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ABSTRACT 

 

The sarcomeric protein diseases are heterogeneous, both genetically and phenotypically. 

For example, mutations in a number of different thin filament genes (skeletal muscle -

actin, ACTA1; -fast tropomyosin, TPM2, -slow tropomyosin, TPM3; troponin T1, 

TNNT1; nebulin, NEB) can all cause nemaline myopathy (NM), while mutations in 

ACTA1 alone can cause three distinct disease phenotypes (NM, cap disease and 

congenital fibre type disproportion). The work presented in this Thesis identifies a 

novel NM disease gene, and novel mutations in the -MyHC gene (MYH7). 

Furthermore it expands our knowledge of the mechanisms underlying the pathology and 

clinical heterogeneity of MYH7- and TPM2-diseases.  

 

Cofilin (CFL2) mutations had not previously been identified as a cause of NM. 

However, due to CFL2 interacting with other NM-associated proteins of the thin 

filament and its role in the regulation of actin assembly and disassembly, it was a strong 

candidate NM gene. Screening DNA from 23 NM probands for mutations in the 

candidate gene CFL2 did not identify any mutations. However, it formed part of a 

collaborative effort, which identified a single homozygous CFL2 mutation (p.Ala35Thr, 

c.103G>A) from a total of 113 probands {Agrawal, 2007 #611}. This published study 

indicated mutations in CFL2 are a rare cause of NM, suggesting that it would be logical 

to screen only patients that show abnormalities upon cofilin immunohistochemistry and 

are negative for mutations in the other known NM disease genes. 

 

Mutations in MYH7 had previously been demonstrated to cause two skeletal 

myopathies: Laing early-onset distal myopathy (MPD1) and myosin storage myopathy 

(MSM). In this Thesis, three novel mutations in MYH7 were identified (p.Arg1588Pro, 

p.Leu1793del and p.Glu1856Lys) and recurrent mutations in a further five probands 

were demonstrated. The discovery of novel MYH7 mutations broadens the region of the 

gene in which skeletal myopathy mutations are found. These findings illustrate that 

MPD1 continues to be caused by missense mutations to proline, or removal of an amino 

acid, both of which are likely to disrupt the protein’s -helical structure and 

compromise its capacity to form a coiled-coil. Identification of the p.Glu1856Lys 

mutation in a family with both hypertrophic cardiomyopathy (HCM) and distal 

myopathy confirms previous observations that MYH7 mutations can cause a combined 
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skeletal muscle and cardiac disease phenotype, increasing the phenotypic spectrum of 

MYH7 disease. Furthermore, this mutation joins an emerging group of glutamate to 

lysine mutations (p.Glu1801Lys, p.Glu1883Lys and p.Glu1914Lys) causing the 

combined skeletal muscle/cardiac phenotype.  

 

Recombinantly expressed and purified wild type and mutant -MyHC rod domains and 

a fragment thereof were analysed by circular dichroism (CD) to determine the effects of 

disease-causing mutations on overall secondary structure and thermostability of the 

protein. CD analysis found that mutations causing MSM or MPD1 generally caused a 

reduction in -helical content and thermostability of the -MyHC rod domain and to a 

greater extent in the smaller (light meromyosin, LMM-485) fragment. Due to relative 

residue positions in the heptad repeat of the -MyHC -helical coiled-coil, the altered 

secondary structure and reduced thermostability observed by CD suggest that mutations 

causing MPD1 or MSM may contribute to disease pathogenesis by disrupting 

interactions important for the lateral stacking of -MyHC dimers. Altered secondary 

structure may also interfere with interactions between the -MyHC rod and M-band 

binding partners such as the myomesins. An HCM mutant studied by CD was found to 

have -helical secondary structure content similar to that of the wild type and showed 

only a very minor change in thermostability, suggesting that the HCM disease 

phenotype may arise from different pathobiological mechanisms than MPD1 or MSM. 

 

Transfection of C2C12 myoblasts identified that the fusion of a C-terminal fluorescent 

tag to the full-length -MyHC does not disrupt the protein’s capacity to form striated 

myofibrillar structures in myotubes. While mutant -MyHC-EGFP proteins were also 

able to arrange into these ordered myofibrillar striations as per the wild type, mutations 

causing MPD1 formed myofibrils with sarcomeres significantly shorter than the wild 

type. The HCM mutant studied showed a sarcomere periodicity similar to that of the 

wild type. If the direct effects of sarcomeric shortening caused by MPD1 mutations 

affect the myofibrillar network or the sarcomere’s contractile properties, it is likely that 

it contributes to MPD1 disease pathogenesis. Cotransfection experiments identified that 

MPD1 and HCM -MyHC mutants do not alter the in vitro localisation of an M-band 

binding protein, M-protein. However, it cannot be ruled out that the interactions 

between -MyHC and M-protein are not affected by disease causing mutations. 
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Further investigation into the effects of disease-causing MYH7 mutations on the binding 

affinity between recombinant -MyHC rod and N-terminal myomesin or M-protein 

fragments was to be investigated using biomolecular interaction detection technology 

such as the Biacore
®
 system. Protein production was hampered by the recurrent 

insolubility of myomesin or M-protein fragments produced in a bacterial system, 

despite high levels of protein production. Although a number of conditions were altered 

including cell strain, expression construct and growth media, soluble protein could not 

be successfully produced. Protein production was subsequently tested in insect and 

mammalian cell systems. While mammalian cells failed to show signs of recombinant 

protein production, insect cells showed some very small amounts of protein production, 

which could be scaled up for use with further experiments. 

 

The CD technique developed for the analysis of -MyHC mutants was used to analyse 

the effects of a number of NM and cap disease mutations in TPM2 on the secondary 

structure and thermostability of the encoded -TPM protein. CD analysis identified a 

possible correlation between significant decreases in the molecule’s overall -helical 

content and -TPM’s actin-binding affinity. Furthermore, both of the mutations causing 

these reductions in -helical content were associated with cap disease only, suggesting 

the possibility of an additional correlation between protein secondary structure and 

disease phenotype. 

 

Work from this Thesis has thus far resulted in one publication, with several more in 

preparation. 
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The work presented and discussed in this thesis comprises the steps involved from 

screening for a disease gene, to the identification of disease causing mutations and the 

subsequent functional investigation required to determine an underlying disease 

mechanism. These studies have had an immediate application to clinical practice in 

terms of diagnostic accuracy, genetic counselling and presymptomatic diagnosis.  

Additionally, they have provided new and important information concerning normal 

skeletal muscle biology and disease pathogenesis, fundamental for the development of 

specific therapies.  

 

In order to develop a background understanding of what this thesis intends to 

investigate it is necessary to first discuss: 

 The structure of striated muscle, 

 Skeletal muscle diseases associated with the sarcomere, 

 The importance of disease gene discovery and subsequent disease 

pathobiological analysis, and how this knowledge can be used to target directed 

therapies for patients. 

 

1.1 Human striated muscle 

The body‟s striated muscle tissues, heart and skeletal muscle, are specialized contractile 

apparatuses required for the rapid generation of movement or force in a specific 

direction (Craig & Padron, 2004). In vertebrates, single cell, multinucleated striated 

muscle fibres can be several centimetres long and usually measure 10 to 100 µm in 

diameter (Schiaffino & Reggiani, 1996; Craig & Padron, 2004). The striations in 

muscle result from repeating units (sarcomeres) comprising ordered arrangements of 

thin (actin containing) and thick (myosin containing) filaments. Along a myofibril the 

sarcomere repeats with a periodicity of approximately 2-3 m (Craig & Padron, 2004). 

The thick filaments are connected to the M-band (also known as the M-line) (Agarkova 

& Perriard, 2005), while the thin filaments are anchored in the Z-disc (also known as 

the Z-line) (Figure 1.1). Muscle contraction is a result of the interaction between the 

thin filament protein, actin and the thick filament protein, myosin (Craig & Padron, 

2004). The interaction between these proteins transduces chemical energy into 

mechanical work, causing the thick and thin filaments to slide past each other during 
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contraction (Craig & Padron, 2004).  During this sliding action of muscle contraction, 

the sarcomere shortens. It is this sarcomeric shortening across the entire tissue that 

brings about contraction of the muscle as a whole. This process of skeletal muscle fibre 

contraction is also known as Huxley‟s sliding filament theory (Huxley & Hanson, 1954;  

Craig & Padron, 2004) (Reviewed in Craig (2004)). 

Figure 1.1. An electron micrograph shows a single sarcomere (above). Underneath 

is a schematic diagram showing the major components of the sarcomere with 

proteins separated into respective compartments. Those proteins shown in bold are 

known to be mutated in human skeletal muscle disease. Figure from Laing and 

Nowak (2005) 
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1.1.1 The skeletal muscle thick filament (A-band) 

Techniques such as electron microscopy (EM) and X-ray diffraction have allowed the 

development of models of the specific structure of the thick filament (Kensler & 

Levine, 1982; Stewart & Kensler, 1986; Craig & Woodhead, 2006). Vertebrate striated 

muscle thick filaments are bipolar spindle shaped structures, measuring 1.6 µm in 

length and approximately 15 nm in diameter (Huxley, 1963). In each thick filament, 

myosin molecules are packed with an axial stagger of 14.3 nm and a helical repeat of 43 

nm (Huxley & Brown, 1967). Approximately 300 skeletal muscle myosin molecules, 

together with other non-myosin molecules, make up the thick filament (Craig & Padron, 

2004). Dissociating the thick filament with high strength ionic solutions such as 0.6 M 

KCl has elucidated the myosin molecule structure. Myosin dimers comprise two 

globular „heads‟ and an elongated „tail‟, connected via flexible hinges (Huxley, 1963; 

Craig & Padron, 2004). In a solution of physiological ionic strength (eg. 0.15 M), 

myosin molecules spontaneously reassemble into a thick filament-like structure 

(Huxley, 1963). 

   

1.1.1.1 Skeletal muscle myosin 

As indicated, myosin is the major component of the skeletal muscle thick filament 

(Craig & Padron, 2004). The myosin protein complex is a hexameric structure 

comprising two heavy chains and two pairs of light chains – the regulatory light chains 

and essential light chains (Figure 1.2). The heavy chains form a stable 155 nm long -

helical coiled-coil tail for their C-terminal halves, known as the myosin rod (Warrick & 

Spudich, 1987; Maita et al., 1991; Craig & Padron, 2004). In its amino (N-) terminal 

half, each myosin heavy chain (MyHC) folds to form a globular head, measuring 

approximately 19 nm in length with a width of 5 nm at its widest point. Myosin heavy 

chain digestion near the middle of the tail region separates the molecule into heavy 

meromyosin (HMM) and light meromyosin (LMM) as follows.  
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Figure 1.2 Schematic diagram of the hexameric myosin complex. The S1 and S2 

fragments make up the HMM. The LMM is a completely -helical coiled-coil.  The 

regulatory and essential light chains (RLC/ELC) bind the MyHC head.  Image taken 

from Oldfors (2007). 

HMM 

MyHC dimer 

LMM 

 

HMM includes the globular myosin head region comprising approximately 780 amino 

acids, also known as sub fragment one (S1) (Rayment et al., 1993) as well as part of the 

myosin rod known as sub fragment two (S2). The soluble S1 includes the motor 

domain, which binds actin and hydrolizes ATP during muscle contraction (Geeves & 

Holmes, 2005). It also includes the -helical neck region, which functions as a lever 

responsible for the sliding of filaments during contraction (Geeves & Holmes, 2005). 

Moving towards the carboxyl (C-) terminal, this neck region makes a sharp turn before 

extending to form the ~1096 amino acid -helical MyHC rod (Weiss et al., 1999). 

Dimerisation of the MyHC rod domain results in the formation of the coiled-coil 

myosin tail (Craig & Woodhead, 2006). LMM makes up approximately two-thirds of 

the myosin rod. It is almost completely -helical and self associates at physiologic ionic 

strength to form ordered aggregates (Craig & Padron, 2004).  

 

There are three major myosin isoforms expressed in adult human skeletal muscle; (1) 

slow/-cardiac myosin heavy chain gene (MYH7) which encodes -MyHC, the major 

myosin isoform in type I (slow) muscle fibres, (2) fast myosin heavy chain gene 

(MYH2) which encodes MyHC-IIa, the major isoform in type IIA (fast) muscle fibres 

(Tajsharghi et al., 2005), and (3) MyHC-IIx which is encoded by MYH1 and expressed 

primarily in type IIB (fast) muscle fibres (Smerdu et al., 1994).  
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1.1.1.2 Myosin binding proteins 

All vertebrate striated muscle thick filaments interact with a set of myosin binding 

proteins at regular intervals along the filament (Craig & Padron, 2004). Myosin binding 

protein C (MyBP-C, encoded by MYBPC) is the most abundant of the myosin binding 

proteins and is found as three isoforms – cardiac, fast skeletal and slow skeletal (Craig 

& Padron, 2004). The expression of skeletal isoforms however does not strictly 

correlate with fibre type. For example, type II fibres contain both fast and slow isoforms 

of MyBP-C (Dhoot & Perry, 2005). MyBP-C localises to the sarcomeric A-band where 

it plays an important role in stabilizing thick filaments during sarcomere assembly 

(Winegrad, 1999).  

 

1.1.2 The skeletal muscle thin filament (I-band) 

The sarcomeric thin filament is anchored in the Z-disc and spans from this point into the 

A-band to the edge of the H-zone (Craig & Padron, 2004). Thin filaments of vertebrate 

striated muscle measure approximately 1m in length and 10nm in diameter (Craig & 

Padron, 2004). Actin is the major constituent of the thin filament (Sheterline et al., 

1998). Globular (G-) actin is assembled into a double stranded filamentous (F-) actin 

helical polymer to form the core of the thin filament (Schiaffino & Reggiani, 1996). The 

giant protein nebulin is another major component of the thin filament. A single nebulin 

molecule spans the entire thin filament and is thought to be involved in regulation of 

thin filament length during myofibrillogenesis (McElhinny et al., 2005). In addition to 

actin and nebulin, proteins from the troponin and tropomyosin family bind the actin 

filament at regular intervals and are involved in regulation of muscle contraction (Craig 

& Padron, 2004) (Figure 1.3). 
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1.1.2.1 Actin 

The ACTA1 gene-encodes skeletal muscle -actin, which is the principal actin isoform 

in adult human skeletal muscle (Sheterline et al., 1998). Actin accounts for about 20% 

of the total protein mass of human skeletal muscle and plays an important role in 

cytoskeletal integrity and cell motility (Sheterline et al., 1998). Furthermore, it is the 

interaction between actin and the myosin head that forms the basis of muscle 

contraction (Craig & Padron, 2004). In conditions of low ionic strength in vitro, actin 

exists in the monomeric G-actin state (Pollard, 1990; Sheterline et al., 1998). In this 

form, binding of a single divalent cation and molecule of ATP stabilizes each actin 

molecule (Craig & Padron, 2004). If the salt concentrations are increased to a 

physiological range (0.15M), G-actin monomers self-associate into F-actin and any 

bound ATP hydrolyses to ADP (Craig & Padron, 2004).  A number of actin binding 

proteins, including -actinin and cofilin, play important roles in both actin filament 

assembly and structural organization of the thin filament. Cofilin plays a major role in 

the assembly and disassembly of filamentous actin and is discussed in detail in Chapter 

2 of this Thesis (Thirion et al., 2001). -Actinin is involved in the structural 

organization of the thin filament and is discussed further in Section 1.1.5.1 (Craig & 

Padron, 2004). 

 

Figure 1.3 A schematic diagram of the sarcomeric thin filament, showing the 

localisation of its major constituents - actin, nebulin, tropomyosin and the 

troponin complex. Figure from Laing and Nowak (2005) 
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1.1.2.2 Nebulin 

The giant muscle protein nebulin (encoded by NEB) is fundamental to the structure of 

the thin filament and ranges in size from 600 to 900 kDa, depending on the splice 

variant (Donner et al., 2004). Alternative splicing of exons in the 3‟ and central regions 

of NEB are responsible for the broad isoform diversity of the protein (Labeit & 

Kolmerer, 1995; Millevoi et al., 1998). Nebulin extends as a single polypeptide, 

spanning the entire length of the thin filament (Craig & Padron, 2004). Nebulin consists 

mainly of a highly repetitive structure comprising repeated modules of 30-35 amino 

acids, whilst the N- and C-terminals both have unique structural domains (Donner et al., 

2004). The 20 kDa C-terminus of the protein is integrated into the sarcomeric Z-disc 

and the N-terminus extends with the thin filament into the A-band (Craig & Padron, 

2004; Donner et al., 2004). Nebulin is bound to -actinin at the Z-disc by myopalladin, 

a 145kDa protein that links the two proteins via nebulin‟s C-terminal src-homology 

domains and -actinin‟s EF hand motifs (Bang et al., 2001). Conserved SDXXYK-

actin-binding motifs are located along nebulin‟s modular repeat structure.  

 

1.1.2.3 Tropomyosin 

Tropomyosin exists completely as a double-stranded -helical coiled-coil with each 

strand of the coiled-coil running in parallel (Craig & Padron, 2004). The tropomyosin 

dimer has a molecular weight of 65 kDa, measures 41nm in length and 2nm across 

(Craig & Padron, 2004). Tropomyosin directs skeletal and cardiac muscle contraction 

by regulating the myosin-actin interaction, together with troponin and Ca
2+

 (Gordon et 

al., 2000). Three different genes encode human skeletal muscle tropomyosins; (1) fast 

-tropomyosin (TPM1, TPM1), (2) -tropomyosin (TPM2, TPM2) and (3) slow -

tropomyosin (TPM3, TPM3). The three striated muscle TPM isoforms display complex 

expression and dimerisation patterns. TPM1 is expressed in type II fibres and 

predominantly in the heart (Leger et al., 1976), TPM2 is expressed in both type I and 

type II muscle fibres (Leger et al., 1976), and TPM3 is expressed in type I muscle fibres 

(Pieples & Wieczorek, 2000). Type I skeletal muscle fibres generally contain 

TPM3/TPM2 heterodimers, whilst type II fibres contain TPM1/TPM2 heterodimers 

(Salviati et al., 1984; Ochala et al., 2007).  
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1.1.2.4 Troponin 

The troponin complex comprises three subunits; (1) troponin C (TnC) that binds Ca
2+

,  

(2) troponin I (TnI), which binds to actin to inhibit its interaction with myosin and (3) 

troponin T (TnT), which binds the troponin complex with tropomyosin (Gordon et al., 

2000). The genes TNNC1, TNNI1, and TNNT1 encode TnC, TnI and TnT, respectively. 

Tropomyosin and the troponin complex function together as a Ca
2+

 dependent switch 

regulating skeletal muscle fibre contraction (Schiaffino & Reggiani, 1996). 

 

1.1.3 The sarcomeric M-band 

As the thick and thin filaments interact to generate the force required for muscle 

contraction and cell motility, structural proteins ensure each filament is organised to 

allow efficient interaction and transmission of the generated force (Obermann et al., 

1998; Agarkova & Perriard, 2005). The M-band is located at the centre of the A-band, 

where its elastic lattice network is responsible for the ordered arrangement of the thick 

filaments (Agarkova & Perriard, 2005). An M-band region of titin interacts with 

proteins of the M-band, contributing to the regular packing of the thick filaments in the 

M-band (Obermann et al., 1997). The myomesin family (myomesin 1, M-protein and 

myomesin 3) form protein bridges to link each thick filament to its six neighbours, 

thereby holding each filament in register (Craig & Padron, 2004).  

 

1.1.3.1 Myomesin 1 

Encoded by MYOM1, myomesin 1 is expressed in all vertebrate striated muscle fibre 

types (Agarkova et al., 2000). Myomesin 1 was initially identified as a contaminant in 

M-protein preparations (Grove et al., 1984). Myomesin 1 and M-protein stem from 

similar evolutionary origins and are structurally similar (Kenny et al., 1999). Both 

proteins have a unique head domain followed by 12 structural modules that have strong 

homology to fibronectin (Fn) type III or immunoglobulin (Ig) type II domains 

(Agarkova & Perriard, 2005).  M-protein will be discussed further in section 1.1.3.2. 

 

 Myomesin binds myosin with its first N-terminal domain, and binds to the titin m4 

domain via three Fn-like domains, My4-My6 (Obermann et al., 1997). Yeast two-

hybrid analysis screening for interaction partners of myomesin‟s C-terminus revealed a 

strong interaction of myomesin with itself (Lange et al., 2005). In a similar fashion to 
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-actinin in the Z-disc (see section 1.1.5.1), myomesin is able to form anti-parallel 

dimers via a C-terminal binding site (Lange et al., 2005). Myomesin 1 thus interacts 

with myosin, titin and itself to form a cross-linking, structural M-band complex (Lange 

et al., 2005). 

 

1.1.3.2 Myomesin 2 (M-protein) 

Throughout this thesis myomesin 2, encoded by MYOM2 will be referred to as M-

protein. M-protein was characterised biochemically as a myosin-associated protein 

(Masaki & Takaiti, 1974; Trinick & Lowey, 1977) and is expressed in human muscle 

with a distinct stage- and tissue-specific distribution (Obermann et al., 1998). Initially, 

it is expressed transiently in all fetal striated muscle fibres before its expression is 

suppressed in skeletal muscle fibres around birth and eventually is re-expressed in adult 

type II and cardiac fibres (Grove et al., 1985; Grove et al., 1987; Carlsson et al., 1990). 

By biochemical assays and EM, molecular models of the sarcomere have been able to 

approximate the position of M-band proteins (Obermann et al., 1996; Obermann et al., 

1997; Obermann et al., 1998). In this molecular model, M-protein molecules cross-link 

the myosin filaments at the centre of the M-band. However, the model cannot explain 

how bridging is achieved in muscles which are devoid of M-protein, such as the 

embryonic heart and type I muscle fibres (Grove et al., 1985; Grove et al., 1989; 

Carlsson et al., 1990). 

 

1.1.3.3 Myomesin 3 

The most recent skeletal muscle myomesin to be identified (using comparative 

sequence analysis) is myomesin 3 (encoded by MYOM3) (Schoenauer et al., 2008). 

Similar to myomesin 1 and M-protein, prediction studies suggest myomesin 3 consists 

of a unique head domain followed by a conserved sequence of Fn- and Ig-like domains. 

Shared amino acid homology between myomesin 3, myomesin 1 and M-protein is about 

40% (Schoenauer et al., 2008). Despite this high degree of homology between the 

proteins, myomesins have not been found to form heterodimers between different 

isoforms.  Myomesin 3 forms homodimers by means of its C-terminal domain, possibly 

in a similar fashion to myomesin 1. This further suggests that like myomesin 1, 

myomesin 3 is also responsible for myosin cross-linking in the sarcomeric M-band 

(Schoenauer et al., 2008). 
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1.1.4 The sarcomeric third filament  

The third filament system provides support to both the developing and fully functioning 

contractile filaments of the sarcomere, with important roles in mechanical support and 

regulatory signalling functions (dos Remedios & Gilmour, 1978; Udd, 2008). Major 

proteins of the third filament include titin and calpain-3 (Udd, 2008). 

 

1.1.4.1 Titin 

Encoded by TTN and measuring over 1m in length, the giant protein titin spans half 

the sarcomere and forms the backbone of the third filament (Udd, 2008). Titin plays a 

major part in the mechanism of elasticity of striated muscle (Trinick, 1994, 1996; 

Wang, 1996). Its C-terminus is an important component of the M-line (Furst et al., 

1988; Obermann et al., 1997), while its N-terminus forms part of the Z-disc (Gregorio 

et al., 1998). The A-band region of titin forms a key component of the thick filament, 

and various methods have suggested that six titin molecules tightly bind each thick 

filament on either side of the M-line (Cazorla et al., 2000; Liversage et al., 2001). The 

I-band region of titin is extensible and consists of a series of immunoglobulin domain 

chains and unique PEVK (Pro-Glu-Val-Lys) and N2B regions (Schoenauer et al., 

2005). The straightening of the chain of Ig domains and extension of the PEVK and 

N2B regions explain the molecular basis of titin‟s elasticity (Tskhovrebova et al., 

1997).   

 

1.1.4.2 Calpain-3 

Calpain-3 is encoded by CAPN3 and is a calcium dependant cysteine protease, 

belonging to the calpain protease family (Beckmann & Spencer, 2008).  Calpain-3 binds 

titin at a number of locations along the titin molecule including the N2A region in the I-

band and again in the M-band region of titin (Udd, 2008). Calpain-3 functions as a 

„sensor‟ of myofibrillar damage, which leads to its activation, release from titin and 

subsequent role in facilitating removal of debris (Beckmann & Spencer, 2008).  

 

1.1.5 The sarcomeric Z-disc 

The Z-discs are found at the ends of each sarcomere, forming the seam between one 

sarcomere and the next (Huxley, 1963). The Z-disc functions as the anchoring point for 

thin filaments and also titin molecules spanning from the adjacent sarcomere and 
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overlapping at the Z-disc (Craig & Padron, 2004). The Z-disc is composed of a number 

of proteins including -actinin, myotilin and filamin C. These provide structural 

integrity as well as play a role in sarcomere assembly and myofibrillogenesis (Craig & 

Padron, 2004).  

 

1.1.5.1 -Actinin 

The major structural component of the Z-disc is -actinin, which cross-links both anti-

parallel actin filaments and anti-parallel titin filaments from adjacent half-sarcomeres 

(Craig & Padron, 2004). Existing as an antiparallel homodimer, -actinin binds actin 

via its N-terminal domain and thus acts as a bridging protein across the Z-disc, joining 

oppositely polarised thin-filaments of adjacent sarcomeres (Beggs et al., 1992). Two -

actinins are expressed in human skeletal muscle, -actinin-2 is encoded by ACTN2 and 

-actinin-3 is encoded by ACTN3 (Lek et al., 2010). While -actinin-2 is expressed in 

all muscle fibres, -actinin-3 expression is restricted to glycolytic fast type II muscle 

fibres (Lek et al., 2010). Interestingly, a common nonsense polymorphism in ACTN3 

(p.Arg577X) is associated with elite athletic performance (Yang et al., 2003). 

 

1.1.5.2 Myotilin 

Myotilin (encoded by MYOT) is the best-characterised member of an Ig-domain-

containing actin-binding protein family that also includes palladin and myopalladin 

(von Nandelstadh et al., 2009). Myotilin is highly expressed in skeletal muscle, 

moderately expressed in the heart and peripheral nerves and found only in very low 

amounts (if at all) in other tissues (Salmikangas et al., 2003). Myotilin binds -actinin 

and actin and thus helps maintain structural positioning and stability of the actin 

filaments (Salmikangas et al., 2003). Myotilin also binds a number of other Z-disc 

associated proteins including FATZ and Murf-1, which link the protein to a cellular 

signalling role  (Selcen & Carpen, 2008).  

 

1.1.5.3 Telethonin 

Telethonin (encoded by TCAP and also known as CapT) is a titin binding protein, 

which caps the N-terminus of the titin molecule at the Z-disc (Udd, 2008). X-ray 

crystallography has demonstrated that telethonin‟s pseudo-symmetry allows for the 
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palindromic arrangement of two titin filaments anchoring at the Z-disc (Zou et al., 

2006). Telethonin‟s anchoring of the titin molecule to the Z-disc is critical for the 

structural integrity of the Z-disc (Bertz et al., 2009). 

 

1.1.5.4 ZASP (Z-disc alternatively spliced PDZ-motif containing 

protein) 

ZASP was first identified and characterised using antibodies to localise its position to 

the sarcomeric Z-disc (Faulkner et al., 1999). PDZ motifs are modular protein 

interaction domains and the PDZ domain of ZASP interacts with -actinin, indicating it 

is involved in the anchoring of Z-disc-associated proteins (Faulkner et al., 1999). It also 

interacts with other Z-disc proteins including FATZ and calsarcin-3 (Faulkner et al., 

1999; Frey & Olson, 2002). 

 

1.1.5.5 Filamin C  

Filamin C (encoded by FLNC) belongs to the filamin family of proteins, which play an 

important role in the organization of cytoskeletal and cellular actin filaments, provide a 

scaffold for many cytoplasmic signalling proteins and anchor transmembrane proteins 

(Calderwood et al., 2001; van der Flier & Sonnenberg, 2001). While filamins A and B 

are ubiquitously expressed, filamin C‟s expression is restricted to skeletal and cardiac 

muscle.  A unique repeat sequence in filamin C is thought to direct its recruitment to the 

Z-disc (Selcen & Carpen, 2008). Like myotilin (see section 1.1.5.2), filamin C is 

involved in the organization of actin filaments in the sarcomere (van der Flier & 

Sonnenberg, 2001).  

 

1.1.6 The intermediate filament 

The intermediate filaments mediate the mechanochemical connection between the 

contractile apparatus of the sarcomere and organelles within the muscle cell. The 

intermediate filament networks connect via the Z-disc to link the contractile apparatus 

to the sarcolemma and other subcellular organelles, including the nucleus (Capetanaki 

et al., 2007). Linking all of these structures and organelles together supports the force 

transmission of the myocyte, cellular gene expression, energy production and protein 

trafficking functions (Capetanaki et al., 2007). Desmin is the main intermediate 
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filament protein, while others include B-crystallin and plectin (Capetanaki et al., 

2007).  

 

1.1.6.1 Desmin 

In mature muscle cells, desmin connects adjacent myofibrils at the level of the Z-disc 

and also links myofibrils to the sarcolemma (Goldfarb et al., 2008). Desmin‟s central 

rod domain comprising four -helical segments plays an important role in the assembly 

of the three-dimensional extra-sarcomeric cytoskeleton. These filaments link adjacent 

myofibrils and also connect the myofibrillar apparatus to nuclei, mitochondria and the 

sarcolemma (Schroder & Schoser, 2009). 

 

1.1.6.2 B-crystallin 

B-crystallin is an intermediate filament-associated protein encoded by CRYAB and 

belongs to a family of „small heat-shock‟ proteins with chaperone-like properties. Like 

other proteins in this family, it binds unfolded or denatured proteins in order to prevent 

non-specific irreversible aggregation (Horwitz, 2000). Other cellular processes that B-

crystallin is involved with include facilitating correct protein folding and compartment 

targeting, cellular signalling and aiding in the direction of protein degradation (Goldfarb 

et al., 2008).  

 

1.1.6.3 Plectin 

The plectin molecule is encoded by PLEC1 and has a ~200 nm long -helical coiled-

coil rod central portion flanked by globular domains at the C- and N-termini, giving rise 

to a characteristic „dumbbell‟-shaped molecule (Foisner & Wiche, 1987). Plectin plays 

the role of a very important linker protein, which binds to a number of different 

intermediate filament proteins such as desmin and vimentin, but also cytoskeletal 

proteins and nuclear envelope proteins (Konieczny & Wiche, 2008). These observations 

show that plectin interconnects sarcomeric and cytoskeletal filament systems, as well as 

anchoring to the nuclear and plasma membranes. 
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1.2 Human skeletal muscle diseases associated with defects of the striated 

muscle sarcomere 

Skeletal muscle diseases, “myopathies,” are a heterogeneous collection of disorders that 

can cause significant morbidity resulting from the loss of mobility, compromise of 

respiratory and swallowing muscles and, in some cases, cardiomyopathy. The spectrum 

of clinical severity is wide, ranging from neonatal death associated with an absence of 

voluntary movement and respiratory failure, through to milder, late onset cases with 

slow disease progression. Accurate genetic diagnosis of a myopathy is vital in guiding 

disease management, prediction of prognosis and recurrence risk, prevention through 

prenatal diagnosis and, increasingly, for directing appropriate treatment and eligibility 

for clinical trials of new therapeutic agents. 

 

Since the identification of the dystrophin gene as the cause of Duchenne muscular 

dystrophy in 1987 (Hoffman et al., 1987; Koenig et al., 1987), many skeletal muscle 

disease genes have been discovered (Kaplan et al., 2009). Of these disorders, a subset 

are caused by mutations in genes encoding sarcomeric proteins, some of which have 

also been identified to cause cardiac muscle disorders (Laing & Nowak, 2005; Walsh et 

al., 2010). Certain trends have become evident, such as mutations in genes encoding 

proteins located in the same sarcomeric compartment causing similar disease 

phenotypes. For example, most mutations in proteins of the thin filament usually cause 

congenital myopathy, which is present at birth. Defects in the thick filament or titin 

cause distal myopathy and inclusion body myopathy, while mutations in Z-disc proteins 

primarily cause muscular dystrophy. Sarcomeric protein diseases are genetically 

heterogeneous, with mutations in particular sarcomeric proteins shown to cause several 

diseases with completely different phenotypes. For example, mutations in the skeletal 

muscle -actin gene (ACTA1) can cause a range of phenotypically distinct myopathies 

including nemaline myopathy (NM), congenital fibre type disproportion (CFTD) and 

core disease (See 1.2.2.1). Furthermore, mutations in different sarcomeric protein genes 

can cause the same disease. For example mutations in ACTA1, NEB, TPM2, TNNT1, 

CFL2 can all cause NM. 

 

1.2.1 Diseases of the sarcomeric thick filament 

Human skeletal muscle diseases have been associated with a number of different MyHC 

isoforms, myosin light chains and myosin-associated proteins such as MyBP-C. 
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Mutations in MYH2 have been found to cause autosomal dominant inclusion body 

myopathy (IBM-3) (Martinsson et al., 2000). IBM-3 usually presents at birth with 

multiple joint contractures, muscle weakness and atrophy affecting mostly the shoulder 

and pelvic girdles (Darin et al., 1998). Mutations in MYH8 have been found to cause 

distal arthrogryposis with trismus and pseudocamptodactyly in hands and feet 

(Veugelers et al., 2004).  

 

Although the function of myosin light chains in skeletal muscle is not completely 

understood, it is known that they stabilize the long -helical neck of the myosin head 

(Poetter et al., 1996). Mutations in the genes encoding slow myosin essential light chain 

3 (MYL3) and slow myosin regulatory light chain 2 (MYL2) have been shown to cause 

hypertrophic cardiomyopathy with myopathy (Poetter et al., 1996).  

 

Mutations in MYH7 have been found to cause Laing early onset distal myopathy 

(MPD1), myosin storage myopathy (MSM) and hypertrophic and dilated 

cardiomyopathy (HCM/DCM). As it is a focus of this thesis, mutations in MYH7 and 

the associated diseases will be discussed in further detail in Chapter 3. 

 

1.2.2 Diseases of the sarcomeric thin filament 

1.2.2.1 Skeletal muscle -actin (ACTA1) 

As mentioned above, mutations in ACTA1 have been found to cause a range of mostly 

congenital myopathies with varying severity of muscle weakness. Nemaline myopathy 

(NM) is the most common disease caused by ACTA1 mutations. ACTA1 NM shows de 

novo, dominant and recessive inheritance and is characterised by nemaline bodies (or 

rods) in muscle fibres (Sparrow et al., 2003; Wallgren-Pettersson et al., 2004). Actin 

myopathy is mostly a severe muscle disease characterised by excess thin filaments and 

hypotonia (Nowak et al., 1999). Intranuclear rod myopathy is aptly characterised by 

intranuclear rods and most mutations identified are located in a particular region of the 

encoded protein (Laing et al., 2009). Core-rod disease is characterised by generally 

mild muscle weakness and the presence of both nemaline bodies and cores in muscle 

biopsies (Jungbluth et al., 2001). Core disease is distinguished by the presence of only 

cores in the muscle fibres in association with mild non-progressive muscle weakness 

and has also been associated with a cardiac phenotype (Kaindl et al., 2004). Congenital 

fibre type disproportion (CFTD) is characterised by small type I fibres in the absence of 
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other features such as nemaline rods or cores and may be associated with a severe 

clinical phenotype (Laing et al., 2004).  

 

1.2.2.2 Nebulin 

Mutations in NEB are known to cause autosomal recessive NM, usually by nonsense or 

frameshift mutations and with variability in the severity of muscle weakness (Pelin et 

al., 1999; Wallgren-Pettersson et al., 2004). Mutations in NEB are thought to be the 

most common cause of NM, although most mutations are not identified because of the 

sheer size and splicing characteristics of the gene (Pelin et al., 1999). More recently, 

recessive missense NEB mutations have been found to also cause a distal myopathy 

phenotype with the absence of nemaline bodies (Wallgren-Pettersson et al., 2007).  

 

1.2.2.3 Tropomyosin 

Mutations in the genes encoding  fast-, - and -slow tropomyosin (TPM1, TPM2 and 

TPM3, respectively), have all been found to cause disease. Mutations in TPM1 are 

associated with dilated and hypertrophic cardiomyopathy (Thierfelder et al., 1994; 

Olson et al., 2001). Mutations in TPM2 have been found to cause NM, distal 

arthrogryposis type 2B (DA2B) and cap disease (Donner et al., 2002; Lehtokari et al., 

2007; Tajsharghi et al., 2007), while mutations in TPM3 cause NM, CFTD and ap 

disease (Laing et al., 1995; Clarke, 2008; De Paula et al., 2009; Ohlsson et al., 2009). 

As they later become a focus of work presented in this thesis, diseases caused by 

mutations in TPM1, TPM2 and TPM3 are discussed in further detail in Chapter 6. 

 

1.2.2.4 Troponin 

A homozygous nonsense mutation in exon 11 of TNNT1 (encoding slow troponin T 1) 

is the cause of Amish NM identified in a cohort of Old Order Amish families (Johnston 

et al., 2000). Characterised by nemaline bodies, tremors and contractures associated 

with severe muscle weakness, this form of NM is lethal early in life (Johnston et al., 

2000). Mutations in TNNI2, encoding fast troponin I have been found to cause distal 

arthrogryposis multiplex congenita 2B, which is characterised by multiple contractures 

from birth and moderate disease severity (Sung et al., 2003a).  Mutations in TNNT3, 

encoding fast-troponin T have also been found to cause distal arthrogryposis multiplex 
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congenita 2B. In patients with these mutations, the disease inheritance is de novo 

dominant and severity is variable (Sung et al., 2003b). 

 

1.2.3 Diseases of the sarcomeric Z-disc  

1.2.3.1 Myotilin 

Mutations in myotilin have been found to cause either limb girdle muscular dystrophy 

type 1A (LGMD1A) or myofibrillar myopathy (MFM), both of which are dominant, 

relatively mild, adult-onset diseases (Hauser et al., 2000; Selcen & Engel, 2004). 

LGMD1A presents clinically with initial proximal muscle weakness sometimes 

followed by the development of distal muscle weakness and distinctive nasal dysarthric 

speech (Selcen & Carpen, 2008). Histopathologically, LGMD1A is characterised by Z- 

line streaming, though can also show central nuclei, autophagic vesicles and variations 

in fibre size (Hauser et al., 2000). MFM affects the distal muscles more than the 

proximal muscles and also shows cardiac involvement (Selcen & Engel, 2004). 

Histopathologically, MFM patient biopsies show myofibrillar dissolution and hyaline 

deposits, with the pathologic changes occurring at the Z-disc (Selcen & Carpen, 2008). 

 

1.2.3.2 Telethonin 

Mutations in telethonin are a cause of limb girdle muscular dystrophy type 2G 

(LGMD2G). LGMD2G is a recessive disease characterised by both proximal and distal 

muscle involvement, however the extra-ocular and facial muscles are spared (Moreira et 

al., 2000). Hypertrophy of the calf muscles and foot drop are common features, while 

cardiac involvement has been observed in some patients (Moreira et al., 2000). 

Histopathologically, rimmed vacuoles are observed in muscle fibres (Moreira et al., 

2000).  

 

1.2.3.3 ZASP 

Like myotilin and a number of intermediate filament proteins (see section 1.2.3.1), 

mutations in the ZASP gene can cause MFM (Selcen & Engel, 2005). Muscle weakness 

associated with MFM due to ZASP mutations may be proximal and/or distal with a late 

onset and a variable degree of cardiac and peripheral nerve involvement (Selcen & 

Engel, 2005). Histopathological features are typical of MFM, including a mixture of 
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pleomorphic hyaline, granular and amorphous accumulations as well as Z-line 

streaming (Selcen & Engel, 2005). 

 

1.2.4 Diseases of the sarcomeric M-band 

To date, there are no published cases of skeletal muscle diseases caused by mutations of 

proteins in the M-band compartment of the sarcomere. This makes it the only 

compartment of the sarcomere not be associated with a skeletal myopathy. 

 

1.2.5 Diseases of the intermediate filament 

1.2.5.1 B crystallin 

Mutations in B crystallin cause B crystallinopathy, also known as desmin related 

myopathy, a dominant disease with variable age of onset and disease severity (Selcen & 

Engel, 2003). Both proximal and distal muscles are usually affected in addition to 

muscles of the neck, trunk and velopharynx (Fardeau et al., 1978; Vicart et al., 1996). 

Immunohistochemistry on patient muscle biopsies show abnormal accumulations of 

desmin and B crystallin, and amorphous granular deposits are seen with EM (Fardeau 

et al., 1978; Vicart et al., 1998). 

 

1.2.5.2 Desmin 

Mutations in desmin can cause either recessive or dominant desminopathy (a subset of 

the MFMs). Similar to B crystallinopathy, it has a variable age of onset and varying 

degrees of disease severity have been observed (Laing & Nowak, 2005). Clinically, 

desminopathy usually presents with weakness of the distal muscles and often the 

anterior compartment is affected initially. Muscle weakness can also spread to affect the 

truncal, neck flexor, facial, bulbar and respiratory muscles (Goldfarb et al., 2004). 

Histopathologically, desminopathy is also characterised by amorphous granular 

accumulations (observed by EM) and abnormal accumulation of desmin (Goldfarb et 

al., 2004). 
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1.2.6 Plectin 1 

Mutations in PLEC1, the gene encoding plectin 1, cause a severe recessive disease, 

epidermolysis bullosa muscular dystrophy (EB-MD) (Pulkkinen et al., 1996). Epidermis 

bullosa (EB) is a heterogeneous group of disorders caused by defects in proteins 

responsible for stabilising the association between the epidermis and the underlying 

dermis (Konieczny & Wiche, 2008). EB-MD is a severe disease and shows features of 

chronic myopathy and general blistering of the skin and mucous membranes 

(Konieczny & Wiche, 2008). Histopathologically, muscle sections show features 

associated with muscular dystrophy, including centrally localised nuclei, split, necrotic 

and regenerating fibres (Konieczny & Wiche, 2008). 

 

 

1.2.7 Diseases of the third filament 

1.2.7.1 Calpain 3 

Mutations in CAPN3 have been found to cause limb girdle muscular dystrophy 2A 

(LGMD2A, OMIM #253600) (Richard et al., 1995). LGMD2A often has a variable 

phenotype but usually presents with selective atrophy of the pelvic, scapular and trunk 

muscles, in particular the gluteus maximus and the thigh abductors (Udd, 2008). 

Characteristic histopathological observations are dystrophic features of necrosis and 

regeneration in proximal muscle tissue (Udd, 2008). 

 

1.2.7.2 Titin 

Disease causing mutations in the gene encoding titin (TTN) were first reported to cause 

DCM, but have also been linked to cases of HCM (Gerull et al., 2002; Udd, 2008). 

Generally, mutations in the regions of TTN corresponding to the Z-disc, I- and A band 

regions of titin leading to the production of a truncated protein, result in either a DCM 

or HCM phenotype with variable severity and age of onset, in the absence of a skeletal 

myopathy (Udd, 2008). 

 

An 11 bp deletion in the final exon of TTN has been found to cause autosomal dominant 

tibial muscular dystrophy (TMD) (Hackman et al., 2002). Clinically, TMD patients 

show a late onset, mild phenotype with selective involvement of the tibial anterior 

muscles and, in advanced stages, also the extensor muscles of the great toe (Udd et al., 
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1993). Myopathic alterations seen in muscle tissue from TMD patients include fibre 

size variation, thin atrophic fibres and centralised nuclei (Udd et al., 1992). A 

homozygous deletion of these same 11 bp of TTN results in the more severe phenotype 

of limb girdle muscular dystrophy type 2J (LGMD2J), which severely affects proximal 

limb muscles and to a lesser extent, the distal muscles (Udd, 2008). Muscle biopsies 

from LGMD2J patients show non-specific myopathic changes and fatty infiltrates in the 

affected muscles, as well as a secondary loss of calpain-3 (Udd, 1992; Laing & Nowak, 

2005). 
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GENE PROTEIN FUNCTION DISEASE/S 

THICK FILAMENT 

MYH7 Slow  cardiac 

myosin 

 

Contraction by 

interaction with actin 

 

Laing early onset distal myopathy 

Myosin storage myopathy 

Hypertrophic cardiomyopahy 

Dilated cardiomyopathy 

MYH2 Fast myosin IIA Inclusion body myopathy 3 

MYH8 Perinatal myosin Distal arthrogryposis/ trismus-

pesudocamptodactyly syndrome 

MYL2 Myosin light chain 2  Hypertrophic cardiomyopathy with 

myopathy 
MYL3 Myosin light chain 3 

THIN FILAMENT 

ACTA1 Skeletal muscle  

-actin 

Contraction by 

interaction with 

myosin 

Nemaline myopathy 

Actin myopathy 

Intranuclear rod myopathy 

Core-rod disease 

Core disease 

Congenital fibre type disproportion 

NEB Nebulin Regulation of thin 

filament length and 

contraction 

Nemaline myopathy 

Distal myopathy with no nemaline 

bodies 

TPM1 Fast -tropomyosin Binds troponin, 

regulates actin-

myosin interaction 

 

Hypertrophic cardiomyopathy 

Dilated cardiomyopathy 

TPM2 -tropomyosin Nemaline myopathy 

Distal arthrogryposis multiplex 

congenita I 

Cap disease 

TPM3 Slow -

tropomyosin 

Nemaline myopathy 

Congenital fibre type disproportion 

TNNI2 Fast Troponin I Binds, tropomyosin, 

regulates contraction 

 

Distal arthrogryposis multiplex 

congenita 2B TNNT3 Fast Troponin T 

TNNT1 Slow Troponin T Nemaline myopathy 

 

THIRD FILAMENT 

TTN Titin Maintains elasticity 

of muscle 

Hypertrophic cardiomyopahy 

Dilated cardiomyopathy 

Tibial muscular dystrophy 

Limb girdle muscular dystrophy 2J  

CAPN3 Calpain-3 Senses damage, 

removes debris 

Limb girdle muscular dystrophy 2A 

Table 1.1 A summary of the sarcomeric protein diseases discussed in Section 1.2 

(continued on page 23) 
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GENE PROTEIN FUNCTION DISEASE/S 
Z-DISC 

MYOT Myotilin Stabilises actin 

filaments 

Limb girdle muscular dystrophy 1A 

Myofibrillar myopathy  

TCAP Telethonin Anchors titin, 

maintains Z-disc 

structure 

Limb girdle muscular dystrophy 2G 

ZASP Z-disc alternatively 

spliced PDZ-motif 

containing protein 

Anchoring of Z-disc-

associated proteins 

Myofibrillar myopathy 

INTERMEDIATE FILAMENT 

DES Desmin Connects myofibrils 

to the Z-disc and 

sarcolemma 

Desminopathy 

CRYAB B-crystallin Binds unfolded or 

denatured proteins, 

prevents aggregation 

B crystallinopathy  

(desmin related myopathy) 

PLEC1 Plectin Connects sarcomeric 

and cytoskeletal 

filaments 

Epidermolysis bullosa muscular 

dystrophy  
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1.3 The importance of identifying a disease gene 

For the patients and families of patients with a genetic disorder, discovery of the 

causative gene is of immediate benefit. Providing an accurate genetic diagnosis removes 

doubt and uncertainty over the cause of a disease and allows for the development of 

prenatal or presymptomatic diagnosis for family members. In cases of particularly 

severe or lethal congenital myopathies such as NM, it is possible to provide prenatal 

diagnosis to pregnant mothers with previously affected children or family history. This 

allows the appropriate genetic counselling for parents to make informed decisions about 

terminating a pregnancy or preparing for the birth of a severely affected child. In the 

case of a milder skeletal myopathy, such as MPD1, it is possible to carry out 

presymptomatic screening on those with a family history of the disease, enabling 

preparation and arrangement of suitable treatment and future care. In some cases it may 

also be possible to offer a prognosis on disease severity or progression. 

 

1.4 Development of a disease therapy 

Following the discovery of a novel disease gene, investigation of the underlying disease 

mechanisms can lead to the development of an effective treatment. While anti-

inflammatory drugs and analgesics can provide pain relief and treat some symptoms of 

a genetic skeletal muscle disorder, a therapy to cure the disease is what is ultimately 

sought. While symptomatic treatments such as orthoses and ventilation assistance can 

provide major benefits, no cure has been found for sufferers of any of the sarcomeric 

protein diseases (Nowak, 2008). 

 

Since the discovery of mutations in the dystrophin gene in 1987 as the cause of 

Duchenne muscular dystrophy (DMD) (Hoffman et al., 1987; Koenig et al., 1987), the 

development of a treatment for DMD has attracted more attention than any other muscle 

disease. Despite its identification over 20 years ago, no effective treatment is currently 

available, though a number of promising clinical trials are currently in progress.  With a 

large focus on the development of a therapy for DMD, the discovery of a curative 

treatment may be translated into therapies for other skeletal muscle disorders, including 

the sarcomeric protein diseases. 
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1.4.1 Development of a therapy for genetic muscle diseases 

Since the largest efforts in the development of an effective treatment for a genetic 

muscle disease have been focussed on DMD, this disease will be used as an example for 

the classes of approaches that have been investigated. It should be noted however, that 

this list is not exhaustive and does not include all potential treatments for DMD. 

 

1.4.1.1 Gene delivery 

Gene delivery involves adding a functional version of the defective gene to the affected 

muscle in an effort to restore normal function. Mutations that cause DMD result in the 

loss of dystrophin protein, therefore gene therapy approaches must either replace the 

missing protein or repair the genetic defect within the patient‟s genome (Muir & 

Chamberlain, 2009). This becomes challenging, as the very large 14 kb dystrophin 

mRNA sequence may be difficult to deliver to affected muscles (Chamberlain, 2002). 

One of the more heavily researched methods of introducing genes to skeletal muscle is 

by harnessing viruses for delivery (Tang et al., 2010). Viral vectors such as the adeno-

associated virus have been shown to successfully deliver „mini‟ or „micro‟ partially 

functional portions of the dystrophin gene with low immunogenicity and high tropism 

for striated muscle (Phelps et al., 1995; Wang et al., 2000; Sakamoto et al., 2002). 

While alternative viral vectors (Eg adenovirus) can accommodate the 14 kb dystrophin 

cDNA sequence, they have shown low tropism for skeletal muscle and some 

immunogenicity (Muir & Chamberlain, 2009). Similarly, non-viral gene transfer using 

plasmid constructs has been associated with ineffective delivery to skeletal muscles and 

cellular toxicity (Muir & Chamberlain, 2009).  

 

1.4.1.1.1 Gene therapy for sarcomeric protein diseases 

In contrast to muscular dystrophies such as DMD, most of the sarcomeric protein 

diseases are dominant, where the mutant as well as the wild type protein is produced. 

Dominant diseases are likely to be caused by a gain of function mode, the production of 

a mutant „poison‟ protein, rather than the absence of a protein (Nowak, 2008). It is 

therefore possible that a treatment involving the addition of extra wild type protein may 

not improve the disease. However, evidence does exist that diluting the amount of 

mutant protein may reduce the severity of the disease phenotype. In a previous study, 

two NM families each had a parent with a mild disease phenotype, despite having 
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children with severe disease. Further examination found that the mildly affected parent 

was a somatic mosaic for the same ACTA1 mutation that proved lethal in their children.  

This suggests that reducing the amount of a dominant mutant protein (“dilution”) may 

improve muscle function (Nowak et al., 1999).  

 

By introducing the absent protein, or more of the wild type protein, it might be feasible 

to treat both recessive sarcomeric disease and some of the dominant sarcomeric 

diseases. However, unless functional shorter versions of very large sarcomeric proteins 

like titin, myosin or nebulin can be created in a similar fashion to the „micro‟ or „mini‟ 

dystrophin, it may not be possible to package these into a delivery system. 

Contrastingly, smaller proteins such as tropomyosin or actin are ideal candidates for this 

method of gene delivery. 

 

1.4.1.2 Exon skipping 

Exon skipping provides an alternative approach to the exogenous delivery of dystrophin 

and relies on manipulation of the dystrophin transcript such that endogenous expression 

is restored (Muir & Chamberlain, 2009). Premature stop codons and splice site or 

deletion mutations that alter the reading frame of dystrophin often result in the 

expression of little or no functional protein (Muir & Chamberlain, 2009). The use of 

antisense oligonucleotides (AOs) enables the removal of exons that contain these 

mutations, allowing translation of a gene product that retains many of its critical 

functions despite some internal deletions. While the various AOs developed show low 

immunogenicity and effective systemic delivery, there are concerns about potentially 

toxic by-products (Yokota et al., 2009). The use of AOs for the treatment of DMD has 

shown promising results, with restoration of dystrophin expression in primary muscle 

cells from the mdx mouse model of DMD (Dunckley et al., 1998), the cxmd dog model 

and human cells from DMD patients (van Deutekom et al., 2001; McClorey et al., 

2006). A proof of principal clinical trial involving intramuscular injections of the 

oligonucleotide AV-4658 into DMD patients safely induced local expression of 

dystrophin (Kinali et al., 2009). Furthermore, the oligonucleotide has now been 

approved for systemic administration to DMD boys in clinical trials (Sazani et al., 

2010). 
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1.4.1.2.1 Exon skipping for the treatment of sarcomeric protein 

diseases 

Theoretically AO technology could be applied to large sarcomeric genes such as titin, 

myosin or nebulin, providing the removal of an exon containing a mutation would not 

greatly perturb the function of the protein product. However, this remains to be tested.  

Smaller sarcomeric genes such as actin or calpain-3 are not suitable candidates. The 

deletion of an exon from these genes would remove a significant portion of the protein 

product, which would be likely to have a critical effect on the protein‟s function 

(Nowak et al., 2008). 

 

1.4.1.3 Cell therapy 

Cell therapy for muscular dystrophies such as DMD involves transplantation of either 

donor-derived or patient-derived myoblasts or stem cells that fuse with existing 

myofibres or create new healthy myofibres, leading to expression of the missing gene 

product (Muir & Chamberlain, 2009). While using patient-derived cells lowers the risk 

of an immunogenic response, the cells must be genetically manipulated to express the 

missing gene and costly isolation/expansion methods may be required (Muir & 

Chamberlain, 2009). Myoblast survival post-transplantation is also a major issue. In 

vivo experiments have shown at least 75% cell death due to immune rejection. Also, 

cells do not readily disperse from the site of injection (Peault et al., 2007). Promising 

results from a study delivering normal donor myoblasts to an immunosuppressed DMD 

patient observed 34.5% of myofibres positively expressing dystrophin 18 months after 

high density injections (1 mm apart) (Skuk et al., 2007). If the delivery method for 

these cells was improved, cell therapy could be developed into an effective treatment 

for genetic muscle disorders. 

 

1.4.1.3.1 Cell therapy for sarcomeric protein disorders 

The degeneration of muscle fibres in DMD allows for better uptake of transplanted 

cells, which suggests that it may be a suitable treatment for sarcomeric protein disorders 

with dystrophic features such as LGMD1A. However, the development of such a 

treatment first requires overcoming low distribution and viability of cell transplants.  

The majority of sarcomeric protein diseases do not have dystrophic features, suggesting 

that cell-based therapeutic approaches might not be as effective (Nowak, 2008). 
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1.4.1.4 Upregulation therapy 

Upregulation therapy involves increasing or re-activating the expression of a particular 

gene in order to compensate for the disease-causing loss or functional disruption of 

another (Perkins & Davies, 2002).  The upregulated protein product should already be 

known to the body to eliminate any immunogenicity issues. A small compound that is 

easily administered for systemic delivery could be used to induce upregulation of the 

target gene, thereby producing a protein that performs a similar function to the defective 

or missing protein (Nowak, 2008). In the case of DMD, utrophin is the foetal isoform of 

dystrophin and shows great similarity in terms of gene sequence, protein structure and 

binding partners (Perkins & Davies, 2002). When transgenically over-expressed in the 

mdx mouse, utrophin localises correctly to the sarcolemma, prevents the onset of a 

dystrophic phenotype and results in a functional improvement (Deconinck et al., 1997). 

A phase I clinical trial in DMD patients is currently in progress testing the small 

molecule drug SMT C1100 for upregulation of utrophin, as well as the safety and 

efficacy of it potential use for the upregulation of utrophin in DMD patients (Summit, 

2010). SMT C1100 has the potential to treat all DMD patients regardless of their 

genetic defect (Summit, 2010).  

 

1.4.1.4.1 Upregulation therapy for sarcomeric protein diseases 

Similar to dystrophin, many sarcomeric proteins have foetal isoforms or isoforms 

expressed in different tissues (NCBI, 2010). By inducing the expression of such a gene 

it may be possible to compensate for the loss of a protein. For example, upregulation of 

an alternative tropomyosin isoform could rescue the disease phenotype of recessive NM 

caused by TPM3 mutations. Interestingly, patients completely lacking skeletal muscle 

actin due to recessive null mutations in ACTA1 are severely affected at birth and retain 

expression of cardiac actin in their skeletal muscle (Nowak et al., 2007). Cardiac actin 

is the foetal isoform of skeletal muscle actin and expression is normally suppressed 

around birth in humans (Ilkovski et al., 2005). Furthermore, an improved clinical 

phenotype is seen with higher cardiac actin expression, suggesting that if expression 

levels could be further upregulated, the disease phenotype may be ameliorated (Nowak 

et al., 2007).  
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Previous work has shown that crossing transgenic skeletal actin knockout mice, which 

usually die by 9 days after birth, with a mouse line that over expresses cardiac actin in 

skeletal muscle rescues the knock out mice (Nowak et al., 2009). Mice survive to old 

age and show no gross pathological features or physical incapacities (Nowak et al., 

2009). These findings indicate that reactivation of ACTC expression may provide a 

therapy for ACTA1 disorders. To date, upregulation of alternative isoforms of other 

sarcomeric proteins has not been tested. Nevertheless, only a small proportion of 

sarcomeric protein diseases are caused by recessive null mutations, and thus may not be 

amenable to upregulation of a compensatory gene.  Furthermore, proof-of-principle 

studies to determine whether upregulation of an alternate gene can effectively “dilute” 

the presence of a dominant mutant protein still need to be conducted. 

 

1.4.1.5 RNA interference  

RNA interference (RNAi) is a natural cellular mechanism involving gene silencing at 

the mRNA level. Cellular nucleases can be activated by the detection of sequence 

homology between an mRNA molecule of interest and a small interfering RNA 

(siRNA) (Ross et al., 2007). RNAi has been investigated as a therapeutic approach for a 

number of diseases including neurodegenerative disorders such as Alzheimer‟s disease 

(Orlacchio et al., 2007), motor neurone disease and Huntington‟s disease (Koutsilieri et 

al., 2007). Delivery of siRNA molecules has proven difficult, however a number of 

different mechanisms, including viral packaging, are being evaluated and may show 

more success (Nowak, 2008). Allele-specific knockdown of a mutant gene has shown 

success in vivo, with the specific silencing of the mutant allele in mouse models of 

Parkinson‟s and motor neurone disease (Sapru et al., 2006; Xia et al., 2006). RNAi 

would not be a suitable therapy for DMD or recessive diseases that result in the absence 

of a protein. 

 

1.4.1.5.1 RNAi for sarcomeric protein diseases 

RNAi technology may be appropriate for the development of a treatment for sarcomeric 

protein diseases caused by dominant mutations. The efficiency of RNAi is determined 

by the local structure of the RNA target sequence where the siRNA is to bind, if the 

interfering molecule cannot bind to the target sequence, expression cannot be 

suppressed (Westerhout & Berkhout, 2007). Although computer software systems are 

able to predict the efficiency of siRNA binding, saving on time and costs, not all 
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dominant mutations in every gene will allow successful knockdown of expression due 

to insufficient binding (Peek & Behlke, 2007). It would therefore be necessary to 

investigate the feasibility of in vitro experimentation based on a particular mutation 

causing a sufficient number of disease cases and the positive prediction of siRNA 

binding using appropriate software. 

  

A number of the therapeutic approaches presented above, such as AAV-mediated gene 

delivery and exon skipping, are currently in clinical trials for the treatment of DMD and 

other muscular dystrophies (Tang et al., 2010). All of the effort and subsequent progress 

made towards the treatment of these disorders will help increase the development of 

therapeutic strategies for the later-discovered sarcomeric protein diseases. While it 

needs to be considered that therapies developed for recessive diseases may not be 

directly applicable to the mostly dominant sarcomeric protein diseases, gene delivery 

technology should be relatively easy to adapt to the delivery of sarcomeric proteins, 

particularly the smaller proteins such as actin and calpain-3. The development of 

appropriate cell culture and animal models is required in order to effectively test which 

therapeutic strategies can be translated into patients.  

 

1.5 Functional investigations of disease mutations 

As mentioned above, the development of an effective treatment for sarcomeric protein 

diseases will most likely come through identification of the causative disease mutation 

and subsequent investigation of the underlying disease mechanisms. Understanding the 

effects of a particular mutation at the molecular and cellular level requires detailed in 

vitro investigation in order to elucidate the pathobiological disease mechanisms. These 

results can then direct the development of potential therapies.  

 

Following the identification of a disease mutation, a number of different experiments 

can be performed to investigate the functional effects of the mutation. Recombinant 

production and subsequent purification of the protein or a fragment of interest enables 

analysis of both the structural and functional characteristics of the mutant protein. 

Circular dichroism (CD) spectroscopy and other biophysical assays can be used to 

determine the effects of a mutation on protein structure (Kelly & Price, 2000), with the 

understanding that these experiments may not fully and accurately mimic in vivo 

effects. Recombinant production of relevant protein binding partners can allow the 
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investigation of functional effects of disease-causing mutations on protein-protein 

interactions. The in vitro investigation of the effects of mutations on protein structure 

and function is being used more and   Introduction of the mutant gene into a suitable 

cell culture system can enable visualisation of the effects of a mutation on protein 

localisation and function in a live cell in vitro model. The most effective method of 

investigating a disease-causing mutation is to generate an animal model carrying the 

mutation, such as a transgenic mouse. Such a model can be used for extensive 

functional investigations and is also ideal for testing potential therapies prior to human 

clinical trials. 

 

1.6 Conclusions 

This thesis begins with the screening of a candidate gene, CFL2, for a possible disease-

causing mutation in patients with nemaline myopathy (NM). This is followed by a 

chapter, screening a different gene, MYH7, in patients with suspected MPD1 or MSM 

and details the multiple mutations identified. The subsequent chapters characterise 

various -MyHC mutant proteins at a functional and structural level, by tissue culture 

expression, recombinant protein production and biophysical analyses by CD and protein 

binding assays. Finally, one of the functional tests developed with the -MyHC mutant 

proteins (CD) is applied to analyse tropomyosin mutants associated with sarcomeric 

protein diseases. 
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2.1 Summary 

This chapter investigates mutations in human muscle cofilin (CFL2), encoded by CFL2 

as a cause of NM. Though CFL2 mutations had not previously been identified in NM 

patients it remained a strong candidate because of its interactions with other NM-

associated proteins of the thin filament and its role in the regulation of actin assembly 

and disassembly. This investigation was part of a larger collaborative effort to screen 

113 NM probands for CFL2 mutations led by Prof. Alan Beggs (Boston Children’s 

Hospital and Harvard) and including Dr Carina Wallgren-Pettersson (Helsinki). While 

no CFL2 mutations were identified in the current cohort of 23 NM probands screened, a 

homozygous mutation (p.Ala35Thr, c.103G>A) was identified in the larger cohort of 

113 NM probands.  

 

2.2 Introduction 

As described in Chapter 1, a significant number of sarcomeric proteins have now been 

associated with human skeletal muscle diseases. For example, at the beginning of the 

current investigation, five different muscle thin filament proteins had been associated 

with NM: -slow tropomyosin (TPM3) (Laing et al., 1995), nebulin (NEB) (Pelin et al., 

1999), skeletal muscle -actin (ACTA1) (Nowak et al., 1999), troponin T (TNNT1) 

(Johnston et al., 2000) and -tropomyosin (TPM2) (Donner et al., 2002). However, a 

sizeable minority of nemaline and other related congenital myopathy patients remained 

without a genetic diagnosis, indicating that other disease genes for this group of 

myopathies remained to be identified. Since the five already identified proteins 

associated with NM are all thin filament proteins, it was likely that other thin filament 

proteins might be the cause of at least some of the unexplained cases.  

 

The muscle-specific cofilin gene CFL2 had previously been investigated in a cohort of 

50 NM patients in whom no ACTA1, TPM3, TNNT1 or NEB mutation had been 

identified (Thirion et al., 2001). Though that study found no NM patients with 

mutations in CFL2, it remained a strong candidate gene, warranting continued screening 

in further selected patients. Cofilin was thought to be a good candidate gene to screen 

for mutations in patients with actin-related muscle diseases as it plays a major role in 
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actin filament assembly/disassembly and also competes with tropomyosin (eg. -

TPM3) in binding with actin (eg. ACTA1) (Bernstein & Bamburg, 1982). 

 

2.2.1 Actin depolymerisation factor (ADF) and cofilin 

The actin depolymerisation factor (ADF)/cofilin family of proteins are expressed in 

almost all eukaryotic cells (dos Remedios et al., 2003). ADF/cofilins (also known as the 

AC protein group) are actin-binding proteins that are involved in the regulation of actin 

filament assembly (Thirion et al., 2001). They are relatively small proteins (15-19 kDa) 

and were first discovered over 30 years ago, purified from chick brain extracts 

(Bamburg et al., 1980). While invertebrates express a number of different ADF/cofilin 

homologues, vertebrates only express one ADF (also known as destrin) and two cofilins 

(dos Remedios et al., 2003). Together these proteins make up the AC protein group 

involved in cytokinesis, cell movement, endocytosis and all other processes involving 

actin assembly/disassembly (Thirion et al., 2001). The gene for human cofilin 1 (CFL1) 

shares 99% amino acid sequence homology with murine Cfl1 and was mapped to 

chromosome 11q13 in 1996 (Gillett et al., 1996). The authors also mapped CFL2 to 

chromosome 14 (OMIM 601443) and later identified the gene’s precise location 

(Thirion et al., 2001).  Thirion et al. (Thirion et al., 2001) proposed that the encoded 

CFL2 plays an important role in muscle function and regeneration. In mammalian 

systems the relative expression levels of CFL1, CFL2 and ADF vary in a cell/tissue 

specific manner (Van Troys et al., 2008). CFL1 is the major isoform expressed during 

embryonic development and it continues to be ubiquitously expressed in most 

mammalian adult tissues (Van Troys et al., 2008). ADF/destrin expression is 

upregulated after birth, though it is largely confined to epithelial and endothelial tissues 

and is absent in skeletal muscle (Nakashima et al., 2005; Van Troys et al., 2008). CFL2 

is upregulated shortly before birth and later replaces CFL1 to become the major skeletal 

muscle cofilin isoform (Nakashima et al., 2005; Van Troys et al., 2008).  

 

2.2.2 ADF/cofilin structure 

ADF/cofilins are normally found at the leading edge of moving cells and other parts of 

the cell where there is a high turnover of actin filaments (Maciver & Hussey, 2002). 

Structurally, the ADF/cofilins comprise a single folded domain called the ADF 
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homology domain and a long -helical structure located toward the C-terminal end of 

the protein forming the principal actin-binding site (Maciver & Hussey, 2002). Despite 

substantial variability in sequence and size throughout the ADF/cofilin family, the ADF 

homology domain remains highly conserved across species (Maciver & Hussey, 2002). 

All vertebrate ADF/cofilin sequences contain a nuclear localisation signal (NSL) near 

the N-terminus (Nishida et al., 1987). This correlates with the observation that 

ADF/cofilins are targeted to the nucleus when a cell is exposed to heat shock and 

chemical stress (Nishida et al., 1987).  

 

2.2.3 ADF/cofilin activity 

A process known as treadmilling describes the mechanism by which ADF/cofilins 

promote actin filament assembly/disassembly – the addition of ATP-actin subunits to 

the ‘barbed’ end of the actin filament and dissociation of ADP-actin subunits from the 

‘pointed’ end (Bamburg & Wiggan, 2002). Through binding to filamentous (F-) actin, 

ADF/cofilins stabilize a portion of the filament and cause ‘severing’ of the filament by 

increasing the rate of actin sub-unit loss (Maciver & Hussey, 2002). While filament 

‘severing’ and increased actin sub-unit dissociation promotes turnover, it can also 

provide the opportunity for the growth of new filaments from the severed ends (Maciver 

& Hussey, 2002). The local availability of actin subunits will determine whether 

ADF/cofilin causes filament growth or disassembly (Condeelis, 2001). Capping 

proteins such as CapZ block reassembly of dissociated actin subunits at the ‘barbed’ 

end and lead to the depolymerisation of the actin filament by the ADF/cofilin (dos 

Remedios et al., 2003). In humans and other mammals the cofilins are more effective 

than ADF at initiating filament assembly, while ADF/destrin is a better actin filament 

disassembly agent (Yeoh et al., 2002).  

 

2.2.4 Regulation of ADF/cofilin activity 

A number of different regulatory mechanisms controlling the activity of ADF/cofilins 

have been identified including inactivation via phosphorylation, pH sensitive activity 

and competitive or synergistic effects of other actin binding proteins (Van Troys et al., 

2008). 
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Mammalian ADF/cofilins are inactivated by phosphorylation on Ser3 (Moriyama et al., 

1996). While this post-translational modification does not alter the protein 

conformation, it inhibits binding to actin by creating local charge repulsion (Blanchoin 

et al., 2000). The protein kinases responsible for this inactivation are Lin-11, Is11 and 

Mec-s from the LIM kinase (LIMK) family and the testicular kinase family (TESK) 

(Van Troys et al., 2008). A number of enzymes are known to reactivate phosphorylated 

ADF/cofilin including the phosphatases (PPases) of the Slingshot (SSH) family and the 

haloacid dehalogenase PPase, chronophin (CIN) (Van Troys et al., 2008). Expression of 

these protein kinases and PPases is largely ubiquitous and much remains to be learnt 

about their relative contributions to ADF/cofilin regulation (Van Troys et al., 2008). 

 

Regulation of actin assembly and depolymerisation by cofilin has been shown to also 

occur in a pH-dependent manner (Yonezawa et al., 1985). Hayden and colleagues 

(Hayden et al., 1993) further investigated this using chick ADF, showing that the 

protein will either depolymerise or co-sediment with F-actin depending on the pH. At a 

pH of 6.5-7.1 ADF was found to co-sediment with F-actin and have only weak 

depolymerising effects (Hayden et al., 1993). However at a pH of 7.1-7.7 ADF showed 

an increase in depolymerising activity and at pH 8.0 it depolymerises F-actin in a 

stoichiometric fashion (Hayden et al., 1993).  

 

Tropomyosin can inhibit the rates of both actin polymerisation and depolymerisation 

(Lal & Korn, 1986). Tropomyosin and ADF/cofilins compete for binding to the actin 

filament, meaning that tropomyosin can effectively ‘protect’ actin filaments from 

depolymerisation by ADF/cofilins (Bernstein & Bamburg, 1982). 

 

2.2.5 Cofilin: a disease role?  

The ADF/cofilin family’s role as key regulators of actin dynamics in normal cellular 

function, including in the muscle thin filament, suggests that under conditions of 

cellular stress or an ADF/cofilin defect, altered protein activity may cause disease or 

contribute to disease progression (Bamburg & Wiggan, 2002). Gurniak et al. (Gurniak 

et al., 2005) discovered that in mice, non-muscle cofilin (Cfl1) is essential for 

regulation of the actin cytoskeleton during in utero development. This study showed 

that Cfl1 was necessary to regulate migration of neural crest cells and other cell types in 
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the paraxial mesoderm, during early development (Gurniak et al., 2005), indicating that 

defects in cofilin may cause disease during development. Interestingly, ADF-knockout 

mice show normal embryonic development suggesting that Cfl1 may compensate for 

the lack of ADF (Bellenchi et al., 2007). However, ADF-knockout mice become blind 

shortly after birth due to hyperproliferation of corneal epithelial cells (Ikeda et al., 

2003). Together, these results show that the different ADF/cofilin isoforms are not 

completely redundant and cannot always compensate for the absence of one another 

(Van Troys et al., 2008). 

 

2.2.6 Cofilin and skeletal muscle disease 

Although no disease causing mutations have been found in human muscle cofilins, 

previous work has shown that the muscle cofilin orthologue, unc60B, in the nematode 

C. elegans is necessary for proper actin assembly in cell wall muscle myofibrils (Ono et 

al., 1999). Unc60B-null C. elegans displayed large actin accumulations in muscle cells 

associated with the uncoordinated (unc) phenotype (Ono et al., 1999). The actin 

accumulations are similar to those in human patients with congenital myopathies due to 

mutations in ACTA1 (Nowak et al., 1999; Laing et al., 2009). In addition, upregulation 

of cofilin is seen in denervated muscles as well as muscles of dystrophic mice and 

chicken (Hayakawa et al., 1993). Together these observations suggest that particular 

skeletal muscle diseases could result from abnormal, abnormal regulation or loss of 

cofilin function. 

 

2.2.7 Functional redundancy of ADF/cofilins 

As touched on above (2.2.5) the expression of multiple ADF/cofilin isoforms in 

mammalian systems may result in a degree of functional redundancy between the 

different isoforms. Iida et al. (Iida et al., 1993) cloned the Saccharomyces cerevisiae 

gene (COF1), which displays 35% homology with porcine cofilin. Disruption of COF1 

expression in yeast cells inhibited cell growth indicating it is critical for normal cellular 

function, however this null phenotype could be rescued by the expression of porcine 

ADF or cofilin cDNA (Iida et al., 1993). These experiments show that suppression of 

ADF/cofilin can block actin-dependent processes such as cell growth and cytokinesis, 

whilst exogenous expression of either isoform can rescue these cellular functions. If one 
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cofilin/ADF isoform is able to compensate for the loss of another, cofilin/ADF 

mutations that cause loss of function are likely to be recessive and multiple mutations in 

multiple isoforms may be required before alterations in actin dynamics become evident 

as a disease phenotype (Bamburg & Wiggan, 2002). Thirion and colleagues (Thirion et 

al., 2001) acknowledge this fact after screening of 50 NM patients did not uncover any 

CFL2 mutations, concluding that if at all, mutations in CFL2 must be a rare cause of 

NM (Thirion et al., 2001).  

 

This chapter comprises my contribution towards a collaborative effort, led by Prof. Alan 

Beggs’ laboratory in Boston, USA and including Dr Carina Wallgren-Pettersson’s 

laboratory in Helsinki, Finland to screen a cohort of specifically selected congenital 

myopathy patients for mutations in human muscle cofilin (CFL2).  

 

2.3 Aims 

(1) Screen 23 NM probands for mutations in CFL2, as a part of a collaborative effort to 

screen NM patients for mutations in this candidate gene. 

 

2.4 Methods 

2.4.1 Patients 

DNA samples from 23 probands were analysed for mutations in the CFL2 gene. 

2.4.2 PCR amplification 

The draft sequence for CFL2 was used to design primers for the amplification and direct 

sequencing of the gene’s four coding exons and the intervening introns. These primers 

are shown in Table 2.1. Full-length CFL2 was amplified from genomic DNA as a single 

1935bp amplicon. In the cases where the full-length fragment would not amplify 

effectively, two smaller overlapping fragments (labelled fragment one and two) were 

amplified separately.  
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Primer ID Location Primer 5’-3’ 

1 5’UTR For. A GCGAGACAGAAGGGCC 

2 Intron 1 Rev. B TGCAATTTTTGATGTCCAGACT 

3 Intron 1 For. TTAAGAAGGATGAATGGGCAG 

4 Ex. 4 Rev. TGACAGTCAAGTGCCATCTGG 

5 Exon 2 Rev. TTATTATCATAGTCAGTCTTACC 

 

For each standard amplification reaction, 25 l PCR volumes were used. These 

reactions comprised 50 ng of each primer, 200 M of each deoxynucleotide, 5x reaction 

buffer, 0.2% dimethyl sulfoxide (DMSO), one unit of Elongase
®

 DNA polymerase mix 

(Invitrogen) and 25 ng of genomic DNA.  

 

All PCR reactions were prepared on ice and transferred directly to a PTC-200 Peltier 

thermocycler (MJ Research) at 94C, to perform a hot-start ‘touch-down’ PCR. 

Thermocycling conditions consisted of 4.5 minutes at 94C followed by 15 cycles of 30 

seconds at 94C, 30 seconds at 67C (this annealing temperature was lowered by 0.5C 

after each cycle) and 3 minutes at 68C. The PCR was then completed with 40 cycles of 

94C for 30 seconds, 60C for 30 seconds and 68C for 3 minutes. 

 

PCR products were electrophoresed through a 1.5% agarose gel to ensure satisfactory 

amplification was achieved. Bands of the appropriate size were cut out of the gel and 

purified (Gel/PCR DNA extraction kit, Geneaid) in preparation for sequencing. 

 

2.4.3 Sequencing of CFL2 

All sequencing reactions were performed using BigDye Terminator (BDT) Version 3.1 

sequencing mix (Applied Biosystems). A 10 l sequencing reaction comprised BDT, 

reaction buffer, 50 ng of the relevant primer and 50 ng of the purified DNA fragment of 

interest. The primers used to amplify each fragment were also used for sequencing that 

amplicon, with one additional sequencing primer (Primer 5 in Table 2.1) being used 

when sequencing the full length CFL2 amplicon to ensure no sequence gaps. Each 

reaction underwent an initial denaturation step for one minute at 96C before 25 cycles 

of a three-step thermocycling program beginning with 30 seconds at 96C, followed by 

30 seconds at 50C and then an extension period of 4 minutes at 60C.  

Table 2.1. Forward and reverse primers used in the amplification of CFL2.  

Primers 1 and 4 were used for the amplification of full-length CFL2 fragment while 

primers 1 and 2, and 3 and 4, were used to amplify fragments one and two respectively. 
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All sequencing reactions were purified by ethanol precipitation with 125 mM 

ethylenediamine tetra-acetic acid (EDTA), 3 M sodium acetate (pH 3.2), and 100% 

ethanol. Following precipitation at room temperature for 15 minutes, the pellets were 

washed with 70% ethanol. The purified products of sequencing reactions were analysed 

by electrophoresis on an ABI Prism 3730 48 capillary sequencer (Applied Biosystems) 

at the Lotterywest Biomedical Facility: Genomics, Dept of Clinical Immunology and 

Immunogenetics, Royal Perth Hospital. Sequencing data and chromatograms were 

analysed visually using the SeqEd v1.0.3 (Applied Biosystems) sequencing analysis 

software on a Macintosh operating system (Apple Macintosh).  

 

2.5 Results 

2.5.1 Patients 

The 23 congenital myopathy proband DNA samples analysed for mutations in CFL2 

were sent from Australia, France, Germany, South Africa, Spain, the United Kingdom 

and the United States. 

 

2.5.2 Mutation screening of genomic DNA 

No CFL2 mutations were identified in the cohort of 23 NM probands analysed. 

However, two polymorphisms were identified in the large intron 1 of CFL2 (Table 2.2). 

Both of these were single nucleotide polymorphisms (SNPs) and were found in the 

National Centre for Biotechnology Information (NCBI) SNPdb (SNPdb, 2010) 

(g.254C>T, rs17523492; g.351G>T, rs10149653).  

 

 

Table 2.2. Frequency of identified polymorphisms in a total of 23 patients screened. 

Polymorphism c.254C>T c.351G>T 

Heterozygous 2 6 

Homozygous 1 1 

Total 3 7 
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2.6 Discussion 

DNA samples of 23 NM probands from a larger cohort of 113 were screened for 

mutations in CFL2. No mutations were identified in any of the patients I screened, 

though two polymorphisms were identified in the large intron 1 of CFL2. Both of these 

variations are SNPs. These findings were similar to those made by Thirion and 

colleagues (Thirion et al., 2001), where no CFL2 mutations were found in a cohort of 

50 NM patients for whom mutations in TPM3, TNNT, ACTA and NEB had already been 

ruled out. 

  

Though no CFL2 mutations were identified in the cohort of the currently presented 23 

probands, the collaborative effort of screening 113 probands with the American 

research group of Prof. Alan Beggs in Boston, USA and Dr Carina Wallgren-Petterson 

in Helsinki, Finland, resulted in the identification of a single CFL2 mutation in a NM 

proband (Agrawal et al., 2007). The homozygous missense mutation involves an amino 

acid change from alanine to threonine at residue 35 (p.Ala35Thr, c.103G>A) and was 

identified in two affected sisters from a large family of Middle Eastern descent 

(Agrawal et al., 2007). Both patients presented clinically with hypotonia at birth, had 

delays in reaching early motor milestones, experienced frequent falls and also had an 

inability to run (Agrawal et al., 2007). Following a biopsy that showed marked fibre-

size variability, type one fibre predominance and minicores, the eldest sister was given 

a diagnosis of a non-specific congenital myopathy. A biopsy from the younger sister 

however, showed nemaline bodies and minicores, leading to a diagnosis of NM 

(Agrawal et al., 2007). The variability of the clinical phenotype here suggests that a 

CFL2 mutation should be considered in cases of congenital myopathy with minicores 

and/or actin accumulations.  

 

Immunohistochemical studies showed that sarcomeric cofilin-2 staining was 

significantly less intense in the fibres of patient muscle specimens than in those of age-

matched controls (Agrawal et al., 2007). Two-dimensional gel electrophoresis and 

western blot analysis confirmed that the amount of cofilin-2 present in the patient 

muscle was lower than that in the muscle of age-matched controls (Agrawal et al., 

2007). Interestingly, by RT-PCR it was found that the proband’s muscle contained up to 

20-fold more CFL2 mRNA than that of the controls, suggesting that low levels of 

cofilin-2 in the patient muscle was probably due to protein instability or other post-

transcriptional mechanisms (Agrawal et al., 2007).  
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The single CFL2 mutation found by screening 113 patients as part of the reported 

collaboration, together with the 50 patients screened by Thirion and colleagues (Thirion 

et al., 2001) demonstrates that CFL2 mutations are a very rare cause of NM. In the 

immediate future, it may be logical that CFL2 should only be screened for mutations in 

patients that show abnormalities in CFL2 by immunohistochemical or mRNA 

expression analysis.  

 

2.6.1 The impact of redundancy between ADF/cofilin isoforms on disease 

As discussed in 2.2.7 a reason for the very rare occurrence of NM due to a CFL2 

mutation is likely to be the degree of functional redundancy between the ADF/cofilin 

isoforms. Previous work has shown that one isoform of ADF/cofilin is able to 

compensate for the absence of another (Iida et al., 1993), suggesting that more than one 

mutation may be required before a disease phenotype becomes apparent. This is further 

supported by the fact that to date, the only disease causing mutation found in cofilin is 

recessive, which may cause enough disruption to the amount of functional cofilin so 

that a disease phenotype occurs.  

 

2.6.2 Polymorphisms in CFL2 

Two intronic polymorphisms were identified in the probands screened for mutations in 

CFL2, both had been previously identified and are described in the SNPdb (NCBI).  

 

Polymorphism: g.254C>T 

The g.254C>T variation (rs17523492) was identified in 4 patients, one of whom was 

homozygous for the SNP while the others were heterozygous. This gives the ‘T’ allele a 

frequency of about 17%. Previous online data from an East-Asian cohort found the 

frequency of this SNP to be 50%, whilst a multi-national cohort was found to have a 

much higher frequency for the C allele (97%).  

 

Polymorphism: g.351G>T 

The g.351G>T polymorphism (rs10149653) was identified seven times in the current 

study, with one patient being homozygous for the change, while another six were 

heterozygous for the change. This gives the ‘T’ allele a frequency of about 30%. There 
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was no information found online about a previously recorded allele frequency for this 

SNP.  

 

It is unlikely that any of the SNPs identified in this cohort are disease causing. 

However, it cannot be ruled out that they may contribute to disease or act as a 

modifying factor. Given that both of the identified SNPs are located in the large intron, 

which is predicted to contain transcription factor binding sites, it is possible that SNPs 

in this region could alter CFL2 expression levels (Thirion et al., 2001). This is 

something that could modify the effects of a CFL2 mutation by over-expressing or 

diluting the mutant allele, thereby exposing or protecting cells from the mutant 

phenotype. Furthermore the degree of functional redundancy between CFL/ADF may 

be overridden by a SNP altering a transcription factor binding-site, resulting in 

increased expression of a mutant isoform and manifestation of a disease phenotype. 

 

2.7 Conclusions 

For this component of the current thesis 23 NM probands were screened for mutations 

in CFL2 as part of a larger collaborative effort led by Prof. Alan Beggs and Dr Carina 

Wallgren-Pettersson to screen 113 NM probands for CFL2 mutations. The overall study 

identified a homozygous CFL2 mutation (p.Ala35Thr, c.103G>A) in two sisters from a 

large family of Middle Eastern descent (Agrawal et al., 2007). In the 23 NM probands 

presented in this thesis, two previously identified SNPs were identified. Whilst these 

SNPs are unlikely to be disease-causing, it is possible that they are modifying factors 

and may play a role in disease pathogenesis.   

 

2.8 Future directions 

The laboratory of Prof. Alan Beggs, which coordinated the screening of the 113 

congenital myopathy patients, is investigating the pathobiology of the cofilin mutation 

identified. His laboratory is also pursuing the generation of a knock-in mouse model to 

allow further investigation of the pathobiological mechanism of the CFL2 mutation 

(Prof. Alan Beggs personal communication to Prof. Nigel Laing). Genomic DNA from 

the 23 NM probands in which no CFL2 mutations were identified will be screened for 

further candidate genes as they are identified. 
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3.1 Summary 

In this chapter, results and analysis are presented for mutation screening of the slow 

skeletal/-cardiac myosin gene (MYH7) for three cohorts of probands with suspected 

MYH7 skeletal myopathy: 1) a cohort of 24 probands I analysed completely myself; 2) a 

cohort of five probands for whom MYH7 mutations had previously been identified in 

the research Neurogenetics Laboratory in the Western Australian Institute for Medical 

Research (WAIMR) and 3) one proband for whom an MYH7 mutation was identified as 

a result of mutation screening in the accredited diagnostic Neurogenetic Laboratory at 

Royal Perth Hospital. The probands were screened for mutations in exons 30 through 40 

of MYH7. A total of seven novel MYH7 mutations were identified in seven probands, 

and recurrent mutations were identified in a further five probands. One novel 

synonymous variant was identified. The discovery of novel mutations broadens the 

region of the MYH7 myosin tail in which distal myopathy mutations are found. The 

clinico-pathological phenotypes of myopathy patients identified with MYH7 mutations 

increases considerably the phenotypic spectrum of MYH7 skeletal muscle diseases. 

Further correlations between genotype and phenotype were identified, including an 

expanding list of charge reversal mutations associated with both cardiomyopathy and 

skeletal muscle disease (either distal myopathy or myosin storage myopathy). 

 

3.2 Introduction 

The MYH7 gene, encoding -MyHC, comprises 40 exons, 38 of which are coding, 

extending over 22,883bp on chromosome 14q (Jaenicke et al., 1990). As discussed in 

Chapter 1, -MyHC is the major component of the sarcomeric thick filament where it 

plays an important role in muscle contraction through its enzymatic activity and actin 

interactions (Geeves & Holmes, 2005). The LMM region of the -MyHC rod directs the 

assembly of the thick filament and is involved in the organised arrangement of the 

sarcomere (Craig & Padron, 2004). 

 

3.2.1 Light meromyosin (LMM) and thick filament assembly 

The LMM region is responsible for the assembly of myosin into ordered structures that 

form the thick filament (Huxley, 1963; Lowey et al., 1969). The -helical LMM 

displays the seven-residue heptad repeat sequence characteristic of all coiled-coil 

proteins (Figure 3.1) (Cohen & Parry, 1990). This heptad repeat pattern „a, b, c, d, e, f, 
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g’ involves the regular positioning of hydrophobic residues in positions a and d, which 

form a tightly packed hydrophobic core in the centre of the coiled-coil (McLachlan & 

Karn, 1982). Positions „e’ and „g’ of the heptad repeat are thought to interact 

electrostatically with a corresponding e‟ and g‟ position on the interacting helix to 

stabilize the coiled-coil (Zhou et al., 1994). The outer surface positions (b, c and f) of 

the -helix are usually occupied by acidic and basic residues making this surface highly 

charged, subsequently there is a 28 amino acid repeat of charged residues that alternate 

the surface charge along the rod and LMM (Parry, 1981; McLachlan & Karn, 1982).  

 

McLachlan and Karn (McLachlan & Karn, 1982) calculated that the repulsion between 

stacked myosin rods would be strong when the stagger of adjacent rods is zero or a 

multiple of 28 residues. When the stagger is an odd multiple of 14 residues however, 

there would be a strong interaction between adjacent myosin rods and particularly 

strong attractions were expected for staggers of 98 or 294 residues (McLachlan & Karn, 

1982). The interactions between these alternating bands of opposite charge are 

responsible for the axial shifts of 14.5nm and 43.5nm seen in thick filaments (Parry, 

1981; McLachlan & Karn, 1982).  
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Figure 3.1. The heptad repeat model. Hydrophobic residues usually 

occupy the „a’ and „d’ positions, forming the hydrophobic core.  Position 

„e’ and „g’ are usually occupied by charged residues that are thought to 

stabilize the coiled coil by interhelical charge attractions. Positions „b’, „c’ 

and „f’ are usually occupied by polar or charged residues that in the case of 

the -MyHC rod, play a role in the lateral stacking of the -MyHC dimers 

to make the myosin thick filament. Figure adapted from Duff (2008) and 

McLachlan & Karn (1982). 
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3.2.2 MYH7 mutations and disease 

The first MyHC gene to be associated with human diseases was the gene for the slow 

skeletal/-cardiac myosin heavy chain (MYH7) (Geisterfer-Lowrance et al., 1990). As 

its name suggests, -MyHC is expressed both in slow (type I) skeletal muscle fibres and 

the heart. To date, mutations in MYH7 have been associated with four genetic disorders: 

1) hypertrophic cardiomyopathy (HCM; OMIM No. 196200), 2) dilated 

cardiomyopathy (DCM; OMIM No. 115200), 3) Laing early-onset distal myopathy 

(MPD1; OMIM No. 160500) and 4) myosin storage myopathy (MSM; OMIM No. 

608358). Mutations causing both HCM and DCM are distributed across most of the 

gene. At the beginning of this PhD project mutations causing MPD1 and MSM had only 

been identified in the LMM region (Dye et al., 2006; CardioGenomics, 2010). 

Mutations in MYH7 causing skeletal myopathy that were identified before the current 

investigation are summarised in Table 3.1. 

 

3.2.2.1 Laing early-onset distal myopathy (MPD1) 

MPD1 differs phenotypically from other distal myopathies in that it presents early in 

life with an age of onset ranging from four to 25 years, though some cases have been 

reported as congenital (Meredith et al., 2004). It is an autosomal dominant disease and 

usually presents with initial weakness of the ankle and toe extensors and later 

involvement of the wrist, finger extensors and neck flexors (Mastaglia et al., 2002). 

 

3.2.2.1.1 Clinical features of MPD1 

The clinical phenotype of MPD1 can be extremely variable, even within a single family 

(Meredith et al., 2004; Lamont et al., 2006). In some families, onset of the disease may 

be so early that it delays walking, while in others it may not become evident until the 

late teens to mid-twenties (Lamont et al., 2006). Despite the varied onset and variable 

phenotype, disease progression is always gradual. In all cases, the initial reported 

symptom is weakness of the great toe and/or ankle dorsiflexion („foot drop‟) (Lamont et 

al., 2006). Later in life, weakness of the finger extensors and particular proximal muscle 

groups such as hip abductors, rotators and shoulder abductors may also develop. In 

some patients the sternocleidomastoid muscles are also affected (Laing et al., 1995; 

Voit et al., 2001; Mastaglia et al., 2002; Hedera et al., 2003).  
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Exon 

DNA 

variation 

Codon 

change 

Protein 

variation 

Heptad 

position Clinical Reference(s) Change in charge Change in polarity 

         

32 c.4499G>C CGG>CCG p.Arg1500Pro f MPD1 (Meredith et al.,2004) Positive to neutral change Yes, polar to non-polar 

         

34 

c.4851-

4853del 

AAG 

deletion p.Lys1617del c MPD1 (Meredith et al.,2004) Decrease in positive charge n/a 

         

35 c.4987G>C GCC>CCC p.Ala1663Pro g MPD1 (Meredith et al.,2004) No change No change 

         

35 c.5117T>C CTG>CCG p.Leu1706Pro g MPD1 (Meredith et al.,2004) Decrease in positive charge 

Yes, decrease in 

polarity 

         

36 

c.5185-

5187del 

AAG 

deletion p.Lys1729del c MPD1 (Meredith et al.,2004) Increase in positive charge n/a 

         

37 c.5533C>T CGG>TGG p.Arg1845Trp f MSM (Tajsharghi et al.,2003) Positive to neutral change Yes, polar to non polar 

      (Laing et al., 2005)   

         

39 c.5702A>T CAC>CTC p.His1901Leu f MSM (Bohlega et al.,2004) Positive to neutral change Yes, polar to non polar 

Table 3.1. Prior to the current investigation five MYH7 mutations had been found to cause MPD1 and two had been found to cause MSM.  
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3.2.2.1.2 Pathological features of MPD1 

The pathological features associated with MPD1 are variable and appear to be affected 

by a number of factors including: which muscle is biopsied, the age of the patient at the 

time of biopsy and the duration of disease progression (Lamont et al., 2006). Variation 

in fibre size is a relatively consistent pathological feature of MPD1 and usually involves 

type I fibre atrophy (Figure 3.2) (Meredith et al., 2004; Lamont et al., 2006). Necrotic, 

regenerating or rimmed vacuole muscle fibres have been reported in cases of MPD1 but 

are rare (Laing et al., 1995; Meredith et al., 2004; Lamont et al., 2006).  

 

As MYH7 encodes the myosin heavy chain isoform expressed in type I fibres, the 

assumption could be made that pathological changes associated with MPD1 would be 

largely confined to type I fibres. However in some cases, atrophic type II fibres and 

fibre type predominance can be of type I or type II, or even normal (Lamont et al., 

2006). Intermediate fibres containing multiple myosin isoforms have also been seen in 

muscle biopsies, suggesting a conversion of muscle fibres from slow to fast in response 

to expression of the mutant slow myosin. The quadriceps muscle usually shows an 

equal ratio of slow to fast muscle fibres, however in deeper regions of the muscle it may 

show type one fibre type predominance. In a number of biopsies, these muscles appear 

unaffected and it is possible that the fibre type ratio may „protect‟ the muscle from the 

effects of the mutant slow myosin (Lamont et al., 2006).  
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Figure 3.2.  Muscle section of MPD1 patient biopsy stained 

for myosin ATPase (pH 9.4). Type I fibres are pale while 

Type II fibres are dark. Although the histopathological 

features of MPD1 can be variable, patient muscle usually 

shows type I fibre atrophy.  Image from Meredith et al. (2004) 
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3.2.2.1.3 Genetic features of MPD1 

Laing et al. (Laing et al., 1995) originally linked the disease to a large region on 

chromosome 14. The linkage region was further reduced to 22 cM after analysis of a 

large US family and several smaller European families (Voit et al., 2001; Hedera et al., 

2003). At this point, a positional candidate gene approach (Collins, 1995) was the only 

method by which the disease gene would be identified. Meredith and colleagues 

investigated the candidate gene, MYH7, in seven affected families, identifying six 

mutations in the gene‟s LMM coding region (Meredith et al., 2004). To date, all 

mutations have generally been located in a ~230 amino acid region at the C-terminal 

end of the protein, namely between residues 1500 and 1729 (Laing et al., 1995; 

Meredith et al., 2004). Although it is a dominant disease, MPD1 is not always inherited 

and may occur in isolated cases; Several instances of a patient with a de novo mutation 

have been described (Meredith et al., 2004). 

 

3.2.2.2 Myosin storage myopathy (MSM) 

The first skeletal muscle disease to be associated with MYH7 was MSM (Tajsharghi et 

al., 2003). Also known as hyaline body myopathy, MSM is a rare neuromuscular 

disorder originally described in 1971 by Cancilla and colleagues (Cancilla et al., 1971) 

as a „familial myopathy with probable lysis of myofibrils in type I fibres. Though the 

clinical features of myosin storage myopathy are variable, the definition „myosin 

storage myopathy‟ is based on characteristic sub-sarcolemmal accumulations of slow/-

cardiac MyHC seen in slow, type I muscle fibres (Tajsharghi et al., 2003). 

 

3.2.2.2.1 Clinical features of MSM 

As indicated, the clinical features of MSM are variable, with some patients presenting 

with severe weakness of proximal muscles (Tajsharghi et al., 2003) whilst others may 

present with scapuloperoneal (Masuzugawa et al., 1997; Tajsharghi et al., 2003), or 

generalised muscular weakness (Cancilla et al., 1971; Ceuterick et al., 1993). Different 

individuals within the same family may experience a progressive or non-progressive 

disease course (Cancilla et al., 1971; Ceuterick et al., 1993; Tajsharghi et al., 2003; 

Bohlega et al., 2004). Pegoraro and colleagues (Pegoraro et al., 2007) reported clinical 

variability following the analysis of 15 MSM patients. While the most common 

distribution of weakness was proximal in the upper limbs and distal in the lower limbs, 
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the severity of disease was quite different between affected family members. Four 

patients were not even aware of any clinical symptoms, though they did have an 

abnormal neurological examination (Pegoraro et al., 2007). Hypertrophy of the 

gastrocnemius muscle is a feature of MSM in some patients while others can show 

distal hypotrophy (Bohlega et al., 2003; Pegoraro et al., 2007).  

 

Clinical features including selective involvement of the medial head of the 

gastrocnemius and the tibialis anterior or co-occurrence of finger extensor, great toe and 

ankle dorsiflexion weakness are features of MPD1 (Meredith et al., 2004; Lamont et al., 

2006). A number of MSM patients have also shown foot-drop, weakness of the finger 

extensors and/or involvement of the medial head of the gastrocnemius (Pegoraro et al., 

2007).  This overlap of clinical features further blurs the phenotypic boundaries of 

MPD1 and MSM. 

 

3.2.2.2.2 Histopathology of MSM 

Despite the variability in clinical presentation shown by MSM, the histopathological 

features are generally quite uniform (Pegoraro et al., 2007). The characteristic feature of 

MSM is the presence of hyaline bodies (Figure 3.3A), which have an unstructured, 

glassy appearance and are present in type I fibres only (Tajsharghi et al., 2003).  

Hyaline bodies do not stain for glycogen or oxidative enzymes but do show activity for 

myofibrillar ATPase (Tajsharghi et al., 2003; Pegoraro et al., 2007). Hyaline bodies are 

immunoreactive to anti-slow/-MyHC antibodies but not for desmin (Pegoraro et al., 

2007). 

 

EM of patient muscle shows hyaline bodies to be accumulations of granular and 

filamentous material (Figure 3.3B), partially comprising small filament fragments 

resembling those of the sarcomeric A-band (Tajsharghi et al., 2003). Muscle biopsies 

may also show type I fibre predominance with increased interstitial fat and connective 

tissue (Tajsharghi et al., 2003). Whilst older patients can also display larger sized 

hyaline bodies and fibre-size variation (Laing et al., 2005), -MyHC partly forming 

filamentous structures in patient muscle biopsy sections have also been reported, 

suggesting the mutated residue (p.Arg1845Trp) is important in myosin filament 

assembly in skeletal but not cardiac muscle (Tajsharghi et al., 2003).  
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Figure 3.3 Myosin storage myopathy (MSM) is 

characterised by the sub-sarcolemmal 

accumulation of myosin in type I muscle fibres. 

These appear as pale glassy regions by Gomori 

trichrome staining (A). By EM these 

accumulations appear as amorphous deposits 

(B). Images taken from Tajsharghi et al. (2003) 

A 

B 
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3.2.2.2.3 Genetics of MSM 

To date, only mutations in the -MyHC gene (MYH7) have been shown to cause MSM.  

Tajsharghi and colleagues identified the missense mutation p.Arg1845Trp in patients 

from two different Swedish families. One of these cases was sporadic, while the other 

showed dominant inheritance (Tajsharghi et al., 2003). The same mutation has also 

been identified in two sporadic cases from Belgium (Laing et al., 2005), two brothers 

from Australia (Shingde et al., 2006) and in a further two families from Italy (Pegoraro 

et al., 2007).  

 

Bohlega et al. (2004) identified another mutation, p.His1901Leu in a large dominant 

Saudi Arabian family; This mutation has not been identified in other cases. Given the 

size of the Saudi Arabian family, investigators were able to employ a linkage analysis 

approach to identify a small region between two microsatellite markers near MYH7, 

making it a strong candidate for mutation screening (Bohlega et al., 2004). In contrast, a 

candidate gene approach was used for a small family on the basis of accumulations of 

slow/-cardiac myosin by histopathology (Tajsharghi et al., 2003). More recently, Dye 

and colleagues (Dye et al., 2006) identified a novel missense mutation (p.Leu1793Pro) 

in the original myosin storage myopathy family described by Cancilla et al. in 1971 

(Cancilla et al., 1971).  

 

3.2.2.3 Cardiomyopathy and mutations in MYH7 

A cardiomyopathy is a disease affecting the contractile properties of the heart leading to 

cardiac dysfunction (Fatkin & Graham, 2002). Clinical characteristics of 

cardiomyopathy include weakness and impaired myocardial function, which can cause 

cardiac arrhythmia or sudden cardiac death (Maron et al., 1982; Fatkin & Graham, 

2002). -MyHC was the first sarcomeric protein in which mutations were found to 

cause cardiomyopathy (Geisterfer-Lowrance et al., 1990). Mutations in MYH7 have 

since been found to cause four recognised classes of cardiomyopathy: hypertrophic, 

dilated, restrictive and left ventricular non-compaction (Richardson et al., 1996; Maron 

et al., 2006).  
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3.2.2.3.1 Familial hypertrophic cardiomyopathy (HCM) 

HCM is a primary heart muscle disorder characterized by myocardial hypertrophy 

(Bonne et al., 1998). HCM is the most common cardiomyopathy, accounting for 

approximately 87% of cases (Walsh et al., 2010). The disease displays distinct 

histopathological features including disorganisation of myocytes with an increase in 

connective tissue and interstitial fibrosis (Bonne et al., 1998; Kamisago et al., 2000). 

HCM is a genetically heterogeneous disease, caused by mutations in at least 20 different 

genes (CardioGenomics, 2010). The most common cause of HCM is mutations in 

MYH7 the gene for -MyHC, which is the predominant myosin isoform in adult 

ventricular muscle (Bonne et al., 1998). In vitro investigations into the known HCM-

associated MYH7 mutations, suggest that they are unlikely to directly cause the 

myofibrillar disarray seen in the disease (Miller et al., 2000). It is thought that the 

myofibrillar disarray is more likely to be caused by a change in the contractile 

properties of the cardiomyocytes with hypo-contractility leading to a compensatory 

effect (Bonne et al., 1998).  

 

While -MyHC mutations that cause HCM are located in the head region of the 

molecule, many are also found in the neck and tail regions (Bonne et al., 1998; Walsh et 

al., 2010). There is a distinct clustering of mutations around exons 5-8 where part of an 

ATP binding site is located; as well as exons 13-16 (the location of the actin binding 

site); and exons 19-21 (the light chain binding domain) (Walsh et al., 2010). 

 

3.2.2.3.2 Dilated cardiomyopathy (DCM) 

The clinical characteristics of DCM include increased ventricular volumes with 

ventricular wall thinning not associated with coronary heart disease, valvular 

abnormalities or pericardial disease (Richardson et al., 1996). Histopathological 

analysis of DCM cardiac muscle shows only mild-interstitial fibrosis, while HCM cases 

show disorganisation of myocytes (Bonne et al., 1998). While there is also an X-linked 

form, autosomal dominant DCM is the most common form (Towbin & Bowles, 2002). 

To date, mutations causing DCM have been identified in thirteen different genes, 

mostly encoding sarcomeric or cytoskeletal proteins (Kamisago et al., 2000; 

CardioGenomics, 2010). Mutations in the same regions of MYH7 responsible for HCM 

have also been identified in patients with a DCM phenotype (Bonne et al., 1998; 

Kamisago et al., 2000). In the case of DCM it is thought that force generation or 
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transmission defects are in part responsible for the development of the DCM phenotype 

(Towbin & Bowles, 2006). It is possible that cardiomyopathy-associated mutations in 

sarcomeric proteins elicit responses by one of two different molecular pathways, 

leading to either a HCM or DCM phenotype (Kamisago et al., 2000). 

 

3.2.2.3.3 Non compaction cardiomyopathy (NCCM) 

Non-compaction cardiomyopathy (NCCM; OMIM No. 300183) is another rare form of 

cardiomyopathy, characterised by a „spongy‟ meshwork appearance of the left 

ventricular myocardium resulting from incorrect compaction of trabeculae in utero 

(Chin et al., 1990; Sedmera et al., 2000). Mutations in MYH7 that cause NCCM are 

located primarily in the head domain of the -MyHC protein, though some have also 

been found in the tail region (Walsh et al., 2010). 

 

3.2.2.3.4 Restrictive cardiomyopathy (RCM) 

Restrictive cardiomyopathy (RCM; OMIM No. 115210) is the least common form of 

cardiomyopathy and also has the worst prognosis (Walsh et al., 2010). Clinically RCM 

is characterised primarily by diastolic dysfunction and abnormal ventricle filling, 

resulting in pulmonary oedema and hypertension (Walsh et al., 2010). -MyHC 

mutations causing RCM are found in the head and neck region of the molecule, as yet 

no causative mutation has been found in the tail region (Walsh et al., 2010). 

 

3.2.3 Synonymous polymorphisms in MYH7 

A number of synonymous SNPs have been identified in the region of MYH7 coding for 

the LMM domain. There are many cases of MPD1 for which an MYH7 mutation has not 

been found. It is possible that synonymous SNPs may also cause or contribute to MYH7 

myopathy pathogenesis. 

 

3.2.3.1 Synonymous polymorphisms and protein function 

With the exception of methionine and tryptophan, all other amino acids are encoded by 

two to six synonymous triplet codons. While the synonymous triplets may code for the 

same amino acid, the iso-acceptor tRNAs corresponding to each synonymous triplet can 

vary considerably in their relative cellular concentrations. Variation in tRNA 
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concentration can result in a change in the translation rate of the individual codons 

(Ikemura, 1985; Dong et al., 1996). The translation rate is maximised at codons with a 

high concentration of cognate tRNA and the inverse occurs for codons paired with rare 

tRNAs (Dittmar et al., 2006). Codon distributions may correlate with secondary-

structure elements of proteins. For example -helical structures are encoded by more 

frequent codons and are thus translated faster than -sheets, which are encoded by 

regions rich in rare codons (Thanaraj & Argos, 1996). 

 

Synonymous single-nucleotide polymorphisms (SNPs) do not alter the amino acid 

sequence of the encoded protein and it is thus generally believed that they would not 

alter function. However, a number of recent studies have indicated that codon usage is 

not random and may be another level of translational control. SNPs that alter the codon-

usage pattern are able to alter protein properties such as substrate specificity and viral 

virulence (Kimchi-Sarfaty et al., 2007; Coleman et al., 2008). 

 

A SNP in the Multidrug Resistance 1 (MDR1) gene, which encodes a complex 

mammalian membrane transport protein P-glycoprotein (P-gp), is associated with 

altered P-gp function in terms of substrate specificity (Drescher et al., 2002). The 

altered codon corresponds to a tRNA present at a lower calculated cellular 

concentration and this is predicted to affect the timing of co-translational folding 

resulting in altered function of the protein (Zhang et al., 2009). 

 

3.2.4 Continued screening for MYH7 mutations causing skeletal muscle 

disease 

As stated above (Section 3.2.2), mutations in MYH7 have been found to cause MPD1 

(Meredith et al., 2004), which had previously been linked to a 22-cM region of 

chromosome 14 (Laing et al., 1995).  

 

In the publication of Meredith et al. (Meredith et al., 2004), five different mutations 

were identified in six separate families. The Neurogenetic Laboratory in Western 

Australia subsequently became an international reference centre for MYH7 screening for 

distal myopathies. DNA samples from patients suspected of having MPD1, or a variant 

thereof, were sent for analysis from countries around the world. For the greater part of 

the period since the disease gene was published, samples were analysed on a research 
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basis in the research laboratory. More clinicians and laboratories, as is the trend, are 

now insisting on analysis by an accredited molecular diagnostic laboratory. In Western 

Australia, this work is performed at the National Association of Testing Authorities 

(NATA)-accredited Neurogenetic Laboratory at Royal Perth Hospital. In addition, 

many other laboratories worldwide (Udd, 2009), including a number of commercial 

companies such as GeneDx (GeneDx, 2009) and PreventionGenetics 

(PreventionGenetics, 2009), now offer MYH7 screening for skeletal muscle diseases.  

 

The research aims of screening further patients for MYH7 mutations are to identify as 

many novel mutations and previously known mutations in different patients, as 

possible. This will: a) further delineate and clarify the clinical and pathological 

phenotypes associated with MYH7 mutations; b) lead to increased insight into the 

pathophysiological disease mechanisms and c) provide the basis for rational 

development of preventative and therapeutic measures.  

 

Prior to the current investigation, a total of five different MYH7 mutations had been 

published spread through exons 32, 34, 35 and 36 that caused MPD1 in seven families 

(Meredith et al., 2004; Lamont et al., 2006). Two MYH7 mutations causing MSM in 

exons 37 and 39 had also been published (Tajsharghi et al., 2003; Bohlega et al., 2004) 

(Table 3.1).   

 

For the current study, I screened 24 probands with suspected myosin muscle disease for 

mutations in exons 30 through 40 of MYH7 by sequencing the exons amplified from 

genomic DNA. Five different mutations (three of which are novel) were identified in six 

probands. In addition, I analysed and interpreted the data and collated clinical 

phenotypes from six probands in whom MYH7 mutations had been identified by staff in 

the research and diagnostic laboratories. Seven novel and two recurrent mutations were 

identified in 12 probands significantly increasing the number of known mutations, as 

well as further clarifying the disease phenotypes known to be associated with MYH7 

mutations.  

 

3.3 Aims 

(1) To screen a cohort of 24 suspected MYH7 skeletal myopathy probands for 

mutations in MYH7. 
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(2) To collate, analyse and discuss other MYH7 mutations causing skeletal 

myopathy identified to date, both as a part of the current study and elsewhere. 

 

3.4 Methods 

3.4.1 Patients 

The probands screened for mutations in exons 30 through 40 of MYH7 were all 

suspected clinically, pathologically or both as having distal myopathy or myosin storage 

myopathy.  

 

3.4.2 PCR amplification 

Exons 30, 31, 32, 33, 34, 35, 36, 37 and 40 were amplified individually by PCR. As 

exons 38 and 39 are relatively small and located close together, these were amplified 

together as one fragment. All primers used for the exonic amplifications are shown in 

Table 3.2. 

 

Table 3.2. Forward and reverse primers used in the amplification of MYH7 exons 30 

through 40. Modified from Meredith (Meredith, 2001).  

 

Exon/

s 

Forward Primer 5‟-3‟ Reverse Primer 5‟-3‟ 

30 AAAGCTGAACCCACCTCCTGGT TGTGTGGGATCTGCTGAGGCTG 

31 TTTCCCCCATCCACACCCTCCA CCACCTCCAAGGAGGATGGCTC 

32 GGGAGGAGGCTGAGCCCAGGCA CTTTGCCCAGACGCCTCTTGGA 

33 CTCCACTGGACCTCAGCAGCCC CCAAAAGCCTGAGCTCAGCTCC 

34 CGTATCCATGATTAGTGAGCAG ATCTGGTGCCTGTATCAAGACA 

35 AGGTGCCTTTAGTGAAGGGAAC TCAGGAATGAGCAGGGGAGCTG 

36 GGCTCAGCAAGCAAGGCTTAGA GGTCTGGTCAAGTCCTCACACA 

37 TGTGTGAGGACTTGACCAGACC TCTTCATTCTCCTCAGCTGGTT 

38-39 CAGGATATCAGATGAAGCAGGG GAAAAGGAAGCATCCCGGGTTT 

40 GACCCCTCTCACCTTTGTTCCC CTCCCCTGCATTTCCACCTCCC 

 

For each standard amplification reaction, 25 l volumes were used. These reactions 

comprised 50 ng of each primer, 200 M of each deoxynucleotide, 10x reaction buffer, 

one unit of Hot Star Taq polymerase (Qiagen) and 10ng of genomic DNA. The 

reactions for exon 30 and 38/9 required an additional 50 M of each deoxynucleotide. 

An extra 1 l of a 25 nM MgCl2 solution was added to exon 30 amplification reactions, 
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as these required a total of 2 mM Mg
2+

. Exon 37 amplification reactions required 4% 

dimethylsulphoxide (DMSO). 

 

All amplification reactions were prepared on ice and transferred directly to a PTC-200 

Peltier thermocycler (MJ Research) at 94C, to perform a hot-start reaction. 

Thermocycling conditions consisted of 15 minutes at 94C followed by 40 cycles of 30 

seconds at 94C, 30 seconds at 55C (exons 38/39), 58C (exons 37 and 40), 60C 

(exons 33 and 34) or 65C (exons 30, 31, 32, 35 and 36) and 40 seconds at 72C. 

 

PCR products were analysed on a 1.5% agarose gel by DNA electrophoresis to ensure 

satisfactory amplification was achieved. Bands were cut out of the gel and the DNA 

purified (Gel/PCR DNA extraction kit, Geneaid) in preparation for sequencing. 

 

3.4.3 Sequencing of MYH7 exons 

All sequencing reactions were performed using Big Dye Terminator (BDT) mix 

Version 3.1 (Applied Biosystems). A 10 l sequencing reaction comprised 2l BDT, 4 

l  2.5x reaction buffer, 50 ng relevant primer and 50 ng of purified DNA fragment of 

interest. The primers used to amplify each fragment were also used for sequencing that 

amplicon. Each reaction underwent an initial denaturation step for one minute at 96C 

before 25 cycles of a three-step thermocycling program beginning with 30 seconds at 

96C, followed by 30 seconds at 50C and then an extension period of four minutes at 

60C.  

 

All sequencing reactions were purified by ethanol precipitation with 125 mM 

ethylenediamine tetra-acetic acid (EDTA), 3 M sodium acetate (pH 3.2), and 100% 

ethanol. Following precipitation, the pellets were washed with 70% ethanol. The 

purified products of sequencing reactions were analysed by electrophoresis on an ABI 

Prism 3730 48 capillary sequencer (Applied Biosystems) at the Lotterywest Biomedical 

Facility: Genomics, located in the Department of Clinical Immunology and 

Immunogenetics, Royal Perth Hospital. Sequencing data and chromatograms were 

analysed using the SeqEd v1.0.3 (Applied Biosystems) software on a Macintosh 

operating system (Apple Macintosh).  
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3.5 Results 

Results and analysis of MYH7 mutation screening are presented for three cohorts of 

probands: 1) a cohort of 24 probands I analysed 2) a cohort of five probands for whom 

MYH7 mutations had previously been identified in the research Neurogenetic 

Laboratory in the Western Australian Institute for Medical Research (WAIMR) and 3) 

one proband for whom a MYH7 mutation was identified as a result of screening in the 

NATA-accredited diagnostic Neurogenetic Laboratory at Royal Perth Hospital.  

 

3.5.1 Cohort 1 – probands I analysed 

The DNA samples from the 24 probands I analysed over the course of this project were 

sent to the Western Australian research Neurogenetic Laboratory from 10 countries: 

Australia, Austria, Bulgaria, Finland, Germany, India, Italy, Singapore, UK and USA 

(Table 3.3). In total, 24 DNA samples were analysed. Patient samples were received for 

MYH7 screening due to a clinical diagnosis suggesting a possible MYH7 mutation. This 

included patients showing a phenotype compatible with or overlapping with MPD1, 

MSM or another skeletal myopathy for which no other genetic diagnosis could be made, 

including distal myopathy with cardiomyopathy. 

 

Of the 24 probands making up Cohort 1 that were screened for mutations in exons 30 to 

40 of MYH7, mutations were identified in six. Five different mutations were identified, 

resulting in amino acid changes or deletions. Of these mutations, three were single base 

substitutions (p.Arg1588Pro; p.Arg1845Trp; p.Glu1856Lys) while two were codon 

deletions (p.Lys1617del; p.Leu1793del). Three novel MYH7 mutations were identified 

in this study (p.Arg1588Pro; p.Leu1793del; p.Glu1856Lys). One novel/unpublished 

synonymous variant was identified (c.5735C>T, p.Ile1912Ile). The patients and 

mutations are summarised in Table 3.3. 
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Patient Sex Age Clinical Variation Referring clinician Origin 

1 N/A N/A CFTD NAD Prof. C. Wallgren-Pettersson  Finland 

2 F 48 DIM NAD Dr. G. Nicholson Australia 

3 F 55 X-MTM/CCD NAD Dr. P. Silbert Australia 

4 M 21 MMC/MPD1 p.Arg1588Pro Dr. P. Lamont Australia 

5 F 11 DIM NAD Dr. S. Phadke India 

6 F 69 MPD1 NAD Dr. N. Davies UK 

7 F N/A DM/CM p.Glu1856Lys Dr. M. Auer-Grumbach Austria 

8 N/A N/A DIM NAD Dr. M. Auer-Grumbach Austria 

9 M 54 DIM/MSM NAD Dr. P. Darveniza Australia 

10 M 57 Udd M./MPD1 NAD Dr. C. Sue Australia 

11 F 35 MPD1 p.Lys1617del Prof. K. Bushby UK 

12 F 25 DIM NAD Dr. N. Lai Australia 

13 F 15 DIM NAD Dr. V. Guergeultcheva Bulgaria 

14 F 50 DIM NAD Dr. C. Sue Australia 

15 M 21 DIM/CM p.Leu1793del Dr. N. Davies UK 

16 F 10 MPD1 p.Lys1617del Dr. A. Connolly St. Louie, USA 

17 M 18 DIM NAD Dr. Chow UK 

18 M 57 DIM NAD Dr V. Fung, Dr. K. Jones Australia 

19 M 45 DIM NAD Dr. U. Kornak Germany 

20 M 36 MSM p.Arg1845Trp Dr. M. Wehner Germany 

21 F N/A DIM p.Ile1912Ile Prof. T. Umapathi Singapore 

22 F 8 MPD1 NAD Dr. L. Hartley Wales, UK 

23 F 37 MPD1 NAD Dr. P. Lamont Australia 

24 M 72 DIM NAD Dr. G.Tasca/Prof. E. Ricci Italy 

Table 3.3. Cohort 1. A total of 24 probands were screened for mutations in exons 30 through 40 of MYH7 as a part of the current 

investigation. Abbreviations: N/A (Information unavailable), DIM (distal myopathy), X-MTM (X-linked myotubular myopathy), CCD 

(central core disease), Udd. M (Udd myopathy), CM (cardiomyopathy), NAD (no abnormality detected)  
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3.5.2 The three novel mutations identified in Cohort 1 

3.5.2.1 Novel mutation 1: p.Arg1588Pro - Proband 4  

Referring clinician: A/Prof. Phillipa Lamont, Royal Perth Hospital, Western Australia 

 

Clinical and pathological phenotype: 

A 21-year-old Western Australian male presented with a 17-year history of slowly 

progressing muscle weakness.  The patient was an isolated case, with no family history 

of similar disease. As a child the patient displayed normal motor milestones but at four 

years of age he began to run awkwardly and experienced difficulty climbing playground 

equipment. Following clinical examination which demonstrated bi-lateral foot drop at 

age six and two muscle biopsies at age seven and eight that showed multiple small 

cores, an original diagnosis of multi-minicore myopathy was made (Figure 3.4). Mini-

cores appear as small areas within a muscle fibre with weaker ATPase staining, which 

correlate with localised disruptions of myofibrillar structure seen by EM (Dubowitz & 

Sewry, 2007).  When the patient was reassessed at age 21, the clinical picture suggested 

a MPD1 diagnosis. 

 

Mutation: p.Arg1588Pro 

A single base substitution (c.4763G>C, CGC>CCC) was identified in MYH7 exon 34, 

resulting in a missense mutation p.Arg1588Pro. This mutation was shown to be de novo 

(not present in either parent) after analysis of peripheral blood DNA from both parents 

(Figure 3.4).  The p.Arg1588 amino acid residue occupies a „b‟ position in the LMM 

coiled-coil heptad repeat (McLachlan & Karn, 1982). A missense mutation to proline is 

consistent with previously identified MYH7 distal myopathy mutations and lies within 

the previously described extent of MYH7 MPD1 mutations (Meredith et al., 2004). 
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Figure 3.4.  A. Patient 4. This novel single base substitution in exon 34 (c.4763G>C) causes a missense mutation at residue p.Arg1588, 

altering an arginine to a proline (p.Arg1588Pro). This mutation is de novo, not identified in either parent. B. This electron micrograph of 

muscle from patient 4 shows multiple minicores, which led to the original diagnosis of multi minicore myopathy in this patient. Image 

courtesy of Vicky Fabian, Neuropathology, Royal Perth Hospital. 

Normal 

Patient 4 

A. B. 
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3.5.2.2 Novel mutation 2: p.Glu1856Lys - Proband 7  

Referring clinician: Dr. Michaela Auer-Grumbach, Graz, Austria. 

 

Clinical and pathological phenotype: 

Proband 7 was part of a large Austrian family that showed a late-onset dominant distal 

myopathy phenotype. Affected family members present with finger extension weakness 

between 20 and 40 years of age and later show weakness of ankle and big toe 

dorsiflexion. Some of the patients also have a history of cardiomyopathy. One young 

child of an affected mother presented with cardiomyopathy and no evidence of a distal 

myopathy. Patient biopsies showed no signs of hyaline bodies, associated with MSM. 

 

Mutation: p.Glu1856Lys  

A single base substitution mutation in exon 38 (c.5566G>A, GAG>AAG) resulting in 

p.Glu1856Lys was identified in a mother and daughter of the family, confirming 

autosomal dominant distal myopathy (DIM) with variable cardiac involvement. The 

p.Glu1856 residue is at a „c‟ position in the LMM heptad repeat.  

 

3.5.2.3 Novel mutation 3: p.Leu1793del – Proband 15  

Referring clinician: Dr Nick Davies, Birmingham, England. 

 

Clinical and pathological phenotype: 

An 18-year-old male was born slightly premature and noted to be rather floppy at six 

weeks. He began to walk at 18 months. He developed a DCM and underwent an 

orthotopic heart transplant at age three years. A muscle biopsy at age seven years 

showed congenital fibre type disproportion and later a second biopsy showed small type 

I fibres. At 18 years the patient displayed no facial weakness, though he did show 

marked kyphoscoliosis. Proximal muscle power appeared well preserved.   

 

Mutation: p.Leu1793del 

A single amino acid deletion (c.5377-5379del, p.Leu1793del) was identified in exon 37 

of MYH7. This is a novel mutation, but consistent with previously identified mutations 

causing MYH7 distal myopathy.  
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3.5.3 Recurrent mutations identified in Cohort 1 

Two recurrent mutations were identified in three probands, the MPD1 mutation: 

p.Lys1617del (n = 2) and the MSM mutation p.Arg1845Trp (n = 1). 

 

3.5.3.1 Recurrent mutation 1: p.Lys1617del 

First proband -  Proband  11  

Referring clinician: Prof. Kate Bushby, Newcastle Muscle Centre, Newcastle upon 

Tyne, UK. 

 

Clinical and pathological phenotype: 

A 35-year-old female showed no neonatal issues or problems at birth and was walking 

by the age of one year. At school age it was noticed that she walked with her feet turned 

in and tended to fall. The patient also began to find running difficult, though she 

participated in sporting activities. The patient later showed a high-stepping foot drop 

gait. She is able to stand on her toes but not on her heels. At last examination she had 

both upper and lower facial weakness. She showed weakness in wrist flexion but not 

extension and showed loss of index finger extension, though her long finger flexors and 

grip were normal. She showed some tightness of the Achilles tendons and some calf 

hypertrophy. 

 

Second proband - Proband 16 

 Referring clinician: A/Prof. Anne Connolly, Washington University School of 

Medicine, Saint Louis, USA. 

 

Clinical and pathological phenotype: 

A 10-year-old female displayed a clinical history consistent with MPD1. 

Histopathological examination of a tibialis anterior biopsy showed variable fibre size, as 

well as occasional necrotic and regenerating fibres. Immunostaining for dystrophin, four 

sarcoglycans (, , , ), laminin, emerin, dysferlin and -dystroglycan were normal. 

Desmin showed diffuse upregulation in some muscle fibres. 

 

 

Mutation: p.Lys1617del 
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Probands 11 and 16 were found to have the previously described recurrent deletion 

mutation p.Lys1617del, in exon 34 of MYH7. The deletion of three bases (c. 4851-

4853del, AAG) results in the removal of an amino acid from the translated protein 

product. This mutation was first described in 2004 (Meredith et al., 2004) and has been 

identified in a further patient (Lamont et al., 2006).   

 

3.5.3.2 Recurrent mutation 2: p.Arg1845Trp - Proband 20  

Referring clinician: Dr. Michael Wehner, Praxis Allee Strasse, Remscheid, Germany. 

 

Clinical and pathological phenotype: 

A 34-year-old male presented with myalgia and weakness of the lower leg muscles.  

According to the family, the paternal grandmother suffered from an unexplained muscle 

disorder from the age of 30 years. Clinical examination showed mild to moderate 

weakness and hypotonia of the shoulder girdle and pectoralis muscles, as well as 

bilateral scapular winging. The patient showed bilateral foot-drop and was unable to 

walk on his heels. MRI (magnetic resonance imaging) showed 'fatty atrophy' of the 

medial head of gastrocnemius, on the left side and also the biceps femoris and 

semimembranosus, bilaterally. 

 

A muscle biopsy from the left deltoid showed sub-sarcolemmal hyaline bodies on 

haematoxylin and eosin (H&E) and Gomori trichrome (GT) staining. These were 

pale/unstained in type I fibres with ATPase staining at pH 4.3. Hyaline bodies were 

positive when immunostained with an anti-slow MyHC antibody. EM showed non 

membrane-bound hyaline bodies with defined borders of myofibril-free accumulations 

made up of a fine granular material. Large numbers of hypertrophic fibres, as well as 

type I and type II fibre-grouping were seen. The clinical diagnosis of this patient was 

MSM.  

 

Mutation: p.Arg1845Trp 

Sequence analysis identified the recurrent MSM p.Arg1845Trp (c.5533C>T, 

CGG>TGG) missense mutation in exon 37 of MYH7 first described in 2003 (Tajsharghi 

et al., 2003). The Arg1845 residue is at an „f‟ position in the heptad repeat of the LMM 

coiled-coil.  
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3.5.4 Novel synonymous variant (p.Ile1912Ile) identified in Cohort 1 

3.5.4.1 Proband - Proband 21  

Referring clinician: Prof. Umapathi, Singapore.  

 

Clinical and pathological phenotype: 

The proband in this family was diagnosed clinically with a distal myopathy compatible 

with MPD1.  

 

Variant: p.Ile1912Ile 

A synonymous polymorphism, which has not been previously described, was identified 

in this patient‟s DNA sample received for MYH7 screening. The novel variation was 

found in exon 39 of MYH7 and involved a c.5736C>T substitution (codon change, 

ATT>ATC) which does not alter the amino acid sequence (p.Ile1912Ile).  

 

3.5.5 Unpublished mutations previously identified in the research 

Laboratory – Cohort 2  

Three novel mutations and one recurrent mutation (n=2) had been previously identified 

in the research laboratory, but not collated or published.  

3.5.6 Novel mutations identified in Cohort 2 

3.5.6.1 Novel mutation 1: p.Leu1646Pro - Proband 25  

Referring clinician: Dr Kathy Wagner, Johns Hopkins, Baltimore, USA. 

 

Clinical and pathological phenotype: 

The proband comes from a Native American Indian family with six affected individuals 

over three generations. The proband shows normal neck flexor and extensor strength, 

normal deltoid and biceps strength. Wrist extensors are mildly weak at 4+/5, wrist 

flexors 5/5. Finger flexors are stronger than extensors, which are 3-/5. Iliopsoas 4-/5 on 

the right, 4+/5 on the left.  In the lower limb quadriceps is 5/5, tibialis anterior 1/5, 

gastrocnemius 4/5, foot inversion 4-/5 and eversion 2/5. The patient also has bilateral 

Achilles contractures and no indication of any cardiomyopathy. Sensory examination 

was normal, with absent reflexes, except at the knees, which are 2+.  The proband‟s 
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brother is similarly affected distally, but has scapular winging proximally which the 

proband does not have.  

 

Mutation: p.Leu1646Pro 

A single base substitution in exon 34 of MYH7 was identified in the proband 

(c.4937T>C). The missense mutation causes the amino acid change p.Leu1646Pro 

(CTC>CCC), which is consistent with other early onset distal myopathy MYH7 

mutations. Leu1646 is at a „d‟ position in the LMM heptad repeat.  

 

3.5.6.2 Novel mutation 2: p.Arg1662Pro Proband  26  

Referring clinician: Prof. Luciano Merlini, Ferrara, Italy, via Prof. Bjarne Udd, Vasa, 

Finland. 

 

Clinical and pathological phenotype: 

This patient presented with a clinical phenotype compatible with MPD1. 

 

Mutation: p.Arg1662Pro  

A single base substitution (c.4985G>C) in exon 35 of MYH7 causes the missense 

mutation p.Arg1662Pro (codon change CGT>CCT). The p.Arg1662 amino acid residue 

is at an „f‟ position in the heptad repeat and immediately adjacent to the p.Ala1663Pro 

„g‟ position mutation previously identified (Meredith et al., 2004). 

 

3.5.6.3 Novel mutation 3: p. Lys1729ins - Proband 27  

Referring clinician: Prof. Bjarne Udd, Vasa, Finland. 

 

Clinical and pathological phenotype: 

This patient presented with a clinical phenotype compatible with MPD1. 

 

Mutation: p. Lys1729ins 

This novel mutation results from the insertion/duplication of an AAG codon 

(c.5185insAAG). This was the first, and remains to date the only amino acid insertion 

mutation identified in the MYH7 LMM in an early-onset distal myopathy patient. The 
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insertion is consistent with the more common MYH7 distal myopathy amino acid 

deletion mutations altering the heptad repeat structure of the LMM.  

 

3.5.6.4 Recurrent mutation: p. Lys1617del identified in Cohort 2 

The recurrent mutation p.Lys1617del was identified in two probands in Cohort 2. 

 

First Proband – Proband 28 

Referring clinician: Prof. David Hilton-Jones, Oxford, England. 

 

Clinical and pathological phenotype: 

The proband comes from a family with four affected individuals over three generations.  

The clinical phenotype is that of a distal myopathy presenting in childhood with 

footdrop and later weakness of neck flexion, without cardiomyopathy. 

 

Mutation: p. Lys1617del 

The recurrent p.Lys1617del (c.4851-4853, AAG deletion) mutation in exon 34 of 

MYH7 was identified in DNA from the proband and two other affected family members 

from whom DNA samples were obtained. 

 

Second Proband - Proband 29  

Referring clinician: – Dr. Alexandru Barboi, Wisconsin, USA.  

 

Clinical and pathological phenotype: 

The family consists of at least nine known affected individuals over five generations. 

Clinical presentation is onset of weakness during infancy, with bilateral footdrop. The 

proband has shown progression beyond 30 years and is currently 53. There is no 

obvious upper facial weakness, however diffuse atrophy of the neck muscles is present. 

There is moderate right scapular winging, with bilateral periscapular atrophy. The 

deltoid is relatively spared. The bilateral forearm, long finger flexor and extensor are 

atrophic.  However, this is asymmetrical as there is more atrophy of left than right arm, 

but sparing of the thenar eminence. Upper limb weakness is mainly distal. In the lower 

limb, hip flexion is 4/5, knee extension 4/5, foot dorsiflexion 0/5 and plantar flexion 

5/5. The proband has a marked steppage gait and mild waddling, with upper spine 

fusion for scoliosis. EMG demonstrated a chronic myopathy and as a result, creatine 
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kinase (CK) levels are elevated to 700-800 units. The patient exhibits no sign of 

cardiomyopathy. Muscle biopsy of the left deltoid shows marked increase in fibre size 

variability, with many scattered small angular fibres of less than 10µm. There is marked 

internal nucleation, with scattered nuclear clumps. Several fibres show evidence of 

necrosis, phagocytosis and regeneration and there is a mild increase in connective 

tissue. ATPase shows marked fibre type grouping and type II fibre predominance. 

Oxidative stains show many fibres with patchy areas due to a loss of oxidative enzyme 

activity. A few fibres show central decrease in oxidative enzyme activity. There are no 

inflammatory infiltrates.   

 

Mutation: p. Lys1617del 

The recurrent p.Lys1617del (c.4851-4853, AAG deletion) mutation in exon 34 of 

MYH7 was identified in DNA from the proband and other affected family members for 

whom DNA was available. 

 

3.5.7 Novel mutation identified in the diagnostic Neurogenetic Laboratory 

at Royal Perth Hospital – Cohort 3 

To date, a single novel MYH7 mutation has been identified in the proband samples for 

which analysis was requested from the NATA-accredited diagnostic Neurogenetic 

Laboratory at Royal Perth Hospital.  

 

3.5.7.1 Novel mutation: p.Gln1541Pro - Proband 30   

Referring clinician: Dr. Kym Boycott, Ottawa, Canada. 

 

Clinical and pathological phenotype: 

The proband comes from a family with an autosomal dominant distal myopathy with six 

living affected individuals across three generations. Patients show mild elevation in CK 

levels and initial weakness in the anterior compartment of the lower leg during 

childhood. Mild weakness of the hands, facial muscles and proximal muscles of the legs 

develops later. 

 

Mutation: p.Gln1541Pro 

A novel (c.4622A>C) variation was found in exon 33 of MYH7 and results in the amino 

acid change p.Gln1541Pro (codon change CAG>CCG). This mutation is consistent with 
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previously described MYH7 early-onset distal myopathy mutations and lies within the 

boundaries of previously described mutations in the LMM region of MYH7. The 

p.Gln1541 residue is at position „e‟ in the heptad repeat.  

 

3.6 Discussion 

Five mutations were identified in MYH7 exons 30 through 40 by screening 24 probands 

in Cohort 1 with possible MPD1 or MSM. Three mutations are novel (p.Arg1588Pro; 

p.Leu1793del; p.Glu1856Lys), while the p.Lys1617del and p.Arg1845Trp mutations 

have been described previously (Tajsharghi et al., 2003; Meredith et al., 2004). The 

coding region of MYH7 up to exon 29 was not sequenced as until the beginning of this 

investigation, mutations in MYH7 had only been identified from exon 32 onwards. 

Screening from exon 30 onwards would include approximately the entire LMM region.  

Of the three novel mutations identified, the p.Glu1856Lys mutation was reported at the 

meeting of the European Neuromuscular Centre (ENMC) International Workshop on 

Distal Myopathies, Naarden, The Netherlands 6
th

-8
th

 February 2009 (Udd, 2009). Taken 

together with the results from Cohorts 2 and 3 a total of seven novel mutations were 

identified in MYH7 in seven probands, while the recurrent MPD1 mutation 

p.Lys1617del was identified in four further families and the recurrent MSM mutation 

p.Arg1845Trp in one further family.  



 

Exon DNA variation Codon 

change 

Protein 

variation 

Heptad 

position 

Change in charge Change in polarity Clinical Reference(s) 

14 c.1322C>T ACG>ATG p.Thr441Met  No change Yes, polar to non-polar HCM/DM (Darin et al., 2007) 

16 c.1816G>A GTG>ATG p.Val606Met  No change No change CM/HDM (Overeem et al.,2007) 

32 c.4499G>C CGG>CCG p.Arg1500Pro f Positive to neutral change Yes, polar to non-polar MPD1 (Meredith, et al.,2004) 

33 c.4522-4524del GAG deletion p.Glu1508del g Increase in positive charge n/a MPD1 (Udd, 2009) 

33 c.4622A>C CAG>CCG p.Gln1541Pro e No change Yes, polar to non-polar MPD1 Current study (3.5.7.1) 

34 c.4763G>C CGC>CCC p.Arg1588Pro b Positive to neutral change Yes, polar to non-polar MPD1 Current study (3.5.2.1) 

34 c.4807G>C GCA>CCA p.Ala1603Pro c No change No change MPD1 (Udd, 2009) 

34 c.4851-4853del AAG deletion p.Lys1617del c Decrease in positive charge n/a MPD1 (Meredith, et al.,2004) 

34 c.4906C>G GCC>CCC p.Ala1636Pro a No change No change MPD1 Prof. Bjarne Udd * 

34 c.4937T>C CTC>CCC p.Leu1646Pro d No change Yes, decrease in polarity MPD1 Current study (3.5.6.1) 

35 c.4985G>C CGT>CCT p.Arg1662Pro f Positive to neutral Yes, non polar to polar MPD1 Current study (3.5.6.2) 

35 c.4987G>C GCC>CCC p.Ala1663Pro g No change No change MPD1 (Meredith, et al.,2004) 

35 c.5117T>C CTG>CCG p.Leu1706Pro g Decrease in positive charge Yes, decrease in polarity MPD1 (Meredith, et al.,2004) 

36 c.5185-5187del AAG deletion p.Lys1729del c Increase in positive charge n/a MPD1 (Meredith, et al.,2004) 

36 c.5185insAAG AAG insertion p.Lys1729ins c Decrease in positive charge n/a MPD1 Current study ( 3.5.6.3) 

37 c.5336T>C CTG>CCG p.Leu1779Pro d No change Yes, decrease in polarity MSM (Chai et al., 2007) 

37 c.5377-5379del CTG deletion p.Leu1793del d n/a n/a DM Current study (3.5.2.3) 

37 c. 5378T>C CTG>CCG p.Leu1793Pro d No change No change MSM (Dye, et al.,2006) 

37 c.5401G>A GAG>AAG p.Glu1801Lys e Yes, Negative>Positive No change DIM/DCM (Udd, 2009) 

37 c.5533C>T CGG>TGG p.Arg1845Trp f Positive to neutral change Yes, polar to non polar MSM (Tajsharghi, et al.,2003) 

38 c.5566G>A GAG>AAG p.Glu1856Lys c Yes, Negative>Positive No change DM (Udd, 2009) 

38 c.5647G>A GAG>AAG p.Glu1883Lys b Yes, Negative>Positive No change MSM (Tajsharghi, et al.,2007) 

39 c.5702A>T CAC>CTC p.His1901Leu f Yes, Positive>Uncharged Yes, polar to non polar MSM (Bohlega, et al.,2004) 

39 c.5740 GAG>AAG p.Glu1914Lys e Yes, Negative>Positive No change MSM* Prof. Carsten Bonnemann ** 

39 c5737C>T ATC>ATT p.Ile1912Ile c No change No change DM^ Current Study (3.5.4) 

Table 3.4.  All known MYH7 mutations causing a skeletal myopathy, with or without cardiomyopathy. All mutations are heterozygous except p.Glu1883Lys 

* (Prof. Bjarne Udd personal communication to Prof. Nigel Laing) **(Prof. Carsten Bonnemann personal communication to Prof. Nigel Laing ) 
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3.6.1 Novel MYH7 mutations identified in the current study.  

3.6.1.1 p. Arg1588Pro 

This de novo novel mutation was identified in a Western Australian patient with 

clinically suspected MPD1. A single base substitution (c.4763G>C) was identified in 

MYH7 exon 34 resulting in p.Arg1588Pro. The mutation affects a position „b‟ of the 

heptad repeat (Figure 3.1) and involves a change in charge (from positive to neutral) 

and a change in polarity (from polar to non-polar). Proline residues are incompatible 

with the formation of an -helical coiled-coil as they induce energetically unfavourable 

„kinks‟ in helices (O'Neil & DeGrado, 1990). It is likely that this „kinking‟ effect of the 

proline residue contributes to pathogenesis of the disease.  The biophysical effects of 

this mutation are investigated in more detail in Chapter 4 of this Thesis.   

 

The original diagnosis of multi-minicore myopathy for the patient was made due to the 

identification of multiple small cores in muscle fibres upon histopathological and EM 

analysis at age seven and eight. Minicores appear as small areas within a muscle fibre 

with weaker ATPase staining, which correlate with localised disruptions of myofibrillar 

structure seen on electron microscopy (Dubowitz & Sewry, 2007). Although they are 

generally not a pathological feature associated with MPD1, the biopsies of previous 

patients studied (Meredith et al., 2004) have been described as “moth-eaten”, which is a 

similar description to minicores (Meredith et al., 2004). The finding of minicore 

pathology only in this patient at an early stage of the disease further broadens the 

pathological heterogeneity of MYH7 early onset distal myopathy (Lamont et al., 2009).  

 

3.6.1.2 p.Leu1793del 

The patient underwent a heart transplant at three years old as a result of the 

development of a DCM. Other mutations in MYH7 are well known to be associated with 

either HCM or DCM (CardioGenomics, 2010). The p.Leu1793del mutation is therefore 

likely to be the cause of both DCM and distal myopathy in the patient. The 

p.Leu1793del mutation involves deletion of a non-polar amino acid at position „d‟ of 

the heptad repeat. As previously discussed (Section 3.2.1), position „d‟ is involved with 

the inter-helical association of -MyHC molecules via hydrophobic interactions with 

residues on the corresponding -helix, to form the -helical coiled-coil dimer.  
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A mutation causing MSM has previously been identified at the L1793 residue, though it 

involves a mutation to proline (p.Leu1793Pro) (Dye et al., 2006). Interestingly, a 

change to proline at this residue causes an MSM phenotype with no cardiac 

involvement while the removal of the amino acid is associated with a distal myopathy 

and cardiomyopathy. These differential effects do however reveal the seeming 

importance of the residue. Armel and Leinwand employed a number of biophysical 

assays to investigate the in vitro effects of the p.Leu1793Pro mutation (Armel & 

Leinwand, 2009b). Circular dichroism (CD) analysis indicated that the mutation did not 

appear to alter the secondary structure of the protein. However, it did affect its ability to 

assemble into ordered paracrystals as well as decreasing its stability (Armel & 

Leinwand, 2009b). It was concluded that the introduction of a proline destabilised the 

dimer interface between corresponding -helices, which in turn influenced the protein‟s 

stability and capacity to assemble into higher order structures (Armel & Leinwand, 

2009b).  

 

3.6.1.3 p. Glu1856Lys 

This mutation was identified in a mother and daughter from a large family with 

numerous affected family members displaying a dominantly inherited late onset distal 

myopathy with varying degrees of cardiomyopathy. The variation lies in a region of the 

protein where mutations usually cause an MSM phenotype (Laing & Nowak, 2005). 

This finding, together with the phenotypic variability displayed, suggests both the 

genetic and clinical heterogeneity associated with myopathy-causing MYH7 mutations 

may be greater than previously described (Meredith et al., 2004; Lamont et al., 2006). 

 

The p.Glu1856Lys amino acid change occurs at a „c‟ position of the heptad repeat. 

Residues at this position are usually charged or polar amino acids involved in the lateral 

association of adjacent -MyHC dimers (McLachlan & Karn, 1982). The adjacent 

amino acid in position „b‟ (also involved in the lateral association of dimers) is also a 

negatively charged glutamate, therefore it is likely that the residues form part of a local 

zone of negative charge involved in the staggered „stacking‟ of -MyHC dimers for the 

formation of thick filaments (Section 3.2.1) (McLachlan & Karn, 1982). The charge 

reversal resulting from the replacement of the glutamate with a lysine residue may 

therefore interfere with the lateral „stacking‟ of the -MyHC dimers and thus affect the 

arrangement of dimers into the thick filament. The reasons for incomplete penetrance of 
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the cardiomyopathy phenotype are unknown. The in vitro effects of this mutation are 

investigated in more detail in Chapters 4 and 5. 

 

3.6.2 p. Ile1912Ile  - A disease causing synonymous polymorphism?  

The novel synonymous single nucleotide polymorphism (SNP), c.5736C>T 

(ATC>ATT) identified in a patient screened for an MYH7 mutation was initially 

dismissed as non-pathogenic as it does not alter the amino acid sequence (p. Ile1912Ile). 

Recently however, synonymous SNPs have been identified as being able to alter protein 

structure and function (Kimchi-Sarfaty et al., 2007).  For close to a decade the 

c.3435C>T (ATC>ATT, p.Ile1145Ile) synonymous SNP in the multidrug resistance 

gene (MDR1) has been associated with altered function of the MDR1 gene product, the 

adenosine triphosphate (ATP)-binding cassette (ABC) transporter (ABCB1 or P-gp) 

(Hoffmeyer et al., 2000; Drescher et al., 2002; Goto et al., 2002).  

 

The codon change, ATC>ATT, induced by the c.3435C>T SNP in the MDR1 gene 

(Kimchi-Sarfaty et al., 2007) is thus identical to the codon change induced by the SNP 

c.5736C>T (ATC>ATT) p. Ile1912Ile identified in Proband 21 (Kimchi-Sarfaty et al., 

2007). This raised the question as to whether the SNP identified in MYH7 may also 

affect co-translational folding of -MyHC and cause disease in the patient.  

 

In the -MyHC protein, the isoleucine residue, p.Ile1912, lies in a position „c‟ of the 

heptad repeat. Residues at this position are usually polar or charged, hydrophilic 

residues involved in inter-strand interaction to form the stable coiled-coil dimer of the 

myosin tail. Isoleucine however is a non-polar, very hydrophobic amino acid, which 

suggests it may have a slightly different function at this particular position. Replacing 

the codon may alter the structure of the protein, as is seen with ABCB1, thus affecting 

the structure or function of this residue.  

 

Further studies to investigate the effects of the SNP would include expression of -

MyHC with and without the SNP in a cell-free system (Zhang et al., 2009). This would 

allow for controlled translation of the potentially altered protein, which could then be 

subjected to a number of assays including susceptibility to enzyme digestion. 
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In the case of this patient, compound heterozygosity for two missense mutations was 

subsequently identified in another distal myopathy associated gene - UDP-N-

acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) by another 

laboratory (Prof. Thiruguanam Umapathi, personal communication to Prof. N Laing). 

The compound heterozygosity for GNE mutations may explain the clinical phenotype in 

the patient. However, Quinlivan et al. (2003) made an interesting observation of a 

„double trouble‟ effect where an additional disease-causing genetic variation altered the 

severity of disease. In this particular case a known RYR1 mutation was identified in a 

proband presenting with central core disease, but not in his two brothers who presented 

with progressive muscle weakness several years later. All three patients were found to 

carry a homozygous deletion in the SMN gene, and thus the RYR1 mutation in the 

proband altered the disease phenotype (Quinlivan et al., 2003). Given the recent 

discoveries involving the MDR1 gene (Kimchi-Sarfaty et al., 2007) and the „double 

trouble‟ effect (Quinlivan et al., 2003), a possible effect of the MYH7 synonymous SNP 

in the patient, modifying the phenotype of the GNE mutations cannot be excluded.   

 

3.6.3 Unpublished novel mutations previously identified in the laboratory – 

Cohort 2 

3.6.3.1 p.Leu1646Pro, p.Arg1662Pro, p.Lys1729ins 

Three novel, unpublished MYH7 mutations in patients with early-onset distal myopathy 

have previously been identified in the laboratory: p.Leu1646Pro; p.Arg1662Pro and 

p.Lys1729ins. These are all located in exons 34 to 36, within the region in which MPD1 

mutations had previously been shown to occur (Meredith et al., 2004).  

 

As already stated, missense mutations to proline are known to cause MPD1 and their 

pathogenesis is thought to stem from proline residues being incompatible with the -

helical coiled-coil structure of the -MyHC rod (O'Neil & DeGrado, 1990; Meredith et 

al., 2004).  

 

Despite no published reports of amino acid insertion mutations, the previously 

described mutations (Meredith et al., 2004) involving deletion of an amino acid 

(p.Lys1617del; p.Lys1729del) are thought to disrupt the -helical structure of the -

MyHC rod (O'Neil & DeGrado, 1990) by altering the essential coiled-coil heptad 
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repeat. The p.Lys1729ins mutation affects the same position as the previously identified 

p.Lys1729del mutation. Located in a lysine repeat segment, it is likely that the insertion 

or deletion mutations occur due to „slippage‟ during DNA replication (see Section 

3.6.8) (Viguera et al., 2001).  

 

3.6.4 Novel mutation identified in the diagnostic neurogenetic laboratory at 

Royal Perth Hospital – Cohort 3.  

Prior to this study all MPD1 mutations identified involved either a missense mutation to 

proline or the insertion/deletion of an amino acid (Meredith et al., 2004). The novel 

p.Gln1541Pro mutation identified in the diagnostic neurogenetic laboratory at Royal 

Perth Hospital falls in line with these MPD1 mutation characteristics. However, this is 

the first missense to proline to affect position „e’ of the heptad repeat.  Residues in this 

position are usually charged or polar and are involved in the inter-helical binding of two 

-MyHC molecules in the formation of a coiled-coil (McLachlan & Karn, 1982). It is 

likely that the pathogenic effects of this mutation are similar to those caused by the 

p.Leu1706Pro mutation (Meredith et al., 2004), as p.Leu1706 resides in a „g’ position 

of the heptad repeat and has a similar function to a residue in the „e’ position (Figure 

3.1) (McLachlan & Karn, 1982). 

 

3.6.5 MYH7 myopathy mutations identified by other groups during the 

course of this investigation 

3.6.5.1 MPD1 mutations 

p.Glu1508del  

A novel p.Glu1508del mutation was identified in the first known French MPD1 family 

(Udd, 2009). The clinical phenotype of the disease was reported to be similar to that of 

previous MPD1 cases (Udd, 2009). The same mutation was also identified in a sporadic 

case of MPD1 in Finland (Udd, 2009).  

 

p.Ala1636Pro 

The laboratory of Prof. Bjarne Udd (personal communication with Prof. Nigel Laing) 

has identified a novel exon 34: c.4906G>C change causing a p.Ala1636Pro mutation.  

The heterozygous missense mutation was found in a large Spanish family showing a 
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clinical phenotype typical of MPD1 with no cardiomyopathy. The p.Ala1636 residue is 

at position „a‟ in the heptad repeat.  

 

p.Lys1729del 

Four large MPD1 families have been identified in Spain, originating from La Safor in 

Valencia (Udd, 2009). The same p.Lys1729del mutation in MYH7 is shared by all 

affected individuals. The presentation of lower leg anterior compartment muscle 

weakness ranged in age of onset from congenital to the early-fifties and most patients 

displayed weakness of the neck flexors, finger extensors and a degree of facial muscle 

weakness. The clinical picture is similar to that previously described for an Italian 

family with the same mutation and genotypic analysis indicates that it is possible these 

families share a common haplotype (Hedera et al., 2003; Meredith et al., 2004; Udd, 

2009). 

 

3.6.5.2 Combined cardiomyopathy and distal myopathy phenotype 

p.Glu1801Lys 

A p.Glu1801Lys mutation (c.5401G>A) was identified by Bruno Eymard (Centre de 

Référence des Maladies Rares Neuromusculaires, Paris) in a Moldavian family that 

presented with a later-onset DCM as well as an early-onset distal myopathy (Udd, 

2009). The same mutation was also identified by Prof. Bjarne Udd‟s laboratory in a 

patient of Israeli origin diagnosed by Zohar Argov (Prof. Bjarne Udd personal 

communication to Prof. Nigel Laing).  Interestingly, this mutation involves a glutamate 

to lysine change in a family with a skeletal muscle and cardiac disease phenotype, 

similar to the p.Glu1856Lys mutation identified in the current study.  

 

3.6.5.3 MSM mutations 

p.Leu1779Pro 

Chai and colleagues (Chai et al., 2007) identified a novel mutation in exon 37 of MYH7 

causing MSM in a 56 year old Singaporean Chinese man presenting with slow 

progressive, late onset weakness of the lower limbs. Upon examination he showed 

scoliosis, lordosis and a scapuloperoneal distribution of muscle weakness with scapular 

winging. The patient also displayed bilateral foot drop and bilateral calf hypertrophy. 

There was no evidence of cardiomyopathy (Chai et al., 2007). This patient displays 
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features commonly associated with MSM and the mutation is located in a similar region 

to those previously identified (Tajsharghi et al., 2003; Dye et al., 2006; Pegoraro et al., 

2007). Like the p.Leu1793Pro mutation, p.Leu1779Pro is also located in a „d‟ position 

in the heptad repeat. 

  

3.6.5.4 MSM with cardiomyopathy 

p.Glu1883Lys 

Tajsharghi and colleagues (Tajsharghi et al., 2007) identified a recessive p.Glu1883Lys 

mutation in a British family with no prior history of muscle weakness (Tajsharghi et al., 

2007). Three of four siblings from consanguineous parents presented with symptoms of 

MSM with HCM. Interestingly, MSM is not usually associated with a cardiomyopathy. 

Located at position „b‟ in the heptad repeat, this mutation involves the same charge 

reversing amino acid change as (p.Glu1856Lys identified in Proband 7 of this study) at 

a residue predicted to interact with other -MyHC dimers in the arrangement of the 

thick filament (McLachlan & Karn, 1982). 

 

p.Glu1914Lys 

Bonneman and colleagues in Philadelphia identified a different glutamate to lysine 

mutation (personal communication with Prof. Nigel Laing). The mutation identified, 

p.Glu1914Lys was identified in a patient presenting with both MSM and an early onset 

cardiomyopathy requiring heart transplantation. Myosin accumulations were seen in the 

explanted heart after transplantation (Prof. Carsten Bonneman personal communication 

to Prof. Nigel Laing). 

 

3.6.6 Analysis of mutations that have the same effect on protein structure 

3.6.6.1 Missense mutations to proline 

To date nine different missense mutations (Table 3.4, p.Arg1500Pro; p.Gln1541Pro; 

p.Arg1588Pro; p.Ala1603Pro; p.Ala1636Pro; p.Leu1646Pro; p.Arg1662Pro; 

p.Ala1663Pro and p.Leu1706Pro) in the LMM have been associated with MPD1. The 

nine missense mutations to proline involve amino acid residues at all positions of the 

heptad repeat (one mutation at each of  „a‟, „b‟, „c‟, „d‟ and „e‟ residues and two 

mutations at residues „f‟ and „g‟). This suggests that the position of the mutation to 

proline in the heptad repeat structure is irrelevant to disease causation. Insertion of a 
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proline at any position in the heptad repeat is equally deleterious. COILS analysis 

software uses an algorithm to calculate the likelihood that a protein will form a coiled-

coil (Lupas et al., 1991). COILS analysis studies of MPD1 mutations have suggested 

that the introduction of a proline significantly reduces the probability of coiled-coil 

formation (Meredith et al., 2004). 

 

Equivalent missense mutations to proline (p.Leu1779Pro and p.Leu1793Pro) are 

associated with MSM (Dye et al., 2006; Chai et al., 2007). It remains unclear why these 

mutations result in a different phenotype to the MPD1 mutations, but it must relate to 

different pathobiologies causing the two muscle diseases.  

 

3.6.6.2 Deletion and insertion mutations  

To date five different mutations causing MPD1 or MSM that involve the insertion or 

deletion of an amino acid (p.Glu1508del; p.Lys1617del; p.Lys1729del; p.Lys1729ins 

and p.Leu1793del) have been identified. Similar to the insertion of a proline residue, the 

insertion or deletion of an amino acid is incompatible with the formation of an -helix 

due to disruption of the heptad repeat pattern of the -MyHC rod (O'Neil & DeGrado, 

1990). COILS analysis has found that the deletion of an amino acid significantly 

reduces the probability of coiled-coil formation (Meredith et al., 2004). 

 

3.6.6.3 Charge reversal variations may cause cardiomyopathy or a mixed 

phenotype of cardiomyopathy and skeletal muscle disease. 

As outlined in Table 3.4, four mutations have been identified which cause early-onset 

distal myopathy or MSM that involve a glutamate to lysine amino acid change, 

including one discovered as part of this study (p.Glu1856Lys). What is particularly 

interesting about these mutations is that all of them are also associated with a 

cardiomyopathy so that the patients either have a distal myopathy and cardiomyopathy, 

or MSM and cardiomyopathy, depending perhaps on the position of the precise 

mutation (Tajsharghi et al., 2007; Udd, 2009). In addition to the MYH7 mutations 

described here, the CardioGenomics website (CardioGenomics, 2010) lists a further five 

such glutamate to lysine mutations (p.Glu1356Lys; p.Glu1426Lys; p.Glu1555Lys; 

p.Glu1753Lys; p.Glu1768Lys) in the MYH7 LMM associated solely with DCM or 

HCM. A number of these mutations are located in the LMM region of -MyHC close to 
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where mutations causing a skeletal and cardiac phenotype are found (Tajsharghi et al., 

2007; Udd, 2009). The glutamate to lysine mutations causing only HCM or DCM are 

located between residues p.1555 and p.1768, while those causing a mixed phenotype 

range from p.1801 to p.1914 (Udd, 2009; CardioGenomics, 2010). It is unknown why 

patients with these mutations involving the same charge reversal develop a cardiac 

phenotype with no apparent skeletal myopathy (Horowitz & Schmalbruch, 1994).  

 

All of the glutamate to lysine mutations presented in Table 3.4 are positioned in the 

outer positions of the heptad repeat („b’, ‘c’ or ‘e’). Residues in these positions are 

involved in the ordered arrangement of -MyHC dimers during thick filament assembly 

(McLachlan & Karn, 1982). Interestingly the glutamate to lysine mutations causing 

cardiomyopathy are also located in the outer positions (‘b’, ‘e’, ‘f’ or ‘g’) 

(CardioGenomics, 2010). One would not expect to find a polar, hydrophilic glutamate 

residue at either positions ‘a’ or ‘d’, as non-polar hydrophobic residues (McLachlan & 

Karn, 1982) usually occupy these positions. A glutamate to lysine mutation is 

accompanied by a large residue charge reversal (from a negative to a positively charged 

amino acid). Considering that correct formation of the thick filament relies on ordered 

charge attractions between regions of opposite charge on adjacent -MyHC rods 

(McLachlan & Karn, 1982), it is likely that the charge reversal contributes to the 

molecular pathogenesis of the disease. It is unknown how one set of mutations can 

cause solely a cardiomyopathy and the other a mixed phenotype. As the regions in 

which these mutations occur do not overlap, the location of the mutation is likely to 

play a role in the precise disease phenotype and thus hints to the pathogenesis of the 

different diseases MPD1, MSM or CM separately; or CM with MPD1; or CM with 

MSM.  

 

The recessive p.Glu1883Lys mutation identified (Tajsharghi et al., 2007) is intriguing 

as; 1 ) it is the only known disease causing recessive MYH7 mutation identified to date, 

2) the recessive patients had both MSM and cardiomyopathy and 3) the heterozygous 

parents of the patients were apparently unaffected, showing no sign of disease. This 

raises the question as to why a single copy of this mutation has no apparent deleterious 

effect despite involving the same large glutamate to lysine charge reversal, while nearby 

heterozygous glutamate to lysine mutations can cause severe skeletal and cardiac 

myopathy phenotypes?  
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3.6.7 High de novo mutation rate for MPD1 and MSM  

Many of the mutations causing MPD1 or MSM are spontaneous de novo variations 

(Meredith et al., 2004; Laing et al., 2005; Laing & Nowak, 2005), confirmed by 

screening peripheral blood DNA from the patients‟ parents. The high new mutation rate 

suggests that there will be no particular ethnic predisposition to these mutations and 

MPD1 and MSM will be found in all ethnic groups. The incidence of MPD1 is 

uncertain, however at present three families are known in Western Australia (population 

two million) and four in Finland (with a total population of five million; Prof. Bjarne 

Udd personal communication to Prof. Nigel Laing).  

 

3.6.8 Recurring MYH7 mutations in MPD1 and MSM 

There are two recurrent mutations in MYH7, one associated with MPD1 (p.Lys1617del) 

and one that causes MSM (p.Arg1845Trp). Other recurring MYH7 mutations include 

p.Arg1500Pro, p.Glu1508Lys (Udd, 2009), p.Glu1801Lys (Udd, 2009) and 

p.Lys1729ins (Prof. Bjarne Udd personal communication to Prof. Nigel Laing).  

 

Including results from this study, the p.Lys1617del mutation causing MPD1 has been 

identified in eight separate families to date, making it the most frequently mutated 

residue that causes MPD1 (Meredith et al., 2004; Lamont et al., 2006). As the residue is 

located in a 3-repeat microsatellite comprising three lysines (AAG), it is likely that this 

plays a role in the mutation‟s recurrence through polymerase slippage (Viguera et al., 

2001). Though it has been found that microsatellites are not thought to be highly 

mutable until they are over the size of ten repeats (Weber, 1990) the high frequency of 

mutations at this repeat site and mutations at another lysine (AAG) repeat sequence 

(p.Lys1729del, p.Lys1729ins) suggest that these play a role in the high frequency 

recurrence of deletion or insertion mutations at these sites. 

  

The p.Glu1508del mutation is located in a series of two consecutive glutamate residues. 

The mutation has been identified in two separate families, where at least one case is 

demonstrably de novo. Multiple occurrences of the mutation suggest that a similar 

polymerase slippage phenomenon may be a cause of the p.Glu1508del mutations 

recurrence (Viguera et al., 2001). 
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Including results from this study, the p.Arg1845Trp mutation causing MSM has been 

identified in at least 10 separate families to date (Tajsharghi et al., 2003; Laing et al., 

2005; Shingde et al., 2006; Pegoraro et al., 2007). While it is understandable that the 

p.Lys1617del mutation may be recurrent as a result of DNA polymerase slippage 

effects, p.Arg1845 does not involve a microsatellite repeat region, being a single 

nucleotide substitution. There is thus no obvious a priori reason why this mutation is 

found so frequently in MSM. It is possible that the p.Arg1845 residue is located in a 

mutation hotspot of the MYH7 gene. Specific mutations in other genes can also recur 

frequently, for example the p.Val37Leu and p.Gly270Asp mutations in the skeletal 

muscle -actin gene (ACTA1) have been identified nine and eight times respectively 

(Laing & Nowak, 2007).  

 

The MYH7 gene has a number of non-synonymous, non-disease causing variations 

located across the gene (CardioGenomics, 2010). Some of these are in the LMM region: 

p.Val1691Met, p.Arg1846Gly and p.Lys1919Asp. The p.Lys1919Asp variation 

involves a large charge change, similar to the disease-causing glutamate to lysine 

mutations located nearby (Udd, 2009). Furthermore, the arginine residue directly 

adjacent to p.Arg1845 can undergo a missense change (p.Arg1846Gly) in an apparently 

healthy subject (CardioGenomics, 2010), suggesting that the p.Arg1845 residue 

specifically plays an important role in normal -MyHC structure and function. It may be 

that it appears to be mutated frequently but in fact the surrounding residues also 

undergo random alterations that do not become apparent, as they are not disease 

causing. 

 

3.6.9 Phenotypic variability 

The variable clinical and pathological phenotypes seen in the diseases caused by MYH7 

mutations, including the variations in age of onset and severity in patients with the same 

mutation remains to be explained.  

 

During the current study mutations found in MYH7 have significantly widened both the 

phenotypic and genotypic spectrum of MYH7 myopathy, which now includes minicore 

myopathy into the differential diagnosis. Mutations in the head domain of -MyHC 

were previously only associated with cardiomyopathy, but now they have also been 

found to cause a skeletal myopathy (Darin et al., 2007; Overeem et al., 2007). The 



 87 

recurrence of glutamate to lysine mutations in the LMM region of -MyHC causing 

cardiomyopathy with or without a distal myopathy or MSM phenotype are further 

examples of the phenotypic variability of MYH7 myopathies (Tajsharghi et al., 2007; 

Udd, 2009).   

 

3.6.9.1 Different phenotypes associated with different mutations of the 

same amino acid residue.  

An interesting example of phenotypic variability with MYH7 mutations is the missense 

mutation of p.Arg1500 to either a proline residue causing an MPD1 phenotype 

(Meredith et al., 2004), or to a tryptophan, resulting in DCM (Karkkainen et al., 2004). 

How these two mutations affecting the same residue can cause two completely different 

diseases is unknown. Biophysical analysis of these two mutants by Armel and 

Leinwand (Armel & Leinwand, 2009a) found that both mutants appear to decrease the 

thermostability of the LMM, though the p.Arg1500Trp has a more severe effect. 

Filament assembly assays indicated that both mutants had impaired filament assembly 

properties and the p.Arg1500Pro mutant showed additional filament instability (Armel 

& Leinwand, 2009a). These findings suggest that the two mutants may have different 

mechanisms of pathogenesis but how they cause two distinct disease phenotypes is still 

unclear. 

 

A similar example of this phenotypic variability is the mutations affecting residue 

p.Leu1793. A missense mutation to proline at this residue causes MSM (Dye et al., 

2006). The current study identified a heterozygous deletion of this residue in a boy with 

a distal myopathy who underwent a cardiac transplant (due to DCM) at age three years 

for whom there was no diagnosis of MSM.                   

 

3.6.9.2 Variation in severity of MYH7 muscle disease, including 

incomplete penetrance. 

Variability in disease severity associated with the same mutation is more readily 

observed in large families. Families recently identified in Spain (with over 30 affected 

family members) offer an excellent opportunity for analysis and all indications are that 

the disease, including the muscles affected and severity, varies remarkably between 

different affected family members (Udd, 2009).  
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The incomplete penetrance of disease caused by the p.Glu1856Lys mutation, where 

some family members display varying degrees of cardiomyopathy or distal myopathy, 

suggests that modifying factors play a role in disease pathogenesis in severity or even 

the presence/absence of a distal myopathy or cardiomyopathy phenotype. Therefore, it 

is possible that other patients with a glutamate to lysine mutation that appear to have 

only a cardiomyopathy may also feature a minor degree of skeletal myopathy.  

 

Determining why in some instances a mutation at a specific location leads to a cardiac 

phenotype and in others a skeletal muscle phenotype will require detailed biochemical, 

biophysical and epigenetic studies. Gaining understanding of the genetic and/or 

epigenetic controls of the severity of disease, would aid in the development of a therapy 

for the diseases.  

 

3.6.10 Preferentially affected muscle distribution/pathophysiology 

Another aspect of the variable phenotypes of the disease is the preferential effect on 

different muscles. When MYH7 is expressed in every slow muscle fibre in every muscle 

of the body, why does one group of mutations specifically affect the tibialis anterior, 

medial head of the gastrocnemius, the finger extensors and sternocleidomastoid, while 

another group causes sub-sarcolemmal accumulation of myosin with a variable 

distribution of muscle weakness? What are the specific molecular pathobiological 

processes that cause an MYH7 mutation to result in MSM, MPD1 or one of these mixed 

with cardiomyopathy? As yet these questions remain unanswered. 

 

The specific distribution pattern of affected muscles in MPD1 suggests that another 

protein may be involved in the disease pathogenesis, possibly an interacting protein that 

is absent in affected muscles. Proteins that are known to interact with -MyHC LMM 

include myosin-binding protein C (MyBP-C), myomesin (MYOM1), M-protein 

(MYOM2), myomesin 3 (MYOM3) and titin (TTN). It is possible that mutations 

causing MPD1 affect the binding of one of these interacting proteins, contributing to 

disease pathogenesis.  

 

The physical length of the 707 amino acid LMM region of -MyHC is 90nm (Craig & 

Padron, 2004). The region of the LMM containing mutations that cause MPD1, MSM 



 89 

or a mixed skeletal/cardiomyopathy phenotype spans 414 amino acids (p.1500-1914), 

with an estimated physical length of over 50nm. Therefore a large number of protein-

protein interactions must occur in this region, which may in turn form the basis of 

disease.  

 

The hallmark feature of MSM is the sub-sarcolemmal accumulation of myosin-

containing hyaline bodies, therefore these mutations may alter the self-association 

dynamics of -MyHC, resulting in abnormal accumulation of the protein. Oldfors et al. 

(Oldfors et al., 2004; Oldfors, 2007) reason that MSM mutations cause disease by 

disrupting thick filament assembly due to their distinct location at the C-terminal 29 

amino acid assembly competence (ACD), where the mutations disturb the -MyHC 

molecule‟s ability to assemble into higher order structures to form the thick filaments 

(Oldfors et al., 2004; Oldfors, 2007). Furthermore, all of the MSM mutations are 

located in positions ‘b’, ‘f’ or ‘c’ of the heptad repeat, which may disrupt the -MyHC 

interaction between adjacent -MyHC dimers (Tajsharghi et al., 2007). Although it may 

still disrupt -MyHC‟s thick filament assembly properties, it p.Leu1793Pro is an 

exception to these hypotheses as it lies in a ‘d’ position of the heptad repeat (Dye et al., 

2006). 

 

3.6.11 Genetic heterogeneity in early-onset distal myopathy 

Considering the number of patients with MPD1 early-onset distal myopathy-like 

symptoms but no identified MYH7 mutation (including such patients analysed in this 

study), it is likely that there is genetic heterogeneity for MPD1-like early-onset distal 

myopathy, with one or more early-onset distal myopathy loci elsewhere in the genome. 

Von Diemling and colleagues (von Deimling et al., 2001) presented a family with an 

autosomal dominant distal myopathy where 11 family members were affected across 

three generations (von Deimling et al., 2001). Clinical features of the disease described 

were very similar to that of MPD1 – early-onset weakness of the anterior tibial muscles 

followed by atrophy of muscles of the hand. Patients also showed reduced motor nerve 

conduction but upon muscle biopsy a myopathic pattern was seen (von Deimling et al., 

2001). Linkage to all of the known distal myopathy loci including MYH7 was excluded, 

indicating a new locus is responsible for the disease in this family (von Deimling et al., 

2001). At the time of their conference abstract (presented at the 6
th

 conference of the 

World Muscle Society, 2001) the authors reported that a genome-wide scan was in 
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progress (von Deimling et al., 2001). At the 43
rd

 Workshop for Paediatric Research in 

2007 it was suggested that the cause of this distal myopathy was a mutation in KLHL9, 

which encodes a novel kelch protein (Cirak et al., 2007). The authors suggest that the 

mutation may alter the protein‟s interaction properties with binding partners (Cirak et 

al., 2007). Identification of this new distal myopathy gene allows for the screening of 

patients, for whom no mutation has yet been found, and will in turn contribute to 

understanding the phenotypic characteristics and disease mechanisms of the distal 

myopathies.  

 

3.6.12 Conclusions and future directions 

Screening for MYH7 mutations in the 24 MPD1 or MSM probands in Cohort 1 

identified six mutations, three of which are novel. The discovery of these novel 

mutations, as well as others previously identified in this laboratory in Cohort 2 and 

those identified elsewhere (Cohort 3 in the diagnostic laboratory and the other 

mutations previously described) has increased knowledge of MYH7 mutations. The 

current work has expanded the region of MYH7 slow skeletal -cardiac myosin in which 

mutations are known to cause MPD1 and also increased the phenotypic spectrum 

associated with these mutations (Darin et al., 2007; Overeem et al., 2007; Udd, 2009).  

The p.Glu1856Lys mutation lies 3‟ of where MPD1 mutations are usually located, 

overlapping with the region where mutations causing MSM have previously been 

found. The mutation is also associated with a cardiomyopathy phenotype, confirming 

previous observations that mutations in MYH7 can cause both a distal and cardiac 

phenotype (Darin et al., 2007; Overeem et al., 2007).  

 

The results confirm that most mutations causing MPD1 involve either the insertion or 

deletion of an amino acid or a change to proline, both of which should theoretically 

disrupt the ordered -helical coiled-coil structure of the -MyHC protein. Mutations 

found during the course of the current study expand this trend, with all previously 

unpublished MPD1 mutations involving a change to proline or removal of an amino 

acid. Interestingly, the p.Leu1793del mutation to proline at the same residue causes 

MSM with or without a cardiac phenotype (Dye et al., 2006; Uro-Coste et al., 2009). 

This suggests that the p.Leu1793 residue has a critical function specific to its structure, 

illustrating the complexity of -MyHC mutations.  
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In addition to this, the results identify an emerging group of glutamate to lysine 

mutations that consistently cause both a skeletal muscle disease (either MPD1 or MSM 

depending on the precise residue mutated) and cardiac disease phenotype (Tajsharghi et 

al., 2007; Udd, 2009).  

 

Synonymous polymorphisms altering the structure and/or function of a muscle protein 

have not previously been confirmed. However, given recent discoveries (Kimchi-

Sarfaty et al., 2007) these should not be immediately dismissed, as they may also 

contribute to disease pathogenesis.  

 

The exact pathobiological effects of mutations in the LMM region of -MyHC and how 

variations cause such a range of disease phenotypes remains unknown. Investigation of 

the effects of the -MyHC LMM mutations on the structure and function of the myosin 

tail was one logical route to take, starting from the mutated protein, the only starting 

point we currently have, in order to try to gain an understanding of the pathobiology of 

MYH7 muscle diseases. Therefore the structural and functional effects of the 

p.Arg1500Prp; p.Arg1588Pro; p.Lys1617del; p.Leu1706Pro; p.Glu1856Lys and 

p.His1901Leu mutations were investigated in vitro, as described in the subsequent 

Chapters 4 and 5. Genomic DNA from those probands for which no genetic diagnosis 

could be made will be stored and analysed for mutations in other regions of MYH7 or 

other candidate genes. 

 

3.7 Published abstracts associated with work described in this chapter 

 

1) Auer-Grumbach M, John E, Wallefeld W, Fischer C, Speicher M & Laing N. (2007). 

A novel slow-skeletal myosin (MYH7) mutation in a large family presenting as 

late onset distal myopathy. In 12th International Congress of the World Muscle 

Society, pp. 883. Neuromuscular Disorders, Taormina. 

 

2) Lamont P, Wallefeld W, Junkerstorff R & Laing N. (2009). Multiminicore myopathy 

caused by a mutation in MYH7. In 14th International Congress of the World 

Muscle Society, pp. 590-591. Neuromuscular Disorders, Geneva, Switzerland. 

 



 92 

 

 

3.7.1 Armel TZ & Leinwand LA. (2009a). Mutations at the same amino 

acid in myosin that cause either skeletal or cardiac myopathy have distinct 

molecular phenotypes. J Mol Cell Cardiol. 

3.7.2  

3.7.3 Armel TZ & Leinwand LA. (2009b). Mutations in the beta-myosin 

rod cause myosin storage myopathy via multiple mechanisms. Proc Natl 

Acad Sci U S A 106, 6291-6296. 

3.7.4  

3.7.5 Bohlega S, Abu-Amero SN, Wakil SM, Carroll P, Al-Amr R, Lach B, 

Al-Sayed Y, Cupler EJ & Meyer BF. (2004). Mutation of the slow myosin 

heavy chain rod domain underlies hyaline body myopathy. Neurology 62, 

1518-1521. 

3.7.6  

3.7.7 Bohlega S, Lach B, Meyer BF, Al Said Y, Kambouris M, Al Homsi M 

& Cupler EJ. (2003). Autosomal dominant hyaline body myopathy: clinical 

variability and pathologic findings. Neurology 61, 1519-1523. 

3.7.8  

3.7.9 Bonne G, Carrier L, Richard P, Hainque B & Schwartz K. (1998). 

Familial hypertrophic cardiomyopathy: from mutations to functional 

defects. Circ Res 83, 580-593. 

3.7.10  

3.7.11 Cancilla PA, Kalyanaraman K, Verity MA, Munsat T & Pearson CM. 

(1971). Familial myopathy with probable lysis of myofibrils in type I fibers. 

Neurology 21, 579-585. 

3.7.12  

3.7.13 CardioGenomics. (2010). Cardio Genomics Sarcomere Protein Gene 

Mutation Database Harvard Medical School. 

3.7.14  

3.7.15 Ceuterick C, Martin JJ & Martens C. (1993). Hyaline bodies in 

skeletal muscle of a patient with a mild chronic nonprogressive congenital 

myopathy. Clin Neuropathol 12, 79-83. 

3.7.16  



 93 

3.7.17 Chai J, Liu C, Lai P & Yee W. (2007). Myosin storage myopathy with 

a novel slow-skeletal myosin (MYH7) mutation in a chinese patient. 

Neuromuscul Disord 17, 838. 

3.7.18  

3.7.19 Chin TK, Perloff JK, Williams RG, Jue K & Mohrmann R. (1990). 

Isolated noncompaction of left ventricular myocardium. A study of eight 

cases. Circulation 82, 507-513. 

3.7.20  

3.7.21 Cirak S, von Deimling H, Herrmann R, Bonnemann C, Prive G, 

Nurnberg P & Voit T. (2007). Ubiquitin-proteosome pathway alteration in 

distal myopathy due to a mutation in a novel kelch protein. Eur J Pediatric 

166, 273-290. 

3.7.22  

3.7.23 Cohen C & Parry DA. (1990). Alpha-helical coiled coils and bundles: 

how to design an alpha-helical protein. Proteins 7, 1-15. 

3.7.24  

3.7.25 Coleman JR, Papamichail D, Skiena S, Futcher B, Wimmer E & 

Mueller S. (2008). Virus attenuation by genome-scale changes in codon pair 

bias. Science 320, 1784-1787. 

3.7.26  

3.7.27 Collins FS. (1995). Positional cloning moves from perditional to 

traditional. Nat Genet 9, 347-350. 

3.7.28  

3.7.29 Craig R & Padron R. (2004). Molecular Structure of the Sarcomere. 

In Myology, 3 edn, ed. Engel A & Franzini-Armstrong C, pp. 129-166. 

McGraw-Hill, New york. 

3.7.30  

3.7.31 Darin N, Tajsharghi H, Ostman-Smith I, Gilljam T & Oldfors A. 

(2007). New skeletal myopathy and cardiomyopathy associated with a 

missense mutation in MYH7. Neurology 68, 2041-2042. 

3.7.32  

3.7.33 Dittmar KA, Goodenbour JM & Pan T. (2006). Tissue-specific 

differences in human transfer RNA expression. PLoS Genet 2, e221. 

3.7.34  

3.7.35 Dong H, Nilsson L & Kurland CG. (1996). Co-variation of tRNA 

abundance and codon usage in Escherichia coli at different growth rates. J 

Mol Biol 260, 649-663. 



 94 

3.7.36  

3.7.37 Drescher S, Schaeffeler E, Hitzl M, Hofmann U, Schwab M, 

Brinkmann U, Eichelbaum M & Fromm MF. (2002). MDR1 gene 

polymorphisms and disposition of the P-glycoprotein substrate 

fexofenadine. Br J Clin Pharmacol 53, 526-534. 

3.7.38  

3.7.39 Dubowitz V & Sewry C. (2007). Muscle Biopsy - A Practical Approach. 

Elsevier, London. 

3.7.40  

3.7.41 Duff R. (2008). Investigation of distal and core-rod myopathies. In 

School of Medicine and Pharmacology, pp. 201. University of Western 

Australia, Perth. 

3.7.42  

3.7.43 Dye DE, Azzarelli B, Goebel HH & Laing NG. (2006). Novel slow-

skeletal myosin (MYH7) mutation in the original myosin storage myopathy 

kindred. Neuromuscul Disord 16, 357-360. 

3.7.44  

3.7.45 Fatkin D & Graham RM. (2002). Molecular mechanisms of inherited 

cardiomyopathies. Physiol Rev 82, 945-980. 

3.7.46  

3.7.47 Geeves MA & Holmes KC. (2005). The molecular mechanism of 

muscle contraction. Adv Protein Chem 71, 161-193. 

3.7.48  

3.7.49 Geisterfer-Lowrance AA, Kass S, Tanigawa G, Vosberg HP, 

McKenna W, Seidman CE & Seidman JG. (1990). A molecular basis for 

familial hypertrophic cardiomyopathy: a beta cardiac myosin heavy chain 

gene missense mutation. Cell 62, 999-1006. 

3.7.50  

3.7.51 GeneDx. (2009). GeneDx - Genetic Testing and Diagnosis Company. 

3.7.52  

3.7.53 Goto M, Masuda S, Saito H, Uemoto S, Kiuchi T, Tanaka K & Inui K. 

(2002). C3435T polymorphism in the MDR1 gene affects the enterocyte 

expression level of CYP3A4 rather than Pgp in recipients of living-donor 

liver transplantation. Pharmacogenetics 12, 451-457. 

3.7.54  



 95 

3.7.55 Hedera P, Petty EM, Bui MR, Blaivas M & Fink JK. (2003). The 

second kindred with autosomal dominant distal myopathy linked to 

chromosome 14q: genetic and clinical analysis. Arch Neurol 60, 1321-1325. 

3.7.56  

3.7.57 Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J, 

Johne A, Cascorbi I, Gerloff T, Roots I, Eichelbaum M & Brinkmann U. 

(2000). Functional polymorphisms of the human multidrug-resistance gene: 

multiple sequence variations and correlation of one allele with P-

glycoprotein expression and activity in vivo. Proc Natl Acad Sci U S A 97, 

3473-3478. 

3.7.58  

3.7.59 Horowitz SH & Schmalbruch H. (1994). Autosomal dominant distal 

myopathy with desmin storage: a clinicopathologic and electrophysiologic 

study of a large kinship. Muscle Nerve 17, 151-160. 

3.7.60  

3.7.61 Huxley HE. (1963). Electron Microscope Studies on the Structure of 

Natural and Synthetic Protein Filaments from Striated Muscle. J Mol Biol 

16, 281-308. 

3.7.62  

3.7.63 Ikemura T. (1985). Codon usage and tRNA content in unicellular and 

multicellular organisms. Mol Biol Evol 2, 13-34. 

3.7.64  

3.7.65 Jaenicke T, Diederich KW, Haas W, Schleich J, Lichter P, Pfordt M, 

Bach A & Vosberg HP. (1990). The complete sequence of the human beta-

myosin heavy chain gene and a comparative analysis of its product. 

Genomics 8, 194-206. 

3.7.66  

3.7.67 Kamisago M, Sharma SD, DePalma SR, Solomon S, Sharma P, 

McDonough B, Smoot L, Mullen MP, Woolf PK, Wigle ED, Seidman JG & 

Seidman CE. (2000). Mutations in sarcomere protein genes as a cause of 

dilated cardiomyopathy. N Engl J Med 343, 1688-1696. 

3.7.68  

3.7.69 Karkkainen S, Helio T, Jaaskelainen P, Miettinen R, Tuomainen P, 

Ylitalo K, Kaartinen M, Reissell E, Toivonen L, Nieminen MS, Kuusisto J, 

Laakso M & Peuhkurinen K. (2004). Two novel mutations in the beta-

myosin heavy chain gene associated with dilated cardiomyopathy. Eur J 

Heart Fail 6, 861-868. 

3.7.70  



 96 

3.7.71 Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM, 

Ambudkar SV & Gottesman MM. (2007). A "silent" polymorphism in the 

MDR1 gene changes substrate specificity. Science 315, 525-528. 

3.7.72  

3.7.73 Laing N & Nowak K. (2007). Laing Laboratory Variation Database - 

ACTA1. Leiden University Medical Centre. 

3.7.74  

3.7.75 Laing NG, Ceuterick-de Groote C, Dye DE, Liyanage K, Duff RM, 

Dubois B, Robberecht W, Sciot R, Martin JJ & Goebel HH. (2005). Myosin 

storage myopathy: slow skeletal myosin (MYH7) mutation in two isolated 

cases. Neurology 64, 527-529. 

3.7.76  

3.7.77 Laing NG, Laing BA, Meredith C, Wilton SD, Robbins P, Honeyman 

K, Dorosz S, Kozman H, Mastaglia FL & Kakulas BA. (1995). Autosomal 

dominant distal myopathy: linkage to chromosome 14. Am J Hum Genet 56, 

422-427. 

3.7.78  

3.7.79 Laing NG & Nowak KJ. (2005). When contractile proteins go bad: the 

sarcomere and skeletal muscle disease. Bioessays 27, 809-822. 

3.7.80  

3.7.81 Lamont P, Wallefeld W, Junkerstorff R & Laing N. (2009). 

Multiminicore myopathy caused by a mutation in MYH7. In 14th 

International Congress of the World Muscle Society. Geneva, Switzerland., 

Geneva, Switzerland. 

3.7.82  

3.7.83 Lamont PJ, Udd B, Mastaglia FL, de Visser M, Hedera P, Voit T, 

Bridges LR, Fabian V, Rozemuller A & Laing NG. (2006). Laing early 

onset distal myopathy: slow myosin defect with variable abnormalities on 

muscle biopsy. J Neurol Neurosurg Psychiatry 77, 208-215. 

3.7.84  

3.7.85 Lowey S, Slayter HS, Weeds AG & Baker H. (1969). Substructure of 

the myosin molecule. I. Subfragments of myosin by enzymic degradation. J 

Mol Biol 42, 1-29. 

3.7.86  

3.7.87 Lupas A, Van Dyke M & Stock J. (1991). Predicting coiled coils from 

protein sequences. Science 252, 1162-1164. 

3.7.88  



 97 

3.7.89 Maron BJ, Tajik AJ, Ruttenberg HD, Graham TP, Atwood GF, 

Victorica BE, Lie JT & Roberts WC. (1982). Hypertrophic cardiomyopathy 

in infants: clinical features and natural history. Circulation 65, 7-17. 

3.7.90  

3.7.91 Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett 

D, Moss AJ, Seidman CE & Young JB. (2006). Contemporary definitions 

and classification of the cardiomyopathies: an American Heart Association 

Scientific Statement from the Council on Clinical Cardiology, Heart Failure 

and Transplantation Committee; Quality of Care and Outcomes Research 

and Functional Genomics and Translational Biology Interdisciplinary 

Working Groups; and Council on Epidemiology and Prevention. 

Circulation 113, 1807-1816. 

3.7.92  

3.7.93 Mastaglia FL, Phillips BA, Cala LA, Meredith C, Egli S, Akkari PA 

& Laing NG. (2002). Early onset chromosome 14-linked distal myopathy 

(Laing). Neuromuscul Disord 12, 350-357. 

3.7.94  

3.7.95 Masuzugawa S, Kuzuhara S, Narita Y, Naito Y, Taniguchi A & Ibi T. 

(1997). Autosomal dominant hyaline body myopathy presenting as 

scapuloperoneal syndrome: clinical features and muscle pathology. 

Neurology 48, 253-257. 

3.7.96  

3.7.97 McLachlan AD & Karn J. (1982). Periodic charge distributions in the 

myosin rod amino acid sequence match cross-bridge spacings in muscle. 

Nature 299, 226-231. 

3.7.98  

3.7.99 Meredith C. (2001). Molecular genetic investigation of autosomal 

dominant muscular dystrophy. In Faculty of Communications, Health and 

Science, pp. 418. Edith Cowan University, Perth. 

3.7.100  

3.7.101 Meredith C, Herrmann R, Parry C, Liyanage K, Dye DE, Durling HJ, 

Duff RM, Beckman K, de Visser M, van der Graaff MM, Hedera P, Fink 

JK, Petty EM, Lamont P, Fabian V, Bridges L, Voit T, Mastaglia FL & 

Laing NG. (2004). Mutations in the slow skeletal muscle fiber myosin heavy 

chain gene (MYH7) cause laing early-onset distal myopathy (MPD1). Am J 

Hum Genet 75, 703-708. 

3.7.102  

3.7.103 Miller G, Colegrave M & Peckham M. (2000). N232S, G741R and 

D778G beta-cardiac myosin mutants, implicated in familial hypertrophic 



 98 

cardiomyopathy, do not disrupt myofibrillar organisation in cultured 

myotubes. FEBS Lett 486, 325-327. 

3.7.104  

3.7.105 O'Neil KT & DeGrado WF. (1990). A thermodynamic scale for the 

helix-forming tendencies of the commonly occurring amino acids. Science 

250, 646-651. 

3.7.106  

3.7.107 Oldfors A. (2007). Hereditary myosin myopathies. Neuromuscul 

Disord 17, 355-367. 

3.7.108  

3.7.109 Oldfors A, Tajsharghi H, Darin N & Lindberg C. (2004). Myopathies 

associated with myosin heavy chain mutations. Acta Myol 23, 90-96. 

3.7.110  

3.7.111 Overeem S, Schelhaas HJ, Blijham PJ, Grootscholten MI, ter Laak 

HJ, Timmermans J, van den Wijngaard A & Zwarts MJ. (2007). 

Symptomatic distal myopathy with cardiomyopathy due to a MYH7 

mutation. Neuromuscul Disord 17, 490-493. 

3.7.112  

3.7.113 Parry DA. (1981). Structure of rabbit skeletal myosin. Analysis of the 

amino acid sequences of two fragments from the rod region. J Mol Biol 153, 

459-464. 

3.7.114  

3.7.115 Pegoraro E, Gavassini BF, Borsato C, Melacini P, Vianello A, 

Stramare R, Cenacchi G & Angelini C. (2007). MYH7 gene mutation in 

myosin storage myopathy and scapulo-peroneal myopathy. Neuromuscul 

Disord. 

3.7.116  

3.7.117 PreventionGenetics. (2009). PreventionGenetics - Disease prevention 

through genetic testing. 

3.7.118  

3.7.119 Quinlivan RM, Muller CR, Davis M, Laing NG, Evans GA, Dwyer J, 

Dove J, Roberts AP & Sewry CA. (2003). Central core disease: clinical, 

pathological, and genetic features. Arch Dis Child 88, 1051-1055. 

3.7.120  

3.7.121 Richardson P, McKenna W, Bristow M, Maisch B, Mautner B, 

O'Connell J, Olsen E, Thiene G, Goodwin J, Gyarfas I, Martin I & Nordet 

P. (1996). Report of the 1995 World Health Organization/International 



 99 

Society and Federation of Cardiology Task Force on the Definition and 

Classification of cardiomyopathies. Circulation 93, 841-842. 

3.7.122  

3.7.123 Sedmera D, Pexieder T, Vuillemin M, Thompson RP & Anderson RH. 

(2000). Developmental patterning of the myocardium. Anat Rec 258, 319-

337. 

3.7.124  

3.7.125 Shingde MV, Spring PJ, Maxwell A, Wills EJ, Harper CG, Dye DE, 

Laing NG & North KN. (2006). Myosin storage (hyaline body) myopathy: a 

case report. Neuromuscul Disord 16, 882-886. 

3.7.126  

3.7.127 Tajsharghi H, Oldfors A, Macleod DP & Swash M. (2007). 

Homozygous mutation in MYH7 in myosin storage myopathy and 

cardiomyopathy. Neurology 68, 962. 

3.7.128  

3.7.129 Tajsharghi H, Thornell LE, Lindberg C, Lindvall B, Henriksson KG 

& Oldfors A. (2003). Myosin storage myopathy associated with a 

heterozygous missense mutation in MYH7. Ann Neurol 54, 494-500. 

3.7.130  

3.7.131 Thanaraj TA & Argos P. (1996). Protein secondary structural types 

are differentially coded on messenger RNA. Protein Sci 5, 1973-1983. 

3.7.132  

3.7.133 Towbin JA & Bowles NE. (2002). The failing heart. Nature 415, 227-

233. 

3.7.134  

3.7.135 Towbin JA & Bowles NE. (2006). Dilated cardiomyopathy: a tale of 

cytoskeletal proteins and beyond. J Cardiovasc Electrophysiol 17, 919-926. 

3.7.136  

3.7.137 Udd B. (2009). 165th ENMC International Workshop: distal 

myopathies 6-8th February 2009 Naarden, The Netherlands. Neuromuscul 

Disord 19, 429-438. 

3.7.138  

3.7.139 Uro-Coste E, Arne-Bes MC, Pellissier JF, Richard P, Levade T, Heitz 

F, Figarella-Branger D & Delisle MB. (2009). Striking phenotypic 

variability in two familial cases of myosin storage myopathy with a MYH7 

Leu1793pro mutation. Neuromuscul Disord 19, 163-166. 



 100 

3.7.140  

3.7.141 Viguera E, Canceill D & Ehrlich SD. (2001). Replication slippage 

involves DNA polymerase pausing and dissociation. Embo J 20, 2587-2595. 

3.7.142  

3.7.143 Voit T, Kutz P, Leube B, Neuen-Jacob E, Schroder JM, Cavallotti D, 

Vaccario ML, Schaper J, Broich P, Cohn R, Baethmann M, Gohlich-

Ratmann G, Scoppetta C & Herrmann R. (2001). Autosomal dominant 

distal myopathy: further evidence of a chromosome 14 locus. Neuromuscul 

Disord 11, 11-19. 

3.7.144  

3.7.145 von Deimling H, Haravuori H, Bonnemann C, Herrmann R, 

Brockmann K, Osse G, Hanefeld F, Udd B & Voit T. (2001). Distal 

myopathy with childhood onset: a new form with autosomal dominant 

inheritance. Neuromuscul Disord 11, 253-254. 

3.7.146  

3.7.147 Walsh R, Rutland C, Thomas R & Loughna S. (2010). 

Cardiomyopathy: a systematic review of disease-causing mutations in 

myosin heavy chain 7 and their phenotypic manifestations. Cardiology 115, 

49-60. 

3.7.148  

3.7.149 Weber JL. (1990). Informativeness of human (dC-dA)n.(dG-dT)n 

polymorphisms. Genomics 7, 524-530. 

3.7.150  

3.7.151 Zhang G, Hubalewska M & Ignatova Z. (2009). Transient ribosomal 

attenuation coordinates protein synthesis and co-translational folding. Nat 

Struct Mol Biol 16, 274-280. 

3.7.152  

3.7.153 Zhou NE, Kay CM & Hodges RS. (1994). The role of interhelical ionic 

interactions in controlling protein folding and stability. De novo designed 

synthetic two-stranded alpha-helical coiled-coils. J Mol Biol 237, 500-512. 

3.7.154  

3.7.155  

3.7.156  



 101 

3.8  



 

 

 

 

 

 

 

 

 

CHAPTER FOUR 

 

 

 

 

 

 

Analysis of -MyHC mutants by circular dichroism 

(CD)



 93 

4.1 Summary 

The effects of MYH7 mutations causing MPD1, MSM and HCM were studied by 

analysing the -MyHC rod or a portion thereof by CD. The results demonstrate that 

mutations causing MSM or MPD1 disrupt, at least locally, the -helical secondary 

structure of the -MyHC LMM domain and cause a reduction in protein thermostability.  

These results suggest that the mutant proteins have increased instability and this may 

have a detrimental effect on thick filament assembly. The single HCM mutant studied 

was found to have a more subtle effect on protein secondary structure, which may 

contribute to the differing disease phenotype. 

 

4.2 Introduction 

The number of high-resolution protein structures being added to the protein data bank 

(PDB, 2010) has grown rapidly since the late 1980s, with structures now being added at 

the rate of over 2000 per year (Kelly et al., 2005). Growing rapidly also though is the 

understanding of the need for structural analysis of proteins to be carried out under 

conditions in which the proteins actually operate (Kelly et al., 2005). Circular dichroism 

(CD) has become recognised as a valuable technique in dealing with these issues (Kelly 

et al., 2005). Plane polarised light can be viewed as comprising two circularly polarised 

components, one rotating right (clockwise), the other left (anticlockwise). CD relies on 

the differential absorption of the left and right radiation components by chromophores 

(Kelly & Price, 2000). A CD signal is observed when a chromophore is chiral (optically 

active) as a result of (A) its intrinsic structure, (B) it being covalently linked to a chiral 

centre, or (C) by being placed in an asymmetric environment (Kelly & Price, 2000; 

Kelly et al., 2005). A spectropolarimeter is the instrument used to detect CD signals by 

measuring the difference in absorbance between the left and right circularly polarised 

components and thus detecting structural information about a chromophore (Kelly et 

al., 2005). 

 

Chromophores of interest found in proteins include peptide bonds, aromatic amino acid 

side chains and disulphide bonds (Kelly et al., 2005). Structural information that can be 

obtained from CD measurements and spectra include the percentage of helix, sheet and 

turn structures of a given peptide sequence (Kelly et al., 2005). 
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4.2.1 Using CD for protein secondary structure analysis 

Estimations of secondary structure composition of a protein can be made by analysis of 

the absorption of far UV (240nm and below) wavelength light. Absorption in this region 

is primarily due to the peptide bond, giving rise to characteristic spectra for different 

protein secondary structure types including -helix, -sheet and random coil (Figure 

4.1). For example minima and maxima at around 220nm and 190nm respectively, are 

characteristic for an -helical protein (Kelly & Price, 2000). 

 

CD has been used extensively in the study of small synthetic peptides to investigate the 

role of inter- and intra-chain interactions of single and double stranded -helical coiled-

coil proteins (Lau et al., 1984; Zhou et al., 1992, 1994).  Synthesized polyheptapeptides 

of 7-35 residues modelled on the tropomyosin sequence, allowed the identification of 

particular CD properties exhibited by single stranded and interacting (coiled-coil) 

helices including the distinguishing minima and maxima (Lau et al., 1984; Zhou et al., 

1993). The CD measurement of molar ellipticity [] (degree cm
2
 dmol

-1
) at 222nm is 

seen as representative of the -helical content while measurements at 208nm can be 

indicative of whether the -helix exists as a single strand or as an interacting, double-

stranded coiled-coil (Cooper & Woody, 1990). A ratio of molar ellipticity ([]222/[]208) 

of 1.02 is observed for coiled-coils while the ellipticity of single stranded helices at 

208nm is generally lower at 220nm. A molar ellipticity ratio of 0.85 would be 

characteristic of non-interacting helices (Zhou et al., 1994). In the investigation of the 

positional effects of inter chain interactions of hydrophobic residues on the stability of 

double stranded -helical coiled-coils Zhou and colleagues (Zhou et al., 1992) 

substituted leucine residues for alanines at hydrophobic positions of the coiled coil.  It 

was found that these substitutions were able to destabilise the coiled coil structure, as 

indicated by a fall in the molar ellipticity ratio ([]222/[]208) (Zhou et al., 1992). CD 

molar ellipticity measurements and ratios have been applied more recently in the 

investigation of disease causing mutations on coiled-coil protein stability. Studies by 

Franke et al. (2005) and Armel and Leinwand (2009), detailed in Section 4.2.4, examine 

the effects of -MyHC rod mutations on the protein‟s -helical coiled-coil structure and 

its contribution to molecular pathogenesis in disease.  
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Figure 4.1 Different types of secondary structure (Eg. 

alpha helix, beta sheet, random coil) are associated 

with characteristic far UV CD spectra. Image courtesy 

of Alliance Protein Laboratories (Alliance-Protein-

Laboratories, 2009) 
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4.2.2 Computer-aided analysis of CD data 

There are a number of specifically designed computerised programs and algorithms able 

to estimate secondary structure compositions of proteins using data obtained from far 

UV spectra (Kelly et al., 2005). These algorithms use CD spectra databases containing 

information on proteins for which the structures have been solved by X-ray 

crystallography, in order to estimate the structure of sample proteins. DICHROWEB 

(Whitmore & Wallace, 2004, 2008) is a large online server that allows the analysis of 

CD data against different databases using a variety of widely used algorithms including 

SELCON (self-consistent), VARSLC (variable selection), CDSSTR, K2d and CONTIN 

(Provencher & Glockner, 1981; Manavalan & Johnson, 1987; Andrade et al., 1993; 

Sreerama & Woody, 1993; Johnson, 1999). The server is hosted at Birkbeck College, 

University of London and allows data to be entered in a number of formats, catering for 

most major CD instrument manufacturers.  

                                                                                                                                                                                                                                                                                                    

4.2.2.1 Evaluation of the reliability of computer-analysed CD data 

The fact that there are several different algorithms available and each may use different 

computational methods and employ distinct reference datasets can make it difficult to 

choose a specific approach to apply for all circumstances. A number of particular 

parameters can be used to assess the reliability of the analysis. The normalised root 

mean square deviation (NRMSD) is a valuable single measurement assessing the 

“goodness of fit” of a theoretical CD spectrum as computed from experimental data, 

over the entire wavelength range of interest. The NRMSD parameter ranges from 0 

(perfect fit) to 1 (no fit whatsoever), where a value over 0.25 usually indicates an error 

in the analysis method. Values of less than 0.1 or preferably 0.05 are what should be 

aimed for and indicate a very good fit between experimental data and the theoretical CD 

spectrum. CD analysis software packages will create plots of calculated spectra and 

experimental data. It is important that these plots are closely inspected for systematic 

differences that may arise. Consistent discrepancies may occur where an inappropriate 

reference dataset of proteins is used in the analysis.  

 

4.2.3 Investigation of disease-associated mutant proteins by CD 

CD has been used extensively in the investigation of the effects of disease-associated 

mutations in terms of both secondary structure and thermostability. Below are two 



 97 

examples of the use of CD to investigate the effects of mutations on the secondary 

structure and/or thermostability of a disease related protein. 

 

4.2.3.1 Syntaxin-binding protein 1 

Heterozygous missense mutations in the gene encoding syntaxin-binding protein 1 

(STXBP1) cause early infantile epileptic encephalopathy with suppression burst (EIEE), 

a severe and common form of early epilepsy (Saitsu et al., 2008). STXBP1 (also known 

as MUNC18-1) is highly conserved among many species including humans, mice and 

rodents. STXBP1 plays an essential role in synaptic vesicle release in a number of 

species (Harrison et al., 1994; Verhage et al., 2000; Weimer et al., 2003), in humans 

and rodents it is expressed specifically in the brain (Garcia et al., 1994; Kalidas et al., 

2000). Saitsu and colleagues (2008) used CD to investigate the effects a p.180C>Y 

(c.539G>A) mutation has on STXBP1 secondary structure and thermostability (Saitsu 

et al., 2008). CD spectra at 4C indicated only subtle changes in secondary structure, 

while thermodynamic analysis found the mutant to be significantly more thermolabile 

than the wild type (Saitsu et al., 2008). The dramatic shift shown in Figure 4.2 

illustrates the large reduction in melting temperature and associated drop in 

thermostability of the mutant protein.  
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Figure 4.2. The heterozygous STXBP1 missense mutation c.539G>A (p.180Cys>Tyr) shows only subtle changes in secondary structure 

when comparing mutant and wild type spectra from 260-200nm (A). Thermodynamic analysis however (B) shows a dramatic reduction in 

melting temperature indicating the mutant protein is much less thermostable than the wild type (Figure from Saitsu et al., 2008). 

A. B. 
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4.2.3.2 Collagen type 1 

The gene encoding collagen type I 2 (COL1A2) has been associated with intracranial 

aneurysms (IA) by linkage analysis and immunofluorescence (Voss & Rauterberg, 

1986; Yoneyama et al., 2004). Yoneyama and colleagues (2004) investigated the effects 

of a p.Ala459Pro mutation located in a region of COL1A2 encoding a triple helix 

domain, using CD to study secondary structure and thermostability. The two variants, 

Ala-459 and Pro-459 were created using collagen-related peptides to mimic the triple 

helix domain (Yoneyama et al., 2004). CD analysis showed that while the two proteins 

were indistinguishable when comparing CD spectra (250-185nm), thermal denaturation 

experiments found the Pro-459 variant to have increased thermostability (Yoneyama et 

al., 2004). The authors suggest that the Pro-459 variant may affect either the rigidity or 

elastic properties of the vascular wall, or the protein‟s ability to interact with other 

molecules, both of which could alter the strength of the vascular wall and contribute to 

intracranial aneurysm formation (Yoneyama et al., 2004). 

 

STXBP1 and collagen type I 2 may not be related to -MyHC or myosin myopathies 

but these investigations are examples showing that CD is a valuable tool for 

investigation of the effects of disease-related mutations in terms of secondary structure 

and thermostability. 

 

4.2.4 Investigations of mutant myosin rod by CD 

Mutations in the human non-muscle myosin-IIA heavy chain gene (MYH9) cause the 

autosomal dominant giant-platelet diseases - May-Hegglin anomaly, Fechtner 

syndrome, Epstein syndrome, and Sebastian syndrome (Seri et al., 2000; Seri et al., 

2002; Franke et al., 2005).  Fechtner and Epstein syndromes belong to a group of 

diseases called Alport-like syndromes, characterised by renal failure, hearing loss and 

cataracts with macrothrombocytopenia and the presence or absence of intracytoplasmic 

leukocyte inclusions (known as Döhle-like bodies) (Seri et al., 2002). Epstein syndrome 

does not feature Döhle-like inclusion bodies in the leukocytes, distinguishing it from 

Fechtner syndrome (Seri et al., 2002). May-Hegglin anomaly and Sebastion syndrome 

are characterised by thrombocytopenia, giant platelets intracytoplasmic leukocyte 

inclusions in the absence of Alport syndrome manifestations. Subtle ultra-structural 



 100 

differences between these leukocyte inclusions distinguish the two diseases (Kunishima 

et al., 2001). 

 

To help elucidate disease mechanisms, Franke et al. (2005) investigated the effects of 

different MYH9 mutations on the in vitro properties of non-muscle myosin-IIA 

(NMyHC IIA). Four mutations were studied: p.Arg1165Cys (Sebastian syndrome); 

p.Asp1424Asn (Fechtner syndrome); and two mutations, p.Glu1841Lys and 

p.Arg1933Stop associated with May-Hegglin anomaly (Seri et al., 2000; Franke et al., 

2005). All of these mutations are located in the rod region of the protein (Franke et al., 

2005), similar to the mutations in MYH7 that are under investigation in the current 

study.  

 

CD spectra analysed at 10C all exhibited the characteristic pattern for -helical 

proteins (minima at 222nm and 208nm). Analysis of the molar ellipticity ratio 

([]222/[]208) ratio however identified some differences between the proteins.  The wild 

type, p.Arg1933Stop and p.Asp1424Asn proteins showed molar ellipticity ratios of 1.02 

or higher, indicative of a coiled-coil structure. The p.Arg1165Cys and p.Glu1841Lys 

mutants however, displayed molar ellipticity ratios of less than 1.0, indicating that a loss 

of coiled-coil structure has occurred. The only mutant to show an altered melting 

temperature (Tm) was p.Arg1165Cys, which showed an increased Tm suggesting it is 

more thermostable than both the other mutants and the wild type. It is possible that the 

increased thermostability of the p.Arg1165Cys mutant may be specific to Sebastian 

syndrome and could play a role in the specific molecular pathogenesis of this disease. 

However, further experiments and a larger experimental group would be required to 

confirm this property. While some of the mutants show changes in the predicted 

capacity of coiled coil formation or thermostability, there is no distinct correlation 

between mutant non-muscle myosin-IIA and phenotype in regards to CD data.  

 

The non-muscle myosin-IIA p.Glu1841Lys mutation involves the same amino acid 

substitution and associated charge change as the -MyHC p.Glu1856Lys mutation 

identified in Chapter 2. The p.Glu1841Lys and p.Glu1856Lys mutations are both 

located in the myosin rod domain, though they occupy different positions of the heptad 

repeat (e and c, respectively). Franke and colleagues (2005) found p.Glu1841Lys to 

have no effect on protein thermostability, though it was predicted to disrupt coiled-coil 
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structure. Given these results, it is possible that the p.Glu1856Lys -MyHC mutation 

may have a similar effect on the protein secondary structure. 

 

4.2.4.1 Previous investigation of -MyHC rod mutations by CD 

During the course of the current study an investigation into the CD characteristics of the 

-MyHC rod and the effects of mutations on the protein‟s secondary structure and 

thermostability properties was published:  Armel and Leinwand (2009) studied the 

effects of 4 MSM-causing MYH7 mutations (p.Leu1793Pro, p.Arg1845Trp, 

p.Glu1886Lys, p.His1901Leu) on the structure and function of the LMM (amino acids 

1231-1938) by a number of biophysical techniques including CD. The p.Glu1886Lys 

mutation has not previously been described in the literature, though when contacted the 

author revealed an error in numbering as it is the same mutation identified by 

Tajsharghi et al. (p.Glu1883Lys) (Tajsharghi et al., 2007) (personal communication 

with Thomas Z. Armel). There appears to also be an error in the position of the amino 

acid in the heptad repeat – aa1883 occupies a „b‟ position (Tajsharghi et al., 2007) and 

while aa1886 occupies an e position, the authors have assigned their p.Glu1886Lys to 

an f position.  

 

CD spectra (250-190nm) measured at 4C displayed the canonical pattern of an -

helical protein for the wild type and each of the mutants studied. Furthermore each 

mutant protein studied also displayed comparable calculated percentages of -helical 

content as the wild type (approximately 88%) (Armel & Leinwand, 2009).  

 

Thermal denaturation of the recombinant LMM fragments identified differences in the 

thermodynamic properties of the proteins. Calculated Tm of the p.Arg1845Trp, 

p.Glu1886Lys (actually p.Glu1883Lys) and p.His1901Leu mutants were slightly lower 

than that of the wild type protein while the Tm of the p.Leu1793Pro mutant showed a 

larger decrease (Armel & Leinwand, 2009). Taken together with other biophysical 

experiments, the authors suggest that thermodynamic instabilities identified in 

p.Leu1793Pro may result in a decreased capacity to properly assemble the -MyHC rod 

and may thus contribute to the MSM phenotype (Armel & Leinwand, 2009). The 

p.Leu1793Pro mutation was identified in the original MSM family (Dye et al., 2006) 

where the accumulation of „finely granular material‟ at the periphery of muscle fibres 

was noted as the striking histopathological feature of the disease (Cancilla et al., 1971). 
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It is possible that the thermodynamically unstable -MyHC rod results in protein 

aggregation as a consequence of its inability to assemble appropriately. Homozygous 

p.Glu1883Lys mutations cause MSM while heterozygous carriers show no apparent 

muscle disease, indicating that one mutant allele is less pathogenic than other MYH7 

mutations causing MSM (Tajsharghi et al., 2007). This is interesting as the mutation 

lies in the assembly competence domain (ACD) of the -MyHC rod, a region critical for 

the proper assembly of myosin filaments (Sohn et al., 1997). CD results revealed no 

detectable differences in secondary structure between the p.Glu1883Lys mutation and 

the wild type or other mutants. It also showed very similar thermostability to the wild 

type and other mutants, with the exception of the p.Leu1793Pro mutation (Armel & 

Leinwand, 2009). 

 

4.2.4.2 Paracrystal studies to complement CD analysis 

The insolubility and subsequent self-assembly of the MyHC rod or LMM under 

physiological conditions offers an approach to studying the fine ultra-structure of the 

thick filament (Craig & Padron, 2004). In addition to CD analysis of mutant fragments 

of the MyHC LMM, studies by both Armel and Leinwand (2009) and Franke et al. 

(2005) also investigated the effects of the disease-causing mutations on the protein‟s 

capacity to assemble into higher order structures. While the wild type NMyHC IIA was 

able to arrange into well-ordered paracrystals, a number of the mutants studied, 

particularly the p.Arg1165Cys mutant was unable to arrange into ordered paracrystals, 

indicating that the mutation clearly disrupted the protein‟s capacity to self-assemble 

appropriately (Franke et al., 2005).  

 

Interestingly, Armel and Leinwand (2009) observed that disease-causing -MyHC 

mutations did not alter the overall morphology of paracrystals formed by the mutant 

proteins. However, examining the structural stability of the paracrystals by exposure to 

trypsin proteolysis identified paracrystals formed by the p.Glu1886Lys mutant to be 

much more susceptible to protease degradation than the wild type or other mutants 

(Armel & Leinwand, 2009). 
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4.3 Aims 

(1) To investigate, using CD, the effects of mutations known to cause MPD1, MSM 

or HCM on the secondary structure properties of the -MyHC rod and LMM. 

(2) To investigate the effects of these mutations on the protein‟s overall 

thermostability. 

(3) To determine the effects of these disease-causing mutations on the -MyHC 

rod‟s capacity to assemble into higher order paracrystal structures. 

 

This chapter aims to apply CD methods similar to those used by Armel and Leinwand 

(2009) on MYH7 mutations and Franke et al. (2005) on MYH9 mutations to study the 

effects of mutations in the -MyHC LMM region causing MYH7 muscle disease, 

particularly MPD1 but also including MSM and HCM mutations as comparisons. 

  

4.4 Materials and methods 

4.4.1 Cloning of recombinant -MyHC constructs 

Two fragments of MYH7 encoding different sized portions of the -MyHC rod were 

cloned into protein production vectors in order to express tagged recombinant proteins 

for biophysical analysis. 

 

4.4.1.1 -MyHC rod 

The region of MYH7 encoding the entire -MyHC rod (residues 843-1935) was 

amplified from normal human muscle cDNA using primers with flanking restriction 

enzyme sites (Table 4.1). The entire -MyHC molecule is likely to be too large to be 

expressed in a bacterial system. However, the -MyHC rod domain includes the entire 

-helical portion of the molecule and is involved in the structural organisation of the -

MyHC into the thick filament.  

 

Phusion™ High-fidelity DNA Polymerase (Finnzyme) was used to generate blunt 

ended amplicons with the NcoI and NotI enzyme sites at the 5‟ and 3‟ ends, 

respectively. PCR reactions were set up to a total volume of 25l comprising 0.5U 

Phusion™, 0.3mM dNTPs and 50ng of the relevant forward and reverse primer. All 

PCR mixes were prepared on ice and transferred directly to a PTC-200 Peltier 
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thermocycler (MJ Research) at 98°C, to perform a hot-start reaction. PCR volumes of 

50l consisted of cDNA (10ng), 5x enzyme buffer (Finnzyme), „-MyHC rod For. 

NcoI‟ and „-MyHC rod Rev. NotI‟ primers (100ng each), deoxynucleotides (400µM 

each), 0.5µl (1 unit) Phusion enzyme (Finnzyme) and then sterile H2O to 50l. 

Thermocycling conditions employed consisted of an initial denaturation for two minutes 

at 98°C followed by 30 cycles of 98°C for 10 seconds 65°C for 30 seconds and 72°C for 

three minutes. 

 

4.4.1.2 TOPO cloning 

Blunt-ended amplicons (as described above) were cloned into a Zero Blunt TOPO
®
 

PCR cloning vector (Invitrogen). The TOPO cloning reactions were prepared on ice as 

per the manufacturer‟s instructions (Invitrogen). 

 

 A vial of commercially available Zappers™ electrocompetent cells (Novagen) were 

thawed on ice for 20-30min before the addition of 2l of the TOPO reaction. The cells 

were then carefully transferred to a chilled 0.1cm cuvette (Biorad) and electroporated 

using a Biorad, GenePulser
®
 II at 2.5V. Immediately following electroporation, 250l 

of super optimal broth with catabolite repression (SOC) media (Invitrogen) was added 

to the cells, which were then incubated for 1 hour at 37C, shaking at 220rpm. 

Transformation cultures were plated onto LB agar plates containing 50g/ml kanamycin 

and incubated overnight at 37C. Transformant colonies were picked the following day 

and used to inoculate 5mls of LB with 50g/ml kanamycin and cultured overnight. 

Plasmid DNA was extracted the following day using a HiYield™ plasmid mini kit 

(Real Biotech Corp). 

 

The fragment of interest was then excised from the TOPO vector using NcoI (NEB) and 

NotI (NEB) and ligated into a similarly digested pETM-11 (Kan
R
) (Gunter Stier, 

EMBL) protein expression vector (Figure 4.3A). 

 

4.4.1.3 LMM-485 

The region of MYH7 encoding the C-terminal 485 amino acids of the -MyHC LMM 

(residues 1450-1935) was amplified from normal human muscle cDNA using primers 

with flanking restriction enzyme sites (Table 4.1). This protein fragment is large enough 
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to include the ACD and all currently known MPD1 and MSM mutations of the LMM. 

Blunt-ended amplicons were generated and cloned into the TOPO vector as described 

for the -MyHC rod (Section 4.4.1.1). Amplicons were then excised from the TOPO
®
 

vector using BamHI (NEB) and HindIII (NEB) and ligated into a similarly digested 

pET44a_NusA (Amp
R
) (Novagen) expression vector (Figure 4.3B).  

 

 

Table 4.1. Primers used for the amplification of -MyHC and LMM-485 fragments of 

interest with restriction enzyme sequences underlined. 

Primer ID Primer sequence 

-MyHC rod For. NcoI 5’ - GCGGCCGCCTACTCCTCATTCAAGCCCTTC 

-MyHC rod Rev. NotI  5’ - CCATGGCAGAAAGAGAGAAGGAGATG 

LMM-485 For. BamHI 5’ - GGATCCGACAAGATCCTGGCCGAGTGG 

LMM-485 Rev. HindIII 5’ - AAGCTTCTACAAGATGTGGCAAAGCTACTCCTC 

 

4.4.1.4 Rosetta cells for protein expression 

Rosetta (DE3) strain (Chl
R
) E. coli cells are designed to enhance the production of 

eukaryotic proteins, particularly those requiring codons rarely used in E. coli (Novy et 

al., 2001). Rosetta cells were transformed with 5-20ng of pET44a_NusA_LMM-485 or 

pETM-11_-MyHC rod plasmid. The transformation procedure was carried out as per 

Section 4.4.1.2.  



 106 

Figure 4.3.  A. Vector map of the pETM-11 expression vector and the 

expected His-tagged -MyHC-Rod product. B. Vector map of the 

pET44_NusA construct and the expected His-tagged LMM-485-NusA-fusion 

protein product 

A. 

B. 
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4.4.1.5 Site directed mutagenesis (SDM) 

A 25l SDM reaction mix was prepared on ice and contained 2.5l of 10x KOD buffer 

(Novagen), 1.5mM MgSO4, approximately 10ng of template DNA, 0.3M each of the 

forward and reverse primers, 0.3mM of each deoxynucleotide and 15.5l ddH2O. 

Finally, 0.01U of KOD Hot Start polymerase (Novagen) was added to the reaction mix. 

Thermocycler conditions employed were two minutes at 95C followed by 20 cycles of 

95C for 20 seconds, 55C for 10 seconds and 72C for two minutes. 

 

DpnI, a methylation sensitive restriction enzyme, was used to digest any parental 

plasmid remaining in the SDM reaction. The enzyme will not digest any newly 

synthesized (unmethylated) DNA strands. Dpn1 (1l, 10U) was added to the 50l 

reaction mix and incubated at 37C for one hour. Another 1l of DpnI was then added 

and the reaction incubated for a further hour to ensure complete digestion of parental 

DNA. 

 

A small amount (1l) of this reaction was then transformed into Zappers™ 

electrocompetent cells (Novagen) as described in Section 4.4.1.2. Plasmid DNA 

obtained from individual colony cultures was sequenced in order to confirm the 

presence of the desired mutation.  

 

  

 

Mutation Disease 

Phenotype 

Forward SDM primer (5’- ) 

p.Arg1500Pro MPD1 GAGACCTTCAAGCCGGAGAAGAAAAACCTGCAG 

p.Arg1588Pro MPD1 GAAGGACGAGGAGATGGAACAGGCCAAGCCCAACCACC 

p.Lys1617del MPD1 CTGAGGGTGAAGAAGATGGAAGGAGACCTC 

p.Leu1706Pro MPD1 GCGGAGCAGGAGCCGATTGAGACTAGT 

p.Ala1777Thr HCM GCAGGACACCAGCACCCACCTGGAGCGCA 

p.Glu1856Lys DM + CM GGAGCTCACCTACCAGACGGAGAAGGACAGGAAAAACC 

p.His1901Leu MSM GCAAGGTGCAGCTCGAGCTGGATGAGG 

 

 

Table 4.2. Site-directed mutagenesis primers were designed to alter a single base or 

delete an entire codon.  
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4.4.2 Protein expression and purification 

4.4.2.1 -MyHC rod and LMM-485 production 

An overnight culture of 5ml LB was inoculated from a fresh transformation plate or 

glycerol stock of bacteria containing the desired expression construct (Figure 4.3). This 

overnight culture was used to inoculate one litre of LB, and grown in a 5-litre 

Ehrlenmeyer flask at 37C with shaking (220rpm), to half log-phase (OD600 of 0.7-0.9). 

The culture was then cooled on ice for 20mins.  Protein expression was induced with 

the addition of 0.5mM isopropyl -D-1-thiogalactopyranoside (IPTG, Sigma-Aldrich). 

The culture was then shaken (220rpm) at 25C for 6 hours. Cultures were centrifuged at 

4000xG for 15min (Avanti™ J-30i, Beckman), the supernatant discarded and the cell 

pellet was snap-frozen in liquid nitrogen and stored at –80C until purification.  

 

4.4.2.1.1 Expression time course 

An expression time course allows the assessment of the expression rate and solubility of 

recombinant protein produced. Aliquots of 1.5ml of expression culture were taken at 

induction (t=0) and then every two hours following induction. The culture aliquots were 

centrifuged at 4000xg for 5 minutes (5415D centrifuge, Eppendorf), the supernatant 

discarded and the pellet resuspended in 200l of lysis buffer A (0.5M NaCl containing 

1mM ethylene diamine tetra acetic acid (EDTA), 0.1mg/ml lysozyme, 1% Triton-X 

100, 1mM dithiothreitol (DTT) and bacterial protease inhibitor cocktail). The lysates 

were incubated on ice for 20-30 minutes before brief sonication. Lysates were 

centrifuged at top speed for 10 minutes, pelleting the insoluble fraction. Decanting the 

supernatant into a fresh 0.5ml tube then separated the soluble and insoluble fractions.  

 

The pellet was resuspended in 20l of lysis buffer with 20l of SDS gel loading buffer 

(Biorad) containing 5% -mercaptoethanol, mixed by vortex and then heated to 95C 

for 5 minutes to dissolve the pellet. Taking 2l of the dissolved pellet, diluted to 20l 

with 9l of lysis buffer and 9l of SDS gel loading buffer (Biorad) made up the 

insoluble-fraction loading sample. The loading sample of the soluble fraction consisted 

of 10l of supernatant, added to 10 l of SDS gel loading buffer (Biorad) containing 

5% -mercaptoethanol. These samples were loaded onto a 4-12% Bis-Tris 

polyacrylamide gel (Invitrogen) and run for 90 minutes at 150V. 
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4.4.2.2 Purification of -MyHC rod 

Following expression, bacterial cultures were split into 250ml aliquots and centrifuged 

at 4000xg for 15mins (Avanti™ J30i, Beckman), the supernatant discarded and the 

pellet snap frozen in liquid nitrogen and stored at -80C until purification. Pellets were 

resuspended in 15mls of lysis buffer A and put on ice for 15-20 minutes. Lysates were 

then sonicated in 5ml fractions, 10 bursts for 5 seconds each. Lysates were then 

centrifuged at 10,000xg (Avanti™ J30i, Beckman) for 15 minutes to pellet cell debris 

and other insoluble matter. The supernatant was boiled in a hot water bath (Birko) for 

10mins and then placed directly on ice to chill. The lysate is then centrifuged again at 

10,000xg for 15 minutes to pellet denatured proteins. This step takes advantage of the 

-MyHC rod‟s ability to re-nature following boiling. This step heavily enriches the 

amount of -MyHC rod in the lysate. The lysate was then applied to a 5ml HiTrap 

nickel column (GE Healthcare) to purify the -MyHC rod via the N-terminal His-tag 

(Figure 4.4A). The eluted protein sample was concentrated using centrifugal 

concentration tubes (Millipore). Following this concentration step, the enriched -

MyHC rod fraction was applied to a Superdex 200 gel 16/60 filtration column (GE 

Healthcare) as a „polishing step‟ to remove any remaining contaminating material 

(Figure 4.5). The binding buffer described in Section 4.4.2.4) was used as the wash 

buffer for gel filtration. 
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Figure 4.4 A. Purification of -MyHC rod fragments by boiling followed by Ni-

affinity chromatography followed by centrifugal concentration. B. Purification of the 

LMM_485 fragment using the Profinia purification system (BioRad). Following 

purification, the enriched protein solution is used in the TEV digest, this is then passed 

through an NTA column where the Post TEV Flow (arrow) is the purified LMM_485 

protein. 
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16.) GF fraction 19 
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19.) GF fraction 22 

B. 

Figure 4.5 Gel filtration (GF) of purified wild type -MyHC Rod. A. Of the fractions 

collected, fractions 6 to 22 (within the blue rectangle) were kept for further analysis. 

Fractions previously collected from the second GF peak (circled in red) were found to 

contain very little (if any) protein (data not shown). B. SDS-PAGE analysis of the GF 

samples, usually 4-6 fractions were combined (within the green rectangle) for use in CD 

experiments. 
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4.4.2.3 LMM-485 purification 

The following steps were all carried out on ice unless otherwise stated. The bacterial 

cell pellet was resuspended in 50ml of lysis buffer A. Following a 30 minute incubation, 

the lysate was then sonicated in 10ml fractions, ten bursts for five seconds each. The 

fractions were centrifuged for 15 minutes at 4000xg and all supernatants pooled before 

being filtered through a 0.45m filter (Millipore) via syringe. Lysates were stored at 

4C for up to 24 hours prior to purification. The bacterial lysates were purified using a 

Profinia protein purification system (BioRad) using an IMAC Profinity affinity column 

(Bio-Rad) and P-6 desalting column (BioRad) for buffer exchange. Standard Profinia 

protocols were used for the purification steps. The 4ml of final eluent, containing 0.5-

1.0mg/ml of purified protein in PBS was collected for evaluation by SDS-PAGE 

electrophoresis (Figure 4.4B).  

 

4.4.2.4 Cleavage of poly-histidine tag from LMM-485 

Following purification of the LMM-485 protein, the histidine tag was removed via a 

tobacco etch virus (TEV) protease cleavage site at the N-terminal end of the LMM, C-

terminal to the NusA solubility factor (which is also removed with the TEV protease 

digest). The acetylated TEV protease was used at a ratio of 1:200 with the purified 

LMM, in reducing conditions. For example 2mg of his-tagged LMM (amount estimated 

by nanodrop) was digested with 10g of TEV, in the presence of 2mM fresh -

mercaptoethanol. This was carried out for 30 minutes at room temp with gentle shaking 

before overnight dialysis in binding buffer (0.5M NaCl, 20mM Na2HPO4/NaH2PO4, 

20mM imidazole, pH 7.4). Passing through a HiTrap Ni-chelating column removed 

both the NusA solubility factor, via the C-terminal histidine tag and the acetylated TEV 

enzyme. The flow-through fraction from the column was thus purified LMM protein 

(Figure 4.4B). 

 

4.4.3 Preparation of recombinant protein for CD 

Purified wild type and mutant LMM-485 or -MyHC rod in binding buffer (0.5M NaCl, 

0.02M Na2HPO4/NaH2PO4 at pH 7.0) was dialysed overnight into NaF buffer (0.25M 

NaF, 0.02M Na2HPO4/NaH2PO4 at pH 7.0) using 5-7cm of 43mm (12.4 kDa cut-off) 

dialysis tubing (Sigma) prepared as per manufacturer‟s instructions. The concentration 
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of each protein sample was determined using the BCA method (Pierce) and adjusted to 

0.05mg/ml. Samples were either kept on ice until analysis or snap frozen in liquid N2 

and stored at -80C if analysed at a later date.  

 

4.4.4 CD analysis 

CD experiments were performed using a J-810 Spectropolarimeter (Jasco) equipped 

with a Peltier thermostatically controlled cuvette holder and controlled via a PC running 

Spectra Analysis (Jasco, v.1.53.04) software. A 0.1cm quartz cuvette (Hellma) was used 

for CD analysis. 300l of protein solution was loaded carefully into the cuvette 

avoiding the introduction of air bubbles. CD spectra were measured over a wavelength 

spectrum from 250nm to 190nm at 20C and 37C. Three accumulations were averaged 

for each protein sample. In order to obtain melt curves over a temperature range, CD 

analysis was performed with increasing temperature from 20C to 90C at a fixed 

wavelength of 222nm. This fixed wavelength will follow the change in absorbance at 

222nm characteristic of -helical proteins (Figure 4.1).  The temperature increased at 

0.5C per minute. 300l of 0.25M NaF, 0.02M Na2HPO4/NaH2PO4 alone was used as a 

blank for each experiment. Each wild type and mutant sample was analysed in triplicate 

to obtain mean and standard error of the mean values. 

 

4.4.5 Analysis of CD results 

4.4.5.1 CD spectra 

Spectra analysis software (Jasco, v1.53.04) was used to subtract blank measurements 

from each dataset. Results from CD spectra (250-190) were analysed using the online 

analysis program „Dichroweb‟ (Whitmore & Wallace, 2004, 2008). Data obtained for 

the 250-190nm spectra at 20 and 37C were entered into the CONTIN analysis software 

using data set 4 (optimised for 240-190nm) (Whitmore & Wallace, 2004, 2008). The 

normalised root mean square deviation (NRMSD) values, representing the „goodness of 

fit‟ of CD data were obtained to ensure the validity of results. The software converted 

the machine units of measurement to mean residue ellipticity and estimated the 

percentage -helical content for each protein. A one-way analysis of variance was 

conducted for the percentage -helical content data sets with a Newman–Keuls post hoc 
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test using GraphPad Prism Version 4 (GraphPad).  The threshold for significance was 

set at P<0.05.  

 

4.4.5.2 Molar ellipticity ratios 

Molar ellipticity ratios ([]222/[]208) were calculated to indicate a theoretical likelihood 

of the LMM-485 or -MyHC forming a coiled coil structure (see Section 4.2.1). These 

were calculated using the average molar ellipticity at 222nm and 208nm for each 

spectrum.  

 

4.4.5.3 Thermal denaturation analysis 

Melting curves were adjusted to „percentage folded‟. This was achieved by assuming 

that at 20C all proteins were 100% folded and at 90C all proteins were 0% folded. 

The mean and standard error of the mean were calculated for each data point using 

Windows Excel (Microsoft). These data sets were then imported into the statistics 

analysis software Prism 4 and a least-squares non-linear fit curve was applied to the 

data, this function was then used to determine the melting temperature (Tm) for each 

sample. A best-fit equation was generated from the data and the mid-point of the 

denaturation, taken as the Tm (Greenfield, 2006), was then determined from this 

equation. A one-way analysis of variance was performed as described for the percentage 

-helical content in Section 4.4.5.1. 

 

4.4.6 Paracrystal formation 

The following methods for -MyHC rod paracrystal formation have been adapted from 

a protocol kindly provided by Prof. Dieter Fürst of the University of Bonn, Germany. 

Rosetta cells were transformed with pETM-11_MyHC_Rod as described in 4.4.1.2. 

Transformants were then picked and used to inoculate 5mls of LB containing 

kanamycin and ampicillin, which was shaken overnight at 37C and 1ml used to 

inoculate 100mls of LB in a suitable conical flask. This culture was grown to an OD600 

of 0.5-0.9 before chilling on ice for 15 minutes. Expression was induced by the addition 

of 500l of 0.1M IPTG and the flask was shaken for a further 5 hours at 25C. Bacterial 

cells were collected by centrifugation at 4000xg (Avanti™ J30i Beckman) for 10 

minutes and the supernatant discarded. The pellet was resuspended in 5mls of 50mM 
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Tris-HCl, pH 7.5 containing 1mM EDTA, 0.5mM DTT, 1mg/ml lysozyme and a 

bacterial protease inhibitor cocktail (Roche). This lysate was incubated on ice for 15 

minutes. The lysate was sonicated with 10 bursts of 2 seconds each, before 10ml of 2M 

KCl was added to a final concentration of 600mM and the lysate incubated 15 minutes 

at RT. The lysate was then centrifuged at 10,000xg (Avanti™ J30i Beckman) for 10 

minutes. 

 

The supernatant was dialysed overnight against 2L 100mM KCl, 10mM 

K2HPO4/KH2PO4 (pH 6.5) at 4C, before centrifugation at 10,000xg (Avanti™ J30i 

Beckman) for 10 minutes. The supernatant was discarded and the pellet dissolved in 

0.6M KCl, 10mM K2HPO4/KH2PO4 (pH 6.5). This solution was centrifuged at 

10,000xg (Avanti™ J30i Beckman) for 10 minutes and the supernatant dialysed again 

against 2L 100mM KCl, 10mM K2HPO4/KH2PO4 (pH 6.5) at 4C. These last two steps 

were repeated and followed by one final dialysis into the low salt buffer to yield the 

paracrystals. 

 

4.4.7 Negative staining and visualisation of paracrystals 

To visualise paracrystal samples, 200 mesh (lines/inch) copper grids (ProSciTech) were 

glow discharged and a drop of freshly prepared paracrystal suspension was dropped 

onto the grid. The excess solution was drawn off with filter paper before further 

processing. Following published methods and varying parameters such as the stain 

preparation, staining time and wash step following staining, paracrystals were stained 

(Atkinson & Stewart, 1991; Armel & Leinwand, 2009). Freshly prepared uranyl actetate 

diluted to 2% or 1% in distilled water or 1% EDTA, pH 6.0 or 7.5 was used to stain the 

paracrystals. A drop of the stain was dropped onto the grid for either 0.5, 1, 2 or 5 

minutes. Following staining a wash with either distilled water or paracrystal dialysis 

buffer was carried out by dropping a drop of the solution onto the grid for one minute 

before drawing off the excess with filter paper. The staining method was also tested 

without this final wash step. Samples were visualised in a JEOL 2100 electron 

microscope (JEOL) optimised for the visualisation of biological specimens and fitted 

with an 11megapixel digital camera (Orius). 

 



 116 

4.5 Results 

CD spectropolarimetry was used to investigate the secondary structure characteristics of 

recombinant wild type and mutant -MyHC rod and LMM-485. Spectral CD 

measurements were obtained over the far UV wavelength range of 250 nm to 190nm. 

As described in Section 4.2, different types of protein secondary structures give rise to 

characteristic far UV CD spectra (Figure 4.1). CD analysis of -MyHC rod and LMM-

485 during thermal denaturation allowed the investigation of the effects of -MyHC 

mutations on protein thermal denaturation properties.  

 

4.5.1 Production of recombinant -MyHC rod and LMM-485 

Following boiling for the cell lysate and Ni-NTA affinity chromatography, gel filtration 

yielded a number of fractions of -MyHC at a high level of purity, as seen in Figure 4.5. 

The LMM-485 fragment was also purified to high level of purity following Ni-NTA 

affinity chromatography, cleavage of the NusA solubility factor and removal of this tag 

by another cycle of Ni-NTA affinity chromatography (Figure 4.4B). 

 

4.5.2 CD analysis of recombinant -MyHC rod and LMM-485 

4.5.2.1 CD Spectra of -MyHC rod measured at 20C 

At 20C all recombinant -MyHC rod proteins displayed CD spectra representative of 

-helical proteins, featuring characteristic minima at 222nm and 208nm and an 

expected decrease in elipticity from 190nm (Figure 4.6). The percentage -helical 

content of each protein as calculated by the Contin-LL method is presented in Table 4.3. 

At 20C the wild type -MyHC rod was calculated to be 95.51.5% -helical. All the 

mutant proteins showed an -helical content less than the wild type with the exception 

of the cardiomyopathy associated p.Ala1777Thr mutation (96.52.6%). The 

p.Arg1588Pro, p.Lys1617del and p.Leu1706Pro mutants show significantly lower 

estimated -helical content at 20C than the wild type.  

 

4.5.2.2 CD Spectra of -MyHC rod measured at 37C 

At 37C the wild type and all mutant -MyHC rods maintained CD spectra 

characteristic of -helical, coiled-coil proteins (Figure 4.7). The minima of all mutant 
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proteins increased, shifting towards the x-axis, an indication of a reduction in the -

helical content. The -helical content of the wild type at 37C was calculated to be 

97.83.9%, higher than any of the mutants. At this temperature the p.Leu1706Pro 

mutant showed the lowest -helical content (86.55.6%) differing significantly from 

the wild type. Of the mutants the p.Ala1777Thr HCM mutant maintained the highest 

percentage -helical content (97.41.0%). 
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LMM_485 Clinical 

phenotype 
-helical content (%)  -helical (%) Tm (C) Tm (C) 

20C 37C 20C 37C 

Wild type  96.7  2.8 95.6  4.2 - - 53.0  0.5 - 

R1500P MPD1 92.0  6.7 78.5  3.6 -4.7 -17.1 * 48.0  1.1 -5.0 * 

K1617del MPD1 80.0  2.7 77.9  3.4  -16.7 
# 

-17.7 * 50.8  0.1 -2.2 ^ 

L1706P MPD1 89.8  5.0 85.1  5.5 -6.9 -10.5 
# 

53.8  0.8 +0.8 

E1856K DIM/CM 89.6  1.6 84.0  0.6 -7.1 -11.6 
# 

47.6  1.0 -5.4 * 

H1901L MSM 86.5  1.3 82.6  1.6 -10.2 ^ -13.0 
# 

49.8  0.1 -3.2 * 

-MyHC_Rod Clinical 

phenotype 
-helical content (%)  -helical (%) Tm (C) Tm (C) 

20C 37C 20C 37C 

Wild type  95.5  1.5 97.8  3.9 - - 54.5  0.8 - 

R1500P MPD1 92.2  1.1 90.3  1.4 -3.3 -7.5 52.0  0.3 -2.5 
# 

R1588P MPD1 89.7  1.7 91.9  4.9 -5.8 ^ -5.9 53.9  0.5 -0.6 

K1617del MPD1 83.8  1.0 94.3  0.9 -11.7 * -3.5 53.9  0.5 -0.6 

L1706P MPD1 90.2  2.7 86.5  5.6 -5.3 ^ -11.3 ^ 54.2  1.0 -0.2 

A1777T HCM 96.5  2.6 97.4  1.0 +1.0 -0.4 53.6  0.8 -0.8 

E1856K DIM/CM 94.2  1.4 95.0  1.0 -1.3 -2.8 53.3  0.6 -1.2 

H1901L MSM 93.9  1.6 92.4  4.5 -1.6 -5.4 53.7  0.2 -0.8 

Table 4.3 Wild type and mutant -MyHC rod -helical content, measured at 20C and 37C, using Contin-LL software (Whitmore and 

Wallace et al., 2004; Whitmore and Wallace et al., 2008) „*‟, „
#
‟ and „^‟ indicates a significant change from the wild type (p<0.001, 

p<0.01 and p<0.05, respectively) 

Table 4.4 Wild type and mutant LMM-485 -helical content, measured at 20C and 37C, using Contin-LL software (Whitmore and 

Wallace et al., 2004; Whitmore and Wallace et al., 2008) „*‟, „
#
‟ and „^‟ indicates a significant change from the wild type (p<0.001, 

p<0.01 and p<0.05, respectively) 
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Figure 4.6 CD absorbance spectra (240-190nm) of the -MyHC rod at 20C show spectra characteristic of proteins with -helical secondary 

structure. The p.Arg1500Pro mutant shows a shift of the 222nm minima, towards the x-axis. Standard error bars are shown by T-bars at each 

data point 
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Figure 4.7 CD absorbance spectra (240-190nm) of the -MyHC rod at 37C show spectra characteristic of proteins with -helical secondary 

structure. The p.Arg1500Pro mutant shows a shift of both the 208 and 222nm minima, towards the x-axis. The p.Leu1706Pro, p.Glu1856Lys 

and p.His1901Leu mutants appear to show a shift of the 208nm minima, towards the x-axis. Standard error bars are shown by T-bars at each 

data point 
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4.5.2.3 CD spectra of LMM-485 measured at 20C 

The percentage -helical content of each LMM-485 protein as estimated by the Contin-

LL procedure is presented in Table 4.4. At 20C all protein preparations featured CD 

spectra characteristic of coiled-coil -helical proteins (Figure 4.8). The smaller LMM-

485 fragment demonstrated greater differences between mutant and wild type 

preparations than the larger -MyHC rod fragment. The -helical content of the wild 

type was calculated as 96.72.8%, significantly higher than the p.Lys1617del and the 

p.His190Leu. Of the mutant LMM-485 fragments, the p.Arg1500Pro mutant shows the 

highest calculated -helical content (92.06.7%) while the p.Lys1617del mutant shows 

the lowest (80.02.7%).  

 

4.5.2.4 CD spectra of LMM-485 measured at 37C 

The wild type LMM-485 protein maintained the highest calculated -helical content at 

37C (95.64.2%), significantly higher than any of the mutants (Figure 4.9). The 

p.Leu1706Pro mutant showed the highest calculated -helical content of the mutants 

(85.15.5%) while the p.Lys1617del had the lowest (77.93.4%). At 37C the 

percentage -helical content of the mutant LMM-485 fragments was lower compared to 

the mutant -MyHC rods. 
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Figure 4.8 CD absorbance spectra (240-190nm) of the LMM-485 at 20C show spectra characteristic of proteins with -helical secondary 

structure. The K1617del and H1901L mutants show a shift of both the 208 and 222nm minima, towards the x-axis. Standard error bars are 

shown by T-bars at each data point 
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Figure 4.9 CD absorbance spectra (240-190nm) of the LMM-485 at 37C show spectra characteristic of proteins with -helical secondary 

structure. All of the mutants show a clear shift towards the x-axis of the 190nm, 208nm and 222nm minima. Standard error bars are shown by 

T-bars at each data point 
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4.5.2.5 Molar ellipticity ratios 

At 20C the wild type -MyHC rod showed a molar ellipticity ratio ([]222/[]208 of 0.97 

while at 37C it was calculated to be 0.84 (Table 4.5). At both 20C and 37C the 

p.Arg1500Pro -MyHC rod mutant showed the lowest molar ellipticity ratios – 0.63 

and 0.56 respectively. The p.Ala1777Thr -MyHC rod mutant showed the highest 

molar ellipticity ratios at both temperatures (1.08 and 0.95 at 20C and 37C 

respectively). Molar ellipticity ratios for the LMM-485 fragment were generally higher 

than those calculated for the -MyHC rod protein. The molar ellipticity ratio for wild 

type LMM-485 at 20C was 1.13, while at 37C it was calculated to be 1.01 (Table 4.6). 

The p.Leu1706Pro showed the highest molar ellipticity ratio at 20C (1.14), while the 

p.His1901Leu mutant showed the highest at 37C (1.07). 

 

Table 4.5 Molar ellipticity ratios ([]222/[]208 for wild type and mutant -MyHC rod 

protein as calculated from the 222nm and 208nm CD minima. 

 

 20C 37C 

 222nm 208nm 222/208 

ratio 

222nm 208nm 222/208 

ratio 

Wild type -30033.7 -30968.2 0.97 -30286.63 -36003.2 0.84 

p.Arg1500Pro -18699.6 -29846.9 0.63 -17402.4 -30990.2 0.56 

p.Arg1588Pro -25614.4 -25812.3 1.02 -27065.6 -32001.6 0.85 

p.Lys1617del -25680.4 -25229.7 1.02 -27978.0 -32628.2 0.86 

p.Leu1706Pro -26999.6 -28307.8 0.95 -23866.5 -28384.8 0.84 

p.Ala1777Thr -31429.9 -29143.3 1.08 -30616.4 -32254.4 0.95 

p.Glu1856Lys -26471.9 -30110.7 0.88 -25009.8 -31484.9 0.79 

p.His1901Leu -27516.3 -28659.6 0.96 -25130.8 -29286.2 0.86 

 

 

Table 4.6 Molar ellipticity ratios ([]222/[]208 for wild type and mutant LMM-485 

fragments as calculated from the 222nm and 208nm CD minima. 

 

 20C 37C 

 222nm 208nm 222/208 

ratio 

222nm 208nm 222/208 

ratio 

Wild type -36761.7 -32650.2 1.13 -34431.1 -33936.4 1.01 

p.Arg1500Pro -34574.0 -33529.7 1.03 -27604.3 -27406.4 1.01 

p.Lys1617del -26724.8 -27681.2 0.97 -24647.1 -27780.2 0.89 

p.Leu1706Pro -34101.3 -30033.8 1.14 -30627.4 -28956.4 1.06 

p.Glu1856Lys -33936.4 -30583.5 1.11 -29495.1 -28813.5 1.02 

p.His1901Leu -31792.7 -28241.9 1.13 -28835.5 -27054.6 1.07 
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4.5.3 Thermal denaturation analysis of -MyHC rod and LMM-485 

Thermal denaturation analysis of -MyHC rod and LMM-485 was performed to assess 

the effects of -MyHC tail mutations on stability of the LMM over the transition from a 

fully folded „native‟ state to a completely denatured state. This was achieved by 

observing CD at a fixed wavelength of 222nm over a temperature range of 20-90. Wild 

type and mutant proteins were modelled as a 2-state transition from a fully folded (0% 

unfolded) state to a fully unfolded state (100% unfolded); this was then plotted against 

temperature (Figure 4.10 and 4.11).  

 

4.5.3.1 Thermal denaturation of recombinant -MyHC rod 

Figure 4.10 presents the thermal melt plots of the wild type and mutant recombinant -

MyHC rods. All proteins displayed a characteristic two-state transition from a fully 

folded protein to an unfolded state. Briefly, the calculated Tm of all proteins ranged 

from 52.0 to 54.5C (Table 4.3), with the wild type displaying the highest and the 

p.Arg1500Pro mutant displaying a Tm significantly lower than the wild type.  

 

4.5.3.2 Thermal denaturation of recombinant LMM-485 

The thermal melt plots of the wild type and mutant recombinant -MyHC rods are 

shown in Figure 4.11. As with the -MyHC rod proteins, all LMM-485 fragments 

showed a characteristic one-step unfolding process, though the plots of the mutant 

proteins clearly show a poorer fit than those of the recombinant -MyHC rods. Briefly, 

the calculated Tm of all proteins ranged from 47.6 to 53.8C, with all proteins showing a 

Tm significantly lower than the wild type, with the exception of the p.Leu1706Pro 

mutant (Table 4.4).  
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Figure 4.10 Thermal denaturation profiles of wild type and mutant -MyHC rod at 222nm reveal some differences in protein 

thermostability. A fitted curve is overlayed in black over the raw data points (  ). The blue dashed line overlayed on each mutant profile 

represents the melt profile of the wild type. Standard error bars are shown by T-bars at each data point. 

Thermodynamic CD analysis -MyHC rod 
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Figure 4.11 Thermal denaturation profiles of wild type and mutant LMM-485 at 222nm reveal some differences in protein 

thermodynamics. A fitted curve is overlayed in black over the raw data points (  ). The blue dashed line overlayed on each mutant 

represents the melt profile of the wild type. Standard error bars are shown by T-bars at each data point. 

Thermodynamic CD analysis LMM-485 
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4.5.4 Paracrystal formation 

Formation of paracrystals following overnight dialysis was confirmed by a 

characteristic cloudy white appearance of the sample (Ward & Bennett, 1989). The wild 

type and all mutants showed this cloudy appearance. When visualised unstained by 

electron microscopy (EM), paracrystals of wild-type -MyHC rod appeared as striated 

structures with a width of about 200nm and varying in length, though mostly over 1-

2m (Figure 4.12). Visualisation of finer ultrastructure at a higher magnification was 

not possible as various negative staining techniques applied to the sample resulted in a 

disruption or masking of the overall morphology of the paracrystals (results not shown).  
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Figure 4.12 Unstained paracrystals of wild type -MyHC Rod. 

The paracrystals measure about 200-400nm across and vary in 

length. The paracrystals show a regular striated pattern. 
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4.6 Discussion 

Considering the very ordered -helical coiled-coil structure of the -MyHC rod, it is 

likely that mutations altering the charge, polarity or hydrophobic properties of a 

particular residue position of the heptad repeat (Figure 3.1), alter the protein‟s inter- and 

intra- helical interactions, at least locally. Analysis of -MyHC rod and LMM-485 

fragments by CD indicated that particular (Eg. p.Arg1500Pro, p.Lys1617del, 

p.Glu1856Lys) disease-causing mutations of the LMM have the capacity to disrupt the 

protein‟s estimated overall -helical secondary structure and thermostability. These 

effects appear to be amplified in the LMM-485 fragment (with the exception of 

p.Leu1706Pro), suggesting that there are significant local disruptions to protein 

structure and stability. 

 

4.6.1 Mutations causing early onset Laing distal myopathy (MPD1) 

4.6.1.1 Missense mutations to proline 

The well-organised -helical coiled-coil structure of the -MyHC rod is required to 

facilitate the precise interactions necessary for thick filament assembly (McLachlan & 

Karn, 1982). Prolines are thought to be incompatible with the formation of an -helical 

coiled-coil and introduce a kink in the protein structure (Piela et al., 1987; O'Neil & 

DeGrado, 1990), so it is not surprising that the entire -MyHC -helical rod region 

contains no proline residues (McLachlan & Karn, 1982). COILS analysis (described in 

Section 3.6.6.1) estimates that missense mutations to proline including p.Arg1500Pro 

and p.Leu1706Pro cause a significant reduction in the probability of the -MyHC tail 

forming a coiled-coil (Meredith et al., 2004). 

 

CD analysis of recombinant -MyHC rod revealed the p.Arg1500Pro, p.Arg1588Pro 

and p.Leu1706Pro mutants all show varying degrees of reduction in -helical content 

compared to the wild type at both 20C and 37C. Given the size of the -MyHC rod, 

the fact that these reductions in -helical content are evident, indicates the effect of the 

proline substitution on -MyHC rod secondary structure. When studied in the smaller 

LMM-485 fragment the p.Arg1500Pro and p.Leu1706Pro mutants show reductions in 

-helical content compared to the wild type. This reduction in -helical content 

becomes significant when the temperature is increased from 20C to 37C suggesting 
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that the already unstable -helical structure is further compromised when the 

temperature is adjusted to represent a more physiological state. The p.Arg1588Pro 

mutation was identified during the course of the current investigation and due to time 

constraints was only analysed at the -MyHC rod level. 

 

Thermal denaturation experiments found that the p.Arg1500Pro -MyHC rod shows the 

largest reduction in Tm (compared to the wild type) of all the mutants (Tm=-2.5C), 

indicating a significant change in thermostability. At the LMM-485 level, this effect is 

amplified indicating that mutant the protein is less structured and less stable. The 

p.Arg1588Pro and p.Leu1706Pro -MyHC rod mutants show smaller differences in 

melting temperature (Tm =-0.6C and -0.2C, respectively), indicating a smaller 

change in thermostability and suggesting that their pathobiological basis for disease 

may be more related to the loss of -helical structure or another mechanism such as an 

interaction property, or a combination of such effects. 

 

The Tm of the p.Leu1706Pro -MyHC rod and LMM-485 proteins are the most similar 

to the wild type, which may suggest that the p.Leu1706Pro mutant has a similar 

thermostability to the wild type despite exhibiting a lower -helical content at both 20 

and 37C. Visual inspection of the fitted thermal denaturation plot of p.Leu1706Pro 

LMM-485 indicates that this mutant‟s thermal denaturation profile is quite different to 

those of the wild type or other mutants (Figure 4.11). It is possible that a p.Leu1706Pro 

mutation induces the LMM-485 to adopt a different denaturation profile, indicating that 

the mutant protein may unfold in multiple steps or at different temperature-dependent 

rates.  

 

It is interesting that despite involving the same amino acid change the p.Arg1500Pro 

and p.Arg1588Pro mutants show different thermal denaturation characteristics as 

observed by CD, which may be due to the position of the amino acid in the heptad 

repeat (aa1500 is in an „f‟ position while 1588 is in a „b‟) or due to the influence of the 

specific location of the mutation along the -MyHC rod. Both the „b‟ and „f‟ positions 

are involved in the ordered stacking of coiled-coil dimers in thick filament assembly 

(McLachlan & Karn, 1982). CD analysis suggests that in addition to affecting the 

interaction between adjacent dimers, mutations at these residues would also cause a loss 

of -helical secondary structure and thermostability (particularly in the case of 
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p.Arg1500Pro). The p.Leu1706Pro mutant affects a „g‟ position of the heptad repeat, 

which plays a role in the dimerisation of the myosin rod via charge attraction to the „e’‟ 

residue of the interacting helix (Figure 3.1) (McLachlan & Karn, 1982).  The significant 

loss of -helical secondary structure observed by CD analysis may cause a disruption to 

this inter-helical attraction. Furthermore, this disruption may also be responsible for the 

altered denaturation profile observed with the p.Leu1706Pro mutation. Ultimately 

though, the effects of this mutation lead to a similar MPD1 phenotype as the 

p.Arg1500Pro and p.Arg1588Pro mutations. 

 

Molar ellipticity ratios for the p.Arg1588Pro and p.Leu1706Pro mutants are comparable 

to the wild type (Tables 4.5 and 4.6), suggesting they still retain the ability to form 

stable coiled-coil structures, despite observed reductions in -helical content. In the 

case of the LMM-485 p.Leu1706Pro mutant, molar ellipticity ratios higher than the wild 

type are interesting because of this residue‟s apparent role in inter-helical charge 

attraction during coiled-coil dimerisation. These results do however, correlate with the 

increase in thermostability and altered unfolding profiles of the p.Leu1706Pro LMM-

485 fragment. Molar ellipticity ratios of the p.Arg1500Pro -MyHC rod mutant were 

the lowest of all rod proteins at both 20 and 37C ([]222/[]208= 0.63 and 0.56  

respectively) suggesting the mutation strongly impairs the -MyHC rod‟s ability to 

dimerise effectively into a coiled-coil. These observations correlate with the reduced -

helical content and thermostability, though the reduction was not seen in the smaller 

LMM-485 fragment where molar ellipticity ratios remained comparable to the wild 

type. 

 

A publication currently in press by Armel and Leinwand (2010) used a number of 

biophysical assays including CD to compare the effects of p.Arg1500Pro, which causes 

MPD1 with no cardiac involvement and p.Arg1500Trp, which causes DCM 

(Karkkainen et al., 2004). Results from CD analysis suggested that neither of the 

mutations caused a detectable difference in the secondary structure of the LMM, a 

finding that is inconsistent with results from the current investigation into the secondary 

structure effects of p.Arg1500Pro. Armel and Leinwand used a different sized fragment 

of -MyHC than the one used in the current study and their experimental conditions 

also differed. The main difference in experimental conditions being that they measured 

CD spectra at 4C. Considering that the effects of -MyHC mutations (compared to 

wild type) were more evident in CD spectra at the higher biologically relevant 



 133 

temperature (37C) in the current study, it is possible that Armel and Leinwand may 

have also seen these differences had they conducted their experiment at a temperature 

closer to that expected in human muscle. 

 

4.6.1.2 Deletion of an amino acid 

Like the introduction of a proline, the removal of a single amino acid is also thought 

theoretically to severely affect the coiled-coil structure of the -MyHC tail, as it 

disrupts the heptad repeat pattern necessary for coiled-coil formation (O'Neil & 

DeGrado, 1990; Meredith et al., 2004). COILS analysis calculates that while not as 

severe as a missense mutation to proline, the p.Lys1617del mutation significantly 

reduced the probability of the -MyHC tail forming a coiled-coil (Meredith et al., 

2004).  

 

At 20C the p.Lys1617del mutant is estimated to have the lowest -helical content in 

both the LMM-485 fragment and the much larger -MyHC rod. It is interesting 

however that at 37C the -helical content of the p.Lys1617del -MyHC rod increases 

by over 10% (compared to 20C) while in the LMM-485 model it decreases slightly and 

continues to display the lowest percentage -helical content.  

 

The molar ellipticity ratios of the p.Lys1617del -MyHC rod are relatively similar to 

the wild type protein. When studied in the LMM-485 protein however, molar ellipticity 

ratios lower than those of any other mutant indicate a loss of the coiled-coil structure. 

Taken together with the low -helical content of both the LMM-485 and -MyHC rod 

mutants, this suggests that the lysine deletion alters the secondary structure of the -

helical monomers that in turn reduce its capacity to arrange efficiently into a stable 

coiled-coil dimer and impair the protein‟s thick filament assembly properties. 

 

Thermal denaturation analysis indicates that the p.Lys1617del -MyHC rod mutant is 

relatively stable compared to the wild type, while the p.Lys1617del LMM-485 mutant 

had the lowest Tm of all the mutants illustrating that there is a severe local effect on 

thermostability, caused by the mutation. In a similar fashion to the mutations to proline, 

loss of secondary structure and thermostability caused by the p.Lys1617del may form 

the molecular basis for MPD1 disease pathogenesis. 
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The clinical manifestation of disease in MPD1 patients with mutations involving a 

change to proline or removal of an amino acid is generally quite similar; all show 

classic features of slow progressive MPD1 beginning with bilateral foot drop and 

weakness of ankle dorsiflexor muscles from an early age (Meredith et al., 2004; Lamont 

et al., 2006). However, observed CD results show some differences in the secondary 

structure and thermal denaturation characteristics of the different mutant proteins. Using 

CD to investigate mutations causing MSM, Armel and Leinwand (2009) found that 

different mutations had variable effects on the properties of the LMM and concluded 

that mutations in the -MyHC tail are able to cause the same disease phenotype via 

multiple pathological mechanisms (Armel & Leinwand, 2009). It is possible that the 

mutations causing MPD1 also affect different properties of the -MyHC molecule 

whilst still causing the same phenotype.  

 

4.6.2 Mutations causing a distal myopathy and cardiomyopathy phenotype 

4.6.2.1 p.Glu1856Lys 

The p.Glu1856Lys change is a novel mutation identified as a part of this thesis 

(presented in Chapter 3). As the mutation causes both a cardiomyopathy and distal 

myopathy phenotype it is likely that it involves a different patho-biological mechanism 

to the MYH7 mutations causing only a skeletal myopathy or cardiomyopathy. As 

discussed in Section 3.6.6.3, there is an emerging trend of mutations in the LMM region 

of -MyHC involving a residue change from glutamate to lysine causing a mixed 

cardiomyopathy and skeletal myopathy phenotype with a further three (p.Glu1801Lys; 

p.Glu1883Lys and p.Glu1914Lys) now identified, in addition to p.Glu1856Lys. 

 

The p.Glu1856Lys mutant -MyHC rod shows a slight reduction in -helical content 

when compared to the wild type at both 20 and 37C. The p.Glu1856Lys LMM-485 

however, shows a larger loss of -helical content compared to the wild type with the 

reduction becoming significant at 37C. It appears that the effects of the mutation are 

not as obvious in the -MyHC rod, but a clear effect on the -helical content is evident 

when looking at the smaller LMM-485 fragment. While this may suggest that the 

structural effects of the mutation are quite localised, the Tm of the p.Glu1856Lys -

MyHC rod mutant is significantly lower than that of the wild type (Tm = -1.2C) 
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indicating a loss of thermostability. The Tm reduces further in the p.Glu1856Lys LMM-

485 fragment, to Tm = -5.4C. It appears the large charge change induced locally by 

the exchange of a glutamate residue for lysine causes local disruption of the helical 

structure and protein instability that is evident in both the -MyHC rod and LMM-485 

fragments.  

 

Occupying a „c‟ position in the heptad repeat, the positively charged p.Glu1856 residue 

is thought to assist in lateral assembly of -MyHC dimers during thick filament 

formation. CD analysis suggests that in addition to disrupting this inter-helical binding 

the mutation to a lysine may also affect the -helical secondary structure and 

thermostability of individual -MyHC monomers. 

 

Patients with the p.Glu1856Lys mutation develop a late-onset distal myopathy, 

sometimes in combination with a cardiomyopathy. Such is the clinical variability of the 

disease that (even within a family) a patient can present with cardiomyopathy only, and 

no sign of a distal myopathy. How the same mutation can show such phenotypic 

variability is unknown, though it suggests the potential influence of modifying factors 

in disease pathogenesis. 

 

4.6.3 Mutation causing myosin storage myopathy (MSM) 

4.6.3.1 p.His1901Leu 

As with a number of the mutants studied, subtle reductions in -helical content 

calculated from p.His1901Leu -MyHC rod are amplified when analysing the mutant 

LMM-485. Reductions in estimated -helical content seen in the -MyHC rod that 

become significant in the LMM-485 mutants indicate a loss of secondary structure and 

are reflected in the decreased Tm and hence thermostability of the protein. 

 

Armel and Leinwand (2009) observed by CD analysis that the p.His1901Leu mutant 

LMM displayed a higher -helical content than the wild type LMM, suggesting that 

there is no loss of -helical content (Armel & Leinwand, 2009). As already discussed, a 

number of experimental conditions used in the study by Leinwand and Armel (2009) 

differed to those used in the current study and could explain the discrepancies between 

the observations. Results from the current investigation suggest that the effects of -
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MyHC tail mutations become more evident by CD analysis when studied in a smaller 

model like the LMM-485 fragment. As already mentioned, a difference in -helical 

content as a result of p.His1901Leu may have become evident if the experiments by 

Armel and Leinwand had been carried out at a temperature more representative of 

physiological conditions, rather than at 4C. 

 

4.6.4 Mutation causing hypertrophic cardiomyopathy (HCM) 

4.6.4.1 p.Ala1777Thr 

The -helical content and molar ellipticity ratios of the p.Ala1777Thr and wild type -

MyHC rod are relatively similar at both 20 and 37C, suggesting that this mutation does 

not greatly alter the protein‟s secondary structure. Furthermore, the Tm of the rod 

mutant is only slightly lower than that of the wild type. Together these results suggest 

that the p.Ala1777Thr -MyHC rod is able to assemble into a thermostable -helical 

coiled-coil structure much like the wild type protein. These CD results agree with 

COILS analysis by Meredith and co-workers (2004) indicating that this mutation would 

have a minimal effect on the -MyHC tail‟s ability to form a coiled-coil (Meredith et 

al., 2004).  

 

The uncharged, non-polar p.Ala1777 resides in position b of the heptad repeat, a 

position usually occupied by polar or charged residues (McLachlan & Karn, 1982). It is 

possible that a mutation from a non-polar to a polar residue may not affect the protein‟s 

structure or function as dramatically as the mutations to proline or amino acid deletions. 

This difference may reflect why the clinical phenotype of this mutation is different to 

others - being confined to cardiac muscle and not associated with a skeletal myopathy. 

It is possible that the slight increase in -helical content and coiled-coil forming ability 

may in fact be detrimental to the structure and/or function of -MyHC in vivo. This 

predicted increase in protein stability may in turn contribute to the disease phenotype by 

causing a loss of structural flexibility. A thick filament comprising a certain amount of 

these less flexible myosins may not be compatible with normal function of the heart and 

thus result in cardiac hypertrophy. Such flexibility or elastic properties could be 

measured using atomic force microscopy (AFM), a technique that has previously been 

used to analyse mechanical properties of myosin sub fragments (Root et al., 2006).  
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4.6.5 Molar ellipticity ratios ([]222/[]208)  

The characteristic minima of -helical proteins (at 208 and 222nm) such as the -

MyHC rod or LMM have been used previously to assess whether a protein is a coiled-

coil (molar ellipticity ([]222/[]208) = 1.02) or purely -helical ([]222/[]208= 0.85).  

Molar ellipticity values of LMM-485 fragments were generally higher than those 

obtained from the -MyHC rod CD observations. Interestingly, this would suggest that 

the smaller fragment is more likely than the larger myosin rod to form stable coiled-coil 

structures. It may be possible that these ratios are very accurate and valid as indicators 

of „coiled-coil-ness‟ for proteins of 7-35 residues used in the experiments in which 

these observations were originally made (Lau et al., 1984; Zhou et al., 1992; Zhou et 

al., 1993; Zhou et al., 1994), but not necessarily for the much larger (485 or 1092 

residues) proteins investigated in the current project. Previous investigations into the 

effects of MYH7 mutations on the molar ellipticity ratio of -MyHC fragments by 

Armel and Leinwand (2009) carried out CD experiments at 4C, much lower than the 

current study where the ratios were calculated at both 20C and 37C. At these lower 

temperatures the wild type and mutant proteins were found to have similar molar 

ellipticity ratios of 1.11, indicating an ability to form a coiled-coil. As mentioned 

earlier, it is possible that differences caused by mutations are not ascertainable at 4C 

and only become evident at more physiological temperatures. In light of this the molar 

ellipticity ratios for -MyHC rod and LMM-485 proteins should possibly be interpreted 

with caution, as applying a model developed for small polypeptide fragments (Lau et 

al., 1984; Zhou et al., 1992; Zhou et al., 1993; Zhou et al., 1994) may not be a robust 

representation of a protein‟s actual interaction dynamics when studied with much larger 

molecules.  

 

4.6.6 Paracrystal forming capacity 

Wild type paracrystals were formed and visualised by EM. However, due to 

unsuccessful negative staining despite numerous staining protocols and attempts, fine 

ultra structure of the paracrystals could not be observed. A number of different 

parameters of the negative staining technique were altered in an effort to visualise the 

paracrystals, including seeking guidance from a group with experience in this area 

(personal communication with Prof. Dieter Fürst, Bonn, Germany). The paracrystals 

appeared to disfigure or destabilise in the presence of the stain and a reduction in the 
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staining time only resulted in insufficiently stained sample. The best visualisation was 

achieved with an unstained preparation of wild type -MyHC paracrystals. 

  

The paracrystal experiments presented are incomplete and do not offer a quantitative 

insight into the effects of disease-causing MYH7 mutations on the -MyHC‟s capacity 

to form higher order structures. However they do offer a method to build on 

observations from the CD results presented. The indication that mutant -MyHC 

preparations are able to assemble, as indicated by the characteristic cloudiness of the 

samples shows that the mutations do not completely disturb the proteins‟ capacity to 

form higher-order structures. Further optimisation of the negative staining technique is 

required in order to obtain clear visualisation of the paracrystal ultra-structure, and any 

possible effects a -MyHC mutation may have on this.  

 

4.7  Conclusions 

CD analysis of mutant -MyHC rod or LMM-485 shows the effects of disease-causing 

mutations in terms of -helical content, the capacity to form an ordered coiled-coil and 

protein thermostability. The mutations causing skeletal myopathies generally all show 

reductions in -helical secondary structure and reduced protein thermostability, 

particularly when observed in the LMM-485 model. Most of the mutations involved in 

the current study affect residues in „b‟, „c‟ or „f‟ positions of the heptad repeat, thought 

to be involved with the lateral associations between -MyHC dimers. Reduced 

secondary structure and thermostability observed by CD suggests that MPD1 and MSM 

mutations may contribute to disease pathogenesis by causing disruptions to these 

interactions that are important for thick filament assembly.  However, the CD results do 

not reveal possible pathobiological differences that suggest how the different mutations 

direct the variation in resulting skeletal myopathy phenotype. The p.Ala1777Thr mutant 

rod maintains an estimated -helical content very similar to the wild type which may 

suggest that the loss of secondary structure associated with the mutations causing 

myopathies could direct the pathogenesis of a skeletal muscle phenotype. In vitro 

assembly studies such as the paracrystal experiments commenced in this Chapter or 

expression in a cell culture system would complement the CD studies by investigating 

the observable assembly capacity of each mutant. The effects of incorporating mutant -

MyHC molecules with altered secondary structure and stability into the sarcomeric 

thick filament is likely to have implications for the development of a disease treatment 
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for MPD1 or MSM. In order to alleviate the effects of the mutant protein, its production 

would need to be either suppressed or compensated for by the over expression of the 

wild type protein.   
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5.1 Summary 

Different mutations in MYH7 causing diverse phenotypes, namely Laing early-onset 

distal myopathy (MPD1), myosin storage myopathy (MSM) or hypertrophic 

cardiomyopathy (HCM) were studied in a C2C12 skeletal muscle cell culture system. 

The in vitro model was explored to determine whether it was possible to distinguish 

between mutant -MyHC proteins causing different phenotypes and whether any 

genotype-phenotype correlations could be identified. An enhanced green fluorescent 

protein (EGFP) tag (shown not to perturb the cellular location of wild type -MyHC) 

was utilised to enable easy visualisation of the mutant proteins‟ localisation. Mutant 

MYH7_EGFP constructs expressed in C2C12 myoblasts produced diffuse EGFP 

fluorescence, with some cytoplasmic foci, much like wild type -MyHC-EGFP. As the 

myoblasts differentiated into myotubes the mutant -MyHC-EGFP fusion proteins were 

able to assemble into ordered striated structures similarly to the wild type protein. 

Notably however, MPD1-associated mutant -MyHC-EGFP proteins formed 

myofibrillar structures with shorter sarcomere lengths, while an HCM mutant showed 

sarcomere lengths similar to that of the wild type. When the co-localisation of the 

mutant fusion proteins with an M-band interacting partner, M-protein was studied, no 

disruptions were exhibited.  

 

The platform for analysing human skeletal muscle with antibodies against -MyHC and 

its M-band interacting partners (e.g. myomesin and titin) was also established, but 

unfortunately the one sample obtained from a patient with a MYH7 mutation was not 

suitably preserved in order to apply these techniques. 

 

This study demonstrates, for the first time, that there are no obvious differences in the 

gross cellular location of MPD1-related mutant -MyHC proteins compared to those 

causing a heart phenotype; or with the binding partner M-protein in their presence. 

However, mutant proteins associated with MPD1 result in shorter sarcomeric lengths, 

distinguishing them from the other mutant proteins.  Additionally it lays the basis for 

further investigation of patient skeletal muscle biopsies in the future. 
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5.2 Introduction 

The CD analysis presented in the previous Chapter identified that MPD1 and MSM 

mutations are able to disrupt the -helical secondary structure of the -MyHC rod and 

cause alterations to the proteins‟ thermostability. However, the HCM mutation studied 

only caused a slight change in thermostability and also showed evidence of increased 

structural stability under certain conditions. Further investigation into the functional 

effects of the different mutations is required in order to elucidate the exact 

pathobiological mechanisms responsible for the different disease phenotypes they 

produce. The current Chapter complements and builds upon the observations made in 

the biophysical assays using purified recombinant protein (CD analysis), by exploring 

the effect of the MYH7 mutations both in skeletal muscle tissue and cell culture. 

 

The study of histological sections from patient skeletal muscle biopsies is an important 

procedure for the diagnosis and investigation into the pathobiology of skeletal muscle 

disease. While MSM patient biopsies show the hallmark feature of myosin 

accumulations (hyaline bodies) in type I muscle fibres, MPD1 patients show relatively 

mild or non-descript pathological features (Lamont et al., 2006), making accurate 

diagnosis based predominantly on pathology findings very difficult. It is possible 

however that the use of specific antibodies to -MyHC or its interacting proteins could 

identify specific alterations between normal and diseased skeletal muscle in terms of 

presence/absence or localisation of -MyHC interacting proteins. Such findings could 

not only assist with diagnosis, but also potentially further gene discovery (eg in terms of 

highlighting candidate genes for patients with “Laing” distal myopathy but who don‟t 

have MYH7 mutations) and disease pathobiology (and hence potentially indicating 

future therapeutic routes). 

 

Unfortunately accessing skeletal muscle biopsies from patients for such studies is 

difficult as these are relatively rare diseases and thus there are a limited number of 

samples available and spread throughout the world.  Furthermore such samples have 

been most often taken from only one muscle, at one time, and thus gleaning information 

about disease progression and pathogenesis becomes almost impossible.  For these 

reasons, tissue culture systems become highly attractive.  In vitro tissue culture systems 

and transfection studies have long been used to investigate biological pathways and 
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patho-physiological mechanisms. They are particularly useful in the study of diseases as 

they may provide a model system in which to recreate and study pathological disease 

features and mechanisms. The ability to culture and differentiate skeletal myoblasts in 

vitro is an extremely valuable tool and enables the investigation of various aspects of 

skeletal muscle function and pathobiology of disease (Cooper et al., 2004; Ilkovski, 

2008). While patient biopsies provide snapshots of the pathological processes involved 

in disease, such as type I fibre atrophy seen in MPD1 affected muscles, tissue culture 

models offer a more longitudinal analysis of the effects of mutant -MyHC proteins in 

skeletal muscle cells.  

 

5.2.1 In vitro models of MyHC muscle disease 

In vitro transfection studies investigating the effects of MYH7 mutations have to date 

been used largely to examine the effects of cardiomyopathy mutations, and those 

studied mostly involve disease-causing variations in the globular head domain of -

MyHC (Straceski et al., 1994; Marian et al., 1995; Becker et al., 1997). 

 

5.2.1.1 Non-muscle cell systems 

Straceski et al. (1994) transfected non-muscle African green monkey kidney (COS) 

cells with either wild type or p.Arg249Gln constructs encoding rat -MyHC to study 

the potential functional effects of the HCM-associated MYH7 mutation in vitro. The 

study observed that the mutant myosin failed to form filamentous structures, indicative 

of myosin thick filament assembly, in 30% of the transfected cells. However, 

transfected wild type myosin was able to form filamentous structures in 98% of 

transfected COS cells (Straceski et al., 1994).  

 

An advantage of using a non-muscle cell system for the investigation of mutant skeletal 

muscle myosin proteins is that they do not express any endogenous skeletal muscle 

myosins. This means that all myosin observed by immunochemistry with a skeletal 

muscle antibody is of exogenous origin. An obvious disadvantage of using a non-

muscle cell system is that the cells do not provide the correct environment for the 

expression of muscle proteins such as -MyHC. Other sarcomeric proteins that may 

influence or direct the behaviour of exogenously expressed -MyHC are not present, 
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further distancing the system from an accurate representation of a model for the 

investigation of human disease. 

 

5.2.1.2 Cardiac muscle cell systems 

Using a cardiac muscle cell culture system for the investigation of mutations associated 

with human heart disease can be seen as being advantageous as it better represents the 

cellular environment of human cardiac muscle.  Marian et al. (1995) carried out the first 

expression study using HCM-associated mutant -MyHC cDNA in a cardiac myocyte 

cell system. The authors found that adult feline cardiac myocytes expressing -MyHC 

cDNA with the p.Arg403Gln mutation exhibited impaired sarcomere assembly and 

showed the hallmark pathological feature of HCM - myofibrillar disarray (Marian et al., 

1995). While cells expressing either wild type or mutant -MyHC were able to form 

regular thick filaments at 48 hours post infection, at 120 hours post infection at least 

half of the cardiac myocytes expressing mutant -MyHC showed severe myofibrillar 

disruption, whereas less than 20% of those expressing the wild type -MyHC showed 

this phenotype (Marian et al., 1995). This study developed an in vitro model for the 

investigation of mutations causing HCM in both humans and felines, laying 

groundwork for further functional and in vivo investigations (Marian et al., 1995). 

Marian and colleagues (1999) next developed a rabbit model for human HCM, which 

reflected phenotypic features seen in humans, including cardiac hypertrophy, 

myofibrillar disarray and premature death. 

 

Becker et al. (1997) studied the effects of three -MyHC mutations causing HCM 

(p.Lys184Arg, p.Arg249Gln and p.Arg403Gln) in differentiating neonatal rat cardiac 

(NRC) myocytes. Of those studied, the only mutation found to cause a severe alteration 

of sarcomeric structure was p.Lys184Arg, which displayed either diffuse, cable-like or 

disorganised subcellular staining (Becker et al., 1997). The p.Arg249Gln and 

p.Arg403Gln mutants however, were observed to competently arrange into organised 

thick filament structures (Becker et al., 1997). The authors suggest that the dominant 

negative phenotype caused by p.Lys184Arg is a result of its location in an ATP binding 

site and subsequent abnormal actin binding without release in the presence of ATP 

(Becker et al., 1997). In contrast to observations by Marian et al. (1995) the 
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p.Arg403Gln mutant showed no discernable differences from the wild type in its 

subcellular distribution or ability to assemble into sarcomeres in another study (Becker 

et al., 1997). Becker et al. (1997) proposed that differences between the cell systems 

(neonatal rat cardiac myocyte vs. adult feline cardiac myocytes) might be responsible 

for the differing observations. The authors conclude that myofibrillar disarray seen in 

patients with the p.Arg249Gln or p.Arg403Gln mutations may not be directly due to the 

failed assembly of normal sarcomeres, but rather be due to a secondary effect resulting 

from decreased function of mutant -MyHC in cardiac muscle over an extended period 

of time (Becker et al., 1997).  

 

5.2.1.3 Skeletal muscle cell systems 

Miller and colleagues (2000) investigated the expression of transfected wild type and 

mutant slow MyHCs in conditionally immortal H2k
b
-ts

6
 myogenic mouse cells by 

transfecting MYH7 mutations identified in familial HCM cases (Harada et al., 1993; 

Arai et al., 1995). In order to examine the effects of the expression of transfected -

MyHC, a clonal isolate of H2k
b
-ts

6
 cells expressing fast MyHC, but not -MyHC was 

established for transfection (Miller et al., 2003), in order to facilitate detection of the 

recombinant -MyHC using a specific -MyHC antibody. Two of the mutations studied 

were located in a region of myosin that acts as a fulcrum (p.Gly741Arg, p.Asp778Gly) 

and one was close to a nucleotide-binding pocket (p.Asn232Ser) (Miller et al., 2000). 

Miller and colleagues (2000) observed that after five days of differentiation, the 

transfected mutant myotubes were “indistinguishable from those that expressed wild 

type -MyHC”. This study thus showed that the HCM-associated MYH7 mutations 

investigated had no identifiable effect on myofibrillogenesis when compared to those 

expressing wild type -MyHC (Miller et al., 2000), at least in skeletal muscle cells. 

However, a subsequent study identified alterations to the contractile kinetics of cultured 

H2k
b
-ts

6
 myotubes heterologously expressing mutant -MyHC (Miller et al., 2003).  

 

5.2.2 Function of the LMM 

Given that the myosin rod and LMM region are considered to be responsible for the 

assembly of the thick filament (Craig & Padron, 2004), mutations in the myosin tail 
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region (as opposed to the globular head) may have a greater effect on the protein‟s 

ability to arrange into ordered subcellular filaments. As described in Section 1.1.3 the 

LMM region of -MyHC interacts with a number of proteins of the M-band such as titin 

and the myomesins.  Therefore different mutations of the LMM may have different 

effects on these interactions, possibly explaining the phenotypic variability seen in 

MYH7 muscle disease. There are currently no published studies investigating the effects 

of MPD1 or MSM mutations in the tail domain of MYH7 in a mammalian cell culture 

system, let alone a skeletal muscle system.  

 

5.3 Aims 

(1) To investigate in vitro, using a skeletal muscle cell culture system, the functional 

effects of mutations in the LMM domain of -MyHC known to cause MPD1, MSM or 

HCM.  

(2) To determine whether the location of M-band proteins such as the myomesins is 

perturbed in the presence of mutant -MyHC proteins.  

(3) To study the location of -MyHC and binding partners in skeletal muscle tissue 

from MPD1 patients.  

 

5.4 Methods 

5.4.1 H2k
b
-ts

6
 mouse muscle cells 

Myogenic cells from a conditionally immortal mouse muscle cell line, H2K
b
-ts

6
 (Dr 

Jenny Morgan) were maintained as per the original described methods (Morgan et al., 

1994).  Briefly, myoblasts were kept proliferating in DMEM (Dulbecco‟s modified 

Eagle‟s medium; Gibco) supplemented with 20% foetal bovine serum (FBS; Gibco), 

10% horse serum (HS; Life Technologies), 0.5% chick embryo extract (CEE; Life 

Technologies), 20 U/ml of mouse -interferon (Boehringer Mannheim), 100 U/ml 

penicillin and 100 g/ml streptomycin (Gibco).  Cells were grown at 33C in an 

incubator with 10% CO2.  Culture vessels were coated with 2.5% Matrigel
TM

 (BD 

Biosciences)/DMEM for 30 minutes at 37C to enhance the adherence of cells to the 

plate surface. For differentiation conditions, cells at a confluence of 70 – 80% the media 
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was changed to 5% HS in DMEM and were kept at 37C and 5% CO2.  Differentiation 

media was changed every 2 days, with cells surviving up to 14 days post-differentiation. 

 

5.4.2 C2C12 mouse muscle cells 

C2C12 mouse muscle cells were cultured in 10% foetal bovine serum (Gibco) and 100 

U/ml penicillin/100 g/ml streptomycin (Gibco) in DMEM. Cells were maintained in a 

proliferative cell state in standard growth media at 37C with 5% CO2 in a humidified 

incubator. Cells were split when a confluence of approximately 70% was reached. All 

culture plates (Nunc) were incubated in 2.5% Matrigel
TM

/DMEM for 30 minutes at 

37C to enhance the adherence of cells to the plate surface. Following transfection, 

C2C12 cells were induced to differentiate in 5% horse serum in DMEM with 100U/ml 

penicillin/100g/ml streptomycin at 37C with 5% CO2 in a humidified incubator. 

 

5.4.3 Synthesis of normal human skeletal muscle cDNA 

Human skeletal muscle cDNA was synthesised from normal human skeletal muscle 

RNA (Ambion) by reverse transcription using the ImProm-II™ Reverse Transcription 

System (Promega). A combination of oligo(dT) and random hexamer primers were used 

to synthesise the first strand cDNA for subsequent PCR amplification. 

 

5.4.4 PCR amplification of full-length -cardiac myosin (MYH7)  

The entire coding region of MYH7 (5805 bp) was amplified from normal human muscle 

cDNA using primers outlined in Table 5.1. As both tagged (C-terminus) and untagged 

constructs were needed, different reverse primers either containing or omitting the 

MYH7 stop codon were used. Phusion™ High-fidelity DNA Polymerase (Finnzyme) 

was used to generate blunt ended MYH7 amplicons. All PCR mixes were prepared on 

ice and transferred directly to a PTC-200 Peltier thermocycler (MJ Research) at 98°C, 

to perform a hot-start reaction. PCR volumes of 50 µl consisted of cDNA (10 ng), 5x 

enzyme buffer (Finnzyme), MYH7 Forward HindIII and MYH7 Reverse KpnI primers 

(100 ng each), deoxynucleotides (400 µM each), 0.5 µl (1 unit) Phusion enzyme 

(Finnzyme) and then sterile H2O to 50 µl. Thermocycling conditions employed 

consisted of an initial denaturation for two minutes at 98°C followed by 30 cycles of 
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98°C for 10 seconds 65°C for 30 seconds and 72°C for 3 minutes. The primer sets used 

were designed to introduce restriction enzyme sites in order to later ligate the insert into 

the desired vector. 

 

5.4.5 PCR amplification of full-length myomesin 1 (MYOM1) and M-

protein constructs (MYOM2) 

The entire coding regions of MYOM1 (5055 bp) and MYOM2 (4395 bp) were amplified 

from normal human skeletal muscle cDNA using the Phusion enzyme (Finnzyme) 

following the same protocol as described above for MYH7 (Section 5.4.4). As with 

MYH7, primers were designed to incorporate 5‟ and 3‟ flanking restriction enzyme sites 

in order to further sub-clone the fragments into the desired vector. The primer 

sequences used for these amplifications are detailed in Table 5.1.  

 

Table 5.1. Primers incorporating 5‟ or 3‟ restriction enzyme sites were used for the 

amplification of MYH7, MYOM1 and MYOM2 from normal human skeletal muscle 

cDNA. 

Primer name Primer sequence 

MYH7 HindIII For.  5‟– AAGCTTATGGGAGATTCGGAGATG 

MYH7 KpnI NoStop Rev. 5‟ – GAAGGGCTTGAATGAGGAGACGGTACC 

MYH7 KpnI Stop Rev. 5‟ - GAAGGGCTTGAATGAGGAGTAGGGTACC 

MYOM1 SalI For. 5‟-GTCGACGATGTCTTTGCCTTTTTATCAGAGG 

MYOM1 SacII Rev. 5‟-GGTGGCAAGAAGGCCAAGCCGCGG 

MYOM2 SalI For 5‟-GTCGACGATGTCCCTTGTGACTGTCC 

MYOM2 BamHI Rev. 5‟-CCTCAGCGGCAGGCCAGGATCC 

 

5.4.6  TOPO sub-cloning 

Blunt-ended amplicons for MHY7, MYOM1 and MYOM2, as described above, were 

cloned into a Zero Blunt TOPO
®
 PCR cloning vector (Invitrogen) as per the 

manufacturer‟s instructions. Transformation cultures were plated onto LB agar plates 

containing 50 g/ml kanamycin and incubated overnight at 37C. Transformant 

colonies were picked the following day and used to inoculate 5mls of LB with 50 g/ml 

kanamycin and cultured overnight. Plasmid DNA was extracted using a HiYield™ 

plasmid mini kit (Real Biotech Corp). All plasmids were sequenced to confirm the 
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presence of an error-free insert at the correct position, using primers designed for each 

gene insert (outlined in Tables 5.2, 5.3 and 5.4 below). 

 

Table 5.2. Sequencing primers used to confirm the sequence of MYH7 amplified from 

cDNA 

Primer name Primer sequence (5’>3’) 

MYH7 For. A 2 SEQ cDNA GAGATTCGGAGATGGCAGTC 

MYH7 For. A SEQ cDNA TCCATCTCCGACAACGCCT 

MYH7 Rev. A SEQ  cDNA AGGCGTTGTCGGAGATGGA 

MYH7 For. B SEQ cDNA CAGCTCTGCATCAACTTCAC 

MYH7 For. D SEQ cDNA CTGATGACCAACTTGCGCTCCA 

MYH7 For. E SEQ cDNA GGAGCTGGAGGAGAAGATGGTGT 

MYH7 For. F2 SEQ cDNA GTGCAGATCGAGATGAACAAGAAGCG 

MYH7 For. F SEQ cDNA CAACAT GGAGCAGATC ATCAAGGC 

MYH7 Rev. F SEQ cDNA GCCTTGATGATCTGCTCCATGTTG 

MYH7 For. G SEQ cDNA GACTTGATGGTGGACGTAGAGCG 

MYH7 For. H SEQ cDNA GCCCAGAAGCAAGTCAAGAGCCT 

MYH7 Rev. H SEQ cDNA AGGCTCTTGACTTGCTTCTGGGC 

MYH7 For. I SEQ cDNA TGAAGGGCATGAGGAAGAGCGA 

 

Table 5.3. Sequencing primers used to confirm the sequence of MYOM1 amplified from 

cDNA 

Primer name Primer sequence (5’>3’) 

MYOM1 For. A SEQ cDNA GGATGTGAAGTGCTTGGAGG 

MYOM1 Rev. A SEQ cDNA CCAAGCAGTCCACAGCATC 

MYOM1 For. B SEQ cDNA CTACTGTTTCCGTGTCCGC 

MYOM1 For. C SEQ cDNA GACTCAATGGTTCTTGGATGG 

MYOM1 For. D SEQ cDNA CCAAAGTCCGAGTTCTCCTG 

MYOM1 For. E SEQ cDNA GGGAAGTGACTGGTGAATG 

MYOM1 For. F SEQ cDNA GAAACAAGCTGCCATTGCC 

 

Table 5.4. Sequencing primers used to confirm the sequence of MYOM2 amplified from 

cDNA 

Primer name Primer sequence (5’>3’) 

MYOM2 For. A SEQ cDNA TGGTGGTGAGAAGGTTCCG 

MYOM2 For. B SEQ cDNA CGTCATGGGCTATTTTGTGG 

MYOM2 For. C SEQ cDNA CCAGGATGTGACCGTTGTC 

MYOM2 For. D SEQ cDNA CTGGACAAGCGTGAAGTTC 

MYOM2 For. E SEQ cDNA GAGACCAGGCACCAAGGAAATC 

MYOM2 For. F SEQ cDNA CTCTGACAGCGAGATACAC 

MYOM2 For. G SEQ cDNA GGCAATGAGTAGAGTCTGTG 

MYOM2 For. H SEQ cDNA CCCGAAGTGATTTGGTTCAAG 
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5.4.6.1 Restriction digests and further sub-cloning 

The MYH7_STOP and MYH7_EGFP inserts were excised from the TOPO cloning 

vector using HindIII (NEB) and KpnI (NEB) restriction enzymes corresponding to the 

sites introduced upon amplification. Similarly, the MYOM2 insert was excised using 

SalI (NEB) and BamHI (NEB) restriction enzymes. These inserts were then ligated into 

similarly digested fluorescently labelled vectors using T4 DNA ligase (NEB). The 

MYH7_STOP and MYH7_EGFP inserts were cloned into the pEGFP-N1 vector 

(Clontech) while the MYOM2 insert was cloned into the pDsRed-C1 vector (Clontech) 

Approximately 100 ng of vector and 250-300 ng of insert were used in a reaction 

containing 2 l of 10x T4 DNA ligase buffer, 1 l of T4 DNA ligase, made to a total 

volume of 20 l with ddH2O. Tubes were incubated at 18C for 3-4 hours before 

transformation via electroporation. 

 

5.4.7 Site directed mutagenesis (SDM) 

To create a range of different MYH7 mutant constructs associated with MPD1, MSM 

and HCM/DCM, specifically designed primers (Table 5.5) were utilised with the 

MYH7_EGFP construct for SDM. SDM reactions and transformations were carried out 

as described in Section 4.4.1.5  

 

 

Table 5.5. Site-directed mutagenesis primers - designed to alter a single base or delete 

an entire codon.  

Mutation Disease 

Phenotype 

Forward SDM primer (5’- ) 

p.Arg1500Pro MPD1 GAGACCTTCAAGCCGGAGAAGAAAAACCTGCAG 

p.Arg1588Pro MPD1 GAAGGACGAGGAGATGGAACAGGCCAAGCCCAACCACC 

p.Lys1617del MPD1 CTGAGGGTGAAGAAGATGGAAGGAGACCTC 

p.Leu1706Pro MPD1 GCGGAGCAGGAGCCGATTGAGACTAGT 

p.Ala1777Thr HCM GCAGGACACCAGCACCCACCTGGAGCGCA 

p.Glu1856Lys DM + CM GGAGCTCACCTACCAGACGGAGAAGGACAGGAAAAACC 

p.His1901Leu MSM GCAAGGTGCAGCTCGAGCTGGATGAGG 
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5.4.8 Establishing clonal isolates of H2k
b
-ts

6
 cells expressing fast MyHC  

A suspension of trypsinised H2k
b
-ts

6
 cells were diluted to a low enough concentration 

that when aliquoted into a 24-well plate, each well contained on average only one cell.  

This cell was proliferated until cells had sufficiently increased in number to warrant 

trypsinisation and subsequent transfer to a flask. A proportion of cells from each clonal 

line were then differentiated into myotubes, before being immunostained (described 

below, Section 5.4.10) with a fast and slow MyHC-specific antibody to determine 

which isoform they expressed. Only those clones expressing solely fast MyHC were 

used for subsequent transfections with the MYH7 construct. 

 

5.4.9 Cell transfections 

H2k
b
-ts

6
 or C2C12 cells grown to approximately 70-80% confluency on 13mm 

diameter glass coverslips (ProSciTech) in 24 well plates (Nunc), were transfected as 

myoblasts using Lipofectamine™ 2000 (Invitrogen). Expression constructs (1 g) were 

diluted in 50 l of Opti-MEM
®
 (Invitrogen). However, if cells were to be co-transfected 

with two different constructs, the normal amount of each was halved. For each well, 2 

l of Lipofectamine™ 2000 was mixed with 50 l Opti-MEM and incubated at room 

temperature for 5-10 minutes. The DNA and the Lipofectamine solutions were then 

combined and mixed gently before incubating for a further 30 minutes at room 

temperature. During this incubation time the media on the cells was replaced with 400 

l of standard growth media without penicillin or streptomycin. The transfection 

mixture was then added drop-wise to the appropriate well. The following day cells were 

induced to differentiate.  

 

5.4.10 Immunostaining – cell culture 

Myoblasts or myotubes were fixed in 2% paraformaldehyde for 5 minutes at room 

temperature before blocking and permeabilising with 10% FCS/1%BSA/0.5% 

saponin/PBS (pH 7.4) for 1 hr at room temp. They were then stained with either a 

monoclonal anti-slow MyHC antibody (NCL-MHCs, IgG1, Novocastra) or a 

monoclonal anti-fast MyHC antibody (NCL-MHCf, IgM, Novocastra), or both.  The 

anti-slow MyHC antibody was labelled with a fluorescent tag using a Zenon® 

AlexaFluor
®
 IgG1 594 labelling kit (Invitrogen), before incubating 3:1 in 10% 
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FCS/1%BSA/PBS (pH 7.4) for 10 minutes at room temp and then adding to the sample. 

The anti-fast MyHC antibody was used in conjunction with an anti-mouse IgM 

AlexaFluor
®
 488 secondary antibody.  Primary antibodies were incubated overnight at 

4C and washed three times for 5 minutes with PBS before visualisation. For confocal 

microscopy, coverslips were mounted onto glass slides using Hydromount (National 

Diagnostics).  

 

5.4.11 Immunostaining – tissue sections 

The antibodies presented in Table 5.6, and their associated protocols, were received as a 

kind gift from Dr Irina Agarkova (Zurich, Switzerland) after a collaboration was 

initiated. A cryostat microtome was used to cut 8-10 m longitudinal or transverse 

sections from human frozen skeletal muscle biopsies (both control and patient).  

 

Table 5.6. Antibodies generated against Myomesin 1, Myomesin 3 and M-band 

portions of titin (received from Dr Irina Agarkova (Zurich, Switzerland)). 

Antibody Description Dilution for 

Immunostaining 

B4 Monoclonal mouse antibody (IgG1) directed against domain 12 of 

chicken myomesin-1 (Grove et al., 1984). 

1:10 

MP3-N Polyclonal rabbit antibody generated against synthetic peptide 

LLRQRRDWKALRQRT from the N-terminal domain of mouse 

myomesin-3 (Schoenauer et al., 2008). 

1:100 

M8 Polyclonal rabbit antibody generated against recombinant domain m8 

of human titin (Obermann et al., 1996). 

1:50 

T41 Monoclonal mouse antibody (IgG1) generated against insert is4 

between domains m5 and m6 of human titin (Obermann et al., 1996). 

1:2 

 

 

All skeletal muscle sections were fixed with 4% paraformaldehyde followed by 

quenching with 0.1 M glycine/PBS and finally permeabilisation using 0.2% 

TritonX100/PBS for 10 mins each at room temp, except for those to be stained with the 

MP3-N antibody. Sections to be stained with the MP3-N antibody were fixed with 0.3% 

SDS in PBS for one minute, followed by 4% paraformaldehyde/0.1% SDS in PBS for 

10 minutes, both at room temperature. All sections were then incubated for one hour in 

a PBS blocking buffer with 10%FCS/1%BSA/1%goat serum before antibody staining. 

For immunostaining with the monoclonal antibodies (B4 and T41) the Zenon
®

 

AlexaFluor
®
 IgG1 488 labelling kit was used, as per Section 5.4.10. For the M8 
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antibody (polyclonal anti-rabbit) a goat anti-rabbit secondary was used following 

overnight incubation with the primary antibody. Sections were washed three times with 

PBS before mounting on coverslips with Hydromount. Immunostaining with the anti 

slow-MyHC antibody was carried out both alone and in conjunction with the other M-

band proteins as described in Section 5.4.10. 

 

5.4.12 Microscopy 

Transfected C2C12 cells and immunostained sections were observed using an IX71 

fluorescent microscope (Olympus) coupled with a DP71 digital camera (Olympus). 

Images were acquired and merged using the DP controller/manager software system 

(Olympus). Confocal microscopy was carried out using an A1Si confocal microscope 

(Nikon) with NIS-C elements software (Nikon). 

 

5.4.13 Sarcomere periodicity calculations 

Using Image-J 1.42Q software (Version 10.2) the distance between five successive A-

bands in a myofibril was measured and used to calculate the average distance between 2 

successive A-bands. Ten measurements were taken in total from three separate 

myotubes in order to calculate the mean sarcomere length and standard error of the 

mean for myotubes expressing wild type or mutant -MyHC-EGFP. A one-way 

analysis of variance was conducted to compare sarcomere periodicity between mutant 

and wild type myotubes with a Newman–Keuls post hoc test using Prism Version 4 

(GraphPad).  The threshold for significance was set at P<0.05.  

 

 

5.5 Results 

5.5.1 H2k
b
-ts

6
 clonal isolates and transfection 

From the H2k
b
-ts

6
 cell line, various clonal isolates, which expressed fast MyHC but not 

-MyHC as myotubes, were established.  These were subsequently transfected as 

myoblasts with pEGFP-N1 containing full-length MYH7 including the endogenous stop 

codon (MYH7_STOP), such that it would express “untagged” -MyHC.  After fixing 

and immunostaining with the -MyHC-specific antibody, it was determined that only a 
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very small percentage of myoblasts were expressing recombinant -MyHC.  Despite 

using different fast MyHC H2k
b
-ts

6
 clones for transfection, and adjusting the 

transfection conditions, this efficiency could not be improved.  To investigate whether 

the poor transfection efficiency was a property of the cells, or the constructs, other 

expression constructs with fluorescent tags used routinely in the Laing laboratory were 

utilised. These also had poor transfection efficiency, indicating that the clonal isolates 

expressing fast MyHC were extremely difficult to transfect.  

 

5.5.2 C2C12 transfections with WT MYH7 constructs 

Due to the poor transfection efficiency of H2k
b
-ts

6
cells, it was decided to instead utilise 

C2C12 cells for the study. C2C12 cells express -MyHC from early myotubes (but not 

as myoblasts), and fast myosin only in very mature myotubes (Cooper et al., 2004), and 

as such it was not possible to label exclusively, using a -MyHC-specific antibody, 

recombinantly expressed -MyHC throughout myotube development. As a 

consequence, a tag was required in order to selectively visualise the recombinantly 

expressed -MyHC protein. Therefore, C2C12 cells were transfected with pEGFP-N1 

containing wild type full-length MYH7. Transfection efficiency, as determined by the 

number of cells fluorescing green under a fluorescent microscope, was still quite low 

with <1% of cells expressing the construct, however this was greater than what was 

achieved with H2k
b
-ts

6
 cells. A fluorescent green protein representing the fusion wild 

type -MyHC-EGFP was seen as small accumulations in the cytoplasm of the cell as 

well as diffusely distributed in the cytoplasm, but not in the cell nucleus.  

 

To determine whether the EGFP tag was interfering with the normal localisation of wild 

type -MyHC, a number of parameters were tested.  Firstly, the transfected cells were 

differentiated into myotubes to establish whether wild type -MyHC-EGFP formed 

striated structures.  At 5 days post-differentiation, green fluorescent striated structures 

could be seen throughout many of the transfected myotubes (Figure 5.1A). The 

striations appeared uniform and ordered. C2C12 cells were also transfected with 

pEGFP-N1 containing full-length MYH7 including the endogenous stop codon (MYH7-

_STOP), such that it would express “untagged” -MyHC. Figure 5.1B shows two 

transfected myoblasts fixed and stained with the anti slow MyHC antibody at 24 hours 
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post-transfection. Small foci of the expressed -MyHC could be seen in the cytoplasm 

of the cells as well as some diffuse staining, reminiscent of what was seen with the 

EGFP-tagged version. The small accumulations were still visible in cells fixed and 

stained at 3 days post-transfection.  Lastly, C2C12 myoblasts were co-transfected with 

both wild type MYH7_STOP and MYH7_EGFP. After immunostaining with the specific 

-MyHC antibody, it could be seen that the expressed „untagged‟ -MyHC co-localised 

with the EGFP-tagged -MyHC (Figure 5.1C-E).  These results indicated that the EGFP 

tag was not interfering with the normal localisation of WT -MyHC, so the various 

mutant proteins were accordingly also studied with an EGFP tag.  



MYH7_EGFP MYH7_STOP

Overlay 

A

C D

E

Figure 5.1. A. C2C12 myoblasts were transfected with MYH7_EGFP and

differentiated into myotubes to confirm the -MyHC-EGFP arranges into striated

myofibrillar structures. B. C2C12 myoblasts transfected with MYH7_STOP,

fixed at 15 hours post transfection and stained with an anti-slow MyHC antibody

(NovaCastra). The untagged -MyHC is expressed through-out the cytoplasm

with some accumulations. C-E. C2C12 myoblasts expressing both tagged and

untagged -MyHC. The overlaid image shows that tagged and untagged -

MyHC colocalise in the cytoplasm of cells.

MYH7_STOP

B

MYH7_EGFP
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5.5.3 C2C12 transfections with mutant MYH7_EGFP  

In addition to the diffuse staining, all mutant MHY7_EGFP constructs produced small 

cytoplasmic protein accumulations similar to the wild type -MyHC-EGFP, visible at 

24 hours post-transfection. By 5-days post-differentiation, striated myofibrillar 

structures could be seen within many of the transfected myotubes for all mutant -

MyHC-EGFP proteins by fluorescent and confocal microscopy. Figure 5.2 illustrates 

examples of one Z-plane slice by confocal microscopy for each mutant fusion protein. 

The p.His1901Leu mutant MYH7_EGFP did not transfect as successfully as the other 

clones and only weak fluorescence was detected in occasional apoptotic myoblasts, with 

no fluorescence observed in any myotubes.  

 

5.5.4 Mean sarcomere periodicity of MYH7_EGFP transfected cells 

C2C12 myotubes expressing wild type -MyHC-EGFP were found to have a mean 

sarcomere periodicity of 2.50.2m (Figure 5.3). The sarcomere periodicity of the 

p.Arg1500Pro, p.Arg1588Pro, p.Lys1617del and p.Leu1706Pro mutants were all 

significantly shorter than the wild type. Of the mutant transfected myotubes, those 

expressing the p.Leu1706Pro mutant -MyHC-EGFP showed the lowest sarcomere 

periodicity (2.10.2m) while those expressing the p.Ala1777Thr mutant showed the 

highest (2.4 0.3m). Mean sarcomere periodicity results are summarised in Figure 5.3. 

 

5.5.5 C2C12 transfections with myomesin 2 (MYOM2), encoding M-

protein-DsRed 

At 24 hours post-transfection, the DsRed-tagged M-protein (M-protein-DsRed) could be 

seen as small accumulations in the cytoplasm of the cell (Figure 5.4A). The 

accumulations appeared quite dense and unstructured. At three days post transfection 

when the C2C12 myoblasts were visibly beginning to fuse and differentiate into 

myotubes, accumulations could still be seen but were beginning to dissipate and spread 

along the myotubes. At five days post transfection differentiated C2C12s had formed 

large myotubes and syncytia. The M-protein-DsRed could be seen as striated 

myofibrillar structures in a number of these mature myotubes (Figure 5.4B).   



QuickTime™ and a
 decompressor

are needed to see this picture.

Wild type_EGFP p.Arg1500Pro_EGFP

p.Arg1588Pro_EGFP p.Lys1617del_EGFP

p.Leu1706Pro_EGFP p.Ala1777Thr_EGFP

p.Glu1856Lys_EGFP Figure 5.2. C2C12 myotubes

transfected with wild type or

mutant MYH7_EGFP, imaged

at 5 days post differentiation by

confocal microscopy. Both

mutant and wild type -MyHC

arrange into striated structures

and show some diffuse

cytoplasmic staining.

60x

60x40x

40x 40x

40x 40x



Wild type p.Arg1500Pro p.Arg1588Pro

p.Lys1617del p.Leu1706Pro p.Ala1777Thr

p.Glu1856Lys
Phenotype Mean (m)

Wild type 2.5 ± 0.2

p.Arg1500Pro MPD1 2.2 ± 0.1*

p.Arg1588Pro MPD1 2.2 ± 0.1*

p.Lys1617del MPD1 2.2 ± 0.1*

p.Leu1706Pro MPD1 2.1 ± 0.2*

p.Ala1777Thr HCM 2.4 ± 0.3

p.Glu1856Lys DIM/HCM 2.3 ± 0.1

Sarcomere Periodicity (n=10)

Figure 5.3 Sarcomere periodicity of

striated myotubes expressing wild type

or mutant -MyHC-EGFP. The mean

sarcomere periodicity was calculated by

measuring the distance across five A-

bands. ‘*’ indicates a significant

difference from the wild type (p<0.05)



MYOM2_DsRED

A

Figure 5.4. A. C2C12 myoblast transfected with MYOM2_DsRed showing

small accumulations of M-protein-DsRed at 24 hours post transfection. B.

C2C12 myotube transfected with MYOM2_DsRed at 5 days post

differentiation showing ordered localisation of M-protein-DsRed to

myofibrillar striations as well as diffuse cytoplasmic expression. C. C2C12

myoblast co-transfected with MYOM2_DsRed and MYH7_EGFP at 24 hours

post transfection showing cytoplasmic accumulations of both M-protein-

DsRed and -MyHC-EGFP. D. A similarly co-transfected C2C12 myotube at 5

days post transfection, showing co-localisation of M-protein-DsRed and -

MyHC-EGFP into striated myofibrillar structures.

MYOM2_DsRED

B

D

MYOM2_DsRED/MYH7_EGFP

C

MYOM2_DsRED/MYH7_EGFP
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5.5.6 Co-transfection of wild type MYH7_EGFP and MYOM2_DsRed.  

At 24 hours post co-transfection, wild type -MyHC-EGFP and M-protein-DsRed co-

localised in small cytoplasmic accumulations. M-protein-DsRed expression appeared to 

be restricted to these accumulations, whereas -MyHC-EGFP was also seen diffusely 

throughout the cytoplasm (Figure 5.4C). At five days post differentiation, C2C12 

myotubes had striations in which the green (-MyHC-EGFP) and red (M-protein-

DsRed) fluorescence co-localised (Figure 5.4D).  

 

5.5.7 Co-transfection of mutant MYH7_EGFP and wild type 

MYOM2_DsRED.  

All mutant -MyHC-EGFP fusion proteins localised in a similar fashion to the wild 

type -MyHC-EGFP in C2C12 myoblasts - diffuse cytoplasmic distribution with some 

small accumulations. The M-protein-DsRed co-localised with the accumulations of 

mutant -MyHC-EGFP (Figure 5.5).  Even at 5 days post transfection the localisation of 

each mutant -MyHC-EGFP was similar to that of wild type -MyHC-EGFP, co-

localising with M-protein-DsRed in striations (Figures 5.6-5.9).   

 

5.5.8 MYOM1 cloning 

Although PCR amplification of full length MYOM1 from normal human muscle cDNA 

produced a band of approximately the expected size, following sequence analysis it was 

found that it was MYOM1 with an internal deletion, which did not correlate with 

exon/intron boundaries (e.g. it did not appear to be a splice variant).  Despite altering a 

number of amplification conditions including the type of DNA polymerase and 

thermocycling protocol, every subsequent PCR product contained an internal deletion 

of up to ~200bp, bar one. Unfortunately the one complete amplicon, which was 

produced, did not successfully ligate into the pDsRED vector (Clontech).  
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Figure 5.5 C2C12 myoblasts transfected with wild type or mutant

MYH7_EGFPwith MYOM2_DsRed



MYOM1_DsRed

A

Figure 5.6. Differentiated C2C12 myotubes co-transfected with either (A.) wild type or (B.) p.Arg1500Pro MYH7_EGFP and

MYOM2_DsRED at five days post differentiation. Both the wild type and mutant -MyHC-EGFP co-localise with the M-protein-DsRed.

Scale bar = 25m

Wild type MYH7_EGFP

p.Arg1500Pro MYH7_EGFP

Merged

Merged

B

MYOM1_DsRed



p.Arg1588Pro MYH7_EGFP MYOM2_DsRed Merged

Mergedp.Lys1617del MYH7_EGFP

A

B

MYOM2_DsRed

Figure 5.7. Differentiated C2C12 myotubes co-transfected with either (A.) p.Arg1588Pro or (B.) p.Lys1617del MYH7_EGFP and

MYOM2_DsRED at 5 days post differentiation. Both the mutant -MyHC-EGFP proteins co-localise with the M-protein-DsRed.

Scale bar = 25m



Mergedp.Ala1777Thr MYH7_EGFP

Merged

Figure 5.8. Differentiated C2C12 myotubes co-transfected with either (A.) p.Leu1706Pro or (B.) p.Ala1777Thr MYH7_EGFP and

MYOM2_DsRED at 5 days post differentiation. Both the mutant -MyHC-EGFP proteins co-localise with the M-protein-DsRed.

Scale bar = 25m

p.Leu1706Pro MYH7_EGFP MYOM1_DsRed

MYOM1_DsRed



Merged

Figure 5.9. Differentiated C2C12 myotubes co-transfected with MYH7_p.Glu1856Lys and MYOM2_DsRed, at 5 days post differentiation.

The mutant -MyHC-EGFP co-localises with the M-protein-DsRed. Scale bar = 25m

MYOM1_DsRedp.Glu1856Lys MYH7_EGFP
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5.5.9 Immunostaining of human muscle sections with M-band antibodies 

Immunostaining of myomesin 1, myomesin 3 and titin using longitudinal mouse muscle 

sections displayed the characteristic striated staining pattern (see for example Figure 

5.10), as previously observed in mammalian muscle sections by Dr Irina Agarkova. 

Additionally, using these antibodies with human control skeletal muscle produced 

staining as expected.  Unfortunately despite considerable effort in obtaining a frozen 

skeletal muscle biopsy from a distal myopathy patient with an MYH7 mutation 

(p.Arg1500Pro), this sample could not be used for immunostaining with these optimised 

antibodies as the biopsy showed severe freezer damage. 



 

Figure 5.10. Control mouse tissue immuno-stained using an antibody against a site 

between domain m5 and m6 of human titin. 
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5.6 Discussion 

Utilising an approach previously employed by Miller et al. (2000) to investigate the in 

vitro effects of MYH7 mutations, H2k
b
-ts

6
 cells were the initial cell culture system 

employed for this study. Interestingly, the three MYH7 mutants these authors 

transfected into H2k
b
-ts

6
 cells were associated with HCM, and thus it might be expected 

that cardiomyocytes would have been a more appropriate system to use. However, as 

cardiomyocytes express -MyHC and Miller et al. (2000) were utilising a -MyHC-

specific antibody for detection, staining solely their recombinant mutant -MyHC 

would have been impossible. There are currently no published studies investigating the 

transfection of MYH7 mutations that cause a skeletal myopathy phenotype. 

 

Following the isolation of a clonal population of cells expressing solely fast MyHC akin 

to that established previously (Miller et al., 2000), transfection experiments with 

recombinant -MyHC constructs failed to yield a sufficient cell transfection rate. 

Transfection with other fluorescent constructs routinely used in the Laing laboratory 

confirmed the low transfection efficiency of the clonal population. Despite re-isolation 

of multiple clonal fast MyHC-expressing populations in the search for an isolate with 

better transfection efficiency, a combination of high maintenance costs (due to the cost 

of the -interferon) and low transfection rate made it inefficient to continue experiments 

in the H2k
b
-ts

6
 cell culture system.  

 

C2C12 myogenic cells express a mixture of fast MyHC and -MyHC and like H2k
b
-ts

6
 

cells, can be transfected as myoblasts and subsequently differentiated to form mature 

myotubes that will begin to develop some distinct properties of mature muscle including 

the formation of striated myofibrils and the ability to contract. C2C12 muscle cells are 

easily maintained and provide a relatively high-throughput system for transfection 

studies and the in vitro investigation of muscle diseases. In this laboratory, C2C12 

mouse skeletal muscle cells have been used to successfully investigate and characterise 

the in vitro effects of a number of sarcomeric protein defects associated with skeletal 

myopathies (Ilkovski et al., 2004; Wallefeld et al., 2006; Duff, 2008; Ilkovski et al., 

2008). 
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The C2C12 mouse skeletal muscle cell system was therefore a logical alternative to the 

H2k
b
-ts

6
 cell system for the current studies. However, as C2C12 myotubes express 

endogenous fast and -MyHC isoforms during myotube development, an anti--MyHC 

antibody could not be used to solely detect recombinantly expressed -MyHC over 

time, as was the original aim with MYH7 expression in fast MyHC-only expressing 

clonal H2k
b
-ts

6
 cells. Thus utilising a detectable tag to facilitate visualisation of the 

recombinant protein‟s location was necessary. A fluorescent tag was preferentially 

chosen as it enables constant visualisation without the need for fixation and 

immunodetection, and such a tag has been shown to work successfully with a number of 

other sarcomeric proteins (e.g. (Ilkovski et al., 2004; Ilkovski et al., 2008)). 

Furthermore, expressing recombinant mutant -MyHC in C2C12s, which express 

endogenous wild type -MyHC, more closely mimics the situation in muscle (expresses 

both wild type and mutant -MyHC) from patients with dominant mutations causing 

MPD1, MSM and HCM. 

 

5.6.1 Transfection of C2C12 cells with constructs expressing MYH7 

Wild type and mutant full-length MYH7_EGFP constructs were expressed in C2C12 

mouse skeletal muscle cells to investigate the effects of disease-causing MYH7 

mutations in an in vitro cell culture system. Importantly, transfected C2C12s were 

viable and able to fuse to form myotubes, indicating that transfection with recombinant 

-MyHC does not inhibit the cells‟ natural ability to survive and fuse to form 

multinucleated myotubular systems. However, as the production of a fluorescently 

tagged full length MYH7 expression construct has not been described in the literature, it 

was imperative to ascertain the effects of the fused EGFP tag on -MyHC localisation. 

Consequently the localisation of -MyHC-EGFP was determined in myoblasts and 

myotubes. The fusion protein was found to initially form small cytoplasmic 

accumulations in C2C12 myoblasts and it was thought that the protein was not able to 

fold or localise correctly and was thus accumulating abnormally in the cytoplasm, and 

hence the foci. However as cells differentiated, the accumulations began to dissociate. 

By five days post-differentiation, the -MyHC had localised to ordered striated 

structures within transfected myotubes, observations similar to those made by Becker et 

al. (1997) and Marian et al. (1995).   
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To investigate the foci of fusion protein in myoblasts, the construct expressing full 

length MYH7 without the fluorescent tag (MYH7_STOP) was examined in myoblasts as 

a comparison. It was validated by immunocytochemistry that -MyHC is not 

endogenously expressed in immature C2C12 myoblasts (Cooper et al., 2004), and as a 

result a specific -MyHC antibody could be utilised in this instance.  The recombinant 

untagged -MyHC also localised as cytoplasmic foci in C2C12 myoblasts, suggesting 

that the addition of the 28 kDa EGFP tag was not perturbing the normal localisation of 

-MyHC in either myoblasts or myotubes and was thus suitable for subsequent analysis 

of mutant -MyHCs. Moreover, using the EGFP tag provided a much more efficient 

way of visualising protein localisation without the need to fix and immuno-detect with 

an antibody. Furthermore it facilitates the possibility of future time-lapse experiments 

following the expression and localisation process of recombinant mutant and wild type 

-MyHC.  

 

5.6.1.1 Expression of mutant MYH7_EGFP in C2C12 muscle cells 

At one day post-transfection, mutant -MyHC-EGFP proteins showed diffuse 

expression with some similar small cytoplasmic accumulations as seen with wild type 

-MyHC-EGFP, suggesting no major difference between the localisation properties of 

wild type and mutant -MyHC-EGFP at this stage. A number of mutations investigated 

in the current study (e.g. the missense mutations to proline, or deletions of an amino 

acid) are thought to be incompatible with the formation of an -helix and thus should 

disrupt the proper assembly of the myosin rod (McLachlan & Karn, 1982).  However, at 

5 days post differentiation the wild type and all mutant -MyHC-EGFPs studied were 

able to arrange into myofibrillar structures. This indicates that the mutations do not have 

a gross effect on assembly in the same way that was observed by Sohn and colleagues 

(1997) when they analysed in COS cells a truncated form of MyHC-2d where the ACD 

(comprising the C-terminal 29 amino acids) was removed (McLachlan & Karn, 1982). 

In their studies, the wild type protein arranged into elongated rod-like structures, while 

the mutant appeared as speckled aggregates throughout the cytoplasm indicating a loss 

of its ability to self-assemble appropriately (Sohn et al., 1997).  
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As described above (Section 5.2.1.2), previous investigations into the functional effects 

of MYH7 mutations have yielded variable results. For example, Marian et al. (1995) 

observed myofibrillar disarray when expressing HCM-associated mutant myosins in 

adult feline cardiac myocytes. In contrast, Becker et al. (1997) found that the identical 

mutant was able to incorporate into organised subcellular structures much like the wild 

type when transfected into neonatal rat cardiomyocytes. Observations from the current 

studies indicate that those mutations in the LMM region of MYH7 studied do not disrupt 

the -MyHC molecule‟s capacity to arrange into ordered myofibrillar structures, 

producing striations similar to that of the wild type protein. Additionally, mutant -

MyHC-EGFP causing the MPD1 phenotype in patients could not be distinguished from 

a mutant causing HCM in terms of overall protein localisation. 

 

5.6.1.2 MPD1 mutants show reduced sarcomere periodicity 

Normal skeletal muscle sarcomeres show a periodicity of 2-3m (Craig & Padron, 

2004). The transfected C2C12 myotubes expressing wild type -MyHC-EGFP show a 

sarcomere periodicity of 2.50.2m, suggesting that the tagged protein is able to 

appropriately arrange into the normal structure of the sarcomere. Whilst all mutant -

MyHC-EGFP proteins studied showed striated structures and no obvious differences to 

the wild type -MyHC-EGFP, all of the MDP1-associated β-MyHC-EGFP mutant 

proteins were observed to cause a significant shortening of the sarcomere compared to 

wild type sarcomeres. The p.Glu1856Lys mutant, which causes a mixed distal and 

cardiac phenotype displays a trend towards a shorter sarcomere length.  Interestingly, 

the sarcomere lengths in myotubes expressing the HCM mutation (p.Ala1777Thr) was 

similar to those recorded for the wild type, suggesting that alterations in sarcomere 

length could potentially underlie the genotype-phenotype correlation of -MyHC 

mutants.  

 

The direct effects of this shortening are not obvious and would probably require 

physiological investigation of the effects on myotube contractile properties. Shorter 

sarcomeres are likely to affect sarcomeric function if they disrupt the myofibrillar 

protein network or contractile properties of the sarcomere. It is difficult to determine 

whether the MPD1 mutations cause a reduction in sarcomere length during 
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myofibrillogenesis or whether they alter the contractile properties of the sarcomere 

following assembly, causing the sarcomere to be at a shorter „semi-contracted‟ resting 

length. While muscle from nebulin-deficient mice have been found to contain shortened 

thin filaments (Bang et al., 2006), previous observations of shortened sarcomeric length 

due to defective sarcomeric proteins do not appear in the literature.  

 

5.6.1.3 MYH7 mutations and M-band protein interactions 

Of the four possible -MyHC LMM binding partners that could have been studied, both 

M-protein and myomesin 1 were chosen to pursue in this chapter, mainly since 

myomesin 3 was only recently described (Schoenauer et al., 2008) and investigations 

with titin will be explored in a collaborative future study with Prof. Bjarne Udd‟s group. 

The co-expression of -MyHC-EGFP mutants with M-protein-DsRed (MYOM2) 

allowed the investigation of the possible effects of MYH7 mutations on the interactions 

between the -MyHC LMM and one of its M-band binding partners.  Ideally co-

expression with a fluorescent red-tagged MYOM1 would also have been performed, but 

unfortunately successful cloning of full-length MYOM1 cDNA was not obtained, 

despite numerous attempts. However, co-localisation of mutant -MyHC-EGFP and M-

protein-DsRed suggests that MYH7 mutations have no gross effect on the localisation of 

an M-band binding partner, unlike findings by Charniot et al. (2003) which found 

mutations in LMNA disrupted the cellular localisation of the encoded lamin A as well as 

its binding partner emerin.  

 

The current experiments however do not investigate the effects the mutation may have 

on the quantitative interaction kinetics between -MyHC and interacting M-band 

proteins. Such an investigation would require in vitro interaction studies employing 

techniques such as the Biacore
®
 SPR technology, using purified recombinant protein 

preparations. These experiments would be able to determine the direct effects of MYH7 

mutations on the -MyHC protein‟s binding affinity for selected M-band proteins and 

could provide a quantitative insight into the effects of these mutations at the molecular 

level.  Such experiments are detailed in Chapter 6. 
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5.6.2 Using C2C12 muscle cells as a disease model for MPD1 

C2C12 cells transfected with a mutant gene of interest fused to EGFP have been shown 

to be good tissue culture models of skeletal muscle disease pathology (Ilkovski et al., 

2004). Ilkovski et al. (2004) generated wild type and mutant EGFP-tagged ACTA1 

constructs and whilst the wild type fusion protein incorporated into stress fibres in 

mature C2C12 myotubes, mutations that were found to cause intranuclear rods in 

patients produced intranuclear rod-like bodies and mutations found in patients with NM 

produced cytoplasmic rod-like bodies. The histopathological features of MPD1 are 

variable but can include occasional necrotic, regenerating or rimmed vacuole muscle 

fibres, though these can depend on a number of factors including the state of disease 

progression and the muscle biopsied (Lamont et al., 2006). While it is difficult to 

conceive how these features would manifest in an in vitro cell culture system, it is 

unlikely that features of necrotic or regenerating fibres will be present and indeed 

reproducibly measured in C2C12 myoblasts or myotubes.  

 

Generally the only consistent feature of MPD1 is type I fibre atrophy (Meredith et al., 

2004; Lamont et al., 2006), which again may be difficult to detect in the C2C12 system 

as the myotubes are very heterogenous in size and show inherent variation in thickness. 

Compared to other diseases caused by mutations in sarcomeric proteins, particularly 

thin filament proteins such as actin and tropomyosin (e.g. NM, cap disease), the 

pathological features of MPD1 are relatively mild and non-specific (Lamont et al., 

2006). MPD1 usually does not show striking histopathological features such as 

nemaline rods, caps, cores or even the hyaline bodies seen with MSM, making it much 

more difficult to model in tissue culture. While MPD1-associated -MyHC-EGFP 

mutants all appear to arrange into striations in C2C12 myotubes they show reduced 

sarcomere length, a feature that has not previously been noted from patient biopsies in 

published reports of MPD1. Ideally, this interesting feature will be supported in another 

model system such as zebrafish expressing MYH7 mutations and in future investigations 

of patient biopsies. 

 

5.6.3 C2C12 muscle cells as a disease model for MSM 

The characteristic histopathological feature of MSM is the sub-sarcolemmal 

accumulation of -MyHC-containing hyaline bodies (Tajsharghi et al., 2003). It would 
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therefore be anticipated that the transfection of p.His1901Leu -MyHC_EGFP into 

C2C12 muscle cells could result in a similar effect in vitro. Unfortunately it was not 

possible to determine the effects of the p.His1901Leu mutation on localisation of the 

mutant -MyHC in this study as recombinant expression was not observed in C2C12 

cells. Some faint fluorescence was observed in occasional apoptotic-looking myoblasts, 

which suggested that expression of the mutant protein is not compatible with cell 

viability. The entire MYH7 coding region was sequenced to confirm it was in-frame 

with the EGFP coding sequence and did not contain any additional mutations.  Even 

though the clone appeared correct, this construct was remade and re-sequenced, but the 

expression of the new clone was no better than the first. Although myocyte/myofibre 

necrosis is not a prominent feature of MSM, it is possible that the mechanism causing 

the characteristic hyaline bodies has a serious effect on C2C12 function that is 

incompatible with cell viability. 

 

5.6.4 Expression of an HCM -MyHC mutant in C2C12 cells  

Two of the mutations studied in the current investigation are associated with HCM, 

namely p.Ala1777Thr and to a certain extent p.Glu1856Lys (Udd, 2009). When 

transfected into C2C12 muscle cells, there was no discernable difference between the 

mutant proteins and the wild type. In the case of p.Ala1777Thr this is probably to be 

expected, as patients with these mutations do not have a skeletal muscle phenotype. 

Hence, for the purpose of this investigation in C2C12 cells the p.Ala1777Thr mutant 

functioned essentially as a negative control. The sarcomere length in myotubes 

expressing the p.Ala1777Thr mutant was similar to that of myotubes expressing the 

wild type protein. The p.Glu1856Lys mutant showed a trend towards reduced 

sarcomere length compared to wild type. This may reflect its mixed skeletal and cardiac 

muscle involvement and supports the hypothesis that reduced sarcomere length could 

contribute to the pathogenesis of MPD1 mutations but not HCM mutations. If one was 

to specifically investigate the effects of the p.Ala1777Thr mutation in vitro, transfection 

studies with a cardiac myocyte system such as that used by Marian et al. (1995) might 

be a more biologically relevant model.  
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5.6.5 Localisation of -MyHC and interacting proteins on patient muscle 

biopsy sections 

Immunostaining of patient muscle biopsy sections for the localisation of myosin and its 

LMM-interacting binding partners may provide an insight into the effects of disease-

causing MYH7 mutations. The antibodies kindly received from Dr Irina Agarkova 

(Zurich, Switzerland) had previously been optimised on rabbit and mouse tissue but it 

was unknown if they could be successfully used on human tissue. The myomesin 1, 

myomesin 3 and two titin antibodies all showed specific striated staining patterns on 

healthy human longitudinal skeletal muscle sections, indicating that the antibodies also 

detected these proteins in human skeletal muscle tissue. The only patient skeletal 

muscle sample available for this study was from an MPD1 patient and though it was 

taken 7 years ago, upon sectioning and histological analysis by hematoxylin and eosin 

staining the tissue was unfortunately deemed too damaged for further analysis. 

Additional biopsies from patients with MPD1 or MSM are difficult to obtain as most 

are located overseas and are usually only available in very small amounts. While this 

study could not be fully completed as a part of this Thesis, MPD1 and MSM patient 

biopsies will be collected in the future for immunostaining analysis of -MyHC and 

LMM-interacting proteins (including titin).  In addition, as a result of the findings in 

this Chapter, detailed analysis of the sarcomeric periodicity in any patient samples 

acquired would be interesting to undertake. 

 

5.7 Conclusion 

When various full-length mutant MYH7_EGFP constructs were transfected into C2C12 

skeletal muscle cells, all the resulting fusion proteins were able to arrange into striated 

myofibrils in myotubes in a similar fashion to the wild type protein (with the exception 

of the p.His1901Leu mutant). These findings were unexpected for the MPD1 mutations 

as it was hypothesised that mutations that involved an amino acid substitution to a 

proline, or an amino acid deletion/insertion, would interfere with the ability of the 

mutant protein to form an -helix, and subsequently a correctly-structured -MyHC rod 

(McLachlan & Karn, 1982).  However, as the EGFP-tagged mutant proteins could be 

detected in striations, it indicated that no gross abnormalities in -MyHC rod formation 
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existed. Hence, these data indicate that the pathobiology of disease is probably not due 

to the inability of -MyHC mutants to form rods.   

 

However, myofibrils containing the MPD1-associated -MyHC-EGFP mutants have 

sarcomeres of reduced length compared to those expressing the wild type protein. This 

observation has not been highlighted in human patients to date, and the direct effects of 

this myofibrillar alteration are unknown. Further physiological investigation such as 

contractile studies may be required to fully elucidate the consequences of these 

observations. All the mutant -MyHC-EGFP proteins studied appeared to co-localise 

with the labelled recombinant M-band constituent M-protein-DsRed. While this 

suggests that the mutations have no gross effect on the localisation of the -MyHC 

binding partner, in vitro protein interaction studies may be required to detect any 

definite effects (e.g. kinetic) mutant -MyHC may have on interactions with M-protein. 
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6.1. Summary 

In order to perform biomolecular interaction studies with the LMM region of -MyHC, 

recombinant N-terminal fragments of myomesin 1 and M-protein were produced in a 

bacterial expression system. High levels of expression were achieved, however all the 

recombinant protein was insoluble and thus could not be used for further experiments. 

An exhaustive number of conditions were altered in an attempt to produce soluble 

recombinant protein using bacteria, including media constituents, temperature, the 

expression construct and bacterial strain. Despite these changes, achieving soluble 

protein was unsuccessful and thus protein production was then attempted in both a 

mammalian and an insect cell system. While the mammalian  (HEK293) system failed 

to show any detectable protein production, the insect cell system showed a small 

amount of recombinant protein production by western blot. It is possible that the low 

levels of recombinant protein produced in insect cells may be scaled up to improve the 

yields. 

  

6.2. Introduction 

As described in Section 1.1.3, the LMM region of -MyHC interacts with a number of 

M-band proteins including the myomesin family and titin. Proteins of the M-band are 

thought to play an important structural function in the sarcomere as well as aiding with 

the assembly and positioning of the thick filament during myofibrillogenesis 

(Obermann et al., 1997; Craig & Padron, 2004). The previous chapter investigated the 

effects of disease-causing MYH7 mutations in a C2C12 skeletal muscle cell culture 

system. Co-transfection of -MyHC (-MyHC-EGFP) with one of its binding partners, 

M-protein (Mpro-DsRed) revealed that the proteins co-localised regardless of whether 

the -MyHC was mutant or wild type. However, whilst expression in cell culture can 

investigate localisation of proteins and be suggestive of binding (or indeed lack of 

binding), it is not an effective method to explore the kinetics and binding affinity of 

protein-protein interactions. This chapter describes attempts to perform biomolecular 

interaction studies between mutant -MyHC and two of the binding partners of wild 

type -MyHC – myomesin 1 and M-protein (myomesin 2). 
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6.2.1. Myomesins: LMM binding proteins  

Myomesin 1, M-protein and myomesin 3 all share very similar domain organization and 

together the three isoforms make up the myomesin filament family (Schoenauer et al., 

2008). All of the myomesins localise to the sarcomeric M-band where they play a role 

in cross-linking neighbouring myosin filaments to stabilize the thick filament lattice of 

the sarcomere (Obermann et al., 1996; Schoenauer et al., 2008).  

 

6.2.1.1. Myomesin 1 – purification and LMM interaction 

Obermann and colleagues (1995) purified myomesin 1 from bovine skeletal muscle. CD 

spectra indicated the protein comprised a high percentage of -structure and 

visualisation by EM showed a short, flexible rod protein about 50nm in length 

(Obermann et al., 1995). Using solid-phase overlay assays the authors observed specific 

binding of myomesin 1 to the myosin rod and LMM regions but not to a fragment 

comprising only the C-terminal 30kDa of LMM, indicating that myomesin 1 binding is 

confined to a region between myosin residues 1284 to 1674 (Obermann et al., 1995). 

Obermann and colleagues (1997) also expressed fragments of recombinant myomesin 1 

in E. coli (Figure 6.1). Overlay assays with LMM fragments narrowed the binding 

region of myomesin 1’s unique N-terminal domain (My1) to between residues 1506 and 

1674 of the LMM (Obermann et al., 1997).  

 

6.2.2. M-protein - Recombinant expression and LMM interaction 

To map a myosin-binding site on M-protein, Obermann et al. (1998) produced a 

number of different sized M-protein fragments in an E. coli expression system (Figure 

6.1). Using overlay myosin binding assays the authors were able to identify two M-

protein Ig-domains (Mp2-Mp3) as having binding capacity for the central region of the 

LMM.  
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Figure 6.1. Obermann et al. (1997, 1998) produced a number of different sized 

fragments of (A) Myomesin 1 and (B) M-protein to map the interaction sites between 

the myosin LMM and particular regions of myomesin or M-protein.  Figure modified 

from Obermann et al. (1997, 1998) 

 

A. 

B. 
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6.2.3. Myomesins and MYH7 muscle disease 

It has been shown that the N-terminal domains of myomesin 1 and M-protein interact 

with a region of the myosin LMM, more specifically between residues 1284 to 1674 

(Obermann et al., 1995). A number of MYH7 mutations causing MPD1 lie in this region 

or close by (p.Arg1500Pro, p.Glu1508del, p.Arg1588Pro, p.Lys1617del, p.Leu1706Pro) 

and may thus affect the binding affinities between LMM and myomesin, making the 

myosin-myomesin interaction perhaps the most likely myosin interaction to be affected 

by the MPD1 mutations. A difference in the myosin-myomesin interaction could play a 

role in disease pathogenesis and progression. A disruption to the M-band lattice holding 

the myosin thick filaments in place could compromise structural properties of the 

sarcomere and in turn lead to a deterioration of muscle strength and stability. In order to 

investigate these possibilities, this Chapter aimed to conduct biomolecular binding 

assays with recombinantly produced mutant LMM-485 (Chapter 4) and myomesin 1 

and M-protein. 

 

Myomesin 3 was identified during the time of this PhD study and plays a similar role as 

the other myomesins – forming a part of the complex protein lattice of the M-band 

(Schoenauer et al., 2008). For the present study it was decided to initially focus on 

myomesin 1 and M-protein with the intention of ultimately applying successful methods 

to myomesin 3. As a result it was not included in the current investigation. 

 

6.2.4. Recombinant protein production systems 

There are a variety of systems available to produce recombinant proteins, including 

yeast and cell-free systems, however perhaps the three most commonly utilised options 

are – bacterial, insect and mammalian systems. Table 6.1 briefly compares a number of 

features of these three systems including the costs involved, advantages and 

disadvantages.  
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Factor Bacterial system Insect system Mammalian 

system 

Ease of Set up Yes Yes, though cells 

need to be 

maintained. 

Extensive tissue 

culture involved 

Costs 

involved 

Very low, media and 

antibiotics are 

relatively cheap 

Low, media can be 

expensive with large 

scale production 

Media and 

transfection 

reagents can be 

expensive 

 

Capacity to 

manipulate 

protein 

production 

conditions 

Yes 

 Different strains 

 Different vectors 

 Alter temperature 

 Alter media 

components 

 

Limited 

 Can alter cell type. 

Limited 

 Can alter vector 

 Can alter cell 

type 

Advantages  High level 

expression 

 Minimal technical 

expertise required 

 Economical 

 Large range of 

expression strains 

 Large range of 

expression vectors 

 Easy to manipulate 

conditions 

 

 High level 

expression 

 Eukaryotic 

translational 

processing 

capabilities 

 

 Mammalian 

protein 

processing 

machinery 

 No need for 

codon 

optimisation 

 

Disadvantages  Not ideal for 

eukaryotic protein 

production  

 Difficult to produce 

very large proteins 

 Lack the 

translational 

machinery of 

eukaryotic cells 

 Eg. Codon 

optimisation 

 Translational 

processes not 

necessarily the 

same as 

mammalian cells 

 Relatively low 

yield  

 Can be expensive 

 

Table 6.1. A comparison of costs, advantages and disadvantages associated with 

bacterial, insect and mammalian protein production systems. 
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6.2.5. Bacterial expression 

Bacterial expression systems (particularly E. coli) are widely used for the production of 

recombinant proteins at both the laboratory and commercial or industrial level (Baneyx, 

1999; Terpe, 2006). The principal advantages of bacterial expression systems are that 

they are economical and require relatively minimal technical expertise to set up at the 

laboratory level (Zerbs et al., 2009). There are a large variety of protein production 

constructs and bacterial host strains to cater for a number of different expression 

requirements (Baneyx, 1999). Despite these clear advantages there are also a number of 

limitations to the expression of recombinant proteins in a bacterial expression system, 

particularly in regards to the expression of eukaryotic proteins (Dyson et al., 2004). 

This is not unexpected as the intracellular compartments and protein production 

machinery are likely to differ substantially between eukaryotic and prokaryotic cells 

(Zerbs et al., 2009). For example the chaperone proteins, maturation proteins or 

posttranslational modifiers of the eukaryotic cell may be different or absent in the 

prokaryotic cell being used for protein production (Zerbs et al., 2009). This has proven 

to be critical in the expression of sarcomeric proteins, as biologically active 

recombinant human tropomyosin including the required N-terminal acetylation was not 

achieved in a bacterial system (Akkari et al., 2002). However expression in an insect 

cell system resulted in the correct post-translational modification of the recombinant 

protein (Akkari et al., 2002). 

 

6.2.5.1. Experimental outline of bacterial protein production   

Although there are now many different bacterial expression systems available, E. coli 

remains the most commonly used for the production of recombinant proteins (Zerbs et 

al., 2009). Different strains of E. coli are sometimes used for the expression of different 

proteins. BL21(DE3) cells are a widely used expression strain of which there are also a 

number of varieties that can be employed in the case where the recombinant protein of 

interest may be insoluble, show no activity, or produce an insoluble product (Novy et 

al., 2001; Zerbs et al., 2009). For example in cases where protein toxicity may be an 

issue a BL21.pLysS host strain, which suppresses expression before induction, can 

overcome this issue (Dabrowski & Kur, 1998). In the case of the production of an 

insoluble recombinant protein, the BL21 Rosetta (DE3) strain can be used in an effort to 

raise the amount of soluble protein.  
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A number of native E. coli proteins including NusA and GrpE, known to have positive 

cytoplasmic solubility properties, have been studied as fusion proteins to assess their 

ability to confer solubility on an insoluble protein of interest (Davis et al., 1999). NusA 

fusion protein vectors are available commercially for the recombinant expression of 

proteins with known solubility issues (Novagen, 2010). A variety of fusion tags such as 

poly-histidine or GST (glutathione-S-transferase) can be expressed on a protein of 

interest in order to facilitate purification and/or detection of a produced protein (Zerbs et 

al., 2009).  

 

Generally, protein production with a bacterial expression system involves growing a 

culture of cells transformed with the construct expressing the protein of interest to an 

OD600 of 0.6-0.8 before induction of expression and protein production. To allow this 

induction bacterial strains such as BL21(DE3) contain a copy of the T7 RNA 

polymerase which, when transformed with the construct of interest containing the T7 

promoter can be induced by the addition of IPTG to the culture (Zerbs et al., 2009). The 

cells can be harvested after 4-6 hours of growth by centrifugation and then lysed and 

examined by SDS-PAGE electrophoresis and/or western blot detection to determine 

levels of protein production. The basic steps involved with recombinant protein 

expression in a bacterial system are outlined in Figure 6.2. 
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Plate out transformation on 
selective media to select for 
positive clones containing the 
gene of insert. Sequence a picked 
transformant to confirm. 

Inoculate LB with selective 
antibiotics to make an 
overnight culture. 

Use the overnight culture to 
inoculate a larger volume of LB 
for protein production. Induce 
protein production with 0.1mM 
IPTG. Harvest cells by 
centrifugation. 

Gene of interest 

Bacterial 
expression 
construct 

E.g. pETM-11 
(EMBL) 

Amplify coding sequence of 
interest from cDNA and clone into 
a suitable cloning vector. E.g. 
TOPO-Blunt (Invitrogen) 

Insert the gene of interest 
into a suitable bacterial 
expression vector. 

Figure 6.2. A flow chart of the general steps involved in expressing a 

protein recombinantly in a bacterial expression system. 
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6.2.5.2. Insect cell expression 

Baculovirus-mediated production of recombinant proteins in insect cells has the 

capacity for high level protein production and the ability to provide a number of 

eukaryotic translational processing capabilities (Jarvis, 2003). These processing 

capabilities include the appropriate folding, modifying, trafficking and assembling of 

recombinantly produced proteins (Kost et al., 2005). The mechanisms are however, not 

necessarily identical to those of higher eukaryotes and may not carry out these 

translational modifications in the same way, which may affect the final protein product 

(Jarvis, 2009).  

 

The fall army worm or Spodoptera frugiperda (Sf9, Sf21) is the most common insect 

cell used for baculovirus-mediated protein production though the cabbage looper or 

Trichoplusia ni is also used (Kost et al., 2005; Brondyk, 2009). Technical developments 

over the past two decades have vastly improved the baculovirus-mediated insect cell 

expression system particularly in terms of removing the need for isolating recombinant 

baculovirus (Jarvis, 2009). Essentially, the baculovirus expression vector is a 

recombinant baculovirus containing the coding sequence for the target protein of 

interest (Jarvis, 2009). In the past, the isolation of this recombinant baculovirus 

following transformation by a series of viral plaque assays proved a very time-

consuming method (Murphy & Piwnica-Worms, 2001). This process can now be 

circumvented by the use of technology such as the Gateway
®
/BaculoDirect™ system 

(Invitrogen) which involves an in vitro recombination step between the Gateway
®

 

transfer plasmid and linearised parental viral DNA and antibiotic selection for cells 

transfected with recombinant baculovirus (Jarvis, 2009). Recombinant baculovirus is 

then used to infect a fresh culture of insect cells to amplify the amount of virus before 

harvest and re-infection for protein production (Brondyk, 2009). The steps involved for 

the recombinant protein production using the Baculodirect™ Baculovirus expression 

system (Invitrogen™) in Sf9 insect cells is outlined in Figure 6.3.  
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Use P2 virus to infect insect cells and 
amplify virus production. Collect P2 
Virus. Screen for recombinant protein 
production by SDS-PAGE and/or 
Western blot 

Recombinant Baculovirus 

DNA 

 

+ 

Gene of interest 

P1 Viral Stock 

 

P2 Viral Stock 

 

Directly transfect insect cells (E.g. sf9 
cells) with recombinant viral DNA. 
Select for successful recombinants with 
ganciclovir (Invitrogen). Collect P1 Viral 
stock 

P3 Viral 
Stock 

 

Protein 
production 

Use P2 virus to infect insect cells and 
amplify virus production. Collect P3 
virus and screen for recombinant 
protein production by SDS-Page 
and/or Western blot 

Use P3 viral stock to infect insect 
cells for recombinant protein 
production. 

Linearised Baculovirus DNA 
Eg. BaculoDirect 
(Invitrogen) 

Entry Clone 
Eg. pENTR 
(Invitrogen) 

Perform LR recombination between 
Entry clone and linearised viral DNA 
to create recombinant viral DNA for 
transfection. 

attL1 attL2 
attR1 attR2 

attB1 attB2 

Figure 6.3. A flow chart of the steps involved for expressing a recombinant 

protein in an insect cell system using the Baculodirect™expression system 

(Invitrogen). The figure is adapted from the BaculoDirect™ Baculovirus 

Expression Systems - User Manual (Invitrogen)   
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6.2.5.3. Mammalian cell expression 

Though they have typically been regarded as the least effective method for the 

production of recombinant proteins, the protein expression capabilities of mammalian 

cell systems have improved to the point where they have become a promising means for 

protein generation (Brondyk, 2009). Large-scale transient transfection approaches are 

used successfully in commercial protein production, such as the development of 

therapeutic antibodies or other biopharmaceuticals (Geisse & Henke, 2005). Commonly 

used cell lines include HEK293 (derived from human embryonic kidney cells) and CHO 

(derived from Chinese hamster ovary cells). Using a mammalian host cell to express a 

recombinant protein of interest has the clear advantage that it is able to endogenously 

process and modify the recombinant protein correctly without the need for codon 

optimisation or protein refolding (Geisse et al., 2005).  

 

Transient transfection of mammalian cells for protein production can be performed 

either in suspension culture or in adherent cells, though large-scale approaches will 

usually use suspension cultures (Geisse & Fux, 2009). For the transient transfection of 

smaller scale cultures, the use of lipofection agents such as Lipofectamine™ 2000 

(Invitrogen) is suitable and provides very efficient transfection for cells such as HEK 

and CHO (Geisse & Fux, 2009). The use of these reagents for cultures over 200mls 

however becomes economically unfeasible and as a result other methods such as 

calcium phosphate mediated transfection are commonly used (Geisse & Fux, 2009). 

Vectors such as pDEST™26 (Invitrogen™) contain the human cytomegalovirus (CMV) 

promoter, which allows high level expression of the recombinant protein. These vectors 

can also express the recombinant protein as a His- or GST- fusion protein, facilitating 

efficient detection and purification. Figure 6.4 summarises the steps involved in 

producing recombinant proteins in a mammalian cell expression system using the 

Gateway
®

 Technology (Invitrogen™).  
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Figure 6.4. A flow chart of the steps involved for expressing a protein 

recombinantly in a mammalian expression system using Gateway
®

 Technology 

(Invitrogen).  

Scale up the expression 
and protein production or 
generate a stable cell line 
producing the target 
protein. 

Mammalian Expression 
Construct 

Transfect cells in a 6-well 
plate to test expression and 
protein production. Harvest 
cells and analyse by SDS-
PAGE and Western blot 

Insert the gene fragment 
of interest into a suitable 
protein expression vector. 
E.g.. pDEST26 
(Invitrogen) 

pDEST26 

pENTR 
TOPO-D 

Amplify coding sequence 
of interest from cDNA 
and clone into a suitable 
cloning vector. E.g. 
TOPO-D (Invitrogen) 

Gene of interest 
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6.2.6. Protein interaction studies 

Quantitative protein-protein interaction studies are used to determine the binding 

affinity between two proteins. Understanding the features of protein-protein binding can 

be particularly valuable in the investigation of modelling of bio-molecular processes 

such as intracellular signalling or the structural arrangement of proteins within a cell. A 

number of different techniques are available for the in vitro investigation of biological 

or chemical interactions, with the Biacore
®
 biosensor technology an example of this 

technology. 

 

6.2.6.1. Biacore biosensor technology 

Surface plasmon resonance (SPR) detected by optical biosensor technology allows for 

the real-time analysis of biomolecular binding events (Fagerstam et al., 1992; Markey, 

1999). SPR biosensors involve the immobilization of one reactant (the ligand) on a 

surface and monitoring its interaction with a second component (the analyte) in solution 

(Rich & Myszka, 2001). 

 

6.2.6.1.1. Investigation of sarcomeric protein interactions using 

Biacore systems 

Using a Biacore system, Nicholas and colleagues (2002) investigated the relationship 

between the sarcomeric protein telethonin (CapT) and the muscle growth factor 

myostatin, identifying CapT as a regulator of the secretion of myostatin. Hornemann et 

al. (2003) employed similar techniques to characterize interactions between muscle-

type creatine kinase and the M-band proteins myomesin and M-protein, proposing a 

simple model for the regulation of their dynamic interaction. 

 

Interaction properties of -MyHC have previously also been investigated using a 

Biacore system (Flavigny et al., 2003). Flavigny et al. (2003) analysed the effects of 

familial hypertrophic cardiomyopathy (FHC) mutations in cardiac myosin-binding 

protein C (cMyBP-C) on its interactions with -MyHC (Flavigny et al., 2003). The 

mutations of interest all produced truncated proteins of varying lengths and data 

obtained indicated that the interaction between the proteins was dependent on the size 

of the cMyBP-C truncation (Flavigny et al., 2003). The study is a relevant example of 
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Biacore biosensor technology enabling the in vitro analysis of the effects of mutations 

on the interaction of sarcomeric proteins, more specifically including -MyHC. 

 

This chapter describes the methods and troubleshooting used in the attempted 

expression of soluble and functional fragments of myomesin 1 and M-protein. These 

polypeptides were intended for use in in vitro interaction studies investigating the 

effects of mutations in the LMM region of MYH7 on the protein’s ability to interact 

with two of its native binding partners. 

 

6.3. Aims:  

1) To recombinantly produce a relevant portion of myomesin-1 for use in biomolecular 

interaction studies with wild type and mutant -MyHC. 

 

2) To recombinantly produce a relevant portion of M-protein for use in biomolecular 

interaction studies with wild type and mutant -MyHC. 

 

6.4. Methods 

6.4.1. Cloning and protein production constructs 

All coding sequences used in protein production constructs were amplified from normal 

human muscle cDNA. A fragment encoding the N-terminal 503 amino acids of 

myomesin 1 (‘Myom1’, residues 1-503) was amplified using a set of primers (Table 

6.2), depending on which subsequent expression vector was to be used. A fragment 

encoding the N-terminal 337 amino acids of M-protein (‘Mpro’, residues 1-337) was 

amplified using primers shown in Table 6.2, again depending on which construct the 

fragment was to be cloned into and which protein production system was to be used. 
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Primer name Primer sequence 5’-3’ Vector/s 

Myom1 Sal1 

For 

GTCGACGGATGTCTTTGCCTTTTTATCAGAGG pET44a_NusA 

Myom1 

HindIII  Rev 

CGAGATGCTGATGCATAGAAGCTT pET44a_NusA 

pENTR  

pETM-11 

pCDF-13 

Mpro Sal1 For GTCGACGGATGTCCCTTGTGACTGTCC pET44a_NusA 

Mpro HindIII 

Rev 

CTTTGGAGAAGGCCAGTAGAAGCTT pET44a_NusA 

pENTR  

pETM-11 

pCDF-13 

Myom1 Rca1 

For 

TCATGACTTTGCCTTTTTATCAGAGGTGCCACC 

 

pETM-11 

pCDF-13 

Myom1 Not1 

Rev 

GCGGCCGCCTACTAATCAGCATCTCGAAC  pETM-11 

pCDF-13 

Mpro Rca1 For TCATGACCCTTGTGACTGTCCCCTTCTACC 

 

pETM-11 

pCDF-13 

Mpro Not1 

Rev 

GTTTGTCAGAGATGCTTAGTAGGCGGCCGC 
 

pETM-11 

pCDF-13 

Myom1 

pENTR For 

CACCATGTCTTTGCCTTTTTATCAGAGG pENTR 

MproB 

pENTR For 

C ACCATGTCCCTTGTGACTGCC pENTR 

 

Table 6.2. Primers used for the amplification and cloning of sequences encoding Myom1 

and Mpro. 
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6.4.2. Protein production in Rosetta (DE3) E. coli 

Recombinant protein production with the pET44a_NusA expression vector results in the 

addition of a cleavable N-terminal NusA solubility factor and His-tag fused to the 

protein of interest. The pET44a_NusA_Myom1 and pET44a_NusA_Mpro constructs 

(Table 6.3) were transformed into electrocompetent Rosetta (DE3) cells and IPTG-

induced protein production was performed in LB as described for 

pET44a_NusA_LMM_485 in section 4.4.2.1 Protein production was carried out at two 

different temperatures, either 25C or 18C. 

 

Protein production with the pETM-11 expression vector results in the addition of a 

cleavable C-terminal His-tag fused to the protein of interest. The pETM-11_Myom1 

and pETM-11_Mpro constructs (Table 6.3) were transformed into electrocompetent 

Rosetta (DE3) cells and protein production was induced as described for 

pET44a_NusA_Myom1 and pET44a_NusA_Mpro. Recombinant protein production 

was also carried out at 18C or 25C. Additionally, cells were grown in the presence or 

absence of 2% glucose in an attempt to produce soluble protein.  



 195 

Table 6.3. Summary of protein production constructs, host cells and the 

recombinant Myom1 or Mpro protein.  

Vector 

pDEST26 
(Invitrogen) 

Recombinant 
baculovirus 
(Invitrogen) 

pETM-11 
(EMBL) 

pCDF-13 
(EMBL) 

pCDF-13 
(EMBL) 

pETM-11 
(EMBL) 

pET44a_NusA 
(Novagen) 

pET44a_NusA 
(Novagen) 

 
HEK293 
Mammalian cells 

 
Sf9 insect cells 

 
BL21 (DE3) Rosetta 

 
BL21 (DE3) Rosetta 

 
BL21 (DE3) Rosetta 

 
BL21 (DE3) Rosetta 

 
BL21 (DE3) Rosetta 
BL21 (DE3) pLysS 

 
BL21 (DE3) Rosetta 
BL21 (DE3) pLysS 
 

His6 

Myom1 NusA 
His6 

aa1 aa503 

Mpro NusA 
aa1 aa33

7 
His6 

Myom1 
His6 

aa1 

Mpro 
aa1 aa33

7 
His6 

aa503 

Myom1 
aa1 

Mpro 
aa1 aa33

7 

aa503 

Hos Produc

Mpro 
aa1 aa33

7 

Mpro 
aa1 aa33

7 
His6 
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6.4.2.1. Purification of recombinant his-tagged Myom1 and Mpro from 

E. coli cell lysates 

Purification of Myom1 and Mpro from soluble or insoluble E. coli cell lysate fractions 

was achieved by first resuspending the cell pellet in 10x the volume of lysis buffer and 

sonicating the mixture (as per 4.4.2.3). Following centrifugation the soluble fraction 

was then purified by Ni-NTA affinity (as described in 4.4.2.3). The pelleted insoluble 

fraction was resuspended in 8M urea (an equal volume to the lysis buffer) and purified 

by the same method.  

 

6.4.2.2. Expression in BL21(DE3)pLysS E .coli cells 

BL21(DE3)pLysS cells were transformed with pETM-11_Myom1 and pETM-

11_Mpro, grown, induced and harvested as described for Rosetta (DE3) cells in section 

6.4.2. The Rosetta (DE3) E. coli strain is recommended for the production of proteins 

where target protein solubility may be an issue (Novy et al., 2001). However the BL21 

pLysS E. coli strain is the strain used by Obermann and colleagues (Obermann et al., 

1997; Obermann et al., 1998) in the expression of soluble recombinant myomesin and 

M-protein fragments. Therefore this strain was also tested for the expression of Myom1 

and Mpro. 

 

6.4.2.3. Cell growth in minimal media 

Rosetta (DE3) cells transformed with either pETM-11_Myom1 or pETM-11_Mpro 

were used to inoculate 3ml of LB, which was grown overnight in a 15ml tube, shaking 

at 37C. The following day this was used to inoculate 200mls of enriched minimal M9 

media (42 mM Na2HPO4, 24 mM KH2PO4 (pH 7.4), 9 mM NaCl, 19 mM NH4Cl, 10 % 

(w/v) NZ-amine A, 5 % (w/v) NaCl, 1 mM MgSO4, 0.04 % (w/v) glucose). This culture 

was then shaken at 37C in a 1L Erlenmeyer flask until an OD600 of 0.6-0.8 was 

reached. Protein production was induced with 0.1mM IPTG and the culture was shaken 

at 25C for a further 12 hours. 

 

M9 minimal media is a growth media that contains only the essential nutrients required 

for cell growth. This in turn means that cell growth as well as protein production are 

slowed down, which allows a recombinantly produced protein more time to fold 
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appropriately. Being able to fold correctly during translation is stated to increase the 

activity, stability and solubility of the protein (Kopetzki et al., 1989; Sugar et al., 2005).   

 

6.4.2.4. Co-expression of Myom1 or Mpro with -MyHC Rod 

As expression of the pETM-11_Myom1 or pETM-11_Mpro constructs alone resulted in 

the expression of insoluble protein, it was possible that co-expression with an 

interaction partner may produce soluble protein. The coding sequences for Myom1 and 

Mpro were subcloned into the pCDF-13 vector, which does not produce a His-tag 

fusion protein. A pCDF-13_Myom1 or pCDF-13_Mpro construct (Table 6.3) was then 

co-transformed with pETM-11_-MyHC Rod and colonies from this transformation 

were confirmed to contain both plasmids. Positive transformants were used to make an 

overnight growth culture, which was then used to inoculate a 200ml LB culture. Protein 

production was induced as for pETM-11_-MyHC Rod (4.4.2.1).  

 

6.4.2.5. pENTR™ entry vector for baculovirus/insect and mammalian 

cell expression 

The pENTR™ Directional TOPO
®

 cloning kit uses TOPO
®
 technology (Invitrogen) 

combined with a Kozak initiation sequence included in the primer facilitating 

directional cloning of the fragment of interest. The Kozak initiation sequence allows for 

directional cloning of the gene fragment of interest. The coding sequence is inserted 

between two recombination sites, attL and attR. LR recombination can then be used to 

clone the fragment into a Gateway
®

 destination vector (Invitrogen) designed for 

recombinant protein production in bacterial, yeast, insect or mammalian cell systems. 

Following the manufacturer’s instructions, the Mpro sequence was cloned into this 

entry vector to create pENTR_Mpro. 

 

The pENTR™ entry vector (Invitrogen) containing the coding sequence for Mpro was 

used to generate an expression construct for Mpro protein production in HEK293 cells. 

The LR recombination reaction between pENTR_Mpro and the pDEST™26 

mammalian cell expression vector (Table 6.3) was carried out following the 

manufacturer’s instructions. 
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6.4.3. Baculovirus/insect cell expression 

Recombinant baculovirus DNA to be used for the transfection of Sf9 insect cells was 

generated by LR recombination between BaculoDirect™ Linear DNA and the 

pENTR_Mpro construct. The recombinant baculovirus DNA was used to transfect Sf9 

cells in a six-well plate using Cellfectin
®
 (Invitrogen

™
), with adaptation from the 

manufacturer’s instructions. In each well, 8 x 10
5
 cells were plated in 2ml of complete 

growth media (SAFC), and then incubated at 27C for one hour. 5 l of LR reaction 

was mixed with 100l Grace’s media (Gibco) (Transfection Mix A), whilst 6l of 

Cellfectin was added to 100l Grace’s media (Transfection Mix B). Transfection mixes 

A and B were combined in a 1.5ml microfuge tube, mixed gently by inverting, and then 

incubated at room temperature for 15-45 minutes, after which time 800l of Grace’s 

media was added and the whole solution mixed by inverting gently. 

 

Media was removed from cells, and they were then washed with 2mls Grace’s media 

before the entire transfection mix was added, drop wise. The cells were incubated at 

27C for 5 hours, after which the transfection mix was removed and 2ml of fresh 

complete media with antibiotics (100M Ganciclovir, 100 U/ml penicillin, 100g/ml 

streptomycin, 0.25g/ml amphotericin) was added. The cells were incubated at 27C for 

96 hours at which stage they were checked for signs of infection. Following this, the 

supernatant was removed from the cells and stored at 4C (primary (P1) viral stock). 

This P1 stock was used to infect freshly plated Sf9 cells, to create a higher titre 

secondary (P2) viral stock, which was then used for scaled up protein production. A cell 

lysate infected from secondary virus was analysed by SDS-PAGE and Western blot 

using an anti-His antibody (HIS-1, Sigma) to confirm recombinant Mpro production. 

 

6.4.4. Mammalian expression system 

The pDEST26_Mpro expression construct was used to transfect HEK293 cells. Cells 

were plated in a 12 well plate at a confluency of 85-90% and transfected with 

pDEST26_Mpro using Lipofectamine™ 2000 (Invitrogen) following the 

manufacturer’s instructions. An ACTA1_DsRed plasmid was used as a positive control 

for the transfections.  Cells were harvested at 48 hours post transfection to assess 

protein production levels by SDS-PAGE and Western blot. 
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6.5. Results 

6.5.1. Bacterial expression of pET44a_NusA_Myom1 and pET44a_NusA_ 

Mpro 

Production of His-tagged NusA_Myom1 and NusA_Mpro fusion proteins in Rosetta 

(DE3) cells grown in regular LB is shown in a production time course analysed by 

SDS-PAGE (Figure 6.5). Protein production was achieved for both Myom1 and Mpro 

by two hours post-induction, however the recombinant protein was in the insoluble 

fraction. 

 

6.5.2. Bacterial expression of pETM-11_Myom1 and pETM-11_Mpro 

Production of His-tagged Myom1 and Mpro fusion proteins with the pETM-11 

expression vector in Rosetta (DE3) cells grown in regular LB is shown as a time-course 

analysed by SDS-PAGE (Figure 6.6A). Following purification under denaturing 

conditions, recombinantly produced Myom1 and Mpro remained in the insoluble 

fraction as can be seen in Figure 6.6B. The protein remaining in the soluble fraction was 

identified my mass spectrometry as being a contaminant E. coli protein ‘EF-Tu’. Other 

experimental conditions tested included the addition of 2% glucose to the LB (data not 

shown), protein production at 18C (data not shown) and cell growth in minimal media 

(Figure 6.7) These alternative culture and protein production conditions did not produce 

an increase in the amount of soluble recombinant Myom1 or Mpro. 

 

6.5.3. Co-expression of pETM-11_-MyHC Rod and pCDF-13_Myom1 or 

pCDF-13_Mpro 

The pETM-11_-MyHC Rod construct was co-expressed in Rosetta (DE3) cells with 

either pCDF-13_Myom1 or pCDF-13_Mpro to produce the myomesin fragments in the 

presence of an interacting protein. A protein production time course shows development 

of a band corresponding to the size of -MyHC Rod while production of recombinant 

Myom1 or Mpro cannot be seen (Figure 6.8). Bands of an approximately corresponding 

size were gel-excised and analysed by mass-spectrometry for identification. The two 

bands of interest were identified as the same E. coli protein ‘EF-Tu’, as identified 

previously (6.5.2). An expression time course of the pCDF-13_Myom1 and pCDF-

13_Mpro constructs alone, in the absence of pETM-11_-MyHC, did not yield any 

detectable recombinant Myom1 or Mpro (data not shown). 
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Figure 6.5. Recombinant Myom1 and Mpro production time course using the 

pET44_NusA vector in Rosetta cells, grown in regular LB for (A) His-tagged NusA-

Myom1, where a ~120kDa band can be seen developing at t=2 hours post-induction 

and further at t=4 hours these bands are both in the insoluble fraction. This band is 

absent at t=0 hours B. His-tagged NusA-Mpro protein production time course. A 

~100kDa band that is absent at t=0 hours can be seen developing in the insoluble 

fraction at t=2 hours post-induction. 
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1.) Kaleidoscope Ladder (Bio-Rad) 
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Figure 6.6. A. SDS-PAGE time-course analysis of Myom1 and Mpro produced in 

Rosetta (DE3) cells with the pETM-11 vector. B. SDS-PAGE showing the 

purification of His-tagged Myom1 and Mpro from the soluble and insoluble fractions 

of t=8 hours and t=6 hours of Myom1 and Mpro respectively. No recombinant 

Myom1 or Mpro is recovered from the soluble fractions. 
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1.) BenchMark Ladder (Invitrogen) 

2.) Myom1 t=0 hours Insoluble 

3.) Myom1 t=0 hours Soluble 
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Figure 6.7. SDS-PAGE time course analysis of recombinant Myom1 and Mpro 

production with pETM-11 in Rosetta cells grown and induced in minimal (M9) 

media. A band can be seen developing at ~65kDa for Myom1 at t=2 hours and 

continues to grow until t=8 hours. Similarly, a developing band is seen at 

~45kDa for the Mpro fragment. 
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Figure 6.8. Co-expression of pETM-11_-MyHC rod with pCDF-

13_Myom1 or pCDF-13_Mpro. Production of recombinant -MyHC rod is 

evident in the co-expression time courses for both Myom1 and Mpro. Bands of 

approxiamately the correct size of recombinant Myom1 or Mpro (within red 

squares) were excised, analysed by mass spectrometry and identified as being 

endogenous E. coli proteins. 
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6.5.4. His-tagged M-pro production in Sf9 insect cells 

Transfection of Sf9 insect cells was confirmed by the observation of infected cells at 

approximately 72 hours post transfection. In comparison to control wells, transfected 

wells contained cells with enlarged nuclei, an overall oblong shape and eventually cell 

lysis and cleared areas in the monolayer (data not shown). 

 

Following infection of fresh cells using the primary (P1) virus, secondary (P2) virus 

was collected and the infected cell lysate screened for recombinant protein production. 

The production of His-tagged Mpro was not obvious by SDS-PAGE and subsequent 

Coomassie staining (Figure 6.9A).  However cell lysates analysed by western blot 

indicated protein production, though at very low levels and the band indicated a protein 

of unexpected size  (Figure 6.9B). 

 

6.5.5. Expression of pDEST26_Mpro in a mammalian cell system. 

Transfection of the ACTA1_DsRed positive control plasmid was confirmed by 

fluorescence microscopy at 24 hours post-transfection. The production of His-tagged 

Mpro could not be detected in the HEK293 mammalian cell expression system by SDS-

PAGE and Coomassie staining or Western blot analysis (data not shown).  
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Figure 6.9. A. Recombinant Mpro production is not evident in 

transfected Sf9 cells by coomassie stained gel, following the harvest of 

P2 virus. B. Western blot analysis with an anti-His antibody detects a 

faint band in the Mpro-transfected sf9 lysate. 
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6.6. Discussion 

One of the approaches attempted to investigate the pathobiology of MYH7 mutations 

causing Laing myopathy was by biomolecular interaction assay using Biacore
®
 

technology.  It was envisioned that such a study would utilise the recombinant mutant 

LMM fragments as described in Chapter 4, as well as proteins, which bind to the 

relevant LMM region of -MyHC.  This current chapter outlines the processes behind 

trying to produce the appropriate regions of two such binding partners, namely 

myomesin 1 and M-protein. 

 

Sequences encoding fragments of myomesin 1 and M-protein were successfully 

amplified and cloned into a number of expression constructs for protein production. In 

the bacterial expression systems, a high level of protein production was achieved under 

a number of different conditions. Both protein fragments were however consistently 

insoluble despite changing multiple conditions including temperature, media 

constituents, the type of expression vector and the bacterial E. coli strain. Co-expression 

with an interacting protein was also unsuccessful in achieving the production of soluble 

Myom1 or Mpro fragments. Following successful cloning into an entry vector for both 

insect cell and mammalian cell expression, protein production was achieved, but only at 

very low levels in the insect cell system, but not at all in the mammalian cell system. 

 

6.6.1. Bacterial expression systems. 

As mentioned earlier, Obermann et al. (Obermann et al., 1997; Obermann et al., 1998) 

successfully produced fragments of both myomesin and M-protein in a bacterial 

expression system when they showed that the N-terminal domains of myomesin (My1) 

and M-protein (Mp2-Mp3) interacted with sites on the myosin LMM. As the authors 

followed relatively standard steps for recombinant protein production, it was not 

expected that any difficulties would arise when a bacterial expression system was also 

chosen for the production of myomesin and M-protein fragments in the current study.  

However, the insolubility of the resulting proteins proved to be a large stumbling block.  

 

Following the initial results of insoluble proteins being produced with the pET44_NusA 

expression construct, particular parameters were adjusted to bring conditions closer to 

those used by Obermann et al. (1997, 1998) in an attempt to increase the solubility. 
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Protein production at lower temperatures slows down the translation process and may 

allow the protein time to fold properly during translation (Tolia & Joshua-Tor, 2006). 

Unfortunately, performing the protein production steps at a lower temperature was 

unsuccessful in this case. Following these results it was considered that the NusA-tag 

might be interfering with the normal folding of the recombinant protein, despite its 

intended function being to confer solubility on the target protein (Davis et al., 1999).  

 

As the pET44_NusA expression construct was not successful in producing soluble 

Myom1 or Mpro, the use of an alternative vector was investigated. The pETM-11 

vector was suggested as an alternative expression vector as it produces a cleavable His-

tag. After successfully cloning the respective expression fragments into this vector, 

production of considerable amounts of recombinant Myom1 and Mpro was achieved, 

however once again this was insoluble. Although the first strain of bacterial cells, the 

Rosetta (DE3) E. coli strain, is itself recommended for the production of proteins where 

target protein solubility may be an issue (Novy et al., 2001), the BL21 pLysS E. coli 

strain was also tried in this current investigation, as this is the same strain used by 

Obermann and colleagues (1997, 1998) in the expression of soluble recombinant 

myomesin and M-protein fragments. However, once again, the use of this strain was 

unsuccessful in the expression of soluble Myom1 or MproB. 

 

Heterologous protein production in a bacterial system can also lead to the production of 

insoluble or non-functional target protein due to the absence of co-factors or co-

translational events that confer stability, appropriate function and solubility on the target 

protein (Tolia & Joshua-Tor, 2006). Thus co-expression of the pCDF-13_Myom1 or 

pCDF-13_Mpro constructs along with pETM-11_-MyHC Rod protein was attempted, 

but this did not induce the production of soluble protein. While production of 

recombinant -MyHC was evident by Coomassie stained SDS-PAGE, production of 

recombinant Myom1 or Mpro could not be detected. Despite screening transformant 

colonies to ensure both expression constructs were present it is possible that some or all 

of the coding sequence for the target protein or promoter was spontaneously excised 

from the expression construct. Observations that the pCDF-13_Myom1 and pCDF-

13_Mpro constructs did not yield any protein production detectable by a Coomassie 

stained gel suggests that the problem lies with these constructs. 
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The exact length of the coding regions used by Obermann and colleagues (1997, 1998) 

to express myomesin 1 or M-protein was not provided in their paper. The myomesin 1 

and M-protein coding regions of interest amplified for protein production for my studies 

were designed such that they comprised the N-terminal regions containing the LMM-

binding sites and included the first two Ig-domains of each protein. It was decided that 

the more of the protein that was included, the more realistic the reconstructed 

interaction scenario would be. The production of full length recombinant myomesin or 

M-protein would have been difficult given the coding sequences for both genes are in 

excess of 5055bp and 4395bp, respectively. 

 

6.6.2. Recombinant Mpro production in the Sf9 insect cell system 

While recombinant protein production could not be detected in the supernatant 

containing P1 virus harvested at about 72 hours post-transfection, a small amount of 

possibly recombinant Mpro could be detected in cells infected with P2 virus harvested 

from subsequently infected Sf9 cells. Western blot analysis using an anti-His antibody 

shows the positive control band, His-tagged MyHC-Rod (approximately 120kDa, 

including the His-tag) and a band at about 80kDa in the lane containing the lysate from 

Sf9 cells infected P2 recombinant baculovirus containing the Mpro coding sequence. 

The M-pro fragment is expected to be just over 37kDa (including the His-tag). As the 

myomesins have been shown to dimerise via their C-terminus (Schoenauer et al., 2008), 

it is unlikely that in this case it has dimerised via the N-terminus or the His-tag and is 

thus appearing as a band at 80kDa. As the subsequent lane contains a cell lysate from 

untransfected Sf9 cells and contains no signs of a His-tagged protein, it is also unlikely 

that the his-antibody is detecting an endogenous his-containing protein. It is however 

possible that the protein has undergone a post-translational modification altering its 

migration through the SDS polyacrylamide gel, A sufficiently large enough amount of 

this candidate recombinant protein for purification and mass spectrometry analysis will 

be required to confirm its identity. 

 

Even if the band were the correct protein, considering the amount of positive control 

protein (~0.5g, His tagged -MyHC-Rod) loaded for the western blot in Figure 6.9, 

only a very small amount of recombinant Mpro has been produced by the insect cell 

system. The experiment would have to be scaled up considerably in order to obtain 
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enough protein to use for further experiments and this would probably prove a costly 

exercise. 

 

6.6.3. Recombinant Mpro production in the HEK293 mammalian cell 

system 

Production of recombinant Mpro could not be detected in HEK293 cells by Coomassie 

gel or western blot. Considering that mammalian cells have been associated with lower 

yields of recombinant protein, if any protein has been produced, it is at an undetectable 

level. Another possibility is that the transfected plasmid is not functioning correctly or 

has a defective promoter. Though the HEK293 mammalian cell system should provide a 

suitable environment for the production of mammalian protein fragments, it is possible 

that the cell type may not be conducive to the expression of muscle protein fragments. 

 

6.6.4. Known insolubility of N-terminal myomesin and M-protein. 

Recent communications with European research groups involved in the original 

published expression and purification of recombinant myomesin and M-protein 

fragments revealed that both the cloning and production process is significantly more 

difficult than would be expected (personal communication, Prof. Dieter Furst, 

University of Bonn), anecdotal information that confirms the results of the work carried 

out in this chapter. The difficulties in the cloning of a full-length myomesin 1 sequence 

for transfection studies in Chapter 5 also become a little clearer with this information. 

 

This chapter has detailed the various techniques attempted for the production of 

myomesin fragments intended for use in interaction studies with recombinant -MyHC 

Rod and LMM-485 proteins produced in Chapter 4. Troubleshooting of the protein 

production methods will continue in an effort to produce recombinant protein, in order 

to continue this investigation into the effects of disease-causing MYH7 mutations on the 

-MyHC’s interactions with M-band binding partners. 

 

6.6.5. Future directions 

In the hope of utilising protein-protein interaction techniques such as the Biacore 

biosensor technology to examine the effects of -MyHC mutations on the proteins 

interaction properties with myomesin and M-protein, the unfinished work in this chapter 
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will be pursued. Training in the use of the Biacore
®
 system and data analysis was 

received at an intensive training workshop attended in Melbourne in 2007. Preliminary 

experiments in binding the LMM-485 to Biacore
®
 analysis chips were successful and 

theoretically the experiments with the Myom1 and Mpro fragments would have been a 

straightforward process. 

 

The promising result from the production of His-tagged myomesin and M-protein 

fragments in E. coli is that high levels of expression were obtained. If Myom and Mpro 

production can be achieved with the pCDF-13 construct then coexpression with pETM-

11_-MyHC-Rod construct may yield soluble protein. A similar coexpression protocol 

could also be used with the insect cell system in an effort to produce soluble protein. 

Following contact with the research groups involved in the original published 

production of soluble myomesin and M-protein fragments, the identical expression 

constructs may be obtained and thus used to follow the published methods exactly. 

Other protein production systems such as yeast or cell-free systems may also be 

employed if it is deemed necessary. 
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Circular dichroism (CD) analysis of disease-associated 

tropomyosin mutants. 
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7.1 Summary 

The effects of nemaline myopathy (NM) and cap disease mutations in TPM2 on 

secondary structure and thermostability of the encoded -TPM were investigated using 

circular dichroism (CD). Experimental data suggest that the mutations have variable 

effects on protein secondary structure in terms of -helical content and only very minor 

effects on the molecule’s overall thermostability. It appears that mutations causing only 

cap disease lead to a reduction in the -helical content of -TPM with variable effects 

on the thermostability of the molecule. The results suggest that while the mutations may 

have some effect on -TPM secondary structure, it is likely that other pathological 

mechanisms such as disruptions to the protein’s interaction properties play a more 

prominent role in disease pathogenesis. 

 

7.2 Introduction 

7.2.1 Tropomyosin structure and function 

As outlined in chapter 1 the tropomyosins are one of the major regulatory proteins of 

the sarcomere. Together with troponin, tropomyosin forms a Ca
2+

 sensitive complex 

that regulates myosin binding to actin and in turn controls muscle contraction (Craig & 

Padron, 2004). In vertebrate muscles, tropomyosin isoforms exist as both homo- and 

heterodimers, though the preferred pairing is /-heterodimers (Brown & Schachat, 

1985). 

 

Binding head-to-tail, tropomyosin molecules form a coiled-coil cable that winds around 

the actin helix along the complete thin filament at a ratio of one tropomyosin molecule 

per seven actin monomers (Brown et al., 2001). Like the rod domain of -MyHC, 

tropomyosin features the heptad amino acid repeat pattern (a, b, c, d, e, f, g) (Figure 3.1) 

for the entire length of the molecule (McLachlan & Karn, 1982). Tropomyosin is 

unique in that it contains 40 uninterrupted heptapeptide repeats, which is unusual as 

coiled-coil domains of proteins (eg. -MyHC) usually contain ‘skip-residues’ that allow 

for flexibility along the coiled-coil (McLachlan & Karn, 1982; Brown et al., 1996). 

Rather than these skip residues, the cyclic positioning of small non-polar alanine 

residues along the interface between tropomyosin helices allows for the flexibility of the 

tropomyosin coiled coil. This flexibility or bending of the tropomyosin molecule 

enables binding around the actin helix (McLachlan et al., 1975).  
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Phillips et al. (1986) solved the crystal structure of tropomyosin filaments to 15Å 

allowing the authors to confirm and build on previous findings, including the pitch of 

the coiled-coil, the location of cysteine residues and details about tropomyosin’s 

overlapping head-to-tail binding properties (Phillips et al., 1986). Brown and colleagues 

(Brown et al., 2001) solved the crystal structure of an 81 amino acid N-terminal portion 

of muscle -tropomyosin to 2.0Å. The study identified specific effects of the previously 

described alanine residue clusters on the structural conformation of the tropomyosin 

coiled-coil, emphasising their importance in allowing binding interactions (Brown et 

al., 2001). Particular regions of the tropomyosin peptide are out of register by about 1Å, 

these regions correspond to sections where alanine residues are positioned in the 

hydrophobic core of the molecule. The cause of the axial stagger is the positioning of 

alanine residues at the interface of interacting tropomyosin helices, which the authors 

suggest allows for the tropomyosin-actin interactions (Brown et al., 2001). More 

recently, Minakata et al. (2008) solved and compared the crystal structures of two 

identical C-terminal segments spanning residues 176 to 273. The authors identified 

flexibility in the tropomyosin rod and attributed this to local disruptions to the 

hydrophobic core containing water molecules as well as the previously identified 

flexibility due to alanine clusters (Minakata et al., 2008). 

 

7.2.2 Tropomyosin structure investigations by CD 

Investigating the effects of large deletion mutations on the conformational stability of 

the tropomyosin molecule, Ferraz and colleagues (1991) used CD to analyse human -

tropomyosin, recombinantly expressed in E. coli. In addition to the wild type protein, 

three deletion mutants were analysed: deletion of 31 residues from the C-terminal (des-

(254-284)-TPM), deletion of 42 residues from the middle of the protein (des-(39-80)-

TPM) and deletion of 21 N-terminal residues (des-(1-21)-TPM) (Ferraz et al., 1991). 

The denaturation profile of tropomyosin has been described as complex (Woods, 1977); 

it involves an initial almost linear rate of unfolding, followed by a cooperative, 

sigmoidal complete unfolding profile (Ferraz et al., 1991). Applying one-step two state 

sigmoidal melt plots, the authors established that the deletion mutants displayed similar 

denaturation profiles as the wild type tropomyosin, though the des-(254-284)-TPM 

truncated protein showed a 2C reduction in melting temperature. The authors 

suggested that the deleted regions are unlikely to play an important role in the overall 
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thermal stability of tropomyosin (Ferraz et al., 1991). While these deletion mutations 

involve the removal of large portions of the -TPM molecule, it is possible that they do 

not perturb the overall thermostability of the molecule as they essentially leave the 

heptad repeat motif intact. 

 

Tropomyosin has previously been described to show multiple unfolding steps. 

Betteridge and Lehrer (1983) observed by CD spectroscopy in high salt conditions, that 

a small thermal pre-transition at about 30C preceded the main unfolding transition at 

48C. In low salt conditions however, a single ‘global’ unfolding transition was 

observed at about 33C. Ishii (1994) studied further the effects of salt concentration as 

well as pH and presence of methanol on the thermal unfolding properties of 

tropomyosin. By CD and excimer fluorescence it was observed that low salt and high 

pH conditions or the addition of methanol caused a masking of the local unfolding 

temperature (Ishii, 1994), replicating observations by Betteridge and Lehrer (1983) that 

only a single unfolding transition is evident at low salt conditions. This masking effect 

is due to a lowering of the protein’s global thermostability and main transition 

temperature (Ishii, 1994). The melting temperature and thermostability of the local 

unfolding region was found to be dependent on the chemical state of the residue 

p.Cys190 where a disulfide cross-linking alters the stability of the region (Ishii, 1994). 

The addition of 20% methanol however, increases the local thermostability and melting 

temperature, which again results in the masking of this transition (Ishii, 1994). 

 

Conditions of high salt concentrations, at least in the case of chloride ions, are not ideal 

for CD studies in the low wavelength range (Kelly et al., 2005). At wavelengths below 

200nm there is interference, which affects the quality of data obtained at these 

wavelengths (Kelly et al., 2005). As the 190nm maximum, part of the characteristic 

spectral profile of -helical proteins such as -TPM, lies in this wavelength range, low 

chloride concentrations or an alternative salt such as sodium fluoride is recommended 

(Kelly et al., 2005).  
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7.2.3 Tropomyosin and muscle disease 

7.2.3.1 Slow -tropomyosin (TPM3) 

Mutations in TPM3 have been found to cause NM, congenital fibre type disproportion 

(CFTD) and more recently also cap disease (Clarke, 2008; De Paula et al., 2009; 

Ohlsson et al., 2009). NM is a congenital myopathy characterized by hypotonia at birth 

and thread-like nemaline bodies seen in muscle fibres (Laing et al., 1995; Agrawal et 

al., 2004). The principle characteristic of CFTD is small type I fibres while type II 

fibres remain at a normal size or may appear hypertrophied (Clarke et al., 2008).  

 

The first mutation found to cause NM was identified in a large autosomal dominant 

Australian family by Laing et al. (1995) of this laboratory. The missense mutation 

changes a highly conserved methionine at amino acid residue 9 of the slow -

tropomyosin protein, to an arginine (p.Met9Arg) (Laing et al., 1995). Since this initial 

discovery, at least 10 different disease-causing mutations have been identified in the 

gene encoding slow -tropomyosin (TPM3) (Clarke, 2008).  

 

An Iranian patient suffering from severe congenital NM was found to be homozygous 

for a nonsense mutation in TPM3 causing a premature stop codon (p.Gln31Stop) (Tan et 

al., 1999). The patient displayed delays in motor development and died at 21 months of 

age due to respiratory insufficiency associated with an infectious illness (Tan et al., 

1999). Histopathology showed very atrophic type I fibres, type II fibre predominance 

and nemaline rods, seen only in type I fibres (Tan et al., 1999). It is most likely that this 

patient had no functioning slow -tropomyosin (Tan et al., 1999). 

 

By screening 40 NM patients, Wattanasirichaigoon et al. (2002) identified a compound 

heterozygous mutation in only a single patient. The patient carried a missense mutation 

that directly affected the stop codon, altering it to a serine residue (p.Stop286Ser). A 

splice site mutation at the beginning of the same exon was also identified in the same 

patient. This splice site mutation was identified in the patient’s unaffected mother, 

though not in 109 unaffected control individuals (Wattanasirichaigoon et al., 2002). 

 

Durling et al. (2002) identified a CGT>CAT missense mutation at amino acid residue 

167 of TPM3 (p.Arg167His) in a sporadic case of atypical NM. The patient had shown 

delayed motor development and presented at 14 years with progressive kyphoscoliosis 
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and weakness of distal limb muscles, a feature that had not been often associated with 

NM (Durling et al., 2002). A right biceps brachii biopsy showed marked atrophy of 

type I fibres, of which 20-30% contained nemaline rods, and type II fibre predominance 

(Durling et al., 2002). Pénisson-Bensier et al. (2007) identified the same missense 

mutation in a French dominant mild NM family. The mutation nomenclature was later 

designated p.Arg168His (Clarke, 2008), accounting for the methionine ‘start’ codon. 

Clarke et al. (2008) identified the p.Arg168His mutation in a father and daughter that 

had shown hypotonia from infancy though both remained ambulant to ages 60 and 18 

years respectively. The histological diagnosis of the father was CFTD while that of the 

daughter was NM, indicating that this mutation is able to cause a range of 

histopathological effects (Clarke et al., 2008). This study also identified a number of 

other mutations in TPM3, all of which caused autosomal dominant CFTD 

(p.Arg245Gly, p.Lys169Glu, p.Arg168Gly, p.Leu100Met and p.Arg168Cys). Three 

cases were de novo and one likely de novo (Clarke et al., 2008).  

 

More recently the p.Arg168His mutation has been identified in a patient diagnosed with 

cap myopathy (De Paula et al., 2009; Ohlsson et al., 2009). Cap myopathy (or cap 

disease) is a congenital myopathy first described by Fidzianska et al. (1981) and is 

characterised by subsarcolemmal ‘cap-like’ accumulations at the periphery of muscle 

fibres. While a biopsy at 7 years in this particular patient showed features compatible 

with CFTD, a later biopsy at 42 years distinctly showed caps (De Paula et al., 2009).  

This finding further expanded the clinical and histopathological spectrum of TPM3 

muscle disease (De Paula et al., 2009). 

 

Following linkage analysis and subsequent sequence analysis, Lehtokari and colleagues 

(2008) identified a homozygous recessive TPM3 founder mutation in 2 NM families of 

Turkish origin. The mutation c.913delA causes a frameshift and consequent read-

through of the endogenous stop codon resulting in translation of a protein 73 amino 

acids longer than normal (Lehtokari et al., 2008). Disease severity varied between the 

two families, one showing severe NM while members of the other family appeared to 

have NM of intermediate severity (Lehtokari et al., 2008). Muscle biopsies from both 

families showed type I fibre hypotrophy, nemaline rods in type I fibres and type II fibre 

predominance (Lehtokari et al., 2008).  
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7.2.3.2 -tropomyosin (-TPM) 

Mutations in TPM2, encoding -TPM have been found to cause NM, distal 

arthrogryposis type 2B (DA2B) and cap disease (Donner et al., 2002; Lehtokari et al., 

2007; Tajsharghi et al., 2007). DA is characterised by non-progressive contractures of 

two or more body areas such as the hands and ankles/feet in the absence of other 

primary neurological or muscle disease (Sung et al., 2003b). DA follows an autosomal 

dominant inheritance pattern and usually does not involve proximal joints (Sung et al., 

2003b). As has been observed with -MyHC, mutations in both -slow TPM and -

TPM can cause a number of distinct disease phenotypes, between which there appears 

to be some phenotypic overlap (Oldfors, 2007; Clarke et al., 2008). 

 

In screening 66 unrelated NM patients for mutations in TPM2, Donner et al. identified 

two heterozygous missense mutations: p.Glu117Lys and p.Gln147Pro, located in exons 

three and four of TPM2, respectively (Donner et al., 2002). The p.Glu117Lys mutation 

was identified in a Dutch patient who presented at 12 years of age with difficulty 

walking. As an adult she presented with asymmetrical muscle weakness and mild 

weakness of neck flexors and facial muscles and was wheelchair bound at age 48 years 

(Donner et al., 2002). The p.Gln147Pro mutation was identified in the mother and son 

of a Bosnian family where the four year old son was the index patient (Donner et al., 

2002). The boy presented with severe hypotonia and feeding difficulties at birth while 

the mother, aged 45 years had never been able to run, showed weak neck flexors and an 

asymmetric involvement of limbs (Donner et al., 2002). The authors speculated that 

these mutations affect -tropomyosin’s ability to bind actin, which probably contributed 

to disease pathogenesis (Donner et al., 2002). 

  

Sung et al. (2003b) discovered a single TPM2 mutation causing distal arthrogryposis 

type 1 (DA1) following the screening of 14 DA1 probands. The missense mutation 

(c.271C>G) results in the amino acid substitution p.Arg91Gly (Sung et al., 2003b). 

Tajsharghi et al. (2007) identified a heterozygous TPM2 missense mutation in a mother 

and daughter with muscle weakness and DA2B. The mutation causes a p.Arg133Trp 

substitution at a highly conserved residue, altering its polarity. These findings, in 

addition to the protein being expressed in skeletal muscle and not present in 200 control 

chromosomes, indicate the mutation is disease causing (Tajsharghi et al., 2007). Jouk 

and colleagues (2007) identified the recessively inherited homozygous nonsense TPM2 

mutation, p.Gln210Stop in multiple patients with congenital hypotonia and distal 



 218 

arthrogryposis. The patients also had skin webs (pterygia) and ocular strabismus, 

though were able to walk from mid-childhood through into early adulthood and did not 

show signs of respiratory or cardiac dysfunction (Jouk et al., 2007; Monnier et al., 

2009). Upon histological examination, nemaline bodies were observed in a quadriceps 

biopsy from a patient homozygous for this mutation (Jouk et al., 2007; Monnier et al., 

2009). 

 

A 66 year old woman and her 35 year old daughter, both with slow progressive 

proximal and distal muscle weakness, ptosis and facial muscle weakness were both 

found to have a heterozygous p.Glu41Lys missense mutation in TPM2 (Tajsharghi et 

al., 2007). The two patients showed complete type one fibre predominance and variable 

fibre size, as well as sharply demarcated, peripherally located cap structures in most 

small muscle fibres (Tajsharghi et al., 2007). The mother showed nemaline rods upon 

Gomori trichrome staining, while these were absent in the daughter (Tajsharghi et al., 

2007). The presence of both cap disease and NM in the same family suggests a degree 

of overlap between these diseases. 

 

Lehtokari et al. (2007) identified a TPM2 deletion mutation (p.Glu139del) in a 36 year 

old male with a congenital myopathy (cap disease) but no apparent nemaline bodies. 

Ohlsson and colleagues (2008) identified three novel de novo mutations (p.Lys49del; 

p.Gly52dup; p.Asn202Lys) in three unrelated cap myopathy patients. Upon biopsy, all 

patients showed caps and a near uniformity (over 99%) of type one fibres, whilst none 

of the patients appeared to have nemaline rods (Ohlsson et al., 2008).  

 

7.2.3.3 Fast -tropomyosin (TPM1) 

Mutations in TPM1, the gene coding for TPM1, have been found to cause hypertrophic 

and dilated cardiomyopathy (HCM, DCM) respectively (Thierfelder et al., 1994; Olson 

et al., 2001). Thierfelder et al. identified two TPM1 mutations associated with familial 

HCM (p. Asp175Asn; p.Glu180Gly) which also led to the discovery of HCM/DCM 

mutations in the associated protein troponin (Thierfelder et al., 1994). In light of these 

results and previous HCM mutations identified in -MyHC (Geisterfer-Lowrance et al., 

1990), the authors proposed that cardiac hypertrophy was a disease of the sarcomere, 

stemming from the abnormal stoichiometry of sarcomeric proteins (Thierfelder et al., 

1994). Linkage analysis and subsequent sequencing of TPM1 identified a novel 
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missense mutation (p.Val95Ala) in a large Spanish-American family (Karibe et al., 

2001). The mutation was associated with the deaths of 13 family members (of 26 

affected members) (Karibe et al., 2001). Despite an apparently milder phenotype than 

those associated with previously identified TPM1 HCM mutations, the p.Val95Ala 

mutation has a poor prognosis (Karibe et al., 2001).  

 

After screening 60 familial HCM patients, Yamauchi-Takimara et al. (1996) identified 

two novel missense mutations (p.Ala63Val and p.Lys70Thr) in exon 2 and another 

(p.Asp175Asn) in exon 5 of TPM1.  

 

Olson and colleagues (2001) identified two TPM1 mutations (p.Glu40Lys, 

p.Glu54Lys), altering highly conserved residues in patients with dilated 

cardiomyopathy.  Both mutations involve a charge-reversal (the same charge reversal 

for the -MyHC mutations associated with both skeletal muscle myopathy and 

cardiomyopathy, Section 3.6.6.3) and both are located in an ‘e’ position of the heptad 

repeat, which is involved in the stabilization of the coiled-coil by forming a saltbridge 

between oppositely charged residues on opposing helices (McLachlan & Karn, 1982; 

Olson et al., 2001). The authors propose that these charge reversal mutations alter the 

stability of the -tropomyosin coiled-coil and may also disrupt the protein’s actin 

binding ability both of which could contribute to the specific pathogenesis of DCM 

(Olson et al., 2001). To date, mutations in TPM1 have not been associated with a 

skeletal myopathy phenotype (Clarke, 2008).  

 

7.2.4 Analysis of disease-causing tropomyosin mutations 

Moraczewska et al. (2000) performed in vitro assays to test the function of recombinant 

p.Met9Arg rat fast -tropomyosin. The authors found that by co-sedimentation assay 

the mutant protein displays a 30-100 fold reduction in actin affinity compared to wild 

type tropomyosin (Moraczewska et al., 2000). This may in turn alter the molecule’s 

capacity to assemble via end-to-end interaction along the thin filament (Ilkovski, 2008). 

Moraczewska and colleagues (2000) also investigated the effects of the p.Met9Arg 

mutation on tropomyosin calcium sensitivity. While calcium sensitivity was found to be 

normal the activation of actomyosin S1 ATPase was reduced, which may cause a 

disruption in the control of the thin filament during muscle contraction and contribute to 

disease pathogenesis (Moraczewska et al., 2000). Akkari et al. (2002) investigated the 



 220 

actin binding efficiency of p.Met9Arg -slow TPM (human) expressed in an insect cell 

system. The authors showed that while the expressed p.Met9Arg mutant protein was as 

biologically active as the wild type, it was found to also have at least a 100 fold 

reduction in actin binding affinity when analysed by co-sedimentation assays (Akkari et 

al., 2002). 

 

Using CD, Greenfield and colleagues (2002) investigated the effects of the p.Met9Arg 

mutation on tropomyosin’s ability to bind tropomodulin, a related protein which also 

binds actin to regulate thin filament dynamics. Tropomodulin binding to the N-terminus 

of tropomyosin was disrupted by removal of the acetylation motif and a similar effect 

was observed with the introduction of the NM-causing p.Met9Arg mutation (Greenfield 

& Fowler, 2002). This disruption in tropomodulin binding may in turn interrupt thin 

filament assembly and contribute to the pathogenesis of NM, including the formation of 

the characteristic nemaline rods (Nowak et al., 1999).  

 

Corbett et al. (2001) generated a mouse model for NM caused by the p.Met9Arg TPM3 

mutation (Corbett et al., 2001). Transgenic mice expressed the mutant TPM3 

specifically in skeletal muscles under the control of the human skeletal muscle actin 

promoter (Corbett et al., 2001). All pathologies present in NM patients were also 

identified in the skeletal muscles of the transgenic mice, including the characteristic 

nemaline bodies and type I fibre predominance (Corbett et al., 2001). Further 

investigation also revealed that expression of the p.Met9Arg TPM3 mutant causes a 

disruption in relative tropomyosin isoform ratios in both patient and transgenic mouse 

muscles (Corbett et al., 2005). More specifically, the authors observed a reduction in 

the expression of TPM2 and a reduction in the proportion of the preferred /-TPM 

heterodimers (Corbett et al., 2005).  

 

This chapter describes research carried out in collaboration with Drs Carina Wallgren-

Petterson (Helsinki, Finland) and Nigel Clarke in (Sydney, Australia). CD analysis is 

used to investigate the effects of disease causing -TPM mutations on the overall 

secondary structure and thermostability of the protein. CD has not previously been used 

to specifically examine the structure and thermal stability properties of disease-

associated -TPM mutations. 
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Table 7.1. A brief summary of the disease-causing tropomyosin mutations discussed in 

section 7.2.3.  

 

 

Mutation Disease Reference 

   

TPM1   

p.Glu40Lys DCM (Olson et al., 2001) 

p.Glu54Lys DCM (Olson et al., 2001) 

p.Ala63Val HCM (Yamauchi-Takihara et al., 1996) 

p.Lys70Thr HCM (Yamauchi-Takihara et al., 1996) 

p.Val95Ala HCM (Karibe et al., 2001) 

p.Asp175Asn HCM (Thierfelder et al., 1994) 

p.Glu180 Gly HCM (Thierfelder et al., 1994) 

   

TPM2   

p.Glu41Lys NM and Cap disease (Tajsharghi et al., 2007) 

p.Lys49del Cap disease (Ohlsson et al., 2008) 

p.Gly52dup Cap disease (Ohlsson et al., 2008) 

p.Arg91Gly DA1 (Sung et al., 2003a) 

p.Glu117Lys NM/Myopathy (Donner et al., 2002) 

p.Arg133Trp DA2B with muscle weakness (Tajsharghi et al., 2007) 

p.Glu139del Cap disease (Lehtokari et al., 2007) 

p.Gln147Pro NM (Donner et al., 2002) 

p.Asn202Lys Cap disease (Ohlsson et al., 2008) 

p.Gln210STOP NM, DA and pterygia (skin webs) (Jouk et al., 2007) 

   

TPM3   

p.Met9Arg NM (Laing et al., 1995) 

p.Gln31STOP NM (Tan et al., 1999) 

p.Leu100Met CFTD (Clarke et al., 2008) 

p.Arg168His Atypical NM (Distal muscles 

involved) 

(Durling et al., 2002) 

p.Arg168Gly CFTD (Clarke et al., 2008) 

p.Arg168Cys CFTD (Clarke et al., 2008) 

p.Lys169Glu CFTD (Clarke et al., 2008) 

p.Arg245Gly CFTD (Clarke et al., 2008) 

p.STOP286Ser NM (Wattanasirichaigoon et al., 2002) 

c.913delA NM (Lehtokari et al., 2008) 
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7.3 Methods 

Purified wild type and mutant recombinant full-length -TPM (residues 1-273) samples 

of known concentration were received from the laboratory of Dr Carina Wallgren-

Pettersson in a high salt buffer. The wild type and mutant -TPM had been expressed in 

an insect cell system and had thus undergone the important post translational 

modification of N-terminal acetylation. The concentration of each sample was adjusted 

to ~0.5mg/ml and dialyzed overnight at 4C into a buffer suitable for CD analysis of 

overall secondary structure and thermostability properties (0.25M NaF, 10mM 

Na2HPO4/NaH2PO4, pH 7.0). Protein concentration was determined by a BCA kit 

(Pearce) and adjusted to 0.05mg/ml for CD analysis. Three repeats were carried out for 

each sample and operation of the spectropolarimeter and CD data analysis was 

performed as described for -MyHC in Sections 4.4.4 and 4.4.5.  

 

7.4 Results 

Wild type and mutant -TPM samples were analysed by CD spectroscopy to determine 

the effects of disease-causing mutations on secondary structure and thermostability 

properties of the protein. Spectral CD measurements were obtained over the far UV 

wavelength range of 250 nm to 190nm, while CD analysis of -TPM at 222nm during 

thermal denaturation allowed the investigation of the effects of disease-causing 

mutations on the protein’s thermodynamic properties. 

 

7.4.1 CD analysis of mutant and wild type -TPM 

7.4.1.1 CD spectra of -TPM measured at 20C 

At 20C all recombinant -TPM proteins showed CD spectra characteristic of -helical 

proteins, featuring minima at 222nm and 208nm, and a maxima at 190nm (Figure 7.1). 

Table 7.2 shows the estimated -helical content of each protein as determined by the 

Contin-LL method (Whitmore & Wallace, 2004, 2008). At 20C wild type -TPM had 

a calculated -helical content of 97.3  2.8%. Three of the mutant proteins displayed an 

-helical content slightly higher than that of the wild type – p.Glu41Lys (98.2  2.6%) 

and p.Glu117Lys (99.8  0.2). Of the mutant proteins, p.Glu139del displayed the lowest 

calculated -helical content (79.5  0.7%), significantly lower than the wild type. 



 223 

 

7.4.1.2 CD spectra of -TPM measured at 37C 

At 37C, wild type and mutant -TPM proteins all continued to display CD spectra 

characteristic of -helical proteins (Figure 7.2, Table 7.2). Wild type -TPM was 

calculated to be 81.91.8% -helical while the p.Glu147Pro mutant displayed the 

highest -helical content (88.30.8%), significantly higher than the wild type. The 

p.Lys49del TPM mutant displayed an -helical content (65.0  1.6%) at 37C 

significantly lower than the wild type. In addition to the p.Glu147Pro mutant, the 

p.Glu117Lys mutant also showed an -helical content higher than that of the wild type 

at 37C (% -helical of 7.2% and 7.1%, respectively). 
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-TPM Phenotype % -helical content ∆% -helical content 

change from wild type 

 

Tm (C) 

 

∆Tm (C) 

Change from 

wild type   20C 37C 20C 37C 

Wild type  97.3 ± 2.8 80.8 ± 1.6 - - 40.2 ± 0.0 ºC - 

p.Glu41Lys NM/Cap disease 98.2 ± 2.6 79.4 ± 2.1 +0.9% -1.4% 40.3 ± 0.3 ºC +0.1 

p.Lys49del Cap disease 84.6 ± 3.1 65.0 ± 1.6 -12.7% * -15.8% * 39.3 ± 0.2 ºC -0.9 * 

p.Glu117Lys NM 99.8 ± 0.2 87.9 ± 4.3 +2.5% +7.1% * 40.5 ± 0.3 ºC +0.3 

p.Glu139del Cap disease 79.5 ± 0.7 68.2 ± 1.2 -17.8% * -12.6% * 40.8 ± 0.3 ºC +0.6 

p.Glu147Pro NM 96.4 ± 3.6 88.0 ± 0.8 -0.9% +7.2% * 41.7 ± 0.1 ºC +1.5 * 

Table. 7.2 Calculated wild type and mutant TPM2 -helical content at 20ºC and 37ºC using Contin-LL software 

(Whitmore & Wallace, 2004, 2008).  ‘*’ indicates a significant difference from wild type (p<0.001) 
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-TPM CD Spectra (240-190nm) at 20C 

Figure 7.1. CD spectra (240-190nm) of -TPM at 20C. All proteins show CD spectra representative of -helical coiled coil 

proteins. The spectra of the p.Lys49del and p.Glu139del mutants show clear shifts of the 208 and 222nm minima, towards the X-axis. 

The spectra of the p.Glu117Lys mutant shows a shift away from the x-axis at both the 208 and 222nm wavelength minima. 
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Figure 7.2. CD spectra (240-190nm) of -TPM at 37C. All proteins show CD spectra representative of -helical coiled coil 

proteins. The spectra of the p.Lys49del and p.Glu139del mutants show clear shifts of the 208 and 222nm minima, towards the x-axis. 

However, the p.Glu117Lys and p.Gln147Pro mutants show a shift away from the x-axis at both the 208 and 222nm minima. 

-TPM CD Spectra (240-190nm) at 37C 
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7.4.1.3 Molar ellipticity ratios 

Molar ellipticity ratios ([]222/[]208) were calculated to indicate a theoretical likelihood 

of the wild type or mutant -TPM proteins forming a coiled coil (Zhou et al., 1994). As 

described previously (Section 4.2.1), a molar ellipticity ratio of 1.02 is generally 

characteristic for coiled-coils while a ratio of 0.85 would be characteristic of non-

interacting helices (Zhou et al., 1994). Ratios were calculated using the average molar 

ellipticity at 222nm and 208nm for each spectrum.  Molar ellipticity ratios are presented 

in Table 7.3. At 20C the wild type -TPM was calculated to have a molar ellipticity 

ratio of 1.05. The p.Lys49del mutant showed the lowest (1.02) while the p.Glu117Lys 

and p.Glu139del mutants showed the highest ratios (both 1.08). All -TPM samples, 

including the mutants showed molar ellipticity ratios characteristic of -helical coiled-

coil proteins.  

 

At 37C the wild type -TPM showed a molar ellipticity ratio of 0.97. The p.Lys49del 

mutant again showed the lowest calculated molar ellipticity ratio (0.91) while the 

p.Glu139del and p.Gln147Pro showed the highest (both 0.98). All samples showed a 

slight reduction in this ratio at 37C as compared to 20C. 

 

 

Table 7.3. Molar ellipticity ratios for wild type and mutant -TPM as calculated from 

the 208nm and 222nm CD minima. 

-TPM 20C 37C 

 222nm 208nm 
222/208 

ratio 222nm 208nm 
222/208 

ratio 
Wild type -40840.2 -38993.4 1.05 -30171.2 -31221.1 0.97 
p.Glu41Lys -41181.0 -39499.0 1.04 -29989.8 -31012.2 0.97 
p.Lys49del -33221.9 -32452.3 1.02 -22448.4 -24559.1 0.91 
p.Glu117Lys -49272.1 -45743.3 1.08 -33254.8 -34662.0 0.96 

p.Glu139del -29693.0 -27483.3 1.08 -22580.3 -23053.0 0.98 
p.Gln147Pro -41851.6 -40345.5 1.04 -33815.5 -34442.1 0.98 
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7.4.2 Thermal denaturation analysis of -TPM 

To assess the thermostability of wild type and mutant -TPM, CD was observed at 

222nm as the temperature was increased from 20C to 70C. This allowed observation 

of the protein from a completely folded state to a completely unfolded state and 

construction of a melt profile. Wild type and mutant proteins were modelled as a two-

state transition from a fully folded (0% unfolded) state to a fully unfolded state (100% 

unfolded), and this was then plotted against temperature (Figure 7.3). As with the -

MyHC analysis described in Chapter 4, a least-squares non-linear fit equation was 

generated from the data and the mid-point of the denaturation (50% unfolded), taken as 

the Tm (Greenfield, 2006), was then determined from this equation.  

 

7.4.2.1 Thermal denaturation of wild type and mutant -TPM  

Wild type -TPM was calculated to have a Tm of 40.20.0C. The majority of mutant -

TPM proteins were calculated to have a Tm similar to or slightly higher than that of the 

wild type. The p.Lys49del mutant was found to have the lowest Tm of all samples 

studied (39.30.2C), significantly lower than the wild type. Results from the thermal 

denaturation analysis of wild type and mutant -TPM preparations are summarised in 

Table 7.2. 
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Figure 7.3 Thermal denaturation profiles of wild type and mutant -TPM at 222nm reveals some differences in protein thermostability. A 

fitted curve is overlayed in red, over the raw data points (  ). The blue dashed line overlayed on each plot represents wild type melt profile. 

Thermodynamic CD analysis -TPM 
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7.5 Discussion 

Like the -MyHC fragments studied in the previous chapter, TPM has an almost 

completely -helical coiled-coil structure and it is thus likely that mutations altering a 

particular amino acid’s charge, polarity or hydrophobic properties will have an impact 

on the protein’s ordered structure, at least locally. CD analysis reveals that disease-

causing TPM2 mutations can have varying effects on the protein’s secondary structure 

and thermostability. While some mutations caused reductions in -helical content of up 

to 17.8%, others altered this only slightly and some even showed up to 7.2% higher -

helical content than that of the wild type (Table 7.2). There does however appear to be 

some degree of correlation between the current findings and previous unpublished 

observations regarding the effects of TPM2 mutations on actin binding affinity by co-

sedimentation assays (personal communication, Minttu Marttila, Helsinki, Finland). The 

results indicate that different TPM2 mutations may cause different disease phenotypes 

by multiple mechanisms. In contrast to some of the mutant -MyHC proteins studied in 

Chapter 4, -TPM mutants generally do not show altered thermostability relative to the 

wild type. 

 

7.5.1 CD analysis of -TPM mutations causing NM 

The p.Glu117Lys and p.Gln147Pro mutations cause NM in the absence of cap-like 

structures (Donner et al., 2002). COILS analysis by Lehtokari et al. (2007) predicted 

that the p.Glu117Lys mutation would have no effect on the coiled-coil structure of the 

protein, while the p.Gln147Pro mutation would have a major effect on the protein’s 

coiled-coil forming capacity (Lehtokari et al., 2007). As it is located in an ‘e’ position 

of the heptad repeat, the p.Glu117 residue is considered to be involved in the inter-

helical binding of adjacent -helices via opposite charge attraction (McLachlan & Karn, 

1982). Results from the current CD study support the COILS analysis predictions: the 

calculated -helical content and molar ellipticity ratios of the p.Glu117Lys mutant are 

similar or higher than that of the wild type at both 20C and 37C, indicating that if 

anything the mutation appears to stabilise the protein’s secondary structure, enhancing 

-helical content. Actin binding experiments have shown that the p.Glu117Lys mutant 

binds actin with significantly higher affinity than wild type protein (personal 

communication, Minttu Marttila, Helsinki, Finland).  This suggests that the increased -

helical structure of the p.Glu117Lys -TPM molecule allows for this increased actin 
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binding capacity, which may disrupt functional properties of the thin filament and 

contribute to disease pathogenesis. 

 

Thermal denaturation analysis of the p.Glu117Lys mutant tropomyosin reveals that this 

molecule has a Tm slightly higher than that of the wild type -TPM. However the 

mutant displays a denaturation profile slightly different from that of the wild type and 

the other -TPM proteins studied. The melt profile has a distinctly different shape 

between 40 and 55C, indicating that there may be sequential steps of protein 

unfolding induced by the introduction of the p.Glu117Lys mutation. Further CD 

experiments or other biophysical techniques such as NMR (nuclear magnetic resonance) 

or FTIR (Fourier transform infra-red spectroscopy), under appropriate conditions for 

elucidating local unfolding characteristics, may be necessary to understand more fully 

the effects of this mutation on -TPM’s thermostability properties. 

 

CD analysis of the p.Gln147Pro -TPM mutant at 20C demonstrated that the measured 

-helical content of the mutant protein was similar to that of the wild type, whereas, 

interestingly, at 37C the -helical content was actually higher than that of the wild 

type. A similar observation was made in terms of the molar ellipticity ratios calculated 

for this mutant, which were found to be slightly lower than the wild type at 20C and 

slightly higher at 37C. These molar ellipticity calculations indicate that the mutant 

retains the capacity to form a coiled-coil. While these observations conflict with 

theoretical predictions of the effects of introducing a proline into an -helical protein 

(O'Neil & DeGrado, 1990), the p.Leu1706Pro mutation of -MyHC studied in the 

previous chapter was also found to cause an increase in Tm compared to wild type, when 

studied in the LMM_485 fragment (Section 4.5.3.2). This mutation is predicted by 

COILS analysis to cause a major disruption to the protein’s coiled-coil forming capacity 

(Meredith et al., 2004). One could speculate that the disruption to the coiled-coil 

structure predicted by COILS analysis remains localised while overall the p.Gln147Pro 

mutant -TPM is actually stable and maintains its -helical structure. Another 

possibility is that the introduction of a proline may induce the local formation of poly-

proline (ppII) helices, which could slightly alter the absorbance properties of the overall 

protein, mimicking the effects of increased -helical content, when it is in fact reduced 

(Fasman, 1996).  
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In terms of the heptad repeat model, p.Gln147Pro lies in an ‘e’ position, which like the 

‘g’ position, is involved in inter-helical charge attractions stabilizing the coiled coil 

structure (McLachlan & Karn, 1982). As the -MyHC p.Leu1706Lys mutant lies in a 

‘g’ position, it is possible that the overall stabilisation of the -TPM or -MyHC 

molecule in these two situations are due to a similar mechanism in response to the 

replacement of a residue in the ‘e’ or ‘g’ position of the heptad repeat with a proline 

residue. 

 

In conjunction with the actin binding data, the current CD results suggest that these two 

mutations may cause NM via different mechanisms. It is possible that the increased 

secondary structure -helical content is a cause of either increased or decreased actin 

binding affinity in both cases, depending on the nature or location of the mutation. The 

increased thermostability observed with the p.Glu147Pro may also affect the protein’s 

actin binding capacity. 

 

7.5.2 -TPM mutations causing cap disease 

Both of the mutations studied that are associated with pure cap disease (p.Lys49del and 

p.Glu139del) cause significant reductions in -helical content when measured at both 

20C and 37C. These results indicate that deletion mutations have a severe effect on 

the secondary structure of the -TPM molecule compared to the wild type and other 

mutants. While the mutant proteins associated with NM displayed only small changes in 

-helical content at 20C, yet a marked increase at 37C, the p.Lys49del and 

p.Glu139del mutations both appear to cause an overall disruption to the secondary 

structure of the protein resulting in decreased -helical content. Thermal denaturation 

experiments revealed the Tm of the p.Lys49del and p.Glu139del -TPM mutants were 

altered only slightly, indicating that despite these secondary structure effects there are 

no large changes in thermostability. 

 

Ohlsson and colleagues (2008) suggested that the p.Lys49del mutation may affect the 

assembly of -TPM dimers, or disturb the protein’s molecular interactions with actin. 

Both of these possibilities are likely to affect thin filament assembly dynamics and 

could contribute to the ‘irregular and coarse-meshed intermyofibrillar network’ 

observed upon muscle biopsy from a patient with this mutation (Ohlsson et al., 2008). 

Though not exclusively, patients with either p.Lys49del or p.Glu139del mutations show 



 233 

staggered or thickened Z-discs in addition to the characteristic ‘cap-like’ structures. It is 

possible that the disruption to the protein’s secondary structure contributes to this 

pathological feature of the disease. 

 

COILS analysis by Lehtokari et al. (2007) predicted that the p.Glu139del mutation 

would have only a small, localised effect on the coiled-coil structure of the protein. The 

authors suggested that due to its position (‘e’) on the outside surface of the TPM coiled 

coil, it may interfere with tropomyosin-actin interactions and contribute to disease via 

this interference (Lehtokari et al., 2007). Clarke et al. (2009), who also identified this 

mutation in a patient with cap disease, took into account also that residue p.Glu139 is 

located in a proposed actin binding site between residues 125 and 145 (Brown et al., 

2005) and suggested that this too may be a primary contributing factor to disease 

pathogenesis (Clarke et al., 2009). Unpublished investigations into the actin binding 

properties of these two mutants indicate that they reduce actin-binding affinity in 

comparison to the wild type (personal communication, Minttu Marttila, Helsinki, 

Finland). Together, these findings suggest that the loss of the -helical structure caused 

by p.Lys49del and p.Glu139del may directly cause reduced actin binding affinity and 

subsequently form the basis for disease pathogenesis of cap disease. 

 

7.5.3 -TPM mutation causing both NM and cap disease 

At both 20C and 37C the p.Glu41Lys mutant (causing NM and cap disease) was 

found to have an estimated -helical content very similar to that of the wild type, 

suggesting that this mutation does not cause a great disruption to the overall secondary 

structure of the protein. Thermal denaturation analysis indicated that this mutation also 

has no apparent effect on the thermostability of the molecule, which suggests that 

alterations to the molecular structure or thermostability may not be the primary cause of 

pathogenesis. The residue p.Glu41 is located in an ‘f’ position in the heptad repeat, 

which is usually involved in the lateral association of TPM coiled-coils. While it is not 

known how this mutation causes the pathological features of both NM and cap disease, 

it appears that it is unlikely to be the result of an overall loss of secondary structure or 

thermostability as it is remarkably similar to the wild type TPM in these respects.  

 

As described in Section 7.2.3.2, p.Glu41Lys was identified in a mother and daughter 

with a slowly progressive congenital myopathy, with both their muscle biopsies 
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showing cap structures with or without nemaline rods. The fact that the mother’s biopsy 

at 32 years of age showed no nemaline rods while a second biopsy at 57 years of age 

did suggests that these may be a feature of disease progression (Tajsharghi et al., 2007) 

or sampling variability (eg frequency of occurrence, or muscle biopsied). While the 

daughter showed no nemaline rods when a biopsy was taken at 26 years of age, with 

disease progression, these pathological features may develop later in life. Tajsharghi et 

al. (2007) propose that the variable phenotype between different TPM2 mutations 

indicates the effects on the protein’s structure and function also differ (Tajsharghi et al., 

2007). Actin binding assays have indicated that the p.Glu41Lys mutant shows increased 

affinity for actin compared to wild type -TPM (personal communication, Minttu 

Mattila, Helsinki, Finland). Together with results from the current investigation, this 

suggests that the pathobiology of the p.Glu41Lys mutation is likely to arise from 

alterations to the protein’s local interaction properties with actin or other binding 

partners rather than from the mutation’s effects on overall secondary structure or 

thermostability.  

 

7.5.4 TPM2 mutations may cause disease via multiple mechanisms? 

Results from the current investigation have identified a possible correlation between the 

secondary structure properties of mutant -TPM and actin binding affinity. The two 

mutations causing cap disease only (p.Lys49del and p.Glu139del), both cause a 

significant reduction in -helical content and both have shown reduced actin binding 

affinity. The p.Glu41Lys mutation does not show significant reductions in -helical 

content compared to the wild type and it also does not show reduced actin binding 

affinity while the increase in -helical content found with p.Glu117Lys is associated 

with increased actin binding affinity. These results indicate a likely relationship 

between the -helical content of -TPM and its actin binding capacity – a sensitive 

equilibrium where either an increase or decrease in -helical content may contribute to 

disease pathogenicity. The nature of these mutations may play a role in determining 

particular phenotypic characteristics such as the presence/absence of nemaline rods or 

caps and other pathological features, which may ultimately direct the disease 

phenotype. 

 

The p.Gln147Pro mutation is the only mutation that does not fit this model, however 

this mutation differs to the other mutations studied in that it does not involve the 
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removal of an amino acid or a charge reversal mutation. The mutation to proline is 

associated with an apparent increase in both thermostability and estimated -helical 

content at 37C. It is possible that the increase in thermostability of this protein may 

contribute to observed reductions in actin binding and subsequent disease pathogenesis. 

For example, the periodically located alanine residues along the seam of the -TPM 

coiled coil function to offer flexibility and allow for actin binding (McLachlan et al., 

1975), the mutation to proline may create a more rigid molecule, in turn reducing its 

actin binding capacity. Given that -TPM binds actin at a number of locations along the 

molecule (Brown et al., 2001), it is possible that mutations at a number of positions 

along the coiled-coil may affect these interactions. 

 

7.5.5 Investigation of local unfolding properties by CD 

The current investigation has shown that by CD analysis in relatively low salt 

conditions disease-causing -TPM mutations can reveal changes in secondary structure 

in terms of -helical content, but most show only very slight changes in Tm and the 

denaturation profile of the mutant protein. Now that the effects on secondary structure 

have been shown, further investigation into the effects of -TPM mutations on the 

resulting molecules’ thermostability should involve denaturation analysis under higher 

salt conditions (e.g. 0.5M) where it may be possible to deduce changes in local 

unfolding transitions in mutant proteins. These investigations may then provide an 

insight into the more subtle effects of -TPM mutations on thermal denaturation (Ishii, 

1994). 

 

7.5.6 In vivo disease modelling  

Downsides to in vitro investigations such as CD are that they involve a recombinant 

protein in an environment different from that inside the living cell. The absence of 

binding partners and physiological conditions can limit the extent to which results can 

be interpreted. 

 

In order to further elucidate the specific effects of each of the mutations studied in the 

current investigation more experiments will be required. While further biophysical and 

in vitro studies may provide more information, perhaps the only definitive way of 

confirming some of the mechanisms suggested in this chapter is by creating a mouse or 
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other animal model of the disease. In vivo studies would allow a much more thorough 

investigation of disease pathobiology and pathogenesis. The advantages of a mouse 

model however may be outweighed by the cost of the laborious, time-consuming and 

expensive process of creating a transgenic animal model. Furthermore it is unrealistic 

that a mouse model would be made for each of the mutations. As a result, it is logical to 

begin with in vitro investigations such as further CD as an economical and potentially 

rich source of pathobiological information. 

 

7.6 Conclusions  

This chapter shows that CD analysis of mutant and wild type -TPM provides a 

relatively rapid and economical method to deduce information about the overall effects 

of -TPM mutations on protein secondary structure and thermostability. CD analysis of 

mutant -TPM proteins associated with NM and cap disease has shown that there 

appears to be a correlation between significant decreases in secondary structure caused 

by TPM2 mutations and actin binding affinity, an effect that may play a role in disease 

pathogenesis. However further biophysical analyses such as NMR, FTIR or CD under 

different conditions are required to further investigate this relationship.  

 

The fact that that different mutations were found to have different effects on protein 

secondary structure with some degree of correlation to disease phenotype indicates that 

these experiments are a valuable tool for investigating the structural and functional 

effects of disease causing TPM2 mutations. However, in order to clearly understand the 

in vivo effects of these mutations though, an animal model such as a transgenic mouse 

may need to be generated. 
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Chapter 2 of this thesis describes the screening of 23 NM patients for mutations in the 

candidate gene CFL2. Though no mutations were identified in this cohort, the overall 

collaborative effort led by Prof. Alan Beggs and Dr Carina Wallgren-Pettersson 

screened 113 NM patients and identified a single homozygous mutation (p.Ala35Thr, 

c.103G>A) in two sisters from a large family of Middle Eastern descent (Agrawal et al., 

2007). The published study suggests that mutations in CFL2 are a very rare cause of 

NM and it may be logical not to screen patients for mutations in this gene unless they 

show abnormalities upon CFL2 immunohistochemistry. The functional effects of the 

single mutation identified are being analysed by those in the laboratory of Prof. Alan 

Beggs, who are also pursuing generating a mouse model with the CFL2 mutation. The 

methods and skills in PCR and DNA sequencing developed in this Chapter provide a 

suitable foundation for the screening of a much larger gene, as performed in the 

subsequent Chapter. 

 

Chapter 3 describes mutation screening of the MYH7 gene in probands with suspected 

MPD1, MSM or a distal myopathy due to a possible MYH7 mutation. A total of seven 

novel MYH7 mutations were identified (three of which were identified as a part of this 

thesis), and recurrent mutations were identified in a further five probands. One novel 

synonymous variant was identified. Together with novel mutations identified by other 

groups around the world, these results broaden the region of the -MyHC tail in which 

mutations causing distal myopathy are located. The identification of the p.Glu1856Lys 

mutation in a family with HCM and distal myopathy confirms previous observations 

that mutations in MYH7 are able to cause both a skeletal muscle and a cardiac 

phenotype (Darin et al., 2007; Overeem et al., 2007; Tajsharghi et al., 2007). 

Furthermore, this mutation adds to an emerging group of glutamate to lysine mutations 

causing both a skeletal myopathy and cardiac phenotype (p.Glu1801Lys; p.Glu1883Lys 

and p.Glu1914Lys), identifying a likely genotype/phenotype correlation. Mutations 

causing MPD1 are consistently caused by either a missense mutation to proline or the 

deletion or insertion of an amino acid, both of which are understood to disrupt the very 

ordered -helical coiled-coil structure of the -MyHC protein. COILS analysis 

estimating the probability of coiled-coil forming capacity calculated that mutations 

involving a change to proline or the removal of an amino acid are likely to disrupt the 

protein’s capacity to form a coiled-coil (Meredith et al., 2004). 
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To investigate these theories regarding the effects of MYH7 mutations, CD analysis of 

mutant -MyHC rod or LMM-485 was used to determine the consequences of disease-

causing mutations in terms of secondary structure -helical content, the capacity to 

form an ordered coiled-coil and protein thermostability. Results from this study found 

that mutations causing MSM or MPD1 generally caused a reduction in overall -helical 

content and reduced the thermostability of the protein, particularly when studied in the 

LMM-485 model. CD results for the present study differed to results recently published 

by Armel and Leinwand (2009a, 2009b), which found that the p.His1901Leu and 

p.Arg1500Pro mutations had almost no effect on the proteins’ secondary structure or 

thermostability. It is hypothesised however that were these experiments carried out at a 

temperature closer to physiological conditions, a difference due to the mutations may 

have become evident. 

 

The altered secondary structure and reduced thermostability observed in the current 

investigation suggest that the MPD1 and MSM mutations may contribute to the disease 

phenotype by altering interactions important in the lateral association of -MyHC 

dimers, particularly as most of the mutations affect residues located in positions b, c and 

f of the heptad repeat that are involved in such interactions (McLachlan & Karn, 1982). 

The altered secondary structure and reduced stability may also disrupt interactions 

between -MyHC and M-band binding partners such as the myomesins. An HCM 

mutant also studied showed secondary structure -helical content very similar to that of 

the wild type and only a minor change in thermostability, suggesting that the HCM 

phenotype may result from a different pathogenic mechanism to the skeletal 

myopathies.  

 

Paracrystal studies aimed to further investigate the effects of -MyHC rod mutations on 

the protein’s capacity to assemble into higher order structures found that the wild type 

-MyHC was able to arrange into regular, striated paracrystals and the mutants 

appeared to be able to do the same. Fine ultrastructure details could not be resolved due 

to technical issues with negative staining and visualizing the paracrystals with better 

contrast and higher resolution at a higher magnification. Further optimising of negative 

staining procedures are required for these finer structures to become evident.  
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To further investigate the effects of the mutations analysed by CD, Chapter 5 studied 

mutant -MyHC proteins in a C2C12 skeletal muscle cell system. Transfection of 

C2C12 myoblasts identified that the fusion of an EGFP tag to the C-terminus of -

MyHC does not perturb the protein’s capacity to arrange into striated myofibrillar 

structures in differentiated myotubes. Mutant -MyHC-EGFP proteins were also able to 

form striated structures in the same way as the wild type showing that mutations 

causing MPD1 or HCM do not disrupt the protein’s capacity to do so. However, 

mutations causing MPD1 did show a mean sarcomere length significantly shorter than 

the wild type, while the HCM mutant and the DIM/CM mutant showed no significant 

change. The direct effects of this sarcomeric shortening will require further 

physiological investigation, though if it were to disrupt the myofibrillar protein network 

or sarcomeric contractile properties, it is likely that it contributes to disease 

pathogenesis.  

 

Results from Chapters 4 and 5 indicate that mutant -MyHC molecules with altered 

structure and some degree of thermo-instability are incorporated into the sarcomere and 

a gain of function mechanism underlies disease pathogenesis. In terms of the 

development of a therapeutic strategy, this suggests that production of the mutant 

protein would need to be suppressed by a technique such as RNAi. Alternatively it 

could be investigated whether allele specific upregulation of the wild type -MyHC or 

an alternative isoform could alleviate the pathogenic effect by ‘dilution’ of the mutant 

protein. 

 

The MPD1 and HCM mutants studied did not alter the localisation of the M-band 

myosin binding protein M-protein, which co-localised with -MyHC-EGFP in striated 

myofibrillar structures. While these proteins were observed to co-localise, this doesn’t 

necessarily mean that their interaction properties are not disrupted as a result of a 

mutation in or around the M-protein binding region on the LMM.  

 

Chapter 6 aimed to further investigate the possible effects disease-causing MYH7 

mutations may have on the binding affinity between the -MyHC rod and myomesin or 

M-protein. The production of fragments of myomesin and M-protein was attempted in a 
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number of expression systems including bacterial, insect and mammalian cells. 

Recombinant N-terminal fragments of myomesin 1 and M-protein produced in a 

bacterial system achieved high levels of expression, though the protein was insoluble 

and could not be used for further experiments. Although a number of conditions were 

altered to produce soluble protein, these adjustments were unsuccessful. As a result 

protein production was tested in insect and mammalian systems. Mammalian cells 

failed to show signs of recombinant protein production while the insect cells did show 

evidence of a very small amount of recombinant protein being produced. It is possible 

that this production could be scaled-up in order to produce sufficient protein with which 

to perform further experiments. 

 

Chapter 7 uses CD techniques developed in Chapter 4 to analyse the effects of NM and 

cap disease mutations in TPM2 on secondary structure and thermostability properties of 

the encoded -TPM. Results identified that mutations have variable effects on -TPM 

secondary structure in terms of -helical content and only very minor effects on the 

molecule’s overall thermostability. There appears to be a correlation between significant 

decreases in secondary structure of -TPM and actin binding affinity. Furthermore, the 

two mutant proteins that showed these structural alterations were both a cause of cap 

disease only. While this disruption to actin binding affinity may play a direct role in 

disease pathogenesis, further biophysical analyses such as NMR, FTIR or CD under 

different conditions would be required to further investigate this relationship.  

 

Overall, this thesis covers the steps involved from screening for a disease gene, to the 

identification of disease causing mutations and the subsequent functional investigation 

used to develop an understanding of the underlying mechanisms contributing to disease 

pathogenesis.  

 

8.1 Future directions 

Mystery continues to surround the reasons why mutations in the same region of MYH7 

are able to cause such a wide range of disease phenotypes. While this thesis has brought 

to light and continued to confirm some correlations between genotype and phenotype, 

further investigations are required to completely understand this complex relationship. 

Perhaps the only definitive way to better understanding the differing disease 
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mechanisms is through the generation of a mouse or other animal model. In vivo studies 

would allow for much better investigation of the development of disease, as it 

progresses. An in vivo model also provides the ideal platform for the development and 

testing of possible disease treatments. However the laborious task and costs involved 

with generating and maintaining a mouse or other animal model may outweigh its 

advantages, particularly if a model is to be generated for each different disease 

phenotype.  

 

 



 

 

 

 

 

 

 

 

 

 

REFERENCES



 244 

 

Agarkova I, Auerbach D, Ehler E & Perriard JC. (2000). A novel marker for vertebrate 

embryonic heart, the EH-myomesin isoform. J Biol Chem 275, 10256-10264. 

 

Agarkova I & Perriard JC. (2005). The M-band: an elastic web that crosslinks thick 

filaments in the center of the sarcomere. Trends Cell Biol 15, 477-485. 

 

Agrawal PB, Greenleaf RS, Tomczak KK, Lehtokari VL, Wallgren-Pettersson C, 

Wallefeld W, Laing NG, Darras BT, Maciver SK, Dormitzer PR & Beggs AH. 

(2007). Nemaline myopathy with minicores caused by mutation of the CFL2 

gene encoding the skeletal muscle actin-binding protein, cofilin-2. Am J Hum 

Genet 80, 162-167. 

 

Agrawal PB, Strickland CD, Midgett C, Morales A, Newburger DE, Poulos MA, 

Tomczak KK, Ryan MM, Iannaccone ST, Crawford TO, Laing NG & Beggs 

AH. (2004). Heterogeneity of Nemaline Myopathy Cases with Skeletal Muscle 

alpha-Actin Gene Mutations. Ann Neurol 56, 86-96. 

 

Akkari PA, Song Y, Hitchcock-DeGregori S, Blechynden L & Laing N. (2002). 

Expression and biological activity of Baculovirus generated wild-type human 

slow alpha tropomyosin and the Met9Arg mutant responsible for a dominant 

form of nemaline myopathy. Biochem Biophys Res Commun 296, 300-304. 

 

Alliance-Protein-Laboratories. (2009). Circular Dichroism. http://www.ap-

lab.com/circular_dichroism.htm 

 

Andrade MA, Chacon P, Merelo JJ & Moran F. (1993). Evaluation of secondary 

structure of proteins from UV circular dichroism spectra using an unsupervised 

learning neural network. Protein Eng 6, 383-390. 

 

Arai S, Matsuoka R, Hirayama K, Sakurai H, Tamura M, Ozawa T, Kimura M, 

Imamura S, Furutani Y, Joh-o K & et al. (1995). Missense mutation of the beta-

cardiac myosin heavy-chain gene in hypertrophic cardiomyopathy. Am J Med 

Genet 58, 267-276. 

 

Armel TZ & Leinwand LA. (2009a). Mutations at the same amino acid in myosin that 

cause either skeletal or cardiac myopathy have distinct molecular phenotypes. J 

Mol Cell Cardiol. 

 

Armel TZ & Leinwand LA. (2009b). Mutations in the beta-myosin rod cause myosin 

storage myopathy via multiple mechanisms. Proc Natl Acad Sci U S A 106, 

6291-6296. 

 

Armel TZ & Leinwand LA. (2010). A mutation in the beta-myosin rod associated with 

hypertrophic cardiomyopathy has an unexpected molecular phenotype. Biochem 

Biophys Res Commun 391, 352-356. 

 

Atkinson SJ & Stewart M. (1991). Expression in Escherichia coli of fragments of the 

coiled-coil rod domain of rabbit myosin: influence of different regions of the 

molecule on aggregation and paracrystal formation. J Cell Sci 99 ( Pt 4), 823-

836. 

 

http://www.ap-lab.com/circular_dichroism.htm
http://www.ap-lab.com/circular_dichroism.htm


 245 

Bamburg JR, Harris HE & Weeds AG. (1980). Partial purification and characterization 

of an actin depolymerizing factor from brain. FEBS Lett 121, 178-182. 

 

Bamburg JR & Wiggan OP. (2002). ADF/cofilin and actin dynamics in disease. Trends 

Cell Biol 12, 598-605. 

 

Baneyx F. (1999). Recombinant protein expression in Escherichia coli. Curr Opin 

Biotechnol 10, 411-421. 

 

Bang ML, Li X, Littlefield R, Bremner S, Thor A, Knowlton KU, Lieber RL & Chen J. 

(2006). Nebulin-deficient mice exhibit shorter thin filament lengths and reduced 

contractile function in skeletal muscle. J Cell Biol 173, 905-916. 

 

Bang ML, Mudry RE, McElhinny AS, Trombitas K, Geach AJ, Yamasaki R, Sorimachi 

H, Granzier H, Gregorio CC & Labeit S. (2001). Myopalladin, a novel 145-

kilodalton sarcomeric protein with multiple roles in Z-disc and I-band protein 

assemblies. J Cell Biol 153, 413-427. 

 

Becker KD, Gottshall KR, Hickey R, Perriard JC & Chien KR. (1997). Point mutations 

in human beta cardiac myosin heavy chain have differential effects on 

sarcomeric structure and assembly: an ATP binding site change disrupts both 

thick and thin filaments, whereas hypertrophic cardiomyopathy mutations 

display normal assembly. J Cell Biol 137, 131-140. 

 

Beckmann JS & Spencer M. (2008). Calpain 3, the "gatekeeper" of proper sarcomere 

assembly, turnover and maintenance. Neuromuscul Disord 18, 913-921. 

 

Beggs AH, Byers TJ, Knoll JH, Boyce FM, Bruns GA & Kunkel LM. (1992). Cloning 

and characterization of two human skeletal muscle alpha-actinin genes located 

on chromosomes 1 and 11. J Biol Chem 267, 9281-9288. 

 

Bellenchi GC, Gurniak CB, Perlas E, Middei S, Ammassari-Teule M & Witke W. 

(2007). N-cofilin is associated with neuronal migration disorders and cell cycle 

control in the cerebral cortex. Genes Dev 21, 2347-2357. 

 

Bernstein BW & Bamburg JR. (1982). Tropomyosin binding to F-actin protects the F-

actin from disassembly by brain actin-depolymerizing factor (ADF). Cell Motil 

2, 1-8. 

 

Bertz M, Wilmanns M & Rief M. (2009). The titin-telethonin complex is a directed, 

superstable molecular bond in the muscle Z-disk. Proc Natl Acad Sci U S A 106, 

13307-133310. 

 

Betteridge DR & Lehrer SS. (1983). Two conformational states of didansylcystine-

labeled rabbit cardiac tropomyosin. J Mol Biol 167, 481-496. 

 

Blanchoin L, Robinson RC, Choe S & Pollard TD. (2000). Phosphorylation of 

Acanthamoeba actophorin (ADF/cofilin) blocks interaction with actin without a 

change in atomic structure. J Mol Biol 295, 203-211. 

 



 246 

Bohlega S, Abu-Amero SN, Wakil SM, Carroll P, Al-Amr R, Lach B, Al-Sayed Y, 

Cupler EJ & Meyer BF. (2004). Mutation of the slow myosin heavy chain rod 

domain underlies hyaline body myopathy. Neurology 62, 1518-1521. 

 

Bohlega S, Lach B, Meyer BF, Al Said Y, Kambouris M, Al Homsi M & Cupler EJ. 

(2003). Autosomal dominant hyaline body myopathy: clinical variability and 

pathologic findings. Neurology 61, 1519-1523. 

 

Bonne G, Carrier L, Richard P, Hainque B & Schwartz K. (1998). Familial hypertrophic 

cardiomyopathy: from mutations to functional defects. Circ Res 83, 580-593. 

 

Brondyk WH. (2009). Selecting an appropriate method for expressing a recombinant 

protein. Methods Enzymol 463, 131-147. 

 

Brown HR & Schachat FH. (1985). Renaturation of skeletal muscle tropomyosin: 

implications for in vivo assembly. Proc Natl Acad Sci U S A 82, 2359-2363. 

 

Brown JH, Cohen C & Parry DA. (1996). Heptad breaks in alpha-helical coiled coils: 

stutters and stammers. Proteins 26, 134-145. 

 

Brown JH, Kim KH, Jun G, Greenfield NJ, Dominguez R, Volkmann N, Hitchcock-

DeGregori SE & Cohen C. (2001). Deciphering the design of the tropomyosin 

molecule. Proc Natl Acad Sci U S A 98, 8496-8501. 

 

Brown JH, Zhou Z, Reshetnikova L, Robinson H, Yammani RD, Tobacman LS & 

Cohen C. (2005). Structure of the mid-region of tropomyosin: bending and 

binding sites for actin. Proc Natl Acad Sci U S A 102, 18878-18883. 

 

Calderwood DA, Huttenlocher A, Kiosses WB, Rose DM, Woodside DG, Schwartz 

MA & Ginsberg MH. (2001). Increased filamin binding to beta-integrin 

cytoplasmic domains inhibits cell migration. Nat Cell Biol 3, 1060-1068. 

 

Cancilla PA, Kalyanaraman K, Verity MA, Munsat T & Pearson CM. (1971). Familial 

myopathy with probable lysis of myofibrils in type I fibers. Neurology 21, 579-

585. 

 

Capetanaki Y, Bloch RJ, Kouloumenta A, Mavroidis M & Psarras S. (2007). Muscle 

intermediate filaments and their links to membranes and membranous 

organelles. Exp Cell Res 313, 2063-2076. 

 

CardioGenomics. (2010). Cardio Genomics Sarcomere Protein Gene Mutation Database 

Harvard Medical School. http://genetics.med.harvard.edu/~seidman/cg3/ 

 

Carlsson E, Grove BK, Wallimann T, Eppenberger HM & Thornell LE. (1990). 

Myofibrillar M-band proteins in rat skeletal muscles during development. 

Histochemistry 95, 27-35. 

 

Cazorla O, Freiburg A, Helmes M, Centner T, McNabb M, Wu Y, Trombitas K, Labeit 

S & Granzier H. (2000). Differential expression of cardiac titin isoforms and 

modulation of cellular stiffness. Circ Res 86, 59-67. 

 

http://genetics.med.harvard.edu/~seidman/cg3/


 247 

Ceuterick C, Martin JJ & Martens C. (1993). Hyaline bodies in skeletal muscle of a 

patient with a mild chronic nonprogressive congenital myopathy. Clin 

Neuropathol 12, 79-83. 

 

Chai J, Liu C, Lai P & Yee W. (2007). Myosin storage myopathy with a novel slow-

skeletal myosin (MYH7) mutation in a chinese patient. Neuromuscul Disord 17, 

838. 

 

Chamberlain JS. (2002). Gene therapy of muscular dystrophy. Hum Mol Genet 11, 

2355-2362. 

 

Chin TK, Perloff JK, Williams RG, Jue K & Mohrmann R. (1990). Isolated 

noncompaction of left ventricular myocardium. A study of eight cases. 

Circulation 82, 507-513. 

 

Cirak S, von Deimling H, Herrmann R, Bonnemann C, Prive G, Nurnberg P & Voit T. 

(2007). Ubiquitin-proteosome pathway alteration in distal myopathy due to a 

mutation in a novel kelch protein. Eur J Pediatric 166, 273-290. 

 

Clarke NF. (2008). Skeletal muscle disease due to mutations in tropomyosin, troponin 

and cofilin. Adv Exp Med Biol 642, 40-54. 

 

Clarke NF, Domazetovska A, Waddell L, Kornberg A, McLean C & North KN. (2009). 

Cap disease due to mutation of the beta-tropomyosin gene (TPM2). 

Neuromuscul Disord 19, 348-351. 

 

Clarke NF, Kolski H, Dye DE, Lim E, Smith RL, Patel R, Fahey MC, Bellance R, 

Romero NB, Johnson ES, Labarre-Vila A, Monnier N, Laing NG & North KN. 

(2008). Mutations in TPM3 are a common cause of congenital fiber type 

disproportion. Ann Neurol 63, 329-337. 

 

Cohen C & Parry DA. (1990). Alpha-helical coiled coils and bundles: how to design an 

alpha-helical protein. Proteins 7, 1-15. 

 

Coleman JR, Papamichail D, Skiena S, Futcher B, Wimmer E & Mueller S. (2008). 

Virus attenuation by genome-scale changes in codon pair bias. Science 320, 

1784-1787. 

 

Collins FS. (1995). Positional cloning moves from perditional to traditional. Nat Genet 

9, 347-350. 

 

Condeelis J. (2001). How is actin polymerization nucleated in vivo? Trends Cell Biol 

11, 288-293. 

 

Cooper ST, Maxwell AL, Kizana E, Ghoddusi M, Hardeman EC, Alexander IE, Allen 

DG & North KN. (2004). C2C12 co-culture on a fibroblast substratum enables 

sustained survival of contractile, highly differentiated myotubes with peripheral 

nuclei and adult fast myosin expression. Cell Motil Cytoskeleton 58, 200-211. 

 

Cooper TM & Woody RW. (1990). The effect of conformation on the CD of interacting 

helices: a theoretical study of tropomyosin. Biopolymers 30, 657-676. 

 



 248 

Corbett MA, Akkari PA, Domazetovska A, Cooper ST, North KN, Laing NG, Gunning 

PW & Hardeman EC. (2005). An alphaTropomyosin mutation alters dimer 

preference in nemaline myopathy. Ann Neurol 57, 42-49. 

 

Corbett MA, Robinson CS, Dunglison GF, Yang N, Joya JE, Stewart AW, Schnell C, 

Gunning PW, North KN & Hardeman EC. (2001). A mutation in alpha-

tropomyosin(slow) affects muscle strength, maturation and hypertrophy in a 

mouse model for nemaline myopathy. Hum Mol Genet 10, 317-328. 

 

Craig R & Padron R. (2004). Molecular Structure of the Sarcomere. In Myology, 3 edn, 

ed. Engel A & Franzini-Armstrong C, pp. 129-166. McGraw-Hill, New york. 

 

Craig R & Woodhead JL. (2006). Structure and function of myosin filaments. Curr 

Opin Struct Biol. 

 

Dabrowski S & Kur J. (1998). Cloning and expression in Escherichia coli of the 

recombinant his-tagged DNA polymerases from Pyrococcus furiosus and 

Pyrococcus woesei. Protein Expr Purif 14, 131-138. 

 

Darin N, Kyllerman M, Wahlstrom J, Martinsson T & Oldfors A. (1998). Autosomal 

dominant myopathy with congenital joint contractures, ophthalmoplegia, and 

rimmed vacuoles. Ann Neurol 44, 242-248. 

 

Darin N, Tajsharghi H, Ostman-Smith I, Gilljam T & Oldfors A. (2007). New skeletal 

myopathy and cardiomyopathy associated with a missense mutation in MYH7. 

Neurology 68, 2041-2042. 

 

Davis GD, Elisee C, Newham DM & Harrison RG. (1999). New fusion protein systems 

designed to give soluble expression in Escherichia coli. Biotechnol Bioeng 65, 

382-388. 

 

De Paula AM, Franques J, Fernandez C, Monnier N, Lunardi J, Pellissier JF, Figarella-

Branger D & Pouget J. (2009). A TPM3 mutation causing cap myopathy. 

Neuromuscul Disord 19, 685-688. 

 

Deconinck N, Tinsley J, De Backer F, Fisher R, Kahn D, Phelps S, Davies K & Gillis 

JM. (1997). Expression of truncated utrophin leads to major functional 

improvements in dystrophin-deficient muscles of mice. Nat Med 3, 1216-1221. 

 

Dhoot GK & Perry SV. (2005). Expression of slow skeletal myosin binding C-protein 

in normal adult mammalian heart. J Muscle Res Cell Motil 26, 143-148. 

 

Dittmar KA, Goodenbour JM & Pan T. (2006). Tissue-specific differences in human 

transfer RNA expression. PLoS Genet 2, e221. 

 

Dong H, Nilsson L & Kurland CG. (1996). Co-variation of tRNA abundance and codon 

usage in Escherichia coli at different growth rates. J Mol Biol 260, 649-663. 

 

Donner K, Ollikainen M, Ridanpaa M, Christen HJ, Goebel HH, de Visser M, Pelin K 

& Wallgren-Pettersson C. (2002). Mutations in the beta-tropomyosin (TPM2) 

gene--a rare cause of nemaline myopathy. Neuromuscul Disord 12, 151-158. 

 



 249 

Donner K, Sandbacka M, Lehtokari VL, Wallgren-Pettersson C & Pelin K. (2004). 

Complete genomic structure of the human nebulin gene and identification of 

alternatively spliced transcripts. Eur J Hum Genet 12, 744-751. 

 

dos Remedios CG, Chhabra D, Kekic M, Dedova IV, Tsubakihara M, Berry DA & 

Nosworthy NJ. (2003). Actin binding proteins: regulation of cytoskeletal 

microfilaments. Physiol Rev 83, 433-473. 

 

dos Remedios CG & Gilmour D. (1978). Is there a third type of filament in striated 

muscles? J Biochem 84, 235-238. 

 

Drescher S, Schaeffeler E, Hitzl M, Hofmann U, Schwab M, Brinkmann U, Eichelbaum 

M & Fromm MF. (2002). MDR1 gene polymorphisms and disposition of the P-

glycoprotein substrate fexofenadine. Br J Clin Pharmacol 53, 526-534. 

 

Dubowitz V & Sewry C. (2007). Muscle Biopsy - A Practical Approach. Elsevier, 

London. 

 

Duff R. (2008). Investigation of distal and core-rod myopathies. In School of Medicine 

and Pharmacology, pp. 201. University of Western Australia, Perth. 

 

Dunckley MG, Manoharan M, Villiet P, Eperon IC & Dickson G. (1998). Modification 

of splicing in the dystrophin gene in cultured Mdx muscle cells by antisense 

oligoribonucleotides. Hum Mol Genet 7, 1083-1090. 

 

Durling HJ, Reilich P, Muller-Hocker J, Mendel B, Pongratz D, Wallgren-Pettersson C, 

Gunning P, Lochmuller H & Laing NG. (2002). De novo missense mutation in a 

constitutively expressed exon of the slow alpha-tropomyosin gene TPM3 

associated with an atypical, sporadic case of nemaline myopathy. Neuromuscul 

Disord 12, 947-951. 

 

Dye DE, Azzarelli B, Goebel HH & Laing NG. (2006). Novel slow-skeletal myosin 

(MYH7) mutation in the original myosin storage myopathy kindred. 

Neuromuscul Disord 16, 357-360. 

 

Dyson MR, Shadbolt SP, Vincent KJ, Perera RL & McCafferty J. (2004). Production of 

soluble mammalian proteins in Escherichia coli: identification of protein 

features that correlate with successful expression. BMC Biotechnol 4, 32. 

 

Fagerstam LG, Frostell-Karlsson A, Karlsson R, Persson B & Ronnberg I. (1992). 

Biospecific interaction analysis using surface plasmon resonance detection 

applied to kinetic, binding site and concentration analysis. J Chromatogr 597, 

397-410. 

 

Fardeau M, Godet-Guillain J, Tome FM, Collin H, Gaudeau S, Boffety C & Vernant P. 

(1978). [A new familial muscular disorder demonstrated by the intra-

sarcoplasmic accumulation of a granulo-filamentous material which is dense on 

electron microscopy (author's transl)]. Rev Neurol (Paris) 134, 411-425. 

 

Fasman GD. (1996). Circular Dichroism and the Conformational Analysis of 

Biomolecules. Plenum Press, New York. 

 



 250 

Fatkin D & Graham RM. (2002). Molecular mechanisms of inherited cardiomyopathies. 

Physiol Rev 82, 945-980. 

 

Faulkner G, Pallavicini A, Formentin E, Comelli A, Ievolella C, Trevisan S, Bortoletto 

G, Scannapieco P, Salamon M, Mouly V, Valle G & Lanfranchi G. (1999). 

ZASP: a new Z-band alternatively spliced PDZ-motif protein. J Cell Biol 146, 

465-475. 

 

Ferraz C, Heitz F, Sri Widada J, Caron E, Cave A & Liautard JP. (1991). 

Conformational stability of human skeletal tropomyosins modified by site-

directed mutagenesis. Protein Eng 4, 561-568. 

 

Fidzianska A, Badurska B, Ryniewicz B & Dembek I. (1981). "Cap disease": new 

congenital myopathy. Neurology 31, 1113-1120. 

 

Flavigny J, Robert P, Camelin JC, Schwartz K, Carrier L & Berrebi-Bertrand I. (2003). 

Biomolecular interactions between human recombinant beta-MyHC and 

cMyBP-Cs implicated in familial hypertrophic cardiomyopathy. Cardiovasc Res 

60, 388-396. 

 

Foisner R & Wiche G. (1987). Structure and hydrodynamic properties of plectin 

molecules. J Mol Biol 198, 515-531. 

 

Franke JD, Dong F, Rickoll WL, Kelley MJ & Kiehart DP. (2005). Rod mutations 

associated with MYH9-related disorders disrupt nonmuscle myosin-IIA 

assembly. Blood 105, 161-169. 

 

Frey N & Olson EN. (2002). Calsarcin-3, a novel skeletal muscle-specific member of 

the calsarcin family, interacts with multiple Z-disc proteins. J Biol Chem 277, 

13998-14004. 

 

Furst DO, Osborn M, Nave R & Weber K. (1988). The organization of titin filaments in 

the half-sarcomere revealed by monoclonal antibodies in immunoelectron 

microscopy: a map of ten nonrepetitive epitopes starting at the Z line extends 

close to the M line. J Cell Biol 106, 1563-1572. 

 

Garcia EP, Gatti E, Butler M, Burton J & De Camilli P. (1994). A rat brain Sec1 

homologue related to Rop and UNC18 interacts with syntaxin. Proc Natl Acad 

Sci U S A 91, 2003-2007. 

 

Geeves MA & Holmes KC. (2005). The molecular mechanism of muscle contraction. 

Adv Protein Chem 71, 161-193. 

 

Geisse S & Fux C. (2009). Recombinant protein production by transient gene transfer 

into Mammalian cells. Methods Enzymol 463, 223-238. 

 

Geisse S & Henke M. (2005). Large-scale transient transfection of mammalian cells: a 

newly emerging attractive option for recombinant protein production. J Struct 

Funct Genomics 6, 165-170. 

 

Geisse S, Jordan M & Wurm FM. (2005). Large-scale transient expression of 

therapeutic proteins in mammalian cells. Methods Mol Biol 308, 87-98. 



 251 

 

Geisterfer-Lowrance AA, Kass S, Tanigawa G, Vosberg HP, McKenna W, Seidman CE 

& Seidman JG. (1990). A molecular basis for familial hypertrophic 

cardiomyopathy: a beta cardiac myosin heavy chain gene missense mutation. 

Cell 62, 999-1006. 

 

GeneDx. (2009). GeneDx - Genetic Testing and Diagnosis Company. 

http://www.genedx.com/ 

 

Gerull B, Gramlich M, Atherton J, McNabb M, Trombitas K, Sasse-Klaassen S, 

Seidman JG, Seidman C, Granzier H, Labeit S, Frenneaux M & Thierfelder L. 

(2002). Mutations of TTN, encoding the giant muscle filament titin, cause 

familial dilated cardiomyopathy. Nat Genet 30, 201-204. 

 

Gillett GT, Fox MF, Rowe PS, Casimir CM & Povey S. (1996). Mapping of human 

non-muscle type cofilin (CFL1) to chromosome 11q13 and muscle-type cofilin 

(CFL2) to chromosome 14. Ann Hum Genet 60 ( Pt 3), 201-211. 

 

Goldfarb LG, Olive M, Vicart P & Goebel HH. (2008). Intermediate filament diseases: 

desminopathy. Adv Exp Med Biol 642, 131-164. 

 

Goldfarb LG, Vicart P, Goebel HH & Dalakas MC. (2004). Desmin myopathy. Brain 

127, 723-734. 

 

Gordon AM, Homsher E & Regnier M. (2000). Regulation of contraction in striated 

muscle. Physiol Rev 80, 853-924. 

 

Goto M, Masuda S, Saito H, Uemoto S, Kiuchi T, Tanaka K & Inui K. (2002). C3435T 

polymorphism in the MDR1 gene affects the enterocyte expression level of 

CYP3A4 rather than Pgp in recipients of living-donor liver transplantation. 

Pharmacogenetics 12, 451-457. 

 

Greenfield NJ. (2006). Using circular dichroism collected as a function of temperature 

to determine the thermodynamics of protein unfolding and binding interactions. 

Nat Protoc 1, 2527-2535. 

 

Greenfield NJ & Fowler VM. (2002). Tropomyosin requires an intact N-terminal coiled 

coil to interact with tropomodulin. Biophys J 82, 2580-2591. 

 

Gregorio CC, Trombitas K, Centner T, Kolmerer B, Stier G, Kunke K, Suzuki K, 

Obermayr F, Herrmann B, Granzier H, Sorimachi H & Labeit S. (1998). The 

NH2 terminus of titin spans the Z-disc: its interaction with a novel 19-kD ligand 

(T-cap) is required for sarcomeric integrity. J Cell Biol 143, 1013-1027. 

 

Grove BK, Cerny L, Perriard JC & Eppenberger HM. (1985). Myomesin and M-

protein: expression of two M-band proteins in pectoral muscle and heart during 

development. J Cell Biol 101, 1413-1421. 

 

Grove BK, Cerny L, Perriard JC, Eppenberger HM & Thornell LE. (1989). Fiber type-

specific distribution of M-band proteins in chicken muscle. J Histochem 

Cytochem 37, 447-454. 

 

http://www.genedx.com/


 252 

Grove BK, Holmbom B & Thornell LE. (1987). Myomesin and M protein: differential 

expression in embryonic fibers during pectoral muscle development. 

Differentiation 34, 106-114. 

 

Grove BK, Kurer V, Lehner C, Doetschman TC, Perriard JC & Eppenberger HM. 

(1984). A new 185,000-dalton skeletal muscle protein detected by monoclonal 

antibodies. J Cell Biol 98, 518-524. 

 

Gurniak CB, Perlas E & Witke W. (2005). The actin depolymerizing factor n-cofilin is 

essential for neural tube morphogenesis and neural crest cell migration. Dev Biol 

278, 231-241. 

 

Hackman P, Vihola A, Haravuori H, Marchand S, Sarparanta J, De Seze J, Labeit S, 

Witt C, Peltonen L, Richard I & Udd B. (2002). Tibial muscular dystrophy is a 

titinopathy caused by mutations in TTN, the gene encoding the giant skeletal-

muscle protein titin. Am J Hum Genet 71, 492-500. 

 

Harada H, Kimura A, Nishi H, Sasazuki T & Toshima H. (1993). A missense mutation 

of cardiac beta-myosin heavy chain gene linked to familial hypertrophic 

cardiomyopathy in affected Japanese families. Biochem Biophys Res Commun 

194, 791-798. 

 

Harrison SD, Broadie K, van de Goor J & Rubin GM. (1994). Mutations in the 

Drosophila Rop gene suggest a function in general secretion and synaptic 

transmission. Neuron 13, 555-566. 

 

Hauser MA, Horrigan SK, Salmikangas P, Torian UM, Viles KD, Dancel R, Tim RW, 

Taivainen A, Bartoloni L, Gilchrist JM, Stajich JM, Gaskell PC, Gilbert JR, 

Vance JM, Pericak-Vance MA, Carpen O, Westbrook CA & Speer MC. (2000). 

Myotilin is mutated in limb girdle muscular dystrophy 1A. Hum Mol Genet 9, 

2141-2147. 

 

Hayakawa K, Minami N, Ono S, Ogasawara Y, Totsuka T, Abe H, Tanaka T & Obinata 

T. (1993). Increased expression of cofilin in dystrophic chicken and mouse 

skeletal muscles. J Biochem 114, 582-587. 

 

Hayden SM, Miller PS, Brauweiler A & Bamburg JR. (1993). Analysis of the 

interactions of actin depolymerizing factor with G- and F-actin. Biochemistry 

32, 9994-10004. 

 

Hedera P, Petty EM, Bui MR, Blaivas M & Fink JK. (2003). The second kindred with 

autosomal dominant distal myopathy linked to chromosome 14q: genetic and 

clinical analysis. Arch Neurol 60, 1321-1325. 

 

Hoffman EP, Brown RH, Jr. & Kunkel LM. (1987). Dystrophin: the protein product of 

the Duchenne muscular dystrophy locus. Cell 51, 919-928. 

 

Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J, Johne A, Cascorbi I, 

Gerloff T, Roots I, Eichelbaum M & Brinkmann U. (2000). Functional 

polymorphisms of the human multidrug-resistance gene: multiple sequence 

variations and correlation of one allele with P-glycoprotein expression and 

activity in vivo. Proc Natl Acad Sci U S A 97, 3473-3478. 



 253 

 

Hornemann T, Kempa S, Himmel M, Hayess K, Furst DO & Wallimann T. (2003). 

Muscle-type creatine kinase interacts with central domains of the M-band 

proteins myomesin and M-protein. J Mol Biol 332, 877-887. 

 

Horowitz SH & Schmalbruch H. (1994). Autosomal dominant distal myopathy with 

desmin storage: a clinicopathologic and electrophysiologic study of a large 

kinship. Muscle Nerve 17, 151-160. 

 

Horwitz J. (2000). The function of alpha-crystallin in vision. Semin Cell Dev Biol 11, 

53-60. 

 

Huxley H & Hanson J. (1954). Changes in the cross-striations of muscle during 

contraction and stretch and their structural interpretation. Nature 173, 973-976. 

 

Huxley HE. (1963). Electron Microscope Studies on the Structure of Natural and 

Synthetic Protein Filaments from Striated Muscle. J Mol Biol 16, 281-308. 

 

Huxley HE & Brown W. (1967). The low-angle x-ray diagram of vertebrate striated 

muscle and its behaviour during contraction and rigor. J Mol Biol 30, 383-434. 

 

Iida K, Moriyama K, Matsumoto S, Kawasaki H, Nishida E & Yahara I. (1993). 

Isolation of a yeast essential gene, COF1, that encodes a homologue of 

mammalian cofilin, a low-M(r) actin-binding and depolymerizing protein. Gene 

124, 115-120. 

 

Ikeda S, Cunningham LA, Boggess D, Hawes N, Hobson CD, Sundberg JP, Naggert 

JK, Smith RS & Nishina PM. (2003). Aberrant actin cytoskeleton leads to 

accelerated proliferation of corneal epithelial cells in mice deficient for destrin 

(actin depolymerizing factor). Hum Mol Genet 12, 1029-1037. 

 

Ikemura T. (1985). Codon usage and tRNA content in unicellular and multicellular 

organisms. Mol Biol Evol 2, 13-34. 

 

Ilkovski B. (2008). Investigations into the pathobiology of thin-filament myopathies. 

Adv Exp Med Biol 642, 55-65. 

 

Ilkovski B, Clement S, Sewry C, North KN & Cooper ST. (2005). Defining alpha-

skeletal and alpha-cardiac actin expression in human heart and skeletal muscle 

explains the absence of cardiac involvement in ACTA1 nemaline myopathy. 

Neuromuscul Disord 15, 829-835. 

 

Ilkovski B, Mokbel N, Lewis RA, Walker K, Nowak KJ, Domazetovska A, Laing NG, 

Fowler VM, North KN & Cooper ST. (2008). Disease severity and thin filament 

regulation in M9R TPM3 nemaline myopathy. J Neuropathol Exp Neurol 67, 

867-877. 

 

Ilkovski B, Nowak KJ, Domazetovska A, Maxwell AL, Clement S, Davies KE, Laing 

NG, North KN & Cooper ST. (2004). Evidence for a dominant-negative effect 

in ACTA1 nemaline myopathy caused by abnormal folding, aggregation and 

altered polymerization of mutant actin isoforms. Hum Mol Genet 13, 1727-1743. 

 



 254 

Ishii Y. (1994). The local and global unfolding of coiled-coil tropomyosin. Eur J 

Biochem 221, 705-712. 

 

Jaenicke T, Diederich KW, Haas W, Schleich J, Lichter P, Pfordt M, Bach A & 

Vosberg HP. (1990). The complete sequence of the human beta-myosin heavy 

chain gene and a comparative analysis of its product. Genomics 8, 194-206. 

 

Jarvis DL. (2003). Developing baculovirus-insect cell expression systems for 

humanized recombinant glycoprotein production. Virology 310, 1-7. 

 

Jarvis DL. (2009). Baculovirus-insect cell expression systems. Methods Enzymol 463, 

191-222. 

 

Johnson WC. (1999). Analyzing protein circular dichroism spectra for accurate 

secondary structures. Proteins 35, 307-312. 

 

Johnston JJ, Kelley RI, Crawford TO, Morton DH, Agarwala R, Koch T, Schaffer AA, 

Francomano CA & Biesecker LG. (2000). A novel nemaline myopathy in the 

Amish caused by a mutation in troponin T1. Am J Hum Genet 67, 814-821. 

 

Jouk P, Labarre-Vila A, Mezin P, Drouhin S, Marty I, Lunardi J & Monnier N. (2007). 

A homozygous null mutation in TPM2 gene causes autosomal recessive 

nemaline myopathy associated with multiple pterygia. Neuromuscul Disord 17, 

837. 

 

Jungbluth H, Sewry C, Brown SC, Nowak KJ, Laing NG, Wallgren-Pettersson C, Pelin 

K, Manzur AY, Mercuri E & Dubowitz V. (2001). Mild phenotype of nemaline 

myopathy with sleep hypoventilation due to a mutation in the skeletal muscle 

alpha-actin (ACTA1) gene. Neuromuscular Disorders 11, 35-40. 

 

Kaindl AM, Ruschendorf F, Krause S, Goebel HH, Koehler K, Becker C, Pongratz D, 

Muller-Hocker J, Nurnberg P, Stoltenburg-Didinger G, Lochmuller H & 

Huebner A. (2004). Missense mutations of ACTA1 cause dominant congenital 

myopathy with cores. J Med Genet 41, 842-848. 

 

Kalidas S, Santosh V, Shareef MM, Shankar SK, Christopher R & Shetty KT. (2000). 

Expression of p67 (Munc-18) in adult human brain and neuroectodermal tumors 

of human central nervous system. Acta Neuropathol 99, 191-198. 

 

Kamisago M, Sharma SD, DePalma SR, Solomon S, Sharma P, McDonough B, Smoot 

L, Mullen MP, Woolf PK, Wigle ED, Seidman JG & Seidman CE. (2000). 

Mutations in sarcomere protein genes as a cause of dilated cardiomyopathy. N 

Engl J Med 343, 1688-1696. 

 

Kaplan J, Hamroun D & Béroud C. (2009). GeneTable of Neuromuscular Disorders, ed. 

Kaplan J-C. Neuromuscular disorders. 

 

Karibe A, Tobacman LS, Strand J, Butters C, Back N, Bachinski LL, Arai AE, Ortiz A, 

Roberts R, Homsher E & Fananapazir L. (2001). Hypertrophic cardiomyopathy 

caused by a novel alpha-tropomyosin mutation (V95A) is associated with mild 

cardiac phenotype, abnormal calcium binding to troponin, abnormal myosin 

cycling, and poor prognosis. Circulation 103, 65-71. 



 255 

 

Karkkainen S, Helio T, Jaaskelainen P, Miettinen R, Tuomainen P, Ylitalo K, Kaartinen 

M, Reissell E, Toivonen L, Nieminen MS, Kuusisto J, Laakso M & Peuhkurinen 

K. (2004). Two novel mutations in the beta-myosin heavy chain gene associated 

with dilated cardiomyopathy. Eur J Heart Fail 6, 861-868. 

 

Kelly SM, Jess TJ & Price NC. (2005). How to study proteins by circular dichroism. 

Biochim Biophys Acta 1751, 119-139. 

 

Kelly SM & Price NC. (2000). The use of circular dichroism in the investigation of 

protein structure and function. Curr Protein Pept Sci 1, 349-384. 

 

Kenny PA, Liston EM & Higgins DG. (1999). Molecular evolution of immunoglobulin 

and fibronectin domains in titin and related muscle proteins. Gene 232, 11-23. 

 

Kensler RW & Levine RJ. (1982). An electron microscopic and optical diffraction 

analysis of the structure of Limulus telson muscle thick filaments. J Cell Biol 

92, 443-451. 

 

Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM, Ambudkar SV & 

Gottesman MM. (2007). A "silent" polymorphism in the MDR1 gene changes 

substrate specificity. Science 315, 525-528. 

 

Kinali M, Arechavala-Gomeza V, Feng L, Cirak S, Hunt D, Adkin C, Guglieri M, 

Ashton E, Abbs S, Nihoyannopoulos P, Garralda ME, Rutherford M, McCulley 

C, Popplewell L, Graham IR, Dickson G, Wood MJ, Wells DJ, Wilton SD, Kole 

R, Straub V, Bushby K, Sewry C, Morgan JE & Muntoni F. (2009). Local 

restoration of dystrophin expression with the morpholino oligomer AVI-4658 in 

Duchenne muscular dystrophy: a single-blind, placebo-controlled, dose-

escalation, proof-of-concept study. Lancet Neurol 8, 918-928. 

 

Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C & Kunkel LM. (1987). 

Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and 

preliminary genomic organization of the DMD gene in normal and affected 

individuals. Cell 50, 509-517. 

 

Konieczny P & Wiche G. (2008). Muscular integrity--a matter of interlinking distinct 

structures via plectin. Adv Exp Med Biol 642, 165-175. 

 

Kopetzki E, Schumacher G & Buckel P. (1989). Control of formation of active soluble 

or inactive insoluble baker's yeast alpha-glucosidase PI in Escherichia coli by 

induction and growth conditions. Mol Gen Genet 216, 149-155. 

 

Kost TA, Condreay JP & Jarvis DL. (2005). Baculovirus as versatile vectors for protein 

expression in insect and mammalian cells. Nat Biotechnol 23, 567-575. 

 

Koutsilieri E, Rethwilm A & Scheller C. (2007). The therapeutic potential of siRNA in 

gene therapy of neurodegenerative disorders. J Neural Transm Suppl, 43-49. 

 

Kunishima S, Matsushita T, Kojima T, Amemiya N, Choi YM, Hosaka N, Inoue M, 

Jung Y, Mamiya S, Matsumoto K, Miyajima Y, Zhang G, Ruan C, Saito K, 

Song KS, Yoon HJ, Kamiya T & Saito H. (2001). Identification of six novel 



 256 

MYH9 mutations and genotype-phenotype relationships in autosomal dominant 

macrothrombocytopenia with leukocyte inclusions. J Hum Genet 46, 722-729. 

 

Labeit S & Kolmerer B. (1995). The complete primary structure of human nebulin and 

its correlation to muscle structure. J Mol Biol 248, 308-315. 

 

Laing N & Nowak K. (2007). Laing Laboratory Variation Database - ACTA1. Leiden 

University Medical Centre. 

http://acta1.waimr.uwa.edu.au/home.php?select_db=ACTA1 

 

Laing NG, Ceuterick-de Groote C, Dye DE, Liyanage K, Duff RM, Dubois B, 

Robberecht W, Sciot R, Martin JJ & Goebel HH. (2005). Myosin storage 

myopathy: slow skeletal myosin (MYH7) mutation in two isolated cases. 

Neurology 64, 527-529. 

 

Laing NG, Clarke NF, Dye DE, Liyanage K, Walker K, R., Kobayashi Y, Shimakawa 

S, Hagiwara T, Ouvrier R, Sparrow JC, Phil E, Nishino I, North KN & Nonaka 

I. (2004). Actin Mutations Are One Cause of Congenital Fibre Type 

Disproportion. Ann Neurol 56, 689-694. 

 

Laing NG, Dye DE, Wallgren-Pettersson C, Richard G, Monnier N, Lillis S, Winder 

TL, Lochmuller H, Graziano C, Mitrani-Rosenbaum S, Twomey D, Sparrow JC, 

Beggs AH & Nowak KJ. (2009). Mutations and polymorphisms of the skeletal 

muscle alpha-actin gene (ACTA1). Hum Mutat 30, 1267-1277. 

 

Laing NG, Laing BA, Meredith C, Wilton SD, Robbins P, Honeyman K, Dorosz S, 

Kozman H, Mastaglia FL & Kakulas BA. (1995a). Autosomal dominant distal 

myopathy: linkage to chromosome 14. Am J Hum Genet 56, 422-427. 

 

Laing NG & Nowak KJ. (2005). When contractile proteins go bad: the sarcomere and 

skeletal muscle disease. Bioessays 27, 809-822. 

 

Laing NG, Wilton SD, Akkari PA, Dorosz S, Boundy K, Kneebone C, Blumbergs P, 

White S, Watkins H, Love DR & et al. (1995b). A mutation in the alpha 

tropomyosin gene TPM3 associated with autosomal dominant nemaline 

myopathy NEM1. Nat Genet 10, 249. 

 

Lal AA & Korn ED. (1986). Effect of muscle tropomyosin on the kinetics of 

polymerization of muscle actin. Biochemistry 25, 1154-1158. 

 

Lamont P, Wallefeld W, Junkerstorff R & Laing N. (2009). Multiminicore myopathy 

caused by a mutation in MYH7. In 14th International Congress of the World 

Muscle Society, pp. 590-591. Neuromuscular Disorders, Geneva, Switzerland. 

 

Lamont PJ, Udd B, Mastaglia FL, de Visser M, Hedera P, Voit T, Bridges LR, Fabian 

V, Rozemuller A & Laing NG. (2006). Laing early onset distal myopathy: slow 

myosin defect with variable abnormalities on muscle biopsy. J Neurol 

Neurosurg Psychiatry 77, 208-215. 

 

Lange S, Himmel M, Auerbach D, Agarkova I, Hayess K, Furst DO, Perriard JC & 

Ehler E. (2005). Dimerisation of myomesin: implications for the structure of the 

sarcomeric M-band. J Mol Biol 345, 289-298. 

http://acta1.waimr.uwa.edu.au/home.php?select_db=ACTA1


 257 

 

Lau SY, Taneja AK & Hodges RS. (1984). Synthesis of a model protein of defined 

secondary and quaternary structure. Effect of chain length on the stabilization 

and formation of two-stranded alpha-helical coiled-coils. J Biol Chem 259, 

13253-13261. 

 

Leger J, Bouveret P, Schwartz K & Swynghedauw B. (1976). A comparative study of 

skeletal and cardiac tropomyosins: subunits, thiol group content and biological 

activities. Pflugers Arch 362, 271-277. 

 

Lehtokari VL, Ceuterick-de Groote C, de Jonghe P, Marttila M, Laing NG, Pelin K & 

Wallgren-Pettersson C. (2007). Cap disease caused by heterozygous deletion of 

the beta-tropomyosin gene TPM2. Neuromuscul Disord 17, 433-442. 

 

Lehtokari VL, Pelin K, Donner K, Voit T, Rudnik-Schoneborn S, Stoetter M, Talim B, 

Topaloglu H, Laing NG & Wallgren-Pettersson C. (2008). Identification of a 

founder mutation in TPM3 in nemaline myopathy patients of Turkish origin. Eur 

J Hum Genet 16, 1055-1061. 

 

Lek M, Quinlan KG & North KN. (2010). The evolution of skeletal muscle 

performance: gene duplication and divergence of human sarcomeric alpha-

actinins. Bioessays 32, 17-25. 

 

Liversage AD, Holmes D, Knight PJ, Tskhovrebova L & Trinick J. (2001). Titin and 

the sarcomere symmetry paradox. J Mol Biol 305, 401-409. 

 

Lowey S, Slayter HS, Weeds AG & Baker H. (1969). Substructure of the myosin 

molecule. I. Subfragments of myosin by enzymic degradation. J Mol Biol 42, 1-

29. 

 

Lupas A, Van Dyke M & Stock J. (1991). Predicting coiled coils from protein 

sequences. Science 252, 1162-1164. 

 

Maciver SK & Hussey PJ. (2002). The ADF/cofilin family: actin-remodeling proteins. 

Genome Biol 3, reviews3007. 

 

Maita T, Yajima E, Nagata S, Miyanishi T, Nakayama S & Matsuda G. (1991). The 

primary structure of skeletal muscle myosin heavy chain: IV. Sequence of the 

rod, and the complete 1,938-residue sequence of the heavy chain. J Biochem 

(Tokyo) 110, 75-87. 

 

Manavalan P & Johnson WC, Jr. (1987). Variable selection method improves the 

prediction of protein secondary structure from circular dichroism spectra. Anal 

Biochem 167, 76-85. 

 

Marian AJ, Yu QT, Mann DL, Graham FL & Roberts R. (1995). Expression of a 

mutation causing hypertrophic cardiomyopathy disrupts sarcomere assembly in 

adult feline cardiac myocytes. Circ Res 77, 98-106. 

 

Markey F. (1999). What is SPR anyway? BIR Journal 1, 14-17. 

 



 258 

Maron BJ, Tajik AJ, Ruttenberg HD, Graham TP, Atwood GF, Victorica BE, Lie JT & 

Roberts WC. (1982). Hypertrophic cardiomyopathy in infants: clinical features 

and natural history. Circulation 65, 7-17. 

 

Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett D, Moss AJ, 

Seidman CE & Young JB. (2006). Contemporary definitions and classification 

of the cardiomyopathies: an American Heart Association Scientific Statement 

from the Council on Clinical Cardiology, Heart Failure and Transplantation 

Committee; Quality of Care and Outcomes Research and Functional Genomics 

and Translational Biology Interdisciplinary Working Groups; and Council on 

Epidemiology and Prevention. Circulation 113, 1807-1816. 

 

Martinsson T, Oldfors A, Darin N, Berg K, Tajsharghi H, Kyllerman M & Wahlstrom J. 

(2000). Autosomal dominant myopathy: missense mutation (Glu-706 --> Lys) in 

the myosin heavy chain IIa gene. Proc Natl Acad Sci U S A 97, 14614-14619. 

 

Masaki T & Takaiti O. (1974). M-protein. J Biochem (Tokyo) 75, 367-380. 

 

Mastaglia FL, Phillips BA, Cala LA, Meredith C, Egli S, Akkari PA & Laing NG. 

(2002). Early onset chromosome 14-linked distal myopathy (Laing). 

Neuromuscul Disord 12, 350-357. 

 

Masuzugawa S, Kuzuhara S, Narita Y, Naito Y, Taniguchi A & Ibi T. (1997). 

Autosomal dominant hyaline body myopathy presenting as scapuloperoneal 

syndrome: clinical features and muscle pathology. Neurology 48, 253-257. 

 

McClorey G, Moulton HM, Iversen PL, Fletcher S & Wilton SD. (2006). Antisense 

oligonucleotide-induced exon skipping restores dystrophin expression in vitro in 

a canine model of DMD. Gene Ther 13, 1373-1381. 

 

McElhinny AS, Schwach C, Valichnac M, Mount-Patrick S & Gregorio CC. (2005). 

Nebulin regulates the assembly and lengths of the thin filaments in striated 

muscle. J Cell Biol 170, 947-957. 

 

McLachlan AD & Karn J. (1982). Periodic charge distributions in the myosin rod amino 

acid sequence match cross-bridge spacings in muscle. Nature 299, 226-231. 

 

McLachlan AD, Stewart M & Smillie LB. (1975). Sequence repeats in alpha-

tropomyosin. J Mol Biol 98, 281-291. 

 

Meredith C. (2001). Molecular genetic investigation of autosomal dominant muscular 

dystrophy. In Faculty of Communications, Health and Science, pp. 418. Edith 

Cowan University, Perth. 

 

Meredith C, Herrmann R, Parry C, Liyanage K, Dye DE, Durling HJ, Duff RM, 

Beckman K, de Visser M, van der Graaff MM, Hedera P, Fink JK, Petty EM, 

Lamont P, Fabian V, Bridges L, Voit T, Mastaglia FL & Laing NG. (2004). 

Mutations in the slow skeletal muscle fiber myosin heavy chain gene (MYH7) 

cause laing early-onset distal myopathy (MPD1). Am J Hum Genet 75, 703-708. 

 



 259 

Miller G, Colegrave M & Peckham M. (2000). N232S, G741R and D778G beta-cardiac 

myosin mutants, implicated in familial hypertrophic cardiomyopathy, do not 

disrupt myofibrillar organisation in cultured myotubes. FEBS Lett 486, 325-327. 

 

Miller G, Maycock J, White E, Peckham M & Calaghan S. (2003). Heterologous 

expression of wild-type and mutant beta-cardiac myosin changes the contractile 

kinetics of cultured mouse myotubes. J Physiol 548, 167-174. 

 

Millevoi S, Trombitas K, Kolmerer B, Kostin S, Schaper J, Pelin K, Granzier H & 

Labeit S. (1998). Characterization of nebulette and nebulin and emerging 

concepts of their roles for vertebrate Z-discs. J Mol Biol 282, 111-123. 

 

Minakata S, Maeda K, Oda N, Wakabayashi K, Nitanai Y & Maeda Y. (2008). Two-

crystal structures of tropomyosin C-terminal fragment 176-273: exposure of the 

hydrophobic core to the solvent destabilizes the tropomyosin molecule. Biophys 

J 95, 710-719. 

 

Monnier N, Lunardi J, Marty I, Mezin P, Labarre-Vila A, Dieterich K & Jouk PS. 

(2009). Absence of beta-tropomyosin is a new cause of Escobar syndrome 

associated with nemaline myopathy. Neuromuscul Disord 19, 118-123. 

 

Moraczewska J, Greenfield NJ, Liu Y & Hitchcock-DeGregori SE. (2000). Alteration 

of tropomyosin function and folding by a nemaline myopathy-causing mutation. 

Biophys J 79, 3217-3225. 

 

Moreira ES, Wiltshire TJ, Faulkner G, Nilforoushan A, Vainzof M, Suzuki OT, Valle 

G, Reeves R, Zatz M, Passos-Bueno MR & Jenne DE. (2000). Limb-girdle 

muscular dystrophy type 2G is caused by mutations in the gene encoding the 

sarcomeric protein telethonin. Nat Genet 24, 163-166. 

 

Morgan JE, Beauchamp JR, Pagel CN, Peckham M, Ataliotis P, Jat PS, Noble MD, 

Farmer K & Partridge TA. (1994). Myogenic cell lines derived from transgenic 

mice carrying a thermolabile T antigen: a model system for the derivation of 

tissue-specific and mutation-specific cell lines. Dev Biol 162, 486-498. 

 

Moriyama K, Iida K & Yahara I. (1996). Phosphorylation of Ser-3 of cofilin regulates 

its essential function on actin. Genes Cells 1, 73-86. 

 

Muir LA & Chamberlain JS. (2009). Emerging strategies for cell and gene therapy of 

the muscular dystrophies. Expert Rev Mol Med 11, e18. 

 

Murphy CI & Piwnica-Worms H. (2001). Overview of the baculovirus expression 

system. Curr Protoc Protein Sci Chapter 5, Unit5 4. 

 

Nakashima K, Sato N, Nakagaki T, Abe H, Ono S & Obinata T. (2005). Two mouse 

cofilin isoforms, muscle-type (MCF) and non-muscle type (NMCF), interact 

with F-actin with different efficiencies. J Biochem 138, 519-526. 

 

NCBI. (2010). National Center for Biotechnology Information. 

http://www.ncbi.nlm.nih.gov/guide/ 

 

http://www.ncbi.nlm.nih.gov/guide/


 260 

Nishida E, Iida K, Yonezawa N, Koyasu S, Yahara I & Sakai H. (1987). Cofilin is a 

component of intranuclear and cytoplasmic actin rods induced in cultured cells. 

Proc Natl Acad Sci U S A 84, 5262-5266. 

 

Novagen M. (2010). Merck Biochemicals  http://www.merck-chemicals.com.au 

 

Novy R, Drott D, Yaeger K & Mierendorf R. (2001). Overcoming the codon bias of 

E.coli for enhanced protein expression. In InNovations, pp. 1-3. 

 

Nowak K, Ravenscroft G, Jackaman C, Lim E, Squire S, Potter AC, Fisher R, Morling 

P, Griffiths LM, Papadimitriou JM, Sewry C, Fabian V, Lessard JL, Crawford 

K, Bakker AJ, Davies K & Laing N. (2007). Transgenic expression of cardiac 

actin rescues skeletal actin-null mice. Neuromuscul Disord 17, 899. 

 

Nowak KJ. (2008). Therapeutic approaches for the sarcomeric protein diseases. Adv 

Exp Med Biol 642, 207-223. 

 

Nowak KJ, Ravenscroft G, Jackaman C, Filipovska A, Davies SM, Lim EM, Squire SE, 

Potter AC, Baker E, Clement S, Sewry CA, Fabian V, Crawford K, Lessard JL, 

Griffiths LM, Papadimitriou JM, Shen Y, Morahan G, Bakker AJ, Davies KE & 

Laing NG. (2009). Rescue of skeletal muscle alpha-actin-null mice by cardiac 

(fetal) alpha-actin. J Cell Biol 185, 903-915. 

 

Nowak KJ, Wattanasirichaigoon D, Goebel HH, Wilce M, Pelin K, Donner K, Jacob 

RL, Huebner C, Oexle K, Anderson JR, Verity CM, North KN, Iannaccone ST, 

Mueller CR, Nuenberg P, Muntoni F, Sewry C, Hughes I, Sutphen R, Lacson 

AG, Swoboda KJ, Vigneron J, Wallgren-Pettersson C, Beggs AH & Laing NG. 

(1999). Mutations in the skeletal muscle alpha-actin gene in patients with actin 

myopathy and nemaline myopathy. Nature Genetics 23, 208-212. 

 

O'Neil KT & DeGrado WF. (1990). A thermodynamic scale for the helix-forming 

tendencies of the commonly occurring amino acids. Science 250, 646-651. 

 

Obermann WM, Gautel M, Steiner F, van der Ven PF, Weber K & Furst DO. (1996). 

The structure of the sarcomeric M band: localization of defined domains of 

myomesin, M-protein, and the 250-kD carboxy-terminal region of titin by 

immunoelectron microscopy. J Cell Biol 134, 1441-1453. 

 

Obermann WM, Gautel M, Weber K & Furst DO. (1997). Molecular structure of the 

sarcomeric M band: mapping of titin and myosin binding domains in myomesin 

and the identification of a potential regulatory phosphorylation site in 

myomesin. Embo J 16, 211-220. 

 

Obermann WM, Plessmann U, Weber K & Furst DO. (1995). Purification and 

biochemical characterization of myomesin, a myosin-binding and titin-binding 

protein, from bovine skeletal muscle. Eur J Biochem 233, 110-115. 

 

Obermann WM, van der Ven PF, Steiner F, Weber K & Furst DO. (1998). Mapping of 

a myosin-binding domain and a regulatory phosphorylation site in M-protein, a 

structural protein of the sarcomeric M band. Mol Biol Cell 9, 829-840. 

 

http://www.merck-chemicals.com.au/


 261 

Ochala J, Li M, Tajsharghi H, Kimber E, Tulinius M, Oldfors A & Larsson L. (2007). 

Effects of a R133W beta-tropomyosin mutation on regulation of muscle 

contraction in single human muscle fibres. J Physiol 581, 1283-1292. 

 

Ohlsson M, Fidzianska A, Tajsharghi H & Oldfors A. (2009). TPM3 mutation in one of 

the original cases of cap disease. Neurology 72, 1961-1963. 

 

Ohlsson M, Quijano-Roy S, Darin N, Brochier G, Lacene E, Avila-Smirnow D, Fardeau 

M, Oldfors A & Tajsharghi H. (2008). New morphologic and genetic findings in 

cap disease associated with beta-tropomyosin (TPM2) mutations. Neurology 71, 

1896-1901. 

 

Oldfors A. (2007). Hereditary myosin myopathies. Neuromuscul Disord 17, 355-367. 

 

Oldfors A, Tajsharghi H, Darin N & Lindberg C. (2004). Myopathies associated with 

myosin heavy chain mutations. Acta Myol 23, 90-96. 

 

Olson TM, Kishimoto NY, Whitby FG & Michels VV. (2001). Mutations that alter the 

surface charge of alpha-tropomyosin are associated with dilated 

cardiomyopathy. J Mol Cell Cardiol 33, 723-732. 

 

Ono S, Baillie DL & Benian GM. (1999). UNC-60B, an ADF/cofilin family protein, is 

required for proper assembly of actin into myofibrils in Caenorhabditis elegans 

body wall muscle. J Cell Biol 145, 491-502. 

 

Orlacchio A, Bernardi G, Orlacchio A & Martino S. (2007). RNA interference as a tool 

for Alzheimer's disease therapy. Mini Rev Med Chem 7, 1166-1176. 

 

Overeem S, Schelhaas HJ, Blijham PJ, Grootscholten MI, ter Laak HJ, Timmermans J, 

van den Wijngaard A & Zwarts MJ. (2007). Symptomatic distal myopathy with 

cardiomyopathy due to a MYH7 mutation. Neuromuscul Disord 17, 490-493. 

 

Parry DA. (1981). Structure of rabbit skeletal myosin. Analysis of the amino acid 

sequences of two fragments from the rod region. J Mol Biol 153, 459-464. 

 

PDB. (2010). Protein Database. RCSB. http://www.rcsb.org/pdb/home/home.do 

 

Peault B, Rudnicki M, Torrente Y, Cossu G, Tremblay JP, Partridge T, Gussoni E, 

Kunkel LM & Huard J. (2007). Stem and progenitor cells in skeletal muscle 

development, maintenance, and therapy. Mol Ther 15, 867-877. 

 

Peek AS & Behlke MA. (2007). Design of active small interfering RNAs. Curr Opin 

Mol Ther 9, 110-118. 

 

Pegoraro E, Gavassini BF, Borsato C, Melacini P, Vianello A, Stramare R, Cenacchi G 

& Angelini C. (2007). MYH7 gene mutation in myosin storage myopathy and 

scapulo-peroneal myopathy. Neuromuscul Disord. 

 

Pelin K, Hilpela P, Donner K, Sewry C, Akkari PA, Wilton SD, Wattanasirichaigoon D, 

Bang ML, Centner T, Hanefeld F, Odent S, Fardeau M, Urtizberea JA, Muntoni 

F, Dubowitz V, Beggs AH, Laing NG, Labeit S, de la Chapelle A & Wallgren-

http://www.rcsb.org/pdb/home/home.do


 262 

Pettersson C. (1999). Mutations in the nebulin gene associated with autosomal 

recessive nemaline myopathy. Proc Natl Acad Sci U S A 96, 2305-2310. 

 

Penisson-Besnier I, Monnier N, Toutain A, Dubas F & Laing N. (2007). A second 

pedigree with autosomal dominant nemaline myopathy caused by TPM3 

mutation: a clinical and pathological study. Neuromuscul Disord 17, 330-337. 

 

Perkins KJ & Davies KE. (2002). The role of utrophin in the potential therapy of 

Duchenne muscular dystrophy. Neuromuscul Disord 12 Suppl 1, S78-89. 

 

Phelps SF, Hauser MA, Cole NM, Rafael JA, Hinkle RT, Faulkner JA & Chamberlain 

JS. (1995). Expression of full-length and truncated dystrophin mini-genes in 

transgenic mdx mice. Hum Mol Genet 4, 1251-1258. 

 

Phillips GN, Jr., Fillers JP & Cohen C. (1986). Tropomyosin crystal structure and 

muscle regulation. J Mol Biol 192, 111-131. 

 

Piela L, Nemethy G & Scheraga HA. (1987). Proline-induced constraints in alpha-

helices. Biopolymers 26, 1587-1600. 

 

Pieples K & Wieczorek DF. (2000). Tropomyosin 3 increases striated muscle isoform 

diversity. Biochemistry 39, 8291-8297. 

 

Poetter K, Jiang H, Hassanzadeh S, Master SR, Chang A, Dalakas MC, Rayment I, 

Sellers JR, Fananapazir L & Epstein ND. (1996). Mutations in either the 

essential or regulatory light chains of myosin are associated with a rare 

myopathy in human heart and skeletal muscle. Nat Genet 13, 63-69. 

 

Pollard TD. (1990). Actin. Curr Opin Cell Biol 2, 33-40. 

 

PreventionGenetics. (2009). PreventionGenetics - Disease prevention through genetic 

testing. http://www.preventiongenetics.com/ 

 

Provencher SW & Glockner J. (1981). Estimation of globular protein secondary 

structure from circular dichroism. Biochemistry 20, 33-37. 

 

Pulkkinen L, Smith FJ, Shimizu H, Murata S, Yaoita H, Hachisuka H, Nishikawa T, 

McLean WH & Uitto J. (1996). Homozygous deletion mutations in the plectin 

gene (PLEC1) in patients with epidermolysis bullosa simplex associated with 

late-onset muscular dystrophy. Hum Mol Genet 5, 1539-1546. 

 

Quinlivan RM, Muller CR, Davis M, Laing NG, Evans GA, Dwyer J, Dove J, Roberts 

AP & Sewry CA. (2003). Central core disease: clinical, pathological, and 

genetic features. Arch Dis Child 88, 1051-1055. 

 

Rayment I, Rypniewski WR, Schmidt-Base K, Smith R, Tomchick DR, Benning MM, 

Winkelmann DA, Wesenberg G & Holden HM. (1993). Three-dimensional 

structure of myosin subfragment-1: a molecular motor. Science 261, 50-58. 

 

Rich RL & Myszka DG. (2001). BIACORE J: a new platform for routine biomolecular 

interaction analysis. J Mol Recognit 14, 223-228. 

 

http://www.preventiongenetics.com/


 263 

Richard I, Broux O, Allamand V, Fougerousse F, Chiannilkulchai N, Bourg N, 

Brenguier L, Devaud C, Pasturaud P, Roudaut C & et al. (1995). Mutations in 

the proteolytic enzyme calpain 3 cause limb-girdle muscular dystrophy type 2A. 

Cell 81, 27-40. 

 

Richardson P, McKenna W, Bristow M, Maisch B, Mautner B, O'Connell J, Olsen E, 

Thiene G, Goodwin J, Gyarfas I, Martin I & Nordet P. (1996). Report of the 

1995 World Health Organization/International Society and Federation of 

Cardiology Task Force on the Definition and Classification of 

cardiomyopathies. Circulation 93, 841-842. 

 

Root DD, Yadavalli VK, Forbes JG & Wang K. (2006). Coiled-coil nanomechanics and 

uncoiling and unfolding of the superhelix and alpha-helices of myosin. Biophys 

J 90, 2852-2866. 

 

Ross JS, Carlson JA & Brock G. (2007). miRNA: the new gene silencer. Am J Clin 

Pathol 128, 830-836. 

 

Saitsu H, Kato M, Mizuguchi T, Hamada K, Osaka H, Tohyama J, Uruno K, Kumada S, 

Nishiyama K, Nishimura A, Okada I, Yoshimura Y, Hirai S, Kumada T, 

Hayasaka K, Fukuda A, Ogata K & Matsumoto N. (2008). De novo mutations in 

the gene encoding STXBP1 (MUNC18-1) cause early infantile epileptic 

encephalopathy. Nat Genet 40, 782-788. 

 

Sakamoto M, Yuasa K, Yoshimura M, Yokota T, Ikemoto T, Suzuki M, Dickson G, 

Miyagoe-Suzuki Y & Takeda S. (2002). Micro-dystrophin cDNA ameliorates 

dystrophic phenotypes when introduced into mdx mice as a transgene. Biochem 

Biophys Res Commun 293, 1265-1272. 

 

Salmikangas P, van der Ven PF, Lalowski M, Taivainen A, Zhao F, Suila H, Schroder 

R, Lappalainen P, Furst DO & Carpen O. (2003). Myotilin, the limb-girdle 

muscular dystrophy 1A (LGMD1A) protein, cross-links actin filaments and 

controls sarcomere assembly. Hum Mol Genet 12, 189-203. 

 

Salviati G, Betto R, Danieli Betto D & Zeviani M. (1984). Myofibrillar-protein 

isoforms and sarcoplasmic-reticulum Ca2+-transport activity of single human 

muscle fibres. Biochem J 224, 215-225. 

 

Sapru MK, Yates JW, Hogan S, Jiang L, Halter J & Bohn MC. (2006). Silencing of 

human alpha-synuclein in vitro and in rat brain using lentiviral-mediated RNAi. 

Exp Neurol 198, 382-390. 

 

Sazani P, Weller DL & Shrewsbury SB. (2010). Safety Pharmacology and Genotoxicity 

Evaluation of AVI-4658. Int J Toxicol. 

 

Schiaffino S & Reggiani C. (1996). Molecular diversity of myofibrillar proteins: gene 

regulation and functional significance. Physiol Rev 76, 371-423. 

 

Schoenauer R, Bertoncini P, Machaidze G, Aebi U, Perriard JC, Hegner M & Agarkova 

I. (2005). Myomesin is a molecular spring with adaptable elasticity. J Mol Biol 

349, 367-379. 

 



 264 

Schoenauer R, Lange S, Hirschy A, Ehler E, Perriard JC & Agarkova I. (2008). 

Myomesin 3, a novel structural component of the M-band in striated muscle. J 

Mol Biol 376, 338-351. 

 

Schroder R & Schoser B. (2009). Myofibrillar myopathies: a clinical and 

myopathological guide. Brain Pathol 19, 483-492. 

 

Sedmera D, Pexieder T, Vuillemin M, Thompson RP & Anderson RH. (2000). 

Developmental patterning of the myocardium. Anat Rec 258, 319-337. 

 

Selcen D & Carpen O. (2008). The Z-disk diseases. Adv Exp Med Biol 642, 116-130. 

 

Selcen D & Engel AG. (2003). Myofibrillar myopathy caused by novel dominant 

negative alpha B-crystallin mutations. Ann Neurol 54, 804-810. 

 

Selcen D & Engel AG. (2004). Mutations in myotilin cause myofibrillar myopathy. 

Neurology 62, 1363-1371. 

 

Selcen D & Engel AG. (2005). Mutations in ZASP define a novel form of muscular 

dystrophy in humans. Ann Neurol 57, 269-276. 

 

Seri M, Cusano R, Gangarossa S, Caridi G, Bordo D, Lo Nigro C, Ghiggeri GM, 

Ravazzolo R, Savino M, Del Vecchio M, d'Apolito M, Iolascon A, Zelante LL, 

Savoia A, Balduini CL, Noris P, Magrini U, Belletti S, Heath KE, Babcock M, 

Glucksman MJ, Aliprandis E, Bizzaro N, Desnick RJ & Martignetti JA. (2000). 

Mutations in MYH9 result in the May-Hegglin anomaly, and Fechtner and 

Sebastian syndromes. The May-Heggllin/Fechtner Syndrome Consortium. Nat 

Genet 26, 103-105. 

 

Seri M, Savino M, Bordo D, Cusano R, Rocca B, Meloni I, Di Bari F, Koivisto PA, 

Bolognesi M, Ghiggeri GM, Landolfi R, Balduini CL, Zelante L, Ravazzolo R, 

Renieri A & Savoia A. (2002). Epstein syndrome: another renal disorder with 

mutations in the nonmuscle myosin heavy chain 9 gene. Hum Genet 110, 182-

186. 

 

Sheterline P, Clayton J & Sparrow J. (1998). Actin, vol. 1. Oxford University Press, 

Oxford. 

 

Shingde MV, Spring PJ, Maxwell A, Wills EJ, Harper CG, Dye DE, Laing NG & North 

KN. (2006). Myosin storage (hyaline body) myopathy: a case report. 

Neuromuscul Disord 16, 882-886. 

 

Skuk D, Goulet M, Roy B, Piette V, Cote CH, Chapdelaine P, Hogrel JY, Paradis M, 

Bouchard JP, Sylvain M, Lachance JG & Tremblay JP. (2007). First test of a 

"high-density injection" protocol for myogenic cell transplantation throughout 

large volumes of muscles in a Duchenne muscular dystrophy patient: eighteen 

months follow-up. Neuromuscul Disord 17, 38-46. 

 

Smerdu V, Karsch-Mizrachi I, Campione M, Leinwand L & Schiaffino S. (1994). Type 

IIx myosin heavy chain transcripts are expressed in type IIb fibers of human 

skeletal muscle. Am J Physiol 267, C1723-1728. 

 



 265 

SNPdb. (2010). SNP database, National Centre for Biotechnology Information. 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp 

 

Sohn RL, Vikstrom KL, Strauss M, Cohen C, Szent-Gyorgyi AG & Leinwand LA. 

(1997). A 29 residue region of the sarcomeric myosin rod is necessary for 

filament formation. J Mol Biol 266, 317-330. 

 

Sparrow JC, Nowak KJ, Durling HJ, Beggs AH, Wallgren-Pettersson C, Romero N, 

Nonaka I & Laing NG. (2003). Muscle Disease caused by mutations in the 

skeletal muscle alpha-actin gene (ACTA1). Neuromuscular Disorders 13, 519-

531. 

 

Sreerama N & Woody RW. (1993). A self-consistent method for the analysis of protein 

secondary structure from circular dichroism. Anal Biochem 209, 32-44. 

 

Stewart M & Kensler RW. (1986). Arrangement of myosin heads in relaxed thick 

filaments from frog skeletal muscle. J Mol Biol 192, 831-851. 

 

Straceski AJ, Geisterfer-Lowrance A, Seidman CE, Seidman JG & Leinwand LA. 

(1994). Functional analysis of myosin missense mutations in familial 

hypertrophic cardiomyopathy. Proc Natl Acad Sci U S A 91, 589-593. 

 

Sugar FJ, Jenney FE, Jr., Poole FL, 2nd, Brereton PS, Izumi M, Shah C & Adams MW. 

(2005). Comparison of small- and large-scale expression of selected Pyrococcus 

furiosus genes as an aid to high-throughput protein production. J Struct Funct 

Genomics 6, 149-158. 

 

Summit. (2010). BioMarin initiates phase I clinical trial of SMT C1100 for Duchenne 

muscular dystrophy Summit plc, Oxford. 

 

Sung SS, Brassington AM, Grannatt K, Rutherford A, Whitby FG, Krakowiak PA, 

Jorde LB, Carey JC & Bamshad M. (2003a). Mutations in genes encoding fast-

twitch contractile proteins cause distal arthrogryposis syndromes. Am J Hum 

Genet 72, 681-690. 

 

Sung SS, Brassington AM, Krakowiak PA, Carey JC, Jorde LB & Bamshad M. 

(2003b). Mutations in TNNT3 cause multiple congenital contractures: a second 

locus for distal arthrogryposis type 2B. Am J Hum Genet 73, 212-214. 

 

Tajsharghi H, Darin N, Rekabdar E, Kyllerman M, Wahlstrom J, Martinsson T & 

Oldfors A. (2005). Mutations and sequence variation in the human myosin 

heavy chain IIa gene (MYH2). Eur J Hum Genet 13, 617-622. 

 

Tajsharghi H, Ohlsson M, Lindberg C & Oldfors A. (2007a). Congenital myopathy with 

nemaline rods and cap structures caused by a mutation in the beta-tropomyosin 

gene (TPM2). Arch Neurol 64, 1334-1338. 

 

Tajsharghi H, Oldfors A, Macleod DP & Swash M. (2007b). Homozygous mutation in 

MYH7 in myosin storage myopathy and cardiomyopathy. Neurology 68, 962. 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp


 266 

Tajsharghi H, Thornell LE, Lindberg C, Lindvall B, Henriksson KG & Oldfors A. 

(2003). Myosin storage myopathy associated with a heterozygous missense 

mutation in MYH7. Ann Neurol 54, 494-500. 

 

Tan P, Briner J, Boltshauser E, Davis MR, Wilton SD, North K, Wallgren-Pettersson C 

& Laing NG. (1999). Homozygosity for a nonsense mutation in the alpha-

tropomyosin slow gene TPM3 in a patient with severe infantile nemaline 

myopathy. Neuromuscul Disord 9, 573-579. 

 

Tang Y, Cummins J, Huard J & Wang B. (2010). AAV-directed muscular dystrophy 

gene therapy. Expert Opin Biol Ther 10, 395-408. 

 

Terpe K. (2006). Overview of bacterial expression systems for heterologous protein 

production: from molecular and biochemical fundamentals to commercial 

systems. Appl Microbiol Biotechnol 72, 211-222. 

 

Thanaraj TA & Argos P. (1996). Protein secondary structural types are differentially 

coded on messenger RNA. Protein Sci 5, 1973-1983. 

 

Thierfelder L, Watkins H, MacRae C, Lamas R, McKenna W, Vosberg HP, Seidman 

JG & Seidman CE. (1994). Alpha-tropomyosin and cardiac troponin T 

mutations cause familial hypertrophic cardiomyopathy: a disease of the 

sarcomere. Cell 77, 701-712. 

 

Thirion C, Stucka R, Mendel B, Gruhler A, Jaksch M, Nowak KJ, Binz N, Laing NG & 

Lochmuller H. (2001). Characterization of human muscle type cofilin (CFL2) in 

normal and regenerating muscle. Eur J Biochem 268, 3473-3482. 

 

Tolia NH & Joshua-Tor L. (2006). Strategies for protein coexpression in Escherichia 

coli. Nat Methods 3, 55-64. 

 

Towbin JA & Bowles NE. (2002). The failing heart. Nature 415, 227-233. 

 

Towbin JA & Bowles NE. (2006). Dilated cardiomyopathy: a tale of cytoskeletal 

proteins and beyond. J Cardiovasc Electrophysiol 17, 919-926. 

 

Trinick J. (1994). Titin and nebulin: protein rulers in muscle? Trends Biochem Sci 19, 

405-409. 

 

Trinick J. (1996). Titin as a scaffold and spring. Cytoskeleton. Curr Biol 6, 258-260. 

 

Trinick J & Lowey S. (1977). M-protein from chicken pectoralis muscle: isolation and 

characterization. J Mol Biol 113, 343-368. 

 

Tskhovrebova L, Trinick J, Sleep JA & Simmons RM. (1997). Elasticity and unfolding 

of single molecules of the giant muscle protein titin. Nature 387, 308-312. 

 

Udd B. (1992). Limb-girdle type muscular dystrophy in a large family with distal 

myopathy: homozygous manifestation of a dominant gene? J Med Genet 29, 

383-389. 

 

Udd B. (2008). Third filament diseases. Adv Exp Med Biol 642, 99-115. 



 267 

 

Udd B. (2009). 165th ENMC International Workshop: distal myopathies 6-8th February 

2009 Naarden, The Netherlands. Neuromuscul Disord 19, 429-438. 

 

Udd B, Partanen J, Halonen P, Falck B, Hakamies L, Heikkila H, Ingo S, Kalimo H, 

Kaariainen H, Laulumaa V & et al. (1993). Tibial muscular dystrophy. Late 

adult-onset distal myopathy in 66 Finnish patients. Arch Neurol 50, 604-608. 

 

Udd B, Rapola J, Nokelainen P, Arikawa E & Somer H. (1992). Nonvacuolar myopathy 

in a large family with both late adult onset distal myopathy and severe proximal 

muscular dystrophy. J Neurol Sci 113, 214-221. 

 

Uro-Coste E, Arne-Bes MC, Pellissier JF, Richard P, Levade T, Heitz F, Figarella-

Branger D & Delisle MB. (2009). Striking phenotypic variability in two familial 

cases of myosin storage myopathy with a MYH7 Leu1793pro mutation. 

Neuromuscul Disord 19, 163-166. 

 

van der Flier A & Sonnenberg A. (2001). Structural and functional aspects of filamins. 

Biochim Biophys Acta 1538, 99-117. 

 

van Deutekom JC, Bremmer-Bout M, Janson AA, Ginjaar IB, Baas F, den Dunnen JT 

& van Ommen GJ. (2001). Antisense-induced exon skipping restores dystrophin 

expression in DMD patient derived muscle cells. Hum Mol Genet 10, 1547-

1554. 

 

Van Troys M, Huyck L, Leyman S, Dhaese S, Vandekerkhove J & Ampe C. (2008). Ins 

and outs of ADF/cofilin activity and regulation. Eur J Cell Biol 87, 649-667. 

 

Verhage M, Maia AS, Plomp JJ, Brussaard AB, Heeroma JH, Vermeer H, Toonen RF, 

Hammer RE, van den Berg TK, Missler M, Geuze HJ & Sudhof TC. (2000). 

Synaptic assembly of the brain in the absence of neurotransmitter secretion. 

Science 287, 864-869. 

 

Veugelers M, Bressan M, McDermott DA, Weremowicz S, Morton CC, Mabry CC, 

Lefaivre JF, Zunamon A, Destree A, Chaudron JM & Basson CT. (2004). 

Mutation of perinatal myosin heavy chain associated with a Carney complex 

variant. N Engl J Med 351, 460-469. 

 

Vicart P, Caron A, Guicheney P, Li Z, Prevost MC, Faure A, Chateau D, Chapon F, 

Tome F, Dupret JM, Paulin D & Fardeau M. (1998). A missense mutation in the 

alphaB-crystallin chaperone gene causes a desmin-related myopathy. Nat Genet 

20, 92-95. 

 

Vicart P, Dupret JM, Hazan J, Li Z, Gyapay G, Krishnamoorthy R, Weissenbach J, 

Fardeau M & Paulin D. (1996). Human desmin gene: cDNA sequence, regional 

localization and exclusion of the locus in a familial desmin-related myopathy. 

Hum Genet 98, 422-429. 

 

Viguera E, Canceill D & Ehrlich SD. (2001). Replication slippage involves DNA 

polymerase pausing and dissociation. Embo J 20, 2587-2595. 

 



 268 

Voit T, Kutz P, Leube B, Neuen-Jacob E, Schroder JM, Cavallotti D, Vaccario ML, 

Schaper J, Broich P, Cohn R, Baethmann M, Gohlich-Ratmann G, Scoppetta C 

& Herrmann R. (2001). Autosomal dominant distal myopathy: further evidence 

of a chromosome 14 locus. Neuromuscul Disord 11, 11-19. 

 

von Deimling H, Haravuori H, Bonnemann C, Herrmann R, Brockmann K, Osse G, 

Hanefeld F, Udd B & Voit T. (2001). Distal myopathy with childhood onset: a 

new form with autosomal dominant inheritance. Neuromuscul Disord 11, 253-

254. 

 

von Nandelstadh P, Ismail M, Gardin C, Suila H, Zara I, Belgrano A, Valle G, Carpen 

O & Faulkner G. (2009). A class III PDZ binding motif in the myotilin and 

FATZ families binds enigma family proteins: a common link for Z-disc 

myopathies. Mol Cell Biol 29, 822-834. 

 

Voss B & Rauterberg J. (1986). Localization of collagen types I, III, IV and V, 

fibronectin and laminin in human arteries by the indirect immunofluorescence 

method. Pathol Res Pract 181, 568-575. 

 

Wallefeld W, Krause S, Nowak KJ, Dye D, Horvath R, Molnar Z, Szabo M, Hashimoto 

K, Reina C, De Carlos J, Rosell J, Cabello A, Navarro C, Nishino I, Lochmuller 

H & Laing NG. (2006). Severe nemaline myopathy caused by mutations of the 

stop codon of the skeletal muscle alpha actin gene (ACTA1). Neuromuscul 

Disord 16, 541-547. 

 

Wallgren-Pettersson C, Lehtokari VL, Kalimo H, Paetau A, Nuutinen E, Hackman P, 

Sewry C, Pelin K & Udd B. (2007). Distal myopathy caused by homozygous 

missense mutations in the nebulin gene. Brain 130, 1465-1476. 

 

Wallgren-Pettersson C, Pelin K, Nowak KJ, Muntoni F, Romero N, Goebel HH, North 

KN, Beggs AH & Laing NG. (2004). Genotype-phenotype correlations in 

nemaline myopathy caused by mutations in the genes for nebulin and skeletal 

muscle alpha-actin. Neuromuscular Disorders 14, 461-470. 

 

Walsh R, Rutland C, Thomas R & Loughna S. (2010). Cardiomyopathy: a systematic 

review of disease-causing mutations in myosin heavy chain 7 and their 

phenotypic manifestations. Cardiology 115, 49-60. 

 

Wang B, Li J & Xiao X. (2000). Adeno-associated virus vector carrying human 

minidystrophin genes effectively ameliorates muscular dystrophy in mdx mouse 

model. Proc Natl Acad Sci U S A 97, 13714-13719. 

 

Wang K. (1996). Titin/connectin and nebulin: giant protein rulers of muscle structure 

and function. Adv Biophys 33, 123-134. 

 

Ward R & Bennett PM. (1989). Paracrystals of myosin rod. J Muscle Res Cell Motil 10, 

34-52. 

 

Warrick HM & Spudich JA. (1987). Myosin structure and function in cell motility. 

Annu Rev Cell Biol 3, 379-421. 

 



 269 

Wattanasirichaigoon D, Swoboda KJ, Takada F, Tong HQ, Lip V, Iannaccone ST, 

Wallgren-Pettersson C, Laing NG & Beggs AH. (2002). Mutations of the slow 

muscle alpha-tropomyosin gene, TPM3, are a rare cause of nemaline myopathy. 

Neurology 59, 613-617. 

 

Weber JL. (1990). Informativeness of human (dC-dA)n.(dG-dT)n polymorphisms. 

Genomics 7, 524-530. 

 

Weimer RM, Richmond JE, Davis WS, Hadwiger G, Nonet ML & Jorgensen EM. 

(2003). Defects in synaptic vesicle docking in unc-18 mutants. Nat Neurosci 6, 

1023-1030. 

 

Weiss A, Schiaffino S & Leinwand LA. (1999). Comparative sequence analysis of the 

complete human sarcomeric myosin heavy chain family: implications for 

functional diversity. J Mol Biol 290, 61-75. 

 

Westerhout EM & Berkhout B. (2007). A systematic analysis of the effect of target 

RNA structure on RNA interference. Nucleic Acids Res 35, 4322-4330. 

 

Whitmore L & Wallace BA. (2004). DICHROWEB, an online server for protein 

secondary structure analyses from circular dichroism spectroscopic data. Nucleic 

Acids Res 32, W668-673. 

 

Whitmore L & Wallace BA. (2008). Protein secondary structure analyses from circular 

dichroism spectroscopy: methods and reference databases. Biopolymers 89, 392-

400. 

 

Winegrad S. (1999). Cardiac myosin binding protein C. Circ Res 84, 1117-1126. 

 

Woods EF. (1977). Stability of segments of rabbit alpha-tropomyosin. Aust J Biol Sci 

30, 527-542. 

 

Xia X, Zhou H, Huang Y & Xu Z. (2006). Allele-specific RNAi selectively silences 

mutant SOD1 and achieves significant therapeutic benefit in vivo. Neurobiol Dis 

23, 578-586. 

 

Yamauchi-Takihara K, Nakajima-Taniguchi C, Matsui H, Fujio Y, Kunisada K, Nagata 

S & Kishimoto T. (1996). Clinical implications of hypertrophic cardiomyopathy 

associated with mutations in the alpha-tropomyosin gene. Heart 76, 63-65. 

 

Yang N, MacArthur DG, Gulbin JP, Hahn AG, Beggs AH, Easteal S & North K. 

(2003). ACTN3 genotype is associated with human elite athletic performance. 

Am J Hum Genet 73, 627-631. 

 

Yeoh S, Pope B, Mannherz HG & Weeds A. (2002). Determining the differences in 

actin binding by human ADF and cofilin. J Mol Biol 315, 911-925. 

 

Yokota T, Takeda S, Lu QL, Partridge TA, Nakamura A & Hoffman EP. (2009). A 

renaissance for antisense oligonucleotide drugs in neurology: exon skipping 

breaks new ground. Arch Neurol 66, 32-38. 

 



 270 

Yoneyama T, Kasuya H, Onda H, Akagawa H, Hashiguchi K, Nakajima T, Hori T & 

Inoue I. (2004). Collagen type I alpha2 (COL1A2) is the susceptible gene for 

intracranial aneurysms. Stroke 35, 443-448. 

 

Yonezawa N, Nishida E & Sakai H. (1985). pH control of actin polymerization by 

cofilin. J Biol Chem 260, 14410-14412. 

 

Zerbs S, Frank AM & Collart FR. (2009). Bacterial systems for production of 

heterologous proteins. Methods Enzymol 463, 149-168. 

 

Zhang G, Hubalewska M & Ignatova Z. (2009). Transient ribosomal attenuation 

coordinates protein synthesis and co-translational folding. Nat Struct Mol Biol 

16, 274-280. 

 

Zhou NE, Kay CM & Hodges RS. (1992). Synthetic model proteins. Positional effects 

of interchain hydrophobic interactions on stability of two-stranded alpha-helical 

coiled-coils. J Biol Chem 267, 2664-2670. 

 

Zhou NE, Kay CM & Hodges RS. (1994). The role of interhelical ionic interactions in 

controlling protein folding and stability. De novo designed synthetic two-

stranded alpha-helical coiled-coils. J Mol Biol 237, 500-512. 

 

Zhou NE, Kay CM, Sykes BD & Hodges RS. (1993). A single-stranded amphipathic 

alpha-helix in aqueous solution: design, structural characterization, and its 

application for determining alpha-helical propensities of amino acids. 

Biochemistry 32, 6190-6197. 

 

Zou P, Pinotsis N, Lange S, Song YH, Popov A, Mavridis I, Mayans OM, Gautel M & 

Wilmanns M. (2006). Palindromic assembly of the giant muscle protein titin in 

the sarcomeric Z-disk. Nature 439, 229-233. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

APPENDIX 



162 The American Journal of Human Genetics Volume 80 January 2007 www.ajhg.org

REPORT

Nemaline Myopathy with Minicores Caused by Mutation
of the CFL2 Gene Encoding the Skeletal Muscle Actin–Binding
Protein, Cofilin-2
Pankaj B. Agrawal, Rebecca S. Greenleaf, Kinga K. Tomczak, Vilma-Lotta Lehtokari,
Carina Wallgren-Pettersson, William Wallefeld, Nigel G. Laing, Basil T. Darras,
Sutherland K. Maciver, Philip R. Dormitzer, and Alan H. Beggs

Nemaline myopathy (NM) is a congenital myopathy characterized by muscle weakness and nemaline bodies in affected
myofibers. Five NM genes, all encoding components of the sarcomeric thin filament, are known. We report identification
of a sixth gene, CFL2, encoding the actin-binding protein muscle cofilin-2, which is mutated in two siblings with
congenital myopathy. The proband’s muscle contained characteristic nemaline bodies, as well as occasional fibers with
minicores, concentric laminated bodies, and areas of F-actin accumulation. Her affected sister’s muscle was reported to
exhibit nonspecific myopathic changes. Cofilin-2 levels were significantly lower in the proband’s muscle, and the mutant
protein was less soluble when expressed in Escherichia coli, suggesting that deficiency of cofilin-2 may result in reduced
depolymerization of actin filaments, causing their accumulation in nemaline bodies, minicores, and, possibly, concentric
laminated bodies.
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Nemaline myopathy (NM forms 1–6 [MIM 609284,
256030, 161800, 609285, 605355, and 609273]), the most
common form of congenital myopathy, is a diagnosis
applied to a clinically and genetically heterogeneous col-
lection of patients characterized by weakness and the
presence of rodlike structures called “nemaline bodies”
in affected muscles.1–4 Ultrastructurally, nemaline bodies
appear to originate from sarcomeric Z-disks involving
the adjacent thin filaments where the primary abnor-
malities lie. Mutations of the genes encoding the thin-
filament proteins nebulin (NEB) and skeletal muscle
a-actin (ACTA1) account for a majority of NM cases,5–7

whereas mutations of the genes encoding troponin T1
(TNNT1),8 b-tropomyosin (TPM2),9 and a-tropomyosin
(TPM3)10,11 are quite rare, each having been reported in
only one or several independent families with NM. Ad-
ditionally, NM in two families with autosomal dominant
inheritance is in linkage with an unknown gene on chro-
mosome 15q.12 Despite extensive searches, the genetic ba-
sis for NM, in a significant number of cases, remains
unknown.

Cofilin-2, encoded by CFL2 on chromosome 14q12
(MIM 601443), is a member of the AC group of proteins
that also includes cofilin-1 (encoded by CFL1) and destrin
(encoded by DSTN), all of which regulate actin-filament
dynamics.13,14 CFL2 encodes a skeletal muscle–specific iso-
form15 localized to the thin filaments where it exerts its

effect on actin, in part through interactions with tropom-
yosins.16 Despite an earlier study that found no CFL2 mu-
tations in 50 patients with NM,17 we considered that this
remained an excellent candidate gene because of its crit-
ical role in regulation of sarcomeric actin filaments.

Using genomic PCR and DNA sequencing,17 we screened
the CFL2 gene in 113 unrelated patients with NM and 58
patients with clinicopathological diagnoses of other con-
genital myopathies (i.e., 10 myotubular myopathy, 6 cen-
tronuclear myopathy, 9 multiminicore disease, 6 congen-
ital muscular dystrophy, 2 spheroid body myopathy, 2
Walker-Warburg syndrome, and 23 with nonspecific con-
genital myopathies). All study subjects were enrolled, after
appropriate informed consent, under the supervision of
the Children’s Hospital Boston institutional review board.
None of the patients had known mutations in previously
identified genes. A homozygous missense mutation of
CFL2 was identified in two affected siblings in a large fam-
ily of Middle Eastern origin (fig. 1A). Both patients had
similar clinical presentations, with hypotonia noted at
birth, delayed early motor milestones, frequent falls, and
the inability to run. The elder sister, now age 16 years, can
walk short distances but uses a wheelchair outside the
house. She was given a diagnosis of nonspecific congenital
myopathy at age 4 years, when her muscle biopsy sample
showed marked fiber-size variability, type I fiber predom-
inance, and a few fibers on oxidative stains that exhibited
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Figure 1. Pathologic and genetic findings in a family with CFL2 mutation A35T. A, Partial pedigree of the family illustrates several
consanguineous loops. The proband is indicated by an arrow. The two affected sisters (filled circles) are homozygous for A35T, whereas
an unaffected sister, both parents, and several other members of the extended family (half-filled circles) are heterozygous for the change
and for a shared haplotype spanning ∼4.6-Mb pairs around the CFL2 gene. Green symbols indicate tested individuals with WT sequence.
Light microscopic findings in proband’s muscle include presence of nemaline bodies (B, arrow) on Gomori trichrome staining and
occasional minicores (C, arrow) on nicotinamide adenine nucleotide dehydrogenase-tetrazolium reductase staining. Electron microscopy
confirmed identity of nemaline bodies (D, arrow), unstructured minicores (E, arrow), and concentric laminated bodies (F, arrow). G, DNA
sequence analysis of genomic PCR products illustrating three genotypes for CFL2 c.103GrA seen in the family. H, Schematic representation
of cofilin-2. Residue 35 is located next to NLS (30–34 aa); ABD p actin-binding domain. I, Altered alanine residue (red) is evolutionarily
conserved among AC proteins (i.e., cofilin-2, cofilin-1, and destrin) across all sequenced vertebrates.

focal loss of integrity consistent with minicores. The youn-
ger sibling (proband), now age 9 years, is ambulant and
was given a diagnosis of NM at age 2 years, after a muscle
biopsy sample showed nemaline bodies as well as occa-
sional minicores and concentric laminated bodies (fig. 1B–
1F). The course of the disease in both siblings has been
like that of the “typical” form of NM, but the distribution
of weakness is distinct, since no significant facial weakness
or foot drop was evident.

The proband and her affected sibling are homozygous
for CFL2 c.103GrA, predicted to result in an alanine-to-
threonine substitution at residue 35 (A35T) (fig. 1G and
1H). A35 is located next to a nuclear localization signal
(NLS) (fig. 1H) in a region that is highly conserved across
vertebrates (fig. 1I). An unaffected sibling, both unaffected
parents, and a number of other extended family members
were heterozygous for this change. Extensive intermar-

riage, with multiple consanguineous loops, strongly sug-
gested identity by descent for the two mutant alleles, a
supposition that was supported by linkage studies that
used flanking markers. Linkage analysis, assuming auto-
somal recessive inheritance of a disease gene with a fre-
quency of 0.005, gave a LOD score of 1.9 with a recom-
bination fraction of 0. The mutation was ruled out in 282
unaffected control individuals, including 91 originating
from the same geographic region and ethnic group as the
family.

Indirect immunofluorescence analysis of the proband’s
muscle with the use of anti-a-actinin-2 antisera showed
that, as expected, the nemaline bodies contained this pro-
tein (fig. 2A–2F). Interestingly, despite the fact that mu-
tation of the a-actin gene, ACTA1, had been previously
ruled out, this biopsy sample also exhibited features of an
actinopathy,5 since phalloidin staining of the same sec-
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Figure 2. Fluorescence microscopic analysis revealing a-actinin-
2–positive nemaline bodies and actin-filament accumulations. Un-
affected control muscle (A–C) and the proband’s muscle (D–I) were
immunostained with anti-a-actinin-218 (A and D), anti-skeletal
actin (clone 5C5 anti-sarcomeric actin [Sigma A2172]) (G), and
phalloidin Alexa Fluor 546 (Invitrogen) (B, E, and H). Merged
images, including blue DAPI-stained nuclei, are shown in panels
C, F, and I. Several a-actinin–positive nemaline bodies are indi-
cated by arrows in panels D and F, whereas nonoverlapping F-actin
accumulations are indicated by arrowheads in panels E–I. Scale
bars equal 20 mm (C, F, and I).

tions revealed that 4% of myofibers contained distinct
actin-filament accumulations (fig. 2E and 2H) that stained
equally well with phalloidin (specific for F-actin) and anti-
sarcomeric actin, which binds both G- and F-actin (fig.
2G–2I).

To establish whether the A35T mutation was associated
with altered cofilin-2 expression and/or localization, we
performed immunofluorescence analysis of cofilins in
the proband’s muscle biopsy sample and in several age-
matched unaffected human skeletal muscle specimens.
On longitudinal sections of control muscles, anti-cofilin
antibodies stained in a sarcomeric pattern that colocalized
with actin at I-bands, as expected for cofilin-2 (data not
shown). Remarkably, sarcomeric cofilin-2 staining was sig-
nificantly less intense in the patient muscle fibers relative
to those of age-matched unaffected controls (fig. 3A–3F)
and several other patients with NM (data not shown).
Cross-reactivity of anti-cofilin-2 antibody with cofilin-1
led to interstitial tissue staining of both the patient and
control muscle, providing an internal control for staining.

To determine if the immunofluorescence data reflected
presence of smaller quantities of cofilin-2 in the patient’s
muscle, we performed two-dimensional SDS-PAGE and

immunoblotting, to separate phosphorylated and un-
phosphorylated forms of cofilins 1 and 2. Relative to age-
matched control muscles, unphosphorylated cofilin-2 in
the proband’s muscle was significantly lower, and phos-
phorylated forms were not detectable (fig. 3G).

Quantitative RT-PCR of CFL2 mRNA was used to deter-
mine if the apparent reduction in cofilin-2 protein seen
in the patient’s muscle was caused by lower transcription
and/or mRNA stability. Instead, we found that the pro-
band’s muscle contained between 4- and 20-fold more
CFL2 mRNA, compared with three unaffected, age-
matched control muscle specimens. Thus, the relative ab-
sence of cofilin-2 in the patient’s myopathic muscles was
likely a consequence of reduced protein stability and/or
some other posttranscriptional mechanism(s).

To better understand the effects of the A35T mutation
on cofilin-2 structure, we modeled this change into a nu-
clear magnetic resonance structure of chicken cofilin-2
(Protein Data Bank identification number 1TVJ). Chicken
cofilin-2 differs from human cofilin-2 by three amino acid
differences that are unlikely to affect the conformation of
the region around residue 35. Two of these differences,
P26Q and K44R, are located on highly solvent exposed
loops that are spatially remote from residue 35. The third,
A70S, is adjacent to F71 on a-helix 3. The F71 aromatic
ring contributes to the hydrophobic core that includes the
A35 methyl group. However, as the alanine or serine 70
side chains are solvent exposed, the difference is unlikely
to distort the helix. A35 is in the middle of a b-sheet, with
its backbone amide and carbonyl hydrogen bonded to the
backbone carbonyl and amide of I55. A35 and I55 are both
highly conserved among vertebrate members of the AC
family.19 Modeling T35 with use of the common rotamer
that minimizes clashes with neighboring side chains re-
vealed a distance between Cg2 of T35 and Cb of I55 of
only 2.1 Å, closer than that allowed by Van der Waals
interactions (fig. 3H). Consequently, some distortion of
the central b-sheet would be required to accommodate the
T35 side chain, although this distortion would not nec-
essarily break any hydrogen bonds.

Since the modeling of T35 suggested a conformational
change in the b-sheet, we next expressed the wild-type
(WT) and A35T cofilin-2 proteins in eukaryotic and pro-
karyotic systems. We constructed matched expression vec-
tors containing the WT and c.103GrA mutant sequences
in the full-length human CFL2 cDNA cloned into mam-
malian expression vectors pcDNA-DEST-47 (C-terminal
green fluorescent protein [GFP] fusion) and pcDNA-3.2-
DEST (C-terminal V5 tag) and bacterial expression vectors
pDEST-42 (C-terminal V5-6x His fusions) and pDEST-14
(no fusion) (all Invitrogen Life Technologies). No differ-
ences were observed between C2C12 myoblasts trans-
fected with either GFP or V5-tagged WT and A35T cofilin-
2 clones; both proteins were uniformly distributed
throughout the cytoplasm.20 After several days of high-
level expression, both transduced cofilins organized into
cytoplasmic and nuclear rod structures, and continued
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Figure 3. Effects of the A35T mutation on cofilin-2 structure and expression in vivo. A–F, Indirect immunofluorescence analysis of
cofilins (green stain [A, C, D, and F]) and skeletal actin (clone 5C5 anti-sarcomeric actin [Sigma A2172]) (red stain [B, C, E, and F])
merged with DAPI for visualization of nuclei (blue stain [C and F]) in muscle from control (A–C) and proband (D–F). Scale bar equals
50 mm. The anti-cofilin-2 polyclonal rabbit antibody (US Biologicals C7506-50) recognizes both sarcomeric cofilin-2 and nonmuscle
cofilin-1 (seen in actin-negative connective tissue). Cofilin-2 staining in myofibers is markedly less intense in the proband compared
with that in the control, but cofilin-1 staining is preserved in connective tissue and capillaries. G, Two-dimensional gel and Western
blot analysis of cofilins in control (c) and proband muscle (pt) performed as described elsewhere.17 On each gel, 200 mg total muscle
lysate proteins were loaded. Equal protein concentrations of lysates were confirmed by immunoblotting parallel SDS-PAGE gels that
were stained for glyceraldehyde-3-phosphate dehydrogenase. Isoelectric focusing was accomplished on a pH gradient of 3–10, and
immunodetection used an antibody that detects both phosphorylated and unphosphorylated cofilin-1 and cofilin-2 (catalog number
C8736 [Sigma]). Identities of the various spots were confirmed using additional isoform-specific and phosphorylation-specific antibodies
(not shown). Although unphosphorylated cofilin-1 spots are similar in intensity, both spots for cofilin-2 are significantly smaller in the
patient’s muscle. H, A35T mutation, modeled using O and Molscript, illustrating side-chain clash of T35 with I55. Residue 35 is in the
middle of a b-sheet, with its backbone amide and carbonyl making hydrogen bonds to the backbone carbonyl and amide of I55. In
this model, the T35 side-chain hydroxyl forms part of a narrow canyon wall on the molecular surface, which is probably filled with
solvent, allowing hydrogen bonds between water molecules and the T35 hydroxyl.

high-level expression eventually resulted in loss of cofilin-
expressing cells, presumably because of cell-cycle arrest21

(data not shown).
In contrast, A35T and WT cofilin-2 proteins behaved

quite differently when expressed in bacteria. Both proteins
were expressed as His fusions in Escherichia coli and were
purified using His-affinity chromatography on Ni-NTA
agarose columns (Qiagen). Although similar amounts of
WT and A35T protein were found in the initial whole-cell
lysates, the purified fractions repeatedly demonstrated se-
lective loss of the mutant but not the WT proteins (fig.

4A). Cell lysis and purification in the presence of 6 M urea
resulted in similar yields for both versions of the protein,
suggesting that the loss of A35T mutant cofilin-2 was a
result of decreased stability and/or solubility. To rule out
the possibility that the His/V5 tag itself might affect the
solubility, each protein was expressed without any fusion
tags, and the expressed proteins were purified using Vi-
vapure D anion exchange columns (Vivascience). As be-
fore, similar amounts of both proteins were present in
total cell lysates, but purification resulted in complete loss
of the A35T samples (fig. 4B). The first step of the puri-
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Figure 4. Differential solubility of WT and mutant cofilin-2. A,
SDS-PAGE analysis of cofilin-2 with His/V5 tag expressed in E. coli.
The amount of mutant cofilin-2 (arrowhead) in the soluble and
purified fractions (lanes 1 and 3) is markedly lower than in the
WT (lanes 2 and 4), even though equal amounts of both proteins
were present in whole bacterial cell lysates (not shown). In con-
trast, when 6 M urea is added to the lysis buffer, the amounts of
mutant and WT cofilin-2 are similar in both supernatant and pu-
rified fractions (lanes 5–8). B, SDS-PAGE analysis of the native
cofilin-2 proteins expressed in E. coli without epitope tags. Iden-
tity of cofilin-2 was confirmed by western blotting (not shown).
As above, A35T protein failed to purify by standard methods (lanes
1 and 2). Analysis of whole bacterial-cell lysates showed roughly
equal amounts of A35T and WT protein produced (lanes 3 and 4),
but only WT protein was soluble and present in centrifuged su-
pernatants (lanes 5 and 6). Treatment of the insoluble fractions
with 6 M urea resulted in recovery and purification of the A35T
proteins (lanes 7–10).

fication procedure involved centrifugation to remove in-
soluble material from the initial lysates. When these pel-
lets were treated with 6 M urea, we found that the mutant
A35T protein was preferentially recovered, demonstrating
that the mutation likely causes protein misfolding in this
prokaryotic expression system, leading to precipitation
and loss in the insoluble fractions during purification (fig.
4B).

We hypothesize that misfolding or destabilization of the
protein’s tertiary structure leads to premature degradation
of the protein in vivo, so the mechanism of disease is likely
related to reduction in the amount of cofilin-2. Deter-
mining whether or not reduced cofilin-2 is a useful di-
agnostic marker for CFL2 mutations will require identifi-
cation of additional patients with different mutations, but
it is noteworthy that only some pathogenic Caenorhabditis
elegans UNC-60B (cofilin-2) mutations resulted in reduced
levels of this protein.22

The pathology of affected muscles in our proband was
remarkable for simultaneous presence of nemaline bodies,
minicores, and concentric laminated bodies. Whereas
nemaline bodies are associated with abnormalities of thin-
filament proteins, concentric laminated bodies are pos-
tulated to be organized aggregates of excessive actin fila-

ments,23 and both these and the minicores24 may in fact
represent the ultrastructural correlates for the F-actin ac-
cumulations seen by immunofluorescence and phalloidin
staining (fig. 2). Similar patterns of staining for both total
sarcomeric actin and phalloidin-stained F-actin support a
hypothesis that the lower amounts of cofilin-2 result in
reduced depolymerization of actin filaments, causing their
accumulation in concentric laminated bodies, nemaline
bodies, and minicore regions.

In summary, we have identified mutation of a sixth
thin-filament–related gene, CFL2, associated with an un-
usual form of NM. To our knowledge, this represents the
first reported instance of mutation in any AC-gene-family
member in humans. We estimate the frequency of CFL2
mutations in patients with NM at well below 0.6%. The
rarity of CFL2 mutations is not surprising in the context
that only a single instance of TNNT1 mutation has been
found to date,8 whereas only two TPM2 mutations are
known in patients with NM.9 The neuropathologist’s di-
agnosis of the proband’s condition was unequivocally
NM; however, occasional minicores and areas of filamen-
tous-actin accumulation were also present in few fibers.
Since both nemaline bodies and minicores may occasion-
ally be nonspecific and the older sister presented with
an undefined congenital myopathy, mutations of CFL2
should be considered possible in patients with any of these
findings.
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