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1.1. G Protein-Coupled Receptors 

G protein-coupled receptors (GPRCs) are cell surface receptors consisting of seven 

transmembrane (TM) domains, connected through three extracellular loops (ECL) and three 

intracellular loops (ILC), with more than 800 members encoded in the human genome.1–3 

Currently, the superfamily of GPCRs is classified into six classes, whereas family A (rhodopsin-like 

receptors), family B (secretin receptors), family C (GABAB-receptors, metabotropic glutamate 

receptors and calcium-sensing receptors) and family F (frizzled receptors) are the well-known 

representatives.4,5 All transduce the signal of triggers like photons, nucleotides, ions, hormones, 

peptides, chemokines, and others with their heterotrimeric G protein, followed by a downstream 

cellular response.6 Thus, the superfamily of GPCRs is one of the most studied drug targets with 

currently about 35% of all approved drugs addressing these receptors.7,8  

 

1.2. G Protein Induced Signaling Pathways 

GPCRs are generally addressed by ligands divided into full or partial agonists, inverse agonists, or 

antagonists, which stabilize the respective receptor in different states.9 While antagonists bind to 

GPCRs in any conformation, inverse agonists prefer the stabilization of the inactive conformation 

and in contrast, agonists or partial agonists preferable stabilize the activated conformation.10,11 In 

general, GPCRs consist of a heterotrimeric G protein, comprising an α, β and γ subunit, whereas 

the Gα subunit, can be divided into the αs/olf-, αi/o-, αq/11- and α12/13-family.12–14 After the activation 

by a ligand, a conformational change of the respective receptor is induced and the Gα subunit 

exchanges intracellular guanosine diphosphate (GDP) with guanosine triphosphate GTP. Thus, the 

Gβ- and Gγ subunit dissociate as a dimer from the receptor-G-protein-complex and both initiate 

further downstream effector proteins or lead to internalization and desensitization of the 

receptor.15–17 According to the Gα subunit, the Gαs family activates adenylyl cyclase (AC), which 

causes a cytosolic increase of the second messenger cyclic adenosine monophosphate (cAMP). In 

contrast, an activation of the Gαi/o family leads to inhibition of AC.18,19 Furthermore, addressing 

the Gαq/11 subunit stimulates phospholipase C, followed by an increase of inositol triphosphate 

(IP3) and diacylglycerol (DAG).20 Despite that, the βγ-dimer enables the activation of potassium 

channels and the positive regulation of AC or phospholipase C-β (PLC-β) (Figure 1.1).21,22 

Moreover, the dissociation of the βγ-dimer from the Gα subunit is responsible for an increase in 

affinity of the α-subunit to GDP with a following exchange of GTP by GDP.23,24 Thus, the GPCRs are 

considered for further activation and signal transmitting.25 
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Figure 1.1: Simplified schematic signaling pathway of GPCRs coupled through different G proteins. 
(Adapted from Panula et al. 2015).20 Abbreviations used: AC – adenylyl cyclase, ATP – adenosine 
triphosphate, cAMP- cyclic adenosine monophosphate, DAD – diacylglycerol, ERK 1/ 2 - extracellular signal-
regulated kinase 1/ 2, IP3 – inositol-1,4,5-trisphosphate, MAPK or MEK - mitogen-activated protein kinase, 
PI3K – phosphoinositide-3-kinase, PKA - protein kinase A, PKB - protein kinase B, PKC protein kinase C, PLC 
– phospholipase C,  RAS – rat sarcoma virus (protein), and RAF - rapidly accelerated fibrosarcoma (protein). 
Created with BioRender.com. 

 

Due to an overlap in downstream signaling pathways by potential G protein and βγ-dimer 

activation and possible β-Arestin recruitment, unwanted on-target side effects are induced by 

potential drugs.26 To overcome this drawback, bias signaling has been in focus of modern drug 

discovery to distinguish conceivable ligands inducing functional selectivity towards specific G 

proteins or indeed other signal transducers such as β-arrestins.27 Already known ligands,28 

allosteric modulators,29 or bitopic ligands, composed of an orthosteric binding pocket 

pharmacophore and an allosteric pharmacophore,30 are investigated as bias ligands. Likewise, 

addressing heteromers or oligomers by bivalent ligands results in possible improved or altered 

physiological responses.31 

 

1.2.1. Dopamine Receptors and Its Signaling  

The famous neurotransmitter dopamine elicits its multifaceted modulatory functions by 

activating five dopamine receptors, which belong to the class A family of GPCRs.32,33 In general, 

the dopamine receptors are divided into two subtype families, whereas the D1-like family 

comprises the D1 receptor (D1R) and D5 receptor (D5R), which share a high structural homology 

and activate the second messenger pathway through AC.34,35 Despite that, the D2 receptor (D2R), 

D3 receptor (D3R) and D4 receptor (D4R) form the D2-like family, which inhibits, in contrast, the 

cAMP-initiated second messenger cascade.36 However, the dopamine receptors are key 

constituents of the central nervous system (CNS) and are highly expressed in ventral tegmental 

areas and substantia nigra pars compacta37, where dopaminergic pathways are involved for 

various vital central nervous functions,38 like learning processes,39 motivation,40 and motorial 
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output.41 Otherwise, dysregulation of the catecholamine dopamine is associated with different 

diseases, such as schizophrenia,42 Parkinson’s disease,43 drug addiction,44 and bipolar disorders.45 

Therefore, the re-regulation of these functions by specific drugs plays diverse roles in drug 

therapy. Thus, this is currently realized by addressing the D2-like receptors by approved drugs 

like pramipexole, selegilin, and levodopa for the treatment of Parkinson’s disease46–48 or 

antipsychotic drugs as haloperidol, risperidone or olanzapine for bipolar disorders and 

schizophrenia.49,50 Especially the latter ones are not selective for the D2-like receptors and show a 

broad side effect profile. These are referred as ‘dirty drugs’51 and selective alternatives are being 

researched in current drug development and promising candidates are in clinical trials like 

brilaroxazine (Phase III)52 and sodium benzoate (Phase II / III).53 For the D1-like receptors upon 

this time point only one approved drug is available as emergency treatment for hypertensive crisis 

(Fenoldopam).54 

 

1.2.2. Histamine Receptors and Its Signaling  

The family of histamine receptors comprises four receptors, which are coupled to three different 

G-proteins. The H1 receptor (H1R) predominantly activates the pathway of Gαq/11, the H2 receptor 

(H2R) the Gαs subunit and in contrast, the signal of H3 receptor (H3R) and H4 receptor (H4R) is 

mediated via the Gαi/o subunits.20,55 Histamine, as the endogenous ligand, is associated as a 

neurotransmitter56 and is involved in inflammatory regulations.57 Thus, in pathogenesis the 

histamine receptors are addressed by drugs as anti-histamines (H1R antagonists), for the 

management of allergies58 like cetirizine, diphenhydramine, or loratadine.59,60 At the same time 

the H2R antagonists famotidine and ranitidine are used for the treatment of gastrointestinal 

disorders61,62 and the H3R ligand pitolisant, characterized as an inverse agonist, to treat 

narcolepsy, a CNS disorder.63,64 The H4R plays a crucial rule in immune‐related diseases65 and 

therefore, the H4R antagonist JNJ-39758979 was a promising candidate for the treatment of atopic 

dermatitis but was discontinued in phase II clinical trial.66,67 Upon this timepoint, there is no 

approved drug available and research is still ongoing.68–70 Due to the involvement of histamine 

receptors in diseases described above, the development of novel drugs and the investigation of 

binding properties through the development of new test systems is necessary.71,72  
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1.3. Chimeric Gα-Subunit Proteins – miniG Proteins as a Novel Tool for 

the Investigation of G Protein Interactions 

The Gα subunit, a subunit of the heterotrimeric G protein can be functionally classified into the 

Gα-GTPase domain and α-helical domain (Gα-AH), both involved in conformational changes of the 

activated GPCR.73 As Gα-surrogates, minimal G (miniG) proteins were originally designed to 

stabilize GPCRs in their active conformation for crystallization, in order to evolve the 

understanding of GPCR structure and drug design.74 The crystallization of GPCRs was quite 

challenging, due to the transient nature of the interaction,73 as well as the GPCR stabilization by 

heterotrimeric G proteins due to their large size, conformational dynamics and instability in 

detergents.75 Consequently, the engineered miniG proteins consist of the GTPase domain of Gα 

proteins, comprising 97% of the G protein binding surface to an activated GPCR, including 

mutations for increased thermostability and reduced nucleotide affinity.74,76 Based on this 

concept, several miniG proteins with similar coupling properties to GPCRs such as the Gα families 

αs, αsi, αsq and αo have been successfully developed74,76 and were involved in cryo-EM structures 

for several GPCRS.77–79 Furthermore, miniG proteins in combination with the Split-Nano luciferase 

(NanoLuc) complementation technology were applied to investigate coupling characteristics of 

GPCRs.72,76,80 

 

1.4. Bioluminescence in GPCR Research  

In order to observe not only interactions between different proteins, receptors or ligand-receptor 

interactions, but moreover the functional triggered signal, bioluminescent-based techniques are 

a useful tool. This includes nano luciferase bioluminescence resonance energy transfer 

(NanoBRET)-studies,81,82 miniG-recruitment,72 G-CASE sensors, which is a BRET-based method 

created from the TRUPATH system,83 or the CAMYEN BRET-based biosensor as variations of a 

well-established technique.80 To ensure a bioluminescence is measurable a moiety emits light in 

the presence of a substrate, which undergoes an oxidation and decarboxylation process. In 

contrast, in Förster Resonance Energy Transfer (FRET)-based studies, an extern laser excites a 

fluorophore, resulting in a fluorescent emission84 and causing a high background signal due to the 

external light source.85 Moreover, in further common techniques radioisotopes are necessary, 

resulting in increasing costs by waste disposal and safety issues.85,86 

 

 

 



Chapter 1 

6 

1.4.1. Split Luciferase Complementation (SLC) 

A commonly used method is the split luciferase complementation (SLC) technique, where two 

inactive split fragments of an original protein can be restored in close proximity under total 

catalytic function.87,88 There are already several fusion proteins implementing the SLC on designed 

fragments of firefly luciferase,89 optimized nano luciferase, D-luciferin-based click beetle green or 

click beetle red luciferases.90 These strategies are offering the monitoring of protein–protein 

interactions of biological processes in real-time. However, this is applied by the generation of 

fusion proteins with the respective interacting counterparts and the split luciferase fragments. 

Through the merge of the two host proteins the complementation takes place by restoring the 

reporter fragments with its catalytic function.91 

One well-known representative is the split Nano luciferase (NanoLuc), consisting of a small bit 

(NlucC; 1.3 kDa, also known as smBiT92) fused to one interacting protein and the large bit (NlucN; 

18 kDa, also known as LgBiT92), which is introduced to the respective other protein. The NanoLuc 

is a genetically engineered luciferase, derived from a natural luciferase in the deep-sea shrimp 

Oplophorus gracilirostris with more favorable brightness and size compared to the firefly 

luciferase.93 Additionally, by modification of the small bit fragment, auto-affinity was 

distinguished in order to reduce background signal.94 If both proteins are in close proximity, 

bioluminescence at a wavelength of λ = 460 nm is measurable upon reconstitution of the two split 

fragments in the presence of a substrate, like Coelenterazine-h or Furimazine (Figure 1.2).95  

 

Figure 1.2: Schematic illustration of SLC principle for protein-protein interactions in the presence of the 
substrate Coelenterazine-h. Created with BioRender.com. 

 

1.4.2. BRET-Based Techniques in Current Research 

The first BRET was a naturally occurring phenomenon in marine organisms such as Aequoria 

victora and Renilla reniformis96 and was applied in research to study protein-protein interactions, 

like CCAAT/enhancer binding protein alpha (C/EBPalpha) in the mammalian nucleus,97 protein 

dimerization,98–100 or β-Arrestin recruitment.91,101 Over the last years, BRET-based techniques 

have been improved towards brighter and smaller luminescent proteins93,102, greater spectral 

separation and red-shifted fluorescent proteins.103–105 The first application to GPCRs was to 

investigate the dimerization of β2 adrenergic receptors.106 Thus, a donor and acceptor, with an 

overlap of donor emission- and acceptor excitation spectra were fused to the respective proteins 
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or receptors of interest. Thus, a non-radiative energy transfer between the donor and acceptor 

takes place when both are in close proximity (≤ 10 nM) within a favorable orientation to each 

other (Figure 1.3, A).107 In general, techniques taking advantage of Renilla luciferase with variants 

of YFP employing Coelenterazine-h as substrate are commonly referred to as BRET1 while a 

combination of Renilla luciferaseII, DeepBlueC™ (Coelenterazine-400a) and variants of GFP is 

assigned as BRET2.108–110 

Stoddart et al. 2015 recently applied the NanoBRET technique to investigate ligand binding to 

several GPCRs (assigned to BRET2).107 Cells expressing one fusion protein are subsequently 

incubated with the corresponding substrate, allowing the BRET donor to produce luminescence. 

Using the brighter NanoLuc as a fusion protein to increase sensitivity, in the presence of 

Furimazine bioluminescence at a wavelength of λ = 460 nm is produced and transfers the non-

radiative energy to the donor, like a TAMRA coupled fluorescent ligand, resulting in fluorescence 

(λ ≥ 610 nm) (Figure 1.3, B). This setup enables monitoring the binding of a ligand in real-time, 

with low non-specific binding, high sensitivity and the possibility for high-throughput 

screening.107,111,112  

To elucidate the (canonical) coupling of G proteins of orphan receptors or well-studied GPCR, the 

G-case sensor created from the TRUPATH system is an excellent tool.113 In this system the 

different G proteins are C-terminally fused to the NanoLuc transferring the energy to a cp-Venus 

fluorescent protein as BRET acceptor, which is coupled to the βγ dimer resulting in BRET signal. 

Binding of a ligand to the receptor then causes a conformational change while the βγ subunit 

dissociates from the respective G protein leading to a lower BRET signal (Figure 1.3, C).83  
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Figure 1.3: Various bioluminescence techniques applied to several GPCRs. A: NanoBRET-based 
investigation of receptor dimerization, where the donor (NanoLuc) and the acceptor (mVenus) are C-
terminally fused to each protomer. In the presence of a substrate a BRET-signal is measurable. B: Scheme 
of the G-CASE assay, where the NanoLuc is introduced into the Gα subunit of a G protein trimer, and the 
cpVenus protein is cloned to the N-terminus of the corresponding Gγ subunit. After receptor activation by 
a ligand, the Gα-NanoLuc donor and cpVenus-Gγ acceptor proteins are spatially displaced, decreasing the 
BRET ratio and enabling measurement of the specific activation of a chosen Gα subunit. C: Principle of 
BRET-based GPCR ligand binding assay. The NanoLuc as donor is N-terminally fused to the respective 
receptor, while the corresponding acceptor as fluorophore is coupled to the ligand of interest. The BRET 
signal results in low proximity (≤ 10 nM) of the donor and the acceptor after catalytic oxidation of the 
substrate through the NanoLuc. Created with BioRender.com. 

 

1.5. Heterodimerization of Receptors of the Class A Family: Current 

State of the Art 

Until a few years ago, it was assumed that class A receptors, unlike class C receptors, only occur 

as monomers, but results from radioligand binding studies or immunoprecipitation experiments 

gave first hints for the formation of homo- or heterodimers and higher-order oligomers of class A 

receptors.114–116 With the development of techniques like BRET and FRET,117–119 protein 

complementation,106,120 and imaging,121,122 the existence of dimers and oligomers was supported. 

However, up to this point, no crystal structure of any (human) class A GPCR heteromer or oligomer 

was reported. A homodimer is referred as a cross-interaction between two identical 

transmembrane receptors, whereas a heterodimer (also known as a heteromer) consists of two 

distinct receptors.123 The formation of homomers is considered, to rely predominantly on TM 

interactions. In contrast, for heteromers or oligomers, the binding energy between the receptors 

is crucial, but these cross-interactions are still under-researched, as well as the sufficient 

stoichiometric receptor ratio to form functional complexes in vivo.124,125  
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With the application of bioluminescence techniques, like NanoBRET or spilt complementation, the 

existence of several dimers as the D2R-D2R or H3R-H3R homodimer,100,126 or the D2R-NTS1R and 

D3R-NTS1R heterodimer was confirmed.127,128 Unlike the class C family, the homo-, hetero- or 

oligomerization of class A family receptors is not necessary for functioning signaling but can lead 

to distinct pharmacological properties compared to the respective monomers.129,130  

 

1.5.1. Dimerization Alters Pharmacological Properties 

From the traditional perspective of ligand-receptor-theory a drug interacts with a receptor, 

whereby the magnitude of the receptor-

mediated effect is proportional to the 

concentration of the drug-receptor-complex. 

Therefore, the activation initiates a 

conformational change and induces a 

downstream signal cascade, while the 

presence of homo-, hetero-, or 

oligomerization leads to a higher complexity 

of GPCR signaling. However, dimerization can 

modulate existing capacities and induce new pharmacological effects with a switch in signaling 

transduction, signal amplification or reduction compared to the monomeric structure (Figure 

1.4.).15,131,132 

During this cross-interaction, the TMs of each protomer undergo conformational changes, 

initiating possible novel pharmacological properties due to crosstalk. Thus, binding of a ligand 

possibly leads to an induced conformational change that is transmitted to the second protomer 

and results in an increased or decreased binding affinity, described as positive or negative 

cooperativity.127,133 Evidence for a positive cooperativity was recently observed for the δ-opioid 

receptor – μ-opioid receptor heterodimer,134 and likewise, for the muscarinic M3 receptor 

homodimer to recruit ß-Arrestin-1.135 A negative cooperativity of the D2R homodimer was 

elucidated for specific antagonists.136 Another possible event is the positive or negative 

modulation as for the D2R-H3R heterodimer where an H3R receptor-mediated negative 

modulation of the D2lR function was demonstrated. This evolve novel opportunities as a new 

therapeutic target for the Parkinson’s disease.137 Despite that, the binding of a ligand can alter the 

affinity of one protomer to the respective other, indicating a dissociation as for the D2R 

homodimer in the presence of the D2R antagonist spiperone.138,139  

 

 
Figure 1.4: Altered signal transduction of 
receptors due to dimerization. Created with 
BioRender.com. 
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1.5.2. Addressing Heteromers by Bivalent Ligands  

In order to induce a possibly positive or negative cooperativity or modulation or in general 

targeting homo- or heteromers, the design of bivalent ligands was implemented by combining two 

pharmacophores linked by a spacer of appropriate length and suitable biochemical 

properties.140,141 While bitopic ligands are considered to address one orthosteric and the adjacent 

allosteric binding pocket of a monomeric receptor, bivalent ligands simultaneously recognize two 

orthosteric binding sites of a receptor homo- or heteromer.142 Thus, the bivalent ligand can bind 

monovalent to one protomer and might increase the local concentration of the second protomer 

by binding the tethered pharmacophore128 or induce a protomeric signal cascade (Figure 1.5, A), 

as well as binding with both pharmacophores to the dimer, leading to possibly crosstalk effects 

and second messenger pathways (Figure 1.5, B and C).143 The gain in entropy results due to an 

increased concentration of the second pharmacophore in close distance to the homo- or 

heteromer, after the binding to one protomer (Figure 1.5, C).144 

 

Figure 1.5: Schematic illustration of possible binding modes of a bivalent ligand to a receptor heteromer 
inducing different pharmacological effects. A: Monovalent binding of one pharmacophore of the bivalent 
ligand to the respective protomer. B: Monovalent binding of two bivalent ligands to the respective 
protomer. C: Binding of the bivalent ligand with one pharmacophore, followed by pushing the second one 
in the vicinity of the second binding site. Created with BioRender.com. 

 

For characterization and analysis of bivalent ligands these possible binding modes are supposed 

to be considered. It is assumed, that a bivalent ligand binds preferentially to the heteromer, to 

gain in entropic energy and stabilize the heteromer relative to that of the monomeric 

counterpart,145 resulting in a higher affinity.128,146 Nevertheless, other factors, like an potential loss 

in conformational entropy for flexible linkers or the influence of the respective linker length need 

to be considered for favorable binding.145,147  

However, the design of specific bivalent ligands addressing homo- or heteromers with high 

affinity has been a successful approach and has been applied to show various GPCR cross-

interactions.146,148,149 Despite that, their large size and high molecular weight, lead to different 
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adsorption, distribution or metabolism, which has disadvantages for in vivo studies. Therefore, 

further investigations and modifications are necessary for a clinical application.29,128,150  

 

1.5.3. Dopamine and Histamine Interconnectivity 

In the striatum, dopamine and histamine receptors are highly comprised and the histaminergic 

system has an impact towards the modulation of dopaminergic neurotransmission.151 Thus, the 

cross-interaction as D1R-H3R or D2R-H3R heteromers is not surprising.137,152 The formation of 

functional entities regulates different biochemical processes, which can differ from the 

monomeric units, that need to be further understood.152,153 

Both, the D1R and H3R belong to the class A family of GPCRs, whereas the D1R canonical couples 

to the Gαs subunit leading to the activation of AC and in contrast, the H3R inhibits the AC signal 

cascade mediated by the Gαi/o protein.20,34 Due to the formation of the D1R-H3R heteromer, the 

induced signal cascade by the H3R agonist (R)-α-methyl-histamine was altered, allowing the 

activation of the mitogen-activated protein kinase (MAPK) pathway.154 Furthermore, the H3R 

antagonist thioperamide was able to reduce the D1R-induced cell death and neuronal 

degeneration, which plays a crucial role in Huntington’s disease.155 Moreno et al. 2020 showed the 

possible formation of the D1R-H3R heteromer with an additional subunit of N-methyl-D-aspartate 

(NMDA)- receptor, which belongs to the family of ionotropic glutamate receptors,156 conducting a 

negative cooperativity by inhibition of this complex.157 The initiated signal pathway elicits its 

effect to a reduced dopamine-, NMDA- or β1-42-amyloid-induced cell death. This β1-42-amyloid-

induced cell death was observed as a possible initiator for Alzheimer’s disease.158 Therefore, 

addressing this oligomer is a potential target for neurodegenerative diseases using selective 

bivalent ligands.159,160 

A second representative for dopamine and histamine interconnectivity is the D2R-H3R heteromer, 

which occurs in the striatal tissue of the human brain.137 In contrast to the D1R-H3R heteromer, 

both involved protomers canonically couple to the Gαi/o subunit.20,36 The existence of the cross-

interaction was proven by Ferrada et al. 2009, as well as the negative cooperativity to the signal 

cascade of the D2R protomer by activating the H3R protomer,137 which can be a useful tool for the 

regulation of dopaminergic side effects in Parkinson’s disease by addressing the D2R-H3R 

heteromer with novel bivalent ligands.161 Furthermore, Xu et al. 2023 confirmed recently the 

predicted cross-interaction and assumed an effect of H3R and D2R agonists on the regulation of 

GSK3β by targeting the D2R-H3R heteromer.137,162  
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1.6. Scope and Aim of this Thesis  

In GPCR research there is still an interest in the investigation of well-studied drug targets like 

dopamine receptors aiming new approaches to ligand design, addressing favorable signaling 

pathways and increasing (functional) selectivity, as well as the characterization of potential new 

drug targets like receptor heteromers. The aim of this thesis was to elucidate the binding 

properties and signaling pathways of both, monomeric receptors (dopamine receptor family) and 

receptor heteromers (D1R-H3R and D2lR-H3R). For the investigation of cross-interactions between 

the D1R or D2lR with the H3R novel bivalent ligands, synthesized by Dr. Niklas Rosier and Dr. 

Martin Nagl in-house (Thesis Rosier et al. 2022 and Nagl et al. 2022), were used for the 

characterization. Unfortunately, during the development process the used radioligand [3H]UR-

PI294 was inappropriate, due to high non-specific binding in radioligand binding experiments. 

Thus, a novel H3R selective radioligand was synthesized by Dr. Martin Nagl and had to be 

characterized (Figure 1.6). 

With a focus on functional efficacy and selectivity, as well as on the investigation of possible G 

protein coupling, the split luciferase-based miniG protein recruitment technique, CAMYEN BRET-

based biosensors and G-case sensors derived from the TRUPATH system80 had to be applied to all 

five (human) dopamine receptors. Consequently, in the case of the miniG recruitment assay the 

small bit of the split NanoLuc had to be fused to the C-terminus of the respective dopamine 

receptor, while the large bit had to be introduced N-terminally to the (canonical) miniG protein. 

For the CAMYEN BRET assay the whole NanoLuc had to be fused to the C-terminus of an Epac 

cAMP binding domain, and mCitrine to the N-terminus, while in the case of the G-case sensor the 

whole Nanoluc had to be cloned into the Gα subunit of a G protein trimer, and the cpVenus protein 

had to be fused to the N-terminus of the corresponding Gγ subunit. With these three assays 

functional selectivity of G protein subunits had to be analyzed and may help with dopamine 

receptor targeting and their downstream effects. 

In recent studies the cross-interaction between the D1R or D2R with the H3R was shown.152,154 The 

characterization and the identification of the triggered pharmacological pathways on the 

respective heterodimer by bivalent ligands represents both a major challenge and an opportunity 

in drug design for novel therapeutics for the treatments of diseases like Huntington's disease, 

Alzheimer’s disease or Parkinson’s disease.137,152,155 To study both, the D1R-H3R and D2lR-H3R 

heteromer had to be co-expressed in HEK293T cells. However, from previous BRET-based studies 

a receptor ratio of 1:2 for the D1R-H3R heteromer is predicted to result in functional complexes in 

vitro and had to be considered as target ratio in this thesis.163 Nevertheless, other ratios for the 

formation of D1R-H3R heteromers had to be supposed for further investigation. As there is no 

predicted receptor ratio for the D2R-H3R heteromer, but the 1:2 ratio in general for class A GPCRs 

heteromers,164 different ratios, including the 1:2 ratio, had to be generated likewise. Moreover, 
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the binding affinities of the specifically synthesized bivalent ligands had to be investigated, as well 

as a possible bivalent binding mode to the respective receptor heteromers.141 Thus, the 

development of a radioligand-based test system for the D1R-H3R and D2lR-H3R heteromers, 

respectively, co-expressing both protomers, was intended. In addition, the goal was to develop a 

functional assay for the investigation of possible positive or negative cooperativity or modulations 

between the D2lR and H3R protomers induced by D2R or H3R standard ligands, as well as by 

bivalent ligands within the D2lR-H3R heteromer. 

Another project was to investigate the potential binding affinities of novel ligands at all five 

(human) dopamine receptors using the NanoBRET technique, established for GPCRs by Stoddart 

et al. 2015.107 This set-up represents a suitable alternative for radioligand binding experiments 

allowing to overcome drawbacks like safety issues and increased costs for waste disposal.85,86 To 

implement this technique the NanoLuc had to be fused to the N-terminus of the respective 

dopamine receptor, acting as BRET-donor, to produce luminescence in the presence of a substrate 

(λ = 460 nM). After binding of a fluorescent ligand (BRET-acceptor) a non-radiative energy 

transfer takes place, when both counterparts are in close proximity and fluorescence is emitted 

(λ >600 nM).86 This method enables real-time monitoring of ligand binding, as well as real-time 

kinetic measurements at all five dopamine receptors, with low non-specific binding, high 

sensitivity and the possibility for high-throughput screening.107,111,112 

 

Figure 1.6: Schematic illustration of the aim of this thesis.  
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2.1. Introduction 

G protein-coupled receptors (GPCRs) are the most studied targets in drug discovery and are the 

most common transmembrane receptors in the mammalian genome.1–4 GPCRs are connected to 

heterotrimeric proteins containing an α,β and γ subunit and can be classified according to their 

primary coupling behaviour to the Gα subunit, which is divided into αs-, αi/o-, αq/11- and α12/13-

families.5 The activation of a GPCR subsequently regulates intracellular signaling by engaging 

heterotrimeric G proteins or β-arrestins, which transfer the signal to further downstream effector 

proteins or leads to internalization and desensitization of the receptor.6–8 

The neurotransmitter dopamine acts as an endogenous ligand through five dopamine receptors 

belonging to the superfamily of class A GPCRs that can be divided into two subtype families. The 

D1-like family comprises the D1 receptor (D1R) and D5 receptor (D5R), which activate the second 

messenger pathway by stimulating adenylyl cyclase, leading to cyclic adenosine monophospahte 

(cAMP) production. The D2 receptor (D2R), D3 receptor (D3R), and D4 receptor (D4R) form the D2-

like family and, in contrast, block the cAMP-initiated second messenger cascade.2,3,9,10 Dopamine 

receptors are highly expressed in ventral tegmental areas and substantia nigra pars compacta in 

the CNS and are of great importance in learning processes, motivation, and motorial output.10–12 

Dysregulation of the catecholamine dopamine plays diverse roles in pathogenesis and therapy for 

different diseases such as schizophrenia, Parkinson’s disease (PD), drug addiction and bipolar 

disorders.13–15 

In the preceding few decades, several test systems have been developed to characterize binding 

properties or functionality of ligands concerning either the D1R or D2R.7,16,17 Unfortunately, the 

other subtypes have not been as much of a focus. Selectivity studies between all 5 dopamine 

receptors, coupling studies contrary to primary coupling of dopamine receptors, and the 

monitoring of their functional response all remain under-researched.14 The three less-targeted 

receptors (D3R, D4R, D5R) are nevertheless important as they are associated with diseases as 

potential drug targets independent of the D1R and D2R. For example, both the D4R and D5R have 

been implicated to play a role in attention deficit hyperactivity disorder (ADHD), whereas the D3R 

receptor is associated with autism spectrum disorder (ASD) and substance abuse disorders.18–23 

Additionally, the coupling profile of all five dopamine receptors is often referred to as 

‘predominantly coupling’ and have been previously researched in other studies to detect the 

receptors’ G protein preferences (the canonical predominant G protein families being Gs for D1R 

and D5R,24 Gi for D2lR and Go for D3R and D4R25). Although predominant, these do not represent 

exclusive G protein coupling at the dopamine receptors. For example, the D1R prefers to couple to  
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the Gαs subunit but can also recruit the Gαi1, Gαi2, Gαo and Gαq subunits.26 There are hints that the 

D2R and D3R can recruit β-arrestins with a ligand-dependent bias that creates new opportunities 

for dopamine receptor drug discovery.16,27,28 For example, improving β-arrestin2 recruitment of 

the D2R is thought to help with the therapeutic effect of L-DOPA in PD, whereas decreasing β-

arrestin2 recruitment at the D3R and using a G protein biased ligand may help treat dyskinesia.29,30 

Such selectivity profiles may also be possible targeting the different G proteins and their coupling. 

To address this, we have applied three different, bioluminescence-based assay procedures for 

functional characterization of all five dopamine receptors in live cells (Figure 2.1). Through these 

assays, we aim to thoroughly describe and compare the G protein activation profile of the five 

dopamine receptors with their endogenous and selective ligands. 

 

Figure 2.1: Overview of all three testsystems. A: Scheme of the miniG recruitment assay with split-NanoLuc 
technology,31 where the large fragment (LgBit) is fused N-terminally to the miniG protein and the small 
fragment (smBit) C-terminally to the human dopamine receptors. After ligand binding, an induced 
conformational change leads to the recruitment of the respective miniG protein and complementation of 
the two NanoLuc fragments. Bioluminescence intensity is measured in the presence of a substrate. B: 
Scheme of the G-CASE assay, where the Nanoluc is cloned into the Gα subunit of a G protein trimer, and the 
cpVenus protein is fused to the N-terminus of the corresponding Gγ subunit. After receptor activation by a 
ligand, the Gα-NanoLuc donor and cpVenus-Gγ acceptor proteins are spatially displaced, decreasing the 
BRET ratio and enabling measurement of the specific activation of a chosen Gα subunit. C: Principle of 
CAMYEN BRET-based biosensor. The NanoLuc is fused to the C-terminus of an Epac cAMP binding domain, 
and mCitrine to the N-terminus. Conformational change of the CAMYEN protein decreases the BRET ratio 
between the NanoLuc donor and mCitrine fluorescent acceptor when bound to cAMP. Created with 
BioRender.com.   
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2.2. Materials and Methods  

2.2.1. Materials  

The cDNA for the human (h)D2longR (D2lR; NM_000795.4) and hD3R (D3R; NM_000796.5) were 

kindly provided by Harald Hübner (Friedrich-Alexander-University, Erlangen, Germany), and 

cDNA of the hD1R (D1R; NM_000794.5), hD5R (D5R; NM_000798.5) and hD4.4R (D4R; 

NM_000797.4) were purchased from the cDNA Resource Center (Rolla, MO, USA). Molecular 

biology enzymes and reagents were from New England Biolabs (NEB; Frankfurt am Main, 

Germany), unless otherwise described. G-CASE plasmids for Gi1, Gi2, Gi3, Go1, Gs, Gq, and G13 sensors 

were a kind gift from Gunnar Schulte (available on Addgene32), and the Gz-CASE was made and 

verified previously in house.33 

Dulbecco’s modified Eagle’s medium high glucose (DMEM) and HEPES (1 M in distilled (d)H2O, pH 

= 7.4, sterilized and stored at 4 °C) were from Sigma (Taufkirchen, Germany). Leibovitz’s L-15 

medium without phenol red (L-15) was from Gibco (Taufkirchen, Germany). Fetal calf serum 

(FCS), trypsin (0.05% trypsin, 0.02% EDTA in PBS) and geneticin (G418) were from Merck 

(Darmstadt, Germany). Puromycin and zeocin were obtained from Invivogen (Toulouse, France). 

The NanoLuciferase substrate Furimazine (Nano-Glo®) was from Promega (Walldorf, Germany), 

and Coelenterazine h (CZH; 5 mM in methanol, stored at -80 °C) was from BioSynth s.r.o 

(Bratislava, Slovakia). HEK293T cells (RRID:CVCL_0063) were a kind gift from Wulf Schneider 

(Institute for Medical Microbiology and Hygiene, Regensburg, Germany). 

Depending on their physicochemical properties, when possible, ligands were dissolved in dH2O; 

otherwise DMSO (Merck) was used as a solvent. Dopamine dihydrochloride (Dopa), (+)-

butaclamol hydrochloride (Buta), pramipexole dihydrochloride (Prami), and (+)-SCH-23390 

hydrochloride (SCH) were purchased from Sigma (Taufkirchen, Germany). Haloperidol (Halo) 

was from TCI Deutschland GmbH (Eschborn, Germany). R-(-)-apomorphine (Apo) (+)-SKF-81297 

hydrobromide (SKF), spiperone hydrochloride (Spip), nemonapride (Nemo), and (-)-quinpirole 

hydrochloride (Quin) were obtained from TOCRIS (Bristol, UK). The radioligands [3H]N-methyl-

spiperone (77 Ci/mmol) and [3H]SCH-23390 (81 Ci/mmol) were purchased from Novandi 

Chemistry AB (Södertälje, Sweden). 

 

2.2.2. Molecular Cloning 

Plasmids for the split NanoLuc (also known as NanoBiT31) miniG protein assay were generated by 

standard PCR amplification and restriction enzyme techniques. The cDNA of the miniGs 

(miniGs_393; mGs), miniGs/i (mGs/i_43; mGi1), miniGs/q (mGs/q_71; mGq) and miniGo1 (miniGo1_12;  
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mGo1) were a customized gene-synthesis from Eurofins Genomics, according to the published 

protein sequence of Nehmé et al. 201734 as described by Höring et al. 202035 for the miniGs, 

miniGi1, and miniGq, the miniGo1 protein was cloned within a pIRESpuro3 vector backbone that 

encodes the large fragment of split NanoLuc (NlucN; 

MVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLLQNLAVSVTPIQRIVRSGENALKIDIHVIIPYEGLSAD

QMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGKKITVTGTLWNGNKII

DERLITPDGSMLFRVTINS; also known as LgBiT31) C-terminally fused via a flexible glycine-serine-

linker (-GSSGGGGSGGGGSS-) downstream of the inserted cDNA sequence. The fusion of the human 

dopamine receptors D2lR, D3R and D4R with the small fragment of the split NanoLuc (NlucC; 

VTGYRLFEEIL; also known as smBiT31) was facilitated by PCR, restriction enzyme digest and 

ligation. The receptors were subcloned into a vector backbone of pcDNA3.1neo NlucC between 

restriction enzymes HindIII and XbaI, allowing for fusion of NlucC on the receptor C-terminus. For 

D1R and D5R, Gibson assembly reactions were performed to subclone the gene of interest into the 

pcDNA3.1neo vector backbone. Therefore, overlaps of 25 base pairs (bp) matching the vector 

backbone were attached to the receptor cDNA by PCR using following primers, where receptor 

complimentary bases are underlined: 

D1R fw: CAAGCTGGCTAGTTAagcttccaccATGAGGACTCTGAACACCTC 

D1R rv: cgccacctccaTCTAGACtcgagccGGTTGGGTGCTGACCGTTT 

D5R fw: CAAGCTGGCTAGTTAagcttccaccATGCTGCCGCCAGGCAG 

D5R rv: cgccacctccaTCTAGACtcgagccATGGAATCCATTCGGGGTGA. 

For use with the CAMYEN and G-CASE assays, whose biosensor expression were both neomycin 

resistant, dopamine receptor cDNA was cloned into a pcDNA3.1zeo 5-HT3A-FLAG-SacB vector 

backbone, made in house. This vector contained zeocin antibiotic resistance, with the murine 5-

HT3A signal peptide (5-HT3A; MRLCIPQVLLALFLSMLTGPGEGSR; to improve plasma membrane 

targeting and expression)31,36 and FLAG tag (DYKDDDDK; to detect receptor expression) for N-

terminal fusion to the receptor. The SacB gene was used as a counter-selection gene to the 

receptor cDNA.31,37 For D1R, D2lR, D4R and D5R, the receptor cDNA was cloned into the vector using 

standard PCR, restriction digest and ligation techniques between BamHI and XhoI restriction sites. 

For the D3R, Gibson assembly was used with an NEOBuilder reaction for 1hr at 50 °C, using the 

following primers for the PCR: 

D3R fw: acgatgacgacaagggatccaagcttGCATCTCTGAGCCAGCTG 

D3R rv:cctctagaggtaccctcgagTCAGCAAGACAGGATCTTG. 
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A HindIII site was added upstream of the receptor sequence and two silent mutations from the 

original sequence were found (T873C, G897A). 

Positive bacterial colonies were first extracted in a mini-prep from overnight cultures (Miniprep 

Kit, Nippon Genetics, Düren, Germany) and then maxi-prepped for use in mammalian cells 

(Maxiprep Kit, Qiagen, Hilden, Germany). All plasmids were quantified by UV-Vis absorbance 

using a NanoDrop spectrophotometer (ThermoFisher, Braunschweig, Germany) and sequences 

were confirmed by custom DNA sequencing from Eurofins Genomics (Ebersberg, Germany). 

The well characterized cAMP sensor called “CAMYEL” (cAMP sensor using YFP-Epac-RLuc) was 

improved by replacing Renilla luciferase (Rluc) with the much brighter Nanoluciferase (Nluc).38 

This was achieved by PCR amplification of the DNA encoding Nluc and insertion into the CAMYEL 

plasmid (a kind gift from Alastair Keen) via Gibson Assembly as described above. We named the 

resulting construct “CAMYEN” (cAMP sensor using YFP-Epac-Nluc). 

 

2.2.3. Cell Culture 

HEK293T cells were cultured in DMEM supplemented with 10% FCS and 2 mM L-glutamine at 

37 °C, 5% CO2 in a H2O saturated atmosphere. Cells were periodically inspected for mycoplasma 

contamination by Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany) or by 

costumer service of Eurofins Genomics (Ebersberg, Germany). 

 

2.2.4. Generation of Stable HEK293T Cell Lines  

For biosensors requiring stable expression, HEK293T cells (passage 10 - 15) were seeded on a 

sterile 6 well dish at a cell density of 300,000 cells/ml in DMEM supplemented with 10% FCS and 

2 mM L-glutamine. The next day, cells were transfected with 2 µg cDNA of pIRESpuro NlucN-

miniGo1, pcDNA3 L-His-CAMYEN or Gs-CASE using the transfection reagent XtremeGene HP 

(Merk) according to the supplier’s protocol (1:3 cDNA (µg):XtremeGene (µl) ratio). After an 

incubation period of 48 hours, cells were detached by using trypsin and seeded in a 25 cm3 or 

175 cm3 cell culture flask with 5 ml or 25 ml DMEM supplemented with 10% FCS, respectively. 

Cells were allowed to attach and thereafter treated with the antibiotic puromycin (miniGo1; 

3 µg/ml) or G418 (CAMYEN and Gs-CASE; 1,000 µg/ml) to achieve stable expression. The media 

was refreshed every three days, and puromycin/G418 levels were dropped to 

1 µg/mL/600 µg/ml for continued selection pressure in later passages.  

HEK293T cells stably expressing the miniGs, miniGi1, or miniGo1 protein with N-terminal NlucN 

were then stably transfected in the same manner with the dopamine receptor-NlucC plasmids to 

generate the stable cell lines miniGs_D1R, miniGs_ D5R, miniGo1_D3R, miniGo1_D4R and miniGsi1_D2lR.   
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These cells then underwent continued antibiotic selection pressure through passages with 

1 µg/ml puromycin and 600 µg/ml G418. HEK293T-CAMYEN cells were also stably transfected 

with XtremeGene HP using the same protocol to insert the pcDNA3.1zeo-5HT3A-FLAG-D1R, D2lR, 

D3R, D4R or D5R plasmids. All five cell lines generated were selected using 300 µg/ml zeocin and 

thereafter cultured using DMEM containing 100 µg/ml zeocin and 600 µg/ml G418. 

 

2.2.5. MiniG Protein Recruitment Assay 

HEK293T cells stably expressing the miniG protein of interest and corresponding dopamine 

receptor tagged by the split NanoLuc fragments were seeded in a 75 cm3 flask in DMEM 

supplemented with 10% FCS and 2 mM L-glutamine and allowed to grow until 80% confluence 

was reached. After trypsinization, cells were suspended in Leibovitz’ L-15 media (with 5% FCS 

and 10 mM HEPES) and centrifuged at 700 rpm for 5 minutes. After discarding the supernatant, 

the cells were re-suspended in L-15 media supplemented with 5% FCS and 10 mM HEPES and the 

cell density was adjusted at 1.25*106 cells/ml. 80 µl of the cell suspension was transferred to each 

well of a white 96 well plate (BRANDplates® cellGrade 781965, VWR) and incubated at 37 °C 

overnight in a humidified atmosphere.  

The miniG protein recruitment assay was performed as described before by Höring et al. 202035 

at 37 °C with an EnSpire plate reader (PerkinElmer, Baesweiler, Germany) or CLARIOstar Plus 

plate reader (BMG LABTECH, Ortenberg, Germany) to characterize agonists (agonist mode). The 

dilution of the substrate and samples were prepared in Leibovitz’s L-15 media supplemented with 

10 mM HEPES prior to the experiment. The basal luminescence was recorded immediately after 

adding 10 µl of the substrate to each well for 33 plate repeats (CLARIOstar Plus, 13 plate repeats), 

with an integration time of 100 ms per well (CLARIOstar Plus, 0.5 s). 10 µl of every concentration 

of the ligand dilution series were added in triplicate, and the final luminescence measurement was 

performed for a further 100 plate repeats (CLARIOstar Plus, 39 plate repeats). 

A similar procedure was performed for the characterization of antagonists (antagonist mode). 

Here, a further 33 plate repeats were recorded (CLARIOstar Plus, 13 plate repeats) after the 

addition of the antagonist ligand dilutions to evaluate possible inverse agonist effects, followed by 

the final measurement of 100 cycles (CLARIOstar Plus, 39 plate repeats) after adding 10 µL of the 

endogenous agonist dopamine at an EC80 concentration of 100 nM for D1R and D5R, 100 nM 

dopamine, 1 µM pramipexole in the case of D2R and D3R or 1 µM (-)-quinpirole for the D4R. For 

normalization of the data, the negative control (solvent) and positive control (maximum level of 

aaaaa 
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10 µM dopamine for D1R and D5R, 10 µM /100 µM pramipexole for D2lR / D3R, and 10 µM (-)-

quinpirole for D4R) were included on every plate. The resulting pKb values were determined 

according to the Cheng-Prusoff equation.39 

In the case of miniGo1 with the D4R, HEK293T cells were seeded on a sterile 6 well dish at a cell 

density of 300,000 cells/ml in DMEM supplemented with 10% FCS and 2 mM L-glutamine 

(2 ml/well). The next day, cells were transfected with 1 µg cDNA of pIRESpuro-NlucN-miniGo1 and 

pcDNA3.1neo-D4R-NlucC using the Transporter 5 PEI transfection reagent (Polyscience, Inc., 

Warrington, USA) according to the supplier’s protocol (1:5 cDNA (µg): PEI (µL) ratio) in 200 µL 

unsupplemented DMEM, after 20 min incubation at room temperature. After an incubation period 

of 48 hours, cells were trypsinated and 80 µl of the adjusted cell suspension of 1.25*106 cells/ml 

were transferred to each well of a white 96 well plate (BRANDplates® cellGrade 781965, VWR, 

Darmstadt, Germany) and incubated at 37 °C overnight in a humidified atmosphere. For 

luminescence measurements, a Tecan Infinite® Lumi (Tecan, Männedorf, Switzerland) plate 

reader was used with 33 plate repeats for baseline recording and 66 plate repeats after the 

addition of the ligands, with an integration time of 200 ms.  

The same procedure was used for transient experiments probing the selectivity of miniG protein 

coupling to dopamine receptors, except HEK293T cells were seeded on a sterile 24 well dish at a 

cell density of 70,000 cells/ml in DMEM supplemented with 10% FCS and 2 mM L-glutamine 

(500 µl/well) and transfected with 250 ng respective plasmid DNA. After 48 h incubation period, 

40 µL/well of the cell suspension were seeded in a 384 well plate (LUMITRAC™ medium binding, 

Greiner Bio-One, 781075, UV sterilized prior to experiment). For luminescence measurements, a 

Tecan Infinite® Lumi plate reader was used with 6 plate repeats for baseline recording and 19 

plate repeats after the addition of the ligands, with an integration time of 200 ms. 

 

2.2.6. G-CASE assay 

To measure the specificity of dopamine receptor G protein activation, the BRET-based G-CASE 

sensors were used. After trypsinisation and centrifugation (1,000 rpm for 5 min), HEK293T or 

HEK-Gs-CASE cell lines were seeded on a sterile 24 well plate at a cell density of 300,000 cells/ml 

in DMEM supplemented with 10% FCS (500 µl/well). The next day, cells in each well were 

transfected with 500 ng of pcDNA (negative control) or dopamine receptor plasmid (pcDNA3.1zeo-

5HT3A-FLAG-D1R, D2lR, D3R, D4R or D5R) plus 500 ng of the G-CASE plasmid (Gi1, Gi2, Gi3, Go1, Gz, Gq, 

G13, or pcDNA for the Gs-CASE cell line) using linear polyethylenimine (PEI 1 mg/l, 5µl) in 100 µl 

unsupplemented DMEM, after 15 min incubation at room temperature. All 46 variants were left 

for 48 hours, then trypsinized and centrifuged. Cells were then plated onto white, opaque 384 well 

plates (LUMITRAC™ medium binding or BRANDplates® 781981; VWR, Darmstadt, Germany) in  
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L-15 media supplemented with 5% FCS and 10 mM HEPES at 40 µl/well (24 wells of the 384-well 

plate from a single 24 well) and left overnight at 37 °C in a humidified atmosphere. On the day of 

the experiment, 5 µl of 50 µM CZH in L-15 with 10 mM HEPES (final concentration 5 µM) was 

added to each well and the baseline was read for 3 cycles (35 min) at 200 ms integration time for 

both ‘Blue’ (< 470nm) and ‘Green’ (520-580nm) filter wavelengths on a Tecan Infinite® Lumi. 

Prediluted ligands to 10x final concentration or negative solvent control in L-15 + 10 mM HEPES 

were then added in triplicate at 5 µl per well and the plate was read with the same parameters for  

6 cycles (75 min). The BRET ratio for each timepoint was calculated by dividing the Green filtered 

light emission by the blue filtered light emission. 

 

2.2.7. CAMYEN cAMP assay 

HEK-CAMYEN_D1R, D2lR, D3R, D4R or D5R cells were trypsinized and centrifuged (1,000 rpm for 

5 min) and resuspended in L-15 media supplemented with 5% FCS and 10 mM HEPES. After 

adjusting the cell count to 600,000 cells/ml, the cell suspension was added to a sterile, white 96 

well plate (BRANDplates® cellGrade 781965) at 80 µl per well. Plates were incubated overnight 

at 37 °C in a humidified environment. On the day of the experiment, 10 µl furimazine 200x diluted 

in L-15 with 10 mM HEPES with either 100 µM forskolin (D2-like receptors) or 1 mM 3-isobutyl-

1-methylxanthine (IBMX; D1-like receptors) was added to each well (final assay concentrations; 

furimazine 2000x diluted with 100 µM IBMX or 10 µM forskolin), and the baseline luminescence 

was taken for both ‘Blue’ (< 470nm) and ‘Green’ (520-580nm) filter wavelengths on a Tecan 

Infinite® Lumi (Tecan, Männedorf, Switzerland) at an integration time of 100 ms for 11 cycles 

(30 min). Ligands diluted to 10x final concentration in Leibovitz’ L-15 media with 10 mM HEPES 

were added in triplicate at 10 µl/well. The luminescence response was then measured for a 

further 23 cycles (1 h) and the raw BRET ratio was calculated for each timepoint by dividing the 

Green filtered light emission by the Blue filtered light emission. 

 

2.2.8. Calcium mobilisation assay 

HEK293A cells (passage 20 - 30, kindly gifted from Asuka Inoue) were plated at 300,000 cells/well 

in 6 well plates in DMEM with 5% fetal bovine serum (FBS) and transiently transfected the 

following day using PEI Max (MW 40,000; Polysciences Asia Pacific, Taipei, Taiwan) at a 1:5 DNA 

(μg):PEI Max (μl) ratio. The variables tested used the following cDNA amounts per well: 1 μg 

dopamine receptor plasmid plus 1 μg empty vector; 2 μg empty vector; 1 μg wildtype Gαq 

(#GNA0Q00000, cDNA Resource Centre) with 1 μg dopamine receptor plasmid, or 1 μg wildtype 

Gαq with 1 μg empty vector. Cells were detached with versene (PBS with 0.5 mM EDTA, pH = 7.4),  
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and then plated onto black walled, clear bottom 96 well plates (PerkinElmer) in 100 μL/well 

DMEM with 5% FBS the day before the experiment. On the day of the experiment the plates were 

washed once with calcium imaging buffer (150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2, 10 mM D-

Glucose, 10 mM HEPES, 2.2 mM CaCl2, 0.5% (w/v) bovine serum albumin, 4 mM probenecid, pH = 

7.4) and media was aspirated before addition of 90 μL/well calcium imaging buffer with 1 μM 

Fluo-8-AM dye (1 mM stock made up in DMSO; AAT Bioquest, Pleasanton, CA, USA) and 1 μM 

propranolol ((S)-(-)-propranolol hydrochloride, 10 mM in dH2O, Sigma). Plates were then 

incubated at 37°C for 45 min – 1 h before reading on the FDSS/μCELL kinetic plate imager 

(#C13299, Hamamatsu Photonics, Hamamatsu, Shizuoka, Japan). Prior to read, dopamine serial 

dilutions and ionomycin control (1 μM final concentration) were prepared at 10 x final 

concentration in a v-bottom 96 well plate using the calcium buffer. Calcium mobilization via Fluo-

8-AM fluorescence intensity (ex/em = 490/520 nm, Kd = 389 nM) was simultaneously measured 

in all wells every second at 37°C for 30 s baseline. The drug dilutions were then automatically 

pipetted from the 96 well compound plate, and the fluorescence was read for a further 4.5 min 

after ligand addition. 

 

2.2.9. Radioligand Binding Assay 

In order to measure the receptor density for the stably expressed dopamine receptor cell lines 

(HEK-miniGx_DyR and HEK-CAMYEN_DyR), radioligand binding assays were performed. The cell 

density was adjusted to 80,000 cells/well after counting in a “Neubauer” haemocytometer, 

followed by seeding 80 µl of the cell suspension in binding buffer (50 mM Tris – HCl, 1 mM EDTA, 

5 mM MgCl2 * 6 H2O and 100 µg/ml bacitracin, pH = 7.4) in each well of a 96 well plate (mircoplate 

PP, U-shape, Greiner Bio-One, Kremsmünster, Germany ) The radioligand for D1-like receptors 

was [3H]SCH-23390 (81 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden; Kd=0.2 nM D1R/ 

0.3 nM D5R16,40,41) and [3H] N-methyl-spiperone (77 Ci/mmol, Novandi Chemistry AB, Södertälje, 

Sweden; Kd= 0.014 nM D2R/ 0.026 nM D3R/ 0.078 nM D4R –16) was used for D2-like receptors, both 

with increasing concentrations in the range of approximately 1/10 Kd -10 Kd. Total binding was 

determined in the absence of any competitor and non-specific binding was measured by 

incubating the cell suspension in the presence of radioligand and (+)-butaclamol in a 2,000-fold 

excess with a total volume of 100 µl per well. Incubation periods of 1 hour for D2-like receptors or 

1.5 h for D1-like receptors were terminated by separating bound and free radioligand with an 

automated cell harvester (Brandel, Gaithersburg, USA) utilizing rapid filtration through Whatman 

GF/C filters precoated with 0.3% polyethylenimine. Filters were transferred to flexible 96-well 

sample plates (Perkin Elmer, Rodgau, Germany) and incubated with scintillation cocktail for at 

least 5 h before radioactivity was measured using a MicroBeta² 1450 scintillation counter (Perkin 

aa 
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Elmer, Rodgau, Germany). Data were analyzed using Prism 9 and 10 (GraphPad, La Jolla, CA, USA) 

and, after subtracting nonspecific binding, Ki values were determined from IC50 values according 

to the Cheng-Prusoff-equation.39 

 

2.2.10. ELISA and Immunofluorescence 

ELISA and immunofluorescence were used to assess relative amounts and localization of 

dopamine receptors, miniG and G-CASE components in their transient expression. Clear 96-well 

plates (Cellstar®, 655180, Greiner Bio-one) were coated with 0.5% gelatine, crosslinked using 

2.5% glutaraldehyde, and washed 10x with distilled H2O. Cells were transiently transfected with 

PEI using the same amounts and ratios as the G-CASE and miniG coupling selectivity assays. After 

passaging, cells were diluted to a density of 600,000 cells/ml, then 500 µl of cells were added to 

the 100 µl of cDNA and PEI, and 100 µl of this mix was seeded per well. Following overnight 

incubation at 37 °C, 5% CO2, all steps were conducted at room temperature. The next day, cells 

were washed 1x with PBS and fixed with 4% paraformaldehyde in PBS (Alfa Aesar) for 10 min, 

washed 3x with PBS, and then permeabilized using 0.1% Triton X-100 for 10 min. After washing 

3x with PBS, 1 hour incubation with 0.5% bovine serum albumin (BSA) in PBS was used to block 

unspecific sites. Primary antibodies for either the FLAG protein (1:500; DYKDDDDK monoclonal 

antibody from mouse; #MA1-91878, LOT #SLCD3524, Invitrogen), fused to the N-terminus of the 

dopamine receptors, or NanoLuc (2 µg/ml; monoclonal antibody from mouse; #MAB10026, LOT 

CLUG0221101, RnD systems), internally expressed within the G-CASE Gα subunit or targeting the 

NlucN-miniG, were dissolved in 1% BSA in PBS and incubated with cells for 1 h. Cells were then 

washed 3x with 0.5% BSA in PBS and either horseradish peroxidase-conjugated (ELISA, 1:3000, 

#31430, LOT #077M4820V, Thermo Fisher Scientific) or Cy3-conjugated (immunofluorescence, 

1:1000, #AP124C, Merk) goat anti-mouse polyclonal antibodies were diluted using 1% BSA in PBS 

and incubated with cells for 1 h. Cells were then washed 3x with PBS. For the ELISA, cells were 

incubated in 50µl/well 3,3’,5,5’-Tetramethylbenzidine (Sigma) for 20 min, then 50 µl 2 M HCl was 

added. The 450 nm absorbance was measured on an EnSpire plate reader (PerkinElmer, Rodgau, 

Germany) at 37°C. For immunofluorescence, DAPI (1:50 in PBS) was used to stain cell nuclei after 

10 min incubation, and then washed 3x with PBS. Images were taken on a widefield Eclipse Ts2-

FL inverted microscope (Nikon Europe, Amstelveen, The Netherlands) using a 10x/0.25 Ph1 ADL 

WD 6.2 objective. For each variable, three fluorescent images were taken; DAPI (385 nm filter 

cube) for nuclei, with 30 ms exposure, Cy3 (525 nm filter cube) for antibody-tagged proteins, with 

1 s exposure, and cpVenus (470 nm filter cube) for tagged Gγ subunits, with 400 ms exposure. 
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2.3. Data Analysis 

The luminescence or raw BRET ratio traces were recorded for each ligand addition in a time-

resolved manner, averaged between the well repeats, and corrected to the baseline 

measurements. Area under the curve (AUC) was calculated and used in concentration-response 

curves for all assays (time period of 1 hr for CAMYEN and G-CASE assays, 45 min for the miniG 

protein recruitment assay, and 4.5 min for the calcium assay). Finally, the CAMYEN assay data 

were normalized to the 1 µM dopamine response for each receptor. For the miniG recruitment 

assay the data were normalized to the highest concentration of either the endogenous agonist 

dopamine (10 µM, D1R and D5R), pramipexole (10 µM D2lR and 100 µM D3R) or (-)-quinpirole 

(10 µM, D4R), and for the calcium assay data were normalized to 1 µM ionomycin response. G-

CASE assay data for efficacy (Emax) were normalized to the dopamine response as a reference 

ligand for each G protein subunit. All calculations were conducted using Prism 9 or 10 (GraphPad, 

La Jolla, CA, USA).  

For comparison of assay responses where receptor and sensor levels varied, the Δlog(Emax/EC50) 

was calculated using EC50 values and Emax percentage responses from the concentration-response 

curves best fit in Prism. Only drug responses with both an Emax ≥ 5 % and pEC50 > 4.50 (miniG) or 

> 6.00 (G-CASE) were considered true responses. A three-parameter fit was used for all assays. 

These values were then referenced to the sensor with the highest response with dopamine as a 

reference ligand (Gs-CASE for D1,5Rs, Gz-CASE for D2l,3,4Rs). 

For statistical analysis, data were first tested for normal Gaussian distribution using the Shapiro-

Wilk test and, when confirmed, one-way analysis of variation (ANOVA) with Šídák's multiple 

comparisons test was used (calcium response data). Statistical analysis was only performed on 

data where N = 5 from different experiments on different days (achieved with all primary 

experiments). 

Data are expressed as mean ± SEM, unless otherwise specified. 
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2.4. Results 

2.4.1. Characterisation of Canonical miniG Coupling by Dopamine Receptors 

The miniG protein recruitment assay combined with split NanoLuc technology is an excellent tool 

for the functional characterization of ligands and investigation of different G protein coupling 

behaviors of GPCRs in live cells.1 Upon activation by a ligand, a conformational change of the 

receptor is induced and recruitment of the miniG protein occurs with concomitant 

complementation of the split luciferase fragments. The resulting bioluminescence is measured 

under the presence of the NanoLuc substrate and recruitment of the specific miniG protein upon 

receptor activation can be monitored in a concentration dependent manner of the ligand in real-

time. An additional advantage is the ability of the miniG protein to bind to the receptor in the 

absence of a ligand for monitoring of inverse agonism. 

In accordance with the canonical signaling pathways of dopamine receptors the miniGs was used 

with D1,5Rs, miniGi1 with the D2lR, and miniGo1 with D3,4Rs in our assays. To examine the influence 

of receptor modification (C-terminus NlucC fusion) and receptor expression in all stable NlucN-

miniGx_DyR-NlucC cell lines, radioligand saturation binding experiments were performed with the 

radiolabeled antagonist [3H]SCH-23390 for the D1-like and [3H]N-methylspiperone ([3H]NMSP) 

for the D2-like family constructs (Appendix, Figure 7.1). Although the D1,2l,3,5R-NlucCs expressed 

at a similar level, the D4R-NlucC expressed poorly (roughly 5-fold lower). We performed an 

additional experiment to investigate the impact of varying the plasmid cDNA, therefore changing 

receptor expression in our system (Appendix, Figure 7.30). The D2lR-NlucC was chosen as a 

representative receptor due to its varied expression levels between the miniG and CAMYEN 

assays (Appendix, Figure 7.1 and 7.2). The D2lR-NlucC was transfected in differing amounts (0.125 

– 1 µg) using an equivalent amount of the NlucN-mGi1 sensor (1 µg) and made up to 2 µg with 

empty vector cDNA when required. Upon (-)-quinpirole stimulation, no difference in potency was 

observed for differing D2lR amounts. 

Sensor expression was determined using an ELISA with an anti-NanoLuc antibody against the 

NlucN (Appendix, Figure 7.10).The mGs_D1R expressed the highest, followed by a modest 

reduction in sensor expression for mGi1_D2lR and mGs_D5R. The mGo sensor in conjunction with 

the D3,4Rs expressed the lowest in our system (about 50% of mGs_D1R). 

We tested dopamine as the endogenous ligand, (+)-SKF-81297 and (+)-SCH-23390 as D1R-like 

ligands and pramipexole and (-)-quinpirole as D2-like ligands at all five dopamine receptors. 

Additionally, we tested (-)-apomorphine, (+)-butaclamol, haloperidol, spiperone, and                                                             

nemonapride for selected dopamine receptors. For an accurate differentiation between the                                                

aaaaaaaaaa  
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selected standard ligands, we used an agonist mode, where ligands are added after reaching 

baseline, and antagonist mode, where an extra incubation step with an antagonist was added 

before the agonist.  

 

2.4.2. Canonical miniG Coupling with Dopamine Receptor Agonists 

We have obtained potencies and efficacies of a broad range, which were comparable with 

literature data (Table 2.1). Dopamine was characterized as full agonist at all receptors except the 

D4R_mGo1 (Figure 2.2 and 2.3). At the D3R_mGo1, the potency of dopamine was lower than expected 

(pEC50 = 5.78 ± 0.35) compared to a published radioligand binding assay (pKi = 7.7442). (+)-SKF-

81297, which is described as either D1-like partial agonist43,44 or full agonist,45,46 was confirmed to 

be a full agonist for D1-like receptors in this assay (Emax: D1R_mGs = 105 ± 3%, D5R_mGs = 104 ± 

2% dopamine response) and showed high potency at the D1R_mGs (pEC50 = 7.89 ± 0.12) and 

D5R_mGs (pEC50 = 7.33 ± 0.10). The selective D2-like ligand pramipexole was a full, potent agonist 

at the D2-like receptors D2lR_mGi1 (pEC50 = 7.69 ± 0.06) and D3R_mGo1 (pEC50 = 8.08 ± 0.07), but 

not the D4R_mGo1, where no activation of the receptor was observed.  

 

2.4.3. Canonical miniG Coupling with Dopamine Receptor Antagonists 

The reported antagonists (+)-SCH-23390, (+)-butaclamol and spiperone were successfully 

characterized in the miniG protein recruitment assay as competitive antagonists. By taking 

advantage of the constitutive activity in the miniG assay, the three ligands were also tested in the 

agonist mode and showed an additional partial (inverse) signal. Inverse or partial agonistic effects 

were also observed in the antagonist mode, lowering the signal under the baseline in the highest 

concentrations ((+)-butaclamol at D1,3,5R and spiperone at D3R; Figure 2.2 and 2.3), or by an 

incomplete displacement of dopamine by (+)-SCH-23390 to an efficacy of approx. 40% (D1R_mGs) 

and 20% (D5R_mGs; Figure 2.2). 
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Figure 2.2: Concentration-response curves of standard ligands at the D1-like receptors obtained in the 
miniGs protein recruitment assay using agonist mode and antagonist mode. A, C: Agonist mode for the D1R 
and D5R, respectively. B, D: The antagonist mode was performed in the presence of the agonist dopamine 
(100 nM) for D1R and D5R, respectively. All experiments were performed using whole cells stably expressing 
the NlucN-miniGs and the respective dopamine receptor-NlucC. Dashed lines represent incomplete or flat 
curve fits. Data are expressed as mean ± SEM, of N ≥ 5 independent experiments, each performed in 
triplicate. 

 

 

Figure 2.3: Concentration-response curves of standard ligands at the D2-like receptors obtained in the 
miniG protein recruitment assay using agonist mode and antagonist mode. A: Agonist mode of standard 
ligands for the D2lR_mGi1. B: Antagonist mode was performed in the presence of the agonist pramipexole 
(10 µM) for the D2lR_mGi1. C: Agonist mode for the D3R_mGo1. D: Antagonist mode was performed in the 
presence of the agonist pramipexole (1 µM) for the D3R_mGo1. E: Agonist mode for the D4R_mGo1. F: 
Antagonist mode was performed in the presence of 1 µM (-)-quinpirole for the D4R_mGo1. All experiments 
were performed on whole cells stably expressing the NlucN-miniGs/i1/o1 and the respective dopamine 
receptor-NlucC, except in the case of D4R. HEK293T cells were transiently transfected with 1 µg of plasmid 
DNA of NlucN-miniGo1 and D4R-NlucC. Dashed lines represent incomplete or flat curve fits. Data are 
expressed as mean ± SEM, of N ≥ 5 independent experiments, each performed in triplicate. 
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2.4.4. CAMYEN measured cAMP Response at the Five Dopamine Receptor 

Subtypes  

To compare miniG coupling with downstream effects, cAMP responses of the five dopamine 

receptors were investigated. Relative accumulation of intracellular cAMP was measured in real-

time using the CAMYEN BRET-based biosensor with stably expressed dopamine receptors. As 

with the miniG protein recruitment assay, receptor expression was evaluated using radioligand 

binding, where the D1,3,5Rs expressed at a similar level, the D2lR about 10-fold lower, and the D4R 

6-fold higher (Table 2.1, Appendix, Figure 7.2). Compared to the NlucC tagged receptors, receptor 

densities were comparable for the D1,3,5Rs. The D2lR expressed about 10-fold lower than the D2lR-

NlucC, and the D4R had a 25-fold increase in receptor density than the D4R-NlucC.  

Concentration-response curves using area under the curve of the BRET ratio after 1 h were 

generated for the five dopamine receptors with seven different ligands (dopamine, (-)-

apomorphine, (+)-butaclamol, (+)-SCH-23390, (+)-SKF-81297, pramipexole, and (-)-quinpirole), 

normalized to 1 µM dopamine (100%) and either 10 µM forskolin (D2-like, 0%) or buffer (D1-like, 

0%; Figure 2.4). Kinetic traces for each ligand at each receptor and the CAMYEN response to 

ligands without transfected receptors are provided in the Appendix (Appendix, Figure 7.3 - 7.9). 

 

2.4.5. Dopamine receptor agonist cAMP responses 

In general, pEC50 values were increased in the CAMYEN cAMP assay compared with the miniG 

recruitment assay, typically by 1–1.5 log units (Figure 2.4 and Table 2.1) Dopamine produced 

similar potency responses at the five receptor subtypes, with EC50 values ranging from 0.8–6.0 nM 

(pEC50 = 9.09–8.22). Comparably, (-)-apomorphine was also a potent full agonist at all receptors 

with EC50 values between 0.8–17.4 nM (pEC50 = 9.09–7.76). The D1-like selective compound (+)-

SKF-81297 had sub-nanomolar potency at D1,5Rs and, unlike miniG recruitment, was only a partial 

agonist for cAMP production at the D1R (84% dopamine response). At the D2-like receptors, (+)-

SKF-81297 had a low potency inverse agonist effect at the D3R, but had a partial agonistic cAMP 

response via the D4R (pEC50 = 6.19, Emax = 61%) and D2lR (pEC50 = 6.87, Emax = 22%). Both D2-like 

selective agonists, (-)-quinpirole and pramipexole, were unable to produce full concentration 

response curves for D1,5Rs up to 10 µM (Figure 2.4). D2-like receptors however had comparable 

cAMP potencies for (-)-quinpirole and pramipexole, ranging from 0.3–1.4 nM (pEC50 = 9.49–8.86), 

and were always full agonists.  
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2.4.6. Dopamine Receptor Antagonist cAMP Response 

In agreement with the miniG protein recruitment, the antagonist (+)-butaclamol produced an 

inverse agonistic effect on cAMP production (Emax: D1R = -43%, D2lR = -44%, D3R = -32%, D4R = -

43%, and D5R = -37% dopamine response), and the other antagonist (+)-SCH-23982 acted as a 

partial agonist at all subtypes except D3R (Emax: D1R = 56%, D2lR = 58%, D4R = 83%, and D5R = 54% 

dopamine response).  

Figure 2.4: Ligand-induced changes of cAMP in HEK293T cells stably expressing the CAMYEN biosensor 
with the five dopamine receptors. Concentration response curves were generated using area under the 
curve of the BRET ratio/buffer control trace over 1 h. D1-like receptor cAMP production in A: D1R and B: 
D5R were measured using 100 µM IBMX (30 min preincubation) and normalized to buffer (0%) and 1 µM 
dopamine (DA; 100%) responses. D2-like receptor cAMP inhibition in C: D2lR, D: D3R and E: D4R were taken 
with 10 µM forskolin (30 min preincubation) and normalized to 10 µM forskolin (0%) and 1 µM dopamine 
(DA; 100%) responses. For all graphs, the purple bar represents either 10 μM forskolin cAMP response (D1-
like) or the baseline CAMYEN read in buffer (D2-like) to show the dynamic range of the sensor in each stable 
cell line. Ligands include agonists dopamine and (-)-apomorphine, antagonists (+)-butaclamol and (+)-SCH-
23390, D1-like selective agonist (+)-SKF-81297, and D2-like selective agonists quinpirole and pramipexole. 
Dashed lines represent incomplete or flat curve fits. Data are expressed as mean ± S.E.M., of N = 5 
independent experiments, each performed in triplicate. 
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Table 2.1: Ligand potencies at dopamine receptors in the miniG Protein Recruitment Assay and CAMYEN cAMP assay compared to literature data of pKi values or cAMP 
stimulation (D1-like)/inhibition (D2-like) in HEK293 cells.  

DxR Cpd. MiniG Protein Recruitment  CAMYEN cAMP  

  pEC50 Emax [%] pKb N Ref. pKi  pEC50 Emax [%] N Ref. pEC50 

D1R miniGs      

 Dopa 7.45 ± 0.10 100 n.d. 8 8.2547  8.68 ± 0.06 100 6 8.4945 

 Prami < 5≠ 65 ± 2 n.d. 5 < 5≠,48  5.54 ± 0.19 67 ± 16 5 n.a.≠,42 

 Quin < 5≠ 47 ± 3 n.d. 5 < 5≠,43  < 5 30 ± 5 5 < 549 

 SKF 7.63 ± 0.15 102 ± 2 n.d. 9 8.5543  9.53 ± 0.43 84 ± 4 6 8.70*,45 

 Apo n.d. n.d. n.d.  -  8.44 ± 0.22 101 ± 8 5 8.4239,48,50 

 Buta <5≠ -9 ± 1 7.96 ± 0.17 5a /7b 7.5747  7.32 ± 0.46 -43 ± 7 5 9.2051 

 SCH 8.56 ± 0.11 16 ± 1 9.69 ± 0.17 5a /5b 9.9611  8.02 ± 0.95 56 ± 6 5 8.80#,52 

 Halo n.a. n.a. 7.39 ± 0.16 5a /8b 7.5711  n.d. n.d.  - 

 Spip n.d. n.d. 5.80 ± 0.04 0a /3b 6.4511  n.d. n.d.  - 

D2lR miniGsi1       

 Dopa 7.43 ± 0.16 99 ± 2 n.d. 8 7.0553  8.77 ± 0.18 100 6 7.5542 

 Prami 7.51 ± 0.1 100 n.d. 5 5.7748  9.49 ± 0.18 67 ± 16 5 9.0454 

 Quin 7.36 ± 0.06 103 ± 2 n.d. 8 7.1155  9.20 ± 0.18 30 ± 5 5 8.7756 

 SKF 5.81 ± 0.1 33 ± 1 n.d. 5 5.9757  6.87 ± 0.20 22 ± 11 5 n.a.†,≠,58 

 Apo 7.28 ± 0.09 100 ± 2 n.d. 7 7.4816  9.09 ± 0.25 101 ± 8 5 8.8050 

 Buta n.d. n.d. n.d.  -  8.04 ± 0.56 -44 ± 8 5 8.2916 

 SCH n.d. n.d. 5.82 ± 0.10 5 5.9257  7.22 ± 0.53 58 ± 5 5 5.96$,40 

 Halo n.d. n.d. 10.1 ± 0.35 5 8.8916  n.d. n.d.  - 

 Spip n.d. n.d. 10.5 ± 0.13 6 9.4911  n.d. n.d.  - 
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 Nemo n.d. n.d. 10.9 ± 0.11 5 9.7616  n.d. n.d.  - 

D3R miniGo1       

 Dopa 5.78 ± 0.35 94 ± 4 n.d. 5 7.7442  8.36 ± 0.06 100 5 8.8042 

 Prami 8.18 ± 0.28 100 n.d. 6 7.9848  8.86 ± 0.17 103 ± 6 5 9.5242 

 Quin 7.85 ± 0.15 98 ± 1 n.d. 6 7.3948  8.92 ± 0.03 89 ± 10 5 10.059 

 SKF 6.02 ± 0.12 55 ± 3 n.d. 6 < 557  5.84 ± 0.22 -122 ± 56 5 5.96†,58 

 Apo 7.55 ± 0.11 93 ± 3 n.d. 5 7.5948  7.76 ± 0.15 118 ± 4 5 8.1†,49 

 Buta < 4≠ -43 ± 9 8.31 ± 0.13 5a /5b 8.5916  6.83 ± 0.36 -32± 2 5 6.4960 

 SCH n.a.≠ n.a. < 4≠ 5a /5b < 557  < 5≠ n.a.≠ 5 - 

 Halo n.d. n.d. 8.79 ± 0.24 0a /6b 8.9016  n.d. n.d.  - 

 Spip < 4≠ -16 ± 3 9.28 ± 0.21 5a /6b 9.4911  n.d. n.d.  - 

 Nemo n.d. n.d. 10.5 ± 0.19 0a /6b 9.2061  n.d. n.d.  - 

D4R miniGo1      

 Dopa 6.15 ± 0.49 23 ± 6 n.d. 5 6.3211  8.22 ± 0.28 100 6 8.5262 

 Prami n.a.≠ n.a. n.d. 5 6.8663  9.00 ± 0.11 100 ± 2 5 - 

 Quin 6.24 ± 0.16 100 n.d. 5 7.4748  9.06 ± 0.19 108 ± 5 6 9.7062 

 SKF n.a.≠ n.a.≠ n.d. 5 -  6.19 ± 0.19 61 ± 9 6 n.a.†,≠,58 

 Apo n.d. n.d. n.d.  -  8.02 ± 0.23 99 ± 1 5 8.22†,64 

 Buta n.d. n.d. 8.23 ± 0.23 5 7.4211  6.69 ± 0.14 -43 ± 7 5 - 

 SCH n.d. n.d. n.d.  -  6.20 ± 0.10 83 ± 3 5 - 

D5R miniGs      

 Dopa 8.00 ± 0.11 100 n.d. 8 7.8547  9.09 ± 0.11 100 6 6.7345 

 Prami < 5≠ 44 ± 1 n.d. 5 < 5≠,48  < 5≠ 56 ± 6 5 < 543 

 Quin < 5≠ 29 ± 3 n.d. 5 < 5≠,48  5.36 ± 0.14 40 ± 3 5 - 
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≠No non-linear fit possible. *racemic mixture; #SCH-23390 non-iodinated analogue; †FLIPR assay. $pKi value. Data represent means ± SEM of at least three independent experiments (N ≥ 

5), each performed in triplicate. Dopa = dopamine, Prami = pramipexole, Quin = quinpirole, SKF = (+)-SKF-81297, Apo = (-)-apomorphine, Buta = (+)-butaclamol, SCH = (+)-SCH-23390, 

Halo = haloperidol, Spip = spiperone, n.a. = not active, n.d. = not determined. aIndependent experiments in Agonist mode. bIndependent experiments in Antagonist mode.  

 

 

 SKF 7.33 ± 0.10 104 ± 2 n.d. 6 -  9.07 ± 0.11 104 ± 4 5 - 

 Apo n.d. n.d. n.d.  -  7.95 ± 0.18 106 ± 3 5 - 

 Buta 5.81 ± 0.19 -10 ± 2 9.32 ± 0.13 6a /5b 8.3011  7.79  ± 0.37 -37 ± 6 5 - 

 SCH 8.71 ± 0.08 17 ± 2 11.2 ± 0.79 5a /5b 9.5211  9.42 ± 0.17 54 ± 4 5 - 

 Halo n.a.≠ n.a.≠ 7.09 ± 0.06 5a /5b 7.3211  n.d. n.d.  - 
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2.4.7. Selectivity of miniG Protein Coupling by Dopamine Receptors 

To investigate the selectivity of miniG protein coupling by dopamine receptors, HEK293T cells 

were transiently transfected with 1 µg of dopamine receptor plasmid cDNA (D1-5R-NlucC) and one 

of the four miniG proteins (NLucN-mGs/i1/q/o1). For characterisation we have used dopamine, (+)-

SKF-81297 as a D1-like selective ligand, and pramipexole as a D2-like selective ligand. For 

evaluation of the data, the Δlog(Emax/EC50) was calculated and normalized to the canonical 

coupling of the respective dopamine receptor activated by dopamine. The canonical signalling was 

set to ‘0.00’, whereby a negative value shows a decreased selectivity and a positive value increased 

selectivity. 

 

2.4.8. D1-like Receptor miniG Protein Selectivity 

Within the D1-like family, both receptors showed preference in their selectivity of miniG protein 

coupling and also exhibit the ability to couple with other subtypes (Figure 2.5). Additional to the 

canonical coupling with mGs, the D1R-NlucC recruited mGi1 through dopamine and (+)-SKF-81297 

activation (Δlog(Emax/EC50): dopamine = -0.13 / (+)-SKF-81297 = -0.15) with a high efficacy, but 

lower potency compared to mGs. The D5R-NlucC was also able to recruit mGi1 (Δlog(Emax/EC50): 

dopamine = -0.11 / (+)-SKF-81297 = -0.14), however, both ligands had 10-fold lower efficacy 

compared to mGs coupling. The D1R-NlucC recruited mGq upon binding any of the three ligands, 

where, surprisingly, the activation profile was pramipexole > dopamine > (+)-SKF-81297 

(Δlog(Emax/EC50): -0.008 > -0.29 > -0.48 ). Though, in the case of efficacy the selectivity changed to 

(+)-SKF-81297 > dopamine > pramipexole. The D5R-NlucC failed to recruit mGq, and neither 

receptor recruited mGo1 with the compounds tested. 

 

2.4.9. D2-like Receptor miniG Protein Selectivity 

In the D2-like family, the D3R-NlucC and D4R-NlucC were both selective for mGi1/o1 (Figure 2.6). 

Only the D3R-NlucC coupled to mGo1 with all three ligands (Δlog(Emax/EC50): dopamine = 0.00 / 

pramipexole = 0.29 / (+)-SKF-81297 = -3), but with low potency for dopamine and pramipexole. 

The mGo1 protein was recruited to the D4R-NlucC after being activated by dopamine 

(Δlog(Emax/EC50): -0.06) and (-)-quinpirole, with low potency and efficacy for dopamine and 

surprisingly low potency for (-)-quinpirole. In the case of the D2lR-NlucC, dopamine coupled the 

receptor to mGq additional to its canonical coupling (mGi1 and mGo1), with very low efficacy. 

Interestingly, (+)-SKF-81297 and pramipexole were not able to couple D2lR-NlucC to the mGq, but 

recruited both mGi1 and mGo1 (Δlog(Emax/EC50): mGi1 dopamine = 0.00 / (+)-SKF-81297 = 0.22 / 

pramipexole = 0.15; mGo1 dopamine = -0.05 / (+)-SKF-81297 = -0.29 / pramipexole =                                                

- aaaaaa 
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-0.06). Concentration responses for all ligand/receptor pairs are shown in the Appendix (Figure 

7.21 and 7.22). 

  

Figure 2.5: Selectivity profile of miniG protein recruitment at D1-like receptors. A: Selectivity for the 
recruitment of four different miniG proteins (miniGs/i1/q/o1) at the D1R using the Δlog(Emax/EC50) normalized 
to the dopamine/mGs response. The pEC50 B: and Emax C: are shown separately as heatmaps, where the 
100% Emax is taken as the mGs response to dopamine. D: Selectivity for the recruitment of four different 
miniG proteins (miniGs/i1/q/o1) at the D5R using the Δlog(Emax/EC50) normalized to the dopamine/mGs 

response. The pEC50 E: and Emax F: are shown separately as heatmaps, where the 100% Emax is taken as the 
mGs response to dopamine. Data are expressed as the means of N ≥ 3 independent experiments, each 
performed in triplicate. DA = dopamine, PR = pramipexole, SKF = (+)-SKF-81297.  
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Figure 2.6: Selectivity profile of miniG protein recruitment at D2-like receptors. A: Selectivity for the 
recruitment of four different miniG proteins (miniGs/i1/q/o1) at the D2R using the Δlog(Emax/EC50) normalized 
to the dopamine/mGi1 response. The pEC50 B: and Emax C: are shown separately as heatmaps, where the 
100% Emax is taken as the mGi1 response to dopamine. D: Selectivity for the recruitment of four different 
miniG proteins (miniGs/i1/q/o1) at the D3R using the Δlog(Emax/EC50) normalized to the pramipexole/mGo1 

response. The pEC50 E: and Emax F: are shown separately as heatmaps, where the 100% Emax is taken as the 
mGo1 response to pramipexole. G: Selectivity for the recruitment of four different miniG proteins 
(miniGs/i1/q/o1) at the D4R using the Δlog(Emax/EC50) normalized to the (-)-quinpirole/mGo1 response. The 
pEC50 H: and Emax I: are shown separately as heatmaps, where the 100% Emax is taken as the mGo1 response 
to (-)-quinpirole. Data are expressed as the means of N ≥ 3 independent experiments, each performed in 
triplicate. DA = dopamine, PR = pramipexole, SKF = (+)-SKF-81297; Quin = (-)-quinpirole.  
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2.4.10. Activation of G Proteins by the Five Dopamine Receptor Subtypes 

using G-CASE Sensors 

In order to expand on the selectivity observations seen with the miniG protein recruitment, the 

five dopamine receptors were transiently transfected with eight different G-CASE sensors (Gi1, Gi2, 

Gi3, Go1, Gz, Gq, and G13; Gs-CASE was used as a stable cell line) into HEK293T cells to measure 

ligand-dependent G protein activation. Receptor expressions were consistent between the G-CASE 

sensors, with D3R and D5R usually expressing the lowest, although showed some variation 

between experiments, and dopamine receptor co-expression had no effect on sensor expression 

(ELISA and immunofluorescence, Figure 7.11 - 7.20). As with the miniG assay, ligands were 

selected for checking subtype and endogenous activity; endogenous ligand dopamine, D1-like 

selective (+)-SKF-81297, and D2-like selective pramipexole. 

The endogenous ligand dopamine was used as the reference ligand for sensor selectivity 

measurements. G13 was not activated by any receptor/ligand combination. Concentration 

responses for all ligand/receptor/sensor combinations are shown in the Supporting Information, 

along with negative control ligand responses in wild type HEK293T cells expressing only the G-

CASE sensor (Appendix, Figure 7.23 - 7.28). 

 

2.4.11. D1-like Receptor non-canonical G protein Activation 

For the D1-like receptors, Gs-CASE was used as the canonical reference sensor. The D1R was the 

most selective for G protein activation, limited to Gs,z,o1,q-CASE (Figure 2.7). The selectivity profile 

for dopamine was Gs > Gq > Go1 > Gz (Δlog(Emax/EC50): 0.00, -1.18, -1.29, -1.86, respectively). (+)-

SKF-81297 produced a 20-fold greater Gs-CASE response at the D1R with a selectivity profile for 

Gs > Go1 > Gq > Gz (Δlog(Emax/EC50): 1.47, 0.92, -0.11, -0.85, respectively), whereas pramipexole 

could only produce weak Gi2,q,z-CASE activation. Emax and therefore Δlog(Emax/EC50) could not be 

calculated for the Gi2 sensor as the reference ligand, dopamine, did not activate Gi2-CASE up to the 

10 µM tested. 

When bound to dopamine, the D5R could activate all Gs,i/o/z,q subtypes, with a selectivity for Gs > 

Gi1/z > Gi2/o1 > Gq/i3 (Gs 4–40-fold over Gz/i1-Gq/i3, respectively, Figure 2.7). Pramipexole 

concentrations up to 10 µM could not activate Gq-CASE, Gi2-CASE or Gs-CASE at the D5R, however 

similar potencies and efficacies to dopamine were seen for Gi1,i3,o1,z-CASE. Similarly, (+)-SKF-

81297 could not produce Gi1,q-CASE responses through D5R, however the D1-selective compound 

had a 5-fold greater Gs response than dopamine, and a 40-fold decrease in Gz activation 

(Δlog(Emax/EC50) Gs = 0.48; Gz = -1.64). 
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2.4.12. D2-like Receptor non-canonical G protein Activation 

Gz-CASE was used as the reference sensor for D2l,3,4Rs as this sensor produced the highest potency 

response to dopamine. Dopamine could activate all Gi/o/z-CASE subtypes at the D2-like receptors, 

with a preference for Gz, followed by Go1 (Figure 2.8). For the Gi subtypes, D3R and D4R both 

showed selectivity for Gi3 > Gi2 > Gi1 (Δlog(Emax/EC50) D3R = 0.11, -0.60, -0.96, D4R = -0.77, -0.79, -

1.19, respectively), whereas D2lR had a greater response for Gi1 > Gi2 > Gi3 (Δlog(Emax/EC50) D2lR =  

-0.47, -0.57, -1.15, respectively). Dopamine could activate Gq-CASE at all three receptors. Gs-CASE 

activation by dopamine was weak at D2lR and D4R, and not detectable at the D3R up to 10 µM 

(Δlog(Emax/EC50): -2.08, -2.14, respectively). The selective ligand pramipexole could not activate 

Gs at any of the D2-like receptors, but produced an increase in Δlog(Emax/EC50) compared to 

dopamine for most Gi/o/z subtypes (around 5-fold increase, excluding Go1,i1 for D3R and Gz,i3 for D4R; 

Figure 2.8). (+)-SKF-81297 could activate Gs-CASE, Go1-CASE and Gz-CASE for all D2-like receptors, 

although no Δlog(Emax/EC50) value could be calculated for the Gs-CASE with D3R as the reference 

ligand dopamine did not produce a response up to 10 µM. At the D2lR, there was activation of 

Gi1,i2,q-CASE using (+)-SKF-81297 that was unique between the D2-like receptors. 
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Figure 2.7: G protein selectivity profile of D1-like receptors determined by the G-CASE assay. The 
endogenous ligand dopamine, D2-like selective pramipexole and D1-like selective (+)-SKF-8129 are 
assessed for ligand induced G protein selectivity. A: web of selectivity at D1R for the eight different G-CASE 
constructs (Gi1, Gi2, Gi3, Go1, Gz, Gs, Gq, G13) using the Δlog(Emax/EC50) referenced to the dopamine/Gs response. 
The pEC50 B: and Emax C: are shown separately as heatmaps, where the 100% Emax is taken as the response 
to dopamine for each sensor. D: web of selectivity at D5R for the eight different G-CASE constructs (Gi1, Gi2, 
Gi3, Go1, Gz, Gs, Gq, G13) using the Δlog(Emax/EC50) referenced to the dopamine/Gs response. The pEC50 E: and 
Emax F: are shown separately as heatmaps, where the 100% Emax is taken as the response to dopamine for 
each sensor. Data are expressed as the means of N = 5 independent experiments, each performed in 
triplicate. DA = dopamine, PR = pramipexole, SKF = (+)-SKF-81297. Note the logarithmic scale of the web 
axes. White spaces without numbers in the heatmaps indicate no measureable response up to 10 µM ligand, 
apart from *no Emax could be caculated for the Gi2 sensor with pramipexole at the D1R due to no response to 
dopamine up to 10 µM. 
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Figure 2.8: G protein selectivity profile of D2-like receptors determined by the G-CASE assay. The endogenous ligand dopamine, D2-like selective pramipexole and D1-
like selective (+)-SKF-8129 are assessed for ligand induced G protein selectivity. A: web of selectivity at D2lR for the eight different G-CASE constructs (Gi1, Gi2, Gi3, Go1, 
Gz, Gs, Gq, G13) using the Δlog(Emax/EC50) relative to the dopamine/Gz response. The pEC50 B: and Emax C: are shown separately as heatmaps, where the 100% Emax is 
taken as the response to dopamine for each sensor. D: web of selectivity at D3R for the eight different G-CASE constructs (Gi1, Gi2, Gi3, Go1, Gz, Gs, Gq, G13) using the 
Δlog(Emax/EC50) relative to the dopamine/Gz response The pEC50 E: and Emax F: are shown separately as heatmaps, where the 100% Emax is taken as the response to 
dopamine. G: web of selectivity at D4R for the eight different G-CASE constructs (Gi1, Gi2, Gi3, Go1, Gz, Gs, Gq, G13) using the Δlog(Emax/EC50) relative to the dopamine/Gz 

response. The pEC50 H: and Emax I: are shown separately as heatmaps, where the 100% Emax is taken as the response to dopamine for each sensor. Data are expressed 
as the means of N = 5 independent experiments, each performed in triplicate. DA = dopamine, PR = pramipexole, SKF = (+)-SKF-81297. Note the logarithmic scale of 
the web axes. White spaces without numbers in the heatmaps indicate no measureable response up to 10 µM ligand, apart from *no Emax could be caculated for the Gs 
sensor with  (+)-SKF-8129 at the D3R due to no response to dopamine up to 10 µM. 
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2.4.13. Calcium mobilization of dopamine receptors 

The coupling of mGq to the D1R-NlucC and D2lR-NlucC and dissociation of Gq-CASE with all 

subtypes prompted the investigation of the downstream calcium ion mobilization of the five 

dopamine receptors with the endogenous agonist dopamine. HEK293A cells were transiently 

transfected with the wildtype dopamine receptor constructs used in the CAMYEN cAMP assay, 

with or without the overexpression of Gαq, and loaded with 1 μM Fluo-8 AM calcium dye, which 

increases in fluorescence intensity when bound to calcium ions. To selectively block native 

adrenoceptors and serotonin receptors that should be present in the cells and may bind 

dopamine, 1 μM propranolol was added at the same time as the dye and remained throughout the 

experiment. 

Concentration-dependent calcium responses to dopamine were detected with D1R and D5R, both 

with and without overexpression of the Gαq subunit (Figure 2.9). The D2lR could only produce an 

influx of calcium in response to dopamine activation when the Gαq subunit was also overexpressed 

in the HEK cells. For the D3R and D4R, the efficacy of calcium mobilization was similar to wildtype 

cells without dopamine receptor expression. Coupling and activation of Gs can cause a 

downstream calcium response, therefore the statistical significance of the addition of 

overexpressed Gαq was tested for both the Emax and pEC50 generated in each calcium experiment 

to determine the impact of Gαq expression in the system (Figure 2.9). Both the D1R and D2lR caused 

a significant increase in the efficacy of the calcium response detected in the cells when Gαq was 

overexpressed, suggesting that coupling to the Gq is at least partly responsible for the calcium 

mobilization with dopamine for these receptors in HEK293A cells. No change in pEC50 was 

discovered for any receptor. Kinetic response curves are provided in the appendix (Figure 7.29) 
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Figure 2.9: Calcium mobilisation of the five dopamine receptors in HEK293A cells. HEK293A cells were 
transiently transfected with dopamine receptor or empty plasmid vector with or without Gαq. A: 
Concentration response curves of calcium ion influx for the D1-like and D2-like receptors with wildtype or 
overexpressed Gαq. The bar on the left represents the 1 μM ionomycin response (100%) used to normalise 
the data. B: Emax and pEC50 values from each individual expreiment used to create the response curves in 
(A), with differential Gαq expression paired by the experimental day/transfection. Repeated measures one-
way ANOVA was used to determine if Emax (F(11, 44) = 8.42, p < 0.0001) or pEC50 values (F(11, 44) = 1.63, 
p = 0.12) significantly differed between wildtype and overexpressed Gαq. Šídák's multiple comparisons test 
concluded that overexpression of Gαq increased the Emax of the calcium response for D1R (*p = 0.0005) and 
D2lR (**p = 0.0009). N = 5 individual experiments from different transfections on different days, carried out 
in triplicate. DA = dopamine, wt = wildtype, oe = overexpressed. 
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2.5. Discussion  

2.5.1. Canonical G protein signaling 

The three bioluminescence-based assays used in this study have highlighted important 

pharmacological responses of the five dopamine receptor subtypes. Functional characterisation 

of the dopamine receptors through their canonical pathways was performed using the CAMYEN 

cAMP assay and miniG protein recruitment. All agonists (dopamine, pramipexole, (+)-SKF-81297, 

(-)-apomorphine, and (-)-quinpirole) were sucessfully characterised for both acute receptor 

activation with the cannonical miniG proteins and downstream cAMP response. The assays are 

suitable for detecting ligand potency, efficacy and selectivity. Either methodology can be used for 

basic functional characterization of dopamine ligands. 

 

2.5.1.1. Antagonist canonical response 

As expected, haloperidol, (+)-SCH-23390 and (+)-butaclamol acted as antagonists at all dopamine 

receptors in the miniG recruitment assay. (+)-butaclamol acted as an inverse agonist in agonist 

mode and for cAMP production. Confirming our results, (+)-butaclamol has previously been 

reported to reverse the D1,5Rs confirmation from the active to inactive form,52,65 and has shown to 

be an efficacious inverse agonist at the D2-like receptors.52,66 (+)-SCH-23390 is known as a 

selective D1-like receptor antagonist. Intriguingly, (+)-SCH-23390 could act as a partial agonist by 

itself at the D1,2l,4,5Rs and was unable to completely block miniGs coupling in antagonist mode, 

noted before in other assays.52,65 Affinity of (+)-SCH-23390 for 5-HT2A receptors could cause Gq 

responses,57 reflecting the cAMP increase by D1-like receptors, however this would not account 

for the agonist effect of (+)-SCH-23390 at the D2l,4Rs in our cAMP assay. We therefore hypothesize 

that (+)-SCH-23390 acts as a partial agonist at the D1,2l,4,5Rs, but not the D3R, creating an 

interesting prospect for selective drug design. 

 

2.5.1.2. Comparison between cAMP generation and canonical G protein 

recruitment 

Between the assays, higher potencies were always observed in the CAMYEN assay than with miniG 

protein recruitment due to the more proximal position of G protein recruitment to ligand binding 

than the cAMP response further downstream in the signaling cascade.1,35 Of interest, while (+)-

SKF-81297 produced a partial response at the D1R in the cAMP and Gs-CASE assays, there was a 

full agonist response with the miniGs. This partial response could be due to a potent β-arrestin 

recruitment by (+)-SKF-81297, measured in previous studies, causing internalization and 

reducing G protein activation at the membrane and when the receptor is recycled.45,67 The miniGs 

recruitment was perhaps not affected because of the higher affinity of miniGs, lowering the turn-
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over of the sensor when tightly bound to the receptor and obstructing arrestin interaction.1 Our 

theory represents only one postulation, and indeed other factors such as G protein subunit 

promiscuity and off target effects may also be involved in the difference between the assay results. 

Compared to the CAMYEN assay and literature-reported values, reduced dopamine responses 

were seen with the D3,4Rs in the miniG recruitment assay. With the D3R, this was unexpected as 

the D2lR_miniG with dopamine, D3R_mGo1 with all other agonists, and the cAMP responses with 

dopamine at the D3R produced values comparable to literature data. We theorize that the NlucC 

fusion on the C-terminus of the D3R is impacting the receptor activation in a way that is ligand- 

and receptor-dependent. Currently, there is no structure of the D3R with dopamine bound, making 

it difficult to hypothesize the exact structural significance of these data. For the D4R, where all 

ligands except quinpirole failed to produce full agonist responses, we propose the low dopamine 

response is because the D4R-NlucC had a 25-fold lower expression than the non-modified 

receptors (radioligand saturation, Appendix, Figure 7.1 and Table 7.1). Speculatively, the NlucC 

fragment on the C-terminus could interfere with D4R trafficking and cell membrane expression, 

but not the similar D2lR. Palmitoylation of both the D3R and D4R C terminus regions has been 

shown to be more extensive and crucial than the D2lR.68–70 The D3R has also been shown to interact 

with the GPCR regulating protein GIPC via the C-terminus regions,59 protecting the receptor from 

degradation. There may also be other factors involved in the differing dopamine activity with C-

terminus modification of the D3R-NlucC and D4R-NlucC, such as a decreased/enhanced ability for 

miniG binding that could be ligand-dependent. Lower responses for both these receptors could 

also be compounded by the reduced presence of the mGo1 sensor (ELISA, Appendix Figure 7.10). 

To the best of our knowledge, this is the first report of C-terminus modifications for an assay 

affecting the dopamine response at the D3,4Rs, and the importance of the C-terminus in their 

signaling and expression is of interest for future studies. 

 

2.5.1.3. Comparison of individual dopamine receptor G protein subunit coupling 

Aside from canonical coupling, patterns of G protein recruitment are important even within sub-

families of Gα subunits where the downstream messenger is the same, as subtle differences in the 

effectors and kinetics of the response cascade are present.71–73 Targeting G protein selectivity in 

drug development can therefore lead to useful physiological responses.25,74–76 To investigate 

dopamine receptor selectivity of G protein subunits, the miniG recruitment assay was used in 

combination with the G-CASE G protein activation assay. G-CASE α and γ subunits showed no 

difference in expression level, however direct comparison between the assay sensors is not 

possible due to inherent differences in signal windows for the different constructs due to small 

spatial changes in the position of the Nluc tag within the α subunit and differences in the γ subunits 

used within each sensor (Figure 7.23-7.28). 
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2.5.2. G protein selectivity of the endogenous ligand dopamine 

2.5.2.1.  Gz and dopamine 

Dopamine coupled to various G protein subtypes in our miniG and G-CASE assays. Of the inhibitory 

G protein subunits, Gz-CASE had both the highest potency and efficacy when activated by 

dopamine binding of all five receptors. Gz couples to both D2-like77–81 and D1-like76,80,82 families, 

making it an interesting drug target. Abundantly expressed in the brain, but elsewhere limited to 

platelets and pancreatic islet cells,83 Gz protein activation is thought to be involved with the 

response to psychoactive drugs, circadian rhythm, brain development and reward systems, 

although the subunit remains under-researched.84–86 Gz activation has been described before in G 

protein selectivity with the D2lR and D3R, though these previous experiments have reported a 

higher activity of the receptors with Go proteins.81,87 This discrepancy is likely due to the difference 

in kinetics between the Gz and Go proteins, as Gz is much slower in GTPase catalytic activity than 

other inhibitory G protein subunits.88  

 

2.5.2.2. Gs and Gi/o coupling by non-cannonical dopamine innervation 

As well as Gz, dopamine could recruit and activate inhibatory subunits at D1-like receptors. D5R 

has been previously shown to recruit the Gz protein27 and D1R with the Go proteins.89 The 

inhibitory G protein coupling may therefore have physiological relevance, such as in renal 

proximal tubules.90 Conversely, for D2-like receptors, while there was no indication of coupling 

between Gs and D3R for miniGs or Gs-CASE up to 10 µM, the D2l,4Rs showed a low potency activation 

of the Gs-CASE. To the best of our knowledge, there is no known cell type or physiological 

relevance known for the impact of this coupling. Recently published bias studies by Hauser and 

Inoue have shown no coupling between Gs and D2-like receptors.26,80  

 

2.5.2.3. Possible Gq activation and calcium mobilisation by dopamine 

Gq coupling (mGq) and/or dissociation (Gq-CASE) was also detected at all dopamine receptors. Our 

calcium mobilization assay successfully linked overexpressed Gαq with increased dopamine 

receptor calcium influx efficacy for D1R and D2lR. In agreement with our findings, D1-like receptors 

have been known to couple to Gq subunits.inou26,27,91–93 This coupling appears to be important in 

both the cerebral cortex and striatum, although the exact impact of this activation remains 

unclear. For the D2lR, this is in contrast to results using a different G protein BRET-based assay 

where no Gq activation was reported, potentially due to a change in βγ subunit expression 

compared to our G-CASE assay.81,87,94 Physiologically, studies looking at heterodimers of D1R and 

D2R or astrocytic D2Rs have also seen calcium influx and potential Gq coupling.95,96 Although not 
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proved in this study, there is still the potential that the other dopamine receptors may produce a 

downstream response through Gq as calcium responses were detected, if not significantly altered 

by Gαq overexpression or different to wild type HEK293A cells. Indeed, D3R has also been 

previously reported to show coupling with Gq in some cell types.93,97,98 Further assays with knock-

out ΔGα cells, G protein inhibitors, initisol-1-phosphate detection and potentially other cell types 

would be required to confirm this. Investigation into the potential for ligand-based selectivity of 

Gq would also be interesting, as pramipexole appears to decrease Gq activation in D1-like receptors 

and increase in D2-like receptors in relation to dopamine in our G-CASE assay. 

 

2.5.3. Native G protein and Dopamine Receptor Expression 

To understand the impact of the G protein coupling profiles with the endogenous ligand 

dopamine, it is important to consider the expression and abundance of the subunits and receptors 

in different cell populations. Of the G proteins subunits used in our assays, the Gαs, Gαi3, Gαq and 

Gα13 are thought to be ubiquitous, with the Gαi1 and Gαi2 also widely spread.99 Both Gαz and Gαo1 

are found primarily neuronal tissue, and Gαz can also be found in platelets and pancreatic islet 

cells.100 Dopamine receptor expression of all five subtypes is highest in the brain, particularly in 

the basal ganglia.101 The basal ganglia similarly expresses all G protein subunits investigated in 

this paper. However, the expression level of these G protein subunits will vary when compared to 

another area of the brain, such as the hypothalamus, or body, such as the stomach (where the D5R 

is expressed at a high level), or cell type, where Gαq has higher expression in astrocytes than 

neurons, for example (Table 7.2). Specialized studies into the abundance of receptor and G protein 

at a single cell level would be of great value to help understand the impact of promiscuous G 

protein coupling of the dopamine receptors. 

 

2.5.4. G protein coupling of selective ligands 

The D1-like receptor agonist (+)-SKF-81297 produced some interesting new insights into G 

protein specificity. For D1-like receptors, (+)-SKF-81297 activated/recruited the same subunits as 

dopamine, except for Gq,i1-CASE at the D5R. With the D2-like receptors, (+)-SKF-81297 at the D2l,3Rs 

activated Gs-CASE at a higher potency than dopamine (shown previously possible for D3R with Gs 

in CHO and COS-7 cell lines77,102), although they both failed to recruit the mGs. Along with an 

increase in Gs activation, the D2lR also retains some potency for the Gi/o/z-CASE and mGi1/o1 with 

(+)-SKF-81297, hence creating a low-efficacy agonistic cAMP response in the CAMYEN assay. 

Alternatively, (+)-SKF-81297 does not activate Gi subunits at the D3R nor recruit the mGi1/o1, and 

only weakly activated the Gz/o1-CASE.  Therefore, the result in the cAMP assay where no agonist 

response was detected could be due to a more dominant Gs recruitment. Future studies could 

aaaaa  



Chapter 2  
 

60 

 

assess the impact of this through knock-out cells and G protein inhibitors to tease out the Gs 

response. D4R did not couple to Gi in any assay in response to (+)-SKF-81297 activation and 

displayed a partial, low-potency agonistic cAMP decrease, likely via the recruitment of Gz/o1, as 

detected with G-CASE.  

While (+)-SKF-81297 increased Gs-CASE activation at all receptors (except D4R), the D2-like 

receptor agonist pramipexole recruited and activated Gi/o/z proteins. These data suggest that the 

selective dopamine ligands show an inherent bias in G protein recruitment, although the exact 

structural mechanism is speculative. Structural insights into the D1R and D2R were investigated 

by Zhuang et al. 2021.67 The steric clash between the D2R transmembrane helix 6 (TM6) and α5 

helix in the Gs protein impairs Gs protein recruitment. However, interacting residues with (+)-SKF-

81297 in the TM5 are conserved between the receptors (Figure 2.10). It is therefore feasible that 

(+)-SKF-81297 could induce enough conformational change in the TM domains to overcome the 

steric hindrance of TM6 and accommodate Gs binding. The position of interacting residue His6.55 

in the D4R is also altered compared to the D2,3Rs due to the change of Tyr7.35 to Val7.35, perhaps 

explaining why there is reduced Gs activity at D4R with (+)-SKF-81297 compared to the D2,3Rs.103 

For pramipexole, Gi protein binding was facilitated through the gap between TM3 and TM5/6 in 

the D3R,103 therefore binding of pramipexole to TM3 in D1,5Rs could help with this interaction, 

causing the increase in Gi/o/z subunit recruitment and activation (Figure 2.10). In summary, 

structural studies into these phenomena would be of interest to understand the apparent ligand-

induced selectivity of G protein binding at the dopamine receptors. 

 

2.5.5. G-CASE vs. miniG recruitment results 

There were several differences between the miniG recruitment and G-CASE activation. One 

hypothesis that this is due to the loss of the GTPase region in the miniG proteins. Recently, Jang et 

al. 2022104 described a model whereby the GTPase activity of the G protein is a critical determinant 

of its coupling selectivity, perhaps more than the structural compatibility between the GPCR and 

the G protein. However, it has also been shown that some apparent subunit ‘dissociation’ in G12 

BRET assays similar to the G-CASE shown here are in fact not effective to downstream signaling 

and may simply be subtle movements of Gα relative to Gγ.105 Tagging positions of the Gα subunits 

are also different between the sensors, which may change the true sensor dissociation range; for 

example, when the Gα-Gβγ interface opens under ligand stimulation of the receptor but only 

rotates the Gα subunit, not causing full dissociation.106  

We therefore suggest that subunit dissociation, G protein recruitment and secondary messengers 

are important to assess the receptor-ligand response as no method alone produces a full profile 

of G protein responses. 
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2.5.6. Study limitations 

Although we have been thorough in our characterization of the five dopamine receptors with 

these assays, some Gα subtypes and common receptor isoforms were not included in this study 

due to time constraints. Responses to Golaf, GoB, other Gq family subunits, G11/14/15, and the D2shortR 

or known D4R isoforms would be of great interest. As well as investigating G protein activation of 

ligands specific for the two different subclasses ((+)-SKF-81297 for D1-like and pramipexole for 

D2-like), it would also be advisable to use selective compounds for the individual receptors, 

although it is particularly difficult to find subtype-selective ligands for the D2-like receptors (D2R, 

D3R and D4R). Nevertheless, it would certainly be interesting to investigate compounds such as 

benperidol, 7-OH-DPAT and aripriprazole.107–109 Future studies could also investigate the impacts 

of natively expressed G proteins in the recombinant cells by using CRISPR/Cas9 knockout cell 

lines and G protein inhibitors with even more downstream assays. For our cell systems, receptor 

expression was comparable but not identical, which may alter the potencies and signal windows 

of our bioluminescent assays. As discussed, the C-terminus modification of a fused NlucC protein 

used in the miniG recruitment assay could also have an impact on the dopamine receptor 

expression, binding and signaling in subtle ways that will require further examination. It is also 

necessary to confirm findings first discovered in overexpressed recombinant systems, such as the 

HEK293T cells used here, with endogenous protein expression, primary cells and animal models 

to aid with translational efforts.  
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2.6. Conclusion 

In conclusion, this study has successfully characterized the five dopamine receptors with both 

canonical and selective G protein activation. We have demonstrated that it is important to 

undertake full ligand pharmacological characterization to understand the acute and downstream 

effects. G protein selectivity by dopamine receptors is a complex and interesting target for drug 

discovery, for which our assay systems represent valuable and important tools. 
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Figure 2.10: Interacting residues between the dopamine receptors and (+)-SKF-81297 or pramipexole. Important transmembrane helix residues are outlined in bold. 
For (+)-SKF-81297, interacting residues in the TM5 are conserved between the receptors (Ser5.42 and Ser5.46), Trp7.43 in TM7 of the D1,5Rs is changed for a similar bulky 
residue, Tyr7.43, in the D2,3,4Rs, and the TM6 interacting residue Asn6.55 in the D1R is replaced with His6.55 in the D2,3,4Rs, still allowing for hydrogen bonding with the ligand. 
Tyr7.35 becomes Val7.35 in the D4R, changing availability for His6.55. Pramipexole also interacts with His6.55 and the three interacting residues in TM3, Asp3.32, Cys/Ser3.36 

and Thr3.37, are all conserved between receptor subtypes. Sequence alignment was performed using GPCRdb.110,111 

Residue number 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

drd1_human _ G S F C N I W V A F D I M C S T A S I L N L C V I S V D R Y W A I S S

drd2_human S R I H C D I F V T L D V M M C T A S I L N L C A I S I D R Y T A V A M

drd3_human S R I C C D V F V T L D V M M C T A S I L N L C A I S I D R Y T A V V M

drd4_human S P R L C D A L M A M D V M L C T A S I F N L C A I S V D R F V A V A V

drd5_human _ G A F C D V W V A F D I M C S T A S I L N L C V I S V D R Y W A I S R

Residue number 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85

drd1_human S R T Y A I S S S V I S F Y I P V A I M I V T Y T R I Y R I A Q K Q I R R I A A L E R A A V H A K N C

drd2_human N P A F V V Y S S I V S F Y V P F I V T L L V Y I K I Y I V L R R R R K R V N T K _ _ _ _ _ _ _ _ _ _

drd3_human N P D F V I Y S S V V S F Y L P F G V T V L V Y A R I Y V V L K Q R R R K R I L T R _ _ _ _ _ _ _ _ _

drd4_human D R D Y V V Y S S V C S F F L P C P L M L L L Y W A T F R G L Q R W E V A R R A K _ _ _ _ _ _ _ _ _ _

drd5_human N R T Y A I S S S L I S F Y I P V A I M I V T Y T R I Y R I A Q V Q I R R I S S L E R A A E H A Q S C

Residue number 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61

drd1_human K M S F K R E T K V L K T L S V I M G V F V C C W L P F F I L N C I L P F C

drd2_human K L S Q Q K E K K A T Q M L A I V L G V F I I C W L P F F I T H I L N I H C

drd3_human R G V P L R E K K A T Q M V A I V L G A F I V C W L P F F L T H V L N T H C

drd4_human A K I T G R E R K A M R V L P V V V G A F L L C W T P F F V V H I T Q A L C

drd5_human R A S I K K E T K V L K T L S V I M G V F V C C W L P F F I L N C M V P F C

Residue number 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

drd1_human D S N T F D V F V W F G W A N S S L N P I I Y A F _

drd2_human P P V L Y S A F T W L G Y V N S A V N P I I Y T T F

drd3_human S P E L Y S A T T W L G Y V N S A L N P V I Y T T F

drd4_human P P R L V S A V T W L G Y V N S A L N P V I Y T V F

drd5_human S E T T F D V F V W F G W A N S S L N P V I Y A F _

TM5

TM3

TM6

TM7
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3.1. Introduction 

The histamine H3 receptor (H3R) represents one of four members of the histamine receptor family, 

which belong to class A of the superfamily of G-protein-coupled receptors (GPCRs).1 The H3R 

conveys its signaling primarily through Gi proteins2,3 and is predominantly found in the brain,1,4–6 

making it a target of interest in multiple central nervous system disorders, including Parkinson's,7 

Huntington's,8,9 and Alzheimer's diesease,10 as well as tic disorders.11 The 2016 commercial 

launch of the inverse H3R agonist pitolisant for the treatment of narcolepsy has demonstrated that 

the H3R is druggable, making it of greatest interest for the central nervous system (CNS) disorders 

described above.12 In order to perform more advanced studies in cell-based assays or human and 

animal tissues to further explore the biological role of the H3R, the use of pharmacological tools 

like radioligands with strong selectivity for the corresponding receptor is of paramount 

importance. Especially for the H3R, this issue plays a major role due to the high sequence 

homology to the H4R, since many H3R ligands also have a considerable affinity at the H4R.13 Taking 

a look at the tritium-labeled radioligands used so far, the partial agonist [3H]UR-PI294 reveals a 

compound that exhibits exactly these properties, namely an almost equal affinity for both 

receptors, the H3R and H4R.14 The previously used radioligands [3H](R)--methylhistamine15 and 

[3H]N-methylhistamine16,17 entail long known problems as full agonists, such as receptor 

internalization in cell-based systems, and are therefore similarly unsuitable.18  

 

3.2. Materials and Methods 

3.2.1. Materials  

Dulbecco’s modified Eagle’s medium high glucose (DMEM) and HEPES (1 M in distilled (d)H2O, pH 

= 7.4, sterilized and stored at 4 °C) were from Sigma (Taufkirchen, Germany). Leibovitz’s L-15 

medium without phenol red (L-15) was from Gibco (Taufkirchen, Germany). Fetal calf serum 

(FCS), trypsin (0.05% trypsin, 0.02% EDTA in PBS) and geneticin (G418) were from Merck 

(Darmstadt, Germany). The NanoLuciferase substrate furimazine (Nano-Glo®) was from 

Promega (Walldorf, Germany). HEK293T cells (RRID:CVCL_0063) were a kind gift from Wulf 

Schneider (Institute for Medical Microbiology and Hygiene, Regensburg, Germany) and stable cell 

lines HEK293T SP-Flag-hH1/2/3/4R was generated from Ulla Seibel – Ehlert (Institute of Chemistry 

and Pharmacy, Medicinal and Pharmaceutical Chemistry II, University of Regensburg).  

Depending on their physicochemical properties, when possible, ligands were dissolved in dH2O; 

otherwise DMSO (Merck) was used as a solvent. Pitolisant (pito), clobenpropit (clo), JNJ-5207852 

(JNJ), thioperamide (thio), histamine (his), imetit (imet) ,(R) – α- methylhistamine (RAMH); (S) – 

α- methylhistamine (SAMH).  
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3.2.2. NanoBRET competition binding experiments at the NLuc-hH3R 

NanoBRET competition binding experiments were performed as described by Grätz et al. 2020 

and Rosier et al. 2021 at 37° C using a CLARIOstar Plus plate reader (BMG LABTECH, Ortenberg, 

Germany) and furimazine as a substrate (Promega, Mannheim).19,20 Cells were seeded at a density 

of 1.25 x 106 cells/ml in Leibovitz’s L-15 media supplemented with 10 mM HEPES and 5% FCS 16 

h befor the experiemtns in a white 96-well plate (BRANDplates® cellGrade 781965, VWR) and 

incubated at 37 °C overnight in a humidified atmosphere. The dilution of the substrate 

(furimazine), fluorescence ligand UR-NR266 (c = 500 pM) and samples were prepared in 

Leibovitz’s L-15 media supplemented with 10 mM HEPES and 1% BSA prior to the experiment. 

After the addition of 10 µl of the substrate and pre-diluted samples cells were incubatet for 5 min, 

follwed by the addition of 10 µl of the fluorescent ligand. The luminscence was read for 20 cycles 

at 1 s integration time for both ‘Blue’ (< 470nm) and ‘Red’ (> 610nM) filter wavelengths. The BRET 

ratio for each timepoint was calculated by dividing the Red filtered light emission by the Blue 

filtered light emission. 

 

3.2.3. Radioligand Binding Experiments 

Radioligand competition binding experiments and generation of the stable HEK293T SP-FLAG-

hH1R, HEK293T SP-FLAG-hH2R, HEK293T SP-FLAG-hH3R K16, and HEK293T SP-FLAG-hH4R cell 

lines were performed as previously described.20–22 Bartole Ligand dilutions were prepared 10-

fold concentrated in binding buffer supplemented with 5 mg/mL bacitracin and 10 μL/well was 

transferred to a flat-bottom polypropylene 96-well microtiter plate (Greiner Bio-One, 

Frickenhausen, Germany), as well as 10 μL/well of the respective radioligand [H1R: 

[3H]mepyramine (c = 5 nM, Kd = 5.05 nM); H2R: [3H]UR-KAT479 (c = 25 nM, Kd = 25.00 nM); H3R: 

[3H]2.1 ([3H]UR-MN259, c = 0.5 nM, Kd = 0.558 nM); H4R: [3H]histamine (c = 40 nM, Kd = 

47.50 nM)]. The cells were adjusted to a density of 1.00 × 106 cells/mL for H1R, H2R, and H4R and 

in case of the H3R to 300,000 cells/mL, and 80 μL of the cell suspension was added to each well 

(total volume of 100 μL). After 60 min the incubation was stopped by using rapid filtration 

through Whatman GF/C filters precoated with 0.3% polyethyleneimine with an automated cell 

harvester (Brandel, Gaithersburg, USA).  

Radioligand saturation binding and kinetic binding experiments were performed and analyzed as 

described by Tropmann et al.23 and Forster et al.24 In saturation binding experiments, non-specific 

binding was determined in the presence of clobenpropit in a 1,000-fold excess of the radioligand. 

Association and dissociation studies were performed with live HEK293T Flag-hH3R-K16 cells in 

binding buffer supplemented with 5 mg/mL bacitracin. For association experiments radioligand 

[3H]2.1 ([3H]UR-MN259) was added at different time points in a final concentration of 500 pM. 

Non-specific binding was determined in the presence of clobenpropit in a 1,000-fold excess of the 
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radioligand. After 60 min the incubation was stopped using rapid filtration through Whatman 

GF/C filters precoated with 0.3% Polyethylenimine with an automated cell harvester (Brandel, 

Gaithersburg, USA). For dissociation studies HEK293T- Flag-hH3R cells were incubated with 

[3H]2.1 (c = 500 pM) for 30 min. Afterwards 500 nM clobenpropit (1,000-fold excess) was added 

at different time points and after 60 min reaction was terminated using a cell harvester as 

described above. For all experiments, radioactivity was measured using a MicroBeta2 1450 

scintillation counter (PerkinElmer, Rodgau, Germany). 

All data were analyzed using GraphPad Prism10 software (San Diego, CA, USA). The normalized 

competition binding curves were fitted with a four-parameter logistic fit yielding pIC50-values. 

These were transformed into pKi values using the Cheng-Prusoff equation.25 Specific-binding data 

(dpm) from saturation binding experiments were plotted against the free radioligand 

concentration (nM) and analyzed by nonlinear regression (one site-specific-binding equation) to 

obtain pKd and Bmax values. Nonspecific-binding data were fitted by linear regression. The specific-

binding data (dpm) from association experiments were fitted by a one-phase equation (one-phase 

association) to a maximum to obtain kobs (observed association rate constant) and specifically 

bound radioligand, which is plotted against time. Specifically bound radioligand from dissociation 

experiments were plotted against time and were analyzed by a three-parameter equation (one-

phase decay). 

 

3.2.4. MiniG Recruitment Assay 

The miniG recruitment Assay was performed on stable HEK293T-hH3R-NlucC-NlucN-miniGsi cells 

as described by Höring et al. 2022 at 37 °C with a CLARIOstar Plus plate reader (BMG LABTECH, 

Ortenberg, Germany) to characterize 2.1 in both modes, agonist and antagonist mode ) using 

furimazine as a substrate (Promega, Mannheim).26 One day before the experiments, cells were 

seeded at a density of 1.25 x 106 cells/mL in Leibovitz’s L-15 media supplemented with 10 mM 

HEPES and 5% FCS in a white 96-well plate (BRANDplates® cellGrade 781965, VWR) and 

incubated at 37 °C overnight in a humidified atmosphere. The dilution of the substrate 

(furimazine) and samples were prepared in Leibovitz’s L-15 media supplemented with 10 mM 

HEPES prior to the experiment. The basal luminescence was recorded immediately after adding 

10 µL of the substrate to each well for 13 plate repeats with an integration time of 0.5 s per well. 

10 µL of every concentration of the ligand dilution series were added in triplicate, and the final 

luminescence measurement was performed for further 39 plate repeats. A similar procedure was 

performed for the characterization of 2.1 in the antagonist mode. Further 13 plate repeats were 

recorded after the addition of the serial dilutions of 2.1, followed by the final measurement of 39 

cycles after adding 10 µL of 1 µM histamine as the endogenous agonist at the EC80 concentration. 

For the normalization of the data, the negative control (solvent control) and positive control 

(maximum level of 100 µM histamine in agonist mode and 1 µM histamine in antagonist mode) 
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were included on every assay plate. The resulting pKb values were all determined according to the 

Cheng-Prusoff equation.25 

 

3.3. Results  

For the synthesis of a new H3R radioligand, the H3R antagonist JNJ-5207852 (Appendix, Figure 

7.31) seemed to be a suitable scaffold due to its high affinity and selectivity to the target 

receptor.20,27 The synthetic accessibility and the fact that this lead structure has been recently and 

very successfully used as a fluorescent ligand for NanoBRET studies (a technique that has been 

successfully established in our group19,20) and single-molecule microscopy, makes this motif an 

excellent pharmacophore for a radioligand.20 The para position of the benzylic piperidine moiety 

showed high tolerance in structure-activity relationships with respect to structural changes of the 

ligand, so this position of the molecule was chosen for the implementation of a primary amine.28 

This functionality now allows the commercially available tritiated propionyl residue to be 

introduced via nucleophilic substitution reaction using N-succinimidyl [2,3-3H]propionate under 

standard laboratory conditions.14,23,29  

In order to evaluate the suitability of compound 2.1 as a potential radioligand, binding to the 

human H3R was first tested in our standard NanoBRET binding assay in a competition with 

fluorescent ligand UR-NR266.20 We observed a dose-dependent concentration-response curve 

(CRC) with sub-nanomolar affinity to the hH3R (pKi = 9.56, Figure 3.1 A, Table 3.1), which was to 

be expected given the present pharmacophore. The extent to which propionylation affects 

selectivity within the histamine receptor family was also of great interest, which is why 

radioligand binding studies were performed at the H1R, H2R, and H4R. Hardly any displacement of 

the corresponding radioligands was observed, up to a concentration of 100 µM (Figure 3.1 B), 

indicating compound 2.1 to be highly selective for the H3R (> 100,000-fold, Table 3.1). 

Furthermore, the mode of action of compound 2.1 at the H3R was investigated using the miniG 

recruitment assay (H3R-NlucC/NlucN-mGsi) to exclude the disadvantages of agonistic compounds 

mentioned above. As expected, compound 2.1 showed no agonistic activity up to a concentration 

of 10 µM (cf. Figure 3.1 C) and gave a pKb value of 9.39 in the antagonist mode (full displacement 

of the 1 µM histamine effect, Figure 3.1, D), which is in very good agreement with the NanoBRET 

binding data (Table 3.1). These data were convincing that compound 2.1 would be an excellent 

radioligand at the H3R, leading to the decision to prepare 2.1 as a tritium-labeled compound. 
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Figure 3.1: A: Representative displacement curve from BRET competition binding experiments of the 
fluorescent ligand UR-NR266 (c = 500 pM) and 2.1 at HEK293T cells, stably expressing the NLuc-hH3R. 
“Vehicle” denotes the condition where the cells were not incubated with UR-NR266. B: Displacement curves 
from radioligand competition binding experiments performed with compound 2.1 and the respective 
radioligands at H1-4Rs (cf. Table 3.1 footnotes). C/D: Concentration response curves obtained in the mini-G 
protein recruitment assay (H3R-NlucC/NlucN-mGsi) using 2.1 in the agonist mode (C) and antagonist mode 
in competition with 1 µM histamine (D). 
 

Table 3.1: Binding and functional data of 2.1 on human histamine receptor subtypes. 

Cpd. 

NanoBRET 
binding  

UR-NR266a 
Radioligand competition 

bindingb 

H3R 
selectivi

ty 
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protein 
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pKi pKi 
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2.1 
9.56 
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0.18 

4 < 4 3 < 4 3 9.55 ± 
0.17 

4 < 4 3 > 
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9.39 
± 
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3 

aNanoBRET competition binding assay at live HEK293T cells stably expressing the NLuc-hH3R. bRadioligand 
competition binding assay at HEK293T-SP-FLAG-hH1R, HEK293T-SP-FLAG-hH2R, HEK293T-SP-FLAG-hH3R 
or HEK293T-SP-FLAG-hH4R cells. cCompetition binding experiment at HEK293T cells stably co-expressing 
a combination of the H3R-NlucC/NlucN-mGsi constructs.26 dDisplacement of 500 pM UR-NR26620 (Kd = 158 
pM). eDisplacement of 5 nM [3H]mepyramine (Kd = 5.05 nM). fDisplacement of 25 nM [3H]UR-KAT47923,30 
(Kd = 25.00 nM). gDisplacement of 0.5 nM [3H]UR-MN259 ([3H]2.1) (Kd = 0.558 nM). hDisplacement of 40 
nM [3H]histamine (Kd = 47.50 nM). iDisplacement of 1 µM histamine (EC50 = 0.331 µM). Data shown are 
mean values ± SEM of N independent experiments, each performed in triplicate. Data were analyzed by 
nonlinear regression and were best fitted to sigmoidal concentration-response curves (variable slope). 
Displacement curves are presented in Figure 3.1.  
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The radioligand was first characterized in saturation binding experiments at wild-type hH3R 

stably expressed in HEK293T cells (HEK293T SP-FLAG-hH3R) analogous to previous studies.23,24 

The specific binding of [3H]2.1 was best fitted by nonlinear regression to a one-site binding model 

and the non-specific binding by linear regression. In a concentration range of 0.05-5 nM, [3H]2.1 

showed moderate to low non-specific binding in the presence of 1,000-fold excess of clobenpropit 

and bound to the hH3R in a saturable manner revealing a pKd of 9.25 (Figure 3.2, Table 3.2) with 

a Bmax of 1,668 dpm, which is corresponding to 89,430 receptor sites/cell. We performed kinetic 

binding experiments at the hH3R to further characterize [3H]2.1 with association and dissociation 

curves shown in Figure 3.2. Ligand binding of the radioligand (c = 500 pM) was rapid, saturated 

after about 15 minutes (τass = 6.11 min) and could be described by a monophasic fit with an 

association rate constant kon of 0.22 min-1 nM-1 and kobs of 0.18 min-1 (cf. Figure 3.2 B, Table 3.2). 

Dissociation of [3H]2.1 (hH3R: c = 500 pM, 30 min preincubation) was performed upon addition 

of clobenpropit (c = 500 nM) with full dissociation from the receptor after about 60 minutes and 

a dissociation rate constant koff of 0.07 min-1 (τdiss = 14.48 min) (cf. Figure 3.2 C, Table 3.2). The 

data obtained indicate reversible binding and the pKd value calculated from kinetics (9.49, Table 

3.2) was in good agreement with the pKd value from saturation binding experiments (9.25, Table 

3.2). All kinetic parameters describing the binding of 2.1 in the presented study are listed in Table 

3.2. 

 

Figure 3.2: Representative data from saturation and kinetic binding experiments with [3H]2.1 at the hH3R 
stably expressed in HEK293T cells. A: Saturation of [3H]2.1 to the hH3R. Non-specific binding was 
determined in the presence of 1,000-fold excess of clobenpropit. B: Association of [3H]2.1 (c = 500 pM) to 
the hH3R. C: Dissociation of [3H]2.1 (c = 500 pM, 30 min preincubation) induced by addition of clobenpropit 
(c = 500 nM, 1,000-fold excess). 
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Table 3.2: Thermodynamic and kinetic binding constants of 2.1 at the wild-type hH3R in radioligand 
binding studies. 

Cpd.  pKd (sat)a kobsb / min-1 τassc / min koffb / min-1 τdissd / min kone / min-1 
nM-1 

pKd (kin)f 

2.1  9.25 ± 0.09 0.18 ± 0.04 6.11 ± 2.41 0.07 ± 0.01 14.48 ± 1.84 0.22 ± 0.07 9.49 ± 0.46 

aData represent mean values ± SEM from five independent experiments each performed in triplicate. 
Radioligand binding measurements were performed at HEK293T-SP-FLAG-hH3R (wild-type hH3R) cells. 
bData represent mean values ± SEM from three independent experiments. cAssociation time constant: τass = 
1/kobs.  dDissociation time constant: τdiss = 1/koff. c,dData represent mean values ± CI (95%). eAssociation rate 
constant: kon = (kobs-koff)/c (2.1). fKd (kin) = koff/kon; pKd (kin) = -log Kd (kin).e,fIndicated errors were 
calculated according to the Gaussian law of error propagation. 

 

The total reversibility of receptor binding makes radioligand [3H]2.1 a suitable tool for the 

application in competition binding studies. For this purpose, we made a selection of standard H3R 

agonists and antagonists and performed the corresponding experiments (see structures in 

Appendix, Figure 7.31). We chose histamine (his),31 imetit (imet),32 (R)-(-)-α-methylhistamine 

(RAMH),15 and (S)-(+)-α-methylhistamine (SAMH)15 as agonists and clobenpropit (clob),33 

thioperamide (thio),15 pitolisant (pito),34 and JNJ-5207852 (JNJ)27 as inverse agonists/antagonists. 

Additionally, we tested unlabeled 2.1 for comparison. For all ligands, total displacement could be 

observed with Hill slopes around 1 (Figure 3.3). The values obtained were in good agreement with 

literature data, only the affinities for RAMH and SAMH were reversed in their order (Table 3.3). 

The displacement of the radioligand with its "cold" form, compound 2.1, was also complete 

(Figure 3.3) and resulted in a pKi value of 9.55 (cf. Table 3.1 and 3.3). The determined affinity of 

2.1 thus confirms, as expected, the affinity of 2.1 from the NanoBRET binding experiment (pKi = 

9.56, Figure 3.1 A, Table 3.1) and correspondingly also the exceptionally high selectivity within 

the histamine receptor family (> 100,000, Table 3.1). 

 

 

 

 



Discovery of a High-Affinity and Selective Radioligand for the Histamine H3 Receptor 

81 

 

Figure 3.3: Displacement curves from radioligand competition binding experiments of radioligand [3H]2.1 
(c = 500 pM) and reported H3 receptor ligands at HEK293T cells stably expressing the hH3R. “Vehicle” 
denotes the condition where the cells were incubated with [3H]2.1 in the presence of 500 nM clobenpropit. 
Abbreviations used: histamine (his), imetit (imet), (R)-(−)-α-methylhistamine (RAMH), (S)-(+)-α-
methylhistamine (SAMH), clobenpropit (clob), pitolisant (pito), thioperamide (thio), and JNJ-5207852 (JNJ). 

 

Table 3.3: Binding data (pKi values) of standard H3R ligands and 2.1 determined 
at the human H3R in the radioligand competition binding assay using [3H]2.1 as 
a radioligand.a 

compound 

RLB 

using [3H]2.1 

references 

pKi N pKi 

his 6.41 ± 0.06 4 6.220; 6.335; 6.521; 7.636; 8.037 

imet 8.24 ± 0.12 4 7.920; 8.335; 8.837 

RAMH 6.37 ± 0.12 5 7.220; 8.438; 8.237; 8.339 

SAMH 7.12 ± 0.18 3 5.820; 6.435; 7.638; 7.237; 7.339 

clob 8.84 ± 0.25 4 9.320; 9.635; 9.521; 8.637 

thio 7.38 ± 0.14 3 7.320; 7.335; 7.421; 7.337 

pito 8.81 ± 0.27 3 9.020; 8.635; 8.634 

JNJ 9.98 ± 0.06 3 10.220; 9.219 

2.1 9.55 ± 0.17 4 - 

aData represent mean values ± SEM from N independent experiments, each 
performed in triplicate. Radioligand binding experiments were performed at 
HEK293T-SP-FLAG-hH3R (wild-type hH3R) cells as described in the 
Experimental Section. The standard H3R ligands used are depicted in Figure 7.31 
in the Appendix. Abbreviations used: histamine (his), imetit (imet), (R)-(−)-α-
methylhistamine (RAMH), (S)-(+)-α-methylhistamine (SAMH), clobenpropit 
(clob), thioperamide (thio), pitolisant (pito), and JNJ-5207852 (JNJ). 
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3.4. Summary and Conclusion  

In this study, we have synthesized and characterized a new radioligand for the human histamine 

H3 receptor, [3H]2.1 ([3H]UR-MN259), by derivatizing amino-functionalized precursors, 

structurally related to JNJ-5207852. [3H]UR-MN259 turned out to be a high-affinity hH3R 

antagonist (pKi (NanoBRET) = 9.56; pKi (RLB) = 9.55) with an outstanding selectivity profile (> 

100,000-fold selective) within the histamine receptor family. Radiosynthesis was successful using 

commercially available N-succinimidyl [2,3-3H]propionate resulting in [3H]2.1 with a 

radiochemical yield of 40%, specific activity of 105 Ci/mmol and high (radio)chemical purity (> 

99% each) and stability (> 99% each) over 7 months. Saturation binding experiments were best 

described by a one-site binding model and resulted in sub-nanomolar affinity to the hH3R (pKd = 

9.25) with moderate to low non-specific binding. Kinetic experiments exhibited fast association 

of [3H]2.1 to the receptor (τass = 6.11 min) and full dissociation from the receptor (τdiss = 14.48 

min). The resulting dissociations constants from kinetic studies were in good agreement with the 

pKd determined in saturation binding experiments. The determined binding constants of the 

standard H3R ligands in competition binding experiments were in agreement with the data 

published in the literature (Figure 3.4). 

Since the radioligand is highly selective for the H3R, it is ideally suited for studies in whole primary 

cells at the endogenous level in addition to the application in recombinant systems, in which only 

the H3R is expressed. The high selectivity of the JNJ pharmacophore in extensive off-target studies 

described by Apodaca et al. (> 50 receptors and ion channels) and Rosier et al. (14 GPCRs) also 

suggests high selectivity/specificity toward other target proteins. Therefore, [3H]UR-MN259 is a 

promising pharmacological tool to further explore the role of the hH3R in the CNS and other 

tissues. 

 

Figure 3.4: Summery of characterization results for the novel radioligand [3H]UR-MN259 ([3H]2.1). 
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Co-workers performed the following experimental work:  

Dr. Niklas Rosier: Synthesis and analytical characterization of bivalent ligand NR330 (not shown). 

Dr. Martin Nagl: Synthesis and analytical characterization of bivalent ligands MN075, MN209, and 

MN240 (not shown). 

Ulla Seibel-Ehlert: Generation of stable cell line HEK293T FLAG-hH3R. 

Dr. Lisa Forster: One radioligand competition binding experiment, shown in Chapter 7. 
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4.1. Introduction  

G protein-coupled receptors (GPCRs) are seven transmembrane receptors, connected through 

three extracellular loops (ECL) and intracellular loops (ICL), divided into six subclasses (class A – 

class F).1–3 They are targeted by 30% - 40% of all current drugs and therefore an evolution in the 

understanding of signaling pathways and binding properties of GPCRs is constantly required.4,5 

Currently, the theory that receptors of the class A family can exist, besides monomers, as homo-, 

heterodimers, or higher order oligomers is widely regarded as probable.6–8 With the development 

of techniques like bioluminescence and fluorescence resonance energy transfer,9–11 protein 

complementation,12,13 and imaging14,15, the existence of oligomers is supported. The formation of 

homo- or heteromers is not necessary for the functionality of the receptors, unlike the class C 

family of GPCRs,16,17 and is not always a steady state,18,19 like in Huntington’s disease, where the 

D1R-H3R heteromer is only present in a certain stage of the disease.20 Thus, it is important to 

understand if the formation of the homo- or heteromer has advantages or disadvantages in 

binding or signal properties compared to the monomers.21 

As mentioned, one known representative of receptor heteromerization is the D1R-H3R heteromer 

which occurs in the striatal tissue of the human brain.22 Both the D1R and H3R belong to the class 

A family of GPCRs. It has been shown that those receptors can form heterodimers and oligomeric 

complexes containing the D1R, H3R and N-methyl-D-aspartate (NMDA)-receptor subunits.23,24 

Inhibition of this complex leads to reduced dopamine, NMDA and β1-42-amyloid induced cell death, 

demonstrating its potential as a target for neurodegenerative diseases, such as Alzheimer’s 

disease.25,26 Therefore bivalent ligands were a novel approach in drug design, consisting of two 

pharmacophores for the respective receptors, coupled through a linker with different lengths and 

properties. 27–29 In contrast to bitopic ligands, bivalent ligands target two orthosteric binding sites 

in a homomer or heteromer,30 instead of one orthosteric binding site and an adjacent allosteric 

binding pocket. 31,32 Likewise, the D2lR-H3R heteromer, comprising two protomers of class A 

GPCRs, occurs in the striatal tissue of the human brain – as shown by Ferrada et al. 2009 in BRET 

studies.33 Furthermore, the working group demonstrated a H3R-mediated negative modulation of 

the D2lR function as a new possibility for therapeutic targets against Parkinson’s disease34 that 

could be addressed by novel bivalent ligands. 

In previous studies for the adenosine A1R-D1R or A2R–D2R heteromer, radioligand competition 

binding experiments for the respective homo- or heteromers were developed to characterize 

those novel bivalent ligands in co-expressing cell systems in the presence of two specific 

radioligands for each protomer.35,36 The bivalent ligands obtained biphasic curves with pKi,low and 

pKi,high values, where the pKi,low value represents the affinity of the bivalent ligand bound with only 

one pharmacophore or on expressed monomers The pKi,high value represents the affinity to the 
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heteromer when both pharmacophores are bound to the two orthosteric binding sites.36–38 

Moreover, functional assays for homo- or heteromers measuring cyclic adenosine 

monophosphate (cAMP) accumulation were formerly developed for a complete characterization 

of the newly synthesized bivalent ligands.35,39  

To address this, the aim of this project was the development of a radioligand binding assay for the 

D1R-H3R and D2LR-H3R heteromers using different receptor ratios in transient co-expressing cell 

systems or stable cell lines. The receptor ratio of 1:2 is predicted to result in functional complexes 

in vitro for class A GPCRs and was set as aim ratio for both heteromers. Nevertheless, other 

stoichiometric receptor ratios were considered. Thus, to characterize the generated heteromeric 

system in co-expressing cells, saturation binding experiments were performed to validate the 

receptor expression of each protomer, followed by the calculation of the stoichiometric receptor 

ratio. In addition, competition binding experiments were performed with the novel bivalent 

ligands NR330 at the D1R-H3R heteromer, and MN079, MN209, and MN240 at the D2lR-H3R 

heteromer, both in co-expressing HEK293T cells (Figure 4.1). For every test compound, binding 

affinities with either the D1R, D2lR, or H3R were compared with mono expressing HEK293T cells 

to the respective co-expressing HEK293T cell line. 

For the investigation of negative or positive cooperativity or modulation at the D2lR-H3R 

heteromer, a miniG protein recruitment assay combined with split NanoLuc technology was 

designed.40 The ‘small bit’ (SmBiT) was C-terminally linked to the H3R receptor, whereas the D2lR 

was connected to the ‘large bit’ (LgBiT) of the spilt nano luciferase through linkers, followed by 

the miniGsi protein. Upon activation by a ligand, a conformational change of the respective 

receptor is induced and recruitment of the miniGsi protein occurs with concomitant 

complementation of the split luciferase fragments. The resulting bioluminescence is measured in 

the presence of the NanoLuc substrate and recruitment of the specific miniGsi protein upon 

receptor activation can be monitored in a concentration-dependent manner of the ligand in real-

time (Figure 4.2). For characterization, literature-known D2-like standard ligands, H3R standard 

ligands and bivalent ligands for the D2lR-H3R heteromer were tested. 
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Figure 4.1: Structures of investigated bivalent ligands for the D1R-H3R and D2lR-H3R heteromer. The 
bivalent ligand NR330 was used for the D1R-H3R, whereas MN079, MN209 and MN240 were used for the 
characterization of the D2lR-H3R co-expressing HEK293T cells in radioligand binding experiments or the 
functional split luciferase-based miniG protein recruitment assay.  

 

 

Figure 4.2: Scheme of the split nano luciferase-based miniG protein recruitment assay for the D2lR-H3R 
heterodimer in HEK293T wild type cells. After activation of the D2lR-H3R heteromer by a ligand, the 
complementation of the split luciferase fragments occurs and in presence of a substrate Furimazine 
bioluminescence is measurable at λ = 480 nM in the presence of a substrate. Created with BioRender.com 
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4.2. Materials and Methods  

4.2.1. Materials 

Dulbecco’s modified Eagle’s medium high glucose (DMEM) and HEPES (1 M in distilled (d)H2O, pH 

= 7.4, sterilized and stored at 4 °C) were obtained from Sigma (Taufkirchen, Germany). Leibovitz’s 

L-15 medium without phenol red (L-15) was from Gibco (Taufkirchen, Germany). Fetal calf serum 

(FCS), trypsin (0.05% trypsin, 0.02% EDTA in dH2O) and geneticin (G418) were from Merck 

(Darmstadt, Germany). The NanoLuciferase substrate furimazine (Nano-Glo®) was from 

Promega (Walldorf, Germany). HEK293T cells (RRID:CVCL_0063) were a kind gift of Wulf 

Schneider (Institute for Medical Microbiology and Hygiene, Regensburg, Germany). HEK293T 

Flag-hH3R were kindly provided by Ulla Seibel—Ehlert (Institute of Chemistry and Pharmacy, 

Medicinal und Pharmaceutical Chemistry II, Universität Regensburg). The pcDNA3.1neo vector was 

from Thermo Scientific (Nidderau, Germany). The pcDNA5 vector, as well as the HEK293T-FlipIn 

cells were a kind gift from Dr. Laura J. Humphrys (Institute of Chemistry and Pharmacy, Medicinal 

und Pharmaceutical Chemistry II, Universität Regensburg). The pIRESpuro vector was a kind gift 

from Dr. Carina Höring (Institute of Chemistry and Pharmacy, Medicinal und Pharmaceutical 

Chemistry II, Universität Regensburg). The cDNA of the dopamine receptors and the histamine 

H3R were purchased from the cDNA Resource Center (Rolla, MO, USA). The restriction enzymes 

BamHI and ApaI, were purchased from New England Biolabs (Frankfurt am Main, Germany).  

Depending on their physicochemical properties, if possible, ligands were dissolved in dH2O; 

otherwise DMSO (Merck) was used as solvent. Dopamine dihydrochloride (dopa), (+)-butaclamol 

hydrochloride (buta), and pramipexole dihydrochloride (prami) were purchased from Sigma 

(Taufkirchen, Germany). Haloperidol (halo), JNJ-5207852 and SCH-23390 were obtained from 

TCI Deutschland GmbH (Eschborn, Germany). (-)-Quinpirole hydrochloride (quin), (S)-(-)-

sulpiride (sulp), and spiperone hydrochloride (spip) were obtained from TOCRIS (Bristol, UK). All 

bivalent ligands NR330, MN075, MN085, MN209, and MN240 were kindly provided by Dr. Niklas 

Rosier and Dr. Martin Nagl (Institute of Chemistry and Pharmacy, Medicinal und Pharmaceutical 

Chemistry I, Universität Regensburg). 

 

4.2.2. Methods  

The cDNA of the human D1R and H3R were purchased from the cDNA Resource Center (Rolla, MO, 

USA). The sequences of the D1R and H3R were amplified by standard PCR to introduce a P2A site 

(ATNFSLLKQAGDVEENPGP) fused to the D1R C-terminus and overlapping sites to the vector. The 

dopamine receptor with the P2A site and the H3R was afterwards cloned into the digested pcDNA5 

vector backbone using Gibson assembly, forming pcDNA5 D1R-P2A-H3R.  
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For the functional split nano luciferase-based miniG protein recruitment assay, the cDNA of the 

human D2lR was purchased from the cDNA Resource Center (Rolla, MO, USA). The sequences of 

the D2lR were amplified by standard PCR by introducing an overlap of base pairs for a Gibson 

assembly. The linker, consisting of 42 base pairs (-GSSGGGGSGGGGSS-), was purchased from 

Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, Germany). The dopamine D2lR and the 

linker were cloned with a Gibson assembly into a pIRESpuro vector backbone containing the LgBiT 

of the Nano luciferase N-terminally fused to the miniGsi protein sequence.40 After the ligation step, 

the sequence of the D2lR and the 42 base pair linker are N-terminally connected to the NLucN-

miniGsi protein sequence. Positive bacterial colonies were first extracted in a mini-prep from 

overnight cultures (Miniprep Kit, Nippon Genetics, Düren, Germany) and then maxi-prepped for 

use in mammalian cells (Maxiprep Kit, Qiagen, Hilden, Germany). All plasmid DNA was quantified 

by UV-VIS absorbance using a NanoDrop spectrophotometer (ThermoFisher, Braunschweig, 

Germany) and sequences were verified by sequencing performed by Eurofins Genomics (Eurofins 

Genomics LLC, Ebersberg, Germany). 

 

4.2.3. Cell Culture  
 

HEK293T cells were cultured in DMEM supplemented with 10% FCS and 2 mM L-glutamine at 

37 °C, 5% CO2 in a H2O saturated atmosphere. Cells were periodically inspected for mycoplasma 

contamination by Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, Germany). 

 

4.2.4. Generation of Stable Cell Lines  
 

Stable HEK293T Flip-In cells were seeded on a sterile 6-well dish at a cell density of 300,000 

cells/ml in DMEM supplemented with 10% FCS and 2 mM L-glutamine. The next day, cells were 

transfected with 2 µg cDNA of pcDNA5zeo D1R-P2A-H3R using the transfection reagent XtremeGene 

HP (Merk, Darmstadt, Deutschland) according to supplier’s protocol (1:3 cDNA (µg): XtremeGene 

(µl) ratio). After an incubation period of 48 h, cells were detached by using trypsin and seeded in 

a 175 cm3 cell culture flask with 25 ml DMEM supplemented with 10% FCS, respectively. Cells 

were allowed to attach and thereafter treated with the antibiotic zeocin (300 µg/ml) to achieve 

stable expression. The media was refreshed every three days, and the zeocin level was dropped 

to 100 µg/ml for continued selection pressure in later passages.  

 

4.2.5. Generation of Frozen Cell Aliquots  

HEK293T Flag-hH3R cells were seeded on a sterile 100 cm2 dish at a cell density of 500,000 

cells/ml in DMEM supplemented with 10% FCS and 2 mM L-glutamine. The next day, cells were 

transfected with different amounts of pcDNA3.1neo D1R-myc (5 µg – 12 µg) or pcDNA3.1neo D2lR-

myc (5 µg) by using the transfection reagent transporter 5 PEI (Polysciences, Warrington, PA, 
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USA) according to supplier’s protocol (1:5 pcDNA3.1neo D1,2lR-myc (µg): PEI (µl) ratio). DMEM 

medium supplemented with 10% FCS and 2 mM L-glutamine was changed for 4 h to DMEM 

without supplements during transfection. After 48 h, cells were detached by trypsinization, and 

the density was adjusted to 1.1 x 106 cells/ml (D1R-H3R) or 300,000 cells/ml (D2lR-H3R) after 

counting in a “Neubauer” hemocytometer. Cells were aliquoted in DMEM medium supplemented 

with 10% FCS, 2 mM L-glutamine and 10% DMSO and frozen at -80 °C in cryo-vials. 

 

4.2.6. Radioligand Binding Experiment  
 

To measure the receptor density in either the stable cell lines HEK293T FlipIn-D1R-P2A-H3R or 

frozen cell aliquots of transient co-expressing HEK293T cells for the D1R-H3R or D2lR-H3R 

heteromers, saturation radioligand binding experiments were performed as previously described, 

with minor changes.41 The frozen co-expressing HEK293T cell aliquots were thawed, resuspended 

and centrifugated at 4°C, 700 rpm for 4 min. For the stable cell lines, the cell density was adjusted 

to 80,000 cells/well after counting in a “Neubauer” hemocytometer in binding buffer (BB; 50 mM 

Tris HCl, 1 mM EDTA, 5 mM MgCl2 * 6 H2O, supplemented with 100 µg/ml bacitracin, pH = 7.4). 

Frozen cells (already adjusted to 1.1 x106 cells/ml per aliquot) were resuspended in 9.5 ml of BB, 

followed by seeding 160 µl of the stable or frozen cells in each well of a 96-well plate (clear, u-

bottom 96-well plate, Greiner Bio-One, Kremsmünster, Austria). The radioligands [3H]SCH-23390 

for D1R (81 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden; Kd = 0.2 nM)42, [3H] N-methyl-

spiperone (77 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden; Kd = 0.014 nM)41 for the D2lR 

and [3H]UR-PI294 (93.3 Ci/mmol, Universität Regensburg, Germany, Kd = 1.1 nM)43 or [3H]UR-

MN259 (105 Ci/mmol, Universität Regensburg, Germany, Kd = 0.55 nM)44 for the H3R were used 

with increasing concentrations in the range of approx. 1/10 Kd -10 Kd. Total binding was 

determined in the absence of any competitor. Non-specific binding was measured by incubating 

the co-expressing cell suspension in the presence of the respective radioligand and (+)-butaclamol 

(D1R), haloperidol (D2lR) in a 2,000-fold excess or clobenpropit (H3R) in 1,000-fold excess, with a 

total volume of 200 µl per well. Incubation periods of 1.5 h were terminated by separating bound 

and free radioligand with an automated cell harvester (Brandel, Gaithersburg, USA) utilizing rapid 

filtration through Whatman GF/C filters precoated with 0.3% polyethyleneimine. Filters were 

transferred to flexible 96-well sample plates (Perkin Elmer, Rodgau, Germany) and incubated 

with scintillation cocktail for at least 5 h before radioactivity was measured using a MicroBeta² 

1450 scintillation counter (Perkin Elmer, Rodgau, Germany).  

For competition binding experiments, dilutions of the competitors and radioligands were 

accomplished in the respective buffer (BB; Leibovitz’s L-15 media; BB supplemented with 100 

mM or 140 mM NaCl). For the D1R [3H]SCH-23390 (c = 0.4 nM), D2lR [3H]N-methylspiperone (c = 

0.02 nM), and H3R [3H]UR-MN259 (c = 0.5 nM) were used as radioligands. For non-specific 
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binding, (+)-butaclamol (D1R), (+)-haloperidol (D2lR), and clobenpropit (H3R) were diluted to 

1,000-fold access compared to the respective radioligand. For allosteric experiments, the 

radioligand [3H]UR-MN259 in a concentration of 0.15 nM was chosen. The frozen co-expressing 

cells were handled as described above. Mono-expressing cells for the D1R, D2lR and H3R were 

adjusted to 80,000 cells/well after counting in the respective buffer, either in BB, Leibovitz’s L-15 

media, BB supplemented with 100 mM NaCl or 140 mM, followed by seeding 70 µl (competition 

binding experiments with two competitors per well) or 80 µl (normal competition binding) of the 

respective cells in each well of a 96-well plate (clear, u-bottom 96-well plate, Greiner Bio-One, 

Kremsmünster, Austria). Incubation of the specific radioligand in the presence of either the 

competitors or non-specific binding was terminated after 1 h for the mono-expressing cells and 

1.5 h for the co-expressing cells using an automated cell harvester. For normalization, a total 

binding (buffer with the respective radioligand as 100 % value) and non-specific binding (0% 

value) were always included.  

Data were analyzed using Prism10 (GraphPad, La Jolla, CA, USA). After subtracting non-specific 

binding, specific binding and the resulting Kd were determined in saturation binding experiments. 

In competition binding experiments curves were fitted with either a one-site fit, or a two-site fit 

after analysis with the compared function of Prism10. A two-site fit was chosen, when the 

respective p-value was < 0.05 and null hypothesis was rejected. The determined p-values were 

always indicated under the respective figures and tables. The Ki values were calculated from IC50 

values, after normalization, according to the Cheng-Prusoff-equation.45  

 

4.2.7. Functional miniGsi Assay for the D2lR-H3R Heteromer 

The miniG recruitment assay was performed using transiently transfected HEK293Tcells with 

plasmid DNA of pcDNA3.1neo hH3R-NlucC and pIRESpuro D2lR-NlucN-L42bp-miniGsi as described by 

Höring et al. 202046. The miniGsi denotes the chimeric miniG protein and the term L42bp imply 

the flexible serin linker consisting of 42 base pairs. All experiments were performed at 37 °C with 

a CLARIOstar Plus plate reader (BMG LABTECH, Ortenberg, Germany) to characterize different 

H3R-like, D2R-like standard ligands, and bivalent ligands (MN209 and MN240) in both modes, 

(agonist and antagonist mode) using furimazine as substrate (Promega, Mannheim). HEK293T 

cells were seeded on a sterile 6-well dish at a cell density of 300,000 cells/ml in DMEM 

supplemented with 10% FCS and 2 mM L-glutamine (2 ml/well). The next day, cells were 

transfected with 1 µg cDNA of pIRESpuro-D2lR-NlucN-L42bp-miniGsi and pcDNA3.1neoH3R-NlucC 

using the Transporter 5 PEI transfection reagent (Polyscience, Inc., Warrington, PA, USA) 

according to supplier’s protocol (1:5 cDNA (µg): PEI (µL) ratio) in 200 µL sodium-free DMEM, 

after 20 min incubation at room temperature. After an incubation period of 48 h, cells were seeded 

at a density of 1.25 x 106 cells/mL in Leibovitz’s L-15 media supplemented with 10 mM HEPES 
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and 5% FCS in a white 96-well plate (BRANDplates® cellGrade 781965, VWR) and incubated at 

37 °C overnight in a humidified atmosphere. The dilution of the substrate (furimazine) and 

samples were prepared in Leibovitz’s L-15 media supplemented with 10 mM HEPES prior to the 

experiment. The basal luminescence was recorded immediately after adding 10 µL of the 

substrate to each well for 13 plate repeats (or 15.5 min) with an integration time of 0.5 s per well. 

10 µL of every concentration of the ligand dilution series were added in triplicate, and the final 

luminescence measurement was performed for further 39 plate repeats (equal to 46.5 min). A 

similar procedure was performed for the characterization of the different ligands in the antagonist 

mode. Further 13 plate repeats (equal to 15.5 min) were recorded after the addition of the serial 

dilutions of the ligands, followed by the final measurement of 39 cycles (equal to 46.4 min) after 

adding 10 µL of 100 µM dopamine (D2lR) or 1 µM histamine (H3R) as the endogenous agonist at 

the EC80 concentration. For normalization of the data, the negative control (solvent control) and 

positive control (maximum level of 100 µM histamine in agonist mode and 1 µM histamine in 

antagonist mode) were included on every assay plate. After the addition of the substrate and the 

ligands, the luminescence traces were recorded for each addition in a time-resolved manner, 

followed by a baseline and an inter-well correction, and the area under the curve (AUC) was 

calculated and transferred to concentration-response curves. Finally, the data were normalized to 

the highest concentration of the agonist histamine, dependent on agonist or antagonist mode. The 

resulting pKb values were all determined according to the Cheng-Prusoff equation.45 
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4.3. Results and Discussion 

4.3.1.  D1R-H3R Heterodimer  
 

4.3.1.1. Generation of a Stable Cell Line Expressing D1R-H3R Using a P2A Site  

To generate a stable co-expressing D1R-H3R cell line, a 2A-peptide analogue was used. The self-

cleavage protein was from a porcine teschovirus-1 2A (P2A)47 and is an oligopeptide consisting of 

19 amino acids.48 Self-cleavage of P2A occurs during translation, targeted at the last C-terminally 

located glycine and the first proline of the 2B downstream protein in the respective cell. Thus, the 

protein sequence was cloned in a pcDNAzeo5 vector backbone between the D1R and H3R sequence 

(refer Chapter 4.2.2.) with the intention of producing equal expression of both receptors in a 

stoichiometric ratio of 1:1 because both genes were under the same promoter.48 To verify the 

expression of both receptors and the stoichiometry of the two receptors in the co-expressing 

HEK293T FlipIn-D1R-P2A-H3R cells, radioligand saturation binding experiments were performed 

in the presence of [3H]SCH-23390 for the D1R protomer and [3H]UR-PI294 for the H3R protomer. 

The obtained signal-to-noise ratio of the specific binding for both receptors was very low and no 

reliable dissociation constants (Kd) or maximum binding capacity (Bmax) were calculated 

(Appendix, Figure 7.32). 

Due to an insufficient signal-to-noise ratio and receptor ratio, no further studies, such as 

competition binding experiments or kinetic experiments, were performed. Thus, for the following 

experiments transient co-expressing D1R-H3R cells were generated.  

 

4.3.1.2. Characterization of Bivalent Ligands on Transient Transfectants of The D1R-

H3R Heteromer 

HEK293T wild-type cells were transiently transfected with different amounts of plasmid DNA of 

pcDNA3.1neo D1R-myc (1 µg – 3 µg) and pcDNA3.1neo H3R-myc (1 µg – 5 µg) to validate the optimal 

amount of each receptor to observe a sufficient signal-to-noise ratio. Saturation binding 

experiments were performed on these cells in the presence of either [3H]SCH-23390 (D1R, c = 

0.4 nM) or [3H]UR-PI294 (H3R, c = 6 nM). In all transiently transfected plasmid DNA ratios, the 

expression of the H3R was insufficient (Appendix, Figure 7.33). The ratio of the plasmid DNA was 

not equal to the expressed receptor ratio and the expression of the H3R was consistently very low, 

with no option for further increased plasmid DNA amounts. Therefore, HEK293T wild-type cells 

stably expressing the H3R (HEK293T Flag-hH3R) were used for transfection with plasmid DNA of 

pcDNA3.1neo D1R-myc (5 µg – 12 µg for each 100 cm2 dish). To get a sufficient number of cells with 

equal expression, the transient transfected cells were pooled and frozen in aliquots for each batch 

at -80 °C, where no remarkable difference between pre-frozen and living cells were                                                                  
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observed.49–51 Afterwards, radioligand saturation binding experiments were performed to verify 

the receptor ratio and investigate the impact by varying the cDNA amount (Appendix, Figure 7.34, 

Table 7.4 - 7.7). The best result was achieved with 12 µg of plasmid DNA of pcDNA3.1.neo D1R-myc 

(batch 10, Appendix Figure 7.35). Under consideration of the Bmax at the D1R (2549 dpm), at the 

H3R (6232 dpm) and taking into account the specific activity of each radioligand (D1R: [3H]SCH-

23390: 3.00 TBq/mmol, H3R: [3H]UR-MN259: 3.89 TBq/mmol) the receptor expression per cell 

was calculated and thus, a stoichiometric receptor ratio of 1:2 for the transient co-expressing D1R-

H3R HEK293T cells (Table 4.1). The calculated pKd value for the H3R (pKd = 9.11) was in good 

agreement with literature data, while it was remarkably lower for the D1R (pKd = 8.85), compared 

to literature data on the D1R monomer. We assume, due the co-overexpression of both receptors 

and the potential for heteromerization the binding properties of the receptors were affected.52 

The achieved stoichiometric receptor ratio was previously reported for class A GPCRs for the 

formation of functional heteromers in vitro,53 as well as in BRET-based experiments for the D1R-

H3R heteromer.22 Nevertheless, the investigation of other stoichiometric ratios should be aimed 

to complete the establishment of the heteromerization of these class A receptors. 

 

Table 4.1: Equilibrium dissociation constants (pKd values), receptor expression (Bmax), and receptor ratio 
obtained from radioligand saturation binding experiments on transient co-expressing D1R-H3R HEK293T 
cells (batch 10). As specific radioligands [3H]SCH-23390 for the D1R and [3H]UR-MN259 for H3R were used 
For the determination of non-specific binding (+)-butaclamol was used for the D1R and for the H3R 
clobenpropit was applied, both in a 1,000-fold excess. Data are shown from one experiment, performed in 
duplicate. 

receptor pKd Bmax/ dpm receptors per cell 
ratio 

(D1R:H3R) 
Ref. 

D1R protomer 8.85 2549 1,07E+05 
1: 2 

9.4054 

H3R protomer 9.11 6232 2,01E+05 9.2655 

 

Moreover, competition binding experiments with the D1R antagonist SCH-23390 (SCH), the 

antagonistic H3R standard ligand JNJ-5207852 (JNJ), and the bivalent ligand NR330 were 

performed on co-expressing D1R-H3R cells with a receptor ratio of 1:2 with aliquots of batch 10 

(Figure 4.3). The bivalent ligand NR330 is composed of a SCH-23390 analogue as D1R 

pharmacophore coupled trough a linker to a JNJ-5207852 analogue as H3R pharmacophore, 

whereas the linker consists of two polyethylene glycol (PEG) moieties (12 C-atoms each) 

connected through a glutaric acid amide. Experiments with NR330 in the presence of the D1R 

radioligand [3H]SCH-23390 (c = 0.4 nM), referred to as D1R mode, or in the presence of the H3R 

radioligand [3H]UR-MN259 (c = 0.5 nM) as H3R mode. As NR330 consists of both a SCH-23390 

analogue and a JNJ-5207852 analogue as pharmacophores, both standard ligands were included 

as controls. Thus, it is assumed, that bivalent ligands show biphasic curves on functional 

heteromers, while monovalent ligands obtain monophasic curves, due to its ability to bind with 
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one or both pharmacophores to the heteromer and to expressed monomers . 56,57 For analysis of 

the obtained data, the one-site fit was compared with two-site fit and the calculated p-value was 

always indicated in the respective figure captions and table footnotes.  

The bivalent ligand for the D1R-H3R heteromer NR330 yielded a biphasic curve (p < 0.001) in both 

modes using co-expressing D1-H3R cells (ratio 1:2), whereas the standard ligands SCH and JNJ 

achieved monophasic curves (SCH: p = 0.18, JNJ: p = 0.16) in the respective D1R mode (Figure 4.3, 

A) or H3R mode. (Figure 4.3, B), which supported the assumption of NR300 as true bivalent ligand 

and the ability of NR330 to bind in different binding-modes to the respective monomer or 

heteromer. In the D1R mode the specific radioligand [3H]SCH-23390 was incubated with either 

the bivalent ligand or the standard ligand SCH and in the H3R mode NR330 or JNJ in the presence 

of [3H]UR-MN259. In the case of the D1R mode, the bivalent ligand yielded a pKi,low value in the 

micromolar range (pKi,low = 5.61 ± 0.13) and a right-shifted pKi,high value of 8.86 ± 0.04, which was 

lower compared to the standard ligand SCH (pKi  = 9.29 ± 0.20) (Table 4.2). In the H3R-mode, 

NR330 achieved a pKi,low of 5.94 ± 0.04 and an additional pKi,high value of 9.83 ± 0.05, which were 

comparable with the pKi of JNJ (pKi = 9.57 ± 0.09) (Table 4.3). In both cases, the bivalent ligand 

showed no higher affinity to the D1-H3R heteromer compared to the protomer and the respective 

standard ligands. Nevertheless, the pKi values for both standard ligands were in good agreement 

with the literature data.  

 
Figure 4.3: Representative radioligand competition binding experiments on co-expressing HEK293T D1R-
H3R cells with a ratio of 1:2. A: Radioligand competition binding curve of the D1R standard ligand SCH-23390 
(SCH) (purple)† and the bivalent ligand NR330 (green)*** in the presence of [3H]SCH-23390. To determine 
non-specific binding (+)-butaclamol was used in a 1,000-fold excess. B: Representative radioligand 
competition binding curve of the H3R standard ligand JNJ-5207852 (JNJ) (dark red)† and the bivalent ligand 
NR330 (dark blue)*** in the presence of [3H]UR-MN259. To determine non-specific binding clobenpropit 
was used in a 1,000-fold excess. Data are shown as means ± SEM from two independent experiments, each 
performed in triplicate. ***p < 0.001. †p > 0.05. 
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Table 4.2: Binding affinities (pKi values) of the bivalent ligand NR330 and the D1R standard ligand SCH-
23390 (SCH) in radioligand competition binding experiments on cells co-expressing D1R-H3R HEK293T 
cells with a ratio of 1:2. Data are shown as means ± SEM from two independent experiments, each 
performed in triplicate. 

Cpd. 
 HEK293T D1R-H3R  

(H3R mode) 

 

  pKi ± SEM pKi,low  ± SEM pKi,high ± SEM N curve-fit Ref. 

NR330   5.61 ± 0.13 8.86 ± 0.04 2 two-site***  

SCH  9.29 ± 0.20   2 one-site† 9.9658 
***p < 0.001. †p > 0.05. 

 

Table 4.3: Binding affinities (pKi values) of the bivalent ligand NR330 and H3R standard ligand JNJ-5207852 
(JNJ) in radioligand competition binding experiments on co-expressing D1R-H3R HEK293T cells with a ratio 
of 1:2. Data are shown as means ± SEM from two independent experiments, each performed in triplicate.  

Cpd. 
 HEK293T D1R-H3R  

(H3R mode) 

 

  pKi ± SEM pKi,low  ± SEM pKi,high ± SEM N curve-fit Ref. 

NR330  - 5.94 ± 0.04 9.83 ± 0.05 2 two-site*** - 

JNJ  9.57 ± 0.09   2 one-site† 9.2059 
***p < 0.001. †p > 0.05. 

 

A higher binding affinity is not necessarily implemented by addressing dimers with bivalent 

ligands. For the binding of a bivalent ligand the gain in entropic energy or the stabilization of the 

heteromeric complex are important factors.60 On the one hand, due to the binding of both 

pharmacophores to the respective orthosteric binding pocket, the linker loses in degrees of 

freedom, which should be considered for entropic contribution to the Gibbs energy and could have 

a negative impact on the affinity.61 On the other hand, the formation of a receptor dimer and the 

binding of one pharmacophore can eventually lead to a conformational change and a decrease of 

binding affinity for the second pharmacophore of the bivalent ligand.62 

In order to test whether the biphasic curve can be transformed to a monophasic curve by blocking 

one receptor protomer of the D1-H3R heteromer, radioligand competition binding experiments 

with NR330 in both modes were performed in the presence of an additional competitor. In the 

D1R-mode JNJ (c = 10 µM) was used as H3R standard ligand and for the H3R mode SCH (c = 10 µM) 

as D1R standard ligand. The respective concentration was chosen to be capable of sufficiently 

blocking the receptor protomer. In the presence of each standard ligand, SCH or JNJ, the specific 

binding of the NR330 dropped to approximately 35% in the D1R mode and to approximately 20% 

in the H3R mode. However, the biphasic curve of NR330 in the presence of either 10 µM SCH or 

10 µM JNJ turned into a monophasic curve in both modes (Figure 4.4, A and B). The results confirm 

a biphasic binding mode of the bivalent ligand, which is reversible in the present of a second 

competitor. The pKi value in the D1R mode of the monophasic curve (pKi = 7.45) was two orders 

of magnitude lower compared to the pKi,low value of NR330 additional competitor (pKi,low = 5.61 ± 

0.13) co-expressing the D1R-H3R. In contrast, the pKi of NR330 obtained from experiments with 
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cell homogenates of HEK293T cells expressing only the D1R, was one order of magnitude higher 

(pKi = 8.67 ± 0.10) (Figure 4.4, A). The same result was observed in the H3R mode of NR330 in the 

presence of the competitor SCH (c = 10 µM), even though the pKi value of the monophasic curve 

was right shifted and yielded a higher pKi value (pKi = 6.29) compared at the H3R monomer 

receptor stably expressed by HEK293T Flag-hH3R cells (pKi = 5.61 ± 0.13) (Figure 4.4, B).  

 

Figure 4.4: Representative radioligand competition binding experiments of NR330 in the presence of the 
respective radioligand and an additional competitor on co-expressing D1R-H3R HEK293T cells. A: D1R 
mode: Radioligand competition binding curve of NR330 in the presence of [3H]SCH-23390 and 10 µM of the 
H3R standard antagonist JNJ-5207852 (JNJ) (light green)†. Competition binding curves of NR330 without 
additional competitor on co-expressing D1R-H3R HEK293T cells (dark green)*** and on homogenates of 
HEK293T D1R-CreLuc2P cells (grey)† are shown. For determination of non-specific binding (+)-butaclamol 
was used in a 1,000-fold excess.  B: H3R mode: Radioligand competition binding curve of NR330 in the 
presence of [3H]UR-MN259 and 10 µM of the D1R standard antagonist SCH-23390 (light blue)†. As non-
specific binding clobenpropit in 1,000-fold excess was used. Competition binding curves of NR330 without 
additional competitor (dark blue)*** and NR330 on HEK293T Flag-hH3R cells (grey)† are shown. Data are 
shown as means ± SEM from one to three independent experiments, each performed in triplicate. ***p < 
0.001. †p > 0.05. 
 

Table 4.4: Binding affinities (pKi values) of the bivalent ligand NR330 alone and in presence of 10 µM JNJ-
5207852 (JNJ) in the D1R-mode determined in radioligand competition binding experiments on co-
expressing D1R-H3R HEK293T cells with a ratio of 1:2 and HEK293T D1R-CRELuc2P homogenates (wt 
receptor). Data are shown as means ± SEM from one to three independent experiments (N ≥ 1), each 
performed in triplicate. 

Cpd. 
HEK293T D1R-

CRELuc2P  
(wt receptor) 

 
HEK293T D1R-H3R  

(D1R mode) 

 pKi ± SEM N  pKi ± SEM pKi,low  ± SEM pKi,high ± SEM curve-fit N 

NR330 8.67 ± 0.10a 3   5.61 ± 0.13 8.86 ± 0.04 two-site*** 2 

NR330 + 
10 µM JNJ 

   7.54   one-site† 1 
a performed by Dr. Niklas Rosier. ***p < 0.001. † p > 0.05. 
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Table 4.5: Binding affinities (pKi values) of the bivalent ligand NR330 alone and in presence of 10 µM SCH-
23390 (SCH) in the H3R-mode determined in radioligand competition binding experiments on transient co-
expressing D1R-H3R HEK293T cells with a ratio of 1:2 and stable HEK293T Flag-hH3R cells (wt receptor). 
Data are shown as means ± SEM from one to three independent experiments (N ≥ 1), each performed in 
triplicate. 

Cpd. 
HEK293T Flag-hH3R 

(wt receptor) 

 HEK293T D1R-H3R  
(H3R mode) 

 pKi ± SEM N  pKi ± SEM pKi,low  ± SEM pKi,high ± SEM curve-fit N 

NR330 10.3 ± 0.01 3   5.94 ± 0.04 9.83 ± 0.05 two-site*** 2 

NR330 + 
10 µM SCH 

   6.29   one-site† 1 
***p < 0.001. †p > 0.05. 

 

We suspect that the decrease in specific radioligand binding was induced by the binding of both 

standard ligands (SCH and JNJ) to the respective other protomer of the D1R-H3R heteromer, 

making them unsuitable for this competition binding experiments. Unfortunately, the experiment 

was only performed once, because the transient transfection of the stable HEK293T Flag-hH3R 

with the same amount of plasmid DNA of pcDNA3.1neo D1R-myc (12 µg) was not reproducible 

(except in batch 8) within the given time frame (Appendix, Figure 7.34). However, to verify this 

hypothesis and the possible impact of JNJ on binding affinities of known D1R standard ligands, 

radioligand competition binding experiments with JNJ alone or in the present of literature known 

D1R standard ligands and the bivalent ligand NR330 were performed on whole stable HEK293T 

D1R-CREluc2P cells. Furthermore, the cold ligand MN259 was included. In addition, the same 

competition radioligand experiments with SCH alone or in the presence of literature known H3R 

standard ligands and the bivalent ligand NR330 on stable HEK293T Flag-hH3R were conducted. 

 

4.3.1.3. Investigation of Binding Properties of Standard Ligands on D1R and H3R 

Monomers 

D1R Wild-type Receptor 

To examine the binding affinities of the antagonistic H3R ligands JNJ and MN259, or the bivalent 

ligand NR330 to the D1R, radioligand competition binding experiments on stable HEK293T D1R-

CREluc2P cells were performed. Additionally, the D1R standard ligands SCH-23390 (SCH) and (+)-

butaclamol (buta) were tested as controls and in the presence of these H3R ligands to investigate 

the impact on the binding properties to the D1R (Figure 4.5, A and B). Regardless of whether a 

one-site fit (monophasic curve) or a two-site fit (biphasic curve) was accepted, both fits were 

compared by performing the F-test with Prism10, and the calculated p-value was always indicated 

in the respective figure captions and table footnotes. The Ki values were calculated from IC50 

values with the Kd value for the respective buffer (sodium-free BB, Leibovitz’s L-15 media or BB 

supplemented with 140 mM NaCl, Appendix Figure 7.36 and Table 7.11), after normalization, 

according to the Cheng-Prusoff-equation.45 
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The bivalent ligand NR330 (consisting of a SCH analogue as D1R pharmacophore and a JNJ 

analogue as H3R pharmacophore) resulted a right-shifted monophasic curve (p = 0.25) at the D1R 

monomer receptor with an affinity in the nanomolar range (pKi = 8.52 ± 0.02), compared to the 

standard ligand SCH (pKi = 9.23 ± 0.11) (Figure 4.5 and Table 4.6). In contrast, the affinity of 

NR330 to the mono-expressing cells was equal to the pKi,high value in the D1R mode on D1R- H3R 

co-expressing HEK293T cells (pKi = 8.86 ± 0.04) (Table 4.4). Remarkably, the combination of the 

two bivalent ligand pharmacophores (SCH + 10 µM JNJ) led to a monophasic curve (p = 0.98) and 

a decrease in specific binding of the radioligand [3H]SCH-23390 to approximately 30%. The 

calculated pKi of 7.58 ± 0.31 was 44-fold lower, compared to SCH alone (pKi = 9.23 ± 0.11), which 

implies a negative modulation of SCH by JNJ. Likewise, SCH in the presence of 10 µM of the H3R 

ligand MN259 showed a monophasic curve (p = 0.91) and achieved a comparable pKi value of 8.84 

± 0.18, but the specific binding of the radioligand [3H]SCH-23390 decreased to approximately 80% 

(Figure 4.5, A). A depression in the binding signal was also observed with the D1R standard ligand 

buta in the presence of either 10 µM MN259 or 10 µM JNJ, whereas specific binding of the 

radioligand dropped to approximately 65% and 45% (Figure 4.5, B). Both H3R ligands, MN259 

and JNJ, showed no affinity to the D1R monomer but they produced a negative ligand-dependent 

impact on the binding of D1R standard ligands (Figure 4.5, A and B). Moreover, the pKi value of 

buta was left shifted to the nanomolar or sub-nanomolar range in the presence of the H3R ligands 

(buta + 10 µM JNJ: pKi = 9.25 ± 0.15, buta + 10 µM MN259: pKi =8.76 ± 0.31), compared to buta on 

mono-expressing D1R HEK293T cells (pKi = 8.25 ± 0.25) (Figure 4.5, B and Table 4.6).  

 

Figure 4.5: Radioligand displacement curves of [3H]SCH-23390 in the presence of  A: SCH-23390 (SCH) 
alone (purple)† or in combination with JNJ-5207852 (JNJ) (rose)† or 10 µM MN259 (pink)†, the H3R ligand 
MN259 or the bivalent ligand NR330 (dark green)† and B: (+)-butaclamol (buta) alone (petrol)† or in the 
present of 10 µM MN259 (blue)† or JNJ (dark blue)† and the H3R ligand MN259 (grey) and JNJ (black) on 
stable HEK293T D1R-CRELuc2P cells. To determine non-specific binding (+)-butaclamol in 1,000-fold 
excess was used and BB without supplements as buffer. Dashed lines mark incomplete curves. Data are 
shown as means ± SEM from three to five independent experiments, each performed in triplicate. †p > 0.05. 
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Table 4.6: Binding affinities (pKi values) of D1R standard ligands SCH-23390 (SCH) or (+)-butaclamol (buta) 
alone or in the presence of either 10 µM JNJ-5207852 (JNJ) or 10 µM MN259, the bivalent ligand NR330, 
and these H3R standard ligands alone in radioligand competition binding experiments on stable HEK293T 
D1R-CRELuc2P cells. Sodium-free BB was used as buffer. Data are shown as means ± SEM from three to five 
independent experiments, each performed in triplicate. 

Cpd. 
pKi ± SEM 

% max. spec. bdg. 

[3H]SCH-23390 

curve-fit 
N 

Ref. 

buta 8.52 ± 0.25 100 one-site † 5 8.5263 

buta + 10 µM JNJ 9.25 ± 0.15 45 one-site † 3 n.a. 

buta + 10 µM MN259 8.76 ± 0.31 65 one-site † 4 n.a. 

JNJ <4.0 70 n.a. 3 <4a,64 

MN259 <4.5 100 n.a. 3 n.a. 

NR330 8.52 ± 0.02 100 one-site † 3 n.a. 

SCH 9.23 ± 0.11 100 one-site † 5 9.9658 

SCH + 10 µM JNJ 7.58 ± 0.31 30 one-site † 3 n.a. 

SCH + 10 µM MN259 8.84 ± 0.18 80 one-site † 3 n.a. 

n.a. not applicable. aNanoBRET. †p > 0.05. 

 

The negative modulation of the H3R ligands to the antagonist SCH implements an allosteric effect, 

whether JNJ or MN259 are able to bind to a distinct binding pocket except for the orthosteric one. 

The induced conformational change after binding of the H3R ligands can lead to a lowered affinity 

of SCH. An allosteric binding pocket for the D1R was previously described by Hong et al. 2019, as 

well as, the positive allosteric modulator (PAM) LY3154207.65 Further investigations are 

necessary to validate an allosteric impact of either JNJ or MN259 on the D1R. Also for 

consideration, all experiments were performed in BB without sodium, and the sodium-dependent 

impact on the binding properties of specific ligands to other dopamine receptors (D2R and D3R) is 

known but, so far not the D1R.66–68 In the literature, different buffers containing/without sodium 

are described for radioligand binding experiments on whole cells.46,69–72 Therefore, several 

experiments were performed with two other buffers. First, the BB was exchanged for Leibovitz’s 

L-15 media, a sodium-containing medium supplemented with different amino acids, followed by 

BB supplemented with 140 mM NaCl, which is equal with the sodium concentration of Leibovitz’s 

L-15 media. The term ‘sodium-dependent effect’ is used in this study to describe results which 

occur or are demised in the presence of sodium.  

All tested ligands yielded monophasic curves with a p-value for buta + 10 µM JNJ of 0.19, SCH + 

10 µM JNJ of 0.47, SCH + 10 µM MN259 of 0.45, and NR330 of 0.27 (Figure 4.6, A and B). The 

previously observed signal-depression for SCH + 10 µM MN259 / JNJ and buta + 10 µM JNJ in BB 

no longer occurred in Leibovitz’s L-15 media. The calculated pKi values for all combinations were 

in good agreement with the respective ligand within the experiments in Leibovitz’s L-15 media 

(Table 4.7). In contrast, the binding affinity of buta +10 µM JNJ in BB (pKi = 9.25 ± 0.15), the pKi 
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value was right-shifted compared to the result in Leibovitz’s L-15 media (pKi = 8.25 ± 0.02). 

Interestingly, the specific binding of the radioligand [3H]SCH-23390 increased to 120% in the 

presence of buta alone. For buta + 10 µM JNJ the specific binding of [3H]SCH-23390 dropped to 

approximately 85%. This was comparable to the observed results in BB without supplement and 

implies no sodium-dependent effect. Despite this, the binding affinity for cold SCH increased in 

the presence of both H3R ligands compared to the ones observed in BB (BB; pKi,SCH+ 10 µM JNJ = 7.58 

± 0.31, pKi,SCH+ 10 µM MN = 8.84 ± 0.18; L15: pKi,SCH+ 10 µM JNJ = 9.20 ± 0.05, pKi,SCH+ 10 µM MN = 9.11 ± 0.10), 

and therefore, no trend could be observed. Moreover, the affinity of NR330 was lower in the 

sodium-containing buffer (pKi =7.80 ± 0.06) compared to the BB without sodium (pKi = 8.52 ± 

0.02) (Table 4.7).  

 

Figure 4.6: Radioligand competition binding curves performed in Leibovitz’s L-15 media in the presence of 
the D1R specific radioligand [3H]SCH-23390 on stable HEK293T D1R-CRELuc2P cells. A: SCH-23390 (SCH) 
(purple) †, in the presence of 10 µM MN259 (pink)† or JNJ-5207852 (JNJ) (orange)†, the H3R ligands MN259 
and JNJ or the bivalent ligand NR330† or B: of (+)-butaclamol (buta) (alone or in the presence of JNJ†), 
MN259 or JNJ. (+)-Butaclamol in 1,000-fold access was used to determine non-specific binding. Dashed lines 
mark incomplete curves. Data are shown as means ± SEM from three to five independent experiments, each 
performed in triplicate. †p > 0.05. 
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Table 4.7: Binding affinities (pKi values) of D1R standard ligands SCH-23390 (SCH) or (+)-butaclamol (buta) 
alone or in the presence of either 10 µM JNJ or 10 µM MN259, the bivalent ligand NR330, and these H3R 
standard ligands alone in radioligand competition binding experiments on stable HEK293T D1R-CRELuc2P 
cells. Leibovitz’s L-15 media was used as buffer Data are shown as means ± SEM from three to five 
independent experiments, each performed in triplicate. 

Cpd. pKi ± SEM 
% max. spec. bdg. 

[3H]SCH-23390 
curve-fit N Ref. 

buta 8.36 ± 0.10 120 one-site¥ 4 8.5263 

buta + 10 µM JNJ 8.40 ± 0.02 80 one-site † 3 n.a. 

JNJ <4.5 100 n.a. 5 <4a,64 

MN259 <4.0 100 n.a. 3 n.a. 

NR330 7.94 ± 0.06 100 one-site † 3 n.a. 

SCH 9.45 ± 0.08 100 one-site ¥ 4 9.9658 

SCH + 10 µM JNJ 9.34 ± 0.06 100 one-site † 4 n.a. 

SCH + 10 µM MN259 9.27 ± 0.9 100 one-site † 3 n.a. 

n.a. not applicable. ¥ simpler model (Prism 10). †p > 0.05. 

 

We suspect that the sodium in Leibovitz’s L-15 media was responsible that no shift of binding 

affinity of either buta or SCH in the presence of JNJ or MN259 was observed. Thus, to verify a 

sodium-dependent effect, radioligand competition binding experiments were performed with BB 

supplemented with 140 mM NaCl. 

By changing the buffer from Leibovitz’s L-15 media to BB supplemented with 140 mM NaCl, no 

significant changes in binding mode or shift of pKi values for NR330, SCH, SCH + 10 µM JNJ or + 

10 µM MN259 were observed (Figure 4.7, A and B, Table 4.8). The ligands achieved all monophasic 

curves with p-values for NR330 of 0.20, SCH + 10 µM JNJ of 0.78 and SCH + 10 µM MN259 of 0.20 

(Figure 4.7, A and B). We were able to vanish the negative modulation of SCH by JNJ and MN by 

the addition of sodium and proofed no differences in results between the Leibovitz’s L-15 media 

and BB supplemented with 140 mM NaCl. In contrast, buta without or in the presence of 10 µM 

JNJ obtained a monophasic curve as well (buta: p = 0.91, buta + 10 µM JNJ: p = 0.09), and showed 

no increase or decrease in the total binding of the radioligand [3H]SCH-23390. Moreover, the 

calculated pKi values were in good agreement with values generated with Leibovitz’s L-15 media 

(Table 4.8). We suspect, that the Leibovitz’s L-15 media’s extra supplements, like amino acids that 

are important for protein folding and receptor stabilization, could also have had a further impact 

on binding affinities.73–75  

Nevertheless, we confirmed a sodium-dependent effect on the binding affinities for all tested 

ligands at the D1R monomer receptor in the presence of JNJ and MN259. In the presence of sodium, 

the negative modulation of SCH by JNJ and MN was no longer observed.  
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Figure 4.7: Curves obtained in BB supplemented with 140 mM NaCl for radioligand binding experiments 
in the presence of the D1R specific radioligand [3H]SCH-23390 on stable HEK293T D1R-CRELuc2P cells. A: 
SCH-23390 (SCH) alone (purple)† or in the presence of 10 µM MN259 (pink)† or JNJ-5207820 (JNJ) 
(orange)†, the bivalent ligand NR330† or the H3R ligand JNJ (grey)† or B: (+)-butaclamol (buta) (alone or in 
the presence of JNJ†), and JNJ alone. (+)-butaclamol in 1,000-fold access was used to determine non-specific 
binding. Dashed lines mark incomplete curves. Data are shown as means ± SEM from two to five 
independent experiments (N ≥ 2), each performed in triplicate. †p > 0.05. 

 
Table 4.8: Binding affinities (pKi values) of D1R standard ligands alone or in the presence of either 10 µM 
JNJ or 10 µM MN259 and H3R ligands JNJ or MN259 in radioligand competition binding experiments on 
stable HEK293T D1R-CRELuc2P cells. BB supplemented with 140 mM NaCl was used as buffer. Data are 
shown as means ± SEM from two to five independent experiments (N ≥ 2), each performed at least in 
duplicate. 

Cpd. pKi ± SEM 
% max. spec. bdg. 

[3H]SCH-23390 
curve-fit N Ref. 

buta 8.18 ± 0.41 100 one-site† 2 8.5263 

buta + 10 µM JNJ 8.41 ± 0.36 100 one-site† 4 n.a. 

JNJ <4.5 90 n.a. 3 <4.0a,64 

NR330 7.65 ± 0.14 100 one-site† 3 n.a. 

SCH 9.12 ± 0.11 100 one-site¥ 5 9.9658 

SCH + 10 µM MN259 9.06 ± 0.02 100 one-site† 3 n.a. 

SCH + 10 µM JNJ 9.05 ± 0.03 100 one-site† 3 n.a. 

n.a. not applicable. ¥simpler model (Prism). †p > 0.05. 

 

The D1R monomer radioligand competition binding experiments with the respective competitors 

in three different buffers (sodium-free BB, Leibovitz’s L-15 media and BB supplemented with 140 

mM NaCl) were performed in the presence of the specific radioligand [3H]SCH-23390. The 

bivalent ligand NR330 achieved different results in sodium-containing buffer and a sodium-free 

BB. The affinity of NR330 was decreased in sodium-containing buffers: pKi,140 mM NaCl = 7.65 ± 0.14 

< pKi,L15 = 7.96 ± 0.06 < pKi,BB = 8.52 ± 0.06. Likewise, the combination of the two pharmacophores 

without the spacer (SCH-23390 and JNJ-5207852) was affected by the change to sodium-

containing buffers; in contrast to NR330, however, the pKi values were increased by using sodium-
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containing buffers: pKi,BB = 7.58 ± 0.31 < pKi,140 mM NaCl = 9.05 ± 0.03 < pKi,L15 = 9.34 ± 0.06 and the 

depression of the specific binding of [3H]SCH-23390 in the presence of SCH + 10 µM JNJ also 

vanished in buffers supplemented with sodium. Moreover, the calculated pKi values were 

comparable with the pKi of SCH alone in the sodium-containing media and buffer, respectively 

(pKi,BB = 9.23 ± 0.11, pKi,L15 = 9.31 ± 0.08, pKi,140 mM NaCl = 9.12 ± 0.11). Thus, we hypothesize that 

sodium influences the binding kinetics of the D1R – and therefore the binding affinities of the 

respective ligands – and is important to be included in radioligand binding experiments.76,77 

 

H3R Wild-type Receptor 

In previous radioligand competition binding experiments using the bivalent ligand NR330 in the 

presence of 10 µM SCH-23390 (SCH) at the D1R-H3R heteromer (H3R-mode), a depression of the 

specific binding of the radioligand [3H]UR-MN259 and a transition of the biphasic to a monophasic 

curve was observed. Therefore, radioligand competition binding experiments with the bivalent 

ligand NR330, the H3R ligands JNJ-5207852 (JNJ) and MN259 alone or in presence of 10 µM SCH 

and (+)-butaclamol (buta), and the D1R standard ligands alone (SCH and buta) were performed to 

verify the binding affinities and the sodium impact of the chosen buffer on HEK293T Flag-hH3R 

HEK293T cells. For choosing between the one-site fit (monophasic curve, p > 0.05) or the two-site 

fit (biphasic curve, p < 0.05) the compare function of Prism10 was used and the calculated p-value 

was always indicated in the respective figure captions and table footnotes. The Ki values were 

calculated from IC50 values with the Kd value for the respective buffer (sodium-free BB, Leibovitz’s 

L-15 media or BB supplemented with 140 mM NaCl, Appendix Figure 7.37and Table 7.12), after 

normalization, according to the Cheng-Prusoff-equation.45 

The combination of SCH and JNJ on the H3R monomer receptor achieved a monophasic curve (p = 

0.28) with a depression of the specific binding of the radioligand [3H]UR-MN259 to approximately 

70% (Figure 4.8, A). The calculated pKi value for SCH + JNJ (pKi = 9.05 ± 0.25) was one order of 

magnitude lower compared to the pKi value of JNJ alone (pKi = 9.98 ± 0.06)55 (Table 4.9). Thus, the 

impact of SCH as a negative modulator for the binding affinity of JNJ on the H3R was high with an 

observed depression of approximately 50% (Figure 4.8, A). In the presence of SCH with MN259 a 

monophasic curve was resulted (p = 0.34) with a calculated pKi of 8.71 ± 0.30, which was 7-fold 

lower compared to literature data (pKi = 9.55 ± 0.17).55 Moreover, a depression in the signal of the 

radioligand [3H]UR-MN259 (60%) was observed. In the presence of 10 µM buta the affinity for JNJ 

(pKi = 9.95 ± 0.03) and for MN259 (pKi = 9.26 ± 0.21) was comparable to the respective ligands 

alone and no depression in signal was observed in sodium-free BB at the H3R monomer (Table 

4.9). The D1R ligand buta did not bind to the H3R monomer (pKi < 4), as expected, but in contrast, 

SCH produced a biphasic curve (p = 0.009) with a pKi,low of 5.51 ± 0.16 and pKi,high of 8.77 ± 0.68 

(Figure 4.8, A and B), but the maximum of specific binding of the radioligand [3H]UR-MN259 in 
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the latter case was approximately 70-90 %. This result implies that SCH binds to the H3R and is 

not a D1R-selective ligand but further investigations are still necessary. However, all experiments 

were performed in sodium-free BB, and, because of presence of a sodium binding pocket adjacent 

to the orthosteric binding pocket of the H3R, we hypothesized a negative modulatory effect on the 

binding affinity of SCH would be induced by the addition of sodium.78,79 

 

Figure 4.8: Radioligand competition binding curves in the presence of the H3R specific radioligand [3H]UR-
MN259 on stable HEK293T Flag-hH3R cells in sodium-free BB. A: JNJ-5207852 (JNJ) with 10 µM SCH-23390 
(SCH) (red)† or (+)-butaclamol (buta) (rose)† or without competitor (dark red)†, the D1R standard ligands 
SCH (grey)*** and buta (black) and the bivalent ligand NR330† B: of MN259 alone (brown) † or in the 
presence of 10 µM SCH (beige) † and 10 µM buta (ochre) † and the D1R standard ligands SCH (grey)*** and 
buta (black) alone. clobenpropit in 1,000-fold access was used to determine non-specific binding. Dashed 
lines mark incomplete curves. Data are shown as means ± SEM from three to five independent experiments, 
each performed in duplicate. ***p < 0.01. †p > 0.05. 

 

Table 4.9: Binding affinities (pKi values) of H3R ligands alone or in the presence of either 10 µM SCH-23390 
(SCH) or 10 µM (+)-butaclamol (buta) and of D1R standard ligands SCH and buta diluted in BB without 
supplements in radioligand competition binding experiments on stable HEK293T Flag-hH3R cells. Data are 
shown as means ± SEM from three to five independent experiments (N ≥ 3), each performed at least in 
duplicate. 

Cpd. pKi ± SEM pKi,low ± SEM pKi,high ± SEM 

% max. spec. 

bdg. 

[3H]UR-MN259 

curve-fit N 

buta <4.5   100 n.a. 4 

JNJ 9.98 ± 0.06   100 one-site† 4 

JNJ + 10 µM buta 9.95 ± 0.03   90 one-site† 4 

JNJ + 10 µM SCH 9.05 ± 0.25   70 one-site† 5 

MN259 9.55 ± 0.17   100 one-site† 4 

MN259 + 10 µM buta 9.26 ± 0.21   90 one-site† 3 

MN259 + 10 µM SCH 8.71 ± 0.30   50 one-site† 4 

NR330 10.3 ± 0.01   100 one-site† 3 

SCH   5.11 ± 0.15 8.77 ± 0.67a 100 two-site*** 3 

n.a. not applicable. a% spec. binding [3H]SCH-23390 90% - 70 %.***p < 0.01. †p > 0.05. 
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We assume that the unexpected result of the D1R standard ligand SCH and the previous finding in 

this chapter for the D1R, that a negative modulation can be affected by sodium and that the 

biphasic binding mode of SCH can possibly be modulated by sodium likewise. Furthermore, it is 

known, that the H3R contains a sodium binding pocket adjacent to the orthostatic binding pocket. 

Thus, the buffer was changed to sodium-containing buffers as Leibovitz’s L-15 media and BB 

supplemented with either 100 mM or 140 mM NaCl to verify a possible sodium-dependent effect. 

The sodium concentration of 100 mM NaCl was chosen due to previous work by Wittman et al. 

201478 and 140 mM NaCl represented the identical sodium concentration with respect to 

Leibovitz’s L-15 media.  

In Leibovitz’s L-15 media, the previously observed biphasic curve of SCH in sodium-free BB turned 

into a monophasic curve (p = 0.85) and the binding affinity decreased (pKi < 4.5) (Figure 4.9, A), 

which confirmed the sodium-dependent impact on the binding affinities for certain ligands at the 

H3R. Further radioligand competition binding experiments should be performed with sodium-

containing BB to verify the sodium-dependent effect. Besides that, using MN259 in combination 

with SCH, the pKi value was shifted into a high nanomolar range (7.74 ± 0.25) and the depression 

of the signal of the specific binding of the radioligand [3H]UR-MN259 was still present (Table 

4.10). We therefore hypothesized that there were probably further binding interactions between 

MN259 and SCH. 

For the bivalent ligand NR330, it was not possible to evaluate a statistically correct fit (Figure 4.9, 

C). In two replicates, a monophasic curve was obtained (p = 0.91) with a calculated pKi of 11.0 ± 

0.13, which was 10-fold higher compared to the calculated pKi value in sodium-free BB. In this 

case, the sodium increased the binding affinity of NR330 at the H3R monomer. Additionally, for 

two other experiments, a biphasic binding mode was determined (p = 0.004) with a pKi,low value 

of 6.03 ± 0.16 and a pKi,high value of 10.5 ± 0.28 (Table 4.10). In a comparison to NR330 on D1R-

H3R co-expressing HEK293T cells with non-supplemented BB (pKi,low = 5.61 ± 0.13, pKi,high = 9.83 

± 0.05), the observed pKi,low and pKi,high value at the H3R monomer were left-shifted (Figure 4.9, C 

and Table 4.10). Furthermore, the observed plateau within the biphasic curve of NR330 in the 

mono expressing H3R test system was not identical with the curve of NR330 resulted on the co-

expressing D1R-H3R HEK293T cells. Therefore, we assume a true bivalent binding mode for 

NR330 with the co-expressing D1R-H3R HEK293T cells so far but further investigations and 

optimization are necessary. Ideally, the impact of sodium-containing buffer on radioligand 

binding of D1R-H3R co-expressing HEK293T cells needs to be further investigated. 
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Figure 4.9: Radioligand competition binding curves in the presence of the specific radioligand [3H]UR-
MN259 on stable HEK293T Flag-hH3R cells obtained in Leibovitz’s L-15 media A: D1R standard ligands SCH-
23390 (SCH) (grey)†, (+)-butaclamol (buta) (black)† and both in combination with MN259 (beige)† or 
(ochre)† and MN259 alone (brown)†, B: D1R standard ligand SCH-23390 (SCH) (grey)†, JNJ (copper) and JNJ 
+ 10 µM SCH (dark red)†, C: of the bivalent ligand NR330 with two different curve fits: one-site fit (blue)†, 
or two-site fit (black)***. To determine non-specific binding, clobenpropit in 1,000-fold access was used. 
Data are shown as means ± SEM from two to six independent experiments (N ≥ 2), each performed at least 
in duplicate. ***p < 0.005. †p> 0.05. 

 

Table 4.10: Binding affinities (pKi values) of H3R ligands alone or in the presence of either 10 µM SCH-
23390 (SCH) or 10 µM (+)-butaclamol (buta), the bivalent ligand NR330 and D1R standard ligands SCH and 
buta diluted in Leibovitz’s L-15 media in radioligand competition binding experiments on stable HEK293T 
Flag-hH3R cells. Data are shown as means ± SEM from two to six independent experiments (N ≥ 2), each 
performed at least in duplicate. 

Cpd. pKi ± SEM pKi,low ± SEM pKi,high ± SEM 

% max. spec. 

bdg. 

[3H]UR-MN259 

curve-fit N 

buta <4.5   100 n.a. 6 

JNJ 10.22 ± 0.08   100 one-site† 2 

JNJ+ 10 µM SCH 10.15 ± 0.08   70 one-site† 3 

MN259 9.54 ± 0.08   100 one-site† 5 

MN259 + 10 µM buta 8.62 ± 0.25   85 one-site† 4 

MN259 + 10 µM SCH 7.74 ± 0.25   60 one-site† 4 

NR330 11.0 ± 0.13   100 one-site† 2 

NR330  6.03 ± 0.16 10.50 ± 0.28 100 two-site*** 2 

SCH <4.5   100 n.a. 6 

n.a. not applicable. ***p < 0.005. †p > 0.05. 

 

Furthermore, radioligand competition experiments were also performed in BB supplemented 

with 100 mM or 140 mM NaCl in order to investigate the sodium concentration-dependent impact 

on the binding affinities of the different ligands to the H3R.  

The H3R ligand MN259 in the presence of 10 µM SCH showed a similar behavior in sodium-

containing buffer with NaCl concentrations. The pKi values were comparable with MN259 alone, 

but a depression of the radioligand [3H]UR-MN259 binding was observed to approximately 40% 

for 100 mM NaCl and approximately 70% for 140 mM NaCl (Figure 4.10, A and B). Furthermore, 
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the depression was less in buffer with higher sodium concentration and was comparable with the 

observed depression in Leibovitz’s L-15 media, although the pKi values of the cold MN259 were 

two orders of magnitude higher in BB supplemented with 140 mM NaCl (pKi = 9.51 ± 0.12) (Figure 

4.10, C, Table 4.12). For the bivalent ligand NR330 a monophasic curve was observed with a pKi 

value of 9.97 ± 0.32 in BB supplemented with 100 mM NaCl, which was more than one order of 

magnitude lower compared to the calculated pKi value in Leibovitz’s L-15 media (pKi = 11.0 ± 013) 

(Figure 4.10, B, Table 4.11). In contrast, it was not possible to implement a reliable fit for NR330 

in BB supplemented with 140 mM NaCl (Figure 4.10, D). For two experiments, a one-site fit was 

achieved (p = 0.58) with a pKi value of 9.48 ± 0.03 and in two different experiments a two-site fit 

(p = 0.04) was obtained with a pKi,low value of 6.48 ± 0.11 and a pKi,high value of 9.64 ± 0.26 (Table 

4.12). Due to the low signal-to-noise ratio in this concentration range the comparison-function of 

Prism10 is limited. We hypothesize the biphasic curve was induced due to the binding of both the 

JNJ- and SCH- pharmacophores of NR330 to the H3R receptor, where the observed effect was 

dependent of the signal-to-noise ratio of the assay and not due to a biphasic binding mode. In both 

sodium containing buffers, the D1R ligand SCH produced a monophasic curve at the H3R monomer 

receptor (100 mM NaCl: p = 0.37, 140 mM NaCl: p = 0.29) but with different affinities (Figure 4.10, 

A and C). In BB supplemented with 100 mM NaCl, a calculated pKi of 7.79 ± 0.46 was observed, 

whereas in BB supplemented with 140 mM NaCl, a pKi of 5.58 ± 0.46 was obtained, which 

underlines the sodium-dependent binding affinity of this ligand to the H3R (Table 4.11 and Table 

4.12). In comparison with the low binding of SCH in Leibovitz’s L-15 media, the pKi value achieved 

in the same sodium concentration but with BB media was left-shifted, which confirmed that SCH 

to H3R binding is not only a sodium-dependent phenomenon. Again, we hypothesized that amino 

acids present in L-15 impact the ligand binding, as these are important for protein folding and 

stabilization of the receptor in its active state.73–75 These should be further investigated in the 

future. 
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Figure 4.10: Displacement curves obtained in radioligand competition binding experiments in BB 

supplemented with 100 mM NaCl of A: the D1R standard ligand SCH-23390 (SCH)† alone (grey)†, in 

combination with JNJ (rose), JNJ alone (red) and NR330 (blue) and B: of SCH alone (grey)†, in combination 

with MN259 (beige)† and MN259 alone (brown)†. C: Radioligand competition binding curves performed in 

BB supplemented with 140 mM NaCl of JNJ alone (red)† or in the presence of 10 µM SCH (rose)†, MN259 

alone (brown)† or likewise, in combination with 10 µM SCH (beige)†. D: Same radioligand-based 

experiments with identical buffer for the bivalent ligand NR330 with two different curve fits: one-site 

(blue)†, and two-site (black)***. All experiments were performed in the presence of [3H]UR-MN259 and on 

stable HEK239T Flag-hH3R cells. To determine non-specific binding clobenpropit in 1,000-fold excess was 

used. Data are shown as means ± SEM from two to five independent experiments (N ≥ 2), each performed 

at least in duplicate. ***p < 0.005. †p > 0.05. 
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Table 4.11: Binding affinities (pKi values) of H3R ligands alone or in the presence of either 10 µM SCH-
23390 (SCH), of the bivalent ligand NR330 and of D1R standard ligands SCH diluted in BB supplemented 
with 100 mM NaCl in radioligand competition binding experiments on stable HEK293T Flag-hH3R cells. Data 
are shown as means ± SEM from two to five independent experiments (N ≥ 2), each performed at least in 
duplicate. 

Cpd. pKi ± SEM pKi,low ± SEM pKi,high ± SEM 

% max. spec. 

bdg. 

[3H]UR-MN259 

curve-fit N 

JNJ 10.09 ± 0.08 - - 100 one-site† 2 

JNJ + 10 µM SCH 10.25 ± 0.41 - - 100 one-site† 3 

MN259 10.18 ± 0.15 - - 100 one-site† 4 

MN259 + 10 µM SCH 8.04 ± 0.27 - - 40 one-site† 5 

NR330 9.97 ± 0.32 - - 100 one-site† 4 

SCH  7.79 ± 0.46 - - 95 one-site† 5 

***p < 0.005. †p > 0.05 

 

Table 4.12: Binding affinities (pKi values) of H3R ligands alone or in the presence of either 10 µM SCH-
23390 (SCH), of the bivalent ligand NR330 and of D1R standard ligands SCH diluted in BB supplemented 
with 140 mM NaCl in radioligand competition binding experiments on stable HEK293T Flag-hH3R cells. Data 
are shown as means ± SEM from two to four independent experiments (N ≥ 2), each performed at least in 
duplicate. 

Cpd. pKi ± SEM pKi,low ± SEM pKi,high ± SEM 

% max. spec. 

bdg. 

[3H]UR-MN259 

curve-fit N 

JNJ  9.31 ± 0.02 - - 100 one-site† 2 

JNJ + 10 µM SCH 10.13 ± 0.83 - - 50 one-site† 3 

MN259 9.51 ± 0.12 - - 100 one-site† 3 

MN259 + 10 µM SCH 9.47 ± 0.09 - - 70 one-site† 3 

NR330 9.48 ± 0.03 - - 100 one-site† 2 

NR330 - 6.48 ± 0.11 9.64 ± 0.26 100 two-site*** 2 

SCH  5.58 ± 0.46 - - 90 one-site† 4 

***p < 0.005. †p > 0.05. 

 

Moreover, the two highest concentrations of SCH in BB with 100 mM NaCl revealed higher values 

compared to the 0% value (non-specific binding). The 20 % difference in specific binding affinity 

of the radioligand [3H]UR-MN259 implies an allosteric binding of SCH at the H3R, as described for 

the structurally related benzodiazepines, which are known to be allosteric modulators on class C 

GPCRs.80 Combined, our results indicate that SCH binds possibly allosterically to the sodium 

binding pocket of the H3R and acts as a positive modulator for SCH itself, by binding 

simultaneously to both pockets and as negative modulator for the H3R ligands. In sodium-

containing buffer, the allosteric binding pocket gets blocked, which leads to a reduction of SCH 

binding. The sodium concentration in BB supplemented with 100 mM NaCl is not high enough to 
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fully displace SCH-23390 from the sodium binding pocket. Nonetheless, this hypothesis does not 

explain all observed shifts and depressions of the signal. 

To confirm the hypothesis, radioligand competition binding experiments with lower 

concentration of the radioligand [3H]UR-MN259 (c = 0.15 nM) according to Ehlert et al. 198581 

were performed in order to show a lower impact of the allosteric modulator. Additionally, an 

obtained whole monophasic curve between the 0% value (non-specific binding) and 100% value 

(total binding of the radioligand in the respective buffer) supposed to be observed. The 

concentration was chosen taking into account the equation of [A*]/Kd, where [A*] described the 

free radioligand concentration and the Kd represented the dissociation constant of the respective 

radioligand. Using 0.5 nM for [A*] as previously used in all competition binding experiments and 

the respective Kd values (Appendix Figure 7.37, A-D) the following values of [A*]/Kd for each buffer 

were calculated. ([A*]/Kd BB = 1, [A*]/Kd L15 = 1, [A*]/Kd BB,100 mM NaCl= 0.48, [A*]/Kd BB,140 mM NaCl= 

0.55). For the following allosteric experiments, the [A*]/Kd was set to the recommended value of 

< 0.5.81 Thus, for the investigation of the possible allosteric modulator SCH and if this modulation 

is sodium-dependent the concentration of the radioligand [3H]UR-MN259 was set to 0.15 nM.  

The curve of SCH was unexpectedly right shifted in all buffers except for Leibovitz’s L-15 media 

(Appendix, Figure 7.38, A-D). Moreover, the previously observed biphasic binding mode of SCH in 

sodium-free BB transformed to a monophasic binding curve by reducing the radioligand 

concentration (Figure 7.38, A). Concerning the minimum specific binding of the radioligand in BB 

supplemented with 100 mM NaCl, no increase of the expected plateau was observed.  Despite that, 

as expected, no difference in the competition binding curves were observed for Leibovitz’s L-15 

media or BB supplemented with 140 mM NaCl, with the lower radioligand concentration of 

0.15 nM.  

Unfortunately, these results by themselves did not reliably confirm the allosteric modulator 

theory. In the future, an experiment to study the dissociation constant of the specific radioligand 

in the absence and presence of SCH would be recommended.82 To categorize SCH as an allosteric 

modulator – i.e. positive allosteric modulator (PAM), negative allosteric modulator (NAM), 

agonistic PAM, agonistic NAM, antagonistic PAM or antagonistic NAM – functional assays would 

also be required.83  
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4.3.1.4. Conclusion D1R-H3R Heteromer Studies 

The development of a radioligand-based test system for the characterization of novel bivalent 

ligands for the D1R-H3R heteromer on either a stable or transient HEK293T cell line was not 

finalized in this study. The generation of a stable HEK293T cell line with an induced P2A site 

between the respective receptors was not successful to evaluate the formation of functional D1R-

H3R heteromers in vitro. Thus, radioligand binding experiments using stable HEK293T Flag-hH3R 

cells transiently transfected with plasmid DNA of the D1R (12 µg) were performed. All results were 

generated with co-expressing D1R-H3R HEK293T cells with a stoichiometric receptor ratio of 1:2, 

determined from saturation binding experiments under consideration of the respective Bmax value 

of each protomer and the specific activity constant of the respective radioligand. The achieved 1:2 

receptor ratio was the predicted to form functional heteromers in vitro.22  

With the bivalent ligand NR330, consisting of an SCH-23390 (SCH) analogue as D1R 

pharmacophore and a JNJ-5207852 (JNJ) analogue as H3R pharmacophore coupled through a 

flexible PEG linker, radioligand competition binding experiments on D1R-H3R co-expressing 

HEK293T cells were performed. In the D1R mode [3H]SCH-23390 (c = 0.4 nM) were used as 

specific radioligand and in the H3R mode [3H]UR-MN259 (c = 0.5 nM). NR330 resulted a biphasic 

curve in both modes in binding buffer (BB) without supplements, while the pharmacophoric 

ligands alone (SCH and JNJ) achieved a monomeric binding curve, as expected. This underlined 

the bivalent binding mode of NR330 as true bivalent ligand. In order to confirm the observed 

biphasic binding mode, radioligand competition binding experiments in the presence of an 

additional H3R competitor (10 µM JNJ) in the D1R mode or a D1R competitor (10 µM SCH) in the 

H3R mode were performed to generate a monophasic curve by blocking one protomer. In both 

cases, the biphasic turned into a monophasic curve with a calculated pKi value of 7.54 at the D1R 

protomer (D1R-mode) and a pKi of 6.29 at the H3R protomer (H3R mode). These were comparable 

to the respective pKi,low values of NR330 in both modes on co-expressing D1R-H3 HEK293T cells. 

Furthermore, an unexpected depression in the signal of the specific binding of either [3H]SCH-

23390 (D1R-mode) or [3H]UR-MN25 9(H3R mode) to approximately 35% and 20% was observed. 

We assumed a possible binding affinity of SCH to the H3R and of JNJ to the D1R. Therefore, 

radioligand competition binding experiments with JNJ and MN259 (as cold version of the 

radioligand) alone or in the present of literature known D1R standard ligands and with the 

bivalent ligand NR330 were performed on stable HEK293T D1R-CREluc2P cells. In addition, the 

same competition radioligand experiments with SCH and butaclamol (buta) alone or in the 

presence of literature known H3R ligands and the bivalent ligand NR330 on stable HEK293T Flag-

hH3R were conducted. 

As expected, the antagonistic H3R ligands JNJ and MN259 had no binding affinity to the D1R 

monomer on whole HEK293T D1R-CREluc2P cells. However, it was nevertheless a drop in signal 
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of the radioligand [3H]SCH-23390 observed to approximately 20% for SCH in the presence of 

10 µM JNJ, likewise as for the bivalent ligand NR330 on D1R-H3R co-expressing HEK293T cells. 

Moreover, the affinity of SCH in the presence of 10 µM JNJ was right shifted to a nanomolar range 

(pKi = 7.58 ± 0.31) implementing a negative modulation of SCH by JNJ. However, all experiments 

were performed in a sodium-free buffer. A sodium-dependent impact on binding properties of 

specific ligands is known for the D2R or D3R of the dopamine receptor family, but not for the D1R 

so far.66–68 For further investigations of a sodium- dependent impact to the binding affinity of D1R 

ligands in the presence of JNJ or MN259 at the D1R, Leibovitz’s L-15 media and BB supplemented 

with 140 mM NaCl, both with equally sodium concentrations, were used in further radioligand 

binding experiments. For both buffers, a monophasic curve for SCH + 10 µM JNJ was observed 

without a right shift of the binding affinity of SCH (pKi,L15 = 9.20 ± 0.05, pKi,BB,140mM NaCl = 9.21 ± 

0.02) or a depression in the specific binding of [3H]SCH-23390. This result confirmed the 

hypothesis, that the observed negative modulation only occurs in sodium-free buffer and thus, is 

a sodium-dependent effect, which supposed to be considered in further radioligand binding 

experiments.  

On stable mono-expressing HEK293T Flag-hH3R cells, the D1R standard ligands SCH and buta 

alone or in combination with the H3R ligands JNJ and MN259, and the bivalent ligand NR330 were 

characterized. Interestingly, SCH alone obtained a biphasic curve at the H3R (pKi,low of 5.51 ± 0.16, 

pKi,high of 8.77 ± 0.68) in BB without supplements, leading to the assumption that SCH possibly 

binds to the H3R with two binding modes somehow. But it needs to be considered, that the specific 

binding of the radioligand [3H]SCH-23390 was between 90% and 70% at the pKi,high value. In 

addition, a negative modulation of the binding affinity of JNJ in the presence of 10 µM SCH to a low 

nanomolar range was observed (pKi = 9.05 ± 0.25), compared to JNJ alone (pKi = 9.98 ± 0.06). As 

well as for the D1R all experiments were performed in sodium-free BB. We assumed likewise, a 

sodium-free-dependent effect, especially due to a known sodium binding pocket of the H3R 

adjacent to the orthosteric binding pocket.78,79,84 To confirm our hypothesis, three different 

sodium-containing buffers (Leibovitz’s L-15 media and BB supplemented with either 100 mM or 

140 mM NaCl) were used in further radioligand competition binding experiments. In all sodium-

containing buffers, SCH resulted a monophasic curve, but different binding affinities from 

micromolar (Leibovitz’s L15 media, BB with 140 mM NaCl) to high nanomolar range (BB with 100 

mM NaCl). Furthermore, the observed monophasic curves of SCH was over the whole 

concentration range in BB with 100 mM NaCl, but without full displacement of the radioligand 

[3H]UR-MN259. We hypothesize, that SCH acts possibly as an allosteric modulator, but only in 

sodium-free BB or in buffer with a sodium concentration below 140 mM NaCl. Therefore, 

radioligand competition binding experiments with a lower radioligand concentration (c = 

0.15 nM) according to Ehlert et al. 1985 were performed.81 Surprisingly, the binding affinity of 
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SCH in all buffer was right shifted except for Leibovitz’s L15 media. Moreover, SCH resulted 

monophasic curve without a visible plateau in the highest concentrations in BB with 100 mM NaCl, 

as expected. In summary, these results were inconclusive to confirm or reject the hypothesis of an 

allosteric modulator and further investigations with more radioligand concentrations are 

necessary. Further potential experiments would be the determination of radioligand koff values in 

kinetic studies or a Schild-analysis, each in the presence of different concentrations of SCH.85  

In order to verify a possible sodium-dependent effect to the binding affinity or binding mode of 

bivalent ligand NR330 at the H3R, radioligand competition binding experiments with sodium-free 

and sodium-containing buffers were performed. The resulted monophasic curves in sodium-free 

BB and supplemented with 100 mM NaCl were comparable with respect to the binding affinities 

(pKi,BB= 10.03 ± 0.01, pKi,100mM NaCl = 9.97 ± 0.32), implying in this case no sodium-dependent effect. 

In contrast, for Leibovitz’s L-15 media and BB supplemented with 140 mM NaCl, it was not 

possible to validate the real binding mode of the bivalent ligand NR330 and both binding modes 

(monophasic binding mode or biphasic binding mode) were considered. To evaluate the question 

of a bivalent binding mode of NR330 at the monomeric H3R, compared to the co-expressed D1R-

H3R test system, the resulted plateau of the biphasic curves by radioligand displacement needs to 

be considered. In the case of BB with 140 mM NaCl we hypothesize the biphasic curve was induced 

due to the binding of both pharmacophores of NR330 (JNJ and SCH) to the H3R receptor, where 

the observed effect was dependent of the signal-to-noise ratio of the assay and not due to a 

biphasic binding mode. In Leibovitz’s L-15 media the observed plateau within the biphasic curve 

of NR330 in the mono expressing H3R test system was not identical with the curve of NR330 

resulted on the co-expressing D1R-H3R HEK293T cells. Therefore, we assume a true bivalent 

binding mode for NR330 on the co-expressing D1R-H3R HEK293T cells so far, but further 

investigations and optimization are necessary.  

In conclusion, the development of a radioligand binding assay for the D1R-H3R heteromer on 

transient co-expressing cells needs to be further investigated by kinetic studies, like association 

and dissociation experiments of the radioligand and moreover, competition binding experiments 

with different receptor ratios, besides the 1:2 ratio. For the biphasic curves of the bivalent ligand 

NR330 in the D1R mode and H3R mode, more replicates are necessary, as well as for the 

competition binding experiments in the presence of an additional competitor in each mode (D1R 

mode and H3R mode) on co-expressing D1R-H3R HEK293T cells with a receptor ratio of 1:2. 

Furthermore in this set-up, the competitors should be changed due to observed binding affinities 

or modulations on the two monomeric receptors. In the H3R mode SCH is supposed to be replaced 

by (+)-butaclamol and JNJ by GSK33449 in the case of the D1R mode to obtain monophasic curves 

of the bivalent ligand by blocking one protomer without a decreasing signal-to-noise ratio. 

Additionally, the end-capped ligands, consisting of only one pharmacophore and the linker, should 
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be included as further controls as they are available from the PhD projects of Dr. Rosier and Dr. 

Nagl, respectively. For all following studies on the D1R-H3R heteromer, the buffer needs to be 

changed to a sodium-containing buffer, like Leibovitz’s L-15 media. Therefore, all previously 

obtained experiments with the bivalent ligand with or without an additional competitor need to 

be performed in this buffer again for complete and sufficient characterization. 

  



Investigation of Binding and Functional Characteristics of the D1R-H3R and D2lR-H3R Heteromers 

119 

4.3.2. D2lR-H3R Heterodimer 
 

4.3.2.1. Radioligand binding experiments on D2lR-H3R co-expressing cells 

For the first batch of D2lR-H3R co-expressing cells, HEK293T Flag-hH3R cells were transfected with 

5 µg of plasmid DNA of pcDNA3.1neo D2lR-myc (batch 1). In the D2R-mode for radioligand 

saturation binding experiments, the pKd value was comparable to literature data at the D2lR 

monomer (Figure 4.11, Table 4.13).41 In contrast, the affinity of the specific H3R radioligand 

[3H]UR-PI294 was eight-fold lower, compared to the H3R monomer, which can be attributed to 

dimerization. Utilizing the generated Bmax in both modes, a stoichiometric ratio of 1:1.8 was 

calculated.  

 

Figure 4.11: Radioligand saturation binding curves with co-expressing D2lR-H3R HEK293T cells. A: 
Saturation binding experiment in the D2R mode in the presence of different dilutions of the radioligand 
[3H]N-methylspiperone. Haloperidol in 1,000-fold access to the corresponding radioligand concentration 
was used to determine non-specific binding. B: Saturation binding experiment in the H3R mode in the 
presence of different dilutions of the radioligand [3H]UR-PI294. Thioperamide in 1,000-fold access to the 
corresponding radioligand concentration was used for non-specific binding. Data are shown of one 
experiment, performed in triplicate.  

 

Table 4.13: Obtained dissociation constant (pKd values) and receptor expression (Bmax) in radioligand 
saturation binding experiments on HEK293T D2lR-H3R co-expressing HEK293T cells with a ratio of 1:1.8. 
Data are shown of one experiment, performed in triplicate. 

protomer pKd Bmax/ dpm receptors per cell 
ratio 

(D2lR:H3R) 
Ref. 

D2lR 10.7  1592 7.01E+04 
1: 1.8 

10.641 

H3R 8.01 3455 1.26E+05 8.9643 

 

Radioligand competition binding experiments in the presence of [3H]N-methylspiperone (D2R-

mode) or [3H]UR-PI294 (H3R-mode) were performed on D2lR-H3R co-expressing HEK293T cells 

with a receptor ratio of 1:1.8 to characterize the bivalent ligand MN079, consisting of an agonistic 

D2R pharmacophore (N-propylaminoindane) and a JNJ-5207852 (JNJ) analogue as an antagonistic 

H3R pharmacophore. Both are linked through two PEG linker moieties (eight C-atoms) that are 
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connected through an isophthalic acid. Additionally, MN209 with the identical H3R 

pharmacophore (JNJ) linked to a spiperone analogue as the antagonistic D2R pharmacophore was 

tested. Both affinities were then compared to the respective receptor monomers. For analysis, the 

compare function of Prism10 was used in order to verify a monophasic curve (one-site fit) or 

biphasic curve (two-site fit). The calculated p-value was always indicated in the respective figure 

captions and table footnotes. The Ki values were calculated from IC50 values with the respective 

Kd value (Appendix Figure 7.39, A-C and Table 7.14 - 7.16), after normalization, according to the 

Cheng-Prusoff-equation.45 

The bivalent ligand MN079 produced a monophasic curve (p-value = 0.04) in the H3R mode with 

a pKi of 7.65 (Figure 4.12, B, Table 4.14). In comparison with the calculated pKi value at the H3R 

monomer (pKi = 9.64), a two orders of magnitude rightward shift were observed (Table 4.14). 

Moreover, in the D2R mode, an incomplete curve on D2lR-H3R co-expressing HEK293T cells were 

obtained, including a loss in affinity compared to the binding affinity of MN079 to the D2lR 

monomer (Figure 4.12, A, Table 4.15). The investigation of the second bivalent ligand MN209 

revealed a monophasic curve (p = 0.63) in the D2R mode, whereas a biphasic curve was identified 

in the H3R mode (p < 0.05). In both modes, no higher affinity of the bivalent ligand was verified to 

the heteromer. which was observed in a previous publication about bivalent ligand binding to the 

respective heteromer.27 Nevertheless, the achieved biphasic curve for the bivalent ligand MN209 

in the H3R mode is a hint that it is a true bivalent ligand for the D2lR-H3R heteromer and needs to 

be further investigated. It was assumed that the expression level of the respective receptor was 

insufficient for the formation of functional D2lR-H3R heteromers in both modes.  
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Figure 4.12: Radioligand displacement curves of bivalent ligands in the presence of the specific radioligand 
[3H]N-methylspiperone with A: MN079(purple)† or C: MN209 (rose)† on D2lR-H3R co-expressing HEK293T 
cells (receptor ratio 1:1.8) and HEK293T D2lR-CRELuc2P wild-type homogenates (black)† or B: [3H]UR-
PI294 with MN079 (turquoise)† or D: MN209 (blue)*** on D2lR-H3R co-expressing HEK293Tcells (receptor 
ratio 1:1.8) and HEK293T Flag-hH3R wild-type cells (black) †. As non-specific binding haloperidol in the case 
of the D2R mode and in H3R mode clobenpropit each in 1,000-fold excess was used for determination. 
Dashed lines mark incomplete curves. Data are shown as mean ± SEM from one to three experiments, all 
performed in triplicate. ***p < 0.01. †p > 0.05. 
 

Table 4.14: Calculated binding affinities (pKi values) of the bivalent Ligand MN079 on either HEK293T D2lR-
CRELuc2P homogenates or D2lR-H3R co-expressing HEK293T cells (receptor ratio 1:1.8). Data are shown as 
mean ± SEM from one to three experiments, all performed in triplicate.  

Cpd. 
HEK293T D2lR-CRELuc2P 

(wt receptor) 

 HEK293T D2lR-H3R  
(D2lR mode) 

 pKi ± SEM N  pKi ± SEM curve-fit N 

MN079 7.30 ± 0.06a 3  < 5.0 n.a. 1 

MN209 9.58 ± 0.04a 3  9.57 one-site† 1 

n.a. – not applicable. aunpublished data from Dr. M. Nagl. †p > 0.05. 
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Table 4.15: Calculated binding affinities (pKi values) of the bivalent ligand MN079 on either HEK293T Flag-
hH3R wild-type cells or D2lR-H3R co-expressing HEK293T cells (receptor ratio 1:1.8). Data are shown as 
mean ± SEM from one to three experiments, all performed in triplicate.  

Cpd. 
HEK293T Flag-hH3R 

(wt receptor) 

   HEK293T D2lR-H3R  
(H3R mode) 

 pKi ± SEM N  pKi ± SEM pKi,low ± SEM pKi,high ± SEM curve-fit N 

MN079 9.26 ± 0.04a 3  7.65   one-site† 1 

MN209 9.83 ± 0.05a 3   6.89 9.11 two-site*** 1 
aunpublished data performed by Dr. M. Nagl. ***p < 0.01. †p > 0.05. 

 

Therefore, we hypothesized that the achieved stoichiometric receptor ratio of 1:1.8 was not 

sufficient for the characterization of the bivalent ligands, although from previous results it was 

assumed that in general for the dimerization of class A GPCRs a stoichiometric receptor ratio of 

1:2 leads to functional cross-interactions.53 Thus, the transfected amount of plasmid DNA was 

changed for the next batch to verify the optimal stoichiometric receptor ratio. Unfortunately, this 

was not successful, (Appendix, Figure 7.39, Table 7.17) and due to time limitations no further 

experiments could be conducted. 

 

4.3.2.2. Development of a miniG Protein-Based Functional Assay for the D2lR-H3R 

Heteromer 

In order to adequately characterize the pharmacological properties of bivalent ligands, consisting 

of binding affinities (pEC50) and functional efficacies (Emax) at the respective target, the 

development of functional test systems is required. In a previous functional assay the two 

receptor protomers of the rhodopsin heteromer were synthetically linked together.86 A possible 

disadvantage of the set-up is that may the ligand binding and thus, receptor activation may be 

affected.87 Another method is the measurement of cAMP accumulation with a cyclic AMP (3H) 

Assay System (Amersham Biosciences, Uppsala, Sweden), which is time-consuming and produce 

a high increase of costs due to radioactive waste disposal.33 To overcome these drawbacks, a miniG 

protein-based assay was designed, where the small bit (SmBiT, NLC)88 of the split NanoLuc was 

fused C-terminally to the H3R and the large bit (LgBiT, NLN)88 between the C-terminus of the D2lR 

and the miniGsi protein through flexible linkers (based on Frederick et al. 2015 with changes).89 

After activation by a ligand, the mini Gsi protein is recruited by one of the activated protomers and 

the complementation of the full luciferase takes place. The specific substrate Furimazine is 

oxidized by the complete luciferase and the resulting bioluminescent signal is measurable as the 

emission of blue light (λ = 460 nm) (Figure 4.13, A). Furthermore, with this set-up the 

pharmacological effects due to dimerization can be elucidated.  

The validation of the miniG protein-based assay was performed on HEK293T cells by the transient 

transfection with both DNA plasmids of pcDNA3.1neo H3R-NLC and pIRESpuro D2lR-NLN-mGsi. 
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Agonists were chosen based on being well-characterized ligands for the H3R and D2R with varied 

potencies (pEC50) and efficacies (Emax) for agonists (histamine (his), imetit, dopamine (dopa), 

pramipexole (prami) and sufficient pKb values for antagonists (JNJ-5207852 (JNJ, thioperamide 

(thio)), and finally the bivalent ligand MN240, consisting of a D2R agonistic pharmacophore (8-

OH-DPAT) and a JNJ analogue as the H3R pharmacophore for the D2lR-H3R heterodimer. The 

characterization always included a reference agonist that was able to maximally activate the 

receptor (defined as 100%). As a control, both DNA plasmids of pcDNA3.1neo H3R-NLC and 

pIRESpuro D2lR-NLN-mGsi were transfected alone and tested with different standard ligands, to 

demonstrate the bioluminescence results only by complementation of both split nano luciferase 

parts in the presence of the substrate (Appendix, Figure 7.40).  

Remarkedly, the observed luminescent traces for histamine after the activation of the D2lR-H3R 

heteromer differ from the 

traces detected at the 

monomeric H3R in 

previously performed 

experiments (Figure 4.13, B 

and C). For the D2lR-H3R 

heteromer, the 

bioluminescence led into a 

plateau right after the rapid 

activation (Figure 4.13, C). 

However, at the H3R 

monomer a sharp peak was 

observed, that slowly 

decreased and ended in a 

lower plateau (Figure 4.13, 

C). This could be a hint for 

receptor dimerization. 

Nevertheless, the miniG 

recruitment signaling could also be affected by other molecular processes, like ligand binding, 

split luciferase complementation and substrate oxidation (Figure 4.13, A).46  

All analyzed ligands gave robust concentration-response-curves. The agonists histamine, imetit, 

and pramipexole were analyzed in the so-called agonist mode. On the D2lR-H3R heteromer, 

histamine acted as a full agonist and the calculated potency (pEC50 = 7.17 ± 0.15) was eight-fold 

higher, compared to the miniGsi H3R monomer assay (pEC50 = 6.40 ± 0.04).46 Furthermore, imetit 

was confirmed as a partial agonist with an increased potency of one order of magnitude at the H3R 

 
Figure 4.13: A: Scheme of the miniGsi protein recruitment assay for the 
D2lR-H3R heteromer. B: Baseline and inter-well corrected luminescent 
traces of the recruitment of the miniGsi protein to the D2lR-H3R 
heteromer and C: H3R monomer in a concentration-dependent manner 
of histamine as H3R ligand.  

A
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(pEC50 = 7.85 ± 0.26) compared to literature data (Figure 4.14, A and Table 4.16).46,90 In contrast, 

the D2R standard agonists pramipexole and dopamine were not able to induce a functional signal 

at the D2lR-H3R heteromer (Figure 4.14, A) leading to the assumption of a potential negative 

cooperativity to the D2lR protomer by dimerization. Another possibility is the asymmetric miniGsi 

recruitment, resulting in a non-measurable response for the D2lR activation. This can occur when 

both protomers are able to recruit the same G protein and the accessibility is limited.91,92 

In the so-called antagonist mode thioperamide (thio), JNJ and MN240 were characterized as 

antagonists in the presence of 1 µM histamine (EC80). The signal of MN240 and JNJ dropped under 

the baseline, which was a hint for inverse agonism (Figure 4.14, B). In the case of thioperamide 

(thio) the signal could not reach to the 100% value in the presence of 1 µM histamine within the 

lowest concentration of thioperamide but the yielded pKb value of 6.82 ± 0.56 was in good 

agreement with literature data (pKb = 6.88 ± 0.03) from the miniGsi protein recruitment assay for 

the H3R monomer (Figure 4.14, B and Table 4.16).46 The calculated pKb value of JNJ in the 

antagonist mode (pKb = 9.33 ± 0.15) was comparable with the literature data44 and the bivalent 

ligand MN240 achieved a pKb value in nanomolar range (pKb = 7.98 ± 0.20). Additionally, in both 

cases the pEC80 efficacy of 1 µM histamine was not reached within the lower concentrations of all 

three used H3R antagonist as expected (Figure 4.14, B and Table 4.16).  

From previous studies of Ferrada et al. 2008 at the D2lR-H3R heteromer a negative cooperativity 

was predicted33. Therefore, we tested the endogenous ligand histamine in the presence of one 

concentration of two D2R standard ligands: the endogenous agonist dopamine (dopa) and the 

antagonist haloperidol (halo) (Figure 4.14, C). In the presence of 100 µM dopamine (dopa) as well 

as with 1 µM haloperidol (halo) the pEC50 value was right shifted to a higher nanomolar range 

(pEC50, his + 100 µM dopa = 6.23 ± 0.18, pEC50, his + 1 µM halo = 6.59 ± 0.06) compared to histamine alone at 

the D2lR-H3R heteromer (pEC50,his = 7.17 ± 0.23) (Table 4.16). Remarkably, histamine was not 

considered as a full agonist anymore in the presence of 100 µM dopamine (Emax = 47.0 ± 1.5) and 

1 µM haloperidol (Emax = 84.4 ± 2.1) (Figure 4.14, C). These results led to the hypothesis that D2R 

standard ligands might influence the potency of histamine ligands at the D2lR-H3R heteromer with 

a possible negative cooperativity between the two receptor protomers. However, further 

investigations are necessary.  
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Figure 4.14: Characterization of agonists and antagonists at the D2lR-H3R heterodimer transiently 
expressed in HEK293T cells using the developed miniG protein-based assay. A: The concentration-
dependent increase in luminescence of standard agonists in a time-resolved manner was determined for 
different agonists. Data were normalized according to the maximum level of 10 μM histamine. B: The 
concentration-dependent increase of luminescence in a time-resolved manner of the H3R antagonist JNJ-
5207852 (JNJ), the bivalent ligand MN240 in the presence of 1 µM histamine (antagonist mode). C: The 
concentration-dependent increase in luminescence of standard agonists in a time-resolved manner was 
determined for histamine alone and in the presence of dopamine (100 µM, dopamine receptor agonist) or 
haloperidol (1 µM, D2R antagonist). Data were normalized according to the maximum level of the full agonist 
histamine for agonists (10 µM) and antagonists (1 µM). Ligand potencies (pEC50) and efficacies (Emax) at the 
D2lR-H3R heteromer in the miniG Protein Recruitment Assay compared to literature data of pKi values in 
HEK293T cells. Data are shown as mean ± SEM from two to four independent experiments, all performed 
in triplicate. Abbreviations used: dopa – dopamine, halo – haloperidol, his – histamine, prami – pramipexole, 
JNJ – JNJ-5207852, thio – thioperamide.  

 

Table 4.16: Ligand potencies (pEC50) and efficacies (Emax) at the D2lR-H3R heteromer in the miniG Protein 
Recruitment Assay compared to literature data (pKi values) in HEK293T cells. Data are shown as mean ± 
SEM from two to four independent experiments, all performed in triplicate. 

Cpd. pEC50 ± SEM Emax ± SEM / % pKb ± SEM N Ref. 

dopa < 4.0 n.a. n.d. 2 7.6993 

his 7.17 ± 0.23 100  n.d. 3 6.4046 

imetit 7.85 ± 0.26 73.5 ± 0.5 n.d. 2 6.9746 

prami < 4.0 n.a. n.d. 2 7.5193 

MN240 n.d. - 7.98 ± 0.20 4 - 

thioperamide n.d. - 6.82 ± 0.56 2 6.4346 

JNJ n.d. - 9.33 ± 0.15 2 9.2044,a 

his + 100 µM dopa 6.23 ± 0.18 47.0 ± 1.5 n.d. 2 - 

his + 100 µM halo 6.59 ± 0.06 84.4 ± 2.1 n.d. 2 - 

n.d. not determined. n.a. not applicable. a pKi value. Abbreviations used: dopa – dopamine, halo – haloperidol, his – histamine, prami – pramipexole, JNJ 

– JNJ-5207852, thio – thioperamide.  
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4.3.2.3. Limitations and Further Experiments 

In this project, interesting pharmacological results of the D2lR-H3R were observed. However, more 

controls and changes in set-up are required in order to complete the understanding of this 

heteromer's signaling behavior. One limitation is, that the recruitment of the miniGsi protein is not 

traceable and no verification whether there is an asymmetric or symmetric miniGsi 

recruitment.91,92 A possible control experiment could be, fusing the small bit of the split nano 

luciferase C-terminally to the D2lR and the large bit between the H3R and the miniGsi. Additionally, 

a point-mutation could be introduced in the G protein binding domain of the respective receptor 

to reduce the ability for this receptor protomer to recruit the miniGsi protomer.94 Furthermore, 

the linker length between the large bit and the miniGsi protein should be changed. The current 

linker length is about 56 base pairs, which should be increased and decreased to investigate a 

possible impact on the miniGsi recruitment. The transfection ratio remains to be examined, by 

transfecting different amounts of one plasmid DNA of one protomer, while leaving the other at a 

constant amount followed by the determination of the receptor ratio with radioligand 

experiments or a NanoBRET-based assay. Moreover, the miniG protein can be changed to other 

currently available miniG proteins like miniGs, miniGsq or miniGo to investigate the possible 

recruitment of the D2lR-H3R heteromer and possible bias signaling of several H3R, D2R or bivalent 

ligands.  
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5.1. Introduction  

Dopamine is known as one of the most important neurotransmitters of the mammalian brain, 

where it is involved in several activities, e.g. in cognition,1 emotion,2 and endocrine regulation.3 

Otherwise, dysregulation of the catecholamine plays diverse roles in pathogenesis and therapy 

for different diseases such as schizophrenia, Parkinson’s disease, drug addiction and bipolar 

disorders.4,5 Dopamine receptors belong to the class A group of G protein-coupled receptors 

(GPCRs), one of the most common transmembrane proteins in the mammalian genome.6–8 They 

consist of seven transmembranes with an extracellular N-terminus and intracellular C-terminus, 

connected through three extracellular (ECL) and three intracellular loops (ICL).9,10 Due to the 

different pharmacological processes dopamine receptors are mediated by five subtypes.11,12 The 

D1-like family comprises the dopamine D1 receptor (D1R) and dopamine D5 receptor (D5R), which 

activate the second messenger pathway by stimulating adenylyl cyclase, leading to cyclic adenosin 

monophospahte (cAMP) production. The dopamine D2 receptor (D2R), dopamine D3 receptor 

(D3R), and dopamine D4 receptor (D4R) form the D2-like family and, in contrast, block the cAMP-

initiated second messenger cascade.8,13,14 

The discovery of potential ligands for the human dopamine receptors is still affordable and 

indicates new assay systems, either for characterization of affinity or receptor subtype 

selectivity.15,16 That should be achieved by simple, robust, and fast test systems. The classical 

technique to measure binding affinities are radioligand binding assays due to their robustness and 

high sensitivity.17,18 Otherwise, the increasing costs and safety issues19,20 are notable 

disadvantages for the need to develop other methods. A common technique to overcome these 

drawbacks is the NanoBRET binding assay established by Stoddart et al., that has been adapted to 

several GPCRs21–24 so far, with comparable affinities as in radioligand binding studies.25–27 

To perform the NanoBRET assay, a genetically engineered luciferase (NanoLuc), derived from a 

natural luciferase in the deep sea shrimp, is fused to the N-terminus of the respective receptor as 

a BRET donor.28 In the presence of a substrate, oxidation is catalyzed by the luciferase and the 

resulting bioluminescent signal is measurable as the emission of blue light (λ = 460 nm).28 The 

corresponding BRET acceptor is generally a fluorescence ligand with an excitation spectrum that 

overlaps with the emission spectrum of the NanoLuc and binds to the tagged GPCR of interest.28 

A bioluminescence energy transfer is accomplished by the close distance (approximately ≤ 10 nM) 

of the BRET donor to the acceptor and the favorable orientation of the luciferase to the respective 

fluorophore. This set-up enables to monitor the binding of a ligand in real-time, with low non-

specific binding and high sensitivity and the possibility for high-throughput screening.22,29 
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To address this, a NanoBRET-based assay for all five (human) dopamine receptors was developed 

by fusing the NanoLuc to the N-terminus of these receptors and the generation of stable cell lines 

by transfecting HEK293T wild-type cells with the respective plasmid DNA. For the D1-like 

receptors (D1R, D5R), six fluorescent ligands NR395, NR396, NR435, NR436, NR437, and NR438 

were used to perform saturation binding and competition binding experiments. Likewise, for the 

D2-like receptors (D2lR, D3R, D4R), three fluorescent ligands MN193, MN206, and MN212 were 

applied for the characterization.  

 

 

 

 

A 
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Figure 5.1: Structures of the investigated fluorescence ligands. A: Fluorescent ligands for the D1-like 
receptors with a SCH-23390 analogue as pharmacophore linked with different alkyl or PEG linker to either 
a 5-Carboxytetramethylrhodamin (TAMRA) or DY-549P1 (Dyomics) fluorophore. B: Structures of 
fluorescent ligands for D2-like receptors, consisting of a spiperone analogue as pharmacophore coupled 
through different PEG or alkyl linker to either a TAMRA or DY-549P1 (Dyomics) fluorescent dye. 

   

 B 
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5.2. Materials and Methods  

5.2.1. Materials 
 

Dulbecco’s modified Eagle’s medium high glucose (DMEM) and HEPES (1 M in distilled (d)H2O, pH 

= 7.4, sterilised and stored at 4 °C) were from Sigma (Taufkirchen, Germany). Leibovitz’s L-15 

medium without phenol red (L-15) was from Gibco (Taufkirchen, Germany). Fetal calf serum 

(FCS), trypsin (0.05% trypsin, 0.02% EDTA in dH2O) and geneticin (G418) were from Merck 

(Darmstadt, Germany). The NanoLuciferase substrate furimazine (Nano-Glo®) was from 

Promega (Walldorf, Germany). HEK293T cells (RRID:CVCL_0063) were a kind gift from Wulf 

Schneider (Institute for Medical Microbiology and Hygiene, Regensburg, Germany). The pcDNA3.1 

vector was from Thermo Scientific (Nidderau, Germany). The cDNA of the dopamine receptors 

were purchased from the cDNA Resourse Center (Rolla, MO, USA). The restriction enzymes BamHI 

and ApaI, were purchased from New England Biolabs (Frankfurt am Main, Germany).  

Depending on their physicochemical properties, when possible, ligands were dissolved in dH2O; 

otherwise DMSO (Merck) was used as a solvent. Dopamine dihydrochloride (dopa), (+)-

butaclamol hydrochloride (buta), and pramipexole dihydrochloride (prami) were purchased from 

Sigma (Taufkirchen, Germany). Haloperidol (halo) was from TCI Deutschland GmbH (Eschborn, 

Germany). (-)-Quinpirole hydrochloride (quin), (S)-(-)-sulpiride (sulp), and spiperone 

hydrochloride (spip) were obtained from TOCRIS (Bristol, UK). 

 

5.2.2. Molecular Cloning 
 

The cDNA of the human dopamine receptors were purchased from the cDNA Resourse Center 

(Rolla, MO, USA). The plasmid encoding the NanoLuc (NLuc) was kindly provided by PROMEGA 

(Mannheim, Germany). The sequences of all five dopamine receptors and the luciferase sequence 

were amplified by standard PCR. Likewise the membrane signal peptide 5HT3A was receptor 

upstream introduced by PCR. As described by Grätz et.al 202023 the respective dopamine receptor 

was cloned within a pcDNA3.1 vector backbone that encodes the NLuc N-terminally fused via a 

flexible glycine-serine-linker (-SGGGGS-) upstream of the inserted cDNA sequence with the 

restriction enzymes ApoI and BamHI. All plasmid DNA was quantified by UV-VIS absorbance using 

a NanoDrop spectrophotometer (ThermoFisher, Braunschweig, Germany) and sequences were 

verified by sequencing performed by Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, 

Germany).  
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5.2.3. Cell Culture  
 

HEK293T cells were cultured in DMEM supplemented with 10% FCS and 2 mM L-glutamine at 

37 °C, 5% CO2 in a H2O saturated atmosphere. Cells were periodically inspected for mycoplasma 

contamination by Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany). 

 

5.2.4. Generation of Sable Cell Lines  
 

HEK293T cells were seeded on a sterile 6 well dish at a cell density of 300,000 cells/ml in DMEM 

supplemented with 10% FCS and 2 mM L-glutamine. The next day, cells were transfected with 

2  µg cDNA of pcDNA3.1.5HT3A-NLuc-D1,2l,3,5R-myc-his using the transfection reagent XtremeGene 

HP (Merk, Darmstadt, Germany) according to the supplier’s protocol (1:3 cDNA (µg):XtremeGene 

(µl) ratio). After an incubation period of 48 h, cells were detached by using trypsin and seeded in 

a 175 cm3 cell culture flask with 25 ml DMEM supplemented with 10% FCS, respectively. Cells 

were allowed to attach and thereafter treated with the antibiotic G418 (1,000 µg/ml) to achieve 

stable expression. The media was refreshed every three days, and G418 level was dropped to 

600 µg/ml for continued selection pressure in later passages.  

 

5.2.5. Radioligand Binding Experiment  
 

To measure the receptor density for the stably expressed dopamine receptor cell lines and to 

ensure the NLuc tag has no impact on ligand binding, radioligand saturation binding assays were 

performed, as previously described, with minor changes.30 The cell density was adjusted to 

80,000 cells/well after counting in a “Neubauer” haemocytometer, followed by seeding 80 µl of 

the cell suspension in Leibovitz’s L-15 media in each well of a 96-well plate (clear, u-bottom 96-

well plate, Greiner Bio-One, Kremsmünster, Austria). The radioligand for D1-like receptors was 

[3H]SCH-23390 (81 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden; Kd = 0.2 nM D1R/ 0.3 nM 

D5R)30,31 and [3H]N-methyl-spiperone (77 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden; 

Kd = 0.014 nM D2R/ 0.026 nM D3R)30 was used for D2-like receptors, both with increasing 

concentrations in the range of approximately 1/10 Kd -10 Kd. Total binding was determined in the 

absence of any competitor and non-specific binding was measured by incubating the cell 

suspension in the presence of radioligand and (+)-butaclamol in a 2,000-fold excess with a total 

volume of 100 µl per well. Incubation periods of 1 h for D2-like receptors or 1.5 h for D1-like 

receptors were terminated by separating bound and free radioligand with an automated cell 

harvester (Brandel, Gaithersburg, USA) utilising rapid filtration through Whatman GF/C filters 

precoated with 0.3% polyethylenimine. Filters were transferred to flexible 96-well sample plates 

(Perkin Elmer, Rodgau, Germany) and incubated with scintillation cocktail for at least 5 h before 
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radioactivity was measured using a MicroBeta² 1450 scintillation counter (Perkin Elmer, Rodgau, 

Germany). Data were analyzed using Prism 9 (GraphPad, La Jolla, CA, USA) and, after subtracting 

non-specific binding, Ki values were determined from IC50 values according to the Cheng-Prusoff-

equation.32  

 

5.2.6. NanoBRET Assay  
 

NanoBRET saturation binding experiments were performed as described previously by Grätz et 

al. 2020 and Rosier et al. 202123,33 at 37° C using either a Tecan Infinite® Lumi plate reader (Tecan 

Trading AG, Switzerland, ) or a CLARIOStarPlus plate reader (BMG LABTECH, Ortenberg, Germany) 

and furimazine as a substrate (Promega, Mannheim, Germandy). HEK293T cells stably expressing 

Nluc-D1,2l,3,5R were seeded at a density of 1.25 x 106 cells/ml in Leibovitz’s L-15 media 

supplemented with 10 mM HEPES and 5% FCS 16 h before the experiments in a white 96-well 

plate (BRANDplates® cellGrade 781965, VWR) and incubated at 37 °C overnight in a humidified 

atmosphere. The dilution of the substrate (furimazine, 1:5,000 final), the serial dilutions of the 

respective fluorescent ligands and competitors were prepared in Leibovitz’s L-15 media 

supplemented with 10 mM HEPES and 1% bovines serum albumin (BSA) prior to the experiment 

and in 10-fold more concentrated than the final assay concentration. The concentration range in 

saturation binding experiment was chosen in the range of 0.1 Kd – 10 Kd of the respective 

fluorescent ligand. After the addition of 10 µl of the substrate and pre-diluted non-specific binding 

dilutions (in 1,000-fold excess to the respective fluorescent concentration: D1-like: (+)-

butaclamol; D2-like: haloperidol) cells were incubated for 5 min, followed by the addition of 10 µl 

of the respective fluorescent ligand dilutions for saturation binding experiments. The 

luminescence was read for 20 cycles at 1 s integration time (CLARIOStarplus: 2 s integration time) 

for both ‘Blue’ (< 470nm) and ‘Red’ (> 610nM) filter wavelengths. For competition binding 

experiments 10 µl of the respective competitor and 10 µl of the respective fluorescent ligand for 

the D2-like receptors MN193 (c = 15 nM), MN206 (c = 15 nM) and MN212 (c = 3 nM) was added 

to the cells. A positive control (100% value) containing only the fluorescent ligand and a negative 

control with buffer (0% value) were always included in every experiment. The BRET ratio for each 

timepoint was calculated by dividing the ‘Red’ filtered light emission by the ‘Blue’ filtered light 

emission. 

  



Chapter 5 

142 
 

5.3. Results and Discussion 

5.3.1. Investigation of Binding Affinities of D1-like Fluorescent Ligands  
 

To investigate the binding affinities of the six D1-like fluorescent ligands NR395, NR396, NR435, 

NR436, NR437, and NR438 NanoBRET saturation binding experiments were performed at whole 

HEK293T cells stably expressing the D1R, where the NanoLuc was fused N-terminally to the 

respective receptor. For all fluorescent ligand concentration dilutions, the Leibovitz’s L-15 media 

was supplemented with 1% BSA to prevent non-specific binding at plate material or plastic 

vessels. For non-specific binding serial dilutions of (+)-butaclamol was used in 1,000-fold excess 

to the respective fluorescent ligand concentration.  

The first set of fluorescent ligands consists of ligands containing a short alkyl linker with three C-

atoms connecting the SCH-23390 analogue as pharmacophore with the fluorophore of either 

TAMRA (NR395) or DY-549P1 (NR396). In the case of NR435-438, the identical D1R 

pharmacophore was coupled to the same two fluorescent dyes through a PEG-linker with different 

linker lengths (Figure 5.1, A). The TAMRA consisting fluorescent ligands were NR435 and 437, 

while NR436 and NR438 were coupled to the DY-549P1 dye.  

The two fluorescent ligands NR395 and NR396 obtained no BRET signal, although the 

bioluminescence of the NanoLuc was measurable (λ = 480 nM) and the D1R expression was 

verified by radioligand saturation binding experiments (Appendix, Figure 7.41 and 7.42). To 

investigate the binding characteristics of NR395 and NR396, further radioligand competition 

binding experiments on whole stable HEK293T-NLuc-D1R cells were performed. Both 

fluorescence ligands showed bell-shaped curves in the presence of the specific D1R radioligand 

[3H]SCH-23390 (c = 0.5 nM) indicating a possible homodimerization of the D1R, which was further 

investigated (Figure 5.2).34 

A D1R homodimerization was previously described in literature,35,36 and was proved by Casado-

Anguera et al. 2019 in competition binding experiments at sheep brain striatum membranes using 

two different concentration of the D1R specific radioligand [3H]SCH-23390.34 The observed bell-

shaped curves caused by homodimerization for the D1R, were transformed to biphasic curves by 

the increase of the respective radioligand concentration.34 For the data analysis in this study the 

one-site fit (monophasic curve) was compared with the two-site fit (biphasic curve) due a F-test 

and the calculated p-value was always indicated under the respective figure or table caption. A 

two-site fit was considered with a calculated p-value < 0.001 and rejection of the null-hypothesis.  

Interestingly, the bell-shaped curves turned into monophasic curves by increasing the radioligand 

concentration and the calculated pKi values differ between both experimental set-ups, except for 
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NR396 (Table 5.1). Therefore, the hypothesize of homodimerization of the D1R was not confirmed. 

Additionally, radioligand competition binding experiments with the fluorescent ligands on 

HEK293T D1R-CRELuc2P wildtype cells37 were performed in the presence of both radioligand 

concentrations (c([3H]SCH-23390)= 0.4 nM or 0.8 nM), to evaluate the impact of the NanoLuc-tag 

of the D1R receptor to the binding affinity of NR395 and NR396. In both cases monophasic curves 

were observed, but with loss of affinity. This leads to the assumption, that the NanoLuc tag fused 

to the N-terminus revealed a negative impact on the binding properties of the florescent ligands 

and therefore, no BRET signal could be observed. The calculated pKi values of both fluorescent 

ligands (NR395: 5.84 ± 0.31; NR396: 7.29 ± 0.41) were right-shifted after labelling with the 

fluorescent dyes TAMRA or DY-549P1 compared to the expected pKi value for the used 

pharmacophore of SCH-23390 (with minor changes) and deviate by more than one order of 

magnitude (8.84 ± 0.07)30. In previously described studies, the introduction of labels can be 

associated with disadvantages for the binding affinities of the respective ligand.38 

 
Figure 5.2: Radioligand competition binding experiment of A: NR395 in the presence 0.5 nM [3H]SCH-
23390 (turquoise)† or B: 0.8 nM [3H]SCH-23390 (turquoise)† and C: NR396 in the presence 0.5 nM [3H]SCH-
23390 (dark blue)† or D: 0.8 nM [3H]SCH-23390 (dark blue)† on whole HEK293T D1R-CREluc2P cells and 
HEK293T NLuc-D1R cells. To determine non-specific binding (+)-butaclamol was used in 1,000-fold excess. 
Data are shown as means ± SEM from two to four independent experiments, each performed in triplicate. 
†p > 0.05 
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Table 5.1: Calculated pKi values of fluorescent ligands NR395 and NR396 in radioligand competition 
binding experiments in the presence of either 0.5 nM or 0.8 nM [3H]SCH-23390 performed on HEK293T 
D1R-CREluc2P cells and HEK293T Nluc-D1R cells Data are shown as means ± SEM from two to four 
independent experiments, each performed in triplicate. 

 HEK293T Nluc-D1R  HEK393T D1R-CREluc2P 

Cpd. pKi ± SEM N  pKi ± SEM N 

c ([3H]SCH-23390) = 0.5 nM      

NR395 7.01 ± 0.31 4  5.84 ± 0.31 2 

NR396 8.19 ± 0.35 4  7.93 ± 0.23 2 

c ([3H]SCH-23390) = 0.8 nM      

NR395 6.25 ± 0.34 4  6.70 ± 0.001 2 

NR396 8.19 ± 0.31 3  7.29 ± 0.41 2 

 

Furthermore, we suggest, the chosen linker length or linker polarity was insufficient either to 

bring the fluorophore of the fluorescent ligand in close proximity to the NanoLuc or in a favorable 

orientation to get a measurable BRET signal. To overcome this, four more fluorescent ligands were 

synthesized, with the same pharmacophore and fluorescent dyes, but different linker lengths and 

properties, to investigate the impact on pharmacological and physicochemical properties.39 

By increasing the linker length and exchanging the alkyl linker trough a PEG linker in the second 

set of fluorescent ligands the BRET signal gained a saturation for NR435 (TAMRA dye) with low 

non-specific binding and an obtained pKd value of 8.41 ± 0.11. Otherwise, for NR436 (DY-549P1 

linked), no BRET signal revealed in a saturable manner (Figure 5.3, A and B). For both fluorescent 

ligands NR437 and NR348 a saturation binding curve was observed, but the affinities were up to 

13-fold lower (NR437: pKd = 7.73 and NR438: pKd = 7.33) compared to NR436 (Figure 5.3, C and 

D). 
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Figure 5.3: Representative NanoBRET saturation binding curves on HEK293T cells stably expressing Nluc-
D1R for NR435 (A), NR436 (B), NR437 (C), and NR438 (D). To determine non-specific binding (+)-
butaclamol was used in 1,000-fold excess to the corresponding fluorescent concentration. Data represent 
means ± SEM from one to two independent experiments, each performed in triplicate. 
 

Table 5.2: Binding affinities (pKd values) of fluorescent ligands 
NR435, NR436, NR437 and NR438 on HEK293T Nluc-D1R cells. Data 
represent means ± SEM from one to two independent experiments, 
each performed in triplicate. 

 

Cpd. pKd N 

NR435 8.41 ± 0.11 2 

NR436 n.a. 1 

NR437 7.73 1 

NR438 7.33 1 

n.a. not applicable.  

 

The impact of the linker length and change of the fluorophore to the binding affinity of a 

fluorescent ligand was previously described in literature40,41, whereas in this project the shortest 

PEG linker coupled with the TAMRA dye achieved the highest affinity to the (human) D1R. Besides, 

the fluorescent ligands with the DY-549P1 fluorophore showed less affinity and a worse signal-

to-noise ratio than those consisting of the TAMRA dye. Please note, all latter experiments were 
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performed once and need to be verified and completed to N of 3 and the observed signal-to-noise 

ratio in all NanoBRET saturation binding experiments is improvable. This was due to a change in 

device (from Tecan Infinite® Lumi plate reader to CLARIOStarPlus plate reader) and the limitation 

in time not achievable during this PhD project. We were not able to reproduce any result at the 

CLARIOStarPlus under the same conditions. We suggest that due to a device specific signal-to-noise 

ratio the emission of the fluorescent ligand was not detectable anymore with the CLAIOStarPlus, 

although we were able to detect the blue light emission of the NanoLuc (λ = 480 nM). It is known 

that, there is no direct correlation between the receptor expression and the observed BRET 

signal.42 The optimal amount of NanoLuc-tagged receptor can be verified by transiently 

performed experiments.  

 

5.3.2. Investigation of Binding Affinities of D2-like Fluorescent Ligands  
 

To investigate the D2lR and D3R binding affinities of the three TAMRA-labeled D2-like fluorescent 

ligands MN193, MN206, and MN212, NanoBRET saturation binding experiments were performed 

on whole HEK293T cells stably expressing the D2l,3R, where the NanoLuc was N-terminally fused 

to the respective receptor. Please note, it was not possible to generate the plasmid for the 

NanoLuc-tagged D4R and therefore, no results are shown for this D2-like receptor. For all 

fluorescent ligand concentration dilutions, the Leibovitz’s L-15 media was supplemented with 1% 

BSA to prevent non-specific binding at plate material or plastic vessels. For non-specific binding 

serial dilutions haloperidol was used in 1,000-fold excess to the respective fluorescent ligand 

concentration.  

For both stable cell lines radioligand saturation binding experiments were performed, to verify 

that the NanoLuc-tag shows no impact of on the binding properties of the respective receptor 

(appendix, Figure 7.43 A and B). All obtained pKd value a comparable with literature data30 and 

confirmed that the N-terminally NanoLuc-tag had no influence either to the D2lR or D3R 

characteristics (Appendix, Table 7.19). 

All three fluorescent ligands consist of the same spiperone analogue as pharmacophore, coupled 

through different linker lengths to either a TAMRA- (MN206, MN212) or DY-549P1- dye (MN193) 

(Figure 5.1, B) and yielded in a saturation binding curve with pKd values from nanomolar to sub-

nanomolar range in the NanoBRET saturation binding assay (Figure 5.4, A - C). MN212 showed 

the highest affinity with a pKd value of 9.32 ± 0.08, while the lowest was achieved by MN193 in 

the low nanomolar range (pKd = 8.06 ± 0.03) (Table 5.3). The third fluorescent ligand MN206 

obtained a pKd value of 8.40 ± 0.08 (Table 5.3). The results were used to show the influence of the 

different linker lengths and properties or the different dyes, which have already been described 

in the literature.40,41 In this project, the longest linker length in combination with the DY-549P1 
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dye achieved the lowest (MN193), while the shortest linker length in combination with the 

TAMRA dye led to the highest binding affinity in sub nanomolar range (MN212). 

Figure 5.4: Representative NanoBRET saturation binding curves of the fluorescent ligands MN193 (A), 
MN206 (B), and MN212 (C) on whole HEK293T NLuc-D2lR cells. Data of one representative experiment is 
shown from three to four independent experiments, each performed in triplicate. 

 

Table 5.3: D2lR binding affinities (pKd values) of the fluorescent 
ligands MN193, MN206, and MN212 in NanoBRET saturation 
studies on HEK293T NLuc-D2lR cells. Data are shown as means 
± SEM from three to four independent experiments, each 
performed in triplicate. 

Cpd. pKd± SEM N 

MN193 8.06 ± 0.03 3 

MN206 8.40 ± 0.08 4 

MN212 9.32 ± 0.08 4 

 

With all three fluorescent ligands, competition binding experiments were performed in the 

presence of literature-described D2-like standard ligands, whereas the concentrations of c = 15 nM 

(MN193), c = 15 nM (MN206), and c = 3 nM (MN212) were applied. As standard ligands (+)-

butaclamol (buta), haloperidol (halo), pramipexole (prami), (+)-quinpirole (quin), spiperone 

(spip), and (S)-(-)-sulpiride (sulp) in six different concentrations diluted in Leibovitz’s L-15 media 

supplemented with 1% BSA were used. Competition binding curves were normalized to the 

sample containing only fluorescent ligand (100% value) or buffer (0% value). All calculated pKi 

values of the standard ligands were comparable, between all three used fluorescent ligands, 

except for the agonist quinpirole (quin). The pKi values of this D2-like standard ligand differ by 

more than one log unit between the fluorescent ligands MN193 (7.39 ± 0.29), MN206 (6.48 ± 0.34), 

and MN212 (6.07 ± 0.22) (Table 5.4). Besides, the pKi values of several reference ligands were in 

good agreement with literature data.  
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Figure 5.5: NanoBRET competition binding curves of various D2-like standard ligands in the presence of 
the fluorescent ligands MN193 (A), MN206 (B), and MN212 (C) on whole HEK293T cells stably expressing 
NLuc-D2lR. For both fluorescent ligands MN193 and MN206 a concentration of 15 nM was used and for 
MN212 a concentration of 3 nM. Dashed lines represent incomplete or flat curve fits. Data are shown as 
means ± SEM from two to five independent experiments, each performed in triplicate. Abbreviations used: 
buta = (+)-butaclamol, halo = haloperidol, prami = pramipexole, quin = (+)-quinpirole, spip = spiperone, and 
sulp = (S)-(-)-sulpiride. 

 

Table 5.4: Calculated pKi values of D2-like standard ligands in the presence of either the fluorescent ligands 
MN193, MN206, or MN212 on stable HEK293T NLuc-D2lR. Data are shown as means ± SEM from two to five 
independent experiments, each performed in triplicate. 

 MN193   MN206   MN212   Ref. 

Cpd. pKi ± SEM N  pKi ± SEM N  pKi ± SEM N   

buta 9.33 ± 0.13 3  9.49 ± 0.23 3  9.72 ± 0.10 4  9.3543,a 

halo  8.22 ± 0.26 4  8.15 ± 0.12 3  8.64 ± 0.08 4  8.5444,b 

prami 6.89 ± 0.08 3  6.95 ± 0.48 2  6.52 ± 0.24 3  6.1045,a 

quin  7.39 ± 0.29 3  6.48 ± 0.34 3  6.07 ± 0.22 2  6.0446 

spip n.d. -  n.d. -  10.6 ± 0.11 4  9.4444,b 

sulp n.d. -  n.d. -  7.87 ± 0.19 5  6.8747,c 

n.d. = not determined.a CHO-D2 cells. b CHO-D2S cells. c [35S]GTPγS binding to membranes of CHO-D2 cells. Abbreviations used: buta = 
(+)-butaclamol, halo = haloperidol, prami = pramipexole hydrochloride, quin = (+)-quinpirole, spip = spiperone, and sulp = (S)-(-) 
sulpiride. 

 

Due to the high homology of the D2LR and D3R, the fluorescent ligand MN212 with the highest 

affinity for the D2LR was characterized on stable HEK293T NLuc-D3R cells (Figure 5.6, A).48 MN212 

showed a three-fold lower affinity to the D3R with a pKd value of 8.54 ± 0.05 compared to the D2lR 

(Table 5.5). The signal-to-noise ratio was comparable with the experiments performed on the 

stable HEK293T Nluc-D2lR cells, although it was in both cases improvable. 

Table 5.5: D3 receptor binding affinity (pKd-value) of 
fluorescent ligand MN212 on HEK293T NLuc-D3R cells. Data 
are shown as means ± SEM from four independent 
experiments, each performed in triplicate. 

Cpd. pKd± SEM N 

MN212 8.54 ± 0.05 4 
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Additionally, NanoBRET competition binding experiments were performed with literature 

described D2-like standard ligands dopamine (dopa), pramipexole (prami), (+)-quinpirole (quin), 

and spiperone (spip) in the presence of 3 nM of the fluorescent ligand on stable HEK293T NLuc-

D3R cells (Figure 5.6, B). The yielded pKi values of the three D3R agonists pramipexole (6.39 ± 0.05) 

and quinpirole (6.42 ± 0.07) were more than one order of magnitude lower compared to literature 

data, while the pKi value of the agonist dopamine (6.06 ± 0.16) and the antagonist spiperone (9.65 

± 0.03) were comparable with the references (Table 5.6).  

 

Figure 5.6: A: Representative NanoBRET saturation binding curve of MN212 and B: competition binding 
curves of four standard ligands in the presence of 3 nM of MN212 on stable HEK293T NLuc-D3R cells. Data 
of one representative saturation binding experiment are shown from four independent experiments, each 
performed in triplicate. Data of competition binding experiments are shown as means ± SEM from two to 
four independent experiments, each performed in triplicate. Dashed lines represent incomplete or flat curve 
fits in competition binding experiments. Abbreviations used: Dopa = dopamine, prami = pramipexole, quin 
= (+)-quinpirole, and spip = spiperone.  
 

Table 5.6: Binding affinity of D2-like standard ligands in the presence of 
MN212 on stable HEK293T NLuc-D3R. Data are shown as means ± SEM from 
two to four independent experiments, each performed in triplicate.  

 

Cpd. pKi ± SEM N Reference 

dopa 6.06 ± 0.16 4 6.2743 

prami 6.39 ± 0.05 3 7.9849 

quin 6.42 ± 0.07 2 7.3949 

spip 9.65 ± 0.03 3 9.491 

Abbreviations used: Dopa = dopamine, prami = pramipexole, quin = (+)-quinpirole, and spip = 

spiperone. 

 

Please note, due to the change of the device (from Tecan Infinite® Lumi plate reader to 

CLARIOStarPlus plate reader) no kinetic studies, like association and dissociation experiments, 

were performed for the fluorescent ligands MN193, MN206, and MN212 on stable HEK293T Nluc-
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D2l,3R cells. To find the optimal amount of the respective receptor to generate a high BRET signal 

transient experiments with different amounts of plasmid DNA of pcDNA3.1neo 5HT3A-Nluc-D2lR-

myc need to be performed.   
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5.4. Conclusion  

In this study, the aim was to develop a NanoBRET-based binding assay for all five (human) 

dopamine receptors. Therefore, the NanoLuc was fused to the N-terminus of these receptors and 

generating stable cell lines by transfecting HEK293T wild-type cells with the respective plasmid 

DNA.20 For the D1-like receptors (D1R, D5R) two sets of fluorescent ligands NR395, NR396, and 

NR435–NR438 were characterized with saturation binding experiments. For the D2-like receptors 

(D2lR, D3R, D4R) three fluorescent ligands MN193, MN206, and MN212 were used for the 

characterization by saturation binding experiments and competition binding assays.  

The first set of D1-like fluorescent ligands NR395 and NR396 consist of an antagonistic SCH-23390 

analogue as pharmacophore, which was coupled to either a TAMRA or DY-549P1 fluorescent dye, 

through an alkyl linker. Both saturation binding curves revealed in no saturable manner on stable 

HEK293T NLuc-D1R cells, although the expression of the receptor was proven by radioligand 

binding experiments. Further comparison with radioligand competition binding studies on either 

wild-type HEK293T D1R-CREluc2P or HEK293T NLuc-D1R cells with two different radioligand 

concentrations (c = 0.4 nM and 0.8 nM) showed an increase in binding affinity on the tagged 

receptor of these two fluorescent ligands NR395 and NR396, compared to the wild-type receptor. 

Furthermore, a previously suggested homodimerization of the D1R was not confirmed, but an 

impact of the NanoLuc-tag on the biding affinities of the fluorescent ligands.38,40 Furthermore, we 

hypothesize, the chosen linker length or linker properties were insufficient, either to bring the 

fluorophore of the fluorescent ligand in close proximity to the NanoLuc or in a favorable 

orientation to get a measurable BRET-signal.  

The second set of fluorescent ligands NR435, NR436, NR437, and NR438 consist of the identical 

D1R pharmacophore tethered to either a TAMRA or a DY-549P1 fluorophore, but the nature of the 

linker was changed to more hydrophilic PEG linkers with different lengths. Thus, the NanoBRET 

saturation binding curve revealed in a saturable manner for NR435, leading to the highest affinity, 

where the D1R pharmacophore was coupled to the TAMRA fluorophore. Besides, NR436 consisted 

of the same pharmacophore and linker length, but a different fluorescent dye (DY-549P1), 

resulting in no measurable BRET signal. Moreover, the same was observed for NR437 and NR438 

with the identical composition (either SCH-23390 in combination with TAMRA or DY-549P1), but 

longer PEG linkers, compared to NR435 and NR436. Additionally, fluorescent ligand NR437 

achieved a higher affinity (pKd = 7.73) than the DY-549P1 linked NR438 (pKd = 7.73). However, in 

this study the insertion of the DY-549P1 fluorophore led to a negative impact of the binding 

affinity to the respective receptor, as well as the increase of the linker length.  
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Due to a change of the device (from Tecan Infinite® Lumi plate reader to CLARIOStarPlus plate 

reader), unfortunately, these results were not repeated and further investigated. Only the blue–

light emission (λ = 480) was measurable, but not the red-light emission (λ = 610), perhaps due to 

the detection limit of the CLARIOStarPlus compared to the Tecan Infinite® Lumi plate reader. For 

the same reason, no kinetic studies, like association and dissociation experiments, could be 

performed.  

The three fluorescent ligands for the D2-like receptors MN193, MN206, and MN212 were 

characterized on stable HEK293T NLuc-D2lR cells and additionally, MN212 as well on HEK293T 

cells stably expressing the NanoLuc-tagged D3R. All fluorescent ligands composed of the identical 

spiperone analogue as a pharmacophore coupled through different linker lengths of PEG- or alkyl 

linkers to either the TAMRA or DY-549P1 fluorescent dye. The fluorescent ligand MN212 consist 

of the shortest alkyl linker in combination with the TAMRA dye, while for MN193 the DY-549P1 

fluorophore was used. The fluorescent ligand MN206 consists of the spiperone analogue coupled 

trough a PEG linker to a TAMRA dye.  

At the D2lR, MN212 achieved the highest binding affinity in sub nanomolar range, while MN193 

and MN206 achieved values in the low nanomolar range. In this set of fluorescent ligands, the 

linker length, linker properties, and the chosen fluorophore implemented an impact to the binding 

affinity of the respective receptor. 40 As for the D1R fluorescent ligands the shortest linker, without 

PEG units achieved the highest affinity (MN212), while the longest linker length in combination 

with the TAMRA dye achieved the lowest (MN193) binding affinity at the D2lR. Due to the high 

homology of the D2lR and D3R,48 NanoBRET saturation binding experiments were obtained at the 

NanoLuc-tagged D3R. The fluorescent ligand MN212 showed a three-fold lower affinity to the D3R 

compared to the D2lR. Moreover, with all fluorescent ligands of the D2-like family NanoBRET 

competition binding experiments at the D2R and with MN212 at the D3R were performed, with 

literature-described standard ligands like (+)-butaclamol, haloperidol, pramipexole, (+)-

quinpirole, spiperone, and (S)-(-)-sulpiride. Several obtained pKi values were comparable with 

literature data. It was not possible to generate the corresponding NanoLuc plasmid and thus the 

stable cell line for the D4R within the scope of this work. Due to the change of the device (from 

Tecan Infinite® Lumi plate reader to CLARIOStarPlus plate reader) no kinetic studies, like 

association and dissociation experiments, were performed.  
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6.1. Summary and Outlook  

In the last decades various test systems were established to characterize pharmacological tools 

like radioligands and fluorescent ligands, as well as, evaluating binding affinities and selectivity of 

novel ligands. Furthermore, they are capable to investigate receptor monomers and heteromers 

and their functional properties.  

In this thesis three different bioluminescent test systems comprising the spilt NanoLuc-based 

miniG recruitment method,3 the further downstream CAMYEN BRET-based biosensor and a G-

case sensor derived from the TRUPATH system4 were applied to the five (human) dopamine 

receptors. Therefore, in case of the miniG recruitment assay the small bit of the split NanoLuc was 

fused to the C-terminus of the respective (human) dopamine receptor, while the large bit was 

introduced N-terminally to the canonical miniG protein. For the CAMYEN BRET assay the whole 

NanoLuc was cloned to the C-terminus of an Epac cAMP binding domain, and mCitrine to the N-

terminus. In case of the G-case sensor the whole NanoLuc is cloned into the Gα subunit of a G 

protein trimer, and the cpVenus protein is fused to the N-terminus of the corresponding Gγ 

subunit. With the combination of these different techniques the five (human) dopamine receptors 

were characterized with respect to ligand induced efficacy, different G protein recruitment with 

involving bias signaling and comparison of close-receptor-signaling or further downstream signal 

trafficking. Those techniques enable to investigate a pharmacological profile of the dopamine 

receptor family and the characterization of G protein coupling, ligand efficacies and potencies, as 

well as the differentiation between agonist, antagonists and inverse agonists. 

Moreover, a radioligand as a useful tool for radioligand binding experiments for the H3R was 

characterized by overcoming drawbacks, of agonistic ligands such as receptor internalization in 

cell-based systems or selectivity issues within the histamine receptor family.1,2 The chosen 

pharmacophore was a propionylated JNJ-5207852 scaffold, which was tritium labeled. In 

radioligand saturation binding experiments the radioligand revealed curves in a saturable 

manner with a binding affinity in the sub nanomolar range and obtained a high H3R selectivity 

compared to the other members of the histamine receptor family. In kinetic studies the fast 

association and complete dissociation was verified. Furthermore, in competition binding 

experiments in the presence of the radioligand [3H]UR-MN259 several H3R standard agonists and 

antagonist were tested and the resulted pKi values were comparable with literature data. 

Therefore, a selective and high affinity radioligand for the H3R was developed and characterized 

as a novel tool for the investigation of new ligands in robust radioligand binding studies. 

The investigation of the pharmacological properties of heterodimers of the class A family is 

necessary due to their involvement in e.g., neurodegenerative diseases like Parkinson’s disease or 
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Alzheimer’s disease. Furthermore, to address these drug targets novel bivalent ligands were 

synthesized in-house and needed to be evaluated in their binding affinities, efficacies and 

confirmed as true bivalent ligands. Therefore, a radioligand binding assay was developed for the 

reported D1R-H3R and D2lR-H3R heteromers. 5,6 

For the D1R-H3R the suggested stoichiometric receptor ratio in vitro of 1:2, leading to functional 

heterodimers,5 was obtained and biphasic curves for the bivalent ligand NR330 were achieved. 

The resulting pKi,high value was not higher as at the monomer receptor. Further experiments with 

the bivalent ligand NR330 in the presence of an additional competitor were performed, in order 

to test whether the biphasic curve can be transformed to a monophasic curve by blocking one 

protomer of the D1-H3R heteromer. For the H3R mode the D1R antagonist SCH-23390 (c = 10 µM) 

and in the D1R mode the antagonistic H3R ligand JNJ-5207852 (c =10 µM) were used. The resulting 

monophasic curve of NR330 in the presence of either the D1R or H3R competitor was right shifted 

compared to the curve on the mono-expressed receptor and showed an additional decrease in the 

specific binding of both radioligands (D1R protomer: [3H]SCH-23390, H3R protomer: [3H]UR-

MN259). We hypothesized a cross binding affinity of the D1R competitor to the H3R protomer and 

vice versa. Thus, the respective ligands were investigated on the respective D1R and H3R mono-

expressing cell lines. The bivalent ligand NR330 resulted a monophasic curve in all three chosen 

buffers (sodium-free or sodium-containing) at the D1R monomer, as expected, but different 

binding affinities which were negatively affected in the presence of sodium. At the H3R monomer 

the expected monovalent curve was observed in sodium-free BB and BB supplemented with 100 

mM NaCl. In contrast, in both buffers containing 140 mM NaCl (Leibovitz’s L15 media and BB with 

140 mM NaCl) no statistically correct binding mode was validated and both modes (monophasic 

and biphasic curves) were specified. With respect to the amount of the specific binding of the 

radioligand [3H]SCH-23390 the observed plateau of NR330 at the H3R was different compared to 

the resulted one of NR330 on D1R-H3R co-expressing HEK239T cells. Therefore, we assume a true 

bivalent binding mode of NR330 on D1R-H3R co-expressing HEK239T cells with a stoichiometric 

receptor ratio of 1:2.  

The antagonistic H3R ligands JNJ-5207852 and MN259 showed no binding affinity to the D1R 

monomer, although a negative cooperativity was observed in combination with the D1R standard 

antagonist SCH-23390. In case of the H3R monomer the affinity of the D1R antagonist SCH-23390 

was dependent on the used buffers. In sodium containing buffer supplemented 140 mM NaCl, the 

binding affinity was in micromolar range, while in BB supplemented with 100 mM NaCl, the 

affinity was increased to the nanomolar range. In contrast, in BB without supplements a biphasic 

curve for SCH-23390 was observed. The observed two binding modes in sodium-free buffer were 

thus changed to a monovalent binding mode in sodium containing buffer, which implies a sodium-
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dependent effect. Furthermore, the combination of the H3R ligands JNJ-5207852 or MN259 with 

10 µM SCH-23390 led to right-shifted curves and a drop in signal of the specific binding of the 

radioligand [3H]UR-MN259 in all buffers. Therefore, we hypothesized a possible allosteric 

modulation of SCH-23390 to the H3R ligands. Unfortunately, we could not confirm this hypothesis 

completely and further investigations are necessary.  

For the D2lR-H3R heteromer a radioligand binding assay was likewise developed. The observed 

curves of the bivalent ligands MN079 and MN240 were primarily monophasic in different 

receptor ratios (1:1, 1:2.4 and 1:3.7), while MN240 achieved a biphasic curve only in the D2lR-

mode on co-expressing cells with a stoichiometric receptor ratio of 1:1.8. The assumed receptor 

ratio for the formation of functional heteromers of the class A GPCRs is 1:2 in vitro, which could 

not be achieved during this PhD. 

However, to characterize the efficacies of bivalent ligands a functional miniG protein recruitment 

assay was applied to the D2lR-H3R heteromer. The small bit of the split Nano luciferase was fused 

to the C-terminus of the H3R, whereas the large bit was cloned between the D2lR and the miniGsi 

protein, tethered through flexible linkers. The recruitment of the miniGsi could be observed in 

real-time after the activation by histamine and gave hints to the existence of the formation of the 

D2lR-H3R heteromer, compared to the observed traces on the H3R monomer. All analyzed H3R 

standard ligands gave robust concentration-response-curves, while in contrast no activation for 

the D2-like agonist dopamine and pramipexole was achieved. Moreover, we were able to observe 

a possible cross-interaction between the D2lR-H3R heteromer. The affinity of histamine in the 

presence of 100 µM dopamine was right-shifted to nanomolar range and a drop in the signal was 

observed compared to histamine without additional competitor. A further possible explanation is 

the asymmetric recruitment of the miniGsi protein by one protomer, due to an excess limitation. 

Thus, further experiments are necessary to confirm the negative cooperativity by introducing a 

point mutation in the G protein binding pocket of the D2lR7 and changing of the linker length to 

the miniG protein to evaluate a possible impact, as well as, the fusion of the small bit to the D2lR 

and the NLucN-miniGsi construct to the H3R.  

In summary, it was not possible to develop a radioligand binding assay for both heteromers to 

characterize the respective novel bivalent ligands with sufficient replicates. However, the results 

are promising to confirm the ligands as true bivalent ligands, but further investigations are 

necessary. Thus, for competition binding experiments with an additional competitor the 

competitors should be changed to (+)-butaclamol in the H3R mode and to GSK33449 in case of the 

D1R mode to obtain monophasic curves of the bivalent ligand and to obtain monophasic curves 

without a decreased signal-to-noise ratio on co-expressing cells. Additionally, the end-capped 

ligands as further controls, should be included. For all following studies on the D1R-H3R 
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heteromer, the buffer needs to be changed to a sodium-containing buffer, like Leibovitz’s L-15 

media, to alleviate the sodium impact on the binding affinities and properties. Therefore, all 

previously obtained experiments with the bivalent ligand with or without an additional 

competitor need to be performed in this buffer. For the D2lR-H3R heteromer the correct 

stoichiometric receptor ratio in vitro needs to be evaluated, followed by competition binding 

experiments in the presence of suitable competitors in both modes, for the complete 

characterization of the novel bivalent ligands.  

The last project of this thesis was the development of a NanoBRET-based assay for the five 

(human) dopamine receptors to investigate the binding affinities of novel ligands with a reliable 

and robust test system like in radioligand binding experiments.8 The NanoLuc as BRET donor was 

N-terminally fused to the respective (human) dopamine receptor where a fluorescent ligand can 

bind and the non-radioactive energy transfer takes place, referred as BRET. The investigated 

fluorescent ligands of either the D1-like or D2-like dopamine receptors consist of a selective 

pharmacophore (D1-like: SCH-23390 analogue, D2-like: spiperone analogue) connected through 

alkyl or PEG linker with the TAMRA or DY-549P1 dye.  

For the D1-like family the most promising fluorescent ligand NR435 consists of the SCH-23390 

pharmacophore, a short linker and the TAMRA fluorophore and yielded an affinity in the 

nanomolar range. For the D2-like family the fluorescent ligand MN212 with a spiperone analogue, 

the shortest linker and the TAMRA dye was characterized for the D2lR and obtained likewise the 

highest affinity. Due to the high homology between the D2-like receptors MN212 was tested at the 

D3R with an eight-fold lower affinity compared to the D2lR. For both, competition binding 

experiments with different literature described D2-like standard ligands were performed, with 

comparable pKi values to published data. In this study, we could observe a negative modulation of 

the binding affinity by introducing the DY-549P1 dye to the fluorescent ligands. In previous work 

the respective linker length, properties like hydrophilic or lipophilic entities and the fluorophore 

are considered to affect the binding properties of the linker. 9,10 

Due to a change of the device (from Tecan Infinite® Lumi plate reader to CLARIOStarPlus plate 

reader) all observed results were not reproducible at the CLARIOStarPlus under the same 

conditions. We suggest, due to a device specific signal-to-noise ratio, that the emission of the 

fluorescent ligand was not detectable anymore with the CLAIOStarPlus, although we were able to 

detect the blue light emission of the NanoLuc (λ = 480 nM). It is known that there is no direct 

correlation between the receptor expression and the observed BRET signal.11 The optimal amount 

of NanoLuc-tagged receptor can be verified by transiently performed experiments. Due to the 

limitation in time kinetic studies, outstanding saturation or competition binding experiments for 

all dopamine receptor and the respective fluorescent ligands could not be performed. 
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7.1. Appendix Chapter 2 

 

Figure 7.1: Radioligand saturation binding curves with whole HEK293T cells expressing NlucN-
miniGx_DyR-NLucC. NLucN-miniGs_D1R-NlucC (A) or NLucN-miniGs_D5R-NlucC (B), NLucN-miniGsi1_D2lR-
NlucC (C), NLucN-miniGo_D3R-NlucC (D) or NLucN-miniGo_D4R-NLucC (E) fusion proteins. Corresponding 
dissociation constants are provided in Table 7.1. [3H]SCH-23390 (D1-like receptors) and [3H]NMSP (D2-like 
receptors) were used as radioligands (concentrations of 1/Kd – 10 Kd). Non-specific binding was determined 
in the presence of (+)-butaclamol (D1-like receptors), haloperidol (D2l/3R) in 1,000-fold or, in the case of 
nemonapride (D4R) 500-fold excess regarding the respective radioligand concentration. Saturation binding 
curves were fitted with a non-linear regression fit for one-site model. Graphs represent means ± SEM from 
one representative experiment performed in triplicate of five independent experiments (N = 3 for NLucN-
miniGo_D4R-NLucC). Kd values are given as mean from five independent experiments (N = 3 for NLucN-
miniGo_D4R-NLucC). 
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    Figure 7.2: Radioligand saturation binding curves with whole HEK293T-CAMYEN_ DxR cells. HEK-CAMYEN 
cells expressing D1R (A), D5R (B), D2lR (C), D3R (D) or D4R (E). Corresponding dissociation constants are 
provided in Table S1. [3H]SCH23390 (D1-like receptors) and [3H]NMSP (D2-like receptors) were used as 
radioligands (concentrations of 1/Kd – 10 Kd). Non-specific binding was determined in the presence of (+)-
butaclamol (D1-like receptors), haloperidol (D2/3R) in 1000-fold or, in the case of nemonapride (D4R), in 
500-fold excess regarding the respective radioligand concentration. Saturation binding curves were fitted 
with a non-linear regression fit for one-site model. Graphs represent means ± SEM from one representative 
experiment performed in triplicate of five independent experiments. Kd values are given as mean from five 
independent experiments. 
 

Table 7.1: Equilibrium dissociation constants (pKd values) of radioligands [3H]SCH-23390 (D1-like) and 
[3H]NMSP (D2-like) and receptor densities (Bmax) determined in radioligand saturation binding assays using 
HEK293T cells stably co-expressing NlucN-mini-Gx_DyR-NlucC fusion proteins (except NlucN-mini-Go_D4R-
NlucC, which was performed transiently) or the CAMYEN biosensor with the five dopamine receptors. Rec. 
= receptor number. Data are expressed as mean ± SEM of five independent experiments (N = 5) each 
performed in triplicate (N = 3 for NLucN-miniGo_D4R-NLucC). 

DxR MiniG Protein Recruitment  CAMYEN cAMP   

 pKd ± SEM Bmax rec./cell pKd  ± SEM Bmax rec./cell Ref. Kd / 
nM 

D1R 9.31 ± 0.13 2520 1.05 x 105 9.13 ± 0.16 3806 1.59 x 105 1.501 
D2lR 9.85 ± 0.17 2808 1.24 x 105 9.64 ± 0.05 271 1.19 x 104 0.132 
D3R 9.57 ± 0.21 3664 1.61 x 105 9.75 ± 0.06 2064 9.09 x 104 0.272 

D4R 8.47 ± 0.21a 541   2.38 x 104 8.91 ± 0.31 12,007 5.29 x 105 0.293 
D5R 9.54 ± 0.16 2042 8.54 x 104 9.24 ± 0.07 1699 7.10 x 104 0.584 
aperformed under transient conditions. 
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Figure 7.3 : Kinetic responses of HEK-CAMYEN cells in “cAMP inhibition mode”. Stably transfected 
HEK293T-CAMYEN cells were treated with 2000x diluted furimazine and 10 µM forskolin for 30 min before 
ligand addition. FSK = forskolin. Each ligand concentration measured in triplicate, N = 5. 

 

 

Figure 7.4:Kinetic responses of HEK-CAMYEN cells in “cAMP stimulation mode”. Stably transfected HEK293T-
CAMYEN cells were treated with 2000x diluted furimazine and 100 µM IBMX for 30 min before ligand addition. 
FSK = forskolin. Each ligand concentration measured in triplicate, N = 5. 
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Figure 7.5: Kinetic responses of HEK-CAMYEN_D1R cells. Stably transfected HEK293T-CAMYEN_D1R cells 
were treated with 2000x diluted furimazine and 100 µM IBMX for 30 min before ligand addition. The AUC 
values from each experiment were used to generate the concentration response curves in Figure 4. FSK = 
forskolin. Each ligand concentration measured in triplicate, N = 5. 

 

 

Figure 7.6: Kinetic responses of HEK-CAMYEN_D2lR cells. Stably transfected HEK293T-CAMYEN_D2lR cells 
were treated with 2000x diluted furimazine and 10 µM forskolin for 30 min before ligand addition. FSK = 
forskolin. Each ligand concentration measured in triplicate, N = 5. 
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Figure 7.7: Kinetic responses of HEK-CAMYEN_D3R cells. Stably transfected HEK293T-CAMYEN_D3R cells 
were treated with 2000x diluted furimazine and 10 µM forskolin for 30 min before ligand addition. FSK = 
forskolin. Each ligand concentration measured in triplicate, N = 5. 

 

 

Figure 7.8: Kinetic responses of HEK-CAMYEN_D4R cells. Stably transfected HEK293T-CAMYEN_D4R cells 
were treated with 2000x diluted furimazine and 10 µM forskolin for 30 min before ligand addition. FSK = 
forskolin. Each ligand concentration measured in triplicate, N = 5. 
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Figure 7.9: Kinetic responses of HEK-CAMYEN_D5R cells. Stably transfected HEK293T-CAMYEN_D5R cells 
were treated with 2000x diluted furimazine and 100 µM IBMX for 30 min before ligand addition. FSK = 
forskolin. Each ligand concentration measured in triplicate, N = 5. 

 

 

Figure 7.10: NLucN-miniG sensor expression when transfected with the respective dopamine receptor-
NLucC constructs, measured using ELISA with an anti-NanoLuc antibody. The primary antibody was used 
against the NLucN tag expressed on the N-terminus of the respective miniG protein Receptors were 
transiently transfected into HEK293T cells alongside the relevant miniG protein (mGs, mGi1, and mGo1). All 
variables were measured on the same day and plate. Data are normalized to HEK293T wild type cells (wt; 
0%) and the maximum mean absorption at 450 nm on the day of the experiment (100%). N = 5 independent 
experiments. 
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Figure 7.11: Immunofluorescence for expression and localization of the dopamine receptor subtypes in 
HEK293T cells transiently transfected along with Gi1-CASE. Cells were fixed with PFA and labelled with a 
mouse anti-FLAG monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse 
secondary antibody, imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images 
were taken with a widefield inverted microscope with a 10x objective. The composite image on the left is 
automatically adjusted for brightness and contrast using ImageJ software, whereas the others remain 
unaltered. Scale bar shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 
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Figure 7.12: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected along with Gi2-CASE. Cells were fixed with PFA and labelled with a mouse anti-FLAG 
monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary antibody, 
imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken with a 
widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 

  



Chapter 7 

172 
 

 

Figure 7.13: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected along with Gi3-CASE. Cells were fixed with PFA and labelled with a mouse anti-FLAG 
monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary antibody, 
imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken with a 
widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 
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Figure 7.14: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected along with Go1-CASE. Cells were fixed with PFA and labelled with a mouse anti-FLAG 
monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary antibody, 
imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken with a 
widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 

  



Chapter 7 

174 
 

 

Figure 7.15: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected along with Gz-CASE. Cells were fixed with PFA and labelled with a mouse anti-FLAG 
monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary antibody, 
imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken with a 
widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate.  
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Figure 7.16: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected into the Gs-CASE stable cell line. Cells were fixed with PFA and labelled with a mouse 
anti-FLAG monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary 
antibody, imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken 
with a widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 

  



Chapter 7 

176 
 

 

Figure 7.17: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected along with Gq-CASE. Cells were fixed with PFA and labelled with a mouse anti-FLAG 
monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary antibody, 
imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken with a 
widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 
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Figure 7.18: Immunofluorescence for expression and localization of the dopamine receptor subtypes, 
transiently transfected along with G13-CASE. Cells were fixed with PFA and labelled with a mouse anti-FLAG 
monoclonal antibody (#MAB10026, 1:1000) and Cy3 conjugated goat anti-mouse secondary antibody, 
imaged at 525 nm. The cpVenus in the G-CASE sensor was imaged at 470 nM. Images were taken with a 
widefield inverted microscope with a 10x objective. The composite image on the left is automatically 
adjusted for brightness and contrast using ImageJ software, whereas the others remain unaltered. Scale bar 
shows 0.1 mm. Representative N = 1 of two wells on a 96-well plate. 
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Figure 7.19: Dopamine receptor expression when transfected with G-CASE sensors, measured using ELISA 
with an anti-FLAG antibody. The primary antibody was used against the FLAG tag expressed on the receptor 
N-terminus. Receptors were transiently transfected into HEK293T cells alongside the relevant G-CASE 
sensor (Gi1, Gi2, Gi3, Go1, Gz, Gq or G13; Gs-CASE stable cell line). All variables were measured on the same day 
and plate. Data are normalized to the minimum (0%) and maximum (100%) mean absorption at 450 nm on 
the day of the experiment. N = 5 independent experiments in duplicate performed using different transient 
transfections on different days. 
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Figure 7.20: G-CASE Gα subunit expression when transfected with dopamine receptors, measured using 
ELISA with an anti-NLuc antibody. The primary antibody was used against the NLuc inserted into the Gα 
subunit. The top graph compares the expression of the different Gα subunits in wildtype HEK293T cells 
using the raw absorbance values. A Friedman non-parametric test with Dunn’s multiple comparisons (data 
matched by transfection date) determined no significant difference in Gα subunit expression between the 
subtypes in wildtype cells (χ2(7) = 9.667, p = 0.2083). Below, dopamine receptors were transiently 
transfected into HEK293T cells alongside the relevant G-CASE sensor (Gi1, Gi2, Gi3, Go1, Gz, Gq or G13; Gs-CASE 
stable cell line). All variables were measured on the same day and plate. Baseline correction was used to 
determine the % difference to G-CASE expressing cells without dopamine receptors (wt). For all variables, 
N = 5 independent experiments in duplicate performed using different transient transfections on different 
days. 
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Figure 7.21: Functional coupling of miniG proteins with D1-like dopamine receptors activated by dopamine, 
(+)SKF-81297, or pramipexole. Activation profile of D1R (A) and D5R (B) with miniGs/si1/sq/o1, N ≥ 3 
independent experiments performed in triplicate. 

 

 

Figure 7.22: Functional coupling of miniG proteins with D2-like dopamine receptors activated by dopamine, 
(+)SKF-81297, or pramipexole. Activation profile of the D2R (A), D3R (B), and D4R (C) with miniGs/si1/sq/o1, 
N ≥ 3 independent experiments performed in triplicate. 
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Figure 7.23: G-CASE activation in wild type HEK293T cells. HEK293T cells were transiently transfected 
with G-CASE sensor plasmids and control pcDNA. Experiments were performed using 5 µM coelenterazine 
H and concentration-response curves were generated using the AUC of 1 h BRET ratio/baseline traces. DA 
= dopamine, PR = pramipexole, SKF = (+)-SKF-81297; N = 5 independent experiments performed in 
duplicate. 

 

 

Figure 7.24: G-CASE activation in HEK293T cells expressing D1R. HEK293T cells were transiently 
transfected with G-CASE sensor plasmids and D1R. Experiments were performed using 5 µM coelenterazine 
H and concentration-response curves were generated using the AUC of 1 h BRET ratio/baseline traces. DA 
= dopamine, PR = pramipexole, SKF = (+)-SKF-81297; N = 5 independent experiments performed in 
duplicate. 
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Figure 7.25: G-CASE activation in HEK293T cells expressing D2lR. HEK293T cells were transiently 
transfected with G-CASE sensor plasmids and D2lR. Experiments were performed using 5 µM coelenterazine 
H and concentration-response curves were generated using the AUC of 1 h BRET ratio/baseline traces. DA 
= dopamine, PR = pramipexole, SKF = (+)-SKF-81297; N = 5 independent experiments performed in 
duplicate. 

 

 

Figure 7.26: G-CASE activation in HEK293T cells expressing D3R. HEK293T cells were transiently 
transfected with G-CASE sensor plasmids and D3R. Experiments were performed using 5 µM coelenterazine 
H and concentration-response curves were generated using the AUC of 1 h BRET ratio/baseline traces. DA 
= dopamine, PR = pramipexole, SKF = (+)-SKF-81297; N = 5 independent experiments performed in 
duplicate. 
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Figure 7.27: G-CASE activation in HEK293T cells expressing D4R. HEK293T cells were transiently 
transfected with G-CASE sensor plasmids and D5R. Experiments were performed using 5 µM coelenterazine 
H and concentration-response curves were generated using the AUC of 1 h BRET ratio/baseline traces. DA 
= dopamine, PR = pramipexole, SKF = (+)-SKF-81297; N = 5 independent experiments performed in 
duplicate. 

 

 

Figure 7.28: G-CASE activation in HEK293T cells expressing D5R. HEK293T cells were transiently 
transfected with G-CASE sensor plasmids and D5R. Experiments were performed using 5 µM coelenterazine 
H and concentration-response curves were generated using the AUC of 1 h BRET ratio/baseline traces. DA 
= dopamine, PR = pramipexole, SKF = (+)-SKF-81297; N = 5 independent experiments performed in 
duplicate. 
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Figure 7.29: Calcium mobilization kinetics of HEK293A cells containing different dopamine receptors with 
or without overexpressing Gαq. HEK293A cells were transiently transfected with 1 µg dopamine receptor 
cDNA with 1 µg Gαq or pcDNA3.1 empty vector. Data are corrected to the 30 sec baseline for each well 
divided by the buffer response. The top graph represents cells without added Gαq, and below with 
overexpressed Gαq for (A) D1R (B) D2lR (C) D3R (D) D4R (E) D5R and (F) no dopamine receptor. DA = 
dopamine, iono = ionomycin, N = 1 representative of five independent experiments performed in triplicate. 
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Figure 7.30: Recruitment of miniGi in split Nluc system with varied amounts of D2lR-NlucC in HEK293T 
cells. Transient transfection with equivalent amounts of NlucN-miniGi (1 µg) and differing amounts of D2lR-
NlucC (1 – 0.125 µg). (A) Concentration response curves of miniGi recruitment to varied amounts of D2lR-
NlucC using quinpirole. Data are normalized to maximal response from each experiment (100 µM quinpirole 
with 1 µg receptor cDNA). (B) Comparison of pEC50 values for each experiment in (A). A one-way ANOVA 
found no significant difference in pEC50 (F(3,12) = 1.025, p = 0.416). Data are N = 5 with each experiment 
performed in triplicate.  
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Table 7.2: The transcripts per million (nTPM) of dopamine receptor and G protein genes in the basal 
ganglia, hypothalamus and stomach. Data taken from the Human Protein Atlas.5 

Gene nTPM 

Basal ganglia Hypothalamus Stomach 

GNAI1 23.8 34.1 17.1 

GNAI2 108.1 108.2 71.3 

GNAI3 1.9 1.8 8.8 

GNAO1 130.9 84.9 10.6 

GNAZ 26.7 29.6 11.2 

GNAS 267.9 888.8 540.3 

GNAQ 32.3 28.1 27.2 

GNA13 14.5 12.3 17.5 

DRD1 25.9 1.2 0.2 

DRD2 65.2 11.1 0.1 

DRD3 3.2 0.1 n.a. 

DRD4 2.4 2.5 0.8 

DRD5 1.5 1.3 4.3 
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7.2. Appendix Chapter 3 

 

Figure 7.31: Structures of competitive ligands investigated in radioligand binding assays. 
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7.3. Appendix Chapter 4  

D1R-H3R heteromer 

Figure 7.32: Radioligand saturation binding experiment for the D1R-H3R heteromer on stable HEK293T 
FlipIN D1R-P2A-H3R cells. A: Saturation binding experiment for the D1R in the presence of different dilutions 
of the radioligand [3H]SCH-23390 on D1R-H3R co-expressing cells . As non-specific binding (+)-butaclamol 
in 1,000-fold excess to the corresponding radioligand concentration was used. B: Saturation binding 
experiment for the H3R in the presence of different dilutions of the radioligand [3H]UR-PI294 on D1R-H3R 
co-expressing HEK293T cells. As non-specific binding thioperamide in 1,000-fold excess to the 
corresponding radioligand concentration was used. Data are shown as one representative from three 
independent experiments, each performed in duplicate. 

 

Table 7.3: Dissociation constants (pKd values) of specific radioligands [3H]SCH-23390 for the D1R protomer 
and [3H]UR-PI294 for the H3R protomer on co-expressing HEK293T cells stably expressing the D1R-H3R 
heteromer. Data are shown as means ± SEM from three independent experiments, each performed in 
duplicate. 

cell line 

 D1R protomer  H3R protomer 
ratio 

D1R:H3R 
 pKd ± 

SEM 

Bmax ± 

SEM 
N Ref.  

pKd ± 

SEM 

Bmax ± 

SEM 
N Ref. 

HEK293T 

D1R-P2A-H3R 

 
n.a. n.a. 3 8.336  n.a. n.a. 3 8.337 n.a. 

n.a. not applicable.  
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Figure 7.33: Radioligand dissociation experiments of [3H]SCH-23390 on A: transient transfected HEK239T 
cells with 1 µg, 3 µg plasmid DNA of D1R in comparison with stable HEK293T D1R-CRELuc2P cells.as non-
specific binding (+)-butaclamol in 1,000-fold excess to the corresponding radioligand concentration was 
used. B: Radioligand dissociation experiments of [3H]UR-PI294 on transient transfected HEK239T cells with 
1 µg, 3 µg or 5 µg plasmid DNA of H3R in comparison with stable HEK293T Flag-hH3R cells. As non-specific 
binding thioperamide in 1,000-fold excess to the corresponding radioligand concentration was used. Data 
are shown as one representative from one independent experiments, each performed in duplicate. 
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Figure 7.34: Radioligand saturation binding experiments and competition binding experiments in the D1R-
mode ([3H]SCH-23390) or H3R-mode ([3H]UR_MN259) with four different batches of co-expressing D1R-
H3R cells. A: Batch 6: with 5µg plasmid DNA. B: Batch 7: with 5 µg plasmid DNA of D1R. C: Batch 8: 12 ug 
plasmid DNA of D1R. D: Batch 9 where 7 µg plasmid DNA of D1R were transfected. As non-specific binding 
(+)-butaclamol in case of D1R-mode and clobenpropit in case of H3R-mode in 1,000-fold excess to the 
corresponding radioligand concentration was used in saturation binding experiments. In radioligand 
competition binding experiments JNJ-5207852 (JNJ) and NR330 were used as competitors on the D1R 
protomer and H3R protomer in the presence of the respective radioligand (c ([3H]SCH-23390) = 0.4 nM, c 
([3H]UR-MN259) = 0.5 nM) on co-expressing D1R-H3R HEK293T cells in each batch. As non-specific binding 
(+)-butaclamol in the D1R-mode and clobenpropit in 1,000-fold for the H3R-mode excess was used. Data of 
of saturation binding experiments are shown from one experiment (N = 1), performed in duplicate and 
competition binding experiments as means ± SEM from one or two independent experiments (N ≥ 1), 
performed at least in duplicate. ***p < 0.01. †p > 0.05. 

 

Table 7.4: Obtained pKd vlues and maximal binding sites (Bmax) of the D1R radioligand [3H]SCH-23390 on 
the D1R protomer and the H3R radioligand [3H]UR-MN259 on the H3R protomer on D1R-H3R co-expressing 
HEK293T cells (batch 6, transfected with 5 µg plasmid DNA of pcDNA3.1 5HT2A-D1R-myc). Data are shown 
from one experiment (N = 1), performed in duplicate. 

receptor pKd Bmax/ dpm receptors per cell 
ratio 

D1R:H3R 
Ref. 

D1R protomer 9.55 532 3.47E+04 
1:5 

9.706 

H3R protomer 9.42 3398 1.83E+05 9.268 
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Table 7.5: Obtained pKd vlues and maximal binding sites (Bmax) of the D1R radioligand [3H]SCH-23390 on 
the D1R protomer and the H3R radioligand [3H]UR-MN259 on the H3R protomer on D1R-H3R co-expressing 
HEK293T cells (batch 7, transfected with 5 µg plasmid DNA of pcDNA3.1neo D1R-myc). Data are shown from 
one experiment (N = 1), performed in duplicate. 

receptor pKd Bmax/ dpm receptors per cell ratio 

D1R:H3R 

Ref. 

D1R protomer 9.31 211 8.82E+03 
1:124 

9.706 

H3R protomer 9.52 3398 1.10E+05 9.269 

 

Table 7.6: Obtained pKd vlues and maximal binding sites (Bmax) of the D1R radioligand [3H]SCH-23390 on 
the D1R protomer and the H3R radioligand [3H]UR-MN259 on the H3R protomer on D1R-H3R co-expressing 
HEK293T cells (batch 8, transfected with 12 µg plasmid DNA of pcDNA3.1neo D1R-myc). Data are shown from 
one experiment (N = 1), performed in duplicate. 

receptor pKd Bmax/ dpm receptors per cell 
ratio 

D1R:H3R 
Ref. 

D1R protomer 8.86 2549 1.07E+05 
1:1.9 

9.706 

H3R protomer 9.11 6232 2.01E+05 9.269 

 

Table 7.7: Obtained pKd vlues and maximal binding sites (Bmax) of the D1R radioligand [3H]SCH-23390 on 
the D1R protomer and the H3R radioligand [3H]UR-MN259 on the H3R protomer on D1R-H3R co-expressing 
HEK293T cells (batch 9, transfected with 7 µg plasmid DNA of pcDNA3.1neo 5HT2A-D1R-myc). Data are 
shown from one experiment (N = 1), performed in duplicate. 

receptor pKd Bmax/ dpm receptors per cell 
ratio 

D1R:H3R 
Ref. 

D1R protomer 9.05 1110 4.64E+04 
1:3 

9.706 

H3R protomer 9.00 4349 1.40E+05 9.269 

 

Table 7.8: Binding affinities (pKi values) of NR330 and JNJ-5207852 (JNJ) in the H3R-mode 
with different batches of transient co-expressing HEK293T D1R-H3R cells. For batch 6: 5 
µg, batch 7: 5 µg and batch 9: 7 µg of plasmid DNA of pcDNA3.1neo 5HT2A-D1R-myc were 
used for transfection. Data are shown as means ± SEM from one or two independent 
experiments (N ≥ 1), performed at least in duplicate. 

 HEK293T D1R-H3R 
(H3R protomer) 

Cpd. pKi ± SEM pKi,low ± SEM pKi,high ± SEM curve-fit N 

Batch 6      

NR330  7.14 ± 0.36 10.08 ± 0.19 two-site*** 2 

JNJ 9.22± 0.15   one-site† 2 

Batch 7      

NR330  6.54 ± 0.09 9.99 ± 0.36 two-site*** 2 

JNJ 10.12   one-site† 1 

Batch 9      

NR330  6.13  9.04 two-site*** 1 

***p < 0.01. †p > 0.05. 
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Table 7.9: Binding affinities (pKi values) of NR330 and JNJ-5207852 (JNJ) in the H3R-mode 
in different batches of transient co-expressing D1R-H3R. For batch 7: 5 µg and batch 9: 7 µg 
of plasmid DNA of pcDNA3.1neo 5HT2A-D1R-myc were used for transfection. Data are shown 
as means ± SEM from one or two independent experiments (N ≥ 1), performed at least in 
duplicate. 

 HEK293T D1R-H3R 
(H3R protomer) 

Cpd. pKi ± SEM pKi,low ± SEM pKi,high ± SEM curve-fit N 

Batch 7      

NR330 7.98 ± 0.10   one-site† 2 

JNJ 9.28   one-site† 1 

Batch 9      

NR330 7.57   one-site† 1 

†p > 0.05. 

Figure 7.35: Performed radioligand saturation binding curves to determine the stoichiometric  ratio of D1R 
and H3R on transient co-expressing HEK293T cells of batch 10 were 12 µg plasmid DNA of pcDNA3.1neo D1R-
myc was transfected, in two modes. A: Saturation curve of [3H]SCH-23390 in different concentrations (D1R-
mode). As non-specific binding (+)-butaclamol in 1,000-fold excess was used. B: Saturation curve of [3H]UR-
MN259 in various concentrations (H3R-mode). As non-specific binding clobenpropit in 1,000-fold excess 
was used. Data are shown from one experiment (N = 1), performed in duplicate. 

 

Table 7.10: Obtained pKd vlues  and maximal binding sites (Bmax) of the D1R radioligand [3H]SCH-23390 on 
the D1R protomer and the H3R radioligand [3H]UR-MN259 on the H3R protomer on transient D1R-H3R co-
expressing HEK293T cells (batch 10, transfected with 12 µg plasmid DNA of pcDNA3.1neo 5HT2A-D1R.myc). 
Data are shown from one experiment (N = 1), performed in duplicate.  

receptor pKd Bmax/ dpm receptors per cell 
ratio 

D1R:H3R 
Ref. 

D1R protomer 9.14 2549 1,07E+05 
1:2 

9.706 

H3R protomer 8.73 6232 2,01E+05 9.269 
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Figure 7.36: Representative radioligand saturation binding experiments of [3H]SCH-23390 in sodium-free 
BB (A), Leibovitz’s L15 media (B), and BB supplemented with 140 mM NaCl (C) on stable HEK293T D1R-
CRELuc2P cells. As non-specific binding (+)butaclamol in 1,000-fold excess was used. Calculated pKd values 
are shown as means ± SEM from two to three independent experiments (N ≥ 2), each performed at least in 
duplicate. 

 

Table 7.11: Determined dissociation constants (pKd) of the specific 
D1R radioligand [3H]SCH-23390 in sodium-free BB, Leibovitz’s L-15 
media, and BB supplemented with 140 mM NaCl on stable HEK293T 
D1R-CRELuc2P cells. Data are shown as means ± SEM from two to three 
independent experiments (N ≥ 2), each performed at least in duplicate. 

buffer pKd ± SEM Bmax ± SEM / dpm N 

BB 9.39 ± 0.25 738 ± 284 2 

L15 9.64 ± 0.04 812 ± 13.7 3 

BB + 140 mM NaCl 9.05 ± 0.03 2092 ± 557 2 
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Figure 7.37: Representative radioligand saturation binding experiments of [3H]UR-MN259 in sodium-free 
BB (A), Leibovitz’s L15 media (B), BB supplemented with 100 mM NaCl (C), and BB supplemented with 140 
mM NaCl (D) on stable HEK293T Flag-hH3R cells. As non-specific binding clobenpropit in 1,000-fold excess 
was used. Calculated pKd values are shown as means ± SEM from two to five independent experiments (N ≥ 
2), each performed at least in duplicate. 

 

Table 7.12: Determined dissociation constants (pKd) of the specific 
H3R radioligand [3H]UR-MN259 in sodium-free BB, Leibovitz’s L-15 
media, BB supplemented with 100 mM NaCl, and BB supplemented 
with 140 mM NaCl on stable HEK293T Flag-hH3R cells. Data are shown 
as means ± SEM from two to five independent experiments (N ≥ 2), 
each performed at least in duplicate. 

buffer pKd ± SEM Bmax ± SEM / dpm N 

BB 9.25 ± 0.08 1668 ± 86 5 

L15 9.29 ± 0.06 3596 ± 216 2 

BB + 100 mM NaCl 8.98 ± 0.06 2199 ± 219 2 

BB + 140 mM NaCl 9.05 ± 0.08 2468 ± 429 2 
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Figure 7.38: Displacement curves of a potential allosteric ligand SCH-23390 in the presence of different 
concentrations of [3H]UR-MN259 (c= 0.15 nM or 0.50 nM) on stable HEK293T-Flag-hH3R cells. Curves are 
shown for two values of radioligand ([A*]/Kd), where [A*] represents the respective radioligand 
concentration and Kd the dissociation constant of [3H]UR-MN259 in sodium-freeBB (A), Leibovitz’s L15 
medium (B), BB supplemented with 100 mM NaCl (C) or 140 mM NaCl (D). Dashed lines mark incomplete 
curves where no curve-fit was possible. As non-specific binding clobenpropit in 1,000 -fold access for each 
buffer was used. Data are shown as means ± SEM of two to five independent experiments (N ≥ 2), performed 
at least in duplicate. 

 

Table 7.13: Calculated pKi values of SCH-23390 for two different radioligand concentrations of [3H]UR-
MN259 (0.15 nM and 0.5 nM) in BB, Leibovitz’s L15 medium (L15) and BB supplemented with 100 mM NaCl 
or 140 mM NaCl. Data are shown as means ± SEM of two to five independent experiments (N ≥ 2), performed 
at least in duplicate. 

 SCH-23390 

 c ([3H]UR-MN259) = 0.50 nM  c ([3H]UR-MN259) = 0.15 nM 

buffer pKi ± SEM N  pKi ± SEM N 

BB 5.57 ± 0.16 5  4.62 ± 0.20 2 

L15 4.80 ± 0.12 5  4.83 ± 0.12 2 

BB + 100 mM NaCl 7.79 ± 046 4  < 4.0 2 

BB + 140 mM NaCl 5.58 ± 046 4  4.72 ± 0.26 3 
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D2lR-H3R heteromer 

 

Figure 7.39: Radioligand displacement curves of either [3H]N-methylspiperone (D2lR protomer), [3H]UR-
PI294 or [3H]UR-MN259 (H3R protomer) on transient D2lR-H3R co-expressing HEK293T cells in different 
batches. A: Batch 2: transient transfection of 5 µg plasmid DNA of pcDNA3.1neo D2lR-myc. B: Batch 8: stable 
expressing H3R cells line was transient transfected with 5 µg plasmid DNA of pcDNA3.1neo D2lR-myc. C: Batch 
9 stable expressing H3R cell line was with 5 µg plasmid DNA of pcDNA3.1neo D2lR-myc transient transfected. 
As non-specific binding haloperidol in case of D2R-mode and thioperamide or clobenpropit in the H3R-mode 
each in 1,000-fold excess were used. Data are shown from one experiment (N = 1), performed in duplicate. 

 

Table 7.14: Equilibrium dissociation constants (pKd vlues) and maximal binding sites (Bmax) of the D2R 
radioligand [3H]N-methylspiperone on the D2lR protomer and the H3R radioligand [3H]UR-PI294 on the H3R 
protomer on transient D2lR-H3R co-expressing HEK293T cells of batch 2 (transfected with 5 µg plasmid DNA 
of pcDNA3.1neo D2lR-myc). Data are shown from one experiment (N = 1), performed in duplicate. 

receptor pKd  Bmax/ dpm receptors per cell 
ratio 

D2lR:H3R 
Ref. 

D2lR protomer 9.57 5204 3.82E+05 
1: 1 

10.810 

H3R protomer 8.68 5678 3.44E+05 9.527 
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Table 7.15: Equilibrium dissociation constants (pKd vlues) and maximal binding sites (Bmax) of the D2R 
radioligand [3H]N-methylspiperone on the D2LR protomer and the H3R radioligand [3H]UR-MN259 on the 
H3R protomer on transient D2lR-H3R co-expressing HEK293T cells of batch 8 (transfected with 5 µg plasmid 
DNA of pcDNA3.1neo D2lR-myc). Data are shown from one experiment (N = 1), performed in duplicate. 

receptor pKd  Bmax/ dpm receptors per cell 
ratio 

D2lR:H3R 
Ref. 

D2lR protomer 11.1  664.2 4.87E+04 
1: 2.4 

10.810 

H3R protomer 9.41 2181 1.17E+05 9.268 

 

Table 7.16: Equilibrium dissociation constants (pKd vlues) and maximal binding sites (Bmax) of the D2R 
radioligand [3H]N-methylspiperone on the D2lR protomer and the H3R radioligand [3H]UR-MN259 on the 
H3R protomer on transient D2lR-H3R co-expressing HEK293T cells of batch 9 (transfected with 5 µg plasmid 
DNA of pcDNA3.1neo D2lR-myc). Data are shown from one experiment (N = 1), performed in duplicate. 

receptor pKd Bmax/ dpm receptors per cell 
ratio 

D2lR:H3R 
Ref. 

D2lR protomer 10.3  495.3 3.63E+04 
1: 3.7 

10.810 

H3R protomer 9.06  2504 1.35E+05 9.268 

 

Table 7.17: Binding affinities (pKi values) of bivalent ligands in the 
D2R-mode of transient co-expressing D2lR-H3R HEK293T cells in batch 
2 (5 µg transfected plasmid DNA of pcDNA3.1neo D2lR-myc). Data are 
shown from one experiment (N = 1), performed in duplicate. 

Cpd. pKi ± SEM curve-fit N 

MN079 6.22 one-site† 1 

MN209 8.94 one-site† 1 

MN240 7.76 one-site† 1 

†p > 0.05. 

 

 

Figure 7.40: Verification of each construct of the split nano luciferase-based miniG protein recruitment 
assay alone in the presence of the substrate and the D2R ligand dopamine (dopa) and the H3R ligand 
histamine (his). A: Concentration-dependent curve of either dopamine or histamine on HEK293T cells 
transiently transfected with 2 µg of plasmid DNA of pcDNA3.1neo H3R-NLC. B: Concentration-dependent 
curve of either dopamine or histamine on HEK293T cells transiently transfected with 2 µg of plasmid DNA 
of pIRESpuro D2lR-NLN-miniGsi.   
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7.4. Appendix Chapter 5  

 
Figure 7.41: Representative radioligand displacement curve of [3H]SCH-233390 on whole and stable 
HEK293T NLuc-D1R cells. As non-specific binding (+) butaclamol in 1,000-fold excess to the corresponding 
radioligand [3H]SCH233390 concentration was used. Representative experiment was performed in 
triplicate. Calculated pKd value is shown as mean ± SEM from two independent experiments (N=2), all 
performed in triplicate.  

 

Table 7.18: Dissociation constant (pKd value) of the specific D1R 
radioligand [3H]SCH-23390 on stable HEK293T Nluc-D1R cells. 
Calculated pKd value is shown as mean ± SEM from two 
independent experiments (N=2), all performed in triplicate.  

 pKd ± SEM N Ref. 

Nluc-D1R 9.53 ± 0.18 2 9.706 

 

 

 

 

 

 

 

 

 
Figure 7.42: Representative relative luminescence unit tracers over a defined period of time for A: NanoLuc 
(λ = 480 nM) and B: fluorescens (λ = > 610 nM) observed in NanoBRET saturation binding experiments with 
NR395 for one representative concentration (c = 50 nM) on stable HEK293T NLuc-D1R cells. Experiment 
was performed in triplicate.  
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Figure 7.43: Representative radioligand displacement curve of [3H]N-methylspiperone on A: whole 
HEK293T NLuc-D2lR cells and B: whole HEK293T NLuc-D3R cells. As non-specific binding haloperidol in 
1,000-fold excess to the corresponding radioligand [3H]N-methylspiperone concentration was used. 
Representative experiment was performed in triplicate. Calculated pKd value is shown as mean ± SEM from 
two different experiments (N=2), all performed in triplicate.  
 

Table 7.19: Dissociation constant (pKd value) of the specific D2R 
radioligand [3H]N-methylspiperone on stable HEK293T Nluc-
D2l,3R cells. Calculated pKd value is shown as mean ± SEM from two 
independent experiments (N=2), all performed in triplicate.  

 pKd ± SEM N Ref. 

Nluc-D2lR 9.53 ± 0.18 2 10.810 

NLuc-D3R 10.1 ± 0.18 2 10.610 
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7.5. Abbreviations 

ADHD – attention hyperactivity deficit disorder;  

Apo – R-(-)-apomorphine;  

Aprox. – approximately;  

ASD – autism spectrum disorder; 

BRET – bioluminescence resonance technology;  

BSA – bovine serum albumin; 

Buta – (+)-butaclamol hydrochloride;  

cAMP – cyclic adenosine monophosphate;  

CAMYEN – cAMP sensor using YFP-Epac-Nluc;  

cDNA – complementary DNA;  

CNS – central nervous system;  

Clo – clobenpropit; 

Cpd – compound; 

cpVenus – circular permutation Venus;  

CZH – coelenterazine H;  

DAG- diacylgycerol; 

dH2O – distilled water;  

DMEM – Dulbecco’s modified Eagle’s medium high glucose;  

Dopa – dopamine;  

(h)DxR – (human) dopamine Dx receptor;  

ECL extracellular loop;  

ELISA – enzyme-linked immunosorbent assay;  

ERK 1/ 2 - extracellular signal-regulated kinase 1/ 2;  

Epac – exchange protein activated by cAMP;  

FCS – fetal calf serum;  

FMDV - foot-and-mouth disease virus;  

Furi - Fuimazine 

G-CASE – G protein-based, tricistronic activity sensor;  

GPCR – G protein-coupled receptor;  

Halo – haloperidol;  

HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;  

His – histamine; 

ICL - intracellular loop;  

IP3 – inositol-1,4,5-trisphosphate; 

JNJ - JNJ-5207852; 
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L-15 – Leibovitz’s L-15 medium without phenol red;  

MAPK or MEPK- mitogen-activated protein kinase;  

miniG or mG – minimal G protein;  

NAM - negative allosteric modulator;  

NanoBiT – Nanoluciferase binary technology; 

NanoLuc or Nluc – Nanoluciferase;  

Nemo – nemonapride;  

NlucC or smBiT – small C terminus part of the split Nanoluciferase;  

NlucN or LgBiT – large N terminus part of the split Nanoluciferase;  

NMSP – N-methylspiperone; 

P2A - porcine teschovirus-1 2A protein; 

PAM - positive allosteric modulators;  

PBS – phosphate buffered saline;  

PD -Parkinson’s disease;  

PEI – linear polyethylenamine;  

PEG – polyethylene glycol; 

PI3K – phosphoinositide-3-kinase; 

PKA - protein kinase A; 

PKB - protein kinase B; 

PKC protein kinase C; 

PLC-β - phospholipase C-β; 

Prami – pramipexole dihydrochloride;  

Quin – (-)-quinpirole hydrochloride;  

RAS – rat sarcoma virus (protein);  

RAF - rapidly accelerated fibrosarcoma (protein); 

SCH – (+)-SCH-23390 hydrochloride;  

SKF – (+)-SKF-81297 hydrobromide;  

SLC - split luciferase complementation; 

Spip – spiperone hydrochloride; 

Sulp- (S)-(-)sulpirde; 

TAMRA - Tetramethylrhodamin; 

Thio - thioperamide 

TM – transmembrane; 

Wild-type – wt.  

 

  



Chapter 7 

202 
 

7.6. References  

 
(1) Sun, W.; Jin, L.; Cao, Y.; Wang, L.; Meng, F.; Zhu, X. Cloning, expression, and functional analysis 

of human dopamine D1 receptors. Acta pharmacologica Sinica 2005, 26 (1), 27–32. DOI: 

10.1111/j.1745-7254.2005.00017.x. 

(2) Zou, M.-F.; Keck, T. M.; Kumar, V.; Donthamsetti, P.; Michino, M.; Burzynski, C.; Schweppe, C.; 

Bonifazi, A.; Free, R. B.; Sibley, D. R.; Janowsky, A.; Shi, L.; Javitch, J. A.; Newman, A. H. Novel 

Analogues of (R)-5-(Methylamino)-5,6-dihydro-4H-imidazo4,5,1-ijquinolin-2(1H)-one 
(Sumanirole) Provide Clues to Dopamine D2/D3 Receptor Agonist Selectivity. Journal of medicinal 

chemistry 2016, 59 (7), 2973–2988. DOI: 10.1021/acs.jmedchem.5b01612. P 

(3) Schetz, J. A.; Benjamin, P. S.; Sibley, D. R. Nonconserved residues in the second 

transmembrane-spanning domain of the D(4) dopamine receptor are molecular determinants of 

D(4)-selective pharmacology. Molecular pharmacology 2000, 57 (1), 144–152. 

(4) Ricci, A.; Amenta, F. Dopamine D5 receptors in human peripheral blood lymphocytes: a 

radioligand binding study. Journal of neuroimmunology 1994, 53 (1), 1–7. DOI: 10.1016/0165-

5728(94)90057-4. 

(5) Uhlén, M.; Fagerberg, L.; Hallström, B. M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, 

Å.; Kampf, C.; Sjöstedt, E.; Asplund, A.; Olsson, I.; Edlund, K.; Lundberg, E.; Navani, S.; Szigyarto, C. 

A.-K.; Odeberg, J.; Djureinovic, D.; Takanen, J. O.; Hober, S.; Alm, T.; Edqvist, P.-H.; Berling, H.; Tegel, 

H.; Mulder, J.; Rockberg, J.; Nilsson, P.; Schwenk, J. M.; Hamsten, M.; Feilitzen, K. von; Forsberg, M.; 

Persson, L.; Johansson, F.; Zwahlen, M.; Heijne, G. von; Nielsen, J.; Pontén, F. Proteomics. Tissue-

based map of the human proteome. Science (New York, N.Y.) 2015, 347 (6220), 1260419. DOI: 

10.1126/science.1260419. 

(6) Bourne, J. A. SCH 23390: the first selective dopamine D1-like receptor antagonist. CNS drug 

reviews 2001, 7 (4), 399–414. DOI: 10.1111/j.1527-3458.2001.tb00207.x. 

(7) Bartole, E.; Grätz, L.; Littmann, T.; Wifling, D.; Seibel, U.; Buschauer, A.; Bernhardt, G. UR-

DEBa242: A Py-5-Labeled Fluorescent Multipurpose Probe for Investigations on the Histamine H3 

and H4 Receptors. Journal of medicinal chemistry 2020, 63 (10), 5297–5311. DOI: 

10.1021/acs.jmedchem.0c00160. 

(8) Mönnich, D.; Nagl, M.; Forster, L.; Rosier, N.; Igel, P.; Pockes, S. Discovery of a Tritiated 

Radioligand with High Affinity and Selectivity for the Histamine H3 Receptor. ACS medicinal 

chemistry letters 2023, 14 (11), 1589–1595. DOI: 10.1021/acsmedchemlett.3c00413.  

(9) Nagl, M.; Mönnich, D.; Rosier, N.; Schihada, H.; Sirbu, A.; Konar, N.; Reyes-Resina, I.; Navarro, 

G.; Franco, R.; Kolb, P.; Annibale, P.; Pockes, S. [Duplikat] Fluorescent Tools for the Imaging of 
Dopamine D2 -Like Receptors. Chembiochem: a European journal of chemical biology 2023, 

e202300659. DOI: 10.1002/cbic.202300659. 

(10) Forster, L.; Grätz, L.; Mönnich, D.; Bernhardt, G.; Pockes, S. A Split Luciferase 

Complementation Assay for the Quantification of β-Arrestin2 Recruitment to Dopamine D2-Like 

Receptors. International journal of molecular sciences 2020, 21 (17). DOI: 10.3390/ijms21176103.  

 

 

 



 

 
 

 

 

 



 

 

  



 

 

Eidesstattliche Erklärung  

 
Ich erkläre hiermit an Eides statt, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter 

und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus anderen 

Quellen direkt oder indirekt übernommenen Daten und Konzepte sind unter Angabe des 

Literaturzitats gekennzeichnet.  

Teile der experimentellen Arbeiten wurden in Zusammenarbeit mit anderen Institutionen und 

Personen durchgeführt. Entsprechende Vermerke zu den Beiträgen der betreffenden Personen 

finden sich jeweils zu Beginn des entsprechenden Kapitels und unter „Acknowledgements“.  

Weitere Personen waren an der inhaltlich-materiellen Herstellung der vorliegenden Arbeit nicht 

beteiligt. Insbesondere habe ich hierfür nicht die entgeltliche Hilfe eines Promotionsberaters oder 

anderer Personen in Anspruch genommen. Niemand hat von mir weder unmittelbar noch 

mittelbar geldwerte Leistungen für Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der 

vorgelegten Dissertation stehen.  

Die vorliegende Arbeit wurde bisher weder im In- noch im Ausland in gleicher oder ähnlicher 

Form einer anderen Prüfungsbehörde vorgelegt. 

 

 

Regensburg, den      ________________________________________ 

         Denise Mönnich 

 

 

 



 

 
 

 


