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1. SUMMARY

In the family of G protein-coupled receptor kinases (GRKs), GRK2 and GRKS5 are the predominant
members expressed in the heart. Both kinases are up-regulated in the failing heart. To date, a major
pathophysiological role is established for GRK2 while the impact of GRK5 for heart failure
pathogenesis is still under investigation. Although it is widely accepted that GRK2 inhibition is
cardioprotective, mechanisms underlying cardioprotection are incompletely understood. Therefore,
the major goal of my thesis was the identification of mechanisms required for cardioprotective GRK2-

inhibition.

In the first part of my thesis, | compared activities of different GRK2 inhibitors in vitro and in vivo.
GRK2 was inhibited by three different approaches: (i) the dual-specific GRK2 and Raf/Erk axis
inhibitor RKIP (raf kinase inhibitor protein), (ii) the small molecule paroxetine, which was previously
established as a cardioprotective ATP-site GRK2 inhibitor by drug repurposing, and (iii) the
dominant-negative GRK2-inhibitory mutant, GRK2-K220R.

In order to compare substrate specificities of the GRK2 inhibitors, RKIP and paroxetine, | established
an in vitro kinase assay. The test system used recombinant GRK2 purified from Sf9 (Spodoptera
frugiperda) cells, which were infected with a recombinant GRK2-encoding baculovirus. The GRK2
substrates, phosducin and SRSF1 (serine/arginine-rich splicing factor 1), and the GRK2 inhibitor
RKIP were purified from E. coli BL21-DE3 bacteria with T7 RNA polymerase-directed expression of
recombinant proteins applying the pET expression system. The in vitro phosphorylation assay
detected different modes of GRK2 inhibition by RKIP compared to paroxetine. RKIP only inhibited the
GRK2-mediated phosphorylation of phosducin with an IC50 value of 950 nM whereas GRK2-
mediated SRSF1 phosphorylation was not significantly decreased by RKIP up to 30 microM. In
contrast, the ATP-site inhibitor paroxetine inhibited the phosphorylation of phosducin and SRSF1 with
comparable ICso values in the micromolar range. These different substrate specificities of the GRK2
inhibitors paroxetine and RKIP could be of major relevance in vivo, because paroxetine showed
cardioprotection against myocardial infarction-induced heart failure whereas the in vivo function of

RKIP is still under investigation.

For the investigation of the in vivo role of RKIP, | used transgenic mice with myocardium-specific
expression of RKIP under control of the alpha-MHC promoter, which were previously generated by
our group. RKIP-expressing mice were compared with transgenic mice with myocardium-specific
expression of the dominant-negative GRK2-K220R mutant. Our results showed that a moderately
increased RKIP level of 2.8-3.2-fold over the non-transgenic control was sufficient to trigger severe

signs of heart failure at an age of 8 months in the FVB and B6 background as evidenced by cardiac



dysfunction, cardiac hypertrophy with dilation and cardiac lipid overload. RKIP led to activation of the
adipogenic and heart failure-promoting transcription factor Pparg (peroxisome proliferator-activated
receptor-gamma) by inhibition of the Raf-Erk axis-mediated serine-273 phosphorylation of Pparg.
Whole genome microarray gene expression profiling showed up-regulation of heart failure-related
Pparg target genes in RKIP-transgenic hearts with signs of heart failure. In contrast, GRK2 inhibition
by transgenic expression of the dominant-negative GRK2-K220R mutant did not activate Pparg. In
addition, GRK2-K220R retarded the development of chronic pressure overload-induced cardiac
dysfunction imposed by abdominal aortic constriction. From these data it is concluded that an intact

Raf-Erk axis is required for cardioprotective GRK2 inhibition.

In the second part of my thesis, | investigated the role of GRK5, which could contribute to effects
induced by GRK2 inhibition because GRKS5 is reportedly up-regulated by GRK2 inhibition. However,
the role of GRKS5 is still under investigation. To analyse the in vivo role of GRK5, we generated
GRK5-transgenic mice with a 2-fold upregulation of GRK5 in heart tissue, which reproduces the
GRK5 up-regulation induced by GRK2 inhibition. The phenotype of 6-month-old Tg-GRK5 mice was
determined. GRK5-transgenic mice appeared normal. Tg-GRK5 mice did not show any signs of
cardiac hypertrophy, i.e. the heart weight to body weight ratio was not significantly different from non-
transgenic controls. Histology analysis of hematoxylin-eosin-stained heart sections further
documented that moderate GRK5 overexpression did not cause any cardiac abnormalities. Thus, my
data show that moderate GRK5 expression had no adverse cardiac effect. With the newly
established GRK5-transgenic model, future studies will have to investigate the role of GRK5 under

pathophysiological conditions.

In summary, my thesis with RKIP-transgenic mice found that an intact Raf-ERK axis is required for
cardioprotective GRK2 inhibition. In addition, a new transgenic model was established, which allows

to study the impact of compensatory GRKS up-regulation under conditions of GRK2 inhibition.



2. ZUSAMMENFASSUNG

In der Familie von G-gekoppelten Rezeptorkinasen (GRKs) sind GRK2 und GRK5 die
vorherrschenden exprimierten Isoformen im Herzen. Im Stadium der Herzinsuffizienz sind beide
Isoformen hochreguliert. Wahrend die pathophysiologische Relevanz von GRK2 als erwiesen gilt, ist
der Einfluss von GRKS5 auf die Pathophysiologie von Herzinsuffizienz noch unklar. Auch wenn die
kardioprotektiven Eigenschaften einer GRK2 Hemmung weitestgehend akzeptiert sind, sind jedoch
die zugrundliegenden Mechanismen noch nicht vollstandig geklart. Das Ziel dieser Doktorarbeit ist
deshalb die ldentifizierung von Mechanismen welche fiir eine kardioprotektive GRK2 Hemmung

bendtigt werden.

Im ersten Teil meiner Arbeit vergleiche ich verschiedene GRK2 Inhibitoren in vitro und in vivo. Dabei
wurde GRK2 auf drei verschiedenen Wegen gehemmt: (i) mit dem dualen Inhibitor RKIP (raf kinase
inhibitor protein), der den Raf/Erk Signalweg und GRK2 hemmt, (ii) durch Hemmung der ATP
Bindungsstelle mit Paroxetin, das im Zuge von ,Drug repurposing“ als kardioprotektive Substanz
entdeckt wurde und (iii) die dominant-negative GRK2 hemmende Mutante, GRK2-K220R.

Um die Substratspezifitat von GRK2 Inhibitoren, RKIP und Paroxetin zu vergleichen, habe ich ein in
vitro Kinase Assay etabliert. Fir das Testsystem wurde GRK2 in Sf9 (Spodoptera frugiperda) Zellen
exprimiert, welche mit rekombinanten, GRK2 kodierenden, Baculoviren infiziert wurden. Die GRK2
Substrate Phosducin und SRSF1 (serine/arginine-rich splicing factor 1) sowie der GRK2 Inhibitor
RKIP wurden in E.coli BL21-DE3 Bakterien unter Kontrolle T7-RNA-Polymerase und unter
Verwendung des pET-Expressionssystems exprimiert. Anschliefend wurden die rekombinanten
Proteine aufgereinigt. Das in vitro Phosphorylierungs-Assay zeigte zwei unterschiedliche Arten der
GRK2 Hemmung durch RKIP und Paroxetin. RKIP inhibierte nur die GRK2-vermittelte
Phosphorylierung von Phosducin mit einem ICso-Wert von 950 nM, wohingegen die GRK2-vermittelte
SRSF1-Phosphorylierung durch RKIP bis zu 30 microM nicht signifikant verringert wurde. Im
Gegensatz dazu inhibierte der ATP-Inhibitor Paroxetin die Phosphorylierung von Phosducin und
SRSF1 mit vergleichbaren ICso-Werten im mikromolaren Bereich. Diese unterschiedlichen
Substratspezifitaten der GRK2-Inhibitoren Paroxetin und RKIP kdnnten in vivo von grol3er Relevanz
sein. Wahrend Paroxetin bei Herzinfarkt-induzierter Herzinsuffizienz kardioprotektiv wirkt, wird die in

vivo Funktion von RKIP noch kontrovers diskutiert.

Um die Rolle von RKIP in vivo zu untersuchen verwendete ich ein transgenes Mausmodell, das RKIP
unter Kontrolle des alpha-MHC-Promotors spezifisch im Herzmuskel exprimiert. Dieses Mausmodell
wurde zuvor von unserer Gruppe generiert. RKIP-exprimierende Mause wurden mit transgenen

Mausen verglichen, die spezifisch im Herzen die dominant-negative GRK2-K220R-Mutante



exprimieren. Unsere Ergebnisse zeigen, dass eine 2,8-3,2 fache Erhéhung des RKIP-Spiegels in
8 Monate alten FVB- und B6-Mausen schwere Zeichen einer Herzinsuffizienz, im Vergleich zur nicht-
transgenen Kontrolle, auslésten. Dies dusserte sich durch kardiale Dysfunktion, Hypertrophie mit
Dilatation und Verfettung des Herzgewebes. RKIP fiihrte zur Aktivierung des adipogenen und
Herzinsuffizienz-fordernden Transkriptionsfaktors Pparg (peroxisome proliferator-activated receptor-
gamma). Dabei hemmt RKIP die Raf/Erk-Achsen-vermittelte Serin-273-Phosphorylierung von Pparg.
Eine Gesamtgenom-Microarraygenexpressionsanalyse zeigte in RKIP-transgenen Herzen mit
Anzeichen von Herzinsuffizienz eine Hochregulierung von Pparg-Genen. Im Gegensatz dazu wurde
Pparg durch die GRK2-Hemmung durch transgene Expression der dominant-negativen GRK2-
K220R-Mutante nicht aktiviert. Darlber hinaus verzdgerte GRK2-K220R das Auftreten von
Herzinsuffizienzanzeichen in einer durch chronische Hypertonie erzeugten kardialen Hypertrophie.
Aus diesen Daten kann geschlossen werden, dass eine intakte Raf/Erk-Achse fir die
kardioprotektive GRK2-Hemmung erforderlich ist.

Im zweiten Teil meiner Dissertation untersuchte ich die Rolle von GRKS5, die durch GRK2-Inhibition
hochreguliert wird. Damit kdnnte GRK5 zu Effekten beitragen, welche durch GRK2 Inhibition
induziert werden. Die Rolle von GRKS5 ist jedoch noch unklar. Um die in vivo Rolle von GRK5 zu
analysieren, haben wir GRK5-transgene Mause mit einer 2-fachen Hochregulation von GRK5 im
Myokard generiert, was der GRK5-Hochregulation unter GRK2-Hemmung entspricht. AnschlieRend
wurde der Phanotyp von 6 Monate alten Tg-GRK5-Mausen bestimmt. GRK5-transgene Mause
erschienen normal und zeigten keine Anzeichen von Herzhypertrophie, denn das Verhaltnis von
Herzgewicht zu Kérpergewicht unterschied sich nicht signifikant von nicht-transgenen Kontrollen. Die
histologische Analyse von Hamatoxylin-Eosin-gefarbten Herzquerschnitten zeigte ferner, dass eine
moderate GRK5-Uberexpression keine Herzanomalien verursachte. Somit zeigen meine Daten, dass
eine moderate GRK5-Expression keinen nachteiligen Einfluss auf das Herzen hat. Mit dem neu
etablierten GRKS5-transgenen Modell missen zukinftige Studien die Rolle von GRK5 unter

pathophysiologischen Bedingungen untersuchen.

Zusammenfassend ergab meine Arbeit mit RKIP-transgenen Mausen, dass eine intakte Raf/ERK-
Achse flur die kardioprotektive GRK2-Inhibition benétigt wird. Darlber hinaus wurde ein neues
transgenes Modell etabliert, das ermdglicht den Einfluss einer kompensatorischen GRKS5-

Hochregulation unter GRK2-Hemmung zu untersuchen.



3. ABBREVIATIONS
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4. INTRODUCTION

4.1. G protein-coupled receptor signalling

4.1.1. Characteristics of G protein-coupled receptors

The family of G protein-coupled receptors (GPCRs) are ubiquitously expressed and regulate almost
all known physiological processes, ranging from glucose metabolism to blood pressure regulation to
neurotransmission. Dysregulation of GPCR signalling can cause pathophysiological processes and
diseases. As a result, GPCRs are drug targets accounting for more than half of all prescriptions
worldwide. (7, 2)

GPCRs are the largest and most diverse group of membrane receptors in eukaryotes (3). Around
350 out of 826 human GPCRs are considered to be potential drug targets. (4, 5) They are also
known as seven-membrane receptors, because of their characteristic motif of seven membrane-
spanning a-helices. Based on their sequence homology they could be classified according to the
GRAFS classification system into five families: glutamate, rhodopsin, adhesion, frizzled/taste2,
secretin (4, 6). Extracellular signals such as light energy, peptides, lipids, sugar and proteins are
relayed by GPCRs across lipid bilayers inside the cell. Due to the variety of different ligands GPCRs
have a structurally diverse amino terminal, extracellular, domain, while they share the highly
conserved characteristic arrangement of seven membrane-spanning domains (7). In an agonist-

dependent manner these receptors interact with at least three families of intracellular proteins:
e heterotrimeric G proteins
e arrestins

e G protein-coupled receptor kinases (GRKs)

4.1.2. Classical heterotrimeric G protein signalling

The most well-known function of GPCRs is the interaction with the heterotrimeric G proteins and the
subsequent activation of intracellular second messengers (8). Upon ligand binding a conformational
change in the GPCR occurs and the ionic interaction between the third cytoplasmic loop and the sixth

transmembrane segment is disrupted, which makes the binding with the heterotrimeric G protein



possible (9-74). The heterotrimeric G proteins are composed of Ga-, G-, and Gy-subunits. The
activated receptor acts as a guanine nucleotide exchange factor (GEF) and catalyses the exchange
of GDP, which is bound to the Ga-subunit, for GTP. Upon nucleotide exchange, Ga-GTP dissociates
from the GRy dimer and both are free to interact with different downstream effectors. The signal is
inactivated through hydrolysis of GTP on the Ga-subunit. Binding of regulator of G protein signalling
(RGS) protein to Ga subunit is promoting the GTPase activity (75) and thereby allowing the re-
association with GRy-subunits. Thus, the heterotrimeric G protein is prepared for a new cycle of

activation (716). (Figure 1)

41.21. Ga - protein family

The Ga-subunit, the guanine-nucleotide-binding protein, is name giver for the heterotrimeric G
protein. In humans, there are 20 different Ga subunits (39 — 52 kDa) encoded by 16 genes (17). They
are divided into four main classes based on sequence similarity: Gas (s,olf), Gai/o (i1, i2, i3, oA, oB,
t1, 12, z) Gaqg (11,14,15,16,q) and Ga12/13 (12, 13) (18). Each class regulates key effectors and the

generation of second messengers that in turn trigger signalling cascades (19).
Selectivity of GPCR-Ga binding

Although there is a staggering number of 826 GPCRs in humans, they primarily couple to only four
major Ga families. As a result, several GPCRs are able to couple to the same Ga subtype.
Receptors are also able to bind more than one Ga protein. For example, the B2 adrenergic receptor
(B2-AR) in smooth muscle cells couples primarily to Gas, resulting in relaxation, but can also bind Gai
for inhibition of this response (20). Although binding selectivity could be regulated by altered cell-
type-specific expression levels, many different receptors and Ga proteins are expressed
simultaneously. The determinants of selectivity are still unclear. Recently, it was revealed, that on
each Ga protein exists a pattern of amino acids (barcode) which are recognized by a distinct region
on the receptor. A conserved core in the barcode allows common GPCR-Ga binding, where different
receptors recognize distinct positions in the bar code of the same Ga protein, like multiple keys

(receptors) can open the same lock (Ga protein) using non-identical cuts (27).
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Figure 1: G Protein-coupled receptor activation, reactivation and signalling.

At rest, the heterotrimeric G protein is bound to GDP and not associated with a receptor. After agonist
binding, Ga.By couples to the receptor followed by a GDP-GTP exchange. Ga and GRy dissociate from
each other and the receptor, leading to downstream signalling. The active GPCR is phosphorylated by
GRKs leading to R-arrestin binding. R-arrestin-bound receptors are then primed for endocytosis and
sorted for proteosomal degradation or recycling. RGS leads to Ga-GTP hydrolysis and Ga returns to
Ga-GDP, the initial resting state (adapted from (22)).
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Effectors of Gas

The Gas protein binds directly to the adenylate cyclase (AC) and stimulates the conversion of
adenosine triphosphate (ATP) to the second messenger 3,5’ - cyclic monophosphate (cAMP) (23).
cAMP activates the serine/threonine kinase cAMP-dependent protein kinase A (PKA), which belongs
to the group of AGC kinases. The group of AGC kinases are named after PKA, PKC and PKG and
consists of 63 evolutionary related serine/threonine kinases including the GRK family (24). PKA
phosphorylates a broad array of substrates, which regulate a variety of physiological functions and

gene expression (25, 26).

Effectors of Gaio

The Gain class was named for the ability to inhibit the cAMP production of AC by a direct interaction

of these proteins (27).

Effectors of Gag/11

In 1990, Taylor et al identified and characterized Gaq and Gai1 as an activator of the R-isoform of the
phospholipase C (PLCR) (28). PLCR hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) into the
second messengers, diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IPs). Both have far-
reaching regulatory and metabolic roles. IPs is freely diffusible and leads to an intracellular calcium
release. DAG remains membrane bound and activates protein kinase C. (29) These events regulate
many physiological processes such as contraction (30, 37), chemotaxis (32, 33), opioid sensitivity
(34-36), cell proliferation and survival (37, 38).

Effectors of Ga12/13

Ga1213 is the most recently discovered class of Ga subunits and was identified based on the
nucleotide sequence of Ga12 and Ga1s (39). Ga1213 activates all four members of the RhoGEF family
(40, 41). RhoGEF activates the small monomeric GTPase RhoA by catalysing the exchange of GDP
to GTP of RhoA (42).
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4.1.2.2. The GRy complex

In humans, five different - (GR, 36 kDa) and 12 y-subunits (Gy, 7-8 kDa) have been described (17).
The GRy complex is a tightly bound dimer, consisting of one GR- and one Gy-subunit. All 5 GR
isoforms have a seven-bladed R-propeller structure and are composed of seven WD (tryptophan-
aspartate) sequence repeats (43). The GRy dimer is attached to the plasma membrane through

isoprenylation at a C-terminal cysteine residue of the Gy subunit(44).

GR1-4 share a greater than 80% sequence identity and GR5 is the outliner with just 50% sequence
identity. Amongst the Gy subunits there is a significant lower identity. Most GR-subunits can interact
with most Gy-subunits, but not all 60 possible dimers occur (45). The functional significance of the

individual Gy combination is not well understood.

Effectors of the GRy dimer

In addition to its classical role, where GRy-subunits are needed for GPCR-Ga-subunit interaction,
GRy-subunits mediate signalling on its own. The first effector of GRy-subunits discovered was an
inwardly-rectifying potassium channel (GIRK) in arterial myocytes (46). Upon acetylcholine

stimulation, GRy-subunits are the main mediators of channel activation through direct binding (47).

The process of receptor desensitization is also regulated by GRy-subunits via GRK2/3 activation.
GRy-subunits provide a binding site for the cytosolic GRK2/3 and promotes its membrane

recruitment. Subsequent receptor phosphorylation leads to desensitization and downregulation (48).

The activity of membrane bound PLCR is increased by direct binding to GRy subunits (49). Various
adenlylate cyclase isoforms are activated or inhibited by GRy subunits (50-52). In addition, GRy-

subunits regulate neuronal N- and P/Q-type Ca?* channels (53, 54).

It is known, that the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway is stimulated by Gai-
coupled GPCRs and that this ERK1/2 activation is GRy-subunits mediated (55, 56). Similar studies
showed a GRy-dependent activation of the c-Jun N-terminal kinase and p38 pathway (57, 58).

4.1.3. Role of arrestins in GPCR signalling and desensitization

The family of arrestins was originally described for their role in desensitization and intracellular

trafficking of GPCRs. These 48 kDa proteins are named arrestins because of their ability to “arrest”
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(59) GPCR signalling after GRK phosphorylation. Arrestins have emerged as key regulators of
multiple signalling pathways (60, 61).

The arrestin family can be divided into two groups: visual arrestins (arrestin 1 and arrestin 4), which
are expressed in the retina, and non-visual arrestins. Non-visual arrestins are also called R-arrestins,
R-arrestin 1 (=ARRB1 or arrestin 2) and R-arrestin 2 (= ARRB2 or arrestin 3), which are ubiquitously
expressed. They are termed R-arrestins, because of their functional regulation of the R2-adrenergic

receptor following agonist stimulation (62, 63).
Canonical role of B-arrestins

Cells have a desensitization mechanism to terminate G protein signals. This mechanism includes
phosphorylation of the ligand-bound GPCR by GRKs and subsequent recruitment of 3-arrestin to the
receptor. R-arrestin binds to the phosphorylated C-tail and transmembrane core of the GPCR, thus
sterically hinders G protein coupling and thereby terminates signalling (64-66). The GPCR/arrestin-
complex is targeted to clathrin-coated pits (CCP). Arrestin serves as an adapter between the receptor
and elements of the endocytotic machinery, such as the main components of clathrin-coated pits:
clathrin (67) and clathrin adaptor AP2 (68). After internalization GPCRs are sorted to degradation

(69) or recycled back to the plasma membrane (resensitization) (68, 70).

Initially it was believed, that arrestin and heterotrimeric G protein binding are mutually exclusive. But
some GPCRs are able to sustain G protein-dependent signalling after undergoing arrestin-dependent
internalization (77-75). Recent data show that some GPCRs can assemble to a “megaplex”,
composed of receptor, G protein and arrestin (76). In this setting, arrestin binds to the C-tail, but fails
to envelop the receptor intracellular domains, which would hinder the G protein to access the
receptor. This complex continues to generate G protein-mediated signalling, while undergoing

arrestin-dependent redistribution.

41.3.1. Effectors of B-arrestin signalling

Studies over the past 20 years have shown that the function of R-arrestins go well beyond this
canonical role and mediate signalling on its own (77). The first signalling pathway to be discovered
was the R-arrestin mediated activation of c-Src downstream of the R2AR (78). B-arrestin 1 functions
as an adaptor protein recruiting c-Src to the activated GPCR. This effect leads to activation of
downstream ERK1 and 2. One of the best understood arrestin functions is scaffolding of the mitogen-
activated protein kinases (MAPK) complex of the ERK cascade (79, 80), p38 (87), and Jnk2 and 3
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(82). In addition, R-arrestin 1 and 2 both bind to the NF«B inhibitor, IxBa and decrease basal NFkxB
signalling (83).

41.3.2. R-arrestin-biased signalling

Most GPCR-targeting drugs are thought as a balanced agonist, which regulates both downstream
signalling pathways in a similar way to that of the endogenous reference agonist. These agonists
display equivalent potencies for two different pathways such as G protein and R-arrestin. Antagonist
are thought to inhibit all second messengers activated by these agonists (84). However, over the last
two decades, several “biased” or “functionally selective” ligands have been discovered, which
activate R-arrestins while inhibiting G proteins or vice versa. A ligand induces and stabilizes a unique
receptor conformation, which favours one pathway. Also, conformational changes in -arrestin occur
after receptor-R-arrestin interaction and persist longer than the direct receptor binding (85). The
conformational signature of arrestin correlates with the predicted signal and trafficking functions (86).
One example for a biased ligand is the R-blocker carvedilol, which inhibits G protein-dependent

signalling, while stimulating R-arrestin mediated signalling (87).

Post-translational modifications such as phosphorylation of GPCRs, which modify the conformational
architecture of the receptor, can bias signalling (88). Different members of the GRK family have
distinct phosphorylation patterns or receptor barcodes, which lead to receptor conformations that
differentially couple to signal transducers (89).

4.2. GRK signalling

G protein-coupled receptor kinases (GRKs) belong to the family of AGC serine/threonine kinases
(90) and are well known for terminating GPCR signalling. The seven members of the GRK family can
be divided into 3 subfamilies based on sequence similarities: visual or rhodopsin-kinases subfamily
(consisting of GRK1 and GRK7), B-AR kinase subfamily (consisting of GRK2 and GRK3) and the
GRK4 subfamily (consisting of GRK4, GRK5 and GRK®6) (97). While GRK2 (90, 92), GRK3 (93),
GRK5 (94) and GRK6 (95, 96) are ubiquitously expressed (97), GRK1 and GRK7 expression is
restricted to the retina. GRK1 and GRKY are particularly in cones expressed, where they primarily
target rhodopsin (98, 99) and GRK4 is highly expressed in testes (700).
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4.2.1. Structural organization of GRKs

The members of the GRK family (62 kDa — 80 kDa) are multi-domain proteins, which share structural
and functional hallmarks. All GRKs have an amino-terminal domain (N-terminal domain or ND), which
is unique to the GRK family and the first 20-25 amino acids are essential for GPCR binding (707). It
is followed by a regulator of G protein signalling (RGS) homology domain (RH), which is interrupted
by a serine/threonine protein kinase domain (KD) (102). The KD contains the enzymatically active
site and is tailed by an AGC kinase consensus sequence. This 500-520 amino acid assembly is
shared by all GRKs and AGC kinases. The carboxyl-terminal domain (C-terminal domain or CD) is
the most diverse region and contains the structural elements responsible for cellular localization and

membrane association (103, 104).

4.21.1. Unique features of the visual GRK subfamily

The visual GRK subfamily requires prenylation on the C-terminal domain for membrane association.
GRK1 has a characteristic CAAX-motif for farnesylation (705), whereas GRKY7 is geranylgeranylated
(99).

4.2.1.2. Unique features of the B-adrenergic receptor kinase subfamily

GRK2/3 are cytosolic proteins and the C-terminus contains a pleckstrin homology (PH) domains, that
interacts with GRy subunits and the phospholipid PIP2 (48, 106, 107). Recently, a second GRy-
binding site has been described in the N-terminal domain of GRK2 (708). These specific interactions
help to target GRK2 to the membrane.

4.21.3. Unique features of the GRK4 subfamily

Members of GRK4/5/6 subfamily use a different mechanism for membrane targeting. The C-terminal
domain includes an amphipathic helix with a patch of hydrophobic amino acids surrounded by basic
residues (109, 110). The N-terminal domain contains patches of basic residues, which bind to PIP2
and thereby catalytic activity is increased (771, 112). GRK4 and GRK®6 carry in addition C-terminal
palmitoylation sites for enhanced lipid binding (700, 113). All members of the GRK4 subfamily
contain a nuclear localization sequence (NLS) (170, 114, 115) and a nuclear export signal (NES)
(115).
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GRK1/GRK7
RH domain Kinase domain AGC RH
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c-Src PKC c-Src ERK PKA
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P ® PP PP
RH domain Kinase domain AGC RH PH domain
1 17 39 185 455 513 547 665 689
Auto (+) Auto (-)
484-485 579-584
GRKS5 PP PP
RH domain Kinase domain AGC RH
1 16 39 180 450 507 527 (p 2] 590
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565-572
N-terminal region Connecting region RH domain Kinase domain
AGC PH domain C-terminal region

Figure 2: Major domains and homology of GRK subfamily.

Numbers below the structures indicate amino acid residues in human GRKs (adapted from (716)).

4.2.2. Molecular functions of GRKs

The ability to phosphorylate active GPCRs was the first GRK function to be discovered, but over the
last years various non-receptor substrates were documented. In addition, GRKs are able to regulate

signalling via direct binding to other proteins, independent of their enzymatic activity.

4.2.21. Receptor substrates

GRKs specifically recognize and phosphorylate serine/threonine residues on the third intracellular
loop and the cytosolic tail of the agonist-activated GPCRs. Phosphorylation facilitates high affinity
binding of arrestin, which sterically blocks further signalling by GPCRs to heterotrimeric G proteins
(7117) and serves to desensitize receptors (778). A unique feature of GRKs is the ability to
phosphorylate only agonist-activated GPCRs. Other second messenger-dependent kinases such as

PKA and PKC do not differentiate between inactive and active receptors and promote heterologous
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desensitization (719, 7120). In contrast to PKA and PKC, GRKs do not have a consensus
phosphorylation site. GRK2/3 phosphorylates different serines/threonines than GRK4/5/6, as shown
for some GPCRs like the B2-AR (89) or the neurotensin receptor (727). These distinct
phosphorylation patterns establish a “receptor barcode” that imparts distinct conformations to the
recruited B-arrestin. B2-AR phosphorylation by GRK2 is important for desensitization of the receptor’s
cAMP signalling. However, just phosphorylation by GRK6 activates the B-arrestin-mediated ERK1/2
signalling (89). A similar effect has been shown for other GPCRs such as the angiotensin Il type-1
receptor (AT1R): receptor endocytosis is primarily mediated by GRK2/3, whereas GRK5/6 promote
ERK activation (122).

4.2.2.2. Non-receptor substrates

GRKs participate not only in desensitisation, but also phosphorylate a growing number of non-
receptor substrates. The list of non-GPCR substrates includes single transmembrane domain
receptor kinases, toll-like receptors, death receptors, transcription factors, cytoskeletal proteins and
adapter proteins. These interactions extend the repertoire of pathways whose signalling is controlled
by GRKs (7123).

In 1998, tubulin was the first non-GPCR target to be discovered (118, 124, 125). GRK2 and GRK5
phosphorylates tubulin with a preference for p-tubulin (718). GRK2 is able to phosphorylate two other
membrane-cytoskeleton linkers of the ezrin/radixin/moesin family: ezrin (126) and radixin (7127).
Phosphorylation of tubulin or ezrin could facilitate clathrin—-mediated endocytosis and cytoskeletal
rearrangements (704). In addition, GRK5 phosphorylates moesin on threonine 66 and thereby
promotes tumor growth, invasion and metastasis (728). Synucleins are another class of GRK
substrates. GRK2 phosphorylates a- and B-synuclein very efficiently, whereas GRK5 prefers a-
synuclein (729). Phosducin is a soluble phosphoprotein predominantly expressed in the retina, that
complexes with GBy and inhibits competitively all GPy-mediated effects of GRK2 (730). But
phosducin is also a GRK2 substrate and its phosphorylation reduces Gy binding ability (737).
Moreover, GRKS5 is able to phosphorylate pB-arrestin 1 on serine 412. Phosphorylated B-arrestin 1 in

turn prevents activation of Src by serotonin 5-HT4 receptors (7132).

GRKs are able to regulate nuclear proteins and multiple transcription factors. GRK5, which has a
nuclear localization sequence (1714), phosphorylates nuclear class Il histone deacetylases (HDACs)
(733). GRK2, which lacks a nuclear localization sequence and is excluded from the nucleus, is

implicated in the phosphorylation of transcription factors in the cytoplasm, whereupon they
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translocate to the nucleus (734). GRK2/5 mediate TNFa (tumor necrosis factor o) induced NFxB

(nuclear factor kB)-signalling in macrophages by phosphorylation of lkBa (inhibitory kB) (735).

Non-GPCR membrane receptors, such as platelet-derived growth factor receptor-p (PDGFR), can
be phosphorylated and desensitized by GRK2 (136) and GRK5 (137).

4.2.2.3. Non-enzymatic functions of GRKs

GRKs regulate several signalling proteins via direct interaction, independently from their kinase
activity. All GRKs contain a RH-domain in their N-terminal domain, but only the RH-domains of GRK2
and GRK3 have been shown to bind Gaq and inhibit subsequently Gag-mediated PLCp activation
(7138, 139). Even within the Gag-subfamily the GRK2 RH-domain Gaoyq interaction is fairly selective: it
binds Gag, Ga11 and Gaus, but not Gae (738, 740). Mutagenesis studies identified eight residues in
the RH domain of GRK2 essential for Gaq binding, six of which are present in GRK3, but not in other
GRKs (139).

Originally, binding of GRK2/3 C-terminal PH domain to Gy was believed to just recruit GRK2/3 to the
membrane (106, 141). Recently, a different function of Gy binding has been discovered: GRK2 is
involved in the fast desensitization of GIRK channels, which are activated by Gpy. Upon GPCR
activation GRK2 translocates to the membrane and quenches the channel activity by titrating Gpy

away from the channel (7142).

GRK-interacting proteins (GITs) were the first proteins discovered that bind to GRKs and serve as
effectors, without being phosphorylated (743). GITs are multidomain scaffolding proteins that interact
with various partners, including ADP ribosylation factors, small GTPases and many kinases (744).
GRK2 directly binds to clathrin via its C-terminal domain (745).

4.2.3. Regulation of GRKs

Regulation of GRK2

GRKs are regulated by phosphorylation and protein-protein interactions. Gpy stimulates GRK2/3
activity 10-12 fold (746, 147), due to enhanced recruitment of the kinase to an activated GPCR (48,

147, 148). In addition, Gpy-binding changes the conformation of the kinase domain allosterically
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(749). Also, anionic phospholipids such as phosphoinositides enhance GRK2/3 activity (107, 148,
150, 151). Furthermore, GRK2 is controlled by various phosphorylation sites within the N- and C-
terminal domains (Figure 2). cSrc-mediated phosphorylation of GRK2 enhances kinase activity and
increases Gog binding (752, 153). PKA phosphorylation of GRK2 at serine 685 increases kinase
activity via Gy association (154), whereas MAPK-mediated phosphorylation at serine 670 reduces
Gpy-binding and thereby inhibits GRK2 activity (755). PKC-mediated phosphorylation of the carboxyl
terminal domain of GRK2 increased the catalytical activity towards receptors (7156). In addition, PKC

phosphorylates GRK2 on Serine 29, which relieves calmodulin-induced inhibition of GRK2 (157).

Regulation of GRK5

In contrast to GRK2/3, GRKS5 is activated by phospholipids such as PIP2 (7717). Upon activation of
Goag-coupled receptors GRK5 can translocate to the nucleus. This nuclear accumulation is dependent
on CaM binding to a specific site on the N-terminal domain (758). GRKS5 is also regulated through
various phosphorylation sites on its C-terminal region (759). GRK5 activity is inhibited by PKC
phosphorylation (760) and CaM binding, which promotes GRKS5 autophosphorylation (767). Both, the
autophosphorylated residues as well as residues phosphorylated by PKC are located within the same
28-amino acid region (residues 563-590). This region appears to function as an autoinhibitory domain
(759). In contrast to these findings, rapid phospholipid-stimulated autophosphorylation at serine 484

and threonine 485 enhances GPCR phosphorylation (162).

4.2.4. Physiological and pathophysiological functions of GRKs

Multiple GRK subtypes are expressed virtually in every cell with their extensive and complex signal

regulation. Insufficient or extensive GRK activity is associated with a variety of human disorders.

4.2.41. Function of GRKSs in the cardiovascular system

GPCRs are essential regulators in cardiovascular physiology. B-ARs, which control cardiac
contractility (763) and the AT1 receptor are prominent GPCRs in cardiac growth (164). There is
enormous potential for therapies targeting these GPCRs in cardiac diseases, either directly via

interaction with the GPCR (e.g. B-AR-blocker) or via their signalling proteins, such as B-arrestins or
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GRKs. B-ARs are activated by circulating catecholamines. Any kind of injury or stress on the heart is
followed by a release of high levels of these hormones, which can induce persistent activation of -
ARs. Continuous B-AR hyperstimulation results in profound desensitization initiated by GRK-
phosphorylation. The resulting loss of responsiveness to catecholamines contributes to heart failure
(HF) development (765). More than 25 years ago, it was discovered that this desensitization is
accompanied by GRK2 upregulation (3-4 fold) (166, 167). GRK2 overexpression in the heart results
in decreased isoproterenol-stimulated contractility and reduced cAMP production (768), impaired
cardiac function (769), and increased apoptosis (770). Similar to GRK2, GRKS is also upregulated in
patients with various cardiovascular diseases (177-173) and GRK5 overexpression shows marked

receptor desensitization, including p1+-AR (774).

4.24.2. GRK2 and heart failure

As described above, B-AR dysregulation is a hallmark of the failing heart molecular signature. Under
healthy conditions, B1-AR and B2-AR are the predominant subtypes in the human heart, which are
expressed in an approximate 77:23 ratio (7175). Heart failure is associated with loss of -AR density
which is selective for the B1-AR (165, 176). This down-regulation of f1-AR subpopulation, with little or
no change in B2 receptors, shifts the ratio towards 50:50 (776). In 1993 it was found that GRK2 is
involved in B-AR dysregulation (766). Several mouse models as well as human studies proofed the
upregulation of GRK2 in heart failure (22). In addition, GRK2 activity and expression is increased in
the adrenal medulla during HF (777). As a result, adrenal a2-AR dysfunction is observed in the
adrenal gland, which causes the loss of sympathoinhibitory function of these receptors, and

catecholamine secretion is elevated (177-181).

In addition to membrane bound localization, GRK2 was detected in mitochondria, where
phosphorylation of non-GPCR targets alters mitochondrial biogenesis and cell survival (182, 183). In
a GRK2-overexpressing mouse model of ischemia/reperfusion, infarction size and apoptosis post-
injury is increased, due to reduced induction of the pro survival Akt pathway und NO generation
(770). Induced by oxidative stress, mitochondrial localisation of GRK2 is dependent on
phosphorylation of serine 670 by ERK, resulting in enhanced binding to heat shock protein 90, which
chaperons GRK2 to mitochondria (784, 185). Mitochondrial-targeted GRK2 is essential for prodeath
signalling, while GRK2 inhibition by BARKct leads to cardioprotection (784).
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Due to the strong correlation between cardiac GRK2 expression and HF, GRK2 inhibition seems to
be a promising target. Several studies of GRK2-inhibtion mouse models show a beneficial effect in
heart failure. While global homozyqous knock out (KO) GRK2 is lethal (186), heterozygous KO GRK2
(GRK2 (+/-) are viable and have 50% less GRK2 expressed. These mice present enhanced cardiac
function (787). Furthermore, cardioprotective GRK2 inhibition targets dysfunctional cardiac substrate

use in late-stage heart failure (7188).

Taken together, evidence strongly supports that GRK2 inhibitors represent a potential new and

powerful drug class that may yield new therapies for cardiovascular disorders.

4.2.4.3. GRK2 and hypertension

B-ARs, which are regulated by GRK2, regulate inotropy and chronotopy in the heart and mediate
vasodilatation, which influences systemic vascular resistance. In humans, increased GRK2 levels are
correlated with increased blood pressure and inversely correlated with B-adrenergic-mediated
adenylyl cyclase activity (789). In addition to the impaired p-adrenergic function due to GRK
activation in humans, also increased GRK2 levels could be detected in lymphocytes (790). In a
transgenic mouse model with vascular smooth muscle targeted GRK2 overexpression (2-fold) mean

arterial blood pressure was increased by about 20% compared to the control (197).

The mechanism how GRK2 regulates blood pressure is not fully understood. Lowering GRK2 levels
in endothelia cells increases Akt mediated endothelial nitric oxides synthase (eNOS) activity, which

leads to enhanced NO production and vasodilatation (792).

4.24.4. GRK5 and heart failure

In addition to GRK2, GRKS5 is the second predominant GRK isoform in the heart (172). Studies in
humans suggest that GRK5 may be involved in the development of heart failure and cardiac
hypertrophy. In the failing heart, GRKS5 levels are increased by 68% in the left ventricle (172). Like
GRK2, GRK5 is responsible for the termination of GPCR signalling. In a cardiac selective GRK5-
expressing mouse model cardiac responsiveness to isoproterenol is diminished, demonstrating that,
like GRK2, this kinase can act as a B-AR kinase (174) and compromises cardiac functions (793).
GRK2 and GRKS5 overexpressing mice have been shown to regulate GPCRs in different ways:

adenosine receptors are targeted by GRK5 but not by GRK2, while angiotensin Il receptors are
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targeted by GRK2 but not by GRKS5 (174). Transgenic GRK5 mice showed an exaggerated
hypertrophic response and loss of cardiac function following pressure overload via transaortic
constriction. The exaggerated hypertrophy was attributed to GRK5 accumulation in the nucleus and
non-canonical functions (733). In the nucleus GRKS5 is able to act as a class Il histone deactylase
(HDAC) kinase. Phosphorylated HDACS5 is exported from the nucleus and MEF2 is de-repressed.
MEF2, free of HDAC repression, induces transcription of hypertrophic genes (733). Mice with
deletion of GRK5 (794) and mice which overexpressed a nuclear deficient mutant of GRKS (133)
exhibit protection from the pathology of cardiac hypertrophy and HF following transaortic constriction

surgery.

Furthermore, calmodulin binds to GRK5 with an affinity 40-times higher than to GRK2 (767).
Calmodulin inhibits GRK5-mediated phosphorylation of GPCRs, but not the phosphorylation of
cytosolic substrates such as casein (795). Recent findings discovered that upon activation of
selective Gaq coupled receptors, calmodulin binds to GRK5 and leads to translocation in the nucleus
(7158). Stimulation of the angiotensin Il and a+-adrenergic receptors, which both are not desensitized
by GRKS, lead to nuclear accumulation of GRKS5. Stimulation of the endothelin receptor, which is also
a Gog coupled receptor, but desensitized by GRK5 does not cause nuclear GRK5 localisation (158).
In addition, GRKS5 acts in the nucleus in a kinase-independent manner. GRK5 has got the ability to
bind DNA directly and thereby enhance the activity of the hypertrophic transcription factor NFAT.
Deletion of NFAT protects GRK5-transgenic mice from the pathology of pressure overload induced
HF (196). Beyond the transcriptional regulation of GRKS, it is also involved in the regulation of NFxB
signalling. Conflicting reports suggest both GRK5-mediated activation and inhibition of NFxB. The
overall impact of GRK5 on the NF«B signalling may depend on stimulus and cell type: in neonatal rat
ventricular cardiomyocytes NF«kB is activated through upregulation of the p50 and p65 subunits,

while in bovine aortic endothelial cells NFxB signalling is inhibited (7197-200).

In contrast to the data of these different rodent studies, a study in humans paints a different picture of
the GRKS5 role in the heart. In the coding region of the GRK5 gene is a polymorphism, primarily found
in African American population with a prevalence of 40%, which leads to a substitution of glutamine
(GRK5-Q41) for leucine (GRK5-L41) at position 41 (201). GRK5-L41 shows more enzymatic activity
compared to GRK5-Q41, resulting in enhanced B-AR desensitization after isoproterenol stimulation.
In this study, patients showed lower mortality from heart failure and prolonged survival. This
beneficial effect, due to diminished B-AR signalling, can be interpreted as an effect mimicking -
receptor blockade (202). Moreover, GRK5-Q41 and GRK5-L41 show comparable nuclear

accumulation and ability to stimulate HDACS5 nuclear export (2017). In addition, in a prospective cohort
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of 2673 acute coronary syndrome patients, GRK5-L41 patients in African-Americans showed an
improved outcome (203).

An explanation for these controversial results could be, that the rodent experiments were performed
under conditions of massive GRK5 overexpression (30-fold). However, also in humans the L41Q

polymorphism is associated with left ventricular apical ballooning syndrome (204).

4.2.4.5. GRKS5 and hypertension

In an animal model of angiotensin Il- and norepinephrine-induced hypertension, GRK5 protein level
was increased subsequent to hemodynamic stress and hypertension (205). Transgenic mice with
vascular smooth muscle targeted GRK5 expression develop high blood pressure in a sex-specific
way. Male mice had a higher blood pressure elevation than female mice. In contrast to GRK2, where
blood pressure is not regulated by a decrease in B-adrenergic receptor dilatation, GRK5 induces
hypertension mediated by Gai-signalling. Gai inhibition by pertussis toxin led to restored blood

pressure (206).

4.2.4.6. Function of GRKs in metabolic homeostasis

GRKs are multi-organ regulators of systemic insulin resistance. Insulin resistance is the diminished
ability of cells to respond to the action of insulin and is strongly associated with metabolic disorder
such as type 2 diabetes and obesity (207).

4.2.4.7. Diabetes mellitus

GRK2 acts as a regulator which targets both the insulin cascade and GPCRs key to insulin sensitivity
and metabolism. In different animal models, GRK2 inhibition ameliorates glucose homeostasis (208).
A 50 % downregulation of GRK2 protein levels in hemizygous GRK2+/- mice enhances insulin
sensitivity in serval cell types (209), and induced GRK2 ablation could reverse an established insulin-
resistant and obese phenotype (270). GRK2 also plays a role in B-adrenergic receptor-induced
insulin resistance (211). A long-term consequence of type 2 diabetes is manifestation of vascular

diseases. GRK2 suppression in the liver markedly improves glucose metabolism and also reduces
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endothelial dysfunction by improving the impaired endothelial Akt/eNOS-dependent signalling
activation via insulin-stimulated phosphorylation of Akt and eNOS (212).

GRKS5 -/- knock out mice had impaired glucose tolerance and insulin resistance under high fat diet
(213). In contrast to these findings, GRK5 was identified to modulate the insulin release in a

significant manner and inhibition of GRKS5 correlates to a an increase of insulin release (214).

4.2.4.8. Obesity

GRK2 is an important modulator of age- and diet-induced adiposity. Aged GRK2 +/- mice show
decreased obesity and lower circulating levels of insulin and leptin. These hemizygous animals
gained less weight and showed reduced adipocyte size under high fat diet (209). Tamoxifen-induced
GRK2 deletion prevented further weight gain (270). Moreover, GRK5 -/- decreases obesity and
adipogenesis with a high fat diet (215).

4.249. Cancer

GRKs are relevant players in cancer progression. Alterations in expression and/or activity of GRKs

have been shown in several tumor types (216).

GRK2

The role of GRK2 in tumor progression is not clear. Enhanced GRK2 levels trigger tumor growth in
both xenograft and orthotopic mice models (277). In breast cancer, GRK2 protein levels are
upregulated, where it shows a tumor-promoting effect. GRK2 phosphorylates and thereby activates
histone deacetylase 6, which leads to deacetylation of Propyl Isomerase Pin1, a central modulator of

tumor progression (217).

In other cancer types GRK2 upregulation showed an antiproliferative effect, such as in thyroid cancer
(218). In human hepatocellular carcinoma cells, GRK2 overexpression inhibits cell proliferation, via
GRK2-mediated cell cycle arrest during G2/M transition (2719). Inhibition of GRK2 enhances tumor
growth, through activation of the mitogen-activated protein kinase pathway (MAPK) (220).
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GRK5

GRKS5 also has a dual role in cancer progression and is able to both inhibit cancer progression and
induce tumor growth. In thyroid cancer cells, GRK5 has negative effect on tumor growth, via
enhanced TSH-mediated cAMP signalling and has an effect an proliferation and differentiation (227).
In colon cancer cells, GRKS5 induction by tazarotene-induced gene 1 supresses PGE2-stimulated cell
proliferation (222, 223). GRK5 inhibition reduces migration and invasion of prostate cancer cells via
phosphorylation of moesin on T66 (7128).

Beside the above described inhibitory effect, GRKS can also promote tumorigenesis. GRKS is able to

inhibit p53 (224), a crucial tumor suppressor that induces cell arrest (225).

4.2.4.10. Alzheimer’s disease

Patients suffering of Alzheimer’s disease showed an increased expression of GRK2 protein and
mRNA, and the degree of cognitive impairment correlated with the GRK2 level (226). In an
Alzheimer’s disease mouse model, the expression of GRK2, but not GRKS5, in the cortex was
elevated (227). However, aged Tg-GRK5 knockout mice display cognitive deficits and pathological
changes in the hippocampal neurons (228, 229). Loss of active GRKS5 resulted in accelerated
accumulation of B-amyloid, as reflected in increased plaque burden in the cortex of Tg-APPsw mice
(230). GRK5 deficiency also promotes inflammation in Tg-APPsw mice, which is associated with

increased microgliosis and astrogliosis (237).

4.2.4.11. Parkinson’s disease

GRKS5 (and GRK 3) is strongly upregulated in Parkinson’s disease patients with dementia, but not in
cognitively intact patients (232). Initially it was found that GRK5 phosphorylates a-synuclein (7129),
the main component of Lewy bodies found in sporadic Parkinson’s disease. GRK5-mediated a-
synuclein phosphorylation promotes its oligomerization and co-localization with GRKS5 in Lewy bodies
in the substancia nigra and locus coeruleus in Parkinson’s disease patients (233). In addition, two
nucleotide polymorphisms enhancing promotor activity found in introns of GRK5 enhances the risk of
sporadic Parkinson’s disease (233). In contrast to these findings, later studies fail to reproduce the
GRK5 co-localization in Lewy bodies (234) or the association of the GRK5 polymorphisms and

Parkinson’s disease (235). However, the role of GRK5 in Parkinson’s disease remains unclear.
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4.2.5. GRK2 inhibitors for possible treatment of heart failure

The tri-domain structure of GRK2 allows multiple approaches of inhibiting kinase-dependent and
kinase-independent effect. Firstly, targeting the ATP-binding site in the central kinase domain is a
general way to prevent enzyme activity. Recently the selective serotine reuptake inhibitor paroxetine
was found to be a potent GRK2 ATP-site inhibitor. Secondly, compounds interacting with the amino
terminal domain can hinder the GRK2-receptor interaction. Thirdly, the carboxyl terminal domain is

involved in localization of GRK2 to the plasma membrane by binding Gpy.

RKIP Paroxetine BARKct
ATP-site
Inhibitors
GRK2 K220R
N-terminal domain Catalytic domain C-terminal domain

G R K 2 185 aa 270 aa 230 aa
Binding Gaq K220 = ATP binding site

regions —

Receptor recognition

Figure 3: Domain-specific inhibition of GRK2

The tri-domain structure of GRK2 allows for multiple approaches of inhibiting kinase-dependent and -
independent effect (adapted from (704)).

As discussed in the previous chapter, alterations in GRK2 and GRKS5 protein levels are associated
with a variety of different human diseases. Over the last 20 years, GRK2/5 research has focused on

heart failure, where GRK2 inhibition is a promising therapeutic target.
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4.2.5.1. Pathomechanism of heart failure

Heart failure (HF) is a life threatening disease with a prevalence of over 40 million individuals
worldwide (236), accounting for substantial morbidity and mortality. The prevalence of heart failure is
age dependent and with the aging of the population these numbers will increase by 25 % in the next
20 years. HF causes a huge burden for the suffering individual but also for the healthcare systems.
Today, 2-3% of the total expenditures of the healthcare systems are attributed just to the treatment of

heart failure. By 2030 these costs will be doubled in high income countries (237).

Beside the financial burden for society, heart failure is a very serious condition for the individual
person in which the heart isn’t able to pump sufficient amounts of blood around the body. It is
characterised by symptoms such as breathlessness, ankle swelling and fatigue, und signs such as

raised jugular venous pressure, pulmonary crackles and peripheral oedema.

The term ‘heart failure’ describes the final phenotype of several degenerative conditions. In the
beginning one or multiple “initial events”, either damages the heart muscle or disrupt the ability of the
myocardium to generate pumping force. This “initial event” could have an abrupt onset, like after
myocardial infarction or a slow onset over many years. One of the most important risk factors are
ischemic heart disease and high blood pressure, if not treated (238). But heart failure can be
assigned to multiple underlying risk factors, which are considerably overlapping. On one hand, there
are pathophysiological conditions like lung problems, infections, diabetes, alcohol abuse, HIV/AIDS,
obesity, thyroid disorders or radiation which is promoting heart failure.(239) On the other hand, sex
and age are also important. While the prevalence of people younger than 60 years is less than 2%, it

rises up to more than 10 % in the group of people older than 75 years (240).

In the early stage of heart failure, the heart is able to adapt and maintain the cardiac homeostasis. A
cascade of compensatory mechanisms is activated, such as the adrenergic nervous system, the
renin-angiotensin system, cytokines and other mediators. The patient remains asymptomatic for a
long period of time. During this period, the heart undergoes “remodelling”, the body’s reaction of
maintaining cardiac function during short term stress. Under constant, long term strain these
responses lead to cardiac hypertrophy. With the final loss of function, it moves from early stage to
“decompensated” or symptomatic late stage heart failure. Late stage heart failure cannot be cured
and the damage of the heart muscle is final.
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4.2.5.2. Physiological regulators of GRK2

Raf-1 kinase inhibitory protein (RKIP)

GRKs are tightly regulated by phosphorylation and protein-protein interaction. Raf-1 kinase inhibitor
protein (RKIP) belongs to the family of phosphatidylethanolamine-binding proteins (PEBP). RKIP is a
dual physiological inhibitor, capable to inhibit both GRK2 (241) and the serine/threonine kinase Raf-1,
thereby inhibiting the Raf-1/MEK/ERK pathway (242, 243). Upon GPCR stimulation, PKC-mediated
phosphorylation of RKIP on serine 153 switches the binding affinity from Raf-1 towards GRK2 (241,
244). RKIP does not inhibit the enzymatic activity of GRK2, but inhibits the interaction between
kinase and receptor, via binding to the N-terminal domain of GRK2 (241). Current studies suggest,
that the inhibitory mechanism of RKIP is specific towards the GRK2/receptor interaction while

cytosolic substrates are not affected (245).

RKIP is upregulated in mouse and human heart failure, but its function is discussed controversially.
There is some evidence supporting a favourable effect for heart failure patients, due to its ability of
GRK2 inhibition (245). Taking into account that RKIP is not only a GRK2 inhibitor but also inhibits the
cardioprotective and pro survival MAPK-pathway. RKIP, in its unphosphorylated form, could
potentially increase cardiomyocyte death. In agreement with this notion, a cardiac-specific RKIP-
expressing mouse model showed increased heart dilatation, cardiac dysfunction accompanied by
lipid overload and upregulation of cardiac lipid metabolism genes and finally cardiomyocyte death
(7188, 220). Nevertheless, the role of RKIP in heart failure is still an open question.
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Figure 4: Cardioprotective GRK2 Inhibition requires an intact Raf/ERK axis

RKIP inhibits GRK2 and prevents B-AR desensitisation and internalisation. Thus, this leads increased
B-AR signalling, increased cardiac contractility and relaxation. Thereby the development of heart
failure is retarded. Inhibition of GRK2 leads via reduced desensitisation of MAPK activating GPCR to
an activation of the Raf/ERK axis. The MAPK cascade is contributing to the cardioprotective profile of
GRK2 inhibition by counteracting cardiomyocyte death. But RKIP is a dual specific inhibitor of
Raf/MAPK, which switches upon PKC phosphorylation from Raf inhibition to GRK2 inhibition. RKIP

induces heart failure, cardiac dysfunction and cardiomyocyte death by restraining the RAF/ERK axis.

4.2.5.3. Peptide inhibitors of GRK2

The carboxyl terminal GRK2 inhibitor peptide (BARKct)

About 20 years ago, BARK1ct was the first peptide inhibitor of GRK2 and consists of the C-terminal
residues 495-689 of GRK2, which covers the Gpy-binding site. BARKct prevents the activation and

translocation of endogenous GRK2 to the plasma membrane (768).

Cardiac-specific expression of BARK1ct in transgenic mice results in prolonged survival and

improved cardiac function in a model of acute heart failure, by Gpy-sequestration as a mechanism of
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action (246). In a hybrid transgenic mouse model with myocardial expression of both GRK2 (at levels
seen in heart failure), and BARKct led to normalization of 3-AR signalling (247). In addition, upon B-
AR activation, BARKct binds to Gy proteins to prevent the Gy/L-type calcium channel inhibition and

thereby improves cardiac contractility by increasing the intracellular calcium levels (248).

Currently adenoviral-mediated BARKct gene therapy is under investigation. The effectiveness of this
therapy has been demonstrated in several small animal models, but also in clinical relevant larger

animal models, such as pig hearts (249).

A peptide GRK2 inhibitor derived from the first intracellular loop of 2-AR

A number of peptides were derived from the intracellular domains of the hamster p2-AR. The most
effective peptide, which compromised the first intracellular loop of the p2-AR, inhibited the
GRK2/receptor interaction with an ICso value of 40uM (250). Introduction of charged residues and
truncations led to the Peplnh: AKFERLQTVTNYFITSE with an increased inhibitory potency by a
factor of 40. PepInh showed selectivity towards the GRK family (GRK2: ICso = 0,6uM, GRKS3: ICs0 =
2.6uM and GRK5: ICso = 40uM), but did not interfere with the activity of PKA or PKC (257).

The phosducin-derived peptide

Phosducin (PDC) is a cytosolic protein which belongs to the group of Gpy-binding proteins and
occurs in high concentrations in the retina (252) and the pineal gland (253). A peptide derived from
PDC also inhibits GRK2 mediated phosphorylation of rhodopsin (254).

4.2.5.4. Small molecule GRK2 inhibitors

Polyanions and Polycations

The first GRK2 inhibitors to be found were polyanionic and polycationic compounds, such as heparin
and dextrane sulfate with an I1Cso value of 0.15 uM (255). Heparin and dextrane sulfate are highly

charged and insufficient to cross membranes, which impedes their clinical use.
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Balanol and Takeda Inhibitors

Balanol is a competitive inhibitor of ATP and targets the kinase domain of various members of the
AGC kinase family (256). Balanol mimics the structure of ATP and its four rings establish interactions
with the ATP binding subsite of GRK2. The natural product balanol is a potent inhibitor of GRK2 (ICso
= 42nM). A similar potency was observed against other members of the GRK family (ICso of GRK1 =
340nM, GRK3 = 47nM, GRK4 = 360nM, GRK5 = 160nM, GRK6 = 490nM and GRK7 = 180nM) (257).
The central catalytic domains of GRKs are approximately 32% identical to the catalytic subunit of
PKA, PKG and PKC (258). Therefore balanol is also a highly potent inhibitors of other AGC kinase
domains too (ICso of PKAa = 3.9nM, PKGa = 1.6nM and PKCa = 6.4nM) (256).

Several compounds based on the four-ring structure of balanol were discovered by Takeda
Pharmaceutical Company, which exhibit a higher selectivity against GRK2. Takeda103A and
Takeda101 showed a >50-fold selectivity over other AGC kinases (259), but the oral bioavailability of

Takeda compounds is insufficient which precludes their potential use (260).

Paroxetine and derivatives

The serotonin-reuptake inhibitor (SSRI), paroxetine, was identified as a potent GRK2 inhibitor, with
an ICso of 1.4uM. The crystal structure of GRK2 with paroxetine reveals that paroxetine fits into the
enzymatic pocket and stabilizes it in an inactive state. In an in vitro GPCR phosphorylation assay and
in living cells paroxetine shows a 60-fold selectivity for GRK2 over other GRK isoform, and a 10-fold
selectivity over PKA and a 40-fold selectivity over PKC (261).

In vivo studies showed that paroxetine can reverse cardiac dysfunction and remodeling. Two weeks
after myocardial infarction mice were treated with paroxetine for 4 weeks. Control mice were treated
with fluoxetine, which does not inhibit GRK2, and cardiac function decreased, while the paroxetine

group showed improvement of cardiac function (262).

Based on the structure of paroxetine different drugs were designed. Ligation of amide moieties to the

fluorophenyl ring improved the inhibitory potency, resulting in an IC50 value of 30nM (263).
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Figure 5: Formula of small molecule GRK2 inhibitor

All three inhibitors are competitive inhibitor of ATP and targets the kinase domain of GRK2. Balanol
mimics the structure of ATP and its four rings establish interactions with the ATP binding subsite, but
lacks selectivity over other AGC kinases (256, 257). Based on the structure Balanol the Takeda
compound was discovered, which displays higher selectivity for GRK2, but insufficient oral
bioavailability (259). The SSRI paroxetine was previously established as a cardioprotective ATP-site

GRK2 inhibitor by drug repurposing.

4.2.5.5. RNA Aptamers

A selection process termed SELEX was used to identify a specific RNA inhibitor (C13) that binds and
inhibits the GRK2-mediated rhodopsin phosphorylation (264). The C13 aptamer binds with high
nanomolar affinity to GRK2 and with selectivity over other kinases such as GRK5 (264). The
crystallographic structures of GRK2 bound to the C13 aptamer revealed that C13 interacts with the
catalytic core of the kinase domain of GRK2 and stabilizes it in a unique inactive conformation (265).
Although the C13 aptamer is not considered to be a viable therapeutic for oral therapy, it can be used
in a high-throughput displacement assay to identify specific new small molecule inhibitors for GRK2
(266). With such aptamer-displacement assay the FDA-approved drug paroxetine was discovered as
a potent GRK2 inhibitor (267).
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4.3. Aim of thesis

The major goal of my thesis was the identification of mechanisms required for cardioprotective
GRK2-inhibition. Although it is widely accepted that GRK2 inhibition is cardioprotective, the
underlying mechanisms of cardioprotection are incompletely understood. To this end, | compared

activities of different GRK2 inhibitors in vitro and in vivo. Thus, the aims of this project are threefold:

e To establish an in-vitro kinase assay, in order to compare substrate specificities of GRK2

inhibitors, RKIP and paroxetine.

e To compare the unclear role of RKIP with the dominant-negative GRK2-K220R mutant in

transgenic mice and characterise the cardiac phenotype.

e To generate GRK5-transgenic mice and study the impact of compensatory GRKS5 up-

regulation under conditions of GRK2 inhibition.
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5. MATERIALS AND METHODS

5.1. Materials

Substance Origin
B-glycerophosphate disodium Sigma-Aldrich G5422
B-mercaptoethanol Sigma-Aldrich 63689
[32] y-ATP Perkin ElImer Inc. BLU002001MC
10% Bolt Bis-Tris Plus gel Invitrogen NWO00107BOX
10x sample reducing agent Invitrogen B0004
2-[4-(2-hydroxyethyl)-1-piperazin]ethanesulfonic acid  Biosolve 0008042359BS
(HEPES)
2-Propanol Merck 1.09634.1000
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic Sigma-Aldrich A1888
acid) (ABTS)
3,3’-diaminobenzidine tetrahydrochloride (DAB) Sigma Aldrich D3939
30% Acrylamide/Bis solution Bio-Rad Laboratories AG 1610158
4x LDS sample buffer Invitrogen B0008
Acetic Acid, glacial Merck 1.00063.1000
Acetone Merck 1.00014.2500
Adenosine 5'-triphosphate (ATP) disodium salt Sigma-Aldrich A7699

hydrate

Agarose MP

Ammonium persulfate (APS)

Ampicillin

Bac-to-BacTM Baculovirus Expression System
BactoTM agar

BactoTM trypton

BactoTM yeast extract

BL21(DE3) pLysS Competent Cells, single use
Boric acid

Bovine Serum Albumin (BSA)

Bromphenol blue sodium salt

Calcium chloride dihydrate (CaCl2x2H20)
Cellfectin™ |l Reagent

Chelex-100

Chloroform

Citric acid

Coomassie brilliant blue

D (+)-glucose monohydrate

Cleaver Scientific
Bio-Rad Laboratories AG
Carl Roth GmbH + Co. KG
Invitrogen

Becton Dickinson AG
Becton Dickinson AG
Becton Dickinson AG
Promega AG

Merck

Sigma-Aldrich

Merck

Merck

Invitrogen

Bio-Rad Laboratories AG
Merck

Merck

Merck

Merck
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9012-36-6
1610700
K029.1
10359016
214010
211705
212750
L1195
1.00165.1000
A8022
1.11746.0005
1.02382.0500
10362-100
143-2832
1.02445.1000
1.00244.1000
1.12553.0025
1.04074.0500



Desoxyribonucleotide mixture (dNTPs)

DH10Bac E. coli bacteria

di-sodium hydrogenphosphate dihydrate
(NazHPO4x2H20)

Dimethyl sulfoxide (DMSO)

Dimethylformamide

Dralll

ECL Wester Blotting detection reagent

EndoFree Plasmid Maxi Kit

Eosin Y solution 0,5% aqueous

Ethanol

Ethidium bromide

Ethylendiamintetraacetic acid (EDTA) solution (0.5M)
Ethylendiamintetraacetic acid tetrasodium hydrate
(Na4EDTAxH20)

Fetal bovine serum (FBS)

Formalin solution, neutral buffered, 10%
GeneRuler 1kb DNA ladder 0.5 pg/pL
Gentamicin sulfate salt

Glycerol

Glycine

Herculase Il fusion DNA polymerase
Herculase Il Reaction buffer 5x

Hind Il

human chorionic gonadotropin (hCG)
Hyaluronidase from bovine testes
Hydrogen peroxide (30%)

Hyperfilm

Igepal CA-630 (NP40)

Imidazole

IPTG (isopropyl-p-D-thiogalactopyranose)
Kanamycin

M16 medium

M2 medium

Magnesium chlorid hexahydrate
Magnesium sulfate heptahydrate (MgSO4x7H20)
Mayer’s hemalum solution

Methanol

Mineral oil

Miul

New England BioLabs
Invitrogen
Merck

Sigma-Aldrich

Merck

New England BioLabs
Amersham

QIAGEN
Sigma-Aldrich

VWR Chemicals
Merck

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific AG

Sigma-Aldrich

Thermo Fischer Scientific AG

Sigma-Aldrich
Merck
Merck

Agilent Technologies AG
Agilent Technologies AG

New England BioLabs
Sigma-Aldrich
Sigma-Aldrich

Merck

Amersham
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Merck

Merck

Merck

Merck

Sigma-Aldrich

New England BioLabs
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N0447S
10361012
1.06580.0500

D2438
1.02937.0500
R35108

Prime: RPN2232

12362
HT110216
20821.296
1.11608.0030
03690

E5391

hyclone, Lot
RzZG35920
SLBT5369
SM0311
G1264
1.04092.1000
1.04201.1000
#600675
#600675
R0104S
C0434

H3884
1.07209.0250
28906836
17771

15513

15502

K1377
M7292
M7167
1.05833.0250
1.05886.0500
1.09249.0500
1.06009.5000
M5310
R0198S



MOPS SDS running buffer
n-Dodecyl B-D-maltoside (DDM)
Non fat dry milk

Ni-NTA Agarose

PageRuler Plus Prestained Protein Ladder
Paroxetine

PBS (Dulbecco’s phosphate buffered saline)
PD-10 desalting columns
Penicillin—Streptomycin Solution Hybri-Max
Penicillin-Streptomycin

pET-3d

pFastBac1

Phosphate buffered saline (PBS)
Poly-Mount Xylene

Polyethylene glycol (PEG) 3000

Potassium chloride

Potassium dihydrogen phosphate

Pregnant mare serum gonatropin (PMSG)
Protease inhibitor cocktail

Proteinase K

PureLink HiPure Plasmid Purification Miniprep Kit
PureLink HiPure Plasmid Purification Midiprep Kit
PureLink HiPure Plasmid Purification Maxiprep Kit
PVDF membrane (Immobilon-P, 0.45 pm)
QIlAquick Gel Extraction Kit

RNAlater

Rneasy Midi kit

Roti®-Quant

Sal |

Sf9 Cells

SOC medium

Sodium chloride (NaCl)

Sodium desoxycholate

Sodium Dodecyl Sulfate (SDS)

Sodium fluoride (NaF)

Sodium hydroxide (NaOH)

Sodium molybdate

Sodium orthovanadate

T4 DNA Ligase (6 U/uL)

Taq polymerase

Invitrogen
Sigma-Aldrich

frema Reform Instant-
Magermilchpulver
QIAGEN

Thermo Fisher Scientific AG

Sigma-Aldrich
Sigma-Aldrich

GE Healthcare GmbH
Sigma-Aldrich
Sigma-Aldrich
Novagen, Merck KGaA
Invitrogen
Sigma-Aldrich
Polyscience

Merck

Sigma-Aldrich

Merck

Sigma-Aldrich
Sigma-Aldrich

Roche

Invitrogen

Invitrogen

Invitrogen

Merck

QIAGEN

QIAGEN

QIAGEN

Carl Roth GmbH + Co. KG
New England BioLabs
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad Laboratories AG
Merck

Merck

Merck

Sigma-Aldrich

New England BioLabs
Sigma-Aldrich
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B000102
D4641
LIS18902VB

30210

26619
P9623
D8537
17-0851-01
P7539

PO781
69421-3
10360014
D8537
24176
8.17019.1000
1.04936.1000
1.04873.1000
G4877
P8340
03115879001
K2100-02:
K210015
K210016
IPVH00010
28704

76104

75142
K015.02
R0O138T
89070101
15544034
71380
D6750
#1610302
1.064490250
1.06469.1000
1.06521.0100
S6508
M0202
D1806



TC-100 Insect medium

TE buffer (10 mM TRIS pH 8, 0.1 mM EDTA)
TEMED (N,N,N’,N’-tetramethylethylenediamine)
Tetenal Superfix MRP

Sigma-Aldrich

Invitrogen

Carl Roth GmbH + Co. KG
Tetenal

Tetenal, Roentoroll HC Tetenal
Tetracycline Sigma-Aldrich
Tris(hydroxymethyl)aminomethane (Tris) Biosolve
Triton X-100 Merck
Trizma® hydrochloride solution (1M) Sigma-Aldrich
Tryptan blue Sigma-Aldrich
Tween 20 Merck

Urea Merck

X-gal (5-bromo-4-chloro-3-indolyl-3-D- VWR International GmbH
galactopyranose)
X-ray films (Super R, Fuji Medical x-ray film)

XL1 Blue E. coli bacteria

Fuji Medical
Stratagene

Agilent Technologies AG, Agilent Technologies AG, Basel, Switzerland
Amersham, GE Healthcare GmbH, Glattburg, Switzerland

Becton Dickinson AG, Allschwil, Switzerland

Biosolve, Biosolve BV, Valkenswaard, Netherlands

Bio-Rad Laboratories AG, Cressier, Switzerland

Carl Roth GmbH + Co.KG, Karlsruhe, Germany

Eppendorf AG, Hamburg, Germany

GE Healthcare GmbH, Glattburg, Switzerland

Invitrogen, Thermo Fisher Scientific AG, Reinach, Switzerland

Merck, Merck KGaA, Darmstadt, Germany

New England BioLabs, New England BioLabs GmbH, Frankfurt am Main, Germany
Perkin Elmer Inc., Schwerzenbach, Switzerland

Promega AG, Diibendorf, Switzerland

QIAGEN, QIAGEN GmbH, Hilden, Germany

Roche, Roche Pharma AG, Reinach, Switzerland

Sigma-Aldrich, Sigma-Aldrich Chemie GmbH, Buchs SG, Switzerland
Stratagene, Agilent Technologies AG, Basel, Switzerland

Tetenal, Tetenal Europe GmbH, Norderstedt, Germany

Thermo Fisher Scientific AG, Reinach, Switzerland

VWR International GmbH, Dietikon, Switzerland
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T3160
12090015
2367.3
104462
104450
T7660
0020092391BS
1.08603.1000
T2194

T6146
8.22184.0500
1.08487.1000
730-1498

#200249



5.2. Molecular biology methods

Polymerase chain reaction (PCR)

For the amplification of cDNA fragments, Herculase Il fusion DNA polymerase, and for single colony
screening of bacterial clones Tag DNA polymerase were used. The polymerase chain reaction was
performed in the supplied buffers, with a final primer concentration of 0.4 uM. dNTPs were used at a
concentration of 200 uM, and 0.1-1 ng DNA served as a template. DNA amplification was carried out

with a standard program using a Thermocycler 3000 (Biometra, Géttingen, Germany).

Step Temperature Time Cycles
1 95°C 2 min 1X
2 95°C 20s
3 55-60°C 20s 25-30X
4 72°C 60 s/1000 bp
5 72°C 10 min 1X

Table 1: Standard PCR program

Initial melting of the dsDNA (step 1) was followed by 25-30 cycles consisting of melting of dsDNA (step
2) followed by annealing (step 3) and extension (step 4) of primers. PCR was finished with a final

elongation step (step 5).

Agarose gel electrophoresis

PCR products were separated by agarose gel electrophoresis. Resolution of DNA is affected by
agarose concentration and buffer composition. 2% (w/v) agarose gives the best separation of smaller
fragments (0.2-1 kb), while for bigger fragments, 0.8-1.5% (w/v) agarose gels were used. For
visualization of the DNA, ethidium bromide in a final concentration of 0.5 pug/ml was used. The gel
was prepared with either standard TAE buffer (40 mM Tris, 20 mM glacial acetic acid, 2 mM EDTA)
or TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) for smaller fragments. For fragment size

identification, DNA ladder (GeneRuler 1 kb) was run in parallel to the samples.
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DNA gel extraction

For the clean-up of PCR products and removal of primers, enzymes, dyes and salts, PCR samples
were separated by agarose gel electrophoresis. DNA was excised under UV-light (365 nm) from the
gel and extracted using QIAquick Gel Extraction Kit. Up to 10 ug DNA were purified per column

according to the manufacturer’s protocol and eluted with 30 ul TE buffer.

Enzyme restriction digestion

For the restriction digest of DNA, suitable enzymes were purchased from New England BiolLabs.
Supplied buffer were used and reaction conditions were chosen according to the manufacturer’s

instructions.

Ligation

Digested PCR fragments and digested vector backbone were ligated overnight with T4 DNA ligase in
the supplied T4 DNA Ligase Reaction Buffer at 16°C. Vector to insert was used at a molar ratio of
1:4.

Heat shock transformation

For heat shock transformation, 100 ul of competent E. coli XL1 blue bacteria were thawed on ice and
subsequently mixed gently with 10 pul of ligation mixture or 1 ul DNA stock solution, and incubated on
ice for 20 min. The mixture was heat-pulsed in a 42°C water bath for 45 sec and subsequently
incubated on ice for 2 min. SOC medium (900 pl), prewarmed to 37°C, was added followed by
incubation in the shaker (200 rpm) at 37°C for 30 min. An aliquot of the DNA-bacteria mixture (10-
100 pl) was streaked out on prewarmed LB agar plates containing the appropriate antibiotic for
selection of transformed bacteria. After overnight incubation at 37°C single colonies were inoculated
in 2 ml LB for 3-4 h at 37°C and 200rpm. Bacteria from 1 ml culture medium were pelleted by
centrifugation at 16’000 x g for 1 min, lysed with 100 pul of sterile A. dest. and used for single colony

screening.
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SOB SOC

bacto-tryptone 49 SOB 48 ml
bacto-yeast extract 19 1 M MgCl, 0.5 ml
NaCl 0.1g 1 M MgSO4 0.5ml
dH,0 Ad 200 ml Zmogf]’ér‘?gzj’za?e(+)'g'“°°se 1 ml

LB medium LB agar plates
bacto-tryptone 509 LB medium
bacto-yeast extract 25¢g bacto-agar 1.5% wiv
NaCl 50 g
dH20 Ad 5000 ml

Table 2: bacterial growth media

SOB and LB medium components were dissolved and directly autoclaved.

Preparation of competent bacteria

E. coli XL1 blue bacteria were streaked onto LB plates containing tetracycline (20 pug/ml tetracycline
in 1:1 ethanol/water) and grown overnight at 37°C. A single colony was cultivated overnight in 5 ml of
LB medium and 1 ml of the overnight bacterial suspension was incubated with 119 ml of LB medium
the following day and grown to mid-log phase (ODsoonm=0.4-0.6). Bacteria were pelleted at 4°C by
centrifugation at 3000 x g for 10 min. The bacterial pellet was resuspended in 12 ml of TSB on ice,

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

TSB
PEG 3000 1049
DMSO 5ml
1M MgSO,4 2ml
1M MgCl; 2ml
LB medium Ad 100 ml

Table 3: TSB buffer composition

PEG 3000 was dissolved in 40 ml of LB buffer and the pH was adjusted to 6.1. The remaining

substances were added and filled up with LB medium to a final volume of 100 ml.
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Preparations of plasmid DNA

PureLink HiPure Plasmid Purification Kit was used for Plasmid DNA isolation from bacterial culture.
The Midiprep Kit was used for isolation of low copy plasmids from 100 ml of bacterial culture and for
preparations of high-copy plasmid DNA, 25 ml culture were used. For the Maxiprep Kit an 8-fold
higher amount of bacterial culture was used. All preparations were made according to the

manufacturer’s protocol (Invitrogen).

Quantification of DNA

dsDNA was quantified by optical density. DNA was diluted in 10 mM Tris-HCI pH7.5 and the
absorbance at 260 nm was measured with a BioPhotometer (Eppendorf). Sample purity was
determined using the 260/280 nm ratio. A 260/280 ratio of 1.8-2.0 was used as an indicator of DNA

purity.

Sequencing

To control for DNA sequence identity, Sanger sequencing was performed by Microsynth AG

(Balgach, Switzerland).

Primer

Primer were synthesized by Microsynth AG (Balgach. Switzerland).

5.3. Protein expression systems

5.3.1. Protein expression in bacterial cells

The cDNA of the protein to be overexpressed was cloned into the pET-3d vector backbone. Single

use BL21(DE3) pLysS Competent Cells (Promega) were used as a host strain.
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pET-3d

The pET expression system has been developed for cloning and expression DNA under control of a
T7 promoter (267). Expression uses bacterial cells harbouring the lysogenic DE3 prophage, encoding
the T7 RNA polymerase, under control of the IPTG (isopropyl-B-D-thiogalactopyranose) inducible
lacUV5 promoter. Lacl, which is present in the E. coli genome, forms a tetramer and represses the
lacUV5 promoter encoded by the expression plasmid. IPTG binds and triggers the release of the

tetrameric Lacl from the /lac operator (268, 269). The lac operator triggers transcription and induces

protein expression.

PET-3a sequence EcoR 1(4638)

T7 promoter 615631 Apo |(4638)

T7 transcription start 614

T7Tag coding sequence 519551 Aat 11(4567) Bpu1102 1(458)

T7 terminator 404-450 Ssp 1(4449) BamH I(510)
pBR322 origin 2814

bla coding sequence 35754432 Sca l(4125) Nde I(550)

The maps for pET-3b, pET-3¢ and pET-3d
are the same as pET-3a (shown) with the
following exceptions: pET-3b is a 4639bp
plasmid; subtract 1bp from each site beyond
BamH T at 510. pET-3c is a 4638bp plasmid;
subtract 2bp from each site beyond BamH T
at 510. pET-3d is a 4637bp plasmid; the
BamH Isite is in the same reading frame as
in pET-3¢c. An Nco I site is substituted for
the Nde I site with a net 1bp deletion at
position 550 of pET-3c. As a result, Nco 1
cuts pET-3d at 546. For the rest of the sites,
subtract 3bp from each site beyond position
551 in pET-3a. Nde I does not cut pET-3d.

Pvu l(4015)

Pst 1(3890) SgrA 1(687)

Sph 1(843)
EcoN 1(903)
Sal I(928)

Eam1105 1(3645) PshA I(993)

ET-3a
(4640bp)

HgiE 11(3338) ApaB 1(1329)

BspM 1(1331)

AlwN 1(3168)

BspLU11 I(2752)
Afl 111(2752)

Sap 1(2636)

Bst1107 1(2523)

BsaA 1(2504)

Tth111 I(2497)

BsmB 1(2393)

Pvu 11(2343)

Bpu10 I(1858)
BscG 1(1912)

Figure 6:Vector map of pET-3d

The vector map of pET-3d (Novagen) shows the T7 promoter followed by a multiple cloning site and an

ampicillin resistance gene.

The pET-3d plasmid with the gene of interest was transformed by heat shock transformation into
BL21(DE3) pLysS competent cells and incubated overnight on LB plates containing ampicillin (50
ug/ml). A single colony was cultivated overnight in a rotating incubator (rotation set to 200rpm) at
37°C in 10 ml of LB medium containing ampicillin (50 pg/ml). The next day the overnight culture was
diluted to 200 ml and grown to mid-log phase (OD600 = 0.5 - 0.6)

For a time-course analysis of protein expression samples were taken hourly. Bacteria of uninduced
10 ml sample were pelleted at 4000 x g and 4°C for 10 min (Rotanta 460R, Hettich Laborapparate,

43



Bach Switzerland). The supernatant was discarded and the pellet was frozen in liquid nitrogen. IPTG
was added at a final concentration of 1 mM. During the next 4 hours, samples were taken hourly and
treated as above. Finally, the remaining bacterial culture was pelleted as described above and pellets

were stored at -80°C.

For protein expression analysis by SDS-PAGE and immunoblotting, samples taken at different time
points were thawed on ice, lysed in 200 pul of urea-containing 1 x SDS sample buffer and incubated at
room temperature (RT) for 60 min. After the fragmentation of viscous DNA by sonication on ice
(HD2200, 2 x 3 impulses with 70% power; UW2200; MS73; BANDELIN electronic GmbH & Co.KG,

Berlin Germany) samples were stored at -20°C.

For best expression of target proteins, OD600 at IPTG-induction, IPTG concentration, incubation-

temperature and incubation-time were optimized.

1 x SDS sample buffer

5 x SDS sample buffer .
containing urea

SDS 10 % (w/v) 5 x SDS sample buffer 10 ml
glycerol 10 % (v/v) urea 6 M

1 M Tris, pH 6.8 25 ml B - mercaptoethanol 300 mM
bromophenol blue 0.05% (w/w) dH20 ad 50 ml
dH.0 ad 100 ml

Table 4: Composition of SDS sample buffer

5 x SDS sample buffer was stored for daily use at 4°C and for long time storage at -80°C. 1x SDS

sample buffer with urea and B - mercaptoethanol were prepared freshly.

Measurement of cell concentration in suspension by optical density

To determine the cell concentration, the turbidity of the cell suspension was measured at a

wavelength of 600 nm (OD600) by a Biophotometer (Eppendorf, Germany)
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5.3.1. Protein expression in SF9 cells

Insect cell culture is commonly used for recombinant protein production using a baculovirus. Sf9 cells

are derived from the pupal ovarian tissue of the fall army worm, Spodoptera frugiperda (270).

5.3.1.1. Culture of Sf9 cells

Thawing cells

A frozen aliquot of Sf9 cells was removed from liquid nitrogen and quickly thawed in a 37°C
waterbath. The cryovial was decontaminated with ethanol (70%), cells were added drop-wise to
prewarmed complete insect medium in a 15 ml centrifuge tube. Cells were counted, viability was
checked and 2x10* - 5x10* viable cells/cm? were seeded into the appropriately sized flask. Cells
were allowed to attach and medium was replaced. Medium was changed daily. Sf9 cells were
passaged when cells were 95% confluent. Cell culture flasks with different surface areas were
purchased from Sarstedt AG & Co. KG

Complete medium

The complete medium contained TC 100 insect medium supplemented with 10 % (v/v) FBS and

100 U/ml penicillin/100 ug/ml streptomycin.

Cell culture procedures

Adherent Sf9 cells were cultured in complete insect medium under sterile conditions at 27°C without

CO:z regulation under sterile condition in a humidified incubator.

Subculture of adherent cells

Cells were grown until monolayer culture reached 90-95% confluency, which is typically the mid-log
phase. At this point, the monolayer was dislodged by the sloughing method. Therefore, medium was
removed from the flask and 5 ml new medium was added and streamed across the monolayer. A

gentle stream was used to dislodge the cells.
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Freezing cells

Once Sf9 cells were doubling regularly, show viability of >90%, and grow in the mid-log phase, they
were frozen. Cells were dislodged from the flask, cell density and viability were determined, and cells
were centrifuged at 100xg for 5 min. The pellet was resuspended in an appropriate amount of cold
freezing medium (9%DMSO, 91% FBS) to achieve a cell density of 3 x 108 cells/ml, and 1 ml aliquots
were dispensed into cryovials (Nalgene Labware, Fisher Scientific AG). Cells were frozen in a
freezing container (Nalgene Labware, Fisher Scientific AG), which decreases the temperature

approximately 1°C per minute to -80°C. For long-term storage, cells were kept in liquid nitrogen.

Cell number

For determination of the cell number, a Neubauer hemocytometer (LO-Laboroptik GmbH, Bad
Homburg, Germany) was used according to the manufacturer’s instruction. An aliquot of the cell
suspension was mixed with an equal volume of 0.4% (w/v) Trypan Blue in PBS (Sigma-Aldrich). Ten
ul of the 1:1 diluted cell suspension were applied to the hemocytometer and viable cells were
counted in all four squares. The cell concentration (cells/ml) was calculated with the following

formula:

number of cells x 10000
number of squares

cells/ml = X dilution factor x 100

5.3.1.2. Generation of a recombinant baculovirus

The Bac-to-Bac baculovirus expression system

For the generation of a recombinant baculovirus, the Bac-to-Bac® Baculovirus Expression System Kit
(Invitrogen) was used. The recombinant baculoviruses were constructed in two steps: the gene of
interest was cloned into the pFastBac1 donor plasmid followed by transposition of the pFastBac1
expression construct into a baculovirus shuttle vector (bacmid). The high molecular recombinant
bacmid DNA isolated from DH10Bac cells was used to transfect Sf9 cells, in order to generate a

baculovirus stock.
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Donor plasmid pFastBac1

The gene of interest was cloned in the pFastBac1 donor plasmid. The gene expression is under
control of a strong Autographa californica multiple nuclear polyhedrosis virus (AcNPV) polyhedron
(PpH) promoter. The expression cassette is flanked by the right and left arms of Tn7, and contains a

gentamycin resistance gene, and a SV40 polyadenylation signal to form a mini Tn7 (2717).

Comments for pFastBac™1
4775 nucleotides

1 origin: bases 2-457

Ampicillin resistance gene: bases 589-1449

pUC origin: bases 1594-2267

Tn7R: bases 2511-2735

Gentamicin resistance gene: bases 2802-3335 (complementary strand)
Polyhedrin promoter (Ppy): bases 3904-4032

Multiple cloning site: bases 4037-4142

SV40 polyadenylation signal: bases 4160-4400

Tn7L: bases 4429-4594

Figure 7: Vector map of pFastBac1 (Invitrogen)

The mini-Tn7 contains a gentamycin resistance gene, an AcNPV polyhedron promoter followed by a
multiple cloning site and a SV40 poly(A) signal. The plasmid contains an ampicillin resistance gene to
allow for selection in DH10Bac E. coli.

Generation of a recombinant bacmid and baculovirus

For the generation of the bacmid, DH10Bac E. coli bacteria were used as a host for the pFastBac
construct. These bacteria contain the baculovirus shuttle vector, consisting of the bMON14272
bacmid DNA (136 kb), and the pMON7124 helper plasmid (272). The bacmid contains the low-copy-
number mini-F replicon, a kanamycin resistance gene and a segment encoding the LacZa peptide.
Inserted into the LacZa gene is the attachment site for the bacterial transposon Tn7 (mini-atfTn7),
which does not disrupt the LacZa reading frame. The recombinant bacmids were generated by
transposing a mini-Tn7 from the pFastBac1to the mini-atfTn7 attachment site from the bacmid. The
helper plasmid (pPMON7124) encodes the transposase and confers resistance to tetracyclin and

provides the Tn7 transposition function in trans (273). By insertion of mini-Tn7 into the mini-atfTn7
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site on the bacmid, the expression of LacZa was disrupted and the colonies containing the

recombinant bacmid are white in a blue/white screening.

pFastBac™ donor plasmid

Clone Gene of Interest
Gene of
. Interest
oy Tn7!
T J5 a

Transformation

Jondommon y,

Transposition
Antibiotic/Selection

Recombinant
Donor Plasmid Competent DH10Bac™ E.coli Cells E. coli (LacZ")
Containing Recombinant Bacmid

N ini-prep of High
Nolecular Weight DNA
\
Determine Viral Titer
Recombinant
by Plaque Assay Baculovirus
Particles
Re '\ T /‘ 7 L Trenstectionof
Insect Cells with
000 000000 O Cellfectin® Il Reagent

Infection of
Insect Cells

OO0 O0OO0OO0OO00 O

v

Recombinant Gene Expression
or Viral Amplification

Recombinant
Bacmid DNA

Figure 8: Generation of recombinant baculoviruses and protein expression with the Bac-to-Bac

system.

This figure depicts most important steps: the donor plasmid is transformed into DH10Bac™ E. coli,
where the gene of interest transposes into the bacmid DNA. Insect cells were transfected with the

isolated recombinant bacmid DNA and subsequently baculovirus was expressed. (adapted from(274))

Generation of a recombinant bacmid

The baculovirus was generated by using the Bac-to-Bac® Baculovirus Expression System Kit
(Invitrogen), which consists of the pFastBac1™ plasmid, MAX Efficiency® DH10Bac™ Competent E.
coli, and Cellfectin™ 1l Reagent. All procedures were performed according to the manufacturer's

instructions with slight modifications.

The gene of interest was cloned into the pFastBac1 plasmid as described above, and selected via
ampicillin resistance followed by a screening PCR. Finally, the identity of the DNA was confirmed by

Sanger sequencing.

48



The purified pFastBac™ construct was diluted to the desired concentration of 200 pg/ul in TE buffer
pH 8. MAX Efficiency® DH10Bac™ Competent E. coli were thawed on ice, and an aliquot of 50 pl was
used for transformation with 1 ng of plasmid. After a 30 min incubation on ice, the mixture was heat-
pulsed for 45 sec at 42°C, immediately transferred to ice and chilled for 2 min. Thereafter 0.95 ml of
SOC medium (Invitrogen) were added and incubated for 4 h at 37°C and 200rpm. After the
incubation, 10-fold serial dilutions (10-',102,10®) were prepared with SOC medium, and 100 ul were
spread on LB agar plates containing 50 ug/ml of kanamycin (dissolved in water and filter-sterilized),
7ug/ml of gentamycin (dissolved in water and filter-sterilized), 10ug/ml of tetracycline (dissolved in
100% ethanol and filter-sterilized), 40 ug/ml of X-gal and 50 pg/ml of IPTG (X-gal and IPTG were
dissolved in dimethylformamide). The bacmid itself contains a kanamycin resistance marker, the
gentamycin resistance is on the donor plasmid, and the tetracycline resistance is on the helper
plasmid. In addition to the selection by antibiotics, X-gal and IPTG were used for a blue/white
screening. After 48 h of incubation at 37°C, colonies with successful transposition of the gene of
interest into the bacmid DNA appeared white, while blue colonies contained the unaltered bacmid.
Five white colonies were picked and restreaked on fresh LB agar plates containing 50 pug/ml of
kanamycin, 7ug/ml of gentamycin, 10ug/ml of tetracycline, 40 pug/ml of X-gal and 50 pg/ml of IPTG
and incubated overnight at 37°C. A single colony, with a confirmed white phenotype, was inoculated
over-night at 37°C in 2ml of liquid LB medium containing 50 ug/ml of kanamycin, 7ug/ml of

gentamycin, 10ug/ml of tetracycline.

Isolation of recombinant bacmid

The recombinant bacmid DNA was isolated from the bacterial culture using the PureLink™HiPure
Plasmid Miniprep Kit (Invitrogen, Thermo Fischer Scientific AG, Reinach, Switzerland). An aliquot
(1,5 ml) of the bacterial culture was treated according to the manufacturer’s special protocol for the

isolation of bacmid DNA, and extracted bacmid was dissolved in 20 ul of TE buffer for 60 min on ice.
Confirmation of gene transposition by PCR

PCR analysis was used to verify the presence of the gene of interest in the recombinant
bacmid. pUC/M14 forward (5'-CCCAGTCACGACGTTGTAAAACG-3") and reverse
(5-AGCGGATAACAATTTCACACAGG-3') primers were used which hybridize to sites flanking the
mini-affTn7 site. (Figure 9, A)
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PCR was performed under standard conditions with Taq polymerase and the supplied buffer.
Amplification conditions needed to be modified, because the expected size of the PCR construct was
over 4kb: For the reaction a final concentration of 3 mM MgClz, 0.25 uM of each primer was used,
and 1ul of the bacmid solution served as a template. The annealing temperature was set to 55°C,

and extension time was extended to 5 min.

A
Transposed pFastBac™ Gene of interest
sequence
Bacmid DNA | }
mini-attTn7
pUC/M13 pUC/M13
Forward Reverse
B
Sample Size of PCR Product
Bacmid alone ~ 300 bp
Bacmid transposed with pFastBac ~ 2300 bp + size of insert

Figure 9: Scheme of the bacmid DNA

(A) Scheme illustrating the bacmid DNA and primer hybridization site flanking the mini-atfTn7 site and
(B) the expected size of the PCR product.

5.3.1.3. Expression of recombinant proteins in Sf9 cells

Transfection of insect cells

Sf9 cells were transfected with the purified recombinant bacmid DNA. To this end, cells in the log
phase (1.5-2.5 x 10°) with greater viability than 95% were used and cultured without antibiotics in 6-
well culture dishes. Two ml of unsupplemented (without serum and antibiotics) TC-100 medium were
added. For each transfection, 8 ul of Cellfectin™ II, a cationic lipid formulation, were diluted in 100 pl
of unsupplemented TC-100 insect medium. In a second tube, 1 ng of bacmid DNA was diluted in

100 pl of unsupplemented TC-100, mixed gently, and the diluted DNA was combined with the diluted
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Cellfectin™ |I. After a 30 min incubation at room temperature, the DNA-lipid mixture was added
dropwise onto the cells. Cells were incubated for 4 h at 27°C, and subsequently the transfection
mixture was removed and replaced with 2 ml of complete growth medium containing antibiotics. Cell
viability was checked daily. After 72-96 h, clear signs of cell death, such as cell lysis and signs of
clearing in the monolayer, were observed. Medium was collected from each well, and centrifuged at
500 x g for 5 min to remove cells and large debris. The clarified supernatant is the P1 viral stock, and

was stored at 4 °C.

Amplification of the baculovirus stock

The viral P1 stock is a low-titer stock and was used to infect cells to generate a high-titer P2 stock.
Therefore, a healthy (viability over 95%) Sf9 cell culture of low passage (5-20) was infected. The
multiplicity of infection (MOI) is defined as the number of virus particles per cell. The following
formula was used to calculate the amount P1 stock needed to obtain a specific MOI of 0.1. For the

P1 stock, a titer of 5 x 10° pfu/ml was assumed.

MOI(pfu/cell) x number of cell
titer of viral stock (pfu/ml)

Inoculum required (ml) =

About 48-72 h post infection, when 70-80% of cells were dead. The P2 viral stock was harvested as

described before.

Expression of recombinant proteins in Sf9 cells

Numerous factors such as MOI and incubation time can influence the expression of proteins in Sf9
cells. To determine the optimal expression, an assay was adapted from reference (275). Cells were
infected using MOls from 0.5 to 10 (0.5, 1, 2, 5, 10), and harvested at different times post infection
(24, 48, 72, 96 h post infection). For preparation of the time course, 6 x 10° cells were seeded per
well in a 24-well plate, and baculoviral stock in the desired MOl was added. At the appropriate time,
cells were dislodged with 1 ml of ice-cold PBS (Sigma-Aldrich), transferred to a 1.5 ml
microcentrifuge tube, pelleted at 1000 x g for 5 min at 4°C, and lysed in 200 pl of urea-containing
SDS sample buffer. Samples were stored at -20°C, and analysed by SDS-PAGE and

immunoblotting.
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Harvesting infected Sf9 cells

Infected cells were harvested on ice from a 175 cm? flask with a scraper. Suspended cells were
pelleted at 4°C by centrifugation at 500 x g for 5 min, and washed twice with precooled PBS (Sigma-
Aldrich) containing protease inhibitor cocktail. The Sf9 cell pellet was snap frozen in liquid nitrogen
and stored at -80°C.

5.3.2. Protein detection by immunoblot

For all protein procedures ultrapure deionized water was used (PURELAB Ultra, Lab water

purification system, ELGA, High Wycombe, United Kingdom)
Protein separation by SDS-PAGE

Protein samples were dissolved in an appropriate volume of SDS sample buffer, with or without urea,
boiled for 3 min and separated by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis). Gel was casted as a separation gel (7.5%-10% acrylamide/0.2-0.27% bis-
acrylamide (w/v) 375 mM Tris-HCI (pH 8.8) 0.1% SDS) and topped by a stacking gel (3.75%
acrylamide/0.16% bis-acrylamide (w/v) 125 mM Tris-HCI (pH 6.8) 0.1% SDS). Polymerization of
polyacrylamide was initiated by APS, and the reaction was accelerated by TEMED. In the separation
gel 0.0325% (w/v) of APS and 0.5 ul/ml of TEMED and in the stacking gel 0.1% (w/v) APS and 1ul/ml
of TEMED were used. Proteins were resolved at 80V in SDS running buffer (192 mM glycine, 25 mM
Tris-HCI and 0.2% SDS) for 2-3 h. Prestained protein molecule weight marker (PageRuler Plus
Prestained Protein Ladder) was loaded in parallel to monitor the protein separation during
electrophoresis and assess blotting efficiency. The stacking gel was removed and the separation gel

was either stained with Coomassie brilliant blue or used for western blotting.

staining solution destaining solution
acetic acid 10% acetic acid 10%
methanol 20% methanol 20%
Coomassie brilliant blue 0.05% dH20 Ad 1000 ml
dH20 Ad 1000 ml

Table 5: Composition of Coomassie brilliant blue staining- and destaining solution of SDS-
PAGE gels
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Protein Transfer onto PVDF membranes by semi-dry blotting

The separated proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane.
Therefore, a PVDF membrane (Immobilon-P, 0.45 um) was activated in methanol for 7 min, and
equilibrated in transfer buffer for 30 min. In addition, the acrylamide gel and two filter papers (Extra
thick blot paper, Bio-Rad Laboratories AG, Cressier, Switzerland) were incubated in transfer buffer
for 45 min. The transfer buffer with the gel was changed twice. Proteins were blotted onto the
membrane by semi-dry blotting with 20 V and 0.04 A for 40 min (Trans Blot SD semi-dry Transfer
Cell, Bio-Rad Laboratories AG, Cressier, Switzerland). Membrane was rinsed in Milli Q water five

times to remove residual methanol and gel debris, and finally stored in PBS at 4°C.

The transfer buffer compromises out of 192 mM glycine, 25 mM Tris, 0.2% (w/v) SDS and 20% (v/v)

methanol.

PBS (phosphate buffered saline) consists of 137 mM NacCl, 2.7 mM KCI, 6.5 mM Na:HPO4 and 1.5
mM KH2POa.

Immunoblot detection of proteins

After protein transfer, blotting membrane was placed in blocking buffer and incubated for 1 h with
gentle agitation, followed by 1 h of incubation with the primary antibody dilution. Next, the blot was
washed four times for 5 min with PBST (phosphate buffered saline - tween), and incubated with
POD-conjugated secondary antibody dilution for 30 min. The antibody solution was removed, and the
membrane was washed 6x5 min each with PBST, followed by several washing step with PBS to
remove residual detergents. Visualisation of bound antibody was performed with the
chemiluminescence by ECL Wester Blotting detection reagent. Emitted light was visualized by X-ray
films were exposed to the membrane. Subsequently, films were developed (Tetenal, Roentoroll HC)
and fixed (Tetenal Superfix MRP).

5.3.2.1. Antibodies

The following primary antibodies were used for immunoblot and immunohistology detection or
ELISA:
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anti-GRK2 antibody is a goat polyclonal antibody raised against a peptide mapping near the C-
terminus of human GRK2 (sc-18409, Santa Cruz Biotechnology, LabForce AG, Muttenz,
Switzerland); anti-GRK5 antibodies, raised in rabbit against recombinant GRK5 protein (220); anti-
Pparg antibody, raised in rabbit against an antigen encompassing amino acids 8 —106 of PPARG
(Santa Cruz Biotechnology Inc.) or synthetic phosphopeptides derived from PPARG around the
phosphorylation site of Ser-273 or Ser-112 (BIOSS antibodies; Abcam), polyclonal pS153 RKIP
antibody raised in rabbit against a short amino acid sequence containing Ser 153 phosphorylated
RKIP (sc-32623, Santa Cruz Biotechnology, LabForce AG, Muttenz, Switzerland); anti-SRSF1
antibody is a mouse monoclonal antibody, the epitope is mapping near the N-terminus of the
SF2/ASF protein (sc-33652, Santa Cruz Biotechnology, LabForce AG, Muttenz, Switzerland), anti
Gnb antibody is a monoclonal mouse antibody raised against an epitope mapping between amino
acids 302-340 at the C-terminus of GB of mouse origin (sc-166123, Santa Cruz Biotechnology,
LabForce AG, Muttenz, Switzerland), anti His-probe antibody is a monoclonal mouse antibody raised
against a His-tagged recombinant protein (sc-8036, Santa Cruz Biotechnology, LabForce AG,

Muttenz, Switzerland)

The following secondary antibodies were used for immunoblot and immunohistology detection or
ELISA:

Peroxidase-conjugated AffiniPure F(ab’)2 Fragment Goat-Anti-Rabbit (111-036-046) / goat anti-
mouse (115-036-071) IgG, Fc Fragment Specific (Jackson ImmunoResearch Laboratories),

peroxidase-conjugated Protein A (Merck, Millipore)

5.4. Protein purification of 6xHis-tagged proteins

A Ni-NTA purification system (QIAGEN) was used to purify 6xHis-tagged recombinant proteins
expressed in bacteria and insect cells. The following general protocol was adapted and optimized for

each protein.

Frozen bacterial or insect cell pellets were thawed on ice and resuspended in 10-20 ml of lysis buffer.
Sonication was used to break cell walls and reduce viscosity by fragmentation of DNA (HD2200 set
to 5-10 x 3 s with 30% cycle and 70% power; UW2200; MS73; BANDELIN electronic GmbH &
Co.KG). Cellular debris was pelleted by centrifugation at 4500 x g for 45 min at 4°C. Meanwhile
500ul - 2000l of 50% Ni-NTA slurry was equilibrated with 20 column volumes of lysis buffer. The

cytosolic cell extract was added to the column and incubated for 1h at 4°C with gentle agitation to
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keep the resin suspended. Unbound proteins were removed by washing with 40 column volumes of
wash buffer, and subsequently proteins were eluted with 10 ml of elution buffer and collected in 1 ml

fractions. Aliquots of every purification step were taken and analysed by SDS-PAGE.

Proteins were purified under native or denaturing conditions depending on protein location and

solubility, downstream application and whether biological activity has to be retained.

Lysis Buffer Wash Buffer Elution Buffer
NaCl 300 mM 300 mM 300 mM
Hepes 50 mM (pH 8) 50 mM (pH 8) 50 mM (pH 3)
Urea 8 M 8 M 8M
B-mercaptoethanol 10 mM 10 mM 10 mM
Imidazole 10 mM 50 mM

Table 6: Buffer composition for purification of 6xHis-tagged proteins under denaturing

conditions
Lysis Buffer Wash Buffer Elution Buffer

NaCl 300 mM 300 mM 300 mM
Hepes 50 mM 50 mM 50 mM
IGEPAL 1%
PMSF 1 mM 1 mM 1 mM
Protease inhibitor cocktail ~ 1:100 1:100 1:100
B-mercaptoethanol 10 mM 10 mM
Imidazole 40 mM 300 mM

Table 7: Buffer composition for purification of 6xHis-tagged proteins under native conditions
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5.4.1. Buffer exchange

Desalting columns (PD-10)

PD-10 desalting columns containing Sephadex G-25 resin were used for desalting and buffer
exchange. Buffer exchange was performed according to the manufacturer's instruction (GE

Healthcare). All procedures were performed at 4°C.

Desalting and concentrating of proteins

Amicon® Ultra-15 Centrifugal Filter Units with a cutoff of 10 kDa were used for further buffer

exchange and concentration of the desired protein according to the manufacturer’s protocol (Merck).

Solid phase renaturation

Sudden removal of denaturants can lead to precipitation of proteins. Solid-phase renaturation was
used to avoid protein precipitation by sudden removal of denaturing agents. A series of washes
removed step by step the denaturing agents before the target protein was eluted. To this end, the
target protein was loaded onto the column and refolded by decreasing concentrations of urea (8, 6, 4,
2, 1; ten column volumes each). Thereafter, a final washing step with 20 column volumes without
urea was performed. The target protein was eluted with 15 ml of elution buffer (pH 3). All procedures

were performed at 4°C.

5.4.2. Protein quantifications

The protein concentration was measured by a Bradford assay (276) using Roti®-Qunat reagent. The
method was performed in semi-micro cuvettes (Ratiolab GmbH, Dreieich, Germany) according to the

manufacturer’s instructions and the absorbance was measured at 595 nm in a Biophotometer.
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5.5. ELISA technique

A 96-well plate (F8 Maxisorp Nunc-Immuno Module, Thermo Fisher Scientific AG) was coated with
protein (in 100 mM NaHCOs) overnight at 4°C. The plate was blocked for 1 h with blocking buffer
(0.2% non fat dry milk in TBST (with 0.05% Tween 20) under gentle continuous agitation at room
temperature. The blocking buffer was replaced with interaction partner in blocking buffer and
incubated for 1 h. After washing with TBST 0.05%, the primary antibody was added in blocking
buffer. Unbound antibody was removed by washing steps with TBST followed by the POD-
conjugated secondary antibody. After the final washing steps, detection of bound antibody was
performed with freshly prepared ABTS solution (36 ul of 30% H202 added to 21 ml of ABTS stock
solution (22 mg ABTS in 100 ml of 50 mM sodium citrate solution, pH 4.0)). The reaction was allowed
to proceed for 30 min and the absorbance was measured at 410 nm (VersaMax ELISA Microplate

Reader, Molecular Devices). The data were evaluated with SoftMax Pro 5.4.5 software.

TBST: 150 mM NaCl, 50 mM Tris pH 7.5 supplemented with 0.05% (v/v) Tween 20.

5.6. In vitro phosphorylation assay

To identify new substrates of GRK2, an in vitro kinase assay was performed.

Phosphorylation reaction

The in vitro phosphorylation assay was performed using purified substrates, purified kinase from Sf9
cells and *’P-labeled y-ATP. The reaction was carried out in 50 pl of Tris reaction buffer (comprised
of 20 mM Tris (pH7.5), 5 mM MgClz, and 2 mM EDTA) or Hepes reaction buffer (comprised of 20 mM
Hepes (pH 7), 2 mM MgClz and 0.025% DDM). GRK2 substrates were purified from bacterial culture.
The in vitro phosphorylation was performed with 50 nM-120 nM of GRK and 300 nM - 1000 nM of
substrate. The mixture was incubated for 30 min on ice, and the phosphorylation reaction was started
by the addition of ATP (1-50uM) and [32] y-ATP (10 uCi/ml, 1x108 DPM) The reaction was allowed to
proceed for 30 min at 30°C. The reaction was stopped by the addition of 20 pl of Bolt 4x LDS sample
buffer and 8 ul of sample reducing agent. Next, samples were heated at 70°C for 10 min and
separated on a 10% Bolt Bis-Tris Plus gel at 200V for 21 min in MOPS SDS running buffer.
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Detection of protein phosphorylation by autoradiography

Protein phosphorylation was determined by autoradiography with a high sensitivity X-ray Hyperfilm
(exposure time 4-16 h at -80°C). The film was developed as described before. The image was
scanned and quantified using Image J software. Data were analysed via GraphPad Prism 6 and the
inhibition curve was fitted with a three-variable dose-inhibitor response curve and a fixed Hill slope of
1.

5.7. Generation of transgenic mice

All animal experiments were performed in accordance with National Institute of Health guidelines and
approved by the local committee on animal care and use (University of Zurich). All mice were kept on

a 12h light/12 h dark regime and had free access to food and water.

Transgenic mice were generated according to an established protocol (277) with modifications. For
the successful generation of transgenic mice, an exact time schedule is important and involves five
basic steps: At first, the transgenic construct was designed, cloned and linearized. Male CD1 mice
were vasectomized in order to engender pseudopregnacy in female foster mice in step 4. In the
second step donor zygotes were harvested after hormone treatment and mating according to the
schedule outlined in Table 8. The third step consists of the microinjectition of the transgenic construct
and is followed by the implantation of microinjected zygotes into pseudo-pregnant recipient mice
(step 4). About 21 days after implantation, pups were born. Finally, genotyping was performed and

founder mice identified (step5).
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Day1 Day 2 Day 3 Day 4 Day 5
10U .
Donor F i ?13“8‘03(3 hCG at C(:IIectltngoo
= 13:00 mating 2Ygoesats:
at
21:00
Donor M
Implantation of
Foster F CD1 Housing of 2x zygotes into
CD1 F with CD1 pseudopregnant
M vasect. Mating at 21:00 foster mice
Vasectomized Separated by a
barrier

CD1

Table 8: Timeline of hormone application and matings required for the generation of donor

zygotes

F: female mouse, M: male mouse

pcDNA3.1

pcDNA3.1 (Invitrogen) is designed for high-level stable and transient expression in mammalian cells.

Expression of the gene of interest is under control of a human cytomegalovirus promoter (Figure 10)

(278, 279).
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CMV promoter: bases 209-863
T7 promoter: bases 864-882
Polylinker: bases 889-994

Sp6 promoter: bases 999-1016
BGH poly A: bases 1018-1249
SV40 promoter: bases 1790-2115
SV40 origin of replication: bases 1984-2069
Neomycin ORF: bases 2151-2945
SV40 poly A: bases 3000-3372
ColE1 origin: bases 3632-4305
Ampicillin ORF: bases 4450-5310

* There is an ATG upstream A-150228

of the Xba | site. Bsml
Figure 10: Vector map of pcDNA3

The vector map of pcDNA3 (Invitrogen) shows the CMV promoter followed by a multiple cloning site.

DNA preparation for pronuclear injection

For the successful generation of transgenic mice, DNA was linearized and the plasmid backbone was
removed. For the endotoxin-free plasmid DNA preparation, the EndoFree Plasmid Maxi Kit was used
according to the manufacturer's protocol. Plasmid sequence was removed by Dralll and Mlul
digestion, and DNA was purified by agarose gel electrophoresis. Linearized DNA was quantified by
agarose gel electrophoresis with the commercial DNA ladder as reference and diluted to a
concentration of 2 ng/ul in injection buffer (8 mM Tris-HCI pH7.4 (diluted from a 1M Trizma®
hydrochloride solution, Sigma-Aldrich), 0.15 mM EDTA (diluted from a 0.5M EDTA solution, Sigma-
Aldrich).

Mouse vasectomy

Male CD1 mice were anesthetized by intraperitoneal injection of ketamine/xylazine. Mice were laid in
their back, abdomen side up, and the lower half of the abdomen was sterilized with ethanol (80%). A
1 cm incision was made and one side of the reproductive tract was pulled out. The vas deferens was
identified and cauterized. The reproductive tract was returned back inside the body. The procedure
was repeated with the other side of the reproductive tract. The body wall was sewed up and the

remaining skin was clipped together.
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Zygote collection

In order to produce zygotes for pronuclear injection, 10 female FVB mice underwent hormone
treatment. At day one, female mice were injected i.p. with 10 IU pregnant mare serum gonatropin. On
day 3 ovulation was induced by an i.p. injection by 10 IU human chorionic gonadotropin. After hCG

injection, female and male mice were mated overnight (Table 8).

On day 4, fertilized oocytes were isolated. Briefly, plugged superovulated mice were killed by cervical
dislocation, abdomen was opened, intestines were pushed aside and the uterine horn was identified.
Fat was removed from the ovary and the uterus was cut near the oviduct. Ovary and oviduct were
transferred to a 5 ml culture dish containing M2 medium supplemented with antibiotics (Penicillin—
Streptomycin Solution Hybri-Max™, final concentration 50 IU penicillin and 50ug/ml streptomycin).

The procedure was repeated with the other side of the uterine horn.

Under a stereo-microscope, the oviduct was separated from the ovary and transferred to dish
containing hyaluronidase solution (final concentration: 0.3 mg/ml in M2 containing antibiotics). The
most swollen part of the oviduct was cut open and zygotes were gently squeezed out, if they did not
flow out by themselves. Zygotes were separated from the surrounding cluster of follicular transfer
cells, using a mouth-controlled pipet assembly. Zygotes were transferred into a microdrop of 50 pl of
M2 medium overlaid with mineral oil. Zygotes were cleaned from cell debris and all cumulus cells by
transferring them from drop to drop and finally stored in drops of M16 medium overlaid with mineral
oil at 37°C in a 5% COz incubator.

Pronuclear Injection of DNA

The microinjection platform was prepared by putting two 50ul microdrops of M2 medium in the lid of a
sterile 6 well plate (Costar, Corning Life Sciences, Tewksbury, USA). 20-25 zygotes were transferred

to the M2 medium and the microinjection platform was carefully placed on the microscope stage.

The holding capillary (VacuTip; 5175108.000; Eppendorf) was filled up to 2 thirds with M2 medium

using a microloader (5242956.003; Eppendorf) and placed into the connector piece of an oil-filled
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manual microinjector. The injection capillary was filled with DNA solution and mounted to the

micromanipulator and connected to the microinjector (FemtoJet; 5247000.013; Eppendorf).

The holding capillary was used to stabilize and hold the zygote. The pronucleus was penetrated with
the injection capillary (BioMedical Instruments, Zéllnitz, Germany) and DNA was injected.
Microinjected zygotes were maintained in M16 medium at 37°C and 5% CO:2 overnight until

implantation.

Embryo-implantation in pseudopregnant foster mice

To obtain pseudopregnant female foster mice, two CD1 females were mated with one vasectomized
male the day before implantation. In the morning of day 5, CD1 mice with a vaginal plug were

identified and used for embryo implantation.

Pseudopregnant mice were anesthetized and were shaved on the side of the implantation. A 1 cm
cut was made on the back, the fat pad attached to the ovary was pulled out and the fat pad was fixed
with a vessel clip. The bursa was teared and the infundibulum was exposed. A reimplantation
capillary (BioMedical Instruments) was loaded with 20 zygotes at the two-cell stage and the capillary
was inserted into the infundibulum under a stereo-microscope. Zygotes were slowly blown into the
oviduct. Ovary and fat pad were pushed back in the abdomen, musculature was sewed up and the

skin was closed by wound clips.

5.8. Genotyping

Preparation of genomic DNA from mouse biopsies

Genomic DNA was extracted from ear-punch biopsies of 3-week-old mice by hot digestion. Briefly,
biopsies were incubated overnight at 57°C on a shaking platform (1000 rpm) in 210 ul of lysis buffer
supplemented with 10 ul of a 20 mg/ml proteinase K solution. The reaction was stopped and
proteinase K was inactivated by boiling the sample for 30 min at 99°C. The supernatant was used as

a template for the genotyping PCR.
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tail lysis buffer

10% sodium lauroyl sarcosinate 2.5 ml

5 M NaCl 1ml
Chelex — 100 25¢g
dH20 ad 50 ml

Table 9: Composition of the tail lysis buffer for DNA extraction from mouse biopsies

Genotyping PCR

Genotyping PCR was performed using Taqg Polymerase in the supplied buffer supplemented with
250 uM MgCl2 and 100 uM dNTPs. A primer specific for the CMV promoter of pcDNA3 (CMV2) and
one primer specific for the GRKS5 transgene (GRK532) were used at 0.625 uM. Amplification was
performed in a reaction volume of 50 ul with 1 ul of genomic mouse DNA lysate with a standard

program as detailed in Table 10:

Step Temperature Time Cycles
1 95°C 2 min 1X
2 95°C 45s
3 60°C 60 s 40X
4 72°C 60 s
5 72°C 10 min 1X

Table 10: Genotyping PCR program

Initial melting of the dsDNA (step 1) was followed by 25-30 cycles consisting each of melting of dsDNA
(step 2) followed by annealing (step 3) and extension (step 4) of primers. PCR was finished with a final

extension step (step 5).
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5.9. Phenotyping of transgenic mice

5.9.1. Detection of the transgenic protein by immunoblotting

Increased protein levels indicative of increased expression of the transgene were determined by the
western bolt technique as described in 5.3.2.

Protein extraction

Frozen tissue was grinded in liquid nitrogen using a mortar and pestle and the homogenized powder
was lysed in 500 ul - 750 pl of extraction buffer on ice under continuous gentle agitation for 30 min.
Cell debris was removed by centrifugation at 16 000 x g at 4°C for 10 min. Supernatant was
transferred to a new 2 ml microcentrifuge tube and proteins were precipitated by adding 1 ml of
acetone. After the 30 - 60min incubation at 4°C, precipitated proteins were pelleted, the supernatant

was discarded and the pellet was dissolved in 300 ul sample buffer containing urea.

Extraction buffer

Tris pH7.4 10 mM
Sodium desoxycholate 1%
SDs 0.1 %
EDTA 5 mM
-glycerophosphate disodium 1mM
NaF 20 mM
Sodium orthovanadate 1mM
Sodium molybdate 1mM
PMSF 1 mM
Protease inhibitor cocktail 1:100

Table 11: Composition of the extraction buffer
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5.9.2. Preparation of tissue sections

Formalin-fixed paraffin embedded (FFPE) tissue

The deeply anesthetized mouse was perfused with ice-cold PBS (Sigma-Aldrich) in order to remove
the blood from of the vasculature. Tissue was removed quickly and fixed by immersing in 10%
neutral buffered formalin (100 x tissue volume) for at least 48 h at room temperature. After fixation,
tissue was washed in water and afterwards, tissue samples underwent dehydration and paraffin
infiltration using a tissue processing system (Leica ASP200). Samples were embedded in paraffin
using the tissue embedding station Leica EG1160. The paraffin tissue block was cut into 10 um thick
sections with a microtome (Leica RM2265). Sections were transferred to a 37°C water bath. Floating
tissue sections were transferred to a clean histological slide and dried overnight in an incubator at
37°C.

Dewaxing

For dewaxing and rehydration, tissue sections were heated to 60°C, followed by washing twice with
xylene for dewaxing and rehydration through a graded series of ethanol and water composed of
100%, 95%, 90%, 80%, 70% of ethanol and water. Each step consisted of two 5 min incubation

steps.

5.9.3. Hematoxylin and eosin staining

For the hematoxylin and eosin staining of nuclei and cytosol, dewaxed and rehydrated tissue
sections were incubated in filtered Mayer’'s hemalum solution for 4 min and subsequently washed five
times in hydrochloric acid 0,1%. Blueing was allowed to proceed for 5 min under running tap water. In
the second step, cytoplasm was stained with aqueous Eosin Y solution (0,5%) and followed by a final

washing step.

5.9.4. Immunohistology

For immunohistology, dewaxed and rehydrated tissue sections were incubated in antigen retrieval
buffer (0,1 M citrate buffer pH 6 0,1%, (v/v) Triton X-100) for 30 min under continuous heat supply in
a microwave oven. Sections were washed with PBS twice and then incubated in a 3% (v/v) hydrogen

peroxide solution for 5 min in order to block endogenous peroxidase activity. Hydrogen peroxide was
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washed away with water. Tissue sections were blocked with blocking solution (3% (w/v) BSA in
PBST (0.05 % (v/v) tween-20 in PBS)) for 1 h at 37°C, and then incubated with the primary antibody
for 1 h at 37°C. Unbound antibody was removed by washing three times with PBST. Sections were
incubated with the secondary POD-conjugated antibody for 1 h at 37°C. Antibody was removed,
washed in PBST and followed by a final washing step with PBS. For visualisation DAB (3,3’-
diaminobenzidine tetrahydrochloride) enhanced liquid substrate system was used according to
manufacturer’'s instructions. The reaction was stopped with water and sections were coverslipped

using Poly-Mount Xylene.

5.9.5. Heart-weight to body-weight ratio determination

Mice were weighted, anaesthetised and chest cavity was opened quickly. Whole body perfusion was
performed with ice cold PBS. Heart was removed, cleaned from connective tissue, blotted dry,

weighted, and the body weight/heart weight ratio was calculated.

5.9.6. Plasma glucose measurement

Blood samples were withdrawn from the tail vein, and plasma glucose levels were measured by a
Healthpro—X1 Glucometer (Axapharm AG, Baar, Switzerland)

5.9.7. Ejection fraction measurement by echocardiography

For transthoracic echocardiography, a Vivid 7 echocardiograph (GE Healthcare) with a 12 MHz linear
array transducer was used. The left ventricular ejection fraction was calculated in the M-mode of the
parasternal long axis view using the formula of Teichholz. Recordings were analysed off line using
EchoPac Pc 3.0 software (GE Healthcare)

5.9.1. Determination of cellular cAMP level

Cellular cAMP levels were determined in neonatal cardiomyocytes isolated from Tg-RKIP, Tg-GRK2-

K220R and B6 mice. Isolation of neonatal cardiomyocytes was performed at described before (247).
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Isolated myocytes were washed with Hepes buffer (138 mM NaCl, 1 mM CaClz, 1 mM MgClz, 5 mM
KCI, 20 mM Na-HEPES, pH 7.3) and incubated in the same buffer for 5 min at 37°C with 0.2 mM
isobutyl methyl xanthine. Cardiomyocytes were stimulated with 100 nM of isoproterenol for 20 min at
37°C. The reaction was stopped by the addition of boiling water, the cellular cAMP was determined

by a radioimmunoassay (Immunotech).

5.9.2. Cardiac lipid extraction

Total cardiac lipids were extraction by the method of Folch et al. (280). Frozen tissue of three hearts
was grinded in liquid nitrogen using a mortar and pestle, and lipids were extracted from the
homogenized powder with 10 ml of a chloroform/methanol (2:1) mixture for 10 min. The supernatant
was collected after centrifugation at 620 g and the extraction step was repeated once with 10 ml
chloroform/methanol (2:1) mixture followed by extraction with an acidified 10 ml of
chloroform/methanol (2:1) mixture. Solvents of the combined supernatants were evaporated and the
lipid extract was resolved in 4 ml of chloroform/methanol (2:1) mixture. Hydrophilic contaminants
were extracted with 800 ul of 50 mM CaClz and the lipid phase was stored for further analysis.
Myocardial triacylglyceride (TAG) content was quantified using an enzymatic spectrophotometric kit
according to the manufacturer’s instructions (Sigma). Cardiac contents of diacylglycerol (DAG) and

ceramides were determined with the DAG kinase assay method as described (287).

5.9.3. Analysis of fatty acid methyl esters (FAME) by gas
chromatography

Lipids were extracted from heart tissue as described in 5.9.2 and further analysed using gas
chromatography. Gas chromatography was performed by Dr. Joshua Abd Alla. Briefly, the cardiac
lipid extract of three mice was used for the formation of fatty acid methyl esters by transesterification
and subsequently were separated on a Carbowax column. Helium was used as the carrier gas and

detected by a flame ionization detector. A standard lipid mixture was used for calibration.
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5.9.4. Microarray gene expression profiling

In order to stabilize the RNA, the whole animal was perfused with RNA/ater RNA stabilization
Reagent, tissue was removed quickly and stored in RNA/ater RNA stabilization Reagent at -80°C.
Total RNA was extracted using the RNeasy Midi kit. cDNA synthesis, labelling, and hybridization onto
the Affymetrix Array Chip (Affymetrix GeneChip® Mouse genome MG430 2.0 Array) were carried out

according to manufacturer’s instructions.

5.9.5. Abdominal aortic constriction

Abdominal aortic constriction was performed in the Molecular Pharmacology Unit, ETH Zurich.
Switzerland by Dr. Said Abd Alla as described (282, 283).

5.10. Statistical analysis

Experimental data were analysed using GraphPad Prism 6. If not stated otherwise, groups were
analysed using a two-tailed student’s t-test and p-values < 0.05 were considered as significant.
Analysis of variances was performed between more than two groups followed by a post test. Data

are shown as means = S.D..
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6. RESULTS

6.1. In vitro inhibition of GRK2 by RKIP compared to the ATP-site-
directed inhibitor paroxetine

Inhibition of GRK2 is an emerging approach for the treatment of heart failure. There are different GRK2
inhibitors in preclinical and clinical development. The ATP-site directed GRK2 inhibitor, paroxetine, and
the Raf kinase inhibitor protein (RKIP), which targets the receptor-GRK2 interaction, were selected for in
vitro studies. My study focused on the analysis of non-receptor substrates of GRK2 because the function
of non-receptor substrates of GRK2 are still under investigation, while the GPCR-phosphorylating activity
of GRK2 is well established.

In order to compare substrate specificities of the GRK2 inhibitors, RKIP and paroxetine, an in vitro kinase
assay was established. The test system used recombinant GRK2 purified from Sf9 (Spodoptera
frugiperda) cells, which were infected with a recombinant GRK2-encoding baculovirus. As GRK2
substrates, | used the two non-receptor GRK2 substrates phosducin and SRSF1 (serine/arginine-rich
splicing factor 1). The two non-receptor GRK2 substrates and the GRK2 inhibitor RKIP were expressed in
and purified from E. coli BL21-DE3 bacteria with T7 RNA polymerase-directed expression of recombinant

proteins applying the pET expression system.

6.1.1. Expression and purification of GRK2-substrates, SRSF1 and
phosducin, and GRK2 inhibitor, RKIP

The N-terminally His-tagged phosducin, SRSF1 and the GRK2 inhibitor RKIP were cloned into the
pET3d plasmid, which was used for the expression in E.coli BL21(DE3) pLysS. All purification steps

were performed under denaturating conditions.

6.1.1.1. Phosducin

Expression of phosducin
The plasmid coding for N-terminally His-tagged PDC (pET3d6xHisPDC; U.Quitterer) was
transformed into BL21(DE3) pLysS competent cells. Phosducin protein expression was induced with

1 mM IPTG and a time course analysis of protein induction was performed. Bacteria transformed with

the pET3d plasmid without insert served as a negative control. Samples before and 1, 2 and 3 hours
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after IPTG-induction were separated by SDS-PAGE. A clear additional band of 33 kDa was visible in
the PDC samples, but was absent in the control samples. The molecular mass of approximately
33 kDa corresponds to the published size of PDC. Maximal expression of PDC was achieved 3 h
after induction with IPTG.

Mr control PDC Mr control PDC
(kDa)| M 0 1 2 3 0 1 2 3 (kDa)| M 0 1 2 3 0 1 2 3
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Figure 11: Protein expression of PDC

Samples taken before (0) and 1, 2, and 3 h after IPTG-induced protein expression were separated by
SDS-PAGE followed by Coomassie brilliant blue staining (A). PDC expression was detected by

immunoblotting with a monoclonal His-specific antibody (B).

Purification and buffer exchange of phosducin

Phosducin was purified under denaturing conditions by Ni-NTA chromatography and buffer exchange
was performed by gel filtration over PD-10 column followed by centrifugation over Amicon® Ultra
centrifugal filter device in order to remove urea. Briefly, bacteria of a 200 ml culture were harvested
by centrifugation 3 h after IPTG induction. The resulting pellet was resuspended in lysis buffer
containing 8 M urea and the suspension was incubated for 30 min at room temperature. Viscosity
was reduced by sonication and the suspension was centrifuged. The clarified supernatant was
incubated with 1 ml Ni-NTA agarose equilibrated resin for 1 h at 4°C. Unbound proteins were
removed by washing with 40 ml of wash buffer containing 40 mM imidazole. His-tagged phosducin

was eluted with 10 ml elution buffer pH 3 and collected in 1 ml aliquots.

The protein concentration of each elution sample was measured, and samples with the highest
concentration were pooled to a final volume of 2.5 ml. All subsequent procedures were performed at
4°C in the cold-room. The PD-10 column was equilibrated with precooled storage buffer (300 mM
NaCl, 50 mM Hepes (pH 8) and 10% glycerol) without urea. Pooled samples were added to column

and eluted in 1 ml aliquots.
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Five samples with the highest protein concentration were pooled and adjusted up to a volume of
15 ml with precooled storage buffer. The sample was loaded on the Amicon® Ultra centrifugal filter
device with a cut off of 10 kDa. The Amicon® Ultra centrifugal filter device was spun at 4000 x g at
4°C for 45 min. To the remaining 200 ul, 14.8 ml of buffer consisting of 300 mM NaCl, 50 mM Hepes
(pH 8) and 10% glycerol) were added and centrifugation was repeated for 30 min. The purified

phosducin was stored in 20 pl aliquots at -80°C.
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Figure 12: Phosducin purification by Ni-NTA affinity chromatography and subsequent buffer

exchange

The image shows a Coomassie stained SDS-Gel. Aliquots from the supernatant (S), flow-through
(FT), wash (W) and elution fractions (E1-E5) from the Ni-NTA purification, elution fractions (E2-E6)

from the PD-10 and the concentrated eluate from the Amicon® Ultra centrifugal filter device (A1).

6.1.1.2. SRSF1

Expression of SRSF1

The expression of the non-receptor GRK2 substrate was also performed in E.coli BL21 with the
pET3d expression plasmid. The plasmid coding for N-terminally His-tagged SRSF1
(PET3d6xHisSRSF1; U.Quitterer) was transformed into BL21(DE3) pLysS competent cells. SRSF1
expression was induced with 1 mM IPTG and a time course analysis of protein induction was
performed. Bacteria transformed with pET3d without insert served as a negative control. Samples
before and 1, 2, 3 and 4 hours after IPTG-induction were separated by SDS-PAGE. A clear additional
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band of 28 kDa was visible in the SRSF1 samples, but was absent in the control samples. Maximal

expression of SRSF1 was achieved 4 h after induction.
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Figure 13: Protein expression of SRSF1

Samples taken before (0) and 1, 2, 3 and 4 h after IPTG-induction were separated by SDS-PAGE
followed by Coomassie brilliant blue staining (A). SRSF1 expression was detected by immunoblotting

with a polyclonal SRSF1-specific antibody (B).

Purification and solid phase renaturation of SRSF1

SRSF1 was purified under denaturing conditions by Ni-NTA affinity chromatography, followed by
solid phase renaturation. A typical protein purification used 200 ml of bacterial culture which were
pelleted 4h after IPTG induction and resuspended in lysis buffer containing 8 M urea and 10 %
glycerol. The suspension was incubated for 30 min at room temperature, viscosity was reduced by
sonication and the suspension was centrifuged. The clarified supernatant was incubated with 1 ml of
equilibrated resin for 1 h. All the following steps were performed at 4°C. The SRSF1 protein was
refolded by washing with 10 ml of each urea dilution (300 mM NaCl, 50 mM Hepes (pH8), 40 mM
imidazole, 10% glycerol and 8, 6, 4, 2 or 1 M urea) and a final wash with 20 ml washing buffer
without urea (300 mM NaCl, 50 mM Hepes (pH 8), 40 mM imidazole, 10% glycerol). His-tagged
SRSF1 was eluted with 15 ml elution buffer (300 mM NaCl, 50 mM Hepes (pH 3) and 10% glycerol).
The pH was adjusted to pH 8 by NaOH.

15 ml of the elution were loaded on the Amicon® Ultra centrifugal filter device with a cut off of 10 kDa.

The Amicon® Ultra centrifugal filter device was spun at 4000 x g at 4°C for 45 min. To the remaining
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200 pl, 14.8 ml buffer were added and centrifugation was repeated for 30 min. The purified SRSF1
protein was stored in 20 pl aliquots at -80°C.
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Figure 14: SRSF1 purification by Ni-NTA affinity chromatography and subsequent buffer
exchange

Aliquots from the supernatant (S), flow-through (FT), renaturation buffers (8 M urea = U8 - 0 M urea =

U0) and elution (E1) from Ni-NTA purification. Elute E1 from the Ni-NTA was concentrated by an
Amicon® Ultra centrifugal filter device in 2 steps (A1 and A2).

6.1.1.3. RKIP

Expression of RKIP

RKIP was also expressed in bacteria with the pET expression system. BL21(DE3) pLysS competent
cells were transformed with the plasmid coding for N-terminally His-tagged RKIP (pET3d6xHisRKIP;
U.Quitterer). RKIP expression was induced with 1 mM IPTG and a time course analysis of protein
induction was performed. Samples before and 1, 2, and 3 h after IPTG-induction were separated by
SDS-PAGE. Coomassie brilliant blue staining showed that an additional band of 22 kDa was visible

in the RKIP samples. Maximal expression of RKIP was achieved 3 h after IPTG induction.
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Figure 15: Protein expression of RKIP

Samples taken before (0) and 1, 2, and 3 h after IPTG-induction were separated by SDS-PAGE
followed by Coomassie brilliant blue staining (A). RKIP expression was detected by immunoblotting

with a polyclonal RKIP-specific antibody (B).

Purification and buffer exchange of RKIP

Ni-NTA chromatography was used for the purification of RKIP and a PD-10 column was used for
subsequent buffer exchange. The final protein concentration of RKIP was done by an Amicon® Ultra
centrifugal filter device. E. coli BL21(DE3) pLysS bacteria of a 200 ml culture were pelleted by
centrifugation 4 h after induction. The resulting pellet was lysed in lysis buffer containing 8 M urea
and the suspension was incubated for 30 min at room temperature. Viscosity was reduced by
sonication and the suspension was centrifuged. The clarified supernatant was incubated with 1 ml of
equilibrated resin for 1 h. Unbound proteins were removed by washing with 40 ml of wash buffer
containing 40 mM imidazole. His-tagged RKIP was eluted with 10 ml of elution buffer, pH 3, and

collected in 1 ml aliquots.

Samples with the highest protein concentration were pooled to a final volume of 2.5 ml. All
subsequent procedures were performed at 4°C. Pooled samples were loaded onto the PD-10
column, equilibrated with precooled phosphorylation assay buffer (20 mM Tris, 5 mM MgClz2, 2 mM
EDTA, pH 7.5), and eluted in 1 ml aliquots.

Five samples with the highest protein concentration were pooled and adjusted to a volume of 15 ml

with precooled phosphorylation assay buffer and loaded on the Amicon® Ultra centrifugal filter device
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with a cut off of 10 kDa. The Amicon® Ultra centrifugal filter device was spun at 4000 x g at 4°C for
45 min, assay buffer was added and centrifuged again. RKIP solutions with a protein concentration of

at least 1 mg/ml in assay buffer were stored at 4 °C.
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Figure 16: RKIP purification by Ni-NTA chromatography and subsequent buffer exchange

Aliquots from the supernatant (S), flow-through (FT), wash (W) and elution fractions (E1-E6) from the
Ni-NTA purification, elution fractions (E1-E6) from PD-10 columns, and the concentrated elution from

the Amicon® Ultra centrifugal filter device (A1) were separated by SDS-PAGE followed by Coomassie

staining.
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6.1.2. Expression of GRK2 in SF9 cells

Generation of pFastBac6xHisTEVGRK2

For cloning of GRK2, the cDNA of human GRK2 was amplified by PCR using suitable primers
(GRK254 and GRK255) for introduction of an N-terminal His-tag followed by a TEV cleavage site. A
recognition site for Sall/Hindlll was also introduced by PCR. After restriction digest, the fragment was

inserted into a Sall/HindlIl cut pFastBac1 plasmid.

GRK254: Forward primer for GRK2 amplification and introduction of a N-terminal hexahistidine-tag

and a cleavage site for TEV protease

Sall Start 6x His tag
5 - TAC TAT TACGTC GAC ACC ATG TCG TAC TAC CAT CAC CAT CAC CAT CAC GAT TAC GAT ATC CCA

TEV recognition site GRK2 -
ACG ACC GAA AAC CTG TAT TTT CAG GGC GCG GAC CTG GAG GCG GTG CTG GCC GAC GTG AGC — 3’

GRK255: Reverse primer for GRK2 amplification, which introduces a Hindlll cleavage site for

insertion into pFastBac1

Hindlll
5 - TAT TAC AGG CTT TCA GAG GCCGTT GGC ACT GCC GCG CTG GAC - 3

Table 12: Primers for cloning of His-tagged GRK2 into pFastBac1

Single colony screening was performed using the forward primer, GRK2seq32 (5'-TAT AAT TAT AAT
TC ATG ACC CGC TCC CTG GAC TGG CAG ATG GTC-3') and GRK255. The single colony
screening showed that 7 out of 9 clones were positive and DNA sequencing of clone 1 confirmed the

identity of the DNA and its correct insertion into pFastBac1 (13.1).
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Figure 17: Single colony screening for pFastBac6HisTEVGRK2

Single colony screening PCR of bacterial clones: PCR product separation by agarose gel
electrophoresis showed amplification of an approximately 705 bp fragment for clone 1-6 and 9. The

control clone (C) and the water control (W) showed no PCR product of the right size.

6.1.2.1. Generation of the GRK2 encoding baculovirus

Generation of the recombinant bacmid

Bacmid DNA was generated according to the manufacturer's protocol as described before. Briefly,
pFastBac6xHisTEVGRK2 DNA isolated from clone 1 was diluted to 200 pg/ul in supplied TE buffer
and transformed into DH10Bac competent cells. For blue/white selection, transformed DH10Bac
bacteria were incubated on LB agar plates containing 50 pug/ml kanamycin, 7 ug/ml gentamycin,
10 pg/ml tetracyclin, 40 ug/ml X-gal and 50 pg/ml IPTG. If transposition of GRK2 into the bacmid was
successful, colonies were white and tended to be larger. The bacmid DNA was isolated and analysed
by PCR using pUC/M13 forward and pUC/M13 reverse primers. All 4 clones showed amplification of
an approximately 4440 bp fragment.

Production of the recombinant baculovirus

For baculovirus production, 8 x 10° Sf9 cells were transfected with 1 ug of recombinant bacmid DNA
using 8 pl Cellfectin™ II. After 96 h, 80% of the cells appeared to be lysed and baculovirus stock (P1)

was harvested.
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Amplification of the GRK2 baculovirus stock (P2)

In order to generate a high-titer P2 virusstock, 2.4 x 10" cells were infected with 400 pl of the P1
stock and harvested after 72 h. The P2 stock was stored at 4°C, protected from light. For long term

storage, aliquots were stored at -80°C.

6.1.2.2. Expression and purification of GRK2
Expression of GRK2

Expression in Sf9 cells was analysed as described before. Cells were infected with the baculoviral
stock at different MOls, samples were harvested after 24, 48 and 72 h and separated by urea-
containing SDS-PAGE. A clear band was visible at 80 kDa after 48 and 72 h, which corresponds well
to the expected mass of GRK2. Identity was confirmed by immunoblot detection with a polyclonal

GRK2-specific antibody (1:1500). Maximum expression was achieved after 48 h at a MOl of 1.
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Figure 18: Expression of recombinant GRK2

Uninfected aliquots (K) and infected aliquots at a MOI of 0.5, 1, 2, 5, and 10 were taken 24 h, 48, and
72h after infection. Samples were separated by SDS-PAGE, and proteins were stained with

Coomassie brilliant blue (A). GRK2 expression was detected by immunoblotting with a polyclonal
GRK2-specific antibody (B).
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Purification of GRK2

Sf9 cells were infected at a MOI of 1 for 48 h. All procedures were performed on ice at 4°C. 107 cells
were harvested and washed twice with PBS containing protease inhibitor cocktail. The pellet was
resuspended and cells were lysed in 10 ml of native lysis buffer (300 mM NaCl, 50 mM Hepes (pH 7),
1% NP40, 1 mM PMSF and 1:100 protease inhibitor cocktail) using a 27 G needle and a syringe.
Next, cells were sonicated (3 x 3 sec with 30% cycle and 70% power) to reduce viscosity and
centrifuged at 4600 x g at 4°C for 45 min. Cleared supernatant was loaded on 500 pl equilibrated Ni-
NTA resin and incubated for 1 h with gentle agitation. After washing with 40 ml of wash buffer
(300 mM NaCl, 50 mM Hepes (pH 7) and 40 mM imidazole), the purified protein was eluted with

300 mM imidazole. Buffer was exchanged using Amicon® Ultra centrifugal filter unit.
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Figure 19: GRK2 was purified by Ni-NTA affinity chromatography followed by buffer exchange

Aliquots from the supernatant (S), flow-through (FT), wash (W) and elution fractions (E1-E5) from
the Ni-NTA purification and the concentrated elution from the Amicon® Ultra centrifugal filter device
(A1). Samples were separated by SDS-PAGE and proteins were stained with Coomassie brilliant

blue.

6.1.3. Determination of the SRSF1-GRK2 interaction by ELISA

ELISA was utilized to analyse the interaction of GRK2 with SRSF1, which was identified by our group
as a novel non-receptor substrate of GRK2 (284). Therefore, ELISA plates were coated with
increasing concentrations (0.1, 0.32, 0.63, 1.25, 2.5, 5, 10 and 20 ug/ml) of recombinant GRK2
purified from Sf9 cells. Subsequently purified SRSF1 was added at a constant concentration of

5 ug/ml, and BSA served as a control. Binding was detected using a primary mouse monoclonal
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SRSF1 antibody (1/300), and a secondary HRP-conjugated goat anti-mouse antibody (1/4000). The
substrate reaction was allowed to proceed for 30 min and absorbance was measured at 410 nm. The
ELISA showed that SRSF1 did interact with GRK2 in a concentration-dependent manner, whereas
SRSF1 did not bind to the BSA protein control.
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Figure 20: ELISA shows the interaction of GRK2 with SRSF1

Binding of SRSF1 (5ug/ml) to GRK2 or BSA (n=3, mean = sd)

6.1.4. In vitro GRK2 phosphorylation assay

6.1.4.1. SRSF1 is a novel non-receptor substrate of GRK2 in vitro

The serine/arginine-rich splicing factor 1 (SRSF1) contains several phosphorylation sites and has
been identified as a new substrate of GRK2 (284).

6.1.4.2. RKIP inhibited GRK2-mediated PDC phosphorylation, whereas SRSF1
phosphorylation was not altered

RKIP is a GRK2 inhibitor, which interferes with the interaction of GRK2 with the G protein-coupled

receptor (GPCR) substrates. There are data which indicate that RKIP does not inhibit the

phosphorylation of non-receptor GRK2-substrates (245). To further analyse the impact of RKIP on

phosphorylation of non-receptor GRK2 substrates, | analysed whether RKIP inhibits the GRK2-
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mediated phosphorylation of two different non-receptor substrates of GRK2, i.e phosducin and
SRSF1.

The phosphorylation reaction was performed using 130 nM of recombinant GRK2 and 300 nM
SRSF1 in a reaction buffer containing 20 mM Tris (pH7.5) 5 mM MgCl2 and 2 mM EDTA. Purified
RKIP was added in increasing concentrations from 10 nM to 30 uM. The reaction was started by the
addition of [y-32P]-labelled ATP (10 uCi/ml, total ATP concentration of 10 uM) and stopped after
30 min of incubation at 30°C by the addition of SDS sample buffer. After separation of proteins by
SDS-PAGE and gels were exposed to X-ray films. The images were then scanned and quantified
using Image J software. Data were analysed and inhibition curves were fit via GraphPad Prism. The
data showed, that RKIP is able to inhibit the GRK2-mediated phosphorylation of PDC with an IC50
value of 950 nM (Figure 21). In contrast, GRK2 -mediated SRSF1 phosphorylation was not
significantly decreased by RKIP up to 30 puM.
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Figure 21: RKIP inhibited GRK2-mediated phosphorylation of phosducin, whereas SRSF1

phosphorylation remains unaltered.

(A) Dose response curves for RKIP-mediated effects on GRK2 induced phosphorylation of SRSF1 and
PDC (n=6-8/each substrate) (B) Purified RKIP does not inhibit the phosphorylation of SRSF1 by
purified GRK2 (representative autoradiogram) (C) Purified RKIP inhibits phosphorylation of PDC in

vitro by purified GRK2 (representative autoradiogram).
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6.1.4.3. The ATP-site-directed GRK2 inhibitor, paroxetine, interferes with the
GRK2-mediated phosphorylation of SRSF1 and phosducin

The GRK2-inhibitory activity of RKIP was compared with paroxetine, which was identified as an ATP-
sit directed inhibitor of GRK2 (257). To analyse the effect of paroxetine on GRK2-mediated
phosphorylation of the non-receptor substrates, SRSF1 and phosducin, phosphorylation was
performed using 50 nM of recombinant GRK2 S670A purified from Sf9 cells and 1 uM of PDC or
SRSF1 purified from E. coli in reaction buffer (20 mM Hepes (pH 7), 2 mM MgClz and 0.025% DDM).
Paroxetine was added in increasing concentrations dissolved in DMSO yielding a final concentration
of 2% total DMSO. The assay was performed and analysed as described before. Under these
conditions an ICso value of 1.7 uM for PDC and 6.13 uM for SRSF1 was determined, which correlates
with the published ICso value of 1.4 uM for tubulin for the paroxetine-mediated inhibition of tubulin

phosphorylation, which is another non-receptor substrate of GRK2 (263).
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Figure 22: Paroxetine inhibits GRK2-mediated SRSF1 and PDC phosphorylation

(A) Dose response curve of paroxetine for inhibition of SRSF1 and PDC phosphorylation by GRK2
(n=3). Paroxetine inhibits phosphorylation of (B) PDC and (C) SRSF1 by purified GRK2

(representative autoradiogram).
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6.2. Differential effects of RKIP and GRK2-K220R in vivo

In view of the observed in vitro differences between the GRK2 inhibitor RKIP compared to the ATP-
site-directed inhibitor, paroxetine, the in vivo effects of RKIP were examined and compared with
GRK2-K220R, which is the dominant-negative mutant of GRK2.

Transgenic mice were generated by our group with myocardium-specific overexpression of RKIP and
GRK2-K220R. The dominant negative mutant GRK2-K220R lacks kinase activity and is able to inhibit
wild type GRK2 phosphorylation of the 3-AR (285). RKIP directly interacts with the N-terminal domain
of GRK2, thereby interfering with GPCR substrate binding (247).

6.2.1. Generation of the transgenic mice with myocardium-specific
RKIP and GRK2-K220R overexpression in a B6 background

Human RKIP cDNA sequence and point mutated GRK2-K220R sequence was cloned into a vector
containing the a-myosin heavy chain promotor, thereby restricting protein expression to cardiac
tissue (286). Transgenic mice were generated in the Molecular Pharmacology Unit ETH Zurich,
Switzerland by Dr. Joshua Abd Alla and Dr. Said Abd Alla as described (220). Proteins were
extracted from the heart as described before and protein expression was analysed by immunoblot
detection with a polyclonal RKIP and GRK2 antibody. Two RKIP lines in a B6 (C57BL/6) background
were established, Tg-RKIP2 showed a 3.5+0.3-fold and Tg-RKIP3 showed a 2.9 + 0.2-fold
expression of myocardial RKIP compared with the levels of RKIP in non-transgenic B6-mice (Figure
23, A). Comparable cardiac RKIP up-regulation was also observed in cardiac biopsies from human
heart failure patients (245). Tg-GRK-K220R lines in a B6 background showed a 3.4 + 1-fold
overexpression of GRK2/GRK2-K220R compared to non-transgenic B6 mice (Figure 23, B).
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Figure 23: Immunoblot detection of cardiac RKIP and GRK2/GRK2-K220R protein levels

(A) Immunoblot detection revealed increased RKIP protein levels in two different Tg-RKIP mouse lines
in B6 background (B) and of increased GRK2/GRK2-K220R protein level in B6 background compared
to the non-transgenic control. (Bars represent mean + S.D., RKIP: n=3/group, GRK2-K220R: n=5, **, p
<0.01; **, p <0.001)

6.2.2. Transgenic RKIP mice developed signs of heart failure,
whereas transgenic GRK2-K220R mice did not

The cardiac phenotype of Tg-RKIP mice was investigated. Tg-RKIP mice developed cardiac
hypertrophy with a significantly increased heart weight to body weight ratio and a decreased left
ventricular ejection fraction relative to non-transgenic B6 controls. Cardiac performance of eight-
month-old Tg-RKIP, Tg-GRK2-K220R and B6 control mice were measured by transthoracic
echocardiography. The left ventricular ejection fraction of both RKIP mouse lines was significantly
decreased to 28.2+4.2 % (Tg-RKIP2) and 37.0 + 3.6 % (Tg-RKIP3) compared to the B6 control
(50.0 +5.1 %) and Tg-GRK2-K220R (56.8 + 4.1 %). The dominant negative mutant showed a trend
towards improved cardiac function over the B6 control (Figure 24, A). Cardiac dysfunction of RKIP
transgenic B6 mice was accompanied by cardiac heart dilatation at advanced age, which is clearly
visible in hematoxylin-eosin-stained heart sections (Figure 24, C). B6 mice and GRK2-K220R did not
develop cardiac dilatation (Figure 24, C). Heart-weight to body-weight ratio of Tg-RKIP mice (RKIPZ2:
5.8 £0.3 mg/g) was significantly increased compared to B6 control mice (5.0 £ 0.1 mg/g) and Tg-
GRK2-K220R mice (5.1 £ 0.2 mg/g).
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Figure 24: Transgenic RKIP overexpression triggered signs of heart failure in B6 mice

(A) Measurement of left ventricular ejection fraction (%) by transthoracic echocardiography, and (B)
determination of heart weight to body weight ratio (HW/BW, mg/g) of B6 control, Tg-RKIP, and Tg-
GRK2-K220R (age: 8 month). Data represent mean + S.D., A: n=5/group, B: n=6/group (***, p < 0.001
(C) Representative hematoxylin-eosin (H&E)-stained heart sections of an 8-month-old Tg-RKIP, a B6
control, and Tg-GRK2-K220R mouse (bar, 2 mm).

6.2.3. Heart failure-related Pparg targets were upregulated in Tg-
RKIP hearts, but not in Tg-GRK2-K220R hearts

Whole genome microarray gene expression profiling further confirmed the heart failure phenotype of
Tg-RKIP hearts by demonstrating the significant up-regulation of the heart failure-related cardiac
Pparg targets. RNA was extracted from heart tissue of 6-month-old B6 control, Tg-RKIP, and Tg-
GRK2-K220R mice and whole genome microarrays gene expression profiling was performed as

described.
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Microarray data were normalized to a target value of 200 and analysed. Probe sets with significant
difference (P value < 0,01) and >6-fold upregulated signal intensities between heart tissue of RKIP
transgenic and B6 control mice were identified. Analysis revealed upregulation of heart failure-related
Pparg targets. Highly up-regulated heart failure genes, such as uncoupling protein-1 (Ucp1) (21.0-
fold), adipsin (Adn) (14.7-fold), adiponectin (Adipoq) (11.0-fold), and resistin (Retn) (9.9-fold), are
reportedly induced by ERK inhibition and serine 273 dephosphorylated Pparg (287). None of these
genes were altered in GRK2-K220R transgenic mice.
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Figure 25: Upregulation of Pparg target genes in heart tissue of transgenic RKIP mice, but not
in heart tissue of GRK2-K220R mice

Data of whole genome microarray gene expression profiling of 6-month-old Tg-RKIP mice showed up-
regulation of cardiac Pparg-dependent heart failure-related targets compared to B6 mice. Expression
of Pparg-dependent heart failure-related targets of Tg-GRK2-K220R heart tissue remained unaltered.
(fold-change relative to B6)
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6.2.4. Tg-RKIP hearts display cardiac lipid over load, whereas Tg-
GRK2-K220R hearts did not

PPARG signalling could be influenced from the Raf/ERK axis in two ways: direct binding of MAPK
to PPARG leads to sequestration of PPARG in the cytosol (288), and ERK is capable to
phosphorylate PPARG on serine 273 and serine 112. Phosphorylation decreases canonical PPARG
activation PPARG target gene induction (287, 289, 290). Vice versa, Raf/ERK axis inhibition
decreases inactivating PPARG phosphorylation and thereby triggers heart failure-related PPARG

targets, resulting in development of cardiac lipid overload and dysfunction (220).

Total cardiac Pparg and pS273 Pparg protein levels were detected by immunoblotting. Cardiac tissue
extracts of Tg-RKIP, B6 control, and GRK2-K220R mice were separated by SDS-PAGE and detected
with a specific antibody raised against a synthetic phosphopeptide derived from Pparg around the
phosphorylation site serine 273 and a specific antibody raised against Pparg. Transgenic hearts
which express RKIP were characterised by a significantly decreased phosphorylation of Pparg on
serine-273 compared to B6 control and Tg-GRK2K220R hearts (Figure 26, A). Thus, RKIP leads to a

decreased cardiac content of serine 273 phosphorylated Pparg, which is the active form of Pparg.

Total cardiac lipids were extracted by the method of Folch et al. (280) and analysed as described
before (5.9.2). Concomitantly to the increased RKIP protein level and Pparg activation, cardiac
palmitate (Figure 26, B), triacylglycerol (TAG) (Figure 26, C), ceramide (Figure 26, D) and
diacylglycerol (DAG) (Figure 26, E) content of RKIP hearts were significantly elevated compared to
B6 and Tg-GRK2-K220R mice. Palmitate is synthesized by the Pparg-target fatty acid synthase
(FASN). Together, thus cardiac lipid accumulations could be involved in the heart failure phenotype
of Tg-RKIP mice.
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Figure 26: Inmunoblot detection of Pparg activation and lipid overload in Tg-RKIP hearts

(A) Immunoblot detection of pS273-Pparg (upper panel) and total Pparg (lower panel) in cardiac tissue
extract of RKIP transgenic mice relative to GRK2-K220R and B6 controls (n=4 mice/group).
Measurement of plamitate (B), triacylglyerol (TAG) (C), diacylglycerol (DAG) (E) and total ceramide
(D) contents of Tg-RKIP mice relative to Tg-GRK2-K220R and B6 controls. (mean+S.D., n=7; *, p <
0.05; **, p<0.01; ***, p <0.001)

6.2.5. Moderately increased RKIP protein levels in FVB
background

To determine whether the genetic background of B6 mice is linked to the different phenotype of the
two GRK2 inhibitors, transgenic FVB mice with myocardium-specific RKIP overexpression were
generated. Analogous to Tg-RKIP B6 mice, moderate overexpression of RKIP occurs in cardiac
tissue of Tg-RKIP FVB mice. Two different mouse lines were generated and a 2.7-fold and 3.4-fold
expression of RKIP compared to the non-transgenic FVB mice were detected by immunoblotting
(Figure 27, A). For immunohistological detection, paraffin sections of mouse heart specimens were
incubated with blocking solution, followed by anti-RKIP antibody and detection as described (5.9.4).
Final HE staining was performed as described (5.9.3). Immunohistology showed the increased RKIP
protein on the cardiac section from the Tg-RKIP1 mouse, whereas the RKIP protein was low on the
non-transgenic FVB control. In addition to the increased RKIP-protein, the transgenic RKIP heart
showed cardiac hypertrophy (Figure 27, B).
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Figure 27: Transgenic RKIP overexpression triggered signs of heart failure in FVB mice

(A) Immunoblot detection and quantification of RKIP protein in cardiac extracts and (B) representative

immunohistological detection of RKIP on cardiac sections of a Tg-RKIP1 FVB mouse relative to a non-

transgenic FVB control (bar, 2mm).

6.2.6. Tg-RKIP FVB mice show signs of heart failure

Analogous to Tg-RKIP B6 mice, 8-month-old Tg-RKIP FVB mice developed signs of cardiac
hypertrophy with dilatation and cardiac dysfunction (see Figure 27). Histological analysis confirmed
that hearts from 8-month-old Tg-RKIP FVB mice showed ventricular and atrial enlargement and
dilation relative to an age-matched non-transgenic FVB mouse (Figure 27, A). Heart-weight to body-
weight ratio was significantly increased in both Tg-RKIP FVB mouse lines (RKIP1: 5.9 + 0.3 mg/g;
RKIP2: 6.3 + 0.4 mg/g; and FVB: 4.9 + 0,3 mg/g) (Figure 27,B) and left ventricular ejection fraction
was also significantly and strongly decreased (RKIP1: 30.9 + 2.5 %; RKIP2: 25.9 + 4.4 %; and FVB:

49.3 + 3.4 %) (Figure 27,C).
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Figure 28: Aged Tg-RKIP FVB mice develop signs cardiac hypertrophy with dilatation and heart

failure

(A) Representative H&E-stained heart sections of both 8-month-old Tg-RKIP FVB mouse lines and
age-matching FVB control (bar, 2 mm) (B) determination of heart weight to body weight ratio (HW/BW,
mg/g) n=6 mice/group, (C) measurement of left ventricular ejection fraction (%) by transthoracic

echocardiography. (Data represent mean+S.D., n=8/group, *, p < 0.05; **, p < 0.01; ***, p < 0.001)

6.2.7. Tg-RKIP FVB mice show cardiac lipid overload

The lipid content of the cardiac tissue was elevated in Tg-RKIP mice in FVB background. In this
study, we analysed the composition of the lipid content by gas chromatography. Therefore, total
cardiac lipids were extracted from pulverized cardiac tissue and further analysed using gas
chromatography. The cardiac lipid extract of three Tg-RKIP FVB mice were separated on a
Carbowax column. Helium was used as the carrier gas and detected by a flame ionization detector. A
standard lipid mixture was used for calibration. Age-matched FVB mice served as a control. A variety
of different saturated and unsaturated lipids were strongly increased in the Tg-RKIP lipid extract
(Figure 29, A), such as palmitic acid (16:0), which is the major synthesis product of FASN, palmitoleic
acid (16:1 n7), which is synthesized from palmitic acid by SCD1, and stearic acid (18:0), which is the
synthesized form of palmitate undergoing elongation by ELOVL1 and ELOVL6.

90



In agreement with the cardiac lipid load, cardiac palmitate (2.3-fold) (Figure 29, B) and triacylglycerol
(TAG) (2.4-fold) (Figure 29, C), ceramide (1.7-fold) (Figure 29, D) and diacylglycerol (2.6-fold) (DAG)

(Figure 29, E) content of RKIP hearts were significantly elevated.
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Figure 29: Analysis of lipid content and fatty acid composition in Tg-RKIP FVB mice

(A) FAME chromatogram of cardiac lipid extracts from Tg-RKIP FVB mice relative to non-transgenic
FVB mice. Measurements of palmitate (B), triacylglyerol (TAG) (C), diacylglycerol DAG (E) and total
ceramide (D) contents of Tg-RKIP FVB mice relative to FVB controls (mean+S.D., n=6, ***p<0.0001,

unpaired t-test)

6.2.8. RKIP acts as a GRK2 inhibitor in vivo

My data show, that for cardioprotective GRK2 inhibition an intact Raf/Erk axis is required. RKIP is a
dual inhibitor, which switches upon PKC-mediated phosphorylation on serine 153 from Raf to GRK2
inhibition (247). To determine if RKIP acts as a GRK2 inhibitor in vivo, immunoblot detection was
performed using a phosphor-specific polyclonal p-S153 RKIP antibody. In cardiac extract from Tg-
RKIP B6 mice, the total RKIP content was elevated as shown before and the majority of RKIP was
phosphorylated on serine 153 (Figure 30, A). In order to assess the extent of GRK2 inhibition by
RKIP and GRK2-K220R, a cAMP assay with isolated neonatal cardiomyocytes was performed.
GRK2 inhibition reduces agonist-induced phosphorylation and internalization of the B-adrenergic
receptors by mediated GRK2. As a consequence, B-AR mediated cAMP concentrations are

enhanced after GRK2 inhibition. In cardiomyocytes isolated form Tg-RKIP (124 +5 %, p<0.01) and
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Tg-GRK2-K220R (118 + 4 %, p<0.05, Dunn’s test) hearts cAMP concentrations were elevated in a
similar extent compared to the B6 control. In conclusion, RKIP shows a comparable inhibitory
potency against GRK2 like GRK2-K220R. In agreement with increased cAMP levels, gene
expression analysis showed significant up-regulation of the cAMP-inducible gene, Ttc14, in Tg-RKIP
and Tg-GRK2-K220R hearts.
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Figure 30: RKIP acts as a GRK2 inhibitor in vivo

(A) immunoblot detection of pS153-RKIP (upper panel), total RKIP (mid panel) and loading control
(lower panel) in cardiac tissue extracts of Tg-RKIP mice relative to B6 controls (n=5/group) (B)
isoproterenol-stimulated (100nM) cAMP levels in neonatal cardiomyocytes isolated from RKIP-
transgenic, GRK2-K220R-transgenic and B6 mice. (meantS.D.,n=6) (C) Gene expression data show

up-regulation of cardiac cAMP-depended Ttc14 expression. (mean+S.D., n=3)
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The effective GRK2 inhibition of both models is also evident in the microarray gene expression
profiling. RNA was isolated and analysed as described before. In Tg-RKIP mice, 200 probes were
identified, which were significantly changed and 98 probes in Tg-GRK2-K220R mice. More than 45%
of regulated probe sets of Tg-GRK2-K220R hearts show concordant regulation with Tg-RKIP hearts.
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Figure 31: Concordant gene regulation by RKIP and GRK2-K220R

(A) The Venn diagram illustrates the number of significantly regulated probe sets for each model. 45
probe sets (i.e. 45 %) of Tg-GRK2-K220R hearts showed concordant regulation with Tg-RKIP mice. (B)
Whole genome microarray gene expression profiling of heart tissue identified concordant regulation of
Tg-RKIP and Tg-GRK2-K220R hearts. Data filtering identified probe sets with significant up-regulation
in Tg-GRK2-K220R and Tg-RKIP hearts relative to B6. (fold-change relative to B6) (*, p < 0.05; **, p <

0.01; ***, p <0.001 versus the respective control)
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6.2.9. GRK2-K220R retards chronic pressure overload-induced
heart failure

Abdominal aortic constriction (AAC) was performed in 8-week-old GRK2-K220R transgenic mice to
trigger pressure-overload induced cardiac hypertrophy and heart failure. The age matched control
group underwent identical surgical procedure. After 8 weeks of AAC, at an age of 4 month
development of cardiac dysfunction was assessed by left ventricular ejection fraction (EF). Cardiac
function of GRK2-K220R-transgenic mice were significantly improved (EF of 29.8 + 5.2 %; p<0.01,

Dunn’s test) compared to the non-transgenic control (EF of 24.0 + 4.9 %).
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Figure 32: GRK2 K220K retarded chronic pressure overload-induced heart failure

Determination of left ventricular ejection fraction (%) by transthoracic echocardiography of Tg-GRK2-

K220R mice and non-transgenic FVB mice. (mean+S.D., n=6, p<0.01)
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6.3. Establishment of a transgenic mouse model with ubiquitous
GRKS5 overexpression

6.3.1. Generation of transgenic GRK5 mice

For the generation of a transgenic mouse model with a ubiquitous overexpression of GRK5, the
corresponding cDNA was cloned into a vector containing the human cytomegalovirus promoter (297).
For cloning of GRKS5, the cDNA of human GRK5 was amplified by PCR using suitable primers for
introduction of recognition sites for Sall/Hindlll. After restriction digest of the fragment, it was inserted
into a Sall/Hindlll cut pcDNA3 plasmid (pcDNA3GRKS5, U. Quitterer). The DNA was sequenced and

endotoxin-free plasmid DNA was prepared and linearized by restriction digest with Mlul/Dralll.

Approximately 100 fertilized zygotes were collected from superovulate female FVB mice. Linearized
DNA was injected into the pronucleus of each cell and subsequently injected zygotes were

reimplanted into pseudopregnant CD1 foster mice. After 3 weeks, 14 pubs were born.

A 229 908 2726 3311
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Figure 33: Generation of transgenic GRK5 mice

(A) Diagram of transgene: expression of GRK5 under control of the CMV immediate-early

promoter/enhancer. (B) Collected fertilized zygotes and (C) pronuclear DNA injection.
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6.3.2. Identification of Tg-GRKS5 founder mice by PCR genotyping

To identify founder mice with stable genome integration of the transgene, genomic DNA was isolated
from ear punch biopsies and analysed by PCR. The vector-specific forward primer CMV2-for
(5 CGC AAA TGG GCG GTA GGC GTG TAC GGT GGG 3’) and the insert-specific primer reverse
GRK532 (5 CCA GCC CAG GCC TGG TTT CAC 3’) were used. Three founder mice could be
identified under standard genotyping PCR at 60°C annealing temperature (Figure 24, A). In order to
reduce unspecific amplifications, the annealing- and extension-step was combined at 72°C for 60 s.
Modified genotyping PCR was performed with mice from the F2 generation and results are shown in
Figure 24 B.

A

M12345673891011121314__P

M123456 7 89 1011121314151617_P w

c Step Temperature Time Cycles
1 95°C 2 min 1X
2 95°C 40's
40X
3 72°C 60 s
4 72°C 10 min 1X

Figure 34: Identification of the CMVGRKS5 transgene in the genomic DNA of mice by PCR

Isolated genomic DNA was used for genotyping PCR with CMV2/GRK532 primers, which identified
three founder mice. M=Marker; P=positive control; W=negative control (A) Genotyping PCR of mice
from generation FO under standard conditions. (B) Modified genotyping PCR of mice from generation

F2. (C) Modified genotyping PCR program with combined annealing- and extension-step.
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6.3.3. Phenotype characterization of Tg-GRK5 mice

6.3.3.1. Moderately increased GRKS5 protein levels in heart tissue

The phenotype of Tg-GRK5 mice was determined. Groups of 6-month-old male mice were weighted
and sacrificed. Hearts were removed quickly and hearts were weighted and snap frozen immediately.
Proteins were extracted as described (5.9.1) and GRKS5 protein level in cardiac tissue of Tg-GRK5
mice was analysed by immunoblot detection using an anti-GRK5 antibody, raised in rabbit against
recombinant GRK5 protein (U. Quitterer (220)). Age-matched non-transgenic FVB mice served as
control. Tg-GRK5 showed a 2.09 + 0.45-fold expression of myocardial GRK5 compared with the
levels of GRKS5 in non-transgenic FVB mice (1 + 0.21-fold; n=5-7; p=0,0006) (Figure 35). Comparable
cardiac GRK5 up-regulation was observed in heart failure patients and it reproduces the GRK5 up-
regulation induced by GRK2 inhibition (292). Thus, the generated Tg-GRK5 mice reproduce the up-

regulated GRKS5 level observed in human heart failure patients.
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Figure 35: GRKS5 protein levels in Tg-GRKS5 heart tissue

(A) Immunoblot detection of cardiac extracts revealed (B) 2-fold increased GRK5 levels in Tg-GRK5
mice compared to the non-transgenic FVB control. The graph represents mean + SD, n=5-7

mice/group, p=0,0006.
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6.3.3.2. Hearts of Tg-GRKS5 mice did not show signs of cardiac hypertrophy and
had normal blood glucose level

The phenotype of 6-month-old Tg-GRK5 mice was determined. Therefore, mice were weighted and
blood samples were withdrawn from the tail vein. Blood glucose level was measured as described
before (5.9.6). Hearts were perfused with ice-cold PBS, weighted, fixed by immersing in 10% neutral
buffered formalin, and tissue sections were prepared as described (5.9.2). Tg-GRK5 mice did not
show any signs of cardiac hypertrophy. The heart weight (GRK5: 153 +17 mg and FVB:
156 + 25 mg; p=0.81), body weight (GRK5: 35.83 £ 2.23 g and FVB 35.38 + 1.60 g; p=0.66) and the
heart weight to body weight ratio (GRK5: 4.28 £+ 0.48 and FVB 4.43 £ 0.80; p=0.69) was not
significantly different from non-transgenic controls. Also, the blood glucose level remained unaltered
(GRK5: 10.56 + 1.58 mmol/l and FVB: 10.64 + 0.80 mmol/l; p=0.92).
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Figure 36: Hearts of Tg-GRK5 mice did not show any signs of cardiac hypertrophy and had
normal blood glucose level

(A) Representative H&E-stained heart sections of a 6-month-old Tg-GRK5 FVB mouse lines and age-
matching FVB control. (B) Determination of heart-weight (HW, mg), (C) body-weight (BW, g), (D)
heart-weight to body-weight ratio (HW/BW, mg/g) and (E) blood glucose level (mmol/l) Data represent
mean+S.D, n=5-7/group.

Histology analysis of hematoxylin-eosin-stained heart sections further documented that moderate
GRKS5 overexpression did not cause any cardiac abnormalities. Thus, my data show that moderate

GRKS5 expression had no adverse cardiac effects (Figure 36 A).
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6.3.3.3. Increased GRKS5 protein level in frontal cortex and hippocampus

The CMV promoter directs ubiquitous expression of a transgene. To determine the transgenic GRK5
protein in a non-cardiac tissue, | chose the brain, because GRK5 is reported to exert a
neuroprotective function in the brain (228-231). Brain was carefully dissected out from the skull and
placed on ice. Cortex was removed from the hippocampus and subsequently hippocampus was
isolated and freed from residual cortex by rolling free from cortex and frozen in liquid nitrogen. A
section of the frontal cortex was cut off and also snap frozen in liquid nitrogen. Proteins were
extracted as described (5.9.1). Western bolt analysis was performed using an anti-GRKS5 antibody,
raised in rabbit against recombinant GRK5 protein (U. Quitterer (220)). Immunoblot analysis showed
a clearly increased protein level of GRKS5 in extracts from the frontal cortex and the hippocampus of
Tg-GRK5 mice, while endogenous GRK5 could not be detected in extracts from FVB controls.
Extracts from HEK293 cells transfected with pcDNA3GRKS served as a control.
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Figure 37: GRKS5 protein levels in brain tissue from Tg-GRK5 mice

Immunoblot detection of GRKS5 in (A) frontal cortex and (B) hippocampus extract revealed increased
GRK5 levels compared to the non-transgenic FVB control in Tg-GRK5 mice. Extracts from HEK293
cells transfected with pcDNA3GRKS5 served as a control (HEK) n=5.
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7. DISCUSSION

7.1. Different strategies of GRK2 inhibition

Cardioprotective GRK2 inhibition seems to be a promising approach in the treatment of heart failure.
All three domains contribute to the activity of GRK2 and allow a range of approaches to inhibit GRK2

effector functions.

Targeting the N-terminal domain of GRK2 may inhibit the recognition and binding of GPCR
substrates and may block Gaq-mediated effects. Compounds which interact with the enzymatically
active kinase domain, may prevent phosphorylation activity, but do not alter the kinase-independent
functions. Interference with the C-terminal domain could prevent the GBy-mediated GRK2 activation

and membrane translocation to receptor substrates.
In the present study | compared different approaches of GRK2 inhibition:

¢ RKIP is a dual-specific inhibitor of GRK2 and the Raf/Erk axis, and was used for in vitro and
in vivo experiments. The Raf kinase inhibitor protein (RKIP) inhibits GRK2 in vivo (188, 245)
and in vitro (241). RKIP does not inhibit the catalytic domain but interferes with the GRK2-

receptor interaction via binding to the amino-terminal domain of GRK2 (241).

e The small molecule and ATP site inhibitor paroxetine was used for in vitro experiments.
Paroxetine fits in the enzymatic pocket of GRK2 and stabilizes it in an inactive state. GPCR
and non-GPCR substrate phosphorylation were inhibited by paroxetine in vitro and in living
cells (261).

e The dominant-negative GRK2-inhibitory mutant, GRK2-K220R, was used for the in vivo
experiments. GRK2-K220R lacks kinase activity and is able to inhibit GRK2-mediated
phosphorylation of GPCR substrates such as the B-AR (285).
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RKIP Paroxetine BARKct

GRK2-K220R
N-terminal domain Catalytic domain C-terminal domain
GRK2 Gag/11-binding GBy-binding
GPCR-recognition Membrane translocation

Figure 38: Different approaches of GRK2 inhibition

RKIP interferes with the GRK2-receptor interaction via binding to the N-terminal domain of GRK2 and
inhibits GPCR-recognition. Paroxetine fits in the enzymatic pocket of GRK2 and stabilizes it in an
inactive state. BARKct prevents the activation and translocation of endogenous GRK2 to the plasma
membrane. The effect of GRK2-K220R could be attributed to kinase-mediated effects and kinase-

independent effects because GRK2-K220R also inhibits GBy- and Gaq-mediated signalling.

7.2. GRK2 inhibitors, RKIP and paroxetine, display different
substrate specificities in an in vitro phosphorylation assay

GRK2 is well known for its ability to phosphorylate various substrates, most prominently GPCRs
(293). In addition to canonical function of GRK2, over the last year an increasing number of non-
GPCR targets were established (7123). In frame of this theses | used two different non-GPCR
substrates of GRK2, i.e. phosducin and SRSF1. Phosducin is a previously characterized GRK2
substrate (737) and SRSF1 is a novel non-receptor substrate of GRK2, which was recently identified
by our group (284). In the present study, the GRK2-SRSF1 interaction was investigated in vitro by
ELISA technique and kinase assay. The protein-protein binding of SRSF1 and GRK2 was confirmed
with ELISA, in which SRSF1 interacted with GRK2 in a concentration-dependent manner, whereas
SRSF1 did not bind to the BSA protein control. In addition, SRSF1 was confirmed as a novel non-
GPCR substrate of GRK2 as shown in the in vitro phosphorylation assay. Purified SRSF1 was
markedly phosphorylated in the presence of GRK2.
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To characterize the effect of RKIP and paroxetine as GRK2 inhibitors, | used the non-GPCR
substrates phosducin and SRSF1. The in vitro phosphorylation assay detected different modes of
GRK2 inhibition by RKIP compared to paroxetine. RKIP only inhibited the GRK2-mediated
phosphorylation of phosducin with an ICso value of 980 nM whereas SRSF1-mediated GRK2
inhibition was not significantly decreased by RKIP up to 30 microM. Phosducin is known for its high
affinity for GBy subunits, which is in a range of 20 nM (294). Overexpression of truncated phosducin
enhances the contractility in both normal and failing cardiomyocytes by scavenging of Gy subunits
(295). Phosphorylation of phosducin by GRK2 (737) or PKA (294) markedly reduces its binding ability
to GBy subunits. Although the cellular concentration of phosducin in the heart is 1 uM (296), its
regulatory relevance in the heart is unclear, in its phosphorylated as well as in its unphosphorylated
form. However, the inhibitory effect of RKIP on a soluble substrate such as phosducin was not
expected. GRK2 inhibition by RKIP was considered as GPCR specific, whereas GRK2-
phosphorylation of cytosolic substrates such as tubulin, ezrin, radixin and moesin was not affected by
RKIP (245). In agreement with the notion that RKIP does not inhibit the GRK2-mediated
phosphorylation of most non-receptor substrates, | also found that RKIP did not inhibit the
phosphorylation of SRSF1 by GRK2.

However, there is little data on the interaction of cytosolic substrates with GRK2. The substrate
specificity of RKIP points to a possible interaction-site. Whereas an interaction between phosducin
and the N-terminal domain of GRK2 seems possible, the binding of SRSF1 to the N-terminal domain
of GRK2 can be excluded. Further investigations are needed to clarify this proposed mechanism of
action. In contrast to RKIP, the ATP-site directed inhibitor paroxetine inhibited the phosphorylation of
phosducin and SRSF1.

SRSF1 phosphorylation has a major impact in vivo and is essential for preventing exon skipping,
ensuring the accuracy of splicing and regulating alternative splicing (297). SRSF1 consists out of
functional modules: two arginine-serine rich regions (RS region, RS1 and RS2), where SRSF1 is
regulated via phosphorylation, and two RNA recognition motifs, which interact with RNA and other
splicing factors (298, 299). Its function and localization are regulated by phosphorylation.
Serine/threonine-protein kinase (SRPK1) phosphorylates up to twelve serines in the RS region of
SRSF1 (298). Phosphorylation of the RS1 region mediates nuclear import of SRSF1 when localized
in the cytosol and phosphorylation in the RS2 region by the dual specificity protein kinase CLK1 in
the nucleus activates transcription and consequently splicing (300). For the proper transitions
between the different steps of the splicing process, sequential phosphorylation and

dephosphorylation are necessary (3017).
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Chronic pressure overload induced cardiac hypertrophy is associated with an increased expression
of SRSF1 (302). SRSF1 regulates alternative splicing and constitutive splicing of the
Ca?*/calmodulin-dependent kinase Il (CaMKIl). Cardiac specific knockout of SRSF1 leads to a
hypercontraction phenotype due to a defect in splicing of CaMKII5 transcripts. SRSF1 is an important
player for the switch in splicing of the CaMKII3 transcripts in the juvenile-to-adult transition of cardiac
function (303). PKA phosphorylates SRSF1 in vivo (26), enhances SRSF1 activity and promotes a
dysregulation in the alternative splicing of CaMKII3, which may contribute to cardiomyopathy and
heart failure (304).

Altered cardiac Ca?* homoeostasis plays an important role in cardiac hypertrophy and heart failure.
CaMKll is a critical player in intracellular Ca2* handling. Upregulation of CaMKIl levels and activity

have been reported in the pathogenesis of heart failure in humans and in animal models (305-308).

Future studies will have to investigate the role GRK2-mediated SRSF1 phosphorylation in vivo. But
these different substrate specificities of the GRK2 inhibitors paroxetine and RKIP could be of
relevance in vivo, because paroxetine showed cardioprotection against myocardial infarction-induced
heart failure whereas the in vivo function of RKIP is according to our transgenic models is not

cardioprotective 7.3.

7.3. GRK2 inhibition by RKIP and GRK2-K220R show contrasting
cardiac phenotypes in vivo in transgenic mouse models

In the present study, | compared two different GRK2 inhibitors in vivo i.e. GRK2-K220R and RKIP.
The dominant-negative GRK2-K220R is an inhibitor, which lacks kinase activity and is able to inhibit
GRK2-mediated phosphorylation of GPCRs such as the B-AR (285). In addition to the competitive
binding to GPCR and non-GPCR substrates, GRK2-K220R displays all kinase independent functions
of GRK2. While the dominant-negative GRK2-K220R mutant displayed a healthy cardiac phenotype,
GRK2 inhibition with RKIP showed the opposite effect. In eight-month-old transgenic RKIP mice,
signs of cardiac dysfunction, cardiac hypertrophy with dilation and cardiac lipid overload were

evident.
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7.3.1. Cardioprotective GRK2 inhibition

It is widely accepted, that GRK2 inhibition is cardioprotective. There are several mechanisms which
could account for cardioprotection, but the most prominent is the restoration of the p-AR system.
B-ARs that are activated by catecholamines are well known for the regulatory function in the heathy
heart. Cardiac injury and cardiac stress induced constant release of these hormones and persistent
B-AR activation. Sustained B-AR stimulation is cardiotoxic and noradrenaline plasma levels correlate
with the degree of cardiac dysfunction and mortality of heart failure patients (309, 370). Continuous
hyperstimulation of B-ARs is regulated by GRKs and followed by profound desensitization and
chronical receptor downregulation (377). The hallmark characteristic of heart failure is the loss of the
B-AR-mediated inotropic reserve by loss of about 50% of B-AR density attributed to increased GRK2
activity (163, 312). Several mouse models of GRK2 inhibition showed restoration of the B-AR system

and reversal of cardiac dysfunction.

RKIP and GRK2-K220R both induce comparable signs of GRK2 inhibition

GRK2-RKIP binding prevents GPCR internalisation resulting in enhanced GPCR signalling. Recently,
RKIP was suggested to stimulate cardiac contractility and reconstitute 3-AR signalling in heart failure
(245). In addition, RKIP is a dual-specific inhibitor which also blocks the pro-survival Raf/Erk axis.
Upon PKC-mediated phosphorylation on serine 153, RKIP dissociates from Raf-1 to dimerize and
associate with GRK2 (241, 244). However, as described above, RKIP is considered to be
cardioprotective only upon phosphorylation. In the present study, the phosphorylation status of RKIP
was determined in vivo by immunoblot analysis. In cardiac extract from Tg-RKIP B6 mice the majority

of RKIP was phosphorylated on serine 153 (Figure 30).

In addition, both transgenic mouse lines Tg-GRK2-K220R and Tg-RKIP display restoration of the
B-AR system. Isolated neonatal cardiomyocytes from Tg-RKIP and Tg-GRK2-K220R mice show
comparable enhancement of isoprenaline stimulated cAMP levels. This result confirms that both
mouse lines show equivalent GRK2 inhibition with regard to the p-adrenergic receptor response
(Figure 30). In conclusion, RKIP is active as a GRK2 inhibitor and is able to modulate the B-AR
system. In addition, in microarray gene expression profiling more than 45% of regulated probe sets of
GRK2-K220R-transgenic hearts showed concordant regulation with hearts expressing RKIP. This is

a further proof, that GRK2 inhibition was effective in both models.

104



The cardioprotective effect of the dominant-negative GRK2-K220R mutant was analysed in a chronic
pressure overload-induced heart failure model imposed by abdominal aortic constriction (AAC). In
agreement with data of other GRK2 inhibitors, AAC promoted cardiac dysfunction, as assessed by
left ventricular ejection fraction, in non-transgenic mice, whereas in Tg-GRK2-K220R mice, cardiac

dysfunction was retarded (Figure 32).

GRK2-K220R is cardioprotective whereas RKIP promotes signs of heart failure

The cardioprotective effect of Tg-GRK2-K220R could be attributed to kinase-mediated effects (see
above) and kinase-independent effects because GRK2-K220R also inhibits Gpy- and Gaq-mediated
signalling. The regulator of G protein signalling (RGS) domain within the amino terminal domain of
GRK2 interacts with and inhibits Gogq (738, 139, 313). Gag is a trigger of maladaptive cardiac
hypertrophy after pressure overload (374). Transgenic mice with cardiac-specific overexpression of
Goq show a phenotype of decompensated cardiac hypertrophy (375-317). A cardiac-specific
expression of the RGS domain of GRK2 had an antihypertrophic effect in a mouse model of pressure
overload (378). In addition to the Gag-inhibitory RGS domain of GRK2, a peptide derived from the
carboxyl terminal domain of GRK2, BARKct, sequesters Gpy proteins to prevent the Gpy/L-type
calcium channel interaction and thereby improves cardiac contractility by increasing the intracellular
calcium levels (248). GRK2-K220R is able to bind both, Gaq and Gy, which could be an explanation

for the improved cardiac function in aged Tg-GRK2-K220R mice compared to the B6 control.

In contrast to GRK2-K220R, transgenic hearts which expressed the dual-specific GRK2/Raf inhibitor,
RKIP, showed cardiac hypertrophy with a significantly increased heart weight to body weight ratio

and a decreased left ventricular ejection fraction.

GRK2 restrains the MAPK pathway by GRK2-mediated desensitization of MAPK-activating GPCRs
(7136, 319). Nuclear MAPK signalling inhibition could be mediated by GRK2-dependent recruitment of
B-arrestin (320-322). Consequently, GRK2 suppresses MAPK activation and nuclear translocation.
Vice versa, GRK2 inhibition activates the nuclear MAPK pathway, and induces nuclear ERK1/2
targets (220). Inhibition of GRK2 leads to an activation of the pro-survival Raf/ERK cascade, which
overlaps with the cardioprotective properties of the MAPK pathway. Promotion of cell growth protects
the failing hearts against cell-death-promoting signals (323, 324). Activation of ERK1/2 protects the
myocardium against pressure overload-induced hypertrophic cardiomyopathy (324) and genetic

inhibition of ERK1/2 promotes cardiomyocytes apoptosis (325). As discussed in the next chapter,

105



findings in the here presented thesis strongly suggest, that for cardioprotective GRK2 inhibition an

intact Raf/ERK axis is needed.

7.3.2. Inhibition of the Raf/Erk axis by RKIP promotes signs of
heart failure

RKIP, which is a dual inhibitor of GRK2 and the Raf/ERK axis, induces signs of heart failure, when
overexpressed in the heart. There are several lines of evidence, which provide strong evidence that
inhibition of the Raf/ERK axis by RKIP contributes to this heart failure phenotype. Cardiac muscle-
specific Raf-1-knockout mice show increased number of apoptotic cardiomyocytes (326). Zebrafish
treated with sorafenib, a small inhibitor of several tyrosine protein kinases and Raf kinase, show
cardiotoxicity, by inhibition of Raf/MEK/ERK (327). In agreement with this to the cardiotoxic function
of RAF inhibition, RKIP-mediated damage of the heart could be due to a lack of cardioprotective
MAPK activation (323, 324, 328).

Another target downstream of the Raf/MEK/ERK axis is the PPARG. PPARG is regulated by ERK-
mediated phosphorylation on serine 273. Enhanced ERK activity induced by GRK2 inhibition and
increased Pparg phosphorylation is part of the cardioprotective gene expression program (7188, 220,
329), whereas inhibition of the ERK axis with subsequent decrease of Pparg phosphorylation leads to
the induction of heart-failure promoting Pparg targets. In the present study, hearts of Tg-RKIP mice
showed a significantly decreased phosphorylation of Pparg on serine-273 compared to B6 control
and Tg-GRK2-K220R hearts (Figure 26, A). Gene expression analysis revealed the up-regulation of
heart failure-related Pparg targets, which are triggered by RKIP, resulting in development of cardiac
lipid load and cardiac dysfunction. In B6- and Tg-GRK2-K220R mice none of these genes were

upregulated.

Pparg is a transcription factor, which is a main regulator of cardiac energy metabolism. So,
cardiomyocyte-specific knockout of Pparg causes cardiac hypertrophy and heart failure (330). On the
other hand, agonist stimulation and overexpression of PPARG in vivo leads to cardiac hypertrophy,
dysfunction and lipid overload (330, 337). The Raf/ERK axis could influence PPARG signalling in two
ways: MAPK binds directly to PPARG, leading to sequestration PPARG in the cytosol (288) and ERK
is capable to phosphorylate PPARG on serine 273 and serine 112. Phosphorylation decreases
PPARG activation and shifts PPARG target gene expression (287, 289, 290). Notable, an inhibition
of the Raf/ERK axis by RKIP triggers heart failure-related PPARG targets, resulting in development

of cardiac lipid overload and dysfunction (220). Excessive lipid accumulation in the heart leads to
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decreased cardiac function and is associated with increased PPARG expression. PPARG regulates
genes mediating lipid uptake, synthesis, oxidation, lipolysis, and storage, such as fatty acid
translocase (Cd36), fatty acid synthase (Fasn), acyl-CoA oxidase (AOX), adipose TAG lipase (Afgl),
adipose differentiation related protein (Adrp), and diacylglycerol acyltransferase1 (Dgat?) (332).
FASN is upregulated in patients with heart failure (283, 333) and FASN-transgenic mice develop a
heart-failure like phenotype (7188).

Whole genome microarray gene expression profiling showed up-regulation of heart failure-

related Pparg targets in Tg-RKIP mice

Whole genome microarray gene expression profiling showed up-regulation of heart failure-related
Pparg target genes in RKIP-transgenic hearts with signs of heart failure. All genes with >6-fold
upregulated signal intensities between heart tissue of RKIP transgenic, GRK2-K220R transgenic and
B6 control mice are discussed below. In transgenic RKIP mice unphosphorylated Pparg is a key
player in the gene expression of uncoupling proteins and adipokines, such as adipsin, adiponectin
(334), and resistin (335).

Uncoupling protein 1 (Ucp1) is regulated by an Erk1/2-controlled phosphorylation of Pparg (289,
336) and is known to exert mitochondrial uncoupling, which is a major feature of failing heart
metabolism (337). Excessive mitochondrial uncoupling contributes to inefficient cardiac ATP
generation and lipid-induced death (338, 339). Aged transgenic mice with cardiac-specific UCP1
expression developed cardiac dysfunction, signs of heart failure, and increased mitochondrial

uncoupling (788).

Adipsin (Adn) is a key metabolic regulator and was the first fat-cell selective gene whose expression
is altered in obesity (340). In heart failure patients increased levels of adipsin were found. Levels of
adipsin in heart failure patients were correlated with measures of systemic infammation, cardiac

function and deteriorated diastolic function (3417).

Adiponectin (Adipoq) is a circulating insulin sensitivity factor secreted from adipocytes and
essential for maintaining insulin responsiveness (342). Adiponectin increases glucose and free fatty
acid utilization and stimulates mitochondrial biogenesis (342). The role of adiponectin in heart failure
is discussed controversially. On one hand reduced adiponectin levels are correlated with increased

acute myocardial infarction risk (343) and worse cardiac functional recovery after myocardial
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infarction with reperfusion (344). On the other hand, several clinical studies showed that
hyperadiponictemia is associated with poor cardiac function and increased mortality (345-347).
Transgenic mice with cardiac mutated Pparg-S273A expression show clear signs of hypertrophy and

increased adiponectin levels compared to transgenic wildtype-Pparg and B6 control mice (788).

Resistin (Retn) plays an important regulatory role in obesity, insulin resistance and diabetes (348),
inflammation and arteriosclerosis (349) and cardiovascular diseases. Resistin, originally described as
an adipocyte-specific hormone, is also expressed in cardiomyocytes and was shown upregulated by
mechanical stress (350). Recent studies showed that resistin contributes to cardiac dysfunction,
because adenoviral overexpression of resistin can induce hypertrophy in rats (357) and resistin blood

levels are elevated in patients with heart failure (352).

Carbonic anhydrase 3 (Car3) in mice is highly abundant in tissues that can store lipids: liver, brown
and white fat tissue (353). A high-fat-diet-induced phosphorylated Pparg reduced Car 3 expression in
fat tissue (287).

Perilipin 1 (Plin1) is the most abundant protein on the surface of lipid droplets and is responsible for

the basal and hormonal regulation of lipolysis (354).

Haptoglobin (Hp) is expressed in adipose tissue and directly regulated by Pparg during adipocyte
differentiation (355). Hp is an acute reactant inflammation plasma protein and a significant risk factor

for acute myocardial infarction and heart failure (356).

Heat shock 70 kDa protein 1 (Hsp70-1) is a chaperone protein and contributes to biological
processes such as signal transduction, apoptosis, cell growth and differentiation (357). High levels of

Hsp70-1 are associated with increased mortality in patients with systolic heart failure (358).

Cystein dioxygenase type 1 (Cdo1) expression is upregulated during adipogenic differentiation and

is required for Pparg binding to the target gene promoters (359).

In conclusion, most of the 6-fold and higher up-regulated genes in RKIP hearts are Pparg targets and

related to heart failure.
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7.3.3. Cardiotoxic lipid overload

The heart is by far the most energy-requiring tissue in the body, and under healthy conditions fatty
acids are the major substrate of ATP generation (360). Lipids trigger a wide spectrum of cardiotoxic
mechanisms, such as excessive formation of reactive oxygen species, increased endoplasmic
reticulum stress, enhanced apoptosis, and mitochondrial dysfunction (281, 3617). Lipid accumulation

in the myocardium is associated with decreased cardiac function (362).

Concomitantly to the increased RKIP protein level and Pparg activation, cardiac palmitate,
triacylglycerol (TAG), ceramide and diacylglycerol (DAG) contents of RKIP hearts were elevated

compared to Tg-GRK2-K220R and non-transgenic control mice.

Ceramide is involved in many pathogenic components of chronic heart failure, such as apoptosis,
inflammation and stress response (363). Increased ceramide levels mediate apoptosis through a
mitochondrial-dependent pathway of cytochrome c release (364). In patients with heart failure,

increased plasma ceramide levels correlated with the severity of heart failure (365).

An increased cardiac DAG and ceramide content could mediate the activation of protein kinase C,
which decreases heart function (281, 366, 367). In addition, increased PKC activity, could
phosphorylate RKIP and switches RKIP from Raf inhibition to more GRK2 inhibition.

Although the heart is able to store some surplus TAG, excessive TAG accumulation in the heart

correlates with mitochondrial dysfunction or apoptosis (368).

In this thesis, the composition of the cardiac lipid content was analysed in detail by gas
chromatography. Results showed increased cardiac levels of palmitate and stearate in Tg-RKIP
hearts with signs of heart failure. The increased palmitate and stearate contents could contribute to
cardiomyocyte death because in primary cardiac myocytes treated with palmitoleate (C16:1) or
oleate (cis-C18:1) did not alter cell viability, while 24 h of treatment with palmitate (C16:0) or stearate
(C18:0) precipitated apoptosis (369).

Palmitate is synthesised by FASN in cardiomyocytes and is responsible for the energy supply to the
heart muscle. Uncontrolled accumulation of palmitate can induce apoptotic signalling through
dissipation of the mitochondrial membrane potential and overproduction of ROS (370, 371). In
addition, the palmitate-accumulation promotes pro-apoptotic signalling and inhibits the ERK axis
(372). As a result, the Erk1/2 inhibition triggers an enhanced expression of heart failure-associated
Pparg targets. Taken together, my data present strong evidence that inhibition of the Raf/Erk axis by

RKIP contributes to signs of heart failure in Tg-RKIP mice.
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Figure 39: The scheme illustrates inhibition of Raf/Erk axis by RKIP, which results in

cardiotoxic Pparg activation

Inhibition of GRK2 leads via reduced desensitisation of Raf/Erk activating GPCR to an activation of
the Raf/Erk axis. Activated Erk1/2 is capable to phosphorylate Pparg on serine 273, which decreases
Pparg activation. Vice versa, the inhibition of the Raf/Erk axis by RKIP decreases inactivating Pparg
phosphorylation and thereby triggers heart failure-related Pparg targets, resulting in development of
cardiac lipid overload and dysfunction. Immunoblot detection of pS273-Pparg in cardiac tissue extract
of RKIP transgenic mice relative to GRK2-K220R-transgenic mice and non-transgenic B6 controls
(6.2.4).

7.3.4. Safety of GRK2-inhibition

GRK2 is an important regulator of signalling and trafficking of GPCRs in many physiological
processes in the body. Side effects of GRK2 inhibition need to be addressed, considering that
knockout of GRK2 in mice is embryonic lethal (786). This lethality stems not from a specific role in
heart development, rather from a general role of GRK2 during embryogenesis, because mice with

cardiac specific GRK2 ablation develop normally (373).
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Paroxetine was previously established as a cardioprotective ATP-site GRK2 inhibitor by drug
repurposing (261). Paroxetine, which was released to the market in 1992, shows a similar safety
profile like other antidepressants, which do not inhibit GRK2 (374). Compatible with the role of GRK2
in heart development, paroxetine treatment during the first trimester is associated with an increased
prevalence of cardiac defects (375).

As discussed in the present study, the induction of the Raf/ERK axis by GRK2 inhibition is essential
for the cardioprotective effect. Adenovirus-mediated RKIP gene delivery for the treatment of heart
failure was currently patented (376). This treatment approach bears the risk of cardiotoxic Raf
inhibition with subsequent worsening of cardiac function. Notable, cardiomyocyte-specific expression
of RKIP triggered heart failure with cardiac hypertrophy and dilatation in different genetic
backgrounds. The cardioprotective activity of the Raf/ERK cascade overlaps with the tumor growth-
promoting properties of the Raf/ERK axis triggered by GRK2 inhibition (220). Thus, GRK2 inhibition

and subsequent Raf/ERK induction could be counterproductive in cancer patients.

7.4. GRK2-GRKS interplay in the heart

GRK2 and GRKS5 are both highly abundant in humans. They are both able to modulate the signalling

of B-AR and angiotensin Il receptor and through those, the performance of the heart.

As discussed before, heart failure is associated with downregulating BAR signalling by increased
GRK2 expression or activity. Several strategies of GRK2 inhibition in vivo can improve cardiac
function in models of heart failure (168, 377), and cardiac-specific knock-out of GRK2 in mice
ameliorates symptoms of catecholamine-induced heart failure (373). The role of GRK2 seems to
depend both on its expression and on the pathophysiological context. The role of the second GRK in
the heart, GRKS5, is not as well defined. Knock-out of GRKS5 is not associated with a cardiac
phenotype in mice (378), but a massive 30-fold cardiac expression of bovine GRK5 depresses
cardiac BAR responsiveness (774, 193). GRK2 and GRK5 have a different subcellular localization,
receptor specificity and mechanism of activation. This suggests that they have a nonredundant
modulatory role in heart failure. GRK2 is rapidly up- and downregulated and its activity is correlated
with its ventricular function (766, 167). GRK2 is predominantly responsible for the acute regulation of
BAR signalling. GRKS5 is more important for chronic regulation and seems to be less dynamic (172,
379). GRK5-mediated BAR desensitization has adaptive, beneficial effects during early ventricular
decompensation. However, inhibition of GRK2 causes upregulation of GRK5. In a study, GRK2 was
inhibited by BARKct and 4 weeks after myocardial infarction GRK5 was 2-fold upregulated (292).

111



7.5. Controversial role of GRK5 in heart failure

GRKS is related to the development of heart failure and cardiac hypertrophy, but its role in these
processes is not clear. In the failing heart, GRK5 levels are increased 1.68-fold in the left ventricle
(772). But the role of GRK5 is still unclear. In 1995 the group of Robert Lefkowitz generated two
mouse lines with cardiac specific expression of bovine GRK5 (174). One of the mouse lines
expressed GRK5 at a low level, whereas the other had a 30-fold increased level of GRK5. Only the
high-expressing line was used for further experiments and developed spontaneous heart failure
(793). By comparison, mouse lines with a four- to six-fold increased expression level of human
GRK5-GIn41 and GRK5-Leu41 showed no abnormalities of cardiac size, histological appearance or
basal contractile function up to an age of 6 months (202). My results are in accordance with these
findings. We generated GRK5-transgenic mice with a 2-fold upregulation of GRKS5 in heart tissue,
which reproduces the GRK5 up-regulation induced by GRK2 inhibition, and the up-regulation seen in
human heart failure patients. Tg-GRKS5 mice did not show any signs of cardiac hypertrophy, i.e. the
heart weight to body weight ratio was not significantly different from non-transgenic controls.
Histology analysis of hematoxylin-eosin-stained heart sections further documented that moderate
GRKS5 overexpression did not cause any cardiac abnormalities. Thus, my data showed that moderate
GRK5 expression had no adverse cardiac effect. With the newly established GRKS5-transgenic
model, future studies will have to investigate the role of GRK5 under pathophysiological conditions.
For example, we could use a model of abdominal aortic constriction to determine whether increased

cardiac GRKS5 levels influence myocardial response to ventricular pressure overload.

In our Tg-GRK5 mice, GRKS5 is expressed under control of the human cytomegalovirus immediate-
early promoter/enhancer, which directs ubiquitous expression of the transgene. These transgenic
mice can be also used to study the role of GRK5 upregulation in virtually every tissue. GRK5 levels in
the frontal cortex and hippocampus were highly increased. GRK5 could counteract the pathogenesis
of Alzheimer’s and Parkinson’s disease. In this respect, the herein generated Tg-GRK5 model could
be used to identify potential neuroprotective mechanisms initiated by GRKS5. Finally, GRK5
expression levels in other tissues also need to be analysed, in order to investigate the potential role

of GRKS5 in hypertension or diabetes, which was suggested by previous studies.
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7.6. Conclusion

GRK2 is widely accepted as a drug target in the treatment of heart failure. To date, all efforts towards
a clinically approved drug were not successful, yet. This is also owed to the fact, that the underlying

mechanism of GRK2 inhibition is not fully understood.

In the present study, | identified mechanisms that are required for cardioprotective GRK2-inhibition. |
established SRSF1 as a new substrate of GRK2 and compared substrate specificity of the GRK2
inhibitors, RKIP and paroxetine. Paroxetine is able to inhibit GRK2 mediated SRSF1 phosphorylation,
whereas RKIP does not. This could be of major relevance in vivo, because paroxetine showed
cardioprotection against myocardial infarction-induced heart failure whereas RKIP promotes heart
failure. This heart failure-enhancing activity of RKIP was further established by the present study.
RKIP led to activation of the adipogenic and heart failure-promoting transcription factor Pparg by
inhibition of the Raf-Erk axis-mediated serine-273 phosphorylation of Pparg. In contrast, GRK2
inhibition by transgenic expression of the dominant-negative GRK2-K220R mutant did not activate
Pparg and retarded the development of chronic pressure overload-induced cardiac dysfunction
imposed by abdominal aortic constriction. From these data it is concluded that an intact Raf-Erk axis
is required for cardioprotective GRK2 inhibition. In addition, a new transgenic model was established,
which allows to study the impact of compensatory GRKS5 up-regulation under conditions of GRK2
inhibition. The newly established GRK5-transgenic model showed that moderate GRKS expression
had no adverse cardiac effect. However, further research is needed to characterize the role of GRK5

under pathophysiological conditions.
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13. Appendix

13.1. Sequencing of pFastBac6HisTEVADRBK1

Sequencing pFastBac6HisTEVADRBK1 clone 1

GTC GAC: Sall restriction site

BTG: Startcodon orf

XXX: 6x Histidin tag

BB - TEV protease cleavage site

TGA: Stopcodon orf

AAG CTT: HindIII restriction site
6XHisTEVADRBK1 4079 - 6217
1 _FastBacGRK2_54 FastBac-for 4010 - 5135
2_FastBacGRK2_54 GKR2seq34 5025 - 5505
3_FastBacGRK2 54 FastBac-rev 5207 - 6272
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Sequencing 17.5.2015
Primer from Mircosynth Primer List:
FastBac-for TACTGTTTTCGTAACAGTTTTG

1 _FastBacGRK2_54 FastBac-for
ATACCGTCCCACCATCGGGCGCGGATCCCGGTCCGAAGCGCGCGGAATTCAAAGGCCTACGTCGACACCATGTCGTACTACCATCAC
CATCACCATCACGATTACGATATCCCAACGACCGAAAACCTGTATTTTCAGGGCGCGGACCTGGAGGCGGTGCTGGCCGACGTGAGC
TACCTGATGGCCATGGAGAAGAGCAAGGCCACGCCGGCCGCGCGCGCCAGCAAGAAGATACTGCTGCCCGAGCCCAGCATCCGCAGT
GTCATGCAGAAGTACCTGGAGGACCGGGGCGAGGTGACCTTTGAGAAGATCTTTTCCCAGAAGCTGGGGTACCTGCTCTTCCGAGAC
TTCTGCCTGAACCACCTGGAGGAGGCCAGGCCCTTGGTGGAATTCTATGAGGAGATCAAGAAGTACGAGAAGCTGGAGACGGAGGAG
GAGCGTGTGGCCCGCAGCCGGGAGATCTTCGACTCATACATCATGAAGGAGCTGCTGGCCTGCTCGCATCCCTTCTCGAAGAGTGCC
ACTGAGCATGTCCAAGGCCACCTGGGGAAGAAGCAGGTGCCTCCGGATCTCTTCCAGCCATACATCGAAGAGATTTGTCAAAACCTC
CGAGGGGACGTGTTCCAGAAATTCATTGAGAGCGATAAGTTCACACGGTTTTGCCAGTGGAAGAATGTGGAGCTCAACATCCACCTG
ACCATGAATGACTTCAGCGTGCATCGCATCATTGGGCGCGGGGGCTTTGGCGAGGTCTATGGGTGCCGGAAGGCTGACACAGGCAAG
ATGTACGCCATGAAGTGCCTGGACAAAAAGCGCATCAAGATGAAGCAGGGGGAGACCCTGGCCCTGAACGAGCGCATCATGCTCTCG
CTCGTCAGCACTGGGGACTGCCCATTCATTGTCTGCATGTCATACGCGTTCCACACGCCAGACAAGCTCAGCTTCATCCTGGACCTC
ATGAACGGTGGGGACCTGCACTACCACCTCTCCCAGCACGGGGTCTTCTCAGAGGCTGACATGCGCTTCTATGCGGCCGAGATCATC
CTGGGCCTGGAGCACATGCACAACCGCTTCGTGGTCTACCGGGACCTGAAGCCAGCCAACATCCTTCTGGACGAGCATGGCCMCGTG
CGGATYTCGGACCTGGGCCTGGCCTGKGACTTY

Alignment statistics for match #1

Score Expect Identities Gaps Strand
2132 bits(1154) 0.0 1159/1163(99%) 0/1163(0%) Plus/Plus

Query 4010 ATACCGTCCCACCATCGGGCGCGGATCCCGGTCCGAAGCGCGCGGAATTCAAAGGCCTAC 4069

Sbjct 1 ATACCGTCCCACCATCGGGCGCGGATCCCGGTCCGAAGCGCGCGGAATTCAAAGGCCTAC 60

Query 4070 ACACCHEBTCGTACTACCATCACCATCACCATCACGAT TACGATATCCCAACGACC 4129

Sbjct 61 GTCGACACCHEETCGTACTACCATCACCATCACCATCACGAT TACGATATCCCAACGACC 120
Query 4130 ERANACCTCTATIIICAGEE0GCGGACCTGGAGGCGEGTGCTGGCCGACGTGAGCTACCTG 4189
sbjot 121 N AT AT ARG 180
Query 4190 ATGGCCATGGAGAAGAGCAAGGCCACGCCGGCCGCGCGCGCCAGCAAGAAGATCCTGCTG 4249

Sbjct 181 ATGGCCATGGAGAAGAGCAAGGCCACGCCGGCCGCGCGCGCCAGCAAGAAGATCCTGCTG 240

Query 4250 AGTGTCATGCAGAAGTACCTGGAGGACCGGGGCGAGGTGACC 4309

Sbjct 241 GCAGTGTCATGCAGAAGTACCTGGAGGACCGGGGCGAGGTGACC 300

Query 4310 TTTGAGAAGATCTTTTCCCAGAAGCTGGGGTACCTGCTCTTCCGAGACTTCTGCCTGAAC 4369

Sbjct 301 TTTGAGAAGATCTTTTCCCAGAAGCTGGGGTACCTGCTCTTCCGAGACTTCTGCCTGAAC 360

Query 4370 AGGCCCTTGGTGGAATTCTATGAGGAGATCAAGAAGTACGAGAAG 4429
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Sbjct 361 CCAGGCCCTTGGTGGAATTCTATGAGGAGATCAAGAAGTACGAGAAG 420

Query 4430 TGGCCCGCAGCCGGGAGATCTTCGACTCA 4489
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Sbjct 421 480

Query 4490 AAGGAGCTGCTGGCCTGCTCGCATCCCTTCTCGAAGAGTGCCACTGAGCATGTCCAAGGC 4549

Sbjct 481 AAGGAGCTGCTGGCCTGCTCGCATCCCTTCTCGAAGAGTGCCACTGAGCATGTCCAAGGC 540
Query 4550 CACCTGGGGAAGAAGCAGGTGCCTCCGGATCTCTTCCAGCCATACATCGAAGAGATTTGT 4609

Sbjct 541 CACCTGGGGAAGAAGCAGGTGCCTCCGGATCTCTTCCAGCCATACATCGAAGAGATTTGT 600
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Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

4610

601

4670

661

4730

721

4790

781

4850

841

4910

901

4970

961

5030

1021

5090

1081

5150

1141

CAAAACCTCCGAGGGGACGTGTTCCAGAAATTCATTGAGAGCGATAAGTTCACACGGTTT

CAAAACCTCCGAGGGGACGTGTTCCAGAAATTCATTGAGAGCGATAAGTTCACACGGTTT

TGCCAGTGGAAGAATGTGGAGCTCAACATCCACCTGACCATGAATGACTTCAGCGTGCAT

TGCCAGTGGAAGAATGTGGAGCTCAACATCCACCTGACCATGAATGACTTCAGCGTGCAT

CTTTGGCGAGGTCTATGGGTGCCGGAAGGCTGACACAGGC

GTCTATGGGTGCCGGAAGGCTGACACAGGC

AAGATGTACGCCATGAAGTGCCTGGACAAAAAGCGCATCAAGATGAAGCAGGGGGAGACC

AAGATGTACGCCATGAAGTGCCTGGACAAAAAGCGCATCAAGATGAAGCAGGGGGAGACC

CTGGCCCTGAACGAGCGCATCATGCTCTCGCTCGTCAGCACTGGGGACTGCCCATTCATT

CTGGCCCTGAACGAGCGCATCATGCTCTCGCTCGTCAGCACTGGGGACTGCCCATTCATT

CCACACGCCAGACAAGCTCAGCTTCATCCTGGACCTCATG

CCACACGCCAGACAAGCTCAGCTTCATCCTGGACCTCATG

AACGGTGGGGACCTGCACTACCACCTCTCCCAGCACGGGGTCTTCTCAGAGGCTGACATG

AACGGTGGGGACCTGCACTACCACCTCTCCCAGCACGGGGTCTTCTCAGAGGCTGACATG

GGAGCACATGCACAACCGCTTCGTGGTC

GGAGCACATGCACAACCGCTTCGTGGTC

TACCGGGACCTGAAGCCAGCCAACATCCTTCTGGACGAGCATGGCCACGTGCGGATCTCG

TACCGGGACCTGAAGCCAGCCAACATCCTTCTGGACGAGCATGGCCMCGTGCGGATYTCG
TGGGCCTGGCCTGTGACTT 5172

CTGGGCCTGGCCTGKGACTT 1163

149

4669

660

4729

720

4789

780

4849

840

4909

900

4969

960

5029

1020

5089

1080

5149

1140



Sequencing 17.5.2015
Primer GRK2seq34

2_FastBacGRK2_54 GKR2seq34
AGGCAAGATGTACGCCATGAAGTGCCTGGACAAAAAGCGCATCARGATGAAGCAGGGGGAGACCCTGGCCCTGAACGAGCGCATCAN
GCTCTCGCTCGTCAGCACTGGGGACTGCCCATTCATTGTCTGCATGTCATACGCGTTCCACACGCCAGACAAGCTCAGCTTCATCCT
GGACCTCATGAACGGNGGGGACCTGCACTACCACCTCTCCCAGCACGGGGTCTTCTCAGAGGCTGACATGCGCTTCTATGCGGCCGA
GATCATCCTGGGCCTGGAGCACATGCACAACCGCTTCGTGGTCTACCGGGACCTGAAGCCAGCCAACATCCTTCTGGACGAGCATGG
CCACGTGCGGATCTCGGACCTGGGCCTGGCCTGTGACTTCTCCAAGAAGAAGCCCCATGCCAGCGTGGGCACCCACGGGTACATGGC
TCCGGAGGTCCTGCAGAAGGGCGTGGCCTACGACAGCAGTGCCGACTGGTTCTCTCTGGGGTGCATGCTCTTCAAGTTGCTGCGGGG
GCACAGCCCCTTCCGGCAGCACAAGACCAAAGACAAGCATGAGATCGACCGCATGACGCTGACGATGGCCGTGGAGCTGCCCGACTC
CTTCTCCCCTGAACTACGCTCCCTGCTGGAGGGGTTGCTGCAGAGGGATGTCAACCGGAGATTGGGCTGCCTGGGCCGAGGGGCTCA
GGAGGTGAAAGAGAGCCCCTTTTTCCGCTCCCTGGACTGGCAGATGGTCTTCTTGCAAAAGTACCCTCCCCCGCTGATCCCCCCACG
AGGGGAGGTGAACGCGGCCGACGCCTTCGACATTGGCTCCTTCGATGAGGAGGACACAAAAGGAATCAAGTTACTGGACAGTGATCA
GGAGCTCTACCGCAACTTCCCCCTCACCATCTCGGAGCGGTGGCAGCAKGAGGTGGCAGAGACTGTCTTCGACACCATCAACGGTTG
AGACAGACCCGGCTGGAAGGCTCGCAAGAAAGCCAAGAACAAGCCAGCTGGGCCCATGAGGAAAAACTACCCCCCTGGGGCAAGGAC
TGGCATCATGGCATGGGCTACATGTTCCAARATGGGGCAACCCCCTTCCTGGACCCAATGGGCAGSCGGCGGTTACCTTCTACCTTG
TTCCCCAAACCGGCCTCGGAGTGGGCGGGGGCGAAGGGCCAAGGCCC

Query 4786 AGGCAAGATGTACGCCATGAAGTGCCTGGACAAAAAGCGCATCAAGATGAAGCAGGGGGA 4845

Sbjct 1 AGGCAAGATGTACGCCATGAAGTGCCTGGACAAAAAGCGCATCARGATGAAGCAGGGGGA 60

Query 4846 ACCCTGGCCCTGAACGAGCGCATCATGCTCTCGCTCGTCAGCACTGGGGACTGCCCATT 4905

Sbjct 61 GACCCTGGCCCTGAACGAGCGCATCANGCTCTCGCTCGTCAGCACTGGGGACTGCCCATT 120

Query 4906 CCACACGCCAGACAAGCTCAGCTTCATCCTGGACCT 4965

Sbjct 121 CCACACGCCAGACAAGCTCAGCTTCATCCTGGACCT 180

Query 4966 CATGAACGGTGGGGACCTGCACTACCACCTCTCCCAGCACGGGGTCTTCTCAGAGGCTGA 5025

Sbjct 181 CATGAACGGNGGGGACCTGCACTACCACCTCTCCCAGCACGGGGTCTTCTCAGAGGCTGA 240

Query 5026 AGATCATCCTGGGCCTGGAGCACATGCACAACCGCTTCGT 5085
||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||

Sbjct 241 CTGGAGCACATGCACAACCGCTTCGT 300

Query 5086 CTACCGGGACCTGAAGCCAGCCAACATCCTTCTGGACGAGCATGGCCACGTGCGGAT 5145
||||||||||||||||||||| ELETELEETETT LT

Sbjct 301 ACCGGGACCTGAAGCCAGCCAACATCCTTCTGGACGAGCATGGCCACGTGCGGAT 360

Query 5146 CTGTGACTTCTCCAAGAAGAAGCCCCATGCCAGCGTGGGCAC 5205
||||||||||||||||||||||||||||||||| LEPLEELTEETETET T

Sbjct 361 CCTGTGACTTCTCCAAGAAGAAGCCCCATGCCAGCGTGGGCAC 420

Query 5206 GGAGGTCCTGCAGAAGGGCGTGGCCTACGACAGCAGTGCCGA 5265
||||||||||||||||||||||||||||||||| NN RRNRR RNy

Sbjct 421 GGAGGTCCTGCAGAAGGGCGTGGCCTACGACAGCAGTGCCGA 480

Query 5266 GGTGCATGCTCTTCAAGTTGCTGCGGGGGCACAGCCCCTTCCGGCA 5325
||||||||||||||||||||||||||||||||| LELETLETELT T

Sbjct 481 GTGCATGCTCTTCAAGTTGCTGCGGGGGCACAGCCCCTTCCGGCA 540

Query 5326 GCACAAGACCAAAGACAAGCATGAGATCGACCGCATGACGCTGACGATGGCCGTGGAGCT 5385

Sbjct 541 GCACAAGACCAAAGACAAGCATGAGATCGACCGCATGACGCTGACGATGGCCGTGGAGCT 600

150



Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

5386

601

5446

661

5506

721

5566

781

5626

841

5686

901

5745

961

5801

1021

5854

1081

5905

1141

ACTCCTTCTCCCCTGAACTACGCTCCCTGCTGGAGGGGTTGCTGCAGAGGGATGT

CTTCTCCCCTGAACTACGCTCCCTGCTGGAGGGGTTGCTGCAGAGGGATGT

CAACCGGAGATTGGGCTGCCTGGGCCGAGGGGCTCAGGAGGTGAAAGAGAGCCCCTTTTT

CAACCGGAGATTGGGCTGCCTGGGCCGAGGGGCTCAGGAGGTGAAAGAGAGCCCCTTTTT

AGATGGTCTTCTTGCAGAAGTACCCTCCCCCGCTGATCCCCCC

AGATGGTCTTCTTGCAAAAGTACCCTCCCCCGCTGATCCCCCC

ACGAGGGGAGGTGAACGCGGCCGACGCCTTCGACATTGGCTCCTTCGATGAGGAGGACAC

ACGAGGGGAGGTGAACGCGGCCGACGCCTTCGACATTGGCTCCTTCGATGAGGAGGACAC

AAAAGGAATCAAGTTACTGGACAGTGATCAGGAGCTCTACCGCAACTTCCCCCTCACCAT

AAAAGGAATCAAGTTACTGGACAGTGATCAGGAGCTCTACCGCAACTTCCCCCTCACCAT

CGGAGCGGTGGCAGCAGGAGGTGGCAGAGACTGTCTTCGACACCATCAACGCT-GAGA

GGAGCGGTGGCAGCAKGAGGTGGCAGAGACTGTCTTCGACACCATCAACGGTTGAGA

CAGACC~-GGCTGG-AGGCTCGCAAGAAAGCCAAGAACAAGC-AGCTGGGCC-ATGAGGAA

CAGACCCGGCTGGAAGGCTCGCAAGAAAGCCAAGAACAAGCCAGCTGGGCCCATGAGGAA

GA-CTACGCCC-TGGG-CAAGGACTG-CATCATG-CATGG-CTACATGT-CCAAGATGGG

AAACTACCCCCCTGGGGCAAGGACTGGCATCATGGCATGGGCTACATGTTCCAARATGGG

-CAACCCC-TTCCTG-ACCCAGTGG-CAG-CGGCGGT-AC-TTCTACCT-GTTCCCCAA-

GCAACCCCCTTCCTGGACCCAATGGGCAGSCGGCGGTTACCTTCTACCTTGTTCCCCAAA
CCG-CCTCG-AGTGG-CGGGG-CGA-GGGCGA-GGCCC 5936

CCGGCCTCGGAGTGGGCGGGGGCGAAGGGCCAAGGCCC 1178

151

5445

660

5505

720

5565

780

5625

840

5685

900

5744

960

5800

1020

5853

1080

5904

1140



Sequencing 17.5.2015
Primer from Mircosynth Primer List:
FastBac-rev CATTTTATGTTTCAGGTTCAGG

3_FastBacGRK2_54 FastBac-rev
CCTCTACAAATGTGGTATGGCTGATTATGATCCTCTAGTACTTCTCGACAAGCTTTCAGAGGCCGTTGGCACTGCCGCGCTGGACCA
GCGGCACCTTGCTCAGCTCCACCACGGGCGAGCGCGGCTTGTTCTTCATCTTGGGCACCCGCTGCACCAGCTGCTGGGCCTCGCGGT
AGGCGTCGCGCAGCTCCTTCTTCCACTGCACCAGCTCAGGGTCGCTATCGCACTGCAAAATGAACTGTTTCCCACCGCGGATCTTGA
GGAGCAGGCACTTGCGCTCCTTGATCTGCGTCTCCTCCACCGACTGGATCTCCTCCATGGTCAGCAGGCTCTGCGGGGCCTCGCCCT
CGCCCCGCCACTCGAGGCGGTTGGGGAACAGGTAGAAGTACCGCCGCTGCCACTGGGTCAGGAAGGGGTTGCCCATCTTGGACATGT
AGCCATGCATGATGCAGTCCTTGCCCAGGGCGTAGTCTTCCTCATGGCCCAGCTGCTTGTTCTTGGCTTTCTTGCGAGCCTCCAGCC
GGTCTGTCTCAGCGTTGATGGTGTCGAAGACAGTCTCTGCCACCTCCTGCTGCCACCGCTCCGAGATGGTGAGGGGGAAGTTGCGGT
AGAGCTCCTGATCACTGTCCAGTAACTTGATTCCTTTTGTGTCCTCCTCATCGAAGGAGCCAATGTCGAAGGCGTCGGCCGCGTTCA
CCTCCCCTCGTGGGGGGATCAGCGGGGGAGGGTACTTCTGCAAGAAGACCATCTGCCAGTCCAGGGAGCGGAAAAAGGGGCTCTCTT
TCACCTCCTGAGCCCCTCGGCCCAGGCAGCCCAATCTCCGGTTGACATCCCTCTGCAGCAACCCCTCCAGCAGGGAGCGTAGTTCAG
GGGAGAAGGAGTCGGGCAGCTCCACGGCCATCGTCAGCGTCATGCGGTCGATCTCATGCTTGTCTTTGGTCTTGTGCTGCCGGAAGG
GGCTGTGCCCCCGCAGCAACTTGAAGAGCATGCACCCCAGAGAGAACCAGTCGGCACTGCTGTCGTAGGCCACGCCCTTCTGCAGGA
CCTCCGGAGCCATGTACCCGTGGGTGCCCACGCTGGCATGGGGCTTCTTCTTGGAAAAGTCACAGGCCAGGCCCAGGTCCGARATCC
GCACGTGGCCATGCTCGTCCARAAAGGATGTTGGCTGGGTTTCAGGTCCCGGTAA

Score Expect Identities Gaps Strand
2158 bits(1168) 0.0 1179/1185(99%) 2/1185(0%) Plus/Minus

Query 5090 TACCGGGACCTGAA-GCCAGCCAACATCCTT-CTGGACGAGCATGGCCACGTGCGGATCT 5147

Sbjct 1185 TACCGGGACCTGAAACCCAGCCAACATCCTTTYTGGACGAGCATGGCCACGTGCGGATYT 1126

Query 5148 CTGGCCTGTGACTTCTCCAAGAAGAAGCCCCATGCCAGCGTGGGCACCC 5207
e 2220 AL AT
Query 5208 GGAGGTCCTGCAGAAGGGCGTGGCCTACGACAGCAGTGCCGACT 5267
'""""""""g;gguagg;g;;ggggggg&mg;g;gg;g;gzggm

Query 5268 GTTCTCTCTGGGGTGCATGCTCTTCAAGTTGCTGCGGGGGCACAGCCCCTTCCGGCAGC 5327

Sbjct 1005 GTGCATGCTCTTCAAGTTGCTGCGGGGGCACAGCCCCTTCCGGCAGC 946

Query 5328 ACAAGACCAAAGACAAGCATGAGATCGACCGCATGACGCTGACGATGGCCGTGGAGCTGC 5387

Sbjct 945 ACAAGACCAAAGACAAGCATGAGATCGACCGCATGACGCTGACGATGGCCGTGGAGCTGC 886

Query 5388 ACTCCTTCTCCCCTGAACTACGCTCCCTGCTGGAGGGGTTGCTGCAGAGGGATGTCA 5447
||||||||||||||||||||||||||||||||| NN RRRRNRRARNNRN RNy

Sbjct 885 CTTCTCCCCTGAACTACGCTCCCTGCTGGAGGGGTTGCTGCAGAGGGATGTCA 826

Query 5448 GGGCCGAGGGGCTCAGGAGGTGAAAGAGAGCCCCTTTTTCC 5507
||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||

Sbjct 825 CTCAGGAGGTGAAAGAGAGCCCCTTTTTCC 766

Query 5508 GGTCTTCTTGCAGAAGTACCCTCCCCCGCTGATCCCCCCAC 5567
||||||||||||||||||||||||||||||||| BIRRARRANRER ARy

Sbjct 765 AGATGGTCTTCTTGCAGAAGTACCCTCCCCCGCTGATCCCCCCAC 706

Query 5568 GAGGGGAGGTGAACGCGGCCGACGCCTTCGACATTGGCTCCTTCGATGAGGAGGACACAA 5627

Sbjct 705 GAGGGGAGGTGAACGCGGCCGACGCCTTCGACATTGGCTCCTTCGATGAGGAGGACACAA 646
Query 5628 AAGGAATCAAGTTACTGGACAGTGATCAGGAGCTCTACCGCAACTTCCCCCTCACCATCT 5687

Sbjct 645 AAGGAATCAAGTTACTGGACAGTGATCAGGAGCTCTACCGCAACTTCCCCCTCACCATCT 586

152



Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

5688

585

5748

525

5808

465

5868

405

5928

345

5988

285

6048

225

6108

165

6168

105

6228

45

CTTCGACACCATCAACGCTGAGACAG

CTTCGACACCATCAACGCTGAGACAG

CTGGAGGCTCGCAAGAAAGCCAAGAACAAGCAGCTGGGCCATGAGGAAGACTACG

TGGAGGCTCGCAAGAAAGCCAAGAACAAGCAGCTGGGCCATGAGGAAGACTACG

CCCTGGGCAAGGACTGCATCATGCATGGCTACATGTCCAAGATGGGCAACCCCTTCCTGA

CCCTGGGCAAGGACTGCATCATGCATGGCTACATGTCCAAGATGGGCAACCCCTTCCTGA

TTCTACCTGTTCCCCAACCGCCTCGAGTGGCGGGGCGAGG

TTCTACCTGTTCCCCAACCGCCTCGAGTGGCGGGGCGAGG

CTGACCATGGAGGAGATCCAGTC

GTGGAGGAGACGCAGA
IIIIIIIIIIIIIIIIII||||||||||||||||||||||||||||||||||||||||||
CTGACCATGGAGGAGATCCAGTCGGTGGAGGAGACGCAGA

TCAAGGAGCGCAAGTGCCTGCTCCTCAAGATCCGCGGTGGGAAACAGTTCATTTTGCAGT

TCAAGGAGCGCAAGTGCCTGCTCCTCAAGATCCGCGGTGGGAAACAGTTCATTTTGCAGT

AGCTGGTGCAGTGGAAGAAGGAGCTGCGCGACGCCTACCGCGAGG

AGCTGGTGCAGTGGAAGAAGGAGCTGCGCGACGCCTACCGCGAGG

TGCAGCGGGTGCCCAAGATGAAGAACAAGCCGCGCTCGCCCGTGGTGG

GCAGCGGGTGCCCAAGATGAAGAACAAGCCGCGCTCGCCCGTGGTGG

AGCTGAGCAAGGTGCCGCTGGTCCAGCGCGGCAGTGCCAACGGCCTCTGAAAGCTTGTCG

AGCTGAGCAAGGTGCCGCTGGTCCAGCGCGGCAGTGCCAACGGCCTCTGAAAGCTTGTCG
AGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGG 6272

AGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGG 1

153

5747

526

5807

466

5867

406

5927

346

5987

286

6047

226

6107

166

6167

106

6227

46



