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Introduction

1. Introduction

1.1 Signal transduction

To ensure proper function of tissues and organkinvéin organism, cells must be able to
respond to signals, not only from their local eamiment but also from external sources
(Cooper, 2013). The transfer of these signals featernal sources to the cell interior leads to
triggering of a signal-specific cellular responbkattis referred to as signal transduction. In
general, an extracellular signal activates diffeiggnal transduction pathways with widely
varied mechanisms. However, the activation of tregeal transduction pathways rely on
cell surface receptors that are able to receivielemtify external signals. These cell surface
receptors are in turn activated by extracellulasseagers (known as first messengers) such
as light, heat, peptides, nucleotides and amindsagkrin et al., 2013). The receptor
activation by these first messengers subsequentlyases intracellular signaling cascades
that ultimately activate intracellular signaling lexules (known as second messengers)
(Alberts et al., 2012) including cyclic nucleotides like cyclidenosine monophosphate
(cCAMP), cyclic guanosine monophosphate (cGMP) aipitld like Phosphatidylinositol
bisphosphate (PH¥P and also ions like G& (Scott et al., 2000). Intracellular signal
transduction pathways are regulated by four immbrteceptors, i) G protein coupled
receptors ii) ligand-gated ion channel receptaydranscription factor receptors iv) enzyme-
linked receptors (Scodt al., 2000; Gompertst al., 2002). Since the focus of this work was
on GPCRs, the detail descriptions abBB®CRs are discussed below.

1.1.1 G protein coupled receptors (GPCRS)

GPCRs are also known asT®M (trans membrane) receptors. In signal transdactGPCRs
represent a major group of cell surface recepttastfzebskat al., 2006; Fredrikssost al.,
2003; Menzaghet al., 2002). The human genome encodes more than GOWRs, which
constitutes approximately 2% of the entire humamogee (Jianget al., 2006). The GPCRs
are implicated in a wide variety of diseases thaking these GPCRs as an important drug

target for in the pharmaceutical industry and klical areas (Vassilatigt al., 2003).

A wide variety of ligands binds to and activates GR8, including hormones and
neurotransmitters leading to diverse biologicapogses such as neurotransmission, cellular
metabolism, cellular differentiation, immune respes and so on ((Pierekal., 2002; Jacoby
etal., 2006).
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GPCRs are composed of a single peptide, usually5800but also up to 1400 amino acids.
The superfamily of GPCRs shares the similar archite of 7TMa helices, and this consists
of an extracellular aminterminal and an intracellular carboxy-terminal. h®n sequence
homology and functional similarities, GPCRs carfuméher divided into five major classes:
i) glutamate receptors ii) rhodopsin receptorsdihesion receptors iv) frizzled receptors v)
secretin receptors. However, the amino acid sequsinailarities between these families are
less than 20% (Lagerstroehal., 2008).

1.1.2 General mechanism of signal transduction thitggh GPCRs

When ligand or agonist binds to GPCR, the receistactivated. Upon receptor activation,
GTP replaces GDP on thesubunit of the G protein. Upon exchange of GDPGdiP, a
conformational change takes place in GPCRs, tladsldo dissociation of &3 from Go
(Fig.1). The dissociated subunits can activatemdistiownstream effector proteins, resulting
in a considerable amplification of the signal (Rdbet al., 2004) (Fig.2). Different variety of
effector molecules including adenylyl cyclase (A@hpspholipase C (PLC), protein kinases,
potassium and calcium channels are regulated dyO® the other hand variety of effectors
such as adenylyl cyclase, phospholipagé (BLC-$), phosphoinositide-Binase (PI3K) and
B-adrenergic receptor kinases are regulated py Gegulation of these effectors ultimately
lead to production of second messengers, such EEPc@Vattset al., 2005), cGMP, Ca
(Landry et al., 2006) and Inositol trisphosphate fiROhno-Shosakiet al., 2005), and
thereby control many biological and physiologicalsponses such as cellular immune

responses and neuronal transmission (Roleeals, 2004).
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Figure.1. Model for signal transduction by activatbn/inactivation of heterotrimeric G proteins
through GPCR. In the inactive state, theaGubunit is associated with GDP the GDP is boun@dto

(Ga-GDP). Upon receptor activation with agonist, tkeaptor undergoes a conformational change
and acts as a guanine nucleotide exchange fackf)(fr theo subunit, stimulating the exchange of
GDP for GTP. In active state, the GTP is bound t (Go-GTP). Upon binding of GTP, the
Ga subunit dissociates from thep&dimmer and these proteins are released from thepter.
Dissociated @ and @@y subunits then interact with a variety of effectoespectively to further
transmit the signals and initiate unique intradalwsignaling responses. Upon termination of the
signal, the @-GTPase activity hydrolyzes the bound GTR{GTP) to GDP and Pi and inactivates
the G protein complex by re-associating Bith GBy. In this state GDP is again bound ta (&o-
GDP) in G protein complex. RGS proteins can acagtethe deactivation by enhancing the GTPase
activity. Adapted and modified from (Worzfedtlal., 2008).

Some second messengers such as cCAMP, cGMP, aadelvater soluble and can diffuse to
some extent into the cytoplasm; whereas other skcomssengers such as DAG and
phosphatidylinositeB,4,5trisphosphate (PHP are water insoluble, which are membrane-
associated lipids and diffuse in the plasma men&(Rinee, 2001).

G proteins are important signal transducing molesin cells and they transmit signals from

outside the cell to the cell interior. G proteims activated by GPCRs and inactivated lwy G
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GTP accelerating proteins (GAPs) such as RGS (@éwygl of G protein signaling) proteins.
G proteins are composed by three distinct subunjtf- andy-, where3- and y- subunits
form an undissociable complex and represent a ifumat unit. Based on their G protein
coupling preference, GPCRs can be broadly-dassified into Gs Gi/o, Gg/1t and
G12/13coupled receptors (Piereeal., 2002). In this work @.. and Gis. coupled receptors
were used to study receptor-mediated changes inReABbme of these receptors are briefly

discussed below.

1.1.2.1 M-muscarinic receptor (Mx-R)

The muscarinic receptors are a subfamily of rhoohejise G protein coupled receptors.
Muscarinic receptors are classified into five splety (M.s). Based on their coupling to the G
proteins, the muscarinic receptor family is furticategorized into two classes., Mnd M,
receptors couple predominantly to P-E&nsitive G proteins leading to inhibition AC and
thus decreasing intracellular cAMP levels whichutessin reduced PKA activity. M M3, and
Ms receptors preferentially couple toq (proteins to activate phospholipase C (PLC).
Activation of Gug leads to an activation of phospholipas¢ (PLC-8), which then triggers
the breakdown of phosphatidyinositgb-bisphosphate (PHp to the second messengers
inositok1,4,5trisphosphate () and diacylglycerol (DAG). These receptors regulaimary
functions of the central and peripheral nervougesys(Gomezat al., 2001). The MR is
highly expressed in the heart and it is the mogioirtant subtype in cardiac tissues, where it
induces negative chronotropic, dromotropic and romt effects (Hulmeet al., 1990;
Caulfield et al., 1993). M-receptor knockout mice show a decrease in smoothkcleu
contraction and a decrease in body temperature \&ea., 2003). M-receptor agonists
including acetylcholine, carbachol, and pilocarpare primarily used in ophthalmology to
treat glaucoma (Zahet al. 2002). These agonists bind to,4R and regulate physiological
responses such as adenylate cyclase inhibition pothssium channel activation.
Acetylcholine is an important neurotransmitter ire tautonomic nervous system (Lee &
Higginbotham, 2005). The release of acetylcholmenf post vagal parasympathetic neurons
has inhibitory effects on heart rate and contriggtiiMurad et al., 1962; Loffelholz &
Pappano 1985; Hartzell, 1988). These inhibitorg@# can be attributed to inhibition of AC
activity and cAMP production by a mechanism involyiPTX-sensitive inhibitory G protein,
Gi (Hazeki & Ui, 1981; Endolet al., 1985). In addition to the direct inhibition of cAM

responses via inhibitory G proteins, a second lefelAMP regulation via Gproteins has



Introduction

been reported (Gilmour & Zips, 1985): In cardiacamytes, it was observed that muscarinic
receptor activation is facilitatef-adrenergic responses which immediately followed th
termination of vagal stimulation or suspension of-riglceptor agonist (Hollenberg al.,
1965; Levy, 1971; Burke & Calaresu, 1971; Gilmour z8s, 1985). This stimulatory
response can explain physiological phenomena swhpast-vagal tachycardia and
arrhythmogenic mechanisms (Wang & Lipsus, 1996)weier, the underlying mechanism
was not clear so far for this stimulatory effedhislissue was addressed in the present study.
In addition to G, GBy activation via the Mand M, mAChR in the heart leads to activation
of G protein coupled inward rectifying potassiunachels (GIRKSs) resulting in a decrease of
the heart rate (Wickmaret al., 1999)

1.1.2.2B,-adrenoceptor 2-AR)

Bo-adrenoceptor is a subtype®@hdrenoceptoii,-adrenoceptor couple tos@roteins leading
to activation of adenylyl cyclase activity and thosreasing intracellular cAMP levels. The
increase in CAMP leads to the stimulation of pmotkinase A (PKA), which then alters
cellular functions. The majority di-AR mediated signaling occurs viaagproteins and
subsequent cAMP-dependent mechanisms. Howeveg them evidence of other signaling
schemes including & activated MAPK pathway (Azat al., 2003). In this study>-AR is

used to activate €,

Bo-ARs are ubiquitously expressed in most tissues arel involved in a variety of
physiologically relevant functions in the human pggb-ARs are vastly distributed in muscle
tissue including smooth muscle and striated musdere they relaxes myometrsinooth
muscle in uterusi,-ARs also regulates cell metabolism in skeletal feu$z-ARs are also
expressed in the heart, where they increase (lesdent compared t@;-ARs) cardiac
contractility and heart rate (Uhlret al., 2010). The p,-ARs mediate vasodilation,
glycogenolysis and lipolysis in the immune systémthe brainf3,-ARs are vastly distributed
in different regions and regulate working memoryl aither brain functions (Wang al.,
2010). In addition 3, agonists induce bronchodilation in patients suffgrfrom chronic
obstructive pulmonary disease (COPD) and asthmbi &#&lacnee, 2004). Furthermor@,
agonists increase intraocular pressure in the Bgsed on the mechanism of actiofis,
agonists are divided into two types, short acting bong acting agonists. In this the study

short acting,-receptor agonist Iso proterenol is used.
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1.1.2.302a-adrenoceptor @za-AR)

Based on their primary structur@:-AR is sub divided into three main subtypesa(c). a.-
AR activate inhibitory G proteins ({3hereby inhibits adenylyl cyclases, resultingeduced

levels of intracellular cAMP and PKA activity.

aza-AR is highly expressed in both central nervous esystind peripheral tissues such as
kidney, lung, eye and skeletal muselgs-AR is also involved in the synaptic brain function,
where it controls the release of neurotransmiftidesn et al., 1999).0,4-AR plays prominent
roles in the cardiovascular system to regulatettrase, blood pressure sympathetic nervous
system and also regulate central nervous systentidms. In addition, adrenoceptor agonist
and antagonists are used clinically for many yearshe treatment of different diseases
including asthma, heart failure, hypertension argpression (Guytonet al., 2006).
Furthermore, activation af,-ARs causes platelet aggregation, and blood vessstriction.

In the spinal corda,-ARs have been shown to regulate nociceptive prougsdlood
pressure and spinal reflex (Yakathal., 1985). In pancreatic islet, activation@fAR leads

to inhibition of insulin release frorfi cells (Nakakiet al., 1980). Theuya-adrenoceptor is
activated byupa-ARs agonists including clonidine, norepinephrind apinephrine. The;a-

AR agonist clonidine is an antihypertensive druayyédrs blood pressure and used for the
treatment of hypertension (Engelman & Marsaa al., 2013). Epinephrine induces
aggregation of human platelets. In this stugg-AR agonist norepinephrine is used to

activateoya-adrenoceptor (Guytoet al., 2006).

1.1.3 G protein mediated signal transduction

G proteins are a family of proteins that are inedlun transferring signals from GPCRs to a
wide range of downstream effectors. G proteinsregelatory proteins that act as molecular
switches in signal transduction pathways and thegtrol a wide range of biological

processes. The classical G proteins are subdiwdedwo main classes.
1) High molecular weight G proteins or heterotrimé& proteins
2) Low molecular weight G proteins or Small GTPases

Since the focus of this work was on signaling tigtotheterotrimeric G proteins. These

heterotrimeric G proteins are discussed below.
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1.1.3.1 Heterotrimeric G proteins as signal mediats

Heterotrimeric guanine nucleotide-binding protesns also known as G proteins, which can
be activated by GPCRs. The heterotrimeric G prsetaire comprised of an- subunit, a3 -
subunit and & - subunit. The3 - andy - subunits are tightly assembled iftp- complexes
and act as a functional unit. Thet Gsubunit typically has a molecular weight of36 kDa,
GB - has a molecular weight of 35 kDa and @ - a molecular weight of -80 kDa
(NUrnberget al., 1995).

Iso ACh

activation inhibition

ATF’/\

PDE —— CAMP ——> HcN — K-

NN

PKA Epac
/ \ Caz* l/ \
ATP{mitochondria) (heart)
Cardiac hypertrophy
+ Inotropic Cardiovascular homeostasis
+Chronotropic

Figure 2: GPCR signaling pathway. Stimulation of a G protein coupled receptor (GPQR)a
hormone results in a conformational change and &ttevation of G proteins. G proteins are
heterotrimeric and upon stimulation, thesGubunit becomes activated by GDP/GTP exchange. G
subsequently dissociates from the regulatofy Gubunits (which can themselves activate other
signaling pathways) and activates adenylyl cyc(dse) to generate cyclic AMP (cCAMP) from ATP.
On the other hand & proteins inhibit AC and cAMP production. cCAMP cae hydrolyzed by
phosphodiesterase®DE). cAMP generation can then activate downstregffectors of the
pathway, such as protein kinase A (PKA), Epac dviBAgated ion channels (HCN) which can ellicit
a diverse range of cellular processes.

Upon ligand binding, GPCRs stimulate #ngubunit of a heterotrimeric G protein to release
GDP and to bind GTP in its place (Figure 1). In @EP-bound form, & dissociates from

GPBy subunits, even though some data indicate that dgeipr activation may also lead to
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subunit rearrangement rather than dissociation €Biamnet al., 2003). However, the
released and activatech@& TP and @y further interact with their target downstream effée
proteins, which then modulate a number of seconssergegenerating pathways (Evanko
et al., 2005; Wallet al., 1995; Forse, 2000).

1.1.3.1.1 &-subtypes and functions

Ga-subunits belong to a family of high molecular weigs proteins, having a molecular
weight of 3656 kDa. So far, 23 differentdssubunits have been identified (McCuddtial .,
2005). Based on downstream signalingy &ibunits can be further divided into 4 major
classes (@s, Goio, Gagri, and Guizig. The Grs family includes Gs and Gor. These
subunits stimulate the activity of adenylyl cycld8€) and cause an increase in intracellular
CAMP levels. Increased cAMP further activates PKA &pac (Rosst al., 1977). G is the
only subunit known to directly activate AC (Sutlzerdl et al., 1960; Rall, 1977). & is
widely expressed in most tissue types. However,issexpressed in olfactory neuroepithelial
cells, brain, and pancreas. In addition to ACs, atvannels such as atrial voltagated
sodium channels and dihydropyridisensitive calcium channels in skeletal muscle &e a
activated by @s (Sunaharaet al., 1997).There are different bacterial toxins afa# to
identify specific Gi-protein mediated signal transduction pathways, elmlera toxin (CTX)
and pertussis toxin (PTX). Cholera toxin is an eneyreleased byibrio cholera. CTX
catalyzes the transfer of ABibose to @&, which inhibits its intrinsic GTPase activity and
thus makes @& constitutively active, which causes persistenivatibn of adenylyl cyclase
(Merritt et al., 1995). (&g proteins are known to be activated by receptoch asp-AR,
Dopamine (R-R), etc.

PTX, the pathogenic toxin ddordetella pertussis, induces ADFribosylation of Gt subunits

of the G, family except @,. Go; thereby sequesterspésubunits, and fails to inhibit AC
with a resulting increase in intracellular cCAMP (ifgaet al., 2005). The @ protein family is
sensitive to PTX (Wt al., 2005). The @i, protein family consists of &, Go,, Goz, Goy

and Gust The Gy proteins are further divided into three main spbs Gy, Goiz and Guis.
Almost all Gu; subunits inhibit adenylyl cyclase activity (ACs$hus promoting decreased
intracellular cAMP. On the other handgGsubunits activate phosphodiesterases (PDES).
Activation of Gu; leads to increased hydrolysis of cGMP, and adtmabf Gys: causes
hydrolysis of CAMP.
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Table 1: Classification and functional properties & Ga-subunit (NUrnberg, 2004)

Family Subtype  Tissue distribution Effectors Receptors(examples)
G(Xs(s),s(l? UbICIUItOUS /]\AC B]_/BZ'AR, D]_'R
Gs A2-R etc.
Goloif olfactory epithelium, AC V-R, odorant-R
brain and pancreas
Gaix mostly neurons 4 AC1,5,6 (NGIRK®, MPLCBP) a2-AR, Mo/M4-R
Gz ubiquitous LAC1,5,6 (NGIRK®, MPLCEY,APIZKY) AR, Mo/M,-R
Gais mostly non-neuronal | Ac1 5,6 (FGIRK®, MPLCR°, MPI3K®?) DR, AL-R, j-OR
C
G Gaor23 neurons JAC? MVDCC? | GIRK® | PLCB?) LPA-R, SSTR
Gagy retinal rods L cGMP-PDE Rhodopsin
Goiy(e) retinal cones A cGMP-PDE
Gogust taste cells APDE
Go, neurons, endocrine,  Aac1 AC 5(MGIRK?, |, VDCCP) AT II-R, ET-R
platelets
ubiquitous
Goq _ APLC4$, Rho-GEF M1/M3-R, Vi-R
G widely
011
. PLC -R
Gy testis and TPLCH Ry
Gaas hematopoietic MPLCH
Goggd cellshematopoietic
cells and tissues TPLCH
Gaaz ubiquitous M Rho-GEF,| Btk, TGap1", cadherin TXAR, LPA-R
G2 Ga
13 ubiquitous I Rho-GEF, radixin
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Table 1: Classification and functional properties & Ga-subunit. Abbreviations for the text used
in the table.a/B-AR= adrenergic receptors; = vasopressin receptorsyB dopamine receptors;
A= adenosine receptors;;MR= muscarinic receptors; SSTR= somatostatin recgpii-R= opioid
receptors; TR= taste receptors; LPA-R= lysophosgicacid receptors; AT II-R= angiotensin Il
receptors; BR= bradykinin receptors;,& purinergic receptors; TxAR= thromboxane receptors. a:
(s) and (l) indicate short and long splice variaft&os b: Regulation of effector presumably depends
on direct interaction with @-dimers resulted from PTXensitive G protein. c: €&; corresponds to
deamidated @o;, representing 30% of totalo@ in brain. d: @5 and Gy are the mouse and human
homologues of GNA15 gene product, respectivel8timulation:| inhibition; AC: adenylyl cyclase,
Btk: Bruton’s tyrosine kinase, cGMP-PDE: cGMP-phusgliesterase, Gaplm: Ras GTPase-
activating protein, GIRK: @rotein-regulated inward rectifier'’kchannel, PLG3: phopholipase G,
PI3K: phosphatidylinositol-3-kinase, Rho-GEF: gurenhucleotide exchange factor of the monomeric
GTPaase Rho, VDCC: voltage-dependent-€annel. Table was adapted and modified from Claus
et al., 2000; Nurnberg, 2004.

Gai, and Gujz proteins are very closely related. Adenylyl cyelmsire stimulated directly by
forskolin, and these stimulatory effects can behitdd by Guj,. Similar to Guip, Gays also
inhibits Gug-stimulated AC activity (Obadiakt al., 1999). Other @ subunits such asdz
and Gy, proteins also have an inhibitory effect on ACsrtkermore, @& and G, are
associated with @ proteins which then regulate G protgiated inwardly rectifying K
(GIRK) channels. @ represents the dssubunit of transducin which can be activated by
visual receptor rhodopsin. On the other hand; (S defined as the subunit of gustducin.
Go; and Gy, proteins are predominantly expressed in the bmaoh heart, whereasotand
Ga, proteins have restricted tissue distribution bot @ediates the light response in retinas
and Gx; proteins are involved in calcium mobilization (Letial., 2003. Ga; proteins are

known to to be activated receptors such asRy,-ARS.

The Gog proteins are widely expressed. The,@rotein family consists of &, Gaii1, Gaa,
Gays and Gy subtypes. @q activate phospholipase £ (PLCB), which generates second
massagers such as diacylglycerol (DAG) and inogiw)5trisphosphate (Ins(1,4,5P(1Ps).
PLCB, is an enzyme that catalyzes the hydrolysis of ptesphatidylinositol(4,5)
bisphosphat¢P1(4,5)R) (Pavanet al., 2007; Rheeet al., 2000). Activated DAG stimulates
protein kinase C (PKC), while the other second mmgsr IR triggers intracellular Ca
release by activation of receptors in the endoplaseticulum (ERYMacrezLepretreet al.,
1997). Furthermore, Bruton’s tyrosine kinase (B&glso activated by & bothin vivo and

10
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invitro (Jinget al., 1998). The @y proteins are known to be activated by receptoch sis

muscarinic receptors (IMM3; and Ms-R) and Histamine receptors {#R).

The last family ofx subunits of G protein is dz,. This family was not well characterized and
also has relatively low sequence homology to tiemheterotrimeric G proteins. Then(
family is comprised of @, and Gxy3 (Strathmanret al., 1991). Gy, proteins do not interact
with ACs, but mainly activate the small G proteihd® and its downstream effectors, which
further affects cellular morphology including cetligration and invasion (Kristellgt al.,
2004). The @;, family is widely expressed and can induce differgignaling pathways,
which lead to activation of downstream effectorshsas phospholipase C, phospholipase D
or MAP kinase activation (Buhét al., 1995; Gohlat al., 1999; Cvejicet al., 2000). It has
been shown that &3,/13 interacts with various other proteins like Btk,sRaTPasectivating
protein (Gaplm) and cadherin (Meigsal., 2002). It has been also reported that extraeellu

signatregulated activated kinase (ERK) is activated hy;&proteins.

1.1.3.1.2 @y-subtypes and functions

GPBy is an integral part of heterotrimeric G protei@fy is a tightly complexed dimeric
protein consisting of one {5 and one @ subunit. Five G (1-5) and twelve @ (1-12)
subunits have been identified, which are expregsédimans. ;.4 subunits share between
80 and 90% amino acid sequence homology while #iows G- isoforms are much less
conserved. @y-dimers bind directly to GPCRs and enhance the bgdif Gu-subunit to
GPCRs. @y proteins preferentially bind certain receptors aativate specific signaling
pathways (McCuddemt al., 2005). In addition, current evidence indicatleatt@y is a
possible therapeutic drug target in several diseas®duding heart failure, inflammation and
leukemia (Linet al., 2011; Runnet al., 2013; Williamset al., 2004).
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Table 2: Py-mediated regulated effectors (Nrnberg, 2004)

Effector (PBy response

AC1,AC3,AC5,AC6, ACS8

AC 22, AC £ AC T

G protein regulated inward rectifier Khannels (GIRK1-4)
G-protein coupled receptor kinase (GRK2,3)
Phosphatidylinositol-3-kinasgy (PI13K-8°,-y)
Phospholipase $1-3

Phospholipase A

RAF 1 Protein kinase

Bruton’s-tyrosine kinase (Btk)
Interleukin-2(IL-2)-inducible tyrosine kinase (TSK)
T-type voltage dependent €zhannels

N-type calcium channels

—> — > > > > > > — > > > <

Tsk tyrosine kinase

Table 2: Py-mediated regulated effectorsa: AC activity is super activated bypgonly if co-
activated by Gg. b: Stimulation has been demonstrated under o enditions only. P140Ras-GEF:
guanine-nucleotide exchange factor of the Ras G3,HRe&f-1: member of the ras subfamily of serine
protein kinases:: stimulation, J.: inhibition. Table was adopted and modified froniirhberg,
2004).

The By-dimers do not only act as an anchor fos Gubunits to form the functional
heterotrimer; they also possess regulatory funstiofhe most significanpy-mediated
regulation is on ACs. The effect offfs on adenylyl cyclases is dependent on the type of
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ACs. Some of them are activated, and others aiibiiati by @By Of all mammalian ACs,
only AC2 and AC7 isoforms are activated bgy&imers. Upon activation of ACs, 3§
stimulates cAMP via activatedogcoupled receptors (Gaab al., 1991; Tanget al., 1991).
On the other hand AC1, 3 and AC6 are inhibited Iy @imers, thereby inhibiting cCAMP
production (Dielet al., 2006; Steineet al., 2006).

However, there are some contradictory reports alloeit @By regulation of AC5. Some
reports stated that AC5 was inhibited bgyGSmrckaet al., 2008; Pavart al., 2009) via
activation of (&g or activation of @; (Gaoet al., 2007), while others reported that AC5 is
conditionally stimulated by & (Sadanaet al., 2009). Most of the f®-effectors are

regulated by @Gi-mediated subunits.

In addition, the G;-mediated @y dimer activates or inhibits many other effectamsjuding
GIRK channel and Nype C&" channels (Liet al, 1999). Furthermore, the G protein
signaling effectors PLE and mitogen-activated protein kinase8 XERK1/2) are directly
regulated by @y resulting in activation of PKC through 4dPPKC activation leads to
stimulation of AC5 (Watsonet al., 1994; Wu et al., 1993). Some classes of
phosphatidylinositol 3-kinases such as PI&ikd PI3K3 are directly activated by [fz-dimers
(Maier et al., 2000). Mitogeractivated protein kinases are also activated py(@amauchi
etal., 1999).

1.1.4. The main effector systems of GPCRs signaling

Binding of the ligand to a GPCR activates hetemw¢ric G proteins thereby activating
specific isoforms (ACs), multiple second messendgefdVP, cGMP and 1B, and second
messenger-derived mediators (PKA, Epac, PKC, PIBE and C%).

1.1.4.1 Adenylyl cyclases (ACs)

Adenylyl cyclases (ACs) are a family of enzymes chhare regulated by GPCRs. ACs are
important effectors for GPCRs, and are mainly raspme for cCAMP synthesis. These
enzymes play an important role in various celld@nal transduction processes, including
cardiac contraction, smooth muscle relaxation amuinbne secretion (Seamenal., 1981;
Coppeet al., 1978). In mammals, AC isozymes are central angortant components of
signal transduction pathways and these isozymesmreeded by at least ten independent
genes (AC 1-10). Most of the AC isoforms are exgedsat a limited number in tissues and

are highly expressed in brain. AC2, 3, 4, 5, 6 &©B are highly expressed in heart
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(Feinsteinet al., 1991; Bakalyaret al., 1990; Gaoet al., 1991; Ishikawaet al., 1992;
Yoshimuraet al., 1992), whereas ACL1 is expressed only in adrglaadd (Krupinskiet al.,
1989) and ACY7 is expressed in platelets (Krupimslal., 1992). AC10 is expressed in testis
(Buck et al., 1999). Among the ten AC isoforms, nine of them mrembranéoound, and
these are closely related. The type 10AC isoforecoédes a soluble isoform also referred as
SAC (Gancedeet al., 2013). The nine membrane-bound AC isoforms argled into five
distinct categories based on their amino acid sempusimilarity and regulatory properties.
Group one consists of €&CaM-stimulated AC forms such as AC1, 3 and AC&ugrtwo
consists of @y-stimulated AC isoforms such as AC2, 4 and 7; grtiuge consists of
Gi/C&"- inhibited AC isoforms including AC5 and AC6. Grofqur is the most divergent of
the membrandound family and consists of forskolinsensitive AC9 (Sosunaat al., 2001).
AC10 isoform is found in cyanobacteria and alsenammalian cells (Fraset al., 2005).
Adenylyl cyclases are also regulated by free matabk, PRsite inhibitors and protein

phosphorylation (Cooper, 2003).

1.1.4.1.1 Adenylyl cyclase structure

Adenylyl cyclases are large integral membrane giyoteins having molecular weights of
approximately 119 to 175 kDa. All nine mammaliaansmembrane ACs share a common
structure that consists of two cytoplasmic domg@$ and C2) and two transmembrane
domains (M1 and M2) each containing six membrarasmga- helices.The C1 and C2
regions can be subdivided further into catalytiondons Cla and C1b and regulatory
domains C2a and C2b. The catalytic subdomains @d&ab are most conserved and highly
homologous to each other to form a functional ufiie C1 and C2 domains have 230 amino
acid regions (Tangt al., 1991; Linderet al., 2006). The Cland C2b regions resemble each
other in each adenylyl cyclase (roughly 50% simélad 25% identical) (Taneg al., 1995).
The Cla and C2a domains contribute to ATP bindMgmbrane bound AC isoforms are
regulated by G protein & and @y- subunits, forskolin, substrate inhibitors anesite
inhibitors (Cooper, 2003).
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Table 3: Regulation of mammalian adenylyl cyclase@lanouneet al., 2001)

Introduction

AC isoforms® | Gas Go; GBy |Forskolin | Ca’*/CaM |Protein Putative
Kinases function
AC1 N Jcacam- | ¢ D D MPKC(week) | Learning
stimulated _ memory,syn
J CaM kinaseaptic
Y, plasicity
AC2 T g 0 MPKC
AC3 ™ J J ™ ™ (invitro) | MPKC olfaction
AC4 T T T TMPKC
ACS T N2 T N2 JPKA
T™PKC
AC6 T N2 T N2 JLPKC, PKA
AC7 ™ ™ ™ JPKC Drug
dependency
AC8 T~ Jlcgt 2~ J S>PKC Learning
memory
AC9" N N 5
J-calcinurin
SAC’ > > > Sperm
capacitation

Table 3. Regulation of mammalian adenylyl cyclases* positive regulatory responség; negative

regulatory responses> no regulatory response. a: all isoforms except sAibited by Psite

inhibitors. b: inhibited by calcineurin. c¢: stimtéal by bicarbonate. Adapted and modified from
(Hanounest al., 2001; Sunahare al., 2002).
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The full length sAC molecular weight is approximutd87 kDa. The isoform contains
tandem catalytic C1 and C2 domains (Betkl., 1999). The catalytic core is highly similar
to that of transmembrane ACs. The sAC is stimulabgd calcium and bicarbonate.
Importantly, SAC is not known to be regulated byehetrimeric G proteins (Ched al.,
2000; Jaiswatt al., 2003).

1.1.4.2 Regulation of adenylyl cyclases
1.1.4.2.1 Regulation of adenylyl cyclases by freeetal ions.

ACs requires the binding of metal ions for catalyctivity (Dessauegt al., 1997). Some of
the mammalian adenylyl cyclases are activated bg fnetal ions, including magnesium
(Mg?"). Previously it was reported that AC5 and AC6 phgsiologically inhibited by free
Cd&* (Scholich et al., 1997). However, the precise pharmacological rimmion of
manganese (Md) in comparison to Mif on AC is still unknown.

1.1.4.2.2 Regulation of adenylyl cyclases by P-siténibitors

Most of the P-site inhibitors are monophosphatesd @present physilogicol regulators of
ACs. Rsite inhibitors are analogs of AMP. The AMP dirgddinds to an inhibitory site on
adenylate cyclase. P-site inhibitors such as dewmgnosine phosphate, adenine and AMP
which inhibit AC activity. Recently it was reportéitat AMP was accumulated by metformin
therby inhibits adenylyl cyclases (Madiragtial., 2014). Metformin is an antidiabetic drug
which is known to activate AMP activated proteimase (AMPK). Previously it was
reported that AC1, 3, 5, 7 and 8 are inhibited bgite inhibitors such as adenine and 9
(tetrhydro2-furyl)-adenine, and there is no effect on other A@shnsonet al., 1997;
Sunaharat al., 2002)

1.1.4.2.3 Regulation of adenylyl cyclases by forslko

Forskolin is a cAMP activator and potentially aetes all isoforms of mammalian
membrane-bound ACs except AC 9 and sAC becauseS#ra> Ala and a Leu— Tyr
change in the binding pocket (Permenél., 1996; lyengar, 1993). Forskolin binds to the C1
and C2 heterodimers and then activates AC (Testar, 1997). The interaction between
AC and forskolin is predominantly by hydrophobideractions and hydrogen bonds. The
stimulation of cAMPRproduction by forskolin is likely to involve direetctivation of adenylyl
cyclase and facilitation and/or enhancement of peremediated activation of AC.
Stimulation by forskolin directly activates AC2, ACAC5, AC6 and AC7 with G
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mediated ceactivation whereas, stimulation by forskolin actesa AC1, AC3, and AC7 in
cooperation with C4-CaM (Tanget al., 1991; Insekt al., 2003).

1.1.4.2.4 Regulation of adenylyl cyclases byoe&subunits

The mammalian AC activation occurs primarily througceptors coupled to the stimulatory
G protein Gis. All mammalian ACs (except AC10) are predominattyivated by GTR>as.

In addition to (s, Gagr also stimulates AC (Jones al., 1989). Crystallographic studies
suggest that the interaction betweeas@nd AC occurs through amhelix that is highly
mobile throughout the GTPase cycle of G proteinsldiffannet al., 2002). The primary
binding site for &5 on AC is located on the C2 domain where it is fednby then2’ anda3’
helices. The Nerminal portion of the catalytic domain C1 alsoibutes to &g binding
(Tesmeret al., 1997).

The inhibitory G protein family @1, Gaio, Gais, Ga, and G, selectively inhibit ACS5 and
ACG6 (Taussiget al., 1994).However,Go; does not compete withogfor the binding to the
enzymes because the forskedtimulated activity is also inhibited (Wittpott al., 1999).
Instead, structural modeling and mutagenesis exgeris suggest a binding site fo;G
which is located in the crevice formed b anda3 of C1, symmetrically opposite of the
binding site of Gs (Dessauert al., 1998). In addition, the f&rminus of AC5 directly
interacts with the C1 domain which has been impilenan the G-mediated inhibition as
well Gags-mediated activation of AC5. Furthermore, the calolmdactivated AC1 is
inhibited by Gy proteins. However, forskolistimulated ACL1 is only partially inhibited by
Ga; (Taussiget al., 1994). Furthermore, &g inhibits AC1 and ACS8, although it is not as
potent as other &-subunits on AC5 and AC6 (Evankbal., 2005). However, all other ACs

are not sensitive to &.

1.1.4.2.5 Regulation of adenylyl cyclases byfi¢g-dimers

Adenylyl cyclases are conditionally regulated byehetrimeric G proteiry-subunits. @y-
subunits may show stimulatory effects on ACs, ashi case of AC2, AC4 and AC7, or
inhibitory effects on ACs, as in the case of ACT3 and ACS8. @By potently stimulates the
AC activity of AC2, AC4, and AC7 but only in thegsence of @ suggesting that &
enhances the capacity ofig3o activate AC (Sunahaghal., 2002). In the C2 domain, amino
acids 956 to 982 of AC2 have been mapped as thmttton site for Gy-subunits and &
GDP. Despite the high degree of sequence consanvatnong AC catalytic domains, this
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sequence is not found in other AC isoforms not netédd by By. However, when @y is
released upon activation oliGecoupled receptors, {3 neutralizes AC1 and ACS8 stimulation
by Gos in some cell lines. However, thegfsdimers are negative regulators of AC1 and AC8
and can significantly inhibit effects of forskoliGps and Ca"/CaM on AC activity. The AC2
family is stimulated conditionally by . Gy potentiates @s-stimulated activity of AC4
and AC7 by up to 5to 10fold (Bayewitchet al., 1998). However, this activity was observed
only in the presence ofds and there is no AC potentiating effect dbyGalone (Tanget al.,
1991; Tausiget al., 1995; Sadanet al., 2009). In addition, it has been reported presiipu
that @y overexpression has a tendency to lower cAMP lewetsells expressing AC5 or 6
(Bayewitch MLet al., 1998).

1.1.4.2.6 Regulation of adenylyl cyclases by &&Calmodulin

ca*'CaM are key regulators of group | ACs.?G&aM activate isoforms of AC1 and ACS.
The binding sites for calmodulin have been idesdifin the C1b of AC1 and C2b of ACS.
Calmodulin conditionally stimulates AC3 via calcitdapendent calmodulin kinase Il and
calcineurin/PP2B (Tangt al., 1991). However, this AC3 stimulation occurs oinythe
presence of @ or forskolin (Choiet al., 1992). Furthermore, the €&CaM-stimulated
phosphoprotei#phosphatase calcineurin has an inhibitory effectA@® via an unknown
protein kinase (Patersaa al., 2000). In addition, almost all AC isoforms amibited by
non-physiological (high) concentrations (millimdlaof C&£* whereas (micromolar) Ga
concentrations inhibit AC5 and AC6 enzyme actiyBakeret al., 1998; Caliet al., 1994). In
addition, CaM kinase 2 inhibited AC3 by phosphatiyig it at Serl076 (Weijet al., 1996).

1.1.4.2.7 Regulation of adenylyl cyclases by protekinases and other proteins

There are different protein kinases and proteinschvidirectly regulate ACs, including
protein kinase A or CProtein kinase A negatively regulates AC5 anddiivities by
phosphorylation of these isoforms (lwastial., 1995). On the other hand, PKC regulates
ACs either by inhibition or stimulation. AC2 and BGre activated by PKC, whereas AC4
and ACG6 are inhibited by PKC. Interestingly, PKG lugpposite effects on theuGstimulated
AC2 (enhanced by PKC) and AC4 (inhibited by PKQ)eBtimulatory effect of & on AC2
and AC4 is lost by PKC phosphorylation (Kawadeal., 1994). However, AC9 is inhibited
by PKC (Cumbayet al., 2004). PIR (product of PI3-K) activated atypical PKC isoform
(PKCXY) can also stimulate AC5/6 (Nguyehal., 2005). Additional kinases, such as tyrosine
kinases indirectly stimulate AC5 activity by phospflation of Gus (Poppletoret al., 1996).
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Furthermore, AC3 is inhibited by CaM kinase Il (\\&ial., 1996). Additionally, some other
G proteins also regulate ACs (specifically AC3)liing RGS proteins. However, a direct
association between RGS proteins and AC3 has soofdbeen demonstrated. Furthermore,
nitric oxide also may inhibit AC5 and AC6 (Hét al., 2000).

1.1.5 Cyclic nucleotide signaling

The cyclic nucleotides (CAMP and cGMP) are ideatlfias important intracellular signal
transduction molecules, acting as second messebhgésgen extracellular signal such as a
hormone or neurotransmitter and the elicited imHatar response. Cyclic nucleotide
signaling is a key regulator of many cellular pssrs such as cell migration, proliferation,
growth and apoptosis.

1.1.5.1 Cyclic adenosine monophosphate (CAMP)

CAMP is a ubiquitous intracellular second messengbich transmits signaling information
from receptors to many different effector protewithin the cells. cCAMP was first discovered
in 1957 as a intracellular mediator of the glycaggtic action of epinephrine and glucagon
in the liver (Sutherland, 1960). Intracellular cAN#¥els are not only regulated by AC but
also cAMP specific phosphodiesterases (PDEs), wtiedirade intracellular cAMP (Omori,
2007). cAMP can elicited a wide range of cellulaogesses including cell differentiation,
proliferation, neurotransmission, and transcrip{igiouslayet al., 1997). The transduction of
intracellular cAMP into a cellular response can dmhieved by several cAMP effectors
proteins (Beavet al., 2002).

1.1.5.2 cAMP effectors

There are several different CAMP effectors in cABIBnal transduction, including cyclic-
dependent protein kinase (PKA), cAMIpendent guanine nucleotide exchange factor
(cAMP-GEFs) or exchange protein directly activated by ¢A{#pac) and cAMP nucleotide
gated ion channels (CNG) such as hyperpolarizeticcyacleotide gated channel (HCN).

The detail description of these effectors discussdaw.

1.1.5.2.1 Protein kinase A (PKA)

PKA is an important cAMP effector in GPCR signaliffitne majority of CAMP downstream
signaling effects are occurring through PKA (Task&nAandahl et al., 2004). cAMP
activated PKA is one of the major mechanisms byctaellular events are controlled. PKA

is a heterotetramer, which is composed by two gitalC) subunits and two regulatory (R)
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subunits. Each subunit has multiple isoforms wittegulatory (Rd, RIB Rlla and RIB) and

3 catalytic (@, CB, Cy) subunits. The catalytic subunit contains a donttzat binds ATP and
one which binds the regulatory subunit. The reguja{R) subunit contains two domains,
which binds cAMP. The catalytic subunits are botmthe regulatory subunit dimer and are
inactive when cyclic AMP levels are low. The cat&\gubunits are active when cAMP binds
to the regulatory subunits, leading to an allostetiange in conformation. Then the free
catalytic subunits are active and start to phosgate their targets. The PKA holoenzyme
can be classified in to two types. Type | ¢RInd Rp dimers) and type Il (Rdl and RIB
dimers). Type 1 is soluble and located in the dg®m and more sensitive to CAMP than
Type Il. Type Il is associated with sub-cellularustures, being anchored by scaffolding
proteins called A-kinase anchoring proteins (AKAP@Ilichel et al., 2002). PKA
phosphorylation activates Eachannels, resulting an increase in intracellulzt level and
an increase in myocytes contraction in the heawntthermore, PKA can phosphorylate
complex 1 of the respiratory chain of mitochondrilagreby regulates oxidative energy
production (Papat al., 2012).

1.1.5.2.2 Exchange protein directly activated by ddP (Epac)

Apart from PKA, cyclic AMP also activates cAMP régied guanine nucleotide exchange
factor (CAMRGEF). It is also called as Epac (Hoé al., 2006). Epac regulates vital
processes, including cell proliferation, differatitbon, calcium handling and neuronal
signaling. There are two isoforms of Epac idendifeo far: Epacl and Epac2. Epacl is
expressed ubiquitously, whereas Epac?2 is predoniynaxpressed in the brain (Kawasaki

al., 1998; de rooji, 1998). Ras superfamily has si@dlPases such as Rapl, and Rap2 and
both are stimulated by cAMP activated Epac proteBmh Epacl and Epac2 share extensive
sequence homology and both contain ateishinal regulatory region and a-t€minal
catalytic region. Epac2 has an additionaltekminal cyclic nucleotiddinding domain
(CNB), the function of this extra domain is notarleThe CGterminal catalytic region of
Epac2 consists of Ras association domain (RA) a@D&25-homology domain. The-N
terminal regulatory region of Epacl and Epac2 sharBishevelled-Eg10-Pleckstrin (DFP)
domain followed by a CNB domain (Fig. 3) (de Rogp00).
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Epact  — {DEP  cNB HREM- 2 - CDC25HD |

Epac2 (CNB —{DEP H ¢NB HREMHRA{ CDC25HD |

;8 o Mg 4
Ed I

Regulatory Catalytic

Figure 3: Domain structure of exchange protein diretly activated by cAMP (Epac).The domain
structure of Epacl and Epac?2 indicating a cycliclentide binding domains (CNB) and a catalytic
region with CDC25 homology domain (CDC25HD), whishresponsible for the guanine nucleotide
exchange activity. The DFP (Disheveled/Egl-10/@edk) (DEP) domain that is involved in
membrane localization, the Ras exchange motif (REMWhch stabilizes the catalytic helix of
CDC25HD and Ras-association domain (RA). The figuas adopted and modified from (Johannes,
2006).

Epac modulates intracellular €an the heart (Emilyet al., 2009). Epac proteins regulate a
wide variety of cellular functions, such as celhasion, cell differentiation, proliferation,
gene expression and apoptosis (Kiwmagtaal., 2005; Qiaogt al., 2002). Epac attributes to
the secretion of insulin (Gloericét al., 2010). Furthermore, neuronal functions including
neuronal differentiation, neurite outgrowth, andaxegeneration are also regulated by Epac
(Chistensenet al., 2003). Most leukocytes express the Epacl, whlchkctly controls
inflammation by regulating the immune responsesokbcytes (Metriclet al., 2010). Epacl
signaling regulates inflammatory responses of Mas@ndothelial cells (Sands al., 2006).
Furthermore, recent pieces of evidence indicatatiEpac is being involved in renal diseases
(Patschart al., 2010).

1.1.5.2.3 Hyperpolarization-activated cyclic-nucletide-gated channel (HCN)

Hyperpolarizatioractivated cyclienucleotidemodulated channels are cation channels that
are directly activated by intracellular second meegers such as cAMP and cGMP. HCN
channels are widely expressed in the heart andater@rvous system (CNS). HCN channel
family comprises four members (HCMY) (Kauppet al., 2002). HCN channels are regulated
by many neurotransmitters, including norepinephand ACh. For example, norepinephrine
activates f-adrenergic receptors which increases levels of cAM#ch activate HCN

channels and leads to a positive chronotropy inhisart (Ludwiget al., 1998).Neuronal
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excitability, dendritic integration of synaptic potials and synaptic transmissions are also
controlled by HCN channels. Some recent reporte#ate that HCN channels may contribute
to mechanisms of epilepsy and pain (Posteh, 2011; Nobel€t al., 2012).

1.1.5.3 Cyclic guanosine monophosphate (cGMP)

cGMP is also an important intracellular second megsr which mediates a wide variety of
cellular processes. cGMP is generated by two imaporguanylyl cyclases (GCs), one is
nitric oxide (NO}sensitive soluble guanylyl cyclase (sGC) and theerobne is natriuretic
peptide (NPP)-activated plasma membrane-bound cpkate guanylyl cyclase (PGC)
(Waldman & Murad, 1988; Bryast al., 2009). These two guanylyl cyclase isoforms are
widely expressed in many cells and tissues (Brgtaal., 2009). The generation of cGMP
further activates downstream signaling pathway$ sag cyclic guanosine monophosphate-
dependent kinases (PKGs), cGMP-gated cation chanaetl PDEs (Hofmann, 2005;
Lohmann & Walter, 2005; Lincolet al., 2006). PKG is positively regulated by cGMR.
addition, cGMP also regulates intracellular concdimins of cAMP by activating or
inhibiting cAMP-specific PDEs. It has been reported that PDE3 db1Pare inhibited by
cGMP. This prevents cAMP breakdown and therebyraatliy increases intracellular cAMP
levels (Hofmanret al., 2000).

1.1.5.4 Phosphodiesterases (PDES)

PDEs are a family of enzymes. The intracellulaels\of second messengers such as cAMP
and cGMP are regulated through degradation by POEe diverse family of cyclic
nucleotide PDEs are important regulators of sigmahsduction and they influence ion
channel function, muscle contraction, learning arahy other cellular responses. PDEs have
been identified as important drug targets for tremit of several diseases, including heart
failure, depression, asthma and inflammation (Cetrail., 2000; Torphyet al., 1998). Based
on amino acid sequences, regulatory properties catalytic characteristics, mammalian
PDEs are so far grouped into eleven families (PREL(Thompsoret al., 1979; Beaveoet

al., 1982). Some of these enzymes only hydrolyze cAMPE4, PDE7 and PDES8) while
others only hydrolyze cGMP (PDE5, PDE6 and PDE®) the remaining PDEs show mixed
specificity (PDE1, PDE3, PDE10 and PDE11). PDEstaianthree functional domains: a
conserved catalytic core, atdrminal regulatory and a-términal domain. The Nerminal
portions of PDEs are widely divergent and containcsural determinants that allow PDEs to
respond specific regulatory (Martinezal., 2002). This region contains additional binding

domains for calmodulin in case of PDE1, for cydBdP in case of PDE2 as well as
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phosphorylation sites for various protein kinasescases of PDES, and a transducin
binding domain in case of PDE6 (Castl al., 2004; Jeonet al., 2005). Intracellular
CAMP/cGMP levels are increasing upon PDE inhibitievhich in turn regulates various
physiological functions. Among 11 PDEs, PDE4 andERPDhave a higher specificity for
activation by cAMP than cGMP or €zcalmodulin (Conti & Zin., 1998). In addition, PDE4
is particularly sensitive to inhibition by roliprarRDE4 inhibition results in accumulation of
intracellular cAMP, and thereby downstream actatiof PKA, which subsequently
phosphorylates transcription factor cAM&sponse element binding protein (CREB)
(Wachtel, 1982). PDE4 is expressed in many buthatell types, and it has been considered
as suitable drug target for the treatment of respiy disease such as asthma and chronic
obstructive pulmonary disease (COPD) (Rabal., 2011). PDE3 is also able to hydrolyze
cGMP with high affinities (Degermarat al., 1997).

The cGMRdependent PDEs regulate cAMP response in sevehlaltypes. In vascular
smooth muscle cells (VSMCs), nitric oxide (NO) aates PKA signaling through cAMP
dependent inhibition of PDE3 leads to elevationsA¥IP (Manganiellcet al., 1995; Beavo,
1995). However, in cardiac myocytes, cGMP-dependeDEs also regulate cAMP
responses. It has been reported that cGmhibits PDE3, increases CAMP in human atrial
myocytes (Kiristeiret al., 1995).

1.1.5.5 Protein kinase C (PKC)

Protein kinase C (PKC) is a family of protein kieaswhich phosphorylate serine and
threonine residues in many target proteins (Bemasnal., 2000). PKC plays an important
role in many cellular functions such as cell peaigtion, differentiation and apoptosis (Maioli
et al., 2006).

PKC family can be divided into three main subtygeKC-a, PKG and PKGy. All these
three subtypes are activated by DAG and calciumdiBg of ligand such as hormone or
neurotransmitter to GPCR, activates heterotrim&iqrotein G/1; (Calpham & Neer,
1997). Upon activation of G proteinog;, PLGP get activated and cleaves PI(4,5)P
resulting generation of second messengers sucatsBsdr IP; and DAG. DAG stimulates the
PKC together with elevated [€% IP; stimulates intercellular G4 release from ER and
thereby alters many cellular processes includidgpreliferation, gene activation and cell
death. On the other hand3zsubunit of G proteins also directly couples to PET3K and
K*. It's been reported previously thap@directly stimulates PL@, and thereby activate
PKC, which then stimulates AC5/6 in a Gs dependainer (Calpham & Neer, 1997).
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1.1.5.6 Phosphatidyl inositol phosphatases (PtdInsr PIPs)

Phosphatidyl inositol phosphates (Ptdins) are alyaoi phospholipids in cell membranes.
PtdIinsPs interact with many different proteins tlglo a common binding domain and
triggers downstream signaling. There are mainly &pecies of Ptdins in D3 position: PI3P,
PI1(3,4)R, PI(4,5)R, PI(3,4,5)R, whichare present in cells (Fig. 4). Ptdins3P is found in
lower eukaryotes, like yeasts, whereas PI(3,4/Rd PI1(3,4,5)F are found in almost all

eukaryotic cells (Michelét al., 2007).
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Figure 4: Structure of selected phosphoinositidesA schematic of Ptdins and some of it's
phosphorylated derivatives. Black arrows indicéia kinase is involved; conversely, a white arrow

indicates that phosphatase is involved. (Adaptech fiHirschet al., 2006).
1.1.5.6.1 Phosphoinositide 3-kinases (PI3Ks)

PI3Ks are lipid kinases that are activated by thedihg of growth factors, insulin and
cytokines to cell surface receptors and the sulesgqactivation of the GPCR or tyrosine
kinase receptor. The activated PI3K catalyse thaspiorylation of phosphatidylinositol at
the at the 3’ position of the inositol ring, prothg secondary messenger lipids, which
control cellular activities including cell growtma proliferation (Engelmamt al., 2006).
Signaling through PI3 kinase regulates glucose kmid metabolism and also induce
lipogenesis and glucose uptake/metabolism in batkche and adipose tissues (Kahn, 1995).

There are three classes of PI3 kinases: Clas¥, l8ss Il PI3K, and class Il PI3K. Among
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three classes of PI3Ks, class | PI3K is known asbibst-characterized type so far. Based on
sequence similarity, class | PI3Ks are furtherdakd into two subgroups, Class IA and Class
IB. Class IA PI3Ks are activated by stimulation dfferent receptors including tyrosine
kinase receptor. Class IA PI3K are heterodimerdschvisontain a catalytic (p1&Q p11@,
and pl110) and a regulatory subunit (R850833, p5%n, p5%, and p5@). P8 regulatory
and pl11@ and p11P catalytic subunits are the most widely expressdalisits. There are 3
isoforms in class IA including PI3K PI3KB and PI3K with the respective pliCcatalytic
subunit bound to the p85 regulatory subunit. RIZ€0d PI3K are ubiquitously expressed,
while PI3K5 is limited but preferentially found in leukocytesnd PI3K has been found
recently in the cardiovascular system (Hirgthl., 2006). Among all classes of PI3 kinases,
only class IB PI3K is directly activated by GPCR Wieterotrimeric G proteins. The class IB
PI3Ky is composed of pl0l regulatory subunit and pldétalytic subunit. The pl01
regulatory subunit responds to specific GR&Rociated G proteifiy subunits and @ P110
(p110y) catalytic subunit, thus activating the class IBK and production of PI(3,4,5)P
(Walker et al., 1999). In addition, the Xay crystallographic studies reveled that PI3K
inhibitors such as wortmannin and LY294002 and Hreadspectrum protein kinase
staurosporine are bound to p31€ubunit (Suireet al., 2005). These inhibitors effectively
inhibit or block the enzymatic activity of all PI13ia G3y subunits (Kurosiet al., 1997;
Maieret al., 1999; Stephenst al., 1997; Walkeeet al., 1999).

1.1.5.6.2 Regulation of PI(3,4,5)fand PI(3,4)R phosphatases

All class | PI3Ks preferentially phosphorylates £%F, generating PI(3,4,5)Pand
P1(3,4)R. In these two phospholipids, BRI an important signaling molecule and act as
second messenger. Activation of PHRarther triggering the activation of its downsimea
effectors such as PDK1 (phosphoinosHapendent kinasg), Akt/ Protein kinase B (PKB)
and mTOR (mechanistic target of rapamycin) thropigikstrinrhomology (PH) (Wymaniet

al, 2005). These effectors facilitate cellular proesss
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Protein synthesis, cell growth

Figure 5: The PI3K/PIPs/Akt pathway. Binding of growth factors to G protein coupledeaptors,
recruits and activates PI3K. Activated PI3K phosplates PI(4,5)Pto PI(3,4,5)B, which leads to
phosphorylation of Akt by PDK1. Phosphorylated Akactive on a wide range of substrates. One of
its most important targets is mTOR, which is imaahvin cell growth, proliferation and cell survival.
SHIP is a phosphotase which catalyzes conversioRligfto PI(3,4)B, which also activates Akt,
DAPP1 and TAPP1/2, and thus regulate pivotal aallptocesses including cell proliferation and cell
growth. PTEN is a tumor suppressor gene that neggatiegulates the pathway by removing the 3-
phosphate from P§Pthus converting it back to PI(4,5)FFurther, PL@ converts PI(4,5)fto IP; and
DAG (Cully et al., 2006)

The activation of PIRis regulated by tumor suppressor protein phosphated tensin
homologue deleted on chromosome 10 (PTEN) (Li &,S1997, Li et al., 1997, Stocket
al., 1997), which dephosphorylates and thus negatiregulates PlRrdependent signaling
(Maehama & Dixon, 1998). In addition, PTEN dephasptates downstream effectors of
PIP;, including PDK1 and Akt/PKB (Cantely & Neel, 1999)

P1(3,4)R is another phospholipid and also acts as secorsdenger. PI(3,4¥Hs generated
by dephosphorylation of P{Ron the 5° phosphate of the inositol ring by SHM#P.(3,4)R
bind and activates PDK1, Btk (Bruton tyrosine kigasAkt/PKB and tandem RHomain
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containing proteins (TAPP1/2) (Amaah al., 1998; Bollanckt al., 1998; Cullyet al., 2006).
However, PI(3,4)Pis also dephosphorylated by the phosphatase INRPRZBprime position
of the inositol ring (Kalesnikofét al., 2003).

SHIP (Src homology -2ontaining inositol 5° phosphatase) is a lipid pttestase, which
hydrolyzes at 5 prime position of inositol ring rinanositol 1,2,4,5etraphosphate and RBIP
and converts PI(3,4,5)Ro PI(3,4)B (Damenet al., 1996; Lioubiret al., 1996).

1.1.5.6.3 PI3K downstream effectors

Generation of PI(3,4,5Pfrom PI(4,5)B by PI3K, further triggers several important
downstream signaling mechanisms via specific Hpitding domains such as PH domain
containing proteins. Many, though not all PH domsaiontaining proteins binds to Pls. One
of the major downstream signaling events triggdnedPI3K is the activation of members of
the serine/threonine kinases such as PDK1 and PikB/Binding to PIR triggers the
activation of PDK1, which can phosphorylate thestimine 308 of PIifPbound PKB/AKkt.
Phosphorylation of Akt further activates the rielTOR protein complex, which further
phosphorylates its target substrates and regulasdkilar responses including gene
transcription and cell proliferation (Braz& al., 2004). In addition, activation of PDK1
phosphorylates and activates atypical PKC, RKf@sulting stimulation of AC5/6 (Dessauer
et al., 2006; Romyet al., 2013). However, a wide numbers of proteins gdbstrates have
been described so far) are phosphorylated by PKB/Aknong, the bestharacterized
substrate is glycogen synthase kinase3 (GSK3)h&umore, PH domainontaining tyrosine
kinases including Tec and Btk are triggered by P(Bikdvall, 2002).

1.2. Real-time FRET (Fluorescence or Forster resomae energy transfer)

measurements.

Forster resonance energy transfer (FRET) was flistovered by a German scientist,
Theodor Forster in 1946. In recent years, FREThg®me an extremely powerful tool for
identifying molecular interactions between fluorsity labeled molecules use
conformational changes of those in living cellscéin be used in a variety of molecular
techniques including microscopy, flow cytometry aBdISA. FRET is a noadiative
transfer of energy between nearby fluorophoresetiiorophores often referred as acceptor
and donor. FRET is basically dependent on the rlistabetween acceptor and donor
fluorophores. When the energy is transferred fréva donor fluorophore to an acceptor
fluorophore, the donor fluorescence is loose, wder@cceptor fluorescence is gained. The

energy transfer can be monitored using any fluemese microscope or fluorometer.
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However, FRET does not occur, if the distance bebhaevo fluorophores exceeds 10 nm. In
addition, there are three key conditions to allbe f6ster mechanism are
e The donor and acceptor molecules must be in clasimpity to each other
(approximately 110 nanometers).
* The absorption spectrum of the acceptor must guerith the emission spectrum of
the donor.
* The relative orientation of the dipole moment ofndo and acceptor should be
parallel.
Forster showed that the efficiency of FRET:H{) depended on inverse sixth power of
distance between the pair of molecule(r)

rEeT=1/(1 + (r/Ro)°®

Where R is known as Forster distance, r is actual distéeteeen pair.

Before FRET experiments can be performed succégsiuls important to choose the right
fluorescent pairs. The most commonly used FRET fpailFRET studies is cyan fluorescent
protein (CFP) and yellow fluorescent protein (YRP¥ien, 1998). This CFFFP pair has
strong spectral overlap, and this allow high resofufor FRET recordings. By genetic
engineering, these FRET pair can be easily incatpdrinto proteins, which allows to
measure GPCR signaling kinetics such as secondemgsss breeding, receptor G protein
coupling, receptor activation and ligand binding live cells (Ferrandoret al., 2009;
Janetopoulost al., 2001).

There are three different methods for measuring FRificiency. 1, FRET acceptor
photobleaching 2, Sensitized emission 3, FIFHRET. These methods are discussed briefly

in sections below.

1.2.1 FRET-acceptor Photo-bleaching (AB)For acceptor photobleaching, the FRET acceptor
molecule of the FRET pair is bleached, the resgltionor fluorescence is unquenched after
photobleaching of the acceptor. The differencdwdrescence intensity of the donor pre and
postphotobleaching gives direct FRET efficiency. Thisthod is suitable only for steady

state experiments.
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1.2.2 Sensitized Emission (SE)'he second possibility is to measure FRET by iteed
emission, and it is one of the most used methoddé&ermining FRET dynamics. In this
method, donor molecule is excited and measurechénacceptor channel. In our FRET
experiments CFPis excited, the CFPand YFRfluorescence were recorded simultaneously
and the subsequent ratio of YFP-over CFP fluorescewas calculated. Before the
occurrence of FRET, a strong GFéhd weak YFPemission resulting in a low YFP/CFP
ratio is observed. Upon the occurrence of FRETr@ang YFP- and a weak CFRmissions
resulting a high YFP/CFP ratio will be observedg(ffe 6). This method isost frequently

used for live cell experiments.

In this study, the generation of cCAMP in GPCR sigmp pathway is investigated by

sensitized emission method.

Absorption Emission | Absorption Emission

Before FRET After FRET

Figure 6: FRET-changes during sensitized emissioffhe sketch indicates that FRET only occurs if

the acceptor (YFP) is close enough to the donoPJCF

1.2.3 Fluorescence life time imagingFluorescence lifetime imaging is also known as
FLIM. FLIM is more frequently used in FREGased protein interaction methods. FLIM
FRET measures the change in decay function of FB&Ior. When energy is transferred
from donor molecule to acceptor molecule, theihfet of donor will decrease, this change in
fluorescence lifetime of donor is used to calculeRET efficiency. FLIMbased FRET
measurement does not face problems like donor itheedgh or direct excitation of
acceptor. However, there are some disadvantagessofethod. This system is not suitable
to measure faster imaging because the imagingmyistslow and this system is somewhat

destructive because the excitation energy is t@mgtresult a photobleaching over time.

1.3 Real-time cAMP measurements by FRET
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To study real-time dynamics of cCAMP signaling iwmitig cells, a number of FREBased
biosensors have been developed in recent yearsdingl PKAcamps and Epaedamps
(Ponsioeret al., 2004; Nikolaewt al., 2004).

High FRET

o

Epaci-camps
Sansor

500 nm

Lew FRET

Figure 7: Structure of a single-chain cAMP FRET segmor (Epacl-camps).The Epacicamps
sensor reports intracellular levels of cCAMP basedBET between CFP and YFP. It consists of CFP
and YFP fuses to a single cAM#nding domain derived from Epacl protein. In alosseof CAMP,

the two fluorophores are in close proximity, angsg FRET signal is observed. Upon cAMP binding
to sensor, the distance between two fluorophoreeases, leading to decrease in FRET. (Adapted
and modified from Nikolaeet al., 2011)

These sensors measure relative fluorescence oflimescent proteins used as donor and
acceptor fluorophores, typically cyan (CFP) andoyel (YFP) fluorescent proteins. PKA
based sensors have some limitations and also sloewerskinetics. Therefore, in this study

we used Epac based FRET biosensor to measureameatAMP levels.

Epactcamps biosensor is one of the most sensitive cARs@Ss to measure reahe
CcAMP levels in intact cells and cardiac myocyteke Btandard FRET pair CFP and YFP as
donor/acceptor are fused to a single cAMP bindignain of the Epac protein. This
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biosensor displays faster activation of kineticd &igh dynamic range compared to earlier
CcAMP FRET biosensors.

In the inactive state, the cAMP sensor has a claesefirmation, where the two fluorophores
(CFP and YFR) are in close proximity, result a high FRET is eb®d. When binding of
CAMP to the sensor leads to conformational chamgellts a decrease in FRET signal as
reflected by a decrease in YF&nd increase in CFRluorescence and the distance between

two fluorophores is increased, which indicateseasing CAMP concentrations.
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2. Aim of the study

The theoretical background of this work is origathtfrom the previous findings that the
CAMP rebound stimulation was observed after tertionaof Gi/o-stimulation in HEK293T
cells expressing AC5 (Mildet al., 2013). Similar cAMP rebound stimulation was olied
immediately following after termination of vagalmtlation or withdrawal of exposure to
muscarinic receptor agonist ACh in cardiac myocyBaske & Calaresu, 1972; Gilmour &
Zipes 1985). However, the underlying mechanismttiese cAMP rebound stimulation was
unclear. Therefore, we choose a FRESed approach to investigate the possible
mechanisms for muscarinic receptoduced cAMP rebound stimulation. There were
previous reports speculated that R3efsitive G protein/adenylate cyclase/CAMP pathway
might be a possible mechanism for muscarinic recaptuced cAMP rebound stimulation
(Wanget al., 1995; Bettet al., 2001). Most reliable FREbased cAMP biosensor (Epacl
camps) was chosen to monitor real-time cAMP leaeld by using heterologous expression
system, we therefore intend to study possible wemlent of G protein/adenylyl
cyclase/cAMPdependent pathway on muscarinic receptduced cAMP rebound
stimulation in cardiac myocytes and other intatiscélowever, the main aim of this research
was to reveal possible mechanisms underlying thecamnic receptemduced cAMP

rebound stimulation.
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3. Materials and experimental procedures
3.1 Materials

3.1.1 List of manufactures and distributors

Aldrich

Applichem

Applied Biosystems
Biochrom

Bio-Rad Laboratories
Calbiochem-Novabiochem
Carl Roth

Carl Zesis

Cell signaling Technology
Chem rock technologies
Chroma

Hartenstein

Image J

Invitrogen

Life technologies

Merck Millipore

Milteny Biotec

Nikon

Neuvitro

Olympus
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Hamburg, Germany
Darmstadt, Germany
Waltham, USA
Berlin, Germany
Munchen, Germany
Darmstadt, Germany
Karlsruhe, Germany
Oberkochen, Germany
Leiden, Netherlands
Lafayette, USA
Foothil Ranch, USA
Wirzburg, Germany
Bethesda, USA
Darmstadt, Germany
Darmstadt, Germany
Darmstadt, Germany
Bergisch Gladbach, Germany
Tokyo, Japan
Braunschweig, Germany

Tokyo, Japan
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Origin Pro Northampton, USA
Paa Cdlbe, Germany

Perkin Elmer Waltham, USA
Promega Mannheim, Germany
Qiagen Hilden, Germany
Roche Mannheim, Germany
Santa Cruz Heidelberg, Germany
Sarstedt Nurnbrecht, Germany
Sigma-Aldrich Steincheim, Germany
Thermo scientific Karlsruche, Germany
Tocris Bristol, United Kingdom
Visitech Bristol, United Kingdom
Visitron Puchheim, Germany

3.1.2 Reagents

[*H]-clonidine hydrochloride Sigma-Aldrich
Acetic acid SigmaAldrich
Acetylcholine SigmaAldrich
Adenosine 5triphosphate (ATP) Sigmaldrich
Agarose Biochrom
Alprenalol SigmaAldrich
AS1949490 Tocris

Bovine serum albumin (BSA) Sigmrsdrich
Calcium chloride (CaG) SigmaAldrich
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Cilostamide

Dimethyl sulfoxide (DMSO)
Dopamine

Ethanol

Ethidium bromide (10mg/ml)
Ethylenediaminetetraacetic acid (EDTA)
EDTA free tablet

Forskolin

Gallein

H-89 dihydrochloride hydrate,
Isoproterenol

KT5720

Magnesium chloride (MgG)
HEPES

Norepinephrine

Pertussis Toxin (PTX)
Platelet derived growth factor BB (PDGF BB)
PMA

Potasium chloride (KCI)
Rolipram

SH-5

Sodium chloride (NaCl)

35

Santa Cruz
Sigmaldrich
SigmaAldrich
Carl Roth
Promega
Applichem
Roche
SigmaAldrich
Tocris
Cell signal
Sigma-Aldrich
Santa Cruz
Sigma-Aldrich
Sigma-Aldrich
SigmaAldrich
Sigmaldrich
MilteByotec
Santa Cruz
SigmaAldrich
Santa Ccruz
Santa Cruz

Sigmaldrich

Materials



Sodium dihydrogen phosphate (NdtDy)
Sodium dodecyl sulfate (SDS)
Staurosporin
TrIS-(hydroxymethyllaminomethane (Tris)
TURBO DNAse

Tween

Wortmannin

Yohimbine hydrochloride

B-MercaptoethanolptME)

3.1.3 Plasmids

Materials

SigmaAldrich
Carl Roth
Sigma-Aldrich
Sigriadrich
Life technologies
SigmaAldrich
SigmaAldrich
SigmaAldrich

SigmaAldrich

The fallowing plasmids were either already publibe available in the lab.

Plasmid Species Origin Vector/Resistance

Epacl-camps human Viacheslav O. Nikolaev pcDNA3/Amp+
(Nikolaevet al., J.Biol.Chem. 2004

HCNZ2-camps human (Nilolaext al., Circ Res. 2004) PCcDNA3/Amp+

AKAR4 human (Depryet al., Mol Biosyst. 2011) pcDNA3/Amp+

EeveePKC human (Komatset al., Mol Biol Cell. pcDNA3/Amp+
2011)

AKT-PHYFP human Dominik Oliver pcDNA3/kanamycine

AC4 mouse Viacheslav O.Nikolaev pcDNA3/Amp+

AC5 human Carmen W. Dessauer pcDNA3/Amp+
(Sadanat al., Mol pharm. 2009)
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AC6 human Viacheslav O. Nikolaev pcDNA3/Amp+

Gas rat (Heinet al., J.Biol.Chem. 2006) pcDNA3/Amp+

Gp1-wt human (Binemanet al., pCMV/Amv+
Proc.Natl.Acad.U.S.A. 2003)

Gyo-wt bovine (Buinemanst al., pcDNA3/Amp+
Proc.Natl.Acad.U.S.A.2003)

aza-AR mouse (Bunemanet al., Proc. Natl.Acad. | pcDNA3/Amp+
U.S.A. 2003)

M,ACh-R human (Rosebermt al., Mol.Pharamcol. pGES/Amp+
2001)

Di-R human Obtained fromMissouri S&T cDNACDNA3/Amp+
Resource Center

PcDNA3 Invitrogen pcDNA3/Amp+

ACbHA 66-137 human (Sadareaal., Mol pharm. 2009) pcDNA3/Amp+

PTEN human Dominik Oliver pGES/Amp+

Gaip human Moritz Binemann pcDNA3/Amp+

Gaiz rat Moritz Binemann pcDNA3/Amp+

Gajs rat Moritz Binemann pcDNA3/Amp+

PLCB2 human Moritz Binemann pcDNA3/Amp+

M3sACh-R human Obtained fromMissouri S&T cDNA pcDNA3/Amp+
Resource Center

GB-Cer human (Franket al, J. Biol. Chem. 2005) pPcDNA3/Amp+
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GGYFP mouse (Hommerset al, J. Biol. Chem. pPcDNA3/Amp+

2010)

Table 4: Plasmids used during the study

3.1.4 Kits used

Product Name Company
Plasmid Midi kit Qiagen
RNase free DNase kit Qiagen

BCA protein assay kit

Thermo scientific

RNA extraction kit Qiagen
iScript cDNA synthesis kit BiRad
iTag™ Universal SYBER Green Supermix BioRad
Table.5 Kits used during the study

3.1.5 Cell culture, cell culture media and supplenés

Bacteriological culture plates Sarstedt
Cover slips Neuvitro
Dulbecco’s modified eagle’s medium (DMEM) Biochrom
Dulbecco’s phosphate buffered saline (PBS) Biochrom
Fetal calf serum (FCS) Biochrom
L-glutamine Biochrom
Luria-Bertani (LB) medium Applichem
Penciline/streptomycin Biochrom
Trypsin/EDTA Biochrom
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Poly-L-lysin hydrobromid Sigma-Aldrich
Effectene Quiagen

6-well cell culture plates Sarstedt
Petridishes Hartenstein
Eppendorf tubes (1.5ml) Sarstedt
Pipettes Sarstedt

3.1.6 Cells and Cardiac myocytes

Human cervical cancer cells (HelLa) Obtained frawf.FDr. Robert
Grosse, Germany

Human embryonic kidney cells, stables (HEK293T) European collection of animal cell

cultures

Mouse atrial cardiac myocytes Obtained from Hbof.
Viacheslav O. Nikolaev, Germany

3.1.7 Software’s

The fallowing software was used for the assignapgse:

1. Exporting Data from samples
» Visitron software (from fluroscence microscopy)
* Visitech software (from confocal microscopy)
2. Data analysis and statistics
* Microsoft Excel 2007 or newer
» GraphPad Prism 5
* Origin Labs Origin Pro 9
3. Image analysis and modification

* Image J 1.46rHtp://imagej.nih.gov/ij/)
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» Corel Photo-Paint X4
4. Figure optimization
» CorelDraw X4

3.1.8 Microscopes

The following microscopes were used in our study

* Fluroscence Microscope (Zesis)

» Confocal Microscope (Olympus)
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3.2 Experimental procedure
3.2.1 Molecular biological methods
3.2.1.1 Generation of electro competent cells (EIgo

A stock of bacterial cells were streaked onto anpl&es and grown overnight. Next day a
single colony was selected for the starter culamd inoculated into 200ml of LB medium.
Cells were allowed to grow at 37 with shaking at 25300 rpm, until density reached @

of 0.3:0.6. 200ml of LB culture medium was splitted intmuf 50ml tubes. The cells were
then centrifuged at 5000 rpm for 10min 4€4 Supernatant was removed, and pellets were
resuspended into 25ml im®ld TSB. Tubes were incubated for3Brs on ice. Aliquots

(300u! in 1.5ml tubes) were frozen in liquid nitesgand stored a80°C.

3.2.1.2 Transformation of E. coli

The aliquot frozen cells were taken from liquidreiten and transfer into a %7 heat block.
100pL competent cells were added in 20ul of 5X k@Godfer and 80ul of water. 2ul of
DNA was added into the buffer mixture and incubdt@d20min on ice and then incubated
for 10min at room temperature (RT). 1ml of LB-bratlas added to the buffer mixture and
incubated for 50min shaking at 87 60-100uL of the mixture was plated on ampicilin or

neomycin contained L#gar and incubated overnight.

3.2.1.3 Amplification and plasmid preparation

Medium-scale plasmid preparations were carriecaoobrding to Qiagen’s manufactures
Plasmid Midi kit with 100ml of bacterial suspensigmown overnight.

Yield and purity of plasmid DNA were determined bging a Nano Photometer (Implen
GmbH, Muinchen, Germany) with 1 cm path length, @#he DNA concentration was
calculated according to Beer’s law. Plasmid DNAusohs were then diluted to a standard

concentration of 1pug DNA/ul.
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3.2.1.4 Standard Polymerase chain reaction (PCR)

DNA isolation by PCR fallowing protocol:

Amount Ingredient

0.5uL Template DNA(O-1ug/ul)
2uL Buffer 10X with MgSQ
lpL dntp mix (2mM)

0.4pL Forward primer (10uM)
0.4pL Reverse primer (10puM)
20pL ddH,0

0.5-1pL DNA polymerase

Table.6 The PCR machine programming according to th manufacturer’s protocol

3.2.1.5 Agarose gel electrophoresis

Agarose gel electrophoresis was used to analyzkg.0’he DNA was seen in the gel by
addition of fluorescent dye ethidium bromide thiaids strongly to DNA.

In this study, 0.7 %4% of agarose was used in agarose gels.

Generally 1% gel shows good separation (resolutdtgrge DNA fragments (B0kb). 1%
agarose was prepared from 3.5g of agarose and 3HOME (40mM Tris-acetate (pH 8.0),
1mM EDTA). Agarose was added into a flask contagjnix TAE. Then it was heated in a
microwave until it was dissolved. The amount of evafost through boiling was
supplemented. The flask was then cooled to 50°Caimwater bath. The agar was
simultaneously poured into the electrophoresis ddeanrhe gel was allowed to polymerize.
The gel chamber was filled with 1XTAE buffer. Thelis of the gel were loaded with ditof
required samples and DNA marker. The voltage wades80 V and the gel was run for
approximately 60min. In order to observe the DNAlema UV lamp at 260nm, the gel was
stained with ethidium bromide solution (10mM FHEI!, 1ImM EDTA, 1mg/ml ethidium

bromide) for 10min and then washed with water tmaee excess ethidium bromide. The
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bands were then photographed with a ChemiDoc XR&8w&r and and the QuantitiyOne
4.6.5 software.
3.2.2 Transfection of HEK 293T cells and HelLa chsl

The Effectene transfection reagent (Qiagen) wasd tsdransfect HEK293T or HelLa cells
according to the manufacturer’s protocol. HEK29THaLa cells were seeded on the 10 cm
dishes at a density of 80°. After cells reaching 80% confluence, cells wepkitted from 10
cm dish to 6 cm dish. Then the cells were incubate@7°C and 5% CQ@ After 24h, the
medium was replaced with the transfection mixtdige transfection mixture was prepared
according to protocol bellow and incubated for 1@ RT.

Ingredient Quantity
DNA 1pl
buffer 150pl
enhancer 8ul
effectene 10ul

Table 7: Transfection mixture

24h after transfection, the medium was replacedh wibrmal medium or by yohimbine
(100nM) containing DMEM medium fosiza-AR transfected cells for 3 to 4h. Yohimbine
was used to prevent potential serderived stimulation ofi,a-AR. Transfected cells were
splitted on cover slips. Before splitting covepsliwere coated with polyysine (see below)
to increase adherence of the cells. Cells werebimiea overnight with 3T to allow the

expression of construct. The next day cells werasmed.
The following protocol was used for coating of glasver slips:

Before coating, cover slips were dipped in to etthdar 30min and then washed with PBS
buffer to remove residual ethanol and then plaocgéd 6well plates. 200ul of pol.-lysine
(0.1mg/ml) was dropped onto each cover slip ant faf 30min. The solution was then
removed, and cover slips were washed with 1ml| P&E&b

3.2.3 Fluorescence microscopy
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3.2.3.1 FRET-based microscopy in intact cells

After 40-50h transfection, FRET measurements of transidndliysfected intact cells were
essentially performed at room temperature by uamgnverted microscope (Axiovert 100,
Zeiss) equipped with a PLAN/Apo N 60x/1.45 oil atijee lens (Olympus), a SPOT Pursuit
CCD-Camera (Spot Imaging solutions) and two coplettisExcite LED illumination system
(Visitron Systems, Germany). The following filtef€hroma, Semrock) were used for the
FRET measurements: CHXcitation filter 436/20, YFHEXcitation filter 500/20, a long pass
beam splitter to collect combined fluorescence BPG@Gnd YFP 458LP (Semrock), 500LP a
beam splitter to separate CFP and YFP emission,4HiZ24 (CFP) and HC 525/39 (YFP)
emission filters (all from Semrock). CFP and YFPRages were recorded by using a CCD
camera. Cells were mounted on a home-built penfusisamber and continuously super
fused with Tyrode solution or agonist containinguson (see section 3.2.9.1) using
pressurized perfusion systemhld-VC3-8SP, Ala Scientific InstrumentsCFP and YFP
emissions were collected every 2s and illuminatiore was set to 30ms. Fluorescence of the
cell was recorded at 440nmufffor CFP) and 500 nm §fp for YFP). Later it was corrected
for background subtraction, resulting ineF and kee In order to determine FRET,
additionally Fep was corrected for bleethirough (see section 3.2.3.3). Tha-dfFcep ratio
was calculated with the Visitron software, and esented in the intensity modulated display
mode. For the quantification, theds and Ferp intensities were exported to Excel software.
The Krplcep Values before stimulation were averaged and usedl r@&ference. The ratio of

raw Rep/Fcep value to the reference value was defined as thmal@ed Rep/Ferp.

3.2.3.2 Correction factors

To calculate the FRET ratio, two correction factomsst first be determined: bleed through
and false excitation. The tail of CFP emission spdlg overlaps with the emission of the
YFP. Depending on the chosen emission filters, @& plithe CFP emission is collected
together with the YFP emission. This is called biheedthrough of the CFP into the YFP
emission. Furthermore, EYFP is excited during FRBdasurement with ECFP excitation.
This phenomenon is called YFRRIse excitation. In this study, these correctiaotdrs were
used to subtract from original FRET traces.

3.2.3.3 CFP fluorescence bleed-through

In order to determine CFBleed through, HEK293T cells were transiently tfaosed with
only one CFRcontaining plasmid. CFP expressed cells were medsum the microscope as
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described in (section 3.3.3.1)47F and k25 were recorded and corrected for background
fluorescence. The correction factor for bleed-tiglowas calculated by dividingfs by F470.
The resulting correction factor for bledurough was 0.3335 (Protocol was adapted from
Milde et al., 2013).

3.2.3.4 False excitation of YFP

In order to determine YFP-false excitation, HEK29&4dlls are transfected with a YFP
containing plasmid. The fluorescencerd-is recorded for excitation at 440+£12 nm (filter
setting 458LP) and 500£10 nm (filter setting CFHPYdual band filter). Both F-values were
corrected for background fluorescence aggh f40) is divided by Es s00. The YFP false
excitation value was 0.371 (Protocol was adaptewch fMilde et al., 2013).

3.2.4 cAMP measurements

To measure receptonediated cAMP levels, cells were transfected witldsype receptor
together with a FRE-based cAMP sensor, A®t. Then the cAMP levels were measured by
FRET imaging as described previously (3.2.3.1).

3.2.5 Translocation measurements

Translocation experiments of transiently transf@édt#=K293T cells were performed about
40-50 h after transfection at room temperature bygiaminverted confocal microscope (IX
71, Olympus) equipped with a 100x oil immersioneative (UPlanSApo 100x/1.40 oil,
Olympus), a CCD camera (EM-CCD Digital Camera, Haraisu) and a confocal imaging
system (VT-HAWK, VisiTech international). The follang filters were used for the
translocation experiments. T495Ipxr, ET 470/40x & 535/30m (Chroma). Cells were
mounted in a hombuilt perfusion chamber and continuously superfuseth Tyrode
solution or agonist-containing solution (see sect$2.9.1) using a pressurized perfusion
system Ala-VC3-8SP, Ala Scientific InstrumentsSamples were then illuminated with 491 nm
laser (VisiTech International). By using the softevd/oxCell Scan (VisiTech international)
the fluorescence recordings were measured. Foslt@ation experiments, AKT-PH-YFP
transfected cells were directly excited at 491 mmg YFP fluorescence was recorded at
2 Hz. YFP emission images were collected every ifis 260ms integration time. To analyze
membrane translocation AKYFP two ROIs (region of interest) were defined &l in the
cell cytosol (Eywso) @and another ROI in the whole celkdk). Then the quotient rosof Frotal
was calculated. The 20 time points QfidsofFiotal Values before the first stimulation were
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averaged and used as a reference. The ratio oF¢awe/Fotal t0 the reference value was

defined as the normalizedc(fssof Fiota).-

3.2.6 Electrophysiology

These experiments were performed by Dr. Hariharabré8nanian in Dr. Viacheslav O.

Nikolaev lab in a collaborative effort.

To monitor reatime cAMP levels in cardiac myocytes, atrial my@sytvere isolated from
the adult transgenic mice expressing CAMP FRET are(iSpacicamps) (Calebiret al.,
2009) by a Langendorff perfusion apparatus. FRE&suements of Epaalamps expressed
in isolated atrial myocytes were performed at rommperature using the -8B inverted
fluorescence microscope (Nikon) with an x60 oil iersion objective (CFl fApo 60x
Lambda, Nikon) and CCD camera (OR®AG, Hamamatsu Photonics). Cells were mounted
in Ibidi perfusion chambers and superfused witho@gr soultion or agonist containing
solution (see section 3.2.10.1). CFP excitation aeasieved by using a 440nm CoolLED
light source with an ET436/30M excitation filterdaa DCLP455 dichroic mirror. For CFP
and YFP FRET recordings, it was used theEdb filter set containing the 505 cdxr dichroic
mirror plus ET 480/30M and ET 535/40M emissionetfilfor CFP and YFP, respectively.
Ratiometric FRET measurements were performed bwlsameously recording YFP/CFP
fluorescence via DV2 Dual view beam splitter (Phaottrics). Cells were excited for 410
50ms once every 5 syfp was corrected for direct excitation and bleedigio FRET ratios
were calculated as ratio of corrected YFP over @Rissions (Frp/Fcrp). The ratio of

Fyep/Fcrp value to the baseline value was defined as thealtred (Rrp/Fcrp).
3.2.7 Total RNA extraction and Real-time PCR

3.2.7.1 RNA preparation from HEK and HelLa cells

HEK29T and Hela cells were seeded on the 6 cm amhtransfected by using effectene
transfection reagent. After reaching 80% confluesicthe cells, cells were washed with ice-
cold PBS and then snap frozen&a’C.

3.2.7.2 RNA extraction and reverse transcription.

Total RNA was isolated by using RNeasy mini kitd@en) according to the manufacturer’'s
protocol, 3@l of RNase-free water was used to elute the RNAvjded inthe kit). Isolated
RNA samples were treated with TURBO DNase (Ambittnfjemove DNA contamination.
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The concentration of RNA was determined by usingnano photometer. Reverse
transcription was done by iScript cDNA Synthesist KBio-Rad) according to the
manufacturer protocol. The reaction mix was incaain thermal cycler. The program for
thermal cycler was 2& for 5min, 42C for 30min, and 8& for 5min. After incubation, the
cDNA was kept at %C.

3.2.7.3 Real-time PCR

After reverse transcription, real-time PCR was qenied by using an iTaY Universal
SYBER Green Supermix (BiRad). The reaction mix was prepared according ® th
manufacturer protocol (Bi-Rad). The reactions weaeried out in optical 96 well reaction
PCR plates (Applied Biosystems) in StepOnePlus -Reaé PCR system (Applied
Biosystems). The PCR program used was &€ 36r 2min, 95C for 10 min, 98C for 15sec
and 60C for 1 min with 40 repetitions. Samples were meagin triplicates. gRPPCR data
were processed and analyzed BY*Z method, where CT values were first normalized to
internal control (GAPDH) and then to the mean & tlontrol sample (defined as 1). Primers

used are shown in Table 8. Transcripts of AC5 a@® Avere specific for human.

# Type Primer sequence Gene
1 Forward '"BCACAGGAGCACAACATCAG-3
Reverse '-6ACGATGAGCACGTAGATGAG-3 AC5
2 Forward '"EAAACAATGAGGGTGTCGAGT-3
Reverse '“BGCTACCAATCGTCTTGATCTT-3 AC6
3 Forward '"ECAGGCGCCCAATACG-3
Reverse '“-6CACATCGCTCAGACACCAT-3 GAPDH

Table 8: Primer sequences of ACs (AC5 and AC6). GAPH served as internal control

3.2.8 Ligand binding assay

The radioactive ligand binding experiments werefqreted by Alexandra Birk in a
collaborative effort.

To determine receptor expression levels, cell mamds were prepared from HEK293T
cells. HEK29T cells were seeded on 6 cm dish aatkfected by using effectene transfection
reagent. After reaching 80% confluence of celldlsoeere washed once with warm PBS.
Cells were then detached by using buffer 1 (segose8.2.9.12) with EDTA and 1 tablet of
protease inhibitor cocktail (Roche, Penzberg, Gaegn&ell membranes were centrifuged at

47



Experimental Methods

14,000 rpm for 1h at°€. Discard the supernatant and cell pellets wershee with buffer 2
(see section 3.2.9.13) and resuspended with thes dauffer. Cells were then sonified.
Membrane receptor-specific binding was determingthbubating saturating concentrations
(700nM) of PH]-clonidine hydrochloride (Perkin Elmer, USA) overnigat #C and 10pM
yohimbine hydrochloride was used to determine neai§ip binding. GF/C glass fiber filters
were used to separate bound and unbound liganchidyum filtration. Filters were washed
four times with icecold buffer 3 (see section 3.2.9.14) and counted liguid scintillation
counter (Packard 1600 TR).

3.2.9 Data analysis and statistics

Agonist-induced FREBignal amplitudes and background signal intensivese obtained
with the software. The obtained intensity valuesenexported and analyzed with Excel 2007
(Microsoft Corporation). All agonist-induced FREignals were corrected for
photobleaching by subtracting background intersitithe corrected agonist-induced FRET
signals were normalized to the baseline value. éénitated otherwise we compared Epac
based FRET signals to baseline referred @srp/Fcep norm.). In most of the figures (except
Fig. 8 and 9), time points ‘a’ and ‘b’ are indicdteThe indicated time point (b) was defined
as the time when the maximakyoked FRET-amplitude after withdrawal of &onist was
reached and the indicated time point (a) was défiag the time of before exposure of

agonist.

Confocal images were evaluated in Image J andatisscs were obtained using GraphPad
Prism and OriginPro by ANOVA with Bonferroni test.

3.2.9 Buffers

In our study most of the buffers were prepared liradiltered water (Ultra clear UV plus
Reinstwassersystem; SG Wasseraufbereitung, Baesli@#rmany)
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Ingredient Amount

NaCl 137mM

KCI 5.4mM

HEPES 10mM

CaC} 2mM

MgCl 1mM

ddHO adjust to final volume of 1L

adjustpHto 7.4

3.2.9.2 5x BSA solution

Ingredient Amount
BSA 10mM
ddH,O adjust to final volume
adjust pH 7.4
3.2.9.3 LB-broth
Ingredient Amount
Peptone 1.0%

Yeast extract
NaCl

ddHO

0.5%
1%

adjust to finalvolume
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3.2.9.4 LB-medium

Ingredient Amount
Agar 1.5%
LB-broth adjust to final volume

3.2.9.5 Transformation and storage buffer (TSB)

Ingredient Amount

PEG 3000 10%

DMSO 5%

MgCl, 20mM

LB-broth adjust to final volume of 50mL

3.2.9.6 5x KCM buffer (for transformation of canpetent bacteria)

Ingredient Amount
KCI 500mM
CaCb 150mM
MgCl, 250mM
H,0 adjust to final volume of 50mL
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3.2.9.7 0.5MEDTA

Ingredient Amount

EDTA 35¢

NaOH -49

H.O adjust to final volume of 200mL

adjust pH to 8.0 with NaOH

3.2.98 50x TRIS buffer

Ingredient Amount

Tris base 2429

EDTA (0.5 M, pH8) 10mL

Glacial aceteic acid 57.1mL

H,O adjust to final volume of 1L

3.2.9.9 10x Agarose gel loading buffer

Ingredient Amount

glycerol 40 %

EDTA 10mM

Tris 10mM

Orange G 0.25%

HO adjust to final volume
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3.2.9.10 50x TAE buffer (agarose gel electrophesis)

Ingredient Amount
Tris (base) 242¢
Galcial acetic acid 57.1mL
EDTA (0.5 M)(see above) 10mL
ddiRO adjust to final volume of 1L

3.2.9.11  Tris Lysis buffer

Ingredient Amount
Tris 20mM
EDTA 2mM
Protease inhibitor mix 1 Tablet

(Ultra Mini EDTA-free tablet)

ddbD adjust to final volume of 50mL

3.2.9.12  Buffer 1 (for ligand binding assay)

Ingredient Amount
NaCl 50mM
NabP Oy 20mM
MgCl 3mM
EDTA 1ImM
ddHO adjtsfinal volume of 10mL

adjust pH to 7.4
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3.2.9.13  Buffer 2 (for ligand binding assay)

Ingredient Amount
NacCl 100mM
Tris Base 20mM
ddH,O adjtstinal volume of 50mL
adjpsi to 7.

3.2.9.14 Buffer 3 (for ligand binding assay)

Ingredient Amount
Tris Base OntM
ddH0O adjtsfinal volume of 1L
jst pH to 7.4
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4. Results
4.1. Muscarinic receptor-induced cAMP rebound stimiation in HEK293T cells.

The cAMP rebound stimulation was observed previowadter termination of ¢coupled
receptor agonist in AC5 and EpacdAmps expressing HEK293T cells (Mildeal., 2013).
Therefore we first reproduced the well describedM@A rebound phenomenon after
withdrawal of G-coupled receptor agonist in intact cells. In ordereproduce these rebound
effects, HEK293T cells were transiently transfecteith 0.25ug of FREIbased cAMP
biosensor (Epactamps), 0.3ug of AG@Wt and 0.1ug of MR. About 24h after transfection,

CAMP levels were measured by FRET imaging.
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Figure 8: Acetylcholine induced cAMP rebound stimuation in HEK293T cells.

A, Representative FREBased recording of @hduced cAMP alterations was measured in HEK293T
cells transiently expressing the cAMP biosensorcEgamps, M-receptor and AC5. Fluorescence of
the biosensor expressing cells was excited at 43651 and emissions of cyan fluorescent protein
(CFP) (470+24nm) and yellow fluorescent protein Py£525+39nm) were detected using ratiometric
imaging. Cells were exposed to isoprenaline (I80)3f min then acetylcholine (ACh) for 3 min as
indicated by black barJop, FRET ratio Fep/Fcrp, Bottom, corresponding CFP and YFP emissions.
B, Pseudecolored images of changes in FRET response (YFB/GFRMI,-R expressing HEK293T
cells were taken at the indicated time points ig. FA. Representative calibration bar indicates
Fver/Ferr C, Quantification of iso (3nMgvoked FRET changes as Ay calculated as Jep/Fcrp
(norm.). Data are plotted for 3nM Iso prior to A@hdicated with a in A), during costimulation with
ACh (b) and after withdrawal of ACh (rebound stiation indicated with c).
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In order to see cAMP rebound responses, we fiistutited endogenoup,-adrenergic
receptors using isoprenaline (Iso) and then tretdtedcells simultaneously for a short time
with a acetylcholine (ACh) concentration to accofantthe huge number of spare receptors
expected for heterologously expressedy Goupled receptors Upon stimulation of
endogenous B-receptors with suthreshold concentrations of Iso (3nM), cAMP
concentrations increased to a submaximal levelqatedd asa in Fig. 8A), as reflected by a
decrease in FRET. This rise of cCAMP was inhibietaseline by the addition of 0.3nM ACh
(indicated a% in Fig. 8A). The concentration of ACh was choseasdd on the E{ of the
Gi/AC5-interaction studies (Mildest al., 2013). However, subsequent washout of ACh
resulted in a rapid reversal of the inhibitory effeleading to an increase in the cAMP
concentration (defined as rebound response) (iteticasc in Fig. 8A). This increased cAMP
concentration was substantially higher than thadeoled in the presence of Iso before
exposure to ACh (c versus b in Figure 8A), and @svelose to a maximally stimulating
concentrations of Iso (10uM) alone. The reboundited a decrease in Epacdmps FRET
of 10.2+1.4% compared to 6.1+1.6% (comparing a to Eig. 9). In principle, the use of
Epactcamps should allow an absolute quantification ofEAconcentrations in intact cells.
It was attempted to translate changes in FRET nawéasured in HEK cells into cAMP
concentrations by establishing a concentratesponse curve for changes in Epaainps
FRET measured in vitro. The calibration proceduses wescribed in Nikolaest al., 2004.
Based on the dynamic range of Epaaps, it was estimated that the ACh rebound
increased the cCAMP concentration from 0.9 by 3.1uM.

4.2 Muscarinic receptor-induced cAMP rebound stimuétion in cardiac myocytes.

Several previous reports showed muscarinic receptiuced cAMP rebound stimulation
after withdrawal of agonist in cardiac myocytes (Wa& Lipsius 1995; Belevychet al.,
2001). In order to observe a similar cAMP rebouhémmmenon in cardiac myocytes, atrial
myocytes were isolated from transgenic mice expigshe cAMP biosensor Epachmps
(Calebiro et al., 2009), and cAMP concentrations were measuredRET. The cAMP
rebound stimulation experiments in cardiac myocytese performed in collaboration with
the group of Viacheslav O. Nikolaev..AR, B.-AR, and ACs are predominantly expressed in
cardiac tissues (Dheist al., 2001; Deferet al., 2000). Upon exposure to sthreshold
concentrations of th@-adrenergic receptor agonist Iso (3nM), increased sbbbmaximal
CAMP concentrations were observed as indicated dgcaease of the FRET signal (shown as

a in Fig. 9A). Subsequent addition of 10uM of the searinic agonist ACh for 2 min
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antagonized this response as indicated by increashe FRET signal (b in Fig.9A).
Furthermore, washout of ACh resulted in a rapicersal of its inhibitory effect as indicated
by a drop of the FRET signal significantly belove thalues reached prior to the exposure of
ACh (c versus b in Figure 9A), indicating a robustrease in the cAMP concentration which
represents the well documented cAMP rebound phenom@~Vang & Lipsius, 1995). The

underlying mechanism for this muscarinic recejoiuced cAMP rebound response was not

clear.
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Figure 9: Acetylcholine induced cAMP rebound stimuation in adult atrial myocytes isolated
from murine hearts.

A, Representative FRET recording of cCAMP was measiuresingle freshly isolated atrial cells from
mice transgenically expressing the cAMP biosengmacEcamps. Fluorescence of the biosensor
expressing atrial cells was excited at 436+15nnda, emissions of cyan fluorescent protein (CFP)
(480+15nm) and yellow fluorescent protein (YFP) §530nm) were detected using ratiometric
imaging. Cells were exposed to Iso and followedA\iBh as indicated by black barEop, FRET ratio
Fyvee/Fcrr bottom, corresponding CFP and YFP emissions. The emigsitim top, black trace) of
Fvep (corrected for bleethrough of CFPpottom, yellow trace) over ke (bottom, blue trace) was
normalized to its initial value and plotted ovee tfime course of the experimeBt. Pseudecolored
images of changes in FRET response (YFP/CFP) obusenatrial myocytes were taken from at the
indicated time points in Fig. A. Calibration badicates Fr/Fcrr C, Quantification of Iso (3nM)
evoked FRET changes as in A was calculatedvagHcrp (norm.)and plotted for 3nM Iso prior to
ACh (shown with a in A), during costimulation wi&Ch (b) and after withdrawal of ACh (rebound

stimulation shown with c).

However, other groups speculated that two posssi@aling mechanisms involved in

muscarinic receptor-induced cAMP rebound respoase$i), Gis-stimulated AC5/6 and (ii),
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GPy facilitation of Gug-stimulated AC4 and possibly AC7 (Belevyehal., 2001, Bettt al.,
2001).

4.3 Muscarinic receptor-induced cAMP rebound stimudtion is specific for AC5 and
ACG6 in HEK293T cells.

We first asked whether the oGgstimulated AC5/6 signaling pathway is involved in
muscarinic receptor-induced cAMP rebound stimuratitn order to investigate AC5/6
involvement, Epactamps and MR were expressed in HEK293 cells together with or
without AC5. Cells transfected with AC5 showed cAk&#Bound stimulation (red trace) after
termination of ACh. However, cells transfected wethpty vector (pcDNA3) instead of AC5
showed significantly lower muscarinicduced cAMP rebound stimulation (black trace).
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Figure 10: Acetylcholine induced cAMP rebound resposes in AC5 expressing HEK293T cells.

Representative traces of FRET recordings of musicareceptor-induced cAMP rebound responses
were measured in HEK293T cells transfected withcEpamps together with R with or without
AC5-wt. Cells were subjected to the indicated agonkgtosure protocol in order to elicit CAMP
rebound responsef, Average traces were obtained fronl® single FRET recordings from cells
that were transfected with MR and AC5 (red and blue) or,NR and empty pcDNA3 (black). Only
cells expressing AC5 produced rebound stimulatismmedlected by a decline in the Epacl-camps-
FRET ratio after withdrawal of ACh (red versus Wlat¢ime interval indicated with). Cells
expressing AC5 and MR produced a higher FRET signal upon exposurentp 3o but not ACh
(blue trace).B, Experimental data derived from were quantified with respect to lsoediated
alterations of kp/Fcep (norm.) after withdrawal of ACh (ee/Fcrp at time point b Fyep/Fcrp at time

point a). All results are plotted as meantS.E.M.
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Cells transfected with pcDNA3 showed slightly reeldi,-AR mediated cAMP production
and weak inhibitory effects upon exposure to AChich reveals a dependency on AC5 for
both theB,-AR mediated rise in cAMP and its MR mediated attenuation (Fig. 1dQ)hese
results indicated that muscarinic receptatuced cAMP rebound responses are likely AC5
mediated. It was also suggested previously that Afiifht involved in muscarinic receptor-
induced cAMP rebound responses. Therefore, we askéd whether ACG6 is involved in
muscarinic-induced cAMP rebound stimulation. Inesrtb test this, Epaedamps and MR
were transfected into HEK293T cells along with oithaut AC6wt. Similar to cells
transfected with cDNA for AC5, cells transfectedtiwicDNA for AC6 but not cells
transfected with empty pcDNA3 vector produced cAMeEbound stimulation after
termination of ACh (Fig. 11), which revealed a degency on AC5/6 for muscarinic
receptor-induced cAMP rebound stimulation. Thessulte support the hypothesis that
muscarinic receptor-induced cAMP rebound effecteeweediated by AC5/6.
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Figure 11: Acetylcholine induced cAMP rebound resposes are mediated by AC6 in MR
expressing HEK293T cells.

A, Representative averaged FRET recordings showtegations in cAMP induced by application
and subsequent withdrawal of 0.3nM ACh in HEK29&TIsctransfected with Epaadamps and MR
with (black) or without (grey) AC6 as indicated @¥). The FRET signal of Epachmps was
normalized to initial valuesB, Iso-evoked alterations in FRET of the experiments showf were
guantified as (fp/Fcrpnorm.at time point) - (Fvee/Fcppnorm.at time pointa). All results are plotted

as meanzS.E.M.
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In addition, cells expressing a differen{-édupled receptor, theoa-AR, also produced

similar cAMP rebound responses in an AG8#pendent manner (Fig. 12)
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Figure 12: Norepinephrine induced cAMP rebound stinulation in a,a-AR expressing HEK293T
cells.

A, Depicted are averaged FRET recordings (Byrmmeasured from cells that were transfected with
axa-AR and ACS5 (red and blue) or witha-AR and empty pcDNA3 (black). Only AG&xpressing
cells produced rebound responses as reflected dydétline in Epactamps-FRET ratio after
withdrawal of norepinephrine (NE) (red versus blagke interval indicated with) indicating cAMP
rebound response. AC5 angh-AR expressing cells only exposed to Iso, but ndlEo (blue trace)
exhibited a higher FRET signal at the time intervalicated withb. B, Experimental data derived
from A were quantified with respect to Iso-mediated attens of krs/Fcep (NOrm.) after withdrawal

of NE (Rep/Fcrr at time point b Ryep/Ferp at time point a). All results are plotted as meuitM.

Thus, heterologously expressed;@Goupled receptors produced cAMP rebound stimulatio
after withdrawal of agonist. We also determinegh{AR) expression levels by means of
radioligand binding. The expressionmi-AR was 11.0+0.9pmol/mg membrane protein, and
no specific binding of 3H]-clonidine hydrochloride could be detected in urgfaoted

control cells.

Next we asked whether cAMP rebound stimulation lsarattributed to specifif,-receptor.
In order to test this, the dopaming Eeceptor (-R) was used. Dopamine {Dreceptors
couple to Gs which stimulates ACs resulting in an increase AM®. We measured &

induced cAMP responses in HEK293T cells whichegpressed the £R in combination
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with the axa-AR. Dopamine was used to activate the meceptor, which stimulates AC5
resulting in an increase of CAMP viaag, and NE was used to antagonize the dopamine
response. A cAMP rebound response was produced teft@ination of NE superfusion.
However, CAMP rebound responses were observediordglls expressing AC5 (red trace)
but not in cells transfected with empty vector éast of AC5 (black) (Fig. 13). By comparing
Gi-induced cAMP rebound stimulation in cells expregstifferent G protein coupled
receptors d2a-AR, M»x-R, and DB-R), it can be concluded that-Bduced cAMP rebound

responses are not recepspecific.
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Figure 13: Dopamine induced cAMP rebound responsés D;-R expressing HEK293T cells.

A, Averaged FRET recordings showing alterations iM@Ainduced by application and subsequent
withdrawal of 0.3nM NE was measured in HEK celEnsfected with Epacl-camps;-R andaga-

AR with or without AC5 as indicated (n=6-7). The ERsignal of Epactamps was normalized to
its initial value. FRET recordings derived fromlsghat were not treated with NE are shown in blue.
B, Amplitudes of dopamine-evoked alterations in FRETthe experiments shown iA were

quantified as (fp/Fcep NnOorm. at time pointb) - (Fyrp/Fcpp NOrm. at time pointa) for all three

conditions. All results are plotted as mean+S.E.M.

4.4 AC5 and AC6 dependent Ginduced cAMP rebound responses are PTX-sensitive.

AC5 and AC6 isoforms are predominantly expressedhm heart and many cells and
antagonize @¢stimulated cCAMP responses by activating inhibit@yproteins (Hartzelkt

al., 1988). However, based on previous findings thesrms are not only inhibited by G
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proteins (Go) but also by physiological concentrations of GBessaueet al., 1998; Murthy

et al., 1998). In addition, Wang & Lipsius showed thalAinduced rebound stimulation in
atrial myocytes are attenuated by pertussis toRIRX) treatment (Wang & Lipsius, 1995).
Therefore, it was tested whether PTX can inhib& ¢&AMP rebound responses. In order to
test the effect of PTX, HEK293T cells transfectethvwEpactcamps, ACBwnt andaza-AR
were pretreated with pertussis toxin (30ng/ml) (an inhibitd G,,) for 3 to 5 hours and the
effect of the cAMP rebound investigated by FRET. égected, PTX treated cells were
effectively uncoupled from &-proteins and also showed significantly attenuataie
rebound levels upon withdrawal afs-AR stimulation (Fig. 14). These results are coesist
with earlier findings and further confirm that-@duced cAMP rebound effects are mediated
by a mechanism involving PFXensitive Gproteins in addition to AC5/6.
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Figure 14: G-induced cAMP rebound responses were mediated by Xfsensitive G proteins
(G).

Averaged FRET recordings ofi4Biduced cAMP rebound responses were measured in2BEK
cells transfected with Epaedamps together with ¥R and AC5wt. A, Treatment of AC5 andya-
AR expressing cells with PTX (30ng/ml >4h, blackeauated both the initial NE-induced decline in
CAMP and the subsequent rebound response comparedntteated cells (red) (n=8. B,
Experimental data derived fromA were quantified with respect to Ilsoediated alterations of
Fve/Ferp (Nnorm.) after withdrawal of NE (fe/Fcrp at time point b- Fyee/Fere at time point a).
Results are plotted as meantS.E.M.
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The above results showed that the cAMP reboundregs were induced by PIsénsitive
Gi-proteins. Therefore, we next asked whether anyifspéds;-proteins are mediating this
rebound effect. In order to investigate this, HElswere transfected to overexpress,@r
Gaj, or Gojz together with Epactamps,o,-AR andAC5, and Ginduced cAMP levels were
measured. We observed no significant changesaififduced cAMP rebound stimulation in
cells transfected with different dzproteins (G, Gaj; and Gyz) compared to control
conditions (red, blue and green versus black trégg) 15) indicating that @nduced cAMP

rebound responses are not specific fatj; G5a;; and Gz proteins.
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Figure 15: cAMP rebound responses were observed iadendent of the G;-subtype

A, Averaged FRET recordings showingi@ediated alterations in cAMP induced by applicatonl
subsequent withdrawal of 0.3nM NE in HEK293T ceN&rexpressing & or Ga;; or Gajs together
with Epactcamps,a,-AR and AC5. The FRET signal of Epacamps was normalized to initial
values. B, Iso-evoked alterations in FRET of the experiments shawrA were quantified as
(Fyrp/Fcrpnorm.at time pointb) - (Fyrp/Fcppnorm.at time pointa) for all four conditions. All results
are plotted as meanzS.E.M. (n=5-6).

4.5 G-induced cAMP rebound responses in HelLa cells

The experiments described so far showed that Hetgrasly expressed AC5 and AC6
isoforms produced cAMP rebound responses in HEK2€316. Therefore, we next asked
whether these cAMP rebound responses were restrmtdy to HEK cells. In order to
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investigate this, HelLa cells were chosen and temesfl to express Epacamps and MR
together with or without AChvt. Cells transfected with AC5 produced cAMP reladun
stimulation after termination of muscarinic recepagonist ACh (black trace). On the other
hand, cells expressing empty vector (pcDNA3) predusignificantly lower cAMP levels
(gray trace) (Fig. 16). In addition, the onsetled G-inhibitory effect after application of the
muscarinic agonist ACh on cAMP concentrations wasemapid in HelLa cells compared to
HEK293T cells. It is likely that this rapid ;@hibitory effect is due to high
phosphodiesterase activity in HeLa cells which ddgrcAMP very rapidly.
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Figure 16: Acetylcholine induced a cAMP rebound rgsonses in HelLa cells.

Gi-induced cAMP rebound responses were measured iia idells transfected with Epachmps
together with M-R and AC5wt. A, Averaged FRET recordings showing alterations inVIEA
induced by application and subsequent withdrawd.8hM ACh in HeLa cells (n=6-7). The FRET
signal of Epaciamps was normalized to its initial valig. Experimental data derived frofawere
guantified with respect to Iso-mediated alterati@fisHrs/Fcrr (NOrm.) after withdrawal of ACh
(Fyep/Fcrr at time point b Fyep/Fepp at time point a). All results are plotted as meuietM.

From these experiments, it is concluded thain@uced cAMP rebound responses are similar

irrespective of different receptors or cell types.

AC5/6 dependent @nduced cAMP rebound stimulation was measured tacincells by

using heterologous overexpression system. Howekier AC5/6 protein expression levels
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were not determined. Therefore, we next asked venetlC5/6 are overexpressed in intact
cells or not. Due to a lack of suitable specifitilzodies for AC5 and AC6, it was impossible
to determine the expression of ACs on the pro@mll Instead, AC5 and AC6 mRNA levels
were measured in HEK and HelLa cells by gRTR. Considering the transfection efficiency,
(40-50% for HEK cells and 10-20% for HeLa cells) 2@nd AC6 mRNA were found to be

at least eight-fold increased in A€ansfected cells compared to control cells (F. 1
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Figure 17: Relative mRNA expression levels were inesed in AC5 and AC6 transfected HEK
and Hela cells.

A, HEK293T cells were transfected to express Egaotips and the,,-AR together with ACs (AC5

or ACG6) or pcDNAS3. The relative mRNA expressiondbsvof AC5 or AC6 were measured by gRT
PCR and normalized to the internal control (GAPAY are shown relative to control cells. Bar
graphs represents the mean + S.E.M from three @t transfectiond, Relative mRNA
expression levels of AC5 and AC6 in HeLa cells. iRepntative data are relative to control cells. Bar

graphs represent the mean+S.E.M from 2 independargfections.

4.6 Effects of PDE3 and PDE4 inhibition on Ginduced cAMP rebound stimulation.

The concentration of intracellular cAMP is not ogpendent on cAMP generation by AC,
but also on the action of cAMphosphodiesterases (Baillie & Houslay, 2005). Haveit
has been reported earlier that a PRIEEpendent N&eGMP pathway is involved in the;-G
induced cAMP rebound increase in atrial myocytesaif@/ & Lipsius, 1995 and 1998).
Therefore, it was tested whether PDE3 and PDE%itdns have any effect on@duced

cAMP rebound responses in HEK cells. Before ingasiing this possible mechanism, it was
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necessary to examine the effects of PDE inhibitorAMP levels. It is known that PDE3
and PDE4 inhibitors generate cAMP viad3n order to test the effects of PDE inhibition on
cAMP levels, cells were transfected with Epaeinps, AC5, andixa-AR. Prior to the
experiment, cells were piacubated with PDE3 or PDE4 inhibitors (cilostamided
rolipram, respectively). As expected, cells in whieDE3 or PDE4 had been inhibited
produced higher cAMP levels upon Iso treatment cmexbto control conditions (Fig. 18).
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Figure 18: PDE inhibition induced cAMP accumulation

In order to explore the effectiveness of PDE intioi in Epacicamps expressing HEK293T cells we
followed the time course of cCAMP decline after wiitawal of 1uM Iso (as indicated) by means of
FRET. Averaged data are shown for cells continyoagposed to 10uM of the indicated inhibitors
(n=5-6).

The above results showed a clear participation DE® and PDE4 to cytoplasmic cAMP
degradation upoB-adrenergic stimulation (Fig. 18). Therefore, it veleided to check the
effects of these PDE inhibitors on;-@duced cAMP rebound responses. To test this,
HEK293T cells were transfected to express Epmnthps, AC5, andia-AR. In order to
avoid saturation of sensor upon treatment of PO#bitors, cells were prencubated with
the inverse-receptor agonist alprenolol for 20 to 30min. Treattof these cells with 10uM
cilostamide (a PDE 3 inhibitor) in combination wahsubmaximal concentration of Iso for 3
min led to an increase of CAMP levels, and theseemsed cAMP levels were reduced to

basal levels by addition of 0.3nM NE. Furthermaebsequent washout of NE resulted in
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cAMP rebound stimulation. However, the-i@duced cAMP rebound stimulation was not

attenuated in these cells (Fig. 19).
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Figure 19: PDE3 inhibition did not attenuate G-induced cAMP rebound stimulation.

Exploring the effects of PDE3 inhibition on cAMPbmind stimulation was measured in HEK293T
cells expressing Epaalamps, AC5 andix-AR. A, Averaged FRET data showing that the cAMP
rebound stimulation after withdrawal of NEducedo,,-AR activation was not sensitive to inhibition
of PDE3 with cilostamide. The FRET signal of Epa&einps was normalized to initial valuds,
Alterations in FRET of the experiments shownAinvere quantified as (k-/Fcrpnorm.at time point

b) - (Fyee/Fcep NOrm. at time pointa). All results are plotted as meantS.E.M. (n=7-B). avoid
saturation of the sensor upon treatment of PDEiBiiiin, cells were pre-incubated with the invefse

receptor agonist alprenolol for 20 to 30min.

These results indicate that PDE3 inhibitor cilosteendid not affect Ginduced cAMP
rebound stimulation. These data are in line withiexafindings in ventricular myocytes that
PDE3 inhibition failed to inhibit Ginduced cAMP rebound stimulation (Belevyehal.,
2001). These results also indicate that PIdEBendent N&&GMP signaling does not
represent a major mechanism for Afdkduced inhibition in cAMP rebound stimulation. In
addition, very similar results were observed in pihesence of the PDE4 inhibitor rolipram.
Rolipram also did not affect;@duced cAMP rebound stimulation (Fig. 20). Thessuits
argue against a major contribution of PDEs in tlemegation of the @nduced cAMP
rebound stimulation (Wang & Lipsius, 1995). Therefoit was concluded that PDE3
dependent N&GMP signaling pathway is not involved inri@duced cAMP rebound levels.
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Figure 20: PDE4 inhibition did not attenuate G-induced cAMP rebound stimulation.

Exploring the effects of PDE4 inhibition on cAMPomnd stimulation was measured in HEK293T
cells expressing Epaglamps, AC5 andipa-AR. A, Averaged FRET data showing that the cAMP
rebound stimulation after withdrawal of NE-induagg-AR activation was not sensitive to inhibition
of PDE4 with rolipram. The FRET signal of Epacl-gamwas normalized to initial valueB,
Alterations in FRET of the experiments showrmAinvere quantified as {&/Fcepnorm.at time point
b) - (Fvee/Fcre NnOrm. at time pointa). All results are plotted as meantS.E.M. (n=6-T). avoid

saturation of the sensor upon treatment with th&#Linhibitor, cells were pre-incubated with the

inversef-receptor agonist alprenolol for 20 to 30min.

4.7 G-induced cAMP rebound responses are mediated viafig

As mentioned earlierGpy facilitation of Gus-stimulated AC4 and possibly AC7 could be
another possible mechanism fori@uced cAMP rebound responses (Btal., 2002). So
far, it was not demonstrated that AC7 is directisnalated by @y. Therefore, we first asked
whether a By-dependent mechanism is involved igiGluced cAMP rebound stimulation.
To test this mechanism, cells were transfecteckpoess Epactamps, AC5, andza-AR. In
order to check for the importance opssignaling, cells were pre-incubated with thgyG
inhibitor gallein (which blocks all @-dependent signaling (Lehamaehal., 2008)) for
40min and Ginduced cAMP rebound responses were compared withrad conditions.
Intriguingly, application of gallein significantlattenuated the @nduced cAMP rebound
stimulation (black trace) compared to the contaoidition (red trace). These data support the
hypothesis that @-dependent mechanisms are involved in then@uced cAMP rebound

stimulation (Fig. 21).
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Figure 21: G-induced cAMP rebound responses are mediated bypg

A, Epacl-camps based measurement gin@iced cAMP rebound stimulation was performed in
HEK293T cells transfected wittnba-AR and AC5. Cells were pre-incubated with 1uM & thallein
(GBy inhibitor) or vehicle for 40min (n=8). The averaged data demonstrate a loss of theFcAM
rebound response after withdrawal of NE in ceksited with galleinB, Experimental data derived
from A were quantified in respect to lsoediated alterations of /fr/Fcrp (NnOrm.) after withdrawal of

ACh (Rep/Fcrp at time point b Rep/Fepp at time point a). Results are plotted as meanh&.E.

As a positive control of gallein, its effect on thgeraction between PLE; and By was
measured. It was shown previously th@ activates PLB, (Wanget al., 1999). In order
to study the interaction between P Cand @y, cells were transfected to express BC
Cerulean, YFRagged @y Ms-R, (31 and G,. Cells were then stimulated with ACh,
resulting in activation of PLE. However, application of gallein significantly dished the
interaction of @y with PLCB, (Fig. 22).
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Figure 22: Galleine effectively inhibitied the inteaction between PL(B and Gy

Averaged FRET data showing inhibition of the int¢i@n of PL( and @8y were measured in cells
expressing PL@,-Cerulean, GeYFP, Ms-R, GB; and G.. Cells were pre-incubated with 10uM
gallein (G, inhibitor) or vehicle for 40min (n=7-8). Cells wethen stimulated with 10uM ACh
leading to effective interaction of PBCwith GBy. However, application of gallein significantly

inhibited this interaction. Results are plottedraesantS.E.M.

In order to ensure that the-lBduced cAMP rebound responses were specifically tu
activation of @y signaling, HEK cells were transfected to overegprédy together with
Epactcamps and ACS5. By this treatment, we expected &arerement of the ;@nduced
rebound stimulation after termination of NE appiica. Surprisingly, cells overexpressing
GPBy exhibited inhibitory effects (black trace) ori@duced cAMP rebound levels compared
to the control condition (red trace) indicatingttk&y was not mediating @nduced cAMP
rebound responses. Indeed, these data are carglieith the results obtained with gallein.
These conflicting results are remained an a opesstopn and potential discrepancy is

discussed in the discussion part.
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Figure 23: Gpy overexpression reduced the @nduced cAMP rebound stimulation in HEK
cells.

A, Averaged FRET recordings showing alterations in éAMduced by application and subsequent
withdrawal of 0.3nM NE were measured in HEK293TIexpressing Epaedamps,axx-AR and
AC5 with or without overexpression offéa The FRET signal of Epacl-camps was normalized to
initial values.B, Iso-evoked alterations in FRET of the experiments showA were quantified as
(Fyep/Fcer NOrm. at time pointb) - (Fyee/Fcre NOrm. at time pointa). All results are plotted as
meantS.E.M. (n=10-11).

Nevertheless, the experiments involvingyGnhibition by gallein suggested that &
dependent mechanism is involved ipitluced cAMP rebound stimulation. However, it was
not clear if this cAMP rebound stimulation was doeGBy-mediated activation of AC4.
Therefore, we next asked whethefy@nediated activation of AC4 was involved in-G
induced cAMP rebound stimulation. In order to irigete this, cells were transfected to
overexpress Epaedamps andaza-AR with or without AC4 and cAMP levels were
measured. Intriguingly, cells expressing AC4 showmghificantly reduced cAMP rebound
stimulation. By comparing cAMP rebound responselllK cells that had been transfected
with AC4, AC5 or ACG6, only cells expressing AC5 aA€6 induced a cAMP rebound
stimulation (Fig. 24). Functional expression of A@4s indicated by a lack ofi@ediated
inhibition, and there was no cAMP rebound stimolatat all. However, the cAMP levels

were significantly reduced in ACdxpressing cells suggesting thgty@nediated stimulation
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of AC4 is not involved in Ginduced cAMP rebound stimulation, which argues ragaihe
hypothesis that @nduced cAMP rebound stimulation is induced f}y@ctivated AC4.
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Figure 24: G-induced cAMP rebound stimulation is not mediated |y Gpy-activated AC4

A, Averaged FRET recordings showing-i@duced cAMP rebound stimulation was measured in
HEK293T cells overexpressing AC4, AC5 or AC6 togethvith Epacicamps andy,-AR. Cells
expressing AC5 (red trace) and AC6 (black line)dmeed Ginduced cAMP rebound stimulation but
not AC4 expression (blue line). The FRET signaEplctcamps was normalized to initial values

and quantified. All results are plotted as mean#@.En=7-8).

It is not clear why @y-activated AC4 produced lower cAMP levels than A&%ressing
cells but based on the results with gallein, ongélcceonclude that @-dependent signaling
is involved in Ginduced cAMP rebound stimulation. Furthermore, afs tbeen reported
previously that Gy can conditionally stimulate AC5 in Sf9 cells (Ka#eet al., 1987). In
order to address the question wheth@y-&ctivated AC5 is mediating {@&duced cAMP
rebound stimulation, HEK cells were transfectechveitmutant AC5 lacking amino acids-66
137 which constitute the[§y binding site (ACA66-137) mutant together with Epacamps
and measured j@duced cAMP levels. The AQ®B6-137 mutant showed significantly less
FRET between AC5 andfg interaction than full-length AC5 (Sadaetzal ., 2008).
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Figure 25: G-induced cAMP rebound stimulation is not mediated lp Gpy-induced activation of
AC5.

A, Scheme illustrates full length AC5 and tpe binding site deletion mutant A@56-137. B,
Averaged FRET recordings comparingi@uced cAMP rebound levels was measured in HEK293T
cells expressing AC66-137 or full length AC5 together with Epacamps andi,a-AR which were
subsequently subjected to the cAMP rebound stinaumairotocol. The FRET signal of Epacamps
was normalized to initial value€.,, Experimental data derived frofawere quantified with respect to
Iso-mediated alterations ofyfs/Fcre (NOrm.) after withdrawal of NE (ke/Fcrr at time point b-
Fye/Ferp at time point a). All results are plotted as meauietM. (n=56). Fig. A is adapted from
Sadanat al., 2011.

Cells expressing full length AC5 produced cAMP netd stimulation after termination of
NE (Fig. 25 red trace). However, cells expressimg AC5\66-137 mutant did not show
attenuated Enduced cAMP rebound stimulation after terminat@hNE (Fig. 25 black
trace). This suggests that the cAMP rebound stitimumais not mediated by direct 3§
activation of AC5. These results argue against Higgothesis that a [§-dependent AC
mechanism is involved in j@duced cAMP rebound stimulation. Therefore, it dam
concluded that @-facilitation of Gue-stimulated AC4 is not a primary mechanism fqor G

induced cAMP rebound responses despite the fat¢t @a inhibition studies (Fig. 21)
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revealed that a &-mediated signaling mechanism is involved inirieluced cAMP rebound
stimulation. This Ginduced cAMP rebound stimulation might be due thei an indirect
GPy stimulation of adenylyl cyclases or an activatiai different @y-dependent
mechanisms. For example,ptdependent stimulation of phospholipase C activityl a
subsequent activation of protein kinase C leadzctivation of AC5/6 and thereby increases
CAMP levels (Calpham & Neer, 1997). In addition R&KC, By also directly activates
phosphoinositid& (PI3) kinase (Viardet al., 1999). Indeed, our previous gallein data also
suggested that f3-dependent PI3 kinase might be involved in cAMP tetabstimulation
(Fig. 21) (Ukhanowet al., 2011). Therefore, the next aim was to identifyichh signaling

cascade is responsible fori@duced cAMP rebound effects.

4.8 Effects of PKA on G-induced cAMP rebound responses in HEK cells.

It is known that cAMP-dependent protein kinase AKAY is activated by cAMP and
regulates many physiological responses (Taskah, 2004). It was shown previously that a
selective PKA inhibitor (FB9) diminished Ginduced cAMP rebound stimulation via a
cAMP-dependent PKA mechanism in atrial myocytes (Wangigsius, 1995). Therefore,
we decided to investigate whether PKA has any eftet G-induced cAMP rebound
responses. In order to check PKA involvement, Efgactips, AC5, and,a-AR expressing
cells were pre-incubated with or without a spedii€A inhibitor (KT5720) for 30 min and
the G-induced cAMP rebound responses were compared wittra conditions. It has been
shown previously that PKA inhibitor 489 significantly attenuatefl,-AR mediated cAMP
levels (Penret al., 1999)therefore we chose a different PKA inhibitor (KTBJ2o study
PKA effects on Ginduced cAMP rebound stimulation. Application ofMKT5720 did not
affect G-induced cAMP rebound stimulation (Fig. 26 blaclc&n As a control, cells that had
not been incubated with KT5720 produced cAMP reblostimulation (Fig. 26 gray trace).
This result argues against a role of PKA grifduced cAMP rebound stimulation. From this
observation, it can be concluded thatif@luced rebound stimulation is not specifically
mediated by PKA.
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Figure 26: Protein kinase A inhibition did not attenuate G-induced cAMP rebound stimulation.

A, Averaged FRET recordings showing alterations in éAMduced by application and subsequent
withdrawal of 0.3nM NE was measured in HEK celinsfected with Epaedéampso,a-AR and AC5
(n=6-7). The FRET signal of Epachmps was normalized to initial values. Cells wmesincubated
with 1uM of the PKAspecific inhibitor KT5720 or vehicle for 30min prito the experiment (n=6-8).
B), Experimental data derived fro were quantified with respect to tsoediated alterations of
Fve/Ferp (Nnorm.) after withdrawal of NE (fe/Fcrp at time point b- Fyee/Fere at time point a).

Results are plotted as meantS.E.M.

To show that KT5720 indeed inhibited PKA, the Ppecific FRET biosensor AKAR4 was
used. AKAR4 consist of a phosphopeptide binding @ionfFHA1), a consensus region of
PKA substrates and sandwiched with donor fluorophécerulean) and an acceptor
fluorophore (cp venus). When PKA is inactive, tlmmaor and acceptor fluorophores are far
apart, resulting in low FRET. Upon phosphorylatmynPKA, the substrate region binds the
FHA1L, bringing the donor and acceptor fluorophai@gether and resulting in high FRET
(Depryet al., 2011). Cells were stimulated with 1uM Iso whiehds to activation of PKA.
However, the application of 1uM of the PKA inhibitdT5720 significantly inhibited PKA
activation (Fig. 27). Under basal conditions, th€AR4 sensotexpressing cells displayed
higher PKA activity. Therefore, in order to avoidtgration of the sensor, cells were -pre
incubated with a lower concentration (50nM) of Pkkibitor prior to the experiment. In
addition, we next tested whether the cAMP rebouesponse was translated into PKA

activity.

74



Results

1.2- 1pM Iso

1.1+

FYFPIFCFP(norm )

1.0+
— AKAR4

=== AKAR4+ KT5720

0 100 200 300 400 500
Time (sec)
Figure 27: KT5720 effectively inhibited PKA activaion.

HEK293T cells were transfected with 1ug of Pipecific FRETbased sensor AKAR4. To avoid
saturation of the sensor, cells were pre incubafitd a low (submaximal) concentration of KT5720
(50nM) prior to the experiment. Cells were themsiiated with 1uM of Iso leading to activation of
PKA. Application of 1uM KT5720 (PKA inhibitor) atteiated FRET increases (=3l results are

plotted as mean+S.E.M

To measure PKA activity, the PKA specific FRET la@nsor AKAR4 was used. In order to
measure PKA activity, cells were transfected toresp AKAR4, AC5, andia-AR. As
mentioned above, to avoid saturation of sensoils cgere preincubated with a lower
concentration of KT5720 (50nM) which was presembtighout the whole experimertiells
expressingAC5 produced a PKA rebound stimulation upon washajuhe a,a-AR agonist
NE (black trace) (Fig. 28). Furthermore, the-i@luced PKA rebound stimulation was
significantly diminished in cells expressing empictor (o cDNA3) instead of AC5 (gray
trace) (Fig. 28)
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Figure 28: G activation induced PKA rebound responses.

A, Averaged FRET data are showingi@uced alterations in PKA activity induced by apalion

and subsequent withdrawal of 0.3nM NE was measurétEK cells transfected with PK&pecific
sensor (AKAR4) andia-AR with or without AC5 (n=67). Rebound effects occurred in the cells
which had been transfected with AC5. Cells notdfacted with AC5 not produced rebound response.
The FRET signal of AKAR4 was normalized to initighlues. B, Quantification of Iseevoked
alterations in CAMP between indicated time poilts) of the experiment shown M All results are

plotted as meantS.E.M

In addition, G-induced cAMP rebound levels were also measuredsinguanother FRET
based cAMP bigssensor, based on the hyperpolarizatotivated cyclic nucleotidgated
channel (HCN) (HCNzamps). Cells were transfected with AC5 and-AR and either
Epactcamps or HCNzZamps. As expected, cells expressing Epacl-cangosiped cAMP
rebound stimulation after termination of NE (redck), whereas cells expressing HEN2
camps also produced similar cAMP rebound stimutatipon NE washout (black trace) (Fig.
29). There was no difference between cells exprgsdiCN2camps or Epactamps (Fig.
29), indicating that Ginduced cAMP rebound responses are not specifithiviEpaebased

CcAMP sensor.
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Figure 29: G-induced a cAMP rebound stimulation in HCN2-camps gpressed HEK cells.

HEK293T cells were transfected with ACia-AR and either HCNzZamps or Epactamps.A,
Averaged FRET data comparing-i@duced cAMP levels between HCM2mps and Epaedamps
expressing cellB, Iso-evoked alterations in cAMP were quantified betwigglicated time points (b

a) of the experiments shownAn Results are plotted as meantS.E.M.

4.9. Effects of protein kinases on @nduced cAMP rebound stimulation in HEK cells

As mentioned earlier, signaling via inhibitory Gof®ins leads to regulation of several
different pathways, most of which are mediated Gy subunits including PKC, PKG and
PI3K (Calpharm & Neeet al., 1997; Viardet al., 1999). Therefore, we first asked whether
major protein kinases (including PKC, PLC, and PK&& involved in Ginduced cAMP
rebound responses. In order to test the involverokptotein kinases, cells were transfected
to express Epaetamps, AC5, andya-AR. Cells were then pre-incubated with or without
the broadspectrum protein kinase inhibitor staurosporine i¢Wwhinhibits many kinases
including PKA, PKC and PKG) for 30min and-@duced cAMP rebound responses were
compared with control conditions. Treatment withMListaurosporine did not show any
impact on Ginduced cAMP rebound stimulation (black trace) camed to the control
condition (gray trace) (Fig. 30). There was no atighce in Ginduced cAMP rebound
stimulation between staurosporitreated and control cells (Fig. 30). These resahs
consistent with earlier findings that PKC inhibiticdoes not affect @nhduced rebound

stimulation of L-type C&" currents in ventricular myocytes (Belevyettal., 2001).
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Figure 30: Staurosporine did not affect Ginduced cAMP rebound stimulation.

HEK?293T cells were transfected withhs-AR, Epactcamps and AC5A, Averaged FRET recordings
show G-induced cAMP rebound stimulatianduced by application and subsequent withdrawal of
0.3nM NE. Cells were pre-incubated with 1puM of thenselective protein kinase inhibitor
staurosporine or vehicle (n=1) for 30min prior to the experimenB, Iso-evoked alterations in
FRET subsequent to withdrawal of NE were quantifegdindicated time points {&) of the

experiments shown iA. Results are plotted as mean+S.E.M.

To show that staurosporine treatment was effectiwveas tested for its ability to inhibit PKC
by using the PK&pecific FRET biosensor Eevee-PKC. EetA&C consists of a
phosphopeptide binding domain (FHA1l), a consensgion of PKC substrates and
sandwiched with donor fluorophore (YPet) and aamefifttorophore (EYFP). When PKC is
inactive, the donor and acceptor fluorophores areapart, resulting in low FRET. Upon
phosphorylation by PKC, the substrate region bitlas phosphopeptide binding domain
FHA1L, bringing the donor and acceptor fluorophai@gether and resulting in high FRET
(Komatsuet al., 2011). HEK293 cells were transfected with a pligsencoding the Eevee
PKC sensor. Cells were stimulated by applying 10pfvhe PKGspecific activator TPA (or
PMA) resulting in activation of PKC. However, 1pMasrosporine (PKC inhibitor)
significantly inhibited TPAmediated PKC activation (Fig. 31). From these expents, it
can be concluded that-®duced cAMP rebound stimulation is not mediatedPi§A, PKC,
PKG and other staurosporine sensitive kinases.
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Figure 31: Staurosporine effectively inhibitied PKCactivity.

Averaged FRET data showing PKC inhibition were mead in cells expressing the PKC-based
FRET-sensor EeveleKC. Cells were stimulated with 1uM TPA (PKC spiecictivator) leading to
activation of PKC. However, pre-treatment with 1iskhurosporine (PKC inhibitor) attenuated the

TPA response (n=5). Results are plotted as meam¥S.E

4.10. Effects of PI3K on Ginduced cAMP rebound stimulation in HEK cells.

It is known that class 1B PI3Ks (also known as R{3#re activated via PTXensitive G;-
coupled GPCRs. This activation of PIBks linked to a direct association of its catalytic
domain withBy subunits of inhibitory G proteins (J5(Stoyanovet al., 1995; Viardet al.,
1999). However, our previous results also suggestatpy dependent PI3K signaling is
involved in cAMP rebound stimulation (Fig. 21). Tatore, it was decided to study the
involvement of PI3K on Ginduced cAMP rebound stimulation. In order to imgste the
involvement of PISK on cAMP rebound effects, caigpressing Epaetamps,oa-AR and
AC5 were prencubated with 1uM of the PI3Kpecific inhibitor wortmannin, and ;G
induced cAMP rebound responses were compared wathiral conditions. Notably,
application of 1uM wortmannin significantly reduc€ginduced cAMP rebound responses

(red traces) compared to the control conditionaglbtrace) (Fig. 32).
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Figure 32: AC5-dependent Ginduced cAMP rebound stimulation in HEK cells requres PI3K
activation.

A, Epaclcamps based measurements of cAMP rebound respamses performed in cells
transfected withu,a-AR with or without AC5 as indicated. Cells wereheit preincubated with 1uM
of the PI3kspecific inhibitor wortmannin or vehicle for 30mi(n=1011). Averaged data
demonstrate a loss of the cAMP rebound response waithdrawal of NE due to wortmannin in cells
expressing AC5B, Iso-evoked alterations invE/Fcep(NOrm.) were quantified and compared for the

indicated conditions @a). Results are plotted as mean+S.E.M.

The reduction of FRET decreased from 11.2+1.2%.6355%. Based oin vitro cAMP
calibrations of Epactamps, it was estimated that wortmannin reduced dA&P
concentrations from 4.1uM to levels of about 0.7pMerestingly, exposure to wortmannin
significantly reduced @nduced cAMP rebound stimulation only in cells eegging AC5. In
cells expressing empty vector (pcDNA3, green transjead of AC5 wortmannin did not
show any effect on cAMP rebound stimulation comgdoethe control condition (blue trace)
(Fig. 32).

Since ACe6expressing cells also produced cAMP rebound stiiamawe asked whether
wortmannin had any effect on cAMP rebound stimalatin order to investigate wortmannin
effects on ACB6, cells were transfected with Epaatnps,a;a-AR and with or without AC6

and tested for @nduced regulation of cAMP levels.
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Figure 33: AC6-dependent Ginduced cAMP rebound stimulation in HEK cells recuires PI3K
activation.

A, Epacl-camps-based measurements of cAMP reboundilaion was performed in cells
transfected withu,a-AR with or without AC6 as indicated. Cells wereheit pre-incubated with 1uM
of the PI3kspecific inhibitor wortmannin or vehicle for 30min=6-7). Averaged data demonstrate a
loss of cAMP rebound response after withdrawal Bf die to wortmannin treatmeii, Iso-evoked
alterations in FRET subsequent to withdrawal of Wdte quantified at indicated time pointsgjpof

the experiments shown A Results are plotted as mean+S.E.M.

In order to test for wortmannin effects on AC6 |e&ere preincubated with wortmannin for
30min and Ginduced cAMP rebound responses were compared wititral conditions.
Notably, application of 1uM wortmannin significantliminished Ginduced cAMP rebound
stimulation (black trace) compared to control ctinds (red trace) (Fig. 33). Reduction of
FRET decreased from 11.8+0.92% to 0.72+1.3%. Basenh vitro CAMP calibrations of
Epactcamps, it was estimated that wortmannin reducedctidP concentrations from
4.3uM to 0.74uM. These data suggest thapad&pendent PI3K pathway is involved i G

induced cAMP rebound stimulation of AC5&pressing cells.

An interesting observation shown in Fig. 32 andwa® that exposure to wortmannin had a
tendency to lowep,-AR mediated rise in CAMP levels in cells express#©b/6. However,
wortmannin did not show any effect @-AR mediated rice in cAMP levels in cells
expressing empty vector (pcDNA3) (Fig. 31). Theatadndicate that PI3Ks regulate ACs
either directly or indirectly. To further confirrhe effects of wortmannin gi-AR mediated
increase in CAMP levels, cells were transfectedxpress AC4, AC5 or AC6 together with
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Epacl-camps. Exposure to 1uM wortmannin signifigaoivered f,-AR mediated increase
in cCAMP levels only in cells expressing AC5 and AEty. 34 BC). Indeed, wortmannin did
not reducep,-AR mediated increase in cAMP levels in cells expirggs AC4; it rather

showed a tendency to higher cAMP production in@asp to thg,-AR agonist Iso (Fig. 34
A). These results further confirm that PI3K is rieging ACs. However, it is not clear

whether PI3 kinases are directly or indirectly dagng ACs.
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Figure 34: Activation of AC5 and AC6 is sensitived wortmannin.

A, Epaclcamps expressing cells were subjected to FR&Jed recording of &-induced cAMP
levels illustrating the effect of 3nM Iso on cAMBVEIs. Cells were transfected with AC4, AC5 or
ACSG6 as indicated and either treated with 1uM wortnia or vehicle (n=7)B, Iso-evoked alterations
in FRET induced by application of Iso were quaatffias shown irA. Results are plotted as

meanzS.E.M.

As a positive control for wortmannin, PI3K inhilmti was tested by using a RIP
translocation sensor (AKPH-YFP). This sensor specifically binds RIRt the plasma
membrane through its PH domain. Wortmannin shoelduce the cellular PjPcontent,

thereby resulting in cytoplasmic localization oé tAKT-PH-YFP sensor.
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AKT-PH-YFP AKT-PH-YFP+ Wort (1uM)

Figure 35: AKT-PH-YFP sensor displayed high basal P levels in HEK293T cells.

Representative confocal images are ARM-YFP transfected HEK293T cells. Cells were imaged
before and after preeatement of 1uM wortmannin. In cells treated wighicle the sensor was
already located at the plasma membrane indicaiigiy asal PIRPlevels. Cells were relocated to the

cytosol in treatement with wortmannin. Scale bédngrh.

In order to further check for inhibition of receptoediated PI3K activity, cells were
transfected to express AKHHYFP. Cells were then pfiacubated with a lower
concentration of wortmannin (50nM) in order to mgte AKT-PH-YFP to the cytosol (Fig.
36 A); otherwise the sensor was already localipeithé membrane indicating high basal 1P
levels (Fig. 35). Cells were then stimulated witht@letderived growth factor (PDGFBB)
which is well known to activate PI3K in many celieluding HEK293T cells (Gaet al.,
2011) resulting in Akt translocation (translocatioom the cytosol to the plasma membrane
(Fig. 36A)) as reflected by decreasing the raticytbsolic AKT-PHYFP relative to total
cell fluorescence, which indicates increasingsRévels (black trace) (Fig. 36B). However,
application of 1uM wortmannin completely prevent@ét translocation to the plasma

membrane (gray trace) (Fig 36B).
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Figure 36: Wortmannin effectively inhibitied the PI3K activation.

HEK293T cells were expressed with Rependent translocation sensor (ARH-YFP) and then

cells were incubated with a low concentration ofrtw@nnin (50nM) in order to allow for partial
translocation of AKTPHYFP. A, Representative confocal images of AIRH-YFP localization in

HEK293T cells prior and after exposure to 50ng/frthe PI3K activator PDGFBB, Averaged data
(n=14-16) showing the time course of membrane translogatf AKT-PHYFP in response to
PDGFR stimulation and inhibition in response to 1uM tmmannin by plotting the fractional
cytosolic YFPRstaining. Due to movements of the cell during tRpegiment it was more reliable to

measure cytosolic versus whole cell fluorescenoepewed to membrane staining. Scale bars 10um.

4.11. Effects of PIR on G-induced cAMP rebound stimulation in HEK cells.

Activation of PI3K leads to the generation of P43)R; and PI(3,4)R Therefore, we next
asked which phosphoinositol species is involved RIBK-dependent cAMP rebound
responses. In order to study this, cells were feamtesd to overexpress the Biépecific
phosphatase PTEN, which is known to dephosphorfdi®g thereby decreasing RlRevels
(Maehamaet al., 1998). Intriguingly, overexpression of PTEN sigantly attenuated G
induced cAMP rebound levels as reflected by a dseren FRET ratio in cells expressing
AC5. The FRET ratio was reduced by 12.1+0.93% &*7.4%. Based on Epaampsl
calibration curves it was estimated that the cAMiRcentrations after NE withdrawal are
reduced from 6.0uM to 1.0uM (Fig. 37). Similar torémannin, cells overexpressing PTEN
also show loweB,-AR mediated increases in CAMP levels. These resuttsate that the

generation of PIPis required for CAMP rebound responses.
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Figure 37: Overexpression of PTEN reduced @nduced cAMP rebound stimulation in HEK
cells.

A, Averaged FRET data showing-@ediated alterations of CAMP responses inducedpipliGation
and subsequent withdrawal of 0.3nM NE were measireells expressing Epachmps, AC5¢,,-

AR and PTEN (grey) or empty vector (black). Theadsttow a loss of the cAMP rebound response
after withdrawal of NE due to PTEN overexpression7-8). B, Iso-evoked alterations in FRET
subsequent to withdrawal of NE were quantifiedratidated time points ¢n) of the experiments

shown inA. Results are plotted as mean+S.E.M.

4.12. Effects of PI(3,4)Pon G-induced cAMP rebound stimulation in HEK cells.

As mentioned above, activation of PI3K also geresr&tl(3,4)P. A major pathway leading to
P1(3,4)R is the dephosphorylation of PI(3,4,5}% the 5phosphatase SHIP2 (Dameiral.,
1996). In order to test the involvement of PI(34)lls expressing Epachmps, AC5 and
a2a-AR were preincubated with or without the SHIP2 inhibitor AS4B2190 and (induced
cAMP rebound responses were compared. Applicatidu™ AS 1949490 did not show any
affect on Ginduced cAMP rebound stimulation, which indicateattPI(3,4)R signaling is
not involved in PI3Kdependent cAMP rebound responses (Fig. 38). Thexefid is
concluded that @nduced cAMP rebound responses are likely deperme®R.
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Figure 38: SHIP2 inhibition did not attenuate G-induced cAMP rebound stimulation in HEK
cells.

A, Averaged FRET data showir(g-mediated alterations of cAMP rebound responsesceuiby
application and subsequent withdrawal of 0.3nM N&Sweasured in cells expressing Epearhps,
AC5 anda,a-AR. Cells were préncubated with AS 1949490 (SHIP2 inhibitor) or v&@hi(n=56). B,
Iso-evoked FRET changes were quantified as alteratiorns,-/Fcep (NOrm.) and plotted for the
indicated conditions @a). Results are plotted as means+S.E.M.

4.13. Effects of AKT on G-induced cAMP rebound responses in HEK cells.

Furthermore, it was tested whether important dokeash effectors of P§are involved in
the generation of cCAMP rebound responses. It iswknohat activation of PWfurther
stimulates downstream effectors such as PDK1 arnd(®tokeet al., 1997; Klippelet al.,
1997). Therefore, we asked whether tdwnstream signaling is involved in the PI3K
dependent cCAMP rebound stimulation. In order testigate this, the influence of Akt on-G
induced cAMP rebound stimulation was tested. To suea Akt effects, cells expressing
Epac-1camps, AC5 angha-AR were pre-incubated with the Akpecific inhibitor SH5, and
Gi-induced cAMP rebound responses were compared wittral conditions. Application of
10uM of SH5 did not show any effect on-@&duced cAMP rebound stimulation (gray trace)
compared to control conditions (black trace) (RB9). This result indicates that Akt and its

downstream signaling are not involved in Pi8&pendent cAMP rebound responses.
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Figure 39: Akt inhibition did not affect G;-induced cAMP rebound stimulation in HEK cells.

A, Averaged FRET data showing-fediated alterations of cAMP rebound responsesceuiby
application and subsequent withdrawal of 0.3nM &S measured in cells expressing Epeahps,
AC5 and aa-AR. Cells were préncubated with SEb or vehicle (n=67). B, Experimental data
derived fromA were quantified with respect to Iso-mediated atiens of Rrp/Fcre (NOrm.) after
withdrawal of NE (Rep/Fcrp at time point b- Fyep/Fepp at time point a). Results are plotted as
meanzS.E.M.

As a positive control for S3, we tested Akt inhibition by utilizing the RHdependent
translocation sensor (AKPH-YFP). To study Akt inhibition, cells expressing tA&«T -
YFP-PH sensor were stimulated with platedetrived growth factor (PDGFBB) resulting in
Akt translocation as indicated by increase insR#Rels (black trace). However, application
of 10uM Akt specific inhibitor SKb significantly attenuated Akt translocation asicated

by reduction of PIRlevels (gray trace) (Fig. 40). In addition, theéadabtained with the nen
selective kinase inhibitor staurosporine and PTEMi¢h also inhibits PDK1) already
indicate that PDK1 is not involved in;@&aduced cAMP rebound responses (Fig. 30).
Therefore, based on these results it is concludked PIR either directly or indirectly

mediates @Ginduced cAMP rebound responses.
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Figure 40: SH-5 effectively inhibited Akt activation.

Representative average data showing the-Sid8iated blockade of Akt translocation in HEK293T
cells expressing a Pfélependent translocation sensor (ARH-YFP). Prior to the experiment, cells
were preincubated with low concentrations of wortmannin (1) in order to allow for partial
translocation of AKTPH-YFP. Cells were then stimulated with 50ng/ml of tRé8K-specific
activator PDGFBB leading to translocation of Akbrfr cytosol to plasma membrane as determined
by plotting the ratio of cytosolic AK'PHYFP relative to total cell fluorescence. However,
application of 1uM Skb (Akt inhibitor) completely abolished PD@Rduced membrane targeting of
AKT-PH-YFP (n=5).

4.14. G-mediated PIP; activation via Gpy.

The above data suggested thair@duced cAMP rebound stimulation leads to productd
PIP;. It is known from the literature that activatiof BTX-sensitive Gcoupled GPCRs
activates PI3K. This PI3Ky activation has been linked to a direct associabiois catalytic
domain with theBy subunits of G proteins (Stoyana al., 1995). Therefore, it was
investigated whether the moderatecGupled GPCRo(a-AR) stimulation used in the cAMP
rebound stimulation protocol described above aljtuahds to an increase of RBIPTo test
this, we tested Ninediated translocation of AKPHYFP in HEK cells. As mentioned
above in the absence of wortmannin, ARH-YFP sensor is already completely localized to
the plasma membrane. In order to achieve a cytodoltalization of the sensor in
unstimulated cells, these experiments were caoigdn the presence of a low concentration
of wortmannin (50nM). Cells were then stimulatedhwNE, resulting in increasing PIP
levels (red trace) (Fig. 41 B) as reflected by $tacation of the AKTPHYFP sensor from

the cytosol to the plasma membrane (Fig. 41A).
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Figure 41: a,a-AR receptor stimulation leads to elevation of PIRlevels.

A, Depicted are confocal images of HEK293T cellsgfacted with the PiPsensitive AKFPH-YFP
translocation sensor, AC5, angha-AR. Cells were préncubated with low concentrations of
wortmannin (50nM) in order to relocate AKHH-YFP to the cytosol (left). Cells were then
stimulated with 1uM NE leading to membrane targgtifi AKT-PHYFP (right). B, Depicted are
averaged data for AKPHYFP translocation to the plasma membrane by phpttime ratio of
cytosolic AKT-PHYFP relative to total cell fluorescence. To inceasgtosolic AKFPH-YFP
localization cells were pfrimcubated with 50nM wortmannin and stimulated witoM (red (n=10)
and green (n=5) trace) or 0.3nM NE (blue tracegt\h=Pretreatment with PTX (30ng/ml for >4h)
abolished NEnduced membrane targeting of AKHH-YFP (green trace)C, NE-induced alterations
iN YFP (ytos0)/ YFP(whote ce) Were quantified. Results are plotted as meand.Ecale bar 10pum.

These results clearly demonstrated that stimulatiotine a,a-AR increases PiPlevels. To
demonstrate that this increase of PlEvels was mediated via P¥sénsitive proteins, cells
were pre-incubated with PTX. As expected, the iaseein PIR levels induced by activation
of Gaj-coupled receptors was completely abolished bytng@ment with PTX (green trace)
(Fig. 41B-C).

However, PI3K is also directly activated by 3@ (Stoyanovet al., 1995). Therefore, we

asked whether & is involved in PI3K activation. In order to addsethis question, &
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mediated PI3K activation was measured in HEK cdlis using the AKTPH-YFP
translocation sensor. To study the involvement f,@ells were then primmcubated with the
Gy inhibitor gallein. Exposure to theza-AR agonist NE led to activation of PI3K.
However, prencubation with 10uM gallein significantly reduc®dBK activation (Fig. 42).
Based on these results, it can be concluded tiR& BImediating Ginduced cAMP rebound

responses of AC5/6 expressing cells.
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Figure 42: G-activation leads to elevation of PIRlevels via @y.

A, Averaged AKTPH-YFP translocation data showingtdependent alterations of BiRduced by
application of 0.3nM NE in cells expressing AWH-YFP. Cells were then stimulated with NE
leading to activation of PR However, subsequent preincubation and applicatiohOpuM gallein
(GBy inhibitor) significantly reduced NEtimulated PIR activation.B, NE-induced alterations in
YFP (yt0s0)/ Y FP (whote ce) Were quantified. Results are plotted as meandb(B=3-5).

4.15. Elevation of PIR potentiates Gus-enhanced cAMP levels.

The translocation assay revealed thatn@uced cAMP rebound responses are mediated by
PIP; primarily in AC5/6expressing cells. Therefore, the next aim was teraene whether
elevations of PIPinduced by other means than gotein activation would indeed sensitize
ACS5. In order to test this hypothesis, HEK293T saikpressing Epaedamps, AC5, and
a2a-AR were stimulated with plateleterived growth factor (PDGFBB) (which is known to

activate PI3K) and Genhanced cAMP levels were measured. StimulatioBpafctcamps
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expressing cells with 50ng/ml PDGFBB significanihgreased @s-enhanced cAMP levels
(red trace) compared to a control condition (blxeke) (Fig. 43A- B).
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Figure 43: Elevation of PIR; causes sensitization of AC5

A, Averaged FRET data showing effects of PD@Eeptormediated PIP production on Iso
mediated cCAMP responses were measured in-&<pessing cells (n=80). Cells expressing Epacl
camps were (red) or were not (black) incubated wiimg/mL PDGFBB at the indicated time point
during FRET imaging.B, PDGFinduced FRET changes after application of Iso o th

experiments shown iA were quantifiedResults are plotted as meantS.E.M.

These results suggest that ACs, specifically AGBEregulated by PiPFurthermore, these
results strongly support the hypothesis that; ®Rnediating the @nduced cAMP rebound

responses in AGBxpressing cells.

4.16. Effects of PI3K on Ginduced cAMP rebound responses in cardiac myocytes

Since the role of Pifor G-mediated cAMP rebound responses was so far onlyrsho a
heterologous expression system, the next aim wasstowhether the AGimduced cAMP

rebound phenomenon is also mediated by PiRtrial cardiac myocytes
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Figure 44: Wortmannin abolishes G-induced cAMP rebound responses in atrial myocytes.

A, Isolated murine atrial myocytes from Epaaimps expressing mice were jmeubated with 1pM
wortmannin or vehicle for 30min and subsequentlpjetted to the cAMPebound stimulation
protocol as described in Fig.9A. Averaged FRET dimmonstrate a loss of the cAMP rebound
response after withdrawal of ACh in cells freated with 1uM of wortmannin (n=6-9B,
Experimental data derived frorA were quantified with respect to issediated alterations of
Fyvee/Fcrp norm. after withdrawal of ACh (e/Fcrr at time point b Fyee/Fcrp at time point a). Results
are plotted as meanS.E.M.

In order to test this, Epagdamps expressing transgenic mouse atrial cells preriecubated
with the PI3K inhibitor wortmannin and thej-tBduced cAMP rebound stimulation was
measured. These experiments were performed inbooddion with Dr. Viaceslav O.
Nikolaev work group. Notably, application of 1uM smannin significantly reduced the
ACh-induced cAMP rebound levels (gray trace) compaoecbntrol conditions (black trace)
(Fig. 44). This result suggests that also in muatreal myocytes, cCAMP rebound responses
are largely dependent on RIRediated adenylyl cyclase sensitization. Intriglyng
wortmannin had a tendency to lower AC activity isponse toB-adrenergic receptor
stimulation (Fig. 44), similar to what was obserwed\C5-expressing HEK293T cells (Fig.
32).

92



Discussion

5. Discussion

cAMP together with CZ is the most prominent cytosolic second messengeiriually all
cells, which is generated by ACs through stimulai@rprotein Gxs. CAMP regulates many
different functions of the cell; consequently, dysftion of CAMP regulation is involved in
the pathology of many different diseases. PreviowsIcCAMP rebound stimulation was
identified after termination of &-stimulation in cardiac myocytes as well HEK293TIsel
but the mechanism is still under debate (@nal., 1994; Wangt al., 1995; Belevyclet al.,
2000; Mildeet al., 2013). However, while studying the mechanism «f tbng known cAMP
rebound phenomenon after termination ofy-&imulation in cardiac myocytes, we
discovered a novel regulatory pathway that requikd3 kinase activity and leads to
sensitization of ACs, primarily AC5 and AC6 (Figp)4

5.1 G-induced cAMP rebound responses are specific for A&and AC6 in HEK293T
and Hela cells.
The G-induced cAMP rebound responses were originally rifesd in cardiac myocytes.

Similar to myocytes, the cAMP rebound responsesve¢so described in HEK293T cells
after termination of Gstimulation by using redlme cAMP imaging with a FREDbased
CAMP biosensor (Epaedéamps) (Mildeet al., 2013). Primarily the cAMP rebound responses
could be reproduced after withdrawal of Gi/o stiatidn in two different heterologous
overexpression systems (HEK293T and Hela cellg). (Fiand 16). These cAMP rebound
effects were seen only when cells expressed AC5A& but not when expressing empty
vector instead of AC5 or AC6 or in cells expressinG4 (Fig. 10, 11 and 24), which
supports the hypothesis that cCAMP rebound respaareeAC5/6 dependent (Belevyehal.,
2001; Bettet al., 2001). Indeed, native HEK293T and Hela cellsregped AC5 and AC6
only to a low extent, and the contribution of enelogus AC5/6 to functional cAMP
production was minor. Due to lack of suitable ACSf&cific antibodies for the detection of
protein expression, we studied AC5/6 mRNA exprestoels and found detectable amounts
of AC5/6 in HEK and HelLa cells upon transfectiomg(FL7). During the investigation of;G
induced cAMP rebound responses, it was noted tAMR rebound responses were not
observed at maximally stimulating concentrationssof These results are in line with earlier
findings that cAMP rebound stimulation of the” Qurrent was not observed if oG
stimulation was fully activated by maximally stimtihg concentrations of Iso (1uM) in
guineapig ventrucular myocytes (Zakhareval., 1997). These observations hinted towards
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the rebound stimulation is due to facilitation oAMP-dependent responses (Wang &
Lipsius, 1995).

Cells expressing a different; Goupled receptoraga-AR) instead of the MR also produced
similar cAMP rebound responses upon terminatiortredtment with theu,a-adrenergic
receptor agonist NE (Fig. 12). cAMP rebound effectaild also be elicited in cells
expressing the &-coupled dopamine Dreceptor in combination with theo§scoupledaa-

AR. In these cells, a similar degree of cAMP relbuwesponses was observed upon
termination of G;-activation compared to tifiz-adrenergic receptor (Fig. 13). These results
suggest that @nduced cAMP rebound responses are not recepteifigpén addition it was
found that the Ginduced cAMP rebound responses were sensitive ¥a PTX-treated HEK
cells were significantly inhibited in their abilityo produce @Ginduced cAMP rebound
responses (Fig. 14). These results are consisiimearlier findings that @nduced rebound
stimulation of L-type C& current in atrial myocytes and cAMP-activated-&irrent in
ventricular myocytes are attenuated by PTX treatndfang & Lipsus, 1995; Belevycét

al., 1997). This observation indicated that cAMP relmbdevels are mediated by PTX
sensitive Gi/o proteins. Importantly,;-&duced cAMP rebound responses were observed not
only at the level of cAMP, but also by using AKARZMFRET reporter of PKA activity (Fig.
28). In addition, Ginduced cAMP rebound responses were also obsersed) IHCN2
camps (a different cAMP FREBiosensor) (Fig. 29)

However, the intracellular concentration of CAMM ¢ increased not only by stimulation of
AC activity but also by an inhibition of PDE actiyi It has been previously reported that the
PDE3 dependent NOGMP pathway was involved ini@duced cAMP rebound increase in
cat atrial myocytes (Wang al., 1995; Wanggt al., 1998). However, our results clearly argue
against a major contribution of PDEs in cAMP relbduwasponse: Inhibition of major PDE
isoforms such as PDE3 and PDE4 did not attenuateAMP rebound response (Fig. 19 and
20). These results are in line with previous stsidibat PDE3lependent N&@GMP
signaling is not involved in @nduced rebound cAMP effects in ventricular myosytBett

et al., 2002; Zakharowt al., 1997). In addition, inhibition of PKA is known tgtimulate
PDE4 activity but this had no detectable effect the observed rebound responses.
Furthermore, the fact that in a heterologous exwassystem the rebound response was
completely absent when cAMP was produced via AQdies against a major role of PDEs in

the generation of cAMP rebound stimulation. Therefat can be concluded that PDE3
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dependent N&GMP signaling does not contribute to A@iduced inhibition of cAMP

rebound stimulation.

By expressing different inhibitory & proteins, we ruled out that cAMP rebound responses
were restricted to certain; Gubtypes (Fig. 15). Furthermore, significantly é&swcAMP
rebound responses were observed when inhibitifg @ith galleine (Fig. 21), which
suggests that a fg-dependent mechanism is involved in cAMP reboungaeses. These
results are consistent with a proposed mechanisth @Gy facilitation of Gag-stimulated
AC2/4 leads to cAMP rebound responses (R#tal., 2001; Belevychet al., 2001). In
addition, overexpression of G protefiy subunits showed a significant reduction gf G
induced cAMP rebound response (Fig. 23). This aa@gainst the results showing that the
By inhibitor gallein significantly reduced cAMP rebmliresponses (Fig. 21). However, it is
not clear whypy overexpression had an inhibitory effect opiftdluced cAMP rebound
responses. One explanation could be that long séimulation of PI3K with3y could lead to
desensitization of its production or it's down atre signaling. However, this negative
discrepancy still remains an open question. It wated during the investigation of;-G
induced cAMP rebound stimulation that-i@duced cAMP rebound stimulation is long
lasting (around 145 min) (data not shown). This observation is cstesit with earlier
findings that By-mediated stimulatory responses do not deactivatpuigkly as inhibitory
effects (Harveyet al., 2007). These data further strengthen the hypathést a @y-
dependent signaling mechanism is involved in cAMBound responses. Surprisingly;; G
induced cAMP rebound responses were significaetiyyced when cells expressed AC4 (Fig.
24), which argues against the proposed mechaniatm@y-facilitated Gie-stimulated AC4

is involved in generation of the cCAMP rebound resms. However, it has been reported
previously that By conditionally activates AC5, resulting in an ingse in CAMP levels. By
using an AC5 mutant with thepg binding site deleted, AQ%6-137 (Sadanat al., 2007),
we ruled out the possible involvement ofyGactivation of AC5 in Ginduced cAMP
rebound responses. A similar degree of cCAMP rebowsfhonses was observed in cells
expressing the ACS66-137 mutant compared to cells expressinglirdigth AC5 (Fig. 25).
These results explain that thei@duced cAMP rebound responses are not directlyiatesdl
by GBy-activated ACs.

Then the question arises, why do we see a signifieauction in cAMP rebound responses

by GBy inhibition? There is a possible explanation foistht could be that the cAMP
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rebound stimulation may not actually directly inv®l G3y-dependent activation of ACs;
perhaps anotherfz-dependent mechanism is involved such Ag-@pendent stimulation of
phospholipase C (PLC) activity and subsequent aittim of protein kinase C (PKC)
(Clapham & Neer, 1997) or apg-activated phosphoinositide 3 kinadependent signaling
pathway (Vidaret al., 1998). Indeed, our [ inhibition data fy inhibitor gallein
significantly inhibits Gy activated PI3K) (Fig. 20) also hinted thagyGactivated PI3K is
involved in G-induced cAMP rebound stimulation (Ukhanehal., 2011)

5.2 PIP; mediated G-induced cAMP rebound responses.
Interestingly, the PI3K inhibitor wortmannin sigicéintly lowereda,a-AR-induced cAMP

rebound responses of AC 5/6 (Fig. 32, 33), whigbpsuts the hypothesis thap{activated
PI3K signaling was involved in j@nduced cAMP rebound responses. These results are
consistent with earlier findings, which reporteattihelaxin-mediated stimulation of cCAMP
was inhibited by PI3K inhibitors (LY294002 and waoennin) in THPL cells (Nguyeret al.,
2003 and 2005). On the other hand, these findimgscantrary to a previous report that
cardiac-specific PI3%KO mice exhibit an increase in basal contracti(®atruccoet al.,
2004). However, the effect of PI3K inhibition onsahcAMP levels is not clear in most cell
types or tissues, not even cells that vastly expPg35/6. Indeed, similar stimulatory effects
were observed upon wortmannin treatment in the aag€4-expressing cells in response to
B.-adrenergic stimulation (Fig. 34). Furthermore, wwbnin had no effects on cells
expressing empty vector instead of AC5 or AC6, sstjigg that wortmannin effects were
specific to AC5 or AC6 in HEK cells. In additionsing the well established RIRensor
AKT-PHYFP, we were able to demonstrate that stimulatibru,a-adrenergic receptors
under conditions very similar to those used to wtrgbound stimulation indeed led to an
increase in PlPproduction (Fig. 41). The PiRevels required for AC5/6 specific stimulation
are obviously higher than those needed for traasime of the AKFPH domain. This could
be deduced from the observation that overall P18 iy in the absence of Gi/o stimulation
had to be reduced in order to see Gi/o mediategiwaation of the AKTsensor (Fig. 36). In
addition, the @y inhibitor gallein completely abolishedosmediated PI3K activity, which
further confirmed PI3K signaling throughf$ However, these results are preliminary, and
additional experiments are needed to substantiee {(Fig. 42). Furthermore, wortmannin
pretreatment did not only fully inhibit cAMP rebadimesponses in AC5 expressing HEK
cells but also completely abolished this responsadult mouse atrial myocytes (Fig. 44).
These findings suggest that-Bediated cAMP rebound responses are mediated Ggya
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PI3K dependent pathway, both in cardiac myocytekiarheterologous expression systems.
In atrial myocytes, AC5 and AC6 are predominanipressed (Dheimt al., 2001; Defert
al., 2000; Matticket al., 2007). This evidence for functional expressiérAG5/6 in atrial
myocytes comes from the the observation of robuisibition in response to activation of
inhibitory G protein (@, which indicates AC5 and AC6 regulation via R$&nsitive G
protein (Fig. 8A). Furthermore, termination of; @Gctivation leads to cAMP rebound
responses. In mouse ventricular myocytes, we obdeonly very minor cAMP rebound
responses after withdrwal of muscarinic receptamési. This low cAMP rebound responses
might be due to a relatively lower expression gifin ventricular myocytes compared to
atrial myocytes and also suggest that basal cAMPIdemight be higher in atrial myocytes
(Deightonet al., 1990; Zakharoet al., 1997). Using both PTEN overexpression (which is
phosphatidylinositeB,4,5trisphosphate -phosphatase, thereby lowering PIRevels
(Maehameet al., 1998)) and SHIP2 inhibition (a phosphatidylinok®,4,5trisphosphate 5
phosphatase catalyzing the conversion of;Riffo PI(3,4)B (Damenet al., 1996)), we
identified PIR as the major phosphoinositol species that is walin PI3kdependent
CAMP rebound responses (Fig. 37 and 38). Howewar PAEN overexpression results are
also contrary to a previous finding, which reportieat functional impairment of PTEN leads
to a decrease in cardiac contractility (Crackowerl., 2002). One explanation for this
opposing effect could be that PIgKiot only regulates P{Plevels but rather provides a

scaffold for other important regulatory proteinsluding PDEs (Gregegt al., 2010).

It has been previously reported that in FHIells, relaxin stimulates PI3K activity, thereby
enhancing AC activity resulting in increased cAMRdls. The authors further showed that
these increased cAMP levels were mediated by Btfivated PDK1 downstream target,
PKC { (Nguyenet al., 2005). However, our PTEN, staurosporine and Kb@&ven though
this compound is sold as a PKA inhibitor, it alsbibits PDK1) data indicated already that
PDK1 and its downstream targets are not involve@tnduced cAMP rebound responses
(Fig. 26 and 30). Furthermore, Akt-specific inhibbg also failed to attenuate thei@duced
CcAMP rebound stimulation (Fig. 39). Therefore, @asible involvement of PFRdownstream
signaling on Ginduced cAMP rebound effects could be ruled owudtdad, our data suggest

that PIR itself either directly or indirectly mediates cAM&bound responses.

In addition, the broadpectrum kinase inhibitor staurosporine failed tieca G-induced
cAMP rebound responses (Fig. 30). These resultgadtel that Ginduced cAMP rebound

responses are not mediated by PKC, PKG and otherasiporinesensitive kinases and also
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rule out the possible [f-dependent activation of PKC as a source feginGuced cAMP
rebound responses. This finding is in line withliearfindings that a protein kinase C
inhibitor did not block the cAMP rebound respondeLetype C&* currents induced by
stimulation of muscarinic acetylcholine receptarsventricular myocytes (Belevyoét al.,
2001).

In addition to PKC signaling, we ruled out a poksiimvolvement of PKA signaling on the
Gi-induced cAMP rebound response by PKA inhibitiondtwpwing that Ginduced cAMP
rebound responses were not affected by the PKA bitani KT5720 (Fig. 26).

Iso ACh
| B-AR M,-R V
activation /\ inhibition
L 4
PI3K
AT cAMP
PIP3 «—

Figure 45: Proposed PIR pathway which is responsible for Ginduced cAMP rebound

stimulation.

This finding seems to be contradictory to previfinslings that a selective PKA inhibitor
diminished the cAMP rebound responses which ledth® claim that cAMP rebound
responses are mediated via a G protein/adenylaiease/cAMRdependent PKA signaling

pathway in atrial myocytes (Wang & Lipsius, 1995).

Importantly, exposure to wortmannin significantlywMered g-adrenergic enhanced cAMP
levels only in cells expressing AC5 and AC6. Indeasbrtmannin did not reduc@,-

adrenergic enhanced cAMP levels in cells transteatith AC4; there was rather a tendency
towards faster cAMP production in response to IBm.(34). These findings led us to
conclude that PiPregulates primarily AC5 and ACG6. This conclusisrsirengthened by the
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observation that the activation of PI3K in ai@ependent manner through PDGF receptor

stimulation also resulted in a stimulation of AG%g(. 43).

Due to the general importance of PI3K signalingamnious tissues and cell types, we predict
that PIR dependent AC regulation represents an importanélnegulatory mechanism to
fine tune cAMP homeostasis in cells. However, 8tigdy did not investigate whether RIP
has a direct effect on the level of adenylyl cyeta®r whether any unidentified RBiP
dependent regulatory proteins will indirectly medi¢his effect. The next step should be to

investigate these uncovered questions in the future
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5.4. Concluding remarks

This work reported mechanisms underlying the welalibed cAMP rebound phenomenon
after withdrawal of muscarinic stimulation in atrmyocytes by real-time cAMP imaging
using the FREIbased cAMP biosensor Epacdmps. By means of the heterologous
expression system, we identified that muscarinoepéor-induced cAMP rebound responses
were mediated via PTXensitive/AC5/6 dependent signaling and identifteel involvement

of the Gimediated PI3K pathway. Our results led us to catelihat AC5/6 but not AC4 is
under the control of a novel RIRlependent regulation. These results could protide
mechanism underlying long known physiological phreena such as postvagal tachycardia
and arrhythmogenic mechanisms in the heart. Du¢héo general importance of PI3K
signaling and broad expression of AC5/6 in varitissues and cell types we predict thatsPIP
dependent AC regulation represents an importanéln@gulatory mechanism to fisiane
cAMP homeostasis in cells. Future studies haveeteal whether P@Pregulates AC5/6
activity by direct interaction with the cyclase erert its function via interaction with

unknown AGregulating proteins.
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5.5. Key findings

In this present study, three major findings weseadvered in receptonediated regulation of
CAMP levels

* A PTX-sensitive AC5/edependent pathway underlies thei@luced cAMP rebound
stimulation in intact cells.

* This pathway is initiated via [§-mediated activation of PI3K both in mouse atrial
myocytes as well in HEK293T cells.

» Elevation of PIRenhances AC5/6 activity and leads to pronouncediplogically

relevant alterations of cytosolic CAMP levels.
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6. Summary

A wide variety of signaling substances such as lboes, neurotransmitters, odorants and
chemokines control intracellular signaling by reging the production of the second
messenger cCAMP. By activating Epac, PKA and cynlicleotide-gated ion channels, the
production of cCAMP alters a wide range of biologipeocesses including cell division and
metabolism. A number of GPCRs controls intracetldAMP levels via stimulatory or
inhibitory G proteins via adenylyl cyclases. Thadtion of the broadly expressed AC5 and
ACG6 is enhanced by stimulatory ¢ or attenuated by inhibitory @ G proteins.
Mechanistically both inhibition and stimulation mediated via a direct proteprotein
interaction. In addition to this direct regulaticsgveral previous studies reported a cAMP
rebound stimulation after withdrawal of; Gtimulation in cardiac myocytes for which the
mechanism is debated (Hartzell, 1988; Wang & Ligsii995). A similar cAMP rebound
response was observed previously in our lab adtenihation ofa,a-AR adrenergic receptor
activation in HEK293T cells (Markugt al., 2013). The present study was aimed at

investigating mechanisms underlyingi@duced cAMP rebound effects.

Many genetically encoded biosensors have been alge@lbased on fluorescence resonance
energy transfer (FRET) to visualize the spatioteralpdynamics of various intracellular
signals including second messengers. FRB3ed cAMP biosensor (Epacamps) as well

as heterologous overexpression system was useawéstigate the mechanisms underlying
Gi-mediated cAMP rebound stimulation in cardiac myesyand also in heterologous
expression system. When studying the mechanisteoohgknown phenomenon of cAMP
rebound stimulation after withdrawal of, &imulation in cardiac myocytes, we observed a
PTX-sensitive/Gmediated/ adenylyl cyclase (type 5/6)/ cAMPBpendent pathway for this

cAMP rebound stimulation.

In addition, we observed that inhibition offsby gallein led to an attenuation of the AC5
mediated cAMP rebound response, although, oversgjme of AC4 did not produce
additional cAMP stimulation. This implies that d@ifent @y-mediated signaling pathways
may exist. Interestingly, we observed that PI3Kibitbr attenuates AC5/6-dependent cCAMP
rebound effects. This indicated thatr@ediated cAMP rebound response was mediated via
the PI3kdependent pathway. Indeed, overexpression of-$fEcific phosphatase PTEN
confirmed that PIRitself either directly or indirectly mediated -@ependent cAMP rebound
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responses. Additionally, inhibition of RH8pecific phosphatase SHIP and downstream events
of PIP-dependent regulation of Akt further confirm thelueihce of PIR on cAMP rebound
levels. Indeed, surpassing-@ediated PI3K activation through PD&&ceptor stimulation
strengthens this pathway. In addition, we confirnieat inhibition of PI3K also prevented
cAMP rebound response after withdrawal of ACh inahtmyocytes. We suppose that the
novel PIR dependent regulation of AC5/6 might representssimg mechanism that explains

physiological phenomena such as post vagal tactiigcar
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7. Zusammenfassung

Eine grole Bandbreite von Signalmolekilendarunter Hormone, Neurotransmitter,
Geruchsstoffe und Chemokin&ontrollieren intrazellulare Signale durch die Riagjon des
sog. zweiten Botenstoffs cAMP. Die Produktion voAMP beeinflusst verschiedenste
biologische Prozesse wie die Zellteilung und Stefflasel. Dies geschieht unter anderem
durch die Aktivierung von Epac, PKA und cyclisch Kiaotid-gesteuerte lonenkandle. Eine
Reihe von GPCR kontrolliert das intrazellulare cAMReau mittels des Einflusses von
stimulatorischen oder inhibitorischen-R3oteinen auf die Adenylylcyclasen. Die Aktivitat
der weit verbreiteten AC5 und AC6 wird durch stiatofische GProteine (@) erhoht,
wahrend sie durch inhibitorische-3oteine (@) verringert wird. Mechanistisch werden
Inhibition und Stimulation durch direkte ProteirmdBininteraktionen vermittelt. Zusatzlich
zu dieser direkten Regulation wurde in anderen ngggangenen Studien eine cAMP-
ReboundStimulation beschrieben. Diese trat in Kardiomyeayauf, sobald die Aktivierung
von G-Proteinen beendet wurde. Der zugrundeliegende Meésinas ist umstritten
(Hartzell, 1988; Wanget al., 1995). Ein ahnliches cAMRebouneVerhalten wurde auch
bereits in unserem Labor in HEK29ZEllen beobachtet, nachdem die Stimulatin-
adrenerger Rezeptoren beendet wurde (Métal., 2013). Daher zielte die vorliegende
Arbeit auf die Untersuchung des zugrundeliegendeachdnismus dieses ;-Brotein-
induzierten cAMPRebouneEffekts.

Es wurden viele genetisch kodierte Biosensoreniekélt, die auf dem Forster/Fluoreszenz
Resonanzenergietransfer (FRET) beruhen und mit dedie zeitliche und rdumliche
Dynamik von verschiedenen intrazellularen Signalemschlie3lich denen der zweiten
Botenstoffe, sichtbar gemacht werden konnte. DeE FRasierte cCAMP-Biosensor Epacl
camps wurde zusammen mit heterologen Uberexpressmufellen benutzt, um den
Mechanismus der &@Protein-vermittelten cAMMRebound-Stimulation in Kardiomyocyten
und anderen lebenden Zellen zu untersuchen. Wahmexd Untersuchung dieses
wohlbekannten cAMHReboundPhdnomens beobachteten wir einen FeERXpfindlichen,

Gi-Proteinvermittelten Typ5/6Adenylylcyclase/cAMPabhéangigen Signalweg.

Zusatzlich dazu stellten wir fest, dass die Inivitvon @By-Untereinheiten durch Gallein zu
einer Verringerung der ACBermittelten cAMP-Reboundntwort fuhrte, wahrend die
Uberexpression von AC4 keine zusétzliche Stimufation cCAMP bewirkte. Dies legt nahe,
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dass verschiedene pvermittelte Signalwege existieren. Bemerkenswemésa/
beobachteten wir auch, dass, PI3K den A&Hbangigen cAMP-Reboustffekt
abschwéchte. Dies deutete darauf hin, dass eei@ittelte cCAMPReboundAntwort einem
PI3K-abhangigen Signalweg unterliegt. Tatsachlich bigséatiie Uberexpression der RIP
spezifischen Phosphatase PTEN, dass Bétbst, entweder direkt oder indirekt, die- Gi
abhangige cAMHMRebound-Antwort vermittelt. Der Einfluss von RIRuf die cAMR
ReboundNiveaus wurde zusatzlich durch die Inhibition déP.Fspezifischen Phosphatase
SHIP und weiterer Vorgéange unterhalb dersRBPhangigen Regulation von Akt bestatigt.
AulRerdem konnte der Signalweg verstarkt werdenpvaee Giabhangige PI3KAktivierung
durch die Stimulation des PD@Rezeptors umgangen wurde. Zusatzlich dazu konnten w
bestatigen, dass auch in atrialen Myocyten diebiehing der PISK die Ausbildung der
CAMP-ReboundAntwort verhinderte, nachdem Acetylcholin entfewurde. Wir vermuten,
dass diese neu beschriebene sRilFhangige Regulation der AC5/6 jenen unbekannten
Mechanismus darstellt, der physiologischen Phanemavie der postagalen Tachikardie

zu Grunde liegt.
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