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Abstract 
 

The mechanisms by which GPCRs drive calcium mobilization in living cells have been 

a topic of intense research interest for many years. One such mechanism is the 

paradigmatic Gi-calcium pathway, which describes how Gβγ subunits released from 

heterotrimeric Gi proteins upon stimulation of a Gi-coupled GPCR can bind and 

activate PLCβ2 and PLCβ3. These enzymes of the PLCβ family then hydrolyze PIP2 into 

DAG, which regulates a number of cellular effectors, and IP3, which triggers the release 

of calcium from the cellular stores via IP3-sensitive ion channels.  

Despite the apparent clarity of this well-described Gi-Gβγ-PLCβ-calcium pathway, Gi-

GPCR calcium is highly variable across cell types, and difficult to generate under most 

circumstances. Intriguingly, although Gi-Gβγ-PLCβ-calcium is widely accepted as a 

‘stand-alone’ independent signaling module, a number of studies indicate that the 

canonical Gq-GPCR pathway, which also activates PLCβ to trigger calcium release, 

might affect or even control Gi-Gβγ-PLCβ-calcium.  

Here we investigate a possible dependency of Gi-Gβγ-PLCβ-calcium on the Gq pathway, 

with the goal of determining why Gi-Gβγ-PLCβ-calcium is variable and difficult to 

generate. Using a set of recently discovered, cutting edge tools including 

CRISPR/Cas9-edited cell lines lacking Gαq expression and the Gq inhibitor FR, we show 

that Gi-Gβγ-PLCβ-calcium is fully dependent on, and only occurs in the presence of, 

active Gαq. We find that other, PLCβ-independent Gi signaling pathways do not share 

this requirement for active Gαq. While the downstream consequences of Gαq-

activation do not suffice to restore Gi-Gβγ-PLCβ-calcium, removal of the auto-inhibitory 

domains of PLCβ enables activation by Gi-Gβγ that suffices to mobilize calcium without 

Gαq. Based on this, we argue that Gαq controls Gi-Gβγ-PLCβ-calcium by relieving the 

auto-inhibition of PLCβ. It thereby allows sufficient activation by Gi-Gβγ to achieve the 

acute production of IP3 required for calcium mobilization. Finally, we demonstrate that 

the necessity of active Gαq for Gi-Gβγ-PLCβ-calcium is conserved across a wide variety 

of physiologically relevant cell types and influences calcium-dependent cellular 

functions, such as the aggregation of platelets. Our proposed molecular mechanism 

provides the missing link to explain the variability of Gi-Gβγ-PLCβ-calcium, and thereby 

fundamentally contributes to our understanding of how Gi-GPCRs signal.  
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Kurzfassung 
 

Mechanismen und Signalwege, die in eukaryotischen Zellen Calcium freisetzen, 

stellen seit Langem ein Forschungsgebiet von großem Interesse dar. Ein solcher 

Calcium-Freisetzungsmechanismus ist der Gi-Calcium Signalweg. Er beschreibt, dass 

bei der Aktivierung von Gi-gekoppelten GPCRs aus heterotrimeren Gi Proteinen 

freigesetzte Gβγ Untereinheiten an PLCβ2 und PLCβ3 Enzyme binden und diese 

aktivieren. Die Enzyme der PLCβ Familie hydrolysieren daraufhin PIP2 aus der 

Zellmembran zu DAG und IP3. Durch diese Produktion von IP3 werden IP3R auf der 

Membran des ER aktiviert, durch die daraufhin Calcium aus dem ER ins Zytosol strömt.  

Obwohl dieser Mechanismus seit langem beschrieben ist und in der Theorie 

vergleichsweise unkompliziert wirkt, zeigt er sich in der Praxis oftmals unerklärlich 

variabel und ist in vielen Zellsystemen schwer zu generieren. Viele Studien deuten 

sogar darauf hin, dass dieser eigentlich als unabhängig akzeptierte Gi-Gβγ-PLCβ-

Calcium Signalweg maßgeblich durch Gq-gekoppelte GPCRs reguliert wird, welche 

über die Freisetzung von Gαq auch die PLCβ aktivieren können.  

Daher wird in dieser Studie der Gi-Gβγ-PLCβ-Calcium Signalweg erneut betrachtet, mit 

dem Ziel, den Grund für seine Variabilität zu identifizieren. Unter Verwendung der 

neusten Technologie, wie CRISPR/Cas9-editierten HEK Zelllinien und dem spezifischen 

Gq Protein Inhibitor FR, wird gezeigt, dass Gi-Gβγ-PLCβ-Calcium vollständig von 

aktivem Gαq abhängig ist und sich daher nur bei Gαq -Aktivierung generieren lässt. 

Diese Abhängigkeit zeigt sich allein für den Gi-Gβγ-PLCβ-Calcium Signalweg, während 

andere Gi-Signalwege ohne Gαq Aktivierung ablaufen können. Des Weiteren 

demonstrieren wir, dass die downstream Konsequenzen der Gq-Signalkaskade nicht 

ausschlaggebend sind, um Gi-Gβγ-PLCβ-Calcium wiederherzustellen. Dies ist darin 

begründet, dass Gβγ die PLCβ zwar ohne Gq-Aktivierung binden kann, allerdings kann 

Gβγ die starke Autoinhibition des PLCβ Enzyms nicht aufheben und somit allein nicht 

ausreichend PLCβ vermittelte IP3 Produktion erreichen, um eine Calcium-Freisetzung 

auszulösen. Dies ändert sich, wenn die autoinhibitorischen Domänen der PLCβ durch 

Mutation entfernt oder gestört werden, oder wenn aktives Gαq die PLCβ bindet und 

dadurch in die aktive, nicht-autoinhibierte Konformation überführt. Dieser 

Mechanismus erklärt die Gαq-Abhängigkeit der Gi GPCR-vermittelten 

Calciumfreisetzung, welche wir in verschiedensten physiologischen Zellsystemen 
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darstellen. Die vorliegende Studie bietet damit nicht nur eine Erklärung für die 

Variabilität des paradigmatischen Gi-Gβγ-PLCβ-Calcium Signalwegs, sondern trägt 

auch maßgeblich zu unserem Grundverständnis der physiologischen Funktionen von 

Gi- und Gq GPCRs bei. 
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Introduction 
The role of calcium signaling 

Calcium ions are ubiquitously important signaling messengers that govern eukaryotic 

life. The mobilization of calcium refers to a temporary increase in the cytosolic 

calcium concentration of a cell (Clapham, 2007; Berridge et al., 2003). This increase 

usually follows an extracellular or intracellular stimulus and is an important signal for 

acute or long-term cellular activation. Thus, it often triggers functions specific to the 

individual cell type. As such, calcium regulates the contraction of smooth muscle cells 

(Hill-Eubanks et al., 2011), the release of neurotransmitters from neurons (Burgoyne, 

2007), insulin secretion from pancreatic beta-cells (Klec et al., 2019), and causes 

thrombocytes to aggregate (Nesbitt et al., 2003). In addition, calcium mobilization 

also controls gene transcription via the nuclear factor of activated T-cells (Feske, 

2007) and plays a role in the maturation of cells (Clapham, 2007). Because of the 

importance of calcium mobilization, researchers have searched for, investigated, and 

characterized many pathways that trigger it. The insight gained through these efforts 

has advanced our understanding of the human body in both health and disease greatly 

and manipulating them has proved a useful approach for treating illnesses (Carafoli, 

2004). To this day, there is still great interest for further insight into mechanisms of 

calcium mobilization.  

Calcium mobilization in the cell 

To successfully orchestrate and balance the myriad of calcium-dependent 

physiological processes, the cytosolic calcium concentration of each cell is tightly 

regulated. At resting state, the calcium concentration in the cytosol is comparatively 

low at around 100 nM (Clapham, 2007; Berridge et al., 2003). The calcium 

concentration of the extracellular space is normally higher, around 2 mM, which 

enables an influx via calcium channels on the cellular membrane (Figure 1) (Clapham, 

2007; Berridge et al., 2003). Additionally, a large quantity of intracellular calcium is 

stored in the endoplasmic reticulum (ER), where concentrations reach around 1 mM 

(Clapham, 2007; Berridge et al., 2003). This high concentration gradient across the 

ER membrane is maintained by the SERCA (Strehler & Treiman, 2004), which 

constantly clears calcium from the cytosol into the stores.  

When a stimulus occurs to trigger calcium mobilization, the ion channels located on 

the ER membrane can open and permit a rapid stream of calcium into the cytosol 
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(Figure 1), where it can bind to and alter the function of a large variety of effector 

proteins (Clapham, 2007).  

IP3 receptors (IP3R) are of immense importance for the release of calcium from the ER. 

They can bind up to four molecules of inositol-1,4,5-trisphosphate (IP3) and will open 

upon activation (Alzayady et al., 2016; Prole & Taylor, 2019) to allow a quick influx of 

calcium into the cell (Figure 1), which makes IP3 production one of the most important 

factors to regulate calcium mobilization. Because IP3R are inhibited by high 

intracellular calcium concentrations, they quickly close after releasing a small amount 

of calcium into the cytosol. Because of this, the calcium influx via these IP3R can follow 

a variety of intricate spatial and temporal patterns, such as calcium oscillations or 

waves (Prole & Taylor, 2019) that differ depending on the concentration and IP3. On 

the other hand, due to this negative feedback loop, a long-term increase in the 

cytosolic calcium concentration of a cell does not usually occur, even when IP3 levels 

are kept high. Following a calcium signal, the cytosolic calcium is quickly cleared by 

re-uptake mechanisms, so that the resting state is restored and a new signal can occur 

(Clapham, 2007). 

This mobilization of calcium from the ER can lead to a depletion of these cellular 

calcium stores, and thereby trigger the oligomerization of STIM1 proteins (Figure 1). 

These clusters of calcium-sensing proteins then interact with ORAI calcium channels 

on the cellular membrane, causing them to open and allow an influx of calcium from 

the extracellular space into the cytosol (Putney, 2005), which can both amplify an 

existing calcium signal and facilitate calcium store repletion via re-uptake 

mechanisms.  

There are numerous other mechanisms that induce or amplify calcium signals, 

including the release of calcium from the intracellular stores via ryanodine receptors 

in skeletal or cardiac muscle cells. Here, an increase in intracellular calcium 

consequently activates ryanodine receptors expressed on the sarcoplasmic reticulum 

(Clapham, 2007), which amplifies a pre-existing calcium signal. However, this 

mechanism is not the focus of this work.  
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Figure 1: Calcium mobilization from intracellular stores via IP3 receptors. Calcium is 

depicted as dark grey dots. At the resting state, the cytosolic calcium concentration is 

maintained at concentrations of around 100 nM, below those of the extracellular space, which 

usually reach approximately 2 mM. Calcium pumps, such as the SERCA (red), maintain this low 

intracellular calcium concentration by consuming ATP to move cytosolic calcium across the ER 

membrane into the intracellular calcium stores, where calcium concentrations reach up to 1 

mM. Calcium mobilization, which refers to the increase of cytosolic calcium concentrations 

(yellow), is achieved either via an influx from the extracellular space, a release of calcium from 

the calcium stores, or a combination of both. Ligand-gated calcium channels called IP3 

receptors (IP3R, dark grey) located on the ER membrane open upon binding the ubiquitous 

second messenger IP3 (dark grey), thereby allowing a release of calcium from the ER into the 

cytosol. These IP3 receptors are inhibited by the presence of high calcium concentrations on 

the cytosolic side (dark grey), and thus close after a short calcium release, which can cause 

intricate patterns of calcium oscillations. A depletion of calcium in the ER triggers the 

oligomerization of STIM1 on the endoplasmic membrane (light grey), which in turn interacts 

with ORAI channels on the cellular membrane (light grey), thereby triggering an influx of 

calcium from the extracellular space into the cytosol. The intracellular calcium is quickly 

cleared by the SERCA again (red), which regenerates the stores and restores the low cytosolic 

calcium concentration of the resting state. IP3 (dark grey), the molecule that triggers this entire 

calcium mobilization process, is produced by the phospholipase C (PLC, blue), which makes 

this family of enzymes one of the most important regulators of calcium release. 



Introduction 
 

 
11 

 

The phospholipase C  

Because of the ability of IP3 to open calcium channels, the enzyme family that produces 

IP3 is a central regulator of intracellular signaling. This family is the Phospholipase C 

(PLC) family, which catalyzes the hydrolysis of the membrane lipid Phosphoinositol-

4,5-bisphosphate (PIP2) into membrane-bound diacylglycerol (DAG) and soluble IP3 

(Figure 2, bottom) (Kadamur & Ross, 2013; Berridge et al., 2003). There are seven 

known PLC subtypes, all of which conduct the same enzymatic reaction in response 

to stimuli unique to the respective subtype (Figure 2, top). While the enzymatic activity 

of PLCδ, the first subtype to evolve, is entirely regulated by the intracellular 

concentration of calcium and abundance of its substrate PIP2 in the membrane, the 

PLCγ family responds to phosphorylation via receptor tyrosin kinanses (RTKs). PLCζ is 

constitutively active with no dependency on external stimuli and is expressed only in 

sperm. Upon fertilization, its release into the ovum triggers the calcium signaling 

cascade that is crucial for the initiation of mitosis and embryonic growth (Kadamur & 

Ross, 2013; Berridge et al., 2003). The recently discovered PLCη has been shown to 

play a role in neuronal signaling, but it is not yet clear how this isozyme is regulated 

(Cockcroft, 2006; Katan & Cockcroft, 2020). PLCβ, and also PLCε, are regulated via 

GPCRs, and are thus sensitive to by far the most diverse range of stimuli. Because of 

this, the PLCβ family is the primary focus of this study.  

 

Figure 2: The Phospholipase C family. Based on (Kadamur & Ross, 2013; Cockcroft, 2006). 

Six subfamilies of PLC isozymes have been discovered to date (depicted in dark blue). The 

active site is more or less conserved across all subfamilies, and thus, they catalyze the same 
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enzymatic reaction (depicted below) of hydrolyzing the membrane lipid PIP2 into hydrophobic 

DAG, which remains in the membrane, and hydrophilic IP3. However, because regulatory 

structural elements differ for each subfamily, their enzymatic activity is governed by different 

stimuli (depicted above).  

G protein-coupled receptors 

G protein-coupled receptors (GPCRs) are the largest family of membrane proteins, 

with over 800 different receptors encoded in the human genome, and over 30% of 

drugs approved by the United States Food and Drug Administration directly target 

them (Hauser et al., 2017). They share the same basic structure featuring seven 

transmembranal helices, an extracellular N-terminus and an intracellular C-terminus, 

and three loops on either side of the membrane. When activated, a conformational 

change occurs, which is most prominent in the transmembranal helix 6 (Rosenbaum 

et al., 2009). In this way, they translate a huge variety of extracellular stimuli, from 

photons to protons to small molecule ligands to large peptides, into intracellular 

signals.  

While more intracellular proteins are known to interact with activated GPCRs, their 

canonical mechanism of signal transduction is via the activation of guanin-nucleotide-

bound proteins (G proteins) (Figure 3) (Rosenbaum et al., 2009; Oldham & Hamm, 

2008). G proteins are heterotrimeric, meaning they consist of three subunits, which 

are commonly referred to as the Gα, Gβ and Gγ subunit. The Gα subunit binds the 

guanin nucleotide, GDP or GTP, that gives G proteins their name, in a binding pocket 

located between their helical and RAS-like domain (Syrovatkina et al., 2016; Oldham 

& Hamm, 2008). Most Gα subunits also carry a lipid anchor that increases their affinity 

to the cellular membrane. This membrane affinity of the heterotrimer is further 

increased by a prenylation of the Gγ subunit (Figure 3) (Oldham & Hamm, 2008; 

Syrovatkina et al., 2016).  

In the resting state, Gα is GDP-bound and has high affinity for the Gβ and Gγ subunit 

(Figure 3A). Upon GPCR-activation, the Gα subunit changes its conformation, causing 

it to “open” and the GDP to dissociate from its binding pocket (Figure 3B). In living 

cells, GDP is then immediately replaced by GTP (Figure 3B). The GTP-bound Gα has a 

much lower affinity for the Gβγ subunits, causing the heterotrimer to dissociate into 

two subunits (Figure 3C). Each subunit then binds intracellular effector proteins and 

alters their properties, thereby transducing the extracellular stimulus recognized by 

the GPCR into an intracellular signaling cascade (Figure 3C, D).  Next, because many 
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Gα effectors are GTPase activating proteins (GAP), the Gα-bound GTP is hydrolyzed to 

GDP after a while (Figure 3C). Therefore, the Gα loses affinity for its effectors and 

regains affinity for the Gβγ subunit, and the heterotrimer re-associates to re-establish 

the resting state and complete the G protein cycle (Figure 3A). In this state, the G 

protein is once again ready to be activated by a GPCR.  

 

Figure 3: G protein activation via G protein-coupled receptors. Based on (Oldham & Hamm, 

2008; Syrovatkina et al., 2016; Rosenbaum et al., 2009 and references therein). (A) In the 

inactive state, the GDP-bound Gα (red) and Gβγ subunits form a heterotrimeric G protein, which 

is usually anchored to the cellular membrane by a prenylated residue in the Gγ subunit as well 

as the Gα subunit. (B) Upon (ligand-mediated) GPCR activation, a conformational change is 

induced in the Gα subunit, which triggers the release of GDP from and binding of GTP to the 

nucleotide binding pocket (dark grey). (C) GTP-bound α has a comparatively lower affinity to 

Gβγ, causing the subunits to dissociate to bind and modulate intracellular effectors. (D) Both 

Gα as well as most Gα effectors are GTPase activating proteins, meaning they hydrolyze the γ-

phosphate of GTP in the nucleotide binding pocket. The resulting GDP-bound Gα re-associates 

with Gβγ (A) to restore the inactive state.  
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G protein families and their signaling pathways 

There are over 16 Gα, five Gβ and 12 Gγ isoforms (McCudden et al., 2005; Smrcka, 

2008), which in theory would make up enough heterotrimer combinations to provide 

a unique heterotrimer for each GPCR. However, they are instead grouped into four G-

protein families, categorized by the Gα subunit they contain: Gs-, Gi-, Gq- and G12-

family heterotrimers. The Gα isoforms are grouped by homology, and each family is 

associated with a specific canonical signaling cascade triggered by the activated, GTP-

bound Gα.   

 

Figure 4: G protein families and their signaling pathways. Based on (McCudden et al. 2005 

and references therein). Heterotrimeric G proteins can be grouped into four families, according 

to the sequence and function of their Gα subunits (green for Gs, yellow for Gi, red for Gq and 

grey for G12). The canonical signaling pathway of each Gα family is indicated in black. 

Examples of non-canonical signaling are depicted by dashed grey arrows. The dark blue arrows 

indicate the calcium pathway this project is centered on. 

Gαs and Gαi proteins both interact with the adenylyl cyclase (AC), an enzyme that 

converts ATP to cAMP (Figure 4). Gαs, also known as the stimulatory G protein, 

activates the AC, thereby increasing the intracellular cAMP concentration. On the other 

hand, Gαi inhibits the AC, thereby slowing the conversion of ATP to cAMP and 

decreasing the cellular cAMP levels. The Gi family is also known as PTX-sensitive G 

proteins (van der Ploeg et al., 1991), because all but one of its seven Gα are sensitive 

to inhibition with the Gi inhibitor PTX (Burns, 1988). The G12/13 family has been 
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found to regulate a variety of physiological processes by modulating Rho-kinase 

signaling (Suzuki et al., 2009) (Figure 4). The effectors of the G12/13 family include 

PLCε, which links G12/13-activation to IP3/calcium signaling, possibly either through 

a direct intermolecular interaction with PLCε or via the Rho signaling network.  

The Gαq family canonically activates PLCβ and triggers calcium release, making it the 

most well-known, though not the only transducer of GPCR-mediated calcium 

mobilization. Gαq proteins have also been shown to regulate Rho signaling, which 

possibly links them to PLCε as well (Syrovatkina et al., 2016) (Figure 4).  

Gβγ signaling.  

Although the Gα subunits are often portrayed as the main transducers of GPCR 

signaling, it has long been shown that the Gβγ subunits can also signal (Smrcka, 2008; 

McCudden et al., 2005). Despite five Gβ and twelve Gγ subunits having been identified, 

we are only beginning to understand if and how their properties and physiological 

roles differ (McCudden et al., 2005; Khan et al., 2013). Not much is known about 

whether each Gα family preferentially binds specific Gβγ combinations (Smrcka, 2008; 

Khan et al., 2013; Tennakoon et al., 2021; Masuho et al., 2021). However, Gβγ 

signaling is generally attributed to, and has been thoroughly demonstrated for, Gi-

heterotrimers (McCudden et al., 2005; Smrcka, 2008; Kadamur & Ross, 2013). This 

includes the Gi-Gβγ-mediated activation of G protein-gated, inwardly rectifying 

potassium channels (GIRK) in neurons and cardiomyocytes (Smrcka, 2008; Lüscher & 

Slesinger, 2010), as well as Gi-Gβγ mediated activation of PLCβ to trigger IP3 

production and calcium release in the same manner as Gαq (Kadamur & Ross, 2013). 

This Gi-Gβγ calcium has been identified over 30 years ago (Sternweis & Smrcka, 1992; 

Cowen et al., 1990; Okajima & Ui, 1984; Goldman et al., 1985) and is considered an 

important process for immune cell activation (Li et al., 2000). The molecular 

mechanism of this pathway as well as its physiological relevance is historically based 

on two key findings: the observation of GPCR-mediated calcium that is abolished by 

the Gi inhibitor PTX (Okajima & Ui, 1984; Goldman et al., 1985; Cowen et al., 1990), 

and data showing that purified PLCβ can be activated by Gβγ, but not by Gαi (Smrcka 

& Sternweis, 1993; Sternweis & Smrcka, 1992). As such, the Gi-Gβγ-PLCβ-calcium 

mechanism is widely accepted as a well-established, independent signaling paradigm. 

However, despite its relative simplicity and unlike canonical Gαq-PLCβ-calcium, 
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demonstrating this Gi pathway has proven extremely challenging in most cases, which 

indicates that there might be an additional factor controlling it.  

PLCβ structure and activation 

Gq- as well as Gi-coupled GPCRs can mobilize calcium by activating the PLCβ enzyme 

family. PLCβ enzymes are large proteins of over 1000 amino acids (Kadamur & Ross, 

2013; Hicks et al., 2008). The four members of this family (PLCβ1-4) share a similar 

molecular structure (Figure 5A, B). From their N- to C-terminus, they consist of a 

Pleckstrin homolgy (PH) domain, followed by four EF domains that form two EF hands. 

The catalytic core is divided into two halves, the X and the Y domain, which form a 

TIM barrel and are separated by an acidic auto-inhibitory linker and followed by a C2 

domain. The enzyme’s C-terminus is divided into the proximal C terminal domain, 

which has regulatory functions, and the distal C terminal domain, which forms a 

coiled-coil structure and can anchor the enzyme to the membrane. The hydrolytic 

cleavage of membrane-bound PIP2 takes place at a calcium ion bound to the TIM barrel. 

In the resting state, this position is covered by the XY linker, effectively auto-inhibiting 

the enzyme to ensure low basal activity. Another auto-inhibitory domain is a helix-

turn-helix motif located in the proximal C-terminal domain. Both of these motifs 

hinder membrane association of PLCβ required for activation.  
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Figure 5: The structure of the PLCβ family. Based on (Hicks et al., 2008; Waldo et al., 2010; 

Lyon et al., 2011; Lyon et al., 2014; Kadamur & Ross, 2013). (A) PLCβ structural domains from 

N- to C-terminus. The regions that interact with Gαq and Gβγ are indicated with blue arrows. 

(B) PLCβ3 in complex with Gαq, (Lyon et al., 2011). The catalytic core, including the calcium 

ion (black), is located within the TIM barrel (yellow) and covered by a partially disordered X-Y 

linker (pink). Gαq engages the helix-turn-helix motif (Hα1-Hα2, HTH) as well as a portion of 

the distal C-terminal domain (CTD) (indicated in yellow).  

As early studies with purified proteins have shown, PLCβ isozymes are activated by 

GTP-bound Gαq as well as Gβγ (Sternweis & Smrcka, 1992; Smrcka & Sternweis, 1993). 

A number of available crystal structures of PLCβ in complex with Gαq have located the 

binding position of Gαq to the enzymes c terminus (Figure 5A). One of the main points 

of Gαq-PLCβ interaction is located near the auto-inhibitory HTH motif of PLCβ (Lyon et 

al., 2011). Binding of Gαq to this region removes this auto-inhibitory domain and re-

arranges PLCβ at the membrane interface, causing the repulsion of the XY linker by 

the negatively charged membrane interface and revealing the catalytic site to facilitate 

substrate cleavage (Lyon et al., 2014).  
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In contrast to Gαq, which activates all four PLCβ isozymes, Gβγ has been shown to 

activate only PLCβ2 and PLCβ3, and sometimes PLCβ1 to a small degree (Kadamur & 

Ross, 2013). The binding position of Gβγ at PLCβ is not entirely clear because so far, 

a crystal structure of Gβγ in complex with PLCβ is not yet available. However, a number 

of studies include molecular modeling- or mutational approaches that indicate Gβγ 

interacts with regions of the PH-domain, the EF hands or the TIM barrel (Figure 5A). 

The C-terminal domains are not considered as important for Gβγ binding because C-

terminally truncated PLCβ enzymes still respond to stimulation by Gβγ (Kadamur & 

Ross, 2013). 

It is important to note that compared with Gαq, Gβγ is less potent in activating PLCβ 

(Sternweis & Smrcka, 1992), which is often cited as a reason why Gβγ-signaling is 

mainly or only Gi-mediated (Smrcka, 2008; Kadamur & Ross, 2013). According to this 

argument, Gi heterotrimers are generally more abundantly expressed and thus, unlike 

other G protein families, mobilize enough Gβγ subunits to activate PLCβ.  There are 

also many findings indicating a synergistic activation of PLCβ3 via Gαq and Gβγ, 

whereas PLCβ2 shows a more additive activation (Rebres et al., 2011; Philip et al., 

2010). This difference is thought to be rooted in two key differences between PLCβ2 

and PLCβ3. On the one hand, PLCβ2 is less efficient than PLCβ3, in that its potential 

maximum speed of substrate conversion is considerably lower than that of PLCβ3. On 

the other hand, despite both isozymes being considerably auto-inhibited, PLCβ2 

shows a higher basal substrate conversion in the resting state. As a result, in the 

reconstituted system, activation of PLCβ2 with either Gαq or Gβγ already increases its 

activity a significant portion of its peak speed, leaving no possibility of a further, over 

additive activation (Philip et al., 2010). Despite these differences in behavior of PLCβ2 

and PLCβ3 in the reconstituted system, their activation via Gi-Gβγ is considered to be 

a fully competent, stand-alone signaling pathway for both isoforms.  

Variability of Gi-calcium  

Given the apparent mechanistic simplicity of the Gi-Gβγ-PLCβ-calcium paradigm, it is 

perhaps surprising that this pathway is sometimes considered a “quirk” of specific cell 

types or receptors, rather than a ubiquitous pathway. Often, this pathway is not 

demonstrated in studies that aim to characterize Gi-coupled GPCRs. Instead, studies 

might show calcium mobilization by these receptors upon transfection of a chimeric 

Gαq/i-isoform that activates Gαq effectors in response to Gi-GPCR activation 
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(Ravindranathan et al., 2009; Schmid et al., 2013; Binti Mohd Amir et al., 2018; 

Coward et al., 1999). Unlike Gi-Gβγ-GIRK activation, which depends on the expression 

of GIRK channels and is thus understandably only relevant in certain physiological 

systems, Gβγ-sensitive PLCβ isozymes are ubiquitously expressed and robustly 

activated by Gαq across a variety of backgrounds. The seemingly low interest in the 

Gi-Gβγ-PLCβ-calcium module is not due to a low relevance Gi-signaling in general 

either, because compared to the other G-protein families, Gi-coupled GPCRs comprise 

the largest group (Inoue et al., 2019). Thus, in principle, almost every cell type should 

be equipped with all the necessary components to mobilize Gi-calcium. Despite this, 

Gi-Gβγ-calcium is generally considered to be especially relevant for Gi-coupled GPCRs 

expressed in immune cells, while in other cells or organs, its role, consequences or 

even existence is barely described (Smrcka, 2008).  

This perspective is not due to a disinterest in the Gi-Gβγ-PLCβ-calcium pathway, but 

because this signaling module is unexpectedly difficult to generate, and varies 

considerably across cell types and even laboratories. For example, stimulation of the 

Gi-coupled chemokine receptor CXCR2 triggers calcium release in neutrophils (Nasser 

et al., 2009), and also in HEK cells in one study (Fan et al., 2001), while another study 

using the same HEK background shows no CXCR2 calcium upon stimulation (Werry et 

al., 2003a). Interestingly, the authors then illustrate that stimulation of the cells with 

ATP immediately prior to CXCR2 stimulation restores the Gi-calcium. Many researches 

have published similar observations of restored Gi-calcium after stimulation of Gq-

coupled GPCRs (Werry et al., 2003a, 2003b; Okajima & Kondo, 1992; Okajima et al., 

1993; Gerwins & Fredholm, 1992; Dickenson & Hill, 1994; Megson et al., 1995; 

Connor & Henderson, 1996). Thrombocytes derived from Gq
-/-

 mice show no calcium-

dependent aggregation upon stimulation of Gi-coupled P2Y12 (Offermanns et al., 

1997). A recent investigation of the Gq inhibitor FR900359 (FR) (Schrage et al., 2015) 

demonstrates Gi-Gβγ-PLCβ mediated IP formation and calcium that is inexplicably fully 

blocked in the presence of the Gq inhibitor (Gao & Jacobson, 2016). Among many 

others, these findings have called into question the long-held tenet of Gi-Gβγ-PLCβ-

calcium as an independent, fully competent signaling module. Instead, they seem to 

hint at a possible dependency of this module on Gq.  

Approach of this study 

Based on the large quantity of evidence suggesting an involvement of Gq in the Gi-

Gβγ-PLCβ-calcium mechanism, this study investigates the interdependency of these 
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two pathways. For this purpose, we make use of a set of both well-established as well 

as newly available, cutting edge tools and technology. We complement the use of the 

traditional Gi-inhibitor PTX with use of the more recently characterized specific Gq 

inhibitor FR (Schrage et al., 2015). We also use HEK cells that were genetically modified 

using CRIPRS/Cas9 technology (Grundmann et al., 2018; Milligan & Inoue, 2018), thus 

lacking functional alleles of Gαq proteins (HEK-∆Gq/11), or depleted of functional 

PLCβ1-4 isozymes (HEK PLCβ1-4mut).  

The aim of this study is to identify the mechanism underlying the variability of Gi-Gβγ-

PLCβ-calcium. We hope to identify the factor that is required for Gβγ to activate PLCβ 

in living cells, and thereby provide a strategy to visualize and investigate this pathway 

in every cellular background. If successful, our investigations will provide the missing 

piece to a signaling pathway that has been considered paradigmatic for many years 

and potentially regulates calcium mobilization in almost every cell of the human body. 

Because calcium triggers a variety of physiological functions across different organs 

and cell types, our findings could lay the groundwork for new discoveries in a wide 

field of disease research.   
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Material 
Chemicals and Reagents 

Table 1: Chemicals and reagents 

Name Source ID# 
5-HT Sigma-Aldrich Cat# H9523-25mg 

A23187 Sigma-Aldrich Cat# C7522 

ADP Sigma-Aldrich Cat# A2754-1g 

AR-C 66096 Tocris Cat# 3321/1 

ATP Sigma-Aldrich Cat# A1852-1VL 

carbachol Sigma-Aldrich Cat# C4382-1g 

Coelenterazine Carbosynth Limited Cat# EC14031 

Coelenterazine h NanoLight Cat# 301-1 

CXCL12 Biozol Cat# BYT-ORB544936 

Dk-PGD2 Biozol Cat# 12610  

Forskolin (FSK) Bachem Cat# TRC-F701800 

FR900359 G. König lab N/A 

Fura2/AM Thermo Fisher Scientifc Cat# F1221 

Go6983 Sigma-Aldrich Cat# G1918-1mg 

Hanks’ buffered salt 
solution (HBSS) 

Thermo Fisher Scientific Cat# 14175129 

histamine Sigma-Aldrich Cat# H7250-5g 

IL8 PeproTech Cat# 200-08M 

isobutylmethylxanthine 
(IBMX) 

Sigma-Aldrich Cat# I5879 
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m-3M3FBS Sigma-Aldrich Cat# T5699 

MDL29,951 Maybridge Cat# SEW06645 

MRS 2179 Tocris Cat# 0900/10 

NECA Sigma-Aldrich Cat# E2387 

PGD2 Biomol Cat# Cay12010-1 

poly-D-lysine Sigma-Aldrich Cat# P2636 

PTX Thermo Fisher Scientific Cat# PHZ1174 

Thallos AM dye TEFLabs Cat# 902 

thapsigargin Sigma-Aldrich Cat# T9033 

TM30089 Sigma-Aldrich Cat# SML2743-5mg 

UTP Sigma-Aldrich Cat# U4125 

Primestar® GTX Polymerase Takara Cat# R050B 

Taq Polymerase Asuka Inoue Lab, Sendai N/A 
 

Cell Culture Media 

Base 

Table 2: Media bases 

Name Source ID# 
DMEM - Dulbecco's 
Modified Eagle Medium 

Thermo Fisher Scientific Cat# 11965092 

MEM Alpha Medium (1x) + 
GlutaMAX™-I 

Thermo Fisher Scientific Cat# 32561-039 

Medium 231 Thermo Fisher Scientific Cat# M231500 

Gibco™ RPMI 1640 Medium Thermo Fisher Scientific Cat# 11560406 
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Supplements 

Table 3: Media supplements 

Name Source ID# 
Penicillin/streptomycin 
solution 

Thermo Fisher Scientific Cat# 15140 

Fetal Bovine Serum (FBS) Sigma Aldrich Cat# -0804 

G418 (Geneticin) Gibco Cat# 11811 

Hygromycin B Thermo Fisher Scientific Cat# ant-hm-1 

Blasticidin Thermo Fisher Scientific Cat# ant-bl-1 

Horse Serum Thermo Fisher Scientific Cat# 26050070 

Insulin Thermo Fisher Scientific Cat# 1258-014 

Gentamicin Thermo Fisher Scientific Cat# 15750037 

N2 supplement Thermo Fisher Scientific Cat# 1665870 

3,3′,5-Triiodo-L-thyronine 
sodium 
salt (T3) 

Sigma Aldrich Cat# T-2752 

Sodium selenite Sigma Aldrich Cat# S-5261 

L-thyroxine Sigma Aldrich Cat# T-2376 

Smooth muscle growth 
supplement (SMGS) 

Thermo Fisher Scientific Cat# S00725 

 

Antibodies 

Table 4: Antibodies 

Name Source ID# 
mouse anti-PLC3 Santa Cruz Biotechnology Cat# sc-133231; RRID: 

AB_2299534) 

rabbit anti-β-actin BioLegend Cat# 622102; RRID: 
AB_315946 

goat anti-rabbit IgG 
Antibody HRP 

antikoerper-online Cat# ABIN102010; RRID: 
AB_10762386 

goat anti-mouse IgG 
antibody HRP 

Sigma-Aldrich Cat# A4416; RRID: 
AB_258167 
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Plasmids  

Table 5: Plasmids 

Name Source ID# 
3HA-hGPR17-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1021 

CXCR2-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1217 

DP2-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1521 

DP2-pcDNA3.1 Asuka Inoue Lab, Sendai Plasmid #704 

DP2∆ct-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #705 

Gαi1- pCAGGS Asuka Inoue Lab, Sendai Plasmid #1527 

Gαi2-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1528 

Gαi3-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1529 

Gαo1-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1559 

Gαq-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1530 

Gαq-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #728 

Gαz-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1560 

Gβ1-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1455 

LgBiT-Gαi1- pCAGGS Asuka Inoue Lab, Sendai Plasmid #1496 

LgBiT-Gαi2-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1497 

LgBiT-Gαi3-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1498 

LgBiT-Gαo1-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1499 

LgBiT-Gαz-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1500 

Gγ2-GFP10-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1095 

Gβ1-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1093 



Material 
 

 
25 

 

H1-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1443 

IP3-Sensor  Gulyás et al., 2015 Plasmid #1561 

LgBiT-PLCβ1-pCAGGS Evi Kostenis Lab, Bonn Plasmid #1450 

LgBiT-PLCβ2-pCAGGS Evi Kostenis Lab, Bonn Plasmid #1451 

LgBiT-PLCβ3-pCAGGS Evi Kostenis Lab, Bonn Plasmid #1452 

LgBiT-PLCβ4-pCAGGS Evi Kostenis Lab, Bonn Plasmid #1453 

mGPR17-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1208 

pcDNA3.1  Evi Kostenis Lab, Bonn Plasmid #1218 

pCAGGS  Asuka Inoue Lab, Sendai Plasmid #1440 

PLCβ2-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1124 

PLCβ3F715A-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1533 

PLCβ3-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1354 

PLCβ3ΔXY-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1532 

PTX-S1-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1464 

rGPR17-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1223 

smBiT-Gγ2-pCAGGS Asuka Inoue Lab, Sendai Plasmid #1468 

sgPLCB1-pSpCas9(BB)-2A-
GFP 

Asuka Inoue Lab, Sendai Plasmid #1419 

sgPLCB2-pSpCas9(BB)-2A-
GFP 

Asuka Inoue Lab, Sendai Plasmid #1420 

sgPLCB3-pSpCas9(BB)-2A-
GFP 

Asuka Inoue Lab, Sendai Plasmid #1421 

sgPLCB4-pSpCas9(BB)-2A-
GFP 

Asuka Inoue Lab, Sendai Plasmid #1423 

Rluc8-Gαq-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1196 

Rluc8-GαqH218A-R256A-
pcDNA3.1 

Evi Kostenis Lab, Bonn Plasmid #1562 

GαqH218A-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1351 

GαqR256A-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1352 



Material 

 
26 

 

GαqH218A-R256A-pcDNA3.1 Evi Kostenis Lab, Bonn Plasmid #1353 

 

Bacterial strains 

Table 6: Bacterial strains 

Name Source ID# 
DH5 Competent Cells Thermo Fisher Scientific Cat# 18265-017 

XL1-Blue Competent Cells Stratagene Cat# 200130 

 

Experimental models 

Cell lines 

Table 7: Cell lines 

Name Source ID# 
Human: HEK ATCC Cat# CRL-1573 

Human: native HEK A. Inoue lab N/A 

Human: Gq/11 HEK  A. Inoue lab N/A 

Human: G12/13 HEK A. Inoue lab N/A 

Human: Gq/11/12/13 HEK A. Inoue lab N/A 

Human: PLCβ1-4mut HEK A. Inoue lab N/A 

Mouse: Oli-neu J. Trotter lab N/A 

Human: HaCaT  E. Gaffal lab N/A 

Human: JURKAT ATCC Cat# CRL-2063 

Mouse: brown adipocytes A. Pfeifer lab N/A 

Mouse: PASMC D. Wenzel lab N/A 

Mouse: platelet B. Nieswandt lab N/A 

Organisms 

Table 8: Organisms 

Name Source ID# 
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Mouse: C57Bl6/J Charles River N/A 

Mouse: CD1 Charles River N/A 

 

Commercial Assay Kits 

Table 9: Commercial Assay Kits 

Name Source ID# 
ECL Prime Western blotting 
detection reagent 

GE Healthcare Cat# RPN2236 

FLIPR® Calcium 5 Assay kit Molecular Devices Cat# R8186 

HTRF-cAMP dynamic 2 kit Cisbio International Cat# 62AM4PEC 

HTRF-IP One dynamic 2 kit Cisbio International Cat# 62IPAPEC 

Pierce BCA Protein Assay Thermo Fisher Scientific Cat# 23225 

black 96-well tissue culture 
plates with clear bottoms 

Corning Cat# 3603 
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Methods 
Cell culture 

Culture conditions 

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

standard sterile cell culture dishes or flasks. Cells were passaged regularly to keep 

confluency below 90 % and replace the culturing media.  

Cell culture media 

Each cell line was cultured in an appropriate media mixture to ensure optimal growth 

conditions.  

HEK parental and CRISPR/Cas9-edited cell lines, HaCaT and murine brown 

preadipocytes cells were kept in the following media mixture: 

Table 10: HEK standard media 

Constituent Volume [mL] Final concentration 

Dulbecco’s Modified Eagle 
Medium (DMEM) 

500 
 

FBS 50 ~10% 

Penicillin-Streptomycin 
mixture 

5 ~100 U/mL penicillin, 0.1 
mg/mL streptomycin 

 

HEK-DP2-∆ct, HEK-hGPR17, HEK-rGPR17 and HEK-mGPR17 were kept in the 

following media mixture: 

Table 11: HEK-GPCR cell line media 

Constituent Volume [mL] Final concentration 

Dulbecco’s Modified Eagle 
Medium (DMEM) 

500 
 

FBS 50 ~10% 

Penicillin-Streptomycin 
mixture 

5 ~100 U/mL penicillin, 0.1 
mg/mL streptomycin 

G418 (Geneticin) 2.22  400 µg/mL 
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HEK-DP2-GIRK1/2 cells were kept in the following media mixture: 

Table 12: HEK-DP2-GIRK cell line media 

Constituent Volume  Final concentration 

MEM Alpha Medium (1x) + 
GlutaMAX™-I 

500 mL 
 

FBS 50 mL ~10% 

Penicillin-Streptomycin 
mixture 

5 mL ~100 U/mL penicillin, 0.1 
mg/mL streptomycin 

Puromycin 33 µL 3 µg/mL 

Blasticidin 278 µL 5 µg/mL 

G418 (Geneticin) 2.22 mL 400 µg/mL 

 

Oli-Neu cells were kept in the following media mixture: 

Table 13: Oli-Neu cell media 

Constituent Volume  Final concentration 

Dulbecco’s Modified Eagle 
Medium (DMEM) 

500 mL 
 

FBS 50 mL ~10% 

Penicillin-Streptomycin 
mixture 

5 mL ~100 U/mL penicillin, 0.1 
mg/mL streptomycin 

Insulin 625 µL 5 µg/mL 

Gentamicin 250 µL 25 µg/mL 

N2 supplement 5 mL ~1% 

T3 400 µL 400 mM 

Sodium selenite 370 µL 190 nM 

L-thyroxine 65 µL 520 nM 
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JURKAT cells were kept in the following media mixture: 

Table 14: JURKAT media 

Constituent Volume [mL] Final concentration 
Gibco™ RPMI 1640 Medium 500 

 

FBS 50 ~10% 

Penicillin-Streptomycin 
mixture 

5 ~100 U/mL penicillin, 0.1 
mg/mL streptomycin 

 

Murine pulmonary arterial smooth muscle cells were kept in the following media 

mixture: 

Table 15: mPASMC media 

Constituent Volume [mL] Final concentration 
Medium 231 500 

 

Smooth muscle growth 
supplement (SMGS) 

50 ~10% 

Penicillin-Streptomycin 
mixture 

5 ~100 U/mL penicillin, 0.1 
mg/mL streptomycin 

 

Transient Transfection 

HEK cells were transiently transfected 48 h before the experiments using either 

FuGENE
HD

 or Polyethylenimin (PEI, 1mg/mL).  

Using FuGENE, the transfection was performed according to the manufacturer’s 

instructions. A total of 10 µg plasmid DNA was used in combination with 30 µL 

FuGENE for transfection of 4 mio cells in a 10 cm culture dish.  

Transfection using PEI was performed using 10 µg plasmid DNA and 30 µL PEI 

solution, which was mixed in 500 µL PBS buffer and incubated for 15 min before 

adding it to 10 cm culture dish containing 4 mio cells.  

If more or fewer cells were required for an experiment, the cell number, media 

volume, plasmid quantity, and transfection reagent quantity were adjusted to 

maintain the same ratio for transfections of higher or lower cell numbers. 
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Generation of CRISPR/Cas9-edited HEK-PLCβ1-4mut cell lines 

To generate a HEK cell line that is lacking functional alleles encoding PLCβ1, PLCβ2, 

PLCβ3 and PLCβ4, HEK parental (wildtype) cells were genome-edited using 

CRISPR/Cas9 technology according to the previously published method (Milligan & 

Inoue, 2018).  

CRISPR/Cas9 method 

The CRISPR/Cas9 gene editing system is derived from a bacterial defense mechanism 

that protects against re-infection with viral DNA. It works by using the RNA-guided 

Cas9-endonuclease to induce a double strand break in a selected gene region (Milligan 

& Inoue, 2018). Two factors are required in order for the Cas9 endonuclease to induce 

a double-strand break: i) the Cas9-bound RNA (CRISPR-RNA, crRNA) that guides the 

Cas9 complex to a complementary sequence of the target DNA, and ii) a short 

nucleotide sequence called the protospacer-associated motif (PAM) specific to the 

employed Cas9-protein that flanks the 3’ end of the crRNA. For the streptococcus 

pyogenes-derived Cas9, which we use here, this PAM sequence is 5’-NGG-3’. Thus, by 

expressing a single guide RNA (sgRNA) of a desired sequence that mimics the function 

of the crRNA, along with a functional Cas9 endonuclease, the exact spot where the 

double strand break will occur can be reasonably well controlled.  

CRISPR/Cas9-edited genetic knockout strategy 

Previously, this CRISPR/Cas9 method has been used by the Inoue lab to produce a 

genetic knockout of various Gα isoforms or β-arrestins in HEK cells (Grundmann et al., 

2018). This is possible because when a double-strand break occurs in the genome of 

a cell, the cellular repair mechanisms sometimes delete or insert a number of base 

pairs when repairing the cut. This can lead to premature stop-codons or frameshift 

mutations; thus, a functional protein will no longer be encoded. If this occurs in all 

alleles encoding for the target protein, the result is a complete genetic knockout of 

this protein.  

The success of this strategy depends on a series of coincidences:  

1) A cell within the pool of transfected HEK cells has to receive the plasmid encoding, 

and express the sgRNA and Cas9 endonuclease,  

2) in this cell, double-strand breaks have to be induced in all alleles encoding the 

target proteins,  
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3) when repairing those double strand breaks, deletions or insertions have be 

introduced into all of the alleles, and  

4) all these deletions or insertions have to cause frameshift-mutations or encode stop-

codons.  

Therefore, the employed methodology has been optimized to increase the chance of 

achieving a knockout cell line as much as possible. 

To allow selection of the cells that were successfully transfected with the plasmids 

encoding the CRISPR complex (see point 1), a vector that encodes an additional GFP-

protein was selected. Because the chance of all alleles being targeted (see point 2) 

increases with the amount of expressed CRISPR-complex, fluorescence-activated 

single cell sorting (FACS) is then used to separate cells that expressed high quantities 

of GFP. These cells can then be cultured into individual monoclonal cell lines and be 

further screened. 

To allow for selection of the cells where repair of the double strand break introduced 

insertions or deletions (see point 3), the sgRNA is designed to guide the cut to a 

restriction enzyme (RE) recognition site. When the region of the double strand break 

is amplified using a PCR, and then digested by a RE that recognizes the site of the 

double strand break, only the DNA that still contains the wildtype sequence will be 

digested. An agarose gel analysis of RE-digested PCR product from the lysates of each 

monoclonal cell line can then be used to identify the most promising cell lines for 

functional analysis and genetic sequencing (see point 4). 

Protocol to generate the HEK-PLCβ1-4mut cell line 

In order to target the genes encoding all four PLCβ isoforms, two consecutive 

“knockout rounds” were conducted. In the first round, PLCβ1 and PLCβ3 were targeted 

in HEK parental cells to generate a HEK-PLCβ1/3mut cell line. In the second round, 

PLCβ2 and PLCβ4 were targeted in the resulting cell line, with the goal of achieving a 

PLCβ1-4 quadruple knockout.  
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sgRNA selection 

The sgRNA we selected to target each PLCβ isoform, including their corresponding 

restriction enzyme and PCR primers flanking the target region were as follows: 

Table 16: PLCβ1-4 CRISPR/Cas9 target regions 

Target direction PAM + 20 
bases 

sgRNA RE target region 
forward primer  

target region 
reverse primer 

PLCβ1 sense tgtggggaacatc
gggcgcctgg 

CACCGtgtgggga
acatcgggcgcc 

Bsp 

T107Ⅰ 

TTTGTGGAATGGG
AGCCTTAAAC 

TGGAAAGCCACG
AGATTCAAATG 

PLCβ2 sense accagaaacagcg
ggactcccgg 

CACCGaccagaaa
cagcgggactcc 

HinfⅠ GCCCAAGGGATA
TGGACCTG 

TGGGGGACAGGA
GATAGCTG 

PLCβ3 anti-
sense 

cctggatctgagca
cggacatga 

CACCGtcatgtccg
tgctcagatcc 

MboⅠ AGTATGAGCCCAA
CCAGCAG 

TGAGCAAATGGG
CCAAAAGG 

PLCβ4 sense acagttcggcggg
aagtcttcgg 

CACCGacagttcgg
cgggaagtctt 

MboⅡ GCCCCAGTCTTCC
TAGATCG 

AAACTGAAGGGC
ATCACACAC 

 

CRISPR/Cas9 transfection, FACS, and single clone culture 

2 mio HEK cells were seeded into 10 cm culture dishes and allowed to attach 

overnight. The following day, these cells were transfected with a mixture of 5 µg + 

5µg of CRISPR plasmid targeting PLCβ1 and PLCβ3, respectively. 30 µL PEI were used 

as the transfection reagent, according to the above-described method.  

Around 48 h after transfection, the cells were detached, washed, resuspended in HBSS 

buffer and sorted using FACS to receive 50.000 cells with high green fluorescence. 

These cells were then spun down, resuspended in media, diluted and seeded into ten 

96-well cell culture plates each at a concentration of 1 cell/well, 2 cells/well, and 5 

cells/well.  

After 14 days, the plates were evaluated to identify 100 wells containing a single, 

healthy-looking round colony that covered >50% of the available area. These clones 

were numbered, detached, and resuspended in a volume of 50 µL Trypsin/EDTA. 20 

µL was moved to a correspondingly numbered well of a 6-well plate containing 3 mL 

of media per well to continue cell culture, the rest moved into a correspondingly 

numbered PCR plate containing 100 µL media per well. 

Clone screening by PCR and RE-digest 

The PCR plate containing the cell suspension was spun down to pellet the cells and 

aspirated to remove media. The cell pellets were resuspended in 45 µL 50 mM NaOH 
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per well and boiled at 96°C for 10 minutes to make cellular lysates. Next, the solution 

was neutralized using 5 µL 1M TRIS/HCl (pH 7.4) and frozen. 

One or two days later, the cellular lysates were thawed and 5 µL per lysate was used 

to perform two PCRs amplifying each target region. The following PCR mixture was 

used for this:  

Table 17: CRISPR screening PCR mix (per 1 well) 

Taq 5x buffer  3 µL 

Taq polymerase 0.1 µL 

Primer fw (100 µM) 0.075 µL 

Primer rv (100 µM) 0.075 µL 

dNTPs (10mM) 0.3 µL 

MilliQ ad 13 µL 
 

Table 18: CRISPR screening PCR conditions 

pre  95°C 1 min  

denat 95°C 10 s 40 cycles 

anneal 64°C 15 s 

elong 72°C 30 s 

hold 8°C infinite  
    

Of the resulting PCR product, 5 µL were mixed with either 5 µL of RE-digestion mix or 

5 µL water as a negative control, and digested for 2h. 

Table 19: CRISPR screening RE mix 

Restriction Enzyme DNA 10x 
NEBuffer 

MilliQ water 

1 unit (0.1 µg) 50 µL PCR product 1 µL Ad 5 µL 
 

The RE digest product was then loaded onto 3% agarose gels containing ethidium 

bromide, and run for ca. 30 min. Afterwards, undigested samples were identified 

under UV light to determine the HEK clones that contained mutated target sequences. 

Following this, these HEK cell clones were moved from 6-well plates into 10 cm dishes 

for further culturing, while the rest were discarded.  

Genetic sequencing  

A PCR was performed to amplify each target region in each candidate cell line, using 

the Primestar polymerase according to the manufacturer’s instructions. Furthermore, 
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we used 2 µL cellular lysate and a total reaction volume of 50 µL. Following this, a 

genetic sequencing service was used to analyze the mutations in all target regions of 

each clone. Because each HEK cell contains multiple alleles encoding each target gene, 

and not all alleles feature the exact same mutation, this usually reveals multiple 

overlapping sequences, which makes it difficult to determine the sequence of each 

individual allele (Figure M1). Thus, we focused on eliminating all clones that contained 

either wildtype or obvious in-frame mutations, and kept the rest for functional 

analyses. 

 

Figure M1: Sanger Sequence of the PLCβ3 CRISPR target region of one sample clone. The 

left region of the SANGER sequence shows only one clear peak per position. However, starting 

at position 155, at least three overlapping sequences are visible. This is because a double 

strand break was introduced at this position that leads to different mutations in at least three 

alleles encoding PLCβ3, all of which were amplified in the PCR of the target region and are 

thus present in the SANGER sequence diagram. The overlap makes it difficult to determine the 

genetic sequence of each allele from this diagram.  

Functional clone screening 

PLCβ is the main transducer of GPCR-mediated calcium. Thus, after two knockout 

rounds targeting all PLCβ isoforms, we performed calcium measurements with the 

remaining clones to identify the cell lines that no longer mobilized calcium in 

response to GPCR-stimulation.  

What went wrong? 

During our final functional screening, we only identified two cell lines that did not 

mobilize calcium in response to GPCR stimulation (data not shown). At this point, we 

again sent in the cells for genetic sequencing and found that both clones featured a 

6BP deletion in one allele encoding for PLCβ3, which had been introduced in the first 

knockout round and we had missed at the time. The mutations in each target gene of 

the selected cell line are as follows: 
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Table 20: Genetic sequence of target regions in functional PLCβ1-4 knockout 

HEK cell line 

Target Allele Mutation Note New sequence 

PLCβ1 1 16BP deletion Frame-shift TTTTGGATG()CCTGGAGCAGCG 

 2 4BP deletion Frame-shift TTTTGGATGTGGGGAACATCG()CCTGG 

PLCβ2 1 1BP insertion: 

C 

Frame-shift CAGCGGGA(C)CTCCCG 

 2 9BP deletion In-frame CAGCGG()CTTAACTC 

PLCβ3 1 1BP insertion: 

T 

Frame-shift GGAAGCCCTGGAT(T)CTGAGCAC 

 2 6BP deletion In-frame GGAAGCCCTG()AGCAC 

 3 2BP deletion Frame-shift GGAAGCCCTG()TCTGAGCAC 

PLCβ4 1 24BP deletion In-frame CACT()TCGGTAGAAATG 

 2 WT Sequence Wildtype - 

 

The Inoue lab has kindly performed another knockout round to target the 6BP deletion 

in the allele encoding PLCβ3 of this cell line. The resulting cell line, which they kindly 

provided for us, still contains the 9BP-deletion in PLCβ2 and wt-allele in PLCβ4. Thus, 

it is not a genetic knockout, but a ‘functional knockout’, because it does not mobilize 

GPCR-dependent calcium unless a PLCβ isoform is re-transfected (see Figure 7, Results 

section). This cell line is referred to in this study as HEK-PLCβ1-4mut. 

Isolation of primary cells 

Murine brown preadipocytes (mBAT) 

Murine brown preadipocytes (mBAT) isolated from newborn pups of C57Bl6/J mice 

(Klepac et al., 2016; Pfeil et al., 2020) were kindly provided by the Alexander Pfeifer 

Lab, Bonn. The cells were unfrozen from cryoculture vials 48 h before the calcium 

measurement and immediately seeded into calcium measurement plates. Calcium 

measurements were then performed as described below. 



Methods 
 

 
37 

 

Murine pulmonary arterial smooth muscle cells (mPASMC) 

Murine pulmonary arterial smooth muscle cells (mPASMC) isolated from CD1 mice 

(Matthey et al., 2017; Pfeil et al., 2020) were kindly provided by the Daniela Wenzel 

Lab, Bonn. The cells were unfrozen 2-3 weeks before the calcium measurements and 

cultivated in culture flasks according to the above-described procedure. 

Murine platelets 

Murine platelets from CD1-mice were kindly isolated by the Bernhard Nieswandt Lab, 

Würzburg. Calcium and aggregatory measurements were performed using freshly 

isolated cells (Pfeil et al., 2020). 

Cell-based assays 

Many of the following methodologies have been previously published in (Pfeil et al., 

2020), because this publication describes many of the same data included in this 

work. 

Population-based calcium mobilization 

For HEK cells, 60.000 cells were seeded in flat bottom 96 well cell culture plates and 

cultivated overnight. The next day, media was removed and cells were incubated with 

50 µL/well Calcium 5 dye (Molecular Devices, Sunnyvale, CA, USA) at 37°C for 45 

minutes. Afterwards, the dye was diluted with 150 µL for experiments with one ligand 

addition, or 100 µL for experiments with two ligand additions, using HBSS 

supplemented with 20 mM HEPES. Calcium mobilization was measured as increase in 

fluorescence over time, using the FlexStation 3 MultiMode Bench Top reader 

(Molecular Devices, Sunnyvale, CA, USA). An initial baseline read of 20 s was 

performed, followed by a 50 µL compound addition either once after 20 s or twice at 

20 s and 140 s, respectively.  

For other cell lines, the following modifications were used. Oli-neu-cells were seeded 

at 70.000 cells/well and cultured for 48 h in the presence of of 1 μM PD174265 before 

the start of the experiment. JURKAT cells were resuspended in Calcium 5 Dye and kept 

at 37°C for 45 min in the presence or absence of 10 µM FR, then diluted with 3x the 

volume of HBSS + HEPES, seeded at 30.000 cells/well into non-PDL-treated 384 well 

plates, spun down and measured immediately. HaCaT cells were seeded into 96 well 

plates at 50.000 cells/well and cultured overnight. mPASMC were seeded into non-

PDL-treated 96 well plates at 25.000 cells/well and cultured overnight. mBAT were 
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seeded into PDL-treated 96 well plates at 16.000 cells/well and cultured for 48 h. 5 

µM A23187 was used as a viability control in all experiments. For all assays, the first 

compound addition was set to x=0, y=0. The results show increase in intracellular 

calcium as RFU over time. 

Calcium
 

mobilization and aggregometry in platelets  

These experiments were kindly performed by the Nieswandt lab. Washed platelets 

(100 µl at 2x10
5

/mL) were loaded with 1 µL Fura2/AM (F1221, Thermo Fisher 

Scientifc; 3.3 µM f.c.) in the presence of 0.2 µg/mL pluronic F-127 for 20 min at 37°C. 

After one washing step, the platelet pellet was resuspended in 500 µl HBSS and sample 

was transferred to a cuvette and placed into an FL-6500 Fluorimeter (Perkin Elmer). 

Inhibitors and calcium (1 mM f.c.) were added directly prior start of the measurement. 

The emission was measured at 509 nm under stirring conditions with excitations 

alternating between 340 nm and 380 nm. Baseline was recorded for 50 s before 

agonist addition. After each measurement calibration was performed with Triton X-

100 (maximum signal) and EGTA (minimum) to calculate concentrations of free 

intracellular calcium (Grynkiewicz et al., 1985). 1 µM Ionomycin was used as a viability 

control. For aggregometry, 50 µl of PRP were mixed with 110 µl Tyrode’s-HEPES buffer 

containing 1 mM CaCl2 in an aggregometer cuvette in the presence of the indicated 

inhibitors. Light transmission was recorded on a four-channel aggregometer 

(Fibrintimer; APACT, Hamburg, Germany) for 10 min, with ADP being added 30 s after 

start of the measurement. The effect of ADP on platelets was quantified as max – min 

of the recorded optical response (Figure 4L) to quantify shape-change (initial decrease 

in light transmission) as well as aggregate formation (increase in light transmission), 

or by determining the maximum of the curve in direct response to agonist addition 

to visualize aggregation only (Figure S10). Results are expressed in arbitrary units, 

with platelet poor plasma (PPP) representing 100% light transmission. 

Singe cell calcium mobilization 

200,000 cells were seeded onto fibronectin-coated 8 well µ Slides (ibidi, Fitchburg, WI, 

USA) and cultivated overnight. The next day, media was removed and cells were 

incubated with 100 µL/well Calcium 5 Dye (Molecular Devices, Sunnyvale, CA, USA) 

for 45 min at 37°C, then diluted with 300 µL HBSS supplemented with 20 mM HEPES. 

Calcium mobilization was measured as increase in each cell’s median fluorescence 

over time, using the Axio observer Z.1 microscope equipped with the LD Plan-Neofluar 

20x/0,4 Korr M27 objective and the filter set 38. An initial baseline read of 20 s was 
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performed, followed by 50 µL compound addition. The results show increase in 

cytosolic calcium as RFU over time. 

IP1 accumulation 

IP1 quantifications were performed using the Cisbio HTRF kit (Cisbio Codolet, France) 

according to the manufacturer’s instructions, with the following modifications: 

25,000 HEK cells per well were used.  Cells were stimulated with agonist at 37°C for 

the duration of 30 min.  At this point, lysis buffer and HTRF components were added 

and left at room temperature for at least 1 h. HTRF values were determined using the 

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

Germany). Using a standard curve generated from the IP1 standard solutions provided 

by the manufacturer, all HTRF ratios were converted to IP1 concentrations in nM. 

cAMP accumulation 

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

manufacturer’s instructions, with the following modifications: 25.000 cells/well were 

stimulated with the indicated concentration of forskolin with or without varying 

concentrations of receptor agonist for 45 min. Then, lysis buffer and HTRF 

components were added and incubated at room temperature for at least 1 h. The 

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

Germany) was used to record HTRF values. Using a standard curve generated from the 

cAMP standard solutions provided by the manufacturer, all HTRF ratios were 

converted to nM cAMP concentrations.  

NanoBiT 

 Cells cultured in 6 cm dishes were transfected with all components (see TS1) 24 h 

before the experiment, and measured according to previously published protocols 

(Shihoya et al., 2018; Dixon et al., 2016). Briefly, on the day of the experiment, cells 

were harvested and resuspended in 2 mL of HBSS supplemented with 5 mM HEPES and 

0.01% BSA, then seeded in a 96 well plate using 80 µL per well. Cells were loaded with 

20 µL of the same buffer supplemented with 50 µM coelenterazine, followed by a 2 h 

incubation at room temperature. Using a SpectraMax L reader (Molecular Devices, 

Sunnyvale, CA, USA), five readings per well were performed to determine a baseline, 

followed by ligand addition and 10 min of luminescence read at 20 s intervals. The 

results show proximity of Gβγ and PLCβ3 after ligand addition as fold increase of 

luminescence over time, or the proximity of Gαi with Gβγ over time.   
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IP3 BRET  

BRET measurements using the IP3 sensor (Gulyás et al., 2015) were performed 

according to the published protocol, with the following modifications: HEK cells were 

transfected in 10 cm dishes 24h before the measurements and trypsinized on the day 

of the measurements, washed, and resuspended using HBSS + HEPES to seed 80 µL 

with 80,000 cells/well into a white-bottom 96-well plate. 10 µL Coelenterazine h were 

used as the BRET substrate. The emission at 485 nm and 535 nm was measured for 

40 s using the PHERAstar microplate reader (BMG labtech, Ortenberg, Germany), 

before injecting 10 µL agonist or buffer. The data were processed as previously 

described (Gulyás et al., 2015) and buffer-corrected, then quantified by determining 

the mean BRET decrease after compound addition.  

Gαq-Gβγ dissociation BRET 

BRET measurements to determine Gαq-Gβγ rearrangement were performed according 

to the previously published protocol (Schrage et al., 2015). Briefly, HEK-∆Gq/11 cells 

were transfected with Rluc8-Gαq
wt

 or Rluc8-Gαq
H218AL254A

 and GFP-Gγ2, along with 

rGPR17 and Gβ1 48h before the experiment. On the day of the measurement, cells 

were trypsinized, washed and resuspended in HBSS + HEPES to seed 100 µL with 

180.000cells/well into a white-bottom 96-well plate. 10 µL agonist was added 

immediately prior to the measurement at the respective time interval. The Mithras LB 

940 multimode plate reader (Berthold Technologies, Bad Wildbad, Germany) was used 

to inject 10 µL BRET2 substrate Deepblue C and then record the emission at 395 nm 

and 515 nm wavelength.  

DMR 

Dynamic mass redistribution assays were performed using the corning Epic biosensor 

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

2011). Briefly, 18,000 cells/well were seeded in 384 well plates on top of an optical 

biosensor and cultured overnight. The next day, cells were washed with HBSS 

supplemented with 20 mM HEPES and allowed to equilibrate for 1 h or until 

measurements stabilized. Then, a new measurement was started to record at least 5 

min of baseline read followed by the addition of compounds using the Cybi-SELMA 

semi-automated electronic pipetting system (Analytik Jena AG, Jena, Germany) and 60 

more min of measurement. The experiments show dynamic mass redistribution 

following ligand activation as pm shift in reflected wavelength over time.  
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Thallium Flux  

Activation of GIRK channels was measured using a Thallos AM dye-based thallium flux 

assay kit and recorded with the FlexStation 3 MultiMode Bench Top reader (Molecular 

Devices, Sunnyvale, CA, USA) according to the previously published protocol (Krebs 

et al., 2018), which is a modified version of (Wydeven et al., 2014). Briefly, the day 

before the experiment, 20,000 cells/well were seeded in 384 well plates. On the day 

of the experiment, cells were incubated with Thallos AM dye for 45 min. Thereafter, 

the dye was replaced by 40 µL of HBSS supplemented with 20 nM HEPES.  All 

compounds were diluted in the same buffer additionally supplemented with thallium 

sulfate to reach a final concentration of 0.75 mM thallium in each well. The 

experiment shows GIRK channel activation as increase in fluorescence over time. 

Western Blot  

All lysates were collected from the same batch of transfected cells that were used for 

calcium measurements. Cells were lysed on the day of the calcium measurements, 48 

h after transient transfection. After running the gels and blotting onto nitrocellulose 

membranes, protein expression was detected as follows. To detect β-actin, anti-β-actin 

antibody was diluted in RotiBlock (1:1,000) to treat membranes overnight at 4°C. Anti-

rabbit in RotiBlock (1:20,000) was used as the second antibody and incubated for 1 h 

at room temperature. After β-actin detection using ECL detection reagent, the 

membranes were washed and blocked for 60 min at room temperature. Afterwards, 

to detect PLCβ expression, the membranes were incubated in anti-PLCβ3 mouse 

monoclonal antibodies diluted in RotiBlock (1:500) at 4°C overnight. Anti-mouse 

antibody diluted in RotiBlock (1:20,000) was used as the second antibody, and 

detected.  

Data processing  

Data were processed using Microsoft Excel and analyzed using GraphPad Prism 8. 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 then analyzed as indicated in the respective y-axis title of each 

panel.  
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Results 
Chapter 1: Does Gi-calcium depend on Gq? 

 

Figure 6: Gi-calcium is completely blocked by Gq inhibitor FR. (A) calcium measurements 

were performed in HEK cells using receptors that activate both Gi and Gq. The specific 

inhibitors PTX for Gi and FR for Gq were used to selectively inhibit each pathway and uncover 

a potential interdependency of the two signaling stimuli. (B) Representative calcium kinetics 

obtained with 100 nM histamine for H1 and 10 µM MDL29,951 for GPR17. Calcium 

mobilization was partially blocked in cells treated with PTX, and fully absent in the presence 

of FR. (C) quantification of three biologically independent experiments of (B), shown as mean 

± SEM. 

Gi-calcium is completely blocked by Gq inhibitor FR 

The first goal of this work was to investigate a potential interaction or 

interdependency of Gq-calcium and Gi-Gβγ-calcium in living cells. To gain insight into 

this, we used a set of GPCRs that activate both Gq and Gi and observed their capacity 

to mobilize calcium (Figure 6A). As our model receptors, we used the histamine 

receptor H1, along with its endogenous ligand histamine (Inoue et al., 2019), and 

three species orthologs of GPR17, an orphan GPCR that can be conveniently activated 

by the surrogate agonist MDL29,951 (Simon et al., 2016). To visualize the Gi- and Gq-

contribution to the resulting calcium mobilization, we used the Gi-inhibitor PTX and 

the Gq inhibitor FR (Figure 6A). Upon stimulation with their cognate agonists, all four 

model receptors mobilized calcium in a concentration-dependent manner (Figure 6B, 

C). PTX-treatment revealed varying Gi-contributions for each receptor, with H1 and 

hGPR17 showing a small, rGPR17 a more balanced and mGPR17 a high Gi-component 

(Figure 6C). Interestingly, treatment with FR completely abolished all calcium 
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mobilization, including the Gi-dependent component, for all receptors (Figure 6B, C). 

This result indicated a complete dependency of Gi-Gβγ-calcium on Gq in living cells, a 

surprising finding given that Gi-Gβγ-calcium has been shown to be an independent 

signaling pathway in the reconstituted system.  

 

Figure 7: FR-sensitive Gi-calcium is mobilized via PLCβ2 and PLCβ3. (A) HEK PLCβ1-4mut 

cells transfected with rGPR17, along with either control vector (B) or each PLCβ isoform (C-F), 

were observed in a calcium mobilization experiment. (B-F) the top panels show the 

representative calcium traces upon stimulation with 10 µM MDL, quantified as mean ± SEM of 

three biologically independent experiments in the bottom panels. rGPR17 only mobilized 

calcium in HEK-PLCβ1-4mut cells where a PLCβ isoform was re-expressed (B vs C-F), and this 

calcium was partially Gi-dependent only in the presence of PLCβ2 and PLCβ3 (D, E). In cells 

transfected with PLCβ4, PTX-treatment led to an increase in the slope and maximal calcium 

mobilization (F). All calcium mobilization was completely abolished in the presence of FR (C-

F).  

FR-sensitive Gi-calcium is mobilized via PLCβ2 and PLCβ3 

Gi-Gβγ-calcium is usually mediated via PLCβ2 and PLCβ3, while Gαq activates all four 

PLCβ isozymes (Kadamur & Ross, 2013; Smrcka, 2008). However, Gi-Gβγ has also been 

shown to interfere with various other pathways that control calcium mobilization, 

including the PLCγ, PLCε and PLCη pathways. Therefore, our next step was to confirm 

the origin of our Gi-Gβγ-calcium. To this end, we generated a HEK PLCβ1-4mut cell 

line. In this cell line, CRISPR/Cas9 technology has been used to target the alleles 

encoding the four PLCβ isozymes (Figure 7A). As expected, HEK PLCβ1-4mut cells 

showed no rGPR17-mediated calcium mobilization (Figure 7B), which indicated that in 

our hands, GPCR-calcium is PLCβ-mediated. Re-transfection of each PLCβ subtype 

restored the rGPR17-mediated calcium mobilization (Figure 7C-F), with PLCβ2- and 

PLCβ3- dependent calcium displaying partial inhibition by PTX (Figure 7D, E). 
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Interestingly, PLCβ4-transfected cells showed an increased calcium mobilization via 

GPR17 in the presence of PTX that was reflected in both a steeper calcium kinetic and 

a higher calcium peak (Figure 7F). Since PTX inhibits Gi and thus increases intracellular 

cAMP levels, this increased calcium mobilization in PTX-treated cells could indicate a 

dependency of PLCβ4 on the cAMP pathway, which is an interesting basis for further 

investigation. Regardless, the partial PTX-sensitivity of PLCβ2 and PLCβ3 confirms that 

Gi-Gβγ-PLCβ-calcium is mediated via these two PLCβ subtypes, which is perfectly in 

line with the Gi-calcium signaling paradigm. Additionally, for all PLCβ subtypes, the 

calcium was completely abolished by the Gq inhibitor FR (Figure 7B-F), underlining the 

complete dependency of Gi-Gβγ-calcium on the Gq pathway.  

 

Figure 8: Gq is required and sufficient to restore Gi-calcium in HEK-∆Gq/11 cells. (A) HEK-

∆Gq/11 cells, which do not express Gαq subunits, were investigated for Gi-calcium. (B) The 

mean ± SEM show no H1- or GPR17-dependent calcium in this cellular background (blue data 

points), despite intact viability controls (grey bars). (C, D) Overexpression of (C) PLCβ, or (D) 

Gi-heterotrimers did not restore rGPR17-mediated Gi-calcium, but cells remained responsive 

to the viability control. (E) Mean ± SEM of restored, PTX-sensitive calcium responses upon re-

transfection of Gαq. All experiments show three biologically independent experiments.  

Gq is required and sufficient to restore Gi-calcium in HEK-∆Gq/11 cells 

While these findings made a compelling case for a dependency of Gi-Gβγ-calcium on 

Gq, previous investigations have reported a similar finding. As a result, the specificity 

of FR, a generally very well-characterized molecule, has been doubted (Gao & 
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Jacobson, 2016). Thus, the loss of Gi-calcium upon Gq-inhibition has to be further 

examined before any final conclusion can be drawn. In order to corroborate the data 

obtained with the pharmacological Gq inhibitor FR, we made use of the genetically 

modified HEK-∆Gq/11 cell line. This cell line has been genetically modified with 

CRISPR/Cas9 technology to lack functional alleles encoding Gαq and Gα11 

(Grundmann et al., 2018). As Gα14 and Gα16 are not expressed in HEK cells (Atwood 

et al., 2011), the HEK-∆Gq/11 cell line no longer expresses any G-proteins of the Gq 

family, and therefore perfectly complements the pharmacological tool FR (Figure 8A). 

In this cellular background, neither H1 nor any GPR17 species ortholog triggered 

detectable calcium mobilization upon stimulation (Figure 8B). Even upon transfection 

of PLCβ2 or PLCβ3 to boost overall PLCβ signaling (Figure 8C), or heterotrimeric Gi 

proteins to increase Gi-signaling (Figure 8D), rGPR17 failed to induce detectable Gi-

calcium. However, reintroduction of Gq was sufficient to re-establish both Gq- and Gi-

calcium for all receptors (Figure 8E). Thus, both the pharmacological (Figure 6) as well 

as the genetic tool (Figure 8) point towards the same conclusion: Gq is required and 

sufficient for Gi-Gβγ-calcium.  



Results 

 
46 

 

Excursion 1.1: Gq overexpression shifts Gi/Gq balance of 

calcium signals towards Gq 

Figure 9: Gq overexpression 

shifts Gi/Gq balance of calcium 

signals towards Gq. (A) In HEK 

cells, we tested whether 

transfection of larger quantities 

of Gαq would diminish the PTX-

sensitivity of a calcium signal by 

providing less Gi- and more Gq 

protein activation. (B) preliminary 

calcium mobilization data (n=1) 

obtained with a stable HEK-

mGPR17 cell line transfected with 

either vector control (left panel) 

or Gαq (right panel). The PTX-

sensitive Gi-component of the 

calcium signal was reduced when 

Gαq was overexpressed, and no 

calcium was detected in the 

presence of FR. (C) 100 nM 

MDL29,951-mediated calcium 

mobilization via hGPR17 in HEK-

∆Gq/11 shows a decreasing Gi-

component when transfected 

with increasing quantities of Gαq. (D) Concentration response curve of hGPR17 mediated 

calcium mobilization upon re-transfection of only 0.05 µg Gαq plasmid, in the absence and 

presence of PTX.  

Notably, the Gi-dependent calcium obtained upon re-transfection of Gq into HEK-

∆Gq/11 cells was smaller for all receptors than that obtained in the wt-background 

(compare Figure 8E with Figure 6C), with hGPR17-dependent calcium showing almost 

no PTX-sensitivity. It seems like, under these conditions of Gαq overexpression, all 

four model receptors favored the Gq pathway. A possible explanation could be that 

the increased expression level of Gq after transient overexpression (a) increases Gq-

coupling of GPR17, or (b) saturates the PLCβ-pathway, leaving less room for 

enhancement via Gi-Gβγ. To examine whether the quantity of Gαq expression would 
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really increase the Gq- and decrease the Gi-component of GPR17-mediated calcium 

(Figure 9A), we performed calcium measurements with HEK cells stably expressing 

mGPR17. We transfected this cell line with either control vector to maintain 

endogenous Gq expression (Figure 9A, B, left panels), or Gαq to achieve 

overexpression of Gq (Figure 9A, B, right panels). Indeed, after transfection of Gq, the 

PTX-sensitive Gi-contribution to calcium mobilization by this receptor decreased 

(Figure 9B). Thus, we reasoned that in the HEK-∆Gq/11, transfection of lower amounts 

of Gq should better visualize Gi-calcium. Careful titration of the transfected amount 

did indeed reveal PTX-sensitivity of hGPR17 (Figure 9C). Because of this finding, the 

amount of transfected Gα subunit in all following experiments was optimized to 

ensure a robustly restored calcium signal with an observable PTX-sensitive 

component.  

 

Figure 10: All Gαq family subunits restore Gi-calcium. (A) In HEK-∆Gq/11 cells, each ortholog 

of GPR17 was co-expressed with Gα11, Gα14 or Gα16. Upon stimulation with MDL29,951, 

calcium mobilization was observed in the absence and presence of PTX to detect Gi-calcium. 

(B-D) summarized mean ± SEM of three independent experiments shows no PTX-sensitive 

calcium for hGPR17 with Gα11 (B), but PTX-sensitive calcium for rGPR17 and mGPR17 in the 

presence of Gαq (B), and for all three species in the presence of Gα14 (C) and Gα16 (D).  
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All Gαq family subunits restore Gi-calcium 

After observing the rescue of Gi-calcium by re-transfection of Gαq, we were curious to 

see if all Gα-isoforms of the Gq family would restore Gi-calcium. The Gq family consists 

of four isoforms: Gq, G11, G14 and G15/16 (Figure 4A), the latter referring to the 

non-human (G15) and human (G16) ortholog of the same Gα subunit (McCudden et 

al., 2005). Like Gαq, transfection Gα11 (Figure 4B), Gα14 (Figure 4C) and Gα16 (Figure 

4D) restored the calcium signal for all three species orthologs of GPR17. PTX-

sensitivity varied, with Gα11 restoring the smallest, and Gα14 restoring the largest Gi-

component to the signal. This might very well be due to a difference in expression 

between the Gαq subunits (see Figure 9), which we did not investigate in this context. 

Regardless, all Gq family members were capable of restoring a PTX-sensitive Gi-

calcium.  

Taken together, these results demonstrate that there is a complete dependency of Gi-

calcium on Gq in HEK cells, in that Gi-calcium is undetectable when Gαq-isoforms are 

not expressed or pharmacologically inhibited, and can only be restored upon re-

expression of a Gαq-isoform.  

Chapter 2: The Gq requirement for specifically Gi-coupled 

receptors 

 

Figure 11: Specifically Gi-coupled DP2 requires additional Gq input to mobilize Gi-calcium. 

(A) in HEK cells stably expressing Gi-coupled DP2, calcium mobilization was measured using 

the cognate agonist PGD2. Prior to the Gi-stimulus, either buffer or 100 µM UTP/ATP, or 100 

µM CCh was used to stimulate endogenous Gq-coupled P2Y or M3 receptors to provide Gq 

input. (B-E) representative calcium kinetics, depicted as mean + SEM, show no calcium 
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mobilization when only DP2 is stimulated with PGD2 (B), but restored PGD2-dependent calcium 

when the cells are pre-stimulated with UTP (C). This PGD2-mediated calcium is entirely blocked 

by PTX (D) and absent when FR is used to abolish the UTP-stimulus (E). (F) The mean ± SEM of 

three experiments reveals no PGD2-dependent calcium when cells are pretreated with buffer, 

but robust, PTX- and FR-sensitive calcium responses induced by PGD2 when the cells are pre-

stimulated with ATP, UTP or CCh.  

Specifically Gi-coupled DP2 requires additional Gq input to mobilize Gi-calcium 

Gi-calcium is a hallmark feature of chemokine and chemoattractant receptors 

expressed in immune cells. These Gi-GPCRs do not couple to Gq, which made us 

interested in testing if they also dependent on Gαq to mobilize their paradigmatic Gi-

calcium (Figure 11A). To investigate this, we selected a variant of the D-type 

prostanoid receptor 2 (DP2, formerly chemoattractant receptor homologous molecule 

expressed on T-Helper cells type 2, CRTH2) that lacks the c-terminal domain to 

improve signaling in recombinant systems (DP2-∆ct) (Schröder et al., 2009). However, 

stimulating HEK cells stably expressing this receptor with PGD2, its cognate agonist 

(Sedej et al., 2012) did not produce a calcium response (Figure 11B), even though Gq 

was expressed in this cellular background. Because the receptors that activate Gq in 

addition to Gi had mobilized Gi-calcium in the presence of Gq (Figure 6-10), we 

hypothesized that Gi calcium might be dependent not only on Gq presence, but Gq-

activation. Unlike H1 and GPR17, DP2 would not generate this potentially required Gq 

activation on its own. To test if Gq activation would restore DP2-∆ct-mediated Gi-

calcium, we stimulated the cells with UTP to activate the endogenously expressed Gq-

coupled P2Y receptors prior to addition of the DP2-agonist PGD2 (Figure 11A). Indeed, 

in this setup, PGD2 triggered concentration-dependent calcium release (Figure 11C) 

that was entirely Gi-dependent (Figure 11D). Incubation of the cells with FR abolished 

the Gq-activation provided by UTP, and thus, no Gi-calcium was observed (Figure 11E). 

In order to exclude a possible UTP-specific effect on the DP2 receptor, or P2Y-DP2-

specific crosstalk responsible for the restored Gi-calcium, we also tried priming the 

cells with ATP, a different P2Y agonist, and carbachol (CCh), which is an agonist at 

the endogenously expressed Gq-coupled muscarinic M3 receptors. All three options 

restored similar, PTX- sensitive PGD2 calcium that was absent in the presence of FR 

(Figure 11F). This data indicates that mobilization of Gi-calcium via the Gi-specific DP2 

receptor requires additional Gq activation via another GPCR. 



Results 

 
50 

 

  

Figure 12: Gi-calcium via CXCR2 and CXCR4 requires Gq input. (A, B) HEK cells stably 

expressing CXCR2 (top panels) or endogenously expressing CXCR4 (bottom panels) do not 

mobilize calcium in response to IL8 or CXCL12 when pre-treated with buffer (A), but display 

concentration-dependent, PTX- and FR-sensitive calcium mobilization in response to IL8 and 

CXCL12 when pre-stimulated with ATP, UTP or CCh. All data are shown as mean ± SEM of three 

biologically independent experiments. 

Gi-calcium via CXCR2 and CXCR4 requires Gq input 

If Gi-calcium always depends on Gq-activation, this would mean that any Gi-coupled 

receptor that does not activate Gq will not mobilize any calcium when stimulated on 

its own in HEK cells. Therefore, to corroborate our findings with DP2, we tested two 

other Gi-coupled GPCRs. Because Gi-calcium is a hallmark feature of chemokine 

signaling (Premack & Schall, 1996), we chose two chemokine receptors that are 

associated with physiological Gi-calcium signaling, CXCR2 and CXCR4. Interestingly, 

neither stably transfected CXCR2 nor endogenously expressed CXCR4 induced Gi-

calcium upon stimulation with their cognate agonists in HEK cells (Figure 12A). 

Indeed, like DP2, their ability to mobilize Gi-calcium was completely dependent on 

prior Gq-stimulation (Figure 12B). Because all three specifically Gi-coupled receptors 

required stimulation of a Gq-coupled GPCR to mobilize Gi-calcium, we concluded that 

Gi-calcium in living cells is always dependent not only the presence of Gq, but on 

activation of the Gq pathway, which can be achieved either via the same receptor that 
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stimulates Gi (see Figure 6-10) or via any other available Gq-coupled receptor (Figure 

11, Figure 12).  

Excursion 2.1: Both basal and acute Gq activation restore Gi-

calcium, but acute Gq stimulation does so more reliably 

 

Figure 13: Both basal and acute Gq activation restore Gi-calcium, but acute Gq stimulation 

does so more reliably. (A-C) HEK cells were transiently transfected with DP2, along with either 

Gαq
wt

 or the constitutively active Gαq
R183C

 or Gαq
Q209L

 mutant. (B) The basal IP1 production, shown 

as mean + SEM of one representative experiment, is increased upon transfection of the 

constitutively active Gαq
R183C

 or Gαq
Q209L

 mutants. (C) in response to PGD2, PTX-sensitive calcium 

is mobilized only in cells transfected with the Gαq
R183C

 mutant. This data shows mean ± SEM of 

four biologically independent experiments. (D, E) In HEK-DP2-∆ct cells, the time between the 

acute Gq input provided by ATP and the Gi-stimulus PGD2 was varied. Representative kinetics 

(D) are shown as mean + SEM, summarized as mean ± SEM of three experiments in (E), 

revealing higher Gi-calcium peaks for more recent Gq-input.  

We have already demonstrated that the Gq-activity required for Gi-calcium can be 

provided by the same or other GPCRs. Next, we wondered if an increase in basal Gq 

activity would also restore Gi-calcium. To provide basal Gq activation, we used two 

constitutively active mutants of Gq, the Gαq
R183C

 and the Gαq
Q209L 

variants. Both of these 

variants of Gq are oncogenes that occur naturally (Singh et al., 2011; Sisley et al., 

2011; Luke et al., 2015; Bastian, 2014; Carvajal et al., 2017; Annala et al., 2019; 

Kostenis et al., 2020). Their GTPase-deficiency makes these mutants constitutively 

active (Figure 13A, and they drive the growth and migration of various tumors, 

including that of uveal melanoma. Upon transfection of these mutants into HEK-

∆Gq/11 cells, we witnessed increased basal IP1 levels compared to control vector or 
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Gαq
wt

, confirming the constitutive activity of both Gαq mutants (Figure 13B). However, 

stimulation of DP2 in these cells only lead to a miniscule mobilization of Gi-calcium 

for Gαq
R183C

 and a barely detectable Gi-calcium for Gαq
Q209L

 (Figure 13C). This 

measurement window was the result of many attempts at optimization (data not 

shown), and although we cannot exclude the possibility that the signal could be 

further improved by changing the methodology, we wondered if Gi-calcium perhaps 

is more robustly restored by an acute Gq stimulus instead of long-term, basal 

activation. Indeed, an experiment using the pre-stimulation setup, but varying the 

timepoint of Gi-stimulation (Figure 13D), revealed a clear time-dependent aspect of 

the Gq requirement (Figure 13D, E). Taken together, these results imply that Gi-

calcium is most efficiently mobilized when it immediately follows the required Gq-

stimulus. However, more investigations would be necessary to draw conclusions on 

how this would play out in a physiological context. 
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Chapter 3: Which Gi-pathways require Gq? 

 

Figure 14: All model GPCRs are expressed and couple to Gi without Gq. (A) Upon GPCR 

activation, a signaling cascade induces cell shape changes that are registered by an optical 

biosensor as a change in the reflected wavelength, which represents dynamic mass 

redistribution (DMR). If this DMR response is sensitive to inhibition by PTX, this confirms that 

it is triggered via the Gi signaling cascade. (B-C) Representative mean + SEM DMR kinetics 

obtained in HEK-∆Gq/11 cells transfected with H1 or GPR17 (see Figure 3B) in the absence (B) 

or presence (C) of PTX, summarized in (D) as mean ± SEM of three experiments. All four 
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receptors signal in a concentration-dependent, PTX-sensitive manner in the HEK-∆Gq/11 

background. (E) The mean ± SEM DMR of three biologically independent experiments confirms 

intact, fully PTX-sensitive signaling via DP2-∆ct, CXCR2 and CXCR4 (compare Figure 6 and 7) 

in the absence and presence of FR.  

All model GPCRs are expressed and couple to Gi without Gq 

Gi-calcium, a paradigmatic pathway that has long been considered stand-alone, is fully 

dependent on Gq in our living HEK cell system. Thus, we wondered if any other Gi-

signaling pathways also share this previously unrecognized Gq requirement. Our first 

step was to investigate if general Gi-signaling via our model receptors was dependent 

on Gq. To this end, we examined the promiscuous H1 and GPR17 receptors’ capacity 

to trigger Gi-dependent dynamic mass redistribution (DMR) in absence of Gq. DMR 

measurements are a holistic, real-time readout of cellular cytoskeletal changes (shape 

changes) in response to ligand stimulation (Figure 14A). This method registers GPCR 

stimulation of all G-protein subfamilies (Schröder et al., 2011; Schröder et al., 2010), 

but also some other stimuli such the activation of some ion channels (Krebs et al., 

2018). In this readout, stimulation of H1 or GPR17 expressed in HEK-∆Gq/11 yielded 

clear, concentration dependent signals that were partially PTX-sensitive (Figure 14B-

D). This confirmed the expression of all four model GPCRs and their capacity to signal 

via Gi in the absence of Gq, despite the fact that no Gi-calcium was mobilized (see 

Figure 8). The remaining, PTX-insensitive signal most likely represented Gs-activation 

via these GPCRs. Similarly, despite not mobilizing Gi-calcium, the specifically Gi-

coupled model receptors DP2, CXCR2 and CXCR4 also triggered DMR that was entirely 

PTX-sensitive and remained intact in the presence of Gq-inhibitor FR (Figure 14E). We 

concluded that Gq is not required for all Gi-GPCR-dependent signaling pathways.  
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Figure 15: Gαi-mediated cAMP depression does not require Gq. (A) Gαi inhibits the adenylyl 

cyclase-dependent cAMP production. If this process required Gq like Gi-calcium does, it should 

be blocked in the presence of FR. (B) cAMP measurements of HEK cells stably expressing each 

GPR17 species ortholog, shown as mean ± SEM of three biologically independent experiments, 

show PTX-sensitive inhibition of FSK-induced cAMP production for lower agonist 

concentrations that is intact in the presence of FR. (C) HEK cells stably expressing DP2-∆ct, 

CXCR2 or endogenously expressing CXCR4 show PTX-sensitive cAMP depression that remains 

in the presence of FR, depicted here as mean ± SEM of three biologically independent 

experiments.  

Gαi-mediated cAMP depression does not require Gq 

Next, we examined the canonical Gαi-mediated cAMP depression for a potential 

dependency on Gq (Figure 15A). When stimulated with low agonist concentrations, 

HEK cells stably expressing hGPR17, rGPR17, or mGPR17 showed an inhibition of 

forskolin (FSK)-mediated cAMP accumulation that reflected Gi-activation (Figure 15B). 

We also detected an increase in cAMP production for high concentrations of agonist, 

again congruent with Gs-activation. While the Gi-mediated cAMP-depression was 

entirely abrogated by preincubation with PTX, the cAMP profile of each receptor was 

only slightly modulated by Gq-inhibitor FR, with the Gi-dependent part remaining 

intact (Figure 15B). The specifically Gi-coupled model receptors displayed more 

classical Gi-cAMP-profiles, with a clear depression of FSK-mediated cAMP for all ligand 

concentrations (Figure 15C). Again, this was completely blocked by PTX, but 

unaffected by FR. We concluded that canonical Gαi-AC signaling is not dependent on 

Gq.  
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Figure 16: Gi-Gβγ-PLCβ signaling, but not Gi-Gβγ-GIRK activation, fully depends on Gq. (A) 

Gi-Gβγ can activate the PLCβ to trigger IP production and calcium release, as well as GIRK 

channels to allow K
+

 flux. FR can be used to investigate whether each signaling process 

depends on Gq. (B-E) mean + SEM of representative thallium flux kinetics show GIRK activation 

in response to the direct GIRK activator ML297 and also via stimulation of DP2 with dk-PGD2. 

The DP2-mediated GIRK activation is sensitive to PTX (C) and DP2 antagonist TM30089 (D), but 

intact in the presence of FR. Three biologically independent experiments were summarized as 

mean ± SEM in (F). (G, H) rGPR17-induced IP1 accumulation, shown as mean ± SEM of three 

experiments, is partially PTX-sensitive and almost fully FR-sensitive (G). The remaining IP1 

accumulation in the presence of FR shows no PTX sensitivity (G), but is undetectable in cells 

lacking G12 and G13 (H).  

Gi-Gβγ-PLCβ signaling, but not Gi-Gβγ-GIRK activation, fully depends on Gq. 

Unlike Gi-cAMP-signaling, Gi-calcium is triggered by the Gβγ subunit released from the 

Gi-heterotrimer, which activates PLCβ. We considered whether Gq might be required 

for Gi-Gβγ-signaling. To investigate this notion, we selected two Gi-Gβγ-signaling 



Results 
 

 
57 

 

readouts (Figure 16A). The first one visualizes activation of the GIRK channel using a 

fluorescent dye to detect thallium influx upon opening of the channel. HEK cells stably 

expressing the GIRK1/2 subunit combination along with DP2 showed a concentration-

dependent GIRK activation upon stimulation with the specific DP2 agonist dk-PGD2 

(Figure 16B). As expected, this response was not detected in the presence of PTX 

(Figure 16C) or DP2-antagonist TM30098 (Uller et al., 2007) (Figure 16D). However, 

GIRK activation was unaffected by FR (Figure 16E, F). Notably, the direct GIRK activator 

ML297 (Wydeven et al., 2014) elicited GIRK responses that were independent of 

inhibitor-treatment, confirming the cell viability under all conditions (Figure 16B-E). 

The second Gi-Gβγ-readout we selected was IP1-accumulation, which is triggered by 

Gi-Gβγ-dependent activation of PLCβ, and lies just upstream of the Gq-dependent Gi-

calcium (Figure 16A). HEK cells expressing rGPR17, selected here as a representative 

GPCR of our promiscuous model receptors, showed concentration-dependent IP1 

accumulation, with partial PTX-sensitivity confirming Gi-involvement in the signal. Like 

Gi-calcium, a downstream readout of the same cascade, but unlike Gi-Gβγ-GIRK-

activation, this Gi-Gβγ IP1 accumulation was almost entirely blocked in the presence of 

FR, with only a small, PTX-insensitive IP1 production remaining. This PTX-insensitive 

IP1 accumulation was absent in HEK-∆12/13 cells (Figure 16H), indicating that it is 

most likely G12/13-PLCε-mediated. In these cells, FR completely abolished all rGPR17-

dependent IP1 accumulation, including the PTX-sensitive Gi-Gβγ-dependent 

component. These results indicate that Gi-Gβγ-GIRK does not require Gq, while Gi-Gβγ-

PLCβ-activation is entirely dependent on Gq activation. 
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Excursion 3.1: The effect of Gq-activation on Gi-Gβγ-GIRK 

activation.  

Figure 17: Gq hampers Gi-

Gβγ-GIRK activation by 

depletion of GIRK co-factor 

PIP2. (A) Activation of Gi-

coupled M2 activates GIRK 

channels via Gi-Gβγ. In HEK 

cells, the same ligand also 

activates Gq-coupled M3 

receptors, which leads to 

PLCβ-dependent hydrolysis of 

the GIRK co-factor PIP2 to IP3 

and DAG, thereby decreasing 

GIRK ion Flux in a Gq-

dependent manner. (B) 

Representative GIRK kinetics 

and quantification of three 

experiments show GIRK activation via M2/3 receptor stimulation that is completely PTX-

sensitive and boosted in the presence of FR. All data are shown as mean + SEM. (C) mean ± 

SEM of three IP1 accumulation experiments in HEK wt cells show complete FR-sensitivity of IP 

production via M3.  

We also measured Gi-Gβγ-GIRK activation upon simultaneous Gi and Gq-stimulation. 

To this end, we used a HEK cell line stably expressing GIRK1/2 and the M2 receptor. 

In addition to this Gi-coupled M2 receptor, HEK cells also endogenously express the 

Gq-coupled M3 receptor (Figure 17A). Stimulating this cell line with iperoxo, a super-

agonist that activates both muscarinic receptors (Dallanoce et al., 1999), we witnessed 

only minute GIRK-activation (Figure 17B). However, upon blocking the Gq pathway 

with FR, the iperoxo-mediated GIRK-activation increased significantly (Figure 17B). 

This is due to the effect of Gq-stimulation on PIP2, a co-factor required for GIRK 

activation (Wydeven et al., 2014). In the absence of FR, activation of Gq via the M3 

receptor results in PLCβ-mediated conversion of PIP2 into IP3 and DAG, which can be 

observed as IP1-accumulation (Figure 17C). When FR is present, this cleavage of PIP2 

does not take place (Figure 17C), leaving more PIP2 available to boost the GIRK-current, 

thus explaining the more robust GIRK-response (Figure 17B). Therefore, it can be 

concluded that Gi-Gβγ-GIRK activation not only does not require Gq, it is actually 
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negatively affected by Gq activation. This presents a stark contrast to the complete 

dependency of Gi-Gβγ-PLCβ signaling on Gq.  

In summary, we have demonstrated that neither Gi-activation in general (Figure 14), 

nor canonical Gαi-signaling (Figure 15), nor Gi-Gβγ-GIRK signaling (Figure 16, 17) 

depend on Gq. Instead, Gq seems to be a specifically required ‘master switch’ for the 

Gi-Gβγ-PLCβ-pathway only.  

Chapter 4: the canonical Gq pathway: which step allows Gi-

calcium?  

 

Figure 18: Gi-Gβγ-PLCβ-calcium does not require Gq-PKC-activation. (A) The PKC, which is 

activated downstream of Gq stimulation, is known to interact with PLCβ. If this step was 

required for Gi-Gβγ-PLCβ signaling, then the pan PKC inhibitor Go6983 should abolish Gi-

calcium. (B) representative calcium kinetics, displayed as mean + SEM, show priming of the 

cells with P2Y agonist ATP and subsequent DP2-mediated Gi-calcium (left panel) that remains 

intact in the presence of PKC inhibitor Go6983 (right panel). (C) Three biologically independent 

experiments were summarized as mean + SEM. DP2 agonist PGD2 only induced calcium when 

cells were pre-stimulated with ATP, and this calcium response remained intact in the presence 

of Go6983, while the Gq stimulus CCh was stable under all three conditions.  

Gi-Gβγ-PLCβ-calcium does not require Gq-PKC-activation 

So far, we have shown that Gq activation is specifically required for Gi-Gβγ-PLCβ-

calcium. In order to better understand the mechanistic basis for this requirement, we 

aimed to narrow down the exact step of the canonical Gq signaling cascade that fulfills 
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this condition. We started by investigating one of the very downstream effectors of 

Gq-activation, the protein kinase C (PKC). This kinase is activated by the Gq-dependent 

calcium release, as well as by the production of DAG by PLCβ. PKC then 

phosphorylates various effectors, providing the starting point for kinase signaling. 

PKC has been shown to phosphorylate PLCβ, a process that is usually considered a 

“negative feedback mechanism” to down-regulate PLCβ-signaling (Filtz et al., 1999; Xu 

et al., 2001; Kadamur & Ross, 2013). We wondered if this interaction, or any other 

PKC-dependent process, might provide the basis for Gi-Gβγ to activate PLCβ (Figure 

18A). If this were the case, we reasoned that the pan-PKC-inhibitor Go6983 should 

abolish Gi-calcium. Thus, we examined the effect of Go6983 on HEK cells stably 

expressing DP2, primed with ATP to allow DP2-mediated Gi-calcium (Figure 18B). 

However, Gi-calcium was clearly detectable upon PKC-inhibition (Figure 18B, C), with 

the signal even being slightly prolonged, possibly due to the impaired negative 

feedback mechanisms (Figure 18B). In conclusion, PKC-activation is dispensable for 

Gi-Gβγ-calcium.  

 

Figure 19: An acute increase in intracellular calcium is not sufficient to allow Gi-calcium. 

(A) The Gq (pre-)stimulation required for Gi-Gβγ-PLCβ-calcium triggers an acute increase of 

intracellular calcium. If this calcium release alone were sufficient to allow Gi-Gβγ-PLCβ-calcium, 

then a Gq-independent calcium stimulus, such as A23187 or thapsigargin, should restore Gi-

calcium without Gq activation. (B, C) representative calcium kinetics obtained in HEK-DP2-∆ct 

cells (left panels) and their quantified summary (right panels), both displayed as mean + SEM. 

Priming of the cells with 500 nM A23187 (B) or 30 µM thapsigargin (C) increases the 

intracellular calcium levels. The cells respond to the subsequent CCh stimulus, but no PGD2 

calcium response is detectable. (D) A single cell calcium kinetic, representing three biologically 

independent measurements performed with 25 replicates each, shows increased intracellular 
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calcium levels in response to 10 µM thapsigargin, followed by no response to 100 nM PGD2 

stimulation, followed by an intact calcium response to Gq stimulus CCh (100 µM).  

An acute increase in intracellular calcium is not sufficient to allow Gi-calcium 

The next consequence of Gq-activation we examined was calcium release. Since there 

are multiple calcium-binding domains in the structure of PLCβ, including two EF hands 

and a crucial domain in the catalytic center, an increased intracellular calcium 

concentration might be the ‘master switch’ that unlocks PLCβ activation via Gi-Gβγ 

(Figure 19A). To test this, we used A23187 to generate Gq-independent calcium 

release. A23187 produced a relatively steady calcium increase, but the following DP2-

stimulation with PGD2 did not produce any observable Gi-calcium, although the cells 

were still responsive to the Gq stimulus CCh (Figure 19B). We also tested the effect of 

thapsigargin, a SERCA-inhibitor that blocks the re-uptake of calcium into the stores, 

causing a slow leakage into the cytosol. However, again, no subsequent Gi-calcium 

was detected. In both cases, the cells still mobilized calcium upon Gq-stimulation with 

CCh. However, since this was a population-based experiment, the responsiveness to 

CCh does not reliably demonstrate that the cells with increased intracellular calcium 

were still responsive at the time of the second compound addition. It could be argued 

that there might have been other cells that did not respond to A23187- or 

thapsigargin- stimulation, respectively, and therefore were responsive to Gq-

stimulation, while the cells with increased intracellular calcium were completely 

depleted and thus unable to mobilize Gi-calcium or respond to control. In order to 

exclude this possibility and draw a definitive conclusion whether increased 

intracellular calcium allows Gi-Gβγ-PLCβ-activation, we repeated the thapsigargin-

prestimulation in a single cell setup. Here, we clearly observed increased intracellular 

calcium, no response to Gi-stimulation, followed by an intact response to Gq- 

stimulation within the same cell, thus proving that a calcium increase alone does not 

meet the requirement for Gi-Gβγ-PLCβ-calcium.  
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Figure 20: Increased intracellular IP production does not restore Gi-Gβγ-PLCβ-calcium. (A) 

m-3M3FBS is published as a Gq-independent PLC activator. We investigated if this compound 

would restore Gi-calcium in absence of Gq input. (B) HEK-DP2-∆ct cells pre-incubated with high 

concentrations of m-3M3FBS for 45 min showed increased IP1 accumulation. Data are shown 

as mean + SEM of three independent experiments. In a calcium experiment (C), the same cells 

showed intact responses to control stimuli, but no calcium mobilization in response to PGD2. 

Representative kinetics (left panel) are mean + SEM, summarized as mean + SEM of three 

biologically independent experiments (right panel).  

Increased intracellular IP production does not restore Gi-Gβγ-PLCβ-calcium 

Next, we asked if Gi-Gβγ-PLCβ-calcium would be restored by Gq-independent PIP2 

conversion cleavage to IP3 and DAG (Figure 20A). We achieved this by using the 

unspecific PLC activator m-3M3FBS (Bae et al., 2003) in HEK-DP2-∆ct cells. Notably, 

only the highest concentration of m-3M3FBS caused a detectable increase in IP1 

accumulation (Figure 20B) over the course of 45 min. However, the same cells failed 

to mobilize Gi-calcium in response to PGD2 after this treatment (Figure 20C). 

Admittedly, there might be doubts as to the specificity of such a high concentration 

of any compound, and while the accumulation of IP1 might be visible because further 

degradation of IP1 is prevented through the addition of Li
+

 to this assay setup, the 

levels of the biologically active but quickly degradable IP3 might be virtually 

unchanged. Keeping these limitations in mind, we took this data as an indication that 

PIP2 conversion might not be the event that allows Gi-Gβγ-PLCβ-calcium.  
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Figure 21: Gαq-PLCβ interaction, rather than Gq-Gβγ-signaling, is required for Gi-Gβγ-PLCβ-

calcium. (A) HEK-∆Gq/11 cells were transfected with DP2, along with a Gαq protein carrying 

the H218A and/or L254A mutations to abrogate PLCβ interaction. There mutations are „loss 

of function“ (LOF) regarding their capacity to bind PLCβ, but retain their ability to form 

heterotrimeric G-proteins and mobilize Gβγ upon activation. We investigated if pre-stimulation 

of these Gq heterotrimers would restore Gi-Gβγ-PLCβ-calcium. (B, C) Mean + SEM of three DMR 

(B) and IP1 accumulation (C) experiments show a reduced signaling capacity by the Gαq-LOF 

single mutants and a complete loss of function for the Gαq-LOF double mutant, in response 

to CCh (B) or ATP (C), respectively. (D) mean + SEM of the basal luminescence (395 nm) upon 

expression of Rluc8-Gαq
wt

 and -Gαq
H218A-L256A

, respectively, shows lower expression of the double 

mutant upon transfection. (E) BRET measurements show a decrease in Gαq-Rluc8 and GFP-Gγ2 

BRET upon stimulation of rGPR17 that is comparable for the Gαq-LOF double mutant and Gαq
wt

. 

Data are depicted as mean ± SEM of three biologically independent experiments, normalized 

to the unstimulated values. (F, G) calcium measurements in HEK-∆Gq/11 cells show PGD2 

calcium after pre-stimulation of the cells with ATP when Gαq
wt

 is transfected, but no detectable 

PGD2 calcium when Gαq-LOF double mutant is transfected. (F) Representative calcium 

measurements shown as men + SEM, summarized in (G) as mean ± SEM of three biologically 

independent experiments.  
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Gαq-PLCβ interaction, rather than Gq-Gβγ-signaling, is required for Gi-Gβγ-PLCβ-

calcium 

Since we excluded most canonical downstream-consequences of the Gq cascade 

regarding being the ‘master switch’ for Gi-Gβγ-PLCβ-calcium, we concluded that it 

must be the heterotrimeric Gq protein itself that is required. A heterotrimeric G 

protein consists of two signaling transducers, the Gα and the Gβγ subunit. We 

hypothesized that it is probably the direct interaction of the Gαq-subunit with PLCβ 

that allows PLCβ to be activated by Gi-Gβγ. On the other hand, it could also be argued 

that the Gq-Gβγ subunit might be involved with the ability of Gi-Gβγ to activate its 

effector. To discriminate between these two possibilities, we again used G-proteins 

carrying specific mutations to change their signaling properties. In this case, we 

modified the positions H218A and L256A, which are essential for Gαq’s effector 

interaction (Waldo et al., 2010). Gαq proteins carrying either of these mutations have 

been described as being complete loss-of-function regarding their capacity to activate 

PLCβ (Waldo et al., 2010), but we reasoned that they should still be activated by GPCRs 

and thus retain their Gβγ-releasing behavior (Figure 21A). Interestingly, HEK-∆Gq/11 

cells transfected with the single mutants still showed clearly detectable, FR-sensitive 

DMR in response to CCh (Figure 21B) and IP1 accumulation upon stimulation with ATP 

(Figure 21C). However, cells transfected with the double-mutant promisingly showed 

no detectable Gq signaling (Figure 21B, C). On the other hand, a BRET assay showed 

intact rGPR17-mediated rearrangement between the Rluc8-tagged version of Gαq
H218A-

L256A

 and GFP-Gγ2, which was not impaired compared to that of Rluc8-tagged Gαq
wt

 

(Figure 21D). On the contrary, it could be argued that Gαq
H218A-L256A

-Gβγ rearrangement 

occurs even faster than that of Gαq
wt

 heterotrimers. However, this could also be a 

result of the lower expression levels of Rluc8-Gαq
H218A-L256A

 (Figure 21E). We concluded 

that this Gαq double mutant is defective regarding its Gαq signaling, but capable of 

mobilizing Gβγ upon activation. If an interaction of the Gαq subunit with PLCβ was 

required for Gi-Gβγ-PLCβ-calcium, this Gαq
H218A-L254A

 mutant should no longer restore Gi-

calcium. To test this, we performed calcium measurements in HEK-∆Gq/11 cells 

expressing Gαq
H218A-L254A

 along with the DP2 receptor. As expected, there was no 

detectable Gq-calcium upon stimulation of the Gαq
H218A-L256A

- or vector-transfected cells 

with ATP, while the response in Gq
wt

-transfected cells was intact (Figure 21F, G). And 

indeed, there was also no detectable Gi-calcium mobilization upon PGD2-stimulation 

in the presence of the double mutant (Figure 21E, F). Notably, because Rluc8-Gαq
H218A-
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L256A

 showed impaired expression compared to Gαq
wt

, a reduced expression of Gαq
H218A-

L256A 

might be in part responsible for this absence of Gi-calcium.  Thus, while the 

expression of Gαq
H218A-L256A 

would have to be confirmed to draw a definitive conclusion, 

these data seem to indicate that the interaction of Gαq with PLCβ is essential for Gi-

Gβγ-PLCβ-calcium. 

Keeping all limitations in mind, our conclusion from these investigations was that it 

is the active, effector-binding Gαq subunit itself, rather than canonical Gq downstream 

consequences or Gq-Gβγ-signaling, that is a ‘master switch’ for Gi-Gβγ-PLCβ-calcium.   

Chapter 5: Identifying the molecular mechanism - what does Gαq 

do? 

 

Figure 22. NanoBiT sensor displays Gβγ-PLCβ binding. (A) To detect Gβγ binding to PLCβ, a 

small fragment of the nanoluciferase was fused to Gγ2 (smBiT-Gγ2) and the corresponding 

large fragment was fused N-terminally to PLCβ (LgBiT-PLCβ). We tested if this sensor was 

suitable to detect binding of Gβγ to PLCβ upon activation of Gi-coupled DP2 in HEK cells. (B, C) 

Representative mean + SEM luminescence kinetics recorded in HEK cells expressing the smBiT-

Gγ2 LgBiT-PLCβ3 sensor, along with Gβ1, DP2 and the indicated Gαi subunit, summarized in 

(C) as mean ± SEM of three experiments. In the presence of Gαo, Gαi1 and Gαi3, stimulation 

with PGD2 produced concentration-dependent increased luciferase activity. The pEC50 value of 

PGD2 was 9.21, 8.62 and 8.80 for Gαo1, Gαi1, Gαi3, respectively, which matches the pEC50 

values of PGD2-mediated Ca
2+ 

responses (8.97, 8.92 and 9.29 for ATP-, UTP- and CCh-
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prestimulated cells, respectively, see also Figure 11). (D, E) In HEK cells expressing Gαo, Gβ1, 

smBiT-Gγ2 and LgBiT fused to the respective PLCβ isoform, representative kinetics (D) 

summarized in (E) show PGD2 induced increased luciferase activity only in the presence of 

PLCβ2 and PLCβ3, but not PLCβ1 and PLCβ4. pEC50 values were 9.36 and 9.27 for PLCβ2 and 

PLCβ3, respectively. 

NanoBiT sensor displays Gβγ-PLCβ binding. 

We intended to disentangle the precise role the activated Gαq subunit has in allowing 

Gi-Gβγ-PLCβ activation. To do this, we first had to identify the step of Gi-Gβγ-PLCβ 

activation that fails without Gq. We came up with two hypotheses to account for the 

absence of IP1 accumulation or calcium release via Gi-Gβγ alone. Either, without 

priming by Gαq, the Gβγ-subunit released from Gi is not capable of binding to PLCβ, 

or it binds to PLCβ without triggering substrate conversion. To visualize binding of 

Gβγ to PLCβ, we developed a nanoBiT sensor (Dixon et al., 2016) that detects the 

proximity of two proteins as increased luminescence. We designed a construct by 

fusing the smallBiT (smBiT) of the split luciferase to the N-terminus of Gγ2 (smBiT-

Gγ2) using a flexible linker, and tagged PLCβ3 N-terminally with the corresponding 

large BiT (lgBiT-PLCβ) (Figure 22A). HEK cells were then transfected with this sensor, 

along with the DP2 receptor, Gβ1 and either control-vector or the indicated Gαi-

subunit (Figure 22B). Upon stimulation with PGD2, the cells transfected with Gαo, Gαi1 

and Gαi3 showed a concentration-dependent increase in luminescence, indicating Gi-

dependent binding of Gβγ to PLCβ3 (Figure 22B). Because the highest signal was 

obtained for Gαo, we selected this Gαi-isoform for further examinations of Gi-Gβγ 

binding to PLCβ. Next, to validate the sensor, we compared binding of Gi-Gβγ to 

different isoforms of PLCβ. We transfected similarly tagged versions of PLCβ1 (LgBiT-

PLCβ1), PLCβ2 (LgBiT-PLCβ2), and PLCβ4 (LgBiT-PLCβ4) and detected their binding to 

Gβγ. Upon stimulation of the DP2 receptor, we observed concentration-dependent 

binding to PLCβ2 and PLCβ3, with no or negative signals for PLCβ1 and PLCβ4 (Figure 

22D, E). Therefore, the sensor faithfully recapitulates both our findings that Gi-Gβγ-

PLCβ-calcium is mediated via PLCβ2 and PLCβ3 as well as the well-established Gi-

calcium paradigm (Kadamur & Ross, 2013). Additionally, the pEC50 values of PGD2 for 

Gβγ-PLCβ binding reflected those observed in our calcium measurements. This 

underlined that this newly-developed sensor is well-suited and trustworthy in 

visualizing Gβγ binding to PLCβ. 
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Figure 23: Gq does not enhance Gβγ-PLCβ binding. (A, B) In HEK cells, the nanoBiT Gβγ-PLCβ3 

sensor shows PGD2-dependent luminescence increase that is blocked by co-transfection of 

PTX-S1, but intact in cells lacking Gαq/11. The representative kinetics depicted as mean + SEM 

in (A) were summarized as mean ±SEM of three biologically independent experiments in (B). 

(C) Representative (left panel) and summarized (right panel) nanoBiT signals show no increase 

in PGD2-mediated luminescence when the cells are pre-stimulated with CCh. (D) in the same 

cells, representative (left panel) and summarized (right panel) calcium data shows PGD2-

mediated responses only after CCh priming. 

Gq does not enhance Gβγ-PLCβ binding 

Using this nanoBiT sensor, we investigated if Gi-Gβγ binding to PLCβ was Gαq-

dependent.  As expected, the robust, DP2-mediated Gβγ-PLCβ3 interaction was fully 

blocked in cells transfected with the active PTX-S1 subunit to inhibit Gi-activation 

(Figure 23A, B). On the other hand, binding of Gβγ to PLCβ remained intact in HEK-

∆Gq/11 cells (Figure 23A, B). These findings underline that Gi-Gβγ does not require 

Gq in order to bind PLCβ. Next, we tested whether Gαq-activation would enhance 

binding of Gβγ to PLCβ, thereby facilitating Gi-Gβγ-PLCβ-calcium. However, 

prestimulation of the cells with CCh to provide Gq input did not enhance PGD2-

mediated binding of Gβγ to PLCβ3 (Figure 23C), although the same cells responded 

with robust PGD2-mediated calcium-mobilization only after CCh-prestimulation 

(Figure 23D). Interestingly, we detected a slight increase of luminescence upon CCh 
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addition (Figure 23C), which most likely arises from Gβγ subunits freed upon 

activation of M3 receptors. From these data we concluded that Gi-derived βγ binding 

to PLCβ is neither dependent on nor facilitated by Gq.   

Excursion 5.1: Why is there no binding of Gαi2-Gβγ or Gαz-Gβγ 

to PLCβ3? 

Figure 24: DP2 activates all Gαi 

subunits. (A) A nanoBiT sensor to 

detect G protein dissociation was 

conceived by fusing the large fragment 

of a nanoluciferase to the Gαq subunit 

(lgBiT-Gαi) and the corresponding 

small fragment to Gγ2 (smBiT-Gγ2). 

Upon dissociation of the G protein in response to GPCR-activation, the intact nanoluciferase is 

disrupted and no longer active, causing a decrease in luminescence. (B) mean ± SEM of two 

biologically independent nanoBiT experiments in HEK cells transfected with DP2, Gβ1, smBiT-

Gγ2 and the indicated lgBiT-Gαi subunit show a PGD2 dependent luminesce decrease for all 

Gαi subunits.  

We did not detect any increase in luminescence upon stimulation of DP2 when cells 

were transfected with Gαi2 or Gαz. Our first interpretation of this result was that DP2 

did not activate these heterotrimers. However, we observed robust rearrangement 

between Gαi2 or Gαz and Gβγ upon DP2-stimulation (Figure 24A, B). We also double-

checked the cDNA concentration of the plasmid-stocks used for and their activity upon 

transfection in a cAMP-experiment (data generated by Yuki Ono for an unrelated 

project), but were unable to find a problem. We came up with three tentative 

explanations for the lack of observable Gβγ-PLCβ3 interaction, (i) that the Gβγ subunits 

from these Gi-heterotrimers are not able to bind to PLCβ3, (ii) that the N-terminally 

tagged Gγ2 is not incorporated well into heterotrimers containing untagged Gαi2 or 

Gαz, or (iii) that the transfection conditions we used were not sufficiently optimized. 

Clearly, more investigations will be necessary to allow drawing a conclusion.  
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Excursion 5.2: Does Gq-Gβγ bind to PLCβ? 

Figure 25: Gq-Gβγ binds to PLCβ3 upon stimulation of M3 

receptors. In HEK cells transfected with M3, the nanoBiT Gβγ-

PLCβ3 sensor shows CCh-dependent luminescence increase 

that is unaffected by co-transfection of PTX-S1, but absent in 

cells lacking Gαq/11. Data are depicted as mean ±SEM of three 

biologically independent experiments. 

 

Upon stimulation of the endogenously expressed M3 receptor in HEK cells transfected 

with the Gβγ-PLCβ binding nanoBiT sensor, we surprisingly detected a slight increase 

in luminescence (Figure 23C). We were intrigued by this observation, because the M3 

receptor is known to be predominantly Gq-coupled, and Gq-derived Gβγ is not 

commonly associated with PLCβ binding or activation. Thus, we transfected HEK cells 

with M3, Gαq, the nanoBiT sensor, and tested for Gβγ-PLCβ binding upon M3 

activation. Indeed, we detected concentration-dependent increases in luminescence 

upon addition of CCh, which were unaffected by co-transfection of PTX-S1 and absent 

in HEK-∆Gq/11 cells (Figure 25), underlining their Gq-Gβγ origin. In conclusion, not 

only Gi-Gβγ but also Gq-Gβγ can bind to PLCβ upon activation of a Gq-coupled GPCR.  

 

Figure 26: PLCβ3 constructs are not auto-inhibited and thus constitutively active. Based 

on (Charpentier et al. 2014; Lyon et al. 2011; Hicks et al. 2008; Lyon et al. 2014). (A) PLCβ3
wt

 

is auto-inhibited by an auto-inhibitory linker (XY-linker, depicted in red) that covers the 

catalytic site and prevents substrate cleavage. A HTH motif near the proximal C terminal 

domain also contributes to this auto-inhibition by hindering membrane access. Due to these 

two auto-inhibitory domains, the PLCβ3
wt

 enzyme shows close to no basal activity. (B) When 

Gαq-GTP binds near this HTH motif, it rearranges PLCβ at the membrane, causing repulsion of 

the XY linkers acidic region by the negatively charged membrane interface to reveal the 

catalytic site and allow substrate cleavage. (C) the PLCβ3
F715A

 mutant carries a mutation 

disturbing the interaction of the HTH with the TIM barrel of PLCβ3, making the HTH more 
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flexible and thus promoting membrane collision with the XY linker to release auto-inhibition. 

This mutant shows low constitutive activity. (D) The PLCβ3
∆XY

 mutant lacks the entire auto-

inhibitory XY-linker, leaving the catalytic site freely accessible to PIP2 and thus greatly 

increasing the PLCβ3 enzymes basal activity. (E) HEK-∆Gq/11 cells transfected with PLCβ3
F715A

 

or PLCβ3
∆XY

 show increased IP1 production compared to those transfected with vector control 

or PLCβ3
wt

. Data are shown as mean + SEM of three biologically independent experiments, each 

performed in triplicate. 

PLCβ3 constructs are not auto-inhibited and thus constitutively active. 

If Gi-Gβγ can bind to PLCβ, but no activation is detected without Gq, the activated Gαq 

must make a crucial contribution that allows the catalytic reaction of PLCβ. The 

catalytic site of PLCβ, like that of most PLC subfamilies, is covered by an auto-

inhibitory XY linker in a “plug-and-cap” like manner, which prevents substrate access 

(Hicks et al., 2008; Waldo et al., 2010; Gresset et al., 2010; Lyon et al., 2014) (Figure 

26A). A critical step for activation of PLCβ is when this XY linker is repulsed by the 

membrane interface to uncover the catalytic site. This removal occurs when activated 

Gαq binds to a helix-turn-helix (HTH) domain and thereby rearranges PLCβ at the 

membrane interface (Figure 26B). Disturbance of the Gq binding HTH domain using a 

single point mutation (PLCβ3
F715A

, Figure 26C) or genetic deletion of the XY linker (Lyon 

et al., 2011) (PLCβ3
∆XY

, Figure 26C) or also reveal the enzyme’s catalytic site and are 

known to cause constitutive activity (Charpentier et al., 2014). We performed an IP1 

accumulation assay that confirmed increased PLCβ activity in HEK cells transfected 

with either of the two modified PLCβ constructs, compared to control-vector or 

wildtype-PLCβ3 (Figure 26E).  

 



Results 
 

 
71 

 

 

Figure 27: Gi-Gβγ-PLCβ-calcium via crippled auto-inhibition PLCβ3 mutants does not 

require Gq. (A) HEK-∆Gq/11 cells were transfected with rGPR17 and either control vector or 

PLCβ3
wt

, PLCβ3
∆XY

 or PLCβ3
F715A

 as indicated. The mean + SEM representative calcium kinetics 

(A), summarized as mean ± SEM of three experiments (B), show no calcium response to rGPR17 

agonist MDL29,951 when vector or PLCβ3-wt was transfected. In the presence of PLCβ3
∆XY

 or 

PLCβ3
F715A

, MDL29,951 elicits concentration-dependent calcium responses that are entirely 

PTX-sensitive (A, B). (C) A representative western blot of cellular lysates obtained from the cells 

used in (A, B) shows comparable expression of PLCβ3
wt

 and the PLCβ3
∆XY

 and PLCβ3
F715A

 

constructs.  

Gi-Gβγ-PLCβ-calcium via crippled auto-inhibition PLCβ3 mutants does not 

require Gq. 

We reasoned that without Gq, binding of Gi-βγ alone might not sufficiently relieve 

auto-inhibition of PLCβ via the HTH or XY-linker, which would leave the catalytic site 

inaccessible and prevent substrate hydrolysis. If this were the case, Gi-Gβγ would 

activate PLCβ3
F715A

 or PLCβ3
∆XY

 in absence of Gq, because the catalytic site is more 

easily accessible in these constructs. We were excited to find that, indeed, a calcium 

assay revealed rGPR17-mediated calcium mobilization in HEK-∆Gq/11 cells expressing 

PLCβ3
∆XY

 and PLCβ3
F715A

 (Figure 27A, B). This concentration-dependent response was 

entirely Gi-dependent, as PTX treatment abrogated the signal completely. Notably, a 

western blot revealed similar expression levels of PLCβ3
wt

 and the modified versions 

(Figure 27C), so the gain of Gi-calcium was not due to a boost in signal upon 

overexpression of PLCβ3. 
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Figure 28: When PLCβ3 auto-inhibition is disturbed by mutation, Gi-calcium no longer 

requires Gq input. (A, B) Three independent calcium measurements were conducted in HEK-

DP2-∆ct cells transfected with vector, PLCβ3
wt

, PLCβ∆XY

 or PLCβ3
F715A

 as indicated, and 

summarized here as mean ± SEM. Upon stimulation with DP2 agonist PGD2 without prior Gq 

stimulation, only cells expressing PLCβ3
∆XY

 or PLCβ3
F715A

 mobilized calcium, which was blocked 

in the presence of PTX. (B) When primed with UTP, all cells displayed PGD2-dependent calcium 

mobilization (left panel), and all cells responded to A23187 (right panel). (C) A representative 

Western blot of lysates obtained from the experiments in (A, B) shows comparable expression 

of all transfected PLCβ3 constructs. 

Additionally, we transiently expressed PLCβ3
∆XY

 and PLCβ3
F715A

 in HEK-DP2-∆ct cells, 

and observed concentration-dependent, Gi-mediated responses to PGD2 without prior 

Gq activation (Figure 28A). Notably, following Gq-stimulation with UTP, all cells 

mobilized calcium via DP2 (Figure 28B), confirming that transfection of the control 

plasmid or PLCβ3 did not interfere with DP2 receptor functionality. Again, all PLCβ3 

isoforms were expressed at comparable levels in the transfected cells (Figure 28C).  

From this data, we conclude that PLCβ3 constructs with crippled auto-inhibition no 

longer require Gq for Gi-βγ-PLCβ activation. This indicated that Gαq is necessary for 

Gi-Gβγ-PLCβ-calcium because it relieves the auto-inhibition of PLCβ and allows 

substrate hydrolysis, which is not sufficiently achieved by Gβγ alone.  

 

Figure 29: Without Gq, Gβγ slightly increases basal cellular PLCβ activity, but does not 

mediate Gi-GPCR induced activation. (A) In HEK-∆Gq/11 or HEK-∆Gq/11/12/13 cells, PLCβ 

activation by Gβγ was measured by overexpressing PLCβ2 or PLCβ3 with Gβ1 and Gγ2 and 

accumulating the cellular IP1 production per 30 min. (B, C) HEK-∆Gq/11 cells transfected with 

rGPR17, along with Gβγ and PLCβ2 or PLCβ3 showed increased basal IP1 accumulation 
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compared to vector-transfected cells. (B) Stimulation with MDL29.952 induced a slight increase 

in IP1 production that was not enhanced in Gβγ-PLCβ-transfected cells and not sensitive to PTX, 

but absent in HEK-∆Gq/11/12/13 cells (C). MDL29,951-mediated, PTX-sensitive IP1 production 

was restored by Gq expression (D) and in the presence of crippled auto-inhibition PLCβ3-

constructs (E). All data are depicted as the mean ± SEM of three biologically independent 

experiments.  

Without Gq, Gβγ slightly increases basal cellular PLCβ activity, but does not 

mediate Gi-GPCR induced activation. 

Experiments using purified proteins have established Gβγ as a stand-alone activator 

of PLCβ. However, in living cells, Gi-Gβγ depends on Gαq to trigger calcium 

mobilization via PLCβ. This raised the pressing question whether Gβγ is no activator 

of PLCβ in living cells. A widely-used way to measure PLCβ activation via Gβγ (or Gαq) 

in living cells is by co-transfecting both and measuring the resulting accumulation of 

hydrolysis product (Hicks et al., 2008; Waldo et al., 2010; Wu et al., 1992). However, 

so far this hasn’t been done in cells completely lacking Gαq proteins. When we 

transfected HEK-∆Gq/11 cells with Gβγ and PLCβ2 or PLCβ3, respectively, we indeed 

observed increased basal IP1 accumulation compared to the control-transfected cells 

(Figure 29A), indicating that the Gβγ-PLCβ module is intact without Gq. Stimulation of 

the co-transfected rGPR17 with MDL29,951 led to a slight concentration-dependent 

increase in IP1 levels. However, this was not PTX-sensitive and thus not Gi-Gβγ-

mediated (Figure 29A). Thus, to remove this confounding IP1 production and better 

assess rGPR17-mediated Gi-Gβγ-PLCβ activation, we used HEK cells lacking functional 

alleles of Gα12 and Gα13 (HEK-∆Gq/11/12/13). In these cells, rGPR17 stimulation did 

not trigger Gi-Gβγ-PLCβ activation, even when Gβγ and PLCβ2 or PLCβ3 were 

overexpressed (Figure 29B). In line with Gi-Gβγ-PLCβ-calcium mobilization, co-

transfection of either Gq (Figure 29C) or PLCβ3 constructs with crippled auto-

inhibition (Figure 29D) were required and sufficient to restore agonist-mediated Gi-

Gβγ-PLCβ-dependent IP1 accumulation. 
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Figure 30: Gi-Gβγ-PLCβ activation does not trigger real-time IP3 increase without Gq. In 

HEK-∆G12/13 cells or HEK-∆Gq/11/12/13 cells, the IP3 levels were monitored in real-time using 

a BRET IP3 sensor that changes conformation upon binding of IP3. (A) representative real-time 

IP3 kinetics (left panels) and their quantification (right panels) show an acute, partially PTX-

sensitive increase in IP3 upon stimulation of GPR17 that is fully blocked by FR. In the absence 

of Gq/11 (B), the lack of rGPR17-dependent IP3 production is restored when PLCβ3
∆XY

 or 

PLCβ3
F715A

 is expressed. All data are depicted as mean + SEM, all quantifications show three 

biologically independent experiments.   

Gi-Gβγ-PLCβ activation does not trigger real-time IP3 increase without Gq 

The lack of GPCR-induced Gq-independent Gβγ-PLCβ activation is in line with the 

absence of Gi-calcium without Gq because to trigger calcium-release via PLCβ requires 

an acute (i.e. GPCR-induced) increase of intracellular IP3. To visualize Gi-GPCR-induced 

changes in IP3 levels with and without Gq in real-time, we employed a BRET-sensor 

(Gulyás et al., 2015). In cells expressing Gq, activation of rGPR17 produced an 

immediate increase in IP3 that was partially PTX-sensitive (Figure 30A). In line with our 

calcium- and IP1-data, this IP3-increase was entirely abrogated in cells treated with FR 

(Figure 30A) or lacking Gq (Figure 30B), and restored in cells expressing the crippled-

auto-inhibition PLCβ3 constructs (Figure 30B). 
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Figure 31: Mechanistic model for Gi-Gβγ-PLCβ-calcium in living cells. (A) In the resting state, 

PLCβ isozymes are strictly auto-inhibited by their XY-linker, which occludes the catalytic site 

and prevents substrate cleavage. The HTH motif located in the proximal C-terminal domain 

also contributes to this auto-inhibition by preventing repulsion of the XY-linker by the 

membrane interface. (B) Upon Gq-GPCR stimulation, the activated Gαq-GTP binds near the HTH 

motif and re-arranges PLCβ at the membrane. As a result, the XY linker is repulsed, revealing 

the catalytic site, and allowing substrate hydrolysis. (C) When a Gi-GPCR is stimulated, Gβγ is 

released from the heterotrimers and binds to PLCβ, but this does not sufficiently relieve auto-

inhibition of the enzyme, and thus, no substrate cleavage occurs. (D) When the auto-inhibition 

of PLCβ is released by Gαq, Gi-Gβγ can induce further activation of PLCβ and thus subsequent 

calcium release.  

Mechanistic model for Gi-Gβγ-PLCβ-calcium in living cells 

Taking all these findings together, we propose the following mechanistic model 

(Figure 31) of how Gi-Gβγ-PLCβ-signaling is triggered in living cells: in principle, Gi-

Gβγ can activate PLCβ2 and PLCβ3 in living cells, even without Gq. However, because 
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PLCβ enzymes are strictly auto-inhibited (Figure 31A) and Gβγ does not sufficiently 

overcome this, there is no acute PLCβ-activation by Gi-Gβγ alone (Figure 31C). 

Therefore, Gαq-GTP (Figure 31B) (or a structural alteration of PLCβ) is required to 

relieve this auto-inhibition and allow acute, GPCR-mediated Gi-Gβγ-PLCβ activation and 

subsequent Gi-calcium
 

(Figure 31D).  

Chapter 6: from HEK cells to physiological systems – is the Gq 

requirement conserved? 

 

Figure 32: The Gq requirement for Gi-Gβγ-PLCβ-calcium is conserved across multiple cell 

types. (A-E) Mean + SEM of representative calcium kinetics (left panels), summarized as mean 
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± SEM of three biologically independent experiments (right panels). (A) In oli-neu cells, GPR17 

stimulation with MDL29,951 induces calcium mobilization that is partially PTX-sensitive and 

completely abolished by FR. (B-D) In a human HaCaT cells (B), mouse pulmonary arterial 

smooth muscle cells (mPASMC, C) and mouse brown adipose tissue (D), ATP-mediated calcium 

release is partially PTX- yet completely FR sensitive. (E) 5-HT also induces partially PTX-sensitive 

calcium that is absent in FR-preincubated cells. (F) The viability control A23187, shown as 

mean + SEM of three biologically independent experiments, was intact across all cell types and 

treatment regimes.  

The Gq requirement for Gi-Gβγ-PLCβ-calcium is conserved across multiple cell 

types 

So far, our investigations of Gq as a ‘master switch’ for Gi-calcium have been 

conducted in HEK cells. While HEK cells are a recombinant system that offers great 

advantages, such as easy culturing and transfection, and the availability of 

CRISPR/Cas9 generated KO cell lines, some doubt remains whether this cell line 

accurately represents the physiological situation. Thus, we were curious to see if 

other, more physiologically relevant cell lines would show the same Gq dependency 

for Gi-Gβγ-PLCβ-calcium. We selected a number of immortalized and primary cell lines 

from a wide range of physiological backgrounds to see if they share the Gq 

requirement for Gi-calcium. We started with GPCR stimuli that activate Gi and Gq 

simultaneously (Figure 32), testing if they would behave comparably to H1R and 

GPR17 in HEK cells. GPR17 is endogenously expressed in oli-neu cells (Simon et al., 

2016), an immortalized neuronal cell line commonly used to investigate the behavior 

of oligodendrocytes. In this cell line, MDL29,951-stimulation elicited a partially PTX-

sensitive calcium signal that was completely blocked in the presence of FR (Figure 

32A), thus corroborating our HEK cell findings (Figure 6). Additionally, in the 

immortalized human keratinocyte cell line HaCaT, ATP triggered calcium via 

purinergic signaling, that was partially PTX-sensitive, but again fully blunted by FR 

(Figure 32B). A similar partially PTX-, but fully FR sensitive ATP-response was observed 

in primary mouse pulmonary arterial smooth muscle cells (mPASMC) (Figure 32C) and 

in primary brown preadipocytes isolated from mice (here mBAT, Figure 32D). The 

mBAT cells also responded with partially PTX-, fully FR-sensitive calcium
 

release to 

serotonin (5-HT), which acted via endogenously expressed 5-HT2 receptors, as it was 

fully blocked by 5-HT2 antagonist ketanserine (Figure 32E). The viability control was 

intact across all cell lines and inhibitor treatment regimens (Figure 32F). In summary, 

all cell lines displayed Gi-calcium that was completely dependent on Gq. Indeed, Gq 

seems to be a ‘master switch’ for Gi-Gβγ-PLCβ-calcium in a variety of cell types and 
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organs, ranging from neuronal cells, to the immune system, to skin cells, metabolic 

tissue, and the cardiovascular system. 

 

Figure 33: platelet calcium and aggregation by Gi-coupled receptors requires Gq input. 

(A) In murine platelets, P2Y1 and P2Y12 agonist ADP was used in the presence of MRS 2179 to 

stimulate only Gi-coupled P2Y12. The representative kinetic shows no detectable calcium 

mobilization upon P2Y12 stimulation. (B) When Gq-coupled P2Y1 is not inhibited, ADP mediates 

calcium release that is partially blocked in the presence of P2Y12 inhibitor AR-C. (C) In the 

presence of FR, no P2Y1 + P2Y12 dependent calcium is detectable. (D) Three biologically 

independent calcium mobilization experiments were summarized as mean + SEM. (E) 

Representative platelet aggregation measurements, summarized in (F), show no platelet 

aggregation via Gi-coupled P2Y12 in the presence of FR, and only a slight shape-change via Gq-

coupled P2Y1 alone for all three employed ADP concentrations. When activated together, P2Y1 

and P2Y12 induce robust platelet aggregation. All representative kinetics are shown as mean + 

SEM, summarized as mean + SEM of at least three biologically independent experiments.  

Platelet calcium and aggregation by Gi-coupled receptors requires Gq input 

Next, we asked whether in a physiologically relevant system, specifically Gi-coupled 

GPCRs would require prestimulation of Gq-GPCRs to mobilize Gi-calcium. To test this 

hypothesis, we took advantage of primary murine platelets, the second-most 

abundant cell type in blood. Calcium mobilization is a crucial factor that regulates 

hemostasis and thrombosis (Mammadova-Bach et al., 2019). In this cell type, ADP 

mediates its biological effects via Gi-coupled P2Y12 and Gq-coupled P2Y1 receptors, 
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respectively (Gachet, 2012; Mangin et al., 2004; Hechler et al., 1998; Offermanns et 

al., 1997; Offermanns, 2006). To investigate the calcium mobilization via Gi-coupled 

P2Y12 in isolation, we specifically blocked signaling via Gq-coupled P2Y1 signaling with 

MRS 2179. As expected, ADP stimulation of Gi-coupled P2Y12 did not elicit detectable 

calcium signals when platelets were pre-treated with the P2Y1 inhibitor (Figure 33A). 

However, when Gq-coupled P2Y1 was co-activated, we observed robust P2Y12-

dependent calcium mobilization that was sensitive to inhibition via the P2Y12-specific 

inhibitor AR-C 66096 (Figure 33B). Entirely consistent with all earlier data, Gq inhibitor 

FR abolished the intracellular calcium rises including the Gi-component (Figure 33C, 

D).  

Taken together, our results match with a myriad of previously published findings in a 

wide spectrum of cellular contexts (Gerwins & Fredholm, 1992; Okajima & Kondo, 

1992; Dickenson & Hill, 1994; Buckley et al., 2001; Yeo et al., 2001; Werry et al., 

2003b; Offermanns et al., 1997; Gao & Jacobson, 2016; Rives et al., 2009), and thus 

allows us to propose that the Gq requirement for Gi-βγ-calcium may likely be a unifying 

mechanism that governs the paradigmatic Gi-GPCR calcium pathway in living cells. 
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Excursion 6.1: the role of G16 in the immune system 

 

Figure 34: G16 expression in JURKAT cells allows Gi-calcium. (A) representative calcium 

kinetics of freshly thawed JURKAT cells show PTX-sensitive calcium mobilization in response 

to NECA and CXCL12 and Gi-independent calcium responses to PGE1. In all cases, the calcium 

mobilization is completely abolished by FR-treatment, and not inhibited further by a 

combination of PTX and FR. The summary of three independent experiments (B) shows a 

significant inhibition of NECA- and CXCL12-dependent calcium mobilization by PTX and FR 

treatment, and of PGE1-dependent calcium mobilization by FR, but no significant effect of 

either inhibitor on the viability control. (C, D) In JURKAT cells that have been cultured for at 

least two weeks, representative kinetics (C) and the summary of three independent 

experiments (D) show a loss sensitivity of the calcium responses to both PTX and FR. All data 

are displayed as mean + SEM. (B, D) A two-tailed student t-test was used to compare calcium 

values in the presence of inhibitor to those in the absence of inhibitor. P values were 

determined and P<0.05 depicted as (*) if, P<0.01 as (**), P<0.001 as (***), and P<0.0001 as 

(****). (E) A representative western blot comparing lysates from the cells used in (A, B) and (C, 

D) shows upregulation of Gα16 in cells that have been cultured longer. Lysates from HEK cells 

transfected with Gα16 were included as a positive control.  
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While investigating the Gq ‘master switch’ across multiple organs, we made a curious 

discovery. In JURKAT cells, an immortalized T-cell line chosen to represent immune-

type cells, Gi-coupled A1 receptors stimulated with NECA, and CXCR4, mobilized 

calcium without prior Gq-stimulation (Figure 34A, B). These calcium responses were 

absent in PTX-treated cells, confirming their Gi-origin, and also completely blunted by 

FR, indicating Gq-dependency even though no additional Gq stimulus had been 

conducted. Even more remarkably, after a few weeks of cell culture, PTX- and FR-

sensitivity was almost completely lost, with only the combination of both inhibitors 

visibly blunting the supposed “Gi-calcium” signal (Figure 34C, D). As we struggled to 

find an explanation that would reconcile these observations with our model of Gi-

calcium (Figure 31), we specified two questions: In JURKAT cells, (i) why do Gi-coupled 

receptors mobilize calcium without an additional Gq stimulus, and (ii) why does the 

apparent Gi- and Gq-contribution decrease after prolonged cell culture? Regarding (i), 

since the Gi-calcium was still blocked by FR and thus clearly dependent on Gq, we 

reasoned that the required Gq activation was occurring without additional stimulation 

of Gq-GPCR. Since basal Gq-activity does not restore Gi-calcium very well (Figure 17), 

we hypothesized that A1 and CXCR4 must provide their own acute Gq-stimulation. 

Upon closer examination of the calcium data generated in freshly thawed cells, we 

noticed a slight remaining response to NECA in the presence of PTX that might 

represent this Gq-activation (Figure 34A). Out of the four Gq family members, these 

Gi-GPCRs most likely activate G16, a promiscuous G-protein that interacts with a wide 

variety of GPCRs (Offermanns & Simon, 1995). Indeed, immune cells are known to 

express Gα16 (Amatruda et al., 1991), and there are many speculations about its roles 

(Davignon et al., 2000; Su et al., 2009; Giannone et al., 2010). Thus, to check for Gα16 

expression, we collected lysates from fresh and cultured JURKAT cells and performed 

a western blot. While Gα16 expression was undetectable in the fresh JURKAT cells, the 

cultured JURKAT cells showed a clear up-regulation of Gα16 (Figure 34E). This 

increased expression of a Gq family member is perfectly in line with decrease of the 

Gi-component (ii). Additionally, a loss of FR-inhibition (ii) is also expected, since G16 

has very low sensitivity to FR. We tentatively concluded that, in cells that express 

Gα16, Gi-coupled receptors ‘bypass’ the need for a second receptor by generating 

their own Gq activation. This might be especially relevant in immune cells, which can 

express Gα16, and provides a great basis for future investigations. 
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Discussion 
Gi-calcium requires Gq 

For over 30 years, Gi-Gβγ-PLCβ-calcium has been considered an independent signaling 

paradigm (Sternweis & Smrcka, 1992; Smrcka & Sternweis, 1993; Cowen et al., 1990; 

Okajima & Ui, 1984; Goldman et al., 1985). However, despite the apparent clarity of 

the widely accepted mechanism behind this calcium mobilization, Gi-calcium has 

proven inexplicably variable and difficult to generate for a long time. Our investigation 

provides a mechanistic basis that explains this variability by demonstrating that the 

Gi-calcium signaling paradigm is entirely dependent on Gq activation.  On a molecular 

level, Gq is required because, although Gi-Gβγ binds to PLCβ, this alone does not 

trigger an acute increase in substrate conversion. We find that this is because the 

auto-inhibition of PLCβ is not sufficiently released by Gβγ. Thus, PLCβ can be primed 

for Gβγ activation by Gαq-GTP, which relieves the auto-inhibition upon binding the 

enzyme (Lyon et al., 2011; Lyon et al., 2014; Charpentier et al., 2014). This 

investigation demonstrates that the required release of PLCβ auto-inhibition can be 

achieved by all four Gq subfamily members, namely Gαq, Gα11, Gα14 and Gα16, or 

alternatively by the expression of PLCβ isoforms of impaired auto-inhibition. The Gq 

requirement for Gi-Gβγ-PLCβ-calcium exists for a variety of receptors in a variety of 

cellular backgrounds and affects at least one calcium-dependent physiological 

outcome, namely the aggregation of platelets in response to ADP.  

Literature discrepancy? 

At first glance, it might seem that the Gq requirement for Gi-Gβγ-PLCβ-calcium 

described in this study is at odds with the general consensus in the literature, which 

portrays Gi-Gβγ-PLCβ-calcium as a stand-alone, fully competent signaling pathway 

(Kadamur & Ross, 2013; Smrcka, 2008). However, a dependency of Gi-Gβγ-PLCβ-

calcium on Gq-coupled GPCRs has been shown by multiple findings across the past 

decades. Several older as well as recent studies demonstrated Gi-GPCR calcium that 

only occurs following stimulation of a Gq-GPCR (Okajima & Kondo, 1992; Okajima et 

al., 1993; Werry et al., 2003a, 2003b; Werry et al., 2002; Gerwins & Fredholm, 1992; 

Dickenson & Hill, 1994; Chan et al., 2000). Another study has demonstrated a lack of 

chemokine receptor calcium in Gq-deficient cell types (Shi et al., 2007). There are also 

a number of findings showing that Gi-Gβγ only activates PLCβ-‘cleaved C-tail’ variants 
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(Werry et al., 2003b). At the time, this was interpreted to indicate that the C-terminus 

of PLCβ covered the Gβγ binding site, and therefore, removal by cleavage or Gq-

binding was required for Gi-Gβγ-calcium. However, it is now clear that these ‘cleaved 

c-tail’-PLCβ variants lack the auto-inhibitory HTH domain (Charpentier et al., 2014), 

making these findings entirely in line with the molecular model proposed by this 

study. With so many studies indicating Gq-dependency, the question arises why Gi-

Gβγ-PLCβ-calcium has been viewed as ‘stand-alone’ until today.  

Historically, our understanding of the ‘stand-alone’ Gi-Gβγ-PLCβ-calcium paradigm 

stems from two key observations that have been confirmed by many independent 

investigations (Smrcka, 2008): 1) calcium measurements in living cells that are 

blocked in the presence of the Gi-inhibitor PTX (Cowen et al., 1990; Okajima & Ui, 

1984; Goldman et al., 1985), and 2) experiments conducted with purified proteins 

that show activation of PLCβ enzymes by Gβγ, but not Gαi (Boyer et al., 1992; Smrcka 

& Sternweis, 1993). Taken together, these findings demonstrate that Gi-coupled 

GPCRs mobilize calcium and that this occurs via Gi-Gβγ-dependent stimulation of 

PLCβ. Furthermore, because Gβγ-dependent PLCβ activation has been demonstrated 

by using purified proteins, i.e. in absence of Gαq, it has been concluded that this G-

calcium pathway is a fully competent and independent pathway. However, while 

studies in the reconstituted system provide an elegant way to investigate the behavior 

of proteins in isolation, they do not always accurately predict the signaling outcome 

in living cells. In this case, activation of PLCβ with purified Gβγ has usually been 

measured as PLCβ substrate accumulation. In our study, we also detected an increase 

in IP1 accumulation upon overexpression of Gβγ with PLCβ in absence of Gq, but this 

is insufficient to trigger the acute increase in IP3 that is required for calcium 

mobilization. This finding is entirely in line with the well-known data in reconstituted 

systems, but also changes the predicted outcome in living cells.  

Until recently, it has been difficult to investigate Gi-Gβγ-PLCβ activation and the 

subsequent calcium mobilization in living cells in isolation of Gq. The insight gained 

in this study has depended on the availability of the highly selective Gq inhibitors FR 

(Schrage et al., 2015) and its closely related derivate YM254890, as well as Gα-KO 

cells, generated with CRISPR/Cas9 technology that lack Gαq and Gα12/13 

(Grundmann et al., 2018). The mechanism we have identified with the help of this 

newly available, cutting edge technology, that Gi-Gβγ-PLCβ-calcium requires Gq, 
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should not be understood as a contradiction, but rather an expansion of the long-

known Gi-calcium paradigm.   

Gi-calcium might be more relevant than previously thought 

Eukaryotic cells can express a wide range of calcium-sensitive proteins (Clapham, 

2007), which is why a large variety of physiological functions are affected by calcium 

mobilization, i.e. the increase of cytosolic calcium concentrations. Thus, 

understanding the signaling routes that trigger calcium mobilization is of high 

interest to the scientific community.  This study provides a crucial contribution to 

these efforts, because the expanded mechanistic model of the paradigmatic Gi-

calcium pathway proposed in this study changes our perception of how Gi-GPCRs 

mobilize calcium. Up until this point, Gi-calcium has been considered especially 

relevant for chemokine receptors in immune cells. However, our results indicate that 

Gi calcium, or Gi-PLCβ signaling in general, might play a much larger physiological 

role than currently known. Together with many other findings (Okajima & Kondo, 

1992; Okajima et al., 1993; Werry et al., 2003a, 2003b; Werry et al., 2002; Gerwins & 

Fredholm, 1992; Dickenson & Hill, 1994; Chan et al., 2000), we show that Gi-coupled 

GPCRs do not necessarily mobilize detectable calcium when stimulated in-vitro. 

Rather, an additional prior or concomitant Gq stimulus is required to allow detectable 

Gi-dependent calcium mobilization, thereby “unmasking” the Gi-GPCR’s capacity to 

trigger considerable calcium responses. Many investigations that aim to characterize 

the role of (Gi-)GPCRs use isolated cells, where the physiological environment, 

including potential external Gq-stimuli, is replaced by an inert buffer solution. It is 

plausible to assume that such studies have therefore frequently overlooked the 

capacity of Gi-GPCRs to mobilize calcium, despite its potentially high physiological 

relevance. With the knowledge of the Gq requirement for Gi-calcium that our 

mechanistic model provides, it will be easier to discover and understand calcium-

dependent physiological roles of Gi-coupled receptors in a variety of cellular contexts 

in the future.  

Gβγ-calcium from other GPCRs? 

Gi-GPCRs mobilize calcium because they release Gβγ which can activate PLCβ. 

However, the heterotrimeric G-proteins of other families also release Gβγ upon GPCR-

activation, which raises the rather pressing question of why these are not considered 

to trigger PLCβ-calcium as well. Because of the high number of possible Gβγ subunit 

combinations that arises from the five Gβ- and twelve Gγ subunits described to date 
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(Smrcka, 2008; McCudden et al., 2005; Khan et al., 2013), it is tempting to assume 

that the other G-protein families simply bind different Gβγ subunits and therefore 

activate different Gβγ-effectors. However, to date, there is not much evidence to 

suggest that each Gα subunit preferentially binds a different set of Gβγ isoforms 

(McCudden et al., 2005; Smrcka, 2008; Dupré et al., 2009; Tennakoon et al., 2021; 

Masuho et al., 2021). Our data clearly shows that Gβ1γ2 subunits released from 

heterotrimeric Gq-proteins also bind to and potentially activate PLCβ3 upon 

stimulation of the Gq-coupled M3 receptor. This calls into question the hypothesis 

that only Gi-heterotrimers bind Gβγ subunit combinations that can activate the PLCβ-

calcium-pathway. Of course, it is important to consider that all signaling components, 

including Gαq, Gβ1, and Gγ2, were overexpressed in the context of this experiment, 

making it difficult to draw conclusions on whether an interaction of Gq-Gβγ and PLCβ 

would occur at endogenous expression levels. In fact, several studies argue that 

because of the comparatively low potency of Gβγ at PLCβ, only Gαi isoforms are 

endogenously expressed at sufficient levels to mobilize the high quantities of Gβγ 

required for PLCβ activation (Kadamur & Ross, 2013; Smrcka, 2008). However, without 

quantitative data on Gα expression in every single eukaryotic cell, this remains 

speculation.  

As mentioned above, a crucial factor in the discovery of Gi-calcium has been the long-

available specific Gi-inhibitor PTX. It could be argued that with no other family-specific 

G-protein inhibitors available, discovering Gs-Gβγ- or G12/13-Gβγ-PLCβ-calcium in a 

physiologically relevant context would have been much more difficult to begin with. 

Thus, the well-accepted idea that Gi-GPCRs are the most relevant initiators of Gβγ-

PLCβ-activation, or even Gβγ-signaling in general, might be at least in part based on a 

bias resulting from inhibitor availability. Another important factor in this context is 

the difficulty of generating Gβγ-PLCβ-calcium in isolated cells without applying Gq-

stimulation that this study underlines. Finally, Gs, G12/13, and Gq are known to 

trigger calcium via Gβγ-independent mechanisms, which is why a potential Gβγ-PLCβ-

dependent calcium response initiated by either of these G protein families might 

falsely be attributed to the previously described pathways, instead of being more 

closely investigated. In light of these points, reconsidering the notion of Gi-

independent Gβγ signaling seems imperative. Interestingly, a number of thorough 

mechanistic investigations provide evidence that Gs-GPCRs mobilize calcium in a Gq-

dependent, cAMP-independent manner (Stallaert et al., 2017), as well as following Gq 
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prestimulation (Werry et al., 2002). Now that it is clear that Gq activation is required 

to establish Gβγ-calcium, it will be interesting to reinvestigate the possibility that Gs- 

or G12/13-coupled GPCRs signal via this pathway as well. However, while these are 

intriguing speculations, there is only clear evidence for Gi-Gβγ-calcium at this point.  

Gi-calcium and G16 

Conversely, because Gq allows Gi-GPCRs to mobilize calcium, a pressing question for 

future investigations will be where the Gq stimulus comes from and under which 

conditions it occurs in each physiological or disease-context. We have shown that the 

expression and up-regulation of G16 in JURKAT cells can meet the Gq requirement. 

Because G16 is promiscuous, i.e. can be activated by a wide range of GPCRs, including 

those that normally couple specifically to Gi but not Gq (Offermanns & Simon, 1995), 

this would help Gi-GPCRs provide their own Gq activation and allow them to mobilize 

Gi-dependent calcium without Gq prestimulation. This could be the reason why there 

are many accounts of Gi-calcium in immune cells, and why this pathway has thus been 

associated with this physiological system. Additionally, it is tempting to hypothesize 

that allowing Gi-coupled GPCRs such as chemokine receptors to trigger Gi-calcium 

without additional Gq-input could potentially be one physiological role of G16. This 

would be an interesting basis for future investigations, as the role of G16 for the 

immune system is not yet entirely clear. One investigation using Gα15
-/-

 mice has 

shown impaired cellular responses of immune cells, but no immunological phenotype 

(Davignon et al., 2000). Based on the results of our study, one might speculate that 

the isolated murine immune cells in this study require G16 for a full response, while 

in living mice, Gq-stimuli from surrounding cells and organs can compensate for the 

lack of G16 by providing prestimulation. While more investigations are necessary to 

draw any conclusion on the role of G16, its relevance for Gi-calcium could potentially 

be an interesting new starting point.  

Gq activation changes the signaling outcome of Gi-GPCRs 

Other origins of Gq stimulation to allow Gi-calcium in a physiological context could 

be systems of inflammation (Sun & Ye, 2012). Surrounded by a variety of inflammatory 

mediators such as ATP or prostaglandins, the cellular response to Gi-stimuli might 

change from cAMP- to Gi-calcium-dependent signaling. Other sources of constitutive 

Gq activation could be viral infection or oncogenic mutations. The HCMV, a virus that 

has a prevalence of over 50% within the German population (Lachmann et al., 2018), 

encodes four GPCRs, at least two of which are constitutively active and Gq-coupled 
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(Vischer et al., 2006). Expression of the human chemokine receptor CCR1 has been 

shown to induce NF-κB activation only in cells expressing the constitutively active, Gq 

coupled human cytomegalovirus (HCMV)-encoded GPCR US28 (Bakker et al., 2004). 

Because NF-κB activation is PKC- and thus calcium-dependent, this finding provides 

an example of how constitutive Gq-activation of viral origin can change the signaling 

outcome of Gi-coupled receptors. Constitutive Gq activation is also a hallmark of some 

types of cancers. For instance, over 90% of patients with uveal melanoma, the most 

common cancer of the adult eye, carry a mutation in their genes expressing either Gq 

or G11 that leads to constitutive activity of the respective Gq family subunit (Kostenis 

et al., 2020, and references therein). We have shown that cells carrying this mutation 

can mobilize calcium in response to Gi without requiring Gq prestimulation. Thus, in 

these types of cancer, the outcome of Gi-signaling might be changed.  

These are but a few speculations around how Gq control of Gi-calcium comes into 

play in a physiological or pathophysiological setting. They illustrate how the 

mechanistic model provided by this study will help identify the physiological role of 

Gi-GPCRs, support the interpretation of crosstalk events between Gi- and Gq-signaling, 

and facilitate the prediction of Gi-GPCR signaling outcomes.  

Gq inhibitors might appear to be unspecific. 

One publication that provided a crucial basis for this study was the recent 

investigation of FR’s specificity by Gao and Jacobsen (Gao & Jacobson, 2016). In their 

study, the aim of which was to test specificity of FR for Gα vs. Gβγ signaling, they 

selected Gi-Gβγ-PLCβ-dependent IP1 accumulation and calcium mobilization as their 

main readout for Gβγ activation. Their observation that FR fully abolished Gi-Gβγ-

dependent PLCβ activation and calcium, but not Gαi-dependent cAMP depression, 

understandably led the authors to conclude that FR might be a Gβγ inhibitor. In our 

study, we clearly show that this is not the case, because a) FR does not inhibit, and in 

some cases even enhances, Gi-Gβγ-GIRK activation, and b) Gi-Gβγ-PLCβ-calcium is also 

absent in HEK-∆Gq/11 cells, where no FR was applied, because this pathway is Gq-

dependent. Thus, while the Gq inhibitor FR appeared to be unspecific in their study, 

in reality it abolishes Gi-calcium because the Gi-Gβγ- and Gq-calcium pathway are 

interdependent.  

For a similar reason, a recent study of the Gq inhibitor YM-254890 (Peng et al., 2021), 

which is closely related to FR, has concluded that it additionally inhibits Gs. In this 

case, the authors measured Gs-dependent cAMP accumulation and observed a 
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considerable inhibition in the presence of YM-254890. Again, this is entirely in line 

with our data, which shows a reduction in GPR17-dependent cAMP accumulation in 

the presence of FR. However, again, this is not because the inhibitors are off-target, 

but rather because Gs-mediated cAMP accumulation occurs via calcium- and PKC-

sensitive adenylyl cyclases (Halls & Cooper, 2011).There are many more examples of 

how multiple pathways contribute toward the same signaling outcome (Sunahara et 

al., 1996; Halls & Cooper, 2011; Gupte et al., 2017; Luttrell et al., 1999; Grundmann 

et al., 2018; Oligny-Longpré et al., 2012; Chang & Karin, 2001) and oftentimes, it is a 

matter of perspective which component ‘drives’ the signal: does Gi-Gβγ-PLCβ-calcium 

depend on Gq, or does Gi-Gβγ boost Gq-calcium? Regardless, the two above-

mentioned cases underline the importance of understanding crosstalk mechanisms, 

such as the one described in this study, in order to guide data interpretation and 

hypothesis-based research. 

Implications for drug development 

The hierarchical control of Gq over this Gi-pathway indicates that any drug that 

activates or inhibits Gq signaling could potentially affect the function of Gi-GPCRs as 

well. This is highly relevant information, because around 30% of FDA-approved drugs 

target GPCRs directly (Hauser et al., 2017), many of which specifically activate or 

inhibit Gq-GPCRs. Additionally, the Gq inhibitor FR, which blocks all Gq signaling 

downstream of GPCRs, is emerging as a potential basis for a therapeutical tool (Klepac 

et al., 2016; Matthey et al., 2017; Annala et al., 2019; Kostenis et al., 2020). The 

inhibitor has shown promising results in studies on adipose tissue (Klepac et al., 

2016), asthma (Matthey et al., 2017) and cancer (Kostenis et al., 2020) among others. 

The knowledge provided in this study will help understand and predict potential, 

formerly ‘unexpected’ (side) effects of such drugs on Gi-calcium signaling, and thus 

be of great use in the development of new treatment options.  

Conclusion 

In conclusion, the molecular mechanism of Gq-dependent Gi-GPCR calcium uncovered 

in this study i) provides the missing piece to explain why Gi-calcium can be highly 

variable and difficult to generate, ii) thereby reconciles a diverse range of 

complementary and even seemingly contradictory findings from the past three 

decades, iii) provides an interesting basis for future investigations in several 

physiological fields, and iv) is of high relevance for GPCR-centered drug research and 

development.  
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Summary 
 

The mobilization of calcium is an essential regulator relevant to all facets of eukaryotic 

life. Because of the wide range of cellular processes that calcium mobilization 

regulates, the question of how it is initiated in living cells has been of intense interest 

to the scientific community for many years. One long known, well-described signaling 

cascade that induces calcium mobilization is the Gi-GPCR-calcium paradigm. This 

paradigmatic signaling mechanism has been discovered over 30 years ago and 

describes how, upon activation of Gi-coupled GPCRs, Gβγ subunits released from 

heterotrimeric Gi proteins can activate the isoforms 2 and 3 of the PLCβ family, which 

in turn convert the membrane lipid PIP2 into DAG and IP3. This is followed by an 

activation of IP3R, which are calcium channels located on the ER membrane and release 

calcium from the ER into the cytosol upon opening. While this signaling paradigm 

might seemingly dictate that activation of Gi-GPCRs should lead to calcium 

mobilization in all cells that express sufficient levels of the necessary components, 

i.e. heterotrimeric Gi-proteins, Gβγ-sensitive PLCβ enzymes, and IP3R on the ER 

membrane, Gi-GPCR-calcium has been surprisingly variable and sometimes 

inexplicably difficult to reproduce.  

This study was based on the hypothesis that this Gi-Gβγ-PLCβ-calcium mechanism, 

which is considered an independent ‘stand-alone’ signaling pathway, has been 

unexpectedly variable because it is dependent on an unidentified factor. Indeed, many 

independent lines of research over the years suggest that this pathway is strongly 

influenced by Gq-coupled GPCRs, which also activate PLCβ via the Gαq subunit and 

thus mobilize calcium in a similar manner. Therefore, this work characterizes the 

interdependency of the Gi-GPCR-calcium and Gq-GPCR-calcium pathway, with the goal 

to determine the mechanism that controls Gi-Gβγ-PLCβ-calcium.  

We combine well-established tools including the Gi-inhibitor PTX with the recently 

characterized specific Gq inhibitor FR and a set of newly available CRISPR/Cas9-edited 

cell lines that do not express Gαq isoforms. By using these in combination with a 

selection of GPCRs that couple to either Gi, Gq, or both, we investigate each step of 

the Gi-Gβγ-PLCβ-calcium cascade for a potential dependency on the Gq-pathway. We 

find that indeed, the Gi-Gβγ-PLCβ-calcium pathway, but not Gαi- or Gi-Gβγ-signaling in 

general, is entirely dependent on Gq. Furthermore, we discover that it is the active 
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Gαq subunit, rather than the downstream consequences of Gq activation, that is 

required for Gi-Gβγ-PLCβ-calcium. On a molecular level, this is because Gi-derived Gβγ 

can bind to PLCβ but does not induce acute activation of the PLCβ-mediated 

conversion of PIP2 into IP3. This is because PLCβ enzymes are strictly auto-inhibited in 

the inactive state by a molecular domain called the XY-linker, which covers the 

catalytic site of the enzyme to prevent binding of PIP2. Binding of Gβγ to PLCβ does 

not release the auto-inhibition sufficiently to achieve the acute increase in IP3 

production required for calcium mobilization. However, if the auto-inhibition of PLCβ 

is artificially removed by deletion or mutational disturbance of the auto-inhibitory 

domains (PLCβ3
∆XY 

or PLCβ3
F715A

), or by binding of active Gαq to the enzyme, Gi-Gβγ can 

activate PLCβ to induce calcium mobilization. We also demonstrate that despite being 

insufficient to induce acute PLCβ activation, Gβγ can increase long-term basal PLCβ-

dependent IP1 accumulation upon overexpression of both in absence of Gq. This 

explains why 30 years ago, when this pathway was first discovered upon mixing 

purified Gβγ with PLCβ and measuring hydrolysis product in absence of Gq, it was 

deemed to be Gq-independent. Finally, we demonstrate that the dependency of Gi-

Gβγ-PLCβ-calcium on active Gαq is conserved across a wide variety of cellular systems, 

and involved in calcium-dependent physiological processes such as the aggregation 

of platelets in response to GPCR-stimulation.   

The molecular mechanism proposed by this study provides the missing piece to the 

well-established Gi-calcium paradigm by underlining that this signaling cascade only 

occurs in the presence of active Gq and why so. It thereby not only sheds light on the 

previously unexplained variability of Gi-GPCR-calcium but also expands our general 

understanding of how Gi-GPCRs and Gq-GPCRs signal in synergy in living cells. 

Because GPCRs are a high-interest pharmacological target, this provides a highly 

relevant basis for future investigations across a wide field of physiological research 

as well as drug development. Additionally, as calcium mobilization controls a myriad 

of processes across all domains of eukaryotic life, the insight our study provides 

around how it can be initiated will hopefully lay the foundation for understanding and 

eventually manipulating many (patho-) physiological processes in human health and 

disease. 
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CCh carbachol, aka. Carbamoylcholine 

cDNA  complementary DNA 

CRC  concentration response curve 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

DAG diacylglycerol 

DMR  dynamic mass redistribution 
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DNA  desoxyribonucleic acid 
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EC50  Concentration of half maximum effect 

FACS Fluorescence-activated single cell sorting 
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FR FR900359 

GIRK G protein-gated inwardly rectifying potassium (K+) channel 

GPCR G protein-coupled receptor 

HBSS Hanks balanced salt solution 

HEK human embryonic kidney cells, HEK293 cells 
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PLC phospholipase C 
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