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Abstract 

 

A plethora of vital functions of the human body, including blood pressure, cell proliferation 

and metabolism are regulated by G protein-mediated signaling cascades. These cascades 

form a complex network of cause and effect that allows our bodies to adapt to, function and 

thrive in a wide range of environments and circumstances. However, this network of signals 

does not always run flawlessly, and when off balance, pathological changes and diseases 

are often the consequence such as cancer or hypertension. To treat these diseases, the 

thorough study of G protein-mediated signaling cascades is an important component of 

basic research, to understand their influence or contribution to certain cellular events. Such 

in depth investigations could be accomplished, for example, with specific G protein 

inhibitors. However, despite the discovery of G proteins about 30 years ago, only specific 

inhibition of Gi and Gq, two of the four G protein families, could be achieved by PTX or 

FR900359 (FR) / YM-25489 (YM), respectively. To bridge the lack of such highly cell 

permeable specific inhibitors of a third G protein family, Gαs (Gs) proteins with artificial 

FR/YM-binding sites, such as Gαs11 (Gs 11), Gαs10 (Gs 10), respectively, have been 

developed.  

To this end, we investigated the suitability of Gs 11 and Gs 10 as chemogenetic tools for 

further possible studies. The idea behind chemogenetics is generally described as the 

approach in which engineered molecules interact with previously unrecognized molecules 

that are pharmacologically inert in the absence of the designed protein. Using 

CRISPR/Cas9-generated Gαs-null or Gαs/olf/q/11/12/13/z - null cells along with several cutting-

edge tools such as label-free whole-cell biosensing, HTRF based cAMP accumulation or 

real-time BRET-based G protein activation, we determined conditions for the use of Gs 10 

as a possible chemogenetic tool. 

 

However, intriguingly despite the transfer of the inhibitor binding site, FR´s inhibitory 

properties could not be entirely transferred. While Gq protein- dependent signaling events 

could be abolished completely, comparable conditions, such as the maximum activation of 

the overexpressed 2 adrenergic receptor (2AR) resulted in partial inhibition for the artificial 

FR-sensitive Gs proteins. Moreover, we noted biologically distinct activities for FR and YM, 
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despite close structural similarities. Thus, the lack of full inhibition was pronounced for the 

studies done with YM as compared with FR.  

Our results suggest that the simple transfer of the inhibitor binding site is not sufficient to 

transfer the properties of inhibition. Thus, possible FR scaffold-based inhibitors which mimic 

the interaction of FR with Gα proteins accommodating engineered FR-binding sites are not 

sufficient to perform studies on the same scale as would be possible with Gq.  

As a result, our study provides an important basis for the understanding of G protein 

activation and inhibition thus demonstrating the uniqueness of each individual G protein 

family since although they share an identical inhibitor binding site, Gq but not Gs 11 and Gs 

10 could be fully inhibited by FR. 
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Zusammenfassung 

 

Eine Vielzahl lebenswichtiger Funktionen des menschlichen Körpers, darunter der 

Blutdruck, die Zellproliferation und der Stoffwechsel, werden durch G-Protein-vermittelte 

Signalkaskaden reguliert. Diese Kaskaden bilden ein komplexes Netz von Ursache und 

Wirkung, sodass unserem Körper ermöglicht wird, sich an eine Vielzahl von Umgebungen 

und Umständen anzupassen, zu funktionieren und zu entfalten. Dieses Netzwerk von 

Signalen funktioniert jedoch nicht immer einwandfrei, und wenn es aus dem Gleichgewicht 

gerät, sind pathologische Veränderungen und Krankheiten wie Krebs oder Bluthochdruck 

oft die Folge. Um diese Krankheiten zu behandeln, ist die sorgfältige Untersuchung von G-

Protein-vermittelten Signalkaskaden ein wichtiger Bestandteil der Grundlagenforschung, um 

ihren Einfluss oder Beitrag zu bestimmten zellulären Ereignissen zu verstehen. Solche 

eingehenden Untersuchungen könnten zum Beispiel mit spezifischen G-Protein-Inhibitoren 

durchgeführt werden. Trotz der Entdeckung der G-Proteine vor etwa 30 Jahren konnte 

jedoch nur eine spezifische Hemmung von Gi und Gq, zwei der vier G-Proteinfamilien, durch 

PTX bzw. FR900359 (FR) / YM-25489 (YM) erreicht werden. Um den Mangel an solchen 

hoch zelldurchlässigen spezifischen Inhibitoren einer dritten G-Protein-Familie zu 

überbrücken, wurden Gαs (Gs)-Proteine mit künstlichen FR/YM-Bindungsstellen namens 

Gαs11 (Gs 11) bzw. Gαs10 (Gs 10), entwickelt. 

Zu diesem Zweck untersuchten wir die Eignung von Gs 11 und Gs 10 als chemogenetisches 

Tool für weitere mögliche Studien. Die Idee hinter chemogenetischen Tools wird ganz 

allgemein als der Ansatz, bei dem konstruierte Moleküle mit zuvor unbekannten Molekülen 

interagieren beschrieben. Unter Verwendung von CRISPR/Cas9-generierten Gαs-Null- oder 

Gαs/olf/q/11/12/13/z -Null-Zellen sowie verschiedener modernster Techniken, wie 

markierungsfreie Ganz-Zell Massenumverteilung, HTRF-basierte cAMP-Akkumulation oder 

BRET-basierte G-Protein-Aktivierung in Echtzeit, ermittelten wir die Bedingungen für die 

Verwendung von Gs 10 als mögliches chemogenetisches Tool.   

Interessanterweise konnten jedoch trotz der Übertragung der Inhibitor-Bindungsstelle die 

hemmenden Eigenschaften von FR nicht vollständig übertragen werden. Während Gq-

Protein-abhängige Signalereignisse vollständig gehemmt werden konnten, führten 

vergleichbare Bedingungen, wie die maximale Aktivierung des überexprimierten adrenergen 

β 2-Rezeptors (β2AR), zu einer teilweisen Hemmung der künstlich erzeugten 
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FR-empfindlichen Gs-Proteine. Darüber hinaus konnten wir trotz enger struktureller 

Ähnlichkeiten biologisch unterschiedliche Aktivitäten für FR und YM feststellen. So war 

partielle Hemmung bei den mit YM durchgeführten Studien im Vergleich zu FR deutlich 

ausgeprägter.  

Unsere Ergebnisse deuten darauf hin, dass die einfache Übertragung der Inhibitor-

Bindungsstelle nicht ausreicht, um die Eigenschaften der Hemmung zu übertragen. 

Mögliche Inhibitoren auf der Basis eines FR-Gerüsts, die die Interaktion von Gα-Proteinen, 

welche artifizielle FR-Bindungsstellen besitzen nachahmen, reichen also nicht aus, um 

Studien in demselben Umfang durchzuführen, wie es mit Gq möglich wäre.  

Demzufolge liefert unsere Studie eine wichtige Grundlage für das Verständnis der 

Aktivierung und Hemmung von G-Proteinen und zeigt die Einzigartigkeit jeder einzelnen G-

Protein-Familie, denn obwohl sie eine identische Inhibitor-Bindungsstelle besitzen, konnten 

Gq, aber nicht Gs 11 und Gs 10 vollständig durch FR gehemmt werden. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
5 

 

Table of Contents 

 
Für meine Familie ............................................................................................................................... VII 

Abstract ................................................................................................................................................ 1 

Zusammenfassung ............................................................................................................................... 3 

Table of Contents ................................................................................................................................. 5 

Introduction ......................................................................................................................................... 9 

Signal transduction ........................................................................................................................................ 9 

G protein-coupled receptors and G proteins ................................................................................................ 9 

Gαs signaling pathway ................................................................................................................................. 12 

G Protein modulator .................................................................................................................................... 13 

Pharmacological control over Gs ................................................................................................................. 14 

Chemogenetic approach ............................................................................................................................. 15 

Gs 11 ............................................................................................................................................................ 16 

Goal of the study ......................................................................................................................................... 17 

Material .............................................................................................................................................. 18 

Chemicals and Reagents .............................................................................................................................. 18 

Table 1: Chemicals and Reagents ............................................................................................................ 18 

Cell Culture Media ....................................................................................................................................... 19 

Table 2: Media Bases ............................................................................................................................... 19 

Table 3: Media Supplements ................................................................................................................... 19 

Antibodies .................................................................................................................................................... 19 

Plasmids ....................................................................................................................................................... 20 

Table 5: Plasmids ..................................................................................................................................... 20 

Bacterial Strains ........................................................................................................................................... 21 

Table 6: Bacterial Strains ......................................................................................................................... 21 

Experimental Models ................................................................................................................................... 21 

Table 7: Cell lines ..................................................................................................................................... 21 

Commercial Assay Kits ................................................................................................................................. 21 

Table 8: Commercial Assay Kits ............................................................................................................... 21 

Methods ............................................................................................................................................. 22 

Molecular biology protocols ........................................................................................................................ 22 

Site directed mutagenesis ....................................................................................................................... 22 



 

 
6 

 

Digestion of template DNA ...................................................................................................................... 22 

Site directed mutagenesis by overlap extension (for Gs 11V123E) ............................................................ 23 

Transformation of chemically competent bacteria ................................................................................. 24 

Isolation of plasmid DNA ......................................................................................................................... 24 

Cell culture ................................................................................................................................................... 24 

Culture conditions ................................................................................................................................... 24 

Transient Transfection of HEK 293 cells via Polyethlenimin ................................................................... 25 

Cell based methods ..................................................................................................................................... 26 

Western Blot ............................................................................................................................................ 26 

cAMP accumulation ................................................................................................................................. 26 

Dynamic Mass Redistribution (DMR) ...................................................................................................... 27 

Membrane preparations ......................................................................................................................... 27 

Competition binding experiments. .......................................................................................................... 28 

Dissociation experiments. ....................................................................................................................... 28 

[35S]GTPγS Binding Assays ...................................................................................................................... 29 

Real-time BRET-based G protein activation ............................................................................................ 29 

Data processing ........................................................................................................................................... 30 

Results ................................................................................................................................................ 31 

Chapter 1: Evaluation of Gs11 and Gs10 - how do the mutations influence the Gs protein? .................. 31 

Gs 11 shows elevated basal signaling in contrast to Gs WT. ................................................................... 31 

Gs 11 significantly increases cAMP production upon GPCR activation. .................................................. 32 

Gs 11 provokes GPCR-induced cell dynamic mass redistribution. .......................................................... 33 

Gs 10 shows comparable basal signaling as compared to Gs WT. .......................................................... 35 

Chapter 2: Do artificially generated FR-sensitive Gs proteins display identical inhibition profiles as the 

natural FR- target Gq? ................................................................................................................................. 37 

Basal activity of Gs 10 is entirely inhibited by FR with biphasic inhibition pattern. ............................... 37 

FR inhibits Gs 11 triggered cAMP basal levels with a biphasic inhibition pattern. ................................. 38 

FR unmasks Gq contribution to Gs mediated cAMP production. ............................................................ 39 

Isoprenaline (Iso) increases intracellular cAMP in Gs WT and Gs 10 transfected Gs ko cells with or 

without overexpressed 2AR. ................................................................................................................. 41 

Maximum activation of overexpressed β2AR undermines FR´s inhibitory power on Gs 10. .................. 44 

Overexpressing and maximum activation of the β2AR leads to partial inhibition of cAMP production by 

FR in cells expressing Gs 11. .................................................................................................................... 46 

FR superior to YM by inhibiting Gs 10 and Gs 11 mediated increase of intracellular cAMP accumulation.

 ................................................................................................................................................................. 48 



 

 
7 

 

Different expression levels of Gs 11 have no altering effect on FR´s responses registered in DMR 

assays. ...................................................................................................................................................... 50 

Expression of Gs mutants and Gq along with overexpressed β2AR and M3 receptors, respectively, 

triggered agonist induced cell mass redistribution. ................................................................................ 53 

Overexpression of both β2AR and M3 receptors lead to higher agonist potency. ................................. 55 

FR inhibits entirely Gq but not Gs 10 or Gs 11-signaling upon maximum activation of overexpressed 

receptor. .................................................................................................................................................. 58 

Partial FR-inhibition of Gs 10 and Gs 11 upon maximum activation of endogenously expressed β2AR in 

DMR assays. ............................................................................................................................................. 60 

Introducing new Gq exclusive amino acids in Gs 10 and Gs 11 do not increase FR´s inhibitory power. 62 

Chapter 3: Why are Gs 11 and Gs 10 not completely inhibited? What is behind it mechanistically? ........ 65 

FR displays equal affinity for all tested Gα proteins. ............................................................................... 65 

FR adheres to Gs mutants comparably well as to Gq. ............................................................................. 66 

CCh increases [35S] GTPγS binding only in the absence of FR. ................................................................. 67 

Gs 11 allows nucleotide exchange in the presence of FR upon receptor stimulation. ........................... 69 

Iso but not CCh induces conformational changes despite the presence of FR and YM. ......................... 72 

Discussion ........................................................................................................................................... 76 

Why are artificial FR-sensitive G proteins generated and what are the advantages of chemogenetic Gs 

proteins? ...................................................................................................................................................... 76 

Investigation of the Gs pathway .................................................................................................................. 77 

Gs mutants; models for further chemogenetic tools. ................................................................................. 78 

Limitations of FR-sensitive Gs proteins. ...................................................................................................... 79 

Approaches for further development of FR-sensitive Gs proteins. ............................................................ 80 

Inhibition by FR is dependent on signal amplification. ............................................................................... 82 

Inhibition mediated by FR is superior to that by YM ................................................................................... 83 

A crucial residue that provides an easier exchangeable state for guanine nucleotides ............................. 84 

Biphasic inhibition pattern- a Gq dependent phenomenon. ...................................................................... 86 

Significance for the Gs signaling pathway. .................................................................................................. 88 

Conclusion ................................................................................................................................................... 88 

Summary ............................................................................................................................................ 89 

References.......................................................................................................................................... 91 

Abbreviations ................................................................................................................................... 100 

List of Figures ................................................................................................................................... 102 

Publications ...................................................................................................................................... 106 

 



 

 
8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
9 

 

Introduction 

 

Signal transduction 
 
How do cells convert extracellular into intracellular signals? And how do different cells 

exchange information in order to work together effectively? Martin Rodbell was the first who 

characterized the term “signal transduction” in 1980, to describe how cells receive, process, 

and finally transmit information from the outside to the interior of the cell (Rodbell 1980; 

Cooper 2000).  

The barrier of a cell, a phospholipid bilayer, disconnects the cell interior from the outside 

milieu. Because membranes are semipermeable barriers only small and lipophilic ligands 

such as steroid hormones can freely overcome the boundaries. Yet, large, and hydrophilic 

ligands cannot pass the barrier (Alberts 2015; Escriva et al. 2000). Thus, to be able to detect 

and respond to such larger hydrophilic ligands, cells have evolved different strategies. A 

possible way to transfer those messages are via receptors, such as G-protein-coupled 

receptors (GPCRs) that are embedded into the membrane. Therefore, one form of a signal, 

the so-called first messenger, “binds” to the receptor which causes a change in its 

conformation that subsequently triggers a response in the cell by producing a second form 

of the signal (second messenger). Second messengers in turn are molecules that relay 

signals to further signaling partners, so-called effector proteins that trigger distinct signaling 

pathways that ultimately elicit a cellular response (Ashcroft 1997), (Newton et al. 2016)  

 

G protein-coupled receptors and G proteins 
 
G protein-coupled receptors (GPCRs) are the largest family of membrane proteins with over 

800 members encoded in the human genome, and over 30 % of FDA-approved drugs target 

directly GPCRs (Hauser et al. 2017; Rosenbaum et al. 2009). All GPCRs share the same 

basic structure and are characterized by the presence of seven transmembrane helices, an 

extracellular N terminus, an intracellular C terminus and three interhelical loops on each side 

of the membrane (Rosenbaum et al. 2009; Oldham und Hamm 2008).They represent one 

of the most essential nodes to transduce signals from the extracellular to the intracellular 

environment. Thus, each GPCR binds and thereby detects a specific set of extracellular 
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ligands, wherein activation is typically mediated by the binding of an agonist that stabilizes 

receptor conformations which recruit and finally activate intracellular transducers (Wacker 

et al. 2017). Such transducers are heterotrimeric G proteins composed of three subunits, 

usually referred to as the Gα, Gβ and Gγ subunits (Simon et al. 1991; Marinissen und 

Gutkind 2001). The Gα subunit composed of two domains, a GTPase “Ras-like” domain that 

is conserved in all members of the GTPase superfamily and an α-helical domain that is 

unique to heterotrimeric G proteins. The guanine nucleotide, GDP or GTP, that gives G 

proteins their name, is tightly sandwiched between both domains (Syrovatkina et al. 2016b; 

Oldham und Hamm 2008). In the inactive state, Gα is GDP-bound and in complex with the 

βγ-subunit (Fig. 1A). Upon binding of an activated GPCR by a ligand on the external side of 

the membrane, the Gα subunit undergoes a conformational change and releases GDP. As 

a result, guanosine triphosphate (GTP) accommodates spontaneously the uncovered 

nucleotide-binding site (Fig. 1B) (Dror et al. 2015). Since the GTP-bound Gα subunit has a 

lower affinity for the Gβγ subunit the heterotrimer undergoes a structural rearrangement. 

Both subunits, Gα(GTP) and Gβγ in turn bind to intracellular effector proteins and modify 

their properties, thus transducing extracellular stimuli into an intracellular signaling cascade 

(Fig. 1C) (Oldham und Hamm 2008; Rosenbaum et al. 2009). To prevent sustained 

stimulation, the signal is terminated by the GTPase activity of the Gα subunit, which 

hydrolyzes GTP to GDP. Moreover, this process is supported by GTPase-activating proteins 

(GAP). As a result, the Gα subunit loses affinity for its effectors and re-associates with the 

Gβγ subunit. The formation of the heterotrimer in turn allows the engagement of a G protein 

to a GPCR and thus a reactivation to transmit a signal (Fig. 1D). This fast off-rate and 

subsequent potential for reactivation has evolved in animals for allowing quick, time-

resolved responses to the environment. 
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Figure 1: G protein activation via G protein-coupled receptor. Based on (Oldham und 

Hamm 2008; Syrovatkina et al. 2016b; Rosenbaum et al. 2009) The inactive state, depicted 

in (A) forms a heterotrimeric G protein composed of the GDP-bound Gα and Gβy subunit, 

anchored to the cellular membrane by a prenylated residue of both Gα and Gy subunit. (B) 

Upon ligand mediated activation of the G protein-coupled receptor (GPCR), a 

conformational change is provoked in the Gα subunit that accelerates the GDP release and 

thus (C) allows guanosine triphosphate (GTP) to accommodate spontaneously the 

uncovered nucleotide-binding site. The GTP loaded Gα subunit dissociates and binds to its 

effector proteins. (D) Both the GTPase activity of the Gα subunit and GTPase-activating 

proteins (GAP) hydrolyze GTP to GDP resulting in a re-association with the Gβγ subunit and 

thus formation of the heterotrimer.  
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Gαs signaling pathway 
 
Based on the sequence similarity and their functional properties the Gα proteins are divided 

into four major classes Gαq/11, Gαs, Gαi/o and Gα12/13 (here after Gq, Gs, Gi/o, G12/13) 

(Oldham und Hamm 2008) Each family is associated with a certain signaling cascade 

initiated by a GPCR and a GTP-bound Gα protein. The G protein at the center of this work, 

the ubiquitously expressed Gs protein, binds and stimulates upon receptor activation the 

adenylyl cyclase (AC), an enzyme that converts ATP to the second messenger cyclic 

adenosine monophosphate (cAMP) that directly regulates a variety of cell functions such as 

metabolism, ion channel activation, cell growth and, gene expression. Binding of cAMP to 

e.g. protein kinase A (PKA), the best-understood target, which is an inactive serine/threonine 

kinase that is composed of two regulatory and two catalytic subunits, causes the release of 

the catalytic subunits which in turn allows phosphorylation of proteins to modify their 

biological activity both cytosolic and nuclear (McKnight 1991; Taylor et al. 1992). As a result, 

PKA regulates signaling pathways, for example, by phosphorylating and thereby inactivating 

phospholipase C (PLC) β2 or by decreasing the activity of Raf and Rho or by activating MAP 

kinases through promotion of phosphorylation and dissociation of an inhibitory tyrosine 

phosphatase (PTP). Translocation of the catalytic subunits to the nucleus leads to regulation 

of transcription through direct phosphorylation of the transcription factor cAMP-response 

element-binding protein (CREB). This transcription factor binds CRE regions (cAMP 

response element), which are promoters of specific genes whose expression can be up- or 

down-regulated by the increase in cAMP (Sassone-Corsi 2012). Hence, the multiple 

influences dependent on Gs signaling suggest that mis-regulation within the signaling 

cascade could have enormous pathophysiological consequences, thus making it an 

extremely attractive target for in-depth investigations (Gold et al. 2013; Bock et al. 2020). 
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Figure 2: Gs protein signaling pathway. The Gα subunit binds and stimulates upon 

receptor activation the adenylyl cyclase (AC), which converts ATP to the second messenger 

cyclic adenosine monophosphate (cAMP). Binding of cAMP to protein kinase A (PKA), an 

inactive serine/threonine kinase that is composed of two regulatory and two catalytic 

subunits, causes the release of the catalytic subunits which in turn allows phosphorylation 

of proteins to modify their biological activity. 

 

G Protein modulator 
 
Despite the discovery of heterotrimeric G proteins about 30 years ago and their important 

role in the GPCR-mediated signal transduction, only few pharmacological agents exist for 

precision G protein modulation. However, targeting GPCR signaling on the level of 

heterotrimeric G proteins instead of the receptor may actually have several advantages. 

Thus, the pathology of numerous diseases is multifaceted and results in dysregulation of 

more than one receptor (Stone und Molliver 2009; Dorsam und Gutkind 2007; Druey 2009). 

Of the four major G protein families (Gi/o, Gs, Gq, and G12/13) only the Gi/o and Gq proteins 

are effectively hampered from signal transduction by pertussis toxin (PTX) through covalent 

modification (Katada und Ui 1982) and FR900359 (FR) (Schrage et al. 2015) or YM-254890 

(YM) via noncovalent binding (Taniguchi et al. 2003) respectively (Patt et al. 2021). Both the 

bacterial toxin PTX, which selectively and irreversibly inactivates Gi proteins by ADP-
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ribosylation of the alpha subunit, and FR/YM, which suppress Gq signaling by hindering 

GDP release in the Gα subunit, provided the possibility to unravel the involvement of Gi and 

Gq proteins in cellular processes.  

Noncovalent control of G protein function has so far only been achieved for the Gq family 

by FR and YM. In 1988, the selective and cell-permeable Gq inhibitor, isolated from the 

evergreen plant Ardisia crenata, was first described by Fujioka et al. Even though the 

mechanism of action had not been elucidated at that time, the first pharmacological effects 

such as inhibition of platelet aggregation on rabbits in vitro and decrease of the blood 

pressure were observed (Fujioka et al. 1988). In 2003, YM, the highly structural similar 

depsipeptide, first isolated from the chromobacterial strain QS3666, was reported to inhibit 

ADP-induced platelet aggregation in human plasma (Taniguchi et al. 2003). In 2004, shortly 

after the discovery, Takasaki et al. elucidated the mechanism of action and characterized 

YM as a potent and selective Gq inhibitor (Takasaki et al. 2004). X-ray crystallographic 

evidence disclosed that YM docks into a hydrophobic cleft between the Linker I and Switch 

I (Linker II) loop that connect the GTPase and the helical domain of Gα, which harbors the 

bound nucleotide. Stabilizing of these interdomain linkers suppresses the hinge motion of 

the helical domain away from the GTPase domain which is required for the GDP release. 

Therefore, noncovalent binding of YM leads to inhibition of GDP, thus trapping the Gα 

subunit in its GDP bound inactive state. Consequently, YM was classified by Nishimura et 

al. as a guanine nucleotide dissociation inhibitor (GDI) (Nishimura et al. 2010a). A few years 

ago, in 2015, the comprehensive study by Kostenis and her co-workers revealed that FR 

likewise functions as GDI (Schrage et al. 2015), and that FR operates via comparable 

mechanism of action as compared with YM to accomplish its specific Gq inhibition (Malfacini 

et al. 2019).  

 

Pharmacological control over Gs 
 
Such pharmacological agents, i.e., FR and YM do not exist for Gs proteins even though 

cholera toxin (CTX), a bacterial toxin produced by Vibrio cholerae, has been used for 

defining the contribution of Gs proteins to biological processes (Chakraborty et al. 1991). 

While FR and YM leave Gq in the “off-state”, CTX actually induces the opposite effect 



 

 
15 

 

through irreversible ADP-ribosylation of the residue R201, leading to an abolished GTPase 

activity and consequently persistent activation rather than inhibition of the Gs protein. 

Thereby, CTX masks Gs signaling by freezing the Gαs subunit in its GTP bound state. As a 

result, the Gs protein is uncoupled and no longer available for the recruitment of GPCRs. 

While this disrupts the natural G protein cycle, the results should still be interpreted with 

caution because there is no proper inhibition of G protein, such as maintenance of the GDP 

bound and therefore inactive state (Seibel-Ehlert et al. 2021; Patt et al. 2021; Haan und Hirst 

2004; Cassel und Pfeuffer 1978). Moreover, BIM-46174 and the more stable BIM-46187 or 

the anthelmintic drug Suramin were initially characterized as selective Gs inhibitors (Prévost 

et al. 2006; Freissmuth et al. 1996). However, neither BIM molecules nor Suramin proved 

to be selective Gs inhibitors, as further studies revealed that BIM targets not only the Gs 

family, but also the Gi/o, Gq/11 and G12/13, as do Suramin and its analogs, which have a 

low selectivity profile since in addition to partial Gs inhibition, the Gi/o family can also be 

inhibited (Ayoub et al. 2009; Freissmuth et al. 1996). Thus, studies addressing, for example, 

the involvement of the Gs signaling pathway in various cellular processes cannot be 

performed as precisely and effectively as has been done for several years to decipher the 

Gq signaling pathway by using FR and YM. Notable, several groups reported the emerging 

potential of FR as a therapeutical agent  in studies on adipose tissue (Klepac et al. 2016) or 

uveal melanoma (Annala et al. 2019; Kostenis et al. 2020). Furthermore, inhalative 

application of FR revealed auspicious results by preventing airway constriction without side 

effects such as arrythmia and hypotonia (Matthey et al. 2017). 

 

Chemogenetic approach 
 
As mentioned above, effective Gs modulators do not exist. Therefore, scientists attempted 

to develop strategies to circumvent among other the lack of Gs inhibitors by developing FR 

and YM analogs. Since the common binding site of FR and YM in each Gα subunit is distinct 

but sufficiently conserved it is reasonable to speculate that the development of such analogs 

might inhibit other G proteins such as Gs by a similar mechanism of action (Malfacini et al. 

2019). However, despite intense efforts none of the designed analogs showed specific 

inhibition apart from the Gq family (Gq, G11 and G14) (Kaur et al. 2015a; Rensing et al. 

2015b; Zhang et al. 2018a; Zhang et al. 2017a; Taniguchi et al. 2004b). Because the rational 

design of such molecules is more difficult than expected, chemogenetic G16 (Taniguchi et 
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al. 2004b), Gi (Onken et al. 2018), and Gs (Boesgaard et al. 2020) proteins with artificial FR 

binding sites were developed, offering an alternative for specific studies to i.e., determine 

the G protein family that is responsible for a particular physiological effect. The idea behind 

chemogenetics is generally described as the approach in which engineered molecules 

interact with previously unrecognized molecules that are pharmacologically inert in the 

absence of the designed protein (Roth 2016). Following this strategy FR sensitive G proteins 

were engineered by exchanging eight residues in Gi (Onken et al. 2018), five residues in 

G16 (Malfacini et al. 2019), and eleven residues in Gs (Boesgaard et al. 2020) for the 

equivalent Gq amino acids of the inhibitor binding site. 

 

Gs 11 
 
In order to develop a FR-sensitive Gs protein, Boesgaard et al. analyzed first the differences 

between the defined inhibitor binding site in Gq and the presumed depsipeptide binding site 

in Gs by creating a homology model of Gs in complex with FR. They compared amino acids 

with side chains that interact or might interact with FR and mapped subsequently these 

positions in a sequence alignment. As a result, 11 positions near the inhibitor differ between 

Gq and Gs.  

 

 

 

Figure 3: Amino acid sequence alignment of Gq WT, Gs WT and Gs 11.  

Sequence alignment of the inhibitor binding site region in Gq WT and Gs WT with differing 

binding site residues in blue and okra, respectively. Gs 11 with the respective Gq residue in 

blue. 
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Finally, the authors reported that their attempt to introduce FR inhibition in Gs succeeded 

by altering the Gs protein at the respective relevant 11 positions. Hence, referring to the 11 

mutations within the Gs protein the FR-sensitive Gs protein was named Gs11 (Gs 11). 

Because the goal of their study was to “investigate the molecular determinants for the Gq 

selectivity of FR by swapping selected Gαs and Gαq residues” (Boesgaard et al. 2020), the 

main focus of Boesgaad et al. was more structural rather than functional related contrary to 

our approach in this work.  

 

 

 

Goal of the study 
 
Since inhibition of Gs is needed to determine, e.g. the G protein family that is responsible 

for a particular physiological effect, chemogenetic tool characterizations are important to 

assess the suitability for such approaches in vitro, ex vivo and in vivo.  

Firstly, we wondered whether the artificial FR-sensitive Gs protein might be suitable to serve 

as a chemogenetic tool since Gs11 has been reported to have a high basal activity 

(Boesgaard et al. 2020), which could affect its performance as a chemogenetic tool. 

Secondly, we examined the inhibition profiles of Gq, the natural target of FR, and Gs 11 to 

compare them under similar conditions. Because studies, in which FR was used as a Gq 

inhibitor, provided promising experiments (Annala et al. 2019; Klepac et al. 2016; Matthey 

et al. 2017) we wondered whether the transfer of the inhibitor binding site would result in 

similar inhibitor efficacy and potency, as these parameters are important for chemogenetic 

tools in studies where, for example, conclusions are to be drawn based on complete 

inhibition of the pathway. 
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Material 

 
Chemicals and Reagents 

 
Table 1: Chemicals and Reagents 

 

    

 

Table 1: Chemicals and reagents 
 

    

 

Name   Company   Ref. No. 

    

 

Ampicillin   Roth   K.029.1 

  

 

 

 

Carbachol  Sigma-Aldrich C4382 

  

 

 

 

FR900359   G König lab N/A 

  

 

 

 

GTPγS [35S]   
 

Perkin Elmar N/A 

  

 

 

 

Guanosine diphospate  provided by C. Müller 
lab 

  N/A 

        

  

 

 

 

Hanks’ buffered salt solution 
(HBSS)  

 Thermo Fischer 
Scientific  

 
14175129 

 

  

 

 

 

 

 

Isobutylmethylxanthine (IBMX)  Sigma-Aldrich I5879 

          

  

 

 

 

Isoprenaline  Sigma-Aldrich I5627 

  

 

 

 

Magnesium chloride provided by C. Müller 
lab 

  N/A 

        

  

 

 

 

Magnesium sulfate provided by C. Müller 
lab 

 N/A   

 

 

  

 

 

 

Nano-Glo Luciferase Promega   N1110 

      

  

 

 

 

Natrium chloride  provided by C. Müller 
lab 

 N/A 
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Pfu-DNA-PolymeRase Promega   M774A  

 

 

 

 

Poly-ethylene imine (PEI) Polyscience 24313-2  

 

 

 

 

YM-254890   Wako   253-00633 

  

 

 

 

    

 

    

 

Cell Culture Media    

 

    

 

Table 2: Media Bases  

 

    

 

Name   Company   Ref. No. 

    

 

DMEM - Dulbecco's Modified Eagle 
Medium  

Thermo Fisher Scientific 11965092 

   

 

 

    

 

    

 

Table 3: Media Supplements  

 

    

 

Name   Company   Ref. No. 

    

 

Penicillin/streptomycin solution  Thermo Fisher Scientific 15140  

 

 

 

 

    

 

Fetal Bovine Serum (FBS)  Sigma Aldrich 804 

    

 

 

   

 

Antibodies    

 

    

 

Table 4: Antibodies   

     
Name   Company   Ref. No. 

     
mous anti-Gs Santa Cruz 

 
C2816  

    

rabbit anti-α tubulin LSBio   C368771 
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Plasmids 
     

 

Table 5: Plasmids   

     
Name   Company   Ref. No. 

     

β2AR   Asuka Inoue 1516 

     

Gαq-pcDNA3.1 Evi Kostenis 1008 

     

Gαs-pcDNA3.1 Evi Kostenis 1530 

     

Gαs11-pcDNA3.1 Gene Cust 
 

1549 

     

Gαs10-pcDNA3.1 Evi Kostenis 1572 

     

GαsR201C-pcDNA3.1 Evi Kostenis 1580 

     
masGRK3ct-Nluc Kirill Martemyanov 1599 

     
muscarinic M3 Asuka Inoue 1525 

     
pcDNA3.1   Evi Kostenis 1218 

     
PTXS1  Asuka Inoue 1464 

     
venus/156-239-Gbeta1 Kirill Martemyanov 1601      

venus/1-155-Ggamma2 Kirill Martemyanov 1602 
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Bacterial Strains 
 
Table 6: Bacterial Strains   

     
Name   Company   Ref. No. 

     

DH5α Competent Cells Thermo Fisher Scientific 18265-017 

    

 

    

 

Experimental Models 
 
Table 7: Cell lines    

     
Name   Company   Ref. No. 

     

Human: ΔGq/11 HEK Asuka Inoue N/A 

     

Human: ΔGs/o HEK Asuka Inoue N/A 

     

Human: ΔGs, Gq, G12/13, Gz HEK 
Asuka Inoue N/A 

      

    

 

    

 

    

 

Commercial Assay Kits 
 
Table 8: Commercial Assay Kits   

     
Name   Company   Ref. No. 

     
ECL Prime Western blotting 
detection reagent 

GE Healthcare RPN2236 

  

   
HTRF-cAMP dynamic 2 kit Cisbio International 62AM4PEC 

    

 

Pierce BCA Protein Assay Thermo Fisher Scientific 23225 

    

 

black 96-well tissue culture plates 
with clear bottom 

Corning  3603 
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Methods 

Molecular biology protocols 

 

Site directed mutagenesis  

Site directed mutagenesis was utilized to introduce point mutations via primers, containing 

the desired modification in the nucleotide sequence. 

A mixture of 5 µl Reaction buffer, 2 µl template DNA (0.01 µg/µl), 1.5 µl Forward and Reverse 

Primer, 1 µl dNTP 10 mM, 1.5 µl DMSO, 0.5 µl Pfu-Polymerase and 37 µl Rnase-Dnase free 

water were prepared to perform the Polymerase Chain Reaction (PCR). The reaction 

contains several steps as follows:  

Steps Temperature 
(°C) 

Time 
(min) 

      

Initial denaturation 94 3 

Denaturation 94 1 

Annealing 52 1 

Elongation 68 8 

Storage 4 ∞ 

 

Digestion of template DNA 

To digest the template DNA  1 μl of digestion enzyme DpnI was added to each reaction 

tube. The mixture was gently vortexed, centrifuged and incubated for at least 1 hour at 37°C. 

Afterwards the DNA was either stored at -20°C or amplified by a transformation.  

 

 

 

 

16 x 
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Site directed mutagenesis by overlap extension (for Gs 11V123E) 

PCR-mediated overlap extension method was performed according to the previously 

published protocol (Ho et al. 1989). The Gs 11 gene was amplified and mutated in three 

PCR steps using four designed primers. Two segments of the target gene ((intermediate 

PCR products #1, #2) were produced from the template DNA by pairing of one flanking 

primer (a, d) and one mutagenic primer (used mutagenic primers are completely overlapping 

(b, c)). A third PCR, which amplified two fragments of PCR 1 and PCR 2 with the same both 

flanking primers (that mark the 5`and 3‘end) was performed to generate the full mutated 

gene. The digestion of the final fragment with the appropriate restriction enzymes (HindIII, 

XhoI) and purification from the agarose gel allowed the ligation with the digested empty 

pcDNA3.1 vector. Finally, after transformation and plasmid preparation, the presence of the 

insert was checked by a control digest and nucleotide correctness had been proven by 

sequencing. Afterwards, the obtained DNA was either stored at -20°C or amplified by a 

transformation. All information provided by Dr. Nicole Merten 

 

Figure 4: Graphical illustration of site directed mutagenesis by overlap extension 
adapted by Heckmann et al., 2007 
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Transformation of chemically competent bacteria  

Transformation describes the inclusion of exogenous genetic material through the 

membrane of a host organism, in this case DH-5.  

Competent bacteria were thawn on ice for 5-10 min. Approximately 50 ng of DNA were 

added to the cells, mixed, and left to incubate on ice. After 30 minutes, cells were heat 

shocked for 60 seconds at 42°C and immediately put on ice for another 120 seconds. 500 

μl of Luria broth medium (LB) (w/o antibiotic) was added to each tube and left to incubate 

at 37°C for 1 hour. 100 μl were then plated onto LB plates containing ampicillin for 

selection. Plates were incubated for 16-18 hours at 37 °C. The following day, a single 

colony was picked and added to an Erlenmeyer flask, containing 150 ml LB medium and 

150 µl Ampicillin to be grown as a LB culture overnight at 37 °C and vigorous shaking 200 

rpm.  

 

Isolation of plasmid DNA 

To achieve large amounts of pure and concentrated DNA, such as needed for transfection 

experiments, the NucleoBond® Xtra Midi kit was used. As described earlier, bacterial 

cultures were grown in 150 ml LB medium containing the selective antibiotic ampicillin for 

16- 18 h at 37°C under thorough shaking (220 rpm). The entire 150 ml were harvested 

according to the manufacturer ́s instructions.  

 

Cell culture  

 

Culture conditions  

All cell lines were cultivated at 37°C in a 5% CO2 humidified atmosphere, either in standard 

sterile 75 cm2 or 150 cm2 cell culture flaks. Cells were passaged according to their grow 

rate, about 2-3 times per week to keep confluency below 80 % and replace the culturing 

media. Thus, under laminar air flow conditions, medium was removed, cells were washed 

with 3-5 ml PBS, and 1-2 ml trypsin was added to cover the cell surface in a thin layer. After 

cells were fully detached, the trypsination was stopped by addition of medium up to 10 ml 

total volume.  
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Cell culture media  

Each cell line was cultured in a HEK standard medium containing the following mixture:  

 
Constituent Volume (ml) Final concentration 

      

Dulbecco’s Modified Eagle 
Medium (DMEM)  

500   

FCS 50 10% 

Penicillin-Streptomycin  
mixture  

5 100 U/ml penicillin, 
0.1 mg/ml 
streptomycin 

 

Transient Transfection of HEK 293 cells via Polyethlenimin  

HEK cells were transiently transfected in suspension 48 h before experiments using 

Polyethlenimine (PEI, 1 mg/ml), a stable cationic polymer, which allows the entry of DNA 

into the cytoplasm by condensation of DNA into positively charged particles that bind to 

anionic cell surfaces. Consequently, the PEI:DNA complex is endocytosed by the cells 

(Longo et al. 2013). Transfection was performed by using 6 µg plasmid DNA in a final volume 

of 300 µl Opti-MEM. 18 µl PEI (DNA:PEI ratio 1:3) in a final volume of 300 µl Opti-MEM were 

added to the DNA mixture and incubated for 15 minutes before adding it to 10 cm dishes 

containing 3 mio cells diluted in 9 ml HEK medium.  

If less or more cells were needed for an experiment, the cell number, amount of plasmid, 

media volume, and amount of transfection reagent were modified to sustain the constant 

ratio for transfections with higher or lower cell numbers. 
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Cell based methods 

 

Western Blot 

Lysates were collected from transfected cells, used either for cAMP or DMR measurements. 

48 h after transient transfection cells were lysed on the day of the cAMP or DMR 

measurements. After running and blotting the gels onto nitrocellulose membranes, protein 

expression was detected as follows: to detect Gs expression, the membranes were 

incubated in N-Terminal anti-Gs mouse monoclonal antibodies diluted in Roti Block (1:1000) 

at 4°C overnight. Anti-mouse antibody diluted in Roti Block (1:20.000) was used as the 

second antibody and incubated for 1 h at room temperature on a slightly swiveling shaker 

before detection. After Gs detection using ECL detection reagent, the membranes were 

washed with PBS buffer once for 15 minutes at room temperature. Afterwards, to detect -

tubulin, anti--tubulin antibody was diluted in Roti Block (1:2500) to treat membranes 

overnight at 4 °C. Anti-rabbit antibody diluted in Roti Block (1:20.000) was used as the 

second antibody and incubated for 1 h at room temperature on a slightly swiveling shaker 

before detection.  

 

cAMP accumulation  

For cAMP assays, the Cisbio HTRF kit (Cisbio Codolet, France) was used according to 

manufacturer’s instructions, with following modifications: 6 µg total cDNA amounts were 

used composed of 2 µg G protein with either 4 µg pcDNA or 2 µg β2AR + 2 µg pcDNA. 

Vector control was composed of either 6 µg pcDNA or 4 µg pcDNA + 2 µg β2AR unless 

otherwise marked in the figure. 2500 cells/well were preincubated with the indicated 

concentrations of FR or YM for 1 hour at 37 °C and stimulated afterwards with or without 

(buffer) varying concentrations of receptor agonist Isoprenaline for 30 min at 37°C. Then, 

lysis buffer and HTRF components were added and incubated at room temperature for 1 

hour. The Mithras LB 940 multimode plate reader (Berthold Technologies, Bad Wildbad, 

Germany) was used to record HTRF values. Standard curve generated from the cAMP 

standard solutions provided by the manufacturer were used and all HTRF ratios were 

converted to nM cAMP concentrations.  
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Dynamic Mass Redistribution (DMR)  

Dynamic mass redistribution assays (DMR) were performed using the corning Epic 

biosensor (Corning, NY, USA) according to a previously published protocol (Schröder et al. 

2011). Briefly, unless otherwise marked in the figure total cDNA amounts were 6 µg, which 

were composed of 2 µg G protein encoding plasmid with either 4 µg pcDNA or 4 µg β2AR 

or 0.6 µg M3 + 3.4 µg pcDNA to equalize the total DNA amount. 24 hours post transfection 

18. 000 cells/well were transferred and cultured in 384 well plates on top of an optical 

biosensor overnight. On the following day, cells were washed twice with Hank’s Balanced 

Salt Solution (HBSS) (Life Technologies) containing 20 mM HEPES (Life Technologies) and 

plate was placed into the Epic DMR reader allowed to equilibrate for 1 hour until 

measurements stabilized. Afterwards, a new measurement was started to record 5 minutes 

of baseline read followed by the addition of compounds diluted in washing buffer using the 

Cybi-SELMA semi-automated electronic pipetting system (Analytik Jena AG, Jena, 

Germany). Each compound- provoked DMR alterations by ligand addition was recorded for 

3600 seconds at 37 °C.  Raw data were processed and evaluated with the GraphPad Prism 

software (GraphPad Inc.) and all optical DMR recordings were buffer corrected. 

 

Membrane preparations 

Competition binding and dissociation experiments: Membrane preparations obtained from 

(i) Gq/11 ko cells recombinantly co-expressing Gq proteins along with the muscarinic M3 

receptor, and (ii) Gs/o ko cells co-expressing either Gs 11, or Gs 10, respectively together 

with the β2AR. 8.3 mio cells diluted in 19 ml HEK standard medium were transiently 

transfected with 5.5 µg of G protein DNA and 11 µg of receptor DNA (11 µg β2AR DNA, 

1.66 µg M3 receptor DNA + 9.34 µg pcDNA) in a 150 mm dish using 49.5 µl PEI as 

transfection reagent.  

[35S]GTPγS binding experiments: Membrane preparations obtained from (i) Gq/11 ko cells 

recombinantly co-expressing Gq proteins along with the muscarinic M3 receptor and PTX-

S1, and (ii) Gs/o ko cells co-expressing Gs 11 together with PTX-S1 and the β2AR. 8.3 mio 

cells diluted in 19 ml HEK standard medium were transiently transfected with 5.5 µg of G 

protein DNA together with 1.1 µg PTX-S1 and 11 µg of receptor DNA (11 µg β2AR DNA, 

1.66 µg M3 receptor DNA + 9.34 µg pcDNA) in a 150 mm dish using 53 µl PEI as transfection 

reagent.  
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In each case 48 hours after transfection, the medium was discarded, and cells were frozen 

overnight at -20° C. After defrosting, the cells were harvested with a cell scraper while adding 

5 mM Tris-HCl buffer containing 2 mM Na-EDTA, pH 7.4. The suspension was homogenized 

with an UltraTurrax® (IKA Labortechnik, Staufen, Germany) for 1 minute at level 4 and 

subsequently centrifuged at 1.000 g for 10 minutes. The pellet was discarded, and the 

supernatant was centrifuged for 1 hour at 48.400 g. The pellet was resuspended in 5 mM 

Tris-HCl buffer containing 2 mM Na-EDTA, pH 7.4. Protein concentration was determined 

with the Lowry method, and aliquots were frozen at -80°C until use. 

 

Competition binding experiments.  

Radioligand binding assays were performed essentially as previously described  (Kuschak 

et al. 2019) in Tris-HCl buffer, pH 7.4, supplemented with 1 mM MgCl2. The assay volume 

was 200 µl containing 2.5% DMSO. The experiments were performed at 37 °C, using 15 µg 

of protein (membrane preparation). For competition binding experiments, radioligand and 

several concentrations of FR were mixed. A 90-minute incubation was started by addition of 

membrane preparation. The incubation was terminated by rapid vacuum filtration through 

GF/C glass fiber filters using a Brandel-48 harvester. Filters were washed three times with 

3 ml of ice-cold Tris-HCl buffer pH 7.4 containing 0.1% BSA and 0.1% Tween20. 

Subsequently, filters were transferred to scintillation vials and incubated with LumaSafe® 

scintillation cocktail for at least 6 hours prior to measurement in a liquid scintillation counter 

(PerkinElmer TriCarb 2810 TR, 53% counting efficiency). 

 

 

Dissociation experiments.  

Membrane preparation (15 µg of protein) and radioligand solution (5 nM final concentration 

in the assay) were mixed in a total volume of 195 µl Tris-HCl buffer pH 7.4 containing 1 mM 

MgCl2. The mixture was preincubated for 90 minutes to reach the equilibrium. Dissociation 

was induced by the time-displaced addition of FR (final concentration: 5 µM) or a GPCR 

agonist, dissolved in 5 µl DMSO. Samples were harvested and treated as described above. 

Data were normalized to total binding (binding in the presence of DMSO) = 100% and non-

specific binding (addition of 5 µM FR before addition of radioligand) = 0%. Non-specific 

binding amounted in all cases to less than 10 % of total binding. 



 

 
29 

 

[35S]GTPγS Binding Assays 

Gq and Gs 11 protein membrane preparations (1 µg and 3 µg of protein, respectively) were 

preincubated with FR (5 µM) for 30 minutes at room temperature. Afterwards, FR pretreated 

Gq membranes were incubated with CCh (30 µM) and 0.3 nM [35S]GTPγS in Tris-HCl buffer 

pH 7.4 without NaCl addition for 60 minutes at room temperature, whereas Gs 11 

membranes preparations were incubated with Iso (10 µM) and 0.3 nM [35S]GTPγS in 

HEPES buffer pH 8 for 10 minutes at 30°C. 10 µM GDP was added to decrease the basal 

turnover rate of Gs 11.   

Experiments were terminated by rapid vacuum filtration through GF/C glass fiber filters using 

a Brandel-24 harvester. Subsequently, filters were transferred to scintillation vials and 

incubated with LumaSafe® scintillation cocktail for at least 6 hours prior to measurement in 

a liquid scintillation counter (PerkinElmer TriCarb 2810 TR, 53% counting efficiency). 

 

Real-time BRET-based G protein activation 

BRET measurements were performed comparably to the published protocol (Masuho et al. 

2015). Briefly, HEK293 GαΔ7 cells were transfected with 800 ng G, 400 ng Venus (156-

239)-G1, 400 ng Venus (1-155)-G, 400 ng masGRK3ct-Nluc and 400 ng PTX-S1. Empty 

pcDNA3.1 vector was used to equalize the total amount of DNA to 5000 ng per transfection 

of 3 mio cells in a 10 cm dish. 24 hour post transfection, cells were harvested and 

resuspended in Hank`s Balanced Salt Solution (HBSS) supplemented with 20 mM HEPES. 

For agonist dose response curves, cells were transferred to a white 96-well plate with 80.000 

cells per well. Nano-Glo nanoluciferase substrate (Promega) was added just before the 

recording of the baseline BRET. Then, maximum activating concentrations of CCh and Iso 

were added, and BRET signals were measured.  

 

 

 

 

 



 

 
30 

 

Data processing 

All data were processed using Microsoft Exel and analyzed using GraphPad Prism 8 or 9. 

Representative traces were demonstrated as mean values + SEM, while quantified results 

are shown either as mean values + SEM or  SEM. All kinetic data were baseline-corrected 

to a buffer control by subtracting the value of the buffer-stimulated curve from the respective 

ligand-stimulated curve for every timepoint. Data were analyzed as depicted in the 

respective y-axis title of each panel. Statistical analyzes were performed using the one-way 

ANOVA with Dunett´s or Turkey´s correction method. P values were determined and P<0.05 

was considered significant (*) if, P<0.01 very significant (**), and P<0.001 extremely 

significant (***).  
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Results 

Chapter 1: Evaluation of Gs11 and Gs10 - how do the mutations influence 

the Gs protein?  

 

Gs 11 shows elevated basal signaling in contrast to Gs WT. 
 

The first goal of this work was to investigate whether Gs11 (Gs11), the artificially generated 

FR-sensitive Gs protein, might be suitable to serve as a chemogenetic tool since it has been 

reported that Gs 11 has a high basal activity (Boesgaard et al. 2020), which could affect its 

performance as a chemogenetic tool. Therefore, to evaluate the capability of Gs 11 to 

increase the intracellular basal levels of cAMP, we compared Gs (Gs WT) and Gs 11 after 

transient transfection in CRISPR/Cas9 genome-edited HEK293 cells deficient in Gs 

(hereafter referred to as Gs ko´s or Gs ko cells). This cellular background allows analysis of 

Gs proteins without the confounding variable of endogenously expressed Gs. For a more 

informative comparison, we also analyzed in addition the most frequent cancer-causing 

mutation in Gs, R201C (hereafter “Gs RC”), which leads to constitutive activation by 

inhibiting ~30 fold the GTPase activity (Landis et al. 1989) and results in elevated 

intracellular cAMP levels (O'Hayre et al. 2013 Jun). Western blot analysis confirmed proper 

expression of the three Gs proteins (Fig. 5A), albeit Gs 11 was detected in lower abundance 

as compared to Gs WT and Gs RC (Fig. 5Ai). Expression of the three Gs proteins increased 

intracellular basal levels of cAMP as compared with those cells transfected with vector, 

pcDNA3.1 (Fig. 5B). However, both Gs 11 and Gs RC showed a higher increased intrinsic 

activity compared with that of Gs WT (Fig. 5B) since their intracellular basal cAMP levels 

were about 21 nM and 52 nM, respectively. Notably, normalization of cAMP levels with 

protein abundance displayed comparable basal activity of Gs 11 and Gs RC (Fig. 5C). 

Therefore, our results led us to conclude that basal signaling of Gs 11 is as high as that of 

the oncogene Gs RC. 
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Figure 5: Gs 11 triggers elevated basal signaling.  

(A) Representative western blot showing expression levels of Gs WT, Gs 11 and Gs RC 

detected in cellular lysates obtained from CRISPR-Cas9 Gαs-null cells transiently 

expressing the indicated constructs. - tubulin was used as loading control. (Ai) Western 

blot quantification from three independent experiments. (B) cAMP measurement (1000 

cells/well) of HEK293 Gs ko cells expressing transiently Gs WT, Gs 11 or Gs RC displayed 

elevated basal activity for Gs 11 and Gs RC compared to Gs WT. (C) cAMP measurement 

shown in (B) was related to the respective expression level in (Ai), displaying comparable 

basal activity between Gs 11 and Gs RC. Error bars represent mean  SEM from three 

biologically independent experiments. 

 

 

Gs 11 significantly increases cAMP production upon GPCR activation. 

 
Chemogenetic G proteins should behave as wildtype G proteins to preserve the cellular 

environment and signaling events that are intended to study. Based on the high magnitude 

of the basal activity (Fig. 5), we wondered whether Gs 11, which seems to prefer the active 

state, could lead to stronger cellular responses compared to those of Gs WT upon receptor 

activation. 

With this in mind, we firstly used a classical readout for the canonical Gs signaling pathway 

and analyzed the production of the second messenger cAMP, which is generated from ATP 

by the action of several adenylyl cyclase (AC) isoforms (Patt et al. 2021), upon activation of 

the endogenously expressed 2 adrenergic receptor (2AR) (Fig. 6A). We observed that in 

Gs ko cells transiently expressing either Gs 11 or Gs WT, the 2AR agonist Isoprenaline 

(Iso) led to a concentration-dependent increase of cAMP. Notably, in addition to its strong 

basal activity, Gs 11 stood out with a significantly higher maximum response (449 nM cAMP) 

as compared to Gs WT (Fig. 6B). Only by zooming in the y-axis of the figure, the cell 
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response of Gs WT became apparent (33 nM cAMP; Fig 6Bi), which was far below that of 

Gs 11. 

 

 

 

Figure 6: Gs 11 shows elevated GPCR-induced cAMP production.  

(A) Graphical illustration of cAMP production upon GPCR activation by Isoprenaline and 

adenylyl cyclase conversion of ATP to cAMP. (B) cAMP measurement (2500 cells/well) in 

HEK293 Gs ko cells expressing transiently Gs WT or Gs 11, shown as mean + SEM of four 

biologically independent experiments, display distinct concentration-dependent 

isoprenaline-induced cAMP production of Gs 11 compared to Gs WT. (Bi) Zoom in of the 

dose response curve for Gs WT.  

 

 

Gs 11 provokes GPCR-induced cell dynamic mass redistribution.  

 
Secondly, we used a live-cell assay based on the dynamic mass redistribution (DMR) that 

occurs in the cell upon receptor activation (Fig. 7A). This assay detects in real-time changes 

in the mass of cells caused in response to a ligand which is measured as wavelength shifts 

(Δ λ) relative to the baseline at outset (Schröder et al. 2010; Schröder et al. 2011). Changes 
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in increase of the optical density associated with the accumulation on the biosensor results 

in a positive wavelength shift. 

Stimulation with increasing Iso concentrations of endogenously expressed 2AR in Gs ko's 

expressing Gs WT or Gs 11 resulted in different degrees of mass accumulation at the 

biosensor, leading to different wavelength shifts between Gs WT and Gs 11 (Fig. 7B). 

Concentration-effect curves of the recorded traces represented as area under the curve 

between the time periods 500-2500 seconds showed higher mass redistribution values for 

Gs 11 compared to Gs WT (Fig. 7Bi).  

 

 

 

Figure 7: Gs 11 shows elevated GPCR induced dynamic mass redistribution. (A) 

Graphical illustration of DMR technology: Isoprenaline induces cellular cytoskeletal changes 

that are captured by the optical biosensor as a change in the reflected wavelength. Mass 

redistribution and, consequently, accumulation on the biosensor results in a positive 

wavelength shift. (B) Representative DMR kinetics obtained in Gs ko´s expressing Gs WT 

or Gs 11, shown as mean + SEM. (Bi) Summarized area under the curve (AUC) 

quantification as mean + SEM of four independent experiments. 
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In summary, our data demonstrated (Fig.5-7) that the 11 mutations within the Gs protein 

caused tremendous changes in its function compared to Gs WT. Therefore, the increased 

basal activity, equivalent to that of the Gs RC oncogene (Fig.5), and the enhanced GPCR-

induced signaling (Fig. 6,7) displayed by the mutated Gs suggested that Gs 11 might not be 

an ideal designed chemogenetic tool. 

 

 

Gs 10 shows comparable basal signaling as compared to Gs WT. 

 
Hans Bräuner-Osborne´s group (Boesgaard et al. 2020) has reported the generation of 

another FR-sensitive Gs protein, Gs10 (Gs 10), that would display WT-like basal activity. Gs 

10 is similar to Gs 11 with the difference that the amino acid proline at position 189, present 

in Gs 11, was mutated back to leucine, which occurs naturally in Gs WT (Fig. 8). 

 

Figure 8: Amino acid sequence alignment of Gs WT, Gs 11 and Gs 10. Mutated amino 

acids in Gs 11 and Gs 10 are highlighted in blue. Box around position 189 shows reverse 

mutation of proline to the Gs WT original amino acid leucine in Gs 10. 

 

 

Therefore, we decided to evaluate whether Gs 10 could be a better candidate than Gs 11  

as a chemogenetic G protein tool. We initially evaluated Gs 10 basal signaling by expressing 

it in Gs ko cells. Western blot analysis confirmed proper expression of Gs WT and Gs 10 

after transfection, although Gs 10 was detected in lower abundance as compared to Gs WT 

(Fig. 9A, B). In contrast to our previous findings with Gs 11 (Fig. 6), transient expression of 

Gs 10 in Gs ko cells increased basal intracellular levels of cAMP to a more similar extent as 

Gs WT transfected cells (Fig. 9C). Normalized cAMP levels with protein abundance 

displayed basal cAMP concentrations in the magnitude of 17 nM and 58 nM for Gs WT and 



 

 
36 

 

Gs 10, respectively, compared to Gs 11 that had an intrinsic cAMP level of 236 nM under 

similar experimental conditions (Fig. 6B). 

  

Figure 9: Gs 10 shows comparable basal signaling as compared to Gs WT. 

(A) Representative western blot showing expression levels of Gs WT, Gs 10 and pcDNA 

detected in cellular lysates obtained from CRISPR-Cas9 Gαs-null cells transiently 

expressing the indicated constructs. - tubulin was used as loading control. (B) Western blot 

quantification from three independent experiments, shown as mean  SEM. (C) Basal cAMP 

production, after normalization of cAMP levels with protein abundance, in HEK293 Gs ko 

cells (2500 cells/well) expressing transiently Gs WT or Gs 10, shown as mean ± SEM of 

three biologically independent experiments. Statistical analysis was performed with two-

tailed unpaired t test, p value 0.0882, ns, not significant.  
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Chapter 2: Do artificially generated FR-sensitive Gs proteins display identical 
inhibition profiles as the natural FR- target Gq? 
 

Basal activity of Gs 10 is entirely inhibited by FR with biphasic inhibition pattern. 

 
Because Gs 10 behaved comparably to Gs WT, showing a similar increase in cAMP basal 

activity we were driven to test FR´s capability to inhibit Gs 10 under different conditions. 

Therefore, we decided to examine whether FR could inhibit the cAMP basal formation 

triggered by Gs 10. We transfected Gs ko´s with Gs WT, Gs 10, or vector (pcDNA3.1) and 

incubated them with increasing amounts of FR. In Gs 10 transfected cells, FR abolished the 

basal level of cAMP in a concentration-dependent manner at the level of vector (pcDNA3.1) 

transfected cells (Fig 10A). Interestingly, FR inhibition displayed a biphasic pattern, as 

shown by the inflection points pIC50 7.0 and 5.7, respectively. As expected, Gs WT 

transfected cells did not show notable inhibition of basal signaling upon treatment with FR 

(Fig. 10B). Only, a minor decrease of the basal cAMP level could be also observed around 

the inflection point pIC50 7.0. We wondered why the inhibition of basal cAMP levels i) follows 

a biphasic inhibition pattern and ii) why Gs WT and Gs 10 share their first inflection point 

around pIC50 7.0.  
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Figure 10: Basal activity of Gs 10 is entirely inhibited by FR with biphasic inhibition 

pattern. 

cAMP measurements of HEK293 Gs ko cells expressing transiently Gs 10 or Gs WT, shown 

as mean  SEM of three or four biologically independent experiments, displayed (A) 

complete inhibition of basal activity for Gs 10 with biphasic inhibition character and (B) 

incomplete inhibition of basal activity for Gs WT. Both Gs WT and Gs 10 show an inflection 

point at pIC50 7.0 (constrained to 7). Additionally, Gs 10 shows a second inflection point at 

pIC50 5.7.  

 

 

FR inhibits Gs 11 triggered cAMP basal levels with a biphasic inhibition pattern. 

 
Because we observed a biphasic FR inhibition pattern for Gs 10, we wondered whether this 

pattern was specific for Gs 10. Consequently, we questioned what FR inhibition pattern 

might follow for Gs 11. We expressed transiently Gs 11 in Gs ko´s and treated the cells with 

increasing amounts of FR. Similar to Gs 10, FR inhibition of basal cAMP levels induced by 

the expression of Gs 11 exhibited also a biphasic inhibition pattern, with identical inflection 

points (Fig. 11) as observed in Gs 10 expressing cells (Fig 10A). Therefore, biphasic 

inhibition by FR was not exclusive for Gs 10 since Gs 11 showed a similar pattern.  

On a side note, the basal cAMP level was also almost completely reduced to the level of 

pcDNA in a concentration-dependent manner. One could speculate that the higher basal 

activity of Gs 11 indicates a tendency to retain the active conformation, and thus, a lower 

sensitivity to being inactivated by FR. However, Gs 11 could be transferred almost as equally 

effectively and potently from the ON state to the OFF state compared with Gs 10. Thus, we 
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concluded that the inhibition of basal activity is not less effective and potent the more the G 

protein prefers the active conformation. 

 

 

 
 

 

 

Figure 11: Gs 11 shows total basal inhibition with biphasic inhibition pattern. 

cAMP measurement of HEK293 Gs ko cells expressing transiently Gs 11 shown as mean  

SEM of four biologically independent experiments, show complete inhibition of basal activity 

with biphasic inhibition character and pIC50 values around 7.0 (constrained to 7.0) and 5.7.  

 

 

FR unmasks Gq contribution to Gs mediated cAMP production. 

 
Why did FR inhibition of Gs 10 and Gs 11 basal cAMP levels follow a biphasic inhibition 

pattern? Considering that Gs WT, Gs 10 and Gs 11 have shared their first inflection point 

around pIC50 7.0, we hypothesized that this inflection point might depend on the cellular 

background of Gs ko cells. Because Gs ko cells express endogenously Gq/11 (Gq), and all 

Gq dependent signals affect or enhance cAMP formation, we expected FR to unmask Gq 

components (Cooper et al. 1995; Wong et al. 2000; Mons et al. 1998; Tang und Gilman 

1991; Steiner et al. 2006; Hurley 1999; Patt et al. 2021) 

To test this assumption, we employed CRISPR/Cas9 genome-edited HEK293 cells deficient 

in Gs, Gq and G12/13, later referred to as ΔGseven, which allow analysis of specific G proteins 

after transfection without the disturbing variable of endogenously expressed Gs and Gq. For 
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a better evaluation of our hypothesis, we decided to transiently transfect Gs 11 in ΔGseven 

cells because of its higher cAMP -formation. After incubation with increasing amounts of FR, 

the basal level of cAMP was depleted in a concentration-dependent manner and to a similar 

level to that of ΔGseven cells transfected with vector (pcDNA3.1; Fig. 12A). Notably, cAMP 

reduction displayed a monophasic inhibition pattern with a single inflection point around 

pIC50 5.8, which is similar to the previously determined second inflection point of the biphasic 

FR-inhibition curves in Gs ko´s expressing Gs 11 (Fig. 11). 

This result strongly indicated that endogenously expressed Gq was responsible for the 

observed first inflection point thus biphasic inhibition pattern. Congruently, reintroduction of 

Gq in ΔGseven cells, by transiently expressing Gq WT together with Gs 11, resulted again in 

FR mediated biphasic inhibition curves (Fig. 12B). Moreover, both inflection points at pIC50 

7.0 and 5.7 respectively, are identical to those that were previously identified in the cellular 

background of Gs ko´s (Fig. 11).  

 

 

  

Figure 12: FR unmasks Gq contribution to Gs mediated cAMP production. 

(A) cAMP measurement of HEK293 ΔGseven cells expressing transiently Gs 11, shown as 

mean  SEM of four biologically independent experiments, displayed monophasic inhibition 

of basal cAMP levels (B) cAMP measurement of HEK293 ΔGseven cells expressing 

transiently Gs 11 + Gq WT, shown as mean  SEM of four biologically independent 

experiments, displayed biphasic inhibition of basal cAMP levels with two inflection points, 

pIC50 7.0 and 5.7, respectively. 
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Taking together, we concluded that the pIC50 value for Gs dependent cAMP inhibition is 5.7 

- 5.8, whereas the pIC50 7.0 belongs to the inhibition of Gq dependent cAMP formation that 

was unmasked by FR. 

 

 

Isoprenaline (Iso) increases intracellular cAMP in Gs WT and Gs 10 transfected Gs ko cells 

with or without overexpressed 2AR. 

 
Having decoded the FR-biphasic inhibition pattern of basal cAMP levels, we proceeded to 

investigate the suitability of Gs 10 to function as a chemogenetic tool. Inhibition of basal 

cAMP levels were fully under FR control; however, how does FR inhibit Gs-signaling after 

receptor activation? To this end, we decided to test the capacity of FR under conditions such 

as i) endogenously or overexpressed receptor with ii) maximal or 80% activating 

concentrations.  

Initially we assessed whether 2AR overexpression might alter the expression of transiently 

transfected Gs WT and Gs 10 in Gs ko´s by Western blot analysis. These studies confirmed 

proper expression of both Gs proteins, regardless of the presence of endogenous or 

overexpressed 2AR (Fig. 13A). Even though we observed a trend of higher expression of 

Gs proteins in the presence of the overexpressed 2AR, no statistically significance was 

observed when comparing the expression of each G alpha subunit with endogenous vs. 

overexpressed receptor. (Fig. 13B). Therefore, we confirmed that overexpression of the 

2AR had no significant influence on transfected Gs expression levels.  
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Figure 13: Expression of Gs proteins together with endogenous and overexpressed 

2AR. 

(A) Representative western blot showing expression levels of Gs WT, Gs 10 and pcDNA3.1 

with or without overexpressed 2AR detected in cellular lysates obtained from CRISPR-

Cas9 Gαs-null cells transiently expressing the indicated constructs. -tubulin was used as 

loading control. (B) Western blot quantification from three-four independent experiments 

showing expression of Gs proteins in the presence of endogenous or overexpressed 2AR, 

shown as mean  SEM. trend Statistical analysis were performed with one-way ANOVA, 

followed by Dunnett´s test; ns, not significant 

 

 

Next, in order to ascertain the precise agonist concentration for further investigations on 

receptor induced signaling inhibition by FR, Gs ko cells transiently expressing Gs WT, Gs 

10 or vector (pcDNA3.1) along with or without overexpressed 2AR were incubated with 

increasing amounts of Iso up to a concentration of 10 µM. Both Gs WT and Gs 10 transfected 

cells increased intracellular cAMP amounts in a dose-dependent manner (Fig. 14A-D) 

compared to cells transfected with vector (pcDNA3.1) (Fig. 14E, F). Notably, cells 

overexpressing the 2AR (Fig. 14B, D) showed a more potent increase of the cAMP level 

upon Iso stimulation for both Gs proteins as compared to cells expressing the endogenous 

receptor (Fig. 14A, C). Determination of pEC80 and maximum activating values in all 

analyzed conditions for further investigations displayed that Gs WT and Gs 10 transfected 

cells expressing either the endogenous or overexpressed 2AR had comparable (Fig. 14A, 

C) or identical (Fig. 14B, D) activation values by Iso, respectively.  
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Overall, our data showed that Gs 10 functions similarly to Gs WT, again suggesting that Gs 

10 could in principle be used as a chemogenetic tool. 

 

 

 

Figure 14: Isoprenaline (Iso)- induces increase in intracellular cAMP of GS WT and Gs 

10 with or without overexpressed 2AR. cAMP measurement of HEK293 Gs ko cells 

expressing transiently Gs WT (A, B), Gs 10 (C, D) or pcDNA3.1 (E, F), shown as mean  

SEM of four-five biologically independent experiments, displayed Iso concentration-

dependent increase of cAMP levels. (A, C, E) Dose-response curves in the presence of 

endogenously expressed 2AR. (B, D, F) Dose-response curves in the presence of 

overexpressed 2AR.  
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Maximum activation of overexpressed β2AR undermines FR´s inhibitory power on Gs 10. 

 
After we determined the Iso concentrations to be used in our cAMP assays, we next 

analyzed whether FR was capable to abolish ligand-mediated cAMP accumulation in Gs ko 

cells expressing Gs 10, both in the presence of endogenous or overexpressed β2ARs. 

Therefore, we transfected Gs ko cells with vector (pcDNA3.1), Gs WT or Gs 10, 

preincubated them with increasing concentrations of FR and stimulated them either with an 

80 % (≙ pEC80) or a maximum activating concentration of Iso. Vector transfected Gs ko 

cells, lacking functional Gs proteins, were completely inactive upon stimulation of 

endogenous (Fig. 15A) or overexpressed β2AR (Fig. 15B). Non-FR sensitive Gs WT showed 

an increase of cAMP accumulation upon Iso stimulation that was not abolished by FR (Fig. 

15C-D). Only a minor decrease of cAMP production was observed which was probably due 

to endogenously expressed Gq in Gs ko cells such as investigated in Fig.12.  

In cells expressing Gs 10, activation of the endogenous β2AR with either maximum (10 µM 

Iso) or 80 % (1 µM Iso) activating concentrations led to a ligand-mediated cAMP production 

that was completely suppressed by FR in a concentration-dependent manner, starting at 1.8 

µM (“total inhib.”) for both agonist conditions (Fig. 15E). Surprisingly, the overexpressed and 

maximally activated β2AR undermined the ability of FR to completely diminish cAMP 

production (Fig. 15F). Thus, the maximum activating concentration (1 µM Iso) still triggered 

cAMP production in cells preincubated with even the highest FR concentration (30 µM), 

resulting in 33% residual activity. In contrast, cAMP accumulation induced by a lower Iso 

concentration, corresponding to the pEC80 value, was completely inhibited at the highest FR 

concentration. 
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Figure 15: Maximum activation of overexpressed β2AR undermines FR´s inhibitory 

power on Gs 10. cAMP measurement in HEK293 Gs ko cells expressing transiently Gs 

WT, Gs 10, or pcDNA with endogenous or overexpressed β2AR, shown as mean + SEM of 

three biologically independent experiments, displayed total or partial inhibition of receptor 

induced signaling by FR. (A, B) Cells expressing vector pcDNA 3.1 displayed no response 

upon agonist stimulation. (C, D) Cells expressing Gs WT along with endogenous (C) or 

overexpressed (D) β2AR showed no decrease of Gs-dependent cAMP accumulation by FR. 

(E, F) Effect of FR on cells expressing Gs 10. Stimulation of endogenous β2AR (E) 

increased cAMP production that was completely inhibited in a concentration-dependent 

manner by FR. Stimulation of overexpressed β2AR (F) with 80 % activating concentration 

(0.01 µM Iso) of β2AR was completely inhibited at the highest FR concentration, whereas 

maximum activation (1 µM Iso) causes a partial inhibition by FR. 
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Overexpressing and maximum activation of the β2AR leads to partial inhibition of cAMP 

production by FR in cells expressing Gs 11.  

 
Surprised by our previous result, since we were expecting a total inhibition by FR in Gs 10 

expressing cells, we hypothesized that the presence of leucine instead of proline at position 

189 in Gs 10 might be responsible for the inefficient inhibition by FR. Possibly, proline at this 

position plays a key role for FR´s efficient inhibitory power in Gq WT. To investigate our 

hypothesis, we decided to test FR´s capability to inhibit ligand-induced cAMP accumulation 

of endogenous or overexpressed β2AR in cells expressing Gs 11. To this end, we first 

determined the exact Iso concentrations, i.e., the maximum and 80% activating 

concentrations for our further investigations on receptor induced signaling inhibition by FR 

(Fig. 16). Based on the resulting dose response curves upon stimulation of endogenous 

(Fig. 16A) and overexpressed β2AR (Fig. 16B) with increasing amounts of Iso, pEC80 and 

maximum activating values were determined. Similar to our previous observations in cells 

expressing Gs 10 (Fig. 14), overexpression of the 2AR in cells expressing Gs 11 showed 

a more potent increase of the cAMP level upon Iso stimulation as compared to Gs 11 cells 

expressing the endogenous receptor (Fig. 16). 

 

 

 

Figure 16: Iso-induced increase of intracellular cAMP in cells expressing GS 11 with 

endogenous or overexpressed 2AR. cAMP measurement of HEK293 Gs ko cells 

expressing transiently Gs 11 with endogenous (A) or overexpressed (B) β2AR, shown as 

mean  SEM of four-five biologically independent experiments, displayed Iso concentration-

dependent increase of cAMP levels.  
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Next, we analyzed whether FR was able to abolish ligand-mediated cAMP accumulation in 

cells expressing Gs 11. Consistent with the complete inhibition of ligand-induced signaling 

in cells expressing Gs 10 with the endogenous β2AR (Fig. 15E), cAMP accumulation 

triggered by Iso in cells expressing Gs 11 with endogenous β2AR was also completely 

inhibited by FR (Fig. 17A). Both maximum (1 µM Iso) and 80 % (0.1 µM Iso) activating 

concentrations were suppressed by FR in a concentration-dependent manner, showing 

complete inhibition at 3 µM (“total inhib”; Fig. 17A). Notable, the complete inhibition by FR 

of ligand-induced cAMP accumulation in cells expressing Gs 11 was minimally less potent 

(3 µM FR) than in cells expressing Gs 10 (1.8 µM FR), possibly due to Gs 11´s higher 

intrinsic activity in contrast to Gs 10. 

Surprisingly, and akin to our observations in cells expressing Gs 10 with the overexpressed 

β2AR, the overexpressed and maximally activated β2AR also undermined FR´s ability to 

blunt cAMP production in cells expressing Gs 11 (Fig. 17B). Thus, whereas FR inhibited 

cAMP production when stimulated with 80% activating agonist concentration (1 nM Iso), the 

maximum activating concentration (0.1 µM Iso) resulted in activation of Gs 11 that remained 

about 38 % at the highest FR concentration (Fig. 17B). Differences related to the remaining 

activity between Gs 10 and Gs 11 could be again dependent on the altered basal activity 

 

Altogether, we concluded that the partial inhibition by FR of cAMP levels in Gs 10 expressing 

cells upon maximum activation of the overexpressed β2AR was not due to the lack of proline 

at position 189 since Gs 11, containing proline, showed a comparable inhibitory behavior 

with FR. 
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Figure 17: Maximum activation of overexpressed β2AR still triggers cAMP production 

in the presence of FR in cells expressing Gs 11. cAMP measurements of HEK293 Gs ko 

cells with endogenous (A) or overexpressed (B) β2AR and expressing transiently Gs 11, 

shown as mean + SEM of three biologically independent experiments. Stimulation of 

endogenous β2AR (A) increased cAMP production that was completely inhibited in a 

concentration-dependent manner by FR. Stimulation of overexpressed β2AR (B) with 80 % 

activating concentration (1 nM Iso) of β2AR was completely inhibited at the highest FR 

concentration, whereas maximum activation (0.1 µM Iso) causes partial inhibition by FR.  

 

 

FR superior to YM by inhibiting Gs 10 and Gs 11 mediated increase of intracellular cAMP 

accumulation. 

 
Previous findings of our group revealed biologically different activities of FR and YM despite 

a close structural similarity. Because FR inhibition was superior to YM (Malfacini et al. 2019) 

we wondered how YM performs its inhibitory power on cells expressing Gs 10 and Gs 11 

and speculated that FR is also superior to YM in the case of Gs 10 and Gs 11 inhibition, 

respectively. Therefore, we assessed FR´s and YM`s capability to blunt ligand-mediated 

cAMP accumulation in Gs ko cells transiently expressing Gs 10 (Fig. 18A) and Gs 11 (Fig. 

18B) in the presence of overexpressed and maximally activated β2AR. In line with earlier 

findings, increasing concentrations of FR and YM displayed distinct inhibition profiles in both 

Gs 10 and Gs 11 expressing cells (Fig. 18), with FR being superior to YM in reducing ligand-

induced cAMP accumulation. Thus, partial inhibition of YM preincubated cells was more 
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pronounced than FR preincubated cells when stimulated with maximum activating Iso 

concentrations.  

 

 

Figure 18: FR is superior to YM in blunting cAMP accumulation. 

cAMP measurements in HEK293 Gs ko cells expressing transiently Gs 10 (A) or Gs 11 (B) 

with overexpressed β2AR, shown as mean + or - SEM of four biologically independent 

experiments, displayed more pronounced partial inhibition for cells preincubated with YM as 

compared to cells preincubated with FR when using the corresponding maximum activating 

agonist concentrations.  

 

 

Next, we believed that the lower inhibitory ability of YM might cause a partial inhibition of 

ligand-induced cAMP accumulation triggered by an 80 % activating Iso concentration in 

contrast to FR, which inhibited the cAMP production totally at the highest inhibitor 

concentration (Fig. 15F, 17B). Indeed, in contrast to FR, which inhibited the cAMP 

production totally at the highest tested concentration in both Gs 10 and Gs 11 expressing 

cells along with the overexpressed β2AR, YM was not capable to fully attenuate the cAMP 

levels at its highest concentration (Fig 19A, B). 
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Figure 19: YM does not entirely inhibit pEC80 corresponding agonist concentrations. 

cAMP measurements in HEK293 Gs ko cells expressing transiently Gs 10 (A) or Gs 11 (B) 

with overexpressed β2AR, shown as mean + or - SEM of three- four biologically independent 

experiments, displayed partial inhibition in cells preincubated with YM in contrast to full 

inhibition in cells preincubated with FR when using the corresponding 80 % activating 

agonist concentrations.  

 

 

Different expression levels of Gs 11 have no altering effect on FR´s responses registered in 

DMR assays. 

 
Because partial inhibition of Gs 10 and Gs 11 by FR was observed upon maximum activation 

of the overexpressed β2AR, we wondered whether generally any overexpressed and 

maximally stimulated receptor would lead to partial inhibition of FR-sensitive G proteins. If 

this were the case, we would expect that Gq-signaling upon maximum activation of an 

overexpressed Gq-linked receptor would also result in partial inhibition by FR. 

To test this hypothesis, we decided to compare the inhibition of Gs 10, Gs 11 and Gq 

signaling by FR upon maximum activation of the overexpressed β2AR or the established 

Gq-coupled muscarinic M3 receptor (M3). For this, we intended to use the holistic live-cell 

DMR assay (Fig. 7A), which records the cell changes triggered by GPCR stimulation of all 

G protein families (Schröder et al. 2010; Schröder et al. 2011) and thus provides the 

opportunity to compare FR´s capability to inhibit Gs- and Gq- signaling under the same 

conditions.   
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Since we had to transfect proteins from two different G protein families, a prerequisite for 

comparing FR´s ability to inhibit Gs- and Gq-signaling under the same condition was that 

the inhibitory effect of FR should not be affected by potential different expression levels of 

the transfected G proteins. 

Hence, we transfected three different amounts of Gs 11 cDNA in Gs ko cells to assess the 

influence of variable expression levels for FR´s inhibitory potency for further DMR analysis. 

Careful titration of cDNA amounts up to 6 µg were used and Western blot analyses 

confirmed proper expression in correlation with the three amounts of the transfected Gs 11 

cDNAs (Fig. 20A). Thus, normalization of expression levels with the highest transfected 

cDNA amount (6 µg Gs 11, 100% expression) displayed 7% expression when 0.6 µg Gs 11 

was transfected and 42 % expression after 2 µg Gs 11 transfection (Fig. 20A i). Next, the 

effect of increasing amounts of FR on the cells expressing the three different amounts of Gs 

11 was analyzed by real time DMR assays. Real time recording of the dynamic mass 

redistribution revealed slightly different signaling strength at 10 µM and 30 µM FR within the 

different conditions (Fig. 20B) while concentration- effect curves of the recorded traces 

represented as negative area under the curve showed identical pIC50 (5.4) values for all 

three conditions (Fig. 20Bi). Correlation of pIC50 values with relative cellular abundance 

confirmed identical IC50 values despite increasing Gs 11 protein abundance (Fig. 20C).  

Thus, we concluded that possible varying expression levels of Gq and Gs 11 would not 

influence the inhibitory potency of FR. 
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Figure 20: Different expression levels of Gs 11 have no effect on FR´s inhibitory 

responses. (A) Representative western blot showing expression levels of transiently 

expressing different transfected Gs 11 amounts detected in cellular lysates obtained from 

CRISPR-Cas9 Gαs-null. - tubulin was used as loading control. (Ai) Western blot 

quantification, shown as mean  SEM displayed proportional increase in expression with 

increasing transfected DNA amount. (B) Concentration-dependent responses by FR at 

different transfected DNA amounts of Gs 11. DMR recordings are representative (mean + 

SE) of four independent biological replicates conducted in triplicates; pm, wavelength shift 

in picometer. (Bi) Concentration-response relationships for the traces shown in (B), shown 

as means ± SEM from four independent biological replicates. (C) Correlation of expressed 

Gs 11 amount, relative to the maximum transfected Gs 11 amount (6 µg, 100%), with the 

respective IC50 value. 
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Expression of Gs mutants and Gq along with overexpressed β2AR and M3 receptors, 

respectively, triggered agonist induced cell mass redistribution. 

 
The inhibitory effect of FR should only be compared when the Gq and the modified Gs 

proteins are activated to a similar extent by their respective receptors and under comparable 

conditions. Therefore, we determined the precise agonist concentration to be used in our 

further DMR assays to analyze ligand-induced signaling inhibition by FR.  

Firstly, Gs ko cells were transiently transfected with either Gs 10 or Gs 11 together with the 

β2AR in a DNA ratio of 2 µg: 4µg, respectively, and subsequently incubated with increasing 

amounts of Iso up to a concentration of 0.3 µM. Dose-dependent activation profiles of Iso 

revealed different maximal signaling strength for the individual Gs mutants (Fig. 21A). 

Nevertheless, concentration-effect curves of the traces depicted in figure 21Ai displayed 

similar maximum activating concentrations. Thus, for Gs 10 expressing cells a maximum 

activating concentration of 10 nM (“max. activ. 8”) was calculated whereas for Gs 11 

expressing cells the maximum activating concentration was determined as 3 nM (“max. 

activ. 8.5”). 

 

 

 

Figure 21: Recording of Isoprenaline induces mass redistribution in cells expressing 

Gs 11 and Gs 10 along with overexpressed β2AR. (A) concentration-dependent 

activation profiles of Iso in HEK-ΔGs cells transiently transfected to express Gs 10 or Gs 11 

with the overexpressed β2AR in a DNA ratio of 2:4 µg using label-free DMR biosensing. Ai, 

concentration-effect curves of the traces depicted in (A), showing the area under the curve 

between the time period 500-2500 seconds. DMR recordings are representative (mean + 

SEM) of four independent replicates conducted in triplicate; concentration-effect 

relationships are the means + SEM from at least three independent experiments. pm, 

wavelength shift in picometer 
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Secondly, concentration-dependent activation profiles of carbachol (CCh) were recorded 

from Gq ko cells transiently expressing Gq and M3 receptor in a DNA ratio of 2 µg: 4 µg 

(Fig. 22A), i.e., identical to the ratio used in cells expressing the Gs proteins and the β2AR 

(Fig. 21). Surprisingly, despite the identical DNA ratios of G protein and receptor, no 

concentration-effect curve with a defined pEC50 value could be observed (Fig. 22Ai), since 

the lowest chosen CCh concentration (10-14) triggered already a remarkable mass 

redistribution response of approximately 100 pm.  

 

  

Figure 22: Identical chosen G protein-receptor ratio does not lead to a dose-response curve. 

(A) Concentration-dependent activation profiles of CCh in HEK-ΔGq/11 cells transiently transfected 

to express Gq along with the overexpressed muscarinic M3 receptor in an DNA ratio of 2:4 µg using 

label-free DMR biosensing. (Ai) concentration-effect curves of the trace depicted in (A), shows the 

area under the curve between the time period 500-2500 seconds with no defined pEC50 value. DMR 

recordings are representative (mean + SEM) one replicate conducted in triplicate; concentration-

effect relationship is from one independent experiment. pm, wavelength shift in picomete22 

 

 

We thought that a possible explanation for such an increased sensitivity upon agonist 

stimulation could be an extremely high expression level of the M3 receptor. If this were the 

case, lower amounts of transfected M3 receptor should result in a dose-response curve with 

a defined pEC50 value. Consequently, we tested our assumption by performing a new gene 

dosing with reduced cDNA amounts of transfected M3 receptor. Gq ko cells were transfected 

with 2 µg of Gq along with either 0.6 µg, 1 µg or 2 µg of M3 receptor, up to a total amount 

of 6 µg completed with vector (pcDNA3.1). As hypothesized, recording of dose-dependent 

activation profiles for all conditions (Fig. 23A) revealed a concentration dependent increase 
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of signaling strength, starting with significantly lower amplitudes after incubation with the 

lowest CCh concentrations. Analyses of the concentration-effect curves of the traces 

depicted in Fig. 23A displayed similar agonist efficacy and potency (Fig. 23Ai). However, the 

pEC50 value for cells transfected with the lowest M3 receptor amount (0.6 µg) showed slightly 

higher agonist potency compared to cells transfected with either 1 µg or 2 µg M3 receptor. 

Therefore, we decided to select the DNA ratio with the proportionally lowest M3 receptor 

amount for the following analyses. 

 

 

Figure 23: Gene dosing of the M3 receptor revealed ideal G protein-receptor ratio.  

(A) Concentration-dependent activation profiles of CCh using label-free DMR biosensing in 

HEK-ΔGq/11 cells transiently transfected to express Gq in increasing amounts, i.e., 0,6 µg, 

1 µg and 2 µg, along with the overexpressed muscarinic M3 receptor. (Ai) Concentration-

effect curves of the traces depicted in (A), shows the area under the curve between the time 

period 500-2500 seconds. DMR recordings are representative (mean + SEM) from one 

independent replicate conducted in triplicate; concentration-effect relationships are from one 

independent experiment. pm, wavelength shift in picometer 

 

 

Overexpression of both β2AR and M3 receptors lead to higher agonist potency. 

  

Our preliminary analyses showed that a much smaller amount of the M3 receptor than the 

β2AR should be used to evaluate FR´s capability to inhibit Gq and Gs signaling. However, 

we wondered whether this small amount of M3 receptor would have an equivalent activating 

power as the β2AR since we wanted to compare FR inhibition of ligand-induced signaling 

between Gq and modified Gs proteins under comparable conditions. 

To investigate this, we decided to evaluate and compare in DMR assays the potency shift 

triggered by the overexpressed β2AR and M3 receptors as compared to the endogenous 
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expressed receptors, since we previously found that overexpressing a receptor led to higher 

agonist potency in our cAMP data (Fig. 14, 16). Thus, dose-dependent activation profiles of 

Gs ko's transiently expressing Gs 10 or Gs 11 in the presence or absence of overexpressed 

β2AR, and Gq ko's transiently expressing Gq along with or without overexpressed M3 

receptor were recorded. Traces registered from cells expressing overexpressed receptors 

(Fig. 24A- C) clearly differed from those, recorded from cells expressing endogenous 

receptors (Fig. 24Ai- Ci). Thus, stimulation of overexpressed receptors with their respective 

agonists resulted in traces that remained constant throughout the measured time period 

after reaching the maximum DMR response (Fig. 24A- C). Conversely, in cells expressing 

endogenous receptors the maximum signaling strength did not remain the same throughout 

the measured time period upon receptor activation but dropped afterwards (Fig. 24Ai- Ci). 

However, as expected, concentration-effect relationships from the traces shown in (Fig. 

24A-Ci) displayed for both Gs mutants and Gq a left shift of the agonist potency in those 

cells expressing the overexpressed receptors compared to cells expressing the endogenous 

receptors. (Fig. 24Aii- Cii). Notably, this potency shift was similar (more than 400-fold) for Gs 

11 (Fig. 24Bii) and Gq (Fig. 24Cii). Therefore, we concluded that the small amount of 

transfected M3 receptor had a comparable activating power as compared to the β2AR, 

which allowed us to determine for both Gs mutants and Gq the maximum agonist 

concentration to be used in our further investigations on ligand-induced signaling inhibition 

by FR. 
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Figure 24: Overexpression of both β2AR and M3 receptor leads to higher agonist 

potency. (A, B & Ai, Bi) Representative label-free DMR biosensing showing concentration-

dependent activation profiles of Iso in HEK-ΔGs cells transfected to express Gs 10 or Gs 11 

in the presence of overexpressed β2AR (A, B) or endogenous β2AR (Ai, Bi). (C, Ci) 

Concentration-dependent activation profiles of CCh in HEK-ΔGq/11 cells transiently 

transfected to express Gq with overexpressed muscarinic M3 receptor (C) or endogenous 

M3 receptor (Ci). (Aii-Cii) concentration-effect curves of the traces depicted in A-Ci. Fold 

shifts above the curves denote the increase of agonist potency by overexpressing the 

respective receptor. Maximum activating agonist concentration were determined as 0.01 µM 

Iso for Gs 10 + β2AR, 3 nM Iso for Gs 11 + β2AR, 0.1 µM CCh for Gq + M3, 30 nM Iso for 

Gs 10, 1 µM Iso for Gs 11 and 30 µM CCh for Gq. DMR recordings are representative 

(means + SEM) of at least four independent biological replicates conducted in triplicate. 

Concentration-effect relationships are means (means + SEM) from at least four independent 

biological replicates. pm, wavelength shift in picometer. 

 

 

 

 

0
60

0

12
00

18
00

24
00

30
00

36
00

-25

0

25

50

75

+ Gs 10

time (s)

re
s

p
o

n
s

e
 (

p
m

)

-13

-14

buffer

-8

-7

-6,5

Iso:

Ai

0
60

0

12
00

18
00

24
00

30
00

36
00

-25

0

25

50

75

+ Gs 11

time (s)

re
s
p

o
n

s
e
 (

p
m

)
-13

-14

buffer

-8

-7

-6,5

100 Iso:

Bi

0
60

0

12
00

18
00

24
00

30
00

36
00

0

200

300

400

+ Gq

time (s)

re
s
p

o
n

s
e
 (

p
m

)

-13
-14

buffer

100

-50

CCh:

-5,5

-5

-4

Ci

0
60

0

12
00

18
00

24
00

30
00

36
00

0

50

150

time (s)

re
s
p

o
n

s
e
 (

p
m

)

-13

-14

buffer

-8

-7

-6,5

100

-25

Iso:

+ Gs 10 + β2ARA

0
60

0

12
00

18
00

24
00

30
00

36
00

-25

0

25

50

75

+ Gs 11 + β2AR

time (s)

re
s
p

o
n

s
e
 (

p
m

)

-13

-14

buffer

-8

-7

-6,5

100 Iso:

B

0
60

0

12
00

18
00

24
00

30
00

36
00

-100

0

200

300

+ Gq + M3

time (s)

re
s
p

o
n

s
e
 (

p
m

)

-13

-14

buffer

-8

-7

100

-6,5

CCh:

C

0

100000

200000

300000

400000

-14 -12 -10 -8 -6

Gs 10

log (Iso)

D
M

R
 r

e
s
p

o
n

s
e

A
U

C
 5

0
0

 -
 2

5
0

0
 s

e
c

Gs 10

Gs 10
+ β2AR

∞

3 fold

Aii

0

50000

100000

150000

200000

-14 -12 -10 -8 -6

Gs 11

log (Iso)

D
M

R
 r

e
s
p

o
n

s
e

A
U

C
 5

0
0

 -
 2

5
0

0
 s

e
c

Gs 11

Gs 11
+ β2AR

∞

470 fold

Bii

0

100000

200000

300000

400000

500000

-14 -12 -10 -8 -6 -4

Gq

log (CCh)

D
M

R
 r

e
s
p

o
n

s
e

A
U

C
 5

0
0

 -
 2

5
0

0
 s

e
c

Gq

Gq
+ M3

∞

420 fold

Cii



 

 
58 

 

FR inhibits entirely Gq but not Gs 10 or Gs 11-signaling upon maximum activation of 

overexpressed receptor. 

 
Once we have determined the ideal G protein-receptor ratio as well as the maximum 

activating agonist concentrations for both receptors, we initiated our comparative studies of 

FR´s capability to inhibit Gq signaling upon maximum activation of the overexpressed M3 

receptor in Gq ko cells. Priming these cells with increasing FR concentrations caused 

changes in the optical density as a result of DMR (Fig. 25A). Applying of a maximum 

activating concentration of the muscarinic M3 receptor agonist CCh did not result in a cellular 

response in cells primed with at least 1 µM FR (Fig. 25A, Ai), thus showing full inhibition. 

Furthermore, the half-maximal inhibitory concentration (IC50 value) of FR was hardly 

changed by maximal stimulation of the M3 receptor compared to inhibition of basal activity. 

Therefore, we concluded that, in contrast to our initial hypothesis, not any maximally 

activated and overexpressed receptors lead to partial FR inhibition. 

However, we wondered whether FR could also suppress cellular DMR responses in cells 

expressing Gs 10 and Gs 11 with overexpressed β2AR upon challenge with Iso at its 

maximum activating concentration, in contrast to our previous cAMP results. Consequently, 

Gs ko cells transiently expressing Gs 10 or Gs 11 along with the overexpressed β2AR were 

treated with increasing FR concentrations. Akin to Gq expressing cells, real time recording 

of both Gs 10 (Fig. 25B, Bi) and Gs 11 (Fig. 25C, Ci) expressing cells revealed changes in 

the optical density as a result of DMR. Notably, the recorded negative wavelength shift was 

more pronounced in β2AR overexpressing cells that were transfected with Gs 11 (Fig. 25C) 

than in Gs 10 transfected cells (Fig. 25B), presumably due to Gs 11 ´s higher intrinsic 

activity. In contrast to our observations in cells expressing Gq and M3, Iso at its maximum 

activating concentration triggered a DMR response in FR treated cells expressing Gs 10 

(Fig. 25B, Bi) or Gs 11 (Fig. 25C, Ci). Thus, partial inhibition of both FR-sensitive Gs proteins 

was observed even at the highest used FR concentration (30 µM). Furthermore, we noticed 

that the partial inhibition in cells expressing Gs 10 or Gs 11 along with the β2AR was more 

pronounced than observed in previous cAMP measurements (Fig. 15F and 17B). 

Figure 25D-F illustrates both cellular and physical processes that occur during DMR 

measurements, which register in real time cytoskeletal rearrangement and mass 

redistribution in cells in response to the inhibitor FR and the agonists Iso or CCh (Schröder 

et al. 2010; Schröder et al. 2011).  
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Figure 25: FR inhibits entirely Gq but not Gs 10 or Gs 11-signaling upon maximum 

activation of overexpressed receptors.  

(A-C) inhibition by FR of G protein–dependent whole-cell activation profiles in HEK-ΔGq/11 

(A) or HEK-ΔGs (B-C) cells transfected to express the Gq with overexpressed muscarinic 

M3 receptor (A) and Gs 10 (B) or Gs 11 (C) with overexpressed β2AR. G proteins were 

activated via overexpressed M3 receptors upon challenge with CCh at its maximum 

activating concentration (A) or via overexpressed β2AR upon challenge with Iso at its 

maximum activating concentration (B). Shown are representative whole-cell recordings (A, 
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B) along with concentration-inhibition curves for Gq, Gs 10 or Gs 11 (Ai–Ci). DMR recordings 

are representative (means + SEM) of at least three independent biological replicates 

conducted in triplicate. Concentration-effect relationships are means (means + or SEM) from 

at three independent biological replicates. pm, wavelength shift in picometer. (D-F) 

Graphical illustration of the DMR assay. Cells located on the resonant waveguide grating 

biosensor are exposed to polychromatic light that in part is reflected while the rest is 

absorbed. For both Gq and Gs mutant expressing cells, addition of FR decreases the optical 

density proximal to the biosensor and shifts the reflected light to shorter wavelengths (D). 

Second addition of the agonist CCh at its maximal activating concentration onto cells 

expressing Gq does not lead to changes in the optical density and wavelength shifts (E). In 

contrast, the addition of Iso at its maximum activating concentration onto cells expressing 

Gs 10 or Gs 11 causes a renewed increase in cellular mass on the biosensor and thus a 

shift to longer wavelengths (F).  

 

 

Partial FR-inhibition of Gs 10 and Gs 11 upon maximum activation of endogenously 

expressed β2AR in DMR assays. 

 
As mentioned above, DMR responses in the presence of the overexpressed and maximally 

stimulated β2AR displayed partial inhibition by FR, which was greater than observed in 

cAMP measurements. Therefore, we wondered whether DMR responses could be entirely 

inhibited by FR upon activation of the endogenously expressed β2AR at its maximum 

activating Iso concentration, since total inhibition of cAMP production by FR has been 

successfully demonstrated before (Fig. 15E & 17A). Consequently, Gs ko cells transiently 

expressing Gs 10 (Fig. 26A, Ai) or Gs 11 (Fig. 26B, Bi) were primed with increasing FR 

concentrations, which again caused changes in the optical density as a result of cellular 

mass redistribution. Notably, applying the maximum activating concentration of Iso for the 

endogenous β2AR caused a DMR signal, even in cells treated with 30 µM FR. Therefore, in 

cells expressing Gs 10 and Gs 11 together with the endogenous β2AR, DMR responses 

could not be completely inhibited in contrast to cAMP production, which was successfully 

blunted in comparable conditions. Furthermore, consistent with our previous analyses with 

the M3 receptor, FR-primed Gq ko cells transiently expressing Gq showed full inhibition of 

DMR upon maximum activation of the endogenously expressed M3 receptor (Fig. 26C, Ci). 

Based on our results, we concluded that the extent of FR inhibition of Gs mutants is method 

dependent, which should be consequently considered when using Gs 10 or Gs 11 in future 

studies.  



 

 
61 

 

 

 

Figure 26: FR-partial inhibition of Gs 10 and Gs 11 upon maximum activation of 

endogenously expressed β2AR in DMR assays. (A-C) Inhibition by FR of G protein– 

dependent whole-cell activation profiles in HEK-ΔGs (A-B) or HEK-ΔGq/11 (C) cells 

transfected to express Gs 10 (A) or Gs 11 (B) or Gq (C). G proteins were activated via 

endogenous β2AR upon challenge with Iso at its maximum activating concentration (A-B) 

or via endogenous M3 receptors upon challenge with CCh at its maximum activating 

concentration (C). Shown are representative whole-cell recordings along with concentration-

inhibition curves for Gs 10, Gs 11 or Gq (Ai–Ci). DMR recordings are representative 

(means + or - SEM) of at least three independent biological replicates conducted in triplicate. 

pm, wavelength shift in picometer 
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Introducing new Gq exclusive amino acids in Gs 10 and Gs 11 do not increase FR´s 

inhibitory power. 

 
Our data has demonstrated that artificially generated FR-sensitive Gs proteins did not exhibit 

identical FR-inhibition profiles as Gq proteins. Although Gs 11 is endowed with the entire 

inhibitor binding site, cellular responses such as cAMP accumulation or DMR were possible 

upon agonist stimulation despite FR treatment, in contrast to the full FR-inhibition of Gq. 

In a recent study, Müller and co-workers (Voss et al. 2021) highlighted two Gq exclusive 

residues E119 and K120 (amino acids and sequence numbers are from Gq) located in the 

helical domain that showed an entropy increase upon FR and YM binding, even though both 

positions are not in a proximate distance to both inhibitors. We hypothesized that these 

residues might support the stabilizing impact of the inhibitors via allosteric effects, preventing 

the separation between the αH and the RasD domains of Gq (Voss et al. 2021). 

Consequently, we decided to introduce both Gq exclusive positions by site directed 

mutagenesis in Gs 10 and Gs 11 for further analyses. We generated the single mutants Gs 

10V123E, Gs 10P124K, Gs 11V123E and Gs 11P124K, as well as the double mutants Gs 

10V123E,P124K and Gs 11V123E,P124K. First, we analyzed the expression and functionality of all 

new constructs to evaluate the capability to increase the intracellular basal levels of cAMP 

compared with Gs 10 and Gs 11, respectively. Western blot analysis confirmed proper 

expression of all Gs mutants (Fig. 27A, B). Gs 11 constructs displayed comparable 

abundance among them (Fig. 27D), whereas Gs 10P124K and Gs 10E1234V P124K showed 

increased expression levels compared to Gs 10 (Fig. 27C). Subsequently, the functionality 

of the new designed Gs mutants was evaluated by measuring intracellular cAMP 

accumulation. Thus, Iso led to a robust and concentration-dependent increase of cAMP 

accumulation in Gs ko cells expressing Gs 10, Gs 11 and their respective new mutants (Fig. 

27E, F). Even though Gs 11P124K and Gs 11V123E P124K showed a slight decreased efficacy 

(Fig. 27F), all mutants exhibited the same potency as compared to Gs 10 and Gs 11, 

respectively. Thus, all Gs 10 dependent mutants displayed a pEC50 value at 9.0 (Fig. 27E) 

whereas all Gs 11 related mutants revealed a higher potency with a pEC50 value at 9.9 (Fig. 

27F). Moreover, the maximum activating concentration for all Gs 10 derived mutants was 

determined to be the same as Gs 10 (1 µM Iso).  
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Figure 27: Expression and function of new single and double mutants of Gs 10 and 

Gs 11. 

(A,B) Representative western blot showing expression of (A) Gs 10, Gs 10V123E, 𝐺𝑠 10P124K, 

Gs 10V123E P124K, and (B) Gs 11, Gs 11V123E Gs 11P124K, Gs 11V123E P124K detected in cellular 

lysates obtained from CRISPR-Cas9 Gαs-null cells transiently expressing the indicated 

constructs in the presence of overexpressed β2AR. - tubulin was used as loading control. 

(C, D) Western blot quantification, shown as mean  SEM of two independent biological 

replicates. (E, F) cAMP measurements of the indicated Gs mutants along with 

overexpressed β2AR, shown as mean  SEM of three biologically independent experiments, 

displayed concentration-dependent increase of cAMP levels. Maximum activating 

concentration for Gs 10 and all Gs derived mutants calculated as: 1 µM ≙ 10−6. Performed 

by Dr. Nicole Merten.  

 

 

After confirming the proper expression and functionality of all Gs mutants, next we tested 

FR´s capability to inhibit receptor-mediated cAMP. First, we preincubated cells transiently 

expressing Gs 10, Gs10V123E, Gs10P124K and Gs10V123E P124K with increasing concentrations 

of FR and stimulated them afterwards with 1 µM Iso. Notably, none of the new Gs 10-derived 
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mutants resulted in complete inhibition or even significantly better inhibition by FR upon 

maximum activation of the overexpressed 2AR (Fig 28A-D). 

Gs 11 and the corresponding mutants were tested via a schild analysis. We chose this 

method because the calculated maximum agonist concentration differed within the mutants 

despite identical EC50 values due to different slopes of the agonist curves (Fig 28F). Thus, 

cells were preincubated with a fixed concentration of FR (30 µM) and then stimulated with 

increasing concentrations of Iso. Our analysis revealed that the Gs 11 derived mutants 

Gs11V123E, Gs11P124K and Gs11V123E P124K also did not show any significant better inhibition 

by FR as compared with Gs 11.  

 

 

Figure 28: Introducing Gq exclusive amino acids in Gs 10 and Gs 11 do not increase 

FR´s inhibitory power. 

cAMP measurement of HEK293 Gs ko cells expressing transiently Gs 10 (A), Gs10V123E (B), 

Gs10P124K (C), Gs10V123E P124K (D), Gs 11 (E), Gs11V123E (F), Gs11P124K (G), and Gs11V123E 
P124K (H) along with the overexpressed β2AR, shown as mean + SEM of two- three 

biologically independent experiments, revealed no significant differences on FR inhibition 

between the respective new engineered mutants and Gs 10 or Gs 11. Performed by Dr. 

Nicole Merten. 

 

In summary, our comprehensive analysis revealed that transplanting the inhibitor binding 

site does not lead to identical inhibition profiles as the natural FR target Gq.  
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Chapter 3: Why are Gs 11 and Gs 10 not completely inhibited? What is 
behind it mechanistically? 
 

FR displays equal affinity for all tested Gα proteins. 

 
From our data, we concluded that FR is not able to inhibit completely the artificially 

generated FR-sensitive Gs proteins Gs 10 and Gs 11, in contrast to the potent and complete 

inhibition of its natural target Gq. We wondered whether FR affinity might differ between the 

Gα subunits, which could cause and explain this discrepancy. Thus, membrane samples 

were prepared (i) from Gs ko cells transiently expressing Gs 10 and Gs 11 along with the 

overexpressed β2AR, and (ii) from Gq ko cells transiently expressing Gq and the 

overexpressed muscarinic M3 receptor. Membrane preparations were subsequently used 

to perform competition binding experiments, testing 5 nM [³H] PSB-15900 (labeled FR) 

versus increasing concentrations of unlabeled FR. We observed that FR displayed similar 

affinities in the low nanomolar range with no significant differences between Gq and the Gs 

mutants (Fig. 29).  
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Figure 29: FR displays equal affinity for all tested Gα proteins. 

Competition binding experiments of 5 nM [³H] PSB-15900 versus multiple concentrations of 

FR using membrane preparations (15 µg protein) from cells transiently expressing Gq + M3, 

Gs11 + β2AR, or Gs10 + β2AR proteins after incubation at 37 °C for 90 min. Data points 

represent means ± SEM of three independent experiments. Performed in Christa Müller´s 

lab by Jan Hendrik Voß.   
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FR adheres to Gs mutants comparably well as to Gq. 

 
Since FR affinity does not change between the Gα subunits, we next investigated whether 

the residence time of the inhibitor differs between them. A shorter residence time, i.e., a 

faster dissociation of the inhibitor, could give us insight into the discrepancies between Gq 

and the Gs mutants. To this end, same membrane preparations as described in figure 29 

were used for dissociation experiments. After incubation of the membranes with 5nM labeled 

FR, the dissociation was induced by the time-displayed addition of 5 µM unlabeled FR (Fig. 

30A-C). In all cases, displacement by addition of unlabeled FR was observed. Interestingly, 

our analysis revealed that the half-life (t1/2) for the natural FR target Gq (Fig. 30A) was 

shorter than those for the FR sensitive Gs mutants (Fig. 30B, C). Consequently, the 

observed FR partial inhibition for Gs 10 and Gs 11 was not the result of a reduced inhibitor-

residence time. 

We also wondered whether activation of the G proteins could displace the bound FR-

radioligand, thus explaining the different inhibition pattern by FR. Therefore, after 

preincubation of membrane preparations with labeled FR, either CCh (Fig. 30D) or Iso (Fig. 

30E, F) were added in excess. In all cases labeled FR was barely displaced by receptor 

activation with the respective agonists and only an approximate decrease of 10 % in binding 

was observed for all Gα subunits (Fig. 30D- F).  

Overall, our data show that FR adheres to the artificially generated FR-sensitive Gs mutants 

comparably well as to Gq, indicating that the adhesion capacity of the inhibitor was 

successfully transferred by transplanting the FR-binding site, although activation of the Gs 

mutants was still possible despite FR residence, in contrast to Gq. 
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Figure 30: FR adheres to Gs mutants comparably well as to Gq.  

Dissociation experiments of 5nM [³H] PSB-15900 in membrane preparations (15 µg of 

protein) from cells recombinantly expressing Gq + M3 (A, D), Gs 11 + β2AR (B, E), Gs 10 + 

β2AR (C, F) at 37° C. Dissociation was induced either by the time-displaced addition of 5 

µM FR (A-C) or by addition of CCh 30 µM (D) and Iso 10 µM (E, F). Data points represent 

means ± SEM of four independent experiments. Performed in Christa Müller´s lab by Jan 

Hendrik Voß.  

 

 

CCh increases [35S] GTPγS binding only in the absence of FR. 

 
Knowing that FR adheres to the Gs mutants comparably well as to Gq, we continued our 

investigations to elucidate why activation of FR-sensitive Gs proteins occurs despite 

excellent FR binding as opposed to Gq. Considering FR´s mechanism of action, it is known 

that FR traps the G protein into the GDP-bound fraction (Nishimura et al. 2010a), thus 

allowing neither nucleotide exchange nor dissociation of the heterotrimer Gαβγ. Therefore, 

we hypothesized that in Gs 10 and Gs 11 either (i) nucleotide exchange is possible despite 

FR binding or (ii) Gs 10 and Gs 11 bind and activate their downstream effectors in the GDP-

bound state such as the oncogenic Gs mutation R201C, which allows GDP-bound-Gs to 

activate the adenylyl cyclase (Hu und Shokat 2018).  
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To address these hypotheses experimentally, we decided to perform nucleotide exchange 

analyses in the presence of FR. However, investigation of Gq- and Gs-dependent nucleotide 

exchange by the [35S] GTPγS binding assay is technically challenging. Mostly Gi proteins, 

which are known for their rapid nucleotide exchange, are associated with the [35S] GTPγS 

binding assay. Gs-dependent [35S] GTPγS binding studies have also been performed in the 

past, but in most cases fusion proteins have been used since β2AR couples poorly to the 

endogenous Gs protein, according to the literature (Seifert et al. 1998).   

Therefore, to establish an assay system that displays a robust and substantial amount of 

[35S] GTPγS binding, we first used membrane preparations obtained from Gq ko cells 

transiently expressing Gq and the overexpressed M3 receptor. We compared the M3 

receptor mediated binding of [35S] GTPγS triggered by CCh in both the presence and 

absence of FR, anticipating that nucleotide exchange is not possible in the presence of FR. 

Based on the literature (Min et al. 2017; Liu et al. 2012; Katritch et al. 2014; Miller-Gallacher 

et al. 2014), we used a NaCl and GDP free Tris buffer to enhance the [35S] GTPγS binding 

triggered by 30 µM CCh. Under these conditions, the M3 receptor agonist increased the 

[35S] GTPγS binding in membrane preparations pretreated with DMSO, whereas it could not 

enhance the [35S] GTPγS binding in FR (5 µM) pretreated membrane preparations (Fig. 31), 

indicating that the nucleotide exchange by FR was hampered. 
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Figure 31: CCh increases GTPγS binding only in the absence of FR. 

[35S] GTPγS binding measurements in membrane preparations (1 µg of protein) from 

transiently expressing Gq, the muscarinic M3 receptor and the PTX S1 catalytic subunit, 

which inhibits the Gi/o family that is expressed in Gq ko cells. The CCh induced increase of 

[35S] GTPγS binding was inhibited by preincubating with 5 µM FR. Statistical analysis was 

performed by one-way ANOVA followed by Dunnett´s test; **, p < 0.01; ***, p < 0.001; ns, 

not significant. Data points represent means ± SEM of three independent experiments. 

Performed in Christa Müller´s lab with the assistance of Jan Hendrik Voß.  

 

 

Gs 11 allows nucleotide exchange in the presence of FR upon receptor stimulation. 

 
To shed light on our previously obtained data, in which Gs-signaling was still possible 

despite FR, we interrogated whether FR inhibits the β2AR mediated binding of [35S] GTPγS 

triggered by Iso. Consequently, membrane preparations were prepared from Gs ko cells 

transiently expressing Gs 11 along with the overexpressed β2AR. 

Nevertheless, before examining the influence of FR, two different set ups for binding of [35S] 

GTPγS in Gs 11 membrane preparations were tested: on the one hand, with identical 

experimental conditions as described in figure 31 (Fig. 32A), and on the other hand, with 

addition of 10 µM guanosine diphosphate (GDP) as buffer supplement (Fig. 32B). GDP has 
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been reported to maintain the inactive G protein conformation (Harrison und Traynor 2003), 

which should be considered due to Gs 11´s elevated intrinsic activity. However, and to our 

surprise, 10 µM Iso could not enhance significantly the [35S] GTPγS binding compared with 

membrane preparations treated only with DMSO in both set ups. Therefore, we concluded 

that the chosen conditions were not suitable to address our investigation.  

 

 

Figure 32: No increase of [35S] GTPγS binding triggered by Iso in Gs 11 expressing 

cells. 

[35S] GTPγS binding assays performed with membrane preparations (2 µg of protein) 

collected from Gs ko cells transiently expressing Gs 11 and the β2AR. Assay was performed 

either in the absence (A) or in the presence of 10 µM GDP (B). Upon stimulation with 10 µM 

Iso, no increase of [35S] GTPγS binding was observed in both conditions after an incubation 

time of 60 minutes at room temperature.   

  

 

Accordingly, we modified our binding buffer by adding sodium ions and increasing the 

amount of magnesium ions. Sodium ions promote the G-G-GDP complex, helping to 

maintain the inactive receptor conformation (Nishimura et al. 2010a; Lorenzen et al. 1993; 

Min et al. 2017; Katritch et al. 2014), which could support an increase in [35S] GTPγS binding 

triggered by Iso. Magnesium ions increase both basal and agonist-mediated [35S] GTPγS 

binding but have a greater effect on agonist-stimulated binding, resulting in a stronger 

agonist-mediated response (Harrison und Traynor 2003). Therefore, 100 mM NaCl and 10 

mM MgSO4 were added to 20 mM Hepes buffer to be used for our investigation. We used 

identical Gs 11 membrane preparations as in figure 32 and preincubated them with either 

D
M

SO
Is

o

0

2000

4000

6000

8000

w/o GDP

c
p

m

D
M

SO
Is

o

0

500

1000

1500

6000

8000

+ 10 µM GDP

c
p

m

A B



 

 
71 

 

DMSO or 5 µM FR for 30 minutes. A significant increase of Iso-mediated [35S] GTPγS 

binding was now observed after 10 minutes in the membranes preincubated with DMSO 

(Fig. 33). Moreover, an increase of [35S] GTPγS binding could be observed in FR-pretreated 

(5 µM) membranes. This is in perfect agreement with our previous cAMP and DMR data, in 

which partial FR inhibition was detected at FR´s highest used concentration.  

Taken together, our data suggest that, despite the excellent binding properties of FR to Gs 

11, nucleotide exchange is still possible upon receptor stimulation.  

 

 

 

 

Figure 33: Gs 11 allows nucleotide exchange in the presence of FR upon receptor 

stimulation 

[35S] GTPγS binding measurements in membrane preparations (3 µg of protein) from 

transiently expressing Gs 11, the β2AR and the PTX S1 catalytic subunit, which inhibits the 

Gi/o family that is still expressed in Gs ko cells. Iso induced and increased of [35S] GTPγS 

binding in DMSO preincubated membranes that was not observed when preincubating with 

5 µM FR. Statistical analysis were performed with one-way ANOVA, followed by Turkey´s 

test; *, p < 0.05; ***, p < 0.001; ns, not significant. Data points represent means ± SEM of 

three independent experiments. Performed in Christa Müller´s lab with the assistance of Jan 

Hendrik Voß 
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Iso but not CCh induces conformational changes despite the presence of FR and YM. 
 
Once GDP is released and GTP is recruited to the empty Gα subunit, a structural 

rearrangement occurs and dissociation of the Gαβγ heterotrimer takes place (Duc et al. 

2015; Oldham und Hamm 2008). Because we have observed that nucleotide exchange is 

possible in Gs 11 despite the presence of FR, we hypothesized that if nucleotide exchange 

is possible, conformational changes in Gs 10 and Gs 11 should be detectible upon receptor 

activation in the presence of FR in contrast to Gq (Fig. 31). Moreover, because FR is 

superior to YM (Fig. 18, 19), in case of a detectable conformational change we also 

speculated that the magnitude of inhibition should be greater for FR than for YM. 

To test these hypothesis, CRISPR/Cas9 genome-edited HEK293 cells deficient in 

Gαs/olf/q/11/12/13/z (ΔGseven) were transiently transfected to express the BRET sensor pair 

Venus-tagged G and Nluc-labeled GRK3 together with (i) Gs 11 or Gs 10 along with the 

β2AR, or (ii) Gq and the muscarinic M3 receptor (Fig. 34A). Because ΔGseven cells still 

express the proteins of the Gi/o family, we additionally co-expressed the PTX S1 catalytic 

subunit to inhibit them and thereby specifically isolate the activity of the respective 

overexpressed Gα proteins. 

With this approach, we first needed to ascertain the precise agonist concentration to be used 

for our subsequent investigations on receptor induced signalling inhibition by FR and YM. 

Hence, increasing concentrations of either Iso, up to a concentration of 1 µM (Fig. 34B, C), 

or CCh, up to a concentration of 100 µM (Fig. 34D), were added to the respective cells, 

which triggered concentration-dependent BRET signals with diverse magnitudes and ligand 

potencies (Fig. 34B- D). Iso dependent activation of both Gs mutants (Fig. 34B, C) was less 

efficacious than activation of Gq by CCh (Fig. 34D), which was consistent with our earlier 

DMR data. Nevertheless, all Gα subunits were totally functionally active, so the maximum 

activating concentration of each Gα subunit could be determined (Fig. 34E-G).  

 



 

 
73 

 

 

Figure 34: Iso and CCh- induces Gαβγ rearrangements in Gs 10, Gs 11 and Gq, 

respectively. 

(A) Graphical illustration of the BRET assay that visualizes agonist-induced rearrangement 

of Gαβγ heterotrimers. Addition of the agonist, Iso or CCh, induces a rearrangement in the 

heterotrimer that approximates the Venus-tagged Gβγ to Nluc-labeled GRK3, which results 

in an increase of the BRET ratio that is recorded in real-time. (B-D) Representative BRET 

kinetics in response to Iso (B, C) or CCh (D) stimulation in ΔGseven cells transiently 

expressing the BRET sensor pair and the PTX S1 catalytic subunit, together with the ß2AR 

and Gs 11 (B), the ß2AR and Gs 10 (C), or the muscarinic M3 receptor and Gq (D). (E-G) 

Concentration-effect curves of real-time BRET recordings, as shown in (B-D), displaying the 

corresponding maximum activating concentrations. Kinetic recordings are presented as 

mean + SEM and summarized concentration-effect relationships are means + SEM of at 

least three biologically independent measurements, each performed in duplicate. 
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As earlier discussed, we hypothesized that conformational changes and thus an activation 

of the Gs mutants upon receptor activation should be in the presence of FR and YM possible 

in contrast to Gq. To portray our hypothesis experimentally we used again the real-time 

BRET assay in the ΔGseven cells with identical transfection conditions as previously 

described (Fig. 34) to test our hypotheses about FR and YM. Totally in line with our 

hypothesis, Gs 11 and Gs 10 expressing cells preincubated with FR and YM displayed a 

BRET increase over the time upon receptor activation (Fig. 35A, B) whereas no BRET 

increase of the sensor-pair in response to CCh was observed for cells expressing Gq (Fig. 

35C). Moreover, we recognized different signalling strengths and kinetics between FR and 

YM. Consistent with our earlier cAMP data (Fig. 18, 19), inhibition of the BRET signal by FR 

was more pronounced than in the case of YM for both Gs mutants (Fig. 35Ai, Bi). In addition, 

activation of Gs 11 triggered by Iso was more rapid in cells preincubated with YM than in 

those cells that were preincubated with FR (Fig. 35A). This indicated that rearrangement of 

the Gs 11 heterotrimer was easier and quicker in the presence of YM than FR. Notably, 

these kinetic differences could not be observed in cells expressing Gs 10 (Fig. 35B) 

presumably because the strength of the BRET signal was lower than in cells expressing Gs 

11 and, consequently, small kinetic differences were no longer clearly distinguishable.  

Therefore, we concluded that FR and YM could only prevent the conformational change of 

their natural target Gq, but not of the artificially generated FR-sensitive Gs mutants Gs 10 

and Gs 11, which underwent a Gαβγ rearrangement upon receptor stimulus. 
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Figure 35: Iso but not CCh induces conformational changes despite FR and YM. 

Real-time BRET-based G protein activation of ΔGseven cells transiently expressing the BRET 

pair-sensor and the PTX-S1 subunit together with Gs 11 and ß2AR (A), Gs 10 and ß2AR 

(B) or Gq and the muscarinic M3 receptor (C). Shown are representative BRET kinetics 

either in response to Iso (A, B) or CCh (C) with the respective concentration-effect curves 

(Ai-Ci). Traces are shown as mean +SEM and summarized data are means  SEM from at 

least three biologically independent experiments, each carried out in duplicates. 
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Discussion 

 

Why are artificial FR-sensitive G proteins generated and what are the 
advantages of chemogenetic Gs proteins?  
 
G protein-mediated signaling cascades are key regulators to a plethora of many 

physiological processes, including regulation of blood pressure or cell proliferation among 

many other vital functions (Uemura et al. 2006; Li et al. 2020; Syrovatkina et al. 2016a). Due 

to their involvement in various biological processes, G proteins caught the attention of the 

scientific community in recent years as potential targets. Consequently, identifying the 

responsible G protein family for a given physiological effect could contribute to close 

knowledge gaps. 

How have been signaling pathway analyses performed so far? Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) (Roth 2016; Zhu und Roth 2014; 

Meister et al. 2021; Atasoy und Sternson 2018), small interfering or short hairpin RNAs 

(Krumins und Gilman 2006), minigenes encoding C-terminal Gα peptide sequences 

(Gilchrist et al. 2002), dominant negative forms of Gα subunits (Barren und Artemyev 2007), 

and whole organism or individual cell knockouts (Wettschureck und Offermanns 2005; 

Schrage et al. 2015) (Schrage et al. 2015) were or are still employed to interrogate the 

GPCR-G protein signaling cascade. Even though those tools provided insightful results, 

conventional approaches based on interception of the target by chemical inhibition would 

provide more complementary insights into the role of proteins of interest, since they would 

allow biological measurements when proteins are functionally inhibited but physically intact 

(Schrage et al. 2015). 

Indeed, the importance of physically intact proteins has recently been revealed by Lambert 

and co-workers (Okashah et al. 2020) showing that agonist activated GPCR activation 

formed complexes with specific G proteins that were not subsequently activated, an 

observation that they could not have made with G protein knockout cells. Moreover, they 

displayed that overexpressed but not activated G12 proteins reduced the AVP-induced 

interaction of G protein receptor kinase 2 (GRK2) and the vasopressin V2 receptor (V2R), 

which consequently inhibited the V2R trafficking from the plasma membrane (Okashah et 

al. 2020)since phosphorylation of the V2R by GRK´s are a prerequisite for arrestin binding 
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and subsequent internalization (Oakley et al. 1999). The Gs signaling pathway is central to 

important physiological functions and consequently to many diseases thus, making it an 

extremely attractive target for in-depth investigations (Gold et al. 2013; Bock et al. 2020). 

Based on Lambert and co-worker’s findings, one might wonder whether the presence of 

non-active Gs proteins, i.e., blocked by FR, would have a previously unknown signaling 

effect. If this were the case, it would be possible to identify which functions depend on Gs 

protein presence but not activation. Therefore, inactive Gs proteins would have an enormous 

advantage over e.g. knockouts. 

 

 

Investigation of the Gs pathway 
 

Utilizing cell-permeant inhibitors that specifically interact with Gs proteins would immensely 

contribute to unravel Gs specific signaling events. Such inhibitory properties are indeed 

possessed by the bacterial toxin, CTX, which freezes the Gαs subunit in its GTP bound state 

by irreversible ADP-ribosylation, thus leading to a permanent activation of the Gs protein, 

which is in turn uncoupled and no longer accessible for GPCR recruitment. However, despite 

immense contribution of CTX to understand the role of Gs proteins in biological processes 

(Lit. Schrage etc.), irreversible ribosylation leads rather to a maximum activation than 

inhibition of the Gs protein, which why these results should be interpreted with caution (Gill 

und Meren 1978; Seibel-Ehlert et al. 2021). 

Hence, inhibitors such as the naturally occurring Gq specific cyclic depsipeptides, FR and 

YM, which act as guanine nucleotide dissociation inhibitors (GDI) that preserve GDP-bound 

heterotrimers in their inactive state, would represent more advantageous classes of 

inhibitors because they would interfere with the G protein when it is necessary, thus firstly 

allowing its activation by specific GPCRs and then its subsequent inhibition (Schrage et al. 

2015; Malfacini et al. 2019). Thus, for example, using this strategy, Pfeil et al. recently 

reported that Gi-Gßy-Ca2+ signaling requires the presence of active Gq by showing that in 

the presence of FR no Ca2+ signals were elicited (Pfeil et al. 2020). This study largely 

depended on the use of the specific G protein inhibitors PTX and FR, alone or in 

combination, to reveal the hierarchical control of Gq for Gi-GPCR triggered Ca2+ signaling 

via PLC enzymes. Likewise, it could be envisaged that a specific Gs protein inhibitor could 
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allow to investigate whether Gs coupled GPCRs are also under hierarchical control by Gq. 

The possibility of inhibiting individual components could open up new crosstalk mechanisms 

or could even contribute to discover non-canonical Gs effects. However, to date, such G 

protein modulators for Gs do not exist and moreover, despite intense efforts (Kaur et al. 

2015b; Reher et al. 2018a; Reher et al. 2018b; Rensing et al. 2015a; Zhang et al. 2017b), 

no single FR or YM analog could be developed with altered Gα specificity profiles apart from 

Gq, G11, and G14 (Zhang et al. 2018b; Taniguchi et al. 2004a), suggesting that rational 

design of such molecules may be more demanding than generally anticipated (Nishimura et 

al. 2010b; Xiong et al. 2016; Schrage et al. 2015) (Malfacini et al. 2019). 

An additional strategy to bypass the lack of such inhibitors is to engineer Gα proteins with 

artificial sensitivity toward FR and YM via transplanting the inhibitor binding site. Based on 

this approach, pharmacological control over, Gi, G16 and Gs by FR/YM scaffolds could be 

achieved by exchanging their corresponding residues with the equivalent depsipeptide 

binding site in Gq (Onken et al. 2018; Malfacini et al. 2019; Boesgaard et al. 2020). Thus, 

following this strategy, fully functional inhibitor sites for FR/YM have been achieved by 

swapping a total of eight residues in Gi (Onken et al. 2018), five residues in G16 (Malfacini 

et al. 2019), and eleven residues in Gs (Boesgaard et al. 2020) for the equivalent Gq amino 

acids to stabilize the inactive state and hamper the nucleotide exchange. These 

comprehensive studies have provided guidance for the rational design of FR mimics, 

demonstrated by the modelled interactions between FR and the mutated Gs, G16 and Gi-

proteins that accommodate engineered FR binding sites. However, the possibility to study 

signaling pathway specific events in detail by utilizing these artificially generated FR-

sensitive G proteins, particularly for Gs, has to be demonstrated. 

 

 

Gs mutants; models for further chemogenetic tools. 

 
As mentioned above Boesgaard et al. addressed the question of whether the rational design 

of an artificially generated FR-sensitive Gs protein is possible. Based on their study, the 

main goal of our investigation was to analyze whether their artificially generated FR-sensitive 

Gs proteins could be suitable for pathway analysis. 

Such tools have to follow certain rules, such as a wildtype like behavior to preserve the 

cellular environment and signaling events that are intended to be studied. It turned out that 
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the complete shift of the inhibitor binding site, which means a change of 11 positions in the 

Gs protein, causes a strong basal activity similar to that of the oncogene R201C (Fig. 5) and 

that restoring leucine at position 189 (Gs 10) reduced the basal activity tremendously (Fig. 

9). We performed a comprehensive study by testing the chemogenetic Gs proteins under 

different inhibitory conditions. Starting with the distinction between inhibition of basal and 

acute activity, we found that regardless of their basal activity, both Gs 10 (Fig. 10) and Gs 

11 (Fig. 11) expressing cells completely inhibit basal activity in the presence of FR. Such a 

result suggests that these FR-sensitive Gs proteins could serve as a model to analyze 

constitutively active Gs pathways, since severe biological effects are known to arise when 

G proteins became overactive. Thus, basally active G proteins  have been associated with 

cancer or endocrine disorders, such as the oncogene Gs R201C, which leads to constitutive 

activation of Gs and substantial increase of adenylate cyclase activity and therefore an 

autonomous synthesis of cAMP resulting e.g., in tumor growth (Wilson et al. 2010),or  the 

Gs A366S mutation, which causes an accelerated GDP dissociation in the testis that leads 

to autonomous production of testosterone (Iiri et al. 1998; Majumdar et al. 2004). Therefore, 

pathophysiological events whose origin is unknown and have not been associated with 

increased Gs activity could be identified by expressing FR-sensitive Gs proteins in specific 

cell or animal models. Because of the enormously high basal activity of Gs 11, Gs 10 would 

be expected to be more suitable for such approaches than Gs 11.  

 

 

Limitations of FR-sensitive Gs proteins. 

 
Although we observed that FR successfully facilitated inhibition of basal activity in cells 

expressing both Gs 10 and Gs11, we found that acute activation of the pathway could only 

be partially inhibited, depending on the quality of stimulation. This finding was novel and has 

not been previously discussed in the literature in relation to the described constructs. Thus, 

we observed that by challenging with a maximum stimulating concentration of agonist in the 

presence of a high receptor density (overexpression), the acute activation of the signaling 

pathway could not be completely inhibited by FR. More specifically, we observed that 

despite high FR concentrations, such as 10 or 30 µM, cAMP accumulation (Fig. 15, 17), 

mass redistribution (Fig. 25), nucleotide exchange (Fig. 33) and conformational changes 
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(Fig. 35) were still possible, in contrast to the natural FR target Gq. Consequently, and 

contrary to the findings previously described in the literature, we observed that both FR-

sensitive Gs mutants could be transferred to the active state in the presence of FR. This 

occurred because FR could not trap the Gs protein in its GDP-bound form. Thus, our results 

i) define for the scientific community experimental conditions for the FR-sensitive Gs protein 

that can be considered as a guideline for the use of the chemogenetic Gs protein such as 

investigations in which endogenous receptor levels are required to draw conclusions for 

certain physiological context and ii) show that the simple transfer of the inhibitor binding site 

is obviously not sufficient for the rational design of an artificially FR-sensitive Gs protein with 

identical inhibition profiles as the natural FR target Gq. Moreover, our results indicate that 

the potential design of FR scaffold-based inhibitors that merely mimic the interaction of FR 

with the engineered FR-binding site in Gs proteins may therefore be insufficient to perform 

studies on the same scale as would be possible with Gq.  

 

 

Approaches for further development of FR-sensitive Gs proteins. 

 
One publication that provided a basis for possible further developments of chemogenetic 

FR-sensitive Gs proteins was the recent investigation by Jan H. Voss and Christa Müller. In 

their study, the aim of which was to unravel the binding mechanism and kinetics of 

macrocyclic Gq protein inhibitors, they provided insight about recently discovered divergent 

residence times of radiolabeled FR and YM. Using molecular dynamic simulations, they 

analyzed the structural differences associated with the presence of bound inhibitors. They 

observed that by binding of both inhibitors, FR and YM, two Gq exclusive amino acids, E119 

and K120, localized in the loop between the helix B and helix C in the αH domain, exhibited 

the greatest entropy increase suggesting that these positions could be important for the 

inhibitory effect and thus related to the stabilizing impact of the inhibitors that prevents the 

domain separation between the αH and RasD domains of Gq (Voss et al. 2021). In our 

study, we clearly show that these two residues have no further positive impact on the 

inhibitory effect of FR, because the mutagenesis results of our analysis revealed that none 

of the new introduced Gq exclusive residues showed a superior inhibitory effect upon 

activation of an overexpressed and maximum activated receptor (Fig. 28). 
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Consequently, the lack of inhibition despite the presence of the FR-binding site suggests 

that FR and YM may form distinct interactions within Gq and Gs heterotrimers thus affecting 

GDP release. 

Different hypotheses exist how GPCRs mediate G protein activation since cytoplasmic loops 

of many GPCRs are too short to touch Gα near its guanine nucleotide binding pocket to 

cause “directly” a nucleotide exchange (Bohm et al. 1997). Dror et al. suggested that Gα 

domain separation is necessary to provide an exit pathway for nucleotide exchange 

however, a separation alone is not enough for GDP release. Activated receptors promote 

conformational changes in the Ras domain, predominantly in the C-terminal α5 helix. Hence, 

an α5 movement shifts the β6- α5 loop away from the guanine ring of GDP, thereby 

weakening the interaction between GDP and the Ras domain, and permitting GDP to 

escape, once the Gα domains separate spontaneously (Dror et al. 2015). Since α5 

presumably initiates the GDP release, it is might be possible that FR may prevent the 

movement of α5 in Gq but not in Gs 10 or in Gs 11. Although no direct interaction between 

α5 and FR is observed, indirect interactions could be possible that may allow the movement 

of the α5 helix, depending on the G protein family. Contrary to the hypothesis that Gα domain 

separation occurs spontaneously numerous publications propose that GPCRs use Gβy as 

a lever (“lever theory”) to open the guanine binding pocket and provide an exit path for GDP 

from the binding pocket (Iiri et al. 1998; Rondard et al. 2001; Singh et al. 2012; Majumdar et 

al. 2004). Nishimura et al. has depicted potential interactions between YM and the Gβ 

subunit (Nishimura et al. 2010a) and a dissertation from Desiree Kaufmann in 2019 

(Technical University of Darmstadt), focusing on understanding the mechanism of action of 

FR and YM, proposed possible interactions between FR and the Gβ subunit. Thus, 

considering the “lever theory”, it is may possible that FR and YM in complex with the Gs 

mutants may form fewer stabilizing interactions with the proposed Gβ residues than in 

complex with Gq, allowing Gβy as a lever to pry open the nucleotide binding pocket for GDP 

release (Iiri et al. 1998; Majumdar et al. 2004). Thus, it may be possible that with increased 

receptor presence and activity, the β2AR may be capable to engage the Gβy subunit since 

stabilizing effects could miss between FR and the Gs mutants in contrast to Gq due to 

different protein dynamics. Therefore, fewer stabilizing interactions which could have a 

significant impact on the inhibitory power would consequently explain the lack of total 

inhibition upon maximum activation of an overexpressed receptor 
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Inhibition by FR is dependent on signal amplification.  

 

As mentioned above, we observed that FR inhibited the Gs-mutant receptor-induced 

signaling either completely or partially, depending on agonist concentration and receptor 

density. Moreover, we also noticed that besides of agonist concentration and receptor 

presence, the extent of inhibition was also readout dependent. Thus, in cells expressing Gs 

10 and Gs 11 together with the endogenous β2AR, DMR responses could not be completely 

inhibited (Fig. 26) whereas cAMP production could be successfully blunted despite 

comparable conditions (Fig. 15E & 17A). These results suggest that the more downstream 

the analyses were performed in the signaling cascade, the lower FR's inhibitory power 

turned out to be, since cAMP production is further upstream compared to cell mass 

redistribution. This observation is in line with previous reports that indicated that ligand 

efficacy, and consequently signaling, is significantly enhanced distal from receptor activation 

within the cell (Schrage et al. 2016; Colabufo et al. 2008). Such signal amplification upon 

receptor activation is depicted in figure 36. Consequently, this finding is highly relevant and 

needs to be considered when using Gs chemogenetics to unravel Gs specific physiological 

events. 
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Figure 36: Signal amplification within signal pathway. Graphical illustration of cellular 

amplification initiated by the activation of a GPCR. As depicted a stimulated GPCR may 

activate more than one G protein, which can activate more than one membrane bound 

adenylyl cyclase isoforms (AC). ACs, in turn, catalyze the production of numerous molecules 

of cAMP and cAMP, in turn, binds to its effector and contributes to shaping the cellular 

response. Illustration adapted from Schrage et. al 2017.  

 

Inhibition mediated by FR is superior to that by YM 

 
In all tested conditions when analyzing the artificially FR/YM- sensitive Gs protein, we 

observed that FR was superior to YM. For example, we found that 30 µM FR, but not YM, 

was able to blunt cAMP signaling entirely upon activation of the overexpressed 2AR with 

an 80 % stimulating agonist concentration (Fig. 19). These findings are in line with previous 

observations of our group that showed that although FR and YM share a common 

mechanism of action by capturing the G protein in its GDP-bound form, inhibition of Gq 

proteins by FR and YM is distinct. Thus, Malfacini et al. observed that it was more difficult 

to perturb Gq inhibition with FR than with YM, as well as easier to trigger FR inhibition onto 
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a G16, engineered with artificial FR/YM sensitivity, than with YM (Malfacini et al. 2019). 

These differences are most likely due to the three additional methyl groups of FR 

(highlighted in yellow in figure 37) that are not present in YM. 

Altogether, our data suggest that FR may be more ideal than YM as a potential scaffold for 

the successful design and development of specific inhibitors targeting FR insensitive G 

subunits. 

 

 

Figure 37: Structure of FR-900359 and YM-254890. Structural differences of FR and YM 

highlighted in yellow or blue, respectively. 

 

A crucial residue that provides an easier exchangeable state for guanine 
nucleotides 

Lowering the basal signaling of Gs 11 by restoring a single Gs WT residue, leucine at 

position 189, raises the question of how such an enormous difference in basal activity is 

possible from a single change. Even though the elevated basal signaling of Gs 11 hardly 

affects the inhibitory efficacy of FR and YM, these data provide interesting insights into G 

protein activation and function, thus contributing to understand which factors and structural 

changes within G proteins impair the kinetics of nucleotide exchange.  

It is known that the flexibility of linker I and linker II, two interdomain linkers which connect 

the GTPase and the helical domains, regulates the GDP release rate of Gα by acting as a 

hinge during the opening process, when the helical domain moves away from the GTPase 

domain (Taniguchi et al. 2003; Taniguchi et al. 2004a; Nishimura et al. 2010a; Majumdar et 
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al. 2004). Therefore, it is not surprising that alterations in the linker region, such as the L189P 

mutation that is located in linker II, affects the nucleotide exchange rate, although it is initially 

surprising that a single modification has such an effect on basal signaling. However, 

Majumdar et al. have reported that perturbing the linker regions of transducin with a single 

mutation, either within linker I or II by mutating each glycine to a proline (G56P-linker I- or 

G179P-linker II) led to a more readily exchangeable state (Majumdar et al. 2004).  This is 

totally in line with our results since the substitution of lysine to a proline within linker II 

enhanced the basal activity and thus the tendency to accelerate the nucleotide exchange. 

Cerione and co-workers hypothesized that the proline substitutions decrease the flexibility 

and, consequently, enhance the rigidity of the linkers, which causes an open state that 

facilitates an easier GDP release. They also suggested that glycine, lacking a side chain, 

displays the greatest conformational flexibility (Majumdar et al. 2004).  Thus, it may be 

possible that proline, with its pyrrolidine ring, is less flexible than both glycine and leucine, 

which traps Gs 11 in an open state that leads to an increased basal rate of GDP/GTP 

exchange.  

Later, the same group provided insights into the mechanism of G protein activation with the 

previously generated constitutively active G subunit (G56P). They observed that two amino 

acid residues interacted differently with GDP in the X-ray structure of G56P as compared to 

wild-type. First, Arg174 (positions belong to transducin), which is normally hydrogen-bonded 

to the  and  oxygens of the phosphate groups of GDP, appeared to interact differently. 

Interestingly, akin changes were observed for the corresponding residue (Arg178) of the Gi1 

mutant T329A, which is known for its increased spontaneous GDP/GTP exchange as 

compared with Gi1 WT (Singh et al. 2012; Kapoor et al. 2009). Second, Lys266, which 

supports stabilization of the guanine ring of GDP through hydrogen bonds and hydrophobic 

interactions, undergoes weaker interactions with GDP suggesting that differences between 

Arg174 and GDP or Lys266 and GDP interactions contributes to a more rapid GTP/GTP 

exchange in constitute active G proteins (Singh et al. 2012).  

Overall, even if the mentioned specific residues, which have an impact on the GDP release, 

do not match with Gs 11, both, the data from the literature and our own data provide insights 

regarding factors that might influence the kinetics of nucleotide exchange, a process which 

is normally tightly regulated. This knowledge could consequently help us in our search for 
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suitable non-Gq protein modulators. Thus, pharmacological agents that stabilize the 

interaction with the guanine ring of GDP, as above mentioned, could be used as inhibitors 

that prevent nucleotide exchange, such as FR and YM. Conversely, design of ligands that 

specifically promote the nucleotide exchange would allow to study G protein pathways that 

are able to induce GPCR-independent nucleotide exchange versus those G proteins that 

are constitutively active because of their GTPase deficiency. For example, studies 

performed on Cdc42-GTP-binding proteins have showed that constitutively active mutants 

that were still able to hydrolyze GTP had much stronger effects on cell growth and 

transformation than those mutants that were constitutively active due to their inability to 

catalyze GTP hydrolysis (Majumdar et al. 2004; Lin et al. 1997). Thus, cellular responses of 

G proteins, especially of G mutants with constitutive activity, could be thoroughly 

examined. 

 

Biphasic inhibition pattern- a Gq dependent phenomenon. 

 
Boesgaard et al. created several mutants in addition to Gs 11 and Gs 10 by restoring amino 

acids naturally occurring in Gs WT. Thus, one of their goals was to determine how many 

mutations in the Gs protein are required to achieve FR sensitivity. According to their results, 

four of the mutants displayed high-potency partial inhibition and different four mutants 

showed a biphasic inhibition pattern, whereas Gs 11 and Gs 10 showed total inhibition of 

agonist response in a normal monophasic fashion. However, our analyses showed that 

depending on the cellular background, biphasic inhibition pattern occurs also in the presence 

of Gs 11 and Gs 10 expressing cells (Fig. 10 & 11). We displayed both in the present study 

and in the recently published work by our group (Patt et al.) that biphasic inhibition patterns 

are rather a cellular background dependent than a mutant dependent phenomenon. Thus, 

the presence of endogenous expressed Gq in Gs ko cells causes the first inflection point 

since all Gq dependent signals affect or enhance cAMP formation, which could be 

unmasked by FR, whereas the second inflection point around 1 µM represents the inhibition 

of Gs dependent signaling (Patt et al. 2021). The graphical illustration (Fig.38) shows this 

crosstalk between both pathways and how FR prevents the stimulating impact of Gq 

dependent components on AC isoforms that result in a decrease in cAMP accumulation. 
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Therefore, this extremely relevant information needs to be considered when using artificially 

generated FR-sensitive G subunits. Thus, studies would need to be performed either in 

the absence of Gq or in the presence of FR-insensitive Gq mutants to preserve the 

physiological conditions. On the other hand, neither is necessary as long as biphasic 

inhibition curves are tolerated and do not interfere with the question of interest.  

 

 

 

Figure 38: Biphasic inhibition pattern- a Gq dependent phenomenon. Graphical 

illustration of Gq contribution (right panel) to cAMP production. Red arrows with red “+” 

display respective positive effect on target structures. Ochre symbols represent FR targets 

along with the resulting inhibition effects, showed as ochre colored “x”. Right panel: Gq 

dependent Ca2+ release, triggered upon inositol trisphosphate (IP3) binding of IP3-receptors 

(IP3Rs) located in the endoplasmic reticulum (ER), sensitizes both adenylyl cyclase (AC) 

calcium-sensitive isoforms and membrane bound protein kinase C (PKC) along with diacyl 

glycerol (DAG), which in turn also activates AC isoforms. Left panel: Gs 11 dependent cAMP 

production via activation of AC isoforms which in turns convert ATP to cAMP. FR prevents 

stimulating impact of Gq dependent components on AC isoforms resulting in a decrease in 

cAMP accumulation.  
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Significance for the Gs signaling pathway. 

 
Since 30% of FDA-approved drugs target GPCRs, G protein inhibitors, which block signaling 

downstream of GPCRs, are emerging as a potential basis for therapeutical tools (Annala et 

al. 2019; Kostenis et al. 2020; Klepac et al. 2016). FR has shown promising results in studies 

on cancer (Annala et al. 2019) and asthma (Matthey et al. 2017) among others. Therefore, 

the development of appropriate chemogenetic Gs proteins or even Gs inhibitors, based on 

Gs 10, and our additional provided information could help to unravel Gs linked diseases and 

thus in developing new treatment options. 

 

 

Conclusion 

 
In conclusion, it is undeniably that FR-sensitive Gs proteins can be created by an artificially 

generated inhibitor binding site, yet i) our study has provided experimental evidence that the 

simple transfer of the inhibitor binding site is not sufficient to carry over the properties of 

FR´s natural target Gq. Therefore, ii) further studies need to be done to understand why FR, 

despite excellent binding, cannot inhibit Gs signaling under all circumstances. We assume 

that iii) additional parameters beyond the direct FR epitopes need to be considered to 

successfully unlock inhibition of Gs. Finally, iv) we concluded that FR may be preferred over 

YM as scaffold in the search for specific and potent modulators targeting Gs.  
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Summary 

 

G protein-mediated signaling cascades are key regulators of a variety of physiological 

processes, such as regulation of blood pressure or cell proliferation among many other vital 

functions. These cascades must function orthodoxly to ensure a controlled cellular 

response, otherwise pathological changes with corresponding diseases are inevitable. 

Considering their influence on our bodies, thorough investigations of these cascades are an 

important step to define their influences or contributions to specific cellular events. Such in 

depth studies could be performed using specific G protein inhibitors to discriminate individual 

signaling cascades. To date, only specific inhibition of Gi and Gq could be achieved by PTX 

and FR900359 (FR) / YM-25489 (YM), respectively. Creating new inhibitors or modifying 

available inhibitors to abrogate the signaling pathway of the two leftover G proteins, Gs and 

G12/13 was despite intense efforts abortively yet.  
Interestingly, it has recently been reported the generation of a Gs protein, named Gs 11, 

which selectively interact with FR by introducing 11 amino acid replacements within the 

putative FR binding site. Our group suggested that Gs 11 could be instrumentalized in 

defining and analyzing the contribution of Gs proteins to biological processes. However, it 

has been reported that Gs 11 is catalytically more active than Gs WT, a feature that could 

affect the performance of Gs 11 towards signaling inhibition by FR and YM. Indeed, our 

results revealed that basal signaling of Gs 11 is as high as that of the oncogene Gs R201C, 

which results in elevated intracellular cAMP levels. Thus, we concluded that Gs 11 might 

not be an ideal designed tool for Gs pathway investigations. 

 

Reducing the amino acid replacements by restoring a single Gs WT residue lowered the 

basal signal of Gs 11 tremendously. The resulting FR-sensitive mutant, termed Gs 10, was 

expressed in CRISPR/Cas9-generated Gαs-null and Gαs/olf/q/11/12/13/z -null cells and different 

cutting-edge tools, such as label-free whole-cell biosensing, HTRF based cAMP 

accumulation and real-time BRET-based G protein activation assay systems were used to 

test the suitability of Gs 10 as a potential chemogenetic tool, an approach in which 

engineered molecules interact with previously unrecognized molecules. Surprisingly, we 

observed that despite the transfer of the inhibitor binding site, the inhibitory properties of FR 

could not be entirely transmitted to Gs 10 as well as to Gs 11. Thus, even though both 



 

 
90 

 

mutants bind FR and YM with the same nanomolar affinity as observed for Gq WT the 

reengineered inhibitor binding site was not fully functional. Gq signaling events were 

completely abolished by FR, whereas partial inhibition for Gs 10 and Gs 11 expressing cells 

were observed when β2ARs are highly abundant and exposed to high concentrations of Iso. 

Therefore, we concluded that the simple transfer of the FR binding site is not sufficient to 

carry on similar inhibitory properties, proposing that further interventions beyond the direct 

FR epitope need to be considered. In order to overcome this, we tried to enhance the 

inhibitory effect of FR by introducing into the artificial FR-sensitive Gs proteins two additional 

Gq exclusive amino acid residues (E119 &K120) that have been reported to undergo the 

greatest entropy change upon FR binding, thus suggesting the importance of both residues 

in providing proper inhibition. Surprisingly, none of the proposed residues improved FR´s 

inhibitory efficacy. 

 

In conclusion, our study expands our general understanding of G protein activation and 

inhibition by demonstrating the uniqueness of each individual G protein family since although 

they share an identical inhibitor binding site, only Gq, but not Gs 10 and Gs 11, can be fully 

inhibited by FR. Clearly, further investigations are needed to better understand the 

mechanism of FR inhibition in artificial Gα proteins to, consequently i) generate new 

chemogenetic tools with more pronounced inhibition profiles and ii) FR scaffold-based 

inhibitors which successfully unlock inhibition of Gs besides the Gq family. 
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AC 

 
adenylyl cyclase 

   

       

ATP   adenosine-5'-triphosphate            

BRET 
 

bioluminescence resonance energy transfer 
 

       

cAMP   cyclic adenosine monophosphate            

CCh 
 

carbachol 
    

       

cDNA   complementary DNA               

CRISPR 
 

Clustered Regularly Interspaced Short Palindromic 
Repeats        

DAG   diacylglycerol              

DMR 
 

dynamic mass redistribution 
  

       

DNA    desoxyribonucleic acid              

ER 
 

endoplasmatic reticulum 
  

       

e.coli   Escherichia coli              

pEC50 
 

concentration of half maximum effect  
 

       

pEC80   effect concentration at 80%     
       

FBS 
 

fetal bovine/calf serum 
   

       

FR   FR900359                

GAP 
 

GTPase-activating proteins 
  

       

GDP   guanine diphosphate              

GDI 
 

guanine nucleotide exchange factor 
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GPCR   G protein-coupled receptor            

GTP 
 

guanine triphosphate 
   

       

HBSS   Hanks balanced salt solution            

HEK 
 

human embryonic kidney cells, HEK293 cells 
 

       

HEPES   4-(2-hydroxyethyl)-1-piperazineethane- sulfonic acid        

HTRF 
 

homogeneous time resolved fluorescence 
 

       

pIC50   half-maximal inhibitory concentration   
       

IP3 
 

inositol-1,4,5-trisphosphate 
  

       

Iso   isoprenaline              

PCR 
 

Polymerase chain reaction  
  

       

PIP2   phosphoinositol-4,5-bisphosphate      
       

PKA 
 

protein kinase A 
   

       

YM   YM-254890       
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