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Introduction 1

1 Introduction

1.1 G protein-coupled receptors

For cells it is of great importance to adapt tartkevironment and therefore, they must
be able to receive extracellular cues and elicigppropriate intracellular response to
those cues (Kimple et al., 2011). Although there multiple receptor families, the
superfamily of G protein-coupled receptors (GPCRg¥esents the largest and most
pharmacologically important receptor family. Theage more than 800 GPCR
sequences in the human genome and nearly a thiftegfharmaceuticals currently on
the market target one or more of these receptoegi(iksson et al., 2003; Jacoby et al.,
2006; Lagerstrom and Schi6th, 2008). GPCRs havalbiigy to bind to a broad range
of ligands such as small organic compounds, ei@danpeptides, proteins and even
photons in the case of rhodopsin (Dixon et al.,6198asu et al., 1987; Kobilka et al.,
1987; Felder et al., 1993; Jacoby et al., 2006 hVBPCR-directed drugs it is possible
to cover a wide range of therapeutic indicatioke Inypertension, asthma or cancer
(Jacoby et al., 2006).

GPCRs feature an extracellular amino terminus ansh@acellular carboxyl terminus.
They consist of severu-helical transmembrane stretches that span themplas
membrane in a counter-clockwise manner and thexef8PCRs can also be termed as
seven transmembrane (7TM) receptors (Fredrikssoralet 2003). The greatest
homology between GPCRs can be found within thestresmbrane (TM) segments.
The most variable structures among the family oC&B are the carboxyl terminus, the
intracellular loop spanning TM5 and TM6, and theiramterminus. The greatest
diversity is observed in the amino terminus (Koajlkk007). Based on sequence
similarities within the 7TM segments GPCRs can Ipeddd into five subfamilies
named after their hallmark members: glutamate- (@®&mbers), rhodopsin- (701
members), adhesion- (24 members), frizzled- (24 bezg), and secretin-like receptors
(15 members) (Fredriksson et al., 2003, Kobilk&)dZ0The physiological function of a
large fraction of GPCRs is still unknown and theseeptors are referred to as orphan
GPCRs (Kobilka, 2007).
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1.2 G proteins and GPCR signaling

Heterotrimeric guanine nucleotide-binding prote{i& proteins) act as switches that
regulate information processing circuits connecBRCRs, which are expressed on the
cell surface, to a variety of intracellular effeastdSimon et al., 1991). G proteins
consist of three subunits:o>GB and G. Human G proteins derive from 35 genes, 16
encoding @ subunits, five @ and 14 G (Milligan and Kostenis, 2006). In the basal
state, the GDP-bounddaGsubunit is in complex with the g dimer. The nucleotide-
binding pocket of the &subunit is located between two distinct domainsa Ras-like
domain which is named due to its structural resamd® to the Ras superfamily of
monomeric GTPases, and (ii) an additiomdlelical domain composed of a structurally
distinct six-helix bundle. Upon an agonist-inducahformational change, the GPCR
acts as a guanine nucleotide exchange factor (&skjting in the release of GDP and
subsequent binding of GTP (Bohm et al., 1997; Wallal.,, 1998; Johnston and
Siderovski, 2007). Once GDP is released, a highigffcomplex is formed between
the activated receptor and G protein (Rodbell etl&71; Emeis et al., 1982; Bornancin
et al.,, 1989; Oldham and Hamm, 2008). This complegresents a short-lived
intermediate in intact cells because high conceatra of guanine nucleotides are
abundant, leading to a rapid exchange of GDP foP @odbell et al., 1971; Oldham
and Hamm, 2008). Binding of GTP causes a structtgafrangement within three
segments of & called switch regions I-1ll, resulting from fawaile interactions with
the y-phosphate of the newly bound GTP (Lambright et 8894; Wall et al., 1998).
Switch | serves as one of two connections betwkerRas-like and-helical domains.
Switch 1l assumes a partially helical conformatinrthe active state and affects many
of the interactions of Gwith GPy, effectors, RGS proteins and other nucleotideestat
selective binding partners (Kimple et al., 2002hrkion et al., 2005; Johnston et al.,
2006). Switch Il assumes a loop structure foundleced only in the active
conformation of @. The structural conformations adopted by switdhiésupon GTP
binding enable the &subunit to specifically recognize downstream afiex (Johnston
and Siderovski, 2007). Thus, the binding of GTRd¢ée#o the dissociation of GTP-
bound G from By and both are able to interact with effectors sashadenylyl
cyclase, phospholipase C isoforms, RhoGEFs andcih@mnels (Clapham and Neer,
1997; Kozasa et al., 1998; Simonds, 1999; Lutd.eP807). Downstream effectors are
activated until GTP is hydrolyzed by the intrin&d P hydrolysis activity of the &
subunit. Upon hydrolysis of GTP,«@Gebinds By and the system returns to the inactive
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state. Regulator of G protein signaling (RGS) pretere able to dramatically enhance
the rate of GTP hydrolysis as they function as GEPaccelerating proteins (GAPS) in
vitro and in vivo (Berman et al., 1996; Lamberakt 2010) Fig. 1).

GDP

GTP

Figure 1: The G protein cycle.In the inactive state, G proteins are heterotramer
consisting of GDP-bound, B- andy-subunits. Upon agonist binding conformational
changes of the receptor permit G protein bindind eatalyze GDP release fromuG
After GDP release, a stable, high-affinity compliexformed between the activated
receptor (R*) and G protein. Subsequent bindingGatP to Gu destabilizes this
complex, allowing G(GTP) and @y, to interact with downstream effector proteins
The signal is terminated on hydrolysis of GTP toFGhy Gu, which may be catalyzed
by RGS proteins (taken from Oldham and Hamm, 2008).

G protein heterotrimers are typically divided inflaur main classes based on the
primary sequence similarity of theiroGubunits: Gs, Goio, Gogi1and Grizaz (Simon

et al., 1991, Offermanns, 2003ig. 2). GPCRs have the ability to couple selectively to
members of one or more of these G protein famitlass allowing selective modulation
of signaling cascades by particular GPCR ligandar{dton and Siderovski, 2007).
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The Gus subclass includes theaGand Gy isotype. G shows 88% amino acid
sequence identity with ¢g and both proteins share the ability to activatengtyl
cyclase to increase intracellular cAMP levels.s Broteins are ubiquitously expressed
but Goor expression is restricted to specific neural tissaad is enriched in neurons in
the olfactory epithelium (Simon et al., 1991; Mjlin and Kostenis, 2006).

The Guj, subclass consists of the almost ubiquitously exge<s;, Gaiz, Gaiz, Gooa
and G proteins as well as the brain- and platelet-speh, and Gy, Gop and
Gagust Which are expressed in the retina or in the tagts (Simon et al., 1991; Milligan
and Kostenis, 2006). &z, proteins are able to inhibit adenylyl cyclase \attiwhich
results in reduced cAMP levels (Milligan and Kos$e2006).

Ga proteins belonging to thedg11 family activate phospholipase3GPLCB) isoforms.
PLCB hydrolyzes phosphatidylinositol bisphosphonate tie plasma membrane,
generating inositol 1,4,5-trisphosphate (IP3) aratyglycerol (DAG). IP3 activates
receptors in the endoplasmatic reticulum (ER) legdio a C& release from
intracellular C4" stores in the ER while DAG stimulates the proteimase C (PKC)
(Cockcroft and Gomperts, 1985; Milligan and Kos$er#006). This subclass includes
Gag, Goi1, Goys, Gogs and Gre proteins in which @is only represents a murine
orthologue of @16 (Kostenis et al., 2005).dz and Gy, are widely distributed and the
amino acid sequences of these isotypes differ aoh other by less than 12%. Almost
all changes are confined to the Ntdrminal region which may play an important role
in determining the specificity of interaction withe By subunit and the relative rate of
nucleotide exchange and hydrolysis. Both proteirgs aiten found in the same cell
which can be explained with the possibility to gete signals with different time
constants (Simon et al., 1991). The three othetypgs of the G, family show
restricted patterns of tissue specific expresst@my is primarily found in stromal and
epithelial cells while @5 and G are found in hematopoietic cells (Simon et al.,
1991; Milligan and Kostenis, 2006).

Goy2 and Guz proteins form a separate family and they are esga@ ubiquitously.
Activation of Gui, and Gus proteins cannot be associated with second-messenge
production but with regulation of the activity dfet small GTPase Rho through guanine
nucleotide exchange factor (RhoGEF). These G pretenodulate various cellular
responses such as cytoskeletal changes and cetiutavth. A variety of other

interaction partners for é3,/13 proteins have also been reported:; £33 proteins can
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interfere with the function of cadherins radixin;kfkase anchoring proteins, non-
receptor tyrosine kinases and protein phosphatésesose 2003; Worzfeld et al.,
2008).

I ead K¢

G12

1 | L A L J

40 50 60 70 80 90 100
Amino acid identity (%)

Figure 2: Relationships among mammalian @ subunits. The a subunits are divided
into four main subclasses based on the primary @ragcid sequence identity (taken
from Simon et al., 1991).

In addition to the signal generating process, idgnld-bound receptor initiates a second
process which leads to receptor desensitization aodurs through receptor
modification (Simon et al., 1991). Rapid dampenofgreceptor function is usually
controlled by receptor phosphorylation which is &gl by second-messenger kinases
(for example protein kinase A (PKA) and proteindge C (PKC)), or by a distinct
family of G protein-coupled receptor kinases (GRKB)tcher et al., 1998). GRK
phosphorylation promotes binding of frarrestin molecule to the receptor which
sterically inhibits further interactions betweene tlhreceptor and the G protein
(Pierce et al., 2002). Arrestins can also binchdoat structure of clathrin-coated pits,
thereby promoting endocytosis of arrestin-boundepéars. After targeting to

endosomal compartments, GPCRs can be rapidly deppboylated and recycled back
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to the plasma membrane or are delivered to lysosoomapartments for degradation

(Hanyaloglu and von Zastrow, 2008).

In addition to their role in receptor internalizatj g-arrestins have the ability to serve
as scaffolding proteins to promote G protein-inchef@nt signaling, thereby linking
GPCRs to effectors such as mitogen-activated prokanases (MAPK),including
extracellular signal-regulated kinasel/2 (ERK14238 kinase and c-Jun N-terminal
kinase 3 (JNK3), as well as protein kinase B (AkKahy phosphatidylinositol 3-kinase
(PI13K) pathways (Pierce et al., 2002; Defea, 2008).

1.3 Pathway modulators acting on (& subunits

GPCRs regulate a wide range of physiological artdgpdysiological processes. Thus,
selective pathway modulators acting ol &ubunits enable the investigation of the
contribution of G protein signaling in physiologynd disease (Smrcka, 2013). The

following substances are prominent examples foh gathway modulators.

Guaio proteins can be specifically inhibited with pedigstoxin (PTX). PTX represents a
typical A-B toxin which is produced by the whoopir@pugh-causing bacterium
Bordetella pertussis (Pittman, 1979). The A-protomer exhibits ADP-riplisansferase
activity while the B-oligomer can bind extracellulaolecules that allow the toxin to
enter the cells (Mangmool and Kurose, 2011). PTiélgaes the ADP-ribosylation of a
conserved cysteine residue located in ¢éhesubunits of the &, family (with the
exception of @), thereby preventing the G proteins from interagtivith their cognate
GPCRs (Burns, 1988). ADP-ribosylation of tle subunit of heterotrimeric &,
proteins locks the subunit in the inactive GDP-bound form and consedjy, the G,
protein is unable to inhibit adenylyl cyclase résgl in an enhanced accumulation of
cAMP (Mangmool and Kurose, 2011).

Another classic pathway modulator is cholera to¢@TX), a pathologically active
agent, which causes the severe watery diarrheagadimonic of cholera, is secreted
by the bacteriunVibrio cholerae and can be used to explorexnediated signaling
(De Haan and Hirst, 2004; Sack et al., 2004). Tnthas an AB5 arrangement of
subunits. Five identical B subunits are responsibtebinding the toxin to its cell-
surface receptor and have highest affinity to gasgle GM. The A subunit has been
shown to possess enzymatic activity and is wellkméor generating the toxin-specific
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biological response. It binds the host co-factorPGARF6 and transfers ADP-ribose
from NAD to theo subunit of the @s protein to activate &, which in turn stimulates
adenylyl cyclase causing a rise in cAMP concertraijMiddelbrook and Dorland,
1984; Miller et al., 2008; Guichard et al., 201Bue to the high cAMP levels, further
activation of G proteins is no longer detectable. Thusi-@®ediated signaling is
masked.

Suramin, a symmetric polysulphonated naphtylamineaenide derivative, is described
as a relatively specific inhibitor of dz proteins. It inhibits GDP release but in the
absence of mutagenic mapping or structural datadétailed molecular mechanism is
still unknown (Freissmuth et al., 1996; Hoheneggeml., 1998). Due to its strong
negative charge, Suramin cannot cross cell membyavid@ch limits its utility in cell-

based assay systems (Smrcka, 2013).

The cyclic depsipeptide YM-254890, isolated frome tliermentation broth of
Chromobacterium sp. QS3666, is described as a specific inhibifoGa,, Go:1 and
Gay4 proteins. YM-254890 binds directly to thetGubunit and inhibits &1:-mediated
signaling by preventing GDP release (Takasaki et24104). It represents the only
inhibitor for which structural information is avable, thus allowing the understanding
of its mode of action at the atomic level. The commpd binds in the hydrophobic cleft
between two interdomain linkers connecting the GSERand helical domains of theis
protein. This binding stabilizes the inactive GD&uhd state through direct interactions

with switch | leading to a loss of linker flexiliyi (Nishimura et al., 2010).

The depsipeptide FR900359 is isolated from a meihextract of the whole plants of
Ardisia crenata. The compound exhibits pharmacological activityitashibits platelet

aggregation, decreases the blood pressure antbi®xig to cultured rat fibroblasts and
myelocytic leukemia cells (Fujioka et al., 1988heTmolecular structure of FR900359
closely resembles that of the bacterial metabdite254890. FR900359 inhibits IP1
accumulation and Ghrelease of the &/11-coupled cholecystokinin receptor (CCK1)
as well as GTP binding (Nesterov et al., 2010)tHarrdetails concerning its mode of

action are lacking.

The imidazo-pyrazine derivative BIM-46174 and iterm stable, dimeric derivative
BIM-46187 are reported to inhibit all G proteinsubunit families equally, a feature
referred to as pan-G protein inhibition. A pan-@&tpm inhibitor would be a promising

tool to distinguish between G protein-dependent @ngdrotein-independent signaling
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pathways. BIM-46174 and BIM-46187 have been sudglgsanalyzed in a large
number of different cancer lines such as breastaradCF7 or melanoma A2058 cells.
BIM inhibits critical functions involved in canceprogression: cell proliferation,
survival and invasion. Therefore, BIM-46174 and BAGI187 were suggested as
experimental anticancer drugs (Prévost et al., 28@6ub et al., 2009). The fact that
monomeric BIM-46174 by itself is able to inhibitggotein signaling supports an active
role for the free sulfhydryl form. A prodrug behawvihas been suggested for dimeric
BIM-46187 compared with the monomer (Ayoub et 2009). It was shown that both
molecules bind directly to thedGsubunits thereby preventing the intrinsic or agbni
promoted GDP/GTP exchange (Prévost et al., 2006uB\et al., 2009; Smrcka, 2013).
Within these publications it has not been clarifigdether BIM-46187 prevents GDP

release or GTP entry.

1.4 Aim of this work

In previous publications the synthetic small molesuBIM-46174 and BIM-46187
were described to inhibit all dssubfamilies equally. In these experiments BIM-4617
and BIM-46187 were investigated using a number ifEér@nt cancer cell lines and
COS7 cells (Prévost et al., 2006; Ayoub et al.,.D0Blowever, the ability to silence all
G protein pathways in frequently used immortalizetl lines such as HEK293 or CHO
has not yet been examined. Therefore, one aim isfwiork was to investigate the
influence of both BIM molecules onogi1-, Gas-, Gain- and Guyz-mediated signaling
in a HEK and CHO background. As these experimesusaled that BIM preferentially
silences @Gy signaling in these cellular backgrounds, a possiflechanistic link
between sensitivity toward BIM inhibition and cé#lu context should be analyzed.
Additionally, it was of interest to explore the raolilar mechanism underlying BIM-
46187 action.

Nesterov et al. reported FR900359 (in this thesfisrred to as QIC) as a specifiada:
inhibitor but convincing data that prove specificéire lacking (Nesterov et al., 2010).
Hence, a further aim was to interrogate the spetifof FR900359 for silencing g11-
mediated signaling in particular and G protein algig in general in great detail. To
this end, a broad panel of assays including butinoted to second-messenger assays
and label-free holistic measurements, had to beopeed. Furthermore, it should be
clarified whether Gg11 inhibition caused by the depsipeptide FR900359 edhff
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mechanistically from that described for the strually related (,/11-selective inhibitor
YM-254890.
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2 Material and methods

2.1 Material

2.1.1 Chemicals, enzymes and reagents

Adenosine 5triphosphate disodium salt hydrate Sigma, Taufkirchen, DE, # A2383

(ATP)
Agar
Agarose UltraPure

Aluminium chloride
Ampicillin sodium salt
BIM-dimer

BIM-monomer

Blasticidin

Bovine serum albumin, fatty acid free
Calcium chloride, dehydrate
Carbachol

Cholera toxin (CTX)

Coelenterazine 400 a

Disodium hydrogen phosphate, dihydrate
Dimethyl sulfoxide (DMSO)

DNA Ladder 1 kb
DNA Ladder 100 bp

Doxycycline hyclate
Elacridar

Ethanol

Ethidiumbromide

Fluka, Hamburg, DE, #05040

Invitrogen™, Darmstadt, DE,
#15510-27

ZVE, Bonn, DE, #125098
Roth, Karlsruhe, DE #K029.1

Synthesized by AG
Holzgrabe/Gitschow,

University of Wirzburg/Bonn, DE
Synthesized by AG Holzgrabe
University of Wirzburg, DE
InvivoGen, Toulouse, FR, #ant-bl-1
Sigma, Taufken, DE, #A6003
Sigma, Taufkirchen, BE3306
Sigma, Taufkirchen, DE, #C4382
Sigma, Taufkirchen, DE, #C8052

Gold Biotechnology, St. LOUBA,
#C-320-10

Roth, Karlsruhe, DE, #4984
AppliChem, Darmstadt, DE A1584

New England BioLabs®, MA, US,
#N3272

New England BioLabs®, MA, US,
#N3231

Sigma, Taufkirchen, DE, #D9891
Kindly provided by Prof. Gltschow,
University of Bonn, DE

KMF Optichem, Lohmar, DE, #08-
205

Roth, Karlsruhe, DE, #2218.1
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Ethylenediaminetetraacetic acid, disodium salt

dihydrate

Fetal calf/bovine serum (FCS)
Forskolin

Gel loading dye, blue

D-(+)-glucose

Geneticin (G418)
Glacial acetic acid 100%
Glycerol

HEPES

Hydrochloric acid

Hygromycin B
3-Isobutyl-1-methylxanthine (IBMX)
Isopropanol

L161,982

Lysophosphatidyl inositol (LPI)
Magnesium chloride, hexahydrate
Magnesium sulphate, hexahydrate
Manganese(ll) chloride

MK571

(N-Morpholino)propanesulfonic acid
Orciprenaline

Pertussis toxin (PTX)

Pme |

Poly-D-Lysin
Potassium acetate

Potassium chloride
Potassium dihydrogen phosphate

13,14-Dihydro-15-keto-prostaglandirp D

(DK-PGDy)
Prostaglandin E1 (PGE1)

Roth, Karlsruhe, DE, #8040.3

Sigma, Taufkircheg, B-0804
Tocris, Bristol, UK, #1099

New England BioLabs®, MA, US,
#B7021S

Sigma, Taufkirchen, DE #G7021
Gibco, Paisley, UK, #11811
Merck Darmstadt, DB0®63.2511
Sigma, Taufkirchen, DE, #G2025

AppliChem, Darmstadt, DE,
#A1069.0500

Applichem, Darmstadt, DE #0659

Invivogen, Toulouse, FR, #ant-hm-1
Tocris, BristdyK, #2845
Merck, Darmstadt, DE, #107022
Cayman, Ml, US, #10011565
Sigma, TaufkirchddE, #L7835
Fluka, Hamburg, 883068
Fluka Hamburg #DB627
Roth Karlsruhe, DET881.1
Kindly provided by Prof. Gitschow,
University of Bonn, DE
Sigma, Taufkiech DE, #M-1254
Sigma, Taufkirchen, DE, # 32237
Sigma, Taufkirchen, DE, #2980

New England BioLabs®, MA, US,
#R0560S

Sigma, Taufkirchen, DE, #P-6407

Merck Darmstadt, DE, #
1.04820.1000

Fluka, Hamburg, DE, #60128
ZVE, D-53121 BoRB4984
Cayman, Ml, US, #12610

Cayman, Ml, US, #13010
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QIC

QIC red

Rubidium chloride

Serotonin (5-HT)

Sodium acetate

Sodium chloride

Sodium fluoride

Sodium dihydrogen phosphate
Disodium hydrogen phosphate
Sodium hydrogen carbonate

Sodium hydroxide
Tris(hydroxymethyl)-aminomethane
Tryptone

TUG424

Yeast extract

2.1.2 Kits
CAMP dynamic 2 HTRF® kit

IP-One HTRF® assay kit
NucleoBond® Xtra Maxi

innuPREP Plasmid Mini Kit

Kindly provided by AG Kodnig,
University of Bonn, DE
Synthesized by AG Miiller,
University of Bonn, DE
Merck, Darmstadt, DE, #107615
Sigma, Taufkirchen, DE, #H9523
Applichem, Darmstadt, DE, #4555
Fluka, Hamburg, DE, #71376
ZVE, Bonn, DE, #125310
Roth, Karlsruhe, DB78T2
Roth, Karlsruhe, DEB#6T2

Merck, Darmstadt, DE,
#1.06323.2500

Fluka, Hamburg, DE, #71689
Roth, Karlsruh&, B5426
Roth, Karlsruhe, DE, #8952.1
Kindly provided by Dr. Trond Ulven,
University of Southern Denmark, DK
Applichem, Darmstadt, DE, #3732

Cisbio Bioassays, BP 84, 1Ffance,
#62AM4PEC

Cisbio Bioassays, BP 84Erance,
#62P1APEB

Macherey-Nagel, Duren, DE,
#740414.50

Analytik Jena, Jena, DE,
#845-KS-5040250
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2.1.3 Devices

Autoclave

Balances

Cell counting chamber
Centrifuges

Dry block heater
Electroporation device

Electrophoresis chambers

Freezer (-80°C)
Incubator/shaker (bacteria)

Incubator (cell culture)
Liquid nitrogen tank

Microbiological safety cabinets

Mithras LB940 Multimode reader

Microscope
Microwave
Pipettes

0.5-10ul; 10-100pl; 20-200!;
100-1000ul

Pipettes (multichannel)
Power supply

pH meter

3850 ELV, Systec Brunswick
Scientific, NJ 08818-4005, USA
TEG64, Sartorius, Gottingen, DE
(precision balances)

TE6101, Sartorius, Gottingen, DE
(analytical balances)

Neubauer, Brand, Wertheim, DE
MiniSpin, Eppendorf, Hamburg, DE
5810, Eppendorf, Hamburg, DE

6K10, Sigma, Osterode, DE

QBT2, Grant Instruments, Cambridge,
UK

Gene Pulser Xcell™, BioRad®, CA,
us

Mini-Sub® cell GT, Bio Rad, CA,
USA

Wide Mini-Sub® cell GT, Bio Rad,
CA, USA

Herafreeze, Heraeus, Hanau, DE
HT-INFORS, Buch+Holri C

HERAcell 240, Thermo Fisher,
Dreieich, DE

MVE-Tec 3000, GermanCryo, Juchen,
DE

S@fe flow 1.2, NiMcNY, USA

Berthold Technologies, Bad Wildbad,
DE

CKX31, Olympus, Hamburg, DE
Microwave 800, Severin, Sundern, DE

Eppendorf, Hamburg, DE

Alpha, Genex, Torquay, UK
Power Pac HC, BioRad®, CA, US

SevenEasy, Mettler Toledo, Giessen,
DE
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Sterile bench (cell culture)
Thermomixer

Spectrophotometer
Vortexer

Water purification system

2.1.4 Buffers and solutions

HeraSafe, Thermo Fisher, Schwerte,
DE

Thermomixer® comfort, Eppendorf,
Hamburg, DE

Smart Spec Plus, BioRad®, CA, US
Reaxtop, Heidolph, Schwabach, DE

Milli Q® Water system, Millipore,
MA, US

2.1.4.1Commercially available buffers and solutions

DMEM

Ham’s F-12 Nutrient Mixture GlutaMAX/
HBSS buffer

Penicillin/streptomycin solution
Trypsin/EDTA 0.05/0.02% in PBS

Ultra pure water

2.1.4.20ther buffers and solutions

Invitrogen™, Darmstadt, DE,
#41965039

Invitrogen™, Darmstadt, DE, #21765
Invitrogen™, Darmstadt, DE, #14025
Invitrogen™, Dartadt, DE, #15140

Pan Biotech GmbHj&ibach, DE,
#P10-0231SP

Invitrogen™, Darmstadt, DE,
#10977035

Aqua dem. was used as solvent unless otherwisalstat

Aluminium fluorid solution (AIF 4)

A 1.2 mM AIF; solution was generated by mixing equal amoun@.4imM AICkL and

80 mM NaF, each solved in assay buffer.

Assay buffer for DMR, Impedance and BRET assays

20 mM HEPES in HBSS, pH 7.2.
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CacCl; solution for calcium phosphate transfection

2 M CacCl, filter-sterilized (0.2um).

Coelenterazine stock solution

1 mg Coelenterazine 400a resuspended in #66099.9% ethanol (final conc. 1 mM).

Coelenterazine reagent

Coelenterazine stock solution diluted in assay dyuffontaining 30% ethanol (final
concentration 10QM).

Competent bacteria buffer 1

30 mM CHCOOK, 50 mM MnC} x 4 HO, 100 mM CaGlx 2 H,0, 15% glycerine,
pH 5.8, filter-sterilized (0.22m).

Competent bacteria buffer 2

10 mM RbCI, 75 mM CaGlx 2 H,0, 10 mM MOPS, 15% glycerine, pH 6.8, filter-
sterilized (0.2um).

Electroporation buffer (EB) (1x)

50 mM K;HPQ,, 20 mM CHCOOK, 20 mM KOH, pH 7.4 adjusted with acetic acid,
filter-sterilized (0.2um).

Electroporation buffer (EB) (5x)

250 mM KHPQO,, 100 mM CHCOOK, 100 mM KOH, pH 7.4 adjusted with acetic
acid, filter-sterilized (0.2am).

HEPES solution (1 M)
1 M HEPES, pH 7.2, filter-sterilized (O2n).

Hepes bufferd saline (HBS) (2x) for calcium phospha transfection

50 mM HEPES, 280 mM NacCl, 1.5 mM pPO,, pH 7.1, filter-sterilized (0.gm).
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Luria Bertani (LB) medium

1% bactotryptone, 0.5% yeast extract, 1% NaCl, phusted to 7.4 with NaOH,
sterilized by autoclaving.

MgSO4 solution for electroporation

1 M MgSQ, hexahydrate, filter-sterilized (Oyin).

Phosphate buffered saline (PBS)

150 mM NacCl, 2.5 mM KCI, 7.5 mM NBIPQOy, 1.5 mM KHPQ,, pH 7.2 adjusted with
HCI, sterilized by autoclaving.

Stimulation buffer for CAMP assays

HBSS, 20 mM HEPES, 1 mM 3-isobutyl-1-methylxanth{i&VX).

Super optimal broth (SOB)

2% Bactotryptone, 0.5% yeast extract, 10 mM Nad,@M KCI, pH 7.4, sterilized by
autoclaving at 121°C. After autoclaving 1 ml ofrdeel M MgCL and 1 ml of sterile
1 M MgSQ, were added to 100 ml media.

Tris acetate EDTA (TAE) buffer (50x)

40 mM Tris(hydroxymethyl)-aminomethane (Tris), 1 niDTA, 5.71% glacial acetic
acid.

Tris-EDTA (TE) buffer for calcium phosphate transfection
10 mM Tris, 1 mM EDTA, pH 8.0 adjusted with HClItdir-sterilized (0.2um).
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2.1.5 Consumables

CellKey 384-well biosensor cell assay
microplate

Cryogenic vials 1.5 ml
Dishes: 6, 10 and 15 cm

Disposable filter unit 0.2l

Epic 384-well biosensor cell assay
microplate, fibronectin-coated

Epic compound plate
Falcon tubes 15 and 50 ml

Flasks: 25, 75 and 175 ém

Gene Pulser cuvette, 0.4cm,

384-well LIA-plate, white, TC, F-form,
Greiner bio one 4550

Microtubes 1.5 and 2 ml

Optiplate, 96-well, flat bottom, white

Pasteur pipettes, glass

Pipette tips:

Oxygen crystal tips 10l
Yellow 200ul tips

Blue 1000ul tips

Tiptrays 384 for Epic
Tiptrays 384 for CellKey

2.1.6 Software
Citavi 3.0

DeVision G v1.0

Office Excel® 2010

Molecular Devices, CA, US,
#1030787

Nalgene, Thermo Fisher Scientific,
NY, USA, #5012

Corning®, NY, US, #430161, 430167,
430599

Whatman®
Corning®, NY, US, #5042

Corning®, NY, US, #3657
Corning®, NY, US430791, 430829

Corning®, NY, US, #430168, 430720,
431079

BioRad®, CA, US, #18820
Greiner, Frickenhausen, DE, #632102

Labomedic, Bonn, DE, #115105,
115106

Perkin Elmer, Rodgau, DE, #6005500
Labomedic, Bonn, DE, #447016

Labomedic Bonn, DE, #10727
Greiner Frickenhausen, DE, #685290
Greiner Frickenhausen, DES86290

CyBio, Jena, DE, #3800-25-513-N

Molecular Devices, CA, US,
#1031046

Swiss Academic Software GmbH,
Zirich, CH

Decon Science Tec GmbH,
Hohengandern, DE

Microsoft Corporation,
Unterschleil3heim, DE
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Office PowerPoint® 2010
Office Word® 2010

Prism® 5
Microplate Analyzer v1.5

MicroWin 2000 Advll v4.41

2.1.7 Cell culture media
HEK?293 and COS7 Medium

Constituent
Dulbecco’s Modified Eagle Medium
(DMEM)

Fetal Bovine Serum
Penicillin-Streptomycin

Microsoft Corporation,
Unterschleil3heim, DE

Microsoft Corporation,
Unterschleil3heim, DE

GraphPad Software, Inc, CA, USA
Corning® Incorporated, NYSA

Mikrotek Laborsysteme GmbH,

CRTH2-HEK and GPR55-HEK Medium

Constituent
Dulbecco’s Modified Eagle Medium
(DMEM)

Fetal Bovine Serum
Penicillin-Streptomycin

G418

FFA1-HEK Medium

Constituent
Dulbecco’s Modified Eagle Medium
(DMEM)

Fetal Bovine Serum
Penicillin-Streptomycin

Blasticidin
Hygromycin B

Overath, DE
Volume [ml] Final Concentration
500 -
50 ~10%
5 ~ 100 U/ml Penicillin,
0.1 mg/ml Streptomycin
Volume [ml] Final Concentration
500 -
50 ~10%
5 ~ 100 U/ml Penicillin,
0.1 mg/ml Streptomycin
2 0.4 mg/ml
Volume [ml] Final Concentration
500 -
50 ~10%
5 ~ 100 U/ml Penicillin,
0.1 mg/ml Streptomycin
0.75 15 pg/ml

0.5 100 pg/ml
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CHO-K1 Medium

Constituent Volume [ml] Final Concentration
Ham’s F-12 Nutrient Mix 500 i
GlutaMAX™

Fetal Bovine Serum 50 ~10%
Penicillin-Streptomycin 5 ~ 100 U/ml Penicillin,

0.1 mg/ml Streptomycin

CHO-M1 Medium

Constituent Volume [ml] Final Concentration

Ham’s F-12 Nutrient Mix 500 i

GlutamAX™

Fetal Bovine Serum 50 ~10%

Penicillin-Streptomycin 5 ~ 100 U/ml Penicillin,
0.1 mg/ml Streptomycin

G418 1 0.2 mg/ml

2.1.8 Sterilization method

For molecular and cellular biological experimentsaat stable materials, equipments,
solutions and media were autoclaved in a VaridklgiH+P Labortechnik AG,
OberschleiBheim) at 121°C and 1.2 bar for 21 miteril&zation of heat sensitive

solutions and buffers was accomplished by the tiseedle filters (pore wide 0.2 um).

2.1.9 Plasmids, bacterial strains and cell lines

Vectors:

pcDNAS.1+
pcDNA3.1+ was purchased from Invitrod&€n Darmstadt, DE, #V790-20

hGPR55 in pcDNA3.1+
cDNA of hGPR55 was kindly provided by Dr. Maria Whber, Institute for

Experimental and Clinical Pharmacology, Medical\#nsity of Graz, Austria
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hM3 in pcDNA3.1+
cDNA of human M3 receptor was kindly provided b tgroup of Prof. Dr. Klaus

Mohr, University of Bonn, Germany.

Ga,q tagged with an internal hemagglutinin (HA)-epitopetag in pcDNA3.1+
Gag tagged with an internal hemagglutinin (HA)-epitofa® in pcDNA3.1+ in the
pcDNA3.1 expression vector was purchased from thRUcDNA resource center

(http://www.cdna.org).

BRET constructs:

Gouz-106RLUCS, Gug-97RLUC8, Gr-GFP, and unlabeled & (all in pcDNA3.1) were
kindly provided by Céline Galés, Université TouleuéSauliere et al., 2012).

Bacteria:

XL1-Blue
This E.coli strain obtained from Agilent Technologies (20024%as used for the
amplification of recombinarglasmids.

Mammalian cell lines:

HEK?293 cells
The used HEK293 cell line was from an internal seuresearch group of Prof. Dr. Evi
Kostenis, Institute of Pharmaceutical Biology, Usisity of Bonn, Germany.

HEK293 cells stably expressing CRTH2 (CRTH2-HEK)
The HEK293 cell line stably expressing CRTH2 wamsrifran internal source: research

group of Prof. Dr. Evi Kostenis, Institute of Phaweutical Biology, University of
Bonn, Germany. Cells include cDNA of CRTH2 (genenkaaccession-number
NM_004778) fused to a FLAG-tag at the N-terminusli€were selected by resistance
towards geneticin (G418).
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HEK293-Flp-In™ T-REx™ cells stably expressing FFA1 (FFA1-HEK)
HEK293-Flp-I"™ T-REX™ expressing FFA1 (FFA1-HEK) cells were from an ing
source: research group of Prof. Dr. Evi Kostemistitute of Pharmaceutical Biology,
University of Bonn, Germany. The cDNA of FFAl (alseferred to as FFARL or
GPR40) corresponds to the gene bank accession-mulilde 005303. Cells were
selected by resistance towards blasticidin and dmgcin B. To induce receptor

expression on demand, cells were treated with fnjugf doxycyline for 16 hours.

AD-HEK cells stably expressing GPR55 (GPR55-HEK)
AD-HEK cells stably expressing GPR55 (Henstriddegle 2009) were kindly provided
by Prof. Dr. Andy Irving (University of Dundee, UK)

CHO-K1 cells
The used CHO-K1 cell line was from an internal seuresearch group of Prof. Dr. Evi

Kostenis, Institute of Pharmaceutical Biology, Usrsity of Bonn, Germany.

CHO-K1 cells stably expressing muscarinic M1 recept
The used cell line was kindly provided by the grafifP’rof. Dr. Klaus Mohr University

of Bonn, Germany.

2.2 Methods

2.2.1 Molecular biology methods

2.2.1.1Preparation of LB plates

First LB medium was prepared as described in se@ib.4.2 and 1.5% agar was added.
The mixture was autoclaved and allowed to cool dawrabout 50°C prior to the
addition of ampicillin (10Qug/ml). The mixture was slewed and approximatelynds
were poured per 10 cm petri dish. The plates weoded to room temperature and then
stored at 4°C.
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2.2.1.2Preparation of rubidium chloride competé&itoli

E. coli XL-blue cells were scratched out onto an LB platand incubated overnight at

37°C. A single colony was inoculated into a 5 nitwe of SOB and incubated for 16 h

at 37°C under vigorous shaking (220 rpm). The feitg day 1 ml of this preparatory

culture was used to inoculate 100 ml SOB. The sigtpension was incubated at 37°C
and 220 rpm until the optical density at 550 nncheal the value of 0.5. The culture
was centrifuged in ice-cold falcons for 10 min &C4(3000 g). The supernatant was
removed and pellet was resuspended in 25 ml ick-@@mnpetent bacteria buffer 1 and
the bacteria were centrifuged again for 10 min @ 43000 g). Then cell pellet was

resuspended in 8 ml competent bacteria buffer 2teba were aliquoted (10(l),

frozen in liquid nitrogen and stored at -80°C.

2.2.1.3Transformation of chemically competent bacteria

Competent bacteria (100 pl) were thawn on ice d@hddpof plasmid DNA were added.
Then cells were incubated on ice for 20 min. Afteat cells were subjected to a heat
shock at 42°C for 90 seconds and returned on ic& fmin. 500ul of LB without
antibiotic was added. 10@ of the cell suspension was scratched out ontopldes
containing an appropriate selective antibiotic gutates were incubated overnight at
37°C.

2.2.1.4Cryoconservation of bacterial strains

A single colony of transformeH. coli cells grown on an LB plate was picked with a
sterile pipette tip and 5 ml of LB media containitige appropriate antibiotic were
inoculated. The cell suspension was incubated A48 h at 37°C under vigorous
shaking (220 rpm). 800 ul of the bacterial suspemsvere supplemented with 200 pl

glycerol and stored in a cryovial at —80°C.

2.2.1.5Isolation of plasmid DNA

2.215.1 Analytical plasmid preparation (mini-preparation)

To analyze the plasmids for inserts by restrictaralysis, the plasmid DNA was
isolated on a small scale using innuPREP Plasmid Kit. 2-10 colonies were picked
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and cultured for 16-18 h at 37°C in 5 ml LB medioamtaining an appropriate selective
antibiotic. 2 ml of the cell suspension were céagyed and plasmid DNA was isolated
according to the manufacturer’s instructions. Téraaining bacteria suspension could

be used to generate glycerol stocks (see 2.2.1.4).

2.2.1.5.2 Preparative plasmid preparation (maxi-preparation)

To obtain high-purity and high-concentration plagnNA for further transfection

experiments plasmid DNA was isolated on a largatesasing a NucleoBond® Xtra
Maxi kit according to the manufacturer's instruao In preparation 300 ml LB
medium containing appropriate selective antibietiere inoculated with the bacteria
harboring the appropriate plasmid left over from thini-preparation or from a glycerol
stock. Then cell suspension was incubated for 16-88 37°C with vigorous shaking
(220 rpm).

2.2.1.6Restriction endonuclease digestion

For restriction digests 500 ng DNA, QuBof the appropriate restriction enzymeyl2of
the appropriate buffer specified by the manufactu®SA, and purified water
(UltraPure, Invitrogen®) were mixed in a total vala of 20ul. Micro tubes were
incubated at 37°C for 1 h and fragments were vizedl by the use of agarose gel
electrophoresis.

2.2.1.7Agarose gel electrophoresis

DNA fragments were separated via agarose gel efgubresis. Therefore 6-fold
concentrated DNA loading buffer was added to degstamples and samples together
with an 1 kb ladder were loaded on a 1% agarosevbalh was prepared by mixing
agarose with 1x TAE and boiling the solution in &nmowave until the agarose was
completely melted. The solution was cooled dowrmabmut 60°C before 0.5 pg/mi
ethidium bromide was added. Electrophoresis wa®peed at a voltage of 100 V for
30-45 min. The DNA fragments were detected usiricaublet light and the size of
each fragment was determined by comparison witlb DKA ladder. Results were
photographically recorded with the photo documeéniagystem DeVision G v1.0.
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2.2.1.8Quantification of nucleic acid concentration

Quantification of DNA samples were determined phwtrically by examining the

absorbance of the sample at 260 nm. Following éguatas used for calculations:

c [ug/ml] = ODgox D X F

C = concentration
OD-go = optical density at 260 nm
D = dilution factor

F = multiplication factor (for DNA 50)

The ODgp value of the sample was also determined to estirtted purity. A DNA
solution with ODRg/OD,gp ratio between 1.7 and 2.0 was considered puregéntar

transfections.

2.2.2 Cell culture methods

Cell lines were grown in an incubator at 37°C vathatmosphere of 5% G@nd 96%
humidity. Before use all cell culture solutions anddia were prewarmed up to 37°C in

a water bath.

2.2.2.1Passaging cell lines

After cells were grown to confluence, media wasoeed and cells were washed with
PBS. Then trypsin was added and cells were incdbaiil cells have detached (at
37°C for CHO cells). Trypsinization was stopped dddition of medium, cells were
resuspended and desired share of the suspensiananaferred into new culture flasks

or dishes filled with fresh cell medium.
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2.2.2.2Cryoconservation and thawing of cells

For cryoconservation, cells were washed, detachesispended in medium and
centrifuged (800 rpm, 4 min). The medium was rerdoaad replaced by freezing
medium (cell medium with 10% DMSO). 1 ml cell susgien (25 crfiper aliquot) was

transferred into each cryogenic vial and placed amt80°C freezer for 24 h. After that

cryogenic vials were transferred into a liquid egfen tank for long-term storage.

Liquid nitrogen frozen cells were rapidly thawedlarells were immediately transferred
to a 15 ml falcon containing 10 ml of pre-warmeddmen. The cell suspension was
centrifuged 800 rpm, 4 min), the supernatant wasoked, cells were resuspended in
fresh cell medium (without selective antibiotics #4 h) and transferred to a 25 Tm

culture flask.

2.2.2.3Counting cells

10 pl cell suspension were pipetted between the surfffca Neubauer counting
chamber and a cover slip. The cell number of omeshuare was counted. The cell
density was determined by the following terms: @elhsity [cells/ml] = counted cells x

dilution factor x 10.

2.2.2.4Coating with Poly-D-lysine

In order to avoid cell detachment in washing praoced, surfaces of CellKey plates
were pretreated with poly-D-lysine. The desired antoof wells was completely
covered with PDL solution (0.1 mg/ml, 12 pl per Weind incubated at 37°C for
30 min. After that PDL was aspirated, wells weresked three times with PBS and then

dried under laminar air flow.

2.2.2.5Transient calcium phosphate transfection of HEK@8IB

For gene dosing experiments cells were seeded R4s hwior to transfection at a
density of 4.2x1Bcells per 10 cm dish in DMEM with 10% FCS to aekié0-60%

confluence the next day. 2@ of DNA (total amount, @, + pcDNA 3.1) were mixed
in 500 pl TE buffer together with 60l 2 M CaC} solution and precipitates were
formed via drop-by-drop addition of this DNA/CaQolution into a round bottom
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falcon filled with 500 pl 2xHBS at minimum speedrtexing the round bottom falcon.
The suspension was incubated for 20 min at roonpéeature and then precipitates
were added drop-by-drop into the cell medium. Afté8 h incubation the medium was
removed, cells were washed two times with PBS amedhf medium was added.

Transiently transfected cell were used 48 h afgersfection.

2.2.2.6Transient transfection of HEK293 cells via electragiion

For BRET assays, 5xi@ells were resuspended in 30 pl EB (1x) and 5@fpthis
suspension were added to a mixture of 20 pl EB, @x)l MgSQ (1 M), 2 ug pcDNA
3.1, 0.5 pug Gq-RLuUc8 or Guz-Rluc8, 0.5 pg G-GFP®, 1 ugps, 2 ug GPR55 or M3
receptor DNA and filled up to 100 ul with,@. After 15 min incubation at room
temperature the transfection mix was transferréo 0.4 cm electroporation cuvette

and pulsed using the Gene Pulser Xcell with follaysettings:
Program: exponential decay

voltage: 250 (V)

capacity: 500 (uF)

resistancew (QQ)

cuvette: 4 (mm)

After electroporation, cells were removed from thevette and resuspended in media

without antibiotics. Cells were grown for 48 hoprsor to the assay.

2.2.3 Cell-based assays

2.2.3.1Homogenous time resolved fluorescence assays (canRP1)

The HTRF cAMP and IP1 assay kits are based on tewelved resonance energy
transfer (HTRF) which demonstrates a competitiomunoassay where cellular cCAMP
or IP1 competes with a labeled form of cCAMP or A binding to an anti-cAMP or
anti-IP1 antibody. The antibodies used as donoladreled with europium cryptate, and
cAMP or IP1 labeled with the dye d2 is used as pimce Light excitation (320 nm) at
anti-cAMP or anti-IP1 conjugates leads to fluoremee caused emission of light
(620 nm). When the cAMP-d2 or IP1-d2 molecule bitmlshe anti-cAMP or anti-IP1
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conjugate, fluorescence resonance energy transfRET) between the europium
cryptate and the dye d2 occurs, resulting in flaceace caused emission of light
(655 nm).Results were calculated from the ratio of absorbaaic 665 nm/620 nm.
Obtained ratio values were corrected by a negatorgrol, consisting of buffer and

europium cryptate. Calculations were performed ating to following formula:
Delta F = [Rati@ampie- Ratiged Ratited x 100

Beacause of the inverse relationship between signdlcAMP or IP1 concentration,

accumulation of cCAMP or IP1 resulted in a decreasgdal.

cAMP assay protocol

Changes of cAMP levels were monitored with the kLB 940 multimode reader
using the HTRF-cAMP dynamic kit according to thenmfacturer’s instructions. For
the assay, cells were resuspended in cCAMP asségr l§blanks’ balanced salt solution,
20 mM HEPES, 1 mM 3-isobutyl-1-methylxanthine),ngéerred to 384-well small
volume microplates at a density of 50,000 cellslimed volume of 5 pl (5,000 cell/well
for COS7 cells) and settled by centrifugation (8, 10 sec). Plates were incubated
for 15 min at 37°C before dg inhibitors or antagonists (2.5 pl, 3-fold concated)
were added and incubated for 1 h at 37 C (2 h fd-Bionomer and BIM-dimer). Then
compounds were added (2.5 ul, 4-fold concentrafed)inhibition approaches in the
presence of indicated concentrations of forskdiifter further incubation for 30 min at
37°C (10 min for CRTH2-HEK cells), the reactionsrevestopped by adding 5 pl of
1.25% Triton X-100 containing HTRF reagents. Platese then incubated for 60 min

at room temperature, and time resolved FRET sigmaise measured.

IP1 assay protocol

The amount of intracellular IP1 was measured i84\8ell format using the HTRF-IP1
kit as per manufacturer’s instructions. Therefdre ¢ell suspension was dispensed with
a density of 100,000 cells/well in volume of 7 plIP1 stimulation buffer containing
50 mM LiCl. Then cells were centrifuged to sett@wh with 800 rpm for 10 sec. After
20 min incubation at 37°C, 3.5 pl stimulation buffeontaining G4 inhibitors or
multidrug transporter inhibitors (3-fold concengd} was added and incubated for 1 h
(2 h for BIM-monomer and BIM-dimer) at 37°C. Then53ul stimulation buffer
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containing various concentrations of ligand (4-fadncentrated) was added. After
further incubation at 37°C for 30 min, 3 ul IP1-cjugate followed by 3 pl europium
cryptate-labeled anti-IP1 antibody was added. Ties®lved fluorescence at 620 and
665 nm was measured with the Mithras LB 940 multmoeader after incubation at
room temperature for 60 min, and the ratios ofdigaals were calculated as described
above. For the wash experiments, cells were prbated with QIC or BIM-dimer in
micro tubes. Then the cells were washed three tioreve minutes with a volume of
750 ul PBS. After that cells were resuspended eshrstimulation buffer and seeded

into a 384-well plate.

2.2.3.2BRET assay

The principle of the bioluminescence resonanceggneansfer (BRET) technology is
based on an energy transfer between a bioluminest@mor, the enzymdRenilla
luciferase, and a fluorescent acceptor, green demant protein (GFP), which can be
detected if donor and acceptor are in sufficierplpximity to each other. The
experiments were performed wiguc8 orRLucll which are mutant and more sensitive
forms of Rluc (Loening et al., 2006; Breton et al., 2010)e Ty, or Guaz subunit was
labelled with the energy donétLuc8 and G, was labelled with the energy acceptor
GFP°. Addition of the substrate coelenterazine 400aefiBdueC), substrate of the
luciferase, led to an oxidation of coelentarazi®@@atand as a consequence blue light
was emitted which overlapped with the excitatiorecdpum of GFP, which then
produces green light. The BRET signal was deterchimgh the Mithras LB 940
multimode reader thereby determining the ratio refeg light (515 nm) over blue light
(410 nm). HEK293 cells were transiently transfectidelectroporation to expressiés
RLuc8 or GuszRLuc8, Gy-GFPY, Guiyizsensitive GPR55 or @-sensitive M3
receptors along with unlabel@gd. On the day of the assay 180,000 cells per wé&lD (1
ul) resuspended in assay buffer were seeded ii6veell plate. Then 5 pl BIM-dimer
or buffer was added and cells were incubated &€ 28f a plate shaker (300 rpm) for 2
h. After that cells were challenged with 5 pl agbr@ind incubated for 5 min on a plate
shaker (28°C) before 20 pl coelenterazine 400qu(9) were injected by the Mithras
LB injector. After a short shaking process of 2 ®RET ratios were determined.
Pathway activation could be detected as a decri@aB&ET because the o=zhelical

domain was separated from the N terminusof G
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2.2.3.3DMR assay

Dynamic mass redistribution (DMR) leads to changedocal optical density and
therefore enables label-free monitoring of GPCR4ated signaling. DMR was
recorded with the Corning Epic biosensor. Cells eveseeded into a 384-well
fibronectin-coated biosensor cell plate 18-24 Iokefthe assay (15,000 cells/well for
HEK293 cells, 18,000 cells/well for CRTH2-HEK and-Al-HEK cells, 12,500
cells/well for CHO-M1 cells) and grown to confluenat 37°C. For GPR55-HEK
12,000 cells/well were seeded 48 h before the aasdyafter 24 h cell culture media
was replaced by assay buffer to obtain starvationditions. In experiments with
pertussis toxin (PTX) and cholera toxin (CTX) cellere preincubated with 50 ng/ml
PTX or 100-200 ng/ml CTX for 16-18 h. On the dayegperiment cells were washed
twice with assay buffer and cells were allowed &strat least 1 h at 28°C. In
experiments with QIC or AlfF they were added after the washing procedure and
incubated for 1 h (1.5 h for AlF. After a baseline read of 300 s agonists wereeddd
and DMR responses were monitored at 28°C for at 18800 s. If compounds were
solubilized in dimethyl sulfoxide (DMSO), cells veewashed in assay buffer containing
the same percentage of DMSO as the later addedarordp in order to avoid bulk
refractive index differences. Data were evaluataings the Corning Microplate

Analyzer v1. All optical DMR recordings were buffesrrected.

2.2.3.4impedance assay

Bioimpedance measures the electrical impedance elif layers positioned over
electrode arrays. The short-term effects of regegttivation, manifested as changes in
cell adherence to their substrate, changes invoklme and shape, and changes in cell-
cell interactions, are the focus of the CellKeytegs In brief, the CellKey system
measures a cell layer’s ability to impede the flofrelectrical current to a greater or
lesser extent as a result of receptor activationGinness, 2007). One day before the
assay cells were seeded at a density of 11,008 peHl well (13,000 cells/well for
CRTH2-HEK and FFA1-HEK cells) on PDL-coated 384-Mmbsensor plates to obtain
confluent monolayers. GPR55-HEK cells were seed:l Before the assay. After 24 h
culture medium was removed and replaced by assé#ferbior starvation (Hank's
buffered salt solution (HBSS) with 20 mM HEPES). @ day of experiment cell
culture medium or assay buffer was removed and eedre washed twice with assay
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buffer and allowed to equilibrate at least for &tl28°C. In experiments with PTX and
CTX cells were preincubated with 50 ng/ml PTX 00400 ng/ml CTX for 16-18 h.
QIC or AlF, were added after the washing procedure and inedidatr 1 h (1.5 h for
AlF;). Then the cell plate was transferred to the Gmllkand a baseline read was
recorded for 5 min before the compound additiowiBpedance changes were detected
for 3600 s. If compounds were solubilized in dinyesulfoxide (DMSO), assay buffer
for the washing procedure contained the same pexgerof DMSO as the later added

compounds. All impedance recordings were bufferemted.

2.2.4 Calculations and data analysis
Results are expressed as mean values + SEM andawalyzed using GraphPad Prism

5.04 (Graph Pad). Concentration-response curves f¥itteed by non-linear sigmoidal
regression. Pharmacological parameters of plottgchadal concentration-response
curves such as Egvalue and Rax value were calculated by the GraphPad Prism
software.

For the binding experiments data points from siredperiments were either fitted to
the four parameter logistic function or a two phesmpetition (membrane binding with
carbachol) and inflection points were further tfansied according to the Cheng-
Prusoff correction (Cheng and Prusoff ,1973) yiedd{apparent) equilibrium binding
affinity constants KD and Ki.

Comparison between two experimental groups wasdbase two-tailed student t-test.
P values were considered as significant (*) if B80as very significant (**) if P<0.01

and as extremely significant (***) if P<0.001.
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3 Results
3.1 BIM-46187: A pan-G protein inhibitor?

The first part of this thesis deals with BIM-461@iereafter referred to as BIM-dimer)
(Fig. 3), a compound which was published as a specificqpqumotein inhibitor (Ayoub
et al., 2009). The goal of this work is to elucalés inhibiting influence on G Protein-

dependent signaling in commonly used cellular bemkgds.

Figure 3: Chemical structure of the BIM-dimer.

3.1.1 Influence on cAMP accumulation in HEK293 and COS7 ells

As a first approach it was of interest to test wiketpreincubation with BIM-dimer
affects cAMP production mediated by the direct atidncyclase activator forskolin
(Fig. 4A). Therefore, HEK293 cells were pretreated with éasing amounts of BIM-
dimer (2.5 h) and then stimulated with 10 uM fotgkoThe results show no reduction

of CAMP accumulation provoked by BIM-dimer.
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Figure 4: Effects of BIM-dimer on cellular cAMP levels in HEK293 and COS?7 cell
backgrounds.

(A) Increasing concentrations of BIM-dimer did now&r forskolin-mediated cAMP
production in HEK293 cells. Data were kindly prasitlby Stephanie Hennen, Institute
for Pharmaceutical Biology, University of Bonn, Gemy.

(B) BIM-dimer was not able to silence cAMP signaliofythe Gugssensitive EP2/4
receptors in HEK293 cells. pB§&(w/o) = 8.91 + 0.07; pEf (30 uM BIM-dimer) =
8.78 £ 0.04; pEG (100 uM BIM-dimer) = 8.29 + 0.06. w/o, without.

(C) BIM-dimer largely suppressed P@hediated cAMP production in COS7 cells.
PEGs¢/Emax (W/0) = 7.90 + 0.08/97%; pEGFEmax (30 UM BIM-dimer) = 7.47 +
0.12/80%; pEGYEmax (100 uM BIM-dimer) = 6.90 + 0.18/35%.

(A)-(C) are mean values + SEM of three to ten independpieriments, each
performed in triplicate.

Because BIM-dimer was published as a pan-G pramdibitor (Ayoub et al., 2009) its
effect on stimulating @& proteins was analyzed. Therefore, HEK293 cells
endogenously expressingadinked EP2/4 receptors were preincubated with BIM-
dimer in two different concentrations (30 and 10®)pand after stimulation with
prostglandin £ (PGE) cAMP levels were determined. cAMP levels were riyea
unaffected by BIM-dimerKig. 4B). Based on the results of Ayoub et al. the infaeen
of BIM-dimer in a COS7 cell background was testeditid that however, BIM-dimer
significantly dampened &-coupled signaling via EP2/4 receptors in this be# (Fig.
4C). To exclude failures in the assay system, HEK26Bs were incubated in the
presence of EP2/4 antagonists, which completelptbtl cCAMP productionKig. 5).
These findings confirmed proper functionality ofroBIM-dimer and led to the
conclusion that BIM-dimer might interfere with Gopein signaling in a cell-type-

specific manner.
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Figure 5: EP2/4 receptor antagonist L161,982 compgiely blunted PGE;-mediated
CAMP production. HEK293 cells endogenously expressing the E prosdamreceptors
EP2 and EP4 were pretreated for 30 min with the/EP2 antagonist L161,982 and
CcAMP production was quantified. pIC50 = 4.44 + 0.Dta shown are mean values
+ SEM of four independent experiments, each peréarin triplicate.

To get further insight into this postulated meckanithe influence of BIM-dimer on
Gaj-mediated signaling was investigated. Therefore, fiee fatty acid receptors 2
(FFA2) and 3 (FFA3) were chosen. The FFA2 recepmuples via @ and G
proteins and the FFA3 receptor isy&Gensitive (Brown et al., 2003; Le Poul et al.,
2003; Nilsson et al., 2003; Stoddart et al., 2008£K293-FIp-In™ T-REx™ cells
stably transfected with FFA2 and FFA3 (FFA2-HEK &feA3-HEK) were induced to
express FFA2 and FFA3 by pretreatment with doxyngc{Fig. 6A-B). The receptors
were activated with propionic acid and cAMP levelsre measured. BIM-dimer was
not able to silence é¢xmediated signaling in this cellular background. @xplore
another @;-coupled receptor a HEK293 cell line stably expresdhe receptor for
5-oxo-eicosatetraenoic acid, OXE-R, as well asptfoeniscuous @ subunit G (OXE-
HEK) was usedRig. 6C). After pretreatment with BIM-dimer the OXE recepivas
stimulated with its endogenous ligand 5-oxo-ETEaig the agonist induced cAMP
reduction was hardly affected by BIM-dimer preinatibn.



34 Results

A FFA3-HEK FFA2-HEK OXE-HEK
—_ Ga; = Ga; )
< 125- i € 125- ' = 125 Ga
= S = = w/o
% 1004 £ 1007 © 1001 g = 30 puM BIM-dimer
o = = k- i
S 75 s 75 < 75 —x v 100 uM BIM-dimer
= 7
o 507 = 507 = 50
~¢5 — N un
g 259 S 25 o 257 '\‘ 4
a n g 5 ™
E: 0 % 0 % 04
S -25- g -25- S .25

8 7 6 -5 -4 3 -10-9 -8 -7 -6 5 -4 -3 -2 11-10-9 8 -7 -6 5 -4

propionic acid (log M) propionic acid (log M) 5-0x0-ETE (log M)

Figure 6: BIM-dimer was no silencer of Gy; signaling in HEK293 cells.

(A) HEK293 cells stably transfected with FFA2 receptavere induced with
doxycycline for 16-18 h and incubated with BIM-dinfer 2 h. After that the cells were
stimulated with the agonist propionic acid in tiregence of 0.1 puM forskolin. pB&
(w/o) = 5.08 + 0.12; pE& (30 uM BIM-dimer) = 4.95 + 0.10; pEg (100 uM BIM-
dimer) = 5.48 + 0.19. Data were kindly provided Mgnuel Grundmann, Institute for
Pharmaceutical Biology, University of Bonn, Germany

(B) HEK293 cells were stably transfected to expreS83-receptors. The cells were
induced with doxycycline for 16-18 h and incubatéth BIM-dimer for 2 h. Then the
cells were stimulated with the agonist propioniclac the presence of 3 uM forskolin.
PEGso/Emax (W/0) = 5.42 £ 0.10/0%; pEGEmax (30 UM BIM-dimer) = 5.20 £ 0.09/0%;
PEGo/Emax (100 uM BIM-dimer) = 5.00 + 0.11/6%. Data were d provided by
Manuel Grundmann, Institute for Pharmaceutical &gl University of Bonn,
Germany.

(C) HEK293 cells stably expressing the OXE receptod &o,6 Were pretreated with
BIM-dimer (2 h), stimulated with 5-oxo-ETE in theegence of 1 uM forskolin and
then cAMP accumulation was measured. pffnax (W/0) = 6.38 £ 0.12/8%;
PEGo/Emax (30 UM BIM-dimer) = 6.35 + 0.08/7%; pE&Emax (100 uM BIM-dimer) =
6.35 + 0.10/40%. Data were kindly provided by KatBullesbach, Institute for
Pharmaceutical Biology, University of Bonn, Germany

(A)-(C) BIM-dimer hardly affected & interaction of FFA2, FFA3 and OXE-R.

Data shown are means + SEM of three independerdriexents, each conducted in
triplicate.

3.1.2 Exploring consequences on the & pathway in HEK293 cells

To explore the consequences of BIM-dimer exposuaré&a,-mediated signaling three
different Gug-linked receptors were analyzed by measuring IRUraalation. HEK293
cells endogenously expressing the muscarinic M3eptec (M3-HEK) were
preincubated with BIM-dimer and then receptors wetienulated with increasing
concentrations of carbachol, a synthetic muscan@o@ptor agonistHg 7A). In this
approach BIM-dimer completely silencediGactivation. Similar results were obtained
investigating the influence of BIM-dimer on endogasly expressed P2Y receptors
stimulated with ATP Fig. 7B) and on HEK293 cells stably transfected with tir\E

receptor activated with its agonist propionic géidy. 7C). In summary, it can be stated
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that preincubation with 100 uM BIM-dimer completedpolished signaling of three

independent &-sensitive receptors in a HEK293 background.
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Figure 7: BIM-dimer interdicted G a4 signaling in HEK cells.

(A)-(C) In a concentration of 100 uM BIM-dimer silencesq@ctivation induced by
stimulation of three @&-sensitive receptors.

(A) After pretreatment with BIM-dimer (2 h) HEK293llseendogenously expressing
the muscarinic M3 receptor were stimulated withré@asing concentrations of
carbachol. Data were normalized to the maximal eotration of carbachol (1 mM).
PEGso (w/0) = 4.80 + 0.05; pE& (30 uM BIM-dimer) = 4.36 + 0.11.

(B) Endogenously expressed P2Y receptors in HEK288 were used to detectop
mediated IP1 production in the presence of BIM-ainR2Y receptors were activated
with its agonist ATP. Data were normalized to aganiration of 100 uM ATP. p&g
(w/0) = 4.08 + 0.25; pE& (30 uM BIM-dimer) = 4.36 + 0.27.

(C) HEK293 cells were induced with doxycycline (1 pgfor 16 h) to express the
FFA2 receptor, preincubated with BIM-dimer and siiabed with increasing
concentrations of propionic acid. The concentragffect curve was normalized to 10
mM propionic acid. pE€ (w/o) = 4.71 + 0.07; pE& (30 uM BIM-dimer) = 3.98 +
0.09. Data were kindly provided by Manuel Grundmalmstitute for Pharmaceutical
Biology, University of Bonn, Germany.

(A)-(C) Data shown are means + SEM of three independgperignents, each
conducted in triplicate.

3.1.3 Effect of BIM-dimer on Ga;3 signaling

Activation of the G;3 pathway can be detected by bioluminescence resenamergy
transfer (BRET) assays (Sauliére et al., 2012)réfoes, the influence of 100 uM BIM-
dimer was analyzed using lysophosphatidylinosit®l] and its target receptor GPR55
(Fig.8A) which represents a dg-sensitive receptor. It was possible to measure an
agonist-promoted decrease in BRET in HEK293 calblsxpressing GPR55, along with
the energy donor &3106RLuc8, the energy acceptorySGFP? and unlabeled (.

The BRET decrease reflects the separation of thehélical domain from the N
terminus of G which then enables GDP exit and GTP entry (Galés,e2006; Sauliere
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et al.,, 2012). Data ifrigure 8A show that there was no significant differenceha t
BRET decrease in the presence or absence of BIMydifence, pretreatment with
BIM-dimer had no effect on GPR55e43 activation. In order to validate our BRET
approach @Ggq signaling was examined using carbachol which statedl the transiently
expressed muscarinic M3 receptdfig. 8B). HEK293 cells were transfected to
coexpress the energy donosS7RLuc8, the energy acceptoySGFP°, and unlabeled
Gp.. Pretreatment with 100 pM BIM-dimer significantlyubted activation of the &-
B1y2 heterotrimer thereby demonstrating that the BREfn@rs used were suitable for

examining inhibition of G protein signaling by Blllimer.
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Figure 8: Gay3 signaling was not affected by BIM-dimer preincubaion.

(A) BIM-dimer did not block molecular rearrangemerit activated Gi3. BRET
decrease was measured after GPR55 activation in2d&Kells transfected to express
Ga3106RLUC8 + G»-GFP and unlabeled . n.s., not significant.

(B) BIM-dimer efficiently dampened activation of ti@,-BRET biosensor. Opening
of the nucleotide binding pocket was detected aEBBecrease after muscarinic M3
receptor activation in HEK293 cells transfectedeipress @,97RLuc8 + Gyo-GFP?
and unlabeled &. **p < 0.001

(A)-(B) Data are means + SEM of three to six indepenebgoeériments, each performed
in triplicate.
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3.1.4 Analyzing BIM-dimer in a CHO cell background

Concerning the fact that BIM-dimer did not functias a pan-G protein inhibitor in the
HEK cell background, its G protein-mediated sigmglinhibition profile should be
investigated in another frequently used immortalizell line. Therefore, the influence
of BIM-dimer on second-messenger pathways was iaddity analyzed in a CHO cell

background.

CHO cells stably transfected to express the musicaMl1 receptor were chosen to
study Gi-mediated signalingHg. 9A). After preincubation with dimeric BIM, the
cells were stimulated with carbachol and IP1 acdatan was detected. In the
presence of 100 uM BIM-dimer, IP1 production wasrely blocked. CHO-K1 cells
endogenously expressing EP2/4 receptors were osedatuate the influence of BIM-
dimer on G proteins by measuring CAMP accumulatiéig( 9B). After an incubation
of 2 h in the presence of BIM-dimer and a followisimulation with increasing
concentrations of PGEhere was still a strong CAMP accumulation detdeta30 uM
BIM-dimer showed almost no inhibitory effect ona&nediated signaling whereas
pretreatment with 100 uM BIM-dimer resulted in &@sed efficacy and a rightward
shift of the logEGy value. To explore the effect of BIM-dimer orwGproteins, CHO-
K1 cells endogenously expressingiensitive serotonin receptors, were pretreated
with dimeric BIM for 2 h and then stimulated witbretonin (5-HT). BIM-dimer did not
block Gu;-mediated signalingHig. 9C).

In summary, BIM-dimer did not display pan-G proteihibitory activity in a CHO cell

background, but showed a clear preference for itinibof Gog signaling.
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Figure 9: BIM-dimer preferentially silenced Gaqy signaling in a CHO cell
background.

(A) Dimeric BIM almost completely blunted o signaling in CHO cells stably
transfected to express the muscarinic M1 recepp®Gso/Emax (W/0) = 5.67 +
0.10/100%; pEGyEmax (30 uM BIM-dimer) = 5.30 + 0.13/100%; pB4&Emax (100 uM
BIM-dimer) = 4.04 + 0.43/11%.

(B) cAMP accumulation via endogenously expressed £R&feptors stimulated with
increasing concentrations of PGivas nearly unaffected in the presence of 30 uM
BIM-dimer. Pretreatment with 100 uM BIM-dimer deased the efficacy and caused a
rightward shift of the concentration response cuB@y/Emax (W/0) = 7.30 + 0.10/96%;
PEGso/Emax (30 UM BIM-dimer) = 7.17 + 0.16/85%; pE§Enax (100 uM BIM-dimer) =
6.48 + 0.19/59%.

(C) Go; signaling activated with endogenously expressedtsein 5-HT receptors was
not influenced by BIM-dimer preincubation.

(A)-(C) Data are means = SEM of at least three indepéndrperiments, each
performed in triplicate.

3.1.5 Characterizing the influence of BIM-dimer in the patient-derived MZ7 cells

Ayoub et al. demonstrated the pan-G protein inbrigieffect of BIM in COS7 cells and
in different cancer cell lines (e.g. HCT8/S119).eTtirst experiments of this thesis
revealed that BIM-dimer interdictedogsmediated signaling in a HEK293 and CHO
cell background but &, Go; and Gy 3 signaling was largely unaffected by pretreatment
with BIM-dimer. Subsequently, BIM-dimer and itsliénce on G protein signaling was
analyzed in the patient-derived MZ7 cell line teesain whether these findings differ
from our results in the HEK293 and CHO cells.
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Figure 10: Dimeric BIM inhibited second-messenger mduction in the patient
derived MZ7 cancer cell background.

(A) (i) untreated MZ7 cells responded to both thg-&imulus endothelin 1 (ET-1) and
thapsigargin (Thaps)iif BIM-dimer completely blunted Gamobilization triggered
with ET-1 but did not impair Thaps—induced releaseC&* from the endoplasmatic
reticulum. (i) Quantification of C& traces in the absence and presence of BIM-dimer
in single cells. Data in (i) and (ii) show represgive traces, data in (iii) are means
+ SEM of n=159 cells. sec, seconds. ***p < 0.00Jktdwere kindly provided by
Daniela Wenzel, Institute of Physiology I, Life aBdain Center, University of Bonn,
Germany.

(B) BIM-dimer (100 uM) silenced &-mediated cAMP production induced via ACTH
and its cognate &-linked and endogenously expressed MC1 receptoCsiEnax
(w/0) = 6.99 + 0.21; pE&Y/Emax (30 UM BIM-dimer) = 6.79 £ 0.27.

(C) Dimeric BIM diminished @; coupling of endogenous ET-1 receptors. pfHmax
(w/o) = 7.26 £ 0.21/52%; pEQEmax (30 uM BIM-dimer) = 6.56 * 0.31/45%j;
PEGso/Emax (100 uM BIM-dimer) = 6.08 + 0.37/40%.

(B)-(C) Data shown are means + SEM of three to ten inu#gr@ experiments, each
conducted in triplicate. Data were kindly providegl Ramona Schrage, Pharmacology
and Toxicology Section, Institute of Pharmacy, msity of Bonn, Germany.

To explore G4 dependent signaling MZ7 cells were analyzed iglsicell C4&" assays
using endogenously expressed endothelin recepkags10A). Therefore, MZ7 cells
were pretreated with 100 uM BIM-dimer, stimulatedhwendothelin 1 (ET-1) and the
Cd" response was detected. Untreated MZ7 cells resgbtw both the &, stimulus
ET-1 and thapsigargin (Thaps).(Prior addition of BIM-dimer completely blockeket
ET-1-mediated response but not the thapsigargineed C&" mobilization {i). These
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findings were specifically caused at the level lné (G proteins because BIM-dimer
preincubation had no effect on the G protein-indeleat thapsigargin-induced €a

mobilization from the endoplasmatic reticulum.

The influence of BIM-dimer on the ds und Gy pathway was investigated by
determining changes in cAMP levels. MZ7 cells wesdmulated with the
adrenocorticotropic hormone (ACTH), an agonist thie Gus-sensitive melanocortinl
(MC1) receptor. 100 uM BIM-dimer completely prevett cCAMP accumulation
(Fig. 10B). BIM-dimer did not prevent cAMP production trigge with forskolin
(Fig. 11) which underlined that BIM inhibition occurred sjfecally at the level of G
proteins. BIM-dimer alone dampened the basal cABRIIwhich can be explained by
its ability to silence @smediated signaling through constitutively activde@Rs
endogenously expressed in MZ7 cells. Endogenous EeGeptors were stimulated with
endothelin to verify the effect of BIM-dimer onaadependent signalindrig 10C). The
results indicate that BIM-dimer diminishedyGoupling of ET-1 receptors in a MZ7
cell background. In contrast to the results obthimethe HEK29 and CHO cell lines,
BIM-dimer was able to silence all three second-megsr pathways in this cancer cell

line.
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Figure 11: BIM-dimer did not lower CAMP production stimulated with the direct
adenylyl cyclase activator forskolin in MZ7 cells.MZ7 skin cancer cells were
pretreated for 2 h with the indicated concentratiohBIM-dimer prior to stimulation of
CAMP synthesis with forskolin. Shown are mean valtteSEM of three experiments,
each performed in triplicate. Data were kindly pded by Ramona Schrage,
Pharmacology and Toxicology Section, Institute dfafPnacy, University of Bonn,
Germany.
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3.1.6 Mechanistic link between sensitivity toward BIM inhibition and cellular

context
The fact that BIM-dimer is able to silence onlyGproteins in a HEK and CHO
background led to the question whether these fgelmight have something to do with
the level of expression of its target protein. @aitdependent pharmacology of GPCR
ligands is a well-known phenomenon and could be wu¢he relative amount of
signaling components or its stoichiometry to eattteoin different cell lines (Kenakin,
2013).

To study this hypothesis HEK293 cells were trarnsi@c (calcium phosphate
precipitation) with increasing amounts of HA-taggéd, cDNA in a gene dosing
approach. To ensure an appropriate, higheg @rotein expression an immunoblot
detection was conductedrig. 12A-B). In parallel, IP1 accumulation was detected
utilizing the endogenously expressed muscarinic l&&ptor after stimulation with
carbachol Eig. 12C). A clear correlation between BIM inhibition andi{expression
could be detected. BIM inhibition was reversed wiies expression of & proteins
was raised. These data support the hypothesiseoéxistence of a link between the

expression level of BIM target proteins and theeakbf BIM inhibition.
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Figure 12: Investigating context-dependent influene of BIM-dimer with a gene
dosing approach.

(A) Immunoblot detection of HEK293 lysates prepardteratransfection with
increasing amounts of HA-taggedicDNA. Membranes were reprobed for tubulin to
ensure equal sample loading and transfer. Membrares incubated in primary
antibody solution (1:1000) containing anti-HA ottig-tubulin. Bound antibodies were
detected with an anti-rabbit horseradish-peroxidasgugated secondary antibody
(1:10,000). Shown is one representative experiroefdur independent experiments.
(B) Densitometric analysis of the immunoblot expentsedepicted in (A). Shown are
means + SEM of four independent experiments.

(B)-(C) Data were kindly provided by Julia Morschel, Ihge for Pharmaceutical
Biology, University of Bonn, Germany.

(C) HEK293 cells were transfected with increasing ants of Giy,(HA) cDNA and IP1
accumulation was detected using the endogenousgisessed muscarinic M3 receptor
in the presence or absence of BIM-dimer. Enrichnvétit Gog proteins was inversely
related to BIM inhibition. Data are means + SEMair independent experiments.
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The diverse G protein inhibition profiles betweeBK293 and MZ7 cells might also be
related to different levels of target proteins. igfere, the expression levels o Gos
and Gy proteins were quantified in both cell lindsig. 13). The expression level of
Gag proteins was equal between both cell lines whickvéll to the hypothesis seeing
as BIM-dimer silenced &-mediated signaling in both cellular backgrounds:t Sas
proteins immunoblot quantification revealed sigrafitly lower expression levels in the
MZ7 cells and these data also supported the mestimdink between sensitivity
towards BIM and @ subunit expression. In contrast, expression lewelSo; proteins
in MZ7 cells were enhanced in comparison to HEK28IBs. These findings were not in
line with the expected results that the expressibiso; proteins would have been
reduced in MZ7 cells because BIM-dimer diminishad-@&pendent signaling in MZ7
cells Fig. 10C). Taken together, different intracellular leveflsGu proteins might be
one aspect to explain the absence of pan-G protkibition across different cell lines
but other considerations regarding the cell-typeedeent pharmacology of BIM-dimer

have to be taken into account.
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Figure 13: Quantification of Ga protein subunits in HEK293 versus MZ7 cells.

(A) Immunoblot detection of lysates prepared fromveaHEK293 and MZ7 cells
evaluating G4, Gos and Gy proteins. Membranes were reprobed for tubulinrtsuee
equal sample loading and transfer. Membranes werebated in primary antibody
solution (1:1000) containing: antie1, anti-Gos, anti-Guiz  or antif-tubulin,
respectively. Bound antibodies were detected with anti-rabbit horseradish-
peroxidase-conjugated secondary antibody (1:10,08@pwn is one representative
experiment of three independent experiments.

(B)-(C) Densitometric analysis of the experiments depicte(A). Shown are means
+ SEM of three independent experiments.

(A)-(C) Data were kindly provided by Julia Morschel, Indge for Pharmaceutical
Biology, University of Bonn, Germany.

3.1.7 BIM-dimer: A substrate for multidrug transporters?

Another explanation for the absence of pan-G pmotehibition in certain cell lines
might be that BIM-dimer acts as a substrate foivaautward transport via multidrug
transporters. Therefore HEK293 cells, which endogsly express multidrug
transporters, were incubated with a combinatiorBt¥l-dimer and either elacridar
(Fig. 14A) or MK571 Fig. 14B) as transport inhibitors. Endogenously expressed
muscarinic M3 receptors were stimulated with canbaand the IP1 accumulation was

detected. Elacridar inhibits P-glycoprotein (P-g@md breast cancer resistance protein
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(BCRP). P-gp transports hydrophobic compounds wBiERP prefers diverse and
nonconjugated compounds (Ahmed-Belkacem et al5R00K571 inhibits MRP1 and
MRP2, two transporters that export hydrophilic ncoles and GSH conjugates
(Wortelboer et al., 2013, Leyers et al.,, 2008).teetment with elacridar alone
increased the pEgvalue. This effect was comparable to that mediatedretreatment
with 30 uM BIM-dimer. The combination of 30 uM Blimer and elacridar shifted
the pEGo value in an additive manner. 100 uM BIM-dimer oe tbombination of
100 uM BIM-dimer and elacridar completely inhibitdll accumulationKig. 14A). In
the presence of the multidrug transporter MK571nal¢10 pM), the concentration
response curve was unaltered concerning its potandyefficacy in comparison to no
pretreatment. 30 uM BIM-dimer and the combinatio8@uM BIM-dimer and MK571
shifted the pEgp value to the right in the same range. 100 uM Biktet alone and the
combination of 100 uM BIM-dimer and MK571 complstélocked IP1 accumulation
(Fig. 14B). Together, neither elacridar nor MK571 was abléniprove the capacity of
30 pM BIM-dimer to silence @&-mediated signaling. Based on these findings one
could conclude that export of BIM-dimer via multidytransporters had no influence on

the cell-type specific differences between G protehibition profiles.
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Figure 14: Inhibition of multidrug transporters did not improve the capacity of
BIM to silence Gag signaling.

(A)-(B) HEK293 cells endogenously expressing the,-&nsitive muscarinic M3
receptor were pretreated with the indicated comagans of BIM-dimer for 2 h in the
absence or presence of the multidrug transporbitans elacridar &) or MK571 B)
and inositol phosphate IP1 accumulation was guedtiis a measure of M3 receptor
activity. Shown are mean values + SEM of three peaelent experiments, each
performed in triplicate.

(A) pEGyEmax (W/o) = 4.82 £ 0.11/99%; pEJEmax (10 uM elacridar) = 4.15 +
0.12/93%; pEGYEmax (30 UM BIM-dimer) = 4.15 + 0.11/87%; pB&Emax (30 pM
BIM-dimer + 10 uM elacridar) = 3.84 + 0.13/87%.

(B) pPEGyEmax (W/0) = 4.77 + 0.08/99%; pEGEmax (10 uM MK571) = 4.71 +
0.07/97%; pEGYEmax (30 UM BIM-dimer) = 4.03 + 0.18/94%; pBfEmax (30 UM
BIM-dimer + 10 uM MK571) = 3.84 + 0.16/94%.
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3.1.8 Analyzing BIM-dimer in radioligand competition bind ing assays

The findings that BIM-dimer silencedo signaling in different cellular environments
led to the question whether BIM-dimer could integfavith the agonist binding. In a
first experiment it was tested whether BIM-dimedtan influence on the antagonist
recognition of the muscarinic M1 receptéiig. 15. The results depict that BIM-dimer

did not interfere with antagonist recognition.

® w/o
-25- v + BIM-dimer

*HINMS specific binding (%)
(42
s

13121110 -9 8 -7 -6
NMS (log M)

Figure 15: Influence of BIM-dimer on antagonist reognition. CHO-M1 membranes
were labelled with 0.2 nM®HINMS and homologous competition experiments were
conducted after a preincubation with 100 uM BIM-dm@2 h). Data are means + SEM
of 2-9 experiments performed in duplicates and werglly provided by Ramona
Schrage, Pharmacology and Toxicology Section, tltstiof Pharmacy, University of
Bonn, Germany.

Next, whole CHO-M1 cells were investigated in rdidiand competition assays using
carbachol as a ligandrig 16A). BIM-dimer did not impair carbachol displacemeft
the radio-antagonistH]NMS but rather enhanced agonist binding. Frons¢heata it
seems reasonable that the inhibition ef;y@Gediated signaling was not due to BIM

interference with agonist binding but with agoriistction.
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Figure 16: Effect of BIM-dimer on carbachol recogntion of the muscarinic M1
receptor.

(A) 100 uM BIM dimer enhanced carbachol affinity tasoarinic M1 receptors labeled
with [PHINMS in whole CHO-M1 cells: pKi (w/0) = 3.61 + B0 pKi (BIM-dimer) =
4.09 £ 0.09.

(B) Carbachol competed forH]NMS sites with high and low affinity in membrane
preparations from CHO-M1 cells. If 1 mM GTP weresgent, 49% of the high-affinity
sites were converted to the low-affinity sites.

(C) In CHO-M1 preparations 100 uM BIM-dimer did nobpair formation of high-
affinity complexes.

(D) BIM counteracted the effect of GTP on high-atffnagonist binding in membrane
preparations from CHO cells stably expressing thescarinic M1 receptor. pkin
(w/o) = 6.02 + 0.23; pkdw (W/0) = 3.75 £ 0.06, fraction (w/0) = 19% = 3; ptGTP) =
3.67 £0.10; pKi (GTP + BIM) = 4.34 £ 0.04.

(A)-(D) Data are means = SEM of at least three indepéndrperiments, each
conducted at least in duplicates and were kindlgvided by Ramona Schrage,
Pharmacology and Toxicology Section, Institute dfafPnacy, University of Bonn,
Germany.

Ayoub et al. used*}S]GTP/S binding assays to show that BIM prevented G prote
activation independent of the activating stimullisey activated GPCRs with a direct

ligand, the direct G protein activators AlFand mastoparan or theoGmimetic
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FUB132. In all cases BIM-dimer blocked G proteitination and these data led to the
hypothesis that BIM achieved its effect throughedirinteraction with the &protein
(Ayoub et al., 2009). These findings did not charihe mode of action and did not
answer the question whether BIM affects GDP exiG®P entry. To get further insight
into the mechanism radio-ligand binding studiesewperformed with CHO-M1 cell
membranes usingH]NMS as radio-antagonist.

CHO-M1 membranes were analyzed in competition Ipigpdiassays in which
membranes were labelled with 0.2 nfH]NMS and then increasing amounts of the M1
agonist carbachol were added. With this approactvas possible to discriminate
between the two possibilities for a mode of actodrBIM: (1) BIM acts as guanine-
nucleotide dissociation inhibitor (GDI) or (2) BIMnctions as GTP entry inhibitor. For
the first postulated situation BIM would have inkélol high-affinity agonist binding
which is a conformational receptor state that abiized by the nucleotide-free empty-
pocket G protein (De Lean et al., 1980; Oldham ldachm, 2008; Rodbell et al., 1971).
It is important to know that the high-affinity stais only detectable in the absence of
guanine nucleotides and represents only a shattlimtermediate state in whole cells
since guanine nucleotides are abundant (De Leaal.,efi980; Oldham and Hamm,
2008; Rodbell et al. 1971Fkigure 16B shows binding data generated in the presence
and absence of 1 mM GTP. In the absence of GTPcon&l detect high-affinity
binding of carbachol to coupled GPCRs and low-éifibinding to uncoupled M1
receptors. If the cells were treated with GTP 49P4the high-affinity sites were
converted to low-affinity sitesT@b. 1) because of a rapid exchange from GDP to GTP
and thus the empty pocket conformation was no longeasureable. A preincubation
with 100 uM BIM-dimer had no effect on the highiaitly sites Fig. 16C, Tab. )
meaning that BIM-dimer was not able to uncoupleeptéars from their G proteins.
Based on the results Fig. 16Cone could conclude that GDP can exit. If BIM pdani
GDP exit but inhibits G protein function it conseqgtly must function as GTP entry
inhibitor. This postulated hypothesis was challehg&h a further experiment, in which
membranes were preincubated with a combinationlbf-@mer and GTP Kig. 16D).

In the presence of BIM-dimer and GTP, BIM-dimer eotaracted the effect of GTP on
high-affinity agonist binding. This indicates tH&TP cannot enter and receptors are not
uncoupled from their cognate G protein because Bibkzes” Giy in the empty pocket

conformation. Thus, these data fit well to the plzged mode of action.
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log (Ki) log (Ki)
Condition SEM SEM fraction SEM n
high low
w/o -6.04 0.16 -3.54 0.02 0.51 0.05 4
BIM-dimer
-5.96 0.25 -3.96 0.12 0.49 0.01 3
100 uM
GTP
-5.70 0.55 -3.66 0.09 0.26 0.08 4
1mM

Table 1: Related toFigure 16. Binding affinities of carbachol to*fij]NMS-labelled
CHO-ML1 receptors as determined in membrane prapagain the absence or presence
of 100 uM BIM or 1 mM GTP. Data were kindly provildoy Ramona Schrage,
Pharmacology and Toxicology Section, Institute dfafnacy, University of Bonn,
Germany.

3.1.9 Influence of BIM-dimer on GDP-dissociation

To underpin the present findings BIM-dimer was stigated in {HJGDP dissociation
assays with purified recombinantproteins Fig. 17). For this assay a recombinant
Gayg, lacking the first 34 residues {&\34) was used. This protein was purified after
expression from a pFastBacl vector in insect d@aldo et al., 2010). This construct
was expressed as a chimera containing the firste88lues of rat & connected to
mouse G4A34. An intervening TEV cleavage site between thg @&d Gy sequences
enables removal of thedz sequence by the use of TEV protease. Thus, tssiple to
obtain soluble chimeric proteins that could be fpedtiin sufficient amounts (Tesmer et
al., 2005; Kreutz et al., 2006).asbound GDP dissociates very slowly (Chidiac et al.,
1999) and to avoid this problem the assays wer®meed in the presence of 750 mM
(NH4)2SOy, a chemical substance which speeds up the dis®ociprocess and thus
enabled its visualization. After 120 min the digsatbon process was complete but

completely unaffected by the presence of BIM-dimer.

These results were strongly in line with the hypsth that BIM-dimer enables GDP
exit but prevents GTP entry.
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Figure 17: ["H]GDP dissociation from purified Gag proteins. GoqA34 proteins were
incubated with 1 uM>H]GDP for 18 h and then dissociation was detectedhi
presence of 750 mM (NHLSQO,. BIM-dimer had no effect on’Hl]GDP dissociation.
Data were kindly provided by Thomas Charpentierp@ament of Pharmacology,
School of Medicine, University of North Carolinah&pel Hill, USA. Data are means
+ SEM of at least three experiments.

3.1.10 Washing experiments

These experiments were designed to investigateneh&IM-dimer irreversibly binds
to the Guy protein. HEK293 cells were analyzed in IP1 accatioh assaysHg. 18)
after preincubation with 100 uM BIM-dimer for 2 After the incubation cells were
washed three times for 5 min with PBS and thenwdated with carbachol. In parallel
the assay was performed without the washing proeetiuexclude influences on the
cells by the washing process itself. As depicteBigure 16 the washing procedure had
no effect on the concentration response curve enatisence of BIM-dimer. When the
cells were washed in the presence of BIM-dimer itifgbitory effect on the @
pathway was strongly diminished. From these resulescan conclude that BIM-dimer
did not bind irreversibly to € proteins because it was possible to wash out the G
inhibitory effect.
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Figure 18: BIM effect showed no irreversibility in washing experiments. HEK293
cells endogenously expressing muscarinic M3 recept@re preincubated with BIM-
dimer (100 uM) and subsequently washed three times minutes with PBS. Then
cells were stimulated with the muscarinic agonggbachol in increasing concentrations
and IP1 accumulation was assessed. As a contra@d®imulation was also determined
without the washing procedure. p&Enax (W/0) = 4.50 £ 0.12/100%; pEGEmax
(100 uM BIM-dimer) = 4.10 £ 0.61/27%; pBgEmax (W/0 washed) = 4.82 + 0.08/99%;
PEGy/Emax (100 uM BIM-dimer washed) = 4.52 £ 0.17/77%. Datown are means
+ SEM of at least three independent experiments) parformed in triplicate.

3.1.11Stability analysis of BIM-monomer

In 2006 Prévost et al. ascribed the propertiespdraG protein inhibitor to a compound
named BIM-46174 (hereafter referred to as BIM-moaomBefore analyzing its effect
on Gu subunits it was necessary to investigate the lgtabf monomeric BIM. Based
on the structure of BIM-monomer it was hypothesitteat the free thiol group should
be intrinsically sensitive to oxidation and therefgtability was investigated in aqueous
solution (O) over time by nuclear magnetic resonance (NMREspscopyFig. 19.
The protons in position 2 and 16 were well suitedstudy stability and enabled the

differentiation between BIM-monomer and BIM-dimer.
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Figure 19: Structures of BIM-monomer and BIM-dimer and NMR analysis in
aqueous solution.'H-NMR of the BIM-monomer: The signals a&t= 7.4-7.8 ppm
correlate to the protons of the aromatic moiety #nedimidazole ring. The signal &t
6.0 ppm corresponded to the proton in position @ te area frond = 4.0-5.0 ppm
compromised the protons of position 12, 13 and d%igily overlayed by the residual
solvent (DOH) signal. At abowt = 3 ppm, the diasterotopic methylene protons hext
the thiol group resonate (position 16), followedtbhg DMSO signal and the high-field
shifted protons of the cyclohexylmethyl group. Datare kindly provided by Georg
Hiltensperger, Pharmaceutical and Medicinal Chamidnstitute of Pharmacy and
Food Chemistry, University of Wirzburg, Germany.

NMR spectra were detected at different time pobesveen 0 and 48 IFig. 20 and
were clearly indicative of BIM-monomer oxidation antime-dependent manner. After
48 h BIM-monomer was no longer detectable. Thegmaied area of the signals
(Tab. 2) correlated with the concentration of BIM-monomamnd allowed for the
deduction of a 11.4 h half-life for this first ordeaction Fig. 21).
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Figure 20: NMR spectroscopy of BIM-monomer over tine. The oxidation process
could be observed using the protons in positiom@ B6. At t = 0 h, only the proton
signals of BIM-monomer were observed. Within 4&h& integrated areas of the signal
of the monomer protons decreased while the dinggrass increased until 100% dimer
was observed at t = 48 h. Data were kindly providsd Georg Hiltensperger,
Pharmaceutical and Medicinal Chemistry, Institutd?Pbarmacy and Food Chemistry,
University of Wirzburg, Germany.
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Concentration
Time [h] | Integration area Lnc
[mg/ml]
0 0.99 2.50 0.92
2 0.88 2.24 0.80
3 0.84 2.13 0.76
5 0.71 1.80 0.59
7 0.62 1.57 0.45
24 0.22 0.56 -0.58
32 0.14 0.36 -1.03

Table 2: Related to Figure 20. Decreasing integration areas (proton 2) and

corresponding concentrations of BIM-monomer. Da&aeakindly provided by Georg

Hiltensperger, Pharmaceutical and Medicinal Chewidinstitute of Pharmacy and

Food Chemistry, University of Wirzburg, Germany.
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Figure 21: A diagram of the natural logarithm of the concentration (In c) of BIM-
monomer versus time.Since the integration area of the signals in Fidileorrelated

with concentration of the BIM-monomer, a half-ld&€11.4 h is calculated for this first-
order reaction. Data were kindly provided by Geditgensperger, Pharmaceutical and

Medicinal Chemistry, Institute of Pharmacy and FoGtemistry, University of
Wirzburg, Germany.
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Due to the short preincubation time during the sdemessenger assays (2 h), a half-
life of 11.4 h of monomeric BIM is sufficiently lgnto test its @ subunit-inhibiting
profile. Nonetheless it is important to remembeat tBIM-monomer might partially
convert to BIM-dimer during the assay period altilouthe greater portion will be

present as monomeric BIM.

3.1.12Kinetic studies with BIM-monomer and BIM-dimer in a HEK and a CHO

cell background
To compare BIM-monomer and BIM-dimer concerningirthienetic profiles 1P1
accumulation assays were performed. Therefore HBK®8y. 22A) and CHO-M1
(Fig. 22B) cells were preincubated with BIM-monomer or Blta@r for 0.5 to 3 h and
IP1 levels were determined after the stimulatiothwearbachol. The findings within the
different cellular backgrounds were very similar fmth inhibitory compounds. The
inhibitory effect increased with a longer preinctiba time and had its maximum after
three hours. Notably, after three hours preincobathe assay window was reduced,
probably caused by lowered cell viability, and #fere it was decided that incubation
for 2 h would be the best suitable duration fottfar experiments with BIM-monomer.
In addition to this the results Figure 22 show that dimeric BIM was superior to BIM-
monomer in its ability to silence dgmediated signaling independently of the

preincubation time.
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Figure 22: Kinetic studies with BIM-monomer and BIM-dimer.

(A) HEK293 cells endogenously expressing muscarin® mdceptors were used to
determine IP1 levels after different preincubattones for BIM-monomer and BIM-
dimer. The cells were stimulated with 1 mM carbacho

(B) IP1 accumulation was detected in CHO cells staldysfected to express the
muscarinic M1 receptor. BIM-monomer and BIM-dimeere preincubated for 0.5-3 h
and then receptors were stimulated with 1 mM cdrblac

(A)-(B) Cch = carbachol. Data shown are means + SEM (daat three independent
experiments.
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3.1.13Investigating monomeric BIM in HEK and CHO cell backgrounds

The following experiments helped answer the quaestibether BIM-monomer shows a
similar preference for inhibition of & proteins in HEK and CHO cell backgrounds.
Therefore, BIM-monomer was analyzed in second-nmggge assays analogous to
experiments conducted for BIM-dimer. As depicted Rigure 21 BIM-monomer

partially silenced G,;mediated signalingHig. 23A) of the endogenously expressed
muscarinic M3 receptor in HEK293 cells. HoweversGignaling via endogenously
expressed EP2/4 receptoig 23B) and Gy signaling via stably transfected CRTH2

receptorskig. 23C) was completely unaffected.
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Figure 23: BIM-monomer preferentially silenced Guq signaling in HEK cells.

(A) In HEK293 cells IP1 levels were determined in gresence or absence of BIM-
monomer. @q signaling of the endogenously expressed M3 recepts partially
inhibited. pEGyEmax (W/0) = 4.55 + 0.10/104%; pE@Emax (30 ©M BIM-monomer) =
4.25 £ 0.11/104%; pE{Emax (100 uM BIM-monomer) = 3.72 + 0.24/68%.

(B) Signaling via Gs proteins was detected with CAMP accumulation ass&yM-
monomer showed no inhibitory effect ord&Sensitive EP2/4 receptors. peEmax
(w/o) = 9.07 = 0.03/98%; pE&Emax (30 uM BIM-monomer) = 8.93 + 0.03/99%;
PEGy/Emax (100 uM BIM-monomer) = 8.78 £+ 0.05/98%.

(C) Goj-sensitive CRTH2 receptors were unaffected by BlIBkRomer pretreatment.
PEGyEmax (W/0) = 7.90 + 0.18/51%; pEJEmnax (30 uM BIM-monomer) = 7.91 +
0.17/48%; pEGYEmax (100 uM BIM-monomer) = 7.87 £ 0.17/47%.

(A)-(C) Means = SEM of at least three independent exparisnare shown.

Similar results were obtained in the CHO cell baokigd: After a preincubation with
BIM-monomer for 2 h IP1 production mediated via carsic M1 receptors was
reduced Fig. 24A). Gos and Gy signaling was determined usingi&ensitive EP2/4
receptors Fig. 24B) and Gy-sensitive serotonin receptor&ig. 24C) but cAMP
production was unaffected by a preincubation witkl-Bnonomer.
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Figure 24: BIM-monomer preferentially diminished Gaq signaling in a CHO
background.

(A) Gag signaling of the muscarinic M1 receptor in CHOls@as partially silenced in
IP1 accumulation assays. pEmax (W/0) = 5.51 + 0.13/96%; pEGEnax (30 uM
BIM-monomer) = 5.12 + 0.13/94%; pBfEmax (100 uM BIM-monomer) = 4.47 +
0.19/58%.

(B)-(C) cAMP levels were detected to analyze the infleeotBIM-monomer on Gs-
coupled EP2/4 receptors (pEfEmax (W/0) = 6.09 £ 0.13/98%; pEYEmax (30 UM
BIM-monomer) = 5.63 + 0.08/99%; pk&Emax (100 uM BIM-monomer) = 5.10 *
0.15/98%) B) and Gy-coupled serotonin (5-HT) receptokS)( BIM-monomer did not
diminish signaling of these pathways.

(A)-(C) Data shown are means + SEM of at least threepemitent experiments, each
performed in triplicates.

In summary, monomeric BIM as well as BIM-dimer, hadclear preference for
diminishing signaling via &, proteins. In a CHO and HEK cell background BIM-éim
was superior to BIM-monomer in its potential teeaite G-mediated signaling. From
these data one can conclude that the cellular xbdependent inhibition of &
signaling was not related to the inability of thalg to convert BIM-dimer into BIM-

monomer or the different reductive potentials & tells.
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3.1.14Screening of a substance library with BIM-dimer andogs

In a large substance library of the working grod@Poof. Giutschow (Pharmaceutical
Chemistry |, Institute of Pharmacy, University obi, Germany) several compounds
with structural similarity to BIM-dimer were avalilke (chemical structures see
Appendix). All of them contained a disulfide stuiet and showed symmetry. The aim
of this screening was to clarify whether the disi@f structure demonstrated an
important element for the dz-inhibitory effect and to ascertain whether it wbdle
possible to explore other structures which couldepially be applied at lower
concentrations than 100 uM. To this end, IP1 assaye performed: The cells were
preincubated with 30 or 100 uM of the potentialiliors followed by stimulation of
M1 receptors with 30 uM carbachdtig. 25. None of the screened compounds was
able to silence €-mediated signaling indicating that the disulfidieisture alone could

not be responsible for the inhibitory interactiothnGa, proteins.
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Figure 25: Screening of BIM-dimer analogsCHO cells stably transfected to express
muscarinic M1 receptors were used to test sevatatances for their ability to silence
Gayg signaling in IP1 accumulation assays after 2 hnprdation. Each substance was
tested in a concentration of 30 and 100 uM. BIM@liwas used as a positive control.
Inhibitory effects were not observed in any of sbstances analyzed. Data are means
+ SEM of one to three experiments, each conductéaplicate.
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3.2 QIC (FR900359) - a suitable tool to specifically silence Ga,
signaling?

The second part of this thesis deals with the gepside FR900359 (hereafter referred
to as QIC) which was described by Nesterov etsaka @pecific @, protein inhibitor.
The chemical structureFig. 26) is very similar to the structure of YM-254890
(hereafter referred to as YM) a well-known seleei@, silencer (Takasaki et al., 2004,
Nishimura et al., 2010). With a great variety ofas QIC should be investigated in
detail to examine its specificity to silence. &@bunits and its mode of action.

QlC YM

/'\n/'l‘\l/lok,,/\g/'l‘ 0~ N/'\gzl\‘)o,\ .\:I ::/
el Dl
0 N\n/ o N\g/

Figure 26: Chemical structure of QIC and YM (modified from Nesterov et al.,
2010).QIC and YM are cyclic heptadepsipeptides with estemds via C-termini of
amino acids with beta-hydroxy carbonic acids (lgenyllactic acid) or beta-hydroxy
amino acids. They consist of six non-proteinogeamuino acids and two cis-peptide
bonds. Structural differences are highlighted waith circles.

3.2.1 Screening ofArdisia crenata extracts

QIC was isolated from the leaves of the evergreen plant Ardisia crenata. The extraction

was conducted by Dr. Stefan Kehraus (Institute for Pharmaceutical Biology, University
of Bonn, Germany). Several extracts were testel®inaccumulation assays to detect
QIC containing fractions. In a first step leavegeavextracted with methanol (3-4 times)
to obtain the primary leaf extract. This primargflextract was further fractionated via
liquid-liquid distribution between water (extracfl)Eand butanol. Then the butanolic

residuent was separated with liquid-liquid extactbetween acetonitrile and hexane
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obtaining extract E2 and E3. For the first approiducke leaf extracts dfrdisia crenata
were analyzed: E1 (1@), E2 (acetonitrile) and E3 (hexane). These etdraere tested
in a concentration of 0.3%ig. 27A) in CHO cells stably expressing the muscarinic
M1 receptor which is coupling viadg proteins. The cells were stimulated with the
synthetic muscarinic agonist carbachol. IP1 praduacivas inhibited by extract E1 and
E2. Two further assays were performed with lowencemtrations of E1 to E3
(Fig. 27B-Q). Inhibitory activity was still detectable in E& & concentration of 0.03%

while the other extracts lost their ability to sibe Gq signaling with further dilution.

Based on these findings E2 was further separa@d/acuum liquid chromatography
(VLC) and five fractions F1 to F5 were obtained.e$& fractions were tested in a
concentration of 1%Hig 28A) and it seemed that theoaginhibitory compound was
distributed over the whole eluate with the exceptmf fraction F2. To elucidate
guantitative differences within the fractions fuethdiluted concentrations were
analyzed. An inhibitory effect was exclusively faum fraction F4 and F5~g. 28B)
but the Delta F levels were decreased in compatsamfractionated extract E2 which
could be explained with the enrichment of colorethponents interfering with FRET-
based IP detection. With further dilutions thiseeffwas no longer detectable while the
Gag-inhibitory compound was still enriched enough fiterce Gige-mediated IP1
production Fig. 28C).
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Figure 27: E2 leaf extract contained @4 protein inhibitory compound.

(A)-(C) CHO-M1 cells were preincubated with various coriaions of extracts E1

(H20), E2 (acetonitrile) and E3 (hexane) and IP1 kevetre detected after stimulation
with 30 uM carbachol. Data shown are means + SE{der@ments were performed in
triplicate.



64 Results

F1 F2 F3 F4 F5 E2 QiC
L 1L 1L ] L 1 L ]l 1L ]
L) "I i’ L) 17 LB} LA} 1
1% 0.1% 1uM
24001
__ 20001 I
S
~ 16004
L
S 12001
8
o 8001
o
o [ |
T T T T T T T T T T T
X ) X ) N 2] X ) o <o <o X 32 X )
‘{\Q' > (\CZ; > (\e & <\® > (\% > (\QJ s {\Q/ M (\@ IS
N & S ® & N <& &
carbachol (log M)
F1 F2 F3 F4 F5 E2 QlC
L ]l 1L 1L 1L lL ]lL ]
T T L) T L) LA L} 1
87 pg/ml 3uM
24001
—T
__ 20004
S
~ 16004
L
S 12001
a
- 800
o
= 400
0- |
PRSI C S I O RN C NG SN P
N N N N & N 0\$ °${\
carbachol (log M)
F4 F5 E2 QliC
| i 1 1| |
87 29 8.7 87 29 8.7 87
2400+ pg/m pg/ml pg/ml pg/ml pg/ml pg/ml pg/m
__ 20007
X
~ 16004
L
S 12001
8
4 8004
o
- 400
0_.

A : S & & & & 2 N 5
& P I I S S I ORI G S Y G I I~
> N N N N N N S

carbachol (log M)

Figure 28: VLC Fraction F4 and F5 of the leaf extrat were enriched with the Guq
protein inhibitory compound.

(A)-(C) CHO-ML1 cells were preincubated with various caraions of VLC fractions
F1 to F5 and IP1 levels were detected after stinawith 30 uM carbachol. Data
shown are means + SEM, experiments were perform#gplicate.
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For the following experiments the primary shootrast of Ardisia crenata was treated
in the same way as leave extract ending up witkettanalogous secondary shoot
extracts: E1 (HO), E2 (acetonitrile) and E3 (hexane). Extract Esviurther separated
via VLC and six fractions F1 to F6 were obtained. é&pected from the leaf extract
results, enrichment of theoginhibitor could be detected in further fractiorfseatract
E2 (Fig. 29A-B), namely in fraction F4-F6 which fitted to the wéts in leaf fractions.
Extract E1 did not contain significant amounts bé tGy, inhibitor but extract E3
seemed to contain inhibitory activity. Further dium of fractions F4-F6 and E3
revealed that the greatest portion of th&, @hibitor was enriched in fraction F4 and
F5, with a slightly higher enrichment in fractiod fFig. 29C). The amount of the @-
inhibitory compound formerly detected in extract BBd fraction F6 seemed to be
negligible because further dilutions did not show iahibition of IP1 production

anymore.

Based on these findings fraction F5 was furtheasspd via high performance liquid
chromatography (HPLC) ending up with 9 fractionsOHB HF8. Fractions HF2, HF3
and HF4 seemed to contain theq@nhibitory compound Kig. 30A). After a further
dilution of HF2-HF4 the inhibitory effect was reditt for HF4 Fig. 30B) and from
dilutions up to 0.03% one could conclude that HB&tained most of the dz inhibitor
(Fig. 300). Therefore fraction HF2 was selected for a furtteperiment in dynamic
mass redistribution (DMR) assays. As depictedrigure 31 a treatment with HF2
alone as well as a treatment with QIC alone didazatse a cell response which was
indicative that HF2 did not contain any activatiogmponents leading to changes in
DMR. If CHO-M1 cells were stimulated with carbacladter pretreatment with HF2 or
QIC the Gie-mediated signal was completely silenced but a ine@®MR response
was detectable. This response could be explaingdtine ability of the M1 receptor to
couple also via @ proteins (Burford and Nahorski, 1996) but in theence of a &;-
inhibitory compound this signal is masked by the-@ediated response.

In summary, it was possible to work out fractionshva high enrichment of the o
inhibitory compound without major differences beemeextracts originating from leaf
or shoot ofArdisia crenata. Due to the fact that it is much easier to prepeaé extracts
it was decided to work with leaf extracts in furtlaproaches.
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Figure 29: VLC Fraction F4 and F5 of the shoot extact were able to silence @,
signaling.

(A)-(C) CHO-ML1 cells were preincubated with various coricaions of extract E1 and
E3 or VLC fractions F1 to F6 and IP1 levels werteded after stimulation with 30 uM
carbachol. Data shown are means + SEM, experiments performed in triplicate.
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Figure 30: HPLC fraction HF2 and to a minor extentHF3 and HF4 of the shoot
extract contained the G inhibitor.

(A)-(C) CHO-ML1 cells were preincubated with various cariaions of extract E1 and
E3 or VLC fractions F1 to F6 and IP1 levels werteded after stimulation with 30 uM
carbachol. Data shown are means + SEM, experiments performed in triplicate.
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Figure 31: DMR revealed that HPLC fraction HF2 contined the Gug-inhibitory
compound.CHO-M1 cells were pretreated with HF2 or QIC and/@langth shift was
monitored as a measure of receptor activation. &Eptors were stimulated with the
synthetic agonist carbachol. Cch = carbachol. Shaven representative data means
+ SEM.

3.2.2 Stability test

Due to the fact that it was planned to explore @f€cts in long-term assays the
stability of QIC was analyzed with DMR and calciumobilization assays. For the
DMR assays QIC was solubilized in assay buffer g#ahuffered salt solution (HBSS)
with 20 mM HEPES) and stored for up to eight day878C. As a control assay buffer
alone was also stored for this time period. Ondg of the assay CHO-ML1 cells were
preincubated with either the collected assay buffég. 32A) or the stored QIC
solutions Fig. 32B) and M1 receptors were stimulated with carbachbé addition of
carbachol caused a positive wavelength shift aethpubation with the collected assay
buffer had no effect on the cell respong&gy( 32A). This preincubation served as a
control to check whether there are artifacts calrgetthe incubation process itself. If the
CHO-ML1 cells were preincubated with the differeritC(olutions a similar negative
wavelength shift was detectableid. 32B), indicating that QIC was unaffected by the
storage conditions at 37°C. The negative cell respocould be explained with the
ability of the M1 receptor to couple also viadproteins (Burford and Nahorski, 1996)
which becomes visible through a negative wavelesyift in a CHO cell background
(Schroder et al., 2010). In the absence of-Bhibitory compounds this effect is
superimposed by the positive agamediated signal, because the M1 receptor

preferentially couples via g proteins (Caulfield and Birdsall., 1998).
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As depicted inFigure 32C-D CHO-M1 cells were also stimulated with forskolm,
direct activator of the adenylyl cyclase to analymbether QIC preincubation or
possibly existing degradation products influenaeptor-independent signaling as well
as cell viability. The negative DMR was enhancedthe presence of QIC. This
phenomenon could be explained with the crosstatwdrn the Gq and Gis signaling
pathway, an effect which is well-described in kiewe. In the absence of QIC,
endogenously expressed and constitutively actiug-d8upled receptors can cause a
Cd" release and for calcium ions it is described tie#y can either activate or
inactivate isoforms of adenylyl cyclase (Deferlet2000; Cordeaux and Hill, 2002). In
this case calcium ions seem to show inhibitory affeon the adenylyl cyclase. QIC
inhibits the Gi-mediated signaling via constitutively active retep. Therefore, in the
presence of QIC G4 release is suppressed and inhibitory effects @n atienylyl

cyclase are reversed.

Calcium mobilization assays were performed to detelcether QIC stability was
influenced through the presence of adherent groweity or media components. The
assays were performed with (1) 1 uM QIC dilutedHiBK-ratGPR17 media and stored
for up to eight days in reaction tubes at 37°C &id1 uM QIC diluted in HEK-
ratGPR17 media was given into a cell culture flagth splitted HEK-ratGPR17 cells
and samples were collected for up to eight day® filze cell supernatant. The presence
of growing cells or media showed no negative impercthe stability of QICKig. 32E)
because calcium mobilization was completely blocketbpendently of their storage

duration.

From these findings one could conclude that thg-iGhibitory effect of QIC was stable
for a term of at least eight days at 37°C and tbeset is seems to be unnecessary to

repeatedly dispense QIC in long-term assays.
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Figure 32: QIC activity was stable over a period otup to eight days in DMR and
calcium mobilization assays.

(A)+(C) CHO-M1 cells were preincubated with assay buttdtected from day zero to
day eight. M1 receptors were activated with 30 pbtbachol A) or the direct
adenylylcyclase activator forskoli€) and wavelength shift was detected over time.
(B)+(D) CHO-M1 cells were pretreated with QIC solutioms assay buffer (final
concentrationl pM) collected from day zero to daghe and stimulated with
carbacholB) or forskolin D). Wavelength shift was monitored as a measure of
receptor activation.

(A)-(D) Data are represented as means + SEM of one egpatise experiment.

(E) HEK-ratGPR17 cells were preincubated with a Q@uson or QIC from cell
supernatant, stimulated with the GPR17 agonist MD221 (Hennen et al., 2013) and
calcium mobilization was detected. Data shown aeams + SEM of two independent
experiments. Data were kindly provided by Dr. StefaBlattermann, Institute for
Pharmaceutical Biology, University of Bonn, Germany
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3.2.3 Kinetic studies with QIC in a HEK and a CHO cell background

To explore the kinetic profile of QIC IP1 accumudat assays were performed in two
commonly used cell lines. HEK293 cells endogenoesigressing the muscarinic M3
receptor Fig. 33A) and CHO cells stably transfected to express nmuscaMl
receptorsiig. 33B) were preincubated for five to 15 min and therscekre stimulated
with carbachol. The inhibitory effect seemed towc little bit faster in the HEK cells,
because already after five minutes preincubatiore tiP1 production was reduced by
approximately 80% whereas in the CHO cells it wast j20%. After 15 min
pretreatment with QIC in both cell lines the IPYdis were decreased close to 0%.
These data indicate that QIC reliably silenceg-@ediated signaling within 15 min in
this second-messenger assay and therefore reachathilitory effect substantially
faster than BIM-dimer and BIM-monomer (see chaftérl?2).

In order to facilitate comparison between the dédfe assays types it was decided to

work with a preincubation of 1 h in further secanéssenger experiments.
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Figure 33: Analyzing the kinetic profile of QIC.

(A)-(B) HEK293 cells A) and CHO-M1 cellsB) were pretreated with QIC (1 uM) for
the indicated time periods. Then M3 or M1 recepterye stimulated with 1 mM
carbachol and IP1 levels were determined. Data shawe means + SEM of at least
three independent experiments, each conducteglicéte.
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3.2.4 Selectivity of QIC in second-messenger assays itH&K cell background

In order to explore whether QIC specifically sileadGi-mediated signaling in second-
messenger assays IP1 and cAMP levels were detatrmnée presence or absence of
QIC. HEK293 cells were preincubated with variousnantrations of QIC and
endogenously expressed M3 receptors were stimulaiédthe synthetic muscarinic
agonist carbachol. As depictedkigure 34A 300 nM and 1 uM QIC were sufficient to
silence IP1 production completely. 0.1 nM and 1 ridd no impact on IP1
accumulation and concentrations between 1 nM a@dch80only partly affected the IP1
levels. Notably, in a concentration-dependent man@¢C decreased basal IP1
production which could be explained by the presafamnstitutively active GPCRs in

HEK293 cells coupling via &, proteins.

The effect of QIC on stimulating ds proteins was analyzed in HEK293 cells
endogenously expressing adinked EP2/4 receptors. Therefore, cells were
preincubated with QIC in two different concentrago(0.3 uM and 1 uM) and after
stimulation with prostglandin -5(PGE) cAMP levels were determined=i§. 34B).
cAMP production was completely unaffected by praimreent with QIC.

Similar results were obtained in assays which detiee influence on & proteins
(Fig. 340. In these assays HEK cells stably transfectedexpress @Gi-sensitive
CRTH2 receptors (CRTH2-HEK) were pretreated witlC@r 1 h and then stimulated
with increasing concentrations of DK-P@Drhere was still a strong cAMP reduction

detectable indicating that QIC was not able tobitloe;-mediated signaling.
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Figure 34: QIC exclusively inhibited signaling viaGeq proteins.

(A) HEK293 cells endogenously expressing;@&ediated muscarinic M3 receptors
were pretreated with increasing concentrations &€ @nd concentration-response-
curves were recorded after stimulation with carlbhch higher concentrations QIC
completely silenced signaling viaag proteins. pEGy/Emax (W/0) = 5.18 + 0.05/99%;
PEGy/Emax (0.1 nM QIC) = 5.05 £ 0.13/99%; pBgEmax (1 NnM QIC) = 5.02 +
0.14/101%; pEGY/Emax (10 nM QIC) = 4.95 £ 0.12/103%; pB&Enax (30 NM QIC) =
4.95 + 0.10/103%; pEEmax (100 nM QIC) = 4.95 * 0.50/37%; pB&Emax (178 nM
QIC) =5.19 + 0.57/21%.

(B) QIC was not able to silence cAMP signaling of @we-sensitive EP2/4 receptors in
HEK?293 cells. pEG (w/0) = 8.25 + 0.05; pE£ (0.3 uM QIC) = 8.34 + 0.03; p&g
(1 uM QIC) = 8.28 + 0.04.

(C) Signaling via @; proteins was detected with cAMP accumulation assayd QIC
showed no inhibitory effect ondzsensitive CRTH2 receptors. pgQw/o) = 7.99 +
0.21; pEGp (0.3 pM QIC) = 7.73 £ 0.21; pEE(1 pM QIC) =7.69 + 0.17.

(A)-(C) All data are means = SEM of three to eight incelemt experiments, each
conducted in triplicate.

3.2.5 BRET assays revealed QIC as selective inhibitor @aq and Ga,, proteins

With the following experiments it was analyzed wieet QIC was specific to silence
Gag subunits in bioluminescence energy transfer (BR&39ays. In a first approach
loglCso value of QIC for this assay system was determi(ied. 35. Therefore
HEK?293 cells were transfected to coexpress h-Flad-Aeceptor, the energy donor
Gag-RLucll and the energy acceptorySGFP. AT1 receptors were stimulated with
angiotensin Il (5 min) after a preincubation witficieasing concentrations of QIC
(30 min). With low QIC concentrations up to 0.1 rdMsubstantial agonist-promoted
decrease in BRET was recorded which was completahted at a concentration of 0.1
UM QIC (plGo = 8.50 £ 0.09). This BRET decrease reflected #pmagation of the &
helical domain from the N terminus ofy@hich then enables GDP exit and GTP entry

(Galés et al., 2006; Sauliere et al., 2012) andblasked concentration-dependent due
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to pretreatment with QIC. Based on these findingsher BRET experiments were
performed after preincubation with 0.1 uM QIC f@ Bin.

AT1-HEK
Gag.RLucll + Gy;-GFP*°
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Figure 35: QIC blunted AT1l-mediated BRET decrease n a concentration-
dependent manner.

HEK293 cells transiently expressed h-Flag-AT1 résepGug-RLucll and Gyy-GFPY
and opening of the nucleotide binding pocket cdddletected as BRET decrease after
receptor activation (5 min, 1 uM angiotensin I} lmas blocked after pretreatment with
QIC for 30 min (plGoy 8.50 + 0.09). Presented data are means + SEM \anse
independent experiments. Data were kindly providg®ylvain Armando, Division of
Endocrinology and Metabolism, Department of Medi¢ikontreal, Canada.

As depicted irFigure 36 the inhibitory effect of QIC was investigated ugseveral G
subunits. First, two members of theiamily, Gog (Fig. 36A) and Gui (Fig. 36B),
were investigated. Therefore, HEK293 cells werecddrto express transiently AT1
receptor, energy donorogRLucll (Fig. 36A) or Gay1-RLuc8 (Fig. 36B) and energy
acceptor G-GFP® or Gy-GFP®. Preincubation with QIC blunted AT1-mediated
BRET decrease viadg and Gii1 subunits. @s signaling was analyzed expressing the
Gas-RLucll sensor as energy donory@5FPP as energy acceptoFify. 36C). Human
vasopressin2 (V2) receptors were stimulated wigopeessin (AVP) and concentration-
dependent BRET decrease was detectable which wasdiess of QIC pretreatment.
The three G subunits @1, Goi; and Gz were studied by transfectinga@RLucll
(Fig. 36D), Gai-RLucll (Fig. 36E) or Gajz-RLucll (Fig. 36F) as energy donor together
with Gy,-GFP° as energy acceptor.ofsignaling was recorded using angiotensin Il and
its transiently expressed target receptor AT1 batrpatment with QIC did not inhibit
AT1-Go; activation. Goa-RLuc8 (Fig. 36G) and Giye-RLuc8 (Fig. 36H) were used as
energy donors to explore My2c-mediated BRET decrease triggered with UK-14304

as an agonist andy@GFP® as energy acceptor but BRET decrease was insensiti
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QIC pretreatment. It was possible to record an aiegsin Il-promoted decrease in
BRET in cells transiently expressing AT1 recept®u,-RLucll as energy donor and
Gy:1-GFP as energy acceptoFif). 361) which was unaltered after preincubation with
QIC. Gz signaling was analyzed expressing theRLuc8 sensor as energy donor,
Gy>-GFP as energy acceptoFif). 36J). Thromboxane T& receptors were stimulated
with its ligand U-46619 and concentration-depend®RET decrease was detectable

which was regardless of QIC pretreatment.

In summary, QIC selectively silenced ligand promddB&RET via Giq and Gui1 proteins
which was also in line with the findings for YM blishimura et al in 2010 because they
found out that @ residues directly interacting with the inhibitoMYwere completely
conserved in @, Goi1 and G4 proteins but not in other dSmembers. The BRET
assays were performed to gain a deeper insighttivgcspecificity of QIC within the
family members of the four main G protein subclasdishimura et al. investigated the
selectivity of QIC with °S]GTP/S binding assays using purifiecu Gas, Goir, Goo
and G,z proteins (Nishimura et al., 2010). The BRET camnds enabled exploring of
inhibitory effects on further members of the G piotsubclasses. Thus, it was possible
to distinguish between dg and Gi;i-mediated signaling and it could be clearly shown
that QIC inhibits both @ subunits equally. Experiments withafg Goiz and Gu»
proteins were lacking and their investigation inBRassays revealed that QIC does not

interfere with these &subunits.
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Figure 36: BRET assays revealed QIC as selectivehibitor of Gag and Gai:
proteins.

(A)-(B) HEK293 cells were transiently transfected to qwess Gg-RLucll +
Gy1-GFP? (pEGy (W/0) = 8.79 + 0.14)A) or Guy1-RLUC8 + Gyo-GFP? (pEGso (w/0)

= 8.94) B) and AT1 receptor. Opening of the nucleotide gdbocket was detected as
BRET decrease which was completely blocked aft€ @retreatment.

(C) GosRLucll + Gy;-GFP were expressed together with theisGensitive V2
receptor and recorded BRET decrease was unaffdsteQIC preincubation. pEfg
(w/0) =9.09 + 0.29; pE& (0.1 uM QIC) =8.79 + 0.38.

(D)-(F) BRET between @:-, Goiz, Gais-RLucll and Gr»-GFP° was determined using
angiotensin Il with its target receptor AT1 and wasensitive to QIC pretreatment.
PEGs, (W/0) = 8.42 + 0.41; pE& (0.1 uM QIC) = 8.39 + 0.3M). pEGo (w/0) = 8.50

+ 0.44; pEGo (0.1 uM QIC) = 8.65 + 0.42H). pEGyo (w/0) = 8.56 *+ 0.29; pE&
(0.1 uM QIC) =8.63 + 0.27H).

(G)-(H) QIC did not block molecular rearrangement of\attd Gioa Or Goos. BRET
decrease was measured afi@c activation in HEK293 cells transfected to expres
GaoaRLUCS + Gr-GFP or Goos-RLUc8 + Gpo-GFPY. pEGs (W/o) = 8.77 + 0.20;
PEGs (0.1 uM QIC) = 8.92 + 0.153). pEGy (W/0) = 8.84 + 0.17; pE£ (0.1 uM QIC)
=8.74 + 0.11K).
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(1) HEK293 cells were transiently transfected to qwess Gu-RLucll +
Gy:1-GFP and as well as AT1 receptor. Opening of the nuidledinding pocket was
detected as BRET decrease which was unaltered@i@pretreatment. p&g(w/0) =
8.09 + 0.13; pEG (0.1 pM QIC) =8.28 £ 0.17.

(J) GoizRLuc8 + Gy-GFP® were expressed together with the&sensitive TPo
receptor. The recorded BRET decrease was unaffdteQIC preincubation. pEg
(w/0) =8.27 £ 0.14; pE& (0.1 uM QIC) = 8.29 £ 0.13.

(A)-(J) Data shown are means + SEM of at least threeper#ent experiments. Data
were kindly provided by Sylvain Armandd\), (C)-(F), (), Division of Endocrinology
and Metabolism, Department of Medicine, Montreahn@a and Ségoléne Galandrin
(B), (G)+(H), (3), Institut des Maladies Métaboliques et Cardiouémoes, Institut
National de la Santé et de la Recherche Médicalejeusité Toulouse Ill, France.

3.2.6 Analyzing the inhibitory profile of QIC in label-fr ee assays

Since QIC exclusively silenced signaling viaigcGand G, a member of the &
family) in second-messenger and BRET studies it thesaim to analyze the effect of
QIC on the four main € protein subclasses in two label-free assay systBiyrsamic

mass redistribution and impedance.

3.2.6.1Dynamic mass redistribution

QIC was analyzed according to its ability to inflee Grs, Goi, dual Gig; and Guyziz
mediated signaling in dynamic mass redistributi@MR) assays using the Epic
system. Therefore HEK293 cells endogenously exprg$sP2/4 receptors were chosen
to study the influence of QIC on signaling viaiGroteins Fig. 37A). Prior to the
assay cells were seeded into biosensor micropdatelescribed in section 2.2.3.3. Cells
were preincubated with 0.3 uM or 1 uM QIC for 1rdahallenged with 100 nM PGE
and the DMR response was recorded. The results shaivhe PGEmediated cell
response was not affected by QIC pretreatment lpuei@cubation with cholera toxin
(CTX) (16-20 h) to mask & signaling was able to inhibit signaling of thes&ensitive
EP2/4 receptors. & signaling was investigated using HEK cells staipansfected to
express CRTH2 receptors which are coupling vig @oteins Fig. 37B). Cells were
pretreated with QIC or thedsinhibitor pertussis toxin (PTX) (16-18 h) and dbabed
with the CRTH2 agonist DK-PGID(100 nM). PTX inhibited signaling of the o
sensitive CRTH2 receptor but the cell response eampletely unaffected by QIC
pretreatment. Next, FFA1-HEK cells stably transdelcto express the FFAL receptor, a
dual Gugi coupling receptor, were analyzelig. 37C). Cells were preincubated with
QIC, PTX or a combination of both before cells wehallenged with the FFA1 agonist
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TUG424 (3 uM) (Schmidt et al., 2011). PTX reduced tell response from 300 pm to
about 200 pm, QIC decreased the wavelength sbift 800 pm to about 50 pm but a
combination of PTX and QIC completely blocked d&&Al-mediated signaling. To
explore the influence of QIC on the signaling o flourth Gi family member G213,
HEK cells stably transfected to express GPR55, @& Rith exclusive bias toward the
Gaizns pathway (Ryberg et al., 2007; Henstridge et al.Q920Ross, 2009), were
challenged with lysophosphatidylinositol (LPI) affgetreatment with QICHig 37D).
Due to the fact that a specificag/13 inhibitor is not available to date cells were
pretreated with the pan-G protein activator alumnfluoride (AlIF) to underline that
the GPR55 trace was mediated via G proteins. THeS5Hnediated cell response was

insensitive to a QIC pretreatment but was silerafest a preincubation with AlE
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Figure 37: Dynamic mass redistribution revealed QICas selective inhibitor of Gugq
signaling.

(A) HEK293 cells endogenously expressing EP2/4 recgpivere challenged with
100 nM PGE. Pretreatment of cells with CTX (200 ng/ml) intdd signaling of the
Gos-sensitive EP2/4 receptors whereas wavelengthwhstunaffected by pretreatment
with QIC.

(B) HEK293 cells stably expressing CRTH2 were treatét the agonist DK-PGPto
visualize Gy-mediated signaling. Pretreatment with QIC showedinhibitory effect
but PTX (50 ng/ml) silenceddgsignaling.

(C) The cell response obtained with the FFA1 agohisG424 in stable FFA1-HEK
cells was partly sensitive to PTX (50 ng/ml) or QpZetreatment but completely
silenced in the presence of a combination of PTH @iC. For receptor expression
cells were treated with 1 pg/ml doxycycline (16 h).

(D) Stable GPR55-HEK cells were challenged with theR85 agonist LPI. LPI-
mediated wavelength shift was not blunted by padtnent with QIC but was sensitive
to preincubation with the pan-G protein activatdfA(300 puM).

(A)-(D) Data shown are representative data (means + S&Mat least three
independent experiments, each performed in trigdica

With further experiments it should be investigatdtether QIC was functional on every
cell line analyzed ifrigure 37 and whether PTX and CTX were specific to sileneg G
or Gos proteins, respectively. Therefore HEK298ig 38A) and CRTH2-HEK

(Fig. 38B) cells were challenged with ATP to stimulateqsGensitive P2Y receptors.

Pretreatment with QIC completely blocked the ceponse whereas preincubation
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with CTX had no effect on thedgmediated trace. These findings underlined that QIC
was a selective inhibitor for theog pathway with a proper functionality in both cell
lines and PTX exclusively silencedoGproteins and did not affect cell viability. In
FFA1-HEK cells the functionality of QIC and PTX wadready proven with the
experiments inFigure 38C but it should be analyzed whether QIC and PTX were
specific to silence € and Gy proteins in this cell line without a negative urdhce on
cell viability. Therefore, @Gsmediated signaling via endogenously expressed £P2/
receptors Fig. 38C) was investigated. GPR55-HEK cells endogenouslgressing
muscarinic M3 receptors were treated with carbaelfftek a preincubation with QIC or
AlF4 (Fig. 38D). Also in this cell line QIC was functional toerice @4 signaling and
pretreatment with Al showed that the detected cell response was mddidde G

proteins.

In summary, QIC selectively silenced signaling @&, proteins in DMR comparable to
the well-known @ inhibitor YM (Schroder et al., 2010).
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Figure 38: Gag signaling was selectively blocked after QIC preingbation and PTX
or CTX pretreatment was specific for Gu; or Gas, respectively.

(A)-(B) HEK293 and CRTH2-HEK cells endogenously exprasgbag-sensitive P2Y
receptors were challenged with ATP. Pretreatmetit @IC blocked G4 signaling but
CTX had no effect on the cell response.

(C) FFA1-HEK cells endogenously expressingisGensitive EP2/4 receptors were
challenged with PGE Cell responses were insensitive to QIC, PTX combination of
QIC and PTX.

(D) GPR55-HEK cells endogenously expressing M3 regspivere stimulated with
carbachol. Wavelength shift was silenced by QIC pad-G protein activator AlF
pretreatment.

(A)-(D) Data shown are representative data (means + S&Mat least three
independent experiments, each performed in trijgica
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3.2.6.2 Impedance

QIC was analyzed according to its ability to inflee Grs, Goi, dual Gig; and Guiziz
mediated signaling with a second label-free teabugl detecting changes in impedance
assays with the CellKey system. HEK293 cells endogsly expressing éz-sensitive
EP2/4 receptors were challenged with RG@Her a preincubation with QIC or CTX
(Fig. 39A). PGE-triggerd cell response was blocked by CTX but weensitive to
QIC pretreatment. To study the effect of QIC on @Gwg pathway CRTH2-HEK cells
were treated with the specific agonist DK-PGPg( 39B). The detected wavelength
shift could be silenced with a PTX pretreatment s unaffected by QIC
preincubation. Next, HEK cells stably transfecteaxpress the FFAL receptor (FFAL-
HEK), a receptor with dual & protein coupling, were investigateHig. 39C). Cells
were preincubated with QIC, PTX or a combination kath before cells were
challenged with the FFA1 agonist TUG424 (3 uM). P@nQIC alone only diminished
the cell response but a combination of PTX and @@pletely blocked dual FFALl-
mediated signaling.
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Figure 39: Impedance measurements revealed QIC asszlective inhibitor of Guq
signaling.

(A) HEK293 cells endogenously expressing EP2/4 recgpivere challenged with
100 nM PGE. Pretreatment of cells with CTX (100 ng/ml) inttdd signaling of the
Gogsensitive EP2/4 receptors whereas changes in iamgped were unaffected by
pretreatment with QIC.

(B) HEK293 cells stably expressing CRTH2 were treatét the agonist DK-PGPpto
visualize Gy-mediated signaling. Pretreatment with QIC showedinhibitory effect
but PTX (50 ng/ml) silenceddgsignaling.

(C) The cell response obtained with the FFA1 agohisG424 in stable FFA1-HEK
cells was partly sensitive to PTX (50 ng/ml) or QpZetreatment but completely
silenced in the presence of a combination of PTH @iC. For receptor expression
cells were treated with 1 pg/ml doxycycline forii.6

(D) Stable GPR55-HEK cells were challenged with theRG85 agonist LPI. LPI-
mediated changes in impedance were not bluntedrdtyeptment with QIC but were
sensitive to preincubation with the pan-G protaitivator AlF, (300 pM).

(A)-(D) Data shown are representative data (means + S&Mat least three
independent experiments, each performed in trigdica
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With the following experiments it should be invgstied whether QIC was functional
on every cell line analyzed iRigure 39 and whether PTX and CTX were specific to
silence G or Gog proteins, respectively. Therefore HEK293g 40A) and CRTH2-
HEK (Fig. 40B) cells were challenged with carbachol to stimul&tg-sensitive M3
receptors. Pretreatment with QIC completely blockbé cell response whereas
preincubation with CTX had no effect on thexfnediated trace. These findings
underline that QIC is a selective inhibitor for tit&n, pathway with a proper
functionality in both cell lines and CTX exclusiyeinasked Gs proteins without a
negative effect on cell viability. In FFA1-HEK celthe functionality of QIC and PTX
was already proven with the experimentsFigure 39C but it should be analyzed
whether QIC and PTX were specific to silenag,@nd G proteins in this cell line and
that detected effects were not due to negativectsffen cell viability. Gsmediated
signaling via endogenously expresgdreceptorsKig. 40C) was detected and the cell
response was comparable between different pretesdtimn GPR55-HEK cells
endogenously expressing muscarinic M3 receptore weated with carbachol after a
preincubation with QIC or AlF (Fig. 40D). QIC was functional in this cell line to
silence (& signaling and pretreatment with AlFrevealed that the detected cell
response was mediated via G proteins.

Taken together, experiments determining changesnpedance revealed QIC as a
selective @y inhibitor equivalent to the results obtained in RMssays (see chapter
3.2.6.1). These data were very valuable becaudelabel-free technologies detect an
overall cellular response capturing cellular evataanstream of the GPCR (Kenakin,
2009, Fang et al., 2006; Fang et al., 2007) wheredgional second-messenger assays

only partially determine the overall response (8dbr et al., 2010).
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Figure 40: QIC showed functionality on all utilized cell lines and PTX or CTX
pretreatment was specific for Gu; or Ga,, respectively.

(A)-(B) HEK293 and CRTH2-HEK cells endogenously expras<baq-sensitive M3
receptors were challenged with carbachol. Pretresatnvith QIC blocked @&, signaling
but CTX had no effect on the cell response.

(C) FFA1-HEK cells endogenously expressingisGensitive f2 receptors were
challenged with orciprenaline (100 pM). Cell respem were insensitive to
preincubation with QIC, PTX or a combination of Qd@d PTX.

(D) GPR55-HEK cells endogenously expressing M3 rexspivere stimulated with
carbachol. Wavelength shift was silenced by QIC pad-G protein activator AlF
pretreatment.

(A)-(D) Presented data are representative data (meanEM) &f at least three
independent experiments, each performed in trigdica
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3.2.7 Characterizing the influence of QIC in the patientderived MZ7 cells

Due to the fact that BIM-dimer worked as select@e, inhibitor in a HEK cell
background but silencedog Gos and Gy proteins in the patient-derived cancer cell

line MZ7 it was also of interest to analyze QIGhrs melanoma cell line.

A ET-MZ7 B MC1-MZ7 C ET-MZ7
Gay = Gag —_ Ga;
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Figure 41: QIC exclusively inhibited Goq-mediated IP1 production in MZ7 cells.

(A) QIC completely blunted IP1 accumulation triggekeith ET-1 via endogenously
expressed endothelin receptors. p&@/0) = 7.21 + 0.31.

(B) Goas-mediated cAMP production induced via ACTH andcibgnate Gslinked and
endogenously expressed MC1 receptor was insendv@IC pretreatment. pkEg
(w/0) = 6.99 + 0.21; pE& (QIC) = 6.68 £ 0.15.

(C) cAMP reduction via endogenously expressed entlotheceptors using &
proteins was unaffected by QIC preincubation. gH@/0) = 7.26 £ 0.21; pE& (QIC)
=7.28 £0.25.

(A)-(C) Data shown are means + SEM of at least threepemitent experiments, each
conducted in triplicate. Data were kindly providegl Ramona Schrage, Pharmacology
and Toxicology Section, Institute of Pharmacy, msity of Bonn, Germany.

To explore G4 dependent signaling IP1 accumulation was detemninehe presence
or absence of QIC using endogenously expressedresinoreceptorsKig. 41A). ET-
1-mediated IP1 production was completely silendeat @reincubation with 1 uM QIC.
Furthermore, QIC pretreatment prevented IP1 prodictriggered with the pan-G
protein activator Al (Fig 42) which underlined that QIC inhibition occurred

specifically at the level of G proteins.

The influence of QIC on the &3 und Gy pathway was investigated by determining
changes in cCAMP levels. After a preincubation wQQiC MZ7 cells were stimulated
with the adrenocorticotropic hormone (ACTH), an migb for the Gssensitive

melanocortinl (MC1) receptor. cAMP accumulation wasaffected by QIC
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pretreatmentKig. 41B). Endogenous ET-1 receptors were stimulated wittothelin to
verify the effect of QIC on & dependent signalindg-ig 41C). The results indicate that
Gao; coupling of ET-1 receptors in a MZ7 cell backgrduwas insensitive to QIC.

Together, QIC was specific to silencedroteins in this cancer cell line.
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Figure 42: QIC blocked AlF,4 triggered IP1 accumulation in MZ7 cells.

MZ7 cells were stimulated with the pan-G proteitivator AlF, and in the presence of
QIC IP1 accumulation was completely blocked. Ddtavwsn are means + SEM of at
least three independent experiments, each conductédplicate. Data were kindly

provided by Ramona Schrage, Pharmacology and TimggoSection, Institute of

Pharmacy, University of Bonn, Germany.
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3.2.8 Selectivity of QIC in second-messenger assays in Crtells

A large number of different experiments performadHEK and MZ7 cells revealed
QIC as a selective tool to silenceif@nediated signaling. Regarding the fact that CHO
cells represent a commonly used cell line togethtr the plan to perform radioligand
competition binding studies in this cellular baakgnd the selectivity of QIC should be
additionally analyzed in CHO cells. After a preibation with QIC for 1 h IP1
production mediated via stably expressed muscailihlc receptors was completely
blocked Fig. 43A). Gas and Gy signaling was determined using endogenously
expressed €a-sensitive EP2/4 receptors-i. 43B) and Gy-sensitive serotonin
receptorskig. 430 but cAMP production was unaffected by a preintigmawith QIC.

These results were in line with the findings inesthellular backgrounds and therefore
CHO cells were a suitable cell line for binding exments.
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Figure 43: QIC exclusively inhibited signaling viaGaq proteins in CHO cells

(A) QIC blunted G signaling of the muscarinic M1 receptor stablysfacted in CHO
cells in IP1 accumulation assays. pg@v/0) = 5.58 + 0.07.

(B) cAMP levels were detected to analyze the infleent QIC on endogenousaé
coupled EP2/4 receptors. QIC did not diminish diggeof this pathway. pE&s (w/0) =
6.44 + 0.09; pEG (1 pM QIC) = 6.11 + 0.07

(C) To explore the effect of QIC ondsproteins, endogenouso=coupled serotonin
(5-HT) receptors were stimulated with serotonithi@ presence or absence of QIC. QIC
showed no inhibitory effect on then@Gathway.

(A)-(C) Presented data are means = SEM of at least thdspendent experiments,
each performed in triplicate.
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3.2.9 Analyzing QIC in radioligand competition binding assays

QIC silenced @Gq signaling in different cellular environments and should be
investigated whether QIC could interfere with thgomist binding. In a control
experiment it was tested whether QIC had an inflteeon the antagonist recognition of
the muscarinic M1 receptoFig. 44A). The results depict that QIC did not interfere
with antagonist recognition. Next, whole CHO-M1lselhere analyzed in radioligand
competition assays using carbachol as a ligaigl 44B). QIC did not impair carbachol
displacement of the radio-antagoni${]NMS. From these data one could conclude that
the inhibition of Gi-mediated signaling was not due to QIC interferewdd agonist

binding but with agonist function.

Due to the fact that the structure of QIC is quteilar to the structure of the well-
known selective G, inhibitor YM one could assume the same mode abactYM was
recently described as aagsspecific guanine nucleotide dissociation inhibi{@DI)
(Nishimura et al., 2010) in contrast to BIM-dimehigh allowed GDP dissociation but
prevented GTP entry (see chapter 3.1.8). Theref@l€, was analyzed in radioligand
binding studies with CHO-M1 cell membranes usifig]NMS as radio-antagonist to
distinguish between these two mode of actions. QHOmMembranes were labelled
with 0.2 nM PHJNMS and then increasing amounts of the M1 agorasbachol were
added. If QIC functions as GDI, it would disruptethigh-affinity agonist binding.
Figure 44C shows binding data generated in the presencelssahee of 1 uM QIC. In
the absence of QIC one could detect high-affinityding (51%) of carbachol to G
protein-coupled GPCRs and low-affinity binding tacoupled M1 receptors. If the cells
were treated with QIC 35% of the high-affinity sit@ere converted to low-affinity sites
(Tab. 3). Thus, QIC interferes with the high-affinity agstnbinding but still 33% of the
receptors remained in the high-affinity bindingctian. Based on these findings it is
likely that QIC has the same mode of action asas described for YM.
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Figure 44: Effect of QIC on carbachol recognition 6the muscarinic M1 receptor.

(A) CHO-M1 membranes were labelled with 0.2 nfHJNMS and homologous
competition experiments were conducted after anprdgation with 1 uM QIC (1 h).
pKD (w/0) = 9.45 £+ 0.07; pKD (QIC) = 9.52 + 0.08.

(B) CHO-ML1 cells were analyzed in whole cell radialgl competition assays using
carbachol as ligand. Displacement of the radiogonist FHINMS was insensitive to
QIC preincubation. pKD (w/0) = 3.61 £ 0.08; pKD @I= 3.50 + 0.23.

(C) Carbachol competed®H]]NMS sites with high and low affinity in membrane
preparations from CHO-M1 cells. If 1 uM QIC was geBt, 35 % of the high-affinity
sites were converted to the low-affinity sites.

(A)-(C) Data are means + SEM of three to six indepenegperiments, each conducted
at least in duplicates and were kindly providedRamona Schrage, Pharmacology and
Toxicology Section, Institute of Pharmacy, Univergf Bonn, Germany.

log (Ki) log (Ki)
Condition SEM SEM fraction SEM n
high low
w/o -6.04 0.16 -3.54 0.02 0.51 0.05 4
QIC1uM -5.85 0.24 -3.73 0.19 0.33 0.07 4

Table 3: Related toFigure 44. Binding affinities of carbachol to*fij]NMS-labelled
CHO-ML1 receptors as determined in membrane prapasain the absence or presence
of 1 uM QIC. Data were kindly provided by Ramonahi&ge, Pharmacology and
Toxicology Section, Institute of Pharmacy, Univergf Bonn, Germany.
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3.2.10Co-incubation of HEK293 cells with QIC and BIM-dimer

As depicted in chapter 3.2.9 QIC exhibited anothede of action as BIM-dimer. For
further modelling investigations it was of interegiether QIC and BIM could bind on
similar regions of the &, protein. Therefore, IP1 levels were determinediEK293
cells co-incubated with BIM-dimer and QIC in contations which alone were not
sufficient to silence @&, signaling but led to a rightward shift of the centration
response curve-{g. 45. Following scenarios were imaginable (1) QIC &ii-dimer
used similar binding regions interfering with easther, (2) they use different binding
regions resulting in a synergistic effect or (3)an additive mechanism. The results
show that co-incubation with BIM-dimer and QIC leda rightward shift in an additive
manner (addition of logEf shift of BIM-dimer and QIC alone amounted 0.898,
combination of BIM-dimer and QIC revealed a rightd/ahift of 0.839) indicating that
QIC and BIM-dimer probably do not share the sanrgetastructure within the &

protein.
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Figure 45: Inhibitory effects of BIM-dimer and QIC were additive.

HEK293 cells endogenously expressing muscarinicrét@ptors were pretreated with
BIM-dimer (30 uM: pEGp 4.95), QIC (10 nM: pES§s 4.77) or a combination of both
(PEGso 4.47) and IP1 accumulation was determined (w/cCspE.31). pEGo values
were shifted in an additive manner (Shifting of gkEalues, BIM-dimer: 0.36, QIC:
0.54, BIM-dimer + QIC: 0.84). Data shown were meanSEM of at least three
independent experiments, each conducted in triglica
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3.2.11Characterizing QIC red, a hydrogenated derivative ¢ QIC

As it was recently described for YM (Taniguchi &t 2004) the chemical structure of

QIC was modified to obtain semisynthetic hydrogeda®IC hereafter referred to as
QIC red Fig. 46).

R
|
07 “NH
/\\\/“N%/O
GH O Med
j H7| .1 7 H ‘,
S N -0 ‘,'
tll // '\li T N\

QIC red.

Figure 46: Chemical structure of hydrogenated QIC QIC red)
The structure was synthesized and purified by ABb&3el and Marion Schneider
Pharmaceutical Chemistry, Institute of Pharmacyyéisity of Bonn, Germany.

In a first approach the inhibitory activity of QI€d should be evaluated in comparison
to QIC by determining IP1 levels after preincubatwith increasing concentrations of
QIC or QIC red, respectively{g. 47). The inhibitory activity of QIC red was reduced
and the loglG, value was rightward shifted by about half a dec&@&C loglGs:
-6.58; QIC red log E&: -6.05) compared to QIC. The activity of the semibketic
analogues in Tangiuchi et al revealed great diffees within the two diastereomers,
one derivative showed nearly the same inhibitoryivitg as YM, but the other
diasteromer exhibited significantly less activi@ur semisynthetic derivative consisted
of a mixture of two diastereomers which could ekpleduced activity in comparison
to QIC.



94 Results

o
1

e QIC
QIC red

IP1 (% of 30 uM carbachol)
g
<

n
<

8 7 6 5 4
log M

Figure 47: Determining inhibitory activity of QIC r ed.

CHO cells stably transfected to express muscaiiilcreceptors were preincubated
with increasing concentrations QIC (gh®%.58 + 0.05) or QIC red (pHg 6.05 * 0.06),
stimulated with carbachol (30 uM) and IP1 accunmatatvas determined. QIC red
exhibited less activity to silenceogmediated signaling than QIC. Data shown are
means £ SEM of at least three independent expeteamen

With further experiments it should be analyzed \Wbetthe effect of QIC red was
selective for inhibition of @, proteins. Therefore IP1 and cAMP accumulation was
detected in the presence or absence of 5 uM QIC Regtreatment with QIC red
completely silenced IP1 production mediated vidlgtaxpressed M1 receptors in CHO
cells Fig. 48A) but cAMP production triggered via ogsensitive endogenously
expressed EP2/4 receptosg. 48B) or Gu;-sensitive endogenous serotonin receptors
(Fig. 480 in CHO cells was completely unaffected by prebation with QIC red.
Together, second-messenger assays revealed QlCageselective €-inhibitory

compound.
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Figure 48: QIC red selectively silenced @;-mediated signaling in CHO cells.

(A) CHO cells stably transfected to express M1 rewspwere pretreated with QIC red,
stimulated with carbachol and IP1 accumulation wetected. pEg (w/0) = 5.58 +
0.07

(B)-(C) cAMP levels were detected to analyze the infleeotQIC red on endogenous
Gas-coupled EP2/4 receptors (pgQw/o) = 6.44 £ 0.09; pE& (QIC red) = 6.03 £
0.14) B) and endogenousdiscoupled serotonin (5-HT) receptorS)( Both pathways
were insensitive to QIC red pretreatment.

(A)-(C) Presented data are means = SEM of at least thdependent experiments,
each performed in triplicate.

To explore structure-activity relationship of QI@daQIC red washing experiments
were performed. HEK293 cells were analyzed in afh #cumulation assay and
therefore preincubated with 1 uM QI€iq. 49A) or 5 uM QIC red Eig. 49B) for 1 h.
After the incubation cells were washed three tif@s5 min with PBS and then
stimulated with carbachol. In parallel the assays ywarformed without the washing
procedure to check for influences on the cellsh@ywashing process itself. As depicted
in Figure 49 the washing procedure had no effect on the coratgon response curve
in the absence of QIC or QIC red, respectivelyhdf cells were washed in the presence
of QIC or QIC red the inhibitory effect on thexgpathway was nearly unaltered. From
these results one could conclude that QIC did ntd#ract with the @, protein via
Michael addition which was also described for YMemwtly (Taniguchi et al., 2004). It
was imaginable that QIC inhibitory effect would ¢eused due to a Michael addition of
a nucleophilic residue in theogprotein (Taniguchi et al., 2004). This hypothesisld
not be confirmed because it was also impossibleetoove the inhibitory effect of
hydrogenated QIC with washing procedures althobhghchemical structure of QIC red
did not reveal structural conditions for Michaetanbn.
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Figure 49: QIC and QIC red inhibitory effect was sill detectable after washing
procedure. HEK293 cells endogenously expressing muscarinic i@ ptors were
preincubated with QIC (1 uM) or QIC red (5 uM) after that cells were washed three
times for 5 minutes with 750 pl PBS. Then cells evstimulated with the muscarinic
agonist carbachol in increasing concentrationslBidaccumulation was detected. As a
control IP1 accumulation was also determined withtbe washing procedure. p&C
(w/o) = 4.50 £ 0.12; pE& (w/o washed) = 4.82 + 0.08. Data shown are meaBEM

of at least three independent experiments, eadbrped in triplicate.
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3.2.12Screening of QIC-derivatives

The working group of Prof. Imhof (Pharmaceuticalke@fistry |, Institute of Pharmacy,
University of Bonn, Germany) synthesized compountisch resemble the chemical
structure of QIC. C-terminally amidated decapep@d®AP-vill (hereafter referred to as
CCAP) Fig. 50A), originally discovered in the marine cone st@ohus villepinii, was
originally synthesized for experiments for anotpeblication of their working group
(Miloslavina et al., 2010) but was still availat@lad should be tested because ring size
shows similarity to the chemical structure of QEK2 cyclo Fig. 50B) and EK2 linear
(Fig. 500 were synthesized on basis of recently publishethyX crystal structure
analysis of the @&By-YM complex (Nishimura et al., 2010). QIC-derivaiss were
synthesized to become independent from plant nahteoi identify the pharmacophore
and to get a possibility to develop specific intoby compounds for otherdssubunits.
Nishimura et al. identified aromatic phenyl groupYiM as an important structure
because this group can dock into a small hydroghpbcket and forms contacts with
residues from Switch | which stabilize Switch | itne inactive GDP-bound
conformation. It is important to know that eachn Gubunit preserves such an
interdomain cleft but with different surface shajp@sl properties which could be used
as basis for the development of specific inhibitarsother Gi subunits (Nishimura et
al., 2010)
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Figure 50: Chemical structures of QIC derivatives.The compounds were kindly

provided by

the working group of Prof. Imhof, Phacautical Chemistry |, Institute of

Pharmacy, University of Bonn, Germany.

All of the three synthesized QIC analogs exhibitaaomatic phenyl group and the

depsipeptide structure is lacking. The amino a@duence of EK2 linear and EK2

cyclo resembled QIC but were partially modified diee increased complexity of

peptide production. Their ability to silencei@mediated signaling was analyzed in IP1

accumulatio
(Fig. 51A),

n assays. Therefore CHO M1 cells weeenpubated for 2 h with CCAP

EK2 linear Fig. 51B) or EK2 cyclo Fig. 51C) in increasing

concentrations. Signaling viaogproteins was silenced after pretreatment with QUC

was completely unaffected by preincubation with GCAK?2 linear or EK2 cyclo,

respectively

. Based on these findings one coulctlode that structural similarities

were not sufficient enough to bluntigsignaling.
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Figure 51: Testing of QIC analogs in IP1 accumulatin assays.

(A)-(C) CHO cells stably transfected to express mus@Mil receptors were used to
screen CCAPA), EK2 linear B) or EK2 cyclo C) on their ability to silence &
signaling after preincubation for 2 h in IP1 acclamtion assays. Each substance was
tested in a concentration of 0.1, 0.3, 1, 3, 10ai® 100 uM. QIC (1 uM) was used as
positive control. @4-mediated signaling was insensitive to pretreatnveith CCAP,
EK2 linear or EK2 cyclo, respectively. Data are near SEM of at least three
independet experiments, each conducted in triglicBtita were generated by Tigisti
Beraki-Schauff as part of her Master’s thesis,itlitst for Pharmaceutical Biology,
University of Bonn, Germany.
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With further experiments it should be analyzed \WbhetEK2 linear and EK2 show
inhibitory effects on @; or Gus proteins. CAMP levels were determined in the prese

or absence of 100 uM EK2 linear or EK2 cycleig; 52 in CHO cells stably
transfected to express GPR17. It was possible wyze Gy and Gis signaling
simultaneously because by application of higher M®B51 concentrations stimulatory
signaling cascade predominated the inhibitory effezsulting in a bell-shaped
concentration response curve. This was a majorradga due to the fact that QIC
analogues were available in limited quantities. ®#ad already been used up in IP1
accumulation assays and could not be analyzed peraments determining cAMP
levels. As depicted irFigure 52 GPR17-mediated cAMP production was unaltered

after preincubation with EK2 linear or EK2 cyclo.

Together, signaling via €, Go; and Gis proteins was insensitive to pretreatment with
synthesized QIC analogs indicating that performeaghges in the chemical structure of
QIC destroyed its ability to silenceags proteins but also did not lead to inhibitory

effects on @; or Gos proteins.
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Figure 52: Testing of QIC analogs in cAMP accumulabn assays.

CHO cells stably transfected to express GPR17 weesl to test EK2 linear or EK2
cyclo on their ability to silence dor Gas signaling after preincubation for 2 h in cAMP
accumulation assays. Both compounds were testadconcentration of 100 uM.ds
and Gy-mediated signaling was insensitive to pretreatnveith EK2 linear or EK2
cyclo, respectively. For receptor expression CHRGP cells were treated with
1 pg/ml doxycycline for 16 h. Data are means = SBMeast three independent
experiments, each conducted in triplicate. Dataewgenerated by Tigisti Beraki-
Schauff as part of her Master’s thesis, InstitotePharmaceutical Biology, University
of Bonn, Germany.
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4 Discussion

4.1 Advantages of small molecule G protein inhibitors 8 SIRNA

Small molecule inhibitors like BIM and QIC represean important approach for
selective inhibition of @ subunits. The pharmacological manipulation of Gtgn
signaling with small molecules has many specifivaadages against knockdown
strategies such as small interfering RNA (siRNA) thee application in cell-based test
systems as well as for use as potential drugs @Metisal., 2007). Typically, small
molecules are able to cross cell membranes andftiner it is imaginable that they can
be used as orally active drug. In contrast to siRN&y can be easily applied in cell-
based assays without transfection procedures. Baséuis fact, small molecules show
a rapid onset of action while knockdown is typigalbserved 24-48 h after transfection
(Weiss et al., 2007). In case that small molectdeersibly bind to their target protein
the inhibitory effects can be rapidly removed whishnot possible after siRNA
application. Additionally, small molecules allowrfigming titration experiments and
therefore, one can use concentrations ranging fromplete inhibition to only slight
effects. This feature could be exploited for codination experiments described in
chapter 3.2.10. In this setting it was possiblextplore the inhibitory effect after a co-
incubation with BIM-dimer and QIC to find out wheththese two compounds interfere
with each other. To this end, it was of great iniace to work with concentrations
which cause only a rightward shift of the concemtraresponse curve but are not
sufficient for complete inhibition. The extent ohhibitory effects after SiRNA
application is likely to vary due to different tidaction efficiencies. It should be noted
that sSIRNA molecules can be obtained quickly whetea generation of selective small

molecule inhibitors can be a long-term process 6#/et al., 2007).

4.2 Context-dependent pharmacology of BIM
This thesis reveals an inhibition profile for thé&vBdimer ranging from selective dg

protein inhibition to pan-G protein inhibition incell-type-specific manner which is in
apparent contrast to the findings of Ayoub et Bhey recently described BIM-dimer
acting as a specific pan-G protein inhibitor inigas cancer cell lines and in COS7
cells (Ayoub et al., 2009). However, in the comnyonsed HEK293 and CHO cell
background BIM-dimer as well as the BIM-monomercsfieally silenced signaling via

Gag proteins but acted as a pan-G protein inhibitoC{DS7 cells and in the patient-
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derived melanoma MZ7 cells. Regarding the fact toaitext-dependent pharmacology
represents a well-described phenomenon which dan bk explained by differences in
the relative amount or stoichiometry of signalingmponents (Kenakin and
Christopoulos, 2013) the mechanistic link betweemsgivity toward BIM-dimer
inhibition and the level of expression of BIM targeroteins was investigated. In
HEK293 cells BIM-dimer functioned as specifiafanhibitor and it was hypothesized
that this effect could be caused by a lower expwassevel of Gy proteins in
comparison to @& and Gis proteins. Indeed, enrichment with increasing an®wrf
Gayg proteins led to a reduced inhibitory effect of BthMner on the Gy pathway. From
these data it was imaginable that differing endogsrexpression levels ofaGubunits
might contribute to the cell-type-dependent intubit profile of BIM-dimer. Many
recent publications suggest that G proteins cagraot with receptors before agonist
binding, an effect which is called precoupling oegssembly. One opposing model to
this is represented by the collision coupling maakich assumes that an agonist binds
to the free receptor, activates it and then thenistytoound receptor collides with free G
proteins as a result of free lateral diffusion witthe plasma membrane. The literature
gives accumulating evidence for both, collisionglmg and precoupling model (Qin et
al., 2011; Oldham & Hamm, 2008; Jakubik et al., POIThe precoupling model can
account for the rapid intracellular response of r@tgin-mediated signaling (Oldham
and Hamm, 2008). Therefore, it is imaginable thatohment of HEK cells with &,
leads to an increase in the number of preassemBRGR-Gq protein complexes. This
phenomenon is expected to increase the likelihbatidellular signaling via preformed
BIM-free Goq-GPCR complexes would be enhanced, because in xpgriments
receptor amounts were kept constant buy vels varied. Immunoblot detection of
endogenous expression levels af &ubunits of HEK293 and MZ7 cells revealed equal
amounts for the expression ofu{proteins which is compatible with the postulated
mechanistic link we observed as BIM-dimer was ablsilence Gq,-mediated signaling
in both cellular backgrounds. Significantly lowetpeession of Gs proteins in MZ7
cells additionally supports the hypothesis becanddEK293 cells Gs signaling was
unaffected by BIM-dimer preincubation. This candxplained by a higher expression
level of Gus subunits in a HEK293 cell background compared t@7Mcells.
Immunoblot quantification of & proteins revealed a higher expression level in MZ7
cells which is incompatible with the postulated byyesis. Taken together, different

expression levels of & subunits may serve as explanation approach fdtyqed-
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dependent pharmacology of BIM-dimer but are nofigeht to explain G4 selective
inhibition in some cells and pan-G protein inhiitiin other cellular backgrounds.
Pan-G protein inhibition represents an interestagproach for the treatment of
malignant diseases because GPCRs are describatcas players in tumor growth and
metastasis (Dorsam and Gutkind, 2007; Smrcka, 2®Pr8yost et al. recently described
monomeric BIM as a compound with promising antitunaativity (Prévost et. al.,
2006). Regarding the fact, that depending on tpe tf cancer different é&subunits
may be affected by mutations it is important to payticular attention to the cell-type-
dependent inhibitory profile. For exampleGnutations have been found in pancreatic
cancers or @ upregulation in ovarian and breast cancers (Kaale®010) while
mutations in @q or Gui; were found to be prevalent in certain types ofameimas
(Van Raamsdonk et al., 2009; Van Raamsdonk etOdlOR It is likely that additional
cell lines exist, in which BIM does not function apan-G protein inhibitor. Therefore,
it will be of great importance to determine theesélity profile of BIM for every
cellular background used.

It is noteworthy that Prévost et al. determined éméiproliferative activity of BIM-
monomer on HEK293 cells to have ansd@alue of 7.8 uM (Prévost et al., 2006). BIM-
monomer showed antiproliferative activity inspitetbe fact that this thesis revealed
monomeric BIM to preferentially silenceog proteins in HEK293 cells. This implies
that pan-G protein inhibition does not seem to &éeessary for antiproliferative activity
and indicates that inhibition of o proteins might be sufficient to achieve
antiproliferative activity, at least in this cebul background. With regard to the
application of small molecules as anticancer ageht&ould be of great benefit to
silence only as manydssubunits as necessary to reduce toxic and sideteffThe 16
value of BIM-monomer on cell growth is lower thaoncentrations needed to block
G protein-activated second-messenger accumulaRogév@st et al., 2006) which was
also confirmed in cell growth experiments performied MZ7 cells as described
previously (Schmitz et al., 2014). Inhibition ofllcgrowth by BIM-dimer reached its
maximum at 10 uM but a 10-fold increase of BIM cemication was required to silence
signaling via Gg, Gas and Gy proteins (Schmitz et al., 2014). This discrepacay be
explained by short (second-messenger assays, @réysslong (cell growth assays, 72
h) BIM preincubation times and/or abrogation ofalgl-stimulated signaling (second-
messenger assays) versus endogenous receptolirgigftall growth assays) (Prévost
et al., 2006; Schmitz et al, 2014).
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4.3 BIM-dimer functions as GTP entry inhibitor
Further studies identified BIM to completely preve® protein activation in

[**S]GTH/S binding assays independent if activation was iobta with a ligand-
occupied GPCR, either theaGmimetic FUB132, or the direct G protein activators
AlF, or mastoparan (Prévost et al., 2006; Ayoub eR8D9). These findings underline
a direct action of BIM on the é&protein but leave the question whether BIM pregent
GDP dissociation or GTP entry. Prior to investigas concerning the mode of action,
the influence of BIM on agonist recognition of timeuscarinic M1 receptor was
analyzed. BIM did not impair but rather enhancexdbaehol displacement of the radio-
antagonist HINMS confirming that agonist binding is unaffectedy BIM
pretreatment. It was possible to explore the mddection with the use of radioligand
binding assays in which one can visualize nuclessiénsitive binding states of GPCRs.
Agonist binding to GPCRs triggers GDP release fittwn Gu subunit and until GTP
binds, a high-affinity complex is formed betweer tleceptor and G protein (Oldham
and Hamm, 2008). These nucleotide-free G protdasilze the agonist-bound active
state of the receptor. They can only be visualineitie absence of guanine nucleotides
and are transient conformational intermediatestact cells where guanine nucleotides
are richly available (Rodbell et al., 1971, De Leaml., 1980, Seifert et al., 1999). This
phenomenon was used to study the mechanism offdréace of BIM for the
nucleotide-bound state ofoG The high-affinity binding can be disrupted witigtm
concentrations of guanine nucleotides such as Gligh concentrations of GTP force
to a rapid exchange of GDP for GTP and therefoeesthpty-pocket conformation is no
longer detectable. The high-affinity sites indutgathe empty-pocket conformation are
converted to low-affinity sites (De Lean et al.,809 Additionally, molecules which
stabilize GDP-bound & so called guanine nucleotide dissociation inbigit(GDIs)
would prohibit the empty-pocket conformation resgtin a similar loss of high-
affinity sites. Assuming that BIM would act as girennucleotide dissociation inhibitor
high-affinity agonist sites would have been corse@rito low-affinity sites after
preincubation with BIM-dimer. Inhibition of heteroher signaling can only be
achieved with compounds precluding nucleotide emgbaDue to the fact that in the
presence of BIM high-affinity agonist binding wasaffected it must consequently
allow GDP exit but prevent GTP entry. This postetamode of action is entirely new
and has not been described for any other smallaul@es proteiru subunit inhibitor to
date Fig. 51).
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Figure 53: Mechanism of action of BIM-dimer. Upon receptor stimulation,
conformational changes trigger the release of GDi#e. subsequent binding of GTP is
blocked because BIM-dimer trapsigdn the empty pocket conformation.

All previously developed small molecule aGsubunit inhibitors have common
mechanism of action. They bind to G proteirsubunits where they prevent intrinsic
and receptor-stimulated GDP release (Smrcka, 2@Rly the Gig-selective inhibitor
YM warrants a credible mechanism for inhibition GDP exit by virtue of the
mechanistic details available at the structuraéléXishiumura et al., 2010). A similar
mode of action has been described for suramin wraephesents a relatively specific
inhibitor of GDP release on thes@amily G proteina subunits, but the utility of
suramin in cell-based assays or as drug is limibedause it cannot cross cell
membranes due to its strong negative charge (Sm26ka; Hohenegger et al., 1998).
Further experiments investigating GDP dissociativom purified Guy proteins
confirmed the hypothesis that BIM-dimer permits Gt because GDP dissociation
remained uninfluenced by pretreatment with BIM-dime

Binding experiments in which membranes were préated with a combination of
BIM and GTP prove that BIM prevents GTP entry beseaBIM counteracts the effect
of GTP on the high-affinity agonist binding. Additially, it would be possible to check
this hypothesis by the use 6f$]GTP/S assays with purified &g proteins. This setting
could detect spontaneous G/BPbinding to @&q in the presence and absence of BIM
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and one would expect that BIM does not permit €3 Binding (Nishimura et al.,
2010).

This unigue mode of action also explains why canbabinding to whole CHO-M1
cells was enhanced in the presence of BIM, becaW3&P entry inhibitor prolongs the
lifetime of active-state complexes.

Additionally, this mechanism elucidates the facattiBIM-dimer was incapable of
completely preventing the opening of the nucleobateling pocket of activateddg-fy
proteins in the BRET assays. In this approach HEK&9Is were transfected to express
Gag-RLuc as energy donor together withyG5FP as energy acceptor. M3 receptor
activation resulted in a negative BRET which ilhages the separation of thex Gelical
domain from the N terminus ofyGThis process demonstrates opening of the nudieoti
binding pocket, enabling GDP dissociation followsdGTP entry (Galés et al., 2006;
Sauliere et al., 2012). Receptor antagonists dbiitains of G protein function acting as
GDls, for example pertussis toxin, were able to pletely prevent agonist-mediated
BRET decrease (Galés et al., 2006). In contrad¥] Bignificantly reduced agonist-
mediated BRET decrease but did not completely ateogpening of the nucleotide
binding pocket which indicates rearrangements betw&:. and G that allow GDP
exit.

Based on the results generated in HEK293 and CHI®) 8#M was identified as a -
specific GTP entry inhibitor in this cellular backgnd which represents a new and
unique molecular mechanism not yet assigned tooémsr small molecule &inhibitor

to date. The structure of BIM might be a suitaltétsrg point for development of more
potent, cell permeable and highly specific inhitstéor Gog and/or the remaining &
subfamilies. Furthermore, this new molecular medmancould be exploited to gain
deeper insight into the empty pocket conformatidnGa. proteins by the use of

cocrystallization experiments.

4.4 Mode of action and structure activity relationshipof QIC
The chemical structure of QIC shows high similatitythat of YM and features a

uniqgue amino acid composition, including the uncanmamino acid N-
methyldehydroalanine and the novel amino acid Njy@®ethylthreonine (Nesterov et
al., 2010). Several assays, ranging from secondenger assays to whole cell label-

free analyses, were performed in the commonly uB&K293 and CHO cell
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background which all revealed QIC as a selectiug einhibitor. Due to the fact that
BIM-dimer preferentially silencesdg proteins in HEK293 and CHO cells but functions
as pan-G protein inhibitor in the skin cancer ek MZ7 the inhibitory profile of QIC
was also analyzed in MZ7 cells. In contrast to BIMIC specifically silences @-
mediated signaling in MZ7 cells as well as in HEKda&CHO cells. For YM, complex
structural information is available which allows fine understanding of its mode of
action on an atomic level, providing a plausiblech@nism for inhibiting GDP release
(Nishimura et al., 2010; Smrcka, 2013). Becausethef high structural similarity
between QIC and YM it is likely that QIC silencesiGproteins according to a
mechanism that is identical to that of YM. Nesteebal. investigated QIC for its ability
to prevent GTP binding. Their experiments revedhlet QIC inhibited CCK-induced
GDP for GTP exchange (Nesterov et al., 2010). Ftbhese experiments it is not
possible to conclude whether GDP dissociation wiagkied or whether @& was
“frozen” in the high-affinity empty pocket confortman. To discriminate between these
possibilities, radioligand binding studies on CHQ-hembranes were performed in
the same way when tested with BIM. In the abserft®I€&, active-state ternary
complexes could be observed, but in the presen€d©f35% of them were converted
to low-affinity agonist sites indicating that Ql@terferes with GDP exit and thereby
decreases the high-affinity fraction. In bindingpekments performed in the presence
of 1 mM GTP 49% of the high-affinity sites were werted to low-affinity sites (see
chapter 3.1.8). Thus, in comparison to GTP, QICyqgpdrtially converts the high-
affinity sites to low-affinity sites. This fact deenot refute the hypothesis that QIC
might function as GDI but gives rise to the questichich could be the reason for the
different conversion rates observed upon GTP an@ Qietreatment, respectively.
According to the literature, muscarinic M1 recept@referentially activate &1
proteins but they can also couple viay&Eand Gis proteins (Offermanns et al., 1994;
Burford and Nahorski, 1996; Akam et al., 2001).0MR experiments, performed in
CHO-ML1 cells, a negative DMR response was deteetafier pretreatment with QIC
and stimulation with carbachol (see chapter 3.2d. #&2.2). This negative cell response
likely indicates the ability of the M1 receptorc¢ouple via G proteins. In the absence
of a Gug-inhibitory compound this signal is masked by thesipve Gis-mediated
wavelength shift. Therefore, it is imaginable tha remaining high-affinity fraction is
due to ternary complexes between M1 receptor am@d @ Gas proteins. In order to

check this hypothesis, one could repeat the expatisnwith membranes which are
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pretreated with PTX and QIC, CTX and QIC or a camhibn of PTX, CTX and QIC.
This setting would be useful to grasp the contrdubf Gaj, and Gis proteins to high
affinity agonist binding.

In order to substantiate the hypothesis that QI&tions as GDI, one could perform
[*H]GDP dissociation assays on purifiedrGoroteins. In this setting, a GDI would
prevent GDP dissociation and it would enable expipthe mode of action in isolated
Gayg proteins. Thus, confounding effects of other <aibunits can be excluded.

Based on the chemical structure of YM it is imagieathat the @q11 inhibitory
activity might be caused by Michael addition of acleophilic residue of the dgz1
protein to the N-methyldehydroalanine residue of MWMith this in mind, YM was
hydrogenated to provide two diastereomers whicheHast the structural requirement
for Michael addition (Taniguchi et al., 2004). Oofethe diastereomers showed almost
the same g value as YM, thereby negating the hypothesis Y\tinteracts with the
Gag1 protein by covalent Michael addition (Taniguchi &t, 2004). The other
diastereomer had significantly reduced activity athimight be explained by
conformational differences between both diasteresnihe conformation of YM and
the more active diastereomer were similar whileltss active diastereomer revealed a
different conformation (Taniguchi et al., 2004). the selective &, inhibitor QIC also
shows the N-methyldehydroalanine structure, it Wwadrogenated analogously to YM
to examine whether QIC interacts with the,Gorotein via Michael addition. The
resulting QIC red could not be further separated its two diastereomers because of
an insufficient yield of the chemical reaction. Flwould be an explanation for the fact
that the inhibitory activity of hydrogenated QIC sveeduced compared to QIC. The
mixture of the two diastereomers in comparison t€ @as analyzed concerning its
inhibitory effect after washing procedures followleglan IP1 accumulation assay. In a
first step it was investigated whether it is pokestb remove the inhibitory effect of QIC
by washing procedures. These experiments reveladédlC cannot be washed out and
the reason for this could be a covalent modificatim Michael addition. To verify this
hypothesis it was analyzed whether QIC red, whia$ lost the structural requirement
for Michael addition, was removable by washing paaes. Regarding the fact that it
was also impossible to remove the inhibitory effecQIC red, it must, consequently,
be concluded that QIC as well as YM interact with Gug11 protein without covalent

modification by Michael addition.
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4.5 Gag-selective inhibitors: an important tool to study Gprotein

signaling pathways and a promising approach for cacer treatment
Heterotrimeric G proteins are central to G protaupled receptor signal transduction,

and as such, are involved in nearly every physiotdgathway and organ system. Of
the four families of heterotrimeric G proteins, Ge;, family can be silenced with the
specific inhibitor PTX, which provides an enormdenefit as it allows the unraveling
of the contribution of @y, signaling to complex cellular responses. Until guécently,

no selective inhibitors were available for the remmay Go families with the exception
of YM, a cyclic depsipeptide isolated froG@nromobacterium sp. QS3666 and described
as selective tool to specifically silenceSignaling. It has the disadvantage that it is
not commercially available, and only accessibledoy few research laboratories. YM
binding to Gy is the only example of a small molecule-G proteamplex for which
structural information is available and therefoeipws understanding its mode of
action on an atomic level (Smrcka, 2013). X-raystay structure analysis revealed that
YM binds at the hydrophobic cleft between two idtanain linkers connecting the
GTPase and helical domains of thegsGrotein. Each @ subunit preserves such an
interdomain cleft, which is similar to that ofxgsbut displays unique surface shapes and
properties. This observation suggests that YM d¢itres could be developed for the
specific inhibition of each & subunit (Nishimura et al., 2010). Based on thé flaat
the chemical structure of QIC shows high similatibtythe chemical structure of YM
and additionally, an identical selective inhibitgoyofile, the structure of QIC could
similarly be exploited as a lead structure for deselopment of @ protein subfamily
selective inhibitors. The key benefit is that QIE accessible to research groups
worldwide and therefore, it could also be usedtagisg point for the generation of
semi-synthetic derivatives.

As only few cell permeable dGinhibitors are in existence, it is of great reles@ that
this thesis identified BIM-dimer as a selective;@hibitor in mammalian HEK293 and
CHO cells, two cell lines commonly used to examsgignaling of recombinant or
endogenous GPCRs. In these cellular backgroundd;dgher blocks Gg-mediated
signaling by exhibiting a unique mechanism, notdescribed for any small molecule
inhibitor of Gufy heterotrimers to date. Therefore, BIM moleculegld¢dserve as lead
structures for the development of inhibitors foe thther G proteir subunit family
members. It is of great advantage that BIM molexudan be manufactured through

chemical synthesis which prevents dependency ont platerial.
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An interesting potential application of G protemhibitors would be the treatment of
malignant diseases which are under the control cbraplex array of GPCR ligands
regulating multiple steps in the development ofraiy tumors and metastasis. (Dorsam
and Gutkind, 2007; Lappano and Maggiolini, 2011hefefore, manipulating one
receptor may not be sufficient for an effectiveatreent (Smrcka, 2013). Remarkably,
Prévost et al reported antiproliferative effect$liBK293 cells after a pretreatment with
BIM-monomer although this thesis revealed a prefegeor inhibition of G4 signaling.
Thus, it can be assumed that pan-G protein inbibitis not responsible for the
antiproliferative effects in a HEK293 backgroundi anhibition of Guq-mediated events
may be sufficient to cause these effects. Cell ¢gnoaxperiments in the patient derived
MZ7 cell line showed that BIM-dimer induced celladle, but in this cell line BIM-
dimer also dampened cellular signaling via,GGos and Gy pathways, which can be
referred to as pan-G protein inhibition (Schmitalkt 2014). Consequently, it would be
of great interest to investigate the effect of lactéeve Gug inhibitor on MZ7 cells in cell
growth experiments to decipher whether silencing @oteins would also be sufficient
for antiproliferative effects in this cell line. Timplement these experiments, it is of
high importance that a selectivei3@nhibitor such as QIC is available for research.
The literature describes a constitutively activerfaf Gaq which was found in ocular
melanoma of the uvea. This mutations affects théagiine at codon 209 (Q209) in the
GNAQ and GNAL11 gene (van Raamsdonk et al., 2018Ba3aki et al. investigated the
effect of YM on the active & mutant &,Q209L (Takasaki et al., 2004). In the Q209L
mutant glutamine is replaced by leucine. The glut@nat codon 209 lies within the ras-
like domain of GNAQ and is essential for GTP hygisid. As a consequence,
GagQ209L shows deficient GTPase activity (van Raamkdaral., 2009). Takasaki et
al. performed serum response element (SRE) luséegene reporter assays with YM.
They found out that YM had only a modest effect the constitutive activity of
GagQ209L. In a further experiment they co-transfeck##lK293 cells with G-I, a
minigene corresponding to the C-terminal peptidgusace of Gy which can
selectively inhibit the receptoreg interaction. Notably, the serum response factor
(SRF)-mediated gene transcription induced by Q268lld not be prevented by co-
transfection of the &-I minigene. Based on these findings they conclindé¢ Q209L
activation occurred independently of receptor station but was generated after
translation in cytoplasm in a receptor-independaanner. This could be explained
with a higher affinity for GTP than for GDP (Tak&sat al., 2004). In this context, it
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would be of great interest to explore the effectBt¥1 on this constitutively active
mutant. Due to the mode of action of BIM it would imaginable that the initial GTP
entry after translation could be blocked. In th@eyeeporter assays of Takasaki et al.
YM was added directly after transfection and theoubated for 18 h. It could be
difficult to perform such assays with BIM in HEK2%®lls because within this time
period cell-toxic effects can already be observéd. investigate whether BIM in
principle can prevent GTP entry into the const#aitiactive @,Q209L one could
perform [°S]GTP/S assays with purified &3Q209L proteins analogous to the
experiments suggested in chapter 4.3 (Nishimugh €2010). Since there is not yet any
inhibitor for the constitutive &,Q209L mutant available it would be a great bertefit

discover an inhibitor having this property.
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5 Summary

Selective silencing of & protein subfamilies by small molecules is of grealue to

explore the contribution of G protein signaling physiology and disease. It also
represents a new opportunity to treat diseased) asccancer, in which multiple
receptors are involved. Consequently, signaling t#rge number of receptors could be
silenced with a single tool. Only few small cellHpeable molecules acting as

Goa-selective inhibitors have been reported to date.

The present thesis classifies BIM-46187, previousported as pan-G protein inhibitor,
as a compound which preferentially silences,@ediated signaling in a cellular
context-dependent manner. In particular, BIM fumasi as selective dg inhibitor in
HEK and CHO cells but silencesug Go; and Gis proteins in the human skin cancer
cell line MZ7. Cell-context pharmacology might bepkined with differences in the
relative amount or stoichiometry of signaling coments. Gene dosing experiments
revealed a correlation between BIM inhibition andi,Gexpression. However,
immunoblot detection, which compared expressioeleof Gig, Gos and Gy proteins

in HEK and MZ7 cells, indicated that differentt@xpression levels cannot exclusively
account for cell-type-dependent pharmacology of BIMestigations concerning the
mode of action uncovered an entirely new molecaolachanism: BIM permits GDP
exit but precludes GTP entry thereby “freezing” e, protein in the empty pocket

conformation.

The second part of this thesis uncovers the cyldsipeptide FR900359 as a suitable
tool for selective silencing of &g/11 proteins. A great variety of assays, such as dalssi
second-messenger assays, BRET assays and labeairedeods, demonstrate the
selectivity of FR900359. Experiments in the commonlsed HEK and CHO
backgrounds, as well as in the human skin candelice MZ7, reveal its utility in
cell-based assays. FR900359 does not compromisasadpnding but interacts with
agonist function. Based on radioligand competitaperiments, it can be assumed that
FR900359 functions as a guanine-nucleotide disBonianhibitor as it impairs the
formation of the high-affinity agonist binding.
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6  Abbreviations

AC

ADP

ATP
BIM-dimer
BIM-monomer
bp

BRET
BSA
CAMP
cDNA

°C

CHO

CTX
CRTH2

DAG
DMEM
DMR
DMSO
DNA
E.coli
ECsc
EDTA
EP
ERK
FCS
FFA1
FFA2
FFA3
FRET
Fsk

g
G418
GDP
GEF

adenylyl cyclase

adenosine 5’-diphosphate
adenosine 5'-triphosphate
BIM-46187

BIM-46174

base pairs

bioluminescence resonance energy transfer
bovine serum albumin

cyclic adenosine monophosphate
complementary DNA

Celsius

chinese hamster ovary

cholera toxin

chemo attractant receptor homologous molezxjeessed on T-
helper type 2 cells

diacylglycerol

Dulbecco’s modified eagle medium
dynamic mass redistribution
dimethyl sulfoxid

deoxyribonucleic acid

Escherichia coli

concentration of half maximum effect
ethylene diamine tetraacetic acid
E-prostanoid receptor
extracellular-signal regulated kinase
fetal calf serum

free fatty acid receptor 1

free fatty acid receptor 2

free fatty acid receptor 3
fluorescence resonance energy transfer
forskolin

acceleration by gravity; gram
geneticin

guanosine’sliphosphate

guanine nucleotide exchange factor



114

Abbreviations

GFP
GPCR
G protein
GRK
GTP

h

HA
HBSS
HEK
HEPES
5-HT
HTRF
IBMX
ICs0

IP1

IP3
JNK

kb
LB-medium
I

log M
M
MAPK
MBRET
min

ml

ms

M1

M3

ul

nM

n

nm

nM
NMS
ns

green fluorescent protein

G protein-coupled receptor
guanine nucleotide-binding protein
G protein-coupled receptor kinases
guanosine'8riphosphate

hour(s), human

haemagglutinin

Hank’s balanced salt solution
human embryonic kidney

N-(2-Hydroxyethyl)piperazine-N-ethanesulfariacid

5-hydroxytryptamine, serotonin
homogeneous time resolved fluorescence
3-isobutyl-1-methylxanthine
concentration of half maximum inhibition
inositol 4-phosphate

inositol 1,3,4-triphosphate

c-Jun N-terminal kinase

kilo base(s)

Luria Bertani medium

liter

logarithm of molar concentration to base 10
molar concentration (mol/liter)
mitogen-activated protein kinase
miliBRET

minute(s)

milliliter

millisecond

muscarinic receptor 1

muscarinic receptor 3

microliter

micromolar

number

nanometer

nanomolar

N-methylscopolamine

non-significant
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N-terminus amino terminus

oD optical density

PKA protein kinase A

PKC protein kinase C

PLC phospholipase C

PBS phosphate buffered saline

PTX pertussis toxin

QIC FR900359

RhoA Ras homolog gene family, member A
RLuc Renilla luciferase

RNA ribonucleic acid

rpm rounds per minute

RPMI Roswell Park Memorial Institute
RT room temperature

sec second(s)

S second(s)

SEM standard error of mean

TE Tris EDTA

™ transmembrane

Tris Tris(hydroxymethyl)aminomethane
U unit

uv ultraviolet

Vv volt

w/o without

YM YM-254890
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8  Appendix

Chemical structures of BIM-dimer analogs teste@Ii#O-M1 cells (see chapter 3.1.14).
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