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Abstract

Human thin filament myopathies are a group of skeletal muscle diseases caused by
mutations in thin filament protein genes. Over 170 mutations within the human skeletal
a-actin gene, ACTAI, cause congenital actin myopathies (CAM). These are dominant,
often lethal mutations resulting in death at birth or shortly after. Several mutations have
been identified in the genes encoding for Troponin I and Troponin T proteins, which
cause arthrogryposis. The aim of this work was to see if the Drosophila Indirect Flight
Muscles can be used as a genetic model system, with which to study the 4ACTA41 and
arthrogryposis disorders and understand their aetiology.

Six different mutations in the Drosophila Act88F gene, G15R, 1136M, D154N, V163L,
V163M and D292V, homologous to the human CAM actin mutations were
transgenically expressed in Drosophila Indirect Flight Muscles (IFM) as wild type
heterozygotes. All the mutants were dominant and with some myofibrillar defects
similar to those seen in humans. Certain mutations resulted in intranuclear rods, similar
to those found in humans and split Z-discs. The mutations varied in severity and
matched that of the human mutations. An extra copy of wild type actin rescued the
phenotype of all the heterozygote mutants, suggesting that upregulation of expression of

the wild type actin gene might be a future prospect for therapy.

Atypically, flies heterozygous for the R372H Acr88F mutation complete normal IFM
myogenesis and young flies can fly, but later become flightless and by day 7 show the
Drosophila equivalent of the human nemaline phenotype. Electron microscopy revealed
progressive loss of muscle structure. From the ultrastructure, the phenotypic
requirement for muscle usage and the known o-actinin binding sites on the actin
monomer, the R372H mutation is proposed to reduce the strength of F-actin/a-actinin
binding, leading to muscle damage during use and breakdown of muscle structure.

Binding studies confirmed a 13-fold reduction in a-actinin binding for R372H actin.

The GAL4/UAS system was employed for the study of arthrogryposis mutations. The
wild-type TnT and Tnl IFM isoforms were transgenically expressed to rescue the TnT
and Tnl IFM nulls, respectively. Only the Tnl null was rescued. The Tnl arthrogryposis

mutants were transgenically expressed and resulted in hypercontracted muscles.
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1. Introduction

Chapter 1: Introduction

1.1 Muscle disease

Over the past decade, there has been an increase in awareness of the mechanisms of
cardiac and skeletal muscle diseases. Mutations in a large number of protein
components of the sarcomere, the functional unit of skeletal and cardiac muscle, have
been discovered to cause a range of muscle disorders (reviewed in Laing and Nowak,
2005; Tajsharghi, 2008). Since the early 1990s, mutations in genes coding for skeletal
muscle thin filament proteins have been identified that are associated with various
clinical symptoms and result in specific structural changes within the sarcomere (Sung
et al., 2003; Goebel, 2007; Laing et al., 2009). Many thin filament diseases present
themselves at birth (congenital myopathies), hence it is not possible to follow the
development of the disease. Currently our understanding regarding the pathobiology of
the gene defects remains limited, despite some of these proteins being studied for
decades. A greater understanding of how the presence of the mutated proteins in the

patient’s muscle is leading to weakness and disease is needed.

1.1.1 Thin filament myopathies

1.1.1.1 ACTAI congenital myopathies

Actin forms the core of the thin filament of the sarcomere where it interacts with a
plethora of proteins and produces the force for muscle contraction (Craig and Padron,
2004). Six actin isoforms exist in humans, which show 90 % similarity at the amino
acid level (Sheterline et al., 1998). Cardiac a-actin (ACTCI) is the principal actin
isoform expressed in skeletal muscle during gestation (Ilkovski ef al., 2005). By 25-27
weeks pre-parturition skeletal muscle a-actin (4CTAI) becomes the dominant and

permanent isoform in human adult muscle (Ilkovski et al., 2005).

By 2009, more than 170 different mutations in the human AC7TA] gene have been
reported that cause congenital myopathies (reviewed in Laing et al., 2009). These are a
group of skeletal muscle disorders characterized by generalized muscle weakness
(Sparrow et al., 2003). They are often clinically severe with most patients dying at birth
or shortly after (Romero and Fardeau, 1996). Most are dominant de novo mutations
(Laing et al., 2009). The prevalence of ACTAI congenital myopathies is 1 in 500,000
live births (Wallgren-Pettersson, 1990; North et al., 2008).
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Clinicians have divided the ACTA! disorders into six subtypes depending on the age of
the disease onset and severity: adult onset, mild, typical, intermediate, severe and other
forms (Wallgren-Pettersson, 1999). The severe subtype is presented at birth or even in
utero, where patients show no spontaneous movement and require mechanical
ventilation (Lammens et al., 1997). These patients typically do not survive more than a
few weeks. Survival to birth may be because the predominant actin isoform of foetal

skeletal muscle is cardiac actin.

Five distinct overlapping (Jungbluth et al., 2001; Schroder et al., 2004) pathological
phenotypes are caused by mutations in the ACTAI gene in humans (Figure 1.1): (a)
actin filament aggregate myopathy, (b) intranuclear rod myopathy, (c) nemaline
myopathy (Nowak et al., 1999; Sparrow et al., 2003), (d) congenital fibre type
disproportion and (¢) myopathy with core-like areas. Appearance of any of these
features in a muscle biopsy is an indicator of an 4CTAI mutation. Other common

pathological features are fiber atrophy and/or hypotrophy.

Of the five histopathologies, nemaline rod myopathy is the most common phenotype
(Figure 1.1 C). The term nemaline was applied because of the thread-like appearance of
the rods (nema means thread in Greek) (Shy et al., 1963; Wallgren-Petterson, 1999,
North et al., 2007). NM is genetically heterogeneous, with disease-causing mutations
identified in different genes coding the thin filament proteins a-skeletal actin (ACTA1)
(Jungbluth et al., 2001; Nowak et al., 1999), a-tropomyosin (TM3) (Durling et al.,
2002; Laing et al, 1995; Tan et al., 1999; Wattanasirichaigoon et al., 2002), B-
tropomyosin (TM2) (Donner et al., 2002), Troponin-T (TNNT1) (Johnston et al., 2000)
and nebulin (NEB) (Pelin et al., 1999; Sewry et al., 2001). ACTAI mutations cause
20 % to 30 % of all known NM cases after mutations in nebulin, which make it the
second most common cause of NM (Laing et al., 2009). ACTAI mutations causing NM
are mostly severe with early death (Agrawal et al., 2004; Wallgren-Petterson et al.,
2004).

Clinicians diagnose human nemaline myopathy by muscle biopsies and Gomori
trichrome staining (Engel and Cunningham 1963; Nienhuis et al., 1967), which

contrasts the dark blue nemaline rods against the pale blue fibres. The nemaline rods are
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also visible in electron micrographs as electron dense bodies (Figure 1.1 C). Nemaline
rods show the same appearance independent of age or severity (Shimomura and
Nonaka, 1989) and the phenotype is already apparent at birth in most patients. Patients
diagnosed with NM can present muscle weakness before nemaline rods are visible
(Tajsharghi et al., 2007; North et al, 1999). This suggests that the nemaline rods may be
a secondary symptom of the disease and not be directly responsible for the skeletal
muscle weakness (Michele and Metzger, 2000). Another symptom is signs of type I
muscle fibre atrophy. The decrease in size could also suggest an abortive regenerative
response (Sanoudou et al., 2003). Each cell is unable to produce the same absolute force

as a wild-type one resulting in an abortive partly muscle weakness in NM.

The less frequent intranuclear rod myopathy (IR) is characterized by filamentous actin
rod inclusions in the fibre nuclei (Figure 1.1 D) and is often associated with a severe
clinical phenotype (Hutchinson et al., 2006; Kaimaktchiev et al., 2006). Mutations that
cause intranuclear rod myopathy have been identified on 12 amino acid residues,
leading to 13 ACTAI changes. Eight of these residues cluster between residues 139-165,
possibly a hot spot for this disorder (Laing et al., 2009).

The also infrequent actin filament aggregate myopathy (AM) is characterized by large
accumulations of filamentous actin in the muscle fibres (Figure 1.1 A, B) and is often
associated with severe disease. Ten different mutations have been identified that cause
AM. A hot spot for mutations associated with this disorder has been identified between
residues 144 and 165. All known mutations associated with actin filament aggregate
myopathy and intranuclear rod myopathy have implicated ACTA! (Nowak et al., 1999;
Sparrow et al., 2003; Laing and Nowak, 2005; Hutchinson et al., 2006).

Congenital fibre type disproportion (CFTD) is characterized by an early onset,
nonprogressive muscle weakness caused where the type 1 muscle fibres are at least
12 % smaller compared to the type 2 fibres (Figure 1.1 E) (Laing et al., 2004). Eight
mutations in the ACTAI gene have been identified that cause CFTD and cluster on one
area on the actin monomer, suggesting the involvement with a specific actin interaction
partner (Laing er al., 2009). Mutations in TPM3 and selenoprotein N1 have been
identified to also cause CFTD (Clarke et al., 2006).
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Figure 1.1. Microscopic images of the different histopathologies caused by the
ACTAI mutations. (A) Actin filament aggregate myopathy (AM), light microscopy of
transverse muscle section (Gomori trichrome stain), accumulated actin filaments are
stained darker than the pale blue myofibrils (arrow). (B) Electron microscopy (EM) of
AM, accumulation of filamentous actin inclusions within areas devoid of sarcomeres
(arrows, enlarged in inset). (C) EM of nemaline myopathy, accumulations of nemaline
bodies in the sarcoplasm (arrow). (D) EM of intranuclear rod myopathy, an actin rod
within the muscle nucleus. (E) Congenital fiber type disproportion, light microscopy
showing small (pale) type 1 and larger (dark) type 2 muscle fibers, respectively. (F)
Core myopathy, light microscopy of core-like areas (arrow) (reduced nicotinamide
adenine dinucleotide staining). Images reproduced from Sparrow ef al., 2003 and Laing
et al.,2009.
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Two mutations in ACTAI are known to cause myopathy with core-like areas identified
by myofibril disruption and absence of mitochondria (Figure 1.1 F) (Kaindl et dl.,
2004). One patient has presented both nemaline myopathy and myopathy with core-like
areas (Jungbluth et al., 2001).

The congenital ACTAI mutations are distributed throughout all six coding exons of the
gene. The number of mutations reported in each exon correlates to the size of each
exon, though no particular hotspots have been identified. Most ACTAI cases are de
novo, isolated cases caused by dominant missense mutations although 17 recessive
cases have been reported (Sparrow et al., 2003; Nowak et al., 2007; Laing et al., 2009).
Recessive ACTAI mutations are mostly nonsense, frameshift or splice-site mutations
that are predicted to prematurely terminate translation, or cause omission of entire exons
from the mRNA. These result in a lack of skeletal a-actin protein. Patients carrying
these mutations survive by upregulating their cardiac ACTCI gene (Sparrow et al.,
2003; Agrawal et al.,, 2004; Nowak et al, 2007). Four missense mutations are
associat_ed with recessive disease (H73D, L94P, E259V, M299K) and have been
hypothesized to be functional null mutations (Sparrow et al., 2003), two of which (L94P
and E259V) have been demonstrated in transfected fibroblast cultures to be so (Costa et
al., 2004). All patients with recessive ACTAI disease therefore lack functional skeletal
muscle a-actin. The heterozygous carriers for a nonsense mutation (parents or siblings
of patients with recessive mutations) do not display any disease symptoms suggesting
that a single wild type actin copy is sufficient for normal muscle development, function

and subsequent maintenance throughout life (Sparrow et al., 2003).

As the recessive ACTAI mutations produce null alleles, the dominancy of the non-
recessive mutations must not be due to insufficient wild type actin levels but caused by
the interference with wild type actin function. That is, the mutant actin monomer
interacts with the wild-type actin, incorporates into polymerized filamentous actin and
interferes with the function, assembly, and stability of the thin filaments. As actin has
numerous interacting partners the dominant ACTAI mutations may disrupt any of the
skeletal muscle a-actin normal functions. Hitherto, the experimental evidence shows
that different monomer or polymer actin properties are affected by the different
dominant ACTAl mutations (Hennessey ef al, 1992). However, no apparent

correlations between the functions affected, the location of the mutations within known
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actin-binding sites to other proteins or actin itself and the five histopathological
phenotypes have as yet been found (reviewed by Sparrow et al., 2003; Feng and
Marston 2009).

1.1.1.2 Arthrogryposis

Arthrogryposes are a group of complex, rare human congenital disorders characterized
by permanent non-progressive joint contractures (joint fixation caused by atrophy and
shortening of muscle fibres or loss of normal elasticity of skin) that affect limb function
(Figure 1.2) (Bamshad et al., 1996a;b). The precise course of the distal arthrogryposes
(DA) malformations is unclear. It has been proposed that decreased fetal movement
may lead to contractures at birth via the accumulation of additional connective tissue
around the joints (Hall, 1997). The reduced movement could be due to muscular or
neuronal disorders, connective tissue abnormalities or problems within the uterus (Hall

et al., 1982; Hall, 1997; Gordon, 1998).

Figure 1.2. Typical malformations observed at the distal ends in patients with
DA2B. (A) Hands showing camptodactyly and ulnar deviation. (B) Feet characterized
by camptodactyly. Images reproduced from Sung et al, 2003.

Two types of arthrogryposis have been identified which are caused by mutations in thin
filament proteins. These are Distal arthrogryposis type 1 (DA1) and Distal
arthrogryposis type 2B (DA2B, also called DA2A) (Bamshad et al., 1996a:b). The first
is caused by mutations in the tropomyosin gene (7PM?2) and the latter by mutations in
the skeletal troponin I (7NNI2) and troponin T (7NNT73) genes that are specific to fast-
twitch myofibres (Sung ef al., 2003). Unlike NM, DA is not accompanied by muscle

wasting (Bealls, 2005). Consequently, the thin filament protein mutation-induced
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muscle weakness stems from other phenomena likely associated with altered regulation

of muscle contraction.

1.2 Model organisms of human muscle disease

Currently there are no known therapeutic treatments to alleviate or cure the symptoms
of ACTAI associated congenital myopathies or arthrogryposis. Several experimental
model systems for ACTAI associated congenital myopathies exist where the majority of
22 different congenital myopathy mutant ACTA1 genes have been expressed in vitro, or
examined in cultured fibroblasts, myocytes and myotubes. These showed a variety of
defects, including the inability of the actin to fold (two mutants), or formation of
aggregates in vivo (Costa et al., 2004; Domazetovska et al., 2007a;b; Ilkovski et al.,
2004). Although these studies have been able to reproduce the sarcoplasmic and nuclear
actin aggregations they have not furthered our understanding as to how these
phenotypes form or how the ACTAI associated congenital myopathies are caused. Four
arthrogryposis mutants have been studied in ATPase assays or tropomyosin binding
assays (Wang et al., 2005; Robinson et al., 2006). These studies have not been able to
offer an explanation for the disease. The use of a solely in vitro or in vivo approach to
study thin filament mutations does not offer a complete understanding of the
mechanism for these diseases. However, studying a mutation in the context of the whole

organism may help to better understand how it leads to disease.

In the age of genomics, the genetic sequences of entire organisms are now available.
However, knowing the sequence of genes causing human disease reveals little about
their normal function. Legal and ethical arguments justify the experimentation on other
organisms in order to investigate both normal and abnormal functions, and to improve
the duration and quality of life of people. The human muscle is inaccessible during
foetal development, which argues the case for experimentation on other organisms. The
European Union has funded MYORES, a large research network on ‘Multi-organismic
approaches to muscle development and disease’ to research human muscle disease.
Model organisms currently being used to study these diseases include mice, the
zebrafish Danio rerio the nematode Caenorhabditis elegans and the fruit fly Drosophila
melanogaster. The literature demonstrates the importance of these model genetic
organisms in the study of human skeletal myopathies as their use has increased in the

last 20 years (reviewed in Bedell ef al., 1997; Sparrow et al., 2008).
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1.2.1 Model genetic organisms — mice, zebrafish, nematodes

Human skeletal myopathies have been studied in mice, zebrafish and nematode animal
models. The reasoning for using these model organisms to study human skeletal
myopathies is because they contain striated muscle groups conserved to humans
(reviewed in Bedell et al., 1997; Lecroisey et al., 2007, Sparrow et al., 2008). The
genome sequences of these organisms are known and have been catalogued in the
Mouse Genome Database (http://informatics.jax.org/), the Zebrafish Information
Service (http://zfin.org/) and Wormbase (http://www.wormbase.org/). These databases
facilitate the search for human disease gene homologues in these organisms and allow
the comparison of sequences and selection of specific sequence changes for the ready
creation of transgenic human disease animals. Information on the organisms’ biology,
genetics, transgenic stock collections and bibliography are also available in these

databases.

A valuable genetic model organism of a human disease should be able to offer: cheap
maintenance and grow in large numbers; have fast generation times; an annotated
genome sequence; a well understood biology and genetics; information shared
resources; transgenesis tools and contain the genes of interest to a high sequence
identity to its human counterparts. Ideally a perfect genetic model organism would
cover all these points but this is not possible. Though each organism has its own

advantages and limitations as models for human muscle diseases.

Mice have generally been the animal of choice for studying human disease as they are
more homologous anatomically and physiologically to humans than zebrafish or
invertebrates. Most murine genes have functional counterparts in humans. Mutations
that cause diseases in humans often cause similar diseases in mice. Compared to most
mammals, mice are easy to maintain and have a short breeding cycle (~2 months). Well
known genetics and transgenesis systems are available in mice for the creation of

disease models (reviewed in Bedell et al., 1997a).

Zebrafish has emerged as human disease model due to its high similarity in the
developmental gene pathways and regulatory mechanisms to humans. Its organs are
more homologous to those of humans than invertebrates and myogenesis proceeds in

waves similar to those in mammals (Barbazuk et al., 2000; Postlethwait ef al., 2000; Liu
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et al., 2002; Lieschke and Currie, 2007). Although the facilities required for culturing
fish are more costly to maintain than for invertebrate models, sperm can be stored
frozen which allows many different mutations and transgenic lines to be kept for long
periods at low cost. Further advantages include good transgenesis tools, external
fertilisation, which facilitates genetic and cellular manipulation, rapid development, a 3
month generation time (Kimmel e al., 1989), high fecundity and the embryos are

transparent, which allows muscle defects to be easily identified using microscopy.

Although the nematode physiology is very distant from that of humans, sequencing of
the C. elegans genome (C. elegans Sequencing Consortium, 1998) revealed that more
than 50 % of human genes have homologues in the nematode. Growing nematodes is
easy and cheap on Escherichia coli spread Petri plates. As the female worm is a self-
fertilizing hermaphrodite, homozygotes are readily produced without the need to mate.
Genetic crosses are easily made and different mutant lines can be stored by freezing.
Worms can be grown in large numbers, which allows the recovery of primary mutations
and screening for secondary mutations in other genes that either reduce the severity of
the primary mutation or enhance it. The body wall muscles have been the target of most
genetic studies (Wood, 1988). These muscles are prominent and as the organism is

small and translucent they can be readily visualized by microscopy of the whole

organism.

The ability to manipulate the genetics of these organisms has founded their potential in
understanding muscle development and human muscle disease mutations. Point
mutations in these organisms can be introduced by irradiation or feeding with chemical
mutagens (ENU mutagen) (Russell et al., 1979; Wood, 1988; McArdle et al., 1998;
Paton et al., 2001). Transgenesis methods are available for introducing foreign DNA
with homologues of human disease genes in nematodes (reviewed in Rieckher et al.,
2009) zebrafish (Raz et al., 1998; Weinberg, 1998) and mice (Hogan et al., 1994) by
embryo microinjection. Retroviral systems can be employed for insertional mutagenesis
in zebrafish (Gaiano et al.,, 1996; Amsterdam et al., 1999; Golling et al., 2002;
Sivasubbu et al., 2007). Some human skeletal myopathies are caused due to the lack of
protein synthesis. Gene knockouts in mice are achieved using the Cre/LoxP site-specific

recombination system (Chambers, 1994) and in nematodes using RNA interference
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(RNAIi) (http://www.wormbook.org/). In zebrafish, morpholino antisense RNA

oligonucleotides are used to block mRNA transcription (Nasevicius and Ekker, 2000).

1.2.1.1 Model organism studies of human muscular disease

Use of these animals has allowed the generation of several models of human skeletal
muscle diseases to be studied. The most extensively studied skeletal myopathy among
mice, zebrafish and nematodes is Duchenne Muscular Dystrophy (reviewed in Sparrow
et al., 2008), a disease caused by mutations in the human dystrophin gene resulting in
progressive muscle degeneration and death. Several dystrophin mutants exist in
zebrafish that result in lack of the protein (Hoffman et al., 1987 Guyon et al., 2007,
Kunkel er al., 2006). A zebrafish dystrophy model reveals that that dystrophin is
required for the formation of stable muscle attachments (Bassett ef al., 2003; Guyon et
al., 2007).

Mutations inactivating the C. elegans dys-1 gene alone cause only mild muscle
degeneration (Bessou et al., 1998; Gieseler et al., 1999). However, when the dys-1
mutation is combined with another mutation, hlh-1 (MyoD homologué) (Chen et al.,
1994), it results in a progressive muscular dystrophy (Gieseler et al., 2000). C. elegans
screens have identified the molecules serotonin and prednisone as possible drugs to
alleviate the symptoms of dystrophin mutations (Bessou et al., 1998; Gaud et al., 2004;
Carre-Pierrat et al., 2006).

In mice the Dmd™®

model that results in loss of dystrophin has been used extensively to
study the disease but it presents only a mild phenotype possibly due to muscle

regeneration effects (Collins et al., 2003).

1.2.1.2 Limitations

These model genetic organisms are not perfect. The generation of transgenic mice is
time consuming and expensive compared to nematodes and zebrafish. It is also
nontrivial to misexpress transgenes in regulated, temporal and tissue specific manners
(Bedell et al., 1997a; b). As mammals, mice develop in utero, which makes the study of

muscle diseases that manifest during early stages of development difficult.
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When working with a model system for human muscle disease one problem is that the
animal is unlikely to recapitulate the human disease well enough. In contrast to
mammals and zebrafish, the nematode muscle lacks both an adaptive immune response
and regenerative capacity in response to dysfunction. This is a disadvantage, as the
model system cannot fully mimic a muscle disease. However, this can also be an
advantage as it allows investigation of the molecular mechanisms of the disease without

complications from immune or repair responses.

While zebrafish muscle shares closer homologies to humans than nematodes, processing
and screening large numbers of animals for muscle mutations and for chemicals that
suppress a disease phenotype is slow and labour intensive. As RNAIi approaches are not
yet possible in zebrafish, the effects of gene knockdowns cannot be examined across the
whole transcriptome. Furthermore, the zebrafish genome underwent a duplication event
after the mammalian and fish lineages diverged (Amores et al., 1998; Postlethwait et
al., 1998). Hence, there is polyploidy for specific genes, making the study of a
particular gene in zebrafish more complicated compared to invertebrates, where
occasions nematodes and flies often possess a single gene isoform of a human disease
homologue in a tissue or in the whole organism. The single dystrophin genes present in
nematodes and flies (Roberts and Bobrow, 1998; Greener and Roberts, 2000; Grisoni et
al., 2002) simplify the study of muscular dystrophy compared to zebrafish, which
contain 29 orthologues for human dystrophin (Steffen er al., 2007).

The study of an individual animal model for a human disease may be limited in the
amount that can be learnt but from multiple animal models one can appreciate different
aspects of the human disease and even screen and test potential therapeutic agents at
low cost and reduced ethical impact. Drosophila melanogaster has presented itself as an

additional model organism for the study of human muscle disease.
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1.3 Drosophila as a model animal for the study of human

disease genes

With the completion of the Drosophila genome sequence (Adams et al., 2000), a cross-
genomic analysis was conducted of all human disease genes known to have at least one
mutant allele listed in the Online Mendelian Inheritance in Man (OMIM). Using
Homophila (http://homophila.sdsc.edu) of the current 3714 human disease genes
(defined by matches with expectation values, E-value <1019, 657 genes
(E-value <10"'%) are estimated to have sufficiently well conserved homologues that
could be analyzed in Drosophila. Many of the genetic pathways that are involved in
basic developmental mechanisms in vertebrates and invertebrates have remained intact
during evolution. Thus insights gained from studies in Drosophila can be applied in
vertebrate systems. As most human disease genes have counterparts in the Drosophila
genome and many of these are involved in cancer, neuromuscular disorders,
immunological disorders, as well as heart disease (Bier 2005, Vidal and Cagan, 2006)
the fly is becoming increasingly popular for studying the molecular mechanisms of
human disease. A rapidly expanding collection of mutations exists in many homologues

of human disease genes (Rubin et al., 2000).

For such a small organism, flies are equipped with several attractive features that make
them a valuable experimental genetic model system. They are inexpensive to maintain,
with a rapid breeding time (~ 12 days) and the capacity to generate a large number of
individuals from a single cross. The fly genome is well annotated and consists of just
four chromosomes. A general fly resource, Flybase (http:/flybase.bio.indiana.edu), is
available where a complete breakdown of the biology and genome of Drosophila as
well as links to other sources can be found. The fly has a well-defined musculature that
can be readily examined by light and fluorescent microscopy. The organism is
accessible during all stages of muscle development and many specimens can be rapidly
screened. In addition there is considerable information known about the details of

myogenesis in flies (reviewed in Sparrow et al., 2008).
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1.3.1 Genetic tools

The strength of Drosophila as a genetic model system relies on its plethora of available
genetic tools. A very important genetic tool specific to Drosophila, balancer
chromosomes, are small genomic pieces that during meiosis prevent recombination
between homologous chromosomes. These allow lethal mutations and deletions to be
studied and be maintained indefinitely. Mutants have been produced in flies for the
study of genetics, development, behaviour etc. for nearly a century (reviewed in Békel
et al., 2008). Early studies relied on spontaneous mutagenesis. The traditional way for
obtaining mutants was to feed flies a mutagen most commonly ethyl-methane
sulphonate, EMS or to subject them to irradiation (Mogami and Hotta, 1981, Deak et
al., 1982). But in the last half-century Drosophila geneticists have mutagenized flies

and ‘screened’ for mutations with specific phenotypes.

1.3.1.1 Transgenesis methods in Drosophila

The efficient and reliable transgenesis system for gene manipulation has released
Drosophila’s potential to study human diseases (reviewed in Venken and Bellen, 2007).
Transgenic constructs can be readily introduced in flies to misexpress genes of interest
in a spatially and temporally specific manner. The recent generation of nearly 19000 P-
element and piggyBac insertions covering the Drosophila genome allowed the
screening of the entire genome for loss of function alleles, a feature not yet applicable to
any other species (Parks et al., 2004; Thibault et al., 2004). If the disease causing
protein has a dominant effect it is possible to overexpress the associated gene in a wild-

type fly background.

Transgenic manipulation of Drosophila has enabled the study of specific mutations.
Transposon-based transgenesis techniques exploit native P-elements called transposons
that mobilise autonomously within the fly genome (Castro and Carareto, 2004). P-
elements encode for a transposase that recognises a 31-base pair inverse terminal repeat
at the transposon’s 5’ end and an 11-basepair subterminal inverted repeat at the 3° end
(Figure 1.3 A). These repeats are important for transposition to occur by the transposase
(Beall and Rio, 1997).

13
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For P-element mediated transgenesis, a vector containing the transposon’s ends, the
sequence of interest and a marker (usually red eyes) (Karess and Rubin, 1984) is
coinjected with a helper plasmid that carries the gene for the transposase or with the
enzyme itself (Kaufman and Rio, 1991; Rubin and Spradling, 1982; Spradling and
Rubin, 1982) (Figure 1.3 B). Separation of the transposase from the transposon allows

the regulated mobilisation of genes into the genome.

A Transposon B Binary transformation system
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Figure 1.3. Transposon transformation system. (A) Transposons consist of two
inverted terminal repeats that flank an open reading frame encoding a transposase. (B)
The helper plasmid carrying the transposase and a vector plasmid carrying the
transposon and a marker are cotransformed. Transposition results in the duplication of
the insertion site and is recognized by the marker. Image reproduced from Venken and
Bellen, 2007.

When P-elements carrying constructs of interest are microinjected into the syncytial
blastoderm of Drosophila along with a source of transposase, the transgenes become
integrated only in the genome of the germ line cells (Figure 1.4) (Laski er al., 1986).
The transgene will be stably inherited to the progeny from these individuals (Rubin and
Spradling, 1982). Transgene integration is identified by selecting for the marker. This
way entire genes can be introduced for ‘rescue’ experiments, in vifro mutagenized genes
and promoter-reporter fusions for in vivo gene expression studies (see section 1.4).
P-elements can also be used to knockout gene expression by transposing into genes and

disrupting their function.
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Figure 1.4. Drosophila transgenesis. Less than 1-hour-old Drosophila embryos
(generation zero, G0), obtained from a white eyed (white’) parent (P) are injected with
transgenic DNA carrying a red eye marker (white"). Rapid nuclear divisions create a
syncytium. Transgenic DNA is integrated into the germ cells (red pole cell) and
becomes transmitted from GO generation to the next (Gl progeny). Integration of
transgenic DNA 1is identified using the white” marker. When integrated in a white

strain, this transgene gives transgenic flies a darker eye colour. Image reproduced from
Venken and Bellen, 2007.

1.3.1.2 Enhancer and protein trapping

Enhancer and protein trapping strategies using transposons are widely used in
Drosophila for identifying and studying the function of new genes on the basis of their
expression pattern (Bellen er al., 1989; Bier et al., 1989; Wilson et al., 1989). For
enhancer (promoter) trapping a P-element transposon carrying a reporter gene (e.g.
GAL4, GFP, lacZ) linked to a weak promoter can be mobilised randomly into the
genome to a large number of chromosomal locations. P-element constructs have a
preference for inserting into the 5’ regulatory region of functional transcription units
(Spradling et al., 1995). Thus integration near a gene enhancer may activate the
transcription of the weak promoter and express the reporter under the control of that
enhancer. If on the other hand the construct integrates into a gene, the trap may disrupt

gene function.
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Protein traps differ from enhancer traps in the sense that the reporter sequence lacks a
promoter, hence, it is expressed only when its mRNA is covalently ligated to an
endogenous mRNA via splicing or read-through transcription (Lukacsovich et al.,
2001). The reporter gene expression matches that of the trapped gene since its
transcription starts from the promoter of this gene. A number of GFP traps exist that
were designed to create intact gene fusions for live cell localisation studies (Morin et
al., 2001; Clyne et al., 2003). In this case a P-element containing GFP as an exon inserts
into a genomic intron, which may lead to the appearance of green fluorescent tissues.
Altogether these strategies have produced very large collections of enhancer traps,

expression reporters and gene knockouts (Parks et al., 2004).

1.3.1.3 The GAL4/UAS system

GAL4 is a yeast regulatory protein that regulates the transcription of genes induced by
galactose (Laughon et al., 1984; Laughon and Gesteland, 1984). In the presence of
galactose, GAL4 binds to four specific 17-base pair sites within a DNA sequence termed
the Upstream Activating Sequence (UAS) and activates transcription of the galactose
genes located downstream of UAS (Guarente et al., 1982; Bram and Komberg, 1985;
Giniger ef al., 1985). The activity of GAL4 is not restricted to yeast but it can function
in a variety of biological systems to activate transcription from the UAS element

(Kakidani and Ptashne, 1988; Ma et al., 2003; Webster et al., 1988).

The GAL4/UAS system has been used very successfully and widely in Drosophila to
express genes and study their roles during development (Brand and Perrimon, 1993;
Duffy, 2002). The system consists of two elements: a GAL4 ‘driver’ and a GAL4-
responsive UAS line (Figure 1.5). The driver line uses an enhancer or the promoter of a
gene with known expression pattern (regulatory element) cloned upstream of the GAL4
coding sequence, which allows GAL4 expression in a spatially and temporally
controlled manner. The flies expressing GAL4 alone rarely show abnormalities
associated to this event probably due to the absence of targets for GAL4 in the
Drosophila genome. A pan-muscle driver, dmef2-GAL4, exists but several tissue-

specific drivers are also available.

The responder line bears the sequence of the target gene cloned downstream of multiple

binding sites (UAS). In the absence of GAL4 the target gene remains transcriptionally
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silent. Mating of the driver and the responder lines results in progeny bearing both the
responder and the driver transgenes simultaneously. In these flies, the GAL4 protein
binds to the UAS sequence and activates transcription of the responder gene only in the
cells/tissues expressing GAL4. The pattern of expression of the reporter gene is
therefore the same as that of the GAL4 driver. Maintaining the responder and driver as
separate parental lines allows 1) the propagation of flies bearing transgenes encoding
lethal alleles or toxic products that only become active in the offspring of crosses
between the responder line and the GAL4 driver and 2) the ready ‘mix and match’ of

driver and responder produced by different investigators.
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Figure 1.5. The GAL4-UAS system in Drosophila. The driver line carrying a tissue
specific promoter upstream of the GAL4 coding sequence and the responder line
carrying a gene (GFP in this case) are crossed. In the progeny the fly that carries both
the GAL4 and the UAS-GFP the GAL4 will bind to the UAS sequences and activate
transcription of the downstream GFP gene. In the flies carrying the GAL4 insert alone
there is no GFP gene to be activated. Likewise in flies carrying the UAS-GFP insert
there is no GAL4 to activate its transcription and therefore there is no GFP expression.
Image reproduced from Duffy, 2002.
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An increasingly common approach used to study gene function and development in
Drosophila is RNAI interference (RNAi). The GAL4/UAS system is used to express a
transgenic RNAI construct that forms a double stranded hairpin RNA (dsRNA) capable
of degrading or suppressing translation of homologous mRNAs. The dsRNA is cleaved
into 25 base pair fragments (Fire ef al., 1998; Hammond ef al., 2000), which then act as
a ‘degradation template’ for the target mRNA (Yang ef al., 2000). In Drosophila the
method involves expressing the gene fragments in an inverted repeat (IR) separated by
an intron (Figure 1.6) (Lee and Carthew, 2003). The complementarity of the inverted
repeats results in the expression of an RNAi hairpin loop, which activates the long
dsRNA pathway. The dsRNA to target the gene of interest is cloned downstream of the
UAS sequence. Expression of the dsRNA is achieved by using specific GAL4 drivers
thus homologous mRNA is degraded in specific spatial or temporal patterns. Two large
collections of UAS-RNAI lines have been made. One is available from the National
Institute of Genetics in Japan (http://www.shigen.nig.ac.jp/fy/nigfly) and another
through the Vienna Drosophila RNAi Center in Austria (http://www.vdrc.at.) where
Dickson and colleagues have created a collection of 22,270 transgenic Drosophila lines

in which 12,088 genes can be silenced; 88 % of the fly's predicted protein-coding genes
(Dietzl et al., 2007).

GAL4 driver line
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Figure 1.6. dsRNA in Drosophila. The responder line bears the GAL4 binding site
upstream of a gene cloned as an inverted repeat (IR) and when crossed with a tissue
specific GAL4 driver results in expression of the IR. The IR are separated by a
functional intron which becomes spliced out leaving a long dSRNA molecule that will
be processed into small interfering RNAs (siRNAs) which will eventually trigger the
homologous mRNA degradation. Image modified from the Vienna stock centre website
(http://www.vdrc.at).
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1.3.2 Drosophila Indirect Flight Muscles as a model to study

mutations in muscle proteins

Drosophila studies of human skeletal myopathies have concentrated in the larval
muscles or in the adult Indirect Flight Muscles (IFM) (Calado et al. 2000, Abu-Baker et
al., 2003; Grumbling and Strelets, 2006, de Haro er al., 2006; Rajendra et al., 2007;
Garcia-Lopez et al., 2008). The latter are located in the fly’s thorax and are responsible
for powering flight. They are a suitable model for studying human skeletal myopathies
as they are the only fibrillar type of muscle found in flies (Josephson, 2006) that its
structure resembles human skeletal muscle. Furthermore, they occupy the majority of

the thorax hence they can be easily accessed by microdissection for analysis.

1.3.2.1 IFM development

Drosophila undergoes myogenesis tWice; once during embryonic development to
generate the larval musculature and again during the pupal development to form the
muscles of the adult fly (Bate, 1993). The IFM are split into two groups, the dorso-
ventral (DVMs) and the dorsal-longitudinal (DLMs). These muscles originate from a
subset of myoblasts of the wing imaginal discs, which differentiates during larval and
pupal stages (Fernandes et al., 1991; Bate, 1993, Farrell et al., 1996). Three larval
oblique muscles (LOM) survive the second wave of histolysis that takes place in the
early pupal stages and serve as templates for the DLM. In contrast, the DVM do not use
larval templates; the myoblast fuse de novo to form the muscle fibres. At 6-8 hours after
puparium formation (APF) myoblasts migrate from the wing imaginal discs and fuse to
the three LOM (Figure 1.7 A) (Fernandes et al., 1991). The myoblast fusion continues
until about 30 hours APF. Between 12 and 16 hours APF myoblast fusion causes each
of the three LOM templates to split longitudinally, giving rise to 6 developing DLM
(Figure 1.7 B). Around 16-22 hours APF the DLM elongate and attach to the tendon
cells (Figure 1.3.1 C). By 32-36 hours the DLM shorten to about 1/3 of their original
length and the tendon cells elongate (Figure 1.7 D). The DLM start elongating again
between 42-44 hours APF whereas the tendon cells retract towards the cuticle (Figure
1.7 E). Between 46-48 hours APF myofibrillogenesis initiates (Figure 1.7 F) and the
myofibrils continue to grow in length and thickness until they become mature
myofibrils (Fernandes et al., 1991; Reedy and Beall, 1993).
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Figure 1.7. IFM development. (A) At 6-8 hours APF myoblasts fuse to the remnants
of the larval oblique muscles (LOM). (B) Myoblast fusion causes the three LOM which
have escaped histolysis and serve as templates (TEM) for the DLM to split around 12-
16 hours APF. (C) By 16-22 hours APF myoblast fusion causes the IFM to lengthen and
attach to the tendon cells (TC). (D) Around 32-36 hours APF the DLM shorten at about
1/3 of their length whereas the tendon cells elongate. (E) By 42 hours APF
myofibrillogenesis is initiated, the muscles increase in length and size and the region of
tendon and muscle processes (TCM) retracts. (F) At 46 hours APF functional myofibres

have formed which continue to grow until they reach their final size. Image taken from
Nongthomba et al., 2003, not to scale.

1.3.2.2 IFM of Drosophila melanogaster

The IFM are so-called because they are not attached directly to the wings; instead they
induce wing movement by distorting the fly’s thorax. The position of the DLMs and
DVMs is shown in Figure 1.8 A. Jumping of the fly is caused by contraction of the
tergal depressor of the trochanter (TDT), which is another thoracic muscle. When it
contracts (shortens) it lengthens and stretches the DLM oriented perpendicular to it
(Figure 1.8 C). The DLM responds to stretch with a delayed rise in active tension
(stretch activation response) causing it to contract (Figure 1.8 C). This causes a
reciprocal delayed stretch activation of contraction in the DVM. As the two sets of
muscles alternately contract, the thorax oscillates rapidly; causing deformation of the
wing hinges that make the wings beat at the resonant frequency of the flight system.
Stretch activation is essential to sustain flight in small insects (Drosophila beats its
wings for flight at 200 Hz) (Molloy et al., 1987). When the wings beat at frequencies
well above the firing capability of the motorneurons the contractions of the IFM are not
coincident with motorneuron firing and Ca®" activation and consequently these muscles

are called asynchronous.
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Figure 1.8. The indirect flight muscles of Drosophila melanogaster. Each hemithorax
contains a set of (A) dorso-longitudinal (DLMs) and (B) dorso-ventral (DVMs)
muscles. (C) During flight contraction of opposing muscles deforms the thorax resulting
in wing movement. Images A and B reproduced from Demerec, 1950 and C from
Vigoreaux, 2001.

1.3.2.3 The IFM as a model to study muscle mutations

Five important features of the IFM identify them as an excellent model for studying the
effects of transgenes on muscle development. First, they are dispensable for viability
(Bernstein et al., 1993). Second, correct assembly and structure maintenance of muscle
fibres are vital requirements for successful muscle function. So any mutation or
silencing of an IFM specific gene that has an effect on muscle structure can be easily
screened by a flightless phenotype. Some flightless mutants are also easily identifiable
from the permanent atypical position of their wings beside their bodies when not flying
in contrast to wild type flies (Kronert ef al, 1999; Spradling e al., 1999). In mutants
resulting in hypercontraction of the IFM, the wings are held permanently in a vertical

position hence allowing easy identification of such mutants (Nongthomba ez al., 2003).
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Morphological defects in the IFM can rapidly be identified by polarized light
microscopy of chemically clarified cuticles (Figure 1.9) (Nongthomba and
Ramachandra, 1999). The third advantage that the IFM have to offer is that they
develop over 4 days (Reedy and Beall, 1993) so that one can study the effect of a
transgene throughout muscle development, from pupal stages to adult flies. Fourth,
there is little or no evidence in Drosophila for sarcomere protein turnover (Smith et al.,
1970), regeneration or repair. Satellite cells have not been found (Taylor, 2006). Thus
unlike mouse models of muscle disease the IFM model is not complicated by
regeneration. Fifth, they have an innate immune response but no adaptive. So without
the complications of repair or immune responses one can investigate the basic molecular
mechanisms of the muscle mutation. However this is also a limitation of the Drosophila

system as it cannot fully reproduce the human disease condition.

Figure 1.9. Mutagenized flies with defects in the IFM can be visualized using light
microscopy. Image reproduced from Vigoreaux ef al., 2001.

Drosophila IFM have a long history of being used successfully to investigate the effects
of mutations in actin and other sarcomeric proteins on muscle function (O’Donnell and
Bernstein, 1988; Drummond er al., 1990; Bernstein et al., 1993; Molloy et al., 1993;
Nongthomba et al., 2004). The availability of IFM-specific null mutants for the muscle
proteins; myosin heavy chain (Mhc”), actin (KM88), tropomyosin (Ifm(3)3Tm2),
Troponin | (up1 ) and Troponin T (hdp3) (Bernstein ef al., 1993) has allowed the study of
transgenic mutations for these genes in a wild type null background. Genetic
deficiencies also permit the study of dosage requirements for IFM function (Bernstein et
al., 1993; Kreuz er al., 1996; Vigoreaux et al., 1998).
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1.3.2.4 Dissection of genetic interactions in the IFM

The IFM is a very good system for identification of protein interactions using genetic
approaches. Two fly strains each carrying a mutation in a different gene can be mated to
generate progeny that are heterozygous for both mutations (Kronert ez al., 1999; Prado
et al., 1995). A genetic interaction is evident if the phenotype of the progeny is different
from that of either parent (e.g. flightless progeny from two flighted parents) or if the
progeny exhibits an otherwise recessive phenotype. Such genetic interactions may
indicate that the mutations affect an interaction between two proteins that are in direct
contact, function in the same pathway or are components of the same protein complex.
An example is suppressor mutations, like those that have been identified for the
hypercontraction phenotype of the IFM troponin mutant hdp’ that autodestructs the
muscles (Figure 1.10). Suppressor mutations for hdp’ are located in genes encoding
troponin I (Prado er al., 1995), tropomyosin (Naimi ef al., 2001), myosin heavy chain
(Kronert ez al., 1999; Nongthomba er al., 2003) and actin (Sarah Haigh, PhD thesis,
2003, University of York)

>\‘ :
Suppressor

Figure 1.10. Genetic approaches to isolate mutations that affect the IFM. Flightless
mutants exhibit abnormal wing position. The effects of a mutation can be reverted using
intergenic or intragenic mutations. Image reproduced from Vigoreaux et al., 2001.
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1.4 Drosophila models of human skeletal myopathies

Hitherto there have been relatively few studies in Drosophila aimed at understanding
human muscle diseases (reviewed in Sevdali and Sparrow, in preparation). The
Drosophila models of the different myopathies, which do exist reproduce the human
phenotype to different extents and have made some significant contributions towards
our understanding of the molecular basis of the diseases. The skeletal myopathies have

been modelled in both the larval muscles and in the IFM of the adult.

1.4.1 Duchenne muscular dystrophy

Duchenne muscular dystrophy is caused by mutations in genes of the Dystrophin (Dys)-
Dystroglycan (Dg) complex (DGC) expressed in skeletal muscle cells (Hoffman et al.,
1987). Domains known to mediate the interactions between members of the DGC are
highly conserved between humans and flies, suggesting that the structure of the DGC is
identical (Greener and Roberts, 2000). Similar to vertebrates, the dystrophin products
are expressed in a tissue specific manner (Neuman et al., 2001; 2005; Dekkers ef al.,
2004; Van der Plas et al., 2006; Shcherbata ef al., 2007). Flies are a desirable system for
the study of this disease because they express a single dystrophin gene (Greener and
Roberts, 2000) ad thus reduces the genetic complexity found in vertebrate systems
where multiple copies can exist. The study in Drosophila has revealed two roles for
dystrophin gene products: maintaining synaptic homeostasis and preserving the
structural stability of the muscle and its attachment. Drosophila dystrophyn-
dystroglycan mutants develop age-dependant muscle degeneration and mobility defects
(Shcherbata et al., 2007).

1.4.2 Barth syndrome

Barth syndrome (BTHS) is an X-linked disease where patients present with
cardiomyopathy and skeletal muscle weakness (Barth er al., 1999). The disease is
caused by mutations in tafazzin (Bione et al., 1996), a phospholipid acyltransferase
(Neuwald, 1997). Patients with BTHS display mitochondrial abnormalities (Barth ez al.,
1993; Vreken et al., 2000; Schlame e al., 2000; Bissler et. al., 2002; Schlame et al.,
2002; Valianpour et al., 2002). Hitherto yeast, fibroblasts and lymphoblasts have been
used to study BTHS, but the inability to replicate the tissue pathology of the disease is a
major limitation of these models (Gu et al., 2004; Vreken et al., 2000; Xu et al., 2003).

Drosbphila expresses several tafazzin isoforms (Grumbling and Strelets, 2006) and as
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IFM have abundant mitochondria flies have emerged as an attractive experimental
system for BTHS research. In tafazzin-deficient flies, total cardiolipin levels were
reduced by 80%, the main cardiolipin species was absent similar to BTHS patients
(Grumbling and Strelets, 2006) and displayed flight defects with reduced locomotor
activity. Their IFM showed mitochondrial abnormalities, mostly in the cristae
membranes which displayed hyperdense aberrant phenotypes such as swirls, curls and

rings (Grumbling and Strelets, 2006).

1.4.3 Spinal muscular atrophy

Spinal muscular atrophy (SMA) is a genetic disorder associated with recessive loss-of
function mutations in the human survival motor neurons 1 gene (SMNI) (Lefebvre et
al., 1995). The most severe form is the most common and patients die within 2 years of
birth (Ogino and Wilson, 2004; Monani 2005). The disease is characterized by loss of
motor neurons and progressive muscular atrophy in the limps and trunk (Ogino and
Wilson, 2004). In a Drosophila model of SMA, hypomorphic Smn®33 mutants reduce
dSMN levels in adult thorax, are unable to fly or jump and exhibit severe
neuromuscular defects (Rajendra et al., 2007). The Smn mutant myofibres fail to form
thin filaments resembling the IFM-specific actin Act88F null mutants. SMA patients
have also been shown to exhibit myofibrillar and sarcomeric abnormalities (Szliwowski
and Drochmans, 1975; Braun et al., 1995). The most surprising finding was that in wild
type flies dSMN colocalized with sarcomeric actin and o-actinin in the IFM myofibrils
revealing for the first time that SMN is a sarcomeric protein. Although it is not currently
known whether the phenotype observed in the Smn®>* hypomorphs is due to reduced
dSMN levels or the motoneurons or a combination of the two, there is a promising

future for examining myogenesis and motoneuron development during pupal stages.

1.4.4 Oculopharyngeal muscular dystrophy

Oculopharyngeal muscular dystrophy (OPMD) is an adult-onset syndrome
characterized by progressive muscle degeneration that is caused by short GCG repeat
expansions of an N-terminal polyalanine tract within the nuclear poly(A)-binding
protein 1 (PABPN1) (Brais ef al., 1998). A coiled-coil N-terminal domain is responsible
for stimulation of poly(A) polymerase (Kerwitz ef al., 2003), whereas a central RNA-
binding domain and an arginine-rich COOH-terminal domain are involved in binding
tail (Kuhn et al., 2003). Mutant PABPNI1 aggregates as intranuclear
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inclusions. A Drosophila model of OPMD exists where mutant PABPN1 is expressed
specifically in the musculature (Chartier et al, 2006). The wing position of the mutant
flies was normal at day 1 but by day 2 they displayed abnormal wing phenotypes, were
flightless and displayed nuclear PABPN1 inclusions (Calado et al., 2000; Abu-Baker et
al., 2003) demonstrating that the disease is also progressive in Drosophila. Flies where
the alanine extension is deleted (PABPN1-AA) did not display inclusions. Expression of
PABPN1-17A with a deletion of the RNA-binding (PABPN1-17A-ARRM) domain did
not cause muscle defects or in abnormal intranuclear accumulation. This suggests that

the RNA-binding domain is required for the OPMD phenotype.

The modeling of different skeletal muscle diseases in Drosophila is possible and has
already contributed significantly to the understanding of these skeletal muscle diseases.
Clearly Drosophila IFM are developing as a useful genetic model for a range of
muscular diseases. Modelling of thin filament skeletal myopathies (including the

nemaline 4CTAI myopathies and arthrogryposis) has not as yet been reported.

1.4.5 Drosophila IFM: a model for thin filament myopathies

Drosophila expresses a single actin isoform, 4CTS88F, which encodes all of the
sarcomeric actin present in the IFM (Fyrberg er al., 1983; Ball et al., 1987) and is
highly homologous (~ 93 % homology) to the human a-skeletal actin (Figure 1.11)
(Hanauer ef al., 1983). Hence it is possible to introduce mutations in the Act88F gene
that are homologous to the human 4CTAI nemaline myopathy mutations. Initial studies
(Sarah Haigh, 2003, PhD thesis, University of York) showed that genomic mutations in
the IFM-specific ACT88F gene at specific residues (A13V, R256C, G268D, R372H)
associated in humans with NM (A138P, R256H/L, G268R/C, R372H) are dominant
flightless and cause variable sarcomere lengths and in the zebra body phenotype which
is also found in human patients and is thought to be the beginning of nemaline rods.
Three of these ACT88F mutants do not make sarcomeres during early myogenesis and
the flies cannot fly. However the ACT88 3721 mutant has normal myogenesis and the
pupae show normal myofibrils, but adults develop the nemaline phenotype clearly

demonstrating two pathways to the ‘nemaline’ phenotypes.
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ACt88F -DDDAGALVIDNGSGMCKAGFAGDDAPRAVEFPS IVGRPRHQGVMVGMGQOKDSYVGDEAQS 59
Actal DEDETTALVCDNGSGLVKAGFAGDDAPRAVFPSIVGRPRHOGVMVGMGQKDSYVGDEAQS 60
shys KKK Kk kkks kKA AR KAk ARk k kNI AR KA ARk kKK AR A Fh ok ko
ActB88F KRGILTLKYPIEHGIITNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKMT 119
Actal KRGILTLKYPIEHGIITNWDDMEKIWHHTFYNELRVAPEEHPTLLTEAPLNPKANREKMT 120

Fekhhhkhkhhkhdkdhhhkhkhkhhkhhkhhhhkhkhkhkhrhkhhkrrrrrkhhkhrdd _*****************

Act88F QIMFETFNSPAMYVAIQAVLSLYASGRTTGIVLDSGDGVSHTVPIYEGFALPHAILRLDL 179
Actal QIMFETEFNVPAMYVAIQAVLSLYASGRTTGIVLDSGDGVTHNVPIYEGYALPHAIMRLDL 180

Jde ok k ok k ok h ******************************:*.******:******:****

Act88F AGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAAASTSLEKSY 239
Actal AGRDLTDYLMKILTERGYSFVTTAEREIVRDIKEKLCYVALDFENEMATAASSSSLEK-~ 238

********************.***********************:******:*:****

ACt88F ELPDGQVITIGNERFRCPEALFQPSFLGMESCGIHETVYNSIMKCDVDIRKDLYANSVLS 299
Actal = e e MS 240
.
Act88F GGTTMYPGIADRMOKE ITALAPSTIKIKIIAPPERKYSVWIGGSILASLSTFQOMWISKQ 359
Actal GGTTMYPGIADRMOKE ITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFOQOMWITKQ 300
************************:********************************:*-k
Act88F EYDESGPGIVHRKCF 374
Actal EYDEAGPSIVHRKCF 315
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Figure 1.11. Alignment of human ACTA1 and Drosophila ACTS88F protein
sequences. The sequences of the two proteins show 93% homology. The annotation
symbol for Actal is X56644.2 (release 27) and for Act8S8F NP_524367.1. Note: ‘¥’
indicates that the residues in that column are identical in all sequences in the alignment,
‘> indicates that conserved substitutions have been observed, ‘.’ indicates that semi-
conserved substitutions are observed. '

All four reported Tnl mutations responsible for Distal Arthrogryposes cause increased
contractility (Sung et al., 2003; Robinson ef al., 2006) and are hence likely to cause
muscle hypercontraction in vivo. Tnl mutations in Drosophila IFM have also been
identified that cause muscle hypercontraction (Deak 1977; Deak et al., 1982; Beall and
Fyrberg 1991; Barbas et al., 1993, Nongthomba et al., 2004). In the IFM Tnl and TnT

nulls exist which can be used to study arthrogryposis mutants using transgenesis.

Nemaline myopathy and arthrogryposis are both diseases caused by mutations in
sarcomeric thin filament proteins. The organisation of the thin filament will now be

discussed.
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1.5 Organisation of skeletal muscle

Skeletal muscle is made up of multinucleated cells called muscle fibres (or myofibres)
that are aligned parallel to each other. Each myofibre contains multiple contractile
protein assemblies called myofibrils (Figure 1.12). Mitochondria are located between

the myofibrils and nuclei are found in the periphery of the cytoplasm (Figure 1.12).
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Figure 1.12. Muscle organisation. Skeletal muscle is composed of muscles fibres,
which in turn consist of myofibrils, nuclei located in the periphery of the muscle fibre

shown in blue. Myofibrils consist of repeating units called sarcomeres that power
muscle contraction. Image reproduced from Lehninger et al. 2000.

Each myofibril is a long array of by specialized and highly ordered repeating contractile
units, the sarcomeres (Figure 1.13). The sarcomere is composed of myosin-based thick
and actin-based thin filaments arranged parallel to each other in a lattice. Longitudinal
sections of electron micrographs from muscle fibres show an electron dense area called
the Z-disc, which demarcates each sarcomere and anchors actin thin filaments from
adjacent sarcomeres. The actin thin filaments extend from the Z-discs across a lighter
area termed the I-band followed by a darker area termed the A-band. Myosin thick
filaments project from the M-line, extend through the H-zone and interdigitate with
actin thin filaments across the A-band. Sarcomere passive stiffness is maintained by a
third filament system whereby a long modular protein, titin, connects the thick filaments

to the Z-disc (Granzier and Labeit, 2007).
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Figure 1.13. Sarcomere structure. EM showing a single sarcomere and schematic
representation of its major components: myosin thick filaments, actin thin filaments and
Z-discs. Image reproduced from http://themedicalbiochemistrypage.org/muscle.html.

1.5.1 Thick filament- Myosin

Myosin, a large multidomain protein (520 kDa) is the major component of the thick
filaments (reviewed in Geeves and Holmes, 2005). Myosin acts as a molecular motor
that converts the chemical energy of ATP hydrolysis into mechanical force (Ruppel and
Spudich, 1996). Muscle myosin is composed of two heavy chain (MHC) (~ 220 kDa)
subunits and two pairs of light chain (MLC) (~ 20 kDa) subunits. The MHC and two
light chains from a globular, NH,-terminal head domain, which contains the binding
sites for actin and nucleotides and exhibits the motor function (Rayment et al., 1993;
Milligan et al., 1996). Myosin heads are excluded in the sarcomere H-zone. The
COOH-terminal regions of the MHC associate to form an a-helical coiled-coil dimer
rod, which subsequently polymerize to form thick filaments (Squire and Vibert, 1987;
Ruppel and Spudich, 1996). Contraction of muscle is the result of cyclic interactions
between the globular heads of the myosin molecules, also known as cross-bridges, and
the actin filaments. Myosin powers muscle contraction by hydrolysis of ATP, an
interaction with the actin thin filaments and a large conformational change. This
mechanism undergoes a number of cycles to drive muscle contraction (Geeves and
Holmes, 2005). As a result, each end of the thick filament ‘pulls’ the thin filaments with
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which it interacts toward the H-zone (Figure 1.13).

1.5.2 Thin filament

The major constituent of the thin filament is actin, although numerous others proteins
have been identified that are important for its length maintenance, stability and function
(reviewed in Clark er al., 2002). Thin filament stabilizers such as tropomyosin and
nebulin span the entire length of the thin filament (Figure 1.14 A). The thin filament is
capped at the A-band by tropomodulin and at the Z-disc by CapZ. Other thin filament
proteins such as a-actinin are involved in thin filament attachment at the Z-disc (Figure
1.14 A). The troponin complex, which binds to the thin filament consists of three
subunits: troponin C (TnC), troponin I (Tnl) and troponin T (TnT). Each thin filament
strand consists of repeats each containing seven actin monomers, one tropomyosin
coiled coil dimer and one troponin complex (Figure 1.14 B). These represent only a

handful of actin binding proteins (ABPs), though many more exist but are not relevant

to this thesis.

Actin Z Titin Myosin Tmod M Nebulin a-actiniQ‘Z CapZ
i \ / _ _ - rd
Troponin complex: Tropomyosin Nebulin
TN-I binds to actin Rope-like protein
TN-C binds Ca++ Runs along actin filament
TN-T binds to tropomyosin 7 actin binding sites

Figure 1.14. Thin filament organisation in striated muscle. (A) Schematic
representation of sarcomere showing the actin thin filaments (green), titin (grey),
myosin thick filaments (purple), tropomodulin (red), nebulin (yellow), CapZ (cyan), a-
actinin (blue) are indicated. Z: Z-disc, M: M-line, B: barbed end and P: pointed end.
Image reproduced from Littlefield and Fowler, 2008. (B) Actin monomers shown in
light purple, the troponin complex of Tnl, TnT and TnC shown in darker purple,
tropomyosin dimers in light blue and nebulin in black. Image reproduced from Laing
and Nowak, 2005.
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1.5.2.1 Actin

Actin is the second most abundant sarcomeric protein (20 % in muscle). Actins are a
highly conserved protein family, at the amino acid level human skeletal muscle a-actin
shares 100 % homology with mouse skeletal muscle a-actin and 87 % homology with
rice cytoskeletal actin (Sheterline ef al., 1998). Thus most residues in skeletal muscle a-
actin may be classified as highly conserved, and any amino acid change is likely to be
disease causing. It is a single 375 amino acid polypeptide chain (MW ~ 42 kDa) that
binds to both adenosine nucleotide (ATP or ADP) and a divalent cation (usually
magnesium or calcium) (reviewed in Sheterline et al., 1998). It exists in two forms,
monomeric G-actin and polymeric filamentous F-actin, which is a linear chain of actin
monomers (Holmes ef al., 1990). The monomer is divided into two domains (inner and
outer) by a cleft, which forms the binding site for ATP in G-actin (ADP in F-actin) and
the divalent ion (Figure 1.15) (Kabsch e al., 1990; Otterbein et al., 2001). The domains
are connected together by two polypeptide chains known as the ‘hinge’, which allows
domain movement (Sparrow e al., 2003). The small domain of the monomer consists of
subdomains 1 and 2 that are located on the outer surface of the actin filament, which are
exposed and available for interactions with other proteins (Kabsch et al., 1990;
Sheterline ef al., 1998). Subdomain 1 contains both the NH,- and COOH- termini of the
molecule and is involved in interactions with myosin. Subdomains 3 and 4 form the
large domain of the monomer and are close to the filament axis, which interacts across

to the subdomains 3 and 4 of actin in the second strand (Sparrow et al., 2003).

Figure 1.15. G-actin structure. Cartoon of G-actin bound to ATP and Ca®, depicting
the four actin subdomains (I, IL, III, IV), the nucleotide and divalent ion binding sites
and the NH,- and COOH-termini. PDB file 2hf4, image was produced in PYMOL.
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In vitro, actin is monomeric under low ionic strength conditions (0.2 mM Ca** or 0.05
mM Mg?"). Elevating the ionic strength to physiological conditions (2 mM MgCl, and
100 mM KCl), in neutral or slightly acidic pH causes monomeric G-actin to polymerize
into F-actin filaments (Sheterline ef al., 1998). The process is reversible upon lowering
the ionic strength. F-actin filaments are polarized, right-handed, double-helical
polymers composed of 370 subunits per pm with one twist of the double helix every 36
nm (Figure 1.16 A) (Hanson and Lowy, 1964; Sparrow et al., 2003). This polarity was
first identified in electron micrographs of myosin S1 fragment decorated actin
filaments, which appeared as a thread of arrowheads repeating every 36 nm. One end of
the filament became known as the barbed end (attached to the Z-disc) and the other as
the pointed end (at the end of the A-band). In the F-actin helix, each actin contacts four
other actins, the preceding and following actin on the same filament and two actins
across on the other filament (Figure 1.16). Residues facilitating the intra-strand contacts

between subunits and those contributing to the inter-strand contacts are highlighted in

Figures 1.16 B and C, respectively.
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Figure 1.16. Intra- and inter-strand contacts within F-actin. (A) F-actin helix
composed of 13 subunits. The two subunits marked by the oval are magnified in b, and
the three subunits marked by the triangle are magnified in c. Residues facilitating the
intra-strand contacts between subunits (B) and those contributing to the inter-strand
contacts (C) are highlighted. Black numbers represent the residue numbers and red
numbers represent subdomain numbers; n, n + 1 and n + 2 are subunit numbers. Image
reproduced from Oda et al., 2009.
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1.5.2.2. Tropomyosin

Tropomyosins (MW ~ 37 kDa) are constructed of two a-helices arranged into a coiled-
coil structure. They bind as a dimer along the sides adjacent to the thin filaments in a
head-to-tail manner (Figure 1.14 A, B), with an overlap of 8-11 amino acids (Wegner,
1979). Depending on the isoform, six to seven (in muscle) actin monomers may be
spanned by a tropomyosin molecule (Perry, 2001). Tropomyosin interacts with
tropomodulin to stabilize the thin filament by slowing its polymerisation and
depolymerisation from the pointed ends (Broschat et al., 1989; Broschat, 1990; Sung
and Lin, 1994; Vera et al., 2000; Greenfield and Fowler, 2002). Tropomyosin binding
protects the thin filament against severing and depolymerisation from cofilin (Des-
Marais et al., 2005; Nishida et al., 1985; Ono and Ono, 2002), DNasel (Hitchcock et al.,
1976) and gelsolin (Fujime and Ishiwata, 1971; Ishikawa et al., 1989). The Drosophila
Tm isoforms are encoded by two genes Tml and Tm2. The Tml gene encodes two
additional Tm IFM specific isoforms, TnH33 and TnH34, which contain a 200 amino
acid long proline and alanine rich extension (KarliK and Fyrberg, 1986; Bullard et al.,
1988; Barbas et al., 1991; Beall and Fyrberg, 1991).

1.5.2.3 Troponin complex

The actomyosin interaction must be regulated so that contraction occurs only in
response to appropriate signals from the nervous system. The regulation is mediated by
the troponin complex and by tropomyosin (Figure 1.14 B) (reviewed in Craig and
Lehman, 2001). The troponin complex consists of three interacting subunits, the Ca?*
binding subunit Troponin C (MW ~ 18 kDa); the inhibitory subunit Troponin I (MW ~
20 kDa) that binds actin and inhibits the actomyosin ATPase and Troponin T (MW ~ 30
kDa), which binds to tropomyosin and anchors the troponin complex to the thin
filaments (Hitchcock, 1975).

In relaxed muscle when Ca®* levels are low, the inhibitory domain of Tnl binds actin in
such a way that tropomyosin sterically blocks the myosin head-binding sites on the
outer domain of the thin filaments. Upon Ca®* binding to TnC, the affinity of the
inhibitory region of Tnl becomes stronger for TnC than for actin (Potter and Gergely,
1974). This results in conformational changes in the troponin complex which allows
tropomyosin to shift its position to expose the weak myosin-binding sites on actin,

thereby allowing cross-bridges to form (Huxley 1972; Parry and Squire, 1973; Lehman
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et al. 1994, 1995; Tobacman, 1996; McKillop and Geeves, 1993; Vibert et al., 1997).
Myosin binding activates the myosin ATPase and causes further translocation of
tropomyosin on actin filaments allowing strong, force-generating interactions between

actin and myosin (Craig and Lehman, 2001).

1.5.2.4 Nebulin

Nebulin is a 600-900 kDa actin-binding protein found only in vertebrate sarcomeres
(Wang and Williamson, 1980). A single nebulin molecule spans the entire length of the
thin filament (Figure 1.14 A) hence nebulin is thought to be a ruler of thin filament
lenghts (Littlefield and Fowler, 1998; McElhinny et al., 2003). Its NH;-terminus
interacts with tropomodulin whereas its COOH-terminus extends into the Z-disc (Nave
et al. 1990; McElhinny et al., 2001). The closest homologue found in Drosophila is
Lasp, which is characterized by actin-binding nebulin repeats (Chen et al., 1993,
Suyama et al., 2009).

1.5.2.5 Tropomodulin
Tropomodulins (Tmods) (MW ~ 40 kDa) are a conserved family of actin and

tropomyosin binding proteins that are associated stoichiometrically with thin filament
pointed ends in all vertebrate, worm and fly striated muscles (Figure 1.14 A) (reviewed
in Fowler, 1997; Fischer and Fowler, 2003). Unlike actin cytoskeletal structures in
nonmuscle cells where barbed ends are the predominant assembly ends (Pollard et al.,
2000), muscle cells actin dynamics predominates at the thin filament pointed ends
(Littlefield and Fowler, 2008). A substantial body of data demonstrates that thin
filament lengths are controlled by inhibition of actin assembly at pointed ends by
Tmods (Gregorio and Fowler, 1995). This is achieved by two distinct regions within the
Tmod protein sequence; (1) an actin capping NHj-terminal region which binds to two
tropomyosin molecules (Vera et al., 2000; Kostyukova et al., 2006) and (2) a second
COOH-terminal actin-binding site, which may cap two actin monomers (Gregorio et al.,
1995; Fowler et al., 2003; Wear et al., 2003). Binding to tropomyosin is required in
order to achieve high affinity pointed end capping (K4 < 1nM) (Weber, 1994).
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1.5.3 The Z-disc

The Z-disc is an electron dense structure that represents the lateral borders of the
sarcomeres in striated muscle (reviewed in Clark et al., 2002). It stabilizes the filament
lattices of adjacent sarcomeres thus ensuring that active and passive tensions are
transmitted along the sarcomeres. It consists of numerous proteins that anchor both the
thin and thick filaments to the Z-disc (Frank et al., 2006). Thin filaments from adjacent
sarcomeres overlap and terminate within the Z-disc where they are anchored by the
capping protein CapZ, a-actinin and nebulin, other proteins are also present (revieWed
in Clark et al., 2002). A large modular protein, titin, connects the thick filaments to the
Z-disc (reviewed in Clark et al., 2002). In Drosophila, there is no titin homologue but

the function of titin is divided between projectin and sallimus (Burkart et al. 2007).

1.5.3.1 Capping protein (CapZ)

Capping protein is a heterodimeric protein consisting of a and B subunits. It was named
capping protein because of its ability to inhibit growth of the actin filament at the
barbed end (Isenberg et al., 1980). The sarcomeric isoform of capping protein, CapZ, is
localized at the Z-disc in muscle (Figure 1.14 A) (Casella et al., 1987), probably
through an interaction with a-actinin and another thin filament protein, nebulin, at the
Z-disc (Figure 1.17 A) (Papa et al., 1999; Pappas et al., 2008). CapZ binds to the barbed
end of the thin filament with a high affinity (K4 = 1 nM) and a 1:1 stoichiometry
(Caldwell et al., 1989; Schafer et al., 1993; Wear et al., 2003) thus preventing both the
addition and loss of actin monomers at the fast growing end (Isenberg et al., 1980). The
o and B subunits have very similar secondary structures despite their complete lack of
sequence similarity (Wear et al., 2003). Capping protein binding to actin is mediated via
the COOH-terminal extensions of the a and B subunits. In the crystal structure the
COOH-terminal end of the a subunit forms an amphipathic helix, which is folded down
on the surface of the protein. The COOH-terminal end of the B subunit is also an
amphipathic helix, but longer than in its CPa counterpart and protrudes from the rest of
the structure via a long loop (Narita et al., 2006) to caps the thin filaments in a

‘tentacular’ mechanism (Figure 1.17 B) (Yamashita et al., 2003).
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Figure 1.17. Actin-CapZ interaction. (A) Model of the architecture of CapZ, nebulin
and a-actinin at the Z-disc. The CapZ heterodimer is shown in blue circles, the a-actinin
homodimers in vertical grey bars and nebulin in red. Diagram reproduced from Pappas
et al., 2003. (B) Crystal structure of the CapZ heterodimer, the CPa subunit is shown in
yellow, and the CPB subunit in red, the first residue (252) of the disordered region is
indicated. Picture reproduced from Wear et al., 2003.

The X-ray crystal structure of CP has inspired a model where the COOH-terminal 30
amino acids of the a and B subunits are mobile extensions (‘tentacles’) responsible for
high affinity binding to and capping of the F-actin barbed end (Yamashita et al., 2003).
The proposed mechanism for the binding of CP to the thin filament barbed end involves
two steps. First, basic residues on the a-tentacle interact with the acidic residues of the
end actin protomers on the actin filament. The freely mobile B-tentacle binds to the
hydrophobic cleft between subdomain 1 and 3 of the end actin protomer (Figure 1.18).
The flexibility of the CapZ extensions probably acts to uncap the actin filament for
incorporation of exogenous actin at the barbed end without disrupting the sarcomeric

structure (Littlefield ef al., 2001).
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Figure 1.18. CapZ binding to the barbed end of the thin filament. The monomers of
the actin filament are shown in grey and the CapZ heterodimer in white. Acidic residues
(red) of the end actin protomers B and B-1 on the barbed end of the filament attract
basic residues (blue) on the CP a-tentacle. The hydrophobic surface (yellow) of the
flexible B tentacle (indicated) binds to the hydrophobic cleft (yellow) on the terminal
protomer, B thereby stabilizing the binding. Picture reproduced from Narita e al., 2006.

1.5.3.2 a-Actinin

a-Actinin (MW ~ 97 kDa) is found in both muscle and non-muscle cells at points where
F-actin filaments are anchored within a variety of intracellular structures. It belongs to a
highly conserved family of actin-binding proteins, the spectrin superfamily that contains
spectrin, utrophin and dystrophin (Blanchard et al., 1989; Pascual er al., 1997). a-
Actinin cross-links anti-parallel actin filaments (Luther, 2000) found in the Z-disc of
striated muscle (Figure 1.14 A) (Sorimachi et al., 1997; Young et al., 1998; Young and
Gautel, 2000), smooth muscle and in stress fibres of non-muscle cells (Blanchard et al.,
1989). Actin thin filaments of adjacent sarcomeres overlap and terminate within the Z-
disc where they are linked by transversely oriented o-actinin molecules that form
ladder-like structures with the thin filaments (Figure 1.19 A) (Meyer and Aebi, 1990;
Vigoreaux 1994).
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a-Actinin exists as an anti-parallel homodimer in which the four spectrin repeats of the
anti-parallel partners are aligned and the actin-binding domains are placed at both ends
of the homodimer (Djinovic-Carugo et al., 1999, Tang et al., 2001). Its NH,-terminus
contains an actin-binding domain (ABD) which itself consists of two-tandem calponin
homology domains (CH1 and CH2). The central region consists of four-tandem spectrin
3-helix-motifs (R1-R4) that are homologous to similar repeats in spectrin and
dystrophin (Figure 1.19 B). The COOH-terminal calmodulin (CaM)-like domain,
contains four EF hand motifs (Davison and Critchley, 1988; Blanchard et al., 1989;
Trave et al., 1995). To date there is no atomic structure of the complete protein or any
of its homologues. However, structures of its domains have been reported (Franzot et
al., 2005; Borrego-Diaz et al., 2006). Cryo-EM reconstructions of a-actinin decorated
F-actin (McGough, et al., 1994) and biochemical data (Mimura and Asano, 1987;
Lebart er al., 1993) place the a-actinin actin-binding site between residues 83-117 and
350-372 of the actin monomer (Figure 1.19 C).
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Figure 1.19. Structures of a-actinin and the thin filament. (A) At the Z-discs a-
actinin (aA) homodimers (green) form cross-bridges with actin filaments (other
proteins that are not shown here are also involved). Image reproduced from Djinovic-
Carugo ef al., 1999. (B) The domain architecture of a-actinin: actin binding domain
(ABD) (green), CaM-like domains (pink) and R1-R4 domains (light blue). Image
reproduced from Janmey and Lindberg, 2004. (C) Two actin monomers along the thin
filament shown in cyan (actin 1) and pink (actin 2) and a-actinin. On the a-actinin
structure the actin binding domain is shown in yellow and the calponin homology
domain (CAL) in magenta. Red circles highlight the a-actinin binding sites on actin.
Image reproduced from Tang er al., 2001.

1.5.4 Connecting filaments

During muscle contraction to prevent the sarcomere from overstretching or shortening
too much a third filament called the connecting filament, provides an elastic structure
that is adaptive to the force applied. In vertebrate muscles passive elasticity of a
stretched muscle fibre is achieved by titin, a giant modular protein (MW ~ 3.7 MDa)
(reviewed in Granzier and Labeit, 2005). The NH»-terminal ends of titin, from adjacent
sarcomeres, overlap in the Z-disc, and the molecule reaches across half the sarcomere to
the M-line thereby forming a third filament system (Figure 1.14 A). The region of titin
that spans the I-band is composed of immunoglobulin-like (Ig) repeats and PEVK

sequences that can be extended a variable amount, depending on the isoform present in
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a particular muscle (Labeit and Kolmerer 1995b; Li et al. 2001).

In Drosophila, the role of titin is divided between projectin and two or more isoforms
encoded by the sallimus gene (reviewed in Bullard ef al., 2006). Unlike titin none of
these proteins extend fully across the half sarcomere. In the IFM, the NH,-terminal part
of projectin contains Ig domains and extensible PEVK sequences in a pattern that is
similar to that of I-band titin (Labeit and Kolmerer, 1995). It extends from the Z-disc
across the I-band and reaches the end of the thick filament (Ayme-Southgate et al.,
2005; Bullard et al., 2005). In the IFM of adult flies, kettin is the most abundant
sallimus isoform, composed of 35 Ig domains separated by linker sequences and binds
to actin and extends from the Z-disc to the ends of the thick filaments (Burkart et al.
2007). Kettin and projectin join at the I-band to form the connecting filament of the
IFM (Bullard et al., 2005).

1.5.5 Thin filament assembly and roles of actin-capping proteins

1.5.5.1 Actin polymerization in vitro

The nucleotide-binding site of G-actin is almost exclusively associated with ATP in
vivo. Assembly of G-actin to F-actin is accompanied by hydrolysis of ATP to ADP and
the release of inorganic phosphate. Hydrolysis of the bound ATP of newly added actin
subunits is carried through three sequential steps: first it is converted to ADP.Pj,
followed by the release of Pi and a conformation change in the actin filament (Carlier
and Pantaloni, 1986; Carlier et al., 1987; Melki et al., 1996; Fujiwara et al., 2007).
Dissociated ADP-actin subunits exchange their bound ADP for ATP in solution (Neidl
and Engel, 1979), a process that is accelerated by profilin (discussed in section 1.5.5.2).

Polymerization of G-actin monomers into F-actin filaments proceeds in three sequential
phases: an initial nucleation phase, followed by an almost linear elongation phase and a
steady-state phase (reviewed by Pollard, 1990; Carlier, 1991; Estes, 1992). The
nucleation phase is characterized by the formation of a small oligomer called a nucleus.
Kinetic analysis and structural considerations suggest that nuclei consist of just three
actin molecules. After a significant number of nuclei have been formed, rapid subunit
addition ensues. In vitro the polymerization progresses into the elongation phase during
which the relationship of total polymer versus time is approximately linear. As F-actin

filaments grow the concentration of free G-actin decreases until equilibrium between
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the monomeric and polymeric actin has been reached. This concentration of free
monomers in equilibrium with a population of actin filaments is referred to as the
Critical concentration, Cc. Above this value, a solution of G-actin will polymerize;
below this value a solution of F-actin will depolymerise. Association and dissociation of
monomers normally occurs at either end of the filament, but association predominantly
occurs at the barbed end and dissociation at the pointed end (Carlier et al., 1987 Pollard,
1986). Under physiological conditions the Cc at the barbed end is about 0.1 pM and at
the pointed end Cc is about 0.7 uM (Rickard and Sheterline, 1986). Solvent conditions
influence the Cc e.g. in the presence phalloidin, the initial nucleation phase of ATP-G-

actin shortens, and the elongation phase is accelerated by a factor of 2 (Dancker et al.,
1975).

The slower rate of addition at the pointed end allows for ATP hydrolysis of the terminal
monomer (Coué and Korn, 1986). Thus the pointed end has an ADP-bound actin
terminal monomer and the barbed end an ATP-bound actin monomer. Since the two
ends share the same monomer pool in order to achieve equilibrium there will be a loss
of monomers from the pointed ends and gain from the barbed end. Hence, assembled
ATP monomers move progressively along the filament from the barbed end (the end
associated with Z-discs) of the sarcomere, toward the free pointed end of the filament
(located in the middle of the sarcomere) to be released as ADP monomers (Wegner,
1976). The continual flux of actin subunits (< 1 subunit per second) from the pointed to
the barbed end of the filament results in unidirectional growth of the actin filament
(Oosawa, 1972; Wegner, 1976).

The length of actin filaments is not an inherent property, as in in vivo and in vitro
studies, actin subunits assemble to different polymer lengths (Oosawa, 1970; Pollard
and Borisy, 2003). Since the ~1 um lengths of the mature striated muscle thin filaments
are extremely precise, they must be regulated by actin binding proteins (ABPs). Within
cells thin filament dynamics are modulated by over 70 classes of ABPs (reviewed in
Pollard et al., 2000; Dos Remedios et al., 2001). Some ABPs bind to G-actin and
maintain the monomer pool (profilin, cofilin). Others sever filaments thus creating ends
for addition of actin subunits (gelsolin). Some associate with the barbed or pointed end

and inhibit the assembly/disassembly process (CapZ, tropomodulin). Alternatively some
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nucleate new filaments (formin). The role of certain ABPs relevant to this thesis will be

discussed.

1.5.5.2 Profilin

Profilins are a family of small cytoplasmic proteins (14-17 kDa) that sequester
monomeric actin and function in processes related to F-actin nucleation and
polymerization (Witke, 2004). Profilin binds to subdomains 1 and 3 of actin in a 1:1
complex (Mockrin ef al., 1980; Schutt et al., 1993). It acts as nucleotide exchange factor
for actin with a higher affinity for ATP-bound G-actin than for ADP-bound G-actin
(Stossel et al., 1985; Pollard and Cooper, 1984; Goldschmidt-Clermont et al., 1991).
When profilin binds to G-actin it forms a less compact structure (Schutt et al,, 1993),
hence facilitating nucleotide exchange, which generates polymerization-competent
ATP-G-actin (Gieselmann et al., 1995; Perelroizen et al., 1995). Profilin binding to
actin monomers inhibits nucleation and elongation of pointed ends but not elongation of
barbed ends (Korenbaum et al., 1998). Hence, profilin has two functions related to
actin. Alone it inhibits actin polymerization by sequestering free G-actin (Tobacman et
al., 1982; 1983) and can also promote nucleotide exchange of ADP-bound G-actin to
ATP-bound G-actin. Binding of profilin to actin monomers prevents spontaneous
nucleation of actin filaments (Pollard and Cooper, 1984) without affecting elongation of

existing filaments (Tilney et al., 1983; Pollard and Cooper, 1984).

1.5.5.3 Capping proteins and their function in thin filament assembly

There is increasingly strong evidence that actin thin filaments in muscle cells elongate
from their pointed ends (reviewed in Littlefield and Fowler, 2008). Thin filament
lengths are controlled by inhibition of actin assembly at pointed ends by tropomodulins
(Littlefield and Fowler, 2008). In Drosophila thin filaments elongate from their pointed
ends and are capped by the Drosophila tropomodulin homologue sanpodo (Mardahl-
Dumensil and Fowler, 2001). At their barbed ends actin thin filaments are capped by
CapZ (Fowler, 1996). Inhibition of thin filament capping by CapZ in chicken skeletal
myotubes led to impairment in myofibril assembly but had little effect on thin filaments
of mature myofibrils (Schafer et al., 1995). This suggested that that barbed end
polymerization does not modulate thin filament lengths (Schafer et al., 1995). Instead,
the role of CapZ may be to organize actin filaments at the Z-discs during early stages of

myofibrillogenesis (Fowler, 1996). The degree of thin filament overlap at the Z-disc is
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most likely to have a physiological significance as Z-disc width is related to the speed
of muscle shortening. For example, fast and slow twitch fibres have narrow and wide Z-
discs respectively (Rowe, 1973; Vigoreaux, 1994). Z-disc width can vary from ~ 160
nm in cardiac muscle (Goldstein et al., 1979) to ~ 30 nm in fish skeletal muscle
(Franzini-Armstrong, 1973). The widths of Z-discs from human biopsies in nemaline

myopathy cases can however be greater than 1 pm (Morris et al., 1990).

The role of barbed/pointed end capping proteins, severing and sequestering actin
proteins is pivotal as thin filament reassembly takes place during development of human
skeletal muscle when the cardiac ACTCI actin isoform is replaced by the skeletal actin
isoform ACTAI pre-parturition (Ilkovski et al,, 2005). Unregulated thin filament
elongation from the barbed and/or pointed end due to the ACTA mutations may be one
of the causes of nemaline rod formation. Nemaline bodies are penetrated by thin
filaments and their ultrastructure resembles Z-disc lattice pattern (Luther and Squire,
2002). They can often be seen to have structural continuity with the Z-discs hence, they

are considered to derive from lateral expansion of the Z-disc (Engel and Gomez, 1967,

Yamaguchi et al., 1982; Morris et al., 1990).
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1.6 General Aims

More than 170 different mutations within the ACTAI gene in humans are associated
with nemaline myopathy, intranuclear rod myopathy, actin filament aggregate
myopathy, myopathy with core-like areas and congenital fibre type disproportion
(reviewed in Laing et al., 2009; Feng and Marston, 2009). Five mutations in the TnT
and Tnl genes are responsible distal arthrogryposis. Most of the mutations in both
ACTAI congenital myopathies and arthrogryposis are typically missense mutations
causing the change of a single amino acid in the thin filament proteins. This raises the
question of the mechanisms by which such minor changes result in contractile

dysfunctions.

The general aim of this project was to investigate if Drosophila IFM can be used as a
model genetic system that recapitulates the different phenotypes associated with ACTA!
congenital myopathies and arthrogryposes causing mutations. The approach was to
create Act88F transgenic flies carrying ACTAI homologous mutations that each results
in a variety of the human histopathologies. Also, UAS-Tnl and UAS-TnT transgenic
flies were created carrying the different arthrogryposis mutations. If Drosophila IFM
could successfully reproduce some of the phenotypes observed in human patients the
next aim was to understand how the mutations in the thin filament proteins result in
sarcomeric disease. The outcome of this work will not only provide insights into the
mechanisms of the disease but it should also contribute into the better understanding of

muscle thin filament assembly and maintenance.

1.6.1 Objectives
1) To choose mutations that cause a complete range of ACTA! myopathies and

introduce these mutations into the Act88F gene.

2) To express these mutations transgenically to determine whether Drosophila IFM can
be used as a model system to study nemaline myopathy.

372H

3) To follow the development of the nemaline phenotype in the Ac#88 mutant by

examining changes in the structure and function of the IFM.
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4) To isolate ACT88F®"* actin to determine why this mutation causes the nemaline

phenotype through biophysical techniques.

5) To make and express UAS constructs carrying the Drosophila wild type Tnl and TnT
[FM-specific isoforms, with a muscle-specific GAL4 driver line so as to rescue the IFM
TnT (up") and Tnl (hdp®) null mutants.

6) To make and express UAS constructs of the IFM-specific Tnl and TnT isoforms
carrying arthrogryposis mutations, so as to determine whether Drosophila IFM can be
used as a model to study arthrogryposis. A truncated TnT was also expressed to

investigate the role of the protein’s COOH-terminus.
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Chapter 2: Materials and Methods

2.1 Fly experiments

2.1.1 Fly stocks

Genotypes and source of origin of the fly stocks used in this project are summarized in

Table 2.1

Table 2.1. Fly stocks used in this work

Line Genotype Source
Canton-S Wild type Bloomington stock centre
Texas Wild type Bloomington stock centre
UH3-GAL4 w([*], P{GawB}-UH3 Dr. Upendra Nongthomba
dmef2-GAL4 Y11 w[*]; P{w(+mC)=GAL4-Mef2.R}3 Dr Frank Schnorrer

UAS-GFP-Act88F*

UAS-GFP-Act88F*

2B/Cyo

01
up'

hdp?
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Nongthomba et al., 2003

Prof. John Sparrow
Prof. John Sparrow
Dr. Sean Sweeney

Prof. John Sparrow
Prof. John Sparrow
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2.1.2 Fly stock maintenance

Fly stocks were grown in plastic vials containing standard yeast-sugar medium at 25 °C

in a controlled temperature room apart from the dmef2-GAL4 experiments which were

first grown at an 18 °C room and larvae were subsequently moved to the 25 °C room.

2.1.3 Fly manipulation and setting up crosses

Flies were anesthetized using di-ethyl ether or CO, and manipulated under a dissection

microscope. To set up crosses male and virgin female flies for the correct genotype

were put in the same vial.
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2.1.4 P-element mobilisation

Mobilisation of a P-element containing the Act88F"7?" transgene was achieved by
crossing the 4ct88F%*7? mutant line to an active transposase coding line (A2-3) (Figure
2.1 A). Flies carrying both the Act88F%7*" P-element marked with ry* (red eyes) and
the A2-3 active transposase coding line were recovered (Figure 2.1 B). P-element
transposition occurs in the germ line of these individuals. These flies were then crossed
to another line (TM3, Ser, ry) maintaining the ry (brown eyes) background to be able to
recognize the ones carrying the Act88F*7?" P-clement, which has a ry* marker
(Figure 2.1 B). Flies from the offspring were selected for the red eyes (ry") and the Ser
marker. These were crossed to the Act88F*® null line (ry5 06 % (Figure 2.1 C). Flies
from the offspring were selected against the third chromosome where the Act88FR372H
was originally inserted that still had red eyes (ry"), the Ser marker, KM88 and darker

cuticle pigmentation due to e* (Figure 2.1 D).

2.1.5 Pupal aging

For the pupal aging experiments pre-pupae, identifiable by their white coloured cuticle
and the appearance of spiracles were collected. The pre-pupal stage is regarded as time
0 hours after puparium formation (APF). If pupae at that stage are kept at 25 °C,
eclosion takes place between 96 hours and 104 hours APF. When 0 h old pre-pupae
were identified, the spot of the vial where they were positioned was circled with a

permanent pen and the vial was placed in a 25 °C incubator until the pupae developed to

the desired age.
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Figure 2.1. Mobilisation of the P-element in the Acz88F7*" line. <+ indicates wild
type alleles, ‘3" male and *Q’ for female flies.

2.1.6 Petri plate confinement

Small round Petri dishes were filled with standard yeast-sugar medium to within 2 mm
of the bottom of the rim, which allowed enough space for the flies to walk but not jump.
Flies that had just emerged from their pupal case had their wings clipped with a pair of
microsurgical scissors and were aged in these petri-plates at 25 °C to be subsequently

used for immunofluorescence.
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2.1.7 Flight-testing

Flight-testing was performed following a standard protocol (Drummond et al., 1991).
Vials containing 1- and/or 7-day old flies were put into a transparent Perspex box (W-
20, H-40, D-20 c¢m) (Figure 2.2) with a lamp placed above the flight box to encourage
the flies to fly upwards. Three areas in the box were defined as Up (U), Horizontal (H)
and Down (D) and a 9 cm petri dish placed at the bottom of the box. These zones were
used to score flies that flew Up, Horizontally, Down, or did not fly (Flightless, N). The
data were converted to a flight index which is the percentage of the number of flies

flying Up and Horizontally divided by the total number of flies tested.

Figure 2.2. Flight-testing box. Up (U), Horizontally (H), Down (D), or didn’t fly
(Flightless, N) according to the areas defined by the red lines and the petri dish at the
bottom of the box.
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2.2 Microscopy of the IFM

2.2.1 Transmission Electron Microscopy

Electron microscopy of IFMs was performed as described elsewhere (Kronert et al.,
1995). Briefly, fly thoraces were bisected in dissection buffer [100 mM sucrose, 100
mM sodium phosphate buffer pH 7.2, 2 mM EGTA (Ethylene glycol tetraacetic acid)],
followed by ovemight fixation in primary fixative (4 % paraformaldehyde, 2 %
glutaraldehyde, 100 mM sucrose, 100 mM NaPi buffer pH 7.2, 2 mM EGTA) at 4°C.
Fixed samples were washed 3 times in 100 mM sodium phosphate buffer pH 7.2,
followed by secondary fixation in 1 % 100 mM OsO4 and then washed again 3 times in
100 mM NaPi buffer pH 7.2. Samples were dehydrated using an alcohol series (25%, 50
%, 75 %, 90 %, 100 %) and then washed twice with epoxypropane. The IFMs were
infiltrated with a mixture of 25 % araldite resin: 75 % epoxypropane, followed by 50%
araldite resin: 50% epoxypropane, then 75 % araldite resin:25 % epoxypropane, and
finally 100 % resin for 30 minutes each time. The samples were placed in resin at 37 °C
for 2 hours and then embedded in moulds to polymerize at 60 °C for 48 hours. Thin
sections were cut by Meg Stark in the Technology Facility. Sections were examined
using a FEI Tecnai 12 Bio Twin electron microscope at 120 kV. The procedure was
carried by myself up to before the sectioning for the samples in Chapter 5 and by Meg

Stark from after the primary fixation uﬁ to the sectioning for the samples presented in
Chapters 3 and 4.

2.2.2 Immunostaining of single myofibrils

Immunostaining of IFMs was performed as described elsewhere (Kulke et al., 2001). In
brief, fly head and abdomen were removed, thoraces were dissected in York modified
glycerol solution [0.1 M NaCl, 20 mM NaPi pH 7.2, § mM, 2 mM MgCl;, 2 mM
ethylene glycol tetraacetic acid (EGTA), 50 % glycerol, 0.5 % Triton X-100 and
complete protease inhibitor cocktail-Roche] (Peckham et al., 1990). Half thoraces were
left overnight at -20°C in rigor solution. The next day glycerol was washed out (3x)
using rigor buffer without glycerol, and with rigor buffer without glycerol or Triton X-
100 (3x). The half thoraces were then placed in relaxing solution [0.1M NaCl, 20 mM
NaPi, 6 mM MgCl,, 5 mM ATP (Adenosine-5'"-triphosphate), 2 mM EGTA, 90 mM
KPr and complete protease inhibitor cocktail-Roche] followed by 15 minutes into

blocking solution (relaxing solution containing 1 % BSA). The thoraces were then
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incubated with primary antibody (diluted in relaxing solution) for 60 minutes, then
washed thrice with relaxing solution and incubated with the secondary antibody (diluted
in relaxing solution) for another 60 minutes. TRITC-phalloidin (1:1000) was used in
first and second antibody incubations to stain the actin thin filaments and to also prevent
them from depolymerising. After the incubation with the secondary antibody thoraces
were washed thrice with relaxing solution and the IFMs were removed from the cuticle
and teased on a microscope slide in relaxing solution to fray apart the myofibrils. The
myofibrils were then fixed in relaxing solution containing 2% paraformaldehyde for 10
minutes and distilled HO was used to wash the fixed myofibrils. A drop of Prolong
Antifade (Invitrogen Molecular Probes) mountant was then added; a coverslip was
placed over the sample and allowed it to set for a few hours. Imaging was carried out
using confocal microscopy with a 60x lens objective, in a Zeiss LSM 510 META
microscope with LSM imaging software. 3D reconstructions of Z-stacks were created
using Volocity LE 3D imaging software. The antibodies used for this procedure and for

the procedure in section 2.2.3 during this project are summarized in Table 2.2.

2.2.3 Dissection of adult and pupal thoraces

To dissect the IFM, flies were anaesthetized using ether and placed on a card. The head
and abdomen were removed using forceps and the fly thorax was cut in half along the
longitudinal axis using a pair of microsurgical scissors (Fine Science Tools) while
submerged in an appropriate solution. Using a pair of sharp tungsten needles the IFM
were removed from the cuticle and transferred to the appropriate buffer at -20 °C until
use (never longer than 5 days). For isolation of IFM for immunostaining thoraces were

dissected in 4 % paraformaldehyde and left for 30 minutes.

To isolate the IFM from pupae, a glass slide with double sticky tape was used to hold
pupae of the desired age in order to remove the pupal cases. Pupae were then transferred
on a Sylgard plate (Dow Corning silicone elastomere kit) lying on their dorsal side
where entomology needles were used to pin them through their heads. After submersion
in 4 % paraformaldehyde, a small incision was made in the posterior end of the pupa

followed by a second incision along the longitudinal axis, which exposed the IFM.
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2.2.4 Immunostaining of half thoraces

Both adult half thoraces and IFM from pupae were washed 3 times with relaxing
solution and left for 1 hour in rigor solution, followed by 15 minutes into relaxing
solution. The samples were incubated with primary antibody (diluted in relaxing
solution) overnight on a shaker at 4 °C, then washed thrice with relaxing solution and
incubated with the secondary antibody (diluted in relaxing solution) for 5 hours on a
shaker at room temperature. TRITC-phalloidin (1:1000) was used in the first and second
antibody incubations to prevent thin filaments from depolymerising. When staining for
nuclei the DAPI (4,6-diamino-2-phenylindole) stain was used at 1 pg/ml, during the last
15 minutes of the secondary antibody incubation. After the secondary antibody and
DAPI incubation, thoraces were washed thrice with relaxing solution and the IFMs were
removed from the cuticle and placed on a microscopy slide in a drop of relaxing
solution. A drop of Prolong antifade was then added and a coverslip was placed over the
sample. Confocal imaging was carried out using a Zeiss LSM 510 META microscope
with LSM imaging software. Deconvolution imaging was carried out using an Olympus

fluorescence microscope and Softworx software (Deltavision, USA).
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Table 2.2. Antibodies used for immunostaining of single myofibrils and half

thoraces
Antibodies Description Source Dilution
Anti-a-actinin Anti-a-actinin monoclonal antibody Prof. Belinda Bullard 1:50
developed in rat
Anti-GFP Anti-GFP IgG polyclonal antibody (whole abcam ab290 1:100
molecule) developed in rabbit
Anti-Kettin Monoclonal antibody to KIg16 (Ig number Prof. Belinda Bullard 1:100
16 in kettin) developed in rat
Anti-Myosin Anti-Myosin monoclonal antibody Prof. Belinda Bullard 1:50
developed in rat
Anti-Obscurin Anti-Obscurin polyclonal antibody Prof. Belinda Bullard 1:100
developed in rabbit
Anti- Anti-Tropomodulin polyclonal antibody Prof. Velia Fowler 1:50
Tropomodulin developed in rat
Anti- Anti-Tropomyosin monoclonal antibody Prof. Belinda Bullard 1:50
Tropomyosin developed in rat
Anti-Z210 Anti-Zetalin monoclonal antibody Dr. Judith Saide 1:50
(zetalin) developed in mouse
Anti-rat-FITC Anti-rat IgG (whole molecule) FITC- Sigma Aldrich/F- 6258 1:500
conjugate developed in goat
Anti-rabbit- Anti-rabbit IgG (whole molecule) FITC- Sigma Aldrich/F-9887 1:500
FITC conjugate developed in goat against purified
rabbit 1gG
Anti-rat-Cy5 Anti-Rat Cy5-conjugate AffiniPure F(ab’),  Jackson Immunoresearch// 1:500
Fragment IgG (H+L) developed in goat 112-176-062
(minimum crossreaction to Human, Bovine,
Horse Serum Proteins)
Anti-mouse- Anti-mouse IgG (whole molecule) FITC- Sigma Aldrich/F-0257 1:500
FITC conjugate developed in goat against purified

mouse IgG
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2.2.5 Polarized light microscopy

Polarized light microscopy was performed as described elsewhere (Nongthomba and
Ramachndra, 1999). Briefly, etherised flies were placed on their back on a microscope
slide in a drop of 50 % ethanol and were submerged into liquid nitrogen. A razor blade
was used to bisect the flies along the longitudinal axis. The samples were then
dehydrated using an alcohol series (50 %, 70 %, 80 %, 90 %, 100 % one hour each) and
were left overnight in methyl salicylate. The head, legs and abdomen from each half fly
were removed; thoraces were placed on a microscope slide, mounted in DPX mountant
(Sigma-Aldrich) and a cover slip was placed over the sample that was left to set.
Samples were examined on a Nikon inverted Eclipse T2000-U microscope fitted with a
conventional Nikon 35 mm photographic camera. Photographic film was developed in a
regular photo-shop to obtain digital images. A representative image from several

pictures obtained for each genotype is shown.

2.2.6 Brightfield and fluorescent microscopy of whole organisms
Brightfield and fluorescent pictures of whole pupae and anesthetized adult flies that

were positioned on a microscope slide, were taken using a Zeiss AxioCam MRc5 digital

camera fitted to a Zeiss Stereo Lumar V12 microscope.
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2.3 Molecular Biology

2.3.1 Media and bacterial strains

E. coli cultures were either grown in autoclaved Luria-Bertani (LB) broth (1 % Bacto-
tryptone, 0.5 % Bacto-yeast extract, 10 g/L. NaCl) or plated on autoclaved LB-agar.
Antibiotic selection was performed by use of ampicillin (amp) (100 pg/ml), and
chloramphenicol (chl) (34 pg/ml) where indicated (Melford). The bacterial strains used
in this project are listed in Table 2.3.

2.3.2 Preparation of chemically competent E. coli cells

Competent cells were prepared from 35 ml E. coli cultures that had reached an ODggonm
of ~0.3-0.6. Cells were harvested by centrifugation, washed in 20 ml of ice-cold 20 mM
Tris-HCl, 50 mM CaCl,, pH 8.0 and left on ice for 1 hour. Cells were harvested again
by centrifugation and resuspended in 2 ml of ice-cold 20 mM Tris-HCl, S0 mM CaCl,,

20% w/v glycerol pH 8.0. Aliquots of 100 pl were made and stored at -80 °C,

Table 2.3. Bacterial strains used in this project.

Strain

Uses

DH5a

(F ¢80/acZAM15 A(lacZYA-
argF)U169 recAl endAl
hsdR17(rk’, mk*) phoA supE44
thi-1 gyrA96 relA1 \)

BL21(DE3) pLysS
(F—a omst hSdsB (rB_, mB_),
dem, gal, M(DE3), pLysS, Cm')

XL10-GOLD ultracompetent
cells (Stratagene 200314): Tet'
A(mecrA)183 A(merCB-
hsdSMR-mrr)173 endAl
supE44 thi-1 recAl gyrA96
reldl lac Hte [F* proAB
lacFZAM1S5 Tnl0 (Tet’) Amy
Cam*

Competent cells used for transformation of plasmids
generated by ligation or whole plasmid mutagenesis
(<10 kb). Cells were also used for the preparation of
plasmid DNA for sequencing and transformation into the
pET15b expression strain.

Competent cells used for induced protein expression
from recombinant plasmids under the regulation of a T7
promoter. Protein expression was controlled by
isopropy!-B-D-thiogalactopyranoside (IPTG)

U]trac_ompetent cells used for transformation of >12 kb
plasmids made by whole plasmid mutagenesis or ligation.

35



2. Materials and Methods

2.3.3 Transformation of competent E. coli cells

Approximately 50 ng plasmid DNA was added to 100 ul DH5a or BL21(DE3)pLysS
competent cells and incubated on ice for 30 minutes. The cells were heat shocked at
42 °C for 90 seconds, followed by a 5 minute incubation on ice. Next 400 ul of pre-
warmed LB were added and cells were left to incubate at 37 °C for 1 hour. After this
step cells were plated onto pre-warmed LB-agar plates (containing the correct
antibiotic) and incubated overnight at 37°C. When XL10-GOLD ultracompetent cells
were used, 45 pl of cells were incubated on ice for 10 minutes, heat-shocked at 42 °C
for 60 seconds, followed by a three minute incubation on ice and treated as described
above for DH5a/BL21(DE3)pLysS cells.

2.3.4 Preparation of glycerol stocks
200 pl of overnight culture was added to 800 pl of autoclaved glycerol and the mixture

was stored at -80 °C in 2 ml screw cap polypropylene tubes.

2.3.5 Plasmid DNA extraction
Plasmids were isolated using the Qiagen Mini and Maxi prep kits as per manufacturer’s

instructions.

2.3.6 Restriction digests

1 pg of DNA was digested with 5-10U of the appropriate restriction enzymes purchased
from New England Biolabs (NEB). Using the appropriate buffer (and BSA if needed),
reactions were performed at a 20 pl scale at 37 °C for 2 hours. Agarose gel
electrophoresis (see section 2.3.14) was performed on the digested PCR products and
linerarised vectors, which were extracted using the QIAquick Gel Extraction Kit

(Qiagen) as per manufacturer’s instructions.

2.3.7 Ligation reactions

Ligation reactions of double stranded DNA were performed using the T4 DNA ligase
and the 10 x T4 ligase buffer (Promega). An excess of PCR product was mixed with
linerarised vector and incubated for 3 hours at room temperature before transformation

in competent DH5a cells as described above.
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2.3.8 DNA Primers

DNA primers were synthesised by Sigma Genosys (Sigma-Aldrich). A full list of the
primers used for whole plasmid mutagenesis is listed in Table 1 of the Appendix. The
rest are indicated in the relevant sections of Materials and Methods or relevant Results

Chapters.

2.3.9 Cloning of the IFM-specific Tnl gene coding sequence
2.3.9.1 RNA extraction from Drosophila IFM
The IFM of wild-type 96 hour APF old pupae were dissected in 70 % ethanol and RNA

was isolated using the QIAgen RNeasy mini kit as per manufacturer’s instructions.

2.3.9.2 Synthesis of the first strand cDNA

The RNA was reversed transcribed into cDNA using the Stratagene Stratascript First-
Strand synthesis kit. Briefly 15 ul of the RNA was mixed with 1 pl of oligo dT primer
(0.5 ug/ub), 0.8 pl of ANTP mix and 2 pl of 10 x AffinityScript RT buffer. The mixture
was incubated at 65 °C for 5 minutes and the reaction was subsequently cooled to room
temperature for 10 minutes to allow the primers to anneal to the RNA. 2 pl of the 10 x
AffinityScript RT buffer , 0.8 pl of dNTP mix , 0.5 pl of RNase Block Ribonuclease
Inhibitor (40U/ul) and 1 pl of AffinityScript Multiple Temperature RT were mixed and
incubated at 55 °C in a thermal block for an hour before terminating the reaction by

incubation at 70 °C for 15 minutes.

2.3.9.3 Amplification of the coding sequence
The primers used to amplify the Tnl gene from the IFM c¢DNA created an EcoR I
restriction site before the 5° end and a Kpn I restriction site on the 3° end (see Table 1 of

the Appendix). The PCR conditions are shown in Table 2.4.

Table 2.4. The PCR conditions used to isolate the TnI gene coding sequence from
the cDNA.

Number of Cycles Temperature Time
1 98 °C 1 seconds
98 °C 30 seconds
16 72°C 1 minute
72 °C 2 minutes
1 72 °C 5 minutes
4°C 0
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2.3.9.4 Subcloning of TnI gene coding sequence and site-directed whole plasmid
PCR mutagenesis

The Tnl gene coding sequence was then digested, gel-purified and ligated to the
digested TA vector. Site-directed whole plasmid mutagenesis was performed to create
four Tnl mutant plasmids each carrying a different single point mutation. The primers
used to perform the site-directed PCR mutagenesis reactions are shown in Table 1 of the
Appendix and the PCR conditions in Table 2.5. The wild type Tn! gene coding sequence
and those carrying the K245@, V256G, AK257 and AE258 mutations were excised
from the TA vector and ligated into the pP[UAST] vector to create the pP[UAST-Tnl],
pP[UAST-TnIF**@), pP[UAST-Tnl"*%4), pP[UAST-TnI****"] and pP[UAST-TnI"®*%%]

plasmids all of which were used to transform XL10-GOLD ultracompetent cells.

Table 2.5. The site-directed PCR mutagenesis conditions used for creating the Tnl
mutants.

Number of Cycles Temperature Time
1 95 °C 1 seconds
- 95°C 50 seconds
16 60 °C 50 seconds
68 °C 4.5 minutes
1 68 °C 7 minutes
4 °C o)

2.3.10 Site-directed whole plasmid PCR mutagenesis of 7nT gene

coding sequence and subcloning

The IFM-specific TnT gene coding sequence carried in a TA cloning vector (Bangalore
Genei) was a kind gift from Dr Upendra Nongthomba (Indian Institute of Science,
Bangalore). Site-directed whole plasmid mutagenesis was then performed to create two
TnT mutant plasmids each carrying a different single point mutation. The primers used
to perform the site-directed PCR mutagenesis reactions are shown in Table 1 of the
Appendix and the PCR conditions were the same as for the 7n/ gene coding sequence.
The wild-type TnT gene coding sequence as well as those carrying the K43H and
E314@ mutations were excised from the TA vector and ligated into the pP[UAST]
vector to create the pP[UAST-TnT], pP[UAST-TnT***] and pP[UAST-TnT™“@]
plasmids all of which were used to transform XL1 O-GOLD ultracompetent cells.
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2.3.11 Subcloning of the a-actinin actin binding domain (ABD) gene
coding sequence of Gallus gallus

The a-actinin ABD gene coding sequence (1-807 bp) of Gallus gallus in the pMW172
expression vector (Way et al., 1992) was a kind gift from Dr Steve Winder (University
of Sheffield). Whole plasmid PCR site directed mutagenesis was performed to create
the a-actinin ABD S103C mutant (reaction conditions Table 2.6 and mutagenesis
primers listed in Table 1 of the Appendix). Stratagene XL10-GOLD ultracompetent

cells were transformed with the mutagenized plasmid.

Table 2.6. Whole plasmid PCR site directed mutagenesis condltlons for creating
the a-actinin ABD S103C mutant.

Number of Cycles Temperature Time
1 95 °C 1 minute
95 °C 50 seconds
16 60 °C 50 seconds
68 °C 7 minutes
1 72 °C 7 minutes
4°C 0

PCR was performed to introduce the Nde I and Xho I restriction sites, at the N and C
terminus respectively, of the a-actinin ABD gene coding sequence in the S103C mutant
as well as for the wild type. In addition a Factor Xa cleavage site was introduced at the
5° - end of the gene, which leaves a blunt end after cleavage (primers are listed in Table
1 of the Appendix). The wild type and mutant a-actinin ABD gene coding sequences
were subsequently digested and cloned to a pre-digested pET15b His tag vector
(Novagen, cat nbr. 69661-3). The PCR conditions for isolation of the gene coding

sequence are shown in Table 2.7.

Table 2.7. The PCR conditions for isclation of the a-actinin ABD gene coding
sequence from the pMW172 vector.

Number of Cycles Temperature Time
1 95 °C 2 minute
95 °C 30 seconds
30 60 °C 30 seconds
72 °C 1 minutes
1 72 °C 10 minutes
4°C ©
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2.3.12 Construction of pW8Act88F plasmid and site-directed whole

plasmid PCR mutagenesis

The pP{W8, w ™ 4c188F" } plasmid was a gift from Vikash Kumar, who constructed
this plasmid by subcloning a 4.0 kb Sall fragment of the 4ct88F gene taken from the
pUC9A4ct88F plasmid (Drummond e al., 1990) into the pP{W8, w*™"*} plasmid, a
Drosophila P-element vector for germline trangenesis (Klemenz et al., 1987), between
two Xho 1 restriction sites. Whole plasmid site directed mutagenesis was performed on
this plasmid to create all the 4ct88F mutants during this project. The PCR conditions
are shown in Table 2.8 and the primers in Table 1 of the Appendix. The mutagenized
plasmids were used to transform XL10-GOLD ultracompetent cells and were

subsequently sequenced.

Table 2.8. The PCR site directed mutagenesis conditions for creating all the
Act88F mutants.

Number of Cycles Temperature Time
i 95 °C 1 seconds
95°C 50 seconds
16 55°C 50 seconds
68 °C 17 minutes
1 68 °C 7 minutes
4°C o0

2.3.13 Site directed mutagenesis of whole plasmids

Whole plasmid mutagenesis was performed to create point mutations and deletions of
single residues. The QuikChange® Site-Directed Mutagenesis kit (Stratagene) protocol
was used. The protocol required the use of complementary mutagenic primers which
had a melting temperature (T,) greater than 78 °C. In certain cases this was not possible
and therefore all primers were designed to have a Tr, greater than 70 °C. The T, was

calculated using the following formula;
Tm=81.5 + (0.41 x (%)GC) — (675/N) - (%)MM

where (%) GC is the percent of G and C bases content in the primer, N is the number of
bases in the primer and (%) MM is the mismatch percentage of the primer with

complementary region of the template. Whole plasmid mutagenesis was performed
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using a total reaction volume of 50 ul. The PCR reaction mixture is listed in Table 2.9.
A negative control was performed where no PfuUltra 11 Phusion was added. Following
the PCR reaction, treatment with Dpnl enzyme was performed in order to digest the
methylated parental DNA strands at 37 °C for 1 hour. The Dpnl enzyme was

deactivated at 80 °C for 20 minutes.

Table 2.9. A typical whole plasmid mutagenesis PCR reaction mixture.

Component Volume
Autoclaved Milli-Q water 37 ul
10x PfuUltra 11 Phusion Polymerase Reaction Buffer 5 pl
QuickSolution 3l
dNTPs (10 mM stock) 1 ul
Plasmid template dsDNA (50 ng/ul) 1 pl
Forward primer (125 ng/pl) 1ul
Reverse primer (125 ng/pl) 1 pl
PfuUltra Il Phusion Polymerase (2.5 U/pl) 1ul

2.3.14 DNA agarose gel electrophoresis

1 % w/v agarose gels were prepared using 89 mM Tris-Borate pH 8.3 with 2 mM
EDTA (TBE). 5 pl of SYBR® Safe 10000x concentrate (Invitrogen) was added per 50
ml of gel. Agarose gels were run in 1 x TBE at a constant voltage of 120 V using the
Mini-Sub Cell GT system (BioRad) and imaged using Gene Genius bioimaging gel

documentation system (Syngene).

2.3.15 DNA quantification
DNA concentration was measured at 260 nm using an ND-1000 spectrophotometer
(NanoDrop).

2.3.16 Sequencing

DNA sequencing reactions were out-sourced (Cogenics) and performed on an ABI
3730x] Platform (Applied Biosciences). The universal primers T7F and T7R were used
for sequencing pET based plasmids and self-designed primers for sequencing plasmids

containing the Act88F, a-actinin ABD, Tnl, and TnT genes.
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2.4 Biochemical techniques
2.4.1 1D SDS gels

To examine the protein contents of intact IFM, dissections were carried out in PBS
(phosphate buffered saline), which was subsequently removed by a 1 minute 13000 rpm
spin on a microcentrifuge. Then 1x sample buffer [312.5 mM Tris-HCI pH 6.8, 10 %
SDS (Sodium dodecyl sulfate), 0.5% bromophenol blue, 50% glycerol] was added to
the pellet and samples were boiled for 3 minutes at 90 °C. When examining the protein
contents of skinned myofibrils the IFM were dissected in rigor solution (section 2.2.2)
and were kept at -20 °C overnight. The following day glycerol was washed out three
times using rigor buffer without glycerol, and three times with rigor buffer without
glycerol and Triton X-100. Subsequently the muscles were homogenized in 1x sample
buffer and boiled for 3 minutes at 90 °C. All samples were stored at -20 °C until ready to
load on the gels. Proteins were separated in 10 % SDS gels (37.5 acrylamide: 1
bisacrylamide ratio) using the Mini-protean 3 electrophoresis system (BioRad) unless
stated otherwise. The protein samples were run at a constant voltage (200 V) in Tris-
glycine running buffer containing 25 mM Tris base, 0.1% SDS and 200 mM glycine
until the dye front had reached the bottom of the gel. Gels were stained with Coomassie
blue (10 % acetic acid, 0.1 % Coomassie brilliant blue-R, 40% methanol) for 20
minutes. A 10 % acetic acid solution was used to destain the gels which were imaged

using the Gene Genius bioimaging gel system (Syngene).

2.4.2 Actin purification from Drosophila IFM

The actin purification method has been described in Razzaq et al., 1999. Briefly, the
IFM from 120 flies were dissected in rigor buffer and centrifuged. The IFM pellet was
then homogenized on ice using a sealed glass pipette in high salt buffer [1 M KC, 10
mM NaPi, 20 mM KPi pH 7.0, 4 mM dithiothreitol (DTT), 1 mM EGTA, 4 mM MgCl,,
1/500 v/v phenylmethylsulphonyl fluoride (PMSF)]. The pellet was washed twice with
500 pul of ddHO, followed by one wash with 50% acetone and one wash with 100 %
acetone. The pellet was air-dried for 1 hour before actin was extracted from the muscles
with three consecutive incubations of 45 pl low salt actin extraction buffer (2 mM Tris
pH 8.0, 0.2 mM CaCl, 0.2 mM ATP, 1 mM DTT) 1 hour long each and this was
repeated 3 times. The samples were spun after each extraction and the supernatants were

combined and transferred to a Beckman 7x20 polycarbonate centrifuge tube and 1/ 10"
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volume of 10x polymerization buffer (50 mM Tris pH 8.0, 500 mM KCl, 20 mM
MgCly, 10 mM ATP) was added to the superatant and actin was allowed to polymerize
for 2 hours at room temperature. When actin was going to be subsequently used in
fluorescent anisotropy measurements 30 pmol phalloidin was also added at this step.
Then KCI was added to a final concentration of 850 mM and was left to incubate for 5
minutes. The actin filaments were then spun at 100.000 rpm for 15 min, at 4 °C in a
TL-100 centrifuge using the TLA-100 rotor. The supernatant was removed and the
pellet was gently dissolved using previously filtered F-buffer. Protein concentration was

measured using a Nanodrop.

2.4.3 a-Actinin overexpression and purification

pET15B a-actinin ABD plasmids were transformed into BL21(DE3) pLysS cells for
expression. Single colonies were picked for overnight 60 ml starter cultures. A 1:1000
dilution of a 60 ml overnight culture was used to inoculate 6 x 0.8 L media, and cultures
were grown on an Innova 2300 platform shaker (New Brunswick Scientific) at 37 °C.
When an ODgg of 0.5-0.6 was reached protein expression was induced with a final
concentration of 1 mM IPTG (isopropyl-beta-D-thiogalactopyranoside) (Melford). Cells
were grown for 4 hours on the orbital shaker at 37 °C before harvesting in a Sorval
centrifuge (SLC-6000 rotor for 12 minutes, 4000 rpm, 4 °C). The pellets were combined
and resuspended in approximately 35 ml binding buffer (20 mM Tris pH 7.5, 500 mM
NaCl, 5 mM imidazole) containing 5 mM MgCl,, 1.4 mg DNAse I, 60 mg lysozyme, 1
mM PMSF and 4 complete protease inhibitor tablets were added. Cells were lysed by
sonication on ice twice using a Sonicator 3000 with a 3/g inch stud probe (Misonix) with
50x3 seconds pulses at 70 W and a 7 second spacing between pulses. Lysed cells were
then left for 15 minutes at room temperature and were subsequently centrifuged (SS34
rotor for 30 minutes at 17000 rpm, at 4 °C) to remove the cell debris. The supernatant

was filtered prior to purification using a 0.22 um filter (Millipore).

All solutions, protein samples and ddH,O were filtered prior to all chromatography
steps. The cell extract was loaded onto a 10 ml nickel column previously equilibrated
with binding buffer at a flow rate of 2 ml/min. 5 column volumes (c.v.) of nickel
sulphate was used to charge the resin (His Bind Resin, Novagen). Excess nickel
sulphate was removed by passing 5 c.v. of binding buffer. Protein loading was

monitored by UV absorbance at 280 nm on an Akta Prime purifier (GE Healthcare).
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Binding buffer was passed through the column to elute the unbound proteins until the
UV signal had returned to A280 nm ~ 0. The a-actinin ABD was eluted from the
column using an imidazole gradient over 90 ml (5 mM to 400 mM). The peaks were
" analyzed by 12% SDS gels and the a-actinin ABD containing fractions were pooled and
dialysed overnight against 50 mM Tris pH 7.5, 200 mM NaCl, 5 mM EDTA buffer at 4
°C using a 3500 molecular weight cut-off dialysis tube (Spectrum).

The protein was further purified by size exclusion chromatography using a Hiload 26/60
Superdex 75 pg column (GE Healthcare). The column was equilibrated with 50 mM
Tris-HCl, 250 mM NaCl, pH 7.5 prior to injecting 10 ml of protein. The protein was
eluted at 3 ml/min flow rate and was monitored by the absorbance at 280 nm. All
elution peaks were analysed by a 12 % SDS gel. The a-actinin ABD containing
fractions were pooled and dialysed overnight at 4 °C using a 3500 molecular weight cut-
off dialysis tube against 20 mM Tris pH 8.0, 100 mM NaCl, 2 mM CaCl, buffer for
cleavage of the His tag.

2.4.4 Factor Xa His tag cleavage

The His tag was cleaved using Factor Xa protease (Sigma Aldrich F9302) according to
the manufacturer’s instructions for 7 hours at room temperature and the reaction was
stopped using 1 mM PMSF. Subsequently the protein was dialyzed overnight in binding
buffer and was purified using a 1 ml Nickel column pre-equilibrated with binding
buffer. Cleaved a-actinin ABD eluted in the flow through. A sample of the a-actinin
ABD containing fraction was analyzed by a 12% SDS gel and the remainder was
dialysed overnight against 50 mM Tris pH 7.5, 200 mM NaCl, 5 mM EDTA buffer at
4 °C using a 3500 molecular weight cut-off dialysis tube. Cleaved protein mass was
confirmed by a 20 % SDS gel and electrospray ionisation mass spectrometry (section
2.4.12).

2.4.5 Protein estimation

A Biophotometer (Eppendorf) was used to measure protein concentrations by the
absorbance at 280 nm. The following formula was used to calculate the theoretical

molar absorbance coefficient (€280nm) for cleaved a-actinin ABD:
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£€280nm = (Ncys X €280nm of cys) + (Ntyr X €280nm oftyr) + (Ntrp X €280nm oftrp)

where N is the number of amino acids (cys, cysteine; tyr, tyrosine; trp, tryptophan) and
£250nm i the molar absorption coefficient for the amino acids (125 m! em’, 1490 M
cm! and 5500 M! cm! respectively). Based on the above equation the predicted molar
extinction coefficient for a-actinin is 45045 M cm™’. The Beer-Lambeth law was used

to calculate the protein concentration:

c =A/d¢

Where c is the protein concentration (mol L), A the A280 absorbance, d the length of

wavelength path (cm) and & the molar extinction coefficient M em™).

2.4.6 Protein labelling

Cleaved a-actinin ABD was dialyzed overnight at 4 °C against 2 M sucrose,
50 mM MOPS pH 7.0, 200 mM NaCl. The dialysed protein was reduced with 3-fold
excess DTT for 1 hour at room temperature. A 20-fold excess of 5-carboxyfluorescein
(FAM, C1359 Invitrogen) fluorophore was added; the tube was wrapped in foil and was
kept at 37 °C for 10 minutes. Excess fluorophore was quenched with 35 mM DTT. A
small sample was taken for electrospray ionisation mass spectrometry (see section
2.4.12) and the remnants of the protein was dialyzed overnight in F-buffer (50mM
NaCl, 1 mM MgCl, and 20mM Tris pH 7.0) at 4 °C. Small aliquots of labelled a-actinin

ABD were snap-frozen in liquid nitrogen and stored at -80 °C.

2.4.7 Electrospray Ionisation Mass Spectrometry (ESI-MS)

Protein samples were concentrated to 50 pM and ESI-MS analysis was performed on an
ABI Qstar tandem mass spectrometer by Berni Strongitharm in the University of York
Technology Facility. The observed molecular weight of wild type a-actinin with and

without the His tag was shown to be 33616.3 Da and 30866 Da, respectively.

2.4.8 Matrix-Assisted Laser Desorption Ionisation — Time Of Flight
mass spectrometry (MALDI-TOF MS)
10 pl of protein sample was loaded and run ona 10 % 1-D SDS gel. The gel was stained

with Coomassie blue solution (section 2.4.1) and the appropriate band was excised and

65



2. Materials and Methods

stored in ddH,0. The samples were analysed by MALDI-TOF MS by the University of
York Technology Facility in the Biology Department (Adam Dowle).

2.4.9 Sedimentation assays

The interaction of a-actinin with wild type and mutant actin was estimated by
sedimenting a-actinin with F-actin. G-actin extracted from the IFM was mixed with a-
actinin in F-buffer (section 2.4.6) to give a constant actin concentration of 3 uM
whereas the a-actinin concentration was 7.2 pM in 100 pl reaction volume. After
incubating for 1 hour at 25 °C, samples were centrifuged at 40.000 rpm for 40 min, at
4 °C in a TL-100 centrifuge with a TLA-100 rotor. Control samples of a-actinin were
centrifuged without actin. After the centrifugation 30 pl of 1x sample buffer were added
to the pellet and 200 pl of 2x sample buffer were added to the supernatant. Supernatants
and pellets were denatured at 90 °C for 3 minutes and analyzed on a 10 % 1-D SDS gel;

all sample volumes were loaded using a Hamilton syringe for high accuracy.

2.4.10 Fluorescence anisotropy

Fluorescence anisotropy measurements were used to study the binding of fluorescently

labelled a-actinin ABD to F-actin.

Fluorescence anisotropy parameters:
e Black 96 well plate (FluoroNunc)
e Temperature =24 °C
e Plate reader with polarisers (BMG Labtech POLARstar OPTIMA):
Excitation = 490 nm
Emission =520 nm
e FAM: Excitation =492 nm

Emission =512-520 nm

Labelled a-actinin ABD (prepared as described in section 2.4.10) was used at a constant
concentration of 4 nM and was diluted to this concentration by F-buffer (section 2.4.6).
F-actin (prepared as described in section 2.4.3) was titrated at concentrations between
0.025 pM to 4.6 uM in the case of wild type actin and 6.2 uM for the R372H actin.
After each aliquot of F-actin was added, the plate was shaken for 10 seconds, given two

minutes to equilibrate and the anisotropy was measured 25 times and averaged.
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Absorption and emission spectra of the labelled a-actinin ABD were measured pre- and
post- titration to confirm no quenching of the fluorophore by F-actin was occurring.
Data were fitted with equations derived in Appendix III. Graphs were plotted using
SigmaPlot v11.

2.5 Single myofibril mechanical experiments

The single myofibril mechanical experiments were done in collaboration with Dr B.
Torga and Prof G. Pfitzer (University of Kden). Single myofibrils and chemical solutions
were prepared by myself. Dr. B. lorga performed the single myofibril stretching
experiments and analyzed the force transients. Video analysis was also carried out by
Dr. lorga because the file format (NAF) was only readable on a computer from their

laboratory.

2.5.1 Myofibrillar preparation

Half thoraces from 10 newly emerged flies were dissected and skinned in rigor solution
(Section 2.2.2). Half thoraces were left overnight at -20 °C. The next day fly thoraces
were washed three times using rigor buffer without glycerol, and three times with rigor
buffer without glycerol or Triton X-100. The half thoraces were then washed in
degassed relaxing solution [0.1 M NaCl, 20 mM NaPi pH 7.2, 90 mM KPr, 6 mM
MgCly, 2 mM DTT, 5 mM ATP, 5 mM EGTA, 30 mM BDM (2,3-butane- dione 2-
monoxime), complete protease inhibitor cocktail-Roche]. The muscles were dissected in

the relaxing solution and teased with needles to produce single myofibrils.

2.5.2 Apparatus and experiments

The setup for single myofibril force measurements was previously described (Stehle ef
al., 2002a, 2002b). Single myofibrils were attached in relaxing solution to a glue-coated
length-driving tungsten stiff needle at one end and to the coated tip of an atomic force
cantilever (AFC) at the other end (Figure 2.3). Both the length-driving tungsten stiff
needle and the AFC were previously coated with a mixture of 50 % flowable silicon
(Dow Corning 3140, Dow Coming Corp., Midland, MI) and pyroxylin in 2 % amyl
acetate. The chamber was washed with 100 % EtOH so as to create an electrical charge

which later helped with sedimentation of the myofibrils to the bottom of the chamber. A

100 pl drop of freshly prepared single myofibrils was placed in the chamber and left for
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one and a half hour to allow the myofibrils to sediment. Following this the chamber was
filled with 10 ml of filtered degassed relaxing solution. After sedimentation, to remove
debris (e.g. myofibril aggregates) the chamber was washed with degassed relaxing

solution. Myofibrils between 100-150 um long were only used for the measurements,

which were performed at 15 °C.

<+«—  force cantilever
Piezodriver

detector

myofibri

\ laser

90 3 h s
e relaxed IFM myofibril
phase contrast microscope & 1™
CCD camera '..-w-m-m:m-_m :

Figure 2.3. Schematic representation of the apparatus used for stretching single
myofibrils. Inside the chamber a myofibril is attached on one end to the length-driving
tungsten stiff needle attached to a piezodriver and to the AFC at the other end. A laser
beam hits on a mirror positioned at the back of the AFC, and becomes redirected to a
photo detector to measure movement of the AFC (calibrated to measure force). A phase
contrast microscope charge-coupled device (CCD) camera positioned below the
chamber is used to record brightfield microphotographs and videos. Diagram
reproduced from an image provided by Dr. Stehle.

Passive force responsiveness was recorded in successive stretch protocols applied to
fully relaxed single myofibrils. Figure 2.4 highlights the stretching protocol. The
mounted myofibrils was stretched over a 3 seconds ramp (1" ramp) so that its length
increased by 2 %, subsequently maintained at steady stretch for 4 seconds during which
time the force (F1) was measured. Next the myofibril was imposed to a higher stretch
over a 3 seconds ramp (2nd ramp) so that its length increased to 4%, maintained at
steady stretch for 4 seconds during which the force (F2) was measured. Finally the
myofibril was released to zero passive force and was then ready for another round of

stretching from 3 % - 6 %, followed by a third stretch of 4 % - 8 % of its slack

sarcomere length.
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1"ramp : Steadystretch : 2" ramp Steady stretch Fast release

[ )
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Figure 2.4. Schematic description of the stretching protocol.

2.5.3 Data acquisition and analysis

During the stretching protocol, videos and micrographs of myofibrils were recorded
with a CCD camera (Photonics, Hamamatsu City, Japan) in brightfield. The video
frames corresponding to slack and stretched lengths of myofibrils were analyzed at the
periods when force signal was steady. Acquisition and analysis of force data was
performed with custom-written programs in LabView 5.0 (National Instruments, Austin,
TX). Video images were quantitatively analyzed by selecting a rectangular region of
interest and integrating pixel intensities to an intensity profile in Aqua Cosmos 1.3.0.1
(Photonics, Hamamatsu City, Japan). Mean sarcomere length (SL) values were then

determined from the profiles using the LabView built-in files.

2.5.4 Calculations
Explanations and values of the symbols used in the equations are summarized in Table
2.10. Total slack myofibril length lp (um) was measured before and after stretching the

myofibrils, to compute the change in myofibril length Alg (um).

The equation used in order to calculate the voltage to be applied on a myofibril with lo

length in order to achieve an x % stretch:

=X I(pm
Vgl )
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To calculate the force per cross sectional area (CSA) the force was divided by the

diameter of individual myofibrils:

Cross sectional area = d*- n/4

The mean SL was calculated from length of the entire mounted myofibril divided by the

number of sarcomeres using the equation:

MF length(um) - Pixel
Number of sarcomeres

SL=

The incorporation of the pixels in the equation was necessary to calibrate the image
before taking myofibril length measurements. Length position of the needle coupled
with a DAQ-board interfaced piezodriver and the force signal detection and acquisition
are described elsewhere (Stehle et al., 2002a, 2002b). Briefly, to calibrate the AFC a
direct mechanical contact between the length-driving tungsten stiff needle and the AFC
was imposed and a displacement of the AFC tip by Alp = 300 nm was imposed and the
detected AV at the photodetector due to this applied mechanical displacement was
obtained. This process was repeated thrice and an average AV was computed. With the
spring constant for cantilever (c) from the AFC data sheet and these values (Al AV) the

calibration factor of the AFC was computed using the equation:

c(-n—g)-Al(nm)

Calibration factor =
alibration @ AVcalib(V)

Force (F) values in the experiments were calculated by:

F = calibration factor - AV
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Table 2.10. Explanation and values of symbols that were used in equations.

Symbol Representation Value
c Spring for cantilever puN/pm
CSA Cross sectional area pm?
d Myofibril diameter pum
Alg Difference in myofibril length pm
AV Average voltage A%
F Force applied on myofibril nN‘/um2
1 Total slack myofibril length pum
MF Myofibril
SL Mean sarcomere length pm

2.6 Generation of transgenic lines

The DNA constructs created to generate the transgenic flies for this project were
microinjected by Dr. Teresa Jagla (MYORES Injection Platform, Clermont Ferrant,
France). The wild-type UAS-Tnl construct was microinjected at York using the

protocols described below.

2.6.1 Nucleic acid preparation

A protocol for P-element mediated transformation described by Rubin and Spradling
(1982) was followed. Briefly, 5 pg of the transposase-carrying prA2-3 plasmid were
mixed with 20 pg of pP[UAS-TnI] plasmid DNA. The two-plasmid mixture was
precipitated with 3M NaOAc-EtOH and then redissolved to a final concentration of
1 pg/pl using Spradling injection buffer (5 mM KCI, 0.1 mM NaH,PO;4 pH 6.8). The
plasmid mixture was then spun on a benchtop centrifuge for 10 minutes and loaded into

needles pulled from borosilicate capillaries.

2.6.2 Egg preparation

118 strain were left in a cage with an apple juice-agar plate (5 % sugar,

Flies from the w
2 % agar and apple juice) and fresh yeast paste at 21°C. Eggs laid during 50 minutes

were collected with a paintbrush, previously washed with distilled water, and spread on
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double-sided sticky tape placed on a glass slide. A second glass slide equipped with
non-toxic double-sided sticky tape on which copper wire was stuck lengthwise was used
to sandwich the embryos and pulled apart causing the chorions of the eggs to split. The
eggs were then lined up with their posterior ends just overhanging a small strip of

double sticky tape on a coverslip.

2.6.3 Embryo microinjections

Lined-up embryos were covered in oxygen permeable halocarbon oil (kind gift from Dr.
Sweene) to prevent them from drying out and were placed on a glass slide that was pre-
positioned on the stage of a light microscope. The DNA fitted to a glass needle was
attached to a micromanipulator. The posterior end of the embryos was gently pierced
with the needle and pressure was applied to the air-fitted syringe to inject the DNA.
Between injection rounds the needle was kept dipped in the halocarbon oil to avoid

drying of the DNA solution. Each embryo coverslip was treated within 10 minutes.

2.6.4 Manipulation post-injection

The embryo-éontaining coverslip was then placed on an agar-apple juice plate, with
fresh yeast paste, and kept in a moist container at 25 °C. Hatched larvae were
transferred to a standard yeast-sugar vial and eclosed adults wefe individually crossed to
w'!® flies. The progeny of this cross was screened for successfully transformed w* eyed

flies and maintained by selection for w’.

2.6.5 Determining the insertion chromosome

Transformed male flies (red eyed) were individually crossed with y w; +; TM6B/TM3
female flies. If all female flies in the progeny were w” (red eyed) then it meant that the
insertion was in the first chromosome and the FM7c balancer was used to balance those
lines (Figure 2.5.1 A). If male flies in the progeny were a mixture of w (white eyed) and
w' (red eyed) then it meant that the insertion was either in the second or third
chromosome. Those flies were first crossed again to y w; +; TM6B/TM3 and if in the
progeny flies identified were w" (red eyed) and TM6B/TM3 it meant that the insertion
was in the second chromosome. Those lines were balanced with CyO, »*
(Figure 2.6.1 B). If on the other hand the progeny were all w (white eyed) it meant that
the insertions were in the third chromosome and those lines were balanced with either

the TM6B or TM3 balancers (Figure 2.6 C).
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Figure 2.5. Mating scheme to identify the P-element insertion site. Genetic crosses
to obtain stable lines for inserts in the first (A), second (B) and third (C) chromosomes.
[w+] for the insert, +* for wild type alleles, ‘3" for male and Q" for female flies.
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2.6.6 Inserting the Act88F™"““" transformants in the correct genetic

background

The wild type Act88F gene is on the third chromosome hence amongst the different
Act88F™“aton] Jines that were obtained the ones selected for further analysis were in the
first or second chromosome. Each Act88FI™“"" line was studied as wild-type
heterozygote or homozygote by eliminating one or two wild type Act88F copies
respectively. In order to achieve this the third chromosome wild type Act88F gene was
exchanged with the amorphic 4ct88F** allele. The mating schemes for obtaining
stable Act88F'™ " lines are described in Figure 2.6. One red star indicates
Act88F™“ation] . heterozygotes and two red stars indicate Act88F™ 4]/ 4 o188 imuation]

homozygotes.

2.6.7 Inserting the UAS-TnI™"" and UAS-TnT™"" transformants

in the correct genetic background

The TnT (up’) and Tnl (hdp®) null mutations, both w, are in the first chromosome. The
UAS-TnI', UAS-Tnl™"°"] UAS-TnT" and UAS-TnT'™*"*" insertions (w") are in the
second or third chromosome. The UAS-TnI lines (w") were crossed with the y w
hdp3/FM 7¢ line so as to be studied in a Tnl null background. Similarly all the UAS-TnT
lines (w") were crossed with the y w up'IFM7c¢ line so as to be studied in a TnT null
background (Figure 2.7 A). The mating scheme for lines carrying the insert on the’
second chromosome is shown in Figure 2.8 A. The mating scheme for the lines carrying
the insert on the third chromosome was the same as that for the dmef2-GAL4 driver
(Figure 2.8 B). The progeny that was crossed later to the GAL4 driver is pointed by a

single red star.

The dmef2-GAL4 driver (third chromosomal) was used to express the UAS-TnI", UAS-
Tnl™aor] UAS-TnT* and UAS-TnT!™ "] constructs; and it had to be inserted in a
Tnl or TnT null background (Figure 2.7 B). The progeny that was crossed later to the
UAS constructs is pointed by two red stars. Flies from A and B with one and two red

stars, respectively were mated (Figure 2.7 B) and the progeny that was used for further
analysis is pointed by the three red stars.
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Figure 2.6. Mating scheme for obtaining stable heterozygous and homozygous
Act88F™@o] lines. The position of the Act88F* allele is in the third chromosome.
Transformants for the Act88F™*““*"/ insert in the first (A) and second (B) chromosome
were inserted in a wild type heterozygote or in a homozygote background. Wild type
heterozygotes for the insert ActS8F™“" or Act88FI™aton] homozygotes are
designated by one and two red stars respectively. ‘+* indicates wild type alleles, ‘3"
male and ‘@’ female flies.
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Figure 2.7. Mating scheme for obtaining lines expressing UAS-TnI or UAS-TnT and
dmef2-GAL4 in wild type Tnl and TnT null backgrounds, respectively. Genetic
crosses to obtain UAS-Tnl (w"), UAS-TnT (w") lines (single star) (A) and dmef2-GAL
(two stars) lines (B) in up " or hdp’ backgrounds. (C) Progeny from A (single star) and B
(two stars) were mated to obtain progeny with a single insertion for a UAS construct
and the GAL4 driver (three stars). [w+] indicates the insert, ‘+* wild type alleles, ‘3"
male and ¢ @’ female flies.
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3. Characterization of transgenic lines of mutant Act88F carrying human nemaline
phenotypes

Chapter 3: Characterization of transgenic lines of

mutant Act88F carrying human nemaline phenotypes

3.1 Aims
The main aim of this chapter was to express and characterize six different Act88F
mutants in the IFM that are homologous to six human skeletal muscle o-actin mutants,

which result in different aspects of congenital actin myopathies.

3.2 Introduction

In the absence of a clear hypothesis about how mutations in actin can result in nemaline
myopathy, P-element transformation was used to express transgenically six different
actin mutants in the indirect flight muscles (IFM) of Drosophila and investigate their
effects on the structure and function of the muscles. Transgenic flies were created that
express one of six different site-directed Act88F mutations: G15R, 1136M, D154N,
V163L, V163M or D292V in the IFM, together with one wild type copy of the Act88F
gene to develop a model in Drosophila for this disease. In humans the ACTA41 mutations
are largely dominant and hence the mutations studied here would be predicted to also be

dominant in Drosophila.

These mutations were chosen because in humans they result in different phenotypes
(Table 3.1); G15R results in actinopathy, 1136M results in nemaline myopathy (Ilkovski
et al., 2001) and D292V results in congenital fibre type disproportion (CFTD) (Clarke
et al., 2007). D154N, V163L and V163M all give rise to intranuclear rods, as well as
actin filament aggregate myopathy (Schroder ef al., 2004; Kaimaktchiev et al., 2006;
Hutchinson et al., 2005). In addition D154N also gives rise to nemaline myopathy. The
mutated residues are found at different sites in the actin structure (Figure 3.1) hence it is
assumed that they will have different effects on actin structure and function. Here, in
depth analysis was carried out to study the effects of the six different NM mutations on
muscle structure and function by flight testing, electron microscopy, immunostaining
and protein analysis of the isolated muscles. Moreover, apart from studying the
mutations in a heterozygous state, Drosophila genetics enables one to easily study them
in a homozygous state in wild type Act88F null background so as to understand how

muscle structure is affected when composed solely of mutant actin.
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Table 3.1 List of the nemaline myopathy actin mutants. Actin filament aggregate
myopathy (AM), congenital fibre type disproportion (CFTD), intranuclear rods (IR),
nemaline myopathy (NM) and sarcoplasmic rods (SR).

Mutation Phenotype NM classification References
GI5R AM, NM Nemaline Goebel et al., 1997a
1136M mild NM Typical nemaline Ilkovski et al., 2001
D154N AM, IR, NM Severe nemaline Schroder et al., 2004

Weeks et al., 2003;
Kaimaktchiev et al., 2006

V163M AM, IR, sparse SR Typical nemaline Hutchinson et al., 2005

V163L AM, IR, sparse SR Severe nemaline

D292V CFTD Severe nemaline Clarke et al., 2007

,

Figure 3.1. Cartoon of the ATP-bound G-actin highlighting the position of the six
Act88F mutations. The ATP is shown in green sticks, the mutations G15R, 1136M,
D154N, V163L/M and D292V are shown in red, yellow, blue, magenta and orange,
respectively. The image was created using PYMOL and PDB file 1ATN (the same pdb
structure is used for all the G-actin images in Chapters 3,4 and 5).

The IFM are an excellent model to study the effect of mutations on sarcomere structure.
The wild type flies have very regular Z-discs and fixed sarcomere length of about 3.2
um (Reedy and Beall, 1993) (Figures 3.2; 3.3) allowing to easily identify structural

defects caused by mutations in sarcomeric proteins. Each Act88F mutation was
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introduced in a heterozygous or homozygous actin null background using the
Act88F¥™88 actin null line (Hiromi and Hotta, 1985). Wild type heterozygous flies for
the Act88F*™5¥ actin null produce > 85 % actin compared to wild type flies (Prof. John
Sparrow unpublished results). The Act88F*™5/+ mutants are flightless and display
myofibril fraying. The thin filaments appear detached or torn from the Z-discs (Figure
3.3 top black arrowhead) and in some cases gaps in the filament lattice can be seen
(Figure 3.3 bottom black arrow head). The Z-discs appear bent at their ends and the M-
lines are not always apparent across the entire width of the sarcomere. Since there are
no significant sarcomeric defects, the Act88F*"**/+ heterozygous flies provide a
suitable genetic background to study Act88F mutants and their dominant effects on
muscle structure and function. In Chapters 3, 4 and 5, lines containing one transgenic
insert in a heterozygous Act88F*M55/+ background are referred to as ‘Act8SFMuation]
heterozygotes’. These flies contain one wild type Act88F allele, one functional
transgenic mutant allele (4ct88F™“““") and one actin null allele (4ct8SF***). The
Act88FIMuation] 4 g8 FMutation]  homozygous flies are homozygous for both the

\M88

Act88FM @ion] insert and the actin null Act88 allele. Hence these flies express

solely mutant actin in their I[FM.

Phalloi_djn

Figure 3.2. Whole muscle light microscopy of wild type flies. Fibres were stained
with phalloidin and anti-kettin antibody. Scale bar: 5 pm.
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Figure 3.3. TEM of wild type and Act88F*™%/+ heterozygous flies. Arrowheads
highlight areas with significant sarcomere damage as demonstrated by gaps in the
filament lattice. Scale bars: 2 pm.

3.3 CFTD and nemaline rod producing mutants - G15R, 1136M,
D292V

The mild 1136M ACTA! mutation causes typical nemaline myopathy with nemaline
bodies (Tlovski ez al., 2001). It was chosen to see if it also results in a milder phenotype
in Drosophila TFM than the other mutants. A single line was obtained for the 1136M
mutation. The GI5R ACTAI mutation causes congenital nemaline myopathy; residue
G15 is located in the nucleotide-binding pocket and is likely to affect ATP-binding and
turnover (Sparrow et al., 2003) as it takes part in a S-hairpin and directly contacts the
B-phosphate of the adenine nucleotide (Kabsch ez al., 1990). A total of three lines were
obtained for the G15R mutation all of which showed the same phenotype. The third
ACTAI mutation D292V results in CFTD (Laing et al., 2004). Three lines were
obtained for the D292V mutation. Two of the lines showed similar phenotypes, the third
line was not analyzed. Whole muscle staining was performed to obtain an overview of
the structural integrity for the whole muscle fibre. The muscles were studied at the
ultrastructural level by electron microscopy. However not all the characteristics and
abnormalities observed for each mutant could be captured in a single EM image. Hence

some of them are being described in the text but not shown.

Immunostaining of the indirect flight muscle for the Z-line protein kettin and staining
for actin using fluorescent phalloidin showed a range of muscle fibre disruption for the
different mutations (Figure 3.4, 3.5). In all cases, there was positive phalloidin staining

for actin filaments even in homozygote mutants, suggesting that the actin is produced
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and able to polymerise (Figure 3.4, 3.5). However, both actin filament and Z-disc
organisation varied from almost normal (I136M mutant heterozygote) to very
disorganised (G15R heterozygote and homozygote mutants). In G15R the Z-lines
appear to have an irregular staining and patterning. This effect is even more distinct in
homozygotes (Figure 3.5 arrow), and the regular actin staining is also more highly

disrupted in homozygotes.

The ultrastructure of the muscle, as shown by electron microscopy, demonstrates
sarcomeric disorder and Z-disc and M-line disruption in the heterozygous and
homozygous G15R mutants (Figure 3.6). Pieces of Z-discs stacked parallel to each other
otherwise known as zebra bodies (Yamaguchi et al., 1982; Morris et al., 1990; Luther
and Squire, 2002) were also found in both heterozygotes and homozygotes G15R
mutants (Figure 3.6 arrowhead). The zebra bodies caused by the G15R mutation were
very frequent, long (laterally) and spanning the whole of the myofibre. There is
myofibrillar branching, and areas of broken/disorganised thick and thin filaments (not

captured in Figure 3.6).

In the mildest mutation, I1136M, the myofibrils appeared almost normal in heterozygotes
but in homozygotes the myofibrils had a wavy appearance and others were found to be
disordered. In agreement with the immunostaining for the heterozygote 1136M, by EM
the myofibrils looked relatively normal, but some actin filaments are not well organised
into muscle sarcomeres and appear to lic outside the myofibril and/or join up with
adjacent myofibrils (Figure 3.6 arrow). This is reminiscent of actin filament aggregate
myopathy in humans where actin filaments are found that are not organised into
myofibrils at all next to areas of normal sarcomeres. Small and infrequent zebra bodies
(Figure 3.6 arrowheads) as well as Z-disc and M-line disruption can also be seen in both
heterozygote and homozygote I136M mutants. In the homozygous state the I136M
mutation displays the same characteristics at the ultrastructural level but the muscle

appears more disrupted and the myofibrils are not as tightly packed.

In D292V whole muscle staining, disrupted myofibrils were present but many
myofibrils look relatively normal in both heterozygote and homozygote mutants (Figure
3.4, 3.5). By EM Z-disc and M-line abnormalities can be seen as well as zebra bodies
(Figure 3.6 arrowhead). Aberrant structure of myofibrils and areas of

broken/disorganised thick and thin filaments can also be observed. The myofibrils of the
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Act88FP¥ "I+ heterozygotes seem to vary in size with some being half the size of
others. The decrease in size can also be seen when comparing the myofibril shown for
the Act88FP?*?"/+ heterozygote in  Figure 3.6 to that of the wild type in Figure 3.3.
This is least pronounced in the D292V homozygotes, which display Z-disc or M-line
shifting (only shown for the M-line).
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G15R/+ 1136M/+ D292V/+

Kettin

P,halloidln

Figure 3.4. Whole muscle light micx:ogopy of mild nemaline myopathy mutants.
ActSSFR 4ct88FM and Act88FP**?" heterozygotes were stained with phalloidin
and anti-kettin antibody. Arrows indicate disorganised thin filaments. Scale bar: 5 um.
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Figure 3.5. Whole muscle light microscopy of mild nemaline myopathy mutants.
Act88FPR, Act88F™M and Act88F”**” homozygotes were stained with phalloidin and
anti-kettin antibody. Disorganised thin filaments are indicated by arrows and aberrant Z-
discs by arrowhead. Scale bar: 5 um.
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Figure 3.6. TEM images of nemaline myopathy mutants. Longitudinal sections of
Act88FO R, Act88F'M and Act88FP*** heterozygotes and homozygotes. White arrows
show myofibril branching. White arrowheads show zebra bodies. Z: Z-line, M:M-line.
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3.4 Actin filament aggregate myopathy and intranuclear rod
producing mutants - D154N, V163L, V163M

Human ACTAI mutations of residues D154 and V163 showed intranuclear rods,
nemaline bodies and accumulations of actin filaments in patient biopsies (Schroder et
al., 2004; Hutchinson et al., 2005; Kaimaktchiev ef al., 2006). These mutations produce
the more rare NM phenotypes and were chosen to determine if when expressed in the
IFM they produced similar phenotypes. Two nuclear export signals are found in actin;
NES1 (170-181) and NES2 (211-222) (Wada et al., 1998). The D154 and V163 residues

are located near the first nuclear actin export signal of actin (Figure 3.7).

|

WS
Y e

V4
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Figure 3.7. Cartoon of ATP-bound G-actin showing the proximity of residues D154
and V163 to nuclear export signals 1 and 2. ATP shown in stick (green); NES1 in
cyan, NES2 in yellow, D154 and V163 residues are shown in blue and magenta,
respectively. Image produced using PYMOL.

Two transgenic lines were obtained for the D154N mutation only one of which was
analyzed as the second line contained the 4ct88F*N insert on the third chromosome.
Three lines were obtained for the V163L mutation, two of which showed the same
sarcomeric phenotypes and disarray, but one displayed the intranuclear actin rods at a
higher frequency than the other. The third line was not analyzed as the Act88F o

insert was in the third chromosome. Also three lines were obtained for the V163M
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mutation, which showed the same phenotypes in two of the lines analyzed. The third
line was not studied as the 4ct88F"'%M insert was too found in the third chromosome.
Studying the Act88F™“aton] transgenes in a homozygous state requires that they are
expressed in an Act88F null background. As both the Act88F® actin null and wild
type Act88F genes are located on the third chromosome, studying lines carrying the

Act88FI™ 5] inserts on the same chromosome would not have been possible.

Immunostaining and phalloidin staining of whole muscle fibres showed that the D154N,
V163L and V163M mutations resulted in greater myofibrillar disarray compared to the
nemaline rod and CFTD causing mutants discussed in Section 3.3. In the muscle fibres
of the D154N, V163L and V163M mutants sarcomeres are formed but areas devoid of
sarcomeres can also be found. The latter are identified as areas stained solely by
phalloidin and lacking the regular kettin staining normally found on the Z-discs (Figure
3.8, 3.9). Moreover heterozygous transgenics carrying mutations in residues D154 and
V163 display disruption of the regular Z-line staining pattern. The Z-lines are irregular,
bent and differ in size. Another feature of these muscles are kettin and actin stained
rods, which in some cases were ring-shaped and from this point forward will be called

Z-rings (Figure 3.8 arrow head).

As homozygotes the V163M and some in cases V163L mutants are not much different
from their heterozygous counterparts. They display myofibrillar disorganization with Z-
disc defects and Z-rings (Figure 3.9, the result for the V163L mutant is not shown).
However in the D154N and, in some cases, in the V163L homozygotes the regular
myofibril pattern is completely lost and only disorganised actin filaments are present
(Figure 3.9). In those muscles no Z-disc or sarcomeric pattern can be observed. The

kettin staining for these mutants is grainy and no specific pattern can be identified

(Figure 3.9).
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Kettin

Phalloidin

Figure 3.8. Whole muscle lightlvmicroscopy of intranuclear rod-linked mutants.
[FM from Act88FP*™N, Act8SF"'%" and Act8SF"'%M heterozygotes stained with
phalloidin and anti-kettin antibody. Arrowheads show Z-rings. Scale bar: 5 um.
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Figure 3.9. Whole muscle light microscopy of intranuclear rod-linked mutants.
IFM from Act88F°P™, Act88F"'%L and  Act88F"1%M homozygotes stained with
phalloidin and anti-kettin antibody. Arrowheads show Z-rings. Scale bar: 5 pum.
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By electron microscopy, the myofibrils are often narrower than in wild type and regions
of ordered sarcomeres are found next to regions of disordered sarcomeres (Figure 3.10),
similar to the biopsy samples from human patients. Other features include myofibrillar
branching, aberrant structure of myofibrils and areas of broken/disorganised thick and
thin filaments, although this was not observed in the latter case for D154N, or V163L
homozygotes, as they did not form myofibrils (this was not always true for the V163L
homozygotes which sometimes formed myofibrils). All three mutants (both
heterozygotes and homozygotes) display Z-disc and M-line disruption as well as zebra
bodies. The size and frequency of the zebra bodies varies. However the zebra bodies
found in these mutants are not detected as often as in the G15R mutant and are not as

long (laterally) as the ones caused by the G15R mutation.

The D154, V163L and V163M heterozygote mutants (also V163L/M homozygotes),
resulted in a novel ring-like Z-disc structures, which varied in diameter from 0.2 um to
4 pm (as measured by EM). These structures seen in the EM are likely to be the same
structures as the ring-shaped structures seen by confocal microscopy in these mutants.
Furthermore, a feature found specifically in the V163L heterozygous mutants was very
short sarcomeres with lattice gaps where filaments are missing (Figure 3.10 box).
Consistent with the light microscopy, the D154N and V163L mutations showed the
most extreme phenotypes as the homozygotes completely abolish myofibrillar structure
leaving broken filaments and very long but narrow zebra bodies, which highlights the
severity of these mutations (Figure 3.10). It is possible that the muscles in the D154N
and of the severely affected V163L mutants were not properly formed during
myogenesis. The V163M mutation appears to be less severe compared to D154N and

V163L as it permitted the formation of myofibrils in the homozygous state.
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Hetero
s g

Figure 3.10. TEM ima%es of intranuclear rod-linked mutants. Longitudinal sections
of Act88F° 134N Act88F 163L and Act88F"'M heterozygotes and homozygotes. White
arrows show thin filaments running between/across adjacent myofibrils. White
arrowheads point at zebra bodies. Black arrowheads point at disrupted Z-discs. Z: Z-
line, M: M-line. White box shows lattice gap. The black box shows a magnified zebra

body.
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To confirm that the ring-like structures seen by kettin immunostaining are the same as
the ones seen by EM, immunostaining of Act88F”"***/+ heterozygotes with c-actinin,
another Z-disc protein, was performed. This also showed the ring-like structures
observed with the anti-kettin antibody (Figure 3.11 arrow heads). In the same figure
spacing of the Z-discs in the mutant is shown to be irregular compared to that seen in
the wild type. The Z-discs themselves are bent, broken and irregular, which was also
seen with the anti-kettin antibody. The wild type muscle fibre is tightly packed with
myofibrils composed of regularly spaced sarcomeres. In the mutant this does not seem
to be the case as shown by the very few Z-lines. The Act88FPPN/+ heterozygote mutant
shown here shows greater muscle disarray compared to the one in Figure 3.8. This could
be due to the fact that the section of the fibre imaged in this case was different from the

section imaged in Figure 3.8 or due to variations seen between flies.

Act88F°"*" |+

Figure 3.11. Immunostaining with ¢-actinin antibody of whole fly muscles for wild
type and Act88F°"**/+ heterozygotes. In the mutant irregular Z-lines which vary in
size, and circular structures can be seen. Arrowheads show Z-rings. Scale bar: 10 pm.

In order to understand if the Z-rings are composed solely of Z-disc proteins,
immunostaining with myosin was performed. This showed that myosin is also
associated with these Z-rings (Figure 3.12 arrows). The expected staining pattern for
phalloidin, myosin and kettin in wild type sarcomeres is shown in Figure 3.13.
Phalloidin stains actin filaments extending from the Z-discs until close to the H-zone
where the thin filaments terminate. Signal from the anti-myosin antibody is only visible

at the M-line and at the Z-disc. The thick filaments terminate at the end of the A-band,
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which in the IFM is very close to the Z-disc due to very narrow I-bands. As result, a Z-
disc staining pattern is observed. The reason for the absence of myosin staining across
the thick filament is due to problems with antibody penetration, caused by the very
regular thin/thick filament lattice of the IFM. This problem is not seen in other muscles
where the lattice is much less regular and more widely spaced so that the anti-myosin

antibodies can completely stain the A-band (Ackermann et al., 2009).

Phalloidin

ZMZ

Figure 3.12. Light microscopy of single myofibrils from wild type and
Act88FP*N+ heterozygotes. Anti-Kettin, anti-myosin antibodies and phalloidin. A: A-
band, M: M-line, Z: Z-line.
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Figure 3.13. Diagram showing the expected position of the fluorescent signal for
phalloidin, myosin and kettin in wild type Drosophila sarcomeres.
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Since single micrographs do not show all the aberrant features observed for each
mutation, a selection of micrographs for Act88F VI6Myy heterozygotes demonstrates that
many different features can be observed for a single mutation (Figure 3.14). EM images
show accumulations of actin thin filaments and a multiplicity of Z-disc material. Zebra
bodies can be seen as defined by their distinct stripe pattern (Figure 3.14 A) as well as
ring-like Z-discs (Figure 3.14 A and B). By EM the zebra bodies and the ring-like Z-
discs consist of many round electron dense pieces of Z-disc material (Figure 3.14 A
arrow and 3.14 B inset), which from this point forward will be called Z-bodies. Except
for Z-rings and zebra bodies, any large aberrant/unstructured accumulations consisting
of Z-bodies will be referred to as Z-body aggregates. This term will also be used to
describe any other electron dense accumulation in which Z-bodies cannot be
distinguished. Large actin and Z-disc material aggregations identified by light

microscopy will also be referred to as Z-body aggregates.

Whole muscle confocal imaging shows the co-staining of Z-body aggregates for kettin
and actin. The kettin staining seems to be at the periphery of the Z-body aggregate
whereas fluorescent phalloidin seems to stain the greater part of this structure. It is not
possible to determine if the Z-body aggregates observed by the whole muscle staining
are the same as the ones seen by EM and this is mainly due to the fact that they differ in
size. The ones seen by confocal microscopy are 5 pm long whereas the ones observed
by EM vary between 500 nm and 1 pm in length. However the Z-ring structures shown
by EM vary in diameter from 200 nm to 4 um (Figure 3.14 B). It is probable that the Z-
rings are the same aggregates as those seen by confocal microscopy (Figure 3.14 A).
Cutting a section through them can result in rings of different sizes depending on how

close to the centre or the periphery of the aggregate the section was cut.
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Figure 3.14. Examples of the aberrant structures found in the IR-linked mutants
by electron and light microscopy. (A) Ac/8SF Y1%M)+ heterozygote, arrowheads point
at Z-body aggregates, white arrows point at Z-bodies. Anti-kettin antibody and
phalloidin were used for light Microscopy. (B) Act88FP1* N+ heterozygote, arrowheads
point at Z-body aggregates. The inset shows magnification of the Z-body aggregate.
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The three mutations D154N, V163L and V163M result in actin-containing nuclear rods
in human skeletal muscle and this is also observed in the nuclei of Drosophila IFM.
The nuclei in these mutants are often enlarged (see Act88F"/%3L/+ heterozygote, Figure
3.15) and contain rod-like structures that consist of filaments. Phalloidin staining
confirms that these rods consist of F-actin and span the nucleus (Figure 3.16). This was
also confirmed by Z-stacks of whole muscle fibres stained with DAPI and phalloidin
(Movie 3.1. Intranuclear rods.avi). In V163L heterozygotes, rods were found in the
nuclei of almost every fly examined, and most of the nuclei in the muscle contained
rods. Nuclear rods were less common in V163M heterozygotes than in V163L, and
infrequent in D154N heterozygotes. The D154N mutation results in the most severe
muscle disorganisation but the whole cell may be affected. Most nuclei appear abnormal
and may be displaying signs of apoptosis as seen in electron micrographs of 1-day old
flies (data not shown). Reduced cell survival could mean that different nuclear
processes may be affected including those involved in actin import inside the nucleus,
which would prevent the formation of IRs. This could explain the lower frequency of

nuclear rods in this mutant.
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. a

Act88F "I+

Figure 3.15. Intranuclear rods. TEM images of Act88F"'®/+ and Act88F"'%M)+
heterozygotes showing aggregates inside the nuclei. In the higher magnificati

. ! gnification of
Act8SF""P"/+ heterozygotes (bottom right panel) the intranuclear aggregates are clearly

filamentous.
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Figure 3.16. Intranuclear actin rods. Whole muscle light microscopy of wild type,
Act88FPN, Act88F"'" and Act88F"'M mutants with DAPI and phalloidin
Arrowheads point at phalloidin-stained nuclear actin rods. Scale bar: 5 um.

3.5 Is there a correlation between nemaline myopathy and central core

disease?
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ACTAI mutations (D3Y, E336K) have also been associated with another congenital
myopathy called central core disease (Kaindl et al., 2004). This is a non-progressive
myopathy typically caused by mutations in the ryanodine receptor-1 gene (RYRI)
(Robinson et al., 2006) and in the myosin heavy chain-7 gene (Fananapazir et al.,
1993). To identify the disease the patients’ muscle biopsies are treated with a stain
containing nitroblue tetrazolium (NBT). The principle behind this histochemical
technique is that tetrazolium blue acts as an electron acceptor, which becomes reduced
to a blue-grey product at the site of the enzyme activity. The intensity of the reaction
product is a reflection of the mitochondria within the fibre and varies amongst the
different muscle fibre types found in humans. The histopathological feature of the

disease is the lack of staining in the centre of the muscle fibre when treated with NBT.

A simultaneous appearance of nemaline rods and central core disease has been observed
in a patient with an ACTAI mutation (M134V) (Jungbluth et al., 2001). In this particular
patient type 1 fibres displayed nemaline bodies whereas type 2 fibres displayed core-
like areas. This mixture of rods and cores is more often caused by mutations in RYRI
(Monnier et al., 2000; Scacheri et al., 2000). Here stained preparations of whole muscle
fibres for Act88F" LI+ heterozygotes show that the top section of the fibre appears less
damaged or not damaged (observed only by confocal imaging) compared to the more
central section (Figure 3.17). This result is presented only for the Act88F"'%L/+
heterozygous mutant although the other IR-linked mutants also displayed the same
characteristic (not shown). The fact that the more central section of the fibre appears
more damaged than peripheral regions raises the question as to whether this phenotype
is similar to the central core disease phenotype seen in humans. In order to investigate
that further transverse muscle sections from wild type and Act88F"%L/+ heterozygous
flies were stained with NBT, the diagnostic method used to identify central core disease
in patient biopsies. However the staining was too pale to see a difference between the

wild type and the mutants fibres.
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Figure 3.17. Optical sectioning of stained whole muscle from the Act88F"'%/+

heterozygote mutant. Upper and lower panels show different optical sections of the
same muscle fibre. The top panels are from a section at the top of the fibre, the bottom
panels are from the middle section as shown in the cylindrical diagram with the
horizontal line, indicating the fibre section that was captured in images. Scale bar: Sum.

In all the mutants studied here there was variation in the frequency of the different
phenotypes amongst flies of the same genotype. The Acz88F"'** homozygotes are
shown as an example. In the wild type thorax the six DLMs are clearly seen and
numbered (Figure 3.18). Polarized light images of Act88F"'%M’* heterozygotes shows
that the DLM are present however parts of the muscle are not as birefringent because
they are damaged (Figure 3.18). In the case of the Act88F o homozygotes some flies
showed the hypercontraction phenotype and their IFM autodestruct (Figure 3.18 bottom
left image). However other flies don’t hypercontract and their IFM resemble those of

VI163M /

the Act88F " heterozygotes by polarized light microscopy (Figure 3.18 bottom

right image).
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Wild type Act88FV163M/+

ACt88FY163M| Act8gFY163M ACtBBFY163M/ Act8gFV163M

V163M

Figure 3.18. Polarized light analysis of Act88F
DLMs are numbered I-VI. Arrow points at the sole birefringent IFM of an Act88F
homozygote and the star at the jump muscle. The flies for all the samples were 1 day

old.

mutants. In the wild type the six
V163M

Finally, all the different actin mutations give rise to different aspects of the disease in
humans and also resulted in novel phenotypes in Drosophila. Based on the phenotypic
observations the mutants can be split into two groups: those resulting solely in zebra
bodies (G15R, 1136M, D292V) and those resulting in F-actin/Z-body aggregates, zebra
bodies, Z-rings and intranuclear rod aggregates (D154N, V163L/M). Both groups result
in general myofibril and sarcomeric disorganization. A summary of all the phenotypic

observations made for each heterozygous and homozygous mutant is shown in

Table 3.2.
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Table 3.2. Summary of observations in heterozygous and homozygous mutants.
Note: + indicates the presence of a characteristic and - indicates the absence of a
characteristic, nd indicates that it was not possible to determine if a characteristic was
present or not.

Act88F Mutation Intranuclear ~ Zebra  Myofibrils  Aggregates  F-actin  Flight  Z-rings
rods bodies ability

G15R/+ -
1136M/+
D154N/+
V163L/+
V163M/+
D292v/+
G15R/G15R
1136M/1136M
D154N/D154N
V163L/V163L
V163M/V163M
D292Vv/D292V -
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3.6 Detailed single myofibril analysis of the Act88F mutations shows

aberrant staining patterns.

Detailed single myofibril analysis of the Act88F mutations was carried out as part of a
collaborative research project with Dr. Peckham (Institute of Molecular and Cellular
Biology, Faculty of Biological Sciences, University of Leeds). Single myofibrils from
each mutant were stained with a combination of different antibodies against muscle
proteins in order to study which proteins are missing or not properly localized in the
mutants. For this 1-day-old flies of the correct genotypes were selected, bisected in
YMG and stored at -20 °C overnight (Chapter 2, section 2.2.2). The next day the half
thoraces kept in YMG on ice were collected by Dr. Michelle Peckham, who proceeded
with the single myofibril immunostaining protocol described in Chapter 2 Section 2.2.2.
Images from the single myofibril immunostaining are shown in Figure 3.19, 20, 21,

which were also prepared by Dr. Peckham.

Mutations in actin might be expected to result in aberrant muscle structure for several
reasons. First, the actin itself might not polymerize as well as wild type actin, although
the staining of the intact flight muscles from homozygote mutants (Figures 3.5 and
3.10) argues that all of the mutant actins are able to polymerize into F-actin filaments.
Second proteins that bind to actin and regulate its length in the sarcomere such as
capping protein in the Z-disc, tropomyosin and tropomodulin (the pointed end ‘capping’
protein) may bind less well to actin filaments, resulting in increased instability and/or

variation in thin filament length. Although none of the mutated actin residues lie within
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the known myosin binding sites on actin, a change in the binding affinity of actin to

tropomyosin, might indirectly affect force generation.

The pattern for tropomyosin immunostaining in wild type muscle shows a strong band
at the Z-disc and weaker staining throughout the rest of the sarcomeres, with a fainter
strip at the M-line (Figure 3.19). This is due to the fact that the tropomyosin antibody
cannot penetrate and bind along the entire length of the actin filament, but does bind at
the ends at the thin filaments at the M-line (doublet) and at the Z-line. In the mutant
myofibrils G15R, V163M and V163L, this pattern is less regular, and staining near the
Z-line is less obvious. This suggests that these mutations may affect tropomyosin
binding to the thin filaments. The immunostaining pattern for tropomyosin in 1136M,
D292V and D154N heterozygotes is similar to that found in wild type muscle. It is
surprising that the staining for D154N is not disrupted much, as this mutation has an

otherwise severe phenotype in both heterozygous and homozygous flies.

Tropomyosin Actin Merge

Figure 3.19. Deconvolution images of myofibrils from heterozygous mutants
stained for actin and immunostained for tropomyosin.

Thin filaments extend from the opposite Z-discs of a single sarcomere and terminate at
the H-zone with their pointed end capped by tropomodulin. For tropomodulin (Figure
3.20 A), a distinctive doublet is observed at the M-line in myofibrils from wild type
muscle as expected (Fowler et al., 1993). This doublet pattern is also observed in the
myofibrils from the Act88F"°™ mutant, which displayed a mild phenotype. M-line

staining is also observed for D292V and D154N, though not as a clear doublet, but there
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is also evidence of tropomodulin staining throughout the muscle sarcomeres. M-line
staining is weak (V163M) or absent for the V163L and G15R mutations, although there
is weak staining throughout the sarcomere and even at the Z-line. These results suggest
that the interaction of tropomodulin with the thin filaments may be affected in some of
the mutants, in particular in G15R, V163L and V163M. Failure to cap thin filaments by
tropomodulin could result in aberrant filament growth. Immunostaining for projectin, a
myosin binding protein was similar to that found in wild type in all of the mutants with

a doublet staining on either size of the Z-line (Figure 3.20 B).

A Tmod Actin Merge

mm_
1136M mm—
G15R B d ’

5um
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Figure 3.20. Deconvolution images of myofibrils from heterozygous mutants
stained for actin and immunostained for (A) Tropomodulin (Tmod) and (B)

Projectin.
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Like with the tropomyosin antibody that cannot penetrate to stain the thin filament, the
myosin antibody does not appear to penetrate in wild type myofibrils and bind to the
entire length of the thick filament. As shown before in Figure 3.12 the antibody stains
the myosin enriched M-line where the myosin thick filaments originate, as well as the
Z-disc. The staining at the Z-line is because the thick filaments terminate at the end of
the A-band, which due to the narrow I-bands in the IFM is very close to the Z-disc. In
order to visualize the doublet staining at the Z-discs or M-lines for the different
antibodies used here, Dr Peckham slightly stretched the single myofibrils during
microdissection prior to immunostaining them. Stretching of the myofibrils allowed
seeing a doublet myosin staining at the Z-disc. This is because the antibody can bind to
the A-band thick filament ends from two adjacent sarcomeres that surround the same Z-
disc. Hence the anti-myosin antibody binds mainly to the ends and the middle of the
thick filament, resulting in a doublet staining either side of the Z-line and a single stripe
at the M-line respectively as well as a weak staining in the sarcomere. Single myofibrils

N+ heterozygous mutant

showing in Figure 3.12 from wild type and Act88F°"
prepared by myself, had not been stretched, which is why the myosin doublet at the Z-
disc cannot be visualized. The immunostaining pattern for projectin in the Act88F"*M/+
and Act88F°??"/+ heterozygous mutants was similar to wild type (Figure 3.20).
Nevertheless the staining was less regular in all the remaining mutants. This may have
resulted from a general disruption of the organization of the thin filaments that allowed

a greater degree of antibody penetration into the sarcomere.
Finally, obscurin co-localized with myosin to a single stripe at the M-line in wild type

myofibrils and in all the mutants (Figure 3.21). Interestingly, obscurin staining was

relatively normal in the mutants and also displayed a faint localization at the Z-line.
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Obscurin Myosin Actin Merge
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Figure 3.21. Deconvolution images of myofibrils from heterozygous mutants
stained for actin and immunostained for myosin and obscurin.

A general observation was that the myofibrils from the mutants were narrower
compared to the wild type ones, which is in agreement with the images from the

electron micrographs (Figures 3.6 and 3.10).

3.7 Protein analysis of nemaline myopathy mutants

The aberrant muscle structure seen in the different mutants could be due to reduced
actin and/or other sarcomeric protein levels. In order to determine if protein levels were
altered in the IFM of mutant heterozygotes and homozygotes compared to the wild type
flies, 10% 1-D SDS PAGE analysis was performed on dissected intact IFM. Actin null
Act88F<M% homozygous flies that do not express actin in the IFM were also used as a
control. Protein gels (Figure 3.22) show that the actin levels are similar t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>