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Abstract

The assembly of the sarcomere of cross-striated muscle involves a plethora of transcrip-

tion factors, signalling and structural proteins and requires their coordinate interplay in

order to construct this uniquely regular structure. Its early upregulation in muscle pre-

cursor cells during embryonic development and in activated satellite cells upon skeletal

muscle damage render the protein Xin an interesting candidate for being involved in or-

chestrating muscle morphogenesis. The establishment of the H-2K cell line as a new

reliable model system for studying myofibrillogenesis in vitro using immunofluorescence

microscopy and protein expression analysis of major structural components of the sar-

comere in this work provided a new tool to investigate Xin function during myogenic

differentiation. Examining the transcription level revealed that all three Xin isoforms

A, B and C are being upregulated upon initiation of differentiation while downregulated

as soon as H-2K cells gain their contractility. On the protein level, only the expression

of isoforms A and B was doubtlessly identified exhibiting a course related to their tran-

scriptional level. During differentiation, Xin was strongly associated with non-striated

myofibrils (NSMF), where it colocalized with its binding partner filamin C, but not with

Z-disc precursor structures. Consistently, in contractile myotubes Xin was absent from

mature Z-discs but longitudinally connected to immature sarcomeres.

In this work, the SH3 domains of nebulin and nebulette were identified as novel lig-

ands of Xin isoforms A and C and peptide scans elucidated for the first time the exact

peptide motif and the residues essential for this interaction. Bimolecular fluorescence

complementation (BiFC) assays of Xin C and nebulette in embryonic cardiomyocytes se-

lectively demonstrated the potential cellular sites of this interaction since BiFC complexes

were exclusively formed along NSMF’s in early developmental stages but not at mature

Z-discs. This finding was corroborated by localization studies of nebulin and Xin in H-2K

cells as colocalization was only observed at specific sites of NSMF’s substantiating the

developmental regulation of this interaction.

Identification of the protein LIMCH1 as the first binding partner exclusively interact-

ing with the largest Xin isoform A provided first insights into isoform-specific functions.

Yeast two-hybrid and biochemical studies mapped the binding interface to the C-terminal

LIM domain of LIMCH1 and impressively showed its specificity. Investigation on the

mRNA and protein level during myofibrillogenesis of H-2K cells displayed that LIMCH1

is also upregulated at the onset of differentiation constantly increasing until the final stage

pointing to an interaction during that process. In rat skeletal muscle tissue and H-2K

cells an additional larger LIMCH1 isoform (LIMCH1 muscle) was detected which pre-



5

sumably contains the LIM domain and functional coiled-coil motifs like the other isoform

LIMCH1 FL. BiFC experiments in A7r5 cells using fragments of LIMCH1 and Xin might

imply that LIMCH1 is capable of restricting the site of their interaction.

The Xin-Repeat protein family in human comprises two members, Xin and the larger

Xirp2. Since both share a similar domain layout and the ability to bind actin filaments

and Ena/VASP proteins, dissection of complementary and exclusive binding properties

suggests discrimination of their function. While Xirp2, similar to Xin, could be shown to

be a filamin C-specific binding protein which can form multimers and also interacts with

the SH3 domain of nebulin and nebulette via a consensus motif, the interaction with α-

actinin is an exclusive quality of the Xirp2 repeat region. Furthermore, this study clearly

demonstrated that human Xirp2 is upregulated during myogenic differentiation and, in

contrast to Xin, a constituent of the mature Z-disc. Immunofluorescence studies using

antibodies raised against different epitopes of Xirp2 provided a first clue to the spatial

orientation of Xirp2 within the Z-disc thereby determining the arrangement of its binding

partners.

Investigating cryo-sections of human skeletal muscle with antibodies against Xin and

Xirp2 directly showed for the first time their involvement in skeletal muscle remodelling.

Skeletal muscle areas lacking a proper sarcomere arrangement exhibited Xin and Xirp2-

containing longitudinal structures connecting adjacent sarcomeres. These strands were

not prominently associated with major structural components of the Z-disc such as α-

actinin and nebulin while filamin C was newly identified to be associated with these

structures.

In conclusion, this work provides a detailed view on differences and similarities of

Xin-Repeat protein thereby offering further insights into their function. While both Xin

and Xirp2 are involved in early events of myogenic differentiation, Xin takes over a rather

transient role whereas Xirp2 presumably contributes to a permanent scaffold for Z-disc

structure. Their participation in skeletal muscle remodelling render Xin-Repeat proteins

important players of myogenic development and remodelling processes.
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Chapter 1

Introduction

1.1 The Musculature

The survival of higher animals depends on their ability of precise movement in order

to acquire food or to find a partner for reproduction. This quality is provided by a

special type of tissue, the musculature, which is essential for the voluntary control of force

generation. It is achieved by the skeletal musculature, which is distributed throughout

the body, thus enabling varying postures and locomotion. A prerequisite for life is the

continous supply of every organ with blood, which transports essential substances and

therefore guarantees correct organ function and consequently life. The heart represents

the specialized biological engine attributed to the maintenance of blood circulation. The

force generation needed for keeping the blood flowing is produced by contraction of the

cardiac musculature. Both types of muscle share a common appearance when visualized

with microscopes using polarized light: alternating dark and bright bands, so that skeletal

and cardiac muscle are designated as cross-striated muscle. Apart from these two types

of muscle, a third one is essential for survival, which lacks a cross-striated pattern, the

smooth muscle, which is responsible for the involuntarily contraction of hollow organs such

as arteries or the gastrointestinal tract. In general it contracts slowly but in a sustained

fashion.

1.1.1 Vertebrate Skeletal Muscle

Skeletal muscle is internally organized into fascicles and fibres by intramuscular connective

tissue (IMCT), which can be divided into three structures according to their composition

and appearance, the epimysium, perimysium and endomysium (Purslow, 2002). The in-

1
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dividual muscle is encased by the epimysium and the muscle fibre bundles are surrounded

by the perimysium, the latter forming a physical continuity from myofibres to tendons and

therefore being involved in lateral force transmission (fig. 1.1). The major components

are intermediate filament proteins of the fibrillar collagens type I and III. The perimysium

of bovine Flexor radialis muscle is further organized into four hierarchical levels compris-

ing the nonfibrillar collagens VI and XII. The continous connection of two tendons is

achieved by collagen cables glued together to form walls of honeycomb tubes from tendon

to tendon. Large, interwoven fibres generating a loose lattice are ramified in numerous

collagen plexi attaching adjacent myofibres (Passerieux et al., 2007). The perimysium

is linked to myofibres by focal attachment points characterized by an accumulation of

collagen III described as Perimysial Junctional Plates (PJP) (Passerieux et al., 2006).

Individual muscle fibres are enclosed by a continous sheath covering the full length of my-

ofibres as far as the myotendinous junction (MTJ), the endomysium, which merges with

the perimysium at the PJP. It consists of a reticular layer of mainly fibrillar collagen IV

constituting the regular mosaic basement membrane and attaching myofibres sarcolemma

to transmembrane proteins, such as integrins (cf. section 1.9.2), providing a direct link

from the extracellular matrix to the cytoskeleton and thus enabling the contractile force

transmission between adjacent myofibres (Borg und Caulfield, 1980; Kovanen, 2002).

The multinucleated muscle fibres contain a highly regular arrangement of basic con-

tractile units of cross-striated muscle, the sarcomere (cf. section 1.5), which is composed

of highly ordered thin filaments (cf. section 1.5.1) and thick filaments (cf. section 1.5.2).

This precise alignment of different filament systems can be observed in the microscope

using polarized light revealing the light I-band (isotropic) corresponding to the thin fila-

ments, mainly containing actin, and the dark A-band (anisotropic), which referes to the

thick filaments comprising myosin (fig. 1.1). Both filament systems overlap in the A-band

but display a zone lacking actin filaments, the H-zone. The Z-disc represents the lateral

boundaries of the sarcomere and is made up of a dense protein network which anchors

the actin-containing thin filaments in parallel arrays (cf. section 1.5.5). Two additional

filament systems are required to form the ordered structure of the sarcomere. The largest

vertebrate protein titin (Mr ≈ 3–3,7 MDa) spans half a sarcomere. The N-terminal parts

of titin from adjacent sarcomeres overlap in the Z-disc and interact with Z-disc proteins

like α-actinin (cf. section 1.5.5.1). In the I-band region titin exhibits elastic properties

and is designated to function as a molecular spring. Additionally, titin binds the myosin

tail in the A-band region and ends within the M-band with a catalytically active ser-

ine/threonine kinase (cf. section 1.5.6). The fourth filament system in vertebrate skeletal
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Figure 1.1: Schematic overview of the organization of skeletal muscle. The tendon connects
the muscle to the bone. Skeletal muscle consists of multiple muscle fibre bundles (fascicles) which are
surrounded by the collagen-containing perimysium. Individual muscle fibres are also encased by a layer of
fibrillar collagen, the endomysium. The bundle of fascicles representing the individual muscle is enclosed
by another ECM layer, the epimysium. Taken and modified from Michael McKinley (2009).
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muscle is composed of the giant protein nebulin (Mr ≈ 600–900 kDa), which covers nearly

the entire thin filament length from the Z-disc to the pointed ends of actin filaments and

is involved in thin filament length regulation, Z-disc maintenance and myofibril alignment

(cf. section 1.5.3).

1.2 Skeletal Muscle Development

1.2.1 Embryonic development

Except for the head muscles which derive from the unsegmented paraxial and prechordal

mesoderm, all vertebrate skeletal muscles originate from the somites, an epithelial struc-

ture flanking the notochord and the neural tube (fig. 1.7). The ventral portion differenti-

ates into the sclerotome and the dorsal epithelium, the dermomyotome, which gives rise

to the derm and the entire muscle of the body and the limbs. At the onset of myogenesis,

cells committed to the myogenic lineage delaminate from the edges of the dermomyotome

forming the nascent primary myotome. These cells express the myogenic determination

factors Myf5 (myogenic fator 5) and MRF4 (myogenic regulatory factor 4) promoting

further determination and can be identified firstly at day 8.75 (E8.75) of the embryonic

development of the mouse (Biressi et al., 2007a). Among yet unidentified factors, one key

regulator of early skeletal muscle development of the limb is the paired homeobox domain

transcription factor Pax3, which is expressed in presomitic mesoderm and throughout

the whole somite, before becoming restricted to the dermomyotome (Relaix et al., 2004).

This protein directly controls the expression of the c-met receptor (Epstein et al., 1996),

a receptor tyrosine kinase, which is indispensable for delamination and migration (Buck-

ingham et al., 2003), and regulates the early activation of Myf5 via modulating its target

Dmrt2, a DM domain containing transcriptional regulator and direct activator of Myf5,

thus essentially promoting the progression of cell migration and determination (Sato et al.,

2010). The correct migration upon delamination and final localisation of delaminating

cells is dependent on the interaction of α6β1 integrin with laminin, which is further ca-

pable of repressing premature myogenesis in the dermomyotome (cf. section 1.9.2 and

Bajanca et al. 2006). Maintenance of the epithelial structure of the dermomyotome is in-

dispensible for the ordered progression of myogenesis and is regulated by Wnt signalling

(Ikeya und Takada, 1998). This pathway acts on the transcription factor paraxis (Tcf15)

to keep the integrity of the epithelial organisation and induces myogenic determinant genes

(MyoD and Myf5) either directly via the canonical Wnt-mediator β-catenin (cf. section
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1.9.1.1 and Linker et al. 2005) or PKA and its effector CREB (cAMP responsive element

binding protein) (Chen et al., 2005). Once the myotome has been created, the muscle

precursor cells differentiate into the skeletal muscle of the myotome and migrate to their

final destination where they develope into their cognate muscle. At this stage the cells

are designated as myoblasts characterized by proliferation activity and expression of the

muscle-specific transcription factors Myf5 and MyoD (myogenic determination factor).

1.2.2 Myogenesis

Vertebrate myogenesis passes through three successive waves, which are described in the

following sections.

1.2.2.1 Embryonic Myogenesis

The initial formation of multinucleated myotubes is referred to as embryonic or primary

myogenesis. At around E10.5 of mouse development, fusion of terminally differentiated

myoblasts, which derived from a fraction of Pax3+-positive progenitor cells during pri-

mary myotome formation, gives rise to a small number of primary myofibres setting up the

basic muscle pattern (Biressi et al., 2007a; Hutcheson et al., 2009). This embryonic differ-

entiation into multinucleated muscle fibres seems to depend on the myogenic transcription

factor MRF4, for a loss of MRF4 in MRF4-Myf5 double mutants disturbs primary myo-

genesis, whereas Myf5 null embryos are not affected (Kassar-Duchossoy et al., 2004).

Primary muscle fibres progressively grow in size by incorporating only Pax3+ progenitor

cells and are characterized by a typical round shape from a transverse view. Additionally,

the period of emergence of a muscle fibre determines its phenotype, because nearly all

fibres generated in mouse from E10.5-E14.5, i.e. during embryonic myogenesis, express a

slow isoform of myosin heavy chain (MHC) (Charrasse et al., 2003). Throughout primary

myogenesis, the expression of Pax3+ muscle precursor cells is downregulated starting at

E13.5 but remains still persistent in a small number of cells, which are designated to be

satellite cells (Hutcheson et al., 2009; Relaix et al., 2006).

1.2.2.2 Fetal Myogenesis

After the basic muscle pattern has been established, the number of muscle fibres increases

in the second step of myogenesis upon fusion of fetal myoblasts either with each other or to

form secondary fibres or with primary fibres to contribute to their growth (Biressi et al.,

2007a). Two different cell populations generate these secondary fibres, the previously
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described Pax3+ cells (cf. section 1.2.2.1) and a newly formed subset of Pax3+ and

Pax7+ progenitor cells. All of the latter cells derive from Pax3+ progenitors and can be

identified by spatial restriction to the central portion of the dermomyotome in the somites

at E9 after the beginning of Pax3 expression (cf. section 1.2.1). In the mouse limb Pax7

expression initiates at E11.5 and is maintained during secondary myogenesis by adult

satellite cells. The number of Pax7+ cells is positively regulated by activated β-catenin,

but this protein is not required for preservation of Pax7 expression (Hutcheson et al.,

2009). Secondary myofibres initially form at the site of innervation of primary fibres, which

are originally innervated by multiple axons, and remain attached to them for a short period

before elongating and becoming independent. In comparison to embryonic myoblasts,

fetal myoblasts reveal many differentially expressed genes among others resulting in an

adoption of a fast phenotype (Biressi et al., 2007b,a) The differences between primary

and secondary myogenesis are additionally mirrored by their varying dependencies on

myogenic transcription factors. While MRF4 alone can establish primary myogenesis

(cf. section 1.2.2.1) in Myf5−/−:MyoD−/− mice, secondary myogenesis is completely

disrupted (Kassar-Duchossoy et al., 2004). Furthermore, mice lacking myogenin, another

basic helix-loop-helix myogenic regulatory factor, exhibit a more severe effect on secondary

myogenesis (Venuti et al., 1995). At the end of this second phase around E17.5, muscle

satellite cells can be morphologically identified for the first time as mononucleated cells

located between the basal lamina and the fibre plasma.

1.2.2.3 Adult Myogenesis

Once fetal development is completed and the organism is born, the muscle fibres formed

still need to grow in the course of postnatal development. Due to the inability of the

muscle nuclei to divide, fusion of a surrounding cell population must contribute to muscle

fibre expansion. These adult myoblasts originate in Pax3+ and Pax7+ cells, which kept

their Pax7 expression during secondary myogenesis and did not account for fetal myofibre

formation (Buckingham, 2006). Pax7 expression is essential for maintenance and renewal

of these cells by virtue of its antiapoptotic effects, because loss of Pax7 severely disturbs

adult myogenesis and makes adult myoblasts disappear (Relaix et al., 2006; Oustanina

et al., 2004; Kuang et al., 2006). The impact of this cell population on myofibre mat-

uration is substantiated by the estimation that more than 90 % of the nuclei of a fully

developed adult muscle fibre derive from this subset. During postnatal myofibre matura-

tion embryonic and fetal MHC isoforms are progressively replaced (cf. section 1.5.2), but
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how the fusing adult myoblasts and their internal gene expression program influence this

process remains to be elucidated (Biressi et al., 2007a,b).

1.2.2.4 Sarcomerogenesis

The assembly of the contractile apparatus in cross-striated muscle is not completely under-

stood but there is emerging evidence for a partly integrin-dependent process involving the

formation of precursor structures, which appears to be conserved among different species

for both types of striated muscle, heart and skeletal muscle (Sparrow und Schöck, 2009;

Sanger et al., 2005). At the beginning of myofibrillogenesis, F-actin filaments, the major

constituent of thin filaments in muscle, originate in integrin adhesion sites crosslinked by

α-actinin and associated with muscle isoforms of tropomyosin and troponin. The early

progenitors of the lateral boundary of the sarcomere, the Z-disc, can be identified as

membrane-bound complexes containing F-actin, integrins and typical components of in-

tegrin adhesion sites like talin and vinculin. The latter proteins are the first arranged in

a periodic pattern and their positioning as well as subsequent sarcomere formation are

dependent on integrin function revealed by many genetic studies in different organisms

(Tokuyasu, 1989; Fujita et al., 2007). During progression of myofibril assembly, the Z-

disc constituent ZASP (Z band alternatively spliced PDZ-motif protein, cypher, oracle)

recruits sarcomeric α-actinin, another prominent Z-disc element, to these sites (Jani und

Schöck, 2007). This step is critical for myofibril assembly because ablation of ZASP in

Drosophila melanogaster results in disruption of Z-disc assembly and muscle attachment at

the myotendinous junction (Jani und Schöck, 2007). Subsequently, the giant protein titin

accumulates in these complexes presumably engaged by α-actinin, since it contains inde-

pendent binding sites for ZASP and titin (Au et al., 2004; Jani und Schöck, 2007). These

structures are then designated as Z-bodies and mark the boundaries of minisarcomeres

displaying a spacing different from mature sarcomeres (Sanger et al., 1986). Actin fila-

ments of opposing polarity arising from adjacent Z-bodies incorporate nonmuscle myosin

II, thus displacing crosslinking α-actinin (Sparrow und Schöck, 2009). While integrating

nonmuscle myosin II, these structures represent premyofibrils, which then further mature

through replacing nonmuscle myosin with the respective muscle isoform (Sanger et al.,

2005). At this stage of nascent myofibrils, bipolar muscle myosin II filaments exhibit a

continous decoration of actin filaments upon fluorescent labeling probably due to over-

lap of thick filaments. When Z-bodies are laterally aligned and coalesce to form Z-discs,

myosin filaments display a banded pattern, which corresponds to the A-band. In order
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to achieve and maintain mature spacing and the highly regular pattern of functioning

sarcomeres, contractility is essential, for improper contractility leads to sarcomere disas-

sembly (Sparrow und Schöck, 2009). Myofibrils need proper anchorage of the contractile

apparatus to transmit the force generated, which is established by costameres (cf. sections

1.7), integrin-based adhesion structures on a level with the Z-disc linking the sarcomere

to the extracellular matrix, and myotendinous junctions at the end of the myofibril (cf.

section 1.6).

1.3 Skeletal Muscle Regeneration

Regeneration of damaged skeletal muscle fibres requires the coordination of multiple steps.

At first, damaged tissue undergoes necrosis and is subsequently removed by phagocytic

inflammatory cells which enter the damaged fibre in response to the trauma. These active

immune cells and the myofibre itself secrete growth factors which predominantly control

the activation, proliferation and fusion of muscle stem cells, the satellite cells, to the

existing fibre or to each other in order form a new one (Broek et al., 2010). Satellite

cells reside between the sarcolemma and the basal membrane of skeletal muscle and this

specific niche keeps them quiescent for most of the time. This is achieved by signalling

mediated via the cell-cell contacts of M-cadherins (cf. section 1.9.1) to the adjacent my-

ofibre and the attachment of α7β1 integrin (cf. sectiion 1.9.2) to laminin of the ECM

(Broek et al., 2010). Damage of the myofibre causes the release of growth factors mainly

by invading inflammatory cells. The vasculature, the satellite cell itself and motor neurons

also contribute to the secretion of growth factors. Furthermore, growth factors and cy-

tokines captured in the ECM by proteoglycans are liberated by matrix metalloproteinases

produced by the satellite cell itself. Upon damage this cocktail controls the activation,

proliferation and differentiation of satellite cells (Hawke und Garry, 2001; Chargé und

Rudnicki, 2004; Broek et al., 2010). In the initial phase, quiescent satellite cells migrate

to the site of injury. These cells are characterized by the expression of the Pax7 transcrip-

tion factor and they transform into myoblasts due to expression of the myogenic factors

MyoD and Myf5 (Wagers und Conboy, 2005). They start to proliferate in order to pro-

vide enough cells for proper muscle repair and subsequently, they differentiate into muscle

cells indicated by downregulation of Pax7 (Broek et al., 2010). Growth factors can be

divided into stimulatory and inhibitory factors whose highly coordinated temporal effects

are essential for proper skeletal muscle regeneration. The main stimulatory growth factor

is insulin-like growth factor 1 (IGF-1) which mainly acts via the phosphatidylinositol 3
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(PI3)-kinase pathway and alters the expression of myogenic factors thereby influencing

satellite cell behaviour. This pathway is also largely responsible for the development of

hypertrophy. Hepatocyte growth factor (HGF) stimulates the proliferation rather than

differentiation of satellite cells and its expression level seems to vary in proportion with

the degree of injury. Angiogenesis is essential for the healing process in order to provide

nutrient and oxygen supply and requires the action of vascular endothelial growth fac-

tor (VEGF) (Broek et al., 2010). Inhibitory factors such as myostatin or transforming

growth factor (TGF)-β1 and -α, are responsible for the homeostasis of muscle mass by

maintaining satellite cell quiescence or inhibition of myoblast differentiation and recruit-

ment which is demonstrated by extensive muscle hypertrophy in mice lacking myostatin

(Broek et al., 2010). All factors belong to the TGF-β superfamily which cause receptor

dimerization upon binding, activation of the receptor kinase and finally, phosphorylation

of Smad transcription factors. Smad proteins then translocate to the nucleus and regu-

late transcription of target genes (Kollias und McDermott, 2008). Although these factors

described represent key players of muscle regeneration, there is emerging evidence that

there are additional factors involved which fine tune the process. As mentioned above,

myoblast fusion to the damaged myofibre or each other is essential for proper muscle

repair. This process is partly regulated by the serine/threonine phosphatase calcineurin

(Olson und Williams, 2000). Depending on the elevation of the cellular calcium level,

calcineurin dephosphorylates members of the NFAT (nuclear factor of activated T cells)

transcription factor family in the cytoplasm and causes their translocation to the nucleus.

These act on target genes such as the membrane-associated dysferlin and myoferlin which

are essential for resealing the membrane since lack of dysferlin leads to a marked delay

of muscle membrane resealing (Demonbreun et al., 2010). Interestingly, calcineurin and

NFATs can also mediate the effects of IGF-1 and are therefore involved in the hypertrophic

response (Olson und Williams, 2000). In order to maintain a sufficient number of satel-

lite cells being capable of contributing to further regeneration processes the satellite cell

pool needs to be replenished. Recent findings point to a heterogenous satellite cell pool

harbouring self-renewing stem cells and myogenic precursor cells with limited replicative

capacity which both occupy identical positions around the myofibre. The exact control of

self-renewal is not known but Pax7, Notch and Wnt signalling have been implied in these

processes (Zammit, 2008).



Introduction 10

1.4 Skeletal Muscle remodelling

Unaccustomed or high intensity exercise of skeletal muscle can lead to a feeling of pain

and stiffness generally occuring 24-48 h after the exercise which is named delayed onset

muscle soreness (DOMS) (Yu et al., 2002). While older studies attribute this phenotype

to myofibrillar damage characterized by invasion of inflammatory cells and disruption of

membrane intergrity causing an increase of muscle proteins in the blood (Jones et al., 1986;

Round et al., 1987), there is emerging evidence that eccentric exercised muscle undergo

adaptive remodelling rather than being damaged. This has been demonstrated using

high resolution immunofluorescence microscopy of ultra thin sections originating from

muscle biopsies taken from man which were exposed to eccentric contraction. While no

invasion of inlammatory cells or prominent fibronectin staining within the myofibre could

be observed (Yu et al., 2002), the latter serving as a marker for sarcolemmal disruption

(Thornell et al., 1992), inflammation or damage of myofibres does not seem to reflect the

ongoing processes. Instead, the regular striated pattern of desmin and actin is replaced

by longitudinal strands which link adjacent sarcomeres (Yu und Thornell, 2002). Such

a disruption of the cross-striation can cover multiple sarcomeres or only two connected

by a single strand but it does not affect the general myofibrillar organization (Yu und

Thornell, 2002; Yu et al., 2003, 2004). In these areas, prominent Z-disc proteins like α-

actinin, titin and nebulin are absent and they are also not associated with such strands

(Yu und Thornell, 2002; Yu et al., 2003, 2004). Intriguingly, within these remodelling

structures the formation of additional Z-discs is observed resulting in supernumerary

sarcomeres reflected by a mismatch of the sarcomere number in longitudinal register

(Yu et al., 2003). It has been proposed that new sarcomere formation can be achieved

either by a split of a single Z-disc or by an alteration of a single sarcomere (Carlsson

et al., 2007). Apart from desmin and actin, myotillin and obscurin are also involved in

these processes (Carlsson et al., 2007, 2008). However, the exact composition of these

strands and the temporal course of adaptation to eccentric exercise awaits further results.

Interestingly, such a mechanism has been also detected in cardiomyocytes which were

exposed to uniaxial static strain, since they also showed addition of new sarcomeres at

the ICD and throughout the cell length (Yu und Russell, 2005).
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1.5 Sarcomere Structure

The sarcomere is the basic contractile unit and exhibits a highly ordered architecture (fig.

1.2), which is described in detail in the following sections.

Figure 1.2: Structure of the Sarcomere. A. Electron micrograph of a longitudinal section of a skeletal
muscle fibre (From Fürst et al. 1988). The bright I-band comprises the thin filaments whereas the dark
A-band reflects the overlap of thin and thick filaments. The H-zone does not contain thin filaments. The
Z-disc represents the sarcomeric boundary. B. Schematic overview of the composition of a sarcomere.

1.5.1 Thin Filaments

Thin filaments in cross-striated muscle provide the binding site for myosin heads (cf.

section 1.5.2) activating its ATPase activity, which results in the conformational change

generating the force for muscle contraction. They are anchored in the Z-disc and span half

a sarcomere (approx. 1 µm) interdigitating with the thick filaments in the A-band. They

consist of filamentous actin (F-actin) and associated proteins such as tropomyosin and the

troponin complex (Clark et al., 2002). Actin is the most abundant protein in cross-striated

muscle and highly conserved among species, as the amino acid sequence of chicken skeletal

muscle actin matches exactly the human isoform. Only four of the six actins known are

expressed in striated muscle tissue, cardiac, skeletal, vascular and visceral actin. While

vascular and visceral actins only transiently occur in muscle fibres during development,
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cardiac and skeletal muscle actins are co-expressed and their proportion depends on muscle

fibre and developmental stage. Actin filaments form upon polymerization of globular

actin (G-actin) monomers, which results in a left-handed single-stranded helix, displaying

a rotation per monomer between 166 °and 167 °, depending on the muscle type. The

thin filament adopts a flat conformation because of the relative rotation by 20 °of the two

major subdomains of the G-actin (Oda et al., 2009). Due to a nucleotide-binding site

located in a cleft between both subdomains, the filament gains polarity according to the

orientation of the actin monomer in the filament relative to the ATP-binding site. The

end opposite to the cleft is referred to as plus or barbed end and the minus or pointed end

is located at the nucleotide’s side. The nomenclature barbed and pointed end derives from

myosin head fragments, which decorate the actin filament pointing to the plus end. The

polymerization of G-actin to F-actin requires the initial formation of a G-actin trimer, the

nucleus, which facilitates the addition of further subunits (Winder und Ayscough, 2005).

Thin filament length in muscle is regulated by capping proteins at either end, CapZ in

the Z-disc and tropomodulin at the barbed and pointed end, respectively. The proteins

driving actin nucleation and polymerization during muscle development and maintaining

thin filament integrity are still largely unknown. In nonmuscle cells, the Arp2/3-complex

generates new filaments from the barbed ends of existing actin strands branched by an

angle of around 70 °(Pollard, 2007). Formins, another class of actin nucleators, elongate

existing filaments from the barbed end therefore producing unbranched F-actin (Pollard,

2007). One formin, Fhod3, has already been identified as crucial for the maintenance of

sarcomere organization in cardiomyocytes corroborating the dynamic character of the thin

filaments albeit precisely regulating size and localization (Taniguchi et al., 2009). Fhod3

accumulates in the center of the sarcomere a feature shared with leiomodin, another

candidate for thin filament nucleation. This protein can interact with actin as well as

tropomyosin, the latter potentiating its nucleation activity, a unique feature among the

actin nucleators already known (Chereau et al., 2008). Tropomyosin forms a functional

dimer and is associated with each of the two grooves of the thin filament thus stabilizing

F-actin and increasing its stiffness. In humans, four tropomyosin genes exist but only

three encode striated muscle isoforms, which can generate homodimers or heterodimers.

A dimer spans seven actin monomers and overlaps with its neighbouring molecule in a

head-to-tail manner but the exact position on the actin filament depends on its isoform

composition. Tropomyosin masks the myosin head-binding site, but Ca2+-binding to the

troponin complex (see below) shifts tropomyosin localization and uncovers the interaction

site, hence enabling contraction. The troponin complex, consisting of troponin C, I and T
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(TnC, I, T) in conjunction with tropomyosin, forms the regulatory switch for modulation

of actomyosin interaction during force generation (fig. 1.2 B). The calcium sensitivity

of contraction is mediated by TnC because it changes the binding to TnI, a complete

inhibitor of the actomyosin interaction, upon chelating Ca2+ with its EF-hand motifs.

This reduces the affinity of TnI to actin and increases its binding strength to TnC and

TnT. In addition to TnI and TnC, TnT binds to tropomyosin and this interaction is

likely weakened, when the Ca2+-binding to TnC is transmitted, and allows tropomyosin

for relocating its position on the thin filament (Clark et al., 2002).

1.5.2 Thick Filaments

The force generated in cross-striated muscle requires an actin-based motor protein since

actin is the major component of the thin filaments (cf. section 1.5.1). The diverse

superfamily of myosins encompasses a multitude of different variants of this actin motor

protein. Class II of conventional myosins comprises among others the genes of the eight yet

identified myosin heavy chains (MHC) expressed in cross-striated muscle, which can form

filaments due to multimerization of their C-terminal coiled-coil region and the expression

of which depends on the muscle type (Sellers, 2000; Clark et al., 2002). In striated

muscle these filaments are associated with regulatory proteins and referred to as thick

filaments representing the A-band (fig. 1.2). A muscle myosin dimer consists of 2 MHC’s

and 4 myosin light chains (MLC). The N-terminus of each MHC and 2 of the MLC’S

is designated as the head domain, including the ATPase-domain and the actin-binding

site responsible for cross-bridge formation. The C-terminal rod domain mediates the

polymerization. The force is generated by the power stroke of myosin, a positional change

of the myosin head relative to the thick filament while bound to actin. The resulting

contraction is a cyclic process denoted by cross-bridge cycling. Upon Ca2+ binding to

the troponin complex (cf. section 1.5.1), tropomyosin shifts its position on the actin

filament and exposes a weak binding site for myosin on the filament. Myosin binds to

actin, increasing myosin’s binding strength, followed by the release of phosphate which

results in the power stroke. The release of ADP completes the tail swing of the molecule,

which stays in this state until it is set free by ATP-binding. This reconstitutes the initial

conformation and the nucleotide is hydrolysed (Geeves et al., 2005). Different contractile

properties are attained by muscle fibres composed of varying MHC isoforms and MLC’s

as well as associated proteins such as myosin binding protein C, which is also implicated

in the regulation of contraction (Clark et al., 2002).
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1.5.3 Nebulin

The giant protein nebulin ( 500-900 kDa) is considered the fourth filament system in

skeletal muscle as it spans nearly the entire length of the actin-containing thin filaments

(Clark et al., 2002). The most prominent structural features in nebulin are 185 3̃5-amino

acid modules (M1-185) comprising a conserved SXXXY sequence motif exhibiting high

affinity to F-actin (Jin und Wang, 1991; Labeit und Kolmerer, 1995; Kazmierski et al.,

2003). The central modules M9-162 are arranged into 7-module super-repeats, each super-

repeat potentially binding to the troponin-tropomyosin regulatory complex (Ogut et al.,

2003). Nebulin is anchored in the Z-disc with its C-terminus, where it is associated with

the barbed end capping protein CapZ (Witt et al., 2006; Pappas et al., 2008), and its

N-terminus extends almost to the pointed end of actin filaments, there interacting with

the capping protein tropomodulin (McElhinny et al., 2001). Therefore, it was regarded

as a molecular ruler regulating thin filament length, but recent results challenge this idea

and expand the view of nebulin function. Although nebulin is capable of interacting with

tropomodulin, the pointed end capper, it was clearly demonstrated that tropomodulin

localization does not always overlap with nebulin’s N-terminus, thus indicating the exis-

tence of thin filaments exceeding nebulin length (Castillo et al., 2009). Furthermore, thin

filament length varies among different muscle types with alternative splicing within the

nebulin gene not accounting for the variability discovered (Castillo et al., 2009), but giving

rise to different isoforms throughout muscle development (Buck et al., 2010). Neverthe-

less, ablation of nebulin in mice reduces thin filament length and disposes of the H-zone,

the area without actin/myosin overlap, due to variable actin filament length (Bang et al.,

2006; Tonino et al., 2010). Instead of length regulation, nebulin can stabilize actin fila-

ments equal to or longer than itself and reduces the dynamics of thin filament components

(Pappas et al., 2010). Very recently, nebulin has been identified to form unbranched actin

filaments from the Z-disc in cooperation with N-WASP independent of the Arp2/3 com-

plex. This process seems to be involved in muscle maturation and hypertrophy and is

induced by IGF-1 which activates the PI3-kinase–Akt signalling pathway (Takano et al.,

2010). The association of nebulin with thin filaments also positively affects cross-bridge

cycling kinetics, which is displayed by optimization of actomyosin interaction providing

reduced tension cost and improved cooperativity during contraction (Bang et al., 2009;

Chandra et al., 2009). Additionally, nebulin keeps Z-discs of adjacent myofibrils in regis-

ter possibly by recruiting desmin, an intermediate filament protein linking neighbouring

myofibrils at the Z-disc level (Bang et al., 2002; Tonino et al., 2010). Additionally, nebu-
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lin can attach the myofibril to the sarcolemma via direct interaction with archvillin (Lee

et al., 2008). Apart from longitudinal alignment, nebulin seems to be a pivotal candidate

to control Z-disc structure, since its absence causes abnormally shaped and wider Z-discs

(Tonino et al., 2010). This effect could be mediated by interactions of the terminal SH3

domain situated within the Z-disc, which interacts among others with major structural

components of the sarcomere boundary such as α-actinin (Nave et al., 1990; Moncman

und Wang, 1999), titin (Witt et al., 2006) or myopalladin (Bang et al., 2001; Ma und

Wang, 2002). The newly identified interaction with N-WASP has been proposed to be

also mediated by the SH3 domain albeit direct evidence is missing (Takano et al., 2010).

The impact on Z-disc architecture is further corroborated by the correlation of the ex-

pression pattern of different-sized nebulin splice variants and changes in Z-disc width in

different skeletal muscle types throughout development (Buck et al., 2010). Latest find-

ings suggest that nebulin expression is not restricted to skeletal muscle because transcripts

were also detected in heart, liver and neuronal cells even if to a minor extent (Kazmierski

et al., 2003; McElhinny et al., 2003). In heart muscle, a smaller nebulin repeat-containing

protein is predominantly expressed, which is named nebulette and described below.

1.5.4 Nebulette

One major difference between heart and skeletal muscle is the low abundance or even

absence of nebulin in cardiomyocytes. However, in cardiac muscle the nebulin-related

protein nebulette displaying an overall similar domain layout represents the predominant

protein of this family. Nebulette contains an acidic N-terminal region followed by only 22

copies of nebulin-like repeats, which are not organized as super repeats (cf. section 1.5.3)

and therefore represents the main divergence between both family members, which is man-

ifested in the small size of 110 kDa of nebulette. The highly homologous SH3 domain at

the C-terminus of nebulette exhibits an overlapping set of binding partners compared to

nebulin and is connected to the repeats by a linker domain (Millevoi et al., 1998). In car-

diomyocytes, the nebulette SH3 domain integrates into the Z-disc and its actin-binding

repetitive motifs presumably extend 150 nm along the thin filaments, there stabilizing

the association of tropomyosin (Bonzo et al., 2008). Overexpression of truncated protein

fragments results in complete disruption of the contractile apparatus pointing to an in-

volvement in the formation or stabilization of cardiac myofibrillar architecture (Moncman

und Wang, 2002). During development, nebulette localizes to early dense bodies at pre-

myofibril stage and displays Z-disc decoration in mature myofibrils (Esham et al., 2007).
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Despite sharing most of the binding partners designated for nebulin, nebulette repeat

modules are considered to interact with the very C-terminus of filamin C even though the

significance of this possible interaction remains to be elucidated (Holmes und Moncman,

2008).

1.5.5 The Z-disc

The Z-disc demarcates the sarcomere boundaries and represents a protein framework

providing mechanical stability by anchoring the thin filaments, but also a nodal point

of signalling between the intracellular contractile machinery and adjacent myofibrils as

well as the ECM. Actin filaments of opposing polarity from neighbouring sarcomeres are

cross-linked by a varying, muscle type-dependent number of layers consisting of α-actinin.

These layers account for the ultrastructural zigzag-like appearance and their number de-

lineates the Z-disc width ranging from 30 to 50 nm in fast fibres to 100 nm in slow or

cardiac fibres (Luther, 2009). Differentially expressed splice variants of the giant proteins

titin and nebulin (cf. sections 1.1.1 and 1.5.3) presumably form a template to define

Z-disc width (Castillo et al., 2009; Buck et al., 2010). The N-termini of titin, consisting

of two Ig-domains, Z1 and Z2, followed by a varying number of repetitive motifs denoted

by Z-repeats, overlap in the Z-disc and the number of Z-repeats expressed correlates with

Z-disc length. The length of the actin filaments is controlled by the capping protein CapZ,

which interacts with nebulin and is therefore connected to the Z-disc-width controlling

protein network (Luther, 2009). α-actinin, whose arrangement depends on Z-disc width,

as depicted above, turns up to be a universal adaptor tethering scaffolding and signalling

proteins (cf. section 1.5.5.1). The protein networks of adjacent Z-discs are connected

by the intermediate filament protein desmin, which provides a link to the sarcolemma as

a component of costameres (cf. section 1.7). Desmin is part of the mechanical sensor

receiving signals from the surroundings and transforms these into transcriptional events.

Furthermore, the Z-disc directly harbours signalling proteins such as PKC and a mul-

titude of anchoring proteins for signalling components like the calsarcin family (FATZ,

calsarcin, myozenin) as adaptors for the phosphatase calcineurin and myospryn as an

PKA-anchoring protein (Pyle und Solaro (2004); Reynolds et al. (2007)). The plethora

of proteins localized at the Z-disc and the fact that mutations in Z-disc proteins cause

multiple diseases make this structure a key player in maintaining sarcomere integrity.

The important Z-disc constituents α-actinin and filamin C are described in further detail

below.
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1.5.5.1 α-Actinin

The actin-binding protein α-actinin is a major component of the Z-disc of cross-striated

muscle and belongs to the spectrin superfamily of proteins comprising spectrins and dys-

trophin. In mammalian cells four different genes encode for at least six different α-actinin

isoforms each displaying a specific tissue distribution and expression profile. All proteins

are composed of a similar domain layout starting with an N-terminal actin-binding do-

main (ABD) followed by four consecutive spectrin repeats and a C-terminal calmodulin

(CaM)-like domain. α-actinin forms a functional anti-parallel dimer with high affinity

(Kd = 100 nM), which permits the cross-linking of actin filaments to the ABD, consisting

of a tandem pair of type 1 and type 2 calponin homology (CH) domains at either end

of the rod-shaped molecule. Apart from the cross-linking function, α-actinin has been

recently shown to bind along a single actin filament. Only in muscle tissue are α-actinin

2 and 3 expressed, where they cross-link the thin filaments of adjacent sarcomeres. While

α-actinin 2 is expressed in all skeletal muscle fibres, α-actinin 3 is restricted to fast gly-

colytic fibres. A common null polymorphism causes the deficiency of α-actinin 3 in more

than one billion humans worldwide. Its lack is compensated by α-actinin 2, therefore,

its presence is not crucial to survival, although it has beneficial effects on sports. The

general importance of the existence of α-actinin in muscle is emphasized by the lethal-

ity of α-actinin mutants in the fruit fly Drosophila melanogaster. Both muscle proteins

further diverge from the nonmuscle isoforms concerning the calcium-chelating capacity

of the EF-hand motifs within the CaM-like domain. In contrast to α-actinin 1 and 4,

calcium cannot exert its regulatory control over the interaction with actin or other bind-

ing partners in muscle α-actinins due to the loss of the calcium-binding ability of the

CaM-like domain. In fact, α-actinin 2 and 3 are regulated by binding of phospholipids as

phosphatidylinositol 4,5-biphosphate (PiP2) and phosphatidylinositol 3,4,5-triphosphate

(PiP3) without the exact mechanism being clear yet. The plethora of binding partners of

α-actinin yet identified including different classes of proteins, e.g. transmembrane, adap-

tor and signalling proteins as well as metabolic enzymes, represents a peculiar quality

of α-actinin. During muscle development α-actinin is a part of integrin-based adhesion

structures, which are recognized as costamere precursors and starting points of myofibril

assembly. There it interacts with the cytoplasmic tail of β-integrins, with vinculin and

ZASP, the latter recruiting α-actinin to these adhesion sites. Along the actin filaments,

α-actinin associates in a periodic pattern as a component of dense bodies, where it binds

to zyxin and muscle LIM protein. Disruption of the interaction of α-actinin and MLP can
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cause dilated cardiomyopathy (DCM). In adult cross-striated muscle α-actinin resides in

the sarcomeric boundaries and forms complexes with components of the contractile appa-

ratus such as titin and nebulin as well as with scaffolding proteins of the paladin protein

family (paladin, myotilin, myopaladin), the calsarcin family (FATZ, calsarcin, myozenin)

and the multiadaptor protein myopodin. Upon their association with metabolic enzymes

of the glyconeogensis like fructose 1,6-bisphosphatase and aldolase, which are localized

at the Z-disc, the muscle isoforms of α-actinin can alter the physiological characteris-

tics of muscle fibres. Furthermore, α-actinin has been identified to be a constituent of

the dystrophin glycoprotein complex, which provides a link between the subsarcolemmal

cytoskeleton and the ECM. These multiple interactions render α-actinin a key player of

maintaining muscle architecture, mechanosensing and metabolic control.

1.5.5.2 Filamin C

Filamin C is the predominant isoform of the filamin family of proteins in cross-striated

muscle where it localizes to the Z-disc, myotendinous junction, sarcolemma and inter-

calated disc (van der Ven et al., 2000a). All three isoforms A, B and C share a high

sequence homology of about 70 % and a similar domain layout. However, filamin C

contains a unique insertion of 81 amino acids in the immunoglobulin (Ig)-like domain 20.

Figure 1.3: Schematic overview of the filamin protein family. The filamin protein family in
vertebrates consists of three proteins, filamin A, B and C. All three members display a similar domain
layout starting with a tandem actin-binding CH domain followed by 24 Ig-like domains. Only filamin
C has an unique insertion of 81 amino acids in Ig-like domain 20. The Ig-like domain 24 functions as a
dimerization interface enabling the homodimerization of filamin A, B and C as well as heterodimerization
between filamin B and C (Himmel et al., 2003).

Filamins are characterized by an N-terminal actin-binding domain consisting of a tan-

dem pair of CH domains (cf. section 1.5.5.1), followed by a long rod-shaped domain of

24 homologous Ig-like domains. This region is separated into two domains by two hinge
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regions between Ig-like domain 15 and 16, 23 and 24, respectively, which provide flexibil-

ity to allow its V-shaped dimeric form (Zhou et al., 2010). The dimerization interface is

located in Ig-like domain 24 and exhibits a limited capacity of heterodimerization with

other isoforms, because only filamin C and B can form heterodimers in vitro, whereas

filamin A only exists as a homodimer (Himmel et al., 2003). Due to its dimeric state,

filamin C and filamins in general can cross-link actin filaments at perpendicular angles,

which is assisted by a second actin-binding site on the Ig-like domains 9 to 15. A plethora

of more than 70 binding partners has already been identified for all filamin isoforms to-

gether and their binding sites are mainly located in the second part of the rod domain

presumably due to this region not being associated with actin and therefore being free to

interact. Furthermore, in filamin A this domain reveals a pairwise domain arrangement,

where the even domains 16, 18 and 20 are partly unfolded and tightly associated with the

following (Lad et al., 2007). Upon application of mechanical force, a binding site for the

cytoplasmic tail of β integrins is exposed, thus enabling the interaction (Heikkinen et al.,

2009; Pentikäinen und Ylänne, 2009). Filamin competes with talin for integrin binding,

which is presumably regulated by mechanical stress or migfilin, another binding part-

ner, which interacts with this integrin-binding region in filamin (Ithychanda et al., 2009).

The β1A integrin binding site has been also identified within filamin C (Gontier et al.,

2005) and it is likely that the mechanism resembles the one described by Pentikäinen und

Ylänne (2009). Apart from integrin-binding, filamin C targets to the sarcolemma due

to its association with sarcoglycans, components of the dystrophin glycoprotein complex

(Thompson et al., 2000). In the Z-disc, filamin C is tethered by interactions to FATZ

(Gontier et al., 2005), myotilin (van der Ven et al., 2000b) and myopodin (Linnemann

et al., 2010). During mouse muscle development, filamin C is up-regulated at E8.5 in the

myotome of the somite and the developing heart and remains restricted to striated muscle

upon developmental progression (Goetsch et al., 2005). The loss of filamin C causes a

severe muscle phenotype revealing defects in embryonic myogenesis (cf. section 1.2.2.1)

resulting in a decreased number of primary fibres and excessive fibre size variations as

well as disturbance of sarcomere architecture (Dalkilic et al., 2006). In cultured cells,

filamin C transcription is immediately up-regulated after inducing myogenic differentia-

tion (Goetsch et al., 2005) and it can interact with Xin (cf. section 1.10 and van der

Ven et al. (2006)), a muscle-specific protein also involved in myofibrillogenesis and the

first binding partner of the unique insertion. Except for its numerous interactions with

adaptor and transmembrane proteins, filamin coordinates signalling pathways of small

GTPases, which differentially affect actin dynamics and structure (Zhou et al., 2010).
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These multiple structural and signalling functions identify filamin C as a global player in

maintaining sarcomeric integrity, which is further sustained by the fact that mutations

in filamin C lead to impaired muscle function (Vorgerd et al., 2005; Löwe et al., 2007;

Shatunov et al., 2009) and its localization is severly altered in many different types of

myofibrillar myopathies (Claeys et al., 2009).

1.5.6 The M-Band

Whereas the Z-disc demarcates the lateral boundaries of the sarcomere and anchor the

thin filaments, the antiparallel bundles of myosin-containing thick filaments are aligned

into a regular hexagonal lattice and stabilized in the middle of the sarcomere at the level

of the M-band. This attachment complex reveals a fibre type-dependent ultrastructure in

electron micrographs highlighted by the appearance of a varying number of M-lines which

reflects differences in protein composition and arrangement. The giant ruler protein titin

originating from opposing Z-discs overlaps with its C-terminus within the M-band and

interacts with major M-band components, providing a mechanical and signalling link of

thick filament contraction events to the entire sarcomere. All types of vertebrate striated

muscle comprise the myosin-binding protein myomesin, which forms antiparallel dimers

with its C-terminus and interacts with titin. The myomesin fibronectin type III (Fn)

and immunoglobulin type II (Ig) domains as well as a splice variant-specific, intrinsically

disordered insertion (EH-myomesin) show elastic properties comparable to titin, pointing

to a function as tension absorber and or sensor (Agarkova und Perriard, 2005). The pres-

ence of myomesin splice variants and their relatives, M-protein and the newly identified

myomesin 3, seem to define the muscle fibre type, because M-protein and EH-myomesin

are mutually exclusively expressed in fast and slow muscle fibres, respectively (Agarkova

et al., 2004; Agarkova und Perriard, 2005), and myomesin 3 is absent from the heart at

any stage during development (Schoenauer et al., 2008). Moreover, the M-band compo-

sition correlates with the incorporation of titin isoforms of different sizes corroborating

the interdependence of fibre type and M-band layout (Agarkova und Perriard, 2005).

Moreover, myomesion could provide a connection to the sarcolemma due to its ability

of binding certain integrins (Deshmukh et al., 2007), thus further enhancing sarcomere

stability. Lateral anchorage of the M-band to the sarcoplasmic reticulum (SR) is medi-

ated by the huge protein obscurin (≈ 800 kDa), for deletion of obscurin in mice results in

changes in longitudinal SR architecture (Lange et al., 2009). Obscurin mainly localizes to

the M-band periphery (Carlsson et al., 2008), where it can interact with myomesin and
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titin establishing a signalling connection from the thick filaments to the surroundings of

the contractile apparatus (Pernigo et al., 2010; Ford-Speelman et al., 2009). This ternary

complex can also be formed by its small homologue obscurin-like-1, which is another

integral component of the M-band (Fukuzawa et al., 2008; Pernigo et al., 2010).

1.6 The Myotendinous Junction

Vertebrate motility is achieved by the transduction of force generated by the contractile

apparatus of skeletal muscle. The myotendinous junction (MTJ) is the specialized struc-

ture at the end of myofibrils, where the sarcolemma interdigitates with the tendon and

the force transmission takes place (fig. 1.4). It is characterized by large invaginations,

which increase the surface and therefore reduce the force applied to any one area of the

membrane. The tendons mainly consist of collagen fibres, which are anchored to a thin

muscle basement membrane predominantly comprised of laminin 2 (Trotter, 2002). The

linkage of the myofibril to this underlying extracellular matrix is mediated by α7β1 inte-

grin, the dystrophin glycoprotein complex (DGC) and the related utrophin glycoprotein

complex (Trotter (2002); Ervasti (2007)). At the cytoplasmic side of the MTJ, actin

filaments extend from the last A-band (cf. section 1.5) and are connected to the trans-

membrane complexes via adaptor proteins. Integrin-based adhesions are linked to actin

by talin and vinculin in conjunction with N-RAP (nebulin-related-anchoring protein),

a nebulin-related protein exclusively localized at the MTJ in skeletal muscle, which is

also able to bind F-actin (Luo et al., 1999). The dystrophin and the utrophin complex

share an analog composition but they differ in their modes of contact with actin and

β-dystroglycan (Ervasti, 2007). All of these adhesion complexes mentioned contribute to

the proper architecture and mechanical stability of the MTJ as the loss of α7 integrin (cf.

section 1.9.2), talin (cf. section 1.9.4), dystrophin and utrophin results in altered MTJ

structure and impaired muscle function (Welser et al. (2009); Conti et al. (2008); Conti

et al. (2009); Nawrotzki et al. (2003)).

1.7 Costameres

Costameres were originally identified as a vinculin-containing cortical lattice in skeletal

muscle, which was assumed to laterally transmit the force from sarcomeres across the

sarcolemma to the ECM (Pardo et al., 1983). This structure circumferentially aligns



Introduction 22

Figure 1.4: Electron micrograph of a longitudinally sectioned myotendinous junction in
murine soleus muscle. Myotendinous junctions reveal a characteristic electron dense band at the
end of myofibrils (arrow). The connective tissue of the underlying extracellular matrix is indicated by the
brighter area adjacent to the dense band (black arrowhead). The myofibrils contain the typical striated
pattern (Z-disc, white arrowhead). Bar, 1 µm. Modified from Carlsson et al. (1999).

Figure 1.5: Schematic illustration of the cellular location of costameres in striated muscle.
Costameres (green) represent attachment structures of lateral force transmission circumferentially po-
sitioned at the level of Z-discs of peripheral myofibrils. These adhesion sites are tethered within the
sarcolemma (red) and connect the contractile apparatus to the extracellular matrix. Taken from Ervasti
(2003).
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with the Z-disc of peripheral myofibrils and contains a multitude of different proteins

(fig. 1.5). The fact that apart from vinculin other typical constituents of focal contacts

such as talin, α-actinin, paxillin and ponsin are components of this complex, which is

linked to the ECM by integrins, suggests that costameres are muscle-specific elaborations

of focal adhesions sites (Ervasti, 2003; Gehmlich et al., 2007, 2010; Sparrow und Schöck,

2009). Additionally, the linkage to the basement membrane is also mediated by the

dystrophin-glycoprotein complex (DGC) and associated proteins such as filamin C (cf.

section 1.5.5.2). Recent reports also implicate the giant protein nebulin in the direct

attachment of the contractile apparatus to the sarcolemma, since archvillin, an actin-

bundling protein and component of early costameres, has been shown to interact with the

nebulin repeat modules M184-M185 (Oh et al. (2003); Lee et al. (2008)). The costameres

do not only establish a mechanical link of force tranmission but also function as sensors

inducing signalling events leading to altered protein expression. Upon denervation or

mechanical unloading of muscle cells, costameres change their composition or disintegrate

because vinculin and β1 integrin lose their costameric localization and dystrophin as

well as other components of the DGC reorientate longitudinally along the muscle fibre.

Electric stimualtion can rescue this phenotype because contraction up-regulates vinculin

and talin expression. Furthermore, passive stretch activates signalling of the transcription

factor NFATc (nuclear factor of activated T-cells) and MEF2 (myocyte enhancer-binding

factor 2), which corroborates costameres as mechanical sensors. Costameres also provide

a link to the cortical cytoskeleton containing γ-actin and intermediate filament proteins,

e.g. desmin (Craig und Pardo (1983); Ervasti (2003)). Although there are also connective

structures to the M-band (cf. 1.5.6), the term costamere usually indicates the peripheral

Z-disc structure. Costameres are also present in cardiomyocytes with some differences

between human and rodent heart (Anastasi et al., 2009).

1.8 The Heart

1.8.1 Heart Development

A requirement for life is to establish circulation in order to supply the whole organism

with essential nutrients. Accordingly, the heart is the first organ to function during em-

bryonic development at about E8.5-E9 in mice, although its formation is completed only

postnatally. Cardiac presursor cells are arranged in the heart-forming fields, bilaterally

paired areas of lateral mesoderm, which merge in the midline starting at their anterior
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edges to form the cardiac crescents and subsequently creating a linear heart tube (fig. 1.6

A). This heart tube represents a tubular pump consisting of an undivided endocardial

lumen confined by an endocardial cell layer, which is separated from the myocardium by

ECM components, the cardiac jelly. The heart tube elongates by the constant addition

of new cardiac segments and gains contractility immediately prior to the onset of cardiac

looping. This process essentially approximates heart tube segments and developing great

vessels, allowing for the development of a four-chambered heart (fig. 1.6 B). During loop-

ing, the heart tube changes its appearance into a C-shaped loop pointing towards the right

side of the embryo, which establishes the left/right asymmetry of the ventricular compo-

nents. The loop further winds counterclockwise resulting in a more S-like structure and

develops a chambered appearance by balooning of atrial and ventricular segments and the

formation of the cardiac septum (Männer, 2009; Zaffran und Frasch, 2002; Hirschy et al.,

2006). A key regulator of vertebrate cardiac development is the NK-class homeodomain

transcription factor Nkx2.5 acting cooperatively with various other factors including e.g.

GATA4 or Tbx5 (Bruneau, 2002; Riazi et al., 2009), which is likely to be controlled by

JAK-Stat (Janus kinase, signal tranducer and activator of transcription) signalling path-

ways (Snyder et al., 2010).

1.8.2 Cardiomyocytes

The myocard differs from the likewise cross-striated skeletal musculature as it is only a

functional syncytium consisting of electrochemically coupled mono- or binucleated cells

interconnected by a specialized junctional structure, the intercalated disc (ICD). At early

stages of embryogenesis, cardiomyocytes display a polygonal or round shape compris-

ing irregularly arranged myofibrils and adhere to each other via cadherin-based cell-cell

contact sites distributed throughout the whole membrane. During developmental pro-

gression in mammalia, cardiac muscle cells grow in length accompanied by a parallel

orientation of myofibrils as well as addition of sarcomeres and reveal exceptional bipolar

cell-cell contacts, early ICD’s (Hirschy et al., 2006). In these immature ICD’s, the lo-

calization of desmosomes and adherens junctions is spatially distinct, shown by mutually

exclusive staining patterns of desmosomal and classical cadherins at the timepoint of first

contraction (Pieperhoff und Franke, 2007). While maturation proceeds, these adhesion

sites constantly coalesce, thus creating an unique junctional structure designated as area

composita (Franke et al., 2006; Borrmann et al., 2006; Pieperhoff und Franke, 2007).

The formation of areae compositae requires plakophillin-2, a cytoplasmic adaptor pro-
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Figure 1.6: Development of the four-chambered heart and the cardiac looping process. A.
Cardiac precursor cells are arranged in the heart-forming fields, which fuse to form the cardiac crescent
and later the linear heart tube. This tube undergoes the looping process finally resulting in a four-
chambered heart. B. The looping process starts with ventral bending of the linear heart tube. At this
stage, Xin expression starts in chicken embryos as indicated in green (Wang et al., 1999). Rotation of
the tube leads to a C-shaped heart and the distance decreases between both ends of the heart tube.
Untwisting of the ventricles and the outflow tract finalizes the looping process. A, common atrium; LV,
embryonic left ventricle; O, outflow tract; RV, embryonic right ventricle. Modified from Männer (2009).
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tein associated with desmosomal junctions, since reduction of plakophilin-2 protein levels

abolishes the construction of the composite junction (Pieperhoff et al., 2008). Besides

the mechanical connection of cardiomyocytes, alterations of plakophilin-2 influence the

electrochemical coupling of adjacent cells, for the total expression level of connexin 43 is

reduced (Oxford et al., 2007). Connexins are the building units of connexons, which form

a conductive channel through the ICD of adult heart and associate with opposing con-

nexons of neighbouring cells thus constructing gap junctions and generating a functional

syncytium (Severs et al., 2008). Apart from specialized cell architecture, myofibrils in

cardiomyocytes exhibit additional differences in the composition of the contractile appa-

ratus. In contrast to skeletal muscle, the thin filaments display greater length variations

(Burgoyne et al., 2008; Robinson und Winegrad, 1977) and are associated with heart-

specific proteins like nebulette (cf. section 1.5.4). Furthermore, cardiac muscle contains

aberrant isoforms or altered expression levels of sarcomeric proteins in comparison to

skeletal muscle (Clark et al., 2002).

1.9 Cellular Junctions

The important role of junctional structures to adjacent cells and the ECM during muscle

development and formation of the contractile apparatus is depicted in sections 1.2, 1.8

and 1.5. In order to further explain the molecular architecture, a selection of the major

constituents of cell-cell and cell-matrix contact sites is described in further detail.

1.9.1 Cadherins

The construction and maintenance of tissues depends on the stable connections of par-

ticipating cells established by many different transmembrane proteins. Cadherins define

a class of calcium-dependent mainly single-pass transmembrane proteins whose members

are detectable in all tissues (Nollet et al., 2000). In this part classical and desmosomal

cadherins are introduced, which can be distinguished within the cadherin superfamily ac-

cording to the number of extracellular cadherin (EC) domains. Their extracellular region

consists of 5 EC domains, whose fold is rigified by binding of three calcium ions between

successive domains. The first EC domain mediates homo- and heterophilic interactions

with ectodomains of opposing cadherins of the neighbouring cell. At the cytoplasmic level

they associate with various adaptor proteins transmitting signals to the cellular interior.

Classical cadherins comprise E-, N-, P-, M-, R- and VE-cadherins, but only N-, M-
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Figure 1.7: Expression of cellular junction proteins during muscle development. Schematic
overview of embryonic development and the cadherins and integrins expressed in the different phases of
myogenesis. Taken and modified from Charrasse et al. (2003); Gullberg et al. (1998).
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and R-cadherin are expressed during skeletal muscle development (cf. section 1.2, fig.

1.7). While N-cadherin is expressed during the complete process, R-cadherin is detected

in somites and limbs as well as cell-cell contacts of myoblasts (Charrasse et al., 2003).

It is downregulated in adult muscle and it has been shown to inhibit myogenesis via in-

crease of Rac1 activity and downregulation of N- and M-cadherin expression (Kucharczak

et al., 2008). However, R-cadherin is capable of inducing striated muscle in embryonic

stem cells lacking E-cadherin. This quality is exclusive to R-cadherin since neither N- nor

E-cadherin display the same capability (Krauss et al., 2005). Although the exact function

is still elusive, this points to a non-redundant function of R-cadherin. M-cadherin occurs

at the onset of secondary myogenesis and is involved in fusion and terminal differentiation

(Charrasse et al., 2003). Loss of M-cadherin does not result in a severe muscle phenotype

but triggers upregulation of N- and E-cadherin which implies compensation of M-cadherin

function by other classical cadherins (Hollnagel et al., 2002). In adult muscle M-cadherin

attaches satellite cells with the adjacent myofibre and potentially regulates satellite cell

quiescence (Broek et al., 2010). The most prominent cadherin in muscle is N-cadherin and

its signalling is essential for myogenesis. N-cadherin is early expressed in somites, the my-

otome and the limb buds and its expression is also maintained in adult muscle (Charrasse

et al., 2003). Induction of RhoA signalling and suppression of Rac1 activity promotes

myogenic differentiation via muscle-specific gene transcription by serum response factor

(Charrasse et al., 2003). Furthermore, it induces p38 MAPK signalling which leads to

MyoD-dependent, muscle-specific gene expression substantiating N-cadherin’s myogenic

role (Lu und Krauss, 2010). At the cytoplasmic side classical cadherins are connected

to the actin cytoskeleton by β-catenin and α-catenin, although this does not seem to

be a stable link (cf. section 1.9.1.1). On the contrary, desmosomal cadherins provide a

connection to the intermediate filament system via plakoglobin and desmoplakin. Strik-

ingly, plakoglobin and β-catenin are structurally related and indeed, plakoglobin can also

bind to α-catenin and is present in adherens junctions which is presumably required to

initiate the assembly of desmosomes which appear to form after adherens junctions (Choi

et al., 2009). Desmosomal cadherins comprise four desmogleins and three desmocollin

isoforms. Desmosomes as well as adherens junctions are the major structural links in

ICDs of cardiomyocytes (cf. section 1.8).
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1.9.1.1 β-Catenin

The cytoplasmic form of the protein β-catenin is a key regulator of canonical Wnt sig-

nalling and belongs to a family of armadillo repeat proteins comprising p120 catenin,

plakoglobin (or γ-catenin), importin-α or APC (MacDonald et al., 2009; Choi et al.,

2009; Coates, 2003). Wnt proteins are secreted ligands for receptor-mediated signalling

and cause the stabilization of dephosphorylated β-catenin upon receptor binding in the

canonical Wnt signalling pathway. This protects cytoplasmic β-catenin from constant

degradation by the ubiquitin-proteasome system due to N-terminal phosphorylation by

the glycogen synthase kinase 3-β (GSK-3β) and simultaneously enables its translocation

to the nucleus. There, it binds to transcription factors of the Lef/Tcf family (lymphoid

enhancer binding factor/T cell-specific transcription factor) via its armadillo repeats, each

repeat formed by three spatially distinct α-helices, and therefore activating various target

genes (MacDonald et al. (2009) and Behrens et al. (1996)). In embryonic development,

Wnt6/β-catenin signalling essentially controls the maintenance of the dermomyotome

through activation of the transcription factor paraxis (Linker et al., 2005). At the onset

of myogenesis and cell determination, β-catenin directly induces the transcription of the

muscle determination factor Myf5 using two Lef/Tcf binding sites present in the Myf5

enhancer (Borello et al., 2006). Even though the signalling pathway remains active during

the course of muscle development, its effects are only critical for secondary myogenesis, be-

cause it positively regulates the number of Pax7+ progenitor cells (cf. 1.2.2.1 and 1.2.2.2)

and affects the overall number of myofibres (Hutcheson et al., 2009). Besides its regula-

tory function concerning the transcription of target genes in the canonical Wnt signalling

pathway, β-catenin is also a cytoplasmic component of cadherin-mediated adhesion com-

plexes (cf. section 1.9.1), providing a link to the actin cytoskeleton. Not so long ago, this

connection was regarded as a stable mechanical link, because β-catenin can interact with

α-catenin, which is in turn an F-actin binding protein (Koslov et al., 1997; Rimm et al.,

1995). However, recent studies revealed that α-catenin cannot bind β-catenin and F-actin

simultaneously thus challenging this model (Yamada et al., 2005) and favouring different

linker proteins and cell-cell adhesion-independent functions of α-catenin (Benjamin et al.,

2010). During skeletal muscle development, cadherin-based junctional complexes are in-

volved in the regulation of muscle regulatory proteins and myoblast fusion processes (cf.

section 1.9.1). Directly after the onset of muscle differentiation, β-catenin is recruited

to newly formed adherens junctions and induces the expression of myogenin, another

myogenic regulatory factor (MRF) of the basic helix-loop-helix family of skeletal muscle
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transcription factors regulating progression towards the terminal stages of myofibrilloge-

nesis (cf. section 1.2 and Goichberg et al. 2001). At these adhesion sites, β-catenin can

be cleaved by the Ca2+-dependent, nonlysosomal, cysteine protease calpain 3, which is

considered an important organizer of proper sarcomere development (Kramerova et al.,

2006; Beckmann und Spencer, 2008). Accordingly, β-catenin plays a major role in myo-

genesis because deregulation of its multiple functions in the transcription of target genes

and mediating adhesion leads to severe defects in muscle development.

1.9.2 Integrins

Integrins are heterodimeric transmembrane proteins consisting of an α and β subunit each

spanning the membrane once. Most of the two polypeptide chains is exposed to the extra-

cellular space leaving only short cytoplasmic tails of 20-50 amino acids for interactions with

intracellular proteins or modifications except the β4 subunit, which comprises an approx.

1000 aa cytosolic domain. Integrins are only found in metazoa, but the set of subunits

has dramatically increased from the sponge possessing only one αβ heterodimer to human

having 18 α subunits and 8 β subunits generating 24 distinct integrin dimers (Hynes, 2002;

Hughes, 2001). Their extracellular domains adhere either to ECM components (including

fibronectin, laminin and collagen), or to counterreceptors of the Ig-superfamily cell surface

receptors to mediate heterotypic cell-cell adhesion dependent on the composition of the

integrin heterodimer (Humphries et al., 2006). The short cytoplasmic tail provides a link

mainly to the F-actin cytoskeleton via adaptor proteins such as talin, kindlin, α-actinin

or filamin. Integrins can adopt three different conformations: a bent closed, an interme-

diate extended and an extended open one, which represent discrete states of activation.

Integrin activation or inactivation is the critical event for the regulation of signalling func-

tion. Inactivated integrins presumably exhibit the bent closed conformation, which can

be altered by extracellular ligand binding, leading to an extended open conformational

state and causing an “outside-in” signalling cascade. The ability of cytoplasmic activation

or inactivation by adaptor proteins like talin or filamin (i.e. ’inside-out’) resulting in an

intermediate extended conformation enables the bidirectional transmission of biochemical

signals and mechanical force, which is important for cell migration and development as

well as for the maintenance of the contractile apparatus in cross-striated muscle (Shattil

et al., 2010). During vertebrate skeletal muscle development (cf. section 1.2) many differ-

ent integrin subunits are expressed in a tightly regulated pattern (fig. 1.7). The major β

chain detectable in developing muscle belongs to the β1 class, which occurs in four differ-
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ent splice variants (A–D) affecting the cytoplasmic tail (Gullberg et al., 1998; Belkin et al.,

1996). While the β1A isoform predominates in proliferating and fusing myoblasts, the

expression of the β1D subunit is initiated immediately after forming the first myotubes

and increases during myotube growth and maturation accompanied by a simultaneous

downregulation of the β1A subunit. In adult skeletal muscle, β1D integrin localizes to

costameres, the myotendinous and neuromuscular junction (Belkin et al., 1996). Loss of

β1 integrin in mice results in defective costameres (cf. section 1.7) lacking talin and vin-

culin and impaired fusion probably due to a spoilt fusion complex missing the tetraspanin

CD9. Furthermore, the absence of the β1 subunit damages sarcomere assembly because

the myotubes does not develop a mature striated pattern (Schwander et al., 2003). During

early heart development, β1A integrin is the major subunit but this switches perinatally

due to an upregulation of the β1D chain (de Melker und Sonnenberg, 1999). Targeted

reduction of β1D integrin in cardiomyocytes results in cardiac failure which demonstrates

its essential role in heart function (Shai et al., 2002). Although the number of β subunits

expressed throughout muscle development is limited as mentioned above, many different α

integrins, i.e. α1, α3, α4, α5, α6, α7, α9 and αv, appear transiently or persistently during

myofibrillogenesis, but only the loss of α7 integrin causes a prominent muscle phenotype

suggesting redundant functions. In early muscle development of mice at 24 somite stage,

delamination of muscle precursor cells starts to form the myotome. The first α integrin

subunits detected in these cells are the laminin and collagen receptor α1 and the exclusive

laminin receptor α5. The latter integrin is present in all Pax3 + and later Myf5 + cells

and remains expressed throughout primary myogenesis. At E10.5 in mice, α4 expression

occurs in already formed muscle masses comparable to Pax3 and Myf5 distribution, which

is not lost until the end of embryonic myogenesis. The onset of MHC expression in the

cells of the myotome coincides with a positive signal of α6 integrin in these cells, which

is persistent on primary myotubes (Bajanca und Thorsteinsdóttir, 2002; Cachaço et al.,

2005). Early myotubes display α3 integrin transiently localized to nascent MTJ prior to

α7 integrin and excluded from areas containing striations. In contrast, the αv isoform,

whose expression is initiated at E10.5 in muscle masses and differentiating muscle cells, is

associated with the Z-disc, after titin and α-actinin show a striated pattern but prior to

desmin, and can also be attached to the sarcomeric M-band to a lower extent (McDonald

et al. (1995) and Cachaço et al. (2005)). Adult skeletal muscle fibres are predominantly

linked to the tendons by α7 integrin and its loss causes disruption of the myotendinous

junction and sarcomere structure (Mayer et al. (1997), Rooney et al. (2006) and Welser

et al. (2009)). This isoform also resides in the NJ and in the myofibre membrane and
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appears first in elongated myotomal cells at E11.5 during primary myogenesis (Burkin

und Kaufman, 1999; Cachaço et al., 2005). The set of α integrin chains expressed on

cardiac myocytes comprises α1, α3, α5, α6, α7, α10 and α11. In adult heart muscle, α3

and α7 are the predominant isoforms, whereas α1 and α5 are present during embryonic

heart development but are downregulated postnatally. Their expression can be re-induced

by mechanical loading or aortic constriction thus proposing a role in tissue regeneration

(Ross, 2002).

1.9.3 Vinculin

Vinculin is the key regulator of focal adhesion formation and links the actin cytoskele-

ton to the ECM via integrins and to cadherin-based cell-cell contacts (Humphries et al.,

2007). It is ubiquitously expressed and resides in the cytoplasm in an inactive state char-

acterized by intramolecular association of the globular head with the tail domain. Upon

increased mechanical load, vinculin is recruited to focal adhesion sites where it is activated

by the release of the head-to-tail interaction (Ziegler et al., 2006). This requires bind-

ing of multiple proteins such as talin, α-actinin, ponsin, VASP, Arp2/3, actin, paxillin

and phosphatidylinositol (4,5)-bisphosphate (Geiger et al., 2001; Hüttelmaier et al., 1998;

Ziegler et al., 2006). Vinculin recruitment stabilizes the active conformation of integrins

and leads to their clustering (Askari et al., 2010). Vinculin possesses two actin binding

sites at its tail enabling actin bundling activity (Jockusch und Isenberg, 1981). Recently,

it has been demonstrated that vinculin is capable of nucleating actin polymerization at

adhesion sites (Wen et al., 2009). Apart from linking to the ECM, vinculin is associated

with adherens junctions (cf. section 1.9.1) and interacts with α-catenin therefore poten-

tially providing a stable link of cadherin-based junction to F-actin (Weiss et al., 1998).

During development of skeletal muscle, vinculin is among the first proteins arranged in a

periodic pattern (Tokuyasu, 1989; Fujita et al., 2007). In adult skeletal muscle vinculin

is a major component of the costameres sensing the lateral force transmission and sta-

bilizing these adhesion sites since contractile arrest of cardiomyocytes depletes vinculin

from there (Pardo et al., 1983; Samarel, 2005; Sharp et al., 1997). Cardiomyocyte-specific

inactivation of vinculin results in sudden death caused by tachycardia, abnormal adherens

junctions with a reduced level of cadherins and integrins as well as dilated cardiomyopa-

thy (DCM) which demonstrates its important function in the ICD (Zemljic-Harpf et al.,

2007). In muscle tissue as well as in platelets, a splice variant, termed metavinculin,

containing an insertion of 68 amino acids at the C-terminus is co-expressed. While it
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is low abundant in skeletal muscle, in cardiac muscle it can expressed at levels equal to

vinculin (Witt et al., 2004). The insertion appears to take over a regulatory function since

metavinculin is impaired binding to phospholipids and it requires activated vinculin to

form heterodimers with it (Witt et al., 2004). Furthermore, both proteins have a differ-

ent impact on F-actin structure since vinculin mainly forms bundles while metavinculin

generates highly viscous webs (Rüdiger et al., 1998). The existence of these isoforms in

muscle and their cooperation render them a versatile tool for sensing mechanical strength

and adaptation to it. During muscle development, their nucleation activity could be im-

portant for the formation of thin filament precursors arising from integrin-based adhesive

structures (cf. section 1.2.2.4).

1.9.4 Talin

Talin proteins are encoded by two different genes, which are presumed to be created by

gene duplication prior to emergence of vertebrates (Senetar und McCann, 2005). Both

genes share conserved intron-exon boundaries and 74 % identity in amino acid sequence.

Whereas talin 1 is ubiquitously expressed, talin 2 was identified to be most abundant in

brain, heart and skeletal muscle. Recent studies revealed that talin 2 is also present in a

wide variety of tissues and isoforms performing functions distinct from talin 1 (Debrand

et al., 2009; Senetar et al., 2007). A complete loss of talin 1 in mice causes embryonic

lethality at E8.5–E9.5 emphasizing its essential role in development and confirming the

non-redundant function of both proteins. Talin proteins link the actin cytoskeleton to

the ECM and cell-cell adhesion sites with their ability to bind the cytoplasmic tail of

β integrins. Furthermore, this interaction activates integrins thus regulating the affinity

for their ligands (cf. section 1.9.2). The largest talin isoforms have an approximate

molecular weight of 270 kDa and exhibit a similar domain structure. The N-terminal

globular head domain, which contains among others a binding site for β integrins and

F-actin, is followed by a flexible rod domain displaying multiple binding interfaces to

vinculin, a second integrin and two additional F-actin binding sites. At the C-terminus,

α-helices are able to form antiparallel dimers (Critchley und Gingras, 2008). The different

functions of talin 1 and talin 2 were explored by tissue-specific gene inactivation and

expression and localization studies with isoform-specific reagents. These analyses revealed

that talin 2 is upregulated during myofibrillogenesis and resides in costameres and ICDs

in adult striated muscle, from which talin 1 is absent (Senetar et al., 2007). Both isoforms

seem to be involved in the maintenance of MTJs, because ablation of either talin 1 or
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talin 2 results in severe defects in their structure (Conti et al., 2008, 2009). Throughout

muscle development they are also indispensable for proper myoblast fusion and sarcomere

assembly (Conti et al., 2009).

1.10 Xin-Repeat Proteins

Differential mRNA display revealed a transcript markedly upregulated during embry-

onic heart development of chicken, which corresponded to an as yet unidentified protein

comprising a new repetitive sequence motif (Wang et al., 1996, 1999). Because of its

involvement in the cardiac looping process of chicken heart (cf. section 1.8), the protein

was named Xin, the Chinese character for heart in pronunciation. Xin-Repeat proteins

are present in all vertebrates with the number of genes encoding Xin-Repeat-containing

proteins varying among species. While the lamprey contains only one Xin gene, analysis

of the mammalian genome discovered two genes and zebrafish even express a third one.

The differences originate from gene and genome duplication events as well as persitent

loss of anciently duplicated genes (Grosskurth et al., 2008).

Figure 1.8: Schematic overview of human Xin-Repeat proteins. In human, two genes encode
Xin-Repeat proteins, CMYA1 and CMYA3, which give rise to two proteins dentoted by Xin and Xirp2,
respectively. Intraexonic splicing events generate three isoforms of human Xin marked as A, B and C.
Until now, no other isoforms of human Xirp2 have been described.

In human, a gene on chromosome 3, entitled CMYA1 (cardiomyopathy-associated 1),

comprising only one large coding exon encodes human Xin and gives rise to three different

isoforms, A, B, C, due to intraexonic splicing events (fig. 1.8). The largest isoform Xin

A (1843 aa, ≈ 200 kDa) harbours an N-terminal proline-rich region including an EVH1
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domain-binding consensus motif, which is shown to be functional in binding type I EVH1

domains of the members of the Ena/VASP protein family, vasodilator-stimulated phospho-

protein (VASP), mammalian enabled (Mena) and Ena/VASP-like protein (EVL) (van der

Ven et al., 2006). This region is followed by the most prominent and eponymous feature,

the Xin repeats. Human Xin encompasses 16 copies of this 16 aa-comprising consensus

sequence, which defines a novel F-actin-binding motif and therefore identifies Xin-repeat

proteins as members of the plethora of actin-binding proteins (Pacholsky et al., 2004).

But these repetitive motifs seem to display additional binding capacities, since a direct

interaction of the terminally located repeat region to β-catenin was recently demonstrated

(Choi et al., 2007). The succeeding sequence also reveals different putative binding sites

and some of them were already proven to have the predicted binding potential, at least

in vitro. The proline-rich region situated on the C-terminal side of the repeats contains

putative SH3 domain interaction motifs including a prognosticated binding site of the

SH3 domain of the actin-binding protein cortactin exhibiting the binding properties at-

tributed to it (Sparks et al., 1996; Eulitz, 2005). In the C-terminal part of Xin A, the

existence of several consecutive heptad motifs raises the possibility of the formation of

Xin dimers or oligomers. The most striking feature of Xin A, apart from the repeats, is

the filamin C-specific binding site (FBS) mapped to the C-terminus, because Xin repre-

sents the first protein identified exclusively binding to this muscle-specific filamin isoform

(van der Ven et al., 2006). The other human Xin variants differ from the largest isoform

insofar as they are lacking the C-terminal proline-rich region and the filamin binding site

or the complete N-terminus with the repeats in Xin B (1121 aa, ≈ 120 kDa) or Xin C

(526 aa, ≈ 60 kDa), respectively (fig. 1.8). The human gene CMYA3 on chromosome

2 encodes a ≈ 380 kDa second Xin-Repeats-containing protein, Xirp2 (Xin-Repeat Pro-

tein 2), which deviates from Xin in the number of repetitive motifs displaying 28 repeats

and 8 degenerated sequences (fig. 1.8). On the contrary, its sequence motif organiza-

tion shares high homology to Xin, because the repeats are also enclosed by proline-rich

regions and there are several heptade motifs at the C-terminus. In addition to the N-

terminal proline-rich region, which was also shown to interact with the EVH1 domain of

Ena/VASP proteins, Xirp2 includes a second cluster of functional EVH1 domain bind-

ing sites located C-terminally to the repeats (Eulitz, 2005). While no splicing events of

the human Xirp2 have been detected, recently three different mRNAs of mouse Xirp2,

also called mXinβ or myomaxin, were identified, which only affect the C-terminus (Wang

et al., 2010). The expression of both Xin-Repeat proteins, Xin and Xirp2, appears to be

restricted to cross-striated muscle and its precursors (Wang et al. 1999 and personal ob-
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servation). During murine embryonic development, Xin can be detected as early as E8.0

in cardiogenic cells of the heart tube and is present in the first rostral somites at E10,

which points to an involvement in the formation of heart and skeletal muscle (Sinn et al.,

2002). This notion is substantiated by the observation that blocking the expression of

the unique Xin-Repeat protein in chicken interferes with the cardiac looping process (cf.

section 1.8.1) and ablation of the murine Xirp2 results in misorganized myocardium and

diastolic dysfunction accompanied by postnatal growth defects leading to death before

weaning (Wang et al., 1999, 2010). Interestingly, total loss of all Xin isofoms in mice

generates only a mild cardiac phenotype with an altered distribution of intercalated discs

and little abberations in conduction, which is not the consequence of compensation by

upregulation of Xirp2 (Otten et al., 2010). In adult muscle tissue, Xin is localized at the

MTJ of skeletal muscle and the specialized cell-cell contacts of cardiomyocytes, the ICDs

(cf. section 1.8), where it is supposed to function as a multiadaptor protein interacting

with F-actin, filamin C, Ena/VASP proteins and β-catenin (Beatham et al., 2006; Pa-

cholsky et al., 2004; van der Ven et al., 2006; Choi et al., 2007). Xirp2 shows a similar yet

distinct distribution pattern in adult striated muscle, for it also resides in the intercalated

discs but additionally is a component of the sarcomeric Z-disc (Wang et al., 2010; Claeys

et al., 2009). The set of binding partners of the Xin-Repeat proteins reveals only a partial

overlap, for the interactions to F-actin and Ena/VASP proteins are verified for Xirp2,

however, the interaction described of murine Xirp2 to α-actinin is neither predicted nor

shown with Xin (Pacholsky et al., 2004; van der Ven et al., 2006; Huang et al., 2006).

Both Xin family proteins are concerned with the direct, immediate response to stress ap-

plied to muscle tissue although from different kinds of stress. Upon eccentric contraction

or cardiotoxin-mediated skeletal muscle injury, Xin expression increases directly and is

detected in muscle satellite cells, hence suggesting an implication in muscle regeneration

(Barash et al. (2004); Hawke et al. (2007), cf. sections 1.2.2.2 and 1.4). This view is sup-

ported by the conspicious behaviour in human myofibrillar myopathies and the muscle

dystrophic kyphoscoliotic-ky mouse, where Xin expression dramatically rises coinciding

with mislocalization and formation of aggregates (Beatham et al., 2006; Claeys et al.,

2009). Skeletal muscle fibres affected by myofibrillar myopathies also exhibit an altered

distribution of Xirp2 (Claeys et al., 2009) refering to the stress responsiveness mentioned

above. In cardiac muscle, angiotensin II-induced hypertension and myocardial damage

increases transcription of Xirp2 mediated by the myogenic enhancer factor (MEF) 2A,

which binds to its consensus site in the Xirp2 promotor (McCalmon et al., 2010; Huang

et al., 2006). The regulation of Xin transcriptional activity is also controlled by myogenic



Introduction 37

transcription factors, but the set of functional proteins has already expanded to MEF2,

MyoD and Myf5 (Hawke et al., 2007). All these results point to a role for Xin-Repeat

proteins in cross-striated muscle development and repair (cf. muscle+heart), but the in-

terplay of different isoforms already identified is still not completely understood. The

accidental generation of a transgenic mouse lacking Xin A and Xin B but still retaining

the shortest isoform Xin C, provides a first insight. In contrast to a complete loss of

Xin, these mice develop cardiac hypertrophy and suffer from disrupted ICD structure

and myofilament disarray. Furthermore, Xirp2 expression is upregulated and some Xin A

and Xin B binding partners change their localization, which cannot be observed during

total Xin absence (Gustafson-Wagner et al., 2007; Otten et al., 2010). These results are

consistent with the findings that Xin C protein cannot be found in normal human heart

tissue but is elevated in hypertrophic organs (Otten et al., 2010). Localization studies of

the three human Xin isoforms in neonatal rat cardiomyocytes demonstrated that all Xin

proteins target to nonstriated myofibrils, while only Xin A and C are incorporated into

the ICD and only Xin C can colocalize with α-actinin at the Z-disc (van der Ven et al.,

2006) underlining the importance of investigating the different isoforms in order to shed

more light on Xin-Repeat protein function.

1.11 Aim of the Study

In mammals, the expression of Xin-Repeat proteins seems to be restricted to skeletal mus-

cle and starts very early during myogenic development. Although disruption of Xin and

Xirp2 function in mice results in disturbed of muscle integrity and function, their exact

role during myofibrillogenesis remains still elusive. In order to address this lack of knowl-

edge, a new in vitro cell model based on conditionally immortalized myoblasts originating

from the genetically modified H-2Kb-tsA58 mouse was to be established and characterized.

Using isoform-specific antibodies, to be partly characterized in this work, the localization

of Xin during different stages of myofibrillogenesis should be studied. The Xin gene gives

rise to three different isoforms which share overlapping sequences. However, the relevance

of each isoforms is still unknown. Hence, analyses of the transcription and protein expres-

sion in the course of myogenic differentiation of H-2K cells should be performed in order

to evaluate the respective impact. Both Xin-Repeat proteins in human have an overlap-

ping set of binding partners while showing different localization in the mature muscle.

Therefore, detailed investigation of the binding capacities of known and newly identified

binding partners concerning Xin-Repeat proteins should be done to clarify redundant or
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distinct qualities of Xin-Repeat proteins. Examination of the exact site of interactions

in cells were to be carried out with the bimolecular fluorescence complementation assay.

In concert with the biochemical characterization of such an interaction this should give

a detailed view on the behavior of Xin-Repeat proteins during myofibrillogenesis. Xirp2

is a large, intrinsically unfolded protein which permanently resides in the mature Z-disc

but nothing is known about its orientation. Thus, the localization of Xirp2 was to be

investigated in mature skeletal muscle using antibodies directed against specific epitopes.



Chapter 2

Material and Methods

2.1 Chemicals

The exact description of all chemicals used can be found in the corresponding sections.

Chemicals were supplied by Roth, Sigma, Merck, Fluka, Serva or Biorad in analytical

standard grade.

2.2 Culture Media

Medium Composition

LB-medium 10 g trypton, 5g Hefeextrakt, 10 g NaCl, pH 7,5

YPD-medium 20 g trypton, 10 g yeast extract, 20 g glucose, pH 6,5

DOB-medium 1,7 g yeast nitrogen base, 20 g glucose, 5 g (NH4)2SO4, pH 5,8
amino acid dropout supplements (Clontech)

Table 2.1: Table of the composition of culture media. The utilized masses refer to a final volume
of 1 l unless otherwise noted.

Table 2.1 depicts the composition of culture media used for molecular biology tech-

niques. All media were prepared with ddH2O and the solutions were sterilized at 125 °C
and 1,4 bar in an autoclave (Systec) for 20 min. The time was reduced to 15 min for

media including glucose.

39
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2.3 Antibiotics

Antibiotics were added to the autoclaved culture medium immediately before use.

Antibiotic Final Concentration
Carbenicillin 100 µg/ml
Chloramphenicol 34 µg/ml
Kanamycin 50 µg/ml

Table 2.2: Final concentrations of antibiotics used in culture media (see tab. 2.1). Antibiotics
were generally available in a 1000-fold higher concentrated stock solution.

2.4 Bacterial and Yeast Strains

2.4.1 Cloning

E. coli JM109, Stratagene Co., genotype: e14−(McrA−) recA1 endA1 gyrA96 thi-1

hsdR17(r−k m+
k ) supE44 relA1 ∆(lacproAB) [F’ traD36 proAB lacIqZ∆M15]

2.4.2 Protein Expression

E. coli BL21(DE3)CodonPlus(DE3)-RP, Stratagene Co., genotype: B F− ompT

hsdS(r−B m−
B) dcm+ Tetr gal λ(DE3) endA Hte [argU proL Camr]

E. coli BL21(DE3) C43, described in Miroux und Walker (1996).

2.4.3 Yeast Two-Hybrid System

Saccharomyces cerevisiae L40, Invitrogen Co., genotype: MATα his3D200 trp1-901

leu2-3112 ade2 LYS2::(4lexAop-HIS3) URA3::(8lexAop-lacZ) GAL4.

2.5 Vectors and cDNA Libraries

All plasmids are derivatives of commercially available vectors with modified multiple

cloning sites, promotors or fusion proteins. Origins and changes are depicted below.

The corresponding vector maps are included in the appendix (cf. section C).
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2.5.1 Protein Expression Vectors

2.5.1.1 pET23aEEF

For recombinant protein expression in E. coli a vector with a modified multiple cloning

site was used which derived from Novagen’s pET23a plasmid, named pET23aEEF. DNA

fragments were cloned between the recognition sites of the restricition enzymes MluI (5’-

end) and SalI (3’-end). The resulting recombinant protein contains a C-terminal hexa-

histidine sequence for purification (cf. section 2.7.4.1) and in addition an immunotag

comprising the last three amino acids glutamate, glutamate and phenylalanine (EEF).

2.5.1.2 pET23aT7

This vector is a derivative of Novagen’s pET23a plasmid. The multiple cloning site

was modified to clone DNA fragments using a MluI restriction site (5’-end) and a SalI

site (3’-end). In contrast to the pET23aEEF plasmid, the target protein encoded by

the pET23aT7 vector has a T7 immunotag with the amino acid sequence MASMTG-

GQQMGR fused to the N-terminus which derived from the capsid protein of the bacte-

riophage T7. The hexa-histidine tag used for purification is located at the C-terminus.

2.5.1.3 pET23aMyc

The pET23aMyc vector backbone is similar to Novagen’s pET23a. The altered multiple

cloning site includes EcoRI and MluI restriction sites applicable for cloning at the 5’-end

and a SalI site at 3’-end. Identical with all pET23a vectors, the hexa-histidine tag is

placed at the C-terminus of the expressed protein which can be detected with antibodies

against the N-terminal c-myc immunotag (EQKLISEEDL), an epitope which stems from

a human oncoprotein.

2.5.1.4 pET28a

The pET28a vector was purchased from Novagen and contains an N-terminal hexa-

histidine tag for purification and a T7 immunotag for detection of the expressed protein.

All inserts were cloned between the EcoRI and SalI restriction sites.

2.5.1.5 pGEX-6P-3

The pGEX-6P-3 vector encodes a fusion protein with a N-terminal glutathione-S-transferase

(GST) which can be cleaved by PreScission ™ Protease (GE Healthcare). Cloning frag-
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ment were inserted either using the SalI site (5’-end) and the NotI site (3’-end) or the

BamHI site (5’-end) and the SalI (3’-end). GST-tagged proteins were used for purifica-

tion of polyclonal antibodies (cf. section 2.8.2.1) or peptide scans (cf. section 2.9.4) and

purified acccording to manufacturer’s recommendations.

2.5.2 Vectors for Eukaryotic Protein Expression

2.5.2.1 Venus NT

This plasmid expresses a fusion protein of a N-terminally located derivative of the yellow

fluorescent protein EYFP (Enhanced Yellow Fluorescent Protein), called Venus (Nagai

et al., 2002), and the inserted DNA fragment. The expression is controled by the human

cytomegalievirus (CMV) immediate early promoter. The promoter and the rest of the

vector backbone derived from the pECFP-C1 plasmid commercially available from Clon-

tech. The multiple cloning site was modified in order to introduce in-frame restriction

sites of BamHI, MluI and SalI which were used for cloning.

2.5.2.2 Venus CT

The Venus CT plasmid includes the same multiple cloning site as in Venus NT but up-

stream from the sequence encoding the fluorescent protein Venus (Nagai et al., 2002).

The backbone originates from Clontech’s pECFP-N1.

2.5.2.3 Venus1-C

The vector backbone of Venus1-C is identical with Venus NT (cf. section 2.5.2.1) but the

plasmid encodes only the first 154 amino acids of the yellow fluorescent protein Venus (Na-

gai et al., 2002) fused with the C-terminus to a FLAG-tag, an immunotag comprising the

eight amino acids DYKDDDDK, and the inserted protein fragment. DNA fragments were

mainly cloned into the EcoRI/SalI site. The expressed fusion protein is non-fluorescent

and was used for bimolecular fluorescence complementation (BiFC) assays combined with

proteins encoded by the vectors Venus2-C and Venus2-N3.

2.5.2.4 Venus2-C

In the Venus2-C plasmid the inserted protein is fused with its N-terminus to a non-

fluorescent fragment of the yellow fluorescent protein Venus (Nagai et al., 2002) com-

prising the amino acids 155–238. The resulting fusion protein can be detected using
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antibodies raised against the amino acids 98-106 of the human influenza hemagglutinin

(HA-immunotag YPYDVPDYA) because its coding sequence is located between the non-

fluorescent fragment and the multiple cloning site. The vector backbone emanates from

Clontech’s pECFP-N1.

2.5.2.5 Venus1-N3

The Venus1-N3 plasmid contains the multiple cloning site of the vector pEGFP-N3 (Clon-

tech) and expresses the same nonfluorescent fragment of the yellow fluorescent protein

Venus (Nagai et al., 2002) as in the Venus1-C plasmid (cf. section 2.5.2.3) but located

at the C-terminus of the encoded fusion protein. For immunodetection a FLAG-tag is

integrated at the N-terminus of the cloned insert. The backbone is similar to the plasmid

pECFP-N1 (Clontech).

2.5.2.6 Venus2-N3

The vector Venus2-N3 is identical to the Venus1-N3 (cf. section 2.5.2.5) apart from the

included nonfluorescent fragment which comprises the amino acids 155–238 of the yellow

fluorescent protein Venus (Nagai et al., 2002) and the FLAG-immunotag which is replaced

by the HA-immunotag (cf. section 2.5.2.4).

2.5.3 Vectors for Yeast Two-Hybrid Assays

2.5.3.1 pLexPd

The yeast two-hybrid interaction analysis is based on the completion of a heterologous

transcription factor consisting of a DNA binding domain and an activation domain when

they are brought in close proximity to each other by interaction of proteins fused to the

domains (cf. section 2.9.1). The bait protein is fused to the C-terminus of the LexA

DNA binding domain encoded by the pLexPd vector, a derivative of Clontech’s pLexA

plasmid. The cDNA was cloned into the MluI/SalI or EcoRI/SalI site of the modified

multiple cloning site. The fusion protein was constitutively expressed under the control

of the alcohol dehydrogenase (ADH) promoter.

2.5.3.2 pACT Pd

The completion of a heterologous transcription factor needs the close proximity of the

DNA binding domain and the activation domain (cf. section 2.9.1). The Gal4 activation
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domain is expressed by the prey vector pACT Pd which stems from the pACT2 plas-

mid (Clontech/BD Bioscience). The multiple cloning site was modified so that a DNA

fragment can be cloned into the MluI/XhoI site. The activation domain is fused to the

N-terminus of the cloning fragment and the expression of the resulting protein is controled

by the ADH promoter.

2.5.4 cDNA Libraries

For yeast two-hybrid assays and cloning experiments two MATCHMAKER cDNA libraries

from Clontech were used which contain cDNA from human heart or skeletal muscle cloned

into the pACT2 vector.

2.6 Molecular Biology Techniques

Chemicals and enzymes were obtained from Fermentas unless otherwise noted.

2.6.1 cDNA Synthesis

Isolated RNA from cells or tissues (cf. section 2.7.5.2) served as a template for cDNA

synthesis which was necessary for cloning purposes and mRNA expression analysis. RNA

was transcribed into cDNA with the reverse transcriptase Omniscript (Qiagen). For that

purpose 4 U of Omniscript were mixed on ice with the adequate buffer supplied with

the polymerase, dNTP’s (0,5 mM each, Qiagen), 10 µM random nonamers (TIBmolbiol,

Invitrogen), 10 U of the RNase inhibitor RNAsin (Promega) and 1 µg of RNA in a

final volume of 20 µl RNAse-free water. The RNA was transcribed in a thermocycler

(Biometra) for 60 min at 37 °C and finally stored at -20 °C until further use.

2.6.2 Polymerase Chain Reaction

The polymerase chain reaction (PCR) (Saiki et al., 1988) was used to amplify DNA

fragments out of cDNA generated from RNA of cultured cells, cDNA libraries or exist-

ing plasmid DNA. Cloning fragments were produced with PHUSION High-Fidelity DNA

Polymerase (Finnzymes) or KAPA HiFi DNA Polymerase (Peqlab) in order to minimize

errors during amplification. Mouse typing or RT-PCR’s were performed with FIREPol

DNA Polymerase (Solis Biodyne) or recombinant Taq DNA polymerase. All enzymes

were used in PCR reactions optimized in cycling conditions and composition according
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Polymerase PHUSION KAPA HiFi
Cycle step Temp. Time Temp. Time No. of cycles

Initial denaturation 98 °C 30 s 98 °C 2 min 1
Denaturation 98 °C 10 s 98 °C 30 s
Annealing 68 °C 30 s 65 °C 30 s 35
Extension 72 °C 15 – 30 s/1 kb 68 °C 15 – 30 s/1 kb
Final extension 72 °C 5 – 10 min 68 °C 5 min 1

4 °C hold 4 °C hold

Table 2.3: PCR program for proofreading DNA polymerases. Amplification of DNA for cloning
purposes was performed with the depicted proofreading DNA polymerases. PCR reactions which did
not yield the desired results were optimized using touchdown PCR cycling conditions. Such a program
employed an initial annealing temperature 10 °C above the projected melting temperature of the primers
being used. This temperature is decreased 1 °C every cycle to the estimated melting point. This procedure
was repeated four times.

to the manufacturer’s instructions (see tab. 2.3 and 2.4). A list of components and their

corresponding concentration range used in a standard analysis can be seen in table 2.5.

The reaction was performed in a thermocycler (Biometra).

Polymerase FIREPol
Cycle step Temp. Time No. of cycles

Initial denaturation 95 °C 5 min 1
Denaturation 95 °C 30 s
Annealing 58–65 °C 30 s 35
Extension 72 °C 30 s/1 kb
Final extension 72 °C 5 min 1

4 °C hold

Table 2.4: PCR program for conventional polymerases. Conventional DNA polymerases were em-
ployed in mRNA expression analysis. In some cases the PCR reaction was also optimized with touchdown
conditions described in table 2.3.

The result was analysed with agarose gel electrophoresis (cf. section 2.6.4). The size

of the obtained DNA fragment was evaluated in comparison to a DNA molecular weight

marker (Fermentas, Solis Biodyne).

2.6.3 Semiquantitative RT-PCR Analysis

Transcription levels of proteins were analyzed with semiquantitative RT-PCR using DNA-

free cDNA (cf. section 2.6.1) obtained from RNA of cells or tissues (cf. section 2.7.5.2).

The PCR reaction was performed with FIREPol DNA Polymerase (Solis Biodyne) gen-

erally according to the cycling instructions depicted in table 2.4. In order to eliminate

variations in the amount of PCR product obtained due to cycling conditions, the optimal
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Component Concentration Range
template DNA 10-200 ng
dNTP’s 200 µM each provided with with the polymerase
sense primer 0,16-0,5 µM TIB Molbiol, Invitrogen
antisense primer 0,16-0,5 µM TIB Molbiol, Invitrogen
MgCl2 1,5-6 mM
DMSO (optional) ≤ 5 %
Buffer 1x adequate buffer provided with

the polymerase
DNA Polymerase 0,02-0,05 U/µl see text
ddH2O added to 20-25 µl J.T. Baker

Table 2.5: Composition of a PCR reaction. The performed PCR reactions comprised the depicted
components in the concentration range mentioned.

cycling parameters were figured out adjusting primer concentration, MgCl2 concentration

and annealing temperature (Marone et al. (2001)). Quantitation will only be possible, if

the PCR reaction does not reach a plateau, i.e. additional cycles do not proportionally

change the amount of product. Therefore, the number of cycles was determined before

reaching a plateau. The amount of product amplified at optimal conditions was com-

pared to results obtained with a reference gene. In order to have an internal control,

duplex PCR’s were performed using primer pairs of the target and the reference gene in

one reaction which did not reveal any competition, i.e. the product yield had to be the

same in the duplex reaction compared to amplification at optimal conditions alone. All

results were analyzed with agarose gel electrophoresis (cf. section 2.6.4). The amount of

PCR product was determined measuring the band intensities with a Gel Doc XR sytem

(BioRad) and the software program Quantity One (version 4.6).

2.6.4 Agarose Gel Electrophoresis

The size and percentage of the agarose gels were adapted to the requirements. The

appropriate mass of agarose was dissolved in TAE buffer (40 mM Tris-acetate, pH 8,3,

1 mM EDTA) during heating in a microwave. After the temperature had been shortly

cooled, down the 3x GelRed solution (Biotium, final dilution 1:20000) or ethidium bromide

(AppliChem, 1 µg/ml) were dissolved in the agarose solution upon stirring. This mixture

was poured into a gel tray placed in a casting stand (Peqlab) and a comb formed the

wells needed. While cooling down the agarose became solid and the gel tray was put

into an electrophoresis chamber filled with TAE buffer. Then the comb was carefully

removed so that the samples could be loaded. Before injection the samples were mixed
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with Loading Dye (final concentration 10 mM EDTA, 10 % glycerol, 1,7 mM Tris-HCl,

0,005 % bromphenpol blue, 0,005 % xylene cyanol FF). The gel was run at 80-180 V and

the result was documented with a Gel Doc XR System (BioRad) using transmitted UV

light. Images were exported using the software Quantity One (version 4.6.).

2.6.5 DNA Fragment Purification from Agarose Gels

PCR reactions or restriction digests were separated using agarose gel electrophoresis (cf.

section 2.6.4). Afterwards the gel was put on a glass plate in order to reduce damages

of the sample caused by the subsequent illumination with transmitted UV light. The

designated DNA band was visualised with reduced light intensity from a transilluminator

(Schütt Labortechnik) and excised with a scalpel. DNA fragments larger than 200 bp

were isolated with the column-based Wizard Gel and PCR Clean-Up System (Promega)

and fragments of smaller size using SureClean (Bioline).

2.6.6 DNA Digestion

Plasmid DNA or PCR fragments were predominantly digested with MluI or EcoRI and

SalI due to the cloning strategies (cf. section 2.5). Double digestions were performed

using buffer conditions recommended by Fermentas.

2.6.6.1 Analytical Restriction Digest

In order to control the result of cloning experiments, approx. 200 ng DNA from a DNA

mini-preparation were digested with 2 U of each of the adequate restriction enzymes in

a total volume of 20 µl. After at least 1 hour at 37 °C in an incubator the digestion

was stopped with the addition of loading dye (Fermentas) and the complete sample was

loaded on an agarose gel (cf. section 2.6.4).

2.6.6.2 Preparative Restriction Digest

DNA fragments for cloning purposes were obtained by preparative digestion of existing

plasmid DNA or PCR results over night. PCR reactions were purified prior to use as

described in section 2.6.5. The required mass of DNA was digested with at least 10 U/1 µg

DNA in a total volume comprising no more than 10 % of enzyme. The reaction was scaled

up according to the requirements and the sample was loaded completely on an agarose

gel after the addition of loading dye.
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2.6.7 Ligation

Plasmids containing cDNA fragments were constructed ligating cohesive ends. The des-

ignated plasmids and DNA fragments with compatible ends were obtained by restriction

digest (cf. section 2.6.6). Both parts were ligated with T4 ligase at least 1h at room

temperature or at 16 °C in a thermocycler over night. The reaction includes the re-

action buffer provided by the manufacturer in 1x concentration and plasmid DNA and

cDNA fragment at the ratio of at least 1 to 3. Subsequently, the complete mixture was

transformed into the desired competent bacterial strain (cf. section 2.4).

2.6.8 Production of Competent Bacterial Cells

Competent bacterial cells for transformation of plasmid DNA into the bacterial strains

mentioned above (cf. section 2.4) were created from glycerol stocks stored at -80 °C as

described in Inoue et al. (1990).

2.6.9 Measurement of Transformation Competence

The transformation efficiency was tested transforming three different amounts of plasmid

DNA (cf. section 2.6.10) and the number of colonies grown were counted. A number of

100 colonies per 10 pg of plasmid DNA corresponds to 1·107 cfu/µg plasmid DNA.

2.6.10 Transformation of Competent Bacteria

A total volume of 100 µl competent bacterial cells were transformed with 50–500 ng of

plasmid DNA. The bacteria were thawed 15 min on ice and then gently mixed with the

DNA. After 30 min on ice the mixture was exposed to a heat shock for 80 s at 42 °C
and again incubated 5 min on ice. Subsequently, 500 µl of LB-medium containing 20 mM

glucose was added and the bacteria were incubated 1 h at 37 °C upon permanent shaking.

Finally, the cells were spun down 5 min at 6000 rpm. 400 µl of the supernatant were

discarded and the pellet was dissolved in the remaining growth medium. This bacteria

suspension was plated on a prewarmed agar plate selecting for the corresponding antibiotic

resistance encoded on the vector. The plates were exposed to 37 °C overnight in an

incubator.
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2.6.11 Small-Scale Plasmid Preparation

Plasmids containing freshly cloned DNA fragments were isolated with the alkaline lysis

method in a small scale. In order to check the cloning results, 4 ml of an overnight culture

comprising LB-medium and adequate antibiotics and inoculated with one transformed

bacterial clone (cf. section 2.6.10) were centrifuged 5 min at 6000 rpm in a microcentrifuge

(Heraeus). The pellet was resuspended with 100 µl cold resuspension buffer (50 mM Tris-

HCl, pH 8,0, 10 mM EDTA, 100 µg/ml RNase A) and the cells were lysed because of

the addition of 200 µl lysis buffer (200 mM NaOH, 1 % (w/v) SDS). After 5 minutes of

incubation at room temperature, 150 µl of the neutralizing buffer (3 M K-Acetate, pH 5,5)

were added followed by a further incubation step of 5 min at RT. Cell debris was pelleted

by centrifugation at maximum speed for 30 min in a microcentrifuge. The supernatant

containing the plasmid DNA was immediately collected in a new microcentrifuge tube and

the addition of 900 µl of 100 % ethanol precipitated the DNA. Afterwards the plasmid

DNA was spun down at maximum speed for 20 min and the supernatant was discarded.

The pellet was washed with 1 ml of 70% ethanol and again followed by centrifugation

at maximum speed for 5 min. The isolated plasmid DNA was shortly dried and finally

dissolved in 50 µl of 1x TE-buffer (10 mM Tris-HCl, pH 8,0, 1 mM EDTA). The DNA

was further analyzed with restriction digest (cf. section 2.6.6) and correctly constructed

plasmids were stored as a glycerol stock, i.e. 1 ml of the overnight culture was mixed

with glycerol (final concentration 30 %) and frozen in liquid nitrogen in order to keep it

at -80 °C.

2.6.12 Large-Scale Plasmid Preparation

Large amounts of clean plasmid DNA were purified for transfection studies with a Plasmid

Midi Kit (Qiagen). The volume of the bacterial culture was increased to 50 ml or 100 ml

for high- or low-copy plasmids, respectively. The isolation was carried out according to

the manufacturer’s instructions. The yield was determined (cf. section 2.6.13) and the

concentration adjusted to 1 µg/µl.

2.6.13 Spectrophotometric DNA and RNA Quantitation

The concentration of isolated DNA and RNA was determined spectrophotometrically

using the Cary 50 photometer (Varian) or Eppendorf’s Biophotometer Plus. The nucleic

acid was dissolved in either nuclease-free water or TE-buffer (10 mM Tris-HCl, pH 8,0,
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1 mM EDTA) and the corresponding buffer served as a blank value. The measurement was

performed in a quarz glass cell (Hellma, thickness 1 cm) or a tray cell (Hellma, thickness

0,2 mm or 1 mm) at 260 nm. An extinktion of 1,0 was defined as a concentration of

50 µg/ml double-stranded DNA or 40 µg/ml single-stranded RNA. Additional parameters,

the ratio of the absorbance readings at 260 nm and 280 nm and the extinction at 230 nm,

displayed the contamination with proteins or organic dissolvents.

2.7 Protein Chemistry

2.7.1 Expression of Recombinant Proteins in E. coli

Recombinant proteins were expressed in E. coli using the pET-Expression System (No-

vagen). The proteins were cloned into pET-vectors (cf. section 2.5.1) which encode

proteins with an either N- or C-terminal hexa-histidine tag. The expression is driven by

the T7-promotor and can be induced with isopropyl-β-D-thiogalactoside (IPTG).

2.7.2 Protein Expression Analysis

A volume of 3 ml LB-medium containing adequate antibiotics was inoculated with one

clone of transformed E. coli belonging to a BL21 bacterial strain (cf. section 2.4.2) and

this culture grew at 37 °C over night constantly shaking in an incubator (Sartorius). 1 ml

of the overnight culture was added to freshly prepared and prewarmed 4 ml LB-Medium

supplemented with antibiotics appropriate for the final volume. The bacteria grew for 1

hour at 37 °C in a shaker incubator. Afterwards, a noninduced control sample of 500 µl

was taken and the protein expression was induced by adding isopropyl-β-D-thiogalactoside

(IPTG) to a final concentration of 0,1–1 mM. After 3 hours of expression at 37 °C in

the shaker incubator, an induced control sample of 1 ml was drawn and centrifuged at

6000 rpm for 5 min in a microcentrifuge. The supernatant was discarded and the pellet

resuspended in 100 µl 2-fold concentrated SDS sample buffer (30 mM Tris-HCl, pH 6,8,

1,5 % (v/v) β-mercaptoethanol, 3 % (w/v) SDS, 6 % (v/v) glycerol, 1 mM EDTA, 0,02 %

(w/v) bromphenol blue). The non-induced control sample was treated equally, but the

pellet was dissolved only in 50 µl 2-fold concentrated SDS sample buffer. The protein

expression was analyzed on a polyacrylamide gel either stained with Coomassie Blue (cf.

section 2.7.7) or transferred to a nitrocellulose membrane for immunodetection (cf. section

2.7.8).
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2.7.3 Preparative Protein Expression

In order to express enough protein for purification, 1-2 ml of an overnight culture were

applied to 100-200 ml of fresh LB-medium supplemented with antibiotics and further

incubated at 37 °C in a shaking incubator until an absorbance of 0,4–0,8 at 600 nm

measured with the Cary 50 photometer (Varian). The expression was induced by adding

IPTG to a final concentration of 0,1–1 mM and the protein was expressed at 30 °C for

3h. Subsequently, the cells were harvested by centrifugation at 4500 rpm for 10 min in a

benchtop centrifuge (Heraeus) at 4 °C and the pellet was stored at -20 °C. A noninduced

and a positive control sample were taken as described above (cf. section 2.7.2).

2.7.4 Purification of Recombinant Proteins

Proteins encoded by pET-vectors contain a hexa-histidine tag either fused to the N- or C-

terminus, which enables the purification using immobilized-metal affinity chromatography.

Nitrilotriacetid acid (NTA) chelates nickel ions occupying four of the six ligand binding

sites of the coordination sphere and provides a high affinity binding system of hexa-

histidine-tagged proteins either under native or denaturing conditions.

2.7.4.1 Protein Purification under Native Conditions

Frozen bacterial pellets of preparative protein expressions (cf. section 2.7.3) were thawed

15 min on ice and resuspended in 5 ml lysis buffer (50 mM NaHPO4, 300 mM NaCl,

10 mM imidazole, pH 8,0). The lysis was supported by the addition of 1 mg/ml lysozyme

and incubation for 30 min on ice followed by sonication (sonicator UP 50H, Hielscher).

The lysate was spun down at 4500 rpm for 30 min at 4 °C in a tabletop cooling centrifuge

(Heraeus) to separate cell debris and the soluble protein. During the first purification of

a recombinantly expressed protein control samples of the supernatant and the pellet were

taken and mixed with 2-fold concentrated SDS sample buffer to analyse the solubility

of the protein in order to adjust the culturing conditions. The supernatant was mixed

with 1 ml of a the 50 % Ni-NTA slurry (Qiagen) and gently shaken at 4 °C for 60 min or

overnight. The mixture was centrifuged for less than 3 min at 1500 rpm and 4 °C. Again

a sample of the supernatant was taken and mixed with 2-fold concentrated SDS sample

buffer to verify binding to the Ni-NTA beads. The remaining supernatant was discarded

and the beads were washed with 5 ml cold wash buffer (50 mM NaHPO4, 300 mM NaCl,

20 mM imidazole, pH 8,0). Simultaneously, a gravity-flow column (Evergreen Scientific)
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was equilibrated with wash buffer. The washing procedure of the beads was repeated twice

and finally they were dissolved in wash buffer and applied to the equilibrated column to let

the buffer flow through. Then the protein was eluted with elution buffer (50 mM NaHPO4,

300 mM NaCl, 250 mM imidazole, pH 8,0) and collected in four fractions of 500 µl in

microcentrifuge tubes. The purification was analyzed on a polyacrylamide gel and the

samples were kept at 4 °C. Protein expression clones providing a suitable expression level

and a soluble recombinant protein were stored as a glycerol stock at -80 °C (cf. section

2.6.11).

2.7.5 Cell and Tissue Extracts

2.7.5.1 Protein Extracts for SDS-PAGE

Petri dishes of cultured cells designated to cell extracts were put on ice, the medium was

removed and and the cells were washed twice with ice-cold PBS. 2-fold concentrated SDS

sample buffer was added and the cells were carefully scraped from the surface with a cell

scraper. The mixture was filled into a microcentrifuge tube and heated for 30 min at

55 °C followed by sonication. This procedure was repeated and after centrifugation for

30 min at maximum speed in a microcentrifuge (Heraeus), the supernatant was saved and

stored at -20 °C. Tissue specimens were disrupted in liquid nitrogen with mortar and pistil

and transferred to a microcentrifuge tube where 2-fold SDS sample buffer was included.

Subsequently, the sample was processed similar to the cell extracts described above.

2.7.5.2 Isolation of RNA from Cells and Tissues

Transcription analysis and cloning experiments were made with RNA obtained from cul-

tured cells or tissue specimens. RNA from cultured cells was isolated using the Quick-RNA

Mini Kit (Zymo Research) or the RNeasy Mini Kit (Qiagen) according to the manufac-

turer’s instructions. To increase the amount of RNA purified from frozen tissues the

isolation was made with the RNeasy Fibrous Tissue Mini Kit (Qiagen) as described in

the manual. The isolated RNA was checked for DNA contamination applying the PCR

technique (cf. section 2.6.2) using the RNA as a template. Potential trace DNA was elimi-

nated with DNAse digestion followed by an additional column-based purification step and

a control PCR. This procedure was repeated until no DNA contamination had been de-

tected. The enzyme was provided by Zymo Research or Qiagen and used according to

the instructions.
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2.7.6 Protein Quantitation

2.7.6.1 Bradford Assay

The concentration of purified protein (cf. section 2.7.4.1) was determined using the Brad-

ford method (Bradford, 1976). This colorimetric assay bases on the absorbance shift of

the dye Coomassie Blue G-250 (Fisher Scientific) after complex formation with basic and

aromatic amino acid residues. The concentration of purified proteins was estimated with

a Ponceau red (3 % (w/v) trichloroacetic acid, 0,2 % (w/v) Ponceau S Red) staining of

a 1 µl spot of the protein solution on nitrocellulose membrane (Whatman). According

to the intensity the proteins were diluted in PBS (137 mM NaCl, 3 mM KCl, 8 mM

Na2HPO4, 1,5 mM KH2PO4, pH 7,3) to match the appropriate concentration range of

the assay. Three wells of a 96-well microtiter plate (Greiner, TPP) were filled with 50 µl

of the dilution which enables to calculate the standard deviation in order to evaluate the

measurements. To start the colorimetric reaction 200 µl of a 1:5 dilution of BioRad Pro-

tein Assay Dye Reagent Kit were added and incubated for 5 min. Then the absorbance at

595 nm was measured in a microtiter plate reader (Elx800, BioTek). The protein concen-

tration was determined with the help of a dilution series of bovine γ-globulin which was

used to plot a regression line in the spreadsheet Excel (Microsoft) or Calc (OpenOffice,

Oracle). The concentration was calculated substituting the variable for absorbance with

the measured value of the protein dilution in the resulting linear equation.

2.7.7 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

This technique was used to separate proteins according to their molecular weight as it

is described in Laemmli (1970). Gels for protein expression analysis (cf. section 2.7.2)

were cast in the Miniprotean II apparatus (Biorad) whereas gels loaded with cell or tissue

extracts were run in Hoefer vertical units with larger gel size in order to improve the res-

olution. The polyacrylamide gels depicted by U. K. Laemmli consist of a separation gel

with smaller pore size and a stacking gel. First, stacking gels of different pore sizes due

to varying acrylamide concentrations (6–14 %) were poured (acrylamide/bisacrylamide

(37,5:1) 6–14 % (v/v), 1,5 M Tris-HCl, pH 8,8, 0,8 % (w/v) sodium dodecyl sulfate

(SDS), 0,083 % (v/v) ammonium persulfate (APS), 0,1 % (v/v) tetramethylethylenedi-

amine (TEMED)) according to the requirements. Then a stacking gel of 3 % acryamide

(3 % (v/v) acrylamide/bisacrylamide (19:1), 0,5 M Tris-HCl, pH 6,8, 0,8 % (w/v) SDS,

0,45 % (v/v) APS, 0,3 % TEMED) was poured and a comb created the wells needed. All
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samples loaded were mingled with SDS sample buffer and heated for 5 min on a ther-

moblock (Lab4You, HLC) at 95 °C. To avoid precipitation of large proteins cell or tissue

extracts were only exposed to 55 °C (cf. section 2.7.5). The proteins ran through the

stacking gel at a constant voltage of 100 V in electrophoresis buffer (25 mM Tris-Base,

192 mM Glycin, 0,1 % (w/v) SDS). After passing the stacking gel, the voltage of gels for

protein expression analysis was increased to 200 V. After finishing the run, the gels were

either stained with Coomassie Blue G250 Solution (Fisher Scientific) or further processed

for immunodetection (cf. section 2.7.8). Stained gels were documented with a Scanner

(AGFA) with a built-in transparency unit or with the Odyssey Infrared Imaging System

(LiCOR).

2.7.8 Protein Transfer

After separation of proteins using SDS-PAGE (cf. section 2.7.7), the samples were trans-

ferred to nitrocellulose membrane (Protran, 0,2 µm pore size, Whatman) for antibody-

based detection methods. The transfer method were chosen according to considerations

below.

2.7.8.1 Semi-Dry Western Blot

The semi-dry western blot method can be used to quickly transfer proteins with a molec-

ular weight up to 100 kDa. In comparison to the tank blot method (cf. section 2.7.8.2),

the transfer efficiency is reduced in general and especially in the molecular weight range

above 100 kDa, so that it was only used for transfering protein expression and purification

samples in a semi-dry transfer cell (Biorad). A run polyacrylamide gel was equilibrated

in the transfer buffer (20 % (v/v) methanol in electrophoresis buffer (cf. section 2.7.7))

and placed on a nitrocellulose membrane (Whatman). This array was encompassed with

filter papers saturated with the transfer buffer and put on the electrode. Potential air

bubbles were removed rolling a pipet over the surface. The proteins were transferred for

75-90 min at constant current I (in mA) which depended on the gel area A (in cm2).

I = A · 0, 8 mA (2.1)

2.7.8.2 Tank-Blotting

Proteins with a higher molecular weight than 100 kDa were transferred using the Tank-

Blotting technique. The polyacrylamide gel was equilibrated in the transfer buffer (25 mM
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Tris-Base, 192 mM glycine, 20 % (v/v) methanol, 0,01 % (w/v) SDS) and put on a

saturated nitrocellulose membrane (Whatman) arranged in a sandwich of soaked filter

papers. This array was surrounded by a blotting cassette lined with fibre mats and put

into the blotting apparatus (BioRad) which was filled with transfer buffer. The transfer

was performed at a constant current of 250 mA overnight at 4 °C upon permanent agitating

of the buffer by a magnetic stirrer.

2.8 Immunological Methods

2.8.1 Immunodetektion

Immobilised proteins (cf. section 2.7.8) were detected probing the nitrocellulose membrane

with protein specific or tag antibodies (see tab. 2.8.2). According to the requirements,

different detection systems were used which are described in section 2.8.1.1 and 2.8.1.2. In

order to prevent non-specific binding of the antibody, unreacted sites on the membrane are

blocked incubating 30–60 min with blocking buffer (4 % (w/v) nonfat dry milk dissolved

in TBST: 50 mM Tris-HCl, pH 7,9, 150 mM NaCl, 0,05 % (w/v) Tween-20). Afterwards,

the blocking solution was removed and excessive reagent was washed away three times for

5 min with TBST. The membrane was immersed for 1 h at RT or overnight at 4 °C with

agitation in a solution containing the antibody diluted in TBST detecting the antigen of

interest. To decrease the background some primary antibodies were diluted in blocking

buffer. The incubation was followed by a washing step as described before. Depending on

the analysis appropriately labeled secondary antibodies recognizing the primary antibody

used were incubated for 45–60 min and subsequently removed by washing three times

with TBST for 5 min. Then the binding of the secondary antibody to the complex of

antigen and primary antibody was detected as described in the following sections.

2.8.1.1 Quantitative Analysis

Quantitation of protein expression levels was performed using infrared fluorescent labeled

antibodies detected on the Odyssey Infrared Imaging System (LI-COR). This method

provides a broad, linear dynamic range to accurately detect strong and weak bands on

the same western blot. After removing the primary antibody by washing with TBST (cf.

section 2.8.1) an appropriate secondary antibody labeled with IRDye 800 (LI-COR) was

incubated for 45–60 min in a box avoiding any light exposure to preserve the infrared

fluorescent dye. Then the membrane was washed in TBST as mentioned above still
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preventing light exposure. The emission of infrared fluorescent light was detected on the

Odyssey System after excitation with different intensities of a solid-state 785 nm laser.

The blue-coloured-bands of a prestained protein marker (Fermentas) could be visualized

by the 685 nm laser. The quantitative analysis was performed using the software supplied

by LI-COR.

2.8.1.2 Qualitative Analysis

For qualitative analysis proteins decorated by primary antibodies were detected by horseradish

peroxidase (HRP) labeled secondary antibodies and visualized with enhanced chemilumi-

nescence. After incubation and removal of the secondary antibody (cf. section 2.8.1), the

membrane was completely covered with the working solution of the SuperSignal West Pico

Chemiluminescent Substrate (Thermo) and incubated for 5 min. Then excess reagent was

drained and the membrane was covered with a plastic wrap and placed in a film cassette

(Sigma). The emitted light caused by the enzymatic conversion of the substrate was ex-

posed to a X-ray films (Fujifilm) which were developed in a machine (Curix 60, AGFA).

The exposure time was adapted to the signal intensities. Films were documented with a

transparency unit of a scanner (AGFA).

2.8.2 Antibodies

Table 2.8.2 delineates antibodies used for detection of endogenous proteins in cells and

tissues and bacterially expressed recombinant proteins. The antibodies are arranged in

alphabetical order according to their epitope and their type and origin are mentioned.

Secondary antibodies coupled to horseradish peroxidase (HRP) were utilized in qual-

itative immunodetection with ECL (cf. section 2.8.1.2). Quantitative analysis of protein

expression levels was performed using the Odyssey infrared laser scanning system which

needs infrared fluorescence dyes like IRDye800CW. Proteins in cells and tissues were visu-

alized with secondary antibodies labeled with fluorescent dyes. All secondary antibodies

are depicted in table 2.7.

Filamentous actin was labeled using the toxin phalloidin from the death cap (Amanita

phalloides) coupled to fluorescent dyes summarized in table 2.8.

2.8.2.1 Purification of Polyclonal Antibodies

In order to improve the specificity of polyclonal antibodies raised in rabbits, the anti-

bodies were purified using bacterially expressed protein (cf. section 2.7.3). Non-specific
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Epitope Name Type Origin
α-actinin a653 rabbit van der Ven et al. (2000a)
α-actinin BM75.2 mouse IgM Sigma
β-catenin AB19022 rabbit Chemicon
c-myc α-c-myc (9E10) mouse IgG1 ICI Chemikalien
EEF-tag α-EEF (YL1/2) rat IgG2a Wehland et al. (1983)
filamin A,C RR90 mouse IgA van der Ven et al. (2000a)
filamin C Anti-FLNC rabbit Sigma-Aldrich
GAPDH (rabbit) Anti-GAPDH mouse IgG1 Calbiochem
LIMCH1 (C-term) DKFZ rabbit GeneTex, Inc.
mena α-Mena rabbit Gareus (2001)
myomesin BB78 mouse IgG2a Vinkemeier et al. (1993)
nebulin Nb2 mouse IgG1 Fürst et al. (1988)
nebulin Nbm176-181 rabbit Pappas et al. (2008)
nonmuscle MHCIIA Anti-Myosin IIA rabbit Sigma

(nonmuscle)
T7-tag α-T7 mouse IgG2b Merck
titin T12 mouse IgG1 Fürst et al. (1988)
Xin (C-term) XC1 mouse IgG1 Eulitz (2005)
Xin (repeats) XR1B mouse IgG1 Eulitz (2005)
mouse Xin C α-mXin C rabbit sections 3.2.2, 3.2.3.5
Xirp2 (aa 1-311) Xirp2 N-terminus rabbit section 3.7.7
Xirp2 (aa 2045-2226) Xirp2 central rabbit section 3.7.7
Xirp2 (aa 2768-3327) Xirp2 C-terminus mouse IgG1 section 3.7.7

Table 2.6: Table of primary antibodies used for endogenous proteins in cells and tissues. The
epitopes mentioned reflect the origin of the protein or the size of protein fragments which were used for
immunization. The raise of polyclonal antibodies in rabbits firstly described in this work was performed
by Biogenes (Berlin).
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Name Donor Epitope Conjugate Origin

GAM-PO goat mouse IgG HRP Dianova
GAM-PO goat mouse IgG HRP Dianova

Fc gamma1
GARat-PO goat rat IgG HRP Dianova
GAM IRDye800CW goat mouse IgG IRDye800 LI-COR
GAR IRDye800CW goat rabbit IgG IRDye800 LI-COR
GARat IRDye800CW goat rabbit IgG IRDye800 LI-COR
GAR alexa405 goat rabbit IgG alexa405 Molecular Probes
GAM IgG1 alexa488 goat mouse IgG1 alexa488 Molecular Probes
GAR Cy2 goat rabbit IgG Cy2 Dianova
GAM IgM alexa546 goat mouse IgM alexa546 Molecular Probes
GAM IgA TXR goat mouse IgA Texas red Southern Biotech
GAM IgG1 alexa594 goat mouse IgG1 alexa594 Molecular Probes
GAM Cy5 goat mouse IgG Cy5 Dianova
GAR Cy5 goat rabbit IgG Cy5 Dianova

Table 2.7: Summary of secondary antibodies. Antibodies coupled to horseradish peroxidase (HRP)
were used for ECL. Quantitative analysis of protein expression levels on blot were performed using IRDye-
labeled secondary antibodies. Fluorescently-labeled secondary antibodies utilized for immunofluorescence
microscopy are arranged according to the emission spectrum of the respective fluorescent dye.

Conjugate Wavelength Origin
(max. emission)

alexa405 405 nm Molecular Probes
PromoFluor-405 405 nm PromoKine
TRITC 572 nm Sigma
alexa633 633 nm Molecular Probes
PromoFluor-633 633 nm PromoKine

Table 2.8: Summary of fluorescently-labeled phalloidins. F-actin in cells and tissues was visualized
using fluorescently-labeled phalloidin toxins. TRITC, Tetramethylrhodamine-5-(and 6)-isothiocyanate



Material and Methods 59

antibodies were eliminated expressing a protein fragment fused to the same immuno-tags

as the antigen used for immunization of the respective rabbit. The expression was per-

formed in the same bacterial strain as the antigen (cf. sections 2.7.3 and 2.4.2). The

protein was processed like during protein purification (cf. section 2.7.4.1) until loading

on Ni-NTA agarose beads and subsequent washing. Afterwards 1 ml of the polyclonal

serum were added to 250 µl of the Ni-NTA beads loaded with the recombinant protein

and shaken at 4°C for 6 h. Then the slurry was centrifuged for 3 min at 1500 rpm. The

supernatant was collected in a microcentrifuge tube. Apart from removing unspecific

antibodies, the concentration of specific antibodies was enriched using a GST-tagged epi-

tope coupled to GSH-coated beads (GE Healthcare, BD Bioscinece, Macherey & Nagel,

Miltenyi Biotech). The epitope was expressed in E. coli as a fusion protein with GST by

the pGEX-6P-3 plasmid (cf. sections 2.7.3 and 2.5.1.5). The bacterial pellet was resus-

pended in ice-cold PBS supplied with 1-fold concentrated protease inhibitors (Roche) and

the cells were lysed with 1 mg/ml lysozyme for 30 min on ice. After sonication, Triton

X-100 was added (final concentration 0,5 %) and the mixture was centrifuged for 30 min

at 4500 rpm in a tabletop cooling centrifuge. The supernatant was collected and added

with GSH-coated beads suspension followed by 30 min incubation at 4 °C upon shak-

ing. Afterwards, the antibody serum was added and again shaken at 4 °C for additional

2-3 h. Then the slurry was applied to an equilibriated gravity-flow column (Evergreen

Scientific) and the flow-through was collected in a microcentrifuge tube to analyze on

unbound antibody. The bound antibodies were eluted in several 100 µl fractions using

an antibody elution buffer (0.1 M citrate buffer, pH 4.0, 150 mM NaCl). The fractions

were collected in microcentrifuge tubes already containing 20 µl of 1 M Tris-HCl pH 8.5

in order to neutralize the elution. In addition to that the concentration of the antibody

solution could be increased using Centricon centrifugal filter units (Millipore). Antibodies

were enriched with Centricons with a cut-off molecular weight of 30 kDa or 50 kDa. The

filter units were spun at 5000xg for 30 min. Afterwards, the flow-through was removed

and the antibody solution refilled and again centrifuged. This procedure was repeated

several times until the antibody solution had reached the concentration desired.

2.8.3 Frozen Tissue Sections

To investigate the localization of proteins in vivo with immunostaining (cf. section 2.8.4),

frozen tissue sections from rat and mouse organs were produced. After cervical disloca-

tion of the animal, the tissues desired were dissected and immediately frozen in liquid
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nitrogen pre-cooled isopentane and stored at -80 °C. Prior to sectioning the specimen was

embedded in an optimal cutting temperature compound (Tissue Teck, Lab-Tek Products)

and then cut into the thickness desired (4–10 µm) using a cryostat microtome (Leica).

The tissue sections were mounted on superfrost glass slides and stored at -80 °C for

later use. Human muscle biopsies were obtained from Universitätsklinikum Bonn and

Berufsgenossenschaftliches Universitätsklinikum Bergmannsheil Bochum and processed

as described above.

2.8.4 Immunostaining of Cells and Tissues

To study the in vivo localization of proteins, cells and tissue sections were stained using

protein-specific antibodies and fluorescently labeled secondary antibodies as listed in ta-

bles 2.8.2 and 2.7. In general, fixed cells or tissue specimen were processed in a two-step

method including the consecutive incubation with the primary and secondary antibody

and final mounting with mowiol. The differences in processing cells and tissue sections

are described in the corresponding sections.

2.8.4.1 Paraformaldehyde Fixation

Paraformaldehyde is a cross-linking reagent which forms intermolecular bridges through

cross-linking free amino groups thus better preserving cell structure, but needs an addi-

tional permeabilization step. This fixation method is necessary to decorate F-actin with

phalloidin (see tab. 2.8), a toxin from the death cap (Amanita phalloides). Transfected

cells were mainly fixed with paraformaldehyde in order to preserve the localization of the

overexpressed protein.

Cells were seeded on glass cover slips, transfected and cultured until detectable ex-

pression of the transfected protein. Then the culture media was removed and the cells

were washed twice with PBS. The cells were fixed with 4 % paraformaldehyde in PBS for

10 min. Afterwards, the paraformaldehyde was aspirated and the fixed cells were rinsed

again twice with PBS. Prior to immunostaining the cells were permeabilized for 10 min

with 0,5 % Triton X-100 in PBS. Then the cells were washed again with PBS and stained

as delineated in 2.8.4.3. Tissue sections were fixed with 4 % paraformaldehyde in PBS for

20 min and washed three times for 5 min with 0,05 % Triton X-100 in PBS. To make the

epitopes accessible for antibodies, the specimen was permeabilized for 1 h with 1 % Triton

X-100 in PBS at RT followed by rinsing three times for 5 min in PBS and surrounded

with a water repellent film before stained as depicted in 2.8.4.3.
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2.8.4.2 Methanol-Acetone Fixation

The methanol-acetone fixation method does not require a permeabilization step because

incubation with these organic solvents remove lipids, dehydrate the cells and precipitate

the proteins on the cellular architechture. Therefore, this technique cannot be applied to

visualize cytosolic proteins which are not anchored at cellular structures, since they would

be lost in the fixation procedure.

The medium of cells grown on sterile glass cover slips was aspirated and the cells

were washed twice with PBS. The PBS was carefully removed and the cells were fixed for

5-10 min at -20 °C in a 1:1 mixture of methanol and acetone pre-cooled to -20 °C. The

fixative was aspirated and the fixed cells were washed twice with PBS and stored in PBS

at 4 °C until staining. Slides with frozen tissue sections were warmed at RT and fixed for

2 min at -20 °C in pre-cooled methanol followed by permeabilizing for 20 s at -20 °C in

pre-cooled acetone. Then the acetone evaporated at RT and the specimen was encircled

with a PAP pen (Science Services) which provided a water repellent barrier in order to

keep the staining reagents on the tissue section. Afterwards the slides were processed

immediately as described in section 2.8.4.3.

2.8.4.3 Staining

Unreacted binding sites of fixed cells grown on glass cover slips were blocked for 30 min at

37 °C with 10 % Normal Goat Serum (NGS) and 1 % BSA in PBS. The blocking solution

was removed and the cells were incubated with primary antibodies dissolved in 1 % BSA

in PBS for at least 1 h in a wet chamber. Before adding the secondary antibodies also

dissolved in 1 % BSA in PBS, the cover slips were washed three times with PBS. After

45 min of incubation, the antibody solution was removed washing three times with PBS

and once in ddH2O to eliminated potential salt precipitates. The cover slips were mounted

on glass slides (Menzel) with 10 % N-propyl gallate (NPG) in Mowiol or analyzed without

mounting in a micro-aquarium filled with ddH2O if further processed for the scanning

electron microscope. Fixed tissue sections were blocked with 10 % Normal Goat Serum

(NGS) and 1 % BSA in PBS for 60 min at 37 °C. After removal of the blocking reagent

the binding of the primary antibodies dissolved in 1 % BSA in PBS was performed at 4 °C
overnight in a wet chamber. The section was washed twice with 0,05 % Triton X-100 in

PBS and then once with PBS. The secondary antibodies were dissolved in 1 % BSA and

then incubated at 37 °C for 2 h. The reaction was stopped by washing three times with

PBS for 5 min and finally the section was mounted in Mowiol containing 10 % NPG.
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2.9 Protein Interaction Assays

2.9.1 Yeast Two-Hybrid System

A first proof of a protein interaction was provided by a yeast two-hybrid experiment.

This assay is based on the completion of a heterologous transcription factor consisting of

a LexA DNA binding domain and a Gal4 activation domain. Both domains are expressed

as a C-terminal fusion to one of the potential interaction partners, so that binding of the

investigated proteins brings the domains in close proximity and results in a functional

transcription factor activating the reporter genes HIS3 and lacZ. The transcription of

the the HIS3 and lacZ gene can be displayed by growth on medium lacking the essential

amino acid histidine and the activity of the enzyme β-galactosidase, respectively. The

assay was performed in the L40 yeast strain (cf. section 2.4.3) which contains inactivated

genes indispensible for the synthesis of the essential amino acids leucine and tryptophane.

The pLexPd plasmid (cf. section 2.5.3.1) encoding the LexA DNA binding domain fu-

sion protein, in the following denoted by bait plasmid, includes the gene information for

synthesizing tryptophane and the pACTPd vector (cf. section 2.5.3.2) expressing the

transactivation domain fusion protein, below referred to as prey plasmid, provide the

ability to grow on medium lacking leucine. Thus both vectors allow for the selection of

positive transformants.

2.9.1.1 Sequential Transformation

At the beginning the L40 yeast strain was transformed separately with the bait and prey

plasmid in order to check for autoactivation of the reporter genes (cf. section 2.9.1) and

toxic effects of the vectors. For this purpose nontransformed yeasts were cultured for

36-48h in YPD-medium (see tab. 2.1) at 30 °C and 1,5 ml were pelleted for 5 min at

5000 rpm in a microcentrifuge. These cells were resuspended in a transformation solution

(10 mM Tris-HCl, pH 7,5, 1 mM EDTA, 100 mM lithium acetate, 0,1 mg herring sperm

DNA, 16 % polyethylene glycol 4000) for lithium acetate-mediated transformation. After

incubation for 15 min at RT, 0,1 volume of dimethyl sulfoxide (DMSO) was added and

the cells were heat shocked by heating to 42 °C for 12 min in a water bath followed by

chilling on ice for 1-2 min. Then the mixture was centrifuged for 5 min at 6000 rpm and

washed with sterile ddH2O. The addition of 1 ml YPD-medium permits the transformants

to proliferate for 1 h at 30 °C in a shaking incubator. Afterwards the cells were spun down

and washed as described above and plated on the appropriately selecting agar plate to let
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them grow at 30 °C for 5 days.

If no toxic effect and no autoactivation of the lacZ gene was detected (cf. section

2.9.1.3) and the yeasts had not grown on agar lacking the amino acid histidine, they

would be transformed with the bait or prey plasmid, respectively. For co-transformation

the cells proliferated for 36-48 h in the adequate dropout base medium (DOB-medium, see

tab. 2.1) at 30 °C in a shaker incubator (Sartorius) until the absorbance at 600 nm reached

1,5. The required cell number was diluted to an extinction of 0,2–0,3 in a final volume of

300 ml YPD-medium after sedimentation and washing of the cells. This culture grew to

an optical density of 0,4–0,6 at 30 °C followed by centrifugation and washing with sterile

ddH2O. To prepare the cells for co-transformation, they were resuspended in TE-buffer

(10 mM Tris-HCl, pH 8,0, 1 mM EDTA) containing 100 mM LiAc. A transformation

solution (600 µl, 40 % (w/v) polyethylene glycol 4000, 10 mM Tris-HCl pH 7,5 1 mM

EDTA) was supplemented with 0,1-1 µg plasmid DNA and 0,1 mg herring sperm DNA

which was then added to 100 µl of the yeast cell suspension. Before the heat shock was

performed as mentioned above, the cells were thoroughly mixed, cultured at 30 °C for

30 min and 70 µl DMSO was carefully added. The heat shocked cells were washed with

sterile ddH2O and resuspended in 1 ml YPD-medium to let them proliferate for 1 h at

30 °C. These cells were washed again with sterile ddH2O and resuspended in TE-buffer in

order to plate them on double dropout agar plates (-leucine, -tryptophane) selecting for

co-transformants. The interaction was examined after 5 days of growth at 30 °C.

2.9.1.2 Test of Activation of the HIS3 Reporter Gene

The yeast strain L40 is not capable of synthesizing the amino acid histidine, but they

contain a Gal4-responsive HIS3 gene enabling their growth in -histidine minimal medium

upon activation. Therefore transformed yeasts were spread on agar plates lacking the

corresponding amino acids to test for autoactivation of the HIS3 gene or interaction of

the investigated proteins (cf. section 2.9.1.1). The plates were incubated 2-5 days at 30 °C
in comparison to a positive control.

2.9.1.3 Test of β-Galactosidase Activity

The activation of the lacZ reporter gene indicating autoactivation in singly transformed

cells and interaction of two proteins in co-transformed yeasts were analysed by visualizing

the enzymatic activity of the β-galactosidase. This enzyme is able to convert the substrate

X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) to the insoluble blue product
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5,5’-dibromo-4,4’-dichloro-indigo. Yeast colonies were transferred to a nitrocellulose mem-

brane (Whatman) and grew for 2-5 days at 30 °C on dropout medium agar plates. Then

the membrane was frozen in liquid nitrogen and thawed six times in order to destroy the

cell membrane. The nitrocellulose membrane was placed on a filter paper saturated with

a staining solution (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4,

0,3 % (v/v) β-mercaptoethanol, 0,85 mg/ml X-Gal) and incubated at 37 °C. The reaction

was documented with a digital camera (Nikon) and compared to a positive control.

2.9.2 Co-Immunoprecipitation

Novel protein interactions identified in yeast two-hybrid assays were verified using the

co-immunoprecipitation method. In such an approach, the designated binding partners

were recombinantly expressed (cf. section 2.7.3) as fusion proteins with different tags and

purified (cf. section 2.7.4.1). Both proteins were incubated with each other allowing for

complex formation in solution. An antibody recognizing one binding partner was added

so that the interaction partners could be immobilized on magnetic protein G beads. An

interaction was proved if the designated binding partner could be co-precipitated. In order

to prove a newly found interaction, 1–10 µg of each binding partner estimated according

to results obtained in a Bradford assay (cf. section 2.7.6.1) were diluted in immunopre-

cipitation buffer (0,05 % Triton X-100, 1 % BSA in PBS) to a final volume of 100 µl

and incubated for 1 h at RT. For complex recognition 0,5–1 µg of a tag antibody were

added and further incubated for 30 min. The formed antibody:protein:protein complex

was immobilized for 1 h at RT or at 4 °C overnight by adding 20 µl of the protein G cou-

pled magnetic dynabeads suspension (Invitrogen). The beads were washed three times

with 200 µl PBS containing 0,05 % Triton X-100 in a magnetic rack to extract the protein

bound beads. To avoid unspecific binding the washing buffer was sometimes supplemented

with 0,5 M NaCl or 0,5 % Triton X-100. The interaction complex was eluted with 20 µl

2x SDS sample buffer (cf. section 2.7.2), briefly heated to 55 °C and then loaded on

a polyacrylamide gel (cf. section 2.7.7) and further processed for immunodetection (cf.

section 2.8.1).

2.9.3 Chemical Cross-linking

Chemical cross-linking provides another opportunity to investigate protein interactions

because the binding partners are covalently linked by the cross-linker therefore preserving

the bound state. This is done by the homobifunctional N-hydroxysuccinimide ester (NHS
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ester) ethylene glycol bis[sulfosuccinimidylsuccinate] (EGS; spacer arm 1,6 nm, Pierce)

which reacts with accessible α-amine groups present in N-termini of proteins and peptides

and in the amino acid lysine. Purified proteins were dialysed overnight at 4 °C against

the cross-linking buffer (Na2HPO4/NaH2PO4 [77,4:22,6], pH 7,4, 600 mM NaCl, 1 mM

MgCl2, 1 mM DTT [freshly added]) in order to remove any interfering substances. The

proteins were diluted with the cross-linking buffer to a concentration of 2-10 µM according

to the measured protein concentration (cf. section 2.7.6.1) in a total volume of 50–120 µl

and incubated for 5 min at 37 °C. Afterwards, 1 µl of a freshly prepared 65 mM solution of

EGS dissolved in DMSO was added to start the cross-linking. The reaction was stopped

after incubation at 37 °C for at most 15 min by adding 5x SDS sample buffer and further

incubation at 37 °C for 10 min. The samples were separated on a polyacrylamide gel

(cf. section 2.7.7) and transferred to a nitrocellulose membrane (cf. section 2.7.8.2) for

immunodetection (cf. section 2.8.1).

2.9.4 Peptide Scan

Peptide interaction motifs were identified using 15-mer peptides spotted on cellulose mem-

branes . Experiments were performed by Prisca Boisguerin of the Department of Medical

Immunology at the Charité in Berlin, Germany. Membranes were produced using a mod-

ified SPOT synthesis technique and processed as described in (Frank, 1992; Licha et al.,

2000; Boisguerin et al., 2004). Recombinant protein fragments used for overlaying were

expressed as fusion proteins with GST (cf. section 2.5.1.5).

2.9.5 Bimolecular Fluorescence Complementation (BiFC) Anal-

ysis

The bimolecular fluorescence complementation assay was used to visualize protein interac-

tions in living cells and is based on the association between two nonfluorescent fragments

of a fluorescent protein when they are brought in close proximity to each other by an in-

teraction between proteins fused to the fragments (Kerppola, 2006). Here, two fragments

of the yellow fluorescent protein Venus (Nagai et al. (2002)) were used which offers an im-

proved speed and efficiency in maturation and increased resistance to environment. The

N-terminal fragment (1) comprises the amino acids 1-154 and is expressed by the vectors

Venus1-C and Venus1-N3 (cf. sections 2.5.2.3 and 2.5.2.5, respectively). The C-terminal

fragment (2) starts at amino acid 155 and encompasses the remaining residues of the
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full-length Venus. This nonfluorescent part is fused to proteins cloned into the Venus2-C

and Venus2-N3 vectors (cf. sections 2.5.2.4 and 2.5.2.6).

Figure 2.1: Combinations of fusion proteins tested in a BiFC assay. Interacting proteins A and
B can be expressed as fusion proteins with the N-terminal (1) or C-terminal (2) nonfluorescent fragment
of the yellow fluorescent protein Venus which is reflected by the vector name encoding these proteins,
Venus1 and Venus2, respectively. Fusion to the N- or C-terminus of the Venus fragment is indicated by
N or C, respectively. The respective vectors are named correspondingly, Venus1C, Venus2C, Venus1N3
and Venus2N3. A-H. All potential combinations of fusion proteins enabling BiFC complex formation.
Figure adapted from Kerppola (2008).

The only protein interactions studied were already verified by yeast two-hybrid assays

(cf. section 2.9.1) and co-immunoprecipitations (cf. section 2.9.2) or chemical cross-

linking (cf. section 2.9.3). Then both binding partners were cloned into all Venus vectors

so that they were expressed as N- or C-terminal fusion proteins of both nonfluorescent

fragments in order to accommodate all possible spatial constraints of the interaction.

Firstly, compatible fusion proteins were co-transfected (cf. section 2.10.6) into A7r5 cells

(cf. section 2.10.1.2) to investigate functional combinations (Kerppola, 2008). The maxi-

mum number of combinations of fusion proteins is depicted in figure 2.1. According to the

results, combinations were used for the analysis in embryonic mouse cardiomyocytes (cf.

section 2.10.5). The cells were fixed and counterstained with applicable antibodies (cf.

section 2.8.4). The samples were analysed with microscopy (cf. section 2.11). As negative

controls, all fusion proteins were co-transfected with the compatible nonfluorescent Venus

fragments in order to evaluate unspecific BiFC complex formation.
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2.10 Cell Culture

The cultured eucaryotic cells and their handling are depicted in detail in the following

section. All cells proliferated in CO2 incubators (Thermo) with a constant CO2 concen-

tration of 5 % and saturating humidity. The temperature is mentioned in the paragraph

describing the cell line. Cell culture dishes were obtained from TPP and general cell cul-

ture reagents from Invitrogen/Gibco unless otherwise noted. PBS was prepared according

to sambrook and sterilized in an autoclave (cf. section 2.2). Handling and processing of

cells was done inside a laminar flow hood (Thermo) using sterile equipment.

Medium Composition

A7r5 proliferation medium 10 % FCS (PAA, Sigma)
4 mM L-glutamine
100 U/ml penicillin,
100 µg/ml streptomycin
DMEM low glucose, - phenol red (Gibco)

A7r5 freezing medium complete growth medium
supplemented with 5 % (v/v) DMSO

H-2KB-tsA58 proliferation medium 20 % FCS (PAA)
2 % chicken embryo extract (SLI)
100 U/ml penicillin
100 µg/ml streptomycin
20 U/ml interferon-γ (IFN-γ) (Millipore)
DMEM GlutaMAX (Gibco)

H-2KB-tsA58 differentiation medium 5 % horse serum (Sigma)
DMEM GlutaMAX (Gibco)

Embryonic mouse cardiomyocyte 20 % FCS (Gibco)
proliferation medium 2 mM L-glutamine

2 mM NEAA
100 U/ml penicillin
100 µg/ml streptomycin
50 pM β-mercaptoethanol
IMDM (Invitrogen)

Table 2.9: Overview of cell culture media. The culture media were prepared inside a laminar flow
box. (DMEM = Dulbecco’s modified Eagle medium; FCS = fetal calf serum; IMDM = Iscove’s modified
Dulbecco’s medium; NEAA = nonessential amino acids)
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2.10.1 Cell Lines

2.10.1.1 H-2Kb-tsA58 Cells

These cells derive from leg muscles of H-2Kb-tsA58 transgenic mice. These mice express

a thermolabile tsA58 mutant of the simian virus 40 (SV40) large tumor antigen (TAg)

under the control of the major histocompatibility complex H-2Kb class I promotor (Jat

et al., 1991). The promotor activity varies among different tissues but can be increased

by supplementing interferon-γ (IFN-γ), which transforms the cells into conditional im-

mortal cells. This enables them to proliferate under permissive conditions, i.e. culturing

at 33 °C in proliferation medium (see tab. 2.9) containing IFN-γ. A switch to 37 °C
and the replacement of the proliferation medium with IFN-γ-free differentiation medium

(non-permissive conditions) eliminates large TAg expression and induces myogenic dif-

ferentiation (Morgan et al., 1994). Cells passaged for differentiation were transferred to

cell culture dishes coated with BD Matrigel™Basement Membrane Mix (BD Biosciences)

in order to obtain basement stiffness suitable for contraction. Matrigel was diluted to a

final concentration of 0,1 mg/ml in cold serum-free DMEM GlutaMAX and incubated at

37 °C for 30 min. Afterwards, the dishes were washed with sterile PBS or DMEM Glu-

taMAX and the cells were plated directly after. Differentiation medium was exchanged

completely every two days and the cells could be maintained in culture for about twelve

days. After 5-6 days, some of the myotubes formed exhibit spontaneous contractions (cf.

section 3.1), which persist about 2-3 days. For microscopic analysis, cells were seeded on

Matrigel™-coated locator cover slips (cf. section 2.11.2).

2.10.1.2 A7r5 Cells

A7r5 cells derive from the thoracic aorta of embryonic BDIX rats and possess many char-

acteristics of smooth muscle cells (Kimes und Brandt, 1976). Since the CMV promotor

exhibits a modest activity in A7r5 cells they are a suitable cell system to analyze func-

tional vector combinations for BiFC complex formation (cf. section 2.9.5) because the

higher the level of overexpression the more increases the probability of unspecific ag-

gregates. Furthermore, these cells contain prominent actin stress fibres facilitating the

investigation of actin-associated proteins. Chemical transfection efficiency using Turbo-

Fect in vitro Transfection Reagent (Fermentas) never fall below 50 % (cf. section 2.10.6)

and growth on glass cover slips was slightly reduced but not significantly impaired.
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2.10.2 Cell Thawing

A vial of frozen cells was removed from liquid nitrogen and thawed in a water bath heated

to 37 °C. The cells were pipetted into a centrifugation tube containing prewarmed growth

medium immediately after thawing not allowing them to warm up. In order to remove

the DMSO included in the freezing medium (see tab. 2.9), the cells were centrifuged at

800 rpm for 3 min in a benchtop centrifuge (Heraeus), the supernatant was aspirated and

the cells were resuspended in fresh growth medium. The suspension was transferred to a

cell culture dish and thouroughly mixed to ensure even distribution throughout the vessel.

The cells were incubated overnight under their usual growth conditions and the next day

the medium was replaced.

2.10.3 Cell Passaging

Adherent cell cultures can cease proliferating or finally die if they are left in a confluent

state for too long. Therefore, they need to be routinely passaged, i.e. a fraction of cells

grown to an appropriate cell density is transferred to a new cell culture dish. For that,

cells were detached from the surface using the proteolytic enzyme trypsin. At first, the

medium of a dense cell culture was aspirated and the layer washed with PBS containing

0,5 mM EDTA in order to loosen cell-cell contacts. The cells were trypsinized at 37 °C
with 1 ml 0,1 % trypsin in PBS per 60 cm2-dish. The detachment was assisted by tapping

the side of the dish with palm of hand. The cells were resuspended in growth medium

and gently pipetted up and down to avoid creating foam and to disrupt cell clumps.

The adequate cell number was transferred to a new culture dish with prewarmed growth

medium and incubated at their usual growth condition.

2.10.4 Cell Freezing

For long-term storage cells dissolved in freezing medium were kept in the vapor phase of

liquid nitrogen. Trypsinized cells were collected in a centrifuge tube and spun down for

3 min at 800 rpm. The supernatant was aspirated and the cells resuspended in freezing

medium. The composition varies among the different cell types and is described in table

2.9. A cryo vial containing the cell suspension was placed in an isopropanol freezing box

and put into a -80 °C freezer overnight to control temperature drop ensuring maximal

cellular viability before storing in liquid nitrogen.
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2.10.5 Isolation of Embryonic Mouse Cardiomyocytes

Pregnant female mice were sacrificed at day 16,5–18,5 post coitum by cervical dislocation

assuming that day one is the first day the plug was observed. The uterine horns with

the embryos were dissected out using sterilized instruments and placed into a petri dish

containing cold PBS. Each embryo was separated from its placenta and surrounding mem-

branes and sacrificed by cutting the head. Then the thorax was opened to extract the

heart which was put into cold PBS. In order to facilitate the the heart was minced with

sterilized tweezers and the incubated in dissociating enzyme solution (1 mg/ml collagense

B (Sigma), 10 mM CaCl2) for 30 min at 37 °C. The collagenase was carefully aspirated and

the sedimented cells were resuspended in PBS. The cells were sieved through a 100 µm ny-

lon mesh pore of a cell strainer (Gibco/Invitrogen) and collected in 50 ml conical falcon

tubes. The cell strainer was washed twice with PBS and the cells collected were cen-

trifuged for 5 min at 1200 rpm. The supernatant was removed and the cells resuspended

in PBS. This procedure was repeated and the cells were dissolved in an adequate volume

of PBS for electroporation (cf. section 2.10.6.2).

2.10.6 Transient Transfections

Transient transgene expression in eukaryotic cells was achieved by either chemical-based

(cf. section 2.10.6.1) or non-chemical (cf. section 2.10.6.2) introduction of cDNA inserted

in eukaryotic expression vectors (cf. section 2.5.2) in order to investigate the localization

and interactions of certain proteins in cells. The adequate number of cells were transferred

to a cell culture dish of the favoured size. For protein extracts (cf. section 2.7.5) the cells

were not seeded on glass cover slips, which were only used for subsequent immunostaining

(cf. section 2.8.4).

2.10.6.1 TurboFect Transfection

The transfection of cells with TurboFect in vitro Transfection Reagent (Fermentas) is

based on the complex formation of a cationic polymer and DNA, which is delievered into

eukaryotic cells. Cells were transfected at a confluency of ≈ 70 % in order to prevent

a completely overgrown culture. The appropriate number of cells was plated 4 h or the

evening before transfection and then transfected with plasmid DNA according to the

manufacturer’s instructions. After 48 h post-transfection the cells were fixed and stained

as described in section 2.8.4.
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2.10.6.2 Electroporation of Embryonic Mouse Cardiomycytes

After the final centrifugation step of the isolation procedure of embryonic mouse cardiomy-

ocytes (cf. section 1.8.2) the cells of 6–8 embryonic hearts were resuspended in 600 µl cold

PBS and then filled in a pre-cooled electroporation cuvette (0,4 cm gap width, BioRad).

The mass of 20 µg plasmid DNA was added which was designated to be delivered into

the cells. The cells were permeabilized with an exponential decay pulse from a capacitor

charged to a voltage of 240 V (R =∞ , C = 500 µF). Afterwards PBS was added to a final

volume of 1,5 ml and the cells were distributed in three wells of a 24-well plate filled with

embryonic mouse cardiomyocyte proliferation medium (see tab. 2.9). For fluorescence

microscopy analysis (cf. section 2.11.1) the cells were plated on glass cover slips coated

with 0,1 % gelatine (Sigma) and cultured at 37 °C. The medium was replaced the next

morning and after two days the cells were processed for immunofluorescence microscopy

(cf. section 2.8.4).

2.11 Microscopy

Cell morphology or protein localizations were analyzed with microscopic techniques. The

equipment and the corresponding applications are explained in the following sections.

2.11.1 Transmitted Light Microscopy

Growth of cultured cells was controlled using a Nikon Eclipse TS 100 light microscope.

The microscope was equipped with objectives depicted in table 2.10. Images were aquired

with an Axiocam ICm (Carl Zeiss MicroImaging GmbH) CCD camera and the software

Axiovision (version 4.8).

2.11.1.1 Epi-fluorescence Microscopy

Fixed transfected cells were analyzed using the epi-fluorescence microscope AxioImager

(Carl Zeiss MicroImaging GmbH). Objectives and filter sets are depicted in table 2.10

and 2.11. Images were aquired with an Axiocam MRm (Carl Zeiss MicroImaging GmbH)

CCD camera and the software Axiovision (version 4.8).
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Manufacturer Objective Magnification Numerical Microscope
Aperture

Nikon Plan Fluor 4x 0,13 Eclipse TS 100
Nikon Achromat ADL 10x 0,25 Eclipse TS 100
Zeiss EC Plan-Neofluar Ph1 10x 0,3 AxioImager
Zeiss EC Plan-Neofluar 10x 0,3 LSM 710
Nikon Achromat LWD ADL 20x 0,4 Eclipse TS 100
Zeiss Plan-Neofluar Ph2 20x 0,5 AxioImager
Zeiss Plan-Apochromat 20x 0,8 AxioImager
Zeiss LCI Plan-Neofluar 25x 0,8 LSM 710
Nikon Achromat LWD ADL 40x 0,55 Eclipse TS 100
Zeiss EC Plan-Neofluar 40x 1,3 LSM 710
Zeiss Plan-Neofluar Ph3 63x 1,25 AxioImager
Zeiss Plan-Apochromat 63x 1,4 LSM 710
Zeiss Plan-Neofluar Ph3 100x 1,3 AxioImager
Zeiss α Plan-Apochromat 100x 1,46 LSM 710

Table 2.10: Objectives for microscopy. The objectives are ordered by magnification. More detailed
informations about optical corrections and specialized optical properties can be obtained from the man-
ufacturer’s website. (Zeiss: http://www.zeiss.de, Nikon: http://www.nikoninstruments.com)

Filter Filter Characteristics Fluorochrom
Set Excitation Beam Splitter Emission

49 G 365 FT 395 BP 445/50 Alexa 405
38 HE BP 470/40 FT 495 BP 525/50 Alexa 488, Cy2, EGFP
46 HE BP 500/25 FT 515 HE BP 535/30 Venus
43 HE BP 550/25 HE FT 570 HE BP 605/70 Alexa 546, Cy3

45 BP 560/40 FT 585 BP 630/75 Alexa 594
50 BP 640/30 FT 660 BP 690/50 Alexa 633, Cy5

Table 2.11: Summary of filter sets in fluorescence microscopes of Carl Zeiss MicroImaging
GmbH. The filter sets are ordered by increasing wavelength of excitation. A selection of fluorescent dyes
or fluorescent proteins detectable with the respective filter set is delineated in the last column. HE =
high efficiency. BP = bandpass. FT = beam splitter filter transmission from ... nm.

Wavelength Laser Max. Power

405 nm UV-Laser diode 30 mW
458 nm Argon 25 mW
488 nm Argon 25 mW
514 nm Argon 25 mW
561 nm DPSS 15 mW
594 nm Helium-Neon 2.0 mW
633 nm Helium-Neon 5 mW

Table 2.12: Summary of lasers mounted in LSM 710. Lasers were selected according to excitation
maximum of the fluorescent dye utilized. The power of the laser beam did not exceed 12 % of the
maximum. DPSS = diode pumped solid state.
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2.11.1.2 Confocal Laser Scanning Microscopy

Optical sections of cells and tissues were obtained using a LSM 710 of Carl Zeiss Mi-

croImaging GmbH. Fluorescent dyes used for indirect immunofluoresecence microscopy

(see tab. 2.7 and 2.8) were excited with a laser beam corresponding to wavelengths

around the excitation maximum of the dye (see tab. 2.12). In general, the intensity of the

beam was never raised over 12 % of the maximum power. The master gain of the photon

detector was always used below 800 and the digital gain below 2.0. Images of mounted

cells and tissue sections were acquired using a mode providing maximal elimination of

cross-talk between simultaneously used fluorescent dyes. Unmounted cells were analyzed

in chambered slides containing ddH2O and were labeled with combinations of secondary

antibodies enabling single track image acquisition without cross-talk. Objectives are listed

in table 2.10. Images were exported using the software ZEN (version 2008, 2009).

2.11.1.3 Fluorescence Recovery After Photobleaching (FRAP)

In order to determine protein dynamics within transfected cells, fluorescence was bleached

and the recovery rate was detected. Such a FRAP analysis was performed in A7r5 cells

(cf. section 2.10.1.2) transfected as described in section 2.10.6.1. Fluorescence recovery

was measured 24 h after transfection using the LSM 710 confocal microscope (cf. section

2.11.1.2). Regions of interest (ROI) were determined and bleached with 100 % power of

a 405 nm laser beam until less than 10 % of the original fluorescence intensity was left.

Lower power did not bleach to sufficient low levels in an appropriate time which was due

to a malfunction of the laser. After bleaching, a picture was taken every second in a

time series of 100 s. Generally, the fluorescence was recovered to a constant level after

60 s. Images were analyzed in a four-step process described in (G. Rabut, 2005) using the

software program ImageJ (version 1.44). After background substraction, correction and

normalization, mobile fractions Mf were calculated according to the following equation:

Mf =
Fend − Fpost

Fpre − Fpost

. (2.2)

Fend refers to the maximal fluorescence intensity after recovery, Fpost is the value of

the fluorescence intensity directly after bleaching and Fpre states the initial fluorescence

intensity. The half time of exchange t 1
2

was not calculated because the laser beam did not

always bleach below 10 % of the initial level and t 1
2

is strongly dependent on sufficient

bleaching whereas determination of mobile fractions still remained possible. The dynamics
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of each transfected construct were analyzed in at least three different cells.

2.11.2 Scanning Electron Microscopy

Scanning electron microscopy was used to reveal changes in the morphology of cytoskeletal

structures in differentiating H-2KB-tsA58 cells (cf. section 2.10.1.1). The microscope was

a XL 30S manufactured by Philips Company.

2.11.2.1 Production of Locator Cover Slips

In order to locate the position of cells, circular glass cover slips (Menzel) with an alpha

numerical pattern were produced. Therefore a finder grid (Plano, see fig. 2.2 A) was put

on a cover slip with a diameter of 15 mm and then coated with a 4 nm layer of platinum-

palladium in a Sputter Coater (Cressington). The resulting pattern on the glass cover

slip is depicted in figure 2.2B. The cover slips were heated for 4 h at 180 °C to avoid

the dislocation of the metal layer and to sterilize them, enabling the use in cell culture.

Then, cells could be seeded on the surface and located in light microscopes and a scanning

electron microscope (SEM).

Figure 2.2: Production of SEM locator
cover slips. A. Finder grid which served as
a template for producing the alpha numeri-
cal pattern on glass cover slips. B. Complete
glass cover slip with locator pattern.

2.11.2.2 Membrane Extraction and Fixation

Cells cultured on locator cover slips (see fig. 2.2) were processed as described in sec-

tion 2.8.4 prior to SEM preparation. In this way, the membrane of already fixed and

immunostained cells were extracted through treatment with PEG-GTX buffer (10 mM

PIPES, 50 mM EDTA, 27 mM KOH, 1 % Triton X-100, 4 % PEG 6000, 10 % glycerol)

three times for 20 min with agitation. The cytoskeletal architecture was preserved due

to fixation with 4 % glutarlaldehyde in CB-buffer (10 mM MES, pH 6,1, 150 mM NaCl,

4 mM MgCl2, 5 mM glucose, 5 mM EGTA, 25 mg/l streptomycin) for 20 min followed by
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washing with ddH2O. Any liquid was removed by critical point drying, which is described

in the next section.

2.11.2.3 Critical Point Drying

Every sample analyzed by a scanning electron microscope must be completely dried before

mounting while conserving cellular structures. Locator cover slips were placed in a holder

and in a first step the specimen was progressively dehydrated with ethanol according to

the following schedule:

% Ethanol 30 50 70 90 99,8 99,8 100 MS 100 MS
Time [min] 10 10 10 10 10 10 10 10

Table 2.13: Progressive ethanol dehydration schedule. The cover slips placed in a holder were
constantly covered with ethanol during the dehydration process in order to avoid them running dry. The
final steps were performed with absolute ethanol on a molecular sieve (MS) which selectively absorbed
the residual water from the solution.

.

Then ethanol was exchanged for liquid CO2 in eight steps in a critical point dryer

(BAL-TEC) because CO2’s critical conditions (31,1 °C, 7,38 MPa) are well-suited for

drying without damaging the specimen. The drying run was completed by slowly heating

to 40 °C, allowing for CO2 being brought to the gas phase without crossing the liquid-gas

boundary, thus preventing the sample from damage due to surface tension. The carbon

dioxide was carefully vented to avoid condensation effects and the hygroscopic specimen

was stored in an exsiccator until analysing with the SEM.

2.11.2.4 Sputter Coating

Samples designated to be analysed in the SEM need to emit secondary or backscattered

electrons in order to be visualized. However, biological samples mainly consisting of

carbon compounds usually do not possess the necessary conductivity. Therefore, they

are mounted onto a stub and held to it by a conductive paste immediately before use.

Then, the specimen is covered with a 2 nm layer of platinum-palladium in a sputter coater

(Cressington) and analysed in the SEM (Philips).
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2.11.3 Image Processing

Greyscale images obtained from microscopic samples (cf. section 2.11), polyacrylamide

gels (cf. section 2.7.7), agarose gels (cf. section 2.6.4) and western-blots (cf. section 2.8.1)

were aquired as described in the respective section. All images were exported as RGB

.tif files with software utilized for aquisition and a minimum resolution of 150 dpi. In

the case of multi-channel microscopic images RGB channels were allocated according to

the colour of the emitted light of the respective fluorescent dye. Modest adjustments of

contrast and brightness as well as cropping of picture details were made with the image

processing software Gnu Image Manipulation Program (GIMP) version 2.6.10.

Processed images were exported as non-compressed .png files for further use. Figures

were composed using the vector-based graphics software Inkscape (version 0.48) and

exported as .png files with a minimum resolution of 300 dpi.
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Results

3.1 In vitro Myofibrillogenesis of Murine H-2Kb-tsA58

Cells

Myogenic differentiation of cultured cells offers a valuable tool for analyzing myofibril-

logenesis in vitro. Standard model systems like murine C2C12 cells (Blau et al., 1983)

or human skeletal muscle cells (van der Ven et al., 1992) have already been widely used.

However, these cells reveal certain limitations concerning the final stage of differentiation

and contractility as well as the control of the onset of myofibrillogenesis and retention

of their differentiation capacity. In this regard, myoblasts obtained from leg muscles of

H-2Kb-tsA58 transgenic mice, in the following designated as H-2K cells, offer multiple

advantages since they allow for conditional immortalization and concomitant retention of

their differentiation capacity due to their constitutive expression of a thermolabile large

tumor antigen (Jat et al., 1991; Morgan et al., 1994). Its transcription is controlled by the

major histocompatibility complex H-2Kb class I promotor, which is active at various lev-

els in different tissues and inducible to higher levels by interferons. Therefore, these cells

proliferate at permissive conditions including exposure to interferon and keeping at 33 °C
and differentiate into contractile myotubes upon culturing at non-permissive conditions

at 37 °C without interferon (cf. section 2.10.1.1). The progression of differentiation was

tracked for 8-9 days and the changes in cell morphology are depicted in figure 3.1. The

myogenic program was started at high cell density before they reach a confluent state

(fig. 3.1 A). According to their morphological changes and the stage of maturation of

the contractile apparatus (cf. section 3.1.1) the myofibrillogenesis of H-2K cells will be

divided into an early, intermediate and late phase. The following paragraph describes

77
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Figure 3.1: Morphological changes
of H-2K cells during myofib-
rillogenesis. Upon myogenic
differentiation H-2K cells dramati-
cally change their morphology from
mononucleated, mostly elongated
cells to a branched network of
multinucleated contracting myotubes
depicted in images from transmit-
ted light microscope (A-F). A.
Non-differentiated mononucleated
myoblasts immediately before switch-
ing to non-permissive conditions (day
0). B. Early phase of differentiation
(day 1-2). First multinucleated
myotubes can be detected and
adjacent cells adopt the myotube’s
orientation. C. In the intermedi-
ate phase starting at day three of
differentiation branched myotubes
occur and their number and size
has increased. D. The branched
myotubes reveal an interconnected
meshwork at day four of myogenic
differentiation. E. The onset of
contraction marks the entrance into
the late phase of differentiation which
starts not before day five after the
induction of differentiation. The
myotubes are interconnected to large
meshworks at this stage. F. Due to
contraction many cells loose their
attachment and alter their shape
into slender myotubes because of the
lack of complete three-dimensional
anchorage. Scale bar 20 µm.
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the morphological changes and analysis of the expression level and localization of key

components of the myofibrillar apparatus which is delineated in sections 3.1.2 and 3.1.1.

During the first 2 days of differentiation (early phase), the cells fused and formed small

myotubes, which had a larger diameter than single cells (fig. 3.1 B). Adjacent to these

early myotubes, mononucleated cells elongated and adopted the myotube’s orientation.

In the course of development, the number of cells beginning differentiation increased and

by fusing with existing myotubes contributed to their growth. In the intermediate phase,

these myotubes expanded and came into contact with other syncytial cells, which led to the

formation of branched networks of myotubes first detected around day 3 of differentiation

(fig. 3.1 C). These networks enlarged and the number of mononucleated cells constantly

decreased (fig. 3.1 D). When the myotubes gained their contractile property at day

5-7, they entered the late phase of differentiation and were arranged in an extended

interconnected meshwork (fig. 3.1 E). Contraction promoted further maturation of the

contractile apparatus and is indispensable to reach an adult muscle phenotype (cf. section

1.2.2.4). Contracting cultured cells, however, often detached from the surface, if the force

generated exceeded the strength of their adhesion to the ground of the culture dish. This

may result from the myotubes lacking a proper three-dimensional anchorage, which is

established by costameres and myotendinous junctions in situ (cf. section 1.7 and 1.6,

respectively). Consequently, the morphology of non-detached cells changed into slender

myotubes (fig. 3.1 F). The myotubes could keep their contractility and morphology until

day 10-12 of differentiation accompanied by a progressive loss of cells.

3.1.1 Sarcomere Development

H-2K muscle cells developed a functional contractile apparatus around day 5-7 after chang-

ing the culture conditions to non-permissive parameters (cf. sections 3.1 and 2.10.1.1 as

well as fig. 3.1). The developmental steps of the assembly of a contractile sarcomere

(cf. section 1.2.2.4) were depicted by visualization of components of the major structural

elements of the sarcomere, the Z-disc and the M-band. Furthermore, F-actin staining

showed the remodelling of the thin filament system. All cells were fixed and immunos-

tained using specific primary antibodies and fluorescently-labeled secondary antibodies

or phalloidin in the case of F-actin (cf. section 2.8.4, tab. 2.8.2 and 2.7). The specimens

were analyzed using a confocal laser scanning microscope (LSM) (cf. section 2.11.1.2).
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Figure 3.2: α-Actinin precedes
myomesin expression at the ini-
tial stage of H-2K cell differenti-
ation. Confocal LSM images of dif-
ferentiating H-2K cells of early stage
labeled with antibodies against sar-
comeric α-actinin and myomesin (see
tab. 2.8.2). A. After the induc-
tion of myogenic differentiation, α-
actinin strongly labels peripheral cel-
lular extensions (arrowhead), which
are indicators of elongating cells. In
the cell periphery, α-actinin con-
tinuously decorates actin filaments,
whereas it exhibits an unordered
punctate expression throughout the
rest of the cell. B. Myomesin cannot
be detected at this early stage thus
α-actinin precedes the expression of
myomesin. C. Combined image of
the α-actinin (green) and myomesin
(red) signal. Scale bar 10 µm.

3.1.1.1 Early Phase (Day 1–2)

Myogenic differentiation coincides with the expression of muscle-specific isoforms of pro-

teins building the sarcomere. A prominent constituent of the Z-disc is sarcomeric α-actinin

(cf. section 1.5.5.1), which can be detected at very early stages of myofibrillogenesis in

Z-disc precursor structures (cf. section 1.2.2.4). It precedes the expression of the M-band

myosin-binding protein myomesin (cf. section 1.5.6) and strongly decorated peripheral

cellular extensions (fig. 3.2 A, arrowhead) and actin filaments (fig. 3.2 A, arrow), whereas

myomesin was hardly detectable at this stage.

The cellular localization of sarcomeric proteins depended on the z-level of the optical

sections analyzed. Therefore, the localization of α-actinin and myomesin was analyzed

at extracellular matix (ECM) contact sites and in the center of the cell body. The first

molecules of muscle-specific proteins could be initially seen around the nucleus. At the

level of ECM contact sites, these proteins revealed altered targeting compared to the cy-
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Figure 3.3: α-Actinin and myomesin expression in an early phase of H-2K cell differentiation.
Different optical sections of confocal LSM images of differentiating H-2K cells of early stage labeled with
antibodies against sarcomeric α-actinin and myomesin. The level of the section in marked in images A
and E. 0 µm stands for ECM attachment level. In the merge images (C, C’, D, G, G’) α-actinin and
myomesin are tinted green and red, respectively. A. At ECM attachment level α-actinin is mainly located
at peripheral cellular extensions (arrowhead) and focal contacts in the periphery (arrow). B. Myomesin,
if already expressed, is absent from focal contacts or cellular extensions. A’. α-Actinin exhibits a regular
spacing on actin filaments (arrowheads). B’. Myomesin alternates with α-actinin on actin filaments
(arrows). C’. Distribution of α-actinin and myomesin is reminiscent of early sarcomere-like arrangement
(asterisk). The dotted line indicates the length magnified in D. D. α-Actinin and myomesin reveal
already spacings of mature sarcomeres (≈ 2 µm). E. At upper sections, α-actinin is not restricted to the
periphery and displays an unordered punctate pattern throughout the whole cell. F. Expression level
and frequency of myomesin does not change at elevated z-levels. Scale bar 10 µm (A-C, E-G) and 5 µm
(A’-C’, E’-G’).
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toplasmic region near the nucleus, if the proteins were involved in cell adhesion structures,

such as α-actinin. Thus, α-actinin revealed differences in the cellular distribution regard-

ing the cellular regions mentioned above (fig. 3.3 A, D). Near the membrane (marked as

0 µm in fig. 3.3 A), α-actinin prominently labeled peripheral cellular extensions (fig. 3.3

A, arrowhead) and focal contact sites (fig. 3.3 A, arrow). Additionally, it was associated

with actin filaments in a typical punctate pattern but lacking a regular spacing (fig. 3.3

D). The distance amounted to either about 3 µm or 2 µm, the latter resembling the spac-

ing of a mature sarcomere (fig. 3.3 A’-C’ and D). In contrast to the distances described

in chicken cardiomyocytes (Sanger et al., 1986), the gaps between the α-actinin signals

did not clearly fall below 2 µm on actin filaments, if a basic ordered association could

be observed. In cells still lacking myomesin expression (fig. 3.2) α-actinin seemed to be

more closely positioned but its localization was not comparably ordered along the actin

filaments. After induction of myomesin expression (fig. 3.3 B, E), myomesin decorated

the same actin filament alternating with α-actinin in equivalent distances (fig. 3.3 D).

In contrast to α-actinin, myomesin was completely absent from focal contacts or periph-

eral cellular extensions. Even in this early phase, α-actinin and myomesin exhibited an

alternating distribution pattern reminiscent of early sarcomere arrangement (fig. 3.3 C’,

asterisk), although myomesin appeared to be less ordered in comparison to α-actinin’s

more punctate distribution along actin filaments. Apart from the localization near the

membrane described above, in optical sections of an upper position depicting the cell

body, α-actinin was distributed throughout the whole cell in a still unordered punctate

pattern and not restricted to the periphery (fig. 3.3 E). The intensity and frequency of

myomesin did not change at this position (fig. 3.3 F).

Myogenic differentiation alters the structure of the actin cytoskeleton, which qualifies

F-actin as a good marker visualizing the progression of myofibrillogenesis. At the onset of

the myogenic programm, H-2K cells elongated and their extensions at the cell periphery

contained F-actin (fig. 3.4 B, arrow). These extensions were strongly decorated by an

antibody recognizing an epitope of the giant protein titin positioned 100 nm away from the

Z-disc (Fürst et al. (1988), cf. section 1.5.5, fig. 3.4 A, arrow). Titin is an important ruler

of sarcomere assembly and is included in Z-disc precursor structures (cf. section 1.5.5).

The strongest expression of titin was obtained near the nucleus (fig. 3.4, asterisk), which

is a common feature of the early muscle-specific protein expression (see above). Even

in this early stage, actin filaments existed displaying a Z-body-like association of titin

with a spacing of about 2 µm, which approximates the distance in mature sarcomeres

(fig. 3.4 A, arrowheads). This association pattern could only rarely be detected at
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Figure 3.4: Titin and the
actin cytoskeleton in an
early phase of H-2K cell dif-
ferentiation. Confocal LSM
images of a differentiating H-2K
cell of early stage labeled with a
titin-specific antibody recogniz-
ing a Z-disc epitope and phal-
loidin to visualize actin fila-
ments. A. The strongest titin
expression can be detected near
the nucleus (asterisk). Titin
decorates cellular extensions at
the periphery (arrow) and re-
veals a Z-body-like association
of actin filaments with a ma-
ture spacing of ≈ 2 µm (ar-
rowheads). Apart from this,
titin also exhibits a continu-
ous labeling of actin filaments
(open arrowhead). B. Cellu-
lar extensions in the periphery
contain F-actin (arrow). Al-
though titin occasionally asso-
ciates with actin filaments in
a punctuate pattern (arrow-
heads), the phalloidin signal is
still continuous. C. Merge im-
age of titin (green) and F-actin
(red). Scale bar 10 µm.

this early developmental phase, since titin predominantly decorated actin filaments in

an apparently unordered discontinuous fashion. At the cell periphery and, to a lesser

extend, at strongly labeled actin filaments, titin revealed a continuous decoration (fig. 3.4

A, open arrowhead).

In summary, after the initiation of myofibrillogenesis in murine H-2K cells, components

of Z-disc precursor structures, like α-actinin and titin, exhibit a related targeting. Cellular

extensions of the elongating cell are continously labeled by α-actinin and titin (fig. 3.2

A arrowhead and fig. 3.4 A arrow, respectively). Both proteins predominantly show

a punctate, unordered pattern occasionally being replaced by an arrangement, which

displays spacings resembling the distance of mature sarcomeres (fig. 3.3 and 3.4). The

expression of muscle-specific proteins can be firstly detected around the nucleus apparently

unordered and intensifies there upon progression of differentitation. The important M-

band constituent myomesin does not belong to the class of early myogenic marker because

it is still undetectable, when α-actinin already noticeably decorates actin filaments in a
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punctate pattern (fig. 3.2 and 3.3). In conclusion, the morphological changes of the H-2K

cells are accompanied by the expression of early sarcomeric proteins, which rapidly show

localization at precursor structures of the sarcomeric Z-disc and M-band.

3.1.1.2 Intermediate Phase (Day 3–4)

Continuous fusion of adjacent myoblasts let the early myotubes grow in length and width

due to fusion of adjacent cells and myotubes resulting in a developing branched meshwork

(fig. 3.1 C). Simultaneously, the maturation of the myofibrillar apparatus proceeds, which

includes changes in expression level and localization of myofibrillar markers. 3 to 4 days

after the onset of myogenic differentiation, myotubes already contained regions with lat-

erally fused Z-bodies (Z-disc precursor structures) and properly spaced M-bands forming

early sarcomeres delineated by the signals of α-actinin and myomesin staining (fig. 3.5

asterisk). These structures were still restricted to a minor area of the cell, whereas the

rest displayed α-actinin associated with actin filaments either continuously or punctatedly

as shown for the early stages (cf. section 3.1.1.1). Myomesin was restricted to regions of

a punctate α-actinin pattern in the center of the myotube near nuclei (3.5 B, n) and did

not decorate actin filaments continuously in the periphery as observed for α-actinin.

A comparison of the localization of both Z-disc markers, α-actinin and titin, revealed

an analogous distribution throughout the cell. As stated for α-actinin, titin also showed

small areas of early Z-discs correctly spaced (fig. 3.6 A, asterisk). These regions could

preferentially be detected in the direct vicinity of nuclei (n), which had been expected

from the double staining of α-actinin and myomesin. Although Z-disc markers displayed

a regular pattern resembling mature sarcomeres, the assembly of the different filament

systems was not yet completed because F-actin staining was still continuous and did not

reveal discontinuous labeling which would have indicated the incorporation of myosin

filaments (fig. 3.6 B, asterisk). Thus, the assembly of premature Z-discs preceded the

reorganization of the actin cytoskeleton into I-bands during myofibrillogenesis. On actin

filaments not presenting an advanced myogenic phenotype, titin localization remained

punctate and apparently unordered but intensified at the peripheral ends (fig. 3.6 A,

arrow). At these sites the phalloidin signal clearly decreased pointing to an impeded

accessibility of its binding sites (fig. 3.6 B, arrow).

To sum up, in this intermediate phase, constituents of Z-disc and M-band have adopted

a mature spacing pattern near nuclei in the center of the myotube, which, however,

represents only a minor portion of the cell. The majority still exhibits the early phenotype
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Figure 3.5: α-Actinin and myomesin exhibit first regions of early sarcomeres. Confocal LSM
images of differentiating H-2K cells of intermediate stage labeled with antibodies against sarcomeric α-
actinin and myomesin. A. α-Actinin is still mainly associated with actin filaments either continuously or
punctated. The myotube already contains an area of laterally fused Z-bodies (asterisk). B. Myomesin
shows regions of early M-bands (asterisk). C. Merge image of α-actinin (green) and myomesin (red).
Early sarcomeres are indicated by the alternating pattern of α-actinin and myomesin. Myomesin is
restricted to areas of α-actinin discontinuously associated with actin filaments. Nuclei are denoted by
’n’. Scale bar 10 µm.
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Figure 3.6: The assembly of premature Z-discs precedes the reorganization of the actin cy-
toskeleton into I-bands. Confocal LSM images of a differentiating H-2K cell of intermediate stage
labeled with a titin-specific antibody recognizing a Z-disc epitope and phalloidin to visualize actin fila-
ments. A. Titin displays areas of laterally fused Z-bodies near nuclei (asterisk). Nevertheless it is mainly
associated with actin filaments enriched at their peripheral ends. B. Actin filaments are not organised
as I-bands in areas of premature Z-discs (asterisk). Phalloidin labeling of actin filaments is decreased at
the peripheral ends (arrow). C. Merge image of titin (green) and F-actin (red). Nuclei are denoted by
’n’. Scale bar 10 µm.
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described in section 3.1.1.1. The premature status of theses myotubes is underlined by

the lack of actin filaments assembled as I-bands clearly demonstrating the immature

sarcomere status. Therefore, the appearance of early sarcomeres indicated by premature

Z- and M-bands precedes the reorganization of actin filaments into I-bands.

3.1.1.3 Late Phase (Day 5–8)

Figure 3.7: Late contractile
myotube without laterally
aligned myofibrils. Confo-
cal LSM images of a differenti-
ating H-2K cell at late stage la-
beled with antibodies against
sarcomeric α-actinin and my-
omesin. A. Myofibrils per-
vade the myotube showing ma-
ture spacing of Z-discs con-
taining α-actinin, which are
still not aligned laterally. B.
The localization of myomesin
also exhibits the correct dis-
tance along the myofibrils but
lacks proper alignment later-
ally. C. Merge image of α-
actinin (green) and myomesin
(red). The myotube con-
tains the typical alternating
pattern of α-actinin and my-
omesin representing the array
of Z-discs and M-bands, re-
spectively. Scale bar 10 µm.

H-2K myotubes gain their contractility, when they have formed a dense branched

network (fig. 3.1 E). At this stage, multiple myofibrils pervaded the cell, which were not

properly aligned laterally but exhibited mature spacing of Z- and M-band components

(fig. 3.7).

The maturation of the myofibrillar apparatus proceeded upon constant contraction,

which allowed for a precise adjustment of neighbouring myofibrils (fig. 3.8 A–C). Al-

though the alternating pattern of α-actinin and myomesin, representing the Z-disc and

the M-band, respectively, had been improved, these myotubes still contained regions of
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Figure 3.8: Latest stage of sarcomere development in H-2K cells. Confocal LSM images of a
finally differentiated H-2K myotube labeled with antibodies against sarcomeric α-actinin and myomesin.
In the merge images C and C’ α-actinin and myomesin are tinted green and red, respectively. A.
α-Actinin shows a well-aligned cross-striated pattern only with some irregularities. B. The M-band
protein myomesin also reveals cross-striation including only some deviation. A’–C’. Magnification of the
box in A-C. There are still myofibrils which have not fused yet but seem to be perfectly aligned laterally
(arrowhead). Other myofibrils are about to coalesce with the mature contractile apparatus revealing sites
of completed incorporation (arrow) and close approximation (open arrowheads). Delta-shaped structures
represent areas where the number of adjacent sarcomeres does not match (asterisk). Scale bar 10 µm.
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irregularities in the sarcomere architecture (fig. 3.8 A’–C’). There were small myofibrils,

which were perfectly aligned laterally with the adjacent sarcomeres, but had not yet fused

with them to form a continuous array of Z-discs and M-bands (fig. 3.8 A’–C’, arrowhead).

Another myofibril was about to coalesce with the myofibrillar aparatus revealing sites of

completed incorporation (fig. 3.8 A’–C’, arrows) and close approximation (fig. 3.8 A’–C’,

open arrowheads). Furthermore, α-actinin and myomesin staining exhibited delta-shaped

areas, which includes supernumerary sarcomeres, i.e. the number of sarcomeres on one

myofibril does not match the number of the adjacent one (fig. 3.8 A’–C’, asterisk). Anal-

ogous structures can be found in eccentric exercised muscle, where new sarcomeres are

inserted to adapt the sarcomeric organization to increased strain (Yu et al., 2003). The

addition of new sarcomeres is a stepwise process, which is characterized by an altered lo-

calization of myofibrillar components compared to normal adult muscle. Actin filaments

lose their I-band organization and span these areas continuously and Z-disc components

like α-actinin and titin are incorporated by and by in a dotted fashion displaying the new

number of sarcomeres and the final layout of the myofibril (Yu und Thornell, 2002; Yu

et al., 2003). In H-2K myotubes of the late phase, Z-disc epitopes of titin were perfectly

aligned all over the cell (fig. 3.9 A, arrow) underlining the strong myogenic potential of

this cell line. As observed with the α-actinin stain, the regular striation was interrupted

by areas displaying delta-shaped structures representing sites of a mismatch of sarcomere

number (fig. 3.9 A, asterisk). These irregularities were also reflected by the actin fila-

ment organization. Although the myotube showed a clear I-band array throughout the

whole cell (fig. 3.9 B, arrow), regions of supernumerary sarcomeres could be identified as

delta-shaped structures (fig. 3.9 B, asterisk).

In summary, H-2K cells develop contractile myotubes after 5 days of differentiation,

which are able to contract for 3 to 4 days, whereby the myotubes change their mor-

phology. At the onset of contraction, the myofibrils already show mature cross-striation

but they are not well-aligned laterally. As contraction is indispensable for proper muscle

development, the order of the sarcomere arrangement improves and the myotubes con-

tain larger regions of perfectly aligned myofibrils. Nevertheless, these cells still possess

areas, where the number of Z-discs and M-bands to be fused does not match therefore

demanding further adjustment. This level of sarcomere assembly defines the final stage of

H-2K differentiation capability because upon constant contraction the cells will lose their

attachment thus impeding further maturation. Furthermore, in adult skeletal muscle the

nuclei are located directly underneath the plasma membrane. All H-2K myotubes har-

bouring a well-developed striated pattern of Z-disc components reveal centrally located
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Figure 3.9: Thin filament arrangement in contractile H-2K myotubes. Confocal LSM images of a
contractile H-2K cell labeled with a titin-specific antibody recognizing a Z-disc epitope and phalloidin to
visualize actin filaments. In the merge images titin and F-actin are tinted in green and red, respectively.
A. At the latest stage of H-2K differentiation, titin reveals an overall cross-striated pattern. B. Actin
filaments are arranged in I-bands indicated by gaps in the phalloidin stain. A’. A detailed view on the
striated pattern provides areas of supernumerary sarcomeres marked by delta-shaped arrangement of
titin signals (asterisk), which can be differentiated well from sites of perfect sarcomere alignment (arrow).
B’. The regular organization of the thin filaments (arrow) is also occasionally interupted by regions of a
mismatch of sarcomere number (asterisk). Scale bar 10 µm.
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nuclei demonstrating additional deviations from the adult muscle. Thus, although H-2K

cells gain contractility and exhibit correctly spaced sarcomeres, there are some significant

differences compared to adult muscle in situ. Nevertheless, H-2K cells represent a reliable

tool for investigating muscle differentiation until the appearance of the first contraction

events.

3.1.2 Expression Profile of Sarcomeric Proteins

In the previous section localization studies of sarcomeric proteins demonstrated the suit-

ability of H-2K cells to investigate sarcomere development until first contraction events.

Although contraction can be observed after 5 days of differentiation (cf. section 3.1),

detailed immunofluorescence analysis revealed that contracting myotubes do not reach a

phenotype comparable to adult muscle (fig. 3.8 and 3.9). In order to further delineate

the course of myofibrillogenesis in H-2K cells, the expression level of sarcomeric proteins

was determined. Muscle myosin heavy chain II (MHC II) and myomesin were analysed

as representators of the thick filament system and its associated proteins (cf. sections

1.5.2 and 1.5.6). The Z-disc components α-actinin and filamin C were chosen to outline

the development of sarcomeric boundaries (cf. sections 1.5.5.1 and 1.5.5.2). In non-

differentiated H-2K myoblasts, non-muscle MHC IIA is the predominant myosin isoform.

During myofibrillogenesis the non-muscle myosin isoform is replaced by the respective

muscle variant (cf. section 1.2.2.4), so that the expression level of non-muscle MHC IIA

can also shed light on the differentiation status. The protein β-catenin is no constituent

of the contractile apparatus but, among others, a regulator of muscle development (cf.

section 1.9.1.1) and a binding partner of Xin (cf. section 1.10). Thus, its expression level

was also measured to reveal putative changes during myofibrillogenesis. The protein con-

tent was analyzed in SDS total extracts (cf. section 2.7.5) of H-2K cells of developmental

stages starting with non-differentiated cells and finishing with contracting cells at day

8 of differentiation and quantitation performed using the Odyssey infrared laser scanner

(cf. section 2.8.1.1). The antibodies used for the detection of the respective proteins are

depicted in table 2.8.2. Changes in protein expression level were obtained in relation to

tyrosynated α-tubulin which was identified to show lesser variations during differentia-

tion of H-2K cells than glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (data not

shown). The highest ratio of the respective protein and α-tubulin was set to 100 % or

1.0, respectively.

Nonmuscle MHC IIA was mostly expressed before induction of differentiation (fig.
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Figure 3.10: Quantitation of protein expression during myofibrillogenesis of H-2K cells. Total
protein extracts of differentiating H-2K cells were separated with SDS-PAGE and blotted. The respective
protein investigated was decorated with a specific antibody and quantified using secondary antibodies
coupled with infrared fluorescent dyes and the Odyssey laser scanner. A. Non-muscle MHC IIA expression
constantly decreases during differentiation but does not disappear completely. The protein amount of
day seven could not be analyzed due to a blotting problem. MHC II is firstly detected at day two
and the expression level clearly increases throughout myogenic development. Sarcomeric α-actinin and
filamin C exhibit a similar course of protein expression. Very low amounts of α-actinin can already be
seen before induction of differentiation and directly after probably due to spontaneously differentiating
cells. Myomesin is expressed at lower levels and considerable amounts can be detected at day five. β-
catenin does not show dramatic alterations on protein expression level. Tyrosynated α-tubulin serves as
a loading control. B. The course of protein expression is depicted as changes in the ratio of the respective
protein and tyrosylated α-tubulin. The highest ratio was set to 1.0. All myofibrillar proteins display the
steepest increase from the beginning of differentiation until day five, the phase of first contraction events.
Whereas α-actinin and MHC II reach their maximum expression at day five, filamin C and myomesin
expression increase until day eight. Non-muscle MHC IIA expression decreases by 75 %. β-Catenin does
not reveal prominent changes in expression level but a moderate decrease can be detected.
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3.10). After the beginning of myofibrillogenesis the expression level constantly decreased

until day 8 by 75 %. This clearly indicates the progression of myofibrillogenesis and

sarcomere maturation but also shows that there still exists a considerable amount of cells

containing the non-muscle isoform. On the one hand this is due to cells which did not start

differentiation but on the other hand the existing myotubes are still not fully differentiated

which fits the observations obtained with fluorescent labeling of sarcomere proteins (cf.

section 3.1.1). The more non-muscle MHC IIA expression decreased the more muscle

MHC II increased (fig. 3.10) which could be firstly detected at day 2 of differentiation

reaching the highest level at day 5, the phase of first contraction events. Upon progression

of differentiation a slight reduction of expression was observed. This decrease can be

explained by the loss of cells due to contraction thus the number of differentiated cells

reduces relative to non-contracting cells. Sarcomeric α-actinin also showed a comparable

phenomenon. Before induction of differentiation the cells expressed very little amounts

and the first considerable increase was detected at day 2 similar to MHC II (fig. 3.10). The

expression reached maximum level at day 5 and afterwards the protein level decreased

a little which was also shown by MHC II. The low but detectable expression level in

non-differentiating cells presumably reflects the amount of cells spontaneously starting to

enter the myogenic program. Therefore, early markers of differentiation could occasionally

be detected although at very low levels. Myofibrillogenesis is characterized by switching

to muscle-specific isoforms of certain proteins. The filamin family of proteins comprises

the muscle-specific isoform filamin C which was expressed at detectable levels at day 2

(fig. 3.10). In contrast to sarcomeric α-actinin and MHC II, filamin C reached maximum

expression at day 8. However, the increase was strongest between the beginning and day 5

of differentiation. The M-band component myomesin was identified to be expressed later

than α-actinin (cf. section 3.1.1.1) which was confirmed by the protein expression data.

Although myomesin could be detected at day 2, the expression level was still very low

(fig. 3.10 A). Only at day 4 myomesin was expressed at considerable amounts and reached

its maximum expression at day 8. In general, the amount of myomesin was lower than

all other proteins of the contractile apparatus tested. While all proteins described before

showed dramatic changes in their expression level, the expression of β-catenin displayed

only a mild decrease during differentiation (fig. 3.10). Whether this reflected a general

tendency of downregulation during myofibrillogenesis is not clear since H-2K cells do not

develop proper three-dimensional anchoring structures like costameres (cf. section 1.7)

or MTJ’s (cf. section 1.6) and β-catenin is preferentially localized to sites of cellular

adhesion.
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In summary, all myofibrillar components display a strong increase in expression upon

induction of myogenic differentiation. Apart from myomesin, which is only detected at

significant amounts at day 4, all other sarcomeric proteins reach a considerable expression

level at day 2. Some of the myofibrillar components have their highest expression as soon

as day 5 (α-actinin, MHC II), the day of first contraction events, whereas filamin C and

myomesin expression raises until day 8. The non-muscle MHC IIA decreases constantly

from the beginning of differentiation but does not disappear completely. This underlines

the previous observation that H-2K cells gain contractility but still need further matura-

tion to reach an adult phenotype.

3.2 Murine Xin in H-2Kb-tsA58 Myoblasts During

Myofibrillogenesis

The Xin-Repeat protein family in mammals comprises cross-striated muscle-specific pro-

teins which can be identified at very early stages of development (cf. section 1.10). In

mice, Xin is detected as early as embryonic day 8 in cardiogenic cells and at day 10 in the

first rostral somites. Loss of Xin results in muscle defects and therefore it is most likely

involved in myofibrillogenesis. In order to gain further insight into the function of Xin

and its isoforms, transcription (cf. section 3.2.1), protein expression (cf. section 3.2.2)

and its localization were studied during in vitro myofibrillogenesis of H-2K cells.

3.2.1 Transcription of Murine Xin During Myofibrillogenesis of

H-2Kb-tsA58 Cells

The genomic organization of the murine Xin (mXin) gene is highly homologous to the

human orthologue. The gene comprises two exons but the complete coding sequence is

only encoded by the second, large exon. Intraexonic splicing events result in 3 different

isoforms in human, A, B and C (fig. 3.11 A). This splicing pattern has also been proven

for murine Xin (Otten et al., 2010). In order to analyze the transcription level of all

isoforms, semiquantitative RT-PCR was performed on RNA of differentiating H-2K cells

(cf. section 2.6.3). Three independent differentiation series were analyzed and yielded

similar results. As it was only a semiquantitative assay the results of only one series

are depicted as a representative. Results were obtained with two different approaches,

simplex and duplex PCR’s, i.e., separate reaction of the control primer pair and control
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primer pair included, respectively.

Transcripts of all Xin isoforms were already present before induction of myogenic dif-

ferentiation (fig. 3.11 B). To some extent this is presumably due to cells spontaneously

differentiating despite of culturing at non-permissive conditions (cf. section 2.10.1.1).

These were however only very few cells and cannot account for the relatively high amount

of PCR product. Thus, the mRNA of all Xin isoforms is already transcribed before the

initiation of differentiation. Primer pairs I–II, amplifying transcripts of the isoforms A

and B, generally provided a significantly higher yield than primer pair IV which detected

mXin C mRNA (fig. 3.11 B). The PCR reactions with primer pair I and II were per-

formed with only 30 cycles whereas the PCR program of primer pair IV contained 36

cycles (fig. 3.11 C). Accordingly, PCR reactions of the control primer pair HPRT were

performed with the respective cycle number enabling quantitation. Therefore, it can be

concluded that mXin A and mXin B transcription levels are significantly higher than

that of mXin C. The course of transcription levels depended on the primer pair used and

the PCR method chosen. In simplex PCR reactions using primer pair I which amplified

mRNA’s of mXin A and B, the highest ratio between Xin and HPRT could be detected

at day 2 of differentiation, afterwards dropping down to about 25 % of the peak value at

day 9 (fig. 3.11 D) indicating that the amount of both mRNA species is reduced after the

early phase of differentiation (cf. section 3.1). The duplex PCR reaction of primer pair

I displayed some differences compared to the simplex PCR. After the induction of differ-

entiation, the transcription level strongly increased at day 1 and remained on high level

reaching the peak value at day 5. In the late phase of differentiation, the mRNA amount

immediately decreased by about 50 % and did not alter until day 9 (fig. 3.11 E). The

mRNA quantitation of mXin A alone using primer pair II revealed a constant decrease

from the beginning of differentiation in the simplex assay (fig. 3.11 D). This is completely

different from duplex PCR’s which showed an increase of mXin A transcription level at

day one without prominent changes until day 7. Only in the late phase of differentiation

the transcription was reduced below the initial level (fig. 3.11 E). mXin A mRNA was

also detected with primer pair III but this reaction was only performed as a simplex assay

since the PCR product of HPRT is of similar size as the mXin B product. There, mXin A

transcription exhibited the peak value at day 2 followed by a nearly constant reduction

until day 9 (fig. 3.11 D). This PCR provided the only opportunity to detect mXin B

mRNA alone which showed a different course than mXin A. The highest mXin B tran-

scription level was obtained at day 5 which was about twice as high as the initial level.

Afterwards, it decreased again in the late phase of differentiation (fig. 3.11 D). Except
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Figure 3.11: Quantitation of the transcription level of murine Xin isoforms during myofib-
rillogenesis of H-2K cells. Quantitation was performed with three independent differentiation series
showing essentially the same results. Therefore, only one experiment is depicted. A. Schematic overview
of the three Xin isoforms and the primer pairs used for semiquantitative RT-PCR. The UTR’s are in-
dicated by narrow bars and the coding regions are depicted by a broad bar. B. Results of the simplex
and duplex RT-PCR’s. Lane numbering corresponds to the day of differentiation at which the template
RNA for cDNA synthesis was isolated. The mRNA of hypoxanthine phosphoribosyltransferase 1 (HPRT)
serves as a reference. Migration distances of PCR products are shown in base pairs (bp). C. Tabular
overview of the PCR primer pairs, expected product size, number of PCR cycles, detected isoform and
the respective colours used in D and E. D+E. Changes in the transcription level of murine Xin isoforms
in relation to HPRT obtained with either simplex (D) or duplex (E) PCR reactions. The highest ratio
between the Xin product and HPRT of each primer pair was set to 1.0.
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from the initial transcription level, simplex and duplex PCR reactions of primer pair IV

detecting mRNA of mXin C revealed a related development. Both approaches showed

a very high or even highest transcription level at day 5 and subsequently a prominent

reduction until day 9. The only difference lay in the high initial ratio between mXin C

and HPRT in simplex PCR reaction (fig. 3.11 D and E).

In summary, the results vary between the two PCR methods used. However, there

are some consistencies enabling some general statements. Murine Xin is transcribed very

early in or even before myogenic differentiation. All mXin isoforms seem to reach their

maximum transcription level in the early phase around day 2 or at the beginning of

their late phase at day 5. In addition, the mRNA level of all isoforms decreases until

day 9 leading to the conclusion that transcription is downregulated upon progression of

differentiation perhaps after the first contraction events which occur around day 5. A

comparison of mXin A and B indicates that there are presumably only slight variations

between both isoforms. In general, these isoforms exhibit a higher transcription level than

mXin C, as an increased number of cycles in the PCR program of primer pair IV was

necessary to detect suitable amounts for quantitation.

3.2.2 Protein Expression of Murine Xin During Myofibrilloge-

nesis of H-2Kb-tsA58 Cells

The analysis of the transcription level of murine Xin isoforms during myofibrillogenesis

of H-2K cells revealed that mXin mRNA of all isoforms can be detected very early but

transcription is probably downregulated in the late stages of differentiation (cf. section

3.2.1). In order to find out how the course of transcription affects protein expression,

total protein extracts of H-2K cells of different developmental stages were quantitatively

analyzed for mXin protein expression using the infrared laser scanner Odyssey (cf. section

2.8.1.1). mXin was detected with the α-XR1B antibody which was raised against the

repeat region of human Xin and exhibits cross-reactivity with murine Xin A and Xin B

(Eulitz, 2005). The protein expression was quantified in relation to tyrosynated α-tubulin

and the highest ratio was set to 1.0 (cf. section 3.1.2). I produced a new polyclonal

antibody against mXin C (α-mXin C) recognizing the isoforms A and C which was also

tested on H-2K cell extracts after purification of the antibody (cf. section 2.8.2.1). The

protein amount of these samples was also standardized in relation to tyrosynated α-

tubulin.

Directly before induction of myogenic differentiation, the expression level of mXin A
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Figure 3.12: Protein expression of murine Xin during myofibrillogenesis of H-2K cells. A.
Blot of protein extracts of a differentiation series of H-2K cells. mXin A and mXin B are decorated by
the α-XR1B antibody and visualized using the Odyssey laser scanner system. Tyrosynated α-tubulin
serves as a loading control. B. Quantitation of mXin A and mXin B expression. The highest ratio of
mXin and α-tubulin expression is set to 1.0. Both isoforms display the highest expression at day eight.
C. Test of the purified polyclonal α-mXin C antibody on protein extracts of a differentiation series of
H-2K cells. The antibody clearly detects mXin A at ≈ 250 kDa but mXin C cannot be assigned to a
protein band beyond doubt. Migration distances are shown in kDa.
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and B was nearly below the detection limit (fig. 3.12 A). Two faint bands could be

detected which migrated at 250 kDa and 130 kDa corresponding to mXin A and B,

respectively. The intensity of both bands increased slightly at day 1 so that mXin A and

B were still weakly expressed but clearly detectable. Between day 1 and day 2, the protein

expression of both isoforms raised most prominently (fig. 3.12 B). The highest expression

level was reached in the late phase at day 8 showing a general trend to increase during

differentiation. Afterwards, the expression dropped down again to half of the highest ratio.

In comparison to the course of transcription level of mXin A and B mRNA, the changes in

protein amount differed a little. While the amount of mXin A and B transcripts showed

already quite a high level before starting the differentiation process (cf. section 3.2.1),

the protein remained nearly undetectable (fig. 3.12 A). These low protein levels derived

from spontaneously differentiating cells which could be occasionally identified directly

before induction of differentiation. During the early phase of differentiation, both the

mRNA and the protein level increased (fig. 3.12 B). However, upon further progression,

only the protein level showed a constant increase, whereas mXin A and B transcription

exhibited no homogenous trend because of deviating results from simplex and duplex

PCR’s. Nevertheless, the protein expression also exhibited a decrease in the late phase

of differentiation similar to the reduction of mXin transcription although reduction in

transcription started earlier at day 5. This reduction could not be attributed to the loss

of contracting cells for the expression level of Xin was very low at this stage (cf. section

3.2.3) thus more likely indicating downregulation. The faint bands between 130 kDa

and 250 kDa were most prominently seen at day 9 of differentiation and most probably

reflected proteolysis. Finally, it must be stated that the protein expression level rapidly

increased directly after induction of differentiation presumably due to the high level of

mRNA already present at this stage. The decrease in protein amount at the end of

differentiation was preceded by a reduction of transcription as early as day 5.

The new polyclonal antibody raised against murine Xin C detected a prominent band

migrating around 250 kDa at day 1 which represented mXin A (fig. 3.12 C). Below

this signal, there were up to seven distinct bands which could not be identified with the

antibody α-XR1B directed against the Xin repeats. The calculated molecular weight of

mXin C approximates 54 kDa but no protein bands could be observed in the molecular

weight range below 55 kDa (data not shown). The recombinant protein expressed in E.

coli migrated between 55 kDa and 70 kDa which is presumably due to the high proline

content of 10 % (fig. 3.39 and 3.41). The smallest polypeptide identified by the α-

mXin C antibody was located in this molecular weight range and occurred at day 3.
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The intensity increased until day 7 and is again reduced at day 8. This applied to all

other polypeptides bound by the antibody thus no band revealed a distinctive regulation

during myofibrillogenesis of H-2K cells. Therefore, mXin C cannot be clearly assigned to

a protein band. In human heart, Xin C is upregulated in samples of patients suffering

from hypertrophic cardiomyopathy but absent in normal adult heart (Otten et al., 2010).

Consequently, it needs to be considered that the expression level of mXin C might be

very low and is presumably lower than that of mXin A and mXin B as supported by

the measurement of the mRNA level (cf. section 3.2.1) which could impair its detection.

Furthermore, the signals below mXin A resemble proteolytic fragments because such

proteolytic cleavage can be prominently seen upon recombinant expression of Xin isoforms

in E. coli (data not shown). However, extensive proteolysis cannot be detected with the α-

XR1B antibody thus the exact character of the numerous bands remains to be determined.

3.2.3 Xin Localization During In vitro Myofibrillogenesis of Murine

H-2Kb-tsA58 Cells

The expression level of murine Xin isoforms A and B is upregulated during myofibrillo-

genesis but seems to decrease when reaching late phases (cf. section 3.2.2). Although

Xin is an early marker of muscle development and exhibits dramatic dislocalization in

different types of myofibrillar myopathies (cf. section 1.10), the function remains to be

elusive. Therefore, the exact localization of Xin during myofibrillogenesis of H-2K cells

was defined in relation to the key components of myofibril formation α-actinin, filamin C

and nonmuscle MHC IIA.

3.2.3.1 Xin and α-Actinin

Sarcomeric α-actinin is one of the first structural components of the myofibrillar apparatus

identified at the onset of myofibrillogenesis of H-2K cells. As co-stainings of α-actinin and

Xin repeats reveal, some cells already expressed α-actinin but no Xin immediately after

the initiation of myogenic differentiation (fig. 3.13 A-C). At this early stage, α-actinin

was continously associated with actin filaments especially in the cell periphery. When

Xin expression started, α-actinin was already decorating some actin filaments in a dotted

pattern displaying spacings of around 2 µm (fig. 3.13 E, arrowheads). These filaments

were only weakly associated with Xin in contrast to peripheral cellular extensions where

the Xin signal was more intense and colocalized with α-actinin (fig. 3.13 D-E, arrows). Xin

showed only continuous decoration of actin filaments similar to α-actinin at these sites.
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Figure 3.13: Localization of Xin and α-actinin during myofibrillogenesis of H-2K cells. Confocal
LSM images of a differentiation series of H-2K cells labeled with antibodies against Xin-Repeats and
sarcomeric α-actinin. In merge images (C, F, I, L, L’) Xin and α-actinin are tinted green and red,
respectively. A. Already differentiating cells do not necessarily express Xin, even if α-actinin can be
already detected B. D. When Xin is expressed, it targets to actin filaments in the periphery in a continous
pattern (arrows) but not directly to the tip. E. Some actin filaments already show a dense-body-like
association of α-actinin (arrowheads) and no prominent Xin localization can be detected there. G.
Xin distribution changes into a punctate pattern in the cell body and a submembranous targeting. At
peripheral cellular extensions, actin filaments displaying an intense and continuous decoration with Xin
exist (arrow). H. These actin filaments are also continously associated with α-actinin although most
actin filaments have transformed into early myofibrils indicated by the dense-body-like association of
α-actinin. J. In late stages of differentiation, Xin-containing dots and submembranous targeting are still
observed. K. The cell body contains a quite regular array of premature Z-discs. J’-L’. Magnification
revealed that the myofibrils are still not perfectly aligned and Xin shows no prominent colocalization
with α-actinin. Scale bar 10 µm.
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However, Xin was not localized to the tips of these filaments in contrast to α-actinin which

showed strong targeting there. In the course of differentiation, Xin localization changed

into an apparently randomly distributed punctual pattern in the cell body and a weak

presumably submembranous targeting at the cell periphery (fig. 3.13 G). Nevertheless,

some cellular extension sites existed where Xin strongly decorated actin filaments which

were also regularly associated with α-actinin (fig. 3.13 G-I, arrow). At this stage, α-

actinin staining mainly revealed a dense-body-like distribution along early myofibrils.

Upon further differentiation, these precursor structures of Z-discs aligned longitudinally

and fused laterally to form a regular array of sarcomere boundaries. Xin remained mainly

localized near the plasma membrane and only few Xin-containing dots were detected

in the cell body (fig. 3.13 J-L). Although Z-discs were still not perfectly aligned, Xin

exhibited no clear targeting in these regions (fig. 3.13 J’-K’).

In conclusion, it is clearly demonstrated that Xin is expressed later than sarcomeric

α-actinin but still at very early stages. Then Xin partially decorates actin filaments

predominantly in the cell periphery. This continuous association changes into a punctate

distribution in the cell body and submembranous targeting which does not alter in the

late stages of differentiation.

3.2.3.2 Xin and Filamin C

Filamin C is the first muscle-specific binding partner of Xin A and a prominent constituent

of the sarcomeric Z-disc (van der Ven et al., 2006, 2000a). While resting myoblasts only

express filamin A, the nearly ubiquitously expressed family member, an isoform switch

to filamin C expression is induced at the onset of the myogenic program. Simultaneous

tracking of filamin C and Xin expression during myofibrillogenesis of H-2K cells can

therefore provide new insights into the function of Xin and the Xin-filamin interaction.

Filamin C was identified using a polyclonal anti-filamin C antibody (tab. 2.8.2) raised

against the linker region between Ig-like domains 23 and 24 and the Ig-like domain 24

itself. However, blot analysis of recombinant fragments of all filamin family members

comprising the respective region revealed that there is a modest cross-reactivity with

isoforms A and B but with lower affinity (P. van der Ven, personal communication).

Nevertheless, during myofibrillogenesis filamin C is the predominant isoform expressed so

that the signal provided by this antibody basically reflects filamin C.

In early differentiating H-2K cells, both Xin and filamin decorated actin filaments

(fig. 3.14 A-C), especially at peripheral cellular extensions (arrow) and underneath the
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Figure 3.14: Localization of Xin and filamin C during myofibrillogenesis of H-2K cells. Confocal
LSM images of a differentiation series of H-2K cells labeled with antibodies against Xin-Repeats and
the C-terminus of filamin C. In merge images (C, F, I, I’) Xin and filamin C are tinted green and
red, respectively. A. At the beginning of differentiation Xin decorates actin filaments at peripheral
cellular extensions (arrow) and below the nucleus (open arrowhead). B. There, filamin C colocalizes wih
Xin and continuously decorates actin filaments at cellular extensions and below the nucleus. D. Xin
expression remains restricted to peripheral cellular extensions upon further differentiation and displays
a punctate pattern in the cell body. E. Filamin C is associated with actin filaments or early myofibrils
throughout the whole cell. G. In late myotubes, Xin is still associated with actin filaments which have not
developed into myofibrils yet and displays a punctate distribution in regions of sarcomeric arrangement.
Additionally, a very weak decoration of Z-discs can be detected. H. Filamin C exhibits Z-disc-like
array albeit occasionally disrupted by immature myofibrils. G’. Xin longitudinally connects immature
Z-discs (arrowhead) and continously decorates actin filaments in the periphery (arrow). H’. Filamin C
colocalizes with Xin at these actin filaments (arrow). The Z-disc signal obtained with this antibody
provides a broader band than with an antibody detecting the N-terminus. Occasionally, a gap can be
detected in between (open arrowhead) then appearing as a band doublet. Scale bar 10 µm.
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nucleus (open arrowhead) and exhibited a wide colocalization. Due to the cross-reactivity

of the filamin antibody with other filamin isoforms, the chronology of the emergence of

Xin and filamin C could not be determined, which was indicated by the staining of resting

myoblast (asterisk). Multinucleated myotubes at the intermediate stage again displayed

the apparently randomly distributed punctate pattern of Xin and a weak membranous

targeting (fig. 3.14 D). However, at the periphery of the myotube Xin was still strongly

enriched at cellular extensions. Filamin C could be also detected there but additionally

it bound continuously to actin filaments or early myofibrils throughout the whole my-

otube (fig. 3.14 E). In late stages of H-2K differentiation, filamin C localization revealed

Z-disc organization although sarcomere arrangement was still not perfect (fig. 3.14 H).

Interestingly, the antibody directed against the C-terminus provided a broader band than

those obtained with an antibody against the N-terminus (fig. 3.70 and 3.81). The band

width was about 1,3 µm and occasionally a small gap could be detected in between (open

arrowhead). Given that this gap is the center of the Z-disc, these stainings showed that

the C-terminus of filamin C is not located in the Z-disc center but distributed up to

650 nm away. Xin is not a constituent of the sarcomeric Z-disc in adult muscle although

a weak Z-disc staining could be detected (fig. 3.14 G). Probably this targeting disappears

upon further differentiation. The major localization of Xin in this phase was a continuous

decoration of actin filaments and an even association with filamin C but no Z-disc precur-

sor structures (arrows). Within the developing contractile apparatus, Xin longitudinally

connected Z-discs of premature sarcomeres (arrowhead).

These stainings reveal that Xin and filamin C colocalize on actin filaments especially

at peripheral cellular extensions at early stages of differentiation. While filamin C keeps to

be associated with actin filaments throughout the whole myotube, Xin expression remains

mainly restricted to the periphery. In later phases of differentiation, Xin longitudinally

connects Z-discs of immature sarcomeres and filamin C exhibits Z-disc arrangement. Since

the signals obtained with the antibody directed against the C-terminus of filamin C pro-

vide broader Z-discs, it is tempting to assume that the C-terminus of filamin C is pointing

away from the Z-disc center.

3.2.3.3 Xin and Nonmuscle Myosin IIA

The shift from nonmuscle myosin to muscle myosin II during sarcomere development rep-

resents the key event of the transition from premyofibrils to nascent myofibrils (cf. section

1.2.2.4). Changes in the localization and the disappearance of nonmuscle myosin II there-
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fore clearly indicate the developmental phase of differentiating cells. The predominant

nonmuscle myosin II variant in H-2K cells is isoform IIA. Nonmuscle myosin IIB, char-

acteristic for embryonic cardiomyocytes, could not be detected in H-2K cells neither in

protein extracts on blots nor in fixed cells using immunofluorescent labeling. Due to a

lack of a suitable antibody, the third nonmuscle isoform IIC was not investigated. Protein

expression analysis in total extracts of a differentiation series of H-2K cells has confirmed

downregulation of nonmuscle myosin IIA especially during the intermediate phase (cf.

section 3.1.2). In order to reveal a potential function of Xin during the muscle myosin

II incorporation, differentiating H-2K cells were stained with antibodies detecting Xin A

and B and nonmuscle myosin heavy chain (MHC) IIA (tab. 2.8.2).

Figure 3.15: Localization of Xin and nonmuscle myosin IIA during myofibrillogenesis of H-
2K cells. Confocal LSM images of a differentiation series of H-2K cells labeled with antibodies against
Xin-Repeats and the heavy chain of nonmuscle myosin IIA. In merge images (C, F, I) Xin and nonmuscle
myosin IIA are tinted green and red, respectively. A. Xin cannot be detected in non-differentiating
myoblasts (asterisk) but decorates actin filaments spanning the whole cell (arrowhead) and peripheral
cellular extensions (arrow). B. Nonmuscle myosin IIA is expressed in non-differentiating myoblasts
(asterisk) and occasionally exhibits a banded pattern (open arrowhead). It can also be identified along the
actin filaments decorated by Xin (arrowhead) and filopodia-like extensions (arrow). D. In early myotubes,
Xin-containing extensions still exist (arrow) but the localization has changed into an apparently random
punctate distribution. E. Nonmuscle myosin is still associated with cellular extensions albeit weakly
(arrow). Early myotubes contain premyofibrils throughout the whole cell indicated by the periodical
pattern of nonmuscle myosin IIA. G. In contractile myotubes, Xin still appears to be randomly distributed
as dots or short filamentous structures. H. Nonmuscle myosin IIA expression is dramatically reduced and
it has nearly disappeared from the emerging sarcomeres indicating the incorporation of muscle myosin II.
Cells still expressing nonmuscle MHC IIA represent non-differentiated cells. MHC, myosin heavy chain.
Scale bar 10 µm.

Proliferating H-2K myoblasts contained significant amounts of nonmuscle myosin IIA
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which displayed prominent association with stress fibres (fig. 3.15 B, asterisk). The

periodic incorporation resulted in a banded pattern (fig. 3.15 B, open arrowhead). After

induction of myogenic differentiation, Xin expression rised and bound predominantly to

actin filaments in the periphery which appeared to form peripheral cellular protrusions

(fig. 3.15 A, arrow). These filaments were also labeled with nonmuscle myosin IIA

(fig. 3.15 B, arrow) but in contrast to Xin its localization was not restricted to these

filaments as cortical actin also contained nonmuscle myosin IIA. Some of the actin bundles

spanned the whole cell and exhibited association with both Xin and nonmuscle myosin

IIA (fig. 3.15 A+B, arrowhead). Upon further differentiation, Xin localization changed

and Xin-decorated actin filaments spanning the entire early myotube could no longer be

detected (fig 3.15 D). On the contrary, except from peripheral cellular extensions (arrow),

Xin exhibited an apparently random punctate distribution. At this stage, nonmuscle

myosin IIA was still prominently expressed and revealed a more or less ordered periodical

pattern in regions of the myotube where Xin showed its punctate pattern (fig. 3.15 E).

Xin-containing cellular extensions still contained low amounts of nonmuscle myosin IIA

(arrow). In contractile myotubes, nonmuscle myosin IIA expression was dramatically

reduced indicating the incorporation of muscle myosin II (fig. 3.15 H). The distribution

of Xin had not changed apparently at this stage since there were still Xin-containing dots

and short filamentous structures (fig. 3.15 G). However, the number of these structures

seemed to be increased.

Labeling of nonmuscle myosin IIA in differentiating H-2K cells clearly demonstrates

changes in the cytoskeleton during sarcomere development. While stress fibres are also

prominently associated with nonmuscle myosin IIA in non-differentiating myoblasts, upon

further progression of myofibrillogenesis its localization changes into a periodical pattern

in multinucleated myotubes of intermediate stage until its expression is downregulated

when muscle myosin II is incorporated into premyofibrils and the myotube gain its con-

tractility. Nonmuscle myosin IIA and Xin colocalize on actin filaments in the early phase

of differentiation. Xin localization is altered into an apparently random punctate pattern

when nonmuscle myosin IIA-containing premyofibrils have formed throughout the early

myotube. After the incorporation of muscle myosin II, Xin is still detectable whereas

nonmuscle myosin IIA has nearly disappeared. Thus, Xin function is still needed when

nascent myofibrils have formed and nonmuscle myosin IIA is no longer expressed.



Results 107

3.2.3.4 Xin and β-Catenin

The armadillo repeat protein β-catenin is an important regulator of embryogenesis in-

cluding muscle development and a component of cadherin-based cellular junctions (cf.

sections 1.2.1 and 1.9.1.1). Additionally, it has been shown to be a novel interaction

partner of Xin-Repeat-containing Xin isoforms A and B (cf. section 1.10). The function

of this novel interaction still remains to be determined but it has been speculated that

Xin links the adherens junction complex in ICD’s of the heart to the actin cytoskeleton

(Choi et al., 2007). In order to unravel a potential function of this interaction during

myofibrillogenesis of H-2K cells, differentiating cells were stained with antibodies against

Xin and β-catenin (see tab. 2.8.2).

In non-differentiating H-2K cells, β-catenin was expressed and mainly localized in the

cytoplasm (fig. 3.16 B). A weak accumulation could be detected at cell-cell contacts

(arrowhead) and occasionally at the membrane (open arrowhead). The cellular distri-

bution did not change upon induction of differentiation since membranous staining and

cytoplasmic localization remained unaffected (fig. 3.16 E). Typical sites of Xin targeting,

as peripheral cellular extensions, were not prominently labeled with β-catenin (fig. 3.16

D-F, arrow). While β-catenin was highly enriched at cellular junctions (arrowhead and

open arrowhead), Xin did not clearly colocalize there (arrowhead) or exhibited a submem-

branous localization with only a narrow overlap (open arrowhead), if at all. Elongating

multinucleated myotubes of intermediate stage did not show any alterations in β-catenin

distribution compared to the non-differentiated stage although these myotubes contained

regions of different developmental stages (fig. 3.16 G-I). Neither in regions presumably

harbouring pre- and nascent myofibrils indicated by the punctate localization of Xin nor

in earlier stages marked by strong Xin decoration of actin filaments (arrow) β-catenin

revealed any deviation of its cytoplasmic and junctional distribution (arrowhead) and no

colocalization with Xin (arrow). Contractile myotubes yielded the same results (data not

shown). Thus, β-catenin localization remains mainly unaffected by myogenic differenti-

ation of H-2K cells and displays no prominent colocalization with Xin. Therefore, the

function of this interaction during myofibrillogenesis is still elusive.

3.2.3.5 Xin Isoforms

Antibodies raised against Xin repeats can only detect the isoforms A and B. A new

polyclonal antibody directed against murine Xin C (α-mXin C) offers the opportunity to

discover similarities and differences between Xin isoforms during differentiation of H-2K
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Figure 3.16: Localization of Xin and β-catenin during myofibrillogenesis of H-2K cells. Con-
focal LSM images of a differentiation series of H-2K cells labeled with antibodies against Xin-Repeats
and β-catenin. In merge images (C, F, I) Xin and β-catenin are tinted green and red, respectively. A.
Xin cannot be detected in non-differentiating myoblasts. B. β-Catenin is mainly localized in the cy-
toplasm and occasinally shows enrichment at cell-cell contacts (arrowhead) or at the membrane (open
arrowhead). D. Upon induction of differentiation Xin expression is upregulated and targets to peripheral
cellular extensions (arrow). At cellular junctions, Xin does not exhibit strong targeting (arrowhead) or
only submembranous localization (open arrowhead). E. Differentiation does not alter β-catenin local-
ization, i.e. it is still enriched at cell-cell contacts (arrowhead). Peripheral cellular extensions are not
prominently decorated (arrow). Direct colocalization with Xin cannot be observed at sites of submem-
branous Xin targeting (open arrowhead). G. Elongating multinucleated myotubes of intermediate stage
comprise areas of premyofibril or nascent myofibril state indicated by punctate distribution of Xin and
regions of earlier differentiation state since Xin continuously decorates actin filaments (arrow). There is
no prominent labeling of cell-cell contacts (arrowhead). H. Prominent targeting of β-catenin to cell-cell
contacts (arrowhead) but no association with actin filaments (arrow). Scale bar 10 µm.
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cells. In total protein extracts of H-2K cells, this antibody reliably decorates Xin A but a

clear detection of Xin C failed (cf. section 3.2.2). In order to reduce background signals

and increase the concentration, the α-mXin C antibody was purified prior to utilization

in immunofluorescent labeling (cf. section 2.8.2.1).

Figure 3.17: Localization of Xin isoforms during myofibrillogenesis of H-2K cells. Confocal
LSM images of a differentiation series of H-2K cells labeled with antibodies against Xin-Repeats and Xin
C-terminus (α-mXin C). In merge images (C, F) Xin-Repeats and the C-terminus of Xin are tinted green
and red, respectively. A-C. Both antibodies provide the localization known for Xin in early differentiating
myoblast. Xin decorates peripheral cellular extensions (arrow) and is associated with actin filaments in
the cell body (arrowhead). In this cell, a dotted-like distribution of Xin is already quite prominent. D-F.
At the intermediate stage, punctate distribution of Xin dominates throughout the whole myotube. In
the periphery there are still filopodia-like extensions labeled with Xin. Scale bar 10 µm.

In early differentiating H-2K cells, both antibodies could not detect any difference

between the onset of expression of Xin isoforms (fig. 3.17 A-C). On the contrary, there

was an almost complete overlap of both signals because peripheral cellular extensions

(arrow) and actin filaments in the cell body (arrowhead) were decorated by both anti-

bodies. In addition to that localization known, the punctate distribution, typical of later

stages of differentiation, was quite pronounced. Myotubes of intermediate stage exhibited

the localization pattern characteristic for Xin (fig. 3.17 D-F). Both the antibody against

the repeats and α-mXin C provided an identical signal revealing the apparently random

punctate distribution and the association with cellular extensions in the periphery. When

the myotubes acquired their contractility, deviations in the structures labeled with both

antibodies could not be revealed (data not shown). Thus, all isoforms expressed, i.e. pre-

dominantly Xin A and Xin B (cf. sections 3.2.1 and 3.2.2), display an identical localization

pattern.
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3.3 Xin is a Novel Ligand of the SH3 Domain of Neb-

ulin and Nebulette

All three human Xin isoforms contain a high frequency of the amino acid proline, which is

highest in Xin C (11,22 %) and only slightly less in Xin A (10,36 %) and Xin B (9,03 %).

Hence, proline is among the most abundant amino acids building these proteins and Xin

is referred to as proline-rich. The prolines are arranged into clusters including putative

binding motifs of ena/VASP homology 1 (EVH1) or src homology 3 (SH3) domains (fig.

3.18 A). Some of these putative binding interfaces have already been shown to be func-

tional in vitro, such as the N-terminal EVH1 domain-binding sequence (van der Ven et al.,

2006) and the cortactin SH3 interaction motif predicted (Sparks et al., 1996; Eulitz, 2005).

Figure 3.18: Nebulin fragments in-
teracting with Xin PR3+4 iden-
tified in a yeast two-hybrid
screen. A. Schematic overview of
the isoforms of human Xin and the
bait (Xin PR3+4) used in a yeast two-
hybrid screen. B. Structural motifs of
nebulin are depicted in the sketch at
the top. Positive clones obtained in
the screen comprise different portions
of the C-terminus of nebulin. The
minimal consensus is indicated by a
grey background encased by a broken
line.

In order to unveil new interacting proteins, a yeast two-hybrid screen (cf. section

2.9.1) was performed using a human Xin fragment as a bait comprising the centrally

located proline-rich regions 3 and 4 (denoted by Xin PR3+4, see fig. 3.18 A) and a

skeletal muscle cDNA library (cf. section 2.6.1) as a prey. This assay resulted in ten

clones positive for activating the HIS3 and lacZ reporter gene (cf. sections 2.9.1.2 and
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2.9.1.3) containing a C-terminal portion of the huge cross-striated muscle-specific protein

nebulin (cf. section 1.5.3). All sequences obtained include the C-terminal SH3 domain

and at least a small part of the serine-rich domain (fig. 3.18). These findings were

verified in independent forced yeast two-hybrid studies where no construct exhibited any

autoactivation of reporter genes (cf. sections 2.9.1.2 and 2.9.1.3). Thus, these results

confirm the interaction of Xin with the C-terminus of nebulin comprising the SH3 domain

and a part of the serine-rich linker sequence.

3.3.1 Xin A and C Interact with Nebulin

The bait fragment Xin PR3+4 used in the yeast two-hybrid experiment, which identified

nebulin as a novel ligand of Xin, contains sequences specific for the largest human Xin

isoform Xin A and the first N-terminal 99 amino acids of Xin C. In order to locate

the responsible binding region, a further yeast two-hybrid study (cf. section 2.9.1) was

performed using Xin C as an additional bait.

Figure 3.19: Mapping
of the nebulin inter-
action sotif in human
Xin. Results obtained
in a yeast-two hybrid as-
say testing Xin PR3+4
and Xin C for binding to
nebulin. Images marked
as 1 depict growth on
−LWH selective medium.
Positive growth is indi-
cated by newly formed
deep red colonies. Activ-
ity of the β-galactosidase
is displayed by blue-
coloured colonies in im-
ages marked as 2. Both
bait fragments clearly in-
teract with nebulin iden-
tifying the N-terminus of
Xin C as interaction site.

This assay showed that Xin C can also interact with nebulin thus pointing to the N-

terminus of Xin C as the binding interface. The amino acid sequence of Xin C starts with

33 residues containing many putative SH3 domain binding consensus motifs encompassing

a PXXP sequence, where X denotes any amino acid. A motif consisting of the amino

acids 6 to 16 of murine Xin C (KPPVPPKPAHL; cf. section 3.2.1) has been predicted
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to bind the SH3 domain of the actin associated protein cortactin according to the results

of a comparative analysis of the ligand preferences of different SH3 domains (Sparks

et al., 1996). Yeast two-hybrid and biochemical experiments could confirm the binding

properties of this region in the human protein in vitro (Eulitz, 2005). The fact that on

the one hand the minimal Xin-binding sequence in nebulin, apart from a fragment of

the serine-rich linker domain, comprises the complete SH3 domain (fig. 3.18 B) and on

the other hand the binding region in Xin includes many potential and already proven

polyproline interaction motifs allowed the conclusion that the interaction of nebulin to

the N-terminal portion of Xin C is very likely mediated by the SH3 domain.

3.3.2 Human Xin also Binds to Nebulette

The members of the nebulin-repeat protein family, nebulin and nebulette (cf. sections

1.5.3 and 1.5.4), share a highly conserved C-terminal SH3 domain possessing nearly 90 %

homology of the amino acid sequence. This domain inserts into the Z-disc and has been

already described as a binding partner of prominent components of the sarcomeric Z-disc

such as α-actinin, titin or CapZ (Nave et al., 1990; Moncman und Wang, 1999; Witt

et al., 2006). In this work, the human protein Xin has been identified as a novel ligand

of the C-terminus of nebulin (cf. section 3.3.1). Nebulin is predominantly expressed in

skeletal muscle, whereas in cardiac muscle nebulette is the predominant member of the

nebulin-repeat protein family (fig. 3.20 A). Xin can also be identified in both muscle

types, which raises the possibility that Xin alson interacts with nebulette, because the

SH3 domain very likely mediates the association (cf. section 3.3.1). This assumption is

further supported by the low degree of homology of the serine-rich linker, which amounts

to only 36 %.

Therefore, a yeast two-hybrid study was carried out using Xin PR3+4 and Xin C as a

bait and a nebulette fragment containing the SH3 domain and a number of residues of the

serine-rich domain comparable to the clone comprising the minimal Xin-binding sequence

(denoted by NET SH3+L). All fragments were tested negatively for autoactivation of both

reporter systems (cf. section 2.9.1). This assay clearly demonstrates that Xin additionally

interacts with the heart muscle-specific nebulin-related protein nebulette because the HIS3

as well as the lacZ reporter gene are activated (fig. 3.20 B), which is depicted by the

growth on −LWH medium and the blue-coloured colonies in the β-galactosidase activation

assay, respectively. This result further substantiates the notion that the SH3 domain is

the binding interface due to the higher degree of conservation among the nebulin-repeat
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Figure 3.20: Human
Xin binds to neb-
ulette. A. Schematic
overview of the domain
organization of neb-
ulette. B. Result of a
yeast two-hybrid exper-
iment using fragments
of human Xin (PR3+4,
C) as a bait and the
nebulette SH3 domain
with a linker sequence
(NET SH3+L) as a
prey. The activation
of the HIS3 reporter
gene is depicted in the
pictures denoted by 1.
Additional activation
of the lacZ reporter
gene is delineated in
the images numbered 2.
Both bait fragments can
interact with nebulette.
Therefore, nebulin and
nebulette share the same
interaction site on Xin,
the N-terminus of Xin C.
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protein family members compared to the linker sequence.

3.3.3 Biochemical Verification of the Nebulin/Nebulette-Xin In-

teraction

Figure 3.21: Co-Immunoprecipitation of Xin and Nebulin and Nebulette. The protein compo-
sition of an assay is depicted above the particular lane. Fragments of nebulin (A, B) or nebulette (C, D)
were precipitated with a monoclonal T7-tag antibody (see tab. 2.8.2). Addition of antibody is indicated
by a + below each lane. The antibody used for probing the membrane is noted at the bottom of the
respective blot. The protein detected is marked by an arrow and a sketch below delineates the fragment.
Blots probed with α-T7 antibody show the successful immunoprecipitation of the respective nebulin and
nebulette fragment whereas the other blots display the co-precipitated Xin. Migration distances are
shown in kDa. A. Co-immunoprecipitation of nebulin and Xin C. B. Co-immunoprecipitation of nebulin
and Xin PR4. C. Co-immunoprecipitation of nebulette and Xin C. D. Co-immunoprecipitation of neb-
ulette and Xin PR4. Xin C as well as Xin PR4 are always co-precipitated with all nebulin and nebulette
fragments used.

Yeast two-hybrid experiments identified nebulin and nebulette as interaction partners

of human Xin (fig. 3.18 B and cf. section 3.3.2). The responsible binding region of

Xin was mapped to the N-terminus of Xin C, which comprises a cluster of putative SH3

domain interaction motifs. In order to confirm this interaction with biochemical methods,

recombinantly expressed fragments of nebulin and nebulette as well as Xin were purified

and tested for binding in a co-immunoprecipitation assay (cf. sections 2.7.4.1 and 2.9.2).

The nebulin and nebulette fragments were cloned into a pET28a plasmid to express them
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as fusion proteins with a N-terminal hexa-histidine tag for purification and a proximate

T7-tag for immunodetection and precipitation. Both recombinant proteins do not have

any amino acid added to the C-terminus due to a stop codon directly behind the SH3

domain, since any C-terminal addition disrupts interactions (personal observation). Two

Xin fragments were investigated on binding, the complete isoform Xin C and the first N-

terminal 99 amino acids of Xin C, designated as Xin PR4. Xin C could be detected using

an anti-c-myc antibody, because it is encoded by the pET23aMyc vector, which provides a

fusion protein containing a N-terminal c-myc-tag and a C-terminal hexa-histidine tag. Xin

PR4 does not comprise any N-terminal tag, since it is expressed in the vector pET23aEEF

conferring a C-terminal hexa-histidine and EEF-tag.

All proteins were tested for unspecific precipitation but none of them revealed any

stickyness to the protein G-coated magnetic beads or cross-reactivity with the tag-antibodies

used (fig. 3.21, every blot lanes 2 and 3). The precipitation of the nebulin and nebulette

fragments was successful, delineated by the prominent band in lane 1 of the blots probed

with the anti-T7 antibody (see fig. 3.21, right panel). In every case, the corresponding

lane of the CoIP blot shows a clear band at the molecular weight of the Xin protein (fig.

3.21, left panel) indicating the interaction of both proteins. Thus, these assays point to

the SH3 domain of nebulin and nebulette as a direct binding partner of human Xin.

3.3.4 Identification of the Nebulin/Nebulette SH3 Domain Bind-

ing Sequence in Human Xin

The interaction of nebulin and nebulette to Xin is very likely mediated by their C-terminal

SH3 domain (fig. 3.18 and section 3.3.2). SH3 domains represent a common module of

protein interactions generally recognizing polyproline ligands. The interaction is medi-

ated by a large hydrophobic patch flanked by the so-called RT and n-Src loops of the

SH3 domain. This interface binds ligands, which adopt a polyproline II helical conforma-

tion comprising the minimal consensus motif PXXP. In principle, ligands can bind the

hydrophobic pocket in either orientation but directionality is conferred by the interaction

of positively charged amino acids with the RT-loop of the SH3 domain. Therefore, lig-

ands binding with their N-terminus to the RT-loop contain the peptide motif +XXPXXP

(+ denotes a positively charged amino acid) and are classified as type I. Class II pep-

tides have the consensus sequence PXXPX+ and are bound with their C-terminus to the

RT-loop. The three-dimensional structure of the nebulin SH3 domain has already been

resolved and the analysis of its ligand preferences revealed selective interactions of class II
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peptides (Politou et al., 1998, 2002). The designated binding region in human Xin com-

prises many potential interaction motifs among others the functional cortactin binding

motif.

Figure 3.22: Peptide scan for identification of the nebulin/nebulette SH3 domain binding
sequence. A. 15-mer peptides covering the complete sequence of the Xin fragment PR3+4 added N-
terminally with 24 residues were coupled with a β-alanine spacer to a membrane. The sequence of
consecutive peptides was shifted with three amino acids C-terminally. The membrane was probed with
the nebulette SH3 domain N-terminally tagged with GST (GST-NET-SH3). The antibody against GST
detected specific binding at spots 80 and 81, which determines the binding motif (red frame). B. In
order to elucidate the essential residues and thus the binding mode the peptide sequence identified was
mutated and the binding properties analyzed by overlaying GST-NET-SH3. All residues whose mutation
severely affects the binding capacity are delineated at the bottom. Essential amino acids are highlighted
by a red background. The motif comprises an essential lysine (K ) residue at the C-terminus pointing out
Xin as a class II ligand (Politou et al., 2002).

In order to identify the relevant residues in human Xin, Prisca Boisguerin of the

Department of Medical Immunology at the Charité in Berlin, Germany, performed peptide

scans using a nebulette SH3 domain-GST fusion protein (GST-NET-SH3) as interaction

partner of the peptides spotted (cf. section 2.9.4). The scan covered the complete amino

acid sequence of the bait fragment Xin PR3+4 used in the initial yeast two-hybrid screen

(cf. section 3.3) plus 24 amino acids at the N-terminus. The peptides were spotted

as 15-mer and the consecutive peptide sequence was shifted with three amino acids C-

terminally. All peptides were coupled with a β-alanine spacer to the membrane. The

antibody against the GST-tag prominently detected two spots 67 and 81. The former one

represents unspecific binding in the control experiment of the GST alone, i.e. without

fusion to the nebulette SH3 domain (data not shown). Spot number 81 and to a lower

extend spot 80 displayed the signal the most intense obtained with GST-NET-SH3 as

overlaid protein. Both peptides share the sequence SHPPQRLPKPLP thus this 12-mer

delineates the minimal binding motif in human Xin of the nebulette–Xin interaction. As
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depicted above, SH3 domains interact with ligands containing a minimal consensus motif

PXXP, but surprisingly the peptide sequence obtained does not follow this rule because

the prolines included are separated by one or three residues. Hence, it is difficult to discern

the essential amino acids, which is necessary to identify the binding mode. This question

was adressed by synthesizing peptides mutated at one position and analyzing the binding

properties of the resulting peptide. This assay reveals that essential residues are located

at positions four (P), six (R), eight (P), nine (K ) and ten (P) (see fig. 3.22 A). The fact

that mutation of the lysine at position ten completely abolishes the interaction strongly

supports the conclusion that the Xin peptide belongs to class II, because it is located C-

terminally from most of the other indispensable residues confirming the prediction of the

binding preferences. Accordingly, the prolines defining the SH3 domain binding motif are

separated by three amino acids, QRL, demonstrating that slight changes from the overall

consensus motif are tolerable provided that certain essential positions remain completely

preserved. Due to the high homology of the SH3 domains of nebulin and nebulette, one

can conclude that the results obtained with the nebulette SH3 domain can be applied

to nebulin as well. Consequently, Xin A and C bind to the SH3 domain of nebulin and

nebulette in a class II-specific manner.

3.3.5 Xin and Nebulin Localization During Myofibrillogenesis

of H-2K Cells

The giant protein nebulin represents one of the four filament systems in adult skeletal

muscle (cf. section 1.5.3). In this work, human Xin is established as a novel ligand of

the nebulin SH3 domain (cf. previous sections). The expression of both proteins is re-

stricted to cross-striated musculature, which suggests an important role of this interaction

predominantly in skeletal muscle because the expression of nebulin in cardiac muscle is

apparently very low (Kazmierski et al., 2003; McElhinny et al., 2003). While nebulin is

an indispensable ruler of sarcomere architecture during development and in adulthood,

Xin is highly expressed during myogenesis. However, it is not a constitutent of the adult

contractile apparatus but resides in the MTJ. Therefore, it seems to be likely that the

interaction of both proteins takes place during development rather than in the adult state.

To study developmental processes during myofibrillogenesis, the differentiation of H-2K

cells offers a reliable tool (cf. section 3.1). Thus, cells were differentiated until they had

shown contraction and then fixed and stained at different stages. Nebulin was detected

with a polyclonal antibody recognizing the nebulin modules M176-M181 located in the
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Z-disc region. Two isoforms of human Xin, A and C, are binding partners of nebulin and

both exist also in mice (cf. section 3.2.1), but only Xin A can be detected doubtlessly on

protein level during differentiation of H-2K cells (cf. section 3.2.2), whereas Xin C only

seems to be upregulated at pathogenic states in the heart (Otten et al., 2010). At this

time, no Xin A-specific antibody was available, so an antibody was used raised against

the repeat region therefore detecting Xin A as well as Xin B. All cells were analyzed with

a confocal LSM and subsequently processed for scanning electron microscopy.

Directly after the onset of myogenic differentiation Xin as well as nebulin Z-disc epi-

topes were expressed (fig. 3.23 A-C). Even in this early phase Xin was more widely

distributed throughout the cell and nebulin has only started to appear in the perinuclear

region. Xin apparently preceded nebulin occurence and both showed a similar non-regular

punctate placement. In the course of early development Xin accumulated in cellular ex-

tensions in the periphery, which emerged upon stretching of the mononucleated cell, and

at submembranous sites (fig 3.23 D). Nebulin was completely absent from these struc-

tures and its signal intensified in the perinuclear space displaying a continuous decoration

of presumably actin stress fibres due to the ability of nebulin repeats to bind F-actin

(fig. 3.23 E). Xin also continuously associated with actin filaments but it only partly

colocalized with nebulin (fig. 3.23 D-F, arrowhead). Some actin filaments exhibited an

association mainly with Xin (open arrowhead), whereas others revealed a partially over-

lapping Xin and nebulin signal (arrowhead). At the filament portion directed to the cell

periphery only Xin could be detected (arrow) but around the nucleus nebulin was pre-

dominantly associated with these filaments. Furthermore, Xin appeared to decorate the

actin filaments in advance of nebulin and nebulin spread out from the perinuclear space.

The peripheral cellular extensions contained notable amounts of Xin (fig. 3.23 G, G’) and

nebulin was only weakly expressed and diffusely located , if present at all (fig. 3.23 H, H’).

The cytoskeleton of this cell displayed two different appearances in the scanning electron

micrograph (fig. 3.23 J). In the cell periphery, where Xin was enriched, the cytoskeleton

was organized as a branched network (fig. 3.23 K). The cellular interior harboured thick

fibres arranged in parallel spanning the cell (fig. 3.23 L). Some of these fibres probably

represented actin stress fibre bundles, which explains their larger diameter. Since they

were only detected in a large area around the nucleus, the site of the first expression of

nebulin, these are presumably those actin filaments, which were firstly associated with

nebulin.

Upon progression of myogenic differentiation, nebulin expression increased and re-

vealed binding to actin filaments spanning the entire cell (fig. 3.24 A). Within the my-
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Figure 3.23: Localization of Xin and nebulin in early phases of myofibrillogenesis of H-2K
cells. A-I’. Confocal LSM images of H-2K cells at early stage of myofibrillogenesis labeled with antibodies
against Xin-Repeats and nebulin repeat modules M176-M181 located near the Z-disc. In merge images
(C, F, I, I’) Xin and nebulin are tinted green and red, respectively. A. Xin is more widely distributed in
an unordered punctate pattern. B. Nebulin localization is restricted to the perinuclear region. D. Xin
accumulates in peripheral cellular extensions and submembranous sites. Inset: Xin is associated with
actin filaments. E. Nebulin enriches at actin filaments in the perinuclear region. F. No colocalization
of Xin and nebulin at peripheral cellular extensions and submembranous sites. Inset: Xin and nebulin
only partially colocalize at actin filaments (arrowhead). Xin always associates with the filament portion
directed to the periphery (arrow) whereas nebulin labeling dominates around the nucleus. At some
filaments nebulin is nearly absent (open arrowhead). G+G’. Strong Xin decoration of filopodia-like
extensions. H+H’. Nebulin exhibits a weak and diffuse distribution at peripheral cellular extensions. J-
L. Scanning electron micrographs of the cell depicted in G-I. J. The cell contains two different cytoskeletal
manifestations. K. The peripheral cytoskeleton appears as a branched network. L. Around the nucleus
and in the cell body, the cytoskeleton contains thick bundles. Scale bar 10 µm (A-I’), 5 µm (J) and 2 µm
(K,L).
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Figure 3.24: Localization of Xin and nebulin in myotubes of intermediate stage of differen-
tiation. A-G. Confocal LSM images of H-2K cells at intermediate stage of myofibrillogenesis labeled
with antibodies against Xin-Repeats and nebulin repeat modules M176-M181 located near the Z-disc.
In merge images (A, D, G) Xin and nebulin are tinted green and red, respectively. A. Multinucleated
myotubes contain nebulin-associated early myofibrils pervading the entire cell. Xin is enriched in the
membranous region. B-D. Xin weakly labels early myofibrils already decorated with nebulin in a punc-
tate pattern. E-G. Myotubes of intermediate stage still contain actin filaments with a continuous Xin
association accompanied by weak decoration of nebulin. Further differentiation of future myofibrils leads
to a decrease of Xin association. H-J. Scanning electron micrographs of the cells depicted in A. The
cytoskeleton mainly comprises large fibre bundles and branched networks are hard to detect. Scale bar
10 µm (A-G), 20 µm (H), 2 µm (I) and 1 µm (J).
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otube only low amounts of nebulin targeted to submembranous sites, whereas Xin enriched

there. In contrast, myofibrils already displaying a high level of nebulin expression and

a rudimentary punctate pattern exhibited only a minor Xin associtaion (fig. 3.24 B-D).

At these sites, Xin was no longer continously decorating actin filaments but revealed a

dot-like arrangement. These structures presumably represent Z-bodies because Z-disc

epitopes of nebulin were strongly expressed. Multinucleated myotubes of this degree of

differentiation still included actin filaments with low nebulin association and a continu-

ous Xin signal, the latter constantly decreasing upon nebulin targeting (fig. 3.24 E-G).

The cytoskeleton at nebulin-rich sites already revealed large fibre bundles in the periph-

ery of the cell illustrating the changes during myofibrillogenesis (fig. 3.24 H-J). These

multinucleated myotubes nearly exclusively contained large fibre bundles spanning the

whole cell but missed a branched network characteristic for migrating cells which was

still present at the onset of myofibrillogenesis. While Xin could locate to this cytoskele-

tal subpopulation, nebulin targeting was limited to actin filaments already designated to

evolve into myofibrils. When the differentiation of H-2K cells reached the final state, i.e.

cross-striated contractile myotubes still containing areas of Z-discs to be laterally aligned,

the filamentous targeting of nebulin Z-disc epitopes had been clearly reduced in favour

of a Z-disc arrangement of mature spacing (fig. 3.25 A). Areas showing a prominent Xin

signal indicated Z-discs, which still needed to be properly aligned (fig. 3.25 B-D). Xin

connected Z-bodies and the emerging Z-discs longitudinally, where lateral fusion of Z-

bodies took place and the number of neighbouring Z-discs needed to be adjusted in order

to establish a regular array of sarcomeres. These areas could also be identified by the

nebulin localization because it was as well a component of these longitudinally connecting

structures although to a minor extend. Furthermore, nebulin revealed irregularities in the

sarcomere arrangement and these matched the sites of Xin expression. As the sarcomere

maturation proceeded, Xin expression dramatically decreased (fig. 3.25 E-G). It was still

associated with submembraneous compartments but nearly absent from the contractile

apparatus, although a very small amount remained to be localized at the Z-disc. Con-

sequently, this stage identifies Xin as a marker of fully developed sarcomeres since it is

missing in adult sarcomeres but connects adjacent Z-discs although they exhibit a mature

spacing and seemingly a mature appearance. Therefore, even in this late stages it is very

difficult to obtain a striated pattern with the scanning electron microscopy (fig. 3.25 H-J).

This requires a very high degree of differentiation throughout the whole cell body, which

is not always achieved in H-2K cell culture. Striated areas showed a succession of thick

fibre bundles and a narrow zone containing small connective structures and lacking these
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prominent bundles. The character of these structures could not be determined without

specific antibody detection therefore a further description can only be speculative.

In summary, Xin emerges directly after the onset of the myogenic programm and

precedes the expression of nebulin in the early phase of H-2K cell myogenic differenti-

ation. Xin is predominantly localized in cellular extensions at the periphery and some

actin filaments in the cell body, whereas nebulin is restricted to actin filaments in the

perinuclear region. Both proteins colocalize only at distinct sites on a subset of actin

filaments. Xin was shown to associate with non-striated myofibrils (NSMF) in neonatal

rat cardiomyocytes, precursor structures of mature myofibrils. The colocalization of neb-

ulin and Xin on these filaments very likely marks them as analogous structures in H-2K

cells. After further differentiation, nebulin expression increases and its association with

actin filaments changes into a punctate pattern. Xin localization reduces at these sites

and appears to be dotted-like. At submembraneous regions Xin expression predominates,

which does not change during the entire differentiation process. By contrast, Xin con-

stantly disappears from the myofibrils the more the Z-discs gain mature spacing and a

regular arrangement. Irregularities in the sarcomere array are indicated by longitudinal

Xin-containing connective structures comprising very low amounts of nebulin. Further

maturation of the contractile apparatus continuously let these structures disappear and

Xin remains to be positioned at the Z-disc, however, very weakly. The fact that Xin

is absent from adult Z-discs supports the observation that H-2K cells do not reach an

adult stage albeit contractile (cf. section 3.1.1) and Xin is a suitable marker in order to

distinguish adult and immature state of the sarcomere. Furthermore, Xin and nebulin

obviously interact only transiently during sarcomere development at actin filaments des-

ignated to become myofibrils and later at sites of Z-disc arrangement but not in the adult

stage.
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Figure 3.25: Localization of Xin and nebulin in contractile myotubes. A-G. Confocal LSM images
of contractile H-2K myotubes labeled with antibodies against Xin-Repeats and nebulin repeat modules
M176-M181 located near the Z-disc. In merge images (A, D, G) Xin and nebulin are tinted green and
red, respectively. A. In contractile myotubes, nebulin exhibits an overall regular Z-disc organization and
Xin is located near the membrane and at sites of still immature myofibrils. B-D. Xin longitudinally
connects immature myofibrils, where nebulin reveals Z-discs not properly aligned. To a minor extend,
nebulin also decorates these structures. E-G. This longitudinal connection is constantly reduced upon
further maturation so that Xin can only weakly be detected at sites of irregular Z-disc arragement. H-J.
Scanning electron micrographs of the cell area encased by a dotted line in A. Cross-striation appears
as thick fibre bundles interrupted by a narrow zone containing connective structures. Scale bar 10 µm
(A-H), 5 µm (I) and 2 µm (J).
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3.3.6 The Site of Xin and Nebulette Interaction Visualized by

Bimolecular Fluorescence Complementation (BiFC)

Comparing Xin and nebulin localization during myogenic differentiation of H-2K cells

has revealed that their interaction seems to be important during sarcomere development.

Therefore it is crucial to define precisely the site of this interaction in the cell in order

to elucidate its function. Biochemical methods can only provide this information if both

proteins interact. Furthermore, Xin and especially nebulin elude this approach due to their

high insolubility and the necessity of very strong detergents to extract them. To study

the localization of proteins in living cells proteins can be expressed as fusion proteins

with fluorescent proteins (FP) transfected into the cell type desired. The fluorescent

signal emitted then marks the position of the protein of interest therefore providing data

about localization. Some non-fluorescent fragments of FP’s retrieve their capability of

emitting fluorescent light, if they contact their missing part (Hu und Kerppola, 2003).

Both fragments reconstitute the original three-dimensional structure of the complete FP

therefore allowing for complementation of the fluorescence. This quality can be utilized

to visualize protein interactions in living cells by fusing the non-fluorescent fragments to

the respective binding partner, which results in a fluorescent signal upon interaction if the

fragments are close enough to associate and the construct provides enough flexibility (cf.

section 2.9.5). This technique is called bimolecular fluorescence complementation (BiFC)

and its applicability has been widely tested for transcription factors and transmembrane

proteins. Very rare data is available about actin cytoskeleton-associated proteins, so the

applicability to that protein subset has to be investigated in advance.

3.3.6.1 Analysis of the Dynamics of BiFC Complexes Using Fluorescence

Recovery After Photobleaching (FRAP)

The BiFC approach enables the visualization even of transient interactions because they

are trapped by the association of the fluorescent fragments which can form an irreversible

complex (Kerppola, 2008). In order to evaluate the results obtained in BiFC assays and

facilitate subsequent interpretation, it was analyzed how BiFC complex formation affects

the dynamics of the proteins in the cell.

The fluophore formation in a BiFC assay follows sigmoidal kinetics in contrast to the

exponential curve observed with intact FPs (Kerppola, 2008). This difference mirrors

the formation of the fluorescent complex, which the non-fluorescent fragments start to

form after having been brought in close proximity due to binding of their respective fused
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Figure 3.26: FRAP of BiFC complex of homodimerized VASP in A7r5 cells. Confocal LSM
images of A7r5 cells either transfected with VASP fused to a complete Venus FP (A-C, G-H) or co-
transfected with VASP fused to fragments of Venus enabling BiFC complex formation (D-F, I-K). The
blue line enclosing the cell indicates the area, where total fluorescence intensity is measured. Arrows
point to the bleaching region. Pictures are shown taken before bleaching (prebleach), directly after
(postbleach) and after 60 s of recovery (recovery). A-C. Transfection of VASP fused to the N-terminus
of the complete Venus FP. D-F. Co-transfection of VASP fused to the N-terminus of non-fluorescent
fragments of the Venus FP. G-I. Transfection of VASP fused to the C-terminus of the complete Venus
FP. J-L. Co-transfection of VASP fused to the C-terminus of non-fluorescent fragments of the Venus FP.
Scale bar 10 µm.
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proteins. During this initial phase, the complex formation is still reversible so that other

ligands can compete for binding partners. The complex undergoes changes resulting in

an apparently irreversible association with a half-time of 1 min. After this lag-phase, the

fluorescent complex matures at a rate comparable to a complete FP (Kerppola, 2008).

Therefore, this assay can visualize transient interactions because of the complex stabi-

lization by the association of the non-fluorescent fragments. However, this does not allow

real-time analysis of complex formation and separation due to the apparent irreversibility.

The exchange dynamics of such a complex are still not known thus fluorescence recovery

after photobleaching (FRAP) experiments were performed to analyse the impact of BiFC

complex formation on protein dynamics. This assay can identify alterations in rate and

amount of replacement of the FP-labeled protein as the recovery of the fluorescent signal

is measured after irreversible bleaching by an intense laser beam (cf. section 2.11.1.3).

As an example of a prominent regulator of the actin cytoskeleton and a binding part-

ner of Xin-Repeat proteins (van der Ven et al., 2006), the dimerization in the potential

tetrameric complex of vasodilator-stimulated phosphoprotein (VASP) was investigated

(Zimmermann et al., 2002). VASP belongs to the Ena/VASP family of proteins consist-

ing of VASP, mammalian Ena (Mena) and Ena-VASP-like protein (EVL), which share a

similar domain layout. Their N-terminal EVH1 (Ena/VASP homology 1) domain binds

ligands including a FP4 consensus motif, which targets Ena/VASP proteins to focal ad-

hesions, filopodia and lamellipodia via vinculin, lamellipodin and zyxin. The central

proline-rich region is most divergent among the members but conveys binding to SH3 or

WW domains as well as profilin (Krause et al., 2003). At the C-terminus, the EVH2

domain interacts with G- and F-actin and harbours the heptade motifs responsible for

tetramerization (see fig. 3.38). The tetramers are arranged in parallel, i.e. all monomers

have the same orientation (Zimmermann et al., 2002; Kühnel et al., 2004). Because the

structural constraints of the tetramer are known and the protein is easy to transfect, this

interaction was chosen to verify the functionality of the plasmids used and to analyze the

dynamics of BiFC complex assembly and replacement. The full-length VASP protein was

fused to each non-fluorescent fragment of the yellow fluorescent protein Venus, a derivative

of YFP, at the N-terminus as well as the C-terminus designated as Venus1C, Venus2C and

Venus1N3, Venus2N3, respectively (fig. 2.1). Plasmids containing the intact Venus pro-

tein fused to the N-terminus of VASP (VenusNT) and the C-terminus (VenusCT) served

as a control without additional stabilization because of the BiFC complex (cf. section

2.5.2). The assay was carried out in the cell line A7r5, which stems from aortic smooth

muscle of the rat (cf. section 2.10.1.2), since other easily transfectable cell lines as HEK293
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were too prone to non-specific aggregate formation due to dramatic overexpression if the

transcription of the fusion protein was controlled by the CMV promotor like in the Venus

vectors. In A7r5 cells, the CMV promotor did not show such a high activity so that no

fluorecent aggregates were detected when expressing two corresponding non-fluorescent

fragments simultaneously independent of the combination. All non-fluorescent VASP fu-

sion proteins were also tested on BiFC complex formation with the corresponding Venus

fragment not fused to VASP. None of these experiments resulted in detectable fluorescence

demonstrating the specificity of this approach (data not shown).

One of the advantages of a BiFC assay is that no steric information is required to

perform such an experiment for the maximum of eight combinations of N- and C-terminal

fusions covers a lot of potential conformations albeit without any guarantee of success (cf.

section 2.9.5). Data about the three-dimensional arrangement of the VASP tetramer is

available (see above). Therefore only those combinations were tested, where the Venus

fragments were fused either to the N- (Venus1C + Venus2C) or the C-terminus (Venus1N3

+ Venus2N3) (fig. 3.27 E). Both combinations displayed a BiFC signal comparable to

those obtained with the intact FP (fig. 3.26). VASP was targeted strongly to focal

adhesions and associated with actin filaments in a dotted pattern. The BiFC complex was

formed at analogous structures with the cells not showing any abnormalities. Due to the

higher fluorescence intensity, a subset of focal adhesion sites was selected for bleaching (fig.

3.26, arrows). These regions were exposed to a 405 nm laser beam until the fluorescent

signal intensity was reduced to 10 % or less (fig. 3.26 B, E, H, K). The recovery of the

fluorescence was tracked until no further increase could be detected (fig. 3.26 C, F, I,

L). The region analyzed was set to the central core of the focal adhesion and after data

analysis the results were plotted in a diagram in order to extract parameters (fig. 3.27

A-D). Unfortunately, the UV laser diode was not able to accomplish bleaching in each

experiment and broke down before enough cells were measured in order to quantitate the

different fractions and the time of exchange of half of the mobile fraction (t 1
2
). Thus,

the values of t 1
2

were not determined although the data was fitted because t 1
2

strongly

depends on the bleaching efficiency (cf. section 2.11.1.3). The mobile fractions depicted

only served to compare the experiments qualitatively and did not represent real absolute

values (fig. 3.27 E). In general, the mobile fractions of VASP fused to the intact Venus

protein was larger compared to the BiFC complexes. The mobile fraction of VASP tagged

at the C-terminus with complete Venus (VASP VenusCT) was 0, 63 ± 0, 13 and of the

corresponding N-terminally-tagged construct VASP VenusNT 0, 52 ± 0, 09. Although the

value of VASP VenusNT is less than VASP VenusCT, without any further measurements
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Figure 3.27: Mobile Fractions of VASP BiFC Complex and Intact Venus. Data analysis of
FRAP assays depicted in fig. 3.26. Plotted data starts after finishing bleaching (t=0 s). The fitted
curve is coloured in red. A. Fluorescence recovery of VASP C-terminally tagged with intact Venus FP.
B. Fluorescence recovery of VASP N-terminally tagged with intact Venus FP. C. Fluorescence recovery
of the BiFC complex of C-terminally tagged VASP. D. Fluorescence recovery of the BiFC complex of
N-terminally tagged VASP. E. Calculation of the mobile fractions. Mobile fractions of VASP coupled to
the respective intact Venus FP are clearly larger than those of the BiFC complexes. A schematic overview
of the combinations used is depicted on the right side.
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it cannot be excluded that this is not significant. Nevertheless, this trend was confirmed

when analyzing the mobile fractions of the BiFC complexes, since the difference between

the N-terminal BiFC complex VASP Venus1C+2C (0, 40 ± 0, 05) and the C-terminal

one VASP Venus1N3+2N3 (0, 21 ± 0, 05) was more obvious. Thus, albeit carefully, it

can be concluded that the BiFC complex of a VASP dimer presumably embedded in a

homo- or heterotetramer reduces the mobile fraction and an N-terminally-located FP or

complex formation amplifies this effect. This result allows the assumption that complex

formation in general can impair exchange dynamics, which is coherent with the potential

irreversibility of the complementation and this effect is increased if the non-fluorescent

fragment is fused to the protein region responsible for targeting, in this case the N-terminal

EVH1 domain of VASP. Despite these alterations and limitations the BiFC assay and

the components used are suitable for analyzing actin cytoskeleton-related proteins and

structures.

3.3.6.2 BiFC Analysis of the Xin C and Nebulette Interaction in A7r5 Cells

The interaction between Xin and the SH3 domain of nebulin and nebulette is mediated

by a proline-rich motif included in the isoforms Xin A and Xin C. While Xin A can

be detected on protein level directly after the onset of myogenic differentiation of H-2K

cells, only the existence of Xin C mRNA can be doubtlessly proved (cf. sections 3.2.2

and 3.2.1). However, Xin C seems to be upregulated in pathogenic conditions of the

heart (Otten et al., 2010), which makes it perhaps suited as a protein marker for certain

cardiomyopathies. Furthermore, this isoform lacks the eponymous repetitive motifs and

hence investigating this isoform can shed more light also on the function of the other two

isoforms. Due to the first identification of Xin C in the heart, the interaction of human

Xin C and human nebulette, the most abundant nebulin-repeat-containing protein in

the heart, was analyzed in embryonic mouse cardiomyocytes using the BiFC method

(cf. section 3.3.6.3). In order to identify suitable combinations of the fusion proteins

and to prove the functionality of the constructs used, first complementation experiments

were performed in A7r5 cells (cf. section 2.10.1.2). To study the localization of this

interaction only full-length proteins or isoforms were transfected to avoid artifacts caused

by the use of protein fragments and to simulate in vivo situations. Xin C derived from

cDNA of human skeletal muscle cells and nebulette was amplified from the cDNA clone

IRAMp995M168Q bought from imaGenes, Berlin. Both were subsequently cloned into

mammalian expression vectors to obtain a fusion protein with the intact yellow fluorescent
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protein (VenusNT, VenusCT, cf. sections 2.5.2.1 and 2.5.2.2) and fragments for fluorescent

complementation (Venus1C, Venus2C, Venus1N3, Venus2N3, cf. section 2.9.5 and fig.

2.1). Adding a C-terminal tag to nebulette completely abolishes the interaction to Xin

(cf. section 3.3.3), therefore the Venus protein or fragment was only fused to nebulette’s

N-terminus (VenusNT, Venus1C, Venus2C). Single transfections of Xin C and nebulette

coupled to intact Venus served as a control to identify positive combinations of BiFC

plasmids. All four potential combinations of fusion proteins were tested but only the

mixture of nebulette in Venus1C and Xin C in Venus2C revealed a complementation

signal.

Nebulette contains 22 copies of nebulin-like repeats and a C-terminal SH3 domain

(cf. section 1.5.4). In cardiomyocytes, nebulette targets to the Z-disc and a fragment

comprising only the repeats associates with actin filaments proving their F-actin binding

capacity. Transfection in nonmuscle cells results in dense body-like decoration of actin

filaments and incorporation into focal contacts (Moncman und Wang, 1999). Expression

of nebulette in A7r5 cells basically confirmed these results but extended the view. In

general, the transfection of nebulette did not show any toxic effect or abnormally altered

the cell shape or size. Nebulette mainly exhibited a punctate association with stress

fibres, sometimes interrupted by a more continuous signal (fig. 3.28 A, D, G and D’

arrowhead and A’ open arrowhead, respectively). Stress fibres can be subdivided into

dorsal and ventral stress fibres as well as transverse arcs, which are probably generated

by different mechanisms (Hotulainen und Lappalainen, 2006). A closer look at these

structures revealed striking differences in the decoration pattern of nebulette. While

transverse arcs of the cortical stress fibres displayed the dense body-like tageting known

(fig. 3.28 D’–F’ arrowhead), dorsal stress fibres were continuously decorated (fig. 3.28 D’–

F’ arrow). The latter probably arises from formin-dependent polymerization from focal

adhesions resulting in unipolar filaments presumably cross-linked by α-actinin but lacking

myosin II. In contrast to that, transverse arcs form upon endwise association of small actin

bundles with myosin II bundles in the cell periphery (Hotulainen und Lappalainen, 2006).

Therefore, a punctate localization of nebulette possibly indicates incorporation of myosin

II and contractile stress fibres. Although the dorsal stress fibres did not terminate in

very prominent v-shaped focal adhesions in this cell, the ends of these dorsal stress fibres

broadened (fig. 3.28 D’–F’, arrow), which could mark small focal contacts. Nevertheless,

nebulette was also present in focal adhesions, identified by their shape and accumulation

of F-actin (fig. 3.28 G–I, arrow). In conclusion, these results conform to others previously

obtained (Moncman und Wang, 1999) and show that transfection of nebulette does not
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Figure 3.28: Nebulette targeting in A7r5 cells. Epi-fluorescence images of A7r5 cells transfected
with nebulette N-terminally tagged with the yellow FP Venus and labeled with phalloidin. In merge
images (C, C’, F, F’, I) nebulette and F-actin are tinted green and red, respectively. A-C. Nebulette
predominantly associates with actin filaments in a punctate pattern. A’-C’. Some actin filaments exhibit
a continuous nebulette decoration (open arrowhead). D-F. Cell with prominent cortical and dorsal stress
fibres and nebulette targets to both actin filament populations. D’-F’. Transverse arcs show a periodic
association with nebulette (arrowhead) whereas dorsal stress fibres are continously labeled (arrow). G-I.
Nebulette targets to focal adhesions (arrow). Scale bar 10 µm.
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negatively alter the actin cytoskeleton of A7r5 cells, as different subpopulations of stress

fibres can still be identified. Furthermore, it very likely indicates incorporation of myosin

II in contractile stress fibres by a punctate decoration of actin filaments.

Xin-Repeats have been shown to bind actin filaments in A7r5 cells and stabilize them

against depolymerization caused by Latrunculin A (Pacholsky et al., 2004). The smallest

Xin isoform Xin C lacks the repeats but harbours the binding site for filamin C (cf.

section 1.10). Transfection of Xin C had a dramatic effect on the architecture of the

actin cytoskeleton of A7r5 cells, which was independent of the fusion protein used. Xin C

accumulated in aggregates at perinuclear sites (fig. 3.29 A and D, open arrowhead) and

these aggregates occasionally contained actin (fig. 3.29 D, open arrowhead). At these

sites the otherwise prominent stress fibres (fig. 3.29 A and D, asterisks) were clearly

reduced in number and size. In the cell periphery, remnants of the typical stress fibre

arrangement of transverse arcs and dorsal stress fibres could be detected (fig. 3.29 B’),

and some of the dorsal stress fibres were continuously decorated by Xin C (fig. 3.29 A’

and B’, arrow). A strong labeling of Xin C was always accompanied by accumulation of

F-actin, whereas most of the cell exhibited Xin C-containing dots not clearly associated

with actin and less ordered than nebulette. Additionally, Xin C targeted to the leading

edge of the lamellipodium (fig. 3.29 A’–C’, arrowhead) and other submembranous regions

(fig. 3.29 A–C and D–F, arrowheads) as well as to small filopodia-like structures (fig. 3.29

D’–F’). Some of these structures showed a continuous Xin C decoration, which was most

intense at sites of actin accumulation (fig. 3.29 D’–F’, arrow). The submembranous actin

cytoskeleton displayed less linear and stronger branched filaments, which were mainly

free from Xin C but decorated by Xin C at sites of a strong phalloidin signal in an

irregular, continuous pattern (fig. 3.29 D”–F”). In comparison to nebulette, a prominent

targeting to focal adhesions was missing, however, it was occasionally found in terminal

regions of stress fibres (fig. 3.29 D–F, arrow). In summary, although Xin C does not

have any direct interaction site to actin filaments, it dramatically alters its organization.

The characteristically prominent stress fibres of A7r5 cells are clearly reduced in the cell

body, where Xin C is mainly detected in dots and larger aggregates, and thereby seemingly

antagonizing the protective effect of the Xin-Repeats-containing isoforms described earlier

(Pacholsky et al., 2004). In the cell periphery, the stress fibres appear in a branched

network and distinct dorsal stress fibres and transverse arcs are missing. Actin filaments

providing a very intense phalloidin signal are mostly continuously decorated with Xin C,

a targeting pattern of Xin C completely restricted to these type of actin filaments.

The single transfection of Xin C and nebulette revealed different localization patterns
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and effects on A7r5 cells, which raises the question if and where both proteins interact,

which can be indicated by a fluorescence complementation signal upon cotransfection of

both interaction partners fused to FP fragments. As depicted above, only one combina-

tion of fusion proteins (nebulette Venus1C and Xin C Venus2C) provided BiFC complex

formation. Analogue to Xin C alone, a BiFC signal was obtained in aggregates in the

center of the cell, most of which did not contain actin (fig. 3.30 A–C). Although the

actin cytoskeleton was altered in all cells providing a BiFC signal, the effect was not as

pronounced as in Xin C transfected cells. While the actin cytoskeleton had disappeared at

sites of Xin C–nebulette aggregates, the cortical actin was still detectable (fig. 3.30 A–C

and G–I). There, the complex continuously decorated stress fibres strongly labeled with

phalloidin. At the cell membrane, the complex was associated with the termini of actin

filaments and microspikes (fig. 3.30 A–I, arrow). Apart from that, a punctate localization

obtained with both interaction partners alone could also be detected, however to a lower

degree. These results show that the BiFC assay can be applied to study the localization

of the Xin–nebulette interaction at least in A7r5 cells and qualifies one combination of

fusion proteins for testing in embryonic mouse cardiomyocytes. This combination demon-

strates that nebulette cannot completely compensate for the effect of Xin C on the actin

cytoskeleton. Furthermore, the localization of the complex stronger resembles the Xin C

pattern (fig. 3.29) probably due to perturbations of the actin cytoskeleton.
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Figure 3.29: Xin C targeting in A7r5 cells. Epi-fluorescence images of A7r5 cells transfected with
Xin C N- or C-terminally tagged with the yellow FP Venus and labeled with phalloidin. In merge images
Xin C (C, C’, F, F’, F”) and F-actin are tinted green and red, respectively. Targeting of Xin C is not
dependent on the site of FP-tag. A-C. Upon transfection of Xin C the typical prominent actin cytoskele-
ton of A7r5 cells (asterisks) is reduced and its architecture is dramatically altered. Xin C accumulates in
perinuclear aggregates (open arrowhead) and in peripheral regions of actin enrichment (arrowhead). A’-
C’. Remnants of typical cortical actin and dorsal stress fibres. Xin C localizes to the leading edge of the
lamellipodium (arrowhead) and is continuously associated with dorsal stress fibres (arrow). D-F. Xin C
aggregates occasionally contain actin (open arrowhead). Although no prominent focal adhesion targeting
can be detected, Xin C is identified at terminal ends of actin filaments (arrow). Xin C continuously dec-
orates submembranous actin filaments (arrowhead). D’-F’. Filopodia-like structures containing Xin C
(arrow) and disrupted architecture of the cortical actin cytoskeleton. D”-F”. Branched submembranous
actin cytoskeleton exhibits continuous decoration with Xin C at sites of a prominent phalloidin signal.
Scale bar 10 µm.
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Figure 3.30: Localization of the BiFC complex of nebulette and Xin C in A7r5 cells. Epi-
fluorescence images of A7r5 cells co-transfected with Xin C N-terminally tagged with a Venus fragment
(aa 155-238) and nebulette fused to the C-terminus of a Venus fragment (aa 1-154). The cells were
labeled with phalloidin. In merge images the BiFC complex of Xin C and nebulette and F-actin are
tinted green and red, respectively. A-C. Large BiFC complexes are formed in the center of the cell which
only occasionally contain F-actin. The cortical actin cytoskeleton reveals moderate alterations whereas
no actin network can be detected in the center. Stress fibres strongly decorated with phalloidin exhibit a
continuous association with the BiFC complex. Terminal end of actin filaments are also labeled (arrow).
D-F. The Xin C-nebulette complex shows a punctate decoration of actin filaments which seem to be
disordered. Both proteins also interact in microspike-like structures (arrow). G-I. The architecture of
the actin cytoskeleton is affected by Xin C-nebulette complex formation in comparison to non-transfected
cells. Terminal ends of actin filaments contain the BiFC complex (arrow). BiFC, bimolecular fluorescence
complementation. Scale bar 10 µm.
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3.3.6.3 Localization of the Xin-Nebulette Interaction in Embryonic Mouse

Cardiomyocytes

Nebulette is the only nebulin-repeat-containing protein, whose expression is restricted

to heart tissue, where it is inserted into the Z-disc (Moncman und Wang, 1995). How-

ever, the newly identified binding partner Xin is not a constituent of the cardiac Z-disc

in adult tissue but resides in the intercalated disc, which is described to be devoid of

nebulette (Moncman und Wang, 1999). These observations favor an interaction during

the development of cardiac muscle. Therefore embryonic mouse cardiomyocytes were iso-

lated and electroporated with the fusion proteins utilized for establishing the BiFC assay

(cf. sections 1.8.2, 2.10.6.2 and 3.3.6.2). Upon isolation embryonic cardiomyocytes re-

veal different stages of myofibril development thus offering a tool to investigate protein

localizations at different developmental stages. As previously reported (Moncman und

Wang, 1999), transfected nebulette is strongly targeted to mature Z-discs and Z-bodies in

cells containing a high amount of myofibrils and is colocalized with titin Z-disc epitopes

(fig. 3.31 A–C). Additionally, even in these cells of a later developmental phase, nebulette

also decorated non-striated myofibrils (NSMF), where titin was not yet or only scarcely

expressed in a dotted pattern (fig. 3.31 A–C, open arrowhead). A detailed analysis of the

Z-disc architecture provided longitudinal structures connecting adjacent Z-discs, which

were strongly decorated by nebulette but only occasionally contained titin (fig. 3.31 A’–

C’, arrowhead). These longitudinal connections could be predominantly detected at sites,

where the Z-discs were not properly aligned laterally and their distance not adjusted yet

(fig. 3.31 A’–C’, open arrowhead) as well as the fusion to adjacent Z-bodies not been

completed (fig. 3.31 A’–C’, asterisk).

At the end of the myofibrillar apparatus, nebulette was a component of rope-like struc-

tures roughly perpendicular to the Z-disc they are connected to (fig. 3.31 D–E). These

structures appeared to originate from the last fully developed Z-disc (fig. 3.31 D–E, ar-

rowhead) and titin was either completely absent (open arrowhead) or only very scantily

associated. Cardiomyocytes of an early developmental stage, i.e. they do not comprise

mature myofibrils, displayed titin in a punctate pattern along developing myofibrils rather

than ordered cross-striation (fig. 3.31 H). Nebulette targeted to these myofibrils but exhib-

ited different localizations depending on the degree of myofibrillogenesis. NSMF’s devoid

of titin were continuously labeled by nebulette (fig. 3.31 G–I), especially at the end (ar-

row), which changed into a dotted pattern if titin was expressed. Furthermore, nebulette

was also localized at submembranous regions not showing any titin expression (fig. 3.31
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Figure 3.31: Localization of nebulette in embryonic mouse Cardiomyocytes. Confocal LSM
images of embryonic mouse cardiomyocytes transfected with nebulette and labeled with an antibody
against a titin Z-disc epitope. In merge images (C, C’, F, I) nebulette and titin are tinted green and red,
respectively. A-C. Cardiomyocyte containing well-developed myofibrils. Nebulette and titin colocalize
at mature Z-discs and Z-bodies. NSMF without or emerging titin association are continuously decorated
by nebulette (open arrowhead). A’-C’. Nebulette targets to longitudinally Z-disc connecting structures
which can contain titin (arrowhead) or not (arrow). These structures can be identified at sites of incorrect
lateral alignment of Z-discs (open arrowhead) or incomplete fusion of adjacent Z-bodies (asterisks). D-F.
Nebulette is a component of rope-like structures lacking titin (open arrowhead) which seem to originate
from the last Z-disc (arowhead). G-I. Cardiomyocyte without fully developed Z-discs. Nebulette exhibits
varying localization patterns depending on the degree of myofibril formation. It continuously decorates
NSMF’s lacking titin association (arrow) but exhibits a punctate pattern upon titin integration. At
submembranous sites, nebulette does not reveal colocalization with titin (open arrowhead). NSMF,
non-striated myofibril. Scale bar 10 µm.
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Figure 3.32: Localization of Xin C in Embryonic Mouse Cardiomyocytes of late developmental
stage. Confocal LSM images of embryonic mouse cardiomyocytes containing prominent sarcomeres
transfected with Xin C and labeled with an antibody against a titin Z-disc epitope. In merge images
(C, F) Xin C and titin are tinted green and red, respectively. A-C. Xin C forms large aggregates in
the cell center or smaller dots. Fusing Z-bodies are labeled at the edge (open arrowheads). Xin C
targets to submembranous sites devoid of titin (arrow). D-F. Sites of Xin C accumulation are free from
mature myofibrils (arrow). Within the contractile apparatus Xin C localizes between adjacent Z-discs
(arrowhead) or decorates linear structures originating from the edges of Z-discs (open arrowhead). Scale
bar 10 µm.

G–I, open arrowheads). This transfection study revealed that nebulette can be associated

to more structures than Z-disc or Z-bodies during development of cardiac muscle. It can

target to NSMF and is a component of longitudinal Z-disc connecting structures at sites

of incomplete Z-disc alignment, which only occasionally show titin colocalization. The

decoration pattern of developing myofibrils changes from a continuous to a punctate one

upon titin expression. This demonstrates that nebulette localization completely alters

during cardiac myofibrillogenesis and supports the idea of previous reports that nebulette

is important for myofibril organization (Moncman und Wang, 2002).

While nebulette is an integral part of the adult Z-disc of cardiac muscle, none of the

three Xin isoforms has been detected in the Z-disc of healthy heart muscle. Nevertheless,

transfection of Xin C into neonatal rat cardiomyocytes showed that Xin C can colocalize

with α-actinin in the Z-disc, whereas both other isoforms are excluded from this structure
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Figure 3.33: Localization of Xin C in Embryonic Mouse Cardiomyocytes of early develop-
mental stage. Confocal LSM images of embryonic mouse cardiomyocytes lacking prominent sarcomeres
transfected with Xin C and labeled with an antibody against Xin Repeats. In merge images (C, F, I)
Xin C and Xin Repeats are tinted green and red, respectively. A-C. The early developmental stage is
indicated by prominent NSMF’s labeled with Xin-Repeats-containing isoforms. Xin C targets to these
NSMF’s but also exhibits typical aggregates in the cell center which rarely contain Xin-Repeat-containing
isoforms. At submembranous sites, Xin C colocalizes with the other isoforms (arrow). D-F. Prominent
NSMF decorated by all Xin isoforms and aggregates showing incorporation of Xin-Repeats-containing
isoforms (open arrowhead). G-I. NSMF’s cannot be detected and the cytoskeleton seems to be affected
by the transfection. Xin C is associated with actin filaments continuously labeled with Xin-Repeats-
containing isoforms (arrowhead). In some aggregates of Xin C, the other isoforms also accumulate.
NSMF, non-striated myofibril. Scale bar 10 µm.
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(van der Ven et al., 2006). A common feature of all Xin’s is the targeting to NSMF while

only Xin A and C are detected in ICD’s upon transfection. Xin C also aggregates in

the neonatal rat cardiomyocytes, which fits the observations in A7r5 cells (cf. section

3.3.6.2). Embryonic mouse cardiomyocytes transfected with Xin C always displayed large

aggregates and dots in the cell center independent of the developmental stage of the

myofibrils (fig. 3.32 and 3.33). The sites of larger aggregates were mostly devoid of

sarcomeres (fig. 3.32 D–F, arrow) and generally a strong signal of Xin C was obtained,

where no mature myofibril could be detected. Within the contractile apparatus, Xin C

could label the edges of Z-disc or Z-bodies, which were about to fuse laterally (fig. 3.32

A–C, open arrowheads). Xin C also localized between 2 Z-discs and again rather to the

lateral edges (fig. 3.32 D–F, arrowhead). A strong signal at the Z-disc was very rare, but

there were structures originating from an intense dot at the Z-disc and ending in another

intense dot, which was not part of the adjacent Z-disc (fig. 3.32 D–F, open arrowhead). In

A7r5 cells Xin C targeted to submembranous regions which was also observed in embryonic

mouse cardiomyocytes. At these sites, no titin could be detected (fig. 3.32 A–C, arrow)

while Xin C colocalized with Xin-Repeats-containing isoforms (fig. 3.33 A–C, arrow).

Early stage cardiomyocytes exhibited many NSMF’s depicted by the decoration with

Xin-Repeat-containing isoforms (fig. 3.33 B, E and H). These isoforms were continuously

associated with these immature myofibrils, the intensity increasing towards the end. Xin C

colocalized with Xin A and B at these NSMF but the signal obtained was less prominent.

While Xin A and B usually show neither aggregates nor smaller dots, Xin C was local-

ized in a dot-like pattern in the cell center (fig. 3.33 A, D and G). However, some of

these structures also contained either Xin A or B or both isoforms (fig. 3.33 D–I, open

arrowheads). The actin cytoskeleton of A7r5 cells dramatically altered upon transfection

of Xin C with stress fibres becoming reduced and the actin filaments more branched and

arranged less linearly (fig. 3.29 D”–F”). To some extent, this effect could also be seen in

embryonic mouse cardiomyocytes and these filaments were also decorated by Xin-Repeat-

containing isoforms (fig. 3.33 G–I, arrowhead). Thus, Xin C exhibits a similar localization

pattern as in A7r5 cells although the effect on the actin cytoskeleton is less prominent.

Nevertheless, large aggregates of Xin C seem to interfere with the myofibrillar apparatus

and occasionally alterations in the cytoskeleton can be detected. In early stage embryonic

cardiomyocytes, Xin C colocalizes with the Xin-Repeats-containing isoforms at NSMF.

In adult heart tissue, nebulette and Xin are components of distinct structures of the

Z-disc and the ICD, respectively. However, transfected Xin C was shown to colocalize

with α-actinin in the Z-discs of neonatal rat cardiomyocytes (van der Ven et al., 2006).
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Figure 3.34: Localization of the Xin C-nebulette complex in embryonic mouse cardiomyocytes
of late developmental stage. Confocal LSM images of embryonic mouse cardiomyocytes containing
prominent sarcomeres co-transfected with Xin C and nebulette both tagged with non-fluorescent frag-
ments of the Venus FP allowing for BiFC. Cells were labeled with an antibody against a titin Z-disc
epitope. In merge images (C, F, I) the Xin C-nebulette BiFC complex and titin are tinted green and
red, respectively. A-C. Prominent BiFC complex formation at longitudinal Z-disc connecting structures
and a weak Z-disc targeting. D-F. Xin C and nebulette interact at NSMF’s (open arrowhead) which is
interrupted at sites of early Z-disc formation (arrowhead). A weak decoration of early Z-discs can be de-
tected. G-I. Aggregates of Xin C-nebulette complex. BiFC, bimolecular fluorescence complementation.
NSMF, non-striated myofibril. Scale bar 10 µm.
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Figure 3.35: Localization of the Xin C-nebulette complex in embryonic mouse cardiomy-
ocytes. Confocal LSM images of embryonic mouse cardiomyocytes co-transfected with Xin C and neb-
ulette both tagged with non-fluorescent fragments of the Venus FP allowing for BiFC. Cells were labeled
with an antibody against Xin Repeats. In merge images (C, F) the Xin C-nebulette BiFC complex
and the Xin-Repeats-containing Xin isoforms are tinted green and red, respectively. A-C. In embryonic
cardiomyocytes already containing Z-discs the Xin C-nebulette complex weakly targets to Z-discs (ar-
rowheads) however Xin Repeats-containing isoforms do not clearly localize there but exhibit a punctate
distribution. D-F. Early embryonic cardiomyocytes harbour prominent NSMF’s which are decorated by
Xin-Repeats-containing Xin isoforms and the Xin C-nebulette complex. BiFC, bimolecular fluorescence
complementation. NSMF, non-striated myofibril. Scale bar 10 µm.
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The complex of Xin C and nebulette provided a BiFC signal not only in A7r5 cells but also

highly specific in embryonic cardiomyocytes. The BiFC signal was formed very weakly

at Z-discs (fig. 3.34 A, D, G and 3.35 A) but more prominently in longitudinal Z-disc

connecting structures resembling those also obtained with nebulette alone (fig. 3.34 A–C).

Both proteins, Xin C and nebulette, could target to NSMF and they also formed BiFC

complexes at these myofibril precursor structures (fig. 3.34 D–F, open arrowhead, and

3.35 D–F). NSMF’s could span the whole cell in early stages of myofibrillar development

and contained considerable amounts of Xin A and or B (fig. 3.35 E). Upon formation

of early Z-discs, the continuous labeling of NSMF by the Xin C-nebulette BiFC complex

was interrupted (fig. 3.34 D–F, arrowhead). The more myogenic maturation proceeded

the more NSMF’s associated with the BiFC complex were lost and the localization of

the fluorescence complementation signal changed to weak Z-disc targeting (fig. 3.35 A–C,

arrowheads). At this stage, the Xin-Repeats-containing isoforms were not clearly situated

at the sarcomeric boundaries. In conclusion, the Xin C-nebulette complex is formed

at early developmental stages of embryonic mouse cardiomyocytes at NSMF’S and its

localization changes during myogenic development into a weak association with Z-discs.

Furthermore, emerging Z-discs can be connected by longitudinal structures containing

the complex of Xin C and nebulette. Considering the localization of both proteins in

adult heart tissue, this clearly demonstrates that they interact at certain developmental

stages. This interaction is presumably lost after finishing sarcomere development due to

disappearance of Xin from the Z-disc.

3.4 Xin Contains Functional Heptad Repeats

The human Xin A sequence harbours a region between amino acids 1462-1490, which is

identified as a putative coiled-coil by the Simple Modular Architecture Research Tool

(SMART, Schultz et al. (1998)). Coiled-coils are formed by a bundle of two or more

α-helices that are wound into a superhelical structure therefore representing an interface

for homo- or heteromultimerization. In contrast to undistorted α-helices which have

approximately 3.6 residues per turn, the number of residues per turn is reduced to 3.5 in

coiled-coils resulting in a repetition of the side-chain positions after seven residues or two

turns, respectively. This sequence of seven amino acids displaying a certain hydrophobicity

pattern and residue composition is generally referred to as heptad repeat whose positions

are labelled a-g. The side chains of the positions a and d point to the center of the

coiled-coil and are occupied by hydrophobic residues conferring a structure fundamentally
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resembling an amphipathic α-helix. The likelihood of the formation of coiled-coils can

be estimated by various prediction methods, like MultiCoil (Wolf et al., 1997), Paircoil2

(McDonnell et al., 2006), PCOILS (Gruber et al., 2005) and Marcoil (Delorenzi und

Speed, 2002). Apart from the Marcoil program, which calculates posterior probabilities

from a hidden Markov model, all others are built on a similar concept of a position-specific

scoring matrix derived from the characteristic residue distribution at each position of the

heptad. The main difference is the bioinformatical data, which was used to train these

programs. MultiCoil predicts not only generic coiled-coils but additionally differentiates

between two- and threestranded coils (Gruber et al., 2006).

Figure 3.36: Prediction of functional heptad motifs in human Xin. A schematic overview of
the domain organization of human Xin A is depicted at the top. Numbers correspond to amino acids.
All three prediction methods MultiCoil (green), Marcoil (black) and PCOILS (grey) identify the highest
probability of coiled-coil formation between amino acids 1464 and 1484. The respective sequence and
the position within the heptad motif are illustrated above the graph. Hydrophobic residiues at positions
a or d and polar residues at positions e or g are shown as bold and red letters, respectively. For the
MultiCoil algorithm, only probabilities of trimeric coils are depicted because dimeric coiled-coil formation
does not provide high probability values. The PCOILS program was run using a window of 21 residues
for prediction which offers the best compromise in detecting large and small coiled-coils.

In order to evaluate the probability of a coiled-coil in human Xin, all algorithms were

applied to the human Xin A sequence. The PCOILS program identified three consecutive

heptad repeats beginning with the amino acid leucine at position 1464 and closing with the

lysine at position 1484 (fig. 3.36). These residues are only included in Xin isoforms A and
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C but not in B. Depending on the parameters used the probability of coiled-coil formation

ranged between 0,838 and 0,998. Marcoil uses a different approach than PCOILS but it

basically yielded the same results. At a threshold of 90 % two consecutive heptad repeats

could be identified between residues 1471 and 1484 (fig. 3.36). The preceding residues,

which provided an equally high probability in PCOILS, also displayed significantly higher

probabilities between 70 % and 90 % but this lay below the threshold. The MultiCoil al-

gorithm did not provide any value above the default cutoff of 0.5 (fig. 3.36). Nevertheless,

the program attributed probability values of around 0.4 to the amino acids 1464-1484,

which was only slightly below and comparative analysis of coiled-coil prediction meth-

ods has already revealed that Multicoil systematically underpredicts coiled-coil segments

(Gruber et al., 2006). Interestingly, this probability could be almost completely traced

back to trimeric coils. PairCoil2 does not report probabilities but documents scores. The

cutoff is set to 0.025 and values below indicate a high likelihood. The residues 1462-1493

all exhibited a score below the cutoff (data not shown). In summary, the prediction meth-

ods clearly indicate that coiled-coil formation in the C-terminal part of Xin A between

amino acids 1464 and 1484 is very likely. In addition, secondary structure analysis tools

predict that this region most probably adopts an α-helical conformation which fits the

potential coiled-coil formation (data not shown).

To prove this hypothesis human Xin C which also contains these residues was tested

for interaction with itself in a yeast two-hybrid assay. Here, Xin C showed a prominent

homodimerization due to the high activation level of both reporter genes HIS3 and lacZ

(fig. 3.37). On the contrary, no association could be detected with human Xin B. These

results clearly demonstrate that the heptad repeats predicted can form coiled-coils. How-

ever, it is still not clear how Xin C associates with itself, especially whether it forms

homodimers or -multimers, since MultiCoil predicts a tendency to trimers (fig. 3.36).

Therefore, chemical cross-linking of the purified Xin fragment Xin PR4+CC which con-

tains the coiled-coil motif was performed (cf. section 2.9.3). Furthermore, a Xin fragment

lacking the heptad repeats (Xin PR3+4) served as a negative control, whereas the actin-

associated tetrameric protein VASP was included to show the general applicability of

the assay for VASP is widely regarded to function as a tetramer formed by coiled-coils

(Zimmermann et al., 2002; Kühnel et al., 2004).

This is reflected by the result of coiled-coil prediction using the algorithms mentioned

above (fig. 3.38 A). All programs identified four heptad repeats located at the C-terminus

in the EVH2 domain. The Marcoil and PCOILS methods provided high probability values

above 0.95 for this region again demonstrating the reliability of these algorithms. The
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MultiCoil method differentiates between dimeric and trimeric coils and surprisingly, only

the probability of dimeric coils was above the threshold of 0.5. This result indicates that

the prediction of coiled-coils forming motifs is trustworthy but determination of the exact

stoichiometry is not possible. Immunodetection of purified VASP without addition of

cross-linking reagent revealed that it can form SDS- and DTT-resistant dimers in solution

to a minor degree indicated by the band between the 100 kDa and 130 kDa marker band

which was approximately twice as high as the monomeric protein at 55 kDa (fig. 3.38

B). Immediately after the addition of a cross-linker an additional band migrating above

170 kDa occurred which very likely reflected tetrameric proteins and indicated oligomer

formation in solution. Due to loading with cross-linker bands appeared more diffuse than

the purified control protein, especially the highest bands. Furthermore, the highest band

looked like a doublet which would display trimers and tetramers but the resolution of the

gel was not sufficient to clearly separate these bands. Nevertheless, this result implies

that VASP tetramers are formed in solution and the cross-linking assay is applicable to

analyze oligomer formation.

Weak dimer formation of Xin PR4+CC in solution could be detected right at the

beginning of the cross-linking reaction displayed by an emerging signal at 70 kDa (fig.

3.39 A). After 30 s, the dimer band had intensified and two faint bands migrating below

130 and 170 kDa, respectively, had occurred. These signals match quite well the calcu-

lated molecular weights of trimeric (≈ 105 kDa) and tetrameric (≈ 140 kDa) complexes

estimated from the migration of the monomer (≈ 35 kDa). In the course of the reaction

the signal of the dimeric complex reached the highest intensity after 7 min whereas the

formation of both the trimeric and the tetrameric complex increased until 15 min. Fur-

thermore, the temporal occurence and the course of the increase of signal intensity of the

complexes depended on their stoichiometry, i.e., the amount of dimers increased faster

than the one of trimers and tetramers. The Xin fragment Xin PR3+4 does not contain

any heptad motifs predicted thus addition of cross-linker should not reveal any oligomer

assembly. As expected, Xin PR3+4 did not form complexes with itself even after 15 min

of incubation (fig. 3.39 B). These results clearly demonstrate that human Xin harbours

functional heptad repeats which mediate the formation of oligomers.

3.4.1 Localization of Xin C Dimerization

Yeast two-hybrid studies and chemical cross-linking have shown that human Xin can

homooligomerize presumably via heptad motifs located in the C-terminus which is only
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included in isoforms A and C. Since Xin C exhibits selective targeting in A7r5 cells and

has been approved in BiFC assays (cf. section 3.3.6.2), localization of Xin complexes was

investigated with the BiFC approach in A7r5 cells using Xin C fused to non-fluorescent

fragments of the Venus FP (cf. section 2.9.5).

All four combinations of fusion proteins were tested (fig. 2.1) and except from the

co-transfection of Xin C expressed by the plasmids Venus1C and Venus2N3 they formed

fluorescent complexes. The localization of the BiFC signal was not dependent on the

combination used and hence all targeting patterns depicted were obtained with all com-

binations. In general, transfection of Xin C caused alterations in the actin cytoskeleton

of A7r5 cells (fig. 3.29) which could also be detected in this BiFC assay. In most cases,

transfected cells lacked prominent actin stress fibre bundles pervading the cell (fig. 3.40

A-C, asterisks) but displayed an unordered actin cytoskeleton. At low expression levels,

Xin C complexes exhibited a punctate distribution throughout the cell and were only

scarcely associated with actin-containing structures (fig. 3.40 A, D). The most prominent

sites of Xin C dimerization or oligomerization were aggregates predominantly located in

the center of the cell. Such an accumulation was occasionally accompanied by a simulta-

neous actin enrichment although Xin remained the major component of these aggregates

(fig. 3.40 D-F, insert). Nevertheless, in areas containing large aggregates usually no actin

filaments spanned the cell. Although Xin C lacks the actin-binding repeats, some actin

filaments were continuously decorated (fig. 3.40 G-L, open arrowhead). The most promi-

nent targeting of Xin C complexes could be seen at termini of actin filaments, however,

not at very the tip (fig. 3.40 G-L, arrowhead). The amount of complexes associated

with actin filaments at these sites could dramatically differ and upon Xin C enrichment

the shape of the actin filaments changed into broader bundles due to actin accumulation

(fig. 3.40 J-L). Xin C was also found in submembranous regions where it also formed

complexes (fig. 3.40 J-l, arrow). In summary, the localization of Xin C BiFC complexes

demonstrates that they are assembled at the same sites where Xin C alone is targeted to.

Therefore, it can be speculated that Xin C usually acts as an oligomer in vivo or there

exist monomeric and oligomeric protein populations with different functions.
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Figure 3.37: Homodimerization of human Xin. Results obtained in a yeast-two hybrid assay testing
Xin C for homodimerization. Images marked as 1 depict growth on −LWH selective medium. Positive
growth is indicated by newly formed deep red colonies. Activity of the β-galactosidase is displayed by
blue-coloured colonies in images marked as 2. Xin C clearly homodimerizes but does not form dimers
with Xin B.



Results 149

Figure 3.38: Coiled-coil formation of human VASP. A. Prediction of coiled-coil motifs in human
VASP. A schematic overview of the domain organization of human VASP is depicted above the graph.
Numbers correspond to amino acids. All three prediction methods MultiCoil (red/green), Marcoil (black)
and PCOILS (grey) identify four heptad repeats between amino acids 341 and 372. The respective
sequence and the position within the heptad motif are illustrated above the graph. Hydrophobic residiues
at positions a or d and polar residues at positions e or g are shown as bold and red letters, respectively.
The MultiCoil algorithm provides highest probability of dimer formation (red). The PCOILS program
was run using a window of 21 residues for prediction which offers the best compromise in detecting large
and small coiled-coils. B. Chemical cross-linking of human VASP. Migration distances are shown in kDa.
SDS- and DTT-resistant dimers can be identified in the purified protein. Addition of cross-linker (EGS)
is indicated by a + below the respective lane and reveals a diffuse band migrating above 170 kDa which
appears to be a doublet therefore displaying trimers and tetramers.
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Figure 3.39: Chemical cross-linking of human Xin. Numbers at the schematic overview of the
constructs refer to amino acid positions in human Xin A. Addition of cross-linking reagent (EGS) is
indicated by a + below the respective lane. Migration distances are shown in kDa. A. Chemical cross-
linking of Xin PR4+CC, a fragment containing the heptad repeats predicted. Purified protein does not
show SDS- and DTT-resistant dimers but directly after the addition of EGS a faint dimer band can be
detected. In the course of the reaction Xin PR4+CC forms trimeric and tetrameric complexes which
increase until 15 min. B. Chemical cross-linking of Xin PR3+4. This fragment lacks heptad repeats and
does not undergo homophilic interactions.
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Figure 3.40: Localization of Xin C dimers in A7r5 cells. Epi-fluorescence images of A7r5 cells
co-transfected with Xin C fused to Venus fragments enabling BiFC. The combination is depicted on the
left side. The cells were labeled with phalloidin. In merge images (C, F, I, L) the BiFC complex of
Xin C dimers and F-actin are tinted green and red, respectively. A-C. Transfection of Xin C alters the
organization of the actin cytoskeleton in comparison to non-transfected cells (asterisks). Complexes are
formed in large aggregates and small dot-like structures. D-F. Enrichment of Xin C complexes can cause
further actin accumulation (insert). G-I. Some actin filaments are continuously decorated with Xin C
dimers (open arrowhead) but Xin C mainly targets to terminal ends (arrowhead). J-L. Accumulation
of Xin C complexes at terminal ends of actin filaments is accompanied by broadening of the filament
(arrowhead). Interestingly, Xin C dimers are absent from the tip of actin filaments but can label actin
filaments continuously (open arrowhead). Xin C complexes are also assembled at submembranous sites.
BiFC, bimolecular fluorescence complementation. Scale bar 10 µm.
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3.4.2 Murine Xin Can Also Form Oligomers

Total loss of Xin in mice results in a very mild cardiac phenotype whereas mice only

lacking Xin A and Xin B develop cardiac hypertrophy and suffer from disrupted ICD

structure and myofilament disarray (Otten et al., 2010; Gustafson-Wagner et al., 2007)

(cf. section 1.10). In order to investigate whether mouse Xin C (mXin C) also forms

coiled-coils which could contribute to the phenotype of Xin AB-null mice, the mouse Xin

sequence was analyzed with coiled-coil prediction methods since the sequence diversity

between human and mouse Xin is increased in the C-terminal part. In general, all pre-

diction methods detected less probability of coiled-coil formation than for human Xin

(fig. 3.41 A). PCOILS provided the highest probability of 0.924 between amino acids

1510 and 1530 of mouse Xin A using the MTIDK matrix but this value dramatically

decreased to 0.125 upon utilization of the iterative matrix and the PSI-BLAST. The Mar-

coil program identified seven consecutive potential heptad repeats at positions 1514-1555,

however, only at a stringency level of 50 %. The probability obtained with MultiCoil

only amounted to approximately 0.2 in the respective sequence segment, which is only

half of the value of human Xin. Similar to human Xin, Multicoil predominantly predicted

threestranded coiled-coils. Although the probability of coiled-coil formation in mouse Xin

was significantly reduced in comparison to human Xin, chemical cross-linking of mouse

Xin C was performed to elucidate species-specific differences of Xin. While purified mouse

Xin C did not show any oligomer formation without cross-linking reagent and directly af-

ter its addition, two bands emerged migrating at 130 kDa and below the 250 kDa marker

band, respectively, after 30 s of incubation (fig. 3.41 B). These bands very likely indicate

dimeric and trimeric complexes since the Xin C monomer migrated slightly below 70 kDa

resulting in an estimated molecular weight of ≈ 140 kDa and ≈ 210 kDa of the trimer and

tetramer, respectively. Another band above 250 kDa occurred after 3 min of incubation,

which was most clearly seen after 7 min and potentially reflected tetramer formation.

In summary, mouse Xin C forms oligomeric complexes in vitro although the probability

is significantly lower than in human Xin. Thus, both human as well as mouse Xin isoforms

A and C posess functional heptad repeats which mediate the formation of dimeric, trimeric

or tetrameric complexes.
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Figure 3.41: Chemical cross-linking of murine Xin C. A. Prediction of coiled-coil motifs in murine
Xin C (mXin C). Numbers correspond to amino acid positions in murine Xin A. All three prediction
methods MultiCoil (green), Marcoil (black) and PCOILS (grey) identify seven putative coiled-coil motifs
between amino acids 1452 and 1530. The respective sequence and the position within the heptad motif
are illustrated above the graph. Hydrophobic residiues at positions a or d and polar residues at positions
e or g are shown as bold and red letters, respectively. B. Chemical cross-linking of mXin C. Migration
distances are shown in kDa. Addition of cross-linker (EGS) is indicated by a + below the respective
lane and leads to the discovery of bands migrating around 130 kDa and below 250 kDa after 30 s which
probably correspond to dimers and trimers, respectively. A potential tetrameric complex above 250 kDa
can be identified after 3 min.
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3.5 The Protein LIMCH1 is the First Xin A-Specific

Binding Partner

Intraexonic splicing events in the single large coding exon of human Xin give rise to

three different Xin isoforms. The largest isoform Xin A encoded by the complete exon

comprises a unique region of 197 aa, which contains a small proline-rich region at its end

(fig. 3.42 A). Identification of a Xin A-specific binding partner can provide more insight

into the function of Xin proteins as it offers the possibility to allocate distinct functions

to different isoforms. A Xin A fragment, containing the unique region and a proline-rich

sequences also included in Xin C (Xin PR3+4) already used in the yeast two-hybrid screen,

which identified the nebulin SH3 domain as a novel ligand (cf. section 3.3), provided four

interacting clones of a cDNA named KIAA1102 in the same experiment (fig. 3.42 B).

Figure 3.42: LIMCH1 clones identified as Xin interaction partners in a yeast two-hybrid
screen. A. Schematic overview of the three human Xin isoforms. The fragment Xin PR3+4 was used
as bait in a yeast two-hybrid screen of a human skeletal muscle cDNA library. B. Four clones encoding
different portions of the C-terminus of a protein deriving from the human LIMCH1 gene. The hypothetical
domain organization of the complete protein (LIMCH1 FL) is depicted above. The region included in all
clones is indicated by a grey background.

These cDNA clones derive from a human gene designated as LIM and calponin ho-
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mology domains 1 (LIMCH1) on chromosome 4. In human, three to five different splice

variants are predicted (UCSC Genome Browser) and sequence analysis of the amino acids

revealed that the largest variant presumably contains an N-terminal calponin homology

(CH) domain and a C-terminal LIM domain. Additionally, the sequence comprises two re-

gions of heptad motifs potentially mediating coiled-coil interactions. All clones identified

harboured the C-terminal LIM domain and one half of the putative coiled-coil regions.

3.5.1 The LIM Domain of LIMCH1 Specifically Binds Xin A

The Xin A fragment, interacting with a C-terminal portion of LIMCH1 in a yeast two-

hybrid assay, includes the Xin A-specific region and the proline-rich region also present

in Xin C. To determine the binding region responsible in Xin, Xin C was also tested for

binding to a C-terminal fragment of LIMCH1 comprising the second coiled-coil region

and the Lim domain (LIMCH1 CC2) in a yeast two-hybrid assay (fig. 3.43).

While the original bait Xin PR3+4 and LIMCH1 CC2 activated the HIS3 as well as the

lacZ reporter gene as indicated by growth on −LWH minimal medium and a prominent

blue colour in the X-Gal assay, respectively, Xin C and LIMCH1 CC2 could not induce

the reporter gene products. This clearly demonstrates that LIMCH1 specifically interacts

with the region unique to Xin A. The most prominent structural feature predicted in the

fragment LIMCH1 CC2 is the C-terminal LIM domain. The term LIM derives from the

first letters of the three proteins LIN-11, Isl1 and MEC-3, where this structural motif

was first described. A LIM domain coordinates two zinc ions each with four conserved

cysteine and or histidine residues. This establishes a tandem zinc finger structure, which

is present in more than 100 sequences, and defines a versatile module for protein-protein

interactions (Kadrmas und Beckerle, 2004). Although the zinc finger structure is com-

mon to all LIM domains, the variability in the non-conserved residues imparts individual

binding properties so that the interaction partners share no obvious similarities in their

binding interfaces and thus prediction of such an interaction is very limited (Kadrmas

und Beckerle, 2004). Nevertheless, the hypothesis that the Xin–LIMCH1 interaction is

mediated by the LIM domain was tested in another yeast two-hybrid assay using only

the LIM domain as a prey (LIMCH1 LIM). This assay clearly identified the LIM domain

as the responsible binding interface because yeasts co-transformed with Xin PR3+4 and

LIMCH1 LIM activated both reporter genes, whereas Xin C and LIMCH1 LIM did not

show any interaction (fig. 3.43). A LIMCH1 fragment lacking the LIM domain did also

show no binding to Xin (data not shown), which confirms the LIM domain as the inter-
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Figure 3.43: The LIM domain of LIMCH1 specifically binds Xin A. Results obtained in yeast
two-hybrid experiments performed to map the exact binding region in Xin and LIMCH1. Images marked
as 1 depict growth on −LWH selective medium. Positive growth is indicated by newly formed deep red
colonies. Activity of the β-galactosidase is displayed by blue-coloured colonies in images marked as 2. In
order to map the binding region in Xin, Xin PR3+4 and Xin C were used as a bait which only share a small
sequence overlap of 99 aa. None of the LIMCH1 fragments tested interacts with Xin C. Therefore, the
Xin-LIMCH1 interaction is Xin A-specific. The LIM domain alone (LIMCH1 LIM) binds to Xin PR3+4
which identifies the LIM domain as the binding interface to Xin. Surprisingly, the complete protein
LIMCH1 FL does not show any interaction with Xin which is probably due to transformation problems
and impaired growth of transformed colonies. The specificity of the LIM domain-mediated interaction is
verified by the negative result of the tests with other LIM domain-containing proteins, MLP (MLP FL)
and N-RAP (N-RAP LIM). MLP, muscle-LIM protein. NR-AP, nebulin-related-anchoring protein. n.d.,
not determined.
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acting region. In order to prove the specificity of the interaction, LIM domains of other

muscle-specific proteins, like nebulin-related-anchoring protein (N-RAP) and muscle-LIM

protein (MLP), were analyzed. N-RAP belongs to the nebulin-repeat protein family be-

cause its N-terminal LIM domain is followed by 10–11 simple nebulin repeats and five

nebulin-related super repeats. It is expressed in cross-striated muscle at the MTJ and

ICD but is also present in myofibril precursor structures, there being involved in myofibril

development. The N-RAP LIM domain has been already characterized as a specific bind-

ing partner of talin (Luo et al., 1999). MLP (also called CRP3) is classified as a LIM-only

protein since it consists of two consecutive LIM domains, which interact among others

with α-actinin and N-RAP (Arber et al., 1994; Louis et al., 1997; Ehler et al., 2001). It

is associated with the membrane of cross-striated muscle and mutations in the gene lead

to various cardiomyopathies (Knöll et al., 2002; Geier et al., 2003). The LIM domains

of both proteins were tested for binding to Xin PR3+4 in a yeast two-hybrid experiment

but none revealed any interaction emphasizing the specificity of the LIMCH1 LIM do-

main (fig. 3.43). However, tests of the isoform with an N-terminal CH domain (LIMCH1

FL) provided puzzling results. This isoform was cloned in two steps since the length of

3252 bp seemed to impair cDNA amplification in a single assay. The LIMCH1 sequence

contains a recognition site for the restriction endonuclease SacII at bp 1010, which was

used to fuse a 5’- and 3’-end fragment in order to obtain a full-length cDNA. Therefore,

the 3’-end fragment was amplified from the cDNA clone DKFZp451D112 purchased from

imaGenes (Berlin) and the 5’-end sequence was obtained from cDNA of differentiating hu-

man skeletal muscle cells. Both fragments were combined and cloned into vectors utilized

for yeast two-hybrid assays (cf. section 2.5.3). The transformation of yeasts with plas-

mids encoding the LIMCH1 FL cDNA was very inefficient requiring multiple attempts.

Furthermore, the yeasts grew very slowly on the corresponding media. Thus, it is very

likely that the negative result of the binding assay with Xin PR3+4 (fig. 3.43) was caused

by the problems described.

In summary, these experiments clearly identify the human protein LIMCH1 as a spe-

cific binding partner of the largest human Xin isoform Xin A. This interaction is mediated

by the C-terminal LIM domain of LIMCH1 and the recognition of Xin A is highly specific

because no cross-reactivity with other selected LIM domains of muscle proteins can be

observed.
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Figure 3.44: Co-immunoprecipitation of human Xin and LIMCH1. The protein composition
of an assay is depicted above the particular lane. Fragments of LIMCH1 were precipitated with a
monoclonal T7-tag antibody (tab. 2.8.2). Addition of antibody is indicated by a + below each lane.
The antibody used for probing the membrane is noted at the bottom of the respective blot. The protein
detected is marked by an arrow and a sketch below delineates the fragment. Blots probed with α-T7
antibody show the successful immunoprecipitation (IP) of the respective LIMCH1 fragment whereas
blots incubated with α-c-myc antibody display the co-precipitated Xin fragment (Co-IP). Migration
distances are shown in kDa. Bands migrating slightly below 55 kDa correspond to the heavy chains of
the immunoglobulin. A. Co-immunoprecipitation of LIMCH1 FL and Xin PR3+4. B. No interaction of
LIMCH1 FL and Xin 1-R16. C. Co-immunoprecipitation of LIMCH1 CC1+2 and Xin PR3+4. D. No
interaction of LIMCH1 CC1+2 and Xin 1-R16. E. No interaction of LIMCH1 N-term and Xin PR3+4.
F. No interaction of LIMCH1 N-term and Xin 1-R16. Interaction can only be detected if both Xin PR3+4
and the LIM domain of LIMCH1 are included in the assay.
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3.5.2 Biochemical Verification of the Xin–LIMCH1 interaction

The yeast two-hybrid studies clearly provided the LIM domain of LIMCH1 as the binding

interface of the interaction to Xin A. As the assay using LIMCH1 FL as a prey produced

conflicting results, the interaction needed to be verified biochemically. For this purpose co-

immunoprecipitaions with bacterially expressed and purified proteins were performed (cf.

sections 2.7.1 and 2.7.4.1). The two LIM domain-including fragments LIMCH1 FL and

LIMCH1 CC1+2 were used to prove the interaction with the Xin fragment Xin PR3+4,

which was initially utilized to identify the interaction (cf. section 3.5.1). An N-terminal

construct of LIMCH1 (LIMCH1 N-term) lacking the coiled-coil regions and the LIM

domain and a Xin fragment truncated after the repeats (Xin 1-R16) served as negative

controls for LIMCH1 and Xin, respectively. The LIMCH1 proteins were precipitated and

detected with the monoclonal T7-tag antibody since they were encoded by the pET23aT7

plasmid adding a N-terminal T7-tag to the protein (cf. section 2.5.1.2). All Xin fragments

contained an N-terminal c-myc-tag utilized for detection as they were cloned into the

pET23aMyc plasmid (cf. section 2.5.1.3). The co-immunoprecipitation was performed as

described in section 2.9.2. The migration of the respective protein detected is indicated

by an arrow (fig. 3.44 A–F). The blot probed with the anti-c-myc antibody (panel Co-IP)

depicts the result of the co-precipitation and the precipitation is delineated by the blot

probed with anti-T7 antibody (panel IP). The intense band below the 55 kDa marker band

corresponded to the heavy chains of the T7 antibody used for the immunoprecipitation

because of the strong reaction of the secondary antibody detecting the anti-c-myc antibody

(tab. 2.7). The secondary antibody used against the T7 antibody did not exhibit such

a strong reactivity with these heavy chains. The first lane of the blots depicting the IP

(fig. 3.44 A–F) clearly shows that the precipitation of the LIMCH1 protein fragments

has always worked due to the band at the corresponding molecular weight. Generally,

the precipitation of LIMCH1 FL was less efficient than of the other fragments albeit

doubtlessly detectable. In addition, neither unspecific binding to the magnetic beads nor

to the antibody used for precipitation could be observed since no signals were obtained in

lanes two and three of all blots. In contrast to the result in the yeast two-hybrid assay (cf.

section 3.5.1), Xin PR3+4 was co-precipitated with LIMCH1 FL indicating the interaction

of both proteins (fig. 3.44 A, blot Co-IP, lane 1). The interaction of Xin and LIMCH1 was

also verified with the fragment LIMCH1 CC1+2, which co-precipitated Xin PR3+4 (fig.

3.44 C, blot Co-IP, lane 1). The C-terminally truncated LIMCH1 fragment LIMCH1 N-

term was not capable of interacting with Xin PR3+4 (fig. 3.44 E, blot Co-IP, lane 1),
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supporting the view of the LIM domain as the responsible binding region. Furthermore,

none of the LIMCH1 fragments did interact with Xin 1-R16, which excludes other binding

regions in Xin or unspecificity of the results obtained.

This biochemical assay corroborates the interaction of Xin and LIMCH1 for Xin PR3+4

specifically binds to fragments containing the LIM domain. Additionally, this experiment

displays that the predicted complete isoform LIMCH FL including the LIM domain can

also interact with Xin, which could not be shown in the yeast two-hybrid approach (cf.

section 3.5.1).

3.5.3 Targeting of LIMCH1 Fragments in A7r5 Cells

Figure 3.45: Overview of LIMCH1 constructs used for transfection. Numbers correspond to
amino acid position according to LIMCH1 FL.

The LIM domain of human LIMCH1 is included at the C-terminus of the isoform

LIMCH1 FL and has been identified as a novel ligand of human Xin A. In order to

investigate the localization of this interaction in cells using the BiFC method (cf. section

3.5.4) LIMCH1 FL and differently truncated fragments were transfected into A7r5 cells in

advance elucidating regions responsible for targeting (fig. 3.45). Apart from LIMCH1 FL,

fragments were utilized lacking the predicted CH domain (LIMCH1 CC1+2), the CH

domain and one putative coiled-coil motif (LIMCH1 CC2) and the LIM domain itself

(LIMCH1 LIM). All constructs were transfected as fusion proteins with N- or C-terminal

Venus FP. The site of FP fusion apparently did not affect their localization and, therefore,

the presented results are typical of each construct transfected.

Transfection of LIMCH1 FL in A7r5 cells resulted in prominent targeting to stress

fibres which were decorated in a dotted fashion (fig. 3.46 A-F). Interestingly, LIMCH1 FL

was not incorporated into focal adhesions in contrast to Xin A (fig. 3.46 A-C, arrow).

Association with submembranous regions (arrowhead) could also be detected although

it was not as prominent as for Xin A (fig. 3.53 A). In polarized cells, decoration of

actin stress fibres was most obvious in the center of the cell and decreased towards its
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Figure 3.46: Targeting of LIMCH1 fragments in A7r5 cells. Epi-fluorescence images of A7r5 cells
transfected with LIMCH1 fragments fused to the FP Venus. The respective construct is depicted left
from the image series. The cells were labeled with phalloidin to visualize F-actin. In merge images (C, F,
I, L, O) the transfected LIMCH1 and F-actin are tinted green and red, respectively. A-C. LIMCH1 FL
decorates actin stress fibres in a dotted fashion and targets to submembranous regions (arrowhead) but not
to focal adhesions (arrow). D-E. In polarized cells, the association of LIMCH1 FL and actin filaments
is reduced in the periphery. G-I. LIMCH1 CC1+2 also targets to stress fibres and submembranous
regions (arrowhead) and not to focal adhesions (arrow). J-L. Truncation of the CH domain and CC1
(LIMCH1 CC2) disrupts targeting. M-O. The LIM domain alone (LIMCH1 LIM) also shows diffuse
cytoplasmic distribution. Scale bar 10 µm.
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periphery (fig. 3.46 D-F). Truncation of the N-terminal CH domain did not significantly

alter the localization (fig. 3.46 G-I). LIMCH1 CC1+2 also associated with stress fibres in a

punctate pattern and targeting to submembranous regions (arrowhead) could occasionally

be discovered. Additonally, prominent labeling of focal adhesions was still missing (arrow).

While absence of the CH domain did not affect localization, further N-terminal truncation

disrupted targeting (fig. 3.46 J-O). Both LIMCH1 CC2 and LIMCH1 LIM exhibited

diffuse distribution in the cytoplasm while the actin cytoskeleton remained unaffected.

These results clearly demonstrate that LIMCH1 is an actin-associated protein which is

not targeted to focal adhesions. Localization within the cells is mediated by regions

located in the central part of the protein between both coiled-coil motifs.

3.5.4 Visualization of the Xin-LIMCH1 Interaction in A7r5 Cells

Using BiFC

Transfection studies in A7r5 cells revealed that LIMCH1 FL targets to actin stress fibres

in a punctate pattern. This localization is presumably mediated by the central part

of the protein since C-terminal fragments exhibit a diffuse distribution and N-terminal

truncation did not alter localization. A7r5 cells do not contain Xin so that these cells

provide a good model system for analyzing functional combinations in order to visualize

Xin interactions with the BiFC method. However, the existence of transcripts encoding

the LIM domain of LIMCH1 has been proved in A7r5 cells although a confirmation on

protein level was not successful yet (Merk, 2010). Therefore, it cannot be excluded that

these cells effectively express LIMCH1 protein which could have influenced the assay.

Nevertheless, the interaction of Xin A with the LIM domain of LIMCH1 was investigated

with the BiFC method. In general, all possible combinations of BiFC vectors were tested

for each construct used. An overview of the results and functional combinations is given

in table 3.1.

All combinations of the same interacting proteins providing a BiFC signal always

displayed identical localization patterns. Therefore, the images depicted represent the

typical outcome of the respective combination.

The Xin fragment Xin PR3+4 contains the binding site of the LIM domain of LIMCH1

(cf. section 3.5.1). Transfection in A7r5 cells resulted in a diffuse distribution throughout

the entire cell (cf. section 3.6 and fig. 3.55). Strikingly, co-transfection with LIMCH1 FL

generated a BiFC signal and its localization resembled that of LIMCH1 FL (fig. 3.47

A-C). The BiFC complex targeted to actin stress fibres in a punctate pattern but was
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Fragment Xin PR3+4 Xin A
Vector 1C 2C 1N3 2N3 1C 2C 1N3 2N3

LIMCH1 FL

1C + – – –
2C + + + –
1N3 + – – –
2N3 – – – –

LIMCH1 CC1+2

1C + + – –
2C + + + +
1N3 + + – –
2N3 + + + +

LIMCH1 LIM

1C + – – –
2C + + + –
1N3 + + – –
2N3 – – – –

Table 3.1: Overview of BiFC vector combinations used for analyzing the Xin–LIMCH1 in-
teraction. Combinations exhibiting a BiFC signal are marked with ’+’. Combinations giving no signal
are labeled with ’–’. Empty cells reflect incompatible combinations of Venus fragments.

explicitly reduced at termini of actin filaments and focal adhesions if not completely

excluded (arrow). An identical distribution of a BiFC complex was obtained when co-

transfecting Xin PR3+4 and LIMCH1 CC1+2 (fig. 3.47 D-F). In single transfection

assays LIMCH1 CC1+2 showed the same localization pattern as LIMCH1 FL and the

BiFC signal with Xin PR3+4 did not deviate from that. In contrast to enrichment of

F-actin at focal adhesions, the BiFC complex appeared to be absent there (arrow) but

decorated actin stress fibres in a punctate pattern. The LIM domain of LIMCH1 itself was

not able to specifically target to distinct cellular structures (fig. 3.46 M-O). Surprisingly,

LIMCH1 LIM and Xin PR3+4 formed a BiFC complex which did not show any allocatable

localizations (fig. 3.47 G-I). That is even more unique because coincidental complex

formation of non-interacting proteins which also exhibit a diffuse cytoplasmic distribution

has never been observed. Furthermore, co-transfection of each of the constructs with

a non-fluorescent Venus fragment enabling BiFC did not result in fluorescent complex

formation although transfection of the Venus FP alone also provided a diffuse cytoplasmic

targeting (data not shown).

Since Xin PR3+4 represents only a fragment of Xin A and therefore cannot reflect the

in vivo situation, both complete proteins, Xin A and LIMCH1 FL, were co-transfected.

Although Xin A prominently targeted to focal adhesions, BiFC complex formation could

only be detected along actin stress fibres (fig. 3.48 A-C). Both proteins transfected alone

decorated stress fibres in a discontinuous, punctate fashion. This pattern was also ob-
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Figure 3.47: BiFC complex formation of Xin PR3+4 and LIMCH1 fragments in A7r5 cells.
Epi-fluorescence images of A7r5 cells co-transfected with Xin PR3+4 and LIMCH1 fragments fused to
non-fluorescent fragments of the FP Venus enabling BiFC. The respective LIMCH1 construct is depicted
left from the image series. The cells were labeled with phalloidin to visualize F-actin. In merge im-
ages (C, F, I) the BiFC complex and F-actin are tinted green and red, respectively. A-C. LIMCH1 FL
and Xin PR3+4 prominently interact at actin filaments but not at focal adhesions (arrow). The com-
plex discontinuously decorates stress fibres. D-E. An identical localization pattern is obtained with
LIMCH1 CC1+2, i.e. no focal adhesion targeting (arrow) and punctate association with actin filaments.
G-I. LIMCH1 LIM and Xin PR3+4 form a BiFC complex but it does not show specific targeting. BiFC,
bimolecular fluorescence complementation. Scale bar 10 µm.
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Figure 3.48: BiFC complex formation of Xin A and LIMCH1 fragments in A7r5 cells. Epi-
fluorescence and confocal LSM images (D-F) of A7r5 cells co-transfected with Xin A and LIMCH1
fragments fused to non-fluorescent fragments of the FP Venus enabling BiFC. The respective LIMCH1
construct is depicted left from the image series. The cells were labeled with phalloidin to visualize F-actin.
In merge images (C, F, I, L, O) the BiFC complex and F-actin are tinted green and red, respectively. A-C.
LIMCH1 FL and Xin A form BiFC complexes at actin stress fibres but not at focal adhesions (arrow). D-
E. Confocal LSM images confirm the absence of BiFC complexes at focal adhesions (arrow) and reveal that
a high intense BiFC signal along stress fibres is accompanied by F-actin enrichment (arrowhead). G-I.
Apart from punctate decoration of actin stress fibres, Xin A–LIMCH1 CC1+2 complexes are incorporated
into focal adhesions (arrow). J-O. In a BiFC complex of Xin A and LIMCH1 LIM, targeting to stress
fibres is reduced but the complex is still localized at focal adhesions (arrow) and terminal actin filaments.
BiFC, bimolecular fluorescence complementation. Scale bar 10 µm.
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tained with the BiFC complex and confocal LSM images clearly demonstrated its absence

from focal adhesions (fig. 3.48 D-F, arrow). The intensity of the BiFC signal was not

evenly distributed along actin stress fibres. Some sites displayed a focal accumulation

of the complex which was accompanied by an increased F-actin signal (arrowhead). N-

terminal truncation of LIMCH1 resulted in an altered localization of the BiFC complex.

Although LIMCH1 CC1+2 revealed the same targeting as LIMCH1 FL in single transfec-

tion assays (fig. 3.46 G-I), Xin A and LIMCH1 CC1+2 together decorated actin filaments

in a punctate pattern and were additionally incorporated into focal adhesions which is

completely different from Xin A–LIMCH1 FL complexes (fig. 3.48 G-I). If LIMCH1 lost

its targeting ability due to removal of the important central region, the BiFC complex

sorting again changed (fig. 3.48 J-O). Co-transfection of LIMCH1 LIM and Xin A resulted

in prominent targeting to focal adhesions (arrow) but association with stress fibres was

dramatically decreased. Decoration was mainly restricted to the ends of actin filaments

although Xin A strongly binds F-actin along the entire filament (fig. 3.53 A). In sum-

mary, LIMCH1 FL and Xin A interact with each other upon co-transfection in A7r5 cells

indicated by BiFC complex formation. This complex is excluded from focal adhesions

and remains restricted to actin stress fibres. Truncation of Xin does not affect targeting

of the BiFC complex because Xin PR3+4 exhibits the same localization patterns with

LIMCH1 FL and LIMCH1 CC1+2. However, loss of the part responsible for targeting in

LIMCH1 clearly alters sorting of the complex and then the distribution depends on the

Xin fragment which is co-transfected. Xin A causes a BiFC signal at the termini of actin

filaments and focal adhesions whereas complexes containing Xin PR3+4 reveal diffuse

cytoplasmic distribution.

3.5.5 Expression of LIMCH1 in Cells and Tissues

LIMCH1 is the first ligand identified specifically binding to Xin A, thus opening up the

opportunity to unravel different and overlapping functions of the three Xin isoforms.

Therefore, further characterization of this gene and its products is necessary. Database

(UCSC Genome Browser) analysis revealed that high levels of human LIMCH1 transcripts

can be obtained in brain and lung, whereas low transcription levels are detected in liver,

bone marrow and blood cells. The mRNA levels in human skeletal and cardiac muscle,

the only tissues expressing its LIM domain interaction partner Xin A, did not show any

peculiarities in any direction. However, transcriptional activity in murine cardiac and

skeletal muscle was comparably high to brain and lung. In order to discover LIMCH1
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protein in cells and tissues of different species, a commercially available polyclonal anti-

body (DKFZp686A01247, GeneTex, Inc.; tab. 2.8.2, LIMCH1 (GeneTex)) was tested on

a recombinant human C-terminal fragment (LIMCH1 CC2) encompassing the immuno-

genic region, total protein extracts of human skeletal muscle cells of varying differentiation

states, extracts of mouse tissue of lung, brain and heart as well as extracts of rat tissue

of skeletal muscle, heart and lung.

Figure 3.49: Expression of
LIMCH1 in cells and tis-
sues. The polyclonal antibody
LIMCH1 (GeneTex) was tested
on cell and tissue extracts and
a recombinant fragment includ-
ing the epitope (LIMCH1 CC2).
Migration distances are shown in
kDa. A. The antibody specif-
ically decorates the recombinant
protein fragment LIMCH1 CC2.
Non-differentiated human skeletal
muscle (skm) cells do not pro-
vide a signal but at differentiated
stages a band migrating slightly
above 130 kDa is detected. A sig-
nal at similar height can be iden-
tified in all tissues. An additional
band below 55 kDa is identified
in mouse and rat heart and rat
skeletal muscle. In rat skeletal
muscle the antibody decorates a
band above the common signal at
130 kDa. B. Differentiation series
of H-2K cells. GAPDH serves as
a loading control. Two distinct
bands are detected at day 2 which
increase until day 8, one migrat-
ing above 130 kDa and the more
prominent one below 230 kDa.
Additionally, a smaller band be-
low 55 kDa can be detected be-
tween day 1 and 8.

The tissue extracts were prepared as described in section 2.7.5 and the antibody sig-

nal was generated by enhanced chemoluminescence (cf. section 2.8.1.2). The LIMCH1

antibody detected the recombinant fragment LIMCH1 CC2 as a single band above the

55 kDa marker band (fig. 3.49 A). Although this protein fragment has a predicted molecu-

lar weight of ≈ 44 kDa, the detected band migrated significantly higher, but such a signal

was also obtained with the respective tag antibody (data not shown). This demonstrates
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that the LIMCH1 antibody recognizes the correct recombinant protein fragment. At the

beginning of their differentiation, human skeletal muscle cells did not contain detectable

amounts of LIMCH1 protein (fig. 3.49 A). Upon progression of differentiation, a faint band

migrating slightly above 130 kDa occurred. Furthermore, additional weaker bands below

this signal were obtained. The molecular weight of the isoform designated as LIMCH1 FL

amounts to about 122 kDa, which almost fitted the height of the band detected. The

increase of LIMCH1 expression albeit to a still low level pointed to a differentiation-

dependent regulation in skeletal muscle cells. In mouse, the predicted molecular weight

of the corresponding isoform is calculated to be approx. 120 kDa, which predicts a band

in the same range as in human cells. The antibody detected a single band at 130 kDa

in mouse lung, cerebrum and heart, which showed the same migration behaviour like in

human skeletal muscle cells, demonstrating the antibody’s cross-reactivity with the mouse

orthologue. In addition, mouse heart tissue exhibited a second band migrating slightly

below 55 kDa. Whether this represents an additional N-terminally truncated LIMCH 1

isoform is not clear but rat heart and skeletal muscle contained a similar band, which

supports the probable existence of such an isoform. Moreover, all rat tissues confirmed

the existence of a LIMCH 1 protein migrating around 130 kDa provided by mouse tis-

sues and human skeletal muscle cells. Strikingly, in rat skeletal muscle a second more

prominent band was detected slightly higher indicating the existence of another, larger

isoform at least in skeletal muscle. The increase of LIMCH1 expression in human skeletal

muscle cells and the putative existence of a larger isoform in skeletal muscle required an

investigation of LIMCH1 expression during myofibrillogenesis of murine H-2K cells in or-

der to verify these findings. Therefore, protein extracts of a differentiation series of H-2K

cells from day 0 until day 8 were probed with the LIMCH1 antibody. The amount of

protein was adjusted to the house-keeping protein glyceraldehyde 3-phosphate dehydro-

genase (GAPDH). In the early phase of myogenic differentiation, no LIMCH1 protein was

detected (fig. 3.49 B). The most prominent signal was obtained slightly below 230 kDa

resembling the larger band decorated in rat skeletal muscle. The expression level of this

protein gradually increased from day 2 to day 8 after initiation of differentiation. The

same course of expression level was detected for a protein migrating above 130 kDa which

probably corresponded to the most prominent signal obtained from tissue extracts (fig.

3.49 A). It also reached the highest level at the final stage of differentiation of H-2K cells

but its expression level was lower than that of the upper band (fig. 3.49 B). Interestingly,

a band migrating below 55 kDa, as identified in mouse and rat cross-striated muscle, was

also present in H-2K cells during the entire differentiation process. At day 5, new bands
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were detectable which migrated between 95 kDa and 130 kDa. Whether these bands re-

flected additional splice variants or proteolysis products remains to be determined because

no mouse tissue revealed bands in the according range (fig. 3.49 A). However, differen-

tiated human skeletal muscle cells provided bands in this molecular weight range albeit

weakly and diffuse. In conclusion, the antibody detects a band matching the calculated

molecular weight of the predicted largest isoform (LIMCH1 FL) in all cell and tissue ex-

tracts tested. Apart from that, a larger protein can be detected in rat skeletal muscle

tissue and differentiating murine H-2K cells which also derive from skeletal muscle. This

raises the possibility of another isoform fitting the specificity of this antibody. Further-

more, this isoform as well as LIMCH1 FL seem to be upregulated during myofibrillogenesis

and remain a component of adult skeletal muscle. A significantly smaller putative isoform

exists in cross-striated muscle tissue of rat and mouse. A protein of an adequate molecular

weight is also expressed in differentiating H-2K cells which increases the probability of

the existence of a smaller isoform presumably truncated at the N-terminus.

3.5.6 Identification of a New Murine LIMCH1 Splice Variant

Expression analysis of the LIMCH1 protein in rat skeletal muscle tissue and differentiat-

ing murine H-2K cells provided two bands migrating around 130 kDa and below 230 kDa,

respectively (fig. 3.49). While the smaller band probably corresponds to the isoform

LIMCH1 FL, the identity of the large protein remains elusive. Database analysis (UCSC

Genome Browser) of rat or murine LIMCH1 transcripts could not explain the origin, how-

ever, the mRNA clone AL831962 identified in human skeletal muscle includes additional

exon sequences which are inserted in front of the first coiled-coil motif (CC1) (fig. 3.50

A). This mRNA clone comprises 5364 bp containing an open reading frame (ORF) of

4404 bp which encodes a hypothetical protein of ≈ 165 kDa. The human LIMCH1 gene

consists of 27 exons on chromosome 4 (fig. 3.50 B). The coding sequence of LIMCH1 FL

starts in the middle of exon 1 and ends at the beginning of exon 27. This last exon is

the largest one comprising 2885 bp but most of it presumably represents untranslated

sequence. The alternative start codon of the mRNA clone AL831962 is located at the

end of exon 6 within the same ORF as LIMCH1 FL thus representing amino acid 160 in

LIMCH1 FL (fig. 3.50 A). The additional sequence is inserted between exons 8 and 9 and

coded by 7 new exons. Due to the identification in skeletal muscle these exons are referred

to as muscle exons 1-7. The coding sequence of this mRNA stops at the same stop codon

described for LIMCH1 FL. Therefore, LIMCH1 FL and isoforms containing the muscle
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Figure 3.50: Identification of novel exons in the murine LIMCH1 gene. A. Schematic overview of the human isoform LIMCH1 FL and the
hypothetical protein encoded by the mRNA clone AL831962 isolated from skeletal muscle. Numbers correspond to amino acid positions. The black
dotted line marks the alternative start codon of the new protein. The sequence not included in LIMCH1 FL is indicated by a chequered filling. The
red dotted line marks the site of insertion in LIMCH1 FL. B. Schematic overview of the genomic organization of human LIMCH1. The UTR’s are
indicated by narrow bars and the coding region is depicted by a broad bar. Transcription start of LIMCH1 FL and the new clone are marked by a
red arrow and a red arrow with a dotted line, respectively. The localization of the new exons within the gene is displayed by red dotted lines. C.
Schematic overview of the genomic organization of murine LIMCH1. The UTR’s are indicated by narrow bars and the coding region is depicted by a
broad bar. Transcription start of mLIMCH1 FL is marked by a red arrow. The localization predicted new exons in murine LIMCH1 is displayed by
red dotted lines. Primers used for RT-PCR are numbered with Roman numerals and the respective amplicon is indicated by a dotted line. D. Tabular
overview of the PCR primer pairs and the respective expected and effective product size. Lane numbering of the agarose gel corresponds to the day of
differentiation at which the template RNA for cDNA synthesis was isolated. PCR reactions performed without cDNA template are depicted in lane
’–’. E. Results of sequencing of PCR products and changes in the exon arrangement.
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exons share an identical amino acid composition only interrupted by the insertion near the

N-terminus after amino acid position 311 of LIMCH1 FL. In order to clarify whether such

exons also exist in murine skeletal muscle and can account for the larger isoform, putative

new exons were identified due to homologies to the human sequence (fig. 3.50 C). The

murine LIMCH1 gene comprises only 26 exons on chromosome 5 with the gene structure

being highly homologous to the human gene, since the start codon is also located in exon

1, exon size and arrangement are very similar and the last exon includes large non-coding

sequence. The analysis revealed 7 potential additional exons between exon 8 and 9. Ex-

cept for exon 7, the exon borders could be easily determined enabling primer design to

prove their existence using RT-PCR (cf. section 2.6.1). Four primer pairs were selected

covering the entire sequence including the new muscle exons between exon 8 and 10. RT-

PCRs were performed on RNA of non-differentiated (0d) and contractile (5d) H-2K cells

because protein expression analysis revealed potential differentiation-dependent regula-

tion (fig. 3.50 D). While all primer combinations amplified high amounts of product with

cDNA of contractile H-2K cells, no PCR product was obtained with non-differentiated

cells. However, the amplicon of primer combinations I and IV did not match the expected

size because product I migrated clearly above 300 bp (286 bp expected) and product IV

is dramatically smaller (> 500 bp expected vs. < 300 bp obtained). Therefore, PCR

products were subcloned and sequenced. This revealed that there were 7 exons between

exons 8 and 9 but the arrangement differed from the prediction (fig. 3.50 E). The exon

originally designated as muscle 1 was preceded by a 139 bp-comprising exon which ex-

plains the larger size of the amplicon I although it did not migrate above 500 bp which

was expected from the effective size of 539 bp. Instead, the predicted exon muscle 7 did

not exist and accordingly the PCR product IV only comprised the exons muscle 6, 9 and

10. In conclusion, a human mRNA clone from skeletal muscle contains additional exons

resulting a hypothetical protein larger than the isoform LIMCH1 FL. The additional ex-

ons are located between exon 8 and 9 which can be also confirmed in mouse. Although

both human and murine LIMCH1 contain 7 additional exons, their exon structure exhibits

differences. Furthermore, splice variants containing the newly identified exons seem to

be transcribed depending on the differentiation level, since they were not identified in

non-differentiated H-2K cells. Therefore, it is very likely that addition of these new exons

accounts for the larger protein identified in rat skeletal muscle and H-2K cells.
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3.5.7 Transcription of Murine LIMCH1 During Myofibrillogen-

esis of H-2Kb-tsA58 Myoblasts

The first prominent protein expression of murine LIMCH1 could be detected at day 2

of myofibrillogenesis of H-2K cells (fig. 3.49 B). An antibody against the C-terminus of

LIMCH1 revealed 2 distinct proteins migrating at 130 kDa and below 230 kDa. The

smaller protein fitted the calculated molecular weight of the mouse orthologue of the hu-

man isoform LIMCH1 FL (mLIMCH1 FL) and RT-PCR experiments pointed to newly

identified exons providing a protein larger than LIMCH1 FL (mLIMCH1 muscle) (cf.

section 3.5.6). In order to dissect the transcription of both isoforms during myofibrilloge-

nesis, semiquantitative RT-PCR experiments were performed using RNA isolated from a

differentiation series of H-2K cells as a template (cf. section 2.6.3). Primer combinations

were selected amplifying transcripts of mLIMCH1 FL (I, II), mLIMCH1 muscle (III, IV,

V) or both isoforms (VI) (fig. 3.51 A+C).

Surprisingly, all PCR reactions provided weak amplicons already before induction of

differentiation although no protein could be detected at this stage which has not been ob-

tained in earlier experiments (fig. 3.51 B and 3.49 B). The presence of transcripts could be

either due to spontaneously differentiating cells which are however very rare or transcripts

of LIMCH1 exist in proliferating myoblast albeit untranslated. The fact that transcription

remained on the same low level after 1 day of differentiation shows that induction of dif-

ferentiation was not directly affecting transcription level. A significant increase in mRNA

level could be detected at day 2, the stage where the protein was identified for the first

time, too (fig. 3.51 B+D). The increase continued until the end of differentiation when

the highest transcription level was reached. Both isoforms showed an identical course of

transcription which also matched the course of protein expression. However, primer pair

III provided an additional PCR product above 500 bp which was decreased after day 1

and completely vanished at day 5 (fig. 3.51 B). Subsequent cloning and sequencing of the

product failed leaving its identity still elusive. In summary, transcripts of mLIMCH1 FL

and mLIMCH1 muscle can be already detected in proliferating myoblast but a significant

increase occurs not before day 2. Afterwards, the transcription level of both isoforms is

continuously raised until differentiation ends. These transcription data perfectly fit the

course of protein expression. The identity of a putative novel alternative splice between

exon 7 and muscle exon 2 has not yet been determined.
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Figure 3.51: Quantitation of the transcription level of murine LIMCH1 during myofibrillogenesis of H-2K cells. A. Schematic overview of
the genomic organization of murine LIMCH1. The UTR’s are indicated by narrow bars and the coding region is depicted by a broad bar. Transcription
start of mLIMCH1 FL is marked by a red arrow. Newly identified exons are tinted dark blue. Primers used for semiquantitative RT-PCR are numbered
with Roman numerals and the respective amplicon is indicated by a dotted line. B. Results of the simplex RT-PCR’s of the respective primer pairs.
Lane numbering corresponds to the day of differentiation at which the template RNA for cDNA synthesis was isolated. PCR reactions performed
without cDNA template are depicted in lane H2O. The mRNA of hypoxanthine phosphoribosyltransferase 1 (HPRT) serves as a reference. Migration
distances of PCR products are shown in base pairs (bp). C. Tabular overview of the PCR primer pairs, expected product size, number of PCR cycles,
detected isoform and the respective colours used in D. Changes in transcription level of murine LIMCH1 isoforms in relation to HPRT. The highest
ratio between the LIMCH1 product and HPRT of each primer pair was set to 1.0.
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3.5.8 LIMCH1 Contains Functional Heptad Repeats

Sequence analysis of the Xin A-specific interaction partner LIMCH1 revealed putative

coiled-coil regions which can mediate multimerization. Both the isoform LIMCH1 FL

and the newly identified splice variant in mouse mLIMCH1 muscle contain two cluster

of consecutive heptad repeats. The N-terminal putative coiled-coil motif CC1 consists

of seven heptads between amino acids 347 and 395, i.e., according to the positions in

LIMCH1 FL (fig. 3.52 A). A second coiled-coil motif CC2 is located more C-terminally

and comprises five potential heptads starting with amino acid 789. Estimation of the

probability of coiled-coil formation using the prediction algorithms of MultiCoil, Marcoil

and PCOILS (cf. section 3.4) showed that the probability is higher for CC2. While

only the Marcoil program provided values high enough to assume coiled-coil formation

of CC1, for CC2 all prediction methods calculated probabilities comparable to already

proven functional heptad repeats (cf. section 3.4). Furthermore, the second coiled-coil

motif provided a higher degree of conservation among species than CC1 which increases

the probability being functional in vivo. Although the exact stoichiometry of a coiled-coil

complex can hardly be predicted, it is worth mentioning that MultiCoil which distin-

guishes between dimer and trimer formation probability favored trimeric complexes for

CC2 with a probability twice as high as for dimers. In general, the values of the Multi-

Coil prediction of trimers were comparable to those obtained with VASP (fig. 3.38 A).

Therefore, an N-terminally truncated fragment of LIMCH1 comprising only the second

coiled-coil motif and the complete C-terminus including the LIM domain (LIMCH1 CC2)

was used in chemical cross-linking experiments to investigate multimer formation capac-

ities (cf. section 2.9.3). LIMCH1 CC2 could form SDS- and DTT-resistant dimers in

vitro as a faint band below 130 kDa could be detected without addition of cross-linker

at the beginning of the experiment (cf. section 3.52 B). This mass roughly corresponds

to doubling of the monomer migration width and therefore very likely represents dimeric

complexes. The amount was slightly increasing during the course of reaction. Addition

of cross-linker resulted in a significant increase in the amount of dimers and also revealed

the formation of larger trimeric and tetrameric complexes already after 30 s of incuba-

tion. The number of dimeric and tetrameric complexes continuously grew during the

whole experiment with trimers being less frequent in the end. Surprisingly, after 3 min

of incubation also SDS- and DTT-resistant trimeric complexes could be identified albeit

to a lower extend than dimers. The shift of the monomer band was due to loading with

cross-linking reagent which always affects migration of the proteins. This experiment
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Figure 3.52: Chemical cross-linking of human LIMCH1. A. Prediction of coiled-coil motifs in
human LIMCH1. A schematic overview about the putative domain organization of human LIMCH1 FL
is depicted above the graph. Numbers correspond to amino acids. The Marcoil method (black) predicts
two coiled-coil regions (CC1+CC2) whereas MultiCoil (red/green) and PCOILS (grey) only identify the
second one. The respective sequences and the position within the heptad motif are illustrated above the
graph. Hydrophobic residiues at positions a or d and polar residues at positions e or g are shown as bold
and red letters, respectively. The PCOILS program was run using a window of 21 residues for prediction
which offers the best compromise in detecting large and small coiled-coils. B. Chemical cross-linking of
human LIMCH1. Migration distances are shown in kDa. SDS- and DTT-resistant dimers and trimers can
be identified in the purified protein. Addition of cross-linker (EGS) indicated by a + below the respective
lane increases the amount of dimers and trimers and reveals the formation of tetramers.
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clearly demonstrates that the C-terminus of LIMCH1 contains functional heptad repeats

which can form multimeric complexes. These complexes can also be detected without

cross-linking reagent indicating the formation of robust coiled-coils. The relevant compo-

sition of the coiled-coils in vivo remains unknown since the existence of dimers, trimers

and tetramers can be seen in vitro. Furthermore, the existence of dimers and multimeric

complexes resembles the results obtained with Xin since it can also assemble to multimeric

complexes via coiled-coil motifs (cf. section 3.4).

3.6 The C-terminus of Xin B Targets to Focal Adhe-

sions

Intraexonic splicing events in the single large coding exon of human Xin give rise to three

different isoforms (fig. 1.8). The largest Xin isoform, Xin A, is encoded by the complete

exon and contains the Xin-Repeats and the C-terminal filamin C-binding site (van der

Ven et al., 2006). In addition, Xin A includes a central region unique to this isoform,

which harbours a binding site to the newly identified protein LIMCH1 (cf. section 3.5).

The smaller isoforms consist of parts of Xin A, i.e. they are truncated either C-terminally

(Xin B) or N-terminally (Xin C). In order to reveal the functional consequences of these

truncations and to identify regions conveying certain properties to Xin, all isoforms and

further truncated fragments were transfected in A7r5 cells and their localization studied.

Targeting of the constructs used which is depicted in the following figures did not depend

on the site of FP fusion, i.e. both N- and C-terminal fusion proteins exhibited the same

localization pattern. The actin cytoskeleton was labeled with phalloidin and the actin-

associated Ena/VASP-protein Mena was stained facilitating identification of cytoskeletal

structures. Mena is also an in vitro binding partner of human Xin A and B and directly

influences F-actin structure by antagonizing Arp2/3-dependent branching (van der Ven

et al., 2006; Krause et al., 2003). It localizes to sites of dynamic action reorganization

and cell contact structures, e.g. focal adhesions, which clearly helps to identify these

structures.

Transfection of the smallest isoform Xin C resulted in a dramatic alteration of the

organization of the actin cytoskeleton (fig. 3.29). This isoform lacks the F-actin-binding

Xin-Repeats, nevertheless an association with actin filaments could occasionally be de-

tected. Xin A and Xin B both targeted very prominently to actin stress fibres and the

actin cytoskeleton did not seem to be altered because it displayed large stress fibre bundles
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Figure 3.53: Localization of Xin A and Xin B in A7r5 cells. Epi-fluorescence images of A7r5
cells transfected with Xin A and B fused to the FP Venus. The cells were labeled with an antibody
against Mena and phalloidin to visualize F-actin. In merge images (D, D’, H, H’) the transfected Xin is
tinted green and Mena and F-actin are depicted in red and blue, respectively. A-D. Transfected Xin A
targets to actin stress fibres in a punctate pattern and is highly enriched in focal adhesions. Mena is
also associated with stress fibres in a dense-body-like fashion and accumulates in focal adhesion. A’-D’.
Mena most prominently labels the tip of focal adhesions where Xin A and F-actin can only weakly be
detected (arrow). Although both Xin A and Mena bind to actin in a punctate pattern, their binding site
appears to be different. E-H. Transfection of Xin B does not lead to alterations in the actin cytoskeleton
compared to non-transfected cells (asterisk). Xin B exhibits a targeting pattern identical to Xin A, i.e.
focal adhesions and punctate association with stress fibres. E’-H’. The tips of focal adhesions contain
remarkable amounts of Mena but Xin B and F-actin can hardly be identified there (arrow). Although
Xin B and Mena do not continuously label stress fibres, they do not seem to occupy identical positions
along the actin filament. Targeting to submembranous sites is common for both Xin isoforms, A and B
(A,E). Scale bar 10 µm.



Results 178

Figure 3.54: Localization of Xin A∆rep in A7r5 cells. Epi-fluorescence images of A7r5 cells trans-
fected with Xin A∆rep, a N-terminally truncated fragment lacking the repeats fused to the FP Venus.
The cells were labeled with phalloidin to visualize F-actin. In merge images (C, F, I) the transfected Xin
and F-actin are tinted green and red, respectively. Non-transfected cells are marked with asterisks. A-C.
Xin A∆rep does not target to actin stress fibres but is still incorporated into focal adhesions (arrow).
Submembranous localization (arrowhead) and a punctate cytoplasmic distribution is common to all Xin
isoforms. D-F. In some cells, actin-labeling fails although non-transfected cells exhibit prominent F-actin
staining and Xin A∆rep provides its typical distribution at focal adhesions (arrow), submembranous re-
gions (arrowhead) and in the cytoplasm. G-I. Reduced number and altered shape of focal adhesions
(arrow) in a cell lacking F-actin labeling. Submembranous localization (arrowhead) and punctate cyto-
plasmic staining are preserved. Transfected cells expressing low levels of Xin A∆rep can either lack actin
labeling or not (open arrowhead). Scale bar 10 µm.
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and prominent focal adhesions typical of A7r5 cells (fig. 3.53 A-D, E-H, asterisk). Their

binding mode also seemed to be quite similar, since both exhibited a punctate association

with stress fibres although this was less prominent and different from Mena (fig. 3.53

A’-D’, E’-H’). The most striking feature was the localization at focal adhesions, which

was according to both repeat-containing isoforms but different from Xin C. While Xin A

and B evenly labelled focal adhesions with the same intensity, Mena was highly enriched

at their distal tips (fig. 3.53 A’-D’, E’-H’, arrow). At these sites of prominent Mena

localization, no signal of phalloidin could be detected indicating the absence of polymer-

ized actin at the tips of focal adhesions or inaccessibility of the phalloidin binding region.

Furthermore, both Xin isoforms did not completely overlap with Mena either although

their fluorescent signal was obtained closer to the tips than that of phalloidin. In addition

to that, Xin A and B also targeted to submembranous regions which is comparable to

Xin C (fig. 3.53 A-D, E-H and 3.29).

Figure 3.55: Localization of Xin PR3+4 in A7r5 cells. Epi-fluorescence images of A7r5 cells
transfected with Xin PR3+4, a fragment only comprising the Xin A-specific region and proline-rich
motifs of the Xin C N-terminus, fused to the FP Venus. The cells were labeled with phalloidin to
visualize F-actin. In merge images (C, F) the transfected Xin and F-actin are tinted green and red,
respectively. A-C. Xin PR3+4 exhibits diffuse distribution in the cytoplasm. Association with actin
filaments can rarely be detected. The actin cytoskeleton is affected because prominent stress fibres and
focal adhesions are reduced or eliminated. D-F. Different stages of disruption of the actin cytoskeleton.
Cells highly expressing Xin PR3+4 do not contain stress fibres whereas they can be still identified in cells
displaying lower expression. Scale bar 10 µm.

Thus, Xin-Repeat-containing isoforms (A, B) predominantly target to actin stress
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fibres and focal adhesions whereas the smallest isoform Xin C disrupts the actin cy-

toskeleton architecture causing the absence of prominent stress fibres and focal adhesions.

Removal of repeats provided a novel variation of targeting (fig. 3.54). The fragment

Xin A∆rep did not associate with actin stress fibres but showed prominent incorporation

into focal adhesions (fig. 3.54 A-C, arrow). Apart from that, a punctate distribution

could be detected in the cytoplasm. A submembranous localization (arrowhead) which

is common to all isoforms remained unaffected by the truncation. This reflected the pre-

dominant phenotype of cells transfected with Xin A∆rep but intriguingly, some of the

cells exhibited abberations (fig. 3.54 D-F). In these cells the visualization of the actin

cytoskeleton failed, although adjacent non-transfected cells were properly labeled (aster-

isk) and the localization pattern of Xin A∆rep did not show any deviation since focal

adhesion-like structures (arrow), submembranous targeting (arrowhead) and a punctate

distribution in the cytoplasm occurred. Only the number of focal adhesions appeared

to be slightly reduced but it remains to be determined if this is a significant effect. An

effect on labeling of the actin cytoskeleton and associated structures was only observed

in a fraction of transfected cells (fig. 3.54 G-I). Alterations could be identified analyzing

number and shape of focal adhesions. In these cells focal adhesions generally lacked their

typical arrowhead-like shape (arrow) and their number was reduced. However, punctate

cytoplasmic localization and submembranous targeting (arrowhead) were preserved. If

disruption of F-actin staining depended on the expression level of Xin A∆rep, very low

levels would be sufficient to cause this effect because cells expressing low amounts of

Xin A∆rep could either harbour an intact actin cytoskeleton or not (open arrowheads).

N-terminal truncation of Xin A therefore eliminates F-actin binding but retains tar-

geting to focal adhesions. In order to uncover the region responsible for this localization,

transfection of the fragment Xin PR3+4 was performed. This construct starts with the

Xin A-specific region and lacks the C-terminal coiled-coil motifs and the FBS while still

containing a proline-rich region localized at the N-terminus of Xin C. Surprisingly, this

construct did not provide any specific targeting and remained diffusely distributed in the

cytoplasm (fig. 3.55 A, D). The actin cytoskeleton seemed to be negatively affected by the

transfection because stress fibres were reduced or exhibited an altered shape accompanied

by a reduction of focal adhesions (fig. 3.55 B, E). In addition to the diffuse cytoplasmic

distribution, an association with actin filaments could rarely be seen (fig. 3.55 A). In

conclusion, these results clearly point to the C-terminus of Xin B as being responsible

for targeting to focal adhesions. Furthermore, it can be stated that the Xin-Repeats are

necessary for proper stress fibre decoration so that the association of Xin C with actin
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must rely on a different mechanism. The Xin A-specific region and the proline-rich motifs

at the N-terminus are not sufficient to target Xin to distinct structures within A7r5 cells

so that specific localization of Xin C can be attributed to the C-terminus. Common to all

Xin isoforms is the localization at submembranous sites which is preserved in Xin A∆rep

but lost in Xin PR3+4. Since there are no overlapping regions between Xin B and C the

basis of this targeting remains unresolved.

3.7 Characterization of Human Xirp2

In human, the Xin-Repeat protein family comprises two members, Xin and Xirp2 (cf.

section 1.10). The respective largest isoforms share a related domain layout starting at

the N-terminus with a functional Ena/VASP-binding region followed by varying numbers

of the characteristic repeats. Subsequently, clusters of proline-rich putative interaction

motifs can be identified and both proteins harbour a different number of heptad repeats,

which often convey coiled-coil interactions. In this work, novel ligands of Xin are described

and the heptad motifs are shown to be functional (cf. sections 3.3, 3.5 and 3.4). In order

to dissect distinct and overlapping properties of Xin and Xirp2, the function of putative

interaction motifs in Xirp2 was analyzed.

3.7.1 Human Xirp2 is a Filamin C-Specific Binding Partner

The filamin family of actin-cross-linking proteins consists of three members, A, B and C,

expressed by three independent genes. While filamin A is nearly ubiquitously expressed,

filamin C is restricted to cross-striated musculature. All filamins display the same struc-

ture, an N-terminal actin-binding domain followed by 24 Ig-like domains, but filamin C

possesses a unique insertion in Ig-domain 20 (fig. 1.3). The Xin-Repeat protein Xin

represents the first specific binding partner for this insertion. The filamin binding site

in Xin is located at the C-terminus within the amino acids 1741–1812 (Schröder, 2009).

As Xin and Xirp2 share a similar domain layout, a C-terminal fragment of Xirp2 (Xirp2

FBS) comprising the amino acids 2982–3327 was tested for binding to fragments of human

filamin C in a co-immunoprecipitation assay (cf. section 2.9.2).

Xirp2 FBS was expressed with an N-terminal c-myc-tag, which was utilized to precip-

itate the fragment with a specific antibody (tab. 2.8.2). The potential interacting frag-

ments of filamin C emcompassed the Ig domains 18–19 (FlnC d18-19), 18–21 (FlnC d18-

21) and 20–21 (FlnC d20-21), respectively, and could be detected via a C-terminal EEF-
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Figure 3.56: Human Xirp2 interacts with the Ig-like domains 20 and 21 of filamin C. A.
Schematic overview of human Xirp2 and the fragment Xirp2 FBS used for co-immunoprecipitation. B-D.
Co-immunoprecipitation of the c-myc-tagged fragment Xirp2 FBS and EEF-tagged fragments of filamin C.
Xirp2 FBS was precipitated using a c-myc-specific antibody (tab. 2.8.2) shown on the IP panel. Co-
precipitated EEF-tagged filamin C fragments were detected using an EEF-specific antibody (tab. 2.8.2)
depicted on the CoIP panel. The migration distance of the respective molecular weight standard proteins
is indicated by arrowheads and the molecular weight in kDa. Prominent signals at 55 kDa and above
26 kDa in the IP panel correspond to the heavy and light chains of the c-myc antibody, respectively. B.
Filamin C d18-21 co-precipitates with Xirp2 FBS. C. Xirp2 FBS also interacts with filamin C d20-21.
D. Filamin C d18-19 fails to bind to Xirp2 FBS which maps the binding site to the Ig-like domains 20
and 21.
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Figure 3.57: Human Xirp2 does not interact with filamin A. A-C. Co-immunoprecipitation of the
c-myc-tagged fragment Xirp2 FBS and EEF-tagged fragments of filamin A. Xirp2 FBS was precipitated
using a c-myc-specific antibody (tab. 2.8.2) shown on the IP panel. Co-precipitated EEF-tagged filamin C
fragments were detected using an EEF-specific antibody (tab. 2.8.2) depicted on the CoIP panel. The
migration distance of the respective molecular weight standard proteins is indicated by arrowheads and
the molecular weight in kDa. Prominent signals at 55 kDa and above 26 kDa in the IP panel correspond
to the heavy and light chains of the c-myc antibody, respectively. A. Xirp2 FBS shows no binding to
filamin A d18-21. B. Filamin A d20-21 does not co-precipitate with Xirp2 FBS. C. Xirp2 FBS does
not interact with filamin A d18-19. These results demonstrate that Xirp2 is not a binding partner of
filamin A.
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tag. This approach identified the Ig domains 20–21 of filamin C as a binding partner of

Xirp2 FBS because only fragments comprising these domains (FlnC d18-21, FlnC d20-21)

could be co-precipitated (fig. 3.56). FlnC d18-19 did not form a complex with Xirp2 FBS

(fig. 3.56 C). The prominent protein bands detected with the c-myc antibody migrating

at 55 kDa and slightly above 26 kDa reflected the heavy and light chains of the antibody

used for precipitation, respectively. The binding interface in filamin C therefore matches

the one responsible for the interaction to Xin, which raised the question whether Xirp2

is also a filamin C-specific binding partner or displays more promiscuity. Thus, various

fragments of filamin A (FlnA d18-19, FlnA d18-21, FlnA d20-21) and B (FlnB d16-20,

FlnB d19-21, FlnB d20-24) were also expressed as fusion proteins with an EEF-tag and

analyzed in co-immunoprecipitation assays. None of the fragments used exhibited any

binding activity (fig. 3.57 and 3.58). Although the precipitation efficiency of Xirp2 FBS

was reduced in the binding studies with filamin B (fig. 3.58, IP panel), these amounts

would be sufficient to effectively co-precipitate filamin C. Thus, if filamin B bound Xirp2

at all, it would only interact with a dramatically reduced affinity compared to filamin C

which would raise the question of in vivo significance. Therefore, these results cearly

demonstrate that Xirp2 similar to Xin is a filamin C-specific binding partner.

3.7.2 Human Xirp2 Binds to the SH3 Domain of Nebulin and

Nebulette

Xin-Repeat proteins contain clusters of proline residues, which are located C-terminally

of the repeats. A proline-rich peptide motif in Xin mediates the interaction to the SH3

domains of nebulin and nebulette, proteins predominantly expressed in skeletal and car-

diac muscle, respectively (cf. section 3.3). Although this peptide motif cannot be found in

Xirp2 (cf. section 4.3), there are many potential SH3 domain-binding sequences displaying

an arrangement comparable to the essential residues in Xin.

Therefore, the binding properties of a Xirp2 fragment comprising the proline-rich

cluster (Xirp2 PR2-6, fig. 3.59 A) were investigated in a yeast two-hybrid assay (cf. sec-

tion 2.9.1) using N-terminally truncated fragments of nebulin (NEBm177) and nebulette

(NET SH3+L) as a prey. Co-transformed yeasts were able to activate both the HIS3 and

lacZ reporter gene (fig. 3.59 B) showing that the interaction with nebulin and nebulette

is a quality characteristic for the human Xin-Repeat protein family.

Co-immunoprecipitation studies with bacterially expressed and purified proteins con-

firmed this result, since Xirp2 PR2-6 was able to co-precipitate with both nebulin and
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Figure 3.58: Human Xirp2 does not interact with filamin B. A-C. Co-immunoprecipitation of the
c-myc-tagged fragment Xirp2 FBS and EEF-tagged fragments of filamin B. Xirp2 FBS was precipitated
using a c-myc-specific antibody (tab. 2.8.2) shown on the IP panel. Co-precipitated EEF-tagged filamin C
fragments were detected using an EEF-specific antibody (tab. 2.8.2) depicted on the CoIP panel. The
migration distance of the respective molecular weight standard proteins is indicated by arrowheads and
the molecular weight in kDa. Prominent signals at 55 kDa and above 26 kDa in the IP panel correspond
to the heavy and light chains of the c-myc antibody, respectively. A. Xirp2 FBS shows no binding to
filamin B d16-20. B. Filamin B d19-21 does not co-precipitate with Xirp2 FBS. C. Xirp2 FBS does
not interact with filamin B d20-24. These results demonstrate that Xirp2 is not a binding partner of
filamin B.
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Figure 3.59: Human Xirp2 interacts with nebulin and nebulette in a yeast two-hybrid assay.
A. Schematic overview of human Xirp2 and the proline-rich fragment Xirp2 PR2-6 used as bait B.
Xirp2 PR2-6 interacts with both C-terminal fragments of nebulin and nebulette depicted by the growth
on −LWH selection medium (1) and prominent activation of the β-galactosidase indicated by the blue
colour of the colonies (2).

Figure 3.60: Human Xirp2 co-precipitates with nebulin and nebulette. A+B.Co-
immunoprecipitation assays of T7-tagged fragments of nebulin (NEB m180) and nebulette (NET SH3+L)
and the EEF-tagged fragment Xirp2 PR2-6. Nebulin and nebulette were precipitated using the T7 anti-
body (tab. 2.8.2) shown on the IP panel. Co-precipitated EEF-tagged Xirp2 PR2-6 was detected using
the EEF antibody (tab. 2.8.2) depicted on the CoIP panel. The migration distance of the respective
molecular weight standard proteins is indicated by arrowheads and the molecular weight in kDa. Promi-
nent signals at 55 kDa and above 26 kDa correspond to the heavy and light chains of the T7 antibody,
respectively. Xirp2 PR2-6 interacts with nebulin (A) and nebulette (B).
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nebulette (fig. 3.60). In human Xin, the essential residues have been already analyzed

identifying Xin as a class II ligand (cf. section 3.3.4). In order to compare the binding

modes of Xin-Repeat proteins, the responsible peptide sequence was determined perform-

ing peptide scans (cf. section 2.9.4).

Figure 3.61: Peptide scan for identification of the nebulin/nebulette SH3 domain binding
sequence in Xirp2. A. 15-mer peptides covering the complete sequence of the Xirp2 PR2-6 were
coupled with a β-alanine spacer to a membrane. The sequence of consecutives peptides was shifted with
three amino acids C-terminally. The membrane was probed with the nebulette SH3 domain N-terminally
tagged with GST (GST-NET-SH3). The antibody against GST detected specific binding at spots 50 and
51, which determines the binding motif (red frame). B. In order to elucidate the essential residues and
thus the binding mode the peptide sequence identified was mutated and the binding properties analyzed
by overlaying GST-NET-SH3. All residues whose mutation severely affects the binding capacity are
delineated at the bottom. Essential amino acids are highlighted by a red background. The essential
lysine located C-terminally of indispensible prolines identifies Xirp2 as a class II ligand. Comparison
with the motif in human Xin results in the consensus sequence depicted.

These experiments were carried out by Prisca Boisguerin (Department of Medical Im-

munology, Charité, Berlin, Germany) using a GST-tagged nebulette SH3 domain (GST-

NET-SH3) to analyze the binding properties of the Xirp2 peptides spotted. A strong

signal was obtained with the spots 50 and 51, which shared the overlapping sequence

GVLPPPTLPKPK (fig. 3.61 A). This sequence harbours a typical SH3 domain-binding

motif PXXP and a positively charged lysine residue located at the C-terminus of the con-

sensus motif suggesting a class II type of binding. To verify this conclusion, mutational

analysis of the identified peptide was performed (fig. 3.61 B). Interestingly, this experi-

ment demonstrated that binding of Xin-Repeat proteins to the nebulette SH3 domain is

mediated by a common consensus motif because the positions of indispensable residues

were identical to Xin, since the initial proline and a pair of proline and lysine had to be
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preserved otherwise binding was impaired. Furthermore, it substantiates the notion that

Xirp2 also binds like a class II ligand due to the essential lysine situated C-terminally of

the indispensable proline residues. A comparison of the binding motifs of Xin and Xirp2

(fig. 3.61 B) established the consensus sequence PPXXXPKP for binding of Xin-Repeat

proteins to the SH3 domain of nebulette.

3.7.3 The Human Xirp2-Repeat Region and not the Xin-Repeat

Region Interacts With α-Actinin

The most prominent feature of the Xin amino acid sequence are the multiple repetitive

motifs, which define a novel F-actin-binding motif (Pacholsky et al., 2004). A higher

number of these repeats can also be found in an additional protein in human, which

is therefore named Xin-Repeat protein 2 (Xirp2) resulting in the determination of the

Xin-Repeat protein family (cf. section 1.10). Apart from the F-actin-binding function,

additional interaction partners of these regions has already been identified. Murine Xin

has been shown to bind β-catenin with a C-terminal portion of the repeat region (Choi

et al., 2007) and for murine Xirp2 (also called myomaxin and mXinβ) two independent

binding sites of α-actinin (cf. section 1.5.5.1) within the repeat region have been described,

one within the first nine repeats and the other within the degenerated motifs (Huang et al.,

2006). Despite the high homology between the repeat region of human and mouse Xirp2

(83 %) it cannot be excluded that this interaction is restricted to the murine orthologue,

since the exact binding motif remains to be determined. Therefore, all 28 conserved

repeats of human Xirp2 (Xirp2 rep) and the following degenerated motifs (Xirp2 degrep)

were tested on binding to α-actinin 2, the predominant isoform in skeletal muscle, in a

yeast two-hybrid assay (cf. section 2.9.1).

While the transformation of Xirp2 degrep did not affect the growth rate of yeasts,

Xirp2 rep clearly reduced it resulting in a considerably decreased number of colonies. Con-

sequently, culturing of yeasts co-transformed with α-actinin on −LWH selection medium

did not provide prominent growth of colonies indicating no activation of the HIS3 re-

porter gene (fig. 3.62). The co-transformation of yeasts already possessing the plasmid

coding for Xirp2 degrep with the cDNA of α-actinin did not reveal any disturbance of

proliferation but similarly to Xirp2 rep, no proliferating colonies could be detected on

−LWH selection medium. However, the yeasts co-transformed with Xirp2 rep and α-

actinin exhibited obvious activation of the lacZ reporter gene, which could not be seen

with yeasts harbouring the degenerated repeats. These experiments demonstrate that in
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Figure 3.62: Human Xirp2 and not Xin potentially interacts with α-actinin 2 in a yeast two-
hybrid assay. The conserved repeats in Xirp2 (Xirp2 rep) exhibit activation of the β-galactosidase (2)
indicated by the blue colour but no prominent growth on −LWH selection medium (1) can be detected.
Therefore binding of α-actinin to human Xirp2 cannot doubtlessly be shown. The degenerated repeats
do not interact with α-actinin. The interaction is Xirp2-specific since no Xin fragment containing the
repeats activates a reporter gene.
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contrast to murine Xirp2, the human protein does not contain an α-actinin binding site

located within the degenerated repetitive motifs. The conserved repeats display ambigous

results because on the one hand no prominent activation of the HIS3 reporter gene could

be detected while on the other hand the β-galactosidase was clearly induced (fig. 3.62).

Figure 3.63: Human Xirp2 co-precipitates with α-actinin 2. α-Actinin 2 was precipitated with
the T7-tag antibody (tab. 2.8.2) delineated on the IP panel. Co-precipitated Xirp2 rep was detected
using the EEF-tag antibody (tab. 2.8.2) depicted on the CoIP panel. The CoIP panel clearly shows
the interaction because of the band between 130 kDa and 170 kDa corresponding to Xirp2 rep. The
migration distance of the respective molecular weight standard proteins is indicated by arrowheads and
the molecular weight in kDa.

Therefore, biochemical verification via a CoIP assay of bacterially expressed and pu-

rified proteins was carried out. α-actinin was expressed with an N-terminal T7-tag which

was utilized for precipitation. The Xirp2 repeats were detected by an EEF-tag fused to

the C-terminus. After incubation of both proteins and precipitation of α-actinin with the

T7-tag-specific antibody (tab. 2.8.2), the Xirp2 repeats clearly bound to α-actinin shown

by the prominent band slightly above 130 kDa on the CoIP blot probed with the EEF-

tag-specific antibody (fig. 3.63). Furthermore, Xirp2 rep did not display any unspecific

binding to assay components corroborating the conclusion that human Xirp2 interacts

with α-actinin via its conserved repeats. A further mapping of the α-actinin binding

site using truncated constructs of Xirp2 rep failed in yeast two-hybrid assays as well as

in co-immunoprecipitations, so that the exact binding site still awaits its determination.

In order to clarify whether this interaction is specific for Xirp2, various Xin fragments

always including the complete repeat region were analyzed in a yeast two-hybrid assay

concerning their binding properties to α-actinin 2. Neither the repeats alone (Xin R1-16)

and the repeats plus the complete N-terminus (Xin 1-R16) nor the entire isoform Xin B

exhibited any activation of the HIS3 or lacZ reporter gene (fig. 3.62). Thus, the human

Xirp2 repeat region and not the Xin repeat region binds to α-actinin 2.
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3.7.4 Human Xirp2 Forms Dimers In Vitro

The human and mouse sequence of Xin contains functional heptad repeats in the isoforms

A and C (cf. section 3.4). Sequence analysis of human Xirp2 also revealed potential coiled-

coil segments in the C-terminal portion (amino acids 2322-2342 and 2778-2802) (fig. 3.64

A) which potentially mediate oligomerization (for further explanation of coiled-coils see

section 3.4). Both regions were also predicted to form coiled-coils with a probability of

more than 0.9 by PCOILS (fig. 3.64 B, cf. section 3.4, Gruber et al. 2005). The Marcoil

method did not provide such high probabilities but calculates at least a probability around

80 % (Delorenzi und Speed, 2002). MultiCoil distinguishes between dimeric or trimeric

coils and surprisingly it did not detect the amino acids 2322-2342 as a putative coiled-coil

region whereas amino acids 2783-2806 were predicted to form dimers with a probability

higher than 0.9 (Wolf et al., 1997). In contrast to Xin, where MultiCoil favored trimeric

coils, no trimeric coil probability was predicted for these residue. This region was also

very likely regarded as coiled-coil according to the Paircoil2 algorithm since the score is

less than the cutoff of 0.025 (McDonnell et al., 2006). At least the amino acids 2778-2802

displayed high probabilities of coiled-coil formation independent of the prediction method.

Thus, chemical cross-linking was utilized to verify coiled-coil formation (cf. section 2.9.3).

Due to size limitations for the recombinant expression in E.coli, an N-terminally trun-

cated Xirp2 fragment comprising the amino acids 2220-2867 (Xirp2 CC) was used (fig.

3.64 A). The purified monomer migrated slightly above 70 kDa so that dimers were ex-

pected to run at 140 kDa (fig. 3.64 C). Even directly after the addition of cross-linkers

a prominent band below 170 kDa could be detected. This probable dimer was observed

throughout the complete reaction while no larger complexes could be found. This result

corroborates the prediction of MultiCoil that Xirp2 does not tend to oligomer formation

but to dimerization. Thus, human Xirp2 also contains functional heptad repeats and

forms dimers but no higher oligomers in vitro which is completely different from Xin (cf.

section 3.4). Both Xin-Repeat proteins are therefore capable of self-interaction via coiled-

coils, however the resulting complexes most likely vary in their numeric composition.

3.7.5 Transcription of Murine Xirp2 During Myofibrillogenesis

of H-2Kb-tsA58 Cells

A common feature of the genomic organization of most Xin-Repeat protein encoding

genes is the existence of a large coding exon (cf. sections 3.2.1, 1.10 and van der Ven
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Figure 3.64: Human Xirp2 forms dimers in vitro. A. Schematic overview of Xirp2 and the fragment
used for chemical cross-linking. B. Prediction of putative coiled-coil formation using different methods.
The calculated probabilities are depicted in the diagram. Two regions are identified between amino acid
position 2322 and 2342 as well as 2783 and 2800. The corresponding amino acid sequence and the position
of every residue within the heptad repeat is designated as a-g. The positions a and d are usually occupied
by hydrophobic residues indicated by bold characters. Polar residues at positions e and g stabilize the
coiled-coil and are coloured red. C. Chemical cross-linking of Xirp2 CC. The migration distance of the
respective molecular weight standard proteins is indicated by arrowheads and the molecular weight in
kDa. Addition of cross-linker (EGS) is indicated by a + below the respective lane. Xirp2 CC forms
dimers with a molecular weight above 130 kDa which can be detected directly from the beginning of the
reaction.
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Figure 3.65: Quantitation of the transcription level of murine Xirp2 during myofibrillogenesis of H-2K cells. A. Schematic overview of
the genomic organization of murine Xirp2. The UTR’s are indicated by narrow bars and the coding region is depicted by a broad bar. Transcription
start of murine Xirp2 is marked by a red arrow. Primers used for semiquantitative RT-PCR are numbered with Roman numerals and the respective
amplicon is indicated by a dotted line. B. Results of RT-PCR’s of the respective primer pairs. Lane numbering corresponds to the day of differentiation
at which the template RNA for cDNA synthesis was isolated. PCR reactions performed without cDNA template are depicted in lane H2O. The mRNA
of hypoxanthine phosphoribosyltransferase 1 (HPRT) serves as a reference. Migration distances of PCR products are shown in base pairs (bp). C.
Tabular overview of the PCR primer pairs, expected product size, number of PCR cycles, detected exons and the respective colours used in D. Changes
in transcription level of murine Xirp2 isoforms in relation to HPRT. The highest ratio between the Xirp2 product and HPRT of each primer pair was
set to 1.0.



Results 194

et al. 2006). The largest exon of murine Xirp2 is number 7 which accounts for more than

9000 bp and therefore harbours the majority of the 9852 bp comprising open reading

frame (ORF) (fig. 3.65 A). The start codon is located in exon 2 and the coding sequence

ends within exon 8. Recently, differentially spliced mRNAs of mouse Xirp2 were identified

missing the first exon but displaying an alternative start codon upstream from exon 2.

The most striking feature is the splicing out of the largest exon 7 resulting in a frame

shift which moves the stop codon to exon 9. These clones were named xeplin and can be

found in databases under this name or the accesion numbers EMBL ABO69241.1, EMBL

ABO69243.1, EMBL ABO69244.1. Analysis of the amino acid sequence revealed that

the new protein probably contains a LIM domain encoded by nucleotides within exon

9. In order to investigate the course of transcription of Xirp2 during myofibrillogenesis

semiquantitative RT-PCR experiments were carried out using RNA isolated from different

stages of differentiating murine H-2K cells as a template (cf. section 2.6.3). Primer

pairs were designed to detect transcription of isoforms with or without exon 7. Three

independent differentiation series were analyzed and gave comparable results. Since it

was only a semiquantitative approach, only one differentiation series is depicted as a

representative. The amount of transcript was determined in relation to the yield of

the PCR of hypoxanthine phosphoribosyl transferase (HPRT) performed at the same

conditions. The maximum ratio was set to 1.0. All primer pairs already amplified PCR

products before the induction of differentiation which has been also shown for Xin (fig.

3.65 B). Primer pairs I to III and V presumably exclusively indicate transcription of

isoforms containing the large exon 7 because xeplin clones either do not comprise exon 1 or

exon 7 (fig. 3.65 C). Although these primer pairs displayed a decreasing transcription level

during the first day of differentiation, it can nevertheless be stated that all primer pairs

exhibited a rather constant increase of transcription upon progression of differentiation

(fig. 3.65 D). While primer pair III already amplifed a maximum yield at day 4, primer pair

I reached the maximum not until day 5 and primer pairs II and V at day 6. After their

respective maximum the transcription level decreased again but remained significantly

elevated at the final stage of differentiation of H-2K cells compared to the initial level.

The PCR product of primer pair IV could be included in isofoms with or without exon

7 (fig. 3.65 A, C). The amount of mRNA was roughly constant during the first 3 days

of differentiation but increased until day 5 (fig. 3.65 D). Then the transcription level

underwent a modest decrease and remained constant until the final stage of H-2K cell

differentiation. Interestingly, the course of transcription of mRNA species without exon

7 revealed some differences. While primer pair VI displayed large fluctuations around an
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apparent average value, primer pair VII showed an increase until final differentiation of

H-2K cells (fig. 3.65 D). In summary, all primer pairs reveal an increase of transcription

during the first phases of differentiation of H-2K cells. Primer pairs amplifying parts of

an mRNA containing the large exon 7 indicate maximum transcription between day 4

and 6, the stage of transition to contractility. The absolute amount of such mRNAs is

significantly larger than that without exon 7. The latter provides inconsistent results

because primer pair VI displays fluctuation whereas primer pair VII shows a constant

increase until final differentiation. Thus, transcription of Xirp2 is clearly upregulated

after the onset of differentiation but the exact course of transcription level still needs to

be determined with quantitative PCR approaches.

3.7.6 Protein Expression of Murine Xirp2 During Myofibrillo-

genesis of H-2Kb-tsA58 Cells

Figure 3.66: Protein expres-
sion of murine Xirp2 dur-
ing myofibrillogenesis of H-2K
cells. A. Blot of protein ex-
tracts of a differentiation series of
H-2K cells. mXirp2 is decorated
by the α-mXirp2 antibody and vi-
sualized using the Odyssey laser
scanner system. The antibody
exhibits extensive cross-reactivity
with murine Xin A. Tyrosynated
α-tubulin serves as a loading con-
trol. Migration distances are shown
in kDa. The expression level
of mXin A is higher than that
of mXirp2. B. Quantitation of
mXirp2 expression. The highest ra-
tio of mXirp2 and α-tubulin expres-
sion is set to 1.0. mXirp2 does not
seem to be expressed before induc-
tion of differentiation but is upregu-
lated during differentiation and dis-
plays the highest expression at day
8.

Analysis of the transcription level of murine Xirp2 mRNA reveals an upregulation upon

progression of H-2K cell differentiation (cf. section 3.7.5). In order to clarify whether this

trend can be also detected on protein level, total protein extracts of differentiating H-
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2K cells were tested for murine Xirp2 protein expression. The protein expression was

quantified in relation to tyrosynated α-tubulin using the infrared laser scanning system

Odyssey and the highest ratio was set to 1.0. Since the antibodies used for localization

of Xirp2 in human skeletal muscle tissue (cf. section 3.7.7) do not cross-react with the

murine orthologue, the antibody α-mXirp2 raised against the repeat region of murine

Xirp2 was used (Huang et al., 2006) (tab. 2.8.2). The calculated molecular weight of

murine Xirp2 accounts for ≈ 400 kDa and the antibody decorated a band clearly above

the 250 kDa marker band (fig. 3.66 A). However, more prominent bands around 250 kDa

and 130 kDa (not shown) could also be detected. These bands correspond to mXin A

and mXin B because this antibody cross-reacts with the repeats in Xin. Before induction

of myogenic differentiation this antibody identified protein expression of mXin which

has been already demonstrated with Xin-specific antibodies (cf. section 3.2.2) while no

mXirp2 was found (fig. 3.66 A). After one day of differentiation a very faint band of

mXirp2 could be detected and the amount constantly increased until the latest stages

of differentiation (fig. 3.66 B). A comparison of the expression levels of mXin A and

mXirp2 revealed that mXirp2 exhibited a significantly lower expression than mXin A. In

conclusion, murine Xirp2 does not seem to be expressed before induction of differentiation

although at this stage significant amounts of mRNA were detected (cf. section 3.7.5).

After the onset of differentiation mXirp2 expression constantly increases and does not

seem to be clearly reduced even in the latest stages of differentiation, which has been

shown for the transcription level (cf. section 3.7.5). Furthermore, due to cross-reactivity

of the α-mXirp2 antibody with mXin A and B it could be consistently demonstrated that

the expression level of mXin A is higher than that of mXirp2.

3.7.7 Human Xirp2 Localization in Adult Skeletal Muscle Tis-

sue

The localization of murine Xirp2 in cross-striated muscle has been delineated before. In

cardiac muscle, it seems to be a prominent component of the ICD and in skeletal muscle

it can be detected in the Z-disc and in the periphery of myofibres (Wang et al., 2010;

Huang et al., 2006). In order to unravel the position of human Xirp2 in skeletal muscle,

three antibodies were raised against distinct portions of human Xirp2 (fig. 3.67).

An antibody against the N-terminus of Xirp2 was produced in rabbit and detects the

first 311 amino acids. Another polyclonal antibody was raised against the central poly-

proline region harbouring the binding site for Ena/VASP proteins (Eulitz, 2005) and the
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Figure 3.67: Epitopes of human Xirp2 antibodies. Schematic overview of human Xirp2. Three
different antibodies were raised against distinct portions of human Xirp2. The numbering refers to the
amino acids the epitope comprises. Two polyclonal antibodies were generated in rabbits against the
N-termninus and the central proline-rich region. The monoclonal antibody recognizes the C-terminus of
human Xirp2. The antibodies reveal no cross-reactivity to mouse Xirp2.

SH3 domain of nebulin and nebulette (amino acids 2045-2226, cf. section 3.7.2). The

C-terminus can be detected with an antibody generated in mouse against the amino acids

2765-3327. All antibodies were tested for binding the respective bacterially expressed epi-

topes and they decorated one band significantly above 250 kDa in human skeletal muscle

extracts (data not shown and P. van der Ven, personal communication). The antibody

concentration was increased by using Centricon centrifugal filter units (Millipore) (cf.

section 2.8.2.1). The secondary antibodies used were extensively tested for unspecific

binding on human skeletal muscle sections originating from muscle biopsies (cf. sections

2.8.3 and 2.8.4). None of the antibodies revealed any background staining so that all

signals obtained derived from the detection of the primary antibody. The localization

of human Xirp2 was analyzed in relation to α-actinin, which defines the center of the

Z-disc (cf. section 1.5.5.1). Two different antibody combinations were used. In stainings

with the polyclonal Xirp2 antibodies against the N-terminus and the central proline-rich

region, the BM75.2 antibody (tab. 2.8.2) detecting all α-actinin isoforms was chosen for

the counterstaining. The monoclonal antibody against the C-terminus was combined with

the a653 antibody, which only decorates sarcomeric α-actinin.

The antibody against the N-terminus of Xirp2 did not provide a well-defined signal

in healthy adult skeletal muscle (fig. 3.68 A). All over the section colocalization with α-

actinin was occasionally observed (fig. 3.68 A+B, arrowheads) but a prominent striated

pattern was lacking. Most of the signal could not be allocated to a distinct sarcomeric

structure, which was partly due to the likewise slightly diffuse signal obtained with the

α-actinin antibody resulting in a less defined cross-striation (fig. 3.68 B). Therefore,

the localization of the N-terminus of human Xirp2 could not be doubtlessly determined

although weak colocalizations with α-actinin suggest Z-disc targeting particularly upon
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Figure 3.68: Localization of the human Xirp2 N-terminus and central region in skeletal
muscle. Confocal LSM images of human skeletal muscle sections. The Xirp2 N-terminal antibody does
not provide a well-defined signal (A) but reveals occasional colocalization with α-actinin at the Z-disc
(A, B, arrowheads). The antibody recognizing the central portion decorates the Z-disc more prominently
(D) and colocalization with α-actinin can be seen more clearly (D, E, arrowheads). In the merge images
(C, F) Xirp2 and α-actinin are tinted green and red, respectively. Scale bar 10 µm.
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consideration of the localization of the murine orthologue (cf. section 1.10). The principle

functionality of the antibody was demonstrated in remodelling skeletal muscle, which

raises the possibility that the epitope of the N-terminal antibody is masked in these

samples (cf. section 3.8). In contrast to the Xirp2 N-terminus antibody, the Xirp2 central

antibody revealed a clear albeit weak striated pattern (fig. 3.68 D, arrowheads). Although

the α-actinin signal was very weak (fig. 3.68 E), the striation could be attributed to the

sarcomeric Z-disc further supporting the suggestion above.

Figure 3.69: The C-terminus of human Xirp2 flanks the Z-disc in skeletal muscle. Confocal
LSM images of human skeletal muscle sections. The monoclonal antibody raised against the C-terminus
of Xirp2 exhibits prominent striation (A) which is located in the Z-disc region indicated by the α-actinin
signal (B). Magnification reveals that the C-terminal antibody decorates a doublet (A’, arrowheads)
flanking the center of the Z-disc (B’, arrowheads). In the merge images (C, C’) Xirp2 and α-actinin are
tinted green and red, respectively. Scale bar 10 µm.

Stainings with the monoclonal antibody recognizing the Xirp2 C-terminus corrobo-

rated this notion and provided additional data about the orientation within the Z-disc.

Skeletal muscle sections stained with the Xirp2 C-terminus antibody provided prominent

cross-striation at the level of Z-discs (fig. 3.69 A-C) indicated by the α-actinin signal ob-

tained with the a653 antibody (tab. 2.8.2). Detailed analysis revealed that the antibody

mostly decorated a double band flanking the α-actinin signal (fig. 3.69 A’-C’, arrowheads).

The same result was obtained with a filamin antibody recognizing the N-terminus (RR90,

tab. 2.8.2), which marked the center of the Z-disc (fig. 3.70 A-C). The signal of the
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Figure 3.70: The C-terminus of human Xirp2 flanks the position of the filamin N-terminus
in the Z-disc of skeletal muscle. Confocal LSM images of human skeletal muscle sections. The
monoclonal antibody raised against the C-terminus of Xirp2 exhibits prominent striation (A) which is
located in the Z-disc region indicated by the signal obtained with the N-terminal filamin antibody (B).
Magnification reveals that the C-terminal antibody decorates a doublet (A’, arrowheads) flanking the
position of the filamin N-terminus (B’, arrowheads). In the merge images (C, C’) Xirp2 and filamin are
tinted green and red, respectively. Scale bar 10 µm.
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Figure 3.71: The C-terminus of human Xirp2 partially overlaps with nebulin repeat modules
176-181 in the Z-disc of skeletal muscle. Confocal LSM images of human skeletal muscle sections.
The monoclonal antibody raised against the C-terminus of Xirp2 exhibits prominent striation (A) which
is located in the Z-disc region indicated by the signal obtained with the nebulin Nbm176-181 antibody
(B). The Z-disc decoration of this antibody is broader (B’) than that of α-actinin (see fig. 3.69) and
filamin N-terminus (see fig. 3.70). The doublet of the C-terminal Xirp2 antibody partially overlaps with
the nebulin signal (A’, B’, arrowheads) but no decoration of the Z-disc center can be detected. In the
merge images (C, C’) Xirp2 and nebulin are tinted green and red, respectively. Scale bar 10 µm.
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Xirp2 C-terminus antibody also enclosed the position of the filamin N-terminus further

demonstrating the localization of the Xirp2 C-terminus in the periphery of the Z-disc

(fig. 3.70 A’-C’). The nebulin antibody Nbm176-180 (tab. 2.8.2) was raised against the

F-actin-binding repeat modules 176–180, which exhibited a somewhat broader Z-disc dec-

oration than α-actinin presumably due to the antiparallel overlap of nebulin molecules

from adjacent sarcomeres (fig. 3.71 A-C and Pappas et al. (2008)). The C-terminus of

Xirp2 partially overlapped with that signal at the edge but also extended the Z-disc dec-

oration a bit (fig. 3.71 A’-C’, arrowheads). These findings show that human Xirp2 is

a Z-disc component of adult skeletal muscle. Even though the exact localization of the

Xirp2 N-terminus has not been depicted doubtlessly, the fact that the central portion is

centrally located within the Z-disc clearly demonstrates the Z-disc localization (fig. 3.69).

Immunostainings with the Xirp2 C-terminus antibody provided further insight into the

exact orientation of Xirp2. The signal appears as a doublet flanking the central core of

the Z-disc marked by α-actinin and the filamin N-terminus (fig. 3.69 and 3.70). Thus,

the N-terminus and the central part of human Xirp2 are located within the center of the

Z-disc while the C-terminus is exposed in its periphery.

3.8 Xin-Repeat Proteins During Skeletal Muscle Re-

modelling

Murine Xin expression starts at very early stages of embryonic development (cf. section

1.10). It can be detected in cells of the heart tube as early as E8.0 and in the first rostral

somites at E10 (Sinn et al., 2002). The apparent restriction to cross-striated muscle and

its precursor structures implies an involvement in heart and skeletal muscle development.

In this work, early upregulation upon induction of myogenic differentiation of H-2K cells

has been proven for both murine Xin-Repeat proteins, Xin and Xirp2 (cf. sections 3.7.6

and 3.2.2). Furthermore, association of Xin C with NSMF’s in embryonic cardiomyocytes

shown in this work corroborates the assumption that Xin-Repeat proteins are involved

in myofibrillar development (cf. section 3.3.6.3). In adult cross-striated muscle, the lo-

calization of Xin and Xirp2 significantly differs, since Xirp2 remains a component of the

myofibrillar Z-disc (cf. section 3.7.7) whereas Xin is only located in the intercalated

disc (ICD) or myotendinous junction (MTJ) (Beatham et al., 2006; van der Ven et al.,

2006). Damage of the myofibrillar apparatus caused by diseases or unaccustomed ex-

cercise enforces repair and adaptation of the muscle in order to retain proper function
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(cf. section 1.3). This process involves many growth factors, proteins and other yet

unidentified elements and is among others characterized by local remodelling of the con-

tractile apparatus including loss of myofibrillar registry and addition of new sarcomeres

(cf. section 1.4). Such regions of remodelling can be also found in normal muscle albeit

much less frequently (Yu und Thornell, 2002). The set of proteins taking part in these

processes is still incomplete. Therefore, sections of a biopsy of human skeletal muscle ex-

hibiting an inconspicuous phenotype were analyzed for localization of Xin-Repeat protein

isoforms in relation to prominent constituents of the sarcomere using immunofluorescence

microscopy. Since the antibodies raised against human Xin can detect the repeat regions

of both Xin A and B and the antibody against the C-terminus of Xin A can identify Xin A

and C, staining signals can indicate localization of two isoforms. Expression of Xin A and

B in adult skeletal muscle has already been described in the MTJ whereas Xin C detec-

tion on the protein level has been only successful in specimens of pathologically altered

heart muscle (Otten et al., 2010). Therefore, a complete distinction of Xin isoforms with

immunofluorescence microscopy is not possible.

3.8.1 Xin-Repeat Proteins and α-Actinin in Structures of Hu-

man Skeletal Muscle Remodelling

α-Actinin is the central component of the Z-disc of cross-striated muscle but in areas of

remodelling α-actinin is absent or exhibits misalignment of the transverse striations of

Z-discs (Yu und Thornell, 2002; Yu et al., 2004). It has been demonstrated that α-actinin

interacts with the repeat region of Xirp2 whereas Xin does not show any interaction (cf.

section 3.7.3). Co-stainings of human skeletal muscle sections with antibodies against

sarcomeric α-actinin and the repeat region of human Xin detecting Xin A and B revealed

that Xin is recruited to longitudinal strands spanning one or more neighbouring sarcom-

eres where α-actinin is absent or diffusely distributed (fig. 3.72). These strands did not

contain significant amounts of α-actinin but it was displaced from its regular array of

Z-discs at these sites implicating regions which were subjected to structural remodelling.

Such areas of remodelling either appeared as large patches within a myofibre (fig. 3.72

A-C) or covered only small regions (D-F and D’-F’) or occurred as single strands (G-I).

Although Xin does not reside in fully developed sarcomeres, longitudinal strands were

strongly decorated by Xin in remodelling regions implying a translocation to these sites.

Similar structures were observed with an antibody against the C-terminus of Xin A

enabling detection of Xin A and Xin C. The antibody also labeled patches of longitudinal
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Figure 3.72: Xin A/B and α-actinin in areas of skeletal muscle remodelling. Confocal LSM
images of human skeletal muscle sections. The specimens were labeled with antibodies against the Xin
repeat region (XR1B) and sarcomeric α-actinin (a653). In merge images (C, F, F’, I) Xin and α-actinin are
tinted green and red, respectively. A-C. Large patch of Xin-containing longitudinal strands connecting
a varying number of successive sarcomeres. Localization of α-actinin at the Z-disc is disturbed at these
regions. D-F. Apart from large patches, smaller areas of longitudinal strands decorated by Xin are also
observed. D’-F’. Magnification of the box in D-F. Regions of Xin-containing strands are characterized
by a disruption of α-actinin targeting at the Z-disc. G-I. Longitudinal strands can also occur as a single
connection of two Z-discs. Scale bar 10 µm.
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Figure 3.73: Xin A/C and α-actinin in areas of skeletal muscle remodelling. Confocal LSM
images of human skeletal muscle sections. The specimens were labeled with antibodies against the Xin A
C-terminus (XC1) and sarcomeric α-actinin (a653). In merge images (C, F, F’, F”) Xin and α-actinin are
tinted green and red, respectively. A-C. Large patch of Xin-containing longitudinal strands connecting
a varying number of successive sarcomeres which is accompanied by absence or diffuse distribution of
α-actinin. D-F. Sites displaying longitudinal strands labeled with Xin are also detected in regions which
do not have visible alterations in Z-disc arrangement. D’-F’. Magnification of the upper box in D-F.
This strand connects four Z-discs and the Xin signal intensifies at the level of the Z-discs (arrowheads).
α-Actinin prominently labels the Z-disc. D”-F”. Magnification of the lower box in D-F. Although no
alteration in Z-disc structure can be detected three Z-discs are connected by a Xin-containing longitudinal
strand. Low amounts of Xin are observed in the adjacent Z-discs. Scale bar 10 µm.
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strands connecting a varying number of successive sarcomeres (fig. 3.73 A-C). In these

areas α-actinin was not properly localized at Z-discs and was either absent or diffusely

distributed. Apart from these patches, single longitudinal strands connecting adjacent

sarcomeres which were strongly labeled by Xin were occasionally observed (fig. 3.73 D-

F). Detailed analysis revealed that the Xin signal intensified at the level of Z-discs and

the connective strands were less strongly decorated (fig. 3.73 D’-F’, arrowheads). At

these sites, Z-disc arrangement was not as dramatically disrupted as in the large patches

but minor irregularities in the α-actinin stain occurred. However, the incidence of Xin-

containing longitudinal strands connecting Z-discs did not seem to depend on disruption

of Z-disc architecture visible on light microscopic level because there were apparently

normal Z-discs which were connected by such strands (fig. 3.73 D”-F”). Furthermore,

low amounts of Xin could be detected in the surrounding Z-discs, a phenomenon which

has already been described for cardiac tissue sections of patients suffering from dilated

cardiomyopathy (DCM) (P. van der Ven, personal communication).

These results clearly point to human Xin as a protein involved in skeletal muscle re-

modelling. In order to elucidate whether this reflects a common feature of Xin-Repeat

proteins cryo-sections of human skeletal muscle were labeled with the antibody against

the C-terminus of human Xirp2 and against α-actinin. Surprisingly, the typical Z-disc

localization of Xirp2 was occasionally interrupted by longitudinal strands which exhib-

ited very strong decoration (fig. 3.74 A-C). This was not necessarily expected because

Xirp2 can interact with α-actinin which however was not prominently recruited to these

sites as demonstrated by co-stainings of Xin and α-actinin. Nevertheless, these Xirp2-

containing structures also connected a varying number of successive sarcomeres where

α-actinin localization was disordered (fig. 3.74 A’-C’). Such structures also occurred in

regions where Z-discs displayed an overall regular arrangement (fig. 3.74 D-F). However,

a closer look revealed that there is a misalignment of adjacent sarcomeres with the lon-

gitudinal strands appearing as laterally extended Z-discs (fig. 3.74 D’-F’). In summary,

Xin-Repeat proteins are components of longitudinal strands in areas of skeletal muscle

remodelling. Both Xin-Repeat proteins are associated with longitudinal strands in areas

where α-actinin staining reveals alterations or disruption of the regular Z-disc array. Inter-

estingly, although Xirp2, a novel binding partner of α-actinin, appears to be a prominent

component of these structures, α-actinin is only weakly associated, if at all. Thus, while

Xin-Repeat proteins seem to play an important role in skeletal muscle remodelling, α-

actinin could be mainly actively involved in structural maintenance of the Z-disc but not

its remodelling. Furthermore, these results make it tempting to speculate that the main
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Figure 3.74: Xirp2 and α-actinin in areas of skeletal muscle remodelling. Confocal LSM images
of human skeletal muscle sections. The specimens were labeled with antibodies against the Xirp2 C-
terminus and sarcomeric α-actinin (a653). In merge images (C, C’, F, F’) Xirp2 and α-actinin are tinted
green and red, respectively. A-C. Patch of skeletal muscle remodelling containing longitudinal strands
labeled with Xirp2 but not α-actinin. A’-C’. Magnification of the box in A-C. The longitudinal strands
detected with Xin connect a varying number of successive sarcomeres. There, α-actinin localization
is disrupted. D-F. Small regions of a more intense Xirp2 signal can be detected in areas generally
exhibiting perfect alignment of Z-discs. D’-F’. Magnification of the box in D-F. The intense Xirp2 signal
appears as broadened Z-discs rather than longitudinal strands. α-Actinin localization reveals transverse
misalignment of adjacent sarcomeres. Scale bar 10 µm.
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site of the interaction between Xirp2 and α-actinin is not located at those remodelling

structures but at the normal adult Z-disc.

3.8.2 Xin-Repeat Proteins and Nebulin in Structures of Human

Skeletal Muscle Remodelling

Nebulin represents the fourth filament system in skeletal muscle cells and presumably

conveys thin filament and more general sarcomere stability (cf. section 1.5.3). At the Z-

disc level, it is connected to the intermediate filament system and costameres (cf. section

1.5.3). However, areas of muscle remodelling initially display absence of nebulin and a

nebulin recruitment to the newly formed myofibrillar apparatus at later stages (Yu et al.,

2003). Co-stainings of Xin and nebulin in human skeletal support these findings. Large

patches containing longitudinal strands strongly decorated by the Xin antibody directed

against the repeats revealed that regular Z-disc arrangement of nebulin was lost (fig. 3.75

A-C). In these areas, nebulin did not seem to be completely absent but rather diffusely

distributed. Such a localization pattern was also obtained in smaller regions of remodelling

(fig. 3.75 D-F, D’-F’, arrow). There, an area showing supernumerary sarcomeres, if the Z-

disc is followed in transverse register across the myofibril, was covered by Xin-containing

longitudinal strands and diffusely distributed nebulin (fig. 3.75 D’-F’, asterisk, dotted

line). Along single Xin-containing strands between neighbouring sarcomeres, nebulin

appeared to be completely absent (fig. 3.75 D’-F’, arrowhead).

Nebulin also showed alterations of Z-disc localization in areas of remodelling marked by

the antibody against the C-terminus of Xin A. This antibody identified regions with large

patches of longitudinal strands associated with Xin and single strands connecting adjacent

sarcomeres (fig. 3.76). At sites of strong Xin labeling along these longitudinal structures

the nebulin signal was completely diffuse and no Z-disc arrangement discernable (fig. 3.76

A’-C’, arrow). The intensity of Xin decoration along these structures was not homogenous

so that focal points with greater intensity could be distinguished (arrowheads). At sites

of basic immature Z-disc arrangement as reflected by the nebulin localization, such focal

points were situated at the Z-disc level and appeared rather not connected by longitudinal

strands. A local intensification of the Xin signal at the level of Z-discs together with its

reduction along the longitudinal strand was also shown in cryo-sections of human skeletal

muscle co-stained with Xin and α-actinin (fig. 3.73 D’-F’). This was most obvious in

single strands located in areas of minor remodelling. Such areas were also detectable in

samples labeled with the antibodies Xin C-terminus and nebulin Nbm176-181. There,
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Figure 3.75: Xin A/B and nebulin in areas of skeletal muscle remodelling. Confocal LSM images
of human skeletal muscle sections. The specimens were labeled with antibodies against the Xin repeat
region (XR1B) and nebulin repeat modules near the Z-disc (Nbm176-181). In merge images (C, F, F’)
Xin and nebulin are tinted green and red, respectively. A-C. Large patch of Xin-containing longitudinal
strands connecting a varying number of successive sarcomeres. Z-disc localization of nebulin is disturbed
and more diffuse in these regions. D-F. Apart from large patches, smaller areas of longitudinal strands
prominently decorated by Xin are also observed. D’-F’. Magnification of the box in D-F. Regions of
Xin-containing strands are characterized by a disruption of nebulin targeting at the Z-disc in favor of
a diffuse distribution (arrow). Here, supernumerary sarcomeres can be identified exhibiting a typical
delta-shaped structure (dotted lines, asterisk). Longitudinal strands can also occur as a single connection
of two Z-discs (arrowhead). Scale bar 10 µm.
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Figure 3.76: Xin A/C and nebulin in areas of skeletal muscle remodelling. Confocal LSM images
of human skeletal muscle sections. The specimens were labeled with antibodies against the Xin A C-
terminus (XC1) and nebulin repeat modules near the Z-disc (Nbm176-181). In merge images (C, C’, F)
Xin and nebulin are tinted green and red, respectively. A-C. Large patch of Xin-containing longitudinal
strands connecting a varying number of successive sarcomeres. Z-disc localization of nebulin is disturbed
and more diffuse in these regions. A’-C’. Magnification of the box in A-C. Strong Xin labeling is
accompanied by diffuse nebulin distribution (arrow). Xin can also appear as intense points at the level of
rudimentary Z-discs (arrowheads). D-F. Apart from large patches single Xin-containing strands can be
detected. One strand exhibits a more intense signal at each end and interrupts the regular Z-disc array
although it originates in nebulin-containing dense bodies (arrowheads). Scale bar 10 µm.
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Xin-containing single strands were located between adjacent sarcomeres (fig. 3.76 D-

F). Although the array of Z-discs was quite well established, minor remodelling processes

could be identified. One longitudinal strand displayed more intense signals at each end and

at first sight it did not seem to connect adjacent sarcomeres (arrowheads). However, this

strand originated in nebulin-containing dots presumably representing Z-bodies or Z-disc-

related precursor structures. Therefore, this arrangement potentially depicts insertion of

an additional sarcomere because the regular alignment of the neighbouring Z-disc was

interrupted (dotted line).

These longitudinal strands in remodelling skeletal muscle have been shown to be a

structure which is generally associated with the whole Xin-Repeat protein family for la-

beling with an antibody raised against the C-terminus of Xirp2 has revealed comparable

structures (cf. section 3.8.1). This antibody clearly identifies Xirp2 as a Z-disc protein

whereas antibodies against the N-terminus and the central proline-rich region did not

provide such a clear signal (cf. section 3.7.7). However, in areas of skeletal muscle re-

modelling both antibodies displayed very strong labeling of the characteristic longitudinal

strands (fig. 3.77 and 3.78). The high signal intensity obscured any putative signal at

the Z-disc as the signal in normal adult skeletal muscle is very weak. Co-stainings with

an antibody against nebulin detecting an epitope 220 nm away from the Z-disc (Nb2,

tab. 2.8.2) revealed nebulin localization being altered into a diffuse distribution in ar-

eas of these longitudinal strands (figs. 3.77, 3.78, arrow). Similar to Xin, single strands

could be identified which connected adjacent sarcomeres at sites of minor remodelling

with showing no prominent colocalization with nebulin (fig. 3.78 arrowhead).

In summary, these stainings confirm the character of the longitudinal strands which

are associated with both human Xin-Repeat proteins as comparable to those identified in

DOMS muscle (cf. section 1.4) which harbours areas of remodelling defined by longitudi-

nal actin- and or desmin-containing filamentous structures. These strands do not contain

α-actinin or nebulin as it also applies to the strands observed in the present specimen. On

the contrary, nebulin exhibits a diffuse staining pattern which is reinforced upon intensi-

fication of Xin-Repeat protein association. These data suggest that longitudinal strands

in remodelling skeletal muscle does not represent the main site of Xin-Repeat protein-

nebulin interaction due to large deviations in expression level and localization pattern in

such areas. Furthermore, detailed analysis reveals that such longitudinal strands can def-

initely connect adjacent sarcomeres because they originate and end in the neighbouring

Z-disc.



Results 212

Figure 3.77: Xirp2 (N-terminus) and nebulin in areas of skeletal muscle remodelling. Confocal
LSM images of human skeletal muscle sections. The specimens were labeled with antibodies against the
Xirp2 N-terminus and a nebulin epitope 220 nm away from the Z-disc (Nb2). In merge images (C, F,
F’) Xirp2 and nebulin are tinted green and red, respectively. A-C. Large patch of Xirp2-containing
longitudinal strands connecting a varying number of successive sarcomeres. The striated pattern of
nebulin is disturbed and more diffuse in these regions (arrow). D-F. The N-terminus of Xirp2 can be
also identified at single longitudinal strands. D’-F’. Magnification of the box in D-F. Although less
pronounced, even in these smaller Xirp2-containing remodelling structures nebulin localization is diffuse
(arrow). Scale bar 10 µm.
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Figure 3.78: Xirp2 (central) and nebulin in areas of skeletal muscle remodelling. Confocal
LSM images of human skeletal muscle sections. The specimens were labeled with antibodies against
the central proline-rich region of Xirp2 and a nebulin epitope 220 nm away from the Z-disc (Nb2). In
merge images (C, C’) Xirp2 and nebulin are tinted green and red, respectively. A-C. A large patch of
longitudinal strands labeled with Xirp2 is accompanied by disturbance of the sarcomere array. Single
strands are also widely distributed. A’-C’. Magnification of the box in A-C. The larger the cluster of
Xirp2-containing strands the more disruption of nebulin striation is detected (arrow). Single longitudinal
strands containing Xirp2 span the distance of a sarcomere connecting the adjacent Z-discs (arrowhead).
Scale bar 10 µm.
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3.8.3 Xin-Repeat Proteins and Filamin C in Structures of Hu-

man Skeletal Muscle Remodelling

Xin-Repeat proteins are the first binding partners identified exclusively interacting with

the muscle-specific filamin isoform C (cf. section 3.7.1 and van der Ven et al. 2006).

The interaction to both human Xin-Repeat proteins, Xin and Xirp2, is mediated by the

Ig-like domain 20 of filamin C which harbours a unique insertion of 81 amino acids (cf.

section 1.5.5.2). The binding site in Xin and Xirp2 has been mapped to a C-terminal

portion which excludes the Xin isoform B from binding. Filamin as well as Xin-Repeat

proteins have been identified to display an altered localization in certain myofibrillar

myopathies assigning them to a group of “sensitive” proteins concerning disease conditions

(Claeys et al., 2009). The findings that Xin-Repeat proteins seem to be involved in

myofibrillar remodelling processes raise the question whether, in contrast to other binding

partners of Xin-Repeat proteins such as nebulin or α-actinin, filamin C is also associated

with specific structures in areas of skeletal muscle remodelling as demonstrated above

for Xin-Repeat proteins (cf. sections 3.8.2 and 3.8.1). Therefore, sections of the same

human skeletal muscle specimen already utilized for previous stainings were labeled with

antibodies against Xin and the C-terminus of filamin C and the C-terminus of Xirp2 and

the N-terminus of filamin, respectively.

These sections again revealed areas of Xin-Repeat protein-containing longitudinal

strands which reflect muscle remodelling (fig. 3.79, 3.80 and 3.81). Such structures

could cover either large patches where they spanned more than one successive sarcomere

(A-C) or only a single sarcomere (D-F). The intensity of the respective Xin-Repeat pro-

tein appeared to be strongly increased as compared to normal Z-disc stain of Xirp2 (fig.

3.81) and, of course, compared to the general absence of Xin in the contractile apparatus

(fig. 3.79 and 3.80). Strikingly, filamin C was associated with these longitudinal strands,

too (fig. 3.79, 3.80 and 3.81). Although colocalization was not 100 %, the signal of both

Xin and Xirp2 and filamin C greatly overlapped. Since filamin C is a component of the

sarcomeric Z-disc, alterations in filamin C localization indicate disruption of the regular

Z-disc array of normal skeletal muscle. Apart from the conspicuous arrangement of Xin-

Repeat proteins in such areas, disturbance of filamin C position was another prominent

indicator that these longitudinal structures reflected muscle cell remodelling. Addition-

ally, these strands revealed another potential trend. As already detected for Xirp2, the

amount of associated filamin C seemed to be clearly elevated at the longitudinal strands in

comparison to the expression level in Z-discs although this can also be caused by improved
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Figure 3.79: Xin A/B and filamin C in areas of skeletal muscle remodelling. Confocal LSM
images of human skeletal muscle sections. The specimens were labeled with antibodies against the Xin re-
peat region (XR1B) and the C-terminus of filamin C. In merge images (C, C’, F, F’) Xin and filamin C are
tinted green and red, respectively. A-C. Large patch of Xin-containing longitudinal strands connecting
a varying number of successive sarcomeres. Filamin C exhibits Z-disc labeling and a strong association
with longitudinal strands. A’-C’. Magnification of the box in A-C. Filamin C reveals alterations in
Z-disc arrangement and colocalization with Xin only in longitudinal structures. D-F. The Xin signal also
identifies small areas of remodelling. D’-F’. Magnification of the box in D-F. Even in single longitudinal
strands, Xin and filamin C colocalize and the filamin C labeling seems to be increased. Scale bar 10 µm.
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Figure 3.80: Xin A/C and filamin C in areas of skeletal muscle remodelling. Confocal LSM
images of human skeletal muscle sections. The specimens were labeled with antibodies against the Xin A
C-terminus (XC1) and the C-terminus of filamin C. In merge images (C, F, F’) Xin and filamin C are
tinted green and red, respectively. A-C. Large patch of Xin-containing longitudinal strands connecting
a varying number of successive sarcomeres. Only in areas of Xin staining, filamin C displays longitudinal
strands instead of the regular Z-disc array. D-F. Filamin C also colocalizes with Xin in single longitudinal
strands. D’-F’. Magnification of the box in D-F. The structures are not equally labeled with Xin and
filamin C. Some contain more filamin C than Xin and vice versa. Scale bar 10 µm.
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accessibility of the respective epitopes.

Figure 3.81: Xirp2 and filamin in areas of skeletal muscle remodelling. Confocal LSM images
of human skeletal muscle sections. The specimens were labeled with antibodies against the Xirp2 C-
terminus and the N-terminus of filamin isoforms (RR90). In merge images (C, F) Xirp2 and filamin are
tinted green and red, respectively. A-C. Xirp2 and filamin colocalize in large patches of longitudinal
strands spanning multiple successive sarcomeres and at the Z-disc although the filamin signal is weak in
normal areas. The association of filamin with remodelling is greatly increased. D-F. Single longitudinal
strands also contain both Xirp2 and filamin. Scale bar 10 µm.

In conclusion, these results demonstrate that filamin C is a new interaction partner

of Xin-Repeat proteins associated with structures of muscle cell remodelling. While α-

actinin and nebulin exhibit only a diffuse distribution or a complete absence, filamin C

targeting to longitudinal strands is apparently increased. These findings also fit the

observation in this work that both Xin-Repeat proteins can interact with filamin C (cf.

section 3.7.1). The wide colocalization of filamin C and Xin-Repeat proteins in areas of

skeletal muscle remodelling turn these longitudinal strands into promising candidates for

the site of interaction of filamin C and Xin-Repeat proteins.



Chapter 4

Discussion

4.1 Myofibrillogenesis of Murine H-2Kb-tsA58 Cells

Formation of multinucleated myofibres and mature sarcomeres is a multistep process

involving fusion of precursor cells (myoblasts) to myotubes and concomitant assembly

of the contractile apparatus (cf. section 1.2.2.4). This assembly starts directly upon

induction of the myogenic program and is indicated by the expression of muscle-specific

proteins which begin to form precursor structures of the Z-disc, the sarcomere boundary.

The assembly of precursors is potentially initiated at sites of integrin adhesions and these

precursors already contain multiple proteins which will be later major components of the

mature Z-disc, like α-actinin, titin. Actin filaments of opposing polarity originating in

these precursor structures incorporate nonmuscle myosin II which is then replaced with

muscle myosin II upon further maturation of the myofibril. These precursor structures

fuse and align to form the regular striated array which reach the final developmental stage

through contraction.

Dissection of this process requires model systems which have to meet certain demands.

The most basic requirement is the myogenic diffentiation under laboratory conditions

which should ideally reach the final stage of an adult muscle. Additionally, the onset of

differentiation needs to be controlled reliably and the process has to produce results of

constant quality without exceeding reasonable experimental costs. Concerning the final

differentiation stage and the control of the process investigation of whole organisms such as

zebrafish (Danio rerio), fruit fly (Drosophila melanogaster) or nematode (Caenorhabditis

elegans) offers the opportunity to observe in vivo all stages of development with appro-

priate effort and constant quality and to easily manipulate organisms (Sparrow et al.,

218
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2008). However, despite some similarities, muscle development of fish or invertebrates

is different from that of mammalia so that studying this process requires alternatives

(Ochi und Westerfield, 2007; Ciglar und Furlong, 2009; Moerman und Williams, 2006).

Unfortunately, the standard animal model for mammalian research, the mouse, is more

complicated to handle and to manipulate with embryonic development being more dif-

ficult to analyze due to impeded accessibility of the mouse embryo in utero. Therefore,

model cell systems have been established to follow myogenic differentiation in vitro based

on myogenic cell lines like C2C12 or satellite cells isolated from muscle biopsy material

(Blau et al., 1983; van der Ven et al., 1992). Both systems have been providing a tool to

analyze myofibrillogenesis in cell culture for many years although there are some disad-

vantages. For a high percentage of differentiated cells, one has to use early passages of

C2C12 cells because they lose their differentiation capacity significantly upon culturing

and there is no other mechanism to control the onset of differentiation than changing

the medium. Primary human skeletal muscle cells also exhibit ageing symptoms accom-

panied by the incaüability to reach final differentiation stages and differentiation is also

only induced by the change of culture medium. Furthermore, early passages of C2C12

cells are difficult to obtain and establishing of new satellite cells is very laborious. Thus,

improving the quality of in vitro myogenic development is rather problematic. On the

contrary, myoblasts isolated from leg muscles of H-2Kb-tsA58 transgenic mice allow for

conditional immortalization and concomitant retention of their differentiation capacity

(Morgan et al., 1994). This is achieved by constitutive expression of a thermolabile large

tumor antigen under the control of the major histocompatibility complex of the H-2Kb

class I promotor which can be induced to high levels by interferon (Jat et al., 1991).

This genetic modification enables controlling the myogenic program via two mechanisms,

increase of culturing temperature and exposure to interferon. Such a dual control helps

synchronizing the cells which eventually increases the percentage of fully differentiated

cells. It has already been demonstrated that H-2K cells can form multinucleated my-

otubes in culture however a detailed description of myofibrillogenesis is still missing. In

this work, differentiation of H-2K cells was analyzed studying the localization of α-actinin

and titin, major components of the Z-disc, myomesin, a constituent of the M-band, and

F-actin which builds up the core thin filament system. According to morphological obser-

vations differentiation of H-2K cells was subdivided into 3 phases, early, intermediate and

late (cf. section 3.1). These phases are characterized by elongation of cells and first small

myotubes (early), interconnection of multinucleated myotubes (intermediate) and forma-

tion of a dense meshwork of contractile myotubes (late). On protein level, sarcomeric
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proteins like α-actinin, filamin C, muscle myosin heavy chain II and myomesin constantly

increased until the final stage of H-2K cells which is reached around day 9 of differenti-

ation (cf. section 3.1.2). The level of nonmuscle myosin heavy chain decreased until the

final stage but did not vanish completely. A cell culture dish contains always a mixture

of cells at different developmental stages, so that only general trends can be observed by

analyzing total protein extracts. Although H-2K cells gain contractility at day 5 of differ-

entiation, not all cells reach late stages as indicated by the presence of nonmuscle myosin

even in the latest stage. Nevertheless, immunofluorescence stainings demonstrated that

H-2K cells provide a reliable tool to investigate myofibrillogenesis. In early stages, Z-disc

precursor structures decorating actin filaments in a punctate pattern could be detected

and it was apparent that the M-band protein myomesin was expressed significantly later

thus confirming the results of the protein expression analysis (cf. section 3.1.1.1). A

distinction of the differentiation stage according to the spacing of Z-disc precursor struc-

tures as it has been postulated by in situ analysis of avian heart (Du et al., 2008) was

not possible since these precursors occasionally exhibited mature spacing even in early

stages. Additionally, the steps of myofibrillogenesis proposed by the premyofibril model

(Sanger et al., 2005) could not clearly be identified but this can be due to differences of

myofibrillogenesis in cell culture and in vivo (cf. sections 3.1.1.1, 3.1.1.2 and 3.1.1.3). In

order to reveal differences between H-2K differentiation and model conceptions, further

analysis of other markers such as integrins, vinculin, talin, ZASP or muscle myosin heavy

chain II are required. Nevertheless, these cells exhibited nice cross-striations which were

further adjusted upon contraction. Although properly aligned myofibrils pervaded the

myotubes, detailed analysis revealed slight irregularities where the number of Z-discs to

be fused needed to be adjusted (cf. section 3.1.1.3). Since threedimensional anchorage

is missing, it remains to be determined how costameres, if at all, are formed or not. In

general, H-2K cells are suitable to study myofibrillogenesis until the formation of contrac-

tile sarcomeres but further characterization is needed to integrate findings obtained with

these cells into other established model systems and in vivo analysis.
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4.2 Xin-Repeat Proteins During In Vitro Myofibril-

logenesis of Murine H-2Kb-tsA58 Cells

4.2.1 Transcription and Expression of Xin Isoforms

Expression of mammalian Xin is restricted to cross-striated muscle tissue and identifi-

cation in early stages of muscle development renders it a potentially important protein

in muscle development. This is corroborated by the observation that blocking of its

expression in chicken results in heart malformation (Wang et al., 1999). In this work, dif-

ferentiation of murine H-2K cells is presented as a cellular model system for examination

of myofibrillogenesis (cf. section 3.1). Xin function during myofibrillogenesis was analyzed

by comparing the localization of Xin in relation to key players of sarcomere structure in

H-2K cells. Two antibodies were available to identify murine Xin (tab. 2.8.2). One had

been raised against the repeat region and was therefore able to detect the two repeat-

containing isoforms mXin A and B. The other antibody was directed against the isoform

mXin C whose sequence is also completely included in the largest isoform Xin A. Hence,

this antibody can decorate mXin A and C. Thus, both antibodies always identify two

isoforms if both are expressed without any means to distinguish them. In order to obtain

information about the expression of all isoforms, total protein extracts of a differentiation

series of H-2K cells were analyzed with both antibodies (cf. section 3.2.2). This revealed

that both Xin repeat-containing isoforms are expressed already before induction of dif-

ferentiation with the expression rather constantly increasing until day 8 of differentiation

followed by a decrease at the final day 9 (fig. 3.12 A). It is difficult to determine whether

Xin is really expressed before the onset of myogenic differentiation or whether sponta-

neously differentiating cells are responsible for that result. As indicated by co-stainings

with α-actinin and other myogenic marker proteins (see below), immunofluorescence la-

beling could not provide evidence for Xin A/B in proliferating myoblasts. Nevertheless,

it is possible that the expression level in proliferating myoblasts is below the limit of de-

tection while in total extracts the accumulation of cells leads to its discovery in western

blot experiments. Some H-2K cells spontaneously start to differentiate and perhaps this

is the reason for detection of Xin in these extracts although it is a rare event. The quite

constant increase after induction of differentiation demonstrates that Xin A/B function is

already needed during early stages of myofibrillogenesis and confirms data obtained with

C2C12 cells (Sinn et al., 2002). Reduction of protein expression at the final stage of differ-

entiation was observed which is compatible with the fact that Xin A/B is not a sarcomeric
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protein. But further data is required to verify when exactly expression decreases in order

to get insight into the processes depending on Xin A/B. Expression of mXin C could

not be doubtlessly detected in extracts of differentiating H-2K cells so that a potential

function during myofibrillogenesis remains elusive (further discussion cf. section 4.2.2).

All Xin isoforms were not only detected on protein level before induction of differen-

tiation but also on mRNA level (cf. section 3.2.1). However, comparing the increase of

mRNA and protein level during differentiation revealed that the initial amount of mRNAs

is significantly higher than the amount of expressed proteins. Thus, it is unlikely that such

a high amount of mRNAs can be completely attributed to spontaneously differentiating

cells. This implies that untranslated mRNA of Xin isoforms does already exist before

induction of differentiation perhaps in order to accelerate the differentiation process how-

ever in situ hybridization will be needed for confirmation. The following course of the

transcription level also deviates from the course of protein expression level. While the

protein content rather constantly increased during differentiation followed by a reduction

at the final stage, the mRNA level exhibited stronger fluctuation (fig. 3.11). Further-

more the results depended on the method used, i.e. simplex-PCR reactions provided

results divergent from duplex-PCR reactions, which demonstrates that semiquantitative

approaches are not an adequate method to analyze minor quantitative changes and are

therfore limited to the discovery of prominent differences and trends. Nevertheless, some

general observations are consistent. Transcription of all Xin isoforms is elevated during

differentiation and reaches the maximum presumably before the first myotubes gain con-

tractility but the exact stage needs to be determined individually for each isoform using

quantitative real-time RT-PCR. In the late phases of differentiation transcription is clearly

reduced which is also reflected by the decrease of protein expression at the final stage and

would be consistent with the observation that Xin is not a constituent of the mature

sarcomere. Xin seems to be involved in developmental processes during myofibrillogenesis

but is not required for maintenance of sarcomere structure.

In contrast to Xin, Xirp2 is a constituent of the sarcomeric Z-disc which implies main-

tenance of protein expression in late stages of differentiation (cf. section 3.7.7). This

assumption was confirmed since mXirp2 exhibited the highest expression level at the lat-

est stages (cf. section 3.7.6). Upon induction of differentiation, mXirp2 protein expression

could be observed at day 2 which indicates delayed expression in comparison to Xin. Later,

the protein level constantly increased reaching its maximum at day 8 and did not consid-

erably decrease at day 9 which is different from Xin. This course of protein expression was

also basically reflected by transcription of mXirp2 (cf. section 3.7.5). The transcription
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level of an isoform lacking the large coding exon 7 revealed some inconsistencies. The

two primer pairs indicating the splicing out of the large exon displayed a deviating course

since one exhibited large fluctuations whereas the other yielded increasing amounts upon

progression of differentiation. However, the efficiency and absolute amount of PCR prod-

uct was very low which is also indicated by the high amount of unbound primers and a

larger number of cycles (fig. 3.65 B, C). Therefore, the transcription level and presumably

also the expression level of this isoform is lower than that of mXirp2 and only specific

antibodies could dissect the function of this isoform. Binding studies with the putative

LIM domain encoded due to the frame shift could also help to gain further knowledge.

Furthermore, the fact that some of the xeplin named mRNA species (variant 3 and 4,

EMBL ABO69243.1, EMBL ABO69244.1) were identified in testis and not cross-striated

muscle tissue demands careful investigation of Xirp2 isoform transcription and expression

because these findings could imply that mXirp2 is only the muscle-specific isoform of the

gene and other isoforms are expressed in other tissues and adopt different functions. The

generation of a mXirp2-null mouse resulted in a misorganized myocardium and postnatal

growth defects while no phenotypes affecting other tissues were mentioned (Wang et al.,

2010). Taking into account that the LacZ-Neor-cassette was inserted in the intron region

between exon 6 and 7 it is possible that such mice still express the potential other iso-

form thereby protecting other tissues from impact. Another strategy targeting exons 4–6

provided a mouse exhibiting greatly reduced amounts of mXirp2 protein lacking sequence

encoded by these exons (McCalmon et al., 2010). This mouse also displayed a cardiac

phenotype characterized by global dysregulation of cardiac gene expression. Since these

mice demonstrate that splicing events are possible which were not anticipated yet, it is

also necessary to evaluate the isoform expression and their influence in both genetically

modified mice.

4.2.2 Localization of Xin Isoforms

As delineated in section 4.2.1, the antibodies available to detect murine Xin in principle

always labeled two isoforms since they were raised against portions either included in

Xin A and B or Xin A and C. Analysis of transcription and protein expression revealed

that mXin A and B are the predominant isoforms during differentiation of H-2K cells while

mXin C is expressed significantly weaker, if at all. There was no detectable difference

between the labeling pattern of both antibodies in confocal miscroscopy in differentiating

H-2K cells (cf. section 3.2.3.5). This could either reflect that mXin A and B colocalize
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almost completely and mXin C is not expressed which would be in a way consistent with

the results of protein expression and transcription (cf. section 4.2.1) or that mXin C

colocalizes also with mXin A. Since Xin C cannot be detected in normal healthy human

cross-striated muscle but seems to be upregulated in hypertrophic hearts (Otten et al.,

2010), it is likely to speculate that Xin C is regulated differently from the other isoforms.

Interestingly, mice lacking Xin A and B but not Xin C are not able to compensate that loss

and exhibit cardiac hypertrophy, disruption of ICD and myofilament disarray (Gustafson-

Wagner et al., 2007). Such a severe phenotype cannot be observed in mice lacking all Xin

isoforms which indicates facilitated compensation of the loss and demonstrates the need

for a tightly regulated balance between the expression of Xin isoforms (Otten et al.,

2010). In order to gain further inside into the interplay of Xin isoforms, generation of

a Xin A-specific antibody is required and would also provide a means to dissect Xin C

function.

Localization studies of mXin A/B and α-actinin showed that Xin is expressed later

than α-actinin but still in a very early stage (cf. section 3.2.3.1). This was in a way

surprising as Xin is early expressed during embryogenesis and directly upregulated in

satellite cells upon damage indicating a function at early stages of development (Sinn et al.,

2002; Hawke et al., 2007). Upon expression of Xin both proteins colocalize at some actin

filaments in a continuous pattern (fig. 3.13). However, Xin is nearly absent from actin

filaments which exhibit a dense body-like association with α-actinin already in early stages

of differentiation. Such dense bodies could be precursor structures of the Z-disc if they

are also associated with other sarcomeric components like titin or filamin C (Sparrow und

Schöck, 2009). A dense body-like pattern along actin filaments of Xin in early stages of H-

2K differentiation has never been observed. Therefore, Xin is apparently not a component

of Z-disc precursors in early stages but labels actin filaments presumably designated to

develop into myofibrils before Z-disc precursor structures are formed. This is further

corroborated by co-stainings with filamin C (cf. section 3.2.3.2). Directly after induction

of differentiation Xin and filamin C colocalized at peripheral, cellular presumably actin-

based extensions in a continuous pattern and at some actin filaments in the cell body.

The latter is lost upon progression of differentiation whereas peripheral cellular extensions

are still decorated by Xin and filamin C in multinucleated myotubes. When filamin C

localization changed into Z-disc arrangement, continuous Xin labeling was restricted to

NSMFs. In general, continuous decoration of Xin along actin filaments changed already

into a mainly punctate pattern in the intermediate phase. This signal cannot be attributed

to a defined sarcomeric precursor structure and it appears to be randomly distributed
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(cf. section 3.2.3). Xin labeling therefore provides a means to indicate the differentiation

status of a cell and revealed that a differentiating cell can contain areas of different stages.

The change of Xin localization does not dependent on the replacement of nonmuscle by

muscle myosin, i.e. the transformation of premyofibrils into nascent myofibrils, because

the punctate distribution was already displayed before nonmuscle myosin had vanished (cf.

section 3.2.3.3). Thus, earlier events in myofibrillogenesis must trigger altered localization

of Xin (cf. section 4.3.1).

Xin has been implicated in cellular junction formation via its interaction with β-catenin

(Choi et al., 2007). This could not be observed here in differentiating H-2K cells (cf.

section 3.2.3.4). While β-catenin was enriched at junctional sites, Xin did not colocalize

there. Although submembranous targeting of Xin was often detected in H-2K cells as

well as in transfected cells (cf. section 3.3.6.2), there was no prominent overlap with the

β-catenin signal in H-2K cells. Furthermore, in vitro binding studies of β-catenin and

human Xin A and B failed to confirm the interaction. Therefore, the significance of this

interaction remains being discussed and further investigations are needed for confirmation.

4.3 Xin-Repeat Proteins Are Novel Ligands of the

SH3 Domain of Nebulin and Nebulette

Actin filaments represent one key component of the cytoskeleton spanning eukaryotic cells

with related filaments also having been identified in prokaryotes (Carballido-López, 2006).

The morphology of the actin cytoskeleton is tightly regulated by a plethora of actin bind-

ing proteins (Dominguez, 2009; Wang und Coluccio, 2010; Rohn und Baum, 2010). In

muscle sarcomeres actin filaments adopt a unique threedimensional arrangement with the

conformity of their length being tightly regulated (Clark et al., 2002; Burgoyne et al.,

2008). In cooperation with associated proteins such as tropomyosin and the troponin

complex, actin filaments form the thin filament system of cross-striated muscle (cf. sec-

tion 1.5.1). Although the exact mechanism of sarcomere assembly is still elusive, many

proteins have been demonstrated to be involved in thin filament assembly and sarcomere

development (Clark et al., 2002; Sanger et al., 2005; Sparrow und Schöck, 2009). Two

capping proteins are considered to maintain thin filament length at the barbed and the

pointed end. At the sarcomeric Z-disc, the barbed end capping protein CapZ prevents

thin filaments from uncontrolled filament elongation and disassembly while at the pointed

end demarcating the end of thin and thick filament overlap the capping protein tropo-
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modulin takes over an analogue function (Clark et al., 2002). The giant protein nebulin

has been identified to interact with both capping proteins therefore rendering this pro-

tein to be an ideal candidate for thin filament length regulation (McElhinny et al., 2001;

Pappas et al., 2008). However, recent studies suggest a more general stabilization of actin

filaments by nebulin which comprises filaments of varying lengths and a positive effect

on cross-bridge-cycling efficiency (Pappas et al., 2010; Chandra et al., 2009). However,

such a ruler function could only be valid for skeletal muscle since the expression level

of nebulin in cardiac muscle is remerkably lower (Kazmierski et al., 2003). In cardiac

muscle the related protein nebulette is expressed which displays a similar domain layout

but lacks the super repeats containing instead only 22 copies of single repeats (cf. section

1.5.4). These repeat modules are regarded as actin binding units thus nebulette does

not encompass a sufficient number of repeats to convey a ruler function. Nevertheless,

the presence of nebulin seems to have an impact on thin filament length since in skeletal

muscle filament length is constant in a rather narrow range whereas length variation in

cardiac muscle is significantly higher (Robinson und Winegrad, 1977; Burgoyne et al.,

2008). The contribution of nebulin’s low abundance in cardiac muscle to this phenotype

is not yet clear but it has been demonstrated that disturbance of nebulin function affects

thin filament length in skeletal as well as in cardiac muscle (Bang et al., 2006; McElhinny

et al., 2005). Identification of the prominent regulator of actin assembly N-WASP as a

novel interaction partner of the SH3 domain of nebulin in the Z-disc of skeletal muscle

directly links nebulin to the control of thin filament dynamics in the sarcomere (Takano

et al., 2010). This is even more intriguing as all other binding partners of the SH3 do-

main identified or suggested, like α-actinin, myopalladin and titin, are mainly considered

as structural links. Thus, nebulin function probably goes beyond providing structural

framework of sarcomere architecture. In this work, Xin-Repeat proteins were described

as novel binding partners of the SH3 domain of nebulin and nebulette. Multiple clones

comprising the C-terminus of nebulin interacted with the Xin fragment Xin PR3+4 in a

yeast two-hybrid screen of a skeletal muscle cDNA library (cf. section 3.3). Mapping of

the binding region in Xin revealed that a proline-rich region located in the C-terminal

part of Xin A which is also included in the small isoform Xin C mediates the interaction to

nebulin (cf. section 3.3.1). The smallest clone of nebulin identified consisted of the com-

plete SH3 domain and only half of the adjacent serine-rich linker sequence which strongly

pointed to the SH3 domain as the interacting domain. Since the SH3 domain of nebulin

and the related cardiac protein nebulette is conserved to nearly 90 % whereas conservation

of the linker region amounts to only 36 %, Xin was also tested on binding to nebulette
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and this demonstrated that interaction is possible with both related SH3 domains (cf.

section 3.3.2). Mammals have two genes encoding Xin-Repeat proteins, Xin and Xirp2

(cf. section 1.10). Both share a similar domain layout and an overlapping set of binding

partners has already been described (cf. section 4.6) which led to the investigation of the

binding capacity for Xirp2 to the SH3 domain of nebulin and nebulette. Interestingly, a

proline-rich part situated identically in Xirp2 as the binding region in Xin was also able

to interact with nebulin and nebulette (cf. section 3.7.2). Although both proteins contain

several potential SH3 domain binding sequences within the respective binding region, a

similar motif could not be identified. Therefore, the precise binding motif in Xin and

Xirp2 was revealed with the help of spotted overlapping 15-mer peptides comprising the

complete sequence of the binding region of Xin and Xirp2, respectively (cf. section 2.9.4).

The purified nebulette SH3 domain-GST fusion protein specifically bound to the peptides

SHPPQRLPKPLP (Xin) and GVLPPPTLPKPK (Xirp2) (cf. sections 3.3.4 and 3.7.2).

Surprisingly, only the Xirp2 peptide harboured a classical PXXP motif which defines the

minimal binding motif of SH3 domains. In order to dissect essential residues, substitution

analysis was performed. Strikingly, this demonstrated that both motifs share the com-

mon consensus sequence PPXXXPKP. SH3 ligands can be categorized into class I and II

peptides according to the position of a positively charged residue (Politou et al., 2002).

This residue interacts with the RT-loop of the SH3 domain and confers directionality to

the interaction. Peptides binding with their N-terminus to the RT-loop are designated

as class I motifs and accordingly peptides interacting with their C-terminus are class II

motifs. Ligand preferences of the nebulin SH3 domain have already been determined and

revealed selective interaction of class II peptides (Politou et al., 2002). The consensus

motif of Xin-Repeat proteins belongs to class II, for the positively charged essential ly-

sine residue is located at the C-terminus of the peptide implying that both Xin-Repeat

proteins contain a peptide motif which fits the requirements of the nebulin SH3 domain.

Due to the high degree of conservation of the SH3 domain between nebulin and nebulette

mentioned above, it can be concluded that the binding mode of the nebulette SH3 domain

is comparable. This is supported by the findings that Xin-Repeat proteins bind the SH3

domain of nebulette in a nanomolar range rendering Xin-Repeat proteins as high affin-

ity ligands of nebulette and very likely nebulin (Florian Sauer, personal communication).

Such a high affinity is unique to Xin-Repeat proteins since other ligands such as α-actinin,

myopalladin and titin exhibit only micromolar affinity (Moncman und Wang, 1999; Ma

und Wang, 2002). This strongly suggests an important role in vivo although in vivo bind-

ing data of endogenous proteins is missing as the high insolubility and the giant size of
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both Xin-Repeat proteins and nebulin impairs co-immunoprecipitation assays in skeletal

muscle and the lack of an available antibody against nebulette impedes such experiments

in cardiac muscle.

4.3.1 The Site of Interaction of Xin-Repeat Proteins with Neb-

ulin/Nebulette Interaction

Xin-Repeat proteins differ in their localization in adult skeletal muscle. While Xirp2 is

a prominent component of the sarcomeric Z-disc, Xin can be only found in the MTJ.

Both proteins are able to interact with nebulin and its cardiac relative nebulette which

also reside in the Z-disc in adult muscle. Since no antibody against mXirp2 suitable for

immunofluorescence analysis was at disposal, such studies could only be performed with

mXin. As Xin is not a Z-disc component the question arises where and when can Xin

and nebulin interact? It is obvious to assume that this can take place during myogenic

differentiation, for both proteins are already described to be involved in myofibrillognesis.

Therefore, differentiating H-2K cells were analyzed on the localization of mXin and a

nebulin Z-disc epitope (cf. section 3.3.5). The Xin antibody detects the Xin repeats and

therefore the isoforms A and B (further discussion cf. section 4.2.2). These experiments

revealed that Xin presumably precedes nebulin expression (fig. 3.23). While Xin was

enriched at peripheral cellular extensions, nebulin expression started in the perinuclear

space which has been already described for sarcomeric proteins (Abe et al., 2004). Xin

and nebulin exhibited only a partial overlap along actin filaments. Interestingly, Xin al-

ways labeled the filament portion pointing towards the periphery whereas nebulin was

associated with the filament part close to the nucleus. Since Xin association with actin

filaments was progressively lost upon nebulin decoration and Xin enriched at submem-

branous sites which were almost devoid of nebulin (fig. 3.24), the partial colocalization at

non-striated myofibrils (NSMF) can be regarded as the main site of Xin-nebulin interac-

tion implying a transient interaction during myofibrillogenesis. The different association

of actin filaments with either Xin or nebulin suggests that there is a difference between

those filaments. Perhaps this reflects binding of different protein sets to actin which in-

fluence actin filament structure or incorporation of muscle actin isoforms. Such an effect

on F-actin conformation has already been described for a variety of proteins. One major

protein associated with muscle thin filaments and nonmuscle actin filaments in general

is tropomyosin (Wang und Coluccio, 2010). Xin has been demonstrated to compete for

F-actin binding with pigstomach tropomyosin (Pacholsky et al., 2004). During myofibril-
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logenesis several tropomyosin isoforms are expressed and it would be interesting to learn

whethter actin filaments labeled with Xin are associated with a different tropomyosin

isoform than actin filaments labeled with nebulin. Recently, it has been shown that thin

filaments adopt a flat conformation (Oda et al., 2009) but it is obvious to speculate that

this represents only one of multiple possible conformations of F-actin since there is a gi-

gantic number of actin binding proteins presumably capable of slightly altering F-actin

structure. Therefore, it is appealing to propose that the partial overlap of Xin and nebulin

could mark the site where the transition to a different set of associated proteins and/or

a change in conformation takes place. This is further supported by the appearance of

the filament systems in the SEM (fig. 3.23 and 3.24). At sites exclusively labeled with

Xin, the filaments exhibited a smaller diameter than at sites of nebulin expression and a

more branched network, whereas large bundles could be detected in the area of nebulin

binding. The finding that nebulin and Xin almost exclude each other from actin filaments

except the few sites of overlap can be due to occupating identical binding sites on actin

(Cherepanova et al., 2006). Co-existence then again reflects transition from one to the

other binding partner.

Co-stainings with nebulin also revealed another prominent structure which associated

with Xin. Late stage H-2K myotubes contain large areas of perfectly aligned Z-discs but

there are still minor irregularities in the arrangement, e.g. the number of adjacent Z-disc

which are about to fuse needs to be adjusted or alternatively, fusion of Z-bodies has not

finished yet (fig. 3.25). At these sites, prominent labeling of Xin could be detected along

longitudinal strands connecting adjacent immature Z-discs. Although nebulin is also

present at these strands, decoration is faint and appeared to be diffuse. These structures

are reminiscent of longitudinal strands observed in areas of remodelling in human skeletal

muscle which are also strongly associated with Xin (cf. sections 3.8 and 4.4). Therefore

it seems likely that these longitudinal strands are analogous to those in human skeletal

muscle and that Xin is involved in the final maturation process of sarcomeres which would

also explain that Xin protein is still significantly expressed at these stages (cf. section

4.2.1).

In order to directly address the question where Xin and nebulin/nebulette interaction

takes place, BiFC experiments were performed in embryonic cardiomyocytes. In such an

assay, a fluorescence signal is generated when two non-fluorescent fragments of a fluores-

cent protein (FP) come into close proximity and form a functional FP (cf. section 2.9.5).

This can be achieved through fusion of these fragments to proteins which interact and

therefore enable the BiFC signal. Thus, a signal is not a direct proof of interaction of the
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fusion proteins since close proximity is sufficient for fluorescence complex formation which

increases the probability of false positives. In order to reduce that careful testing of vector

combinations and experimental conditions is essential. This was carried out intensively

in advance of any experiment. In principal, it is possible that non-fluorescent fragments

which are not fused to another protein can accidentally form fluorescent complexes in

the cytoplasm upon transfection. However, no such unspecific complex formation could

be detected. Additionally, the combination of a fusion protein and a non-fused compat-

ible non-fluorescent fragment did provide the same results. Nevertheless, transfection of

protein fragments which are not able to interact but target to nearly identical sites can

form BiFC complexes in in vitro cell systems. Therefore, experiments performed in cells

usually not containing the interacting proteins can provide false positives and every result

needs to be verified by transfection into cells reflecting their in vivo environment. In order

to meet these requirements, BiFC studies of the interaction between Xin C and nebulette

were performed in embryonic cardiomyocytes apart from A7r5 cells (cf. sections 3.3.6.2

and 3.3.6.3). Single transfections of both proteins revealed that each targets to NSMFs

in cardiomyocytes of the early stage (fig. 3.31 and 3.33). In cardiomyocytes already con-

taining Z-discs, nebulette strongly decorated Z-discs whereas Xin C was absent which is

contradictory to transfections in neonatal rat cardiomyocytes where Xin C was the only

isoform targeting to Z-discs (fig. 3.32, van der Ven et al. 2006). However, both exhib-

ited association with longitudinal strands between adjacent Z-disc. Interestingly, BiFC

complexes were specifically formed at structures where both proteins were also detected

in single transfection. Early cardiomyocytes which were completely pervaded by NSMFs

displayed an interaction of Xin C and nebulette exactly at NSMFs (fig. 3.35). If the

myofibrillar apparatus had further matured and Z-disc staining exhibited a striated pat-

tern, BiFC complex formation was restricted to longitudinal strands connecting immature

Z-discs (fig. 3.34). Admittedly, very weak staining could be obtained at the Z-disc. This

could either reflect that these Z-discs were not fully developed as a very weak Xin Z-disc

signal was also seldomly observed in H-2K cells of a late stage of differentiation or alter-

natively, unspecific complexes had formed. However, the site of the BiFC signal seems

not to be formed randomly. Although this experiment was only performed using Xin C,

it is tempting to speculate that Xin A also interacts with nebulette at NSMFs and these

longitudinal strands beteween adjacent Z-disc, for Xin A also targets to NSMFs in rat

cardiomyocytes and is detected in H-2K cells at NSMFs, albeit partially colocalizing, and

longitudinal structures resembling those obtained with Xin C. Of course, this does not

reflect an in vivo situation since both interaction partners are overexpressed and upon
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complex formation the interaction is stabilized to become eventually irreversible so that

accumulation of complexes can occur and the potential transient character of this inter-

action is lost (cf. section 3.3.6.1). Nevertheless, the fact that complexes are being formed

at these sites demonstrates that these can be sites of Xin–nebulin/nebulette interaction.

Thus, the BiFC results support the conclusions drawn from the H-2K cell analysis and

finally render Xin a protein directly linked to myofibrillogenesis by the interaction to

nebulin-repeat proteins.

Xirp2 prominently targets to the Z-disc in adult human skeletal muscle cells and

this has been also shown for its murine orthologue (Huang et al., 2006). Stainings with

antibodies against different epitopes of Xirp2 suggest a certain orientation of Xirp2 within

the Z-disc (cf. section 4.7). Simultaneous staining of nebulin Z-disc epitopes and an

antibody against the C-terminus of Xirp2 revealed a partial overlap of the signals at the

borders of the Xirp2 doublet band which encompasses the central core of the Z-disc (cf.

section 3.7.7). Since an antibody against the nebulin binding region in Xirp2 does not

display a doublet but a single Z-disc signal, it can be concluded that this Xirp2 region

and the nebulin SH3 domain interact within the Z-disc. In contrast to Xin and nebulin,

Xirp2 and nebulin colocalize also in adult muscle. It is therefore tempting to assume that

the Xirp2-nebulin interaction has a more persistent character.

4.3.2 Evolutionary Conservation of the Nebulin/Nebulette Bind-

ing Motifs in Xin-Repeat Proteins

The emergence of Xin coincides with the genesis of heart chamber presumably after diver-

gence of vertebrates and cephalochordates (Grosskurth et al., 2008). Except from lamprey

and chicken all other Xin-Repeat protein-containing species possesses multiple genes en-

coding Xin-Repeat proteins. Analysis of the conservation of binding motifs can provide

new insights into the relevance of an interaction and can reveal differences between species

which helps to allocate function.

Both human Xin-Repeat proteins bind the SH3 domain of nebulin and nebulette with

the consensus motif PPXXXPKP (cf. section 3.7.2). The essential residues are the initial

proline, the proline in front of the lysine residue and the lysine residue itself (fig. 4.1

B). Xin requires an additional proline C-terminal to the lysine. Replacement of these

residues most likely disrupts the interaction as demonstrated by substitutional analysis

(cf. sections 3.3.4 and 3.7.2). Xin was identified in the yeast two-hybrid screen as a bind-

ing partner and Xirp2 was only tested because of similarities in the domain layout which
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Figure 4.1: Alignment of the nebulin/nebulette interaction motif in Xin-Repeat proteins
of different species. A. Evolutionary tree of placental mammals modified from Kriegs et al. (2006).
B. Alignment of the nebulin/nebulette binding motif in Xin and Xirp2. Sequences were obtained from
UCSC Genome Browser. Essential residues of the consensus motif are marked with a red background.
The potential binding motif in the opossum sequence is highlighted with a light grey background.
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also surfaced Xirp2 as a binding partner. Analyzing the conservation of the Xin motif in

placental mammals reveals unexpected results (fig. 4.1 A). While in mouse the motif is

100 % identical, rat shows a divergence as the glutamine at position 3 is replaced by a

histidine (fig. 4.1 B). According to the substitutional analysis this would presumably not

abolish the interaction but reduce its affinity. A related difference at this position (Q >>

R) can be also found in rabbit. However, the highly important lysine residue is replaced

by a methionine which very likely impairs the interaction. Thus, even within the tree of

Supraprimates (Euarchontoglires) of placental mammals this interaction does not seem to

be conserved. The same is true for the tree of Laurasiatheria because in dog the essential

lysine is replaced by a threonine which impairs binding and in cow conversion of an im-

portant proline and two other residues also disrupts nebulin/nebulette binding. Elephant

completely deviates from other placental mammals since there is no apparent motif. In-

terestingly, the opossum belonging to the class of Marsupialia contains a motif suitable for

mediating the interaction with nebulin/nebulette. While the nebulin/nebulette binding

motif is not highly conserved among placental mammals, the predicted cortactin motif

seems to be more preserved except for elephants, because only conservative replacements

can be detected (Eulitz, 2005). However, whethter cortactin is an in vivo binding partner

remains to be determined. In contrast to Xin, the Xirp2 motif is 100 % conserved among

placental mammals (fig. 4.1 B). Even in chicken a slightly modified motif can be identified

which is presumably able to bind the nebulin/nebulette SH3 domain since the replace-

ments do not affect the binding affinity according to the substitution experiment. A

functional nebulin binding site has been also described for zebrafish Xirp1. Therefore, the

interaction with nebulin/nebulette seems to be an ancient feature of Xin-Repeat proteins

and at least preserved in one protein. The finding that most Xin proteins in placental

mammals are probably not able to interact with nebulin/nebulette is puzzling. Since it is

very likely that even in the supraprimate tree not all species can bind nebulin/nebulette,

one can assume that human and mouse Xin have regained this feature and perhaps this

reflects differences in myofibrillogenesis among species. However, data from other species

concerning nebulin/nebulette binding activity is needed to interprete this result.
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4.4 Xin-Repeat Proteins and Skeletal Muscle Remod-

elling

Delayed onset muscle soreness (DOMS) is a result of high force eccentric contraction of

unaccustomed skeletal muscle (Yu et al., 2003). This is usually accompanied by pain

and stiffness. The processes responsible for that phenotype are still being controversially

discussed but recent results point rather to muscle remodelling than to muscle damage

and inflammation (Yu et al., 2002; Yu und Thornell, 2002; Yu et al., 2003, 2004). This

conclusion is based on findings obtained with high resolution immunohistochemistry of

eccentric contracted human skeletal muscle. These experiments revealed areas within the

muscle which have lost the characteristic striated pattern when labeling characteristic

Z-disc proteins like α-actinin or titin Z-disc epitopes. Instead, longitudinal strands have

been observed containing F-actin and myotilin which span these regions and connect intact

Z-discs (Yu et al., 2003; Carlsson et al., 2007). The intermediate filament protein desmin

also pervades such area (Yu und Thornell, 2002). Such structures can also be detected at

single Z-discs which then appear as broadened Z-disc without α-actinin, titin or nebulin.

It has been suggested that these areas reflect insertion of new sarcomeres as an adaptation

to the increased force. In this work, cryo-sections of human skeletal muscle were analyzed

with antibodies against different portions of Xin and Xirp2 (cf. section 3.8). The specimen

derived from a muscle biopsy of the M. vastus lateralis of a 23-year old man did not reveal

any abnormalities. While Xin was absent from the normal sarcomere as expected, areas

exhibiting strong Xin labeling were occasionally observed. Both antibodies against the

N- and the C-terminus of Xin A displayed a similar staining pattern. Xin-containing

structures longitudinally connected one or more successive sarcomeres and the ordered

striated pattern of the Z-discs was often disrupted in these areas indicated by a lack or

diffuse staining of α-actinin and nebulin (cf. sections 3.8.1 and 3.8.2). These longitudinal

strands could appear as a large patch of multiple strands within the muscle fibre or as

single strands. Such single strands could also connect apparently normal sarcomeres, i.e.

sarcomeres with unconspicious α-actinin labeling (fig. 3.73). Then, Xin staining was

intensified at the Z-disc level while the labeling of the connecting strands was reduced.

Since most of the sites of Xin labeling in the myofibril exhibited disruption of Z-disc

structure as indicated by a loss of typical α-actinin and nebulin arrangement, it is obvious

to suggest that these areas reflect sites of muscle remodelling. Furthermore, it could be

demonstrated that Xin is targeted to regions displaying a typical delta-shape of areas
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with supernumerary sarcomeres, i.e. the number of sarcomeres in transverse register does

not match (fig. 3.75). Remodelling upon eccentric contraction leads to the insertion of

additional sarcomeres indicated by such delta-shaped arrangements which support the

notion that the structures identified reflect remodelling (Yu et al., 2003). Interestingly,

it has already been shown that Xin is upregulated in muscle after eccentric contraction

(Barash et al., 2004) which clearly points to an involvement of Xin in subsequent processes

and corroborates the conclusion that these Xin-containing structures display remodelling.

Although eccentric exercised muscle does not reveal prominent damage or inflammation,

it is very likely to assume that the addition of new sarcomeres during remodelling is

based on mechanisms fundamentally related to muscle development and regeneration

since there is a significant overlap of proteins involved as e.g. Xin. Muscle satellite

cells directly start expressing Xin upon muscle damage and the expression persists during

regeneration (Hawke et al., 2007). Thus, Xin is an important player in developmental

and remodelling processes in cross-striated muscle. Strikingly, the interaction partner

filamin C could also be identified as a component of such longitudinal strands in areas of

skeletal muscle remodelling (cf. section 3.8.3). Both proteins colocalized at longitudinal

strands but not at Z-discs independent of the developmental stage of the Z-disc. Similar

to Xin, filamin C is also upregulated upon damage and early expressed during skeletal

muscle development which supports the view that these processes recapitulate related

mechanisms (Goetsch et al., 2005; van der Ven et al., 2000a). As Xin is absent from Z-

discs, these longitudinal strands during muscle remodelling represent promising candidates

for the site of the Xin-filamin C interaction. Nebulin does not seem to be involved in

the formation of these strands since no decoration could be observed. Xin can interact

with nebulin as demonstrated in this work (cf. section 3.3) and it is proposed that

this interaction is transient during myofibrillogenesis (cf. section 4.3.1). Exactly where

and when Xin and nebulin interact during remodelling processes requires high resolution

analysis but it can be speculated that it takes place at the transition zone where the actin

filaments building these strands transform into thin filaments at the level of newly formed

Z-discs perhaps upon association with specific thin filament proteins. However, nothing

much is known about the composition of these strands in comparison to thin filaments

apart from the described association with myotilin and perhaps obscurin (Carlsson et al.,

2007, 2008).

Xin and Xirp2 share an overlapping set of binding partners and presumably related

function. Decoration of longitudinal structures between one or more successive sarcomeres

in areas of skeletal muscle remodelling seems to be a common feature of Xin-Repeat
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proteins. All Xirp2 antibodies labeled structures similar to those obtained with Xin

antibodies (cf. section 3.8). Intriguingly, the antibodies Xirp2 N-terminus and central

exhibited also strong signals at these strands although they scarcely labeled normal Z-

discs (fig. 3.77 and 3.78). This points to the notion that their epitopes are buried within

the dense protein meshwork of the Z-disc but are easily accessible along these strands.

The areas of such a Xirp2 staining pattern could also appear as large patches or single

strands where normal striation of α-actinin and nebulin is disrupted as has been described

for Xin (cf. sections 3.8.1 and 3.8.2). In contrast to Xin, Xirp2 can interact with both

nebulin and α-actinin (cf. sections 3.7.3 and 3.7.2) , but the interaction to F-actin or

filamin C at these strands seems to be more dominant. It is attractive to speculate that

Xirp2 provides the structural framework for the incorporation of α-actinin and nebulin

into the newly formed Z-disc which is the site of their interaction (cf. section 4.7).

Myofibrillar myopathies are characterized by the dislocation of certain Z-disc proteins

resulting in alteration of myofibril structure and aggregate formation (Claeys et al., 2009).

The subset of proteins found in these aggregates comprises Xirp2, filamin C and myotilin,

all proteins involved remodelling or regeneration. Interestingly, although Xin is not a

sarcomeric component, it can be also identified in aggregates of such specimens. Other

prominent Z-disc proteins like α-actinin or the podin-family of proteins are not affected

so that Z-disc proteins were subdivided into being stress-responsive or not. Interestingly,

FRAP experiments displayed clear differences between the exchange rate of different Z-

disc proteins. While α-actinin revealed a rather slow exchange rate, myotilin was much

faster (Wang et al., 2005). Filamin C transfected into rat cardiomyocytes recovers within

seconds which is surprisingly fast (Yvonne Hahn, personal communication). Perhaps

proteins can be classified according to their fast exchange rate as stress-responsive. It

would be very interesting to know about the exchange rate of Xirp2 since it is a very

large protein (≈ 400 kDa) but exhibits a stress-responsive phenotype. In addition, highly

dynamic proteins are presumably also candidates for remodelling processes.

But how are such processes regulated and accordingly Xin and Xirp2? Upon muscle

damage satellite cells are activated and myogenic transcription factors induce the ex-

pression of muscle-specific proteins. Xin has already been shown to be transactivated

by known myogenic transcription factors such as MEF2, MyoD or Myf-5 (Hawke et al.,

2007). Additionally, Xin seems to be a downstream target of a BMP (bone morphogenetic

protein)–Nkx2.5–MEF2C pathway (Wang et al., 1999). Some findings suggest that Xin

could be a target of the PI3-kinase/AKT pathway through its interaction with LIMCH1

and/or nebulin (Cizkova et al., 2010; Takano et al., 2010). Since Xirp2 can also interact
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with nebulin this link could be valid for Xirp2, too. The regulation of the nebulin-N-

WASP complex depends on IGF-1 (insulin-like growth factor 1) and the loss of Xirp2 in

mice results in a downregulation of the IGF-1 receptor which proposes an involvement

of Xirp2 in this signalling cascade (Wang et al., 2010). The promotor of Xirp2 contains

MEF2A-responsive elements which are regulated by angiotensin II (McCalmon et al.,

2010). This seems to modulate hypertrophic responses of the heart. However, nothing

is known about posttranslational modifications or proteins directly regulating Xin and

Xirp2 function so that the physiological role of these findings and speculations remains

to be determined.

4.5 LIMCH1 – The First Xin A-Specific Binding Part-

ner

The Xin gene in human and mouse gives rise to three different isoforms A, B and C which

result from intraexonic splicing of the large coding exon (van der Ven et al., 2006). While

the whole sequence of Xin B and C is included in the largest isoform Xin A which com-

prises a unique sequence without any predicted domains but with a proline-rich cluster. A

discrimination of the function of the three isoforms could therefore be achieved by analyz-

ing the properties of this unique region. In this work, the first interaction partner of this

Xin A-specific sequence was identified in a yeast two-hybrid screen of a skeletal muscle

cDNA library (cf. section 3.5). Multiple clones were obtained comprising varying lengths

of the C-terminus of a protein encoded by the gene LIMCH1 on chromosome 4. As indi-

cated by the gene name, the corresponding protein presumably harbours an N-terminal

single CH domain and a C-terminal LIM domain (fig. 3.42). Further yeast two-hybrid

studies identified the LIM domain as the responsible binding interface and demonstrated

the binding specificity of this domain since LIM domains of other muscle proteins like

N-RAP and MLP did not interact (cf. section 3.5.1). This is even more striking as

LIM domains can exhibit extensive promiscuity in in vitro binding assays (K. Gehmlich,

D.O. Fürst, personal communication) but neither in yeast two-hybrid experiments nor

in co-immunoprecipitations unspecific binding activity was observed (cf. sections 3.5.1

and 3.5.2. LIM domains are present in various proteins functioning as a versatile bind-

ing interface identified originally in three eponymous proteins LIN-11, Isl1 and MEC-3

(Kadrmas und Beckerle, 2004). The conserved structure comprises a tandem zinc finger

which is established by two motifs of four conserved cysteine or histidine residues each co-
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ordinating one zinc ion. Although the structure is conserved, exposed residues mediating

the interaction reveal high variability rendering this domain a versatile binding module

(Kadrmas und Beckerle, 2004). Analysis of the exact binding mode and identification of

the involved residues of the Xin-LIMCH1 interaction could not be performed but would

provide further insight how specificity is accomplished.

4.5.1 Expression of LIMCH1 Isoforms in Cells and Tissues

In order to get more information about the physiological relevance of LIMCH1 and its

interaction, the LIMCH1 gene and encoded proteins were analyzed. Database queries

revealed that in contrast to Xin human LIMCH1 transcription is not restricted to cross-

striated muscle tissue and high mRNA levels are detected in brain and lung whereas

transcription is reduced in blood cells, liver and bone marrow (UCSC Genome Browser).

Since both proteins can only interact in cardiac or skeletal muscle, expression of LIMCH1

protein was studied at different stages of differentiating human skeletal muscle cells and

in mouse and rat tissue of lung, heart and skeletal muscle using a commercially available

antibody raised against the C-terminus of the predicted full-length protein (LIMCH1 FL)

(cf. section 3.5.5). This is exactly the region also included in the LIMCH1 clones identified

in the yeast two-hybrid screen (fig. 3.42). The estimated molecular mass of LIMCH1 FL

accounts for ≈ 122 kDa in human (NM 014988) and rat (NM 001191678) and ≈ 120 kDa in

mouse (NM 001001980). The antibody detected polypeptides in all cell and tissue extracts

except from non-differentiated human skeletal muscle cells which migrated at ≈ 130 kDa

(fig. 3.49 A). The specificity of these signals was underlined by the detection of a recombi-

nantly expressed LIMCH1 fragment comprising the immunogenic region (LIMCH1 CC2)

demonstrating that the bands in cells and tissues do really reflect LIMCH1 FL. These

results show that LIMCH1 is expressed in muscle cells of human, mouse and rat and an

interaction in vivo with Xin is possible. Expression of Xin in mouse can be detected in the

heart tube and the first rostral somites as early as E8.0 and E10, respectively (Sinn et al.,

2002). Nothing is known about LIMCH1 protein expression during embryonic develop-

ment but transcription of LIMCH1 mRNA is detected in presomitic mesoderm at E9.5,

which among others contributes to the muscle precursor cell pool, whereas somites appear

not to contain prominent amounts of LIMCH1 transcripts (Sewell et al., 2009) so that the

site and developmental stage of Xin-LIMCH1 interaction remains elusive. Nevertheless,

it cannot be excluded that Xin is expressed in presomitic mesoderm cells. However, the

absence of LIMCH1 in non-differentiated human skeletal muscle cells and the emergence
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in differentiated cells points to an upregulation during myofibrillogenesis. This was con-

firmed analyzing a differentiation series of H-2K cells where expression was detectable at

day 2 constantly increasing until the final stage of differentiation (fig. 3.49 B). A related

course was also observed with LIMCH1 transcripts which showed prominent increase at

day 2 of differentiation (cf. section 3.5.7). Transcripts were already detectable before

induction of differentiation which could be either due to untranslated mRNA since no

protein was found in proliferating myoblast or due to spontaneously differentiating cells

which were occasionally observed. The latter would also explain why no protein could

be detected in cell lysates. Hence, interaction of Xin A and LIMCH1 could also play a

role during myofibrillogenesis apart from early embryonic development. Interestingly, the

antibody stainings of tissue and cell extracts provided more bands than that at 130 kDa.

Rat skeletal muscle extracts exhibited an additional signal significantly above 130 kDa

which could also be observed in differentiating H-2K cells, where it was actually the most

prominent band (cf. section 3.5.5). Therefore, it was very likely that this signal reflected

a novel isoform and in fact, one mRNA clone (AL831962) identified in human skeletal

muscle was obtained from databases which potentially encodes a larger LIMCH1 protein

(cf. section 3.5.6). Although the start codon of this clone is presumably located in exon

6 causing the absence of the N-terminal CH1 domain, 7 additional exons situated be-

tween exon 8 and 9 of LIMCH1 FL generate a protein of a calculated molecular mass of

≈ 165 kDa (fig. 3.50 A+B) (Friedberg, 2009). The existence of mRNA species compris-

ing these novel exons could be also verified for the murine orthologue in RNA isolated

from differentiated H-2K cells (fig. 3.50 D). While the number of newly identified exons

is the same in mLIMCH1, the arrangement deviates from the human layout (fig. 3.50

E). Nevertheless, the resulting murine protein has also a higher molecular weight than

mLIMCH1 FL. As these exons were identified in an mRNA clone isolated from human

skeletal muscle tissue and larger proteins were detected in rat skeletal muscle and H-2K

cells, they are designated as muscle exons. Strikingly, in protein extracts of differentiated

human skeletal muscle cells no such large protein could be identified although the mRNA

clone derived from human skeletal muscle (fig. 3.49 A). Whether this indicates a different

regulation of protein expression in human and mouse or reflects an anomaly of the cul-

tured human cells remains unclear and further analysis of human skeletal muscle tissue is

needed. Such experiments could also clarify the exact composition of the LIMCH1 muscle

isoform, for only the existence of a splice variant containing the muscle exons has been

shown while the complete sequence is still a prediction and has to be verified. Apart from

the band above 130 kDa, blot analysis of tissue extracts revealed additional bands below
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the LIMCH1 FL isoform at 130 kDa which could be also detected in H-2K cell extracts

(fig. 3.49 A). At the moment, there is no evidence whether these are additional isoforms

although existence of other isoforms than LIMCH1 FL and LIMCH1 muscle has been

already predicted (Friedberg 2009, UCSC Genome Browser).

4.5.2 Oligomer Formation of LIMCH1

Both proteins LIMCH1 FL and LIMCH1 muscle comprise the LIM domain and are there-

fore in principle capable of interacting with Xin. Thus, it is necessary to dissect func-

tional parts of LIMCH1 in order to determine the differences between both isoforms and

the functional consequences upon binding the respective isoform. Both isoforms contain

putative coiled-coil motifs, one located in the N-terminal part (CC1), the other more C-

terminally (CC2), which can impart the ability of homodimerization or oligomerization

(cf. section 3.5.8). Since most of the common prediction methods favored the C-terminal

coiled-coil motif CC2 to be functional, an N-terminally truncated fragment of LIMCH1

(LIMCH1 CC2) was tested on multivalent complex formation with chemical cross-linking

although it cannot be excluded that the N-terminal coiled-coil motif CC1 is also functional

(fig. 3.52 A). This experiment uncovered that LIMCH1 CC2 can form SDS- and DTT-

resistant dimers and trimers and addition of cross-linker revealed an increase of dimeric

and trimeric as well as existence of tetrameric complexes (fig. 3.52 B). Although oligomers

were clearly detected, the efficiency of complex formation is decreased in comparison to

other dimeric proteins like filamin where the proportion of monomeric protein in cross-

linking assays was shown to be greatly reduced (Himmel et al., 2003; Löwe et al., 2007).

On the one hand this could reflect that the majority of LIMCH1 is in a monomeric state

within the cell with multivalent complexes being formed occasionally. On the other hand

such complex formation must be tightly regulated and this was not taken into account

in the in vitro experiment. It might be possible that multimerization is dramatically in-

fluenced by posttranslational modification or splicing events even outside the coiled-coil

motifs (Barbash et al., 2011; Ma et al., 2010; Araya et al., 2002). Thus, LIMCH1 can

be regarded as a protein which can adopt multimeric states but determination of the

ratio and regulation of these states requires future work. As both isoforms contain the

functional coiled-coil motif the possibility of heteromeric complex formation arises and it

would be important to know whether Xin and LIMCH1 can also interact with each other

in multimeric state since Xin is also able to form multimers.
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4.5.3 Dissection of Functional Domains in LIMCH1

One eponymous structural feature presumably missing in muscle LIMCH1 is the N-

terminal CH domain (fig. 3.50 A). A tandem of CH domains can be found in actin

binding proteins such as α-actinin and filamin where it is considered to be an actin bind-

ing domain (Gimona et al., 2002). However, single CH domains have already been shown

to completely impart different functions, e.g. binding to microtubules or adaptor pro-

teins (Sjöblom et al., 2008). In order to get more insight into the functional domains of

LIMCH1, differentially truncated fragments of LIMCH1 FL were transfected into A7r5

cells (fig. 3.45). LIMCH1 FL was associated with actin filaments in a punctate pattern

and submembranous regions but did not prominently target to focal adhesion (cf. section

3.5.3). Truncation of the N-terminal CH domain (LIMCH1 CC1+2) did not result in an

obvious alteration of targeting. Interestingly, removal of the N-terminal coiled-coil motif

CC1 and the central part of LIMCH1 (LIMCH1 CC2) completely disrupted targeting and

caused a diffuse cytoplasmic distribution which was also observed with the LIM domain

alone (LIMCH1 LIM). This indicates that the CH domain is obviously not necessary for

the association with actin filaments since LIMCH1 CC1+2 could be identified there in

the same pattern. As truncation of CC1 and the central part impairs targeting, it is

obvious to allocate targeting function to that region since the LIM domain is not able to

specifically localize alone. As transcripts of rat LIMCH1 FL could be detected in A7r5

cells although verification on protein level failed (Merk, 2010), it is possible that target-

ing could be conveyed by N-terminal regions, e.g. the CH domain, provided that the

N-terminal coiled-coil region is functional and the transfected LIMCH1 CC1+2 fragment

forms multimers with endogenous LIMCH1 via CC1 and not CC2. This implies the ex-

citing possibility that the single CH domain can act like actin binding tandem domains

upon coiled-coil formation. However, the protein level of endogenous LIMCH1 appears

to be too low to target transfected LIMCH1 and the probability that the CC1 motif is

functional is low. Hence, it is most likely that LIMCH1 localizes to actin filaments due

to specific interactions within the central 400 aa between aa 312 and 712 either directly

or indirectly.

4.5.4 The Site of Xin–LIMCH1 Interaction

The most remarkable difference of transfected LIMCH1 FL and Xin A concerning localiza-

tion in A7r5 cells is the absence of LIMCH1 from focal adhesions (cf. section 3.5.3). While

Xin is highly enriched there although not directly at the tips as co-stainings with Mena
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revealed (cf. section 3.6), LIMCH1 did not exhibit prominent labeling of focal adhesions.

Interestingly, co-transfection of Xin A and LIMCH1 FL resulted in BiFC complexes along

actin filaments but not at focal adhesions which was confirmed by confocal microscopy

(cf. section 3.5.4). This demonstrates that Xin A is not able to recruit LIMCH1 into

focal adhesions. The restriction of the Xin-LIMCH1 complex to actin filaments seems

to be lost if the LIMCH1 fragment is N-terminally truncated because LIMCH1 CC1+2

generates a BiFC signal at actin filaments and at focal adhesions. It is tempting to spec-

ulate that the exclusion of LIMCH1 from focal adhesions depends on the CH domain.

This is further corroborated by the finding that Xin A can also form BiFC complexes at

focal adhesions with the LIM domain alone, a fragment which usually does not target

specifically (cf. section 3.5.4). Surprisingly, BiFC complexes along actin filaments were

greatly reduced upon co-transfection of Xin A and LIMCH1 LIM although they provided

a prominent signal at focal adhesions. Since Xin A can target LIMCH1 CC1+2 to actin

filaments and focal adhesions, it was expected that the association with actin filaments

remains unaffected by further truncation of LIMCH1, especially because Xin A alone

prominently decorates actin filaments (cf. section 3.6). This points to the direction that

Xin A is not responsible for localization of LIMCH1 but vice versa. This notion could also

explain the findings that a specific BiFC signal could be obtained if both LIMCH1 FL

and LIMCH1 CC1+2 were co-transfected with the Xin fragment Xin PR3+4 which was

only diffusely distributed in single transfection assay (cf. sections 3.5.4 and 3.6). The

BiFC complexes specifically decorated actin filaments in a punctate fashion but not focal

adhesions. This suggests that LIMCH1 is able to target a Xin fragment which cannot

target itself. Unspecific BiFC complex formation in the cytoplasm was never observed

in any combination of proteins if a fragment was neither capable to interact with the

second protein nor specifically localize within the cell (personal observation). Thus, the

BiFC complex generated by Xin PR3+4 and LIMCH1 LIM very likely reflects a specific

interaction although diffusely distributed in the cytoplasm. Assuming that LIMCH1 is

responsible for targeting of Xin A, this would explain why this complex did not target

because LIMCH1 LIM lacks the potential targeting sequence in the central part. In this

case, the line of argument would also work assigning targeting function to Xin but this

would not easily explain its exclusion from focal adhesions. Admittedly, BiFC data need

to be carefully interpreted as delineated in section 4.3.1 but the selectivity of complex

formation is striking. Nevertheless, the experiment in A7r5 cells does not display the in

vivo situation since Xin expression is restricted to cross-striated muscle, and direct ex-

perimental evidence is needed for these conclusions, but it gives a first clue how distinct
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sorting of Xin isoforms mediated by unique binding partners can be achieved. It would

be interesting to find out whether and how LIMCH1 accomplishes distinctive targeting of

Xin A. As these experiments revealed that an N-terminal region is presumably responsi-

ble, the identification of the novel LIMCH1 muscle isoform offers the exciting possibility

that LIMCH1 isoforms direct Xin A to different cellular sites because the sequence of

the newly identified exons of LIMCH1 muscle are inserted N-terminally from the first

coiled-coil motif.

4.5.5 The Potential Role of the Xin–LIMCH1 Interaction

What is the physiological significance of the Xin-LIMCH1 interaction? It is not clear

where and when Xin and LIMCH1 interact but gene expression studies in breast tu-

mors exhibiting aberrant PI3-kinase/AKT signalling detected a prominent upregulation

of LIMCH1 gene expression(Cizkova et al., 2010). The PI3-kinase/AKT pathway in mus-

cle is involved in muscle hypertrophy and can prevent from apoptosis (Kandarian und

Jackman, 2006; Zhang et al., 2010; Glass, 2005). Although direct evidence is still miss-

ing, the interaction with LIMCH1 could render Xin A a downstream target of the PI3-

kinase/AKT signalling pathway. Besides the interaction with nebulin which is an effector

of PI3-kinase/AKT signalling through its interaction with N-WASP (Takano et al., 2010),

this is a potential second link of Xin to this pathway which increases the probability of

physiological relevance of this speculation.

4.6 Xin and Xirp2 – Overlapping and Distinct Func-

tion

The eponymous feature of the Xin-Repeat protein family is a repetitive amino acid se-

quence which defines a novel F-actin binding motif (Pacholsky et al., 2004). This has led

to the discovery of multiple genes in different species encoding proteins harbouring this

motif. The number of genes can vary between three in zebrafish and only one in chicken

(cf. section 1.10). As demonstrated for the two human genes encoding Xin and Xirp2 by

van der Ven et al. 2006 and in this work, splicing events can generate isoforms lacking

the repeats (cf. section 3.7.5). Nevertheless, Xin-repeat-containing isoforms generally

represent the most prominent ones (cf. sections 3.2.1, 3.2.2, 3.7.5 and 3.7.6).

The proteins display a similar domain layout starting with a proline-rich region at

the N-terminus (fig. 4.2). This comprises a motif capable of interacting with Ena/VASP
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Figure 4.2: Proteins interacting with Xin and Xirp2. Schematic overview of the domain layout of
human Xin and Xirp2. Proteins interacting with both Xin-Repeat proteins are depicted in between. The
origin of the arrows indicate the respective binding region in Xin and Xirp2, respectively. β-Catenin and
Vinculin are marked with a ’?’ because their interaction is only described for the murine orthologue.

proteins in both human family members, Xin and Xirp2 (Eulitz, 2005; van der Ven et al.,

2006). Although the respective binding motif in Xin has been described to be only con-

served in placental mammals (Grosskurth et al., 2008), such potential Ena/VASP-binding

sequences can be also identified in chicken, clawed frog and zebrafish, the latter has already

been shown to be functional (Steinhagen, 2009). Admittedly, the interaction data com-

prises only in vitro binding assays. Thus, it is necessary to determine whether Ena/VASP

proteins represent the in vivo binding partners or whether other proteins containing an

EVH1 type I domain occupy this interaction motif. Despite the physiological relevance of

the Ena/VASP interaction is still elusive, it is obvious to conclude that these motifs have

a function in vivo. Xin-Repeat proteins differ in the number of repeats they contain (fig.

4.2). Apart from the F-actin binding function (Pacholsky et al., 2004) the discovery of

other proteins interacting with that region expanded the view of Xin repeat function. In

murine Xirp2, α-actinin was described as the first protein binding to the repeats except

from F-actin. Huang et al. identified two independent binding sites, one within the first

9 repeats and the other within the degenerated repeats. In this work, α-actinin binding

to human Xirp2 could be confirmed but it was impossible to determine the exact number

and position of the binding site (cf. section 3.7.3). However, the idea of two or more

α-actinin binding sites within the repeats is very attractive concerning potential impli-

cations for Z-disc architecture (cf. section 4.7). Strikingly, the repeat region of human
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Xin was not able to bind to α-actinin highlighting the interaction as a distinct feature of

Xirp2 (cf. section 3.7.3). In contrast to that, the armadillo repeat protein β-catenin has

been identified as a binding partner of the murine Xin repeat region (Choi et al., 2007).

Therefore, Xin has been implied into cellular junction formation in the heart and skeletal

muscle (Choi et al., 2007; Sinn et al., 2002). The potential binding region of β-catenin

is conserved among all Xin isoforms but a proof of this interaction using human proteins

has been failed until now (data not shown). During myofibrillogenesis of H-2K cells,

no prominent colocalization of Xin and β-catenin could be observed at cell-cell contact

sites (cf. section 3.2.3.4). The function of this interaction remains controversial and it

would be interesting to know whether binding to β-catenin reflects a specific quality of

the repeats in Xin which would indicate functional diversification of Xin-Repeat proteins.

The human Xin region located C-terminally from the repeats and included in Xin A and

B was shown to be responsible for targeting to focal adhesions (cf. section 3.6). Inter-

estingly, vinculin has been described to be a potential interaction partner of mouse Xin

with the binding region being located in the same region (Choi et al., 2007). Vinculin is

a major component of focal adhesions and links integrins to the actin cytoskeleton (cf.

section 1.9.3). In muscle, vinculin and its relative meta-vinculin can be found in adhe-

sion structures like costameres or the ICD. Assuming that integrin adhesion structures

form early precursors of myofilament attachment points during development, this inter-

action could link Xin to these structures. Intriguingly, vinculin can also interact with

Ena/VASP proteins (Hüttelmaier et al., 1998). Since vinculin nucleates actin polymer-

ization and VASP can act as a processive actin polymerase (Wen et al., 2009; Hansen

und Mullins, 2010), such a ternary complex could be involved in actin filament generation

and regulation during early stages of development. Furthermore, the complex could take

over a function related to the nebulin–N-WASP complex but at a different developmental

stage (Takano et al., 2010). In that regard, it is interesting that both human proteins are

able to interact with the SH3 domains of nebulin and nebulette (cf. section 3.3). While

the respective proline-rich motif in Xirp2 responsible for binding to nebulin/nebulette is

highly conserved in placental mammals (cf. section 4.3.2) and has been demonstrated to

be functional in zebrafish (Steinhagen, 2009), the conservation of a functional motif in

Xin is apparantly limited to human, mouse and rat (cf. section 4.3.2). The significance

of this discovery is still speculative but it could indicate slight differences in the myogenic

differentiation process between human and other distantly related placental mammals.

Nevertheless, it seems likely that binding to nebulin/nebulette can be regarded as an an-

cient feature of Xin-Repeat proteins due to the high conservation of the motif in Xirp2.
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Adjacent to the proline-rich region, human Xin-Repeat protein sequence contains poten-

tial coiled-coil regions (fig. 4.2). Cross-linking assays confirmed the ability of multimer

formation in vitro for both human Xin and Xirp2 (cf. sections 3.4 and 3.7.4). Although

the predicted probability of coiled-coil formation in murine Xin was reduced, chemical

cross-linking revealed that multimer formation is possible (cf. section 3.4.2). Sequence

analysis of other species points to coiled-coil formation as a general feature of Xin-Repeat

proteins. Despite less conservation and probability values of the motifs in Xin, coiled-coil

motifs can be identified even in distantly related species like the clawed frog and chicken

using prediction methods described in section 3.4.2. The efficiency of multimer forma-

tion in vitro is reduced in comparison to other prominent dimeric proteins like filamin

(Himmel et al., 2003; Löwe et al., 2007). Surprisingly, the tetrameric protein VASP did

also not display a high tetramerization rate in cross-linking assays (fig. 3.38). Therefore,

the multimer formation rate of Xin-Repeat proteins is comparable to other proteins like

VASP and does imply an in vivo relevance, especially because potential motifs are iden-

tified in a high number of Xin-Repeat proteins of different distantly related species like

the clawed frog and chicken. Although the probability is higher in Xirp2 orthologues,

this does not exclude that oligomerization is also a general quality of Xin. However, the

exact stoichiometry is still unknown but especially the experiments with Xin fragments

suggest more than dimer formation (cf. sections 3.4). The potential of such a complex

formation emphasizes the putative role as multiadaptor proteins funtioning as a molecular

scaffold for protein association. BiFC analysis of Xin C complexes imply that complexes

are also formed at sites where Xin C targets to upon singlae transfection in A7r5 cells.

Perhaps, oligomer formation can explain why overexpression of Xin C has a quite severe

impact on the structure of the actin cytoskeleton (cf. sections 3.3.6.2 and 3.4.1), for

Xin C does not have an actin-binding site but contains interaction sites for other actin-

associated proteins like cortactin (fig. 4.2) and could relocalize these proteins from actin

thereby disrupting F-actin architecture. A related effect can be also observed in mice

which cannot express Xin A and B but retain Xin C expression. These animals develop

a severe disruption of myofibrillar structure whereas complete loss of Xin causes only a

mild phenotype (Gustafson-Wagner et al., 2007; Otten et al., 2010). At the C-terminus,

Xin harbours a binding site for the Ig domain 20 of the muscle-specific filamin isoform

C (fig. 4.2 and van der Ven et al. 2006). Binding assays in this work showed that this

feature is also common to Xirp2 (cf. section 3.7.1). This interaction further renders Xin-

Repeat proteins important players in myofibrillogenesis since the switch from filamin A

to filamin C expression upon induction of myogenic differentiation is a key event (van der
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Ven et al., 2000a) in myofibrillogenesis. Furthermore, it potentially links Xin-Repeat pro-

teins to the membrane either via integrins or the sarcoglycan complex (Pentikäinen und

Ylänne, 2009; Thompson et al., 2000) which could in part explain the submembranous

targeting observed during differentiation of H-2K cells (cf. section 3.2.3).

In summary, most of the binding partners described can interact with both Xin-Repeat

proteins. The identification of novel specific binding partners such as α-actinin, β-catenin

and LIMCH1 (cf. section 4.5) will help to further reveal the exact function of Xin and

Xirp2. While α-actinin adds a prominent structural role to Xirp2 (cf. section 4.7), the

potential β-catenin interaction with Xin points to a role in cell-cell contact formation and

or Wnt-signalling which is an important regulator of embryonic development (cf. section

1.9.1.1). Characterization of LIMCH1 function will provide additional insight into Xin A

function. Thus, searching for novel interaction partners can be a suitable means to get a

first hint to Xin-Repeat protein function.

4.7 Xirp2 Orientation and Interactions Within the

Sarcomeric Z-disc - Implications for Z-disc Struc-

ture

The sarcomeric Z-disc is a dense meshwork of myriad proteins conveying structural and

or signalling functions which renders this structure a key element of sarcomere integrity

(Pyle und Solaro, 2004; Frank et al., 2006; Luther, 2009). Therefore, it is not surprising

that Z-disc structure and composition adapt to the needs of different muscle types. This

is most clearly reflected in morphological differences observed in electron micrographs

of longitudinal muscle sections. In general, the Z-disc width increases from fast to slow

twitch muscle and ultrastructural analysis of Z-disc structure has revealed zigzag links

between opposing terminal ends of actin filaments from two adjoning sarcomeres (Rowe,

1973). The number of these Z-links has been shown to correlate with Z-disc width and

until now Z-discs have been observed containing 2, 3, 4 and 6 layers of Z-links (Luther,

2009). The major actin filament cross-linker in the Z-disc is sarcomeric α-actinin which

mainly builds these Z-links although contributions of other Z-disc proteins belonging to

the plethora of α-actinin interaction partners cannot be excluded. The amount of Z-links

therefore correlates with the amount of α-actinin links, i.e. the more Z-links the more

α-actinin, but it does not specify the exact number because one zigzag layer corresponds
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to two α-actinin layers (Luther, 2009). In this work, human Xirp2 could be identified

as a binding partner of α-actinin which has already been shown for murine Xirp2 (cf.

section 3.7.3, Huang et al. 2006). The binding site of α-actinin in human Xirp2 could

be allocated to the repeat region similar to the murine orthologue (cf. section 3.7.3,

Huang et al. 2006). Interestingly, this interaction turned out to be specific for Xirp2

since the Xin repeats were not able to bind α-actinin (cf. section 3.7.3). While Huang

et al. (2006) postulated two independent binding sites of α-actinin within the repeats

of murine Xirp2, the exact number and localization of the binding site of α-actinin in

human Xirp2 could not be defined exactly despite multiple attempts (cf. section 3.7.3).

Both proteins are components of the Z-disc (fig. 3.68 and 3.69) hence it is very likely

to assume that the interaction takes place there. Furthermore, the related Xin protein

is not permanently localized at the Z-disc (van der Ven et al., 2006) and its repeats lack

the ability to bind α-actinin which could suggest that this interaction is necessary to

stably anchor Xirp2 in the Z-disc. Admittedly, there are more candidates to take over

this function like filamin C or nebulin/nebulette (cf. sections 3.7.1 and 3.7.2) and it is

undoubted that Xirp2 can interact with multiple binding partners simultaneously but all

of these proteins are interaction partners of both Xin and Xirp2 (cf. section 3.3, van der

Ven et al. 2006). Thus, it is more probable that the unique feature of permanent Z-disc

localization is conveyed by a unique binding partner which is only α-actinin until now.

Immunofluorescence studies of human skeletal muscle specimens using human Xirp2-

specific antibodies raised against three different portions of Xirp2 pointed to a defined

orientation within the Z-disc. An antibody labeling the N-terminus of human Xirp2 did

not show a prominent localization at the Z-disc in healthy adult muscle (fig. 3.68 A-C).

However, in areas of muscle remodelling this antibody like the other Xirp2 antibodies

provided a strong signal at longitudinal strands connecting one or more Z-discs (fig. 3.77)

which demonstrates that this antibody is also suitable for immunofluorescence stainings.

The fact that the epitope is not strongly recognized in normal skeletal muscle could be

due to impaired accessibility since the Z-disc is an extremely dense protein meshwork

especially in its center. This view is supported by the strong decoration of remodelling

structures where the dense protein meshwork is not yet established and therefore epitopes

are presumably more exposed (cf. section 3.8). A related result was obtained with an

antibody detecting the central proline-rich region of Xirp2 (fig. 3.67). This region was

shown to bind the nebulin/nebulette SH3 domain (cf. section 3.7.2) thus it is obvious

to conclude that this part of human Xirp2 is embedded within the Z-disc center since

both nebulin/nebulette and Xirp2 are permanent components of the sarcomeric Z-discs
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Figure 4.3: Model of Z-disc architecture. Schematic overview of a potential Xirp2 arrangement at
the sarcomeric Z-disc. This model does not consider threedimensional constraints and for clarity reasons
only selected proteins are depicted. The orientation of nebulin is adopted from Pappas et al. (2008). The
following interactions are considered: Xirp2–α-actinin, Xirp2–filamin C, Xirp2–nebulin, Xirp2–F-actin,
Xirp2–Xirp2, α-actinin–F-actin, filamin C–F-actin, filamin C–filamin C, nebulin–F-actin, nebulin–CapZ.
Any other overlap does not reflect an interaction.
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(Millevoi et al., 1998; Moncman und Wang, 1999). Although this antibody gave signals

at the level of Z-discs, it was again surprising that the intensity was rather weak since the

antibody against the repeat region of the murine orthologue strongly decorates the Z-disc

(fig. 3.68 D-F). As depicted for the antibody against the N-terminus, the labeling intensity

dramatically increased in areas of remodelling at longitudinal strands (fig. 3.78). Hence,

the antibody against the central proline-rich region gave also similar results and this

could again be a matter of epitope accessibility. This notion is additionally corroborated

by taking into account the results of stainings using the antibody raised against the C-

terminus (fig. 3.67). Strikingly, this antibody provided prominent Z-disc decoration but

detailed analysis revealed that the signal appeared as a doublet flanking the center of the

Z-disc. This was most obvious upon counterstaining α-actinin which is generally regarded

as the central Z-disc marker (fig. 3.69). Similar results were obtained with co-stainings

using antibodies against Z-disc epitopes of nebulin (fig. 3.71) and the N-terminus of

filamin C (fig. 3.70). In co-stainings with α-actinin, both signals did not seem to overlap

whereas nebulin (Z-disc epitope) and filamin (N-terminus) revealed partial colocalization

with Xirp2 at the edges of the double band. Apart from this double bands, there were

also Z-discs appearing as a singlet. Nevertheless, the antibody against the C-terminus of

Xirp2 mostly decorated a double band and the occurence of single banded Z-discs could

be attributed to variable threedimensional orientations of the Z-discs in the sectioning

plane of the specimen and therefore causing varying appearances. Additionally, it cannot

be excluded that the resolution of immunofluorescence microscopy will not be sufficient to

display the double band if the angle of the section deviates too much from the myofibril

axis. Due to the different appearance of the Z-disc signals obtained with the Xirp2

antibodies, it is tempting to propose a certain orientation of the Xirp2 protein within the

Z-disc (fig. 4.3). While the N-terminus and the central portion seem to be located closer

to the Z-disc center, the C-terminus is pointing towards the M-band and farthest from

the Z-disc center. Such an orientation would fit the localization of relevant interaction

partners and their identified binding region. Xirp2 possesses one or more α-actinin binding

sites within the repeats and this region is very likely located in the Z-disc center as α-

actinin. The adjacent proline-rich region binds to the SH3 domain of nebulin/nebulette

which presumably adjoins the layers of α-actinin cross-links according to a recent model

proposed by Pappas et al. (2008). This would also conform to the orientation concluded

for Xirp2, because the nebulin binding region is situated at a greater distance from the

Z-disc center. The C-terminus has been shown to interact with the C-terminally located

Ig domain 20 of filamin C (cf. section 3.7.1). Interestingly, localization studies of filamin
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in differentiating H-2K cells using an antibody raised against the C-terminus also revealed

a potential double band flanking the Z-disc center (cf. section 3.2.3.2) which cannot be

detected with an antibody labeling the N-terminus (cf. sections 3.7.7 and 3.8.3). Although

this double band did not have such sharp edges as observed with Xirp2 and appeared more

like a broad band, the maximum distance from the Z-disc center of ≈ = 650 nm has a

dimension comparable to the Xirp2 doublet (cf. section 3.2.3.2). Due to the heterogeneity

of the cryo-section a proper quantitative analysis was not performed but the Xirp2 doublet

was mostly separated by 600-700 nm apart from rare maximum distances around 850 nm.

Despite the lack of ultrastructural data and because these observations were made in

samples from a different type and species, i.e. mouse vs. human and cell culture vs.

muscle biopsy, it is tempting to speculate that filamin C is anchored on thin filaments

with its N-terminal actin binding domain in the Z-disc center and the C-terminus is

pointing towards the M-band which would position the filamin C-terminus near the Xirp2

C-terminus harbouring the filamin binding site. Although this model is attractive since it

facilitates to explain Z-disc architecture, immunofluorecence microscopy studies are not

sufficient and further ultrastructural prove is needed. These could also determine whether

Xirp2 does overlap or not with its repeat region in the Z-disc center as it is in the model

depicted here. Another question is important to be answered. Since the number of α-

actinin cross-links vary among different muscle types (Luther, 2009), it is necessary to

determine the exact number of α-actinin binding sites in human Xirp2. It is tempting to

speculate that the number could be variable due to splicing events and perhaps correlates

with the muscle type. This would require intraexonic splicing of the large coding exon 7

which encodes the repeat region. Interestingly, such events are described for human Xin

and result in three different isoforms (van der Ven et al., 2006). Proof of the existence of

such splice variants would underline the structural importance of Xirp2 for the sarcomere.
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Mayer, U., Saher, G., Fässler, R., Bornemann, A., Echtermeyer, F., von der Mark, H.,
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Appendix A

Abbreviations

ABD actin-binding domain

ADH alcohol dehydrogenase

APC adenomatous polyposis coli tumor suppressor protein

bp base pairs

BP bandpass

BSA bovine serum albumin

C celsius

CaM calmodulin

CCD charge-coupled device

cDNA complementary DNA

cfu colony forming units

CH calponin homology

CMYA cardiomyopathy-associated

CO2 carbon dioxide

ddH2O double distilled water

DGC dystrophin-glycoprotein complex

DMEM Dulbecco’s modified Eagle medium

DMSO dimethyl sulfoxide

DNA desoxyribonucleic acid

DOB-medium dropout base medium

dpi dots per inch

E day of embryonic development

EC extracellular cadherin (domain)

I



Abbreviations II

ECL enhanced chemiluminescene

ECM extracellular matrix

E. coli Escherichia coli

EGFP enhanced green fluorescent protein

EDTA ethylenediaminetetraacetic acid

EGS ethylene glycol bis[sulfosuccinimidylsuccinate]

EVH ena/VASP homology

FCS fetal calf serum

fig. figure

Fn fibronectin type

FP fluorescent protein

FRAP fluorescence recovery after photobleaching

FT beam splitter filter transmission from ... nm

GAPDH glyceraldehyde 3-phosphate dehydrogenase

h hour

H-2K H-2KB-tsA58

HA human influenza hemagglutinin

HE high efficiency

HEK293 human embryonic kidney cells 293

i.e. that is (id est, latin)

ICD intercalated disc

IFN-γ interferon-γ

Ig immunoglobulin

IMCT intramuscular connective tissue

IMDM Iscove’s modified Dulbecco’s medium

IPTG isopropyl-β-D-thiogalactoside

kDa kilodalton

l litre

LiAc lithium acetate

MPa mega pascal

MRF myogenic regulatory factor family

MS molecular sieve

MTJ myotendinous junction

NEAA nonessential amino acids



Abbreviations III

NGS normal goat serum

NHS N-hydroxysuccinimide

NJ neuromuscular junction

NPG N-propyl gallate

N-RAP nebulin-related-anchoring protein

NSMF non-striated myobril

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PCR polymerase chain reaction

PEG polyethylene glycol

PIPES piperazine-N,N’-bis(2-ethane-sulfonic acid)

PJP Perimysial Junctional Plate

RNA ribonucleic acid

RGB red, green, blue

rpm rounds per minutes

RT room temperature

RT-PCR reverse transcriptase PCR

SDS sodium dodecyl sulfate

SEM scanning electron microscope

SH3 src homology 3

skm skeletal muscle

SV40 simian virus 40

TAg tumor antigen

TBST Tris buffered saline plus triton

Tris Tris-(hydroxymethyl)-aminomethan

U Units

VASP vasodilator-stimulated phosphoprotein

X-Gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside

YFP yellow fluorescent protein



Appendix B

Sequences of Primers

Name Sequence Fragment
moXinC 1f TTTACGCGTATGCTTCCAAGAAAGAAACCC mXin C
moXinC 1f TTTGTCGACATGCTTCCAAGAAAGAAACCC mXin C

(pGEX-6P-3)
moXin endrev TTTGTCGACCTGGGCAGCCGGGTGGAAGTT mXin C
moXin endrev TTTGCGGCCGCCTGGGCAGCCGGGTGGAAGTT mXin C

(pGEX-6P-3)
Xin 132f TTTACGCGTATGGCCGACACCCAGACACAG Xin A+B, 1-R16
Xin 247f TTTACGCGTTCTGAGGAACCCACCGAGGG Xin R1-R16
Xin 2269f TTTACGCGTAGCCCCTCAGGCAACAGGATG Xin A∆rep
Xin 2378r TTTGTCGACGTTGCCCCCTTGGATGCTCTC Xin 1-R16,

R1-R16
Xin 3490f TTTACGCGTGTCAGTAGGGAAGAGCAAGC Xin PR3+4
Xin 3953f TTTACGCGTATGCCCCCAAAGAAGAAGCCG Xin C, PR4,

PR4+CC
Xin 4380r TTTGTCGACTGTAGCCTGATTCTTGGTGG Xin PR3+4, PR4
Xin endrev TTTGTCGACCTGGGCAGCTGGCTGGGAGTAG Xin A+C, A∆rep
Xinsplrev TTTGTCGACCAGCAGCTTTCTGGGGGCTGCTGGGATC Xin B
Xin SSMSS rev TTTGTCGACCTGGAGGCTAGACATGGAGC Xin PR4+CC

Table B.1: Primers used for cloning of Xin fragments. Recognition sites of restriction endonucleases are
depicted in italic.

IV



Sequences of Primers V

Name Sequence Fragment
hXIRP2 3136f TTTACGCGTATGGAAAGGTCCTTGAATCC Xirp2 PR2-6
hXIRP2 3944f TTTACGCGTAATGAAACTAGAGTAGAAAAG Xirp2 degrep
hXIRP2 6678r TTTGTCGACGGTTGCCAGTTCAACTTTGGG Xirp2 PR2-6
hXIRP2 9981r TTTGTCGACTGAAAATTCTGCTTGTCTGCC Xirp2 FBS
hXIRP2 CCfw TTTACGCGTCCCAAAGTTGAACTGGCAACC Xirp2 CC
hXIRP2 CCendr TTTGTCGACATGATGAGCTGCTACTTG Xirp2 CC
hXR2 degrep rev TTTGTCGACTGACTTGAGTGTGGCTAG Xirp2 degrep
huxlp 7764f TTTACGCGTCCGGTTCCAATTGTAGAGAAG Xirp2 FBS
huxlp repf TTTACGCGTTCAGCAGATGTGCAACAAGCC Xirp2 rep
huxlp repr TTTGTCGACGGTTTCTTTAATGCTGTTGCC Xirp2 rep

Table B.2: Primers used for cloning of Xirp2 fragments. Recognition sites of restriction endonucleases
are depicted in italic.

Name Sequence Fragment
hu NEBm180 f TTTACGCGTGAGAACCTGGGGAAAGCAAC NEB m180
nebsh3stop TTTGTCGACCTAAATAGCTTCAACGTAGTT NEB m180
huNET1f TTTACGCGTATGAGGGTCCCTGTATTTGAG NET FL
hu NET L f TTTACGCGTATCTTCGACCTTGATCCC NET SH3+L
huNETSH3f TTTACGCGTGCCATGTACGATTACAGTGCC NET SH3
netsh3stop TTTGTCGACTTAATTAACAAACTCAATGTA NET FL, SH3+L, SH3

Table B.3: Primers used for cloning of nebulin and nebulette fragments. The primers were designed
according to the cDNA sequences with the accession numbers NM 004543 and NM 006393 of nebulin and
nebulette, respectively. Recognition sites of restriction endonucleases are depicted in italic.

Name Sequence Fragment
hu KIAA1102 DKFZ fw TTTACGCGTATGAGATACGGTCCGAGAAC LIMCH1 CC1+2
hu KIAA1102 fusion rev TTTGTCGACTTGTCGTCCTCTTCCCTCAGCTGG LIMCH1 FL,

N-term
KIAA1102 1f TTTACGCGTATGGCTTGTCCCGCTCTCGG LIMCH1 FL,

N-term
KIAA1102 F5 fw TTTACGCGTAAGAAGCTGTGCTCTTCCTGT LIMCH1 LIM
KIAA1102endr TTTGTCGACCAATGTTGTAGGCTGCCCGG LIMCH1 FL,

CC1+2,
CC2, LIM

KIAA XS26 fw TTTACGCGTAAGGTGGTAAAGCCAAAATCTCCA LIMCH1 CC2

Table B.4: Primers used for cloning of LIMCH1 fragments. Recognition sites of restriction endonucleases
are depicted in italic.



Sequences of Primers VI

Name Sequence
moXinC 328r GGGGTTTCTTTCTTGGAAGC
moXinEx1 95f GGCTAGACACCCAAAAGCAC
moXinEx2b RT1f CCACTCCTGCCACTGGGGTTACTCA
moXinEx2b-c fw CATTCCCCAGAAAGGTCAGTG
moXinEx2c RTr ACTCTGACCTTGGTCTGCCTGGGGT
moXinEx2d RT1r TTGGGTGGTCAGGATCTT
Xin RT 1r CCAGCGCATACACTGAACATC

Table B.5: Sequences of primers used for RT-PCR of murine Xin.

Name Sequence
moXIRP2 Ex1 RTf ACTGGGAAATTTGCTGTGTG
moXIRP2 Ex5 RTf CTTGAAAAGCACACTGAGGAAAC
moXIRP2 Ex6 RTf CTTCCTCCGCTCTGATAAAG
moXIRP2 Ex7 RTr GCCTGGTTGAAGTATAAGAA
moXIRP2 Ex8 RTr CCATTGGATAAACTGTCTTT
XIRP2 RT 1f GCAGCTTCTCGGCTAATGTCA
XIRP2 RT 1r AGGCGTTGCAGGTTGAAGTC
XIRP2 RT 2r TGTTTCCTCAGTGTGCTTTTCAA

Table B.6: Sequences of primers used for RT-PCR of murine Xirp2.

Name Sequence
mKIAA1102 RT CHf GAAGTGGATCGAGCAAGTCA
mKIAA1102 RT CHr1 CGAGGTTCTTGACAGTGACC
mKIAA1102 RT LIMf AGGCGGAAGTCTATAAGCGG
mKIAA1102 RT LIMr GGCACTTCTGGATCGCATGT
mLIMCH1 Ex7 fw TCCTTTGACAGCCTGGAT
mLIMCH1 Ex10 rev ACACCGCATGTCAAACAT
mLIMCH1 muscleEx1 fw CTGAAGATGACCCGAGCA
mLIMCH1 muscleEx1 rev TGCTCGGGTCATCTTCAG
mLIMCH1 muscleEx3 rev ACATCTTCTCGCTGACCC
mLIMCH1 muscleEx5 fw CACAGATGGTCGTCTCAA

Table B.7: Sequences of primers used for RT-PCR of murine LIMCH1.
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Figure C.1: Vector map pET23aEEF
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Figure C.2: Vector map pET23aMyc
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Figure C.3: Vector map pET23aT7
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Figure C.4: Vector map pET28a
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Figure C.5: Vector map pLexPD
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Figure C.6: Vector map pACT2
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Figure C.7: Vector map Venus NT
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Figure C.8: Vector map Venus CT



Vector Maps XVI

Figure C.9: Vector map Venus1-C



Vector Maps XVII

Figure C.10: Vector map Venus2-C



Vector Maps XVIII

Figure C.11: Vector map Venus1-N3



Vector Maps XIX

Figure C.12: Vector map Venus2-N3
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Figure D.1: Human Xin cDNA
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Figure D.2: Human Xin cDNA - continuation
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Figure D.3: Human Xin cDNA - continuation
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Figure D.4: Human Xin cDNA - continuation
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Figure D.6: Human Xin cDNA - continuation
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Figure E.1: Murine Xin cDNA
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Figure E.4: Murine Xin cDNA - continuation
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Figure F.4: Human Xirp2 cDNA - continuation
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Figure F.5: Human Xirp2 cDNA - continuation
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Figure F.6: Human Xirp2 cDNA - continuation
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Figure F.7: Human Xirp2 cDNA - continuation
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Murine Xirp2 cDNA Sequence
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Figure G.1: Murine Xirp2 cDNA
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Figure G.2: Murine Xirp2 cDNA - continuation



M
u

rin
e

X
irp2

cD
N

A
S

equ
en

ce
X

L
III

Figure G.3: Murine Xirp2 cDNA - continuation



M
u

rin
e

X
irp2

cD
N

A
S

equ
en

ce
X

L
IV

Figure G.4: Murine Xirp2 cDNA - continuation
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Figure G.5: Murine Xirp2 cDNA - continuation
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Figure G.6: Murine Xirp2 cDNA - continuation
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Figure G.7: Murine Xirp2 cDNA - continuation
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Figure G.8: Murine Xirp2 cDNA - continuation
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Human LIMCH1 cDNA Sequence
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Figure H.1: Human LIMCH1 cDNA
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Figure H.2: Human LIMCH1 cDNA - continuation
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Figure H.3: Human LIMCH1 cDNA - continuation
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Figure I.1: Murine LIMCH1 cDNA
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Figure I.3: Murine LIMCH1 cDNA of the insertion identified in skeletal muscle
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