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Abstract

The human heart beats more than two billion times over the average human lifespan. To maintain
reliable functioning of this organ throughout a lifetime, the molecular architecture underlying
contraction and relaxation of the heart’s muscle cells has evolved to withstand the continuous
mechanical strain and to dynamically adapt the workload to the oxygen demand of the body. Such
adaption is regulated by biochemical networks which process the information contained in various
humoral and mechanical signals.

Among the largest molecules in heart muscle cells is the protein obscurin. It provides a direct
physical link between the sarcomere, the contractile machinery of the cell, and the sarcoplasmic
reticulum from which the calcium transients originate that control contraction. Obscurin also
features multiple, yet barely characterised signalling domains including two kinase domains, an
SH3 domain and a DH-PH Rho GEF domain tandem, suggesting obscurin may be involved in
complex signalling functions. Although increasing numbers of missense mutations in the obscurin
protein have been associated with cardiomyopathies and skeletal muscle diseases, the mechanism of
action of these potentially pathogenic variants remains unknown. One of the few genetic variants
characterised in more detail is the variant Arg4344Gln in obscurin domain Ig58. Although found
in about 1 in 7 African Americans, some scholars argue that this variant is pathogenic because
it has been reported to cause dilated cardiomyopathy and cardiac arrhythmias in mice due to
a strengthened interaction between obscurin and phospholamban. Phospholamban is among the
smallest proteins in heart muscle cells and an important mediator of the “fight-or-flight” response.
Under resting conditions, phospholamban inhibits the calcium pump SERCA2a. The binding
of catecholamines such as adrenaline to the (-adrenergic receptors of cardiomyocytes leads to
activation of protein kinase A which phosphorylates phospholamban and thereby releases SERCA2a
inhibition, resulting in faster calcium reuptake into the sarcoplasmic reticulum, faster relaxation
and stronger contraction of the heart. Phospholamban, too, can harbour genetic mutations, some
of which lead to severe and lethal cardiomyopathies. Phospholamban also forms homo-pentamers
whose physiological functions are still unknown.

The present work investigates selected biochemical signal processing aspects of obscurin and
phospholamban in the context of cardiomyocyte physiology and genetic mutations.

The first project established the recombinant production of obscurin DH and DH-PH domains
and provided a first in vitro biochemical characterisation of it’s catalytic activity, post-translational
modification and binding partners. It is found that recombinant DH and DH-PH domains of
obscurin purified from FE. coli do not possess in vitro GEF activity towards any classical Rho
GTPase but can be phosphorylated and dephosphorylated by several kinases and phosphatases of
relevance in cardiac physiology.

A second project systematically investigated the effect of several potentially pathogenic missense
mutations in obscurin domains Ig58 and Ig59 on previously reported protein-protein interactions
between obscurin and titin, the titin isoform novex-3 and phospholamban. An important finding
was that the previously reported interaction with phospholamban is an in vitro artefact and that
the phenotype observed in Arg4344Gln mice does likely not translate to humans.

A third project studied the potential signal processing abilities of homo-oligomers with a par-
ticular emphasis on the physiological role of phospholamban pentamers. Starting with general
mathematical models of homo-oligomerisation, it was found that homo-oligomerisation could pro-

vide an unanticipated wealth of non-linear dynamics and signal processing functions including



dynamic signal encoding and homeostatic monomer buffering. Furthermore, homo-oligomers are
found to constitute pseudo-multisite phosphorylation systems that allow ultrasensitive or bistable
steady-state phosphorylation responses in simulations. Applying these concepts to phospholamban
demonstrated that phospholamban pentamers indeed cause ultrasensitive and bistable phospho-
rylation both in numerical simulations and in experiments. Pentamers are moreover found to
constitute a substrate competition based low-pass filter for phosphorylation of phospholamban
monomers. These mechanisms could contribute to the prevention of cardiac arrhythmias in the
context of 3-adrenergic stimulation and may be impaired by the pathogenic phospholamban mu-
tation R14del.

Taken together, the presented work contributes to the understanding of several related signal

processing functions in heart muscle cells relevant to cardiac physiology and disease.
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Chapter 1

Introduction

1.1 Background

The cardiovascular system is responsible for the transport and exchange of gases, metabolites,
signal molecules and cellular components between organs and tissues via a continuous circulation
of blood. The heart is the muscular pump that maintains the flow of blood through the body’s
blood vessels via coordinated, periodic contractions throughout an organism’s lifetime.

Only by utilising oxygen for ATP synthesis via oxidative phosphorylation can the high energy
demands of complex multicellular organisms be met. Since oxygen is normally available at all
times in our environment, the capacity of our body to store oxygen or to utilise anaerobic energy
production is limited. Under the acute absence of supply, oxygen becomes the limiting factor
in cellular ATP production. Without ATP, our cells lack the energy required to maintain their
complex organisation and structural integrity: their non-equilibrium organisation disintegrates
according to the laws of thermodynamics. Although it is arbitrary to make judgements about
the relative importance of the different functions of the cardiovascular system for maintaining
physiological homeostasis, its role in supplying oxygen is what makes acute failure lethal.

The relevance of the cardiovascular system for human health is highlighted by the global death
statistics: almost a third of all deaths in 2017 were caused by cardiovascular diseases such as
ischemic heart disease and stroke (Roth et al. 2018). Although many cases of cardiovascular disease
can be attributed to increasing age and lifestyle (unhealthy diet, smoking, lack of exercise), genetic
causes for cardiovascular diseases are not uncommon (Eckel 1997; Kannel and McGee 1979; Lavie
et al. 2019; North and Sinclair 2012). Familial hypertrophic cardiomyopathy, for instance, affects
1 out of 500 people in the USA and is often caused by genetic mutations impairing the functioning
of the sarcomere, i.e. the contractile machinery of heart muscle cells (Alcalai et al. 2008; Marian
2021; Maron and Maron 2013). Even in the absence of monogenic causes, recent evidence from
genome-wide association studies showed that the risk for heart diseases such as cardiomyopathy
and cardiac arrhythmias is strongly influenced by polygenic factors, i.e. by the presence of multiple
(sometimes quite common) genetic variants which can influence how deleterious other mutations
will be (Tadros et al. 2021; Roselli et al. 2020; Harper et al. 2021).

At a normal resting heart rate of about 60 to 100 beats per minute, the human heart contracts
more than 30 to 50 million times each year, adding up to more than 2 to 3 billion heartbeats over
the average human lifespan of 70 years. The continuous mechanical workload and the requirement

to dynamically respond to various levels of oxygen demand have shaped the evolution of the
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CHAPTER 1. INTRODUCTION 14

heart including its anatomy and the molecular organisation of its components and regulatory
mechanisms. To understand how this biological and molecular organisation regulates and maintains
the functioning of the heart with such astonishing fidelity despite its tremendous workload is an
ongoing endeavour. Before presenting the questions and aims which motivated the present study,

we shall review the required physiological and biochemical context.

1.2 Anatomy and physiology of the heart

A single heartbeat can be subdivided into two main phases: systole and diastole. During systole,
the heart contracts, thereby ejecting the blood from the heart chambers into the blood vessels
of the circulatory system. During the following diastole, the heart muscle relaxes and dilates so
that the heart chambers can refill with blood. To understand how the periodic contraction and
relaxation of the heart leads to a unidirectional flow of blood, we will review some basic anatomy
of the heart.

The heart consists of four muscular chambers: the left and right ventricle, each of which has a
smaller atrial chamber attached to it. The ventricles have strong muscular walls required to eject
the blood against the resistance of the connected vessels, whereas the atria have relatively thin
walls. Valves between atria and ventricles and valves between ventricles and aorta or pulmonary
artery ensure unidirectionality of blood flow (Standring 2016). In order to understand this archi-
tecture, it helps to visualise the flow of blood as it passes the different compartments of the heart:
deoxygenated blood reaches the heart via the venae cavae (numbers 1 and 2 in Figure 1.1A) and
is collected in the right atrium (3). During diastole, the tricuspid valve (4) opens, and blood flows
into the right ventricle (5). Oxygenated blood from the lungs reaches the left atrium (9) via the
pulmonary veins (8), accordingly. During diastole, the mitral valve (10) opens, allowing the left
ventricle (11) to be filled with blood. The valves in the pulmonary artery (6) and aorta (12) are
closed during diastole, thereby preventing retrograde blood flow from the lungs or the aorta into
the ventricles. During systole, both ventricles contract and build up pressure which closes tricuspid
and mitral valves. Once the pressure is high enough, pulmonary and aortic valves give in and blood
is ejected from the right ventricle through the pulmonary artery (7) and from the left ventricle via
the aorta (13). After systole, the ventricles relax and refilling starts with the next diastole (Hall
2016).

The contractions of the heart are triggered and coordinated by electrical activity: Specialised
pace-maker cells localised in the sinoatrial node of the right atrium and the AV-node in the lower
interatrial septum of the right atrium before the tricuspid valve generate rhythmic electrical pulses
(Hall 2016). These are propagated to the ventricles by the cardiac conduction system consisting
of the His-bundle which splits into a left and right bundle branch from which Purkinje-fibres
are sprouting, penetrating the depths of the ventricular muscle tissue. The muscle tissue itself
is made up of cardiomyocytes, striated muscle cells specific to the heart. Once the electrical
activity has reached a cardiomyocyte, it is further propagated to neighbouring cardiomyocytes via
gap-junctions which establish electrical coupling between cells (Figure 1.1B) (Hall 2016). Most
importantly, cardiomyocytes are responsible for translating the electrical activity of the heart into
mechanical activity by contracting. To see how this works, we need to consider their molecular

architecture and organisation.
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Figure 1.1. Schematic depiction of the heart from the organ to the subcellular level.

A, Anatomy of the heart. Schematic of the fenestrated heart shows the basic four-chamber architecture, affer-
ent and efferent blood vessels and valves. White arrows depict the direction of blood flow. Picture adapted
from Wapcaplet, https://commons.wikimedia.org/wiki/File:Diagram of the human heart (cropped).svg, ac-
cessed 18/06/2021, under the Creative Commons Attribution-Share Alike 3.0 Unported licence. B, Cardiomyocytes
in the heart muscle are responsible for contraction of the heart. Basic features such as their striated appearance and
their electrical coupling via gap-junctions are highlighted. C, Scheme in the longitudinal axis representing the molec-
ular architecture of cardiomyocytes including the sarcomere, sarcoplasmic reticulum and key molecules involved in
excitation-contraction coupling and B-adrenergic signalling. Contraction is initiated by membrane depolarisation
which triggers a calcium transient that activates the thin filaments and enables cross-bridge cycling. B-adrenergic
stimulation leads to faster relaxation by enhancing SERCA activity via PLN phosphorylation, thereby reducing
the time for calcium to be removed after release. The sarcomeric organisation and the positioning of obscurin is
essentially identical in skeletal myocytes. Abbreviations: AC = adenylate cyclase, 31-AR = (1-adrenergic receptor,
cAMP = cyclic adenosine mono-phosphate, Ca,1.1 = voltage-gated L-type calcium channel, PKA = protein kinase
A, PLN = phospholamban, RyR = ryanodine receptor, SERCA = sarco(endo)plasmic reticulum calcium ATPase,

SR = sarcoplasmic reticulum.
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1.3 The molecular architecture of cardiomyocytes

A striking visual hallmark when inspecting cardiomyocytes under a microscope is their striated
appearance (Figure 1.1B). These striations result from the highly regular arrangement of myofila-
ments into sarcomeres (Figure 1.1C). The optical and microscopic appearance resulting from the
molecular organisation of its components gave rise to a classification of different sarcomeric regions
including Z-disc, I, A- and M-band. Sarcomeres are the smallest contractile units of muscle fibres
and molecular machines responsible for contraction. Among the most prominent structures of
sarcomeres are the thin filaments (mainly composed of F-actin) and the thick filaments (mainly
consisting of myosin) whose myosin heads are the molecular motors converting the energy stored
in the form of ATP into mechanical force. In order to produce force by contraction, however,
sarcomeres need to be activated by high intracellular calcium concentration (Ca*). Importantly,
intracellular Ca?* represents the molecular link between the electrical and mechanical activity of
the heart (excitation-contraction coupling). If and when electrical activity in form of an action
potential (AP) is propagated along the cardiomyocyte membrane (sarcolemma) and into t-tubules,
transverse membrane invaginations of the sarcolemma, the membrane depolarisation opens voltage-
gated Ca?"-channels (L-type) and allows extracellular Ca?* to enter. The Ca®" influx activates
ryanodine receptors (RyRs) on the junctional side of the sarcoplasmic reticulum (SR; the inter-
nal calcium storage of cardiomyocytes) which are in juxtaposition to the T-tubular L-Type Ca%*
channels (Eisner et al. 2017; Hall 2016). RyR activation triggers further Ca?" efflux from the SR,
resulting in a pronounced Ca?* amplitude of up to 600 nM, although local [Ca?*] can exceed 50
pM (Bers 2002).

Following its release, Ca?* binds to Troponin C of the troponin complex on the thin filaments,
resulting in a conformational rearrangement of tropomyosin which leads to the availability of
binding sites for myosin heads on the thin filament and thereby enables force production and
sarcomeric contraction via cross-bridge cycling (Berg et al. 2015). In order to terminate the
contraction, Ca?* needs to be removed from the cytosol again. The sarco(endo)-plasmic reticulum
Ca?" ATPase (SERCA) is the calcium pump responsible for removing 70 to >90% of the Ca?*
by reuptake into the SR, whereas the remaining Ca?* is removed by the sarcolemmal sodium-
calcium exchanger (NCX), the plasma membrane Ca®*-ATPase (PMCA) and mitochondrial uptake
(although the latter two mechanisms only account for less than 2% of calcium removal) (Bers
2002). Once enough Ca?* has been removed, the thin filaments switch off and cross-bridge cycling
is terminated, the cardiomyocytes relax and become ready for another contraction cycle.

The outlined sequence of mechanisms triggered by electrical stimulation is what is underlying
each heart beat on a molecular level. While the molecular details of muscle cell organisation and
contraction have been studied for decades, it is becoming increasingly clear that the regulation and
maintenance of activity and integrity of the sarcomere and SR requires a multitude of structural

and signalling factors.

1.4 Obscurin

1.4.1 An obscure muscle giant

A factor with both structural and putative signalling functions is the giant muscle protein obscurin

(Young et al. 2001). Mammalian obscurin has been discovered in 2001 in a yeast-two-hybrid screen
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as an interaction partner of the muscle protein titin by Young et al. The protein’s unusual name
has been chosen by the authors “after the adjective obscure, defined in the New Oxford Dictionary
as meaning: (a) difficult to see or make out, (b) not well known, or (c) not easily understood.
All three meanings are appropriate to obscurin, which has not been identified previously and has
proven difficult to characterise because of its complexity, large size, and relatively low abundance”
(Young et al. 2001).

While its interactions with some components of the sarcomere (e.g. titin or myomesin) and SR
(small Ankyrin-1) are well established, other interactions (e.g. with phospholamban at the SR)
and the role of its signalling domains are still poorly characterised (Fukuzawa et al. 2008; Hu et al.
2017; Kontrogianni-Konstantopoulos et al. 2003; Young et al. 2001). Interestingly, the interaction
between obscurin and small ankyrins is the first physical link which has been discovered between
the sarcomere and the SR (Kontrogianni-Konstantopoulos et al. 2003; Lange et al. 2012; Desmond
et al. 2015). The only physiological function of obscurin understood with some certainty to date
is a contribution of this link to the structural integrity of sarcolemmal and SR membranes (Lange
et al. 2009; Randazzo et al. 2013a). Considering its complexity of domains, interactions, isoforms
and their distinct subcellular localisations during muscle development, it is unlikely, however, that
maintenance of membrane integrity is the only function of obscurin.

Obscurin is an exceptionally large protein of which four isoforms have been confirmed exper-
imentally so far: two large isoforms obscurin A and B as well as two smaller isoforms containing
different combinations of signalling domains (Fukuzawa et al. 2005). Due to a significant potential
for differential splicing, more isoforms may exist (Fukuzawa et al. 2005). Depending on the isoform,
obscurin comprises up to 70 Ig-domains, zero to three Fibronectin type 3 domains, an IQ-motif, an
SH3 domain, a Rho GEF DH-PH domain tandem and two kinase domains (Figure 1.2) (Fukuzawa
et al. 2005). Another protein closely to obscurin is obscurin-like 1 (obsl-1) which is likely the
result of a duplication of the original obscurin gene but lacks the signalling domains of obscurin
(Figure 1.2) (Geisler et al. 2007).

Obscurin A
Obscurin B
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O Immunoglobulin (Ig) domain Kinases
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D Fibronectin type 3 domain Mini A @

Obscurin-like 1
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Figure 1.2. Experimentally confirmed obscurin isoforms and their domain compositions.

Large obscurin isoforms A and B consist mainly of Ig- and fibronectin-domains which likely have structural purposes.
In addition all isoforms feature multiple signalling domains such as an SH3 domain, Rho GEF domains (DH, PH) or
kinase domains (Kinl, Kin2), suggesting obscurin may play complex signalling functions in muscle cells. Obscurin-
like 1 is a homologue of obscurin which is essentially identical to the region comprising the first 20 N-terminal

domains of large obscurin isoforms and features no signalling domains.
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1.4.2 Localisation of obscurin

Where exactly and at what developmental stage different obscurin isoforms are expressed and how
this affects the function of obscurin is poorly understood. Using antibodies against a range of dif-
ferent epitopes (Ig19-Ig20, Ig58-1g59, 1Q-motif and DH-domain), consistent M-band staining has
been reported in most immuno-fluorescence microscopy studies of mature sarcomeres from multiple
species (Young et al. 2001; Carlsson et al. 2008; Fukuzawa et al. 2008). The earliest detectable
epitope, however, was Igh8-Ig59 at the Z-disc of chicken cardiomyocytes during the c8-c11 somite
stages, whereas the remaining epitopes either exhibited diffuse localisation (IQ- and DH-domain)
or were not detectable (Ig19-Ig20) (Young et al. 2001). Carlsson et al. 2008, who used the same
Ig58-1g59 and 1Q-domain antibodies from Young et al. 2001 on human skeletal muscle sections,
reported that obscurin can additionally be found at the sarcolemma and postsynaptic neuromus-
cular junctions. Following exercise, the authors could furthermore detect diffuse recruitment of
obscurin to sarcomeric lesions (Carlsson et al. 2008). Bang and colleagues studied the localisation
of obscurin in cardiomyocytes from rat left ventricular tissue with different antibodies directed
against Fn6-Ig7 at the N-terminus of obscurin and against an Ig58-Ig59-Fn60 domain triplet. For
the N-terminal Fn6-Ig7 domains of obscurin, the authors reported localisation at both the Z-disc
and M-band, whereas the Igh8-Ig59-Fn60 antibody resulted in a signal in the vicinity, but not the
centre of the Z-disc, which was further confirmed by the similar localisation pattern of GFP-tagged
and transiently transfected obscurin Ig58-Ig59-Fn60 in NRCs (Bang et al. 2001). Another study
by Bowman et al. 2007 studied the localisation of obscurin in rat extensor digitorum longus using
antibodies against the N-terminal Igl-Ig2 domains, against the C-terminal ankyrin-binding region
in obscurin, against Ig68 N-terminally of the first kinase domain in obscurin B, as well as a differ-
ent antibody against the DH-domain than used in Young et al. 2001. Clear M-band staining was
observed for Igl-Ig2, the DH-domain and the C-terminus of obscurin A, although the latter was
to a lesser extent also localised to the Z-disc (Bowman et al. 2007). In contrast, a broad signal
surrounding the Z-disc was obtained with the antibody against Ig68, which was interpreted by the
authors as Z/I and I/A junctional localisation(Bowman et al. 2007). Similarly, antibodies against
different parts of the inter-kinase region and the N-terminal kinase domain of obscurin resulted in
both M-band and Z-disc staining and to a lesser degree to staining of other structures (Hu and
Kontrogianni-Konstantopoulos 2013).

The mechanism responsible for targeting obscurin (and obsl-1) to the M-band has been discov-
ered by Fukuzawa et al. who showed that titin, myomesin and obscurin form a ternary complex
in which each molecule has a separate binding site for the other two (Igl of obscurin/obsl-1 binds
to titin M10, whereas Ig3 of obscurin/obsl-1 binds to the interdomain linker between myomesin
domains M4 and M5). The functional relevance of these interactions is demonstrated by the fact
that overexpression of the minimal binding regions of titin or myomesin can outcompete these
interactions and result in the mislocalisation of endogenous obscurin (Fukuzawa et al. 2008).

Unc89, the orthologue of obscurin in D. melanogaster and C. elegans, localises to the M-band,
too, where it covers the whole cross-sectional plane (Katzemich et al. 2012; Qadota et al. 2017).
In contrast, cross-sections stained with antibodies against obsl-1 Igl, obscurin Igl-Ig2, Ig58-1g59
and the ankyrin-binding site of obscurin A revealed that vertebrate obscurin is localised at the
periphery of the sarcomere, whereas obsl-1 is an intra-sarcomeric protein (Fukuzawa et al. 2008;
Kontrogianni-Konstantopoulos et al. 2003). Moreover, the signal obtained for obscurin showed

good alignment to the signal obtained with SERCA staining, suggesting spatial vicinity between
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parts of obscurin and SERCA (Fukuzawa et al. 2008). Taken together, it therefore appears that
obscurin is not an intra-sarcomeric protein but rather attached to the periphery of the M-band.

The domain composition of obscurin A and B implies that both isoforms have the required
binding sites to localise to the M-band as well as to the Z-disc. Yet, the published localisation
reports are somewhat contradictory. While Bang et al. reported the N-terminus (Ig6-Fn7) of
obscurin to be localised simultaneously to the M-band and the Z-disc of adult rat left ventricular
sarcomeres, Bowman et al., studying the localisation of obscurin in rat extensor digitorum longus,
found the C-terminus of obscurin A to be localised both to M-band and the Z-disc, whereas the
N-terminus and the DH-domain were found at the M-band and to a lesser degree at I/A junctions
(Bang et al. 2001; Bowman et al. 2007). Z-disc localisation of the large A and B isoforms in
adult myocytes is unlikely since both isoforms comprise the majority of epitopes studied so far.
Excluding the C-terminal kinase domains and the ankyrin binding region, these are six separate
epitopes from different regions (Igl-Ig2, Ig6-Fn7, Ig19-1g20, IQ-motif, Ig58-Ig59, and DH-domain)
which have been studied by seven antibodies (two against the DH-domain). Z-disc localisation of
any large isoform would therefore lead to consistent Z-disc staining by multiple antibodies. Since
this is not the case, the observed Z-disc and I/A junctional staining perhaps result from smaller
isoforms comprising the kinase or Rho GEF domains (Bowman et al. 2007).

Thus, consistent staining for multiple epitopes renders the M-band the most likely localisation
for the large obscurin isoforms. For obscurin A, the localisation and orientation can be further
specified by noting that the N-terminus is anchored to the M-band via titin and myomesin and
the C-terminus is well established to bind and colocalise to small ankyrins (Fukuzawa et al. 2008;
Bagnato et al. 2003; Kontrogianni-Konstantopoulos et al. 2003; Cunha and Mohler 2008). Obscurin
A thus creates a direct connection between the M-band and the SR. The localisation of the C-
terminus of obscurin B, however, remains an open question. Another question yet to be answered
is how the observed localisation shift of the Ig58-Ig59 epitope (present in obscurin A and B) from

the embryonic Z-disc to the mature M-band is regulated.

1.4.3 Functional roles of obscurin

When it comes to the functional roles of obscurin, Young et al.’s choice of name remains essentially
adequate despite some progress and almost two decades of research.

The first role proposed for obscurin was the regulation of sarcomere assembly. The earliest
evidence for an involvement in sarcomere assembly came directly with the discovery of the inverte-
brate orthologue of obscurin, unc89, twenty years before the discovery of human obscurin: Unc89
was found in a study which searched for genes that determine muscle structure based on screening
chemically induced random mutations in C. elegans (Waterston et al. 1980). Unc89 was defined as
the genetic locus identified in a mutant strain with missing M-bands and a failure to incorporate
thick filaments into A-bands. Animals with these mutations were generally viable but smaller
than wild-type animals. Despite these seemingly major structural alterations, the animals were
surprisingly unimpaired in their general motility (Waterston et al. 1980). A detailed analysis of the
gene sequence showed that unc89, similar to obscurin, consists mainly of Ig-domains interspersed
by several signalling domains including N-terminal SH3 and DH-PH domains and two C-terminal
kinase domains (Benian et al. 1996). In agreement with the context of discovery of unc89, many
of its domains have been shown to interact with and regulate the localisation of other proteins
involved in sarcomere organisation (Katzemich et al. 2015; Qadota et al. 2018; Warner et al. 2013).
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Later studies on C. elegans and D. melanogaster further substantiated that unc89 plays a role
in regulating the structure of the sarcomere: the Rho GEF DH-PH domains were found to be
important for thick filament organisation in C. elegans as mutants lacking these domains or RNAi
based downregulation of their putative substrate RHO-1 (an invertebrate orthologue of RhoA) led
to a misdistribution of myosin heavy chains (Qadota et al. 2008b). Decreasing the expression levels
of unc89 in D. melanogaster using the same RNAi based approach resulted in severe sarcomeric
aberrations including abnormal length of thin filaments, misaligned H- and missing M-bands and
defects of myosin incorporation into A-bands (Katzemich et al. 2012).

After the discovery of vertebrate obscurin, a series of papers from the laboratories of Bloch,
Russell and Kontrogianni-Konstantopoulos adopted the concept proposed for unc89 and suggested
a similar role in sarcomere assembly and myofibrillogenesis for obscurin. In the first of these studies,
the authors used adenoviral gene transfer of the C-terminus of obscurin A into myotubes from rat
hind limb and found that obscurin prevented the integration of myosin into A-bands (Kontrogianni-
Konstantopoulos et al. 2004). Mechanistically, the authors stipulated that obscurin is responsible
for correct myosin targeting based on a direct interaction between obscurin and myosin which they
identified using co-immunoprecipitation (Kontrogianni-Konstantopoulos et al. 2004). Three subse-
quent studies in different species and myocyte types reported that downregulation of obscurin using
siRNA and morpholino antisense approaches resulted in blurred or disrupted M-bands, incorrect
localisation of titin and myosin heavy chains and lateral misalignment of myofibrils (Borisov et al.
2006; Kontrogianni-Konstantopoulos et al. 2006; Raeker et al. 2006).

In contradiction to the studies postulating a role in myofibril and sarcomere organisation, how-
ever, the deletion of large obscurin isoforms A and B in mice had no observable effect on the
alignment of myofibrils or on the ultrastructure of sarcomeres (Lange et al. 2009). Furthermore,
obscurin knock-out mice were viable, appeared generally healthy and showed no overt pathological
phenotype (Lange et al. 2009). Although obscurin deletion led to minor reductions in fibre length
and muscle mass, functional parameters of contraction and relaxation were not affected (Lange
et al. 2009). One of the few observable effects of deleting large obscurin isoforms, however, was
a retraction of the longitudinal SR away from the M-band and towards the junctional SR which
was further accompanied by incorrect localisation and reduction of sAnkl1.5, the ligand of the
C-terminus of obscurin A (Lange et al. 2009; Lange et al. 2012). When forced to run until exhaus-
tion, however, obscurin knock-out mice showed significantly less endurance than their wild-type
littermates and demonstrated more signs of muscle damage including fibrosis, leukocyte infiltra-
tion, wave-like and disturbed myofibrils and altered Z-discs and M-bands (Randazzo et al. 2017a).
More recently, a double knock-out mouse model lacking both obscurin and obsl-1 (a smaller protein
encoded by OBSL1 which is homologous to the N-terminus of obscurin A and B) confirmed that
even the double-knock-out of obscurin and obsl-1 does not lead to structural alterations of the
sarcomere, but to even more pronounced disorganisation of the SR and sarcolemmal membrane
complexes (Blondelle et al. 2019).

Taken together, these findings indicate that obscurin is unlikely to be essential for sarcomere
assembly or myofibril organisation but is structurally required to tether the longitudinal SR to the
M-band and to maintain sarcolemmal membrane integrity, particularly in the context of increased
physical strain. The discrepancy between early in vitro studies and the findings from the knock-out
mice may be explained by multiple aspects: firstly, a limitation of Lange et al. 2009 is that the
knock-out mice may not represent a complete loss-of-function model as the smaller kinase isoform

of obscurin was still expressed due to alternate promoter usage. Furthermore, compared to humans,
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invertebrate and zebrafish exhibit important differences both in obscurin and relevant interaction
partners. The invertebrate homologue of obscurin, unc89, for instance, differs drastically in the
position of the Rho GEF signalling domains: instead of being positioned at the C-terminal third,
the SH3, DH and PH domains are found at the very N-terminus of unc89 in D. melanogaster and
C. elegans (cf. e.g. NCBI reference sequences NM _ 001103970 and NM_001025814) (Katzemich
et al. 2012). Furthermore, unc89 is found throughout the whole cross-sectional plane of the M-band
instead of covering only the periphery like vertebrate obscurin (Katzemich et al. 2012; Qadota et al.
2017). This could be explained by an interaction of the SH3 domain of unc89 with paramyosin
(Qadota et al. 2016). Paramyosin is an invertebrate-specific protein in the core of thick filaments
required for correct thick filament assembly (Hooper et al. 2008). Insights about invertebrate
muscle, which rely on obscurin’s interaction with paramyosin and thick filaments, are therefore
unlikely to translate to humans.

Zebrafish, on the other hand, have significantly more members in the Rho-family of small
GTPases than humans or mice (zebrafish have e.g. five RhoA homologues) but potentially no
homologue of RhoQ, all of which may be putative substrates of obscurin’s DH-PH domain tan-
dem (Salas-Vidal et al. 2005). Secondly, siRNA and related downregulation approaches can have
“off-target” effects which may impair other processes important for sarcomere or myofibril organ-
isation (Jackson et al. 2006). Finally, due to the nature of the preparation procedure, isolated
(cardio-)myocytes necessarily experience a substantial amount of physical stress and typical cell
culture conditions only have limited resemblance with the in vivo environment in terms of substrate
stiffness, extracellular matrix composition, cell type diversity and humoral stimulation. Thus, if
obscurin has protective functions, the increased physical stress to which isolated cells are subjected
may lead to alterations in sarcomere structure which may be misinterpreted as impaired de novo

assembly of sarcomeres and myofibrils.

1.4.4 Potential functions beyond safeguarding membrane integrity

The only function established for obscurin without contrary evidence from other studies so far is
a role in maintaining the structural organisation and integrity of SR and sarcolemmal membranes
(Lange et al. 2009; Blondelle et al. 2019). However, a synopsis of the literature on obscurin
reveals that it is at least highly likely that obscurin plays a more general role in the response of
cardiomyocytes to mechanical strain. Given that obscurin has several signalling domains, it is
also likely that it plays a role in receiving and transducing signals either as a mechano-transducer
and/or in other contexts. The following sections review both possibilities.

1.4.5 Obscurin in the context of mechanical forces

The sarcomeres of muscle cells in general and of cardiomyocytes in particular need to withstand
the considerable mechanical forces they generate on a molecular level. To fulfil this requirement,
sarcomeres require continuous maintenance (Boateng and Goldspink 2008). Multiple independent
research groups have reported obscurin to be associated with contexts of increased mechanical
strain to the heart and or skeletal muscles. One of the first of such studies reported that mRNA-
transcripts of obscurin isoforms containing the Rho GEF domains were significantly increased in
mice subjected to aortic banding (which, by reducing the diameter of the aorta, leads to a higher
resistance against which the heart has to work during the systolic ejection phase) (Borisov et
al. 2003). In human muscle biopsies from healthy volunteers following acute exercise, Carlsson
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et al. 2008, as mentioned above, found obscurin to be localised to the site of sarcomeric lesions.
Interestingly, this observed recruitment of obscurin to sites of sarcomeric lesions strongly resembles
similar patterns reported for filamin C, which is a muscle protein connecting the sarcomeric Z-disc
with the sarcolemma (Bénnemann et al. 2003). Upon damage to the sarcomere, however, filamin C
is recruited to the sarcomeric lesions where it is proposed to be involved in forming a non-contractile
patch and reported to recruit further proteins to initiate the repair of the sarcomere (Leber et al.
2016; Orfanos et al. 2016). The striking similarity between filamin C and obscurin in connecting one
of the anchoring planes of the sarcomere with membrane structures and the dynamic recruitment
of both proteins to sarcomeric lesions indicates that obscurin could be involved in similar processes
as filamin C. Interestingly, a recent study which included a clinical case report indicated that a
mutation in obscurin domain Ig59 (Arg4444Trp) accelerated the time of onset in two patients with
distal muscular dystrophy caused by a filamin C frameshift mutation (Rossi et al. 2017). More
evidence for a role in sarcomeric maintenance or repair after mechanical damage comes from the
above-mentioned observation that obscurin knock-out mice exhibited more muscle damage after
exhaustive running exercise than their wild-type littermates and also showed altered H-, M-Band
and Z-disc structures not observed in the wild-type mice (Randazzo et al. 2017a).

Lastly, a series of reviews stressed the mechanobiological importance of the sarcomeric M-band
for striated muscle (Agarkova et al. 2003; Agarkova and Perriard 2005; Agarkova and Ehler 2015;
Lange et al. 2005; Lange et al. 2020). In contrast to the Z-disc, the M-band is more elastic which
is attributed to flexible and spring-like regions in titin and myomesin (Agarkova and Ehler 2015).
The ternary complex between obscurin (or obsl-1), myomesin and titin may be important for
these mechanical properties (Fukuzawa et al. 2008; Pernigo et al. 2017). Moreover, based on the
in-solution structural characterisation of tandem Ig-domains and molecular dynamics simulations,
the Ig-domain organisation has recently been proposed to confer elastic properties to obscurin itself
(Whitley et al. 2019). This elasticity of the M-band is believed to provide a buffer to mechanical
shear forces which otherwise may damage the sarcomere. Specifically, since the position of the
thick myofilaments is considered to be intrinsically unstable, the elasticity of the M-band may
help to counterbalance and distribute shear forces to ensure symmetric contraction along the
longitudinal axis of the sarcomere (Agarkova et al. 2003). Connections between the sarcomere and
the sarcolemma or costameres (see below) could further improve stability (Agarkova et al. 2003). In
addition to these mechano-protective roles, the M-band is also considered to be an ideal structure
for sensing mechanical forces and translating these into biochemical signals to initiate adaptive
processes. One candidate mechanosensor at the M-band is titin-kinase in which an autoinhibitory
region obstructing the catalytic site has been demonstrated to be relieved by force in molecular
dynamics simulations and experimentally by atomic force microscopy (Gréter et al. 2005; Puchner
et al. 2008). The catalytic activity of titin-kinase has been a subject of debate as no substrate
has yet been identified and replacing residues in the active site of the invertebrate homologue
twitchin-kinase with those found in titin silences the otherwise catalytically active twitchin-kinase
(Bogomolovas et al. 2014). Regardless of whether human titin-kinase possesses catalytical activity
or not, it may in either case act as force-sensor due to force-dependent availability of binding
sites to interaction partners such as nbrl and MuRF ubiquitin-ligases (Bogomolovas et al. 2014;
Agarkova and Ehler 2015; Lange et al. 2020).

Interestingly, obscurin is among a group of proteins strongly phosphorylated in cardiac and
skeletal muscle after exercise, although the identity of the responsible kinases is currently unknown
(Guo et al. 2017; Potts et al. 2017). In skeletal muscle, the largest fold-change in phosphorylation
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after exercise was observed in a serine residue of the linker between the SH3 and DH domain of
obscurin, indicating that some of the hypothesized mechanobiological roles of obscurin might be
linked to the signalling domains of obscurin. Indeed, mechanical stretch and overexpression of the
obscurin Rho GEF domains have been reported to lead to a redistribution of the putative substrate
RhoA from the M-band to the Z-disc/I-band (Ford-Speelman et al. 2009).

1.5 Signalling processes associated with obscurin

Several lines of evidence imply obscurin to be involved in signalling processes, although most

aspects are only rudiments and require further experimental work.

1.5.1 Calcium signalling

The first line of evidence links obscurin to the regulation of calcium cycling in (cardio-)myocytes.
Truncation mutations of large unc89 isoforms in C. elegans were reported to lead to significantly
attenuated calcium transients, indicating reduced calcium mobilisation (Spooner et al. 2012). Ver-
tebrate obscurin, too, can influence calcium handling. Cardiomyocytes from a mouse model of the
human genetic variant Arg4344Gln in obscurin domain Ig58 exhibited increased calcium amplitudes
and higher decay constants resulting from the increased function of the SR-calcium pump SERCA,
which the authors attributed to increased sequestration of the SERCA inhibitor PLN by obscurin
(Hu et al. 2017). In contrast, an obscurin Ig58-Ig59 deletion mouse model resulted in a slower
decay of the calcium transient (Grogan et al. 2020). Moreover, mice from both lines developed
cardiac arrhythmias and exhibited alterations in expression and phosphorylation levels of calcium
handling proteins including SERCA, PLN and RyR, although the effects differed between mouse
models and the effects of Ig58-Ig59 deletion were mostly restricted to male mice (Grogan et al.
2020; Hu et al. 2017). While some of these effects could be related to the structural organisation
of the longitudinal SR network (Lange et al. 2009; Spooner et al. 2012), it is likely that obscurin
is more directly involved in calcium signalling, too. For example, obscurin has at least two inde-
pendent binding sites for the calcium-binding protein calmodulin: one IQ-motif between domains
Ig61 and Ig62, which has been shown to constitutively bind calmodulin, and a basic amphipathic
sequence following kinase domain 1 in obscurin B (Young et al. 2001; Fukuzawa et al. 2005). Be-
ing a calcium sensor, calmodulin could thus regulate obscurin function in a calcium-dependent
manner (Bdhler and Rhoads 2002). In addition, obscurin has been reported to interact directly
and indirectly with several proteins involved in calcium signalling including the above mentioned
PLN, the phosphatase PP2A (which also dephosphorylates PLN) and SERCA1 in skeletal muscle
(via sAnk1) (Cunha and Mohler 2008; Desmond et al. 2015; Hu et al. 2017; Qadota et al. 2018).
More recently, obscurin kinase domain 1 was predicted to phosphorylate several calcium handling
proteins including RyR and multiple calcium channel subunits (Fleming et al. 2021). Although
these findings are far from providing a functional, let alone mechanistic understanding, they pro-
vide strong cumulative evidence that the regulation of or by calcium likely plays an important role

in obscurin function.

1.5.2 Obscurin kinase domains

Both invertebrate unc89 and vertebrate obscurin feature two kinase domains in one of their large

and in two of their smaller isoforms. Although often referred to as MLCK subfamily members, this
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classification is somewhat misleading as many members in this kinase subfamily neither phospho-
rylate myosin nor are regulated by calcium/calmodulin (Gautel 2011). The sequence of obscurin
kinase domains is most closely related to the two kinase domains of striated muscle preferentially
expressed kinase (SPEG) in the MLCK-like subfamily, but also bears significant similarity to the
kinase domains of titin and death-associated protein kinases (Fleming et al. 2021; Gautel 2011).

In C. elegans, the different kinase-comprising isoforms of unc89 were demonstrated to be con-
trolled by three different promotors and to have non-redundant functions in sarcomere organisation
as judged by the characterisation of the muscle structure and phenotype of different knock-out
strains (Small et al. 2004). The N-terminal kinase domain of unc89 is likely inactive as its active
site deviates in multiple aspects (e.g. lack of a conserved lysine in the active site) from catalyt-
ically active kinases and small isoforms furthermore lack the N-terminal lobe (Fukuzawa et al.
2005). The C-terminal kinase domain, in contrast, has all necessary sequence features for catalytic
activity, although neither kinase domain demonstrated any in vitro activity so far (Small et al.
2004; Xiong et al. 2009). Since the substrate-binding region is more exposed in the N-terminal
kinase domain due to the lacking N-terminal lobe, the authors hypothesized that the N-terminal
kinase domain might function as a scaffold for protein-protein interactions (Small et al. 2004).
Later on, the domain has indeed been demonstrated to interact with C. elegans proteins SCPL-1
and LIM-9 in a ternary complex with further links to M-band costameres (Qadota et al. 2008b;
Xiong et al. 2009). Costameres are macromolecular complexes consisting of integrins and various
other proteins which connect the sarcomere, sarcolemma and the extracellular matrix (Peter et al.
2011). The C-terminal kinase of obscurin, however, seems to be capable of the same interactions
(Qadota et al. 2008b; Xiong et al. 2009). While overexpression of SCPL-1 was reported to lead
to mislocalisation of unc89, RNA-interference based downregulation of SCPL-1 led to defective
functioning of the C. elegans egg-laying muscle (Qadota et al. 2008b; Xiong et al. 2009). Inter-
estingly, the mammalian homologue of LIM-9, FHL-2, has also been shown to interact with titin
as well as multiple enzymes involved in energy metabolism (e.g. phosphofructokinase), thereby
perhaps recruiting metabolic enzymes to subcellular sides of high energetic demand (Lange et al.
2002). In D. melanogaster, unc89 kinase domains differ from those in C. elegans and mammalian
obscurin kinase domains insofar both kinase domains were predicted to be catalytically inactive.
Instead, it has been demonstrated that they provide a scaffold for proteins Billchen and MASK
and are necessary for correct sarcomere assembly in the indirect flight muscle of D. melanogaster
(Katzemich et al. 2015).

Little is known about the kinase domains of mammalian obscurin. The isoforms containing the
kinase domains of obscurin were discovered slightly later than the ‘original” A-isoform (Russell et al.
2002; Fukuzawa et al. 2005). Borisov and colleagues reported that expression of kinase containing
isoforms increased during cardiac development in mouse embryos and reported mid-A-bands and
Z-disc staining in differentiated mouse cardiomyocytes with an antibody developed against the
denatured and refolded C-terminal kinase domain (Borisov et al. 2008). With respect to catalytic
activity, the N-terminal kinase domain of obscurin appears to have all necessary sequence features
of active Ser/Thr-kinases, whereas the C-terminal kinase domain features a replacement of the
conserved active site lysine with an arginine, possibly preventing catalytic activity (Gautel 2011;
Small et al. 2004). Hu and Kontrogianni-Konstantopoulos, however, reported that both kinase
domains are capable of autophosphorylation and that the N-terminal kinase can additionally phos-
phorylate a generic histone substrate as well as N-cadherin (Hu and Kontrogianni-Konstantopoulos

2013). Furthermore, they identified multiple binding partners using the kinase domains as baits in
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a yeast-two-hybrid screen against a human heart cDNA library. Among these were ISLR, galectin,
titin and N-cadherin for the N-terminal kinase and Na/K-ATPase $1-subunit, galectin, filamin C,
fibronectin-1 and FHL-2 for the C-terminal kinase (Hu and Kontrogianni-Konstantopoulos 2013).
While the binding to FHL-2 points indicates that this interaction may be evolutionary conserved,
an interaction with SCP-1 to SCP-3, the closest mammalian orthologues for the catalytic domain of
SCPL-1, has not yet been evaluated. Recently, catalytic activity at least in terms of autophosphory-
lation of the N-terminal obscurin kinase has been confirmed by the Lange group using mutagenesis
and PhosTag-gels. As mentioned above, they further predicted the N-terminal kinase to phospho-
rylate calcium handling proteins such as RyR and calcium channel subunits (Fleming et al. 2021).
Due to the well-established role of the highly similar SPEG-kinases in cardiac calcium handling,
it is not unlikely that obscurin kinases are involved in similar regulatory processes (Quick et al.
2017; Huntoon et al. 2018; Quan et al. 2019).

1.5.3 Obscurin Rho GEF domains

In the narrow sense, the Rho GEF domains of obscurin comprise its Dbl-homology (DH) domain
and the directly following Pleckstrin-homology (PH) domain, although the SRC homology 3 (SH3)
domain is sometimes considered to be part of the Rho GEF domain, too, since it is positioned almost
directly N-terminally of the DH domain (Young et al. 2001). This domain composition in which
the DH domain is followed by a PH domain is, with very few exceptions, characteristic for all of the
approximately 70 members of the Dbl-like Rho GEF family (Rossman et al. 2005; Fort and Blangy
2017). As the name suggests and as will be discussed in more detail below, these domains act as
guanosine nucleotide exchange factors (GEFs) for the Rho family of small GTPases: the DH domain
can bind to small GTPases and facilitate the exchange of their bound nucleotide (GDP for GTP in
vivo), thereby enabling the GTPase to interact with downstream effector proteins. The PH-domain
typically exerts a positive or negative regulatory role or contributes to localisation. The substrates
or targets of Dbl-family GEFs, i.e. Rho GTPases, are involved in a wide spectrum of molecular
processes including actin (de-)polymerisation, microtubule dynamics, vesicular trafficking, gene
expression and other processes, making Rho GTPases important regulators of cellular functions
such as migration and adhesion, polarity, endocytosis, contractility, cell division, morphogenesis
and proliferation (Etienne-Manneville and Hall 2002; Burridge and Wennerberg 2004; Jaffe and
Hall 2005; Heasman and Ridley 2008). This also applies to the heart and cardiomyocytes, where
Rho GTPases are implicated in cardiac development, cardiomyocyte hypertrophy and apoptosis,
sarcomere assembly and contractility (via Rho GTPase effectors PAK and ROCK) (Desmond et al.
2015; Nagai et al. 2003; Loirand et al. 2006; Peters and Michel 2007; Rangrez et al. 2013; Loirand
et al. 2013; Leung et al. 2014; Shimokawa et al. 2016). Before reviewing previous studies of the
obscurin Rho GEF domains, it will be helpful to outline the basic biochemical principles of the
regulation of small GTPases by GEFs and other proteins.

Small GTPases of the Ras-superfamily and their regulation by GEFs, GAPs and GDIs

in a nutshell

Along with Ras, Rab, Ran and Arf, Rho GTPases belong to the Ras-superfamily of small GT-
Pases of signalling proteins which are involved in numerous different signalling processes but share
significant similarities in their structure and regulatory mechanisms (Wennerberg et al. 2005; Wit-

tinghofer and Vetter 2011). A hallmark of small GTPases is their ability to bind guanosine nu-
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cleotides GDP and GTP. While GTP-bound, the y-phosphate exerts attractive forces upon in-
variant residues in the so-called switch-regions of small GTPases and induces a rigid conformation
of these regions (Figure 1.3A,B) (Vetter and Wittinghofer 2001). This renders GTPases biolog-
ically active in the sense that the rigid switch-regions allow binding of effector proteins, thereby
initiating subsequent signalling events. When GDP-bound, the lack of the y-phosphate allows the
switch-regions to relax into a more flexible conformation in which the GTPases are unable to bind
effectors and thus are biologically inactive.

As their name suggests, small GTPases have the intrinsic ability to hydrolyse GTP, thereby
transitioning into the GDP-state. They also have the ability to release and rebind nucleotides
which on average leads to the transition into the GTP-bound state (as intracellular [GTP] exceeds
[GDP]). The transitioning rates between the two states are further accelerated by guanosine nu-
cleotide exchange factors (GEFs), which facilitate the GDP —GTP transition in vivo, and GTPase
activating proteins (GAPs), which accelerate the hydrolysis and thus the GTP —GDP transition.
Although the biochemical mechanism of GEFs can be described by a system of coupled equilibrium
reactions in which GEFs can be conceptualised as allosteric regulators, it is often more convenient
to treat GEFs — and GAPs for that matter — as enzymes, making them amenable to conventional
steady-state kinetic methods (Guo et al. 2005; Klebe et al. 1995; Randazzo et al. 2013b). From this
perspective, the GTPase cycle strongly resembles futile cycles of post-translational modifications
(PTMs) such as phosphorylation /dephosphorylation cycles. However, most proteins typically do
not intrinsically transition between their PTM states (except for autocatalytic enzymes) and many
small GTPases are additionally regulated by guanosine-nucleotide dissociation inhibitor proteins
(GDIs) which solubilise these typically membrane-bound GTPases by extracting and binding their
lipid-moiety, thus adding another layer of complexity (Boulter et al. 2011; Cherfils and Zeghouf
2013). The most important steps in the GTPase cycle are summarised in Figure 1.3C.

The intrinsic hydrolysis rate, on the other hand, has been proposed to act as a molecular timer
to reduce the variance in the lifetime of the GTP-state (Li and Qian 2002).

Although small GTPases are commonly referred to as “molecular switches” because of their
structurally distinct conformations, it is important to emphasize that the switch-like transition
between the active and inactive state of individual GTPase molecules is often not representative
of the bulk-behaviour of a particular GTPase in the cell. In fact, the biological activity of small
GTPases can exhibit complex dynamics and behaviour including graded responses, switch-like
or bistable responses, excitable behaviour and sustained oscillations (Conte-Zerial et al. 2008;
Tsyganov et al. 2012; Nikonova et al. 2013; Byrne et al. 2016; Graessl et al. 2017; Nobis et al.
2017; Ehrmann et al. 2019; Bezeljak et al. 2020). While small GTPases can intrinsically transition
between GDP and GTP states, it is typically the regulators such as GEFs and GAPs, and GDIs
which are responsible for the orchestration of specific signalling activities in a given context (Bos
et al. 2007; Hodge and Ridley 2016). In the case of Rho GTPases, regulatory proteins from the
human Rho GAP and Rho GEF families each have over 60 members which are responsible for
controlling only 10 “typical” and often ubiquitously expressed Rho GTPases which cycle between
GDP and GTP bound states (Amin et al. 2016; Jaiswal et al. 2013). Accordingly, regulators such
as GEFs show more cell-type-specific expression patterns and the Dbl-GEF family shows a clear
evolutionary correlation between the complexity in terms of the number of different cell types and
size of the Dbl-family of Rho GEFs for a given species (Boureux et al. 2007; Fort and Blangy 2017).
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Figure 1.3. Mechanisms of small GTPase signalling.
A, Superimposed 3D-structures of human HRas bound to GDP (PDB-ID: 4Q21) and the non-hydrolysable GTP ana-
logue GppNHp (PDB-ID: 5P21), respectively. Guanosine nucleotides and important elements involved in nucleotide

Effector

| Membrane compartment Downstream signalling |

binding (P-Loop, Mg?*-ion) are highlighted as are switch-regions that undergo conformational rearrangement upon
changes in the nucleotide state (red = GDP-bound, blue = GTP-bound). B, Schematic of the so-called “loaded
spring” mechanism, illustrating how the y-phosphate of GTP induces a rigid conformation of the switch regions.
From Vetter IR, Wittinghofer A (2001): The guanine nucleotide-binding switch in three dimensions. Science, 294:
1299-1304. Reprinted with permission from AAAS. C, Simplified illustration of key steps in the synthesis of func-
tional Rho GTPases and subsequent regulation by GEFs, GAPs and GDIs. Downstream signalling is initiated via
recruitment of effector proteins such as kinases to the GTP-bound Rho GTPase.

Unc89 Rho GEF domains in worm and fly

As mentioned above, the SH3, DH and PH domains are positioned at the N-terminus of invertebrate
unc89. The unc89 PH domain from C. elegans was the first of these domains to be characterised
biochemically. Although reported to be intrinsically unstable, Blomberg et al. 2000 succeeded
to solve the domain structure of this domain via solution NMR. Interestingly, it was reported
that the unc89 PH domain is positioned unusually close to the DH domain and has a strongly
negative surface charge compared to other PH domains, suggesting it might not be capable of
binding negatively charged phospholipids as many other PH domains do. In agreement with this,

Blomberg and colleagues were not able to detect any interaction with inositol(1,4,5)trisphosphate,
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a common ligand for PH domains, in 15N HSQC NMR experiments and thus proposed the PH
domain may bind to ligands other than phospholipids (Blomberg et al. 2000). A test of the ability
of C. elegans unc89 to facilitate nucleotide exchange on Rho-family small GTPases was performed
by Qadota et al. who used a yeast-based assay in which a putative substrate GTPase was fused
to a LexA domain and a known effector was fused to a GAL4-activation domain. Since GTPases
only bind their effectors when in the GTP-bound state, significant B-galactosidase activity can
only be detected in the presence of GTP-bound GTPases and therefore can be used as a read-
out of the nucleotide exchange activity of an overexpressed putative GEF. The authors reported
that overexpression of either the DH domain or the DH-PH domain tandem resulted in notable
B-galactosidase activity of cells with LexA-RHO-1 (RhoA in mammals), but not for cells with CED-
10 (Rac), MIG-2 (RhoG) or CDC-42 (Cdc42), suggesting that the DH domain of unc89 functions
as RHO-1 selective GEF (Qadota et al. 2008a). Interestingly, however, all four GTPases were able
to bind unc89 DH-PH in pull-down assays (Qadota et al. 2008a). Functionally, both a C. elegans
mutant lacking the DH-PH domain and worms in which RHO-1 abundance was decreased by RNA
interference displayed abnormal organisation of the myosin heavy chain A in the body wall muscle,
suggesting unc89 Rho GEF activity is important for correct assembly of thick filaments in C. elegans
(Qadota et al. 2008a). In a subsequent study, the authors further demonstrated that a newly
identified interaction between the SH3 domain of unc89 and the invertebrate protein paramyosin
is necessary for targeting paramyosin to the thick filament and that deletion of the SH3 domain
leads to similar phenotypes as deletion of the DH-PH domains (Qadota et al. 2018). Reminiscent
of the situation with the PH domain, the authors further found that the interaction does not rely
on the canonical binding mode between SH3 domains and their ligands because the interaction
was found to rely on the coiled-coil domain of paramyosin which lacks a PxxP motif (Qadota et al.
2016). In agreement with this, homology models demonstrated that the PxxP binding groove of the
SH3 domain is partly degenerated (Qadota et al. 2016). Although paramyosin has 40% sequence
identity to the rod-domain of vertebrate myosin, Qadota and colleagues considered it unlikely that
the SH3 of mammalian obscurin interacts with myosin since they estimated the distance between
the SH3 domain in obscurin A and myosin in the sarcomere to be approximately 200 nm, but they
proposed that the SH3 domain of obscurin to possibly bind other coiled-coil proteins (Qadota et al.
2016). While the steric constraint mentioned in that study does not apply to the small ‘mini A’
isoform of obscurin (see Figure 1.2), it is interesting to note in this context that there are many
coiled-coil domain proteins among the effectors of small GTPases (Grosshans et al. 2006; Patel
and Coté 2013).

Obscurin Rho GEF domains

The first protein reported to interact with the DH domain of mammalian obscurin was not a small
GTPase but a protein called RanBP9/RanBPM, a multi-domain scaffolding protein with many
binding partners and reported functions in ubiquitin signalling, apoptosis, transcriptional regula-
tion, motility and development (Bowman et al. 2008; Salemi et al. 2017). The authors further
reported RanBP9 to bind to titin and that these surprising interactions are responsible specifi-
cally for the integration of the N-terminus of titin into Z-discs as overexpression of RanBP9 was
associated with an increased number of myofibrils in which titin was not properly integrated into
the Z-disc (Bowman et al. 2008). As the effect was modest in absolute numbers (about 0.5%

of control myofibrils compared to about 1.8% of myofibrils overexpressing RanBP9) and since
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the complete lack of obscurin does not impair the integration of titin into murine sarcomeres,
the physiological significance of these interactions remains to be evaluated (Bowman et al. 2008;
Lange et al. 2009). The first putative substrate GTPase of the obscurin Rho GEF domains was
identified in two studies by Coisy-Quivy et al. on the role of Rho GTPases in skeletal muscle
development and myofibrillogenesis. In the first study, the authors used ascidians (sea squirts)
Ciona intestinalis and Ciona savignyi as model organisms because the evolutionary distance of
their Rho GTPase family is closer and their muscle development more similar to vertebrates than
invertebrates. Employing constitutively active and inactive mutants, the first study demonstrated
RhoA, Cdc42, TC10/RhoQ, Racl and Rac2 to have important roles in muscle development and
myofibril organisation with respect to cell polarity, lateral fibre alignment and organisation of actin
thin-filaments (Coisy-Quivy et al. 2006). TC10/RhoQ mutants displayed some of the most severe
phenotypes among the GTPases studied. Specifically, constitutively active TC10/RhoQ mutants
led to complete loss of muscle cell polarity, severe reduction in myofibrils and loss of the striated
organisation pattern, whereas constitutively inactive TC10/RhoQ mutants displayed a strong re-
duction of mature myofibrils but not polarity defects (Coisy-Quivy et al. 2006). In a subsequent
study, Coisy-Quivy and colleagues identified (human) obscurin to be a GEF for TC10/RhoQ using
co-immunoprecipitation and effector-bait based pull-downs as activity assays and further demon-
strated TC10/RhoQ and obscurin activity to lead to more autophosphorylation of the TC10/RhoQ
effector PAK. In agreement with the role of TC10/RhoQ in ascidians, the authors reported per-
turbation of TC10/RhoQ activity to impair myofibrillogenesis in human myotubes (Coisy-Quivy
et al. 2009). Using essentially the same effector-bait based pulldown and co-immunoprecipitation
approach, a study from the Bloch group found evidence for obscurin GEF activity towards RhoA,
consistent with the finding that unc89 can facilitate nucleotide exchange on the RhoA-homologue
RHO-1 in C. elegans (Ford-Speelman et al. 2009). In addition, the study found obscurin and
RhoA to colocalise at the M-band and that overexpression of the obscurin Rho GEF domains or
mechanical stretching leads to a redistribution of RhoA from the M-band to the Z-disc/I-band
and changes in the localisation of RhoA effectors ROCK and CRIK (Ford-Speelman et al. 2009).
A potential interaction between obscurin and RhoA is further confirmed by the observation that
RhoA shows a completely diffuse localisation in obscurin knock-out-mice, whereas it exhibits a
striated pattern in wild-type mice (Lange et al. 2012). A targeted deletion of the obscurin DH
domain via morpholino-antisense technology was reported to lead to a series of developmental and
functional defects in zebrafish including cardiac hypoplasia and dilation as well as reduced ejection
fraction, stroke volume and heart rate although the structural effects were subtle and limited to
moderately less defined M-bands and Z-discs (Raeker et al. 2010). In addition to the involvement
of the obscurin Rho GEF domains in developmental processes and GTPase signalling in muscle,
the PH-domain of obscurin appears to be involved in another surprising interaction: Shriver et al.
reported that the PH-domain of obscurin binds to the SH3-domain of phosphatidylinositol-3-kinase
(P3IK) subunit p85 and promotes anti-oncogenic signalling in epithelial cells (Shriver et al. 2016).
In a subsequent study from the same laboratory, the PH-domain in two novel small obscurin iso-
forms was reported to bind both PI3K subunit p85 and — in contrast to the PH-domain from C.
elegans — to phospholipids and it was suggested that these interactions are important to regulate

cardiomyocyte adhesion and size via the Akt/mTOR pathway (Ackermann et al. 2017).
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Physiological functions of the obscurin Rho GEF domains

Although these studies do not yet provide a clear concept of the physiological function of the
obscurin Rho GEF domains, the preliminary picture drawn by their observations suggests that
these domains are an attractive candidate for sensing and/or transducing signals in response to
mechanical force in order to initiate or regulate adaptive processes. Indeed, Rho GTPases and their
regulators are important and central components of many mechanoresponsive signalling pathways
in both non-muscle and muscle cells: Strain exerted onto the actin-cytoskeleton, for instance, has
been demonstrated to induce conformational changes in actin-bound filamin A, thereby releasing
the filamin-bound FilGAP and allowing it to relocalise to the plasma membrane where it inactivates
the Rho GTPase Rac (Ehrlicher et al. 2011). Cyclic stretch, on the other hand, has been shown
to result in RhoA/ROCK and RhoA /mDia dependent actin stress fibre reorientation in epithelial
cells and more than 11 GEFs have been found to be involved in such reorientation processes (Abiko
et al. 2015; Kaunas et al. 2005). Applying pulling forces to integrins of REF52 fibroblasts has been
reported to lead to increased kinase activity (ERK and FAK) and phosphorylation-dependent ac-
tivation of GEF-H1 and Larg, resulting in activation of RhoA and stiffening of the cell (Guilluy
et al. 2011). Similar as in epithelial cells, cyclic stretching of cardiomyocytes leads to activation
and phosphorylation of kinases ERK and FAK (Torsoni et al. 2005). Interestingly, RhoA /ROCK
critically contributes to FAK and ERK activation in cardiomyocytes, pointing towards the possibil-
ity of a positive feedback-loop between RhoA /ROCK signalling and FAK/ERK signalling (Torsoni
et al. 2005). Although it is a subject of debate whether RhoA /ROCK activity is detrimental or
beneficial in heart disease, the pathway has received particular attention in cardiovascular research
due to an association with hypertensive blood pressure, cardiac hypertrophy and other aspects of
cardiovascular pathophysiology (Peters and Michel 2007; Shimokawa et al. 2016; Sah et al. 1999;
Brown et al. 2006; Xiang et al. 2011; Miyamoto et al. 2010). Moreover, the pathway is particularly
interesting because it can regulate calcium handling via PTEN and SERCA 2a and increase sarcom-
eric contractility via phosphorylation and inhibition of myosin light chain phosphatase (MLCP)
and troponin I/T, therefore potentially enabling a mechano-mechanical coupling in which mechan-
ical forces initiate signalling processes to alter the mechanical properties of the cell (Amano et al.
1996; Vahebi et al. 2005; Vlasblom et al. 2009; Lauriol et al. 2014). Interestingly, some of the
ROCK-mediated events seem to have opposing effects on contractility: phosphorylation of MLCP
increases contractility, whereas phosphorylation of troponins decreases contractility (Lauriol et al.
2014; Vahebi et al. 2005). Moreover, mechanical compression of cardiomyocytes has been reported
to inactive RhoA /ROCK signalling via PKA-mediated phosphorylation of RhoA, resulting in less
MLCP phosphorylation, thus less myosin RLC phosphorylation and less contraction (Takemoto et
al. 2015). Taken together, this bestows the RhoA /ROCK pathway in principle with the intriguing
possibility to distinguish between different mechanical inputs and to respond in a specific manner.

It is currently unclear what role exactly obscurin plays in RhoA /ROCK signalling in cardiomy-
ocytes. Given obscurin’s association with mechano-signalling and its localisation at the M-band,
it is an attractive hypothesis that activation of the Rho GEF domains e.g. by mechanosensitive
kinases may initiate protective processes which for example locally increase or decrease contractil-
ity to balance out lateral shear forces and to ensure “force balance” at the M-band — whether via
RhoA /ROCK signalling or through other Rho GTPases (Agarkova et al. 2003).
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1.5.4 Summary of the obscurin interactome

A summary of the direct interactions cited in previous sections as well as selected indirect associ-

ations is given in Figure 1.4.
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Figure 1.4. Obscurin interactome.

Obscurin is involved in a multitude of protein-protein interactions which are important for structural purposes and
to maintain obscurin localisation (e.g. interactions with titin, myosin or small ankyrins). Interactions with signalling
molecules such as RhoGTPases, calmodulin or substrates of the kinase domains may play important roles in muscle
signalling. Unc89 domain numbering based on (Small et al., 2004). See text for details and references to individual
interactions. Not all interactions are supported by the same degree of evidence. While some interactions have been
reported by several groups and with multiple methods (e.g. for titin Z8Z9), others were reported only as not further
confirmed hit in e.g. in the Y2H-screening assay (e.g. for Galectin).

1.6 [3-adrenergic signalling

Cardiac performance and homeostasis are controlled by a multitude of signalling pathways regu-
lating various aspects of cardiomyocyte biology on different time-scales (Hunter and Chien 1999;
Molkentin and Dorn 2001; Nakamura and Sadoshima 2018). Many of these pathways feature exten-
sive cross-talk, thereby further complicating the picture (Natarajan et al. 2006). The -adrenergic
signalling cascade is considered to be one of the most important pathways for acute adaption of
cardiac performance to increased demand in situations of physiological stress or alert (the “fight-
or-flight” response). Binding of catecholamines to B-adrenergic receptors on the cardiomyocyte
cell surface results in the activation of adenylate cyclase (AC) via stimulatory G-protein subunits
which in turn results in the production of cyclic adenosine mono-phosphate (cAMP) (Lohse et al.
2003). cAMP binds to the regulatory subunits of protein kinase A (PKA), thereby releasing and
activating its catalytic subunit (Turnham and Scott 2016). PKA is an important signalling kinase
that regulates a plethora of processes in muscle cell physiology. Among its target substrates are
well-characterised proteins with crucial roles in cardiac and skeletal muscle such as myosin binding
protein C, titin, RyRs, troponin I and phospholamban (Figure 1.1C), whose combined net effect
after PKA phosphorylation is the overall increase of cardiomyocyte performance (Kranias and So-
laro 1982; Lohse et al. 2003; MacLennan and Kranias 2003; Ponnam et al. 2019; Yamasaki et al.
2002). Local compartmentalisation of cAMP concentration and PKA activity via A-kinase an-
choring proteins (AKAPs), phosphodiesterases and other factors allows for differential regulation

of these substrates in specific contexts (Bers et al. 2019).
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1.6.1 Regulation of cardiac calcium handling by SERCA and phospho-
lamban in the context of B-adrenergic signalling

Cardiac contraction is controlled by membrane depolarisation which triggers the release of calcium
from the SR, thereby activating cross-bridge cycling of the sarcomere (Bers 2002; Eisner et al.
2017). For the ventricles to fill with blood again after contraction and ejection, the myocardium
needs to relax, requiring calcium to be removed from the cytosol of cardiomyocytes. The ac-
tivity of the calcium pump SERCA is responsible for removing 70 to >90 % of the Ca?* after
contraction, rendering SERCA activity the rate-limiting step of cardiac relaxation (Bers 2002).
However, SERCA activity not only determines the rate of cardiac relaxation, but also contributes
to regulating the SR calcium concentration and participates in maintaining calcium flux-balance:
at steady state, the influx of calcium into the cell and the efflux of calcium out of the cell dur-
ing contraction cycles need to be equal. Any long-term imbalances would lead to severe net gain
or net loss of intracellular calcium which would push the system outside the physiological range
of concentrations that allow regulation of the myofilaments, thereby preventing coordinated car-
diomyocyte contraction (Eisner et al. 2017; Eisner 2018). Furthermore, dyadic populations of
SERCA have been proposed to limit the propagation of spontaneous calcium sparks resulting from
high SR load that otherwise could form pro-arrhythmogenic calcium waves (Eisner et al. 2017).
Although the influence of SERCA activity on SR calcium concentration generally appears to be
moderate at baseline, it is considered to be an important factor during ($-adrenergic stimulation
as will be further discussed below (Bode et al. 2011). SERCA function is regulated by multiple
mechanisms including changes in expression levels and multiple post-translational modifications
(Stammers et al. 2015). One of the most prominent and best characterised factors, however, is its
regulation by phospholamban (PLN). Being one the first substrates of PKA to be discovered in
heart muscle, it was named after “phosphate” and the Greek word AopPoverv, “to receive” (Tada
et al. 1975; Katz 1998). PLN is a small 52 amino acid protein embedded in the sarcoplasmic
reticullum membrane where it binds and inhibits SERCA by reducing the affinity of SERCA for
calcium (Luo et al. 1994; MacLennan and Kranias 2003). The phosphorylation of PLN at serine
16 by PKA leads to a change in the conformation of PLN resulting in the release of SERCA inhi-
bition (Figure 1.1C and Figure 1.5A) (Gustavsson et al. 2013; Traaseth et al. 2006). Comparative
studies on PLN, troponin and myosin binding protein C as well as studies on rodents in which
PLN was genetically ablated revealed that phosphorylation of PLN mediates the majority of the
inotropic (stronger contractions) and lusitropic (faster relaxation) effect of 3-adrenergic stimulation
(cf. time/force plots shown in Figure 1.5B) (Luo et al. 1994; Garvey et al. 1988; Wolska et al.
1996). In fact, perfused and work-performing hearts isolated from phospholamban-deficient mice
exhibited already maximally increased myocardial contractility at baseline which did not improve
further upon administration of B-adrenergic agonists, although later studies on single isolated ven-
tricular cardiomyocytes showed some residual effects of 3-adrenergic stimulation, indicating that
PLN is not solely responsible for the inotropic response (Luo et al. 1994; Wolska et al. 1996).
While the positive lusitropy is a direct effect of the faster calcium re-uptake rate upon release of
SERCA inhibition via PLN phosphorylation, the positive inotropy is an indirect effect (Bers 2002;
MacLennan and Kranias 2003). Increased SERCA activity results in higher SR calcium filling
which increases the amplitude of the calcium transient and thereby leads to enhanced myofila-
ment activation and stronger contractions (Bers 2002; Eisner et al. 2017). In addition to phos-
phorylation by PKA, PLN can also be phosphorylated at threonine 17 by calmodulin-dependent
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protein kinase II (CaMKII) and at serine 10
by protein kinase C (PKC), although phospho-
rylation of PLN at serine 10 has only been
observed in witro and not in wvivo (Simmer-
man et al. 1986; Wegener et al. 1989; Movs-
esian et al. 1989; Iwasa and Hosey 1984; Edes
and Kranias 1990).
dependent CaMKII activity and thus phospho-
rylation of PLN at threonine 17 is frequency

Interestingly, calcium-

dependent and mechanistically independent of
serine 16 phosphorylation (Koninck and Schul-
man 1998; Hagemann et al. 2000). Phospho-
rylation at threonine 17, too, releases SERCA
inhibition (Mattiazzi and Kranias 2014). How-
ever, under physiological conditions only less
than 5% of total PLN is phosphorylated by
CaMKII and thus is expected to contribute lit-
tle to the PLN-mediated B-adrenergic response
(Huke and Bers 2007; Mattiazzi et al. 2005;
Mattiazzi and Kranias 2014).
relatively low phosphorylation levels, however,
PLN phosphorylation by CaMKII has been re-

ported to contribute to the enhanced myocar-

Despite these

dial contractility at higher heart rates (Wu et
al. 2012).
by CaMKII has furthermore been reported

under pathophysiological conditions such as

Significant phosphorylation of PLN

cardiomyocyte acidosis or ischemia-reperfusion
and can have both beneficial and detrimen-
tal effects depending on the balance of various
other factors in these contexts (Mattiazzi and
Kranias 2014).

The phosphorylation state of phospholam-
ban is not only regulated by kinases PKA and
CaMKII, but also by protein phosphatases 1
and 2A (PP1 and PP2A, respectively) as well
as modulatory proteins inhibitor-1 and Hsp20
which can inhibit PP1 after phosphorylation by
PKA, thereby constituting feed-forward loops
which may amplify the -adrenergic response
(El-Armouche et al. 2003; Macdougall et al.
1991; Nicolaou et al. 2009; Qian et al. 2011;
Vafiadaki et al. 2007; Vafiadaki et al. 2013).
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Figure 1.5. Regulation of cardiac calcium cycling
by SERCA and phospholamban (PLN)

A, PLN binds and in the unphosphorylated inhibits
the SERCA pump (T- and R-state). Phosphoryla-
tion of PLN by PKA in the context of B-adrenergic
stimulation shifts the conformational equilibrium of the
SERCA:PLN complex towards the non-inhibitory B-state
with a higher calcium affinity, thereby increasing SERCA

PLN pentamer

activity. Reprinted with permission from Gustavsson
M, et al. (2013): Allosteric regulation of SERCA by
phosphorylation-mediated conformational shift of phos-
PNAS, 110: 17338-17343. B, PLN is em-
bedded in a biochemical signalling network with multiple

pholamban.

kinases, phosphatases and regulatory proteins which to-
gether control PLN phosphorylation and thus SERCA ac-
tivity and cardiac contractility. Figure reprinted with per-
mission from Kranias EG, Hajjar RJ (2012): Modulation
of Cardiac Contractility by the Phopholamban/SERCA2a
Circ Res, 110: 1646-1660. C, PLN exists

in an equilibrium between a monomeric form responsible

Regulatome.

for binding and inhibiting SERCA, and a pentameric form
whose role is currently unclear (PDB-ID: 2KYV).

PLN is thus embedded in a regulatory network (Figure 1.5B) whose complexity keeps growing

in size due to the continued discovery of new components.

Interestingly, one of most recently
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reported interaction partners for PLN, certainly one of the smallest proteins in cardiac physiology,
involves obscurin, one of the largest proteins in heart muscle cells (Hu et al. 2017). Although the
basic mechanism of enhancing contractility and relaxation via phosphorylation of PLN are well
understood, what role exactly these other network components play in controlling the dynamics,

shape and robustness of the physiological (3-adrenergic response is less clear.

1.6.2 Phospholamban pentamers and the role of homo-oligomerisation

in signalling networks

A good example for a poorly understood aspect of PLN is the assembly of PLN into homo-
pentamers. Since their discovery in 1984 by Wegener and Jones, the physiological role of PLN
pentamers has remained unclear and controversial (Wegener and Jones 1984). The first hypothesis
was introduced by Kovacs et al. who in 1988 observed conductivity for Ca?* and K* after addition
of PLN to lipid bilayers, which led the authors to propose that PLN pentamers act as ion channels
(Kovacs et al. 1988). At first glance, this hypothesis seems to receive further support by the
channel-like structure of PLN pentamers with a central pore between PLN’s transmembrane helices
(cf.Figure 1.5C) (Oxenoid and Chou 2005; Verardi et al. 2011). Based on structural considerations,
Oxenoid and Chu proposed PLN pentamers also to potentially be permeable for Cl- ions (Oxenoid
and Chou 2005). Two recent studies by Smeazzetto and colleagues, however, reported that PLN
pentamers are selective for small monovalent cations such as K*, but not for larger divalent cations
such as Ca?* (Smeazzetto et al. 2016; Smeazzetto et al. 2018). In contrast, detailed structural,
experimental and theoretical studies by the Veglia group contested the ion-channel hypothesis
more generally. Experiments by Becucci et al. demonstrated that PLN pentamers do not conduct
Cl™ ions (Becucci et al. 2009). The structural and theoretical considerations from these studies
furthermore suggest that conduction of other ions is thermodynamically not feasible due to the
small size of the pore and that the pore configuration is generally unsuited to act as selectivity
filter for ions (Becucci et al. 2009; Vostrikov et al. 2013). Due to these conflicting studies, the ion-
channel hypothesis thus remains controversial. Since artificial monomeric mutants of PLN have
furthermore been found to be equally potent inhibitors of SERCA function as wild-type PLN, the
prevailing paradigm considers PLN pentamers to be an inactive storage form or buffering reservoir
to keep the concentration of active monomers within a physiological range (Becucci et al. 2009;
Kimura et al. 1997; Kranias and Hajjar 2012; MacLennan and Kranias 2003; Vostrikov et al. 2013).
Ags SERCA function can already be regulated via numerous mechanisms that operate on different
time-scales (including changes in expression levels and multiple post-translational modifications,
as mentioned earlier) (Stammers et al. 2015) even without considering PLN monomers, it is not
obvious what advantage such buffering by pentamers might offer.

However, a few studies which have received relatively little attention so far indicate that PLN
pentamers could play a more active role than currently appreciated. A 1998 study from the Kranias
and Bers groups on transgenic mice with wild-type PLN and with the artificial mutation C41F
(which prevents pentamerisation) found that pentamers contribute to reduce cardiac contractility
at baseline and that the 3-adrenergic response is somewhat blunted in the absence of pentamers
(Chu et al. 1998). Pentamers also appear to be relevant in the context of phosphorylation and
dephosphorylation. Studies from the Colyer laboratory demonstrated that phosphorylation of
PLN pentamers by CaMKII and dephosphorylation of PKA-phosphorylated PLN pentamers (likely
via PP1) exhibits strong positive cooperativity (Li et al. 1990; Jackson and Colyer 1996; Colyer
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1998). Phosphorylation by PKA has also been reported to promote pentamerisation of PLN,
although others studies could not confirm this effect (Chu et al. 1998; Cornea et al. 1997; Hou
et al. 2008; Wittmann et al. 2015). More recently, Wittmann et al. reported PLN pentamers to
be phosphorylated more rapidly than PLN monomers and to attenuate the phosphorylation of the
latter at low stimulation levels, which the authors proposed to gradually increase SERCA activity
at a slower time-scale than direct monomer phosphorylation (Wittmann et al. 2015).

While these studies suggest that PLN pentamers are likely more than an inactive storage form
for monomers, they do not provide a clear picture of their physiological role beyond vague and
rather unhelpful notions such as “fine-tuning”. Interestingly, this situation applies more generally
to our current understanding of the role of homo-oligomers. Although 30-50% of all proteins in
vertebrates can form homo-oligomers, a general understanding of the possible roles and functions
oligomerisation can play is currently lacking (Lynch 2012; Marsh and Teichmann 2015). Homo-
oligomerisation can often be a quite economic way to form large molecules in the cell e.g. for
structural purposes and may be favoured by evolution due to higher error-free transcription rates of
small monomeric subunits (Ali and Imperiali 2005; Marianayagam et al. 2004). A well-established
concept is that oligomers can allow for allosteric regulation and cooperative binding as for example
in the cooperative binding of oxygen by the tetramer haemoglobin (Marianayagam et al. 2004).
However, these exemplary functions hardly apply to all homo-oligomers or can account e.g. for
the abundance of homo-oligomers among enzymes, two thirds of which form homo-oligomers (Mar-
ianayagam et al. 2004). A better understanding of what functions homo-oligomers can perform
in the context of signalling networks, including an understanding of how the dynamics of their
assembly and disassembly look like or how they influence e.g. the regulation of post-translational

modifications, may therefore also enable novel insights into the physiological role of PLN pentamers.

1.7 Medical relevance

Both obscurin and phospholamban have been implicated in the pathophysiology of heart failure
and cardiac arrhythmias. This section briefly introduces some of the most relevant aspects of these
conditions for the presented work before reviewing the role of phospholamban and obscurin in their

pathophysiology.

1.7.1 Heart failure, genetic cardiomyopathies and cardiac arrhythmias
Heart failure

Heart failure (HF) is a common and clinically important issue which, as first approximation, can
be characterised as the inability of the heart to properly pump blood (see e.g. the definition by the
NHS in its information material for patients at https://www.nhs.uk/conditions/heart-failure/, last
accessed 07/06/2021). The prevalence of HF is increasing quickly and in 2016 already affected more
than 37 Million people globally (Ziaeian and Fonarow 2016). The European Society of Cardiology
defines HF in their 2016 guidelines as follows:

“HF is a clinical syndrome characterized by typical symptoms (e.g. breathlessness,
ankle swelling and fatigue) that may be accompanied by signs (e.g. elevated jugular
venous pressure, pulmonary crackles and peripheral oedema) caused by a structural
and/or functional cardiac abnormality, resulting in a reduced cardiac output and/or

elevated intracardiac pressures at rest or during stress.” (Ponikowski et al. 2016)
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Chronic heart failure is a condition that can often be managed effectively with adequate therapy
and risk minimisation, although the average 10-year survival probability after diagnosis remains
below 30% (Ponikowski et al. 2016; Roger 2013; Taylor et al. 2019). Acute HF, however, is a life-
threatening situation that requires urgent intervention and may result from the decompensation
of chronic HF or factors such as cardiac arrhythmias, myocardial infarction, drug intoxication,
infections (e.g. myocarditis) and others (Ponikowski et al. 2016).

Functionally, HF can further be subdivided into systolic and diastolic HF (SHF and DHF,
respectively). While SHF is characterised by a reduced ejection volume and higher end diastolic
volume, DHF, in contrast, is primarily characterised by a reduced end diastolic volume, i.e. by
impaired filling of the left ventricle (Katz and Rolett 2016). Structurally, DHF is typically preceded
and accompanied by a concentric hypertrophy of the left ventricle wall, whereas SHF is accompa-
nied by dilation and eccentric hypertrophy of the left ventricle wall (Figure 1.6A) (Katz and Rolett
2016; Nakamura and Sadoshima 2018). On a cellular level, concentric hypertrophy of cardiomy-
ocytes results from the addition of sarcomeres in parallel, whereas serial addition of sarcomeres is
underlying eccentric hypertrophy (Hunter and Chien 1999; Nakamura and Sadoshima 2018). On a
biochemical level, cardiac hypertrophy is mediated by altered activity in numerous signalling and
gene-regulatory networks in response to mechanical or humoral stimuli including growth factors,
interleukins, catecholamines, angiotensin II, and others (Lymperopoulos et al. 2013; Lyon et al.
2015; Molkentin and Dorn 2001; Nakamura and Sadoshima 2018). The hypertrophic response
involves changes to almost all aspects of cell biology such as transcriptional regulation, protein
synthesis, calcium handling, cell survival, contractility and energy metabolism (Hunter and Chien
1999; Nakamura and Sadoshima 2018; Tham et al. 2015). The list of pathways, molecules and
genes involved in this response is too long for an exhaustive list, but includes the Ras/MAPK /Erk
cascade, signalling kinases and phosphatases (AMPK, Akt, CaMKII, PKA, PKC, PKG, PI3K,
PP1, PP2A, Calcineurin), small GTPases (RhoA, Racl, Cdc42) and many more (Figure 1.6B)
(Brown et al. 2006; Hunter and Chien 1999; Molkentin and Dorn 2001; Nakamura and Sadoshima
2018; Tham et al. 2015). Initially, these signals serve to adapt heart function by increasing the
contractile and metabolic activity of the myocardium. Both concentric and eccentric hypertrophy
offer a temporary solution for haemodynamic challenges of the heart.

Concentric hypertrophy typically results from pressure overload during systole and the increased
wall-thickness (h,,) reduces wall tension (T) according to the law of Laplace (T ~ h;!), thereby
improving contractility (Katz and Rolett 2016). Eccentric hypertrophy is a way to accommodate
volume overload and at least on short time-scales the increased filling of the left ventricle during
diastole leads to higher stroke volumes via the Frank-Starling mechanism (increased filling volumes
stretch the muscle fibres which improves their contractility) (Katz and Rolett 2016). Both types
of hypertrophy are, however, eventually maladaptive. Concentric hypertrophy can be beneficial
to maintain cardiac output even over longer periods but leads to trophic issues that result in cell
death, fibrosis and progress towards eccentric hypertrophy and ventricle dilation (Nakamura and
Sadoshima 2018; Tham et al. 2015). Eccentric hypertrophy, in contrast, quickly triggers a vicious
cycle in which the increased chamber volume increases wall stress, leading to further eccentric
hypertrophy, leading to an even larger chamber volume and reduced stroke volumes (Figure 1.6C)
(Katz and Rolett 2016).
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A, Genetic or lifestyle related factors can cause cardiomyopathies which can be subdivided into different categories
based on their appearance, hypertrophy patterns and contractile properties. Top: healthy heart. Left: dilated
cardiomyopathy is characterised by eccentric hypertrophy and chamber dilation, leading to volume overload and de-
creased contractility and ejection. Bottom: hypertrophic cardiomyopathy is characterised by concentric hypertrophy
and enlarged ventricle walls leading to reduced end-diastolic volumes. Right: other categories such as arrhythmo-
genic cardiomyopathy are less easily distinguished by anatomical features and also rely on other phenotypical factors
(e.g. haemodynamics, arrhythmias). Reprinted by permission from Springer Nature. Nat. Rev. Cardiol. Dilated
cardiomyopathy: the complexity of a diverse genetic architecture. Hershberger RE, Hedges DJ, Morales A. (C) 2013,
Macmillan Publishers Limited. B, Signalling pathways integrate information from neurohumoral and mechanical
signals leading to changes in cellular processes and behaviour including growth, cell death, gene-expression, calcium
handling, metabolic activity, contractility and others. While some of these are initially adaptive and beneficial,
they often become maladaptive and lead to deleterious remodelling of the myocardium in the long run. Reprinted
by permission from Springer Nature. Nat. Rev. Cardiol. Mechanisms of physiological and pathological cardiac
hypertrophy. Nakamura M, Sadoshima J. (©) 2018, Macmillan Publishers Limited. C, Maladaptive signalling and
eccentric hypertrophy during dilated cardiomyopathy quickly triggers a vicious cycle in which lack of contractility
and impaired ejection causes more eccentric hypertrophy, thereby further reducing contractility. Reprinted from
Katz AM, Rolett EL. Heart failure: when form fails to follow function. Eur Heart J. 2016, 37(5): 449-454, by
permission of the European Society of Cardiology.
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It is not easy to distinguish cause and effect in the molecular pathophysiology of hypertrophy
and heart failure. One complicating factor is that the involved signalling processes can differ
depending for example on the type of hypertrophy or the cause (primary causes such as genetic
mutations or secondary effects such as chronic hypertension)(Brown et al. 2006; Cahill et al. 2013;
Nakamura and Sadoshima 2018; Tham et al. 2015). Furthermore, as the initially adaptive, but
eventually maladaptive responses illustrate, the consequences of altered signalling activity are often
dynamic and the chain of causation cyclical. Enhanced RhoA activity, for instance, initially leads
to cardiomyocyte hypertrophy, but prolonged activation results in increased apoptosis and fibrosis
(Aoki et al. 1998; Del Re et al. 2007; Lauriol et al. 2014). Similarly, increased B-adrenergic signalling
is beneficial in the short run as it improves contractility and cardiac output, but is detrimental
when forcing a diseased heart to work beyond its capacity, thereby causing increased apoptosis
and fibrosis in the long run (Lohse et al. 2003; Lymperopoulos et al. 2013).

To a considerable extent, the aetiology of HF is based on preventable conditions such as my-
ocardial infarction, hypertension or atrial fibrillation, all of which are strongly predicted by life-
style related risk factors such as diet, exercise, smoking and alcohol consumption (Djoussé 2009;
Ponikowski et al. 2016; Ziaeian and Fonarow 2016). However, genetic causes, too, are among the
most frequent causes of HF | particularly genetic cardiomyopathies (Ponikowski et al. 2016; Ziaeian
and Fonarow 2016). According to their morphological phenotype, genetic cardiomyopathies can
be categorised as hypertrophic cardiomyopathy (HCM; characterised by concentric hypertrophy)
or dilated cardiomyopathy (DCM; characterised by eccentric hypertrophy), although less frequent
types such as arrhythmogenic (ACM), restrictive and left-ventricular non-compaction cardiomy-
opathies do exist (Cahill et al. 2013). Some of these, however, are not necessarily different disease
entities. DCM and ACM, for instance, have recently been proposed to be poles of a continuum,
rather than to be different cardiomyopathies (Zwaag et al. 2012). HCM typically results from sin-
gle mutations in sarcomeric proteins such as the myosin heavy chain, cMyBPC or Titin and these
mutations are often inherited in an autosomal dominant fashion (Cahill et al. 2013; Marian 2021;
Marian and Braunwald 2017). The prevalence of HCM is estimated to lie somewhere between 1:300
to 1:600, with 1:500 being one of the most commonly used estimates in the literature (Alcalai et al.
2008; Marian 2021; Maron and Maron 2013). DCM, while not uncommon, only affects about 1 in
2500 people (Kérkkdinen and Peuhkurinen 2007). The molecular genetics of DCM is considered
to be more multifactorial, with monogenic causes only accounting for about 25-35% of observed
cases and a significant contribution of non-genetic causes (Karkkiinen and Peuhkurinen 2007; Luk
et al. 2009). Like HCM, DCM can result from mutations in sarcomeric proteins (Karkkéiinen and
Peuhkurinen 2007; Luk et al. 2009). Interestingly, mutations in genes that are associated with
both HCM and DCM often seem to have functionally opposite effects, further supporting the idea
that the pathophysiology leading to HF can be disease specific (Cahill et al. 2013; Tadros et al.
2021). In addition, both HCM and especially DCM can result from mutations in non-sarcomeric
proteins involved in calcium handling, sarcolemmal integrity, signalling or ion homeostasis (Cahill
et al. 2013; Kérkkiinen and Peuhkurinen 2007; Marian 2021; Marian and Braunwald 2017; Maron
and Maron 2013).

Although substantial progress has been made in understanding the way how some mutations
impair cardiac function and lead to disease (e.g. impairing incorporation of a protein into the
sarcomere or reducing force generation), a detailed mechanistic understanding of the physiological
roles and how mutations can interfere with them is still lacking for many proteins associated with
cardiomyopathies (Cahill et al. 2013; Marian and Braunwald 2017).
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1.7.2 Cardiac arrhythmias

Cardiac arrhythmias are deviations from the physiological, rhythmic electrical activity of the heart
and can range from harmless occasional extrasystoles without clinical significance to dangerous
and immediately life-threatening arrhythmias such as ventricular fibrillation which impedes any
coordinated pumping activity of the heart. The classification of arrhythmias can be made along
multiple dimensions such as anatomical origin (supra-ventricular vs. ventricular), velocity (brady-
vs. tachycard), ECG characteristics (relevant parameters include e.g. the appearance of P-wave,
QRS complex or T-wave, duration of specific intervals and others), genetic origin (e.g. inherited vs.
secondary, non-genetic cause such as myocardial infarction or intoxication) and others (Brugada
et al. 2020; Fu 2015; Padeletti and Bagliani 2017; Priori et al. 2015).

The epidemiological evaluation of cardiac arrhythmias as a whole is challenging not only due
to the complexity of the classification but also due to limited data availability for some of these
diseases (Offerhaus et al. 2020). However, epidemiological data on just a few types of arrhythmias
illustrates that cardiac arrhythmias are an important clinical issue: Congenital long QT-syndrome
affects 1:2000 to 1:2500 persons, more than 1 in 500 persons are affected by supraventricular
tachycardias and ventricular fibrillation causes between 1100 and 9000 sudden cardiac deaths each
year in Europe alone (Brugada et al. 2020; Offerhaus et al. 2020; Priori et al. 2015).

A particular challenge in understanding cardiac arrhythmias arises not only from the inherent
non-linear nature of cardiac electrical dynamics, but also from the fact that their emergence and
maintenance involves multiple temporal and spatial scales ranging from subcellular to cellular to
tissue level processes (Kistamas et al. 2020; Noble 2002; Qu et al. 2014). In a work dedicated to
biochemical signalling processes, we can therefore only outline some basic mechanistic principles
underlying the emergence of cardiac arrhythmias.

As outlined earlier, the depolarization of the cardiomyocyte cell membrane triggers intracellu-
lar calcium waves which regulate sarcomeric cross-bridge cycling. The contractions of the heart
are therefore controlled by its electrical activity. From an electrophysiological perspective, cardiac
arrhythmias can arise from irregularities both in the generation or conduction of electrical pulses
(Cabo and Wit 1997; Gaztanaga et al. 2012). A good example for a condition resulting from
irregular impulse generation is the sick sinus syndrome, in which the primary pace-maker of the
heart, due to genetic mutations or secondary changes to the sinus node tissue, generates abnor-
mally fast or slow impulse rates (Dobrzynski et al. 2007). Autonomous electrical automaticity in
the ventricular tissue, too, constitutes abnormal impulse generation and can trigger arrhythmias
(Gaztanaga et al. 2012). Irregular impulse conduction, in contrast, can result from anatomical or
functional obstacles which can cause the re-entry of electrical activity into incompletely repolarised
but re-excitable heart tissue (Figure 1.7A) (Gaztanaga et al. 2012; Qu and Weiss 2015). Depend-
ing on the circumstances, such re-entry currents can cause various forms of tachycardias or even
ventricular fibrillation.

Similar to neurons, the cardiac action potential is generated by changing fluxes mainly of
sodium, calcium and potassium ions (Figure 1.7B). Unsurprisingly, many genetic cardiac arrhyth-
mia syndromes result from genes implicated in regulating these fluxes such as ion-channels or
transporters (Qu and Weiss 2015). Calcium influences both the cardiac action potential and
excitation-contraction coupling. Aberrant calcium handling is thus an important factor in the
molecular pathophysiology of cardiac arrhythmias (Kistamas et al. 2020; Landstrom et al. 2017;
Opbergen et al. 2017). In fact, dysfunctional calcium handling can cause or contribute to both
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impulse generation and conduction problems: Abnormal impulse generation leading to autonomic
focal activity is often triggered by early or delayed afterdepolarisations which interrupt the normal
repolarisation process (Figure 1.7C) (Kistamas et al. 2020; Landstrom et al. 2017). Early after-
depolarizations, for instance, can arise due to spontaneous calcium release from the SR which in
turn activates depolarising currents via the Na*/Ca®*-exchanger (NCX) and can reactivate Ca®*
influx via L-type channels during the plateau phase of the action potential (Kistaméas et al. 2020).
Elevated intracellular calcium concentration can also support the occurrence of early afterdepo-
larizations, particular in the context of cardiac hypertrophy, heart failure, acidosis, 3-adrenergic

stimulation and other factors (Kistamas et al. 2020).
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Figure 1.7. Mechanisms of cardiac arrhythmias.

A, Heterogeneities in tissue composition (top) or the electrophysiological properties of cardiomyocytes (middle,
bottom) can lead to the re-entry of electrical excitation independent from physiological pacemaker activity. Focal
re-entry activity can cause e.g. tachyarrhythmias or ventricular fibrillation. Figure reprinted with permission from
Kistamas et al. 2020 under the Creative Commons Attribution License (CC BY). B, The cardiac action potential
(top) is the result of ionic currents (Na*, K* and Ca2* ions) regulated by multiple channels and ion pumps (bottom).
After initial influx of Na* (0) and Na*-channel inactivation (1), depolarising Ca?* influx and release from the SR
counterbalances early repolarisation, leading to a plateau phase (2). Following Ca?*-channel inactivation, multiple
potassium currents further repolarise the cell (3) until resting membrane potential is reached (4). Figure reprinted
with permission from Hoekstra et al. 2012 under the Creative Commons Attribution License (CC BY). C, On the
subcellular level, altered balance of ion concentrations (e.g. calcium) or ion channel/pump function can result in
early or delayed afterdepolarizations which are pro-arrhythmogenic. Figure adapted with permission from Denham
et al. 2018 under the Creative Commons Attribution License (CC BY).
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Impulse conductance, too, can be negatively impacted by reduced gap-junction conductance
due to high intracellular calcium (Kistamas et al. 2020). The same factors can also promote de-
layed afterdepolarisations by increasing the SR calcium load and thus increasing the probability
for spontaneous calcium release (Kistamas et al. 2020). Moreover, irregular calcium handling can
promote spatially heterogeneous excitation and repolarisation behaviour across the heart tissue
(dispersion of excitability and refractoriness) as well as temporal heterogeneity in the calcium
transient (termed calcium alternans) which can further lead to variability of action potential du-
ration, and both types of heterogeneity can promote focal activity and re-entrant arrhythmias
(Kistamas et al. 2020; Qu et al. 2010; Weiss et al. 2011). Consistent with these findings, mutations
in signalling proteins which regulate calcium handling are often pro-arrhythmogenic (Kistamaés
et al. 2020; Landstrom et al. 2017; Opbergen et al. 2017).

1.7.3 Current therapy approaches

In comparison to the complexity of the specific causes for HF and cardiac arrhythmias, the available
therapeutic tools are rather unspecific and mainly directed at preventing further deterioration of
the patient’s condition. Apart from minimising and adjusting life-style related risk factors (obesity,
smoking, etc.), drug therapy of chronic HF plays an important role in reducing the workload of the
heart and for preventing or slowing down adverse cardiac remodelling processes. Important key
classes of drugs in the therapy of chronic HF include B-blockers, ACE II inhibitors and diuretics
(Ponikowski et al. 2016). All of these exert an anti-hypertensive effect, i.e. lower the blood pressure,
and improve cardiac haemodynamics, thereby reduce the workload of the heart. [(-blockers also
have a protective effects against tachyarrhythmias (i.e. arrhythmias which exceed the normal heart
rate) and can help the heart to exit or reduce the vicious cycle of chronically increased 3-adrenergic
tonus due to insufficient cardiac output which leads to further progression of the condition (Lohse
et al. 2003). In addition, both B-blockers and ACE II inhibitors have a positive influence on
cardiac remodelling (Khattar et al. 2001). Positive inotropes which improve cardiac contractility
can offer some short-term symptomatic relief and seem to be a plausible approach to improve
cardiac function at first glance (Ponikowski et al. 2016). However, since none of these drugs has
been shown to improve survival so far, positive inotropes only have a limited indication in the
pharmacotherapy of HF, although the discussion of their potential usefulness has recently received
new attention (Ahmad et al. 2019). The therapeutic management of HF can require further
drug therapy to minimise other cardiovascular risks such as coronary heart disease or arrhythmias
(Ponikowski et al. 2016). If and when pharmacotherapy and life-style related interventions fail,
additional interventions such as the implantation of a cardioverter defibrillator or even mechanical
circulatory support or heart transplantation can become necessary (Ponikowski et al. 2016).
Anti-arrhythmic drug therapy, too, is highly unspecific. Important classes of molecules include
the above mentioned [-blockers, different types of sodium channel blockers (e.g. Procainamide),
potassium channel blockers (e.g. Amiodarone), calcium channel blockers (e.g. Diltiazem), and
other drugs (Lei et al. 2018). Since conventional anti-arrhythmic pharmacotherapy is often insuf-
ficient, additional measures can be required to control the emergence of arrhythmias such as atrial
fibrillation (e.g. catheter ablation) and their potential consequences (as atrial fibrillation can cause
blood clotting which increases the risk for ischaemic strokes, anticoagulation therapy is typically
necessary) (Brugada et al. 2020; Priori et al. 2015). Although current drug therapies for HF and
cardiac arrhythmias do improve survival and quality of life, none of the drugs currently in use
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typically addresses the underlying cause of the condition. Particularly for inheritable conditions
with a specific underlying genetic cause, these general purpose therapies are often not sufficient
to compensate the molecular consequences of the mutation. Moreover, antiarrhythmic drugs in
particular often suffer from a narrow therapeutic window (Mankad and Kalahasty 2019). The
development of novel therapy approaches and drugs are therefore the focus of significant research
efforts in the cardiovascular field (Tham et al. 2015).

1.7.4 Obscurin in the context of cardiovascular diseases

Obscurin and mutations in the encoding OBSCN gene have been associated with various neuro-
muscular, cardiovascular and other diseases such as cancer (Marston 2017; Randazzo et al. 2017b).
Here, we will focus mostly on the association with cardiovascular diseases.

One of the earliest evidence for the potential involvement of obscurin in processes relevant to
cardiovascular disease came from the observation that obscurin transcript levels comprising the
Rho GEF domains showed a significant and sustained increase in mice after aortic banding, point-
ing towards a role in myocardial hypertrophy (Borisov et al. 2003). Consistent with this idea,
two missense-mutations in the OBSCN gene were discovered in 2007 in a 19-year old patient with
left-ventricular hypertrophic cardiomyopathy, resulting in a substitution of Arginine 4344 in Ig58
to Glutamine (R4344Q) and Alanine 4444 in Ig59 to Threonine (A4444T) (Arimura et al. 2007).
Based on data from luciferase and co-immunoprecipitation binding assays as well as immunofluo-
rescence studies of exogenously expressed obscurin Ig58-Ig59 in neonatal rat cardiomyocytes, the
authors reported the R4344Q mutation, but not the A4484T mutation, to impair both binding to
titin Z8-Z9 and recruitment of obscurin Ig58-Ig59 to the M-band (Arimura et al. 2007). Ten years
later, a study from the Kontrogianni-Konstantopoulos group characterised a mouse model of the
R4344Q mutation and reported the mutation to cause aberrant calcium handling, cardiac arrhyth-
mias and, when mice were subjected to aortic banding, a dilated cardiomyopathy like phenotype
(Hu et al. 2017). Mechanistically, the authors explained the phenotype to stem from a newly iden-
tified interaction between obscurin Igh8 and the cytoplasmic domain of PLN which the authors
reported being strengthened by the R4344(Q) mutation, thereby sequestering monomeric PLN (Hu
et al. 2017). Shortly before the completion of this PhD thesis, the same group published another,
related study on the deletion of obscurin domains Ig58-Ig59 in mice (Grogan et al. 2020). Deletion
of these domains, too, was reported to alter calcium handling, but the effects were mostly oppo-
site to those observed in R4344(Q) mice and accompanied by changes in the phosphorylation and
expression of several calcium-handling proteins including SERCA, RyR and PLN. Phenotypically,
these mice demonstrated cardiac hypertrophy and age- and sex-dependent remodelling as well as
impaired contractility and arrhythmias, particularly under 3-adrenergic stimulation (Grogan et al.
2020). However, as the R4344Q variant is highly common among African Americans (up to 15% of
individuals), other research groups have challenged the classification of this variant as pathogenic
(Manrai et al. 2016; Marston 2017).

In recent years, an increasing number of novel OBSCN missense-mutations is being associated
with various cardiovascular diseases including dilated cardiomyopathy, hypertrophic cardiomyopa-
thy and left ventricular noncompaction and more are expected to be discovered (Marston 2017;
Marston et al. 2015; Xu et al. 2015; Rowland et al. 2016). However, the mechanistic effect of these
genetic mutations is currently still unclear. As expected from the gene structure, most mutations

affect Ig-domains in obscurin, although one dilated cardiomyopathy associated mutation has been
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reported to affect the PH-domain of obscurin (Marston et al. 2015). In addition to cardiovascular
diseases, obscurin is also associated with skeletal myopathies. A missense mutation leading to an
exchange of Arginine 4444 in obscurin domain Ig59 for Tryptophan, for instance, has been reported
to impair binding to titin Z8-Z9 and to be associated with earlier and more severe onset of distal
muscular dystrophy caused by a filamin C frameshift mutation (Rossi et al. 2017). Moreover, sev-
eral titin mutations are known to disrupt the interaction between titin and obscurin/obsl-1 at the
M-band, contributing to the pathophysiology of several skeletal muscle disorders (Pernigo et al.
2010).

In summary, these studies provide evidence that perturbing the physiological functions of ob-
scurin can contribute to the development of cardiovascular and neuromuscular disease. Although
several researchers have already considered it as an interesting pharmacological target (Randazzo
et al. 2017b), our understanding of the physiological and pathophysiological roles of obscurin is

perhaps still too rudimentary to evaluate the prospects of successful therapeutic interventions.

1.7.5 Phospholamban in the context of cardiovascular diseases

Studies from the 1990s and early 2000s which investigated the effect of ablating PLN from the
murine heart showed that deletion of PLN improved cardiac function without compromising the
life span, suggesting that loss of PLN is actually beneficial (Luo et al. 1994; Wolska et al. 1996; Slack
et al. 2001). Earlier studies which demonstrated that PLN expression relative to SERCA expression
is increased during HF and that PLN ablation can rescue the phenotype of DCM mouse models
further supported this interpretation (Meyer et al. 1995; Minamisawa et al. 1999). The discovery of
one the first natural PLN mutations, PLN-L39stop, however, challenged this view. Discovered in
patients with hereditary HF, the characterisation of this mutation demonstrated that PLN-L39stop
patients and HEK293 cell based PLN-L39stop models expressed almost no functional PLN and
thus exhibited no SERCA inhibition in the cell models (Haghighi et al. 2003). Homozygous PLN-
L39Stop carriers developed severe heart failure and required heart transplantation before the age
of 30 (Haghighi et al. 2003). Since the pedigree of patients carrying the mutation left no doubt
that this variant is responsible for causing DCM and early HF, this study demonstrated that
humans, unlike mice, require PLN and that PLN loss-of-function mutations are highly deleterious
for the human heart (Haghighi et al. 2003). Only a month earlier, the Seidman group published
their discovery of the first pathogenic PLN mutation, the Arginine to Cysteine substitution at
position 9 (R9C), leading to severe DCM and HF at young age, thereby drastically limiting the life
expectancy of affected patients (average age of death ~ 25) (Schmitt et al. 2003). Curiously, the
RI9C-PLN does not inhibit SERCA function itself, but reduces PLN phosphorylation, potentially
by “trapping” the kinase PKA (Schmitt et al. 2003).

In the following years, an increasing number of naturally occurring, pathogenic mutations in
the PLN gene have been reported: R14del, RO9H, R25C and others which are not only associated
with DCM, but also HCM and ACM (Haghighi et al. 2006; Landstrom et al. 2011; Liu et al. 2015;
Opbergen et al. 2017; Yost et al. 2019; Zwaag et al. 2012). The perhaps most frequently occurring
PLN mutation is the R14del mutation. In the Netherlands, where this mutation is particularly
prevalent, the R14del mutation accounts for approximately 12% of ACM and 15% of DCM cases,
but the R14del mutation have also been identified in Greece, Germany and Spain (Zwaag et al.
2012; Haghighi et al. 2006; Hof et al. 2019; Lopez-Ayala et al. 2015; Posch et al. 2009). Cousistent
with this, PLN-R14del carriers typically develop a DCM like phenotype with frequent episodes of
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cardiac arrhythmias (Haghighi et al. 2006; Hof et al. 2019; Posch et al. 2009). On a molecular
level, the mutation has been reported to impair phosphorylation, to destabilise PLN pentamers
and to lead to faulty localisation of mutant PLN to the plasma membrane where it interacts with
the Na/K-ATPase (Ceholski et al. 2012; Haghighi et al. 2006; Haghighi et al. 2012; Kim et al.
2015). Moreover, it has been reported that PLN-R14del alters calcium cycling parameters in iPSC
models and leads to changes in autophagy resulting in increased accumulation of PLN aggregates
(Karakikes et al. 2015; Rijdt et al. 2016). Unfortunately, conventional therapies for HF patients
appear to have little effect on R14del carriers and patients often die before the age of 50-60 of HF
or sudden cardiac death (Eijgenraam et al. 2020; Haghighi et al. 2006; Hof et al. 2019).

In addition to mutations in the PLN gene itself, perturbations to PP1 or inhibitor-1, both of
which are part of the signalling network surrounding PLN, have also been reported to change PLN
phosphorylation levels and cause cardiac arrhythmias (Alsina et al. 2019; Haghighi et al. 2015).

Taken together, this demonstrates that interfering with the function of PLN or other proteins in
this signalling network can cause HF and cardiac arrhythmias and that currently available therapy

approaches are not sufficient for patients with mutations in the PLN gene.

1.8 Aims and objectives

The overarching goal of this work is to elucidate hitherto poorly understood and unknown sig-
nalling processes at the interface of the sarcomere and the SR and their potential relevance in the
pathophysiology of cardiovascular diseases.

The first part of this thesis comprises the work which has been done on the giant muscle pro-
tein obscurin within two separate projects. Given the context outlined above, we hypothesize
that obscurin, and particularly its Rho GEF domains, play important signalling functions in car-
diomyocyte (patho-)physiology. The aim of the first project is to provide a better understanding
the obscurin Rho GEF domains. Although cell biological studies have provided evidence that
the obscurin Rho GEF domains can activate RhoA and RhoQ/TC10 in skeletal muscle, a solid
mechanistic understanding of these interactions is still lacking. The specific goal for this project
is therefore to provide a biochemical and structural characterisation of the Rho GEF domains to

answer the following questions:

Project 1

1. What is the catalytic activity of obscurin Rho GEF domains and how do they compare to
other Rho GEFs?

2. What are the substrates for which obscurin Rho GEF domains shows the highest specificity?

3. How is catalytic activity regulated by adjacent domains and post-translational modifications,

specifically phosphorylation?

Mutations which impair obscurin’s stability, signalling functions or interaction with other pro-
teins may cause muscle diseases. However, we hypothesize that the R4344Q mutation in the
obscurin domain Ig59 is not causative in the pathophysiology of heart or skeletal muscle diseases.
The second project thus aims to characterise the influence of disease-associated genetic mutations

on protein-protein interactions and biophysical properties such as domain stability with a focus
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on variants affecting obscurin domains Ig58 (R4344Q), A4484T), Ig59 (R4444W) and PH domain
(D5966N) (Arimura et al. 2007; Marston et al. 2015; Rossi et al. 2017).

To date, mutations R4344Q and A4484T have only been characterised by means of pulldown /co-
immunoprecipitation, whereas the mutation D5966N has not yet been characterised. A systematic
investigation using quantitative methods to determine e.g. differences in affinities may therefore
help to resolve existing controversies particularly concerning the pathogenicity of the R4344Q
mutation and could yield new mechanistic insights into the pathophysiology of other variants.
Given that the R4344Q variant has a high prevalence among African Americans, we hypothesize
that it will have no major effect on biophysical and biochemical properties. The specific questions

this project seeks to answer are:

Project 2

1. How do potentially pathogenic obscurin variants alter the thermo-stability of the affected

domains?

2. What effect do potentially pathogenic obscurin variants have on the affinities of interactions

between obscurin and its binding partners?

3. How can the discrepancy between the population genetics of the R4344Q variant (found in
up to 15% of African Americans) and its proposed pathogenicity be explained?

The chapter about the second project consists of the peer-reviewed paper which has been
published after completion of this project.

The second part of the thesis is about phospholamban, a small (52 amino acids, » 6 kDa) protein
found in the SR membrane. In the unphosphorylated form, phospholamban (PLN) is a constituent
inhibitor of the SERCA pump which is responsible for the bulk of Ca?* removal after sarcomeric
contraction. The phosphorylation of PLN by PKA relieves SERCA inhibition to accelerate Ca?*
reuptake and is a key mechanism of positive lusitropy (faster relaxation) and positive inotropy
(stronger contractions) mediated by the B-adrenergic pathway (Kranias and Hajjar 2012; MacLen-
nan and Kranias 2003). Phospholamban also forms homo-pentamers of yet unknown physiological
functions. Using dynamical systems approaches and biochemical experiments, this work tries to
provide a better understanding of the role of homo-oligomers in biochemical signalling networks in
general and of PLN pentamers in particular. We hypothesize that homo-oligomers can markedly
alter the dynamics and regulatory modes of interactions and post-translational modifications in
which they are involved.

As the potential functions of homo-oligomerisation in biochemical signalling networks have not
yet been studied systematically, the first project in this line of work aims to develop and explore
general mathematical models of homo-oligomerisation. Specifically, the project aims to answer the

following questions:

Project 3

1. What are the dynamics and what is the steady-state behaviour that can be observed in

simulations of homo-oligomerisation models?

2. How is the predicted behaviour influenced by the order of oligomerisation?
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3. How does oligomerisation affect the dynamics and the steady-states level of post-translational

modification?

The findings from this project will then be used in a second project to develop a mathemat-
ical model of PLN pentamers in the context of (3-adrenergic signalling which will be calibrated
with experimental data on oligomerisation and explored by detailed model analyses and numerical

simulations. Specifically, the project aims to answer the following questions:

Project 4
1. What are the possible dynamics and the steady-state of PLN pentamer phosphorylation?
2. How do PLN pentamers influence the phosphorylation of PLN monomers?
3. If PLN pentamers influence phosphorylation PLN monomers:

(a) What are the functional implications for cardiac physiology?

(b) What are the implications for the pathophysiology of cardiovascular diseases such as

heart failure or cardiac arrhythmias?

Both projects in the second part have already been completed before thesis submission and the
results are therefore presented in the form of published and peer-reviewed papers. Each chapter
features a short discussion of technical or biological aspects immediately relevant to the project.
A synopsis of the results presented in this thesis, the discussion of their wider implications and an

outlook onto potential future work is provided at the end of this thesis.



Chapter 2

Material and Methods

2.1 Material

Table 2.1. Frequently used chemicals and reagents

Chemical /reagent

Source

Carbenicillin Apollo Scientific, cat. no. BIC0109
cOmplete™, EDTA-free Protease Inhibitor Cock- | Roche, cat. no. 11873580001

tail Tablets

DTT Thermo Scientific, cat. no. R0862
EDTA VWR chemicals, cat. no. 20302.260
GDP Sigma-Aldrich, cat. no. G7127-100MG
Glycerol Sigma-Aldrich, cat. no. G5516-1L
Glycine Sigma-Aldrich, cat. no. G8898-500G
Hepes Sigma-Aldrich, cat. no. H3375-100G
Imidazole Sigma-Aldrich, cat. no. 12399-500G
IPTG Generon, cat. no. GEN-S-02122

L-Glutathione, reduced

Sigma-Aldrich, cat. no. G4251-25G

Lysozyme, from egg white

Fluka Analytical, cat. no. 62971-50G-F

B-Mercaptoethanol

Sigma-Aldrich, cat. no. M3148-250ML

Magnesium chloride (MgCls)

Sigma-Aldrich, cat. no. M2670-500G

Sodium chloride (NaCl)

Sigma-Aldrich, cat. no. S7653-5KG

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich, cat. no. 75746-1KG

Tris base

Sigma-Aldrich, cat. no. T6066-5KG

Triton X-100

Sigma-Aldrich, cat. no. T8787-100ML

Table 2.2. Frequently used media

Medium

Contents

Lysogeny broth (LB), Miller

Ready to use granules, 25 g/L (10 g casein peptone, 5 g yeast
extract, 10 g NaCl), Fisher Scientifc, cat. no. BP9723-2

LB-agar, Miller

Ready to use granules, 37 g/L (10 g casein peptone, 5 g yeast
extract, 10 g NaCl, 12 g agar), Fisher Scientifc, cat. no. 1281-
1660

Auto-induction medium (AIM)

10 g tryptone, 5 g yeast extract, 1 mL MgSO,, 20 mL 50x 5052
solution, 50 mL 20x NPS solution, ultrapure water ad 1 L. Smaller
volumes were made up accordingly by scaling the above amounts.
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Table 2.3. Frequently used protein buffers
Rho GTPases Buffer A: 50 mM Tris-HCI pH 7.5, 300

mM NaCl, 2 mM MgCly, 1:1000 (v/v) B-
mercaptoethanol. Lysis buffer: buffer A + 1
cOmplete protein inhibitor tablet / 50 mL, spiked
with 10 pM GDP. Buffer B: like Buffer A + 10
mM glutathione. Buffer C (final): 50 mM Tris-
HCI, 100 mM NaCl, 2 mM MgCly, 2 mM DTT.

Obscurin Rho GEF fragments (affinity purifica-
tion with HisTrap followed by His-tag cleavage
via TEV protease and size-exclusion chromatog-

raphy)

Buffer A: 50 mM Tris-HCI pH 7.5, 300
mM NaCl, 25 mM imidazole, 1:1000 (v/v)
B-mercaptoethanol.  Lysis buffer: buffer A
+ 1 cOmplete protein inhibitor tablet / 50
mL. Buffer B: 50 mM Tris-HCI pH 7.5, 300
mM NaCl, 500 mM imidazole, 1:1000 (v/v) B-
mercaptoethanol. Buffer C (final): 30 mM
Hepes pH 7.5, 100 mM NaCl, 2 mM DTT, (op-
tional: 5% (v/v) glycerol).

Obscurin Rho GEF fragments (single-step affin-
ity purification with Ni-NTA resin from < 0.5 L
cultures)

Buffer A: 1x PBS, 35 mM imidazole, 1:1000
(v/v) B-mercaptoethanol. Lysis buffer: buffer A
+ 1 cOmplete protein inhibitor tablet / 50 mL.
Buffer B: 1x PBS, 600 mM imidazole, 1:1000
(v/v) B-mercaptoethanol. Buffer C (final): 40
mM Hepes pH 7.5, 100 mM NaCl, 2 mM DTT,
5% glycerol.

Obscurin Rho GEF fragments (single-step affin-
ity purification with Ni-NTA resin for solubility
screen)

Buffer A: 50 mM Tris-HCI pH 7.5, 300 mM
NaCl, 30 mM imidazole, 1 mM DTT. Buffer
B: 50 mM Tris-HCI pH 7.5, 300 mM NaCl, 1 M
imidazole, 1 mM DTT. Buffer C (final): 30 mM
Hepes pH 7.5, 100 mM NaCl, 2 mM DTT.

Vav2 DH and Larg DH (single-step affinity purifi-
cation with Ni-NTA resin from < 0.5 L cultures)

Buffer A: 30 mM Hepes pH 7.5, 100 mM
NaCl, 40 mM imidazole, 1:1000 (v/v) B-
mercaptoethanol, 5% glycerol. Lysis buffer:
buffer A + 1 cOmplete protein inhibitor tablet
/ 50 mL. Buffer B: 30 mM Hepes pH 7.5, 100
mM NaCl, 500 mM imidazole, 1:1000 (v/v) B-
mercaptoethanol, 5% glycerol. Buffer C (final):
30mM Hepes pH 7.5, 100 mM NaCl, 2 mM DTT,
5% glycerol.

PP1-Bg_327, catalytic subunit (affinity purifica-
tion with HisTrap followed by size-exclusion chro-
matography)

Buffer A: 50 mM Tris-HCI pH 8, 700 mM NaCl,
ImM MnClz, 25 mM imidazole, 1 mM DTT.
Lysis buffer: buffer A + 1 cOmplete protein
inhibitor tablet / 25 mL. Buffer B: 50 mM Tris-
HCl pH 8, 700 mM NaCl, 1mM MnCl5, 500 mM
imidazole, 1 mM DTT. Buffer C (final): 50 mM
Tris-HCI pH 8, 700 mM NaCl, 1mM MnCl,, 1
mM DTT.
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Table 2.4. Frequently used buffers and stock solutions

Medium Contents

50x 5052 solution 0.5% (v/v) glycerol, 0.2% (w/v) a-
lactose, 0.05% (w/v) glucose.

20x NPS solution 6.6 g (NH4)2504, 13.6 g KH2POy,
14.2 g HNa2PO4, ultrapure water
ad 0.1 L.

1x Potassium buffered saline (PBS, Dulbecco’s Formulation) | 2.7 mM KCI, 1.5 mM KH3POy,
1369 mM NaCl, 89 mM
Na2HPQO4e7H-0, made  with
ready to use tablets: 1 tablet/100
mL. Oxoid, cat. no. BR0014G
0.5x TBE 27 g tris base, 14 g boric acid, 2.3
g EDTA, water ad 5 L.

2.2 Bioinformatic methods

2.2.1 Multiple sequence alignments

To align multiple DNA or amino acid sequences, the clustal Omega server v1.2.4. was used (EMBL-
EBI, https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al. 2011). Aligned sequences and
amino acid properties (e.g. hydrophobicity or percent identity across aligned sequences) were
visualised in the UGENE software v1.28.1 (Unipro) (Okonechnikov et al. 2012).

2.2.2 Evolutionary protein sequence conservation analysis

The ConSurf server was used to determine the conservation of a protein’s amino acid sequence
across different species (https://consurf.tau.ac.il/) (Ashkenazy et al. 2010). Parameters: amino
acids, no known structures, no MSA upload (sequence was provided in FASTA format), Proteins
database: Uniprot, Select homologs for ConSurf analyses: automatically. Other parameters were
left at their default settings.

2.2.3 Structure prediction and visualisation

Secondary structure predictions for proteins were obtained from 2018 to 2019 using the PredictPro-
tein (https://predictprotein.org/) and PSIPRED 4.0 (http://bioinf.cs.ucl.ac.uk/psipred/) servers
using default parameters (Buchan and Jones 2019; Yachdav et al. 2014). Tertiary structure mod-
els were obtained by homology-modelling using the I-TASSER server (http://bioinf.cs.ucl.ac.uk/
psipred/) with default parameters (Roy et al. 2010; Yang et al. 2015). Unless stated otherwise, only
the model with highest C-Score was used for further analysis. Molecular structure models were vi-
sualised using the PyMOL Molecular Graphics System v2.3.4 (https://pymol.org/2/, Schrédinger,
LLC).
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2.3 Microbiological and molecular biological methods

2.3.1 Transformation of E. col: cells

50 pL of chemically competent E. coli strains (BL21-CodonPlus (DE3)-RIPL or SoluBL21 for
protein expression, or One Shot TOP10 for cloning, see Table 2.5) were thawed on ice for 10 min,
0.1 - 0.2 uL plasmid DNA at 50-200 ng/nL were added and the cells were incubated for further 30
min on ice. Cells were transformed by heat-shock for 30 s at 42°C followed by a 1 min cool down
period on ice. The transformation mixture was supplemented with 1 mL of LB- or SOC-medium
and incubated for 45-60 min at 37°C in a shaking incubator before cells were either plated out on
LB-agar plates (for cloning, cells were always transferred onto LB-agar plates) or transferred to a

50-200 mL pre-culture with appropriate antibiotics for selection and grown at 37°C overnight.

Table 2.5. Chemically competent E. coli strains used in this study

Strain Genotype

BL21-CodonPlus (DE3)-RIPL (Agilent, cat. no. 230280) | E. coli B F- ompT hsdS(rB-mB-) dcm+
TetR gal A(DE3) endA Hte [argU proL
CamR] [argU ileY leuW Step/SpecR]

SoluBL21™ (amsbio, cat. no. C700200) F- ompT hsdSB (rB- mB-) gal dcm
(DE3)f

One Shot™ TOP10 (Invitrogen, cat. no. C404010) F- mcrA A(mrr-hsdRMS-
mcrBC)$80lacZAM15 AlacX74

recAl araD139 Af(araleu)7697 galU
galK rpsL (StrR) endAl nupG

t The SoluBL21 strain contains additional uncharacterised mutations obtained through special selection criteria. These

mutations make the strain able to express insoluble proteins in soluble form, fully or partially, in most tests conducted.
(From: https://resources.amsbio.com/Datasheets/C700200.pdf, accessed 7/7/2021)
2.3.2 Polymerase chain reaction (PCR)

Polymerase chain reaction was carried out to amplify DNA. Briefly, a reaction mixture was set up
with the total amount or end concentration of the following components being: 1-5 ng template
DNA, 0.5 pM of forward and reverse primers, 200 ptM dNTPs, 0.1 U Q5®) High-Fidelity DNA
Polymerase (NEB, cat. no. MO0491S), 1xQ5 reaction buffer. Nuclease free water was added to
achieve an end volume of 25 pL. A list of all primers used in this study can be found in the
appendix (Table Al). Following set up, 30-35 cycles of steps 2. - 4. from the following PCR

programme were run on a conventional thermocycler:
1. Initial denaturation: 98°C, 30 s
2. Denaturation: 98°C, 15 s
3. Annealing: min(ATf ATr), 30 s
4. Amplification: 72°C, (length of DNA segment to be amplified)[bp]/1000[bp]x60 s
5. Final amplification: 72°C, 5 min
6. Hold: 4°C until sample removal,

where ATf and ATr denote the annealing temperatures (in °C) of the forward and reverse primers,
respectively. For reactions involving differences in annealing temperatures exceeding 4°C, the above
programme was modified by splitting step 3 into two separate annealing steps to reduce unspecific

binding of primers with high annealing temperatures:
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3. Annealing:
(a) max(ATf,ATr), 20 s
(b) min(ATf,ATr), 20 s.

In case the reaction product was used for cloning, the reaction mixture was seperated and purified

by gel-electrophoresis.

2.3.3 DNA gel-electrophoresis and DNA purification

DNA was seperated electrophoretically on a 1% agarose gel in 0.5x TBE (Tris-borate-EDTA)
buffer. Bands of appropriate size were cut out and purified with the QIAquick®) Gel Extraction
Kit (Qiagen, cat. no. 28706).

2.3.4 Site-directed mutagenesis

Point mutations were introduced by site-directed mutagenesis. For each mutation, a single forward
primer of the design [5’-end][19-22 bases]|[XXX][19-22 bases|[3’-end], where [XXX] represents the
codon for the new amino acid. If possible, G or C were chosen as bases at the 3’/5” end of the
primer. A reaction mixture was set up with the total amount or end concentration of the following
components being: > 200 ng vector template, 40 nM of the forward primer, 200 pM dNTPs, 0.1 U
Q5®) High-Fidelity DNA Polymerase. Nuclease free water was added to achieve an end volume of
25 nL. Following set up, 35 cycles of steps 1. - 4. from the following PCR programme were run on

a conventional thermocycler:
1. Initial denaturation: 98°C, 30 s
2. Denaturation: 98°C, 15 s
3. Annealing: 78°C, 30 s
4. Amplification: 72°C, (length of DNA segment to be amplified)[bp]/1000[bp]x60 s
5. Final amplification: 72°C, 5 min
6. Hold: 4°C until sample removal.

Following PCR, methylated template DNA was digested for >10h with Dpnl (NEB, cat. no.
R0176S) according to the manufacturer’s instructions. 4 uL of the Dpnl treated reaction mixture
were used for the transformation of chemically competent E. coli cells as described above. Suc-
cessful mutagenesis was confirmed by sequencing using an external sequencing service (Eurofins

genomics, Germany).

2.3.5 Determination of DNA concentration

DNA concentration was determined by the absorbance at 260 nm with a DS-11 FX+ Spectropho-
tometer (DeNovix) against a blank sample using ultrapure water.
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2.3.6 Cloning

Vectors for protein expression in E. coli or mammalian cells were generated using the NEBuilder®)
HiFi DNA Assembly kit (NEB, cat.no. E2621S) or using restriction enzymes and ligation following
the manufacturer’s instructions. All cloned vectors were validated by sequencing using an external

sequencing service (Mix2Seq Kit; eurofins genomics, Germany).

NEBuilder®) HiFi DNA Assembly

Briefly, 1 or 2 DNA inserts were combined with the appropriate vector backbone in a 2:1 molar
ratio. 2 pL of the combined DNA were mixed with 2 pL of the HiFi DNA Assembly master mix
and incubated for 1 hr at 50°C before the whole reaction mixture was used for the transformation

of chemically competent E. coli cells as described above.

Cloning via restriction enzymes and ligation

Conventional cloning was carried out as follows: first, restriction enzymes Xhol and BamHI (NEB,
cat. nos. R0146S and R0136S) were used according to the manufacturer’s instructions to prepare
the target vector and insert. Cleaved DNA fragments were purified by gel-electrophoresis and
vector and insert were joined with T4 DNA ligase (NEB, cat. no. M0202S) according to the

manufacturer’s instructions.

2.3.7 Preparation of plasmid DNA

For preparation of plasmid DNA, E. coli One Shot™ TOP10 cells were transformed and grown over
night as described in subsection 2.3.1. On the next day, a single colony was transferred into 5-6
mL LB with appropriate selection antibiotics and grown over night at 37°C in a shaking incubator
at 200 rpm. The following day, cultures were pelleted by centrifugation for 10 min at 4500 rpm in
a benchtop centrifuge (Allegra X-22R, Beckman Coulter). Plasmid DNA was isolated and purified
using the Monarch Plasmid Miniprep Kit (NEB, cat. no. T1010L) according to the manufacturer’s

instructions.

2.4 Biochemical and biophysical methods

2.4.1 Protein expression and affinity-purification

For the purification of recombinant proteins, E. coli cells were transformed with an expression
vector carrying the sequence of the target protein and appropriate affinity-tag (GST or hexa-
histidine) as described in subsection 2.3.1. A list of all protein expression constructs used in this
study can be found in the appendix (Table A2). On the following morning, 0.5 — 2 L of culture
medium (LB or autoinduction medium) supplemented with appropriate antibiotics were inoculated
with transformed cells scraped directly from agar-plates or with 25-50 mL/L of a pre-culture. For
IPTG-induced protein expression the cells were grown in LB-medium at 37°C in a shaking incubator
at 180-200 rpm until the culture reached an optical density at 600 nm (ODgpgpnm ) of 0.6 — 0.9. Upon
reaching this point, the cultures were cooled down for approximately 15 min at 4°C before protein
expression was induced by addition of 0.2 mM IPTG and allowed to proceed overnight at 16-20°C.

For autoinduction, cells were directly transferred into autoinduction medium in the morning and
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grown further at 37°C and 180-200 rpm until the evening, before the temperature was lowered to
18-25°C and the cultures were left to grow further until ODgggpnm ~ 8-10 (typically 48-72 h).

After sufficient time for protein expression, cultures were harvested by centrifugation (15 min,
5000 x g, 4°C). Cell pellets were washed in PBS, snap-frozen in liquid nitrogen and stored at -70°C
until further use.

Cells were lysed as follows: cell pellets were resuspended in lysis buffer and subjected to 1-
2 freeze-thaw cycles followed by the addition of lysozyme. After 30 min incubation on ice and
regular mixing by inversion, the cell suspension was supplemented with 0.1% Triton X-100 and left
to incubate for further 15 min on ice before sonication (15 pulses, 20 Watt). Genomic DNA was
removed by addition of DNase (Sigma-Aldrich, cat. no. 4536282001) and insoluble cell material was
removed by centrifugation (20-40 min, 30000xg, 4°C) and subsequent filtration of the supernatant
through a 5 pm pore size cellulose acetate membrane (Sartorius, cat. no. 17594). For cultures < 0.5
L, proteins were purified in a single step using 0.5-1 mL of SuperGlu agarose resin for GST-tagged
proteins (Generon, cat. no. SuperGlu 25) or 0.5-1 mL of Ni-NTA resin (Qiagen, cat. no. 30410)
for Hisg-tagged proteins as described as follows: first, the resin was washed three times in 10 resin
volumes of lysis buffer. For protein binding, the resin was incubated with the lysate for 45-60 min
at 10 rpm inversion in a cold-room at 4°C. After binding, the supernatant was removed and the
resin was washed three times in 10-15 resin volumes buffer A. The enriched protein was eluted
by incubating the resin in 3-5 resin volumes buffer B. The eluting agent was removed by buffer
exchange as described in subsection 2.4.2.

For cultures > 0.5 L, proteins were purified using 2x1 mL affinity columns (HisTrap™ FF or
GSTrap™ 4B, GE Healthcare, cat. nos. 17531901 and 29048609) as primary columns. If nec-
essary, proteins were further purified by size-exclusion chromatography using a HiLoad™ 26/600
Superdex™ 75 pg or 200 pg (GE Healthcare, cat. nos. 28-9893-34 and 28-9893-36) column.
Purified protein solutions were adjusted