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Abstract 
 
G protein-coupled receptors (GPCRs) are one of the largest classes of human 
membrane proteins and have gained great interest in both academia and the 
pharmaceutical industry during the last decades. GPCRs activate heterotrimeric 
guanine nucleotide-binding proteins (G proteins) that are involved in the transfer of 
extracellular stimuli into intracellular signals. G proteins consist of three subunits (α, β 
and γ) of which the α-subunit performs the main interaction with the receptor and α-
subunits have been divided into four different families, Gs, Gi/o, Gq/11 and G12/13. Only a 
few compounds are available that can inhibit or activate these Gα proteins, 
consequently few pharmacological tool compounds are available to analyze G protein 
signaling. The cyclic depsipeptide FR900359, was originally isolated from the 
plant Ardisia crenata and has been found to be a selective inhibitor of Gαq/11 proteins. 
Recently, the first total synthesis of FR900359 and the close structural analog YM-
254890 were published. FR900359 derivatives may be used to develop inhibitors for 
each Gα subtype, which could provide information about their intracellular signaling 
network.  
 
To test this hypothesis, the inhibitory activity of FR900359 was tested on a range of 
Gαq and Gαs mutants where residues important for interaction with FR900359 had 
been interchanged between Gαq and Gαs. Computational modeling provided 
predictions of molecular interactions based on a distinct crystal structure to identify 
important amino acids in the binding site. Hence, the purpose of this project was to 
study the selectivity of FR900359 by elucidating the importance of individual binding 
site residues in Gαq for FR900359 inhibition, and the possibility to introduce 
FR900359 binding into Gαs.  
 
FR900350 was tested for inhibitory activity in human embryonic kidney (HEK) 293 
cells devoid of Gαq/11 and Gαs, respectively. For this study, cells were transfected with 
mutant Gαq and Gαs proteins, respectively and the endogenous expression of M3 
muscarinic receptors (Gαq coupled) and ß2 adrenergic receptors (Gαs coupled) were 
utilized to study G protein signaling, respectively. The IP1 HTRF® assay (Cisbio) was 
used to quantify Gαq/11 signaling activity and the cAMP dynamic 2 assay (Cisbio) was 
used to quantify Gαs signaling.  
 
A total of seventeen G protein mutants were characterized: Eleven Gαq mutants were 
individual residues were changed to the corresponding residues of Gαs and six Gαs 

mutants where several residues were changed simultaneously to the corresponding 
residues of Gαq. Three of the eleven investigated Gαq mutants, F75K, I190F and L78D, 
were found to reduce inhibitory activity of FR900359. Moreover, it was found that all 
eleven corresponding residues of Gαq were required to introduce FR900359 activity 
into Gαs. Hence, the obtained data provided preliminary information on the structural 
requirements for G protein inhibition, and demonstrated that FR900359 inhibition 
could be introduced to Gαs. The study presented here could potentially provide basis 
for refined computational models to obtain FR900359 analogs with improved potency 
and altered G protein selectivity in the future. 
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List of abbreviations  

 
AC  Adenylate cyclase  
ATP  Adenosine triphosphate  
BSA  Bovine serum albumin  
cAMP  Cyclic adenosine monophosphate  
CRISPR/Cas9              Clustered regularly interspaced short palindromic repeats/ 

CRISPR associated protein 9  
DAG  Diacyl glycerol  
DMEM  Dulbecco´s Modified Eagle Medium  
DMSO  Dimethyl sulfoxide  
DPBS  Dulbecco’s phosphate buffered saline  
E. Coli  Escherichia coli  
EDTA  Ethylenediaminetetraacetic acid  
ELISA  Enzyme-linked immunosorbent assay  
FBS  Fetal bovine serum  
FRET  Fluorescence resonance energy transfer  
FZD  Frizzled receptors  
GCGR  Glucagon receptor  
GDP  Guanosine diphosphate  
GEF  Guanine nucleotide exchange factor  
GLP1R  Glucagon-like peptide 1 receptor  
GPCR  G protein-coupled receptors  
GTP  Guanosine triphosphate  
HBSS  Hank’s balanced salt solution  
HEK293  Human embryonic kidney 293  

HEK293Gq/11 HEK293 cells without Gq/11  

HEK293Gs HEK293 cells without Gs  
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  
HTRF  Homogeneous time-resolved fluorescence  
IBMX  3-isobutyl-1-methylxanthine  
IP1  Inositol monophosphate  
IP3  Inositol triphosphate  
ITC  Isothermal titration calorimetry  
LB  Luria broth  
mAChR  Muscarinic acetylcholine receptor 
MST  Microscale thermophoresis  
PIP2  Phosphatidylinositol 4,5-biphosphate  
PKA  Protein kinase A  
PKC  Protein kinase C  
PLC  Phospholipase C  
RGS  Regulators of G protein signaling  
RhoA  Ras homolog gene family, member A  
S.O.C. medium Super optimal broth with catabolite repression  
SAR  Structure-activity relationship  
SMO  Smoothened receptor  
SRE  Serum response element  
TR-FRET  Time-resolved fluorescence resonance energy transfer  
Wnt proteins  Wingless/Int-1 lipoglycoprotein  
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1 Introduction 
 

1.1 G protein-coupled receptors 
 
G protein-coupled receptors (GPCR) have fascinated pharmaceutical companies and 
academia for several decades. These receptors represent the largest family of 
membrane-embedded receptors and there are more than 800 known GPCRs in the 
human genome. GPCRs bind a great diversity of ligand types such as lipids, small 
peptides, ions, sensory stimuli, hormones and neurotransmitters (1). GPCRs therefore 
control a large number of physiological processes like changes in cardiac function, 
immune response modulation and inflammation, coordination of metabolic processes 
and cancer progression. Many diseases are caused by malfunction of these receptors, 
and up to 30 % of approved drugs on the market target GPCRs (2). Of the 800 
identified GPCRs, about 400 are considered olfactory receptors with limited 
pharmaceutical interest because they have not been associated with any common 
disease (3). Of the remaining 400 non-olfactory receptors, that could be potential drug 
targets, approximately 125 are termed orphan receptors, these GPCRs do not have an 
identified ligand yet. However, only a small number of the GPCR subtypes, around 50 
out of the 800 are targeted by currently developed drugs, thus GPCRs still hold promise 
in terms of new therapeutic opportunities (4). 
  

1.2 Classification and structure 
 
GPCRs are characterized by the presence of an extracellular N-terminal tail, a seven-
transmembrane domain which extends in and out through the cell membrane 
connected by three intracellular loops and three extracellular loops, and an intracellular 
C-terminal tail. In general the extracellular region is responsible for ligand binding and 
the intracellular part interacts with G proteins and other downstream effectors (5). This 
shared structure makes GPCRs suitable as key transducers of signals from the 
extracellular environment into the cell. GPCRs can be divided into five main families 
based of sequence-, structural- and ligand-binding similarities (figure 1) (6). The family 
A/Rhodopsin of GPCRs is by far the largest family and contains important drug targets 
such as adrenoceptors, muscarinic receptors, histamine receptors and dopamine 
receptors. The ligands generally bind within the seven transmembrane helices or to 
extracellular loops due to the short N-terminal of family A GPCRs (3). The family 
B/Adhesion is the second largest family and most of these GPCRs have a large 
extracellular N-terminal, which bind extracellular matrix molecules. Three of thirty-
three members have been de-orphanized but this family has a potential role for drug 
development in the area of cell growth and immune system (3). The family B/secretin 
binds peptide hormones, and includes important drug targets like the glucagon-like 
peptide 1 receptor (GLP1R) and the glucagon receptor (GCGR). Ligand interactions 
occur at the extracellular loops together with the N-terminal and the seven 
transmembrane domain (3). The family C/Glutamate consists of important receptors 
such as metabotropic glutamate receptors, GABAB receptors and the calcium-sensing 
receptors. Most ligands bind within the long extracellular N-terminal region (3). The 
family F/Frizzled consists of frizzled receptors (FZD) and the smoothened receptor 
(SMO). FZDs are activated by the Wingless/Int-1 lipoglycoprotein (Wnt proteins) and 
play a critical role in regulation during embryonic development and these receptors 
have been implicated in cancer development. The ligands mostly bind at the 
extracellular part of the receptor including the loops (3, 7). Knowledge of the diversity 
of receptor structure and ligand binding mechanisms across the different receptor 
families is important for both fundamental science and drug discovery. To obtain a 
complete understanding of this protein superfamily, this diversity must be considered 
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when screening compounds, to obtain the best lead structure among the hits 
discovered.  

 

1.3 GPCR signaling 
 
Cell signaling through GPCRs is complex, involving receptors, G proteins, effectors and 
regulation of downstream signaling pathways. All G proteins that associate with GPCRs 
are heterotrimeric, they consist of three subunits (α, β and γ). The α- and γ-subunit 
anchors this trimer to the membrane. In general, when a ligand binds to its receptor, 
the GPCR will undergo a conformational change which triggers a complex chain of 
events and this will ultimately influence different cell functions (1). The activated 
receptor acts as a guanine nucleotide exchange factor (GEF) when interacting with the 
G protein, to support dissociation of guanosine diphosphate (GDP) from Gα and 
binding of guanosine triphosphate (GTP). During this conformational change the α 
subunit exchanges GDP (inactive state) for GTP (active state), dissociates from the βγ 
complex and then both the α subunit and the βγ complex are free to regulate the 
activity of a variety of effectors (figure 2). Signaling is terminated when GTP is 
hydrolyzed to GDP, which is catalyzed by regulators of G protein signaling (RGS) 
proteins. This means that the cycle is completed when the α subunit re-associates with 
βγ, returning the complex to a GDP-bound inactive state. If activated receptors are 
present a new cycle begins (8). 
 

 

 

Figure 1. Overview of the GPCR superfamily. The 
highlighted areas in the phylogenetic tree indicate crystal 
structures solved. Figure from GPCR Network at 
http://gpcr.usc.edu/outreach.htm. 

 

Figure 2. The G protein activation cycle.  
In the resting state, G proteins are GDP-
bound heterotrimeric complexes (αβγ). 
Ligand binding to a receptor triggers 
GDP/GTP exchange in the α-subunit, and it 
dissociates from βγ. The α- and βγ-subunits 
interact with effector proteins. The signal is 
terminated when GTP is hydrolyzed to GDP 
which can be catalyzed by regulator of G 
protein signaling (RGS) protein. Reprinted 
with permission from Nature Publishing 
Group (8). 

 
  

http://gpcr.usc.edu/outreach.htm
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1.4 Gα protein families and second messengers 
 
Based on sequence similarity, there are four different families of heterotrimeric G 
proteins (Gs, Gi/o, Gq/11, G12/13) and they show selectivity to both the receptors and the 
effectors they interact with. Each family consists of several Gα protein subtypes that 
show specific expression patterns (9). Gαs activation leads to an increase in the second 
messenger cyclic adenosine monophosphate (cAMP) through stimulation of adenylate 
cyclase’s (ACs). Elevated cAMP results in the activation of protein kinase A (PKA), 
which in turn leads to activation of downstream signaling cascades. Signaling is turned 
off by phosphodiesterase’s that degrade cAMP. Gαi causes inhibition of ACs, leading to 
reduced intracellular cAMP levels. Gαq activates phospholipase C (PLC) and the 
production of two different second messengers through hydrolysis of 
phosphatidylinositol 4,5-biphosphate (PIP2) into diacyl glycerol (DAG) and inositol 
triphosphate (IP3). IP3 then diffuses to ligand-gated Ca2+ in the endoplasmatic 
reticulum (ER), induce release of Ca2+ into the cytosol and DAG activates the enzyme 
protein kinase C (PKC) (10). Gα12/13 activates small GTPases, such as Ras homolog gene 
family member A (RhoA). This pathway has been less studied, but is thought to be 
involved in embryonic development, cytoskeleton rearrangements and cancer 
metastasis (11).  G protein signaling and the generation of second messengers thus 
depend on the specific pathways that are activated upon ligand stimulation and needs 
to be considered to achieve preferred drug action. 
 

1.5 Regulation of GPCR signaling  
 
GPCR signaling, consisting of a receptor, a ligand, a G protein and an effector, can 
result in a variety of possible outcomes. In addition, each of these four components can 
be regulated independently by additional proteins (9). GPCR kinases (GRKs) regulate 
GPCR desensitization by phosphorylation of activated GPCRs and thus terminate G 
protein signaling. Phosphorylation by GRKs also mediates GPCR interactions with β-
arrestins which further can inhibit G protein signaling. β-arrestins can moreover 
recruit proteins that are important for the regulation of receptor endocytosis or interact 
with proteins that allow coupling of GPCRs to different signal pathways independent of 
G proteins (1). RGS proteins are a family of proteins that regulate the intensity of GPCR 
signaling. RGS proteins influence the specificity of the signaling process by accelerating 
the GTPase activity of Gα subunits, consequently terminating G protein signaling after 
agonist stimulation (12). There are several other examples of events with GPCR 
interacting proteins and fine-tuning, for instance regulation of receptor ligand 
specificity, receptor endocytosis/internalization, expression at the cell surface, and 
receptor recycling (13). Knowledge of this delicate interplay of protein interactions and 
complex signaling network is critically important to give clinically effective drugs.  
 

1.6 Biased signaling  
 
Originally it was believed that all agonists acting on a given GPCR stabilize the same 
active conformation and should activate the same downstream signaling pathway, thus 
produce the same type of cellular response with equal efficacy. It is now clear that 
GPCRs can adopt various different active conformations when activated by different 
ligands (14). These active states couple the receptor to different G proteins, β-arrestins 
and other effectors. This concept that a ligand stabilizes specific GPCR conformations, 
with the ability to activate some pathways but not others, is called biased signaling (15). 
This relatively new discovery has made it challenging to define the ligand profile, i.e. 
agonist, partial agonist, antagonists or inverse agonists, specific analysis is needed to 
characterize the consequences of ligand-induced activation.  However, one advantage 
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of biased signaling is the potential to develop safer and more effective drugs since 
biased ligands might selectively activate one signaling pathway while not activating 
pathways with undesired side-effects (16). One example in pre-clinical development is 
the biased agonist TRV130 at the µ-opioid receptor, which promotes coupling to Gα 
proteins but have no β-arrestin activity. TRV130 has been observed to maintain the 
analgesic effect while reducing the undesired respiratory depression and 
gastrointestinal dysfunction in mice and rats (17). TRV130 have also shown promising 
results in a phase 2 study investigating patients with acute pain after bunionectomy 
surgery (18). Studies of biased signaling mechanisms require the use of highly sensitive 
assays to quantify responses related to the signaling pathways, to allow full 
characterization of ligands. Many assays are available to measure the β-arrestin 
pathway activation but most assays measuring Gα protein biased activation are not 
sensitive enough for all Gα protein subtypes (19). There is a great interest in 
modulating Gα protein signaling pathways using biased ligands. However, few Gα 
protein-biased ligands have been identified and alternative pharmacological tools are 
needed to dissect the signaling pathways and thus obtain a better understanding of the 
phenomenon of ligand bias (20). 
 

1.7 Gα protein modulators 
 
Because of the complex signaling profile of GPCRs, it is difficult to analyze the 
downstream signaling network, especially when studying diseases with complex 
pathologies involving multiple receptors and signaling pathways. One way to bypass 
GPCRs diversity may be to focus on points downstream of activated receptors. G 
proteins are the first step in the intracellular cascade of activated GPCRs, but the role of 
G proteins is not as well understood as other aspects of GPCR signaling (21). This may 
be due to absence of pharmacological tool compounds to modulate specific G proteins, 
as only a few compounds are available that can inhibit or activate G protein activity. 
Pertussis toxin which specifically inhibits Gαi proteins and cholera toxin which 
activates Gαs proteins, contributed to the initial identification of Gα mediated signaling 
pathways (22). Pertussis toxin has been a valuable tool to analyze Gαi-mediated cell 
responses, but the usability is limited by the long pre-incubation time to function 
(typically 24 hours). Until recently, no compounds were available to inhibit Gαq/11 
proteins, but in 1988, FR900359 was isolated from the plant Ardisia crenata and YM-
254890 was isolated from the bacterium Cromobacterium sp. QS3666 in 2003 (23, 
24). These are closely related cyclic depsipeptides and differ only in the presence of a 
methyl and an acetyl group in YM-254890, instead of an isopropyl and a propionyl 
group in FR900359 (figure 3). YM-254890 was temporarily available to researches 
about 10 years ago, in restricted amounts from Astellas Pharmaceuticals. Initial 

publications showed that YM-254890 were a useful tool for studying Gq/11 signaling. 
However, only a small number of studies were published and the supply of the 
compound has ended (25). A couple of years ago, FR900359 with the commercial name 
UBO-QIC, was made available from the University of Bonn for a short time period, but 
has not been commercially available lately (26). However, FR900359 was recently 
characterized in a comprehensive study using a range of biological systems and was 

found to be highly selective for inhibition of Gq signaling (21). In 2010, an X-ray 
crystal structure of the chimeric Gαq/iβγ in complex with YM-254890 showed that the 
compound acts by binding to a hydrophobic cleft in the Gαq-subunit preventing the 
exchange of GDP for GTP, thus inhibiting the activation of Gαq (figure 4). This 
hydrophobic cleft is also found in other Gα structures and YM-254890 derivatives 
could thus potentially be developed to target other Gα subtypes (27). Until, recently 
FR900359 and YM-254890 could only be obtained from natural sources, but in 2016 
the groups of professor Kristian Strømgaard and professor Hans Bräuner-Osborne 
published the first total synthesis of YM-254890 and FR900359. The inhibitory effects 
of these two compounds were characterized and both are highly potent inhibitors of 
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Gαq/11-mediated signaling. Ten new analogs of YM-254890 were also designed for 
structure-activity relationship (SAR) studies and demonstrated that even small changes 
in the structure can have substantial pharmacological effects. The first functional head-
to-head comparison of YM-254890 and FR900359 was performed and revealed that 
FR900359 is threefold more potent than YM-254890. The fact that FR900359 and YM-
254890 can now be synthesized opens up the possibility to design and synthesize 
analogs with selectivity for other Gα protein subtypes (28). 
 

 

 
Figure 3. Structural differences between YM-254890 
(1) and FR900359 (2). Reprinted with permission from 
Nature Publishing Group (28). 

 

Figure 4. X-ray crystal structure of YM-
254890 (blue carbons) in a complex with Gαi/q. 
The Gα domain is shown with grey cartoon and 
GDP with red carbons. Kindly provided by 
Kasper Harpsøe.  

 

1.8 Develop selective Gα protein inhibitors 
 
There is a large need for potent and selective inhibitors of Gαs, Gαi and Gα12/13 proteins 
to dissect Gα protein signaling. Pertussis toxin specifically inhibits Gαi proteins, but it 
requires long incubations due to its mode of action as an enzymatic modifier. Pertussis 

toxin catalyzes ADP-ribosylation of the Gi alpha subunit which locks the Gα protein in 
its inactive state so it cannot release GDP and thus prevents GPCR activation (29). 
Alternative Gαi inhibitors would be useful but there is a more urgent need for specific 
Gαs and Gα12/13 inhibitors. The Gα12/13 family is the least well characterized and has been 
difficult to study since no second messenger assay is available and generally most 
methods to study Gα12/13 are indirect (30). Furthermore, most receptors coupling to 
Gα12/13 usually also activate one or more other Gα protein subtypes, which complicate 
the quantification of Gα12/13-mediated signaling (8). Few clinically relevant receptors 
are known to couple to Gα12/13, on the other hand, a large number of receptors of 
therapeutic interest activate Gαs proteins and cAMP production, is easy to quantify (31, 
32). Therefore, development of specific Gαs inhibitors clearly has a great potential and 
the interest of such inhibitors is enormous. 
 

1.9 Clinical relevance 
 
As stated above, pertussis toxin has been a valuable tool in dissecting signaling of 
GPCRs. Numbers of papers have been published were pertussis toxin have been used as 
a way to show that a certain effect is mediated by Gαi proteins (22, 33). YM-254890 
and FR900359, for the extent they have been available, have also been used for the 
same purpose for Gαq proteins. In a shorter perspective, development of cyclic 
depsipeptide analogs that are potent and selective for the Gαs, Gαi and Gα12/13 proteins 
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will become diagnostic in cell signaling. In a longer perspective, FR900359/YM-
254890 analogs could also be relevant in the treatment of some types of cancer. 
Experimental data indicates that mutations in G proteins have a role in cancer 
progression and metastasis. Specific mutations in the GNAS, GNAQ and GNA11, genes 
result in loss of GTPase activity and constitutively active Gα proteins (34-36). Novel 
depsipeptide analogs with selectivity for oncogenic Gαs, or Gαq/11 mutants could thus be 
used for the treatment of some types of cancer. However, one potential problem is that 
the analogs might not work on fast growing cells. The other problem is that Gαq/11 is 
present more or less in all cells in the body, so inhibition might result in problematic 
side effects.  
 

1.10 Molecular modeling 
 
Based on the X-ray crystal structure of Gαi/qβγ in complex with YM-254890, Kasper 
Harpsøe from the collaborating group of associate professor David Gloriam made a 
homology model of Gαs. The importance of individual binding site residues in Gαq and 
the possibility to introduce FR900359 binding in Gαs was evaluated prior to this 
project. In addition, Kasper Harpsøe predicted the effect of single point mutations in 
Gαq were individual amino acids in Gαq were changed to the corresponding amino acid 
of Gαs (figure 5). Of the nineteen residues comprising the YM-254890 binding site in 
Gαq, eleven positions contained differing amino acids between Gαq and Gαs. This 
molecular modeling resulted in a suggestion of eleven Gαq and six Gαs mutants, which 
were then characterized pharmacologically to study the molecular basis of FR900359 
selectivity.  
 

I56V Y67F D71E  G74T 

  
 

  F75K L78D P185L T187S 

  
 

  I190F Y192T P193K  

 
 

  

 

Figure 5. Illustrations of the eleven residues in the YM-254890 binding pocket that differ between Gαq 

and Gαs based on the X-ray crystal structure of Gαi/qβγ in complex with YM-254890. Different 
interactions of each amino acid in Gαq (green) and Gαs (blue) to YM-254890 were predicted in the 
optimized crystal structure.  Yellow dotted lines refer to either hydrogen bonds or short van der Waals 
distances. Numbers refer to the amino acid position in Gαq.  
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2 Objective 
 
The primary aim is to determine the molecular basis of FR900359 selectivity for the Gα 
protein subunit Gαq.  
 
The secondary aim is to provide mutational data to improve the homology model of Gαs 
which can then be further optimized and potentially employed to develop novel 
depsipeptide analogs with selectivity for Gαs in the future.  
 
Research questions 
Can Gαs be engineered to introduce FR900359 activity by changing specific amino 
acids in Gαs to the corresponding amino acids of Gαq?  
Will Gαq be less sensitive to inhibition by FR900359 if specific amino acids in Gαq are 
replaced with the corresponding amino acids of Gαs? 
 

3 Methods 
 

3.1 DNA transformation and purification  
 
Plasmid DNA (pcDNA3.1) encoding either Gαq mutants, Gαs mutants or the 

corresponding wild type G proteins (table 1 and 2), was ordered from the biotech 
company GenScript prior to this project. DNA was transformed into chemically 
competent Escherichia coli (E. Coli) bacterial cells for the purpose of DNA 
amplification. Plasmid DNA were first reconstituted by centrifuging the vials from 
GenScript, which each contained 4 µg of lyophilized DNA at 6000 x g for 1 minute at 4 
°C (Grant QBD2 block heater). Then nuclease-free water was added to each plasmid, 
vortexed for 1 minute and to further dissolve the DNA, heated at 50 °C for 15 minutes.  
Plasmid DNA was mixed with DHα5 E. Coli. cells and incubated on ice for 30 minutes. 
Each transformation tube was heat shocked for 45 seconds at 42 °C and placed on ice 
for 2 minutes. To obtain maximal transformation efficiency, super optimal broth with 
catabolite repression (S.O.C. medium, Invitrogen) was added. The bacteria were then 
grown in a shaking incubator (37 °C, 150 rpm) for 1 hour.  The transformations were 
then plated on prepared Luria broth (LB) agar plates containing 100 µg/ml ampicillin 
and incubated at 37 °C overnight. The next day, one colony from the transformation 
was picked and added to an Erlenmeyer flask containing LB media and 100 µg/ml 
ampicillin and grown overnight in a shaking incubator (37 °C, 180 rpm). To extract 
these plasmids from bacteria a plasmid purification procedure was also necessary, 
using the NucleoBond Xtra Midi kit (Macherey-Nagel) according to manufacturer´s 
protocol. This kit uses an anion-exchange technology and contains a silica-based resin, 
which makes it easy to separate plasmids from genomic DNA. In brief, bacteria cells are 
lysed, the lysate is loaded by gravity flow to a column and cleared by a filter. Plasmid 
DNA remains bound to the silica resin, until an elution step were plasmid DNA is 
eluted, precipitated and dissolved in a suitable buffer. The DNA concentration and 
purity was measured using NanoDrop 2000 spectrophotometer (ThermoFisher 
Scientific).  
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Table 1. Single-point mutations in Gαq. Specific residues in Gαq predicted to be important for 

FR900359 inhibition, were changed to the corresponding amino acid in Gαs prior to this project.  

Gαq mutants Gαq amino acid Gαs corresponding amino acid 

1 I56V Ile 56 Val 
2 Y67F Tyr 67 Phe 
3 D71E Asp 71 Glu 
4 G74T Gly 74 Thr 
5 F75K Phe 75 Lys 
6 L78D Leu 78 Asp 
7 P185L Pro 185 Leu 
8 T187S Thr 187 Ser 
9 I190F Ile 190 Phe 
10 Y192T Tyr 192 Thr 
11 P193K Pro 193 Lys 

 
 

Table 2. Mutations in Gαs. In order to introduce binding of FR900359 in Gαs, Gαs binding site residues 
were exchanged to corresponding positions of Gαq.   

Gαs mutants Gαs amino acid Gαq corresponding 
amino acid 

1 T76G, F194I Thr 76, Phe 194 Gly, Ile 

2 T76G, D80L, F194I Thr 76, Asp 80, Phe 194 Gly, Leu, Ile 

3 T76G, K77F, D80L, 
F194I 

Thr 76, Lys 77, Asp 80, Phe 
194 

Gly, Phe, Leu, Ile 

4 T76G, D80L, F194I, 
T196Y 

Thr 76, Asp 80, Phe 194, Thr 
196 

Gly, Leu, Ile, Tyr 

5 T76G, D80L, F194I, 
K197P 

Thr 76, Asp 80, Phe 194, Lys 
197 

Gly, Leu, Ile, Pro 

6 V57I, F68Y, E73D, 
T76G, K77F, D80L, 
L189P, S191T, F194I, 
T196Y, K197P 

Val 57, Phe 68, Glu 73, Thr 76, 
Lys 77, Asp 80, Leu 189, Ser 
191, Phe 194, Thr 196, Lys 197 

Ile, Tyr, Asp, Gly, 
Phe, Leu, Pro, Thr, 
Ile, Tyr, Pro 

 
3.2 Cell culture 

3.2.1 Background  
A Gαq/11 double knockout human embryonic kidney 293 (HEK293) cell line and a Gαs 

knockout HEK293 cell line were used as expression systems. Both knockout cell lines 
were a gift from Asuka Inoue, Tohoku University, Japan. CRISPR/Cas9 (Clustered 
regularly interspaced short palindromic repeats/ CRISPR associated protein 9) genome 
editing has been used to functionally inactivate selected Gα proteins to produce 
HEK293 cells that are devoid of either Gαq and Gα11 or Gαs (37). HEK293 cells 
endogenously express GPCRs and related signaling proteins (38). The muscarinic 
acetylcholine receptors (mAChRs) consist of five subtypes, three of these (M1, M3 and 
M5) couple to the Gαq/11 protein family and the β2 adreneric receptor couples to Gαs 

proteins (39, 40). These cell lines were used for heterologous expression of wild type 
and mutant Gαq and Gαs proteins. When the endogenous Gαq/11 and Gαs expression is 
removed, the effects of FR900359 can be observed on the transiently expressed Gα 
proteins without interference from the endogenously expressed wild type receptors 
(38). 
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3.2.2 Procedure  
Gαq/11 knockout HEK293 cells or Gαs knockout HEK293 cells were grown in Dulbecco´s 
Modified Eagle Medium (DMEM) supplemented with 10 % (v/v) fetal bovine serum 
(FBS) and 1 % (v/v) antibiotics (penicillin/streptomycin). In the following, this will be 
denoted as growth medium. Cells were seeded in 10 cm or 15 cm cell culture dishes and 
kept in a humidified incubator, 5 % CO2 at 37 °C. Cells were subcultured and supplied 
with fresh medium at 80-95 % confluency, in order to keep cells in continued growth, 
enable further propagation of the cell line and increase the cells transfectability. 
Growth media was removed from the culture dish and cells were rinsed with Dulbecco’s 
phosphate buffered saline (DPBS). An appropriate amount of Trypsin/0.05 % 
Ethylenediaminetetraacetic acid (EDTA) was added to the dish and incubated at room 
temperature until cells were visibly detached. Cells were re-suspended in fresh growth 
media and seeded to a new dish in suitable split ratio.  
 

3.3 Transient transfection  

3.3.1 Background  
To introduce plasmids into the nucleus of cells, the mammalian expression plasmid 
encoding the protein of interest is mixed with a transfection reagent and then added to 
the cells grown in cell culture medium. The DNA and transfection reagent will form a 
cell membrane penetrating complex, and inside the cell the DNA enters the nucleus for 
gene expression (41). Transiently transfected cells often have a higher copy number of 
the gene of interest compared to stably transfected cells, which gives greater levels of 
gene expression. Stably expressing cells can be made with a high expression level of 
receptor but it depends on the number of integrated copies of DNA.  The amount of 
Lipofectamine 2000 Reagent required for successful transfection varies depending on 
e.g. the cell type, surface area of culture dish and passage number. To optimize the 
procedure, different concentrations of Lipofectamine were tested to determine the 
optimal amount. Other conditions such as cell density and DNA concentrations were 
also varied to ensure the best transfection results.  

3.3.2 Procedure  
Cultured Gαq/11 or Gαs knockout HEK293 cells with a confluence level between 70-90 % 
were trypsinized for 5 minutes at room temperature to remove adherent cells from the 
culture surface. Cells were re-suspended in growth medium and to determine the cell 
density, cells were counted using the Countess II Automated Cell Counter 
(ThermoFisher scientific). Cells were centrifuged (Kubota model 2010) at 1200 rpm for 
5 minutes and the pellet was re-suspended in growth medium to a density of 250.000 
cells/ml. The cell suspension was then added to each well of 6-well plates (500.000 
cells/well). Plasmid DNA (wild-type Gαq, Gαq mutants, wild-type Gαs or Gαs mutants) 
and Lipofectamine transfection reagent were separately diluted in Opti-MEM medium 
and incubated for 5 minutes at room temperature. The diluted DNA was mixed with 
diluted Lipofectamine in the desired ratio (2.5 µg and 2.5 µl per well respectively) and 
incubated again at room temperature for 30 minutes. The DNA-lipid complexes were 
then added to appropriate wells a of 6-well plate containing cell suspension. The cells 
were then incubated at 37 °C in 5 % CO2 for 48 hours.  
 

3.4 HTRF technology 
 
Fluorescence resonance energy transfer (FRET) quantifies the transfer of energy 
between two fluorophores. If there is an overlap between donor fluorophore emission 
and acceptor fluorophore excitation spectra, excitation of the donor will result in 
emission by the acceptor if the two fluorophores are in close proximity. This emission 
can be measured to give a FRET ratio (FRET ratio = acceptor emission/donor 
emission). This technology is a tool for the study of interactions of labelled molecules. 
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Time-resolved fluorescence resonance energy transfer (TR-FRET) measurements 
detect fluorescence after a time delay of 50-150 µs, hence only long-lived fluorescence 
from the donor-acceptor complex will contribute to the FRET signal. TR-FRET has the 
advantage of much lower short-lived background signals from e.g. media, compounds 
and buffers. Homogeneous time-resolved fluorescence (HTRF) combines FRET with 
TR-FRET, this gives increased assay sensitivity, reliability and fewer false-
negative/false-positive results.  
In this study, two different HTRF assays were used. For both assays, the donor 
fluorophore is excited at 340 nm, emissions are measured at two different wavelengths, 
615 nm (donor fluorophore) and 665 nm (acceptor fluorophore). Emission at 615 nm is 
used as a reference while emission at 665 nm serve as an indicator of the specific 
interaction. This ratiometric output minimizes well-to-well variability and quenching 
from other components. The HTRF technology is advantageous compared to other 
currently available assays because it can be scaled down to 384-well format, is less 
time-consuming and there is no need for radiolabeled precursors (31, 42).  
 

3.5 IP-One  HTRF® assay (Cisbio) 

3.5.1 Background  
The IP-One HTRF assay was used to measure accumulation of IP1, which is produced 
upon activation of Gαq. Upon GPCR activation, Gαq activates PLC which leads to 
hydrolysis of PIP2 that forms two secondary messengers; IP3 and DAG. Inositol 
monophosphate (IP1) is a key enzyme in this assay, IP1 is a metabolite of IP3 and is 
normally degraded into inositol very rapidly (figure 6). In order to achieve detectable 
concentrations of IP1, lithium chloride is added to the agonist buffer, leading to 
accumulation of IP1 in the cells. The IP-One HTRF assay ensures signal specificity since 
it only measures IP1 accumulation. The detection involves an IP1-specific antibody 
labeled with terbium cryptate (donor fluorophore) and IP1 labeled with d2 (acceptor 
fluorophore). Accumulated IP1 in the cell will lead to a decrease in FRET ratio (31). 
 

 
Figure 6. Schematic representation of the IP-One principle. Left; activation of the Gq pathway occurs 
through phospholipase C (PLC) which give rise to inositol triphosphate (IP3) formation.  Inositol 
monophosphate (IP1), a metabolite of IP3, accumulate due to presence of LiCl. Right; cell-produced IP1 
competes with acceptor-IP1 for the binding to a anti-IP1 antibody. Intracellular accumulation of IP1 results 
in a decrease in FRET signal. Figure from (31) kindly provided by Hans Bräuner-Osborne.  

 

3.5.2 Procedure  
The IP1 assay protocol used in this project was based on a protocol established by 
Nørskov-Lauritsen L et al. (31) and modified by Xiong XF et al. (28). 1 mM FR900359 
was dissolved in dimethyl sulfoxide (DMSO) and dilution series were prepared in assay 
buffer (Hank’s balanced salt solution (HBSS) + 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.4 + 1 mM CaCl2 + 1 mM MgCl2). 4 µl of 
the compound dilution series was added in triplicate to each well of a 384-well 
Optiplate and centrifuged at 400-500 rpm for a few seconds. Transiently transfected 
cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS) and incubated 

https://www-ncbi-nlm-nih-gov.proxy.ub.umu.se/pubmed/?term=N%C3%B8rskov-Lauritsen%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24531140
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with Cell Dissociation Solution (Invitrogen) for 5 minutes at 37 °C. The well was 
washed with DPBS, cells were transferred to a centrifugation tube and cells were 
counted. The single cell suspension was centrifuged (Kubota model 8100) for 5 minutes 
at 1200 rpm. Cells were then re-suspended in assay buffer (containing 0.2 % bovine 
serum albumin (BSA)) to a density of 1.000.000 cells/ ml. 5 µl (corresponds to 5000 
cells/ well) of the resulting cell suspension were added to each well of the 384-well 
plate and the plate was centrifuged at 400-500 rpm for a few seconds. The plate was 
sealed and incubated for 1 hour at 37 °C. In order to activate the transfected Gαq 

proteins, carbamoylcholine chloride (carbachol (Sigma)) was used for endogenously 
expressed Gαq-coupled muscarinic M3 receptors. Hence, agonist dilution series were 
prepared in ligand buffer (HBSS + 20 mM HEPES pH pH 7.4 + 1 mM CaCl2 + 1 mM 
MgCl2 + 200 mM LiCl) using carbachol with final concentration of 7.5 µM and 1.5 µM, 
which corresponds to EC100 and EC80, respectively. 1 µl of the agonist dilution series 
was transferred to each well of the 384-well plate. The plate was centrifuged again, the 
seal was re-applied and the plate was incubated as previously described. The detection 
solution was prepared with IP1 Lysis buffer, IP1 cryptate conjugate and anti-IP1 d2 
conjugate (38:1:1) from Cisbio. 10 µl of detection solution was added to each well, the 
plate was centrifuged one last time and incubated in darkness for 1 hour at room 
temperature.  The plate was read with EnVision 2109 Multilabel reader (PerkinElmer), 
with excitation of light at 340 nm and measured emission at 615 nm and 665 nm. FRET 
ratios were converted to IP1 concentrations using the linear range of an IP1 standard 
curve. 
 

3.6 cAMP dynamic 2 assay (Cisbio) 

3.6.1 Background  
Production of the second messenger cAMP is controlled by two classes of enzymes, AC 
which convert adenosine triphosphate (ATP) to cAMP and phosphodiesterase’s which 
inactivate cAMP. Gαs activation leads to an increase in cAMP through activation of AC 
unlike activation of Gαi which inhibit AC (figure 7). The cAMP dynamic 2 assay was 
used to quantify Gαs signaling and measure cAMP accumulation in cells. The assay is 
based on same technology as the IP-One assay, a competition between d2 labeled cAMP 
(acceptor) and cAMP produced by the cell for the binding sites of cryptate-labeled 
cAMP (donor) antibody. By inhibiting phosphodiesterase’s, with 3-isobutyl-1-
methylxanthine (IBMX), the degradation of cAMP is prevented, resulting in cAMP 
accumulation during the assay. Accumulated cAMP in the cell results in a decrease in 
FRET ratio (31). 
 

 
Figure 7. Schematic representation of the cAMP assay. Left; activation of Gs/i coupled receptors affect the 
level of cAMP, which can accumulate in the presence of 3-isobutyl-1-methylxanthine (IBMX). Right; cell-
produced cAMP competes with acceptor-cAMP for the binding to a donor-cAMP antibody. Intracellular 
cAMP accumulation result in a decreased FRET signal. Figure from (31) kindly provided by Hans Bräuner-
Osborne. 

3.6.2 Procedure  
20 mM FR900359 was dissolved in DMSO and dilution series were prepared in assay 
buffer (HBSS + 20 mM HEPES pH 7.4 + 1 mM CaCl2 + 1 mM MgCl2) as described for 

https://en.wikipedia.org/wiki/Adenosine_triphosphate
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the IP-One assay. 4 µl of the compound dilution series was added in triplicate to each 
well of a small volume 384-well Optiplate and centrifuged at 400-500 rpm for a few 
seconds. Cell suspensions were prepared as described for the IP-One assay. Cells were 
then re-suspended in assay buffer supplemented with 0.2 % BSA and 100 µM IBMX 
(Sigma) to a density of 500.000 cells/ ml. 5 µl (corresponds to 2500 cells/ well) of the 
resulting cell suspension were added to each well of the 384-well plate and then 
centrifuged at 400-500 rpm. The plate was sealed and incubated for 1 hour at 37 °C. In 
order to activate the transfected Gαs proteins, the agonist isoproterenol was used to 
activate endogenously expressed Gαs-coupled β2 adreneric receptors. Agonist dilution 
series were prepared in assay buffer using isoproterenol bitartrate salt (Sigma) with 
final concentration of 1 µM and 0.02 µM, which corresponds to EC100 and EC80, 
respectively. 1 µl of the agonist dilutions was transferred to each well. The plate was 
centrifuged again, the seal was re-applied and the plate was incubated in room 
temperature for 30 minutes on a shaking table. The detection solution was prepared 
with cAMP Lysis buffer, cAMP Tb cryptate conjugate and anti-cAMP d2 conjugate 
(38:1:1) from Cisbio. 10 µl of detection solution was added to each well, the plate was 
centrifuged one last time and incubated for 1 hour at room temperature protected from 
light.  The plate was read with EnVision 2109 Multilabel reader (PerkinElmer), with 
excitation at 340 nm and measurements of emission at 615 nm and 665 nm. For data 
analysis, values were interpolated from a cAMP standard curve. 
 

4. Data analysis  
 
All pharmacological data such as standard curve interpolation, statistics and graphs, 
were analyzed using the pharmacological and statistical software program GraphPad 
Prism® package v. 6.0 (GraphPad Software, San Diego, CA, USA) for Mac OS X. 
Concentration-response curves have been fitted by non-linear regression using the 
equation for sigmoidal concentration-response function with variable slope in 
GraphPad Prism. All data presented represent mean ± standard error of at least three 
independent experiments performed in triplicate on separate days.  Statistical 
comparison was performed using unpaired Student’s t-test to test differences between 
two groups. Statistical significance was determined as P < 0.05 (* p < 0.05, ** p < 0.01, 
*** p < 0.001 and **** p < 0.0001). 
 

5 Results 
 

5.1 Initial results regarding Gαq pathway 
 
To select the optimal transfection conditions, experiments were performed in which the 
volume of transfection reagent and the concentration of DNA was varied. Moreover, the 
optimal cell density was determined. The Gαq mediated signaling was quantified in the 

HTRF IP-One assay in HEK293 cells devoid of Gq/11 (HEK293Gq/11) that 
endogenously express the muscarinic acetylcholine receptor M3. The M3 receptor is 

activated by carbachol, which leads to the Gαq-mediated generation of IP1, and Gq 
activation is measured as an increase in the IP1 production. A significant increase in IP1 

concentration was seen in HEK293Gq/11 cells transiently transfected with 2.5 l 

transfection reagent, 2.5 g WT Gq (6-well plate) and with a cell density of 5000 
cells/well (384-well plate).  The validation experiments also showed, that the obtained 
concentration-response curve was within the linear range of the IP1 standard curve 
(FRET ratio = 0.85 – 2.1). Cells transient transfected with empty pcDNA3.1 (+) vector 

were included as negative control. In the absence of Gq/11, addition of carbachol did 
not elevate levels of IP1 production and as such confirming that the cell system works. 
These conditions were thus chosen for further work. To fully determine if this assay 
could be useful for further analysis with the mutagenesis experiments, dose-dependent 
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inhibition of Gq with FR900359 was performed. HEK293Gq/11 cells transiently 

transfected with WT Gq were treated with FR900359 (highest concentration tested 1 
µM) and carbachol was then added at approximately EC80 concentration (concentration 

that induces 80 % of maximal response, 1.5 µM). Gq inhibition is measured as a 
decrease in the IP1 production and a full inhibition of Gαq activity was observed, with 
an average IC50 (half-maximum inhibitory concentration) value of 11 nM, which is in 
good agreement with previously published values using FR900359 in related assays 
(28, 43). 
 

5.2 Initial results regarding Gαs pathway 
 
Preliminary tests were performed in the cAMP dynamic 2 assay to verify the 

performance of HEK293 cells devoid of Gs (HEK293Gs) using the same 
transfection conditions as in the IP-One assay. This was accomplished by examining 

the isoproterenol-induced cAMP production in HEK293Gs cells that endogenously 

express the 2-adrenergic receptor. An increase in cAMP was seen in HEK293Gαs cells 

transiently transfected with 2.5 l transfection reagent and 2.5 g WT Gs compared to 

buffer stimulated cells. Agonist concentration-response curves for WT Gs and the six 

Gs mutants imply that this transfection set up together with the cell line can be used 
for detection of Gαs-induced cAMP production (figure 7 a-g). Forskolin, a direct 
activator of AC was included as a positive control during the initial tests. Final 
concentration of 100 µM forskolin increased the formation of cAMP, which confirmed 
that the assay setup was correct. Likewise, cell density optimization was performed. 
Using 2500 cells per well resulted in the best amplitude, ensuring that cAMP levels fall 
within the linear dynamic range of the assay (FRET ratio = 0.85 – 3.0). Cells transient 
transfected with empty pcDNA3.1 (+) vector were included as negative control (figure 7 

h). In the absence of Gs, isoproterenol did not elevate levels of cAMP and confirmed 
that the cell system works. All further experiments were therefore conducted with these 
conditions.  
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Figure 7. Isoproterenol-induced cAMP production in HEK293Gs cells transfected with WT Gs (a), 

different Gs mutants (b-g) or empty pcDNA3.1(+) vector (h). The cAMP production induced by 
isoproterenol and by buffer is represented by purple curves and red points, respectively. Each data 
point represents the mean ± SD for one of three independent experiments performed in triplicate.  

 

5.3 Pharmacological characterization of Gαq mutants  
 
In the binding site of FR900359 there are eleven residues that differ between the two G 
protein subtypes, Gαq and Gαs. In order to probe the FR900359 binding site in Gαq, 
these eleven residues in Gαq were replaced with the corresponding residues in Gαs. To 
validate the contribution of specific positions in Gαq important for FR900359 
inhibition, eleven single-point mutations in Gαq were tested individually for FR900359 
sensitivity. The sensitivity to FR900359 inhibition was evaluated by the HTRF IP-One 

assay and results are summarized in table 3 and figure 8.  
 
WT Gαq was included in each experiment as a positive control and full inhibition of Gαq 

activity was observed with a pIC50 = 8.0  0.12, which is consistent with previous 
reports (table 3) (27). When the G74T mutant were examined, full FR900359 inhibition 

was observed with a pIC50 = 7.97  0.11 (figure 8 d). When I56V mutant were tested, 

FR900359 inhibited IP1 production with pIC50 = 6.78  0.09. The response seems to be 
greater for the EC80 concentration of carbachol for I56V compared to WT Gαq, (203 % 
compared to WT Gαq which was set at 100 % (figure 8 a). The concentration-response 

curve for Y67F showed that FR900359 inhibited IP1 production with pIC50 = 7.91  0.14 
(figure 8 b). The P185L mutant also showed inhibitory activity of FR900359 with pIC50 

=8.19  0.05. The EC80 concentration of carbachol appeared to be somewhat higher for 
P185L than WT Gαq, 143 % compared to WT Gαq which was set at 100 % (figure 8 g). 
When T187S were assessed for functional activity, the mutant also yielded comparable 
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results to WT Gαq (pIC50 = 8.03  0.13) (figure 8 h). Y192T did not change the 
FR900359 inhibition of carbachol-induced IP1 production compared to WT Gαq (pIC50 

= 7.82  0.10) (figure 8 j). Binding between the Gα protein and the inhibitor was 

unaffected by the D71E mutation (pIC50 = 7.99  0.08). The EC80 concentration of 
carbachol seems to be higher for D71E compared to WT Gαq, the response span for the 
mutant was 174 % compared to WT Gαq which was set at 100 % (figure 8 c).  
 
Measurement of functional activity of the F75K Gαq mutant yielded a significant 

decrease in potency with pIC50 = 6.7  0.09 corresponding to a 17-fold increase in IC50 

compared to WT Gαq (figure 8 e). Experimental results showed, that the I190F 

mutation resulted in a significant reduction in potency with pIC50 = 6.8  0.09 
corresponding to a 14-fold increase in IC50 compared to WT Gαq (figure 8 i). The L78D 

mutation produced a small, but significant reduction in potency with pIC50 = 7.4  0.12 
corresponding to a 4-fold increase in IC50 compared to WT Gαq (figure 8 f). P193K 
mutant had practically no effect on the IC50 of FR900359 (table 3) but the mutation 
resulted in a decrease in IP1 production induced by 1.5 µM of carbachol (EC80 

concentration) compared to WT Gαq (figure 8 k). 
 

Table 3. FR900359 inhibition of carbachol-induced IP1 production in HEK293Gαq cells that 
endogenously express the M3 muscarinic receptor. IC50 values represent the mean of at least three 
independent experiments performed in triplicate. The pIC50 values of FR900359 on Gαq mutants were 
compared to those of WT Gαq, individually using unpaired t-test. Statistical significance was 
determined as P<0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).  

Gαq mutant IC50 (nM) pIC50 (M)  SEM EC80 response (% 
of WT Gαq)  

WT Gαq 11.8 8.05  0.12 100   

I56V 9.1 6.78  0.09 203 

Y67F 13.5 7.91  0.14 134 

D71E 10.8 7.99  0.08 174 

G74T 11.8 7.97  0.11 82 

F75K 204.3 6.72  0.09**** 187 

L78D 44.4 7.38  0.12** 154 

P185L 6.6 8.19  0.05 143 

T187S 10.7 8.03  0.13 129 

I190F 169.6 6.78  0.09**** 127 

Y192T 16.1 7.82  0.10 119 

P193K 13.5 7.92  0.13 32 
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Figure 8. Inhibition of carbachol-induced IP1 production by FR900359 in HEK293Gq cells with 

endogenously expressed M3 muscarinic receptors in presence of different Gq mutants. Each data point 
represents the mean ± SD for one of three independent experiments performed in triplicate. 

 

5.4 Pharmacological characterization of Gαs mutants  
 
After assessing the ability of isoproterenol to activate the Gαs signaling pathway in 

HEK293Gαs cells transiently expressing either WT Gαs or mutant Gαs, submaximal 
agonist concentrations (EC80) were determined for each mutant. The EC80 value of 

isoproterenol for the mutant containing 11 mutations (Gs-11) was 4.5 nM, WT Gs and 

the other five Gs mutants had EC80  20 nM (figure 7). To examine ability of 

FR900359 to inhibit Gαs signaling, HEK293Gαs cells transiently transfected with WT 

Gs or Gαs mutant were treated with FR900359 (highest concentration tested 100 µM), 
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EC80 concentration of isoproterenol and Gs inhibition was measured as a decrease in 
the cAMP production. In order to investigate the introduction of FR900359 sensitivity 
in Gαs, binding site residues in Gαs were exchanged with those from Gαq (table 2). 
Unlike the pharmacological characterization of single point mutations of Gαq mutants, 
a combination of residues expected to be essential for FR900359 function were 
combined in each of the five Gαs mutants. Five multiple Gαs mutants were suggested as 
they might introduce FR900359 function into Gαs. Of the eleven positions comprising 
different amino acids in the FR900359 binding site of Gαq and Gαs, residues predicted 
to be most essential for inhibitor function were selected. WT Gαs were included in each 
experiment as a control. During characterization of Gαq mutants, it was shown that 
inhibition of Gαq signaling required low concentrations of FR900359 (IC50 = 11.8 nM). 
In contrast, even in the presence of excess FR900359, WT Gαs was completely 
unaffected, which is consistent with previous reports (figure 9 a) (28). 
 
Figure 9 b shows that the double mutant (T76G, F194I), had no effect on the level of 
FR900359 inhibition. The triple mutant (T76G, D80L ,F194I) did also not display 
inhibitory activity of Gαs signaling (figure 9 c).  The quadruple Gαs mutant bearing 
T76G, K77F, D80L, F194I, did not affect the level of FR900359 inhibition (figure 9 d). 
Likewise, the quadruple Gαs mutant with mutations T75G, D80L, F194I, T196Y, did not 
influence FR900359’s ability to inhibit the response induced by isoproterenol (figure 9 
e). The last quadruple Gαs mutant (T76G, D80L, F194I, K197P) also showed no 
sensitivity to FR900359 inhibition of cAMP production (figure 9 f).  The Gαs mutant 
containing all 11 corresponding Gαq residues showed that FR900359 inhibited 

isoproterenol-induced cAMP with IC50 = 357.9 nM and pIC50 = 6.45  0.02. FR900359 
concentrations above 0.4 µM reduced the production of cAMP to levels below that 
induced by buffer (figure 9 g). 
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Figure 9. Inhibition of isoproterenol-induced cAMP production by FR900359 in HEK293Gs cells 

transfected with wild type Gs or different Gs mutants. Each data point represents the mean ± SD for 
one of three independent experiments performed in triplicate. 

 
6 Discussion  

6.1 Gαq mutants  
 
In this study, eleven Gαq and six Gαs mutants were pharmacologically characterized 
using the IP-One assay and cAMP dynamic 2 assay, respectively, for FR900359 
inhibitory activity. Three Gαq mutants (F75K, I190F, L78D) significantly reduced the 
potency of FR900359 (table 3). This data indicates that Gαq can be designed to be less 
sensitive to inhibition. Furthermore, FR900359 activity was introduced into Gαs, when 
all 11 corresponding residues from Gαq were inserted in Gαs simultaneously.  
 
Based on visual inspection of Gαq and the inhibitor in the optimized crystal structure, 
the G74T mutant were anticipated to significantly reduce potency due to steric clashes 
towards the inhibitor. Gly74, with high conformational flexibility, is in close proximity 

to the L-Thr methyl side chain of the inhibitor with van der Waals distance to the C 
atom (figure 3 and 5). Any side chain in this position, especially a bulky amino acid like 
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Thr were assumed to result in sterically hindrance. However, when assessed for 
functional activity, G74T appeared to yield identical results to WT Gαq (figure 8 d). 
 
The predicted effect of I56V mutant was accurate, a structurally related residue like Val 
from Gαs did not result in a change in inhibitor activity. Ile56 does not display any 
specific interactions to FR900359 and experimental results gave potency’s similar to 
those observed in WT Gαq (table 3). Tyr67 contains a reactive hydroxyl group and is 
close within hydrogen bonding distance of FR900359, when mutated to a Phe it was 
expected to destabilize the inhibitor-G protein interface to a small degree.  However, 
mutant Y67F was also not different from WT Gαq, carbachol mediated IP1 accumulation 
was completely suppressed by FR900359 in a concentration dependent manner (figure 
8 b). P185L was predicted to result in small or insignificant reduction of inhibitor 
sensitivity. Pro185 interact with the inhibitor binding site through side chain atoms 
that display van der Waals interactions to the two methyl groups of the backbone side 
chain N,O-dimethylthreonine. The corresponding Leu in Gαs has the side chain 
conformations facing away from the inhibitor thus likely decreasing the van der Waals 
contact area. However, inhibitor function was unaffected by the P185L mutation 
compared to WT Gαq (table 3). Thr187 does not represent a critical contact to the 
inhibitor since this residue just falls within the definition of the binding site, only one of 

the methyl groups of β-hydroxyleucine are within 5 Å of the C side chain. Based on the 
optimized crystal structure, the corresponding Ser in Gαs was expected to display the 
same interaction to the inhibitor, Thr differs from Ser only in that it has one more 
methyl group than Ser. In agreement with the predictions, T187S gave potency’s similar 
to those observed in WT Gαq (figure 8 h). Y192T was likewise identified in preliminary 
work as a residue that, when mutated to Thr, would only lessen favorable contacts with 
the inhibitor to a small degree. Tyr192 displays van der Waals interactions to the 
inhibitor exhibiting a small steric clash with the methylene of N-methyldehydroalanine. 
As figure 8 j shows, Y192T did not result in any change in FR900359 potency compared 
to WT Gαq.  Asp 71, does not show a favorable interaction to the inhibitor (D71E 
mutant). However, it may be of interest since it is a likely interaction partner to the 
conserved Arg60, the Asp-Arg pair could mediate inhibitor interactions through several 
hydrogen bonds. A mutation to a Glu could thus indirectly affect the activity of 
FR900359. However, experimental results gave potency’s similar to those observed in 
WT Gαq (figure 8 c). 
 
The assumption about F75K was that it takes part in shaping the binding site but does 
not display specific interaction to the inhibitor. However, the corresponding position in 
Gαs contains a Lys, which could be favorable in terms of improved potency. The Lys in 
Gαs was predicted to form a hydrogen bond to the backbone ester oxygen between D-3-
phenyllactic acid and N-acetylated threonine. In contrast with the predictions, 
substitution of Phe to a Lys residue resulted in approximately 17-fold less sensitivity to 
FR900359 (figure 8 e), which was the largest effect observed among the Gαq mutants. 
From the crystal structure, the most likely explanation is that removal of the Phe results 
in significant loss of van der Waals contact to the FR900359 backbone and the methyl 
of the N-acetylated threonine side chain. Another possible explanation is that a Lys in 
this position have conformational flexibility and interferes with the binding mode of 
FR900359. For future design of Gαs selective compounds, the stereochemistry of the N-
acetylated threonine side chain perhaps needs to be modulated.  
 
I190F mutation was suggested to be one of the mutations with greatest expected effect. 
Ile190 likely plays a role in forming the hydrophobic pocket that encompasses the 
aromatic phenyl group, D-3-phenyllactic acid, of the inhibitor. The corresponding Phe 
in Gαs would likely block parts of this hydrophobic cavity, this mutant was therefore 
expected to significantly decrease or prevent the activity of the inhibitor. Nearly in 
agreement with the predictions, I190F resulted in a significant reduction in FR900359 
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potency (figure 8 i). According to the present Gαs homology model and my findings, the 
I190F mutation can be rationalized as the Ile residue is critical for defining the 
hydrophobic pocket that encompasses the phenyl group of FR900359. My results 
showed that insertion of an aromatic residue like Phe, may limit the size or change the 
shape of this cavity which could lead to steric clashes and the hydrophobic cavity 
becomes non-optimal for the phenyl ring. To my knowledge, only one previous study 
has investigated the binding mode of a similar inhibitor to Gαq (27). Nishimura A et al. 
validated the contribution of five Gαq residues to the binding affinity of YM-254890. 
Mutants were tested functionally in living cells using a serum response element (SRE) 
assay. The authors also studied binding more directly, observing the GDP exchange rate 
in the Gαq protein. Their results are consistent with my findings, when Ile190 was 
substituted with the hydrophilic residue Asn, it resulted in a marked reduction of YM-
254890 function. Taken together, these data suggest more flexible and shorter 
hydrophobic D-amino acids instead of the aromatic phenyl group of the inhibitor in the 
design of new analogs.  
 
The L78D mutation was predicted to reduce FR900359 sensitivity. Leu78 is probable 
located in a short distance to the carbonyl backbone (N,O-dimethylthreonine) of the 
inhibitor, which indicates a small steric clash. The corresponding Asp in Gαs is not able 
to interact with the inhibitor, but could introduce a repulsive interaction. The L78D 
mutant showed a small 4-fold increase in IC50 for FR900359, which indicates a small 
reduction of inhibitor function/binding (figure 8 f). Nishimura A et al. reported a 
greater effect of reduction in YM-254890 potency, when they substituted Leu78 to an 
Asn. The crystal structure does not provide an explanation for their result with the 
L78N mutation. The residue Leu78 cannot be placed with certainty in the crystal 
structure and the level of electron density is not very well defined for the whole side 
chain. My findings indicate that Leu78 is in the vicinity of a carbonyl oxygen of 
FR900359, and a weak electrostatic interaction between the introduced Asp and the 
inhibitor may explain the small observed increase in IC50. Unfortunately, since the 
putative interaction with Asp involves a carbonyl backbone of FR900359, it going to be 
difficult to apply in analog design without changing the core structure or the scaffold of 
the depsipeptide.   
 
From the crystal structure, it was expected that a P193K mutation in Gαq would have 
little or no effect on the activity of the inhibitor. Pro193 display limited van der Waals 
contacts to the inhibitor and Lys, the corresponding residue in Gαs, points away from 
the binding site and does therefore not represent a critical interaction.  Interestingly, 
there was quite a difference between the WT Gαq and P193K concentration-response 
curves (figure 8 k). 1.5 µM carbachol (EC80) does only produce low amounts of IP1 for 
the P193K mutant compared to WT Gαq. Pro193 is not present in the other Gα 
subtypes, one assumption could therefore be that this residue is essential for basic 
function of Gαq. Xiong XF et al. examined 12 analogs of YM-254890 for their ability to 
inhibit Gαs - and Gαi-mediated signaling. Their result clearly showed that the 
compounds were Gαq inhibitors, but if Pro193 is essential to inhibition, then it could 
explain why they did not observe inhibition in Gαs or Gαi. According to the crystal 
structure, Pro193 is positioned in the beta sheet of the Gαq protein and does not seem 
to have any interaction of importance with the inhibitor. Pro193 could perhaps favor 
the protein conformational preference to FR900359. Pro193 is structurally very 
different from the other amino acids and a substitution to any other amino acid side 
chain would most likely point away from the binding site. 
 
It can be speculated that Pro193 could play an important role for the function of the 
Gαq protein. One limitation with my experimental approach is that the Gαs homology 
model is basically a binding model, but I have investigated the function of Gαq and Gαs. 
Pro193 might actually affect the basic function of Gαq more than binding of FR900359 
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or perhaps it is possible for FR900359 to bind the P193K mutant but it does not affect 
the function. If the P193K mutant has a decreased function, the question is, whether 
this is a result of decreased expression level or for instance decreased ability to bind 
GTP. It is likely that P193K does not affect the Gαq protein functionality, but the mutant 
may not be expressed to the same level as WT Gαq. The only way to answer that would 
be to estimate the expression levels by for instance Western Blot. The opposite is seen 
for mutant I56V, D71E and P185L, which appear to be activated more efficiently by 
EC80 concentrations of carbachol compared to WT Gαq (figure 8 a, c and g) and that 
could possibly be explained by higher expression levels.  
 

6.2 Gαs mutants 
 
My results indicate that it may be challenging to develop YM-254890 or FR900359 
analogs that inhibit Gαs, if Pro193 in Gαq is indeed essential for depsipeptide inhibition. 
With the methods that I have in hand, I cannot answer these questions with certainty, it 
remains to be determined in future experiments.  
 
From the preliminary analysis of FR900359 interactions in Gαq, two positions, G74 and 
I190, were predicted as important for inhibitory function. These two residues were 
therefore introduced in the corresponding positions in Gαs. This double mutant (T76G, 
F194I) did however not result in FR900359 inhibition, suggesting that these amino 
acids are non-specific (figure 9 b). Nishimura A et al. showed that L78 is important for 
YM-254890 binding. The crystal structure does not provide an explanation for their 
result, but exchanging a hydrophobic residue for a hydrophilic, Leu could possibly 
improve favorable interactions between the hydrophobic cavity of the Gα protein and 
the inhibitor. A triple mutant where D80L was added to the double mutant (T76G, 
F194I) was therefore suggested. Unfortunately, this triple mutant (D80L T76G F194I) 
was not efficient enough to introduce FR900359 inhibition (figure 9 c).  
 
Among the residue positions in the FR900359 binding site that differ between Gαq and 
Gαs, three additional positions display substantial differences in the nature of the 
amino acid side chain. The polar residue Lys in Gαq compared to the nonpolar aromatic 
amino acid Phe in Gαs (K77F), the small polar residue Thr in Gαq compared to the polar 
aromatic amino acid Tyr in Gαs (T196Y) and the polar, charged Lys in Gαq compared to 
the nonpolar amino acid Pro with a cyclic side chain in Gαs (K197P).  Even though these 
positions did not seem to be essential for binding, these major changes in amino acids 
were predicted to have an impact on FR900359 binding/function and were thus added 
to the triple mutant (T76G, D80L, F194I), one at a time. Nevertheless, these three 
quadrupole mutants did not result in FR900359 inhibition (figure 9 d, e and f).  
 
Thus, several Gαs mutant combinations were tested, but only when substituting all 
eleven corresponding residues from Gαq, was FR900359 sensitivity introduced into Gαs 

(figure 9 g). The Gαs-11 mutant, was investigated as a proof of concept, can FR900359 
inhibition be introduced into Gαs at all? Preliminary investigations of the crystal 
structure suggested that these mutations might have additive effects. These results 
indicate that the FR900359 binding site could be quite unique to Gαq since it was not 
enough to just change some of the residues in the binding pocket. Even introduction of 
K77F, D80L, F194I in Gαs mutant resulted in no FR900359 inhibition, suggesting that 
it is more complex than just additive effects. The negative Gαs data indicates that it 
most likely would be difficult to make a Gαs selective analog. It is not just one 
interaction that easily can be modulated, it seems that it is the whole binding site.  
Interestingly, the EC50 of isoproterenol is 4-fold lower for Gαs-11 compared to WT Gαs 

(figure 7 a, g). When Gαs-11 was inhibited by FR900359 the buffer control displayed a 
degree of constitutive activity, which could be inhibited by FR900359 and this was not 
observed for any of the other Gαs mutants. Some of the residues in Gαs-11 are in the 
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same loop of the Gα protein where also Arg183 is located, which forms a salt bridge to 
GDP. Therefore, it can be speculated that Gαs-11 could have an altered rate of 
GDP/GTP exchange or affect the ability to hydrolyze GTP. Studies on the properties of 
constitutively active mutant Gα proteins have showed that there are several mutations 
that are found in cancer (35). Most of these mutations are found around two residues, 
R201 and Q227 in Gαs. These mutations result in constitutive activation of Gαs 
signalling by reducing the rate of GTP hydrolysis. Similar oncogenic mutations are 
found in Gαq proteins, Q209L and R183C. Jun Takasaki et al. showed that YM-254890 
inhibited R183C, but does not affect the constitutive activity of Q209L, this indicates 
that some of the mutants are YM-254890 sensitive and some of them are not (44). The 
Gαs-11 mutant seems to be constitutively active but in a way, that is still sensitive to 
FR900359 inhibition. 
 

6.3 Experimental setup  
 
The 3-dimensional X-ray crystal structure of Gαq which has been used for this project is 
based on Nishimura A et al. publication of YM-254890 co-crystallized together with 
Gαq. There are several crystal structures of Gα proteins from all four families, without 
inhibitor bound (45-47). When comparing these, they display very related structural 
and functional relationships. When YM-254890 binds to Gαq, to a cleft between the 
GTPase and helical domains, the Gαq protein adapts to the inhibitor with restricted 
conformational changes (27). Since the other Gα proteins have similar structures and 
have high conservation in the residues of the YM-254890 binding site, it may be 
assumed that other Gα proteins can likely make the same conformational change.  
 
The homology model of Gαs was also built from the X-ray crystal structure of YM-
bound to Gαq and the binding site residues are within a radius of 5 Å of YM-254890. 
Typically, all specific interactions like salt bridges, hydrogen bonds and aromatic 
interactions are found within 3-4 Å. By 5 Å you can with certainty find those residues 
that have the unspecific van der Waals interactions. The residues within this distance (5 
Å) are therefore the most important for the inhibitor to stabilize the side chain 
conformations in the active Gα protein conformation. In general, my data are in 
agreement with the crystal structure and the Gαs homology model. Some residues 
imply that the crystal structure is not completely correct, which can lead to a revised 
model. One example is the mutation of G74 in Gαq. The crystal structure shows that the 
Gly is in close contact to the methyl side chain of YM-254890 and a substitution to any 
other side chain was predicted to cause steric hindrance. However, the IC50 value of 
FR900359 was similar for the G74T mutant compared to WT Gαq. This could imply 
that the distance between the Gly and FR900359 is not as short as the crystal structure 
suggest or maybe that the methyl side chain is pointing in another direction. Another 
explanation why no difference in FR900359 inhibition was seen, is that other residues 
in Gαq could compensate for the G74K mutation. My data have led to suggestions of 
new mutations that could further validate the Gαs homology model.  
 

6.4 Future perspectives  
 
As discussed previously, one potential limitation with my experimental setup is that I 
have investigated functionality and not binding of FR900359. My approach has been 
that there is a correlation between binding and function, though this is only an 
assumption. One potential way to investigate the binding of FR900359 to a Gα protein 
could be to use Isothermal titration calorimetry (ITC). This technique provides 
thermodynamic parameters and can measure binding affinities. One advantage with 
ITC is that it only measures the heat absorbed or released during binding and gives 
information about all binding parameters (48, 49). Another suggestion is microscale 
thermophoresis (MST), which is a technique that exploits the movement of molecules 
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in a temperature gradient to measure binding between ligand and protein (50). 
However, a challenge with these two techniques is that they require purified Gα 
protein. Protein purification is a complicated, time-consuming step and quantity is 
often a limitation.  
 
Another important factor is the kinetic profile of FR900359. Investigations of binding 
kinetics could identify the association rate for the Gα protein during different states of 
the activation cycle. The GTP exchange rate is very diverse between the Gα protein 
families (8).This indicates that different Gα protein spend different amount of time in 
different conformations. One Gα protein subtype could potentially associate and 
dissociate with FR900359 quickly and another Gα protein could display long duration 
of action via slow dissociation from the inhibitor. To analyse the kinetic profile directly, 
it would require purified Gα proteins and the ability to control different conditions 
during the activation cycle. One approach to study the kinetics indirectly, could be the 

[35S]GTPS assay, which is an pharmacological assay to analyze Gα protein activation. 

The [35S]GTPS assay can measure how well the inhibitor blocks the binding of GTP 
and hence, preventing Gα protein activation (19). Another way to confirm that the 
inhibitor prevents Gα protein activation might be to use a GDP dissociation assay. With 
this technique, you can investigate the effect of the inhibitor on GDP dissociation from 
the Gα protein, over time (27).  
 
A radioactive labelled FR900359 compound would be beneficial both to binding and 
kinetic studies. Even though radioligand assays are hazardous, they have the 
advantages of measuring binding or kinetics more directly. Until suitable radioligands 
will become available, the above-mentioned detection techniques could be a choice for 
further experimental analysis.  
 
To discriminate between functionality and expression levels of the protein, one could 
use enzyme-linked immunosorbent assay (ELISA) or Western blotting applications. For 
instance, if the functionality is reduced and the expression level is dramatically reduced 
one could make the conclusion that the targeted mutant is still functional but just 
expressed at lower levels. Even though commercial primary and secondary antibodies 
are easy to acquire, the fact that Western Blots has to be done on plasma membrane 
fractions may complicate the procedure (51). With ELISA, whole cells are used, but you 
have to fix and permeabilize the cells with a detergent. Consequently, problems such as 
cell detachment or loss of soluble contents of the cell can arise. Another limitation of 
the ELISA technique, is the restrictive number of antibodies that can be used which 
strictly limits the sensitivity (52).  
 
My findings imply that it is, at least in theory, possible to design an inhibitor that binds 
to the native Gαs protein. It would however be of great interest to identify which 
residues that are crucial for the introduction of FR900359 inhibition in Gαs-11. For that 
purpose, new mutants have been proposed. A new quadrupole Gαq mutant containing 
F75K, L78D, I190F, P193K could explore what kind of additive effect these residues 
have on reducing FR900359 inhibition. It would also be interesting to test the 
corresponding quadruple Gαs mutant (K77F, D80L, F194F, K197P) to explore if it 
introduces FR900359 inhibition. The three latter mutations have already been 
combined (T76G, D80L, F194I, K197P) without obtaining FR900359 inhibition. 
However, the hypothesis is that the presence of K77F together with K197P is the 
functional difference that could introduce inhibition. Finally, to study the lack of 
FR900359 inhibition in Gαs, it would also be relevant to use Gαs-11 as a template and 
change individual residues back to those found in WT Gαs.   
 



 25   

7 Conclusion 

Gα proteins play a crucial role in defining signaling cascades leading to cellular and 
physiological responses mediated by GPCRs. The first aim of my project was to uncover 
the binding mode of the potent Gαq inhibitor FR900359 with the intention of obtaining 
knowledge of specific positions in Gαq being important for FR900359 inhibition. My 
results imply that three residues, F75, I190 and L78 in Gαq appear to be important for 
the Gαq selectivity of FR900359. The other aim of the study was to introduce FR900359 
inhibitory activity into Gαs. The conducted experiments show that it is possible, to 
inhibit Gαs with FR900359 when introducing eleven residues from Gαq into Gαs. Thus, 
my studies have provided insight into how Gαs- and Gαq-mutants engage FR900359 
and have provided further directions to the computational model of Gαs. My studies 
thus form the basis of additional mutational studies to clarify the role of specific 
residues for the Gαq selectivity of FR900359. 
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