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Summary 

Myosin-1C (Myo1C) is a single-headed molecular motor that supports various motile 

processes by connecting membranes and vesicles with actin-associated structures of 

the cytoskeleton at different subcellular sites in cells from a wide range of tissues and 

organs. Myo1C is involved in the insulin-induced transport of intracellular GLUT4-

containing vesicles, and affects the size of lamellipodial protrusions in neuronal 

growth cones. Among its more specialised functions is a role in mediating the 

adaptation response in sensory hair cells of the inner ear. In addition to mediating 

interactions between the actin-based cytoskeleton and membranous structures, 

Myo1C is present in the nucleus. Here, it plays a role in transcription as interaction 

partner of RNA polymerase I and II. In humans, three isoforms of Myo1C are 

produced by alternative splicing of the same MYO1C gene. The isoforms 

myosin-1C35 (Myo1C35) and myosin-1C16 (Myo1C16) contain 35 and 16 additional 

amino acids in the N-terminal region (NTR) compared to the shortest isoform 

myosin-1C0 (Myo1C0). The Myo1C splice-isoforms show an almost identical 

structural organisation, undergo similar post-translation modifications (PTMs), and 

can interact with the same partner proteins. Nonetheless, functional differences are 

suggested by previous studies, which revealed differences in subcellular localisation, 

combined with variations in their association with the transcriptional machinery and 

influence on membrane elasticity. Thus, the isoform-specific NTR is assumed to 

modulate the mechanochemical properties of motor domain gearing them towards 

functions with diverse mechanical requirements. 

 

Further functional diversification of myosins can be achieved by the interaction with 

various actin-based structures in non-muscle cells. Actin filaments serve as tracks of 

myosins and regulate the cellular functions by filament turnover, by spatial and 

temporal interaction with specific actin isoforms, or by formation of actin cofilaments 

with actin-binding proteins. It has been proposed that the large protein family of 

Tropomyosins (Tpm), which contains more than 40 isoforms, associates with actin 

filaments to achieve functional diversification. The resulting isoform-specific 

differences in the surface topology of acto-tropomyosin (acto•Tpm) cofilaments 

modulate the interaction with myosin isoforms, thereby affecting allosteric 

communication within the resulting contractile complex in general and the strength of 

coupling between the actin and nucleotide binding sites of myosin specifically. 
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My PhD thesis shows how mechanochemical properties of Myo1C are fine-tuned, as 

a result of both differences in the N-terminal extension (NTE) of Myo1C and 

Tpm-mediated changes in the myosin-binding surface on acto•Tpm cofilaments. To 

probe the impact of these separate regulatory mechanisms on Myo1C function, we 

used full-length and tail-truncated protein constructs of human Myo1C isoforms in 

combination with human actin isoforms and actin cofilaments containing human 

Tpm1.6, Tpm1.7, Tpm1.12, Tpm2.1, Tpm3.1 or Tpm4.2, corresponding to major 

cytoskeletal cofilament populations.  

 

With the aim to dissect the impact of the 16 and 35 residue NTEs of Myo1C16 and 

Myo1C35, my kinetic and functional analysis reveal distinct differences for ADP 

release, size of the power stroke, filament sliding velocity and force sensing between 

the isoforms of Myo1C0 and Myo1C35. Unlike most other characterised myosin 

motors observed, the Myo1C isoforms support a unique force-sensing mechanism 

divergent from other characterised myosins. 

 

My measurements of Myo1C in the presence of acto•Tpm cofilaments display a 

reduction in motile activity and in the force sensing behaviour, irrespective of the Tpm 

isoform. Studies of actomyosin-tropomyosin structures led to the prediction that the 

myosin surface loop 4 modulates the interaction of myosin with filamentous acto•Tpm 

cofilaments. Mutagenesis-based substitution of the NM2C loop 4 into Myo1C shows 

different effects of this chimeric Myo1C with various acto•Tpm cofilaments and 

supports the role of myosin loop 4 into Tpm isoform-specific regulation. 

 

My results show how isoform-specific differences play a key role in the fine-tuning of 

velocity, force and power output, thereby adjusting Myo1C motor activity to diverse 

physiological functions. 

 



Abbreviations 

VII 
 

Abbreviations 

+TIP Microtubule plus-end tracking protein 

Acto•Tpm Acto-tropomyosin 

ABP Actin-binding protein 

ADP Adenosine diphosphate 
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ATP Adenosine triphosphate 
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1 INTRODUCTION 

1.1 THE CYTOSKELETON 

The cytoskeleton system is a dynamic and adaptable network of proteins throughout the entire 

volume of the cell. Numerous copies of filament building proteins assemble, disassemble and 

reassemble together with regulatory proteins to form large complex structures. Actin 

filaments, microtubules and intermediate filaments are the common types of the cytoskeletal 

polymers in eukaryotic cells (Figure 1). Together, the polymers are responsible for a 

multitude of cellular processes including force production to control shape and motion, 

biochemical and mechanical connection with the external cell environment, and guiding the 

localisation of cellular components (Fletcher and Mullins, 2010; Wickstead and Gull, 2011). 

These functional variations are achieved by the large number of hundreds of regulatory 

proteins such as capping proteins, nucleation promoting factors, stabilising and cross-linking 

proteins or depolymerising and severing factors, which coordinate the life cycle of the 

cytoskeleton polymers and link the filamentous structures to networks with themselves and 

other cellular components (Alberts et al., 2002; Seetharaman and Etienne-Manneville, 2020). 

Abnormalities in the essential components of the cytoskeleton are the underlying reason for 

many diseases associated with cardiovascular syndromes, neurodegeneration, liver cirrhosis, 

cancer, deafness, skin diseases or metabolic disorders (Ramaekers and Bosman, 2004; Bond 

et al., 2013; Latham et al., 2018). The understanding of the cytoskeleton provides the basis for 

the development of improved approaches to the diagnosis and therapy of human diseases. 

 

 

Figure 1 Classification of cytoskeletal filaments. The primary types of filamentous polymers 

comprising the cytoskeleton are actin filaments, microtubules and intermediate filaments. Each class 

exhibits unique functional and structural characteristics according to the molecule types and the 

associated regulatory proteins and molecular motors (represented proteins are not comprehensive for 

the class) (designed with Servier Medical Art; http://smart.servier.com). 
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1.1.1 Actin cytoskeleton 

Cytoskeletal actin filaments and the associated motor proteins are crucial for various dynamic 

processes including cell motility and adhesion, sensing of the extracellular environment, 

intracellular transport, cell division and contractility in muscle and non-muscle tissues (Rohn 

and Baum, 2010). The various actin associated functions are established by the promiscuity 

with actin-binding proteins, which determine the extent and properties of actin-based 

structures in time and space (Rottner et al., 2017). In eukaryotic cells, actin is a ubiquitous 

protein and is one of the most abundant proteins in the cell (Lodish et al., 2000). Monomeric 

globular actins (G-actin) assemble and form double helical filaments (F-actin), which are 

continuously altered in length by simultaneous polymerisation and depolymerisation of 

nucleotide-bound actin monomers at the barbed and the pointed end, respectively (Pollard and 

Borisy, 2003). The process produces continuous force required for instance to expand steadily 

the cell edge protrusions for cell migration or changes of the cell shape for phagocytosis. 

Under the involvement of actin-binding proteins, single flexible polymers arrange to stable 

structures of aligned filament bundles or highly branched networks (Fletcher and Mullins, 

2010; Svitkina, 2018). Filopodia are composed of actin bundles in cell protrusions involved in 

the sensing of the external environment and the direction of neuronal growth cones (Mattila 

and Lappalainen, 2008). Stress fibres are composed of bundles of actin filaments associated 

with myosin motor proteins, filament crosslinkers and Tpm to mediate cell contraction, much 

like to the contractility in muscle tissues (Lazarides and Burridge, 1975; Kreis and 

Birchmeier, 1980). The lamellipodia and membrane ruffles are cell edge protrusions 

consisting of branched actin networks supporting cell migration and cell shape formation. The 

dynamic structure of lamellipodia is affected by myosin motor proteins and actin-binding 

proteins including Tpms, Arp2/3 complexes or members of the ADF/cofilin and Ena/VASP 

family (Fan et al., 2012; Brayford et al., 2016; Rottner et al., 2017). Aberration of cytoskeletal 

actin proteins are the reason for a multitude of pathological phenotypes such as the Wiskott-

Aldrich syndrome or the Baraitser-Winter Cerebrofrontofacial syndrome (Derry et al., 1994; 

Latham et al., 2018; Parker et al., 2020). Subsequent, I describe and analyse the function and 

regulation of an actin cytoskeletal complex consisting Myo1C as one of the associated motor 

proteins on various actin isoforms in the absence and presence of the actin-binding protein 

Tpm. Defects in the complex causes deafness, visual impairment, cancer, diabetes or the loss 

of podosome formation in immune, neuronal and kidney cells (Bond et al., 2013; Gunning et 

al., 2015b; Kee et al., 2015; Solanki et al., 2020).  
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1.1.2 Actin isoforms 

Actin molecules are monomeric globular proteins with a molecular weight of 42 kDa. The 

human genome contains six distinct actin genes, which produce specific actin isoforms. 

ACTC1, ACTA1 and ACTA2 encode the cardiac, skeletal and smooth muscle α-actins, ACTB 

encodes the cytoplasmic β-actin, ACTG1 and ACTG2 encode the cytoplasmic γ-actin and 

smooth muscle specific γ-actin. The cytoskeletal actin isoforms are nearly identical in regard 

to their amino acid sequence with except to few residues at their N-terminal sequence 

(Vandekerckhove and Weber, 1978) as depicted in Figure 2. The two non-muscle actins, 

cytoplasmic β- and γ-actin are co-produced and show a high abundance in every cell of the 

organism. Despite their high sequence identity, both cytoplasmic actin isoforms execute 

specific non-redundant biological roles at discrete subcellular localisations within specific 

cytoskeletal structures (Otey et al., 1986; Dugina et al., 2009). It was shown that cytoplasmic 

β-actin forms mainly actin bundles of the stress fibres in contrast to γ-actin, which occurs in 

branched actin meshwork at the cortical region of the cell and both β- and γ-actin are 

co-localised in lamellipodia structures (Dugina et al., 2009). Notably, the human cytoplasmic 

β- and γ-actin isoforms differ in their nucleotide coding sequence with 44 % silent 

substitutions (Erba et al., 1986). These differences are able to effect the translation process 

accompanied with faster accumulations of β-actin and PTMs by arginylation for β- but not 

γ-actin (Zhang et al., 2010). Also the surveillance of actin knock-out mice show an early 

embryonal lethality for β-actin knock-out compared to the viable development for γ-actin 

knock-out (Bunnell and Ervasti, 2010). The knowledge about actin isoform-specific 

regulation by the associated regulatory proteins and myosin motor proteins supports the 

knowledge of actin cytoskeletal functions to improve diagnosis and therapy of diseases 

(Bonello et al., 2016; Kee et al., 2018). 

 

Protein isoform  Gene 
 
N-terminal sequence    

skeletal α-actin  ACTC1 
1 

M C D E D E T T A L V C D N G S G L V K A 21 

cardiac α-actin 
 
ACTA1 

1 
M C D D E E T T A L V C D N G S G L V K A 21 

smooth α-actin 
 
ACTA2 

1 
M C E E E D S T A L V C D N G S G L V K A 21 

cytoplasmic β-actin 
 
ACTB 

1 
M - - D D D I A A L V V D N G S G M C K A 19 

cytoplasmic γ-actin 
 
ACTG1 

1 
M - - E E E I A A L V I D N G S G M C K A 19 

smooth γ-actin 
 
ACTG2 

1 
M C - E E E T T A L V C D N G S G L V K A 20 

 

Figure 2 Sequence alignment of actin isoforms in the NTR. Sequence alignment of 6 actin 

isoforms in the NTR were performed by Clustal Omega. The non-conserved amino acid residues in the 

actin sequences are highlighted. 
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1.1.3 Tropomyosin 

The finding that both actin isoforms show differences in cytoskeletal architecture and spatial 

organisation supports the increased capacity of the actin cytoskeleton to regulate distinct 

functional properties. Plants and eukaryotes have evolved different strategies to enhance the 

actin-based functional diversity. In general, plants contain a larger number of 10 to 17 

cytoplasmic actin isoforms. Evolutionary analyses of actin sequences reveal greater 

divergences between the gene products in plant species than observed in animal species. It 

appears that the differences in the sequence regulate the interaction with actin-binding 

proteins (Gunning et al., 2015a). In contrast, metazoan and fungi species contain only one or 

two cytoplasmic actin isoforms. Diversification of the actin cytoskeleton appears to be 

achieved by interaction with the members of the Tpm protein family, which is absent in plant 

systems (Cranz-Mileva et al., 2015; Gunning et al., 2015a). In fact, up to 40 Tpm variants are 

known in mammalian cells by alternative splicing from four different genes (Geeves et al., 

2015). In humans, the Tpm genes are known as TPM1 to TPM4 (α to δ in mammalian and 

avian system) (Figure 3).  

 

 

 

Figure 3 Intron and exon structure of the four Tpm genes TPM1, TPM2, TPM3 and 

TPM4. The schematic representation shows the exon usage of selected Tpm isoforms used in this 

study. Alternative splicing from four different TPM genes generate diverse products by alternative 

N-terminus, specific exon 6a or 6b and different C-terminus. Black boxes highlight invariant exons; 

white boxes indicate untranslated regions; HMW refers to high molecular weight and LMW to low 

molecular weight Tpm isoforms. 
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Sequence diversity between the isoforms is achieved by the use of similar exons but from 

different genes or by an alternative exon usage in the same gene. For instance, the alternative 

use of initial exon 1a or 1b produces high molecular weight Tpm (HMW) with 284 amino 

acid residues or low molecular weight Tpm (LMW) with 248 amino acid residues, 

respectively. In 1946, Bailey first described Tpm as a fibrillary protein component of muscle 

cells (Bailey, 1946). Since this time, Tpm was found on nearly all actin-based structures in the 

cells (Gunning et al., 2015b; Meiring et al., 2018; Manstein et al., 2020), thereby increasing 

the rigidity and stability of the actin filaments. In addition, the numerous members in the Tpm 

protein family mediate isoform-specific cellular functions at distinct cellular regions. In 

striated muscle cells during low calcium levels, Tpm acts as steric blocking component to 

prevent myosin binding on the actin filaments that keep the muscle relaxed. Regulated by 

rising calcium levels, the actin-associated proteins troponin and myosin-binding protein C 

causes conformational changes of the filament complex and subsequently weak binding of the 

myosin motor to the actin filament. The binding of myosin reposition Tpm in an open 

position, which facilitates strong myosin binding, activation of the myosin ATP turnover and 

the contraction by shortening of the sarcomere (Spudich and Watt, 1971; Gordon et al., 2000). 

In context of the cytoskeletal structures, acto•Tpm cofilaments lack the calcium-regulating 

troponin holo-complex. Tpm proteins are positioned on the actin filament in an open 

conformation that enables myosin binding (Behrmann et al., 2012; Lehman et al., 2013; von 

der Ecken et al., 2016). Differences in the surface topology of acto•Tpm cofilaments modulate 

the interaction with actin-binding proteins in general and myosin isoforms in particular 

(Gunning et al., 2015b; Gunning and Hardeman, 2017; Gateva et al., 2017) as depicted in 

Table 1.  

 

Table 1 Summary of the functions for the selected Tpm isoforms analysed in this study.  

Tropomyosin Physiological functions References 

Tpm1.6 

Rescue of KNRK cells 

Stabilise stress fibres 

Reduce Myo1C binding 

Inhibit Myo1B activity 

Control intracellular pressure 

(Gimona et al., 1996) 

(Tojkander et al., 2012) 

(McIntosh et al., 2015) 

(Lieto-Trivedi et al., 2007) 

(Sao et al., 2019) 
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Tropomyosin Physiological functions References 

Tpm1.7 

Rescue of KNRK cells 

Formation of filopodia 

Formation of stress fibres 

(Gimona et al., 1996) 

(Creed et al., 2011) 

(Gateva et al., 2017) 

Reduce Myo1C binding and 
regulate organelle transport 

(Pelham et al., 1996; McIntosh et al., 
2015) 

Tpm1.12 

Increase cell migration 

Reduce stress fibre formation 

(Bryce et al., 2003) 

(Bryce et al., 2003)  

Support neurite branching, size of 
growth cones and filopodia 

(Curthoys et al., 2014) 

Tpm2.1 

Suppress tumour development 

Formation of focal adhesions 

Formation of stress fibres 

Control intracellular pressure 

(Prasad et al., 1993; Raval et al., 2003) 

(Tojkander et al., 2012) 

(Gateva et al., 2017) 

(Sao et al., 2019) 

Tpm3.1 

Glucose uptake 

Survival of cancer cells 

ERK-mediated cell proliferation 

Inhibit cell migration 

Promotion of stress fibres 

Regulate focal adhesions 

Support neurite branching 

Recruit NM2A 

(Kee et al., 2015, 2018) 

(Stehn et al., 2013; Wang et al., 2020) 

(Schevzov et al., 2015) 

(Bryce et al., 2003; Bach et al., 2009) 

(Gateva et al., 2017; Parreno et al., 2019) 

(Bach et al., 2009) 

(Schevzov et al., 2005)  

(Bryce et al., 2003) 

Reduce Myo1C binding in 
adipocytes 

(Kee et al., 2015) 

Excitation-contraction coupling 
in skeletal muscle cells 

(Vlahovich et al., 2009) 

Tpm4.2 

Support neurite branching, size of 
growth cones and filopodia  

(Curthoys et al., 2014) 

Recruit NM2A 

Survival of cancer cells 

Formation of stress fibres 

(Tojkander et al., 2012) 

(Stehn et al., 2013) 

(Gateva et al., 2017) 

Associate to growth and repair in 
skeletal muscle cells 

(Vlahovich et al., 2008) 
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Tpms are double-stranded dimers that form a left-handed and rod-shaped coiled-coil structure 

(Li et al., 2011; von der Ecken et al., 2016). Similar to other coiled-coil structures, the 

symmetrically winded α-helices of the Tpm dimer are formed by a repeating pattern unit of 

seven amino acids with a sequential order of polar and non-polar amino acid residues (Crick, 

1953; Lehman et al., 2018). The rod-shaped Tpm dimers consist of a series of six or seven 

dissimilar repeating pattern units of 39 to 42 amino acid residues designated as pseudo-repeats 

(Holmes and Lehman, 2008). Single coiled-coil Tpm dimers hoover loosely over actin-based 

structures and bind with low affinities (Wegner, 1980). Once attached to the actin filament, 

neighbouring Tpms bind cooperatively with high affinity. The semi-flexible Tpm dimers 

elongate to an uninterrupted, continuous polymer by head-to-tail overlap along the major 

groove of the actin filament (Vilfan, 2001; Fischer et al., 2016). As acto•Tpm cofilament, 

each Tpm dimer makes electrostatic contacts along the pseudo-repeats to consecutive six or 

seven monomers of the actin filament (Hitchcock-DeGregori and Varnell, 1990; Li et al., 

2011; von der Ecken et al., 2016). Cryo-EM structures of the acto•Tpm complex show 

multiple interactions of the acidic residues on Tpm pseudo-repeats with the basic residues on 

the groove of actin filaments (Figure 4) (Behrmann et al., 2012; von der Ecken et al., 2015).  

 

 

 

Figure 4 Structure of an acto•Tpm cofilament. (A) Cryo-EM reconstruction of an actin 

filament (4 subunits per strand, each in dark grey and light grey) decorated with Tpm (orange). (B) 

Tpm (orange) attached to the positive charged groove of an actin strand (electrostatic potential as 

coloured surface). Rotation of 180°C shows the actin filament (surface, transparent grey) attached to 

the negatively charged pseudo-repeats (boxed) of a Tpm dimer (electrostatic potential as coloured 

surface). Modified from (Behrmann et al., 2012). 

 

180° 

+10 

-10 
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In addition, enhanced cooperative binding of Tpm to the actin-based structures is observed in 

the presence of myosin motor proteins (Moraczewska et al., 1999; Pathan-Chhatbar et al., 

2018). The cryo-EM structure of NM2C and cytoplasmic Tpm3.1 with actin filaments shows 

that Tpm and myosin produce an additional interface that involves the myosin surface loop 4 

(von der Ecken et al., 2016). In the context of muscle complexes, cryo-EM structures shows 

the rearrangement of actin residues interacting with Tpm on myosin-free cofilaments to 

residues of myosin loop 4 on cofilaments in the presence of myosin (Doran et al., 2020). The 

interaction between myosin and Tpm supports the role of myosin to act as a potential 

modulator of Tpm functions. 

 

1.1.4 Myosin motor proteins 

The protein family of myosins encompasses actin-binding molecular motors that utilise the 

energy from the mechanochemical reaction cycle by ATP hydrolysis to support contraction 

and a number of other motile functions in the cell (Hartman and Spudich, 2012). Several 

myosin isoforms have been found. Based on sequence comparisons of the human genome, at 

least 40 myosin heavy chain encoding genes have been subdivided into 12 classes (Figure 5) 

(Berg et al., 2001; Foth et al., 2006; Sebé-Pedrós et al., 2014).  

 

 
 

Figure 5 Representative phylogenetic tree of the human myosin protein family. The tree 

based on the myosin motor sequences. Modified from (Peckham and Knight, 2009). 
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An alternative method to classify the myosin gene products is based on the biochemical and 

mechanical properties of each myosin isoform. The functional categories set forth by 

Bloemink and Geeves are grouped as fast movers, slow movers, strain sensors or processive 

myosins (Bloemink and Geeves, 2011). Myosins contain an evolutionary conserved globular 

motor domain at their N-terminus including actin and nucleotide binding sites. The generic 

motor domain is followed by a neck and tail domain, which is highly divergent in their 

structure to adapt isoform-specific functions (Akhmanova and Hammer, 2010). In addition, 

myosins isoforms are specified by their NTEs (Fujita-Becker et al., 2006; Taft et al., 2013; 

Shuman et al., 2014). The divergent structure within the myosin protein family enables work 

in a bundle, as single dimeric motor, or alone. The most common member is the conventional 

class 2 myosin known to support contraction processes including skeletal, smooth, 

cardiac and non-muscle myosin-2 (NM2). Class 2 myosins dimerize to a double-headed 

construct via interaction of the α-helical tail domain, whereas essential and regulatory light 

chains bind to the myosin neck region. Subsequently, adjacent myosin-2 molecules form 

bipolar myosin bundles via the extended coiled-coil domain (Heissler and Manstein, 2013). 

By ATP hydrolysis, the myosin heads move along adjacent actin filaments to generate 

shortening and contraction of the actin-based structures in the sarcomere for muscle isoforms 

or in stress fibres for the non-muscle isoforms (Figure 6A). Class 5 myosins support the cargo 

transport along the actin track system. The dimeric heads of myosin-5 use a mechanism that 

enables the processive movement along the actin filaments without dissociation (Figure 6B). 

The extended lever arm of class 5 myosins allows large steps and long distance travelling 

(Trybus, 2008). In contrast to the dimeric and long-tailed class 2 or class 5 myosins, class 1 

myosins are single-headed, short-tailed members of the myosin protein family (Figure 6C). 

Class 1 myosins comprise the second largest myosin group with 8 isoforms in humans (Berg 

et al., 2001). Each member of the class 1 myosins supports a variety of actin-based functions 

in cytosol and nucleus (Greenberg and Ostap, 2013). The domain structure of class 1 myosins 

consists of a generic myosin motor domain, the lever arm including the light chain binding 

region composed of several IQ motifs, and the tail region including up to three tail-homology 

subdomains (TH1, TH2, and TH3). According to the length of their tail region, class 1 

myosins can be organised into two subclasses. The short-tailed isoforms contains a TH1 

domain in the tail region including pleckstrin homology (PH) domain that supports the 

binding of acidic phospholipids and phosphoinositides at membrane structures. The tail region 

of long-tailed myosin-1 isoforms consists of a TH1, a glycin-rich TH2, and a Src-homolgy 3 

(SH3)-like TH3 domain (Greenberg and Ostap, 2013). 
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Figure 6 Schematic representation for selected subclasses of the myosin protein family. 

Myosin family motor proteins consist of a generic motor domains (green) followed by a lever arm 

with light chain binding sites (orange) and the tail region (blue). (A) Bundle of class 2 myosins move 

along the actin filaments to generate tension. (B) Class 5 myosin dimer transports a vesicle along the 

actin filament. (C) Monomeric class 1 myosin connects membrane lipids with the actin cytoskeleton.  
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1.1.5 Myosin-1C 

The Myo1C isoform is a single-headed and short-tailed member of the class 1 myosin protein 

family and supports a variety of actin-based functions in the cytosol and nucleus (Bond et al., 

2013). In general, Myo1C connects cell and vesicle membranes with actin-rich structures of 

the cytoskeleton to support cellular processes at multiple intracellular locations. In particular, 

Myo1C proteins have been shown to contribute to the adaptation response in sensory hair 

cells (Gillespie and Cyr, 2004), to act as a cofactor of the transcriptional machinery by 

interacting with RNA polymerase I and II in the nucleus (Pestic-Dragovich et al., 2000; 

Ihnatovych et al., 2012), to support the delivery of organelles to membranes such as the 

insulin-induced translocation of GLUT4-containing vesicles to plasma membrane (Bose et al., 

2002), to be involved in the opsin trafficking to the photoreceptor outer segment (Solanki et 

al., 2020), and to play a role in the formation of membrane extensions and the regulation of 

cellular tension (Diefenbach et al., 2002; Venit et al., 2016). In 1993, Gillespie had first 

described a 120 kDa Myo1C located in the hair cells of the inner ear (Gillespie et al., 1993). 

Myo1C proteins consists of a generic motor domain followed by a neck region that serves as 

lever arm and a globular TH1 domain at the C-terminal tail region (Figure 7A). The structural 

architecture of the generic Myo1C motor domain includes the N-terminal subdomain, the 

upper 50 kDa, the lower 50 kDa subdomain and the converter region (Figure 7B). The 

conserved nucleotide binding site is mainly located in the upper 50 kDa domain and organised 

by several loops including the P-loop, switch-1 and switch-2. These loop structures of the 

reactive site are coupled to the central beta sheet backbone, which undergo conformational 

changes during the ATPase cycle and result in a rotational movement of the myosin converter 

via allosteric communication pathways through the relay-helix (Tsiavaliaris et al., 2002). The 

actin binding site is affected by the large cleft between upper and lower 50 kDa domains. 

Upon binding the actin filament, the upper 50 kDa domain rotates by repositioning of the 

O-helix, which is accompanied by changes in the central beta sheet backbone and the loops of 

the active site (Holmes et al., 2004; Behrmann et al., 2012). The structural changes by actin 

binding affect the release of the ATP hydrolysis products (Reubold et al., 2003). High-

resolution structures of human actomyosin-tropomyosin complexes reveal new details of the 

intermolecular interaction network (Behrmann et al., 2012; von der Ecken et al., 2015, 2016). 

Regions involved in the interaction network consist of a hydrophobic cleft formed between 

two adjacent actin molecules, the pseudo-repeats of Tpm, the myosin HLH-motif, and the 

myosin surface loops comprising the cardiomyopathy loop (CM loop), loop 2, loop 3 and 

loop 4 (Preller and Manstein, 2013; von der Ecken et al., 2016). The myosin loop 4, also 
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known as C loop, is a structured surface loop and contains the potential to modulate the 

myosin function. Several studies suggest a contribution of the myosin loop 4 to stabilise actin 

binding and to improve ATPase activity and sliding velocity with Tpm-free actomyosin 

complexes (Ajtai et al., 2004; Gyimesi et al., 2008; Ajtai et al., 2009) and to be involved in 

the interaction with Tpm for the case of actomyosin-tropomyosin complexes (Lieto-Trivedi et 

al., 2007; von der Ecken et al., 2016; Doran et al., 2020). The generic motor domain is 

followed by the divergent neck and tail domain which adapt isoform-specific functions by 

interaction with proteins and lipid components (Greenberg and Ostap, 2013; Oh et al., 2013; 

Arif et al., 2016). The lever arm of Myo1C consists of IQ1 and IQ2 each binding one 

calmodulin (CaM), while a third CaM is bound to both IQ3 and the post-IQ domain. It was 

suggested that rising calcium concentrations support the dissociation of the CaM from the 

IQ motifs in Myo1C. The undecorated IQ-motifs allow the attachment of the adapter protein 

14-3-3, which appears to facilitate insulin-induced transport of GLUT4-containing vesicles 

(Yip et al., 2008; Münnich et al., 2014; Ji and Ostap, 2020). The C-terminal tail region is 

formed by the rigid globular TH1 domain and contains a generic PH domain in its centre. 

Positively charged residues within the PH domain enables interaction with anionic 

phospholipids and phosphoinositides, necessary for proper localisation of Myo1C (Hokanson 

et al., 2006; Pyrpassopoulos et al., 2012). In addition, Myo1C contains an NTR whose exact 

functional abilities are unknown. In humans, alternative splicing of the MYO1C gene leads to 

the production of three isoforms, which differ in the length of their NTEs (Nowak et al., 1997; 

Ihnatovych et al., 2012). Compared to Myo1C0, the isoforms Myo1C16 and Myo1C35 contain 

16 and 35 additional amino acids at their N-terminus (Figure 7C). The three human Myo1C 

splice-isoforms are otherwise identical in their structural organisation, undergo analogues 

PTMs, and are capable of interacting with the same partner proteins (Dzijak et al., 2012; 

Venit et al., 2013). In rodents and primates, Myo1C0 and Myo1C16 isoforms are ubiquitously 

produced. In contrast, Myo1C35 shows a tissue-dependent expression profile suggesting a role 

in tissue-specific functions (Kahle et al., 2007; Sielski et al., 2014). Isoform-specific functions 

of Myo1C include the role of Myo1C16 and Myo1C35 as nuclear cofactors in chromatin 

remodelling and transcription activation, and a role of Myo1C16 in plasma membrane tension 

adaptation (Sarshad et al., 2013; Schwab et al., 2013; Venit et al., 2016). The underlying 

regulatory mechanisms that support isoform-specific functional behaviour and controlled 

partitioning between nucleus and cytoplasm have not been identified.  
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Figure 7 The domain structure of human Myo1C isoforms. (A) Human Myo1C as schematic 

representation of the domain structure and as reconstituted structure in pre-power-stroke position 

(PDB ID: 4BYF and 4R8G) consisting of a generic myosin motor domain (green), 3 IQ repeats, a 

post-IQ domain (orange), and a TH1 domain (blue). IQ1 and IQ2 are generic binding motifs for the 

light chain CaM (grey), whereas IQ3 and the post-IQ domain together bind a third CaM in an 

unconventional manner, thereby creating a long rigid lever arm region connecting the converter region 

in the motor domain with the extended PH domain. (B) Topology map and domain architecture of the 

Myo1C head fragment. The crystal structure of Myo1C0 (PDB ID: 4BYF) is shown with the homology 

model of the NTR of Myo1C35 according to (Zattelman et al., 2017). (C) Sequence alignment showing 

isoform-specific differences in the N-terminal amino acid sequences of the human Myo1C splice 

isoforms. 
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Previous studies report a common nuclear localisation signal within the neck region of all 

three known Myo1C isoforms (Dzijak et al., 2012; Ihnatovych et al., 2012). But in contrast to 

the canonical model of the nuclear import by transport factor proteins and the nuclear 

localisation signal, it was shown that Myo1C shuttles into the nucleus by a 

phosphoinositide-dependent pathway (Nevzorov et al., 2018). Only Myo1C16 contains two 

nucleolar localisation signals located in the isoform-specific NTE and within the motor 

domain, both required for nucleolar localisation to provide isoform-specific functions 

(Schwab et al., 2013). The class 1 myosin isoforms contain N-terminal sequences, which are 

different to the SH3-like NTEs of other myosin classes (Coureux et al., 2003; Fujita-Becker et 

al., 2006). A previous study, aiming to dissect the impact of the 16 and 35 residue NTEs of 

Myo1C splice-isoforms, described the kinetic properties and proposed a model where the 

NTEs form a compact structural domain that crosses the cleft between the converter domain 

and the CaM bound to IQ-repeat 1, thereby enabling a contact between the 35 residue NTE 

and the relay loop (Figure 7B) (Zattelman et al., 2017). Previous studies of myosins 

containing NTEs suggest an allosteric communication pathway between the distal end of the 

motor domain (converter, SH1-SH2 helix, relay helix) and the active site (Fujita-Becker et al., 

2006; Chinthalapudi et al., 2017). At the active site, myosins generate energy for motile and 

force associated processes using the cyclic reaction pathway for hydrolysis of ATP (Figure 8). 

The enzymatic reactions, the kinetic intermediates and the resulting conformational changes 

appear to be conserved for the members of the myosin family (De La Cruz and Ostap, 2004; 

Geeves et al., 2005). In the case of Myo1C, the motor protein in the absence of nucleotides is 

strongly bound to actin as rigor complex and appears to exist in two conformations with a 

closed and open active site, where only the open one is able to bind nucleotides (Geeves et al., 

2000; Adamek et al., 2008). Upon binding of ATP, conformational changes in the myosin 

motor domain induce a lowering of the actin affinity and subsequently rapid detachment from 

the actin filament. In the absence of the actin filaments, the lever arm is going to the pre-

power-stroke position followed by ATP hydrolysis. Hydrolysis causes an increase in the actin 

affinity and the complex of myosin, ADP and inorganic phosphate (Pi) rebinds to actin. 

Subsequent conformational changes induce the dissociation of Pi accompanied with the swing 

of the lever arm. Myosin completes the cycle by isomerisation of the active site to release 

ADP and returns to the rigor state, ready to repeat the cycle (Preller and Manstein, 2013). The 

individual equilibrium and rate constants of single reactions vary across the myosin protein 

family and cause diversity in the mechanochemical properties of the myosin isoforms (De La 

Cruz and Ostap, 2004; Bloemink and Geeves, 2011). 
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Figure 8 The reaction scheme of the acto•Myo1C ATPase cycle. (A) Minimal kinetic 

reaction scheme shows the main pathway of Myo1C highlighted in blue and orange for Myo1C in the 

actin bound and unbound states. ‘A’ refers to actin, ‘M’ to Myo1C, ‘T’ to ATP, and ‘D’ to ADP; 
subscript A refers to actin (KA); M´ refers to closed state; Rate constants are written as k+ for the 

forward and k− for the backward reaction. (B) Representative mechanochemical reaction scheme of the 

ATPase cycle starting from rigor position (state A), the key events include ATP binding (state A→B), 
ATP hydrolysis (state C→D), Pi release (state E→F), and ADP release (state F→A) to return Myo1C 

in rigor position.  
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Transient kinetic analysis and steady-state ATPase measurement are appropriate techniques to 

provide additional insights into the population of biochemical intermediates and to understand 

the particular functions of the myosin isoforms in the cell. The general knowledge about the 

mechanochemical properties of the myosin motor proteins is basis for the design and 

development of small-molecule compounds that change the Myo1C function (Chinthalapudi 

et al., 2011). 

  

1.2 AIMS OF THIS STUDY 

The understanding of the cytoskeleton provides the basis for the development of improved 

approaches for diagnosis and therapy of many human diseases (Ramaekers and Bosman, 

2004). Since announcing the first complete human genome sequence more than 15 years ago, 

studies have revealed that the complexity of the human biology is far greater than previously 

thought. The development of accurate models for disease-related gene products helps to 

understand how the action of metabolites and drugs, the interaction with proteins and nucleic 

acids, and the effect of PTMs are able to modulate the functional behaviour within the cells.  

The actomyosin protein complex is a suitable system to provide an understanding of cellular 

functions for improved diagnoses and therapies. The large family of myosin motor proteins 

interacts with the actin cytoskeleton to support various motile functions in eukaryotic cells. 

Despite the generic character of the myosin motor domain, functional differences between the 

motor domains of individual isoforms can be large and are thought to reflect optimisation for 

specific cellular functions. In addition, numerous actin-binding proteins such as Tpm change 

the extent and properties of actin-based structures causing increased functional diversity. 

Allosteric communication within the myosin motor protein and across the actomyosin 

complexes modulates the actomyosin functions, which can be quantified and analysed by 

monitoring enzymatic, mechanical and spectroscopic signals. 

Here, my aim was to obtain a detailed understanding of how the mechanochemical properties 

of the Myo1C motor proteins are fine-tuned by isoform-specific differences in their NTEs and 

to determine the functional competence of Myo1C with physiologically relevant combinations 

of F-actin and human Tpms, as they occur in cells. The understanding of myosin isoform-

specific allosteric communication pathways and the effect to the biochemical and mechanical 

properties is the basis to understand the molecular reason of several diseases such as deafness, 

visual impairment, metabolic disorders, neuropathy, cancer, and associated syndromes. 
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2 MATERIAL AND METHODS 

2.1 MATERIALS 

2.1.1 Chemicals and Proteins 

All chemicals and reagents were of the highest purity commercially available. 

 

Acetic Acid TH. GEYER 

Acetone  TH. GEYER 

Acrylamid Bisacrylamid 30 % (37,5:1)  ROTH 

Agar-Agar, Kobe I  ROTH 

Agarose (TopVision LE GQ Agarose) THERMO SCIENTIFIC  

Ammonium-peroxo-disulfate (APS) MERCK 

Ampicillin (25 mg/ml) ROTH 

Adenosine-5’-triphosphate (ATP) SIGMA-ALDRICH 

Adenosin-5’-diphosphate (ADP) SIGMA-ALDRICH 

Anti-Calmodulin IgG, rabbit ABCAM 

Anti-Penta•HisTM, mouse QIAGEN 

Anti-mouse IgG horse radish peroxidase conjugated, goat THERMO SCIENTIFIC 

Anti-rabbit IgG horse radish peroxidase conjugated, goat THERMO SCIENTIFIC 

Apyrase SIGMA-ALDRICH 

Bacto yeast extract DIFCO LABORATORIES 

Bromophenol blue  SERVA 

BSA ROTH 

Calcium chloride  MERCK 

Casein pepton SERVA 

Catalase SIGMA-ALDRICH 

Cellulose nitrate powder SIGMA-ALDRICH 

Chloramphenicol (25 mg/ml) SIGMA-ALDRICH 

Chloroform MERCK 

Complete, Protease Inhibitor Mix EDTA-free ROCHE 

Coomassie Brillant Blue G-250  THERMO SCIENTIFIC 

Coomassie Brilliant Blue R-250  SERVA 

dATP, dCTP, dGTP, dTTP FERMENTAS 

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) TCI CHEMICALS 
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Dimethylsulfoxid (DMSO) FLUKA 

1,4-Dithiothreitole (DTT) THERMO SCIENTIFIC 

Ethanol absolute APPLICHEM 

Ethanol TH. GEYER 

Ethidium bromide SIGMA-ALDRICH 

Ethylenediaminetetraacetic acid (EDTA) MERCK 

Ethyleneglycolbis(aminoethylether)tetraacetic acid (EGTA)  MERCK 

Fugene® PROMEGA 

D-Glucose SIGMA-ALDRICH 

Gentamicin (10 mg/ml) THERMO SCIENTIFIC  

Glucose oxidase ROCHE 

Glycerol  ROTH 

Glycin  ROTH 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) ROTH 

Hydrocloric acid  MERCK 

Hydrogen peroxide SIGMA-ALDRICH 

Imidazol BDH LAB. SUPPLIES 

Isopropanol  ROTH 

Isopropyl-β-D-thiogalactopyranoside (IPTG)  THERMO SCIENTIFIC 

Kanamycin sulfat (25 mg/ml) ROTH 

Lactate dehydrogenase (LDH) ROCHE 

Leupeptin hemisulfate ROTH 

Magnesium chloride (MgCl2)  ROTH 

Magnesium sulfat (MgSO4)  SIGMA-ALDRICH 

mant-ATP, Triethylammonium salt JENA BIOSCIENCE 

Methanol  MERCK 

Milk powder ROTH 

Nicotinamide adenine dinucleotide (NADH) ROCHE 

Nickel sulfate MERCK 

PageRulerTM Prestained Protein Ladder THERMO SCIENTIFIC 

PageRulerTM Unstained Protein Ladder THERMO SCIENTIFIC 

Pentyl acetate SIGMA-ALDRICH 

Phenylmethylsulfonylfluoride (PMSF)  ROTH 

Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) AVANTI POLAR LIPIDS 
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Phosphoenolpyruvate (PEP) ROCHE 

Potassium chloride ROTH 

Potassium dihydrogen phosphate MERCK 

Dipotassium hydrogen phosphate MERCK 

Potassium hydroxide ROTH 

N-(1-Pyrene)Iodoacetamide MOLECULAR PROBES 

Pyruvate kinase ROCHE 

Sf-900™ III SFM  INVITROGEN 

Sodiumdodecylsulfat Pellets (SDS) ROTH 

Sodium azide MERCK 

Sodium chloride (NaCl) SIGMA-ALDRICH 

Sodium hydroxide (NaOH) ROTH 

Sucrose SIGMA-ALDRICH 

Sulphuric acid FLUKA 

T4 DNA Ligase THERMO SCIENTIFIC 

Tetracycline (25 mg/ml) ROTH 

N,N,N‘,N‘-Tetramethylethylendiamine (TEMED)  MERCK 

Nα-p-Tosyl-L-arginine methyl ester (TAME) SIGMA-ALDRICH 

Nα-p-Tosyl-L-lysine chloromethyl ketone (TLCK) SIGMA-ALDRICH 

Tetranethylrhodamine isothiocyanate (TRITC)-phalloidin SIGMA-ALDRICH 

Tris-(hydroxymethyl)-aminomethane (Tris)  ROTH 

Trypan blue staining THERMO SCIENTIFIC 

X-gal THERMO SCIENTIFIC 

 

2.1.2 Laboratory Devices and Instruments 

General devices 

Centriprep concentrator (MWCO 10, 30, 50) AMICON 

Costar Assay Plate 96Well 3695 CORNING 

Counting chamber, Neubauer, Improved BRAND 

Coverslips 20x20 mm ROTH 

Cuvette 12 µl P/N 003279 WYATT TECHNOLOGY 

Dialysis Tubing Spectra/Por (MWCO: 12-14 kDa)  ROTH 

Erlenmeyer flask polycarbonate (50/ 250/ 500 ml) CORNING 

Folded filters (Ø 125 mm) WHATMAN 
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Fotostrip double face TESA 

Immoil-F30CC OLYMPUS 

Microscope slides 76x26 mm ROTH 

Mini-Protean Tetra System BIO-RAD  

Pipetboy acu INTEGRA 

Pipettes 0.2-1000 µl GILSON 

Sterile filter Steritop Filter Unit MILLIPORE 

Syringe Luer-LokTM (1 ml) BECTON 

Syringe Omnifix ® solo (3/ 5 / 10 / 50 ml)  BRAUN 

Syringe filter (0,20 / 0,45 μm / 1.2 µm)  SARSTEDT 

TC Dish 100, Standard SARSTEDT 

TC Flask T175 Standard SARSTEDT 

TC Plate 6 Well, Standard F SARSTEDT 

 

General Instruments 

Bath and circulation thermostats HUBER 

Herasafe KS THERMO SCIENTIFIC 

PCR Labcycler gradient SENSOQUEST 

pH and conductivity meter JENWAY 

Sonifier Sonoplus UW 2200 BANDELIN ELECTRONIC 

 

Centrifuge and rotors 

Avanti Centrifuge J-20 XP BECKMAN COULTER 

Avanti Centrifuge J-HC BECKMAN COULTER 

Centrifuge 5415D EPPENDORF 

Centrifuge 5804R EPPENDORF 

Optima LE-80 K BECKMAN COULTER 

Optima Max BECKMAN COULTER 

Rotor JLA 16.250 BECKMAN COULTER 

Rotor JLA 30.50 Ti BECKMAN COULTER 

Rotor JS 4.2 BECKMAN COULTER 

Rotor TLA 55 BECKMAN COULTER 

Rotor Type 45 Ti BECKMAN COULTER 

Rotor Type 70 Ti BECKMAN COULTER 
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Chromatography devices 

FPLC system Äkta purifier 10 GE HEALTHCARE 

FPLC system Äkta pure 25 GE HEALTHCARE 

Ni-NTA-Agarose QIAGEN 

Resource Q (6 ml) GE HEALTHCARE 

Sample-loops (1/ 2/ 5 ml) GE HEALTHCARE 

Superdex 200 HiLoad (10/300 and 16/600) GE HEALTHCARE 

Super-loops (50 / 150 ml) GE HEALTHCARE 

 

Incubators 

Incubator (E. coli) HERAEUS 

Incubator (Sf9) SANYO 

 

Microscope and imaging devices 

Fluorescence microscope IX 70 OLYMPUS 

Labophot-2 microscope NIKON 

Molecular Imager ChemiDoc BIO-RAD 

MT20 illumination system OLYMPUS 

Orca Flash 4.0 CMOS camera HAMAMATSU 

 

Shaker devices 

Gyrotory Shaker G2 and G10 NEW BRUNSWICK INC 

Orbital Shaker THERMO FORMA 

 

Spectrometer devices 

Microplate photometer Multiskan FC THERMO SCIENTIFIC 

Spectrostar Omega BMG LABTECH 

UV 2600 SHIMADZU 

Varian Cary 50 UV-Vis  AGILENT 

Viscotek DLS Model 802 VISCOTEK 

 

Stopped-flow devices 

Stopped-flow Hi-Tech Scientific SF-61SX HI-TECH 

Stopped-flow Hi-Tech Scientific SF-61DX2 HI-TECH  
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2.2 METHODS 

Unless otherwise specified, standard microbiological methods were carried out as described 

by Green and Sambrook (Green and Sambrook, 2014) and centrifugation was carried out at 

4°C. 

 

2.2.1 The Baculovirus expression system  

The “Bac-to-Bac Baculovirus Expression System” provides an efficient and rapid method to 

generate recombinant baculovirus for high-level production of proteins in insect cells 

(Invitrogen, 2009). The Sf9 cell line used is derived from cell line IPLB-SF21-AE, which was 

obtained from ovarian tissue of the Lepidopteran Spodoptera frugiperda.  

 

2.2.2 Cultivation of Sf9 cells 

Invertebrate cell cultures in serum-free culture media are sensitive to environmental factors. 

In suspension and adherent monolayer culture, the doubling time of Sf9 cells was 24 to 

30 hours at optimal condition of 27°C and maintained pH in the range of 6.0 to 6.4. The cells 

show a spherical appearance, are regular in size and tend to attach firmly to surfaces. To 

determine the number of viable cells per millilitre cell culture, a sample of the Sf9 cell 

suspension was incubated with trypan blue dye in a 1:1 ratio and infused into a Neubauer 

counting chamber. The viable, globular-shaped and colourless cells were counted in two 

separate 25 square areas and extended by the factor of 1 × 104. At a cell concentration of 

6 × 106 cells per ml, the cells were diluted to 1× 106 cells per ml, which allows the insect cells 

to maintain growth and viability. 

 

2.2.3 Generating recombinant Plasmid 

To clone the DNA sequence of interest from a donor plasmid into the pFastBacDual vector, 

amplification of DNA segments by PCR, restriction enzyme digestion and ligation was used. 

The pFastBacDual vector facilitates the simultaneous production of two proteins by two 

separate baculovirus promoters, polyhedrin and p10. The DNA sequences encoding 

tail-truncated Myo1C isoforms of Myo1C0 (residues 1-856) and of Myo1C35 (residues 1-891) 

with C-terminal octa-histidine tag (Myo1C-ΔTH1) or a construct encompassing motor domain 

and first IQ motif of Myo1C0 (residues 1-725) and of Myo1C35 (residues 1-760) with 

C-terminal Flag-tag (Myo1C-1IQ) (MYO1C; IMAGE ID 6144867) were cloned into a 
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pFastBacDual vector under the control of the polyhedrin promoter and with human CaM 

(CALM1; IMAGE ID 2821489) under the control of the p10 promoter. The pFastBacDual 

vectors with either human cytoplasmic β-actin or human cytoplasmic γ-actin under the control 

of the polyhedrin promoter were kindly provided by Dr. Theresia Reindl and Dr. Patrick 

Reinke.  

 

Used Oligonucleotides: 

Primer  Sequence 

hsMyo1c-rev-1IQ 5’-CTATCTAGATCATCACTTGTCATCGTCGTCCTTGTAGTCTGA 

 TCTCTTCACCCGGAGGAA-3’ 

hsMyo1c-rev-3++IQ 5’-CTAGTCGACTCATCATGAGTGGTGATGATGATGATGATGAT 

 GACTCTGAGGGTAATTATCCTT-3’  

hsMyo1c1-fwd 5’-CGGGGATCCATGGCGCTGCAAGTGGAGCTGGTA-3’ 

hsMyo1c2-fwd 5’-CGGGGATCCATGGAGAGTGCGCTCACCGCC-3’ 

hsCaM-fwd 5’-CAACTCGAGATGGCTGATCAGCTGACCGAAG-3’ 

hsCaM-NheI-rev 5’-GGCGCTAGCTCATCATTTTGCAGTCATCATCTG-3’ 

 

2.2.4 Site-directed Mutagenesis 

Nucleotide substitution was introduced in the gene encoding the tail-truncated Myo1C by site-

directed mutagenesis according to the Q5 Site-directed Mutagenesis Kit protocol of NEB. 

Oligonucleotide primers were synthesised by Sigma-Aldrich. Template DNA (10 ng), the two 

primers that hybridize to the region of interest in the target DNA, 5x GC Polymerase buffer, 

dNTP’s and Phusion polymerase were mixed and underwent 25 cycles with step-wise 

template denaturation, primer annealing and polymerisation by temperature control. 

Subsequently, methylated template DNA was removed by digestion with DpnI at 37°C for 

1 h. The PCR products were phosphorylated by the T4 polynucleotide kinase and ligated with 

the T4 ligase at 16°C overnight according to the protocol of NEB in order to allow rapid 

circularisation of the PCR product. The final product was directly used for transformation into 

competent bacteria. 

 

Used Oligonucleotides: 

Primer Sequence 

hsMyo1c2-LOOP4-fwd  5’-ACCGATCAAGCCACCATGCCTGACGAGAACCAGCTCAAG-3’ 

hsMyo1c2-LOOP4-rev  5’-GTTCCGTTCTCTCTTCAAGGCGATGTTGCCCAAATGAAG-3’ 



Material and Methods 

24 
 

2.2.5 Transformation of Bacteria  

Plasmid DNA was introduced into chemically competent E. coli bacteria (Green and Rogers, 

2013) by a heat shock protocol. Aliquots of competent cells were thawed on ice before adding 

plasmid DNA (~100 ng). After 20 min incubation on ice, the cells were subjected to a heat 

shock at 42°C for 1 min followed by 2 min incubation on ice. Subsequently, 800 µl 

SOC-Medium was added to induce cell recovery and cells were slowly shaken at 37°C for 

1 h. The suspension was plated on LB agar plates with the appropriate selection antibiotics 

and incubated at 37°C overnight.  

The gene of Myo1C-ΔTH1/CaM, Myo1C-1IQ/CaM, β-actin or γ-actin encoded on the 

transfer vector pFastBacDual was integrated into the baculovirus shuttle vector (bacmid) of 

chemically competent DH10EmBacY cells from Geneva Biotech by the heat shock protocol. 

After at least 4 h incubation at 37°C, the cells were plated on LB agar plates containing 

50 µg/ml kanamycin, 7 µg/ml gentamycin, 10 µg/ml tetracycline, 100 µg/ml X-Gal and 

40 µg/ml IPTG and grew at 37°C overnight. White transformants containing the composite 

bacmid were selected.  

 

2.2.6 Bacmid Preparation 

A recombinant colony was randomly picked from the LB agar plate and inoculated in 3 ml 

LB medium with 50 µg/ml kanamycin, 7 µg/ml gentamycin, and 10 µg/ml tetracycline. The 

culture was continuous shaken at 180 rpm and 37°C overnight. The Plasmid Kit Protocol 

from Qiagen was used for the isolation of the bacmid DNA from the cells. The bacmid DNA 

pellet was air dried for 20 min, resolved in 40 µl water and either stored at 4°C or directly 

transfected into Sf9 cells. 

 

2.2.7 Transfection of Sf9 cells 

 Sf9 cells were transfected by using FuGENE HD transfection reagent according to the 

manufacturer’s protocol. 1 × 106 cells in 2 ml medium were seeded into one well of a 6-well 

plate and allowed to attach firmly to the surface. FuGENE solution and ~3 µg bacmid DNA of 

the selected transformants were diluted in 100 µl medium and incubate 30 min. The 

transfection mixture was added to the monolayer culture followed by 3 days incubation at 

27°C. The YFP expression cassette of the DH10EmBacY cells enables monitoring of the viral 

titre by the YFP-fluorescence of infected cells under a microscope. A high-titre stock of 

recombinant virus was produced after several rounds of virus amplification. The cell culture 
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medium was harvested after 3 days and centrifuged at 1000 ×g for 5 min to remove cells and 

cell debris. The supernatant containing extracellular virus was stored as P0 virus stock. 

1 × 107 cells in 10 ml medium were seeded into a cell culture dish, allowed adhering to the 

surface and virus stock P0 added in a 1:10 (v/v) dilution. After 3 days, the cell culture medium 

was harvested, centrifuged at 1000 ×g for 5 min and the supernatant stored as P1 virus stock. 

2.7 × 107 in 40 ml medium were seeded into a cell culture flask, allowed adhering to the 

surface and virus stock P1 added in a 1:10 (v/v) dilution. After 3 days, the cell culture medium 

was harvested, centrifuged at 1000 ×g for 5 min and the supernatant stored as P2 virus stock. 

All virus stocks were either stored at 4°C or directly used for production of the recombinant 

protein. 

 

2.2.8 Production of recombinant Protein in Sf9 cells 

For the recombinant production of Myo1C-ΔTH1 with CaM, Myo1C-1IQ with CaM, β-actin 

or γ-actin, a Sf9 suspensions culture of 1.5 × 106 cells per ml was infected with a 1:100 (v/v) 

dilution of the corresponding P2 virus. After 2 days, the cell suspension was harvested and 

centrifuged at 2000 ×g for 10 min. The cell pellets were resolved in PBS and again 

centrifuged. After removing supernatant, the cell pellets were stored at -80°C until use. 

 

2.2.9 Production of recombinant Protein in Bacteria 

For the recombinant production of proteins in bacteria, the plasmid encoding the protein was 

transformed in chemically competent Rosetta E. coli cells as described in chapter 2.2.5. A 

recombinant colony from the LB agar plate was randomly picked and used to inoculate 50 ml 

LB medium with appropriate selection antibiotics. The culture was continuous shaken at 

180 rpm and 37°C overnight. The overnight culture was used to inoculate 2 x 1 L LB culture 

medium with the appropriate antibiotics. As soon as the bacterial cell culture reached a value 

of 0.6 at OD600, protein production was induced by addition of 1 mM IPTG and incubated at 

37°C. After 4 h post induction, the bacterial cell suspension was harvested and centrifuged at 

4000 ×g for 10 min. The cell pellets were resuspended in PBS and again centrifuged. After 

removing supernatant, the cell pellets were stored at -80°C until use. 

 

Used DNA constructs: 

The DNA constructs of this study were available in the Manstein laboratory and in part 

contributed by collaboration partners: The human Tpm constructs Tpm1.6, Tpm1.7, Tpm2.1 
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and Tpm3.1 in pET vector were cloned in the laboratories of Prof. Dr. Jim Lin and Prof. Dr. 

Peter Gunning. The cDNAs of human Tpm1.12 were purchased from OrigeneR (SC3348907, 

SC302122); Dr. Theresia Reindl subcloned the DNA sequences in pET vectors. Dr. Nikolas 

Hundt cloned human Tpm4.2 in a pET vector (Hundt et al., 2016). The pET vector with a 

human CaM insert was kindly provided by Prof. Dr. Martin Bähler. Dr. Mirko Müller 

subcloned the C-terminal G4-6 domains of human gelsolin in a pCOLD II vector (Müller et 

al., 2013). 

 

2.2.10 Purification of recombinant Calmodulin 

Extraction of tag-free human CaM was performed as previously described (Münnich and 

Manstein, 2013). The bacterial cell pellet was resuspended in 20 ml CaM lysis buffer (50 mM 

Tris pH 7.5, 5 mM CaCl2) per 1 g cell pellet and sonicated for lysis. The solution was 

centrifuged at 100,000 ×g for 30 min and the supernatant was heated in a waterbath to 70°C 

for 1 h. Aggregated proteins were removed by centrifugation of the solution at 100,000 ×g for 

30 min, whereas heat-stable CaM remains soluble in solution. The clear supernatant was 

loaded onto a gravity flow column with phenyl Sepharose resin. The hydrophobic surface of 

calcium-bound CaMs attaches to the phenyl Sepharose and the column was washed with CaM 

lysis buffer. The protein was eluted by the calcium chelator EGTA in CaM elution buffer 

(25 mM Tris pH 7.5, 1 mM EGTA), which induce a conformational change in CaM to mask 

the hydrophobic patches. The concentration of CaM was determined by UV absorption 

measurements at 280 nm using ε280nm of 0.177 ml mg-1 cm-1. The protein was flash frozen in 

liquid nitrogen and stored at -80°C. 

 

2.2.11 Purification of recombinant Myo1C isoforms 

Extraction of the human Myo1C0-ΔTH1 and Myo1C35-ΔTH1 with bound CaM was 

performed by using the C-terminal located octa-histidine tag. The Sf9 pellet of 2 L cell culture 

was resuspended in 200 ml myosin lysis buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 4 mM 

MgCl2, 30 mM imidazole, 0.5 mM EGTA, 3 mM ATP, 1× Protease inhibitor) and sonicated 

for lysis. The solution was centrifuged at 100,000 ×g for 15 min and the supernatant was 

incubated with Ni-NTA resin for 2 h at 4°C. The resin was loaded onto a gravity flow column 

and washed several times with myosin washing buffer (25 mM HEPES pH 7.5, 200 mM 

NaCl, 4 mM MgCl2, 70 mM imidazole, 1 mM ATP). The protein was eluted using myosin 

elution buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 4 mM MgCl2, 250 mM imidazole). 
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Fractions of Myo1C-ΔTH1 with bound CaM were pooled and applied to a S200 size 

exclusion chromatography column. The column was equilibrated with myosin SEC buffer 

(25 mM HEPES pH 7.5, 200 mM NaCl, 4 mM MgCl2, 1 mM EDTA, 1 mM DTT) 

supplemented with 1 µM purified CaM to ensure the full decoration of Myo1C IQ-motifs with 

CaM. After the gel filtration run with the SEC buffer, the protein fraction with purity at least 

95 % were pooled and concentrated. The purified protein was supplemented with 30 % 

sucrose (w/v) as cryo protection, flash frozen in liquid nitrogen and stored at -80°C. The 

human Myo1C constructs encompasses motor domain, first IQ-motif and C-terminal Flag-tag 

for Myo1C0-1IQ and Myo1C35-1IQ were produced and purified with bound CaM as 

previously described (Münnich et al., 2014). Human full-length constructs Myo1C35-FL, 

Myo1C16-FL, Myo1C0-FL were produced and purified in the laboratory of Prof. Dr. Arnon 

Henn (Zattelman et al., 2017). 

 

2.2.12 Purification of α-actin 

Extraction of α-actin from an acetone powder of Gallus gallus pectoralis major muscle was 

performed as previously described (Lehrer and Kerwar, 1972). The actin extraction solution 

(10 mM Tris pH 8.0, 0.2 mM CaCl2, 1 mM DTT, 1 mM ATP) was added to 5 g acetone 

powder and the extract filtered through Whatman filter paper. The flow-through was 

additionally cleared by centrifugation at 100,000 ×g for 45 min. To remove non-functional 

actin and contaminations such as Tpm, polymerisation of G-actin to F-actin was employed by 

addition of 100 mM KCl and 5 mM MgCl2 for 1 h at RT. After centrifugation, 

depolymerisation of the F-actin pellets to G-actin was induced by homogenisation and 

subsequent dialysis into actin dialysis buffer (5 mM Tris pH 8.0, 0.2 mM MgCl2, 1 mM DTT, 

0.1 mM ATP) at 4°C overnight. The solution was cleared from remaining aggregates by 

centrifugation at 100,000 ×g for 1 h. The concentration of skeletal α-actin was determined by 

UV absorption measurements at 289 nm to reduce the influence of absorption by nucleotides. 

The molar extinction coefficient of α-actin was estimated by the knowledge of its amino acid 

composition and the molar extinction coefficient of tyrosine, tryptophan and cystine at the 

given wavelength of 289 nm (Edelhoch, 1967), which yields an ε(α-actin)289nm of 

0.610 ml mg-1 cm-1. The purified protein was supplemented with 3 % sucrose (w/v), flash 

frozen in liquid nitrogen and stored at -80°C. 
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2.2.13 Pyrene labelling of α-actin 

Aliquots of G-actin were thawed on ice and polymerised with a final concentration of 

100 mM KCl and 5 mM MgCl2 for 2 h at RT. 2.7 mg of the freshly polymerised actin was 

labelled by gently adding of 5 µl N-(1-Pyrene)iodoacetamide (5 mg ml-1; Dimethyl-

formamide) solution, yielding a molar ratio of 1:1. The solution was slowly stirred in the 

absence of light at 4°C overnight. Precipitated actin was removed by centrifugation at 

1,000 ×g for 30 min. The supernatant was used for an additional centrifugation to pellet the 

pyrene-actin at 100,000 ×g for 30 min. The supernatant with excess dye was removed and the 

actin pellet was resuspended in ATPase buffer (25 mM HEPES pH 7.5, 50 mM KCl, 5 mM 

MgCl2). The actin solution was centrifuged at 1,000 ×g for 1 min to remove actin aggregates 

and air bubbles. The concentration of pyrene-actin was determined as described earlier. The 

degree of labelling (DOL) was determined by UV absorption given by the 

equation 𝐷𝑂𝐿 =  
𝐴𝑑𝑦𝑒 ε𝑑𝑦𝑒⁄𝐴𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄ , with ε(pyrene)344nm of 22,800 M-1 cm-1 and ε(actin)289nm of 

25,645 M-1 cm-1. The pyrene-actin with 3 % sucrose (w/v) was flash frozen in liquid nitrogen 

and stored at -80°C. 

 

2.2.14 Purification of Gelsolin G4-6 

Extraction of the C-terminal G4-6 domains of gelsolin with C-terminal octa-histidine tag was 

performed as previously described (Ohki et al., 2009). The cell pellet was resuspended in 

20 ml gelsolin lysis buffer (10mM Tris pH 8.0, 50 mM KCl, 10 mM imidazole, 1 mM ATP) 

per 1 g cell pellet and sonicated on ice for lysis. The solution was centrifuged at 50,000 ×g for 

1 h and the supernatant was incubated with Ni-NTA resin for 2 h at 4°C to enables gelsolin 

binding. The resin was loaded on a gravity flow column to wash the protein several times with 

gelsolin washing buffer (10mM Tris pH 8.0, 50 mM KCl, 30 mM imidazole). The protein was 

eluted by gelsolin elution buffer (10mM Tris pH 8.0, 50 mM KCl, 300 mM imidazole) and 

the collected fractions were dialysed overnight in gelsolin dialysis buffer (10mM Tris pH 8.0, 

50 mM KCl). The protein was flash frozen in liquid nitrogen and stored at -80°C. 

 

2.2.15 Purification of recombinant β-actin and γ-actin 

Extraction of tag-free β-actin and γ-actin was performed as previously described (Ohki et al., 

2009). The Sf9 pellet of 2 L cell culture with the over-produced actin isoform was 

resuspended in 200 ml actin lysis buffer (10 mM Tris pH 8.0, 5 mM CaCl2, 1 mM ATP, 
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1× Protease inhibitor) and sonicated for lysis. After lysis, 50 mM KCl and 30 mM imidazole 

pH 8.0 were added together with 20 mg truncated gelsolin to enable binding of the 

recombinant actin to gelsolin with slow stirring at 4°C overnight. The solution was 

centrifuged at 100,000 ×g for 1 h and the supernatant was incubated with Ni-NTA resin for 

2 h at 4°C. The resin was loaded on a gravity flow column to wash the protein several times 

with actin washing buffer (10mM Tris pH 8.0, 50 mM KCl, 30 mM imidazole, 5 mM CaCl2). 

Actin was eluted in 5 ml fraction by the calcium chelator EGTA. After complete elution of 

recombinant protein, the Ni-NTA resin was washed off EGTA to avoid extraction of Ni2+ 

from the Ni-NTA resin. The gelsolin was eluted by the gelsolin elution buffer (10mM Tris pH 

8.0, 50 mM KCl, 300 mM imidazole). The collected gelsolin fractions were dialysed 

overnight in gelsolin dialysis buffer (10mM Tris pH 8.0, 50 mM KCl) and refrozen as 

droplets for future actin purification. To remove non-functional actin, polymerisation of 

G-actin to F-actin was employed by addition of 100 mM KCl and 2 mM MgCl2 for 1 h at RT. 

After centrifugation, F-actin pellets were depolymerised in the actin dialysis buffer (5 mM 

Tris pH 8.0, 0.2 mM MgCl2, 1 mM DTT, 0.1 mM ATP) at 4°C overnight. After dialysis, the 

solution was cleared from remaining aggregates by centrifugation at 100,000 ×g for 1 h. The 

concentration of the actin isoforms was determined by UV absorption measurements at 

289 nm to reduce the influence of nucleotide signals, by using calculated ε(β-actin)289nm of 

0.605 ml mg-1 cm-1 and ε(γ-actin)289nm of 0.604 ml mg-1 cm-1 as described earlier in chapter 

2.2.12. The protein was supplemented with 3 % sucrose (w/v), flash frozen in liquid nitrogen 

and stored at -80°C. 

 

2.2.16 Purification of recombinant Tpm 

Extraction of recombinant tag-free Tpm isoforms from bacterial expression were performed 

as previously described (Coulton et al., 2006). The cell pellet was resuspended in 20 ml Tpm 

lysis buffer (25mM HEPES pH 7.5, 100 mM NaCl, 1 mM MgCl2, 5 mM EDTA) per 1 g cell 

pellet and sonicated on ice for lysis. The solution was incubated with 10 mg/l DNAse for 1 h 

at 4°C. The lysate was cleared by centrifugation at 100,000 ×g for 1 h. The supernatant was 

incubated at 80°C in a waterbath for 10 min. This step leads to denaturation and aggregation 

of most cellular proteins, while the structure of tropomyosin remains stable. The suspension 

was cooled on ice followed by centrifugation at 100,000 ×g for 10 min to remove aggregated 

proteins. The supernatant was filtered and the pH was adjusted to the respective pI of Tpm 

with HCl solution. This step leads to aggregation of Tpm proteins. After centrifugation, the 

Tpm pellet was resuspended in Tpm low salt buffer (10 mM Tris pH 8.0, 50 mM NaCl, 1 mM 
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MgCl2). The pH was adjusted to 8.0 with KOH solution. The supernatant was filtered and 

loaded onto a Resource Q ion exchange chromatography column. Tpm was eluted with Tpm 

high salt buffer (10 mM Tris pH 8.0, 100 mM NaCl, 1 mM MgCl2) at the flow rate of 0.5 ml 

per minute and a gradient over 10 column volumes (CV). Single fractions over the gradient 

were evaluated by SDS-PAGE. Fractions containing Tpm were pooled, pH adjusted to the pI 

of Tpm, centrifuged, resuspended and loaded again onto the ion exchange column with a 

gradient over 15 CV to further increase Tpm purity. The final Tpm fractions were pooled, pH 

adjusted to the pI of Tpm and resuspended in the appropriate Tpm storage buffer (10 mM Tris 

pH 8.0, 100 mM NaCl, 5 mM MgCl2). The concentration of the Tpm isoforms was 

determined by SDS-PAGE densitometry using a BSA solution with a precisely defined 

concentration as standard. The concentrations of Tpm are given for Tpm dimers. The proteins 

with 3 % sucrose (w/v) were flash frozen in liquid nitrogen and stored at -80°C. 

 

2.2.17 Steady-state ATPase assay 

The steady-state ATPase rates of Myo1C constructs were determined in an NADH-coupled 

enzyme-based assay with ATP-regeneration system as previously described (Heissler and 

Manstein, 2012). The assay is based on the hydrolysis of ATP to ADP by myosin, 

regeneration of ATP by conversion of phosphoenolpyruvate to pyruvate using pyruvate kinase 

and subsequent oxidation of NADH to NAD+ by pyruvate using lactate dehydrogenase. The 

decrease in the absorption signal of NADH detected at 340 nm is proportional to the 

steady-state ATPase rate. ATPase buffer (25 mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 

0.5 mM DTT) was supplemented with 2 mM ATP, 0.4 mM NADH, 0.5 mM 

phosphoenolpyruvate, 20 µg/ml lactate dehydrogenase and 50 µg/ml pyruvate kinase and 

mixed with final concentrations of 0.1 µM Myo1C and F-actin between 0 and 50 µM. The 

change in absorbance at 340 nm was monitored in a 96 well plate using a Multiskan FC 

microplate reader. The ATPase rate is given by the equation 𝐴𝑇𝑃𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 =  − 𝛥𝐴340𝑛𝑚/𝑡d × ε340𝑛𝑚× [myosin] , where ε(NADH)340nm is 6,220 M-1 cm-1, d is the path 

length of the beam, and [myosin] corresponds to the concentration of myosin motors that are 

able to bind and hydrolyse ATP. The ATPase rate of pure actin was subtracted from the 

ATPase rate measured in the presence of both myosin and actin. The values for kcat and 

Kapp.actin were obtained by fitting the data to the Michaelis-Menten equation. The value of 

kcat/Kapp.actin was determined from the initial slope of the dependency of ATPase rate upon 

[actin] in the range from 0.5 to 3.0 µM. 
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2.2.18 Stopped-Flow measurements 

Transient kinetics analyses were performed to study the kinetic substeps of the myosin 

ATPase cycle. A stopped-flow system enables rapid mixing of reactants to observe single 

nucleotide transitions on a timescale of a few milliseconds. Transient kinetic experiments 

were performed in ATPase buffer at 20°C or 37°C using either a HiTech Scientific SF-61 DX 

or a HiTech SF-61 SX stopped-flow system (TgK Scientific Ltd, Bradford-on-Avon, U.K.). 

The concentrations given for proteins and ligands refer to their final concentration after rapid 

mixing. A data point is represented by the average of 3 to 5 single measurements. Kinetic 

Studio software (TgK Scientific Ltd., Bradford on Avon, UK) was used for initial data 

inspection and analysis. Detailed data analysis was performed with Origin Pro 9.55 

(OriginLab Corporation, Northampton, MA, USA) graphing and data analysis software.  

The amount of active myosin heads able to bind ATP was monitored by association of the 

fluorescently labelled ATP analogue mant-ATP with Myo1C. Mant-ATP fluorescence was 

excited at 365 nm and emission was monitored after passage through a KV-389 cut-off filter 

(Schott AG, Mainz, Germany). Binding kinetics of mant-ATP to Myo1C were determined by 

adding 0.05 to 0.6 µM mant-ATP to 0.5 µM Myo1C and monitoring the ensuing change in the 

amplitude of the fluorescence signal. Linear fits to the first phase that corresponds to 

increasing values of the amplitude proportional to [mant-ATP] and the second phase that 

corresponds to saturating values of the amplitude with [mant-ATP] were used to estimate the 

intersection of both lines. The concentration at the intersection represents the amount of 

myosin motors able to bind ATP. 

The binding and hydrolysis of ATP with Myo1C isoforms was followed using intrinsic 

tryptophan fluorescence. The intrinsic tryptophan fluorescence was excited at 295 nm and 

emission was monitored after passage through a KV-320 cut-off filter. The interaction of actin 

and acto•Tpm cofilaments with Myo1C isoforms in the presence of the nucleotides ATP and 

ADP was tracked by using pyrene-labelled actin. Pyrene-actin fluorescence was excited at 

365 nm and emission was monitored after passage through a KV-389 cut-off filter. For 

experiments with acto•Tpm cofilaments, it was ensured that the actin filaments were fully 

decorated by incubation with 10 µM Tpm for 1 h at RT, unless otherwise specified. 

The ATP-induced dissociation of Myo1C from actin was interpreted as a biphasic process as 

previously described (Geeves et al., 2000; Adamek et al., 2008). The proposed model 

comprises a slow phase corresponding to the isomerisation between the nucleotide-free actin-

bound states A•M (open active site) and A•M’ (closed active site), where only A•M enables 
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binding of ATP (Figure 8). The equilibrium constant Kα for the open-to-closed transitions is 

given by the ratio of the amplitudes of fast to slow phase at saturating ATP concentrations. 

The fast phase reflects ATP binding to acto•Myo1C with subsequent dissociation of Myo1C 

from actin. The values for k+2 and 1/K1 were obtained by fitting kobs,fast as a function of [ATP] 

to a hyperbola and the value of K1k+2 was determined from the slope of the dependence of 

kobs,fast upon the [ATP] in the range from 5 to 50 µM. 

The rate of ADP release can be assessed by the ADP inhibition of the ATP-induced 

dissociation (Geeves, 1989; Greenberg et al., 2015). In the presence of ADP, the ATP binding 

is limited by the slow dissociation of ADP and kobs of the slow phase decreases with a 

hyperbolic dependence. At saturating concentrations of ADP, the observed rate constant of 

the transient corresponds to the rate constant of ADP release (k+5). The overall affinity of 

A•M for ADP (K5) was determined by fitting the fraction of the slow amplitude according to 

Aslow/Atotal = [ADP] / (K5 + [ADP]) (Greenberg et al., 2015). The second order rate constant of 

ADP binding (k-5) was calculated by k-5 = k+5 / K5.  

Phosphate release was determined by using the sequential double mixing mode of the 

stopped-flow system and a phosphate sensing protein. Binding of phosphate to the 

N-[2-(1-maleimidyl)ethyl]-7-(diethylamino) coumarin-3-carboxamide labelled phosphate-

binding protein (MDCC-PBP) causes conformational changes that increase the fluorescence 

signal. All equipment and instrument surfaces were cleaned with Pi mop (200 µM 7-

methylated guanosine and 0.25 U ml-1 PNPase in ATPase buffer) prior to use, to remove free 

Pi contaminations with regard to the high sensitivity of MDCC-PBP to Pi. ATP and Myo1C 

were mixed and aged for 6 s to allow completion of the ATP hydrolysis step. Subsequently, 

0.5 µM Myo1C•ADP•Pi complex was added to 5 µM actin to induce phosphate release. 

Binding of Pi by MDCC-PBP was monitored to determine the observed rate constant for Pi 

release (kobs) by a single exponential function. The fluorophore was excited at 436 nm and the 

emitted light was passed through a 455 nm long pass filter. The rate constant for Pi release 

(k+4) was estimated by using the relation of ATPase rate from steady-state ATPase 

measurements at 5 µM to saturating [actin].  

The duty ratio is defined as the fraction of time that myosin spends in strong-binding states 

attached to F-actin during the ATPase cycle (Figure 8). The rate of Pi release (k+4) is gating 

the transition from weak to strong F-actin bound states, whereas the rate of ADP release (k+5) 

is gating the opposite transition. Accordingly, the duty ratio of Myo1C is approximately equal 

to k+4/ (k+4 + k+5) (Lewis et al., 2006). 
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The association of pyrene-actin to Myo1C was monitored by the single exponential decrease 

of the fluorescence signal to determine the observed rate constants for actin association (kobs). 

The rate of Myo1C binding to F-actin (k+A) was observed from the slope of the linear 

dependency between kobs against [actin]. The dissociation of Myo1C from F-actin was 

determined by a chase experiment, where pyrene-actin bound to Myo1C was displaced by the 

addition of a large excess of unlabelled F-actin (Taylor, 1991). The single exponential 

increase of the fluorescence signal corresponds to the dissociation rate constant k-A. The 

dissociation equilibrium constant of acto•Myo1C was given by KA = k-A / k+A. 

 

2.2.19 Co-sedimentation assay 

The co-sedimentation assay has been used to demonstrate direct interaction and binding of 

proteins to F-actin. Here, the interaction of Myo1C with acto•Tpm cofilaments of distinct 

Tpm isoform composition were analysed by the co-sedimentation assay. The assay was 

performed in ATPase buffer at 20°C. It was ensured that the F-actin was fully decorated by 

preincubation with 10 µM Tpm for 1 h. Subsequently, acto•Tpm cofilaments and 1 µM 

Myo1C were mixed and incubated for 30 min. The samples were centrifuged at 100,000 ×g 

for 30 min to pellet the fraction of myosin bound to acto•Tpm cofilaments with unbound 

Myo1C and Tpm remaining in the supernatant. The supernatant was transferred into a second 

tube and the pellet of the acto•Myo1C•Tpm complex was resuspended in an appropriate 

volume with ATPase buffer. The relative amount of the proteins in the supernatant and pellet 

was analysed by densitometry following the separation by SDS-PAGE and Coomassie blue 

staining. The detailed quantification of proteins from scanned images was performed with 

ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 

Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018).  

 

2.2.20 In vitro motility assay 

The in vitro motility assay allows studies of myosin motor functions through observation of 

fluorescently labelled actin filaments propelled by surface-bound myosin in the presence of 

ATP as described previously (Kron and Spudich, 1986; Anson et al., 1996) with some 

modification. Flow cells were prepared with nitrocellulose-coated coverslips attached on two 

parallel double-faced stripes on a glass slide (Figure 9A). Surface immobilised His5-

antibodies (Anti-Penta•His, mouse) were used to bind the His-tagged constructs 

Myo1C0-ΔTH1 and Myo1C35-ΔTH1. In the case of Myo1C0-ΔTH1 in the presence of 
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saturating concentrations of peptides NTE16, NTE35 or NTE35R21G, the formation of stable 

complexes was promoted by adding 50 µM NTE peptide to all assay solutions (Zattelman et 

al., 2017). F-actin was labelled with phalloidin-tetramethyl rhodamine B isothiocyanate in a 

1:1 molar relation overnight at 4°C. For experiments with acto•Tpm cofilaments, the labelled 

actin was fully decorated by adding 10 µM Tpm and incubation for 1 h. 10 µM of the specific 

Tpm isoform was added to all assay solutions to promote stable formation of the acto•Tpm 

complex. To analyse the effect of additional CaM to Myo1C, all solution contains the 

corresponding concentration of CaM. All solutions were made up with assay buffer (20 mM 

imidazol pH 7.5, 50 mM KCl, 5 mM MgCl2, 2 mM EGTA). The in vitro motility assay was 

started by the addition of 4 mM Mg2+-ATP in assay buffer containing 5 mg/ml glucose, 

0.1 mg/ml glucose oxidase and 0.02 mg/ml catalase as oxygen scavengers and anti-bleach 

reagents (Heissler and Manstein, 2011). The fluorophore was excited at 550 nm to record the 

motion of fluorescently labelled F-actin at 37°C using an Olympus IX70 fluorescence 

microscope equipped with a 60×/1.49 NA PlanApo objective and an Orca Flash 4.0 CMOS 

camera. Filaments were monitored for periods of 5 min with 1 frame every 5 seconds 

(= 0.2 FPS). Tracking and analysis of filament movement were performed using the ImageJ 

plugin WrMTrck (Nussbaum-Krammer et al., 2015) and Origin V9.55.  

The duty ratio of Myo1C is approximately equal to k+4/ (k+4 + k+5) as described previously in 

chapter 2.2.18. An alternative approach to determine the duty ratio based on the in vitro 

motility assay. The filament sliding velocity decreases with lower myosin densities. A 

reduced number of motor proteins decrease the probability of productive interactions with the 

actin filaments. The relationship between filament sliding velocity and myosin density was 

previously described by (Uyeda et al., 1990; Reck-Peterson et al., 2001) and is given by 

equation 

 𝑣(𝜌) =  𝑣𝑚𝑎𝑥[1 − (1 − 𝑓)𝜌 × �̅�] 
 
where 𝑣 is the filament sliding velocity as function of the myosin motor density ρ, υmax is the 

maximal filament sliding velocity, f is the duty ratio and Ā is defined as the product of the 

distance to reach a filament and the filament length.  

The unloaded velocity for the full-length constructs Myo1C0-FL, Myo1C16-FL and 

Myo1C35-FL was determined on fluid membranes (Figure 9B) as described previously 

(Pyrpassopoulos et al., 2012). Supported lipid bilayers were coated on the coverslip of the 
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flow cell in following manner. 1,2-Dioleoyl-sn-glycero-3-phosphocholine and PtdIns(4,5)P2 

were mixed in a molar ratio of 50:1, dried under vacuum, and resuspended in lipid buffer 

(25 mM HEPES pH 7.5, 100 mM KCl, 0.5 mM MgCl2). Liposomes were prepared by intense 

tip sonication. The sample was centrifuged at 15,000 ×g for 15 min to remove giant 

liposomes. The solution with the small liposomes was directly used or stored under argon for 

up to 5 days at 4°C. Glass coverslips were soaked in Piranha solution (3 parts sulphuric acid 

and 1 part 30 % hydrogen peroxide) and washed with deionised water. The glass surface of 

the flow cell was coated with supported lipid bilayers by addition of 2 mM CaCl2 to the 

liposomes and incubation for 30 min in the flow cell. Excess lipid mix was washed out with 

lipid buffer. This was followed by the addition of one chamber volume of Myo1C-FL 

construct. An incubation of 5 min in the flow cell allows the attachment of the Myo1C-FL 

construct to the supported lipid bilayer. To reduce the extent of continuous myosin motor 

detachment from the supported lipid bilayer, one chamber volume containing labelled actin 

filaments was directly infused and incubated for 5 min. The in vitro motility was started by 

the addition of 4 mM Mg2+-ATP in lipid buffer containing the oxygen scavengers and anti-

bleach system. 

 

 

 

Figure 9 Schematic illustration of the flow cells for the in vitro motility assay. (A) 

Schematic illustration of the flow cell coated with nitrocellulose. The surface immobilised antibody 

(black) is directed against the C-terminal His-tag at the lever arm (orange) of the Myo1C-ΔTH1 
construct. Motor domains (green) are optimally oriented for productive interactions with TRITC-

phalloidin labelled actin filaments (yellow filament). Following the addition of ATP, the actin 

filaments move in a unidirectional fashion. (B) Schematic illustration of the flow cell coated with a 

supported lipid bilayer (SLP) containing PtdIns(4,5)P2 (red). The SLP is spread on a glass coverslip, 

where it facilitates attachment of Myo1C-FL via the extended PH domain (blue). 
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2.2.21 Dynamic light scattering 

The size of the liposomes was determined by dynamic light scattering with a Viscotec 802 

instrument. Using a 12 µl micro cuvette, solutions of liposomes in lipid buffer were measured 

10 times over a period of 30 seconds in a suitable concentration (<2.5 mM). The data were 

processed using OminSIZE V3.0.0.296 from Viscotek.  

 

2.2.22 Frictional load assay 

The frictional load assay is an in vitro motility assay with modifications as described 

previously (Greenberg and Moore, 2010). The flow cell was prepared in a similar way to the 

unloaded in vitro motility assay except that both human α-actinin 2 (kind gift from Dr. 

Manuel Taft) and His5-antibody were immobilised on the surface. The increase of [α-actinin] 

causes a viscoelastic load on the actin filaments that acts against the motive force of myosin 

(Figure 10) and reduces the filament sliding velocity according to a model first established for 

skeletal muscle myosin from Oryctolagus cuniculus (Greenberg and Moore, 2010). The 

relationship between stall force and [α-actinin] is given by equation 

 𝐹 = 𝜅𝑘𝐷 × 𝑣 × ζ × 𝐿 × 𝑟 × 𝑘𝐴 × χ × [𝛼]5 2⁄𝑘𝐴 × χ × [𝛼]3 2⁄ + 𝑘𝐷 

 

where 𝑣 is the filament sliding velocity, kA and kD are the second-order rate constants for 

acto•α-actinin attachment and detachment, L is the average length of an typical actin filament, 

ζ and χ are constants that define exactly the surface concentration of α-actinin as described by 

(Greenberg and Moore, 2010), κ is the elastic stiffness of acto•Myo1C linkage suggested to 

have a value between 0.2 and 0.5 pN nm-1 (Batters et al., 2004; Pyrpassopoulos et al., 2016), 

and 61 nm for r as the distance of α-actinin to reach an actin filament calculated by the length 

of an α-actinin molecule (Uyeda et al., 1990; Ribeiro et al., 2014).  

The dependence of filament sliding velocity on the stall force (F) is explained by modulation 

of the kinetic rates and equilibrium constants during the mechanochemical ATPase cycle 

(Figure 8). Force-dependent effects contributing to the detachment of acto•Myo1C were first 

proposed for a Myo1C0 construct from Mus musculus (Greenberg et al., 2012, 2015). The 

model defines the detachment of acto•Myo1C by a two-step process, one force-dependent and 

the other force-independent. The associated detachment rate constant kdet(F) corresponds to 

kf(F) and ki, given by the following equation:  
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𝑣(𝐹) = 𝑘det(𝐹) × 𝑤 = 𝑤1𝑘i + 1𝑘f0 × 𝑒(− 𝐹×𝑑𝑘B×𝑇) 

 

Here, 𝑤 is the power stroke displacement, d is the distance parameter, kdet is the detachment 

rate as result of kf0 the force-dependent rate in the absence of external loads or kf(0 pN) and ki 

the force-independent rate, kB is the Boltzmann constant and T is the temperature. Finally, the 

power output P was calculated by using the equation for force-dependent sliding velocity 

extended by a force-term. 

 

 

Figure 10 Schematic illustration of the flow cell for the frictional load assay. The 

nitrocellulose coated coverslip immobilise α-actinin (violet) and antibody (black) at the surface, which 

are directed against filamentous actin and the C-terminal His-tag of the Myo1C-ΔTH1 construct, 
respectively. Motor domains (green) are oriented for productive interactions with TRITC-phalloidin 

labelled actin filaments (yellow). α-actinin serves as an external load with a stall force that counteracts 

the myosin motive force. 

 

2.2.23 Homology modelling and refinement of Myo1C loop 4  

A homology model of the Myo1C surface loop 4 was built based on the cryo-EM structure of 

NM2C in complex with γ-actin and cytoplasmic Tpm3.1 (von der Ecken et al., 2016). The 

sequence of Myo1C (O00159-2) and NM2C (Q7Z406) derived from the UniProt protein 

knowledge database. The model template was originated from the RCSB protein data bank 

(PDB ID: 5JLH). A three-dimensional structural model was generated by using the 

SWISS-MODEL online tool (Waterhouse et al., 2018) . The structural model was energy 

minimised using YASARA (Krieger et al., 2009). The amino acid sequences of the myosin 

surface loop 4 regions were aligned and analysed to the conservation by using Clustal Omega 

(Madeira et al., 2019). 
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3 RESULTS 

 

3.1 MODULATION OF MYO1C BY ISOFORM-SPECIFIC NTEs  

3.1.1 Purification of α-actin and human Myo1C motor constructs 

Native α-actin was extracted from acetone powder generated from Gallus gallus pectoralis 

major muscle. Figure 11A shows a representative SDS-PAGE with Coomassie blue staining 

of the final purified α-actin in G-actin form (MW 42 kDa). 

 

   

Figure 11 Purification of proteins for the acto•Myo1C complex. (A) Representative 

Coomassie-stained gel of native purified skeletal α-actin from acetone powder of pectoralis major 

muscle. (B) Representative Coomassie-stained gels of recombinant Myo1C isoforms. Constructs of 

tail-truncated Myo1C isoforms with C-terminal His-tag were co-purified with CaM by Ni-NTA 

affinity and size exclusion chromatography. Full-length Myo1C isoforms were co-purified with CaM; 

previously published in (Zattelman et al., 2017) (C) Fluorescence transients from stopped-flow 

measurements observed after binding mant-ATP to Myo1C0-ΔTH1. (D) Plot of the relative amplitude 
against [mant-ATP]. The intersection of two lines estimates the fraction of active motor molecules. All 

concentrations are given as final concentrations after rapid mixing. Lines and symbols are shown in 

red and blue for Myo1C0-ΔTH1 and Myo1C35-ΔTH1, respectively. 
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Typical yields were 50 mg α-actin from 5 g acetone powder. The tail-truncated constructs of 

human Myo1C0-ΔTH1 (MW 100 kDa) and Myo1C35-ΔTH1 (MW 104 kDa) were 

co-produced with human CaM (MW 16.8 kDa) in the baculovirus Sf9 system and purified by 

Ni-NTA and size exclusion chromatography to near homogeneity and a purity >95 %. Typical 

yields were 1.6 mg Myo1C0-ΔTH1 and 0.3 mg Myo1C35-ΔTH1 from 2 × 109 Sf9 cells. The 

full-length isoforms of human Myo1C Myo1C0-FL (MW 118 kDa), Myo1C16-FL (MW 

119 kDa), Myo1C35-FL (MW 122) were co-produced with human CaM in HEK293SF-3F6 

cells with yields of ~0.1 mg homogeneous protein from 2 × 109 cells. The full-length Myo1C 

isoforms were purified and kindly supplied for functional characterization by the laboratory of 

Prof. Dr. Arnon Henn. Figure 11B shows representative gels with Coomassie blue staining for 

constructs of Myo1C-ΔTH1 isoforms and full-length isoforms. The presence of CaM for 

Myo1C-ΔTH1 isoforms and full-length isoforms reveal the capacity of the Myo1C IQ-motifs 

to bind CaM. 

The fraction of active myosin motors was determined by titration of the purified 

Myo1C-ΔTH1 isoforms with the fluorescent ATP analogue mant-ATP. Upon rapid mixing, 

the binding of mant-ATP to Myo1C-ΔTH1 is accompanied by an exponential increase in the 

fluorescence signal (Figure 11C). A secondary plot of normalised amplitudes against 

[mant-ATP] (0.05 to 0.30 µM) shows for the two constructs Myo1C0-ΔTH1 and 

Myo1C35-ΔTH1, a break-point in the data corresponding to about 60 % active motor 

molecules capable to bind mant-ATP (Figure 11D). The observed incompetent fraction with 

respect to mant-ATP binding is either the result of partial thermal unfolding or proteolytic 

cleavage during the purification process. 

 
3.1.2 Isoform-specific changes in the kinetic properties 

3.1.2.1 Actin-activated ATP turnover of Myo1C isoforms 

Table 2 Steady-state ATPase parameters for Myo1C-ΔTH1 isoforms 

 
Signal and measured 

parameter  

Myo1C0-ΔTH1 Myo1C35-ΔTH1 

Steady-state ATPase 

Kapp.actin (µM) 

kcat (s
-1) 

kcat/Kapp.actin (µM-1 s-1) 

 

NADH assay; K0.5 

NADH assay; kmax 

NADH assay; initial slope 

 

10.1 ± 0.8 

0.09 ± 0.01 

0.007 ± 0.001 

 

19.7 ± 2.5 

0.09 ± 0.01 

0.004 ± 0.001 

25 mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 0.5 mM DTT at 20°C. 
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In a previous study, performed by the laboratory of Prof. Dr. Arnon Henn in collaboration 

with the Manstein laboratory, the impact of the 16 and 35 residue NTEs of Myo1C16-FL and 

Myo1C35-FL compared to Myo1C0-FL was analysed in regard to kinetic properties 

(Zattelman et al., 2017). Here, I found isoform-specific changes of the 35 residue NTEs of 

Myo1C35-ΔTH1 to the kinetic properties of TH1-truncated Myo1C0 constructs. Steady-state 

ATPase measurements in the presence of actin (0 to 50 µM) were performed with 

Myo1C0-ΔTH1 and Myo1C35-ΔTH1. The parameters kcat, Kapp.actin, and kcat/Kapp.actin were 

obtained by fitting the data to the Michaelis-Menten equation (Figure 12A). The kcat is defined 

by the plateau value and corresponds for both Myo1C0-ΔTH1 and Myo1C35-ΔTH1 to 

0.09 ± 0.01 s-1. Kapp.actin is defined by the F-actin concentration of the half-maximal ATPase 

rate K0.5 yielding 10.1 ± 0.8 µM measured with Myo1C0-ΔTH1 and increases 2-fold to 

19.7 ± 2.5 µM measured with Myo1C35-ΔTH1. At low actin concentration the ATPase rate 

shows a linear dependency at increasing [F-Actin] with a slope yielding the apparent second 

order rate constant for actin-binding in the presence of ATP (kcat/Kapp.actin) (Figure 12B). The 

parameter kcat/Kapp.actin corresponds to the coupling efficiency between actin and nucleotide 

binding and was measured with 0.007 ± 0.001 µM-1 s-1 for Myo1C0-ΔTH1, while 

Myo1C35-ΔTH1 is 2-fold reduced to 0.004 ± 0.001 µM-1 s-1 (Table 2).  

 

 

Figure 12 Isoform specific differences in actin-activated Mg
2+

-ATPase activity. (A) 

Steady-state actin-activated ATPase rates against [F-actin] (0 to 50 µM) were measured in an NADH-

coupled assay using 0.1 µM Myo1C-ΔTH1 at 20°C. The parameters kcat and Kapp.actin were obtained by 

fitting the data to Michaelis-Menten equation. (B) The initial slope of the actin-activated ATPase rates 

against [F-actin] (0.5 to 3.0 µM) defines the apparent second order rate constant for actin binding in 

the presence of ATP kcat/Kapp.actin. All concentrations are given as final concentrations after rapid 

mixing. Error bars represent standard deviations from at least three determinations of each data point. 

Lines and symbols are shown in red blue for Myo1C0-ΔTH1 and Myo1C35-ΔTH1, respectively. 
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3.1.2.2 Transient kinetic analysis of Myo1C isoforms 

Table 3 Transient kinetic parameters for Myo1C-ΔTH1 isoforms 

 
Signal and measured 

parameter  

Myo1C0-ΔTH1 Myo1C35-ΔTH1 

ATP-induced dissociation  

of actomyosin 

Kα 

k+α (s
-1) 

k-α (s
-1)  

1/K1 (µM) 

k+2 (s
-1) 

K1k+2 (µM-1 s-1) a 

 

 

Pyrene-actin; Afast/Aslow 

Pyrene-actin, kmax,slow 

k+α / Kα (calc.) 

Pyrene-actin, K0.5,fast  

Pyrene-actin, kmax,fast 

Pyrene-actin, initial slope  

 

 

0.90 ± 0.03 

4.1 ± 0.2 

4.56 ± 0.37 

154 ± 31 

37.1 ± 1.6 

0.16 ± 0.01 

 

 

3.70 ± 0.20 

3.9 ± 0.2 

1.05 ± 0.11 

405 ± 79 

37.0 ± 2.0 

0.07 ± 0.01 

Actomyosin binding
 

(in absence of nucleotides) 

k+A (µM-1 s-1) b 

k-A (s
-1) 

KA (nM) 

 

 

Pyrene-actin, slope 

Pyrene-actin, kobs 

k-A / k+A (calc.) 

 

 

1.46 ± 0.07 

0.019 ± 0.001 

13.7 ± 0.1 

 

 

2.22 ± 0.08 

0.037 ± 0.001 

16.9 ± 0.2 

ATP hydrolysis
 

k+3 + k-3 (s
-1)  

 

Tryptophan, kmax 

 

74.6 ± 1.6  

 

75.7 ± 0.8  

Phosphate release
 

kobs (s
-1) c 

k+4 (s
-1) 

 

MDCC-PBP 

(calc.) 

 

0.021 ± 0.001  

0.07 ± 0.01 

 

0.010 ± 0.001  

0.07 ± 0.01 

ADP binding of actomyosin
 

K5 (µM) d 

k+5 (s
-1) (20°C) 

 (37°C) 

k-5 (µM-1 s-1) 

 

Pyrene-actin, Aslow/Atotal 

Pyrene-actin, kmin,slow 

 

 k+5 / K5 (calc.) 

 

0.46 ± 0.08 

1.59 ± 0.07 

7.8 ± 0.1 

3.45 ± 0.75 

 

0.23 ± 0.03 

0.87 ± 0.03 

3.8 ± 0.1  

3.78 ± 0.62 

25 mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 0.5 mM DTT at 20°C; a derived from the initial 

slope of the plot kobs,fast versus [ATP]; b derived from the slope of the plot kobs versus [actin]; c in the 

presence of 5 µM F-actin at 20°C, values for k+4 in the presence of saturating [actin] and at 20°C are 

estimated on the basis of the steady-state ATPase measurements; d derived from the fit Aslow/Atotal = 

[ADP] / (K5 + [ADP]). 

 
Biochemical analyses were performed to gain detailed insights into the impact of Myo1C 

isoform-specific NTE to single substeps of the ATPase cycle by stopped-flow measurements. 

First, I studied the ATP-induced dissociation of Myo1C-ΔTH1 constructs in the presence of 

filamentous actin. The rapid addition of ATP to acto•Myo1C-ΔTH1 promotes the dissociation 

of Myo1C0-ΔTH1 and Myo1C35-ΔTH1 from pyrene-labelled F-actin. The increase of the 

fluorescence signal is best described by a double exponential fit (Figure 13A). The values for 

the observed slow and fast rate constants kobs,slow and kobs,fast as well as the amplitudes of the 

slow and fast phase Aslow and Afast were analysed according to the model shown in Figure 8 

(Geeves et al., 2000; Adamek et al., 2008). 
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Figure 13 ATP-induced dissociation of pyrene-labelled acto•Myo1C0
-ΔTH1 and 

acto•Myo1C35
-ΔTH1. (A) Representative pyrene-fluorescence transients of ATP-induced 

dissociation of acto•Myo1C-ΔTH1 observed upon mixing 0.13 µM acto•Myo1C-ΔTH1 isoforms with 
0.03 or 3.0 mM ATP. The averaged fluorescence transients are best described by double exponential 

to yielding values of the parameters kobs,slow, kobs,fast, Aslow and Afast. (B) The ratio of the fast and slow 

amplitudes of the fluorescence transients against [ATP] were fitted to a hyperbola. The equilibrium 

constants for isomerisation of the nucleotide binding pocket Kα is defined by the plateau value of the 

ratio Afast/ Aslow. (C) The dependence of kobs,slow against [ATP] was fitted to a hyperbola. The first-order 

rate constant for the closed-to-open isomerisation of the nucleotide binding pocket k+α is defined by 

the plateau value. (D) The dependence of kobs,slow against [ATP] was best-described by a hyperbola in 

each case to obtain the parameters of the affinity of ATP for the actin-myosin complex 1/K1, the rate 

constant k+2 for the isomerisation after ATP binding and the apparent second order rate constants for 

ATP binding K1k+2. Fitted parameters are summarised in Table 3. All concentrations are given as final 

concentrations after rapid mixing. Error bars represent standard deviations from at least three 

determinations of each data point. Lines and symbols are shown in red and blue for Myo1C0-ΔTH1 
and Myo1C35-ΔTH1, respectively. 

The equilibrium constant Kα for the transition between A•M and A•M’ state is given by the 

ratio of fast to slow phase amplitude at saturating [ATP]. Kα was determined with values of 

0.90 ± 0.03 for Myo1C0-ΔTH1 and 3.70 ± 0.20 for Myo1C35-ΔTH1 (Figure 13B). The values 

of kobs,slow in dependence to [ATP] were best described by a hyperbola (Figure 13C). The 

kobs,slow at saturating [ATP] corresponds to the closed-to-open isomerisation rate k+α observed 

with 4.1 s-1 for Myo1C0-ΔTH1 and with 3.9 s-1 for Myo1C35-ΔTH1. The values of kobs,fast in 
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dependence to [ATP] were best described by a hyperbola (Figure 13D). At high [ATP] above 

2 mM the values for kobs,fast saturate and define the rate constant k+2 for the isomerisation that 

limits the conformational change from high to low actin affinity. The value of k+2 equals 37 s-1 

for both Myo1C0-ΔTH1 and Myo1C35-ΔTH1. The ATP concentration of the half-maximal 

kobs,fast defines the affinity of ATP for the actin-myosin complex 1/K1 observed with 

154 ± 31 µM for Myo1C0-ΔTH1 and as 405 ± 79 µM for Myo1C35-ΔTH1. At low ATP 

concentrations in the range of 5 to 50 µM kobs,fast are linearly dependent upon [ATP] with a 

slope yielding the second order rate constant for ATP binding K1k+2. K1k+2 is 2.4-fold reduced 

for Myo1C35-ΔTH1 compared to Myo1C0-ΔTH1 with values of 0.068 ± 0.002 µM-1 s-1 

and 0.162 ± 0.008 µM-1 s-1, respectively. Conformational changes of proteins around 

tryptophan residues alter their fluorescent signal, such as those induced by binding and 

hydrolysis of nucleotides within the myosin motor domain. The enhancement of the intrinsic 

fluorescence signal in myosins upon ATP binding is associated with a single conserved 

tryptophan residue near the relay helix (Trp433 for Myo1C0 (Adamek et al., 2008)). Here, 

Myo1C constructs with a C-terminally truncated lever arm and tail domain (Myo1C-1IQ) 

were used to reduce the number of tryptophan residues from 14 to 8, which decrease the 

contribution of the more distal tryptophan residues to the background fluorescence. Upon 

mixing ATP to Myo1C0-1IQ and Myo1C35-1IQ, the increase of the intrinsic tryptophan 

fluorescence was best described by a single exponential function (Figure 14A).  

 

Figure 14 ATP binding and hydrolysis of Myo1C
0
-1IQ and Myo1C

35
-1IQ. (A) ATP 

binding to Myo1C0-1IQ and Myo1C35-1IQ and ATP hydrolysis was followed upon mixing 0.5 µM 

Myo1C-1IQ with 1.0 or 2.0 mM ATP by the change in the intrinsic tryptophan fluorescence signal. 

The averaged fluorescence transients are best described by single exponential fits. (B) The dependence 

of kobs against [ATP] was fitted to a hyperbola. The plateau value yields the rate constant for the 

conformational change that limits ATP hydrolysis steps k+3 + k-3. Fitted parameters are summarised in 

Table 3. All concentrations are given as final concentrations after rapid mixing. Error bars represent 

standard deviations from at least three determinations of each data point. Lines and symbols are shown 

in red and blue for Myo1C0-1IQ and Myo1C35-1IQ, respectively. 
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The values for kobs increase with a hyperbolic dependence on [ATP] (Figure 14B). The rate 

constant for the conformational change that limits ATP hydrolysis k+3 + k-3 is defined by the 

plateau value and corresponds to 74.6 ± 1.6 s-1 for Myo1C0-1IQ and 75.7 ± 0.8 s-1 for 

Myo1C35-1IQ. To study the interaction of Myo1C-ΔTH1 isoforms with ADP, I preincubated 

both Myo1C0-ΔTH1 and Myo1C35-ΔTH1 with ADP to inhibit the ATP-induced dissociation 

of acto•Myo1C-ΔTH1 complexes. The rapid addition of 4 mM ATP to acto•Myo1C-ΔTH1 

preincubated with ADP in the range of 0.05 to 25 µM promotes the dissociation of 

Myo1C-ΔTH1 from pyrene-labelled F-actin accompanied by a biphasic increase in 

fluorescence signal (Figure 15A). Since ADP is in rapid equilibrium with A.M and A.M’ on 

the time scale of the slow phase of the reaction, the kobs,slow decreases with a hyperbolic 

dependence on [ADP] (Adamek et al., 2008) (Figure 15B). The kobs,slow at saturating [ADP] 

corresponds to the rate constant of ADP release k+5 with values of 1.59 ± 0.07 s-1 and 

0.87 ± 0.03 s-1 at 20°C and 7.8 ± 0.1 s-1 and 3.8 ± 0.1 s-1 at 37°C for acto•Myo1C0-ΔTH1 and 

acto•Myo1C35-ΔTH1, respectively. The ADP concentration of the half-maximal kobs,slow 

defines the apparent ADP affinity constant Kapp with values of 0.31 ± 0.13 µM for 

acto•Myo1C0 and 0.11 ± 0.03 µM for acto•Myo1C35. The relationship between K5, the overall 

dissociation equilibrium constant for ADP binding to acto•Myo1C, and the apparent 

equilibrium constant for ADP binding is defined by Kapp = (K5/ (1 + 1/Kα). The resulting 

calculated K5 values correspond to 0.65 ± 0.27 µM for acto•Myo1C0 and 0.15 ± 0.04 µM for 

acto•Myo1C35. A plot of the fraction of the slow amplitude against [ADP] show a hyperbolic 

dependence, which at half-saturation directly defines K5 giving values of 0.46 ± 0.08 µM for 

Myo1C0-ΔTH1 and 0.23 ± 0.03 µM for Myo1C35-ΔTH1 with a smaller margin of error than 

the calculated values (Figure 15C). The second order rate constants for ADP binding (k-5) 

were calculated from k+5/K5, yielding values of 3.45 ± 0.75 µM-1 s-1 and 3.78 ± 0.62 µM-1 s-1 

for acto•Myo1C0-ΔTH1 and acto•Myo1C35-ΔTH1. The release kinetics of the hydrolysis 

product Pi were determined from increasing fluorescence transients using the MDCC-labelled 

phosphate binding protein (Brune et al., 1994). Single exponential fits yield the observed rate 

constants of Pi release with 0.021 s-1 for acto•Myo1C0-ΔTH1 and 0.010 s-1 for acto•Myo1C35-

ΔTH1 in the presence of 5 µM actin (Figure 15D). Given that the steady-state kinetics in the 

presence of 5 µM compared to saturate [F-actin] show only a 15 % and 30 % maximal 

activation for Myo1C35-ΔTH1 and Myo1C0-ΔTH1, respectively, I estimated the maximum 

rates of Pi release k+4. Both Myo1C-ΔTH1 isoforms share the value for k+4 in the order of 

0.07 s-1, which approximates the limiting rate of ATP turnover of 0.09 ± 0.01 s-1. Changes can 

be due to minor differences in temperature or ionic strength conditions. 
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Figure 15 Interaction of the hydrolysis products ADP and Pi of Myo1C

0
-ΔTH1 and 

Myo1C
35

-ΔTH1 in the presence of pyrene-labelled actin. (A) Representative pyrene-

fluorescence transients of ATP-induced dissociation of acto•Myo1C-ΔTH1 in the presence of ADP. 
The averaged fluorescence transients are best described by double exponential yielding values of the 

parameters kobs,slow, kobs,fast, Aslow and Atotal. (B) The dependence of kobs,slow against [ADP] at 20°C was 

fitted to a hyperbola. K0.5 corresponds to the apparent affinity of ADP to acto•Myo1C-ΔTH1 Kapp. The 

rate constant for ADP dissociation k+5 is determined from the minimal kobs,slow at saturating [ADP]. (C) 

The fraction of the slow amplitude against [ADP] were fitted to a hyperbola with Aslow/Atotal = [ADP] / 

(K5 + [ADP]) to yield the parameter K5 as the overall dissociation equilibrium constant for ADP 

binding to acto•Myo1C. (D) Representative pyrene-fluorescence transients of the Pi product release 

from acto•Myo1C followed by double mixing with 1.8 µM of the phosphate sensor MDCC-PBP and 

5 µM F-actin after mixing. The averaged fluorescence transients are best described by single 

exponentials yielding the parameter of an apparent rate constant of phosphate release (kobs). Fitted 

parameters are summarised in Table 3. All concentrations are given as final concentrations after rapid 

mixing. Error bars represent standard deviations from at least three determinations of each data point. 

Lines and symbols are shown in red and blue for Myo1C0-ΔTH1 and Myo1C35-ΔTH1, respectively.  
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The affinities of Myo1C0-ΔTH1 and Myo1C35-ΔTH1 to actin filaments were analysed by the 

kinetic properties of Myo1C binding and dissociation of actin. The rate of Myo1C-ΔTH1 

binding to pyrene-labelled actin filaments k+A was measured by recording the single 

exponential decrease of the pyrene fluorescence signal that follows rapid mixing of the 

proteins. A secondary plot of the observed rate constants against [F-actin] in the range of 0.25 

to 3.0 µM shows linear dependencies (Figure 16A). The second order association rate 

constant k+A is defined by the slope of the fit line and increases 1.5-fold for Myo1C35-ΔTH1 

compared to Myo1C0-ΔTH1. The dissociation rate constant k-A of Myo1C-ΔTH1 from actin 

was determined by chasing pyrene-labelled actin with a large excess of unlabelled actin. 

Rapid mixing of 0.35 µM pyrene-acto•Myo1C-ΔTH1 and 10 µM unlabelled F-actin promotes 

an increase in the fluorescence signal best described by a single exponential function (Figure 

16B). The observed rate constant kobs corresponds to k-A, which is 2-fold slower for 

Myo1C0-ΔTH1 compared to Myo1C35-ΔTH1. The resulting equilibrium dissociation constant 

KA in the absence of nucleotides is given by the ratio of the rate constants k-A/k+A. KA was 

determined with values of 13.7 ± 0.1 nM for Myo1C0-ΔTH1 and 16.9 ± 0.2 nM for 

Myo1C35-ΔTH1 (Table 3).  

 

 

 

Figure 16 Actin interaction of Myo1C
0
-ΔTH1 and Myo1C35

-ΔTH1 in the absence of 

nucleotides. (A) Pyrene-fluorescence transients were quenched upon rapid mixing of Myo1C-ΔTH1 
isoforms to pyrene-actin. The averaged fluorescence transients are best described by single 

exponentials fits yielding values for kobs. The dependence of kobs against [F-actin] reveals a linear 

correlation in the range from 0.25 to 3.0 µM. The slope yields the value of the second order rate 

constant for actin binding k+A. (B) Averaged pyrene-fluorescence transients observed after chasing 

pyrene-actin from pyrene-acto•Myo1C with excess F-actin. The averaged fluorescence transients are 

best described by single exponential fits yielding values for the rates of actin dissociation k-A. Fitted 

parameters are summarised in Table 3. All concentrations are given as final concentrations after rapid 

mixing. Error bars represent standard deviations from at least three determinations of each data point. 

Lines and symbols are shown in red and blue for Myo1C0-ΔTH1 and Myo1C35-ΔTH1, respectively.  
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3.1.3 Isoform-specific changes in the mechanical motor properties 

Table 4 Mechanical parameters for Myo1C-ΔTH1 isoforms 

 
Signal and measured 

parameter  

Myo1C0-ΔTH1 Myo1C35-ΔTH1 

Motor properties 
Sliding velocity (nm s-1) 

kf0 (s
-1) a 

ki (s
-1) a 

w (nm) a 

Pmax (aW) b 

FPmax (pN) b 

Duty ratio (zero-load) c 

 

in vitro motility assay 

frictional load assay 

frictional load assay  

frictional load assay 

frictional load assay 

frictional load assay 

k+4 / (k+4 + k+5) (calc.) 

 

52.1 ± 4.9  

70.3 ± 3.6 

8.0 ± 0.1 

7.8 ± 0.4 

0.054 ± 0.002  

2.00 ± 0.07 

0.044 ± 0.002 

 

14.4 ± 4.2 

68.2 ± 3.9 

3.7 ± 0.2 

3.7 ± 0.1 

0.003 ± 0.001 

 0.45 ± 0.03 

0.075 ± 0.001 

20 mM imidazole pH 7.5, 50 mM KCl, 5 mM MgCl2, 2.0 mM EGTA at 37°C with ~3,600 motors per 

µm2; a derived from the equation described in chapter 2.2.22; b derived from the equation described in 

chapter 2.2.22 for a single motor and extended by a force term. c calculated by using the rate constants 

obtained from the transient kinetic analysis at 20°C 

Table 5 Kinetic and mechanical parameters for Myo1C-FL isoforms 

 Myo1C0-FL Myo1C16-FL Myo1C35-FL 

Steady-state ATPase
 a
 

kcat (s
-1) 

 

0.10 ± 0.01 

 

0.12 ± 0.02 

 

0.10 ± 0.01 

ADP binding of actomyosin
 a 

k+5 (s
-1)  

 

0.70 ± 0.10 

 

0.50 ± 0.02 

 

0.40 ± 0.03 

Motor properties 

Sliding velocity (nm s-1) 

 

23.1 ± 1.9 

 

9.4 ± 1.4 

 

5.0 ± 1.3 

Duty ratio (zero-load) 0.12 ± 0.02 0.19 ± 0.04 0.20 ± 0.03 

a Data from (Zattelman et al., 2017) measured in 20 mM MOPS, 50 mM potassium acetate, 2mM 

ATP, 2 mM MgCl2, 0.2 mM EGTA, 1mM DTT, pH 7 at 20°C 

 
3.1.3.1 Duty ratio of Myo1C isoforms 

The duty ratio is defined as the fraction of time that myosin spends in strong-binding states 

attached to F-actin during the ATPase cycle. The duty ratio of Myo1C was calculated by 

using the rate constants obtained from the transient kinetic analysis (Table 3). For class 1 

myosins, the rate of Pi release (k+4) gating the transition from myosin weak to strong F-actin 

bound states, whereas the rate of ADP release (k+5) is gating the opposite transition with the 

exit of Myo1C from the strong F-actin bound state (Mezgueldi et al., 2002; Lewis et al., 

2006). Accordingly, the duty ratio for the Myo1C-ΔTH1 isoforms is approximately equal 

to k+4/ (k+4 + k+5) which yield duty ratios of 0.044 ± 0.002 for Myo1C0-ΔTH1 and increases 

1.7-fold for Myo1C35-ΔTH1 with 0.075 ± 0.001 under low-load conditions at 20°C (Table 4). 
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3.1.3.2 Motility of Myo1C isoforms 

In vitro motility assays were employed to analyse isoform-specific differences in the motile 

activity of the NTE peptides on Myo1C motor function. The Myo1C-ΔTH1 constructs attach 

at the surface via immobilised antibodies, which are directed against the C-terminal His-tag of 

these constructs (Figure 9A). Both Myo1C0-ΔTH1 and Myo1C35-ΔTH1 supports continuous 

and smooth movement of actin filaments in the presence of ATP. The resulting trajectory-

associated sliding velocities were determined by performing a Gaussian fit to the trajectory 

distribution of a single flow cell and using the peak velocity (Figure 17A). At similar surface 

densities the averaged sliding velocities were determined for Myo1C0-ΔTH1 with 

52.1 ± 4.9 nm s-1 and 3.6-fold slower for Myo1C35-ΔTH1 with 14.4 ± 4.2 nm s-1 (Figure 17B 

and Table 4). The addition of excess CaM to all assay solutions shows no effect on the sliding 

velocity and supports the complete decoration of the IQ motifs with CaM (Figure 17C). In 

addition, the isoform-specific differences in the motile activity of human Myo1C-FL 

constructs were analysed on supported planar lipid bilayers containing 2 % phosphatidyl-

inositol-4,5-bisphosphate (PtdIns(4,5)P2) and 98 % dioleoylphosphocholine (Figure 9B). All 

three Myo1C-FL isoforms displayed continuous and smooth motility of actin filaments when 

flow-cells were loaded with solutions of 1 µM Myo1C-FL constructs. Under these conditions, 

the averaged sliding velocities of Myo1C0-FL, Myo1C16-FL, and Myo1C35-FL correspond to 

23.1 ± 1.9 nm s-1, 9.4 ± 1.4 nm s-1, and 5.0 ± 1.3 nm s-1 (Figure 17D and Table 5). It was 

previously shown that Myo1C0-FL in the presence of saturating [NTE35] peptide shows the 

same reduced kinetic parameters as Myo1C35-FL (Zattelman et al., 2017). Here, the filament 

sliding velocity of acto•Myo1C0-ΔTH1 reduces ~4-fold from 52.1 ± 4.9 nm s-1 to 12.1 ± 

4.3 nm s-1 in the presence of peptide NTE35 and decreases ~2-fold to 28.0 ± 5.3 nm s-1 in the 

presence of peptide NTE16 (Figure 17D). Based on a structural model that predicts a critical 

contact between residue Arg-21 of the NTE35 and residue Glu-469 in the relay loop 

(Zattelman et al., 2017), additional analysis of acto•Myo1C0-ΔTH1 in the presence of peptide 

NTE35R21G were performed. The filament sliding velocity reduces ~2-fold to 30.4 ± 3.2 nm s-1, 

according to the reduction in the presence of peptide NTE16 (Figure 17B). This result supports 

the model of an interaction between NTE and relay loop residues, which contributes to the 

functional properties of Myo1C35. 
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Figure 17 Isoform-specific changes of Myo1C motility. (A) Representative histogram of a 

single in vitro motility measurement shows the Gaussian distribution of the filament sliding velocity 

with >100 trajectories for Myo1C0-ΔTH1 and Myo1C35-ΔTH1 at 37°C (B) Box-and-whisker diagram 

of the average filament sliding velocities of Myo1C0-ΔTH1 (52.1 ± 4.9 nm s-1) and Myo1C35-ΔTH1 
(14.4 ± 4.2 nm s-1) are shown on the left side of the panel. Results obtained for Myo1C0-ΔTH1 in the 
presence of peptides NTE35 (12.1 ± 4.3 nm s-1), NTE16 (28.0 ± 5.3 nm s-1), and NTE35R21G 

(30.4 ± 3.2 nm s-1) are shown on the right side of the panel. (C) Dependence of the average filament 

sliding velocity on excess CaM, which was added to all assay buffer solutions. (D) Box-and-whisker 

diagram of averaged filament sliding velocities for Myo1C0-FL (23.1 ± 1.9 nm s-1), Myo1C35-FL 

(5.0 ± 1.3 nm s-1) and Myo1C16-FL (9.4 ± 1.4 nm s-1). Each data point in the box-and-whisker diagram 

represents the averaged filament sliding velocity of a single in vitro motility measurement with >100 

trajectories. Statistical significance was assessed by Student’s paired t test (2-tailed) and is assigned as 

follows: * (p < 0.05); ** (p < 0.01); *** (p < 0.001). Lines and symbols are shown in red for Myo1C0, 

orange for Myo1C16 and blue for Myo1C35 constructs.  

3.1.3.3 Force generation by isoform-specific Myo1C ensembles 

To examine the role of the NTE peptides on tuning myosin force development, I analysed the 

ability of the Myo1C isoforms to move actin filaments against external loads by frictional 

load assays at 37°C (Greenberg and Moore, 2010). These experiments based on the transient 

attachment of the actin-binding protein α-actinin to the actin filaments, which provide an 

external load (Figure 10). Increasing [α-actinin] counteracts the motive force of myosin and 

reduces the filament sliding velocity (Figure 18A). The stall force generated by [α-actinin] 
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was calculated as described in methods chapter 2.2.22. The load-dependent changes in the 

sliding velocities of Myo1C isoforms are best described by a force-dependent mechanism 

with two sequential transitions as previously derived by single-molecule measurements 

(Greenberg et al., 2012, 2015). The described model predicts a force-dependent and a force-

independent transition with associated rate constants kf(F) and ki. The dependence of the 

filament sliding velocity against force was fitted to the force-dependent equation with two 

sequential transitions as described in methods chapter 2.2.22 (Figure 18B).  

 

 
Figure 18 Isoform-specific changes of Myo1C in force generation and power output. (A) 

The mechanochemical behaviour of Myo1C0-ΔTH1 and Myo1C35-ΔTH1 by using frictional load assay 

(Greenberg and Moore, 2010). External loads applied by the addition of increasing [α-actinin] reduce 

the filament sliding velocity of actin driven by Myo1C-ΔTH1. (B) The data of ensemble of myosin 

motors were fitted to the force-dependent equation with two sequential transitions (described in 

chapter 2.2.22) to derive the force-independent rate (ki) and the force-dependent rate without external 

load (kf0) (Greenberg et al., 2012, 2015). (C) The power output of single motors was calculated from 

the product of the filament sliding velocity and the corresponding stall force. The data were fitted to 

the force-dependent equation extended with a force-term to determine the maximum power output 

(Pmax) and the force where the power output reaches its peak (FPmax). (D) Normalisation of power-force 

relationships results in bell-shaped curves for Myo1C0-ΔTH1 and Myo1C35-ΔTH1, which show minor 

differences only in the high load range. Error bars represent standard deviations from at least three 

determinations of each data point. Lines and symbols are shown in red and blue for Myo1C0-ΔTH1 
and Myo1C35-ΔTH1. 
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By assuming power stroke displacements (w) of 7.8 nm and 3.7 nm for Myo1C0-ΔTH1 and 

Myo1C35-ΔTH1, respectively, I obtained for the force-dependent rate in the absence of 

external loads (kf0) similar values of 70.3 ± 3.6 s-1 for Myo1C0-ΔTH1 and 68.2 ± 3.9 s-1 for 

Myo1C35-ΔTH1, whereas the force-independent rate decreases 2-fold from 8.0 ± 0.1 s-1 for 

Myo1C0-ΔTH1 to 3.7 ± 0.2 s-1 for Myo1C35-ΔTH1 (Table 4). The observed ki values for 

Myo1C0-ΔTH1 and Myo1C35-ΔTH1 are similar to the rates of unloaded ADP release (k+5) 

measured at 37°C, with values of 7.8 ± 0.1 s-1 for Myo1C0-ΔTH1 and 3.8 ± 0.1 s-1 for 

Myo1C35-ΔTH1 (Table 3). A secondary plot of the power output against force was generated 

by extending the data of the filament sliding velocity with the respective force term and by 

estimating the number of interacting motors. The force-power relationships for 

Myo1C0-ΔTH1 and Myo1C35-ΔTH1 were fitted by extending the equation of the force-

dependent mechanism with a force term (Figure 18C). The resulting bell-shaped curves define 

the maximum power output per Myo1C motor (Pmax) and the force at which maximum power 

output (FPmax) occurs. Here, I observed 0.054 ± 0.002 aW at 2.00 ± 0.07 pN for 

Myo1C0-ΔTH1 and 0.003 ± 0.001 aW at 0.45 ± 0.03 pN for Myo1C35-ΔTH1. Normalisation 

of the force-power relationships shows that the relative force dependencies are similar for 

Myo1C0-ΔTH1 and Myo1C35-ΔTH1 (Figure 18D). 
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3.2 REGULATION OF MYO1C BY TPM ISOFORMS  

3.2.1 Purification of proteins for in vitro reconstitution of 

acto•Myo1C•Tpm complexes 

To analyse the impact of isoform-dependent changes in the filament track on Myo1C motor 

activity, I reconstituted filaments consisting of human cytoplasmic β-actin and γ-actin in the 

absence and presence of selected cytoplasmic Tpm isoforms. The recombinant actin isoforms 

were produced in Sf9 cells and purified by affinity chromatography using His-tagged gelsolin 

as described in methods chapter 2.2.15. Polymerisation followed by depolymerisation 

increases the purity and yields to >95 % functional actin. Figure 19A shows a representative 

SDS-PAGE of the polymerised and non-polymerised fractions of purified β-actin and γ-actin 

compared to α-actin purified from skeletal muscle tissue (chapter 3.1.1). Typical yields were 

1.4 mg β-actin and 3.3 mg γ-actin from 2 × 109 Sf9 cells.  

Human Tpm isoforms as listed in Table 6 were produced and extracted from E. coli cells by 

heat treatment, serial pH-induced precipitation and resolubilisation steps followed by ion 

exchange chromatography as described in methods chapter 2.2.16. Figure 19B shows a 

representative SDS-PAGE of selected isoforms Tpm1.6, Tpm1.7, Tpm2.1 and Tpm3.1 

purified to near homogeneity (>90 %). Typical yields were in the range from 50 to 90 mg 

homogeneous Tpm starting from 1 litre cultured E. coli cells.  

The chimeric construct of TH1-truncated myosin-1C (Myo1CLoop4NM2C) is based on 

Myo1C0-ΔTH1 and has loop 4 replaced with loop 4 from NM2C. The mutant construct was 

generated by mutagenesis-based substitution as described in chapter 2.2.4. The chimeric 

protein was produced and purified similar to the Myo1C0-ΔTH1 construct (chapter 3.1.1). 

Typical yields were in the range of 0.5 mg homogenous protein from 2 × 109 Sf9 cells.  

 

Table 6 List of selected human Tpm isoforms 

Formal name Alternate name Gene Exon usage Accession  
number 

MW  

(kg/mol) 
Tpm1.6cy (a.b.b.d) Tm2 TPM1(α) 1a.2b.3.4.5.6b.7.8.9d NP_001018004.1 32.7 

Tpm1.7cy (a.b.a.d) Tm3; Tm1.4 TPM1(α) 1a.2b.3.4.5.6a.7.8.9d NP_001018006.1 32.9 

Tpm1.12br (b.-.b.c) TmBr3; Tmbrα TPM1(α) 1b.__.3.4.5.6b.7.8.9c NP_001018008.1 28.4 

Tpm2.1sm/cy (a.b.a.d.) Tm smβ; smooth Tm TPM2(β) 1a.2b.3.4.5.6a.7.8.9d NP_998839.1 33.0 

Tpm3.1cy (b.-.a.d) Tm5NM1 TPM3(γ) 1b.__.3.4.5.6a.7.8.9d NP_689476.2 29.0 

Tpm4.2cy (b.-.b.d.) Tm4 TPM4(δ) 1b.__.3.4.5.6b.7.8.9d NP_003281.1 28.5 

Nomenclature, exon usage and accession numbers for human full-length Tpm sequences 
according to (Geeves et al., 2015). 



Results 
 

53 
 

 
 
Figure 19 Purification of proteins for the acto•Myo1C•Tpm complex. (A) Representative 

Coomassie-stained gel of α-actin purified from skeletal muscle tissue and recombinant cytoplasmic β- 

and γ-actin. After polymerisation and subsequent centrifugation, >95 % of the actin protein 

sedimented into the pellet fraction (P). (B) Representative Coomassie-stained gel of selected Tpm 

isoforms. 

 

3.2.2 Actin isoform-dependent impact on Myo1C kinetics and motility 

Table 7 Kinetic and mechanical parameters of Myo1C interaction with actin isoforms 

 
Signal and measured 

parameter  
α-actin β-actin γ-actin 

Steady-state ATPase 

Kapp.actin (µM) 

kcat (s
-1) 

kcat/Kapp.actin (µM-1 s-1) 

 

NADH assay; K0.5 

NADH assay; kmax 

NADH assay; initial slope 

 

12.7 ± 0.7 

0.37 ± 0.01 

0.024 ± 0.001 

 

12.4 ± 0.9 

0.37 ± 0.01 

0.022 ± 0.001 

 

12.2 ± 0.9 

0.35 ± 0.01 

0.021 ± 0.001 

Motor properties 

Sliding velocity (nm s-1) 
 

In vitro motility 

 

52.1 ± 4.9 

 

49.7 ± 3.6 

 

49.8 ± 2.3 

25 mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 0.5 mM DTT at 37°C. 

 

To elucidate the role of physiologically relevant actin isoforms on the enzymatic competence 

of Myo1C, I measured actin-activated steady-state ATPase activity. Here, steady-state 

ATPase measurements in the presence of actin (0 to 40 µM) were performed at 37°C. The 

parameters kcat, Kapp.actin, and kcat/Kapp.actin were obtained by fitting the data to the Michaelis-

Menten equation (Figure 20A). The three isoforms skeletal α-actin, cytoplasmic β-actin and 

cytoplasmic γ-actin show negligible isoform-dependent changes to the ATPase activity of 

Myo1C (Table 7). kcat corresponds for α- and β-actin to 0.37 ± 0.01 s-1 and in the case of 

γ-actin to 0.35 ± 0.01 s-1. Kapp.actin was determined with values of 12.7 ± 0.7 µM for α-actin, 

12.4 ± 0.9 µM for β-actin and 12.2 ± 0.9 µM for γ-actin. The impact of the actin isoforms on 
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the values of kcat/Kapp.actin are small with 0.024 ± 0.001 µM-1 s-1, 0.022 ± 0.001 µM-1 s-1 and 

0.021 ± 0.001 µM-1 s-1 for α-actin, β-actin and γ-actin, respectively. Although the overall 

ATPase activity of Myo1C shows minor changes between the different actin isoforms, 

conformational changes associated with ADP release are able to affect the velocity without 

limiting ATP turnover of Myo1C (Adamek et al., 2008). In vitro motility assays were 

employed to analyse actin isoform-specific differences in the motile activity of Myo1C motor 

function. The Myo1C constructs were attached to the surface via immobilised antibodies that 

are directed against the C-terminal His-tag (Figure 9A). Myo1C supports continuous and 

smooth movement of the filaments in the presence of ATP, irrespective of the actin isoforms. 

The averaged sliding velocities show minor actin isoform-specific changes with 52.1 ± 

4.9 nm s-1 for α-actin, 49.7 ± 3.6 nm s-1 for β-actin and 49.8 ± 2.3 nm s-1 for γ-actin (Figure 

20B and Table 7). These results support a minor role of the actin isoforms in fine-tuning the 

mechanochemical properties of Myo1C.  

 

 

 

Figure 20 Impact of actin isoforms in actin-activated Mg
2+

-ATPase activity and motility 

activity of Myo1C. (A) Steady-state actin-activated ATPase rates against [F-actin] (0 to 40 µM) 

were measured in an NADH-coupled assay using 0.1 µM Myo1C at 37°C. The parameters kcat, Kapp.actin 

and kcat/Kapp.actin were obtained by fitting the data to Michaelis-Menten equation. kcat corresponds to the 

plateau value, Kapp.actin correspond to K0.5 and kcat/Kapp.actin corresponds to the initial slope of the actin-

activated ATPase rates at lower [F-actin] than Kapp.actin. All concentrations are given as final 

concentrations after rapid mixing. Error bars represent standard deviations from at least three 

determinations of each data point. (B) Box-and-whisker diagram of the average filament sliding 

velocities of Myo1C with α-actin (52.1 ± 4.9 nm s-1), β-actin (49.7 ± 3.6) and γ-actin (49.8 ± 2.3). 

Each data point in the box-and-whisker diagram represents the averaged filament sliding velocity of a 

single in vitro motility measurement with >100 trajectories. Lines and symbols are shown in red, 

violet and petrol for α-actin, β-actin and γ-actin, respectively. 
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3.2.3 Tpm-dependent changes of acto•Myo1C kinetics and motor 

properties 

As actin show negligible isoform-specific effects to regulate kinetic and mechanical 

properties of Myo1C, I studied the Tpm-dependent modulation of Myo1C in the presence of 

acto•Tpm cofilaments. At the level of actin filaments, further functional diversification is 

achieved by the formation of cofilaments with the more than 40 isoforms of the Tpm protein 

family. Based on the use of alternative promoters, the Tpms have been subdivided into high 

molecular weight Tpms that consist of 284 or 285 amino acids and low molecular weight 

Tpms that consist of 245 to 248 amino acids, which members are more diversified by 

additional alternative splicing. For analysis of Tpm isoform-specific effects, I selected 

3 HMW (Tpm1.6, Tpm1.7 and Tpm2.1) and 3 LMW (Tpm1.12, Tpm3.1, and Tpm4.2) 

cytoplasmic Tpm isoforms (Table 6). Here, the Tpm isoform Tpm1.7 and Tpm3.1 were used 

for detailed analysis, due to the similar exon usage with the exception of the exon 1. 

 

3.2.3.1 Tpm modulates the actin-activated ATP turnover of Myo1C 

Table 8 Steady-state ATPase parameters for Myo1C interaction with acto•Tpm 
cofilaments 

 
Signal and measured 

parameter  
No Tpm Tpm1.7 Tpm3.1 

Steady-state ATPase 

Kapp.actin (µM) 

kcat (s
-1) 

kcat/Kapp.actin (µM-1 s-1) 

 

NADH assay; K0.5 

NADH assay; kmax 

NADH assay; initial slope 

 

12.7 ± 0.7 

0.37 ± 0.01 

0.024 ± 0.001 

 

11.0 ± 0.6 

0.24 ± 0.01 

0.015 ± 0.001 

 

12.0 ± 0.8 

0.25 ± 0.01 

0.016 ± 0.001 

Kapp.Tpm (µM) NADH assay; K50 % --- 2.7 ± 0.5 3.5 ± 0.2 

25 mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 0.5 mM DTT at 37°C. 

 

It was previously reported that Tpm isoforms have regulatory effects on the enzymatic and 

motor capability of NM2s (Hundt et al., 2016; Pathan-Chhatbar et al., 2018). Here, I observe a 

Tpm-dependent reduction of the kinetic properties of Myo1C (Table 8). Steady-state ATPase 

measurements with acto•Tpm cofilaments in the presence of up to 40 µM actin were 

performed with Myo1C. The parameters kcat, Kapp.actin, and kcat/Kapp.actin were obtained by 

fitting the data to the Michaelis-Menten equation (Figure 21A). The values of Kapp.actin were 

observed with 12.7 ± 0.7 µM in the absence of Tpm, 11.0 ± 0.6 µM in the presence of Tpm1.7 

and 12.0 ± 0.8 µM in the presence of Tpm3.1. kcat decreases by 35 % from 0.37 ± 0.01 s-1 in 
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the absence of Tpm to 0.24 ± 0.01 s-1 and 0.25 ± 0.01 s-1 in the presence of Tpm1.7 and 

Tpm3.1, respectively. In the absence of Tpm, kcat/Kapp.actin corresponds to 0.024 ± 

0.001 µM-1 s-1 compared to 0.015 ± 0.001 µM-1 s-1 in the presence of Tpm1.7 and 0.016 ± 

0.001 µM-1 s-1 in the presence of Tpm3.1. To analyse in detail the isoform-specific Tpm 

binding to the actin filaments, I observed the Tpm-induced transition of the actin-activated 

ATP turnover at 10 µM F-actin by a Tpm titration from 0 to 30 µM. The data of the ATP 

turnover in dependence of [tropomyosin] were fitted to the Boltzmann sigmoidal equation 

(Figure 21B). Kapp.Tpm is defined as the Tpm concentration at which the 50 % threshold of the 

ATPase rate K50 % is reached. The values of Kapp.Tpm are similar with 2.7 ± 0.5 µM for Tpm1.7 

and 3.5 ± 0.2 µM for Tpm3.1. My results indicate an impact of Tpm isoforms to inhibit 

Myo1C actin-activated ATPase activity. 

 

 
 
Figure 21 Impact of Tpm isoforms in actin-activated Mg

2+
-ATPase activity of Myo1C. 

(A) Steady-state actin-activated ATPase rates against [F-actin] (0 to 40 µM) were measured in an 

NADH-coupled assay using 0.1 µM Myo1C at 37°C. In the case of acto•Tpm cofilaments, actin 
filaments were decorated with saturating amounts of 10 µM Tpm. The parameters kcat, Kapp.actin and 

kcat/Kapp.actin were obtained by fitting the data to Michaelis-Menten equation. kcat corresponds to the 

plateau value, Kapp.actin correspond to K0.5 and kcat/Kapp.actin corresponds to the initial slope of the actin-

activated ATPase rates at lower [F-actin] than Kapp.actin. (B) Steady-state actin-activated ATPase rates 

against [tropomyosin] (0 to 30 µM), which decorates 10 µM F-actin, were measured in an NADH-

coupled assay using 0.1 µM Myo1C at 37°C. The parameter Kapp.Tpm was obtained by fitting the data to 

Boltzmann sigmoidal equation. Kapp.Tpm corresponds to the concentration at the 50 % threshold of the 

actin-activated ATPase rate K50 %. All concentrations are given as final concentrations after rapid 

mixing. Error bars represent standard deviations from at least three determinations of each data point. 

Note the offset of the ordinate. Lines and symbols are shown in in red, orange and blue for No Tpm, 

Tpm1.7 and Tpm3.1, respectively.  
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3.2.3.2 The influence of acto•Tpm cofilaments on Myo1C affinity  

In the case of muscle acto•Tpm cofilaments, Tpm physically blocks the binding of myosin to 

F-actin at low calcium levels, also known as steric blocking hypothesis (Spudich and Watt, 

1971; Parry and Squire, 1973; Lehman et al., 2013). To investigate the influence of Tpm on 

the limitation of binding sites for Myo1C on actin filaments, I performed co-sedimentation 

assays in the absence of nucleotides as described in methods chapter 2.2.19.  

 

 

Figure 22 Binding of Myo1C to acto•Tpm cofilaments. (A) Representative Coomassie-stained 

gel of myosin affinity to acto•Tpm cofilaments were measured by co-sedimentation assays using 1 µM 

Myo1C and 12 µM F-actin. In the case of acto•Tpm cofilaments, actin filaments were decorated with 
saturating amounts of 10 µM Tpm. Following centrifugation at 100.000 ×g for 30 min equivalent 

volumes of the pellet and supernatant were analysed by SDS-PAGE. (B) Analysis of the binding of 

Myo1C to acto•Tpm cofilaments. The relative band intensities of Myo1C from the SDS-PAGE were 

determined by densitometry. The ratio of the band intensities of pellet versus supernatant corresponds 

to the fraction of bound and unbound Myo1C at F-actin. (C) Representative Coomassie-stained gel of 

myosin affinity to acto•Tpm cofilaments were measured by co-sedimentation assays using 1 µM 

Myo1C and 1 µM F-actin in the absence or presence of 10 µM Tpm3.1. (D) Densitometric analysis of 

Myo1C bands from the SDS-gel shows the fraction of bound and unbound Myo1C at F-actin in the 

absence or presence of Tpm3.1. 
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Specifically, 12 µM F-actin was preincubated with 10 µM Tpm followed by the addition of 

1 µM Myo1C. After sedimentation, pellet and supernatant were separated and the fractions 

were analysed by Coomassie-stained SDS-PAGE (Figure 22A). Myo1C corresponds to the 

top band (MW 100 kDa), followed by G-actin (MW 42 kDa) and the lower band 

corresponding to Tpm (MW in the range of 28 to 33 kDa). Densitometric analyses of the 

myosin bands define the amount of myosin bound to filamentous actin from the pellet fraction 

and the unbound myosin from the supernatant fraction (Figure 22B). In the absence of 

acto•Tpm cofilaments, a fraction of the Myo1C protein of 86 % was found in the supernatant. 

In the presence of Tpm-free actin filaments, the fraction of bound Myo1C to F-actin was with 

88 % similar to the acto•Tpm cofilaments in the range of 85 to 87 %. To confine potential 

undecorated myosin binding sites on the actin filament, the co-sedimentation assay was 

repeated with a 1:1 molar ratio of actin to myosin (Figure 22C). The fraction of bound myosin 

reduces to 79 % for Tpm-free F-actin (Figure 22D). In the case of acto•Tpm3.1 cofilaments, 

the fraction of bound myosin shows with 78 % negligible changes compared to Tpm-free 

F-actin.  

As previously described, cytoplasmic Tpms remain in an open functional state that enables 

myosin-binding without physical blocking (von der Ecken et al., 2015). Cooperative 

enhancement of the binding of Tpm and myosin to F-actin was shown by (Pathan-Chhatbar et 

al., 2018). Thus, the dissociation equilibrium constant KA of Myo1C to acto•Tpm cofilaments 

was determined by measuring actin binding rate constant k+A and actin dissociation rate 

constant k-A of Myo1C in the presence of Tpm. k+A was measured by recording the pyrene 

fluorescence signal that accompanies the formation of acto•Myo1C•Tpm complexes upon 

rapid mixing of the proteins. The transients followed a single exponential decrease of the 

fluorescence signal and the observed rate constants were plotted against [F-actin] in the range 

of 0.25 to 3.0 µM (Figure 23A). Linear fits to the data yielded k+A from the slope of the fit 

line, which reveals similar binding kinetics in the absence of Tpm with 1.46 ± 0.07 s-1 and in 

the presence of Tpm1.7 or Tpm3.1 with 1.33 ± 0.03 s-1 and 1.36 ± 0.03 s-1, respectively. The 

dissociation of Myo1C from acto•Tpm cofilaments was determined by the displacement of 

bound pyrene-labelled actin with a large excess of unlabelled actin. Rapid mixing is followed 

by an increase in the fluorescence signal that is best described by a single exponential 

function (Figure 23B). The observed rate constant kobs corresponds directly to the dissociation 

rate constant k-A, which increases from 0.019 ± 0.001 s-1 in the absence of Tpm to 0.025 ± 

0.001 s-1 in the presence of both Tpm1.7 and Tpm3.1. KA was calculated by the ratio of the 

rate constants k-A/k+A and corresponds to 13.7 ± 0.1 nM in the absence of Tpm and to 19.6 ± 
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0.2 µM and 18.4 ± 0.3 µM in the presence of Tpm1.7 and Tpm3.1, respectively (Table 9). The 

results of the co-sedimentation assay and the transient kinetic analysis indicate that Myo1C in 

the presence of acto•Tpm cofilaments binds similar to Tpm-free F-actin. This suggests that a 

kinetic step of the ATPase cycle is affected in the case that Myo1C is bound to acto•Tpm 

cofilaments. 

 

 

 

Figure 23 Impact of Tpm isoforms to the actin interaction of Myo1C in the absence of 

nucleotides. (A) Pyrene-fluorescence transients were quenched upon rapid mixing of 0.25 µM 

Myo1C to pyrene-labelled F-actin in the absence or presence of Tpm. The averaged fluorescence 

transients are best described by single exponentials yielding values for kobs. The dependence of kobs 

against [F-actin] shows a linear dependency in the range from 0.25 to 3.0 µM. The slope yields the 

value of the second order rate constants for binding to actin k+A. (B) Averaged pyrene-fluorescence 

transients observed after chasing pyrene-actin from the pyrene-actomyosin-tropomyosin complex with 

excess acto•Tpm cofilaments. The averaged fluorescence transients are best described by single 

exponentials yielding values for the rates of actin dissociation k-A. Fitted parameters are summarised in 

Table 9. All concentrations are given as final concentrations after rapid mixing. In the case of 

acto•Tpm cofilaments, the final concentrations of 10 µM Tpm after rapid mixing provide the complete 

decoration of F-actin with Tpm. Error bars represent standard deviations from at least three 

determinations of each data point. Lines and symbols are shown in red, orange and blue for No Tpm, 

Tpm1.7 and Tpm3.1, respectively. 

 

3.2.3.3 Transient kinetic analysis of acto•Myo1C•Tpm complexes 

It has been previously reported that regulation of actin-activated ATPase activity by Tpm 

complexes was not in all cases due to blocking of myosin binding, instead Tpm induced 

conformational changes within the myosin motor domain enables modulation of kinetic steps 

in the ATPase cycle (Chalovich and Eisenberg, 1982; Hundt et al., 2016). Biochemical 

analyses were performed to gain insight into the impact of Tpm isoforms to single substeps of 

the ATPase cycle by stopped-flow measurements. 
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Table 9 Transient kinetic parameters for Myo1C with acto•Tpm cofilaments 

 
Signal and measured 

parameter  
No Tpm Tpm1.7 Tpm3.1 

ATP-induced dissociation  

of actomyosin 

Kα 

k+α (s
-1) (20°C) 

(37°C) 

k-α (s
-1)  

1/K1 (µM) 

k+2 (s
-1) (20°C) 

(37°C) 

K1k+2 (µM-1 s-1) a 

 

 

Pyrene-actin; Afast/Aslow 

Pyrene-actin, kmax,slow 

 

k+α / Kα (calc.) 

Pyrene-actin, K0.5,fast  

Pyrene-actin, kmax,fast 

 

Pyrene-actin, initial slope 

 

 

0.90 ± 0.03 

4.1 ± 0.2 

9.7 ± 0.4 

4.56 ± 0.37 

154 ± 31 

37.1 ± 1.6 

69.5 ± 1.9 

0.16 ± 0.01 

 

 

0.76 ± 0.06 

3.2 ± 0.2 

10.7 ± 0.8 

4.21 ± 0.46 

136 ± 14 

23.0 ± 0.5 

70.1 ± 1.8 

0.12 ± 0.01 

 

 

0.73 ± 0.06 

3.2 ± 0.2 

9.9 ± 0.3 

4.38 ± 0.63 

134 ± 19 

22.3 ± 0.7 

76.8 ± 1.7 

0.12 ± 0.01 

Actomyosin binding
 

(in absence of nucleotides) 

k+A (µM-1 s-1) b 

k-A (s
-1) 

KA (nM) 

 

 

Pyrene-actin, slope 

Pyrene-actin, kobs 

k-A / k+A (calc.) 

 

 

1.46 ± 0.07 

0.019 ± 0.001 

13.7 ± 0.1 

 

 

1.33 ± 0.03 

0.025 ± 0.001 

19.6 ± 0.2 

 

 

1.36 ± 0.04 

0.025 ± 0.001 

18.4 ± 0.3 

Phosphate release
 

kobs (s
-1) c 

k+4 (s
-1) 

 

MDCC-PBP 

(calc.) 

 

0.021 ± 0.001  

0.07 ± 0.01  

 

0.015 ± 0.001 

0.05 ± 0.01  

 

0.015 ± 0.001 

0.05 ± 0.01 

ADP binding of actomyosin
 

K5 (µM) d 

k+5 (s
-1) (20°C) 

 (37°C) 

k-5 (µM-1 s-1) 

 

Pyrene-actin, Aslow/Atotal 

Pyrene-actin, kmin,slow 

 

 k+5 / K5 (calc.) 

 

0.46 ± 0.08 

1.59 ± 0.07 

7.8 ± 0.1 

3.45 ± 0.75 

 

0.32 ± 0.17 

1.11 ± 0.09 

7.3 ± 0.3 

3.47 ± 2.12 

 

0.29 ± 0.15 

1.05 ± 0.05 

7.1 ± 0.2 

3.62 ± 2.05 

25 mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 0.5 mM DTT at 20°C, unless otherwise specified; 
a derived from the initial slope of the plot kobs,fast versus [ATP]; b derived from the slope of the plot kobs 

versus [actin]; c in the presence of 5 µM F-actin at 20°C, values for k+4 in the presence of saturating 

[actin] and at 20°C are estimated on the basis of the steady-state ATPase measurements; d derived from 

the fit Aslow/Atotal = [ADP] / (K5 + [ADP]). 

 

At first, I studied the ATP-induced dissociation of Myo1C in the presence of acto•Tpm 

cofilaments. The rapid addition of ATP to acto•Myo1C promotes the dissociation of Myo1C 

from pyrene-labelled F-actin accompanied by a biphasic increase in the fluorescence signal 

(Figure 24A). The reaction is best fitted by two exponentials, which yields parameters for 

kobs,slow and kobs,fast as well as Aslow and Afast according to the model shown in Figure 8 (Geeves 

et al., 2000; Adamek et al., 2008). The ratio of the fast and slow amplitudes upon [ATP] 

shows a hyperbolic dependence that saturate to a plateau value yielding the equilibrium 

constant Kα for the transition between A•M and A•M’ state of the Myo1C nucleotide binding 

pocket (Figure 24B). Kα was determined with 0.90 ± 0.03 in the absence of Tpm and reduces 

by 15 % and 19 % to 0.76 ± 0.06 and 0.73 ± 0.06 in the presence of Tpm1.7 and Tpm3.1, 
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respectively. The values of kobs,slow have a hyperbolic dependence to [ATP] (Figure 24C). At 

saturating [ATP], the closed-to-open isomerisation rate for the nucleotide binding pocket k+α 

of Myo1C was observed with 4.1 s-1 in the absence of Tpm and with 3.2 ± 0.02 s-1 in the 

presence of both Tpm1.7 and Tpm3.1. 

 

 

Figure 24 ATP-induced dissociation of pyrene-labelled acto•Myo1C•Tpm complexes. (A) 

Representative pyrene-fluorescence transients of ATP-induced dissociation of acto•Myo1C•Tpm 

complexes observed upon mixing 0.13 µM acto•Myo1C•Tpm isoforms with 0.03 or 3.0 mM ATP. The 
averaged fluorescence transients are best described by double exponential to yielding values of the 

parameters kobs,slow, kobs,fast, Aslow and Afast. (B) The ratio of the fast and slow amplitudes of the 

fluorescence transients against [ATP] were fitted to a hyperbola. The equilibrium constants for 

isomerisation of the nucleotide binding pocket Kα is defined by the plateau value of the ratio 

Afast/Aslow. (C) The dependence of kobs,slow against [ATP] was fitted to a hyperbola. The first-order rate 

constant for the closed-to-open isomerisation of the nucleotide binding pocket k+α is defined by the 

plateau value. (D) The dependence of kobs,slow against [ATP] was best-described by a hyperbola in each 

case to obtain the parameters of the affinity of ATP for the actin-myosin complex 1/K1, the rate 

constant k+2 for the isomerisation after ATP binding and the apparent second order rate constants for 

ATP binding K1k+2. Fitted parameters are summarised in Table 9. In the case of acto•Tpm cofilaments, 
the final concentrations of 10 µM Tpm after rapid mixing provide the complete decoration of F-actin 

with Tpm. Error bars represent standard deviations from at least three determinations of each data 

point. Lines and symbols are shown in red, orange and blue for No Tpm, Tpm1.7 and Tpm3.1, 

respectively. 
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The values of kobs,fast in dependence to [ATP] were best described by a hyperbola, which 

yields the rate constant k+2 at saturating [ATP] and 1/K1 at ATP concentration of the half-

maximal kobs,fast (Figure 24D). In the case of the ATP affinity for Myo1C in complex with 

acto•Tpm cofilaments, 1/K1 was determined as 154 ± 31 µM in the absence of Tpm, 136 ± 

14 µM in the presence of Tpm1.7 and 134 ± 19 µM in the presence of Tpm3.1. The values of 

k+2 for Myo1C are reduced by 25 % to 3.2 ± 0.2 s-1 for both Tpm1.7 and Tpm3.1 compared to 

4.1 ± 0.2 s-1 in the absence of Tpm. At low ATP concentrations in the range of 10 to 50 µM, 

the second order rate constant for ATP binding K1k2 of Myo1C corresponds to the linear slope 

of kobs,fast upon [ATP]. K1k2 shows a 25 % reduction from 0.16 ± 0.01 µM-1 s-1 in the absence 

of Tpm compared to 0.12 ± 0.01 µM-1 s-1 in the presence of Tpm1.7 and Tpm3.1. To study the 

impact of the Tpm isoforms to the interaction of Myo1C with ADP, I analysed the ADP based 

inhibition of the ATP-induced dissociation of acto•Myo1C•Tpm complexes. The rapid 

addition of 4 mM ATP constant to acto•Myo1C•Tpm complexes preincubated with ADP 

promotes the dissociation of Myo1C from pyrene-labelled F-actin accompanied by a biphasic 

increase in fluorescence signal (Figure 25A). [ADP] in the range of 0.05 to 25 µM decreases 

the kobs,slow with a hyperbolic dependence (Figure 25B). At saturating [ADP], the rate constant 

of ADP release k+5 for acto•Myo1C complex was observed with values of 1.59 ± 0.07 s-1, 

1.11 ± 0.09 s-1 and 1.05 ± 0.05 s-1 for Tpm-free, Tpm1.7 and Tpm3.1, respectively. The 

apparent equilibrium constant for ADP binding Kapp was determined at ADP concentration of 

the half-maximal kobs,slow with values of 0.31 ± 0.13 µM in the absence of Tpm and 

0.23 ± 0.02 µM in the presence of both Tpm1.7 and Tpm3.1. Kapp is related to the overall 

dissociation equilibrium constant for ADP binding to acto•Myo1C K5 by the equation 

Kapp = (K5/ (1 + 1/Kα). The resulting calculated K5 values of acto•Myo1C correspond to 

0.65 ± 0.27 µM in the absence of Tpm and 0.53 ± 0.09 µM in the presence of Tpm1.7 and 

0.55 ± 0.09 µM in the presence of Tpm3.1. A plot of the fraction of the slow amplitude 

against [ADP] show a hyperbolic dependence, which at half-saturation directly defines K5 

giving values of 0.46 ± 0.08 µM in the absence of Tpm, 0.32 ± 0.17 µM in the presence of 

Tpm1.7 and 0.29 ± 0.15 µM in the presence of Tpm3.1 (Figure 25C). Both the calculated and 

the directly measured values of K5 show an increased ADP affinity in the range of 20 to 30 % 

to acto•Myo1C•Tpm complexes. The second order rate constants for ADP binding k-5 given 

by k+5/K5, yielding similar values of 3.45 ± 0.75 µM-1 s-1 in the absence of Tpm, 3.47 ± 

2.12 s-1 in the presence of Tpm1.7 and 3.62 ± 2.05 s-1 in the presence of Tpm3.1. The 

observed rate constants for the release of the hydrolysis product Pi were determined from 

increasing fluorescence transients upon mixing Myo1C•ADP•Pi with 5 µM acto•Tpm 
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cofilaments (Figure 25D). The single exponential fit yields values for kobs of 0.021 ± 0.001 s-1 

in the absence of Tpm and 0.015 ± 0.001 s-1 in the presence of Tpm1.7 and Tpm3.1. Given 

that the steady-state kinetics of Myo1C for 5 µM [F-actin] compared to saturate [F-actin] 

show a 30 % maximal activation in the absence and presence of Tpm1.7 and Tpm3.1, I 

estimated the maximum rates of Pi release k+4 in the order of 0.07 s-1 in the absence of Tpm 

and 0.05 s-1 in the presence of Tpm1.7 and Tpm3.1. This result supports that the changes in 

the Pi release in the presence of Tpm contribute to the reduction of Myo1C ATP turnover. 

 

Figure 25 Interaction of the hydrolysis products ADP and Pi of Myo1C in the presence 

of pyrene-labelled acto•Tpm cofilaments. (A) Representative pyrene-fluorescence transients of 

ATP-induced dissociation of acto•Myo1C•Tpm complexes in the presence of ADP. The averaged 

fluorescence transients are best described by double exponential to yielding values of the parameters 

kobs,slow, kobs,fast, Aslow and Atotal. (B) The dependence of kobs,slow against [ADP] at 20°C was fitted to a 

hyperbola. K0.5 corresponds to the apparent affinity of ADP to acto•Myo1C•Tpm Kapp. The rate 

constant for ADP dissociation k+5 is determined from the minimal kobs,slow at saturating [ADP]. (C) The 

fraction of the slow amplitude against [ADP] were fitted to a hyperbola with Aslow/Atotal = [ADP] / (K5 

+ [ADP]) to yield the parameter K5 as the overall dissociation equilibrium constant for ADP binding to 

acto•Myo1C•Tpm complexes. (D) Representative pyrene-fluorescence transients of the Pi product 

release from acto•Myo1C•Tpm complexes followed in a double mixing experiment with 1.8 µM of 

MDCC-PBP and 5 µM F-actin after mixing. The averaged fluorescence transients are best described 

by single exponentials yielding the parameter of an apparent rate constant of phosphate release (kobs). 

Fitted parameters are summarised in Table 9. In the case of acto•Tpm cofilaments, the final 

concentrations of 10 µM Tpm after rapid mixing provide the complete decoration of F-actin with Tpm. 

Error bars represent standard deviations from at least three determinations of each data point. Lines 

and symbols are shown in red, orange and blue for No Tpm, Tpm1.7 and Tpm3.1, respectively. 
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3.2.3.4 Tpm modulates the Myo1C motility 

Table 10 Mechanical parameters for Myo1C on acto•Tpm cofilaments 

 
Signal and measured 

parameter  
No Tpm Tpm1.7 Tpm3.1 

Motor properties 
Sliding velocity (nm s-1) 

Kapp.Tpm (µM) 

kf0 (s
-1) a 

ki (s
-1) a 

w (nm) a 

Pmax (aW) b 

FPmax (pN) b 

Duty ratio (zero-load) c 

Duty ratio (zero-load) 

 

in vitro motility assay 

in vitro motility; K50 % 

frictional load assay 

frictional load assay  

frictional load assay 

frictional load assay 

frictional load assay 

k+4 / (k+4 + k+5) (calc.) 

in vitro motility assay 

 

52.1 ± 4.9  

--- 

70.3 ± 3.6 

8.0 ± 0.1 

7.8 ± 0.4 

0.054 ± 0.002  

2.00 ± 0.07 

0.044 ± 0.002 

0.043 ± 0.005 

 

10.5 ± 1.3 

1.0 ± 0.1 

5.8 ± 0.4 

8.1 ± 1.0 

4.0 ± 0.4 

0.005 ± 0.001 

0.99 ± 0.04 

0.043 ± 0.003 

0.008 ± 0.004  

 

11.5 ± 1.7 

1.3 ± 0.9 

5.6 ± 0.5 

8.3 ± 1.3 

4.0 ± 0.4 

0.005 ± 0.001 

1.01 ± 0.04 

0.045 ± 0.003 

0.009 ± 0.004 

20 mM imidazole pH 7.5, 50 mM KCl, 5 mM MgCl2, 2.0 mM EGTA at 37°C with ~3,600 motors per 

µm2; ; a derived from the equation described in chapter 2.2.22; b derived from the equation described in 

chapter 2.2.22 for a single motor and extended by a force term. c calculated by using the rate constants 

obtained from the transient kinetic analysis at 20°C 

 

The kinetic analyses of Tpm isoforms to acto•Myo1C complexes reveal changes in various 

kinetic parameters as summarised in Table 9. The duty ratio defines the fraction of time that 

myosin is strongly attached to F-actin during the ATPase cycle and was calculated as 

previously described in chapter 3.1.3.1. Thus, the calculated duty ratio of Myo1C equals to 

0.044 ± 0.002 in the absence of Tpm, 0.043 ± 0.003 in the presence of Tpm1.7 and 0.045 ± 

0.003 in the presence of Tpm3.1. The duty ratios show minor changes by Tpm isoforms in the 

fraction of time that Myo1C spends in actin bound states during the ATPase cycle (Table 10). 

I performed in vitro motility assays to elevate the Tpm mediated changes in the rate constants 

of kcat as well as k+α, k+2, k+4 and k+5 in the motile activity of Myo1C motor function. The tail-

truncated Myo1C construct attaches at the surface via immobilised antibodies as described in 

chapter 2.2.20. In the presence of ATP, Myo1C displayed continuous motility with actin 

filaments and acto•Tpm cofilaments. The histogram of a single in vitro motility measurement 

showed in the presence of Tpm decreasing filament sliding velocities of the complete filament 

population (Figure 26A). To determine the dependency of the myosin motor density on the 

filament sliding velocity, I observed the sliding velocity at myosin densities in the range from 

180 to 5400 motors per µm2 and fitted the data with the equation as described in chapter 

2.2.20 (Figure 26B). I found differences for the dependence of the sliding velocity on the 

myosin surface density in the presence of Tpm.  
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Figure 26 Tpm isoform-specific changes of Myo1C motility. (A) Representative histogram of 

a single in vitro motility measurement shows the Gaussian distribution of the filament sliding velocity 

with >100 trajectories for Myo1C with acto•Tpm cofilaments at 37°C (B) Sliding velocities of 
acto•Tpm cofilaments measured with various Myo1C loading concentrations in the range from 0.1 to 

3 µM corresponding to myosin densities from 180 to 5400 motors µm-2. The density of Myo1C for 

maximal motility was determined in the absence of Tpm (~900 motors µm-2) and in the presence of 

Tpm1.7 and Tpm3.1 (~3,600 motors µm-2). The value for duty ratio was obtained by fitting the data to 

the equation described in chapter 2.2.20. (C) Box-and-whisker diagram of the average filament sliding 

velocities of Myo1C with actin filaments (52.1 ± 4.9 nm s-1) decorated with Tpm1.6 (11.5 ± 

2.1 nm s-1), Tpm1.7 (10.5 ± 1.3 nm s-1), Tpm1.12 (11.1 ± 2.9 nm s-1), Tpm2.1 (11.8 ± 2.3 nm s-1), 

Tpm3.1 (11.5 ± 1.7 nm s-1), and Tpm4.2 (10.4 ± 2.1 nm s-1). Each data point in the box-and-whisker 

diagram represents the averaged filament sliding velocity of a single in vitro motility measurement 

with >100 trajectories. (D) Filament sliding velocity against [tropomyosin] (0 to 70 µM), which 

decorates F-actin, were measured in an in vitro motility assay using Myo1C at 37°C. The parameter 

Kapp.Tpm was obtained by fitting the data to Boltzmann sigmoidal equation. Kapp.Tpm corresponds to the 

concentration at the 50 % threshold of the in vitro motility assay K50 %. In the case of acto•Tpm 
cofilaments, the final concentrations of 10 µM Tpm provide the complete decoration of F-actin with 

Tpm. Error bars represent standard deviations from at least three determinations of each data point. 

Statistical significance was assessed by Student’s paired t test (2-tailed) and is assigned as follows: ns 

(p ≥ 0.05); * (p < 0.05); ** (p < 0.01); *** (p < 0.001). Lines and symbols are shown in red, orange 

and blue for No Tpm, Tpm1.7 and Tpm3.1 as well as dark violet, green, purple and cyan for Tpm1.6, 

Tpm1.12, Tpm2.1 and Tpm4.2, respectively. 
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In the absence of Tpm, Myo1C supports the continuous movement of actin filaments with a 

velocity >52 nm s-1 above 900 motors per µm2. Addition of Myo1C <900 motors per µm2 

increased inconsistent, non-directional movement and fast detachment of the actin filaments 

due to the reduced probability of a myosin motor molecule to perform productive interaction 

with actin filaments. Myo1C in the presence of Tpm supports the continuous movement of 

acto•Tpm cofilaments with a plateau value of ~11 nm s-1 only when motor densities of 

3,600 motors per µm2 or greater are used. The relationship between motor density and sliding 

velocity was used to yield the duty ratio from the fit of the data. Here, I observed for Myo1C 

in the absence of Tpm a duty ratio of 0.043 ± 0.005 similar to the calculated duty ratio of the 

kinetic parameters (Table 10). In contrast, the duty ratios of Myo1C in the presence of 

acto•Tpm cofilaments compared to actin filaments showed a 4-fold decreased duty ratio to 

0.008 ± 0.004 and 0.009 ± 0.004 in the presence of Tpm1.7 and Tpm3.1, respectively, which 

was not observed for the calculated duty ratio (Table 10). This could be due to differences in 

the temperature conditions as the transient kinetic analyses were performed at 20°C, whereas 

in vitro motility assays were performed at 37°C. To test the effect of the temperature, I 

measured the rate constant of ADP release with acto•Myo1C in the presence of saturating 

[ADP] at 37°C (Figure 25A). I observed only negligible changes in the absence of Tpm with 

7.8 ± 0.1 s-1 compared to 7.3 ± 0.3 s-1 and 7.1 ± 0.2 s-1 in the presence of Tpm1.7 and Tpm3.1, 

respectively (Table 9), which can partially contribute to the change in the motor duty ratio 

observed in the in vitro motility measurements. It appears that differences of Myo1C motor 

activity between actin filaments and acto•Tpm cofilaments increases at higher temperatures. 

To analyse the Tpm isoform-specific modulation of motile activity of Myo1C motor function 

as previously described (Hundt et al., 2016; Pathan-Chhatbar et al., 2018), the physiological 

relevant cytoplasmic Tpm isoforms Tpm1.6, Tpm1.7, Tpm1.12, Tpm2.1, Tpm3.1 and Tpm4.2 

were used to measure the filament sliding velocities by similar myosin motor surface densities 

(Figure 26C). In the presence of acto•Tpm cofilaments, I measured 4.5- to 5-fold slower 

averaged filament sliding velocities in the range of 10.4 to 11.5 nm s-1 compared to 

52.1 ± 4.9 nm s-1 with Tpm-free filaments. Analyses of the Tpm-induced transition of the 

filament sliding velocity at a Myo1C surface density of 3,600 molecules per µm2 were 

performed by a Tpm titration from 0 to 70 µM. The data of the decrease in filament sliding 

velocity in dependence of [tropomyosin] were fitted to the Boltzmann sigmoidal equation 

(Figure 26D). Kapp.Tpm is defined as the Tpm concentration of the 50 % threshold of the 

filament sliding velocity K50 %. I observed similar values of 1.2 ± 0.2 µM for Tpm1.6, 

1.0 ± 0.1 µM for Tpm1.7, 1.3 ± 0.9 µM for Tpm3.1, and 1.5 ± 0.1 µM for Tpm4.2, but was 4-
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fold increased to 4.2 ± 0.4 µM for Tpm2.1 and 15-fold increased to 19.3 ± 1.1 µM for 

Tpm1.12. The results show Tpm isoform-specific differences in the reduction of Myo1C 

motor activity in dependence of [tropomyosin]. The observed Tpm isoform-specific changes 

in the concentration of Tpm to decrease the sliding velocity corresponds to the previously 

reported affinity differences of Tpm to actin filaments (Gateva et al., 2017; Pathan-Chhatbar 

et al., 2018). Any used Tpm isoform at fully decorated acto•Tpm cofilaments supports the 

continuous motility of the filaments by Myo1C in contrast to previous reports of a reduced 

interaction of Myo1C and other class 1 myosins with acto•Tpm cofilaments accompanied 

with diffusive non-directional movement in the in vitro motility measurements (Lieto-Trivedi 

et al., 2007; Kee et al., 2015). It appears that high myosin motor surface densities are required 

to enables productive interaction between myosin motor and acto•Tpm cofilaments. 

 

3.2.3.5 Tpm modulates the Myo1C force generation  

To examine the role of Tpm decorated actin filaments on tuning myosin force development, I 

analysed the ability of the Myo1C isoforms to move actin filaments against external loads by 

frictional load assays (Greenberg and Moore, 2010). Increasing [α-actinin] counteracts to the 

motive force of myosin and reduces the filament sliding velocity in the presence and absence 

of Tpm (Figure 27A). The load-dependent changes in the sliding velocities of acto•Tpm 

cofilament by Myo1C are best described by a force-dependent mechanism with two 

sequential transitions (Greenberg et al., 2012, 2015). By assuming power stroke 

displacements (w) of Myo1C with 7.8 nm in the absence of Tpm and 4.0 nm in the presence 

of Tpm1.7 and Tpm3.1, the force-dependent rate in the absence of external loads (kf0) 

decreases 12-fold with values from 70.3 ± 3.6 s-1 in the absence of Tpm to 5.8 ± 0.4 s-1 in the 

presence of Tpm1.7 and 5.6 ± 0.5 s-1 in the presence of Tpm3.1, whereas the force-

independent rates are similar with values of 8.0 ± 0.1 s-1 in the absence of Tpm, 8.1 ± 1.0 s-1 in 

the presence of Tpm1.7 and 8.3 ± 1.3 s-1 in the presence of Tpm3.1 (Figure 27B). The 

observed ki values in the absence and the presence of Tpm1.7 and Tpm3.1 are similar to the 

rates of unloaded ADP release (k+5) measured at 37°C, with values of 7.8 ± 0.1 s-1 in the 

absence of Tpm, 7.3 ± 0.3 s-1 in the presence of Tpm1.7 and 7.1 ± 0.2 s-1 in the presence of 

Tpm3.1 (Table 8). A secondary plot of the power output against force was generated by 

extending the data of the filament sliding velocity with the respective force term and by 

estimating the number of interacting motors. The force-power relationships were fitted by 

extending the equation of the force-dependent mechanism with a force term (Figure 27C). 

The resulting bell-shaped curves define the maximum power output per Myo1C motor and the 
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force at which maximum power output occurs. Here, I observed 0.054 ± 0.002 aW at 

2.00 ± 0.07 pN in the absence of Tpm, 0.005 ± 0.001 aW at 0.99 ± 0.04 pN in the presence of 

Tpm1.7, and 0.005 ± 0.001 aW at 1.01 ± 0.04 pN in the presence of Tpm3.1. Normalisation of 

the force-power relationship shows that the relative force dependencies are different between 

Tpm-free filaments and filaments decorated with Tpm1.7 or Tpm3.1. At higher loads 

(Force >0.3 A.U.), Myo1C on acto•Tpm cofilaments compared to Tpm-free actin filaments 

show significant increased values for the power output (Figure 27D). 

 

 

Figure 27 Tpm isoform-specific changes of Myo1C in force generation and power 

output. (A) The mechanochemical behaviour of Myo1C in the presence of acto•Tpm cofilaments by 

using frictional load assay (Greenberg and Moore, 2010). External loads applied by the addition of 

increasing [α-actinin] reduce the filament sliding velocity of the filaments driven by Myo1C. (B) The 

data of ensemble of myosin motors were fitted to the force-dependent equation with two sequential 

transition (described in chapter 2.2.22) to derive the force-independent rate (ki) and the force-

dependent rate without external load (kf0) (Greenberg et al., 2012, 2015). (C) The power output of 

single motors was calculated from the product of the filament sliding velocity and the corresponding 

stall force. The data were fitted to the force-dependent equation extended with a force-term to 

determine the maximum power output (Pmax) and the force where the power output reaches its peak 

(FPmax). (D) Normalisation of power-force relationships results in bell-shaped curves for Myo1C, 

which show differences mainly in the high load range. Error bars represent standard deviations from at 

least three determinations of each data point. Lines and symbols are shown in red, orange and blue for 

No Tpm, Tpm1.7 and Tpm3.1, respectively. 
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3.2.4 Myosin loop 4 impacts Tpm-dependent modulation of 

acto•Myo1C complexes 

3.2.4.1 Homology modelling of acto•Tpm connectivity to myosin loop 4 

The results of the steady-state actin activated ATPase, transient kinetics and 

microscopy-based motility assays suggest that acto•Tpm cofilaments compared to actin 

filaments reduce the Myo1C motor activity. To rationalise this effect on a structural basis, 

conformational changes in myosin might be enhanced in the presence of Tpm. A biochemical 

analysis of myosin-1B (Myo1B) in the presence of Tpm1.6 (Lieto-Trivedi et al., 2007) and 

cryo-EM studies by von der Ecken (von der Ecken et al., 2016) of myosin in contact to 

acto•Tpm cofilaments (Figure 28A) led us to the prediction that myosin loop 4, a surface loop 

near the actin-binding region, modulates the interaction of myosin with filamentous 

acto•Tpm. A homology model of the Myo1C loop 4 was built on the basis of the NM2C 

structure in the actomyosin-tropomyosin complex (Figure 28B). A focus was placed on the 

interface of myosin loop 4 which interact closely to Tpm. The myosin loop 4 reaches over two 

adjacent actin molecules towards the coiled-coil Tpm. Here, the structural comparison of the 

loop 4 surfaces between NM2C and the homology model of Myo1C reveals differences in the 

electrostatic potential. In contrast to Myo1C, the positively charged residues of NM2C loop 4 

are well-positioned to interact with clusters of negatively charged residues on the exposed 

surface of the Tpm pseudo-repeats (von der Ecken et al., 2016). The sequence alignment of 

the myosin loop 4 region exhibits the conservation of structural important amino acid residues 

between myosin isoforms (Figure 29). The alignment shows a low conservation of the loop 4 

regions within human class 1 myosin isoforms. In contrast, the non-muscle class 2 and class 5 

myosins as well as cardiac muscle myosin show conserved amino acid residues within the 

loop 4 region. The conserved residues are grouped into one with negatively charged residues 

important for interaction with actin and one with positively charged residues proposed to 

interact with the Tpm residues (von der Ecken et al., 2016). The structural analysis suggests 

myosin isoform-specific differences in the interaction of myosin loop 4 to Tpm molecules, 

which potentially contribute to functional differences in the myosin activity. 
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 Helix          Loop 4            Helix  

 

Myo1C 
277 

L H L G N I H F A A N E E - - - - S N A Q V T T E N Q - L K Y L T R 305 

Myo1A 
272 

L K L G N V L V A D E F Q A S G I P A S G I R D G R G - V R E I G E 304 

Myo1B 
379 

L K L G N I E F K P E S R V N G L D E S K I K D K N E - L K E I C - 310 

Myo1D 
275 

L H L G N L K F V V D G D T - - - - P L - I E N G K V - V S I I A E 302 

Myo1E 
283 

L H L G N I S F K E V G N Y - - - - A A - V E S E E F - L A F P A Y 310 

                                  

                                  

 
 

Helix          Loop 4            Helix   

Myo1C 
277 

L H L G N I H F A A N E E - - - - S N A Q V T T E N Q - L K Y L T R 305 

NM2A(MYH9) 
347 

L Q L G N I V F K K E R N T - - - D Q A S M P D - N T A A Q K V S H 376 

NM2B(MYH10) 
354 

L Q F G N I S F K K E R N T - - - D Q A S M P E - N T V A Q K L C H 383 

NM2C(MYH14) 
373 

L Q F G N I A L K R E R N T - - - D Q A T M P D - N T A A Q K L C R 402 

Myo5A 
333 

L H L G N V G F T - S R D A - - - D S C T I P P K H E P L C I F C E 362 

Myo5B 
333 

L H L G S V A I Q A E R D G - - - D S C S I S P Q D V Y L S N F C R 363 

BtMyHC(MYH7) 
357 

M H F G N M K F K L K Q R - - - - E E Q A E P D G T E - E A D K S A 385 

DdMyo2 
352 

L H L G N I K F E K G A G  - - - - E G A V L K D K T A - L N A A S - 379 

          * * * * *    F-actin interaction     

 

Figure 29 Sequence alignment of myosin isoforms in the loop 4 region. Sequence alignment 

of myosin isoforms in the region of loop 4 were performed by Clustal Omega. Possible interactions at 

the actomyosin-tropomyosin interface are boxed and labelled. Green segments highlight the amino 

acid exchange sequences for the chimeric myosin construct. Residue numbers refers to the sequence of 

the respective myosin isoform. The colour groups residues according to their chemical properties: blue 

= positive charge (K, R), red = negative charge (D, E), black = uncharged at physiological pH. 

 

 

3.2.4.2 Loop 4 substitution of NM2C into Myo1C modulates 

Tpm-dependent Myo1C kinetics and motility 

To analyse the influence of the structural differences in the loop 4 region to adapt complex 

connectivity and isoform-specific motor properties, I produced and purified a chimeric 

Myo1C construct by mutagenesis-based substitution of the NM2C surface loop 4 into Myo1C 

and introduce the proposed interactions between myosin and acto•Tpm cofilaments. To 

elucidate the effect of the NM2C loop 4 into Myo1C on the enzymatic activity, I measured the 

actin-activated ATPase activities of the myosin constructs in the presence of acto•Tpm 

cofilaments with various Tpm isoforms (Figure 30A). Both myosin constructs Myo1C and 

Myo1CLoop4NM2C exhibits with actin filaments in the absence of Tpm similar ATPase activities 

of 0.15 ± 0.01 s-1. In the case of Myo1C, I observed an almost 35 % reduced ATP turnover in 

the presence of acto•Tpm cofilaments (0.10 ± 0.02 s-1) compared to the Tpm-free actin 
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filaments (0.15 ± 0.01 s-1), irrespective of the Tpm isoform as previously described in chapter 

3.2.3.1. In contrast to Myo1C, the Myo1CLoop4NM2C construct shows significant differences in 

the ATP turnover in dependence of the used Tpm isoform with 0.24 ± 0.01 s-1 for Tpm1.7, 

0.26 ± 0.01 s-1 for Tpm2.1, 0.19 ± 0.01 s-1 for Tpm3.1 and 0.12 ± 0.01 s-1 for Tpm4.2. 

Moreover, in vitro motility assays were employed to determine the Tpm isoform-specific 

differences in the motile activity of the Myo1C constructs (Figure 30B). The chimeric 

Myo1CLoop4NM2C construct displayed continuous and smooth motility with the filaments in the 

presence and the absence of Tpm. In the absence of Tpm, the averaged sliding velocities of 

the Myo1CLoop4NM2C construct shows minor changes with 51.8 ± 0.9 nm s-1 compared to 

Myo1C with 52.1 ± 4.9 nm s-1 and a 2-fold change with 25.8 ± 2.4 nm s-1 compared to NM2C 

(protein and data of NM2C were kindly provided and measured by Dr. Patrick Reinke). In the 

presence of acto•Tpm cofilaments, I observed Tpm isoform-specific effects in the filament 

sliding velocity of the Myo1CLoop4NM2C construct with 27.6 ± 2.2 nm s-1 for Tpm1.7, 

35.2 ± 1.5 nm s-1 for Tpm2.1, 21.6 ± 1.0 nm s-1 for Tpm3.1 and 8.5 ± 0.7 nm s-1 for Tpm4.2. 

The filament sliding velocity of acto•Tpm cofilaments with Myo1CLoop4NM2C were still 

reduced for all analysed Tpm isoforms but not in the same extent as with Myo1C. It was 

previously suggested that non-muscle myosins contribute to the increased binding of Tpm to 

actin filaments (Pathan-Chhatbar et al., 2018). I used the chimeric Myo1CLoop4NM2C construct 

to examine the role of the myosin surface loop 4 in the support of the actomyosin-

tropomyosin complex stability. I measured the Tpm-induced transition of the filament sliding 

velocity from 0 to 70 µM for Myo1C and Myo1CLoop4NM2C in the presence of acto•Tpm3.1 

and acto•Tpm1.12 cofilaments. The data of the decrease in filament sliding velocity in 

dependence of [tropomyosin] were fitted to the Hill equation (Figure 30C). The Tpm 

concentration to reach the 50 % threshold in filament sliding velocity K50 % in the presence of 

acto•Tpm3.1 cofilaments were similar for Myo1CLoop4NM2C with 1.3 ± 0.1 µM and Myo1C 

with 1.3 ± 1.0 µM, despite the 2-fold differences in the sliding velocity of acto•Tpm3.1 

cofilaments. In the case of acto•Tpm1.12 cofilaments, I determined a 4-fold reduced K50 % for 

Myo1CLoop4NM2C with 5.2 ± 0.7 µM compared to Myo1C with 19.3 ± 1.1 µM. Therefore, the 

loop 4 region of myosin appears to contribute critically to Tpm isoform-specific sensing and 

associated via allosteric pathways to changes in ATP turnover, motor activity and complex 

stability. 
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Figure 30 Tpm-induced changes in ATP turnover and motor activity of Myo1C

Loop4NM2C
. 

(A) Steady-state actin-activated ATPase rates against 10 µM F-actin in the presence of Tpm isoforms 

were measured in an NADH-coupled assay using 0.1 µM Myo1C at 37°C. The ATPase rate is plotted 

on a logarithmic scale. Bars are shown without pattern for Myo1C and with sparse pattern for the 

chimeric construct Myo1CLoop4NM2C. (B) Box-and-whisker diagram of the average filament sliding 

velocities of actin filaments by Myo1C (52.1 ± 4.9 nm s-1), NM2C (25.8 ± 2.4 nm s-1) and 

Myo1CLoop4NM2C (51.8 ± 0.9 nm s-1) are shown on the left side of the panel. Results obtained for 

Myo1CLoop4NM2C in the presence of actin filaments decorated with Tpm1.7 (27.6 ± 2.2 nm s-1), Tpm2.1 

(35.2 ± 1.5 nm s-1), Tpm3.1 (21.6 ± 1.0 nm s-1), and Tpm4.2 (8.5 ± 0.7 nm s-1), are shown on the right 

side of the panel. (C) Tpm titration curves of the filament sliding velocity in the range from 

0 to 70 µM Tpm with Myo1C or Myo1CLoop4NM2C. The concentrations of Tpm in which 50 % threshold 

of sliding velocity were observed were determined in the presence of Tpm3.1 with acto•Myo1C 

(1.3 ± 1.0 µM) or acto•Myo1CLoop4NM2C (1.3 ± 0.1 µM) and in the presence of Tpm1.12 with 

acto•Myo1C (19.3 ± 1.1 µM) or acto•Myo1CLoop4NM2C (5.2 ± 0.7 µM). Each data point in the box-and-

whisker diagram represents the averaged filament sliding velocity of a single in vitro motility 

measurement with >100 trajectories. In the case of acto•Tpm cofilaments, the final concentrations of 

10 µM Tpm provide the complete decoration of F-actin with Tpm. Error bars represent standard 

deviations from at least three determinations of each data point. Statistical significance was assessed 

by Student’s paired t test (2-tailed) and is assigned as follows: ns (p ≥ 0.05); * (p < 0.05); ** 

(p < 0.01); *** (p < 0.001). Bars, lines and symbols are shown in red, orange, green, dark violet, blue 

and petrol for No Tpm, Tpm1.7, Tpm1.12, Tpm2.1, Tpm3.1 and Tpm4.2 as well as in brown for 

NM2C, respectively.  
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4 DISCUSSION 

Motor proteins of the myosin family transforms the energy liberated by ATP hydrolysis into 

mechanical work to support a range of cellular processes including muscle contraction, cell 

division, intracellular transport of cargos, membrane trafficking and cell migration (Hartman 

and Spudich, 2012). For the efficient performance of such diverse processes, distinct 

mechanisms have evolved to modulate enzyme kinetics and the mechanical output of myosin 

isoforms. Previous studies with myosin motors of different classes have identified structural 

regions important to fine-tune mechanochemical properties by allosteric communication 

within the motor protein and across the actomyosin complexes (Preller and Manstein, 2013; 

Batters and Veigel, 2016). Human Myo1C remains the only myosin for which high-resolution 

structural information of the entire protein is available. The model of the full-length Myo1C 

structure can be obtained by combining the crystal structures of the motor and neck regions 

(PDB ID: 4BYF) with the ones of the neck and tail regions of Myo1C0 (PDB ID: 4R8G) 

(Münnich et al., 2014; Lu et al., 2015). The availability of detailed structural information for 

the whole protein greatly facilitates insights into the mechanics of Myo1C power stroke and 

reveals potential inter- and intramolecular interaction sites that regulate myosin-specific 

functions. Defects of the Myo1C motor function are involved in deafness, vision loss, cancer, 

diabetes or the loss of podosome formation in immune, neuronal and kidney cells (Bond et al., 

2013; Gunning et al., 2015b; Solanki et al., 2020). The aim of my work was to obtain a 

quantitative and detailed understanding of the fine-tuning of Myo1C functions to advance the 

knowledge about the regulation of such diverse myosin-specific processes in the cell. The 

human MYO1C gene leads to the production of three splice-isoforms carrying different NTEs. 

Most myosins contain a structured NTE, which is supposed to modulate the mechanochemical 

properties by communication pathways between nucleotide- and light-chain binding site 

(Fujita-Becker et al., 2006; Taft et al., 2013; Shuman et al., 2014). For my studies, I 

determined the extent of the mechanochemical differences caused by the isoform-specific 

NTEs of Myo1C. In addition, previous studies describe the capacity of acto•Tpm cofilaments 

to regulate the interaction and function of muscle and non-muscle myosins (Pathan-Chhatbar 

et al., 2018; Hundt et al., 2016; von der Ecken et al., 2016; Doran et al., 2020). Thus, I 

characterised the extent of changes in the motor activity of Myo1C caused by physiologically 

relevant combinations of acto•Tpm cofilaments. The characterisation of the mechanisms that 

contribute to the regulation of Myo1C motor proteins facilitates the design of specific 

pharmacological compounds and new therapeutic approaches.  
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4.1 CHANGES IN THE NTR OF MYO1C SPLICE-ISOFORMS FINE-

TUNE THE MECHANOCHEMICAL PROPERTIES  

The feature of the Myo1C motor proteins to connect actin filament structures with cellular 

membranes affects a range of cellular processes involved in cell motility and membrane 

tension (Diefenbach et al., 2002; Venit et al., 2016), intracellular transport of cargos, 

mechanosignal transduction, and regulation of the transcriptional machinery in the nucleus 

(Bond et al., 2013). The underlying role of the Myo1C splice-isoforms in distinct functional 

processes and the regulatory mechanisms to establish isoform-specific localisation and 

functional behaviour is still unclear. The similar structural organisation and the ability of 

Myo1C isoforms to substitute each other in their function and localisation limit the in vivo 

analysis of isoform-specific functions by modulated gene expression in the cell. In previous in 

vitro studies, splicing of the human MYO1C gene and the resulting changes in the NTR of 

Myo1C have shown the modulation of the kinetic properties for the full-length isoforms of the 

protein (Zattelman et al., 2017). Here, I extend the characterisation of functional differences 

between the Myo1C isoforms with studies investigating the motile properties of the full-

length proteins and the kinetic and mechanical properties of engineered constructs that have 

the C-terminal TH1 domain replaced by an octa-histidine tag. 

The suspension-adapted HEK293SF-3F6 expression system for the full-length versions of the 

Myo1C isoforms yields reasonable amounts of the proteins. In addition, the TH1-truncated 

versions can be produced and purified in larger quantities using baculovirus-driven protein 

production in insect cells. Like many other tail-truncated myosins, the TH1-truncated versions 

retain the actin- and nucleotide-binding properties of the full-length myosin and are therefore 

more readily available for detailed mechanochemical studies of enzymatic and motor 

functions (Weeds and Taylor, 1975; Manstein et al., 1989; Anson et al., 1996; Münnich et al., 

2014). In addition, data published in previous studies for the Myo1C orthologues from rodents 

were generated by utilizing constructs equivalent to the human TH1-truncated Myo1C0 

protein, which facilitates the direct comparison of kinetic and mechanical parameters (Batters 

et al., 2004; Adamek et al., 2008; Lin et al., 2011; Greenberg et al., 2012, 2015). As a result, a 

low duty ratio in combination with a relatively slow actin sliding velocity appear to be 

common properties of Myo1C0 from different species, which enables Myo1C0 to contribute as 

slow transporter in intracellular trafficking. Moreover, the characterisation in the present 

study confirms isoform-specific changes in the kinetics of the TH1-truncated Myo1C proteins 

(Figure 31). 
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Figure 31 Comparison of kinetic and mechanical properties of Myo1C isoforms. The 

graph shows the values obtained for Myo1C35 relative to those obtained for Myo1C0. The results are 

grouped in parameters determined using (i) steady-state ATPase measurements, (ii) stopped-flow 

measurements, and (iii) in vitro motility assays. All parameters were determined under zero-load 

conditions, except for Pmax and FPmax. The dashed lines represent 30 % deviation from 1.0. 
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The major differences between the TH1-truncated Myo1C isoforms are observed for steps 

that affect ADP release including the isomerisation of the active site pocket. ADP release 

contributes to the power-stroke of class 1 myosins and plays a key role in defining the 

mechanochemical properties of these myosins (Jontes and Milligan, 1997; Greenberg et al., 

2016; Mentes et al., 2018). Cryo-EM structures of myosin constructs show the change of the 

lever arm between the ADP-bound and the nucleotide-free state, which indicates a power-

stroke accompanied by ADP release. Optical trap measurements revealed that class 1 as well 

as myosin class 2, 5, 6, and 10 generate the power stroke in two substeps defined by the 

release of phosphate and subsequent release of ADP (Veigel et al., 1999, 2002; Lister et al., 

2004; Capitanio et al., 2006; Takagi et al., 2014). The two-step power-stroke enables the 

myosin motor to maintain the tension without dissociation from the actin filament. Here, I 

observed a 2-fold faster rate of ADP release, which explains in part the approximately 4-fold 

faster unloaded velocity of the Myo1C0 constructs compared to Myo1C35 constructs. The 

results are compatible with a model suggesting an additional contribution from a 2-fold larger 

power stroke of Myo1C0-ΔTH1 compared to Myo1C35-ΔTH1, as predicted by the previously 

established structural models of the NTE16 and NTE35 peptides (Zattelman et al., 2017). 

According to this model, the NTEs form compact structural domains, which are positioned 

near residues in the cleft between the motor domain and the CaM binding region. In the case 

of NTE35 the model predicts the formation of a salt bridge between Arg21 and Glu469 in the 

relay loop (Zattelman et al., 2017). The presence of small NTE subdomains can sterically 

restrict the rotation of the lever arm and affect ADP release kinetics via allosteric pathways 

(Fujita-Becker et al., 2006) and thus account for the observed differences between the Myo1C 

isoforms.  

In the case of the TH1-truncated Myo1C0 and Myo1C35, the force production and power 

output were analysed by the regulation of the kinetics under loaded conditions. In 1938, Hill 

proposed that the mechanochemical performance of a muscle is determined by the velocity of 

muscle shortening against an external load (Hill, 1938). For muscle myosins, this effect was 

explained by the slowed kinetic performance of the actin-attached states during the ATPase 

cycle (Huxley, 1957; Huxley and Simmons, 1971). Single molecule measurements with 

myosin proteins showed that the second step of the power stroke according to the release of 

ADP is the common force-sensitive step (Veigel et al., 2003, 2005; Laakso et al., 2008). In 

contrast, previous studies obtained a tension-sensing mechanism for Myo1C0 that is different 

from the generic mechanism of the force-sensitive ADP release. This Myo1C-specific model 

suggests two sequential transitions with a force-insensitive step according to ADP release and 
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a force-sensitive step that occurs after ADP release and corresponds to the isomerisation that 

follows ATP-binding (Greenberg et al., 2012, 2015). Here, I use the model described for an 

ensemble of Myo1C0 motor proteins based on the fact that the load-dependent changes in the 

sliding velocity for Myo1C0 are best described by the same model with a force-dependent and 

a force-independent transition, where the associated rate constants kf0 and ki are nearly 

identical to k+2 and k+5, respectively. In the case of Myo1C isoforms containing an NTE, the 

presence of the NTE16 and NTE35 peptides in trans or covalently attached to the motor 

domain leads to large changes in load-sensing behaviour. My measurements reveal an 18-fold 

reduction in Pmax observed for TH1-truncated Myo1C35, with a similar force-sensing 

behaviour as proposed for the model of Myo1C0. The isoform-dependent changes have no or 

only minor effects on the rates of ATP hydrolysis (k+3 + k-3), Pi release (k+4) and ATP turnover 

(kcat) under low-load conditions. Normalisation of the force-power relationship shows that the 

relative force dependency is similar for Myo1C0 and Myo1C35 and that significant deviation 

only occurs upon higher loads (Force >0.3 A.U.). Optical trap measurements of single 

Myo1C35 motor proteins in the absence of an applied load can validate my results observed 

for the parameters kf0 and ki using the model in the presence of external loads. In addition, 

analysis of the force-sensitivity of Myo1C35 in the presence of ADP can help to confirm the 

minor role of ADP release for the force-sensitive behaviour of Myo1C35 as shown for 

Myo1C0 (Altman et al., 2004; Greenberg et al., 2012). The mechanism of isoform-dependent 

mechanochemical tuning of Myo1C is different from that used by other myosin isoforms 

including Myo1B as closely related member of the class 1 myosin subfamily. Myo1B yields 

isoforms with lever arms of different lengths by alternative splicing of its CaM binding 

domain (Ruppert et al., 1993; Laakso et al., 2010) and achieve similar unloaded 

mechanochemical properties as Myo1C0 (Lewis et al., 2006). The primary load-sensitive 

transition for Myo1B is ADP release as observed for most myosin motors (Veigel et al., 2005, 

2003; Lewis et al., 2006; Greenberg et al., 2012). This is also a key difference between the 

Myo1C isoforms and a chimeric construct with Myo1B-like load-sensing behaviour, which 

was obtained by the replacement of 11 N-terminal residues of the Myo1C0 NTR with 15 

N-terminal residues from Myo1B (Greenberg et al., 2015). The substituted residues are an 

integral part of the Myo1C upper 50 kDa domain and not part of a small independent 

subdomain (Greenberg et al., 2015; Zattelman et al., 2017; Mentes et al., 2018). In my studies, 

I observed a tension-sensing mechanism, which is specific for the Myo1C family and appears 

to be different to the generic force-sensitive mechanism.  
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For class 1 myosins, the duty ratio has previously been shown to be load-sensitive (Greenberg 

et al., 2012), which is supportive for a role as tension sensors in the context of cellular 

functions such as adaptation response on ion channels in the hair cells (Gillespie and Cyr, 

2004). The exposure to calcium was shown to accelerate ADP release and weakly increase 

ATP turnover, whilst motility was clearly inhibited (Manceva et al., 2007; Adamek et al., 

2008). Structural studies of the Myo1C motor protein have elucidated that inhibition appears 

to be caused by the reduced affinity of calcium-bound CaM for the IQ-motifs, which leads to 

more flexibility of the lever arm (Manceva et al., 2007; Münnich et al., 2014; Lu et al., 2015). 

According to the model, the structural domains formed by the NTE16 and NTE35 peptides are 

able to cause changes in the stability of the lever arm and the size of the power stroke by their 

position in the cleft between the motor domain and the CaM binding region. Additional 

studies are recommended to analyse the effect of calcium-sensitivity on mechanochemical 

parameters and the changes of the power stroke in the Myo1C family to specify the distinct 

functional roles of Myo1C isoforms.  

In summary, I propose that the presence of small NTE subdomains provides an additional 

structural element to sterically restrict the rotation of the lever arm. The NTE subdomains 

affect ADP release kinetics at low-load conditions via allosteric pathways and thus account 

for the observed differences in motor activity of the Myo1C protein family to contribute to the 

functional divergence in the cell. 
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4.2 TPM ISOFORMS MEDIATE CHANGES IN THE PROPERTIES 

OF Myo1C 

4.2.1 Physiological regulation of Myo1C by acto•Tpm cofilaments 

In vivo and in vitro studies provide clear evidence for the role of the actin cytoskeleton in the 

regulation of Myo1C localisation at specific cell sites and motor functions including the 

intracellular organelle transport in fibroblasts or the insulin-induced transport of 

GLUT4-containing vesicles in adipocytes (Pelham et al., 1996; McIntosh et al., 2015; Kee et 

al., 2015). Isoform-specific complexes of the actin-binding protein Tpm with actin filaments 

appear to regulate distinct myosin motor properties (Gunning et al., 2008; Ostap, 2008; Hundt 

et al., 2016; Gunning and Hardeman, 2017; Gateva et al., 2017; Pathan-Chhatbar et al., 2018). 

It was suggested that the association of Tpm with actin prevents the interaction of Myo1C 

motor proteins with actin filaments. Instead, Myo1C was thought to prefer cellular sites 

containing Tpm-free cytoskeletal actin filaments to achieve its cellular functions (Kee et al., 

2015; McIntosh et al., 2015). The fact that acto•Tpm cofilaments make up a major fraction of 

the actin cytoskeleton suggests mechanisms to inhibit Tpm binding for the generation of 

Tpm-free actin filaments (Hsiao et al., 2015; Meiring et al., 2018). Previously published high-

resolution structures of actomyosin-tropomyosin complexes (Behrmann et al., 2012; von der 

Ecken et al., 2015, 2016; Doran et al., 2020) revealed new details of the multiprotein 

interaction network and facilitate insights into structural elements, which change the 

interaction with myosin motor proteins. The binding interface of actomyosin-tropomyosin 

complexes extends over surface areas of 1450 Å2 between myosin and actin and over 370 Å2 

to the adjacent actin, over 210 Å2 between actin and Tpm, and over 300 Å2 between myosin 

and Tpm (Behrmann et al., 2012). By changes of the electrostatic or hydrophobic interactions 

within the complex interface, Tpm isoforms act as discriminators for recruiting and 

modulating of myosin motor proteins (Barua et al., 2014; Hundt et al., 2016; Gateva et al., 

2017; Pathan-Chhatbar et al., 2018). The effect is extended by alteration of Tpm proteins with 

PTMs such as acetylation at their N-terminus or phosphorylation. PTMs of Tpm proteins 

cause modulation in the functional behaviour and actin affinity (Greenfield et al., 1994; Rao 

et al., 2009; Coulton et al., 2010; Jin et al., 2016; Meiring et al., 2018).  

Here, I characterised the role of Tpm isoforms in the modulation of a TH1-truncated Myo1C 

construct in complex with cytoplasmic acto•Tpm cofilaments. The Tpm isoforms were 

selected based on their differential role in cellular processes and localisation to diverse 

actin-based structures (Table 1). My initial biochemical and microscopy-based analyses of the 



Discussion 
 

81 
 

actin-activated ATP turnover and sliding velocity show a reduction but not a complete loss of 

Myo1C activity in the presence of Tpm. The titration of Myo1C protein concentrations, in 

order to obtain the motor density for stable filament motility reveals a shift towards higher 

motor densities for acto•Tpm cofilaments compared to Tpm-free actin filaments. A reduced 

duty ratio for Myo1C in complex with acto•Tpm cofilaments confirms the reduced binding 

properties of Myo1C observed in previous studies (Pelham et al., 1996; McIntosh et al., 2015; 

Kee et al., 2015). Using different concentrations of Tpm ensured that the described effects are 

observed for completely decorated actin filaments. My results show that the reduction in the 

Myo1C activity are irrespective of the used Tpm isoform, except for Tpm2.1 and Tpm1.12, 

which show higher K50 % values in line with the reported affinities of the Tpm isoforms for 

actin filaments (Tpm1.6, Tpm1.7, Tpm3.1, Tpm4.2: KD(app) ~ 1.0 µM; Tpm2.1: KD(app) 5.5 µM, 

Tpm1.12: KD(app) ~40µM) (Gateva et al., 2017; Pathan-Chhatbar et al., 2018).  

To discriminate whether the described inhibition of Myo1C activity is based on the reduced 

actin binding affinity or on changes in the kinetic performance of the Myo1C motor proteins, 

I used co-sedimentation assays and transient kinetics to investigate actin interaction and 

nucleotide turnover. My measurements in the absence of nucleotides indicate that Tpm 

proteins are not able to prevent the binding of Myo1C to acto•Tpm cofilaments to account for 

the observed inhibition of Myo1C activity. The results correlate with previous observations 

that cytoplasmic acto•Tpm cofilaments remain in an open conformation that enables myosin 

binding (von der Ecken et al., 2016). Instead, the kinetic characterisation of Myo1C with and 

without Tpm in the present study suggests that specific steps in the ATPase cycle of Myo1C 

are affected (Figure 32). The major differences between Tpm-free actin filaments and 

acto•Tpm cofilaments are observed for steps that affect ADP release, isomerisation of the 

active site pocket and Pi release, with a reduction in the range of 25 to 40 % at 20°C. These 

observed small differences in the rate of ADP release and isomerisation of the active site are 

not significant for measurements at physiological temperature of 37°C. The 40 % reduction in 

the ATPase activity of Myo1C on acto•Tpm cofilaments measured at 37°C indicates an effect 

in Pi release (k+4) as rate-limiting step of the ATPase cycle. Albeit small, the changes of the 

kinetic parameters of Myo1C in complex with acto•Tpm cofilaments appear to cause the 

modulation of the motor performance. A 4-fold higher Myo1C motor density was required for 

stable motility in the presence of acto•Tpm cofilaments accompanied with a 4-fold decreased 

unloaded velocity. Moreover, the acto•Tpm cofilaments cause large changes in the 

load-sensing behaviour of Myo1C including a 10-fold decrease in Pmax. 
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Figure 32 Comparison of kinetic and mechanical properties of Myo1C in the presence of 

acto•Tpm1.7 (orange) or acto•Tpm3.1 (blue) cofilaments. The graph shows the values 

obtained for TH1-truncated Myo1C in the presence of acto•Tpm relative to those for Tpm-free actin 

filaments. The results are grouped in parameters determined using (i) steady-state ATPase 

measurements, (ii) stopped-flow measurements, and (iii) in vitro motility assays. All parameters were 

determined under zero-load conditions, except for Pmax and FPmax. The dashed lines represent 30 % 

deviation from 1.0. 



Discussion 
 

83 
 

The normalisation of the force-power relationship shows that higher relative forces are 

required to completely stall the motility and power output by acto•Tpm cofilaments. This 

suggests a load-dependent modulation of single kinetic steps of the Myo1C protein. In the 

process of kinesin-driven transport of vesicles, Myo1C was suggested to facilitate the loading 

and tethering of vesicular cargos at the start and the end of the transport close to the plasma 

membrane and the perinuclear region (McIntosh et al., 2015). Acto•Tpm cofilaments were 

shown to abolish Myo1C tethering during the long-distance transport driven by kinesin. The 

inhibition of Myo1C binding to the acto•Tpm cofilaments appears to be required to reduce 

stop events at the intersection of actin filaments and microtubules during the long-distance 

transport (McIntosh et al., 2015). My observations suggest that the presence of Tpm on actin 

filaments increases the time of Myo1C is detached from the actin filament under low-load and 

loaded conditions, which can support the reduction of stop events during transport processes. 

My in vitro motility measurements show the ability of increased Myo1C motor protein 

surface densities to perform stable motility of acto•Tpm cofilaments that is 4-fold reduced in 

velocity compared to Tpm-free actin filaments. So far, microscopy-based approaches that 

show the stable motility of Myo1C along acto•Tpm cofilaments are not described. Detailed 

analyses of the Myo1C run-length and frequency on acto•Tpm cofilaments by single molecule 

measurements using optical tweezer or quantum dot-labeled Myo1C constructs in an inverted 

in vitro motility assay are recommended to support my results. In addition, optical trap 

measurements of Myo1C in combination with acto•Tpm cofilaments under low-load 

conditions enables analysis of the mechanism of the Myo1C power stroke and allows to 

improve the model for the power stroke under loaded conditions as used in this study. 

 

4.2.2 Myosin surface loop 4 supports Tpm isoform-specific sensing 

and complex stability  

In this study, I observed regulatory effects of acto•Tpm cofilaments for the motor protein 

Myo1C that are different to previously described mechanisms of Tpm isoform-specific 

regulation of the enzymatic and motor activity of NM2s (Barua et al., 2014; Hundt et al., 

2016; Gateva et al., 2017; Pathan-Chhatbar et al., 2018). The ability of Tpm4.2 to modulate 

the function of NM2A under low-load and loaded conditions was previously analysed by 

Hundt and colleagues (Hundt et al., 2016). My study with acto•Myo1C•Tpm complexes 

shows a reversed Tpm-induced modulation for similar kinetic steps and mechanochemical 

parameters as compared to NM2A on acto•Tpm4.2 cofilaments. It was shown that 
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acto•Tpm4.2 cofilaments display an increase in the actin-activated steady-state ATPase rate of 

NM2A, which is mainly caused by amplifying the rate of phosphate release and in part by 

minor changes in the rate of ADP release (Hundt et al., 2016). The change in kinetic 

parameters supports the enhanced number of landing events and the increase of the filament 

sliding velocity under low-load conditions as well as the increased attachment time under 

loaded conditions (Hundt et al., 2016). In addition, physiologically relevant Tpm isoforms 

provide the isoform-specific modulation of actin interaction frequency, duration and 

efficiency for NM2B in complex with acto•Tpm cofilaments (Pathan-Chhatbar et al., 2018). 

In contrast, my measurements show that acto•Tpm cofilaments modulate the 

mechanochemical properties of Myo1C irrespective of the Tpm isoform. It was also 

previously reported that actomyosin complexes facilitate the recruitment of Tpm to actin 

filaments by a cooperative mechanism (Moraczewska et al., 1999; Pathan-Chhatbar et al., 

2018). My data suggest a minor ability of acto•Myo1C complexes to increase the Tpm 

binding on the filament. Specifically, my results show that NM2s and Myo1C are differently 

regulated by Tpm isoforms.  

Here, I propose that myosin surface loop 4, as a structural element of the upper 50 kDa 

domain, is involved in the divergent Tpm isoform-specific regulation of the myosin motor 

properties. Cryo-EM structures of myosins in complex with acto•Tpm cofilaments show that 

positively charged residues are well-positioned to interact with clusters of negatively charged 

residues on the exposed surface of Tpm (Behrmann et al., 2012; Doran et al., 2020; von der 

Ecken et al., 2016). In addition, biochemical analyses propose the modulation of the myosin 

activity by loop 4-truncated myosin constructs in complex with acto•Tpm1.6 cofilaments 

(Lieto-Trivedi et al., 2007). Here, the Myo1C homology model on the basis of the NM2C 

structure shows the negatively charged surface of Myo1C loop 4 residues in an equivalent 

position to the positively charged surface of NM2C loop residues. For the analysis of 

differences in the Tpm-specific modulation between myosin isoforms, I studied the kinetic 

and motor properties of the engineered chimeric Myo1C construct that has its loop 4 replaced 

by the loop 4 of NM2C through mutagenesis-based substitutions. Measurements of ATP 

turnover and sliding velocity of the Myo1C constructs on Tpm-free actin filaments show 

minor changes and indicate a negligible involvement of the loop 4 region in the regulation of 

specific processes between Tpm-free acto•Myo1C and acto•Myo1CLoop4NM2C complexes. In 

the case of acto•Tpm cofilaments, the presence of the NM2C loop 4 element in the motor 

domain of Myo1C leads to changes in the ATP turnover and filament sliding velocity that are 

different for each Tpm isoform. The Tpm isoform-specific regulation of myosin motor 
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properties is known for NM2s but was not observed for Myo1C as shown in this study. Note 

that in the presence of Tpm4.2, ATP turnover and sliding velocity were downregulated for 

acto•Myo1CLoop4NM2C compared to upregulation in the case of acto•NM2A (Hundt et al., 

2016). These differences indicate additional structural elements within the motor domain of 

the myosin isoforms, which cause different coordination of the power-stroke.  

It has been suggested that myosins are able to facilitate the binding of Tpm to actin filaments 

(Moraczewska et al., 1999; Pathan-Chhatbar et al., 2018). To obtain insights into the 

mechanism of myosin loop 4 to cause the increased recruitment of Tpm to actomyosin 

complexes, I analysed the change of the filament sliding velocity by using a Tpm titration. As 

previously shown, the value of K50 % for the Tpm-mediated reduction in sliding velocity is in 

good agreement with the reported value of KD(app). In the presence of Tpm1.12, the chimeric 

Myo1CLoop4NM2C shows a 1.6-fold increase of the sliding velocity at saturating Tpm 

concentrations and a 4-fold change in the value of K50 % for acto•Myo1CLoop4NM2C complexes 

in comparison to acto•Myo1C complexes. The change in the value of K50 % indicates 

increased Tpm recruitment to actin filaments and enhanced complex stability of actomyosin-

tropomyosin complexes in the presence of the NM2C loop 4 similar to the results obtained for 

NM2B in a previous report (Pathan-Chhatbar et al., 2018). This is different for Tpm3.1 and 

the chimeric Myo1CLoop4NM2C construct, which shows a 1.8-fold increase of the sliding 

velocity at saturating Tpm concentrations, but minor changes for the binding of Tpm3.1 to 

actomyosin complexes. PTMs of the Tpm proteins are able to extend the modulating effects 

on the functional diversity of actomyosin-tropomyosin complexes (Greenfield et al., 1994; 

Rao et al., 2009; Coulton et al., 2010; Jin et al., 2016). My initial measurements of Myo1C 

with acetylated Tpm2.1 (kindly provided by Dr. Theresia Reindl) on actin filaments indicate 

minor differences in ATP turnover and sliding velocity. In future studies, the modifications of 

Tpm isoforms with physiologically relevant PTMs will shed light on the functional 

cooperativity and the fine-tuning of kinetic and motor parameters as it occurs in cells. 

Taken together, my observations support that the myosin loop 4 is involved in the different 

regulation of Myo1C and NM2s by acto•Tpm cofilaments. I propose that the NM2C loop4 is 

a structural element important to regulate myosin motor activity in a Tpm isoform-specific 

manner, which is not true for Myo1C. According to my results, the NM2C loop 4 variant 

appears to contribute critically to Tpm isoform-specific sensing and associated modulation in 

ATP turnover, sliding velocity and complex stability.  
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5 OUTLOOK 

This study shows that Myo1C-specific NTEs and in vitro reconstituted cytoplasmic acto•Tpm 

cofilaments fine-tune the Myo1C motor properties to modulate the functional diversity in our 

cells. Myo1C is regulated in terms of kinetic and motor properties by the interaction of the 35 

amino acid residues in the NTR of Myo1C35 with the motor domain by an allosteric 

communication pathway. Additional experiments with mutant constructs of the NTE-motor 

domain interface are required to reveal the pathway connecting the distal end of the motor 

domain with the active site and to gain mechanistic insights into the modulation of Myo1C 

motor performance. Optical trap measurements with single molecules of these Myo1C 

constructs can determine to what extent N-terminal amino acid residues are involved in the 

mechanism of Myo1C force sensing. In addition, isoform-dependent differences in the step 

size can be validated to directly demonstrate how the small changes in the transition between 

weakly and strongly bound states have such a strong impact on the motor properties of 

Myo1C. 

At the level of acto•Tpm cofilaments, Tpm mediated changes in the myosin-binding surface 

contribute significantly to the modulation of Myo1C motor activity. On a structural basis, it 

remains unclear how a conformational change in myosin is enhanced in the presence of Tpm. 

Myosin loop 4 was predicted as an important structural element for the interaction with Tpm 

by cryo-EM structures (Behrmann et al., 2012; von der Ecken et al., 2015) and prevents the 

binding of Myo1B to acto•Tpm1.6 cofilaments (Lieto-Trivedi et al., 2007). Our study with a 

loop 4 chimera suggests that this loop appears to contribute critically to Tpm isoform sensing 

and associated changes in ATP turnover, motor activity and complex stability. Additional 

truncations or mutations of loop 4 residues enable the identification of specific interactions or 

steric clashes within the acto•Myo1C•Tpm interface and will help to understand additional 

structural features of Tpm regulation. Future challenges include the elucidation of the impact 

of PTMs of Tpms on the formation of actomyosin-tropomyosin complexes and their 

functional properties (Coulton et al., 2010).  
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