed using the reagent XtremeGene HP (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s protocol. After incubation of the cells with the
cDNA at 37 °C for 48 h, cells were detached with trypsin/EDTA and transferred to 15-cm cell culture
dishes (Sarstedt, Nimbrecht, Germany). Selection was achieved by the addition of 1 mg/mL G418.
After stable growth had been observed, the concentration of G418 was reduced to 600 pg/mL.
Subsequently, a clonal selection was performed for every cell line aiming at the isolation of a clone
with high receptor expression. For this purpose, the stably transfected cells were seeded in a 15-cm
dish at a density of 1000-2000 cells/dish. After 2 weeks, single clones were picked and screened by

radioligand binding for the highest S/B ratios as described in section 2.2.1.

2.3.5 Preparation of cell homogenates

Homogenates were prepared as previously described* with minor modifications. HEK293T CRE Luc
cells stably expressing the DjongR or the D3R or HEK293T cells stably expressing the D4R were grown
in 15-cm dishes (Sarstedt) to 80-90% confluency. Cells were rinsed with ice-cold PBS (137 mM Nadl,
2.7 mM KCI, 10 mM Na;HPQ4, 1.8 mM KH,PQOy4; pH 7.4), then covered with harvest buffer (10 mM Tris-
HCl, 0.5 mM EDTA, 5.5 mM KCl, 140 mM NaCl; pH 7.4) supplemented with protease inhibitors
(SigmaFAST, Cocktail Tablets, EDTA-free, Sigma-Aldrich, Deisenhofen, Germany), followed by
detachment from the dishes using a cell scraper. After centrifugation (500 g, 5 min), the DjiongR
expressing cells were resuspended in homogenate buffer (50 mM Tris-HCI, 5 mM EDTA, 1.5 mM CaCl,,
5 mM MgCl;, 5mM KCl, 120 mM NaCl; pH 7.4), whereas the D3R or D4R expressing cells were
resuspended in Tris-MgS0, buffer (10 mM Tris-HCI, 5 mM MgSQO,; pH 7.4). All cell suspensions were
stored at —-80 °C. After thawing, the cells were resuspended in homogenate buffer or Tris-MgS0O, buffer
and homogenized under ice-cooling using an Ultraturrax (IKA-Werke, Germany) (5 times for 5 s). The
homogenates were centrifuged (6 °C, 50,000 g, 15 min), the pellet was resuspended in binding buffer
(50 mM Tris-HCI, 1 mM EDTA, 5 mM MgCl,, 100 pg/mL bacitracin; pH 7.4) and homogenized using a
syringe and needle (i.d. = 0.4 mm). The homogenates were stored as small aliquots at -80 °C. Protein
concentrations were determined with the Bio-Rad protein assay according to the manufacturer’s

protocol (Bio-Rad Laboratories, Munich, Germany).
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2.3.6 Radioligand binding assays

All radioligand binding experiments were performed at 22 £+ 1 °C. For whole cell binding assays,
HEK293T CRE Luc DaiongR, HEK293T CRE Luc D3R or HEK293T D4R cells were grown in a 75-cm? flask to
a confluency of approximately 80%. On the day of the experiment, the cells were detached with
trypsin/EDTA and suspended in Leibovitz’ L-15 medium supplemented with 10% FCS, followed by
centrifugation (22 £ 1 °C, 700 g, 5 min). The supernatant was discarded and cells were resuspended in
L-15 containing 100 pg/mL bacitracin to a density of 100,000 cells/mL. The assay was carried out in a
final volume of 200 uL in 96-well round-bottom polypropylene plates. All compounds were added as
10-fold concentrated solutions (20 pL per well). The radioligand [2H]N-methylspiperone (specific
activity: 77 Ci/mmol, Novandi Chemistry AB, Sodertdlje, Sweden) was used in saturation and
competition binding assays as well as for single clone screening of the cells transfected with the D44R
as described in section 2.2.1. For single clone screening of the cells transfected with the DjiongR or the
D3R, [3H]spiperone (specific activity: 79 Ci/mmol, Biotrend Chemicals, Cologne, Germany) was used. In
saturation binding experiments with cells expressing the DaongR or D3R, the radioligand was applied in
concentrations ranging from 0.025 nM to 3 nM, in assays with cells expressing the D.4R, the
radioligand was used in concentrations ranging from 0.03 nM to 3 nM. Non-specific binding was
determined in the presence of (+)-butaclamol (2000-fold, D2ongR, D3R) or nemonapride (2000-fold,
D44R). The incubation period was 60 min (DziongR, D3R) or 150 min (D44R). After incubation, bound
radioligand was separated from free radioligand by filtration through poly(ethyleneimine)-pretreated
(0.3% in water, w/v) GF/C filters (Whatman) using a 96-well Brandel harvester (Brandel Inc.,
Unterfohring, Germany). After three washing steps with cold PBS, filter pieces were punched out and
transferred to (flexible) 1450-401 96-well sample plates (PerkinElmer, Rodgau, Germany). Scintillation
cocktail (Rotiszint eco plus, Carl Roth, Karlsruhe, Germany) (200 uL) was added, followed by an
incubation period for at least 4 h and measurement of the radioactivity using a MicroBeta2 plate
counter (PerkinElmer, Waltham, MA, USA). Competition binding experiments with whole cells were
carried out in analogy to saturation binding experiments. For experiments with the D2iongR and the D3R,
[®H]N-methylspiperone was applied in a final concentration of 0.25 nM, whereas in experiments with
the D.4R the final concentration of the radioligand was 0.3 nM. Non-specific binding was determined

in the presence of 2 uM (+)-butaclamol (DaongR, D3R) or 2 uM nemonapride (D44R).

Radioligand binding experiments with cell homogenates were performed as described for whole cells

with the following modifications. Homogenates were resuspended in binding buffer (50 mM Tris-HCI,

1 mM EDTA, 5 mM MgCl,, 100 ug/mL bacitracin, pH =7.4) to a final concentration of 0.3-0.5 ug

(D2iongR), 0.7 ug (D3R) or 0.3-0.4 ug (Da4R) protein/well. In saturation binding experiments, [*H]N-

methylspiperone was applied in concentrations ranging from 0.002 nM to 1.5 nM (D2iongR, D3R) or from

0.008 nM to 2 nM (D44R). Non-specific binding was determined in the presence of a 2000-fold excess
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of (+)-butaclamol (D2ongR, D3R) or nemonapride (D44R). For competition binding experiments, [2H]N-
methylspiperone was used at a concentration of 0.05 NM (D2i0ngR, D3R) or 0.1 nM (D4.4R). Non-specific
binding was determined in the presence of 2 uM (+)-butaclamol (D2ongR, D3R) or 2 uM nemonapride
(D4.4R). For kinetic experiments, cell homogenates were prepared as described above. In the case of
association experiments, [3H]N-methylspiperone was added to the homogenates at different times at
a final concentration of 0.02 nM (D2iongR), 0.03 NM (D3R) or 0.08 nM (D4.4R). Non-specific binding was
determined for each incubation time in the presence of (+)-butaclamol (D2ongR, D3R) or nemonapride
(D4.4R) (2000-fold excess to the applied radioligand concentration). During incubation, plates were
shaken at 300 rpm (Titramax 101, Heidolph Instruments, Germany). In the case of dissociation
experiments, cell homogenates were incubated with the same concentrations of [3H]N-
methylspiperone as applied in association experiments for 60 min (DaiongR, D3R) or 150 min (D44R)
before dissociation was initiated by the addition of a 2000-fold excess of (+)-butaclamol (D2ngR, D3R)
or nemonapride (D44R). The dissociation was stopped after different periods of time by separating
bound from free radioligand by filtration. Determination of non-specific binding was carried out as

described for association experiments.

2.3.7 Data analysis

For the analysis of saturation binding experiments, specific binding data (dpm) were plotted against
the free radioligand concentration (nM) and analysed by a two-parameter fit describing hyperbolic
binding to obtain K4 and Bmax values. K4 values from single experiments were transformed to pKy values,
from which mean values were calculated. Free radioligand concentrations were calculated by
conversion of totally bound radioactivity (dpm) to the concentration of totally bound radioligand
(mol/L) (based on the specific activity of [2H]N-methylspiperone and the assay volume) and subsequent
subtraction from the initially applied, total radioligand concentration. Non-specific binding was fitted

by linear regression.

For radioligand competition binding experiments, specific binding data (non-specific binding
subtracted from total binding) were normalized (100% = specifically bound radioligand in the absence
of competitor) and plotted as % over log(concentration of competitor) followed by analysis using a
four-parameter logistic equation (log(inhibitor) vs. response - variable slope, GraphPad Prism 9.0) to
obtain ICsp and plCso values for each individual experiment. The plCso values were converted to pK;
values by applying the Cheng-Prusoff equation®’. From the individual pK; values, mean values were
calculated. In the case of the competition binding experiments with agonists, data were analysed by a
three-parameter fit (One site — fit loglCso, slope constrained to unity) or a five-parameter fit (Two sites
— fit loglCso, slopes constrained to unity) provided by GraphPad Prism 9.0. Comparison of both fits was

performed with the “extra sum-of-squares F-test” (GaphPad Prism 9.0), accounting for the differences
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in degrees of freedom. P-values < 0.05 were considered to indicate statistical significance and the “two
sites — fit loglCso” model (alternative hypothesis) was favoured over the one-site model (null

hypothesis). ICso values of the high and low affinity states were processed as described above.

Specific binding data (dpm) from association experiments were fitted by a one-phase association
equation to obtain kobs (0bserved association rate constant) and Bieq) (maximum of specifically bound
radioligand). The latter was used for calculating specifically bound radioligand By in %, which was
plotted over time. Specific binding data (dpm) from dissociation experiments were fitted by a three-
parameter one-phase decay equation, yielding kof. The association rate constant ko.n was calculated
using the following equation: kon = (kobs — kotf)/[ligand]. The dissociation half-life t;, was calculated
according to: tiz=1In(2)/kosr. Kinetic dissociation constants Kyuin) Were calculated according to:

Kakin) = Kofi/kon. Analyses were performed using GraphPad Prism 9.0 (La Jolla, CA, USA).

Propagated errors were calculated according to the general equation (maximum error propagation):

of
ax1

of
aXZ

Az=| |Ax1+| |Ax2+...

f: function of x4, x,, etc. (f(x1, X2, ...) = ); Ax1, Axy: error (in this work represented by the SEM) of x; and
X2; Az: (propagated) error of z
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2.4 Summary and conclusions

Radioligand binding assays for the family of D,-like receptors were established for the determination
of DaiongR, D3R and D4R affinities of (potential) DR ligands, not least required for the evaluation of the
specificity of ligands of other GPCR families. Stably transfected cell lines showing a sufficiently high
expression of the DaongR, D3R or D4.4R were generated. Taking ligand depletion into account (use of low
receptor concentrations, analysis of saturation binding data based on the free radioligand
concentration), affinity measures (pKy, pKi) could be reliably determined for the dopamine D,-like
receptor antagonists [*H]N-methylspiperone and haloperidol using both whole cells or cell
homogenates. However, this study revealed that cell homogenates should be used when investigating
(partial) agonists, since the use of cell homogenates, containing low amounts of GTP, enables the
detection of the high-affinity binding component. The high-affinity state of the dopamine D,-like
receptors has been repeatedly referred to as the functional state: the concentrations of dopamine
receptor agonists that are able to suppress prolactin release in the anterior pituitary were found to
correlate with the inhibition constants determined for the high affinity state®. Additionally, it was
reported that therapeutically effective concentrations of drugs used for the treatment of Parkinson’s
disease also correlate with their affinities for the high affinity state of the D, receptor®. Consequently,
for screening newly synthesized DR ligands whose mode of action is unknown, binding studies should
be performed using cell homogenates. The established assays were used to confirm the assumption
that carbamoylguanidine-type H, receptor ligands carrying an amino(methyl)thiazole residue exhibit
considerable affinity to D,-like receptors. Furthermore, it was shown that H, receptor ligands
containing other heterocycles such as an aminothiadiazole or a triazole moiety displayed only very low
affinity to D,-like receptors. Using the endogenous DR agonist dopamine, it was possible to detect two
affinity states of the Da.ongR, the D3R and the DaisR. Experiments with the non-hydrolysable GTP
analogue Gpp(NH)p (anticipated to promote the low affinity state) led in part to ambiguous results
regarding quinpirole binding to the D3R and the D4 4R. It should be mentioned, in this respect, that the
discrimination between the high and the low affinity binding components for the D, receptor was also
not always obvious when [*H]spiperone (structurally closely related to [*H]N-methylspiperone) was
used as radioligand, due to its hydrophobic nature®. With a different radioligand, such as
[®H]domperidone, as suggested by Durdagi et al.¢, a clearer distinction between the different affinity

states might have been achieved.
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3.1 Introduction

The neurotransmitter dopamine exerts its effects via five dopamine receptor (DR) subtypes (D4, D,, D3,
D4 and Ds), all being members of the superfamily of G-protein-coupled receptors (GPCRs)Y>. Within the
family of dopamine receptors, there is a classification into D;-like receptors (D1 and Ds) and D»-like
receptors (D2, Ds and Da) according to their preferred G-protein signaling®. While Di-like receptors
predominantly couple to Gas/ir proteins and stimulate the adenylyl cyclase (AC), thereby increasing
the intracellular cAMP level’, Dy-like receptors are associated with coupling to Gai, proteins and
inhibiting the formation of cAMP®°, Dopamine receptors are targeted by a variety of pharmacological
agents since anomalous dopamine receptor signaling is implicated in numerous neuropsychiatric

disorders in the human body such as schizophrenia®, Parkinson’s disease'®'3, drug addiction'*®,

17,18 19,20

genetic hypertension?®, bipolar disorder’'® and restless legs syndrome

Apart from G-protein-mediated signaling, many GPCRs are known to recruit B-arrestin, which is
involved in receptor desensitization, internalization processes and also in signaling (B-arrestin-
dependent signaling)?¥23. It is generally accepted that phosphorylation of GPCRs by G-protein receptor
kinases (GRKs) or protein kinase C (PKC) at specific clusters of serine and threonine residues located in
the receptor C-terminus precedes B-arrestin binding?>*2%, However, B-arrestin recruitment to agonist-
activated non-phosphorylated receptors has also been described, but with lower affinity?.
Furthermore, B-arrestins also participate in receptor sequestration and play a role in desensitization
and subsequent resensitization of GPCR responsiveness?2. The most abundantly expressed arrestins in
mammals are B-arrestinl and B-arrestin2?’. Based on their binding preference towards B-arrestins and
their behavior during the internalization, GPCRs can be subdivided in two major classes (class A and
B)?. A precise classification of the respective dopamine receptors according to this model is very

difficult due to the complexity of available data?>3°. However, in terms of D-like receptors, the D,R
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and the D3R are frequently described to be phosphorylated by GRKs, resulting in the recruitment of -

arrestins334

, while no recruitment is described for the D4R3>3%, The D, and D3 receptors share a high
sequence homology®’ but are regulated differently and show different levels of basal

phosphorylation333438,

In current drug development of antipsychotics, the need for biased ligands to reduce adverse drug
effects is the subject of lively debate. A study by Masri et al. led to the assumption that functionally
selective D, receptor antagonists, specifically preventing B-arrestin2 recruitment may lead to new
antipsychotics with reduced extrapyramidal side effects, while retaining their therapeutic benefit®.
Therefore, the functional characterization of potential future drug candidates, with respect to B-
arrestin2 recruitment, is of high relevance particularly in the very early stage of in vitro testing.
Different assay techniques have been described for investigating B-arrestin2 recruitment in live cells.
Commercially available split reporter assays currently used for high throughput screening do not give
temporal information about the receptor/B-arrestin interaction, since they require cell lysis*® or real-
time measurements are hampered by relatively long maturation times of the reporter protein (Venus,
a variant of yellow fluorescent protein)*'. A B-arrestin recruitment assay utilizing a transcription factor
is the TANGO assay. Here, B-arrestin is fused to a protease, while a transcription factor, which is able
to induce transcription of B-lactamase, is C-terminally attached to the receptor via a linker containing
the respective protease cleavage sequence. Once B-arrestin is recruited, the transcription factor is
cleaved off, translocated into the nucleus and B-lactamase is expressed. For detection, a substrate is
added and the cells need to by lysed*. Another approach for the quantification of B-arrestin
recruitment to GPCRs is the LinkLight assay using a permuted luciferase reporter®. Here, the GPCR of
interest is fused to a viral protease and B-arrestin is fused to a permuted firefly luciferase containing a
protease cleavage sequence. After arrestin recruitment, the permuted luciferase is cleaved and
reconstituted to an active enzyme®. In transcription-based assays, the obtained signal is prone to
amplification and no kinetic information can be gained from this experimental setup. There are
optimized luciferases available now, that show a higher luminescence output and pH independence of
the spectra®. We aimed to develop a B-arrestin recruitment assay that overcomes the aforementioned
limitations. For this purpose, the split Emerald luciferase complementation technique, first described
by Misawa et al.*, seemed to be appropriate. The employed Emerald luciferase (ELuc) was cleaved
into two fragments. The N-terminal part was fused to B-arrestin2 (referred to as ELucN-Barr2) and the

C-terminal part to the respective receptor (Figure 3.1).
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Figure 3.1. Schematic illustration of the split luciferase B-arrestin2 recruitment assay. Upon agonist stimulation
of the receptor, B-arrestin2 is recruited and the luciferase fragments come into close proximity to form a
functional enzyme, which catalyzes the oxidation of D-luciferin to oxyluciferin, accompanied by the emission of
light (Amax= 535 nm).

The ability to perform measurements in living cells allows to retrieve kinetic information about protein-
protein interactions®®%. Additionally, the utilized ELuc results in improved sensitivity of the test
system, as the signal brightness is increased compared to commercially available test kits**. Moreover,
this homogeneous assay can be conducted very rapidly without the necessity for any washing or
separation step, facilitating the development of high-throughput screening campaigns®. To investigate
the interaction of B-arrestin with the D,-like receptors upon agonist stimulation, a B-arrestin
recruitment assay, based on the split luciferase complementation technique, was established. The
complementary fragments of the Emerald luciferase were fused to the N-terminal end of B-arrestin2
and the C-terminus of the DiongR, the D3R or the Ds4R. A possible impact of this modification of the
receptors on the affinity of selected reference ligands was investigated and various described
dopamine receptor ligands were pharmacologically characterized using the developed B-arrestin2
recruitment assays. Additionally, the influence of GRK2, GRK3 and PKC on the recruitment of B-

arrestin2 was studied.
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3.2 Results and discussion

3.2.1 Characterization of the receptor fusion proteins

To verify the membrane expression of the receptor-luciferase fusion constructs and to investigate a
potential influence of the receptor modification on ligand affinities, radioligand saturation binding
experiments were performed with the radiolabeled antagonist [*H]N-methylspiperone at all three
generated receptor constructs. Saturable binding (see Appendix Figure A2) was found for all of them
and the pKg values of 10.30 (D2iongR-ELucC), 10.21 (DsR-ELucC) and 9.37 (D4.4R-ELucC) at the respective
receptor fusion protein were in good agreement with pKy values determined at receptors devoid of
the luciferase fragment (subsequently referred to as wild-type, cf. Methods) (Table 3.1 and Appendix
Figure A2). This shows that the fusion of the luciferase fragment to the respective receptor did not
markedly impair the affinity to the ligand. Expression of the DaongR-ELucC, the D3R-ELucC and the
ELucN-Barr2 fusion constructs was additionally confirmed by western blot analysis (cf. Appendix Figure
A3).

Table 3.1. Dissociation constants (pKq4 values) of [3H]N-methylspiperone determined in radioligand saturation

binding experiments at receptors fused to the C-terminal fragment of the Emerald luciferase using whole cells
and at wild-type (wt) receptors using homogenates.

DZIongR D3R D4_4R
ELucC fusion ELucC fusion ELucC fusion
. wt . wt . wt
protein protein protein
pKqd 10.30 £ 0.04 10.52 £ 0.07 10.21 £0.05 10.39 £ 0.05 9.37+0.08 10.01 £0.06

Data represent means + SEM determined in three independent experiments, each performed in triplicate.

Results from radioligand displacement experiments at the receptor-ELucC constructs, which were
compared with the results obtained at the wild-type receptors (Table 3.2), supported the finding that
the fusion protein did not markedly affect the receptor affinity to the ligands. At all three investigated
dopamine receptor subtypes, the pK; values of the tested antagonists haloperidol and nemonapride
determined at the receptor fusion proteins correspond very well with the affinities determined at wild-
type receptors. In case of the agonist quinpirole and the partial agonist aripiprazole, slight
discrepancies but no general pattern was identified. With a pK; of 9.11 compared to 8.08, aripiprazole
showed a higher affinity to the D2ongR-ELucC fusion protein than to the wild-type receptor (Table 3.2).
The same observations were made for aripiprazole at the D3R with a pK; value of 8.58 at the ELucC
construct compared to 8.12 at the wild-type receptor (Table 3.2). However, the data for the D44R-
ELucC and the wild-type D4R were in very good agreement with each other. For quinpirole a biphasic
displacement curve was observed at the wild-type D2ongR, yielding a high- and a low-affinity inhibition

constant (Table 3.2), which is in line with published data®’. By contrast, a monophasic displacement
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curve was obtained at the ELucC fusion protein with a pKi value that was in between the high- and low-
affinity inhibition constant determined at the wild-type DaongR (Table 3.2). At the D3R and the D44R,
only monophasic displacement curves could be fitted. For both receptors, quinpirole showed a higher
affinity to the wild-type receptor. It must be noted that binding experiments with the ELucC fusion
proteins were carried out using whole cells, whereas in experiments with the wild-type receptors cell
homogenates were employed. It is known that the use of whole cells can strongly affect the
determination of ligand affinities, especially of agonists*, hence this could be the reason for the
observed differences rather than the fusion of the luciferase fragment to the C-terminus of the
receptor.

Table 3.2. Inhibition constants (pKi) of selected standard ligands determined in radioligand displacement

experiments. pKivalues were determined at receptors fused to the C-terminal fragment of the Emerald luciferase
using whole cells and at wild-type receptors using homogenates.

D2IongR D3R D4.4R
ELucC fusion ELucC fusion ELucC fusion
cmpd. . wt . wt ) wt
protein protein protein
aripiprazole 9.11+0.16 8.08+0.02 858+0.15 8.12+0.01 7.60+0.15 7.79+0.08
quinpirole 7.14 £0.07 hi 7.66+0.10 7.57 £0.05 8.21+0.07 6.55+0.01 7.94 £ 0.08
lo 5.87+0.02
haloperidol 9.30+£0.05 9.44 +0.13 8.92 +0.08 8.78 £ 0.04 8.24 £ 0.02 8.95+0.08
nemonapride 9.81+0.13 9.52+0.08 9.76+0.02 9.86+0.06 9.66+0.08 9.53+0.13

Data represent mean pKi + SEM determined in three independent experiments, each performed in triplicate.

Aiming at the development of an assay, allowing not only the measurement of reliable potencies and
efficacies but also the possibility to conduct live cell measurements as well as kinetic observations of
B-arrestin2 recruitment, each transfectant was tested for the feasibility of a real-time experiment. The
D2iongR-ELuUcC expressing cells showed robust concentration-dependent responses and high signal-to-
background (S/B) ratios to stimulation with quinpirole when the substrate D-luciferin was added to live
cells (Figure 3.2). Unfortunately, no B-arrestin2 recruitment could be observed in live-cell
measurements at HEK293T cells expressing the D3R-ELucC. It was previously reported that the D3R
recruits B-arrestin2 to a very small extent33, but by performing lysis-based measurements, we could
obtain reliable results with reasonable S/B ratios (Figure 3.2). In consistence with published data®, the
cells expressing the D4.4R did not show any response to agonistic stimulation in either real-time or lytic

endpoint measurements.
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Figure 3.2. S/B ratios of the complemented ELuc after stimulation of the analyzed receptors with the agonist
quinpirole. The cells were stimulated with quinpirole at a concentration of 1 uM. In the case of the D2iongR, live-
cell measurements were performed and the resulting area under the curve (AUC) (interval: 0-50 min) was divided
by the area obtained from a solvent control to obtain S/B ratios. For D3R and the Ds.4R studies, S/B ratios of were
retrieved by performing lysis-based endpoint measurements (90 min). Data represent means + SEM from at least
three independent experiments performed in triplicate.

3.2.2 Pharmacological characterization of dopamine receptor ligands in the B-

arrestin2 split luciferase complementation assay

Standard agonists and antagonists were tested to explore the suitability of the B-arrestin2 split
luciferase complementation assay to pharmacologically characterize dopamine receptor ligands of
different qualities of action, regarding their potencies (pECso), efficacies (Emax) Or antagonistic activities
(pKb). As agonists, the endogenous ligand dopamine, pramipexole, a widely used drug for the
treatment of Parkinson’s disease, and the full agonist quinpirole, were chosen. With R-(-)-apomorphine
and aripiprazole, a “third generation” antipsychotic drug, exhibiting a unique activity profile, two
partial agonists were included in the study as well (see Figure 1.3, general introduction)**°, For
defining the efficacy of each compound at the respective receptor, quinpirole was set as the reference
agonist (100%), since it shows a higher chemical stability with respect to oxidation compared to the
endogenous ligand dopamine. Dopamine decomposes to a certain extent in aqueous solution over the
time-course of several hours, which renders it unsuitable as a reference ligand for assays with longer
incubation periods. The stability of dopamine was investigated by a UHPLC method (see Appendix
Figure A4).

All agonists showed a time-dependent increase in luminescence in a concentration-dependent
manner, which could be converted to concentration-response curves (Figure 3.3 and 4A). The pECso
values for all agonists determined at the DaongR (Table 3.3) were in very good agreement with data

reported in the literature derived from commonly used assays such as [**S]GTPyS binding*® or cAMP
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assays°?, not differing more than 0.5 orders of magnitude. The endogenous ligand dopamine exhibited
full intrinsic activity in the experiment, whereas pramipexole was only able to elicit 86% of the maximal
response induced by quinpirole (Table 3.3). It was previously reported that pramipexole acts as a
partial agonist at the dopamine DaongR>%. Aripiprazole appeared as a partial agonist in recruiting B-

arrestin2
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Figure 3.3. Exemplary results of a live-cell measurement at the DaiongR. HEK293T cells stably expressing ELucN-
Barr2 and DaiongR-ELucC were stimulated with different concentrations of the standard agonist quinpirole. The
time-dependent increase in luminescence was recorded and the AUC after 50 min was used to generate a
concentration-response curve.
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Figure 3.4. Characterization of standard ligands in the B-arrestin2 recruitment assay. A set of agonists (A) and
antagonists (B) were tested for their ability to promote or inhibit (the quinpirole-induced) B-arrestin recruitment
at the D2iongR and the Ds3R. Data of agonists were normalized to the maximal stimulation induced by 1 uM
quinpirole (100%) and a solvent control (0%). Antagonist data were normalized to the signal elicited by quinpirole
at a concentration corresponding to the ECso (100%) and a solvent control (0%). Obtained pECso, Emax and pKb
values are presented in Table 3.3. Data represent means + SEM from at least three independent experiments,
each performed in triplicate.
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Figure 3.5. Detection of inverse agonism at the DsR. Inhibition of constitutive B-arrestin2 recruitment to the D3R
by various D3R ligands. Results are presented as percent maximal stimulation as that observed with quinpirole
[1 uM]. Data represent means + SEM from three independent experiments, each performed in triplicate.
to the DaongR With a very low intrinsic activity (Emax = 8 £ 2%) (Table 3.3). The efficacy of aripiprazole at
the DawngR is controversial, with publications claiming that it is an antagonist®® and others describing it
as a partial agonist in recruiting B-arrestin2 with efficacies ranging from 47% to 73% depending on the
assay>°. For R-(-)-apomorphine, we determined an efficacy of 87% (Table 3.3), thus it acts as a partial
agonist, which is in very good agreement with the literature®?. At the DsR, the potencies of all agonistic
compounds (Figure 3.4A) also correlate very well with published data. Dopamine and pramipexole
acted as full agonists, whereas R-(-)-apomorphine and aripiprazole exhibited Enax values of 91% and
26%, respectively (Table 3.3). For both compounds, a partial agonism at the D3R has been described
elsewhere*>3, with efficacies in a comparable range. Antagonistic activities (pKy) of (+)-butaclamol,
domperidone, haloperidol and nemonapride at the D2ongR (Figure 3.4B) also correlated very well with
data described in the literature (Table 3.3), with the minor exception of S-(-)-sulpiride. The same
generally applies to the DsR (Figure 3.4B), with nemonapride and (+)-butaclamol showing slight
differences (Table 3.3). A constitutive interaction of the D3R with B-arrestin has been reported
repeatedly3”>*, which we also observed in our assay, as all antagonists lowered the arrestin-dependent
luminescence signal at the D3R below the baseline. Therefore, the set of antagonists was also tested
for inverse agonism in the developed assay (agonist mode) as shown in Figure 3.5. All these ligands
exhibited negative efficacy at the D3R and potencies, which were comparable with the respective pKy

values (Table 3.3).
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Table 3.3. pECso, Emax and pKb values of standard DR ligands analyzed in the newly developed B-arrestin2
recruitment assay. For comparison, pKi values determined in radioligand displacement studies utilizing
homogenates from HEK293T cells stably expressing the wild-type receptors (cf. Table 3.2) and published data
from different assays are included.

B-arrestin2 recruitment r:adlollgand
displacement

receptor cmpd pECso Emax [%] pKb N pKi Ref.
D2iongR R-(-)-apomorphine 7.77 £0.04 87+3 4 7.33+0.13 7.66%°
aripiprazole 6.65+0.15 8+2 3 8.08 £0.02 6.8450
dopamine 7.24 £0.04 104 £3 3 hi 7.53+£0.21 7.055%

lo 5.96+0.10
pramipexole 8.19 £ 0.05 86+4 4 hi 7.35+0.12 8.515%6

lo 5.76 £ 0.03
quinpirole 7.55+0.07 100 5 hi 7.66 £0.10 7.1151

lo 5.87 £0.02
(+)-butaclamol 8.29+0.10 3 8.90 £ 0.06 8.0457
domperidone 9.13+0.09 3 9.23+0.07 8.87°8
haloperidol 8.90 £ 0.05 3 9.44 +£0.13 8.89>9
nemonapride 8.90 £ 0.05 3 9.52 +0.08 9.3260
S-(-)-sulpiride 8.86 +0.10 3 7.27+£0.09  8.228
D3R R-(-)-apomorphine 7.43+0.17 91+5 3 8.26 £0.03 7.93%
aripiprazole 7.44 £0.05 261 3 8.12+0.01 7.0062
dopamine 7.66+0.14 105+8 3 hi 8.64 £ 0.09 7.9563

lo 7.10£0.09
pramipexole 9.09 £ 0.06 99+4 4 8.99 +0.09 8.65%°
quinpirole 8.75 £ 0.07 100 6 8.21 +0.07 9.07°6
(+)-butaclamol 7.16£0.17 -27+9 7.35+0.08 3/3 8.46 £ 0.02 7.956%4
domperidone 8.02+0.14 -26t4 8.06 £ 0.09 3/3 8.58 £ 0.04 8.1258
haloperidol 8.29+0.29 -27 %5 8.68 £0.12 3/3 8.78 £0.04 8.70%
nemonapride 8.43+0.13 -25+4 9.07 £0.12 3/3 9.86 + 0.06 9.77°%6
S-(-)-sulpiride 8.33+0.10 -26+8 8.23 £ 0.07 3/4 7.07 £0.03 7.70%8

Data represent means + SEM from N independent experiments, each performed in triplicate.

3.23 Influence of GRK2/3 on B-arrestin2 recruitment to the D2iongR and the D3R

According to a generally accepted paradigm, G-protein coupled receptor kinases (GRKs) directly link
the attenuation of G-protein signaling to arrestin recruitment and therefore play an important role in
the desensitization and internalization processes of GPCRs?L. However, a large body of this knowledge
was gained from studies with the Br-adrenergic receptor? and it has been shown that there are
significant differences among GPCRs. In the case of the D,-like receptors, it was shown that especially
GRK2 and 3 play an important role in these processes®’. The exact mechanism is not fully understood
yet. Therefore, we decided to investigate the influence of these kinases in the developed method.
Firstly, effects of the selective GRK2/3 inhibitor cpd101% were investigated. The cells co-expressing
the ELucN-Barr2 and the DjiongR-ELucC or D3R-ELucC were pre-incubated with the inhibitor at increasing
concentrations and concentration-response curves of quinpirole were generated, as displayed in
Figure 3.6. Surprisingly, the inhibition of GRK2/3 in the cells expressing the DaongR led to an increase in
the luminescence signal to almost 400% (p < 0.05) (Figure 3.6A) and the potency was decreased by

almost one log unit (p < 0.05). Regarding the D3R, the use of cpd101 had no significant effect on the
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Figure 3.6. Influence of the GRK2/3 inhibitor cpd101 on B-arrestin2 recruitment. HEK293T cells stably expressing
ELucN-Barr2 and the indicated DxR-ELucC were incubated with cpd101 at different concentrations for 40 min
prior to agonist addition (A-C). Data represent means + SEM from three independent experiments, each

performed in triplicate.

efficacy (p = 0.21) or potency (p = 0.19) of quinpirole (Figure 3.6B). Since for the DiR it is described that
phosphorylation by GRK2 precedes the association of the D;R with B-arrestin2%, we constructed an
analogous B-arrestin2 recruitment assay for the DiR (c¢f. Methods) as a control. The D1R-ELucC
construct was validated by radioligand saturation binding and B-arrestin2 recruitment experiments
and the results are presented in the Appendix (cf. Figures A5 and A6, Tables A2 and A3). The data were
in agreement with data obtained from wild-type receptors. Subsequently, the influence of the
inhibition of GRK2/3 by using cpd101 was investigated. As expected, inhibition of the kinases led to a
concentration-dependent decrease in maximal response induced by the D;R standard agonist
SKF81297 (cf. Figure 3.6C) by about 47% (p < 0.05) and the potency was only affected to a minor extent
(p = 0.87). To further unravel the effects of the GRKs, the impact of exogenous overexpression of GRK2
and/or GRK3 on B-arrestin2 recruitment to the DjiongR and D3R was investigated. The HEK293T cells
expressing ELucN-Barr2 and DajongR-ELucC or D3R-ELucC were transiently transfected with a plasmid
encoding GRK2 or GRK3. Their response to stimulation with quinpirole was compared to the response
of cells that were mock transfected with the empty vector. As illustrated in Figure 3.7A, GRK2

overexpression in the DjengR-ELucC expressing cells led to a slight increase in luminescence signal,
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Figure 3.7. Influence of exogenous GRK2 or GRK3 overexpression on B-arrestin2 recruitment. HEK293T cells
stably co-expressing ELucN-Barr2 and the DxR-ELucC were transiently transfected with GRK2/GRK3 or empty
vector (A, B). Data represent means + SEM from three independent experiments, each performed in triplicate or

qguadruplicate.

although this was not statistically significant (p = 0.17). Interestingly, the overexpression of GRK3 led
to a marked decrease in luminescence signal (p < 0.05) to about 59% of the maximum signal exhibited
by the mock transfected cells. This led to the assumption that the increase of the luminescence signal
in the experiments with cpd101 (Figure 3.6) is mainly caused by the inhibition of GRK3. The B-arrestin2
recruitment to the D3R (Figure 3.7B) was not affected (p = 0.21) by exogenous GRK2 overexpression,
suggesting that endogenous levels of the GRKs are sufficient to ensure B-arrestin2 recruitment or that
GRKs are only marginally involved in this process. Additionally, the potency of quinpirole at either

receptor was not altered (p > 0.05).

Our results regarding the D1R are in line with previous findings, confirming that phosphorylation of the
receptor by GRK2 initiates or facilitates the interaction of the D1R with B-arrestin2%. In contrast to the
D1R, the involvement of GRK2 in B-arrestin2 recruitment to the DaongR is controversially discussed in
the literature. It has been reported that inhibition of the kinase activity of GRK2 leads to reduction of
arrestin recruitment’®. However, it has also been reported that GRK-mediated phosphorylation of the
DaiongR is Not necessary for arrestin association’! and that GRK2 is constitutively associated with the
receptor, whereby DaongR signaling is constitutively suppressed®’. To the best of our knowledge, the
contribution of the GRK3 to phosphorylation or trafficking processes of the D2ongR has not been subject
to extensive studies so far. Our findings suggest that the GRK3 somehow hampers the recruitment of
B-arrestin2 to the receptor. The inhibitor cpd101 binds to the active site of GRK2/3 and thus blocks the
binding of ATP to the enzyme®. Since application of the inhibitor led to a marked increase in
luminescence signal (Figure 3.6A), this led to the assumption that the kinase activity of the enzyme

hampers B-arrestin recruitment to the DongR. With respect to the D3R, the findings are consistent with
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earlier publications, in that Ds3Rs only undergo subtle phosphorylation by GRKs and that they are

regulated differently than D,Rs’2.

The kinetic profiles of B-arrestin2 recruitment to the D.ongR and the D1R under the influence of cpd101
are shown in Figure 3.8. In both cases, the time courses of the GPCR/B-arrestin interaction with and
without cpd101 were similar; only the efficacy was influenced in opposite directions. It is noteworthy
that the kinetic courses of B-arrestin2 recruitment to both receptors differ markedly. For the D1R, it
has been described that B-arrestin2 is recruited rapidly, whereas the complex of receptor and arrestin
is relatively unstable and already dissociates at the plasma membrane?®. These findings are reflected
by the course of our kinetic measurement, where we observed a steep increase in luminescence signal
followed by a rapid decline after reaching a maximum (Figure 3.8B). This contrasts with the kinetic
behavior at the D2iongR, Where the luminescent signal appears to stabilize (Figure 3.8A), suggesting that

there is a more stable interaction between the D,iongR and B-arrestin2.
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Figure 3.8. Impact of the specific GRK2/3 inhibitor cpd101 on the kinetics of B-arrestin2 recruitment to the DaiongR
(A) and the DiR (B). Data represent means + SEM from three independent experiments, each performed in
triplicate.

3.2.4 Influence of PKC on B-arrestin2 recruitment to the D3R

Different studies on the internalization of D3 receptors have confirmed that the GRK/arrestin-
dependent pathway plays a subordinate role for these receptors, which is consistent with our results
described above (cf. Figures 3.6 and 3.7). It has been reported that DsRs are mainly internalized after
phosphorylation by PKC3*%73, PKC is known to be involved in heterologous desensitization of GPCRs?®,
so we tested whether it contributes to agonist-induced B-arrestin2 recruitment to the DsR. We used
G066983, an inhibitor of different PKC isoenzymes, to abrogate the PKC-dependent phosphorylation of
the DsR”. The cells were treated with increasing concentrations of the inhibitor before the
concentration-response curves of quinpirole were recorded. As shown in Figure 3.9, inhibition of the
PKC led to a significant decrease (p < 0.05) of the maximum response elicited by quinpirole. Moreover,

the potency of quinpirole was decreased when cells were treated with the inhibitor before the
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measurement, but not with statistical significance (p = 0.19). Altogether, these results suggest that

PKC-dependent phosphorylation facilitates B-arrestin2 recruitment to the DsR.
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Figure 3.9. Influence of the PKC inhibitor G66983 on B-arrestin2 recruitment. HEK293T cells stably expressing
ELucN-Barr2 and D3R-ELucC were incubated with G66983 at different concentrations 40 min prior to addition of
agonist. Data represent means + SEM from three independent experiments, each performed in triplicate.
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3.3 Materials and methods
3.31 Materials

Dulbecco’s modified Eagle’s medium (DMEM) was from Sigma (Taufkirchen, Germany). Leibovitz’ L-15
medium (L-15) was from Fisher Scientific (Nidderau, Germany). Fetal calf serum (FCS), trypsin/EDTA
and geneticin (G418) were from Merck Biochrom (Darmstadt, Germany). Zeocin was purchased from
Invivogen Europe (Toulouse, France). The cDNAs of the hD2iongR and hDsR were kindly provided by Dr.
Harald Hibner (Department of Chemistry and Pharmacy, Friedrich-Alexander-University, Erlangen).
cDNAs of the D1R and the D.4R were purchased from the cDNA Resource Center (Rolla, MO, USA).
pcDNA3.1/myc-HIS (B) containing the sequence of the B-arrestin2 fusion construct with the N-terminal
fragment of the click beetle luciferase was kindly provided by Prof. Dr. Takeaki Ozawa (Department of
Chemistry, School of Science, University of Tokyo). The pIRESneo3 vector was a gift from Prof. G.
Meister (Institute of Biochemistry, Genetics, and Microbiology, University of Regensburg, Germany).
pcDNA-GRK3 was a gift from Robert Lefkowitz”® (Addgene plasmid # 32,689;
http://n2t.net/addgene:32689; RRID: Addgene_32689). If possible, ligands were dissolved in H,O
(millipore); otherwise in DMSO (Merck, Darmstadt, Germany). (+)-butaclamol, dopamine, G66983,
pramipexole, quinpirole and SKF81297 were from Sigma (Taufkirchen, Germany), aripiprazole and
haloperidol were from TCI Deutschland GmbH (Eschborn, Germany), R-(-)-apomorphine,
nemonapride, S-(-)-sulpiride, domperidone and Takeda compound 101 (cpd 101) were from Tocris
Bioscience (Bristol, United Kingdom). Pierce D-luciferin was purchased as a potassium salt from Fisher

Scientific GmbH (Schwerte, Germany).

3.3.2 Cell culture

HEK293T cells obtained as a kind gift from Prof. Dr. Wulf Schneider (Institute for Medical Microbiology
and Hygiene, Regensburg, Germany) were cultured in DMEM supplemented with 10% fetal calf serum
at 37°C in a water-saturated atmosphere containing 5% CO,. Cells were routinely tested for
mycoplasma contamination using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs,

Germany) and were negative.

333 Generation of plasmids for cells used in the B-arrestin2 recruitment assay

The fusion construct of the respective dopamine receptor and the C-terminal fragment of the
luciferase was generated by using the previously described pcDNA4/V5-HIS (B) vector containing the
hH1R-ELucC construct”. The sequence of the hHiR was replaced by the cDNA of the hD:R, hD2iongR,
hDsR or the hD44R. The cDNAs were amplified by standard polymerase chain reaction (PCR) using gene
specific primers and the Q5 high fidelity DNA polymerase (New England Biolabs, Ipswich, USA). The

sequences encoding the receptor-ELucC fusion constructs were cloned into the vector by standard
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restriction and ligation techniques. The quality of the vectors was controlled by sequencing (Eurofins

Genomics GmbH, Ebersberg, Germany).

3.34 Generation of plasmids for cells used for homogenate preparation

The hD1R, hDjongR, hD3R and hD.4R were cloned into a pIRESneo3 vector via Gibson Assembly. The
pIRESneo3-SP-FLAG-hH4R vector, described elsewhere’, was linearized using standard PCR
techniques. Overlaps, complementary to the vector backbone were attached to the dopamine
receptors using PCR. Subsequently, receptors were cloned into pIRESneo3 according to the NEBuilder
HiFi DNA Assembly Reaction Protocol, resulting in receptors that are N-terminally fused to the
membrane signal peptide (SP) of the murine 5-HT3a receptor and tagged with a codon-optimized FLAG
tag, subsequently referred to as wild-type receptors. The quality of the vectors was controlled by

sequencing.

3.35 Generation of stable transfectants

HEK293T cells stably expressing the B-arrestin2 fusion construct were generated as previously
described®. The cells were seeded into a 6-well plate 24 h prior to transfection. For the transfection
with the pcDNA3.1/myc-HIS (B) vector encoding the ELucN-Barr2 fusion construct, Fugene HD
transfection reagent (Promega, Mannheim, Germany) was used. Cells were incubated with 2 pg of
plasmid DNA at 37 °C for 48 h. Before starting with the antibiotic selection, cells were detached with
trypsin/EDTA and transferred to a 75-cm? culture flask. G418 at a final concentration of 1000 pg/mL
was added to the culture medium until stable growth was observed (for up to 3 weeks). Subsequently,
cells were transfected with 2 pg of the pcDNA4/V5-HIS (B) vector encoding the cDNAs for the
dopamine receptor fusion proteins (D;R-ELucC, DjiongR-ELucC, D3R-ELucC, Ds4R-ELucC) as described
above with the exception that X-tremeGENE HP (Roche, Basel, Switzerland) was used as transfection
reagent. Selection was performed with 400 pg/mL zeocin. Subsequently, a clonal selection was
performed with every cell line for high expression of the modified receptor and B-arrestin2 fusion
construct. Therefore, stably transfected cells (see above) were seeded on a 15 cm dish at a density of
1000-2000 cells/dish. After 2 weeks, single clones were picked and screened for the highest S/B ratios
as described in Figure 2 by using 1 uM quinpirole. HEK293T cells stably expressing the wild-type
receptors were generated in an analogous manner. Briefly, 2 ug of the plIRESneo3 SP-FLAG-
D1R/DaiongR/D3R/D4.4R vector were used and selection was achieved in the presence of 1000 pug/mL of

G418.

3.3.6 Preparation of cell homogenates
Homogenates were prepared as previously described’” with minor modifications. HEK293T cells stably
expressing the DiR, DaongR, the D3R or the Ds4R were grown in 15 cm dishes to 80-90% confluency.

Cells were rinsed with ice-cold PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOQ4, 1.8 mM KH,PO,,
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pH 7.4) and detached from the dishes using a cell scraper in the presence of harvest buffer (10 mM
Tris-HCl, 0.5 mM EDTA, 5.5 mM KCI, 140 mM NaCl; pH 7.4) supplemented with protease inhibitors
(SigmaFAST, Cocktail Tablets, EDTA-free, Sigma-Aldrich, Deisenhofen, Germany). After centrifugation
(500 g, 5 min), the DaongR expressing cells were resuspended in homogenate buffer (50 mM Tris-HCl,
5 mM EDTA, 1.5 mM CaCl,, 5 mM MgCl,, 5 mM KCI, 120 mM NacCl; pH 7.4), whereas the D3R or D44R
expressing cells were resuspended in Tris-MgS0, buffer (10 mM Tris-HCI, 5 mM MgSQOs; pH 7.4) and
stored at -80 °C. After thawing, the cells were resuspended in homogenate buffer or Tris-MgSO,
buffer, and homogenized using an Ultraturrax (on ice, 5times for 5s). The homogenate was
centrifuged (6 °C, 50,000 g, 15 min), the pellet was resuspended in binding buffer (50 mM Tris-HClI,
1 mM EDTA, 5 mM MgCl,, 100 pg/mL bacitracin; pH 7.4) and homogenized using a syringe and needle

(i.d. = 0.4 mm). The homogenate was stored in small aliquots at -80 °C.

3.3.7 Radioligand binding experiments with whole cells

For radioligand saturation binding with whole cells, expressing the developed DiR-, DaongR-, D3R- or
D4.4R-ELucC fusion constructs, cells were cultured in a 75 cm? flask to a confluency of approx. 80%,
detached with a cell scraper and resuspended in L-15 containing 5% FCS. After centrifugation (600 g,
5 min), the cells were resuspended in L-15 medium containing 100 pg/mL bacitracin at a density of
0.15 x 10° cells/mL. The assay was carried out in a final volume of 200 pL/well in 96-well polypropylene
plates. The radioligand [3H]SCH23390 (D:R; specific activity: 81 Ci/mmol, Novandi Chemistry AB,
Sodertélje, Sweden) was applied for the D1R in a concentration range from 0.04 nM to 4 nM. For the
D2344R, [*H]N-methylspiperone (D2344R; specific activity: 77 Ci/mmol, Novandi Chemistry AB,
Sodertilje, Sweden) was used in a concentration range from 0.025 nM to 1.5 nM for the DjiongR and
the D3R or 0.03 nM to 3.0 nM for the D4.4R. After incubation for 60 min (D2iong,3,4.4R) or 120 min (D1R) at
room temperature, bound radioligand was separated from free radioligand by filtration through PEI-
coated GF/C filters using a 96-well Brandel harvester (Brandel Inc., Unterféhring, Germany). Filters
were transferred to (flexible) 1450-401 96-well sample plates (PerkinElmer, Rodgau, Germany) and
after incubation with scintillation cocktail (Rotiszint eco plus, Carl Roth, Karlsruhe, Germany) for 5 h,
radioactivity was measured using a MicroBeta2 plate counter (PerkinElmer, Waltham, MA, USA). Total
and non-specific data were fitted by the model “one site-total and non-specific binding” using a
hyperbolic curve fit for total binding and linear regression for non-specific binding. Specific binding was
fitted to the model “one site-specific binding”. Ky values were transformed into pKyand means and

SEMs were calculated from the respective pKqvalues.

Competition binding experiments with whole cells expressing the fusion proteins were carried out
analogous to saturation binding experiments with whole cells as described above. [*H]N-

methylspiperone was applied at a final concentration of 0.06 nM for the DyongR and the D3R or 0.5 nM
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for the D44R. Non-specific binding was determined in the presence of 2 uM (+)-butaclamol (D2iongR,
DsR) or nemonapride (Ds4R). Competition binding curves were fitted using a four-parameter fit
(“log(agonist) vs. response-variable slope”) or a two-site fit (“two sites-fit loglCso”). Significance of
biphasic fitting was tested using the “extra sum-of-squares F Test provided by GraphPad. P-
values < 0.05 were considered to indicate statistical significance. All calculations were conducted using

Prism 8 (Graph Pad, La Jolla, CA, USA).

3.3.8 Radioligand experiments with homogenates

Radioligand binding experiments with homogenates were performed as described for whole cells (see
above) with minor modifications. For saturation binding experiments homogenates containing the
respective dopamine receptor were resuspended in binding buffer (50 mM Tris-HCI, 1 mM EDTA, 5 mM
MgCl, and 100 pg/mL bacitracin, pH 7.4) to a final concentration of 0.3 pg (D1R), 0.3 ug (D2iongR), 0.7 g
(DsR) or 0.5-1.0 pg (D4.4R) protein/well. Incubation time was 60 min for the DziongR, D3R and D4R or
120 min for the D;R. Unspecific binding was determined in the presence of (+)-butaclamol (2000-fold
excess, DiR, DaongR, D3R) or nemonapride (2000-fold, D44R). [*H]SCH23390 (D:R; specific activity:
81 Ci/mmol, Novandi Chemistry AB, Stdertélje, Sweden) was used in a concentration range from
0.04 nM to 7 nM for the DiR. [*H]N-methylspiperone (D234.4R; specific activity: 77 Ci/mmol, Novandi
Chemistry AB, Sodertalje, Sweden) was used in a concentration range from 0.025 nM to 1.5 nM for the

D2iongR and the D3R or 3.0 nM for the Da4R.

For competition binding experiments, [*H]N-methylspiperone was applied at a final concentration of

0.06 nM for the DjiongR and the D3R or 0.1 nM for the D4.4R. Incubation time was 60 min.

3.3.9 Quantification of B-arrestin2 recruitment in live cells

HEK293T ELucN-Barr2 cells stably expressing the dopamine receptor-ELucC fusion protein were
detached from a 75-cm? flask by trypsinization and centrifuged (700 g, 5 min). The pellet was
resuspended in L-15 medium supplemented with 5% FCS, HEPES (10 mM), and the cell density was
adjusted to 1.25 x 10° cells/mL. Then, 80 pL/well of this suspension were seeded into a white
microtiter 96-well cellGrade plate (Brand & Co. KG, Wertheim, Germany) and incubated overnight at
37 °C in a humidified atmosphere. The next day, 10 uL of a 10 mM solution of D-luciferin in L-15
medium was added to each well and the plate was transferred to a pre-warmed (37 °C) INFINITE 200
Pro microplate reader (Tecan, Grédig, Austria). A baseline was measured for 20 min by recording the
luminescence of the entire plate for 100 ms per well in 11 cycles. Serial dilutions of the respective
agonists or antagonists were prepared in L-15 medium containing HEPES (10 mM) (assay buffer) and
warmed to 37 °C prior to addition to the cells. Subsequently, luminescence was recorded for 45 repeats
resulting in an overall period of 1 h. Negative control (assay buffer) and positive control (quinpirole
(DaiongR), full agonist) were included for normalization of the data from the D2ongR. For measurements
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performed in antagonist mode, 10 uL of assay buffer were removed from each well before cells were
pre-incubated with the antagonist dilutions (10 pL) for 20 min. Antagonists were added simultaneously
with the substrate just before starting the baseline measurement. Then, quinpirole (D2ongR) or
SKF81297 (D1R) was added at a concentration eliciting 80% of the maximal response and the final read
was started. To correct for slight differences in cell counts or amount of substrate added to each well,
the mean of the baseline values just before addition of agonists was subtracted from all subsequently
recorded values. Additionally, to account for a change of luminescence that might occur over the time-
course of the measurement in the absence of agonist, the recorded values of the solvent control were
subtracted from all data. For generating concentration-response curves, the AUC after 50 min was
used. Data were fitted to the model “log(agonist) vs. response-variable slope (four parameters)”. The
pKp-values were calculated from ICsp values according to the Cheng—Prusoff equation’®. All calculations

were conducted using Prism 8 (Graph Pad, La Jolla, CA, USA).

3.3.10 Quantification of B-arrestin2 recruitment by endpoint measurement

HEK293T ELucN-Barr2 cells stably expressing the dopamine receptor-ELucC fusion protein were
prepared 24 h before as described in the preceding section. In agonist mode, 10 uL of assay buffer
were added to each well before addition of 10 uL of agonist in different concentrations, resulting in an
assay volume of 100 L. In antagonist mode, cells were incubated with 10 uL of antagonist in different
concentrations for 20 min, before quinpirole (10 uL) was added at a concentration eliciting 80% of the
maximum response. After incubating the cells with the compounds for 90 min at room temperature,
50 pL of assay medium were removed from each well and 50 pL of Bright-Glo luciferase assay reagent
were added resulting in cell lysis. Plates were vigorously shaken for 2 min and bioluminescence was
recorded for 1 ms per well using an INFINITE 200 Pro microplate reader (Tecan, Grodig, Austria). Data
were fitted to the model “log(agonist) vs. response-variable slope (four parameters)”. The pKy-values
were calculated from ICso values according to the Cheng—Prusoff equation’®. All calculations were

conducted using Prism 8 (Graph Pad, La Jolla, CA, USA).

3.3.11 Statistical analysis

Statistic differences were analyzed using a t-Test or a one-way ANOVA. All reported p-values are two-
sided, and p-values lower than 0.05 were considered to indicate statistical significance. All calculations

were performed using the SPSS 26 software (IBM, Armonk, NY, USA).
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3.4 Summary and conclusions

In this study, we developed a split luciferase complementation B-arrestin2 recruitment assay for the
D2ong and the D3 receptor, which, in case of the DaongR, is also applicable in live cells. The hypothesis
that the D4R does not recruit B-arrestin2 was confirmed®, as no recruitment was measured at the
D.4R. Our assay represents a homogeneous test principle with a cell-permeable substrate, which
allows temporal (kinetic) measurements. Combined with the proximal readout and the short
incubation time, it represents a significant improvement over the commercially available assays
described above. For the D,ong and Ds receptors, we demonstrated that the assay is suitable for the
determination of ligand potencies and efficacies. Furthermore, the test system is able to discriminate
between full and partial agonists and to identify inverse agonism at the D3R, which makes it a versatile
tool for the characterization of dopamine receptor ligands. Although B-arrestin2 recruitment at the
D3R has played a rather minor role in the literature so far®3, this determination can still be an important
parameter for the complete characterization and development of future biased ligands in the field of
dopamine receptors. The influence of GRK2/3 and PKC at the DaiongR, D3R, and D:R was investigated
using different kinase inhibitors, which shows that the assay can also contribute to the deciphering of
signaling mechanisms. In summary, this split luciferase complementation assay is a powerful tool for
the determination of B-arrestin2 recruitment in dopamine D»-like receptors. Thus it represents an
important methodological extension for the identification of biased agonists, e.g., in multiparametric

analyses, and the characterization of D,-like receptor ligands.
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Chapter 4

4.1 Introduction

Traditionally, in G protein-coupled receptor (GPCR) targeted drug discovery, new compounds are
characterized with respect to their pharmacological properties in binding and functional cell based
assays to determine ligand-receptor affinities and to quantify distinct intracellular messengers,
respectively’?. A very proximate technique to measure GPCR mediated G protein activation upon
agonist stimulation is, for example, the [¥*S]GTPyS® assay, which is usually performed with cell
membrane preparations®. By contrast, cell-based assays focus on the quantification of further down-
stream occurring intracellular second messengers, such as cyclic AMP?, inositol-1,4,5-trisphosphate
(IP3)> or Ca®*®, which are regulated by Gas-, Gai- or Gog-coupled receptors. To monitor G protein
independent signaling, namely the recruitment of B-arrestin, different approaches were described”2.
Among others, imaging-based® or split-luciferase complementation assays®'® (cf. chapter 3) are
available, both requiring a modification of the GPCR of interest and/or B-arrestin to make the receptor-
B-arrestin interaction conveniently detectable. In principle, the second messenger and effector
recruitment assays can be applied for the investigation of orphan GPCRs, however this requires more
efforts compared to so-called label-free technologies because for the latter the G protein coupling

specificity of the receptor does not have to be known (see below).

The dopamine Daong receptor, a member of the rhodopsin family of GPCRs'! and one of the natural
targets of the endogenous neurotransmitter dopamine, exerts its functions primarily by activating
various subtypes of Gai/, proteins’*3. It has been shown that DaongR signaling is multifaceted and
comprises the activation of a variety of pathways®. By activation of the Gai, protein, the DaiongR
inhibits the adenylyl cyclase and thus prevents the formation of cyclic AMP, leading to a decrease in
the phosphorylation of protein kinase A (PKA) substrates®. Moreover, in the case of the dopamine
D2iong receptor, the GBy subunit, which dissociates from the heterotrimeric G protein after GTP is bound
to the Ga subunit’®, mediates an increase in cytosolic calcium by activation of phospholipase C (PLC)®.
However, as has been shown in a neuronal cell line, also exhibits an inhibitory effect on voltage gated
calcium channels . In addition to the aforementioned signaling pathways, the DaiongR signals through
B-arrestin2, a protein, that on the one hand is involved in the desensitization of the receptor and on
the other hand triggers G protein independent signaling!’. Concerning dopamine D, receptor ligands,
assays based on the quantification of cyclic AMP*®20, B-arrestin2 recruitment!®?! or [3>S]GTPyS
binding?*% have been widely used for pharmacological characterization. Having the complex signaling
mechanisms of the dopamine Daong receptor (or GPCRs in general) in mind, it appears to be
advantageous to follow holistic approaches, i.e. label-free technologies, allowing the measurement of
whole-cell responses to a ligand?. Dynamic mass redistribution (DMR) is a label-free technology that
utilizes an optical biosensor to measure the redistribution of cellular constituents upon receptor

stimulation?*. The biosensor used for measuring DMR is a resonant waveguide grating (RWG),
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consisting of a substrate and a cover layer with an embedded grating structure, and a layer of adherent
cells that grow on the sensor surface?*. As depicted in Figure 4.1, the bottom of the biosensor is
illuminated by a broadband light source (825 — 840 nm) in a specific angle and most of the wavelengths
are transmitted. The wavelength that is in resonance with the system is diffracted by the grating and
couples into the grating layer, which acts as a waveguide. The light propagates within the layer until it
is uncoupled again by diffraction. The wavelength that is in resonance with the system is, among
others, determined by the refractive indices of the different layers, thus also by the local refractive
index near the sensor surface?. Redistribution of cellular components, which has been reported as a
complex endpoint of GPCR signaling?®%, results in changes in the refractive index next to the sensor
surface®®. This leads to a shift of the resonance wavelength which is recorded over time?. The
electromagnetic field that is generated by the propagated light, the evanescent wave, has a
penetration depth in cells of about 150 — 200 nm, which is referred to as the sensing volume. Thus,

only changes in mass distribution in the sensor-near portion of the cells are detected®.

agonist
stimulation

vy
sensing volume redistribution of
(150-2%)0 nm) cellular constituents

biosensor §

broadband light source reflected wavelength shifted wavelength

Figure 4.1. Schematic illustration of the DMR detection principle. Cells are grown in 384- or 96-well biosensor
microplates that contain a biosensor within the bottom of each well. The resonant waveguide grating biosensor
is illuminated by a broadband light source and the wavelength that is in resonance with the system is propagated
and reflected. Other wavelengths are transmitted. The sensing volume is defined by the penetration depth of
the evanescent wave that is generated by the propagated light. The resonance wavelength is a function of the
refractive index near the surface of the biosensor. Stimulation of the cells can lead to a dynamic mass
redistribution (DMR) of cellular constituents and subsequently a change in refractive index. This leads to a shift
of the resonant wavelength in the pm range, representing the readout of the DMR assay.

Label-free techniques, such as DMR, are attractive because it is not necessary to know the G protein
isoform coupling to the receptor of interest and a genetic engineering of the receptor is not required.
This enables investigations under more physiological-like conditions, not least because there is no
interference with cellular processes by the addition of chemical agents, often required for signal
detection in conventional assays. Another strength of the DMR technique is its outstanding sensitivity,

allowing the study of GPCRs at endogenous expression levels?’. However, it should be kept in mind

that extremely sensitive methods are especially error-prone.
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Label-free readouts are often referred to as “black box” readouts, since the processes leading to the
observed signal are not fully understood?!. Therefore, specific antagonists or pathway inhibitors should

always be included for the interpretation of data derived from DMR or other label-free assays.

In this study, well characterized dopamine D,R-like (partial) agonists and antagonists were investigated
in a dynamic mass redistribution assay using CHO-K1 cells expressing the human dopamine Dziong
receptor. The influence of different assay conditions on pharmacological parameters of the studied DR
ligands was investigated and the data were compared with data obtained from canonical assays.
Furthermore, the contribution of different signaling components, such as Gs, Gi,o, Gg/11 proteins or

cytosolic Ca?* was investigated.
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4.2 Results and discussion

4.2.1 Optimization of assay conditions

CHO cells exhibit stronger adhesion to the microplates compared to HEK293T cells and were chosen
for the establishment of a DMR assay for that reason. Since the penetration depth of the biosensor is
only about 200 nm, the adhesion of the cell to the sensor surface has a great impact on the sensitivity
of the assay®’. The expression of the receptor in the CHO-K1 hDaongR cell line was determined by
radioligand saturation binding, shown in Figure A7 (Appendix). For the determination of
pharmacological parameters under quasi physiological conditions in experiments involving intact cells,
an assay temperature of 37 °C should be used. However, for different reasons explained in the
following, a lower assay temperature was considered useful and its influence on the DMR readout was
investigated. The biosensor used in the DMR technology is sensitive to the refractive index of the
medium being in contact with the sensor surface’® and the refractive index depends on the
temperature. A change of 1 °C results in a 24 pm shift of the reflected wavelength (according to the

manufacturer), i.e. the temperature should be kept constant during the assay procedure. Before
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Figure 4.2. Time courses of DMR experiments performed with CHO-K1 DziongR cells at 37 °C (A, C) or 28 °C (B, D).
Cells were stimulated with the indicated concentrations of dopamine (A, B) or quinpirole (C, D) (added after
5 min baseline recording) and the wavelength shifts were monitored. Signals were corrected by subtraction of
the vehicle control. Experiments were performed using 384-well microplates. Shown are means + SEM of
representative experiments, each performed in triplicate.
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addition of the agonist, the microplate was kept in the plate reader for adaptation to the assay
temperature and a baseline read was performed. Since the plate reader was not equipped with an
automated liquid handling system, the receptor ligands were added manually outside of the device.
To keep the temperature change minimal, measurements were performed at 28 °C and the resulting
pECso values, the time point of the peak and the shape of the DMR traces were compared to those
obtained from measurements at 37 °C. Temperature has an impact on the fluidity of the cell
membrane and it was reported that the mobility of membrane-anchored proteins increases with
increasing temperature®. As shown in Figure 4.2, stimulation of the cells with an agonist results in a
rapid shift in wavelength, which subsequently declines to almost the baseline level. In measurements
performed at 37 °C (Figure 4.2A and C), the peak appears already after 0.5 - 2 min, whereas at 28 °C
(Figure 4.2B and D), the kinetics is slightly slower and the maximum wavelength shift is detected after
1.5 - 3.5 min. The temperature decrease from 37 °C to 28 °C did not seem to have another impact on
the shape of the DMR traces. To determine pECso values from the DMR recordings, data were
converted to concentration-response curves (CRCs; cf. section 4.2.2) shown in Figure 4.3. By

comparing the obtained pECso values (Table 4.1), it becomes obvious that the potencies determined

100= -+ enveercrrocccarariannanny :
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) / 28 °C

B B e B e B R m—
o 1110 9 -8 -7 -6 -5 -4 -3
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Figure 4.3. Concentration-response curves resulting from DMR recordings at different temperatures. Relative
maxima in wavelength shift (AAmax) are plotted against the logarithmic concentration of the respective agonist.
Data were normalized to AAmax induced by 100 uM dopamine or 10 uM quinpirole. Data are presented as means
+ SEM from three independent experiments, each performed in triplicate.

in experiments at 28 °C are lower than those obtained from experiments at 37 °C. To test for statistical
significance, a t-test was performed and p-values < 0.05 were considered to indicate statistical
significance. In the case of quinpirole, the pECso values obtained from measurements at different
temperatures were significantly different (p = 0.03), whereas the pECso values determined for
dopamine were not (p = 0.981). The results obtained for quinpirole indicate an impact of the assay
temperature on the determined potencies. However, the rapid appearance of the peak may pose a
problem when working without an automated liquid handling system (manual compound addition) as

the addition of the compounds and starting the final read could take too long. Additionally it was
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demonstrated that membranes of live cells do not show phase transitions within a wide range of

temperatures (14-37 °C)®3. Therefore, all subsequent experiments were performed at 28 °C.
Furthermore, due to other technical reasons, the following experiments were conducted with 96-well

instead of 384-well plates.

Table 4.1. pECso values determined by DMR measurements performed with CHO-K1 hD2ongR cells at different

temperatures.
cmpd. pECso £ SEM
37°C 28 °C
dopamine 7.95+0.18 7.87 £0.15
quinpirole 834 +0.04 8.03+0.06

Data represent means = SEM from three independent experiments, each performed in triplicate.

Another parameter investigated during the establishment of the assay was the cell density. Cells were
seeded at densities of 72,000, 54,000 or 36,000 cells/well into a 96-well plate and the DMR response
upon stimulation with quinpirole was recorded (Figure 4.4A). Concentration-response curves were
constructed (Figure 4.4B) and the resulting signal heights and pECso values were compared. As can be
seen in Figure 4.4A, the different cell densities did not have an obvious impact on the maximal
observed wavelength shift. The pECso values (Table 4.2) obtained from CRCs (Figure 4.4B) decreased
slightly with an increasing cell density. For statistical analysis, the potencies were compared by a one-
way ANOVA with Bonferroni’s correction for multiple comparisons and revealed a significant
difference only between values obtained from assays with 36,000 and 72,000 seeded cells/well (p <
0.05). For all subsequent experiments, cells were seeded at a density of 54,000 cells/well since this led

to 80-90% confluency after about 24 h of incubation.
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Figure 4.4. Influence of the density of seeded CHO-K1 D2iongR cells on the quinpirole induced response. (A) DMR
recordings of CHO-K1 D2iongR cells stimulated with 1 uM quinpirole. Data show one representative experiment
performed in triplicate. (B) Concentration-response curves of quinpirole derived from DMR measurements at
different cell densities. Data are presented as means + SEM from three independent experiments, each
performed in triplicate.
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Table 4.2. pECso values of quinpirole (D2ongR) determined by DMR measurements with varying cell densities.

(S:Zﬁgfv‘:e” PECso + SEM (ECso, nM)
36,000 8.58 +0.03 (6.0)
54,000 8.38 +0.04 (4.3)
72,000 8.25 +0.08 (2.7)

Data are presented as means + SEM of three independent experiments, each performed in triplicate.

4.2.2 Characterization of reference ligands

After having determined the assay conditions for DMR measurements, concentration-response
relationships of well-characterized reference DR agonists and antagonists were studied. The following
agonists were investigated: the endogenous agonist dopamine, the full agonist quinpirole,
pramipexole, a drug commonly employed in the treatment of Parkinson’s disease3,
R-(-)-apomorphine, also a known Parkinson’s therapeutic®® described as partial agonist®®, and
aripiprazole, which is considered a prototype for third generation antipsychotics3”-*¢. Quinpirole was
used as reference agonist for defining the efficacies of the compounds as it exhibits higher chemical
stability compared to dopamine, as described in chapter 3 (section 3.2.2). A representative recording
of the quinpirole induced change in wavelength shift from experiments performed with CHO-K1

hD2iongR cells is shown in Figure 4.5. The stimulation of the cells with quinpirole elicited a positive
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Figure 4.5. Quinpirole induced responses of CHO-K1 hDaongR cells recorded by DMR and corresponding
concentration-response curve. (A) Representative time courses of the change in wavelength shift after
stimulating the CHO-K1 hD2iongR cells with quinpirole at various concentrations (performed in triplicate). The
measurement was performed at 28 °C in a 96-well microplate. (B) DMR traces from A corrected for the vehicle
control and concentration-response curves generated by plotting the maximum change in wavelength shift
(AAmax; pm) against the logarithmic concentration of quinpirole. Data are shown as mean + SEM.
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concentration dependent DMR signal (Figure 4.5A). Under the applied conditions, the observed
change in wavelength shift increased rapidly, reached a peak at about 3 min, followed by a rapid
decline and stabilization as a plateau above the baseline level. Comparable kinetic DMR profiles have
been reported for other Gj,, coupled receptors expressed in CHO cells, such as the serotonin 5-HTys
receptor®, the dopamine D3 receptor®® or the muscarinic M, receptor®’. As the DMR traces displayed
clear maxima, the maximum change in wavelength shift (AAmax; pm) was used to construct
concentration-response curves (Figure 4.5B). Data fitting according to a four-parameter logistic
equation (cf. Materials and Methods 4.3.5) afforded potencies (pECso values) and efficacies (Emax) of

the investigated DaongR agonists (Table 4.3).

All agonists induced a positive DMR response in a concentration-dependent manner (Figure 4.6), from
which CRCs could be constructed (Figure 4.9A). Quinpirole, dopamine and pramipexole appeared as
full agonists in the DMR assay, yielding pECso values of 8.48, 8.17 and 8.71, respectively (Table 4.3).
There are only little reports on the application of the DMR technique to Daiong receptors, but Brust et
al.*? determined data for dopamine and pramipexole (ECso values of 11 nM and 8.7 nM for dopamine
and pramipexole, respectively) that were in very good agreement with data obtained in present study.
R-(-)-Apomorphine, which was reported to be a partial D;R agonist in a [3*S]GTPyS binding assay (Emax
= 53%3¢ or 90%* relative to dopamine, pECso = 7.663¢ or 6.76*), appeared as full agonist in the DMR
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Figure 4.6. Representative DMR time courses of the concentration-dependent change in wavelength shift (AA;
pm) induced by addition of the indicated reference agonists to CHO-K1 hD2iongR cells. Data were normalized to
the maximum wavelength shift induced by 1 uM quinpirole (100%) and a buffer control (0%). Shown are data
(means = SEM) from representative experiments out of three independent experiments, each performed in
triplicate.
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assay with a high potency of 0.6 nM. Aripiprazole acted as partial agonist in the DMR assay yielding an
efficacy of 62% and a pECso value of 6.44, which was in good agreement with reported data

(pECso= 6.23, obtained by conversion of the reported ECso value, determined in a DMR assay)*2.

A selection of D, receptor antagonists were studied for their ability to inhibit the quinpirole-induced
DMR response mediated by the hDongR, confirming the specificity of the response. The investigated
antagonists were the antipsychotics haloperidol, nemonapride, S-(-)-sulpiride and the antiemetic drug
domperidone. All four compounds, added 8 min after the addition of the agonist, antagonized the
quinpirole induced DMR response in a concentration-dependent manner and comparable kinetic DMR
traces were observed. Representative DMR time courses are shown in Figure 4.7. Higher
concentrations of the antagonists led to a steep negative DMR response below the baseline level (ca.

-90%), which was reached after about 18 min. Subsequently, the DMR traces ascended slowly
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Figure 4.7. Inhibition of the quinpirole-induced DMR response by selected dopamine receptor antagonists.
CHO-K1 hD2iongR cells were stimulated with quinpirole at a concentration eliciting 80% of the maximal response
(30 nM) and the DMR signal was recorded for 8 min followed by the addition of varying concentrations of the
indicated antagonist. Data were normalized to the maximum wavelength shift induced by 30 nM quinpirole
(100%) and a buffer control (0%). Shown are means + SEM of representative experiments performed in triplicate,
out of at least three independent experiments.

during the remaining recording. Lower concentrations of antagonists resulted in a less steep decline
of the DMR traces. As will be shown in section 4.2.4, a negative DMR signal can result from activation
of the adenylyl cyclase and increase in intracellular cAMP. Similar DMR traces were also observed for
the Gi-coupled muscarinic M; receptor, expressed in Flp-In CHO cells?®. As demonstrated in Figure 4.8,
preincubation of the cells with the antagonists for 30 min prior to the addition of the agonist quinpirole

resulted in time
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Figure 4.8. Exemplary DMR recording of haloperidol studied in antagonist mode. Before the addition of
quinpirole at a concentration eliciting 80% of the maximal response (30 nM), the cells were incubated with
varying concentrations of haloperidol for 30 min. Data were normalized to the maximum wavelength shift
induced by 30 nM quinpirole (100%) and a buffer control (0%). Data represent means + SEM from three
independent experiments, each performed in triplicate.

courses consisting entirely of positive signals. Hence, this kind of antagonist mode allowed the
construction of concentration-response curves (Figure 4.9B). The observed responses from
experiments involving antagonists were less stable compared to the measurements with agonists and
the wavelength shifts showed larger variations within individual triplicates (cf. Figures 4.6 and 4.7).
The inhibition curves obtained from the measurements with antagonists displayed Hill Slopes partially
deviating strongly from unity (from -1.18 for S-(-)-sulpiride to -1.95 for nemonapride). Therefore, the
typically used Cheng-Prusoff equation was considered inappropriate for the calculation of K, values
and a “more general” modified Cheng-Prusoff equation defined by Leff and Dougall**, that takes the
Hill coefficient into account, was used to convert ICso values to K, values (as described in Material and
Methods, 4.3.5). The obtained pK;, values are shown in Table 4.3. Unfortunately, no reference data of
the studied dopamine D, receptor antagonists obtained from DMR measurements were found in the

literature for comparison.

All investigated DaongR ligands were tested for off-target activity in untransfected CHO-K1 cells. As
shown in Figure A8 (Appendix) none of the agonists induced a DMR response in these cells. Regarding

the antagonists, only nemonapride and haloperidol induced a slight negative DMR response.
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Figure 4.9. Characterization of a set of reference DR agonists (A) and antagonists (B) in the DMR assay. CHO-K1
hD2iongR cells were treated with varying concentrations of the indicated ligands and the DMR signal was recorded

over a time-course of 60 min. The maximum wavelength shift (AAmax) was used to construct concentration-effect

curves. In agonist mode (A), the response was normalized to a solvent control (0%) and the maximum response

induced by 1pM quinpirole (100%). In antagonist mode (B), the cells were preincubated with various

concentrations of antagonist for 30 min before quinpirole was added at concentration (30 nM) that induces the

response equal to 80% of the maximal response induced by 1 uM of quinpirole. The response was normalized to

a solvent control (0%) and the response induced by 30 nM quinpirole (100%). Data represent means + SEM of

three independent experiments, performed in triplicate.

Table 4.3. pECso and Emax values of D2R agonists and pKb values of D2R antagonists from DMR studies at CHO-K1

hDZIongR cells.

PECso + SEM pKy + SEM
compound (ECso, M) % Emax N (K, nM) N
quinpirole 8.48 £ 0.05 (3.4) 100 9
dopamine 8.17 £0.10 (7.4) 1109 3
pramipexole 8.71+£0.08 (2.0) 97+0.1 3
R-(-)-apomorphine 9.25+0.09 (0.60) 1025 3
aripiprazole 6.44 £ 0.13 (300) 62 +10 3
haloperidol 9.17 £0.06 (0.71) 4
nemonapride 9.24 +0.13 (0.66) 3
domperidone 9.16 £ 0.20 (0.93) 3
S-(-)-sulpiride 8.82+0.23 (2.3) 3

Data are presented as mean * SEM determined in N independent experiments, each

performed in triplicate.
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4.2.3 Comparison of the data derived from DMR measurements with results from

conventional assays
The results from the holistic DMR readout were compared with data obtained from radioligand binding
and B-arrestin2 recruitment assays, which were described in chapters 2 and 3, respectively, as well as
with data from a mini-G protein recruitment assay. Structures of the investigated ligands are given in
Figure 1.3 in the general introduction. The mini-G protein recruitment assay was developed by Horing
et al.** for all four histamine receptor subtypes and was adapted to the dopamine hD2jong receptor for
this study. The mini-G; protein is derived from the GTPase domain of the Ga; subunit, where mutations
were introduced to change its coupling specificity to that of Gai; (mGsi)*. The assay is based on the
split-luciferase complementation technique, employing an engineered luciferase from a deep-sea
shrimp, the NanoLuc (NLuc)¥, to monitor the mini-G; recruitment to the receptor (leading to
reconstitution of the NLuc) upon activation of the receptor with an agonist. Kinetic profiles of the mini-

Gi recruitment to the DaongR are shown in Figure A9 (Appendix).

In the case of the agonists quinpirole, dopamine and pramipexole, the pECso values obtained from B-
arrestin2 recruitment and mini-G; recruitment assays matched well with each other, showing a trend
toward slightly higher potencies in the B-arrestin2 assay (Table 4.4). In the radioligand competition
binding assay, binding constants for a high-affinity and a low-affinity binding state of the receptor were
obtained for these agonists. When comparing the pKix and pKi. values with the potencies obtained in
the different functional assays, including DMR measurements, it appears that the pECso values
correlate better with the Ki-values for the high-affinity state (Table 4.4). This was in good agreement
with the different reports on the high-affinity state of the Daongreceptor being the functionally relevant
state, as already mentioned in chapter 2. The concentration-response curves as well as the radar chart
(Figures 4.10A+B) show that the potencies determined in DMR measurements are higher compared
to potencies obtained from the pathway specific functional assays. The intrinsic activities exhibited by
these agonists in the different assays were also highest for the DMR assay (Figures 4.10A+C). It has
been reported that the sensitivity of DMR can be higher compared to traditional assays*' and DMR
represents the most distal readout among the applied assays, therefore, the response can be highly
amplified. However, it must be kept in mind that DMR measurements were performed with CHO cells,
whereas competition binding, B-arrestin2 and mini-G; recruitment were determined using HEK293T
cells. Different cell populations of different cellular background can exhibit varying efficiencies in
transducing sighals and amplifying receptor stimuli*®* and potencies and intrinsic activities can
depend on receptor density®®. Ideally, for comparison of readouts obtained from different
technologies, cells with an identical genetic background should be used. Therefore, the higher
potencies and efficacies observed in the DMR assay could also be attributed to the different cell type

or could arise from a combination of the different factors. The rank order of potencies
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(pramipexole > quinpirole > dopamine) was the same in the “conventional” assays (focused on specific

readouts) and the holistic technique.

R-(-)-Apomorphine, which was reported to act as DaongR partial agonist in a [**S]GTPyS binding assay
(cf. section 4.2.2), exhibited efficacies of a full agonist in the mini-G; recruitment and the DMR assay
and appeared as partial agonist only in the B-arrestin2 recruitment assay (Figure 4.10, Table 4.4). With
PECso values of 7.81 and 7.13 determined in the B-arrestin2 and the mini-G; assay, respectively, the
potencies are in the same range as the pK; of 7.33 determined by radioligand competition binding.
Measuring the R-(-)-apomorphine induced DMR vyielded a markedly higher potency, a pECsg value of
9.25. The higher potency of R-(-)-apomorphine determined in the DMR assay compared to the other
assays could emerge from amplification of the response due to the distal readout, as already
mentioned above. However, it should be questioned whether this is an adequate explanation for such
a considerably higher potency determined by DMR measurements, especially with regard to lower
discrepancies found for the other agonists. Since R-(-)-apomorphine did not elicit a DMR signal in
untransfected CHO-K1 cells, as shown in Figure A8 (Appendix), it is unlikely that the observations result
from stimulating other Gay,-coupled GPCRs that bind R-(-)-apomorphine with moderate to high
affinity (e.g. adrenergic auac-receptors or the 5-HT1a-receptor®®) and are potentially expressed in CHO
cells. Therefore, a plausible explanation for the observed high potency of R-(-)-apomorphine in the

DMR assay could not be provided in the scope of the present study.

Aripiprazole displayed a high affinity towards the DaongR, With a pKiof 8.08, and pECso values ranged
from 6.44 (DMR measurements) to 7.1 (mini-G; recruitment assay). Its efficacies ranged from 11% in
the B-arrestin2 recruitment to 62% in the DMR assay (Figure 4.10, Table 4.4). Aripiprazole was
reported to be a high affinity partial agonist at the D, receptor®, which is in line with the obtained

results.

The data of the antagonists analyzed in the different assays are summarized in Table 4.5 and
concentration-effect curves are shown in Figure 4.11A. Generally, antagonistic activities determined
in the mini-Gjrecruitment, the B-arrestin2 recruitment and the DMR assay were in good agreement.
As already observed for the potencies (pECso) of the agonists, a tendency to higher pKy values in the
label-free assay was observed for (+)-butaclamol, domperidone, haloperidol and nemonapride. For
these compounds, the affinities determined in radioligand displacement experiments are consistently
higher compared to the pKy values. S-(-)-Sulpiride represented an exception as its affinity (pkKi) was
markedly lower compared to the antagonistic activities (pK,) determined in the “conventional”

functional assays and the holistic DMR assay (Figure 4.11B). Moreover, in contrast to the other

antagonists, the highest pKy value of S-(-)-sulpiride was obtained in the B-arrestin2 recruitment assay.
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However, the pKy values of this antagonist obtained from the different functional assays were similar,

ranging from 8.70 (mini-G; recruitment assay) to 8.99 (B-arrestin2 recruitment assay.
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Figure 4.10. Comparative binding and functional data of selected dopamine DziongR agonists. A: concentration-
response curves and competition binding curves from different assay types. The right Y-axis was inverted for
illustration purposes. B: radar plot presenting pECso or pKi values. C: radar plot presenting efficacies (%) obtained
in the functional assays. Competition binding experiments were performed on homogenates of HEK293T CRE Luc
hD2iongR cells. B-Arrestin2 recruitment assays were performed using whole HEK293T ELucN-Barr2 hDaongR-ELUcC
cells, the mini-Gi recruitment assay was performed with whole HEK293T NIucN-mGsi hD2iongR-NlucC cells and the
DMR measurements were carried out using whole CHO-K1 hDazingR cells. Data represent means + SEM from at
least three independent experiments, each performed in triplicate.
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Figure 4.11. Comparative binding and functional data of selected dopamine DziongR antagonists. A: inhibition and
competition binding curves of selected dopamine DaiongR antagonists from different assay types. B: radar plot
presenting pECso or pKi values. Competition binding experiments were performed on homogenates of HEK293T
CRE Luc hD2iongR cells. B-Arrestin2 recruitment assays were performed using whole HEK293T ELucN-Barr2
hD2iongR-ELUCC cells, the mini-Gi recruitment assay was performed with whole HEK293T NlucN-mGsi hDa2iongR-
NlucC cells and the DMR measurements were carried out using whole CHO-K1 hD2iongR cells. Data were
normalized to the response induced by quinpirole at concentrations of 100 nM (B-arrestin2 recruitment), 150 nM
(mini-G; recruitment) or 30 nM (DMR). Data represent means + SEM from at least three independent
experiments, each performed in triplicate.
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Table 4.4. DaongR affinities (pKi values) of D2R agonists determined in competition binding assays as well as potencies (pECso values) and efficacies (Emax) determined in different

functional assays.

competition binding B-arrestin2 recruitment mini-G;recruitment DMR
compound pKnworpKi  pKi pECso Emax (%) pECso Emax (%) pECso Emax (%)
quinpirole 7.66+0.10 5.87+0.02 7.65+0.08 100 7.29 £0.06 100 8.46 £ 0.05 100
dopamine 7.53+0.21 5.96+0.10 7.28+0.04 97%3.3 7.01+£0.10 99%3.5 8.17+0.10 110%9.0
pramipexole 7.35+0.12 5.76+0.03 8.01+0.15 89+3.8 7.71+£0.08 96+0.9 8.71+0.08 97+0.1
aripiprazole 8.08 £ 0.02 - 6.96 +0.13 11+1.3 7.10+£0.05 17+1.0 6.44 +0.13 62110
R-(-)-apomorphine 7.33+£0.13 - 7.81+0.03 87+4.2 7.13+0.12 102+0.8 9.25+0.09 102+5.0

Data are presented as mean + SEM from at least three independent experiments, each performed in triplicate.

Table 4.5. D2ongR affinities (pKi values) of D2R antagonists determined in competition binding assays and pKb values determined in different functional assays.

competition binding

B-arrestin2 recruitment

mini-Girecruitment

DMR

compound pKi pKy

(+)-butaclamol 9.14 +0.06 8.17 £ 0.09 8.62 +0.03 n. d.
domperidone 9.47 £ 0.07 8.66 +£0.12 8.87+0.04 9.16 £ 0.20
haloperidol 9.58+ 0.13 8.77+0.11 9.03+0.12 9.17 £ 0.06
nemonapride 9.76 £ 0.08 8.72£0.03 9.19 + 0.04 9.24+0.13
S-(-)-sulpiride 7.51+0.09 8.99+0.1 8.70+0.05 8.82+0.23

Data are presented as mean + SEM from at least three independent experiments, each performed in triplicate. Ky values were derived by

converting ICso values to Kb values according to a modified Cheng-Prusoff equation, as described in Material and Methods, section 4.3.5.
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4.2.4 Investigations on the signaling pathway in CHO-K1 D2iongR cells by DMR

4.2.4.1  Contributions of Gijo, Gs or Gg/11 proteins to the DziongR mediated DMR response
Aiming at a deconvolution of the response pattern of CHO-K1 hDangR cells observed in DMR
measurements, distinct components of the signaling cascade were silenced using different
pharmacological tools. For these studies, the cellular response was elicited by the D;R agonist
quinpirole. The D2iongR couples to G proteins of the Gy, family*? and it was reported that DMR measures
signaling effects downstream of G protein activation*!. To investigate the contribution of Gy, signaling
to the DMR response, the Gay, protein was blocked with pertussis toxin (PTX), which prevents the
interaction of the respective receptor with the G protein by ADP-ribosylation of the Ga subunit®2.
Additionally, the effects of masking G and G4 signaling with cholera toxin (CTX) and the depsipeptide
FR900359, respectively, were examined. CTX, like PTX, is an ADP-ribosylating toxin which inhibits the
GTPase activity of Gas and thus transforms the Gois subunit into a permanently active state. FR900359
suppresses Gag signal transduction by inhibiting the dissociation of GDP from the Ga subunit®*. The
effects of these compounds on quinpirole induced DMR responses in CHO-K1 hD3ongR cells and the
derived potencies and efficacies are shown in Figure 4.12 and Table 4.6. As expected, the application
of PTX resulted in a concentration-dependent decrease in the DMR response (Figure 4.12A),
identifying Gy, proteins as the main elicitor of the observed response. Increasing the PTX concentration
from 5 ng/mL to 10 ng/mL did not lead to a further suppression of the DMR signal, as can be seen in
Figure 4.12A. The remaining maximal effect of quinpirole observed in the presence of 10 ng/mL PTX
was 6% (Table 4.6), which was significantly different from zero (one-tailed t-test, p < 0.05). A slight
rightward shift of the concentration-response curves of quinpirole appeared in the presence of
increasing concentrations of PTX, resulting in decreasing pECso values (Figure 4.12B, Table 4.6).
Masking Gs proteins with CTX led to an apparent increase in quinpirole efficacy (cf. section 4.2.4.2)
without markedly shifting the concentration-response curves (Figures 4.12C+D, Table 4.6). As
expected, the inhibition of the G4 protein with FR900359 did not show a pronounced effect on the
quinpirole induced DMR response at any of the applied concentrations (Figure 4.12E). These results
supported the hypothesis that the observed DMR signal after stimulation of the cells with quinpirole
is triggered by Ga proteins of the Gj, family and that Gas and Gog subunits do not considerably
contribute to the response. PTX, CTX or FR900359 on their own did not induce a DMR response in CHO-
K1 hD2iongR cells (Appendix, Figure A10).
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Figure 4.12. Effects of PTX, CTX and FR900359, capable of silencing Gi/, Gs and Gq sighaling, respectively, on the
quinpirole induced DMR response in CHO-K1 hD2iongR cells. A,C,E: representative recordings of the quinpirole
(1 uM) induced response of untreated cells (control) and cells pretreated with pertussis toxin (PTX) (A), cholera
toxin (CTX) (C) or FR900359 (E). Data were normalized to the maximum change in wavelength shift induced by
quinpirole (1 M) observed in untreated CHO-K1 hD2iongR cells (100%) and a buffer control (0%). B: concentration-
response curves of quinpirole resulting from DMR measurements in the absence (control) or presence of PTX at
different concentrations. Cells were pretreated with PTX for about 20 h. D: concentration-response curves of
quinpirole resulting from DMR measurements in the absence (control) or presence of CTX at different
concentrations. Cells were pretreated with CTX for about 20 h. In the case of blocking Gq signaling by FR900359
(E), cells were incubated with FR900359 for 2 h before the addition of quinpirole and subsequent measurement.
Data in B and D represent means + SEM of three independent experiments, each performed in triplicate.
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Table 4.6. Potencies of quinpirole determined at CHO-K1 hD2iongR cells by DMR in the presence of pertussis
toxin (PTX) or cholera toxin (CTX).

pECSO i- SEM % Emax i SEM

PTX  control 8.46 £ 0.05 100
0.1 ng/mL 8.43 +0.05 8914
1 ng/mL 7.88 +£0.07 345
10 ng/mL - 6+1

CTX control 8.46 +0.05 100

50 ng/mL 8.36 £ 0.06 130+ 10
100 ng/mL 8.32+0.13 130+ 16
200 ng/mL 8.34+0.13 110£9

Data are presented as mean + SEM from three

independent experiments, each performed in triplicate.

4.2.4.2  Effect of elevated adenylyl cyclase activity on the DiongR-mediated DMR response

An increase in quinpirole efficacy, observed after treating the hDaongR expressing CHO-K1 cells with
CTX, was also found when the cells were incubated with forskolin before the addition of the agonist
quinpirole, as shown in Figure 4.13. Both agents, CTX and forskolin, lead to an increase in adenylyl
cyclase activity and thus to an elevated cellular cAMP level, but via distinct mechanisms. As mentioned
above, CTX transfers an ADP-ribosyl residue to the Gas subunit, resulting in an inhibition of the GTPase

activity of Gas, which is thus constitutively active®. Consequently, cellular cAMP-levels are elevated®.
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Figure 4.13. Effect of forskolin on the quinpirole-induced DMR response of DaiongR expressing CHO-K1 cells. The
cells were stimulated with quinpirole (1 uM, control) or forskolin (1 M) alone or incubated with forskolin (1 uM)
for 40 min and then stimulated with quinpirole (1 uM). Data were normalized to the maximum change in
wavelength shift induced by quinpirole (1 uM) observed in untreated CHO-K1 hDaiongR cells (100%) and a buffer
control (0%). Data shown are means + SEM of representative recordings performed in triplicate of at least three
independent experiments.

Forskolin increases the production of cAMP by directly activating the adenylyl cyclase®®. It was reported

that after prolonged forskolin treatment of Da2ongR expressing Ltk™ cells, quinpirole showed increased
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inhibitory efficacy in cAMP accumulation assays®’. This effect was observed already after 1 h of
forskolin treatment®’. For the same Ltk™ cells, it was shown that forskolin treatment for 16 h caused an
up-regulation of hDyongR expression, due to enhanced cAMP-dependent transcription®®. Whether
treatment of the CHO-K1 hD3jongR cells with forskolin or CTX resulted in higher receptor expression was
investigated by radioligand binding experiments. For this purpose, CHO-K1 hD2ongR cells were treated
with forskolin (1 pM) for 40 min or 20 h or with CTX (100 ng/mL) for 20 h and the binding of [*H]N-
methylspiperone (1 nM) was compared to that of untreated CHO-K1 hDzongR cells. As shown in
Figure 4.14, incubating the cells with forskolin for 40 min did not exhibit a marked effect on the
receptor expression. However, prolonged treatment with forskolin for 20 h resulted in a strong

increase in specific radioligand binding, being in line with the observations reported in the literature®®.
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Figure 4.14. Comparison of [3H]N-methylspiperone binding to the hDaongR expressed in CHO-K1 cells after
treatment with forskolin (fsk) or CTX with [*H]N-methylspiperone binding to untreated cells. Cells were grown
over night and treated with forskolin (1 uM) for 20 h or 40 min or with CTX (100 ng/mL) for 20 h. In a 96-well
plate, 16 000 cells per well were incubated with [3H]N-methylspiperone (1 nM) for 60 min. Non-specific binding
was determined in the presence of (+)-butaclamol (2 uM). Data are normalized to radioligand binding to
untreated cells (100%, control) and non-specific binding (0%). Presented are means + SEM from two independent
experiments.

Incubation of the cells with CTX for 20 h exhibited a less pronounced effect but the observed increase
in specific [*H]N-methylspiperone binding was significant (p = 0.014, two-tailed t-test), indicating a
slight up-regulation of the hDziongR. This could account for the increase in wavelength shift depicted in
Figure 4.12C. However, these results do not explain the marked increase in quinpirole-induced DMR

response in CHO-K1 hDjiongR cells observed after treating the cells with forskolin for 40 min and the

underlying mechanisms remain unclear.

Forskolin alone mediated a negative DMR signal (Figure 4.13) with a minimum at about 5 min. The
signal then increased and reached a plateau below the initial baseline, similar to the forskolin-induced

DMR signal reported for CHO-K1 cells®.
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4.2.4.3 Effects of calcium depletion on the hD2ongR-mediated DMR response

The data shown in Figure 4.12E suggested that the Gag/11 protein, mediating a strong increase in
cytosolic calcium upon activation®, is not activated by the DaongR. However, it was reported that DaiongR
signaling increases intracellular calcium levels in a neuronal cell line through GPy-mediated activation
of the phospholipase C resulting in the release of Ca** from intracellular stores’®. Whether calcium also
played a role in the formation of the quinpirole-induced DMR traces in CHO-K1 DjongR cells was
investigated by depleting the extra- or both the extra- and intracellular calcium pools. For this purpose,
EGTA was added alone or in combination with thapsigargin, a specific inhibitor of the endoplasmic
reticulum Ca%-ATPase®’. EGTA is a metal ion chelating agent, which cannot permeate the cell
membrane and shows higher specificity for Ca**-ions compared to Mg?*-ions. Complexation of Ca* by
EGTA leads to a Ca?* depletion in the extracellular medium®. The combination with the membrane-
permeable agent thapsigargin leads to an additional depletion of [Ca2*]:%. Surprisingly, both conditions
completely abrogated the quinpirole-induced response of CHO-K1 hD;engR cells observed in DMR
measurements (Figures 4.15A+B). Figure 4.15C shows the signal induced by the addition of
thapsigargin to the cells equilibrated in EGTA containing assay buffer. A rapidly decreasing negative
DMR signal was observed, reaching a plateau after ca. 15 min. The lack of a detectable DMR response
under conditions of calcium depletion was further investigated and the changes of [Ca?'], after
stimulating the hD2iongR expressed in CHO-K1 cells with quinpirole was explored by performing a Fura-
2 calcium assay. Only high concentrations of quinpirole (1 uM and 10 uM) induced a low increase in
intracellular Ca?* concentration in CHO-K1 hDi0ngR cells over the buffer control (1.7-fold, cf. Figure A11,
Appendix). For comparison, activation of the muscarinic Ms receptor, a Gq/11-coupled receptor, results
in an about 10-fold increase in intracellular Ca**-concentration in CHO-hM3R cells as detected by a
Fura-2 assay®. Consequently, the abrogation of the DMR response by treatment with EGTA and/or
thapsigargin must have different underlying mechanisms. A potential effect of Ca?* depletion on the
binding of quinpirole to the receptor was considered a possible reason. Therefore, radioligand
competition binding experiments were performed in the presence of EGTA (2 mM). However, the
results showed that chelation of Ca%* ions by EGTA had no marked effect on the binding of quinpirole

to the hD2ongR. (cf. Appendix Figure A12).
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Figure 4.15. Effects of calcium depletion on the quinpirole-induced DMR traces of D2iongR expressing CHO-K1
cells. A: Response induced by quinpirole (1 uM) in the absence or in the presence of EGTA (2 mM) in the assay
buffer. B: Cells were pre-incubated with thapsigargin (1 uM or 2 uM) for 20 min before the addition of quinpirole
(1 uM). EGTA (2 mM) was present in the assay buffer. C: Thapsigargin-induced effect on CHO-K1 DaiongR cells. The
assay buffer was supplemented with EGTA (2 mM). In all experiments, after replacement of the medium by the
EGTA-containing buffer, cells were allowed to condition in the pre-heated plate reader (28 °C) for 2 h. Data were
normalized to the maximum change in wavelength shift induced by quinpirole (1 uM) observed in untreated
CHO-K1 hD2iongR cells (100%) and a buffer control (0%). Data shown are means + SEM of representative recordings
performed in triplicate of three independent experiments.

In conclusion, extracellular or extra- and intracellular depletion of calcium resulted in conditions under
which either the hD2ongR cannot be activated or the hD;0ngR-mediated signaling cannot be detected by
DMR measurements. Calcium is a ubiquitous intracellular second messenger® which is involved in
numerous cellular processes including the modulation of actin®. Since the DMR readout is based on
actin-dependent cytoskeleton rearrangements or changes in cellular shape, depletion of Ca?* could
interfere with the measurement at this level. However, the underlying mechanism leading to a

complete abrogation of the quinpirole-induced DMR response remains unclear.
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4.3 Materials and Methods
431 Materials

Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 Ham (DMEM/F-12) with phenol red, L-
glutamine and sodium bicarbonate was purchased from Sigma (Taufkirchen, Germany). Fetal calf
serum (FCS), trypsin/EDTA and geneticin (G418) were from Merck Biochrom (Darmstadt, Germany).
Fura-2 AM was from Merck Biochrom (Darmstadt, Germany). Leibovitz’ L-15 medium (L-15) was from
Fisher Scientific (Nidderau, Germany). Pertussis toxin was from Bio-Techne GmbH (Wiesbaden,
Germany), FR900359 (UBO-QIC) was purchased from the University of Bonn (Germany) and cholera
toxin was from Enzo Life Sciences GmbH (Lorrach, Germany). Thapsigargin was purchased from Tocris
Bioscience (Bristol, United Kingdom), EGTA and forskolin were from Sigma-Aldrich GmbH (Taufkirchen,

Germany).

4.3.2 Generation of plasmids

Molecular cloning of the plasmids containing the mGsi protein fused to the N-terminal fragment of the
NanoLuc (NLucN) and the dopamine hD;iongR fused to the C-terminal fragment of the NanoLuc (NLucC)
were performed by Carina Héring as described elsewhere* with modifications. The human codon-
optimized cDNA fragment encoding the mini-Gsi protein was synthesized by Eurofins Genomics
(Ebersberg, Germany). Plasmids containing the split-NanoLuc fragments were from Promega
(Mannheim, Germany). The cDNA of the hDazongR was kindly provided by Dr. Harald Hibner
(Department of Chemistry and Pharmacy, Friedrich-Alexander-University, Erlangen). All cDNAs were
amplified by PCR and the mGsi protein, which was fused to the respective split luciferase fragment
(NLucN, large NanoLuc fragment), was cloned into a pIRESpuro3 vector (Clontech, Saint-Germain-en-
Laye, France) by standard molecular cloning techniques®. The hDjongR Was cloned into a pcDNA3.1
vector (Thermo Scientific, Nidderau, Germany) via Gibson assembly. The pcDNA3.1 H;R-NLucC* was
used as a template. The vector was linearized using standard PCR techniques and the sequence of the
human dopamine Daong receptor was amplified and simultaneously, overlaps complementary to the
insertion site were attached using specific primers. Subsequently, the receptor was cloned into
pcDNA3.1 according to the NEBuilder HiFi DNA Assembly Reaction Protocol (New England Biolabs
GmbH, Frankfurt/Main, Germany) resulting in a Dziong receptor that is C-terminally fused to the NLucC
(small NanoLuc fragment). All sequences were verified by sequencing performed by Eurofins

Genomics.

433 Cell culture

CHO-K1 hDjiongR cells®” were a kind gift from Dr. Harald Hibner (Department of Chemistry and
Pharmacy, Friedrich-Alexander-University, Erlangen). These cells were cultured in DMEM/F-12

supplemented with 10% FCS and 600 pug/mL G418 at 37 °Cin a water-saturated atmosphere containing
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5% CO. HEK293T NLucN-mGsi hD2ongR-NLucC cells were cultured in DMEM supplemented with 10%
FCS, 1 pg/mL puromycin and 600 pug/mL G418 at 37 °C in a water-saturated atmosphere containing 5%
CO.. Cells were routinely tested for mycoplasma contamination using the Venor GeM Mycoplasma

Detection Kit (Minerva Biolabs, Germany).

434 Generation of stable transfectants

Transfection of the HEK293T cells for the mini-G protein recruitment assay was performed by Carina
Horing (Lehrstuhl fir Pharmazeutische und Medizinische CHemie Il, Institut fir Pharmazie, Universitat
Regensburg). HEK293T cells obtained as a gift from Prof. Dr. Wulf Schneider (Institute for Medical
Microbiology and Hygiene, Regensburg, Germany) were consecutively transfected with the
pIRESpuro3 vector encoding the NLUcN-mGsi protein and the pcDNA3.1 plasmid encoding the hDyiongR-
NLucC fusion protein according to the XtremeGene HP transfection protocol (Merck, Darmstadt,

Germany).

435 Dynamic mass redistribution assay

Dynamic mass redistribution monitoring was performed with an EnSpire multimode reader (Perkin
Elmer, Waltham, USA), equipped with the Corning EPIC label-free technology using a resonance
waveguide grating (RWG). CHO-K1 hDajongR cells were detached from a 25-cm? flask by trypsinization
and centrifuged (22 £ 1 °C, 700 g, 5 min). The pellet was resuspended in DMEM/F-12 containing 10%
FCS and the cell density was adjusted to 0.6 - 10° cells/mL. 90 pL of this cell suspension were seeded
into 96-well EnSpire label-free sensor plates (cat # 6055408, Perkin Elmer), resulting in 54 000 cells per
well. When 384-well plates (cat # 6057408, Perkin Elmer) were used, 50 uL of a cell suspension with a
density of 0.32 - 10° cells/mL were seeded, resulting in 16 000 cells per well. Cells were incubated at
37 °Cin a humidified atmosphere containing 5% CO, overnight. The next day, the culture medium was
removed and the cells were gently rinsed with 70 uL (96-well plates) or 30 L (384-well plates) of
serum-free L-15 medium supplemented with 10 mM HEPES and 0.1% DMSO (assay buffer).
Subsequently, 90 pL (agonist mode) or 80 L (antagonist mode) of assay buffer were added per well in
the 96-well plates. When 384-well plates were used, 45 uL of assay buffer were added. The cells were
incubated in the assay buffer for 2 h in the pre-heated plate reader (28 °C or 37 °C for assay
optimization experiments) before a 5 min baseline was recorded. Afterwards, 10 uL (96-well plate) or
5 uL (384-well plate) of compound diluted in assay buffer (10-fold concentrated, 96-well plate) were
added and DMR signals were acquired every 30 s for a period of 60 min. The readout is presented as
the shift of resonance wavelength over time AA(t), obtained by subtracting the last baseline
measurement (A(0)) from the raw data of the final read at time t (A(t)): AA(t) = A(t) - A(0). Concentration-
response curves were constructed by plotting the maximum wavelength shift (AAmax, pm) against the

logarithmic ligand concentrations. The data were normalized to the maximum response induced by
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1 uM quinpirole (100%) and the buffer control (0%) and fitted according to a four-parameter logistic
equation (log(agonist) vs. response - variable slope, GraphPad Prism 9.0) to obtain ECso values. Means
were calculated from individual pECso values. Data obtained from experiments with antagonists were
normalized to the maximum response induced by quinpirole corresponding to the ECgo (30 nM; 100%)
and the buffer control (0%; L-15, supplemented with 0.1% DMSO) and fitted according to a four-
parameter logistic equation(log(inhibitor) vs. response - variable slope, GraphPad Prism 9.0) to obtain
ICso values. ICso values were used to calculate K, values according to a modified Cheng-Prusoff
equation, described by Leff and Dougall**:

ICs

+(§25) m-

where [QP] corresponds to the applied concentration of quinpirole, [ECso] is the concentration of
quinpirole producing 50% of the maximal response and n is the Hill coefficient of the concentration-

response curve. Means were calculated from individual pK} values.

4.3.6 Mini-G protein recruitment assay

HEK293T cells coexpressing the DaiongR-NLucC and the NLucN-mGsi fusion proteins were cultured in 75-
cm? culture flasks. One day prior to the experiment, cells were detached by trypsinization (0.05%
trypsin, 0.02% EDTA in PBS) and centrifuged (800 g, 5 min). Subsequently, the cells were resuspended
in L-15 supplemented with 10 mM HEPES (Serva, Heidelberg, Germany) and 5% FCS. The density of the
cell suspension was adjusted to 1.25 - 10° cells/mL and 80 uL/well were seeded into a white flat-bottom
96-well microtiter plate (Cat. No. 781965, Brand GmbH + CoKG, Wertheim, Germany). Cells were
incubated at 37 °C in a water-saturated atmosphere without additional CO, overnight. Shortly before
the measurement, the substrate furimazine (Promega, Mannheim, Germany) or coelenterazine h
(Biosynth AG, Staad, Switzerland) (2 mM stock) was diluted in L-15 and 10 pL were added to the cells
(final dilution of the (delivered) stock: 1:1000). The plate was transferred to a pre-heated (37 °C)
EnSpire plate reader (Perkin Elmer Inc., Rodgau, Germany) and the basal luminescence was recorded
for 15 min. Then, 10 L of the agonist serial dilutions were added to the cells (to give a final volume of
100 pL) and luminescence traces were recorded for 45 min (agonist mode). In antagonist mode, the
antagonist dilutions were added and the baseline was recorded for 15 min before the reference
agonist quinpirole (ECgo concentration; 150 nM) was added. Luminescence was captured with an
integration time of 0.1 s per well. Data were analyzed using GraphPad Prism 9.0 software (San Diego,
CA, USA). The relative luminescence units (RLU) were corrected for (slight) inter-well variation caused
by differences in cell density and substrate concentration, as well as for baseline drift, by dividing all
data by the mean luminescence intensity of the respective L-15 control. AUCs of the luminescence

traces for each concentration were calculated and normalized to the maximum response of 1 uM
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quinpirole (100% control) and L-15 (0% control) for the agonists. For normalization of the data
obtained for antagonists, the maximum response induced by 150 nM quinpirole (100%) and the buffer
control (L-15, 0%) were used. The normalized intensities were plotted against the logarithmic ligand
concentrations and the curves were fitted by four-parameter logistic equation (log(c) vs. response —
variable slope). The fits yielded pECso and Emax values in the case of agonists, and ICso values in the case
of antagonists, which were used to calculate K}, values according to a modification of the Cheng-Prusoff

equation, as described in the preceding section (4.3.5).
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4.4 Summary and conclusions

The label-free DMR technology was successfully applied to CHO-K1 cells stably expressing the human
dopamine Daiong receptor. Experiments performed at different temperatures showed that the kinetics
of the agonist-induced DMR response was slightly slower at 28 °C compared to 37 °C and
concentration-response curves (CRC) of D;R agonists were almost not affected by this temperature
variation. Therefore, a temperature of 28 °C, being favorable when working with a device without
automated liquid handling system, was applied for all subsequent investigations. A set of reference DR
ligands was characterized using the DMR assay and robust CRCs were obtained for every studied
(partial) agonist as well as high-quality inhibition curves for the antagonists. It could also be shown that
the DMR technology allows a discrimination between partial agonists and full agonists. The signal
induced by the agonist quinpirole could be antagonized by selective DR antagonists, confirming that

the observed DMR signal arose from a specific activation of the D2ongR receptor.

When comparing the agonistic and antagonistic potencies obtained from DMR measurements with the
pharmacological parameters obtained from pathway-specific readouts (B-arrestin2 and mini-G
recruitment assay), the rank order was essentially the same. The pECso and pK,, values determined by
the label-free technology tended to be higher than the values obtained from the B-arrestin2 and mini-
G recruitment assay, which may be explained by the high sensitivity and the distal readout of the DMR
method. However, a different expression system was used for DMR measurements compared to the
pathway-specific functional assays (CHO-K1 vs. HEK293T cells), which could also account for the

observed differences.

The utilization of specific Gas Gai, or Gog silencing agents identified the Gai, protein as the main
proximal trigger of the observed DMR response. However, the underlying mechanisms of the marked

increase in wavelength shift after treatment of the cells with forskolin remained unclear.

The present study showed that the DMR technology is a valuable method for the characterization of
receptors and their ligands complementary to canonical assays used to study ligand-receptor
interactions. The label-free nature of the DMR techniques suggests its use for deorphanization studies
of GPCRs, provided that appropriate molecular tools such as specific pathway inhibitors, untransfected
(wild type) cells and ideally also selective receptor ligands are included to verify the DMR signal

specificity.
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Summary

The family of dopamine D,-like receptors comprises the D,, D; and D4 receptor, which exist in different
isoforms, due to alternative splicing of the mRNA or polymorphisms in the coding sequence for the
respective receptor. The D,-like receptors are implicated in various pathological conditions, such as
schizophrenia, Parkinson’s disease, substance abuse or attention deficit hyperactivity disorder (ADHD)
among others. This renders them an important target for the development of therapeutic drugs and
pharmacological tools, facilitating the elucidation of distinct functions of the receptor subtypes. For
the characterization of dopamine receptor ligands regarding their affinities to the receptor subtypes
and their functional properties, a variety of technologies is available. This thesis aimed at the
establishment of a radioligand binding assay to enable the investigation of ligand affinities at Dyiong, D3
and D44 receptors, the most commonly occurring isoforms. Further, providing a proximal functional
readout that enables the determination of agonism or antagonism of ligands, a B-arrestin2 recruitment
assay was established. The label-free DMR technology yields a distal readout, generated from the
response of whole cells to stimulation of an expressed receptor and was chosen to extend the
pharmacological toolbox for the characterization of ligands at D, receptors. Label-free methods have
the advantage of being less prone to false negatives regarding biased ligands since the whole cell
response is detected, compared to the quantification of one distinct signaling event in more traditional
functional assays. Unfortunately, it was not possible to establish the DMR assay for the D3R and the

Da.aR.

For the binding assay, the high affinity D,-like receptor antagonist [*H]N-methylspiperone was chosen
as radioligand and binding to all three D»-like receptor subtypes was investigated using whole cells and
homogenates prepared from the same cell lines. The utilization of homogenates appeared more
useful, especially regarding the investigation of agonists. Agonists distinguish between high and low
affinity states of the D,-like receptors, which appears undetectable when whole cell preparations are
used. Further studies were carried out with cell homogenates. The binding kinetics of [*H]N-
methylspiperone and the detectability of high affinity states of the DongR, D3R and DssR were
investigated. A library of well-known reference ligands was screened and obtained data was compared
with literature reports, leading to the conclusion that the established method is a reliable tool for the
determination of ligand affinities. Hence, several histamine H, receptor agonists generated by our
group could be tested for their affinities to the D2iongR, D3R and D4 4R, supporting the development of

histamine H, receptor specific compounds.

By developing a B-arrestin2 recruitment assay employing the split Emerald luciferase (ELuc) technique,
agonist and antagonistic properties could be determined at the DjongR and the DsR. At the Da4R, as
described in the literature, no B-arrestin recruitment could be determined. Expression of the receptor
and the B-arrestin2 fusion proteins with complementary fragments of the ELuc were confirmed by

radioligand binding experiments and Western Blotting. Radioligand competition binding studies were
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performed and showed that the modification of the receptor does not impact the ligand affinities. B-
Arrestin2 recruitment to the DaongR Was distinct, yielded excellent signal-to-background ratios and
could be monitored in real-time using whole cells. The D3R recruited B-arrestin2 in a less pronounced
manner, but by performing lysis-based endpoint measurements, robust concentration-response and

inhibition curves could still be generated.

The DMR assay was established using CHO-K1 cells stably expressing the hD2iongR, as CHO cells exhibit
favorable adhesion properties. Assay conditions were optimized, regarding factors such as the cell
seeding density or the assay temperature. Sets of reference (partial) agonists and antagonists were
investigated using the DMR technique and the resulting potencies were compared to data obtained
from other more conventional assays. Agonists, as well as antagonists exhibited the highest potencies
in the DMR assay. The underlying reasons cannot fully be elucidated since different expression systems
were used (HEK293T cells or CHO-K1 cells) for the performance of the different assays. However, the
DMR assay provides a very distal readout, which is prone to signal amplification and may contribute to
the comparably higher potencies. Investigations using pharmacological tools such as pertussis toxin,

identified the G/, protein to be the main trigger of the cell response observed by DMR measurements.

Altogether, the methods described in this thesis in combination with the mini-G protein recruitment
assay provide a broad range of assays for the characterization of newly synthesized compounds

regarding their affinities and functional properties.
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6.1 Appendix to Chapter 2
6.1.1 Supplementary figures
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Figure A1. Radioligand displacement curves from competition binding experiments performed with
[BHIN-methylspiperone ([BH]NMSP; 0.25 nM) and carbamoylguanidine- as well as thiocarbamoylguanidine-type
histamine Hz receptor ligands (structures see Figure 9) at cell homogenates prepared from HEK293T CRE Luc cells
co-expressing the DaongR (A) or the D3R (B). Data represent mean values + SEM from at least three independent
experiments, each performed in triplicate.
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6.1.2 Supplementary tables

Table Al. DaongR and DzR receptor affinities of carbamoylguanidine-type and thiocarbamoylguanidine-type
histamine H, receptor ligands obtained from [*H]N-methylspiperone competition binding studies using HEK293T
CRE Luc hDa2iongR or hD3R cell homogenates.

Data represent means + SEM. N denotes the number of independent experiments, each performed in

triplicate.

D2iongR DsR
cmpd. pKi £ SEM N pKi £ SEM N
UR-CH20 <5 3 7.76 £0.08 3
UR-SB146 6.62 £ 0.07 3 7.73£0.09 3
UR-SB232 5.63+£0.05 3 5.91+0.04 3
UR-SB257 6.30 £ 0.07 3 6.96 £ 0.06 3
UR-SB291 6.30+0.14 3 7.23+£0.03 3
UR-SB294 6.32+£0.08 3 6.82+0.03 3
UR-SB295 6.15+ 0.07 3 7.08 £ 0.06 3
UR-KAT452 6.07 £0.29 3 5.89+0.12 3
UR-KAT501 5.01+0.11 3 5.54+0.10 4
UR-KAT508 <5 3 6.50 + 0.09 4
UR-KAT512 <5 3 7.07 £0.05 3
UR-KAT524 6.13 £ 0.09 3 6.35+ 0.05 3
UR-KAT527 6.04 £ 0.10 3 7.13+£0.05 3
UR-KAT528 <5 3 6.13+0.04 3
UR-KAT584 <5 3 7.06 £0.03 3
UR-Po564 5.86 £ 0.06 3 7.48+0.10 3
UR-P0o586 5.63 £0.07 3 7.10 £ 0.05 3
UR-MB-72 6.32+0.09 3 7.64+0.14 3
UR-MB-158 <5 3 <5 3
UR-MB-165 <5 3 5.87 £ 0.15 3
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6.2 Appendix to Chapter 3
6.2.1 Supplementary figures
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Figure A2. Radioligand binding curves from saturation binding experiments performed with
[BHIN-methylspiperone at whole HEK293T ELucN-Barr2 cells expressing the hD2iongR-ELucC (A), hDsR-ELucC (B) or
hD4.4R-ELucC (C) fusion proteins, and at homogenates from cells expressing the wild-type hDaongR (D), hD3R (E)
or hDa.4R (F). Corresponding dissociation constants are provided in Table 1 in Chapter 3. Data are representative
(means + SEM) of three independent experiments, each performed in triplicate.
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Figure A3. Western blot analysis of lysates of HEK293T cells expressing the ELucN-Barr2 and the hDziongR-
ELucC (lane 1) or the ELucN-Barr2 and the hD3R-ELucC (lane 2) fusion proteins. A lysate of HEK293T wildtype
cells was included in every blot as a negative control (lane 3). For primary staining an anti-myc antibody was
used for detection of the ELucN-Barr2 fusion protein (A) or an anti-V5 antibody was used for detecting the
hD2iongR-ELuUcC and the hD3R-ELucC fusion proteins (B). An anti-vinculin antibody was used for detecting the
housekeeping protein vinculin as a loading control (C, D). Depicted are superpositions of the
chemiluminescent blots with a colorimetric image showing the molecular weight marker. A: ELucN-Barr2 has
a theoretical molecular weight of 92.3 kDa, calculated from the amino acid sequence. B: hDziongR-ELucC has
a theoretical molecular weight of 67.5 kDa but appears in between the marker bands for 75 and 100 kDa.
High levels of posttranslational modifications, such as glycosylation, have been reported for the D2R?,
assumingly causing the appearance of this fusion protein at a higher molecular weight. The calculated
molecular weight for the hDsR-ELucC fusion protein is 61 kDa. The anti-V5 antibody revealed unspecific
bands just below the 50 kDa in all three lanes. The unspecific binding of this antibody was already described
elsewhere?. C + D: The blots shown in A and B were stripped from all antibodies after detection of
chemiluminescence and subsequently treated with an anti-vinculin antibody. Vinculin has a molecular
weight of 116 kDa. The procedure is described in detail in section 6.1.3.1.
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Figure A4. UHPLC chromatograms (A: 280 nm) of dopamine after different incubation periods at 22 + 1 °C (A) or
at 37 °C (B) in PBS (pH 7.4). Dopamine is eluted after 5 min. After an incubation period of 300 min at 37 °C, only
78% of the analyte were retrieved. After 9-10 min impurities are eluted, that might originate from the mobile
phase, since the peak also appears in the blank run (C). The method is described in detail in chapter 5.1.3.2.
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Figure A5. Radioligand saturation binding curves with whole HEK293T ELucN-Barr2 cells expressing the hDiR-
ELucC (A) fusion protein and homogenates from cells expressing the human wild-type DiR (B). Corresponding
dissociation constants are provided in Table Al. Graphs are representatives (means + SEM) of three independent
experiments, each performed in triplicate. *pKavalues are given as mean from three independent experiments,

each performed in triplicate.
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Figure A6. Characterization of the standard agonist SKF81297 and standard antagonist SCH23390 in the B-
arrestin2 recruitment assay at the hDiR. Data of the agonist were normalized to the maximal stimulation
(100%) and a solvent control (0%). Antagonist data were normalized to the signal elicited by SKF81297 at a
concentration corresponding to the ECso (100%) and a solvent control (0%). Obtained pECso and pKb values are
presented in Table A2. Data represent means + SEM from at least three independent experiments, each

performed in triplicate.
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6.2.2 Supplementary tables

Table A2. Dissociation constants (pKqy values) of [2H]SCH23390 determined in radioligand saturation binding
experiments at receptors fused to the C-terminal fragment of the Emerald luciferase using whole cells and at
wild-type receptors using homogenates.

DiR
ELucC fusion protein wt
pKd 9.20 £ 0.09 9.62 £ 0.07

Data represent means + SEM from three
independent experiments, each
performed in triplicate.

Table A3. pECso, Emax and pKb values of SKF81297 and SCH23390 analyzed in the newly developed B-arrestin2
recruitment assay at the DiR. For comparison, pKi values from published data are included.

B-arrestin2 recruitment Ref.
receptor cmpd pPECso pKb pKi
DiR SKF81297 7.75+0.15 7.473

SCH23390 8.84 +£0.07 9.33*

Data represent means + SEM from 3 independent experiments, each performed in
triplicate.

6.2.3 Supplementary methods

6.2.3.1  Western blot analysis

Cell lysates of HEK293T cells expressing the ELucN-Barr2 and the DjongR-ELucC or the D3R-ELucC fusion
proteins (cf. section 3.3.5) and untransfected HEK293T cells were cultured in T-175 cell culture flasks
to a confluency of about 85%. The cells were washed with phosphate-buffered saline (PBS, containing
137 mM NaCl, 2.7 mM KCl, 10 mM Na;HPQO,4, 1.8 mM KH,P0Q.) and harvested with a cell scraper. They
were lysed using a RIPA lysis buffer (50 mM Tris, 0.1% sodium dodecyl sulfate, 0.5% sodium
deoxycholate, 1% Triton X-100, 150 mM NaCl, pH 7.8) supplemented with protease inhibitors
(SigmaFAST Cocktail Tablets, EDTA-free, Sigma-Aldrich, Taufkirchen, Germany) and stored in aliquots

at -20 °C to the day of western blot analysis.

For western blots, cell lysates were diluted with RIPA buffer and mixed in a 1:1 ratio with Laemmli 2x
buffer supplemented with urea (125 mM Tris-HCI, 20% glycerol, 10% 2-mercaptoethanol, 4% sodium
dodecyl sulfate, 0.004% bromphenol blue, 8 M urea, pH 6.8) to a final concentration of 0.75 ug soluble
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protein/uL and incubated at 30 °C for 1 h. After incubation, 20 pg of soluble protein per lane were
separated on a gradient polyacrylamide gel (Novex WedgeWell 8-16% Tris-Glycine Gel, Thermo Fisher
Scientific, Nidderau, Germany), as well as a protein standard (Precision Plus Protein Dual Color
Standard, Bio-Rad, Germany). The proteins were electroblotted on a nitrocellulose membrane at 0.1 A
for 1 h and the transfer efficiency was monitored by staining the proteins with Ponceau-S. The
membrane was rinsed with water and unspecific binding sites were blocked with 5% skim milk powder
in PBS-T (PBS, pH 7.4, containing 0.05% Tween 20) for 2 h. For analysis of the proteins of interest an
anti-myc antibody (R950-25, Invitrogen, Waltham, MA, USA) and an anti-V5 antibody (R960-25,
Invitrogen), both produced in mouse, were used as primary antibodies at a dilution of 1:5000 in PBS-T
complemented with 5% skim milk. The membranes were incubated with the antibodies overnight at
4 °C on a roller mixer. The next day, the blots were washed three times with PBS-T and a secondary
anti-mouse antibody conjugated to horseradish-peroxidase (HRP) (A0168, Sigma-Aldrich) was applied
in a 1:50000 dilution in PBS-T without milk for 2 h. Afterwards, the blots were washed three times with
PBS-T and bands were detected using an ECL reagent (Clarity Western ECL Substrate, Bio-Rad). Emitted
luminescence was recorded with a ChemiDoc MP imaging system (Bio-Rad) with differing exposure

times, depending on the analyte.

Before developing the membranes with an anti-vinculin antibody (MAB6896, Bio-Techne, Minneapolis,
MN, USA) as a loading control, the blots were stripped from all antibodies, i. e. the blots were washed
with PBS-T and incubated with stripping buffer (15 mM glycine, 3.5 mM SDS, 1% Tween 20, pH 2.2) at
room temperature for 10 min. Subsequently, the membranes were washed with PBS and TBS-T
(50 mM Tris-HCI, 150 mM NacCl, pH 7.6; 0.05% Tween 20) and then blocked with 5% skim milk powder
in PBS-T for 2 h. Primary antibody was added at a 1:500 dilution in PBS-T and incubated at 4 °C over
night. Incubation with the secondary antibody and detection of chemiluminescence was carried out as

described above.

6.2.3.2  Dopamine stability in aqueous solution

The stability of dopamine was investigated in PBS. The solutions were prepared in triplicates in PBS at
an initial concentration of 900 uM and incubated at room temperature or 37 °C for a total of 300 min.
Samples were taken after 0, 60, 180 and 300 min and diluted 1:1 with the starting gradient immediately
before injection. An ion pair chromatography method described by Pramar et al.> was applied and
modified for this study. The measuring equipment included an agilent 1290 infinity binary pump, an
agilent 1290 infinity autosampler and a 1260 infinity diode array detector by which dopamine was
detected at 280 nm. The injection volume was 20 pL and separations were carried out using a kinetex
C18 column (100 mm x 3.00 mm) by phenomenex (Aschaffenburg, Germany). The mobile phase A,

pH 3, was composed of 0.01% glacial acetic acid, 5 mM 1-hexanesulfonic acid (sodium salt; Sigma
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Aldrich) in water, whereas mobile phase B was acetonitrile. The following gradient was applied for the
UHPLC analysis: 0-8 min: A/B 95:5 (isocratic), 8-11 min: 95:5-80:20, 11-14 min: 80:20 (isocratic), 14-
15 min: 80:20-95:5, 15-17 min: 95:5 (isocratic). On each day of measurement, a calibration curve was
recorded using dopamine solutions in PBS at different concentrations (100 — 500 uM) and the sample

concentrations were calculated using the linear equation of the calibration curve.
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6.3 Appendix to Chapter 4
6.3.1 Supplementary figures
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Figure A7. Representative radioligand saturation binding curve obtained from saturation binding experiments

with [*H]N-methylspiperone at whole CHO-K1 hDaongR cells. Experiments were performed as described in

chapter 2, Material and Methods 2.3.6. 35,000 cells per well were applied and non-specific binding was

determined in the presence of a 2000-fold excess (+)-butaclamol. Shown is one representative experiment

performed in triplicate of two independent experiments. A pKs value of 10.20 £ 0.07 (mean £ SEM) was

determined (for comparison, at whole HEK293T CRE Luc hDaongR cells in chapter 2 a pKs of 10.02 was

determined). Error bars of specific binding represent propagated errors. Error bars of total and non-specific

binding represent the SEM.

A
300 buffer
—— aripiprazole
T 200+ R-(-)-apomorphine
% —— pramipexole
<1 100+ —— dopamine
1 quinpirole
o

buffer
nemonapride
haloperidol
domperidone
S-(-)-sulpiride

Figure A8. Investigation of the effect of the indicated agonists (A) or antagonists (B) on CHO-K1 cells in the DMR

assay. None of the agonists produced a shift in wavelength. Nemonapride and haloperidol showed a slight

negative DMR signal (AN about -30 pm). Shown are representatives (means + SEM) of three independent

experiments, each performed in triplicate.
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Figure A9. Effect of selected dopamine D2R agonists and antagonists on mini-Gsi recruitment in HEK293T cells
coexpressing the DaiongR-NLucC and NLucN-mGsi fusion proteins. A: representative luminescence traces upon
stimulation with agonists. B: inhibition of the quinpirole-stimulated mini-Gsi recruitment by antagonists. Data
obtained from experiments with agonists (A) were normalized to the maximal response induced by 1 uM
quinpirole (100%) and L-15 (0%). In antagonist mode (B), the experiments were carried out in the presence of
quinpirole at a concentration (150 nM) eliciting 80% of the maximal response. The data were normalized to the
maximal response elicited by 150 nM quinpirole (100%) and L-15 (0%). Shown are means + SEM of representative
experiments performed in triplicate, of at least three independent experiments.
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Figure A10. Effect of PTX, CTX or FR900359 on the DMR response of CHO-K1 hDaongR cells. Shown are
representatives (mean £ SEM) of three independent experiments, each performed in triplicate.

600 — buffer
—— quinpirole 1 uM
— quinpirole 10 uM

T T T
0 50 100 150 200

t[s]

Figure A11. Increase in intracellular Ca?* upon stimulation of CHO-K1 hD2iongR cells with quinpirole (10 and 1 uM)
determined in a Fura-2 calcium assay. Shown is one representative experiment of three independent
measurements. The Fura-2 calcium assay was performed as previously described with a LS50 B luminescence
spectrophotometer (Perkin Elmer, Rodgau, Germany)®.
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Figure A12. Comparison of radioligand displacement curves obtained from competition binding
experiments with [*H]N-methylspiperone ([*HJNMSP; 0.05 nM) and quinpirole under regular
conditions (red line, as described in chapter 2, section 2.3.6) and in the presence of EGTA (2 mM,
blue line). The experiments were performed as described in section 2.3.6 using homogenates
prepared from HEK293T CRE Luc hD2aongR cells. Data are means + SEM of three independent
experiments, each performed in triplicate.
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Abbreviations
1,4-DAP

AC
ADHD
ATP
AUC
Bmax
BRET
CamKlI
cAMP
CDK5
CHO
cpd101
CNS
CRC
CRE
CTX
DAG
DARPP-32
DMEM
DMR
dpm
DR
ECso
ECIS
ECL

ELuc

Emax

FCS
fsk

1,4-disubstituted aromatic piperazines and piperidines

adenylyl cyclase

attention deficit hyperactivity disorder
adenosine-5’-triphosphate

area under the curve

maximum number of binding sites
bioluminescence resonance energy transfer
Ca?*/calmodulin-dependent protein kinase Il
3’-5’-cyclic adenosine monophosphate
cyclin-dependent kinase 5

Chinese hamster ovary cells

Takeda compound 101

central nervous system
concentration-response curve

cAMP response element

cholera toxin

diacyl glycerol

32-kDa dopamine and cAMP regulated phosphoprotein
Dulbecco’s modified Eagle’s medium
dynamic mass redistribution

disintegrations per minute

dopamine receptor

concentration of an agonist that induces 50% of its maximal response
electric cell-substrate impedance sensing
extracellular loop

engineered Emerald luciferase from the click beetle Pyrearinus
termitilluminans

maximal response of a compound in a functional assay
fetal calf serum

forskolin
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G416 geneticin

GDP guanosine diphosphate

GIRK G protein-coupled inwardly rectifying potassium channels
GPCR G protein-coupled receptor

Gpp(NH)p guanylylimidodiphosphate

GRK G protein-coupled receptor kinase

GSK3 glycogen synthase kinase 3

GTP guanosine-5’-triphosphate

hDiR human dopamine D; receptor

hD;R human dopamine D, receptor

hDsR human dopamine D; receptor

hD4R human dopamine D, receptor

HEK293T human embryonic kidney cells

1Cso inhibitor concentration, that displaces 50% of a labeled ligand from the

binding site or antagonist concentration, that suppresses 50% of the agonist
induced response

ICL intracellular loop

Ky dissociation constant of a ligand determined in a functional assay

K4 equilibrium dissociation constant

Ki equilibrium dissociation constant of a ligand determined in a competition

binding assay

Kobs observed association rate constant
Kot dissociation rate constant

Kon association rate constant

L-15 Leibovitz’ L-15 medium

mGIuR1 metabotropic glutamate receptor-1
MRNA messenger RNA (ribonucleic acid)
NLuc NanoLuc® luciferase

NMSP N-methylspiperone

NSB non-specific binding

OBS orthosteric binding site

PBS phosphate buffered saline
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PCR polymerase chain reaction
PKA protein kinase A

PLC phospholipase C

PP1 protein phosphatase 1
PP2A protein phosphatase 2A
PTX pertussis toxin

RWG resonant waveguide grating
S/B signal-to-background ratio
SP signal peptide

™ transmembrane

UHPLC ultra high performance liquid chromatography
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