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1.1. G Protein-Coupled Receptor Signaling  

1.1.1. G Protein-Coupled Receptors (GPCRs) 

G protein-coupled receptors (GPCRs) constitute one of the largest protein superfamilies in 

humans.1-3 As such, their major function is to transduce extracellular stimuli, such as by 

neurotransmitters and hormones or even olfactory and visual signals, into cellular responses.4-5 

Because they regulate numerous (patho)physiological processes, GPCRs play a central role in drug 

discovery and are targeted by approximately 30% of approved drugs.6 More than 800 GPCRs are 

encoded in the human genome that are categorized into 5 main families according to their 

sequence similarity:7 The rhodopsin (class A), secretin (class B), glutamate (class C), adhesion and 

frizzled (class F) receptor families, with the rhodopsin family representing the largest group with 

more than 700 members.7 Commonly, GPCRs consist of 7 α-helical transmembrane domains (TM) 

separated by three extracellular and three intracellular loops, with the N-terminus located on the 

extracellular and the C-terminus located on the intracellular side.8-10 Interestingly, many GPCRs 

tend to form dimers or even higher order oligomers in intact cells.11-14  

 

 
Figure 1.1. Schematic illustration of GPCR activation and intracellular coupling to a heterotrimeric G protein.  
A) Binding of the agonist leads to a conformational change of the GPCR, which is accompanied by contraction 
of the orthosteric binding pocket and outward movement of TM6. This opens an intracellular binding site for 
subsequent interaction with signal transducers, traditionally heterotrimeric G proteins. B) The agonist-bound active 
GPCR (dark blue) couples mainly to Gα (light blue) diving into the intracellular binding cavity of the receptor. Gβ 
(dark gray) and Gγ (light gray) support the conformation of Gα by binding to its N-terminus. Structural coordinates 
were taken representatively from three-dimensional structures of the inactive β2-adrenoceptor (β2AR) (pdb-
id.: 6PS5) and the active, isoprenaline-bound β2AR in complex with Gαsβ1γ2 (pdb-id.: 7DHR) and processed using 
UCSF Chimera (version 1.16). 
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The activation of a GPCR upon ligand binding to the orthosteric (or allosteric) binding site leads to 

conformational changes, which enable the interaction with intracellular proteins and thus 

triggering a signal cascade. More specifically, the orthosteric binding site is a pocket within the 

extracellular side of the receptor, principally formed by TM3, TM5, TM6 and TM7.15 Depending on 

the modality of the ligand, the orthosteric binding site undergoes distinct conformational changes 

after ligand binding: Starting from the ground state of the receptor, this leads to contraction for full 

and partial agonists (Figure 1.1A), while inverse agonists promote the opposite, an expansion.16-17 

Associated with this are global conformational changes,15 such as the outward movement of TM6, 

which opens an intracellular binding site for signal transducers such as G proteins (Figure 1.1B) and 

β-arrestins.18-21 Remarkably, ligand binding elicits unique receptor conformations that favor 

coupling to specific G proteins22-23 or β-arrestins.24 For example, the agonist (R,R)-fenoterol has been 

identified to preferentially activate Gs signaling, whereas its R,S isomer was able to stimulate both 

Gs and Gi proteins via the β2AR.25 

1.1.2. The G Protein Pathway 

1.1.2.1. The Heterotrimeric G Protein Activation Cycle 

In the classical view of GPCR signaling, G proteins are intermediates between the receptors 

expressed at the cell surface and intracellular effectors, therefore referred to as “molecular 

switches”.26-27 Turning on and off distinct intracellular signaling cascades in response to extracellular 

stimuli is principally coordinated by the activation or rather inactivation of heterotrimeric G proteins 

consisting of α, β and γ subunits.28-29 More specifically, Gα comprises two conserved domains, the 

GTPase domain and the helical domain.30 The β and γ subunits form a tightly associated dimer, 

which binds to the N-terminal region of Gα.31-32 Of these constituents, Gα and Gγ are N-terminally 

attached to the cell membrane by post-translational modification, such as palmitoylation or 

myristoylation (Gα) and isoprenylation (Gγ).33 

In the inactive state, G proteins exist as heterotrimers with Gα bound to GDP.34 Activation of a 

G protein (Figure 1.2) involves the exchange of GDP for GTP35-36 and the release of Gβγ in response 

to conformational changes at Gα.3,37-38 Both components then are capable of activating 

intracellular effectors.39-40 The intrinsic GTPase activity of Gα promotes GTP hydrolysis to GDP, 

thereby allowing Gβγ to return to Gα and thus the recovery of the heterotrimeric protein 

complex.30,41 In the cellular context, the biochemical processes of both, G protein activation and 

inactivation, are tightly regulated by accessory proteins.42 Guanine exchange factors (GEFs) 

encompassing activated GPCRs increase the rate of nucleotide exchange at Gα.43 In contrast, 

GTPase-accelerating proteins (GAPs),44 such as regulators of G protein signaling (RGS)  

proteins,45-47 accelerate the hydrolysis of GTP, which is generally considered as the rate-limiting step 
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of G protein activation,48 and guanine nucleotide dissociation inhibitors (GDIs) lock Gα in the GDP-

bound state.49-50  

1.1.2.2. G Protein-Dependent Signaling 

Typically, agonist-mediated activation of GPCRs followed by G proteins elicits distinct intracellular 

signaling pathways, the onset of which is essentially determined by Gα. Strikingly, in contrast to the 

vast array of genes encoding cell surface GPCRs,7 the human genome contains only 16 genes for 

Gα, 5 genes for Gβ, and 12 genes for Gγ.51 On the basis of amino acid similarities, Gα isoforms have 

been clustered into four main families, Gαs, Gαi/o, Gαq/11 and Gα12/13.52 In this thesis, Gs, Gi/o, 

Gq/11, or G12/13 always will refer to the heterotrimeric G protein, whereas specific G protein α 

subunits will be specified as Gα.  

The isoforms of two G proteins families, Gs and Gi/o, convert extracellular signals into cellular 

responses by interacting with membrane-bound adenylyl cyclase (AC).53-54 However, while Gαs 

proteins stimulate AC, thereby catalyzing the formation of cAMP from ATP, Gαi/o proteins inhibit 

this reaction.55-56 The second messenger cAMP in turn activates protein kinase A (PKA) which 

directly phosphorylates the cAMP-response element-binding protein (CREB) regulating gene 

transcription in addition to many metabolic enzymes.57-58 Gαq/11 proteins activate phospholipase 

C-β (PLC-β) and thus catalyze the hydrolysis of phosphatidyl-4,5-bisphosphate (PIP2) to inositol-1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG) at the plasma membrane.59-60 While intracellular DAG 

activates protein kinase C (PKC), IP3 leads to the release of Ca2+ from intracellular stores.61-63 In the 

Gq/11 pathway, another protein kinase, PKG, is activated by Ca2+-mediated cGMP formation 

involving calmodulin and guanylyl cyclase.64 In addition to the phosphorylation of proteins involved 

in mitogenesis, cell proliferation, and apoptosis,65 the activation of Gq/11 ultimately regulates gene 

transcription.66 The fourth G protein-dependent signaling pathway is initiated by Gα12/13 proteins 

that activate Rho GTPases.67-68 These small monomeric G proteins bind to a plethora of effector 

proteins, the activation of which is involved in the regulation of gene transcription and cell 

Figure 1.2. G protein activation cycle. Agonist (A)-
mediated receptor activation (R*) promotes GDP 
exchange for GTP at Gα. The activated G protein 
subsequently dissociates into GTP-Gα and Gβγ, each 
capable of activating downstream effectors. GTP 
hydrolysis (GTP  GDP + Pi) restores the inactive 
G protein. While GTPase accelerating proteins (GAP) 
and GDP dissociation inhibitors (GDI) promote the 
inactive G protein conformation by either increasing 
GTP hydrolysis rate or preventing nucleotide exchange, 
activated receptors (R*) and other guanine nucleotide 
exchange factors (GEF) enhance G protein activation. 
Adapted from Oldham and Hamm (2008).27 
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physiology, such as embryonal development, oncogenesis, and cancer metastasis.69 Notably, 

G12/13 proteins are overexpressed in many cancers and thus may serve as prognostic factors.70  

1.1.3. The β-Arrestin Pathway 

Initially, β-arrestin function was described as “arresting” G protein-mediated signaling, which is also 

referred to as receptor desensitization.71-72 G proteins and β-arrestins engage the same 

cytoplasmatic binding pocket and thus bind competitively to GPCRs.18-20,73-75 Nevertheless,  

β-arrestin binding requires phosphorylation on serine and threonine residues at the intracellular 

loops and C-terminus of the GPCR,76 which can occur by G protein-coupled receptor kinases 

(GRKs) upon receptor activation (homologous desensitization)77-78 or other protein kinases, such as 

PKA or PKC (heterologous desensitization).79-81 Pivotal to the desensitization mechanism is that  

β-arrestin binding creates a steric hindrance, which prevents further G protein activation.82 To fully 

terminate GPCR signaling, β-arrestin bound receptors are removed from the cell surface mainly by 

clathrin-mediated endocytosis, and internalized receptors undergo a sorting process in the 

endosomal network, which leads to either the recycling to the plasma membrane (resensitization) 

or the degradation in the lysosomal pathway.83-86  

Despite the described classical role in GPCR desensitization and internalization, β-arrestin binding 

induces a diverse array of cellular processes, such as mitogen-activated protein kinase (MAPK) 

signaling, receptor transactivation, receptor trafficking and gene transcription.78,87-88 

1.1.4. Challenges in Drug Discovery 

1.1.4.1. Crosstalk of GPCR Signaling 

In drug discovery, the prospect of using selective agents to control cellular responses is clouded by 

the fact that GPCRs can activate multiple signaling pathways simultaneously and that crosstalk 

exists between these pathways.89-90 To illustrate the magnitude of GPCR crosstalk, examples of 

overlap are provided in this section (Figure 1.3). 

Gβγ dimers are perceived as active players in GPCR signaling32,40 regulating K+91-93 and voltage-

dependent Ca2+ ion channels,94-95 specific isoforms of AC96-97 or PLC,60,98-99 and GRKs76,100-101 

independently of Gα. Thus, Gβγ of Gs and Gq/11 can cause a crosstalk from these signaling 

pathways by activating the opposite effector, PLC or AC, in each case.102 Moreover, Gβγ of Gi/o 

is widely known to elicit Ca2+ release by cross-activating PLC103-105 and Gaq/11 might also stimulate 

Rho GTPase activation of RhoA, a protein canonically activated in the G12/13 pathway. 68,106-107 
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Figure 1.3. Schematic illustration of G protein-dependent GPCR signaling cascades. Canonical Gα signaling 
pathways of Gs- (orange), Gi/o- (blue), Gq/11- (green) and G12/13- (purple) coupled GPCRs are indicated as solid 
lines and involvement of signal crosstalk is indicated as dashed lines. AC, adenylyl cyclase; CAM, calcium-
modulated protein; cGMP, cyclic guanine mono phosphate; DAG, diacyl glycerol; ER, endoplasmatic reticulum; 
GC, guanylyl cyclase; GTP, guanine triphosphate IP3, inositol-1,4,5-trisphosphate; NO, nitric oxide; PIP2, 
phosphatidylinositol-4,5-bisphosphate; PKA, protein kinase A; PKC, protein kinase C; PKG, protein kinase G; PLC, 
phospholipase C; Rho, Rho GTPase; RhoGEF, Rho guanine nucleotide exchange factors 

In addition, pronounced crosstalk exists at the level of protein kinases. Agents that elevate cAMP 

might decrease intracellular DAG and IP3 levels while increasing Ca2+ concentrations through PKA-

mediated inhibition of PLC108-109 or potentiation of IP3 receptor (IP3R) activity.110-111 Furthermore, 

Gq/11-dependent PKC is able to stimulate certain isoforms of AC,112 and Gi/o-dependent protein 

kinase B mediates activation of extracellular signaling kinases (ERKs),113-114 therefore inducing a 

crosstalk of G protein- and β-arrestin-dependent signaling pathways.115-116 Reciprocally, second 

messengers of G protein-dependent effectors, such as cAMP and DAG, can be degraded by the 

scaffolding effects of β-arrestin on cyclic nucleotide phosphodiesterases (PDEs) and diacylglycerol 

kinases (DGKs).116 
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1.1.4.2. Functional Selectivity 

In contrast to the assumption that GPCRs interact only with a single intracellular binding partner, 

which was described by the classical ternary complex model of Black and Leff,117-118 GPCR 

signaling has been shown to be multifaceted, involving various intracellular binding partners such 

as G proteins, β-arrestins, and GRKs.76 In this context, the concept of functional selectivity, also 

referred to as "biased signaling" describes the ability of a ligand to stimulate one signaling pathway 

while blocking others, which the GPCR could in principle induce by stabilizing a specific receptor 

conformation.24,119 Traditionally, discrimination is made for G protein- and β-arrestin-mediated 

signaling pathways.24,120 However, there is increasing evidence that ligands can also modulate 

binding to different G protein families or rather Gα isoforms.121-123 

Encouraged by the hope that therapeutic efficacy is related to individual signaling pathways, the 

development of functionally selective agents has become the focus of many drug discovery 

programs,124-126 in addition to the design of highly affine ligands.127 For example, since µ-opioid 

receptor (MOR)-mediated analgesia has been suggested to result from Gi/o signaling but the on-

target side effect of respiratory depression might be related to β-arrestin signaling, several studies 

have aimed at the development of Gi/o-biased MOR agonists.128 By solely activating the beneficial 

signaling pathway, researchers hope to minimize undesirable side effects.129-130 At the 

developmental stage, the choice of assay systems is therefore critical. Particularly for the 

determination of (weak) partial agonism, proximal assays at the G protein or β-arrestin level seem 

desirable because these are less subject to receptor reserve or signaling crosstalk regulated by 

other cellular processes than distal events determined in traditional functional assays monitoring 

second messenger (cAMP, Ca2+) generation or gene transcription.131-132  
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1.2. A Historical Perspective of G protein Level Assays 

1.2.1. Guanine Nucleotide Exchange at Gα 

In the 1970s, cooperativity between AC activity and guanine nucleotides was observed in 

preparations from rat liver and turkey erythrocytes.133-134 Shortly thereafter, the proposed "guanine 

nucleotide-binding regulatory component" was found to activate AC only in presence of a 

"hormone", suggesting that the guanine binding site was not at AC.135 The subsequent purification 

of Gs and Gi proteins has enabled first functional studies of G proteins using radiolabeled guanine 

nucleotides,136-138 and agonists were shown not only to increase G protein activation but also to 

accelerate GTP hydrolysis.139-141 More specifically, G protein activation was determined by the use 

of nonhydrolyzable [35S]GTPγS, which promotes the accumulation of [35S]GTPγS-bound Gα, whereas 

the rate of GTP hydrolysis has been assessed by quantifying [32P]Pi cleaved from [γ-32P]GTP.142-143 

Originally, [35S]GTPγS binding and steady-state GTPase assays were performed on reconstituted 

receptors and G proteins or on native tissue preparations.144 Later, using membrane or 

homogenate preparations of recombinant cells, these assays have been implemented in drug 

discovery for functional characterization of putative ligands.143,145-147 Because of the irreversible 

activation of Gα in [35S]GTPγS binding assays, the signal strength tends to be greater than in steady-

state GTPase assays monitoring the GTP conversion rate148, and has therefore been used more 

commonly. A particular advantage of [35S]GTPγS binding assays is that they allow direct 

measurement of G protein activation.  

1.2.2. Proximity-Based Assays at the G Protein Level 

Activation of a heterotrimeric G protein typically results in spatial changes that is largely due to 

dissociation of Gβγ. For this reason, the examination of G protein activation using techniques 

developed for the detection of protein - protein interactions (PPI) has become an attractive 

alternative.149 These methods are basically reliant on genetically encoded bioluminescent and 

fluorescent proteins, and can be used in living cells, thus enabling real-time measurements.150-152 

1.2.2.1. Determination of Protein – Protein Interactions 

1.2.2.1.1. Bioluminescent and Fluorescent Proteins Enabling Resonance Energy Transfer  

In nature, a variety of living organisms, including species of insects, marine organisms, bacteria, 

and fungi, have been found to produce bioluminescence for attracting mates, luring prey, or 

repelling predators.153-155 In spite of major structural differences in the luciferase-luciferin systems, 

the biochemical reaction follows a similar mechanism: An enzyme, called luciferase, catalyzes the 

oxidative decarboxylation of a substrate (luciferin) accompanied by the formation of a high-

energy intermediate state whose relaxation to the ground state releases light (Figure 1.4).156-157 
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In GPCR research, mainly two types of 

luciferase-luciferin systems have been 

utilized. The D-luciferin-dependent 

luciferases from insects, such as Firefly 

luciferase (FLuc, 61 kDa) from firefly 

Photinus pyralis,158 require ATP and 

Mg2+ for oxidation of the luciferin.156 The 

emission wavelength of FLuc is usually 

sensitive to changes in pH and metal 

cations, although it is generally 

yellow - green (λmax: ~560 nm).159-162 

However, the emission wavelength 

released by luciferases from other 

luminescent insects might vary, 

sometimes even within a single species,163 as with the different luciferases isolated from the 

Caribbean click beetle Pyrophorus plagiophthalamus, which emit light ranging from green 

(λmax: ~545 nm) to orange (λmax: ~590 nm).164 In contrast, coelenterazine-dependent luciferases 

isolated from marine organisms, such as Renilla luciferase (RLuc, 36 kDa) derived from sea pansy 

Renilla reniformis,165 all release blue light (λmax: ~460-480 nm) without the need for additional ATP or 

Mg2+.157,166 

However, the emission of green light has also observed in marine organisms, such as in the jellyfish 

Aquorea victoria, which is due to a phenomenon termed bioluminescence resonance energy 

transfer (BRET).167 This phenomenon is based on the same principles as Förster resonance energy 

transfer (FRET), which was originally described by Theodor Förster and is a physical process in which 

a fluorescent (or bioluminescent) donor transfers energy to a fluorescent acceptor.168 RET 

efficiency depends on the donor's emission spectrum overlapping with the acceptor's excitation 

spectrum, the donor and acceptor being less than 100 Å apart, and their dipole moments having 

the correct relative orientation (e.g., the highest RET is observed with parallel dipole orientation).169 

In jellyfish A. victoria, BRET occurs between the bioluminescent photoprotein aequorin, which 

contains an oxygen-activated coelenterazine, and the green fluorescent protein (GFP)170 shifting 

the emission wavelength of coelenterazine to green light (λmax: ~510 nm).166-167 

In drug discovery, BRET- and FRET-based assays have been successfully used to study ligand binding 

to GPCRs, associated conformational changes of the receptor itself, interaction with signal 

transducers, and subsequent formation of second messengers. Overall, these assays have 

benefited from the development of brighter luciferases with improved stability (e.g., ELuc171) and 

Figure 1.4. Luciferase reactions of luciferases commonly used in 
GPCR research. Both luciferase types require oxygen to catalyze 
the oxidative decarboxylation of their substrates A) D-luciferin 
and B) coelenterazine resulting in the release of light (hv). In 
contrast to coelenterarzine converting luciferases, the oxidation 
of D-luciferin requires ATP. 
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smaller size (e.g., NanoLuc172), as well as monomeric GFP color variants with faster maturation in 

cells (e.g., YFP173 and mVenus174-175). While FRET-based assays have higher temporal resolution due 

to the overall high light intensities, BRET-based assays offer a higher signal-to-noise ratio because 

no external light needs to be introduced into the system, resulting in higher assay sensitivity. In 

particular, the higher light intensity compared to D-luciferin-converting luciferases has made 

coelenterazine-dependent luciferases powerful analytical tools for BRET-based detection of PPI 

(Figure 1.5).152,167 

1.2.2.1.2. Split-Luciferase Complementation 

Typically, RET requires the addition of two bulky labels in the ~30-60 kDa range to the proteins of 

interest, which may present a steric hindrance to PPI.176 Therefore, the concept of protein 

complementation assay (PCA) has become an attractive alternative for designing functional 

assays in drug discovery (Figure 1.5).177 The principle of this technique is based on the dissection of 

a reporter protein that restores catalytic function unless these fragments are separated.178-179 

Principally, PCAs have been designed on the basis of fluorescent and bioluminescent proteins. 

Nevertheless, split-proteins derived from GFP180 and its color variants181 suffer from irreversible 

complementation and long maturation time for folding and reconstitution of the fluorophore,182-183 

making them poorly suited for the elucidation of rapid or transient processes. Although the initial 

approach for generating a split-luciferase involved an intein-assisted and thus irreversible 

reaction,184 the split-luciferases used today are fully reversible.185 Furthermore, compared to  

split-FPs, reconstituted luciferases provide a higher degree to assay sensitivity due to the 

combination of rapid maturation and independence from external light excitation.177,185 

Split-luciferase complementation (SLC) was first applied to FLuc by dissection into two distinct 

domains of different size,184 which surround the active site as identified from its three-dimensional 

structure.186-187 Initially, this resulted in a substantial loss of intensity,184 but the incremental truncation 

of the N- and C-terminal domains resulting in an overlap of 18 amino acids significantly improved 

the intensity of split-FLuc, most likely due to better reconstitution of the active site.188 While the 

generation of split-luciferases derived from D-luciferin-dependent luciferases has provided 

multicolor systems, such as split-ELuc (λmax: ~540 nm),171,189 or split-CBR (λmax: ~610 nm),190 

generation of split-luciferases from coelenterazine-dependent systems, such as split-RLuc,191 has 

resulted in particularly bright and small reporters.177,185  
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One of the most recently developed luciferases in molecular biology, is NanoLuc,172 which has 

been developed from the native heterotetrameric Oplophorus luciferase (OLuc) of the deep-sea 

shrimp Oplophorus gracilirostris.192 Its dissection gave rise to split-NanoLuc that has become a 

powerful tool for the detection of PPI (Figure 1.5B),193 particularly due to its small size of 19 kDa and 

more than 150-fold higher brightness compared to FLuc or RLuc.177 Of note, different C-terminal 

fragments consisting of only 11 amino acids are available with either low (Kd = 190 µM), moderate 

(Kd = 0.9 µM) or high (Kd = 0.7 nM) affinity for the 159 amino acid sized N-terminal fragment.193 

 

Figure 1.5. Schematic principle of methods for detection of protein – protein interactions commonly used in GPCR 
research. A) Resonance energy transfer (RET) is facilitated by overlapping emission and excitation spectra of a 
fluorescent or bioluminescent donor (FRET or BRET donor, bright blue) and a fluorescent acceptor (yellow). When 
the proteins of interest (protein A and protein B) allow a distance <100 Å between RET labels during the interaction, 
the donor can excite the acceptor. B) Instead, split-luciferase fragments can be attached to the proteins of interest 
to detect split-luciferase complementation (SLC). After protein - protein interaction, the luciferase reconstitutes a 
functional enzyme that releases bioluminescence. 

 

1.2.2.2. Classical Interactions within G protein Activation Cycle 

1.2.2.2.1. Determination of G protein Activation 

At the turn of the millennium, a milestone in the field of optical sensor development has been 

achieved by Janetopoulos et al., who were the first to measure changes in FRET in response to 

G protein activation in Dictyostelium.194 Since then, the principle of the sensor, which is the 

attachment of RET labels to Gα and Gβγ subunits and thus monitoring the dissociation of Gβγ upon 

G protein activation, has been applied to nearly all G protein isoforms expressed in humans 

(Figure 1.6A).195 For maintaining functional interaction with Gα, possible labeling sites at the βγ 

dimer comprise the N-termini of either Gβ or Gγ as well as, interestingly, the C-terminus Gγ.196-198 

Nevertheless, attaching a label to Gγ would disturb effector coupling.196 Labeling of Gα has been 

more difficult because modification of the N-terminus would remove Gα from the plasma 

membrane,33 whereas labeling of the C-terminus, which constitutes the main contact surface of 

Gα to GPCRs, would prevent binding to the receptor.176 Therefore, suitable labeling positions had 

to be identified for each α subunit that are typically within the loop regions of the α-helical 

domain.194-196,199-200  



 
Chapter 1 

12 
 

At the same time, GPCR activation sensors have been developed by attaching RET labels to the 

C-terminus and the intracellular ends of TM6, thereby monitoring agonist-induced outward 

movement of TM6.201-202 Compared with these GPCR activation sensors, G protein activation 

occurs approximately 10 times slower than GPCR activation and has been observed in the range 

of 500 ms.176 In addition, the use of fluorescently labeled G protein subunits has provided important 

insight to the spatiotemporal dynamics of G protein localization at the plasma membrane and has 

visualized G protein trafficking to intracellular compartments,199,203 which e.g., is enabled by de-

palmitoylation upon activation.204-205 Consistent with the classical opinion that a single receptor 

can activate multiple G proteins (receptor reserve206), sensor activation mediated by a partial 

agonist has been significantly greater at the G protein level than at the receptor level.207 An 

important consideration when using G protein activation sensors is that an unbalanced expression 

of G protein components can lead to decreased sensitivity of the assay, as the underlying reaction 

is highly dependent on stoichiometry.208 In practical applications, this means that all G protein 

components, regardless of labeling sites, need to be co-transfected, preferably encoded as 

unimolecular sensor on a single plasmid.209-211 

1.2.2.2.2. Determination of GPCR – G Protein Interaction 

An alternative to measuring G protein activation is the direct assessment of specific 

GPCR – G protein interaction by placing one RET label at the C-terminus of the receptor and the 

other at the G protein (Gα or Gγ) (Figure 1.6B).212-214 Interestingly, FRET sensors have shown that this 

interaction occurs within the same timeframe as GPCR activation (~50 ms) suggesting that GPCR 

activation and G protein engagement precede G protein activation.213 Compared with RET based 

techniques, split-luciferase complementation (SLC) has been far less popular for detecting 

GPCR - G protein interactions,215 largely because split-luciferases engineered from naturally 

occurring luciferases, such as FLuc or Gaussia luciferase (GLuc) from copepod Gaussia princeps216, 

provide some affinity and were not very bright.217-218 More recently, the introduction of brighter  

split-NanoLuc with low affinity fragments has changed the situation.219 As with RET-based sensors, 

labels were conjugated to the receptor C-terminus and Gα , the insertion sites of which had to be 

selected individually for each isoform.215,220  

Similar concepts have been used to study the interaction of GPCRs with other signal transducers, 

such as β-arrestins or GRKs, in response to agonists.221-225 Since more than 800 GPCRs elicit specific 

cellular responses by interacting with only few signal transducers, structural biologists are 

particularly interested in determining which receptor conformations are decisive for obtaining 

specific coupling patterns.17,226-227 The question of whether these receptor conformations can be 

stabilized by specific ligands or even modulated by biased ligands represents a smooth transition 

to drug discovery.120,228 
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Figure 1.6. Resonance energy transfer (RET)-based G protein biosensors. A) Heterotrimeric G protein activation 
leads to the dissociation of Gβγ and thus a decrease in RET between donor (light blue) and acceptor (yellow) 
attached to Gα and Gβγ. B) Specific GPCR – G protein interaction upon agonist (A)-mediated receptor activation 
(R*) is revealed by RET between the donor attached to the receptor C-terminus and acceptor fused to Gα. 
Adapted from Galés et al. (2006).197 

1.2.2.3. Novel Assay Platforms at the G protein Level 

1.2.2.3.1. Approaches to Reduce Labels at the Heterotrimeric G protein 

A concern with classical RET-based G protein activation sensors is the use of relatively large donor 

and acceptor proteins (~30-60 kDa), as these could interfere with native PPI due to steric 

hindrance.176 Therefore, researchers have sought ways to reduce bulky labels on native G protein 

components.229 Initial approaches included RET sensors that detect G protein activation indirectly 

through the release of the Gβγ dimer. For this purpose, RET labels were attached to Gβγ and 

masGRK3ct constructed from the Gβγ-binding C-terminal peptide of GRK3 and the plasma 

membrane marker CAAX (Figure 1.7A).208,230-231 Noteworthily, in addition to the plasma membrane 

marker CAAX, several compartment specific markers have become available including 

endosome marker FYVE, endoplasmatic reticulum marker PTP1B, mitochondrial marker Bcl-xL and 

Golgi marker giantin that particularly serve for studying GPCR trafficking.222,232-233 

  

Figure 1.7. Schematic illustration of 
novel biosensors at the G protein 
level. A) RET labels attached to Gβγ 
and engineered Gβγ-binding, 
membrane associated C-terminal 
peptide of GRK3 (masGRK3ct) 
allow for indirect quantification of 
G protein activation. B) Effector 
membrane translocalization assays 
(EMTA) and C) unimolecular BRET 
sensor with flexible ER/K-linker and 
YFP (BERKY) allow for detecting 
nucleotide exchange on Gα upon 
G protein activation using RET 
labels fused to GTP-Gα specific 
effectors and a plasma membrane 
marker (CAAX). Adapted from 
Avet et al. (2020)234 and Maziarz et 
al. (2020).235 
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To overcome the limitation that RET-based G protein activation sensors typically detect 

conformational changes at the heterotrimeric G protein upon activation, rather than measuring 

the exchange of GDP for GTP, researchers lately have focused on the use of effectors that 

specifically recognize GTP-bound Gα. Instead of labeling heterotrimeric G protein constituents, 

Wright et al. and Avet et al. have provided effector membrane translocalization assays (EMTA) that 

determine G protein activation by BRET between RLucII conjugated G protein-specific effectors 

(e.g. Rap1 GTPase-activating protein 1 for Gi/o and p63 Rho guanine nucleotide exchange factor 

for Gq/11) and rGFP attached to the plasma membrane (rGFP-CAAX) (Figure 1.7B).233-234 Based on 

the same concept, Maziarz et al. have developed a unimolecular BRET sensor with flexible ER/K-

linker and YFP (BERKY).235 This sensor molecule consists of a BRET donor bound to the plasma 

membrane and separated from the BRET acceptor by a flexible ER/K linker. The effectors 

specifically recognizing GTP-bound Gα have been fused to the N-terminus of this sensor, which can 

bend toward the membrane upon activation of the G protein, thus enabling BRET (Figure 1.7C).235 

1.2.2.3.2. GPCR Conformation-Specific Probes 

Overall, agonist-mediated activation of a GPCR is the key process for triggering a G protein-

dependent signaling cascade. Based on X-ray or cryo-EM structures, the understanding of the 

underlying molecular mechanism is emerging,15 particularly with respect to the conformational 

differences induced by ligands that either fully or partially activate signaling pathways ― sometimes 

even in a functionally selective manner.236-237 The development of GPCR conformation-specific 

probes has significantly contributed to the resolution of active GPCR structures by rigidizing the 

otherwise highly flexible receptor complexes.73,238-249 

Nanobodies (Nb), which represent the antigen-binding domain of heavy-chain only camelid 

antibodies, have been developed for stabilizing different GPCR conformations, such as the active 

(Nb80250-251) and inactive (Nb60252-253) β2-adrenoceptor (β2AR) states.238,254 In a more natural 

approach, mini-G proteins were designed based on the GTPase domain of Gαs.255-256 Specifically, 

several genetic modifications, including removal of the helical domain, truncation of the N-

terminus, thus removing the Gβγ binding site and ability to bind to the plasma membrane, as well 

as the introduction of additional point mutations to increase in-vitro stability, gave birth to the first 

mini-G protein, mGs.255 Analogously, the strategy could be applied to Gα12 yielding mG12 but was 

not suitable for proteins of the Gi/o and Gq/11 families.257 Instead, chimeric G proteins258-259 were 

generated by replacing the α5 helix of mGs with that of Gαi1 and Gαq resulting in mGsi and 

mGsq.257 A scheme of nanobody and mini-G protein binding to GPCRs is given in Figure 1.8. 
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When conjugated to labels for RET or SLC, both nanobodies and mini-G proteins can be expressed 

as biosensors in living cells to monitor ligand-mediated conformational changes of GPCRs in real-

time.232,260-263 However, in terms of developing a universally applicable sensor suite for GPCRs, the 

use of mini-G proteins seems more favorable for the following reasons: On one hand, the nanobody 

manufacturing process typically involves time-consuming and costly steps, including immunization 

of camelids, such as llamas, the isolation from blood, creation of cDNA libraries, and subsequent 

screening for positive clones.254 Therefore, nanobodies are available only for a limited number of 

GPCRs,151 including β2-adrenoceptor,250-251,264 muscarininc M2 receptor,265 opioid receptors (µ-OR, 

κ-OR and δ-OR),266-268 the viral chemokine receptor US28,269 and angiotensin AT1 receptor.270 On 

the other hand, despite data still being sparse, there is strong evidence that some nanobodies 

might recognize GPCR conformations that are divergent from those relevant for G protein binding, 

not least by three-dimensional structures of κ-OR or µ-OR in complex with Nb39 or heterotrimeric 

Gi.266,268,271 Expressed as biosensors in living cells, Nb39 and Nb33 recognized different opioid 

receptor conformations than mGsi, potentially in a GRK2-dependent manner in the case of 

Nb33.272-273 

By contrast, mini-G proteins acquire GPCR coupling specificity due to the α5 helix and therefore 

shall recognize GPCR conformations relevant to G protein binding.232,257 Since mini-G proteins are 

expected to be universally applicable to GPCRs, they represent valuable tools for the functional 

characterization in drug discovery.274 

Figure 1.8. Schematic principle of nanobody 
and mini-G protein binding to the β2-
adrenoceptor (β2AR). The inactive β2AR state is 
stabilized by Nb60, whereas activation of the 
receptor (β2AR*) by an agonist (A) allows for 
binding to either Nb80 or mGs. Adapted from 
Jullié et al. (2022).256 
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1.3. Objective and Aim of the Thesis 

In GPCR research, there is great interest in developing high-affinity and selective ligands as 

pharmacological tools and ultimately as drugs.5-6,275 In addition, the idea that biased agonists 

could improve drug therapy by “not activating” unfavorable signaling pathways to reduce 

associated adverse effects has led to new paradigms in drug discovery.119,126,276 Traditionally, 

biased ligands have been evaluated based on their ability to discriminate for G protein or β-arrestin 

signaling pathways.119,277 However, there is growing research interest in how conformational 

changes in GPCRs enable signaling bias with respect to G protein families or rather Gα 

isoforms.17,121-123,226 At the developmental stage, there is thus a reasonable need for appropriate 

cellular assays that allow accurate determination of ligand potency and efficacy and bias analysis. 

Since intracellular signaling is subject to signal amplification and even crosstalk of different signaling 

pathways, proximal assays seem to be particularly well suited for functional characterization of 

ligands, especially with respect to ligand modality including complete, partial, and inverse 

agonism or antagonism.132,142 

Previously, the [35S]GTPγS binding assay was commonly used at the institute for the functional 

characterization of prospective ligands. Despite its usefulness for quantifying the exchange of GDP 

for GTP during the G protein activation process and even GPCR – G protein stoichiometry, the 

assay has some general drawbacks, including safety precautions and increasing costs for waste 

disposal. In addition, the limited number of suppliers causes high acquisition costs for radiolabeled 

GTP analogs. Therefore, it was even more serious that we were repeatedly confronted with 

insufficient quality of the purchased [35S]GTPγS batches containing less than 21% of the intact 

molecule (Figure 1.9).  

 

Figure 1.9. Radiochromatograms of [35S]GTPγS batches 18835810 (S22) and 19016110 (S23). Peaks at tR= 14.42 min 
or rather tR= 14.32 min in the radio-chromatograms were identified as intact [35S]GTPγS by spiking with “cold” GTPγS 
(UV 260 nm, not shown). [35S]GTPγS peaks represent only 20.89% or rather 14.6% of the total area. HPLC system used: 
Waters pump 510, Waters Pump Control Modul; Waters UV-Detector 486; Radiometric Flow-1 beta Series A-500 
detector; column: Phenomenex Luna C18 (150 x 4.6 mm, 3 µm); mobile phase: A: acetonitrile, B: 20 mM 
NH4OAc/10 mM tetrapentylammoniumbromide, pH = 5; gradient: 0 min: A/B 20:80, 15 min: A/B 60:40, 
25 min: A/B 95:5, 30 min: A/B 95:5, 32 min: A/B 20:80; flow: 0.8 mL/min (HPLC), 4 mL/min (liquid scintillator (Rotiscint 
eco plus, Carl Roth)); injection volume: 100 µL. 
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Therefore, the aim of this thesis was the development and characterization of a modern G protein-

dependent assay platform with proximal assay readout applicable to the GPCRs of interest at the 

institute. This new assay platform should overcome some general limitations of the [35S]GTPγS 

binding assay. Due to low membrane permeability of nucleotides, the assay performance was 

greatly limited to membrane or homogenate preparations instead of using intact cells,142-143 

resulting in the destruction of the native cellular environment and thus accessory proteins, such as 

GAPs accelerating GTP hydrolysis,44 as well as other strictly necessary components, such as GDP 

and sodium and magnesium ions.278 In practical terms, a mostly elaborate optimization of cellular 

system (e.g., using fusion proteins279-280 and assay buffer components281-282) is mandatory to obtain 

optimal assay signals. In addition, the filtration step to separate [35S]GTPγS bound to Gα from 

unbound prevented assay homogeneity and thus the possibility of real-time measurements.143 

Although the use of microspheres for scintillation proximity assays (SPAs)283-284 or fluorescently 

labeled (N-methyl-3'O-anthanilate (MANT)285, BODIPY286, europium chelates284,287 ) GTP analogs 

would enable such real time character, these alternatives seemed unfavorable due to costs, the 

(sometimes) ineffective G protein activation and poor assay signals.143,288 

In 2017, miniaturized G-proteins (mini-G-proteins) have been reported.257 Although originally 

designed for crystallization purposes by stabilizing active GPCR conformations,255 mini-G proteins 

can also be used to monitor agonist-mediated GPCR activation in living cells when fused with 

corresponding genetically encoded luminescent and fluorescent proteins.232 Compared with the 

commonly used BRET-based G protein activation sensors, the mini-G proteins in combination with 

SLC seemed to be particularly advantageous for weakly expressed and constitutively active 

GPCRs, such as H4R. The cytosolic nature of the mini-G proteins (instead of membrane-bound 

G proteins in proximity to the receptor) combined with the low catalytic activity of the  

split-luciferase fragments, unless complemented, significantly reduces assay background signals, 

resulting in generally higher signal amplitudes. 

Methodologically, the present work involves the fusion of split-luciferase fragments derived from 

the particularly small and bright luciferase NanoLuc® (19 kDa; λmax: ~ 460 nm) to various GPCRs of 

interest at the institute and the mini-G proteins mGs, mGsi, and mGsq, their stable or transient 

expression in HEK293T cells, and the application of computational Gaussian accelerated molecular 

dynamics (GaMD) simulations. Overall, the focus has been on assay quality (Z' factor, signal-to-

background), the pharmacological characterization of standard ligands, and the exploration of 

GPCR coupling profiles. In addition, the usefulness of mini-G protein recruitment to endogenously 

expressed receptors was assessed for mGs and β1,2AR after CRISPR/Cas9-mediated genome 

editing. 
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2.1. Introduction 

G protein-coupled receptors (GPCRs) transduce external stimuli to intracellular events by the 

activation of heterotrimeric G proteins. Upon receptor activation, the heterotrimeric G protein 

binds to the receptor, which is followed by a GDP-GTP nucleotide exchange at the Gα subunit. The 

resulting conformational change of Gα promotes the uncoupling of the G protein from the 

receptor and the dissociation of the heterotrimer into a Gα monomer and a Gβγ dimer.1-2 Both are 

then capable to modulate effector proteins inside the cell. Canonical GPCR-mediated signaling is 

determined by Gα, the subtypes of which target different membrane-bound effectors, such as 

phospholipase C (PLC),3-4 and adenylyl cyclase (AC).5-6 In drug discovery, GPCRs are the most 

studied drug targets and are addressed by more than 30% of approved drugs.7 Fundamental 

criteria for successful drugs are a high binding affinity and potency at the target receptor, as well 

as a distinct pharmacological action ((full, partial, inverse) agonism, antagonism). The further 

downstream in the signaling cascade, the more pronounced the signal, irrespective of the ultimate 

cellular response. Thus, the characterization of the proximal functional response as a target-specific 

effect is desirable, particularly for lead-structure identification and bias analysis of compounds. 

Classical methods have successfully focused on the key events of receptor-G protein interaction 

and G protein activation using radiolabeled GTP analogs ([35S]GTPγS,8-10 [γ-32P]GTP11-13). 

Unfortunately, we have repeatedly experienced insufficient quality with batches of commercially 

available radiolabeled GTP analogs. For this reason, compounded by economic considerations, 

such as the increased cost of radioactive waste disposal, it may be preferable to implement a 

different proximal functional assay, both for routine testing and detailed pharmacological studies 

of ligand-GPCR interaction. Non-radioactive labels of GTP analogs, such as europium,14 TAMRA, 

Cy3, and Cy5,15 as well as the utilization of the commercial GTPase-GloTM technique,16 in which 

native GTP is converted to ATP, which is then involved in an enzyme reaction, allow for a fluorescent 

or bioluminescent readout. However, these methods are restricted to membrane preparations, cell 

homogenates or fixed cells.16-17 Moreover, nucleotide exchange and GTP hydrolysis represent 

limiting steps according to the respective Gα subtype.18 Modern FRET-/BRET-based G protein 

activation sensors monitoring the interaction of appropriate donor-acceptor pairs (GPCR and 

Gα/Gβγ19, Gα and Gβγ20 or Gβγ and a membrane anchor21) provide valuable insight into signaling 

kinetics and can visualize signal compartmentalization. However, for routine characterization of 

potential ligands, the application of these sensors is unfavorable due to the requirement for 

specialized equipment (e.g., multiple wavelength monitoring) and comprehensive expertise in 

performing the time-sensitive technique (millisecond timescale).  
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Additionally, the spectral properties of the donor/acceptor pairs (intensity and spectral overlap of 

the excitation and emission wavelengths) can affect the signal amplitude.18 This is an issue in case 

of weakly expressed GPCRs. 

In 2017, a new class of minimal G protein chimeras (mini-G) was developed.22 All mini-G constructs 

are surrogates of the Gαs subunit and comprise the following key features: Minimization to the 

GTPase domain, a mutation that uncouples the binding to active state GPCRs from nucleotide 

exchange, and the deletion of the N-terminal membrane anchor as well as the Gβγ binding site. 

By replacing the α5 helix of the minimal Gαs protein (mGs) with the respective sequence of other 

Gα subunits, mini-G proteins covering all major Gα families were derived and appropriate coupling 

specificities were demonstrated.22-23 The application of BRET and split-luciferase complementation 

(SLC) techniques to GPCRs and mini-G proteins has created new G protein sensors that monitor 

functional responses in real-time.23-31 Of particular note, the dynamic assay ranges benefited from 

the cytosolic nature of the mini-G proteins, as native, membrane-anchored G proteins produce 

high baseline values due to their closer proximity to membrane-bound GPCRs.23-25 

The aim of this study was to implement a modern, live cell-based assay to study the molecular 

signaling mechanisms of putative histamine receptor agonists and antagonists. Moreover, the 

method needed to provide a proximal readout with improved signal amplitudes, which was 

essential for the weakly expressed H4R.32 For these purposes, the mini-G protein concept was 

considered suitable. We applied the split-NanoLuc technology33 to all four histamine receptor 

subtypes (H1R, H2R, H3R and H4R) and the respective (chimeric) mini-G proteins mGsq, mGs and 

mGsi, where mGsq and mGsi represent chimeras of mGs with respective α5 helices of Gαi1 and 

Gαq.22 The present study reports on the evaluation of mini-G protein sensors for the entire histamine 

receptor family, including functional characterization of standard histamine receptor ligands. 
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2.2. Materials and Methods 

2.2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Sigma-Aldrich (Taufkirchen, 

Germany) and Leibovitz’ L-15 medium (L-15) from Fisher Scientific (Nidderau, Germany). FCS, 

trypsin/EDTA and geneticin (G418) were from Merck Biochrom (Darmstadt, Germany), whereas 

puromycin was from InvivoGen (Toulouse, France) and furimazine from Promega (Mannheim, 

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

pIRESpuro3 vector was a kind gift from Prof. Dr. Gunter Meister (University of Regensburg). Histamine 

dihydrochloride (his) was purchased from Tokyo Chemical Industry (Eschborn, Germany), whereas 

4-methylhistamine dihydrochloride (4mhis), mepyramine maleate (mep), imetit dihydrobromide 

(imet), immepip dihydrobromide (immep), thioperamide maleate (thio), clobenpropit 

dihydrobromide (clob) and A943931 dihydrochloride (A943931) were from Tocris Bioscience (Bristol, 

United Kingdom). Nα-methylhistamine dihydrochloride (Namh), betahistine dihydrochloride 

(betahis), diphenhydramine hydrochloride (dph), maprotiline hydrochloride (map), 

cyproheptadine hydrochloride sesquihydrate (cyp), amthamine dihydrobromide (amt), dimaprit 

dihydrochloride (dim), cimetidine (cim), famotidine (fam) and ranitidine hydrochloride (ran) were 

purchased from Sigma. Histaprodifen (histapro),34 suprahistaprodifen (suprahis),34 UR-KUM530 

(KUM530),12 impromidine (impro),35 UR-PI294 (PI294),36 VUF8430 (VUF8430),37 and JNJ7777120 (JNJ)38 

were synthesized in-house according to published procedures. Pitolisant hydrochloride (pito) was 

kindly provided by Prof. Dr. Katarzyna Kiec-Kononowicz (Jagiellonian University, Krakow). All ligands 

were dissolved, according to their physicochemical properties. Preferably, stock solutions of the 

ligands were prepared in Millipore water, except for histaprodifen (histapro), suprahistaprodifen 

(suprahis), maprotiline (map), cimetidine (cim) and famotidine (fam). In these cases, DMSO 

(Merck) was (proportionally) used as solvent (DMSO/H2O: histapro, suprahis: 50/50; map: 30/70; cim, 

fam: 100% DMSO). 

2.2.2. Molecular Cloning 

The human codon-optimized cDNA fragments encoding the mini-G proteins mGs, mGsi and mGsq 

(corresponding to mini-Gs393, mini-Gs/i43 and mini-Gs/q71 published by Nehmé et al.,22 

cf. Appendix Figure A1), were synthesized by Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, 

Germany). Plasmids containing the split-NanoLuc fragments (NlucN: 159 N-terminal NanoLuc 

amino acids; NlucC: 11 C-terminal NanoLuc amino acids) were from Promega and cDNAs 

encoding the histamine receptors were purchased from the Missouri cDNA research center (Rolla, 

MO, USA). All cDNAs were amplified by PCR and subcloned into vector backbones by standard 

molecular cloning techniques. For this purpose, a set of pIRESpuro3 vectors was generated 
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encoding the respective mini-G protein, which was N-terminally fused to the large split-luciferase 

fragment (NlucN) separated by a flexible glycine-serine-linker (encoding -GSSGGGGSGGGGSS-

).39-40 The sequence encoding the H1R-NlucC described by Littmann et al. (2019) was subcloned 

into pcDNA3.1 using the restriction enzymes HindIII and SacII, and the receptor sequence was then 

replaced by either the H2R, H3R or H4R gene using HindIII and XbaI.39 The optimal arrangement of a 

split-luciferase system to study the interaction of GPCRs and intracellular proteins of interest (GPCR-

NlucC and NlucN-protein) was reported previously.23,39 Plasmid DNA was quantified by UV-Vis 

absorbance using a NanoDrop spectrophotometer (ThermoFisher, Braunschweig, Germany). All 

sequences were verified by sequencing performed by Eurofins Genomics. 

2.2.3. Cell Culture 

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

Hygiene, Regensburg, Germany) and cultured in DMEM supplemented with 10% FCS at 37 °C in a 

water-saturated atmosphere containing 5% CO2. Cells were periodically inspected for 

mycoplasma contamination by means of the Venor GeM Mycoplasma Detection Kit (Minerva 

Biolabs, Berlin, Germany) and proven negative. 

2.2.4. Generation of Stable Transfectants 

To generate stable cell lines, wildtype HEK293T cells were stepwise transfected with a pIRESpuro3 

vector encoding either the NlucN-mGs, NlucN-mGsi or NlucN-mGsq fusion protein, and with the 

respective pcDNA3.1 plasmid encoding the histamine H1,2,3,4R-NlucC fusion protein according to 

the XtremeGene HP transfection protocol (Merck). The cells were then cultured in DMEM 

supplemented with 10% FCS, 1 µg/mL puromycin and 600 µg/mL G418 for sustained selection 

pressure. 

2.2.5. Generation of Transient Transfectants 

Adjusted to a cell density of 0.3 x 106 cells/mL, HEK293T cells were seeded into a 6-well cell culture 

plate (Sarstedt, Nümbrecht, Germany) and allowed to attach overnight. The next day, the cells 

were transfected using linear polyethyleneimine (PEI, 1 mg/mL in PBS; 1:5 ratio (2 µg DNA: 10 µL PEI)) 

and incubated for another 48 h to allow for adequate protein expression. For mini-G protein 

recruitment assays and radioligand competition binding experiments, we applied a constant 

amount of 2 µg of total DNA per 6-well (total volume of 2 mL) comprising 1 µg of pcDNA3.1 H1/2/3R-

NlucC and increasing amounts of the pIRESpuro3 NlucN-mGsq/-mGs/-mGsi DNA (0.125, 0.25, 0.5, 

or 1.0 µg). To ensure a uniform transfection efficiency, the empty pIRESpuro3 vector was co-

transfected as mock DNA (0.875, 0.75, 0.5 µg or none). For Western blot analysis of the mini-

G protein expression, the cells were transfected with a total amount of 2 µg DNA comprising 0.125, 
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0.25, 0.5 or 1.0 µg of the pIRESpuro3 NlucN-mGsq/-mGs/-mGsi and 1.875, 1.750, 1.5 and 1.0 µg, 

respectively, of the empty pIRESpuro3 vector as mock DNA. 

2.2.6. Western Blot Analysis 

Cells were lysed using a RIPA lysis buffer (50 mM Tris, 0.1% sodium dodecyl sulfate, 0.5% sodium 

deoxycholate, 1% Triton X-100, 150 mM NaCl) supplemented with SIGMAFAST protease inhibitor 

cocktail tablets according to the manufacturer’s protocol (Sigma-Aldrich). Lysates (15 µg protein) 

and 10 µL of the Precision Plus ProteinTM Dual Color Standard (Bio-Rad, Feldkirchen, Germany) 

were loaded to an 8–16% Novex Tris-glycine polyacrylamide gel (Thermo Scientific) and SDS-page 

was performed at 225 V for 1 h. Thereafter, the proteins were blotted on a nitrocellulose membrane 

(0.2 A, 1 h). By incubation with 5% skim milk powder in phosphate-buffered saline supplemented 

with 0.05% Tween 20 (PBS-T) for 1 h at RT, nonspecific binding sites of the membrane were blocked. 

After three washing steps with PBS-T, blots were incubated overnight at 4 °C with the primary 

antibodies α-Nluc (1:5000; in PBS-T; polyclonal, produced in rabbit, kindly provided by Promega) 

and α-vinculin (1:500; in PBS-T; monoclonal; MAB6896, produced in mouse, R&D Systems Inc., MN, 

USA). After additional three washing steps on the next day, the membranes were incubated with 

the HRP-conjugated secondary antibodies (raised against IgG, respectively) α-rabbit (1:10,000 in 

PBS-T; sc-2313, produced in donkey, Santa Cruz, TX, USA) and α-mouse (1:100,000 in PBS-T; A0168, 

produced in goat; Sigma-Aldrich) for 3 h at RT. The blots were washed three times with PBS-T and 

developed using the Clarity Western ECL substrate (Bio-Rad, Feldkirchen, Germany). Subsequently, 

the colorimetric and luminescent images of the stained blots were captured using a ChemiDoc 

MP imager (Bio-Rad). 

2.2.7. Mini-G Protein Recruitment Assays 

The day before the experiment, cells were detached by trypsinization (0.05% trypsin, 0.02% EDTA in 

PBS) and centrifuged (700 g, 5 min). Subsequently, the cells were resuspended in L-15 

supplemented with 10 mM HEPES (Serva, Heidelberg, Germany) and 5% FCS. Thereafter, 

100.000 cells per well were seeded onto a white flat-bottom 96-well microtiter plate (Brand GmbH 

+ CoKG, Wertheim, Germany) and incubated at 37 °C in a water-saturated atmosphere without 

additional CO2 overnight. The substrate furimazine and all ligands were diluted in L-15, and shortly 

before the experiment, 10 µL of the substrate were added to the cells (final dilution 1:1000). Then, 

the plate was transferred to a pre-heated (37 °C) EnSpire plate reader (Perkin Elmer Inc., Rodgau, 

Germany). After recording the basal luminescence for 15 min, 10 µL of the agonist serial dilutions 

were added to the cells (final volume: 100 µL) and luminescence traces were recorded for 45 min 

(agonist mode). For antagonist assays, after basal luminescence was measured, cells were 

incubated with antagonists at different concentrations for 15 min. To elicit split-NanoLuc 
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complementation by mini-G protein recruitment, the reference agonist histamine was added to 

the cells at a concentration of approximately EC80 (H1R: 10 µM, H2-4R: 1 µM), previously determined 

in the agonist mode for each system. Overall, luminescence was captured with an integration time 

of 0.1 s per well. Data were analyzed using GraphPad Prism8 software (San Diego, CA, USA). The 

relative luminescence units (RLU) were corrected for slight inter-well variation caused by 

differences in cell density and substrate concentration, as well as for baseline drift, by dividing all 

data by the mean luminescence intensity of the respective L-15 control. AUCs of the luminescence 

traces within45 min (AUC45 min) were calculated for each concentration and normalized to the 

maximum response of 100 µM histamine (100% control) and L-15 (0% control). The logarithmic ligand 

concentrations were fitted against the normalized intensities with variable slope 

(log(c) vs. response – variable slope (four parameters)). The fit yielded pEC50 and Emax values in the 

case of agonists, and pIC50 values in the case of antagonists, which were used to calculate pKb 

values according to the Cheng-Prusoff-equation.41 In order to assess Z’ factors, the baseline-

corrected relative luminescence units (RLU) of 100 µM histamine and L-15 were inter-well corrected 

and AUCs were used for the calculation of means and standard deviations.42 

Specifically, Z’ factors were calculated according to the following equation: 

𝑍𝑍′ = 1 −
3(σℎ𝑖𝑖𝑖𝑖 + σ𝐿𝐿−15)

|µℎ𝑖𝑖𝑖𝑖 − µ𝐿𝐿−15|  

where, σℎ𝑖𝑖𝑖𝑖 and σ𝐿𝐿−15 represent the standard deviation and µℎ𝑖𝑖𝑖𝑖 and µ𝐿𝐿−15 the means of AUC45 min 

obtained for wells containing 100 µM histamine or L-15 buffer.  

Significant differences in the efficacies obtained in the mini-G protein recruitment assay were 

assessed using a one-sample t-test (N = 5, α = 0.05). When investigating the influence of the mini-

G protein expression level, significant differences between AUCs and pEC50 values were 

calculated using one-way ANOVA followed by Tukey’s multiple comparison test (N = 5, α = 0.05). 

2.2.8. Radioligand Binding Experiments 

Radioligand saturation binding experiments were performed using intact HEK293T cells co-

expressing either NlucN-mGsq/H1R-NlucC, NlucN-mGs/H2R-NlucC, NlucN-mGsi/H3R-NlucC or 

NlucN-mGsi/H4R-NlucC. The following radioligands were used to verify the receptor expressions: 

[3H]mepyramine (αs = 20 Ci/mmol, Hartmann Analytics GmbH, Braunschweig, Germany) for the 

H1R, [3H]UR-DE25743 (αs = 32.9 Ci/mmol) for the H2R and [3H]UR-PI29444 (αs = 93.3 Ci/mmol) for the 

H3R and H4R. The specific binding of each radioligand was determined by subtracting the non-

specific binding from the corresponding total binding. The cells were incubated with various 

concentrations of the radioligands in the absence (L-15) (total binding) or presence of a 

competitor at a final concentration of 10 µM (nonspecific binding). As competitors, 
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diphenhydramine for the H1R, famotidine for the H2R, thioperamide for the H3R and histamine for 

the H4R were applied. Radioligand competition binding experiments were performed using intact 

HEK293T cells expressing NlucN-mGs and H2R-NlucC fusion proteins. The cells were incubated with 

50 nM [3H]UR-DE257 and with the ligands in serial dilution and with L-15 (negative control). The non-

specific binding of the radioligand was determined in the presence of famotidine at a final 

concentration of 10 µM and subtracted from all values. 

For both, radioligand saturation and competition binding experiments, all (radio)ligand dilutions 

were prepared 10-fold concentrated in L-15 and 10 µL/well were transferred to a round bottom 

polypropylene 96-well microtiter plate (Greiner Bio-One, Frickenhausen, Germany). The cells were 

detached by trypsinization (0.05% trypsin + 0.02% EDTA), harvested by centrifugation (700 g, 5 min) 

and resuspended in L-15. The cells were adjusted to a density of 1.0 x 106 cells/mL and 80 µL of the 

cell suspension were added to each well (final assay volume: 100 µL). Then, the cells were 

incubated at room temperature under shaking (H1,3,4R: 120 min, H2R: 60 min) and then collected 

by filtration and washed with ice-cold PBS using a 96-well harvester (Brandel Inc., Unterföhring, 

Germany). The cell-associated radioactivity was measured by liquid scintillation counting, as 

previously described.45 

All data were analyzed using GraphPad Prism8 software. In the case of saturation binding 

experiments, all data were best fitted to a one-site saturation binding model 

(one site – total and nonspecific binding; one site – specific binding) yielding Kd values. For 

competition binding experiments, data of the agonist histamine were best fitted to a two-sites 

competition binding model (two sites – fit logIC50) yielding pIC50,high and pIC50,low. Except, 

competition binding data of histamine using cells transiently transfected with the H2R alone and 

data of the antagonist famotidine obtained at cells stably co-expressing the H2R and mGs were 

fitted to the one-site three parameter logistic fit (one-site – fit logIC50) to determine pIC50 values. 

Obtained pIC50 values (pIC50, pIC50,high, pIC50,low) were then used to calculate pKb values according 

to the Cheng-Prusoff-equation.41 
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2.3. Results 

2.3.1. Principle and Characteristics of the Mini-G Protein Recruitment Assay 

To study G protein signaling in response to histamine receptor ligands, the split-NanoLuc 

technology33 was applied to the human histamine H1, H2, H3 and H4 receptor subtypes (H1,2,3,4R-

NlucC) and the corresponding mini-G proteins mGsq, mGs and mGsi (NlucN-mini-G). Respective 

mini-G protein sequences are given in the Appendix (Figure A1). Upon receptor activation, the 

mini-G protein was recruited by the receptor leading to the formation of a functional NanoLuc 

(Figure 2.1A). Thus, agonist concentration-dependent luminescence signals were obtained in the 

presence of the substrate furimazine (Figure 2.1B). To investigate antagonists, the response of the 

reference agonist histamine at EC80 concentration (H1R: 10 µM, H2-4R: 1 µM) was measured after a 

pre-incubation period of the respective antagonists. To verify the histamine receptor expression, 

radioligand saturation binding experiments were performed, and adequate binding of 

[3H]mepyramine to the H1R co-expressed with mGsq, [3H]UR-DE257 to the H2R co-expressed with 

mGs and [3H]UR-PI294 to the H3R and H4R each co-expressed with mGsi were observed 

(cf. Appendix, Figure A2 and Table A1). 

 

Figure 2.1. Principle of the mini-G protein recruitment assay and signals obtained at the H1-4R. A) Scheme of the 
mini-G protein recruitment assay. Split-NanoLuc fragments NlucC and NlucN were applied to H1-4R (C-terminus) and 
mini-G proteins (mini-G; N-terminus), respectively. Upon receptor activation, the mini-G protein is recruited to the 
GPCR facilitating split-luciferase complementation. The functional enzyme formed subsequently catalyzes the 
oxidation of the substrate resulting in luminescent signals in an agonist concentration-dependent manner.  
B) Representative luminescence traces of the mini-G protein recruitment of mGsq to H1R, mGs to H2R and mGsi to 
H3R and H4R. Baseline and inter-well corrected luminescence traces of histamine at various concentrations and the 
assay medium Leibovitz’s L-15 (L-15) as negative control are plotted. C) Plotted signal-to-background ratios (S/Bs) 
were calculated from 100% and 0% values of the respective assays, representing top and bottom values of the 
concentration response curves. For the mini-G protein recruitment assay (mini-G), peak or plateau values of the 
response to 100 µM histamine (100%) and L-15 (0%) are displayed, whereas for the [35S]GTPγS binding assay (GTPγS) 
responses to 1 mM histamine for H1,2R or to 10 µM histamine for H3,4R (100%) and H2O (0%) were taken. Presented 
data are the means ± SEM of at least five independent experiments (N ≥ 5), each performed in triplicate. Statistical 
significance of S/B values (****: p < 0.0001) was assessed using a Welch’s two-sample t-test for unpaired samples. 
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2.3.2. Kinetics and Dynamic Ranges of Mini-G Protein Recruitment  

The dynamic split-NanoLuc approach allowed for monitoring the G protein response to a ligand in 

real-time, demonstrating differences in kinetics for each receptor and mini-G protein combination 

upon histamine stimulation (Figure 2.1B). The mGsq recruitment to the H1R is comparatively slow, 

leading to a plateau, whereas the luminescence signals of the mGs and mGsi recruitment to the 

H2R, H3R and H4R reach very sharp maxima and then flatten gradually. However, since deletions of 

the membrane anchor and the Gβγ binding site were among the key modifications in the 

development of the utilized mini-G proteins, one can speculate that kinetics observed might differ 

to the behavior of endogenous heterotrimeric G proteins. More specifically, mini-G protein 

recruitment signaling is composed of a series of molecular processes that include ligand binding, 

receptor activation, split-luciferase complementation, and substrate oxidation, all of which can 

affect the kinetics of signal output. Nevertheless, tracing given luminescent traces in real-time upon 

receptor activation could help to unveil differences in receptor regulation (e.g., receptor 

desensitization and internalization) when exposed to different ligands.46-47 Moreover, as GPCR 

conformation specific probes mini-G protein sensors may also serve as useful tools to supplement 

studies of ligand binding kinetics, such as the determination of association and dissociation rate 

constants (kon/off) and residence time always with respect to a reference ligand.48-49 

At this point it should be mentioned that, in order to uniformly compare signal-to-background (S/B) 

ratios, the [35S]GTPγS binding assay had to be implemented for the H1R, the method of which is 

described in the Appendix (Method A1). Thus, it could be demonstrated that mini-G protein 

recruitment assay signal amplitudes were significantly increased at all four receptor subtypes 

compared to [35S]GTPγS binding assays (Figure 2.1C). Remarkably, in the case of the H1R, the S/B 

ratio was up to 12-fold higher in the mini-G protein recruitment assay than in the [35S]GTPγS binding 

assay (27.16 ± 2.89 (mini-G) vs. 2.16 ± 0.16 (GTPγS); Figure 2.1C). Such favorable S/B ratios should be 

beneficial in determining agonist efficacy and allow for a reduction in agonist concentration when 

exploring antagonists.  

To evaluate the overall assay quality, Z’ factors were calculated as a dimensionless figure of 

statistical effect size. Classically, the Z’ factor has been used in the validation process of HTS 

methods, as it numerically evaluates the dynamic range of an assay and its ability to identify 

biologically active molecules.42 For all four receptor subtypes, Z’ factors that were between 

0.5 and 1.0 were obtained (H1R: 0.78 ± 0.07, H2R: 0.85 ± 0.02, H3R: 0.79 ± 0.04, H4R: 0.68 ± 0.05; 

cf. Appendix Figure A3) indicating a sufficient separation of maximal effect and baseline values. 

Consequently, the presented mini-G protein recruitment assays can be classified as excellent 

screening methods.42  
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2.3.3. Mini-G Protein Recruitment-Based Investigation of Histamine Receptor Ligands  

To demonstrate the applicability of these novel assays for future drug research, a set of standard 

ligands was tested (cf. Appendix, Figure A4) that are described as (inverse) agonists or antagonists.  

First, the mini-G protein recruitment approach was validated for the investigation of agonists and 

at all four receptor subtypes a multifaceted spectrum of pharmacological actions was obtained 

(Figure 2.2, Tables 2.1-2.4). Efficacies ranged from weak partial agonism, discovered for 

histaprodifen at the H1R (Emax = 33 ± 2.0%) and PI294 at the H1R and H3R (Emax = 27 ± 0.5% and 

11 ± 1.1%, respectively), to full agonism, demonstrated by e.g., Nα-methylhistamine at the H1R 

(Emax = 93 ± 5.3%), dimaprit at the H2R (Emax = 97 ± 1.1%) and histamine (by definition: 100%) at all 

four receptor subtypes (Tables 2.1–2.4). Strikingly, the efficacies of KUM530 at the H1R 

(Emax = 112 ± 1.0%) and Nα-methylhistamine at the H3R (Emax = 111 ± 1.6%) were significantly higher 

(α < 0.05) as those of the endogenous ligand histamine (Tables 2.1, 2.3), which is hypothesized as 

‘superagonism’.53 Similar results were previously observed for KUM530 and were suggested to 

originate from a differing orientation in the binding pocket of the H1R compared to histamine.54-55 

In contrast, Nα-methylhistamine has always been reported as a full agonist at the H3R.10 It is worth 

mentioning that, although all orders of potency of the studied agonists were in good agreement 

with literature data (Figure 2.2A, Tables 2.1–2.4), agonists probed at the H3R and the H4R generally 

displayed lower potencies (up to one magnitude) than in published [35S]GTPγS binding and steady-

state GTPase activity assays (Tables 2.3, 2.4). Earlier, a similar phenomenon has been observed with 

agonists studied in NanoBRET binding assays using intact cells expressing either the H3R or the H4R, 

as well as with agonists investigated with an H3R conformational sensor.50-52 It is likely that such 

differences rise from an altered GPCR - G protein-guanine nucleotide composition in intact cells 

resulting in a more transient formation of the ternary complex compared to cell membrane 

preparations or cell homogenates thus reducing the occurrence of high-affinity binding sites.17 

In addition, the application of mini-G protein sensors was extended for the characterization of 

antagonists. Therefore, after pre-incubation with the antagonists the reference agonist histamine 

was added to the cells at a concentration of approximately EC80 (H1R: 10 µM, H2-4R: 1 µM) to elicit 

split-NanoLuc complementation after mini-G protein recruitment. In this setting, standard 

antagonists displayed expected pKb values at all receptor subtypes (Figure 2.2B, Tables 2.1–2.4). 

Only in the cases of the tricyclic H1R antagonists maprotiline (pKb = 10.33 ± 0.08) and 

cyproheptadine (pKb = 10.04 ± 0.11), we determined up to two magnitudes higher pKb values than 

reported (Table 2.1).  
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Figure 2.2. Concentration response curves of histamine receptor ligands obtained in the mini-G protein recruitment 
assay. Agonists were tested in the assay agonist mode (A) and antagonists or rather inverse agonists were tested in 
the assay antagonist (B) and agonist (C) modes, respectively. HEK293T cells stably co-expressing a combination of 
either the H1R-NlucC/NlucN-mGsq, H2R-NlucC/NlucN-mGs, H3R-NlucC/NlucN-mGsi or H4R-NlucC/NlucN-mGsi were 
used. In the agonist mode, ligands were added to the cells and split-luciferase complementation (SLC) enabled by 
mini-G protein recruitment to the activated receptor was assessed. In the antagonist mode, cells were pre-
incubated with the ligand and SLC was assessed after the addition of histamine (H1R: 10 µM, H2-4R: 1 µM). Data were 
normalized to L-15 as solvent control (0%) and to maximal responses elicited by 100 µM histamine for experiments 
conducted in the agonist mode and 10 µM (H1R) or 1 µM histamine (H2-4R) for assays conducted in the antagonist 
mode (100%). Data represent means ± SEM from at least three independent experiments (N ≥ 3), each performed 
in triplicate. 
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Table 2.1. Potencies (pEC50/pKb) and efficacies (Emax) of ligands at the H1R explored in the mini-G protein 
recruitment assay. Data represent means ± SEM of at least three independent experiments (N ≥ 3), each performed 
in triplicate. Statistical differences (*) of Emax > 100% or rather Emax < 0% were tested using a one-sample t-test 
(α = 0.05). Functional data obtained from [35S]GTPγS and steady-state GTPase assays and ligand binding affinities 
(pKi) determined in radioligand competition binding assays are included for comparison. 

 Mini-G Protein Recruitment GTPγSa/GTPaseb 
Competition 

Bindingc 

Cpd. pEC50/(pKb) ± SEM Emax ± SEM [%] pEC50/(pKb) Emax [%] pKi 

his 
 

5.94 ± 0.12 
 

100 
 

5.21 ± 0.06a 

6.92b,12 

100a 

100b,12 
5.6212 

 

KUM530 
 

6.41 ± 0.12 
 

112 ± 1.0* 
 

6.22 ± 0.10a 

7.75c,55 

95 ± 5.7a 

94c,55 

6.4355 

 

betahis 5.49 ± 0.13 75 ± 2.0 5.84d,56 86d,56  

histapro 
 

6.42 ± 0.02 
 

33 ± 2.0 
 

 5.86 ± 0.07a 

6.95b,12 

31 ± 2.8a 

62b,12 
6.4712 

 

Namh 5.53 ± 0.10 93 ± 5.3    

4mhis 4.41 ± 0.12 45 ± 1.6 4.80e,57 90e,57  

PI294 4.88 ± 0.09 27 ± 0.5 5.46f,36 30f,36  

suprahis 6.14 ± 0.14 43 ± 5.1 6.83b,12 64b,12 6.5812 

dph 

 

6.95 ± 0.04 

(6.53) ± 0.17 

-4 ± 0.04* 

 

(6.98) ± 0.07a 

(7.81)d,56 
 

7.4054 

 

map 

 

8.36 ± 0.11 

(10.33) ± 0.08 

-4 ± 0.2* 

 

 

(8.54)g,58 
 

8.5054 

 

mep 
 

8.3 ± 0.13 

(8.63) ± 0.08 
-3 ± 0.2* 

 

(8.00) ± 0.17a,  

(8.25)d,56 
 

8.3954 

8.759   

cyp 
 

8.85 ± 0.28 

(10.04) ± 0.11 
-3 ± 0.5* 

 

 

(8.72)d,56 
 8.6354 

 

Reference data are taken from (unless otherwise stated, Emax values refer to histamine = 100%): afunctional 
[35S]GTPγS binding assays using Sf9 cells co-expressing either hH1R, Gαq, Gβ1 and Gγ2 (cf. Appendix, Method A1). 
bfunctional [32P]GTPase activity assays using membrane preparations of Sf9 cells co-expressing hH1R and 
RGS4.12,36,55-58 c[3H]mepyramine displacement assays using Sf9 cells co-expressing hH1R and RGS4,12,55 HEK293T hH1R 
CRE-Luc cells,54 or whole cell homogenates of COS-7 cells expressing hH1R.59 
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In the past, histamine receptors were frequently reported to be constitutively active in recombinant 

systems.60-63 Thus, the inverse agonistic potential of antagonists was assessed in the mini-G protein 

recruitment assay revealing that nearly all investigated antagonists significantly reduced the basal 

activity of the receptors, except for H4R, in a concentration-dependent manner (Figure 2.2C, 

Tables 2.1–2.4). However, in the studied systems, the maximal inverse efficacies were relatively small 

when normalized to 100 µM histamine (H1R: -4%, H2R: -10%, H3R: −6%, H4R: −8%). Notably, the 

constitutive activity of Gi-coupled H3R and H4R was less pronounced in mini-G protein recruitment 

assays than in [35S]GTPγS binding or GTPase activity assays,9-10,64-65 consistent with the earlier 

hypothesis that fewer high-affinity states of these receptors are formed in intact cells than in 

membrane preparations because of an altered nucleotide composition.17 

Table 2.2. Potencies (pEC50/pKb) and efficacies (Emax) of ligands at the H2R explored in the mini-G protein 
recruitment assay. Data represent means ± SEM of at least three independent experiments (N ≥ 3), each performed 
in triplicate. Statistical differences (*) of Emax < 0% were tested using a one-sample t-test (α = 0.05). Functional data 
obtained in steady-state GTPase assays and ligand binding affinities (pKi) determined in radioligand competition 
binding assays are included for comparison. 

 Mini-G Protein Recruitment GTPasea 
Competition 

Bindingb 

Cpd. pEC50/(pKb) ± SEM Emax ± SEM [%] pEC50/(pKb) Emax [%] pKi 

his 6.93 ± 0.05 100 6.0011  10011 6.2743 

impro 7.51 ± 0.02 90 ± 1.4 6.8011  8211 6.366 

amt 7.57 ± 0.10 105 ± 3.5 6.7211  8511 6.6143 

dim 6.56 ± 0.02 97 ± 1.1 6.0411  9111 4.666 

Namh 6.74 ± 0.08 94 ± 1.4    

4mhis 6.41 ± 0.05 94 ± 2.5 5.5457  10157 5.167 

PI294 6.83 ± 0.07 96 ± 0.7 6.4336  8336  

cim 
 

6.02 ± 0.03 

(6.26) ± 0.02 
          -9 ± 1.1* 

 

 

(5.77)11 

−811 

 

6.266 

 

fam 
 

7.27 ± 0.07 

(7.99) ± 0.12 
         -10 ± 0.9* 

 

 

(7.32)11 

−111 

 

7.866  

6.8743 

ran 
6.95 ± 0.11 

(6.97) ± 0.01 
       -9 ± 1* 

 

 

(6.08)11 

−911 

 

7.166 

5.7643 

Reference data are taken from (unless otherwise stated, Emax values refer to histamine = 100%): afunctional 
[32P]GTPase activity assays using membrane preparations of Sf9 cells expressing a hH2R-Gαs fusion  
protein.11,36,57 bRadioligand competition binding experiments using [3H]UR-DE257 with membrane preparations of 
Sf9 cells expressing a hH2R-Gαs fusion protein,43 or [125I]iodoaminopotentidine with membrane preparations of CHO 
cells expressing the hH2R.66-67 
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Table 2.3. Potencies (pEC50/pKb) and efficacies (Emax) of ligands at the H3R explored in the mini-G protein 
recruitment assay. Data represent mean values ± SEM of at least three independent experiments (N ≥ 3), each 
performed in triplicate. Statistical differences (*) of Emax > 100% or rather Emax < 0% were tested using a one-sample 
t-test (α = 0.05). Functional data obtained in [35S]GTPγS and steady-state GTPase assays and ligand binding affinities 
(pKi, pKd) determined in radioligand competition/saturation binding assays are included for comparison. 

 Mini-G Protein Recruitment GTPγSa/GTPaseb 
Competition 

Bindingc 

Cpd. pEC50/(pKb) ± SEM Emax ± SEM [%] pEC50/(pKb) Emax [%] pKi/(pKd)d 

his 6.48 ± 0.04 100 7.3a,9 89a,9 7.96c,44 

imet 8.16 ± 0.18 67 ± 2.0 8.6a,9 80a,9 8.8c,67 

immep 8.78 ± 0.04 62 ± 0.7 8.8a,9 77a,9 9.3c,67 

VUF8430 5.10 ± 0.13 40 ± 3.1   6.0c,37 

Namh 7.02 ± 0.08 111 ± 1.6* 7.9a,9 100a,9 8.4c,67 

4mhis 4.51 ± 0.06 17 ± 1.5    

PI294 8.41 ± 0.06 11 ± 1.1 8.80b,36 39b,36 (8.96)d,44 

thio 
 

7.41 ± 0.04 

(7.18) ± 0.07 
          -3 ± 0.4* 

 

6.9a,9 

 

−52a,9 

 

7.42c,44 

 

clob 
 

9.03 ± 0.10 

(9.11) ± 0.04 
         -3 ± 0.2* 

 

9.14b,10 

(9.28)a,37 

−137b,10 

 

9.34c,44 

 

JNJ 

 

< 5 

(5.44) ± 0.01 

-6 ± 0.3* 

 
  5.29c,68 

pito (8.40) ± 0.05  (9.80)a,69  8.57c,69 

Reference data are taken from (unless otherwise stated, Emax values refer to histamine = 100%): afunctional 
[35S]GTPγS binding assays using membrane preparations of HEK293 cell expressing the hH3R (data normalized to (R)-
α-methylhistamine (α = 100%) and ABT−239 (α = −100%)),9 or using membrane preparations of CHO cells expressing 
the hH3R.37,69 bfunctional [32P]GTPase activity assays using membrane preparations of Sf9 cells co-expressing hH3R, 
Gαi2 and Gβ1γ2.10,36 cRadioligand competition binding experiments using [3H]UR-PI294 with membrane preparations 
of Sf9 cells co-expressing hH3R, Gαi2 and Gβ1γ2,70 [3H]Nα-methylhistamine with whole cell homogenates of SK-N-MC 
cells expressing the hH3R,37,67-68 or [125I]iodoproxyfan with whole cell homogenates of CHO cells expressing the 
hH3R.69 d[3H]UR-PI294 saturation binding assay using membrane preparations of Sf9 cells co-expressing hH3R, Gαi2 
and Gβ1γ2.70  
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Table 2.4. Potencies (pEC50/pKb) and efficacies (Emax) of ligands at the H4R explored in the mini-G protein 
recruitment assay. Data represent mean values ± SEM of at least three independent experiments (N ≥ 3) each 
performed in triplicate. Functional data obtained in proximal [35S]GTPγS and steady-state GTPase and ligand 
binding affinities (pKi, pKd) determined in radioligand competition/saturation binding assays are included for 
comparison. 

 Mini-G Protein Recruitment GTPγSa/GTPaseb 
Competition 

Bindingc 

Cpd. pEC50/(pKb) ± SEM Emax ± SEM [%] pEC50/(pKb) Emax [%] pKi/(pKd)d 

his 6.40 ± 0.04 100 7.60b,71 100b,71 7.8c,67 

imet 6.97 ± 0.03 48 ± 1.1 8.17b,65 69b,65 8.2c,67 

immep 6.76 ± 0.05 68 ± 2.5 7.35b,65 68b,65 7.7c,67 

VUF8430 6.84 ± 0.12 58 ± 1.9 7.42a,8 84a,8  7.5c,67 

Namh 5.70 ± 0.06 82 ± 1.1   6.5c,67 

4mhis 6.49 ± 0.05 79 ± 0.3 7.15b,57 90b,57 7.30c,67 

PI294 7.73 ± 0.04 85 ± 0.6 8.35a,8 102a,8 (8.29)d,44 

clob 7.31 ± 0.06 49 ± 1.8 7.65a,8 45a,8 7.75c,44 

thio 
 

6.43 ± 0.22 

(6.88) ± 0.03 
          -8 ± 1.5* 

 

6.58a,8 

(6.83)a,8 

−139a,8 

 

6.9c,67 

 

JNJ 

 

n.d. 

(7.62) ± 0.30 

         1 ± 0.7 

 

7.10a,8 

(7.60)a,8 

−39a,8 

 

7.52c,44 

 

A943931 

 

n.d. 

(8.43) ± 0.20 
        -3 ± 1.7 

7.3a,72 

 

−180a,72 

 

8.33c,73 

 

Reference data are taken from (unless otherwise stated, Emax values refer to histamine = 100%): a[35S]GTPγS binding 
assays using membrane preparations of Sf9 cells co-expressing hH4R, Gαi2 and Gβ1γ2.8,72 bSteady-state GTPase 
activity assays using membrane preparations of Sf9 cells co-expressing hH4R, Gαi2 and Gβ1γ2 (data normalized to 
histamine = 100% and thioperamide = −100%65).57,65,71 cRadioligand competition binding assays using [3H]histamine 
either with whole cell homogenates of SK-N-MC cells expressing the hH4R,67 or with whole cell homogenates of 
HEK293 cells expressing the hH4R,73 or using [3H]UR-PI294 with membrane preparations of Sf9 cells co-expressing 
hH4R, Gαi2 and Gβ1γ2.44 d[3H]UR-PI294 saturation binding assays using membrane preparations of Sf9 cells co-
expressing hH4R, Gαi2 and Gβ1γ2.44 n.d. = not detected. 
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2.3.4. Influence of Mini-G Protein Expression on Agonist Potency and Dynamic Assay 
Range 

Mini-G proteins functionally mimic active Gα subunits, which allows for assuming a mutual 

cooperativity between mini-G protein and agonist binding to histamine receptors.23,74 To 

investigate the influence of mini-G protein expression on agonist potency and the dynamic range 

of the assay, histamine responses were assessed using HEK293T cells transiently expressing constant 

receptor and increasing mini-G protein levels subsequent to transient transfection 

(pcDNA3.1 H1/2/3R-NlucC: 1 µg, pIRESpuro3 NlucN-mGsq/-mGs/-mGsi: 0.125, 0.25, 0.5 and 1.0 µg). 

In all setups, the transfection of increased mini-G protein gene doses correlated with increased 

expression levels, as demonstrated by Western blots (cf. Appendix, Figure A5). Of note, transient 

mini-G protein recruitment assays were only performed for H1-3R, but not for H4R due to its weak 

transient expression. 

In contrast to the presumed cooperativity between G protein expression and agonist binding, 

pEC50 values of histamine were not significantly shifted (α = 0.05) by increasing mini-G protein 

expression levels at H1-3R (Figure 2.3A, 2.3B).23,74 However, mini-G protein expression levels differently 

affected the signal amplitudes of the three systems. Specifically, in the case of the H1R, signal spans 

obtained were not altered by different mGsq expression levels (Figures 2.3A and 2.3C). On the 

contrary, the mGsi expression level related to the highest gene dose (1 µg) significantly decreased 

the dynamic range at the H3R and, even more striking, rising mGs gene doses led to significantly 

reduced dynamic ranges at the H2R (α = 0.05). Following the collision coupling model of GPCR –

G protein interaction,19,75 a possible explanation for decreasing signal amplitudes is that a higher 

mini-G protein expression level increases the basal activity of the system due to a more likely 

collision of the constitutively active H2R and mGs. However, because the same gene doses of mini-

G protein resulted in different protein expression levels, as determined by Western blots, which were 

considerably lower, particularly for mGsq (cf. Appendix, Figure A5), one must be cautious in judging 

the extent of the reduced signal span observed for the H1R/mGsq, H2R/mGs, and H3R/mGsi systems. 
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Figure 2.3. Influence of mini-G protein expression levels on agonist potency and dynamic assay signal range. A) 
Concentration-response curves, B) potencies (pEC50) and C) AUCs of the luminescent traces within 45 min 
(AUC45min) of histamine obtained in the mini-G protein recruitment assay using HEK293T cells transiently transfected 
with 1 µg of pcDNA3.1 H1-3R-NlucC plasmids and indicated DNA amounts of pIRESpuro3 NlucN-mGsq/-mGs/-mGsi 
plasmids. Presented data are from five independent experiments (N = 5), each performed in triplicate. Whiskers (B) 
represent 95% confidential intervals. Significance levels (C) were calculated using one-way ANOVA followed by 
Tukey’s multiple comparison test calculated as **: p < 0.01, ***: p < 0.005, ****: p < 0.0001. 

2.3.5. Stabilization of an H2R High-Affinity State by mGs 

To further investigate the assumption that increasing mGs expression levels decrease the H2R signal 

amplitude by precoupling to a spontaneously active receptor population, the binding properties 

of the endogenous agonist histamine and the antagonist famotidine were explored by 

displacement of [3H]UR-DE257 at HEK293T cells stably expressing NlucN-mGs and H2R-NlucC fusion 

proteins (Figure 2.4A; cf. Appendix, Table A2). While the radioligand displacement by famotidine 

followed a monophasic curve supporting a one-site binding model (pKi = 7.68 ± 0.01), notably a 

two-sites binding model was preferred for the agonist histamine (pKi,low = 3.87 ± 0.13; 

pKi,high = 6.94 ± 0.14). This was in concordance with the formation of a high-affinity binding site at 

the H2R as previously described for the ternary H2R-G protein complex.66 To correlate the 

observation to the amount of co-expressed mGs, the binding of histamine to the H2R was probed 

by transient transfection of increasing mGs gene doses (from 0 µg to 1 µg of mGs DNA) and a 

constant gene dose of H2R (1 µg; Figure 2.4B; cf. Appendix, Table A2). The expression of the H2R 

alone (0 µg of mGs DNA) led to a rightward shifted, but monophasic concentration response curve 

of histamine. In contrast, by increasing mGs gene doses, an extended formation of the high-affinity 

binding site was observed (Figure 2.4B; cf. Appendix, Table A2).74 This finding supported that mGs 
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stabilized an active H2R conformation in a concentration-dependent manner. Although 

endogenously expressed G proteins should also stabilize active receptor conformations, we did not 

detect a high-affinity H2R binding site using HEK293T cells transiently expressing the H2R alone, which 

is presumably due to the extreme stoichiometric discrepancies between the receptor and native 

G proteins.74 In addition, mGs constitutes the active GTPase domain of Gαs and therefore should 

immediately be accessible for binding to the H2R in active state, whereas endogenous G proteins 

exist in diverse conformations.66 

 

Figure 2.4. Radioligand displacement curves at cells co-expressing the H2R and mGs. A) [3H]UR-DE257 (50 nM) was 
displaced by histamine or famotidine. Presented data are means ± SEM of three independent experiments (N = 3), 
each performed in triplicate using HEK293T cells stably co-expressing the H2R-NlucC and NlucN-mGs constructs. 
B) Displacement of [3H]UR-DE257 (50 nM) by histamine using HEK293T cells transiently transfected with indicated 
DNA amounts (in µg) of the H2R-NlucC and NlucN-mGs constructs 72 h prior to the experiments. Presented data are 
means ± SEM of three independent experiments (N = 3), each performed in duplicate. 
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2.4. Discussion 

Focused on the development of a novel live cell assay that reports on functional properties of 

histamine receptor ligands at an early stage of signal transduction, split-NanoLuc 

complementation assays were designed for the four subtypes of the histamine receptor family and 

mini-G proteins. Overall, excellent signal amplitudes were observed for all receptor subtypes, which 

was of particular importance for the recombinantly weakly expressed H4R. Moreover, this study was 

the first to provide time-resolved courses of agonist-mediated functional responses for an entire 

receptor family, the subtypes of which couple to three different types of mini-G proteins (mGs, mGsi 

and mGsq), using mini-G protein sensors based on split-luciferase complementation.  

By investigating a large set of standard ligands, we demonstrated the usefulness of mini-G protein 

sensors to reliably characterize agonists and antagonists. In our system, all four histamine receptor 

subtypes were constitutively active, although for the H3R and H4R to a lesser extent than reported 

in other recombinant systems.9-10,64-65 Such occurrence of constitutive receptor activity depends on 

the expression levels and the stoichiometry of the GPCRs and the G proteins according to the 

extended ternary complex (ETC) model of GPCR function.76 In addition, an allosteric binding site 

for sodium ions from the experimental environment has been reported for several GCPRs including 

H1R and H3R77-80 affecting agonist affinity and inverse agonism.81-82 Thus, the applied test system 

should limit the detectability of constitutive activity and the extent of the inverse efficacy of a 

ligand.83 Thus, in future routine characterization of histamine receptor ligands, it will be convenient 

to introduce a reference ligand that produces inverse deflection of bioluminescence in the mini-

G protein recruitment assay, such as diphenhydramine (H1R), famotidine (H2R) and thioperamide 

(H3R, H4R). 

Since utilized stable transfectants recombinantly expressed receptors and mini-G proteins of 

unknown stoichiometry, but agonist binding correlates with G protein binding,74 another focus was 

to assess the influence of the mini-G protein expression level on assay signals. In the literature, two 

models of the GPCR-G protein interaction are discussed: A collision coupling, and a precoupled 

model.19-20,75 In the case of the H2R, the lower the gene dose of the mGs, the higher the dynamic 

range. Further, we observed a high-affinity agonist binding site for histamine subject to the mGs 

expression level in radioligand competition binding experiments. Both results agreed with the 

collision coupling model of GPCR-G protein interaction, which supports an increased constitutive 

activity of GPCRs highly expressed in recombinant systems.19,75 Because H1R and H3R, as well as 

mGsq, were considerably lower expressed in utilized cells than H2R or mGs (cf. Appendix, Table A1 

and Figure A5), respectively, it was conclusive that such a strong correlation was not observed in 

these systems between protein expression and the dynamic assay signal range.  
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Concisely, this study describes the establishment and usefulness of mini-G protein sensors for 

prospective histamine receptor drug discovery. Due to the homogenous nature and the non-

radioactive readout with an excellent dynamic range (Z’ factor), the mini-G protein recruitment 

assay should be automatable, and thus compatible with HTS. With an increasing availability of the 

mini-G protein sensor concept for numerous GPCRs,23-31 future studies could assess, on the one 

hand, the relevance of the different mini-G protein recruitment kinetics observed and, on the other 

hand, whether information from time-resolved luminescent signals is suitable for complementing 

ligand binding studies, such as the analysis of association and dissociation rate constants (kon/off) 

and residence time,48-49 with kinetic functional input. Because mini-G proteins are available from 

different G protein families, mini-G protein sensors might also be used to study GPCR – G protein 

coupling profiles, given that mini-G proteins possess coupling specificity equivalent to native 

G proteins. However, the development of an appropriate assay concept should consider that 

assay signals may correlate with the mini-G protein expression level, as observed in this study. 

Thereby, the application of mini-G protein recruitment assays might contribute to an even better 

pharmacological understanding of ligand-dependent receptor regulation, as well as signal 

formation and transduction.84-85 
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Note: Prior to the submission of this thesis, the development of the NlucN-mGsi/M2R-NlucC sensor 

has been published in collaboration with partners: 

Weinhart, C. G.; Wifling, D.; Schmidt, M. F.; Neu, E.; Höring, C.; Clark, T.; Gmeiner, P.; Keller, M., 

Dibenzodiazepinone-type muscarinic receptor antagonists conjugated to basic peptides: Impact 

of the linker moiety and unnatural amino acids on M2R selectivity. Eur J Med Chem 2021, 213, 

113159, doi: 10.1016/j.ejmech.2021.113159. 

 

The following experimental work was performed by co-workers: 

Denise Mönnich: Molecular cloning of the pcDNA3.1 D1/5R-NlucC plasmids and 

stable expression in parental HEK293T NlucN-mGs cells 

Dr. Lukas Grätz: Molecular cloning of the pcDNA3.1 M1,2,4,5R-NlucC, 

pcDNA3.1 Y1/2/4R-NlucC and pcDNA3.1 NTS1R-NlucC plasmids 
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3.1. Introduction 

As drug targets, G protein-coupled receptors (GPCRs) are a prevalent research topic in medicinal 

chemistry. In brief, the aim of these studies is to develop molecular tools, such as radio or fluorescent 

ligands, or potential drug candidates with suitable binding profiles and mechanisms of action.1-2 

GPCRs are heptahelical, membrane-spanning proteins that exist as monomers or (homo-/ 

hetero-) oligomers.3-6 As such, GPCRs gate extracellular stimuli into cellular responses via 

heterotrimeric G protein complexes. These heterotrimers consist of α, β and γ subunits that bind to 

active GPCRs and then dissociate into the α monomer and βγ dimer to stimulate or inhibit various 

intracellular effector molecules.7-8 To keep pace with the latest advances in drug discovery, 

available assay methods need to be constantly reconsidered and new functional screens need to 

be developed when necessary. General conditions include assay homogeneity (helped by assay 

simplicity), omission of radioactivity, a high signal-to-noise ratio, and suitability for microtiter plates.9 

Another consideration is whether to measure a proximal or distal signaling step. Classically, 

functional assays can be divided into three levels: First, the receptor level, where GPCR – G protein 

interactions or other receptor states such as ligand-induced receptor conformations, 

(hetero)oligomerization and phosphorylation are examined, second, the G protein level, where 

binding to α subunits or formation of βγ complexes is explored, and third, the effector level where 

regulation of effectors by G proteins or G protein-independent signaling is investigated.2,9 Each of 

these stages has advantages and disadvantages, so the choice of method is important. In 

particular, when investigating structure - activity relationships and optimizing ligand scaffolds, 

measuring events close to GPCR activation is advantageous to reduce the frequency of false 

positives.10 However, further along the signal transduction cascade, the signal-to-noise ratio may 

be increased owing to signal amplification.9,11 

Recently, a split-luciferase-based mini-G protein recruitment assay has been established for the 

routine testing of potential histamine receptor ligands (cf. Chapter 2).12 This novel assay platform 

fulfilled both a proximal readout and high signal amplitudes, offering the possibility to replace 

outdated assay concepts with unfavorable conditions, such as distal readouts with long incubation 

times or low-throughput setups (e.g. cuvettes). In this chapter, the assay concept was applied to 

additional class A (rhodopsin-like) GPCRs of interest at the institute. Hence, mini-G protein sensors 

were designed to functionally characterize ligands at dopamine (DR), muscarinic acetylcholine 

(MR), and neuropeptide Y (YR) receptors, as well as at the neurotensin NTS1 receptor (NTS1R) 

representing aminergic and peptide GPCRs, respectively. In addition, the concept of mini-

G protein recruitment was applied to the chemokine receptor subtype CXCR4, a class A protein 

GPCR, representing the first cell assay for this receptor at the institute. 
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3.2. Materials and Methods 

3.2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM) was from Sigma-Aldrich (Taufkirchen, Germany) 

and Leibovitz’ L-15 medium (L-15) from Fisher Scientific (Nidderau, Germany). Fetal calf serum (FCS) 

and trypsin/EDTA were from Merck Biochrom (Darmstadt, Germany) and furimazine was from 

Promega (Mannheim, Germany). The pcDNA3.1 vector was from Thermo Scientific (Nidderau, 

Germany) and the pIRESpuro3 vector was kindly provided by Prof. Dr. Gunter Meister (University of 

Regensburg, Regensburg, Germany). Plasmids encoding the dopamine D1 (D1R) and D5 (D5R) 

receptors were a kind gift of Prof. Dr. Sigurd Elz (University of Regensburg, Regensburg, Germany) 

and the plasmid encoding the dopamine D2,long (D2R) was kindly provided by Dr. Harald Hübner 

(Friedrich Alexander University, Erlangen, Germany). The cDNA encoding muscarinic acetylcholine 

M1,2,4,5 receptors (M1,2,4,5R), neuropeptide Y Y1,2,4 receptors (Y1,2,4R), the neurotensin NTS1 receptor 

(NTS1R) and the chemokine CXCR4 receptor (CXCR4) were purchased from the Missouri cDNA 

research center (Rolla, MO, USA). Restriction enzymes DpnI, HindIII, XbaI and XhoI and the 

NEBuilder® HiFi DNA Assembly Cloning Kit were from New England Biolabs (Frankfurt am Main, 

Germany).  

Dopamine hydrochloride (dopa), (+)-bromocriptine mesylate (bromo), pramipexole 

dihydrochloride (prami), (-)-quinpirole dihydrochloride (quin), (+)-butaclamol hydrochloride (buta), 

spiperone (spip), clozapine (cloz), R-(+)-SCH23390 hydrochloride (SCH23390), carbachol chloride 

(cch), iperoxo iodide (iper), atropine sulfate (atrop), N-methyl-scopolamine bromide (NMS), 

pirenzepine dihydrochloride (pirenz) and propantheline bromide (propant) were from Sigma 

Aldrich (Taufkirchen, Germany). R-(-)-apomorphine hydrochloride (apo), R-(+)-SKF 81297 

hydrobromide (SKF81297), oxotremorine sesquifumarate (oxo), CYM 9484 (CYM9484) and 

SR 142948 (SR142948) were from Tocris Bioscience (Bristol, UK) and aripiprazole (ari) and haloperidol 

(halo) were from TCI Deutschland (Eschborn, Germany). JNJ 31020028 (JNJ31020028) was from 

Biomol (Hamburg, Germany) and porcine neuropeptide Y (pNPY), human pancreatic polypeptide 

(hPP), human peptide YY (hPYY), neurotensin(8-13) (NT(8-13)) and CXC-motif chemokine receptor 

ligand 12 (CXCL12) were from SynPeptide (Shanghai, China). Xanomeline (xano),13 BIBO 3304 

(BIBO3304),14 UR-AK95l (AK95l),15 UR-AK95c (AK95c),15 UR-MK188 (MK188),16 and FC 131 (FC131)17 

were synthesized in-house according to published procedures. BIIE 0246 (BIIE0246) was kindly 

provided by Boehringer Ingelheim (Ingelheim am Rhein, Germany; www.opnme.com). All ligands 

were dissolved according to their physicochemical properties. For preparing stock solutions, the 

ligands were preferably dissolved in Millipore water. SKF81297, bromocriptine, aripiprazole, 

haloperidol, spiperone, clozapine, BIIE0246, JNJ31020028, CYM9484, MK188, SR142948 and FC131 

were dissolved in DMSO and pNPY, hPP, hPYY, AK95l and AK95c were dissolved in 10 mM HCl. 
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Xanomeline and NT(8-13) were dissolved in mixtures of ethanol and 10 mM HCl (50:50 and 30:70, 

respectively). 

3.2.2. Molecular Cloning 

The molecular cloning strategy of pIRESpuro3 plasmids encoding either NlucN-mGs, NlucN-mGsi or 

NlucN-mGsq fusion proteins has been described in Chapter 2 (section 2.2.2). Analogously to 

histamine H1-4 receptors (cf. Chapter 2), D1,2,5R, M1,2,4,5R, Y1,2,4R, NTS1R and CXCR4 were subcloned 

into a linearized pcDNA3.1 NlucC plasmid yielding plasmids encoding D1,2,5R-NlucC, M1,2,4,5R-NlucC, 

Y1,2,4R-NlucC, NTS1R-NlucC and CXCR4-NlucC fusion proteins. Specifically, for M4,R, Y1,2,4R and 

CXCR4, HindIII and XbaI, and for M1,2,5R, HindIII and XhoI were used for restriction digest to subclone 

the receptor sequences into the pcDNA3.1 NlucC plasmid, whereas for D1,2,5R constructs a Gibson 

assembly reaction was performed.18 Therefore, 25 bp overlaps complementary to the desired 

insertion site of the pcDNA3.1 NlucC vector were added to the receptor cDNA sequences by PCR. 

Then, the PCR products were digested with DpnI to remove the original template DNA. Using the 

NEBuilder® HiFi DNA Assembly Cloning Kit, the DpnI digested receptor cDNA and the linearized 

pcDNA3.1 NlucC plasmid were covalently joined as follows in a one-pot rection: The 5’ 

exonuclease created single-stranded 3’ overlap regions (complementary between the vector and 

the insert cDNA), which facilitated the specifical annealing of both fragments. Then, the DNA 

polymerase added new nucleotides to possible gaps within the assembled fragments, which were 

subsequently ligated by the DNA ligase. All plasmid DNA was quantified by UV-Vis absorbance 

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

were verified by sequencing performed by Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, 

Germany). 

3.2.3. Cell Culture 

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

and Hygiene, Regensburg, Germany), were cultured in DMEM supplemented with 10% FCS (full 

medium) at 37 °C in a water-saturated atmosphere containing 5% CO2. The cells were periodically 

tested negative for mycoplasma contamination using the Venor GeM Mycoplasma Detection Kit 

(Minerva Biolabs, Berlin, Germany). 

3.2.4. Generation of Stable Transfectants 

HEK293T cells stably expressing NlucN-mGs, NlucN-mGsi or NlucN-mGsq fusion proteins, the 

generation of which has been described in Chapter 2 (section 2.2.2), were seeded into a 6-well 

cell culture plate (Sarstedt, Nümbrecht, Germany) with a cell density of 0.3 x 106 cells/mL (2 mL per 

well) and allowed to attach overnight. The next day, the cells were transfected with 2 µg plasmid 

DNA encoding GPCR-NlucC constructs using 6 µL of the XtremeGene HP transfection reagent 



 
Establishment of a Uniform Functional Assay Platform Using Mini-G Protein Sensors 

69 
 

(Sigma Aldrich, Taufkirchen, Germany; transfection ratio: 1 : 3). More precisely, HEK293T NlucN-mGs 

cells were transfected with pcDNA3.1 plasmids encoding D1R-NlucC and D5R-NlucC constructs, 

HEK293T NlucN-mGsi cells were transfected with pcDNA3.1 plasmids encoding D2R-NlucC, M2R-

NlucC, M4R-NlucC, Y1R-NlucC, Y2R-NlucC, Y4R-NlucC and CXCR4-NlucC constructs and HEK293T 

NlucN-mGsq cells were transfected with pcDNA3.1 plasmids encoding M1R-NlucC, M5R-NlucC and 

NTS1R-NlucC constructs. After 48 h, the cells were detached by trypsin treatment and transferred 

to 25 cm2 cell culture dishes. Cells were then cultured in DMEM (full medium) under the selective 

pressure of 1 µg/mL puromycin and 600 µg/mL G418 to maintain the stable integration of NlucN-

mini-G protein and GPCR-NlucC sequences into the cells’ genome, respectively.  

3.2.5. Radioligand Saturation Binding Assays 

Radioligand saturation binding experiments were performed using intact HEK293T cells stably co-

expressing NlucN-mini-G protein and GPCR-NlucC fusion proteins. Therefore, the following 

radioligands were used: [3H]SCH23390 (D1,5R; αs = 81 Ci/mmol, Novandi Chemistry AB, Södertälje, 

Sweden), [3H]N-methyl-spiperone ([3H]NMSP) (D2R; αs = 77 Ci/mmol, Novandi Chemistry AB, 

Södertälje, Sweden), [3H]N-methyl-scopolamine ([3H]NMS; M1,2,4,5R; αs = 75 Ci/mmol, Novandi 

Chemistry AB, Södertälje, Sweden), [3H]UR-MK29919 ([3H]MK299; Y1R; αs = 48.9 Ci/mmol), 

[3H]propionyl-pNPY19 ([3H]propionyl-pNPY; Y2R; αs = 37.5 Ci/mmol), [3H]UR-KK20020 ([3H]KK200; Y4R; 

αs = 26.4 Ci/mmol), [3H]UR-MK30021 ([3H]MK300; NTS1R; αs = 65.0 Ci/mmol). Structures of utilized 

radioligands are given in the Appendix (Figure A6). The experimental conditions for each cell strain 

are summarized in Table 3.1. The cells were detached from the cell culture flask by trypsin treatment 

(0.05% trypsin, 0.02% EDTA in PBS) and centrifuged (700 g, 5 min).  

For experiments using adherent cells, the cells were resuspended in DMEM (full medium) and 

seeded at the indicated cell density (Table 3.1) onto a white 96-well cell culture plate with 

transparent bottom (Corning Inc., Tewksbury, MA, USA) that previously had been coated using 

poly-D-lysine hydrobromide (Sigma Aldrich, Taufkirchen, Germany). Thereafter, the cells were 

incubated overnight to allow them to adhere to the plate at 37 °C under 5% CO2-control. Prior to 

the experiment, all (radio)ligands were diluted in assay buffer (10-fold). Then, the cell culture 

medium was carefully removed from the cells using a multi-channel pipette (Transferpette S-12, 

Brand, Wertheim, Germany) and the cells were washed once with assay buffer. Then 80 µL assay 

buffer, 10 µL of the radioligand dilutions and either 10 µL assay buffer (total binding) or 10 µL 

competitor (non-specific binding) were added to the cells (final volume: 100 µL). After the 

incubation time given in Table 3.1 at RT, under gentle shaking), the cells were washed twice with  



 

Table 3.1. Experimental conditions for radioligand saturation binding assays using intact HEK293T cells stably co-expressing NlucN-mG /GPCR-NlucC fusion 
proteins. The number of cells per well was selected according to the binding sites per cell (and thus dpm obtained). 

NlucN-mini-G/ 
GPCR-NlucC Radioligand Competitor Incubation Time 

[min] Buffer Total Volume [µL] Cells /well Cell condition 

mGs /D1R [3H]SCH23390 Buta (4 µM) 60 L-15, 1% BSA 200 40,000 Suspension 

mGsi /D2LR [3H]NMSP Buta (15 µM) 90 L-15, 1% BSA 200 200,000 Suspension 

mGs /D5R [3H]SCH23390 Buta (4 µM) 90 L-15, 1% BSA 200 40,000 Suspension 

mGsq /M1R [3H]NMS Atrop (3 µM) 180 L-15, 1% BSA 200 40,000 Suspension 

mGsi /M2R [3H]NMS Atrop (3 µM) 180 L-15, 1% BSA 200 200,000 Suspension 

mGsi /M4R [3H]NMS Atrop (3 µM) 180 L-15, 1% BSA 200 200,000 Suspension  

mGsq /M5R [3H]NMS Atrop (3 µM) 180 L-15, 1% BSA 200 200,000 Suspension 

mGsi /Y1R [3H]MK299 BIBO3304 (2 µM) 90 L-15, 1% BSA 200 200,000 Suspension 

mGsi /Y2R [3H]propionyl-
pNPY 

JNJ31020028/CYM
9484  

(5 µM each) 
120 

Buffer 1, 1% BSA, 
0.1 µg/mL 
bacitracin 

100 80,000 Adherent 

mGsi /Y4R [3H]KK200 hPP  
(5 µM) 90 

Buffer 1, 1% BSA, 
0.1 µg/mL 
bacitracin  

200 200,000 Suspension 

mGsq /NTS1R [3H]MK300 NT(8-13)  
(3 µM) 120 

DPBS, 1% BSA, 
0.1 µg/mL 
bacitracin 

100 20,000 Adherent 
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the assay buffer to remove unbound radioligand and treated with 25 µL lysis buffer (8 M urea, 3 M 

acetic acid and 1% Triton-X in water). The plates were shaken for 20 min and 200 µL of the liquid 

scintillator (Ultima Gold, Perkin Elmer, Waltham, MA, USA) was added to each well. Then the plates 

were sealed using a transparent sealing tape (permanent seal for microtiter plates, Perkin Elmer). 

The next day, the cell-bound radioactivity (dpm) was captured using a Microbeta2 plate counter 

(Perkin Elmer, Rodgau, Germany).  

For experiments using suspended cells, the cells were resuspended in the assay buffer and adjusted 

to the required cell density (Table 3.1) for direct use. 20 µL of the radioligand dilutions (10-fold 

concentrated in assay buffer) and either 20 µL assay buffer (total binding) or 20 µL competitor (10-

fold concentrated in assay buffer) were pre-casted to a round bottom polypropylene 96-well 

microtiter plate (Greiner Bio-One, Frickenhausen, Germany) and subsequently, 160 µL of the cell 

suspension was added (final volume: 200 µL). After the incubation time given in Table 3.1 at RT 

under gentle shaking, the cell-bound radioactivity was collected by filtration using a 96-well 

harvester (Brandel Inc., Unterföhring, Germany). The cell-associated radioactivity was measured as 

described above.  

The specific binding of each radioligand was determined by subtracting the nonspecific binding 

from the corresponding total binding (in dpm) and was plotted against the radioligand 

concentration. Data were fitted using a hyperbolic function describing a one-site saturation 

binding model (one site – total and nonspecific binding; one site – specific binding) using the 

GraphPad Prism9 software (San Diego, CA, USA) yielding Kd and Bmax values. Bmax values were used 

to calculate the number of binding sites per cell as described previously.21 
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3.2.6. Mini-G Protein Recruitment Assays 

The day prior to the experiment, HEK293T cells stably expressing NlucN-mini-G protein/GPCR-NlucC 

fusion proteins were detached using trypsin (0.05% trypsin, 0.02% EDTA in PBS) and centrifuged 

(700 g, 5 min). Thereafter, the cells were resuspended in L-15 supplemented with 10 mM HEPES 

(Serva, Heidelberg, Germany) and 5% FCS, and 100,000 cells/well were seeded into a white flat-

bottom 96-well microtiter plate (Brand GmbH + CoKG, Wertheim, Germany). The cells were 

incubated overnight at 37 °C in water-saturated atmosphere without additional CO2.  

Shortly before the experiment, all ligands and the substrate furimazine were diluted in L-15. In the 

case of Y1,2,4R and NTS1R ligands, 1% BSA was added to the assay buffer and in the case of CXCR4 

ligands, 1% BSA and 100 µg/mL bacitracin were added. Mini-G protein recruitment assays were 

performed and analyzed as described in Chapter 2 (section 2.2.7). Concentration-response curves 

were obtained using the area under curve of the luminescence signals within 45 min (AUC45 min), 

which were normalized to the maximum response of the reference agonist (100%) and L-15 (0%). 

The logarithmic ligand concentrations were fitted against the normalized intensities with variable 

slope (log(c) vs. response – variable slope (four parameters)) using the GraphPad Prism9 software 

yielding pEC50 and Emax values in the case of agonists and pIC50 values in the case of antagonists. 

The Cheng-Prusoff equation was applied to calculate Kb values from IC50 values.22 
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3.3. Results 

3.3.1. Receptor Expression in HEK293T Cells Expressing NlucN-mini-G Proteins 

To demonstrate the broad applicability of mini-G protein sensors for the routine characterization of 

potential ligands, the assay concept was applied to several class A (Rhodopsin-like) GPCRs of 

interest at the institute.  

 

Figure 3.1.Representative binding isotherms of indicated radioligands at HEK293T cells stably co-expressing  
A) NlucN-mGs/D1R-NlucC, B) NlucN-mGsi/D2R-NlucC, C) NlucN-mGs/D5R-NlucC, D) NlucN-mGsq/M1R-NlucC,  
E) NlucN-mGsi/M2R-NlucC, F) NlucN-mGsi/M4R-NlucC, G) NlucN-mGsq/M5R-NlucC, H) NlucN-mGsi/Y1R-NlucC,  
I) NlucN-mGsi/Y2R-NlucC, J) NlucN-mGsi/Y4R-NlucC or K) NlucN-mGsq/NTS1R-NlucC fusion proteins. The assay 
conditions for each cell strain are given in Table 3.1. Structures of utilized (radio)ligands are given in the Appendix 
(Figures A6, A8, A10-A11, A13-A14). 
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Stable transfectants of HEK293T cells co-expressing NlucN-mGs in combination with D1/5R-NlucC 

fusion proteins, NlucN-mGsi in combination with D2R-NlucC, M2/4R-NlucC, Y1/2/4R-NlucC or CXCR4-

NlucC fusion proteins as well as NlucN-mGsq in combination with M1,5R-NlucC or NTS1R-NlucC fusion 

proteins were generated by antibiotic selection and subsequently tested for receptor expression 

by specific radioligand saturation binding to the cells (Figure 3.1). It should be mentioned that the 

receptor expression could not be investigated for the CXCR4, since no radioligand was available 

in-house. In all cases, the receptor was expressed on the cell surface and pKd values were in good 

agreement with literature data (Figure 3.1, Table 3.2). Notably, there was a wide range of the 

receptor number expressed on the cell surface ranging from 6,169 ± 1,507 (Y1R) to 

1,256,673 ± 164,408 (NTS1R) binding sites per cell (Table 3.2). In some cases, the non-specific binding 

of the radioligand to the cell membrane and other components, such as plastic or BSA, exceeded 

the specific binding isotherm, which correlated with the particularly low receptor expression 

(Y1/2/4R, D5R).  

Table 3.2. Equilibrium dissociation constants (pKd values) of indicated radioligands determined in radioligand 
saturation binding assays using HEK293T cells stably co-expressing NlucN-mini-G /GPCR-NlucC fusion proteins. The 
number of binding sites per cell was calculated using the obtained Bmax values and the specific activities (αs) of the 
radioligands. Presented data are means ± SEM of at least three experiments (N = 3) each performed in triplicate. 

  Radioligand Saturation Binding Literature 

NlucN-mini-G / 
GPCR-NlucC 

Radioligand pKd ± SEM Binding Sites / Cell ± SEM pKd 

mGs /D1R [3H]SCH23390 9.53 ± 0.06 160,525 ± 2,7294 9.4223 

mGsi /D2LR [3H]NMSP 9.88 ± 0.02 175,228 ± 11,155 10.5624 

mGs /D5R [3H]SCH23390 9.93 ± 0.02 59,097 ± 12,527 9.3723 

mGsq /M1R [3H]NMS 10.12 ± 0.11 122,171 ± 21,428 9.8825 

mGsi /M2R [3H]NMS 9.76 ± 0.05 45,741 ± 586 10.325 

mGsi /M4R [3H]NMS 10.27 ± 0.08 52,293 ± 11,234 10.525 

mGsq /M5R [3H]NMS 9.54 ± 0.02 87,576 ± 10,259 9.6325 

mGsi /Y1R [3H]MK299 10.19 ± 0.19 6,169 ± 1,507 10.3619 

mGsi /Y2R [3H]pNPY 8.99 ± 0.10 82,191 ± 3,149 8.8520 

mGsi /Y4R [3H]KK200 9.20 ± 0.08 51,334 ± 7,338 9.1720 

mGsq /NTS1R [3H]MK300 9.54 ± 0.08 1,256,673 ± 164,408 9.2921 

Reference data are taken from: Radioligand saturation binding assays using COS-7 cells expressing D1,5R,23 HEK293T 
cells expressing D2LR-ELucC,24 CHO K9 cells expressing M1,2,4,5R,25 SK-N-MC neuroblastoma cells,19 CHO-hY2-Gqi5-
mtAEQ cells,20 CHO-hY4-Gqi5-mtAEQ cells,20 and HT-29 cells.21 
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At this point it should be mentioned that observed receptor densities did not correlate with the 

assay signal amplitudes of respective reference agonists obtained in mini-G protein recruitment 

assays that are presented in the next section (cf. Appendix, Figure A7). Presumably an individual 

mini-G protein turnover at given GPCR or rather the stoichiometry of the GPCR and mini-G protein, 

as observed for H2R and mGs in Chapter 2 (section 2.3.4.), are crucial for the signal amplitudes 

obtained.26 

3.3.2. Validation of Mini-G Protein Sensors for Selected GPCRs  

3.3.2.1. Functional Characterization of Dopamine Receptors  

Dopamine receptors are ubiquitously expressed in the periphery and central nervous system (CNS) 

and respond to the neurotransmitter dopamine.27 According to their amino acid sequence, 

expression patterns and pharmacological properties, dopamine receptors are further classified in 

the Gs-coupled “D1-like” family comprising D1R28-29 and D5R,30-31 or the Gi-coupled “D2-like” family 

represented by D2R,32-33 D3R34 and D4R.35-36 From a pharmacological perspective, an imbalanced 

dopaminergic system in the CNS is a key factor in the development of neurological, 

neurodegenerative, neuropsychiatric disorders as well as of addiction.37-38 

 

Figure 3.2. Concentration response curves of selected standard A) agonists and B) antagonists obtained in the mini-
G protein recruitment assay using HEK293T cells stably co-expressing a combination of NlucN-mGs/D1R-NlucC, 
NlucN-mGsi/D2R-NlucC or NlucN-mGs/D5R-NlucC fusion proteins. Antagonists were characterized in the presence 
of 100 nM dopamine. Data were normalized to L-15 as solvent control (0%) and to maximal responses elicited by 
100 µM (D1,2R) or 10 µM (D5R) dopamine in the case of agonists and 100 nM dopamine for antagonists (100%). Data 
represent means ± SEM from at least three independent experiments (N ≥ 3), each performed in triplicate. 
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To validate the mini-G protein recruitment assay for dopamine receptors, a set of standard agonists 

and antagonists that provided receptor subtype selectivity has been analyzed (cf. Appendix, 

Figure A8). Overall, potencies (pEC50, pKb) and efficacies (Emax) of the ligands were in 

concordance with reported functional data (Tables 3.3 and 3.4). The endogenous agonist 

dopamine displayed the renowned increasing potency from D2R (6.86 ± 0.04) to D1R (7.52 ± 0.11) 

and D5R (8.04 ± 0.11).30,39-41 Apomorphine was a non-selective, full agonist at D1,2,5R and 

bromocriptine partially activated all three receptor subtypes with a preference for the D2R.42-43 

SKF81297, which is known to favor the D1-like family,44-45 was a selective full agonist at D1,5R but also 

partially activated the D2R (Emax: 18 ± 2.4%). In turn, the selective full D2R agonists, pramipexole and 

quinpirole, were partial agonists at D1,5R, however with very low potency of pEC50 < 5 in all cases 

(Figure 3.2, Table 3.3). In addition, the partial D2R agonist aripiprazole, was silent at the D1R but 

decreased the D5R basal activity thus providing an inverse efficacy of -24 ± 5.2% (Figure 3.2, Table 

3.3). Therefore, because the same concentrations of aripiprazole did not affect D1R activity, the 

strong decrease in luciferase activity observed for aripiprazole at the D5R is likely receptor-

mediated and not due to the solvent or a direct inhibition of the luciferase.46 

In the case of investigated antagonists, haloperidol and spiperone were selective for the D2R and 

clozapine preferred D1-like receptors (Table 3.4). Most strikingly, SCH23390 reported as an 

antagonist at D1-like receptors, promoted increases in luminescence signals, and thus was 

characterized as a partial agonist at D1,5R achieving Emax values of 19 ± 2.1% and 18 ± 1.0%, 

respectively (Table 3.3). It is worth mentioning that the investigated antagonists, haloperidol, 

spiperone and clozapine, significantly decreased the basal D1,5R activity (cf. Appendix, Figure 

A9A), thus indicating constitutively active systems.  
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Table 3.3. Potencies (pEC50) and efficacies (Emax) of selected standard agonists at dopamine D1,2,5 receptors 
obtained in the mini-G protein recruitment assay. HEK293T cells stably expressing NlucN-mGs and either D1R-NlucC 
or D5R-NlucC as well as NlucN-mGsi and D2R-NlucC fusion proteins were used. Statistical differences (*) of 
Emax > 100% or Emax < 0%, respectively, were tested using a one-sample t-test (α = 0.05). Presented data are of at 
least three independent experiments (N = 3) each performed in triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pEC50 ± SEM Emax ± SEM [%] pEC50 (pKb) Emax [%] pKi (pIC50) 

D1R 

Dopa 7.52 ± 0.11 100 6.94a,39 98a,39 6.92h,42 

SKF81297 8.75 ± 0.06 99 ± 0.6 8.40a,39 98a,39 (7.96)j,44 

Apo 7.46 ± 0.04 92 ± 1.6 7.59a,43 100a,43 7.14h,42 

Bromo 5.94 ± 0.07 40 ± 1.8 5.16b,48 62b,48 5.82h,48 

SCH23390 8.93 ± 0.04 19 ± 2.1   8.96k,49 

Prami < 4.5 21 ± 2.5 n.d.b,48 18b,48 <5l,40 

Quin < 4.5 13 ± 1.5 <5d,40  <5l,40 

Ari n.d. -2 ± 1.1   6.39h,50 

D2R 

Dopa 6.86 ± 0.04 100 7.78c,41 100c,41 7.89o,49 

SKF81297 5.87 ± 0.1 18 ± 2.4   (5.43)p,44 

Apo 7.64 ± 0.01 88 ± 4.4 8.40d,43 100d,43 7.94q,42 

Bromo 7.45 ± 0.11 68 ± 2.1 7.8c,51 96.6c,51 7.92r,48 

Prami 7.52 ± 0.08 104 ± 3.8 8.62f,48 108f,48 7.64r,48 

Quin 7.25 ± 0.06 105 ± 2.9 8.24c,41 98c,41 8.00o,49 

Ari 7.59 ± 0.06 18 ± 3.8 8.0c,51 68.5c,51 9.28s,50 

D5R 

Dopa 8.04 ± 0.11 100 8.2g,40 100g,40 7.5m,40 

SKF81297 8.87 ± 0.19 97 ± 3.4 8.7e,39 100e,39  

Apo 7.44 ± 0.11 99 ± 2.0 7.9g,40 80g,40 7.4m,40 

Bromo 6.04 ± 0.12 66 ± 4.5    

SCH23390 9.11 ± 0.27 18 ± 1.0   9.5m,40 

Prami < 5 53 ± 0.9 <5g,40 n.d.g,40 <5m,40 

Quin < 4.5 35 ± 1.7 <5g,40 n.d.g,40 <5m,40 

Ari < 5 -24 ± 5.2   5.92n,50 

Reference data were taken from (unless otherwise stated, Emax values refer to dopamine = 100%):  
Functional cAMP accumulation assays using aHEK293 D1R,39,43  bCHO D1R,48 cCHO D2SR,41,51 dHEK293 D2R,43 or eHEK293 
D5R cells,39 fPTX-sensitive [3H]thymidine incorporation mitogenesis assays using CHO D2R cells (normalized to 0.1 µM 
quinpirole),48 or gFluo-4 calcium mobilization assays using cells co-expressing D5R and Gα15,40 as well as radioligand 
displacement experiments using [3H]SCH23390 at membrane preparations/homogenates of hCHO D1R,42,48,50 jrat 
brain tissues,44 kHEK293 D1R,49 lLMtk D1R fibroblasts,40 mD5R cells,40 and nCHO D5R cells,50 [3H]spiperone at 
homogenates of oHEK293 D2R,49 and prat brain tissues,44 q[3H]raclopride at homogenates of CHO rat D2R,42 
r[125I]iodosulpiride at homogenates of CHO D2R cells,48 or s[3H]methylspiperone at homogenates of CHO D2SR.50 
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Table 3.4. Potencies (pKb) of selected standard antagonists at dopamine D1,2,5 receptors obtained in the mini-
G protein recruitment assay. HEK293T cells stably expressing NlucN-mGs and either D1R-NlucC or D5R-NlucC, as well 
as NlucN-mGsi and D2R-NlucC fusion proteins were used. Presented data are of at least three independent 
experiments (N = 3) each performed in triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pKb ± SEM pKi 

D1R 

Halo 7.06 ± 0.07 6.92 a,49 

Spip 5.93 ± 0.11 6.33 a,49 

Cloza 6.72 ± 0.05 6.70 a,49 

D2R 

Halo 8.07 ± 0.01 8.68 c,49 

SCH23390 5.11 ± 0.03 6.9c,40 

Spip 8.78 ± 0.06 9.89 c,49 

Cloza 5.91 ± 0.10 6.62 c,49 

D5R 

Halo 7.17 ± 0.07 7.31b,30 

Spip 5.38 ± 0.15 5.35b,30 

Cloza 6.37 ± 0.06 6.6b,30 

Reference data were taken from: Radioligand displacement assays using [3H]SCH23390 at 
homogenates/membrane preparations of aCHO D1R cells,49 or bCOS-7 D5R cells,30 and c[3H]spiperone at 
homogenates of CHO D2LR cells.40,49 
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3.3.2.2. Functional Characterization of Muscarinic Acetylcholine Receptors 

Muscarinic acetylcholine receptors (MR) comprise five receptor subtypes that are further 

subdivided into Gq/11-coupled M1R,52-53 M3R54 and M5R,55 receptors or Gi/o-coupled M2R53 and 

M4R.54,56-57 MRs are widely distributed in the periphery and CNS and, in particular, regulate smooth 

muscle contraction, glandular secretion, and essential processes in the CNS upon stimulation by 

the neurotransmitter acetylcholine. Thus, various pathophysiological conditions, such as overactive 

bladder,58-59 asthma,60 Sjögren’s61 or Alzheimer’s diseases,62 schizophrenia63 and other CNS 

disorders57,64 may be compensated by approved or investigational drugs targeting MRs.  

 

Figure 3.3. Concentration response curves of selected standard A) agonists and B) antagonists obtained in the mini-
G protein recruitment assay using HEK293T cells stably co-expressing NlucN-mGsq/M1R-NlucC, NlucN-mGsi/M2R-
NlucC, NlucN-mGsi/M4R-NlucC or NlucN-mGsq/M5R-NlucC fusion proteins. Antagonists were characterized in the 
presence of 100 µM carbachol. Data were normalized to L-15 as solvent control (%) and to maximal responses 
elicited by 1 mM (M1,5R) or 10 mM (M2,4R) carbachol in the case of agonists and 100 µM carbachol for antagonists 
(100%). Data represent means ± SEM from at least three independent experiments (N ≥ 3), each performed in 
triplicate. 
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In line with the research interest at the institute, this study validated the mini-G protein recruitment 

assay for the Gq/11-coupled M1,5R and Gi/o-coupled M2,4R using a set of prototypical agonists and 

antagonists targeting the orthosteric binding site (cf. Appendix, Figure A10).65-67 Due to the 

instability of acetylcholine in solution,68 carbachol was used as a proxy for the endogenous ligand 

and, thus, its signal served as 100% control in the experiments. In agreement with the literature, the 

full agonist carbachol and partial agonist oxotremorine were not selective for any of the MR 

subtypes (Figure 3.3, Table 3.5). In addition, apart from its preference for the M4R, iperoxo was 

equipotent at M1,2,5R and provided superagonism at MR with efficacies ranging from 124 ± 5.1% 

(M2R) to 204 ± 5.4% (M1R) (Figure 3.3, Table 3.5), as reported.69-71 Due a high sequence similarity of 

the MR orthosteric binding sites (M2R: 83%; M4R: 83%; M5R: 91% compared to the  

M1R ligand binding site determined using the GPCRdb web server72; 

www.gpcrdb.org/similaritysearch/referenceselection; access date: 12.05.2022), orthosteric ligands 

hardly achieve subtype selectivity. However, xanomeline has been reported as a functionally 

selective, partial agonist at the M1,4R and as nearly mute at M2,5R.73 Likewise, pEC50 values of 

7.17 ± 0.07 and 7.63 ± 0.13as well as Emax values of 22 ± 1.9% and 51 ± 7.4% at the M1,4R, respectively, 

were obtained for xanomeline in mini-G protein recruitment assays (Figure 3.3, Table 3.5).  

In addition, following standard antagonists were characterized for assay validation: atropine,  

N-methyl-scopolamine, pirenzepine and propantheline (Figure 3.3, Table 3.6). Whereas pKb values 

of atropine, N-methyl-scopolamine and propantheline were in sub nanomolar range at all MR 

subtypes, the potency of pirenzepine was considerably weaker (nanomolar range) at these 

receptors, which agreed with earlier reports (Figure 3.3, Table 3.6).74-75 Furthermore, the relative 

subtype selectivity of pirenzepine (M1R > M4R > M5R > M2R), which has been attributed to the 

orthosteric binding pocket of the Gi-coupled M4R being more akin to that of the M1,5R (Gq/11-

coupled subtype family) than to that of the M2R (Gi/o-coupled subtype family), was consistent with 

the literature.76  
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Table 3.5. Potencies (pEC50) and efficacies (Emax) of selected standard agonists at muscarinic acetylcholine M1,2,4,5 
receptors obtained in the mini-G protein recruitment assay. HEK293T cells stably expressing NlucN-mGsq and either 
M1R-NlucC or M5R-NlucC as well as NlucN-mGsi and either M2R-NlucC or M4R-NlucC fusion proteins were used. 
Statistical differences (*) of Emax > 100% were tested using a one-sample t-test (α = 0.05). Presented data are of at 
least three independent experiments (N = 3) each performed in triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pEC50 ± SEM Emax ± SEM [%] pEC50 Emax [%] pKi 

M1R 

Cch 4.69 ± 0.05 100 6.12 a,74 100a,74 4.87k,70 

Iper 7.80 ± 0.04 204 ± 5.4* 9.42a,74 99.8a,74 8.35k,70 

Oxo 6.53 ± 0.05 26 ± 1.5 7.32a,74 83.6a,74 6.61k,70 

Xan 7.17 ± 0.07 22 ± 1.9 7.19a,74  80.6a,74  7.29k,70 

M2R 

Cch 4.74 ± 0.05 100 6.65c,77 73c,77 4.62l,70 

Iper 7.87 ± 0.06 124 ± 5.1 9.80g,69 99g,69  5.83l,70 

Oxo 6.34 ± 0.07 45 ± 5.0 6.88d,78  98.9d,78 5.70l,70 

Xan n.d. 6 ± 0.8 8.58h,70  6.82l,70 

M4R 

Cch 5.27 ± 0.10 100 6.63e,77 88e,77 4.68m,70 

Iper 8.92 ± 0.12 127 ± 5.6* 8.22k,70  5.96m,70 

Oxo 6.99 ± 0.02 63 ± 2.7 7.70f,78 103f,78 5.86m,70 

Xan 7.63 ± 0.13 51 ± 7.4 8.86j,70  7.04m,70 

M5R 

Cch 5.30 ± 0.06 100 6.78b,74 100b,74 4.72n,70 

Iper 7.95 ± 0.06 166 ± 7.0* 9.80b,74 101.4b,74 6.99n,70 

Oxo 6.41 ± 0.11 30 ± 2.2 7.19b,74 101.4b,74 6.16n,70 

Xan 7.04 ± 0.04 6 ± 0.3 5.88b,74 73.3b,74 7.06n,70 

Reference data were taken from (unless otherwise stated, Emax values refer to carbachol = 100%):  
Functional Gαq-PLC-β3 assay using aHEK293T M1R or bHEK293T M5R cells,74 cAMP accumulation assays using CHO 
M2R cells (normalized to the maximal cforskolin or dmethacholine response) or CHO M4R cells (normalized to the 
maximal eforskolin or fmethacholine response),77-78 g[35S]GTPγS assay with CHO-K1 cells expressing M2R,69 or inositol 
phosphate accumulation using CHO-K1 cells expressing hM2R-Ga16 jM4R-Ga16 fusion proteins70 as well as [3H]NMS 
displacement assays using CHO-K1 cells expressing kM1R-Gα16, lM2R-Gα16 fusion, mM4R-Gα16 or nM5R-Gα16 
proteins.70 
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Table 3.6. Potencies (pKb) of selected standard antagonists at muscarinic acetylcholine M1,2,4,5 receptors obtained 
in the mini-G protein recruitment assay. HEK293T cells stably expressing NlucN-mGsq and either M1R-NlucC or M5R-
NlucC as well as NlucN-mGsi and either M2R-NlucC or M4R-NlucC fusion proteins were used. Presented data are of 
at least three independent experiments (N = 3) each performed in triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pKb ± SEM pKb (pEC50) pKi, (pKd) 

M1R 

Atrop 9.34 ± 0.12 8.93a,74 9.05g,25 

NMS 9.18 ± 0.26 9.35a,74 (9.88)l,25 

Pirenz 8.40 ± 0.15 7.76a,74 8.78g,25 

Propant 9.95 ± 0.13 9.26a,74 9.62g,25 

M2R 

Atrop 9.11 ± 0.05 (9.94)c,79 8.96h,25 

NMS 9.63 ± 0.04 (9.41)c,79 (10.30)m,25 

Pirenz 6.41 ± 0.14 6.2e,75 6.60h,25 

Propant 9.24 ± 0.16  9.21h,25 

M4R 

Atrop 10.37 ± 0.24 (9.95)d,79 9.22j,25 

NMS 10.26 ± 0.06 (9.46)d,79 (10.5)n,25 

Pirenz 7.55 ± 0.12 7.3f,75 7.40j,25 

Propant 9.27 ± 0.14  9.60j,25 

M5R 

Atrop 9.69 ± 0.08 8.66b,74 9.29k,25 

NMS 9.12 ± 0.10 9.52b,74 (9.63)o,25 

Pirenz 7.24 ± 0.04 6.65b,74 7.10k,25 

Propant 11.38 ± 0.04 9.82b,74 9.75k,25 

Reference data were taken from: Functional Gαq-PLC-β3 assays using aHEK293T M1R or bHEK293T M5R cells,74 
[3H]AMP accumulation assays using CHO cells expressing cM2R or dM4R,79 β-galactosidase activity assay using NIH 
3T3 cells co-expressing eM2R or fM4R in combination with Gqi5,75 as well as [3H]NMS displacement assays using CHO 
gM1R, hM2R, jM4R, kM5R cells or [3H]NMS saturation binding experiments using CHO lM1R, mM2R, nM4R, oM5R.25 
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3.3.2.3. Functional Characterization of Neuropeptide Y Receptors 

The 36 amino acid peptides NPY, PYY and PP share a high sequence identity up to 70% and bind 

to a family of Gi/o-coupled class A GPCRs, the NPY receptors. In humans, the NPY receptor family 

includes four functional subtypes, the Y1R,80-81 Y2R,82-83 Y4 R84-85 and Y5R.86,87 Whereas NPY and PYY 

provide equal affinity for the Y1R and the Y2R, PP selectively binds to the Y4R.88 NPY receptors are 

widely expressed across the central and peripheral nervous system and regulate a plethora of 

physiological processes, such as food intake, blood pressure, anxiety or pain modulation.89-92 In 

drug discovery, Y1R, Y2R and Y4R represent potential targets for the pharmacological treatment of 

depression and obesity.93-100 Moreover, the development of highly selective Y1R and Y2R ligands 

has contributed to the better understanding of the NPY receptor expression in tumors and the 

elucidation of NPY-/PYY-mediated effects on tumor cell growth,89 and labeled Y1R ligands, such as 

[18F]BIBP3226 derivatives, are currently being considered as in-vivo imaging agents due to a 

receptor overexpression in distinct cancers, including breast cancer,101 renal cell cancer,102 and 

ovarian cancer.103,104-105 In addition, several studies suggested that depending on the tumor type, 

the use of selective Y1R agonist or Y2R antagonists is a promising strategy for medical treatment.89 

For example, Y1R-mediated signaling in response to PYY was demonstrated to reduce the in-vitro 

tumor cell growth of breast cancer,106 whereas Y2R antagonists reduced the vascularization and 

tumor growth of neuroblastoma cells injected to immune compromised nude mice.107 

 

Figure 3.4. Concentration response curves of selected A) agonists and B) antagonists obtained in the mini-G protein 
recruitment assay using HEK293T cells stably co-expressing NlucN-mGsi and either Y2R-NlucC or Y4R-NlucC fusion 
proteins. Antagonists were characterized in the presence of 50 nM pNPY (Y2R) or 10 nM hPP (Y4R). Data were 
normalized to L-15 as solvent control (0%) and to maximal responses elicited by 10 µM pNPY (Y2R) or 1 µM hPP (Y4R) 
in the case of agonists and 50 nM pNPY (Y2R) or 10 nM hPP (Y4R) for antagonists (100%). Data represent means ± SEM 
from at least three independent experiments (N ≥ 3), each performed in triplicate. 
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For mini-G protein recruitment assays, stable transfectants co-expressing the NlucN-mGsi and either 

Y2R-NlucC or Y4R-NlucC fusion proteins were used and developed sensors were validated using a 

set of standard and in-house developed agonists and antagonists (cf. Appendix, Figure A11). 

Specifically, the physiological agonists, porcine NPY (pNPY), human PYY (hPYY) and human PP 

(hPP) were full agonists at the Y4R, but only pNPY and hPYY fully activated the Y2R (Figure 3.4, 

Table 3.7). In agreement to the literature, the Y2R was selective for pNPY and hPYY, which were 

nearly equipotent with pEC50 values of 8.62 ± 0.08 and 8.80 ± 0.08, respectively.88 Vice-versa, mGsi 

recruitment revealed renowned Y4R preference for hPP by three magnitudes over pNPY and 

hPYY.88 When exploring recently published linear and cyclic peptides AK95l and AK95c15 at the Y4R, 

both were characterized as partial agonists with Emax values of 52 ± 1.7% and 60 ± 2.0%, 

respectively. Similar to results obtained in a calcium mobilization assay, the cyclization of the linear 

peptide AK95l yielding AK95c led to an increase in potency of two magnitudes.15  

Table 3.7. Potencies (pEC50) and efficacies (Emax) of selected standard agonists at neuropeptide Y1,2,4 receptors 
obtained in the mini-G protein recruitment assay. HEK293T cells stably expressing NlucN-mGsi and either Y1R-NlucC, 
Y2R-NlucC or Y4R-NlucC fusion proteins were used. Statistical differences (*) of Emax > 100% were tested using a one-
sample t-test (α = 0.05). Presented data are of at least three independent experiments (N = 3) each performed in 
triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pEC50 ± SEM Emax ± SEM [%] pEC50 Emax [%] pKi 

Y1R pNPY 8.84 ± 0.18 100 9.24a,108 100a,108 9.3e,109 

Y2R 

pNPY 8.62 ± 0.08 100 7.93b,110 100b,110 9.1f,111 

hPP < 4.5 47 ± 5.7   <5.30f,112 

hPYY 8.80 ± 0.08 114 ± 2.9 8.12b,110 (pPYY) 100b,110 (pPYY) 9.4f,111 

Y4R 

pNPY 9.21 ± 0.20 100 6.38c,110 56c,110 6.55g,112 

hPP 6.42 ± 0.09 87 ± 3.7 7.96c,112 100c,112  9.28g,112  

hPYY 2.41 ± 2.65 110 ± 4.2 6.40c,113 (pPYY) 61c,113 (pPYY) 9.06h,84 

AK95l 6.69 ± 0.10 52 ± 1.7 6.98d,15 67d,15 8.71j,15 

AK95c 8.74 ± 0.04 60 ± 2.0 9.00d,15 84d,15 10.48j,15 

Reference data ware taken from (unless otherwise stated, Emax values refer to pNPY = 100% (Y1R, Y2R) or hPP = 100% 
(Y4R)): Functional ainositol phosphate accumulation assays using HEK293 cells co-expressing Y1R and Gaq∆6i4myr,108 
b[35S]GTPγS binding assays using membrane preparations of Sf9 cells expressing Y2R, Gαi2, Gβ1γ2 and RGS4,110 
c[γ33P]GTPase assays using Sf9 cell membranes expressing Y4R, Gαi2, Gβ1γ2 and RGS4,110,113 dcalcium aequorin assays 
using CHO-hY4R-mAEQ-Gqi5 cells,15 as well as flow cytometric fluorescence ligand displacement assays using Cy5-
pNPY at eHEL-hY1R,109 and fCHO-hY2R cells,111 or gCy5-[K4 ]hPP at gCHO-hY4R-Gqi5-mtAEQ cells,112 and radioligand 
displacement assays using h[125I]-PYY at membrane preparations of COS-7 Y4R cells,84 or j[3H]KK200 at CHO-hY4R-
mAEQ-Gqi5 cells.15 
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In addition, pKb values of selected Y2R and Y4R antagonists were determined using described mini-

G protein sensors (cf. Appendix, Figure A11B). At the Y2R, the Kb values of JNJ31020028 and 

CYM9484 in two-digit nanomolar range agreed with earlier reports, but BIIE0246 was even more 

potent (sub nanomolar; Table 3.8). The Y4R antagonist, MK188, revealed a pKb value of 7.36 ± 0.12 

(Table 3.8), which was in good agreement with reported data of a calcium mobilization assay.16 It 

is worth mentioning that the basal activity of both, the Y2R and Y4R, was not reduced in mini-

G protein recruitment assays by investigated antagonists (cf. Appendix, Figure A9), which might be 

either due to the ligands’ mechanism of action or, more likely, due to a lacking constitutive activity 

of NPY receptors.  

In the case of Y1R, unfortunately, the luminescence signals were too low for a reliable functional 

characterization of Y1R ligands (cf. Appendix, Figure A12). This was probably related to the 

considerably low receptor expression of the utilized HEK293T NlucN-mGsi/Y1R-NlucC cells, which 

contained only 6,169 ± 1,507 binding sites per cell determined by [3H]MK299 saturation binding 

experiments (cf. Table 3.2). 

Table 3.8. Potencies (pKb) of selected standard antagonists at neuropeptide Y2,4 receptors obtained in the mini-
G protein recruitment assay. HEK293T cells stably expressing NlucN-mGsi and either Y2R-NlucC or Y4R-NlucC fusion 
proteins were used. Presented data are of at least three independent experiments (N = 3) each performed in 
triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pKb ± SEM pKb (pIC50) pKi, (pIC50) 

Y2R 

BIIE0246 10.05 ± 0.13 7.99a,113 (8.07)e,114 

JNJ31020028 8.37 ± 0.19 8.04b,114 (7.92)e,114 

CYM9484 8.07 ± 0.12 (7.72)c,115  

Y4R MK188 7.36 ± 0.12 7.70d,16 6.89f,16 

Reference data ware taken from: Functional a[35S]GTPγS binding assays using membrane preparations of Sf9 cells 
expressing Y2R, Gαi2, Gβ1γ2 and RGS4,110 bcalcium mobilization assays using KAN-Ts cells co-expressing Y2R and 
Gqi9,114 cSAR studies performed at the National Institutes of Health,115 dcalcium aequorin assays using CHO-hY4R-
mAEQ-Gqi5 cells,15 as well as radioligand displacement assays using e[125I]PYY at KAN-Ts cells endogenously 
expressing Y2R,114 or ffluorescence ligand displacements assays using Cy5-[K4]hPP at CHO-hY4R cells.16 
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3.3.2.4. Functional Characterization of the Neurotensin NTS1 Receptor 

Neurotensin receptors comprise three subtypes, two of which, the NTS1R116-117 and NTS2R118-119 

belong to class A GPCRs and primarily couple to Gq proteins.119-120 In contrast to the NTS2R, which 

is mainly found in the CNS, the NTS1R is more widely expressed the CNS, gastrointestine and liver.121 

The third subtype, the NTS3R (also: sortilin), constitutes a single transmembrane domain receptor122 

and first has been classified as vascular protein sorting 10 protein (Vps10p).123 The physiological 

ligand of the neurotensin receptors is the 13 amino acid neuropeptide neurotensin (NTS).124 

Particularly, the NTS1R is involved in the development and progression of various malignant tumors, 

such as breast,125 lung,126 pancreas,127-128 prostate,129 colon,130 and gastric cancers,131 and NTS1R 

ligands are currently used as radiopharmaceuticals for the diagnosis of these cancers or to monitor 

the tumor growth and metastasis. Such radioligands are mainly based on derivatives of the 

endogenous agonist NTS or on non-peptidic antagonists132 and incorporate [68Ga]-128,133-135, or  

[18F]-labels134,136 (γ-emitter) for positron emission tomography (PET) imaging, [99mTc]-,137-138 or  

[111In]-labels133,139 (γ-emitter) for single photon computer tomography (SPET) imaging and 

scintigraphy, and  [177Lu]-,140 or [188Re]-labels138 (β-emitter) for endoradiotherapy. A prerequisite prior 

to the radiolabeling of the ligands is the determination of potent and selective binding to the target 

site as well as of appropriate functional (agonistic or antagonistic) properties, e.g. in fluorescence 

ligand competition binding experiments141 and functional cell assays, such as the presented 

concept. 

 

Figure 3.5. Concentration response curves of a selected A) agonist and B) antagonist obtained in the mini-G protein 
recruitment assay using HEK293T cells stably co-expressing NlucN-mGsq and NTS1R-NlucC fusion proteins. The 
antagonist was characterized in the presence of 5 nM NT(8-13). Data were normalized to L-15 as solvent control 
(0%) and to maximal responses elicited by 1 µM NT(8-13) in the case of agonists and 5 nM NT(8-13) for antagonists 
(100%). Data represent means ± SEM from at least three independent experiments (N ≥ 3), each performed in 
triplicate. 
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The short analog NT(8-13) constituting the C-terminal hexapeptide of NTS has been reported to fully 

activate the NTS1R142 and was used as reference agonist to characterize HEK293T cells stably co-

expressing NlucN-mGsq and NTS1R-NlucC fusion proteins. In mini-G protein recruitment assays, the 

agonist NT(8-13) and standard antagonist SR142948 displayed potencies of 8.48 ± 0.046 (pEC50) and 

8.78 ± 0.03 (pKb), respectively (Figure 3.5, Table 3.9 and Appendix, Figure A13). For both, the results 

were in good agreement with that of a recently published Gαq-PLC-β3 activation sensor.74 

Moreover, no significant changes in the basal relative luminescence of the system (∆Baseline (%)) 

were detected upon SR142948 addition (cf. Appendix, Figure A9), which correlated well with the 

absence of constitutive activity of the wildtype NTS1R in earlier reports.143-144 

Table 3.9. Potencies (pEC50, pKb) and efficacies (Emax) of a standard agonist and antagonist at the neurotensin NTS1 
receptor obtained in the mini-G protein recruitment assay. HEK293T cells stably expressing NlucN-mGsq and NTS1R-
NlucC proteins were used. Presented data are of at least three independent experiments (N = 3) each performed 
in triplicate. 

  Mini-G Protein Recruitment Literature 

Subtype Cpd. pEC50 (pKb) ± SEM Emax ± SEM [%] pEC50 (pKb) Emax [%] pKi 

NTS1R 
NT(8-13) 8.48 ± 0.046 100 8.79a,74 100a,74  

SR 142948 (8.78) ± 0.03  (8.20)a,74  8.99b,145 

Reference data were taken from: Functional aGαq-PLC-β3 assays using HEK293T NTS1R cells,74 as well as b[125I-Tyr3]NT 
displacement assays using CHO NTS1R cells.145 
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3.3.2.5. Functional Characterization of the CXC-Motif Chemokine Receptor CXCR4  

In the human body, the CXCR4146-147 is expressed on various cell types of the immune system, such 

as T cells and macrophages, and acts as a key player in the coordination of cell migration and 

inflammatory responses regulated by the chemotactic cytokine (chemokine) CXCL12.148-150 As a 

co-receptor in host cell infection, the CXCR4 enables the human immunodeficiency virus (HIV) to 

enter cells upon CD4 receptor binding. At present, the exploration of the CXCR4 relevance in 

COVID19 diseases is of particular interest. It has been found that COVID19 progression is driven by 

T cell immunopathogenesis,151-152 and fatal COVID19 cases were connected to an escalating 

number of CXCR4 positive T cells in the lung.153-154 Thus, the development of CXCR4 antagonists is 

of particular interest to the drug discovery community for a number of reasons: On the one hand, 

the selective inhibition of CXCR4 is a potential target for the treatment of HIV infection155-157 or 

COVID19.153 On the other hand, patients in the clinics benefit from [68Ga]-, [90Y]-, or [177Lu]-labeled 

antagonists that are used for in-vivo positron emission tomography (PET) imaging for the diagnosis 

and monitoring the tumor cell growth and metastasis of, e.g., leukemic blasts,158 large B cell 

lymphoma,159 acute leukemia,160 or multiple myeloma,161-162 as well as for the examination of the 

inflammation infiltration in tissues163-164 and myocardial infarction.165-166 

 

Figure 3.6. Concentration response curves of a selected A) agonist and B) antagonist obtained in the mini-G protein 
recruitment assay using HEK293T cells stably co-expressing NlucN-mGsi and CXCR4-NlucC fusion proteins. The 
antagonist was characterized in the presence of 33 nM CXCL12. Data were normalized to L-15 as solvent control 
(0%) and to maximal responses elicited by 3 µM CXCL12 in the case of agonists and 33 nM CXCL12 for antagonists 
(100%). Data represent means ± SEM from at least three independent experiments (N ≥ 3), each performed in 
triplicate. 
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The Gi-coupled CXCR4 served as a model for the functional characterization of class A protein 

GPCRs using mini-G sensors. Using HEK293T cells stably co-expressing NlucN-mGsi and CXCR4-NlucC 

fusion proteins, we have probed the endogenous agonist CXCL12 and the antagonist FC131 

(Figure 3.6, Table 3.10 and Appendix, Figure A14). CXCL12 displayed a potency of 8.68 ± 0.06. For 

FC131, we obtained a pIC50 value of 6.55 ± 0.04 that was converted to a pKb of 7.77 ± 0.04 using to 

the Cheng-Prusoff equation.22 Both the agonist and antagonist potencies were consistent with 

earlier data accomplished in an inositol phosphate (IP) accumulation assay.167-168 In the literature 

some constitutive activity has been reported for the CXCR4, which was predominantly linked to 

receptor dimerization169 and could be further increased by point-mutations of Asn-1193.35 

regulating transmembrane TM3 conformations.169-170 Other than reported in the study of Isbilir et al. 

(2020),169 FC131 did not significantly reduce the basal relative luminescence in the mini-G protein 

recruitment assay (cf. Appendix, Figure A9). This might be explained by low level receptor 

expression in the cells, as Isbilir et al. demonstrated a correlation between the receptor expression 

and dimerization leading to constitutively active CXCR4.169 Unfortunately, no radioligand has been 

available at the institute to determine binding sites per cell by radioligand saturation binding in 

order to evaluate this hypothesis. In future studies, the presented CXCR4/mGsi assay might help to 

fill this gap as it is the first assay available at the institute to evaluate potential CXCR4 ligands and 

ultimately to develop a suitable radioligand. 

Table 3.10. Potencies (pEC50, pKb) and efficacies (Emax) of a standard agonist and antagonist at the chemokine 
receptor CXCR4 obtained in the mini-G protein recruitment assay. HEK293T cells stably expressing NlucN-mGsi and 
CXCR4-NlucC proteins were used. Presented data are of at least three independent experiments (N = 3) each 
performed in triplicate. 

  Mini-G Protein Recruitment  Literature 

Subtype Cpd. pEC50 (pKb/pIC50) ± SEM Emax ± SEM [%] pEC50 (pIC50) Emax [%] pKi (pIC50) 

CXCR4 
CXCL12 8.68 ± 0.06 100 8.27a,168 100a,168  

FC131 (7.77/6.55) ± 0.04  (6.40)a,167  (6.12)b,167 

Reference data were taken from: Functional aIP accumulation assay using COS-7 cells expressing CXCR4-eYFP and 
Gα∆6qi4myr,167-168 as well as b[125I]12G5 displacement using COS-7 cells expressing the CXCR4.167 
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3.3.3. Verification of Mini-G Protein Sensor Reversibility 

Commonly, G protein biosensors, such as FRET-, BRET- or split-luciferase-based sensors, that measure 

protein - protein interactions deal with the expression of large fluorescent or bioluminescent 

proteins. Thus, it is a reasonable question to ask how the affinity between such (split-)proteins affects 

the detection in cell assays.171 In this study, split-NanoLuc, a split-luciferase with low fragment 

affinity, was used that should allow for a re-separation of the fragments once they were bound 

together.172 At this point, it should be mentioned that maximal stimulation of sensors presented in 

this chapter and the sensors developed for the histamine receptor family (cf. Chapter 2) revealed 

different kinetics similar to association exponential kinetics (H1R, D1R, D5R), rise-and-fall-to-steady-

state kinetics (H2R, H3R, H4R, D2R, M1R, M4R, M5R, Y2R, Y4R, NTS1R) or rise-and-fall to baseline kinetics 

nearly achieved for the CXCR4.173 Representatively, time-resolved luminescent signals of the 

different kinetics obtained are depicted in Figure 3.7A, C and E for dopamine at NlucN-mGs/D5R-

NlucC, carbachol at NlucN-mGsq/M1R-NlucC and CXCL12 at NlucN-mGsi/CXCR4-NlucC, 

respectively. 

To demonstrate the reversibility of all presented mini-G protein sensors, split-luciferase 

complementation was induced by mini-G protein recruitment in response to reference agonists 

(~ EC80 concentration, respectively) and subsequently reversed by the addition of antagonists at 

different concentrations (Figure 3.7 and Appendix, Figure A15). Overall, split-NanoLuc 

complementation of all mini-G protein sensors was reversible after 15 min of agonist stimulation 

(Figure 3.7 and Appendix, Figure A15). Even in the case of the CXCR4, at which the agonist signal 

dropped down rapidly (similar to a rise-and-fall to baseline kinetic173) the split-luciferase 

complementation was reversible in a concentration-dependent manner yielding a FC131 pIC50 

value of 6.73 ± 0.11 (Figures 3.7F and 3.7G). To further evaluate the kinetic differences obtained, in 

addition to the 15 min agonist incubation, mini-G protein recruitment was terminated after 45 min 

representatively D5R and M1R (Figures 3.7B and 3.7C). In both cases, the displacement of the 

agonist after different time points led to an antagonist concentration dependent decrease in the 

relative luminescence. Equivalent pIC50 values of 5.68 ± 0.06 (15 min) or 6.05 ± 2.0 (45 min) for 

haloperidol at the D5R and of 8.54 ± 0.09 (15 min) or 8.71 ± 0.01 (45 min) for atropine at the M1R 

were observed (Figures 3.7A, 3.7B and 3.7D), the differences of which were not statistically 

significant calculated using a Welch’s two-sample t-test for unpaired samples. Interestingly, both 

the addition of the antagonist and L-15 buffer again triggered signal peaks in systems with rise-and-

fall-to-steady-state kinetics, such as for the M1R, which did not occur in systems with association 

exponential kinetics, such as for the D5R (Figure 3.7).173 It remains unclear, whether this is due to an 

artificial effect within the recombinant cells, such as ligand binding to the luciferase,46 or due to an 

agonist-mediated effect. Hypothetically, agonists might achieve transient receptor conformations 
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that allow enhanced mini-G protein binding during the displacement process or rather by 

mechanical stimulation.  

Concisely, the split-luciferase complementation of all sensors was fully reversible after different time 

points and did not correlate with mini-G protein recruitment kinetics. Therefore, obtained 

luminescence signals should originate from cell surface receptors.  

 

Figure 3.7. Time-resolved luminescent signals and reversibility of mini-G protein sensors with different signaling 
kinetics representatively shown for HEK293T cells stably co-expressing NlucN-mGs/D5R-NlucC (A, B), NlucN-
mGsq/M1R-NlucC (C, D) and NlucN-mGsi/CXCR4-NlucC (E, F). Traces in response to reference agonists revealed A) 
association exponential kinetics for dopa at D5R, C) rise-and-fall-to-steady-state kinetics for cch at M1R and nearly 
E) rise-and-fall to baseline kinetic for CXCL12 at CXCR4. Despite the different kinetics, split-NanoLuc 
complementation upon stimulation of the B) D5R with 100 nM dopa, D) M1R with 100 µM cch and F) CXCR4 with 
33 nM CXCL12 was fully reversible after 15 min or 45 min by the addition of indicated antagonists at various 
concentrations. Presented data show representative luminescent traces of single experiments. G) Concentration 
response curves of antagonists displacing the respective agonists after 15 min or 45 min were calculated using 
endpoint values after 45 min incubation upon antagonist addition. Data presented are from at least three 
independent experiments (N = 3), each performed in triplicate. 
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3.4. Discussion 

The aim of this study was to extend mini-G protein sensors to GPCRs relevant for in-house research 

topics and thus to create a uniform platform for functional assays. Stable transfectants co-

expressing NlucN-mini-G protein and GPCR-NlucC fusion proteins were generated, and the 

receptor expression was verified by radioligand saturation binding experiments except for the 

CXCR4, for which no radioligand was available in-house. Of note, these experiments revealed that 

the signal span obtained in mini-G protein recruitment assays did not correlate with receptor 

expression levels. 

Overall, described mini-G protein sensors provided high signal-to-background (S/B) ratios  

(cf. Appendix, Figure A7) and were fully reversible (Figure 3.7 and Appendix Figure A15). In this 

study, the assay suitability for the functional characterization of dopamine, muscarinic 

acetylcholine, neuropeptide Y receptors, NTS1R and CXCR4 ligands was demonstrated by 

investigating full and partial agonists as well as antagonists. The agonist iperoxo displayed 

significantly higher Emax values than the reference agonist carbachol at M1,2,4,5R and was therefore 

classified as superagonist.174-175 It is widely accepted that activated receptors sequentially activate 

multiple heterotrimeric G proteins,176-177 and thus superagonists have been presumed to favor 

receptor conformations that more efficiently couple the receptor to the G protein activation cycle, 

resulting in more G proteins being activated than upon binding of the reference agonist.175 The 

fact that mini-G proteins represent the active GTPase domain of Gα, and thus the entire protein 

population should be available for receptor binding independent of the GDP-GTP nucleotide 

exchange, may explain the strikingly high Emax values of up to 204 ± 5.4% observed for iperoxo at 

M1R.178 Unfortunately, at the Y1R, mini-G protein recruitment signals were unfavorable. Nonetheless, 

weak mini-G protein recruitment assay signals in line with the low receptor expression proven by 

radioligand saturation binding suggest that the functional characterization of Y1R ligands might be 

achievable by selecting single clones derived from the pooled cell strain or by optimizing the 

receptor expression or rather the receptor – mGsi stoichiometry.  

In recent years, several potent ligands and molecular tools have been developed at the institute 

that were functionally characterized in calcium mobilization or aequorin assays.15-16,104,141 Although 

these assays are suitable for the determination of the ligands’ mechanism of action, they also have 

drawbacks. For instance, the calcium mobilization assay suffers from a low throughput setup in 

cuvettes and thus higher material costs.179-180 Unfortunately, the transient calcium flux in cells, which 

complicates the study of antagonists, has so far prevented the assay format from being adapted 

to 96-well plates for routine testing. Furthermore, in distal cell assays, the potentiation of agonistic 
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potencies or efficacies along the signal cascade cannot be precluded, which is a concern in 

ligand bias studies.181  

Due to the high signal amplitudes and strong agreement of the pharmacological data obtained 

for standard ligands with the literature, the described mini-G protein sensors are considered well 

suited for the future functional characterization of potential ligands and represent an excellent 

alternative to previously used G protein-dependent assays. In addition, the mGsi recruitment assay 

is the first CXCR4 cell assay available in-house, thus enabling potent CXCR4 ligands to be 

developed in upcoming projects, which in turn should support the development of high affinity 

radio or fluorescent ligands to also establish CXCR4 ligand binding assays. 
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Note: The content of this chapter is part of a collaborative project with Dr. Laura Humphrys. While 

the CRISPR/Cas9 experiments were conceived by Dr. Laura Humphrys, all experimental work, 

including molecular cloning and cell assays, was performed in equal parts by Carina Höring and 

Dr. Laura Humphrys. 
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4.1. Introduction 

In G protein-coupled receptor (GPCR) research, the utilization of bioluminescence resonance 

energy transfer (BRET)- or split luciferase complementation (SLC)-based G protein biosensors has 

overcome the safety and cost limitations of [35S]GTPγS binding assays traditionally employed for the 

functional characterization of GPCR ligands.1-2 Both techniques are commonly used to detect 

protein - protein interactions in cells and rely on genetically encoded reporter proteins that are 

conjugated to the proteins of interest, such as the GPCR and G protein.3-7 While BRET applications 

use an intact luciferase (donor) to excite a fluorescent protein (acceptor) when both proteins are 

at a distance < 100 Å, SLC applications use a dissected luciferase.8-9 Complementation of the 

luciferase fragments then restores their catalytic activity and promotes the oxidation of a substrate, 

followed by the release of bioluminescence.10 In addition to the safety and cost benefits, the 

homogenous performance of RET- and SLC-based assays allows the observation of G protein 

activation or rather GPCR – G protein interaction in real-time and in intact cells.4 However, unlike 

traditional [35S]GTPγS binding assays, genetically encoded biosensors have only sparsely been 

applicable at the endogenous receptor level due to the generation of GPCR fusion proteins.11-12 

Considering that overexpression of receptors could lead to a shift in the relative abundance of 

interacting partners, including potential partners for receptor dimerization, G proteins, or β-arrestins 

endogenously expressed in cells, receptor expression levels might become critical in terms of 

receptor reserve and signal amplitudes.13-14 

In recent years, the modification of endogenous gene loci has been simplified by the discovery of 

certain endonucleases, such as by zinc-finger nucleases (ZFNs),15-16 transcription activator-like 

effector nucleases (TALENs),17-18 and clustered regularly interspaced short palindromic repeats 

associated protein (CRISPR/Cas) systems,19-21 all facilitating programmable site-specific DNA 

cleavage. Both ZFNs and TALENs consist of a DNA-binding domain, which binds to the gene locus, 

and an endonuclease domain, which induces double-stranded DNA (dsDNA) breaks upon 

dimerization.22 In contrast, Cas endonucleases form a complex with small guide RNA (gRNA), which 

locates the enzyme to the target site and is particularly easy to design for experiments.20-21 

Therefore, the highly specific and efficient CRISPR/Cas system has become a widely used method 

for genome editing and has already been used to generate cells endogenously expressing 

engineered luciferases or fluorescent proteins.23-26 In particular, the engineered NanoLuc, based 

on a luciferase from deep-sea shrimp Oplophorus gracilirostris, appeared attractive for insertion 

into cell genomes due to its small size (19 kDa) and bright luminescence.27 For example, NanoLuc 

and its dissected variant split NanoLuc28 have already been integrated into cell genomes allowing 

the detection of protein up-/downregulation,29-31 GPCR - β-arrestin interaction11 and ligand binding 

to a GPCR12 under endogenous promotion.  
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As subject to this thesis, mini-G protein sensors consisted of GPCRs C-terminally fused to the small 

split-NanoLuc fragment (NlucC) and the corresponding mini-G protein (mGs, mGsi, or mGsq)  

N-terminally fused to the large fragment (NlucN), and were recombinantly expressed in HEK293T 

cells (cf. Chapter 2 and 3).3-4,32-36 Immortalized HEK293 cells are among the most popular human 

cell lines in GPCR research to exogenously express receptors and other proteins of interest, since 

they are easy to transfect and provide an appropriate cellular matrix in terms of membrane lipid 

composition and post-translational modifications,37-39 greatly influencing receptor conformation, 

signaling and regulation.40-42 However, analyses of mRNA expression levels and pharmacological 

experiments have revealed that HEK293 cells endogenously express certain GPCRs, such as  

β-adrenoceptors (βAR).37-38,43 Due to the similarities between the βAR subtypes, there is still 

uncertainty as to whether HEK293 cells functionally express solely β2AR or also β1AR. Although van 

der Hagen et al. have demonstrated the functional expression of β1AR in HEK293 cells by mRNA 

levels and cAMP responses,43 other studies demonstrated only β2AR-mediated functional 

responses, which could not be blocked by β1-selective antagonist.44-47  

Therefore, the aim of this study was to investigate, on one hand, whether recently developed SLC-

based mini-G protein sensors (cf. Chapter 2 and 3) are useful to detect receptor activation at the 

endogenous level and, on the other hand, whether only β2AR or also β1AR is expressed in HEK293T 

cells.3-4,32-36 For this purpose, CRISPR/Cas9 genome editing experiments were designed for both 

receptor subtypes to generate β1,2AR-NlucC fusion proteins. To assess whether the receptor 

expression level affects dynamic and pharmacological aspects of mini-G protein recruitment, mGs 

sensors were first validated at recombinantly expressed β1,2AR (overexpressed) using standard 

agonists and antagonists and then applied to CRISPR/Cas9-modified β1,2AR to measure receptor 

activation at the endogenous level.  
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4.2. Materials and Methods 

4.2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Sigma-Aldrich (Taufkirchen, 

Germany) and Leibovitz’ L-15 medium (L-15) from Fisher Scientific (Nidderau, Germany). FCS and 

trypsin/EDTA were from Merck Biochrom (Darmstadt, Germany) and furimazine was from Promega 

(Mannheim, Germany). The pcDNA3.1 vector was from Thermo Scientific (Nidderau, Germany) 

and the pIRESpuro3 vector was a kindly provided by Prof. Dr. Gunter Meister (University of 

Regensburg, Regensburg, Germany). The pU6-SacB-scRNA-Cas9-T2A-mCherry plasmid was a gift 

from Kim Failor (Addgene plasmid # 117070 ; www.n2t.net/addgene:117070 ; RRID: 

Addgene_117070; access date: 12.05.2022) and pFETCh_Donor (EMM0021) was a gift from Eric 

Mendenhall & Richard M. Myers (Addgene plasmid # 63934 ; www.n2t.net/addgene:63934 ; RRID: 

Addgene_63934; access date: 12.05.2022). The cDNA encoding the β1AR was a kind gift from Dr. 

Ulrike Zabel (University of Würzburg, Würzburg, Germany) and the β2AR cDNA was purchased from 

the Missouri cDNA research center (Rolla, MO, USA). Restriction enzymes BbsI and BsaI were from 

(ThermoFisher, Braunschweig, Germany) and DpnI, HindIII and XbaI as well as the NEBuilder® HiFi 

DNA Assembly Cloning Kit were from New England Biolabs (New England Biolabs GmbH, Frankfurt 

a. M., Germany). L-adrenaline (adren), L-noradrenaline tartrate (noradren), isoprenaline 

hydrochloride (isopren), salbutamol hemisulfate (salbut), carvedilol (carv), ICI 118551 

hydrochloride (ICI118551) were from Sigma Aldrich (Taufkirchen, Germany). Xamoterol 

hemifumarate (xamo) was from Tocris Bioscience (Bristol, UK). For preparation of stock solutions, the 

ligands were preferably dissolved in Millipore water. Except, adrenaline was dissolved in a mixture 

of 10 mM HCl and MDSO (50 : 50), and carvedilol was dissolved in DMSO.  

4.2.2. Molecular Cloning 

4.2.2.1. Isolation of Genomic DNA and RNA 

Genomic DNA (gDNA) and RNA were isolated from wildtype or CRISPR/Cas9 genome edited 

HEK293T cells. For gDNA isolation, the Monarch Genomic DNA Purification kit (New England Biolabs 

GmbH, Frankfurt a. M., Germany) was utilized using 1-2 x 106 cells. RNA was isolated from 1-2 x 106 

cells using the Jena Bioscience Total RNA Purification kit (Jena Bioscience GmbH, Jena, Germany). 

Afterwards, co-precipitated DNA was removed by DNAse I (New England Biolabs) digest at 37 °C 

for 10 min followed by a heat inactivation step at 75 °C for 10 min. Then, RNA was purified from the 

DNAse reaction mix using the spin column RNA cleanup step of the Qiagen RNeasy Mini kit (Qiagen 

GmbH, Hilden, Germany) and reversely transcribed into cDNA using the ProtoScript II NEB cDNA 

synthesis kit (New England Biolabs).  
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4.2.2.2. Generation of pcDNA3.1 β1,2AR-NlucC  

The molecular cloning strategy of pIRESpuro3 plasmids encoding the NlucN-mGs, fusion protein 

was described in Chapter 2 (section 2.2.2). For construction of pcDNA3.1 plasmids encoding the 

β2AR-NlucC or β1AR-NlucC fusion protein, a Gibson assembly protocol was performed (cf. Chapter 

3, section 3.2.2).48 Therefore, a pcDNA3.1 encoding the small fragment of the NanoLuc (NlucC) 

was linearized by restriction digest using HindIII and XbaI and then fused to the DpnI digested PCR 

product of β2AR or β1AR, which contained respective overlaps to the vector backbone, using the 

NEBuilder® HiFi DNA Assembly Cloning Kit. All plasmid DNA was quantified by UV-Vis absorbance 

using a NanoDrop spectrophotometer (ThermoFisher, Braunschweig, Germany). All sequences 

were verified by sequencing performed by Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, 

Germany). 

4.2.2.3. Generation of pU6-gRNA-Cas9-T2A-mCherry Plasmids 

To attach NlucC to the C-terminus of endogenously expressed β2AR and β1AR, the CRISPR /Cas9 

protocol provided by Mendenhall and Myers labs (www.addgene.org/63934/; access 

date: 12.05.2022) has been used. The utilized CRISPR /Cas9 system consisted of a gRNA attached 

to a scaffold RNA (scRNA) and Cas9 encoding plasmid (pU6-SacB-scRNA-Cas9-T2A-mCherry) as 

well as a donor plasmid (pFETCh donor) for homology directed repair (HDR). An overview of primer 

sequences used for the generation and verification of HEK293T CRISPR β1,2AR-NlucC cells is given in 

the Appendix (Table A3). Using the Benchling web server (www.benchling.com; access 

date: 19.11.2020), oligonucleotides encoding the guide RNA (gRNA oligos; β1AR: O1/O2, β2AR: 

O3/O4; cf. Appendix, Table A3), were selected upstream from the Streptococcus pyogenes Cas9 

protospacer adjacent motif (PAM; β1AR-PAM: GGG, β2AR-PAM: AGG). The gRNA oligos each 

comprised 20 nucleotides for specific binding to the target site plus four nucleotides forming the 

corresponding overlap to the BbsI digested vector. The single stranded gRNA oligos were annealed 

in NEBuffer 2 (New England Biolabs) at 95 °C for 5 min and left to cool down for 1 h. Thereafter, 

each of the annealed gRNA oligos were subcloned into the pU6-SacB-scRNA-Cas9-mCherry vector 

using a Golden Gate assembly protocol. In this one-pot reaction, the vector was digested with BbsI 

at 37 ° for 5 min creating 4-base overlaps. The temperature was adjusted to 22 °C for 10 min to let 

the T4 DNA ligase (New England Biolabs) form covalent bonds between the vector and gRNA. 

During another incubation at 37 °C for 30 min, remaining circular vector molecules were 

completely linearized to reduce false positives after transformation. All enzymes were heat 

inactivated at 75 °C for 15 min prior to the transformation of TOP10’F E. coli. By correct insertion of 

the gRNA into pU6-SacB-scRNA-Cas9-mCherry yielding pU6-gRNA-Cas9-mCherry plasmids, the 

SacB gene was destroyed and allowed transformed TOP10’F E.coli to grow on LB plates containing 
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100 µg/mL ampicillin and 5% sucrose, the negative selection marker producing sucrase to convert 

sucrose into its toxic metabolite.49 

The ability of selected gRNAs to guide the Cas9 nuclease to β1,2AR target sites was verified by T7 

endonuclease digest recognizing DNA mismatches. For this purpose, 2 µg of the pU6-gRNA-Cas9-

T2A-mCherry plasmids were transiently transfected into HEK293T cells using XtremeGene HP 

(1 : 3 ratio; Merck Biochrom, Darmstadt, Germany). After 48 h at 37 °C in humidified, 5%-CO2 

atmosphere, the transfectants were harvested and gDNA was isolated as described earlier. 

Diagnostic DNA templates were amplified from gDNA using primer pairs O5/O6 for the β1AR and 

O7/O8 for the β2AR (cf. Appendix, Table A3) and digested using T7 endonuclease I (New England 

Biolabs GmbH, Frankfurt a. M., Germany) according to the supplier’s protocol. Digested PCR 

products were visually inspected after separation by 0.8% agarose gel electrophoresis and 

revealed cleaved PCR products, which indicated DNA mismatches caused by Cas9 nuclease 

cleavage.  

4.2.2.4. Generation of Specific pFETCh HOM2-NeoR-P2A-NlucC-HOM1 Plasmids  

In a first cloning step, the FLAG sequence of the pFETCh vector was replaced by the NlucC 

sequence. Primers O9 and O10 were used to linearize the vector and corresponding overlaps were 

attached to the NlucC sequence using primers O11 and O12 by PCR. The PCR products were 

digested with DpnI and purified by 0.8% agarose gel electrophoresis and subsequent spin column 

purification using the Nippon Genetics PCR/Gel electrophoresis purification kit (NIPPON Genetics 

EUROPE, Düren, Germany). Purified DNA fragments were annealed and ligated using a Gibson 

assembly protocol yielding pFETCh NeoR-P2A-NlucC. Sequences of the homology arms 1 and 2 

(HOM1, HOM2) specific for β1AR and β2AR were determined using the Benchling 

(www.benchling.com) and Ensembl (www.ensembl.org) web servers. Both, HOM1 and HOM2, 

were designed to include 700 – 800 bp. HOM1 comprised the C-terminal end of either the β1AR or 

β2AR (without stop codon) and HOM2 was selected downstream of the receptor sequence in the 

genomic DNA. Specifically, homology arm primers were selected to remove the native β1,2AR stop 

codon as well as the Streptococcus pyogenes Cas9 protospacer adjacent motif (PAM) to prevent 

further enzymatic cleavage after successful CRISPR/Cas9 reactions (β1AR-PAM: GGG  GTG, 

β2AR-PAM: AGG  AGA). HOM1 and HOM2 were amplified from HEK293T gDNA and overlaps 

similar to those created by type IIS enzyme digest (BsaI for HOM1 and BbsI for HOM2) were added 

by PCR. For the β1AR, the primer pairs O13/O14 and O15/O16, and for the β2AR the primer pairs 

O17/O18 and O19/O20 were used to obtain HOM1 and HOM2, respectively (cf. Appendix, Table 

A3). The pFETCh NeoR-P2A-NlucC plasmid was digested with BbsI and BsaI and annealed with 

purified HOM1 and HOM2 PCR products in a Gibson assembly reaction yielding pFETCh HOM1-

NlucC-P2A-NeoR-HOM2 specific for either β1AR or β2AR. 
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4.2.3. Cell Culture 

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

and Hygiene, Regensburg, Germany), were cultured in DMEM supplemented with 10% FCS at 37 °C 

in humidified, 5% CO2 atmosphere. The cells were periodically tested negative for mycoplasma 

contamination using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany). 

4.2.3.1. Generation of Stable Transfectants 

To generate HEK293T cells stably co-expressing NlucN-mGs and β2AR-NlucC or β1AR-NlucC fusion 

proteins (overexpressed), the parental HEK293T NlucN-mGs cells (cf. Chapter 2, section 2.2.5) were 

seeded into a 6-well cell culture plate (Sarstedt, Nümbrecht, Germany) at a cell density of 0.3 x 106 

cells/mL (2 mL per well) and allowed to attach overnight. The next day, 2 µg of pcDNA3.1 β1,2AR-

NlucC plasmid DNA was transfected to the cells using the XtremeGene HP transfection protocol 

(ratio 1 µg DNA: 3 µL XtremeGene HP). Finally, the cells were then cultured in DMEM supplemented 

with 10% FCS, 1 µg/mL puromycin and 600 µg/mL G418 for sustained selection pressure.  

To generate genome edited HEK293T cells (HEK293T CRISPR β1,2AR-NlucC), HEK293T wildtype cells 

were seeded in a T25 cell culture flask at a cell density of 0.3 x 106 cells/mL. After the cells had 

grown overnight, 2 µg of the pFETCh HOM1-NlucC-P2A-NeoR-HOM2 and 1 µg of the pU6-gRNA-

Cas9-T2A-mCherry plasmids, specific for either the β1AR or β2AR, were transfected using 12 µL 

XtremeGene HP transfection reagent (1 : 4 ratio). The pU6-gRNA-Cas9-T2A-mCherry plasmid 

essentially encoded a β1AR- or β2AR-specific guide RNA (gRNA) and the Cas9 endonuclease itself 

causing DNA double-strand breaks at the target site. The second plasmid, pFETCh donor, 

contained the "insert" composed of the NlucC sequence, a self-cleaving 2A peptide sequence 

(P2A), and the neomycin resistance (NeoR) gene flanked by two homology arm sequences 

selected upstream and downstream of the endogenous receptor stop codon (cf. Figure 4.2A).50 

During homologous recombination of the DNA strands, the insert was integrated in frame to the 

coding sequence of the β1,2AR by homology-directed repair (HDR).50 Through amino acid 

cleavage and ribosomal skipping at the P2A sequence, transcription and translation of the 

receptor genes then led to the expression of two individual proteins, β1,2AR-NlucC and NeoR.51After 

two weeks of antibiotic selection using 1000 µg/mL G418, single clones were isolated from the 

heterogenous cell population by dilution cloning. Afterwards, single clones were cultured in DMEM 

(full medium) containing 600 µg/mL G418.  
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4.2.3.2. Transient Expression of NlucN-mGs in HEK293T CRISPR β1,2AR-NlucC Cells 

To verify successful generation of β1,2AR-NlucC using CRISPR/Cas9 by mini-G protein recruitment 

assays, pooled HEK293T CRISPR β1,2AR-NlucC cells were seeded onto a 6-well cell culture plate at 

a density of 0.3 x 106 cells/mL (2 mL per well) and were transiently transfected the next day with a 

total amount of 1 µg plasmid DNA using 3 µL XtremeGene HP (1 : 3 ratio). For this purpose, different 

mixtures were prepared comprising 17 ng, 35 ng, 70 ng, 140 ng, 280 ng or 567 ng of 

pIRESpuro3 NlucN-mGs plasmid DNA in combination with 983 ng, 965 ng, 930 ng, 860 ng, 720 ng or 

433 ng of an empty pIRESpuro3 plasmid (mock DNA), respectively. Transfectants were incubated 

at 37 °C for 48 h in humidified, 5% CO2 atmosphere. 

To screen single clones isolated from pooled HEK293T CRISPR β1,2AR-NlucC cells by mini-G protein 

recruitment assays, the single clones were seeded in duplicate to 96-well cell culture plates at a 

density of 0.3 x 106 cells/mL (100 µL per well) and transiently transfected with pIRESpuro3 NlucN-

mGs plasmid DNA using XtremeGene HP transfection reagent (1 : 3 ratio). For this, a transfection 

mixture was prepared in 250 µL DMEM containing 2600 ng plasmid DNA and 7.8 µL XtremeGene 

HP, which was of the recommended DNA concentration according to the manufacturers protocol. 

After 15 min incubation, the transfection mix was diluted to 1000 µL and 100 µL each of the diluted 

transfection complex were added to the cells in the 96-well plate. Transfectants were incubated 

at 37 °C for 48 h in humidified, 5% CO2 atmosphere. 

To functionally characterize β1,2AR ligands in the mini-G protein recruitment assay at the 

endogenous receptor level, CRISPR/Cas9 positive single clones, HEK293T CRISPR β1AR-NlucC 

clone 11 or HEK293T CRISPR β2AR-NlucC clone 35, were seeded into 6-well cell culture plates at a 

cell density of 0.3 x 106 cells/mL (2 mL per well) and allowed to attach overnight. The next day, the 

cells were transfected with a total plasmid DNA amount of 1 µg using 3 µL XtremeGeneHP 

transfection reagent (1 : 3 ratio). For this, 280 ng of pIRESpuro3 NlucN-mGs and 720 ng of empty 

pIRESpuro3 (mock) plasmid DNA were used. Transfectants were incubated at 37 °C for 48 h in 

humidified, 5% CO2 atmosphere.  
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4.2.4. Mini-G Protein Recruitment Assays 

The day prior to the experiment, stable or transient transfectants, except for single clone screens, 

were detached using trypsin (0.05% trypsin, 0.02% EDTA in PBS) and centrifuged (700 g, 5 min). 

Thereafter, the cells were resuspended in 2.5 mL L-15 supplemented with 10 mM HEPES (Serva, 

Heidelberg, Germany) and 5% FCS (assay medium) and 80 µL or 40 µL per well were seeded into 

white flat-bottom 96- or 384-well microtiter plates (Brand GmbH + CoKG, Wertheim, Germany), 

respectively. For single clone screens, the cell culture medium (DMEM, full medium) was removed 

from the cells, which had been transiently transfected in the 96-well plate. Following a washing 

step, 80 µL of assay medium were added to the cells. All cells were incubated overnight at 37 °C 

in a water-saturated atmosphere without additional CO2. 

For mini-G protein recruitment assays performed in 96-well plates, the assay protocol was described 

in Chapter 2, section 2.2.7. When assays were performed in 384-well plates the protocol was 

adjusted as follows: The furimazine substrate was diluted 1:500 in L-15 and 5 µL were added to the 

cells (final assay dilution: 1:5000). The plate was transferred to the pre-heated (37 °C) Tecan Infinite 

200 Pro plate reader (Tecan Trading, Ltd., Männedorf, Switzerland) and 5 plate repeats of basal 

luminescence were recorded (~16.5 min). Thereafter, 5 µL of the agonist serial dilutions prepared 

in L-15 were added to each well (final assay volume: 50 µL) and luminescent signals were recorded 

for additional 15 plate repeats (~49.5 min). An integration time of 0.2 s per well was used to capture 

the luminescence and plate repeats lasted 198 s. 

Data were analyzed using GraphPad Prism9 software (San Diego, CA, USA). In a first baseline-

correction step, the relative luminescence units (RLU) were corrected for slight inter-well variations 

caused by differences in cell density and substrate concentration by dividing the data of each 

well by its luminescence prior to the addition of the ligands. In a second baseline-correction step, 

all data were divided by the mean luminescence of L-15 containing wells giving relative increases 

in luminescence. For each well, the area under curve (AUC) of the luminescent traces was 

normalized to the maximum response of the reference agonist (10 µM adren) and L-15 (0% control). 

For assays performed in 96-well plates using an EnSpire plate reader (Perkin Elmer Inc., Rodgau, 

Germany), AUCs were calculated of signals within 45 min (90 plate repeats of 30 s length each). 

For assays performed in 384-well plates, AUCs were calculated of signals within ~49.5 min (15 plate 

repeats of 198 s length each). Normalized data were then fitted against the logarithmic ligand 

concentrations with variable slope (log(c) vs. response – variable slope (four parameters)) giving 

pEC50 and Emax values.  
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4.2.5. Calculation of ∆log(Emax/EC50) 

For each experiment, the efficacy to potency ratio Emax/EC50 was determined and logarithmically 

transformed to log(Emax/EC50). Subsequently, ∆log(Emax/EC50) for each agonist (A) were calculated 

using the means ± SEM of single log(Emax/EC50) values relative to the reference agonist adrenaline 

(Ref) as follows:52-53 

∆ log�
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸𝐸𝐸50
� = 𝑙𝑙𝑙𝑙𝑙𝑙 �

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚,𝐴𝐴

𝐸𝐸𝐸𝐸50,𝐴𝐴
� − 𝑙𝑙𝑙𝑙𝑙𝑙 �

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚,𝑅𝑅𝑒𝑒𝑒𝑒

𝐸𝐸𝐸𝐸50,𝑅𝑅𝑒𝑒𝑒𝑒
� 

For ∆log(Emax/EC50) values, error propagation was performed according to the following equation: 

∆𝑧𝑧 =  �
∑(𝑥𝑥𝐴𝐴 − 𝑥𝑥𝐴𝐴)2

𝑛𝑛𝐴𝐴
+
∑(𝑥𝑥𝑅𝑅𝑒𝑒𝑒𝑒 − 𝑥𝑥𝑅𝑅𝑒𝑒𝑒𝑒)2

𝑛𝑛𝑅𝑅𝑒𝑒𝑒𝑒
 

where 𝑥𝑥 is the function of ∆log(Emax/EC50) of each agonist (A) and the reference agonist adrenaline 

(Ref). Consequently, ∆𝑧𝑧 represents the propagated error of z. 
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4.3. Results 

4.3.1. Functional Characterization of β1,2AR Ligands at Overexpressed Receptors 

To validate the applicability of mini-G protein sensors to β1,2AR, a range of standard agonists and 

antagonists with different potencies and efficacies were functionally characterized at HEK293T 

cells recombinantly co-expressing NlucN-mGs and either β1AR-NlucC or β2AR-NlucC fusion proteins 

(“overexpressed”; Figure 4.1, Table 4.1). Structures of the investigated ligands are given in the 

Appendix (Figure A16). These assays revealed that adrenaline and isoprenaline were full agonists 

and practically equipotent at both the β1AR and β2AR. In contrast, noradrenaline fully activated 

β1AR, but only partially activated the β2AR with an Emax of 82 ± 0.4% and a considerably lower 

potency (pEC50: 6.34 ± 0.05 (β1AR) vs. 5.15 ± 0.07 (β2AR)). Vice versa, salbutamol activated the β2AR 

to a much stronger extent than the β1AR with Emax of 82 ± 0.8% and 37 ± 1.3%, respectively, and 

along with this provided a substantially lower potency at the β1AR (pEC50: 5.4 ± 0.02 (β1AR) vs. 

7.15 ± 0.09 (β2AR)). In the literature, different modalities ranging from weak partial agonism over 

silent antagonism to even inverse agonism have been reported for the classical antagonists at 

β1,2AR depending on the constitutive activity of the utilized system.54-60 Using mGs sensors at 

overexpressed receptors, ICI118,551, xamoterol and carvedilol were silent antagonists at the β2AR, 

whereas this was only the case for ICI118,551 at the β1AR (Figure 4.1B and 4.1D, Table 4.1). 

Conversely, xamoterol and carvedilol provided weak partial agonism with Emax values of 14 ± 0.4% 

and 7 ± 0.8%, respectively (Figure 4.1A, Table 4.1). For carvedilol, this was particularly striking, 

especially since the pEC50 determined at β1AR differed from the reported pKi about two orders of 

magnitude.60 In fact, this observation was consistent with previous findings of a second binding site 

Figure 4.1. Concentration response 
curves of selected standard 
agonists (A, C) and antagonists (B, 
D) obtained in the mini-G protein 
recruitment assay using HEK293T 
cells recombinantly co-expressing 
NlucN-mGs and β1AR-NlucC (A, B) 
or β2AR-NlucC fusion proteins (C, D) 
were used (overexpressed). 
Antagonists were characterized in 
the presence of 100 nM adren. 
Data were normalized to L-15 as 
solvent control (0%) and to the 
maximal response elicited by 
100 µM (β1AR) or 10 µM adren 
(β2AR) in the case of agonists or 
100 nM adren for antagonists 
(100%). Data represent 
means ± SEM from at least three 
independent experiments (N ≥ 3) 
performed in triplicate. 
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at the β1AR, to which carvedilol and other antagonists bind with less affinity but increased 

efficacy.61-63 Overall, pEC50 values obtained by mGs recruitment were between literature pKi values 

and pEC50 values obtained in cAMP accumulation assays, and Emax values obtained by mGs 

recruitment were lower than cAMP responses for the partial agonists, salbutamol and xamoterol, 

particularly at the β1AR. (Table 4.1).64-65 As with G protein-level functional assays, mGs recruitment 

assays provided more graded Emax values due to a smaller impact of receptor reserve and signal 

amplification.66-68 Thus, mini-G protein recruitment assays should constitute a favorable alternative 

to distal cell assays in the future drug discovery to provide information on structure-activity 

relationships.  

Table 4.1. Potencies (pEC50, pKb)) and efficacies (Emax) of selected standard agonists and antagonists obtained in 
mini-G protein recruitment assays using HEK293T co-expressing NlucN-mGs and β1,2AR-NlucC fusion proteins. 
Responses were normalized to L-15 as solvent control (0%) and to the maximal response elicited by 100 µM (β1AR) 
or 10 µM adren (β2AR) in the case of agonists and 100 nM adren for antagonists (100%). Statistical differences (*) of 
Emax > 100% or rather Emax < 0% were tested using a one-sample t-test (α = 0.05). Data represent means ± SEM from 
at least three independent experiments (N ≥ 3), performed in triplicate. 

  Mini-G Protein Recruitment cAMP Accumulation 
Competition 

Binding 

Subtype Cpd. pEC50 (pKb)± SEM Emax ± SEM [%] pEC50 Emax [%] pKi 

β1AR 

adren 6.86 ± 0.02 100 ± 0 7.61a,64 101.7a,64 5.40c,60 

noradren 6.34 ± 0.05 94 ± 2.4 7.94a,64 102.4a,64 5.45c,60 

isopren 7.32 ± 0.03 110 ± 0.7* 8.59a,64 100a,64 6.65c,60 

salbut 5.4 ± 0.02 37 ± 1.3 6.21a,64 103.7a,64 5.61c,60 

xamo 7.21 ± 0.14 14 ± 0.4* 7.96a,65 47.6a,65 7.00e,69 

ICI118551 (6.38) ± 0.03 n.d.   7.31c,60 

carv 6.89 ± 0.07 7 ± 0.8* 7.64a,62 10.2a,62 9.23c,60 

β2AR 

adren 7.59 ± 0.07 100 ± 0 7.93b,64 101.9b,64 6.13d,60 

noradren 5.15 ± 0.07 82 ± 0.4 6.36b,64 103.4b,64 4.58d,60 

isopren 7.3 ± 0.08 101 ± 0.8 8.22b,64 100b,64 6.34d,60 

salbut 7.15 ± 0.09 82 ± 0.8 7.72b,64 95.8b,64 5.66d,60 

xamo (6.19) ± 0.06 n.d. 6.15b,65 5.1b,65 5.85f,69 

ICI118551 (9.24) ± 0.08 n.d.   9.16d,60 

carv (8.32) ± 0.05 n.d.   8.96d,60 

Reference data were taken from: Functional [3H]cAMP accumulation assays using CHO K1 cells expressing aβ1AR 
or bβ2AR (data normalized to maximal responses of isoprenaline)64-65 and (-)-3-[125I]-iodocyanopindolol 
displacement assays using CHO cells expressing cβ1AR or dβ2AR60 or COS-7 cells expressing eβ1AR or dβ2AR.69 
n.d. = not detected. 
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4.3.2. Validation of β1,2AR-NlucC Fusion Proteins Under Endogenous Promotion 

To investigate whether only β2AR or also β1AR is expressed in HEK293T cells and whether mGs sensors 

are useful for detecting β1,2R activation at the endogenous receptor level, β1,2AR-NlucC fusion 

proteins were generated by CRISPR/Cas9 genome editing of HEK293T cells. Essentially, the small 

split-NanoLuc fragment, NlucC, was inserted into the cell genome by homology directed repair 

after Cas9-mediated double strand DNA cleavage either in frame with the β1AR or with the β2AR 

(Figure 4.2A). Thereafter, the successful integration of NlucC was verified by mGs recruitment assays 

upon transient transfection of the heterogenous, CRISPR/Cas9 genome-edited cells (cf. Appendix, 

Figure A17). To prevent an imbalanced co-expression of β1,2AR-NlucC and NlucN-mGs proteins 

from affecting the assay signals, different amounts of pIRESpuro3 NlucN-mGs plasmid DNA were 

used for transfection (cf. Appendix Figure, A17). In both pooled HEK293T CRISPR β1,2AR-NlucC cells, 

mGs recruitment was observed in response to adrenaline, indicating the functional expression of 

both receptor subtypes, and at the same time, the sufficient β1,2AR-NlucC expression under 

endogenous promotion. In addition, converging concentration-response curves in response to 

different adrenaline concentrations and high assay signals identified the transfection of 280 ng of 

pIRESpuro3 NlucN-mGs plasmid DNA as well suited for mini-G protein recruitment assays at the 

endogenous receptor level (cf. Appendix, Figure A17). 

However, particularly in the case of β1AR, overall assay signals were much weaker than in the 

overexpressed system. Thus, single clones were isolated from the heterogenous cells and clone 11 

of HEK293T CRISPR β1AR-NlucC and clone 35 of HEK293T CRISPR β2AR-NlucC were selected as 

CRISPR/Cas9 positives by mGs recruitment in response to 10 µM adrenaline (Figure 4.2.B and 4.2.C, 

respectively). Nevertheless, it should be kept in mind that immortalized HEK293 cells have an 

aneuploid chromosome set (pseudo-triploid)70-71 and that CRISPR/Cas9 reactions might not take 

place at all chromosomes. To demonstrate this, the CRISPR/Cas9 insert was amplified from genomic 

DNA isolated from HEK293T CRISPR β2AR-NlucC clone 35 (Figure 4.2D). For this purpose, primers 

binding to the regions of the homology arms were used to amplify a 1.3 kb amplicon for non-edited 

β2AR DNA and a 2.2 kb amplicon for CRISPR/Cas9-edited β2AR DNA. To identify the correct bands 

after gel electrophoresis, gDNA from HEK293T wildtype cells (negative control) and the pFETCh 

donor plasmid (positive control) were used. Overall, the intensity of the non-edited DNA amplicon 

was stronger than that of edited DNA amplicon. Thus, qualitatively, HEK293T CRISPR β2AR-NlucC 

clone 35 should express native β2AR in addition to the β2AR-NlucC fusion protein. However, one 

should be careful with quantitative statements, i.e., how many chromosomes were modified, since 

PCR amplicon properties such as the size, GC content and tertiary structure may have a major 

impact on the amplification efficiency during a PCR, which is also a possible explanation for the 

multiple amplicons derived from gDNA of CRISPR/Cas9 genome-edited cells (Figure 4.2D). 
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Unfortunately, it has not been feasible yet to selectively amplify the insert from HEK293T 

CRISPR  β1AR-NlucC clone 11 by PCR, most likely due to the even higher GC content and 

nucleotide repeats within the desired amplicon. 

 

Figure 4.2. Schematic representation of the generation and verification of HEK293T cells expressing β1,2AR-NlucC 
fusion proteins at the endogenous level. A) The workflow of the CRISPR/Cas9 experiment included generation of 
the pFETCh donor and pU6 gRNA-Cas9-T2A-mCherry plasmids, their co-transfection into HEK293T cells, antibiotic 
selection, and the simultaneous CRISPR/Cas9 reaction in which the insert (NlucC-P2A-NeoR) was integrated into 
the cell genome by homology directed repair (HDR). Single clones were obtained from genome-edited HEK293T 
cells and transfected with the pIRESpuro3 plasmid encoding the NlucN-mGs fusion protein. The clones were 
screened in duplicate for split NanoLuc complementation of either B) β1AR-NlucC or C) β2AR-NlucC and NlucN-
mGs in response to 10 µM adrenaline. β1AR-NlucC clone 11 and β2AR-NlucC clone 35 were selected for further 
experiments. D) To verify the integration of NlucC-P2A-NeoR into the cell genome, a PCR was performed amplifying 
the region within HOM1 and HOM2 of the β2AR using primer pair O21/O22 (cf. Appendix Table A3). The DNA 
templates were the genomic DNA isolated from HEK293T CRISPR β2AR-NlucC clone 35 (#35) and HEK293T wildtype 
cells (wt; negative control) as well as the pFETCh donor plasmid (positive control). PCR products were separated 
by gel electrophoresis using a 0.8% agarose gel. Unfortunately, it has not been possible to verify  β1AR-NlucC 
clone 11 by PCR, most likely due to the high GC content and nucleotide repeats within the respective HOM1-HOM2 
region. 
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4.3.3. Mini-G Protein Recruitment Assays at the Endogenous β1,2AR Level 

After the isolation of CRISPR/Cas9 edited positive clones, HEK293T CRISPR β1AR-NlucC clone 11 and 

HEK293T CRISPR β2AR-NlucC clone 35, the suitability of mGs sensors to monitor β1,2AR activation at 

the endogenous receptor level was examined. Therefore, functional responses of the full and 

partial agonists adrenaline, noradrenaline, isoprenaline and salbutamol, were probed after 

transient expression of the NlucN-mGs fusion protein in HEK293T CRISPR β1,2AR-NlucC cells. Overall, 

the traces of mGs recruitment in response to agonists were of similar curve shape at overexpressed 

and endogenously expressed β1,2AR, which is representatively depicted for adrenaline at the β1AR 

and β2AR (Figures 4.3A and 4.3D, respectively). However, mGs recruitment to overexpressed β1,2AR 

seemed to be modestly faster, most likely due to the higher expression of the biosensor. Moreover, 

signal-to-background (S/B) ratios were significantly higher at overexpressed β1AR and β2AR 

(Figures 4.3B and 4.3E, respectively).  

Overall, agonist properties observed at the endogenous receptor level were consistent with those 

at overexpressed receptors. Adrenaline and isoprenaline were full agonists at both β1,2AR, whereas 

noradrenaline was a full agonist at β1AR but a partial agonist at β2AR (Figures 4.3C and 4.3F). In 

addition, salbutamol partially activated β1,2AR. However, there were differences in agonist potency 

and efficacy between overexpressed and endogenous receptors that did not follow a clear trend, 

although they appeared to be statistically significant. Considering the efficacy of investigated 

agonists, Emax values did not significantly differ between overexpressed and endogenous 

receptors, except for noradrenaline at β2AR, (Table 4.2). Nevertheless, considering the potency of 

investigated agonists, pEC50 values were significantly different for salbutamol at β1AR and 

adrenaline, noradrenaline and isoprenaline at β2AR (Table 4.2). Although one could speculate that 

the observed pEC50 rightward shift of the full agonists, adrenaline and isoprenaline at endogenous 

β2AR correlated with a decreased mGs sensor sensitivity at lower receptor expression, the leftward 

shift of pEC50 values observed for salbutamol at β1AR and, particularly noradrenaline at β2AR were 

contradictory to this hypothesis. Rather, a correlation between functional properties of agonists 

and receptor density has been reported in the literature.52 Thus, dimensionless efficacy to potency 

ratios relative to the reference agonist adrenaline (∆log(Emax/EC50)) were calculated to prevent a 

system bias rising from the receptor density (Table 4.2). Statistically significant differences of 

∆log(Emax/EC50) values suggested that changes of pEC50 and Emax were relevant for the partial 

agonists, salbutamol at β1,2AR and noradrenaline at β2AR (Table 4.2). Nevertheless, it remains 

unclear whether these differences were related to the overall sensor sensitivity, the receptor 

expression level itself, or potentially the incomplete receptor modification by CRISPR/Cas9 

reactions, as demonstrated by PCR for the β2AR (Figure 4.2D). 
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Figure 4.3. Comparison of mGs recruitment to recombinantly (overexpressed) and endogenously (CRISPR) 
expressed β1AR (A-C) and β2AR (D-F). Representative luminescent traces of mGs recruitment (A, D) and overall 
signal-to-background (S/B) ratios (B, E) obtained for adren are given for overexpressed and CRISPR/Cas9 modified 
β1AR and β2AR (only 96-well assays). Significance of S/B ratios was statistically assessed using a Welch’s two-sample 
t-test (**p < 0.05). Agonist concentration response curves were aligned for overexpressed and CRISPR/Cas9 
modified β1AR (C) and β2AR (F). Mini-G protein recruitment assays were performed using HEK293T cells stably co-
expressing NlucN-mGs and β1,2AR-NlucC fusion proteins or HEK293T CRISPR β1,2AR-NlucC (clone 11 and 35, 
respectively) that transiently expressed NlucN-mGs. Data were normalized to L-15 as solvent control (0%) and to the 
maximal response elicited by 10 µM adren, or 100 µM adren for overexpressed β1AR. Data represent means ± SEM 
from at least three independent experiments (N ≥ 3), performed in triplicate.  
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Table 4.2. Potencies (pEC50, pKb), efficacies (Emax) and ∆log(Emax/EC50) relative to adrenaline obtained by mGs 
recruitment. Either HEK293T cells that stably expressed NlucN-mGs and β1,2AR-NlucC fusion proteins 
(“overexpressed”) or genome edited HEK293T CRISPR β1,2AR-NlucC cells transiently expressing the NlucN-mGs fusion 
protein, were used. Agonist responses were normalized to L-15 as solvent control (0%) and to the maximal response 
elicited by 10 µM adren, or 100 µM adren for overexpressed β1AR. Data represent means ± SEM from at least three 
independent experiments (N ≥ 3), performed in triplicate. Statistical significances of pEC50, Emax and ∆log(Emax/EC50) 
values were assessed using a Welch’s two sample t-test comparing data from endogenously expressed to 
overexpressed β1,2AR (*: p < 0.05, **: p < 0.01, ***: p < 0.005, ****: p < 0.001). 

 Overexpressed  CRISPR 

Cpd. 
  

pEC50 ± SEM 
(pKb) ± SEM 

Emax ± SEM 
[%] 

∆log (𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸𝐸𝐸50
) ± SEM 

  
 pEC50 ± SEM 

  
Emax ± SEM 

[%] 
∆log (𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸𝐸𝐸50
) ± SEM 

  

β1AR 

adren 6.86 ± 0.02 100 0  6.6 ± 0.12 100 0 

noradren 6.34 ± 0.05 94 ± 2.4 0.50 ± 0.05  6.18 ± 0.20 109 ± 7.3 0.44 ± 0.23 

isopren 7.32 ± 0.03 110 ± 0.7 -0.42 ± 0.03  6.61 ± 0.28 107 ± 8.9 0.01 ± 0.29 

salbut 5.40 ± 0.02 37 ± 1.3 1.03 ± 0.03  5.76 ± 0.11* 37 ± 5.6 0.37 ± 0.14** 

β2AR 

adren 7.59 ± 0.07 100 0  6.94 ± 0.07**** 100 0 

noradren 5.15 ± 0.07 82 ± 0.5 2.44 ± 0.07  6.01 ± 0.19** 61 ± 6.9* 0.69 ± 0.21*** 

isopren 7.30 ± 0.08 101 ± 0.9 0.30 ± 0.10  6.68 ± 0.07** 112 ± 12.0 0.30 ± 0.14 

salbut 7.15 ± 0.09 82 ± 0.8 0.36 ± 0.11  7.15 ± 0.12 67 ± 5.7 -0.39 ± 0.15* 

 



 
Chapter 4 

124 
 

4.4. Discussion 

Physiologically, β1,2AR play a central role in the sympathetic nervous system and, for example, 

regulate vasodilatation and myocardial contraction.72-74 From a pharmacological perspective, β-

adrenoceptor agonists are the gold standard for the treatment of respiratory disorders, such as 

asthma,75-76 whereas antagonists are commonly used in patients with cardiovascular diseases, such 

as heart failure.77-78 Beyond clinical applications, the β2AR has become a role model in structural 

biology and therefore, represents one of the best studied class A GPCRs.79-83 To evaluate the mGs 

sensor suitability for β1,2AR, standard agonists and antagonists were functionally characterized using 

HEK293T cells stably co-expressing NlucN-mGs and β1AR-NlucC or β2AR-NlucC fusion proteins. 

Overall, observed potencies were within the range of literature binding affinities (pKi) determined 

by radioligand displacement and pEC50 values obtained in functional cAMP accumulation 

assays.60,64-65,69 However, the tendency was observed that in particular, Emax values of the partial 

agonists were lower in mGs recruitment assays than in the more distal cAMP accumulation assays 

of the literature. Since the signal amplification along the signaling cascade potentially complicates 

the discrimination between full and partial agonists in drug discovery by leftward shift of pEC50 

values and concomitant increase in Emax, the presented mGs sensors providing more graded Emax 

values should be an attractive addition to future characterization of β1,2AR agonists, and thus might 

prevent overestimation of agonist intrinsic activities.66-68 

The primary research questions of this project were whether mini-G proteins monitor GPCR 

activation at the endogenous receptor level and whether β1AR is functionally expressed in addition 

to β2AR in HEK293T cells. This could be confirmed by the generation of CRISPR/Cas9-modified 

HEK293T cells expressing β1,2AR-NlucC fusion proteins under endogenous promotion and specific 

mGs recruitment in response to agonists. Noteworthily, obtained assays signals (S/B) were 

significantly lower at endogenously expressed β1,2AR than at overexpressed receptors, but 

luminescent traces were of similar curve shape (Figure 4.3). Overall, mGs sensors revealed specific 

agonist modalities and thus should be well suited for the functional characterization of ligands at 

endogenous receptor density. However, ∆log(Emax/EC50) values significantly differed for partial 

agonists and further experiments would be needed for explanation. On one hand, larger ligand 

libraries could be examined to increase the statistical relevance, and on the other hand the impact 

of the incomplete receptor modification in CRISPR/Cas9 reactions, as demonstrated by PCR for 

the β2AR (Figure 4.2D), could be assessed. At low receptor density, the ratio of NlucC-labeled and 

natively expressed receptors might be relevant, especially for weaker assay responses elicited by 

partial agonists. Therefore, it might be of interest to quantify the absolute receptor expression, e.g., 

by radioligand saturation binding, and the number of modified gene loci by quantitative PCR. 
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5.1. Introduction 

Cellular communication is an important mechanism for multicellular organisms.1 Sensory stimuli, 

such as light, taste and odor2, or intercellular signals, such as hormones or neurotransmitters,3-4 are 

mediated into cellular responses by G protein-coupled receptors (GPCRs), which constitute one of 

the largest membrane protein families.5-7 Principally, the activation of a GPCR triggers two major 

cellular pathways: On the one hand, GPCRs bind to heterotrimeric G proteins composed of α, β, 

and γ subunits.8 When a G protein becomes activated, the exchange of GDP by GTP at Gα is 

facilitated, leading to the dissociation of the GPCR - G protein complex into the GPCR, the Gα 

monomer and Gβγ dimer.9-10 The latter G protein constituents are both capable of activating or 

inhibiting other effectors, such as adenylyl cyclase (AC),11-14 phospholipase C (PLC),11,15 or ion 

channels.16-17 On the other hand, GPCRs bind to β-arrestins after being phosphorylated by 

G protein-coupled receptor kinases (GRKs)18-19 or other kinases,20-21 which is followed by the 

internalization of the GPCR - β-arrestin complex assisted by clathrins and other associated 

proteins.22-24 In addition to attenuating G protein signaling of GPCRs, diverse signaling mechanisms 

have been reported for β-arrestins mainly due to scaffolding functions.25 

With the evidence that agonists can promote different active receptor states and thus discriminate 

the activation of distinct signaling pathways,11 the classical concept of ‘intrinsic activity’ as a 

system-independent agonistic constant (described by the Black-Leff model of pharmacological 

agonism26) had to be reconsidered.27-29 Since then, ligands have been studied in terms of their 

functional selectivity, also referred to as ‘biased agonism’, in drug discovery.30-32 Importantly, 

biased agonists independently activate multiple intracellular signaling pathways, regardless of the 

strength of the stimulus. This is not to be confused with the fact that highly potent agonists can 

activate multiple pathways, while a weaker agonist activates only the most efficiently coupled 

pathway.30 However, functional selectivity has not only been described to distinguish G protein 

and other signaling pathways, but also with respect to different Gα proteins.33-34 Only 21 α isoforms, 

classified into four major Gα families (Gs, Gi/o, Gq/11, and G12/13),35-36 filter extracellular stimuli 

from more than 800 GPCRs resulting in individual G protein signaling patterns.37 Although the ability 

to couple to more than one G protein has been described for numerous GPCRs, the exact 

mechanism remains unclear and the question arises whether G protein subtype selectivity is a 

druggable target.38  
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A major issue in the determination of G protein subtype selectivity of GPCRs is the evidence of 

crosstalk in G protein signaling pathways.39-42 For example, it has been reported that ACs, which 

are typically stimulated by Gs proteins and inhibited by Gi/o proteins,14,43 can be regulated by 

operators of the Gq signaling pathway. Increases in intracellular calcium and activated protein 

kinase C (PKC), following Gq and PLC activation, are capable of binding to ACs and thus 

increasing cAMP levels,44-45 which may be potentiated by direct binding of the Gq-βγ dimer to the 

AC.46-47 As a result, interpretation of cell assays that measure functional responses at levels 

amenable to crosstalk might be difficult, especially when assessing secondary coupling.48 

Therefore, G protein biosensors sensing receptor – G protein interactions or G protein 

rearrangements upon activation have become useful tools for the determination of functional 

selectivity of GPCRs without interference from signaling crosstalk.49-50 Applied in living cells, 

G protein biosensors typically provide temporal information about cell signaling under 

physiological conditions.49-52 In addition, many of these assays can be performed in microtiter 

plates with simple equipment, increasing throughput.50  

Recently, mini-G proteins that were developed by the groups of Tate and Lambert53-54 have 

become available in BRET- or split-luciferase complementation-based assays for the functional 

characterization of ligands for a broad range of GPCRs (cf. Chapters 2-4).55-62 In BRET-based assays, 

Wan et al. (2018) have demonstrated that these chimeric G protein surrogates maintained 

appropriate GPCR coupling specificity, which is, e.g., the preferred coupling of Gi/o-coupled 

GPCRs to mGsi, by probing 12 prototypic receptors.55 For this purpose, maximal BRET signals were 

considered but the authors did not specify employed ligands or control mini-G protein expression 

during the experiments.55 However, G protein expression levels or rather GPCR – G protein 

stoichiometry might influence overall assay signal amplitudes, and thus ligand efficacy.63-64 

Therefore, the aim of this study was, on one hand to develop an assay concept using split-NanoLuc-

based mini-G protein sensors to control mini-G protein expression levels and, on the other hand, to 

demonstrate its usefulness of for the investigation of GPCR - G protein coupling profiles. Therefore, 

the existing assay protocol used for mini-G protein recruitment assays presented in Chapters 2-4 

was optimized using Western blots for obtaining equal mini-G protein expression levels and the 

coupling profiles of overall 22 GPCRs were investigated. Moreover, dimensionless G protein 

coupling scores were derived that should be less susceptible to varying degrees of signal 

amplification and, thus should be useful for evaluating functional data obtained in different cell 

assays and ultimately to assess ligand-dependent G protein bias in future studies. 
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5.2. Materials and Methods 

5.2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Sigma-Aldrich (Taufkirchen, 

Germany) and Leibovitz’ L-15 medium (L-15) from Fisher Scientific (Nidderau, Germany). FCS and 

trypsin/EDTA were from Merck Biochrom (Darmstadt, Germany) and furimazine was from Promega 

(Mannheim, Germany). The pcDNA3.1 vector was from Thermo Scientific (Nidderau, Germany) 

and the pIRESpuro3 vector was kindly provided by Prof. Dr. Gunter Meister (University of 

Regensburg, Regensburg, Germany). Plasmids encoding the dopamine D1 and D5 receptors (D1,5R) 

were a kind gift of Prof. Dr. Sigurd Elz (University of Regensburg, Regensburg, Germany) and the 

plasmid encoding the dopamine D2,long (D2R) was kindly provided by Dr. Harald Hübner (Friedrich 

Alexander University, Erlangen, Germany). The cDNA encoding the α2A and β2 adrenoceptors 

(α2AAR, β2AR), histamine H1-4 receptors (H1-4R), serotonin 5-HT6 receptor (5-HT6R), muscarinic 

acetylcholine M1,2,4,5 receptors (M1,2,4,5R), adenosine A2A,2B receptors (A2A,2BR), neuropeptide Y Y1,2,4 

receptors (Y1,2,4R), the neurotensin NTS1 receptor (NTS1R) and the chemokine CXCR4 receptor 

(CXCR4) were purchased from the Missouri cDNA research center (Rolla, MO, USA). The restriction 

enzymes DpnI, HindIII and XbaI as well as the NEBuilder® HiFi DNA Assembly Cloning Kit were from 

New England Biolabs (New England Biolabs GmbH, Frankfurt a. M., Germany).  

Histamine dihydrochloride (his) was purchased from Tokyo Chemical Industry (Eschborn, Germany). 

L-adrenaline (adren), dopamine hydrochloride (dopa), serotonin creatinine sulfate monohydrate 

(5-HT), iperoxo iodide (iper) and carbachol chloride (cch) were from Sigma Aldrich (Taufkirchen, 

Germany). 5′-(N-ethylcarboxamido)adenosine (NECA) was from Tocris Bioscience (Bristol, UK). 

Porcine neuropeptide Y (pNPY), human pancreatic polypeptide (hPP), neurotensin(8-13) (NT(8-13)) 

and CXC-motif chemokine receptor ligand 12 (CXCL12) were from SynPeptide (Shanghai, China). 

All ligands were dissolved, according to their physicochemical properties. Preferably, stock 

solutions were prepared in Millipore distilled water. L-adrenaline, pNPY and hPP were dissolved in 

10 mM HCl and NT(8-13) was dissolved in a mixture of ethanol and 10 mM HCl (30:70). 
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5.2.2. Molecular Cloning  

The molecular cloning strategy of pIRESpuro3 plasmids encoding either NlucN-mGs, NlucN-mGsi or 

NlucN-mGsq fusion proteins and pcDNA3.1 plasmids encoding H1-3R-NlucC constructs has been 

described in Chapter 2 (section 2.2.2). For pcDNA3.1 plasmids encoding the D1,2,5-NlucC, M1,4,5R-

NlucC, Y1,2,4R-NlucC, NTS1R-NlucC and CXCR4-NlucC fusion proteins, the molecular cloning strategy 

has been described in Chapter 3 (section 3.2.2). Analogously to pcDNA3.1 H1-3R-NlucC, the CXCR4 

and 5-HT6R were subcloned into a linearized pcDNA3.1 NlucC plasmid using HindIII and XbaI 

yielding plasmids encoding CXCR4-NlucC and 5-HT6R-NlucC constructs. For plasmids encoding 

α2AAR-NlucC, β1,2AR-NlucC, 5-HT7R-NlucC, A2AR-NlucC, A2BR-NlucC, H4R-NlucC and M2R-NlucC 

fusion proteins a Gibson assembly reaction was performed.65 In the case of the H4R and M2R, the 

sequence encoding the signal peptide of the murine serotonin 5-HT3A receptor (SP; the N-terminal 

23 peptide),662 was N-terminally attached to the receptor by PCR to increase the receptor cell 

surface expression after transfection.67-70 Upon translation, signal peptidase complexes (SPases) 

cleave the SP at the endoplasmatic reticulum (ER) from the receptor.71 To generate suitable cDNA 

templates for the Gibson assemblyctions, 25 bp overlaps complementary to the desired insertion 

site of the pcDNA3.1 NlucC vector were added to the receptor cDNA sequences by PCR. Then, 

the PCR products were digested with DpnI to remove the original template DNA. Using the 

NEBuilder® HiFi DNA Assembly Cloning Kit, the DpnI digested receptor cDNA and a linearized 

pcDNA3.1 NlucC plasmid were covalently joined as described in Chapter 3 (section 3.2.2). Similarly, 

the Gibson assembly approach was used to generate the pcDNA4 mCherry plasmid encoding the 

fluorescent protein mCherry.72 All plasmid DNA was quantified by UV-Vis absorbance using a 

NanoDrop spectrophotometer (ThermoFisher, Braunschweig, Germany) and verified by 

sequencing performed by Eurofins Genomics (Eurofins Genomics LLC, Ebersberg, Germany). 

5.2.3. Cell Culture 

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

and Hygiene, Regensburg, Germany), were cultured in DMEM supplemented with 10% FCS in a 

humidified 37 °C incubator with 5% CO2. The cells were periodically tested negative for 

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

Berlin, Germany). 

5.2.4. Generation of Transient Transfectants 

Typically, HEK293T cells were seeded into a 6-well cell culture plate (Sarstedt, Nümbrecht, 

Germany) at cell density of 0.3 x 106 cells/mL (2 mL per well) and allowed to attach overnight. The 

next day, the cells were transfected using linear polyethyleneimine (PEI, 1 mg/mL in PBS; 1:5 ratio). 

To allow for an adequate protein expression, the cells were incubated for another 48 h.  
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For Western blot analysis, a total amount of 2 µg plasmid DNA and 10 µL of PEI in 200 µL DMEM were 

used for transfection as described in Chapter 2 (section 2.2.5). The plasmid DNA comprised 0.125, 

0.25, 0.5 or 1.0 µg of the pIRESpuro3 NlucN-mGs/-mGsi/-mGsq constructs and 1.875, 1.750, 1.5 or 

1.0 µg of the empty pIRESpuro3 vector (mock DNA), respectively. For blots designed to monitor the 

mini-G protein expression level upon transient transfection of the optimized DNA amounts, 0.567 µg 

of pIRESpuro3 NlucN-mGs, 0.415 µg of pIRESpuro3 NlucN-mGsi or 1.0 µg of pIRESpuro3 NlucN-mGsq 

plasmids were used in combination with 1.433, 1.585 or 1.0 µg of the empty pIRESpuro3 vector 

(mock DNA), respectively. 

For mini-G protein recruitment assays, a total amount of 3 µg plasmid DNA was used for transfection 

comprising pcDNA3.1 GPCR-NlucC, pIRESpuro3 NlucN-mini-G protein, the empty pIRESpuro3 and 

pcDNA4 mCherry plasmids the composition of which is described in Table 5.1. For GPCR-NlucC 

constructs, a constant amount of 1 µg plasmid DNA was used. For NlucN-mini-G protein constructs, 

different plasmid DNA amounts were used giving equal protein expression levels of NlucN-mGs, 

NlucN-mGsi or NlucN-mGsq fusion proteins determined by Western blot analysis beforehand 

(Figure 5.1). To ensure a uniform transfection efficiency, the empty pIRESpuro3 vector was used as 

mock DNA to reach a constant DNA amount of 3 µg per well. For transfection control, the 

transfection mixes were supplemented with 1 µg of the pcDNA4 mCherry plasmid. For this purpose, 

the red-shifted fluorescent protein mCherry was selected in preference to other fluorescent 

proteins, such as GFP or mVenus, which emit green or yellow light, respectively, to reduce the 

spectral overlap with NanoLuc during the assay. For instance, for mVenus, a spectral overlap of 

48% has been reported with NanoLuc, whereas mCherry overlap was only 18%.73 

 

Table 5.1. Transfection scheme for mini-G protein recruitment assays. 

DNA (µg) mGs mGsi mGsq Control 

pcDNA3.1 GPCR-NlucC 1.0 1.0 1.0 - 

pIRESpuro3 NlucN-mG 0.567 0.415 1.0 - 

pIRESpuro3 (empty) 0.433 0.585 - - 

pcDNA4 mCherry 1.0 1.0 1.0 - 

DMEM 300 µL 300 µL 300 µL 300 µL 

PEI (1 : 5 ratio) 15 µL 15 µL 15 µL 15 µL 
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5.2.5. Western Blot Analysis 

5.2.5.1. Western Blot Preparation 

After 48 h transfection, the cells lysates were prepared as described in Chapter 2 (section 2.2.6). 

and15 µg lysate protein and 10 µL of the Precision Plus ProteinTM Dual Color Standard (Bio-Rad, 

Feldkirchen, Germany) were loaded to an 8–16% Novex Tris-glycine polyacrylamide gel (Thermo 

Scientific). Subsequently, the SDS-page was performed at 225 V for 1 h and blots were developed 

as described previously (Chapter 2, section 2.2.6). 

5.2.5.2. Data Analysis 

The NlucN-mini-G protein expression was assessed relative to the housekeeping protein vinculin 

serving as loading control. Therefore, the absolute luminescent intensities produced by the 

horseradish peroxidase reaction of the secondary antibody using the Clarity Western ECL substrate 

(Bio-Rad) obtained for NlucN-mini-G protein fusion proteins were divided by those of vinculin. For 

each experiment (N = 2), pIRESpuro3 NlucN-mGs/NlucN-mGsi plasmid DNA amounts were 

calculated to result in the same expression level as NlucN-mGsq after transfecting 1000 ng of 

pIRESpuro3 NlucN-mGsq. The mean value of the calculated plasmid DNA amounts was considered 

as the optimized plasmid DNA amounts for transient transfection (pIRESpuro3 NlucN-mGs = 567 ng, 

pIRESpuro3 NlucN-mGsi = 415 ng, pIRESpuro3 NlucN-mGsq = 1000 ng). 

5.2.6. Mini-G Protein Recruitment Assays 

The day prior to the experiment, transiently transfected and wildtype HEK293T cells (cf. Table 5.1) 

were detached using trypsin (0.05% trypsin, 0.02% EDTA in PBS) and centrifuged (700 g, 5 min). The 

cells were resuspended in 2.5 mL L-15 supplemented with 10 mM HEPES (Serva, Heidelberg, 

Germany) and 5% FCS, and 80 µL per well were seeded into a white flat-bottom 96-well microtiter 

plate (Brand GmbH + CoKG, Wertheim, Germany). The cells were incubated overnight at 37 °C in 

a water-saturated atmosphere without additional CO2.  

The mini-G protein recruitment assay was performed and analyzed as described in Chapter 2 

(section 2.2.7) with the following modifications: Shortly before the experiment, the transfection 

efficiency of the cells was tested for uniformity. For this purpose, the co-expressed fluorescent 

protein mCherry was excited using an excitation wavelength of λ = 587 nm (Eex) and emission was 

measured at λ = 610 nm (Eem) using an EnSpire plate reader (Perkin Elmer Inc., Rodgau, 

Germany).72 
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After demonstrating comparable transfection efficiencies of the cells, the furimazine substrate was 

diluted 1:100 in L-15, and 10 µL were added to the cells (final dilution in the assay: 1:1000). The plate 

was transferred to the pre-heated (37 °C) EnSpire plate reader and the basal luminescence was 

recorded for 15 min. Thereafter, 10 µL of the agonist serial dilutions prepared in L-15 were added to 

each well (final volume: 100 µL) and luminescence traces were recorded for additional 45 min. An 

integration time of 0.1 s per well was used to capture the luminescence. Data were analyzed using 

GraphPad Prism9 software (San Diego, CA, USA). The relative luminescence units (RLU) of the 

GPCR-NlucC/NlucN-mini-G protein expressing cells were corrected for the baseline drift caused by 

(auto)oxidation of the substrate by dividing all data by the mean luminescence intensity of the 

HEK293T wildtype control. In a second baseline-correction step, the mean luminescence of L-15 

containing wells was subtracted for each cell strain. Concentration-response curves were obtained 

using the area under curve of the luminescence traces within 45 min (AUC45 min) that were 

normalized to the maximum response to the utilized agonist of the cells representing the canonical 

GPCR-G protein pairing (100% control) and L-15 (0% control). The logarithmic ligand concentrations 

were fitted against the normalized intensities with variable slope (log(c) vs. response–variable slope 

(four parameters)) yielding pEC50 and Emax values. To minimize the occurrence of outliers arising 

from experimental variations and to distinguish from injection preaks, GPCR – mini-G protein 

coupling was considered valid when, on one hand, concentration-response curves converged, 

and on the other hand, Emax values exceeded a threshold of 5% relative to the canonical system.74 

5.2.7. Calculation of G Protein Coupling Scores 

For each sigmoidal curve obtained in the mini-G protein recruitment assay, the maximal response 

(Emax, as fraction) was divided by the potency (EC50 [nM]). The Emax/EC50 ratio was then 

logarithmically (base 10) transformed (log(Emax/EC50)) and normalized to the canonical mini-

G protein condition yielding the dimensionless relative G protein score, ∆log(Emax/EC50). Mean 

∆log(Emax/EC50) ± SEM were calculated using ∆log(Emax/EC50) values of the individual experiments. 
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5.3. Results 

5.3.1. Optimization of Mini-G Protein Expression Levels 

Prior to conducting mini-G protein coupling experiments, important considerations were made on 

the mini-G protein expression levels. It is well accepted that the GPCR – G protein stoichiometry or 

rather Gα expression levels are decisive for assay signal amplitudes thus influencing ligand 

efficacy.63-64 In accordance with this, in Chapter 2 (section 2.3.4), the dynamic range obtained for 

the H2R in mini-G protein recruitment assays was sensitive to mGs expression levels. Since the 

maximal signals (Emax) were an important factor in evaluating the coupling efficiency of GPCRs to 

mini-G proteins, it was crucial that mini-G proteins were consistently expressed. Remarkably, the 

same mini-G protein gene doses did not result in the same protein expression (cf. Figure 5.1A and 

Chapter 2, section 2.3.4). Therefore, the amount of transiently transfected mini-G protein plasmid 

DNA had to be optimized to yield equal mini-G protein expression levels in the cells and thus ensure 

equal starting conditions for coupling experiments. 

 
Figure 5.1. Western blot analysis of HEK293T cell lysates expressing the NlucN-mini-G fusion proteins. A) The cells were 
transiently transfected with indicated pIRESpuro3 plasmid DNA encoding the NlucN-mGs,-mGsi, and -mGsq fusion 
proteins. For primary staining, α-Nluc (rat; 1:5,000 in PBS-T) and α-vinculin (mouse; 1:500 in PBS-T) antibodies were 
used. For secondary staining, α-rabbit (HRP-conjugated; 1:10,000 in PBS-T) and α-mouse (HRP-conjugated; 1:100,000 
in PBS-T) were used, both raised against IgG. Images were captured using a ChemiDoc MP imager (Bio-Rad).  
B) Mini-G protein expression levels relative to the housekeeping protein vinculin as loading control were calculated. 
C) Relative mini-G protein expression levels in HEK293T cells transiently transfected with optimized plasmid DNA 
amounts. Data represent means ± SD of two independent experiments (N = 2).  
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Therefore, Western blots were performed to determine the mini-G protein expression in cells after 

transient transfection of different NlucN-mini-G protein plasmid DNA amounts (125-1000 ng, 

Figure 5.1A). For this purpose, a primary α-NanoLuc (α-Nluc) antibody was used in combination with 

an HRP-conjugated secondary antibody to detect NlucN-mini-G protein fusion proteins. Of note, 

1000 ng of NlucN-mGs and NlucN-mGsi plasmid DNA resulted in approximately 1.7- or 2.7-fold 

higher protein expression, respectively, than 1000 ng of NlucN-mGsq plasmid DNA (Figure 5.1B). For 

NlucN-mGs and NlucN-mGsi, the amount of plasmid DNA that should lead to a protein expression 

comparable to that of 1000 ng of NlucN-mGsq plasmid DNA was calculated giving 567 ng of 

NlucN-mGs and 415 ng of NlucN-mGsi plasmid DNA. Finally, a control Western blot demonstrated 

that optimized NlucN-mini-G protein plasmid DNA amounts result in similar protein expression in the 

cells upon transient transfection (Figure 5.1C). 

5.3.2. Determination of GPCR – Mini-G Protein Coupling Profiles 

In BRET-based assays, mini-G proteins developed by the groups of Tate and Lambert were 

demonstrated to maintain appropriate coupling specificity, which is e.g., the preferred coupling 

of Gi/o-coupled GPCRs to mGsi, by probing 12 prototypic GPCRs.53-55 For this purpose, maximal 

BRET signals obtained were considered but the authors did not specify employed ligands or control 

mini-G protein expression during the experiments.55 By contrast, the present work aimed at the 

development of a suitable assay concept, which controls the mini-G protein expression and 

moreover, allows for the evaluation of GPCR - G protein coupling profiles including both potency 

and efficacy to minimize false positives. Therefore, a broad series of overall 22 GPCRs was 

evaluated. This set comprised the Gs-coupled H2R, D1R, D5R, β1AR and β2AR, the Gi/o-coupled H3R, 

H4R, D2R, M2R, M4R, Y1R, Y2R, Y4R and CXCR4 and the Gq/11-coupled H1R, M1R, M5R and NTS1R, 

which were the subject to the previous Chapters 2-4, as well as additional Gs-coupled 5-HT6R, A2AR 

and A2BR, and the Gi/o-coupled α2AAR.37 It should be mentioned that some of these receptors 

were selected to match the study by Wan et al. (2017) allowing for a comparison of the different 

mini-G protein-based assay setups. 

Using the optimized NlucN-mini-G protein and constant GPCR-NlucC plasmid DNA amounts, 

transiently transfected HEK293T cells were probed for responses to reference agonists in the mini-

G protein recruitment assay (Table 5.2, Figure 5.2). For every GPCR investigated, the interaction 

was strongest with the respective mini-G protein corresponding to the G protein to which it primarily 

couples according to the IUPHAR/BPS Guide to Pharmacology.37 Specifically, classically Gs-

coupled 5-HT6R,75-76 β1AR,77 β2AR,78-79 D1R,80-81 D5R,82-83 H2R,84-85 A2AR,86-87 and A2BR88 provided the 

highest potency and efficacy in systems with mGs (Figure 5.2A). The reported Gi/o coupling 

receptors, α2AAR,89 D2R,90-91 H3R,92 H4R,93-99 M2R,100 M4R,101 Y1R,102-103 Y2R,104-105 Y4R,106-107 and  

CXCR4,108-109 predominantly interacted with mGsi (Figure 5.2B) and canonically Gq/11-coupled 



 
Towards the Elucidation of GPCR – G Protein Coupling Profiles Using Mini-G Protein Sensors 

141 
 

receptors, H1R,110-111 M1R,100,112 M5R,113 and NTS1R,114-115 most efficiently  recruited mGsq 

(Figure 5.2C). In conclusion, similar to reported BRET sensors, the split-NanoLuc based mini-G protein 

sensors provided appropriate specificity for GPCRs.55 

In addition to suitable primary coupling profiles, individual secondary coupling patterns were 

obtained for the investigated GPCRs. To prevent false positives, a converging concentration-

response curve in combination with an Emax of 5% relative to the canonical system was defined as 

cut-off for mini-G protein coupling. Representative luminescent traces for each GPCR/mini-

G protein condition are given in the Appendix (Figures A18-20). Thereby, all Gs- and Gq/11- 

coupled receptors studied were able to secondarily bind to mGsi, while those receptors classified 

as Gi-coupled receptors were nearly selective for mGsi. Only α2AAR and D2R were able to 

secondarily bind to mGsq (Table 5.2, Figure 5.2B). However, in the case of the D2R, a Gq-coupling 

has only been proposed for D1R-D2R heteromers.116-118 In addition to comprehensive mGsi binding, 

most Gs-coupled receptors, except 5-HT6R, D5R and A2AR, interacted with mGsq and vice-versa, 

the Gq/11-coupled M1R interacted with mGs (in addition to mGsq and mGsi) signifying G protein 

promiscuity (Table 5.2, Figure 5.2B). Of note, all secondary interactions were of lower potency and 

efficacy than primary couplings. In summary, observed GPCR coupling profiles to mini-G proteins 

were in good agreement with that of other G protein biosensors.55,119 Particular attention should be 

paid to the pronounced secondary coupling of D1R to mGsi, A2BR to mGsq, H1R to mGsi and M5R 

to mGsi that were between 64 ± 2.8% (A2BR) and 91 ± 4.6% (D1R), thus suggesting a physiological 

relevance. As Gs and Gi proteins bind to different sites at ACs, in theory, Gs and Gi proteins could 

simultaneously bind to AC.14 Thus, the activation of Gi proteins at high agonist concentrations might 

terminate or at least attenuate Gs signaling of the D1R. Earlier, D1R coupling to Gi proteins was 

reported to depend on the cellular milieu and thus be tissue-dependent.120 In the lung, stimulation 

of Gs-coupled A2BR results in the release of several cytokines promoting inflammatory and fibrotic 

processes,121 but the A2BR-mediated secretion of interleukin-8 (IL8) has been associated with 

stimulation of PLC rather than AC.122 In agreement to prior assumptions, mini-G protein data 

supported that such PLC stimulation is Gq-mediated,123 advocating A2BR antagonism as a 

promising concept for the medical treatment of asthma.121,124 For H1R, Gi/o coupling of H1R has 

been reported in the literature.125-126 This can lead to PTX-sensitive production of arachidonic acid 

in various cell types.127-128 Surprisingly, at the M5R, iperoxo elicited a maximal mGsi response of 

83 ± 8.5% and was nearly equipotent at M5R-mGsi and M5R-mGsq with pEC50 values of 8.18 ± 0.16 

and 8.35 ± 0.04, respectively. To best of our knowledge, similar results have not been reported 

before. Compared to other MR subtypes, the M5R represents an understudied target in the 

literature.129-130 Due to missing selectivity of available (radio)ligands, the determination of specific 

tissue expression or, in general, physiological relevance is a challenge.130 Thus, there is a need for 
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the development of selective M5R ligands to evaluate the physiological relevance of M5R, 

including Gi/o coupling.  

Table 5.2. Potencies (pEC50) and efficacies (Emax) of selected agonists obtained in the mini-G protein recruitment 
assay. HEK293T cells transiently expressing indicated GPCR-NlucC fusion proteins in combination with either NlucN-
mGs, NlucN-mGsi or NlucN-mGsq fusion proteins were used. Presented data are of three independent experiments 
(N = 3) each performed in triplicate (n.d. = not detected). 

  mGs mGsi mGsq 

Subtype 
 

Cpd 

 
pEC50 ± SEM 

 

Emax ± SEM 

[%] 

pEC50 ± SEM 

  

Emax ± SEM 

[%] 
pEC50 ± SEM 

 

Emax ± SEM 

[%] 

5-HT6R 5-HT 7.74 ± 0.10 100 7.33 ± 0.06 27 ± 5.9 n.d. 2 ± 0.7 

β1AR adren 7.37 ± 0.06 100 6.09 ± 0.06 20 ± 1.0 6.10 ± 0.02 6 ± 1.5 

β2AR adren 8.19 ± 0.13 100 6.89 ± 0.16 38 ± 3.6 6.27 ± 0.06 5 ± 0.7 

D1R dopa 7.67 ± 0.19 100 6.48 ± 0.04 91 ± 4.6 5.83 ± 0.06 5 ± 0.9 

D5R dopa 7.72 ± 0.04 100 7.19 ± 0.08 29 ± 10.2 n.d. -2 ± 0.7 

H2R his 6.86 ± 0.04 100 5.30 ± 0.06 27 ± 3.5 5.48 ± 0.04 30 ± 3.7 

A2AR NECA 7.31 ± 0.07 100 7.13 ± 0.11 12 ± 2.8 n.d. 5 ± 1.2 

A2BR NECA 6.92 ± 0.14 100 6.20 ± 0.07 64 ± 2.8 6.10 ± 0.10 16 ± 0.5 

α2AAR adren n.d. 3 ± 0.9 7.46 ± 0.09 100 6.75 ± 0.06 32 ± 13.5 

D2R dopa n.d. -1 ± 0.4 6.91 ± 0.09 100 6.71 ± 0.11 6 ± 0.8 

H3R his n.d. 0 ± 0.7 6.57 ± 0.03 100 n.d. 1 ± 0.3 

H4R his n.d. -14 ± 5.5 6.60 ± 0.10 100 n.d. 13 ± 0.4 

M2R iper n.d. 9 ± 0.8 8.41 ± 0.17 100 n.d. 2 ± 0.9 

M4R iper n.d. 9 ± 1.5 9.20 ± 0.02 100 n.d. 6 ± 1.8 

Y1R pNPY n.d. 0 ± 6.6 9.48 ± 0.09 100 n.d. -8 ± 7.8 

Y2R pNPY n.d. 0 ± 1.0 8.77 ± 0.07 100 n.d. 1 ± 0.2 

Y4R hPP n.d. 3 ± 1.8 9.47 ± 0.09 100 n.d. -1 ± 0.6 

CXCR4 CXCL12 n.d. -5 ± 1.3 8.20 ± 0.57 100 n.d. 0 ± 1.4 

H1R his n.d. 17 ± 4.0 5.16 ± 0.10 67 ± 7.0 5.59 ± 0.05 100 

M1R iper 6.95 ± 0.01 18 ± 9.2 7.37 ± 0.07 29 ± 10.6 7.65 ± 0.09 100 

M5R iper n.d. 7 ± 1.1 8.18 ± 0.16 83 ± 8.5 8.35 ± 0.04 100 

NTS1R NT(8-13) n.d. 6 ± 2.2 9.26 ± 0.07 30 ± 8.0 8.93 ± 0.01 100 
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Figure 5.2. Concentration response curves of endogenous/reference agonists at canonically A) Gs-, B) Gi/o- and 
C) Gq/11-coupling GPCRs obtained in the mini-G protein recruitment assay. HEK293T cells transiently co-expressing 
GPCR-NlucC and NlucN-mGs, NlucN-mGsi or NlucN-mGsq fusion proteins were used. Presented data are of at least 
three independent experiments (N = 3) each performed in triplicate. 
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5.3.3. Determination of Dimensionless G Protein Coupling Scores 

Lately, different biosensors were applied to G protein assays to study specific interactions with 

GPCRs.74,119,131-132 In these studies, GPCR – G protein coupling profiles often were given as 

heatmaps summarizing potencies or normalized responses of receptor-ligand complexes and 

transducers similar to Figure 5.3A and 5.3B, respectively, for mini-G protein coupling.55,119,131-132 

However, potencies and efficacies may vary across functional assays due the occurrence of 

receptor reserve or signal amplification.133-135 For this, it seems reasonable to define a dimensionless, 

relative G protein coupling score that includes both efficacy and potency. In drug discovery, the 

intrinsic relative activity (RAi), was implemented to quantify the functional selectivity of ligands, 

which describes the ability to selectively activate different signaling pathways.28-29,74,136 Classically, 

these RAi values are compared for G protein or β-arrestin signaling to determine the functional 

selectivity of a ligand, also termed bias.27,57,137 Its analysis relies on the Black-Leff operational model 

of pharmacological agonism and, in particular, on the transduction coefficient log(τ/KA), where KA 

is the equilibrium dissociation constant and τ is the intrinsic activity, which allows for the agonist 

affinity being dependent on the interaction of the receptor with G proteins or β-arrestins.26-27,138 The 

correlation between the transduction coefficient (log(τ/KA)) and the ratio of efficacy and potency 

(log(Emax/EC50) of a ligand has been described, enabling the use of curve fit parameters of 

functional data to determine dimensionless ∆log(Emax/EC50) values that reflect the relative 

activation of a pathway.27,29,74,136 Thus, dimensionless G protein coupling scores were calculated 

for the investigated GPCRs allowing for the classification of A2BR, H1R, M1R, M5R and NTS1R coupling 

to mGsi as strong secondary coupling defined by -1 < ∆log(Emax/EC50) ≤ 0 (Table 5.3, Figure 5.3C).74 

Moreover, the calculation of ∆log(Emax/EC50) values allowed for comparing the GPCR - G protein 

coupling profiles obtained by mini-G protein recruitment assays with reference data provided at 

the G protein database (GproteinDb). GproteinDb integrates data from the research community 

to curate sequence alignments, structures and mutations from the literature.139 Another important 

feature of the database deals with G protein coupling scores of GPCRs.139-140 Hauser et al. provided 

log(Emax/EC50) to this database generated by using functional data of large G protein studies by 

the Inoue and Bouvier laboratories.74,132,140 In these studies, more than 100 GPCRs each were 

probed for their preferences to bind to G proteins of all four G protein families (Gs, Gi/o, Gq/11 and 

G12/13) in distal TGF-α shedding assays using chimeric G proteins74 or proximal G protein-

dependent effector membrane translocalization assays (GEMTA).132 For comparison, available 

reference log(Emax/EC50) values were converted into ∆log(Emax/EC50) values (Table 5.3). It should be 

mentioned that the studies of Inoue et al. and Avet et al. did not include Y2R and Y4R, which 

selectively bound to mGsi in the mini-G protein recruitment assay (Table 5.3).74,132 However, in 

contrast to TGF-α shedding and GEMTA assays, mini-G protein sensors did not detect 
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GPCR - G protein coupling in the following cases: 5-HT6R-mGsq, D5R-mGsq, A2AR-mGsq, α2AAR-

mGs, H3R-mGsq, H4R-mGs/-mGsq, M2R-mGs/-mGsq, M4R-mGs, H1R-mGs, M5R-mGs and NTS1R-mGs 

(Table 5.3).74,132 And, in return, mini-G protein sensors indicated the following interactions (partially) 

missing in the literature: β2AR-mGsi, A2AR-mGsi, A2BR-mGsi and D2R-mGsq. Overall, this might be 

attributed to several considerations. On one hand, low signal amplitudes of the presented assay 

as well as of assays in the literature might mask positive outcomes. E.g., this could be the case for 

the lacking H4R-mGs interaction, since maximal signal amplitudes were particularly low, even for 

the H4R-mGsi system (cf. Appendix, Figure 19). On the other hand, different signaling levels might 

have a major impact on positive outcomes when comparing GPCR – G protein coupling profiles, 

since signal amplification as well as the occurrence of signaling pathway crosstalk should be 

pronounced in more distal cell assays, such as in TGF-α shedding assays.42,48,141-142 E.g., (Gq-like) 

phosphoinositol production in response to M2R activation was found to originate from the βγ dimer 

of the Gi complex activating PLC.143-144 However, the concept of mini-G protein sensors 

representing Gα surrogates would not allow for detecting Gβγ-mediated responses, which might 

explain the missing M2R-mGsq interaction. One should also not ignore that other reference agonists 

were used in the studies by Inoue et al and Avet et al, except for 5-HT6R, D2,5R, and H1,3,4R, indicating 

that the ligands might be capable of promoting G protein bias. (cf. Appendix, Table A4).74,132 

K 

Figure 5.3. Heatmaps illustrating the diversity of receptor-ligand-specific signaling profiles with varying degrees of 
G protein promiscuity detected by mini-G sensors. Heatmaps were generated using A) potency (pEC50) and B) 
efficacy (Emax) values of each mini-G protein condition normalized to the maximum response of the primary GPCR-
G protein pairing (cf. Table 5.2). C) The ∆log(Emax/EC50) values combine information about potencies and efficacies 
of receptor-ligand pairs for mini-G protein recruitment. ∆log(Emax/EC50) values were calculated by subtracting 
log(Emax/EC50) values of the canonical mini-G condition from all log(Emax/EC50) values (cf. Table 5.3). Presented data 
are of at least three independent experiments (N = 3) each performed in triplicate and GPCR – mini-G protein 
conditions with no interaction are highlighted by crossed gray boxes. 
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Table 5.3. Dimensionless G protein coupling scores (∆log(Emax/EC50) obtained in the mini-G protein recruitment 
assay. HEK293T cells transiently expressing indicated GPCR-NlucC in combination with either NlucN-mGs, NlucN-
mGsi or NlucN-mGsq fusion proteins were used. Presented data are of three independent experiments (N = 3) each 
performed in triplicate. 

  ∆log(Emax/EC50) ± SEM  Reference ∆log(Emax/EC50)a 

Subtype  mGs mGsi mGsq  Gs Gi Gq 

5-HT6R  0 -1.02 ± 0.12 n.d.  0c 0c -0.6c 

β1AR  0 -2.01 ± 0.10 -2.59 ± 0.14  0b≠, c≠ -3.5b≠, -1c≠ -3.5b≠, -0.3c≠ 

β2AR  0 -1.65 ± 0.07 -3.04 ± 0.16  0b≠, c≠ n.d.b≠, c≠ -1.9b≠, -0.2c≠ 

D1R  0 -1.23 ± 0.15 -3.14 ± 0.18  0b, c -3.2b, 0c -1.2b, -0.05c 

D5R  0 -1.16 ± 0.12 n.d.  0b, c -3.1b, 0c -0.7b, -0.05c 

H2R  0 -2.15 ± 0.12 -1.92 ± 0.06  0b, c -2.9b, 0c -0.5b, -0.71c 

A2AR  0 -1.15 ± 0.10 n.d.  0b≠, c≠ n.d.b≠, c≠ -0.2b≠, -0.1c≠ 

A2BR  0 -0.92 ± 0.07 -1.62 ± 0.25  0b≠, c≠ n.d.b≠, c≠ 0b≠, -0.6c≠ 

α2AAR  n.d. 0 -1.32 ± 0.16  -3.5b≠, -2.8c≠ 0b≠, c≠ -3.8b≠, -2c≠ 

D2R  n.d. 0 -1.43 ± 0.08  n.d.b, c 0b, c n.d.b, c 

H3R  n.d. 0 n.d.  n.d.c 0c -0.7c 

H4R  n.d. 0 n.d.  -1.1c 0c -0.6c 

M2R  n.d. 0 n.d.  -2.7b≠, -2.5c≠ 0b≠, c≠ -2.3b≠, -1.5c≠ 

M4R  n.d. 0 n.d.  n.d.b≠, c≠ 0b≠, c≠ -2.9b≠, -1.2c≠ 

Y1R  n.d. 0 n.d.  n.d.b≠ 0b≠ n.d.b≠ 

Y2R  n.d. 0 n.d.  n.a. n.a. n.a. 

Y4R  n.d. 0 n.d.  n.a. n.a. n.a. 

CXCR4  n.d. 0 n.d.  n.d.b 0b n.d.b 

H1R  n.d. -0.61 ± 0.02 0  -2.3b, -0.2c -1.36b, 0c 0b, c 

M1R  -1.61 ± 0.30 -0.89 ± 0.15 0  -1.9b≠, -0.9c≠ -2.7b≠, 0c≠ 0b≠, c≠ 

M5R  -1.81 ± 0.07 -0.26 ± 0.13 0  -0.8c≠ 0c≠ 0c≠ 

NTS1R  n.d. -0.25 ± 0.06 0  -1.5c≠ 0c≠ 0c≠ 

aRerefence ∆log(Emax/EC50) were assessed using log(Emax/EC50) values calculated by Hauser et al. (2021),140 and 
provided to the G protein data base GproteinDb (www.gproteindb.org).139 Original assay data was from proximal 
bG protein dependent effector membrane translocalization assays (GEMTA) by Avet et al. (2020),132 or from distal 
cTGF-α shedding assays using chimeric G proteins by Inoue et al. (2019),74 both performed in HEK293 cells. Unless 
otherwise stated (≠) same ligands were used in these studies. Experimental details of the reference studies are given 
in the Appendix, Table A4; n.d. = not detected; n.a. = not available.  
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5.4. Discussion 

The aim of this study was to demonstrate the utility of split-NanoLuc-based mini-G protein sensors 

under equal mini-G protein expression levels for the investigation of GPCR - G protein selectivity. 

Western blots revealed that NlucN-mGsq gene doses led to a considerably lower protein expression 

than NlucN-mGs or -mGsi gene doses. Thus, a protocol was designed for the transient transfection 

of HEK293T cells, which comprised equal GPCR-NlucC (1 µg) and optimized NlucN-mini-G protein 

gene doses (mGs/mGsi/mGsq: 0.567/0.415/1.0 µg) to minimize misinterpretation of potency and 

efficacy due to variations in protein expression.27 Subsequently, the coupling profiles of 22 GPCRs 

with mini-G proteins were determined using full agonists.  

Similar to BRET-based sensors, split-NanoLuc-based mini-G protein 

sensor maintained appropriate GPCR coupling specificity.37,55 

Moreover, specific secondary coupling profiles were obtained for the 

GPCRs studied. While 8 out of 22 GPCRs (H3,4R, M2,4R, Y1,2,4R, CXCR4) 

were observed to exclusively couple to mGsi, none of the GPCRs 

investigated were restrictive for either mGs or mGsq (Figure 5.4). Rather, 

all receptors interacted with mGsi, three of which coupled to 

mGsi/mGs (D5R, A2AR, 5-HT6R) and 5 of which coupled to mGsi/mGsq 

(D2R, α2AAR, H1R, M5R, NTS1R). In total, 6 of the 22 GPCRs studied 

promiscuously bound to all mini-G proteins (β1,2AR, D1R, H2R, A2BR, M1R; 

Figure 5.4). In the literature, efficacy has often been considered for 

evidence of the activation of a specific G protein signaling pathway, 

but this can lead to false positives due to overestimation of weak assay signals, as demonstrated 

in the present work for the H4R.55,119 Since overall signals in the canonical H4R-mGsi system were 

particularly low, histamine, e.g., elicited a maximum response of 13 ± 0.4% in the H4R-mGsq system, 

even though the concentration response curves did not converge (Table 5.2, Figure 5.2B). 

Therefore, a cut-off was defined of converging concentration-response curves in combination with 

an Emax of at least 5% relative to the canonical system for evaluating specific GPCR coupling 

profiles. Another consideration for data evaluation was that ligand potency and efficacy may vary 

along the signaling cascade due to receptor reserve, general signal amplification, or possible 

signaling pathway crosstalk, which might complicate the interpretation of functional data 

obtained at different cellular stages.42,133-135 Thus, it was a necessity to implement dimensionless 

G protein coupling scores.  

  

Figure 5.4. Venn diagram 
summarizing the numbers 
of investigated GPCRs 
coupling to mGs, mGsq 
and mGsi according to 
∆log(Emax/EC50) values.  
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Overall, the calculation of ∆log(Emax/EC50), which has been considered one of the most powerful 

tools in bias determination,145 relative to the canonical system has not only allowed to estimate the 

strength of secondary coupling but also to compare the coupling profiles obtained by mini-

G protein sensors with reference data. Of note, the secondary coupling of the A2BR, H1R, M1R, M5R 

and NTS1R to mGsi was particularly strong demonstrated by ∆log(Emax/EC50) between -1 and 0.74 

In summary, the presented assay aiming at equal mini-G protein expression levels was suitable for 

the determination of GPCR - G protein selectivity and offers the potential to assess ligand-

dependent G protein bias in future studies.48,146 
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6.1. Introduction 

In the human body, the neurotransmitter histamine interacts with four subtypes of histamine 

receptors (H1-4R) that are all classified as rhodopsin-like class A G protein-coupled receptors 

(GPCRs).1 As the largest membrane protein superfamily,2-3 GPCRs have been intensively studied as 

important drug targets over the past decades, leading to more than 30% of approved drugs 

binding to GPCRs.4 In the 1970s, H2R antagonists, such as cimetidine and ranitidine, were among 

the blockbuster drugs on the market, reducing gastric acid secretion.5 In addition to the expression 

in gastric parietal cells, the H2R is also widely found in smooth muscle cells, chondrocytes, 

endothelial and epithelial cells, dendritic cells, and macrophages as well as T and B cells.1 

Currently, the H2R function in the central nervous system (CNS) is investigated with CNS-penetrating 

agonists.6-7 In contrast, no substance has yet been approved for medical treatment related to the 

Gi-coupled H4R. However, the involvement of the H4R in allergic and inflammatory processes is 

undisputed due to its expression in immune cells, mast cells, and eosinophils,8-13 which has raised 

the H4R as a potential target for the treatment of atopic dermatitis.14-15 And, currently, the first 

antagonist, ZPL-3893787, is being considered for use in patients.16 

One of the key events in GPCR signaling is the activation of heterotrimeric G proteins consisting of 

the α, β, and γ subunits.17-19 Today, more than 800 GPCRs and 16 G proteins have been identified 

in the human genome.20-21 There is evidence that GPCRs interact with multiple intracellular G 

proteins, giving unique coupling profiles with multidimensional cellular effects.22-26 In the 1990s, the 

human H2R was cloned and demonstrated to couple to Gs due to the increasing cAMP level upon 

receptor activation.27 Kühn et al. reported an H2R interaction with Gq by immunoprecipitation of 

H2R-Gq assemblies and by inositol phosphate accumulation when the H2R was co-expressed with 

Gq family members Gαq, G α11, Gα14, and Gα15.28 Around the millennium, the human H4R was 

cloned by several groups, and Gi/o coupling has been proven by the inhibition of forskolin-induced 

cAMP accumulation.29-35 In addition, an increase in intracellular Ca2+ has been reported in 

eosinophils,36 monocytes,37 and mast cells upon H4R activation,11,38 which was initially discussed as 

a βγ signal activating phospholipase C11 (PLC) but later was identified as an H1R-mediated 

response.38 In terms of Gα subtype selectivity, a preference of Gαi2 over Gαi1, Gαi3, and Gαo 

proteins was reported for the H4R in a [35S]GTPγS binding assay, in which the amount of the non-

hydrolysable guanine nucleotide analog bound to the H4R-Gα complex was quantified.39  

Nowadays, several assay techniques have facilitated the analysis of GPCR G protein interactions, 

such as BRET-based heterotrimeric G protein biosensors either detecting the dissociation of the 

heterotrimeric G protein into an α monomer and a βγ dimer40 or the dissociation of the βγ dimer 

from the receptor41 as well as the BRET-based effector membrane translocation assay (EMTA) 
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monitoring the activation of Gα proteins by the recruitment of specific G protein effector 

molecules.42 Another prominent technique to study GPCR – G protein interactions is the 

application of chimeric G proteins, essentially consisting of the α5 helix of a G protein subtype and 

a specific G protein core.43 The α5 helix was reported to account for more than 70% of the contact 

area between a GPCR and G protein, thus dictating successful interaction.41,44-45 In contrast, the 

G protein core can be used to redirect signals into a specific readout. For instance, Inoue et al. 

applied 11 chimeric G proteins from all major G protein families to demonstrate the coupling 

behavior of 148 GPCRs by redirecting all signals into TGF-α shedding.46 A similar approach has been 

used in the development of genetically engineered minimal G (mini-G) proteins consisting of the 

GTPase domain of Gαs and respective α5 helices of G proteins from each G protein family (Gs, 

Gi/o, Gq/11, and G12/13).47-49 Combined with BRET or split-luciferase complementation 

techniques, mini-G proteins are suitable for ligand characterization in cell-based assays.49-54 

Moreover, since these proteins were originally designed to stabilize GPCRs in their active state to 

enable the elucidation of GPCR – G protein complexes by X-ray and cryo-electron microscopy 

(cryo-EM), structures have become available in complex with the adenosine A2A (A2AR),55 

dopamine D1 (D1R),56 GPR52,57 serotonin 5-HT1B (5-HT1BR),58 and 5-HT2A (5-HT2AR)59 receptors so far. 

Recent years have seen remarkable advances in the structural determination of GPCR – G protein 

complexes.60-61 In 2020 alone, new structures of 34 GPCR–Gs complexes, 19 GPCR-Gi/o complexes, 

and the first GPCR-Gq/11 complex were published (www.gpcrdb.org, access date: 08.10.2021), 

providing valuable atomic-level insights into the binding interface of GPCRs with G proteins from 

different major families.60 Another milestone in histamine receptor research was the resolution of 

the first active structure of the histamine H1 receptor in complex with Gq in 2021.62 Nevertheless, 

static structures alone do not allow us to map the dynamics of a GPCR – G protein interaction, and 

only complexes of primary coupling GPCRs and G proteins are available so far. Thus, the dynamic 

mechanism of specific GPCR–G protein interactions remains poorly understood. To fill this gap, 

computational approaches were developed to model the dynamic GPCR – G protein 

interactions.63-64 For instance, Flock et al. provided a bioinformatics approach to determine a 

selectivity barcode (patterns of amino acids) of GPCR − G protein coupling.44 More commonly, 

molecular dynamics (MD) simulations have been used to explore the conformational changes and 

free energy landscapes of GPCR – G protein interactions, ideally combined with complementary 

experiments.65-67 However, conventional MD (cMD) simulations often suffer from insufficient 

sampling of GPCR – G protein interactions due to limited simulation time-scales. Thus, enhanced 

sampling methods have been applied to improve the simulations of GPCR – G protein 

interactions.64,68 Among these methods, Gaussian accelerated molecular dynamics (GaMD) is a 

robust method that allows for unconstrained enhanced sampling and free energy calculations of 

large biomolecules.69-72 GaMD has been applied to successfully simulate protein folding,70,73 
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protein-ligand binding and unbinding,69-70,74 GPCR activation,74 and binding to a G protein mimetic 

nanobody.75 In the latter study, the nanobody binding pathway to the muscarinic acetylcholine 

M2 (M2R) receptor has been investigated, demonstrating that the intracellular loops play a key role 

in nanobody recognition and binding.75 Moreover, GaMD has been used to identify the coupling 

mechanisms of adenosine A1 (A1R) and A2A (A2AR) receptors to Gs and Gi proteins.76 Protein 

flexibility and complementary residue interactions at the protein interface have revealed that the 

A1R preferred Gi coupling and the A2AR coupled to Gs and Gi.76 

In the present study, cellular assay experiments and GaMD-enhanced sampling simulations were 

combined to investigate the G protein coupling profiles of the H2R and H4R. Three types of 

engineered G proteins, mGs, mGsi, and mGsq, were used to characterize the coupling profiles of 

each receptor. For both receptors, the interaction with mini-G proteins upon receptor activation in 

response to the endogenous ligand histamine was explored using a recently published mini-G 

protein recruitment assay.54 Furthermore, all-atom GaMD simulations were performed on the H2,4R 

in complex with mGs, mGsi, and mGsq in explicit lipids and solvent. In all six systems, the 

endogenous ligand histamine was bound to the H2,4R. Thereby, GaMD simulations allowed for 

characterizing the structural flexibility and low-energy conformations of H2,4R in complex with mGs, 

mGsi, and mGsq. Overall, the combination of cellular experiments and GaMD simulations provided 

important mechanistic insights into the selective coupling of engineered G proteins to the H2,4Rs 
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6.2. Materials and Methods 

6.2.1. Generation of Transient Transfectants 

The day prior to the transfection, HEK293T were seeded into a 6-well cell culture plate (Sarstedt, 

Nümbrecht, Germany) at a density of 0.3 × 106 cells/mL. The cells were transiently transfected with 

a total amount of 3 µg plasmid DNA using linear polyethyleneimine (PEI, 1 mg/mL in PBS, 

transfection ratio 1:5; 3 µg DNA + 15 µL PEI). Therefore, combinations of the following plasmids the 

construction of which has been described in Chapter 2 (section 2.2.2) were used: pcDNA3.1 H2R–

NlucC, pcDNA3.1 H4R–NlucC, pIRESpuro3 NlucN–mGs, pIRESpuro3 NlucN–mGsi, and pIRESpuro3 

NlucN–mGsq. The cells were incubated for 48 h to allow for an adequate protein expression. 

6.2.2. Mini-G Protein Recruitment Assays 

Mini-G protein recruitment assays were performed as described in Chapter 5 (section 5.2.6). Data 

were analyzed using GraphPad Prism9 software (San Diego, CA, USA). The relative luminescence 

units (RLU) were corrected for the baseline drift caused by autooxidation of the substrate by 

dividing all data by the mean luminescence intensity of the HEK293T wild-type control. Thereafter, 

the baseline luminescence of the respective L-15 control was subtracted. The area under the curve 

(AUC) of each concentration was normalized to the AUC of 100 µM histamine (100%) obtained in 

the canonical system (H2R-mGs or H4R-mGsi, respectively) and L-15 (0%). The logarithmic histamine 

concentrations were fitted against the normalized AUCs with variable slope 

(log(c) vs.  response - variable slope (four parameters) yielding pEC50 and Emax values. 

6.2.3. Preparation of the H2,4R-Mini-G Protein Complexes 

To obtain the H2R complexes, the H2R–Gs structure that has been published by Conrad et al. was 

used as template containing the coordinates of the H2R (residues 15–304) and the ligand 

histamine.77 To obtain the mini-G protein structures mGs, mGsi, and mGsq (according to mGs393, 

mGsi43, and mGsq7148), homology modeling was performed on the Gs structure using 

Modeller 9.16.78 To avoid artificial charges at the termini of the H2R, N-terminal acetyl and C-

terminal N-methyl capping groups were added to the structure using Sybyl7.3 (Tripos International, 

St. Louis, MO, USA (2006)). The setup of the complexes for subsequent Gaussian accelerated MD 

simulations was performed as described previously.79 During the setup, missing hydrogen atoms 

were added and f99SB force field80 parameters were assigned to the complexes, and the H2R 

disulfide bond C91–C174 was created using tleap. The energy minimization and equilibration steps 

were essentially performed as described before using Amber1781 (San Franscicso, CA, USA) and 

Gromacs 2016.5.79,82 In order to embed the H2R into a membrane, the structure was overlaid with 

a pre-equilibrated dioleylphosphatidylcholine (DOPC) bilayer (gaff force field83) and solvated with 

SPC water.84 Therefore, the pseudo-atom entries of the 3SN6 structure (β2AR-Gs complex) from the 
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Orientations of Proteins in Membranes (OPM) database have been used containing the position of 

extracellular and intracellular membrane layer. 

The H4R systems were obtained using the homology model of the receptor provided by GPCRdb 

(www.gpcrdb.org, version: 03.09.2019, mainly based on M2R structure; pdb-id: 4MQT) as 

template.85 The utilized model comprised residues 6–380, but due to the lack of an appropriate 

ICL3 model, the native 82 amino acid-sized ICL3 of the H4R was truncated (69 total missing amino 

acids) and only consisted of the first 8 (-CQSHPGLT-) and last 5 residues (-LHQRE-). Amber 

coordinates and topology files were generated for the downloaded pdb file using ambpdb, and 

the disulfide bond C87–C164 was created using tleap. Initially, the structure was solvated in a TIP3 

waterbox with Cl− as counter ions and minimized as performed for the H2R structures. To set up H4R–

mini-G protein complexes, a loop refinement of the ICL3 was performed using the ModLoop86-87 

web server (www.modbase.compbio.ucsf.edu/modloop, access date: 08.10.2021) to avoid 

clashes between the receptor and mini-G protein structures. The refined H4R structure and the mini-

G protein homology models that have been generated in complex with the H2R were aligned to 

the M2R structure in complex with Gi (pdb-id.: 6OIK) to extract appropriate coordinates. Thereafter, 

similar protocols as for the H2R complexes were performed to prepare the H4R systems (H4R-mGs, 

H4R-mGsi and H4R–mGsq) with the ligand histamine. A computational model of GaMD simulation 

systems and sequence alignments of the H2,4R as well as of the G protein chimeras and the 

“parental” G protein subunit Gαs are provided in the Appendix (Figures A21, A22 and A23, 

respectively). 

  



Specific Engineered G Protein Coupling to Histamine Receptors Revealed from Cellular Assay 
Experiments and Accelerated Molecular Dynamics Simulations 

165 
 

6.2.4. Gaussian Accelerated Molecular Dynamics (GaMD) Simulations 

In GaMD, a harmonic, Gaussian-distributed boost potential is applied to biomolecules to smooth 

the potential energy surface and reduce energy barriers.69 When the system potential 𝑉𝑉(𝑟𝑟) is lower 

than a reference energy 𝐸𝐸, the modified potential 𝑉𝑉∗(𝑟𝑟) is calculated as: 

𝑉𝑉∗(𝑟𝑟) = 𝑉𝑉(𝑟𝑟) + ∆𝑉𝑉(𝑟𝑟) 

∆𝑉𝑉(𝑟𝑟) = �
1
2 𝑘𝑘

�𝐸𝐸 − 𝑉𝑉(𝑟𝑟)�2,𝑉𝑉(𝑟𝑟) < 𝐸𝐸 

 0,𝑉𝑉(𝑟𝑟) ≥ 𝐸𝐸,
 

(1) 

 

where 𝑘𝑘 is the harmonic force constant. The two adjustable parameters 𝐸𝐸 and 𝑘𝑘 are automatically 

determined on three enhanced sampling principles as described before.69 In summary, 𝐸𝐸 needs to 

be in the range: 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝐸𝐸 ≤ 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚 + 1
𝑘𝑘
, (2) 

 

where 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚 and 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 are the minimum and maximum potential energies of the system. To ensure 

that equation (2) is valid, 𝑘𝑘 is defined as 𝑘𝑘 = 𝑘𝑘0 ∙ 1/(𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚) and thus 0 < 𝑘𝑘0 ≤ 1. To enable an 

accurate energetic reweighting using cumulant expansion to the second order, the third standard 

deviation of ∆𝑉𝑉 needs to be small enough: 𝜎𝜎∆𝑉𝑉 = 𝑘𝑘�𝐸𝐸 − 𝑉𝑉𝑚𝑚𝑎𝑎𝑎𝑎�𝜎𝜎𝑉𝑉 ≤ 𝜎𝜎0, where 𝑉𝑉𝑚𝑚𝑎𝑎𝑎𝑎 and 𝜎𝜎𝑉𝑉 are the 

average and standard deviation of the system potential energies and 𝜎𝜎∆𝑉𝑉 is the standard deviation 

of ∆𝑉𝑉 with 𝜎𝜎0 as a user-specified upper limit for accurate reweighting. When 𝐸𝐸 is set to the lower 

bound 𝐸𝐸 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚, according to Equation (2), 𝑘𝑘0 can be calculated as: 

𝑘𝑘0 = min(1.0,𝑘𝑘0′ ) = 𝑚𝑚𝑚𝑚𝑛𝑛 �1.0,
𝜎𝜎0
𝜎𝜎𝑉𝑉
∙
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑚𝑚𝑎𝑎𝑎𝑎
�, (3) 

 

Alternatively, when the threshold energy 𝐸𝐸 is set to its upper bound 𝐸𝐸 = 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚 + 1/𝑘𝑘, 𝑘𝑘0 is set to: 

𝑘𝑘0 = 𝑘𝑘0′′ ≡ �1− 𝜎𝜎0
𝜎𝜎𝑉𝑉

 � ∙ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚−𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉𝑚𝑚𝑎𝑎𝑎𝑎−𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

, (4) 

 

if 𝑘𝑘0′′ is found between 0 and 1. Otherwise, 𝑘𝑘0 is calculated using equation (3). 
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6.2.5. Energetic Reweighting of GaMD Simulations 

To calculate the potential of the mean force (PMF) and energetically reweight GaMD simulations, 

the probability distribution along a reaction coordinate is written as 𝑝𝑝∗(𝐴𝐴). Given the boost potential 

∆𝑉𝑉(𝑟𝑟) of each frame, 𝑝𝑝∗(𝐴𝐴) can be reweighted to recover the canonical ensemble distribution 𝑝𝑝(𝐴𝐴), 

as: 

𝑝𝑝�𝐴𝐴𝑗𝑗� = 𝑝𝑝∗�𝐴𝐴𝑗𝑗�
〈𝑒𝑒𝛽𝛽∆𝑉𝑉(𝑟𝑟)〉𝑗𝑗

∑ 〈𝑝𝑝∗(𝐴𝐴𝑚𝑚)𝑒𝑒𝛽𝛽∆𝑉𝑉(𝑟𝑟)〉𝑚𝑚𝑀𝑀
𝑚𝑚=1

, 𝑗𝑗 = 1, … ,𝑀𝑀, (5) 

 

where 𝑀𝑀 is the number of bins, 𝛽𝛽 = 𝑘𝑘𝐵𝐵𝑇𝑇, and 〈𝑒𝑒𝛽𝛽∆𝑉𝑉(𝑟𝑟)〉𝑗𝑗 is the ensemble-averaged Boltzmann factor 

of ∆𝑉𝑉(𝑟𝑟) for simulation frames found in the 𝑗𝑗th bin. The ensemble-averaged reweighting factor can 

be approximated using cumulant expansion: 

〈𝑒𝑒𝛽𝛽∆𝑉𝑉(𝑟𝑟)〉 = 𝑒𝑒𝑥𝑥𝑝𝑝 �∑ 𝛽𝛽𝑘𝑘

𝑘𝑘!
𝐸𝐸𝑘𝑘∞

𝑘𝑘=1 �,  (6) 

 

where the first two cumulants are given by: 

𝐸𝐸1 = 〈∆𝑉𝑉〉,
𝐸𝐸2 = 〈∆𝑉𝑉2〉 − 〈∆𝑉𝑉〉2 = 𝜎𝜎𝑎𝑎2

 (7) 

 

The boost potential obtained from GaMD simulations usually follows near-Gaussian distribution.71-72 

Thus, the cumulant expansion to the second order provides a good approximation for computing 

the reweighting factor.69,88 The reweighted free energy 𝐹𝐹(𝐴𝐴) = −𝑘𝑘𝐵𝐵𝑇𝑇 ln 𝑝𝑝(𝐴𝐴) is calculated as: 

𝐹𝐹(𝐴𝐴) = 𝐹𝐹∗(𝐴𝐴)−∑ 𝛽𝛽𝑘𝑘

𝑘𝑘!
𝐸𝐸𝑘𝑘2

𝑘𝑘=1 + 𝐹𝐹𝑐𝑐,  (8) 

 

where 𝐹𝐹∗(𝐴𝐴) = −𝑘𝑘𝐵𝐵𝑇𝑇 ln 𝑝𝑝∗(𝐴𝐴) is the modified free energy obtained from GaMD simulation and 𝐹𝐹𝑐𝑐  is a 

constant. 
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6.2.6. Simulation Protocol 

GaMD has been implemented in the AMBER software package, so that all molecular dynamics 

(MD) simulations could be performed using Amber1889 (San Franscicso, CA, USA). During the 

simulations, periodic boundary conditions were given. The SHAKE algorithm was applied to remove 

the bond stretching freedom of all hydrogen-containing bonds. The GaMD simulations were 

preceded by a short conventional MD (cMD) simulation of 10.4 ns for the statistical collection of 

boost parameters (Vmax, Vmin, Vavg, and σV), which was followed by 32 ns “dual-boosted” MD 

simulations using the calculated parameters (2 fs time steps), in which boost parameters were 

imposed on the total potential energy and the dihedral energy terms.  

Table 6.1. Summary of the boost potentials applied in the Gaussian accelerated molecular dynamics (GaMD) 
simulations. In all GaMD simulations, the total potential energy (Epot) and the dihedral energy (Edihedral) were boosted 
(“dual-boost”). Average ± SD of the corresponding boost potentials (∆Vpot and ∆Vdihedral) are given for the different 
simulations of the H2R and H4R systems. 

System Natoms Simulation Length (ns) ∆Vpot (kcal/mol) ∆Vdihedral 
(kcal/mol) 

H2R–mGs 128,856 

GaMD1 1000 7.53 ± 3.15 6.40 ± 2.65 

GaMD2 1000 7.50 ± 3.15 6.50 ± 2.68 

GaMD3 1000 7.53 ± 3.16 6.36 ± 2.64 

H2R–mGsi 128,819 

GaMD1 1000 7.87 ± 3.23 5.93 ± 2.55 

GaMD2 1000 7.86 ± 3.23 5.88 ± 2.54 

GaMD3 1000 7.85 ± 3.22 5.98 ± 2.56 

H2R–mGsq 128,864 

GaMD1 1000 7.39 ± 3.13 6.32 ± 2.63 

GaMD2 1000 7.36 ± 3.13 6.34 ± 2.64 

GaMD3 1000 7.37 ± 3.13 6.52 ± 2.68 

H4R–mGs 129,747 

GaMD1 1000 7.87 ± 3.23 6.25 ± 2.62 

GaMD2 1000 7.86 ± 3.23 6.08 ± 2.58 

GaMD3 1000 7.84 ± 3.23 6.45 ± 2.66 

H4R–mGsi 129,737 

GaMD1 1000 8.05 ± 3.26 6.03 ± 2.57 

GaMD2 1000 8.02 ± 3.25 6.42 ± 2.65 

GaMD3 1000 8.04 ± 3.26 6.19 ± 2.60 

H4R–mGsq 129,788 

GaMD1 1000 8.09 ± 3.27 6.55 ± 2.68 

GaMD2 1000 8.21 ± 3.29 6.57 ± 2.68 

GaMD3 1000 8.22 ± 3.30 6.43 ± 2.65 
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The reference energy was set to the lower bound (E = Vmax), and the boost parameters were 

updated every 400,000 steps (800 ps). The upper limit of the standard deviation of the boost 

potential, of the total potential energy, and of the dihedral energy was restrained to 

σOP = σOD = 6.0 kcal/mol. After the preparatory stage, 3 × 1000 ns of GaMD production runs were 

performed for the H2R and H4R systems. Table 6.1 gives an overview of the average boost potentials 

that have been applied for the different systems and simulation runs. 

6.2.7. Structural Analysis 

For subsequent analysis, periodic boundaries were removed from the trajectories, and all atoms 

were imaged to the receptors’ transmembrane domains using cpptraj of Amber18 software (San 

Franscicso, CA, USA).89 Furthermore, cpptraj was used for the structural analysis of all distances and 

angles. Contacts between the H2,4R and mini-G proteins were assessed using the nativecontacts 

command with a distance cut-off of 5 Å. Binding energies of the ligand histamine were determined 

using the mm_pbsa.pl script using IGB = 2 and further parameters in default option according to 

the MM/GBSA method.90-92 Plots were created using GraphPad Prism9 (GraphPad Software, San 

Diego, CA, USA), Cytoscape93 and Origin2021 (OriginLab Corporation, Northampton, MA, USA), 

and the structural visualization was performed using pymol (The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC, New York, NY, USA). 

Important reaction coordinates were identified from the simulation trajectories to reveal the 

dynamic regions of the systems and were used to differentiate conformational states of the H2,4R–

mini-G protein complexes. The observed dynamic regions included the ligand histamine, the 

receptor TM6 helix, and the C terminus of the mini-G protein α5 helix. Therefore, the distance 

between the charged amine group of histamine and the highly conserved D3.32 and the receptor 

TM3 and TM6 intracellular ends were selected as reaction coordinates. The distance between the 

conserved NPxxY motif in the TM7 intracellular end of the receptors and the C terminus of the mini-

G protein α5 helix (α5 hook) was used to characterize the H2,4R–mini-G protein interactions. 

Furthermore, the TM2–α5 distance was calculated to estimate the α5 hook orientation inside the 

binding cavity. Specifically, distances were calculated between the backbone (Cα, C, and N) 

atoms using the center of mass of the following residues. For the TM3–TM6 distance, residues R3.50 

and E/A6.30, and for the NPxxY–α5 distance, residues N7.49, P7.50, and Y7.53 as well as the last five 

residues of the mini-G protein α5 helix were used. To calculate the α5–TM2 distance, the last five 

residues of the α5 helix and T/S2.39 were used. The time courses of these reaction coordinates for the 

H2R and H4R systems were plotted in the Appendix (Figures A24 and A25, respectively). Root-mean-

square fluctuations (RMSFs) were calculated for the protein residues and histamine, averaged over 

three independent GaMD simulations, and color coded for the schematic representation of each 

complex system (cf. Appendix, Figure A26). 
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The representative low-energy conformations of the H2,4R–mini-G protein complexes were used to 

compute their residue contact network at the binding interface of the proteins using the 

nativecontacts command of cpptraj with a distance cut-off of 4 Å. 

To recover the original free energy or potential of mean force (PMF) profiles of the six H2,4R–mini-G 

protein systems, GaMD simulations were reweighted using the PyReweighting toolkit as described 

in section 6.2.5.88 PMF profiles were computed using the combined trajectories from all three 

independent GaMD simulations (3 × 1000 ns length) for each system. For 2D PMF calculations, a bin 

size of 1.0 Å was used, and the cut-off was set to 500 frames The 2D PMF profiles were obtained for 

each simulation system regarding D3.32–histamine distance in combination with the TM3–TM6 

distance, the NPxxY–α5 distance, and the TM2–α5 distance. 
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6.3. Results  

6.3.1. Functional Characterization of H2,4R–Mini-G Protein Complexes 

Recently, a dynamic split-luciferase based mini-G protein recruitment assay was developed for the 

histamine receptor family54 meeting the requirements of a proximal readout as well as a simple, 

robust, non-radioactive and homogenous performance.94 In this assay, HEK293T cells express H2,4R 

subtypes that are C-terminally fused to the small fragment of the NanoLuc (NlucC) and mini-G 

proteins N-terminally attached to the large fragment (NlucN). The complementation of the 

NanoLuc, and thus signal output, is enabled by the recruitment of the mini-G protein to the 

receptor upon activation by a ligand. In the present study, the same concept was applied to 

investigate the coupling profiles of the H2R and H4R to engineered G proteins. Therefore, 

transfectants expressing H2,4R-NlucC in combinations with NlucN-mGs, NlucN-mGsi and NlucN-

mGsq were used to probe the functional responses of histamine in the different cell systems. The 

H2R was observed to interact with mGs, mGsi, and mGsq, whereas the H4R was selective for binding 

to mGsi (Figure 6.1A and 6.1B).  

 

Figure 6.1. Concentration–response curves of histamine obtained in split-NanoLuc complementation-based mini-G 
protein recruitment assays using HEK293T cells transiently expressing either A) H2R-NlucC or B) H4R-NlucC fusion 
proteins in combination with NlucN-mGs, NlucN-mGsi, or NlucN-mGsq. Presented data are of three independent 
experiments (N = 3), each performed in triplicate. C) Free energy profiles of GaMD simulations with complexes 
containing either the H2R or the H4R in combination with mGs, mGsi, or mGsq. Distances of the D3.32 (Cγ atom) and 
the amino group of histamine (Nα atom) as well as of the intracellular ends of TM3 and TM6 were used as reaction 
coordinates. TM3–TM6 distances were calculated using Cα, C, and N atoms of R3.50 and E/A6.30. For each system, 
three independent GaMD simulations were used for analysis (cf. Appendix, Figures A24 and A25). (Labels: 
“B” = “Bound”, low-energy wells of fully active receptors bound to histamine; “I1” =  “Intermediate”, low-energy 
wells of receptor conformations with smaller or larger TM3–TM6 spacings. “S1”, “S2”, and “S3” = “Separated”, low-
energy states with different TM3–TM6 distances, in which histamine was separated from the conserved receptor 
residue D3.32). 
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Notably, histamine was less potent (pEC50) and effective (Emax) in H2R-mGsi (pEC50 = 5.30 ± 0.06; 

Emax = 27 ± 3.5%) and H2R-mGsq (pEC50 = 5.48 ± 0.04; Emax = 30 ± 3.7%) systems than in the H2R-mGs 

system (pEC50 = 6.86 ± 0.04; Emax = 100%) that represents the canonical system (Table 6.2). In other 

words, a stronger binding of the H2R to mGs than to mGsi and mGsq was observed. These 

observations were consistent with prior findings for the H2R by Okashah et al. using BRET-based 

heterotrimeric G protein sensors and by Inoue et al. using chimeric G proteins.41,46 In the cell assays, 

the H4R bound selectively to mGsi yielding a pEC50 of 6.60 ± 0.10 and an Emax of 100% for the 

endogenous ligand histamine (per definition). Similar results were reported in a previous study using 

another chimeric G protein approach, in which the H4R selectively coupled to members of the Gi 

family and only slightly to Gα16 of the Gq family.46 

Table 6.2. Comparison of biochemical and computational ligand binding data. Potencies (pEC50) and efficacies 
(Emax) of histamine obtained in split-NanoLuc complementation-based mini-G protein recruitment assays using 
HEK293T cells transiently expressing H2,4R-NlucC in combination with NlucN-mGs, NlucNmGsi, or NlucN-mGsq. 
Presented data are of three independent experiments (N = 3) each performed in triplicate. Binding energies 
(kcal/mol) of histamine obtained in the given complexes applying the MM/GBSA method to the GaMD trajectories. 
For each system, 60,000 frames of the top histamine cluster were analyzed. Averages ± SD are given. 

 Mini-G Protein Recruitment MM/GBSA 

 pEC50 ± SEM Emax ± SEM [%] Binding Energy ± SD [kcal/mol] 

H2R–mGs 6.86 ± 0.04 100 −17.23 ± 3.44 

H2R–mGsi 5.30 ± 0.06 27 ± 3.5 −16.57 ± 3.81 

H2R–mGsq 5.48 ± 0.04 30 ± 3.7 −16.25 ± 6.35 

H4R–mGs n.d. −14 ± 5.5 −20.03 ± 5.44 

H4R–mGsi 6.60 ± 0.10 100 −27.91 ± 4.69 

H4R–mGsq n.d. 14 ± 0.3 −20.49 ± 6.78 

 

6.3.2. Free Energy Profiles of H2,4R – Mini-G Protein Complexes in GaMD Simulations 

In the absence of experimental structures, homology models were built in this study to generate 

initial complexes of the H2R and H4R with the mGs, mGsi, and mGsq proteins. A model recently 

published by Conrad et al.77 and a model provided by GPCRdb85 (www.gpcrdb.prg, access date: 

08.10.2021) were used as simulation starting structures for the H2R and the H4R, respectively. A 

computational model of GaMD simulation systems is provided in the Appendix (Figure A21). For 

each of the six systems, three GaMD production runs, each of 1000 ns length and with individual 

boost parameters were performed (Table 6.1). Overall, the H2R and H4R remained in complex with 

the ligand histamine and their respective mini-G proteins during the simulations and similar regions 

of the complexes were identified as structurally flexible (cf. Appendix, Figure A26). Specifically, 

except for the respective α5 helix of the mini-G proteins, which were bound to the intracellular H2,4R 
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binding cavity, mGs, mGsi, and mGsq were structurally more flexible than the membrane-bound 

H2R and H4R (cf. Appendix, Figure A26). For the receptors, the largest flexible regions were located 

at the N- and C-terminal ends and the extracellular loop (ECL) 2. In contrast to the H2R, a higher 

flexibility of the intracellular loop (ICL) 3, ECL2, and ECL3 was observed in addition for the H4R 

complexes (cf. Appendix, Figure A26). In all H2R and H4R complexes, the histamine ligand was inside 

the orthosteric binding pocket but had flexible orientation according to its root-mean-square 

fluctuation (RMSF), in particular for H2R-mGsi and H4R-mGs systems. Overall, both protein complex 

RMSF and histamine RMSF were lowest in the systems corresponding to the natural complexes (H2R-

mGs and H4R-mGsi), indicating that these systems were energetically most favorable (cf. Appendix, 

Figure A26). In the H2R systems, the replacement of mGs with mGsi and mGsq in the H2R systems 

resulted in a higher structural flexibility of the mini-G protein binding surface (TM5, TM6, H8, and 

ICLs). In contrast, in the H4R complexes, the structural variability at the binding surface was 

comparatively low when mGsi was replaced by mGs or mGsq. Only in H4R–mGs higher fluctuations 

were observed at the intracellular ends of TM5, TM6 (kinked TM6, Figure 6.3F), ICL2, and ICL3. More 

characteristic for the H4R–mGs and H4R–mGsq complexes was the structural flexibility of the 

extracellular TM ends, which might be related to the structural flexibility of the histamine ligand. In 

combination with the results obtained in the cell assay, one could conclude that the flexibility of 

the H2R intracellular surface has a positive effect on G protein binding, thus allowing the H2R to 

interact with mGs, mGsi, and mGsq. In contrast, the complex formation of the H4R-mGs and H4R-

mGsq seems to be unfavorable in view of the increased structural flexibility of the orthosteric 

binding pocket and thus decreased conformational stability. 

In the starting structures of the simulations, histamine formed a salt bridge by its charged amino 

group with the conserved residue D3.32 in the orthosteric binding pocket, similarly as postulated in 

the literature for the entire histamine receptor family.95 During the simulations, this interaction 

performed different dynamics in the H2R and H4R systems. Whereas histamine was permanently 

bound to D3.32 in the H4R–mGsi and H4R–mGsq complexes, histamine was observed to disengage 

this bond in all H2R complexes and the H4R-mGs complex, however, to distinct extent (cf. time 

courses and schematic illustration of the reaction coordinates in the Appendix, (Figures A24, A25 

and A27, respectively). The lower abundance of the salt bridge in the H2R complexes was in good 

agreement with the generally lower binding affinity of histamine to H2R than to the H4R.6 To 

investigate whether the presence of the salt bridge was related to the activation state of the 

receptors, we used the distance between the charge centers of the amino group in histamine and 

the conserved receptor aspartate D3.32 (denoted as D3.32–histamine distance) as well as the 

receptor TM3–TM6 distance (measured between the Cα, C, and N atoms of residues R3.50 and 

E/A6.30) as reaction coordinates to calculate the free energy profiles (Figure 6.1C). The outward 
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movement of TM6 resulting in larger TM3–TM6 spacings is one of the key features of GPCR activation 

and is also suggested to determine G protein selectivity of Gs- and Gi-coupling GPCRs.96-97 In all 

systems, the global minima were found for the fully histamine-bound states (D3.32–histamine 

distance of ~3 Å). In the H2R–mGs system, the global minimum was at a TM3–TM6 distance of ~19 Å 

(denoted as “B”) (Figures 6.1C and 6.2E). In the H2R–mGsi and H2R–mGsq complexes, energetic 

minima at similar TM3–TM6 spacings were present (20 and 19 Å, respectively) (Figures 6.1C and 

6.2E). However, the global minima of these complexes were located at a slightly smaller TM3–TM6 

distance of ~17 Å (denoted as “I1”) (Figures 6.1C and 6.2F). The lower capacity of mGsi and mGsq 

to stabilize the fully active H2R conformation was in concordance with the lower Emax values (~25–

30%) in the mini-G protein recruitment assay (Table 6.2). The global minimum of the canonical H4R 

system, H4R–mGsi as well as of H4R–mGsq were observed at a TM3–TM6 distance of ~18 Å (Figures 

6.1C and 6.3E). Smaller TM3–TM6 distances in Gi- compared to Gs-coupled GPCRs are related to 

the smaller α5 helix volume of Gi that requires less three-dimensional space.98 Interestingly, in the 

H4R–mGs system, the TM3–TM6 distances was even smaller (“I1” state in Figure 6.3E). Strikingly, this 

could be attributed to a kinked TM6 helix indicating an unfavorable interaction between the H4R 

and mGs (Figure 6.3F). 

6.3.3. Different Binding Affinities and Conformations of Histamine in H2,4R-Complexes 

As described, potencies (pEC50) and efficacies (Emax) of histamine at the different complexes were 

determined in mini-G protein recruitment assays. It is worth mentioning that complicated 

relationships might exist between ligand binding affinity and efficiency,99 and thus it was of interest 

whether the experimentally determined pEC50 values of histamine would correlate with its binding 

affinities in the respective H2,4R complexes. Therefore, the binding energy of histamine was 

calculated in all six complexes using the molecular mechanics generalized Born surface area 

(MM/GBSA) approach.90-92 Since differences in the histamine orientation to D3.32 within the 

orthosteric binding pocket were observed (Figure 6.1), histamine coordinates obtained during the 

GaMD simulations were clustered in 10 groups and only the frames of the first cluster were used to 

determine the binding energies. In the H2R–mGs complex, histamine was bound ~1.0 kcal/mol 

stronger than in the H2R–mGsi and H2R–mGsq systems (Table 6.2). This trend was in concordance 

with the pEC50 values of the live cell assay (Table 6.2). In the H4R systems, histamine was most 

effectively bound to the H4R–mGsi complex with a difference of 7.88 kcal/mol or 7.42 kcal/mol 

compared to the systems containing mGs or mGsq, respectively (Table 6.2). Although the 

computational approach gave more pronounced differences in the binding energies of histamine 

at the H2R–mGs and H4R–mGsi complexes than the pEC50 values obtained in the live cell assay, the 

calculated binding energies seemed to be consistent with the general dynamics of the systems. In 

the four complexes with weaker histamine binding (H2R–mGs, H2R–mGsi, H2R–mGsq, and H4R–mGs), 
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the disengagement of histamine from D3.32 could be detected (Figure 6.1C). Combined with the 

lacking interaction in the live cell assay, the more pronounced difference in histamine binding 

energies might serve as an indicator that the H4R is difficult to couple with Gs and Gq proteins. 

 

Figure 6.2. Binding modes of histamine (light blue) within the orthosteric binding pocket of the A) H2R–mGs, B) H2R–
mGsi, and C) H2R–mGsq complexes. Structures represent the fully bound state “B” (cf. Figure 6.1). Contact residues 
within 4 Å of the ligand are highlighted as sticks (dark gray). The conserved salt bridge between the amino group 
of histamine and D3.32 is given as a red, dashed line. D) Side view of the H2R (pink). E) TM3–TM6 distance of the “B” 
(fully active histamine-bound receptor) states of the H2R–mGs (salmon), H2R–mGsi (purple), and H2R–mGsq (green). 
F) TM3–TM6 distance of the “B” state of the H2R–mGs (salmon) and the “I1” intermediate states of the H2R–mGsi 
(dark green), and H2R–mGsq (blue). Residues R3.50 and E6.30 were used to calculate the TM3–TM6 distance and are 
given as red spheres. 

Recently, the first structure of a histamine receptor subtype in an active conformation, the H1R, was 

resolved using cryo-EM, providing insights at the molecular level into the binding mode of the 

endogenous agonist histamine.62 The polar interactions at positions 3.32, 3.37, 5.46 and 6.51 

postulated for the entire histamine receptor family were confirmed in this structure. Generally, we 

observed similar binding modes, with only slight differences, for histamine in the representative 

structures of the “Bound” low-energy states of the H2R and H4R complexes as in the H1R structure. 

In the H2R systems, the orthosteric binding pocket was formed by polar residues D3.32, C3.36, T3.37, 

D5.43, T5.461, Y6.51, and Y7.42 and hydrophobic residues V3.33, F5.47, F6.42, W6.48, and L7.40 (Figures 6.2A–

6.2C). In all three H2R complexes, a salt bridge of the histamine primary amine group with D3.32 was 

formed. The imidazole ring was stabilized by the polar residues D5.43 and T5.461. In addition, T3.37 is 

further involved in the latter in the H2R–mGs system (Figure 6.2A). Unlike in the H1R structure, the 

sidechain of histamine in the H2R–mGs and H2R–mGsq complexes is directed toward the 

hydrophobic residues W6.48 and L7.40. In the H2R–mGsi complex, the histamine sidechain was more 

likely to be attracted by the backbone of ECL2 residues (V45.52, Q177, and V178) (Figure 6.2B). In 
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the H4R systems, the orthosteric binding pocket was surrounded by the polar residues D3.32, Y3.33, 

T3.37, E5.461, Y5.51, Q7.41, and the hydrophobic residues W6.48, F7.38, and W7.42 (Figure 6.3A–C). As in the 

H2R complexes, D3.32 formed a salt bridge with the primary amine of histamine. The imidazole ring 

was bound by polar residues Y3.33, T3.37, and E5.461. The structural details of the separated histamine 

states “S1” and “S2” of the H2R complexes and the H4R–mGs complex (Figure 6.1C) were provided 

in the Appendix (Figure A28). 

 

Figure 6.3. Binding modes of histamine (light blue) within the orthosteric binding pocket of the A) H4R–mGs, B) H4R–
mGsi and C) H4R–mGsq complexes. Representative structures of the intermediate “I1” H4R–mGs state and of the 
fully bound “B” H4R–mGsi and H4R–mGsq states are shown (cf. Figure 6.1). Contact residues within 4 Å of the ligand 
are highlighted in sticks (dark gray). The conserved salt bridge between the amino group of histamine and D3.32 is 
highlighted as a red dashed line. D) Side view of the H4R (purple). E) TM3–TM6 distances in the in the intermediate 
state “I1” of H4R-mGs (salmon) and the fully bound “B” states of the H4R–mGsi (purple) and H4R–mGsq (green) 
complexes. F) Side view of TM6 and TM7 of representative H4R–mGs (pink), the H4R–mGsi (dark green), and H4R–
mGsq (green) structures. 

6.3.4. Residue Contacts at the Protein Binding Interface in H2,4R Systems 

To examine the coupling profiles of the H2R and H4R, residue contact networks for the 

representative structures of the receptor–mini-G protein complexes were extracted from GaMD 

simulations (Figures 6.4 and 6.5). It should be noted at the outset of this section that the quantitative 

number of contacts at the protein interface is not necessarily decisive, since different residue 

volumes should result in different contact areas of the mini-G protein α5 helices. For example, the 

mGsi α5 helix generally formed smaller number of contacts than mGs and mGsq, even in the 

canonical H4R–mGsi system. Thus, the protein binding interface should also be qualitatively 

evaluated, and thus include the types of residue contacts. 
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Figure 6.4. Quantitative residue interactions at the protein interface in the A) H2R–mGs, B) H2R–mGsi, and C) H2R–
mGsq (fully active histamine-bound receptor conformations) complexes. The interaction contacts were calculated 
using the representative low-energy conformation of the systems. Van der Waals, hydrogen bond, and salt bridge 
interactions are colored in gray, blue, and red, respectively. The line thickness is proportional to the number of 
contacts of the residue pairs. Hydrophobic, polar, basic, and acidic residues are colored in yellow, green, light blue, 
and pink, respectively. The red dashed line highlights a parallel guanidinium cation orientation of arginine residues. 
Important amino acids responsible for polar contacts at the binding interface were highlighted by black circles. For 
the H2R, the GPCRdb numbers based on BW nomenclature are used for TM helices and ICL1/2. For ICL3, original 
index numbers are given. For the mini-G proteins, the original index numbers are given. For two-dimensional 
visualization of the residue contact network, the Cytoscape93 software was used.  

The protein contact areas were very similar in the H2R complexes but rather different in the H4R 

complexes. The main contacts of the H2R with mGs, mGsi, and mGsq involved the receptors ICL2, 

TM3, TM5, TM6, and H8 (Figure 6.4). In particular, the negatively charged residues of the mini-G 

protein α5 helices (D213mini-G, D216mini-G, D225mGsi/E225mGsq, and E227mGs) formed salt bridges with 

following H2R residues leading to comparable mini-G protein binding positions. Specifically, R5.71 

(TM5) formed salt bridges with the conserved residues D213mini-G and D216mini-G of the α5 helices in 

the mGs, mGsi, and mGsq (Figure 6.4). In addition, the α5 hook of the mini-G proteins was also 

stabilized by salt bridges in the binding pocket. Accordingly, E227mGs formed three salt bridges with 

receptor R6.29 (TM6), R8.48, and R8.51 (H8), and E225mGsq formed a single salt bridge with receptor R8.48 

(Figure 6.4A and 6.4C). In addition to a salt bridge between D225mGsi and R12.51 (ICL1), the α5 hook 
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of mGsi was stabilized in the receptor binding cavity by essentially the same H2R residues that also 

interacted with mGs and mGsq: R6.29 and R8.48 (Figure 6.4). More specifically, a hydrogen bond was 

formed between F229mGsi and R6.29 and arginines R224mGsi and R8.48 were stacked. Despite the 

repulsive forces of arginine guanidinium cations, arginine parings in parallel orientation have been 

frequently reported at protein – protein interfaces, and rather are considered as driving force for 

protein – protein interaction in terms of charge distribution and solvent exclusion free energy.100-101 

 

Figure 6.5. Quantitative residue interactions at the protein interface in the A) H4R–mGs, B) H4R–mGsi, and C) H4R–
mGsq (histamine-bound receptor conformations) complexes. The interaction contacts were calculated using the 
representative low-energy conformation of the systems. Van der Waals, hydrogen bond, and salt bridge 
interactions are colored in gray, blue, and red, respectively. The line thickness is proportional to the number of 
contacts of the residue pairs. Hydrophobic, polar, basic, and acidic residues are colored in yellow, green, light blue, 
and pink, respectively. Important amino acids responsible for polar contacts at the binding interface in the 
canonical H4R–mGsi complex were highlighted by black circles. For the H4R, the GPCRdb numbers based on BW 
nomenclature are used for TM helices and ICL1/2. For ICL3, original index numbers are given. For the mini-G proteins, 
the original index numbers are given. For two-dimensional visualization of the residue contact network, the 
Cytoscape93 software was used. 
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In contrast to the H2R systems, the contact surface in the H4R complexes were more versatile. In the 

canonical system, H4R–mGsi, a different contact network was present compared with that in the 

H2R complexes (Figures 6.4B and 6.5B). For the H4R, residues of ICL2 and TM5 contributed the main 

interactions with the mGsi. Like the H2R systems, mGsi residues D213mGsi and D216mGsi formed salt 

bridges with a receptor residue in TM5, R5.68. In addition, D225mGsi of the α5 hook formed a salt 

bridge with R34.54 of ICL2. Unlike in the H2R complexes, the α5 hook formed few contacts. Notably, 

it lacked strong interactions with TM6 and H8. In the H4R–mGsq complex, a comparable contact 

network as in the H2R–mGsq complex was detected with the main contacts rising from ICL2, TM5, 

TM6, and H8 (Figure 6.5C). In this system, the conserved mini-G protein residue D213mGsq formed a 

salt bridge with R5.68 of the H4R. The α5 hook was further closely bound to the H4R via the two salt 

bridges E225mGsq–R34.54 (ICL2) and E225mGsq–R8.49 (H8) and by means of a hydrogen bond between 

V229mGsq and R6.32. By contrast, in the H4R–mGs complex only fewer interactions were formed 

between the α5 hook and the receptor comprising hydrophobic interactions and two salt bridges 

between E227mGs and R6.32  of TM6 as well as K8.48 of H8 (Figure 6.5A). Rather, this system contained 

an extremely high number of hydrophobic contacts with TM3, ICL2, TM5, and ICL3, which was 

particularly striking, since no H4R-mGs interaction was observed in mini-G protein recruitment assays 

(Figure 6.1B). However, visual analysis of the trajectories supported that mGs rather stuck to the H4R 

by the large hydrophobic contacts than specifically interacted with the receptor. Thus, it is possible 

that the H4R and mGs only stayed in the complex generated for GaMD simulations because of 

predefined spatial restrictions (e.g., the box size), and the H4R-mGs complex would not occur in 

cell assays. 

6.3.5. α5 Hook Orientation at the Binding Interface of H2,4R Complexes 

To further characterize the mini-G protein binding in the H2R and H4R complexes, specific α5 hook 

positions within the receptor binding cavity were analyzed by the α5–NPxxY distance (cf. Appendix, 

Figure A29) and the sideward orientation of the α5 helix (Figure 6.6). In the literature, it has been 

described that the penetration depth of G protein α5 helices is characteristic for the G protein 

families, which is often described by the distance of the α5 to the conserved NPxxY motif (N7.49, 

P7.50, Y7.53). Commonly, larger outward movements of TM6 in Gs- and Gq-coupled GPCRs move the 

α5 helix further away from TM7 and thus NPxxY.98 Accordingly, the mGsi protein was ~1–2 Å closer 

to the H2R-NPxxY and H4R–NPxxY motifs than mGs and mGsq (cf. Appendix, Figure A29). 
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More decisively, differences were detected in the sideward orientation of the α5 helices in the H2R 

and H4R systems. In the H2R systems, the last five residues of the α5 helices (hook) of mGs, mGsi, and 

mGsq were in equal position, which was identified as a Gs-like position considering available 

GPCR–Gs complexes as reference (cf. Appendix, Figure A30A and A30D). It should not be 

disregarded that this might be related to the utilized receptor model, which was based on a H2R-

Gs structure,77 and thus to a predefined the α5 position. Nevertheless, the α5 hook of mGsi was able 

to adopt a Gi-like orientation in the H4R systems, which was not achieved by mGs and mGsq 

(cf. Appendix, Figures A30B, A30E, A30F). In all systems, a single low-energy well was identified from 

the free energy profiles calculated using the D3.32–histamine distance and α5–TM2 distance as 

reaction coordinates (Figure 6.6).  

 

Figure 6.6. Orientation of the α5 helices of mGs, mGsi, and mGsq in the A) H2R complexes and B) H4R complexes. 
The last five residues of α5 helix and residue T/S2.39 were used to determine the α5–TM2 distance in the H2R and H4R 
complexes, respectively. T/S2.39 is shown as red spheres. The H2R is depicted in salmon, the H4R is depicted in purple, 
mGs in pink, mGsi in dark green, and mGsq in green, respectively. C) Free energy profiles of GaMD simulations with 
complexes of either the H2R or the H4R in combination with mGs, mGsi, or mGsq. Distances of D3.32 (Cγ atom) and 
the amino group of histamine (Nα atom) as well as of the α5 helix and TM2 were used as reaction coordinates. The 
α5–TM2 distances were calculated using the geometric center of Cα, C, and N atoms of the last five residues of the 
mini-G protein α5 helix and T/S2.39. For each system, three independent GaMD simulations were used for analysis. 
(Labels: “B” indicates representative low-energy wells of fully active receptors bound to histamine, “I1” indicates 
low-energy wells of intermediate receptor conformation bound to histamine. “S1” and “S2” indicate low-energy 
wells containing conformations with histamine separated from D3.32, cf. Figure 6.1C). 
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Specifically, the α5 helix in all H2R systems as well as in H4R–mGs and H4R–mGsq systems was oriented 

toward TM6, giving α5–TM2 distances in the range of ~14 Å. In the H4R–mGsi complex, the global 

minimum was at an essentially lower α5–TM2 distance of ~8 Å. Notably, the findings that the α5 

helices of all mini-G proteins were in the Gs-like orientation toward TM6 in the H2R complexes but 

only the α5 helix of mGsi was in the Gi-like orientation toward TM2 in H4R complexes were consistent 

with the results obtained in the live cell assay: Histamine elicited the recruitment of mGs, mGsi, and 

mGsq to the H2R but only of mGsi to the H4R (Figure 6.1). In combination with the observed 

increased structural flexibility of the intracellular H2R side in contrast to the H4R (cf. Appendix, Figure 

A26), it seemed likely that the ability of the H2R or rather the inability of the H4R to direct the α5 helix 

to a precise Gs- or Gi-like position contributed to the promiscuous coupling of the H2R to mGs, mGsi, 

and mGsq and the selective H4R binding to mGsi. 
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6.4. Discussion 

In this study, the H2R and H4R were investigated in complex with three types of mini-G proteins, mGs, 

mGsi, and mGsq, respectively. The results obtained in cellular experiments and GaMD simulations 

were in good agreement providing important insights into the mechanism of engineered G protein 

coupling to both receptors. Mini-G protein recruitment assays were performed using HEK293T cells 

transiently co-expressing combinations of either the H2R-NlucC or the H4R-NlucC and NlucN-mGs, 

NlucN-mGsi, and NlucN-mGsq fusion proteins (Figure 6.1A and 6.1B). For the H2R, a promiscuous 

coupling pattern to mGs, mGsi, and mGsq was observed upon activation by the endogenous 

ligand histamine. Regardless, the H2R preferred mGs binding over mGsi or mGsq binding revealed 

by pEC50 and Emax values (Figure 6.1A, Table 6.2). In contrast, the H4R selectively bound to mGsi.  

To obtain dynamic insight at the molecular level, 3D complexes of the H2,4R and mGs, mGsi and 

mGsq bound to histamine were generated and GaMD simulations were performed. Although the 

salt bridge between Nα of histamine and D3.32, which is conserved among histamine receptor 

subtypes,62,95 was present in the starting structures, this bond tended to disengage during the 

simulations. When considering only bound conformations, stronger histamine binding energies 

were determined by MM/GBSA for H4R complexes than H2R complexes (Table 6.2), which was in 

concordance with the higher binding affinity of histamine to the H4R reported.102-103 In addition, for 

H2R complexes, the trend of histamine binding energies was consistent with histamine pEC50 values 

obtained in mini-G protein recruitment assays (mGs < mGsi ≈ mGsq; Table 6.2).  

As a general observation, H2R complexes were more dynamic than H4R complexes (cf. Appendix, 

Figure A26) and revealed larger fluctuations in the TM3–TM6 distances, in particular for H2R–mGsi 

and H2R–mGsq complexes (Figure 6.1C), which is commonly considered an indicator for GPCR 

activation.96,104 In agreement with lower potencies and efficacies obtained in mini-G protein 

recruitment assays, mGsi and mGsq were less able to stabilize the fully active H2R conformation 

(TM3–TM6 distance of ~19–20 Å) in GaMD simulations, and the systems also visited conformations 

with a smaller TM3–TM6 spacing (Figure 6.1C). As observed for many Gi-coupling GPCRs, the TM3–

TM6 distance of the fully active H4R in the H4R–mGsi complex was lower (~18 Å) compared to the 

primarily Gs-coupling H2R. Strikingly, the overall TM3–TM6 distance in the H4R–mGs complex (“I1” 

state) was even lower than in the H4R–mGsi (“B” state), however most likely due to an unnaturally 

kinked TM6. Concisely, compared to the other H2R and H4R systems, the lowest structural 

fluctuations (cf. Appendix, Figure A26) and strongest histamine binding energies (Table 6.2) were 

observed for H2R-mGs and H4R-mGsi systems, respectively, thus reflecting the primary coupling 

pattern of the receptors obtained in mini-G protein recruitment assays. 
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However, it should be mentioned that GaMD alone did not clearly indicate that the H4R would not 

couple to mGs and mGsq since the proteins remained in the preformed complexes during the 

simulations. Rather, mini-G protein recruitment assays helped to evaluate several small indicators 

that H4R-mGs and H4R-mGsq complexes were unfavorable, including large fluctuations in the 

orthosteric binding pocket (see Appendix, Figure A26) and related, considerably lower histamine 

binding energies compared to the H4R-mGsi complex (Table 6. 2). Moreover, the detailed 

inspection of the protein interface revealed a strikingly high number of hydrophobic interactions 

at the H4R-mGs binding interface, which was interpreted as sticking rather than specific interaction 

by visual inspection of the trajectories (Figure 6.5).  

While the contact network in H4R complexes was more divergent, mGs, mGsi, and mGsq revealed 

similar residue contributions and binding orientations in the H2R binding cavity. Specifically, all α5 

helices were in Gs-like orientation (toward TM6), which was stabilized by specific polar interactions 

of the α5 hook with TM6 and H8 (Figures 6.4 and 6.6). In contrast, only few contacts of the α5 hook 

and the receptor but rather specific α5 helix interactions with TM5 and ICL2 most likely led to the 

Gi-like orientation (toward TM2) of mGsi in the H4R complex (Figures 6.5 and 6.6). It was particularly 

striking that mGs and mGsq, which did not couple to H4R in the live cell assay, did not adopt Gi-

like orientations in H4R complexes but instead were in the same position as in the H2R complexes, 

the Gs-like orientation (Figure 6.6). Thus, in combination with the observed increased flexibility of 

the intracellular side of the H2R (cf. Appendix, Figure A26), the ability to accommodate G proteins 

at a (receptor-)specific position was suggested to determine the coupling profile of a receptor. 

In summary, this study provided comprehensive insight into the coupling profiles of H2,4R to 

engineered G proteins by the combination of biochemical as well as computational experiments 

and supported the following: The H2R promiscuously binds to mGs, mGsi, and mGsq, whereas the 

H4R selectively binds to mGsi. However, the H2,4R coupling profiles obtained should not be 

generalized to entire G protein classes, since mini-G proteins are chimeric G proteins comprising α5 

helices of Gαs, Gαi1, and Gαq. Thus, it remains unclear whether or in which way H2,4R would form 

complexes with Gi/o family members Gαi3 and Gαo or to Gα14 and Gα15 of the Gq/11 family 

having diverse α5 helices within the Gα classes. For example, a H4R-Gα15 interaction was 

demonstrated by Inoue et al.,46 which was consistent with Ca2+ signals obtained earlier using cells 

co-expressing the H4R and Gα1532 but were missing in HEK cells recombinantly expressing the H4R 

alone.29 Furthermore, the hypothesis that the flexibility of the intracellular receptor side might allow 

or not allow the accommodation of the α5 hook in a precise position (e.g., Gs-like or Gi-like), 

thereby determining to the coupling profiles of GPCRs, should be explored more in detail. Thus, it 

would be useful to apply site-directed mutagenesis in future studies to unravel which H2,4R residues 

determine their coupling preference.  
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7.1. Summary and Outlook 

In GPCR research, there is great interest in developing high-affinity and selective ligands as 

pharmacological tools and ultimately as drugs.1-3 Traditionally, G protein-dependent functional 

responses have been assessed in [35S]GTPγS binding assays reporting on the degree of G protein 

activation in response to agonists by the accumulation of nonhydrolyzable [35S]GTPγS bound to 

Gα.4-5 However, [35S]GTPγS binding assays are confounded by the use of radionucleotides, the non-

homogenous performance and low assay signal amplitudes that represent a major drawback for 

weakly expressed GPCRs. Therefore, the primary aim of this thesis was the development of an 

alternative G protein assay, which should overcome the latest disadvantages of [35S]GTPγS binding 

assays and, in particular, be amenable to weakly expressed GPCRs, such as the histamine H4 

receptor.  

In 2018, the utility of engineered mini-G proteins in live cell assays in addition to stabilizing active 

GPCR conformations for crystallization purposes was demonstrated by Wan and co-workers.6 

Motivated by the idea that the cytosolic nature of mini-G proteins in combination with the split-

luciferase complementation (SLC) principle should improve assay sensitivity (i.e., signal-to-noise 

ratio) and signal-to-background (S/B) ratios compared to G protein sensors that make use of 

membrane-bound G proteins resulting in high background signals due to pre-association with 

GPCRs, SLC-based mini-G protein sensors were developed. For this purpose, the sequences 

encoding split-NanoLuc fragments, NlucC and NlucN, were fused to the C-termini of receptors and 

the N-termini of the mini-G proteins, mGs, mGsi and mGsq, respectively. In response to agonists, 

receptor conformational change promoted the recruitment of the corresponding mini-G protein, 

allowing the reconstitution of a functional luciferase. Advantageously, released bioluminescence, 

which was proportional to the amount of activated receptor, could be measured in real time. In 

particular, the use of the bright split-NanoLuc7 luciferase allowed for the investigation of weakly 

expressed receptors.  

One subproject of this thesis was dedicated to the development of mini-G protein sensors for the 

histamine receptor (HR) family comprising H1R, H2R, and H3,4R (cf. Chapter 2), since these receptors 

have constituted well-studied drug targets at the institute. To demonstrate the suitability of mini-G 

protein recruitment assays for the pharmacological characterization of ligands as alternative to 

[35S]GTPγS binding assays, H1R/mGsq, H2R/mGs and H3,4R/mGsi sensors were characterized in detail. 

In general, excellent assay quality was obtained, including significantly higher signal amplitudes 

(H1R: 12.56, H2R: 4.39, H3R: 6.61, H4R: 1.75 fold over [35S]GTPγS) and Z' factors between 0.5 and 1.0 

(H1R: 0.78 ± 0.07, H2R: 0.85 ± 0.02, H3R: 0.79 ± 0.04, H4R: 0.68 ± 0.05; cf. Chapter 2).8 Moreover, 

developed sensors served for the pharmacological characterization of standard agonists and 
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antagonists as well as example ligands, which were synthesized at the institute (UR-KUM530, UR-

PI294). 

Subsequently, the assay concept was applied to other GPCRs of interest at the institute, including 

dopamine D1,2,5 receptors, muscarinic acetylcholine M1,2,4,5 receptors, neuropeptide Y Y2,4 

receptors, the neurotensin NTS1 receptor and the chemokine receptor CXCR4 (cf. Chapter 3). It is 

worth mentioning that the mGsi assay was the first assay available for CXCR4 at the institute, thus 

now offering the opportunity to characterize potential CXCR4 ligands, the development of which 

has recently become a research project in our laboratory. The determination of binding sites per 

cell in radioligand binding assays revealed that the receptor number did not correlate with 

obtained signal amplitudes, suggesting that each receptor provided an individual mini-G protein 

turnover. Furthermore, the mini-G protein sensor reversibility was confirmed by demonstrating that 

SLC responses could be completely blocked in all systems after the agonist has been displaced by 

an antagonist. 

Since mini-G protein recruitment assays could be performed at low level receptor density 

recombinantly expressed in cells (~40,000 binding sites per cell, e.g., for H3R and M2R), it was of 

interest to determine whether mini-G protein sensors would detect the activation of endogenously 

expressed receptors (cf. Chapter 4). For this purpose, CRISPR/Cas9 experiments9-10 were designed 

for attaching the small split-Nanoluc fragment, NlucC, to endogenous β1,2AR in HEK293T cells. 

Albeit, most likely not all gene loci of the utilized aneuploid HEK293T cells were modified by 

CRISPR/Cas9 reactions, mGs sensors were able to report on the activation of β1,2AR-NlucC at the 

endogenous receptor level. Despite significantly lower signal amplitudes (S/B) compared with 

overexpressed sensors, mGs sensors specifically recognized receptor activation in response to full 

and partial agonists at the endogenous receptor level. In the future, the generation of β1,2AR-NlucC 

fusion proteins under endogenous promotion should enable the evaluation of other signal 

transducer interactions, including β-arrestins, G protein-coupled receptor kinases (GRKs), or mini-G 

proteins of other G-protein families, when fused to NlucN. 

Another subproject of this thesis was dedicated to the elucidation of GPCR – G protein coupling 

profiles using mini-G protein sensors (cf. Chapter 5). Due to the chimeric nature of mini-G proteins, 

it was of particular interest to examine whether obtained coupling profiles were consistent with 

reported interactions. Since a correlation between assay signal amplitudes and mini-G protein 

expression was observed for histamine receptors in Chapter 2, the amounts of plasmid DNA used 

were optimized to obtain comparable protein expression in HEK293T cells after transient 

transfection. Overall, 22 GPCRs were characterized and, in addition to appropriate primary 

G protein coupling,11 strong secondary interaction was obtained for D1R, adenosine A2B receptor, 

H1R, M1R, M5R and NTS1R with mGsi. In future projects, it may be of interest to determine whether 
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the observed GPCR - G protein coupling profiles can be altered by ligands, thus providing a drug 

target. 

In a computer-based approach, the dynamics of mini-G protein binding were assessed more in 

detail for H2R and H4R using Gaussian accelerated molecular dynamics (GaMD) simulations. In 

GaMD, a harmonic boost potential is applied to the system to cross high energy barriers and thus 

allow the system to achieve another conformation.12-13 Overall, the canonical systems, H2R-mGs 

and H4R-mGsi, were the most stable systems and the weaker coupled systems, H2R-mGsi and H2R-

mGsq were more dynamic. With the knowledge from the mini-G protein recruitment assays that 

H2R interacted with both mGs, mGsi, and mGsq, the observation that all mini-G proteins occupied 

a Gs-like position in complex with H2R gained significance. In agreement with the hypothesis that 

GPCRs accommodate G proteins in a designated position, GaMD revealed that mGs and mGsq, 

in contrast to mGsi, could not occupy the Gi-like position at H4R, which exclusively coupled to mGsi 

in mini-G recruitment assays. 

In summary, a modern G protein-dependent assay platform has been established for the 

functional characterization of ligands at a total of 22 different GPCRs. Not least, its usefulness for 

pharmacological testing is highlighted by the fact that the mini-G protein recruitment concept has 

become widely accepted in drug discovery during the preparation of this thesis.14-21 In addition to 

the development of protocols for the routine testing of full, partial and inverse agonists as well as 

antagonists, assay and data analysis protocols have been established for the investigation of 

GPCR – G protein coupling profiles under uniform mini-G protein expression levels. In addition, the 

computational analysis of H2,4R coupling profiles to mGs, mGsi, and mGsq using GaMD simulations 

provided dynamic insight into the respective complex formation and suggested that GPCRs need 

to allow a specific orientation of the G protein in the receptor binding cavity (e.g., in a Gs- or Gi-

like position) as a prerequisite for successful coupling. Ultimately, as a proximal G protein-

dependent cell assay of high quality, the mini-G protein recruitment assay should be well suited to 

assess structure-activity relationships of ligands in terms of pathway bias for different types of 

G proteins or β-arrestins, optionally at the endogenous receptor level. 
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8.1. Appendix to Chapter 2 

 

Figure A1. Protein sequences of utilized mini-G proteins mGs, mGsi and mGsq according to Nehmé et al.1 

 

 

Figure A2. Representative binding isotherms from radioligand saturation binding assays using HEK293T cells stably 
co-expressing the histamine H1-4 receptors in combination with either mGsq, mGs or mGsi. Representative data from 
saturation binding experiments of A) [3H]mepyramine ([3H]mep) at the H1R, B) [3H]UR-DE257 at the H2R and C) 
[3H]UR-PI294 at the H3R and D) H4R are plotted. The nonspecific binding of each radioligand concentration was 
determined in the presence of either 10 µM diphenhydramine (H1R), famotidine (H2R), histamine (H3R) or 
thioperamide (H4R), respectively. 
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Table A1. Dissociation constants (pKd) of radioligands determined in saturation binding experiments using HEK293T 
cells stably co-expressing either the H1R-NlucC/ NlucN-mGsq, H2R-NlucC/NlucN-mGs, H3R-NlucC/NlucN-mGsi or  
H4R-NlucC/NlucN-mGsi. Presented data are means ± SEM of at least three experiments (N = 3) each performed in 
triplicate. 

 Radioligand Saturation Binding Literature 

Subtype Radioligand pKd ± SEM Bmax ± SEM Binding Sites / Cell ± SEM pKd 

H1R [3H]mep    7.59 ± 0.08 2224 ± 364 377,111 ± 61,750 8.352 

H2R [3H]DE257 7.35 ± 0.08 10070 ± 1664 1,038,127 ± 171,508 7.263 

H3R [3H]PI294   8.37 ± 0.12 1130 ± 118 41,103 ± 4,300 8.964 

H4R [3H]PI294   7.85 ± 0.07 1568 ± 503 50,848 ± 12,349 8.294 

Reference pKd values were obtained for the indicated radioligands in radioligand saturation binding experiments 
using membrane preparations of Sf9 cells (co-) expressing either the hH1R and RGS42a, hH2R-Gαs fusion protein3 
or hH3R, Gαi2 and Gβ1γ2.4 

 

 

 

Figure A3. Representative signals used for the determination of the Z’ factor. Area under curves (AUC) of 100 µM 
histamine and Leibovitz’ L-15 as buffer control for each well using HEK293T cells stably co-expressing A) NlucN-
mGsq/H1R-NlucC, B) NlucN-mGs/H2R-NlucC, C) NlucN-mGsi/H3R-NlucC or D) NlucN-mGsi/H4R-NlucC fusion proteins 
are plotted. Presented data are from representative plates. Indicated Z’ are means ± SEM of at least three 
experiments (N = 3). 
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Figure A4. Structures of investigated histamine receptor ligands. 
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Method A1. [35S]GTPγS binding assay at the H1R (protocol) performed by Ulla Seibel-Ehlert. 

Cloning and protein expression.  

The pcDNA3.1 vector encoding the human H1 receptor, the Gαq, the Gβ1 or the Gγ2 sequences were 

from the cDNA Resource Center (Rolla, MO, USA). For cloning of H1R into the pFastBac1 vector,7 the 

receptor was amplified using the PCR protocol for Phusion® DNA polymerase (New England Biolabs, 

Frankfurt a. M., Germany). A BamHI restriction site was added at the 5'-end, followed by HA and FLAG 

tag and a HindIII restriction site at the 3'-end. This construct was inserted into the linearized vector 

according to the NEBuilder HiFi DNA Assembly Reaction Protocol (New England Biolabs, Frankfurt a. M.). 

The cDNA of the G proteins was amplified as described above, introducing a BamHI restriction site at 

the 5’- and a HindIII at the 3’-end, and cloned into the pFastBac1 backbone via restriction 

endonuclease reaction protocol. The sequences were verified by sequencing. These pFastBac1 

constructs were subsequently used for the generation of recombinant bacmids according to the 

manufacturer’s instructions (Invitrogen). The H1R and the G proteins Gαq, Gβ1 and Gγ2 were co-

expressed using the Bac-to-Bac Baculovirus Expression System (Invitrogen). Spodoptera frugiperda (Sf9) 

cells were seeded into a 6-well plate (Sarstedt, Nümbrecht, Germany) at a density of 0.8 x 106 cells/well 

in InsectXpress medium (Lonza, USA) without FCS. The transfection with bacmids was performed as 

described in manufacturer’s instructions (Invitrogen) but using XtremeGENE™ HP (Roche Diagnostics, 

Mannheim, Germany) as transfection reagent. After an incubation period of 5 h at 27 °C the 

transfection mixture was replaced by 2 mL of full growth medium (InsectXpress supplemented with 

5% FCS). The P1 baculoviruses were isolated after the Sf9 cells were incubated for 72 h at 27 °C, when 

signs of infection were visible. Amplification of the virus stock was achieved by infecting 30 mL of Sf9 

cells (2 x 106 cells/mL) with 2 mL of P1 and P2 baculoviruses were harvested after 48 h. A further 

amplification step was performed using 50 mL Sf9 cells (1 x 106 cells/mL) and 2.5 mL of P2 to obtain high-

titer P3 baculoviruses after 48 h of incubation at 27 °C. To prepare membranes from Sf9 cells co-

expressing the H1R + Gαq + Gβ1 + Gγ2, the cells (50 mL, 1 x 106 cells/mL) were co-infected with 2.5 mL of 

the corresponding P3 virus stocks and incubated for 48 h at 27 °C. Isolation and storage of the 

membranes as well as the determination of protein concentration was performed as described 

previously.8-9 The receptor expression was determined with saturation binding experiments using 

[3H]mepyramine as radiolabeled tracer as described previously10 and 0.5 – 1 µg protein/well. The 

determined pKd = 7.93 ± 0.06 nM differs slightly from the literature value (pKd = 8.35).11-12 

[35S]GTPγS binding assay procedure.  

The [35S]GTPγS assay was essentially performed as described previously by Lazewska et al. (2019) with 

following modifications:13 The amount of protein was reduced to 1 µg/well and the saponin 

concentration was decreased to 50 µg/mL. The antagonist mode was performed in the presence of 

30 µM histamine. 
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Figure A5. Western blot analysis of HEK293T cell lysates expressing the NlucN-mini-G fusion proteins. Lanes contain a 
protein marker (lane 1) and cell lysates of either HEK293T wildtype (wt; lane 2) as negative control or HEK293T cells 
expressing NlucN-mGs (lanes 3-6), NlucN-mGsi (lanes 7-10) or NlucN-mGsq (lanes 11-14) that were transiently 
transfected with indicated plasmid DNA amounts (µg) encoding NlucN-mG fusion proteins. For primary staining,  
α-Nluc (rat; 1:5,000 in PBS-T) and α-vinculin (mouse; 1:500 in PBS-T) antibodies were used and for secondary staining 
α-rabbit (HRP-conjugated; 1:10,000 in PBS-T) and α-mouse (HRP-conjugated; 1:100,000 in PBS-T) were used, both 
raised against IgG. Shown is a superposition of the colorimetric and Chemi Hi resolution images captured with a 
ChemiDoc MP imager (Bio-Rad). 

 

 

Table A2. Binding affinities (pKi, pKi,low, pKi,high) of ligands at the H2R. 50 nM [3H]UR-DE257 were displaced by the 
indicated H2R ligand. Utilized HEK293T cells either stably co-expressed the H2R-NlucC and NlucN-mGs constructs or 
were transiently transfected with indicated plasmid DNA amounts (µg; H2R + mGs) of the latter. Data represent 
means ± SEM of at least three independent experiments each performed in triplicate for stable transfectants and 
in duplicate for transient transfectants.  

Cell Strain Radioligand Competition Binding Literature 
(µg DNA) Compound pKb,low ± SEM pKb,high ± SEM pKb ± SEM pKb 

stable his 3.87 ± 0.13 6.94 ± 0.14 -- 6.27a,3, 4.37b,5 
stable fam -- -- 7.68 ± 0.01 7.8c,6 

transient 
(1.0 + 0.0) 

his -- -- 3.55 ± 0.09  

transient 
(1.0 + 0.25) 

his 3.14 ± 0.17 5.98 ± 0.12 --  

transient 
(1.0 + 0.5) 

his 3.63 ± 0.80 6.49 ± 0.08 --  

transient 
(1.0 + 1.0) 

his 3.90 ± 0.18 7.37 ± 0.12 --  

Reference data is reported from experiments using a,b[3H]UR-DE257 with membrane preparations of Sf9 cells 
expressing a hH2R-Gαs fusion protein3,5 or c[125I]iodoaminopotentidine with membrane preparations of CHO cells 
expressing the hH2R6. While assay buffers for a were without NaCl, the assay buffers for b contained 145 mM NaCl.  
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8.2. Appendix to Chapter 3 

 

 

Figure A6. Structures of utilized radioligands. 
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Figure A7. Number of binding sites per cell and signal-to-background (S/B) ratios of mini-G sensors consisting of 
given GPCR-NlucC and A) NlucN-mGs, B) NlucN-mGsi and C) NlucN-mGsq fusion proteins. For each cell strain, the 
number of binding sites per cell was determined by radioligand saturation binding as described in section 3.2.5. S/B 
ratios were calculated using peak or plateau values of the relative increase in luminescence upon receptor 
stimulation using the endogenous or reference agonist at maximal concentration, respectively. D) A scatter plot of 
the number of binding sites and S/B ratios demonstrating the missing correlation between the data sets. The dashed 
regression line (Y = 2,491*x + 197,124) was calculated using a simple linear regression. Data represent mean ± SEM 
of at least three independent experiments (N = 3), each performed in triplicate.  
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Figure A8. Structures of investigated dopamine receptor ligands classified as A) agonists and B) antagonists. 
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Figure A9. A) Changes in the relative increase in luminescence (∆ Baseline = (Ligand (max. conc.) - L-15)*100%) for 
ligands reported as antagonists at HEK293T cells stably co-expressing D1R-NlucC/NlucN-mGs, D2R-NlucC/NlucN-
mGsi, D5R-NlucC/NlucN-mGs, M1R-NlucC/NlucN-mGsq, M2R-NlucC/NlucN-mGsi, M4R-NlucC/NlucN-mGsi, M5R-
NlucC/NlucN-mGsq, NTS1R-NlucC/NlucN-mGsq, Y2R-NlucC/NlucN-mGsi, Y4R-NlucC/NlucN-mGsi or CXCR4-
NlucC/NlucN-mGsi fusion proteins. Signals obtained for the maximal antagonist concentration and L-15 after 15 min 
incubation were considered. B) Full concentration response curves of antagonist signals at GPCRs with noticeable 
changes in basal luminescence shown in (A) calculated using the relative increase in luminescence after 15 min 
obtained in the mini-G protein recruitment assay. Data represent means ± SEM of at least three independent 
experiments (N = 3) performed in triplicate. Significant changes in relative luminescence were observed for 
dopamine receptor antagonists using a one sample t test (*: p < 0.05; **: p < 0.01; ***: p < 0.005; ****: p < 0.001). 

 

 

 
Figure A10. Structures of investigated muscarinic acetylcholine receptor ligands classified as A) agonists and  
B) antagonists. 
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Figure A11. Protein sequences or structures of investigated neuropeptide Y receptor ligands classified as A) agonists 
and B) antagonists. 
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Figure A12. A) Relative increases in luminescence over time upon Y1R stimulation obtained in the mini-G protein 
recruitment assay. HEK293T cells stably co-expressing NlucN-mGsi and Y1R-NlucC fusion proteins were stimulated 
using various pNPY concentrations. B) Concentration response curves of pNPY were obtained using the area under 
curve (AUC) of the luminescent traces. 

 

 

 
Figure A13. Structures of investigated NTS1R ligands classified as A) agonist and B) antagonist. 

 

 

 
Figure A14. Protein sequences or structures of investigated CXCR4 ligands classified as A) agonist and B) antagonist. 
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Figure A15. Reversibility of mini-G sensors. HEK293T cells stably co-expressing GPCR-NlucC/NlucN-mG fusion proteins 
were stimulated with a reference agonist (H1R/mGsq: 10 µM histamine (his), H2R/mGs: 1 µM his, H3R/mGsi: 1 µM his, 
H4R/mGsi: 1 µM his, D1R/mGs: 100 nM dopamine (dopa), D2R/mGsi: 1 µM dopa, M2R/mGsi: 100 µM carbachol (cch), 
M4R/mGsi: 100 µM cch, M5R/mGsq: 100 µM cch, NTS1R/mGsq: 5 nM NTS(8-13), Y2R/mGsi: 50 nM pNPY, Y4R/mGsi: 
10 nM MK188). After 15 min, mini-G protein recruitment was terminated by the addition of indicated antagonists at 
various concentrations. Presented data show representative luminescent traces from at least three independent 
experiments (N = 3), each performed in triplicate. 
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8.3. Appendix to Chapter 4 
 

 
Figure A16. Structures of investigated β1,2AR ligands. 

 

 

 

Figure A17. Concentration response curves of adrenaline obtained by mGs recruitment to endogenously expressed 
A) β1AR-NlucC and B) β2AR-NlucC. CRISPR/Cas9 modified HEK293T cells were transiently transfected with indicated 
amounts of pIRESpuro3 NlucN-mGs plasmid DNA on one hand to verify the CRISPR/Cas9 edit, and on the other 
hand to evaluate the plasmid DNA amount for optimal assay signals. Thus, in the following experiments, 280 ng of 
pIRESpuro3 NlucN-mGs plasmid DNA was used for transfection. 
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Table A3. Oligonucleotide sequences (O1-O22) used for the generation and verification of HEK293T CRISPR β1,2AR-
NlucC cells. Nucleotides complementary to template DNA are indicated by underlining. 

 Oligo name Sequence 

O1 β1AR gRNA fw CACCGCCTCGGAATCCAAGGTGTA 

O2 β1AR gRNA rv AAACTACACCTTGGATTCCGAGGC 

O3 β2AR gRNA fw CACCGATAACATTGATTCACAAGGG 

O4 β2AR gRNA rv AAACCCCTTGTGAATCAATGTTATC 

O5 β1AR diag fw CTGCTACAACGACCCCAAGT 

O6 β1AR diag rv TCCCCTAACCCACCCATCTT 

O7 β2AR diag fw TCCCCTTATCTACTGCCGGA 

O8 β2AR diag rv AACAGGTGCAATGAAGGCAT 

O9 pFETCh(-)FLAG fw CGCTCAGAGACCCGCGTAAG 

O10 pFETCh(-)FLAG rv GTTTCAGGAAGCGGAGCTAC 

O11 NlucC fw AGTTAGTAGCTCCGCTTCCTGAAACGAGAATCTCCTCGAACAGCCG 

O12 NlucC rv GAGACCTTACGCGGGTCTCTGAGCGGAGGAGGTGGCGGATCCGGT 

O13 β1AR HOM1 fw TCCCCGACCTGCAGCCCAGCTTGCTACAACGACCCCAAG 

O14 β1AR HOM1 rv ATCCGCCACCTCCTCCGCTCCCCACCTTGGATTCCGAGGC 

O15 β1AR HOM2 fw AGTTCTTCTGATTCGAACATCTAGCTGCCCGGCGCGGGGC 

O16 β1AR HOM2 rv TGGAGAGGACTTTCCAAGCCCAGGCGCGCGGGGGAC 

O17 β2AR HOM1 fw TCCCCGACCTGCAGCCCAGCTAGAATAAGGCCCGGGTGATCATTCT 

O18 β2AR HOM1 rv ATCCGCCACCTCCTCCGCTCCCCAGCAGTGAGTCATTTGTACTACAATTT 

O19 β2AR HOM2 fw AGTTCTTCTGATTCGAACATCTAAAGCAGTTTTTCTACT 

O20 β2AR HOM2 rv TGGAGAGGACTTTCCAAGAGACTCAAAGGCAAATGA 

O21 β2AR CRISPR control fw AAGCTGCTCCTCAAATCCCT 

O22 β2AR CRISPR control rv CCTTACCTCCTTCTTGCCCA 

 

  



 
Appendix 

212 
 

8.4. Appendix to Chapter 5 

 

Figure A18. Representative luminescent traces obtained for Gs-coupled GPCRs under distinct mini-G protein 
conditions. Signals (corrected relative luminescent units (RLU)) in response to indicated reference agonists were 
obtained in mini-G protein recruitment assays using HEK293T cells transiently expressing GPCR-NlucC/NlucN-mini-
G protein fusion proteins. Representative data are shown from at least three independent experiments (N = 3), 
each performed in triplicate.  
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Figure A19. Representative luminescent traces obtained for Gi/o-coupled GPCRs under distinct mini-G protein 
conditions. Signals (corrected relative luminescent units (RLU)) in response to indicated reference agonists were 
obtained in mini-G protein recruitment assays using HEK293T cells transiently expressing GPCR-NlucC/NlucN-mini-
G protein fusion proteins. Representative data are shown from at least three independent experiments (N = 3), 
each performed in triplicate.  
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Figure A20. Representative luminescent traces obtained for Gq/11-coupled GPCRs under distinct mini-G protein 
conditions. Signals (corrected relative luminescent units (RLU)) in response to indicated reference agonists were 
obtained in mini-G protein recruitment assays using HEK293T cells transiently expressing GPCR-NlucC/NlucN-mini-
G protein fusion proteins. Representative data are shown from at least three independent experiments (N = 3), 
each performed in triplicate.  
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Table A4. Comparison of utilized full agonists in presented mini-G protein recruitment assays and aTGF-a shedding 
assays by Inoue et al. (2019)14 and bG protein-dependent effector translocalization assays (GEMTA) by Avet et al. 
(2020)15; n.a. = not available. 

Subtype mini-G Protein Recruitment TGF-α Sheddinga GEMTAb 

5-HT6R 5-hydroxytryptamine 5-hydroxytryptamine n.a. 

β1AR adrenaline (-)-isoprenaline noradrenaline 

β2AR adrenaline (-)-isoprenaline noradrenaline 

D1R dopamine dopamine dopamine 

D5R dopamine dopamine dopamine 

H2R histamine histamine histamine 

A2AR NECA adenosine adenosine 

A2BR NECA adenosine adenosine 

α2AAR adrenaline noradrenaline noradrenaline 

D2R dopamine dopamine dopamine 

H3R histamine histamine n.a. 

H4R histamine histamine n.a. 

M2R iperoxo acetylcholine acetylcholine 

M4R iperoxo acetylcholine acetylcholine 

Y1R porcine NPY n.a. human NPY 

Y2R porcine NPY n.a. n.a. 

Y4R human PP n.a. n.a. 

CXCR4 CXCL12 n.a. CXCL12 

H1R histamine histamine histamine 

M1R iperoxo acetylcholine acetylcholine 

M5R iperoxo acetylcholine n.a. 

NTS1R NT(8-13) neurotensin n.a. 
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8.5. Appendix to Chapter 6 

 

Figure A21. Computational model of GaMD simulation systems containing the H2R in complex with A) mGs, B) mGsi 
and C) mGsq as well as the H4R in complex with D) mGs, E) mGsi and F) mGsq. The histamine-bound receptors 
complexed by mini-G proteins were embedded into a dioleoylphosphatidylcholine (DOPC) bilayer and solvated 
in a TIP3 water box with Cl- as counter ions. 
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Figure A22. Sequence alignment of the human histamine receptor subtypes H2 and H4 (HRH2, HRH4). Residues 
present in computational receptor models used are highlighted in gray; missing residues are not shaded. Secondary 
structure elements of α-helical transmembrane (TM) domains are highlighted as blue coils and extracellular or 
intracellular loops (ECL, ICL) as yellow brackets. Residues considered for extraction of reaction coordinates and 
subsequent calculation of free energy profiles are indicated in red. The sequence consensus indicates identical 
receptor residues (:). 
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Figure A23. Sequence alignment of the Gαs subunit and the utilized mini-G proteins mGs, mGsi and mGsq. 
Secondary structure elements of Gαs, such as α helices and β sheets, are highlighted as loops and arrows, 
respectively, in blue (GTPase domain) and yellow (helical domain). The switch regions (SWI, SWII and SWIII) are 
labeled in green. Identical residues of the sequences are colored in light grey. Sequence differences are 
highlighted due to the chemical properties of the residue functional groups (acidic: red, aliphatic: black, aliphatic 
(small): grey, amide: green, aromatic: brown, basic: blue, hydroxyl: pink, imino: orange, sulfur: yellow). Residues only 
present in Gαs are not shaded. 
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Figure A24. Time courses of the reaction coordinates in H2R systems (H2R-mGs, H2R-mGsi and H2R-mGsq) used for 
energetic reweighting. A) Distance between D3.32 and histamine using the Cγ atom of D3.32 and Nα of histamine.  
B) Distance between TM3 and TM6 of the H2R. The Cα, C and N atoms of residues R3.50 and E6.30 were used to 
calculate the distance. C) Distance between the NPxxY motif and α5 helix of the respective mini-G protein. The 
distance was calculated using the center of mass of the NPxxY motif and the last five residues of α5 helix. D) Distance 
between TM2 of the H2R and the α5 helix of the respective mini-G protein. To calculate the distance, the Cα, C and 
N atoms of T2.39 and the geometric center of the last five residues of α5 were used. 
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Figure A25. Time courses of the reaction coordinates in H4R systems (H4R-mGs, H4R-mGsi and H4R-mGsq) used for 
energetic reweighting. A) Distance between D3.32 and histamine using the Cγ atom of D3.32 and Nα of histamine.  
B) Distance between TM3 and TM6 of the H4R. The Cα, C and N atoms of residues R3.50 and A6.30 were used to 
calculate the distance. C) Distance between the NPxxY motif and α5 helix of the respective mini-G protein. The 
distance was calculated using the center of mass of the NPxxY motif and the last five residues of α5 helix. D) Distance 
between TM2 of the H4R and the α5 helix of the respective mini-G protein. To calculate the distance, the Cα, C and 
N atoms of S2.39 and the geometric center of the last five residues of α5 were used. 
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Figure A26. Comparison of the structural flexibility in H2R and H4R complexes with mini-G proteins. A) Overall 
structural flexibility (RMSF) of the H2R-mGs complex and changes in structural flexibility (∆RMSF) in the H2R complexes, 
when mGs was exchanged by mGsi (B) or mGsq (C). D) Overall structural flexibility (RMSF) of the H4R-mGsi complex 
and changes in structural flexibility (∆RMSF) in the H4R complexes, when mGsi was exchanged by mGs (E) or mGsq 
(F). For RMSFs, a color scale of 0.0 Å (blue) to 4.0 Å (red) was used. In case of ∆RMSF, the color scale ranged from  
-1.0 Å (blue) to 1.0 Å (red). (∆)RMSF values were assigned to the starting structure of each system. 
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Figure A27. Schematic illustration of the reaction coordinates used for energetic reweighting exemplarily shown for 
the H2R in complex with mGs. The distance between D3.32 and histamine was calculated using the Cγ atom of D3.32 

and Nα of histamine. The distance between TM3 and TM6 was assessed using the Cα, C and N atoms of residues 
R3.50 and E6.30. The distance between the NPxxY motif and α5 helix of mGs was calculated using the center of mass 
of the NPxxY motif (N7.49, P7.50 and Y7.53) and the last five residues of mGs α5 helix (Q225, Y226, E227, L228 and L229). 
The distance between TM2 of the H2R and the α5 helix of mGs was determined using the Cα, C and N atoms of T2.39 

and the geometric center of the last five residues of mGs α5 helix (Q225, Y226, E227, L228 and L229). 
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Figure A28. Binding modes of histamine (light blue) within the orthosteric binding pocket of the H2R (salmon) and 
the H4R (purple). Structures representing the separated histamine state “S2” in H2R-mGs (A), the intermediately 
bound state “I1” (B) and the separated histamine states “S1” (C) and “S2” (D) in H2R-mGsi, the intermediately bound 
state “I1” (E) and the separated histamine states “S2” (F) in H2R-mGsq complexes, as well as the separated histamine 
state “S1” in the H4R-mGs complex (G) are shown. Contact residues within 4 Å of the ligand are highlighted as sticks 
(dark grey). The histamine-D3.32 distance is highlighted with a red, dashed line.  

  



 
Appendix 

224 
 

 

Figure A29. Free energy profiles of GaMD simulations with complexes of either the H2R or the H4R in combination 
with mGs, mGsi or mGsq. Distances (Å) between D3.32 (Cγ atom) and the amino group of histamine (Nα atom) as 
well as of the NPxxY - α5 helix distance were used as reaction coordinates. The NPxxY distance was determined 
using the center-of-mass (COM) distance between the receptors’ NPxxY motif and the last 5 residues of the mG α5 
helix. For each system, three independent GaMD simulations were used for analysis. (Labels: “B” indicates 
representative low energy wells of fully active receptors bound to histamine, “I1” indicates low energy wells of 
intermediate receptor conformation bound to histamine. “S1” and “S2” indicate low energy wells containing 
conformations with histamine separated from D3.32, cf. Chapter 6, Figure 6.1). 
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Figure A30. Comparison of the α5 helix orientation at the GPCR - G protein interface. Cytoplasmatic view of the α5 
helix orientation of exemplary A) GPCR-Gs complexes (β2AR, pdb-id.: 3SN6, purple; β1AR, pdb-id: 7JJO, light red; 
D1R, pdb-id.: 7CKX, dark green; A2AR, pdb-id.: 6GDG, light green), B) GPCR-Gi complexes (M2R, pdb-id.: 6OIK, 
purple; D2R, pdb-id.: 7JVR, light red; D3R, pdb-id.: 7CMU, dark green; α2AAR, pdb-id.: 6K42, light green; A1R, pdb-
id.: 6DH9, blue) and GPCR-Gq complexes (H1R, pdb-id.: 7DFL, purple; M1R, pdb-id.: 6OIJ, light red; 5-HT2AR, pdb-
id.: 6WHA, dark green). D) Comparison of the α5 helix orientation in the β2AR-Gs complex (purple) and the 
representative structures of low energy wells containing the fully active receptors bound to histamine (“B” states, 
cf. Fig. 1) of the H2R-mGs (light red), H2R-mGsi (dark green) and H2R-mGsq (light green) complexes obtained in 
GaMD simulations. The α5 helix orientation in representative histamine bound structures of H4R-mGs (“I1” state, light 
red), H4R-mGsi (“B” state, dark green) and H4R-mGsq (“B” state, light green) complexes are compared to the E) 
β2AR-Gs (purple) and F) M2R-Gi (purple) complexes. The Gs-like α5 orientation towards TM6 is highlighted in red and 
the Gi-like α5 orientation towards TM2 in pink. 
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8.6. Abbreviations 
5-HT6R   Human serotonin 5-HT6 receptor 

α2AAR   Human α2A adrenoceptor 

A2AR   Human adenosine A2A receptor 

A2BR   Human adenosine A2B receptor 

AC   Adenylyl cyclase 

αs   Specific activity 

ATP   adenosine-5’-triposphate 

AUC   Area under curve 

β1AR   Human β1 adrenoceptor 

β2AR   Human β2 adrenoceptor 

Bmax   maximum number of binding sites 

BRET   Bioluminescence resonance energy transfer  

c   Concentration 

cAMP   3’-5’-cyclic adenosine monophosphate 

Cas   CRISPR associated protein 

cDNA   Complementary DNA 

CHO   Chinese hamster ovary cells 

Ci   Curie 

CNS   Central nervous system 

cpm   Counts per minute 

CRISPR   Clustered regularly interspaced short palindromic repeats 

CRC   Concentration response curve 

CXCR4  Human CXC-motif chemokine receptor 4 

D1R   Human dopamine D1 receptor 

D2R   Human dopamine D2 receptor (long splice variant) 

D5R   Human dopamine D5 receptor 

Da   Dalton 

DAG   Diacyl glycerol 

DMEM   Dulbecco’s Modified Eagle’s Medium 

DMSO   Dimethyl sulfoxide 

DNA   Desoxyribonucleic acid 

DPBS   Dulbecco’s phosphate-buffered saline 

dpm   Disintegrations per minute 

EC50 Half maximal effective concentration of an agonist, refers to the agonist 
concentration that induces 50% of the maximal effect 

EDTA Ethylenediaminetetraacetic acid 
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Emax Maximal response of a ligand in a functional assay 

ER Endoplasmatic reticulum 

ERK1/2 Extracellularly regulated kinase 1 and 2 

FCS Fetal calf serum 

FRET Förster resonance energy transfer 

G418 Geneticin 

GaMD Gaussian accelerated molecular dynamics 

GDP Guanosine 5-diphosphate 

GFP Green fluorescent protein 

G protein Guanine nucleotide-binding protein 

GPCR G protein-coupled receptor 

GTP Guanosine 5’-triphosphate 

GTPγS Guanosine 5'-O-[γ-thio]triphosphate 

h Hour(s) 

HEK293T Human embryonic kidney cells 

H1R   Human histamine H1 receptor 

H2R   Human histamine H2 receptor 

H3R   Human histamine H3 receptor 

H4R   Human histamine H4 receptor 

HEPES   4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

IC50 a) Ligand concentration that displaces 50% of a labeled compound from the 
binding site 

b) Antagonist concentration that suppresses 50% of an agonist induced 
response 

IP3   inositol trisphosphate 

Kb Equilibrium dissociation constant of a ligand determined in a functional assay 

Kd Equilibrium dissociation constant of a ligand determined in saturation binding 
experiments  

Ki Equilibrium dissociation constant of a ligand determined in competition 
binding experiments  

L   Liter 

L-15   Leibovitz’ L-15 medium 

M1R   Human muscarinic acetylcholine M1 receptor 

M2R   Human muscarinic acetylcholine M2 receptor 

M4R   Human muscarinic acetylcholine M4 receptor 

M5R   Human muscarinic acetylcholine M5 receptor 

M   Molar (mol/L) 

MAP   Mitogen-activated protein 
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min   Minute(s) 

mol   Mole(s) 

NlucC   C-terminal, smaller NanoLuc fragment (amino acids 1-11) 

NlucN   N-terminal, larger NanoLuc fragment (amino acids 12-170) 

NTS1R   Human neurotensin NTS1 receptor 

PBS   Phosphate-buffered saline 

PCR   Polymerase chain reaction 

PLC-β   Phospholipase C-β 

RET   Resonance energy transfer 

rpm   Revolutions per minute 

RT   Room temperature 

s   Second(s) 

S/B ratio  Signal-to-background ratio 

SEM   Standard error of the mean 

Sf9   Insect cell line derived from Spopoptera frugiperda 

SLC   Split-luciferase complementation 

TALEN   Transcription activator-like effector nuclease 

Tris   2-amino-2-(hydroxymethyl)propane-1,3-diol 

Y1R   Human neuropeptide Y Y1 receptor 

Y2R   Human neuropeptide Y Y2 receptor 

Y4R   Human neuropeptide Y Y4 receptor 

ZFN   Zinc-finger nuclease 
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