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ABSTRACT

Skeletal muscle has a striking potential for plasticity with an inherent ability to adapt to
altered functional demands. The expression of various isoforms of the myosin heavy chain
(MyoHC) plays a central role in facilitating these adaptive changes by conferring changes
in contractile characteristics. In contrast to mammals, very little is known about the MyoHC
isoforms and their genes in fish. This study aimed to characterise the family of MyoHC
isogenes in the carp (Cyprinus carpio).

Using genomic clone analysis and 3' RACE-PCR, the 3' untranslated regions of seven
separate carp MyoHC isogenes (arbitrarily named types 1 to 7) were isolated and used to
characterise the expression patterns of individual MyoHC isoforms. Northern blot analysis
demonstrated that the carp MyoHC gene family is developmentally regulated and that their
expression is also determined by environmental temperature. Two isoforms, types 1 and 5,
are expressed in both adult and immature carp and three, types 2, 3 and 4, are expressed
exclusively in immature carp. In situ hybridisation localised the expression of the type 2
MyoHC isoform to the developing pink muscle fibre layer in fry and 12 month old carp and
demonstrated that distinct isoforms of the MyoHC are expressed in the red and white muscle
fibres types. Types 6 and 7 MyoHC isoforms were shown to be expressed exclusively in the
white muscle fibres of adult carp which had been acclimated to a warm (28°C) temperature.
The expression of the type 7 MyoHC gene was localised, by in sifu hybridisation, to the
small diameter (10-25um) white muscle fibres which are thought to be involved in fibre
hyperplasia. The size of this gene at the genomic level was shown to be half the size of

mammalian MyoHC isoforms and this difference in size was attributed to shorter introns.
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1.1 Introduction

Three main classes of muscle have emerged during the evolution of vertebrates:
smooth, cardiac and skeletal. These main classes are adapted for specific contractile
functions, the extremes of which are exemplified by skeletal muscle, which is under
voluntary neural control and cardiac muscle, which is an electrically and mechanically
coupled tissue with an inherent genesis of contractile activity. In addition to this gross tissue
adaptation of muscle, each class of muscle also has an intrinsic adaptability and is capable
of changing its contractile characteristics in response to various functional demands imposed
during development and also during adult life (Goldspink 1985). This introduction will deal
only with aspects of myosin isoform expression in the context of skeletal and cardiac muscle

adaptability.

1.2 Muscle fibre structure

Skeletal muscle is composed of bundles of relatively enormous multinucleated cells,
known as muscle fibres, which can be up to 100um in diameter and many centimetres in
length. The sarcoplasm (cytoplasm) of the muscle fibre is densely packed with threadlike
contractile structures, about 1pm in diameter, known as myofibrils. Although the myofibrils
extend lengthwise within the muscle fibre, their prominent alternating dark and light bands
give the whole muscle fibre a striped or striated appearance. These striations arise from a
highly organised arrangement of subcellular structures within the myofibrils known as
sarcomeres which are the molecular structures responsible for muscle contraction (reviewed
by Craig, 1986).

Each sarcomere is bordered by dark narrow (0.1pum) structures known as the Z
lines, which mainly consist of the protein a-actinin (Schollmeyer et al., 1973). The Z line
bisects a lighter band of about 1pum long named the I band because it is isotropic in polarised
light. Each I band is shared by two sarcomeres (Figure 1.1). At the centre of the sarcomere
is a dark 1.6 um long A band, so called because it appears anisotropic in polarized light. The
A band itself is bisected by a less dense region called the H zone, the centre of which

14
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Niedergerke, 1954). This sliding of filaments across each other is facilitated by projections
from the myosin molecules within the thick filaments, known as cross-bridges (Huxley,
1957), which make contact with the thin filaments. The crossbridges themselves act in a
cyclic manner, attaching to actin, hydrolysing ATP, changing conformation (and thus pulling
on actin), detaching, then attaching further along the filament before repeating the cycle
(Huxley, 1969).

1.3 Muscle fibre typing

The locomotor muscles of all animals have to provide a wide range of forces and
contractile speeds ranging from sustained postural contraction to rapid bursts of maximum
speed. The solution adopted universally for these conflicting requirements has been to divide
the locomotor system into populations of different fibre types which have characteristic
contractile properties. In mammals these fibre types are arranged typically in a mosaic like
fashion throughout different muscles. In fish however, the different fibre types are arranged
in discrete anatomical locations (described in more detail in the introduction of Chapter 4).

A muscle fibre type can be defined as a group of muscle fibres which have the same
functional properties. Therefore any categorisation of muscle fibre types should ideally be
based on purely functional criteria (Dahl and Roald, 1991). However, since it is impractical
to measure the force-velocity relationships of a great number of muscle fibres (for example
Bottinelli, ef al., 1991), it has been the tradition in the past to use various histochemical
methods to try and estimate the functional characteristics of individual fibres. Two different
histochemical approaches are presently used to distinguish between different fibre types. One
method is based upon the myofibrillar actomyosin adenosine triphosphatase (ATPase)
activity whilst the other method is based upon reference enzymes of oxidative and glycolytic
metabolism.

An important milestone in the histochemical method based on myofibrillar ATPase
is the paper by Barany, (1967) which demonstrated that actomyosin ATPase activity can be
used as an indicator of contractile speed. Subsequently, it was observed that fast and slow

myosins have different alkaline and acid liabilities with the myosin of fast fibre types being

16



alkali stable, acid labile and the myosin of slow fibres being alkali labile, acid stable with
respect to ATPase activity. Several modifications of the basic ATPase assay exist and a
number of different designations of fibre types and subtypes have been introduced for
mammalian muscle, only some of which are used to any extent (for review see Pette and
Staron, 1990).

One crucial problem with the histochemical methods used in muscle studies at
present is that the classifications produced by one method are not completely compatible
with the classifications produced by another. In addition to this problem it must also be
noted that the fibre type classification schemes have been developed using relatively few
muscles from a small number of species. Therefore, a particular classification scheme may
not apply to every muscle within the same animal or during cases of altered phenotypic
expression (Pette and Staron, 1990). Moreover, the fibre classification used within one class
of animal may be inappropriate in another class, as has been demonstrated between the fibre
types of fish and mammals and also between different species of fish (Singer, 1991).

The most widely accepted classification of mammalian muscle fibres is that proposed
by Brooke and Kaiser, (1970). This method distinguishes between one slow fibre type (type
I) and three types of fast (type II) fibres (type IIA, type IIB and type IIC) based on their
ATPase activity after preincubations at three different values of pH. Subsequently an
additional subtype of type II fibres has also been described in specific muscles of some
species (Schiaffino ef al,,1989). This additional fibre type, type IIX, is widely distributed in
rat skeletal muscles and can be distinguished from ITA and IIB fibres by histochemical
ATPase activity and by the unique staining pattern of seven anti-MyoHC monoclonal
antibodies. It is possible that in earlier fibre classification studies the type IIX fibres were
erroneously classified as type IIB fibres and this may be one of the reasons why different
fibre classification systems are incompatible (Pette and Staron, 1990). Furthermore, it should
also be noted that rather than all nmscle fibres lying in three or four distinct types, it is more
likely that a continuum of fibre type hybrids exists.

The contraction rate of a muscle fibre is largely determined by the ATPase activity
of the myosin heavy chain (MyoHC) isoform or isoforms it expresses (Bottinelli ez al.,1991).
Therefore, to a first approximation, the MyoHC isoform content of the fibre is the molecular
determinant of fibre type. Different types of muscle fibre contain different isoforms of the

17



MyoHC (Reiser et al.,1988; Klitgaard ef al.,1990). Slow type I muscle fibres contain
isoforms of the MyoHC which have a low ATPase activity, whilst fast type II fibres contain
MyoHC isoforms with a high ATPase activity (Barany, 1967; Reiser ef al., 1988). However,
the MyoHC content of a fibre does not exclusively govern contractile properties, a number
of other elements such as the troponin isoforms present, the properties of the T tubule
system and the myosin light chain composition may also make a contribution (Pette and
Staron, 1990).

1.4 Polymorphism of contractile proteins

Many of the proteins present in eukaryotic organisms exist in multiple forms. These
closely related forms of the same protein are known as isoforms or isoenzymes and are very
similar in overall structure and function. However, subtle differences in structure between
members of the same isoform family give certain characteristics which optimise each isoform
for a particular application. The regulated expression of tissue specific and developmentally
regulated isoforms is essential for cell differentiation, ontogenic development and
physiological adaptation.

The diversification of protein isoforms can be brought about at several different
levels. Many protein coding genes are members of multigene families which code for closely
related isoforms such that each isoform at the protein level also has an isogene at the
genomic level. In some cases the same gene can give rise to several different protein
products by the process of alternative splicing of exons as is seen in alkali myosin light chain
and troponin gene families (Gros and Buckingham, 1987). Posttranslational modifications
can also play a role in creating protein diversification.

The contractile proteins present in muscle exist as multiple isoforms encoded by
multigene families (Syrovy, 1987; Gros and Buckingham, 1987). The existence of these
multiple isoforms not only allows a wide variation in the types of muscle present in any one
species but also facilitates a wide degree of functional plasticity within a particular muscle

allowing for adaptation to various functional needs.
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sarcomere. It contains an actin binding domain, the sites where the myosin light chains
interact and the region where the ATPase activity of the molecule is localised (Craig, 1987).
The myosin I proteins contain a region homologous to the myosin IT head but lack the
coiled-coil tail.

Early attempts to elucidate structure-function relationships of the myosin IT molecule
involved the characterisation of subdomains of the molecule based on the actions of various
proteolytic enzymes (reviewed by Lowey, 1986). Chymotrypsin cleaves the protein between
the globular head and fibrous rod domains resulting in an 800 amino acid long globular
fragment termed S1 which can be further digested into three subdomains of 23, 50 and 24
KDa respectively (see Figure 1.3). The S1 fragment alone has been shown to contain
ATPase activity and has the ability to bind actin (Balint e? al.,1978). Spudich and coworkers
(Toyoshima ef al.,1987) have also demonstrated that the S1 fragment is sufficient to
generate movement of actin in an in vitro meotility assay.

The three dimensional structure of the S1 fragment from myosin of chicken
pectoralis muscle has been recently elucidated by X-ray diffraction (Rayment et al.,1993a;b).
This three dimensional crystal structure of the S1 fragment provides the first structural
framework for understanding the molecular basis of muscle contraction and has allowed a
more detailed hypothesis of how the individual myosin, actin and ATP molecules interact
during the cross-bridge cycle.

The domain connecting the globular S1 head and the helical rod region is termed
as the "hinge" region or S2 fragment and is thought to permit and amplify the movement of
the head along actin relative to the thick filament. The fibrous rod region of the molecule
can also be isolated by proteolytic digestion and is termed light meromyosin (LMM).

In order to more closely investigate structure/function relationships within the
MyoHC molecule, much work has been done in terms of elucidating the actual amino acid
and nucleotide sequences of myosin heavy and light chains from various species. The
information generated from such sequencing endeavours revealed the complexities of
diversification within the myosin family and has also allowed some interesting phylogenetic

deductions.
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1.4.2 Isoforms of the myosin light chain

Bound to each MyoHC head are two proteins, making a total of four per myosin
molecule, known as the myosin light chains. Two classes of myosin light chain have been
characterised. The phosphorylatable, or regulatory, light chains (LC2) and the alkali or
essential light chains (LC1 and LC3). The regulatory light chains (LC2) can be dissociated
from the myosin head by treatment with 5,5-dithio-bis-2-nitrobenzoate (DTNB) whilst the
alkali (LC1 and LC3) light chains are dissociated from the myosin head by treatment with
high pH.

One of each of these two types of myosin light chain are bound to each MyoHC
head. The regulatory light chain is wrapped around the head/rod junction and the alkali light
chain is positioned more distal to this (Katoh and Lowey, 1989). The function of the myosin
light chains however remains unclear.

The regulatory light chain LC2 has a calcium binding site which can be
phosphorylated by a calcium dependent kinase and has been postulated to modulate the
contractile response (Perrie ef al,1973). The role of the alkali light chains has been
suggested to be involved with the modulation of myosin and thin filament interactions and
is therefore associated with the different contractile properties of different muscle types
(Barton et al.,1985). Using an in vitro motility assay, Lowey ef al., (1993) demonstrated
that removal of the light chains from myosin dramatically reduces the velocity at which actin
filaments are moved by the S1 molecule. It was also shown that neither of the light chains
are essential for the ATPase activity of myosin. From these data Lowey and coworkers
suggest that the globular head region of myosin alone can function as an actin activated
ATPase and a minimal motor, but that the presence of the light chains is necessary for the
transduction of the energy of hydrolysis into rapid movement.

Different muscle types have different isoforms of both the alkali and regulatory light
chains. Fast adult mammalian skeletal muscle contains two distinct alkali light chains, LC1f
and LC3f and one regulatory light chain, LC2f The LC1fand LC3f are encoded by the same
gene which is differentially spliced to give specific N-termini (Barton and Buckingham
1985). Variants of the LC1f and LC2f isoforms have been described in the superfast fibres

21



present in the jaw closing muscles of the cat (Rowlerson et al.,1981) and the dog (Shelton
et al.,1988). Pemelle et al.,(1986) have described four variants of the LC2f isoform and
three variants of the LC3fisoform in rabbit. Avian muscle is thought to contain at least three
variants of the LC1f isoform (Rushbrook ez al.,1988).

Slow mammalian skeletal muscle contains the alkali light chain LC1s and the
regulatory light chain LC2s which appear to be identical with the cardiac ventricular myosin
light chains LC1v and LC2v respectively. Indeed in the mouse and rat it has been shown that
LCl1s and LClyv are encoded by the same gene (Barton et al., 1985; Periasamy ef al.,1989a).
Variants of the slow LC1 and LC2 isoforms (LC1sa, LC1sb, LC2s and LC2') have also been
described in some species (Pinter ef al.,1981; Biral ef al., 1982; Houston ef al.,1985). The
rabbit is thought to have four variants of LC1s and three variants of LC2s (Pemelle et
al., 1986).

Embryonic isoforms of the LC1 and LC2 light chains have also been described in
human and rat (Whalen et al.,1982; Biral ef al.,1984; Pons et al.,1987).

The myosin light chains present in fish have been shown to be broadly similar to
those of mammalian muscles. The fast white fibres of fish species generally contain three
types of myosin light chain, LC1f, LC2f and LC3f whereas the slow red muscle contains two
types, LCls and LC2s (Rowlerson et al.,1985; Martinez ef al., 1989; Martinez et al., 1990
a; Martinez et al., 1990 b; s Martinez ef al.,1991). The white muscle of trout however has
been shown to be exceptional in that it also contains LCls (Rowlerson et
al. 1985).

As protein electrophoretic techniques gain higher resolution and more DNA probes
for specific myosin light chains become available, it is likely that this already complex list of
myosin light chain isoforms will become even larger in the future, revealing the full
complexities of this isoform family.

1.4.3 Isoforms of the myosin heavy chain
Although extensive polymorphisms of the myosin light chains have been shown in

a variety of species, the predominant contributor to the functional diversity of muscle fibres
is thought to be the MyoHC. Like many other contractile proteins, the MyoHCs are encoded
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by a highly conserved multigene family (Nguyen e? al.,1982). There are thought to exist at
least eight separate striated muscle MyoHC genes in mammals (Table 1.1) and as many as
31 in chicken (Robbins e? al.,1986). Gerlach et al., (1990) reported the number of MyoHC
genes present in the carp to be as many as 28. No pseudogenes have yet been identified in
any of the species studied, although the total number of MyoHC genes which have been
cloned and characterised is fewer than nine for any one species.

To date the process of alternative exon splicing has not been observed in the MyoHC
genes of vertebrate striated muscle and it is thought that in such species each individual
MyoHC isoform at the protein level is encoded by a separate gene (Wydro ef al.,1983;
Leinwand ef al.,1983). In Drosophila there are two MyoHC genes, one of which codes for
a non muscle isoform and one a muscle specific isoform which can be alternatively spliced
to give different transcripts (Rozek and Davidson, 1983; Bernstein ef al.,1983; Kiehart et
al.,1989; Kronert et al.,1991).

1.4.3.1 Structure of the MyoHC gene

In human and mouse, the family of sarcomeric MyoHC genes has been shown to be
split into two subfamilies located on separate chromosomes. Six MyoHC genes including
the embryonic, neonatal, fast and a putative extraocular gene have been shown to be located
within a 500Kb segment on chromosome 17p13.1 in the human (Yoon ef al.,1992). The
order of the genes in this cluster however does not correspond to the developmental pattern
of expression of the individual members. Similarly, the developmental and adult fast skeletal
MyoHC have been shown to be clustered on chromosome 11 in the mouse (Weydert et al.,
1985). The cardiac MyoHC isoforms (o and ) are also tandomly linked on chromosome
14 in both mouse and human where they are separated by only 4 to 5 Kb (Weydert et al.,
1985; Saez et al., 1987, Yamauchi-Takihara et al., 1989, Matsuoka et al.,1989; Qin et
al.,1990; Gulik ez al., 1991). Chicken embryonic and neonatal fast MyoHC genes have also
been shown to be linked by less than 7.5Kb (Gulick ez al., 1987).

Stedman and coworkers (1990a) presented sequence comparison data which
suggests that the mammalian slow type I (8 Cardiac) MyoHC isoform diverged from a
common ancestor of the mammalian embryonic, neonatal and adult fast genes more than 50
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human {3 cardiac gene is split into two exons in the chicken and rat embryonic genes such
that the position of the additional intron is identical in both of the latter two genes. Also, the
intron separating the final two exons of the human B cardiac (exons 39 and 40) and the rat
embryonic (exons 40 and 41) is absent in the chicken embryonic
gene. The determination of the deduced amino acid sequences of complete MyoHC
proteins from genomic and cDNA sequences has allowed the various subdomains of the
protein (reviewed by Lowey 1986) to be assigned to specific regions within the protein
sequence (Figure 1.3). The globular S1 domain, which accounts for approximately 40% of
the protem, begins at the first amino acid and ends at the proline residue at position 838 in
the rat embryonic MyoHC gene (Strehler et al., 1986). The tryptic fragments of the S1 head
of the rat embryonic MyoHC were also assigned to amino acid residues 1 to 206 (23 KDa
fragment), 207 to 633 (50 KDa fragment) and 634 to 838 (24KDa fragment). The S2 region
is encoded by approximately seven exons and covers positions 839 to 1279 and the rod
(LMM) region covers positions 1280 to 1939.

The binding and cleavage of ATP is assigned to regions within the 23 KDa of S1
with an active centre around the tryptophan residue at position 130 (Okamoto and Yount,
1985). Additional nucleotide binding sites are localised on the 50 KDa subfragment
(Jaenicke ef al., 1990). The binding of actin is thought to occur in two regions on the 50
KDa and also on the 24 K Da fragment (Jaenicke e al., 1990). The 24 KDa fragment of the
S1 head also contains two active thiol groups, termed SH1 and SH2 which correspond to
cysteines at positions 700 and 710. These groups are also thought to be important in the
ATPase activity of the molecule (Molina ez al., 1987).

Extensive sequence homology exists between MyoHC genes. This homology is
present between species as diverse as nematode and rat and is especially noticeable between
different isoforms within the same species. The sequence of the globular head region (S1)
of the molecule is more highly conserved between species than the rod region (Kam et
al.1983; Strehler ez al. 1986). Highly conserved sequences within the S1 region include the
ATP binding site, the region of the two active thiols and sequences in the 50 kD domain
thought to be involved in actin binding. Divergent regions also exist in the S1 head which
include the hinge region and the 80 amino acid N-terminal sequence (Strehler ef al. 1986).

The rod regions of both muscle and non muscle MyoHCs have a repetitive sequence

25



organisation characteristic of a helical coiled-coil proteins. All vertebrate MyoHC rod
regions sequenced to date have two common features. They all contain forty 28 residue
repeats, the first 39 of which are complete (termination of the rod region occurs within
repeat 40) (Stedman ef al. 1990), and they all contain an extra "skip" residue, the function
of which is unknown, at the end of repeats 13, 20, 27, and 35 (McLaughlin & Kam, 1983).

1.4.3.2 Adult skeletal muscle MyoHC isoforms

Investigations characterising the expression patterns of different MyoHC isoforms
in different muscle types and during muscle development have been conducted at three
levels: i) protein electrophoresis ii) immunological studies and iii) molecular biological
studies. In general, the nomenclature of the isoforms characterised by such studies in adult
mammalian skeletal muscle has followed the fibre typing nomenclature of Brooke and Kaiser
(1970). Thus the MyoHC isoform present in type IIA fibres is named HCIIa , the isoform
in type IIB fibres is called HCIIb and the isoform in type I fibres HCIL. Type IIC fibres are
thought to contain a mixture of MyoHC isoforms. The percentage of such fibres which
coexpress different MyoHC isoforms varies between species and is seen to increase under
conditions of induced fibre transformation, for example in response to chronic electrical
stimulation as described later in this introduction (Maier et al., 1988).

All MyoHC protein isoforms have a similar molecular weight and charge. Therefore,
early protein electrophoretic studies tended to have limited resolution due to comigrations
of the different isoforms. However, technical advances in protein electrophoretic techniques
have allowed several MyoHC isoforms to be distinguished. In rat adult skeletal muscle,
Termin and coworkers (1989) were able to separate four MyoHC isoforms by gradient
polyacrylamide gel electrophoresis of extracts from single fibres and whole muscle
homogenates, the electrophoretic mobilities of which are depicted in Figure 1.4. The HCIIa,
HCIIb and HCI isoforms were shown to be uniquely present in histochemically defined fibre
types ITA, IIB and I, respectively and the isoforms HCI and HCITa were shown to coexist,
in variable ratios, in type IC and IIC fibres. An additional fast MyoHC isoform with an
electrophoretic mobility between HCIIa and HCIIb was designated as HCIId because of its
abundance in fast large diameter fibres of the diaphragm. Circumstantial evidence suggests
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isoform was shown to have a 3' untranslated region and 482 nucleotides specifying the
carboxyl coding region which were 100% homologous to the 3 cardiac MyoHC isoform.
However, the skeletal clone sequence diverged from the B cardiac isoform at the 5' end.
Whether this skeletal muscle specific clone isolated by Jandreski ef al.,(1987) represents a
true human MyoHC isoform remains to be determined unequivocally, since there is a
possibility that it could have arisen through a cloning artefact. It has also been postulated
that a second slow type MyoHC gene is expressed in the rabbit tibialis anterior muscle
(Goldspink ef al.,1992). Stretch and stimulation, a condition known to transform fast fibre
types into slow fibre types (see later in this introduction), of the rabbit tibialis anterior
muscle showed an increase in the mRNA for slow type I MyoHC when Northern blots were
probed with a cDNA containing coding region of the rabbit § cardiac MyoHC gene.
However, when the same Norther blots were hybridised with a probe containing only the
3' untranslated region of the rabbit 3 cardiac MyoHC gene, no increase in message was
observed, suggesting that the slow MyoHC gene induced by stretch and stimulation is
different than the B cardiac MyoHC gene. Therefore, the nature of this second slow MyoHC
gene in rabbit appears to be different than the one proposed by Jandreski et al., (1987) in
human.

The slow tonic muscle fibres of the extraocular muscle, the tensor tympani muscle
and muscle spindles contain a slow MyoHC isoform termed HCIton (Pierobon-Bormiloi ef
al.,1980; Mascarello et al.,1982; Mascarello et al.,1983; Sartore et al.,1987) which is
different from the 3 cardiac MyoHC isoform. However, no gene sequences corresponding
to this isoform have been cloned to date.

Molecular biological techniques have confirmed many of the results obtained by
protein electrophoresis and immunohistochemistry by demonstrating the existence of
separate genes for the individual MyoHC isoforms. The best characterised mammalian
species in terms of MyoHC gene sequences is the rat and to date a total of eight separate
striated muscle MyoHC genes have been described for this species (Table 1.1).

Protein electrophoretic studies in fish species have tended to be less informative
regarding MyoHC diversity. It has long been known that fish skeletal muscle myosin is
similar in overall size and sub-unit structure to mammalian myosins, however like the

myosins present in other cold blooded vertebrates it is more unstable than mammalian
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myosin and rapidly aggregates upon storage, losing its ATPase activity (Connel, 1960).
Huriaux and coworkers (1991), using SDS-polyacrylamide gel electrophoresis, were able
to separate four distinct MyoHC proteins in adult barbel striated muscle, specific to white
muscle, the red muscle, the ventricles and the head muscles. Martinez and coworkers,
(Martinez et al.,1989; Martinez et al.,1990a; Martinez ef al.,1990b) electrophoretically
separated one MyoHC protein band in red muscle and one or two bands in the white muscle
of a variety of marine fish. However the authors also point out that these protein "bands"
do not necessarily represent a single protein isoform and that comigrations of multiple
isoforms are likely.

The genes coding for MyoHC isoforms in fish species have not been studied in any
depth to date. Gerlach ez al., (1990) isolated 28 different genomic clones which contained
MyoHC gene sequences from the carp. Partial sequencing of some of these clones (Turay,
1991) revealed conserved intron/exon structure with mammalian MyoHC genes in the
regions studied. This work, to the authors knowledge, is the only published description of
the cloning of MyoHC gene sequences from a species of fish.

1.4.3.3 Developmental myosin heavy chain isoforms

The precursors of muscle fibres are mono-nucleated embryonic mesenchymal cells
which do not themselves fuse or synthesize any of the muscle specific myofibrillar proteins.
During muscle formation these cells proliferate and differentiate into mono-nucleated
myoblasts which fuse together forming multinucleated myotubes. In mammals a biphasic
process of fibre formation is observed. The first myotubes to form are known as primary
myotubes and these provide a framework along which remaining myotubes longitudinally
orientate themselves and subsequently fuse to form the secondary myotubes. This process
leads to a "rosette" arrangement of muscle fibres with the larger primary myotubes
surrounded by smaller secondary myotubes. The difference in size between primary and
secondary myotubes gradually diminishes until the two populations are indistinguishable in
the adult. In fish this biphasic development of primary and secondary myotubes is not
observed. However, newly formed small muscle fibres in the later stages of development

have been shown to be immunohistochemically different from more mature fibres (Akster,
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Table 1.1 Mammalian striated muscle myosin heavy chain isoforms characterised to date

Myosin Rat G |C Human G |C Mouse G |C Rabbit G C
Isoform
Neonatal Periasamy et al., (1984) P | Karsch-Mizrachi et al.,(1990) F Weydert et al., (1985) P Jaenicke' Z34887 P
Embryonic Strehler et al., (1986) |F |F Stedman et al.,(1990) F Weydert et al., (1985) P N/A
o Cardiac McNally et al., (1989) F Matsuoka et al (1991) F |F Quinn-Laquer et al (1992) F | Kavinsky et al., (1984) P
B Cardiac Kraft et al., (1989) F Jaenicke et al.,(1990) F |F Rindt ez al., (1993) P Kavinsky et al., (1984) P
HCIIa DeNardi et al., (1993) P Ennion' Z32858 P N/A P N/A
HCIIb DeNardi et al., (1993) P N/A Weydert et al., (1983) P | Maedaeral, (1987)° P
w
< HCIIX/TId DeNardi et al., (1993) P | Saezand Lienwand (1986)* |P Parker-Thornberg et al.,(1992)* |P N/A
Extraocular | Wieczorek et al., (1985) P N/A N/A N/A

1. Nucleotide sequence not published. EMBL accession number for sequence is as shown.

2. The sequence was not attributed to a specific fibre type at the time of publication. However later comparison with the Rat ITX sequence (DeNardi et al., (1993) showed a high homology
within the 3' untranslated regions of these genes leading the authors to propose that the human and mouse sequences are homologous to the rat IIX gene.

3. Sequence not designated to a particular fibre type in original publication. However the 3' untranslated region of this sequence shows very high homology to the rat IIB gene.

Key: G= Genomic sequence. C= cDNA sequence. F= Full gene sequence in Database. P= Only a partial sequence in Database. N/A= Gene not yet isolated.

Note: More than one publication may record the same gene. The references given in this table represent the largest continuous stretch of sequence present in the EMBL database at the time

of writing or the reference where the gene has been assigned to an actual isoform.



1983; Rowlerson ef al., 1985).

During the development of muscle fibres a complex pattern of MyoHC isoforms are
expressed. In the rat and human, the primary muscle fibres initially express the embryonic
(Molina et al., 1987, Eller et al.,1989; Karsch-Mizrachi ef al.,1989; Strehler ef al.,1986),
neonatal (termed perinatal in human) (Periasamy ef al.,1984; Feghali and Leinwand, 1989;
Karsch-Mizrachi et al.,1989; Weydert ef al.,1987) and the slow 3 cardiac (Barbet ef
al.,.1991; Narusawa et al.,1987) MyoHC isoforms, but none of the fast MyoHC isoforms.
The secondary fibre population of myotubes express embryonic, neonatal, and fast MyoHC
isoforms in a very heterogeneous manner, but never the slow twitch MyoHC isoform (at
least in humans) (Barbet et al.,1991). Later in embryonic development (at about 35 weeks
gestation in the human) the expression of embryonic isoform decreases and shortly after
birth the expression of the neonatal isoform also disappears. Concomitantly with the
elimination of the embryonic and neonatal isoforms, the adult slow and fast MyoHC
isoforms begin to be expressed predominantly as the muscle begins to take on its adult
phenotype. Also at this stage, certain fibres cease to express the slow 3 cardiac isoform and
begin to express the adult fast isoforms (Barbet et al., 1991).

Immunological studies, (Hughes et al.,1993a) suggest that there at least three
different slow MyoHC isoforms expressed during development in humans and rats, thus the
above account of MyoHC switching during development is probably oversimplified. A
second embryonic MyoHC isoform has also been described in chicken skeletal muscle
(Hofmann e al.,1988), suggesting that MyoHC isoform switching during development is
more complex in this species.

The specific factors controlling the transition from embryonic/neonatal isoforms to
adult isoforms are not known. Russell ez al., (1993) found that developing fibres of the rat
hind limb muscle consisted of two populations which exhibited different responses after
denervation at birth regarding the disappearance of neonatal MyoHC and the accumulation
of adult fast MyoHC isoforms. From these results, the authors postulate that fibres
containing neonatal MyoHC in rat hind limb muscles at birth are already preprogrammed to
accumulate either the adult fast ITa or IIb MyoHC isoforms and that the neonatal to adult
MyoHC transitions occurring in these two fibre populations are controlled by different

mechanisms.
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Expression of the embryonic and neonatal isoforms is not restricted to stages of
development. Adult muscle has also been shown to express these isoforms in certain
circumstances, for example in regenerating muscle, denervated muscle, dystrophic muscle
and in thabdomyosarcomas (Sartore ef al.,1982; Sartore ef al.,1987; Cerny and Bandman,
1987; Harris et al.,1989; Rushbrook ef al.,1987). Some normal adult muscles also express
the developmental isoforms, for example extraocular muscles, intrafusal fibres and the
masseter muscle (Wieczorek et al.,1985; d'Albis et al., 1986, Rowlerson ef al.,1985)

The fact that the so called embryonic and neonatal MyoHC isoforms are also, in
some cases, expressed in adult skeletal muscle and that both cardiac MyoHC genes are also
expressed in skeletal muscle suggests that a future revision of the nomenclature of MyoHC

isoforms is necessary.

1.4.3.4 Cardiac myosin heavy chain isoforms

Two distinct isoforms of the MyoHC are expressed in mammalian heart: the o and
B MyoHC:s. These two isoforms can exist as dimers within the same myosin molecule, two
o MyoHCs form a homodimer called V1, one o and one § MyoHC form a heterodimer
called V2 and two § MyoHCs form a homodimer called V3 (Morkin, 1993).

Expression of the two cardiac MyoHC genes varies during development with the 3
isoform predominating in the myocardium of embryonic mammals (Lompre ef al.,1984).
After birth, rodents rapidly switch to a predominance of o MyoHC expression in the
ventricles and atria (Lompre ef al., 1984) and this expression pattern continues through adult
life. However, in senescent rats the 8 MyoHC isoform has been reported to reaccumulate
to as much as 80% of the total MyoHC (Schwartz et al., 1992). In large mammals the 3
isoform predominates through all stages of development and is expressed mainly in the
ventricles with minor amounts in the atria whereas the o MyoHC is expressed mainly in the
atria with minor amounts in the ventricles (Gorza et al.,1984). The rat o cardiac MyoHC
gene has only a small number of nonidentical amino acids with the rat B cardiac gene (131
of 1938), yet these differences account for the characteristic differences in ATPase activity
and other biochemical properties observed between these two isoforms (McNally et
al.,1989).
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The expression of both o and B cardiac MyoHC genes is regulated by thyroxine
(Sinha et al.,1982; Everett et al.,1983) and increased haemodynamic load (Gorza et
al.,1984).Treatment with thyroxine increases the predominance of the o MyoHC isoform
in the ventricles, whereas hypothyroidism reverses the relationship causing a reduction in
the o isoform mRNA (Everett et al.,1984).

The rat o cardiac MyoHC gene has been shown to have three different
polyadenylation sites downstream from a single polyadenylation signal (Sindhwani et
al.,1994). Hypothyroid rats show a significant increase in the proportion of the longest and
a decrease in the shortest mRNA transcripts however, the functional significance of this
phenomenon remains unclear. Sindhwani et al.,(1994) also demonstrated the existence of
an alternative splice site at position 1931 of the rat o MyoHC gene resulting in either the
inclusion or exclusion of a glutamine amino acid, the significance of which is also unknown.

With regards to myosin isoforms present in fish cardiac muscle, studies in the
literature are comparatively few. Using protein electrophoresis, Huriaux et al.,(1991)
demonstrated the existence of a distinct MyoHC protem in the ventricles of barbel. Martinez
et al.,(1991) found that the ventricles and atria of Arctic charr each contain a distinct myosin
protein. These two isoforms did not appear to differ in their light chain content but were

shown to have distinct MyoHC proteins by electrophoresis and V8 protease mapping.

1.5 Factors modulating MyoHC isoform expression

Fully differentiated muscle fibres have a potential for plasticity and can respond to
altered functional demands with specific adaptive changes. The expression of varying
proportions of the MyoHC isoforms plays a major role in facilitating the plasticity of skeletal
muscle and a variety of stimuli, including altered patterns of innervation, mechanical

overload and hormonal signals have been shown to affect their expression.

1.5.1 Innervation

Each different muscle fibre type of vertebrate skeletal muscle is innervated by an

appropriate type of motor neuron. Hence, fast muscle fibres are innervated by motor
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neurons that discharge in high frequency bursts interspersed with long quiescent periods,
whereas slow fibres are innervated by motor neurons that are activated at a relatively
constant low frequency associated with prolonged postural movements. The fundamental
questions of how muscle fibre types form and become innervated by the appropriate motor
neurons during development and how altered patterns of innervation can affect fibre
phenotype have been the focus of much research over recent years.

With regard to the formation of fibre type diversity during development, it was
mitially thought that the activity pattern of the innervating motor neuron dictated phenotype
(Gambke et al.,1983; Rubinstein and Kelly, 1981). However, innervation alone is now
known to be insufficient to account for fibre type diversity since it has been shown that
different fibre types form during early embryonic development in the absence of interactions
with motor neurons (Condon e? al., 1990; Harris et al., 1989). Hence, the information
required for the formation of specific motor units must be carried, at least in part, by the
muscle cells themselves. Indeed, it has been shown that there are multiple types of
intrinsically different myoblasts which give rise to different muscle fibre types in the absence
of mnervation (reviewed by Miller, 1991). Whilst the role of myoblast lineage is likely to be
important in establishing the initial fiber type pattern, subsequent postnatal development is
independent of cell lineage and extrinsic signals override any pre-programmed patterns of
gene expression (Hughes and Blau, 1992).

In the later stages of development some aspects of fibre diversification and muscle
formation are profoundly affected by a lack of innervation. Therefore, whjist the early stages
of myogenesis are largely independent of innervation, continued growth and refinements of
fibre diversification is dependent on the appropriate motor innervation.

Skeletal muscles of the adult respond to denervation in a complex and tissue specific
manner with regard to MyoHC isoform expression. While proportions of slow type I and
fast IIb MyoHC proteins decrease in the rat soleus and extensor digitorum longus muscles
after denervation, the proportion of the fast Ila MyoHC isoform increases (Jakubiec-Puka
et al.,1990). Thus it would seem that the expression of the ITb MyoHC is more susceptible
to lack of innervation than the Ila MyoHC.

Cross-mnervation experiments where the nerves of fast muscles have been surgically

transferred to innervate the slow soleus muscle have also been used to investigate the role
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of innervation in determining fiber types in the rat (Thomas and Ranatunga, 1993). In such
experiments the complement of slow type I fibres decrease whilst the complement of fast
type II fibres increase in the re-innervated soleus. Furthermore, it was shown that the type
of fast muscle nerve used to cross-innervate the soleus is important in determining the type
of transformation. The Extensor digitorum longus nerve, unlike the peronus longus nerve

produces a significant increase in the type ITa MyoHC content of the re-innervated soleus.

1.5.2 Chronic electrical stimulation

In recent years the effects of chronic electrical stimulation have been studied
extensively as a method of inducing specific changes in muscle properties (for review see
Pette and Vrbova, 1992). Chronic artificial stimulation bypasses the central nervous system
activating all motor units equally, thus unlike the case of exercise induced stimulation where
the motor units of many muscles are activated in a graded hierarchial manner, chronic
stimulation allows the study of separate muscles which are less likely to be influenced by
other changes in the body which are caused by training. Indeed chronic stimulation of
skeletal muscle, especially when combined with passive stretch, is capable of evoking
changes which exceed those induced by other forms of increased contractile activity and has
thus provided information of the maximal extent of stimulation induced muscle plasticity
(Goldspink ef al., 1992).

Chronic electrical stimulation at a frequency of 10Hz converts the predominantly fast
twitch extensor digitorum longus (EDL) and tibialis anterior (TA) muscles of the rabbit into
slower contracting ones (Salmons and Vrbova, 1969). These changes manifest themselves
as an increase in the time to peak twitch tension and half relaxation times, a decrease in the
maximum rate of tetanic tension development and an increased resistance to fatigue. Many
factors are involved in changing these contractile characteristics including the capillary
supply to the muscle, which is increased upon chronic stimulation, the Ca**- regulatory
system, energy metabolism, changes in numbers of mitochondria and changes in the
myofibrillar apparatus. This brief overview will only deal with stimulation induced changes
in the MyoHC content of the myofibrillar apparatus.

Myofibrillar ATPase histochemistry and immunocytochemistry with monoclonal anti-
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MyoHC antibodies has revealed stimulation induced increases in the number of slow type
1 fibres in fast muscles of a variety of species including rabbit, cat, sheep, goat, and human
(Pette and Vrbova, 1992 and references therein). Moreover the conversion of a muscle
containing predominantly fast IIB fibres to one which contains predominantly slow type I
fibres appears, at least in the rabbit, to be facilitated by a sequential change in fibre types
from type IIB — type IID —> type IIA —> type I with transient intermediate fibres occurring
between each main type (Pette and Vrbova, 1992). However, it should be noted that such
stimulation induced changes of fast to slow phenotypes are species dependent. The rat is
thought not to show an increase in slow type I fibres in the EDL and TA muscles even after
prolonged chronic stimulation (Termin ef al.,1989). In this species, stimulation induced
changes in fibre populations of fast muscle types are restricted to a rearrangement of the fast
fibre subtypes such that a type IIB — type IID — type IIA transition occurs. During this
transition an increase in the numbers of hybrid fibres is observed (Termin ef al.,1989a;
Termin ef al.,1989b). In contrast to these findings, Mayne e? al.,(1993) did show an increase
of the slow type I MyoHC isoform in chronically stimulated rat hind limb muscle however,
the fast MyoHC isoforms were also still expressed. In the mouse TA muscle, no such
dramatic changes in fibre type populations are observed after chronic stimulation (Pette and
Vrbova, 1992).

The changes in fibre types induced by electrical stimulation are facilitated by
corresponding changes in the expression of MyoHC isoforms. Peptide cleavage studies
(Hoffiman ef al., 1985) and electrophoresis of MyoHC isoforms (Staron et al.,1987) have
demonstrated changes from fast to slow MyoHC protein isoforms in chronically stimulated
fast muscles. These changes in MyoHC protein isoforms are facilitated by alterations in the
levels of expression of the respective MyoHC isogenes. The use of specific MyoHC probes
in S1 nuclease mapping assays, (Kirschbaum et al., 1989; Kirschbaum ef al., 1990) and in situ
hybridisation studies (Aigner and Pette, 1990) have revealed changes in mRNA levels for
the various MyoHC isoforms in response to chronic stimulation. In the stimulated rat EDL
and TA muscles a rapid decrease in type IIb MyoHC mRNA is observed after two days of
stimulation which decreases to almost undetectable levels after seven days. The opposite
change occurs with the type Ila mRNA which rapidly increases over the same period

(Kirschbaum e al.,1989). At the time these experiments were carried out, no sequence
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information of the rat IIX MyoHC gene (Denardi ef al.,1993) was available.

In addition to these fast to slow changes of skeletal muscle induced by electrical
stimulation, the soleus, a predominantly slow muscle, can be induced to change to a
predominantly fast muscle by direct phasic high frequency pattemn of stimulation (Gorza et
al., 1988). In this study, the transition from fibres containing predominantly the slow type
I MyoHC isoform to fibres containing predominantly fast isoforms was demonstrated
immunocytochemically. Subsequently the fast MyoHC containing transformed soleus muscle
fibres were shown to contain the type 2X MyoHC (Schiaffino et al.,1988; Schiaffino et
al., 1989).

It has been hypothesised that the motor impulse pattern, i.e. low frequency repetitive
stimulation, is responsible for slow muscle type phenotypic expression (Pette and Vrbova,
1992). However, it has been shown that higher frequency stimulation with 30Hz (Ferguson
et al.,1989) or 60Hz (Sreter et al., 1982) stimulation was more effective in transforming fast
muscles into slow muscles than low frequency (10Hz) stinmlation. An alternative hypothesis
proposed by Goldspink and coworkers (Goldspink e al., 1991; Goldspink e? al.,1992) is that
rather than impulse frequency per se governing the slow fibre type phenotype, it is those
stimulation regimes that cause maximal force generation, particularly when’ }qmbmed with
stretch, that are responsible for the slow phenotype expression. Hence, muscle fibres stay
phenotypically fast unless they are subjected to stretch and isometric force development.
When the muscle is not subjected to stretch or force generation, the fast MyoHC genes,
particularly the fast ITb MyoHC gene is expressed by default.

1.5.3 Mechanical stimuli
1.5.3.1 Work overload

Muscle is a tissue in which mechanical signals play an important role in regulating
gene expression. The removal or tetonomy of synergistic muscles has been used as an
experimental model to study work-overload induced changes in skeletal muscle (Morgan

and Loughna, 1989; Periasamy et al., 1989; Gregory e al.,1990; Leferovich et al.,1991). In

such experiments the intact muscle, which is subjected to work overload, undergoes a rapid
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hypertrophy which is associated with alterations in the proportions of the MyoHC genes
expressed. The expression of the fast Ila MyoHC gene is increased in the fast-twitch
plantaris and decreased in the slow twitch soleus during work overload hypertrophy in the
rat (Periasamy et al., 1989; Morgan and Loughna, 1989). Expression of the fast ITb MyoHC
isoform however, decreases markedly in both muscles. Results regarding the expression of
the slow type I isoform are contradictory. Periasamy et al., (1989) showed an increase in
slow type I MyoHC mRNA in both fast (plantaris) and slow (soleus) skeletal muscles of the
rat during work overload induced hypertrophy with the increases being more pronounced
in the plantaris (+310% after 11 weeks) than the soleus (+27% after 11 weeks). In contrast
to this, Morgan and Loughna (1989), in an almost identical experiment, found no significant
increases in the level of slow type I mRNA in either muscle. However, the time course of
20 days used by Morgan and Loughna may have been too short to observe changes in the
levels of slow type I mRNA which were shown to peak after 11 weeks by Periasamy ef al.,
(1989).

Experiments investigating the effects of work overload on neonatal rat muscle,
(Leferovich et al., 1991) have also shown increases in the expression of slow type I MyoHC
in the soleus and plantaris muscles. However this response is tissue specific since work
overload of the extensor digitorum longus (EDL) muscle did not alter the normally
occurring developmental decline of slow type I MyoHC in this muscle. Also, whilst
mechanical overload in the rat neonate was shown to modulate the rate of progression of
maturational adjustments in MyoHC expression it did not change the overall course of
development. Hence, in the work-overloaded soleus muscle of the rat neonate, slow type
I MyoHC expression is accelerated so that expression of this isoform is significantly above
controls at 30 days. By 60 days however, the proportion of slow type I in control rat

neonate soleus was the same as in the overloaded muscles.
1.5.3.2 Stretch and disuse
Immobilisation of limbs in both lengthened and shortened positions produces muscle

specific responses with regards to MyoHC isoform expression. Immobilisation in the

shortened position causes a rapid induction in the expression of the fast Ilb MyoHC gene
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in the rat soleus muscle but not in the plantaris or gastrocnemus muscles (Loughna et
al.,1990). When immobilisation is in the lengthened position, a significant reduction in the
expression of the IIb MyoHC gene is observed in fast muscles and no rapid induction of the
IIb MyoHC in the soleus is observed. Expression of the slow type I MyoHC gene in the rat
soleus is not affected by immobilisation in the shortened position but expression is much
reduced after immobilisation in the lengthened position (Loughna ef al.,1990; Goldspink ef
al.,1992). In contrast to this, expression of the slow type I MyoHC in the plantaris and
gastrocnemus muscles, is reduced to undetectable levels by disuse in the shortened position.
Passive stretch however, prevents this reduction in the plantaris muscle and causes an
accumulation of slow type I MyoHC mRNA in the gastrocnemus. The effects of passive
stretch on the fast Ila MyoHC gene are very similar to those of the slow type I in that when
compared to control levels, the amount of Ila MyoHC mRNA is increased in the
gastrocnemus and plantaris and reduced in the soleus. Similarly, immobilisation in the
shortened position causes a reduction in the level of IlTa MyoHC expression in the plantaris
and gastrocnemus muscles and causes no detectable change in the soleus.

When passive stretch is combined with electrical stimulation, these two stimuli have
a synergistic effect (Goldspink ef al., 1992). Increases of up to 30% wet weight were
recorded in the TA muscle of rabbits subjected to passive stretch and electrical stimulation
for four days. This dramatic hypertrophy was accompanied by a concurrent increase in the
expression of the slow type I mRNA and a decrease in the fast MyoHC mRNAs. The
increase in type I MyoHC gene expression observed with stretch and stimulation is far more
rapid than those changes observed with cross-innervation, chronic electrical stimulation or

work overload.

1.5.4 Thyroid hormone

The multigene family of sarcomeric MyoHCs respond to thyroid hormone in a highly
tissue specific manner. Izumo et al., (1986) investigated the effects of thyroid hormone on
the expression of six separate MyoHC genes in seven different muscles of the rat. It was
shown that all six MyoHC genes investigated are responsive to thyroid level and that the
same MyoHC gene can be regulated by thyroid hormone in highly different modes, even in
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opposite directions, depending on the tissue in which it is expressed. Furthermore, the
embryonic and neonatal MyoHC isoforms can be reinduced by hypothyroidism in specific
adult rat muscles. In general, hyperthyroidism either increases the mRNA level of the fast
MyoHC isoforms or decreases the mRNA level of the slow 3 cardiac MyoHC isoform whilst
hypothyroidism brings about the opposite changes.

In euthyroid rats there is little or no expression of the 3 cardiac MyoHC gene in the
heart. Hypothyroidism however, causes a dramatic induction of this gene in the ventricles
and a less pronounced induction in the atria. Hypothyroidism does not cause a significant
induction of the B cardiac MyoHC gene in the soleus muscle and diaphragm, where
expression is already high. Hyperthyroidism however causes a decrease in the expression of
this gene in these muscles, indicating that normal physiological levels of thyroid hormone
are capable of suppressing the expression of the B cardiac MyoHC gene in rat heart but not
in the soleus or diaphragm. The expression of the a cardiac MyoHC gene is independent of
thyroid hormone in the atrium but highly dependent of thyroid hormone in the ventricle
where it is significantly reduced by hypothyroidism.

The fast lla MyoHC gene exhibits a particularly striking response to changes in
thyroid hormone in the rat. Generally the fast Ila MyoHC gene is up-regulated by thyroid
hormone in slow twitch muscles and down regulated, with different degrees of sensitivity,
in fast twitch mmscles. The fast ITb MyoHC gene is responsive to thyroid hormone in some
muscles, for example the soleus, masseter and diaphragm where hypothyroidism decreases
its expression and hyperthyroidism slightly increases its expression, however, in other
muscles the ITb MyoHC gene does not respond to thyroid hormone level.

Given this complex regulation of MyoHC gene expression i different muscle tissues,
the question of how thyroid hormone exerts its effects on gene expression arises. Whilst the
complex signal transduction pathways affecting MyoHC gene expression are largely
unknown, recent studies have shed some light on how thyroid hormone effects transcription
of the o cardiac MyoHC gene in heart (Morkin, 1993). The known nuclear effects of thyroid
hormone are mediated by DNA binding proteins which belong to the c-erbA / retanoic acid
receptor family of transcription factors (Yu et al.,1991; Glass ef al.,1989). Moreover,
thyroid responsive elements have been identified within the 5' flanking region of the o
cardiac MyoHC gene (Flink and Morkin, 1990; Markham et al., 1987, Tsika ef al.,1990) and
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have been shown to be necessary for transcriptional activation by thyroid hormone using
deletion and mutagenesis studies in cultured cardiac cells (Ojamaa and Klein, 1993). There
is also evidence for the existence of a negatively acting thyroid responsive element in the 8
cardiac MyoHC gene 5' flanking region (Morkin, 1993). Additional interactions between
thyroid hormone and steroid hormones at both cellular and molecular levels are likely to play
an important role in the overall pattern of MyoHC gene regulation in the heart and skeletal
muscles (Morkin, 1993).

1.5.5 Transcription factors

The members of the MyoD family of transcription factors (MyoD1, myogenin, myf5
and MRF4) contain a structural motif termed the helix-loop-helix (HLH) and following
dimerisation with other HLH proteins bind to specific DNA sequences in the promoter
region of muscle specific genes, regulating their expression. This family of transcription
factors play an important, but as yet not fully understood, role in muscle fibre differentiation
(Weintraub ef al.,,1991) and it has been suggested that each member of the family regulates
a different subset of muscle specific genes and contributes to the formation of different types
of fast and slow muscle fibres (Miller, 1991). Myogenin, MyoD and myf5 have also been
shown to be present in a species of electric fish (Torpedo californica) where they are
expressed in both skeletal muscle and the electric organ (a skeletal muscle homolog) (Neville
and Schmidt, 1992).

Whether the MyoD family of helix-loop-helix proteins play a role in maintaining the
distinct patterns of gene expression in the fibre types of the adult remains to be established.
Hughes et al.,(1993b) have shown that MyoD and myogenin mRNAs selectively accumulate
m hind limb muscles of the adult rat such that MyoD is prevalent in fast twitch muscles and
myogenin in slow twitch muscle. Moreover, the distribution of MyoD and myogenin
transcripts within a single muscle were also shown to correlate with areas of fast glycolytic
and slow oxidative muscle fibres respectively. This, together with the fact that alterations
of the fast/slow fibre type distribution by thyroid hormone treatment or by cross-innervation
resulted in a corresponding alteration in the MyoD/myogenin mRNA distribution, led
Hughes and coworkers to hypothesise that MyoD and myogenin may be regulatory
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molecules involved in the mechanisms whereby the stimuli described previously in this

chapter are integrated to allow functional adaptations in adult muscle fibres.
1.6 Aims

A major determinant of the contractile characteristics of a skeletal muscle fibre is the
MyoHC isoform content. Hence, polymorphisms within the MyoHC family play a major role
in determining the locomotor ability of an organism. Whilst much work has been carried out
characterising the MyoHC isoform family in mammals and chicken, comparatively little
work has been done to characterise the MyoHC isoforms present in fish species. The
functional demands placed on the locomotor musculature of fish species differ in many ways
from those of terrestrial animals, not least, the temperature range over which the muscle has
to function. Therefore, as well as allowing interesting éross species comparisons, further
information regarding MyoHC polymorphism in fish would also provide a valuable insight
into the molecular mechanisms employed by fish in muscle adaptation during development
and in adult life.

The carp (cyprinus carpio) was chosen as an experimental animal since this species,
like many other cyprinids, has a remarkable ability to adapt the contractile characteristics of
skeletal muscle in response to seasonal changes in environmental temperature (described in
more detail in Chapter 5). Earlier attempts to elucidate MyoHC polymorphisms in fish
species at the protein electrophoretic level have had minimal success due to an inherent
instability of fish myosin and similar overall charge and mass of the isoforms leading to
comigrations. It was therefore decided to conduct this investigation of MyoHC
polymorphism in carp at the level of MyoHC gene expression. The initial aim of this work
was to obtain specific gene probes for individual isoforms of the MyoHC in carp. Once
isolated these probes were used to investigate tissue specific, developmental and

adaptational expression patterns of MyoHC isoforms in carp.
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Chapter 2
Isolation of specific probes for individual isoforms of

the carp myosin heavy chain gene.
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2.1 Introduction

The first MyoHC gene to be sequenced completely was the unc-54 gene of
nematode (Caenorhabditis elegans) (Kam et al.,1983). cDNA clones encoding this gene
were prepared from mRNA enriched for MyoHC transcripts by size selection (MacLeod et
al.,1981). Putative MyoHC cDNA clones were then selected by hybridisation to mRNA
from nematodes with a mutant unc-54 gene which produces shortened unc-54 transcripts.
Deduced amino acid sequence from the cDNA clones isolated confirmed that they encoded
a protein homologous to existing published MyoHC protein sequences. A nematode
genomic library was then screened with a cDNA clone containing the unc-54 transcript
allowing sequencing of this gene at the genomic level.

Rat skeletal muscle MyoHC gene sequences were first obtained from L6E9 cells, a
subclone of the L6 rat myogenic cell line, by Medford et al.,1980. In the differentiated
myotubes from this cell line 50% of the RNA transcripts present are from MyoHC genes.
Medford et al., (1980) isolated polysomal RNA from such differentiated cells and further
enriched for MyoHC transcripts by size fractionation with sucrose-gradient density
centrifugation. The 26S region of this gradient was shown to be highly enriched for MyoHC
transcripts by cell free translation experiments and was subsequently used for cDNA
synthesis and cloning. A recombinant DNA plasmid, designated pMHC25, isolated by such
cloning was subsequently shown to contain a rat skeletal muscle MyoHC gene. The identity
of the MyoHC sequence insert in pMHC25 was determined by muscle tissue specificity,
inhibition of MyoHC protein synthesis in vitro by hybrid-arrested translation, and
hybridization to a 33S cytoplasmic mRNA found only in differentiated muscle cells.

A third strategy which has been successfully used to obtain MyoHC sequences is to
raise polyclonal antibodies against the MyoHC protein and then screen cDNA expression
libraries for positive clones, for example, DeLozanne ef al.,1985; Eller ef al.,1989; Stedman
et al.,1990; Sun & Chantler, 1991; Nyitray ef al., 1991 and Moore ef al.,1992.

Once regions of nucleotide sequence for MyoHC genes had been isolated, these
gene fragments could be used to probe cDNA and genomic libraries from a variety of
species and most of the sequences in the literature to date have been isolated in this way

(Robbins ef al., 1986, Feghali & Leinwand, 1989; Yamauchi-Takihara ef al., 1989; Bober et
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al., 1990; Karsch-Mizrachi ef al., 1990 and Babij et al.,1991).

As previously described in Chapter 1, the sarcomeric MyoHCs show a high degree
of sequence homology both between and within species. Comparisons of the light
meromyosin nucleotide sequences of five members of the chicken fast MyoHC family
showed that extremely high homology exists within this family (Moore ef al.,1992). All of
the chicken sequences studied showed greater than 90% homology to each other and two
of the most similar isoforms shared complete nucleotide identity in two regions of over 250
base pairs. The high sequence homology between MyoHC isoforms means that nucleotide
probes to be used for the characterisation of the expression patterns of different isoforms
within the same species have to be chosen with great care. Large probes which cover coding
region of the gene have been shown to cross hybridise to a number of MyoHC isoforms
within the same species (Eller ez al., 1989; Stedman et al., 1990) and are therefore of limited
use in determining the expression pattemns of individual isoforms. The 3' untranslated region
(3'UTR) of the gene however shows considerable divergence between isoforms since in this
region the evolutionary pressure to maintain protein sequence is removed. The 3' UTRs of
MyoHC genes from a variety of species have been used extensively in hybridisation
experiments to characterise the expression of individual isoforms ( Morgan and Loughna,
1989; Sutherland et al., 1991; DeNardi ef al., 1993).

The aim of the work presented in this chapter was to isolate 3'UTRs from carp
MyoHC isoforms. Once subcloned these regions could be used as gene specific probes to
facilitate the characterisation of the expression patterns of different MyoHC isoforms in
carp. Gerlach et al., (1990) isolated 28 MyoHC A clones from a carp genomic library by
hybridisation with two rabbit cDNA clones; pMHC[174 which is a slow MyoHC specific
probe and pMHC20-40 which is a fast MyoHC specific probe. Turay (1991) sequenced
various randomly chosen fragments derived from these carp genomic A clones and generated
partial sequence information for coding regions of carp MyoHC genes. One of these
sequenced fragments, a 1.1 Kb Hind III fragment from the clone AFG2, yielded sequence
data from intron 39 and part of exon 40, the penultimate exon of the gene. This fragment
was therefore a good starting point for the current study as it was likely to contain the 3'
untranslated region of that particular isoform and the exon 40 sequence isolated from this

clone could possibly be used to locate 3' sequences from other myosin A clones by Southern
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hybridisation.

2.2 Materials and methods

2.2.1 Genomic Bacteriophage A clones

Lysates from twenty eight different bacteriophage A clones (A 2001) which
contained carp MyoHC gene sequences were a kind gift from Gerlach et al., (1990).

2.2.2 Preparation of bacteriophage A DNA

Titration of bacteriophage A lysate stocks and small scale bacteriophage A DNA
preparations were performed according to Maniatis et al.,(1989). Large scale, high purity,
A DNA preparations were made by a modified version of the method described by Reddy
et al.,(1987) as follows:

A single colony of the E. coli strain NM539 was grown overnight in 100ml of LB
medium supplemented with 0.2% (w/v) maltose and 10mM MgSO,. Lysates of the A phage
clones were diluted in SM buffer (10mM Tris HCI pH 7.4, 10mM MgSO, and 0.01% (w/v)
gelatin) to give 0.5 x 10° PFU /ml and 1 ml of this dilution was added to 5 ml of the
overnight culture and incubated at 37°C for 20 minutes to allow the phage particles to
adsorb to the E. coli cells. Prewarmed LB medium (250 ml) supplemented with 10mM
MgSO, in a 2 litre Erlenmeyer flask was then inoculated with the phage/E.coli mixture and
grown at 37°C. Growth of the culture was monitored by measuring the optical density at
600nm. After lysis had occurred, about 4-5 hours later, 1.25 ml of chloroform and sodium
chloride crystals, to a final concentration of 0.5 M, were added and the culture incubated
for a further 10 minutes. Cell debris were then removed from the lysate by centrifugation
at 6000g (4°C) for 30 minutes. Polyethylene glycol (PEG) M.W 8000, was added to a
concentration of 10% (w/v) and the solution stirred at room temperature until the PEG had
dissolved. The lysate was then incubated on ice for 1 hour followed by centrifugation at
6000g (4°C) in order to precipitate the phage particles. The pellet of phage particles was
then gently resuspended in 5 ml of TM buffer (50 mM Tris HC1pH 7.5, 10 mM MgSO,)and

46



extracted with one volume of chloroform by centrifugation at 2000g for 10 minutes. The
PEG solution was back extracted with a further 2.5 ml of TM buffer and the two aqueous
phases combined. The phage suspension was then applied to a 1.5 x 30 cm DEAE-cellulose
column (prepared according to the manufacturers instructions) and the phage particles
eluted with 35 ml of TM buffer. Alliquots of 1ml fractions collected from the column were
then screened by agarose gel electrophoresis in order to determine which fractions contained
the phage particles (5pl of fraction, 2pl of 0.1M EDTA , 2l of 2% (w/v) SDS and 1pl 10x
DNA gel loading buffer were mixed and run on a 0.7 % agarose gel in TBE buffer). The
purest fractions were combined and NaCl added to a final concentration of 400mM.
Isopropanol was added (40% of iitial volume) and the solution was incubated at -20°C for
15 minutes. After centrifugation at 6000 x g (4°C) for 10 minutes, the pellet of phage
particles was resuspended in 1ml of TE buffer, phenol chloroform extracted, ethanol
precipitated and the resulting A phage DNA dissolved in 500u1 TE buffer (10mM Tris-HCI,
1mM EDTA, pHS.0)

2.2.3 Restriction endonuclease mapping of A clones

Restriction endonuclease enzymes were obtained from the following commercial
sources: Amersham International, Boehringer Mannheim, Northumbria Biologicals,
Promega and Pharmacia. Restriction digests were carried out to completion according to
the manufacturers recommendations and products analysed by both agarose (0.6% in TBE
buffer) and polyacrylamide (8% 19:1 acrylamide : bis-acrylamide in TBE buffer) gel

electrophoresis.
2.2.4 Transfer of DNA to Nylon membranes

Restriction endonuclease digested A and plasmid DNA were transferred from
agarose gels to positively charged nylon membranes (Zeta-probe GT) by alkaline capillary

transfer according to the manufacturers instructions (BIO-RAD). DNA was fixed to the
nylon membrane by baking at 80°C for 2 hours.
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2.2.5 Radionucleotide labelling of DNA probes

DNA probes larger than 300 base pairs were labelled with o-**P dCTP (3000
Ci/mmol) (Amersham International) by the random priming method described by Feinberg
and Volgstein, (1983).

For DNA probes smaller than 300 base pairs a "specific priming" method was used
to incorporate a-*’P dATP (3000 Ci/mmol) (Amersham International). The DNA to be
labelled was excised from the vector DNA with restriction endonucleases in such a way that
a portion of polylinker was left attached to the 3' end. This area of polylinker contained one
of the standard vector primer sequences, for example T7, T3, M13 forward or M13 reverse.
The same reaction conditions were then followed as described by Feinberg and Volgstein,
(1983) except the random hexanucleotide primer was replaced with the appropriate

sequencing primer at a concentration of 0.3pM.

2.2.6 Southern hybridisations

Southern hybridisations, in rotating glass bottles, were performed in a purpose
designed hybridisation oven (Hybaid). Pre-hybridisation, hybridisation and washing solutions
were those of the standard protocol recommended by BioRad, the manufacturers of the
nylon membrane. Hybridisations, and subsequent washes, were carried out at either 20°C
(for high stringency) or 35°C (for low stringency) below the calculated melting temperature
of the probe duplex with a sodium ion concentration of 0.5M and no formamide present.
Where the sequence of the probe was unknown, hybridisation and washing temperatures of
65 °C, for high stringency and 50°C for low stringency were used.

Hybridised probe was detected by exposure of the washed membrane to X-Ray film
(Du-Pont) at -70 °C using cassettes with intensifying screens.
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2.2.7 Subcloning of DNA fragments derived from carp genomic A clones

Restriction endonuclease fragments of the carp genomic A clones were subcloned
into various versions of the pBluescript phagemid (Stratagene) by standard DNA cloning
techniques as described by Ausubel ef al.,(1992). The E. coli strain XL 1-Blue (Bullock e?
al.,(1987) was used for transformations. Both insert and vector DNA were

electrophoretically purified before ligations were performed.
2.2.8 Preparation of plasmid DNA

Crude, small scale preparations of plasmid DNA were performed by the method
described by Zhou et al., (1990). The quality of DNA isolated by this method was sufficient
for endonuclease reactions but not good enough for DNA sequencing, due to contaminating
bacterial nucleic acids. For high quality preparations of plasmid DNA commercially available
kits (Promega Magic minipreps and Qiagen columns from Hybaid) were used according to
the manufacturers instructions.

2.2.9 Sequencing of plasmid DNA

Plasmid DNA (51.g) was made single stranded by the alkaline denaturation method
described by Wang, (1988). Dideoxy-chain termination sequencing (Sanger ef al., 1977) was
then carried out with Sequenase (Version 2.0) enzyme according to the manufacturers
instructions (Amersham). Gel electrophoresis was carried out using either the Macrophor
sequencing system from Pharmacia or the S2 system from BRL. DNA sequence analysis was
performed with the PC-GENE computer program from Intelligenetics.
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2.3 Results

2.3.1 Isolation of the 3' end of the myosin heavy chain gene cloned into AFG2

The genomic clone AFG2 was restriction mapped fully with Xbal and EcoRI
restriction enzymes and partially with the enzyme Hind III (Figure 2.1). A 1.1K.b HindIll
fragment of this clone was subcloned into Bluescript KS * at the Hindlll site and named
pFG2H1.1. Partial sequencing of pFG2H1.1 showed that this subclone terminated 10 base
pairs after the end of exon 40 (Figure 2.1) and so did not contain the 3' untranslated region
as had been postulated from analysis of the partial sequence data of Turay (1991).

Hybridisation studies confirmed the restriction map in Figure 2.1 and showed that
pFG2H1.1 is located on a 4.3 Kb EcoRI fragment of AFG2 (Figure 2.2). This 4.3 Kb EcoRI
fragment was subcloned into the EcoRI site of Bluescript KS+ (Stratagene), named
pFG2EA4.3 and restriction mapped. The subclone, pFG2Exb1 was constructed by digesting
the plasmid pFG2E4.3 with Xbal followed by re-ligation of the plasmid and remaining
insert.

After further subcloning and sequencing of pFG2Exbl, the 3'end of the AFG2
MyoHC isoform was located. A plasmid containing only 3' untranslated region sequence
(named FG2UTR) was generated by subcloning the 168bp Nsil to Nsil (positions 324 to
492 in Figure 2.3) into Bluescript KS* at the Ps/I site.

50



& " )% B9:.C $ )% B*D :.C
. 1 P
f & fF A *
R 2o B84 :.C
E #
E # 1
* Z
gggggggggggggmggggggggggg#ggig99996 1 2C
E #
( * n n
B8 8 :.C 2t ?
1D 18 2 G
1111111 U af H
( * A1D ( *H5."
B*DD .(C * 3 B8 D :.C
#H HH' H h
E # 1 1
5 / & &'/ 6 # 6 #
E # ' # " # #
20 ) ), * 23 ) " #) S,

B846 .(C



< 885 1 2
9 299 9 299
9 295 9 2?95
? 8<84444444444 ? 8<8
( 99 % (A9
# # $# # F(A9 . $
# $ ? <X # " # % # #
$# $(A9 # * . # ## . % " %
9 9 8 . 9 9 <
# . /$ E4 # (P 'E 45?MO0 *= "
## . D * ) "- 1696%$( 9 i '1 2 i '1 $#
( $3 4 ( ®b $5%#, 63 < ) - 6% * C # & A ' 5
, 7186 =, 5 $# "1+ 1 $ #H $5 $#r76, $# "1
@ - C

7*



(

926 # : 2 E (A9

; (A9 /| #
( o $ ; / # 1 " v
$ $ # # ¥ %% %% % # #
8D *D 2 D 1D 7 D

0 %A%O0%%3#j%A%% 0%A3#] 00% A%A 0%% AO A%N%%AAAA 3 A
4 D ; D 6 D 9D 8 DD

I n n I
S % 6
AKA444444444444444444444444444444444444444/4

88D 8 *D 82D 81D 87D

' L ' C Q S % S
JJJJJJJJ3J3333333333339%33JJ11p3J3J3333333131IDIIDIIIIIIIIIIIIIIIIIIIIIIIAY,

840D 8,:D 86D 89D *D D
# % S Q 6 c ' % c

*8 D **D *2D *1D *7D
WAA %3#H] % BWUNWA0 %% % % A %0% % % %% %%A 3 AA% %
Cc

J K
*4 D *, D *6 D *9 D 2DD
C I
LJ A 18
28D 2*D 22D 21D 27D
K
24D 2;D 26D 29D 1DD
BM+ BL+ . . N
18D 1*D 12D 11D 17D
3"N 3"0 , 3"0 ,
14D 1;D 16D 19D 7DD 78D
) BM+ N , N I, N
7*D 72D 71D

82



2.3.2 The use of AFG2 derived subclones to isolate 3'untranslated regions from other

carp myosin heavy chain isoforms

Since comparison of amino acid sequence data from the carboxyl termini region of
mammalian MyoHC isoforms showed a relatively high degree of sequence homology
(Figure 2.8), it was hypothesised that DNA subclones derived from the equivalent region
of the carp AFG2 MyoHC isoforms would cross hybridise with other carp MyoHC isoforms
at low stringency. Therefore, in order to locate the 3' ends of other carp MyoHC gene
isoforms, restriction endonuclease digests of the remaining twenty seven carp genomic A
clones were probed under low stringency conditions with the insert of the plasmid subclone
pFG2H1. 1and with pFG2EX40, a probe containing only the exon 40 sequence of AFG2 (see
Fig 2.1). To eliminate those genomic clones which may have contained the same MyoHC
isoform as AFG2, fragments which hybridised to the AFG2 exon 40 containing subclones
were rescreened under high stringency with the insert of FG2ZUTR which contains only the

Genomic clone | Endonuclease Size of fragment (Kb)
FG4 Sacl 6.0
" Hincll 22
FG17 Sacl 20
" Rsal 0.34
FG11 Sacl 6.1
FG16 Sacl 1.5
FG19 Sacl 8.0
" Hincll 0.5
" Psil 1.6
FG23 Sacl 20
FG50 Sacl 1.8
FG47 HindIll 1.6
FG24 Hindlll 22

Table 2.1 Restriction fragments of A Genomic clones that hybridise to probes

containing exon 40 from AFG2
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3' untranslated region sequence of the MyoHC gene contained in the genomic clone AFG2.
Out of the twenty seven genomic clones screened, a total of nine were found to
contain restriction endonuclease fragments which hybridised to both pFG2H1.1 and
pFG2EX40 (Table 2.1). Only one fragment, a 1.8 Kb Sacl fragment from the clone AFG50,
hybridised to the 3' untranslated region probe (FG2UTR), suggesting that this clone contains
the same MyoHC isoform as the clone AFG2. These 9 fragments were subcloned into
Bluescript KS* and restriction digests of these subclones were re-screened, again under low
stringency conditions, restriction mapped and partially sequenced. A 25mer oligonucleotide
primer, FG2EXN40 (5' AGGAAGGTCCAGCACGAACTGGAGG 3') which corresponds
to sequence obtained from AFG2 (positions 108 to 132 in Figure 2.3) was used as a
sequencing primer to facilitate sequencing into the 3' ends of the subclones.

By this method of hybridisation followed by subcloning and DNA sequencing, a
further three distinct MyoHC gene sequences were isolated from three genomic clones
(AFG19, AFG17 and AFG16). The sequence data derived from these three clones is
presented in Figures 2.4, 2.5, and 2.6. By comparison with the deduced amino acid sequence
of the equivalent region from mammalian MyoHC isoforms (Figure 2.8), it was possible to
assign putative exon/intron boundaries within the genomic sequences. Subsequent analysis
at the cDNA level (Chapter 3) confirmed the exon intron boundaries for the genomic clone
AFG17.
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Figure 2.4 Nucleotide sequence obtained from the 3' end of AFG19

The deduced protein sequence of the exons is given in the one letter LU.P.A.C code and a
putative polyadenylation signal (AATAAA) highlighted in bold underlined text.

CTGCAGCTGAAACTGAAGG&CTACAAGCG&CAGGCTGAAéAAGCTGTAAéT
L Q L K L K A Y K R Q A E E
----- Last 15 amino acids of Exon 39---—-—--—]

9 10
CTAAGTCAAATGTCTTAAéTGTGAAGTT%TGATATTTTETCAAATAGTITT
11 12 13 14 15
GATACATiCAGTGCAATiCTCTGAAAGiAGTTGGACAICTGGTGTCAiCCT

IGI 17i lBi 191 20i
AACAGGAGGAGCAGGCCAACACTCACCTGTCCAGGTACAGGAAGGTCGAGC
E E Q A N T H L S R Y R K V E

[-------- Exon 40----------------------
210 22 24 250
ATGAA&TGGAGGAGGéTCAGGAGCGéGCTGACATC&CTGAGTCTCAGGTCA
H E L E E Q E R AO D I A E S Q
—————————————————————— Exon 40----------------------

26 27 28 29
ACAA! CTGAGAGCCIAGAGCCGCGICGCTGGGAA TAACAAAGiCATATA
N K L R A K S R D A G K
----------- Exon 40----------------]

310 32 330 340 350
GTAéTTGTAAAATéAGACATTGAATGCGTGATG*TGTCGAGCTéTACTCTG
360 370 380 390 400
TA*AGCTAGAAT%TATATGTAA%ATGTTATAA%ATTTTTCAA&AAATTTGT
410 430 440 450

T*TTTTCTGCA%TTTCAAGAg%A%GG%TG%Aé%AT?AAAAGAAGATACCAC

[---Exon 41---]stop
460 480 490 500 510
ACCTACAAGCLAGCATATAA%AAGACTGTA&TGGGTTTTCATGTGAGCCCA
520 53 540 550

A_AAATTGA*ATACAATCTéTATGCTGTCéTCTTTTGTT&ATGTCAC
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Figure 2.5 Nucleotide sequence obtained from the 3' end of AFG17

The deduced protein sequence of the exons is given in the one letter L U.P.A.C code
and the polyadenylation signal (ATTAAA) highlighted in bold underlined text. This poly
adenlylation site has been confirmed at the cDNA level (see Chapter 3).

1 21 31 41 51
CTTGAGTGTGAATTTTTGACATTTTCTATTCAATACATTCAGTGCCATGAG
100

TGCAATGC%AAAGGGGTT*GATATCTGG%GTCATCCTAACAGG%GG%G&SG

110 120 112 140 1i0
ACCAACA&TCACCTGTCéAAGTTCAGG GGTGCAGCACGAGCTGGA GAG
T N T H L S K F R EO V Q H E L E E
———————————————————————— Exon e e

160 180 190 200
GCTCAGéAGCGTGCTGACGTTGCTGAéTCACAGGTCAACAAGCTTA&AGCC

Q E R A DV A E S Q VN K L R A
——————————————————————— Exon 40---------------------

210 220 210 240 ZEO
AAGAG&CGCGACGCTéGGAAGGTAT GTAAAGCAA*TTGCAG GTGGT
K S R D A G K

—————— Exon 40-------]
260 280 290 300
GGTG*TGGGATATTACTTTTAATT%TCTAAATTTAAATGTCTTT*TGGTTA
310 330 340 350

CTTLAGASCA%GG%TG%AG%AT?AAGATGAGCCATCACACCAC*TCTACAA

[---Exon 41---]stop
360 370 380 390 400
GCLAGCATATAA*ATGACTTAC%TGTGCTGTG%CTTATATAT&CAIIAAAT
410 420 430 440 450

AéAGTTTCTCAAGCCACTCTCéGTTTATGTCATTGTATTGAACTGGTAGAT

460 470 480 490 500 510

éTTGGAAGTA$GGATGCAACéATTATAGAT%TGTGGTACGATTATAGTCT&
520 53 54 550

AGGAAATCA*GATTCACGT&ATCACAATA*AGCATTCATLATT
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Figure 2.6 Nucleotide sequence obtained from the 3' end of AFG16

The deduced protein sequence of exon 40 is given in the one letter LU.P.A.C code. The

sequence for exon 41 and the 3' untranslated region could not be located from the

sequencing perfomed on this clone and is presumed to be further 3' than the sequence

presented here.

1 2 31 41
AGGAAGGTGiAGCACGAGCiGGAGGAGTC CAGGAGCGCGCTGACATTG
K V. Q H E L E 4% S Q E R A D I
——————————————————— Exon e

GE 8i 10i
CTGAGTCCCA! GTCAACAAG&TGAGAGC GAGCCGTGAAGCTGGGAAG
A E S Q V N K L R K S R E A G K
——————————————————— Exon 40------------------—---—-]
110 120 130 14 150

TAACAACCC%TACCAAAAA&TAGTATACT%CAAGTTTAT%TTATTAAGTAT

160 17 180 190 200
ACTTAAGTAAAGCTCAAG%ATATTTAGA&TTTTTGTAA&TATAAGCCAAGA

21I 221 231 241 25i
TCACTT. CTGTCATTTAAAGTATATTTCTGAGGAGTACATAAAATCCTA

260 270 280 290 300
TTTTCTéAGAAGTACA%TAAAAGTAAACTAAAAGCA%ACTTTCCTA%TTTT

310 320 330 34 350
AGTTTAAAAGAAGTA%ACTAATAGCAGACTTGAATAAACTTATTT%TCGTA

360 370 380
AGGGAACAGATGAGAATTATGTAGAC
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2.3.3 Sequence data analysis

Nucleotide sequence alignment (Figure 2.7) was performed in order to demonstrate
that the genomic sequences obtained from the clones AFG2, AFG16 AFG17 and AFG19
correspond to distinct carp MyoHC genes. The nucleotide sequence from within the putative
exons of the clones show a high degree of homology between each of the individual clones.
However, none of the corresponding amino acid sequences for this region were identical to
each other (Figure 2.8). The intron between the putative exons 40 and 41 varies in length
between clones and shows considerable sequence divergence between clones. Analysis of
the three putative 3'UTRs isolated from the genomic clones AFG17, AFG2 and AFG19
showed that areas of homology also existed within this region. The 3'UTRs of the clones
AFG2 and AFG17 show extensive regions of homology.

Figure 2.7 Multiple alignment of carp MyoHC sequences

Sequence data was aligned using the computer program "CLUSTAL" (Higgins and
Sharp., 1988 and 1990) with the parameters set to an open gap cost of 10 and a unit gap
cost of 10. The computer program has inserted gaps within the sequences in order to present
the best alignment. The putative exon sequences are shown as bold text. The homology
(percentage identity) between pairs of complete sequences is as follows.

FG2 and FG17=75% FG2 and FG19=71.5%

FG2 and FG16=64.8% FG17 and FG19=67.0%

FG19 and FG16=60.1% FG16 and FG17=59.8%

FG16 —--———=—mmmmmmmmmmmmmmmmemo oo ACAGGAAGGTGCAGCAC

FG17 GAGGAGCAGACCAACACTCACCTGTCCAAGTTCAGGAAGGTGCAGCAC
FG2 GAGGAGCAGGCCAACACTCACCTGTCCAGGTACAGGAAGGTCCAGCAC
FG19 GAGGAGCAGGCCAACACTCACCTGTCCAGGTACAGGAAGGTCGAGCAT
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FG16
FG17
FG2

FG19

FGle6
FG17
FG2

FG19

FG16
FG17
FG2

FG19

FG16
FG17
FG2

FG19

FG16
FG17
FG2

FG19

FG16
FG17
FG2

FG19

FG16
FG17
FG2

FG19

FG1le6
FG17
FG2

FG19

GAGCTGGAGGAGTCTCAGGAGCGCGCTGACATTGCTGAGTCCCAGGTC
GAGCTGGAGGAGGCTCAGGAGCGTGCTGACGTTGCTGAGTCACAGGTC
GAACTGGAGGAGGCTCAGGAGCGCGCTGACATCGCTGAGTCCCAGGTC
GAACTGGAGGAGGCTCAGGAGCGCGCTGACATCGCTGAGTCTCAGGTC

AACAAGCTGAGAGCCAAGAGCCGTGAAGCTGGGAAGGTAACAAC----
AACAAGCTTAGAGCCAAGAGCCGCGACGCTGGGAAGGTA---------
AACAAGCTGAGAGCCAAGAGCCGTGATGCTGGGAAGGTA---------
AACAAGCTGAGAGCCAAGAGCCGCGACGCTGGGAAGGTAACAAAGGCA

------------------------------------- TAGTAAAGCAA
------------------------------------- TTATAAAGCTT
TATAGTAGTTGTAAAATGAGACATTGAATGCGTGATGTTGTCGAGCTG

--------------- CCTTACCAAAAAGTAGTATACTTCAAGTTTATT
TTTGCAGGGGGGTGGTGGTGTTGGGATATTACTTTTAATT - - - -TTCT
AATATATGTATACATATATAAATAAGTTTTGGATAAAACAGCACATAA
TACTCTGTAAAGCTAGAATTTATATGTAATATGTTATAATATTTTTCA

TTATTAAGTATACTTAAGTAAAGCTCAAGTATATTTAGACTTTTTGTA
AAATTTAAATGTCTTTTTGGTTACTTAAGAGCAAGGATGAAGAATGAA
CTATAAATTTTTCTTTTCTGTTACTGAAGAGCAAGGATGAAGAATGAA
ACAAATTTGTTATTTTCTGCATTTTCAAGAGTAAGGATGAAGAATGAA

[--Exon 41----]Stop

AGTATAAGCCAAGATCACTTAAACTGTCATTTAAAGTATATTTCTGAG
GATGAGCCATCACACCACATCTACAAGCAAGCATATAATATGACTTAC
AATGATGCATCAGACCACATCTACAAGCAAGCATATAATATGACTTAC
AAGAAG----- ATACCACACCTACAAGCAAGCATATAATAAGACTGTA

GAGTACATAAAATCCTATTTTCTGAGAAGT ------~--=-----~- ACAT
TTGTGCTGTGTCTTATATATGCATTAAATACAGTTTCTCAAGGCACTC
TTGTGCTGT-CCTTAAATGTCCATTAAATATACATATTCAAGTCAATC
CTGGGTTTTCATGTGAGCCCAATAAATTGAAATACAATCTCTATGCTG

TAAAAGTAAACTAAAAGCATACTTTCCTATTTTTAGTTTAAAAGAAGT
TCGGTTTATGTCATTGTA - — - - == === === == —m e e e oo o m oo
TCTGTTTTTGTTATTGTAGTTCAACTGGTAGATAATGGAGACAAAAAT
TCCTCTTTTGTTGATGTC- = =~~~ === == === = — e m oo o=

60



FGl6é ATACTAATAGCAGACTTGAATAAACTTATTTTTCGTAAGGGAACAGAT
FG17 ---------"--"-------~ TTGAACTGGTAGATCTTGGAAGTAGGGAT
FG2 GCCATGATCACAAGGTTCAATTACCAGGGAATGCATGAACTAATAATA

FG16 GAGAATTATGTAGAC---------=====-======—=—~——————~--
FG17 GCAACGATTATAGATTTGTGGTACGATTATAGTCTGAGGAAATCATGA
FG2  AATGCCTTTAATGAAAAGTAGATCTAAGTTTGT-------------~-~

Figure 2.8 Comparison of carp MyoHC deduced amino acid sequences with MyoHC
isoforms in other species

FG2 EEQANTHLSRYRKVQHELEEAQERADIAESQVNKLRAKSRD AGK SKDEE
FG19 EEQANTHLSRYRKVEHELEEAQERADTIAESQVNKLRAKSRD AGK SKDEE
FG17 EEQTNTHLSKFRKVQHELEEAQERADVAESQVNKLRAKSRD AGK SKDEE
FG16 LEESQERADIAESQVNKLRAKSRE AGK
1.HUMANEMB DEQANAHLTKFRKAQHELEEAEERADIAESQVNKLRAKTRDFTSSRMVVHESEE
2 .RABBIT EEQSNVNLSKFRKLQHELEEAEERADIAESQVNKLRVKSREVHT VISEE
3. HUMANR EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGTK GLNEE
4 . BABOONR EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGTK GLNEE
5.RATR EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRVKSRDIGA GLNEE
6 .RABBITR EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGTK SLNEE
7 . HUMANa, EERANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGAK KMDEE
8 .RATQ EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGAK _QKMHDEE
9 .RABBITQ EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRDIGAK _ QKMHDEE
10 .HAMSTERQ EEQANTNLSKFRKVQHELDEAEERADIAESQVNKLRAKSRNIGAK  LMHDEE
11.RATEOM EEQANTQLSKFRKVQHELEEAEERADIAESQVNKLRFKSRD KMEE

.**‘**.*"‘**,,***.*.'****_*********'*_* ........... * %
Key

Amino acid sequences are given in the one letter LU.P.A.C code. Sequences and associated
references are as follows: 1.Human embryonic, (Stedman et al., 1990.) 2. Rabbit fast
skeletal (Maeda et al.,1987). 3. Human [ cardiac (Jaenicke et al.,1990). 4. Boboon 3
cardiac (Hixson & Britten, 1988). 5. Rat 3 cardiac, (Kraft ef al., 1989). 6. Rabbit 3 cardiac,
(Kavinsky et al., 1984). 7. Human o cardiac, (Matsuoka ef al., 1991). 8. Rat « cardiac,
(McNally et al., 1989). 9. Rabbit a cardiac, (Kavinsky et al., 1984). 10. Syrian hamster o
cardiac , (Liew & Jandreski, 1986). 11. Rat extrocular muscle, (Wieczorek ef al., 1985).

(*) indicates amino acid residues conserved in all the sequences.
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2.3.4 Generation of plasmid constructs

With the sequence data obtained from the genomic clones AFG19 and AFG17, it was
possible to subclone restriction endonuclease fragments containing only 3' untranslated
region sequence. These subclones were named FG19UTR and FG17UTR respectively. This
was an important step as it would allow the preparation of isoform specific probes for future
expression studies. FG19UTR contained the sequence from position 446 (a FokI restriction
site) to position 555 (a Hindll restriction site) in Figure 2.4. FG17UTR contained the
sequence from position 335 to 484 (both FoklI restriction sites). Further cloning details of
these plasmid constructs are given in Appendix 1.

Since the last coding exon and stop codon of AFG16 could not be located in the
sequence available for this clone, it was not possible to generate a 3' untranslated region

plasmid for this particular MyoHC isoform.
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2.4 Discussion

Analysis of the deduced amino acid sequence data (Figure 2.8) obtained from the 3’
ends of the genomic clones AFG2, AFG16, AFG17 and AFG19 confirmed that these clones
contain MyoHC gene sequences. Furthermore, the fact that the intron between the putative
exons 40 and 41 showed little homology and varied in length between clones suggests that
these four genomic clones are derived from four separate MyoHC isogenes. This is also
supported by the fact that none of the deduced amino acid sequences of the clones were
identical to each other. Analysis of the 3'UTRs isolated from the genomic clones AFG17,
AFG2 and AFG19 showed that areas of homology existed within this region. Whilst small
regions of homology (10-20 base pairs) between the 3'UTRs of MyoHC isogenes from
mammalian species have previously been reported (Saez and Leinwand, 1986), the -
homology present between the carp MyoHC 3' UTRs is more extensive. The 3'UTRs of the
clones AFG2 and AFG17 showed exceptionally high homology with each other (85%
sequence identity) raising the question of whether these two clones correspond to alleles of
the same MyoHC gene. However, since the probe FG2UTR failed to hybridise to AFG17
in high stringency Southern blots (see section 2.3.2), both the FG2UTR and FG17UTR
probes can be used in future hybridisation studies with confidence that they will not cross
hybridise, providing the stringency is high enough. The possibility of AFG2 and AFG17
being alleles of the same gene is discussed in further detail in Chapter 6 where it is related
to additional information regarding expression patterns obtained with the 3'UTR probes of
these two genes and can be compared to the 3'UTR sequences from other carp MyoHC
genes isolated in Chapter 3.

An interesting finding from the restriction mapping and nucleotide sequencing
performed on the genomic clone AFG2 was the apparent size of the gene. Despite the fact
that the insert of the genomic clone AFG?2 is only 16kb in length, it was shown to contain
a full MyoHC gene from promoter region and translational start site through to the stop
codon and 3' untranslated region (see Figure 2.1). The 5' end of the clone including exons
1-7 and the equivalent to the rat embryonic MyoHC exon 19 were sequenced by L.Gauvry
and E. Hansen (Personal communication) during their efforts to characterise the promoter

region of this gene. The equivalents to the rat embryonic exons 40 and 41 were sequenced
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in this current study (Figure 2.3) and were shown to be located in the correct orientation to
belong to the same gene as the sequence information obtained by Gauvrey and Hansen
indicating that the full coding region of the gene is localised to 12 kb of the clone. This is
approximately half the size of the complete mammalian and chicken MyoHC genomic
sequences published to date, which range from 22.8 Kb to 24.6Kb (Jaenicke e? al.,1990;
Strehler et al., 1986; Molina ef al., 1987, Matsuoka ef al.,1991). This difference in size at the
genomic level is due to the size of the introns. The 12 exons of the gene which have been
sequenced to date are all of similar size to the equivalent exon in the rat embryonic MyoHC
gene (Strehler ef al,, 1986), The introns however, are consistently shorter. Further evidence
supporting this theory of shorter introns is presented in Chapter 5, where Northern blot
analysis revealed that the corresponding mRNA transcript is approximately 6 Kb in length,
the same size as the mammalian and chicken mRNAs (Strehler ez al.,1986; Jaenicke et
al.,,1990; Molina et al.,1987; McNally et al.,1989; Kraft et al.,1989; Stedman et al.,1990;
Matsuoka et al.,1991).

Of the four complete genomic MyoHC gene sequences published, only one, the rat
embryonic MyoHC (Strehler ef al.,1986) has a final exon coding for five amino acids. In the
other three complete sequences, the human 8 cardiac (Jaenicke et al.,1990), the chicken
embryonic (Molina et al., 1987) and the human o cardiac (Matsuoka et al.,1991), these five
amino acids are at the end of the previous exon. The three carp genomic clones, where the
equivalent of these five amino acids could be located, were all similar to the rat embryonic
MyoHC in that these five amino acids were also located on a separate exon. It is difficult to
postulate the significance of the location of this final exon without additional information
about the 3' exon structure of MyoHC genes from a divergent range of species. However,
the location of this exon may reflect the evolution of the different MyoHC isoforms from
common ancestral genes.

The methods of genomic clone analysis employed in this current study allowed the
cloning of the 3'UTRs of three separate carp MyoHC genes which could be used to
characterise their expression patterns. However, genomic clone analysis has several
disadvantages. Firstly, it does not allow the exact ending of the 3'UTR to be determined.
Secondly, it is very time consuming and thirdly, analysis at the genomic level does not give

any indication of where or when the gene is expressed, or indeed if it expressed at all since
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non expressed pseudo genes, like those present in the actin multigene family
(Gomez-Pedrozo et al.,1987), are possible. Therefore, further analysis of MyoHC isoform
diversity in the carp was conducted at the cDNA level as described in the following chapter.
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Chapter 3
Isolation of carp myosin heavy chain 3'UTR's by
RACE PCR.
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3.1 Introduction

The polymerase chain reaction (PCR) (Mullis and Faloona, 1987) enables the
amplification of specific DNA sequences by over a million fold, thus allowing analysis of
gene sequences of extremely low abundance. Since its advent in 1987 many modifications
of the basic PCR reaction have been developed for specific applications. One such
modification is RACE (rapid amplification of cDNA ends) PCR (Frohman e? al.,1988). This
technique allows the amplification of nucleic acid sequences from mRNA template between
a defined internal site and unknown sequence at either the 5' or 3' end of the mRNA
transcript.

The standard PCR reaction requires two sequence specific primers which flank the
region of sequence to be amplified. However, when the sequence of the region to be
amplified is unknown, it is not always possible to design two sequence specific primers.
RACE PCR offers a possible solution in many cases since it requires only one sequence
specific primer. The second primer anneals to a homopolymeric tail at either the 3' or the 5'
end of the cDNA. In the case of 5' RACE this homopolymeric tail is added to the cDNA
with terminal deoxynucleotidyl transferase enzyme, whereas in 3' RACE the naturally
occurring poly (A) tail is utilised.

Viewed in basic terms the polymerase chain reaction appears to be quite simple,
merely involving the combination of a DNA (or cDNA) sample with oligonucleotide
primers, deoxynuceotide triphosphates and 7ag DNA polymerase followed by appropriate
temperature cycles. However, in reality the PCR is a complicated and poorly understood
chemical mixture where constantly changing kinetic interactions determine the quantity,
quality and specificity of the product. Various parameters within the reaction mix drastically
effect the yield and quality of the product, notably the magnesium ion concentration of the
buffer used and the annealing temperature. Such parameters need to be optimised for each
set of primers used. It is also worth noting that 7ag DNA polymerase misincorporates
nucleotides at a rate of approximately one in ten thousand (Eckert and Kunkel, 1991).
Therefore, any sequence data derived from PCR products should be verified by multiple
subclones from different reactions.

The aim of the work presented in this chapter was to utilise the RACE PCR method
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to amplify 3' sequences of different isogenes of the myosin heavy chain from carp muscle.
Comparisons of MyoHC C terminal amino acid sequences (Figure 2.8) show that the
penultimate exon of the gene (the equivalent to exon 40 in the rat MyoHC gene (Strehler
et al., 1986)) is well conserved between different isoforms both within the same species and
between different species. Furthermore, the analysis performed in Chapter 2 demonstrated
that the sequence derived from exon 40 of the genomic clone AFG2 cross hybridises with
multiple isoforms of the carp MyoHC gene. Therefore, it was hypothesised that a primer
designed from this sequence would facilitate the amplification of carp MyoHC isoforms by
3'RACE PCR. Any amplified MyoHC products could then be further characterised by DNA
sequencing and their 3' untranslated regions subcloned to facilitate hybridisation studies

investigating the expression patterns of individual carp MyoHC isoforms.

3.2 Methods

3.2.1 Oligonucleotides

The oligonucleotide primers, RoRidT17 and Ro were synthesised based on the
sequence designed by Harvey et al., (1991).The Ro primer corresponds to the first 25
nucleotides of the RoRidT17 primer which was used to prime the cDNA synthesis. The
oligonucleotide primer FG2ZEXN40 was synthesised based on part of the exon 40 sequence
of the genomic MyoHC clone AFG2 (from position 108 to 132 in Figure 2.3). The expected
size of the amplified PCR product from the FG2 MyoHC gene is approximately 250bp long
when the FG2ZEXN40 and Ro primers are used.

Table 3.1 Oligonucleotides used for RACE PCR

RoRidT17 5" ATCGATGGTCGACGCATGCGGATCCAAAGCTTGAAT
TCGAGCTCTTTTTTTTTTTTTTTTT 3'

Ro 5' ATCGATGGTCGACGCATGCGGATCC 3'
FG2EXN40 5' AGGAAGGTCGAGCATGAACTGGAGG 3'
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3.2.2 cDNA synthesis

Single stranded cDNA was synthesized from total RNA, prepared as described in
4.2.2. Muscle samples from carp at various stages of development and carp acclimated to
different temperatures were used to prepare cDNA (Table 3.1). In the initial studies cDNA
was also prepared from poly (A) RNA which had been isolated with oligo dT magnetic
beads (DYNAL), however since no difference in PCR products was observed between
cDNA from total RNA and cDNA from poly (A) RNA (Figure 3.3), total RNA was used
for subsequent amplifications. Total RNA (20ug) was resuspended in diethylpyrocarboante
(DEPC) treated water, heated to 65°C for five minutes, then rapidly cooled on ice. To this
was then added 40 units of RNAse inhibitor (Promega), 5ul of 5x reverse transcriptase
buffer (500mM Tris-HCL, 600mM KCL, 100mM MgCL, pH 8.15 at 42°C), 5ul of INTP
stock (SmM for each nucleotide), 500ng of the oligonucleotide primer RoRidT17, 0.5ul 1M
DTT, 0.5pl (7.5 units) Rous associated virus reverse transcriptase (Amersham) and DEPC
treated water to a final volume of 25ul. Control reactions, identical to the above but with
no reverse transcriptase enzyme added, were also set up to determine whether or not
contaminations of genomic DNA, which may also be amplified by subsequent PCR
reactions, were present. The reactions were then incubated at 42°C for 2 hours and then

stored at -20°C until required.

3.2.3 PCR amplification

PCR amplifications of first strand cDNA were performed using a recombinant 7aq
DNA polymerase (Bioline). A typical PCR reaction contained 1l of unpurified first strand
cDNA ( synthesised as in 3.2.2), 5pl 10X Tag polymerase buffer (Bioline), 1.0mM MgCl,
25 pmol Ro primer, 25 pmol FG2EXN40 primer, 2ul ANTP stock (5SmM of each nucleotide
in stock), water to a final volume of 49.5ul and 50ul of mineral oil. For each set of PCR
reactions a control tube, with no template added, was used to check for contaminations in
the solutions used. Reactions were placed on a thermal cycler (PREM) and heated to 95°C
for five minutes. 7aq DNA polymerase (0.5ul, 2.5 units) was added and 20 cycles of 94°C

for 1 minute, 55°C for 1 minute and 72°C for 2 minutes were performed. After the
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amplification cycles, samples were incubated at 72°C for 5 minutes in order to extend
incomplete products. PCR products were then analysed by gel electrophoresis on 2%
agarose gels made in TAE buffer.

3.2.4 Cloning of PCR products

PCR products were isolated from agarose gels using a "Prepagene" kit (BIO-RAD)
and subcloned into Bluescript PBS* phagemid (Stratagene) by the T-A cloning method
described by Marchuk et al., (1991). This method utilises the fact that 7ag DNA polymerase
adds a single nontemplated adenosine nucleotide to the 3' end of the double-stranded
amplified product creating a single "A" overhang, Plasmid DNA was cut with the restriction
enzyme Smal and given a "T" overhang to facilitate ligation with the PCR product.
Ligations, transformations, plasmid DNA preparations and DNA sequencing were

performed as described in section 2.2.
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The use of 0.5mM MgCl, increased the stringency of the reaction as only one band
at a size of approximately 250 bp was observed. From 1.0mM to 3.0 mM MgCl, three bands
were observed, one at 250bp one at 550bp and one at 800bp. The amount of the 250 bp
band synthesised slightly decreased as the concentration of magnesium ions increased. On
the basis of these results a standard concentration of 1.0mM MgCl, was used for subsequent
experimental PCR reactions.

Varying the annealing temperature from 50°C to 65°C and varying the number of
PCR cycles from 20 to 35 did not alter the pattern or intensity of bands amplified (data not
shown). Therefore an annealing temperature of 55°C and a repetition of 20 cycles were used

in subsequent experimental reactions.

3.3.2 Preliminary PCR amplifications

In order to establish the best starting material for cDNA synthesis, amplifications on
c¢DNA prepared from both total RNA and poly (A) RNA of adult carp white muscle were
performed. Control reactions with only one primer were also set up in order to investigate
the possibility of spurious amplifications.

cDNA prepared from both total RNA and poly (A) RNA produced amplification of
DNA products (Figure 3.3). These products originated from cDNA rather than
contaminating genomic DNA, as no amplification was observed in the control reactions
which had no reverse transcriptase. The band observed at approximately 800bp (Figure 3.3
lanes 2, 5 and 7) was ignored as an artifactual unspecific amplification since it was also
present in control PCR reactions which contained only the Ro primer (Figure 3.3 lane 7).
The 550 bp band observed in amplifications from adult white muscle (Figure 3.3 lanes 2 and
5) was subcloned and after sequencing shown to be from a Troponin T gene isoform
(sequence data not shown).

The most prominent amplified band in each sample was between 230bp and 250bp,
the expected size for the amplification of the FG2 MyoHC isoform. Rather than being a
discrete sharp band indicative of a unique product the band appeared disperse suggesting
that it was made up of slightly different sized products. The 70bp band observed in lanes 1,3
and 4 (Figure 3.3) is due to primer dimerisation.
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3.3.4 Analysis of sequence data

Sequence data from the MyoHC containing clones generated by RACE PCR was
aligned using the CLUSTAL DNA alignment program (Higgins and Sharp, 1988) with the
parameters set at an open gap cost of 10 and a unit gap cost of 10 (Figures 3.5 and 3.6).
The dendrogram produced from such alignments (Figure 3.5) illustrates that out of a total
of 20 clones derived by PCR from various tissue samples, five distinct myosin heavy chain
gene sequence types were isolated (arbitrarily termed types 1-5 in Table 3.1 and Figure 3.5).
Sequence data from the equivalent coding and untranslated regions of the genomic clones
AFG2, AFG17 and AFG19 was also included in the dendrogram alignment. AFG17 showed
identical sequence homology to the PCR isolated clone 15JUV. Therefore in accordance
with the nomenclature adopted for the PCR clones, this genomic clone was also classed as
the type 2 MyoHC gene. None of the PCR isolated clones showed identical sequence
homology to the genomic clones AFG2 and AFG17. These two clones were therefore
classed as belonging to an additional two types of MyoHC gene (types 7 and 6 respectively).

It should be noted that the numerical nomenclature adopted for the separate carp
MyoHC gene types is purely arbitrary and does not relate in any way to the nomenclature
of MyoHC genes adopted for mammals or the nomenclature adopted for the gross
classification of myosin protein families (Goodson and Spudich, 1993).
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Table 3.1 Tissue types used for cDNA preparation

The resulting subclones from PCR on each cDNA preparation were named and classed as

various MyoHC types by virtue of sequence homology with each other.

Tissue type Names of subclones | Type of
sequenced MyoHC gene
White axial muscle from 3 year old WHITEH1 Type 1
carp, 23cm in length. Acclimated to WHITEH2 Type 1
28°C for 5 weeks. WHITEH3 Type 1
Red muscle from 3 year old carp, REDH1 Type 1
23cm in length. Acclimated to 28°C REDH2 Type 1
for 5 weeks.
White axial muscle from 3 year old WHITEC1 Type 1
carp, 24cm in length. Acclimated to WHITEC2 Type 1
10°C for 5 weeks.
Red muscle from 3 year old carp, REDCI1 Type 1
24cm in length. Acclimated to 10°C REDC2 Type 1
for 5 weeks.
White axial muscle from 14 month old | 15JUV Type 2
carp, 7cm long acclimated to 20°C for
5 weeks.
Unhatched fertilised carp eggs 26 EGGS19 Type 3
hours after spawning. EGGS20 Type 3
EGGS22 Type 3
EGGS24 Type 4
60 day old carp fry, 1.2cm long, FRY152 Type 3
acclimated to 15°C for 2 weeks. 3 FRY155 Type 3
whole fish were used for RNA FRY153 Type 4
extraction.
60 day old carp fry, 1.2cm long, FRY2810 Type 3
acclimated to 28°C for 2 weeks. 3 FRY288 Type 4
whole fish were used for RNA FRY2811 Type 5
extraction.
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Figure 3.5 Dendrogram of PCR product sequence alignments. Sequences were aligned using the CLUSTAL alignment program (Higgins and Sharp ,1988).
The equivalent sequence data from the genomic MyoHC clones isolated in chapter 2 was also used in this alignment (FG2cDNA, FG19cDNA and
FG17cDNA)



Figure 3.6 Nucleotide sequence alignment of myosin heavy chain PCR products

The PCR products sequenced are aligned according to the type of MyoHC they were
classed as in the dendrogram alignment shown in Figure 3.5. (*) denotes positions where

all the products within a type are identical and (.) indicates positions where differences in
sequence were observed. (-) indicates positions where the sequence was shifted in order to
maintain alignment. The first 25 nucleotides of each sequence correspond to the 5' primer,
FG2EX40, used for the PCR . The stop codon for each sequence is indicated in bold text.
Sequence to the left of the stop codon corresponds to coding regions equivalent to exon 41
and part of exon 40 of the rat embryonic MyoHC gene whereas sequence to the right of the

stop codon corresponds to 3' untranslated region.
P Sp gl

Sequence alignment of PCR products classed as type 1 myosin heavy chain.

WHITEH1 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
REDH2 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
REDC1 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
WHITEC1 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
WHITEC2 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
REDC2 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
WHITEH3 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGCGCTGACATCGC 50
WHITEH2 AGGAAGGTCCAGCACGAACTGGAGGAGTCTCATGAGCGTGCTGACATCGC 50
REDH1 AGGAAGGTCCAGCTCGAACTGGCGGAGTCTCAGGAGCGCGCTGACATTGC 50

hhkhkhkhkhkhkkkkkhkhk *kkdkdkhkkk *********.***** ********-**

WHITEH1 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGCCGTGAAGCTGGGAAGA 100
REDH2 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGCCGTGAAGCTGGGAAGA 100
REDC1 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGCCGTGAAGCTGGGAAGA 100
WHITEC1T CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGTCGTGAAGCTGGGAAGA 100
WHITEC2 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGTCGTGAAGCTGGGAAGA 100
REDC2 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGTCGTGAAGCTGGGAAGA 100
WHITEH3 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGTCGTGAAGCTGGGAAGA 100
WHITEH2 CGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGTCGTGAAGCTGGGAAGA 100
REDH1 TGAGTCCCAGGTCAACAAGCTGAGAGCCAAGAGCCGTGAAGCTGGGAAGA 100

khkhkhkhkhkhkhkhkhkhhhkkhkhkhkhkhkhkhhkhhkkhkhkhkhkkhkhkk Jde gk koo ok de kokok ok ok ok ok ok
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WHITEH1
REDH2
REDC1
WHITEC1
WHITEC2
REDC2
WHITEH3
WHITEH2
REDH1

WHITEH1
REDH2
REDC1
WHITEC1
WHITEC2
REDC2
WHITEH3
WHITEH2
REDH1

stop
CTAAA- -GTTGAAGAATGAAGACAAGAAACTACACATACAAGCAAGCATA

CTAAA- -GTTGAAGAATGAAGACAAGAAACTACACATACAAGCAAGCATA
CTAAA- -GTTGAAGAATGAAGACAAGAAACTACACATACAAGCAAGCATA
CTAAA- -GTTGAAGAATGAAGACAAGAAACTAGACATACAAGCAAGCATA
CTAAA--GTTGAAGAATGAAGACAAGAAACTAGACATACAAGCAAGCATA
CTAAA- -GTTGAAGAATGAAGACAAGAAACTAGACATACAAGCAAGCATA
CTAAA- -GTTGAAGAATGAAGACAAGAAACTAGACATACAAGCAAGCATA
CTAAAAAGTTGAAGAATGAAGACAAGAAACTAGACATACAAGCAAGCATA
CTAAA- -GATGAAGAATGAAGACAAGAAACTACACCTACAAGCAAGCATA

* k% Kk k . U * _*********************** .**“..**************

TGACTGACTTGTGCTGAGTTCTTCTTTGTCCATTAAATGGCAGAGTTTG (A
TGACTGACTTGTGCTGAGTTCTTCTTTGTCCATTAARATGGCAGAGTTTG (A
(

TGACTGACTTGTGCTGAGTTCTTCTTTGTCCATTAAATGGCAGAGTTTG (A)

)
)

148
148
148
148
148
148
148
150
148

n 198
n 198
n 198

TGACTGACTTGTGCTGAGTTCTTCTGTGTCCATTAAATGGCAGAGTTTG(A)n 198
TGACTGACTTGTGCTGAGTTCTTCTGTGTCCATTAAATGGCAGAGTTTG(A)n 198
TGACTGACTTGTGCTGAGTTCTTCTGTGTCCATTAAATGGCAGAGTTTG (A)n 198
TGACTGACTTGTGCTGAGTTCTTCTGTGTCCATTAAATGGCAGAGTTTG (A)n 198
TGACTGACTTGTGCTGAGTTCTTCTGTGTCCATTAAATGGCAGAGTTTG (A)n 200
TGACTGACCTGTGCTGAGTTCTTCTGTGTCCATTAAATGGCAGAGTT-G(A)n 195

hkdkkhhhh hhhkhhdhdhhhhdhdhdhh hhhkhkhdhdhkhhhbbhhhhdhkd *

Sequence alignment of the PCR product 15JUV (classed as type 2 myosin heavy chain) and

the deduced cDNA sequence from the genomic clone FG17 isolated in chapter 2.

15J0v
FG17cDNA

15J0v
FG17cDNA

15J0vV
FG17cDNA

15J0V
FG17cDNA

15Juv
FG17cDNA

AGGAAGGTCCAGCACGAACTGGAGGAGGCTCAGGAGCGTGCTGACGTTGC
AGGAAGGTCCAGCACGAACTGGAGGAGGCTCAGGAGCGTGCTGACGTTGC

hhhkhkhkkhkhhkhkhkhkhkhhhkhkhkhhkhhhhhhhhhhhhkdrhhkhhhkhkhdkhhkhhkhkhdkhi

TGAGTCACAGGTCAACAAGCTTAGAGCCAAGAGCCGCGACGCTGGGAAGA
TGAGTCACAGGTCAACAAGCTTAGAGCCAAGAGCCGCGACGCTGGGAAGA

e de e e de de ok de A e ke ke ke ke ke g e ke ok ke e Aok ke ke e bk b gk e g e e e ok e ke ke ke ke ke Kok ke ke ke ok

stop
GCAAGGATGAAGAATGAAGATGAGCCATCACACCACATCTACAAGCAAGC

GCAAGGATGAAGAATGAAGATGAGCCATCACACCACATCTACAAGCAAGC

dhhkhdhkhkhkkhkhkhhkhkhkhhkhkhkhhkhhhhhkhhhkhhhkhhkhkhhkhkhkhkhkhhhhhhhhkk

ATATAATATGACTTACTTGTGCTGTGTCTTATATATGCATTAAATACAGT
ATATAATATGACTTACTTGTGCTGTGTCTTATATATGCATTAAATACAGT

Je g de de e de e ke de ke de ke ok ke de ki ke ke ke ke ko ke de ok ok ke ke ke e e ke ok ke ke e de ke ek ke ok ke ke ke

TTCTCAAGCC(A)n 210
TTCTCAAGCC(A)n 210

% ok ke ok ok ok k%
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50
50

100
100

150
150

200
200



Sequence alignment of PCR products classed as type 3 myosin heavy chain

EGGS19
EGGS20
EGGS22
FRY152
FRY155
FRY2810

EGGS19
EGGS20
EGGS22
FRY152
FRY155
FRY2810

EGGS19
EGGS20
EGGS22
FRY152
FRY155
FRY2810

EGGS19
EGGS20
EGGS22
FRY152
FRY155
FRY2810

EGGS19
EGGS20
EGGS22
FRY152
FRY155
FRY2810

AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCTGACATTGC
AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCTGACATTGC
AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCTGACATTGC
AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCTGACATTGC
AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCTGACATTGC
AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCTGACATTGC

khkkhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhhkhhhhkhkhhbhhhkhhkhhkhkhkhhkhkhkhkhhkhkhkkhhkhk

TGAGTCTCAAGTCAACAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG
TGAGTCTCAAGTCAAGAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG
TGAGTCTCAAGTCAAGAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG
TGAGTCTCAAGTCAACAAGCTCAGAGCCAAGAGTCGTGATGCTGGAAAGG
TGAGTCTCAAGTCAACAAGCTCAGAGCCAAGAGTCGTGATGCTGGAAAGG
TGAGTCTCAAGTCAACAAGCTCAGAGCCAAGAGTCGTGATGCTGGAAAGG

dhdkkhkhkhkdhhdkhkhhkhdk dhhhhhhhhhhhhhhhhdh dhdkhhhhhhhhhhhhk

stop
CCAAAGAAGAG-TGAAACCCTCAAACCTGATGGAAGGCTCTACTGAAGTC

CCAAAGAAGAG-TGAAACCCTCAAACCTGATGGAAGGCTCTACTGAAGTC
CCAAAGAAGAG-TGAAACCCTCAAACCTGATGGAAGGCTCTACTGAAGTC
CCAAAGAAGAG-TGAAACCCTCAAACCTGATGGAAGGCTCTACTGAAGTC
CCAAAGAAGAG-TGAAACCCTCAAACCTGATGGAAGGCTCTACTGAAGTC
CCAAAGAAGAGCTGAAACCCTCAAACCTGATGGAAGGCTCTACTGAAGTC

* Kk kK Kk k k k %k k %k Jhkkkkkkhkhkhkhhhkhkhhhkhkhhhhhhhhhkhkhhhhhhrhhhk

ATATAATATGATTGTTCTGTAGATTTACATGTAATATTCCTTTTTAAATA
ATATAATATGATTGTTCTGTAGATTTACATGTAATATTCCTTTTGAAATA
ATATAATATGATTGTTCTGTAGATTTACATGTAATATTCCTTTTGAAATA
ATATAATATGATTGTTCTGTAGATTTACATGTAATATTCCTTTTGAAATA
ATATAATATGATTGTTCTGTAGATTTACATGTAATATTCCTTTTGAAATA
ATATAATATGATTGTTCTGTAGATTTACATGTAATATTCCTTTTGAAATA

hhkhkhkhkhkhhkhkhkhhkhkhhkhhkhkhkhkhhhhhrhhbhhhhkhkhkhkhrhkhhrhhhhkih L Rk ok k

AATCTCGAGCACACTA- (A)n 215
AATCT--GTCTCACTAG(A)n 214
AATCT--GTCTCACTAG(A)n 214
AATCTCTG-CTAACCA- (A)n 214
AATCTCTG-CTAACTA- (A)n 214
AATCTGTG-CTAACTAG(A)n 216

khkkkk 0 ok  kk ok
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50
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100
100
100
100
100
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149
149
149
149
150
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199
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Sequence alignment of PCR products classed as type 4 myosin heavy chain

EGGS24 AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCAGACATTGC 50
FRY153 AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCAGACATTGC 50
FRY288 AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCAGACATTGC 50

hhhkhkhkhkhkhkhhkhkhkhkhhkhhkhhkhhkhhhhhhhkhhkhhkhhkhhkhhkhkhkkdhhkhkkhhdkhk

EGGS24 TGAGTCTCAGGTCAACAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG 100
FRY153 TGAGTCTCAGGTCAACAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG 100
FRY288 TGAGTCTCAGGTCAACAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG 100

hkhkhhkhhhkdhhhhhhkhhhhhhhhkhhhkhhkhhkhkhhkhkhkhkhkhkhhkhkhkhkhhkhbhkhbhhhd

stop
EGGS24 GCAAAGAGGCAGCTGAGTGAAATCCTTCACATTTAGTGCCACCTGCTCCC 150

FRY153 GCAAAGAGGCAGCTGAGTGAAATCCTTCACATTTAGTGCCACCTGCTCCC 150
FRY288 GCAAAGAGGCAGCTGAGTGAAATCCTTCACATTTAGTGCCACCTGCTCCC 150

hkkhkkhhkhhhkhkhkhkhkhhhkhkhhhhkhkkhhhkhkhkhhkhhkhhdkdkhhhbhbhddhhhhid

EGGS24 ATTTGTATCTGAAAATGTGAAATTGTTCAATAAAGCATTACATTCATCA--- (A)n 199
FRY153 ATTTGTATCTGAAAATGTGAAATTGTTCAATAAAGCATTACATTCATCAGTT (A)n 200
FRY288 ATTTGTATCTGAAAATGTGAAATTGTTCAATAAAGCATCACATTCATCAGT- (A)n 200

khhhkhhkhkhhhhkhkhhhhkhkhhhkhhhhkhhhhhhhhhkhdhdhhk hhhhkhkhhdbhkd

Sequence of FRY2811 classed as type 5 myosin heavy chain.

FRY2811  AGGAAGGTCCAGCACGAACTGGAGGAGGCTGAGGAGCGTGCAGACATTGC 50

FRY2811  TGAGTCTCAGGTCAACAAGCTCAGAGCCAAGAGCCGTGATGCTGGAAAGG 100

stop
FRY2811  GCAAAGAGGCAGCTGAGTGAAAAACTTAACATACCATGTACATCTCTGAA 150

FRY2811 AGAGTAAACATGAATAAACCTTCAAATTC(A)n 179

3.3.4 Summary of MyoHC isoforms isolated

From the 20 clones derived from RACE PCR a total of five distinct MyoHC
sequence types could be distinguished. All the clones derived from adult carp muscle (white
and red muscle from warm and cold acclimated carp) contained the same MyoHC isoform
(type 1). The single insert containing colony obtained from 14 month old carp (designated
as type 2) contained a MyoHC sequence identical to the isoform contained in the genomic

clone AFG17 described in Chapter 2. Unhatched fertilized carp eggs yielded two different
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