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Chapter 1

1.1. The discovergf dopamine recefors: ahistorical overview

The accidental discovery of the first antipsychotic in 198Blorpromazine, paved the way for the
identification of the first dopamine receptor more than two decades later in $87At the time, a

series of antihistamines was used to enhance analgesia, whereby in some patients treated with

OKEt 2NLINR Y| T AYS | &S dzLIK2INIOES ofjaciheSvagidsSribed foledcite Do a4 S NIJ
inhibit neurons and in 1971 reports of a dopamireensitive adenylyl cyclase (AC) became the first
evidence for the existence of dopamine receptors in the central nervous systenf{CW8at was

GKSy OFff 8RK2K3 Oa NBOSILIE 2 NE = | (b eoeptdd SvasGdedtifed R | &
by means of [*H]haloperidol binding experiments and a direct correlation between clinical doses of
antipsychotics and Kgvalues for blocking [*H]haloperidol binding was fotihdShortly afterwards,

the existence of two distinct dopamine receptors was postulated, excitatiediating dopamine

receptors on the one hand and inhibitienediating receptors on the other hahdt became obvious

that certain dopamine receptors arénked to the stimulation of adenylyl cyclase and cyclic AMP
accumulatio§°, whereas others were found to inhibit adenylyl cycldsBased on these findings, the
classification in Dand D receptors was introduced in 1979About ten years later Grandst all?

cloned the human dopaminezDNB OS LJi 2 NJ I YR aK2¢gSR GKI G RdzS G2 fd
mMRNA two isoforms of this receptor exist, thesb: and the Dong receptort®. In the years 1990 and

1991, the dopamine Dand 3 receptors werecloned*'6, as well as the ¥ and the D receptor?,

completing the family of dopamine receptors. Shortly after, a polymorphism of the coding sequence

of the Direceptor in the human population, i.e. a varying numberapfeats ofa 48 base pair sequeac

in the region coding for the third intracellular loop (ICL3), was repétted

1.2. Classification of dopamine receptors

G proteincoupled receptors (GPCRSs) can be classified into five main families according to phylogenetic
analysi€. The rhodopsiriamily is the largest of these groups and dopamine receptors are members

of this familyt. Within the dopamine receptor family, the receptors can be classified according to their
biochemical, structural and pharmacological properties intdikz (O and @) and D-like receptors

(D2, Ds and D). This classification roots in the observation of a stimulatory as well as an inhibitory
modulation of the AC by dopamine receptors, namely thatddeptors are positively coupled to AC,
whereas B receptors inhiti cCAMP synthesfé Now it is commonly accepted that-lke receptors
SESNI GKA& STTFSOG DAl boQdmiydihérdas Biike 2etept@r actidst®ii S A y &
f SFRa (G2 AYKAOAUAZ2Y 2 Fpraeia$’. AndtheriiinyBshizig Khar@cfedstisf A y 3
is that genes encoding the-lke receptors contain multiple introns, which leads to the occurrence of
receptor variants due to alternative splicing of the mRNX the level of the receptor structure, the

two dopamine receptoclasses can be distinguished due to the length of ther@inus and the size

2



General introduction

of the third intracellular loop (ICL3), as showirigurel.1l. The @erminus of B-like receptors is about
seven times longer than that obilike receptors, whereas thexflike receptors share the feature of a
long third intracellular loofz ¢ KA OK | LILIS | N& & 2codphd® LINBNBIj dzh &aA G S

D, receptor Daiong receptor
gc’omam
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Figure 1.1. Two-dimensional schemes of the dopamine &nd the Diong 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 desggulatior?®?’. The ICL3 are shown in yellow and

the Gtermini in pink82°

1.3. Structuresexpressiorand functionof dopamine R-like

receptors
Belonging to the superfamily of seven transmembrane (7fEg@ptors alias GPCRs, the dopamine D
and D-like receptors exhibit an extracellularkiNS NY A y dzd = a4 S @Sy Yidlices Wdicy S a LI
are connected by three extrdECL) and three intracellular loops (ICL), and an intracelkéanhus’.
Intheir TM regions, the Blike receptors share a high sequence identity, amounting to 79%.1b; D
receptors, 51% for #D4 receptors and 53% forJD, receptorsC. Of every Blike receptor subtype,
different variants were found. Due to alternative spligi 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 at discovered a third splicing variant of theR) the RongeR With two addition&
amino acids in ICL3 compared to thedR, which appears to play only a minor role (found in 2.3% of
the investigated population) compared to thesk« (18%) and ExngR (79%). Shorter variants of the
DsR were reported, also resulting from alternatisplicing, however they seem to be nonfunctidhal
The DR was found in polymorphic variants, with different numbers of a 16 amino acid sequence repeat

in the ICL3. The fourfold repeats(fpis the most common form (60%), followed by the sevenfold repea

3
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(Ds.7R; 14%) and the two repeat sequence R, 10%Y. 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 observy&d

Crysal structures of all three dopamine.flike receptors have been reported, the; Beceptor in
complex with the D3 selective antagonist eticlopride being the first in 28".@ollowed by the R
receptor bound to nemonapride in 20¥7and the Diongreceptor bound to risperidone in 2038 The
crystallzation of the receptors led to the discovery of extended binding pockets characteristic of each

subtyp€®, which could facilitate the developmenf subtype selective ligands.

The dopamine kyngreceptor shows the highest expression level and the widest distribution of the D
like receptor famil§f. In certain brain regions, such as the hippocampus and the substantia nigra, all
three D-like recepor subtypes are expressédl. The DR 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 amygdai& Over the years, increasingidence on different functions

of the two main splicing variants of the®has emerged. The short isoform was found to be a mainly
presynaptically expressed autoreceptor, controlling dopamine reféasehile the long variant
primarily mediates postsynajat effect$®. In comparison to the 4R, the expression of thesR is more
limited to the limbic systeff, but it was also found in low amounts in the striatum and the
cerebellunt®*#% As the BR, the BR is found preand postsynapticalfy. The DR exhiltis the lowest
expression levels of the flike receptors and was found in the cerebral cortex and the amygdala,
among other&’, where it is almost exclusively expressed postsynaptféalijne B-like receptors can

also be found in the periphery, for exatepn the kidney, being involved in the regulation of renal
functions or the adrenal gland, where-like receptors inhibit aldosterone secretion. Additionally; D

like receptors are expressed in the heariRI) retina (GR) and blood vessels ARy 233"

In general, the presynaptically expressed dopamine receptors regulate the synthesis and the release
of neurotransmitters, working as negative feedback mechanidri$ie physiological role of brain D
receptors has been extensively studied and ranges from involvement in controlling locomotor Hctivity

or reward mechanisnisto functions regarding memory and learnffigMoreover, dysregulation of D
receptor signaling is critically involved in the paphysiology of schizophrenia or bipolar disordéf.

The specific functions of thes@nd the Q receptor are less well understoodz Rceptors exert a less
pronounced effect on locomotion compared to Beceptors* and are thought to be involved in

coqnition, together with Q receptors®,
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1.4. Dopamine Plike receptor signaling and desensitization

D--like receptors transduce signals from the extra the intracellular site of the plasma membrane

resulting in the activation of heterotrimeric G proteing ¥ L)2 aSR 2F Dh X Di |yR D!
referred to as G protein dependent signafihgFurthermore, Bf A 1 S NB OS LErshds, NB O NX:
another major class of effector proteins, involved in the termination of G protein mediated signaling

but also h so called G protein independent sajjing?.

1.4.1. G proteirndependent signaling

In general, after being activated, GPCRs undergo conformational changes, followed by coupling to G
proteins®® Ly GKS Ayl OdA@S nhatérotrimsric G pr&einistboutddedGR, wkich 2 T { K
is released upon the formation of the recept@rprotein complex. Subsequently, GTP is rapidly bound

G2 GKS ydzOf S2G4ARS O60AYRAYy3 aA0S 2F GKS Dh &dzo dzy A
bytheRA&da20Al GA2y 27T (KS® Bdth subwiiR targek Gifferbrit downatasindzy A (i &
STFSO0 2 NE -bamy GXF ibydrdtySedizh D5t = RdzS (2 GKS AYyGNRARyaao
subunit, and the heterotrimeric G protein is reassocidfedll dpamine D-like receptors activate G

LINE G SA Y & famlyPlaide® HEKAOAG &f AIKGt e RAFTFSNAy:A O2dzLi
isoforms. The v g & aK2gy (2 & @od&LIAES 516 & FBtSind@kha Db

two predaminant variants of the Preceptor differ in the length of the ICL3, which was demonstrated

to be relevant for G protein coupling in the case of adrenergic receptatsvas assumed that the

difference in this structural element is responsible for diéfgial G protein coupling features.

However, investigations that have been made in this regard have led to inconsistent findings. It seems
fA1Ste GKIFIGO 020K A aZibheiedra The BRIzseémSto preferemtiay actvatd S DN
D h, proteins®>®and generally appears to activate G proteins less effectively compared tofD

Additionally, the DsR vas NB LI2 NI SR (12 &AM yThefDw i K KB de®K G BB Y dzf G A
isoform$82and the varying lengths of the ICL3 in the differpalymorphic variants of the receptor

do not appear to have an impact on G protein coupling specificity or effiéfa@mcy+ A I | OGoA OF G A 2y
proteins, D and D receptors distinctly inhibit the activity of the A3 The BR also inhibits cCAMP

formation by ACs, but in a less pronounced manner and was reported to selectively inhibit A€&.type 5
Through this mechanism, the-ikke receptors inhibit the accumulian of cCAMP, thereby decreasing

protein kinase A (PKA) activity and thus may have effects on PKA sulsétiatéise case of the IR,

downstream effects on, for example, ionotropic glutamate receptors (AMPA, NMDA) and BARPP

(32-kDa dopamine and cAMPgelated phosphoprotein) were observed, as depicted schematically in
Figure2?3, This contributes to slow synaptic transmission in the brain, whereby dopamine receptors
Y2RdzZA ' GS GKS | OGA2y 2F FlLad | O ayfimbbuysded? 6 NI YA YA
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Figurel.2. Schematic representation of dopamine Bceptormediated signaling. Extracteshd modifiedfrom
Beaulieu et at* with permission from John Wiley & Sons, Inc.; license numb&i:3560138742CamKiIl,
C&*/calmodulindependent protein kinase Il; CDK5, cydéapendent kinase 5; DAG, diacylglycei@ISK3,
glycogen synthase kinaseRBKC, protein kinase C; PP1, protdiogphatase 1; PP2A, protein phosphatase 2A.

' FGSNI RAaaz20AldAz2y 2F GKS KSGSNRGNARYSNARO D LINRGS
as shown irFigurel2® ! Y2y 3 20KSNRAXZ Di+ adzodzyAda 6SNBE NBLR!
resultingin an increase in intracellular €&. Furthermore, a reduction of €acurrents through

voltage gated Cachannels was observed after activation ofddd I receptors, contributing to the

inhibitory properties of the Blike receptor§”® On G proteircoupled inwardly rectifying potassium
OKIFIyySta oDLwYaox (KS Di!' &adzodzyAda ¢SNB NBLRNIS

decreased cell excitallti/®°.

1.4.2. Desensitization and-arrestinmediated signaling

Many of the existing paradigms concerning the regulation of GPCRs have been established based on
Ay@SaidAdalrdazya 27F LINE G 2 dadieleit feceptb O LdiechahBra of & dzO K
homologous desensitization of such receptors is described as follows: the agonist occupied GPCR is
phosphorylated by a G proteitoupled receptor kinase (GRK) at serine and threonine residues within

the Gterminal tail or the ICL3. Thisomoteso A Y R A saiesti@sFwhich terminates the G protein

coupling of the receptor and links the GPCR to clattiépendent endocytosis. Then, the receptor can

be recycled to the plasma membrane or becomes subject to degradatidnis applies to many GPCRs,

but there is gowing evidence for exceptions from this general schémEor instance, using the
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metabotropic glutamate receptet (MmGIuR1) it was shown that GRM2diated receptor
phosphorylation is not a mandatory prerequisite for desensitization or internaliztiBeviations

from the general mechanism were also described for the dopamidi®receptors. Activation of the

DR is followed by GRidediated phosphorylationp-arrestin recruitment and internalizatidh
However, it was shown thaphosphorylation is not necessarily required for arrestin binding,
desensitization or endocytosfs It was postulated that an agonistduced conformational change is

the primary driver for arrestin recruitment and that arrestin association is relevantttier
internalization procesé. Interestingly, GRK2 was reported to attenuate dopaminerdzeptor
signaling, but in contrast to the generally accepted paradigm, in a phosphorylatependent
manner!. The exact mechanism is yet to be elucidatBtiosplorylation mediated byGRK2was
suggested talictate whether the receptor is recycled back to the cell membrane or degraded, with
phosphorylated receptorbeingmore likely to be recycl€d’ In contrast to the BR, the BR only
undergoes subtle agonishS RA I 1 SR LIK 2 & LIK 2aX&sfin® td & AufttlesdéeQdnbandi a |
SEKAOAGA O2yaiAldziares8nZeR yForSiNg Qhibgpiogglatioindefiekidenti
desensitization of the {R a completely novel mechanism was postul&ted was observethat the

DsR mediates, independent of agonist binding, translocation of Mdm2 from the nucleus to the cytosol,

I dzoAljdzZA GAY f A3l aBrestinKAANE agdwish dfirdzdatio” @flthe 83 Mdm2

0N yat20F (iSa d-aredinR 8 éupidodinatdiziubskayidrtly forming a tight complex
gAUGK GKS Di* adz0 dzy A GR sighakihg an&Sasdddation o @rgtinfenc & 5
protein’. In the case of the Dreceptor, neither agonistINB Y2 1 SR LIK2 & LIRMNB | G A 2y

recruitment could be observefigl

Besides their functions in the termination of G protamediated signaling or receptor internalization,

i -arrestins mediate further signaling processes.r€ceptors have been shown to regulate Akt, a
LINR G SAY 1 A ydrrésth? Figur€INP2dginkulation of the receptor leads to the formation

2F I AA3YyIlfAy3I -QGeeMnd AtanddpbteiNgBBhatis@ AEPP2A), 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 locomotorfctivity
Ly | R Rakrésting attas scaffolding proteins fohet cytoplasmic signaling comple&eand play

a complementary role in the negative regulation of G protein signaling by recruiting enzymes, that

catalyzesecond messenger degradation, such as cAMP phosphodiest®rases

1.5. Drugs targeting dpamine B-like re@ptors

Drugs targeting GPCRs represent about a quarter of the global therapeutic drug market of which 11%
are drugs addressing dopaminergic receptbrBue to the expression pattern and the physiological

functions of the DMike receptors, they are inwokd in the etiology and therapy of different

7
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LI 6 K2t 23420t O2yRAGAZ2Yyas &4dzOK +Fa tFNJAyazyQa
deficit hyperactivity disorder (ADHB)In general, Blike receptor agonists, such as pramipexole or
apomomphine Figurel30 = | NB | LILX ASR Ay (KS GKSNI LR 27
consequences of the loss of dopamipeducing neurons in the substantia ni§taCompounds,

antagonizind.-like receptor functionssuch afaloperidol or sulpirideRigurel.3) exert antipsychotic

effects and are therefore indicated in the therapy of schizophrenia or ADHD. High concentrations of

D.ss receptors can be found in the chemoreceptive trigger zone located in the brainstem, which is
implicated in the control of nausea and vomitfhigDopamine Blike receptor antagonistdike
domperidone Figurel.3) or the nonspecific dopamine #serotonin 5HT; receptor antagonist
metoclopramide aretherefore also used to control nausea and vomifi®. However, the

pharmacology of more recently developed antipsychotics, such as aripipragigargl.3) or

cariprazine is more complex and remains controversial. Aripiprazole was reported to exhibit activities

of a partial agonist in inhibiting cAMReaumulatiord®® but antagonizedd A Y RAy 3 2F D¢t ! {

proteind’® ¢ KS ¥ A Y R Aayiébin redkfitAhéniNaFe klgoontroversial, since aripiprazole was
RSAONAROSR & I LI NIXaidstin2 to tHe2DRA andias dnyantalyddi€tNabiuré A y 3
commonly described for antipsychot?ésCariprazine displays comparable actions at tkfe But other

than aripiprazole, exhibits a higher affinity for theR¥.

The development of subtype selective ligands remains difficult due to theanigho acid homology
within the transmembrane spanning domains of theliRe receptors and clinically used dopaminergic
drugs are not subtype selecti®?€®. D, receptor subtype selective antagonists were thought to be a
valuable remedy in the treatment gdsychosis or schizophrenia, but the development has proven
difficult®®. Few ligands with only moderate selectivity have been reported. A promising compound
(indole derivativel.1, Figurel.3) was reported by Vangveravong et®4lhowever, following studis
revealed a short halffe due to metabolic instabilify. D; receptor selective antagonists are potential
drug candidates for the treatment of substance ablistn an approach to develop compounds that
occupy the orthosteric binding site as well ag tsecondary binding pocket of thes®) which was
discovered by means of the crystal structure of the recefffocompoundl.2 (Figurel.3) was
developed exhibiting about 1706old selectivity for the ER over the BR®. Many potent B/Da/Da
ligands belongdo the class of 1 4lisubstituted aromatic piperazines and piperidines {DAPs), such

as haloperidol Figurel.3) and it was discovered that 1[@APs containing a short methylene linker
exhibit enhanced IR selectivit}. FAU@13 Figurel.3) is a 1,4disubstituted piperazine that exhibits
antagonistic properties and highs [Deceptor selectivity?. Another structurebased approach to the
development of bR selective ligands in the context of the determination of thR Prystal structure
led to the partial agonist.3 (Figurel.3), which occupies the orthosteric binding site of thdDas well

as the secondary binding pocR&tThe first reported ER selective agonist was suminarole, however,
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subsequent studies revealeonly a moderate selectivity towards the Beceptor®®. Based on the
sumanirole scaffold otherdagonists were developed by attaching molecular fragments, aiming at the
design of ligands that occupy the OBS and the secondary binding pocket of the recepto
simultaneousl{?®. The developed compounds, such as compouddFigurel.3), exhibit G protein

bias, but show also only moderate subtype selecti¥ityD; receptor agonists have potential
neuroprotective and neurorestorative properti®s Since numeyus known agonists, such as
dopamine or pramipexole slightly prefer the 8ver the D recepto®, Chen et al. developed highly
selective BR agonists based on the pramipexole scaffold (compdufdrigurel.3), which could help

to investigate the physiobical role of the ER in different processé$.
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Figurel.3. Structures of compounds targeting dopamingliRe 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 ligandSRCHRy Atsmall selection of binding and

functional assays is presentedTiablel.l, where advantages and disadvantages of theediffit techniques are briefly addressed

Tablel.1. A selection of common binding and functional assays for investigations at GPCRs.

assay type measurement advantages disadvantages equilibrium

binding

guantification of liganedGPCR
interaction

radioligand binding

fluorescence

polarisation/anisotropy

flow cytometry

high content imaging

BRET binding

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

ligand binding is monitored by change
in the polarization of emitted light
when a fluorescently labelled ligand it
bound to a receptot®?

binding of a fluorescently labelled
ligand is detected by measuring the
fluorescence intensity of single cells
combination of higkresolution
fluorescence microscopy with
automated image analysf$

BRET occurs when a fluorescently
labelled ligand binds to a receptor,
which is fused to a luciferase, such a
NanoLucin the presence cd
substrate®

9 theoretically applicable to any
GPCR

1 no artificial modifications of ligands
(if isotopes 3H ot“C are used) or
receptors

1 ligand depletion, if occurringcan
be easily quantified

9 no separation step required

9 reaktime monitoring

9 no separation step required
9 neglectable ligand depletion

1 reaktime monitoringpossible

9 neglectable ligand depletion

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

1 no separation step required

1 no need for excitation light

1 reaktime monitoring

9 availability of radiolabelled ligands

with high affinity

1 ionizing radiation

9 high costs for disposal of
radioactive waste

9 separation step required

1 ligand ismodified (fluorescently
labelled)

1 low signalto-noiseratio

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

1 high costs
1 ligand is modified (fluorescently
labelled)

1 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

BeDet |

ca*

CAMP

gene reporter assays

highcontent imaging

direct measurement of G protein
activation using a nohydrolysable
GTP analogu®&

fluorescent indicators change their
optical properties upon Ga
binding/expression of Casensitive
aequorin, that generates a
luminescent signal in the presence of
substrate®”

different methods available:

1 BRETbased cAMP sensor
(CAMYEL%
1 permuted firefly luciferase that
undergoes conformational change
upon cAMP binding concomitant
with an increased luciferase activity
(CAMP Glosensarby Promegé}®
1 split enzyme complementation
dza A yjaactbsidase (HitHuntar
by DiscoverX§®
GPCRnediated changes in second
messengers alter the expressioh
conveniently detectable gene
productsg?’

combination of higkresolution
fluorescence microscopy with
automated image analysf§

1 proximal readout
1 discrimination between different
modes ofligand action

1 high sensitivity

1 reaktime monitoring

1 discrimination between different
modes of ligand action

9 homogenous

9 reaktime monitoring

1 homogenous

1 Glosensor: very sensitive,

I LILX A Ol -gdudling ieBept@rs
without forskolin prestimuahtion

1 high sensitivity
9 theoretically applicable to any
GPCR

9 monitoring of diverse GPCR
functions

1 reaktime monitoring of spatie
temporal events possible

12

1 often low signato-noiseratios no equilibrium
g A 0 K2 NDj @bpling
receptorg®®

1l ionizing radiation

1 separation step required

1 not applicable to investigationsf

inverse agonists

no equilibrium,
transient signal

TAYy @SaidAal GAy 3w+ noequilibrium
coupled receptors can be difficult

9 no reaktime monitoring

1 distal readout, comparably high ris equilibrium
of false positives due to
interferences with other signaling
pathways

1 long incubation times

1 high costs

9 complex assay protocols, labour

and data intensive

1 modification of proteins and

ligands of interest

depends on the
process under
investigation
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label-free methods

DMR

(dynamic mass
redistribution)

ECIS
(electric cellsubstrate
impedance sensing)

1 cells are grown on optical
biosensors, which transform change
in cell shape oredistribution of
cellular constituents into an optical
readout??

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

1 highly sensitive (exceeds sensitivit
of traditional methods}t°

1 reaktime monitoring

1 discrimination between different
modes ofligandaction

1 no artificial modifications of
receptors or ljands required

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

no equilibrium
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1.7 Scope of tisthesis

In our research group, the development of subtype selective histamineeéeptor ligands as
pharmacological tools for investigating the physiological role,a&Ekptors especially in the CNS has
been of great interest. During the optimization process of histamineétptor ligands, the need for
assays to characterize coamynds in binding and functional assays at dopamindike receptors
emerged, since carbamoylguanidityge HR ligands containing a-&ninothiazole moiety share
structural similarities with reported dopaminexlike receptor agonists. As both histamine &hd
dopamine receptors are expressed in the &N3'13 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 charactenizaf GPCR ligands. In order to provide
means for the determination of Bike receptor affinities, this thesis aimed at the establishment of a
radioligand binding assay for all three-like receptor subtypes. For this purpose, HEK293T cell lines
stablyexpressing the physiologically most dominant receptor isoforms of the huradikeDreceptor
subtypes (hBongR, hRR, hQ4R) had to be generated. The binding of the used radioligand to every
receptor subtype had to be investigated and the assay needbd i@lidated by screening of reported

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

CdzNJi KSNXY 2 NB > | vrrestidrackudmerit ® RlikiN®oepSors, using the split luciferase
complementation techniqug&* was aimed at, enabling the functional characterization of dopamine

receptor ligands. HEK293T cells stabhSd6 LINB & & A y3 (G KS Tadesth2with &spliy’ & ( NHzO |
luciferase fragment and the hlghg, hD; or hDi4 receptor fused to the complementaruciferase

fragment had to be developed for this purpose. For the validation of the assay, sets of repglilesl D

receptor (partial) agonists and antagonists had to be screened and again the results compared with

literature data

Labelfree assays, sticas 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 re@nés a readout resulting from

an integrated cell response to receptor stimulation. For the investigation of ligand agonism and
antagonism at the kg receptor with the DMR technique, a stable GKHO hDingR cell line was
intended to be used. Resultsom the screening of known.Deceptor 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 #CHh@QngR cells

had to be explored.

14



General introduction

1.8

10.

11.

12.

13.

14.

15.

16.

17.

18.

References

M. Lacomme, H. Laborit, G. Le Lorier, M. Pommier, Obstetric analgesia potentiated by associated
intravenous dolosal with RP 45@ull Féd Soc Gynecol Obstétr Langy 68562 (1952).

P. Seeman, M. ChaWong, J. Tedesco, K. Wong, Brain receptorsriipsychotic drugs and dopamine:
direct binding assay®roc Nat Acad Sci US2 43764380; doi:10.1073/pnas.72.11.4376 (1975).

P. Seeman, T. Lee, Antipsychotic drugs: direct correlation between clinical potency and presynaptic
action on dopamine neurs.Science 88, 12171219; doi;:10.1126/science.1145194 (1975).

P. Seeman, ifthe Dopamine Recepto#s, Neve, Ed. (Humana Press, 2010), vol. 2, chap. 1.

F. E. Bloom, E. Costa, G. C. Salmoiraghi, Anesthesia and the responsiveness of individgabfdgron
caudate nucleus of the cat to acetylcholine, norepinephrine and dopamine administered by
microelectrophoresis] Pharmacol Exp ThEs0, 244252 (1965).

J. W. Kebabian, P. Greengard, Doparsiaesitive adenyl cyclase: possible role in synagditsmission.
Sciencel 74, 13461349; doi:10.1126/science.174.4016.1346 (1971).

C. Missale, S. R. Nash, S. W. Robinson, M. Jaber, M. G. Caron, Dopamine receptors: from structure to
function. Physiol Re¥8, 189225;d0i:10.1152/physrev.1998.78.1.189 (1998).

J. W. Kebabian, D. B. Calne, Multiple receptors for doparNaielre277, 9396; doi:10.1038/277093a0
(1979).

A. R. Cools, J. M. Van Rossum, Excitaiediating and inhibitiormediating dopamineeceptors: a
new concept towards a better understanding of electrophysiological, biochemical, pharmacological,
functional and clinical datd&sychopharmacologiéb, 243254; doi:10.1007/BF00421135 (1976).

E. M. Brown, R. J. Carroll, G. D. Aurbach, Dopaminengialation of cyclic AMP accumulation and
parathyroid hormone release from dispersed bovine parathyroid detlsc Nat Acad Sci US4, 42106
4213; doi:10.1073/pnas.74.10.4210 (1977).

P. De Camilli, D. Macconi, A. Spada, Dopamine inhibits adenylatseciclauman prolactisecreting
pituitary adenomasNature 278, 252254; doi:10.1038/278252a0 (1979).

D. K. Grandy, M. A. Marchionni, H. Makam, R. E. Stofko, M. Alfano, L. Frothingham, J. B. Fischer, K. J.
BurkeHowie, J. R. Bunzow, A. C. Server,.eCibning of the cDNA and gene for a humaxddpamine
receptor.Proc Nat Acad Sci U88, 97629766 (1989).

B. Giros, P. Sokoloff, M. P. Martres, J. F. Riou, L. J. Emorine, J. C. Schwartz, Alternative splicing directs
the expression of two Pdopamire receptor isoformsNature 342, 923926; do0i:10.1038/342923a0
(1989).

R. K. Sunahara, H. B. Niznik, D. M. Weiner, T. M. Stormann, M. R. Brann, J. L. Kennedy, J. E. Gelernter, R.
Rozmabhel, Y. L. Yang, Y. Israel, et al., Human dopamieedptor enco@d by an intronless gene on
chromosome 5Nature 347, 80-83; doi:10.1038/347080a0 (1990).

R. K. Sunahara, H. C. Guan, B. F. O'Dowd, P. Seeman, L. G. Laurier, G. Ng, S. R. George, J. Torchia, H. H.
Van Tol, H. B. Niznik, Cloning of the gene for a hudmgnamine B receptor with higher affinity for
dopamine than 2 Nature350, 614619; doi:10.1038/350614a0 (1991).

Q. Y. Zhou, D. K. Grandy, L. Thambi, J. A. Kushner, H. H. Van Tol, R. Cone, D. Pribnow, J. Salon, J. R.
Bunzow, O. Civelli, Cloning angbeession of human and rat@opamine receptorsNature347, 76-80;
doi:10.1038/347076a0 (1990).

P. Sokoloff, B. Giros, MP. Martres, ML. Bouthenet, 3C. Schwartz, Molecular cloning and
characterization of a novel dopamine receptor)@s a targefor neuroleptics Nature 347, 146151,
doi:10.1038/347146a0 (1990).

H. H. Van Tol, J. R. Bunzow, H. C. Guan, R. K. Sunahara, P. Seeman, H. B. Niznik, O. Civelli, Cloning of the
gene for a human dopaminesPeceptor with high affinity for the antipsyaitic clozapineNature 350,
610614; doi:10.1038/350610a0 (1991).

15



Chapter 1

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

H. H. Van Tol, C. M. Wu, H. C. Guan, K. Ohara, J. R. Bunzow, O. Civelli, J. Kennedy, P. Seeman, H. B. Niznik,
V. Jovanovic, Multiple dopamine; Beceptor variants in the human populatioNature 358, 149152;
doi:10.1038/358149a0 (1992).

R. Fredriksson, M. C. Lagerstrom, L. G. Lundin, H. B. Schioth;pféteitcoupled receptors in the
human genome form five main families. Phylogenetic analysis, paralogon groups, and fingexwints.
Pharmacob3, 12561272; doi:10.1124/mol.63.6.1256 (2003).

S. M. Foord, T. I. Bonner, R. R. Neubig, E. M. Rosser, J. P. Pin, A. P. Davenport, M. Spedding, A. J. Harmar,
International Union of Pharmacology. XLVI. G preteinpled receptor listPhamacol Reb7, 279288;
doi:10.1124/pr.57.2.5 (2005).

J-M. Beaulieu, S. Espinoza, R. R. Gainetdinov, Dopamine recepti?8lAR Review 1Br J Pharmacol
172, 1-23; d0i:10.1111/bph.12906 (2015).

J. M. Beaulieu, R. R. Gainetdinov, The physiology, signaling, and pharmacology of dopamine receptors.
Pharmacol Re63, 182217; d0i:10.1124/pr.110.002642 (2011).

J. A. Gingrich, M. G. Caron, Recent advances in the molecular biology of dopaminerseAgpio Rev
Neuroscil6, 299321; doi:10.1146/annurev.ne.16.030193.001503 (1993).

B. F. O'Dowd, Structures of dopamine receptarsNeurochen60, 804816; doi:10.1111/j.14741
4159.1993.th03224.x (1993).

D. M. Rosenbaum, S. G. Rasmussen, B. Kk&obhe structure and function of-@otein-coupled
receptors.Nature459, 356363; doi:10.1038/nature08144 (2009).

L. S. Barak, L. Menard, S. S. Ferguson, A. M. Colapietro, M. G. Caron, The conserved seven
transmembrane sequence NP(X)2,3Y of thgr@ein-coupled receptor superfamily regulates multiple
properties of the beta Adrenergic receptorBiochemistryd4, 1540715414; doi:10.1021/bi00047a003
(1995).

A. J. Kooistra, S. Mordalski, G. PaBdgkeres, M. Esguerra, A. Mamyrbekov, C. Munk, &. #a S NJES
DavidE. Gloriam, GPCRdb in 2021: integrating GPCR sequence, structure and filucieis. Acids Res
49, D335D343; doi:10.1093/nar/gkaal080 (2021).

V. Isberg, S. Mordalski, C. Munk, K. Rataj, K. Harpsge, A. S. Hauser, B. Vrolingrki, JGBWjaend,
D. E. Gloriam, GPCRdb: an information system for G proteipled receptorsNucleic Acids Res,
D356D364; doi:10.1093/nar/gkv1178 (2016).

F. Boeckler, P. Gmeiner, The structural evolution of dopamined@ptor ligands: structuractivity
relationships and selected neuropharmacological asped&harmacol Ther 112, 281-333;
doi:10.1016/j.pharmthera.2006.04.007 (2006).

P. Seeman, D. Nam, C. Ulpian, I. S. Liu, T. Tallerico, New dopamine reeéptogdd), with unique TG
splicesite, in human brainBrain Res Mol Brain R&6, 132141; doi:10.1016/s016328x(99)00343%
(2000).

P. Seeman, H. H. Van Tol, Dopamine receptor pharmacologpds Pharmacol S&b, 264270;
doi:10.1016/01656147(94)90323 (1994).

E. Y. ChienV. Liu, Q. Zhao, V. Katritch, G. W. Han, M. A. Hanson, L. Shi, A. H. Newman, J. A. Javitch, V.
Cherezov, R. C. Stevens, Structure of the human dopamiee&ptor in complex with adDs selective
antagonist.Science&30, 10911095; doi:10.1126/science.9¥410 (2010).

S. Wang, D. Wacker, A. Levit, T. Che, R. M. Betz, J. D. McCorvy, A. J. Venkatakrishnan, X. P. Huang, R. O.
Dror, B. K. Shoichet, B. L. Rothdbpamine receptor highesolution structures enable the discovery
of selective agonistSciere358 381-386; doi:10.1126/science.aan5468 (2017).

S. Wang, T. Che, A. Levit, B. K. Shoichet, D. Wacker, B. L. Roth, Structure dbfizenihe receptor
bound to the atypical antipsychotic drug risperidomMature 555, 269273; doi:10.1038/nature25758
(2018).

16



General introduction

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

D. Vallone, R. Picetti, E. Borrelli, Structure and function of dopamine receN&usosci Biobehav Rev
24, 125132(2000).

P. Rondou, G. Haegeman, K. Van Craenenbroeck, The dopaméee@or: biochemical and sigiing
properties.Cell Mol Life Séi7, 19721986; doi:10.1007/s000:810-0293y (2010).

Z. U. Khan, L. Mrzljak, A. Gutierrez, A. de la Calle, P. S. GdtdikianProminence of the dopamine D2
short isoform in dopaminergic pathwaysProc Natl Acad $c USA 95 77317736;
doi:10.1073/pnas.95.13.7731 (1998).

N. Lindgren, A. Usiello, M. Goiny, J. Haycock, E. Erbs, P. Greengard, T. Hokfelt, E. Borrelli, G. Fisone,
Distinct roles of dopamineZdand Dsreceptor isoforms in the regulation of protein psphorylation at
presynaptic and postsynaptic sites.Proc Natl Acad Sci USA100, 43054309;
doi:10.1073/pnas.0730708100 (2003).

B. Landwehrmeyer, G. Mengod, J. M. Palacios, Dopamiree&ptor mRNA and binding sites in human
brain.Brain Res Mol BraiResl8, 187192; doi:10.1016/016828x(93)9018& (1993).

J. Diaz, D. Levesque, C. H. Lammers, N. Griffon, M. P. Martres, J. C. Schwartz, P. Sokoloff, Phenotypical
characterization of neurons expressing the dopamisesDeptor in the rat brainNeurogiencess, 731k
745; doi:10.1016/03061522(94)0052%¢ (1995).

P. Sokoloff, J. Diaz, B. Le Foll, O. Guillin, L. Leriche, E. Bezard, C. Gross, The dopsmapterDa
therapeutic target for the treatment of neuropsychiatric disorde€NS Neurol DisthDrug Targets,
2543; doi:10.2174/187152706784111551 (2006).

A. Rivera, B. Cuellar, F. J. Giron, D. K. Grandy, A. de la Calle, R. Moratalla, Dopeeoampedds are
heterogeneously distributed in the striosomes/matrix compartments of the striatlitdeurocheng0,
219229; doi:10.1046/j.002:3042.2001.00702.x (2002).

D. R. Sibley, New insights into dopaminergic receptor function using antisense and genetically altered
animals. Annu Rev Pharmacol Toxi&8 313341; doi:10.1146/annurev.pharmtd39.1.313 (1999).

G. Di Chiara, V. Bassareo, S. Fenu, M. A. De Luca, L. Spina, C. Cadoni, E. Acquas, E. Carboni, V. Valentini,
D. Lecca, Dopamine and drug addiction: the nucleus accumbens shell connNetimopharmacology
47 Suppl 1227241; doi:10.016/j.neuropharm.2004.06.032 (2004).

T. X. Xu, T. D. Sotnikova, C. Liang, J. Zhang, J. U. Jung, R. D. Spealman, R. R. Gainetdinov, W. D. Yao,

Hyperdopaminergic tone erodes prefrontal loteym potential via a Breceptoroperated protein
phosphatase ga&. J Neuros@9, 1408614099; doi:10.1523/JINEUROSCI.00942009 (2009).

P. Seeman, Schizophrenia and dopamine recepténs. Neuropsychopharmacd3, 9991009;
doi:10.1016/j.euroneuro.2013.06.005 (2013).

J. N. Oak, J. Oldenhof, H. H. Van Ta¢, dépamine D(4) receptor: one decade of researebr J
Pharmacol05, 303327; doi:10.1016/s001-2999(00)0056:8 (2000).

D. Hilger, M. Masureel, B. K. Kobilka, Structure and dynamics of GPCR signaling cohgiestesct
Mol Biol25, 4-12;d0i:10.1038/s4159417-0011-7 (2018).

K. L. Pierce, R. T. Premont, R. J. Lefkowitz, $&aresmembrane receptordlat Rev Mol Cell Bi8) 639
650; d0i:10.1038/nrm908 (2002).

A. Sidhu, H. B. Niznik, Coupling of dopamine receptor subtypes to multiple and diverse G pirttdins.
Dev Neurosc8, 669677; doi:10.1016/s0736748(00)00032 (2000).

Y. F. Liu, K. H. Jakobs, M. M. Rasenick, P. R. Albert, G protein speciécigptioreffector coupling.
Analysis of the roles ofo@nd Ge in GH4C1 pituitary celld.Biol Cheri69, 1388013886(1994).

J. Obadiah, T. Avid#teiss, C. S. Fishburn, S. Carmon, M. Bayewitch, Z. Vogel, S. Fuchs8ivhayavi
Adenylyl cyclasenteraction with the D2 dopamine receptor family; differential coupling t0& and
Gs. Cell Mol Neurobidl9, 653664; doi:10.1023/a:1006988603199 (1999).

17



Chapter 1

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

J. P. Montmayeur, E. Borrelli, Transcription mediated by a efdgifonsive promoter element is
reduced upon activation of dopamine: Beceptors.Proc Natl Acad Sci U88, 31353139 (1991).

S. E. Senogles, The ddpamine receptor isoforms signal through distinct Gi alpha proteins to inhibit
adenylyl cyclase. A study with siti@rected mutant Galpha proteins.J Biol Chen269, 2312023127
(1994).

J. P. Montmayeur, J. Guiramand, E. Borrelli, Preferential coupling between dopameweitors and
Gproteins.Mol Endocrino¥, 161-170; doi:10.1210/mend.7.2.7682286 (1993).

K. A. Neve, J..KSeamans, H. Tranthabavidson, Dopamine receptor signaliny.Recept Signal
Transduct Re24, 165205; doi:10.1081/rr200029981 (2004).

L. X. Liu, L. H. Burgess, A. M. Gonzalez, D. R. Sibley, L. A. GiibgdoDi)and D dopamine receptors
cowple to a voltagedependent potassium current in N18TG2 x mesencephalon hybrid cellZBIES
via distinct G proteinsSynapse31, 108118; doi:10.1002/(SICI)102896(199902)31:2<108::AlD
SYN3>3.0.CG\2(1999).

P. G. Zaworski, G. L. Alberts, J. &géhzer, W. B. Im, J. L. Slightom, G. S. Gill, Efficient functional coupling
of the human R dopamine receptor to G(0) subtype of G proteins inSFY cell&r J Pharmacdl28,
1181-1188; doi:10.1038/sj.bjp.0702905 (1999).

A. NewmanrTancredi, D. Cuas, V. Audinot, V. Pasteau, S. Gavaudan, M. J. Millan, G protein activation
by human dopamine D3 receptors in higkpressing Chinese hamster ovary cells: A guandsi®g(3-
[¥S]thio) triphosphate binding and antibody studylol Pharmacob5, 564574(199).

D. I. Cho, M. Zheng, K. M. Kim, Current perspectives on the selective regulation of dopamine D(2) and

D(3) receptorsArch Pharm Re33, 15211538; do0i:10.1007/s1227010-10058 (2010).

M. A. Kazmi, L. A. Snyder, A. M. Cypess, S. G. Grabegakmar, Selective reconstitution of human D
dopamine receptor variants with iG alpha subtypes. Biochemistry 39, 37343744,
doi:10.1021/hi992354c (2000).

C. M. O'Hara, L. Tang, R. Taussig, R. D. Todd, K. L. O'Malley, Doparagep®r couples to G alpha

i2 and G alpha i3 but not G alpha il, leading to the inhibition of adenylate cyclase in transfected cell

lines.J Pharmacol Exp Th2r8, 354360 (1996).

S. W. Robinson, M. G. Caron, Selective inhibition of adenylyl cygiesd by the dopamineddeceptor.
Mol Pharmacob2, 508514; doi:10.1124/mol.52.3.508 (1997).

P. Greengard, The neurobiology of slow synaptic transmiss®oience 294, 10241030;
doi:10.1126/science.294.5544.1024 (2001).

S. Hernandetopez, TTkatch, E. PereBarci, E. Galarraga, J. Bargas, H. Hamm, D. J. Surmeier, D
dopamine receptors in striatal medium spiny neurons redutgpe C&* currents and excitability via a
novel PLC[betaHP3-calcineurinsignaling cascade. J Neurosci 20, 89878995
doi:10.1523/INEUROSCH2608987.2000 (2000).

E. V. Kuzhikandathil, G. S. Oxford, Activation of humaloEamine receptor inhibits P/§/pe calcium
channels and secretory activity in A2D cells.J Neurosci9, 16981707; doi:10.1523/JINEUROSCI.19
05-01698.1999 (1999).

Z. Yan, W. J. Song, J. Surmeierddpamine receptors reduce-type C&* currents in rat neostriatal
cholinergic interneurons through a membradelimited, proteinkinaseGinsensitive pathway.J
Neurophysior7, 10031015; doi:D.1152/jn.1997.77.2.1003 (1997).

E. V. Kuzhikandathil, W. Yu, G. S. Oxford, Human dopamiaedDD. receptors couple to inward
rectifier potassium channels in mammalian cell lineslol Cell Neuroscil2, 390402;
doi:10.1006/mcne.1998.0722 (1998).

S. S. Ferguson, Evolving concepts in G praipled receptor endocytosis: the role in receptor
desensitization and signalingharmacol Re®3, 1-24(2001).

18



General introduction

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Y. Namkung, C. Dipace, E. Urizar, J. A. Javitch, D. R. Sibley, Gcpupieic receptor kiase?2
constitutively regulates Pdopamine receptor expression and signaling independently of receptor
phosphorylation.J Biol Cher84, 3410334115; doi:10.1074/jbc.M109.055707 (2009).

G. K. Dhami, S. S. Ferguson, Regulation of metabotropic glutaetaetor signaling, desensitization
and endocytosisPharmacol Thet1l, 260271; doi:10.1016/j.pharmthera.2005.01.008 (2006).

K. M. Kim, K. J. Valenzano, S. R. Robinson, W. D. Yao, L. S. Barak, M. G. Caron, Differential regulation of
the dopamine Rand B receptors by G proteicoupled receptor kinases and besarestins.J Biol Chem
276, 3740937414; doi:10.1074/jbc.M106728200 (2001).

Y. Namkung, C. Dipace, J. A. Javitch, D. R. Sibley, G -poatgied receptor kinasenediated
phosphorylation egulates posendocytic trafficking of the Hbdopamine receptor.J Biol Chen284,
1503815051; doi:10.1074/jbc.M900388200 (2009).

D. Cho, M. Zheng, C. Min, L. Ma, H. Kurose, J. H. Park, K. M. Kim-iAdooést endocytosis and
receptor phosphorylatin mediate resensitization of dopamine D(2) receptddsl EndocrinoR4, 574
586; doi:10.1210/me.2009369 (2010).

C. Min, M. Zheng, X. Zhang, M. G. Caron, K. M. Kim, Novel roles farfestins in the regulation of
pharmacological sequestration fredict agonisinduced desensitization of dopamine 2ceptors.Br
J Pharmacdadl70, 11121129; doi:10.1111/bph.12357 (2013).

E. Y. Cho, D. I. Cho, J. H. Park, H. Kurose, M. G. Caron, K. M. Kim, Roles of protein kinase-C and actin
binding protein 280n the regulation of intracellular trafficking of dopaminermceptor.Mol Endocrinol
21, 22422254; d0i:10.1210/me.20068202 (2007).

M. Zheng, X. Zhang, N. Sun, X. Min, S. Acharya, K. M. Kim, A novel molecular mechanism responsible for
phosphorylationindependent desensitization of G protecoupled receptors exemplified by the
dopamine DB receptor. Biochem Biophys Res Comnai#t8, 432439; doi:10.1016/j.bbrc.2020.05.197

(2020).

X. Zhang, X. Min, S. Wang, N. Sun, K. M. Kim, Maedeated ubiquitination of betarrestin2 in the
nucleus occurs in a Gbetagamnand clathrindependent mannerBiochem Pharmacdl78, 114049;
doi:10.1016/j.bcp.2020.114049 (2020).

A. Spooren, P. RondpK. Debowska, B. Lintermans, L. Vermeulen, B. Samyn, K. Skieterska, G. Debyser,
B. Devreese, P. Vanhoenacker, U. Wojda, G. Haegeman, K. Van Craenenbroeck, Resistance of the
dopamine I receptor to agonisinduced internalization and degradatioell Sigal 22, 600609;
doi:10.1016/j.cellsig.2009.11.013 (2010).

D. I. Cho, S. Beom, H. H. Van Tol, M. G. Caron, K. M. Kim, Characterization of the desensitization
properties of five dopamine receptor subtypes and alternatively spliced variants of dopamamel D
receptors.Biochem Biophys Res Comn3&0, 634640; doi:10.1016/j.bbrc.2006.09.090 (2006).

J. M. Beaulieu, R. R. Gainetdinov, M. G. Caron, Akt/GSK3 signaling in the action of psychotropic drugs.
Annu Rev Pharmacol Toxid8 327347; doi:10.146/annurev.pharmtox.011008.145634 (2009).

J. M. Beaulieu, R. R. Gainetdinov, M. G. Caron, Th&3#& signaling cascade in the actions of
dopamine.Trends Pharmacol S28, 166172; doi:10.1016/j.tips.2007.02.006 (2007).

R. J. Lefkowitz, S. KheBoy, Transduction of receptor signals by bateestins.Science308, 512517,
doi:10.1126/science.1109237 (2005).

L. M. Luttrell, D. Gestiyalmer, Beyond desensitization: physiological relevance of arrdspendent
signalingPharmacol Re62, 305330; doi:10.1124/pr.109.002436 (2010).

A. S. Hauser, M. M. Attwood, M. Raskdersen, H. B. Schioth, D. E. Gloriam, Trends in GPCR drug
discovery: new agents, targets and indicationdNat Rev Drug Discovl6, 829842;
doi:10.1038/nrd.2017.178 (2017).

J. Lotharius, P. Brundin, Pathogenesis of Parkinson's disease: dopamine, vesicles asghalgiban.
Nature reviews. Neuroscien8e932942; doi:10.1038/nrn983 (2002).

19



Chapter 1

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

L. Belkacemi, N. A. Darmani, Dopamine receptors in emesis: Molecular mechaaisghpotential
therapeutic functionPharmacol Re$61, 105124; doi:10.1016/j.phrs.2020.105124 (2020).

K. D. Burris, T. F. Molski, C. Xu, E. Ryan, K. Tottori, T. Kikuchi, F. D. Yocca, P. B. Molinoff, Aripiprazole, a
novel antipsychotic, is a higdffinity partial agonist at human dopamine Ezceptors.J Pharmacol Exp
Ther302 381-389; d0i:10.1124/jpet.102.033175 (2002).

T. F. Brust, M. P. Hayes, D. L. Roman, V. J. Watts, New functional activity of aripiprazole revealed: Robust
antagonism of D2 dmamine receptorstimulated Gbetagamma signalinBiochem Pharmacd3, 85
91; doi:10.1016/j.bcp.2014.10.014 (2015).

D. A. Shapiro, S. Renock, E. Arrington, L. A. Chiodo, L. X. Liu, D. R. Sibley, B. L. Roth, R. Mailman,
Aripiprazole, a novel atypical #@psychotic drug with a unique and robust pharmacology.
Neuropsychopharmacolo@®8, 14061411; doi:10.1038/sj.npp.1300203 (2003).

J. A. Allen, J. M. Yost, V. Setola, X. Chen, M. F. Sassano, M. Chen, S. Peterson, P. N. Yadav, X. P. Huang,
B. Feng, N. Hensen, X. Che, X. Bai, S. V. Frye, W. C. Wetsel, M. G. Caron, J. A. Javitch, B. L. Roth, J. Jin,
Discovery of betarrestinbiased dopamine Dligands for probing signal transduction pathways

essential for antipsychotic efficacy.Proc Natl Acad Sci USALO8  1848818493;
doi:10.1073/pnas.1104807108 (2011).

B. Masri, A. Salahpour, M. Didriksen, V. Ghisi, J. M. Beaulieu, R. R. Gainetdinov, M. G. Caron, Antagonism
of dopamine D receptor/betaarrestin 2 interaction is a common property of clinically efffex
antipsychoticsProc Natl Acad Sci U385, 1365613661; doi:10.1073/pnas.0803522105 (2008).

B. Kiss, A. Horvath, Z. Nemethy, E. Schmidt, I. Laszlovszky, G. Bugovics, K. Fazekas, K. Hornok, S. Orosz,
I. Gyertyan, E. Agélsongor, G. Domany, K. dilyi, N. Adham, Z. Szombathelyi, Cariprazine {R&3H

a dopamine D(3) receptegreferring, D(3)/D(2) dopamine receptor antagorpstrtial agonist
antipsychotic candidate: in vitro and neurochemical profilePharmacol Exp Th&B83, 328340;
doi:10.1124jpet.109.160432 (2010).

A. E. Moritz, R. B. Free, D. R. Sibley, Advances and challenges in the seara@ndoBRRIopamine
receptorselective compound<Cell Signad1, 7581; doi:10.1016/j.cellsig.2017.07.003 (2018).

S. Lober, H. Hubner, N. Tschammer, P. Gmeiner, Recent advances in the searcarfdis3elective
drugs: probes, models and candidates.Trends Pharmacol Sci 32, 148157,
doi:10.1016/j.tips.2010.12.003 (2011).

S. Vangveravong, E. McElveen, M. TaylorXu, Z. Tu, R. R. Luedtke, R. H. Mach, Synthesis and
characterization of selective dopamine: Beceptor antagonistsBioorg Med Chenid4, 815825;
doi:10.1016/j.bmc.2005.09.008 (2006).

V. Kumar, A. Bonifazi, M. P. Ellenberger, T. M. Keck, E. PorRmieais, B. S. Slusher, E. Gardner, Z. B.
You, Z. X. Xi, A. H. Newman, Highly Selective DopamifRedaptor (BR) Antagonists and Partial
Agonists Based on Eticlopride and theRDCrystal Structure: New Leads for Opioid Dependence
Treatment.J Med Cherb9, 76347650; doi:10.1021/acs.jmedchem.6b00860 (2016).

S. Lober, H. Hubner, W. Utz, P. Gmeiner, Rationally based efficacy tuning of selective dopamine D
receptor ligands leading to the complete antagonist-[444-chlorophenyl)piperazii-
ylmethyl]pyrzolo[1,5a]pyridine (FAUC 213)1 Med Chen¥4, 26912694; do0i:10.1021/jm015522]
(2001).

A. Bonifazi, H. Yano, A. M. Guerrero, V. Kumar, A. F. Hoffman, C. R. Lupica, L. Shi, A. H. Newman, Novel
and Potent Dopamine Receptor GProtein Biased AgonstACS Pharmacol Transl 3¢i5265;
doi:10.1021/acsptsci.8b00060 (2019).

J. Chen, C. Jiang, B. Levant, X. Li, T. Zhao, B. Wen, R. Luo, D. Sun, S. Wang, Pramipexole derivatives as
potent and selective dopamine D(3) receptor agonists with improved drumicrosomal stability.
ChemMedCher, 26532660; doi:10.1002/cmdc.201402398 (2014).

M. Allen, J. Reeves, G. Mellor, High throughput fluorescence polarization: a homogeneous alternative
to radioligand binding for cell surface receptorsJ Biomol Scem 5, 6369;
doi:10.1177/108705710000500202 (2000).

20



General introduction

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114,

F. Zanella, J. B. Lorens, W. Link, High content screening: seeing is bdlrevidg.Biotechn@8, 237
245; doi:10.1016/j.tibtech.2010.02.005 (2010).

L. A. Stoddart, E. K. M. Johnstone, Avideal, J. Goulding, M. B. Robers, T. Machleidt, K. V. Wood, S. J.
Hill, K. D. G. Pfleger, Application of BRET to monitor ligand binding to GRCRsthodsl2, 661-663;
doi:10.1038/nmeth.3398 (2015).

C. Harrison, J. R. Traynor, TRESIGTPgammaSirding assay: approaches and applications in
pharmacologyLife Scv4, 483508; doi:10.1016/].1fs.2003.07.005 (2003).

G. Milligan, Principles: extending the utility 8¥JJGTP gamma S binding assdysnds Pharmacol Sci
24, 87-90; d0i:10.1016/s016%5147(02)0002% (2003).

W. Thomsen, J. Frazer, D. Unett, Functional assays for screening GPCRQarg€lpin Biotechndlb,
655-665; doi:10.1016/j.copbio.2005.10.008 (2005).

L. I. Jiang, J. Collins, R. Davidj.KLin, D. DeCamp, T. Roach, R. Hsueh, R. A. Rebres, E. M. Ross, R.
Taussig, |. Fraser, P. C. Sternweis, Use of a CAMP BRET sensor to characterize a novel regulation of CAMP
by the sphingosine -phosphate/G13 pathway. J Biol Chem 282  1057610584;
doi:10.1074/jbc.M609695200 (2007).

R. Zhang, X. Xie, Tools for GPCR drug discaaayPharmacologica S8, 372384 (2012).

C. W. Scott, M. F. Peters, Lafrek wholecell assays: expanding the scope of GPCéesitry.Drug
Discov Toda$5, 704716; doi:10.1016/j.drudis.2010.06.008 (2010).

I. Giaever, C. R. Keese, Micromotion of mammalian cells measured electRoadlyNat Acad Sci USA
88, 78967900; doi:10.1073/pnas.88.17.7896 (1991).

S.Biselli, M. Bresinsky, K. Tropmann, L. Forster, C. Honisch, A. Buschauer, G. Bernhardt, S. Pockes,
Pharmacological characterization of a new series of carbamoylguanidines reveals potent agonism at the
H:R and BR.Eur J Med Cheg14, 113190; doi:10.10164jmech.2021.113190 (2021).

E. Traiffort, H. Pollard, J. Moreau, M. Ruat, J. C. Schwartz, M. |. Maiine2z. M. Palacios,
Pharmacological characterization and autoradiographic localization of histamieeéptors in human
brain identified with }?’lliodoaminopotentidine. J Neurochem59, 290299; doi:10.1111/j.1471
4159.1992.tb08903.x (1992).

N. Misawa, A. K. Kafi, M. Hattori, K. Miura, K. Masuda, T. Ozawa, Rapid asdnsighity celbased
assays of protenprotein interactions using splclick beetle luciferase complementation: an approach
to the study of Gorotein-coupled receptorsAnal Chen82, 25522560; doi:10.1021/ac100104q (2010).

21






Chapter 2
Radioligand binding assays for dopamin

Doiongy Ds @and D 4 receptors



Chapter 2

2.1 Introduction

Radioligand binding studies have been widely used for studigiagdreceptor interactions since the

M ¢ TnTheéy play an important role in highroughput screening of compound libraries in drug
development, serve as an irreplaceable tool for the determination of receptor ligand selecthatiels

with the aid ofradioligand binding studies, mechanisms of ligaeceptor interactions could be

explored. With respect to the Blike family of dopamine receptors (comprising, @; and D

receptors), radioligand binding assays have been extensively used in the development and study of
antipsychotic drugsand therapeutics used for the treatment of other neurological disorders, such as

t I NJAYyaz2yQasz ¢2dz2NBidSQFpeaacdiwhyRINEMFADRDNI | G GSYyiGA2y RS

For these purposes, a variety of radioligands have been used, a selection is dispkigeded.1. The
antagonist spiperong I & | f NEIF Ré8 gARSt @& dzZASR Ay ind&molerdpt nQa
equilibrium dissociation constant (0r/°) for investigations on dopamine,Peceptors$®. It should

be noted that, at this time, the 4R and the kR were yet to be discovered. fAw years later the
spiperone derivative [*HN-methylspiperone was mentioned for the first time, exhibiting comparable
properties with Ky values of 0.1hM or 0.44nM determined at different human brain tissifes
[BH]Domperidone was described in 1978 bytdes et al*° with an equilibrium dissociation constant

of 0.8¢ 1.0nM (determined at mouse striata, where the Bceptor is predominantly expressed over
the D and the D receptort!) and the advantageous features of low rgpecific binding and higher
selectivity towards dopamine JHike receptors compared to spiperone, the latter showing also
considerable affinity to serotoninergic receptors like théiha receptor (K =8.60)2 In the early
decades of radioligand binding studies, recombinant systeere not available, i.e. native tissues had
to be used. Thus, the lack of recepligand specificity (binding to receptors of different receptor
families) or selectivity (binding to different subtypes within a receptor family) represented a greater
obgacle than today. Spiperone exhibits comparable affinities to aMike receptor$® and
domperidone also does not clearly discriminate between thaml the R receptor binding sit&. A
radioligand claimed to be selective for theFDwith a submanomohr Ky is [BH]ZOHDPAT Ky (rDsR) =
0.67nM)®. Besides these antagonistic radioligands, tritiated agonists like [3H]dop&mare

[H]pramipexolé’ have also been used.
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Figure2.1. Structures of selected antagonistic dopamingliRe receptor radioligands: 3H-labeled position(s).
** 129 Jabeled position2Moller et al. 20153 ®PSchetz et al. 2088°Skinbjerg et al. 20099Seeman et al. 2008
eSeeman et al.2039'Gonzalez et al. 1995 Levesque et al. 1992"Vanhauwe et al. 1999'Sokoloff et al. 199%

ile et al. 1995 kHidaka et al. 1995

It is well known that binding assays involving kédfinity radioligands, such as [3H]spiperone or RH]
methylspiperone, are prone to radioligand depletion. This nesthat, 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 accont. 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 depletiam result in an
apparently lower affinity of the competitét. Seeman et & presented how different levels of
radioligand depletion can affect the determination of dissociation constants with the example of
[3H]spiperone. Reported [3H]spiperone dis&@dion constants vary over a broad range frompl\3 to
1.6nM, 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, esulting in radioligand depletion through different proces8ek 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 asgaljhis 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
Ks value of the adioligand, resulting in lower ratios of bound over free radioligandowever, 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 inseffichumber 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 costant. Nevertheless, this would be accompanied by an increase in unspecific
binding resulting in lower ratios of specific/unspecific bindingegarding the analysis of saturation
binding data obtained from assays under conditions of radioligand depletidginterpretation can
partly be avoided by estimating the concentration of free radioligand (difference between totally
added and bound radioligantd)Direct measurements of the free radioligand concentration would be
preferable but are difficult to achve in homogeneous assay formats. Alternatively, the data could be
analysedaccording to a model described by SwilEnFhis modetonsidershat under conditions of
radioligand depletion, nospecific binding will be overestimated. With respect to thealgsis of
competition binding assays, Carter et?alshowed that valid estimates of inhibition constants
(dissociation constank) can be obtained by applying the Chdngisoff equation with a reliably

determinedKy of the radioligand.

Another importantaspect concerning radioligand binding studies on dopamid&®receptors is the
occurrence of different affinity states of the receptor in agonist/[*H]antagonist competition binding
studies”?°. This phenomenon was also reported for other GPCRs suofuacarinic receptof& - |
adrenergic receptor8 or the histamine Hreceptor?. A two-stage binding reaction, as postulated by
the ternary complex modé, is discussed as the underlying mechanism of biphasic displacement
curves of agonists yielding twaistinct dissociation constant& for the highaffinity andK for the
low-affinity state}’. It is assumed that the highiffinity state reflects the @rotein bound receptor,
whereas the lowaffinity state resembles the -Grotein unbound receptof. The highaffinity
component is detectable in systems, where the ternary complex of agonist, receptorpate@® can

be stabilized, such as membrane preparations, where the concentration of GTP%sAawmplete
conversion of the higlaffinity state d agonist binding to the lovaffinity state can be achieved by the
presence of nofhydrolysable guanine nucleotide analogues, such as !&TRor

guanylylimidodiphosphate (Gpp(NH)p), causing the ternary complex to be persistently disstciated

The objectiveof this project was to establish a radioligand binding assay that allows a reliable
determination of receptor affinities of dopamine,[D; and D receptor ligands. The need for such
dopamine receptor binding assays in our group arose from the developofestibtype selective
histamine H receptor ligands. In the process of optianig the histamine Hreceptor ligands,
representing derivatives of the bisalkylguanidine impromidirkégyre2.2), 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 kymard-4-

methylthiazol5-yl moiety as inURPG267 Figure2.2) gave access to selective;RH ligand¥.
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Subsequently, with the replacement of the acylguanidine moiety by a carbamoylguanidine group,
compounds with increased stability against hydrolytic cleavage were obf&ineibwever, the
develgped compounds share a structural feature, i.e. the aminomethylthiazole moiety, with reported
dopamine B, D; and D receptor agonists, such as pramipexdler (¢)-19*° (Figure2.2). In order to
investigate a potential binding of aminomethylthiazéyge HR ligands to Blike receptors, dopamine

receptor binding assays were required.

For the establishment of the binding assays, HEK293T cell lines, expressing the human dopamine
DaondR, BR or D4R, were generated. [}NFmethylspiperone was chosen as ai@dand. Binding of
[BH]N-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 ohe highaffinity states of dopamine receptor agonists was studied.
Furthermore, several carbamoylguanidityge histamine kreceptor ligands were investigated with

respect to their affinities to receptors of the dopaminglixe family.

NH O
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[ » s
/N NJ\N/\/S N H2N\<\I‘\/\H ﬁ
[ !

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 +receptor agonists (impromidine, URG267, URIK22) and dopamine
D2-like receptor agonists (pramipexole ang}-(9).

pramipexole
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2.2 Results

2.2.1 Preparation of monoclonal cell lines expressing dopamine receptors

As monoclonalgenetically uniform cell lines allow a stable receptor expression over a long period of

time, monoclonal cell lines, expressing th&ddR, the BR or the 4R, were generated.

HEK293T cells stably expressing the firefly luciferase under the conteokyélic AMP response
element (HEK293T CRi)Y° were used for the transfection with the.xR or the BR. For the
transfection with the 4R, wild type HEK293T cells were used. Several clones of each transfectant
were picked for further cultivationc{. Materials and Methods 2.3.4) and subjected to a screening of
the signaito-background (S/B) ratio (radioligand binding). Unfortunately, in the case of #fReobly

two clones were found after antibiotic selection. All clones were studied with respetotad
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Figure2.3. Single clones of HEK293T CRE Luc cells expressingdRe@®) or the BR B) and clones of HEK293T
cells expressing thesiR ) were studied for total and nespecific binding of 0.06M [*H]spiperone 4,B) or
0.05nM [3H]N-methylspiperone @ (incubation time: 60nin). For the determination of neapecific binding, the
antagonist (+butaclamol (250M) was additionally added. Either 24,000 8 or 16,000 Q) cells wereapplied
per well. Data are shown as meatSEM from one experiment performed in triplica#® B) or duplicate Q.
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radioligand binding and nospecific radioligand binding (NSB) using the tritiated antagonists
[*H]spiperone or3H]N-methylspiperone Figure2.3). Based on the expression leveltoé 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 studigs.® clone 5 (S/B ratio of 15),
DsR: clone 1 (S/B ratio of 9)4IR: done 7 (S/B ratio of 1.6)). In the case of thef®, (+)butaclamol
appeared to be inadequate for the determination of nspecific binding. The high degree of ron
specifically bound radioligandrigure2.3Q indicates that (+putaclamol is not able toufly displace
[BH]N-methylspiperone from the RR. Therefore, the antagonist nemonapride was used for the

determination of norspecific binding in the following radioligand binding experiments at th&kD

2.2.2 Saturation binding studies with [IRfnethylspiperone

Saturation binding experiments with theadiolabeled antagonist [3HN-methylspiperone were
performed with whole HEK293T CRIE DionR, HEK293T CRE D3R or HEK293T4EkR cells as well

as with cell homogenates prepared from these cilsdescribed in Materials and Methods B)3In
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Figure2.4. Representative saturation isotherms (specific binding) obtained from saturation binding experiments
with [BH]N-methylspiperone at whole HEK293T CRE Luc cedispressing the hiangR orthe hxR and at whole
HEK293T cells expressing the il @), as well as at cell homogenates prepared from the aforementioned cell
lines B). Nonspecific binding was determined in the presence of a 20 excess of the antagonist
(+}butaclamol (RongR, BR) or nemonapride @AR). Experiments were performed in triplicate. Error bars of
specific binding represent propagated errors. Error bars of total andspecific binding represent the SEM.
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the case of whole cell experiments, [MHinethylspiperonebound to all three dopamine receptor
subtypes in a saturable manner, affordikgvalues of 9pM, 95pM and 406pM for the DiongR, BR

and D4R, respectively (mean values from three independent experiments performed in triplicate)
(Figure2.4A, Table2.1). Nonspecific binding of the radioligand was low for all three cell lines
amounting to 813% of total binding at concentrations around tike From the experimentally
determined B.x values and the number of cells applied in the saturation bindingexents, the
cellular receptor expression was calculated and resulted in about 390,000, 120,000 and 480,000

receptors per cell for the 43R, BR and 4R, respectively.

The saturation binding curves obtained from experiments performed with cell heraigs prepared
from the aforementioned cell lines could be also best described by sivadit, being in accordance
with the law of mass actiorF{gure2.4B). The dissociation constanig for the DuondR, BR and 4R
were 33, 43 and 10pM respectivdy (Table2.1). Nonspecific binding of [3HJ-methylspiperone was
low for all three dopamine receptor subtypes amounting t8% of total binding at concentrations
around theKy. The maximal number of binding sitd3.4{y) resulted in approximately 21 {&R), 10
(DsR) and 19 (RR)pmol per mg soluble protein of the cell homogenates.

Table 2.1. DaonR, BR and 4R affinities of [3HY-methylspiperone determined in saturation binding
experiments using whole cells or cell homogenates.

receptor pKs £ SEMKg, NM)

subtype whole cells N homogenates N

DziongR 10.02 + 0.05 3 1052+0.07 6
(0.097) (0.033)

DR 10.02 10.02 3 10.39 £ 0.05 6
(0.095) (0.043)

Ds.4R 9.43+£0.10 3 10.01 £ 0.06 4
(0.41) (0.10)

Ka values from individual experiments, obtained by esite hyperbolic fitting, were transformed tokp values
for which mean and SEM values were calculatédienotes the number of independent experiments, e
performed in triplicate

It can benoticed, that [BHN-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), thewlata in good agreement.

Equilibrium dissociation constants of [MHinethylspiperone at the RnR reported in the literature
range from 2QpM?*8over 72pM* to 230pM*, 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 theRDK; values ranging from 390M*°to 580pM*2 were
published being about 9old higher compared to the dissociation constant determined at cell
homogenates in this study. Regarding thes®, reportedK; values of [3HN-methylspiperone were
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294pM*and 480pM*, being in good agreement with th& determined in he 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 dihe use of whole cellgs membrane preparationgs. 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 aséayef® In the
performed experiments, the portion of receptor bound radioligand at concentrations aroundéthe
amounted to 26%, 19% and 5% (in average) for thedR, RBR and 4R, respectively. To counteract
the depletion effect, the bound radioacttyiwas plotted against the free concentration of radioligand,
which was calculated by subtracting bound radioactivity from totally added radioactfitviéterials
and Methods2.3.7). Thek, values obtained from this analysis are presentedable2.1. Applying the
model described by Swillefidor the evaluation of saturation binding data obtained under conditions
of radioligand depletion would have been another option, but since the-spmtific binding in the
herein performed saturation assays is la, influence was considered negligible. It should also be
noted that nonspecific binding at the material of the 9ell plates, being undetectable by the used
method (suction and filtration), amounted to approximately 2% of totally added radioactivity a

concentrations around th&; value (investigated by desorption using DMSO, data not shown).

2.2.3 Bindingkinetics of [*HJ-methylspiperone

Kinetic experiments with [3M}methylspiperone were conducted with the same homogenate
preparations as used f@aturation binding experiments. Association to thedR, BR and 4R could

be best described by an exponential epleasic fit. [3HN-methylspiperone completely associated to
the receptors within 50nin (BongR), 60mMin (R) or 200min (Di.4R), resuing in observed association
rate constants Kes) 0of 0.078:0.012 (RiondR), 0.120.01 (DsR) and 0.03%0.009 (QR)min?
(Figure2.5A). For all three receptor subtypes, the dissociation from the receptors was monophasic
reaching plateaus at 34%AfR), 7.5% (IR) and 19% @R) whenanalyzedwith a threeparameter
equation Figure2.5B). The plateaus were significantly different from zero (daiéed t-test, p <0.05).
Dissociation of [*H}-methylspiperone from the QR was slowecompared to the dissociation from
the D;R and LR (for dissociation rate constarks: seeTable2.2). From the observed association rate
constantkopsand thekor values the association rate constagt was calculatedkgn = (Kobs-Korf)/[ligand])
(Tabk 2.2). The resultindin values for the BongR and the ER were markedly higher compared to the
Ds.4R {[Table2.2). Thekon value obtained for the RngR kon = 3.5mint-nM?) was not far from a reported
kon Of the structurally related radioligand [3H]spiperon@n((DaondR)= 0.95mint-nM1)%4,

When comparing the kinetically derived equilibrium dissociation constants dfHatéthylspiperone
calculated fromkott and kon (Ka(kin) =Kot/ 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
Ky values derived from saturation binding experiments are consistently higher than the kifaetic
values. The most pronounced differencé5fold) was observed for the JdahgR and the lowest
discrepancyZ-fold) was found for the RR {Table2.2). As already mentioned in the previous section,
radioligand depletion of high affinity radioligands caad 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 43, Ds; or Du4 receptors, respectively (calculated from saturation
experiment data). Irdrestingly, 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 igadubl
concentrations than the applied concentrations of Ord (DzongR), 0.0M (B:R) and 0.08iM (Dy.4R)

for the association experiments.
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Figure2.5. Kinetic binding data from experiments with [f#ethylspiperone at homogenates of HEK293T CRE
Luc cells expressing thexdR or BR or homogenates of HEK293T cells expressing 4ie Performed at
22+1°C. p) Representative associations of [MHhethylspiperone (0.02nM (DeongR), 0.0M (BR) or
0.08nM (D:.4R)) as a function of timédps, Observed association rate constant). InsetBaf(Beq)¢ By)] plotted
versus time. B) Representative dissociations of [MHinethylspiperone (preincubation: 6@in (DiongR, BR) or
150min (Dx.4R);c=0.02nM (DoiongR), 0.0 M (xR) or 0.8 nM (D:.4R)) as a function of timekds, dissociation
rate constant), showing an incomplete monophasic exponential decline (plateaus: 24¥RrjP7.5% (iR), 20%
(Ds.4R)). Insets: InB ¢ Boiateaw)/(Bo ¢ Bpiateay)] plotted versus timeNon-specific binding was determined in the
presence of a 200€ld excess of (¥utaclamol (RondR, BR) or nemonapride (DR). Each experiment was
performed in triplicate.
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Table2.2. DaongR, BR and 4R binding data of [3H-methylspiperone determined at cell homogenates

pKs + SEM . - Kon Kot [min]@
receptor (Ka(sat),nM)? Ka(kin) [nMF Kops [min”] [min?t-nMY]° t1/2 [min]¢
DaiongR 10.52 + 0.07 0.0022 + 0.0007 0.078 £0.012 35+0.7 0.0078 = 0.001
(0.033) 94 + 15
DsR 10.39 £ 0.05 0.0079 £ 0.0018 0.11x0.01 29+04 0.023 £ 0.002
(0.043) 30%2
Ds.4R 10.01 £ 0.06 0.048 £0.025 0.037 £0.009 0.29 £0.13 0.014 £ 0.001
(0.10) 51+5

aEquilibrium dissociation constant determined by saturation bindiKgneticallyderived dissociation consta
as meant propagated error Ka(kin) = kott/ kon). “Association rate constant presented as mean * propac
error (Kon= (kobshkoff)/[radioligand]). “Dissociation rate constant and derived hifié; meant SEM. Data ai
from at least three independent experiments each performed in triplicate.

2.2.4 Competition binding experiments with [Mdimethylspiperone andeported
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 binithg constants were compared with literature data. The affinities of the
endogenous ligand dopamine, the partial agofgh)-apomorphiné® and the antagonist haloperidol
(Figure 1.3 general introduction)at the DuongR, BR and R were determined in twle cell
competition binding assays using [MHinethylspiperone. Resulting competition binding curves are
shown inFigure2.6. Haloperidol as well aB-(b)-apomorphine were able to fully displace [MH]
methylspiperone from the receptors. The determinedhibition constants I values) of haloperidol

were in agreement with reported dataléble2.3). However, the obtainedk values of the partial

agonist R-(b)-apomorphine were consistenthhigher at all three dopamine receptor subtypes

I:)2IongR D3R D4.4R

100+

50
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== R-(-)-apomorphine

0
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Figure 2.6. Radioligand displacement curves frocompetition binding experiments performed with [3N]
methylspiperoneand dopamine, haloperidol d®(b)-apomorphine at whole HEK293T CRE lued®, HEK293T
CRE LuczR or HEK293T4ER cells. [*Hy-Methylspiperone was applied iconcentrations of 0.28M (DuongR,
DsR) or 0.30WM (Di.4R). Data represent meadsSEM from at least three independent experiments performed
in triplicate.
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compared to reported literature values. The endogeadigand dopamine could not fully displace the
radioligand at any dopamine receptor subtypEigure2.6) and the resultingk values did not
correspond to reference values found in the literatufalple2.3). Regarding the 43,R and the 4R,

the obtahed K values were markedly higher. Furthermore, high and low affinity inhibition constants
were reported for dopamine at thedhdR, BR and D4R However, the data obtained in the whole
cell competition binding assays in this study were lofestcribed by a onsite binding model.

Table2.3. Comparison of kbng Ds and D .4receptor affinities of selected dopamine receptor ligands, obtained
from whole cell radioligand competition binding studies, with reported data.

DZIongR DR Ds.4R
pK + SEM pk + SEM pK + SEM Ref.K ["M]
cmpd. (K, nM) N (K.nM) N (K.nM) N DronR/DR/DuR
Ro r‘; L: i, 686005 3  735:015 3 740012 3 24/20/4.148
apomorphine (140) (53) (44)
dopamine 553+0.19 4  7.81+0.10 3  6.16+0.05 3 15, 33009950,
(4500) (20) (710) 1600%9/284
haloperidol ~ 9.56+0.06 3  9.30+0.08 3  8.36+0.02 3  0.91%2.945.1%
(0.28) (0.53) (4.4)

Data are presented as meatiSEMN denotes the number of independent experiments, each performec
triplicate.
*K values for the highand the lowaffinity state.

These results suggested that the whole cell competition binding assay is no ideal system for the
determination of DRaffinities 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 andsotein®. In whole cells the intradielar GTP concentration is high,
thus intervening the persistence of the ternary compfeXhis does not apply to cell homogenates or
membrane preparations, so the assay procedure was adapted and the experiments were performed
with cell homogenates prepad from the same cell linesf( Materials and Methods, section 2.3.5).
This approach led to results that were in better agreement with reported dablé2.4). Results from
agonist/[BHN-methylspiperone competition binding studies are discussed intelnap2.6. In addition

to the compounds that were tested in the whole cell competition binding experiments, the partial
agonist aripiprazole and the antagonists -btifaclamol, domperidone, nemonapride ar8(h)-
sulpiride were included in the investigatis(rigure 1.3 general introductioh All competition binding
curves were best fitted with a orgite model(Figure2.7). Obtained 16 values were converted to
inhibition constantsk) using the Chengrusoff equatioff. 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 i values Table2.4). Exceptions were, with larger discrepancies,
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nemonapride at the R and (+putaclamol and domperidone at thesER. In the reference,
reporting the D4R affinities of (+putaclamol and domperidone, it was not specified which isoform of
the xR was used. Possibly, the differences in affinities might be due to thef ukterent isoforms

of the D 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 anunderestimation of the affinity of the competitéx The bound fraction of [3ikmethylspiperone

in the DingR and BR binding assays amounted to approximately 26% and 19%, respectively (in
average). Radioligand depletion did not play a role in experimaith the Q.4R, where the bound
fraction of [3HN-methylspiperone was ca. 6%. Carter ef°athowed that employing radioligand
concentrations around thé&; value in competition binding experiments and the use of a correctly
determined Ky value in the CangPrusoff equation to convert §gvalues tokK values, reduces the

impact of ligand depletion.
DZIcmgR

100 100

(4]
T

50

o
1

T T T T T T T T T
12 1 10 9 -8 -7 6 -5 -4

log c(cmpd) [M]

% of specifically bound [*HJNMSP
% of specifically bound [*H]NMSP

100+ aripiprazole

R-(-)-apomorphine
haloperidol
(+)-butaclamol
=~ domperidone
nemonapride
S-(-)-sulpiride

t ¢t

50

% of specifically bound [*H]NMSP

12 41 10 9 8 -7 -6 5 -4

log c(cmpd) [M]
Figure 2.7. Radioligand displacement curves from competition binding experiments performed with-[3H]
methylspiperone and various DR ligands atlu@fhogenates prepared from HEK293T CRE Luc caligcessing
the DuongR Or the BR, or from HEK293T cells expressing theRD [*HN-methylspiperone was applied at
concentrations of 0.08M (DaongR, BR) or 0.10M (D1.4R). The lower curve plateau dfe displacement curve
of S(b)-sulpiride at the 4R was constrained to 0 to obtain and@alue sinces(b)-sulpiride was not able to
fully displace the radioligand at a concentration offMd. Data represent mean valuesSEM from at least three
independent experiments, each performed in triplicate.
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Table2.4. Dz2ong, Ds and Drareceptor affinities of selected dopamine receptor ligands obtained by competition
binding with [3HN-methylspiperone using cell homogenates

D2IongR D3R D4,4R
pK + SEM pK + SEM pK £ SEM Ref.K [nM]

cmpd. (K, nM) N (K, nM) N (K, nM) N DoiondR/DsR/Du 4R

RO» hine 7-33%013 4 8.26+0.03 3 8.27+0.02 3 2447120%7/4.148

apomorphine 22 ¥ = el = '

P b (57) (5.5) (5.4)

aripiprazole 8.08+£0.02 3 8.12+0.01 3 7.79+0.08 3 2.58110%%/46.5%
(8.3) (7.5) (17)

S_); | | 8.90+0.06 3 8.46 £0.02 3 8.01+£0.09 3 4.1%9/4.054/5505%°%

utaclamo .90 £ 0. 46 £ 0. .01 0. 1494,

(1.3) (2.8) (112)

domperidone 9.23+0.07 3 858+0.04 4 8.05+0.07 3 0.879/2.9%6/90%°
(0.62) (2.7) (9.3)

haloperidol 9.44+0.13 4 8.78+0.04 6 8.95+0.08 4 0.91%9/2.94/5.148
(0.44) (1.7) (1.2)

nemonapride 9.52+0.08 3 9.86 +0.06 3 953+0.13 4 0.02%40.06°40.09*%7
(0.32) (0.14) (0.35)

S(-)-Sulpiride 7.27+0.09 3 7.07£0.03 4 594+0.04 3 15.9'9/70%8/1900°°
(58) (86) (1300)

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

triplicate.

*Ky value.

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

The dopamine Blike receptoragonists dopamine, quinpirole and pramipexole were investigated in
equilibrium competition binding experiments with [I#methylspiperone to assess the corresponding
affinities for the Diong, the @ and the D 4receptor. Furthermore, the detectability dfifferent 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 prasce of guanylylimidodiphosphate (Gpp(NH)p), a
non-hydrolysable GTP analogue. The obtained competition binding curves are depi€igdrie2.8,
where for illustration purposes, the data obtained from experiments in the absence of Gpp(NH)p were
fitted acording to both a twesite model (grey line) and a orsite 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 orgte (One site; fit loglGo, slope constraied to unity) or a twesite (Two siteg
fit loglGo, slopes constrained to unity) model (GraphPad Prism 9) was decided after comparing both
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fits using the extra surf-squares Hest, which accounts for the difference in the degrees of freedom
between thetwo models.P-values<0.05 were considered to indicate statistical significance and the

more complex model (alternative hypothesis) was favored over thesiieemodel (null hypothesis).

Competition binding of the agonists dopamine, quinpirole or pramopewith [*HN-methylspiperone

at the Diong receptor resulted in shallow displacement cur{Egyure2.8), indicating a more complex
binding interaction of the receptors witthese ligands. Thdata were best described by a tvgite

model Figures2.8B-C grey lines) providing affinities for a high and a low affinity stakg;@nd K,
Table2.5). The obtained i§ values of quinpirole and dopamine for the high and low affinity states of
the DongR aligned well with reported data, whereti®e pK values obtained for pramipexole were
different from reported data by about one log unitgble2.5). 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 &.and Sautel et &° reported single< values for pramipexole at

the DuongR, @amounting to 1.iM and 790nM, respectively.

The dopamine competition binding curve at thgRDwas also shalloandbest described by a twsite

model Figure2.8A, grey line), yieldingk values that correlated well with reported datagble2.5).

In contrast, the competition binding curves of quinpirole and pramipexole were steeper and the results
of the extra sunmof-squares Rest suggestd a single binding state of thesR. However, for both
agonists distinct inhibition constants for the high affinity and the low affinity state of Hfie \lere
reportedt”%8 ThepkK: values obtained from curve fitting according to a esie model were in god
agreement with the reported inhibition constants for the high affinity state of the receptor, differing
less than half a log uniT &ble2.5).

The situation is similar for thesR, where displacement of the radioligand by dopamine resulted in a
shalbw curveand was best analysed according to a tsite model Figure2.8A). For thecompetition
bindingcurves of quinpirole and pramipexdleigures?2.8B+ Q) the results of the extra surof-squares
Ftest did not support the twesite model, being imlisagreement with reported biphasic radioligand
displacement curves for these DR agonists at theRD*2 The inhibition constant obtained for
qguinpirole from the onesite fit (pK: 7.94) fell between the values reported in the literature for the
high dfinity and the low affinity states . 9.64, K. 6.75). Regarding pramipexole, the obtained
inhibition constant at the bxR (7.68t 0.05) was in good agreement with th&preported for the high
affinity state (gw: 7.567) (Table2.5).

Whereas tle fraction of Diong receptors in the high affinity state (%,Hable2.5) ranged from 24 to
40%, 57% or 58% of the total population of binding sites of tiie &nd the 4R, respectively,

accounted for the high affinity binding state.
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Figure 2.8. Radioligand displacement curves from competition binding experiments performed withl-[3H]
methylspiperone and dopamineA), quinpirole B) or pramipexole @ at cell homogenates prepared from
HEK293T CRE Luc cellexpressing the fanR or the BR, orfrom HEK293T cells expressing thef Data
obtained from experiments in the absence of Gpp(NH)p were fitted according to-aitevfgrey line) and a one
site (red broken line) model. Data derived from experiments in the presence of Gpp(NH)p are di@pgteen
and were fitted according to a orsite model in the case of dopamine at thesRR and BR and quinpirole at
the DuongR and @4R. In the case of dopamine at thed® and quinpirole at thedR (in the presence of Gpp(NH)p),
data were fitted according to a twesite model. Note: Both fitting models used constrained slope factors
(slope=t1). Data represent mean valuesSEM from at least three independent experiments, each performed
in triplicate.

To further investigate th@ccurrence of two interconvertible affinity states of the-like receptors,

competition binding experiments with dopamine and quinpirole were performed in the presence of

50uM Gpp(NH)p. The resulting competition binding curves are showigime2.8Aand Bin green.

At the DiongR, 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 orsite malel yielding & values closer to the Ko determined in the
absence of Gpp(NH)p. The same was observed for the dopamine competition binding curvesR the D
Interestingly, the quinpirole competition binding curve was flattened in the presence of GppéNi)p
the comparison of the fits yieldedmvalue<0.05, indicating that the twesite model was more likely

to be correct.The determined [ values amounted to 9.7¥0.32 for the high affinity and 7.580.54

for the low affinity state. However, thesesults should be treated with caution, since for some of the
individual experiments no 95% confidence intervals of thev@ues or the fraction of high affinity
sites could be calculated. Consequently, it might be reasonable to assume a single hiedynejding

a pKof 8.90+0.30.

At the D4R, neither the slope of the competition binding curve of dopamine nor the obtaied p
values for the high and low affinity site were markedly affected by the addition of Gpp(NH)p
(Figure2.8A). Similar to the ER, the competition binding curve of quinpirole was flattened in the
presence of Gpp(NH)p and a twsde fit yielded goKn of 10.06 +1.02 and a [ of 7.59£0.20. The
calculatedp-value for the depicted competition binding curvEigure2.8B) was 0.0012. However,
taking the high error of the lg+ value into account, as well as the fact that for some of the individual
experiments 10 or a very large 95% confidence interval was obtained for some of the parameters of
the two-site model analysis, the orgte model should be favored. The reason for the partially
ambiguous results could be that the GTP analogue Gpp(NH)p was not appleedsadturating
concentration. Kentet &t Ay @Sa G A3 GSR GKS SFFSOG 2F RAFFSNBY
adrenergic receptors and the receptors were completely converted to the low affinity state in the
presence of 10M Gpp(NH)p. However, they teal a concentratiordependent effect of nucleotides
starting from Gpp(NH)p concentrations of QL.
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Table2.5. Daiong D3 and D4 receptor binding data of the DR agonists dopamine, quinpirole and pramipexole obtained fravmiidhylspiperone competition binding studies

in the absence or presence of guanylylimidodiphosphate (Gpp(NH)p).

+ Gpp(NH)p Ref.
pKn+ SEM pKix SEM pK + SEM pKn+ SEM pKix SEM pK + SEM
cmpd. (Kin, nM) %R (Ki nM) (K, nM) N  (Kn, NM) %R (Ki nM) (K, nM) N pKiH pKiL
DoiongR  dopamine 753+0.21 403 5.96x0.10 - 3 - - - 6.27 £ 0.07 4 7.82/5.48°¢
(41) (1200) (560)
quinpirole 7.66+0.10 24+1 5.87+0.02 - 3 - - - 6.56 +0.03 3 7.81/5.628
(24) (1300) (280)
pramipexole 7.35+0.12 35*4 5.76+0.03 - 3 n.d. - - - - 8.68/6.8727
(50) (1700)
DsR dopamine 864+£009 575 7.10x0.09 - 4 - - - 8.06 £+0.02 3 8.41/7.144
(2.5) (86) (7)
quinpirole - - - 820+£007 3 977032 52+17 7.53+0.54 - 3 7.71/6.588
(6.6) (0.29) (200)
pramipexole - - - 8.97+0.08 4 n.d. - - - - 9.31/8.567
(1.2)
Ds4sR  dopamine 8.02+£0.02 58+8 6.72+0.13 - 3 8.11+x0.06 52+7 6.81+0.07 - 3 8.92/7.216
(10) (220) (8.0) (160)
quinpirole - - - 7.93+0.07 3 - - - 8.20+0.06 3 7.475
(12) (6.6)
pramipexole - - - 7.68+0.05 3 n.d. - - - - 7.56/6.867
(22)

Data were analyseds described in Materials and Methods. If data were best described by-aitevbinding model, affinities for the higKi§) and the low kL) affinity
state of the respective receptor and the percentage of high affinity states)@&given. Data represent mean valdeSEM fromN independent experiments, eac|
performed in triplicate.
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2.2.6 Dopamine receptor binding of carbamoylguaniediyme histamine H

receptor ligands
As already described in the introduction, the establishment of DR binding assays was prompted by the
synthesis of histamine Heceptor ligands (performed by other doctoral students), which might also
bind to receptors of the Blike family. A selection of these ligands, showifrigure2.9, was studied
with respect to the capability of displacing [MHinethylspiperone from the dpamine Diong and Ds
receptor. Some of these data were already published (Biselli%&al Tropmann et &F). The most
promising ligands regarding histamine keceptor selectivity andhose that were selected as
representatives of the different heterocyclic moieties were also investigated with respect.4o D
receptor binding. Competition binding curves of the compounds studied at all three dopamine
receptor subtypes are shown iRigure2.10, radioligand displacement curves obtained from the
remaining H-receptor ligands are given iRigureAl (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 bur-parameter logistic fit with variable slope as depicte&igure2.10. Obtained 16 values were
converted to inhibition constant using the Chengrusoff equationk{values presented imable2.6
and TableAl (Appendix)).
The dimeric carbamoylguatine URNK22 showed affinities to the,flike receptors in the nanomolar
range, with the highest affinity to the ;B (g<=8.57, Table2.6). In comparison, monomeric
compounds carrying a-@mino-4-methylthiazole heterocycle (UBB283, UKAT523, UIREH22,UR
MB-69 and URKAT580) exhibited a slightly lower affinity to the studied dopamine receptor subtypes.
However, apecially in the case of thes®, low binding constants in the twdigit nanomolar range
were determined €f. Table2.6). With fewexceptions, the affinities of the-@mino-4-methylthiazoles
at the studied receptors can be ranked according $B®Ds sR> DuongR, With URP0563 showing the
highest affinity at the ER (g< =7.88,cf. Table2.6 and FigureAl, Appendix). Ligands conmténg an
aminothiazole heterocycle, such as-KIRT580 or URRAT583, still showed moderate to high affinities
to the D-like receptors, again especially to the [2ceptor {Table2.6, Figure2.10 and FigureAl,
Appendix). With the introduction of the hetergcles 2amino-1,3,4thiadiazole (URKAT505, UR
KAT533) or H-1,2,4triazole (URMB-159), the D-like receptor binding could be abolished. These
ligands displayed lower affinities at theida, D; and D 4 receptors (K< 6; except for URKKAT533 at
the Dy4R, P =6.17). The compounds LEB238 and URB239 with a rigidized aminothiazolylpropyl
moiety also showed very low affinities for thedaR and the ER, however, they also exhibited only

moderate to low affinities to the histamine:lreceptor.
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dimeric carbamoylguanidines
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Figure2.9. Structures of the investigated carbamoylguanidigpe and thiocarbamoylguanidirtype HR agonists.
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Figure 2.10. Radioligand displacement curves from competition binding experiments performed with-[3H]
methylspiperone and variousistamine H receptor ligands (structures sdéigure2.9) at cell homogenates of
HEK293T CRE Luc cellexporessing the fangR or the BR or of HEK293T cells expressing th4rDIf radioligand
displacement was incomplete (< 90%) at 10 or @B0 but mae than 50% of the radioligand was displaced, data
were fitted constraining thdower curve plateauo 0. Data represent mean valuesSEM from at least three
independent experiments, each performed in triplicate.
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Table 2.6. D2ong, Ds and D4 receptor affinities of selected carbamoylguaniditype histamine kreceptor
ligands obtained by competition binding with [}#inethylspiperone using cell homogenates.

D2IongR DSR D4_4R
pK + SEM pk + SEM pK + SEM
cmpd. (K, nM) N (K, nM) N (K, nM) N
URNK22 6.85+0.07 3 8.57+0.04 3 7.15+0.03 3
(120) (2.7) (72)
URCH22 5.98+0.08 3 7.21+£0.02 3 6.77£0.04 3
(1100) (63) (170)
URSB283 6.14+0.04 3 7.20+£0.03 4 7.01+£0.07 3
(640) (63) (100)
URKAT523 6.05+0.05 3 7.67+0.09 3 6.96 £+0.01 3
(910) (23) (110)
URP0563 6.03+0.12 3 7.88+0.16 3 nd.
(1100) (16)
URMB-69 6.32+0.09 3 7.70£0.08 3 6.39+0.06 3
(520) (21) (420)
URKAT580 6.06+0.06 3 6.46 +0.02 3 6.64 +0.08 3
(900) (350) (210)
URKAT583 <5 3 7.31£0.02 3 n.d.
(49)
URKAT505 <4 3 6.0+0.05 4 5.65+0.02 3
(1000) (2300)
URKAT533 4.93+0.03 3 5.39+0.15 3 6.14+0.10 3
(12000) (4800) (740)
URMB-159 <5 3 <5 3 <5 3
URSB238 441+0.09 3 5.08+0.04 3 n.d.
(41000) (8400)
URSB239 <5 3 5.49+0.06 3 n.d.
(3300)

Data represent meansSEM. N denotes the number of independent experiments, ea

performed in triplicate n.d.: not determined.
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2.3 Materials and methods

2.3.1 Materials

5dz 6 5002Qa Y2RAUSR 9 3tght@dine WS fhodrYSigndabéafirehén, | y R |
DSNXI y&o o -1 Bediorg @npiol % 1[a FTNRBY CA&KSNI {OASyGAUO 6b
serum (FCS), trypsin/EDTA and geneticin (G418) were from Merck Biochrom (Darmstadt, Germany)
and hygromycirBwas from MoBiTec (Gottingen, GermyanCell culture flasks and dishes were from

Sarstedt (NUmbrecht, Germanyjhe cDNAs of the hl,dR and hER were kindly provided by Dr.

Harald Hubner (Department of Chemistry and Pharmacy, FriedtetanderUniversity, Erlangen).

The cDNA of thef2Rwas 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 Electrophoresi@H&iadiberg,

Germany). If possible, stock solutions of receptor ligands were prepared usihgrillipore);

otherwise DMSO was used (Merck, Darmstadt, GermanyButegclamol, dopamine, pramipexole and

quinpirole were from Sigma (Taufkirchen, Germanyjpiprazole and haloperidol were from TCI
Deutschland GmbH (Eschborn, Germarfgp bApomorphine, nemonaprideS06 bsulpiride and

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

2.3.2 Cell cultivation

HEK293T cells obtained as a kind gafirfrProf. Dr. Wulf Schneider (Institute for Medical Microbiology
and Hygiene, Regensburg, Germany) were cultured in DMEM supplemented withCI®&37°C in

a watersaturated atmosphere containing 5% L£@ells were routinely tested for mycoplasma
contamnation using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Germany) and were

negative.

2.3.3 Generation of plasmids

The hRonR, hBR and hsR were cloned into a pIRESneo3 vector via Gibson assembly. The
PIRESnec3RFLAGhHR vector, described edavhere’®, 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 toboth ends of the linearizedector 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 AssembitynR&ratocol (New
England Biolabs GmbH, Frankfurt/Main, Germany) resulting in receptors thatterenkally fused

to the membrane signal peptide (SP) of the muriAdareceptor and tagged with a codesptimized

FLAG tag. The quality of the vectorssweontrolled by sequencing (Eurofins Genomics GmbH,

Ebersberg, Germany).
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2.3.4  Generation of stable transfectants

For the generation of a cell line stably expressing the humgnyDr the human B receptor, the
previously describédHEK293T CRE Luc cellsirably expressing a CRE controlled luciferase was used.
For generating the cell line stably expressing the humaR PHEK293T wilgpe cells were used. Cells
were seeded in a-@ell plate (Sarstedt, NUmbrecht, Germany) one day prior to transfection2xit

of cDNA.The transfectionwas performed usindhe reagent XtremeGenélP (Roche Diagnostics,

al YYKSAYZ DSNXIFyeéo FOO0O2NRAyYy3 (2 GKS YI ydzZFl Ol dzNB N
cDNA at 37C for 4&, cells were detached with trypsin/EDTA and transferred tarbScell culture
dishes (Sarstedt, NUmbrecht, Geainy). Selection was achieved by thedition of 1mg/mL G418

After stable growth had been observed, the concentration of G418 was reduced tQgBoML.
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-ama 15
dish at a density of 10@2000 cells/dish. After 2 weeks, single clones were picked and screened by

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

2.3.5 Preparation of cell homogenates

Homogenates were prepared as previously describedth minor modifications. HEK293T CRE Luc
cells stably expressing theidaR or the BR or HEK293T cells stably expressing #y vere grown

in 15-cm dishes $arstedtto 80-90% confluency. Cells were rinsed with-icdd PBS (13MM NacCl,
2.7mM KCI, 1onM NaHPQ, 1.8mM KHPQ; pH7.4), then covered with harvest buffer (b@M Tris
HCI, 0.5nM EDTA, 5.5 mM KCI, 140 NaCl; pH.4) supplemented ¥h protease inhibitors
(SigmaFAST, Cocktail Tablets, Efpded SigmaAldrich, Deisenhofen, Germany), followed by
detachment from the dishes using a cell scraper. After centrifugation G06min), the DiongR
expressing cells were resuspended in homge buffer (50mM TrisHCI, 5mM EDTA, 1.5aM CaCl
5mM MgC}, 5mM KCI, 12nM NaCl; pH.4), whereas the R or D4R expressing cells were
resuspended in TAMgSQ buffer (10mM TrisHCI, 5mM MgSQ; pH7.4). All cell suspensions were
stored ath80 °C. After thawing, the cells were resuspended in homogenate buffer eMGEQ buffer

and homogenized under ieepoling using an UltraturrafKAWerke, Germany) (5 times fors). The
homogenates were centrifuged (&€, 50,00@, 15min), the pellet was resuspended in binding buffer
(50mM TrisHCI, ImM EDTA, 1M MgClJ, 100ug/mL bacitracin; pH.4) and homogenized using a
syringe and needl (i.d.=0.4mm). The homogenates were stored as small aliquots38t°C. Protein
concentrations were determined with the Biwl R LINRP GSAY I aalé& | O02NRAyYy3

protocol (BieRad Laboratories, Munich, Germany).
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2.3.6 Radioligand binding assays

All radioligand binding experiments were performed at+#2R°C. For whole cell binding assays,
HEK293T CRE LutdR, HEK293T CRE LeRe Br HEK293T4ER cells were grown in a €n? flask to

a confluency of approximately 80%. On the day of the expmnimthe cells were detached with
GNBLIAAYKO95¢! | YR adfmafiyrRsSpplenteyted with ALGP2 RS, (fdlldwed[ by
centrifugation (22:1 °C, 700y, 5min). The supernatant was discarded and cells were resuspended in
L-15 containing 10Qug/mL baitracin to a density of 100,0Q&lls/mL. The assay was carried out in a
final volume of 20QuL in 96well roundbottom polypropylene plates. All compounds were added as
10fold concentrated solutions (20 yuL per well). The radioligandNdgthylspiperore (specific
activity: 77Ci/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 wittRhe D
as described in section 2.2.1. For single cleereening of the cells transfected with thedR or the

DsR, [BH]spiperone (specific activity: Z¥mmol, Biotrend Chemicals, Cologne, Germany) was used. In
saturation binding experiments with cells expressing thed® or BR, the radioligand was aped in
concentrations ranging from 0.028M to 3nM, in assays with cells expressing thes® the
radioligand was used in concentrations ranging from @RBto 3nM. Nonspecific binding was
determined in the presence of (Butaclamol (200dold, DuongR, BR) or nemonapride (206@ld,
Ds.4R). The incubation period was 60n (DiongR, RR) or 150min (D4R). After incubation, bound
radioligand was separated from free radioligand by filtration through poly(ethyleneirpiretjeated
(0.3% in water, W) GF/C filters (Whatman) using a -@@ll Brandel harvester (Brandel Inc.,
Unterfohring, Germany). After three washing steps with cold PBS, filter pieces were punched out and
transferred to (flexible) 145@01 96well sample plates (PerkinElmer, Rodgaern@any). Scintillation
cocktail (Rotiszint eco plus, Carl Roth, Karlsruhe, Germany)ud0@as added, followed by an
incubation period for at least B and measurement of the radioactivity using a MicroBeta2 plate
counter (PerkinElmer, Waltham, MA, USBdmpetition binding experiments with whole cells were
carried out in analogy to saturation binding experiments. For experiments withdhg=Dand the ER,
[BH]N-methylspiperone was applied in a final concentration of h®f whereas in experiments vt

the Du.4R the final concentration of the radioligand was OM. Nonspecific binding was determined

in the presence of gM (+}butaclamol (RongR, RR) or 2uM nemonapride (R4R).

Radioligand binding experiments with cell homogenates vpendormed as described for whole cells

with the following modifications. Homogenates were resuspended in binding buffaniBdrisHCI,

1mM EDTA, ;M MgC}, 100pg/mL bacitracin, pk7.4) to a final concentration of G:8.5ug

(DoionR), 0.7ug (BR) 0 0.3:0.4pug (D.4R) protein/well. In saturation binding experiments, [NH]

methylspiperone was applied in concentrations ranging from 020 1.5nM (DuongR, RR) or from

0.008nM to 2nM (Ds.4R). Nonrspecific binding was determined in the presenéea®000fold excess
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of (+)}butaclamol (RongR, BR) or nemonapride (RR). For competition binding experiments, [RH]
methylspiperone was used at a concentration of 0085 (DongR, BR) or 0.1nM (D 4R). Norspecific
binding was determined in the psence of 2uM (+}butaclamol (RongR, BR) or 24M nemonapride
(Du.4R). For kinetic experiments, cell homogenates were prepared as described above. In the case of
association experiments, [3NJmethylspiperone was added to the homogenates at differenietnat

a final concentration of 0.08M (DoongR), 0.00M (DsR) or 0.08M (D:.4R). Norspecific binding was
determined for each incubation time in the presence oflt)aclamol (DongR, BR) or nemonapride
(Ds.4R) (200cfold excess to the applied radighnd concentration). During incubation, plates were
shaken at 300pm (Titramax 101, Heidolph Instruments, Germany). In the case of dissociation
experiments, cell homogenates were incubated with the same concentrations ofN-[3H]
methylspiperone as applieth association experiments for 80in (DiongR, BR) or 150nin (D.4R)
before dissociation was initiated by the addition of a 28018l excess of (#)utaclamol (BonR, BR)

or nemonapride (R4R). The dissociation was stopped after different perioddmé by separating
bound from free radioligand by filtration. Determination of nepecific binding was carried out as

described for association experiments.

2.3.7 Data analysis

For the analysis of saturation binding experiments, specific binding data (dpre)plated against

the free radioligand concentration (nM) and analysed by a-pacameter fit describing hyperbolic
binding to obtairks and B.axvalues Ky values from single experiments were transformed kg yalues,

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
(mal/L) (based on the specific activity of [MHinethylspiperone and the assay volume) and subsequent
subtraction from the initially applied, total radioligand concentration. Mmecific binding was fitted

by linear regression.

For radioligand competition ibding experiments, specific binding data (rgpecific 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 analgsig a
four-parameter logistic equation (log(inhibitor) vs. responsariable slope, GraphPad Prism 9.0) to
obtain IGy and plGo values for each individual experiment. The spNalues were converted tokp
values by applying the Chefgusoff equatioff. From the individual I§ values, mean values were
calculated. In the case of the competition binding experiments with agonists, data were analysed by a
three-parameter fit (One sitg fit loglGo, slope constrained to unity) or a fiygarameter fit (Twasites

¢ fit loglGo, slopes constrained to unity) provided by GraphPad Prism 9.0. Comparison of both fits was
LISNF2NXYSR 6 A (-6fsquckeSRIGRABENIO DEAdIKt I R t NAAY pdno =
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hypothesis). 165 values of the high and low affinity states were processed as described above.

Speific binding data (dpm) from association experiments were fitted by aphase association
equation to obtainkops (Observed association rate constant) aBeh) (maximum of specifically bound
radioligand). The latter was used for calculating speciidatiund radioligandy in %, which was
plotted over time. Specific binding data (dpm) from dissociation experiments were fitted by a three
parameter onephase decay equation, yielditkgr. The association rate constaky, was calculated
using the folleving equation:kon = (Kobs ¢ Kott)/[ligand]. The dissociation hdlife ti» was calculated
according to: {»=In(2)/k.r. Kinetic dissociation constant&wny Were calculated according to:

Kain) = Kofi/ Kon. Analyses were performed usi@yaphPad Prism 9.0 (La Jolla, CA, USA).

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

f: function of x, %, etc. (05, %= X 0Yxi['Yx:lewoT (in this workepresented by the SEM) of and
X2, Yz: (propagated) error of z
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2.4  Summary and conclusions

Radioligand binding assays for the family gfike receptors were established for the determination

of DuongR, BR and 4R affinities ofpotential) 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 3R, BR or D4R were generated. Taking ligand depletioio iaccount (use of low
receptor concentrations, analysis of saturation binding data based on the free radioligand
concentration),affinity measures (K, pK) could be reliably determined for the dopamine-lixe
receptor antagonists [3H-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 ofthe highaffinity binding component. The highffinity state of the dopamine Hike
receptors has been repeatedly referred to as the functional state: the concentrations of dopamine
receptor agonists that are able to suppress prolactin release in theiantgituitary were found to
correlate with the inhibition constants determined for the high affinity stateéddditionally, it was
NELR2NISR GKIG GKSNFLISdziaAOlItfte STFSOGABS 02y OSyiN
disease also correlatsith their affinities for the high affinity state of the;Beceptor®. Consequently,

for screening newly synthesized DR ligands whose mode of action is unknown, binding studies should
be performed using cell homogenates. The established assays werdousedfirm the assumption

that carbamoylguanidingype H receptor ligands carrying an amino(methyl)thiazole residue exhibit
considerable affinity to Plike receptors. Furthermore, it was shown thab keceptor ligands
containing other heterocycles suck an aminothiadiazole or a triazole moiety displayed only very low
affinity to Dy-like receptors. Using the endogenous DR agonist dopamine, it was possible to detect two
affinity states of the BungR, the BR and the B4R. Experiments with the nemydrolysable GTP
analogue Gpp(NH)p (anticipated to promote the low affinity state) led in part to ambiguous results
regarding quinpirole binding to thesR and the 4R. It should be mentioned, in this respect, that the
discrimination between the high and thew affinity binding components for the;Peceptor was also

not always obvious when [3H]spiperone (structurally closely related td\fHgthylspiperone) was

used as radioligand, due to its hydrophobic naffirewith a different radioligand, such as
[BH]domperidone, as suggested by Durdagi €t®ah 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) subtypBs B,
Dsand ), all being members of thesperfamily of Gprotein-coupled receptors (GPCR%)Within the
family of dopamine receptors, there is a classification intdik2 receptors (Pand B) and D-like
receptors (B, D; and D) according to their preferred @rotein signaling§ While B-like receptors
LINBR2 YA Y yiifsgpr@dndzadt &imuiage thB Adenylyl cyclase (AC), thereby increasing
the intracellular cAMP levél Dx-like receptors are associated wittoupling toD ", proteins and
inhibitingthe formation of cAMP°, Dopamine receptors are targeted by a variety of pharmacological
agents since anomalous dopamine receptor siigigais implicated in numerous neuropsychiatric
disorders in the human body such as schizophf@hia t I NJ A Yy a3y dpugy adridtiéiSy a S
genetic hypertensiol, bipolar disordet’*®and restless legs syndroif&®

Apart from Gprotein-mediated signh y 33 Yl y& Dt/ wa | MNiesti| ywacays (2
involved in receptor desensitization, internalization processes and also in Jsignaiarréstin
dependent signaling¥Z. It is generally accepted that phosphorylation of GPCRspt8in receptor
kinases (GRKSs) or protdimase C (PKC) at specific clusters of serine and threonine residues located in
the receptor @erminus prece& d-arfestin binding“%*%d | 2 ¢ Sa@eStiNIecruitment to agonist
activated nonrphosphorylated receptors has also been described, but with lower affinity

C dzNJi K S NavfestB also participate in receptor sequestration and play a role inngitszation

and subsequent resensitization of GPCR responsivEngse most abundantly expressed arrestins in

NJ

YFEYYF £ & NN G Aagfastin®B’g R. | aSR 2y G KSANI 0 AafrBsting ahd LINS F S N

their behavior during the internalizatiotGPCRs can be subdivided in two major classes (class A and
BY®. A precise classification of the respective dopamine receptors according to this model is very

difficult due to the complexity of available d&t&® However, in terms of Bike receptors, te DR
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andtheDw ' NB FTNBIljdSyife RSAONAOSR (2 0SS LIK2aLIK2NECT I
arrestins* while no recruitment is described for the®%. The B and I receptors share a high
sequence homolody but are regulated differently and show different levels of basal

phosphorylatiod®3+38

In current drug development of antipsychotics, the need for biased ligands to reduce adverse drug
effects is the subjeadf lively debate. A study by Masri et al. led to the assumption that functionally
selective BNB OSLII 2 NJ | yil 32y A a i saXestia2ldscitrent Day flebd®to AeMB Sy
antipsychotics with reduced extrapyramidal side effects, while retainiedy therapeutic benefi.

¢t KSNBEF2NBES GKS TFdzyOliAz2ylf OKFNIOGSNRTIGARZY 27F L
arrestin2 recruitment, is of high relevance particularly in the very early stage of in vitro testing.
Different assay techniques @S 0SSy RS & ONXR 0 SuRestZrétiuitmgndis liveicelB. G A y 3
Commercially available split reporter assays currently used for high throughput screening do not give
GSYLR NIt AYyT2N)YI GA-arsstitidtedadrion, sinkeSheyN&Ei® GellJisE Nkeak

time measurements are hampered by relatively long maturation times of the reporter protein (Venus,

a variant of yellow fluorescent proteffp -arrestin recruitment assay utilizing a transcription factor

is the TANGO assay. HErearrestin is fused to a protease, while a transcription factor, which is able

G2 AYRdzOS { Ndctghinse NS @dninaly ytta¢h@d td the receptor via a linker containing

GKS NBaLISOGADBS LINRGSI safestid fis Sdcrdite, 3h6 trafasSriptias fgodSis®s hy OS
Oft S SR 2FFI (NI yaft 2lectandddis expfe§sed. FoKdBteciodz@ ubsimte id y R
added and the cells need to by lyé&l ! y2 G KSNJ | LILINR I OK F-g&riestini KS  |j dz
recruitment to GPCRs is thénkLight assay using a permuted luciferase repbitetere, the GPCR of
AYUSNBAalG A& Fdza S Rarrasin idfused foMbermuteiNibetly Sutifarése donfaing a

protease cleavage sequence. After arrestin recruitment, the permutedehasié is cleaved and
reconstituted to an active enzyrfie In transcriptiorbased 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, tlenow a higher luminescence output and pH independence of

the spectrd’® 2 S | A Y SR -ar@stirRésmitthén2asday that overcomes the aforementioned
limitations. For this purpose, the split Emerald luciferase complementation technique, firstlsbc

by Misawa et at®, seemed to be appropriate. The employed Emerald luciferase (ELuc) was cleaved

into two fragments. The i SNX A y I £ LI Ndirestin @efeffedizto SSFELUENE NNH O YR G f

Gterminal part to the respective receptoFigure3.1).
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Figure3.1.{ OKSYI GA O Af f dza i NI Gdresyin2 gdruitriekt &ssay LUpdn Agorfists@AumtdMNT a S |

2F¥ GKS

N&r€3tRJis 2ebidiitedi and the luciferase fragments come into close proximity to form a

functional enzyme, which catalyzes the oxidatof Dluciferin to oxyluciferin, accompanied by the emission of

f A & 535n).

The ability to perform measurements in living cells allows to retrieve kinetic information about protein

protein interactiong®4¢ Additionally, the utilized ELuc s@ts in improved sensitivity of the test

system, as the signal brightness is increased compared to commercially available fedtlkitsover,

this homogeneous assay can be conducted very rapidly without the necessity for any washing or

separation stepfacilitating the development of higthroughput screening campaigtisTo investigate

GdKS

Ay (S Naréstind ity the2 BFE Ai] S

NBE OS LJG 2 N&

dzLJ2 y-arresB2 Y A & (

recruitment assay, based on the split luciferase complementation teckenigas established. The

complementary fragments of the Emerald luciferase were fused to tieNNY A y | farreStyiR

2F i

and the Germinus of the RongR, the BR or the R4R. A possible impact of this modification of the

receptors on the affinity of dected reference ligands was investigated and various described

R2LJ YAYS

NBOSLIi2NJ f AJlF yRa

6 SNB

NB ONXzA G Y Sy i

arrestin2 was studied.

aaleao
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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 recepimiferase fusion constructs and to investigate a
potential influence of the receptor modification on ligandirifies, radioligand saturation binding
experiments were performed with theadiolabeledantagonist [?HN-methylspiperone at all three
generated receptor constructs. Saturable binding (see Appdridixre A2 was found for all of them

and the p< values 0f10.30 (RongRELucC), 10.21 {RELucC) and 9.37 {IR-ELucC) at the respective
receptor fusion protein were in good agreement witKgvalues determined at receptors devoid of
the luciferase fragment (subsequently referred to as wyide, cf. Methods) Table3.1 and Appendix
Figure A2. This shows that the fusion of the luciferase fragment to the respective receptor did not
markedly im@ir the affinity to the ligand. Expression of the.RRELucC, the RELucC and the
ELucN | NNH FdzaA2y O2yaidNHzOGa 61 & | RRG AppengiFiguiee O2y T
A3).

Table 3.1. Dissociation constants Kp values) of [*Hjl-methylspiperone determined in radioligand saturation

binding experiments at receptors fused to theeEminal fragment of the Emerald luciferase using whole cells
and at wildtype (wt) receptors using homogenates.

D2IongR DSR D4_4R

ELucC fusion ELucC fusion ELucC fusion
. wt . wt . wit
protein protein protein

pKd 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 perfortripticate.

Results from radioligand displacement experiments at the recelptarcC constructs, which were
compared with the results obtained at the witgpe receptors Table3.2), supported the finding that

the fusion protein did not markedly affect threceptor affinity to the ligands. At all three investigated
dopamine receptor subtypes, thekpvalues of the tested antagonists haloperidol and nemonapride
determined at the receptor fusion proteins correspond very well with the affinities determines dt

type receptors. In case of the agonist quinpirole and the partial agonist aripiprazole, slight
discrepancies but no general pattern was identified. WithKaop9.11 compared to 8.08, aripiprazole
showed a higher affinity to theJddRELucC fusioprotein than to the wildtype receptor Table3.2).

The same observations were made for aripiprazole at tke With a i value of 8.58 at the ELucC
construct compared to 8.12 at the wiltgipe receptor Table3.2). However, the data for the LR
ELucC and the wittype D4R were in very good agreement with each other. For quinpirole a biphasic
displacement curve was obsed at the wildtype DuondR, Yielding a higrand a lowaffinity inhibition

constant Table3.2), which is in line with published ddtaBy contrast, a monophasic displacement
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curve was obtained at the ELucC fusion protein witKiag@ue that was in beteen the highand low

affinity inhibition constant determined at the wiltype DiongR Table3.2). At the BR and the 4R,

only monophasic displacement curves could be fitted. For both receptors, quinpirole showed a higher
affinity to the wildtype reeptor. It must be noted that binding experiments with the ELucC fusion
proteins were carried out using whole cells, whereas in experiments with thetypitdreceptors cell
homogenates were employed. It is known that the use of whole cells can strongigt dlffe
determination of ligand affinities, especially of agorfi§tdhience this could be the reason for the
observed differences rather than the fusion of the luciferase fragment to therr@inus of the
receptor.

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

experiments. g values were determined at receptors fused to thée@ninal fragment of the Emerald luciferase
using whole cells and at witype receptors using homogenates.

D2IongR D3R D4_4R
ELucQGusion ELucC fusion ELucC fusior
cmpd. . wit . wit : wit
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+£007 hi 7.66+x0.10 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 +0.13 952+0.08 9.76 +0.02 9.86+0.06 9.66+0.08 9.53+0.13

Data represent meanip+ SEM determined in three independent experiments, each performed in triplic

Aiming atthe 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
I -arrestin2 recruitment, each transfectant was tested for faasibility of a reatime experiment. The
Daond®ELuUCC expressing cells showed robust concentratspendent responseand high signato-
background (S/B) ratios to stimulation wigninpirolewhen the substrate Buciferin was added to live

cells Figure 3.20 @ ! y F 2 NI dzgriesiir®f récBuitmef2 could be observed in lgell
measurements at HEK293T cells expressing #ReEDucC. It was previously reported that therRD

NB O NHumkesid? to a very small exteft but by performing lysibased measurements, we could
obtain reliable results with reasonable S/B ratiBgy(ire3.2). In consistence with published d&tathe

cells expressing theslR did not show any response to agonistimulation in either reatime or lytic

endpoint measurements.
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Figure3.2. S/B ratios of the complemented ELuc after stimulation of the analyzed recepitirghe agonist
quinpirole The cells were stimulated wituinpiroleat a concentration of UM. In the case of the dngR, live

cell measurements were performed and the resulting area under the curve (AUC) (intes@ahifl) was divided

by the area obtained from a solvent control to obtain S/B ratios. BBrdhd the 4R studies, S/B ratios of were
retrieved by performing lysibased endpoint measurements (@fin). Data represent means + SEM from at least
three independent experiments performed in triplicate.

3.2.2 Pharmacological characterization of dopamine receptoylig&s Ay (G KS |

arrestin2 split luciferase complementation assay
{dFYRFENR F3a2yAada FyR Fyll3z2yraida gcaSad2 spia SR
luciferase complementation assay to pharmacologically characterize dopamine receptor ligands of
different qualities of action, regarding their potencies (pft@fficacies (& or antagonistic activities
(pKo). As agonists, the endogenous ligand dopamine, pramipexole, a widely used drug for the
GNBFGYSYyd 2F t I NJ AY a2 ygdpirokR waré dhaséh SWitR-(yf-aponiofpliine F dzf £ |
FYR FNRARLALINIT2tSs + GOGKANR 3ISYSNIGAz2yé |yiaAaLaeo
partial agonists were included in the study as wske Figure 1.3 general introductiorff*°. 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 totainerxtent 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

FigureA4).

All agonists showed a timgependent increase in luminescence in a concentratiependent
manner, which could be converted to concentratimsponse curves{gure3.3 and4A). The pE&
values for all agonists determined at theRR Table3.3) were n very good agreement with data

reported in the literature derived from commonly used assays sucFPas8[D ¢ t ' {* 0ddAMMR A y 3
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assay$, not differing more than 0.5 orders of magnitude. The endogenous ligand dopamine exhibited

full intrinsic activity irthe experiment, whereas pramipexole was only able to elicit 86% of the maximal

response induced by quinpirol@dble3.3). It was previously reported that pramipexole acts as a

partial agonist at the dopamine2ndP2 Aripiprazole appeared as a partial3 2 y A & i

arrestin2
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Figure3.3. Exemplary results of a liveell measurement at the dangR. HEK293T cells stably expressing ELUcN
i I NNH 204RERIcCSwere stimulated with different concentrations of the standard agquisipirole. The
time-dependent increase in luminescence was recorded and the AUC aftmin5@as used to generate a
concentrationresponse curve.
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Figure3.4./ KI N} QG SNRAT I G A2y 2 Farreésiin® ngdRUtMERt asisay. Alsef Bf godisd gndl K S |
antagonists B) were tested for their ability to promote or inhibit (the quinpireley” R dzGe&étin relcruitment

at the DingR and the BR. Data of agonists were normalized to the maximal stimulation induced iy 1
quinpirole (100%) andsolvent control (0%). Antagonist data were normalized to the signal elicited by quinpirole
at a concentration corresponding to the &C100%) and a solvent control (0%). Obtained spH&ax and Ko

values are presented ifiable3.3. Data represent means SEM from at least three independent experiments,
each performed in triplicate.
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Figure3.5. Detection of inverse agonism attheld® LYy KA 0 A ( A 2 Hrre®if2 reOrlityhéntitd theds® A & S

by various BER ligands. Results are presentedpascent maximal stimulation as that observed with quinpirole
[1 uM]. Data represent means + SEM from three independent experiments, each performed in triplicate.

to the DrongR With a very low intrinsic activity &= 8 = 2%)Table3.3). The efficacy ddripiprazole at

the DuongR is controversial, with publications claiming that it is an antagristl others describing it
Fa F LI NIGAIFT -argsyng ith efficatiesNangngdinkn @ 2%/t@73% depending on the
assay’. ForR(-)-apomorphine, we determined an efficacy of 87%able3.3), thus it acts as a partial
agonist, which is in very good agreement with the literatérét the QR, the potencies of all agonistic
compounds Figure3.4A) also correlate very well with published dataogamine and pramipexole
acted as full agonists, where&(-)-apomorphine and aripiprazolexhibited Enax values of 91% and
26%, respectivelyT@able3.3). For both compounds, a partial agonism at thiR[as been described
elsewheré®®3 with efficaciesn a comparable rangeAntagonistic activities () of (+}butaclamol,
domperidone, haloperidol and nemonapride at the.kR Figure3.4B) also correlated very well with
data described in the literatureT@ble3.3), with the minor exception o&(-)-sulpiride. The same
generally applies to the 8 Figure3.4B), with nemonapride and (#)utaclamol showing slight
differences Table3.3). A constitutive interaction of the 4% & A-arféstini has been reported
repeatedly®’->4 which we also observed in our assay, as all antagonistséoMiez arrestindependent
luminescence signal at thes® below the baseline. Therefore, the set of antagonists was also tested
for inverse agonism in the developed assay (agonist mageshown irFigure3.5. All these ligands
exhibited negative efficacy at thes® and potencies, which were comparable with the respectke p
values Table3.3).
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Table 3.3. pEGo, Enaxand po @ £ dzSa 2F a0l yRIFINR 5w f A3l yRarestingl £ 81 SR
recruitment assay. For comparisonKipralues determined in radioligand displacement studies utilizing
homogenates from HEK293T cells stably expressing thetypiédreceptors ¢f. Table 3.2) and published data

from different assays are included.

i -arrestin2 recruitment radlollgand
displacement
receptor cmpd PEGo Emax[%0] pKo N pKi Ref.
DaongR ~ 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 6.840
dopamine 724+£0.04 104+3 3 hi 753+0.21 7.055

lo 5.96 £0.10
pramipexole 8.19 £ 0.05 864 4 hi 7.35+0.12 8516
lo 5.76 £ 0.03

quinpirole 7.55 +0.07 100 5 hi 766+0.10 7.11%1
lo 5.87 £0.02
(+)ybutaclamol 8.29+0.10 3 8.90+0.06 8.047
domperidone 9.13 £ 0.09 3 9.23+0.07 8.878
haloperidol 8.90 + 0.05 3 9.44+0.13 8.8%°
nemonapride 8.90 + 0.05 3 9.52+0.08 9.3%0
S(-)-sulpiride 8.86 +0.10 3 7.27+0.09 8.2%1
D3R R-(-)-apomorphine  7.43 £ 0.17 91+5 3 8.26 £+0.03  7.93¥
aripiprazole 7.44 +0.05 26+1 3 8.12+0.01 7.00%2
dopamine 7.66+0.14 105+8 3  hi 8.64+0.09 7.958
lo 7.10 £ 0.09
pramipexole 9.09 + 0.06 9+4 4 8.99+0.09 8.65¢
quinpirole 8.75 £ 0.07 100 6 8.21 £ 0.07 9.076
(+)butaclamol 7.16+0.17 -27+9 7.35+0.08 3/3 8.46£0.02 7.954
domperidone 8.02+0.14 -26+4 8.06 +0.09 3/3 8.58 +0.04 8.1%8
haloperidol 8.29+0.29 -27%5 8.68+0.12 3/3 8.78+0.04 8.70%
nemonapride 8.43+0.13 -25t4 9.07+0.12 3/3 9.86 +0.06 9.776
S(-)-sulpiride 8.33+0.10 -26+8 8.23+0.07 3/4 7.07+0.03 7.708

Data represent means + SEM fréindependent experiments, each performed in triplicate.

323 LYy Tt dzSy OS afestin2wacruikment @ thie MnR and the ER

According to a generally accepted paradigrprétein coupled receptor kinases (GRHEsgctly link

the attenuation of Gprotein signding to arrestin recruitment and therefore play an important role in
the desensitization and internalization processes of GROmswever, a large body of this knowledge
gl & 3AFAYSR TNER Y adrdnelghregeptdizandiitkhas (béeb shbwn that there are
significant differences among GPCRs. In the case of;tlikelyeceptors, it was shown that especially
GRK2 and 3 play an important role in these procééséhe exact mechanism is not fully unskeod

yet. Therefore, we decided to investigate the influence of these kinases in the developed method.
Firstly, effects of the selective GRK2/3 inhibitor cpdi®dere investigated. The cells -€xpressing

the ELUCN I NNH Ly ARELIC® & JRELucC were prcubated with the inhibitor at increasing
concentrations and concentratieresponse curves of quinpirole were generated, as displayed in
Figure3.6. Surprisingly, the inhibition of GRK2/3 in the cells expressingahig-ed to an in@ase in

the luminescence signal to almost 400%<(@05) Figure3.6A) and the potency was decreased by

almost one log unit (g 0.05). Regarding thesR, the use of cpd101 had no significant effect on the
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Figure3.6. Influence of the GRK2/3 inhibit@ LIR m n sarredtiyi2 récruitment. HEK293T cells stably expressing
ELucN I NNH | YR GRE.uck yarehidlibét&i Rvithcpd101 at different concentrations fami0
prior to agonist addition A-Q. Data represent means + SEM from three independexperiments, each

performed in triplicate.

efficacy (p=0.21) or potency (p 0.19) of quinpiroleRigure3.6B). Since for the [R it is described that
phosphorylation by GRK2 precedes the association of ile Dg A-diréstin®®, we constructed an

'y It 2 a2 recruitment assay for the:® €f. Methods) as a control. The:®ELucC
O2yad Nzl ¢l a OItARIFIGSR 08 -aNdstRA rRduniht gxReriraentd dzNJ G A
and the results are presented in the Appendif FiguresA5andA6, TablesA2andA3). The data were

in agreement with data obtained from wiliype receptors. Subsequently, the influence of the
inhibition of GRK2/3 by using cpd101 was investigated. As expected, inhibition of the kinases led to a
concerration-dependent decrease in maximal response induced by thR Btandard agonist
SKF8129%f Figure3.6Q by about 47% (g 0.05) and the potency was only affected to a minor extent
(p=0.87). To further unravel the effects of the GRKs, the impaetadenous overexpression of GRK2

I Y Rk 2 NJ Damr&stn2 ofuitrient to the BbngR and BR was investigated. The HEK293T cells
expressing ELueN I NNJH 20RFIRicCSor JRELucC were transiently transfected with a plasmid
encoding GRK2 or GRK3. Thesponse to stimulation with quinpirole was compared to the response

of cells that were mock transfected with the empty vector. As illustratedrigure3.7A, GRK2

overexpression in the 43,RELuUcC expressing cells led to a slight increase in lummescggnal,
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Figure37. Ly ¥t dzSy 0SS 2F SE23Sy2dzi D wamestin2 NbruimeYito HER293T N&BIE LINS & &
stably ceexpressing ELueN I NNH | &R ucG KW&e t@nsiently transfected with GRK2/GRK3 or empty
vector A, B. Datarepresent means + SEM from three independent experiments, each performed in triplicate or

quadruplicate.

although this was not statistically significapt<0.17). Interestingly, the overexpression of GRK3 led

to a marked decrease in luminescence sigpal@.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 cpd10Figure360 A & Y|l Ayt & Ol dza SR 0 &rredtif2S A Yy KA G
recruitment to the @R Figure3.7B) was not affected=0.21) by exogenous GRK2 overexpression,
ddz33SadAy3a GKFG SyR23ISy2dz f S@8dstn2 reciuitment & th@wyY a | N
GRKs are only marginally involved in this precdgliditionally, the potency of quinpirole at either

receptor was not alteredp(>0.05).

Our results regarding the:R are in line with previous findings, confirming that phosphorylation of the
receptor by GRK2 initiates or facilitates the interactiothefDlw ¢ Adiliréstin?®. In contrast to the
DwZ (KS Ay@2ft O SaveStyidirec@iiimendto el BngR 6 cantroversially 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 GR&diated phosphorylation of the
DaongR is Not necessary for arrestin associatt@nd that GRK2 is constitutively associated with the
receptor, whereby BundR signaling isonstitutively suppresséd To the best of our knowledge, the
contribution of the GRKS3 to phosphorylation or trafficking processes of thgfhas not been subject

to extensive studies so far. Our findings suggest that the GRK3 somehow hampers ufienegdrof

I -arrestin2 to the receptor. The inhibitor cpd101 binds to the active site of GRK2/3 and thus blocks the
binding of ATP to the enzyrtfe Since application of the inhibitor led to a marked increase in
luminescence signaF{gure3.6A), this led b the assumption that the kinase activity of the enzyme

K I Y LISakt@stinirecruitment to the BungR. With respect to the 4R, the findings are consistent with
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earlier publications, in that §®s only undergo subtle phosphorylation by GRKs and that they ar
regulated differently than BR<2.

¢KS 1 AySi AdrestidRBFuitriestdo the BngR and the ER under the influence of cpd101

are shown irFigure3.8® Ly 020K OF aSasx (K SarrdstinYhteracioh dathfarsla 2 F
without cpd1@ were similar; only the efficacy was influenced in opposite directions. It is noteworthy

that the kinetic course2 F-arfestin2 recruitment to both receptors differ markedly. For théRDit

KFa 06SSy R SarésNR is @duitdd Kapidiy, wheas the complex of receptor and arrestin

is relatively unstable and already dissociates at the plasma mem#trarteese findings are reflected

by the course of our kinetic measurement, where we observed a steep increase in luminescence signal
followed by arapid decline after reaching a maximumigure3.8B). This contrasts with the kinetic

behavior at the RongR, Where the luminescent signal appears to stabifzguie3.8A), suggesting that

there is a more stable interaction between thew | yaiestin2.
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(A) and the DR B). Data represent means + SEM from three independent experiments, each performed in
triplicate.

3.24 Ly Tt dzSy O Sarstin2 redruitmehtyfo the IR

Different studies on the internalization of;Deceptors have confirmed that the GRK/arrestin
dependent pathway plays a subordinate role for these receptors, which is consistent with our results
descrbed above ¢f. Figures3.6 and3.7). It has been reported thatdBs are mainly internalized after
phosphorylation by PRE™ PKC is known toe involvedin heterologous desensitization of GP&Rs

so we tested whether it contributes tagonistA Y R dz@@eRtin2 recruitment to the BR. We used
G066983, an inhibitor of different PKC isoenzymes, to abrogate thel@p&hdent phosphorylation of

the DR The cells were treated with increasing concentrations of the inhibitor before the
concentration-response curves of quinpirole were recorded. As showFfignre3.9, inhibition of the

PKC led to a significant decrease (p05) of the maximum response elicited by quinpirole. Moreover,

the potency of quinpirole was decreased when cells weeated with the inhibitor before the
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measurement, but not with statistical significance=<.19). Altogether, these results suggest that
PKERSLISYRSY (i LI 2 & LIK 2aNdstin? réckuBment ®khORS A G G Sa |

150
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Figure39. Ly Ff dzSy OS 27F (KS t -Hrfestid yekraitihdnii BEKRIBT cellghstably eXpfessing
ELucN | NNH sRELGET wBre incubated with Go6983 at different concentrationsiéQprior to addition of
agonist. Data represent meaasSEM from threeridependent experiments, each performed in triplicate.
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3.3 Materials and methods

3.3.1 Materials

5dzA 65002Qa Y2RATASR 91 3tSQa YSRAdzY 65a9ad5 gl a TN
medium (L:15) was from Fisher Scientific (Nidderau, Germany). Fefasealm (FCS), trypsin/EDTA

and geneticin (G418) were from Merck Biochrom (Darmstadt, Germany). Zeocin was purchased from
Invivogen Europe (Toulouse, France). The cDNAs of thedRand hER were kindly provided by Dr.

Harald Hubner (Department of Chestriy and Pharmacy, FriedrighiexanderUniversity, Erlangen).

cDNAs of the IR and the 4R were purchased from the cDNA Resource Center (Rolla, MO, USA).
pcDNA3.1/myd L{ 6. 0 O2y (il A Y A yaAestinXK&ioracSntde$ witDtbeddrifinalli K S |
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 Mlaogy, University of Regensburg, Germany).
pcDNAGRK3 was a gift from Robert LefkoWitz (Addgene plasmid # 32,689;
http://n2t.net/addgene:32689; RRIDAddgene_32689). If possible, ligands were dissolved.@® H
(millipore); otherwise in DMSO (Merck, Datadt, Germany). (¥utaclamol, dopamine, G66983,
pramipexole, quinpirole and SKF81297 were from Sigma (Taufkirchen, Germany), aripiprazole and
haloperidol were from TCI Deutschland GmbH (Eschborn, Germdr)r-apomorphine,
nemonapride,S(-)-sulpiride domperidone and Takeda compound 101 (cpd 101) were from Tocris
Bioscience (Bristol, United Kingdom). Pierdadiferin was purchased as a potassium salt from Fisher

Scientific GmbH (Schwerte, Germany).

3.3.2 Cell culture
HEK293T cells obtained as a kindfgiitn 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 watesaturated atmosphere containing 5% £ @ells were routinely tested for
mycoplasma contamination using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs,

Germany) and were negative.

333 DSYSNYGA2Yy 27F LI I & YakdRtin2 réchulierd &sbafy & dza S R
The fusion construct of the respective dopamine receptor and ther@inal fragment of the

luciferase was generated by using the previously described pcDNAIS/EB) vector containing the
hHIRELucC constru@ The sequence of the hR was replaced by the cDNA of the;RDhDiongR,

hDsR or the h4R. 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 receptitucC fusion constructs were cloned inte thector by standard
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restriction and ligation techniques. The quality of the vectors was controlled by sequencing (Eurofins

Genomics GmbH, Ebersberg, Germany).

3.3.4 Generation of plasmids for cells used for homogenate preparation

The hBR, hDionR, hBR and hsR were cloned into a pIRESneo3 vector via Gibson Assembly. The
PIRESnecSRFLAGhH,R vector, described elsewhéfe was linearized using standard PCR
techniques. Overlaps, complementary to the vector backbone were attached to the dopamine
receptors ugig PCR. Subsequently, receptors were cloned into pIRESneo3 according to the NEBuilder
HiFi DNA Assembly Reaction Protocol, resulting in receptors that #eemihally fused to the
membrane signal peptide (SP) of the murinelBareceptor and tagged with codoroptimized FLAG

tag, subsequently referred to as witgpe receptors. The quality of the vectors was controlled by

sequencing.

3.3.5 Generation of stable transfectants

| 9YHpot¢ OStfta &itavebtia? fiuSian. dNdStiudt wgrdl gerdefatBd as poesly

described® The cells were seeded into ax@ll plate 24h prior to transfection. For the transfection

with the pcDNA3.1/my#lIS(B) vector encoding the ELuNF NNH Fdza A2y O2y ad NHzO0
transfection reagent (Promega, Mannheim, Germany) wsedu Cells were incubated withp® of

plasmid DNA at 37C for 4&h. Before starting with the antibiotic selection, cells were detached with
trypsin/EDTA and transferred to a-€6¥ culture flask. G418 at a final concentration of 1Q@@mL

was added tohe culture medium until stable growth was observed (for up to 3 weeks). Subsequently,

cells were transfected with @g of the pcDNA4/\MBIIS(B) vector encoding the cDNAs for the
dopamine receptor fusion proteins {RELucC, R.RELucC, fRELucC, DRELucC) as described

above with the exception that-¥emeGENE HP (Roche, Basel, Switzerland) was used as transfection
reagent. Selection was performed with 4Q8/mL zeocin. Subsequently, a clonal selection was
performed with every cell line for highexgtea A 2y 2F (G KS Y2 RkeBthBfasioNS O S LI ;
construct. Therefore, stably transfected cells (see above) were seeded oona dish at a density of

1000z2000 cells/dish. After 2 weeks, single clones were picked and screened for the highesioS/B rat

as described irFigure 2by using JuUM quinpirole. HEK293T cells stably expressing the-tyile

receptors were generated in an analogous manner. Briefluyg 2f the pIRESneo3 -FRAG
DiR/DoongR/DsR/Dy 4R vector were used and selection was achievetthe presence 01000 pg/mL of

G418.

3.3.6  Preparation ofell homogenates
Homogenates were prepared as previously describaith minor modifications. HEK293T cells stably
expressing the R, DindR, the BR or the 4R were grown in 16m dishes to 890% confluency.

Cells were rinsed with ieeold PBS (13mM NaCl, 2.™M KCI, 16nM NaHPQ, 1.8mM KHPQ,
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pH7.4) and detached from the dishes using a cell scraper in the presence of harvest buffévi (10
Tris-HCI, 0.5nM EDTA, 5.:mM KCI, 146nM NacCl; pH.4) supplemented with protease inhibitors
(SigmaFAST, Cocktail Tablets, Efpde SigmaAldrich, Deisenbfen, Germany). After centrifugation
(5009, 5min), the DiongR expressing cells were resuspended in homogenate buffen@dris-HCI,
5mM EDTA, 1.5aM CaCGl 5mM MgC}, 5mM KCI, 126nM NacCl; pH.4), whereas the {R or D4R
expressing cells were nespended in Tris1gSQ buffer (10mM Tris-HCI, .nM MgSQ@; pH7.4) and

& (0 2 NB R °Cl Alter thawing, the cells were resuspended in homogenate buffer oMGSQ
buffer, and homogenized using an Ultraturrax (on icdines for 5s). The homogenate was
centrifuged (6°C, 50,00@, 15min), the pellet was resuspended in binding buffer &8I Tris-HCI,

1 mM EDTA, ;nM MgC}, 100ug/mL bacitracin; pH.4) and homogenized using a syringe and needle

(i.d.=0.4mm). The homogenate was stored in small aliguot | (PC.b y n

3.3.7 Radioligand binding experiments with whole cells

For radioligand saturation binding with whole cells, expressing the develoged DongR-, DsR- or
Ds4R-ELucC fusion constructs, cells were cultured in an®flask to a confluency of appx. 80%,
detached with a cell scraper and resuspended-irblcontaining 5% FCS. After centrifugation (600
5min), the cells were resuspended iflh medium containing 10@g/mL bacitracin at a density of
0.15 x 16cells/mL. The assay was carried ouaifinal volume of 20QL/well in 96well polypropylene
plates. The radioligand®{l]SCH23390 (R; specific activity: 8Ci/mmol, Novandi Chemistry AB,
Sodertalje, Sweden) was applied for thgkDn a concentration range from 0.6 to 4nM. For the
D2344R, PH]N-methylspiperone (Bs24R; specific activity: 7€i/mmol, Novandi Chemistry AB,
Sodertalje, Sweden) was used in a concentration range from OR® 1.5nM for the DionR and

the DsR or 0.0 M to 3.0nM for the D 4R. After incubation fo80 min (Duong,3.4.R) or 120min (OR) at
room temperature, bound radioligand was separated from free radioligand by filtration through PEI
coated GF/C filters using a-9&ll Brandel harvester (Brandel Inc., Unterféhring, Germany). Filters
were transfered to (flexible) 145@101 96well sample plates (PerkinElmer, Rodgau, Germany) and
after incubation with scintillation cocktail (Rotiszint eco plus, Carl Roth, Karlsruhe, Germanf) for 5
radioactivity was measured using a MicroBeta2 plate counter (flrkier, Waltham, MA, USA). Total
and nord LISOAFTAO RIF Ol ¢gSNBE T Atdlall @ Rno@BaISORIT A D2 RATY Ra g &
hyperbolic curve fit for total binding and linear regression for+specific binding. Specific binding was
fitted to the modd & 2 YA ISEOMIFS @G valuks/wWerk yfamsfodned intoka and means and

SEMs were calculated from the respectiV@ yalues.

Competition binding experiments with whole cells expressing the fusion proteins were carried out
analogous to saturation ibding experiments with whole cells as described abovi{N

methylspiperone was applied at a final concentration of h®6for the DiongR and the ER or 0.5n1M
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for the Di4R. Nonrspecific binding was determined in the presence @2 (+)}butaclamol (BongR,

DsR) or nemonapride (QR). Competition binding curves were fitted using a fparameter fit

6aft 2361 A2y APENABGD O SNBI-RRIPE O F RNl 1dgiGEa® 3 MESE TAOL Y
biphasic fitting was tested asy 3 ( KS -af8dudredlF Tésdpfovided by GraphP&s.

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

Radioligind 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 buffen{&0Tris-HCI, inM EDTA, .M
MgChand 100ug/mL bacitracin, pH.4) to a final concentration of 0}83 (DR), 0.3ug (DiongR), 0.7ug

(DsR) or 0.81.0pg (D.4R) protein/well. Incubation time was 61in for the BiongR, BR and 4R or
120min for the DR.Unspecific binding was determined in the presence cb(taclamol (2006old
excess, IR, DongR, BR) or nemonapride (206fld, D:4R). PH]SCH23390 (R; specific activity:

81 Ci/mmol, Novandi Chemistry AB, Sodertélje, Sweden) was used in a caticentange from
0.04nM to 7nM for the OR. PHIN-methylspiperone (Bs4.4R; specific activity: 7€i/mmol, Novandi
Chemistry AB, Sodertélje, Sweden) was used in a concentration range froomM@23..5nM for the
DaiongR and the ER or 3.0nM for the D4 4R.

For competition binding experiments$H|N-methylspiperone was applied at a final concentration of

0.06nM for the DiongR and the ER or 0.1nM for the D 4R. Incubation time was G@in.

3.3.9 v dz y{A T A-@desiink segiuit@déht in liveells
HEK293T ELuéNlF NNH OSffa adl of e S E LIERECAfisHproteik SvereR 2 LI Y
detached from a 7&n? flask by trypsinization and centrifuged (705min). The pellet was
resuspended in-415 medium supplemented with 5% FCS, HEPE®NNOQand the cell density was
adjusted to 1.25 x Txells/mL. Then, 8AL/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 atmospherehd& next day, 1QuL of a 1GnM solution of Dluciferin in k15
medium was added to each well and the plate was transferred to avarened (37°C) INFINITE 200
Pro microplate reader (Tecan, Grodig, Austria). A baseline was measurednfdm B9 recordinghie
luminescence of the entire plate for 10@s per well in 11 cycles. Serial dilutions of the respective
agonists or antagonists were prepared 13 medium containing HEPES (i®) (assay buffer) and
warmed to 37°C prior to addition to the cells. Subsuptly, luminescence was recorded for 45 repeats
resulting in an overalberiod of 1 h. Negative control (assay buffer) and positive control (quinpirole
(DaondR), full agonist) were included for normalization of the data from th&JR. For measurements

74



A split luciferase complementation assayfoK S |j dzI y (i AafFestio réciuigngntt® ¥ |
dopamie D-like receptors

performed in antagonist mode, 10L of assay buffer were removed from each well before cells were
pre-incubated with the antagonist dilutions (1) for 20min. Antagonists were added simultaneously
with the substrate just before starting the baseline aserement. Then, quinpirole gegR) or
SKF81297 (B) 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 meanof 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, therdsmvalues of the solvent control were
subtracted from all data. For generating concentrati@sponse curves, the AUC after isth was

dza SR® 5FdF 6SNBE FTAGOGSR (2 -dilKNS 'YRERSS ta fa2f LA 00 TA22dyNU AL
pKo-values were alculated from 16 values according to the Chegfrusoff equatioff. All calculations

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

3.3.10 v dzl y i A T A-@dresiinR segfuit@ehit by endpoint measurement

HEK293T ELuéNl NNH OSft f & g dhé Idapdnine &deptdBBIECAflsidn protein were
prepared 24h before as described in the preceding section. In agonist modgl Xdf assay buffer

were added to each well before addition of (iR of agonist in different concentrations, resulting in an
assay volume of 10QL. In antagonist mode, cells were incubated withuLOof antagonist in different
concentrations for 2@nin, before quinpirole (1QIL) was added at a concentration eliciting 80% of the
maximum response. After incubating the cells witle tompounds for 9@nin at room temperature,

50 uL of assay medium were removed from each well anfdl56f BrighiGlo luciferase assay reagent

were added resulting in cell lysis. Plates were vigorously shakennfiim and bioluminescence was
recorded forl ms per well using an INFINITE 200 Pro microplate reader (Tecan, Grédig, Austria). Data
GSNBE FAGOSR (2 GUKS Y2RENABOR280EA2YISA0 Kvak3d LINEE YIS
were calculated from kg values according to the Cherfyusoff ejuation’®. All calculations were

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

3.3.11 Statistical analysis
Statistic differences were analyzed usingTest or a onavay ANOVA. All reportgaivalues are twe
sided, andp-values lower than 0.05 were cddsred 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

Ly GKA& &dddzReéX ¢S RS@St 2 LIS Rarréstina redfruknient fisdz® falle S NI & S
Daongand the I receptor, which, in case of thexBdR, is also applicable in live cells. The hypothesis
thatthe DwW R2 Sa Yy 2afrestiNBvadldtmifiimed, as no recruitment was measured at the

Ds4R. Our assay represents a homogeneous pestciple with a celpermeable 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. Fohé Diongand I 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 tRe Which makes it a versatile

(

G622t F2NJ GKS OKFNIYOGSNART I (A 2y -aedtin2Rexruiliment af e NB OS LI

DsR has played a rather minor role in the literature sé%ahis determination can still be an important
parameter for thecomplete characterization and development of future biased ligands in the field of
dopamine receptors. The influence of GRK2/3 and PKC at:iagRPDBR, and ER was investigated

using different kinase inhibitors, which shows that the assay can alsdlage to the deciphering of
signaling mechanisms. In summary, this split luciferase complementation assay is a powerful tool for
0§ KS RS S N-arrgstin2 keryitmedt®in dopamine Jike receptors. Thus it represents an
important methodological ekension for the identification of biased agonists, e.g., in multiparametric

analyses, and the characterization ofle receptor ligands.
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Chapter 4

4.1 Introduction

Traditionally, in G proteheoupled receptor (GPCR) targeted dmligcovery, new compounds are
characterked with respect to their pharmacological properties in binding and functional cell based
assays to determine ligangceptor affinities and to quantify distinct intracellular messengers,
respectively? A very proxnate technique to measure GPCR mediated G protein activation upon
agonist stimulation is, for example, thé{[ 8 D & @assdy, which is usually performed with cell
membrane preparatiorn’s By contrast, celbased assays focus on the quantification of furtdewn-

stream occurring intracellular second messengers, such as cyclit, Ald§itot1,4,5trisphosphate

(IP3for C&*%x g KA OK | NB N5 3MNIL-aGpBd récdptor® Mo monitor G protein
AYRSLISYRSY (G aArayl t Ay 3 zaregtn, Yileredt appriséshehi@ Nadzkidéy Sy (& 2 1
Among others, imagingased or splitluciferase complementation assdy8 (cf. chapter 3) are

FGF At of ST 02GK NBIjdZANRY I | Y Akt to Odkditheecgpto’ T (1 K S
i -arrestin interaction conveniently detectable. In principle, the secaneéssenger and effector
recruitment assays can be applied for the investigation of orphan GPCRs, however this requires more
efforts compared to s@alled labelffree technologés because for the latter the @otein coupling

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

The dopamine Bng receptor, a member of the rhodopsin family of GP€RBsd one of the natural

targets of the endogenous neurotransmitteéiopamine, exerts its functions primarily by activating

Bl NR 2 dz&4 & dedpioteind® % It Ba$ be@nhshown thathgR signaling is multifaceted and
comprises the activation of a variety of pathwégs . & | OG0 A Dl (protdiy, the FonR1 KS DN
inhibits the adenylyl cyclase and thus prevents the formation of cyclic AMP, leading to a decrease in

the phosphorylation of proteirkinase A (PKA) substratésMoreover, in the case of the dopamine

DaongNE OS LIG 2 NE G KS Di ! &aimdhddyeteridtimedcfGlpoOtiin aRet @TP B BoliidG Sa T
G2 (KS Bmedateairiidrehse in cytosolic calcium by activation of phospholipase €. (PLC)
However,as has been shown aneuronal celline, alsoexhibits an inhibitory effect on voltage tga

calcium channel®. In addition to the aforementioned signaling pathways, thg.gR signals through

I -arrestin2, a protein, that on the one hand is involved in the desensitization of the receptor and on

the other hand triggers G protein independesignaling’. Concerning dopaminezPeceptor ligands,

assays based on the quantification of cyclic AME -airestin2 recruitment®? or *{ 6 D¢ t ' {
binding>*have been widely used for pharmacological charaza¢ion. Having the complex signaling
mechanisms of the dopamine k), receptor (or GPCRs in general) in mind, it appears to be
advantageous to follow holistic approaches, i.e. ldbet technologies, llowing the measurement of

whole-cell responses to a ligahdDynamic mass redistribution (DMR) is a ldbet technology that

utilizes an optical biosensor to measure the redistribution of cellular constituents upon receptor

stimulatior?®. The biosensomused for measuring DMR is a resonant waveguide grating (RWG),
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consisting of a substrate and a cover lay@&hwn embeddedjrating structure, and a layer of adherent
cells that grow on the sensor surf&teAs depicted irFigure4.1, the bottom of the biosnsor is
illuminated by a broadband light source (82B40nm) 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 aets 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 Idcattiee

index near the sensor surfa®eRedistribution of cellular components, which has been reported as a
complexendpointof GPCR signaliffg’, results in changes in the refractive index next to the sensor
surfacé®. This leads to a shift of the @sance wavelength which is recorded over tiheThe
electromagnetic field that is generated by the propagated light, the evanescent wave, has a
penetration depth in cells of about 150200nm, which is referred to as the sensing voluriaus,

only changs in mass distribution in the senspear portion of the cells are detectét

agonist
stimulation

vy
redistribution of
celiuiarconstituents |

Sensing volume............. B
(150200 nm) |

biosenso

broadband light source  reflected wavelength shifted wavelength

Figure4.1. Schematic illustration of the DMR detection principle. Cells are grown in@8&36-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 genégd 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 changdractige index. This leads to a shift

of the resonant wavelength in the pm range, representing the readout of the DMR assay.

Labelfree techniques, such as DMR, are attractive because it is not necessary to know the G protein
isoform coupling to theeceptor of interest and a genetic engineering of the receptor is not required.
This enables investigations under more physiologdikal conditions, not least because there is no
interference with cellular processes by the addition of chemical agentenatquired for signal
detection in conventional assays. Another strength of the DMR technique is its outstanding sensitivity,
allowing the study of GPCRs at endogenous expressiondeudtsvever, it should be kept in mind

that extremely sensitive methadare especially erregprone.
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Labelf NES NBIF R2dzia NB 2FiSy NBFSNNBR (2 Fa aofl O
observed signal are not fully understoddTlherefore, specific antagonists or pathway inhibitors should

always be includetbr the interpretation of data derived from DMR or other laliede assays.

In this study, well character@d dopamine BERlike (partial) agonists and antagonists were investigated

in a dynamic mass redistribution assay using ®diQells expressing the mman dopamine Bong
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 differa signaling components, such ag Gpo, Gy11 proteins or

cytosolic C& was investigated.
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4.2 Results andiscussion

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 200hm, the adhesion of the cell to the sensor surface has a great impact on the sensitivity
of the assa¥f. The expression of the receptor in the GKD hDRnR cell line was determined by
radioligand saturation binding, shown ifrigureA7 (Appendix). For the determination of
pharmacological parameters under quasi physiological conditions in experiments involving intact cells,
an assay temperature d87°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 refriackeof the
medium being in contact with the sensor surfdécand the refractive index depends on the
temperature. A change of C results in a 2dm shift of the reflected wavelength (according to the

manufacturer), i.e. the temperature should be kepminstant during the assay procedure. Before

B
log c(dopamine) [M] 128 °C
-10

o

1 1 1 1 I T 1 1 I I I
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t [min] t [min]

37 °C log c(quinpirole) [M]

~
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Figure4.2. Time courses of DMR experiments performed with @MongR cells at 37 °@\(C) or 28 °CR, D).

Cells were stimulated with the indicated concentrations of dopamieBj or quinpirole C D) (added after

5min baseline recording) and the wavelength shifts were monitored. Signals were corrected by subtraction of
the vehicle control. Experiments were performed using -884l microplates. Shown are means + SEM of
representative experiments, ea@erformed in triplicate.
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addition of the agonist, the microplate was kept in the plate reafter adaptation to the assay
temperature and a baseline read was performed. Since the plate reademot equipped with an
automated liquid handling system, the receptor ligands were added manually outside of the device.
To keep the temperature change nrimal, measurements were performed at 28 and the resulting
pPEG, values, the time point of the peak and the shape of the DMR traces were compared to those
obtained from measurements at 3. Temperature has an impact on the fluidity of the cell
membraneand it was reported that the mobility of membrasaschored proteins increases with
increasing temperatur&. As shown irFigure4.2, stimulation of the cells with an agonist results in a
rapid shift in wavelength, which subsequently declinealtoost the baseline level. In measurements
performed at 37°C Figure4.2A and O, the peak appears already after 6.3 min, whereas at 28C
(Figure4.2BandD), the kinetics is slightly slower and the maximum wavelength shift is detected after
1.5-35min. The temperature decrease from 3C to 28°C did not seem to have another impact on
the shape of the DMR traces. To determine pB@lues from the DMR recordings, data were
converted to concentratiomesponse curves (CRGH, section 4.2.2) showrin Figure4.3. By

comparing the obtained pE&ralues Table4.1), it becomes obvious that the potencies determined

100= -+ enveercrrocccarariannanny :

dopamine
== 37 °C
504 28 °C
quinpirole

-&— 37°C

) / 28 °C

B B e B e B R m—
o 1110 9 -8 -7 -6 -5 -4 -3

log c(cmpd) [M]

% of maximal stimulation

Figure4.3. Concentrationresponse curves resulting from DMR recordings at different temperatures. Relative
maxima inwavelength shift §<max) are plotted against the logarithmic concentration of the respective agonist.
Data were normalized th<maxinduced by 10QuM dopamine or 1(uM quinpirole. Data are presented as means

+ SEM from three independent experiments, eaefprmed in triplicate.

in experiments at 28C are lower than those obtained from experiments at37To test for statistical
significance, a-test was performed ang-values < 0.05 were considered to indicate statistical
significance. In the case otiigpirole, the pE§; values obtained from measurements at different
temperatures were significantly differenfp(= 0.03), whereas the pEfvalues determined for
dopamine were notg = 0.981). The results obtained for quinpirole indicate an impact of fsaya
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 stargy the final read coul 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 (1437 °C¥3. Therefore, all subsequent experiments were performed at°Q8
Furthermore, due to other technitaeasons, the following experiments were conducted withvgsl

instead of 384well plates.

Table4.1. pEGo values determined by DMR measurements performed with B4MDRongR cells at different

temperatures.

cmpd. pPEGo+ SEM
37°C 28 °C

dopamine 7,95 +0.18 7.87 +0.15

quinpirole  8.34 + 0.04 8.03 + 0.06

Data represent means + SEM franmee 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\aediBplate and theDMR response

upon stimulation with quinpirole was recordeigure4.4A). Concentratiorresponse curves were
constructed Figure4.4B) and the resulting signal heights and pB@lues were compared. As can be

seen inFigure4.4A, the different cell densiés did not have an obvious impact on the maximal

observed wavelength shift. The plr@alues Table4.2) obtained from CRCEifjure4.4B) decreased

slightly with an increasing cell density. For statistical analysis, the potencies were compared by a one

wad !bh+! HAGK .2YyFSNNRYyAQa O2NNBOGAZ2Y TF2NJ Yd
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 deh5#y000 cells/well since this led

to 80-90% confluency after about Z¥of incubation.

600
c
cellsiwell 00 U,
— 72000 3
= 400 — 54000 g 754
= 36 000 a
& ® 50 cells/well
E £
~< 2004 = -0~ 72000
< g 25+ -0~ 54000
B o)t et B0
0 =
—r o r T B S B S S S S
0 10 20 30 40 50 60 012 11 10 -9 8 -T 6 -5 -4
t [min] log c(quinpirole) [M]

Figure4.4. Influence of the density of seeded CHQ DiongR cells on the quinpirole induced respongs. DMR
recordings of CH®1 DingR cellsstimulated with 1uM quinpirole. Data show one representative experiment
performed in triplicate. B) Concentratiorresponse curves of quinpirole derived from DMR measurements at
different cell densities. Data are presented as means + SEM from three imdiepe experiments, each
performed in triplicate.
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Table4.2. pEGo values of quinpirole (B3ngR) determined by DMR measurements with varying cell densities.

ol PECo* SEM (G )
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 Charactedation of reference ligands

After having determined the assay conditions for DMfasurements, concentratieresponse
relationships of weltharacterzed reference DR agonists and antagonists were studied. The following
agonists were investigated: the endogenous agonist dopamine, the full agonist quinpirole,
pramipexole, a drug commahl SYLX 28SR Ay (GKS GNBlFG¥Syld 27T
RA-F L2 Y2NLIKAY ST Ffaz2 | 1Y% degcribed aNJpartislaagontand i K S NI L.
aripiprazole, which is considered a prototype for third generation antipsycRoticQuinpirole 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 sliiim experiments performed with CHKL

hDaongR cells is shown iRigure4.5. The stimulation of the cells with quinpirole elicited a positive

A
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300 o
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c
:Elzuu 1AM <
= T
< 100 3nM §
— 10nM &
0 - R T T e e — 100 nM
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Ezoo = 200
= >
< 100 S 100
T T T T T T T 1 ' T T T T T T T
0 10 20 30 40 50 80 70 buffer 11 -10 -9 -8 -7 -6 -5
t[min] log c(quinpirole) [M]

Figure 4.5. Quinpirole induced responses of CHQ@ hDRongR cells recorded by DMR arwbrresponding
concentrationresponse curve.A) Representative time courses of the change in wavelength shift after
stimulating the CH&1 hDRiondR cells with quinpirole at various concentrations (performed in triplicate). The
measurement was performed &8 °C in a 9é&vell microplate. B) DMRtraces fromA corrected for the vehicle
control and concentratiomesponse curves generated by plotting the maximum change in wavelength shift
(k<max, pm) against the logarithmic concentration of quinpirole. Datasdrewn as meag SEM.
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concentration dependent DMR signdtigure4.5A). Under the applied conditions, the observed
change in wavelength shift increased rapidly, reached a peak at abamin,Jollowed by a rapid
decline and stabilization as a plateau abdlve baseline level. Comparable kinetic DMR profiles have
been reported for other ¢ coupled receptors expressed in CHO cells, such as the serotdiiiis 5
receptor®, the dopamine Breceptor® or the muscarinic Mreceptorl. As the DMR traces displayed
clear maxima, the maximum change in wavelength shi&n{; pm) was used to construct
concentrationresponse curvesHgure4.5B). Data fitting according to a foyparameter logistic
equation €f. Materials and Methods 4.3.5) afforded potencies @E@lues) and efficacies (&) of

the investigated BongR agonistsTable4.3).

All agonists induced a positive DMR response in a concentrdépandent mannerKigure4.6), from

which CRCs could be construct&dgre4.9A). Quinpirole, dopamine and prapexole appeared as

full agonists in the DMR assay, yielding fo&&lues of 8.48, 8.17 and 8.71, respectivalal{e4.3).

There are only little reports on the application of the DMR techniquestgdPeceptors, but Brust et

al.*2 determined data for dpamine and pramipexole (EX¥alues of 1M and 8.7nM 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 partiaRDagonist in &} & D ¢ t ding aséay (&«

= 53%F or 9094 relative to dopamine, p&€= 7.66° or 6.76"), appeared as full agonist in the DMR

4 quinpirole dopamine pramipexole
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Figure4.6. Representative DMR time courses of the concentratiependent change in wavelength shift € T
pm) induced by addition of the indicated reference agonistC€tdOK1 hDRingR cells Data were normalized to
the maximum wavelength shift induced byuM quinpirole (100%) and a buffer control (0%hown are data
(meanst SEM) from representative experimesnout of three independent experiments, each performed in
triplicate.
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assay with a high potency of é. Aripiprazole acted as partial agonist in the DMR assay yielding an
efficacy of 62% and a p&Gralue of 6.44, which was in good agreement with mepd data
(PEGo=6.23, obtained by conversion of the reportedsE@lue, determined in a DMR ass&y)

A selection of Preceptor antagonistsvere studied for their ability to inhibit the quinpiroleduced
DMR response mediated by the fJaR, confirming the specificity of the response. The investigated
antagonists were the antipsychotics haloperidol, nemonapr&le)-sulpiride and the antiemetic drug
domperidone. All four compounds, added 8 min after the addition of the agonist, antagbttize
guinpirole induced DMR response in a concentratiiependent manner and comparable kinetic DMR
traces were observed. Representative DMR time courses are showRigired.7. Higher
concentrations of the antagonists led to a steep negative DMR resposisw the baseline level (ca.

£90%), whichwas reabed after abait 18 min. Subsequently, the DMR traces asiemh slowy

haloperidol nemonapride domperidone

% of ECgp stimulation
(relative to 30 nM quinpirole)

T T T T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70 O 10 20 30 40 S0 60 70

t [min]

— quinpirole
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— 0.1nM
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— 30nM
— 100 nM
1000 nM

% of ECgq stimulation
(relative to 30 nM quinpirole)

=100+ T T T T T T T
0 10 20 30 40 50 60 70
t [min]

Figure 4.7. Inhibition of the quinpirolenduced DMR response by selected dopamine receptor antagonists.
CHOK1 hDongRcells were stimulated with quinpirole at a concentration eliciting 80% of the maximal response
(30nM) and the DMR signal was recorded fami followed by the addition of varying concentrations of the
indicated antagonist. Data were normalized to the ximum wavelength shift induced by 3®/ quinpirole
(100%) and a buffer control (09%8hown 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 cycke and increase in intracellular cAMP. Similar DMR traces were also observed for
the G-coupled muscarinic Mreceptor, expressed in Flp CHO celt& As demonstrated ifrigure4.8,
preincubation of the cells with the antagonists for/d prior to theaddition 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 responsenk80 the cells werdncubated with
varying concentrations of haloperidol for &@in. Data were normalized to the maximum wavelength shift
induced by 30M quinpirole (100%) and a buffer control (0%). Dagpresent means SEM from three
independent experiments, each performhén triplicate

courses consisting entirely of positive signals. Hence, this kind of antagonist mode allowed the
construction of concentratiomesponse curves F{gure4.9B). The observed responses from
experiments involving antagonists were less stabimgared to the measurements with agonists and

the wavelength shifts showed larger variations within individual triplicatés={gures4.6 and 4.7).

The inhibition curves obtained from the measurements with antagonists displayed Hill Slopes partially
deviating strongly from unity (from1.18 forS(-)-sulpiride to-1.95 for nemonapride). Therefore, the
typically used ChenBrusoff equation was considered inappropriate for the calculatiok,ofalues

FYR F aY2NB 3ISy SmisdffequatignRidhddibp LRff anKZoyg#l that takes the

Hill coefficient into account, was used to convegp Malues toK;, values (as described in Material and
Methods, 4.3.5). The obtaineKpvalues are shown iflable4.3. Unfortunately, no reference data of

the studied dopamine Preceptor antagonists obtained from DMR measurements were found in the

literature for comparison.

All investigated BungR ligands were tested for eférget activity in untransfected CHKL cells. As
shown inFigureA8 (Appendix) non®f 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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Figure4.9. Characteration of a set of reference DR agonis?$ &nd antagonistsH) in theDMR assay. CHL
hDz0ngR cells were treated with varying concentrations of the indicated ligands and the DMR signal was recorded
over a timecourse of 60nin. The maximum wavelength shift &axy was used to construct concentratieifect

curves. In agast mode A), the response was normalized to a solvent control (0%) and the maximum response
induced by JuM quinpirole (100%). In antagonist mod8), the cells were preincubated with various
concentrations of antagonist for 3@in before quinpirole wasdded at concentration (3GM) that induces the
response equal to 80% of the maximal response inducediy df quinpirole. The response was normalized to

a solvent control (0%) and the response induced byKa0quinpirole (100%). Data represent means MS#

three independent experiments, performed in triplicate.

Table4.3. pEGo and Eaxvalues of BR agonists andia values of BRantagonists from DMR studies at CIKD

hDZIond? cells.
PEGo+ SEM pKox SEM
compound (EGo, nM) % Enax N (Ko, NM) N
quinpirole 8.48 £0.05 (3.4) 100 9
dopamine 8.17+0.10(7.4) 110x9 3
pramipexole 8.71+£0.08(2.0) 97+0.1 3
R(-)-apomorphine  9.25+0.09 (0.60) 102+5 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 *
performed in triplicate.

SEM determinedNimdependent experiments, eac
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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 radiokgaaidg
|y Rarréstin2 recruitment assays, which were described in chapters 2 and 3, respectively, as well as
with data from a miniG protein recruitment assay. Structures of the investigated ligands are given in
Figurel.3in the general introduction. T®uminiG protein recruitment assay was developed by Horing
et al**for all four histamine receptor subtypes and was adapted to the dopaming.pi2ceptor for
this study. The misGLINB § SAY A& RSNA FSR T NRMbuditknBerendtetionss S R2 Y I
GSNBE AYGNRBRdzZOSR G2 OKIy3S a(nGsil.(RedabshylisybasedionIBeOA F A O
splitluciferase complementation technique, employing an engineered luciferase from asdeep
shrimp, the NanoLuc (NL4§)to monitor the miniG recruitment to the receptor (leading to
reconstitution of the NLuc) upon activation of the receptor with an agonist. Kinetic profiles of the mini

G recruitment to the DongR are shown ikigureA9 (Appendix).

In the case of the agonists quinpirole,monine and pramipexole, the pe@ | f dzS§a 206 Gl Ay SR
arrestin2 recruitment and minG recruitment assays matched well with each other, showing a trend
G26FNR af AIKGf @& KAan@dR N3sdyHalied ¢).0n tikeZadidligandicéntpetitio
binding assay, binding constants for a hajfinity and a lowaffinity binding state of the receptor were
obtained for these agonists. When comparing th&pnd @ values with the potencies obtained in

the different functional assays, including DMeasurements, it appears that the pg@alues
correlate better with theK-values for the higtaffinity state (Table4.4). This was in good agreement
with the different reports on the higlaffinity state of the Dongreceptor being the functionally relewt

state, as already mentioned in chapter 2. The concentratésponse curves as well as the radar chart
(Figures4.10A+B show that the potencies determined in DMR measurements are higher compared
to potencies obtained from the pathway specific functibassays. The intrinsic activities exhibited by
these agonists in the different assays were also highest for the DMR &dgageé4.10A+Q. It has

been reported that the sensitivity of DMR can be higher compared to traditional @$saysDMR
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,
GKSNEI & 02 YLIS takestihZayid niinkGyeRraityhéhEwere determined using HEK293T
cells. Different cell populations of different cellular background can exhibit varying efficiencies in
transducing signals and amplifying receptor stiffdfiand 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 attributesl ddferent cell type

or could arise from a combination of the different factors. The rank order of potencies
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(pramipexole> quinpirole>R2 LI YAY S0 61 & GKS alyYS Ay GKS a0O2y @Sy

readouts)and the holistic technique.

R-(-)-Apomorphine, which was reported to act as.RR partial agonistin @Y 6 D¢t * { O6AYRAY 3
(cf. section 42.2), exhibited efficacies of a full agonist in the r@recruitment and the DMR assay
YR FLIISENBR | a LI WdedtifecrhitAehyadsayrgurddylo, Bablédyh). Witk S |
PEG D f dzSa 2F 71 dywm I YR -amedtimbandRie inBBlasday, &spechively, theK S
potencies are in the same range as the @f 7.33 determined by radioligand competition binding.
Measuing the R-(-)-apomorphine induced DMR yielded a markedly higher potency, g p&Qe of

9.25. The higher potency &(-)-apomorphine determined in the DMR assay compared to the other
assays could emerge from amplification of the response due to thealdistdout, 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 agotsis SinceR-(-)-apomorphine did not elicit a DMR signal in
untransfected CH&1 cells, as shown FigureA8 (Appendix), it is unlikely that the observations result
FNRY &iAYdz h-dolped GERCRKtBaNbir®(H-apomorphine with moderate to hhy
FFFAYAGE O Sa@rEceptorsRide FHE NEEpOr®) fand are potentially expressed in CHO
cells. Therefore, a plausible explanation for the observed high potenBY(-papomorphine in the

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

Aripiprazole displayed a high affinity towards thgongR, with a & of 8.08, and pE&values ranged
from 6.44 (DMR measurements) to 7.1 (r@recruitment assay). Its efficacies ranged from 11% in
{ K Sarrgstin2 recruitment to 62% in the DMR ass#&jg(re4.10, Table4.4). Aripiprazolewas
reported to be a high affinity partial agonist at the Beceptof?, which is in line with the obtained

results.

The data of the antagonists analy in the different assays are summarized Tiable4.5 and
concentrationeffect curves are shown iRigure4.11A Gererally, antagonistic activities determined

in the minkGNJ O NHzA (i Y-&8r¢siin? reéruitrBentiand the DMR assay were in good agreement.

As already observed for the potencies (pfeGf the agonists, a tendency to highdfalues in the

labelree asay was observed for (butaclamol, domperidone, haloperidol and nemonapride. For

these compounds, the affinities determined in radioligand displacement experiments are consistently

higher compared to the k values.S(-)-Sulpiride represented an excepti as its affinity (k) was

markedly lower compared to the antagonistic activities(p RSUSNXYAY SR Ay GKS «a
functional assays and the holistic DMR asdagufe4.11B). Moreover, in contrast to the other

antagonists, the highestifp value ofS(-)-4 dzf LJA NA RS & | Garr@sin2 tedruffirSeRt agsay. (0 KS |
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However, the B values of this antagonist obtained from the different functional assays were similar,
ranging from 8.70 (mirGNJB ONHzA G Y Sy (i  -hréestin2 &éeoruitthéhasgaP b 0 |
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Figure4.10. Comparative binding and functional datas#lected dopamine f3ngR agonistsA: concentration
response curves and competition binding curves from different assay types. The -agl#t Was inverted for
illustration purposesB: radar plot presenting pEéor pki values.C radar plot presentingfficacies (%) obtained

in thefunctional assays. Competition binding experiments were performed on homogenates of HEK228€ CRE
hDaongv O S-Arflestin® recruitment assays were performed using whole HEK293T 4 LbicNINzknR-ELBICC
cells, the minG recruitment assay was perfored with whole HEK293T NluehiGsi hongRNlucC cells and the
DMR measurements were carried out using whole DR cells. Data represent meatSEM from at
least three independent experiments, each performed in triplicate.
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Figure4.11.Comparative binding and functional datasaflected dopamine fandR antagonistsA: inhibition and
competition binding curves of selected dopamingoddR antagonists from different assay typ&s.radar plot
presenting pEé or pK values. Competition binding experiments were performed on homogenates of HEK293T
CRELuc hDongv O S{Arfesdtid? récruitment assays were performed using whole HEK293T £LLcNINH
hDzongRELucCells, the miniG recruitment assay was performed with whole HEK293T Nm@$i hDond?
NlucC cells and the DMR measurements were carried out using wholeKCHMondR cells. Data were
normalized to the response induced by quinpirole at concentrations of/180 -arregin2 recruitment), 15(M
(mini-G recruitment) or 30nM (DMR). Data represent mearts SEM from at least three independent
experiments, each performed in triplicate.
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Table4.4. D2ongR affinities (B values) of BR agonistgletermined in competition binding assays as well as potencies{pBides) and efficaciesrk) determined in different
functional assays.

competition binding i -arrestin2 recruitment mini-G recruitment DMR
compound pKnor pKi  pKi PEGo Emax (%0) PEGo Emax (%0) PEGo Emax (%0)
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 9733 7.01+£0.10 99+35 8.17+£0.10 110+£9.0
pramipexole 7.35+£0.12 5.76 £0.03 8.01+£0.15 89+338 7.71+£0.08 96+0.9 8.71+£0.08 97+0.1
aripiprazole 8.08 £ 0.02 - 6.96+£0.13 11+1.3 710£0.05 17+1.0 6.44+0.13 62+10
R(-)-apomorphine 7.33+0.13 - 7.81+£0.03 8742 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.

Table4.5. DaongR affinities (i values) of BR antagonists determined in competition binding assays afad@ues determined in different functional assays.

competition binding i -arrestin2 recruitment mini-G recruitment DMR
compound pK; pKy PKo PKo
(+)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 trifplicatees were derived b
converting 16 values toks values according to a modified CheRgusoff equation, as described in Material and Methaisition 4.3.5.
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4.2.4 Investigations on the signaling pathway in @@nR cells by DMR

4.2.4.1 Contributions of f3, G or Gy11 proteins to the BondR mediated DMR response

Aiming at a deconvolution of the response pattern @HOK1 hDindR cellsobserved in DMR
measurements, distinct components of the signaling cascade were silenced using different
pharmacological tools. For these studies, the cellular response was ellmytdtie DR agonist
quinpirole. The BundR couples to G proteins of theGamily*?and it was reported that DMR measures
signaling effects downstreanf G protein activatioff. To investigate the contribution of,&signaling

to the DMR response, thB f, protein was blocked with pertussis toxin (PTX), which prevents the
interaction of the respective receptor with the G protein by ARR 6 2 4 f | G A2y 2 F (KS
Additionally, the effects of masking éhd G signaling with cholera toxin (CTX)dathe depsipeptide
FR900359, respectively, were examined. CTX, like PTX, is aibb@dyRiting toxin which inhibits the

D¢t &S | QH Y RA G &dz& T DEsybars ditdapermanknfy aflive stafe FR900359

& dzLJLINES asipabtraBducly o0& AYKAOAGAY3I (G(KS RA&AAZOHel GAZ2Y
effects of these compounds on quinpirole induced DMR responses ilKCHD,nR cells and the
derived potencies and efficacies are showifrigure4.12 and Table4.6. Asexpected, the application

of PTX resulted in a concentratiolependent decrease in the DMR respondag(re4.12A),
identifying Go proteins as the main elicitor of the observed response. Increasing the PTX concentration
from 5ng/mL to 10ng/mL did not éad to a further suppression of the DMR signal, as can be seen in
Figure4.12A The remaining maximal effect of quinpirole observed in the presence /ML PTX

was 6% Table4.6), which was significantly different from zero (etaled ttest, p < 0.09. A slight
rightward shift of the concentratiomesponse curves of quinpirolappearedin the presence of
increasing concentrations of PTX, resulting in decreasingo pallies Figure4.12B Table4.6).

Masking Gproteins with CTX led to an apparentriease in quinpirole efficacyf section 4.2.4.2)

without markedly shifting the concentratieresponse curves Fgures4.12C+D Table4.6). As
expected, the inhibition of the Pprotein with FR900359 did not show a pronounced effect on the
quinpirole indiced DMR response at any of the applied concentratigigure4.12B. These results
supported the hypothesis that the observed DMR signal after stimulation of the cells with quinpirole
Ad GNRAIISNBR 08y Bh YANE (i B §RER &S BoSnot Ronsiderably
contribute to the response. PTX, CTX or FR900359 on their own did not induce a DMR response in CHO
K1 hDiongR cells (AppendikigureAl0).
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Figure4.12. Effects of PTX, CTX and FR900359, capable of silengitg &hd G signaling, respectively, on the
quinpirole induced DMR response in CHOhDzonR cellsACE representative recordings of the quinpirole

(1 uM) induced response of untreated cells (control) and cells pretreated with pertussis toxin A, T¢hofera

toxin (CTX)@ or FR90035%. Data were normalized to the maximum change in wavelength shift induced by
quinpirole (1uM) observed in untreated CHKIL hDRiongR cells (100%) and a buffer control (OBbELoncentration
response curves of quinpirole resaly from DMR measurements in the absence (control) or presence of PTX at
different concentrations. Cells were pretreated with PTX for aboulh.2D: concentrationresponse 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 the case of blockingsGignaling by FR900359

(B), celb were incubated with FR900359 foh before the addition of quinpirole and subsequent measurement.
Data inBandD represent means SEM of three independent experiments, each performed in triplicate.
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Table4.6. Potencies of quinpirole determined &HD-K1hDzongR celldy DMR in the presence of pertussis
toxin (PTX) or cholera toxin (CTX).

pEGOi SEM % Eax* SEM

PTX control 8.46 £ 0.05 100
0.1 ng/mL 8.43+£0.05 89+4
1 ng/mL 7.88 £ 0.07 34+5
10 ng/mL - 61

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 th
independent experiments, each performed in triplicate

4.2.4.2 Effect ofelevated adenylyl cyclase activity on the.rmediated DMR response

An increase in quinpirole efficacy, observed after treating the.hR expressing CHKL cells with

CTX, was also found when the cells were incubated with forskolin before theoadditihe agonist
quinpirole, as shown ifrigure4.13. 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 ABBosyl residue to the &ssubunit, resulting in an inhibition of the GTPase

I OG A @ A, ivBich & Bhus Ddnstitutively actite Consequently, cellular cAMEvels are elevated.

forskolin

200+

1504

— control
forskolin 1 uM
forskolin 1 uM, quinpirole 1 pM

100+

relative response (%)

t [min]

Figure4.13. Effect of forskolin on thguinpirole-induced DMR response obiladR expressing CHIKL cells. The

cells were stimulated with quinpirole {(iM, control) or forskolin (LuM) alone or incubated with forskolin (iM)

for 40min and then stimulated with quinpirole {iM). Data were normalized to the maximum change in
wavelength shift induced by quinpirole M) observed in untreated CHKRL hRiondR 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 cfclasas reported

that after prolonged forskolin treatment of fhR expressing Ltkells, quinpirole showed increased
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inhibitory efficacy in cAMP accumulation as$ay3his effect was observed already afteh bf
forskolin treatmen?’. For the same Ltkcells, it was shown that forskolin treatment for h&aused an
up-regulation of ok expression, due to enhanced cAdEpendent transcriptioff. Whether
treatment of the CHEX1 hDiongR cells with forskolin or CTX resulted in higher receptor expression was
investigated by radioligand binding experiments. For this purpose;KH@nR cells were treated
with forskolin (1uM) for 40min or 20h or with CTX (1008g/mL) for 2th and the binding of [3HN-
methylspiperone (hM) was compared to that of untreated CHQ hDndR cells. As shown in
Figure4.14, incubating the cells witliorskolin for 40min did not exhibit a marked effect on the
receptor expression. However, prolonged treatment with forskolin forh2@sulted in a strong

increase in specific radioligand binding, being in line with the observations reported in theuliasfat

2504

N
o
T

-
(6}
T

—_

o

o
1
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% specifically bound PHJNMSP
(relative to control)

\ a0 A\ A\
C’O{\::\(\ A0 oW ,‘6\(\ 7,00 ‘(* (LQ

Figure 4.14. Comparison of [3H§-methylspiperone binding to the hlhgR expressed in CHCQL cells after
treatment with forskolin (fsk) or CTX with [¥nethylspiperone binding to untreated cells. Cells were grown
over night andreated with forskolin (JuM) for 20h or 40min or with CTX (100g/mL) for 2Ch. In a 9éwell
plate, 16 000 cells per well were incubated with [Hhethylspiperone (M) for 60min. Nonspecific binding
was determined in the presence of {Biitaclamol (2 uM). Data are normalized to radioligand binding to
untreated cells (100%, control) and nepecific binding (0%). Presented are mea®EM from two independent
experiments.

Incubation of the cells with CTX for B@xhibiteda less pronounced effect bthe observedincrease
in specific [*H{-methylspiperone binding wasignificant(p = 0.014, twetailed t-test), indicating a
slight upregulation of the hR,ndR. This could account for the increase in wavelength shift depicted in
Figure4.12C However these results do not explain the marked increase in quinpitateiced DMR
response in CH®1 hDiondR cells observed after treating the cells with forskolin formi0 and the

underlying mechanisms remain unclear.

Forskolin alone mediated @egative DMR signaFigure4.13) with a minimum at about &in. The
signal then increased and reached a plateau below the initial baseline, similar to the feistaled

DMR signal reported for CHKL cell®’.
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4.2.4.3 Effects of calcium depletion oa Hondrmediated DMR response

The data shown ifFigure4.12E&4 dz33S a (i SR i prdtein, medieding B strong increase in
cytosolic calcium upon activatiéhis not activated by thedan.gR. However, it was reported thatRR
signalingh Yy ONB I aS& AYyUGNI OSt f dzt I NJ Ol f OA de¥diateSadtvdtian A y
of the phospholipase C resulting in the release &f ftam intracellular store¥. Whether calcium also
played a role in the formation of the quinpireleduced DMR traces in CHRL DiongR cells was
investigated by depleting the extrar both the extraand intracellular calcium pools. For tipsrpose,

EGTA was added alone or in combination with thapsigargin, a specific inhibitor of the endoplasmic
reticulum C&-ATPas¥. EGTA is a metal ion chelating agent, which cannot permeate the cell
membrane and shows higher specificity fof'@ans compared to Mg-ions. Complexation of Ezby

EGTA leads to a €depletion in the extracellular mediuth The combination with the membrane
permeable agent thapsigargin leads to an additional depletion &f]f€aSurprisingly, both conditions
completely abrogated the quinpiroleduced response of CHKL hDiongR cells observed in DMR
measurements Kigures4.15A+B). Figure4.15C 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 canii5The lack of a detectabDMR response
under conditions of calcium depletion was further investigated and the changes &, [&fter
stimulating the hBongR expressed in CHCL cells with quinpirole was explored by performing a Fura

2 calcium assayonly high concentrations afuinpirole (1uM and 10uM) induced a low increase in
intracellular C& concentration in CH®1 hDRngR cells over the buffer control (:ald, cf. FigureAl1,
Appendix). For comparison, activation of the muscarinicédeptor, a @::-coupled recepto, results

in an about 16fold increase in intracellular €aconcentration in CHBM3R cells as detected by a
Fura2 assa§f. Consequently, the abrogation of the DMR response by treatment with EGTA and/or
thapsigarginrmust have different underlying mechanisms. A potential effect f @gpletion on the
binding of quinpirole to the receptor was considered a possible reason. Therefore, radioligand
competition binding experiments were performed in the presence of EGTWMR However, the
results showed that chelation of €dons by EGTA had no marked effect on the binding of quinpirole

to the hDuongR. €f. AppendixFigureAl2).
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Figure4.15. Effects of calcium depletion on the quinpirdleduced DMR traces ofzlhdR expressing CHOL
cells.A: Response induced by quinpirole () in the absence or in the presence of EGTAKD in the assay
buffer. B: Cells were préncubated with thapsigargin (M or 2uM) for 20min before the addition of quinpirole
(1 uM). EGA (2mM) was present in the assay buff€.Thapsigargiinduced effect on CH®1 DRiongR cellsThe
assay buffewas supplemented witEEGTA (2nM). In all experiments, after replacement of the medium by the
EGTAcontaining buffer, cells were allowed tomdition in the preheated plate reader (28C) for 2h. Data were
normalized to the maximum change in wavelength shift induced by quinpirgléMjlobserved in untreated
CHOGK1 hDiongR cells (100%) and a buffer control (OBP@ta shown are means + SEMejfresentative recordings
performed in triplicate of three independent experiments.

In conclusion, extracellular or extrand intracellular depletion of calcium resulted in conditions under
which either the hRongR cannot be activated or the hldRmediated signaling cannot be detected by
DMR measurements. Calcium is a ubiquitous intracellular second mes&enbah is involved in
numerous cellular processes including the modulation of &ttBince the DMR readout is based on
actin-dependent cytoskeleton rearrangements or changes in cellular shape, depletiorf'afoGia
interfere with the measurement at this level. However, the underlying mechanism leading to a

complete abrogation of the quinpirolemduced DMR response remainnclear.
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4.3 Materials and Methods

43.1 Materials

5dzf 6 SO002Q4& Y2RATASR 9 335 @ain (DMERME D AVith YrambN&dSLy & YA E
glutamine and sodium bicarbonate was purchased from Sigma (Taufkirchen, Germany). Fetal calf
serum (FCS), trypsin/ERRNd geneticin (G418) were from Merck Biochrom (Darmstadt, Germany).

Furan !'a ¢l a FTNRBY aSND] . A2 OKNR Y-15nBdiuNIE®D)imasRrort D S NI |
CAEAKSNJ {OASYGAUO ObARRSNI dzZ DTethiel GitbHd BWiesh&IbIdl dza & A 3
Germany), FR900359 (UEIC) was purchased from the University of Bonn (Germany) and cholera

toxin was from Enzo Life Sciences GmbH (L6rrach, Germany). Thapsigargin was purchased from Tocris
Bioscience (Bristol, United Kingdom), EGTA and forskolin weneSigmaAldrich GmbH (Taufkirchen,

Germany).

4.3.2 Generation of plasmids

Molecular cloning of the plasmids containing the mGsi protein fused to ftegriinal fragment of the
NanoLuc (NucN) and the dopamine hlhR fused to the @erminal fragment of the NaoLuc (NucC)

were performed by Carina Horing as described elsewRavigh modifications. The human coden
optimized cDNA fragment encoding the miBsi protein was synthesized by Eurofins Genomics
(Ebersberg, Germany). Plasmids containing the -BlialitoLe fragments were from Promega
(Mannheim, Germany). The cDNA of theakgR was kindly provided by Dr. Harald Hibner
(Department of Chemistry and Pharmacy, FrieddddxanderUniversity, Erlangen). All cDNAs were
amplified by PCR and the mGsi protein, ahhivas fused to the respective sgliciferase fragment
(NLucN, large NanoLuc fragment), was cloned into a pIRESpuro3 vector (ClontegBeBaaiten

Laye, France) by standard molecular cloning techniju@be hBogR was cloned into a pcDNA3.1
vector (Thermo Scientific, Nidderau, Germany) via Gibson assembly. The pcDNARIUEIC® was

used as a template. The vector was linearized using standard PCR techniques and the sequence of the
human dopamine Eyng receptor was amplified and simultaneoustyerlaps 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) resog in a Dongreceptor that is @erminally fused to the NLucC

(small NanoLuc fragment). All sequences were verified by sequencing performed by Eurofins

Genomics.

4.3.3 Cell culture
CHGOK1 hRonR cell®” were a kind gift from Dr. Harald Hibner (Departmerit@hemistry and
Pharmacy, FriedricAlexanderUniversity, Erlangen). These cells were cultured in DMEM/F

supplemented with 10% FCS and 600 pg/mL G418 &€ 37 a watesaturated atmosphere containing
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5% CQ HEK293T INcNmGsi hRongRNLUCC cells wex cultured in DMEM supplemented with 10%
FCS, ig/mL puromycin and 60@g/mL G418 at 37C in a watesaturated atmosphere containing 5%
CQ. Cells were routinely tested for mycoplasma contamination using the Venor GeM Mycoplasma

Detection Kit (Minerva Blabs, Germany).

4.3.4 Generation of stable transfectants

Transfection of the HEK293T cells for the i@rprotein recruitment assay was performed by Carina
Horing (Lehrstuhl fur Pharmazeutische und Medizinische CHemie Il, Institut fir Phatdravessitat
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 NLunfSsi protein and tt pcDNA3.1 plasmid encoding theslkR-

NLucC fusion protein according to the XtremeGene HP transfection protocol (Merck, Darmstadt,

Germany).

4.3.5 Dynamic mass redistribution assay

Dynamic mass redistribution monitoring was performed with an EnSpire multimode reader (Perkin
Elmer, Waltham, USA), equipped with the Corning EPIC-flaisetechnology using a resonance
waveguide grating (RWG). CHHQ@ hDRionR cells were detached from &-2m?2 flask by trypsinization

and centrifuged (221 °C, 700 g, kin). The pellet was resuspended in DMENZZcontaining 10%

FCS and the cell density was adjusted to-Q.& cells/mL. 9QuL of this cell suspension were seeded
into 96-well EnSpire laldree sensor plates (cat # 6055408, Perkin Elmer), resulting in 54 000 cells per
well. When 384well plates (cat # 6057408, Perkin ElImer) were use@il56f a cell suspension with a
density of 0.32 10° cells/mL were seeded, resulting in 16 000 cells\pell. Cells were incubated at
37°C in a humidified atmosphere containing 5% @@rnight. The next day, the culture medium was
removed and the cells were gently rinsed with |0 (96well plates) or 3QuL (384well plates) of
serumfree L-15 medium suplemented with 10nM HEPES and 0.1% DMSO (assay buffer).
Subsequently, 90 pL (agonist mode) on@0(antagonist mode) of assay buffer were added per well in
the 96well plates. When 384vell plates were used, 4L of assay buffer were added. The cellseve
incubated in the assay buffer for2in the preheated plate reader (28C or 37C for assay
optimization experiments) before arbin baseline was recorded. Afterwards, {l0 (96well plate) or

5 puL (384well plate) of compound diluted in assay buffé0-fold concentrated, 9avell plate) were
added and DMR signals were acquired everg 8 a period of 6@nin. The readout is presented as

the shift of resonance wavelength over tinfe< ¢ (olitained by subtracting the last baseline
measurement€(0)) fomi KS NI ¢ RI G 27F { K& oHROY-&(@).CoddehtrRtiodr G G A Y S
NBalLlzyasS OdzNBSa 6SNB 02yaidNHzOG SR @.pmbiig@nstine y 3 (1 K¢
logarithmic ligand concentrations. The data were normalized to theimmam response induced by
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1 uM quinpirole (100%) and the buffer control (0%) and fitted according to adartameter logistic
equation (log(agonist) vs. responseariable slope, GraphPad Prism 9.0) to obtaig #Jues. Means
were calculated from indidual pEGs values. Data obtained from experiments with antagonists were
normalized to the maximum response induced by quinpirole corresponding to §aé3@M; 100%)
and the buffer control (0%:;-15, supplemented with 0.1% DMSO) and fitted according four
parameter logistic equation(log(inhibitor) vs. responsariable slope, GraphPad Prism 9.0) to obtain
IGo values.|1Gyo values were used to calculaté values according to a modified CheRgusoff

equation, described by Leff and Doutfall

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

response curve. Means weoalculated from individuall values.

4.3.6 Mini-G protein recruitment assay

HEK293T cells coexpressing then®NLucC and the NLuaNGsi fusion proteins were cultured in-75

cn¥ culture flasks. One day prior to the experiment, cells were detached by trypsinization (0.05%
trypsin, 0.02% EDTA in PBS) and centrifuged (80thip)5Subsequently, the cells were resuspended

in L-15 supplemented with 10 mM HEPES (Serva, Heidelbenga®g) and 5% FCS. The density of the

cell suspension was adjusted to 1:2%° cells/mL and 8QiL/well were seeded into a white fldttottom

96-well microtiter plate (Cat. No. 781965, Brand GmbH + CoKG, Wertheim, Germany). Cells were
incubated at 37C ina watersaturated atmosphere without additional @@vernight. Shortly before

the measurement, the substrate furimazine (Promega, Mannheim, Germany) or coelenterazine h
(Biosynth AG, Staad, Switzerland{® stock) was diluted in-L5 and 1QuL were addd to the cells

(final dilution of the (delivered) stock: 1:1000). The plate was transferred to dngated (37°C)
EnSpire plate reader (Perkin EImer Inc., Rodgau, Germany) and the basal luminescence was recorded
for 15min. Then, 1QL of the agonist s@l dilutions were added to the cells (to give a final volume of
100 pL) and luminescence traces were recorded fomitb (agonist mode). In antagonist mode, the
antagonist dilutions were added and the baseline was recorded fanihSbefore the reference
agonist quinpirole (B concentration; 15(MM) was added. Luminescence was captured with an
integration time of 0.1s per well. Data were analyzed using GraphPad Prism 9.0 software (San Diego,
CA, USA). The relative luminescence units (RLU) were corfec{atight) interwell 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 respectids lcontrol. AUCs of the luminescence

traces foreach concentration were calculated and normalized to the maximum responseildf 1
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quinpirole (100% control) and-15 (0% control) for the agonists. For normalization of the data
obtained for antagonists, the maximum response induced by 150 nM quinpl@0¥4) 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 fegparameter logistic equation (log(c) vs. respose
variable slope). The fits yieldgEGo and EaxVvalues in the case of agonists, anghi@lues in the case

of antagonists, which were used to calcullitevalues according to a modification of the Chdhrgisoff

equation, as described in the preceding section (4.3.5).
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4.4 Summary andonclsions
The labelfree DMR technology was successfully applied to-®H©ells stably expressing the human

dopamine Dongreceptor. Experiments performed at different temperatures showed that the kinetics

of the agonistinduced DMR response was slighthovebr at 28°C compared to 37C and
concentrationresponse curves (CRC) oRDagonists were almost not affected by this temperature
variation. Therefore, a temperature of 28, being favorable when working with a device without
automated liquid handlingystem, was applied for all subsequent investigations. A set of reference DR
ligands was charactesd using the DMR assay and robust CRCs were obtained for every studied
(partial) agonist as well as higjuality inhibition curves for the antagonists. tiudd 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 selectiReaDtagonists, confirming that

the observed DMR signal aroserfr@a specific activation of the-khR receptor.

When comparing the agonistic and antagonistic potencies obtained from DMR measurements with the
pharmacological parameters obtained from pathwapecific readouts i (arrestin2 and miniG
recruitment assay)the rank order was essentially the same. ThespBd K values determined by

the labelfree technology tended to be higher than the values obtained from tHagrestin2 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
pathwayspecific functional assays (CH@vs HEK293T cellsyvhich could also account for the

observed differences.

The utilidr GA2Y 2 F DALISNDATFMIOSYDOA Y3 | ISy i proteinRiStidimam A S R
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 chadziarof
receptors and their ligands complementary to canonical assays tsestudy ligandreceptor
interactions. The labdtee nature of the DMR techniques suggests its use for deorphanization studies
of GPCRs, provided that appropriate molecular tools such as specific patthiaiors, untransfected
(wild type) cells and ®mhlly also selective receptor ligands are included to verify the DMR signal

specificity.
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Summary

The family of dopamine Bike receptors comprises the;[D; and D receptor, which exist in different

isoforms, due to alternative splicing of the mRNA or polymorphisms in the coding sequence for the
respective receptor. Thejbike receptors are implicated in various pathol@iconditions, such as

AO0KAT 2LIKNBYAFS tINJAyaz2yQa RAaSFaASY adznaidlyOoS |06
among others. This renders them an important target for the development of therapeutic drugs and
pharmacological tools, facilitatiy the elucidation of distinct functions of the receptor subtypes. For

the characterzation of dopamine receptor ligands regarding their affinities to the receptor subtypes

and their functional properties, a variety of technologies is available. Thisstlzsied at the
establishment of a radioligand binding assay to enable the investigation of ligand affinitigs 0D

and D 4 receptors, the most commonly occurring isoforms. Further, providing a proximal functional
readout that enables the determiiaA 2y 2 F | 32y A &Y 2 Nlatregtindrec@iyhend ¥ 2 F f
assay was established. The lafrek DMR technology yields a distal readout, generated from the
response of whole cells to stimulation of an expressed receptor and was chosen to extend th
pharmacological toolbox for the charactation of ligands at Preceptors. Labelree methods have

the advantage of being less prone to false negatives regarding biased ligands since the whole cell
response is detected, compared to the quantificatidmpe distinct signaling event in more traditional

functional assays. Unfortunately, it was not possible to establish the DMR assay foRttan@dthe

Ds4R.

For the binding assay, the high affinity-lixe receptor antagonist [*Hi}methylspiperone wastosen

as radioligand and binding to all three-like receptor subtypes was investigated using whole cells and
homogenates prepared from the same cell lines. Thezatitin of homogenates appeared more
useful, especially regarding the investigation of mgts. Agonists distinguish between high and low
affinity states of the Blike receptors, which appears undetectable when whole cell preparations are
used. Further studies were carried out with cell homogenates. The binding kinetics dF [3H]
methylspiperme and the detectability of high affinity states of thelRR, BR and R were
investigated. A library of wellnown reference ligands was screened and obtained data was compared
with literature reports, leading to the conclusion that the establisnegthod is a reliable tool for the
determination of ligand affinities. Hence, several histaminerddéeptor agonists generated by our
group could be tested for their affinities to thexfaR, RBR and 4R, supporting the development of

histamine H recepior specific compounds.

. & RS @S tagdsiihd/frétruitment assay employing the split Emerald luciferase (ELuc) technique,
agonist and antagonistic properties could be determined at then® and the ER. At the L.R, as
described in the literaturey” 2 -arrestin recruitment could be determined. Expression of the receptor

I Yy R {areStin2 fusion proteins with complementary fragments of the ELuc were confirmed by

radioligand binding experiments and Western Blotting. Radioligand competition birdities were
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Arrestin2 recruitment to the ByngR was distinct, yielded excellent sigt@background ratios and

could be monitored in reaime using wholecells. The v NB O Ndi@stinSiRa Iéss pronounced
manner, but by performing lysisased endpoint measurements, robust concentratir@sponse and

inhibition curves could still be generated.

The DMR assay was established using-BH®@ells stablgxpressing the hia.gR, as CHO cells exhibit
favorable adhesion properties. Assay conditions were ogéithi 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 fulljus@ated since different expression systems
were used (HEK293T cells or GKIDcells) 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 comprably 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 comboratvith the miniG 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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Appendix

6.1 Appendix to Chapter 2
6.1.1 Supplementary figures

Figure A. Radioligand displacementurves from competition binding experiments performed with
[BHIN-methylspiperone [EHINMSP;0.25nM) and carbamoylguanidin@s well as thiocarbamoylguaniditygpe
histamine Hreceptor ligands (structures see FiguraBgell homogenates prepared from HEK293T IGREells
co-expressing the fangR @) or the BR B). Data represent mean valuesSEM from at least three independent
experiments, each performed in triplicate.
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