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1.1 G protein-coupled receptors (GPCRs) 

G protein-coupled receptors (GPCRs) represent the largest family of membrane proteins in the 

human genome with more than 800 encoded members.1 They are responsible for mediating the 

cellular response to many diverse extracellular stimuli, including the recognition of 

neurotransmitters, lipids, peptides and even photons.2,3 Consequently, GPCRs play an important 

role in the regulation of various (patho)physiological processes and represent one of the most 

attractive family of biological targets for drugs used for therapy.3,4 In general, GPCRs share a 

similar basic receptor architecture with seven membrane-spanning α-helices, which are 

connected by three extracellular and three intracellular loops.5,6 Their N-terminus is located at 

the extracellular side and their C-terminus at the intracellular side of the plasma membrane.5 

Phylogenetically, vertebrate GPCRs are subdivided into five main families: the Rhodopsin 

receptor family (class A), which represents the largest family comprising approximately 670 

receptors,7 the Secretin receptor family (class B), the Adhesion receptor family, the Glutamate 

receptor family (class C) and the Frizzled family (class F).8 

GPCRs are capable of transducing signals via different pathways, one of them being mediated 

by G proteins (guanine nucleotide-binding proteins), which bind to the intracellular side of the 

receptor.9 G proteins consist of an α subunit, a β-subunit and a γ-subunit, constituting an inactive 

heterotrimer when the Gα subunit is bound to GDP.10,11 Upon activation (e.g. binding of an 

agonist), GPCRs promote the guanine nucleotide exchange from GDP to GTP in the receptor-

bound Gα subunit.11-13 This process leads to conformational changes, which result in the 

dissociation of the G protein from the receptor and its disruption into a GTP-bound Gα subunit 

and a Gβγ dimer.9,14 The Gα subunit, as long as it is bound to GTP, can interact with different 

effector proteins, such as adenylate cyclases, phospholipase C-β or Rho guanine nucleotide 

exchange factors.13,15 The exact interaction profile thereby depends on the type or isoform of the 

activated α subunit.13 The Gβγ dimer can address effector proteins as well, e.g. ion channels or 

G protein-coupled receptor kinases (GRKs).13,16 Finally, the intrinsic GTPase activity within the 

Gα subunit leads to the hydrolysis of GTP to GDP, and consequently to the reformation of the 

inactivated heterotrimeric G protein complex, which is now capable of entering a new activation 

cycle.9,13 

Apart from “switching on” G proteins, receptor activation also results in the phosphorylation of 

the receptor at its intracellular loops and its C-terminus, e.g. by second messenger-dependent 

kinases or GRKs.17 This process represents an important step in the regulation of GPCR 

signaling.18 In particular, GRK-phosphorylated receptors show an increased affinity for β-

arrestins, which block the G protein binding site at the receptor and thus interrupt G protein-

dependent signaling.19 
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Besides preventing the interaction between GPCR and G protein, β-arrestins play a multifaceted 

role20-22: for example, β-arrestins can initiate receptor internalization by directing receptors into 

clathrin-coated pits.23,24 Additionally, they are involved in signaling cascades themselves by 

promoting the action of other proteins such as MAP kinases.19,25 

1.2 Bioluminescence and its application in GPCR research 

Bioluminescence has been long known as the naturally occurring phenomenon of light emission 

by living organisms.26,27 The first detailed description dates back to the ancient Greek 

philosopher Aristotle and the Roman natural philosopher Pliny the Elder, who provided the first 

comprehensive descriptions of bioluminescent organisms.26,28 Since then, bioluminescence has 

been observed in a plethora of different organisms (over 700 genera), including insects, marine 

organisms, bacteria and fungi.29-31 The generation of light by living organisms serves various 

purposes, e.g. attracting mates, luring prey or repelling predators.26,29,32 Bioluminescence is 

generated through an enzymatic biochemical reaction, in the most cases mediated by specific 

enzymes called luciferases.26,27,33 Despite the large structural diversity of luciferases and their 

substrates (luciferins, for selected structures see Figure 1.1),34,35 bioluminescent reactions follow 

a similar mechanism: the luciferase catalyzes the generation of a high-energy intermediate state 

of its substrate (luciferin) in the presence of oxygen. Subsequent relaxation of the luciferin to its 

ground state causes the emission of light.35,36 

 

Figure 1.1: Selected structures of luciferins from various organisms. 
 

  

N 

S HO 

S 

N COOH 

N 
H 

N N 

O 

HO 

N 
H 

N N 

O 

H 
N 

NH 

NH 2 

HN 

Cypridina luciferin 

NH HN 

HN NH 

O 

O 
HOOC 

HOOC 

dinoflagellate luciferin 

O 

OH 

OH 

O 

HO 

HO O 

OH 

beetle luciferin 
(D-luciferin) 

bacterial luciferin fungal luciferin 

coelenterazine 



 
Chapter 1 

4 

Since the cloning and first expression of the firefly luciferase in mammalian cells in the 1980s,37 

bioluminescence-producing enzymes have become increasingly popular in biochemical 

research, as bioluminescence-based techniques offer some distinct advantages, such as a high 

sensitivity or a simple and rapid detectability.33,38,39 In the last decades, advances in molecular 

biology further led to a large variety of genetically encoded luciferases and potential applications 

of bioluminescence in biochemistry.27,33,39 Some of the most prominent luciferases used for the 

investigation of membrane-bound receptors, including GPCRs, originate from beetles (e.g. 

fireflies or click beetles) or marine organisms (e.g. the sea pansy Renilla reniformis or the 

copepod Gaussia princeps). More information about selected luciferases is given in the following 

section. 

1.2.1 Overview over luciferases commonly used for the investigation of 
GPCRs 

1.2.1.1 D-Luciferin-dependent luciferases 

One of the most widely employed group of luciferases utilizes D-luciferin as a substrate and is 

found in various beetles.27,40,41 Their bioluminescent reactions further depend on the presence 

of Mg2+ and ATP as co-factors (see Scheme 1.1).33,40,41 Therefore, such bioluminescence 

systems are often applied as ATP indicators, e.g. for the measurement of cell viability or the 

activity of kinases.42,43 

 

Scheme 1.1: Bioluminescent reaction catalyzed by D-luciferin-dependent luciferases. The oxidative 
decarboxylation of D-luciferin to oxyluciferin depends on the presence of Mg2+ cations and ATP, which is 
decomposed to AMP and pyrophosphate. 
 

The first luciferase gene in general was cloned from the North American firefly Photinus pyralis 

(FLuc),37,44 which still represents the best and most extensively studied luciferase. It has a size 

of approx. 61 kDa and shows a typical yellow-green light emission (λmax ≈ 560 nm) under 

standard conditions40 (note: all indicated maximal emission wavelengths (λmax) refer to the light 

emission detected under usage of the respective standard substrate). Notably, the emission 

wavelength and quantum yield (defined as the ratio of the number of emitted photons by the 

number of reacted molecules of luciferin45,46) of FLuc bioluminescence vary strongly with 

changing pH and temperature or in the presence/absence of metal ions.47,48 However, various 

FLuc variants with higher thermostability could be generated by random or site-directed 

mutagenesis.49,50 
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As the amino acid environment in the active site was found to be crucial for the “color” of the 

emitted light, mutagenesis was also applied to shift the emission maxima of beetle luciferases.51-

54 Preferably, mutants with red-shifted spectra were generated, as light with longer wavelengths 

is less absorbed by biological tissues,55 facilitating in vivo bioluminescence imaging. Another 

successfully applied strategy to induce a bathochromic shift of the bioluminescence spectra of 

beetle luciferases was the use of chemically modified D-luciferin derivatives.56-59 

The kinetics of FLuc bioluminescence vary with the experimental conditions.60,61 In the presence 

of lower concentrations of substrates and co-factors (D-luciferin, Mg2+, ATP), the light emission 

is rather stable over a long period of time. In contrast, when using high concentrations of 

substrate, the reaction starts with an intense initial light emission followed by a rapid decay to a 

plateau at 5-10% of the maximal signal, which is stable for hours or even days.45 The rapid 

decrease in signal intensity most likely occurs due to product inhibition, as some products of side 

reactions (e.g. dehydroluciferin) were reported to act as inhibitors of the “light-producing” 

reaction depicted in Scheme 1.1.41,45,62 

Besides FLuc, the next most popular class of D-luciferin-dependent luciferases is derived from 

different click beetles.27 Compared to FLuc, these luciferases exhibit a higher thermostability and 

are more robust against changes in pH.40,63-65 Furthermore, engineered click beetle luciferases 

are available in a variety of “colors” covering the range from green (e.g. emerald luciferase 

(ELuc), λmax ≈ 538 nm66; or click beetle green luciferase (CBG), λmax ≈ 540 nm63) to red (e.g. click 

beetle red luciferase (CBR), λmax ≈ 615 nm63,67) light. 

1.2.1.2 Luciferases and photoproteins from marine organisms 

Apart from insects, bioluminescence is abundantly found in organisms of the sea.29,32 Many of 

these “marine” luciferases share coelenterazine as a common luciferin (see Scheme 1.2)29,30 

and tend to have their emission maximum in the blue part of the visible spectrum.32 In contrast 

to beetle luciferases, most of their bioluminescent reactions require neither Mg2+ nor ATP as 

cofactors.68-71 In terms of kinetics, coelenterazine-dependent luciferases typically belong to the 

“flash-type” luciferases, i.e. the signal reaches a very bright and immediate peak right after 

substrate addition followed by a rapid decay.30,71,72 On one hand, these flash kinetics limit the 

duration of the experiment, but on the other hand enable a remarkably high sensitivity shortly 

after addition of the substrate.73  
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Scheme 1.2: Bioluminescent reaction catalyzed by coelenterazine-dependent luciferases, which are 
present in marine organisms. In contrast to beetle luciferases, the reaction is independent of Mg2+ and 
ATP. 
 

A very prominent marine luciferase is found in the sea pansy Renilla reniformis (RLuc, 36 kDa, 

λmax ≈ 480 nm).70,74 However, native RLuc is rapidly inactivated in serum75 and has a 

comparatively low light output.70,76 These limitations could be overcome by developing improved 

RLuc mutants, such as RLuc8.75 

In 2005, the luciferase from the copepod Gaussia princeps (GLuc, λmax ≈ 480 nm) could be 

efficiently expressed in mammalian cells after codon optimization for the first time.71 GLuc is one 

of the smallest known luciferases (19.9 kDa) and exhibits high stability with respect to changes 

in pH or temperature.71 The bioluminescence of GLuc shows a very rapid decay after an initial 

and bright peak,71 which limits its applications as a reporter protein and requires the addition of 

the substrate via an injector.69 Again, genetic engineering gave access to GLuc variants 

exhibiting more stable signals.77,78 In contrast to all above-described luciferases, GLuc is 

naturally secreted.71 The group of secreted luciferases also includes the luciferase from the 

ostracod Cypridina noctiluca (CLuc, λmax ≈ 465 nm), which uses a luciferin structurally similar to 

coelenterazine (see Figure 1.1).79 These luciferases offer the opportunity to measure the 

luminescence response in cell culture media without the need to affect the cells, or even in blood 

or urine samples in the course of in vivo studies.80,81 

A quite recent extension of the portfolio of bioluminescent proteins is the NanoLuc® (NLuc), 

which is derived from the luciferase of the deep-sea shrimp Oplophorus gracilirostris82 and 

represents one of the brightest luciferases described so far with an emission peak at approx. 

460 nm.69 The native enzyme is a heteromeric complex consisting of two 35 kDa and two 19 kDa 

subunits.82 Although the 19 kDa subunit was found to be responsible for the catalytic activity, it 

seemed to require the 35 kDa subunit as a stabilizing partner and for sufficient expression.82 By 

multiple mutagenesis steps, the 19 kDa subunit was optimized in terms of high activity in the 

absence of the 35 kDa subunit, light output and pH-/temperature-stability (stable up to 55 °C), 

finally resulting in NLuc.69 In parallel, the coelenterazine derivative furimazine was developed to 

increase the overall luminescence of NLuc, and to decrease the autoluminescence of the 

substrate.69 
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The small size and the high brightness of NLuc have made it a very popular choice for different 

applications in all fields of biochemistry.28,83 NLuc was also inserted into endogenous loci utilizing 

modern genome editing techniques, such as CRISPR/Cas9, giving access to luciferase-tagged 

proteins expressed under endogenous promotion.84-87 

Marine luciferases are generally limited in their use for in vivo imaging as their blue 

bioluminescence is strongly absorbed by tissue.55,88 Their suitability could be improved by 

generating luciferase variants with an increased light output (e.g. the mentioned RLuc875 and 

NLuc69,89) or with an emission shifted to longer wavelengths (e.g. RLuc8.6-53590). Another 

approach to make “blue-emitting” luciferases more feasible for in vivo imaging is based on the 

principle of BRET (bioluminescence resonance energy transfer), which is described below in 

detail.91,92 For this purpose, the luciferase is fused to a fluorescent protein with a red-shifted 

emission. The occurring intramolecular energy transfer from the luciferase to the fluorescent 

protein leads to an increase in light intensity and shifts the light emission to longer 

wavelengths.93-97 

Besides the classical luciferases, other naturally occurring photoproteins, which are able to 

generate bioluminescence in the presence of coelenterazine, are used in biochemical research, 

e.g. aequorin98,99 or obelin.100,101 In contrast to luciferases, an oxygen-activated coelenterazine 

is already bound tightly to the active site of the apoprotein (e.g. apoaequorin).102 For most 

photoproteins, the binding of Ca2+ ions induces a conformational change within the protein, 

which allows the reaction of the bound coelenterazine to an excited coelenteramide anion and 

CO2. Upon relaxation of the coelenteramide anion, blue light is emitted (note: the exact 

wavelength depends on the type of photoprotein).33,102 As the intensity of the bioluminescent 

reaction depends on the concentration of Ca2+, these photoproteins have been widely used as 

Ca2+ probes,103 e.g. for the investigation of GPCR-mediated Ca2+ signaling.104,105 
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1.2.2 Advantages of bioluminescence-based methods 

Bioluminescence-based techniques are widely popular for in vitro investigations in different fields 

of biochemical research for the following reasons: first, they do not depend on the use of 

radioactive isotopes and therefore do not require special safety and handling regulations.33 

Moreover, the low background due to the absence of an external light source, as opposed to 

fluorescence-based detection, and the efficiency of bioluminescent reactions result in a wide 

dynamic range and an exceptional sensitivity.27,39,42 In conjunction with technological 

advancements, which allow the detection of very low light intensities,106 these properties have 

made bioluminescence also feasible for in vivo imaging studies.39,91,92,107 Since luciferases with 

different characteristics are available, bioluminescence-based methods offer large flexibility in 

the assay configuration, as the setup can be adapted according to the specific research question. 

Furthermore, different luciferases can potentially be combined in multiplex assays, e.g. by 

applying suitable filters and mathematical corrections.63,108-111 

Besides the classical application of luciferases as reporter genes,112 e.g. to detect altered gene 

transcription as a consequence of a change in the intracellular cAMP level,113,114 two of the most 

common bioluminescence-based techniques in GPCR research, described in the following, are 

based on the phenomena of resonance energy transfer (RET) and split protein 

complementation. 

1.2.3 Bioluminescence resonance energy transfer (BRET) 

The first experimental observation of RET was made in 1922, when Cario and Franck postulated 

the presence of an energy transfer in a vapor consisting of mercury and thallium atoms.115 

Despite increasing experimental evidence, it took around 25 additional years until Theodor 

Förster was able to complete the theoretical framework behind the observations.115,116 RET is 

defined as the phenomenon of a non-radiative energy transfer from an excited donor 

chromophore to an acceptor chromophore in its ground state through dipole-dipole 

coupling.117,118 The efficiency of this energy transfer is proportional to the degree of overlap 

between the donor emission spectrum and the acceptor absorbance spectrum.119,120 

Additionally, it strongly depends on the distance (r) of the donor and acceptor (~ 1/r6, efficient 

RET occurs at distances between 1 and 10 nm), which led to its use as a “spectroscopic ruler”,121 

and the proper orientation of the transition dipoles of the chromophores.122 

These properties, in combination with the possibility to follow dynamic processes, have made 

RET a widely used technique in various studies on protein-protein interactions in living cells as 

well.122 
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Therefore, a suitable donor and acceptor (note: spectral overlap is a requirement) are fused to 

the proteins of interest. Upon interaction of the two proteins, donor and acceptor come into close 

proximity leading to RET, provided they are in the correct orientation (see Figure 1.2). In the 

case of a fluorescent donor (e.g. a fluorescent protein), the occurring process is called FRET 

(Förster or “fluorescence” resonance energy transfer).118,123 The main limitation of FRET in cell-

based assays is the need for a light source to excite the donor, which can result in high 

autofluorescence, photobleaching and phototoxic effects on the cells.123,124 These 

disadvantages can be avoided using a bioluminescence-based variant of RET, called BRET, 

where luciferases are used as donors (see Figure 1.2).123-125 BRET is not only an artificial 

phenomenon, but also occurs in nature, e.g. in the jellyfish Aequorea victoria, where BRET from 

the photoprotein aequorin to the Aequorea green fluorescent protein is responsible for the 

emission of bluish-green light.33,99 

 

Figure 1.2: Schematic illustration of the principle of BRET-based monitoring of protein-protein 
interactions. The luciferase (in blue) and the fluorescent acceptor (here: a fluorescent protein in yellow) 
are fused (in most cases via flexible linkers) to the proteins, which are expected to interact. After addition 
of the luciferase substrate (yellow pentagon), the bioluminescent reaction occurs under emission of light 
(blue glow). When the two fusion proteins interact, the donor and the acceptor come into close proximity 
(approx. < 10 nm for efficient BRET), resulting in an increase in acceptor fluorescence by the non-radiative 
energy transfer from the donor to the acceptor. 
 

The first experimental application of BRET was reported in 1999, when Xu et al. used the BRET 

pair RLuc and yellow fluorescent protein (YFP) (later called BRET1 as it was the first used BRET 

system) to detect interactions between circadian clock proteins.126 Since then, many different 

combinations of BRET donors and fluorescent acceptors have been used in biochemical 

research.73,127 

The most commonly used luciferases (BRET donors) have been RLuc (or its variants),93,94,128,129 

FLuc,130,131 and in recent years also NLuc.132,133 The brightness of NLuc leads to ultra-high 

sensitivity in so-called NanoBRET experiments and its small size is advantageous in terms of 

maintaining the function of the protein it is attached to.127,133,134 BRET experiments with flash-

type luciferases, such as RLuc, potentially suffer from a limited duration of the experiments 

because of the rapid signal decay. To some extent, this problem can be solved by using 

chemically protected substrates, which are slowly released by intracellular esterases.135 
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In terms of BRET acceptors, fluorescent proteins have traditionally been the fluorescent 

acceptors of choice as they allow for convenient labeling of the protein of interest by genetic 

modification.73 Additionally, they are rarely cytotoxic136 and are available in various colors.137 

Other possible BRET acceptors are fluorescent nanoparticles, e.g. quantum dots,138,139 or 

organic dyes.73,131,140 The latter have become especially popular in NanoBRET systems132 

involving a self-labeling HaloTag,141,142 which facilitates site-specific labeling of proteins with 

organic dyes, or in BRET-based receptor binding assays.143 

1.2.4 Split luciferase complementation 

Another very commonly used bioluminescence-based technique for monitoring protein-protein 

interactions is based on split luciferase complementation. For this approach, the functional 

luciferase is split into two catalytically inactive fragments, which are genetically fused to the two 

proteins of interest. When these 

interact, the luciferase fragments 

come into close proximity, resulting 

in their association and reversible 

restoration of the enzymatic activity 

of the luciferase (see Figure 

1.3).144,145 In contrast, the related 

method of split luciferase 

reconstitution depends on the intein-

mediated irreversible formation of 

the mature luciferase.146,147 

Split luciferase complementation 

assays, being based on bioluminescence, are highly sensitive.145,148 They can be used to monitor 

dynamic processes in living cells as the fragments, in contrast to other split protein 

complementation approaches, such as assays based on split fluorescent proteins,149 have a 

rather short folding time after complementation and interact in a reversible manner.148,150-152 One 

of the main challenges in setting up such assays lies in finding the best dissection site for the 

luciferase to ensure high luminescence activity after complementation and reduce unspecific 

self-complementation, which would result in an increased background signal.153-155 However, 

many of the above-described luciferases with different characteristics have been successfully 

“dissected” for the use in split protein complementation assays, including FLuc,155-157 RLuc,154,158-

160 GLuc153,161,162 and click beetle luciferases.152,163,164 

  

 

Figure 1.3: Schematic illustration of the split luciferase 
complementation principle. A luciferase is split into two 
catalytically inactive fragments, which are genetically fused 
to two potentially interacting proteins. Upon interaction of the 
two proteins, the luciferase fragments come into close 
proximity, leading to their association and the reversible 
recovery of the enzymatic activity. The latter can be 
measured as bioluminescence after addition of the 
luciferase substrate (yellow triangle). 
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In 2015, a NLuc-based split luciferase complementation system (NanoBiT®) was reported, 

which benefits from the advantages of NLuc (e.g. high brightness).150 The luciferase was 

dissected into two unequally sized fragments, comprising 159 amino acids (18 kDa) and only 11 

amino acids (1.3 kDa), thus minimizing sterical hindrance of the host protein by the smaller 

fragment. Furthermore, the auto-affinity of the two fragments, which would lead to self-

complementation, was reduced by mutagenesis of the smaller fragment, thus lowering the 

background signal.150 Depending on the aim of a study, the low-affinity 1.3 kDa fragment can be 

exchanged by another equally sized fragment called HiBiT, which shows an extraordinarily high 

affinity towards the 18 kDa luciferase fragment.165 Thus, also the investigation of marginally 

occurring protein-protein interactions is possible. However, the higher tendency for self-

complementation must be considered for their interpretation. 

Worth mentioning, the diversity of available split luciferases with different characteristics offers 

the opportunity of combining them to study more than one protein-protein interaction in a single 

assay (multiparametric assays).63,109,166,167 

1.2.5 Application of BRET and split luciferase complementation in GPCR 
research 

Both aforementioned methods, BRET and split luciferase complementation, have been 

extensively applied for the investigation of biological processes involving GPCRs: 

BRET, for example, was used to study GPCR oligomerization168-170 or to detect conformational 

changes within these receptors.171,172 Furthermore, BRET has been used for the investigation of 

GPCR signal transduction, such as measuring the formation of second messengers173,174 or 

monitoring the interaction of GPCRs with G proteins,175,176 β-arrestins86,128,177 or GRKs.178,179 

Recently, it was demonstrated by Stoddart et al. that BRET-based techniques can be used to 

investigate ligand binding to GPCRs in living cells.143 For this purpose, the small and very bright 

luciferase NLuc (λmax ≈ 460 nm)69 was fused to the extracellular N-terminus of the investigated 

receptor as a BRET donor. Upon binding of a fluorescent ligand and addition of the 

bioluminogenic substrate, BRET occurs between the luciferase and the bound fluorescent ligand 

(see Figure 1.4), provided that the prerequisites of efficient BRET (short distance, favorable 

orientation, spectral overlap) are fulfilled. Importantly, the extent of energy transfer can be 

correlated with the amount of bound ligand.134 Notably, non-specific interactions of the 

fluorescent ligand, which can be substantial,134,180 are basically not measured in BRET binding 

assays, as mainly the fraction of receptor-bound fluorescent ligand can be detected due to the 

distance constraints of BRET.134 This contributes to high signal-to-background ratios in such 

binding assays. 
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Besides the possibility of assessing receptor affinities of fluorescently labeled ligands (saturation 

binding) and also unlabeled ligands (competition binding), BRET-based binding assays allow for 

the investigation of binding kinetics in real time without the need of removing unbound 

fluorescent ligand.134 

 

Figure 1.4: Schematic illustration of the BRET-based GPCR binding assay described by Stoddart et al.. 
The GPCR of interest is N-terminally tagged with NLuc (BRET donor), which is capable of catalyzing a 
bioluminescent reaction after addition of the substrate. Binding of a fluorescent ligand (BRET acceptor) 
brings it in close proximity to NLuc resulting in BRET. 
 

Similarly to BRET, there are also various applications of the split luciferase complementation 

principle to detect PPIs in the context of GPCR research, such as probing the recruitment of G 

protein surrogates181-183 or β-arrestins67,151,164 to the receptor, or measuring GPCR 

oligomerization.184-186 
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1.3 Scope and aim of the thesis 

For more than half a century, radioligand binding assays have played a pivotal role in studying 

ligand binding to GPCRs.187 Despite the unquestionable high sensitivity and robustness of this 

method, radiochemical assays are associated with several drawbacks, especially in terms of 

safety precautions and waste disposal. Furthermore, there is a very limited number of 

commercial suppliers, not least being the reason for the high acquisition costs of radioligands. 

During the last decades, fluorescence-based techniques emerged as complementary methods 

and gained significant importance in the field of GPCR research.188,189 In contrast to radioligand 

binding assays, most binding assays using fluorescent ligands allow measuring ligand binding 

under homogeneous assay conditions, not requiring the separation of bound and unbound 

ligand.134,190,191 Furthermore, some fluorescence-based techniques enable monitoring of ligand 

binding in real time, which can improve the understanding of binding kinetics.  

The primary aim of this thesis was the development of BRET-based binding assays for different 

GPCRs as an alternative or complementary method to the routinely used radioligand binding 

assays at the institute. To achieve this, the principle of BRET-based GPCR binding assays 

recently described by Stoddart et al.143 had to be applied to various GPCRs, including peptidergic 

and aminergic receptors. The reported BRET-based binding assay makes use of the bright and 

small luciferase NanoLuc® (NLuc, λmax ≈ 460 nm)69 as a BRET donor, which is fused to the 

extracellularly located N-terminus of the receptor of interest. When a fluorescent ligand, showing 

a spectral overlap with the luciferase, binds to the receptor in a manner, which leads to a short 

distance and an appropriate orientation of the ligand relative to the NLuc-tagged N-terminus of 

the receptor, BRET can occur.134 The energy transfer, being proportional to the amount of 

receptor-bound ligand, can be measured and quantified in real time.134,189  

One subproject of this thesis had to be dedicated to the development of whole-cell BRET-based 

binding assays for the human histamine H2 receptor and the human muscarinic acetylcholine M2 

receptor, using fluorescent ligands developed by other members of the research group. The 

fluorescent probes had to be characterized by saturation binding, kinetic binding studies and 

competition binding with unlabeled receptor ligands. The M2 receptor BRET binding assay had 

to be directly compared with a fluorescence anisotropy-based M2 receptor binding assay, using 

the same fluorescent probes. A particular focus in these studies had to be put on binding kinetics. 

Furthermore, the applicability of the originally described method (N-terminal fusion of NLuc to 

the receptor)143 to GPCRs with longer N-termini (> 40 amino acids) had to be explored, as the 

increased distance between the N-terminally attached NLuc and the bound fluorescent ligand 

might result in very low BRET signals. In these studies, the neuropeptide Y Y1 receptor (Y1R) 

(N-terminus: 44 amino acids), which represents an intensely studied biological target in our 
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research group, and the neurotensin receptor 1 (NTS1R) (N-terminus: 67 amino acids) had to be 

included. N-terminal attachment of NLuc, potentially resulting in low signal-to-background ratios, 

had to be compared with alternative strategies, i.e. shortening of the N-terminus or insertion of 

NLuc into an extracellular loop of the receptor. 

Finally, first steps towards multiparametric luminometric assays, measuring fluorescent ligand 

binding and the activation or recruitment of an intracellular effector in one cell population 

(requires bioluminescent proteins with different emission wavelengths and an appropriate 

combination of optical filters), had to be undertaken. For this purpose, a split luciferase-based 

assay for the assessment of the recruitment of the G protein-coupled receptor kinase 2 (GRK2) 

to different GPCRs had to be developed. 
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2.1 Introduction 

The histamine H2 receptor (H2R), which is endogenously activated by the biogenic amine 

histamine, is a long known member of rhodopsin-like receptors (class A), the largest and best 

studied group of G protein-coupled receptors (GPCRs).1-4 It represents an established target for 

the treatment of gastroesophageal reflux disease and peptic ulcer, for which H2R antagonists, 

such as cimetidine, ranitidine and famotidine (for structures, see Appendix Figure A1), 

representing the first blockbuster drugs on the market, were developed in the 1970s.5 Current 

research on CNS-penetrating H2R ligands, especially focusing on agonists,6 is ongoing in order 

to get a better understanding of the physiological role of the H2R in the brain. Since the H2R has 

been described as being expressed in postsynaptic neurons and being involved in cognitive 

processes, it was proposed that stimulation of neuronal H2Rs could have similar positive effects 

on memory and learning as antagonizing the histamine H3 receptor,7-9 making the H2R an 

interesting target for the development of future drugs addressing the CNS. 

One of the first steps in the development of new ligands is the investigation of their binding 

properties at the putative target. Until now, the characterization of potential ligands in terms of 

receptor binding has been mostly done performing radioligand binding experiments.10 Despite 

the high sensitivity and robustness, the use of radiolabeled substances is usually connected with 

some drawbacks. In addition to the constantly increasing costs and safety issues,11 the 

availability as well as the quality of commercial radioligands often decreases. Furthermore, the 

management of radioactive waste is becoming increasingly regulated and expensive. To 

overcome these issues, techniques using fluorescently labeled ligands, such as flow cytometry 

and the recently described NanoBRET binding assay,12,13 which has been adapted to several 

GPCRs by now,14-25 have gained great importance.11,26  

For the NanoBRET binding assay, the NanoLuc® (NLuc), a genetically engineered luciferase 

derived from a deep-sea shrimp,27 is fused to the N-terminus of the GPCR of interest in the 

function of a BRET donor.12 Upon addition of the substrate, the luciferase catalyzes an oxidation 

reaction, which is accompanied by the emission of blue light (λmax ≈ 460 nm).27 Once a suitable 

fluorescent ligand, i.e. its excitation spectrum overlaps with the bioluminescence spectrum of 

NLuc, binds to the tagged receptor, the ligand fluoresces due to bioluminescence resonance 

energy transfer (BRET). However, this energy transfer can only occur when the ligand is in close 

proximity (approx. < 10 nm) and in a favorable orientation to the luciferase,13 which leads to the 

observation of low non-specific binding in such assays. The binding process can additionally be 

followed in real time and not only after equilibrium is reached, which gives deeper insight into 

the binding behavior of the ligand. 
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In this study, a BRET-based binding assay was established for the human histamine H2 receptor 

(hH2R) by fusing NLuc to the N-terminus of the receptor (NLuc-H2R). This fusion protein was 

stably expressed in live HEK293T cells and three differently fluorescence-labeled ligands (2.1-

2.3, Figure 2.1) were subsequently compared in BRET saturation binding experiments at the 

NLuc-H2R. Furthermore, real-time kinetic binding experiments and BRET competition binding 

experiments with various reported H2R ligands were conducted using the fluorescent probe 2.1. 

 

Figure 2.1: Structures of the investigated fluorescent H2R ligands 2.1-2.3. 
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2.2 Materials and methods 

2.2.1 Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine and HEPES were purchased from 

Sigma-Aldrich (Munich, Germany). Leibovitz’ L-15 medium (L-15) was from Fisher Scientific 

(Nidderau, Germany). Fetal calf serum (FCS), geneticin (G418) and trypsin/EDTA 

(0.05%/0.02%) were from Biochrom (Berlin, Germany). Hygromycin B was purchased from AG 

Scientific (San Diego, CA, USA), whereas zeocin was obtained from InvivoGen (Toulouse, 

France). Bovine serum albumin (BSA) was from SERVA Electrophoresis (Heidelberg, 

Germany). Furimazine (Nano-Glo® Live Cell Substrate) was purchased from Promega 

(Mannheim, Germany) and the pcDNA3.1 vector was from Thermo Fisher (Nidderau, Germany). 

Histamine dihydrochloride was from TCI Chemicals (Tokyo, Japan). Cimetidine was from Sigma-

Aldrich (Munich, Germany), whereas famotidine and ranitidine hydrochloride were purchased 

from Tocris Bioscience (Bristol, UK). The syntheses of UR-Po444 and UR-Po448 were 

described previously.6 The synthesis of the radioligand [3H]UR-DE257 was reported 

elsewhere.28 Stock solutions of the investigated competitive ligands were prepared in millipore 

H2O or DMSO (Merck Millipore, Darmstadt, Germany), whenever the compound was insoluble 

in H2O. Stock solutions of the fluorescent ligands 2.1-2.3 were prepared in DMSO and stored in 

aliquots at -80 °C. 

2.2.2 Generation of plasmids 

The cDNA coding for the human H2R was purchased from the cDNA Resource Center (Rolla, 

MO, USA). The plasmid encoding NanoLuc® (NLuc) was kindly provided by Promega 

(Mannheim, Germany). The sequences of the receptor and the luciferase were amplified using 

standard PCR techniques, introducing restriction sites at their respective 5’ and 3’ ends as well 

as the membrane signal peptide of the murine 5HT3A receptor upstream of the luciferase gene. 

The digested PCR products were subsequently cloned in-frame into the pcDNA3.1 vector 

backbone to generate the pcDNA3.1 NLuc-H2R. The luciferase and the receptor were connected 

by a short and flexible linker sequence consisting of Gly and Ser (-SGGGS-). The quality of the 

plasmid was verified by sequencing (Eurofins Genomics, Ebersberg, Germany). 

2.2.3 Cell culture and generation of stable transfectants 

HEK293T cells (kind gift from Prof. Dr. Wulf Schneider, Institute for Medical Microbiology and 

Hygiene, University Hospital Regensburg, Germany) were routinely cultivated in DMEM, 

supplemented with 2 mM L-glutamine and 10% FCS (full medium), at 37 °C in a humidified 

atmosphere containing 5% CO2. They were regularly monitored for mycoplasma infection using 
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the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany) and were 

negative. In order to generate stable transfectants, HEK293T cells were seeded at a density of 

3·105 cells/mL in a 6-well plate (Sarstedt, Nümbrecht, Germany) one day prior to transfection 

with 2 µg of the pcDNA3.1 NLuc-H2R using X-tremeGENETM HP transfection reagent (Roche 

Diagnostics, Mannheim, Germany) according to the manufacturer’s protocol. After two days of 

incubation, the transfected cells were detached by trypsinization and centrifuged (500 g, 5 min). 

The cells were seeded on a 150 mm-cell culture dish (Sarstedt, Nümbrecht, Germany) and G418 

was added immediately at a final concentration of 1 mg/mL to select for stable transfectants. 

The medium was exchanged regularly until stable growth of the colonies was observed. For 

cultivation of the stably transfected cells, the concentration of G418 was reduced to 600 µg/mL. 

HEK293T-hH2R-qs5-HA cells used for flow cytometric binding studies were maintained in full 

medium, supplemented with 400 µg/mL G418 and 100 µg/mL hygromycin B,29 whereas 

HEK293T-ARRB2-H2R cells, which were used for the β-arrestin2 recruitment assay, were 

maintained in full medium, supplemented with 600 µg/mL G418 and 400 µg/mL zeocin.30 

2.2.4 Radioligand competition binding assay 

General procedures for the generation of recombinant baculoviruses, culture of Sf9 cells and 

membrane preparation were described elsewhere.31 Radioligand competition binding 

experiments using membrane preparations of Sf9 insect cells expressing the hH2R-Gsαs fusion 

protein were performed according to a described procedure,32 using [3H]UR-DE25728 as the 

radioligand (c = 20 nM, Kd = 11.2 nM). In order to investigate the effect of sodium on the binding 

of histamine, NaCl was added to the binding buffer (consisting of 12.5 mM MgCl2, 1 mM EDTA 

and 75 mM Tris/HCl, pH 7.4)32 at a physiological concentration of 145 mM. The obtained specific 

binding data were analyzed by a four-parameter logistic fit (GraphPad Prism 8.0, GraphPad 

Software Inc., San Diego, CA, USA) yielding pIC50 values, which were transformed into pKi 

values using the Cheng-Prusoff equation.33 Means and SEMs were calculated for the pKi values. 

2.2.5 Flow cytometric saturation binding assay 

Flow cytometric binding studies at HEK293T-hH2R-qs5-HA cells were performed with a 

FACSCantoTMII flow cytometer (Becton Dickinson, Heidelberg, Germany), equipped with an 

argon laser (488 nm) and a red diode laser (633 nm). The fluorescence signals were recorded 

with the following instrument settings: 

compound 2.1, excitation: 488 nm, emission: 670 ± 65 nm (PerCP-Cy5.5 channel), gain: 485 V; 

compound 2.2, excitation: 488 nm, emission: 585 ± 21 nm (PE channel), gain: 420 V; 

compound 2.3, excitation: 633 nm, emission: 660 ± 10 nm (APC channel), gain: 350 V. 
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All measurements were performed in duplicate and data acquisition was stopped after 10 000 

gated events. 

Preparation of the HEK293T-hH2R-qs5-HA cells was performed as described29 with minor 

modifications – in detail: on the day of the experiment, HEK293T-hH2R-qs5-HA cells were 

detached from the cell culture flasks by trypsinization and centrifuged (500 g, 5 min). The cell 

pellet was resuspended in L-15 containing 1% FCS and the cell density was adjusted to 1·106 

cells/mL. Serial dilutions of the fluorescent ligands 2.1-2.3 and famotidine (non-specific binding) 

were prepared in DMSO/H2O (1:1, v/v). All incubation steps were performed in 96-well 

PrimariaTM plates (Corning, NY, USA). 200 µL of the adjusted cell suspension were either added 

to 2 µL of DMSO/H2O (1:1, v/v, total binding) or a solution of famotidine (non-specific binding, 

300-fold excess over the respective concentration of fluorescent ligand). Incubation was 

subsequently started after adding 2 µL of a solution of the respective fluorescent ligand in 

different concentrations (100-fold more concentrated than the final assay concentration). The 

PrimariaTM plate was shaken at rt in the dark for 60 min. Samples were then transferred to 5 mL 

polystyrol tubes (Sarstedt, Nümbrecht, Germany) and measured immediately. Raw data were 

processed with FACSDivaTM Software (Becton Dickinson, Heidelberg, Germany) to calculate the 

geometric mean values of the areas corresponding to the fluorescence signals in the respective 

channels. The obtained geometric mean values were plotted against the fluorescent ligand 

concentration. Total and non-specific binding were fitted simultaneously using the “one site-total 

and nonspecific binding” model (Prism 8.0). Specific binding was analyzed by an equation 

describing hyperbolic binding (“one site-specific binding”, Prism 8.0) yielding Kd values. Kd values 

were transformed into pKd values, for which means and SEMs were calculated. 

2.2.6 β-arrestin2 recruitment assay 

β-arrestin2 recruitment was assessed in a split luciferase-based assay using HEK293T-ARRB2-

H2R cells stably expressing the H2R-ELucC and ELucN-ARRB2 fusion proteins.30 The 

experiments were performed according to a described procedure30 with slight modifications – in 

detail: One day before the experiment, the cells were detached by trypsinization and centrifuged 

(500 g, 5 min). The cell pellet was resuspended in L-15 supplemented with 5% FCS and 10 mM 

HEPES (pH 7.4), and the cell density was adjusted to 1.25·106 cells/mL (agonist mode) or 

1.4·106 cells/mL (antagonist mode). 80 µL (agonist mode) or 70 µL (antagonist mode) of the 

adjusted cell suspension were seeded into a white 96-well plate (Brand, Wertheim, Germany) 

and the cells were incubated overnight in a humidified atmosphere (37 °C, no additional CO2). 

For the determination of agonism, 10 µL of a solution of D-luciferin monopotassium salt (Fisher 

Scientific, Nidderau, Germany) in L-15 with 10 mM HEPES (pH 7.4) (cfinal = 1 mM) were added 

per well and bioluminescence was measured for 15 min at 37 °C with an integration time of 1 s 
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(baseline read) using an EnSpire plate reader (PerkinElmer, Rodgau, Germany). In the 

meantime, serial dilutions of the investigated compounds (10-fold more concentrated than the 

final assay concentration) were prepared in L-15 with 10 mM HEPES (pH 7.4) and pre-warmed 

to 37 °C. After the baseline-read, the dilutions of the test compounds (10 µL/well) were added to 

the cells. Bioluminescence was measured for 50 min at 37 °C with an integration time of 1 s. 

The obtained peak luminescence values were normalized to the maximal response induced by 

1 mM histamine (100% value) and a negative control (neat buffer, 0% value). 

For the determination of antagonism, the dilutions of the test compounds (10 µL/well) were 

added to the cells directly after the addition of a solution of D-luciferin (10 µL/well, cfinal = 1 mM) 

and the baseline was recorded as described for the agonist mode. Subsequently, 10 µL of a 

solution of histamine (cfinal = 8 µM) were added per well and bioluminescence was measured for 

50 min as described above. Resulting peak luminescence values were normalized to the effect 

induced by 8 µM histamine (100% value) and a negative control (neat buffer, 0% value). Data 

were analyzed by a four-parameter logistic equation (Prism 8.0) yielding pIC50 values, which 

were transformed into pKb values by applying the Cheng-Prusoff equation.33 Means and SEMs 

were calculated for the respective pKb values. 

2.2.7 BRET binding assay 

HEK293T cells stably expressing the NLuc-H2R were detached from the cell culture flasks after 

reaching approx. 80% confluency by trypsinization. After centrifugation (600 g, 5 min), the cell 

pellet was resuspended in L-15 with 5% FCS and 10 mM HEPES (pH 7.4), and 1·105 cells were 

seeded in a volume of 70 µL (saturation and competition binding) or 80 µL (kinetic experiments) 

per well into white 96-well plates (Brand, Wertheim, Germany). The cells were incubated 

overnight at 37 °C in a humidified atmosphere (no additional CO2). All serial dilutions of the 

fluorescent ligands and competitors (10-fold more concentrated than the final assay 

concentration) were prepared in L-15 supplemented with 10 mM HEPES (pH 7.4) and 2% BSA 

(assay buffer). 

For saturation binding experiments, 10 µL of the dilutions of the tested fluorescent ligands 2.1-

2.3 and 10 µL of assay buffer (total binding) or assay buffer containing famotidine (non-specific 

binding, 300-fold excess over the respective concentration of fluorescent ligand) were added to 

the cells. After incubating the cells for 60 min at 27 °C, 10 µL of the substrate furimazine (Nano-

Glo® Live Cell Substrate), which was diluted according to the manufacturer’s protocol 

beforehand, were added. After 5 minutes of equilibration inside the plate reader (pre-warmed to 

27 °C), the measurement was started. 
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For competition binding experiments, 10 µL of a solution of the tested competitor (varying 

concentrations) and 10 µL of a solution of 2.1 (one fixed concentration, cfinal = 50 nM) were 

added to the cells at the same time. A 100% control containing the fluorescent ligand but no 

competitor as well as a solvent control (0% value) were included in each experiment for 

normalization purposes. After incubating the cells at 27 °C for 60 min, the substrate was added 

and the measurement was started as described above. 

Kinetic measurements were performed as follows: 10 µL of assay buffer (for total binding) or a 

solution of famotidine (non-specific binding, 300-fold excess over the used concentration of 2.1, 

cfinal(famotidine) = 15 µM) were added to the cells. After the addition of 10 µL of the substrate 

furimazine (Nano-Glo® Live Cell Substrate, pre-diluted according to the manufacturer’s 

instructions), the plate was placed inside the plate reader (pre-warmed to 27 °C) for 5 min to 

equilibrate. To start the association, 50 µL of a 3-fold concentrated solution (with respect to the 

final assay concentration) of the fluorescent ligand 2.1 (cfinal = 50 nM) were added to the cells 

and the association was measured for 60 min. Dissociation experiments were conducted in 

wells, which were prepared as described for association experiments (preincubated with 2.1 for 

60 min; cfinal = 50 nM). To initiate dissociation, 50 µL of a 4-fold concentrated solution (with 

respect to the final concentration) of famotidine (cfinal = 15 µM) were added to the cells and after 

the addition of the substrate, dissociation was measured for 4 h (final well volume: 200 µL). 

All BRET measurements were performed at 27 °C using a TECAN InfiniteLumi or a TECAN 

GENiosPro plate reader (TECAN Austria GmbH, Grödig, Austria). The bioluminescence signal 

was detected using the pre-equipped 460 ± 35 nm (460/35BP, InfiniteLumi) or 460 ± 50 nm 

band-pass (460/50BP, GENiosPro) filter. The emission of the fluorescent ligand was detected 

through a 610 nm long-pass (610LP) filter with both plate readers. For equilibrium 

measurements, the integration time was set to 100 ms for both channels. For kinetic 

experiments, the integration time was increased to 500 ms for both channels to reduce noise. 

“Raw BRET ratios” were calculated by the following equation: 

𝑟𝑎𝑤 𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =  
𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟, 610LP)

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑏𝑖𝑜𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑡 𝑑𝑜𝑛𝑜𝑟, 460BP)
  

For all BRET experiments, “corrected BRET ratios” were obtained by subtracting the BRET ratio 

of a buffer control. 

All data from BRET experiments were analyzed using Prism 8.0. For saturation binding 

experiments, total and non-specific binding were analyzed simultaneously applying the “one site-

total and nonspecific binding” fit (Prism 8.0). Specific binding was analyzed by an equation 

describing hyperbolic binding (“one site-specific binding”, Prism 8.0) yielding Kd values. These 

were transformed into pKd values, for which means and SEMs were calculated. 
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Data from association experiments with the fluorescent ligand 2.1 were analyzed by an equation 

for monophasic association (Prism 8.0), yielding the observed association rate constant kobs, 

whereas data from dissociation experiments were analyzed by an equation for monoexponential 

decay (Prism 8.0) yielding the dissociation rate constant koff. The association rate constant kon 

was calculated using the following equation: 

𝑘୭୬ =  
𝑘୭ୠୱ − 𝑘୭୤୤

𝑐(𝑙𝑖𝑔𝑎𝑛𝑑)
  

, where c(ligand) represents the used concentration of the fluorescent ligand (here: 

c(2.1) = 50 nM). The kinetically derived dissociation constant Kd
kinetic was calculated as follows: 

𝐾ୢ
୩୧୬ୣ୲୧ୡ =  

𝑘୭୤୤

𝑘୭୬
 

The obtained Kd
kinetic value was then transformed into a pKd

kinetic value.  

Error propagation (specific binding, kon, Kd
kinetic and pKd

kinetic) was performed according to the 

following formula: 

∆𝑧 =  ඨ൬
𝜕𝑓

𝜕𝑥ଵ
൰

ଶ

∆𝑥ଵ
ଶ + ൬
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ଶ

∆𝑥ଶ
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,where f is the function of x1, x2,… (f(x1, x2,…) = z) and Δx1, Δx2,… are errors of x1, x2,…; Δz 

consequently represents the propagated error of z. 

For competition binding experiments, data were normalized to a solvent control (0% value) and 

a 100% control solely containing fluorescent ligand but no competitor. The normalized data were 

then analyzed by a four-parameter logistic fit (Prism 8.0) yielding pIC50 values. These were 

transformed into pKi values using the Cheng-Prusoff equation.33 Means and SEMs were 

calculated for the pKi values. 
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2.3 Results and discussion 

2.3.1 BRET saturation binding experiments at the NLuc-H2R 

To investigate the suitability of the differently fluorescence-labeled ligands 2.1-2.3 for the new 

binding assay, BRET saturation binding experiments were performed at the NLuc-H2R, stably 

expressed in intact HEK293T cells. To prevent the adsorption of the fluorescent ligands to the 

plate material or plastic vessels during the experiment, the buffer used for all serial dilutions was 

supplemented with 2% bovine serum albumin (BSA) (see Appendix Figure A2). As depicted in 

Figure 2.2, binding was saturable for all compounds. The corresponding equilibrium dissociation 

constants (pKd values) are listed in Table 2.1. The highest affinity was observed for the BODIPY 

630/650-labeled ligand 2.3 (UR-KAT514, pKd ± SEM = 8.59 ± 0.08) followed by 2.1 (UR-KAT478, 

Py-1-labeled, pKd ± SEM = 7.35 ± 0.09) and 2.2 (UR-KAT515, TAMRA-labeled, 

pKd ± SEM = 6.84 ± 0.06). These values were in accordance with the results from canonical 

binding assays, such as radioligand competition binding experiments (see Appendix Figure A3) 

or flow cytometric saturation binding experiments (see Appendix Figure A4), and with results 

from a split luciferase-based β-arrestin2 recruitment assay, in which all three fluorescent ligands 

showed antagonistic behavior (see Appendix Figure A5, cf. Table 2.1). 

 

Figure 2.2: Binding isotherms from BRET saturation binding experiments with 2.1 (A), 2.2 (B) and 2.3 (C) 
at intact HEK293T cells stably expressing the NLuc-H2R. Non-specific binding was assessed in the 
presence of an excess of famotidine (300-fold over the respective concentration of fluorescent ligand). 
Data represent means (total and non-specific binding) or calculated values (specific binding) ± errors of 
one representative experiment from a set of three independent experiments, each performed in triplicate. 
Error bars of total and non-specific binding represent the SEM, whereas error bars of specific binding 
represent propagated errors. 
 

However, 2.3 only showed a moderate signal-to-background ratio (S/B ratio, Figure 2.2C), 

whereas a higher BRET ratio was observed for ligands 2.1 and 2.2 (Figure 2.2A and 2.2B), which 

makes them more suitable as BRET acceptors for screening purposes. Due to the higher binding 

affinity compared to 2.2, the Py-1-labeled ligand 2.1 was used for further experiments, as it 

represented the best compromise with respect to S/B ratio and binding affinity in the BRET 

binding assay. 
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Table 2.1: Dissociation constants of the fluorescent ligands 2.1-2.3 determined in binding and functional 
assays at the H2R. 

Compound 

BRET binding 

assay  

Radioligand 

comp. binding  
Flow cytometry 

 

β-arrestin2 

recruitment 

pKda N  pKib N  pKdc N  pKbd N 

2.1 7.35 ± 0.09 3  7.62 ± 0.06 3  7.13 ± 0.03 3  7.78 ± 0.15 6 

2.2 6.84 ± 0.06 3  7.00 ± 0.10 4  6.25 ± 0.01 3  7.18 ± 0.13 5 

2.3 8.59 ± 0.08 3  8.35 ± 0.05 3  7.86 ± 0.14 3  8.09 ± 0.04 3 

 

  

aDetermined by BRET saturation binding experiments performed at intact HEK293T cells stably 
expressing the NLuc-H2R; data represent means ± SEM from N independent experiments, each 
performed in triplicate. bDetermined by radioligand competition binding experiments with [3H]UR-DE257 
(c = 20 nM, Kd = 11.2 nM) using membrane preparations of Sf9 insect cells expressing the hH2R-Gsαs 
fusion protein; data represent means ± SEM from N independent experiments, each performed in 
triplicate. cDetermined by flow cytometric saturation binding experiments at HEK293T-hH2R-qs5-HA 
cells; data represent means ± SEM from N independent experiments, each performed in duplicate. 
dDetermined by inhibition of the response induced by histamine (c = 8 µM, EC50 = 3.8 µM) in a split 
luciferase-based β-arrestin2 recruitment assay at HEK293T-ARRB2-H2R cells; data represent means 
± SEM from N independent experiments, each performed in triplicate. 
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2.3.2 Kinetic BRET binding experiments with the fluorescent ligand 2.1 

For a further characterization of 2.1, real-time kinetic binding experiments were conducted 

(Figure 2.3) at intact HEK293T cells stably expressing the NLuc-H2R. The fluorescent ligand 

(c(2.1) = 50 nM) was fully bound to the receptor after approx. 30 min (see Figure 2.3A). After the 

cells had been preincubated with 2.1 for 60 min (c = 50 nM), dissociation was initiated by the 

addition of an excess of famotidine (300-fold excess over the used concentration of 2.1, 

c(famotidine) = 15 µM). 2.1 showed a slow dissociation from the receptor (Figure 2.3B) and only 

a small amount of 2.1 was displaced after 4 h (≈ 35-40%). A similar behavior was reported for 

the structurally related radioligand [3H]UR-DE257, leading to the assumption that the 

pharmacological scaffold is responsible for this type of binding kinetics.28 The kinetic parameters 

describing the binding of 2.1 to the NLuc-H2R are summarized in Table 2.2. 

 

Figure 2.3: Association (A) and dissociation (B) kinetics of the fluorescent ligand 2.1 obtained from BRET 
binding experiments at intact HEK293T cells stably expressing the NLuc-H2R. Association (A) was started 
by the addition of 2.1 (c = 50 nM). Dissociation (B) was initiated by the addition of famotidine (300-fold 
excess over the concentration of 2.1, c(famotidine) = 15 µM) to cells, which were preincubated with 2.1 
(c = 50 nM) for 60 min. Data are shown as means ± propagated errors of one representative experiment 
from a set of four independent experiments, each performed in triplicate. 

Table 2.2: Kinetic constants of the fluorescent ligand 2.1 obtained from BRET binding experiments at the 
NLuc-H2R. 

Compound kobs [min-1]a koff [min-1]b kon [min-1 nM-1]c pKdkinetic, d 

2.1 0.093 ± 0.009 0.0023 ± 0.0002 0.0018 ± 0.0002 8.89 ± 0.05 
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a-dDetermined by kinetic BRET binding experiments at intact HEK293T cells stably expressing the 
NLuc-H2R; data originate from four independent experiments performed in triplicate. aObserved 
association rate constant (kobs) ± SEM describing the association of 2.1 to the NLuc-H2R 
(c(2.1) =50 nM). bDissociation rate constant (koff) ± SEM. cAssociation rate constant (kon) ± propagated 
error, calculated using kobs, koff and the used concentration of 2.1 (c = 50 nM)  
(kon = (kobs - koff) / c(ligand)). dKinetically derived dissociation constant (Kdkinetic = koff / kon; transformed 
into a pKdkinetic value) ± propagated error. 
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2.3.3 BRET competition binding experiments at the NLuc-H2R 

To show the versatility of the presented assay, we performed BRET competition binding 

experiments with 2.1 (c = 50 nM) and different reported H2 receptor agonists and antagonists 

(for structures, see Appendix Figure A1). Despite the slow dissociation kinetics of the fluorescent 

ligand 2.1, all competitive ligands were able to displace the fluorescent tracer completely from 

the NLuc-H2R (Figure 2.4). Notably, the displacement curves from the experiments with 

histamine showed a markedly flatter slope (slope ± SEM = -0.55 ± 0.03, N = 5) compared to the 

displacement curves obtained for the other competitive ligands. The flatter slope might indicate 

the existence of a second receptor 

affinity state, which has been described 

previously for the hH2R.34 However, this 

hypothesis was not supported by the 

data from competition binding 

experiments with an extended set of 

histamine concentrations (see 

Appendix Figure A6) and monophasic 

binding was assumed for all 

investigated compounds. The pKi 

values obtained from the BRET 

competition binding experiments with 

2.1 are listed in Table 2.3. The 

determined pKi values were in good 

agreement with literature-described 

data from radioligand binding experiments using membrane preparations of CHO cells 

expressing the hH2R.34 However, they showed a larger deviation from data acquired using 

membrane preparations of Sf9 insect cells expressing the hH2R-Gsαs fusion protein.28 It is 

conspicuous that the investigated agonists (histamine, UR-Po444 and UR-Po448) showed 

higher affinities at Sf9 membranes, whereas the tested antagonists/inverse agonists (cimetidine, 

ranitidine and famotidine) exhibited lower affinities (cf. Table 2.3), when compared to the results 

from the BRET binding assay. A possible explanation for this observation could be the direct 

fusion of the hH2R with the Gsαs. Thereby, the receptor is permanently in an active receptor 

conformation, which favors agonist binding.35 In contrast, inverse agonists or antagonists have 

a preference for an inactive receptor conformation or have no preferred receptor state at all. This 

could lead to the lower apparent affinities of cimetidine, ranitidine and famotidine at the hH2R-

Gsαs, as these ligands were also described as inverse agonists at the hH2R.36-38  

Figure 2.4: Displacement curves from BRET competition 
binding experiments with 2.1 (c = 50 nM) and reported H2R 
ligands. Experiments were performed at intact HEK293T 
cells stably expressing the NLuc-H2R. Data are shown as 
means ± SEM from four to five independent experiments, 
each performed in triplicate; solv.: solvent control. 
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Another explanation for the discrepancy in the determined pKi values, which is particularly 

evident for histamine, is the allosteric effect of sodium on agonist binding to several GPCRs.39 

In contrast to the BRET binding assay and the reported radioligand binding experiments at CHO 

membranes,34 the buffer routinely used for radioligand binding experiments on membrane 

preparations of Sf9 cells expressing the hH2R-Gsαs fusion protein is devoid of sodium ions.32 To 

investigate the potential effect of sodium on the apparent binding affinity of histamine at the 

hH2R, we changed the assay procedure for radioligand competition binding experiments on Sf9 

cell membranes by adding sodium at a physiological concentration (c = 145 mM) to the binding 

buffer. This modification of the assay procedure resulted in an ≈ 100-fold decrease in affinity for 

histamine (pKi ± SEM = 4.37 ± 0.02 (cf. Table 2.3)), which was now in good agreement with the 

results from the BRET binding assay. This result further suggested that, especially for agonists,39 

the presence or absence of sodium in the used buffer must be considered when comparing data 

from different binding assays. 

Table 2.3: Binding data (pKi values) of reported H2R ligands from BRET competition binding experiments 
with 2.1 at the NLuc-H2R. 

Compound 

BRET binding 

assay  

Radioligand comp. 

binding Sf9 membranes  

Radioligand comp. 

binding CHO membranes 

pKia N  pKi N  pKie 

histamine 4.96 ± 0.09 5  6.27b, 4.37 ± 0.02d 3  4.10, 5.69 

cimetidine 6.31 ± 0.14 4  5.56 ± 0.14c 3  6.18 

ranitidine 7.20 ± 0.09 4  5.76b ---  7.07 

famotidine 7.94 ± 0.04 5  6.87b ---  7.80 

UR-Po444 6.00 ± 0.09 4  6.60 ± 0.08c 3  n.d. 

UR-Po448 5.89 ± 0.09 4  6.34 ± 0.04c 3  n.d. 

  

aDetermined by BRET competition binding experiments with 2.1 (c = 50 nM, Kd = 44.8 nM) at intact 
HEK293T cells stably expressing the NLuc-H2R; data represent means ± SEM from N independent 
experiments, each performed in triplicate. bBaumeister et al.28 cDetermined by radioligand competition 
binding experiments with [3H]UR-DE257 (c = 20 nM, Kd = 11.2 nM) using membrane preparations of 
Sf9 insect cells stably expressing the hH2R-Gsαs fusion protein; data represent means ± SEM from N 
independent experiments performed in triplicate. dDetermined in analogy to c, but with the addition of 
NaCl (c = 145 mM) to the binding buffer; value represents mean ± SEM from N independent 
experiments performed in triplicate. eLeurs et al.34; data originate from radioligand competition binding 
experiments with [125I]-iodoaminopotentidine using membrane preparations of CHO cells expressing 
the hH2R; the two indicated values for histamine represent the pKi values for the high- and low-affinity 
state of the hH2R, respectively. n.d.: not determined. 
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2.4 Conclusion 

In this study we report the development of a BRET binding assay for the human histamine H2 

receptor. As a homogeneous and live cell-based method, the BRET binding assay allows for the 

convenient determination of affinity constants of putative H2R ligands, independent of their 

quality of action without any washing or separation steps. The results from the presented BRET 

binding assay, for both fluorescently labeled and unlabeled ligands, compared well with other 

currently used radioactivity- or fluorescence-based (e.g. flow cytometry) binding assays. It is a 

prerequisite for the establishment of such assays to have access to suitable fluorescent ligands. 

Three differently fluorescence-labeled compounds were tested in BRET saturation binding 

experiments at the NLuc-H2R and all of them have proven to be generally usable. In this study, 

the Py-1-labeled compound 2.1 turned out to be the best compromise with respect to binding 

affinity and S/B ratio and was successfully used for further investigations in kinetic and 

competition binding experiments. BRET binding assays have hitherto only been described for 

the H1,3,4Rs,19,21 making this study close the gap of BRET binding assays within the histamine 

receptor family. Thus, selectivity studies, which are essential for the development of new drug 

candidates, can be carried out based on the same assay principle, which significantly increases 

the comparability of results. All in all, this study showed that the BRET binding assay is a valuable 

test system for the histamine H2 receptor and provides a novel fluorescence-based alternative 

to other conventional binding assays. 
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3.1 Introduction 

A particularly important step in the development of novel ligands for GPCRs is to characterize 

them in terms of their binding properties. Representing an attractive alternative to radioligand 

binding assays,1 fluorescence-based techniques have gained popularity in this context during 

the last decade.2,3 Classical radioligand binding experiments have to be performed in a 

heterogeneous manner, i.e. the receptor-bound ligand has to be separated from the unbound 

ligand,4 precluding equilibrium conditions during the measurement. In contrast, most of the 

fluorescence-based techniques can be used in homogeneous assay setups (“mix-and-read”5) to 

assess ligand binding at equilibrium and in kinetic analyses. Furthermore, the use of radiolabeled 

compounds has some practical and financial drawbacks, especially with respect to handling and 

waste management. Several different fluorescence-based readouts are available to study ligand 

binding to GPCRs,2,3,6 including fluorescence anisotropy (FA),7-10 fluorescence correlation 

spectroscopy,11,12 and (time-resolved) Förster or bioluminescence resonance energy transfer 

((TR)-FRET13-16 or BRET17-21). 

For BRET binding assays (see Figure 3.1A), the small luciferase NanoLuc® (NLuc)22 is fused to 

the N-terminus of the investigated GPCR.21,23 Additionally, a suitable fluorescent ligand, whose 

excitation spectrum must overlap with the bioluminescence spectrum of NLuc (λmax ≈ 460 nm22), 

is needed as a BRET acceptor. Once the luciferase substrate is added and the fluorescent ligand 

binds to the luciferase-tagged receptor, the fluorescent ligand can emit photons after the 

occurrence of BRET, which strongly depends on the proximity of the donor and the acceptor, as 

well as their relative orientation. The energy transfer efficiency correlates directly with the amount 

of receptor-bound ligand and can be easily quantified. 

On the other hand, the FA binding assay (see Figure 3.1B) measures the change in rotational 

mobility of the fluorescent ligand upon binding to a receptor.24 The sample is excited with linearly 

polarized light to induce a photoselection of fluorophores, i.e. fluorophores with excitation dipoles 

oriented parallel to the excitation plane are preferably excited. A free fluorescent ligand can 

rotate quickly due to its small size, leading to a strongly depolarized emission (low FA). In 

contrast, when the fluorescent ligand is bound to a receptor, its rotational freedom decreases 

due to the larger size of the ligand-receptor complex, which results in a fluorescence emission 

with preserved polarization (high FA).24,25 It is important to note that the ratio of receptor-bound 

and free ligand must change during ligand binding to observe a significant difference in FA 

signal.5 This is best achieved when both ligand and receptor concentrations are similar to the 

expected ligand affinity values.24 
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Figure 3.1: Schematic illustration of the assay principles used in this study. (A) BRET binding assay: A 
GPCR (here: M2R) is N-terminally tagged with NLuc to monitor ligand binding using the phenomenon of 
BRET. Once a fluorescent ligand is bound, the proximity-dependent energy transfer from the luciferase to 
the bound ligand can be quantified. (B) FA binding assay: The sample is excited with linearly polarized 
light. Binding of the fluorescent ligand to the receptor causes a decrease in rotational freedom of the 
ligand, subsequently increasing the anisotropy of the fluorescent ligand emission. 
 

In this study, we directly compared a BRET-based and an FA-based receptor binding assay. We 

explored the performance of both assays with an emphasis on kinetic measurements and the 

determination of affinities of the same labeled and unlabeled ligands. Furthermore, we wanted 

to study their practicality and limitations. For this purpose, the human M2 muscarinic 

acetylcholine receptor (M2R) was used as a model GPCR. Muscarinic acetylcholine receptors 

(MRs), which comprise five subtypes (M1R-M5R), represent an important family within the 

rhodopsin-like (class A) GPCRs.26 MRs are interesting targets for drug discovery, as they are 

involved in several processes in both the central nervous system (e.g. modulation of cognition 

and memory)27,28 and in the periphery (e.g. heart rate regulation and smooth muscle 

contraction).29,30  
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Recently, a set of differently fluorescence-labeled dibenzodiazepinone (DIBA)-type high-affinity 

M2R ligands was described,31,32 comprising probes that were designed for a potential use in 

BRET- and FA-based binding assays (e.g. 3.1 and 3.2, Figure 3.2).31 

 

Figure 3.2: Structures of the TAMRA-labeled DIBA-derived MR ligands 3.1 and 3.2. The linker moieties, 
being the only structural difference between 3.1 and 3.2, are highlighted in blue. The TAMRA label is 
highlighted in magenta. 
 

When choosing a suitable ligand for fluorescence-based techniques, it is mandatory to consider 

the general properties of the fluorophores, such as their quantum yield or propensity for non-

specific interactions, as these might significantly influence the outcome of the measurements. 

As mentioned previously, for the BRET assay, it is also crucial to consider the spectral 

characteristics of the fluorescent ligand, e.g. peak excitation wavelength, as an overlap of its 

excitation spectrum with the bioluminescence spectrum of the luciferase is required.23 In 

contrast, the spectral properties are not as limiting for a potential use in the FA assay. The 

suitability of a fluorophore for the FA assay is primarily dependent on its fluorescence lifetime. If 

the fluorescence lifetime is much longer than the rotational correlation time of the ligand-receptor 

complex or shorter than that of the free ligand (low ns region),24 the change of FA signal will 

become difficult to detect. As the fluorophore TAMRA (5-carboxytetramethylrhodamine) has 

previously been reported to be compatible with both BRET-18-21,33 and FA-based assays,10,34-36 

we decided to use the TAMRA-labeled DIBA-derived MR ligands 3.1 (UR-CG072) and 3.2 (UR-

MK342) (see Figure 3.2)31 for a direct comparison of BRET- and FA-based binding assays at 

the M2R, an approach not described to date. 
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3.2 Materials and methods 

3.2.1 Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, ExCell 420 Serum-Free Medium for 

Insect Cells (ExCell), fetal calf serum (FCS), Pluronic F-127 and HEPES were purchased from 

Sigma-Aldrich (Munich, Germany). Trypsin/EDTA (0.05%/0.02%) was from Biochrom (Berlin, 

Germany). Bovine serum albumin (BSA) was purchased from SERVA Electrophoresis 

(Heidelberg, Germany). Leibovitz’ L-15 medium (L-15) and geneticin (G418) were from Fisher 

Scientific (Nidderau, Germany). Furimazine (Nano-Glo® Live Cell Substrate) was purchased 

from Promega (Mannheim, Germany). Dithiothreitol (DTT), MgCl2, KCl, CaCl2 and NaCl used for 

the preparation of washing/assay buffer in FA and radioligand saturation binding experiments 

on BBVs were from AppliChem (Darmstadt, Germany) and Complete EDTA-free Protease 

Inhibitor Cocktail was from Roche Diagnostics (Mannheim, Germany). 

Atropine sulfate (atr) was from Sigma-Aldrich (Munich, Germany) or Merck (Darmstadt, 

Germany). Carbachol (CCh), iperoxo iodide (iper), N-methyl scopolamine bromide (NMS), 

scopolamine hydrobromide and W84 dibromide (W84) were purchased from Sigma-Aldrich 

(Munich, Germany). Oxotremorine sesquifumarate (oxo) was from Tocris Bioscience (Bristol, 

UK). The radioligand [3H]NMS was purchased from American Radiolabeled Chemicals Inc. (St. 

Louis, MO, USA; specific activity = 80 Ci/mmol) or PerkinElmer (Waltham, MA, USA; specific 

activity = 84 Ci/mmol). Stock solutions of the unlabeled ligands were prepared in millipore H2O, 

except for W84, which was dissolved in DMSO (Merck Millipore, Darmstadt, Germany). Stock 

solutions of all fluorescent ligands were prepared in DMSO, and aliquots were stored at -80 °C. 

The pcDNA3.1 vector was from Thermo Fisher (Nidderau, Germany) and the pFastBac1 vector 

from Gibco (Nidderau, Germany). The plasmid encoding the human M2 receptor (M2R) was 

purchased from the cDNA Resource Center (Rolla, MO, USA), whereas the plasmid containing 

the sequence of NanoLuc® (NLuc) was obtained from Promega (Mannheim, Germany). 

3.2.2 Generation of stably transfected HEK293T cells and mammalian cell 
culture 

The vector encoding the N-terminally NLuc-tagged M2R (NLuc-M2R) was generated by standard 

PCR techniques and Gibson Assembly. Therefore, the previously described pcDNA3.1 NLuc-

hH4R17 was linearized upstream and downstream of the receptor-encoding sequence (note: this 

resulted in a linearized vector containing the sequence for NLuc but not for any receptor), and 

the gene of the human M2R (CHRM2) was amplified through PCR creating overlaps with the 

linearized vector at both ends. After a restriction digest with DpnI, NEBuilder HiFi DNA Assembly 

MasterMix (New England Biolabs, Frankfurt, Germany) was used according to the 
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manufacturer’s protocol to generate the pcDNA3.1 NLuc-M2R. The generated construct was 

verified by sequencing (Eurofins Genomics, Ebersberg, Germany). 

HEK293T cells were a kind gift from Prof. Dr. Wulf Schneider (Institute for Medical Microbiology 

and Hygiene, University Hospital Regensburg, Germany) and were routinely cultivated in 

DMEM, supplemented with 2 mM L-glutamine and 10% FCS, in a water-saturated atmosphere 

(37 °C, 5% CO2). To generate stable transfectants, cells were seeded in a 6-well plate (Sarstedt, 

Nümbrecht, Germany) at a density of 3·105 cells/mL one day before transfection. Cells were 

transfected with 2 µg of pcDNA3.1 NLuc-M2R using X-tremeGENETM HP transfection reagent 

(Roche Diagnostics, Mannheim, Germany) according to the manufacturer’s protocol. After two 

days, the transfected cells were detached by trypsinization, centrifuged (500 g, 5 min) and 

seeded on a 150 mm-cell culture dish (Sarstedt, Nümbrecht, Germany). Geneticin (G418) was 

added immediately at a final concentration of 1 mg/mL. The medium was changed regularly for 

2-3 weeks until stable colonies were visible. After a subsequent clonal selection for receptor 

expression (determined by the maximal BRET ratio induced by a high concentration of 

fluorescent ligand 3.5), cultivation of the clone with the highest receptor expression was 

continued using a G418 concentration of 600 µg/mL. The cells were regularly tested for 

mycoplasma infection using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, 

Germany) and were negative. 

3.2.3 Sf9 insect cells and budded baculoviruses (BBVs) 

3.2.3.1 Generation of high-titer baculoviruses displaying the M2R 

The cDNA of the human M2R was subcloned into the pFastBac1 vector using XbaI and XhoI 

restriction sites and transformed into DH10Bac competent cells (Invitrogen, Carlsbad, CA, USA) 

to obtain recombinant bacmid DNA. 

Subsequently, the baculoviruses of passages P0, P1 and P2 were produced as described.37 The 

produced P2 baculoviruses were titrated based on the increase in Sf9 cell diameter upon 

infection using the ICSE (image-based cell-size estimation) method.38 High-titer baculoviruses 

in the passage P3 were obtained by infecting 110 mL of a Sf9 cell culture (1.5·106 cells/ml) at a 

low multiplicity of infection (MOI = 0.1). The baculovirus suspension P3 was then again obtained 

as described.37 FCS was added at a final concentration of 2% to the baculovirus suspension to 

enhance stability. Additionally, the P3 baculovirus was titrated to confirm a high titer for sufficient 

protein expression. 
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3.2.3.2 Preparation of BBVs displaying the M2R 

To prepare BBVs displaying the M2R on their envelope, a Sf9 cell suspension (density: 

2·106 cells/mL) was infected with a high-titer P3 baculovirus at an MOI of 1. The receptor 

preparation was collected after 4-5 days when the cell viability had dropped below ≈ 30% by 

centrifugation at 1600 g for 15 min to remove the remaining Sf9 cells. The supernatant 

containing the virus particles was pooled and centrifuged at 48 000 g for 40 min. The sediment 

was washed once with 500 µL of ice-cold buffer (consisting of 0.1% Pluronic F-127, 11 mM Na-

HEPES (pH 7.4), 1 mM MgCl2, 5 mM KCl, 1 mM CaCl2, 135 mM NaCl and Complete EDTA-free 

Protease Inhibitor Cocktail (used according to manufacturer’s protocol)), resuspended in 500 µL 

of ice-cold buffer and homogenized using a 1 mL syringe (Norm-Ject-F, B. Braun Melsungen 

AG, Melsungen, Germany) with a 0.3 mm diameter needle (Sterican, Braun Melsungen AG, 

Melsungen, Germany). The baculovirus suspension was stored in aliquots at -90 °C until further 

use. 

3.2.4 Radioligand saturation binding assay 

Radioligand saturation binding experiments with [3H]NMS (specific activity = 80 Ci/mmol; 

American Radiolabeled Chemicals Inc., St. Louis, MO, USA) at intact, suspended HEK293T 

cells stably expressing the NLuc-M2R, were performed according to a previously described 

protocol for CHO-M2 cells39 with minor modifications – in detail: cells were detached from the 

cell culture flasks by trypsinization. After centrifugation (400 g for 5 min), the cells were 

resuspended in L-15 with 1% BSA and the cell density was adjusted to 1.25·106 cells/mL. The 

experiments were performed in a final volume of 200 µL in clear 96-well plates (Brand, 

Wertheim, Germany). The wells were pre-filled with 20 µL of L-15 containing [3H]NMS (10-fold 

more concentrated than the final assay concentration) and 20 µL of L-15 (for total binding) or L-

15 containing atropine (non-specific binding, 1000-fold excess over the respective radioligand 

concentration). 160 µL of the concentration-adjusted cell suspension were added to all wells and 

the plate was shaken at 23 °C (room temperature) for 3 h. The bound radioactivity was then 

collected using a Brandel Harvester (Brandel, Gaithersburg, MD, USA) with GF/C filter mats 

(0.26 mm; Whatman, Maidstone, UK), which were pretreated with 0.3% polyethyleneimine. After 

harvesting, the filters were washed once with cold PBS and punched out. Punched out filters 

were then transferred into clear 96-well plates (PerkinElmer, Rodgau, Germany), 200 µL of 

Rotiszint eco plus (Carl Roth, Karlsruhe, Germany) were added and the plates were sealed using 

a transparent sealing tape (permanent seal for microplates, PerkinElmer, prod. no. 1450-461). 

The plates were vigorously shaken for 3 h. Before measuring the radioactivity (in dpm) with a 

MicroBeta2 plate counter (PerkinElmer, Rodgau, Germany), the plates were kept in the dark for 

at least 60 min. 
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Radioligand saturation binding assays on BBVs displaying the M2R were performed following a 

protocol for BBVs displaying the dopamine D1 receptor40 with the following minor modifications: 

The assay buffer consisted of 0.1% Pluronic F-127, 11 mM Na-HEPES (pH 7.4), 1 mM MgCl2, 

5 mM KCl, 1 mM CaCl2, 135 mM NaCl and Complete EDTA-free Protease Inhibitor Cocktail 

(used according to manufacturer’s protocol). Right before the experiment, the assay buffer was 

supplemented with 0.1 mg/mL BSA and 1 mM DTT. [3H]NMS (specific activity = 84 Ci/mmol; 

PerkinElmer, Waltham, MA, USA) was used as a radioligand and non-specific binding was 

assessed in the presence of 50 µM of 4-DAMP (1,1-dimethyl-4-diphenylacetoxypiperidinium 

iodide, Research Biochemicals Inc., Natick, MA, USA). 

3.2.5 BRET binding assay 

BRET binding assays were performed as described previously17 with minor modifications – in 

detail: HEK293T cells stably expressing the NLuc-M2R were detached at 80-90% confluency 

from the cell culture flasks by trypsinization and centrifuged (500 g, 5 min). After resuspension 

and adjustment of the cell density in L-15 supplemented with 5% FCS and 10 mM HEPES (pH 

7.4), 1·105 cells were seeded in a volume of 70 µL (saturation/competition binding experiments) 

or 80 µL (kinetic experiments) per well into white 96-well plates (Brand, Wertheim, Germany) 

and incubated in a water-saturated atmosphere overnight (37 °C, no additional CO2). On the day 

of the experiment, serial dilutions of the respective fluorescent ligands and competitors were 

prepared in assay buffer consisting of L-15 supplemented with 10 mM HEPES (pH 7.4) and 2% 

BSA (the latter added to reduce adsorption to the plate material and polypropylene vessels). 

Serial dilutions for saturation and competition binding experiments were prepared 10-fold more 

concentrated than the final assay concentration. For saturation binding experiments, 10 µL of 

assay buffer (total binding) or assay buffer containing atropine (non-specific binding, 500-fold 

excess over the respective concentration of fluorescent ligand) were added to the cells, followed 

by the addition of 10 µL of a dilution of the respective fluorescent ligand (varying concentrations). 

After an incubation time of 60 min (fluorescent ligands 3.1, 3.3-3.6) or 90 min (fluorescent ligands 

3.2, 3.7, 3.8) at 27 °C, 10 µL of the luciferase substrate furimazine (Nano-Glo® Live Cell 

Substrate, pre-diluted 1:1000 before use) were added. Cells were equilibrated for 5 min inside 

the plate reader (pre-warmed to 27 °C), and luminescence intensities were measured. 

For competition binding experiments, 10 µL of the respective dilution of the competitor (varying 

concentrations) and 10 µL of a solution of 3.1 (cfinal = 2 nM) were added to the cells. A positive 

control (100% value) containing only fluorescent ligand and no competitor, as well as a solvent 

control (0% value) were included in every experiment. After an incubation period of 60 min, 10 µL 

of furimazine (Nano-Glo® Live Cell Substrate, pre-diluted 1:1000 before use) were added, and 

the measurement was performed as described above. To perform competition binding 
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experiments in kinetic mode, the pre-diluted luciferase substrate (1:1000 before use) was added 

simultaneously with the respective competitive ligand. After an equilibration for 5 min, the 

fluorescent ligand was added, and the measurement was started immediately. 

For kinetic measurements, 10 µL of assay buffer (total binding) or a solution of atropine (non-

specific binding, cfinal = 2 µM), and 10 µL of furimazine (Nano-Glo® Live Cell Substrate, pre-

diluted 1:1000 before use) were added to the cells. Samples were equilibrated inside the plate 

reader (pre-warmed to 27 °C) for 5 min. To start the association, a solution of the fluorescent 

ligands 3.1 or 3.2 (V = 50 µL, cfinal = 2 nM) was added using the injector module of the plate 

reader, and the luminescence and fluorescence signals were measured for 60 min (3.1) or 

90 min (3.2) (ligand association). Subsequently, dissociation was started by injecting 50 µL of a 

solution of atropine (cfinal = 2 µM) and the measurement was continued for maximal 4 h (final well 

volume: 200 µL). 

BRET measurements were performed at 27 °C using a TECAN GENiosPro or a TECAN 

InfiniteLumi plate reader (Tecan Austria GmbH, Grödig, Austria). Bioluminescence intensity was 

detected using a 460 ± 35 nm band-pass (460/35BP) filter (InfiniteLumi) or a 460 ± 50 nm band-

pass (460/50BP) filter (GENiosPro). The emission of the fluorescent ligand was detected using 

a 610 nm long-pass filter (610LP). The integration times for equilibrium measurements were set 

to 100 ms (460/35BP filter or 460/50BP filter) and 1000 ms (610LP filter). For all kinetic 

measurements (InfiniteLumi), the integration time for the detection through the blue channel 

(460/35BP filter) was changed to 500 ms to reduce noise. 

3.2.6 FA binding assay 

FA binding experiments were performed as previously described41,42 with some modifications to 

account for the specific properties of the M2R and the used fluorescent ligands. All dilutions were 

prepared in FA assay buffer (consisting of 0.1% Pluronic F-127, 11 mM Na-HEPES (pH 7.4), 

1 mM MgCl2, 5 mM KCl, 1 mM CaCl2, 135 mM NaCl and Complete EDTA-free Protease Inhibitor 

Cocktail (used according to manufacturer’s protocol)). Previously prepared baculoviruses, 

displaying the M2R on their envelope, were thawed, resuspended and triturated ten times in a 

1 mL syringe with a 0.3 mm diameter needle to reduce the number of conglomerates and avoid 

sedimentation during the measurement. For saturation binding experiments, 10 µL of solutions 

of the fluorescent ligands (cfinal(3.1) = 0.5 nM and 2.5 nM; cfinal(3.2) = 1 nM and 8 nM) were added 

to black, half area, flat bottom polystyrene NBS (non-binding surface) 96-well plates (Corning 

Inc., NY, USA, Product No. 3993). 30 µL of a solution of atropine for 3.1 or scopolamine for 3.2 

were added to the wells specified for non-specific binding (cfinal = 8 µM). FA assay buffer was 

added to each well to reach a volume of 60 µL inside each well before the addition of 

baculoviruses. 
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Two-fold serial dilutions of the baculovirus suspension were prepared in assay buffer in 2 mL 

Axygen 96-well polypropylene plates (Corning Inc., NY, USA, Product Number P-DW-20-C), and 

the binding reactions were started by the addition of 40 µL of the respective dilution of 

baculovirus suspension to the 96-well plate (final well volume: 100 µL). In addition, blank wells 

containing the same final volume and the same amount of baculovirus but no fluorescent ligand, 

atropine or scopolamine, were prepared for each baculovirus dilution. 

For FA competition binding experiments, serial dilutions of the competitive ligands were 

prepared on the 96-well plate in 50 µL of FA assay buffer before the addition of 20 µL of FA 

assay buffer (neat) and 10 µL of a solution of 3.1 (cfinal = 1 nM). To initiate the reaction, 20 µL of 

the 2-fold diluted baculovirus stock suspension (subsequently: V(BBVstock) per well: 10 µL) were 

added to each well. Blank wells were prepared similarly as for FA saturation binding 

experiments. 

All FA measurements were performed in duplicate using a Synergy NEO plate reader (BioTek, 

Winooski, VA, USA) with polarizing excitation (530 nm, bandwidth 30 nm) and dual emission 

(590 nm, bandwidth 35 nm) filters with a dichroic mirror allowing the simultaneous detection of 

parallelly and perpendicularly polarized fluorescence emission. All measurements were 

performed at 27 °C. For extended measurements (> 3 h), a glass lid was placed on top of the 

microplate to avoid excessive evaporation. 

3.2.7 Data analysis 

3.2.7.1 Analysis of data from radioligand saturation binding experiments 

Total and non-specific binding data from radioligand saturation binding experiments were 

analyzed simultaneously using the “one site-total and non-specific binding” fit 

(GraphPad Prism 8.0, GraphPad Software Inc., San Diego, CA, USA), i.e. total binding was 

analyzed by an equation describing hyperbolic binding and non-specific binding by linear 

regression. Specific binding data from radioligand saturation binding experiments (in dpm for 

experiments at HEK293T NLuc-M2R cells, in cpm for experiments on BBVs displaying the M2R), 

were analyzed using an equation describing hyperbolic binding (“one site-specific binding”, 

Prism 8.0). The obtained Kd values were transformed into pKd values, for which means and 

SEMs were calculated. 
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3.2.7.2 Analysis of data from the BRET binding assay 

All data from BRET binding experiments were analyzed using GraphPad Prism 8.0. The raw 

BRET ratio was calculated as described in Chapter 2 using the following formula: 

𝑟𝑎𝑤 𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =  
𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟, 610LP)

𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (𝑏𝑖𝑜𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑡 𝑑𝑜𝑛𝑜𝑟, 460BP)
  

, with the numerator representing the emission of the fluorescent acceptor detected through the 

610 nm long-pass filter and the denominator representing the donor luminescence detected 

through the 460 nm band-pass filter. All calculated values were baseline-corrected by 

subtracting the BRET ratio of a buffer control, yielding “corrected BRET ratios”. 

For saturation binding experiments, specific binding data were analyzed using a one-site binding 

model (“one site-specific binding”, Prism 8.0) yielding Kd values. Total and non-specific binding 

were fitted simultaneously applying the “one site-total and nonspecific binding” fit (Prism 8.0). 

The Kd values were transformed into pKd values, for which means and SEMs were calculated. 

Data from kinetic experiments were normalized to the corrected BRET ratio right before the 

addition of fluorescent ligand (0% value) and the corrected BRET ratio after reaching a plateau 

(100% value). “Extra sum-of-squares F tests” (p < 0.05 was considered significant) were carried 

out to test whether monoexponential or biexponential models correlated better with the 

experimental data for both association and dissociation (Prism 8.0). 

The association rate constant under the assumption of a monophasic reaction (kon(mono)) was 

calculated according to the equation: 

𝑘୭୬(୫୭୬୭) =  
𝑘୭ୠୱ(୫୭୬୭) − 𝑘୭୤୤(୫୭୬୭)

𝑐(𝑙𝑖𝑔𝑎𝑛𝑑)
 

, where kobs(mono) represents the observed association rate constant for a monophasic reaction 

and koff(mono) the dissociation rate constant for a monophasic reaction; c(ligand) represents the 

used concentration of fluorescent ligand 3.1 (here: c(3.1) = 2 nM). 
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The calculation of the kinetically derived dissociation constant (Kd
kinetic) under the assumption of 

a monophasic binding reaction (for 3.1) was performed using the following equation: 

𝐾ୢ
୩୧୬ୣ୲୧ୡ =  

𝑘୭୤୤(୫୭୬୭)

𝑘୭୬(୫୭୬୭)
 

BRET competition binding data were normalized to a solvent control (0% value) and a positive 

control containing fluorescent ligand but no competitor (100% value). Normalized data were 

subsequently fitted by a four-parameter logistic equation to obtain pIC50 values, which were 

transformed into pKi values using the Cheng-Prusoff equation.43 Means and SEMs were 

calculated for the pKi values. 

3.2.7.3 Analysis of data from the FA binding assay 

All FA data were processed using the Aparecium 2.0 software (available at 

http://www.gpcr.ut.ee/aparecium.html). Data fitting was performed either by GraphPad Prism 8.0 

or by a modified version of IQMTools/SBToolbox2 (IntiQuan, Basel, Switzerland). All fitting was 

performed using the root-mean-square error loss function. For all global fitting procedures, the 

“simulated annealing”-based Nelder-Mead simplex optimization algorithm44,45 was used with a 

starting temperature of 1000, temperature reduction factor of 0.2 and 1000 iterations per 

temperature. 

The following equations were used to calculate the fluorescence anisotropy (FA) and total 

fluorescence intensity (TFI) from the measurements: 

𝐹𝐴 =
(𝐼ூூ − 𝐼ୄ)

(𝐼ூூ + 2 × 𝐼ୄ)
 

𝑇𝐹𝐼 = 𝐼ூூ + 2 × 𝐼ୄ 

, where III represents the fluorescence intensity parallel and I⊥ the fluorescence intensity 

perpendicular to the plane of polarization of the excitation light. Parallel and perpendicular 

fluorescence intensities of blank wells, containing the same amount of baculovirus suspension 

without the other assay components, were subtracted from the corresponding intensity values 

prior to FA and TFI calculation. 

During data preparation with the Aparecium software, the measurement time points were 

corrected for each well individually, accounting for the delay between the addition of the 

baculovirus preparations and the starting point of the first plate read. Additionally, the 

measurement time points were corrected for time shifts introduced by measurement delay for 

each well and kinetic cycle. 
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FA saturation binding experiments were analyzed using a reported global model implemented 

in Prism 8.0 assuming a single binding site for the fluorescent ligand, the possibility of non-

specific binding, and a change in quantum yield upon binding.46 Since this model only allowed 

fitting FA values, the relative quantum yield values used for subsequent calculations were 

obtained by pooling the results from kinetic global fitting (see below). 

For kinetic global fitting of saturation binding experiments with the fluorescent ligand 3.1, a kinetic 

version of the single binding site model with the possibility of non-specific binding and a change 

in quantum yield upon binding was developed and used (for details, see Appendix: Global kinetic 

modeling of FA binding experiments with the fluorescent MR ligand 3.1, pp.151-155). All kinetic 

datapoints obtained from all baculovirus stock volumes and the two studied fluorescent ligand 

concentrations, as well as both the TFI and FA signals were fitted simultaneously. Physically 

reasonable constraints (e.g. intrinsic anisotropy of all states of the fluorescence ligand has to 

remain between 0 and 0.4) were applied for parameters where possible. The preference for 

mono- or biexponential models to describe the dissociation curves was assessed in the same 

manner as for the BRET assay. The fast and slow dissociation rate constants describing the 

dissociation of the fluorescent ligand 3.2 were obtained by applying the biexponential decay 

model in Prism 8.0. 

The described model and constraints were also used for global fitting of competition binding 

experiments. Global fitting was performed for each individual experiment with each competitive 

ligand to obtain pKi values. Some parameters, such as association and dissociation rate 

constants of the fluorescent ligand, were not fitted for these experiments but locked to the values 

obtained from the kinetic global fit of saturation binding experiments (described above). A fit 

analysis was performed for all FA experiments with at least 15 individual fitting procedures to 

obtain uncertainty estimates. Alternatively, the Cheng-Prusoff equation was used to calculate 

the pKi values based on the pIC50 values,43 which were obtained as described above for the 

BRET assay.  

The correlation of pKi values obtained from different assays was analyzed by Deming regression. 

Squared Pearson correlation coefficients (R2) were calculated using Prism 8.0. All errors 

represent SEMs unless stated otherwise. Whenever necessary, error propagation was 

performed as described in Chapter 2. 
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3.3 Results and discussion 

3.3.1 Determination of the binding affinities of 3.1 and 3.2 in BRET and FA 
binding assays 

HEK293T cells stably expressing the M2R, N-terminally fused to NLuc (NLuc-M2R), were 

generated to study ligand binding properties in the BRET assay. In the case of the FA assay, we 

generated budded baculoviruses (BBVs)47 displaying the wild-type M2R on the viral envelope. 

BBVs have successfully served as receptor sources in radioligand binding40,48,49 and FA binding 

assays41,42,46,50,51 for several GPCRs. They turned out to be especially useful for the latter, as 

BBVs possess some major advantages over cell membranes. For example, baculovirus particles 

in suspension are uniform in shape and size and are stable over a long time making them 

suitable for longer measurements.24 

To check whether attachment of the luciferase to the receptor or the display of the M2R on a viral 

envelope alters the binding behavior of the orthosteric MR ligand NMS, we conducted 

radioligand saturation binding experiments with the radioligand [3H]NMS at intact, suspended 

HEK293T NLuc-M2R cells (Figure 3.3A) and on BBVs displaying the M2R (Figure 3.3B). The 

radioligand was able to bind to both the NLuc-tagged receptor expressed in HEK293T cells and 

the wild-type receptors displayed on the viral envelope in a saturable manner. [3H]NMS retained 

the high M2R affinity at the HEK293T NLuc-M2R cells (pKd ± SEM = 9.77 ± 0.09 (N = 3)) and at 

the virus-displayed receptor (pKd ± SEM = 9.08 ± 0.08 (N = 3)). The obtained pKd values were 

in good agreement with previously published M2R binding data of [3H]NMS measured at wild-

type M2 receptors expressed in CHO cells.31,52,53 This is especially remarkable considering the 

obvious differences of the used expression systems (e.g. membrane composition or membrane 

potential). Since high-affinity [3H]NMS binding was conserved in both receptor expression 

systems, they were both considered to be suitable for the following BRET and FA experiments. 
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Figure 3.3: Binding isotherms from radioligand saturation binding experiments at intact, suspended 
HEK293T cells stably expressing the NLuc-M2R (A) or on BBVs displaying the M2R on their envelope (B). 
Non-specific binding was assessed in the presence of atropine (A, 1000-fold excess over the respective 
concentration of radioligand) or 50 µM 4-DAMP (B). Data represent means (total and non-specific binding) 
or calculated values (specific binding) ± errors of one representative experiment from a set of three 
independent experiments, each performed in triplicate (A) or duplicate (B). Error bars of total and non-
specific binding represent the SEM, whereas error bars of specific binding represent propagated errors. 
 

Next, the binding of the fluorescent ligands 3.1 and 3.2 was investigated in the BRET and FA 

assay. For the BRET assay, classical saturation binding setups could be used, i.e. the 

fluorescent ligand was added at increasing concentrations to a constant amount of adherent 

recombinant cells. Both ligands showed saturable binding and a very low non-specific signal 

(see Figure 3.4A and 3.4B; pKd ± SEM (BRET) for 3.1 and 3.2 = 8.97 ± 0.03 and 9.32 ± 0.16, cf. 

Table 3.1). However, the observation of a low non-specific signal in the BRET assay must be 

interpreted with caution. Due to the distance-dependence, significant BRET can only be detected 

once the fluorescent ligand is bound to the luciferase-tagged receptor. On the contrary, when 

the ligand interacts non-specifically, e.g., with other structures, such as cell surface proteins, 

almost no BRET can take place and the non-specific binding of the ligand is potentially 

underestimated. Fortunately, since the fluorescent ligands 3.1 and 3.2 also showed low non-

specific binding in flow cytometry-based saturation binding experiments,31 binding to other 

cellular compartments is not a concern. 

A different approach had to be pursued for the determination of fluorescent ligand affinities in 

the FA assay. Using the fluorescent ligand in excess, as in conventional saturation binding 

experiments, would consequently also increase the concentration of unbound ligand in the well, 

resulting in a smaller change in FA. Therefore, the experiment was conducted vice versa by 

performing a saturation of two fixed fluorescent ligand concentrations with different volumes of 

baculovirus stock suspension, corresponding to different receptor concentrations.46 The used 

ligand and receptor concentrations were close to the expected affinity of the fluorescent ligands 

to obtain maximal changes in FA values. Increasing the amount of baculovirus stock resulted in 

an increase of FA signal for both fluorescent ligands at both applied ligand concentrations (see 

Figure 3.4C and 3.4D). Once free ligand was depleted at higher receptor concentrations, the 

total FA signal reached a plateau (cf. Figure 3.4C and 3.4D). Interestingly, the total fluorescence 
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intensity (TFI) signal elicited by ligand 3.1 decreased upon receptor binding indicating a change 

in quantum yield (cf. Appendix Figure A9C and A9D). The relative quantum yield of receptor-

bound 3.1 compared to free ligand was determined to be 0.73 ± 0.02, which significantly affects 

the measured FA values. For ligand 3.2 however, the quantum yield change was negligible and 

had no effect on the FA values (data not shown). Fitting the obtained data using a previously 

described algorithm,46 in which ligand depletion and a possible change in quantum yield during 

ligand binding are considered, enabled the determination of apparent binding affinities for the 

fluorescent ligands (pKd ± SEM (FA) for 3.1 and 3.2 = 9.36 ± 0.02 and 9.30 ± 0.11, cf. Table 3.1) 

as well as an estimation of the number of ligand-specific binding sites in the used baculovirus 

stocks (Rstock). The Rstock value for 3.1 was found to be 35 ± 6 nM for 3.1 and 55 ± 7 nM for 3.2. 

Both values were determined using the same stock of baculoviruses. 

 

Figure 3.4: Binding isotherms from BRET-based (A, B) and FA-based (C, D) saturation binding 
experiments with 3.1 (A, C, blue lines) and 3.2 (B, D, green lines). (A, B) BRET-based saturation binding 
experiments with 3.1 (A) and 3.2 (B) were performed at HEK293T cells, stably expressing the NLuc-M2R, 
measured after 60 min incubation. Non-specific binding was determined in the presence of a 500-fold 
excess of atropine over the respective concentration of fluorescent ligand. (C, D) Binding curves of 3.1 
(C, c = 0.5 nM and 2.5 nM) and 3.2 (D, c = 1 nM and 8 nM) from FA binding experiments, performed at 
increasing concentrations of the M2R displayed on BBVs applying incubation times of 60 min (3.1) or 
120 min (3.2). Non-specific binding was determined in the presence of an excess of atropine (for 3.1) or 
scopolamine (for 3.2) (c = 8 µM). Ligand-specific receptor concentration values were obtained from the 
global fitting of the data and are depicted on a second x-axis below the graphs. Data represent means 
(total and non-specific binding) or calculated values (specific binding in A and B) ± errors of a 
representative experiment from a set of three to four independent experiments performed in triplicate 
(BRET) or duplicate (FA). Error bars of total and non-specific binding represent the SEM, error bars of 
specific binding in A and B represent propagated errors. 
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The affinities of 3.1 and 3.2, resulting from the BRET and the FA assay (cf. Table 3.1), were in 

good agreement with the recently reported M2R affinities of 3.1 and 3.2 obtained from radioligand 

competition binding experiments (pKi = 8.75 and 9.62, respectively) and flow cytometric 

saturation binding experiments (pKd = 8.36 and 8.86, respectively).31 

Here, 3.2 elicited higher BRET and FA signals compared to 3.1, even though both ligands carry 

the same fluorescence label (TAMRA). As mentioned earlier, BRET is in general a strongly 

distance-dependent and dipole-dipole orientation-dependent measure. Therefore, this 

observation suggested differences in the orientation and proximity of the two fluorescent ligands 

towards the luciferase-tagged N-terminus of the receptor, which can most likely be attributed to 

the structural differences in 3.1 and 3.2, i.e. their dissimilar linker moieties. As ligand 3.1 showed 

a decrease in quantum yield upon binding to the receptor in the FA assay, the lower BRET signal 

observed for 3.1 might also be attributed to a decreased quantum yield in the receptor-bound 

state. Another possible explanation is that some fraction of the total receptor pool is not 

accessible for 3.1, but accessible for 3.2, leading to a smaller BRET ratio for 3.1 at the plateau. 

This hypothesis would also explain the differences in the determined Rstock values for the two 

ligands. 

To test the limitations of the BRET assay, we performed BRET saturation binding experiments 

with other fluorescent DIBA-type MR ligands (3.3-3.8), which are structurally similar to 3.1 and 

3.2, but are labeled with different fluorophores (Figure 3.5A).31,32 Notably, the excitation spectra 

of ligands 3.3 and 3.6 show only limited overlap with the NLuc spectrum (see Appendix Figure 

A7). Nevertheless, saturable M2R binding of all probes could be observed in the BRET assay 

with good signal-to-background ratios (Figure 3.5B). The obtained pKd values were in the same 

range as the pKd/i values from canonical assay formats, such as radioligand competition binding 

(cf. Table 3.1).31,32 These results showed that, in principle, various types of fluorophores can be 

used in the BRET assay. Even fluorophores, which exhibit only a small spectral overlap with the 

luciferase, can be used in the BRET binding assay, although this is likely to be under the 

condition that they possess a high quantum yield to compensate the lack of spectral overlap, 

e.g. indolinium-type cyanine dyes as present in ligand 3.3.32 
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Figure 3.5: BRET saturation binding experiments with MR ligands 3.3-3.8 bearing different fluorescence 
labels. (A) Structures of the fluorescently labeled DIBA-derived MR ligands 3.3-3.8. (B) Binding isotherms 
from BRET saturation binding experiments with 3.3-3.8 at HEK293T cells stably expressing the NLuc-
M2R. Non-specific binding was assessed in the presence of a 500-fold excess of atropine (over the 
respective concentration of fluorescent ligand). Data represent means (total and non-specific binding) or 
calculated values (specific binding) ± errors of a representative experiment from a set of at least three 
independent experiments, each performed in triplicate. Error bars of total and non-specific binding 
represent the SEM. Error bars of specific binding represent propagated errors. 
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Table 3.1: Equilibrium dissociation constants (pKd values) of the fluorescently labeled MR ligands 3.1-3.8 
obtained from BRET and FA binding assays. 

Compound 

BRET binding 

assay  

FA binding 

assay  

Flow 

cytometry  

Radioligand 

comp. binding 

pKda N  pKdb N  pKd  pKi 

3.1 8.97 ± 0.03 4  9.36 ± 0.02 3  8.36c  8.75c 

3.2 9.32 ± 0.16 4  9.30 ± 0.11 3  8.86c  9.62c 

3.3 9.06 ± 0.09 4  n.d. ---  8.35d  9.10d 

3.4 9.21 ± 0.04 4  n.d. ---  8.70c  8.87c 

3.5 9.22 ± 0.07 4  n.d. ---  8.74c  9.04c 

3.6 9.61 ± 0.11 4  n.d. ---  8.41c  9.16c 

3.7 9.12 ± 0.08 3  n.d. ---  9.19c  9.02c 

3.8 9.19 ± 0.14 3  n.d. ---  n.d.  8.52d 

3.3.2 Association and dissociation kinetics of ligands 3.1 and 3.2 

As both the BRET and FA assay enable the real-time measurement of ligand binding with a high 

temporal resolution, we investigated the association/dissociation of 3.1 and 3.2 to/from the M2R 

(see Figure 3.6). 

Notably, the observed kinetic curves of 3.1 and 3.2 (association and dissociation) from the two 

assays showed similar shapes (see Figure 3.6), indicating the measurement of the same 

processes during ligand binding. Compound 3.1 displayed a faster association to the M2R than 

3.2 in the BRET assay (Figure 3.6A) and in the FA assay (Figure 3.6B). In dissociation 

experiments, 3.1 was displaced completely from the M2R within 2-3 h, whereas a slower 

dissociation from the M2R (≈ 50% after 4 h) was observed for 3.2, independent from the assay 

used. One major drawback of the BRET assay, when using the standard substrate furimazine, 

is its temporal limitation due to the depletion of the luciferase substrate. Potentially, this could 

be overcome to some extent by using extended live cell substrates.54 In contrast, the FA assay 

is not limited in this aspect, as there is no need for a substrate and the used baculovirus particles 

are stable in solution for a long time without a noticeable change in FA signal.46 This property 

allowed the measurement of the dissociation of 3.2 for an extended period revealing that the 

binding of 3.2 was fully reversible after approx. 20 h (data not shown). 

aDetermined by BRET saturation binding experiments at intact HEK293T cells stably expressing the 
NLuc-M2R; data represent means ± SEM from N independent experiments performed in triplicate. 
bDetermined by FA saturation binding experiments on BBVs displaying the M2R on their envelope, 
which were analyzed according to Veiksina et al.46; data represent means ± SEM from N independent 
experiments performed in duplicate. cGruber et al.31 dShe et al.32 n.d.: not determined. 
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Interestingly, the small structural difference in the linker moiety between the two studied 

fluorescent ligands 3.1 and 3.2 (cf. Figure 3.2) caused a marked difference in their dissociation 

behavior. 

 

Figure 3.6: Association and dissociation kinetics of 3.1 and 3.2 at the M2R determined in BRET (A) and 
FA (B) binding assays at 27 °C. (A) BRET binding experiments were performed at HEK293T cells stably 
expressing the NLuc-M2R. Association was started by the addition of 3.1 or 3.2 (c = 2 nM). Dissociation 
was initiated after 60 min (3.1) or 90 min (3.2) by the addition of an excess of atropine (c = 2 µM). (B) FA 
binding experiments were performed on BBVs displaying the M2R on the viral envelope. Association was 
started by the addition of 40 µL of the baculovirus stock to wells containing 3.1 (c = 2.5 nM) or 3.2 
(c = 8 nM). Dissociation was initiated after 95 min (3.1) or 180 min (3.2) by the addition of an excess of 
atropine (for 3.1) or scopolamine (for 3.2) (c = 8 µM). Data represent calculated values (A) or means (B) 
± errors of a representative experiment of three independent experiments, each performed in triplicate 
(BRET) or duplicate (FA). Error bars in (A) represent propagated errors, error bars in (B) the SEM. 
 

In the case of the BRET assay, monoexponential and biexponential association/dissociation 

models were used for the quantitative analysis of the binding kinetics of 3.1 and 3.2 and 

compared in terms of their suitability to describe the experimental data (see Appendix Figure 

A8). The biexponential equations resulted in significantly better fits than the monoexponential 

equations for the association and dissociation of both ligands (p < 0.0001, extra sum-of-squares 

F test). The preference for the biexponential model was particularly obvious for 3.2 (see 

Appendix Figure A8C and A8D). However, there was a comparatively small difference (≈ 10-

fold) between the fast and slow observed association (and dissociation) rate constants for 3.1 

(cf. Table 3.2), which potentially indicates only a small deviation of the measured kinetic data 

from monophasic association and dissociation (see Appendix Figure A8A and A8B). Thus, we 

additionally determined monophasic rate constants for 3.1 and calculated a kinetically derived 

dissociation constant (pKd
kinetic) under the assumption of monophasic behavior as an 

approximation. The obtained value (pKd
kinetic(3.1) = 9.08 ± 0.12) was not different from the affinity 

constant from equilibrium experiments (pKd
(equilibrium)(3.1) = 8.97 ± 0.03, cf. Table 3.2), which 

corroborated our hypothesis. 
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Table 3.2: Dissociation constants and kinetic constants of the investigated fluorescent MR ligands 3.1 and 
3.2 obtained from BRET and FA binding experiments. 

 
BRET binding assay  FA binding assay 

3.1 3.2  3.1 3.2 

kobs(fast)a 

[min-1] 

0.419 ± 0.009a 

(0.27 ± 0.06) 

0.346 ± 0.045a 

(0.48 ± 0.02)  
n.a. n.a. 

kobs(slow)a 

[min-1] 
0.048 ± 0.006a 0.052 ± 0.003a  n.a. n.a. 

kobs(mono)b 

[min-1] 
0.084 ± 0.017b n.a.  n.a. n.a. 

koff(fast)c 

[min-1] 

0.197 ± 0.016c 

(0.19 ± 0.02) 

0.146 ± 0.019c 

(0.35 ± 0.03) 
 n.a. 

0.195 ± 0.011c 

(0.28 ± 0.03) 

koff(slow)c 

[min-1] 
0.019 ± 0.0003c 0.005 ± 0.001c  n.a. 0.002 ± 0.0004c 

koff(mono)d,e 

[min-1] 
0.025 ± 0.001d n.a.  0.043 ± 0.005e n.a. 

kon(mono)f,g 

[nM-1 min-1] 
0.030 ± 0.008f n.a.  0.032 ± 0.001g n.a. 

pKdkinetic, h 9.08 ± 0.12h n.a.  n.a. n.a. 

pKdglobal, i n.a. n.a.  9.12 ± 0.04i n.a. 

pKdequilibrium, k 8.97 ± 0.03k 9.32 ± 0.16k  9.36 ± 0.02k 9.30 ± 0.11k 

a-iDetermined by kinetic BRET binding experiments performed at HEK293T cells stably expressing the 
NLuc-M2R or by kinetic FA experiments performed on BBVs displaying the M2R on the viral envelope. 
All given kinetic parameters originate from three independent kinetic experiments performed in triplicate 
(BRET) or duplicate (FA). aObserved association rate constant (kobs) ± SEM describing the fast and 
slow component of the association of 3.1 or 3.2 (c = 2 nM) to the NLuc-M2R obtained by applying a fit 
for biexponential association to data from BRET binding experiments; values in parentheses indicate 
the fraction of the fast component. bObserved association rate constant (kobs(mono)) ± SEM from BRET 
binding experiments assuming a monophasic association for 3.1 (c = 2 nM). cDissociation rate constant 
(koff) ± SEM describing the fast and slow component of the dissociation of 3.1 or 3.2 obtained by 
applying a fit for biexponential decay to data from BRET or FA binding experiments; values in 
parentheses indicate the fraction of the fast component. d,eDissociation rate constant (koff(mono)) ± SEM 
describing the (monophasic) dissociation of 3.1 obtained d by applying a fit for monoexponential decay 
to data from BRET binding experiments or e by global analysis of FA binding experiments. f,gAssociation 
rate constant (kon(mono)) assuming a monophasic association for 3.1, f calculated using kobs(mono), koff(mono), 
and the used concentration of 3.1 (c = 2 nM) (kon(mono) = (kobs(mono) - koff(mono)) / c(ligand)) or g obtained by 
global analysis of FA experiments; for f, the indicated error is the propagated error, whereas the error 
of g represents the SEM. hKinetically derived dissociation constant (Kdkinetic = koff(mono) / kon(mono); 
transformed into a pKdkinetic value) ± propagated error from BRET experiments, assuming monophasic 
behavior for 3.1. iDissociation constant obtained by global analysis (pKdglobal) ± SEM from kinetic FA 
experiments. kEquilibrium dissociation constants (pKdequilibrium) ± SEM obtained from saturation binding 
experiments; values were taken from Table 3.1 and were renamed as pKdequilibrium for clarification. n.a. 
not applicable. 



 
Chapter 3 

74 

In contrast to the BRET assay, simple exponential functions are not sufficient to accurately 

describe the association kinetics of a ligand determined in the FA assay. This can be caused by 

the ligand depletion, which is present due to the assay setup, and a change of the quantum yield 

upon binding, as it was observed for 3.1. However, global kinetic modeling takes both effects 

into account and allows the simultaneous consideration of both the FA and TFI values for all 

tested receptor and fluorescent ligand concentrations, which results in a greater accuracy of 

kinetic constants.55 Therefore, we used the datasets generated during the experiments 

described in section 3.3.1 (note: measurements were performed in kinetic mode) to obtain the 

global parameters describing the binding of the fluorescent ligands (for 3.1: see Figure 3.7 and 

Appendix Figure A9). The biexponential equations, which were found to be the preferred model 

for the binding of 3.1 in the BRET assay, can theoretically arise due to many different effects. 

However, proposing a mechanistic model that would explain the biphasic behavior was not 

feasible based on the data from FA experiments. As the analysis of the data from BRET binding 

experiments with 3.1 based on a monophasic model yielded pKd values in the same range as 

the equilibrium experiments, we instead used a single binding site model for the global analysis 

of the association of 3.1 in FA experiments. Furthermore, the dissociation kinetics of 3.1 could 

be reasonably explained by a monophasic model, which supported the applicability of the single 

binding site model in this case. In total, the global model can describe the general changes of 

FA and TFI over time and for the different receptor and ligand concentrations with sufficient 

accuracy (Figure 3.7 and Appendix Figure A9). The dissociation constant of 3.1 derived from 

global analysis (pKd
global(3.1) = 9.12 ± 0.04) was found to match the dissociation constants from 

BRET and FA measurements at equilibrium (cf. Table 3.2). In contrast to 3.1, compound 3.2 

showed an apparent biphasic behaviour for association and dissociation in the FA assay (see 

Figure 3.6B), similar to the BRET assay results. Therefore, global analysis using a single binding 

site model was not applicable. As neither the global model nor exponential equations were suited 

for fitting the association kinetics of 3.2, no reliable estimates of association rate constants could 

be calculated. In contrast, for dissociation kinetics, the conditions for first order reactions are 

generally fulfilled, which allowed calculating dissociation rate constants for 3.2 (cf. Table 3.2). 

The determined fast and slow dissociation rate constants differed by ≈ 100-fold (cf. Table 3.2), 

which further confirmed the assumption of a biphasic behavior for 3.2. 
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Figure 3.7: Time-dependent change of FA (A) and TFI (B) upon binding of 3.1 (c = 0.5 nM) to different 
concentrations of the M2R displayed on BBVs. Graphs show representative results from one of three 
independent experiments performed in duplicate. The global fit of the data from FA experiments using the 
single binding site model under consideration of ligand depletion and the change in quantum yield is 
indicated by the light blue lines (total binding) and grey surface (non-specific binding). The dark blue line 
in A indicates the timepoint, where the dissociation was initiated by the addition of atropine (c = 8 µM). 
The relative TFI axis was inverted for visualization purposes. (for details, see Appendix: Global kinetic 
modeling of FA binding experiments with the fluorescent MR ligand 3.1, pp.151-155). 
 

3.3.3 Competition binding experiments with 3.1 and reported MR ligands 

Next, we wanted to investigate whether both methods were equally suited for determining M2R 

affinities of unlabeled MR ligands. For this purpose, we performed competition binding 

experiments with several MR ligands (for structures, see Appendix Figure A11) covering different 

qualities of action (agonists vs. antagonists, orthosteric vs. allosteric ligands) over a wide affinity 

range. 3.1 was used as the fluorescent probe because it showed reversible M2R binding (cf. 

Figure 3.6) and monophasic dissociation (FA) or dissociation kinetics close to monophasic 

behavior (BRET). 

The real-time feature of both assays enabled the time-dependent monitoring of competition 

binding experiments with 3.1 and the unlabeled ligands (representative experiments with 3.1 and 

NMS in Figure 3.8). Steady signal intensities, indicating equilibrium, were reached after 

approximately 40 min. 
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Figure 3.8: Time-dependence of the displacement of 3.1 (c = 2 nM (A) or c = 1 nM (B)) with increasing 
concentrations of NMS obtained from BRET (A) or FA (B) competition binding experiments. Data shown 
in A represent means ± SEM of a representative experiment performed in triplicate. In B, the duplicates 
of a representative experiment are shown. The global fit of a single binding site model to the data from FA 
experiments (B) is indicated by the light blue surface. The changes in pIC50 values over time are shown 
in separate boxes below the respective graphs. 
 

All tested compounds could displace the fluorescent ligand 3.1 completely from the M2R in both 

assays (Figure 3.9). M2R affinities (pKi values), calculated according to the Cheng-Prusoff 

equation,43 are summarized in Table 3.3. It should be noted that the application of the Cheng-

Prusoff equation requires the competition of both ligands for the same binding site.43 As 

previously reported, fluorescent M2R ligands, that have a closely related structure to 3.1 (same 

pharmacophore, different fluorophore), showed dualsteric binding to the M2R and were fully 

competitive with the allosteric M2R modulator W84.32 Thus, the same behavior was assumed for 

3.1 and a pKi value was also calculated for W84. 
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Figure 3.9: Displacement curves from BRET (A) and FA (B) competition binding experiments at the M2R 
performed with 3.1 (c = 2 nM (A), and 1 nM (B), respectively) and reported orthosteric and allosteric M2R 
ligands. BRET-based experiments (A) were performed at HEK293T cells stably expressing the NLuc-M2R. 
FA measurements (B) were performed on BBVs displaying the M2R on their envelope 
(V(BBVstock) = 10 µL, c(M2R) ≈ 3.5 nM). Presented curves originate from values after an incubation time 
of 60 min. Data represent means ± SEM from at least four independent experiments, each performed in 
triplicate (A), or means ± SEM of one representative experiment from at least three independent 
experiments performed in duplicate (B). solv.: solvent control. 
 

As described above, when performing the FA assay, the fluorescent ligand must be used in a 

similar concentration range as the receptor to reliably detect changes in FA after ligand binding, 

which consequently leads to ligand depletion. Together with the changing quantum yield of 3.1 

upon binding to the receptor, this potentially precludes the calculation of accurate pKi values 

using the Cheng-Prusoff equation. A global model takes these effects into account and 

represents a more rigorous and correct way to calculate ligand affinity constants in the FA assay. 

Therefore, we applied global fitting of a single binding site model to the data from FA competition 

binding experiments (see Figure 3.8B) and compared the results with the ones obtained by 

applying the Cheng-Prusoff equation. Surprisingly, a very good correlation (R2 = 0.99) with a 

regression slope not significantly different from unity (0.97 ± 0.07) was found between the pKi 

values from the global analysis and the pKi values that were calculated from pIC50 values 

according to the Cheng-Prusoff equation (see Appendix Figure A12). This can be explained by 

a mutual compensation of the occurring ligand depletion and the decrease in quantum yield 

under these particular assay conditions. Consequently, the Cheng-Prusoff equation can be used 

as a reasonable simplification for the calculation of pKi values when using the presented FA M2R 

competition binding assay. However, it must be pointed out that such a simplification may not 

be true for other assay conditions or when studying other fluorescent ligands or receptors. 
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Table 3.3: Binding data (pKi values) of reported orthosteric and allosteric MR ligands obtained from BRET-
based and FA-based competition binding experiments using 3.1 as a fluorescent probe. 

Compound 

BRET 

comp. binding  

FA 

comp. binding  

Radioligand 

comp. binding 

pKia N  pKib 
pKi 

(global analysis)c N  pKi/Ad 

carbachol 4.85 ± 0.06 5  3.79 ± 0.17 3.48 ± 0.03 3  4.96-5.9256-59 

oxotremorine 6.19 ± 0.08 4  5.10 ± 0.05 5.17 ± 0.09 4  6.0260, 7.0432 

iperoxo 8.03 ± 0.07 4  6.15 ± 0.14 6.29 ± 0.03 4  7.49-9.1558,61-64 

atropine 8.74 ± 0.06 5  8.42 ± 0.15 8.28 ± 0.04 3  8.30-9.0453,56,60,64-68 

NMS 9.83 ± 0.07 4  8.82 ± 0.09 8.84 ± 0.06 3  9.37-10.0432,61,68-70 

W84 7.07 ± 0.03 4  6.46 ± 0.25 6.53 ± 0.07 5  6.55-8.0861,64,68 

 

The affinities of the MR ligands, determined with the BRET and the FA assay, were compared 

with each other and literature data (cf. Table 3.3 and Figure 3.10). For the latter, only results 

from radioligand competition binding studies with the standard MR radioligand [3H]NMS in 

different mammalian receptor expression systems were included. For the allosteric M2R 

modulator W84, a direct correlation of the pKi values was only tested between the BRET and 

the FA assay, as the orthosteric radioligand [3H]NMS and W84 were shown to address distinct 

binding sites,39 precluding the calculation of a pKi value for W84. Generally, the M2R affinities, 

covering a broad range, correlated very well between the two studied assays (see Figure 3.10A, 

R2 = 0.94) as well as between the BRET assay and radioligand binding data (literature values, 

see Figure 3.10C, R2 = 0.997) and between the FA assay and radioligand binding data (see 

Figure 3.10B, R2 = 0.94). 

  

aDetermined by BRET competition binding experiments with 3.1 (c = 2 nM) at HEK293T cells stably 
expressing the NLuc-M2R; pKi values were calculated according to the Cheng-Prusoff equation43 from 
pIC50 values determined after 60 min of incubation time (c(3.1) = 2 nM, Kd = 1.07 nM); data represent 
means ± SEM from N independent experiments, each performed in triplicate. b,cDetermined by FA 
competition binding experiments with 3.1 (c = 1 nM) on BBVs displaying the M2R. bpKi values were 
calculated according to the Cheng-Prusoff equation43 from pIC50 values determined after 60 min of 
incubation time (c(3.1) = 1 nM, Kdglobal = 0.76 nM). cpKi values were obtained by global analysis of the 
data from FA experiments. dReported pKi values (except for W84) obtained from radioligand 
competition binding experiments with the radiolabeled antagonist [3H]NMS in different mammalian 
expression systems. For the allosteric M2R modulator W84, pKA values calculated according to the 
allosteric ternary complex model are shown61,64,68. 
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Figure 3.10: Correlation plots of affinities (pKi values) of reported MR ligands measured in different test 
systems. (A) Comparison of pKi values determined by BRET competition binding experiments and pKi 
values obtained from FA competition binding experiments. (B) Comparison of pKi values determined in 
the FA competition binding assay and pKi values from literature (determined by radioligand competition 
binding experiments with [3H]NMS. (C) Comparison of pKi values determined by BRET competition 
binding experiments and pKi values from literature (determined by radioligand competition binding 
experiments with [3H]NMS). Investigated agonists are presented as orange symbols, antagonists as blue 
symbols and the allosteric modulator W84 as a purple symbol. Solid red lines indicate Deming regression, 
whereas black dashed lines would represent a perfect agreement between the datasets. Error bars 
represent the SEM. 
 

The largest discrepancies were found for the investigated agonists (carbachol, oxotremorine and 

iperoxo): the pKi values from the FA assay were consistently lower than the pKi values from 

BRET or radioligand competition binding assays. This might be attributed to the differences in 

the used expression systems. Whereas mammalian G proteins are present in HEK293T cells 

(BRET assay), they are absent in BBVs (FA assay), if no additional co-transfection was 

performed. Consequently, active receptor conformations of the M2R, generally representing the 

high-affinity receptor state in terms of agonist binding,71,72 cannot be stabilized by G proteins in 

the Sf9/BBV expression system. This results in lower apparent pKi values for agonists in the FA 

assay (note: the M2R was additionally reported to couple only weakly, if at all, to insect G 

proteins73,74). 
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3.4 Conclusion 

To the best of our knowledge, this study represents the first direct comparison of FA and BRET 

binding assays at the same target using the same fluorescent probes, here shown for the M2R. 

The assays both allow for real-time measurements of ligand binding, even though they are based 

on different technical concepts. In this study, both fluorescence-based assays proved to be 

attractive alternatives to canonical binding assays, e.g. radioligand binding assays, as the 

affinities of fluorescently labeled and unlabeled receptor ligands could be reliably determined 

with a similar throughput. 

However, both methods exhibit some distinct advantages and disadvantages (cf. Table 3.4). To 

set up a BRET assay, the receptor of interest must be genetically modified, which potentially 

alters the receptor’s behavior. In contrast, the FA assay can be performed with unmodified 

receptors. Moreover, a luciferase substrate is needed for the BRET assay to monitor ligand 

binding, limiting the duration of the experiments. The BRET assay is mainly performed at whole 

live cells, whereas the FA assay is preferentially performed using membranes (here: receptors 

displayed on viral envelopes). The difference in receptor source might cause discrepancies in 

apparent ligand affinities, e.g. because of differences in membrane composition, membrane 

potential or the absence of G proteins. However, the BRET binding assay should in general also 

be feasible with luciferase-tagged receptors displayed on baculoviruses, which might allow the 

effect of different expression systems to be studied more directly in the future. The requirement 

of an external light source for the FA assay could, in contrast to the bioluminescence-based 

BRET assay, lead to photobleaching of the fluorescent ligands. In conjunction with the limitations 

concerning the fluorescence lifetime, this narrows the portfolio of fluorophores suitable for FA. 

Furthermore, the complexity of the data analysis for FA experiments requires specialized 

software and training. 

Nevertheless, both methods are superior to radioligand binding assays regarding the 

measurement of binding kinetics. They can be performed in a homogeneous manner without 

any separation or washing steps, allowing for higher throughput, and possess a better temporal 

resolution, which gives more detailed information about the binding behavior. For this study 

specifically, the acquired kinetic data suggested a complex binding mechanism of both ligands 

at the M2R, especially for 3.2. Since this was consistent in both assays, the observation is 

unlikely to be caused by any assay system artifacts (e.g. different assay principles, receptor 

sources or equipment). These observations need to be investigated in more detail in future 

studies. Hypothetically, effects of allosteric sites,75-77 the presence of multiple receptor 

populations arising from oligomerization78,79 or multi step binding mechanisms,80 which have all 

previously been observed in MR binding studies, might be involved. 
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Table 3.4: Advantages and disadvantages of the BRET binding assay and the FA binding assay 

 BRET binding assay FA binding assay 

Pros 

- homogeneous and easy-to-perform 

real-time assay 

- broad set of usable fluorophores 

- (preferentially) live cell-based assay 

that is closer to physiological 

conditions 

- simple data analysis 

- no external light source needed 

- homogeneous and easy-to-perform 

real-time assay 

- can be studied at both modified and 

wild type receptors 

- measurements over longer time 

periods possible 

- possibility of a direct determination 

of the receptor concentration 

- works for all receptors if a suitable 

fluorescent ligand is available 

Cons 

- receptors must be genetically 

modified 

- luciferase tag might alter ligand 

binding 

- must be optimized for every receptor 

- requirement for a luciferase substrate 

- duration of experiments is limited by 

substrate depletion 

- potential underestimation of non-

specific binding 

- smaller set of usable fluorophores 

(fluorescence lifetime as limiting 

factor) 

- receptors might behave differently in 

(viral) membranes 

- more complex data analysis 

- external light source might bleach 

the fluorophore 

- high non-specific binding can distort 

the assay results 
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4.1 Introduction 

G protein-coupled receptors (GPCRs) represent one of the largest protein families with more 

than 800 members encoded in the human genome.1 All GPCRs share many structural features, 

as they all consist of an extracellular N-terminus, an intracellular C-terminus and seven 

transmembrane domains, which are connected by three extracellular (ECL1-3) and three 

intracellular loops (ICL1-3).2,3 Due to their abundant expression in humans and their involvement 

in various (patho)physiological processes, GPCRs represent the most important target structure 

for therapy and drug discovery.4,5 A mandatory step in the development of novel drug candidates 

is the assessment of their binding properties to the target. In addition to the determination of 

affinities, the investigation of the kinetics of ligand binding is of particular interest.6-8 In the last 

decades, fluorescence-based techniques emerged as alternative or complementary methods to 

the widely used radioligand binding assays, as they offer distinct advantages, e.g. in terms of 

handling, safety and costs of waste disposal.9-11 Especially, methods exploiting resonance 

energy transfer (BRET or (TR-)FRET) gained popularity because of their high throughput 

capability, the low influence of non-specific binding and the possibility of performing kinetic 

measurements in real time without any separation steps.12-14 Stoddart et al. introduced a 

procedure to quantify binding of a fluorescent ligand based on BRET by fusing the very brightly 

blue light-emitting NanoLuc® (NLuc, λmax ≈ 460 nm)15 to the N-terminus of a receptor of interest 

to serve as a bioluminescent donor.16 Prerequisites for this technique to give robust results are 

an overlap of the excitation spectrum of the fluorescent ligand (acceptor) with the emission 

spectrum of the luciferase (donor), an appropriate distance (approx. < 10 nm) between donor 

and acceptor and their correct orientation towards each other.13 However, although this 

technique has been used successfully for the determination of binding affinities and binding 

kinetics at several GPCRs across different classes,17-22 we realized that it was not universally 

applicable for all receptors. While exploring possible reasons, we noticed that receptors, for 

which this approach failed, had comparatively long N-termini (> 40 amino acids). Therefore, it 

was the aim of this study to get a better understanding whether the N-terminus of the receptor 

affects the applicability of the approach described by Stoddart et al. based on an N-terminally 

NLuc-tagged receptor.16 Furthermore, we wanted to develop an alternative strategy for those 

receptors, for which the N-terminal fusion of NLuc did not result in functioning BRET binding 

assays. The neuropeptide Y Y1 receptor (Y1R) was first taken as a model receptor to address 

these questions due to its rather long N-terminus (44 amino acids) and an N-terminally NLuc-

tagged Y1R was generated to test the original approach.16 Due to the lack of a specific BRET 

signal, we examined the insertion of NLuc into unstructured regions within the ECL2 and ECL3 

of the Y1R, which ultimately enabled BRET binding experiments at this receptor. 
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The presented approach was then transferred to the neurotensin receptor 1 (NTS1R) comprising 

an N-terminus of 67 amino acids. Furthermore, the applicability was tested at two receptors with 

slightly shorter N-termini, the angiotensin II receptor type 1 (AT1R) and the M1 muscarinic 

acetylcholine receptor (M1R). For both receptors, the N-terminal fusion of NLuc resulted in 

specific BRET upon addition of a fluorescently labeled ligand, but the assays were either 

compromised by low signal-to-background (S/B) ratios or gave ligand affinities inconsistent with 

reference data from canonical assays. Besides the determination of the affinities of fluorescently 

labeled and unlabeled ligands to their target, we performed a detailed analysis of the binding 

kinetics of the fluorescent ligands with a focus on the NTS1R and the AT1R. 
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4.2 Materials and methods 

4.2.1 Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, fetal calf serum (FCS), HEPES and 

Triton X-100 were from Sigma-Aldrich (Munich, Germany). Trypsin/EDTA (0.05%/0.02%) was 

from Biochrom (Berlin, Germany). Leibovitz’ L-15 medium (L-15) and geneticin (G418) were from 

Fisher Scientific (Nidderau, Germany). Bovine serum albumin (BSA) and bacitracin were from 

SERVA Electrophoresis (Heidelberg, Germany). Furimazine (Nano-Glo® Live Cell Substrate) 

was purchased from Promega (Mannheim, Germany). The pcDNA3.1 vector was from Thermo 

Fisher (Nidderau, Germany). 

Alcuronium chloride (alc), atropine sulfate (atr), carbachol (CCh), iperoxo iodide (iper), N-methyl 

scopolamine bromide (NMS) and pirenzepine dihydrochloride (pir) were from Sigma-Aldrich 

(Munich, Germany). BMS193885, oxotremorine sesquifumarate (oxo), PD160170 and 

SR142948 (SR) were from Tocris Bioscience (Bristol, UK). Candesartan (can) and losartan 

potassium salt (los) were kindly provided by Hexal AG (Holzkirchen, Germany). Neurotensin(8-

13) (NT(8-13)) and porcine neuropeptide Y (pNPY) were from SynPeptide (Shanghai, China), 

whereas angiotensin II (ang II) was from Bachem (Bubendorf, Switzerland). The radioligand 

[3H]NMS (specific activity = 80 Ci/mmol) was purchased from American Radiolabeled Chemicals 

Inc. (St. Louis, MO, USA). The syntheses of UR-MK299 and the radioligand [3H]UR-MK299 as 

well as the syntheses of the radioligands [3H]UR-MK292 and [3H]UR-MK300 were reported 

elsewhere.23,24 Stock solutions of the fluorescent ligands were prepared in DMSO (Merck 

Millipore, Darmstadt, Germany) and stored in aliquots at -80 °C. Stock solutions of angiotensin 

II and NT(8-13) were prepared in a mixture of ethanol and 50 mM HCl (30:70). Stock solutions 

of the other competitive ligands were prepared in H2O or in DMSO, whenever the compound 

was insoluble in H2O. 

4.2.2 Generation of plasmids 

Plasmids containing the sequences of the investigated human GPCRs (neuropeptide Y Y1 

receptor (Y1R), neurotensin receptor 1 (NTS1R), angiotensin II receptor type 1 (AT1R) and M1 

muscarinic acetylcholine receptor (M1R)) were purchased from the cDNA Resource Center 

(Rolla, MO, USA). The vector encoding NanoLuc® (NLuc) was obtained from Promega 

(Mannheim, Germany). All constructs in this study were generated using standard PCR and 

restriction techniques. The vectors encoding the N-terminally NLuc-tagged receptors (Nterm) 

were prepared by exchanging the receptor sequence in the previously described pcDNA3.1 

NLuc-hH4R17 by the respective GPCR of interest. The pcDNA3.1 Y1R(Δ1-31) encoding NLuc 

fused to the N-terminus of a truncated Y1 receptor (lacking amino acids 1-31) was obtained 
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analogously. For the constructs with the luciferase being located within the ECLs, NLuc was 

integrated into the receptor sequence downstream of the indicated amino acids (e.g. pcDNA3.1 

Y1R(Y192): after the tyrosine in position 192). A short flexible linker sequence consisting of Gly 

and Ser was used to connect the luciferase to the receptor at both the 5’ and 3’ ends. The quality 

of all generated plasmids was verified by sequencing (Eurofins Genomics, Ebersberg, 

Germany). 

4.2.3 Cell culture and generation of stable transfectants 

HEK293T cells (kind gift from Prof. Dr. Wulf Schneider, Institute for Medical Microbiology and 

Hygiene, University of Regensburg, Germany) were cultivated in DMEM supplemented with 

2 mM L-glutamine and 10% FCS at 37 °C in a water-saturated atmosphere (containing 5% CO2). 

One day before transfection, the cells were seeded at a density of 3·105 cells/mL in 6-well plates 

(Sarstedt, Nümbrecht, Germany). On the following day, cells were transfected with 2 µg of the 

respective cDNA using X-tremeGENETM HP (Roche Diagnostics, Mannheim, Germany) as the 

transfection reagent (used according to manufacturer’s protocol). After two days, the transfected 

cells were detached by trypsinization, centrifuged (500 g, 5 min) and seeded on a 150 mm-cell 

culture dish (Sarstedt, Nümbrecht, Germany) in DMEM containing 10% FCS and G418 at a final 

concentration of 1 mg/mL. The medium was changed on a regular basis for 2-3 weeks until 

stable growth of cell colonies was observed. The culture of the stable transfectants was 

continued using G418 at a concentration of 600 µg/mL. All cells were regularly tested for 

mycoplasma infection using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, 

Germany) and were negative. 

4.2.4 Radioligand binding experiments 

Radioligand saturation binding experiments at intact, suspended HEK293T cells stably 

expressing the Y1R(Nterm), the Y1R(Δ1-31), the Y1R(Y192), the M1R(Nterm) or the M1R(G176) 

were performed according to a procedure described for CHO cells25 (also cf. Chapter 3) with the 

following minor modifications: After reaching approx. 80% confluency, the cells were detached 

from the cell culture flask by trypsinization. After centrifugation (400 g, 6 min), the cells were 

resuspended in L-15 medium with 1% BSA and the cell density was adjusted to 1.25·106 (for the 

Y1R constructs and the M1R(G176)) or 1.25·105 (for the M1R(Nterm)) cells/mL. [3H]UR-MK29923 

or [3H]NMS were used as radioligands for experiments at the Y1R constructs or M1R constructs, 

respectively. Non-specific binding was assessed in the presence of either BIBO3304 (for the 

Y1R constructs, 500-fold excess over each concentration of radioligand) or atropine (for the M1R 

constructs, 1000-fold excess over each concentration of radioligand). The wells were pre-filled 

with 20 µL of L-15 containing the respective radioligand (10-fold more concentrated than the 
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final assay concentration) and 20 µL of L-15 (total binding) or L-15 containing the suitable 

competitive ligand (non-specific binding). 160 µL of the concentration-adjusted cell suspension 

were added to the wells and the plate was incubated under gentle shaking at 23 °C for 90 min 

(for the Y1R constructs) or 3 h (for the M1R constructs), respectively. The following steps were 

performed as described in Chapter 3. 

Saturation binding experiments at the NTS1R(T227) and the AT1R(S186) were essentially 

conducted following a described protocol24 with modifications – in detail: saturation binding was 

investigated with [3H]UR-MK300 at intact HEK293T cells stably expressing the NTS1R(T227) 

and with [3H]UR-MK292 at intact HEK293T cells stably expressing the AT1R(S186). Experiments 

were performed at room temperature (rt) in white 96-well plates with clear bottom (Corning Inc., 

Tewksbury, MA, USA). One day before the experiment, the plates were treated with poly-D-

lysine hydrobromide (Sigma-Aldrich, Munich, Germany) for 10 min. Subsequently, the plates 

were washed once with PBS and left to dry overnight at rt. Dulbecco’s PBS (D-PBS) with Ca2+ 

and Mg2+ (1.8 mM CaCl2, 2.68 mM KCl, 1.47 mM KH2PO4, 3.98 mM MgSO4, 136.9 mM NaCl 

and 8.06 mM Na2HPO4), supplemented with 1% BSA and 100 μg/mL of the protease inhibitor 

bacitracin, served as binding buffer. Washing steps were performed using D-PBS at rt (prior to 

the incubation) or ice-cold (after incubation). Cells were seeded one day before the experiment 

in 100 µL of DMEM with 2 mM L-glutamine and 10% FCS at a density of 1·105 cells/well. On the 

day of the experiment, the culture medium was carefully removed using a multi-channel pipette 

(Transferpette S-12, Brand, Wertheim, Germany), the cells were washed once with D-PBS 

(200 μL) and covered with binding buffer (160 μL). For the assessment of total binding, 20 µL of 

binding buffer and 20 µL of binding buffer containing the radioligand (10-fold more concentrated 

than the final concentration) were added. Non-specific binding was determined in the presence 

of NT(8-13) (for the NTS1R(T227)) or angiotensin II (for the AT1R(S186)) in 500-fold excess over 

the respective concentration of the radioligand by adding binding buffer (20 μL) containing the 

competitor (10-fold more concentrated than the final concentration) and binding buffer (20 µL) 

containing the radioligand (10-fold more concentrated than the final concentration). The plates 

were then gently shaken at rt for 2 h. After incubation, the liquid was carefully removed using a 

multi-channel pipette, the cells were washed twice with ice-cold D-PBS (200 μL) and treated with 

a lysis solution (urea (8 M), acetic acid (3 M) and Triton X-100 (1%) in water) (25 μL). The plates 

were shaken for 20 min, a liquid scintillator (Ultima Gold (PerkinElmer, Waltham, MA, USA)) 

(200 μL) was added, and the plates were sealed with a transparent sealing tape (permanent 

seal for microplates, PerkinElmer, prod. no. 1450−461). Complete mixing of scintillator and lysis 

solution was achieved by turning the plates upside down multiple times. The plates were kept in 

the dark for at least 30 min prior to the measurement of the radioactivity (dpm) with a MicroBeta2 

plate counter (PerkinElmer, Rodgau, Germany). 
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Specific binding data from saturation binding experiments (in dpm) were plotted against the free 

radioligand concentration and fitted by an equation describing hyperbolic binding (“one site-

specific binding”, GraphPad Prism 8.0, GraphPad Software Inc., San Diego, CA, USA) yielding 

Kd and Bmax values. The free radioligand concentration was calculated as described by 

subtracting the concentration of specifically bound radioligand from the total radioligand 

concentration.24 Total and non-specific binding were analyzed simultaneously using the “one 

site-total and non-specific binding” model in Prism 8.0. The number of binding sites per cell was 

calculated from the Bmax values as described.24 Error propagation was performed as described 

in Chapter 2, whenever necessary. 

Radioligand competition binding experiments with [3H]UR-MK292 at intact CHO-AT1-Gα16-

mtAEQ cells were performed as described.24 Obtained data were analyzed by a four-parameter 

logistic equation (Prism 8.0) yielding pIC50 values. These were transformed into pKi values using 

the Cheng-Prusoff equation,26 for which the mean and SEM was calculated. 

4.2.5 BRET binding assay at intact HEK293T cells 

BRET binding experiments were essentially performed as described17 with the following minor 

modifications: one day prior to the experiment, HEK293T cells stably expressing the respective 

NLuc-receptor fusion construct were detached from the cell culture dish by trypsinization, 

centrifuged (500 g, 5 min) and resuspended in L-15 with 5% FCS and 10 mM HEPES (pH 7.4). 

After adjusting the cell density to 1.4·106 cells/mL, the cells were seeded in a volume of 70 µL 

per well into white 96-well plates (Brand, Wertheim, Germany) and incubated overnight in a 

water-saturated atmosphere (37 °C, no additional CO2). On the day of the experiment, serial 

dilutions of the fluorescent ligands and the competitors (all 10-fold more concentrated than the 

final assay concentration) were prepared in assay buffer consisting of L-15 medium with 10 mM 

HEPES (pH 7.4) and 2% BSA. 

For saturation binding experiments, 10 µL of assay buffer (total binding) or assay buffer 

containing the suitable competitive ligand (for the assessment of non-specific binding, for the 

Y1R: BIBO3304 in a 500-fold excess; for the NTS1R: SR142948 in a 100-fold excess; for the 

AT1R: candesartan in a 100-fold excess; for the M1R: atropine in a 500-fold excess; the excess 

always refers to the respective concentration of fluorescent ligand used) were added to the wells. 

Subsequently, 10 µL of a solution of the investigated fluorescent ligand (in varying 

concentrations) were added. After an incubation period of 60 min at 27 °C, 10 µL of the substrate 

furimazine (Nano-Glo® Live Cell Substrate, pre-diluted 1:1000 before use) were added and after 

an equilibration time of 5 min inside the plate reader (pre-warmed to 27 °C), the measurement 

was initiated. 
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For competition binding experiments at the Y1R(Y192), the Y1R(Q291), the NTS1R(T227) and 

the M1R(G176), 10 µL of a solution of the investigated competitive ligand (varying 

concentrations) and 10 µL of a solution of the suitable fluorescent ligand (for the 

Y1R(Y192)/Y1R(Q291): cfinal(4.1) = 0.5 nM; for the NTS1R(T227): cfinal(4.2) = 5 nM; for the 

M1R(G176): cfinal(3.5) = 5 nM) were added. For competition binding experiments at the 

AT1R(S186), the same volumes were used but the cells were preincubated with the competitor 

for 30 min before the addition of the fluorescent ligand 4.3 (cfinal = 10 nM). A positive control 

containing only fluorescent ligand and no competitor (100% value), as well as a solvent control 

(0% value) were included in every experiment. After an incubation period of 60 min at 27°C, 

10 µL of furimazine (Nano-Glo® Live Cell Substrate, pre-diluted 1:1000 before use) were added 

to the cells and after an equilibration for 5 min, the measurement was started. 

For kinetic saturation and competition binding experiments, 10 µL of the substrate furimazine 

(Nano-Glo® Live Cell Substrate, pre-diluted 1:1000 before use) and 10 µL of assay buffer (total 

binding) or assay buffer containing the suitable competitive ligand (non-specific binding and 

competition binding experiments) were added to the cells. After a short equilibration (5 min), 

10 µL of the solution of the investigated fluorescent ligand were added to the cells (final 

concentrations of the fluorescent ligands in competition binding experiments: see above) and 

the measurement was started immediately. For kinetic competition binding experiments at the 

AT1R(S186), the cells were preincubated with the competitive ligand for 30 min as described 

above prior to the addition of the substrate and the fluorescent ligand 4.3. 

For recording association and dissociation kinetics, 20 µL of assay buffer (total binding) or assay 

buffer containing the suitable competitive ligand (non-specific binding, for the Y1R(Y192): 

BIBP3226, cfinal = 500 nM; for the NTS1R(T227): SR142948, cfinal = 2.5 µM; for the AT1R(S186): 

candesartan, cfinal = 2.5 µM; for the M1R(G176): atropine, cfinal = 5 µM) were added to the cells. 

After the addition of 10 µL of furimazine (Nano-Glo® Live Cell Substrate, pre-diluted 1:1000 

before use), cells were equilibrated inside the thermostated plate reader (27 °C) for 5 min and 

the measurement was started. After the first cycle (t = 0 min), 50 µL of assay buffer containing 

the fluorescent ligands 4.1 (Y1R(Y192), cfinal = 0.5 nM), 4.2 (NTS1R(T227), cfinal = 10 nM), 4.3 

(AT1R(S186), cfinal = 10 nM) or 3.5 (M1R(G176), cfinal = 5 nM) were added via the injector module. 

Dissociation was initiated by the addition of 50 µL of assay buffer containing the suitable 

competitive ligand (for the Y1R(Y192): BIBP3226, cfinal = 500 nM; NTS1R(T227): SR142948, cfinal 

= 2.5 µM; AT1R(S186): candesartan, cfinal = 2.5 µM; M1R(G176): atropine, cfinal = 5 µM). 
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All BRET measurements were performed at a temperature of 27 °C using a TECAN GENiosPro 

or a TECAN InfiniteLumi plate reader (Tecan Austria GmbH, Grödig, Austria). The 

bioluminescence of the luciferase was detected using a 460 ± 50 nm band-pass (460/50BP, 

GENiosPro) filter or a 460 ± 35 nm band-pass (460/35BP, InfiniteLumi) filter. The emission 

originating from the fluorescent ligand was detected through a 610 nm long-pass (610LP) filter 

with both readers. Integration times for equilibrium experiments were set to 100 ms for both 

channels except for experiments at the Y1R(Y192), where a longer integration time (300 ms) 

was used for both channels. Kinetic saturation and competition binding experiments were 

monitored using an integration time of 1000 ms for the 610LP filter to reduce noise. 

For the determination of on-off-kinetics, the following integration times (460BP / 610LP) were 

used: Y1R(Y192): 1000 ms / 1000 ms, NTS1R(T227) and AT1R(S186): 100 ms / 500 ms, 

M1R(G176): 1000 ms / 1000 ms. 

Data analysis was performed using GraphPad Prism 8.0. The “raw BRET ratio” was calculated 

by dividing the emission detected through the 610LP filter by the emission detected through the 

460BP filter, as described in Chapters 2 and 3. A baseline correction was performed for all values 

by subtracting the BRET ratio of a buffer control, yielding “corrected BRET ratios”. For saturation 

binding experiments, total and non-specific binding were fitted simultaneously applying a one 

site binding model (“one site-total and non-specific binding”; Prism 8.0), which fits total binding 

by a hyperbolic curve and non-specific binding by linear regression. Specific binding was fitted 

by an equation describing hyperbolic binding (“one site-specific binding”, Prism 8.0), yielding Kd 

values. These were transformed into pKd values, for which means and SEMs were calculated. 

For competition binding experiments, the data were normalized to the BRET ratio obtained for a 

solvent control (0% value) and the BRET ratio obtained for wells containing fluorescent ligand 

but no competitor (100% value). The normalized data were then fitted by a four-parameter 

logistic equation (Prism 8.0). The obtained pIC50 values were subsequently transformed into pKi 

values by the Cheng-Prusoff equation26 and means and SEMs were calculated for the pKi 

values. 

Kinetic data were normalized to the BRET ratio before the addition of a fluorescent ligand (0%) 

and the maximal BRET ratio obtained after association reached a plateau (100%). The data from 

combined association and dissociation experiments were then analyzed by an “association then 

dissociation” fit (Prism 8.0) yielding estimates for kon, koff and Kd
kinetic values for each independent 

experiment. The obtained Kd
kinetic values were transformed into pKd

kinetic values for every 

experiment. Means and SEMs were calculated for the respective pKd
kinetic values. Wherever 

applicable, error propagation was performed as described in Chapter 2. 
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4.2.6 Preparation of HEK293T cell homogenates 

Cell homogenates of HEK293T cells stably expressing the AT1R(S186) or the NTS1R(T227) 

were prepared as described27 with the following minor modifications: after cell lysis and the 

centrifugation of the lysate (23 000 rpm, 45 min, 4 °C, Optima-L70-Preparative Ultracentrifuge, 

Beckmann Coulter, Munich, Germany), the pellet was resuspended in ice-cold binding buffer 

(50 mM Tris-HCl, 1 mM EDTA, pH 7.4) and homogenized using a 1 mL syringe (Injekt-F, B. 

Braun Melsungen AG, Melsungen, Germany) and a needle with 0.4 mm diameter (BD 

Microlance, Becton Dickinson, Heidelberg, Germany). The protein concentration was 

determined by the Bradford method and aliquots of the homogenates were stored at -80 °C until 

further use. 

4.2.7 BRET binding assay at HEK293T cell homogenates 

To perform kinetic BRET saturation binding experiments at cell homogenates of HEK293T cells 

stably expressing the AT1R(S186) or the NTS1R(T227), the respective homogenate was thawed 

and centrifuged (16 000 g, 4 °C, 10 min). The pellet was resuspended in ice-cool binding buffer 

and the protein concentration was adjusted to 1.5 µg/µL (AT1R(S186)) or 0.9 µg/µL 

(NTS1R(T227)). 10 µL of the concentration-adjusted cell homogenates were added to each well 

in a white 96-well plate (Brand, Wertheim, Germany) together with 60 µL of binding buffer. The 

assay was performed as described above following the protocol for BRET saturation binding 

experiments at intact cells using a Tecan GENiosPro plate reader. The integration times were 

set to 100 ms (460/50BP filter) and 500 ms (610LP filter). The data analysis was performed as 

described above for BRET saturation binding experiments at intact cells. 

  



Insertion of NanoLuc into the second extracellular loop as a complementary strategy to 
establish BRET binding assays for GPCRs 

101 

4.3 Results and discussion 

4.3.1 Search for a strategy to establish a BRET binding assay at the Y1R 

The approach to establish a BRET binding assay described by Stoddart et al.16 was pursued for 

the Y1R and NLuc was fused to its N-terminus (Y1R(Nterm)). However, no specific signal was 

detectable in BRET saturation binding experiments (Figure 4.1B) with the high-affinity 

fluorescent Y1R ligand UR-CM138 (4.1; for structure, see Figure 4.2). Membrane expression of 

the tagged receptor could be proven by radioligand saturation binding experiments with [3H]UR-

MK29923 (see Appendix Figure A13A). Furthermore, the retained ability of the radioligand to bind 

to the modified receptor with high affinity (see Appendix Table A1) ruled out an abrogation of 

receptor binding upon fusion with the luciferase. At this point, we hypothesized that shortening 

the N-terminal domain of the Y1R might lead to a BRET signal and saturable binding of the 

fluorescent ligand 4.1, since the efficiency of BRET is strongly dependent on the distance 

between donor and acceptor.13 As a model system to test this hypothesis, we utilized a Y1R 

deletion mutant described by Lindner et al.,28 lacking the first 31 amino acids. We removed those 

same amino acids from the N-terminus and fused NLuc to Asp32 via a short Gly/Ser linker 

yielding the construct Y1R(Δ1-31). Although the ability of this mutant to bind NPY was slightly 

impaired,28 it still represented the mutant that allows the greatest possible proximity between 

NLuc and the fluorophore. Interestingly, 4.1 was now able to elicit a specific and saturable signal 

in a BRET-based saturation binding experiment at the luciferase-tagged truncated Y1R (see 

Figure 4.1B) with a comparably high S/B ratio of 12.77 ± 0.17 (see Appendix Figure A14 and 

Table A2). However, the determined equilibrium dissociation constant (pKd ± SEM (4.1, Y1R(Δ1-

31) = 8.54 ± 0.05, cf. Table 4.1) was found to be inconsistent with the previously obtained results 

from radioligand competition binding studies at the wild-type Y1R (pKi ± SEM = 9.95 ± 0.01, cf. 

Table 4.1), although the radioligand [³H]UR-MK299 still showed saturable binding and a high 

affinity to the truncated and modified receptor (see Appendix Figure A13B and Table A1). 

In 2018, the structure of the human Y1R was published in complex with UR-MK299 (PDB-ID: 

5ZBQ),29 which represents the parent compound of the used fluorescent ligand 4.1. The crystal 

structure showed that the diphenylacetic acid moiety, which served as the attachment point for 

the fluorophore in 4.1 (see Figure 4.2), is pointing towards the extracellular region of the receptor 

(see Figure 4.1A). However, the N-terminus of the Y1R is comparably long in size (44 amino 

acids) and, even though this region of the receptor was not fully resolved, seems to be directed 

away from the ligand binding pocket. This might be an explanation why the N-terminal fusion of 

NLuc did not yield specific BRET (Figure 4.1B). The distance could apparently be reduced by 

truncation of the N-terminus, which resulted in a higher BRET signal, but compromised the 

binding of 4.1 to the receptor. 
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Figure 4.1: Influence of different attachment and insertion sites of NLuc at the Y1R on BRET-based 
binding. (A) Crystal structure of the Y1R in complex with UR-MK299 (PDB-ID: 5ZBQ).29 Receptor sites 
addressed by attachment or insertion of NLuc are indicated by different colors; the N-terminus was 
artificially extended for the illustration as it was not completely resolved in the structure. Structure 
visualization was done with UCSF Chimera.30 (B) Binding isotherms from BRET saturation binding 
experiments with 4.1 at HEK293T cells stably expressing the Y1R(Nterm), the Y1R(Δ1-31), the Y1R(Y192) 
or the Y1R(Q291). Non-specific binding was determined in the presence of a 500-fold excess of BIBO3304 
(over the respective concentration of 4.1). Data are shown as means (total and non-specific binding) or 
calculated values (specific binding) ± errors of one representative experiment from a set of three to four 
independent experiments, each performed in triplicate. Error bars of total and non-specific binding 
represent the SEM, the error bars of specific binding represent propagated errors. (C) Displacement 
curves from BRET competition binding experiments with 4.1 (c = 0.5 nM) and reported Y1R ligands at 
HEK293T cells stably expressing the Y1R(Y192) or the Y1R(Q291). Data are shown as means ± SEM 
from at least three independent experiments, each performed in triplicate. solv.: solvent control. 
 

Making use of the structure of the Y1R, we therefore pursued a different strategy: to get the 

luciferase in a more favorable position towards the fluorescent ligand, we inserted NLuc into 

unstructured regions within the second (ECL2) or third extracellular loop (ECL3) of the receptor 

after Tyr192 (Y1R(Y192)) or Gln291 (Y1R(Q291)), respectively. In BRET saturation binding 

experiments, 4.1 showed saturable binding at both the Y1R(Y192) and the Y1R(Q291) (see 
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Y1R(Y192)) = 9.62 ± 0.05; pKd ± SEM (4.1, Y1R(Q291)) = 9.54 ± 0.07) were now both in very 

good agreement with the results from radioligand competition binding experiments at unmodified 

Y1 receptors (cf. Table 4.1). The obtained BRET was more efficient for the Y1R(Q291), which 
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Interestingly, the S/B ratio obtained for the Y1R(Y192) was comparatively high considering the 

low number of receptors per cell estimated by radioligand saturation binding experiments 

(≈ 2500 receptors/cell, Appendix Figure A13C). This proves the sensitivity of the BRET-based 

approach in general, which has already been shown by establishing NLuc-based BRET binding 

assays at endogenously expressed receptors (e.g. adenosine A2B receptors) by means of 

genome editing.31 

Table 4.1: Equilibrium dissociation constants (pKd values) of the fluorescent Y1R ligand 4.1 obtained from 
BRET saturation binding experiments. 

Compound 
Receptor 

(construct) 
pKd (BRET)a N 

 pKi (radioligand 

comp. binding)b 

4.1 Y1R(wild-type) n.a. ---  9.95 ± 0.01 

 Y1R(Nterm) n.a. ---  n.d. 

 Y1R(Δ1-31) 8.54 ± 0.05 3  n.d. 

 Y1R(Y192) 9.62 ± 0.05 4  n.d. 

 Y1R(Q291) 9.54 ± 0.07 4  n.d. 

BRET competition binding experiments were performed with 4.1 and different structurally diverse 

Y1R ligands (for structures, see Appendix A15) at the Y1R(Y192) and the Y1R(Q291) (see Figure 

4.1C). The obtained affinities (pKi values) of the antagonists UR-MK299, BIBO3304, BIBP3226, 

BMS193885 and PD160170 were in very good agreement with data reported in literature (cf. 

Table 4.2 for the Y1R(Y192) and Appendix Table A3 for the Y1R(Q291)). Interestingly, the agonist 

pNPY was not able to displace the fluorescent tracer 4.1 from the Y1R(Q291) (Figure 4.1C, right). 

Apparently, the insertion of the luciferase into the ECL3 of the Y1R had a negative impact and 

disrupted the binding of pNPY. At the Y1R(Y192), pNPY was able to displace 4.1 from the 

receptor with a pKi of 7.49 ± 0.08 (Table 4.2). This is in accordance with data found in literature 

for competition binding experiments performed in buffers containing physiological 

concentrations of sodium ions.29,32,33 

  

aDetermined by BRET saturation binding experiments at intact HEK293T cells stably expressing the 
respective receptor construct. Data represent means ± SEM from N independent experiments 
performed in triplicate. bDetermined by radioligand competition binding experiments with [3H]UR-
MK299 (c = 0.15 nM; Kd = 0.044 nM) at SK-N-MC cells endogenously expressing the Y1R. Experiments 
were performed as described elsewhere.23 Value represents the mean ± SEM from three independent 
experiments performed in triplicate. n.a. not applicable. n.d. not determined. 
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Table 4.2: Binding data (pKi values) of standard Y1R ligands from BRET competition binding experiments 
with the fluorescent ligand 4.1 at the Y1R(Y192). 

Receptor 

construct 
Compound pKi (BRET)a N pKi (literature)b 

Y1R(Y192) pNPY 7.49 ± 0.08 5 7.78-9.7523,29,32-34 

 UR-MK299 10.20 ± 0.06 6 10.1123 

 BIBO3304 9.31 ± 0.11 5 8.76-9.6029,32,34 

 BIBP3226 8.38 ± 0.11 5 8.14-9.0023,29,34-36 

 BMS193885 8.23 ± 0.01 4 7.66-8.4829,37,38 

 PD160170 7.45 ± 0.05 5 7.3039, 7.3240 

4.3.2 Transfer of the novel strategy to other GPCRs (NTS1R, AT1R, M1R) 

Next, we investigated if the presented strategy, i.e. the insertion of NLuc into the extracellular 

loop region of a GPCR, might be generally applicable to establish BRET binding assays at 

GPCRs with “long” N-termini. Therefore, the approach was transferred to the NTS1R, which 

comprises an even longer N-terminus (67 amino acids) than the Y1R. Furthermore, the 

angiotensin II receptor type 1 (AT1R) with an N-terminus of 27 amino acids, and the M1 

muscarinic acetylcholine receptor (M1R), whose N-terminal domain has 24 amino acids, were 

investigated. Structural information was available for all three receptors,41-43 which allowed 

educated guessing of potential insertion sites by detecting unstructured regions within the 

extracellular loops and estimating the distance between the luciferase and the binding pocket 

(for snake plots of all generated constructs, see Appendix Figure A16). The NT(8-13) based 

NTS1R ligand 4.2,44 the angiotensin II-derived AT1R ligand 4.3 and the DIBA-derived MR ligand 

3.545 were used as fluorescent ligands (see Figure 4.2). All used ligands carried the fluorescence 

label Py-5 (4.4), as it was previously shown to be suitable for a combination with NLuc in BRET 

binding assays.17 

aDetermined by BRET competition binding experiments with 4.1 (c = 0.5 nM, Kd = 0.24 nM) at intact 
HEK293T cells stably expressing the Y1R(Y192). Data represent means ± SEM from N independent 
experiments, each performed in triplicate. bReference binding data (pKi values) from literature, which 
were obtained from radioactivity-based or fluorescence-based competition binding experiments at the 
Y1R devoid of the NLuc tag. 
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Figure 4.2: Structures of the investigated fluorescent ligands (3.5, 4.1-4.3) and the labeling reagent Py-5 
(4.4). 
 

By analogy with the results for the Y1R, no specific binding of 4.2 was observed in BRET 

saturation binding experiments at the N-terminally NLuc-tagged NTS1 receptor (NTS1R(Nterm), 

see Figure 4.3A). This observation additionally suggested that the length and orientation of the 

N-terminus of a given receptor play an important role in whether the N-terminal fusion of NLuc16 

results in a functioning BRET binding assay. According to our novel strategy, NLuc was inserted 

into the ECL2 of the NTS1R after Thr227 (NTS1R(T227)). Membrane localization and retained 

binding properties of the receptor-luciferase fusion protein were again confirmed by radioligand 

saturation binding. The radioligand [3H]UR-MK300 bound to the modified NTS1 receptor in a 

saturable manner with an affinity not more than half a log unit below the pKd values obtained at 

unmodified receptors (see Appendix Figure A13D and Table A1).24 In contrast to the 

NTS1R(Nterm), a specific BRET signal could be observed in BRET saturation binding 

experiments with 4.2 at the NTS1R(T227), stably expressed in HEK293T cells. Notably, several 

insertion sites located within the N-terminus and extracellular loops of the NTS1R were analyzed 

(see Appendix Figure A17) but only the NTS1R(T227) led to a specific signal and an affinity of 

4.2 comparable with literature-described values (pKd ± SEM (4.2, NTS1R(T227)) = 8.32 ± 0.08, 

cf. Table 4.3).44 Similarly, BRET competition binding experiments with 4.2 yielded pKi values for 

the reference agonist NT(8-13) and the antagonist SR142948 (for structures, see Appendix 

Figure A15) with no more than half an order of magnitude difference from data described in 

literature (cf. Table 4.4). 
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Figure 4.3: BRET binding experiments at the NTS1R (A), the AT1R (B) and the M1R (C). In the left and 
middle section of the figure, binding isotherms from saturation binding experiments with the fluorescent 
ligands 4.2 (A), 4.3 (B) or 3.5 (C) at HEK293T cells stably expressing the N-terminally NLuc-tagged 
receptors (NTS1R(Nterm) in A, AT1R(Nterm) in B or M1R(Nterm) in C) or the respective receptor 
constructs with NLuc inserted into the second extracellular loop (NTS1R(T227) in A, AT1R(S186) in B or 
M1R(G176) in C) are shown. Non-specific binding was assessed in the presence of an excess of 
SR142948 (A, 100-fold excess), candesartan (B, 100-fold excess) or atropine (C, 500-fold excess) (for all 
experiments: excess over the concentration of the fluorescent ligand). Data are shown as means (total 
and non-specific binding) or calculated values (specific binding) ± errors of one representative experiment 
from a set of at least three independent experiments, each performed in triplicate. Error bars of total and 
non-specific binding represent the SEM, whereas error bars of specific binding represent propagated 
errors. In the right section of the figure, displacement curves from BRET competition binding experiments 
with the fluorescent ligands 4.2 (A, c = 5 nM), 4.3 (B, c = 10 nM) or 3.5 (C, c = 5 nM) and standard ligands 
at the respective receptor construct, stably expressed in HEK293T cells, are shown. Data represent 
means ± SEM from at least four independent experiments, each performed in triplicate. solv.: solvent 
control. 
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We extended our approach to the AT1R and the M1R, which both have shorter N-terminal 

sequences (AT1R: 27 amino acids, M1R: 24 amino acids). 

As a BRET binding assay for the N-terminally NLuc-tagged AT1R (AT1R(Nterm)) has been 

reported,16 we expected that BRET saturation binding experiments with the angiotensin II-

derived ligand 4.3 would yield a concentration-dependent and saturable specific BRET signal 

(see Figure 4.3B). Interestingly, the pKd value for ligand 4.3 at the AT1R(Nterm) (pKd ± SEM (4.3, 

AT1R(Nterm)) = 7.24 ± 0.07) was not comparable with results from radioligand competition 

binding experiments at unmodified receptors (cf. Table 4.3). As the ECL2 was the insertion site 

for both the Y1R and the NTS1R, which showed the most convincing results, we followed this 

approach for the AT1R as well by introducing NLuc after Ser186 (AT1R(S186)). Ligand 4.3 

showed saturable binding to the modified receptor but, in comparison to the N-terminally tagged 

variant,16 bound with higher affinity (pKd ± SEM (4.3, AT1R(S186)) = 8.04 ± 0.08). Although being 

more in line with the data from radioligand competition binding experiments at unmodified AT1 

receptors, the obtained value was still slightly lower (cf. Table 4.3). The CHO cells used for the 

radioligand competition binding experiments were stably cotransfected with the Gα16 subunit, 

which stabilizes the present AT1Rs in an active receptor conformation, thus favoring agonist 

binding.46 This presumably led to a higher affinity estimate for 4.3, a compound derived from the 

endogenous AT1R agonist angiotensin II. The same explanation also holds true for the 

discrepancy between the pKd value of the radiolabeled agonist [3H]UR-MK292 from radioligand 

saturation binding experiments at the AT1R(S186) and the previously reported results from 

experiments at CHO-AT1R cells stably coexpressing Gα16 (see Appendix Figure A13E and Table 

A1).24 Another indication supporting this hypothesis are the BRET competition binding 

experiments with 4.3 and the agonist angiotensin II or the antagonists candesartan and losartan 

(Figure 4.3B, right panel; for structures, see Appendix Figure A15). The determined pKi values 

were in very good agreement with previously reported radioligand competition binding data (cf. 

Table 4.4), especially when comparing with affinities determined at cells devoid of the stably 

coexpressed Gα16 subunit.47-50 

BRET saturation binding experiments with the fluorescent ligand 3.5 at the N-terminally NLuc-

tagged M1 receptor (M1R(Nterm)) resulted in a specific BRET signal (Figure 4.3C) and a pKd 

value of 8.22 ± 0.06 (cf. Table 4.3), which was well comparable with results from radioligand 

competition binding experiments at unmodified receptors.45 Applying our novel strategy, NLuc 

was inserted into the ECL2 of the M1R after Gly176 (M1R(G176)). Compared to the results at 

the M1R(Nterm), a clear increase in S/B ratio (see Figure 4.3C, Appendix Figure A14 and Table 

A2) was observed. At the same time, the pKd value originating from BRET saturation binding 

experiments at the M1R(G176) (pKd ± SEM (3.5, M1R(G176)) = 8.65 ± 0.04) matched well with 
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the results at the M1R(Nterm) and with the pKi value from radioligand competition binding 

experiments (cf. Table 4.3).45 

The marked increase in S/B ratio can however not be explained by an increased membrane 

expression of the M1R(G176). By performing radioligand saturation binding experiments with 

[3H]NMS at both M1R constructs (see Appendix Figure A13F and A13G), it could be estimated 

that there were ≈ 40-fold more M1 receptor-specific binding sites in the HEK293T M1R(Nterm) 

cells (≈ 650 000 specific binding sites/cell) than in the HEK293T M1R(G176) cells (≈ 16 000 

specific binding sites/cell). Therefore, a more favorable position of the luciferase with respect to 

the bound fluorescent ligand is more likely to be responsible for the higher S/B ratio. The 

increase in S/B ratio by inserting NLuc into the ECL2 of the M1R could additionally be confirmed 

by BRET saturation binding experiments with the related TAMRA-labeled MR ligand 3.1 and the 

Py-1-labeled MR ligand 3.4 (see Appendix Figure A18 and Table A4). 

BRET competition binding experiments at the M1R(G176) with 3.5 and several reference ligands 

yielded pKi values in good agreement with reported data from literature (cf. Table 4.4). Even the 

allosteric modulator alcuronium could still bind to the M1R(G176) (see Figure 4.3C). 

Table 4.3: Equilibrium dissociation constants (pKd values) of the investigated fluorescent ligands 3.5, 4.2 
and 4.3 obtained from BRET saturation binding experiments. 

Compound Receptor (construct) pKd (BRET)a N 
pKi (radioligand 

comp. binding) 

4.2 NTS1R(wild-type) n.a. --- 8.89b, 9.12b 

 NTS1R(Nterm) n.a. --- n.d. 

 NTS1R(T227) 8.32 ± 0.08 4 n.d. 

     
4.3 AT1R(wild-type) n.a. --- 8.69 ± 0.04c 

 AT1R(Nterm) 7.24 ± 0.07 3 n.d. 

 AT1R(S186) 8.04 ± 0.08 5 n.d. 

     
3.5 M1R(wild-type) n.a. --- 8.31d 

 M1R(Nterm) 8.22 ± 0.06 5 n.d. 

 M1R(G176) 8.65 ± 0.04 4 n.d. 

  

aDetermined by BRET saturation binding experiments at intact HEK293T cells stably expressing the 
indicated receptor construct. Data represent means ± SEM from N independent experiments performed 
in triplicate. bKeller et al.24 cDetermined by radioligand competition binding experiments with [3H]UR-
MK292 (c = 1 nM, Kd = 0.94 nM) at intact CHO-AT1-Gα16-mtAEQ cells. Value represents mean ± SEM 
from two independent experiments performed in triplicate. dGruber et al.45 n.a. not applicable. n.d. not 
determined. 
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Table 4.4: Binding data (pKi values) of standard NTS1R, AT1R and M1R ligands from BRET competition 
binding experiments with 4.2 (NTS1R(T227)), 4.3 (AT1R(S186)) or 3.5 (M1R(G176)) at the indicated 
receptor construct. 

Receptor 

construct 
Compound pKi (BRET)a N pKi (literature)b 

NTS1R(T227) NT(8-13) 8.24 ± 0.16 4 8.27-9.8524,44,51-53 

 SR142948 7.93 ± 0.12 4 8.05-8.9924,44,51,54 

     
AT1R(S186) angiotensin II 8.15 ± 0.07 5 7.61-9.6224,47-50 

 candesartan 8.82 ± 0.04 5 8.46-10.2824,43,47-49 

 losartan 7.06 ± 0.05 4 7.23-8.0024,43,47,49,50 

     
M1R(G176) carbachol 3.89 ± 0.09 6 3.46-4.5255-60 

 oxotremorine 6.00 ± 0.11 5 5.48-5.8656,58,60 

 iperoxo 7.00 ± 0.07 6 6.4657 

 atropine 8.60 ± 0.09 6 8.50-9.7056,61-66 

 NMS 9.41 ± 0.03 5 9.49-10.2256,63,67 

 pirenzepine 7.91 ± 0.10 6 6.85-8.2956,61,64,65,68 

  

aDetermined by BRET competition binding experiments with 4.2 (NTS1R(T227), c = 5 nM, 
Kd = 4.82 nM), 4.3 (AT1R(S186), c = 10 nM, Kd = 9.02 nM) or 3.5 (M1R(G176), c = 5 nM, Kd = 2.23 nM) 
at intact HEK293T cells stably expressing the indicated receptor construct. Data represent means ± 
SEM from N independent experiments, each performed in triplicate. bReference binding data (pKi 
values) from literature determined by radioactivity-based or fluorescence-based competition binding 
experiments at the respective receptors devoid of the NLuc tag. 
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4.3.3 Investigation of the binding kinetics at the generated constructs 

One of the most useful characteristics of the BRET binding assay is the possibility to record the 

association and dissociation of fluorescent ligands in real time. Therefore, kinetic BRET binding 

experiments were conducted to obtain more information about the binding behavior of the 

fluorescent ligands 4.1-4.3 and 3.5 at their target receptor/NLuc fusion proteins (see Figure 4.4 

and Table 4.5). 

 

Figure 4.4: Association and dissociation kinetics (specific binding) of the fluorescent ligands 4.1 
(Y1R(Y192), c = 0.5 nM), 4.2 (NTS1R(T227)), c = 10 nM), 4.3 (AT1R(S186), c = 10 nM) and 3.5 
(M1R(G176), c = 5 nM) from kinetic BRET binding experiments at intact HEK293T cells stably expressing 
the respective construct (note: differing time scales). Association was initiated by the addition of the 
respective fluorescent ligand. Dissociation was initiated at the indicated timepoints by the addition of 
BIBP3226 (Y1R(Y192), c = 500 nM), SR142948 (NTS1R(T227)), c = 2.5 µM), candesartan (AT1R(S186), 
c = 2.5 µM) or atropine (M1R(G176), c = 5 µM). Data represent calculated values ± propagated errors and 
are representative of three independent experiments, each performed in triplicate. 
 

The fluorescent Y1R ligand 4.1 (c = 0.5 nM) showed an association to the Y1R(Y192) within 

60 min and very slow dissociation kinetics (≈ 40% were displaced after 4 h). The slow 

dissociation kinetics are presumably also responsible for the deviation of the kinetically derived 

dissociation constant (pKd
kinetic) from the results from equilibrium experiments (cf. Table 4.5). 

However, as described above, the slow dissociation of 4.1 from the receptor did not preclude 

the complete displacement of the fluorescent ligand in competition binding experiments and the 

determination of valid pKi values in good agreement with data from literature (cf. Table 4.2). 

Association of the fluorescent NTS1R ligand 4.2 (c = 10 nM) occurred rapidly within 2 min and 

the ligand could be displaced completely from the NTS1R(T227) within 10 min (see Figure 4.4). 

This finding was consistent with previous results from confocal microscopy experiments with 

similar fluorescent ligands.44 The fluorescent ligands 4.3 (c = 10 nM) and 3.5 (c = 5 nM) both 

showed a moderate association rate to their respective targets. After addition of a competitive 

ligand, both compounds could be displaced completely from their receptors within the observed 

time period (see Figure 4.4). The determined pKd
kinetic values were matching the respective pKd 

values from equilibrium saturation binding experiments. 
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Table 4.5: Kinetic constants of the fluorescent ligands 4.1-4.3 and 3.5 obtained from BRET-based binding 
experiments. 

Receptor 

construct 
Compound 

koff 

[min-1]a 

kon 

[nM-1 min-1]b 
pKdkinetic, c pKdequilibrium, d 

Y1R(Y192) 4.1 0.004 ± 0.0005 0.143 ± 0.005 10.62 ± 0.07 9.62 ± 0.05 

NTS1R(T227) 4.2 0.830 ± 0.051 0.120 ± 0.012 8.16 ± 0.07 8.32 ± 0.08 

AT1R(S186) 4.3 0.236 ± 0.008 0.077 ± 0.005 8.51 ± 0.04 8.04 ± 0.08 

M1R(G176) 3.5 0.178 ± 0.002 0.022 ± 0.007 8.04 ± 0.15 8.65 ± 0.04 

Interestingly, the association kinetics of ligands 4.2 and 4.3, when observing them for a longer 

time, showed a peak followed by a decrease in signal without the addition of a competitive ligand. 

In contrast, the kinetic traces of the antagonists 4.1 at the Y1R(Y192) and 3.5 at the M1R(G176) 

both reached a stable plateau (see Figure 4.5A). The qualitative curve shapes were independent 

of the used ligand concentration (see Appendix Figure A19 for exemplary kinetic traces of BRET 

saturation binding experiments). Similar effects were reported for BRET binding assays at the 

receptor tyrosine kinase VEGFR2 and were explained by agonist-dependent internalization of 

the receptor and subsequent dissociation of the ligand-receptor complex.69,70 Furthermore, 

immunostaining studies at the NTS1R and the AT1R indicated that agonist binding can cause 

internalization and that the ligand and the receptor are then located in different compartments 

within the cells.71,72 As the fluorescent ligands 4.2 and 4.3 are both putative agonists at their 

target, we assumed that this uncoupling of the ligand and the receptor after internalization was 

responsible for the observed signal decay in our BRET-based binding assay. To investigate this 

assumption, BRET saturation binding experiments were performed at cell homogenates of 

HEK293T cells stably expressing the NTS1R(T227) or the AT1R(S186), as receptor 

internalization cannot occur in cell homogenates. The fluorescent ligands 4.2 and 4.3 bound in 

a saturable manner to the homogenates and after association, the BRET signal was now stable 

over a longer period of time (see Appendix Figure A20). This indicates that the signal decay in 

Figure 4.5A was caused by internalization processes. It should be noted that the determined pKd 

values for 4.2 and 4.3 at the cell homogenates differed by around two log units from the results 

obtained using intact cells (cf. Appendix Table A5), presumably due to the uncoupling of the 

heterotrimeric G protein from the receptor in homogenates, which consequently resulted in a 

lower agonist affinity to the free receptor.73,74 

a-cDetermined by kinetic BRET binding experiments with 4.1 (c = 0.5 nM), 4.2 (c = 10 nM), 4.3 
(c = 10 nM) and 3.5 (c = 5 nM) at intact HEK293T cells stably expressing the indicated receptor 
construct; all kinetic parameters originate from three independent experiments performed in triplicate. 

aDissociation rate constant (koff) ± SEM. bAssociation rate constant (kon) ± SEM. cKinetically derived 
dissociation constant (Kdkinetic), which was transformed into the pKd value for each independent 
experiment; indicated values represent means ± SEM of the pKdkinetic values. dEquilibrium dissociation 
constants from BRET saturation binding experiments; values were taken from Tables 4.1 and 4.3, 
respectively, and renamed as pKdequilibrium for clarification. 



 
Chapter 4 

112 

The above-mentioned experiments hinted at a dissociation of receptor and fluorescent ligand 

after internalization. We hypothesized that it should be possible to abolish the remaining signal 

at any given timepoint by addition of a competitor, since the residual BRET should originate from 

fluorescent ligands binding to receptors at the cell surface. Therefore, further kinetic BRET 

binding experiments were performed in analogy to the experiments depicted in Figure 4.4. 

However, dissociation of the fluorescent ligands 4.2 or 4.3 was now initiated after different 

timepoints, when BRET already began to decrease (Figure 4.5B and 4.5C). Independent on the 

timepoint of dissociation initiation, both fluorescent ligands could be displaced completely from 

the NTS1R(T227) or the AT1R(S186) and each timepoint showed similar dissociation kinetics. 

Therefore, we concluded that the detected BRET signal originated from the ligand-bound 

receptors at the membrane and not from internalized receptors, which further confirmed the 

assumption that the receptor and the ligand dissociated after internalization. 

 

Figure 4.5: (A) Comparison of the association kinetics (specific binding) of the fluorescent ligands 4.1 
(Y1R(Y192), c = 0.5 nM), 4.2 (NTS1R(T227), c = 5 nM), 4.3 (AT1R(S186), c = 5 nM) and 3.5 (M1R(G176), 
c = 5 nM) from BRET binding experiments at intact HEK293T cells stably expressing the respective 
construct. (B, C) Dissociation of 4.2 (c = 10 nM) from the NTS1R(T227) (B) or 4.3 (c = 10 nM) from the 
AT1R(S186) (C). Dissociation was initiated after different timepoints (indicated by differently colored 
arrows) by the addition of SR142948 (B, c = 2.5 µM) or candesartan (C, c = 2.5 µM). Data represent 
calculated values ± propagated errors. Data shown are representative of at least three independent 
experiments, each performed in triplicate. Data in A were sampled from kinetic saturation binding 
experiments performed at the respective construct (see Appendix Figure A19). 
 

As expected, following the time course of BRET competition binding experiments at the 

NTS1R(T227) and the AT1R(S186) with 4.2 and 4.3 resulted in similar kinetic traces (see 

Appendix Figure A21A-E). However, despite the steady signal decrease over time, the pIC50 

values of the investigated competitive ligands determined at different time points, stabilized 

quickly (maximum: 45 min for losartan and angiotensin II) (see Appendix Figure A21F and 

A21G), suggesting equilibrium. 
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4.4 Conclusion 

Here we present a complementary approach to establish BRET binding assays for GPCRs by 

inserting the bioluminescent donor NLuc into the ECL2 of the receptor instead of fusing it to the 

N-terminus. This strategy proved especially useful for receptors with longer N-termini (exceeding 

40 amino acids), e.g. the Y1R and the NTS1R, as BRET-based binding assays with a specific 

signal and retained affinity of the fluorescent ligand were only possible with the herein presented 

approach. The strategy was also applicable to receptors with shorter N-terminal domains. For 

those receptors, when compared to the N-terminal fusion of NLuc, our approach resulted in an 

affinity estimate for the fluorescent ligand more in line with literature-described data, and/or a 

marked increase in S/B ratio because of a more favorable orientation/proximity of the luciferase 

towards the fluorescent acceptor. BRET competition binding experiments at all receptor 

constructs yielded affinity values comparable with literature-described data for several standard 

ligands. Kinetic BRET binding experiments with the agonistic ligands 4.2 and 4.3 at the 

NTS1R(T227) and the AT1R(S186), respectively, delivered association curves, which did not end 

in plateaus, but showed a decline after a peak was reached. This could be explained by receptor 

internalization, occurring in live cells, as plateau-reaching association curves could be obtained 

by BRET saturation binding experiments with 4.2 and 4.3 at cell homogenates.  

The herein presented approach should be of high value for the establishment of BRET binding 

assays for receptors, for which an N-terminal NLuc fusion delivers no or insufficient BRET upon 

addition of a fluorescent ligand. 
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5.1 Introduction 

G protein-coupled receptors (GPCRs) represent the largest family of membrane receptors and 

transduce various stimuli from the cellular environment, e.g. light, extracellular neurotransmitter 

or hormone release, into the cell.1 GPCR signaling occurs via two major pathways: as their name 

already indicates, one of them is mediated by heterotrimeric G proteins, while the other is based 

on the recruitment of β-arrestins to the receptor.2 Heterotrimeric G proteins consist of an α-

subunit as well as of a β- and a γ-subunit, the last two of which are present as a tightly associated 

complex.3,4 Upon receptor stimulation, a nucleotide exchange from GDP to GTP in the Gα 

subunit leads to the dissociation of the receptor/G protein complex and also to a release of the 

Gβγ dimer from the Gα subunit.5 Both can then activate or inhibit different effector proteins, e.g. 

adenylate cyclases,6 phospholipase C-β (PLC-β)7 or potassium channels.8 On the other hand, 

GPCR activation leads to the phosphorylation of serine and tyrosine residues at intracellular 

parts of the receptor, mainly mediated by G protein-coupled receptor kinases (GRKs) or second 

messenger-dependent kinases, such as protein kinases A or C.9,10 The phosphorylated 

receptors, especially in the case of GRK-mediated phosphorylation,11,12 have a high affinity for 

β-arrestins, which, in the first instance, prevent the coupling and activation of G proteins by 

sterical hindrance.9,13 Furthermore, β-arrestins can promote (clathrin-dependent) receptor 

endocytosis14 and can even initiate or regulate downstream signaling events, e.g. by helping 

proteins of the ERK signaling cascade to interact.15,16 

GRKs, belonging to the family of AGC kinases (named after protein kinases A, G and C), 

comprise seven subtypes in humans.17 These are subdivided into three subfamilies based on 

sequence homology: the GRK1 subfamily (GRK1 and GRK7), the GRK2 subfamily comprising 

GRK2 and GRK3, and the GRK4 subfamily containing GRK4, GRK5 and GRK6.18,19 GRK2, 

GRK3, GRK5 and GRK6 are ubiquitously expressed in various tissues of the human body.20,21 

In contrast, expression and action of GRK1 (rhodopsin kinase) and GRK7 is restricted to the 

visual system, and GRK4 shows a tissue-specific expression in testes, kidneys and the 

cerebellum.13,20 For this study, investigations were limited to GRK2 as it is ubiquitously 

expressed and was shown to target a broad range of GPCRs.20 It has been shown previously, 

e.g. by means of BRET22-28 and FRET29 that stimulation of different GPCRs leads to the 

translocation of GRK2 from the cytoplasm to the membrane-bound receptor.30 Membrane 

targeting of GRK2 is thereby mediated by its C-terminal pleckstrin homology (PH) domain, with 

which it binds to anionic phospholipids31,32 and interacts with the free, membrane-associated 

Gβγ dimer33,34 being available after receptor activation and dissociation of the heterotrimeric G 

protein. In terms of measuring GRK2 recruitment to GPCRs, literature reports either showed 

final concentration-response curves of agonists or merely the observation of recruitment kinetics 

for a single agonist concentration.22,24,26,27,29 
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In order to perform a more detailed and simultaneous analysis of the concentration- and time-

dependent recruitment of GRK2 to a GPCR, an approach based on the split luciferase 

complementation technique was pursued.35,36 For this purpose, GRK2 and the investigated 

GPCR were tagged with complementary, catalytically inactive fragments of the luciferase 

NanoLuc® (NLuc).35 The agonist-induced recruitment of GRK2 to the receptor brings the two 

luciferase fragments into close proximity, leading to refolding of a functional enzyme capable of 

catalyzing a bioluminescent reaction.36 We chose the blue light-emitting luciferase NLuc (λmax ≈ 

460 nm),37 as the short maturation time after the reversible complementation and its bright 

bioluminescence allow for real-time measurements at live cells.35 

Using the developed split luciferase-based assay, we determined and compared the kinetics of 

GRK2 recruitment to three different GPCRs, the M1 and M5 muscarinic acetylcholine receptors 

(M1R, M5R) and the neurotensin receptor 1 (NTS1R). For standard ligands of these GPCRs, 

kinetic time courses of GRK2 recruitment were determined. Furthermore, the effect of the 

selective GRK2/3 inhibitor Takeda compound101 (cmpd101)38 on GRK2 recruitment was 

investigated. 
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5.2 Materials and methods 

5.2.1 Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, fetal calf serum (FCS) and HEPES 

were purchased from Sigma-Aldrich (Munich, Germany). Trypsin/EDTA (0.05%/0.02%) was 

purchased from Biochrom (Berlin, Germany). Leibovitz’ L-15 medium (L-15) and geneticin 

(G418) were from Fisher Scientific (Nidderau, Germany), whereas zeocin was from InvivoGen 

(Toulouse, France). Furimazine (Nano-Glo® Live Cell Substrate) was purchased from Promega 

(Mannheim, Germany). The pcDNA3.1 and pcDNA4 vectors were from Thermo Fisher 

(Nidderau, Germany).  

Carbachol, iperoxo iodide, atropine sulfate and N-methyl scopolamine bromide (NMS) were from 

Sigma-Aldrich (Munich, Germany). NT(8-13) was from SynPeptide (Shanghai, China), whereas 

SR142948 and the GRK2/3 inhibitor Takeda compound101 (cmpd101) were from Tocris 

Bioscience (Bristol, UK). Structures of the investigated compounds can be found in the Appendix 

(Figure A22). The stock solution of NT(8-13) was prepared in a mixture of ethanol and 50 mM 

HCl (30:70). The other stock solutions were prepared in millipore H2O or DMSO (Merck, 

Millipore, Darmstadt) for SR142948 and cmpd101. 

5.2.2 Generation of plasmids 

All plasmids were generated by standard PCR and restriction techniques within the respective 

vector backbones. The receptor constructs M1R-NLucC, M5R-NLucC and NTS1R-NLucC 

encoding the respective human receptor C-terminally fused to the smaller luciferase fragment 

(NLucC) were described recently39 and were subcloned into the pcDNA3.1 vector backbone. The 

sequence for GRK2 (obtained by mRNA isolation from MCF-7 cells and following reverse 

transcription39) was subcloned into the pcDNA4 vector backbone. To generate the pcDNA4 

GRK2-NLucN, the sequence encoding the larger luciferase fragment (NLucN, obtained from 

Promega (Mannheim, Germany)) was attached C-terminally to the sequence of GRK2 via a 

flexible linker sequence (-GSSGGGGSGGGGSGGGG-). The quality of all plasmids was verified 

by sequencing (Eurofins Genomics, Ebersberg, Germany). 

5.2.3 Cell culture and generation of stable transfectants 

HEK293T cells were a kind gift from Prof. Dr. Wulf Schneider (Institute for Medical Microbiology 

and Hygiene, University Hospital Regensburg, Germany) and were maintained in DMEM, 

supplemented with 2 mM L-glutamine and 10% FCS, at 37 °C in a water-saturated atmosphere 

containing 5% CO2. To generate stable transfectants, cells were seeded at a density of 3·105 

cells/mL in a 6-well plate (Sarstedt, Nümbrecht, Germany). On the following day, cells were 
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transfected with 2 µg of the pcDNA4 GRK2-NLucN (also encoding a zeocin resistance gene) 

using the X-tremeGENETM HP transfection reagent (Roche Diagnostics, Mannheim, Germany) 

according to the manufacturer’s protocol. After two days of incubation, the cells were detached 

by trypsinization, centrifuged (500 g, 5 min), and seeded on a 150 mm-cell culture dish 

(Sarstedt, Nümbrecht, Germany). The cells were allowed to attach and zeocin was added at a 

final concentration of 400 µg/mL to select for stable transfectants. The medium was exchanged 

in regular intervals until a growth of stable colonies could be observed, and the cell culture was 

continued with a reduced zeocin concentration of 100 µg/mL. After subsequent transfection with 

the plasmid encoding one of the GPCR-NLucC constructs (also encoding a neomycin resistance 

gene), cells stably expressing both fusion proteins were obtained as described above in the 

presence of 100 µg/mL zeocin and 1 mg/mL G418. Cultivation of the stable double transfectants 

was then continued using 100 µg/mL zeocin and 600 µg/mL G418. Cells were tested regularly 

for mycoplasma infection using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, 

Berlin, Germany) and were negative. 

5.2.4 Split luciferase-based GRK2 recruitment assay 

One day before the experiment, cells stably expressing GRK2-NLucN and the respective GPCR-

NLucC construct, were detached from the culture flask (≈ 80% confluency) by trypsinization and 

centrifuged (500 g, 5 min). The cell pellet was resuspended in L-15 medium supplemented with 

5% FCS and 10 mM HEPES (pH 7.4). After adjusting the cell density to 1.25·106 cells/mL, 80 µL 

of the cell suspension were added to each well of a white 96-well plate (Brand, Wertheim, 

Germany) and the plates were incubated overnight at 37 °C in a water-saturated atmosphere 

(no additional CO2). 

For the investigation of agonists, 10 µL of the luciferase substrate furimazine (Nano-Glo® Live 

Cell Substrate, pre-diluted 1:100 before use) were added to each well and the plate was 

equilibrated for 5 min within the plate reader (pre-warmed to 37 °C), followed by measurement 

of the basal luminescence for 15 min (30 plate reads). 10 µL of a serial dilution of the investigated 

agonist (prepared in L-15 and pre-warmed to 37 °C) were added and the measurement of 

luminescence was continued for 45 min (90 plate reads). A solvent control (0% value) and a 

100% control (M1R, M5R: carbachol, NTS1R: NT(8-13); used in a concentration yielding the 

maximal response) were included in every experiment for normalization of the data. 

For the investigation of antagonists, 10 µL of a serial dilution of the investigated antagonist were 

added and cells were preincubated at 37 °C for 20 min followed by the addition of 10 µL of the 

substrate furimazine (Nano-Glo® Live Cell Substrate, pre-diluted 1:100 before use). After 5 min 

of equilibration inside the plate reader and measuring the basal luminescence as described 

above, 10 µL of a pre-warmed solution (37 °C) of the reference agonist (M1R, M5R: carbachol, 
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NTS1R: NT(8-13)) were added to the cells in a concentration approximately corresponding to its 

EC80 value (M1R: cfinal = 100 µM; M5R: cfinal = 3 µM; NTS1R: cfinal = 5 nM). The measurement was 

continued as described above for the agonist mode. Again, a solvent control (0% value) and a 

positive control (100% value), containing the agonist in the above-mentioned concentrations but 

no antagonist, were included for normalization purposes. 

To investigate the effects of the GRK2/3 inhibitor cmpd101 on GRK2 recruitment, cells were 

preincubated with the indicated concentrations of cmpd101 at 37 °C for 30 min. After the addition 

of furimazine and equilibration inside the plate reader, concentration-response curves of the 

respective agonists carbachol (M1R, M5R) or NT(8-13) (NTS1R) were recorded as described 

above. A concentration-response curve of the agonist in the absence of cmpd101 was included 

in every experiment as a control. 

All measurements were performed at 37 °C using an EnSpire plate reader (PerkinElmer, 

Rodgau, Germany) with an integration time of 100 ms per well. All data were analyzed using 

GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA). The detected 

luminescence values were corrected for inter-well variability by dividing each value by the mean 

of the last five datapoints obtained right before agonist addition. Subsequently, potential effects 

of the signal decay of NLuc37 were corrected by dividing all luminescence values by the values 

of the buffer control and the areas under the corrected curves (AUC) were calculated. Data 

(AUC) from agonist mode were normalized to the response of the solvent control (0% value) and 

the maximal response (100% value) induced by a high concentration of carbachol (M1R, M5R) 

or NT(8-13) (M1R: c = 1 mM; M5R: c = 10 µM; NTS1R: c = 1 µM). The 100% value from 

experiments with cmpd101 was set to the maximal response induced by the respective agonist 

in the absence of cmpd101. Normalized data were then analyzed by a four-parameter logistic 

equation yielding pEC50 and Emax values. Data from experiments with antagonists (AUC) were 

normalized to the response of the solvent control (0% value) and the response detected in the 

absence of antagonist (100% value). Normalized data were then fitted by a four-parameter 

logistic equation yielding pIC50 values, which were transformed into pKb values by the Cheng-

Prusoff equation.40 
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5.3 Results and discussion 

5.3.1 Assay principle and characterization of standard ligands 

First, we had to decide where 

to attach which luciferase 

fragment at the receptor and 

GRK2. As it had been shown 

that tagging the C-terminus of 

the GPCR with the larger 

luciferase fragment (NLucN) 

can affect receptor function, 

e.g. for the M5R,39 we used the 

constructs with the smaller C-

terminal fragment (NLucC) 

fused to the C-terminus of the 

receptor (M1R-NLucC, M5R-

NLucC and NTS1R-NLucC).39 

The complementary NLucN 

fragment was fused to the C-terminus of GRK2 (GRK2-NLucN), as C-terminal attachment of 

fluorescent proteins was reported to be tolerated by GRK2 with respect to its function.29,41 

Accordingly, HEK293T cells stably expressing GRK2-NLucN and one of the NLucC-tagged 

GPCRs (M1R-NLucC, M5R-NLucC or NTS1R-NLucC) were generated. In these cells, agonist-

mediated receptor stimulation should lead to an increase in luminescence signal upon 

recruitment of GRK2 to the receptor (Figure 5.1) due to restoration of the enzymatic activity of 

the luciferase. Making use of the possibility to perform live-cell measurements in real time 

(luciferase exhibits a short maturation time),35,39 we investigated the time course of GRK2 

recruitment upon agonist stimulation and potential differences between the investigated 

receptors. 

As shown in Figure 5.2, the M1R and the M5R both showed a very rapid concentration-dependent 

increase in luminescence, which reached a peak immediately (approximately 1 min) after 

addition of the agonist carbachol. After reaching the peak, the luminescence signal showed a 

fast decline and a plateau, higher than the baseline level, was reached after 15-20 min, 

potentially reflecting a steady-state between association of GRK2 to and dissociation from the 

receptor.23 

 

Figure 5.1: Schematic illustration of the assay principle. Activation 
of the receptor (e.g. by binding of an agonist) results in the 
translocation of GRK2 to the cell membrane. Upon binding of 
GRK2 to the receptor, the complementary luciferase fragments 
(C-terminal fragment fused to the C-terminus of the GPCR; N-
terminal fragment fused to the C-terminus of GRK2) refold and the 
catalytical activity of the luciferase is reversibly restored. 

agonist 

GRK2 

GRK2 

agonist 
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However, the NTS1R showed a different behavior: depending on the applied concentration of 

the agonist NT(8-13), the peak of the signal occurred at different times 

(Figure 5.2). Additionally, the obtained responses appeared to be more stable than the signals 

detected for the M1R and the M5R indicating a more persistent interaction. 

GPCRs can be categorized into class A and class B receptors according to the persistence of 

the receptor-β-arrestin complexes.42 The M1R and M5R were shown to belong to the class A 

receptors,39 which generally show a transient interaction with β-arrestins leading to a fast 

recycling of the receptors to the plasma membrane.43 In contrast, the NTS1R was classified as 

a class B receptor. These receptors show longer-lasting interactions with β-arrestins, resulting 

in the colocalization of β-arrestin and the receptor in endosomes44,45 and a higher tendency 

towards lysosomal degradative pathways.14 To the best of our knowledge, no such classification 

has been made for GPCRs in terms of their interaction with GRKs. However, the presented 

results suggested a differential interaction of receptors with GRKs as well, possibly being 

consistent with the β-arrestin-based classification.42 

 

Figure 5.2: Time courses of the agonist-induced GRK2 recruitment to the M1R-NLucC, the M5R-NLucC 
or the NTS1R-NLucC, monitored with the split luciferase-based GRK2 recruitment assay. Experiments 
were performed at HEK293T cells stably expressing GRK2-NLucN and the indicated GPCR-NLucC fusion 
proteins. The respective agonist was added in different concentrations at the timepoint t = 0 min. Data 
represent means ± SEM of one representative experiment from a set of at least three independent 
experiments, each performed in triplicate. For some datapoints, the error bars are the same size or smaller 
than the used symbols. 
 

After the initial evaluation of the luminescence time courses, concentration-response curves 

were generated for different reference agonists by calculating the areas under the curves (see 

Figures 5.2 and 5.3A), allowing the determination of agonistic potencies (pEC50 values) and 

efficacies (Emax values). Furthermore, antagonists were characterized by quantifying the 

inhibition of the luminescence signal induced by an ≈ EC80 concentration of the agonists 

carbachol (M1R, M5R) or NT(8-13) (NTS1R), yielding antagonistic potencies (pKb values). The 

determined values are summarized in Table 5.1. Because only few pharmacological data of 

receptor agonists and antagonists are available resulting from the quantification of GRK2 

recruitment to GPCRs, a comparison of the determined values with literature data is difficult. 
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However, assuming that GRK and β-arrestin recruitment assays should afford similar results, 

the determined parameters were compared with reported data determined in a split luciferase-

based β-arrestin recruitment assay (Table 5.1).39 

 

Figure 5.3: Characterization of reference ligands in the split luciferase-based GRK2 recruitment assay. 
Experiments were performed at HEK293T cells stably expressing GRK2-NLucN and the indicated GPCR, 
C-terminally fused to NLucC (M1R-NLucC, M5R-NLucC or NTS1R-NLucC). (A) Investigation of reference 
M1R, M5R and NTS1R agonists; data represent means ± SEM from at least four independent experiments 
performed in triplicate. (B) Inhibition of the response induced by the EC80 concentration of carbachol (M1R: 
c = 100 µM; M5R: c = 3 µM) or NT(8-13) (c = 5 nM) by reference antagonists; data represent means ± SEM 
from four independent experiments, each performed in triplicate. Corresponding pEC50 and Emax values 
(A) or pKb values (B) are shown in Table 5.1. solv.: solvent control. 
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5.3A) as previously determined in the β-arrestin2 recruitment assay.39 However, this is in 
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In this context, it is worth mentioning that GRK2 was shown to directly interact with the Gαq 

subunit,49 representing the preferred G protein for the M1R and M5R. Potentially, there are 

receptor-dependent differences in the extent or type of interaction between GRK2, the receptor 

and Gαq. A stronger interaction of GRK2 with the Gαq subunit upon stimulation of the M5R, 

compared to the M1R, could possibly explain the high similarities between the potencies 

determined in the GRK2 recruitment assay and the potencies determined for the Gαq signaling 

pathway. 

In the case of the NTS1R, the potency of the reference agonist NT(8-13) was well comparable 

with the results from the β-arrestin2 recruitment assay.39 For the standard NTS1R antagonist 

SR142928, the determined pKb value was slightly lower than the reported pKb value (β-arrestin2 

recruitment) (Table 5.1),39 whereas it was in good agreement with the pKi value from the BRET 

competition binding experiments described in Chapter 4. 

Table 5.1: pEC50 and Emax values of reference M1R, M5R and NTS1R agonists as well as pKb values of 
M1R, M5R and NTS1R antagonists determined in the split luciferase-based GRK2 recruitment assay. 

Receptor 

construct 
Compound 

GRK2 recruitment  
β-arrestin2 

recruitment 

pEC50a Emaxb N pKbc N  pEC50/(pKb)d 

M1R-NLucC carbachol 5.00 ± 0.12 1.00 5 n.a. ---  4.73 

 iperoxo 7.87 ± 0.04 1.40 ± 0.03 5 n.a. ---  7.74 

 atropine n.a. n.a. --- 8.19 ± 0.04 4  (8.73) 

 NMS n.a. n.a. --- 9.13 ± 0.10 4  (8.96) 

M5R-NLucC carbachol 6.76 ± 0.02 1.00 5 n.a. ---  5.37 

 iperoxo 9.33 ± 0.05 1.09 ± 0.03 5 n.a. ---  8.02 

 atropine n.a. n.a. --- 8.69 ± 0.05 4  (9.02) 

 NMS n.a. n.a. --- 9.80 ± 0.07 4  (9.32) 

NTS1R-NLucC NT(8-13) 8.70 ± 0.06 1.00 4 n.a. ---  8.96 

 SR142948 n.a. n.a. --- 7.57 ± 0.11 4  (8.30) 

  

aDetermined in the split luciferase-based GRK2 recruitment assay at HEK293T cells stably expressing 
GRK2-NLucN and the respective GPCR-NLucC construct; data represent means ± SEM from N 
independent experiments, each performed in triplicate. bEfficacy normalized to the maximal response 
(Emax = 1.00) induced by carbachol (M1R, M5R) or NT(8-13) (NTS1R); data represent means ± SEM 
from N independent experiments, each performed in triplicate. cDetermined by inhibition of the 
response induced by carbachol (M1R: c = 100 µM, EC50 = 10 µM; M5R: c = 3 µM, EC50 = 173 nM) or 
NT(8-13) (c = 5 nM, EC50 = 2 nM) in the split luciferase-based GRK2 recruitment assay; data represent 
means ± SEM from N independent experiments, each performed in triplicate. dLittmann et al.39 n.a.: not 
applicable. 
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5.3.2 Effect of the GRK2/3 inhibitor cmpd101 on GRK2 recruitment 

In order to study the effect of the selective GRK2/3 inhibitor cmpd10138 on the process of GRK2 

recruitment, HEK293T cells stably co-expressing a C-terminally NLucC-tagged GPCR and the 

C-terminally NLucN-tagged GRK2, were preincubated with different concentrations of cmpd101 

for 30 min prior to recording the concentration- and time-dependent bioluminescence signals 

upon stimulation with the agonists carbachol (M1R, M5R) or NT(8-13) (NTS1R) (see Figure 5.4). 

The highest applied concentration of cmpd101 was 30 µM. At higher concentrations, cmpd101 

can potentially affect M1R and M5R binding of carbachol as it was reported to displace the MR 

radioligand [3H]NMS from both receptors at high concentrations (> 30 µM).39 

Interestingly, different effects were observed depending on the investigated receptor: 

At the M1R, the GRK2/3 inhibitor decreased the maximal signal, but had no effect on the kinetics 

of GRK2 recruitment and only a slight effect on the determined potency of carbachol (see Figure 

5.4A). In the case of the M5R, cmpd101 caused a change in the kinetics of GRK2 recruitment, 

especially for high carbachol concentrations (see Figure 5.4B). The peak, which was observed 

immediately after agonist addition in the absence of cmpd101 (cf. Figure 5.2), was increasingly 

flattened in the presence of increasing concentrations of cmpd101 due to an elevation of the 

BRET signal measured after this peak. The shape of these time courses resembled the traces 

observed for low concentrations of carbachol at the M5R in the absence of cmpd101 (cf. Figure 

5.2). Furthermore, because all experiments were analyzed by calculating the area under the 

curve, the corresponding concentration-response curves of carbachol varied with respect to 

potency (pEC50) and the upper curve plateau (efficacy, Emax). In contrast, recruitment of GRK2 

to the NTS1R was only marginally affected by the presence of cmpd101. Consequently, the 

corresponding concentration-response curves of NT(8-13) were highly similar (Figure 5.4C). 

Different effects of cmpd101 on the recruitment of GRK2 to GPCRs have also been described 

in literature: for example, cmpd101 did not affect the concentration-dependent response in a 

BRET-based GRK2 recruitment assay at the dopamine D2 receptor.27 In contrast, cmpd101 

decreased recruitment of GRK2 to the µ-opioid receptor in a BRET-based assay.26 This 

observation led the authors to the conclusion that the µ-opioid receptor preferably interacts with 

GRK2 in its active conformation, as cmpd101 was reported to bind in the ATP binding site of the 

inactive kinase.38,50 It should be mentioned that the possibility of comparing reported data with 

our results is limited, as kinetic data are missing in the respective articles (only the effect of 

cmpd101 on the concentration-response curve or on the signal measured upon stimulation with 

only one individual agonist concentration were provided).26,27 
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In analogy with a FRET-based study to investigate the interaction between GRK2 and the M3R,29 

future studies should include GRK2 mutants. For example, kinase-deficient GRK2 variants 

(GRK2(K220R))51 or mutants with a reduced affinity for the Gβγ dimer (GRK2(R587Q)),33 which 

is involved in plasma membrane recruitment and the catalytic activity of GRK2,34 might help to 

gain a better understanding about GRK2/GPCR interactions. 

 

Figure 5.4: Effect of the GRK2/3 inhibitor cmpd101 on the recruitment of GRK2-NLucN to M1R-NLucC 
(A), M5R-NLucC (B) and NTS1R-NLucC (C), measured with the split luciferase-based GRK2 recruitment 
assay. Experiments were performed at HEK293T cells stably expressing GRK2-NLucN and the indicated 
GPCR-NLucC fusion proteins. Cells were preincubated (37 °C, 30 min) with the GRK2/3 inhibitor cmpd101 
used at the indicated concentrations, followed by the stimulation with different concentrations of the 
respective GPCR agonists (M1R and M5R: carbachol; NTS1R: NT(8-13)). Shown are the effects of 
cmpd101 on the kinetics of GRK2 recruitment and on the resulting concentration-response curves of the 
agonists. Signal time courses represent means ± SEM being representative of two (M1R) or three (M5R, 
NTS1R) independent experiments, each performed in triplicate. Data of the concentration-response curves 
represent means ± SEM from two (M1R) or three (M5R, NTS1R) independent experiments, each performed 
in triplicate. For some datapoints, the error bars are the same size or smaller than the used symbols. 
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5.4 Conclusion 

Here we present a split NLuc-based assay for the concentration- and time-dependent analysis 

of the recruitment of the G protein-coupled receptor kinase 2 (GRK2) to the M1R, M5R and 

NTS1R. This approach revealed differences in the kinetics of GRK2 recruitment to the receptor: 

whereas the luminescence signals obtained for M1R and M5R activation decreased rapidly after 

a sharp initial peak, the signal obtained upon activation of the NTS1R was more persistent (slow 

decline after the initial signal increase). The results suggested that GPCRs can potentially be 

classified according to their GRK2 recruitment behavior, in a similar manner as GPCRs have 

been grouped with regard to interactions with β-arrestins.42 Furthermore, it was demonstrated 

that the developed assay is also useful for the characterization of GPCR agonists and 

antagonists. Experiments with the GRK2/3 inhibitor cmpd101 suggested different interactions 

between the investigated GPCRs and GRK2 in terms of GRK2 recruitment kinetics.  

In future studies, the set of investigated GPCRs should be extended to verify a potential 

classification with respect to the kinetics of GRK2 recruitment. It would also be interesting to see 

whether pathway-biased ligands (in terms of G protein or β-arrestin recruitment) also show a 

bias with respect to GRK recruitment. Besides future studies including GRK2 mutants, the 

presented approach can also be transferred to other GRKs, such as GRK5 or GRK6. This may 

contribute to a better understanding of the role of various GRK subtypes, as recent studies 

suggested different functions of GRK2/3 on one side and GRK5/6 on the other side, promoting 

β-arrestin mediated GPCR endocytosis and β-arrestin dependent ERK signaling, 

respectively.52-54 
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The development of novel ligands for G protein-coupled receptors (GPCRs), representing 

important drug targets, requires the determination of ligand-receptor affinities. This has primarily 

been done by radioligand competition binding experiments. However, the use of radioligands is 

disadvantageous with respect to safety concerns, legal handling regulations and waste disposal. 

Thus, alternative and radioactivity-free methods for studying ligand-receptor binding are needed. 

Over the last decades, techniques using fluorescent ligands have emerged as a promising 

option. A recently reported luminescence-based binding assay makes use of the phenomenon 

of BRET (bioluminescence resonance energy transfer). The N-terminus of the receptor of 

interest was tagged with a small luciferase, which generates bioluminescence upon the addition 

of its substrate (e.g. furimazine). When a fluorescent ligand binds to the receptor, BRET can 

occur due to the close proximity of the luciferase and the fluorescent ligand. The BRET signal 

correlates with the amount of receptor-bound ligand and, in contrast to radioligand binding 

assays, ligand binding can be measured in real time with high temporal resolution. 

The aim of this thesis was the development of BRET-based binding assays for different GPCRs 

as alternative methods to radioligand binding assays. First, a BRET-based binding assay was 

developed for the histamine H2 receptor (H2R). For this purpose, the H2R, N-terminally fused to 

the NanoLuc® (NLuc), was stably expressed in HEK293T cells. Out of three differently labeled 

fluorescent H2R ligands, which were investigated in BRET saturation binding experiments, the 

Py-1-labeled ligand 2.1 turned out to be the most favorable in terms of ligand affinity and signal-

to-background (S/B) ratio. The receptor binding kinetics of 2.1 were studied in real time and 

competition binding experiments with 2.1 and several reported H2R ligands afforded H2R binding 

data in accordance with literature values. 

Furthermore, a BRET-based binding assay was developed for the M2 muscarinic acetylcholine 

receptor (M2R). Two TAMRA-labeled M2R ligands (3.1 and 3.2) were characterized by saturation 

binding, association and dissociation kinetic (in real time) and, for 3.1, competition binding 

experiments with standard MR ligands. As the fluorophore TAMRA is also suited for fluorescence 

anisotropy (FA) studies, the BRET-based M2R binding assay was compared with an FA-based 

real-time binding assay, also using 3.1 and 3.2 as probes. Both methods, representing different 

methodologies, yielded similar results (ligand binding affinities from saturation binding and 

competition binding studies). Kinetic data from both assays revealed a complex binding behavior 

for 3.1 and 3.2 (e.g. biphasic dissociation kinetics), being most pronounced for 3.2. 

In the case of the neuropeptide Y Y1 receptor (Y1R) or the neurotensin receptor 1 (NTS1R), both 

exhibiting long N-termini, application of the reported concept (N-terminal fusion of the GPCR to 

NLuc) failed to establish BRET-based binding assays for these receptors. Obviously, their longer 

N-termini led to an increased distance or an unfavorable position of the luciferase relative to the 

fluorescent ligand, precluding efficient BRET. 
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Therefore, an alternative strategy was developed by inserting the luciferase into the second 

extracellular loop of the Y1R and the NTS1R. This novel approach resulted in feasible BRET 

binding assays. The same strategy, which is considered a widely applicable method, was applied 

to two other GPCRs with comparably short N-termini, the angiotensin II receptor type 1 (AT1R) 

and the M1 muscarinic acetylcholine receptor (M1R). When compared with the N-terminally 

NLuc-tagged AT1R and M1R, insertion of NLuc into ECL2 of the receptors led to ligand affinities 

in better accordance with literature data, and/or higher S/B ratios. 

Finally, a split luciferase-based assay was developed to assess the recruitment of the G protein 

coupled receptor kinase 2 (GRK2) to three different receptors. Besides the possibility of 

generating concentration-response curves, the novel assay allowed analyzing GRK2 recruitment 

in a time-dependent manner. It revealed different recruitment kinetics for the NTS1R, which 

showed a more sustained interaction with GRK2, when compared with the M1R and the M5R, 

both showing a short-lasting interaction with GRK2. This suggested a potential classification of 

GPCRs based on their differential interaction with GRKs. 
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7.1 Appendix to Chapter 2 

 

Figure A1: Structures of the H2R ligands analyzed in Chapter 2. 

 

 

Figure A2: Effect of BSA on the total binding of the fluorescent ligand 2.1 in BRET-based binding 
experiments at intact HEK293T cells stably expressing the NLuc-H2R. Serial dilutions of 2.1 were prepared 
in two different buffers: one buffer (light blue) consisted of L-15 medium with 10 mM HEPES (pH 7.4); the 
other buffer (dark blue) consisted of L-15 medium with 10 mM HEPES (pH 7.4) and 2% BSA. The dilutions 
of the fluorescent ligand 2.1 were added to the cells and after a preincubation at 27 °C for 60 min, total 
binding was assessed as described in Chapter 2. When using the dilution buffer devoid of BSA, no 
saturable binding could be observed for 2.1, presumably due to adsorption of the fluorescent ligand to the 
plate material or the plastic vessels used for the dilutions. This could be prevented by the addition of 2% 
BSA. Shown data represent means ± SEM from a representative experiment performed in triplicate. For 
some datapoints, the error bars are shorter than the size of the symbol. 
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Figure A3: Displacement curves from radioligand competition binding experiments with the radioligand 
[3H]UR-DE2571 (c = 20 nM) and 2.1 (UR-KAT478), 2.2 (UR-KAT515) or 2.3 (UR-KAT514) using 
membrane preparations of Sf9 insect cells expressing the hH2R-Gsαs fusion protein. Data represent 
means ± SEM from at least three independent experiments, each performed in triplicate. 

 

 

Figure A4: Representative isotherms from flow cytometric saturation binding experiments with the 
fluorescent ligands 2.1-2.3 at intact HEK293T-hH2R-qs5-HA cells. Non-specific binding was determined 
in the presence of famotidine (300-fold excess over the respective concentration of fluorescent ligand). 
Used laser lines/emission filters: 2.1, 488 nm/670 ± 65 nm (Per-CP-Cy5.5 channel), 2.2, 
488 nm/585 ± 21 nm (PE channel); 2.3, 633 nm/660 ± 10 nm (APC channel). Data represent means (total 
and non-specific binding) or calculated values (specific binding) ± errors of a representative experiment 
from a set of three independent experiments, each performed in duplicate. Error bars of total and non-
specific binding represent the SEM. Error bars of specific binding represent propagated errors. 
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Figure A5: Functional characterization of the fluorescence-labeled H2R ligands 2.1-2.3 in a split 
luciferase-based β-arrestin2 recruitment assay performed at HEK293T-ARRB2-hH2R cells. (A) Agonist 
mode. Graphs display the compound-induced recruitment of β-arrestin2. Data represent means ± SEM 
from at least three independent experiments performed in triplicate. (B) Antagonist mode. Graphs display 
the inhibition of the response induced by the EC80 concentration of histamine (c = 8 µM). Data shown 
represent means ± SEM from at least three independent experiments, each performed in triplicate. 

 

 

 

Figure A6: Representative displacement curve from a BRET competition binding experiment with 2.1 
(c = 50 nM) and histamine at HEK293T cells, stably expressing the NLuc-H2R. Data represent means ± 
SEM of a representative experiment from a set of two independent experiments performed in triplicate. 
Data shown in A and B originate from the same experiment. In A, the obtained data were analyzed using 
a monophasic fit, whereas a biphasic fit was used instead in B. 
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7.2 Appendix to Chapter 3 

 

Figure A7: Overlay of the bioluminescence spectrum of NLuc with the excitation and corrected emission 
spectra of the investigated fluorescent MR ligands 3.1-3.8. Data of excitation and emission spectra were 
taken from She et al.2 and Gruber et al.3, respectively, and represent the spectra recorded in PBS + 1% 
BSA. The bioluminescence spectrum of NLuc was recorded according to a described procedure4 using 
HEK293T cells transiently transfected with the NLuc-M2R. 
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Figure A8: Heterogeneity of association and dissociation curves from kinetic BRET binding experiments 
at the NLuc-M2R, stably expressed in HEK293T cells. Association and dissociation curves of 3.1 (blue 
symbols, A and B; c = 2 nM) and 3.2 (green symbols, C and D; c = 2 nM) from representative experiments, 
performed in triplicate, are depicted. Data are shown as calculated values ± propagated errors. 
Monophasic fits are indicated by dashed black lines, biphasic fits as solid red lines. 
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Global kinetic modeling of FA binding experiments with the fluorescent MR ligand 3.1 

 

Figure A9: Time-dependent changes in FA and relative TFI upon binding of 3.1 to increasing 
concentrations of the M2R displayed on BBVs. The concentration of 3.1 was 2.5 nM (A, C) or 0.5 nM (B, 
D). Graphs show representative results of one of three independent experiments performed in duplicate. 
The global fit of the single binding site model under consideration of the change in relative quantum yield 
is indicated by the light blue lines (total binding) and grey surface (non-specific binding). The dark blue 
line (A, B) indicates the timepoint, when the dissociation was started by the addition of atropine (c = 8 µM). 
TFI was modeled only for the association kinetics due to the appearance of non-continuous changes to 
the TFI signal upon addition of the competitive ligand. The relative TFI axis was inverted for visualization 
purposes. 

 

 

Figure A10: Time-dependent changes in FA (A) and relative TFI (B) in competition binding experiments 
with 3.1 (c = 1 nM) and NMS. The used volume of baculovirus stock was 10 µL. Graphs show results of 
one representative experiment from a set of three independent experiments performed in duplicate. The 
global fit using the single binding site model under consideration of the change in relative quantum yield 
is indicated by the light blue surface for both the change in FA (A) and relative TFI (B). 
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Model for the global analysis of FA binding experiments with 3.1 

The model, which should be used for the global kinetic modeling of FA experiments, must be 

defined by a set of differential equations, which describe the rates of concentration changes for 

all components present in the reaction. Additionally, the concentrations of the components (e.g. 

free fluorescent ligand, fluorescent ligand-receptor complex, non-specifically bound fluorescent 

ligand) must be linked with measurement parameters such as FA, TFI or both. Events, such as 

the initiation of the dissociation reaction, can be defined. 

In the following section, the model used for the global analysis of the binding of 3.1 to the M2R 

is given. It is composed of the following components: 

R – free receptor; L – free fluorescent ligand; C – free competitive ligand 

RL – fluorescent ligand-receptor complex; RC – competitive ligand-receptor complex 

NBV – nonspecific binding sites on BBVs; V – added volume of BBVs 

NBVL – nonspecific binding sites in complex with the fluorescent ligand 

These components are involved in the following reversible chemical reactions: 

R1 = kf1*[L]*[R] – kr1*[RL]  , which describes the binding of the fluorescent 

ligand to the receptor. kf1 represents the respective 

forward reaction rate constant and kr1 the reverse 

reaction rate constant; 

R2 = kf2*[C]*[R]-kr2*[RC] , which describes the binding of a competitive ligand 

to the receptor. kf2 represents the respective 

forward reaction rate constant and kr2 the reverse 

reaction rate constant. 

R4 = kf4*[L]*[NBV]-kr4*[NBVL] , which describes the binding of the fluorescent 

ligand to nonspecific binding sites on BBVs. kf4 

represents the respective forward reaction rate 

constant and kr4 the reverse reaction rate constant; 

R5 = 1000*V , which converts the volume of added baculovirus 

stock into the concentration of the receptor and non-

specific binding sites. R5 is required for fitting Rstock 

(concentration of ligand-specific receptor binding 

sites in the stock solution) and NBstock (concentration 

of non-specific binding sites (NBV) in the stock 

solution). 
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The differential equations describing the concentration changes within the system are defined 

as: 

d[C]/dt = -R2 

d[L]/dt = -R1-R4 

d[R]/dt = -R1-R2+R5*Rstock 

d[RC]/dt = R2 

d[RL]/dt = R1 

d[NBV]/dt = -R4+R5*NBstock 

d[NBVL]/dt = R4 

d[V]/dt = -R5 

In addition to the kinetic parameters, the following model parameters were used: 

Afree  fluorescence anisotropy of the free fluorescent ligand 

ARL fluorescence anisotropy of the fluorescent ligand-receptor complex (RL) 

Anonspecific fluorescence anisotropy of the complex consisting of the fluorescent 

ligand bound to non-specific binding sites (NBVL) 

Rstock concentration of ligand-specific receptor binding sites (R) in the stock 

solution  

NBstock concentration of non-specific binding sites (NBV) in the stock solution  

QYRL relative quantum yield of the fluorescent ligand in the receptor-bound 

state (RL); the relative quantum yield of the free fluorescent ligand is 

considered to be equal to one. 

QYNBVL relative quantum yield of the fluorescent ligand bound to non-specific 

binding sites (NBVL); the relative quantum yield of the free fluorescent 

ligand is considered to be equal to one. 

Baseline baseline of the fluorescence intensity level after time-dependent dulling 

of the fluorescent ligand 

Dulling factor monoexponential decay constant corresponding to the rate of time-

dependent dulling of the fluorescent ligand 
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Screening parameter  specific screening parameter for total fluorescence intensity 

inside a particular well; should be fitted as a local parameter 

TFI conversion factor correlates total TFI to the used concentration of the 

fluorescent ligand; TFI value of 1 nM fluorescent ligand 

should be numerically equal to the TFI conversion factor. 

The model also defines several variables, which relate the concentrations of the different binding 

states of the fluorescent ligand to the FA and TFI measurements. 

timefactor = Baseline + (1-Baseline)*e-Dulling factor*time 

TFI = ([L]+[RL]*QYRL+[NBVL]*QYNBVL)*TFI conversion factor *timefactor 

*screening parameter 

TFIrelative = ([L]+[RL]*QYRL+[NBVL]*QYNBVL)+10-9 

For the calculation of experimental TFIrelative values, the following formula was used instead: 

TFIrelative  = TFI/(TFI conversion factor*timefactor*screening parameter) 

FA  = ([L]*Afree+[RL]*ARL*QYRL+[NBVL]*ANBVL*QYNBVL)/TFIrelative 

Starting values of all parameters were defined in the Aparecium software before the global fitting 

and were set equal to the experimental conditions in the specific well. 

Depending on the experimental design, different parameters can be accurately determined using 

this model. For example, FA saturation binding experiments allow the determination of kf1 and 

kr1 as well as Afree, ARL, ANBVL, QYRL and QYNBVL, whereas parameters that describe the 

competitive ligand, such as kf2 and kr2, are not determined. In contrast, by applying the global 

model to FA competition binding experiments, kf2 and kr2 can be determined quite accurately. 

Therefore, only the parameters that can be determined from the particular experiment should 

remain without prior constraints during the fitting procedure. 

For fitting FA saturation binding experiments, all model parameters were set free to take on 

different values, but only the ones that can be accurately determined were used for further 

analysis. The uncertainties were obtained by performing fit analysis (see Chapter 3). 
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The results from the global analysis of one representative FA saturation binding experiment with 

3.1 at the M2R are given in the following table: 

parameter value ± SD 

pKd 9.12 ± 0.04 

Dulling factor 0.048 ± 0.024 min-1 

Baseline 0.88 ± 0.03 

TFI conversion factor 27100 ± 900 nM-1 

QYNBVL 0.36 ± 0.09 

QYRL 0.717 ± 0.006 

NBstock 5100 ± 1900 nM 

Rstock 38.3 ± 1.8 nM 

Afree 0.0343 ± 0.0001 

ARL 0.1580 ± 0.0014 

ANBVL 0.27 ± 0.09 

kf1 0.0426 ± 0.0042 min-1 nM-1 

kr1 0.032 ± 0.001 min-1 

kf2 0.54 ± 0.18 min-1 nM-1 

kr2 16.2 ± 4.2 min-1 

kf4 9.6 ± 3.0 min-1 nM-1 

Similarly, a parameter estimation was performed for each FA competition binding experiment 

with 3.1. The global fit of FA from a representative competition binding experiment with 3.1 and 

NMS is depicted in Figure 3.8 in Chapter 3 and the global fit of both FA and relative TFI is shown 

in Figure A10. 
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Figure A11: Structures of the orthosteric and allosteric unlabeled MR ligands used in Chapter 3. 

 

 

Figure A12: Correlation between pKi values from FA competition binding experiments with 3.1 at the M2R, 
obtained by the means of global analysis or the Cheng-Prusoff equation (without consideration of ligand 
depletion or the change of quantum yield upon binding of 3.1).5 The solid red line represents Deming 
regression, the dashed black line represents a perfect correlation. Error bars represent the SEM. 
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7.3 Appendix to Chapter 4 

 

Figure A13: Binding isotherms from radioligand saturation binding experiments at intact, suspended 
HEK293T cells stably expressing the Y1R(Nterm) (A), Y1R(Δ1-31) (B), Y1R(Y192) (C), NTS1R(T227) (D), 
AT1R(S186) (E), M1R(Nterm) (F) or M1R(G176) (G). [3H]UR-MK2996 (A-C), [3H]UR-MK3007 (D), [3H]UR-
MK2927 (E) and [3H]NMS (F, G) were used as radioligands. Non-specific binding was measured in the 
presence of an excess of BIBO3304 (A-C; 500-fold excess), NT(8-13) (D; 500-fold excess), angiotensin 
II (E, 500-fold excess) or atropine (F, G; 1000-fold excess). The excess always refers to the respective 
radioligand concentration. Data represent means (total and non-specific binding) or calculated values 
(specific binding) ± errors and are representative of three independent experiments, each performed in 
triplicate. Error bars of total and non-specific binding represent the SEM, whereas error bars of specific 
binding represent propagated errors. The corresponding pKd values are listed in Table A1. 
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Table A1: Equilibrium dissociation constants (pKd values) of the radioligands [3H]UR-MK299, [3H]UR-
MK300, [3H]UR-MK292 and [3H]NMS from radioligand saturation binding experiments. 

Radioligand Receptor (construct) pKd N 

[3H]UR-MK299 Y1R(wild-type) 9.85a, 10.36a --- 

 Y1R(Nterm) 9.28 ± 0.04b 3 

 Y1R(Δ1-31) 9.45 ± 0.01b 3 

 Y1R(Y192) 9.78 ± 0.08b 3 

    
[3H]UR-MK300 NTS1R(wild-type) 9.24c, 9.29c --- 

 NTS1R(T227) 8.81 ± 0.11b 3 

    
[3H]UR-MK292 AT1R(wild-type) 9.03c --- 

 AT1R(S186) 8.30 ± 0.08b 3 

    
[3H]NMS  M1R(wild-type) 9.77d --- 

 M1R(Nterm) 9.80 ± 0.01b 3 

 M1R(G176) 9.37 ± 0.13b 3 

a,c,dIndicated pKd values represent values from literature and were determined by radioligand saturation 
binding experiments at unmodified (wild-type) receptors. aKeller et al.6 bDetermined by radioligand 
saturation binding experiments at intact, suspended HEK293T cells stably expressing the respective 
construct. Data represent means ± SEM from N independent experiments, each performed in triplicate. 
cKeller et al.7 dGruber et al.3. 
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Figure A14: S/B ratios from BRET saturation binding experiments with 4.1 (Y1R), 4.2 (NTS1R), 4.3 (AT1R) 
or 3.5 (M1R) at HEK293T cells stably expressing the indicated receptor/NLuc fusion protein. S/B ratios 
were calculated by dividing the maximal BRET ratio (specific binding) by the BRET ratio of a solvent 
control. Data represent means ± SEM from three to five independent experiments, each performed in 
triplicate. The corresponding numerical values are listed in Table A2. 

 

Table A2: S/B ratios from BRET saturation binding experiments with 4.1, 4.2, 4.3 or 3.5 at the indicated 
receptor construct, stably expressed in HEK293T cells. Shown values correspond to Figure A14. Data 
represent means ± SEM from N independent experiments, performed in triplicate. 

Compound Receptor construct S/B ratio N 

4.1 Y1R(Nterm) 1.03 ± 0.04 3 

 Y1R(Δ1-31) 12.77 ± 0.17 3 

 Y1R(Y192) 5.59 ± 0.38 4 

 Y1R(Q291) 18.81 ± 4.91 4 

    
4.2 NTS1R(Nterm) 1.06 ± 0.03 3 

 NTS1R(T227) 2.98 ± 0.66 4 

    
4.3 AT1R(Nterm) 3.48 ± 0.11 3 

 AT1R(S186) 4.71 ± 0.18 5 

    
3.5 M1R(Nterm) 1.87 ± 0.02 5 

 M1R(G176) 7.12 ± 0.66 4 
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Figure A15: Structures of the competitive ligands used in Chapter 4. 

 

Table A3: Binding data (pKi values) of reported Y1R antagonists from BRET competition binding 
experiments with 4.1 (c = 0.5 nM) at the Y1R(Q291). 

Compound pKi (BRET, Y1R(Q291))a N 

UR-MK299 10.06 ± 0.07 3 

BIBO3304 8.67 ± 0.23 3 

BIBP3226 7.99 ± 0.10 3 

Y
1
R 

NTS
1
R AT

1
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M
1
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neurotensin(8-13) 
(NT(8-13)) 

UR-MK299 
(MK299) 

BIBO3304 

BMS193885 PD160170 

BIBP3226 

carbachol 
(CCh) 

pirenzepine 
(pir) 

N-methyl scopolamine 
(NMS) 

oxotremorine 
(oxo) 

alcuronium 
(alc) 

iperoxo 
(iper) 

atropine 
(atr) 

SR142948 
(SR) 

angiotensin II 
(ang II) 

losartan 
(los) 

candesartan 
(can) 

aDetermined by BRET competition binding experiments with 4.1 (c = 0.5 nM, Kd = 0.29 nM) at the 
Y1R(Q291), stably expressed in HEK293T cells. Data represent means ± SEM from N independent 
experiments, each performed in triplicate. 
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Figure A16: Snake plots illustrating the secondary structure of the Y1R, NTS1R, AT1R and M1R. Source 
files for the snake plots were obtained from GPCRdb.8,9 Insertion of NLuc after the residues in blue yielded 
the receptor/NLuc fusion proteins, which resulted in working BRET binding assays (Y1R(Y192), 
NTS1R(T227), AT1R(S186), M1R(G176)). Constructs obtained by insertion of the luciferase after the red 
colored residues were omitted after an initial screening (see Figure 4.1 in Chapter 4 and Figure A17). 
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Figure A17: Exploration of other potential NLuc insertion sites at the NTS1R. The insertion sites were 
located within the N-terminus (A48), the second extracellular loop (R212, A214, G216) or the third 
extracellular loop (D331) of the NTS1R. For the NTS1R(A48), the NTS1R(A214) and the NTS1R(G216), 
HEK293T cells were transiently transfected with 2 µg of cDNA encoding the respective receptor/NLuc 
fusion protein. After two days of incubation, the cells were seeded and total binding was assessed as 
described in Chapter 4 using the fluorescent NTS1R ligand 4.2. For the NTS1R(R212) and the 
NTS1R(D331), stable transfectants were generated and investigated in saturation binding experiments 
with 4.2 according to the procedures described in Chapter 4. Data are presented as means (total and non-
specific binding) or calculated values (specific binding) ± errors of one representative experiment from a 
set of two to three independent experiments, each performed in triplicate. Error bars of total and non-
specific binding represent the SEM, whereas error bars for specific binding represent propagated errors. 
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Figure A18: Characterization of the fluorescence-labeled MR ligands 3.1 and 3.4 in BRET binding 
experiments at the M1R(Nterm) and the M1R(G176). (A) Structures of the TAMRA-labeled MR ligand 3.1 
(UR-CG072) and the Py-1-labeled MR ligand 3.4 (UR-CG074).3 (B, C) Binding isotherms from BRET 
saturation binding experiments with 3.1 (B) and 3.4 (C) at the M1R(Nterm) or the M1R(G176), stably 
expressed in HEK293T cells. Non-specific binding was measured in the presence of a 500-fold excess of 
atropine (over the respective concentration of fluorescent ligand). Data represent means (total and non-
specific binding) or calculated values (specific binding) ± errors of one representative experiment from a 
set of three independent experiments, each performed in triplicate. Error bars of total and non-specific 
binding represent the SEM, whereas error bars of specific binding represent propagated errors. 
Corresponding pKd values are listed in Table A4. (D) S/B ratios from BRET saturation binding experiments 
with 3.1 and 3.4 at the M1R(Nterm) (for 3.1: 3.64 ± 0.19; for 3.4: 1.60 ± 0.05) or the M1R(G176) (for 3.1: 
13.51 ± 1.39; for 3.4: 6.75 ± 0.28), stably expressed in HEK293T cells. Data represent means ± SEM from 
three independent experiments, performed in triplicate. 

 

Table A4: Equilibrium dissociation constants (pKd values) of the fluorescent ligands 3.1 and 3.4 from 
BRET saturation binding experiments at the M1R(Nterm) and the M1R(G176). 

Compound 
pKd 

(BRET, M1R(Nterm))a 
N  

pKd 

(BRET, M1R(G176))a 
N  

pKi (radioligand 

comp. binding)b 

3.1 7.68 ± 0.04 3  8.22 ± 0.03 3  8.21 

3.4 8.04 ± 0.04 3  8.60 ± 0.06 3  8.15 

 

N 

NH 

O 

N 

N N 

N 
H 

O 
H 
N 

O 

O 

O 

O 

N 

N 

O 

N 

NH 

O 

N 

N N 

N 
H 

O N 

O 

N 

3.1, UR-CG072 3.4, UR-CG074 

0 50 100 150 200 

0.000 

0.005 

0.010 

0.015 

total 

non-specific 

specific 

[3.1] / nM 
0 25 50 75 100 

0.000 

0.025 

0.050 

0.075 

[3.1] / nM 

total 

non-specific 
specific 

0 25 50 75 100 

0.000 

0.001 

0.002 

0.003 

[3.4] / nM 

total 

non-specific 
specific 

0 10 20 30 40 

0.000 

0.010 

0.020 

0.030 

[3.4] / nM 

total 

non-specific 

specific 

B 

D 

C 
M

1
R(Nterm) 

M
1
R(Nterm) M

1
R(G176) 

M
1
R(G176) 

A 

4 

8 

12 

16 

1 

M
1
R(Nterm) 

M
1
R(G176) 

3.1  
(UR-CG072) 

3.4  
(UR-CG074) 

aDetermined by BRET saturation binding experiments at HEK293T cells, stably expressing the 
M1R(Nterm) or the M1R(G176). Data are given as means ± SEM from N independent experiments, 
each performed in triplicate. bGruber et al.3. 
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Figure A19: Kinetic traces of the specific binding of the fluorescent ligands 4.1 (Y1R(Y192), A), 4.2 
(NTS1R(T227), B), 4.3 (AT1R(S186), C) and 3.5 (M1R(G176), D) obtained from (kinetic) BRET saturation 
binding experiments at intact HEK293T cells stably expressing the respective construct. The fluorescent 
ligands were added at the timepoint t = 0 min. Shown data represent calculated values ± propagated 
errors of a representative experiment from a set of at least three independent experiments, performed in 
triplicate. 
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Figure A20: Saturation binding experiments with 4.2 or 4.3 at cell homogenates of HEK293T cells stably 
expressing the NTS1R(T227) (A, B) or the AT1R(S186) (C, D). (A, C) Kinetic traces of the specific binding 
of 4.2 to the NTS1R(T227) (A) or 4.3 to the AT1R(S186) (C) obtained from BRET saturation binding 
experiments at cell homogenates of HEK293T cells stably expressing the respective receptor/NLuc fusion 
protein. The fluorescent ligands 4.2 or 4.3 were added at the timepoint t = 0 min. Data are shown as 
calculated values ± propagated errors and are representative of two independent experiments, each 
performed in triplicate. (B, D) Binding isotherms of 4.2 (B) and 4.3 (D) corresponding to the kinetic traces 
in A and C. Shown data represent values after the last measurement point. Data are presented as means 
(total and non-specific binding) or calculated values (specific binding) ± errors of one representative 
experiment from a set of two independent experiments, each performed in triplicate. Error bars of total 
and non-specific binding represent the SEM. Error bars of specific binding represent propagated errors. 
Corresponding pKd values are listed in Table A5. 

 

Table A5: Equilibrium dissociation constants (pKd values) of 4.2 and 4.3 obtained from BRET saturation 
binding experiments at cell homogenates of HEK293T cells expressing the NTS1R(T227) or the 
AT1R(S186). 

Receptor construct Compound pKd (cell homogenates)a N  pKd (intact cells)b N 

NTS1R(T227) 4.2 6.24 ± 0.12 2  8.32 ± 0.08 4 

AT1R(S186) 4.3 6.17 ± 0.10 2  8.04 ± 0.08 5 
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aDetermined by BRET saturation binding experiments at cell homogenates of HEK293T cells stably 
expressing the NTS1R(T227) (for ligand 4.2) or the AT1R(S186) (for ligand 4.3). Data represent means 
± SEM from N independent experiments performed in triplicate. bDetermined by BRET saturation 
binding experiments at intact HEK293T cells stably expressing the NTS1R(T227) (for ligand 4.2) or the 
AT1R(S186) (for ligand 4.3); values were taken from Table 4.3 in Chapter 4. Data are given as means 
± SEM from N independent experiments performed in triplicate. 
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Figure A21: Kinetic traces from BRET competition binding experiments at the NTS1R(T227) (A, B) or the 
AT1R(S186) (C-E), stably expressed in HEK293T cells. A and B show exemplary kinetic competition 
binding experiments with the fluorescent ligand 4.2 (c = 5 nM) and NT(8-13) (A) or SR142948 (B) at the 
NTS1R(T227). C-E show exemplary kinetic competition binding experiments with the fluorescent ligand 
4.3 (c = 10 nM) and angiotensin II (C), candesartan (D) or losartan (E) at the AT1R(S186). A solvent control 
(0% value) and a positive control (100% value, containing the fluorescent ligand 4.2 (A, B) or 4.3 (C-E) in 
the above-mentioned concentration but no competitor) were included in every experiment. The fluorescent 
ligands 4.2 (A, B) or 4.3 (C-E) were added at the timepoint t = 0 min. Data are presented as means ± SEM 
and are representative of at least two independent experiments performed in triplicate. (F, G) Time-
dependent change of the pIC50 values for the investigated NTS1R (F) and AT1R (G) ligands determined 
after each plate read. Shown data are derived from the kinetic BRET competition binding experiments 
shown in A-E. 
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7.4 Appendix to Chapter 5 

 

Figure A22. Structures of the compounds analyzed in Chapter 5. 
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7.5 Abbreviations 

460/35BP  460 ± 35 nm band-pass filter 

460/50BP  460 ± 50 nm band-pass filter 

5-HT3A  subunit A of the 5-hydroxytryptamin (serotonin) receptor type 3 

610LP  610 nm long-pass filter 

alc   alcuronium 

AMP  adenosine monophosphate 

ang II  angiotensin II 

approx.  approximately 

Asp  aspartate 

AT1R  angiotensin II receptor type 1 

AT1R(Nterm) AT1 receptor with NLuc fused to its N-terminus 

AT1R(S186) AT1 receptor with NLuc introduced after the serine in position 186 (ECL2) 

ATP  adenosine triphosphate 

atr   atropine 

AUC  area under the curve 

BBV  budded baculovirus 

Bmax  maximum number of binding sites 

BRET  bioluminescence resonance energy transfer 

BSA  bovine serum albumin 

BY630/650 BODIPY 630/650 (fluorescent dye) 

c   concentration 

cAMP  3’,5’-cyclic adenosine monophosphate 

can  candesartan 

CBG/CBR  engineered green/red click beetle luciferase from Pyrophorus 
plagiophthalamus (Germar, 1841) 

CCh  carbachol 

cDNA  complementary DNA (desoxyribonucleic acid) 

cfinal  final assay concentration 

CHO  Chinese hamster ovary cells 

Ci   Curie 

CLuc  luciferase from Cypridina noctiluca (Kajiyama 1912) 
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cmpd101  Takeda compound 101 

CNS  central nervous system 

comp. binding competition binding 

cpm  counts per minute 

Da   Dalton 

DIBA  dibenzodiazepinone 

DMEM  Dulbecco’s Modified Eagle’s Medium 

DMSO  dimethyl sulfoxide 

DxR  dopamine receptor, x denotes the respective subtypes 1-5 

D-PBS  Dulbecco’s phosphate-buffered saline 

dpm  disintegrations per minute 

DTT  dithiothreitol 

EC50  concentration of an agonist that induces 50% of its maximal response 

ECL  extracellular loop 

EDTA  ethylenediaminetetraacetic acid 

ELuc engineered “emerald luciferase” from the click beetle Pyrearinus 
termitilluminans (Costa, 1982) 

ELucN-ARRB2 fusion protein consisting of β-arrestin2 N-terminally fused to the N-terminal 
fragment of ELuc 

Emax  maximal response of a compound in a functional assay 

ERK  extracellular signal-regulated kinase 

FA   fluorescence anisotropy 

FCS  fetal calf serum 

FLuc  firefly luciferase from Photinus pyralis (Linneaus, 1767) 

FRET  Förster resonance energy transfer 

G418  geneticin 

Gαq or Gα16 G alpha subunit q or 16 

GDP  guanosine diphosphate 

GF/C  glass microfiber, grade C (fine) 

GFP  green fluorescent protein 

GLuc  luciferase from Gaussia princeps (Scott, 1894) 

Gln   glutamine 

Gly   glycine 
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GPCR  G protein-coupled receptor 

GRK  G protein-coupled receptor kinase 

GRK2-NLucN fusion protein consisting of GRK2 C-terminally fused to NLucN 

Gsαs  G alpha subunit s, short isoform 

GTP  guanosine triphosphate 

h   hour(s) 

HEK293T  human embryonic kidney cells 

HEPES  2-[4-(2-hydroxyethyl)-1-piperazin-1-yl]ethanesulfonic acid 

(h)HxR  (human) histamine receptor; x denotes the respective subtypes 1-4 

H2R-ELucC fusion protein consisting of the human histamine H2 receptor C-terminally 
fused to the C-terminal fragment of ELuc  

hH2R-Gsαs fusion protein consisting of the human histamine H2 receptor and the short 
isoform of the Gαs subunit 

IC50 (a) inhibitor concentration, which displaces 50% of a labeled compound 
from the binding site 

 (b) antagonist concentration, which suppresses 50% of an agonist induced 
response 

ICL   intracellular loop 

iper  iperoxo 

Kb equilibrium dissociation constant of a ligand determined in a functional 
assay 

Kd
(equilibrium) equilibrium dissociation constant determined in saturation binding 

experiments 

Kd
global  equilibrium dissociation constant obtained by global analyis 

Kd
kinetic  kinetically derived equilibrium dissociation constant  

Ki equilibrium dissociation constant of a ligand determined in competition 
binding experiments 

kobs   observed association rate constant 

koff   dissociation rate constant 

kon   association rate constant 

λmax  maximal emission wavelength (bioluminescence) 

L   liter 

L-15  Leibovitz’ L-15 medium 

los   losartan 

M   molar (mol/L) 
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M1R(G176) M1 muscarinic acetylcholine receptor with NLuc introduced after the 
glycine in position 176 

M1R-NLucC M1 muscarinic acetylcholine receptor C-terminally fused to the NLucC 
fragment 

M1R(Nterm) M1 muscarinic acetylcholine receptor with NLuc fused to its N-terminus 

M5R-NLucC M5 muscarinic acetylcholine receptor C-terminally fused to the NLucC 
fragment 

MAP mitogen-activated protein 

max. maximal 

MCF-7 human breast adenocarcinoma cell line 

min  minute(s) 

MOI  multiplicity of infection 

mol  mole(s) 

mRNA  messenger RNA (ribonucleic acid) 

MxR  muscarinic acetylcholine receptor, x denotes the respective subtypes 1-5 

NanoBiT®  NanoLuc® Binary Technology 

NLuc  NanoLuc®  luciferase 

NLucC  C-terminal, smaller NLuc fragment (11 amino acids) 

NLuc-H2R  human H2 receptor with NLuc fused to its N-terminus 

NLuc-M2R  M2 receptor with NLuc fused to its N-terminus 

NLucN  N-terminal, larger NLuc-fragment (159 amino acids) 

NMS  N-methyl scopolamine 

NT(8-13)  neurotensin (8-13) 

NTS1R  neurotensin receptor 1 

NTS1R(A48) NTS1 receptor with NLuc introduced after the alanine in position 48 

NTS1R(A214) NTS1 receptor with NLuc introduced after the alanine in position 214 

NTS1R(D331) NTS1 receptor with NLuc introduced after the aspartate in position 331 

NTS1R(G216) NTS1 receptor with NLuc introduced after the glycine in position 216 

NTS1R-NLucC NTS1 receptor C-terminally fused to the NLucC fragment 

NTS1R(Nterm) NTS1 receptor with NLuc fused to its N-terminus 

NTS1R(R212) NTS1 receptor with NLuc introduced after the arginine in position 212 

NTS1R(T227) NTS1 receptor with NLuc introduced after the threonine in position 227 

oxo  oxotremorine 
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PBS  phosphate-buffered saline 

PCR  polymerase chain reaction 

pir   pirenzepine 

PLC-β  phospholipase C-β 

(p)NPY  (porcine) neuropeptide Y 

PPi   pyrophosphate 

PPI  protein-protein interaction 

r   distance 

R2   squared Pearson correlation coefficient 

RET  resonance energy transfer 

RLuc  luciferase from the sea pansy Renilla reniformis (Pallas, 1766) 

RLuc8  RLuc mutant with increased light output and serum stability 

RLuc8.6-535 RLuc8 mutant with green emission maximum 

rpm  revolutions per minute 

rt   room temperature 

Rstock  concentration of ligand-specific receptor binding sites 

s   second(s) 

S/B ratio  signal-to-background ratio 

SD   standard deviation 

SEM  standard error of the mean 

Ser   serine 

Sf9   insect cell line from Spopoptera frugiperda (Smith, 1797) 

SK-N-MC human neuroblastoma cell line 

solv. solvent control 

SR   SR142948 

t   time 

TFI   total fluorescence intensity 

Thr   threonine 

TR-FRET  time-resolved Förster resonance energy transfer 

Tris  2-amino-2-(hydroxymethyl)propane-1,3-diol 

Tyr   tyrosine 

VEGFR2  vascular endothelial growth factor receptor 2 
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V   volume 

V(BBVstock) volume of the baculovirus stock suspension 

v/v   volume per volume 

Y1R  neuropeptide Y Y1 receptor 

Y1R(Δ1-31) truncated Y1 receptor, which lacks the first 31 amino acids, and has NLuc 
fused to the aspartate in position 32 

Y1R(Nterm) Y1 receptor with NLuc fused to its N-terminus 

Y1R(Y192)  Y1 receptor with NLuc introduced after the tyrosine in position 192 

Y1R(Q291) Y1 receptor with NLuc introduced after the glutamine in position 291 

YFP  yellow fluorescent protein 
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