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CHAPTER 1

INTRODUCTION

1.1 MYOGLOBIN

Myoglobin is a member of the globin family which consists of a 

number of related respiratory proteins. The presence of globins in 

organisms as diverse as bacteria (Wakabayashi, Matsubara and Webster, 

1986), plants (Landsmann et ^ . , 1986) and higher eukaryotes (Mill, 1972, 

Jeffreys et ^ . , 1983) suggests that the putative ancestral globin gene 

is extremely ancient.

In vertebrates, myoglobin is tissue-specific being found in 

striated muscles. This Chapter concentrates on myoglobin and haemoglobin 

genes as examples of globin genes which are incorporated into very 

different developmental programs: myogenic and erythroid respectively.

Structure of myoglobin

Myoglobin is a relatively small globular protein with a molecular 

weight of 17,800 Daltons. It consists of a single polypeptide chain of 

153 amino acid residues folded about its prosthetic group haem. Haem is 

a substituted protoporphyrin IX ring with a central iron atom and is 

found in a number of other respiratory proteins, for example the 

cytochromes. The site of oxygen binding in myoglobin is the iron atom of 

the haem which is in the ferrous state (Fe2+).

The three dimensional structure of sperm whale myoglobin was 

determined by Kendrew and his colleagues in a number of stages of 

increasing resolution, using the technique of X-ray diffraction (see 

Kendrew et al., 1958, I960, 1961, Kendrew, 1963 and Nobbs et al.,

1966).The 3-D structure has been redetermined more recently by Takano et

-1 -



al. (1977). Some of the noteworthy features of myoglobin deduced from 

these studies are that myoglobin is an extremely compact protein with 

approximately 75% of the main polypeptide chain folded in a right-handed 

a-helical conformation with most of the polar amino-acid residues on the 

outer surface and the non-polar residues inside. There are eight major 

helical segments.

Myoglobin binds reversibly with a single molecule of oxygen and 

the reversibility of this reaction, which is basic to the physiological 

function of myoglobin, is made possible by the enclosure of haem within a 

pocket of hydrophobic residues. The resulting non-polar haem binding 

site excludes water and therefore protects the ferrous state of the haem 

from oxidation by water to the ferric state which is unable to bind 

oxygen.

The folding pattern of the polypeptide chain around the haem is a 

fundamental design for an oxygen carrier. Tetrameric haemoglobin is 

composed of four polypeptide chains (two a-like and two g-like subunits) 

in contrast to the single chain of myoglobin. The three-dimensional 

structure of haemoglobin revealed that the a and g chains of haemoglobin 

are very similar to myoglobin which is rather striking considering only 

24 out of 114 amino acid residues in their chains are identical (Perutz, 

Kendrew and Watson, 1965).

The amino acid sequence of myoglobin has been determined for a 

large number of species (see Romero-Herrera e^ ^ . , 1978). All mammalian 

myoglobins sequenced so far contain 153 amino acid residues. There is no 

evidence for developmental or tissue-specific myoglobin isoforms: human 

and foetal myoglobins have identical amino acid sequences (Schneiderman, 

1962) and myoglobin of both cardiac and skeletal muscle is identical 

(Romero-Herrera and Lehmann, 1971, Tipler, Edwards and Hopkinson, 1978).
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The functions of myoglobin

i) Myoglobin facilitates diffusion of oxygen in muscle

In vertebrates, haemoglobin and myoglobin carry oxygen which is 

required for aerobic respiration. Tetrameric haemoglobins transport 

oxygen in the blood while monomeric myoglobin is the principal 

haemoprotein of both skeletal and cardiac muscle serving to facilitate 

the diffusion of oxygen in muscle.

The different characteristics of haemoglobin and myoglobin which 

result in their suitability to their particular roles in vertebrate 

tissues is reflected by the shape of their respective oxygen dissociation 

curves (Antonini, 1965). The oxygen dissociation curve of myoglobin is 

hyperbolic which is expected for a simple 1 :1 association of haem and 

oxygen. Haemoglobin has a sigmoidal oxygen dissociation curve resulting 

from oxygen binding to the four subunits of haemoglobin being 

co-operative; this enables haemoglobin to be a more efficient oxygen 

transporter and allows it to deliver twice as much oxygen in a low oxygen 

environment as it would if its oxygen binding sites were independant. 

However, for any given partial pressure of oxygen, the saturation of the 

oxygen binding sites is higher for myoglobin than haemoglobin, meaning 

that myoglobin has a higher affinity for oxygen.

Oxygen binding to haemoglobin is also affected by pH and levels of 

carbon dioxide whereas myoglobin shows no change in oxygen binding over a 

wide range of pH and carbon dioxide levels. Acidity and increased carbon 

dioxide levels enhance the release of oxygen from haemoglobin and 

therefore the increased pH and carbon dioxide levels in the capillaries 

of metabolically active tissue such as muscle promotes the release of 

oxygen which is then taken up by myoglobin which has a higher oxygen 

affinity.

Early experiments by Millikan (1939) and Wittenberg (1970 and
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references within) demonstrated indirectly that myoglobin contributed in 

some way towards oxygen entry into muscle. For example, Millikan (1939) 

showed that myoglobin in muscle undergoes rapid oxygenation and 

deoxygenation in response to fluctuations in oxygen supply and demand of 

the activated muscle. Wittenberg (1970) proposed that an adequate supply 

of oxygen to the muscle mitochondria during contraction was dependant 

upon three components: the diffusion path length of oxygen from the 

capillaries to the muscle mitochondria, the oxygen pressure gradient 

existing between these two and the rate of oxygen diffusion which 

included myoglobin facilitated diffusion and the natural diffusivity of 

oxygen. With the onset of contraction, muscle oxygen demand increases 

immediately (Millikan, 1939) and the steady state (oxygen supply and 

demand are balanced) is achieved by increasing oxygen supply to the 

contracting muscle. Oxygen supply is increased by the widening of the 

blood capillaries: this alters the diffusion distance and increases blood 

flow thereby delivering more oxygen and changing the oxygen pressure 

gradient. Myoglobin is then considered to increase the inward diffusion 

of the oxygen into muscle fibres but it was not clear how myoglobin might 

bring this about. Physical model systems (see Wittenberg, 1970 for a 

review of these systems) established that myoglobin was able to 

facilitate oxygen diffusion through solution by reversible combination 

with oxygen and translational diffusion of the oxymyoglobin molecules.

It was difficult to demonstrate that myoglobin served this function in 

muscle tissue and direct evidence that oxygen supply to muscle was 

dependant upon myoglobin was lacking at this stage. In 1975, Wittenberg, 

Wittenberg and Caldwell were able to demonstrate, using muscle bundles 

from the red muscle fibres of pigeon breast and several inhibitors of 

myoglobin, that myoglobin indeed acts to transport a significant fraction 

of oxygen consumed by the muscle mitocondria in steady state conditions.

-4-



They also established that myoglobin in muscle fibre bundles is only 

partially oxygenated implying a steep gradient of myoglobin oxygenation 

which is a requirement for any carrier mediated oxygen transport and 

which was previously demonstrated in working cardiac and skeletal muscle 

(Wittenberg, 1970).

ii) Myoglobin as a long-term oxygen store

Diving mammals and birds exhibit an exceptional tolerance to 

sustained periods of hypoxia compared with mammals that do not dive and 

frequently show elevated levels of myoglobin in their skeletal or cardiac 

muscle or both (Wittenberg, 1970). As pointed out by Lawrie (1950), 

these levels exceed by five to ten fold the levels expected from the 

respiratory requirements of the tissue. The correlation between high 

myoglobin concentrations and the diving ability of a number of animals 

led Irving (1939) and Scholander (1940) to propose the idea that 

myoglobin might serve as a long-term oxygen store during diving.

In general, the highest concentrations of myoglobin are found in 

those mammals that are known to perform long and deep dives. For 

example, seals generally contain higher levels of myoglobin than 

dolphins, the former diving for longer periods of time (Eichelberger et 

al., 1939). Phocoid seals have twice the level of myoglobin, amongst 

many other respiratory adaptions, than Otariid seals which correlates 

with longer and deeper dives carried out by Phocoid seals (Lenfant, 

Johansen and Torrance, 1970), and both seals have higher myoglobin 

concentrations and dive for longer periods than the penguin. Sperm 

whales are able to dive for up to 120 minutes and have ten times as much 

myoglobin in their skeletal muscles as found in terrestrial mammals. 

During a dive, blood supply to the muscles is cut off and oxygen 

consumption is minimised by economy of motion. Even with the increased
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levels of myoglobin, sperm whale muscles go into oxygen debt during 

prolonged dives (Wittenberg, 1970).

There are other adaptions which allow tolerance to hypoxia in 

diving mammals and birds including oxygen economy factors such as 

cardiovascular and respiratory responses which tend to conserve available 

oxygen stores and differences in the oxygen storage capacity of the lung 

(Lenfant, Johansen and Torrance, 1970).

Increased levels of myoglobin are also found in subterranean 

mammals for example the mole-rat (Nevo, 1979) and the pocket gopher 

(Butler and Jones, 1982). Animals exposed to hypoxic environments 

therefore, have adapted their concentrations of myoglobin in response to 

particular physiological requirements.

Adaption of myoglobin levels to hypoxic environments are not 

universal. Diving reptiles do not show elevated myoglobin levels (see 

Butler and Jones, 1982) suggesting that they have evolved alternate 

adaptive mechanisms to hypoxia to cope with their particular 

requirements.

It is worth mentioning at this point some other specific adaptions 

of myoglobin concentrations during conditions of hypoxia. Myoglobin 

concentrations are increased as a result of acclimatisation to high 

altitudes. Vaughan and Pace (1959) were able to demonstrate that rat 

total body myoglobin concentration increased by 70% when rats were taken 

from sea-level to high altitudes or reared at high altitudes. There is 

an interesting seasonal variation in myoglobin levels in the body muscles 

of the snow-shoe hare which increase during the late winter months 

compared to the myoglobin levels observed in the summer (Rosenmann and 

Morrison, 1965).
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iii) Myoglobin as a short term oxygen store

It has been proposed that myoglobin is able to serve as a short 

term oxygen store to buffer any fluctuations in the rate of oxygen flow 

from the capillaries to the mitochondria, important in the stabilisation 

of oxygen supply to the beating heart (see Wittenberg et 1975, Longo, 

Koos and Power, 1973).

1.2 THE GLOBIN GENE FAMILY 

Globin gene organisation

Myoglobin and haemoglobin are distant relatives in the globin gene 

family as revealed by structural and amino-acid homologies between them. 

Members of the globin gene family are thought to have arisen by 

successive duplications of an ancestral globin gene with subsequent 

divergence of the duplicated genes to form new family members (see 

Jeffreys _et ^ . , 1983). The tetrameric haemoglobins of vertebrates arose 

with an initial a/g-globin gene duplication early in vertebrate 

evolution, about 450 MY ago (Hunt, Hurst-Calderone and Dayhoff, 1978, 

Czelusniak et ^ . , 1982). Successive duplications of the a/3 genes 

occu%ed to form two groups of closely related genes which are dispersed 

to different chromosomal locations in mammals and birds (Efstratiadis et 

al., 1980). In man, the 3-like globin cluster is on chromosome 11 and 

consists of five functional genes which are developmentally regulated and 

which encode a variety of specialised embryonic, foetal and adult 

haemoglobins. The genes are organised 5 ’-3’ on the chromosome in the 

order of their time of expression during development (Collins and 

Weismann, 1984). The a-like globin cluster is on chromosome 16 and 

consists of three functional and developmentally regulated genes.

In contrast to mammals and birds, the a- and 3-globin genes are 

found as a single cluster in the amphibian Xenopus tropicalis (Jeffreys
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£t £l ., 1980). Duplicated a- and 3-globin genes can therefore remain 

tightly linked over long (450 MYs) evolutionary periods and this provides 

evidence that the a- and 3-globin gene clusters originally arose as a 

tandem gene duplication with the dispersal of a- and 3-globin genes in a 

common ancestor leading to the bird and mammalian lineages.

Amino acid sequence divergence of haemoglobin and myoglobin have 

suggested that the myoglobin gene arose by duplication of a primitive 

globin gene about 800 MY ago (Hunt, Hurst-Calderone and Dayhoff, 1978) 

whereas phylogenetic analyses have suggested that myoglobin has appeared 

more recently, (500 MY ago) early in the evolution of the vertebrates.

In both estimates, the duplication precedes that which gave rise to 

the a- and 3-globin genes (Czelusniak et ^ . , 1982).

Recently, two mammalian myoglobin genes have been isolated and 

characterised. The first myoglobin gene to be cloned was from the grey 

seal (Wood, Blanchetot and Jeffreys, 1982, Blanchetot £t ^ . , 1983).

Grey seal skeletal muscle was chosen since it contains very high levels 

of myoglobin and myoglobin mRNA (about eight times more than human 

skeletal muscle, Weller et ^ . , 1986). The second myoglobin gene was 

isolated from human skeletal muscle (Weller et ^ . , 1984) using seal 

myoglobin gene exons as hybridisation probes. In contrast to the large 

number of genes encoding the various haemoglobins, a single gene encodes 

myoglobin of both skeletal and cardiac muscle in the seal and man.

The linkage arrangement between the haemoglobin and myoglobin 

genes in man was analysed using man-rodent somatic cell hybrids (Jeffreys 

et ^ . , 1984). The single functional myoglobin gene was assigned to 

chromosome 22 and is therefore not linked to the a- or 3-like globin 

genes but represents a third dispersed globin locus. By analogy with 

the a/3 gene duplication it is possible that the haemoglobin/myoglobin 

duplication arose as a tandem duplication followed by dispersal to



separate chromosomes. In view of the tight linkage maintained between 

the a- and 3-globin genes in Xenopus tropicalis it might be possible that 

other vertebrate groups would still maintain linkage between myoglobin 

and haemoglobin genes. It would be interesting therefore to establish 

the location of the myoglobin gene relative to the single a/3-globin gene 

cluster in Xenopus tropicalis.

Globin gene structure

The prototypical vertebrate globin gene structure is ancient and 

consists of three coding regions (exons) interrupted at precise locations 

by two non-coding regions (introns). This common structure is found in 

all vertebrate a- and 3-globin genes (Fig 1.1, Jeffreys et ^ . , 1983). A

variation in this gene structure is found in plant globin genes

specifying leghaemoglobin; a monomeric myoglobin-like protein which 

serves to keep oxygen tension low in nitrogen fixing root nodules to 

ensure an adequate supply of oxygen to oxygen-sensitive Rhizobium 

(Appleby, 1974). The leghaemoglobin gene contains a central globin

intron in addition to the two introns normally found in vertebrate globin

genes (Fig 1.1). The resulting second and third leghaemoglobin exons 

encode the structural modules which form the haem-binding site in 

leghaemoglobin, supporting the correlation between exons and protein 

functional and structural units in the theory that gene functions may 

have arisen by an assortment of various exons encoding different 

functions (Blake, 1978). In remarkable contrast, the larval haemoglobin 

gene of the insect Chironomus thummi thummi does not contain introns and 

has a signal sequence upstream required for the secretion of the globin 

into the insect haemolymph (Antoine and Niessing, 1984).

In summary, globin gene structure is very stable in vertebrates.

It is not known whether the extra intron in the leghaemoglobin gene has
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Figure 1.1

Some members of the globin gene family
The gene structure of some members of the globin gene family are 

represented diagramatically to scale, including, vertebrate a-and g- 
globin genes (Nishioka and Leder, 1979, Konkel, Maizel and Leder, 1979), 
a leghaemoglobin gene (Brisson and Verma, 1982), an insect globin gene 
(Antoine and Neissing, 1986) and two mammalian myoglobin genes 
(Blanchetot et , 1983, Weller et , 1984). Coding regions are 
represented as black boxes, nontranslated mRNA sequences as open boxes 
and flanking DNA as lines.

Note the much longer introns and 3 ’-nontranslated mRNA sequences 
of myoglobin genes.

Scale; ■
400 bp
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been gained recently by insertion into a globin-like gene in plants or 

whether an ancestral globin gene of plants and animals contained three 

introns and the central intron has been eliminated early in animal

evolution. The finding that the leghaemoglobin gene is widespread in the

plant kingdom tends to support the latter proposal (Landsmann et al., 

1986). In the insect Chironomus, all globin introns have been lost and 

this may have occured by a similar mechanism as that which gave rise to 

processed pseudogenes (Vanin, 1984) with some kind of gene conversion 

event to maintain the gene transcription signals.

Cene lengths and intron sizes are remarkably well conserved in

haemoglobin and leghaemoglobin genes (see Blanchetot et ^ . , 1983).

Mammalian g-like globin genes have intron sizes of 116-132 bp and 628-906 

bp respectively while u-like globin genes have two similar sized introns, 

103-104 bp in length although the human embryonic ç gene has larger 

introns due to the presence of tandemly repeated sequences in the introns 

(Proudfoot, Cill and Maniatis, 1982). The stability in intron length of 

the a- and 3-globin genes led to the suggestion that this might reflect a 

functional role for intron length rather than sequence (see Van den Berg 

et al., 1978).

The characterisation of the seal and human myoglobin genes led to 

some rather striking differences in the structure of myoglobin and 

haemoglobin genes (Fig. 1.1). Myoglobin genes are interrupted by introns 

at precisely the position found for the introns in a- and 3- globin genes 

demonstrating that the three exon/two intron structure was established 

before the haemoglobin/myoglobin divergence 500-800 MY ago. However, the 

introns of myoglobin genes are much longer than their haemoglobin 

counterparts. Intron 1 of the human and seal genes is 5.8 and 4.8 kb 

respectively compared to 116-120 bp of the 3-like globin genes.

Similarly, intron 2 of the human and seal genes is much longer being 3.6

-10-



and 3.4 kb respectively compared to 628-906 bp for the g-like globin 

genes. The major increase in myoglobin intron length would tend to 

suggest that there is not a selective constraint on globin intron size 

unless myoglobin introns have become elongated as a result of adaption to 

their inclusion into a different developmental program. Another unusual 

feature of myoglobin genes is that they have very long 3 ’“nontranslated 

mRNA sequences.

Globin promoters and globin gene expression

i) The promoter region

A number of strategies are employed to deduce the sequences 

required for transcriptional promoting activity of eukaryotic genes 

transcribed by RNA polymerase II. First, sequence comparisons of several 

genes lead to the identification of conserved sequence elements in the 

5 '-flanking region of a large number of genes which could reflect common 

control sequences (for example, see Minty and Newmark, 1980) .

Comparisons between the same gene in different species have identified 

similar conserved sequence elements which could reflect gene specific 

regulatory sequences (see Daubas _et ^ . , 1985 for example). Secondly, 

mutations have been generated in the 5 '-flanking region and the effect of 

the various mutations on transcriptional promoting activity tested in 

suitable vitro expression systems. Thirdly, for some genes, genetic 

defects in gene expression have been found to be due to mutations in the 

promoter region, providing evidence for a role of the particular sequence 

in gene transcription.

There are two regions of DNA immediately upstream of the 

transcriptional start site which are highly conserved in both sequence 

and position; the "TATA" box located 25-30 bp before the mRNA CAP site 

(Breathnach and Chambon, 1981) and in some genes the "CAAT" box located
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70-80 bp upstream of the CAP site (Efstratiadis et , 1980). The TATA 

box appears to determine the precise start of transcription initiation 

both vitro and vivo (Breathnach and Chambon, 1981). In contrast, 

mutation in the CAAT box region has been shown to influence the 

efficiency of mRNA synthesis of many eukaryotic genes (Crosveld et al., 

1982, Charnay, Mellon and Maniatis, 1985). A DNA binding protein has 

been identified that specifically binds to the CAAT motif in the Herpes 

simplex virus thymidine kinase promoter to increase transcription (Jones, 

Yamamoto and Tjian, 1985). Another less ubiquitous sequence motif 

identified is a CC-rich hexanucleotide found in a variety of viral and 

cellular promoter regions. A cellular transcription factor Spl 

stimulates transcription when it binds to the CC-rich region in virus 

promoters (Dynan and Tjian, 1985). The elements described above do not 

appear to determine the cell-type specific expression of particular genes 

or the inducibility of particular genes in response to extrinsic factors. 

The activity of many promoters appears to be modulated further by more 

specialised cis-acting elements. A class of control elements, 

"enhancers", first described in viruses are distinguished by their 

ability to dramatically activate transcription units independently of 

their orientation or their precise positioning relative to the 

transcription unit (Serfling, Jasin and Schaffner, 1985). A large number 

of cellular enhancers have now been identified exhibiting similar 

properties to the viral enhancers (Rogers and Saunders, 1985). Most of 

the genes that have associated enhancers are tissue-specific, 

developmentally regulated and/or inducible. For example, a 

tissue-specific enhancer located within 400 bp of 5 ’-flanking region in 

the insulin gene is required for the cell-specific expression of insulin 

in pancreatic islet cells (Walker £t ^ . , 1983).

A "typical" eukaryotic promoter therefore can be described as
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being composed of several types of sequence elements: i)Enhancer elements 

or, for promoters which do not have enhancer elements, other specific 

upstream sequences, ii)more general sequence elements located 50-200 bp 

before the CAP site (e.g CAAT sequence) and iii)the TATA sequence and CAP 

site required for the accurate initiation of transcription. Each of 

these sequence elements is probably recognised by a DNA binding proteins 

(trans-acting factors) (Sassone-Corsi and Borrelli, 1986, Dynan and 

Tjian, 1985). Enhancer and gene specific upstream sequence binding 

proteins may be cell specific and each region could bind one or more of 

these proteins providing a wide range of specificities by different 

combinatorial effects (Brown, 1984). Proteins recognising the TATA and 

perhaps CAAT sequences may be less diverse since these elements are 

conserved for most promoters.

The promoters of "house-keeping" genes appear to deviate from the 

consensus organisation described above. For example, promoters of the 

genes encoding the HPRT and DHFR have a very high CC content and lack a 

TATA box. The CC-rich motifs of these genes, found shortly before the 

mRNA CAP site, are potential binding sites for transcription factor Spl 

and Spl has been shown to bind to the CC-rich region of the DHFR gene in 

vitro (Dynan, 1986).

Sequences related to the canonical TATA and CAAT boxes are highly 

conserved among mammalian a- and g-globin genes and are also found in 

leghaemoglobin genes (Efstratiadis et al., 1980, Proudfoot, 1979, Brisson 

and Verma, 1982). The TATA box has been shown to be required for 

specific transcription initiation in the 3-globin gene and is also 

required for maximal promoter activity vitro (Crosveld e^ ^ . , 1982, 

Dierks et al., 1983). Dierks et (1983) identified an additional 

sequence element located -100 bp before the CAP site in the 3-globin 

promoter required for efficient transcription of the 3-globin gene. This
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region consists of a tandem repeat of a "CACCC" element and is found in 

the majority of other g-like globin genes. The physiological importance 

of these regions was further supported by the finding that a human g- 

globin gene containing an A—>C transversion in the TATA box results in 

a thalassemia. Moreover, a B°-thalassemia gene has been sequenced and 

shown to contain a C— >G transversion in one of the CACCC regions (see 

Flavell and Crosveld, 1983)

Sequences further upstream of 100 bp have been shown to be 

conserved in g-globin genes which suggests that other sequences may be 

involved in B-globin gene expression than those described here 

(Moschonas, deBoer and Flavell, 1982).

The myoglobin promoter region has not been characterised by in 

vitro expression analysis but a comparison between myoglobin and 

haemoglobin promoters reveals that the myoglobin promoter is atypical. 

While a TATA box is present about 30 bp before the CAP site in both seal 

and human myoglobin genes, in the region containing the CAAT box and 

CACCC element of the B-globin promoter, human and seal myoglobin genes 

contain an unusually purine-rich sequence 090% AC) termed the CACA box 

(Blanchetot et ^ . , 1983, Weller _et , 1984). These regions exhibit 

internal repetition, for example the seal sequence is (CCA)? (CA)g.

ii) Clobin gene expression

Vertebrate globin genes are expressed at different times during 

development. The eight functional globin genes (Section 1.2) are 

expressed to produce six haemoglobins (c^Eg, S2Y2, 0̂ 6%, azôz,

.OzBz)' The analysis of haemoglobin promoter function was carried out in 

heterologous cell types and could not be expected to lead to an 

identification of all the sequences that function in the developmental 

regulation of the genes (see Introduction to Chapter 5).
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Two developmental switches occur in haemoglobin production in man 

(see Collins and Weissmann, 1984, Karlsson and Nienhuis, 1985): the 

embryonic to foetal switch and the foetal to adult switch. The embryonic 

haemoglobins (Ç2-2» G2''2, 2̂ = 2) are produced in the placental yolk sac. 

There is a transition of erythropoiesis from the yolk sac to the foetal 

liver but the embryonic to foetal switch does not coincide with this as 

foetal haemoglobins are synthesised in the yolk sac also and the

G— switch (3-like globins) appears to occur slightly later than the 

globin gene switch (ç— >a) in the a-cluster. Synthesis of adult 3,6- 

globins (uzôz, ctzB,) occurs at low levels early in erythropoiesis but the 

major switch from foetal to adult synthesis occurs around birth. Once 

again the onset of erythropoiesis in the spleen or bone marrow does not 

coincide with any significant changes in the levels of Y- and g-globins. 

The adult a-globin is synthesised throughout foetal development and 

post-natal life.

An analysis of haemoglobin gene switches at the molecular level is 

difficult since no model systems are available which express all the 

globin genes. The introduction of globin genes into mouse 

erythroleukemia (MEL) cells has begun to provide some information on the 

sequences which might regulate developmental gene expression. MEL cells 

are transformed erythroid cells which appear to be arrested at an early 

stage of erythroid development. The addition of several chemical 

inducers to MEL cells leads to the induction of erythroid maturation; a 

variety of phenotypic changes occur including the activation of the adult 

g-globin gene. 3-like globin genes transferred into MEL cells have 

revealed that there is a specific induction of adult 3-globin gene 

expression during differentiation of these cells and human embryonic and 

foetal genes are not regulated (Wright et 1983), indicating that 

sequences within the transferred adult 3-globin gene contain information
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controlling this induction of gene expression. Gene transfer experiments 

into MEL cells also demonstrated that sequences both 5 ’ and 3 ’ to the 

mRNA CAP site of the g-globin gene are important in gene activation 

during MEL cell development (Wright et , 1984). Sequences 3 ’ to the 

initiation codon are also required for a-globin gene expression in this 

system (Charnay et al^, 1984). The gene transfer experiments revealed 

that a-and g-globin genes are subject to different levels of control.

The g-globin gene appears to be regulated at two distinct levels: it 

requires a "derepression" step which might be the formation of an active 

chromatin configuration from an inactive configuration, followed by an 

"activation" step which appears to require gene specific activators 

binding to specific sequences before the derepressed gene may be 

expressed. The a-globin gene however, appears to require only the 

"derepression" step.

In contrast to the MEL cell line, the human erythroid cell line 

K562 expresses the embryonic and foetal haemoglobin genes but only very 

low levels of the adult genes. This provides a complementary system to 

the MEL cell system which has been used to study the mechanisms of adult 

globin gene promoter inactivity in these cells (see Khazaie et ,

1986).

Transfection of globin genes into primary erythroid cells has been 

carried out recently (Hesse et ^ . , 1986) which provides a more 

biologically relevant environment for gene expression analysis and globin 

genes may be introduced into primary cells at defined developmental 

stages. Transfection of chicken 3-globin-CAT gene constructions into 

primary avian erythroid cells demonstrated that transferred genes can be 

expressed in these primary cultures and also led to the identification of 

a putative enhancer element in the 3 ’-flanking region of the g-globin 

gene. The presence of the enhancer sequence in the 3 '-flanking region of
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the chicken g-globin gene has been confirmed by Ok-Ryun and Engel (1986) 

and it appears to play a major role in the cell-specific and 

developmental-stage specific regulation of the adult g-globin gene.

Although useful information may be gained from these cell culture 

systems, it is more likely that information about developmental switches 

will come from a study of globin genes and modified derivatives after 

transfer into the genome of organisms at the very beginning of 

development. A hybrid 5 'mouse-3’human g-globin gene which is 

specifically activated during MEL cell maturation contains the sequences 

required for tissue-specific expression and to remain inactive in 

primitive erythroid cells of transgenic mice and be specifically 

activated later in development in foetal and adult erythroid cells 

(Magram, Chada and Constantini, 1985). The construction of a variety of 

embryonic/adult, non-globin/globin gene hybrids and analysis in this 

system should generate information on specific sequences involved in 

developmental regulation. It is noteworthy that the human foetal T- 

globin gene is expressed as an embryonic gene during development of 

transgenic mice (mice have no separate globin genes expressed 

specifically at the foetal developmental stage) suggesting that the human 

gene responds to trans-acting factors which activate the mouse embryonic 

globin genes (Chada, Magram and Constantini, 1986). Results using 

trans-species constructs must therefore be interpreted with care. It is 

likely, despite the demonstration that transferred globin genes 

containing limited amounts of flanking DMA can be expressed and regulated 

in the various systems, that the arrangement of the globin genes on their 

respective chromosomes, i.e. their "chromatin configuration" will also 

play a role in the developmental processes (see Collins and Weismann, 

1984).
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1.3 MUSCLE; FUNCTION AND STRUCTURE

Myoglobin is the principle haemoprotein of both skeletal and 

cardiac muscle in vertebrates. In contrast to the wealth of information 

concerning the expression of haemoglobin genes, relatively little is 

known about myoglobin gene expression. However, before describing what 

is known about myoglobin gene expression, the myogenic developmental 

system in which the myoglobin gene has been incorporated is considered.

Muscle function

Muscle is defined as "a machine that converts chemical energy to 

mechanical energy at constant temperature". In vertebrates, skeletal 

muscle is responsible for the production of rapid movements under 

voluntary control. Closely related forms, cardiac and smooth muscle, 

have become specialised for other involuntary movements such as heart 

pumping and gut peristalsis.

Skeletal muscle structure 

i)The muscle sarcomere

Skeletal muscles consist of long, thin muscle fibres. These 

fibres are single, very large multinucleate cells formed by the fusion of 

many separate cells (see below). About two thirds of the mass of the 

fibre is made up of myofibrils which extend the entire length of the 

muscle fibre. Each myofibril is made up of a regularly repeating unit, 

the sarcomere, which is the basic unit of muscle function. When muscle 

is viewed in longitudinal section at high magnification, each sarcomere 

is seen as a series of dark and light stripes. The darker stripes are 

the A band and the lighter stripes the I bands while the dense line in 

the centre of the I band that separates one sarcomere from the next is 

the Z line (Fig.1.2). Sarcomeres of adjacent myofibrils are aligned in
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Figure 1.2

Top Schematic diagram of a sarcomere
The thick filaments of the A band are depicted by thick lines and 

the thin filament extending across the I bands and part of the way into 
the A bands by thin lines. The Z-disc which bisects the I bands is 
shown. Besides the major components of the sarcomere (contractile and 
regulatory proteins), there are other minor components in the sarcomere. 
Myomesin and M-protein are found in the centre of the A band (in the 
region called the M-line) (Perriard ^  , 1986). C-protein is located
in the A bands and is found as different isoforms in different muscle and 
fibre-types (see Obitana et al., 1986). In the Z-disc a-actinin and 
desmin are found and both play roles in the structure of the sarcomere. 
Muscle-form creatine kinase binds to the M line.

Bottom The major protein components of the muscle sarcomere
The interaction between the major contractile proteins of the 

sarcomere is shown (taken from Buckingham and Minty, 1983). Parts of the 
thick and thin filaments are shown to include one cross-bridge (domain of 
myosin molecule). The outer light chains are the alkali light chains,
LC1 and LC3, and the inner light chains binding Ca2+ ions, the 
phosphorylatable light chain 2. Ca2+ ions bind to troponin C in the 
regulation of muscle contraction.
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register to give the whole muscle a striated appearance. The molecular 

basis for the cross-striations, represented diagrammatically in Fig.1.2, 

was revealed by electron microscopy. Each sarcomere was found to contain 

two sets of parallel and partially overlapping protein filaments, the 

thick filaments extending from one A band to the other and the thin 

filaments extending across the I bands.

The thin filament consists principally of sarcomeric actin, a 

representative of a highly conserved family of actins, members of which 

are found in all vertebrate and invertebrate cells (Buckingham, 1977). 

Actin associates as filaments consisting of two strands of globular 

molecules twisted into a helix and together with acessory proteins makes 

up the thin filament (Fig.1.2).

The thick filaments are made up principally of sarcomeric myosin. 

Myosin is also present in virtually every cell in the vertebrate and 

invertebrate body. Skeletal muscle myosin consists of two identical 

heavy chains (M.W. ~ 200,000 Daltons) and two pairs of light chains (M.W.

-20,000 and 16,000 Daltons). Myosin is able to hydrolyse ATP and its 

ATPase activity is stimulated by actin.

Contractile force is generated in the muscle sarcomere by the 

interaction of myosin and actin, a force which is in effect directional 

since it is exerted on the actin filaments which are anchored in the Z 

region. The thick and thin filaments slide past each other as the muscle 

contracts and the molecular basis for muscle contraction is detailed in a 

review by Huxley (1973). Force can only be generated if ATP is 

immediately available and the sarcomere is therefore associated with 

enzyme complexes that generate ATP from various substrates. These 

include the enzymes of the glycolytic pathway, mitochondria for oxidative 

ATP formation and creatine kinase which is able to generate ATP from the 

metabolism of the phosphocreatine stores in muscle.
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Muscle contraction is initiated in the sarcomere by a rise in the 

concentration of intracellular Ca2+ ions released by the sarcoplasmic 

reticulum in response to a nervous stimulation of the muscle fibre. The 

excitation of the fibre is initiated at the motor end plate (junction 

between the nerve and muscle), spreads rapidly over the surface of the 

fibre and is transmitted into the interior by the T tubules. The 

excitation is coupled to the sarcoplasmic reticulum (SR) and the SR 

responds by release of stored Ca2+ ions from its interior compartment 

into the myoplasm (Endo, 1977). Ca2+ ions diffuse and bind to a set of 

specialised proteins associated with the actin filaments, tropomyosin and 

the troponin complex, to initiate muscle contraction (reviewed by 

Adelstein and Eisenberg, 1980).

Tropomyosin is a dimeric double stranded a-helical rod which is 

aligned nearly parallel to the long axis of the thin filament (Fig.1.2). 

Troponin (Tn) is a complex of three polypeptide chains: Tn C, Tn I and Tn 

T. The Tn complex is located at regular intervals along the thin 

filament, the period being set by tropomyosin (Fig.1.2). Tn T binds to 

tropomyosin while Tn I binds to actin and Tn C to Ca2+ ions. The 

interaction of actin and myosin is inhibited by troponin and tropomyosin 

in the absence of Ca2+ ions. Released Ca2+ ions bind to Tn C and cause 

conformational changes that are transmitted to tropomyosin and then to 

actin allowing the interaction of myosin and actin and hence contraction 

to occur (Hitchcock, Huxley and Szent-Gyorgi, 1973). Contraction ceases 

when Ca2+ ions are removed from the regulatory binding sites.

While this section has described the structure and contraction of 

skeletal muscle, the two other major types of muscle, cardiac muscle and 

smooth muscle, also contain actin and myosin and contract by a sliding 

filament mechanism. Cardiac muscle has a striated appearance which
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reflects a very similar organisation of the actin and myosin filaments. 

Smooth muscle, however, has no striations and consists of long tapering 

cells that have one nucleus and contain both thick and thin filaments 

aligned along the axis of the cells. The thick and thin filaments in 

this case, are not arranged in a strictly ordered pattern found in 

skeletal and cardiac muscles and do not appear to form myofibrils. The 

movement of the filaments in smooth muscle is dependant on a calcium 

ion-regulated phosphorylation of myosin (Adelstein and Eisenberg, 1980).

ii)The fibre-type diversity of skeletal muscle

The skeletal muscle fibres described above taken from an adult 

mammal do not all look alike. Close inspection at the molecular and 

biochemical level reveals that skeletal muscle is an extremely 

heterogenous tissue. The diversity results from a spectrum of fibres 

with different physiological and metabolic properties which are suited to 

the wide range of functional demands on muscle. In spite of the 

heterogeneity, some broad principles do begin to emerge when fibres are 

analysed by a number of criteria and this has led to several systems 

suggested to classify these different fibre-types (see Eisenberg, 1985).

Immunological studies and experiments on isolated muscle fibres 

have established that in adult mammals two major fibre types can be 

distinguished which are composed of different forms of the contractile 

proteins (for example, see Dhoot and Perry, 1979). Certain muscles are 

predominantly made up of one or other of these fibre types and such 

muscles have been shown to have a relatively "fast” or "slow" time course 

of contraction (Burke £t ad., 1971). The contractile proteins found in 

these fibre types are referred to as fast and slow forms and the fibres 

as fast (Type II) or slow (Type I). Barany (1967) demonstrated that in 

adult muscles the maximum velocity of contraction is directly
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proportional to the ATPase activity of the actomyosin extracted from the 

muscle, thereby establishing an important functional relationship between 

the physiology of the muscle and the proteins present. Acid 

preincubation of muscle fibres has allowed histochemical separation of 

two fast subtypes of skeletal muscle fibres, typellA and IIB, as the 

myosin ATPases they contain use ATP differently after incubation in 

solutions of altered pH (Brooke and Kaiser, 197^).

Type I and Type II fibres may be further subdivided on the basis 

of their metabolic properties and perhaps the most straightforward 

classification is that proposed by Peter £t (1972) which incorporates 

both the contractile and metabolic properties in the nomenclature. They 

describe three main fibre types refered to as slow-twitch oxidative (SO), 

fast-twitch oxidative-glycolytic (FOG) and fast-twitch glycolytic (FG) 

fibres, although recognising that there are some problems in reliably 

differentiating between FOG and FG fibres using histochemical analysis 

for mitochondrial oxidative enzymes (Nemeth et al., 1979). FOG fibres 

are thought to contain the Type IIB myosin isoform and FG the Type IIA 

isoform although this classification breaks down for a number of muscles 

(Jolesz and Sreter, 1981).

SO fibres have an increased reliance on oxidative phosphorylation 

as an energy source and have a high mitochondrial content. These fibres 

have a rich capillary supply and are red in colour, reflecting their high 

levels of myoglobin (Peter et ^ . , 1972). In fully grown mammals, SO 

fibres have a smaller diameter than FG fibres reflecting their greater 

dependence on oxygen delivery and a need for a smaller oxygen diffusion 

distance (Zak, 1981).

FG fibres have a low oxidative capacity and increased levels of 

glycolytic enzymes and metabolise glycogen by anaerobic glycolysis to 

produce energy. They have a sparse blood supply and a whiter colour.
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The T-tubule system is more extensive in FG fibres than in SO fibres 

(Eisenberg, 1985).

FOG fibres tend to be intermediate between SO and FG fibres in 

their metabolic enzyme and myoglobin contents.

This fibre typing system should not be taken as a rigid 

classification since with any classification, muscle fibres demonstrate a 

continuum of overlapping properties with respect to their various 

constituents (Pette, 1980). The balance between the different enzymes 

and proteins of a fibre matches the metabolic and structural requirements

of the fibre to carry out work. SO fibres are recruited for sustained

force generation and are fatigue resistant whereas FG fibres, with a less 

efficient metabolic system, are reruited occasionally for peak force 

production and are less fatigue resistant than both FOG and SO fibres.

FOG fibres with higher levels of myoglobin and oxidative enzymes are more 

fatigue resistant.

Cardiac muscle which contracts continuously, has a high capacity 

for aerobic metabolism, obtaining energy almost entirely from oxidation 

of fatty acids. Consequently heart muscle has high levels of myoglobin

and many mitochondria (Holloszy and Booth, 1976).

Most mammalian muscles are composed of mixed populations of the 

different fibre types but some muscles are predominantly composed of one 

fibre type, for example the soleus muscle in many mammals is 

predominantly SO fibres.

Muscle fibres are organised into motor units. A motor unit 

consists of a single motor neuron and many muscle fibres. Fibres are 

called into action by their motor neuron and contract in an all or 

nothing response. The nerve connection to the particular fibre must be 

matched to the appropriate type of fibre; the axon transmitting commands 

for quick, intermittant action for example, must activate FG fibres.
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Duller, Ecoles and Ecoles (I960), showed convincingly that certain 

properties of the muscle were dependant on the source of its innervation. 

Denervating a fast and a slow muscle and then cross-reinnervating the two 

muscles resulted in the contraction time of the slow muscle becoming more 

like that of a fast muscle and vice versa. Later experiments with this 

system demonstrated that the impulse frequency and the quantity of 

impulses were responsible for the differences in the speed related 

properties of slow and fast muscles (reviewed in Salmons and Sreter, 

1976). Motor units of adult mammals are physically and biochemically 

homogeneous (Pette, 1985). These observations have led to the hypothesis 

that it is the specific neural input which is of primary importance in 

regulating the phenotype expression (both contractile and metabolic 

properties) of the muscle fibre (Pette, 1985).

Contractile protein isoforms

Almost every protein of the contractile-regulatory myofibril has 

isoforms (see Buckingham, 1977, 1985 and Buckingham and Minty, 1983 for 

reviews). Differences in performance that exist between the adult muscle 

fibres are in part determined by the presence of these different isoforms 

and this is obvious in the case of myosin isoforms where there is a 

correlation with the speed of contraction and the V^ax the myosin 

ATPase.

The multiple isoforms of contractile proteins are encoded by 

members of multigene families each of which probably arose by gene 

duplication during evolution (see Buckingham, 1985). The individual 

members of the gene families are subject to fibre-specific, 

tissue-specific and developmental stage-specific regulation. For 

example, the actins comprise a group of proteins which are highly 

conserved in evolution and six actin isoforms have been identified in
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mammals and these isoforms differ from each other by only a few amino 

acids (Vandekerckhove and Weber, 1978,1979). Two smooth muscle (a-and ï- 

smooth) and two striated muscle (a-skeletal and a-cardiac) isoforms are 

components of the sarcomere and two non-muscle isoforms (g- and T- 

cytoplasmic) are components of the cytoskeleton. The non-muscle isoforms 

are found in most cells in the vertebrate body while muscle isoforms are 

found only in particular muscle types.

Non-muscle isoforms also exist for myosin heavy chain, myosin 

light chain and tropomyosin proteins (Buckingham, 1977).

At least 10 myosin heavy chain (MHC) isoforms exist in vertebrates 

and the genes encoding all 10 different isoforms have been isolated 

(Mahdavi _et ^ . , 1986). Seven of the isoforms are found in skeletal and 

cardiac muscles and are the predominant myosin isoforms in the different 

adult muscle tissues (for example, cardiac u-MHC, cardiac g-MHC = 

MHCsiow)» different adult fibre types (for example, MHCfastllA* 

MHCfastllB» MHCgiQw) and specific isoforms can also be demonstrated in 

developing muscle tissue (for example, MHCembryonic» MHCneonatal Whalen 

et ^ . , 1981). It is interesting that the same gene encodes the heavy 

chain expressed in slow contracting muscle and in ventricular cardiac 

muscle in rats, particularly since the gene may be regulated 

independently in the different striated muscles; the gene is expressed in 

cardiac tissue at the foetal stage while it is the major adult form in 

skeletal muscle (Lompre, Nadal-Ginard and Mahdavi, 1984).

The diversity of the contractile proteins is in some cases 

augmented by alternative RNA splicing of individual gene transcripts of 

different members of the multigene families (Nadal-Ginard et , 1986).

Isoforms of tropomyosin are composed of two subunits a and 3 which 

are found in different molar ratios in individual muscle types, for 

example ratios of a:3 of 3*8:1 and 1:1 in fast and slow fibres
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respectively. SI nuclease mapping studies of rat muscle RNA have 

revealed the existence of three distinct a-tropomyosin messenger RNAs, 

each encoding a different protein (Ruiz-Opazo, Weinberger and 

Nadal-Ginard, 1985). The isoforms are tissue-specific and 

developmentally regulated. The three mRNAs are produced by alternative 

splicing of primary transcripts which have different 3 '-nontranslated 

sequences due to the use of different polyadenylation sites but are 

otherwise identical. The differences in the primary transcript structure 

may be sufficient to dictate the alternative splice pathways.

Alternative splicing is also used as a mechanism to generate myosin light 

chains 1 and 3 in fast skeletal muscle (Nabeshima e^ al., 1984, Robert et 

al., 1984), three developmentally regulated myosin heavy chain gene 

transcripts in Drosophila (Rozek and Davidson, 1983) and to generate 

multiple, regulated troponin (Tn) T isoforms. Different Tn T isoforms 

are present in different muscle tissue types and at various developmental 

stages (see Dhoot and Perry, 1980). Some of this diversity is generated 

by differential transcription of separate genes for skeletal fast, 

skeletal slow and cardiac Tn T, with additional isoforms generated by 

differential RNA splicing. Breibert et (1985) demonstrated that a 

minimum of ten Tn T isoforms can be produced by the single rat skeletal 

fast gene in a tissue specific and developmentally regulated manner.

They have also shown that for at least two of these isoforms, the mRNA 

transcript is identical, and therefore in this case differential splicing 

must involve control by trans-acting factors.

Even with the few examples described here, muscle cells 

demonstrate the capacity to generate a large number of isoforms by 

differential transcription of members of a multigene family and subtly 

different isoforms by alternative splicing of particular members of the 

multigene family. Both greatly increase the potential for sarcomere
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diversity and therefore allow the sarcomere to perform specialised 

functions but despite documentation of the large numbers of muscle 

isoforms, data relating the structure of a particular isoform with a 

physiological role in muscle are lacking.

Different isoforms also exist for enzymes of muscle metabolism 

(Pearson, 1980). No isoforms exist for myoglobin (Section'1.2) and 

interestingly, enzymes involved in aerobic metabolism in muscle (for 

example, the g-oxidation enzymes, electron transfer enzymes) are not 

found in isozymic forms (Hochachka, 1985).

1 .4 THE DEVELOPMENT OF MUSCLE 

Introduction

In this Section, the development of vertebrate skeletal muscle is 

described but the general pattern of myogenesis in cardiac and skeletal 

muscles is similar (see Zak, 1974 for a more detailed description of 

cardiac muscle development).

Muscle development occurs in two general phases (see Fig.1.3). In 

the first phase, a mesodermal stem cell gives rise to a determined 

myoblast destined for myogenesis. Precursor myoblast cells fuse, 

spontaneously with other myoblasts to form multinucleated myotubes and 

this morphological differentiation is accompanied by the activation of 

many muscle-specific proteins including the muscle isoforms of the 

contractile proteins. The initial formation of skeletal muscle vivo 

in the mouse is most easily followed in the limbs. Limb bud formation 

occurs at 11-12 days in the mouse and the onset of muscle contractility 

is observed from 15-16 days (Ontell, 1982). This stage of muscle 

development may be studied in cell culture where the initial formation of 

myotubes by fusion of dividing myoblasts takes place fairly synchronously 

compared to the asynchronous fusion in the embryo.
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Figure 1.3

The major phases of muscle myogenesis
Phase 1
A mesodermal stem cell gives rise to a committed myoblast 

(determination). Myoblasts proliferate until they become confluent, 
withdraw from the cell cycle and then fuse to form myotubes with the 
synthesis of a battery of muscle specific proteins (differentiation).

Phase 2
The immature, multinucleated myotube (foetal myotube) undergoes a 

series of phenotypic and morphological transitions before the adult 
myotube is formed, containing the adult isoforms characteristic of the 
fully differentiated fibre (maturation).

Isoform transitions of muscle specific proteins occuring during 
muscle development include the non-muscle creatine kinase isoform (CKB) 
to the muscle creatine kinase isoform (CKM) and 3,Y-cytoplasmic actin 
isoforms to the a-skeletal actin isoform during myoblast differentiation, 
and MHCneo and MHCgjjjbryonic isoforms found early in development to 
MHCsiow* MHCfast isoforms characteristic of the different adult muscle 
fibres.
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The second phase of muscle development involves the maturation of 

the formed myotubes to acquire the properties of the different adult 

muscle fibres. Since these processes require hormonal and neuronal 

factors, this phase of development is probably best studied in animal 

models so that the influence of the various extrinsic factors on muscle 

maturation may be determined.

Phase 1. Induction of myogenic differentiation

i)Myoblast commitment

It has been suggested that the process of myoblast commitment is 

under fairly simple control after analysis of commitment in the cell line 

10T1/2 (Konciezny and Emerson, 1985). Taylor and Jones (1979) first 

reported that exposure of 10T1/2 cells to 5-azacytidine to induce 

hypomethylation caused a conversion of these cells into determined 

muscle, fat and cartilage cell lineages which are able to retain their 

determined capacity to differentiate when analysed in clonal cell 

culture. A clonal cell lineage analysis of 5-azacytidine treated 10T1/2 

cells (Konciezny and Emerson, 1984) establihed that 10T1/2 is a 

multipotential stem cell blocked in the expression of three independent 

pathways of mesodermal determination. 5-azacytidine removes this block 

by the déméthylation of specific loci to produce genetically stable 

lineages of myoblasts, chondrocytes and adipocytes. Myoblasts arise most 

often after 5-azacytidine treatment which led to the suggestion that 

undermethylation of one or a few loci is sufficient to convert 10T1/2 

cells to the myoblast lineage. Recently, Lasser, Paterson and Weintraub 

(1986) have demonstrated that genomic DNA isolated from myoblasts derived 

from 5-azacytidine treated 10T1/2 cells is able to convert transfected 

parental 10T1/2 cells to the myogenic lineage, whereas the same cells 

transfected with 10T1/2 genomic DNA cannot be converted to the myoblast
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lineage. These findings imply that the 10T1/2 cell is only one step away 

from being a committed myoblast and raises the exciting possibility that 

a specific locus regulating myoblast commitment could be identified. As 

these authors point out, until this locus is cloned and characterised, a 

number of possibilities exist as to its exact function.

ii)The myoblast to myotube transition

Tissue culture techniques have dramatically advanced analysis of 

the biochemical events involved in the transition of dividing myoblasts 

to form post-mitotic multinucleated myotubes. A large number of 

permanent myoblast cell lines are now available, mainly derived from 

rodents (see Yaffe, 1969 and Pearson, 1980 for reviews) and although 

there may be differences with the _iji vivo situation (for example, see 

Hickey et ^ . , 1986), the fact that myoblasts consistently undergo fusion 

to form myotubes vitro provides a useful model system for the early 

stages of myogenesis.

Myoblasts proliferate until they withdraw from the cell cycle and 

cease DNA synthesis (committment) and then fuse in the G1 compartment of 

the cell-cycle to form post-mitotic myotubes (terminal differentiation). 

Concom_it^antly with the cellular events, a battery of myofibrillar genes 

is expressed (biochemical differentiation -see below). Permanent cell 

cultures apparently condition the medium before differentiation and 

remove a factor which inhibits differentiation (Linkhart, Clegg and 

Hauschka, 1981). Manipulation of medium composition is used to control 

the synchrony and extent of differentiation; "growth" medium is replaced 

with a low serum "differentiation" medium (Konigsberg, 1977).

Myoblast fusion is very cell specific, fusion of rat heart or 

kidney cells and rat myoblasts will not occur whereas rat and rabbit 

myoblasts are able to fuse (see Wakelam, 1985). The guidance of myogenic
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cells during alignment and before fusion appears to be provided in part 

by fibronectin (Chiquet et , 1981). Recognition and alignment is 

followed by adhesion and membrane union and irreversible adhesion is 

obligatory for fusion. The initiation of fusion is accompanied by the 

establishment of electrical continuity in the cells and membrane 

structures similar to gap junctions have been shown to be formed vivo 

(Rash and Staehlin, 1974).

The factors which induce myotube formation remain obscure although 

the role of a number of molecules which influence the process have been 

described. Transferrin, for example, is required for both growth and 

differentiation of myoblasts (Ozawa £t ^ . , 1986) and insulin and 

somatomedins appear to stimulate both myoblast proliferation and fusion 

and may well play a role in the normal development of muscle (Ewton and 

Florini, 1981). Like many other fusion systems myoblast fusion exhibits 

a specific requirement for Ca2+ ions. Calcium deficient medium permits 

proliferation and alignment of myoblasts and myoblasts achieve fusion 

competence but does not allow fusion to occur. Re-introduction of Ca2+ 

ions to the medium causes rapid and extensive fusion which provides a 

means of acheiving synchronous cell fusion (Turner et ^ . , 1976). Fusion 

involves modifications of lipids and membrane proteins (see Wakelam, 1985 

for a review). As myoblasts fuse, the muscle cell surface proteins 

undergo many changes in location and molecular weight. If 

metalloendoproteinase substrates or inhibitors are added to fusion 

competent myoblasts at the same time as calcium addition, myoblast fusion 

is prevented, which led to the proposal of a role of a 

metalloendoprotease in myoblast fusion (Couch and Strittmatter, 1983). 

Strittmatter and Couch (1986) have subsequently isolated the soluble 

metalloendoproteinase activity which is required for myoblast fusion.
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iii) Myoblast differentiation and the role of the cell cycle

Linkhart e^ al. (1981) have demonstrated, using a permanent clonal 

myoblast cell line (MM14), that myoblast proliferation and terminal 

differentiation are coordinately controlled by mitogens. When myoblasts 

deplete the medium of a specific mitogenic activity, extensive myotube 

formation and elaboration of muscle-specific gene products occur. In 

support of these findings, Compton, Merrifield and Konigsberg (1986) have 

shown that cell arrest in G1 is specifically caused by the depletion of 

growth factors in the medium and this arrest is necessary for initiation 

and maintenance of muscle-specific gene expression. These groups 

therefore propose that myoblast differentiation is not rigidly determined 

but can be regulated to a remarkable degree by extrinsic factors, mainly 

the level of mitogens in the medium. At every mitosis, myoblasts have 

the option to either differentiate or re-enter the cell cycle, the 

decision being dependent upon the level of growth factors in the medium. 

Other models to explain the timing mechanism propose that myoblasts are 

genetically programmed to undergo a limited number of divisions and a 

unique "quantal" mitosis is required before myoblasts are able to 

differentiate (Holtzer, 1978). Quinn, Holtzer and Nameroff (1985) prefer 

an intrinsic lineage-based program as a model for myoblast 

differentiation. Specifically their model proposes that a self-renewing 

stem cell exists in the muscle lineage which can generate committed 

myoblast precursors. After commitment to terminal differentiation 

precursor cells "count" exactly four cell divisions prior to the 

generation of post-mitotic differentiated muscle cells and this pattern 

of terminal divisions is not affected by growth in mitogen depleted 

medium. Although their model successfully accounts for the asynchronous 

time course of terminal differentiation in developing muscles and mass 

cultures, other results would argue against it.
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It has been demonstrated by Nguyen, Medford and Nadal-Ginard 

(1983) using a myogenic cell line that is temperature sensitive for 

fusion and irreversible withdrawal from the cell cycle and by 

manipulation of the Ca2+ concentration in the culture medium of wild-type 

myoblasts (Emerson and Beckner, 1975) that muscle-specific genes can be 

induced in myoblasts in the absence of cell fusion. The mono-nucleated 

but biochemically differentiated cells can be stimulated to re-enter the 

cell cycle in the presence of high levels of growth factors and 

muscle-specific genes are then deinduced. The reversibility of muscle 

gene induction indicates that withdrawal from the cell cycle is neither 

necessary nor the result of muscle-specific gene induction; these two 

events are independent, neither alone is sufficient and both are required 

for the production of the terminally differentiated phenotype. The 

reversibility of muscle gene induction would tend to exclude an 

irreversible terminal division mechanism of differentiation. Also, the 

finding that myoblasts arrested in G1 can be subsequently stimulated to 

differentiate in the absence of DNA synthesis (Nadal-Ginard, 1978, Whalen 

et al., 1986 ) is contrary to a "mitotic-clock" model. The controversy 

concerning the role of the cell cycle and myoblast differentiation 

continues but as Quinn and Nameroff (1986) point out differences may be 

due to the use of established versus primary cell lines.

iv) Induction of muscle-specific gene expression

The visual fusion of myoblasts to form multinucleated myotubes is 

accompanied by a series of biochemical changes (see Pearson, 1980 for a 

review). Myotubes acquire a different phenotype than that of myoblasts 

as demonstrated by differences in mRNA and protein populations (Affara et 

al., 1980a,b, Garrels, 1979). The major proteins of the contractile 

apparatus accumulate in large amounts and are organised into the
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sarcomere. Although myosin, actin and tropomyosin are found in all other 

eukaryotic cells (see Section 1.3), the proteins found after fusion are 

specifically muscle isoforms with the concomitant decrease in the 

non-muscle isoforms, and therefore a qualitative change in the type of 

contractile protein occurs.

Similar isoform shifts are observed in a .variety of enzymes of 

intermediary metabolism. New forms of adenylate kinase, aldolase, 

glycogen phosphorylase and glycogen synthase appear (Pearson, 1980).

Most of these enzymes undergo a qualitative and quantitative increase on 

fusion. For example, creatine kinase, is found as the muscle specific MM 

form after fusion changing from the BB (Brain) form in myoblasts and the 

total enzymatic activity increases about 600 fold in less than 48 hours 

in the mouse cell line, MM14 (Chamberlain, Jaynes and Hauschka, 1984).

As mentioned above, changes also occur in the composition of the 

plasma membrane during fusion. Invaginations appear which develop into 

the T tubule system (Pearson, 1980) and one of the most striking changes 

is the increase in the amount of acetyl choline receptor required for the 

nerve-muscle interactions (Merlie et ^ . ,  1975).

Devlin and Emerson (1978) demonstrated that primary cultures of 

quail myoblasts synthesise many of the major contractile proteins in a 

coordinate fashion around the time of myoblast fusion and in later 

studies (Hastings and Emerson, 1982) cDNA clone analysis revealed that a 

coordinate accumulation of corresponding contractile protein mRNAs 

occurred. The availability of a large number of cloned muscle specific 

gene probes has supported the findings that muscle gene mRNAs accumulate 

rapidly and non-muscle mRNAs cease to accumulate, the appearance of the 

transcripts closely following the appearance of the proteins.

Coordinated accumulation has not been reported in all cases however.

There have been reports of significant delays between the appearance of
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some transcripts. Thus there is a delay of 24 hours between the 

appearance of myosin light chains and myosin heavy chain mRNAs (Caravatti 

et al., 1982) and a similar 24 hour delay has been reported between the 

appearance of myosin light chains and a- and 3-tropomyosins (see Whalen,

1980). These findings suggest that perhaps more than one coordinated 

event is required for the induction of all muscle specific genes during 

differentiation.

In both established cell lines and primary cell lines in culture, 

the transition that occurs is from the non-muscle phenotype (myoblast) to 

the muscle phenotype found in embryonic/foetal skeletal muscle and the 

associated events are able to take place in the absence of innervation.

v) Regulatory mechanisms involved in muscle gene activation

A number of observations have suggested that the induction of 

muscle-specific genes appears to be determined mainly at the level of 

transcription (Buckingham, 1985) which appears to be the case for a large 

number of moderately expressed tissue-specific genes (Derman et al.,

1981). Garmon et (1982) demonstrated that the genes coding for 

contractile proteins are relatively insensitive to DNase I in nuclei from 

dividing myoblasts and become more sensitive to DNase I in nuclei from 

muscle fibres. A shift to increased DNase I sensitivity of a gene 

appears to be associated with a progression from an inactive 

transcriptional state to an active state (Mathis, Oudet and Chambon, 

1980). The accumulation of both muscle specific proteins and their mRNAs 

in myotubes and their absence in myoblasts also suggests that regulation 

is primarily at the level of transcription. This has been demonstrated 

directly for a number of genes (see summary of Chapter 4); for example, 

MHC gene transcription was studied in isolated nuclei which demonstrated 

that a major increase in transcription occurred at the time of cell
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fusion (Medford, Nguyen and Nadal-Ginard, 1983).

The activation of transcription of apparently unrelated genes 

during the terminal differentiation provides an interesting system in 

which to analyse the sequences required for this stage-specific (and 

tissue-specific) expression as well as to search for global regulatory 

mechanisms which may be acting on these genes. Transfer of 

muscle-specific genes into proliferating myoblasts is beginning to 

provide information on control of gene activation at the molecular level.

One of the first transfections of a muscle gene into muscle cells 

in culture revealed that sequences immediately proximal to muscle genes 

are important for their developmental regulation. Melloul _et (1984) 

introduced a hybrid 5 'skeletal muscle a-actin 3 'globin gene fusion stably 

into the genome of a rat myoblast cell line (L8). In many of the 

isolated clones which had integrated the gene fusion, expression of the 

fused gene was increased upon subsequent differentiation of the myoblast 

clones to form myotubes. This was shown at the level of specific mRNA 

transcripts. Also, the 5 'skeletal actin portion of the gene fusion when 

fused to the gene coding for bacterial chloramphenicol acetyl transferase 

(CAT) could direct high levels of CAT activity in myotubes indicating 

that sequences contained in the 5 '-flanking region were sufficient for 

tissue- and stage-specific expression. The increase in activity was 

specific to the a-actin gene fusion and only observed in differentiating 

myoblasts. The authors were also able to demonstrate that correct 

regulation of the rat muscle gene fusion occurred after introduction into 

chick myoblasts, indicating that the regulatory sequences in the 

5 '-flanking region have been maintained over long evolutionary periods 

and indeed sequence comparisons of the 5 '-flanking regions of these genes 

reveals highly conserved sequence elements (Nudel ^  , 1985). A

similar transfection of a skeletal actin gene into a mouse myoblast cell
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line C2C12 however, failed to show any increase in expression from the 

exogenous gene during differentiation (Seiler-Tuyns, Eldridge and 

Paterson, 1984). A human a-oardiac actin gene fusion was introduced into 

L6 and C2C12 myogenic cell lines by Minty and Kedes (1986) and subsequent 

deletion analysis of the cardiac actin promoter and 5 ’-flanking region 

revealed that two separate sequence elements appear to modulate the 

expression of this gene in a region located 480 to 40 bp before the CAP 

site. The more 5' of the two sequences contains a sequence similar to 

those found in viral and cellular enhancers and is required for high 

level, tissue-specific expression of the a-cardiac actin gene. This 

region does not behave as a "normal” enhancer in that it is unable to 

activate heterologous promoters and is orientation dependant, only 

increasing expression from the cardiac actin promoter when at a defined 

distance 5' of the promoter. The second sequence element located 

downstream consists of four regions with a common sequence pattern which 

are highly conserved in sequence but not in number or location in other 

members of the actin gene family. The common sequence element is based 

on CC(Ar)GG (Ar="A-rich" sequence) and in other actin genes this sequence 

had previously been assigned as the actin CCAAT box. Minty and Kedes 

(1986) propose that the CCAAT box(es) in actin genes play a role in 

tissue specific transcription rather than in basal gene expression.

When the human cardiac actin gene fusion was introduced into C2C12 

myoblasts. Minty, Blau and Kedes (1986), observed a similar result to 

that of Seiler-Tuyns et (1984). Induction of expression of the gene 

fusion was not observed during differentiation of this cell line in 

contrast to activation of expression in the L6 myoblasts, but expression 

was constitutive in both C2C12 myoblasts and myotubes. Minty £t al. 

(1986) proposed that C2C12 myoblasts contain muscle specific factors 

which interact with upstream regions of the cardiac actin gene (probably
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the regions defined above) and that these factors are present at similar 

levels in both C2C12 myoblasts and myotubes whereas in "normal" (L6) 

myoblasts they only accumulate in the differentiated state. The 

endogenous cardiac actin gene is not activated in C2C12 myoblasts, (but 

see Melloul et ^ . , (1984)) it therefore follows that the gene is 

probably subject to a second level of regulation that represses the 

endogenous gene but not the transfected gene. This could be some form of 

constraint at the level of chromatin structure. Therefore expression of 

the cardiac actin gene requires modifications necessary in a first stage 

to "allow" the gene to interact in a second stage with factors which 

modulate gene transcription. A similar model has been proposed by 

Charnay £t (1984) for the regulation of the g-globin gene (Section 

1.2) and Melloul £t al. (1984) to explain the "less stringent" control of 

transferred muscle genes in myoblasts.

Bergsma et al. (1986) have transferred a chicken a-skeletal actin 

gene fusion into primary chick myoblasts and have found that only 200 bp 

of 5 '-flanking DMA are necessary for the tissue specific and 

developmental stage specific expression of this gene. When the gene 

fusion is injected into Xenopus oocytes, 5 '-flanking DMA can be reduced 

to 107 bp and this contains the sequences required for the non-regulated 

transcription of the gene.

In the first example of gene transfer into myoblasts in culture of 

a non-contractile protein gene, Jaynes £t ad. (1986) have demonstrated 

that a muscle creatine kinase gene fusion, containing about 3 kb of 

creatine kinase gene 5 '-flanking region fused to the CAT coding sequence, 

is expressed and appropriately regulated during myoblast differentiation 

in vitro.

Konieczny and Emerson (1985) stably transfected a quail Tnl gene 

6.4 kb in length (530 bp of 5 '-flanking DNA) into 10T1/2 cells and 10T1/2
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derived myoblasts (Section 1.4) and compared the expression after 

determination and differentiation of the multipotential stem cell and 

differentiation of the determined myoblasts. They demonstrated that the 

transfected and endogenous genes were transcriptionally inactive in both 

10T1/2 cells and myoblasts but when both differentiated to form myotubes, 

the endogenous and exogenous genes were activated identically which would 

tend to suggest that the Tn I gene does not have to go through the 

determined stage in order to be expressed appropriately.

The existence of diffusible trans-acting factors which regulate 

muscle gene activation has been demonstrated in experiments involving the 

fusion of myotubes with non-muscle cells to form heterokaryons. Fusion 

of myotubes with terminally differentiated chondrocytes, kératinocytes, 

hepatocytes (Blau£t ^ . ,  1985) and neural cells (Wright, 1984) 

demonstrated that each of these cell types can be induced to express 

muscle genes indicating the remarkable degree of plasticity of the 

nucleus of differentiated cells. The nuclei in heterokaryons remain 

separate and intact and therefore activation of gene expression is likely 

to be due to diffusible trans-acting factors. In the non-muscle cell the 

nuclei remain post-mitotic and skeletal muscle genes are therefore 

activated regardless of their chromatin configuration. Interestingly, 

fusion of myotubes and HeLa cells requires the pre-treatment of HeLa 

cells with 5-azacytidine before muscle genes may be induced, suggesting 

that at least in one case muscle genes must be altered in some way 

(probably déméthylation of essential bases) before genes may be expressed 

(Chui and Blau, 1984).

The experiments described suggest that muscle-specific genes are 

regulated in a similar manner to other eukaryotic genes in that 

cis-acting sequences generally present in the 5 '-flanking region of the 

gene are most likely recognised and bound by trans-acting factors to
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control gene expression.

In contrast to the information regarding gene activation during 

myoblast differentiation, relatively little is known about the 

mechanism(s) by which certain genes are switched off during 

differentiation. Thymidine kinase (tk) is a replication associated 

enzyme whose level of activity disappears rapidly on myoblast 

differentiation. Transfection of a tk gene into differentiating 

myoblasts revealed that sequences responsible for the down-regulation of 

tk gene expression lie entirely within the gene itself (Merril, Hauschka 

and McKnight, 1984).

A similar analysis with a transfected g-cytoplasmic actin gene 

demonstrated that sequences in the 3 '-flanking region of the gene are 

required for the down-regulation of g-actin gene expression observed 

during myoblast fusion (Paterson, Eldridge and Seiler-Tuyns, 1986).

Phase 2; maturation of muscle fibres

The production of embryonic/foetal myotubes is followed by a 

period of maturation to produce an adult fibre (Fig. 1.3). Once again 

striking changes can be observed at the morphological and biochemical 

levels.

i) Changes at the morphological level

The formation of initial primary myotubes is autonomous, occurring

in the absence of the nerve which does not penetrate the muscle until

later development (Harris, 1981). Primary myotubes separate to become

independent units of contraction and when this occurs, a secondary 

generation of myoblasts becomes apparent which use the walls of the 

primary myotubes as a scaffold upon which they fuse and differentiate to 

form secondary myotubes (Ontell, 1982, Kelly and Rubenstein, 1986).
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Primary myotubes also provide the initial target for neuromuscular 

synaptogenesis and through the innervation of separated primary myotubes 

the nerve provides the correct environment for secondary myotube 

formation.

There is a rapid rate of addition of secondary myotubes in late 

gestation (approximately one week before birth in rodents; Ontell, 1982) 

and fibres continue to form up until one week after birth in some muscles 

of the rat (Betz, Caldwell and Ribchester, 1979). This rapid burst of 

fibre formation then ceases but there is a continued proliferation of 

myoblasts on the walls of the fibres. These myoblasts are "satellite" 

myoblasts and remain on the walls of muscle fibres throughout growth and 

adult life. In the adult, satellite cells remain quiescent unless 

stimulated to fuse to form myotubes in response to muscle damage (see 

Strohman et ^ . , 1986). At birth the diameter of the fibres is small but 

with advancing development it increases together with the fibres length 

(see Zak, 1981). The number of muscle fibres remains the same since 

fibres are unable to divide (Strickland and Goldspink, 1973). Satellite 

cells increase the number of nuclei by fusion to the preformed fibres. 

Both nerve and muscle fibres in the period from gestation to early 

adulthood are immature and the speed of contraction of developing fibres 

is essentially slow although fast muscle isoforms of the contractile 

proteins may be present (see Gauthier, Lowey and Hobbs, 1978, Kelly and 

Rubenstein, 1986). The fibres are heterogenous with respect to their 

morphology reflecting their asynchronous formation and the isoform 

composition of the immature fibre does not approximate that of the adult. 

At the level of the neuromuscular junction, fibres are contacted by 

several axons per fibre in the foetal and neonatal period (Redfern, 1970) 

but this polyneuronal innervation regresses to a mono-synaptic 

configuration by approximately two weeks after birth in the rat (Bennet
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and Pettigrew, 1974, Miata and Yoshioka, 1980). With advancing 

development muscle fibres gradually attain their various different 

properties and can eventually be distinguished into two broad categories; 

those that perfom sustained activity (slow) and those that are recruited 

for movement occassionally (fast). These two fibre types may be further 

subdivided (Section 1.3).

ii)Changes at the biochemical level

Muscles are rarely homogeneous in phenotype either during 

development or at adult stages.

In the soleus muscle of rat which develops into a muscle composed 

predominantly of slow fibres in the adult, both fast and slow type myosin 

light chains (MLC) are present soon after birth, although in the adult 

fibres MLCgj^ow isoforms predominate. Adult slow myosin heavy chain (MHC) 

is also found in foetal and newborn fibres, as well as the developmental 

MHC isoforms (MHCgmb» ^^^neo^ (see Butler-Browne and Whalen, 1984).

Using an immunocytochemical approach Whalen (1985) has determined the 

myosin heavy chain transitions which occur in single muscle fibres of the 

developing soleus muscle. It had previously been shown that myosin heavy 

chain isoforms undergo a transition in which MHOg^b is replaced by the 

MHCneo which is finally replaced by the MHCfast isoform in rat hind limb 

muscle (Whalen et al., 1981). The immunocytochemical approach revealed 

that an asynchronous transition from one form to the other occurred 

within the same fibre (see Whalen 1985). When the analysis was extended 

to the development of slow fibres, their data led to the proposal that 

these fibres will also undergo MHC transitions typical of fast fibres 

unless the fibres received a signal to stimulate the accumulation of slow 

myosin according to the scheme:
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SLOW SLOW SLOW
X '

EMB -> NEO -> ADULTp 
This provides a unified scheme for MHC transitions in both fast 

and slow fibres as well as explaining the coexistence of isoforms in the 

same fibre. By changing the proportion of fibres induced to accumulate 

slow myosin, this scheme could explain fibre MHC composition in any mixed 

muscle and therefore the development of slow muscle fibres might be 

generally applicable to other muscles.

Changes occuring during development in the isoform composition of 

other contractile proteins have not been reported at the single fibre 

level but at the level of the mRNA of the particular contractile protein 

gene or contractile protein in a particular muscle type.

No developmental isoforms of the act ins that accumulate at 

specific stages have been described (Buckingham, 1985). The two striated 

actin proteins, a-cardiac and a-skeletal actin are accumulated in adult 

cardiac and skeletal muscle respectively (Section 1.3). In developing 

muscle however, both striated muscle mRNAs accumulate significantly 

(Minty et al., 1982, Mayer et ^ . , 1984). For example, in 18 day old 

foetal mouse skeletal muscle, 30-40% of the muscle actin transcripts are 

cardiac whereas in newborn muscle cardiac actin transcripts fall to 

approximately 20% of the total and in adult skeletal muscle they 

represent less than 1% of the transcripts (Buckinham, 1985). This 

coaccumulation of transcripts has also been demonstrated Jji vitro in 

myogenic cell lines (Bains et ^ . , 1984). The myosin light chain family 

similarly expresses a cardiac gene during skeletal muscle development; 

the major light chain of the adult heart atria is found in foetal 

skeletal muscle (Buckingham, 1985). The time course of expression of the 

cardiac actin and myosin light chain is not coordinated and the skeletal 

light chain is not expressed in developing cardiac tissue whereas the
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skeletal actin is expressed in the heart of small mammals. This suggests 

that these genes are controlled by different regulatory mechanisms.

During the maturation of mammalian cardiac and skeletal muscle the actin 

and myosin multigene families therefore follow different developmental 

strategies and for several of the contractile proteins, the organism uses 

the existence of multiple isoforms to provide developmentally regulated 

forms for some of its muscles while using the same forms as the major 

adult type in other muscles.

In developing muscle, there is also the added complication of the 

changes in alternative splicing pathways of particular muscle-specific 

genes which generates further isoform transitions (Nadal-Ginard et al., 

1986).

Physiological signals influencing isoform transitions during muscle 

development

The physiological signals which might regulate the various isoform 

transitions are only just becoming apparent. By interfering with muscle 

development in various ways, a number of the mechanisms which might 

control isoform transitions have been inferred. Some of the MHC 

transitions occuring during development appear to depend on the type of 

innervation the muscle fibre receives while others may be influenced by 

hormones. The embryonic-neonatal-adult transition is probably nerve 

independent since dennervation does not block the appearance of fast 

adult myosin (Butler-Browne et £l., 1982). Considerable evidence however 

suggests that slow MHC appearance requires innervation, at least in the 

post-natal period, although the embryonic to slow transition may not be 

nerve dependent. The role of the nerve in controlling isoform 

composition during the early period of fibre development is not as 

clearly defined as in the adult.
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The levels of thyroid hormone seem to be an important factor 

controlling the presence of adult fast myosin. If rats are treated with 

anti-thyroid drugs during gestation and into the first month after birth, 

the hypothyroid offspring will accumulate neonatal myosin but not adult 

fast myosin, whereas 1 month old control rats contain adult fast MHC as 

the predominant isoform. The effect of thyroid hormone on MHC gene 

expression has been determined by Mahdavi et (1986) who have 

demonstrated that the hormone affects MHC gene expression in all muscles. 

The overall effect of a thyroidectomy is to induce the expression of 

genes encoding MHCg^ow isoforms whereas hyperthyroidism has the opposite 

effect. The analysis of various MHC genes in different muscles 

demonstrated that the thyroid hormone response of any particular gene is 

not intrinsic to the gene but appears to be determined by the muscle in 

which the gene is expressed. For example, cardiac a-MHC gene expression 

does not change in the atrium in either the hypo- or hyper-thyroid state 

whereas in the ventrical there is a complete de-induction of this gene in 

response to hypothyroidism.

Regulatory mechanisms controlling isoform transitions

The mechanisms by which hormonal and neuronal effects influence 

isoform gene expression remain obscure. Mahdavi £t (1986) 

demonstrated a close correlation between the SI nuclease patterns of MHC 

transcripts and MHC isoform levels during fibre development suggesting 

that changes in the MHC phenotype are accounted by changes in the level 

of their respective mRNAs. There is no information on the mechanisms by 

which increases or decreases in mRNA levels are brought about. The types 

of experiments to link a physiological signal with a change in gene 

expression in the nucleus are not simple. A number of laboratories have 

been developing myoblast culture conditions to enable long-term fibre
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maturation in an attempt to try to mimic some of the later developmental 

transitions in an jji vitro system (Toyota and Shimada, 1983, Strohman £t 

al., 1986). Another possible method to study developmental transitions 

at the molecular level is to analyse expression from muscle-specific 

genes and derivatives of them in transgenic mice. Recently, a chimeric 

plasmid containing about two-thirds of the rat skeletal muscle a-actin 

gene and 730 bp of 5 ’-flanking sequence fused to the 3 ’ end of an 

embryonic globin gene has been inserted into mouse genomes by 

microinjection of fertilised eggs (Shani, 1986). Sufficient cis-acting 

sequences are contained within this gene fusion for its tissue-specific 

and developmentally regulated expression in transgenic mice. The actin 

gene fusion also responds to developmental switches involved in isoform 

transitions: the actin gene fusion is expressed in cardiac muscle at 

levels higher or equivalent to those observed in skeletal muscle at the 

foetal stage, whereas in older mice, transcripts from the gene fusion are 

significantly lower in cardiac compared to skeletal muscle, reflecting 

actin gene transcript transitions observed for the endogenous skeletal a- 

actin gene (see above).

The localisation of the contractile protein genes has revealed 

that genes within the multi-gene family encoding actin and myosin light 

chains are dispersed throughout the genome which precludes a simple 

mechanism of cis-acting regulation for coordinate activation observed for 

several of these genes (Buckingham, 1985). In contrast, the genes 

encoding the myosin heavy chain multi-gene family are clustered on a 

single chromosome in the order in which they are expressed during 

development (Mahdahvi ^  , 1986) as is observed for the a- and 3-like

globin gene clusters. This organisation of MHC genes within the same 

chromatin domain may be significant for their sequential expression 

during muscle development.
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1.5 THE ADAPTABILITY OF MUSCLE

Adaption due to changing functional demands

When the normal developmental changes in muscle are assumed to be 

complete, skeletal and cardiac muscle show the ability to adapt further 

to changes in functional demands imposed on the muscle (reviewed in 

Pette, 1980). This property of muscle is often referred to as plasticity 

and results in changes of phenotype as a result of changes in gene 

expression.

Endurance training by individuals results in an increase in the 

volume density of the mitochondria in all muscle fibres and increased 

activity of citric acid cycle, respiratory chain and intramitochondrial 

enzymes. Lipid stores and g-oxidabion enzymes are found in higher 

quantities whereas the glycogen store and glycolytic enzymes are 

decreased. The improvements in the oxidative capacity are closely 

matched by an increase in capillary density, cardiac output and an 

increase in myoglobin concentrations (Pattengale and Holloszy, 1967).

The capacity for oxygen transport is therefore adjusted to the increased 

rate of oxygen utilisation in endurance trained muscles. However, 

changes in contractile protein isoforms are not thought to occur 

(Holloszy and Booth, 1976). Strength training on the other hand does not 

improve the oxidative capacity of muscle but in these muscles, energy 

rich phosphates and glycogen are increased as well as the enzymes 

utilising these substrates.

Adaption of muscle due to imposed stimuli

Fast muscle fibres may gradually aquire the properties of slow 

fibres if they are subjected to a continuous low frequency electrical 

stimulation (Eisenberg, 1985). Among the first changes to occur are a 

generalised reduction in the T-tubule and SR systems and an increase in
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mitochondrial content. There is a transition of fast to slow myosin 

isoforms and a distribution of tropomyosin subunit isoforms 

characteristic of that of slow muscle (Jolesz and Sreter, 1981). Muscles 

fatigue much less after the continuous stimulation and the early changes 

in fatiguability are paralleled by an increase in capillary density, blood 

flow, oxidative enzyme activity and myoglobin. After approximately 8 

weeks the stimulated muscle is almost completely made up of type I fibres 

and are now more red in colour due to increased myoglobin levels. The 

removal of the stimulation at any stage results in the reformation of the 

fast muscle fibres. This type of experiment is similar to the 

cross-reinnervation experiments of Buller, Ecoles and Ecoles (I960) 

(Section 1.3) and they are important in demonstrating that the activity 

of the nerve is responsible for the phenotype expression of an adult 

muscle fibre.

1.6 MYOGLOBIN GENE EXPRESSION DURING MUSCLE DEVELOPMENT

The appearance of myoglobin and myoglobin mRNA during myogenesis

There is a large amount of data in the literature concerning the 

appearance of contractile proteins and contractile protein mRNAs during 

development, but little is known about the appearance of non-contractile 

proteins and mRNAs which must also be activated at some stage during 

myogenesis to complete the muscle phenotype.

Some literature exists on the appearance of myoglobin and 

myoglobin mRNA during muscle development. Myoglobin was shown to appear 

in the foetal heart early in development (Longo £t , 1973, Tipler, 

Edwards and Hopkinson, 1978). The appearance of myoglobin in skeletal 

muscle was reported to occur at a later stage (Kagen and Christian, 1966, 

Tipler ^  , 1978) although the exact stage during development was

uncertain (Longo et al., 1973).
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Levels of myoglobin were shown to increase sharply with age in the 

skeletal muscle of new-born puppies, with a much smaller increase in 

myoglobin levels in the heart (Musin, 1969). Recently, the appearance of 

myoglobin and myoglobin mRNA during mouse development and at various 

stages of human development have been analysed using more sensitive 

techniques in an attempt to determine more precisely the time at which 

myglobin is first detectable in skeletal and cardiac muscles (Weller et 

al., 1986). The results of this study confirmed the myoglobin levels are 

elevated in the foetal heart and demonstrated that myoglobin and 

myoglobin mRNA appear very early in development in both cardiac and 

skeletal muscles, earlier than previously demonstrated in skeletal 

muscle. Myoglobin and myoglobin mRNA are detectable in mouse skeletal 

muscle at about 14 days of gestation and in human skeletal muscle at 10 

weeks of gestation. In the mouse, levels of myoglobin and myoglobin mRNA 

rise 50-100 fold during pre- and post-natal development before reaching 

adult levels. The increase in mRNA levels is in contrast to the level of 

total contractile protein mRNAs whose levels do not vary significantly 

during later myogenesis, although individual isoforms are subject to up 

and down modulation. The increase in myoglobin mRNA levels during 

development may be linked to the diffrentiation of slow muscle fibres 

which are formed over a similar time period (Ontell, 1982). Increasing 

levels of mRNA during development have also been described for a number 

of muscle-specific isoenzymes. Schweighoffer et (1985) demonstrated 

that expression of muscle-specific phosphorylase, creatine kinase and 

aldolase increase in a coordinate manner from the seventeenth day of 

foetal life in the rat. Glyceraldehyde-3-phospate dehydrogenase (G3PD) 

mRNA levels (and enzyme activity) increase in a similar manner to that 

observed for myoglobin mRNA levels in developing skeletal muscles. G3PD 

mRNA levels are also elevated in the foetal heart (Edwards et al..
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1985a). It is probable in both cases that the differential expression in 

foetal cardiac versus foetal skeletal muscle parallels the relative 

activity of these muscles and their metabolic requirements during 

development.

The differential regulation of myoglobin gene expression in foetal 

cardiac and skeletal muscles indicates that the myoglobin gene may be 

independently regulated in different muscle types and is reminiscent of 

the differential regulation of the g-cardiac MHC gene (=MHCg]_Q^) in 

developing cardiac and skeletal muscles and the a-cardiac MHC gene in 

different cardiac muscle in response to thyroid hormone.

Myoglobin levels may be controlled in part by the nerve, as 

suggested by the finding that myoglobin levels increase shortly after 

dennervation in rat hind limb muscles and returns to normal during 

reinnervation (Askmark, Carlson and Roxin, 1984).

Levels of myoglobin in foetal and adult skeletal and cardiac 

muscles are largely determined by the size of the myoglobin mRNA pools 

(Weller et ^ . , 1986). This is also true of the levels of myoglobin in 

grey seal skeletal muscle which contains about seven times as much 

myoglobin as human skeletal muscle as an adaption to a diving physiology 

(Section 1.1) and contains a correspondingly elevated level of myoglobin 

mRNA. It seems likely that the adaption to high myoglobin levels in the 

seal has arisen through enhanced transcriptional activity of the 

myoglobin gene and/or reduced turnover of myoglobin mRNA.

In contrast to this, mouse skeletal and cardiac muscle contain 

very low levels of myoglobin, but have myoglobin mRNA levels similar to 

those found in the human suggesting that the translational efficiency of 

mouse myoglobin mRNA is low or instead there might be an increased turn 

over of myoglobin protein mouse muscle.
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1.7 OBJECT OF RESEARCH

Myoglobin genes are subject to numerous adaptions both within an 

animal and between species. The object of this research was to develop 

an vitro expression system in which some of the mechanisms regulating 

myoglobin gene expression vivo could be studied at the molecular 

level.
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CHAPTER 2

MATERIALS AND METHODS

2.1 DNA, RNA AND CELL LINES

DBA/2 and C57/BL genomic DNAs were previously prepared and 

supplied by Dr. Susan Adams (ICI/Joint Laboratory, University of 

Leicester). Adult seal skeletal muscle total RNA was prepared and 

supplied by Dr. Polly Weller (Department of Genetics, University of 

Leicester). RNA samples were kindly prepared and provided by Ms. Clare 

Pidduck (Department of Biochemistry, Leicester): total RNA from 

pancreatic islet cells, Ms. Liz Allen (Department of Biochemistry, 

Leicester): total RNA from human myeloma cells, DBA/2 mouse liver and 

DBA/2 mouse cardiac tissue and Dr. Andrew Carter (ICI/Joint Laboratory, 

University of Leicester): total RNA from baby mouse kidney cells.

The mouse myoblast cell line, G8-1, was a gift from Dr. Mike Webb 

(Institute of Neurology, University of London) and the mouse thymidine 

kinase deficient L cells (LtK~ fibroblast cell line) from Ms. Jeanie 

Brookes (ICI/Joint Laboratory, University of Leicester).

2.2 PLASMIDS, BACTERIOPHAGE AND BACTERIAL STRAINS

2.2.1 Recombinant Plasmids

A mouse a-skeletal actin cDNA probe, pAM91 (Minty et ^ . , 1981), 

and a human myosin light chain cDNA probe pMLC were gifts from Dr. Polly 

Weller (Department of Genetics, University of Leicester), and a human 

myosin heavy chain cDNA probe (Edwards et ^ . , 1985b) was a gift from Dr 

Yvonne Edwards (University College, London). The chloramphenicol acetyl 

transferase based vectors pRSV-CAT (Gorman et ^ . , 1982), pSVO-CAT and 

pSV2-CAT (Gorman, Moffat and Howard, 1982) were obtained from Dr. Gillian
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Smith (ICI/Joint Laboratory, University of Leicester) and plasmid 4l 

(Wieringa et , 1983) was a gift from Prof. C. Weissmann (University of 

Zurich, Switzerland).

2.2.2 Nonrecombinant Plasmids

Nonrecombinant plasmids pATI53 (Twigg and Sherratt, 1980) and 

pUCI3 (Messing, 1983) were used in constructing gene fusions.

2.2.3 Bacteriophage and Bacterial Strains

Ml 3 sequencing vectors, M13mpl8 and M13mp19 (Yanish-Perron et al., 

1 985) were used in shotgun cloning of DNA's for Ml 3 sequencing for 

generating ^^P-labelled single stranded cDNA hybridisation probes.

E. coli bacterial strains used were:- 

JM83 (Messing and Vieira, 1982): X~ ara, A(lac-pro), rpsL, thi $80dlac 

ZAM15

JM101 (Messing et ^ .  , 1981): ( A( lac-pro) , supE44, thi, F ’traP36, 

proAB+, lacl4ZAM15)

2.3 ENZYMES, ANTIBIOTICS, CHEMICALS AND REAGENTS
The source of the most important of these are listed below, 

Other chemicals not listed were all analytical grade.

N-2-Hydroxyethylpiperazine 
-N-2-ethane-sulphonic acid (HEPES)
Acetyl Co Enzyme A (Lithium salt)
Dextran sulphate (Sodium salt)
Dithiothreitol
Spermidine trichloride
Ficol 400
Salmon sperm DNA
Bovine serum albumin
Diomethyldichlorosilane
Isopropyl-g-D-galacto-pyranoside (IPTG)
N,N,N',N ’-tetramethyl-ethylenediamine (TEMED) 
Polyethylene glycol (PEG)
Diethylpyrocarbonate (DEPC)
3“(N-morpholino) propane sulphonic acid (MOPS)
Thymine
Ampicillin

Source

Sigma
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Source

Chloramphenicol
Lysozyme
Coomassie brilliant blue G 
Deoxyribonucleotide triphosphates 
M13mpl8 and M13mp19 RF DNAs 
Urea
SI nuclease
Restriction enzymes, unless otherwise stated 
DNA polymerase I (Klenow fragment)
Calf intestinal phosphatase 
Calf liver tRNA
Dideoxynucleoside triphosphates 
DNase I 
T4 DNA ligase
Avian myeloblastosis virus reverse transcriptase
Acrylamide
Bisacrylamide
Oligo(dT) cellulose
Agarose (standard and low melting point)
E. coli DNA polymerase I
[a-^^P]dCTP, [3sg]methionine, [a-^^P]dATP 
D-Threo-[Dichloroacetyl-l-c1chloramphenicol 
Nonidet P-40 
Formamide
5-bromo-4-chloro-3“indolyl-B“D-galacto- 

pyranoside (BCIG)
Horse serum 
Foetal calf serum
Dulbecco's modified eagles medium (DMEM)
1 X  Trypsin/EDTA 
PBS tablets
2,5-diphenyloxazole (PPG)
Polyvinylpyrrolidine (PVP)
1,4-di-2(4-methyl“5-phenyl oxazolyl (POPOP)

Bethesda Research Labs

BoehringerTt
II
tl

Worthington
New England Biolabs
Life Sciences Inc.
Unisciences
Bio-Rad Laboratories
Collaborative Researchtt
Amershamtt

tt
BDH

Bachem Inc. 
Gibco/BRLtt

tt
tt

Flow Laboratories 
Fisonstt

tt

2.4 LIQUID AND SOLID MEDIA

2.4.1 For bacteria

Luria broth (lOg Difco Bacto Tryptone; 5g Difco Bacto yeast 

extract; 5g NaCl per litre of distilled water). Luria agar plates were 

prepared by solidifying liquid medium with 15g Difco Bacto-agar per 

litre.

BBL agar used for Ml 3 phage work contained lOg BBL trypticase, 5g 

NaCl and 5g MgSO% per litre supplemented with lOmM MgCl2 was solidified 

with either 15g of Difco Bacto agar per litre or 6g per litre for soft 

agar overlays.
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Glucose supplemented minimal medium used to maintain strain JM101 

contained 42mM Na2HP0%, 22mM KH2PO11, 18mM NH^Cl, 8mM NaCl, 22mM glucose, 

0.1 mM CaCl2, ImM MgSOi) and 3pM thiamine HCl.

2.4.2 For cell culture

Dulbecco% modification of Eagles minimum essential medium (DMEM, 

see Morton, 1970) was used to culture mouse myoblast and fibroblast cells 

and was obtained as a working strength solution containing sodium 

bicarbonate and glutamine from Gibco and stored at 4°C. DMEM was 

supplemented with foetal calf serum and horse serum to the appropriate 

percentage. Serum was similarly obtained from Gibco and stored at -20°C 

in aliquots.

Serum batches had all been mycoplasma screened. New batches of 

foetal calf serum were tested for growth promoting characteristics in a 

number of cell lines by members of the ICI/Joint Laboratory. New batches 

of horse serum were tested for their differentiation promoting ability 

when added as a 5% solution in DMEM + 0.5% FCS to confluent myoblasts 

(see Section 2.11).

Phosphate buffered saline (PBS) was prepared from tablets (Flow 

Laboratories) according to the manufacturers instructions.

2.5 GENERAL TECHNIQUES FOR HANDLING DNA AND RNA

2.5.1 Phenol Extraction

DNA and RNA solutions were mixed with 0.5-1 volume of phenol; 

chloroform; isoamyl alcohol; 8 hydroxyquinoline (100:100:4:0.4, w:v:v:w) 

saturated with 10 mM Tris HCl, pH 7.5. The upper aqueous phase, 

containing DNA or RNA was removed carefully to avoid disturbing the 

interphase and the phenol layer was re-extracted with an equal volume of 

10mM Tris-HCl, pH 7.5. The phenol was AR grade and not redistilled.
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2.5.2 Ethanol Precipitation

DNA and RNA were precipitated from solution by the addition of 0.1 

volume of 2 M sodium acetate pH 5.6, and 2.5 volumes of ethanol. The 

solution was mixed well and chilled in a dry ice/IMS bath for 

approximately 5 minutes. Precipitated DNA or RNA was pelleted at either 

10,000 rpm for 30 minutes at 0°C (Sorvall HB4 rotor), or in an Eppendorf 

centrifuge for 5 minutes at maximum speed. The supernatant was removed 

carefully and the pellet rinsed with 80% ethanol, centrifuged briefly and 

the 80% ethanol discarded. DNA and RNA pellets were dried under vacuum 

for approximately 5 mins before being redissolved as appropriate for 

further manipulation.

2.5.3 Note on the Handling of RNA

Any solutions, glassware, centrifuge tubes which were to come into 

contact with RNA were made up or pre-treated with, a 0.1% solution of 

diethylpyrocarbonate (DEPC) in distilled water. Solutions and equipment 

were incubated overnight at 37°C in the DEPC solution before inactivation 

of DEPC by autoclaving. Solutions containing Tris were not subjected to 

treatment with DEPC.

2.5.4 Restriction Endonuclease Digestion

DNAs at a final concentration of 0.1 mg/ml were incubated with 1 

unit/yg of DNA of the appropriate restriction enzyme in the manufacturers 

recommended buffer at 37°C for 1 hour unless otherwise stated. Spermine 

trichloride was added routinely to a final concentration of 4 mM to 

enhance the efficiency of restriction endonuclease digestion. This is 

particularly important for DNA previously recovered from agarose gels 

(Bouche, 1981). Complete digestion of the DNA was monitored by
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electrophoresing an aliquot of the digestion mixture containing -0.2 yg 

of DNA in a suitable agarose gel against marker DNA of known molecular 

weight. If digestion was not complete, further restriction endonuclease 

was added and the DNA solution incubated for longer. After complete 

digestion, EDTA was added to a final concentrator of 20 mM. The DNA was 

then recovered by phenol extraction and ethanol precipitation, and 

redissolved as appropriate for further manipulation.

2.5.5 DNA and RNA Electrophoresis

DNA

Horizontal slab gels with loading slots from 3~7 mm long were 

electrophoresed in buffer (40 mM Tris-acetate, 2 mM EDTA, pH 7.7) 

containing 0.5 yg/ml ethidium bromide (Aaij and Borst, 1972). The size 

of the gel varied with the number of DNA samples to be electrophoresed 

from 5 X  7 cm (mini-gels) to 20 x 20 cm (blotting gels). The 

concentration of agarose was varied betwen 0.5 and 3% (w/v), depending 

upon the DNA fragment sizes to be separated. Molecular weight markers 

were either A x Hindlll or pBR322 x Sau3A, or pATI53 x Hinfl or 

combinations. DNA samples were mixed with 0.5 volume of agarose beads 

(0.2% agarose gel in 20 mM EDTA, 10% glycerol and a small amount of 

bromophenol blue as an electrophoretic marker; this was prepared 

according to Schaffner ^  (1976)). Gels were electrophoresed at lOOv

for a short time or at 15-20v overnight, as appropriate, until the 

bromophenol blue had migrated approximately two thirds of the length of 

the gel.

RNA

The quality and approximate concentration of RNA samples were 

tested by electrophoresis in horizontal agarose gels as for DNA samples
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but with the addition of a heat shock step at 65°C for 3 minutes prior to 

loading the RNA on the gel. The size markers were as above for DNA gels 

except they were single-stranded (denatured by the addition of 0.1 volume 

of 1.5 M NaOH, 0.1 M EDTA, 5 minutes before loading). RNA was separated 

well on 1.5% agarose gels.

2.5.6 Recovery of DNA from Preparative Agarose Gels

Prepartion of DNA samples, gel loading and electrophoresis were as 

described by Jeffreys £t (1980). The quantity of DNA loaded and gel 

slot size were chosen so that no more than 0.25 yg of DNA per mm^ of gel 

slot surface was loaded. This prevented smearing of DNA due to 

overloading. DNA in preparative gels was visualised by the fluoresence 

of bound ethidium bromide under long wave ultraviolet light. The 

appropriate DNA fragment or size selected DNA fragments were cut out from 

the gel in small gel slices, DNA was then electrophoresed from the gel 

si ice(s) on to Whatman DE81 DEAE-cellulose paper, and recovered by a 

modification of the method of Dretzen £t (1981). DE81 paper was 

prepared by soaking in 2.5 M NaCl and rinsing several times in distilled 

water, and stored in 1 mM EDTA at 4^0. The agarose gel slices were 

wrapped in the prepared DE81 paper and replaced in the gel in slots cut 

away from DNA in other areas of the gel. The DNA was electrophoresed on 

to the paper at high voltage (200 v) for approximately 15 minutes. The 

gel slices were removed from the paper and transfer of the DNA to DE81 

paper was visualised by ethidium bromide fluoresence under long wave 

ultraviolet light. The DNA contained in the paper was recovered by 

vortexing the paper in high salt buffer (high salt buffer= 1 M NaCl, 50 

mM Tris-HCl, pH 7.5, 1 mM EDTA) until it disintegrated. The paper 

solution was incubated at 37^0 for 15 mins followed by 3 mins at 65°C to 

release DNA from the paper. DNA in solution was separated from the
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fragmented paper by centrifugation through a small polyallomer wool 

column in a bench top MSE centrifuge at maximum speed for approximately 

one minute. The DNA was recovered by 2 phenol extractions and 2 ethanol 

precipitations before further manipulation.

2.5.7 Recovery of Small DNA Fragments from Acrylamide Gels

DNA fragments to be isolated were run on 8% acrylamide gels as 

described in Maniatis, Fritsch and Sambrook (1982). DNA fragments were 

visualised by the fluoresence of bound ethidium bromide under long wave 

ultraviolet light and the required fragment cut out from the gel. DNA 

was then recovered from the gel slice recovered as described in Maniatis 

et al. (1982). The gel slice was chopped into very fine pieces with a 

scalpel blade, the pieces transferred to an eppendorf tube and 1 volume 

of elution buffer added (elution buffer= 0.5 M ammonium acetate, 1 mM 

EDTA, pH 8.0). Gel pieces were incubated at 37°C overnight with rotation 

and then centrifuged in an Eppendorf centrifuge to pellet the gel 

fragments away from the DNA in solution. The supernatant was removed 

with a drawn out Pasteur pipette into a fresh Eppendorf tube and an 

additional 0.5 volume of elution buffer was added to the gel pellet.

After vortexing and centrifugation, the second supernatant was combined 

with the first. To remove any acrylamide fragments left in the 

supernatant, it was passed once through a polyallomer wool plug in a 

pipette tip. DNA was then recovered by ethanol precipitation twice 

before redissolving in a small volume of TE (TE= 10 mM Tris-HCl, 1 mM 

EDTA, pH 8.0). The DNA solution was centrifuged for 5 minutes and the 

supernatant removed into a fresh Eppendorf tube, ready for further 

manipulation.
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2.5.7 Preparation of Plasmid DNA

Small scale preparations of plasmid DNA were carried out using a 

modification of the small scale alkaline extraction method of Birnboim 

and Doly (1979) for analysis of plasmid recombinants. Large scale 

preparations of plasmid DNAs for use in eukaryotic cell transfection 

experiments were essentially a scaled up version of the small-scale 

plasmid preparation procedure with the additon of a caesium chloride 

gradient centrifugation purification step. The method is based upon that 

of Ish-Horowicz and Burke (1981).

Small-scale plasmid preparations

A 1.5 ml culture of the plasmid containing strain of E. coli was 

grown to stationary phase overnight in Luria broth supplemented with the 

appropriate selective antibiotic which was always 100 yg/ml ampicillin. 

The culture was pelleted by a 30 second spin in an Eppendorf bench 

centrifuge, the supernatant flicked off and the cell pellet suspended in 

100 yl of ice cold lysis solution (lysis solution= 25 mM Tris-HCl, 10 mM 

EDTA, 50 mM sucrose, pH 8.0 containing freshly added lysosyme to a final 

concentration of 1 mg/ml). The solution was kept on ice for 10 mins, 

then 200 yl of alkaline-SDS (alkaline/SDS= 0.2 M NaOH, 1% SDS prepared 

just before use) were added and the solution mixed and left on ice for a 

further 5 minutes. Chromosomal DNA and most of the proteins were 

precipitated by the addition of 150 yl of 3 M potassium acetate, pH 5.2 

and leaving on ice for 10 minutes. The solution was spun for 5 mins in 

an Eppendorf centrifuge and the supernatant removed into a fresh tube 

avoiding the precipitated material. Plasmid DNA was recovered from the 

supernatant by ethanol precipitation and DNA was purified by phenol 

extraction and ethanol precipitation.

Approximately 5-10 yg of plasmid DNA may be prepared by this
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method. Very little E. coli chromosomal DNA or cellular protein

contaminate the plasmid DNA but the preparation contains large amounts of

RNA. The plasmid DNA can be used directly in restriction endonuclease 

digests, with the addition of RNase to remove the RNA in order to confirm 

the presence of the required DNA insert and its orientation within the 

plasmid DNA.

Large Scale Plasmid Preparation

The E. coli containing the appropriate plasmid was grown with 

shaking overnight at 37®C in 10 ml of Luria broth with 100 yg/ml 

ampicillin. 8 mis of the overnight culture were used to innoculate 400 

mis of prewarmed Luria broth plus antibiotic in a 2 litre flask. The

culture was grown to an O.D. of 1 at 600 nm and then 80 mg of

chloramphenicol were added and the culture allowed to shake overnight.

The cells were pelleted by centrifugation at 5,000 rpm in a GS3 

rotor for 10 minutes at room temperature, the supernatant discarded and 

the cells resuspended in 12 ml of lysis solution (lysis solution= 50 mM 

glucose, 25 mM Tris-HCl, 10 mM EDTA) and kept at room temperature for 10 

minutes. 24 mis of alkaline-SDS solution were added to the lysed cells 

which were mixed gently and placed on ice for 5 minutes. 12 mis of 5 M 

potassium acetate pH 4.8 were then added, the solution mixed gently and 

returned to ice for a further 15 mins. Chromosomal DNA and proteins were 

pelleted by centrifugation at 7,000 rpm in a CS3 rotor at 4°C for 10 

minutes and the supernatant decanted from the precipitate through a 

polyallomer wool plug in a plastic funnel. The volume of supernatant 

recovered was recorded and 0.6 volumes of propan-2-ol added with mixing 

and the solution left at room temperature for 10 mins. Nucleic acids 

were precipitated by centrifugation as above at 4°C. The pellet was 

washed with 10 ml of 80% ethanol and resuspended in 3 ml of TE. For each
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ml of solution 1 g of caesium chloride (CsCl) and 0.1 ml of ethidium 

bromide (10 mg/ml) were added, the solution mixed thoroughly and 

centrifuged at 10,000 rpm for 10 mins at room temperature in an HB4 

rotor. The pellet and pellicule were discarded. The density of the 

solution was checked using a refractometer and adjusted by adding CsCl or 

TE if necessary to give a refractive index of 1.38?^. The solution was 

loaded into "Quick seal" tubes and topped up with CsCl solution of 1.57 

g/ml density. The tube was centrifuged in a 75 Ti rotor with a balance 

at 65,000 rpm for -16 hours at room temperature. The plasmid band was 

recovered from the gradient with a syringe and 18g needle and ethidium 

bromide was removed by repeated extractions with propan-2-ol saturated 

with sodium chloride/H20. The plasmid DNA was dialysed extensively 

against TE to remove the CsCl and the concentration calculated by 

measurement of O.D. at 260 nm. If necessary the plasmid DNA was ethanol 

precipitated. The quality of the plasmid was determined by agarose gel 

electrophoresis.

Plasmid DNA to be used in transfection was checked to be greater 

than 50% in the supercoiled form and if not the preparation repeated. In 

some transfection experiments plasmid DNAs were subjected to two cycles 

of CsCl gradient centrifugation.

2.5.8 Alkaline phosphatase treatment of DNA

1 pg of plasmid DNA was digested at suitable cloning sites with 

the appropriate restriction endonuclease(s). 15 minutes before the end

of the digestion period 1 U of calf intestinal phosphatase was added and 

incubation continued for 15 minutes at 37°C.

DNA was heated to 65*̂ C for 10 minutes in the presence of 0.5% SDS, 

20 mM EDTA, pH 8.0 to remove the phosphatase and then recovered by two 

phenol extractions and two ethanol precipitations. DNA was vacuum
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dried and dissolved in water ready for further use.

To dephosphorylate blunt-ended DNA, 3 U of calf intestinal

phosphatase were added to the digestion mix after first heat-shocking the 

digested DNA by heating to 65°C for 5 minutes and cooling on ice. DNA 

was recovered as described above.

2.5.9 Generation of blunt-ended DNA fragments using SI nuclease and 

reverse transcriptase 

Isolated DNA fragments were treated with SI nuclease to remove 

overhanging DNA ends created by restriction endonuclease cleavage.

Test digests containing -0.5 pg of pBR322 x Sau3A DNA fragments 

and alkaline denatured salmon sperm DNA (boiled prior to use to ensure 

DNA was single-stranded) were carried out with varying concentrations of

81 nuclease (ranging between 0.01 and 20 U/pl) in order to determine the

concentration of 81 nuclease required to digest single-stranded DNA but 

not double-stranded linear DNA. Reactions were carried out in a total 

volume of 10 pi of 81 buffer (81 buffer= 50 mM NaCl, 30 mM Sodium 

acetate, pH 4.6, 1 mM ZnSo^ and 5% (v:v) glycerol) and incubated at 37°C 

for 30 minutes before the reaction was terminated by the addition of 1 pi 

of 0.5 M EDTA pH 8.0.

DNA products were electrophoresed in a 1.2% agarose gel. The most 

appropriate concentration of 81 nuclease which removed single-stranded 

DNA but did not digest double-stranded DNA was -0.1 U/pl. This 

concentration was used to blunt DNA ends of DNA fragments isolated from 

restriction endonuclease digestions in scaled up (20 pi) but otherwise 

identical reaction conditions. After treatment with 81 nuclease, DNA was 

recovered by phenol extraction and ethanol precipitation.
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Reverse transcriptase

For some DNA fragments, protruding DNA ends generated by 

restriction endonuclease digestion were filled-in with dNTPs using 

reverse transcriptase. DNA was incubated in reverse transcriptase buffer 

(reverse transcriptase buffer= 1 M Tris-HCl, pH 8.3, 1 M KCl, 250 mM 

MgClz, 20 mM dNTPs and 700 mM 2-mercaptoethanol) with 2 U/plDNA of 

reverse trancriptase for 1 hour at 37°C. DNA was then recovered after 

phenol extraction by one ethanol precipitation.

2.5.10 Ligation of Fragments into Plasmid DNA

Fragments isolated from restriction endonuclease digestions of 

recombinant plasmid DNAs and myoglobin gene fragments isolated and 

treated with SI nuclease as described above were ligated with the 

appropriate linearised phosphatased vector in a molar ratio of 2:1 

(fragment:vector).

Ligation reactions containing 1 yg of DNA or less were set up in a

20 yl of ligase buffer (ligase buffer= 50 mM Tris-HCl, 10 mM MgCl2, 20 mM

DTT, 1 mM ATP, pH 7.8; stored as a 10 x concentrate at -80*^0) with 4 mM 

spermidine, 1 mM HOC and 50 U of T4 DNA ligase. HOC was added to 

stimulate intermolecular ligation of DNA ends (Rusche and 

Howard-Flanders, 1985).

2.5.11 Transformation

Transformation of E.coli JM83 with recombinant plasmid DNAs was 

carried out according to the method of Kushner (1978) which is described 

in Section 2.9.

After the heat-shock treatment, transformed JM83 cells were added 

to 1 ml of Luria broth and incubated at 37°C for 1 hour. Cells were then

centrifuged in an Eppendorf centrifuge for 1 minute, the cell pellet
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resuspended in 0.2 ml of Luria broth and cells plated out onto selective 

media plates (Luria agar with 100 yg/ml ampicillin).

When bacterial cells were transformed with recombinants obtained 

after blunt-end ligation of SI nuclease treated fragments into the 

appropriate vector, all of the transformed cells were plated onto 

selective media. For cohesive-end DNA ligations, a dilution series of the 

transformed cells was carried out prior to plating out. After drying, 

plates were incubated overnight at 37°C.

2.5.12 Screening of Transformants

The method used to screen transformants was a modification of the 

filter hybridisation method of Grunstein and Hogness (1975), which has 

been described in detail by Barrie, (Ph.D thesis, 1982). Probes used for 

the detection of the desired recombinant clones were the appropriate 

fragments isolated to be cloned.

2.5.13 Photography and Autoradiography

DNA and RNA in agarose gels was visualised by the fluoresence of 

bound ethidium bromide using a short wave ultraviolet transilluminator 

(Ultra-violet Products Inc., California, U.S.A.). Cels were photographed 

using a polaroid MP-3 land camera and Polaroid 4 x 5  type-52 or type-57 

film. Autoradiographs were photographed on a white light 

transilluminator, using a Nikon F camera and Kodak AHU 35 mm film which 

was processed according to the manufacturers instructions using Kodak D19 

developer and May and Bakers' Amfix fixer.

All autoradiography used Kodak X-ray film (35 x 40 or 13 x 18 cm 

X-Omat RP or 13 x 18 cm X-Omat AR). Exposure times to film were judged 

by cpm (counts per minute) detected using a hand-held mini-monitor 

(Mini-Instruments Ltd., g-m monitor, type 5'10). Exposure to X-ray film
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in the presence of an intensifying screen (Ilford Tungstate) was at 

"SO^c, otherwise at room temperature.

X-ray film was developed by immersion for 3 mins in developer 

(Kodak DX-80), followed by a rinse in diluted acetic acid and fixation 

for 3 minutes in Kodak FX-40 fixer plus HX-40 hardener.

2.6 TRANSFER OF DNA AND RNA TO NITROCELLULOSE OR HYBOND NYLON FILTERS

Southern blotting

For Southern blotting, DNA was electrophoresed double stranded in 

0.8% agarose gels with 7 mm slots. Before DNA was transferred from the 

gel to nitrocellulose or Hybond Nylon (Hybond-N) filters (Amersham 

International), the DNA in the gel was denatured by acid/alkali 

treatment. After being photographed, gels were soaked twice in 0.25 M 

HCl for 7 minutes, to reduce the size of the DNA fragments jji situ by 

partial depurination. The DNA was denatured by soaking twice in 0.5 M 

NaOH, 1 M NaCl for 15 minutes. This was followed by two 15 minute washes 

in 0.5 M Tris-HCl, 3 M NaCl, pH 7.5 to neutralise. Transfer to both 

hybond-N and nitrocellulose was by a modification of the method of 

Southern (1975), as described by Barrie (Ph.D thesis, 1982) except that 

after transfer to Hybond-N, the filter was wrapped in saran wrap and DNA 

cross linked to the filter by exposure of the wrapped filter, DNA side 

down to short wave ultra-violet light on a transilluminator for 5 

minutes.

Northern blotting

RNA was transferred to nitrocellulose filters by an adaption of 

the method of Thomas (1980). Horizontal slab gels were used, as for DNA, 

with the same sized slots run at 1%. Agarose was dissolved in 0.5 gel 

volume of water, to which was added 0.5 volume of 2 x gel buffer (2 x gel
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buffer= 4.4 M formaldehyde, 50 mM sodium phosphate buffer, pH 7.6). The 

RNA samples to be loaded were first vacuum dried then redissolved in lOyl 

50% formamide, 2.2 M formaldehyde, 20 mM sodium phosphate buffer, pH 7.6 

and denatured at 60°C for 10 minutes. After cooling on ice, 1 volume of 

agarose beads was added before loading (RNA agarose beads were a 0.2% 

suspension of agarose in 2.2 M formaldehyde, 20 mM sodium phosphate 

buffer, pH 7.6, 10% glycerol and a very small amount of bromophenol 

blue). DNA size markers were run single-stranded, as described in Section 

2.5. Gels were electrophoresed in 2.2 M formaldehyde, 10 mM sodium 

phosphate buffer pH 7.6 at 10Ov, until the bromophenol blue had migrated 

about 8 cm from the slots.

After electrophoresis, some of the formaldehyde was driven out of 

the gel by shaking gently in water at 60^0 for 10 minutes, then in water 

at room temperature for 10 minutes. Gels were soaked in 20 x SSC (saline 

sodium citrate; 1 x SSC= 0.15 M NaCl, 15 mM trisodium citrate, pH 7.0). 

RNA was transferred to Nitrocellulose as for DNA (Barrie, Ph.D. thesis 

1982), except the nitrocellulose and first sheet of Whatman 3 MM paper 

were soaked in 20 x SSC, rather than 3 x SSC and, after transfer, the 

nitrocellulose filter was baked at 80°C for only 2 hours.

Transfer of RNA to Hybond-N was carried out according to the 

manufacturers instructions. RNA samples to be analysed were incubated at 

65°C for 5 minutes in the following solution: RNA (final volume 12 yl),

25 yl formamide (specially purified for biochemistry, BDH), 5 yl 10X MOPS 

buffer (10 x MOPS buffer = 0.2 M MOPS (3-(N-Morpholino) propane-sulphonic 

acid) 0.05 M Na acetate, pH 7.0, 0.01 M EDTA) and 8 yl of formaldehyde. 

The RNA solution was then chilled on ice and 5 yl of 5% (v/v) glycerol 

containing 0.1 mg/ml bromophenol blue added. Samples were 

electrophoresed in a 1% agarose gel. Agarose was dissolved in water 

containing 10 ml 10 x MOPS buffer per 75 ml of water and cooled to 50̂ 0
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before adding 17 ml formaldehyde (40% v/v solution). Gels were 

electrophoresed in 1 x MOPS buffer, until the bromophenol blue had 

migrated - 8 cm from the slots. After electrophoresis RNA was 

transferred directly to Hybond-N as for DNA (Barrie, Ph.D thesis 1982) 

except the filter and first sheet of Whatmann 3MM paper were soaked in 1 

X  MOPS buffer, rather than 3 x  SSC. After transfer, Hybond-N filters 

were not rinsed but RNA was UV cross-linked to the filter as described 

above for cross-linking of DNA to Hybond-N.

For RNA dot blots, RNA was spotted directly on to nitrocellulose 

filters. An appropriate volume of RNA was vacuum dried and redissolved 

in 5 yl of TE. RNA was heat-shocked at 65°C for 3 minutes and then the 

whole 5 yl spotted on to a nitrocellulose filter. Carrier tRNA was not 

added since RNA samples spotted on to the filters contained at least 1yg 

poly(A)^ RNA. Filters were allowed to dry at room temperature, and then 

baked at 80^0 for 2 hours before hybridisation.

2.7 LABELLING OF DNA PROBES WITH "^P

2.7.1 Nick-transiat ion

The method used to label certain DNA probes by nick translation 

was that of Weller _et (1984). 50-100 ng of DNA in 5 yl of water were

denatured by heating in a boiling water bath for 3 minutes before being 

plunged into ice. The following reagents were then added to the DNA:

2.5 yl 10 X nick mix (0.5 M Tris-HCl, pH 7.5, 50 mM MgCl2, 0.1 M 2-

mercaptoethanol)

2 yl each of 50 yM dATP, dCTP, dTTP

1 yl 0.1M spermidine

1 yl 8 ng/ml DNase I (freshly diluted from a 1 mg/ml stock in 10 mM

Tris-HCl pH7.5)

-67-



1.5 yl [a-"^P]dCTP (0.37 MBq/yl, 111 TBq/mMol)

5 units E. coli DNA polymerase I

7 yl HgO

The reaction mix was mixed well and incubated at 15°C for 90 

minutes. The reaction was stopped by the addition of 25 yl of 0.5% SDS,

12.5 mM EDTA, 10 mM Tris-HCl, pH 7.5 and then the DNA extracted with 

phenol. 100 yg of high molecular weight salmon sperm DNA (prepared as 

described by Harris, Ph.D thesis, 1985) were added as a carrier and the 

DNA was ethanol precipitated after a short chill on ice without 

centrifugation. The supernatant was removed and the DNA redissolved in 

0.2 ml 10 mM Tris-HCl, pH 7.5 and reprecipitated. The DNA was rinsed 

twice with 80% ethanol. Specific activities of 10^ to 10® dpm/yg were 

routinely acheived by this method.

2.7.2 Preparation of ®^P-labelled single-stranded probes from Ml 3 

recombinants

The method to label DNA fragments contained within Ml 3 DNA was 
that described by Jeffreys et al. (1985). Approximately 0.4 yg of 

single-stranded Ml 3 recombinant DNA was annealed with 4 ng of 17-mer 
sequencing primer (Duckworth et ^ . , 1981) in 10 yl of 10 mM MgClg, 10 mM 

Tris-HCl, pH 8.0 at SO^C for 30 minutes. Primer extension was carried 

out by the addition of 20yl of [80 yM dATP, 80 yM dTTP, 80 yM dCTP, 10 mM 

Tris-HCl, 0.1 mM EDTA (pH8.0)] plus 3 yl (1.11 MBq) [a-32p]dCTP (111 

TBq/mmol) and 3.5 U of Klenow polymerase. After mixing well, primer 

extension was allowed to proceed for 15 minutes at 37°C. 2.5 yl of 0.5

mM dCTP was added after this time and chasing was allowed to proceed for 

15 minutes at 37®C. The Ml 3 DNA was then cut at a suitable restriction 
endonuclease site either in the insert, or in the Ml 3 polylinker 5 ’- to
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the insert. The addition of 1.5 M NaOH, 0.1 M EDTA denatured Ml 3 DNA to 

release the labelled insert fragment. This labelled single-stranded

DNA fragment extending from the primer was recovered by electrophoresis 

in a 1.2% low melting point agarose gel with 7 mm slots. If the insert 

band was not visible, the gel was covered with aluminium foil, overlaid 

with X-ray film and autoradiographed for 5 minutes to detect the labelled 

insert band. The fragment contained in agarose was excised from the gel 

and was melted at lOO^C for 2 minutes with 1 mg of alkali-denatured 

salmon sperm carrier DNA (prepared as described by Harris, Ph.D thesis, 

1985) and 500 yl of water. The melted probe was then added directly to a 

pre-warmed hybridisation chamber containing hybridisation solution for 

either Northern or Southern hybridisations (see below). With this 

labelling method, specific activities acheived were usually in excess of 

109 cpm/yg DNA.

2.8 FILTER HYBRIDISATION

2.8.1 DNA filters

Nitrocellulose filter hybridisations were carried out as described 

in detail by Barrie (Ph.D. thesis, 1982). Round filters containing lysed 

bacterial colony DNA and filter strips containing genomic DNAs were 

prehybridised at 65^C in a gently rocking bath in the following solutions 

in this order (all solutions were degassed under vacuum for 10 minutes 

prior to use except the first two):

10 minutes 3 x SSC
45 " 1 X  Denhardts 0.2% Ficol 400, 0.2% polyvinlypyrrolidine,

0.2% BSA in 3 X SSC 
30 " 1 X CFHM CFHM = complete filter hybridisation

mix (1 X Denhardts plus 0.1% SDS and 
50 yg/ml denatured salmon sperm DNA in 
1 X  SSC)

30 " 1 X  CFHM+PEG CFHM + 5% Polyethylene glycol
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Hybond N filters were pre-hybridised and hybridised according to a 

modification of the method of Church and Gilbert (1984).

Genomic Southern blot filters were cut into strips and 

prehybridised for 5-30 mins at 65^0 in degassed hybridisation buffer. 

(Hybridisation buffer= 1 mM EDTA, 7% SDS, 0.5 M NaHPOy, pH 7.2). Filters 

were then transferred to fresh hybridisation buffer containg the probe in 

a hybridisation chamber, carried out as described below. The 

.®2p-labelled probe DNA (^10 ng/ml) was added to the hybridisation 

solutions (1 X  CFHM + 6% PEG (nitrocellulose filters) or 1 mM EDTA, 1% 

SDS, 0.5 M NaHPGij, pH 7.2), (Hybond N) after being denatured by heating 

to 100°C for 5 minutes (nick translated probes) or 2 minutes 

(single-stranded Ml 3 probes). Genomic DNA filters were hybridised at 

65°C overnight, while colony hybridisation filters were generally 

hybridised at 65®C for 3-5 hours.

Unbound labelled DNA was washed off nitrocellulose filters in 

several changes of 1 x CFHM at 65°C, changing the wash solution several 

times for five minutes, then twice after 15 minutes and once after one 

hour and until no more radioactivity could be detected in the washings.

To remove unbound labelled DNA from Hybond N filters, filters were 

washed either in a high stringency wash (for probes which were 100% 

homologous to DNA on the filter) or a low stringency wash (for less 

homology). For the high stringency wash filters were first rinsed in 40 

mM NaHPO^, pH 7.2, 1% SDS at 65°C 3 times for 5 minutes and then 3 washes 

of 15 minutes at 65°C. Filters were then transferred to 0.1 x SSC, 0.01% 

SDS and washed for one hour at 65°C with 2-3 changes of the solution.

For low stringency wash, the conditions were as above with the 

first wash in 0.5 M NaHPOi|, 1% SDS and the second in 1 x SSC, 0.1% SDS,

10 yg/ml competitor DNA (prepared as described by Harris, Ph.D thesis.
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1985).

After washing both types of filters, filters were rinsed in 3 x 

SSC, blotted dry on 3 mM paper, allowed to dry at room temperature and 

then reconstructed onto a glass plate or film cassette for 

autoradiography.

Hybond M filters to be rehybridised with other probes were washed 

in 0.4 M NaOH for 5 min at 45*̂ 0. Filters were then transferred into 0.1 

X  SSC, 0.1% SDS, 0.2 M Tris-HCl, pH 7.5 and incubated for a further 30 

minutes at 45°C. Filters were blotted dry and hybridised with a new 

probe as described above.

2.8.2 RNA filters

RNA filter hybridisations (Northern blot analysis) were carried 

out using the method of Thomas (1980) for both nitrocellulose and Hybond 

N filters. Filters were cut into strips and prehybridised at 42^0 with 

gentle agitation for 8-20 hours in prehybridisation buffer (50% formamide 

(v:v), 5 X  SSC 250 yg/ml denatured salmon sperm DNA, 1 x  Denhardts, 50 mM 

sodium phosphate buffer, pH 6.5). Filters were transferred to 

hybridisation buffer (hybridisation buffer= 4 parts prehybridisation 

buffer plus 1 part 50% dextran sulphate) to which the probe had been 

added, exactly as for DNA filter hybridisations. RNA filters were always 

hybridised at 42°C overnight.

To remove unbound labelled DNA, filters were washed at room 

temperature in soap boxes in 4 changes of 2 x SSC, 0.1% SDS, followed by 

4 changes of 1 x SSC, 0.1% SDS and finally in 2-3 changes of either 0.1 x 

SSC, 0.1% SDS, if the probe sequence was 100% homologous to the 

particular RNA on the filters or a lower stringency 0.25 x SSC, 0.1% SDS 

for less homology. The final washes at 0.1 x SSC or 0.25 x SSC were 

carried out at 50^0 in a shaking waterbath. Filters were blotted on
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Whatman 3 MM paper and allowed to dry at room temperature before 

reconstruction and autoradiography. Nitrocellulose filters to be 

rehybridised were washed extensively in water at 42^0 to remove 

hybridisaed ^^P-labelled DNA. Hybond N filters were washed for 1-2 hours 

at 65°C in 5 mM Tris-HCl, pH 8.0, 2 mM EDTA, 0.1 x Denhardts solution. 

Filter strips containing single-stranded DNA mobility markers from 

Northern blots were hybridised using RNA filter hybridisation conditions.

2.9 Ml 3 SEQUENCING

2.9.1 Preparation of Ml 3 recombinants

Sonication of Plasmid DNA and Isolated endonuclease fragments 

Large restriction endonuclease fragments to be sequenced were 

isolated as described in Section 2.5 and self-ligated overnight before 

sonication. Sonication was performed in a sonicating waterbath (Kerry 

Ultrasonics Ltd) containing 1-2cm of water. A 1.5ml Eppendorf tube 

containing 5M5yg of recombi^nt plasmid DNA or 5yg of isolated restriction 

endoclease fragment (previously self-ligated) in a total volume of 30yl 

(made up with water) was placed on the bottom of the waterbath for 4 x 30 

second bursts of sonication. Between each burst of sonication the 

solution was placed on ice and given a quick spin to bring the solution 

back to the bottom of the tube. The appearance of a "mist" on the sides 

of the tube was an indication of successful sonication, A 1yl aliquot 

was electrophoresed against pBR332 x Sau3A markers on an agarose gel to 

check that after sonication the majority of the DNA was a smear between

1.2 and 0.6 kb in size. The procedure was repeated until this size range 

was achieved. DNA was recovered after phenol extraction by two ethanol 

precipitations, vacuum dried then redissolved into lOyl of H^O ready for 

end-repair.
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End-repair of sonicated DNA and size-select ion

The sonicated DNA was end-repaired by incubation overnight at 15°C 

in the following mixture;

(in HzO) 20yl

(500 mM Tris-HCl,100 mM MgClz 

100 mM DTT,pH 7.5) 3yl

(lOOmM Tris-HCl,1OOmM 

MgClz,pH 7.5) 3yl

0.1 M 1.2yl

(0.25 mM solution of each 

dNTPin TM buffer) 2yl

(10 units of large fragment 

Klenow enzyme) 2yl

DNA

10x ligase buffer

TM buffer

Spermidine 

sequence chase mix

DNA polymerase I

After end-repair sonicated plasmid of fragment DNA was 

electroporesed in a 1.5% preparative agarose gel against pBR322 x Sau3A 

markers. DNA between 400-900 bp was collected on DE81 paper, recovered 

(Section 2.5) and redissolved in 20 yl of H^O

Preparation of stock Ml 3 vector DNA 

2yg of M13mpl8 or M13mp19 RE DNA were cleaved at the desired 

cloning site by a restriction endonuclease(s) (for blunt ended subtrates 

the enzyme used was Smal) then recovered after phenol extraction by 

ethanol precipitation, vacuum dried and redissolved into 10 mM Tris-HCl, 

pH 7.5. The DNA was then treated with calf intestinal alkaline 

phosphatase as described in Section 2.5 and the DNA diluted to 20yg/ml 

with 1OmM Tris-HCl, pH 7.5.
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Ligation of sonicated DNA into Ml 3 vector DNA

The following ligation reaction mixes were prepared;

Size selected DNA partials 1pl 2yl 4yl

Phosphatased Ml 3 vector DNA 1yl lyl lyl

10 mM ATP 1yl 1yl lyl

20 mM Spermidine 2yl 2yl 2yl

10x Ligase buffer 1pl lyl lyl

H 2O 4yl 3yl lyl

400 units of T4-DNA ligase were added to each ligation mixture 

which were incubated overnight at 15°C. A further 0.5yl of 10 mM ATP and 

100 units of T4 DNA ligase were then added and ligations incubated at 4°C 

for a further day (after which ligations could be stored at -80°C 

indefinitely).

Transfection of recominant Ml 3 into the E.coli strain JM101

Competent cells were prepared by a modification of the method of

Kushner (1978).

E.coli JM101 was grown overnight with shaking, at 37"C in Luria 

broth containing thiamine (2 yg/ml). 0.5ml of bacterial culture were 

diluted 1/100 in the same medium and grown to an 00500=0*3. Excess 

culture was kept at room temperature (for later use) while 1.4 ml 

aliquots of cells (one aliquot for each ligation reaction) were pelleted 

by a 30 second spin in an Eppendorf centrifuge. The supernatant was

flicked off and the cells resuspended gently in 0.5 ml of MR (MR= 10 mM

MOPS, 10 mM Rubidium chloride (RbCl) pH 7.0). The cells were pelleted 

again and the supernatant removed as before. Cells were resuspended in 

0.5 ml of MRC (MRC= 100 mM MOPS, 10 mM RbCl, 50 mM CaCl^, pH 6.5) and 

left on ice for 45 minutes. After another 30 second spin pelleted cells 

were resuspended in 0.15 ml of MRC and kept on ice. 3 yl of
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dimethylsulphoxide (DMSO) and 5 yl of the ligation mix were added to each 

tube of now "competent" cells. The mixture was left on ice for 1 hour, 

heat-shocked at 55°C for 35 seconds, cooled on ice for 1 minute, then 

held at room temperature. Before plating out the cells were transferred 

to a glass tube containing 200 yl of JM101 log phase cells (from the 

initial culture kept at room temperature), 25 yl of 25 mg/ml BCIG (in 

dimethylformamide) and 25 yl of IPTG in^H^O). 3 ml of LUB soft agar were 

added and cells plated out on LUB agar plates and incubated overnight at 

37°C.

White and blue "plaques" develop overnight in the bacterial lawn 

corresponding to recombinant and nonrecombinant Ml 3 transformants 

respectively. "Plaque" in this sense refers to an area of reduced 

bacterial lawn growth due to jji vivo Ml 3 replication rather than the cell 

death associated with the virulant replication cycle of lambda. White 

plaques were screened for recombinant sequences and single-stranded DNA 

sequencing templates prepared from positives as described by Weller _et 

(1984).

2.9.2 Sequencing of Ml 3 recombinants

Sequencing of Ml 3 recombinant clones was based on the methods of

Sanger et al. (1980) and Biggin, Gibson and Hong, (1983) for

Ml3-dideoxyribonucleotide chain-termination using [a-32p]-dAPT and

[A-35s]-dATP respectively. Qualities quoted are for 15 sequencing 

templates. Reactions were performed in 1.5 ml Eppendorf tubes and all 

centrifugations were done in an Eppendorf bench centrifuge.

Cloned template DNAs were incubated at 60°C for 10 minutes prior 

to annealing to ensure they were completely dissolved. Each clone was 

annealed to the 17-mer universal primer by adding 5 yl of clone DNA to 

5 yl of primer mix (7.2 yl of 2 yg/ml 17-mer primer, 64 yl HgO, 8 yl TM
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buffer (100 mM Tris-HCl, pH 8.0, 100 mM MgClg) and incubating at 60°C for 

60 minutes with a quick centrifugation after 30 minutes. The annealed 

clones were held at room temperature until the sequencing reactions were 

started. For each clone, 4 reaction tubes were prepared containing lyl 

of annealed clone plus 1 yl of either a "T","C","G", or "A" NTP mix added 

to the bottom of the tube.

NTP mixes for sequencing were as follows

It-ptl tlQIf ftQIt ll̂tt

0.5mM dTTP 12.5 250 250 250

0.5mM dGTP 250 250 12.5 250

0.5mM dCTP 250 12.5 250 250

1OmM ddTTP 12.5(6.2)

lOmM ddCTP 2(4)

1OmM ddGTP 4(8)

lOmM ddATP 0.75(1.2)

TE buffer 500 500 500 250

(M13 TE buffer= 10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA).' 0.5 mM dNTP and 10

mM ddNTPs were prepared in TE buffer. The figures in brackets are the

amount of ddNTP added to the mix when ® ®S-adATP was the radiolabelled 

substrate.

Tubes were placed in a 37°C water bath and lyl of freshly prepared 

"Klenow" mix (® ^P- Klenow mix= 117 yl TE buffer, 16 U Klenow polymerase, 

10 yl a-®^P-dATP, 0.7 yl 50 yM dATP; ® ®S-Klenow mix= 114 yl HgO, 10 U

Klenow polymerase, 10 yl a ® ®S-dATP) was added. The solution was mixed

gently and incubated further at 37°C for 20 minutes. After 20 minutes 

(which is approximately the time taken to add the Klenow mix to 60 tubes) 

lyl of sequence chase mix (sequence chase mix= 0.25mM each of dATP, dGTP,

-76-



dTTP, dCTP made up in Ml 3 TE buffer) was added to each tube (in the same 

order as before), mixed and incubated a further 20 minutes at 37°C. At 

this point the reaction tubes can be prepared for loading onto a 

sequencing gel by addition of 4yl of formamide dye (stock solution 

containing 10 ml deionised formamide, 10 mg xylene cyanol FF, 10 mg 

bromophenol blue, 0.2 ml 0.5 M EDTA, pH 8.0). ®^P-labelled substrates 

were run as soon as possible while ®^S-labelled substrates could be 

stored for several days at -20‘̂C or -80°C if the formamide dye had not 

been added.

Ml 3 sequencing gels

Preparation and running of 40cm 6%(w/v) polyacrylamide buffer 

gradient gels were essentially as described by Biggin, Hong and 

Coulson,(1983). A "sharks" tooth comb was used which enabled 15-18 

clones to be run on a single gel. The standard mixes used to prepare two 

buffer gradient gels are given below.

0.5x 2.5x

acrylamide 17.1g 2.28g

bisacrylamide 0.9g 0.1 2g

urea 1 50g 20g

sucrose - 2g

10 X  TBE 1 5ml 1 0ml

HgO up to final vol 300ml 40ml

The solutions were filtered through a Whatman no. 1 filter using a 

Buchner funnel and then the following solutions were added;:

0.5x (150ml) 2.5x (20ml)

10% APS 1.05ml 0.14ml

TEMED (prior to on pouring) 72yl 9.6yl

Sequencing reaction mixes were boiled for 3 minutes and 1.5 yl of
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the ("^P) or 2.5 yl(^^S) samples loaded onto the gel. After 

electrophoresis for 3-8 hours at 1.4-1.7 kv the gels were fixed in a 10% 

(v:v) methanol, 10% (v:v) acetic acid solution for 15 minutes, then dried 

on to Whatmann 3MM paper using a Bio-rad Gel drier. Gels were

autoradiographed at room temperature for 16 hours-4 days.

2.10 COMPUTING

Various computing facilities were used in the course of this work. 

The dot-matrices presented were prepared using a DNA manipulation package 

written in Fortran 77 by Dr. Z. Nugent and run on Leicester University 

facilities comprising a Digital Equipment Corporation Vax 8600 computer 

and a Calcomp 936 graph plotter. Alignment of DNA sequences was also 

performed on the Vax 8600 using Basic program written by Dr. C. Boyd.

Ml 3 clone sequences were aligned against reference sequences and

each other using a version of the Staden (1980) programme modified to run

on a Vaxi1/785. The Vaxi1/785 was also used in conjunction with the 

word-processing package Word 11 to format the DNA sequences as presented. 

A BBC/ACORN microcomputer was used to run a package of DNA sequence 

manipulation programmes written in BBC Basic by Dr. A. J. Jeffreys. The 

dot-matrix program in this package is based on an algorithm of White £t 

al. (1984):

2.11 CELL CULTURE TECHNIQUES

2.11.1 Growth conditions

The cell culture procedures described below are for the growth of 

the mouse myoblast cell line G8-1. Specific details of growth conditions 

for this cell line were obtained from Dr. M. Webb (Institute of 

Neurology, London) and other general cell culture procedures were as 

described by Mrs. Tania Cresswell-Maynard (ICI/Joint laboratory.
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University of Leicester) or as described in Freshney (1983).

The G8-1 mouse myoblast cell line was grown as monolayers of cells 

at 37°C and in 5% CO2 in Dulbeccos modification of Eagles medium (DMEM) 

supplemented with 10% foetal calf serum. When myoblasts are confluent 

they may be stimulated to fuse and differentiate by the replacement of 

the normal growth medium with low serum containing medium (DMEM 

supplemented with 5% horse serum and 0.5% foetal calf serum).

The thymidine kinase deficient mouse L cells (Ltk fibroblast cell 

line) used in this work were similarly grown in DMEM supplemented with 

10% foetal calf serum at 37°C and in 5% 00%. All cell culture 

manipulations were carried out in a Class II Microbiological safety 

cabinet (Medical Air Technology Ltd.). All glassware to be used in 

making up solutions for use with cells was treated in a solution of 10% 

chromic acid overnight, rinsed extensively in distilled water before 

drying and sterilisation at 200^0 for 5 hours. All solutions to be used 

on cells were made up in double distilled autoclaved water and filter 

sterilised using 0.2ym Acrodisc filter units (Gelman Sciences Inc.).

2.11.3 Subculture of Proliferating Myoblasts and Fibroblasts

Subconfluent cells in dishes or flasks were rinsed with PBS (-2ml 

per 10 cm dish) and the rinse discarded. Approximately 2 ml per 10 cm 

dish of 1 X  Trypsin/EDTA (Gibco) were added carefully to the cell 

monolayer and the dish or flask tilted from side to sided to completely 

cover the cells. The trypsin solution was removed after - 15 seconds and 

the dish or flask containing the cells placed back in the incubator for 

up to 3 minutes until cells had ’rounded-up’ as judged under a phase 

contrast microscope. Medium was added to the rounded cells, usually 3 

mis were added per 10 cm dish, and cells dispersed by repeated pipetting 

over the cell monolayer. It was always ensured that a single cell

-79-



suspension was achieved for uniform growth after reseeding and also that 

all cells were removed from the dish by this procedure to prevent 

selection for trypsin sensitive cells. The number of cells per dish were 

counted using a haemocytometer and were diluted to the appropriate 

seeding concentration by adding the appropriate volume of cells to a set 

volume of medium in a culture flask or dish (or when more precise seeding 

densities were required, cells were diluted to the total volume required 

and distributed to dishes or flasks). For transfection (Section 2.14), 

cells were seeded at 1 x 10®, for routine subculture cells were diluted 

1:10 (G8-1 myoblasts) and 1:20 (clone 1 myoblasts and fibroblasts) 

without counting. Flasks and dishes were returned as soon as possible to 

the incubator after sub-culture.

2.11.3 Media Changing of Cells

Medium was removed from the cell monolayer and replaced with the 

same amount of fresh medium which was previously warmed to room 

temperature from 4^0 storage. This was carried out every three days for 

low density, proliferating cells and for fusing myoblast cultures.

2.11.4 Growth curve

Myoblasts were trypsinised as for regular sub-culture and cells 

diluted as appropriate to seed fourteen 5 cm dishes at 1 x 10^ cells per 

dish. Cells were mixed well and returned to the incubator. After 24 

hours, two dishes of cells were counted using a haemocytometer. At low 

cell concentrations, trypsinised cells were centrifuged at 800 rpm in a 

Digifuge centrifuge for 5 minutes and the cell pellet resuspended, 

without frothing, in a very small volume of medium (about 20-50yl). At 

higher cell concentrations, cells were counted directly without the 

centrifugation step. Cells were sampled every 24 hours and fresh medium
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was added every 2 days. Myoblasts clumped together after about 7 days 

growth due to the initiation of cell fusion. A growth curve of total 

cells versus growth in days was plotted to give an indication of the 

doubling time.

2.11.5 Isolation of Clones from Diluted Cells

To carry out cell cloning, cells were first diluted at 1 :1000,

1 :100, 1 :10 into 5 ml of medium in small (5 cm) culture dishes and mixed 

well to disperse cells. Diluted cells were incubated for several days 

until colonies of cells became visible which contained a few hundred 

cells and appeared as a small round area under the microscope. Colonies 

were picked using sterile cloning cylinders. Medium was removed from the 

dish containing colonies and cells washed with PBS which was discarded. 

Cloning cylinders, greased lightly with vaseline on their bottom surface, 

were placed over the colonies which are easily visible by eye after 

removal of medium from the dish. A drop of trypsin was added inside the 

cylinder and removed immediately. Cells inside the cylinder were 

observed under the microscope until they had rounded up and were then 

removed in a few drops of media added inside of the cylinder. Cells from 

the single colonies were transferred into 2 cm culture dishes containing 

1 ml of medium. The cells were allowed to grow to confluency after which 

time cells were subcultured into a larger sized dish and finally the 

number of dishes of cells built up to approximately thirty 10 cm dishes 

of cells. When cells were confluent (-3-5 x 10® cells per dish) they 

were frozen down at 3 x 10® cells per ampoule into liquid nitrogen (see 

below). The characteristics of the particular cell line (for example, 

the fusion of myoblasts to form myotubes) were checked before freezing. 

Possible mycoplasma contamination of cells was checked before freezing by 

Tania Cresswell-Maynard (ICI/Joint Laboratory, University of Leicester).
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2.11.6 Freezing and Thawing of Cells

G8 myoblasts were grown up and frozen as soon as possible after

arrival of the cells. Myoblasts and Ltk fibroblasts were frozen in a 

solution containing 10% DMSO and 10% foetal calf serum in liquid 

nitrogen. Cells were grown to a density of 3~5 x 10®, trypsinised from 

the culture dish and pelleted by centrifugation at 800 rpm for 5 mins in 

a Digifuge centrifuge before resuspension in PBS and a second 

centrifugation. The PBS supernatant was removed and cells were gently 

resuspended in 1 ml of freezing medium (freezing medium= 8 ml normal 

growth medium, 1 ml FCS, 1 ml cryoprotective agent-10% DMSO). Cells were 

counted using a haemocytometer and volumes adjusted to give ~3 x 10®

cells per ml of freezing medium in one ampoule. Before transfer into

liquid nitrogen, ampoules were frozen at -70°C overnight.

Cells were thawed rapidly from liquid nitrogen storage by placing 

ampoules directly into a 37°C water bath. When thawed, cells were

transferred to a 10 cm dish containing 10 ml of growth medium which had

previously been warmed to 37°C. Cells were mixed gently and after -6 

hours cells were checked under a phase contrast microscope to have

attached to the bottom surface of the dish. If cells had attached, the

medium above them was replaced with fresh medium and cells incubated 

overnight before subculturing the next morning.

2.11.7 Photography of myoblasts and myotubes

Myoblasts and myotubes were visualised by bright-field microscopy 

using a phase contrast microscope and photographed using an Olympus 0M1 N 

camera attached to the microscope.
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2.12 PREPARATION OF RNA FROM MAMMALIAN CELLS IN CULTURE

2.12.1 Total RNA

Preparation of total RNA from cell monolayers was based on the 

method of Chirgwin _et (1974) with modifications described below.

Up to 5 10 cm dishes of cells were used for large preparations but 

generally 1-2 10 cm dishes of sub-confluent myoblasts or differentiated 

myotubes were used. Cell monolayers were washed once with ice cold PBS 

and drained. 1 ml of lysis buffer (lysis buffer= 7 M urea, 2% SDS, 0.35 

M sodium chloride, 1 mM EDTA, 10 mM Tris-HCl pH 8.0) was added per plate 

and lysed cells were pooled in a sterile flask. An equal volume of 

phenol:chloroform was added and mixed into the cell lysate until an 

emulsion formed. The mixture was centrifuged at 10,000 rpm in an HB4 

rotor for 10 mins at 4^0 and the upper aqueous layer removed carefully 

from the phenol layer. The aqueous layer was extracted with 

chloroform : isoamyl alcohol (50:1 v:v) until it was clear. 0.4g of 

caesium chloride (CsCl) were added per ml of aqueous phase and when the 

CsCl was dissolved, this mixture was layered gently over 2 mis of a CsCl 

cushion in an SW50 centrifuge tube. (CsCl cushion= 5.7 M CsCl, 0.1 M 

EDTA, filtered using a 0.2pm millipore filter). The CsCl gradient was 

centrifuged in an SW50 rotor at 32,000 rpm for 15 hours at 20^0 to pellet 

RNA. After the centrifugation the supernatant was removed by careful 

pipetting. DNA is contained within the CsCl cushion and is apparent as a 

viscous region in the supernatant. DNA may be obtained from the viscous 

supernatant by dialysing extensively against TE to remove the CsCl.

After removal of the supernatant from the tubes, the RNA pellets were 

drained by inverting the tubes. 2 mis of ice cold 10 mM Tris-HCl, pH 7.5 

were added to resuspend the RNA pellets. Resuspension at this stage took 

a long time and was acheived by pipetting the RNA solution for several 

minutes with a Gilson pipetteman while kept on ice.
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When dissolved, RNA was ethanol precipitated overnight at -20*^C. The 

precipitated RNA was pelleted at 10,000 rpm in an HB4 rotor for 20 

minutes at O^c. RNA pellets were washed with 80% ethanol, 0.1 M sodium 

acetate pH 7.0 and dried briefly under vacuum. Dried pellets were 

resuspended in the appropriate volume of DEPC treated water and stored 

frozen in aliquots at -70^0. RNA concentrations were determined by 

measurement of the optical density at 260 nm using a Cecil Instruments 

CE202 ultraviolet spectrophotometer with CEI 35 micro-sipette control 

attachment. An A260nm 24 is equivalent to a concentration of 1 mg/ml 

of RNA. Quality of RNA preparations were tested by agarose gel 

electrophoresis in 1.5% agarose gels.

2.12.2 Cytoplasmic RNA

Cytoplasmic RNA was prepared from cell monolayers by the method of 

Gorman et (1982). Cells were trypsinised from the culture dish, 

pelleted and washed with ice cold PBS. Cell pellets (usually frozen 

pellets stored at -80*^C) were lysed in approximately 6 volumes of lysis 

buffer. (Lysis buffer= 10 mM Tris-HCl pH 7.4, 10 mM sodium chloride, 3 

mM magnesium chloride, 0.5% Nonidet P-40) for 5-10 minutes at 0°C.

Nuclei were removed by centrifugation at 1900 rpm in an HB4 rotor for 5 

minutes at 4^0. Cytoplasmic RNA was isolated from the supernatant by 

addition of an equal volume of RNA extraction buffer (RNA extraction 

buffer= 7 M urea, 0.35 M sodium chloride, 10 mM Tris-HCl pH 8.0, 10 mM 

EDTA, 1% SDS and -30 pg/ml of tRNA as a carrier). This mixture was 

phenol extracted twice and then extracted twice with chloroform:isoamyl 

alcohol (50:1 v:v). After ethanol precipitation of the RNA at -20®C 

overnight, RNA was collected by centrifugation at 10,000 rpm in an HB4 

rotor for 20 mins at OOg. RNA pellets were washed in 80% ethanol, dried 

briefly under vacuum and resuspended in the appropriate volume of
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DEPC treated water and stored as above. RNA concentrations and quality

were determined as above.

2.12.3 Polyadenylated RNA

Polyadenylated RNA (poly(A)+ RNA) was purified by oligo(dT) 

cellulose chromatography as described by Aviv and Leder (1972). Columns 

of 50 mg of oligo d(T) cellulose (bed volume 0.2-0.3 ml) were prepared in 

siliconised Pasteur pipettes plugged with polyallomer wool and 

equilibrated with several bed volumes of 1 x binding buffer (1 x binding 

buffer= 0.5 M Lithium chloride, 0.5% SDS, 1 mM EDTA, 10 mM Tris-HCl, pH

7.5). Total and cytoplasmic RNAs were first heat-shocked for 3 minutes 

at 65°C and cooled on ice before the addition of an equal volume of 2 x 

binding buffer. RNA was loaded onto the column and the eluate collected 

in a sterile siliconised tube, heat-shocked and reloaded on to the 

column. This procedure was repeated twice. Unbound RNA (the poly(A)" 

fraction) was washed through the column with -20 bed volumes of 1 x 

binding buffer and then the poly(A)+ RNA eluted with -10 bed volumes of 

elution buffer (elution buffer= 0.05% SDS, 1 mM EDTA, 10 mM Tris-HCl, pH

7.5).

Poly(A)+ RNA was recovered by ethanol precipitation with a -20°C

chill overnight and centrifugation at 10,000 rpm in an HB4 rotor for 30

minutes at O^C. RNA pellets were washed with 80% ethanol, dried briefly 

under vacuum and redissolved in a small volume of DEPC treated water. 

Concentrations and quality were determined as above.

2.13 PREPARATION OF GENOMIC DNA FROM MAMMALIAN CELLS IN CULTURE

Genomic DNA was prepared from cell monolayers using a procedure 

based on the method of Kirby (1957).

Generally, ten 10 cm dishes of cells were used for each
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preparation. Media was removed from the cell monolayers which were then 

rinsed briefly on ice with 2 mis of 1 x SSC per dish. Cells were lysed 

by the addition of 2 mis of SE buffer containing 1 % SDS (SE buffer= 150 

mM NaCl, 100 mM EDTA, pH 8.0). Lysed cells were pooled in a conical 

flask, phenol extracted with gentle shaking to avoid shearing of high 

molecular weight DNA and centrifuged at 13,000g for 5 minutes at 40c.

The upper aqueous phase was decanted from the phenol layer and phenol 

extraction was repeated. Nucleic acids, remaining proteins and 

carbohydrates were precipitated from the aqueous phase by ethanol without 

chilling. The flocculent precipitate formed was removed from the ethanol 

solution using a ’hooked’ siliconised Pasteur pipette and the precipitate 

redissolved in 0.1 x TNE (TNE = 50 mM Tris-HCl, 5 mM EDTA, 100 mM NaCl, 

pH 7.5) at 4°C. This usually took overnight. The DNA solution was then 

incubated for 15 minutes at 37®C with 100 yg/ml of pancreatic RNase A 

(from a 20 mg/ml stock in 0.15M sodium chloride which had previously been 

treated at 80°C for 15 minutes to inactivate DNase).

0.1 vol of 10^ SDS, 0.05 volume of 20 x TNE pH8.0 were then added 

with 100 yg/ml of proteinase K and the solution incubated for a further 

15 minutes at 37^0. The DNA solution was phenol extracted, ethanol 

precipitated, washed as described above and redissolved in a small volume 

of 10 mM Tris-HCl pH 7.5. Ethanol precipitation, washing and 

redissolving were repeated at least three times and the DNA solution 

dialysed overnight at 4°C against two litres of 2 mM Tris-HCl, 0.1 mM

EDTA, pH 7.5 with several changes of this solution.

DNA concentration was determined as for RNA concentration. An 

absorbance of 20 at 260 nm is equal to 1 mg/ml of double-stranded DNA.

The quality of the DNA preparation was determined by agarose gel

electrophoresis of 0.5 yg of native DNA. Samples were run against X DNA

X  Hindlll molecular weight markers. The DNA obtained by this method had
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a double-stranded size greater than 23 kb.

2.14 INTRODUCTION OF EXOGENOUS DNA INTO MOUSE MYOBLASTS

The procedure used to transfect myoblasts was the calcium 

phosphate precipitation technique of Graham and Van der Eb (1973) with 

modifications described by Wigler et (1978) and Gorman, Moffat and

Howard (1982).

Myoblasts were thawed from liquid nitrogen storage as described 

above and subcultured only once if possible but always less than six 

times before seeding the required number of 10 cm dishes the day before 

the transfection at a density of 1 x 10& cells per dish.

If cells were spread evenly over the surface of the dish they were 

used in the transfection experiment. Cells were refed with 8 mis of 

fresh growth medium three hours before the addition of the calcium 

phosphate (CaPO^)-DNA precipitates which were prepared as follows.

A total of 20 yg of DNA, (10 yg of the test plasmid and 10 yg of 

sonicated salmon sperm carrier DNA) were used to transfect each 10 cm 

dish of myoblasts. The quality of both test plasmid and carrier DNA is 

important for successful transfections. Plasmid DNAs were prepared as 

described in Section 2.5 and always tested before use by agarose gel 

electrophoresis to be more than 50^ in the supercoiled form and if not 

were not used in transfections as plasmid DNAs which have become 

substantially nicked have been shown to give unreproducible transfection 

efficiencies (Gorman, Moffat and Howard, 1982).

The salmon sperm carrier DNA was prepared as described by Harris 

(Ph.D thesis, 1985) with additional phenol extraction and ethanol 

precipitation steps. The molecular weight of the salmon sperm DNA was 

reduced by several passages through a 19g needle and DNA purified by a 

further phenol extraction and ethanol precipitation. Care was taken not
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to extensively break up the high molecular weight DNA since if the 

molecular weight is less than 10 Kb a reduction in uptake and expression 

of exogeneous DNA has been reported (Spandidos and Wilkie, 1983).

Carrier DNA prepared and used in all transfections gave a smear of 

fragments beginning from the slot of the gel when DNA was electrophoresed 

on a 1% agarose gel.

DNAs to be used in transfections were dissolved in sterile 0.1 x

TE (stored at 4°C) to give a final volume of 450 yl. 50 yl of 2.5M

calcium chloride (freshly prepared, filter sterilized and cooled to 4^0 

just before use) were added slowly to the DNA solution and the resulting 

solution mixed well. At this stage manipulations were carried out in 

sterile Eppendorf tubes. After the addition of the calcium chloride 

solution, the whole solution was transferred to a sterile plastic 10 ml 

centrifuge tube (Falcon, cone bottom). 0.5 ml of 2 x HBS (2 x HBS= 280 

mM NaCl, 50 mM HEPES, 1.5 mM NagPHO^, pH 7.1 ; solution stored at 4°C for

no longer than one month, pH is critical) was added dropwise into the

DNA-calcium chloride solution from a 1 ml pipette using a pipette aid and 

the centrifuge tube shaken during the addition. After all the 2 x HBS 

had been added, the solution was sucked up and down the 1 ml pipette a 

number of times and then air blown gently into the solution through the 

pipette for several seconds. After -15 minutes at room temperature a 

CaPO^-DNA precipitate appeared as a "bluish haze" in the solution. Any 

coarse, floccular precipitates were discarded. Such coarse precipitates 

rarely formed unless solution volumes were scaled up above a 2-3 ml final 

volume.

After 15-20 minutes at room temperature, the whole precipitate 

made above was added to a 10 cm dish of cells, mixed and cells returned 

to the incubator as soon as possible. Monolayers observed one hour after 

the addition of the precipitate showed a grainy precipitate over the



surface of the cells when viewed under a phase contrast microscope. The 

cells were exposed to the CaPO^-DNA precipitate either overnight (- 15 

hours) or for 6 hours. After the overnight incubation, the precipitate 

was removed from above the cells and the cells refed with fresh growth 

medium. After the 6 hour incubation, cells were subjected to a glycerol 

shock. They were first washed twice with PBS and the wash discarded. 2 

mis of 20% glycerol were then added carefully down the sides of each 10 

cm dish and the dish tilted from side to side to spread the glycerol over 

the monolayer surface. After 2.5 mins, the glycerol was carefully 

removed and cells washed twice with PBS. Fresh medium was then added to 

the cells.

The next day cells had their medium changed and ~ 48 hours after 

the addition of the precipitate cells were harvested by trypsinisation 

and washed in PBS. Cell pellets were frozen and stored at -SO^C before 

they were used to prepare RNA (Section 2.12), or to make cell extracts 

for enzyme assay (Section 2.15).

When myoblasts were shifted to low serum medium after 

transfection, the medium was changed the morning after transfection to 

low serum medium. Cells were then harvested by trypsinisation over the 

time course of myoblast differentiation and cell pellets stored as above.

The same transfection procedure was used to transfect Ltk 

fibroblasts but fibroblasts were seeded at a density of 2 x 10® the day 

before transfection and the glycerol shock after 6 hours transfection was 

for 1 minute only.
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2.15 ANALYSIS OF TRANSIENT EXPRESSION OF EXOGENOUS DNA IN MOUSE 

MYOBLASTS

2.15.1 Analysis of Specific RNA Transcripts

RNA was prepared from transfected cells as described in Section 

2.12 and analysed on Northern blots with the appropriate DNA 

hybridisation probe as described in Sections 2.6-2.8.

2.15.2 Preparation of Cell Extracts

Cell extracts were prepared as described by Ott et , 1984 and 

modifications are described. The cell pellet (sometimes frozen) from 

each 10 cm dish transfected (containing around 5 x 10® cells) was 

resuspended by gentle pipetting in 50 yl of freeze-thaw buffer 

(freeze-thaw buffer= 250 mM Tris-HCl, 5 mM DTT and 5% (v;v) glycerol, pH 

7.8). Suspended cells were transferred into an Eppendorf tube on ice and 

then subjected to freeze-thaw lysis. Pellets were frozen for -15 seconds 

in liquid nitrogen and then thawed for -2 minutes at room temperature and 

then 1 minute at 37°C. The procedure was repeated twice and cells placed 

back on ice immediately. After the three cycles of freeze-thaw, cells 

were viewed under a phase-contrast microscope to check for lysis. Lysed 

cells appeared spherical but with very 'ragged edges' and had lost phase 

brightness. Lysed cells were then centrifuged at full speed in an 

Eppendorf centrifuge for 15 minutes at 4®C. The supernatant was removed 

into a fresh Eppendorf tube on ice. Extracts were used immediately.

Protein concentrations in cell extracts were determined as 

described by Spector (1978).

2.15.3 CAT Assay

The CAT assay was carried out as described by Gorman, Moffat and
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Howard (1982) and any modifications are described below.

The required volume of cell extract to be assayed was added to a 

fresh screw-top Eppendorf tube on ice. Equivalent volumes of extract 

containing about the same concentration of protein were assayed. The 

cell extract to be assayed was heated at ôO^C for 5 minutes to remove 

contaminating deacetylases (R. Aft, D. Yaffe, personal communication).

The components of the assay mixture (total volume 180 yl) were 100 yl 

0.25 M Tris-HCl, pH 7.5, 0.2 yCi  ̂**0-chloramphenicol (specific activity: 

1.85 GBq/mmol, unless otherwise otherwise stated) and cell extract (25- 

50 yl). The solution was incubated at 37°C for 5 minutes and the reaction 

started by the addition of acetyl coenzyme A to 4.4 mM. The reaction was 

allowed to proceed for 4 hours (or overnight in some cases) and then 

assays were terminated by plunging tubes onto ice and adding 1 ml of ice 

cold ethyl acetate which extracts chloramphenicol and its derivatives. 

Solutions were mixed well by vortexing and the two layers separated by 

centrifugation for 1 minute in an Eppendorf centrifuge. The upper 

organic layer was removed into a glass tube and a further 0.5 ml of ice 

cold ethyl acetate added to the aqueous layer and the extraction 

repeated. The combined organic layers were dried down under vacuum and 

then taken up in 20 yl of ice cold ethyl acetate. The total 20 yl (in 

most cases) containing the radioactive chloramphenicol and derivatives 

were spotted onto a silica gel plate (sil G, CAMLABS) 2 cm from the 

bottom edge using a drawn out Pasteur pipette to deliver small volumes at 

a time. The spots were allowed to dry and the silica gel plate placed in 

a chromatography tank and run with chloroform:methanol (95:5 v:v) 

ascending.

After the solvent front had run approximately three quarters the 

distance up the silica gel plate (-1-1.5 hours), the plate was removed 

and allowed to dry before autoradiography. After autoradiography spots
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corresponding to radioactive signals were cut out of the silica gel plate 

and counted. Counting was carried out by adding equal sized spots to 2 

mis of scintillation fluid (Scintillation fluid= 4g of PPO and 60.5mg of 

POPOP in 1 litre of toluene) in a scintillation vial. Vials were counted 

in a Packard liquid scintillation counter for one minute each and 

counting was repeated at least once.

Data were expressed as the percentage of chloramphenicol 

acetylated per volume of extract used or as the total amount of 

acetylated chloramphenicol products formed per volume of extract used.

Purified chloramphenicol acetyl transferase (CAT) protein (Type 

III) used as a control in CAT assays, was obtained from Dr. Colin 

Kleanthos (Department of Biochemistry, University of Leicester).

2.16 CONTAINMENT

All experiments carried out in this thesis were conducted with 

reference to the Genetic Manipulation Advisory Groups guidelines on 

saftey and containment conditions.
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CHAPTER 3

CHARACTERISATION OF THE MOUSE MYOGLOBIN GENE AND SEQUENCE COMPARISON 

WITH OTHER MAMMALIAN MYOGLOBIN GENES

3.1 Introduction

The recently characterised seal and human myoglobin genes exhibit 

similarities in their organisation which are markedly different to those 

of other globin genes (see Section 1.2). To further define whether this 

is a stable organisation of mammalian myoglobin genes, the mouse 

myoglobin gene was isolated and characterised.

The mouse myoglobin gene was isolated from the mouse myoblast cell 

line G8-1 (Christian et ^ . , 1977) to provide a basis for analysing 

myoglobin gene expression. Myoblast cell lines can mimic myogenesis in 

vitro (see Section 1.4) and there was evidence that the myoglobin gene 

was expressed during differentiation of this particular myoblast cell 

line (see Chapter 4). The cloned G8-1 mouse myoglobin gene would allow 

the exactly homologous gene to be re-introduced into its parental cell 

type in order to begin myoglobin gene expression analysis.

Cloned seal myoglobin gene exons were used as hybridisation probes 

to isolate the mouse myoglobin gene from a G8-1 myoblast genomic DNA 

library.

3.2 A single myoglobin gene in the mouse

Southern blots of digested mouse genomic DNA revealed that there 

is a single myoglobin gene in the mouse (Fig.3.1). Probes containing 

exon 1 or exon 2 of the human myoglobin gene (see legend of Fig 3.1 for 

the details of the probes used) were hybridised to a Southern blot of 

mouse genomic DNA’s from C57BL/10 liver, DBA/2 liver, G8 myoblast and G8
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Figure 3.1

Top Southern blot hybridisations of mouse genomic DNA with exon probes 
isolated from the human myoglobin gene
5yg samples of mouse genomic DNA from myoblasts (MB), myotubes 

(MT), DBA/12 (D), C57/BL10 (C) mouse livers were digested with Bglll and 
Hindlll and electrophoresed in a 0.8% horizontal agarose gel. After 
acid/alkali dénaturation of the gel, DNA fragments were transferred to 
Hybond N by Southern blotting. The filter was hybridised with a human 
myoglobin exon 1 probe in 0.5M sodium phosphate, 7% SDS at 65°C overnight 
followed by washing in 1 x SSC at 65°C and autoradiography. The filter 
was rehybridised with a human myoglobin exon 2 probe in the same 
conditions, except the final wash stringency was 0.1 x SSC.

The human myoglobin exon 1 probe was the 216 bp PvuII fragment 
(Table 3.1) The human myoglobin 2 probe was the 261 bp single-stranded 
antisense DNA fragment generated from M13HEx2 (Table 3.1).

Bottom A genomic restriction map of the mouse myoglobin gene
A genomic restriction map of the mouse myoglobin gene was 

determined from the two purified X clones X3G8 and A7G8. Mouse myoglobin 
exons were located by Southern blot hybridisation of A DNA with seal 
myoglobin exon probes. EcoRI and BamHI restriction fragments containing 
exons 1 and 2 and 3 respectively were subcloned into pUCI3 to give 
PA3G8e4 and pA7G8B3 (Blanchetot et ^ . , 1986).

Coding regions are indicated by filled boxes and nontranslated 
mRNA sequences by open boxes. Diagrams of the genes are represented to 
scale. The position of a B1 element in the mouse myoglobin 5 ’-flanking 
region is represented by a hatched box. The repeat region refers to a 
simple repeat structure found in both seal and human myoglobin genes (see 
Section 3.5).



Probe

Human exon 1

Length in bp 

216

Probe comprised of

63 bp of 5’-nontranslated region, 
exon 1 and 58 bp of intron 1

Human exon 2 
Ml 3 HEx2

Mouse exon 1 

Ml 3 MEx I

316

261

190

212 bp of exon 2, 42 bp of intron 2 
remainder primer and poly-linker 
204 bp exon 2, remainder primer and 
poly-linker

119 bp of exon 1, 13 bp of 
5 ’-flanking DNA, remainder primer 
and poly-linker



myotube digested with Bglll and Hindlll. Digests were run in 0.8% 

agarose gels and transferred to Hybond N filters by Southern blotting 

(Section 2.6). Both probes revealed a single major hybridising fragment 

(Fig. 3.1). This result was confirmed when cloned mouse myoglobin gene 

exon probes (see Section 3.3) were hybridised with genomic DNA from 

myoblasts, myotubes, C57BL/6 mouse liver and BALB/C mouse liver and 

analysis of double digests of mouse myoblast genomic DNA provided a 

genomic restriction map which is shown in Fig. 3.1. It can be concluded 

from these results that, as with human and seal myoglobins, mouse 

myoglobin is encoded by a single gene.

If lower stringency washes were used with the human myoglobin 

gene exon 2 probe, a complicated set of hybridising fragments were 

detected in mouse genomic DNA, similar to the exon 2 related family 

described by Weller et £l. (1984) for the human myoglobin gene (not 

shown). The exon 2 related family has yet to be characterised since it 

is not certain whether the phenomenon is due to a real family of 

myoglobin exon 2 derivatives or whether it is due to the presence of a 

"repeat" sequence element in the probe that is detecting similar repeats 

dispersed around the genome.

3.3 Cloning and sequencing the mouse myoglobin gene

The mouse myoglobin gene was cloned from genomic DNA prepared from 

G8 mouse myoblasts as described in Section 2.13. The mouse gene cloning 

was carried out by Dr. A Blanchetot using seal myoglobin gene exons 1 and 

3 as hybridisation probes and this is described in detail in Blanchetot, 

Price and Jeffreys, 1986. The mouse myoglobin gene was isolated from the 

G8 myoblast genomic DNA library in two overlapping lambda (X) 

recombinants, X3G8 and X7G8, shown in Fig. 3.1. This Figure also 

illustrates the specific restriction endonuclease fragments which were
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subcloned into pUC13 (Messing, 1983) to be sequenced after location of 

the exons by hybridisation with seal myoglobin exon probes. The 

recombinant pUC13 plasmids containing the mouse myoglobin gene exons were 

either sonicated and then end-repaired or partially digested with Sau3A 

or Alul and resulting fragments -400-900 bp in size were ligated into the 

Smal site (end-repaired fragments) or the BamHI site (partial digest 

fragments) of M13mpl9 (Yanish-Perron, Vieira and Messing, 1985). 

Nucleotide sequencing of the Ml 3 clones containing the particular regions 

of interest was carried out in collaboration with Dr. A. Blanchetot using 

the dideoxy chain termination method of Sanger et (1980) and Biggin, 

Gibson and Hong (1983) as described in Section 2.9.

A total of 4.59 kb of mouse myoglobin DNA were sequenced including 

the coding regions, 1.2 kb of 5'-flanking sequence, 1.55 kb of intron 

sequence and 0.25 kb of 3 '“flanking sequence. All Ml 3 clones were 

sequenced at least twice and sequence was confirmed on both DNA strands. 

The entire sequence is presented in Fig.3.2.

3.4 Organisation of the mouse myoglobin gene

The derived amino acid sequence of mouse myoglobin from the DNA 

sequence agrees precisely with the recently established mouse myoglobin 

sequence (D. Harris, personal communication) verifying that the 

functional mouse myoglobin gene which specifies both skeletal and cardiac 

muscle myoglobin has been isolated.

The mouse myoglobin gene is interrupted by two introns at codon 31 

and between codons 105 and 106, corresponding exactly with the intron 

positions in human and seal myoglobin genes and all characterized 

vertebrate c- and g-globin genes. The splice junction sequences of the 

mouse gene conform to the GT/AG rule of Breathnach and Chambon (1981) and 

homology to seal and human myoglobin gene sequences extends (-7-15 bp)
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Figure 3.2

DNA sequence of the mouse myoglobin gene
Sequences present in the mature myoglobin RNA are shown in capital 

letters. Positions of the CAP site and poly(A) addition site are 
labelled and were deduced from the homologous sequence locations in the 
seal and human myoglobin genes (Blanchetot e^ , 1983, Weller £t al., 
1984). The 5 ’ TATA box and 3 ’ AATAA polyadenylation signal are 
underlined. The polypyrimidine tract present in the mouse myoglobin gene 
5 '-flanking region is shown in italic lower case letters and the B1 
element found further upstream in the 5 '-flanking region is shown in 
italic uppercase letters bordered by arrows underlining its direct repeat 
sequences. Within the B1 element, the RNA polymerase III promoter 
regions are underlined and the putative TATA box is overscored by dashes.



1 0  2 0  3 0  4 0  5 0  6 0 . . . . . . . .  7 0  8 0  9 0  1 0 0
tttaccctaaqqacttctcaqgçaatttcçag^^^j^^jlçi^CCCGCCCcrfi^LLÜLfiJLjîAHjL^i i-i^ t c c c a c c a c rrccc4CCC>i6ACCC4C4C6CACC rc

C A r r r C T C A C r r C C A C G C C A G C C T ’C C T f T A r A A A g r C A f i r r C C A C G A C A C C C A C C C C r A G A C A G A G A A A C C C r C T C r C C A A A A A A C A A A A C A A A A C A A A C  2 0 0

A A A A C A A A A C A C A A A C A A A A A C A A A A C A A C A A A A A A A C C A A A A A A A A A A A A A A A c j ^ ^ j ^ ^ ^ j ^ ^ a a a g a g a a g a g q g t c t q t q c c t q q c a q a q t c c q q q a q  3 0 0

tattggctgccatcaccctgctggaagtgccacatgctgcaccaagggaagtggtggggtaggagatcacaaggaatgggaggagctgagggtttcatgg 400 
agcatgggagcacaaccttgcagagaaagccaggagcaagctcagagctgggcattcttcaagtcagagacttgtcttggttggttcagccacaagcaca 500 
gacctgttgtggctcctttgtaccactttcagctgggcttagggcatcagcaaagtaagaagagggtggcaagatggcttagtgggtatgaagacttgtc 600 
accacggctgaggatctgagtaagattcctgggtctttttgaaaggaaagaatcaatgcctgaaagttgtcttctgacctttacaaacatgctgtagcgc 700

a c t c t c t t t c t c t c t c t c t c t c t c t c t c t c t c t c t c t c t c t c t c t c t c t e t c t  c g t a c a t g t a c a t g c a c a c a c a c a c g t a t t a a a t a a a c a a a a g c a g t  8 0 0

cagaaagtgagaggaggagacttctaggggtcagcaagatgcctgtgcccaagcttagaaacatgacaagtccctgtggggcagcagacagggggagaat 900 
tgggtttcagctgctggcagtggcttcggtgccctttctgtgggcttgtgcaagtccagacagtgacctggctgcttccccctccccaccccctactgcc 1000 
ccaagctgtcctagctcccacaatggcacttgccccaaaatagctgcccatgtgagggccagagaaaggcagagattagacccctggaggttgagcacgg 1100

C A P
tagcaggaagggcatgtggcacccagtgatcctggccagactagcatctgggaaggiâJtüaagcccttcaggaccaggtggcctcaaATCTCACCTCAC 1200

IniClyLeuSerAspGlyCluTrpClnLeuValLeuAsnValTrpClyLysValClu 
ACCCACCCCACACTCTCTCCTTTTGTCCTCTTTACAACCCACCATCCGCCTCACTCATCCCCACTCCCACCTCCTCCTCAATCTCTCCCCCAACCTGCAC 1 3 0 0

AlaAspLeuAlaGlyHisGlyGlnGluValLeuIIeGl(y)
GCCGACCTTGCTGGCCATGGACAGGAAGTCCTCATCGGgtaagaggaagagacccttatctcaatacctgtttgccaaggt.tcaccatatggcgacaagg 1400

t g g a a g c t g g c a g g g t a g a c c a g t t g g c t g c a a t g a t g a g g t c a g a t t t c a c t t g c t t c t a a g t g c t g g a g a c t g g a g t a g a g a a a t a a a a a g g g g g a t c  1 5 0 0  
t a t c c a t c t c c g c t g a c g t c a g c a a c c a a a g c a a g c t t a g c a t c a a a c a g t c c a c c a g a t g a a t c c t a t t a c g g c a g a g a g t c a g a a t a a t g a g g g c a g t  1 6 0 0  
g a t a g a t c t c g t c t a c t a g a t g t g g a c t g a a a g c t t g g g t a a t g t g g c t c t c g g c t g c a a a g g a t c c t a g a c a t g c c c a g a a a a a t t g c a g a t t c t g a g c  1 7 0 0  
c t g g g c a a g g g g g t a g g g t t g g a g g g t t g c g a g g c t c a t a c a c a g g g c c t c a c t g c t c a c c c a g a g g c  1 8 0 0

exon2/exon3
1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0

g g t c a t t t a c a t t g c c a g t g g a a a g t g g t t g g g g t t a g a t c t g a a g t t t a t g c t c a t g t a g a g g g g t c t c a a c a a c a g c c a c a g a t a g t c a g g a g g t c t a  
a a a c t t c a g g t t t c a g c a t c t t c a g g c a g g a a g c a a t a g a g g c a t c c c t g a c a c a g a t g t c t t g a g g a a t a g a g g g t a c t t c t g a g t c a t a t a g a t c c a a  2 0 0

( G 1 l y L e u P h c L y s T h r H i s P r o G l u T h r L e u A  
t g g c t g c c t g c c t t c t c t g c a c a c t a g c c c t g a g a t c c a c g g g t c t c a c t c c a t c t c t t c t t g t c c c a c a g T C T G T T T A A G A C T C A C C C T G A G A C C C T G G  3 0 0

s p L y s P h e A s p L y s P h e L y s A s n L e u L y s S e i G l u G l u A a p M e t L y s G l y S e t G l u A s p L e u L y s L y s H i s G l y C y s T h r V a l L e u T h r A l a L e u G l y T h  
A T A A G T T T G A C A A G T T C A A G A A C T T G A A G T C A G A G G A A G A T A T G A A G G G C T C A G A G G A C C T G A A G A A G C A T G G T T G C A C C G T G C T C A C A G C C C T G G G T A C  4 0 0

x I l e L e u L y s L y s L y s G l y G l n H i s A l a A l a G l u I l e G l n P r o L c u A l a G l n S e r H i s A l a T h r L y s H i s L y s I l e P r o V a l L y s T y r L e u G l u  
C A T C C T G A A G A A G A A G G G A C A A C A T G C T G C C G A G A T C C A G C C T C T A G C C C A A T C A C A C G C C A C A A A G C A C A A G A T C C C G G T C A A G T A C C T G G A G g t a g g c  5 0 0

ggccagagcaagtctccagggcagagatataaatcccagcttagccactcaatacgagtggcctgctttctccccactaagctttctccccagttctcct 600 
ctataacctaccccagccctgttcccctgagggtgctgaggagccacacagcatccaatttaatggcttgcccaaatgctgggccagcaccttagtgtga 700 
aatatgactaatacacaacttgccttctcctcagaagcgggagctcttgttggacccactggactggacagatgtggaaactgaggcacaggcagcttgg 800 
gcaagtcactgaggcaggattcacactcagggcgaatcagttctgtcagagagcggtagacgctttgtttctctgatgctctgctgccccagtccatgat 900 
ggttcagacaccagttggaaagtggcctaaagagaggccagcagccctcagtggggtcctgtctgtcttcattttgcaactggagtcacagggcagagca 1000 
gggcagagcagggcagagcagggcagggccagacacatacccagcctccctgaagctggggctggttccgcagacccaggctccacagacgtttctgtat 1100 
ctgtgaattgtgaggcagatttcccagaggtgtatttgcaaagatgtcctgtgcctctgggtgcacttgtgtccctcggtgtccccttctgctgtgtccc 1200 
actctcatctctgctgtgtcacttgcacataagggccccagcccaaaacagcagctgtacccccactcctgagctagcaggggtgtgtccacagtccctg 1300 
ggtctaatctcagcttactatctacctgctacatgacctcagcctggtcacttggtagtctcttcagtacagcagccaaagctgtacgggaccaaactct 1400 
aagtcaatgacgataagtaagtgttatgatagtttcatcgtgagcctttggattctgggtggtcccgatccccatctaggcaatgtcggtacctgatctc 1500 
ccctggcccctctccccttgttagtacctgttcctcagtcccaggtttagggataaaatcacatgatgggaaaagcctcctcccaagtgtcctgattgac 1600 
agtggtgggctagccgatgctgagcaaggtatcatgggccggctgctgggcctgcatcctgaagtagtgtgggcacacgagaggtgagaaaggggcccca 1700 
gagcgtccctgagtttgagtgaccctccctgactgcatgacttcatgcacacagctatacctgtctttgcctcagtttccccatttacagagcagggatg 1800 
gtggtggtgcctgcttccaggtagtcaggtttaaaggagttggttcatggtaattgcatggaatggcacttggtacatcgtaagtgtgcaaggaacagtc 1900

PhelleSe
ctatagtaaggagaaggtcagtgagtacacacccccttagctcatggcttgctccgtcccctgacctacaacctcttgtccctttcttgcagTTTATCTC 2000

rGluIlellelleGluValLeuLysLysArgHisSerGlyAspPhcClyAlaAspAlaGlnGlyAlaMetScrLysAlaLeuGluLeuPhcArgAsnAsp 
AGAAATTATCATTGAAGTCCTCAAGAAGAGACATTCCGCGGACTTTGCAGCAGATGCTCAGGGCGCCATGAGCAAGGCCCTGGAGCTCTTCCGGAATGAC 2100

IleAlaAlaLysTyrLysGluLcuGlyPheGlnGlyTer
ATTGCCGCCAACTACAAGGACCTACGCTTCCAGGGCTGAGCCATGCGCTCCCACTGTCCAGCCCACCAAGCTGGGACCCAGTGTTGTGTAGCAAGTAGCG 2200 
TGTGCAGTGTTCTACCTTAGCAGAGAACACAAGAGGGCAGCATACTGTGGCATCCACCCAGTCCCCAGGGGACAGGGCTCTGGGCTGTGTTACCCTCCAG 2300 

CCCAGAGGTGCAAAGTGGCCTTCCTCAGCTCTCCCCGGTCATGCTCAGGTCTCCTAACTCCCACTCCATTTTCTTCTGGTTTTGGGAAAATCTCTTTTCC 2400 
ACTGTCACATTTÇACCCCAAATCCAAGTCACTGACTAGCAGACCCTGACCTTTGGGCGAGATGGAGGCTTCCTTAGAGGGAGTGGAGGGTGAAAACGGGG 2500

poly(A)
CGGTGAGCATCAACTCTCCCACTGCTCAGCTTCCCGTTGACCCACCTTGTCTCAAIAAAATATCCTGCGAGTCCTCaattcttgtctccgtccggtatat 2600

ttttatccttccggtaagiggaaacatccacaaacgtcgctggaagaaatgggaaggtgcattctgggatggcgggeaqacagaagatgtgagacaggccc 2700 
ctttctacaatcacctctcaatgacaagcacacactgggctdggttcagggacaggqaagaaaqggccccccacctgggctctgatcaagatggcgggcc 2800 
tgcagacagggtcagctgacc 2900



over the donor/acceptor sites.

The introns of the mouse myoglobin gene, like those of the human 

and seal, are substantially longer than introns found in a- and g-globin

genes. Intron 1 of the mouse gene is 4.5 kb in length compared to 5.8 kb

and 4.8 kb for human and seal genes respectively. Intron 2, however is 

noticeably shorter than its human and seal counterparts being 1.5 kb in 

length, compared to 3.6 kb and 3.3 kb for the human and seal genes

respectively (Weller £t ^ . , 1984, Blanchetot et ^ . , 1983).

The CAP and polyadenylation sites of the mouse myoglobin gene were 

identified by homology with seal and human myoglobin sequences and are 

indicated in Fig.3.2. These two sequences have been mapped directly for 

the seal myoglobin gene (Blanchetot et ^ . , 1983) and the CAP site mapped 

for the human myoglobin gene (Weller et ^ . , 1986) The sites predict an 

mRNA of 957 nucleotides (nt) excluding the poly(A) tail (465 bp coding 

sequence plus 55 bp of 5'- and 437 bp of 3 ’“nontranslated mRNA 

sequences). This is approximately 100 nt shorter than human (1066 nt) 

and seal (1083 nt) mRNAs due to a shorter 3 '-nontranslated mRNA sequence 

(mouse 437 bp, human 531 bp and seal 535 bp, Weller _et al., 1984, 

Blanchetot _et ^ . , 1983). This size difference in myoglobin transcipts 

has been confirmed by Northern blot analysis of mouse and seal skeletal 

muscle RNA (see Chapter 4).

Upstream of the CAP site in the mouse myoglobin gene 5 '-flanking 

region the only recognisable promoter element (see Section 1.2) is a 

conserved TATA box, 27 bp before the CAP site, which is underlined in 

Fig.3.2. The CCAAT promoter element found -80-100 bp before the CAP site 

in 3-globin genes (Dierks et ^ . , 1983) and frequently at this position 

in other eukaryotic genes is absent from the mouse promoter region and 

from human and seal promoter regions. Also, the purine-rich region 

located -67-114 bp before the CAP sites in the seal and human genes
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discussed in Section 1.2 is not present in the mouse gene. A 

polypyrimidine tract (almost perfectly (CTÏzs ) is found 434 bp upstream 

of the CAP site. Alternating co-polymers are highly conserved in a 

number of eukaryotic genes (Hamada, Petrino and Kagunaga, 1982). 

Pyrimidine-rich stretches have been observed in the 5 '-flanking region of 

several genes. For example, the a-2(1) collagen promoter region contains 

a pyrimidine rich stretch which is sensitive to SI nuclease digestion and 

this SI sensitivity has also been observed in a pyrimidine repeat 

sequence in a Drosophila heat-shock gene (Mckeon, Schimdt and de 

Crombrugghe, 1984, Mace, Pelham and Travers, 1983). The model proposed 

for SI nuclease sensitivity at (CT)^ sequences is that out-of-register 

DNA slippage occurs at these sequences with the production of 

single-stranded DNA loops in the slipped segment (Hentschel, 1982, Mace 

et al., 1983, Mckeon et al., 1984). It has not yet been tested whether 

the (CT)2 6 sequence in the mouse myoglobin gene is sensitive to SI 

nuclease.

A member of the B1 family of mouse dispersed repeated DNAs (Krayev 

et al., 1980) is found 925 bp before the CAP site in the 5 '-flanking 

region. The two sequences are illustrated in Fig.3.2.

3.5 Sequence comparison between myoglobin genes

The purpose of comparing myoglobin gene sequences was to identify 

conserved sequence elements between these genes which might signify a 

functional role for these elements and to examine sequence divergence in 

the coding regions compared to that in non-coding DNA.

In the first instance, possible regions of homology between human 

and mouse non-coding DNA was investigated by dot-matrix comparisons of 

the two gene sequences. Computer generated dot matrices provide a good, 

unbiased means of detecting regions of homology shared between two genes
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over their coding and non-coding sequnces (Konkel, Maizel and Leder, 

1979). A matching criterion of 26 bp out of a large window size of 60 bp 

was used in the human x mouse comparison, as suggested by White et al. 

(1984), to reduce background noise but still retain homology between the 

two sequences. Dot matrix comparisons are shown separately over the 

three exons (Fig. 3.3).

Even when lower stringency match criteria were used (not shown) 

the only detectable homology between the two genes is over regions coding 

for myoglobin. The bulk of the non-coding DNA sequences, including 

introns (except at the intron junctions), the 3 ’“nontranslated and 

3'-flanking sequences (except around the poly(A) addition site), and most 

of the 5 '-flanking sequence show no clear alignment. This dot-matrix 

comparison is in agreement with similar comparisons of orthologous g- 

related globin genes of the human and mouse (see White et ^ . , 1984) 

which revealed that the level of divergence between these species is so 

great that alignment of orthologous non-coding human and mouse sequences 

is extremely difficult. The only exception to this lack of similarity in 

non-coding human and mouse myoglobin sequences is found towards the 

beginning of the 5'-flanking region (Fig.3.3A). A conserved domain is 

obvious as a diagonal line of homology extending from the CAP site to 

about 400 bp upstream.

Since it is not possible to align human and mouse non-coding 

sequences the discrete nature of this conserved domain could not be 

determined since it is entirely possible that lack of homology before 

position -400 bp is due to a large deletion or insertion in either the 

human or mouse sequence. In order to determine the endpoint of this 

conserved domain and to analyse in more detail the distribution of 

substitutions across the length of the 5 '-flanking region, the seal 

myoglobin 5 '-flanking region was next sequenced as seal and human
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Figure 3.3

Dot-matrix comparisons of the human myoglobin gene sequence with the 
mouse myoglobin gene sequence

The entire sequence available of the human myoglobin gene (6980 bp 
-Weller et , 1984) was compared with the entire sequence of the mouse 
myoglobin gene shown in Fig. 3.2. The dot-matrix comparison was carried 
out separately over the three exons and associated flanking regions.

The window size in this comparison (the given number of 
consecutive nucleotides under comparison) was 60 bp and the minimum hit 
size (the number of correct matches required before a dot is plotted) was 
26 bp (see White et , 1984).

Homlogy between the two sequences appears as a diagonal line at 
45° across the grid.

The positions of the coding sequences (filled boxes) and the 5 ’- 
and 3'-nontranslated mRNA sequences (open boxes) and intervening and 
flanking sequences (lines) are shown alongside the grids.

A significant feature to notice in this comparison is the homology 
detected in the 5 '-flanking region, extending upstream (about 400 bp) of 
the CAP site of the genes. This contrasts with the absence of homology 
over the bulk of the remaining noncoding DNA sequences.
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non-coding DNA may be aligned fairly easily (Weller _et , 1984) and 

only -230 bp of seal 5 ’-flanking DNA had been previously determined 

preventing this comparison (Blanchetot et , 1983).

The following sections of this Chapter present the sequence of 1.6

kb of seal 5 ’-flanking DNA and a sequence comparison to search for

further constraint on myoglobin gene sequences in the more alignable 

human and seal myoglobin genes.

3.6 The seal myoglobin gene 5 ’-flanking region

A 1.6 kb Hindlll fragment, from position -42 bp to -1620 bp before

the seal myoglobin CAP site, was isolated from pSM19.5 (Blanchetot et

al., 1983) by restriction with Hindlll and purification of the 

appropriate fragment from an agarose gel using DE81 paper (Section 2.5). 

The fragment was self-ligated, sonicated, end-repaired and resulting 

blunt-ended DNA fragments around 400-900 bp in size were cloned into the 

Smal site of M13mp19. The Ml 3 clones which hybridized with the 1.6 kb 

Hindlll fragment were sequenced using the dideoxy chain termination 

method of Sanger ^  (1980) and Biggin et (1983).

Fig.3.4 shows the complete sequence of the Hindlll fragment of 

seal 5 ’-flanking DNA. This sequence was confirmed on both DNA strands.

3.7 A simple repeat region is found in the seal myoglobin gene 

5 ’-flanking region

The seal myoglobin gene 5 ’-flanking region contains a 359 bp 

tandem repetitive sequence based on (GGAT)^ located at 1135 bp to 1494 bp 

before the CAP site. This is illustrated as a series of arrows beneath 

the sequence in Fig. 3.4 and it can be seen that the number of small 

repeating units is 92. This simple repeat sequence may have arisen by 

chance duplications of an original dimeric GGAT sequence by an unequal
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Figure 3.4

DNA sequence of 1.6 kb of the seal myoglobin 5 ’-flanking region 
The sequenced Hindlll DNA fragment of seal myoglobin gene 

5 ’-flanking region lies from position 0 to 1573 bp in this Figure (lower 
case letters). For completeness, sequences up to and including 59 bp of 
myoglobin gene intron 1 have been added. Sequences present in the mature 
RNA are shown in uppercase letters. The CAP site and initiation codon 
(Ini) are marked. Tandem repetitive sequences found in the seal 
myoglobin 5 ’-flanking region are underlined by arrows.
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crossing-over mechanism as proposed by Smith (1976) for the evolution of 

DNA satellite sequences. The basic repeat unit of this sequence has 

undergone considerable alteration being substantially diverged from a 

hypothetical (GGAT)9% structure (Fig. 3.5). The calculated divergence 

level is 20.3% (uncorrected for multiple hits).

Dot matrix analysis of this region (not shown) revealed that 

longer tandem repetitive homology blocks exist (Fig. 3.5). Two 59 bp 

blocks are found in tandem 67 bp from the 5'-end of the repeat unit. 11 

bp downstream of this tandem repeat unit are another four tandemly 

repeated blocks, 43 bp in length. These higher order tandemly repeated 

blocks of sequence within the simple repeat unit have probably arisen by 

unequal exchange between different members of the GGAT array.

Weller _et ( 1 984) found a similar simple sequence element based on 

(GGAT)165 in the same location near the human myoglobin gene indicating 

that such relatively unstable elements can persist for long periods 

during evolution. Interestingly, the human repeat element also contains 

larger homology blocks but these are not repeated in tandem (Fig. 3.5) 

and have probably arisen by gene micro-conversion events.

A repeat region based on GGAT has been found upstream of a 

processed calmodulin pseudogene (Stein, 1986). The pseudogene is 

expressed in skeletal muscle although its promoter region has been lost 

and Stein proposes that the GGAT repeat region has been incorporated as 

an "enhancer* element by this pseudogene resulting in its expression.

If the mouse myoglobin gene contains a similar repeat, it does not 

lie within the region of the 5 '-flanking region sequenced.

3.8 Comparison of human and seal 5 '-flanking sequences

A dot matrix comparison between the seal myoglobin exon 1 sequence 

shown in Fig. 3.4 and the 3768 bp human myoglobin exon 1 sequence (Weller

-1 00-



Figure 3.5

A simple repeat region in the 5 '-flanking of the seal myoglobin gene

Top The different constituents of the GGAT array, demonstrating the 
substantial divergence from a hypothetical (GGAT)9% array. Arrows 
underneath the repeated sequences represent the larger tandemly repeated 
homology blocks within the sequence: two 59 bp blocks (single 
underlining) and four 43 bp blocks (double underlining) are found.

Bottom Diagrammatical representation of the larger blocks of homology 
found in both seal and human myoglobin gene simple repeat regions. 
Identical arrows indicate homologous blocks of sequence. The numbers 
beneath the arrows show the length in bp of the particular homologous 
sequence. The locations of the repeat regions before the myoglobin gene 
CAP sites are indicated.
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^  , 1984) is shown in Fig. 3.6. A diagonal line representing

homology between the two sequences is quite clearly seen over the coding 

region of the genes and up to the TATA boxes. The homology breaks down 

in the GAGA box region but resumes again upstream over the length of the 

conserved region which is now embedded in more alignable human and seal 

non-coding DMA. In contrast to the human and mouse 5 ’-flanking region 

comparison, homology extends far upstream, beyond the conserved domain in 

the 5 ’-flanking region in human and seal comparisons, as demonstrated by 

the continuous presence of a diagonal line of homology in the dot-matrix 

grid.

The GGAT repeat region appears as a complicated series of repeated 

lines in this analysis.

Using the dot matrix analysis, the 5 ’-flanking sequences of the 

human and seal myoglobin genes were aligned base pair by base pair 

excluding the GGAT repeat region (see Fig.3.6 and legend).

The conserved region is apparent in this alignment at positions 

approximately 120 bp to approximately 330 bp before the CAP site where 

the number of identities between the two genes, illustrated in the Figure 

by gaps in one sequence relative to the other, appears to be increased 

over this region. To quantitate the apparent sequence conservation in 

this region, DMA sequence divergence {% mismatches) between human and 

seal sequences was calculated at 50 bp intervals over various regions of 

the aligned 5 ’-flanking regions and exon 1 (Table 3.2), Divergence 

levels between the two sequences in the conserved region drops to 11 % 

(uncorrected for multiple hits) from 29% (uncorrected for multiple hits) 

in 5 ’-flanking DMA upstream of this region. The divergence between the 

two sequences is 1% (uncorrected for multiple hits) over the coding 

region and 15% (uncorrected for multiple hits) around the TATA box 

suggesting that these undiverged regions have been actively conserved by

-1 01-



Figure 3.6

Dot-matrix comparison of human and seal myoglobin gene 5 ’-flanking region 
The entire exon 1 and flanking sequences determined for the human 

myoglobin gene (3768 bp) was compared by dot-matrix analysis with the 
seal myoglobin gene 5 ’-flanking region and exon 1 sequences shown in Fig. 
3.4. The window size was 18 bp and the minimum hit size 12 bp in this 
comparison.

DNA sequence comparison of the human myoglobin gene 5 ’-flanking region 
with the seal myoglobin gene 5 ’-flanking region

The human and seal exon 1 and 5 ’-flanking sequences used in the 
dot-matrix comparison but excluding the GGAT repeat sequence and 
sequences upstream of this were aligned using the dot-matrix analysis to 
position deletions and insertions between the two sequences. Gaps in the 
human sequence indicates an identical nucleotide to the seal sequence. A 
dash indicates the absence of a nucleotide in one sequence relative to 
the other and nucleotide differences are shown. Sequences present in the 
mature mRNA are shown in uppercase letters. The TATA box and purine rich 
region (GAGA box) are boxed. The CAP and initiation codon (ini) are 
indicated. The region where the identities (gaps) between the two 
sequences apperars to increase is double underlined with discontinuous 
end-points, indicating that the exact borders of the conserved region are 
not known.
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Human Mb gene 6 ' - f l a n k l n g  r e g l o n - e x o n i T A T A  CAP

-1150 -1100 -1050
seal catcttcacttgcotttcgtacaaaggocatctatctttttattcaacaaacatttattoagttccaatttggcacagggccatgtgtgaggtccagaagatacataaglgaataaaataagttcc

0 cao ct t tgc aa o o ca

-1000

c ag g gg t o gagot

-950
seal ctgctgccctgaaaataaaaataaggtattcaggagcccggaotgaagaggc-tgaotttctgggttcaaatocoagctctctaocatcaactatgtgaccat— ggcaagtttcccaaacttocc

cct c------------------------ tg aa g-a g g g c a — g g g go ta ca tg t t- t t

-900 -850 -800
seal ctcaattaaacaaagataatgtca-tatctatcttagagatagggctgtogggggattaaaoaagttacoaaaagtaaagtgct----------------------------------- cagagtgtgtatc
man t gg g o  ac tt gg t tg - tg t e  t tgggacagggcctggcacccagcaaagtotctt a get

-750 -700
seal ggctgctattatacactoatggcggagocgcatggaaacta-caaatatggcacgatgaaggaagcagcacaataggagtacctaoaagtaaatggaaagaggaagaaattaattgtgootcaagg 
man o taatgga aa -tg a o gg g atg oc ttg atg o act tac ag g a g  c g g t a

-650 -600 -550
seal ggggaggtoaagcaaaatttctcagaaggaaatatttgagcaaggtcatcaaggccatgaagccaggagttttctgggtggagtgggaaaattcagaotccaagaggcaatgggtttgtotgggtt 
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-500
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-320 -280 
seal agccagggtg-ctgctgcccgagcttggaaacttgaccagttcttcctgggatggttgacgaccagggatgctgttgagtttcaggctgctggcgtcggccttggtggtgccctttctgctggctt 
man g cac g g a a a - g e t  g c cg - gc—  g t ct te a

-2 1 0 - 2 0 0 -1 6 0  
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-60 -50 -10 
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Table 3.2

Sequence comparison of the seal and human myoglobin genes
Comparisons and sequence coordinates are based on the alignment of 

the seal and human myoglobin gene exon 1 and 5 ’-flanking region shown in 
Fig. 3.6. The number of gaps introduced into non-coding DNA regions in 
order to maximise sequence homology are shown in parentheses and these 
regions were not scored in divergence calculations. Corrected sequence 
divergence over the 5 ’-flanking region was calculated as described by 
Kimura (1981).
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purifying selection. To define the end-points of the sequence 

conservation and to assess the significance of this sequence 

conservation, the distribution of substitutions across human and seal 

aligned exons 1, 2 and 3 and associated non-coding DNA sequences was 

subjected to a statistical analysis using a computer program designed to 

give a measure of the significance of sequence conservation or divergence 

in a defined window size. The details of the program (written by 

Dr.A.J.Jeffreys) are given in the legend to Fig. 3.7. Briefly, the 

probability of obtaining the particular sequence divergence in a defined 

window size is calculated using the Fisher analysis when the computer is 

given an expected level of divergence between the two sequences. The log 

of the calculated probability is plotted as a point on a curve and a 

typical example of the shape of the curve over the aligned sequences is 

shown in Fig. 3.7. All log probability plots obtained demonstrate that 

the 5 '-distal sequences, intervening sequences and 3 '-nontranslated and 

flanking sequences all rise to a plateau level on the curve representing 

neither significantly diverged or conserved sequence. This suggests that 

these sequences are evolving at a constant rate, presumably at or close 

to the neutral rate. The uniform level of divergence calculated for the 

bulk of the 5 '-flanking region (Table 3.2), of 29% (uncorrected) and 36% 

(corrected for multiple hits -see Table 3.2) suggests that this 

non-coding DNA is diverging rapidly by neutral drift without any 

localised selective constraints. This level of divergence shows no 

significant difference from the value of 35% for the mean level of silent 

site divergence in human and seal coding sequences (Weller e_t ^ .  , 1984) 

which is expected if silent substitutions accumulate freely through 

neutral drift.

The uniform level of divergence in the non-coding regions may be 

used to predict significant departures from this overall level of

- 102-



Figure 3.7

How significant is the sequence conservation found in the human and seal 
myoglobin gene 5 '-flanking conserved domain?

Aligned seal and human myoglobin gene sequences were subjected to 
a statistical analysis using a computer program designed to run on a 
BBC/ACORN micro computer. In this analysis the window size (sequence 
search string) was 60 bp and gaps inserted in the sequences were scored 
as regions of 0% homology. The expected divergence level between the two 
sequences was given as 29% (the average divergence across the bulk of the 
5 '-flanking region). The computer totals the number of identities in 60 
bp strings and calculates the probability of obtaining this number of 
identities based on the expected number (71% of 60 bp) using the Fisher 
analysis:

Pi= (0.29)^^“^(0.71)^ X  number of positions
the identity can occur

where N= number of identies
If the number of identities is 20 for example, the probabilities 

of obtaining 20 identities or less are totalled and plotted as a point 
above the zero significance (i.e. 71% of 60) line. If the number of 
identities is 55 for example, the probabilities of obtaining 55 or more 
are totalled and plotted as a point below the zero significance line. 
Sequences which are more diverged appear as peaks and those which are 
more conserved than expected appear as troughs on the graph. The 
significance of deviation from an expected level of divergence is shown 
as horizontal lines across, the graph and shaded areas represent 
significant conservation or divergence.

The coding sequences of exons 1, 2 and 3 (filled boxes), 
non-translated mRNA sequences (open boxes) and flanking DNA (lines) of 
the myoglobin gene are shown alongside the graph to scale. The GAGA box 
is represented as a shaded box.

The bulk of the myoglobin gene flanking DNA is evolving at a 
constant rate rising to a plateau at the zero significance level. In 
contrast, a localised domain (125-325 bp before the CAP site) of 
conserved sequence is observed in the 5'-flanking region, significant at 
the 99.99% level.

The GAGA box is neither significantly diverged or conserved in 
this analysis. A diverged area of sequence (significant at the 99%) 
level is found in the 5 '-flanking region.
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divergence. Given the expected level of divergence of 29% over the 

aligned human and seal myoglobin gene sequences and a window size of 60 

bp, the computer generated the curve depicted in Fig. 3.7. In contrast 

to the overall level of divergence, the conserved region represents a 

localised domain of sequence conservation in the 5 '-flanking region. 

Furthermore, the conservation in this region is highly significant: the 

deviation from the zero probability plateau over this 200 bp window is 

significant at the 99.99% level. This level of significance is similar 

to that observed for the coding regions. Using this program, the limits 

of the conserved domain may be more accurately determined and the 

significance of the localised departure from neutral divergence 

established.

The corresponding non-coding DNA divergence calculations between 

human and mouse sequences cannot be so reliably estimated in view of the 

inability to align the sequences, demonstrated in the dot-matrix 

comparisons (Fig. 3.3). However, we may calculate the silent site 

substitutions between human and mouse coding seqi^ces to give an estimate 

of the non-coding DNA divergence. Silent site substitution levels over 

aligned myoglobin exons were calculated according to Perler et al.

(1980). The mean level of silent site divergence between human and mouse 

coding sequences suggest a neutral divergence level of 46.2% (uncorrected 

for multiple hits) and 63.5% (corrected for multiple hits; Perler et al., 

1980). In contrast to this high level of neutral divergence, the level 

of substitutions in the 5 '-flanking conserved domain is very low (16% 

uncorrected for multiple hits) again suggesting that most substitutions 

are being eliminated in this region by purifying selection.

The sequence comparison between the three mammalian myoglobin 

genes also provides strong evidence that the rate of neutral drift is not 

clockwise. Humans, seals and mice are presumed to have last shared a

-103-



common ancestor about 80 MY ago at the time of the mammalian radiation 

(Romero-Herrera et , 1973) and yet there is a large difference in 

their level of neutral divergence; human/seal comparisons give a 

divergence level of 36% (corrected for multiple hits) and human/mouse 

comparisons 63.5% (corrected for multiple hits). This discrepancy in 

divergence rates, also documented by others (see Weller £t , 1984), 

suggests that the rate of neutral substitution is 2.6 fold higher in 

rodents than in primates and pinnipeds and is possibly due to the rate of 

neutral drift being geared to generation time of the species rather than 

absolute time (Weller et al., 1984). Another possibility is that rodents 

diverged earlier, approximately 160 MY ago to maintain a uniform rate of 

neutral substitution.

The alignment of the 5 '-flanking region of human, seal and mouse 

myoglobin genes is shown in Fig. 3.8. The mouse conserved sequence could 

easily be aligned with the human and seal conserved sequences shown in 

Fig. 3.6. Outside of the conserved region (upstream of -390 bp in Fig. 

3.3) it very difficult and ev^tually becomes impossible to align the 

mouse sequence to the human and seal sequences. From the detailed 3-way 

alignment, the conserved domain may be positioned at -110 bp before the 

CAP site (including the gaps in the sequence) extending to position --390 

bp in the mouse myoglobin gene. For the human and seal genes sequence 

conservation is found over two regions from -120 bp to 220 bp and 245 bp 

to 390 bp before the CAP site, the presence of a 21 bp deletion in the 

mouse sequence between -223 bp to -244 bp dividing the conserved region 

in human and seal sequences (see Fig. 3.9). The three-way alignment 

reveals the prominent patterns of homology which is not so evident in the 

human and seal comparison.

It is unlikely that the conserved region codes for a polypeptide 

since there are a number of deletions and insertions between the three

- 1 0 4 -



Figure 3.8

DNA sequence comparison of human, seal and mouse myoglobin gene 
5 '-flanking regions

495 nt of 5 '-flanking region, exon 1 and 40 nt of intron 1 of 
seal, human and mouse myoglobin genes were aligned. The mouse myoglobin 
sequence was fitted into the alignment of the human and seal sequences 
shown in Fig. 3.6. using the dot matrix analysis (Fig. 3.3) to aid the 
positioning of deletions and insertions in the mouse sequence relative to 
the human sequence. 5 '-flanking region sequences could be aligned easily 
up to 390 nt before the myoglobin gene CAP site, upstream of this (-390 
to -490), alignment was difficult and eventually becomes impossible. A 
dash in any of the sequences represents the absence of a nucleotide in 
one sequence relative to the other two. An identical nucleotide in all 
three sequences is represented by an asterisk beneath the approriate 
nucleotide in the human sequence. Nucleotides which differ in seal and 
mouse sequences from the human sequence are shown. The TATA box and 
initiation codon (ATC) sequences are underlined and the CAP site is 
shown. Sequences in the mature RNA are in uppercase letters and numbers 
above the sequence represent nucleotide position before the CAP site.

A feature to notice in this alignment is the significant increase 
in the long stretches of uninterrupted asterisks from position -390 to 
-120 nt before the CAP site compared to the patch homology observed 5' of 
-390 nt and 3' of -120 nt up to the TATA box.
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Figure 3.9

The location of the conserved domain in the 5 '-flanking region of human, 
seal and mouse myoglobin genes

The 5' conserved domain (shaded areas) is depicted diagramatically 
in the human, seal and mouse myoglobin (Mb) gene 5 '-flanking region. 
Numbers underneath each diagram represent the position in bp before the 
CAP (position 0 bp) and are taken from the three-way alignment shown in 
Fig. 3.8, excluding the gaps in the sequences. The location represents 
the points at which the human and seal myoglobin gene sequences can be 
aligned easily with the mouse sequence. The log probability plot shown 
in Fig. 3.7, however, suggests that sequence conservation is significant 
between the human and seal genes only to 325 bp before the CAP site.

The poly-purine region (GAGA box) found in the human and seal 
genes and the TATA boxes are shown. In the case of the TATA boxes, 
position -30 bp represents the approximate location of this sequence.
The 5'-nontranslated mRNA sequence (5'-NT) and exon 1 (filled box) are 
shown. The Figure is to scale.

Note that the conserved region is in two sections for the human 
and seal myoglobin genes due to a small (-20 bp) deletion in the mouse 
sequence or an insertion in the human/seal sequences.
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sequences in this region which would introduce frame-shifts into any 

possible sequences encoding mRNAs.

Dot-matrix analysis of the conserved region (not shown) failed to 

detect any repeat sequences within this region and no inverted repeat 

sequences could be found which might form secondary structure.

3.9 Search for homology in the myoglobin gene conserved region with 

conserved regions of other muscle-specific genes

A comparison of the myoglobin gene conserved region with 

evolutionary conserved sequences or sequences shown to be essential for 

expression vitro of other genes expressed specifically in muscle might 

identify common sequences which could signify common regulatory motifs 

for muscle genes.

The myoglobin gene conserved sequence was compared to such 

sequences using dot-matrix analysis and by eye. No significant sequence 

homology could be detected in any of these comparisons. A full 

description of sequences compared and potential homologies between other 

muscle-specific genes is given in Chapter 8 (Discussion).

3.10 Summary

The isolation and characterisation of the single, functional mouse

myoglobin gene has established that, as with its human and seal

counterparts, the gene has the same three-exon/two-intron organisation 

found in all characterised vertebrate a- and 3-globin genes.

Sequence comparison between the three mammalian myoglobin genes

led to the identification of a highly conserved upstream domain extending 

approximately 120 to 320 bp before the CAP site. The sequence 

conservation in this region is highly significant statistically and is 

similar to that seen in the myoglobin exons themselves. There is no
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detectable homology of the myoglobin gene conserved region to conserved 

5 '-flanking sequence described for other muscle-specific genes.

The length of the conserved domain is longer than most 

evolutionary conserved sequences found in the 5 '-flanking region of 

eukaryotic genes which are typically 15-50 bp in length, although 

enhancer regions can be larger (Rogers and Saunders, 1985) and Hu, Sharp 

and Davidson (1986) and Daubas et £l. (1985) have described long highly 

conserved regions in the 5 '-flanking region of chicken and rat a-skeletal 

actin genes and a mouse myosin light chain (MLC 1) gene respectively. It 

might be the case with the myoglobin conserved region that shorter 

functional sequences are embedded within a region which has been 

maintained as a generally homologous area. An indication that this might 

be correct is that all of the sequences in the conserved myoglobin 

5 '-flanking region are not essential as illustrated by a deletion in this 

region in the mouse sequence, or alternatively, the exact position of the 

sequences are not essential if an insertion has occurred in the 

human/seal sequences.

The position of the conserved domain before the transcriptional 

start site of the myoglobin gene and the significant sequence 

conservation suggest that it may play a regulatory role in myoglobin gene 

expression.

An analysis of myoglobin genes has provided an essential 

structural background from which functional studies could be undertaken.
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CHAPTER 4

INDUCTION OF MYOGLOBIN GENE EXPRESSION DURING DIFFERENTIATION OF

EMBRYONIC MYOBLASTS IN VITRO

4.1 Introduction

Myoglobin mRNA is detectable very early during embryogenesis in 

the mouse at around 14 days of gestation (see Section 1.6). This 

represents the time at which primary myotubes are formed, just before the 

extensive accumulation of secondary muscle fibres with accompanying 

muscle contractility (Rugh, 1968, Ontell, 1982). The early expression of 

myoglobin during embryogenesis suggested that the myoglobin gene might be 

expressed in embryonic myoblast cell lines capable of modelling in tissue 

culture the fusion and differentiation of skeletal muscle myoblasts to 

form multinucleated myotubes observed during myogenesis jjn vivo (see 

Section 1.4.). This model system has provided a great deal of

information concerning the molecular basis for the activation of specific

genes required for the establishment of a muscle phenotype and it was 

therefore of interest to determine whether this system could be used to 

study the expression of the myoglobin gene.

In this Chapter the presence of myoglobin transcripts in RNA from 

myoblast cell lines is investigated using the Northern blot technique and 

cloned myoglobin gene exons as hybridisation probes.

The particular myoblast cell line used in these experiments was a 

mouse line G8, originally isolated by Christian et ^  (1977). A 

derivative of this cell line, G8-1, was obtained from Dr. M. Webb, 

(Institute of Neurology, University of London) and set up in culture.
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4.2 Growth characteristics of the mouse myoblast cell line G8-1

G8-1 mouse myoblasts grow continuously as monolayers of 

mononucleated cells with a doubling time of 24-28 hours when kept at a 

low cell density and grown in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal calf serum (PCS). When the cells are 

confluent, changing the medium to low serum medium (DMEM supplemented 

with 0.5% PCS and 5% horse serum (HS)) results in a relatively rapid 

(60“72hr) and synchronous fusion of the mononucleated myoblasts to form 

multinucleated myotubes (see Fig. 4.1), and this transition represents 

one of the most striking examples of terminal differentiation that can 

take place vitro. Approximately 7-8 days after the shift to low serum 

medium, myotubes begin to contract spontaneously in culture. The extent 

to which the myotubes will contract depends upon the quality of the 

myotubes after fusion. Although this myoblast cell line consistently 

undergoes differentiation when confluent myoblasts are shifted to low 

serum medium or when myoblasts are left to grow to confluency and remain 

in their conditioned medium, the time of first appearance of visible 

myotubes and the level of spontaneous contraction is variable. Possible 

reasons for this are the growth characteristics of the cells before 

fusion and different batches of serum affecting the concentration of 

fusion-promoting factors in the cell culture medium (Buckingham 1977, 

Walsh and Phillips 1981). G8-1 myotubes can be maintained in culture for

up to -1 6 days during which time they mature from fused myoblasts into 

the striated contractile fibres. After this time they show signs of 

deterioration although it is not known why this occurs (Pearson, 1980).

In Fig. 4.1 and 4.2, two sets of myoblasts are shown undergoing 

fusion to form multinucleated myotubes, the original G8-1 myoblasts (Fig. 

4.1) and clone 1 (Fig. 4.2), a clone derived from the original G8-1 

myoblasts. This clone was isolated during routine cell cloning of G8-1
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Figure 4.1

G8-1 mouse myoblasts and myotubes
Cells were photographed under a phase contrast microscope using an 

Olympus camera.

A G8-1 myoblasts, lOOx magnification

B Confluent G8-1 myoblasts, 40x magnification

C G8-1 myotubes after 5 days in low serum medium, lOOx
magnification.
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Figure 4.2

Clone 1 myoblasts and myotubes
Cells were photographed as in Fig. 4.1.

A Clone 1 myoblasts, lOOx magnification

B Clone 1 myotubes after 2 days in low serum medium, 200x
magnification.

C Clone 1 myotubes after 5 days in low serum medium, 200x
magnification
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myoblasts (Section 2.11) to derive a batch of cells originating from a 

single cell and which should therefore have identical characteristics. 

Clone 1 myoblasts appeared to grow and differentiate more rapidly than 

the parental G8-1 myoblasts. They have a doubling time of 14-16 hours 

and fusion of myoblasts to form visible myotubes occurs -24-40 hours 

after the addition of low serum medium to confluent myoblasts.

A typical growth time course for the myoblasts is outlined below:

G8-1 Myoblasts
Day 0 Myoblasts unfrozen into DMEM + 10% PCS. Media changed 5 hours

later
Day 1 Myoblasts diluted 1:10
Day 2 Harvest sub-confluent myoblasts
Day 3 Media changed on confluent myoblasts to DMEM + 0.5% FCS/5% HS
Day 5 Myotubes beginning to form
Day 6 Low serum media refreshed, small myotubes present
Day 8 Myotubes harvested
Day 11-12 Spontaneous contraction begins to occur 
Day 16-18 Degeneration of the fibres

Clone 1 Myoblasts
Day 0 Myoblasts unfrozen into DMEM + 10% FCS. Media changed 5 hours

later
Day 1 Myoblasts diluted 1 :20
Day 2 Harvest sub-confluent myoblasts
Day 3 Media changed on confluent myoblasts to DMEM + 0.5% FCS/5% HS
Day 4 Myotubes beginning to form
Day 5 Low serum media refreshed, mostly large myotubes present
Day 6 Myotubes harvested
Day 11 Myotubes begin to degenerate

Clone 1 myoblasts grow and differentiate more rapidly. Clone 1 

myotubes rarely contract spontaneously and they degenerate earlier than 

G8-1 myotubes
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4.3 Induction of myoglobin gene expression during fusion and 

differentiation of embryonic myoblasts in vitro

In order to determine whether the myoglobin gene is expressed at 

any point during the differentiation of original G8-1 myoblasts, RNA was 

prepared from pre-fusion myoblast and post-fusion myotube cultures and 

analysed on Northern blots using myoglobin gene exons as hybridisation 

probes.

Total RNA was isolated from -2-5 x 10^ cells of proliferating 

myoblast cultures which were -75% confluent and from myotube cultures 

starting with the same number of original myoblasts which had been fusing 

in low serum medium for 5 days (Day 8 above) as described Section 2.12. 

Total RNA was then subjected to one cycle over an oligo dT column 

(Section 2.12) to enrich for poly(A)+ RNA. Fig.4.3 shows an example of 

the quality of the RNA prepared by these methods. Typical yields from -2 

X 10'̂  myoblasts was 0.4-0.5 mg total RNA and -1 Oyg of poly(A)+ RNA.

1yg of myoblast and myotube poly(A)+ RNA was analysed on Northern 

blots using a human myoglobin gene exon 2 probe (details of the probe is 

given in the Figure legend of Fig.3.1). The probe detected a hybridising 

component -1200 nt in size in myotube poly(A)+ RNA only (Fig. 4.4, and 

also in total myotube RNA -data not shown). To demonstrate that this 

hybridising component is likely to be myoglobin gene transcripts, a 

filter containing the same RNA was hybridised with a mouse myoglobin gene 

exon 1 probe (probe details in Fig. 4.4 legend). This probe also 

detected the 1200 nt component in myotube poly(A)'*’ RNA (Fig. 4.4), 

indicating that this is myoglobin mRNA. Longer exposures of both 

autoradiographs failed to reveal any signals corresponding to myoglobin 

mRNA in myoblast poly(A)+ RNA.

Figure 4.4 also illustrates that the mouse myoglobin transcript in 

G8 myotubes is shorter than the seal myoglobin transcript in adult seal
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Figure 4.3

Total and poly(A)'*' RNA extracted from G8-1 myoblast and myotube cell 
cultures

Total RNA (T) and cytoplasmic RNA (~0.5yg per lane) made from 
myoblast (MB) and myotube (MT) cultures is shown after electrophoresis in 
1.5% agarose gels. Poly(A)+ RNA was prepared from either total RNA (TA'*') 
or cytoplasmic RNA (CA'*') by passage once over an oligo d(T) cellulose 
column. 28s and 18S refer to the migration positions of the ribosomal 
RNA and tRNA to the transfer RNA. The migration positions of pBR322 x 
Sau3A markers (single-stranded) are shown next to the sample of total 
RNA. After oligo d(T) chromatography the relative intensity of the 
ribosomal RNA bands is reduced and no tRNA is present.
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skeletal muscle. This is due to the shorter 3* non-translated mRNA 

sequence in the mouse myoglobin gene (section 3.4).

Myoglobin gene expression is also induced during fusion of another 

rodent cell line -the rat myoblast cell line L6 (Yaffe, 1968). Myoglobin 

transcripts are detectable only in myotube RNA when myoblast and myotube 

RNA from this cell line are hybridised to the mouse myoglobin exon 1 

probe (Fig.4.4 and see Weller ^t al., 1986).

4.4 Induction of expression of contractile protein genes during G8-1 

myoblast differentiation

Hybridisation to contractile protein gene probes was carried out 

in order to establish that the G8-1 myoblast cell line was behaving 

"normally" in that the expression of contractile protein genes is induced 

on fusion and differentiation of myoblasts as is observed for the other 

myogenic cell lines (Buckingham, 1977). The appearance of contractile 

protein gene transcripts in RNA isolated from G8-1 myoblasts and myotubes 

was investigated using a human myosin light chain 1 cDNA probe and a 

mouse d- skeletal actin cDNA probe (probe details are given in the legend 

to Fig. 4.4). The myosin light chain cDNA probe hybridises to the 

transcripts from genes encoding myosin light chain 1 and embryonic myosin 

light chain. The a- skeletal actin probe is capable of hybridising with 

all actin mRNAs in cells including the non-muscle &- and T-cytoplasmic 

actins as well as the sarcomeric a-skeletal and a-cardiac act ins. 1 yg 

of the same poly(A)+ RNA sample was analysed by Northern blot 

hybridisation with these probes. Fig.4.4 shows that a-skeletal actin 

transcripts are increased significantly in myotube RNA whereas the g- 

and y-cytoplasmic actins are predominantly present in myoblast RNA, their 

levels being reduced significantly in myotube RNA. The cytoplasmic 

isoforms of actin are therefore replaced with the muscle actin isoform
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Figure 4.4

Induction of expression of the myoglobin gene following fusion and 
differentiation of g8-1 myoblasts detected by Northern blotting

1yg samples of identical poly(A)+ RNAs from G8-1 myoblasts (MB), 
G8-1 myotubes (MT), and 0.2yg of total adult seal skeletal muscle RNA 
were electrophoresed and transferred to nitrocellulose by Northern 
blotting as described in Section 2.6. Filters were hybridised with the 
probes indicated:

Human myoglobin gene exon 2 (HMbEX2)
316 bp single-stranded antisense DNA probe generated from Ml 3 HEx2. 
Autoradiography was for 7 days with an intensifier screen

Mouse myoglobin exon 1 (MMbExI)
190 bp single stranded antisense DNA probe generated from Ml 3 MExl. 
Autoradiography was for 5 days. Hybridisation to 0.5yg of adult seal 
skeletal muscle (AS) total RNA is shown (autoradiography overnight).

Human myosin light chain (MLC) cDNA probe
The MLC probe was a 600 bp PstI fragment of a MLC cDNA clone in pBR322. 
Autoradiography was for 5 days.

Mouse a-skeletal actin gene (a-S actin)
The mouse a-skeletal actin cDNA probe was a PstI fragment from pAM91 
(Minty et , 1981), 1350 bp in length with 90% actin coding sequences 
and 300 bp of nontranslated sequence. Autoradiography was was overnight.
3- and Y-cytoplasmic actin (-2000 nt) and muscle a-actin (-1600 nt) 

transcripts are indicated by open and filled triangles respectively.

1yg samples of poly(A)+ RNA from rat L6 (Yaffe, 1969) myoblasts (MB) and 
myotubes (MT) were hybridised with the mouse myoglobin gene exon 1 single 
stranded antisense DNA probe. Autoradiography was for 8 days.
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during myoblast fusion. Similarly, muscle myosin light chain transcripts 

accumulate to high levels in myotube RNA, and no transcripts are 

detectable in myoblast RNA.

4.5 Appearance of myoglobin transcripts during myoblast differentiation

The apperarance of contractile protein gene transcripts during 

myoblast differentiation in established cell lines is well documented 

(see Pearson, 1980, Buckingham, 1977). In some cases, the appearance of 

the muscle-isoform gene transcripts has been documented as being 

coordinate (Devlin and Emerson, 1979) and in others a significant delay 

has been reported between the appearance of some of the contractile 

protein gene transcripts (see Section 1.4). It would be interesting to 

determine the time of appearance of myoglobin gene transcripts compared 

to contractile protein gene transcripts in order to determine whether 

there are any significant differences in the kinetics of appearance of 

the respective transcripts.

RNA was extracted from cultures of myoblasts and myotubes at 

various times during myoblast differentiation and analysed on a Northern 

blot using the mouse myoglobin exon 1 probe, the a-skeletal actin cDNA 

probe and a human embryonic myosin heavy chain cDNA probe.

In this particular Northern blotting experiment, RNA was 

transferred to Hybond N. Subsequent rehybridisation of these filters 

with the MHC gene and a-skeletal actin gene probes was of poor quality 

due to a very high back-ground level of radioactivity on the filters 

after the first hybridisation which could not be successfully removed.

Myoglobin gene transcripts appear at around 40 hrs after changing 

the medium of confluent myoblasts to low serum medium (Fig. 4.5). The 

low level of transcripts is probably due to a lower recovery of RNA at 

this particular time point. Myoglobin mRNA levels are fairly similar
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Figure 4.5

Appearance of myoglobin gene transcripts during myoblast differentiation
Poly(A)+ RNA was extracted from myoblasts at different stages of 

myoblast differentiation and was analysed by Northern blotting using a 
mouse myoglobin gene exon 1 probe (Fig. 4.4) (top panel). The same 
filter was then rehybridised with a mouse a-skeletal actin cDNA probe 
(Fig. 4.4) (lower panel). The first two lanes on the left are 
non-confluent and confluent myoblasts respectively. The vertical arrow 
indicates the time of addition of low serum medium to confluent myoblasts 
and time in hours indicates the total time in low serum medium. The 
broken vertical arrow indicates the time of appearance of myotubes in the 
culture (after about 80 hours in low serum medium). The low level of 
myoglobin gene transcripts at 40 hours is shown by an open triangle. The 
migration positions of the cytoplasmic actins (3,Y) and skeletal actin 
(a) are shown.

Autoradiography was for five days (top panel) and 2 days (bottom
panel).
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in 64-88 hours in fusion medium samples, but are increased in the more 

mature myotubes at 1 60 hours. Visible fusion of myoblasts to form small 

myotubes occured at about 80 hours after the switch to low serum medium 

in this experiment and therefore myoglobin mRNA is being synthesised 

somewhat before the fusion of myoblasts to form myotubes. The switch to 

predominant synthesis of a-skeletal actin mRNA from synthesis of 3- 

and Y-cytoplasmic actins occured at around 64hrs after the shift to low 

serum medium. It is difficult to see whether a-skeletal actin gene 

transcripts are present at 40 hours due to the high background 

radioactivity levels on the filter. Apperance of myosin heavy chain gene 

transcripts also occurs at 64 hours after the medium change (not shown) 

although again it was difficult to determine from the autoradiograph 

whether there was a low level of transcription at aroi^ 40 hours. The 

time of formation of myotubes in this case was not as synchronous as 

usual and myotubes formed were quite small and therefore these time 

points cannot be taken as an exact indication of the time of appearance 

of the muscle gene transcripts. Nevertheless, this experiment suggests 

that myoglobin gene transcripts appear at a similar time to other muscle 

gene transcripts during myoblast differentiation and before the onset of 

myotube formation as is observed for contractile protein genes 

(Buckingham, 1985).

4.6 Appearance of myoglobin gene transcripts in clone 1 myoblasts

A similar analysis of accumulation of myoglobin transcripts during 

myoblast differentiation of the clone 1 myoblasts was not carried out. 

However, RNA isolated from clone 1 myotubes which had been 

differentiating in low serum medium for just under 24 hours and analysed 

on Northern blots revealed that myoglobin gene transcripts were present 

at this early time point (see Fig 4.6). A very low level of myoglobin
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Figure 4.6

Appearance of myoglobin gene transcripts in clone 1 myoblasts
Poly(A)+ RNA was prepared from clone 1 myoblasts at different 

times during myoblast differentiation representing: non-confluent 
myoblasts (NC), confluent myoblasts (C), fusing myoblasts (F) and 
post-fusion myotubes (PF). Time in hours of myoblasts in low serum 
medium are shown. RNAs were analysed on two Northern blots.

Top A 190 bp single-stranded antisense DNA, generated from Ml 3 MExl 
(see Table 3.1) was used as hybridisation probe. Myoglobin gene 
transcripts present at low levels in confluent myoblasts are indicated by 
an open triangle. Autoradiography was for 5 days.

Bottom A mouse a-skeletal actin cDNA probe (Fig. 4.4) was used as 
hybridisation probe. The 24 hour poly(A)+ RNA sample has been ommitted. 
The migration positions of the 3 and Y cytoplasmic actins 
(3,Y) and a-skeletal actin (a) are shown. Notice the high level of a- 
skeletal or cardiac actin gene transcripts in the confluent myoblast (C) 
RNA sample. Autoradiography was for 2 days.
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gene transcripts were also detectable in RNA isolated from near confluent 

clone 1 myoblast cultures. The same RNA analysed on a second Northern 

blot with the a-skeletal actin cDNA as hybridisation probe, revealed that 

.a-actin transcripts were present at higher levels than usual in clone 1 

myoblast RNA samples (Fig. 4.6). By 72 hours, a large increase in the 

level of a-actin transcripts had occured with the complete disappearance 

of the p- and Y-cytoplasmic actin transcripts. At this time point in 

G8-1 myoblasts, significant levels of p- and Y-cytoplasmic gene 

transcripts are found. The disappearance of the cytoplasmic actins 

indicates that the clone 1 myotube cultures are fully differentiated, 

free of contaminating myoblasts. Clone 1 myoblasts therefore undergo a 

rapid and synchronous fusion.

The presence of a low level of myoglobin transcripts and the 

increased level of a-actin transcripts in near-confluent clone 1 

myoblasts are probably due to the increased growth rate of these 

myoblasts resulting in a rapid depletion of the growth promoting factors 

in the medium and therefore populations of myoblasts will be triggered to 

begin to differentiate at an earlier stage. In order to prevent 

precocious fusion in myoblast cultures, the growth medium to be refreshed 

more frequently on these myoblasts. RNA extracted from less confluent 

myoblast cultures or in myoblast cultures where the medium is refreshed 

frequently, myoglobin transcripts are not detectable (Fig. 4.6).

4.7 The myoglobin gene does not undergo major rearrangement during 

myogenesis

In order to establish whether the increase in myoglobin gene 

expression during myoblast differentiation is associated with any major 

rearrangements of the myoglobin gene, the myoglobin gene was analysed in 

myoblast and myotube DNA by Southern blotting. Fig.4.7 shows the
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Figure 4.7

Southern blot analysis of the myoglobin gene in G8 mouse myoblast and 
myotube DNA

5ug samples of genomic DNA prepared from G8-1 myoblasts (MB), 
myotubes (MT) and from DBA/2 (D) and C57/BL10 (C) mouse liver were 
digested with Bglll (B) and Hindlll (H). After electrophoresis in a 0.8% 
agarose gel, DNAs were denatured hi situ and transferred to 
nitrocellulose by Southern blotting. The filter was hybridised with the 
mouse myoglobin gene exon 1 probe (Table 1.1). Autoradiography was for 5 
days.
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Southern blot of genomic DNA from myoblast and myotube cultures and DBA/2 

liver, hybridised to the mouse myoglobin gene exon 1 probe. A single 

hybridising fragment of approximately equal intensity relative to the DNA 

on the stained agarose gel is seen in each digested DNA track indicating 

that induction of myoglobin gene expression in G8-1 myotubes is not 

accompanied by gene amplification or other major rearrangement of the 

gene. This was also demonstrated previously (Chapter 3) when Southern 

blots of genomic DNA from myoblast, myotube and mouse livers were 

hybridised with human myoglobin gene exon probes.

4.8 Myoglobin gene expression is tissue-specific

To establish whether the expression of the myoglobin gene in 

differentiating myoblasts is specific to this cell type, a number of 

non-muscle cell line RNAs and a non-muscle tissue RNA were analysed on 

Northern blots using myoglobin gene exons as hybridisation probes. Total 

RNA was obtained from the following non-muscle cell lines: a rat 

pancreatic cell line (Gazdar et ^.,1980), a fibroblastoid line isolated 

from embryonic mouse kidneys (gift from Dr. A Carter) and a human myeloma 

cell line (gift from Liz Allen). lOyg of each were analysed on Northern 

blots with the mouse myoglobin exon 1 probe and the human myoglobin exon 

2 probe. Total RNA from mouse liver and heart tissue was also analysed. 

Neither probe detected myoglobin transcripts in cell line RNA or tissue 

RNA that was non-muscle (shown in Fig.4.8, using the mouse myoglobin exon 

1 probe).

4.9 Summary

The early appearance of myoglobin in embryogenesis can apparently 

be modelled in cultured mouse and rat embryonic myoblasts which have been 

shown to synthesise myoglobin mRNA during differentiation in vitro to
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Figure 4.8

Is myoglobin gene expression muscle-cell specific?
1Opg samples of total RNAs were electrophoresed and transferred to 

Hybond-N by Northern blotting as described in Section 2.6. Filters were 
hybridised with the 190 bp single-stranded antisense DNA probe from 
M13MEx1 (Table 3.1) followed by washing in 0.25 x SSC. Lanes contain RNA 
from:
1 :Pancreatic islet cells
2 :Fibroblastoid cells, isolated from baby mouse kidneys
3;Human myeloma cells
4:DBA/12 mouse liver
5:DBA/12 mouse heart
6:Mouse myotubes
7 : ” "
8:Mouse myoblasts

Autoradiography was for 8 days with an intensifier screen. 
Myoglobin gene transcripts are detected in myotube RNA samples and heart 
muscle RNA samples. The heart muscle RNA sample obtained was found to be 
degraded, resulting in the smear of hybridisation observed in lane 5.
All other RNA samples were intact. The same result was obtained with a 
human myoglobin gene exon 2 probe.
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form myotubes. These two myoblast cell lines have been isolated by

different methods. The L6 myoblast line was isolated by selecting for

cells from carcinogen induced tumours in neonatal rat thigh muscle 

(Yaffe, 1969) and the G8 myoblast line was isolated as a spontaneously 

arising transformant during prolonged culture of dissociated embryonic 

mouse hind limb myoblasts (Christian » 1977).

The GS-1 mouse myoblast cell line has been shown to behave as a

normal myoblast cell line in that it induces the expression of 

contractile protein genes during vitro differentiation. Myosin light 

chain mRNA and myosin heavy chain mRNA are synthesised during myoblast 

differentiation and there is a clear switch in the types of actin 

synthesised in G8-1 myotubes.

The accumulation of myoglobin transcripts during myogenesis in the 

G8-1 cell line is reproducible; myoglobin transcripts are always 

detectable in myotube RNA. Levels of transcript accumulation, however, 

vary between different batches of fused cells but it is important to note 

that dishes of myoblasts seeded from the same original myoblasts which 

are then stimulated to differentiate with the same low serum medium all 

give rise to similar transcript levels. The final level of myoglobin 

transcripts attained in myoblast cultures are consi^antly higher than 

those obtained in foetal skeletal muscle vivo and are similar to those 

found in 1-8 day old mice (see Weller £t ^ . , 1986). This may be due to 

the particular rodent cell lines under investigation containing defects 

in myoglobin gene regulation and therefore do not reflect the true in 

vivo situation. Cell lines with defects in contractile protein gene 

regulation have been described (see Hickey et , 1986 for example). 

Higher transcript levels could also result if myoglobin gene 

transcription is being modulated by some external stimulus which later 

regulates myoglobin gene expression during the post-natal period.
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The kinetics of accumulation of myoglobin transcripts is similar 

to the accumulation of contractile protein gene transcripts and both take 

place before visible morphological differentiation. This suggests that 

myoglobin and contractile protein gene expression may share some common 

regulatory mechanisms. The accumulation of muscle gene transcripts 

during myoblast differentiation is well established (Pearson, 1980, 

Buckingham, 1977), but the time of first appaearance of the transcripts 

and of visible myotubes depends upon the cell line in use. For example, 

in the C2C12 myoblast cell line (Bains et al., 1984) the synthesis of 

muscle gene transcripts and the switch to predominant synthesis of ex- 

skeletal actin transcripts occurs just 6 hours after the switch to low 

serum medium and visible myotubes appear at around 24 hours. In the L6 

myoblast line the appearance of muscle gene transcripts and the 

predominant switch to a-skeletal actin transcripts occurs at around 36 

hours after change to low serum medium, myotube formation occuring at 48 

hours (Endo and Nadal-Ginard, 1986). G8-1 myoblasts therefore

differentiate relatively slowly in the particular conditions described 

here. It would be a good idea to analyse the accumulation of myoglobin 

transcripts in other well characterised myoblast lines to determine 

whether the kinetics are similar to those in G8-1.

A clonal derivative of the G8-1 cell line has been isolated which 

appears to differentiate more rapidly. This clone has "leaky" expression 

of myoglobin mRNA and higher levels of a-skeletal actin transcripts in 

near confluent myoblasts if myoblasts are not maintained carefully. It 

also appears that clone 1 myoblasts differentiate rapidly and 

synchronously in culture since there is an almost complete disappearance 

of the 3“ and Y-cytoplasmic actin transcripts.

Myoglobin gene expression appears to be tissue specific in that 

myoglobin mRNA is only detected in differentiating myoblasts and muscle
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tissue. Myoglobin transcripts could not be detected in non-muscle RNA 

prepared from various non-muscle cell lines or a non-muscle tissue.

Gene activation during myogenesis does not involve a major 

rearrangement of the gene, for example gene amplification, since gene 

structure in myoblast and myotube genomic DNA and non-muscle genomic DNA 

is apparently identical.

It is not possible by Northern blot analysis to determine whether 

the accumulation of myoglobin mRNA during myoblast differentiation is 

primarily due to an increase in the rate of transcription of the 

myoglobin gene during differentiation. Transcriptional regulation of 

skeletal muscle specific isoforms has only been demonstrated directly for 

MHC (Medford £t ^ . , 1983), a-skeletal actin (Melloul et al., 1984, Nudel 

et , 1985, Grichnk, Bergsma and Schwartz, 1986), troponin I (Konieczny 

and Emerson, 1985) and muscle creatine kinase (Jaynes ^  , 1986).

Irrespective of whether the observed induction of myoglobin gene 

expression is due to trancriptional or post-transcriptional events, it 

should be possible to identify DNA sequences in or around the gene which 

are necessary for the induction of gene expression using this cell 

culture system.
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CHAPTER 5

INTRODUCTION OF EXOGENOUS DNA INTO MOUSE MYOBLASTS

5.1 Introduction

One way towards understanding the processes which regulate the 

transcription of genes encoding mRNA in eukaryotic cells is to achieve 

natural transcription events in cell free systems reconstituted from 

purified components. vitro systems which are capable of synthesising 

specific capped transcripts from genes transcribed by RNA polymerase II 

have been described (Weil _et , 1979, Manley £t a2. , 1980) but in 

general these systems do not faithfully reflect regulated gene expression 

observed in vivo (see for example, Wickens and Laskey, 1981, Wilderman _et 

al., 1984). While the vitro reconstitution experiments will remain 

the ultimate aim, basic features of such processes must first be defined 

by reintroducing genes into an appropriate cellular environment. For 

this purpose introduction of genes into tissue culture cells is extremely 

valuable.

Transfer of DNA into eukaryotic cells (transfection) is exactly 

analogous to the transformation of bacteria by the introduction of genes 

or other segments of DNA. In bacteria, introduction of plasmid and phage 

DNA has allowed the identification of cis- and trans-acting regulatory 

elements which regulate gene expression. Since the description of a 

technique that allowed a more efficient uptake of DNA by mammalian cells 

in culture (Graham and van der Eb, 1973), substantial advances have been 

made in the study of control of eukaryotic gene expression.

Early experiments to study gene expression in transfected 

mammalian cells used a variety of viral vectors on which to introduce the 

gene of interest (Hamer, 1977, Sarver et al., 1981). In these vectors
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parts of the viral genome were replaced with the gene under 

investigation. For example, in Simian Virus 40 (SV40) vectors the late 

or early region genes of the virus were replaced with foreign DNA. In 

vectors that retained all the necessary signals for transcription, 

including an intact mRNA leader sequence, splice signals and a poly(A) 

signal, transcription of the foreign gene in the virus vector was 

observed (Mulligan, Howard and Berg, 1979, Gruss and Khoury, 1981, Lui, 

Yansura and Levinson, 1982). Later viral vectors combined SV40 sequences 

with plasmid sequences and the gene of interest which not only overcame 

the size restriction on the gene to be inserted into an SV40 genome, but 

also allowed the vector to be propagated in bacteria before transfer into 

mammalian cells. Transfections utilising virus based vectors, whether in 

transient expression analyses or long term transformation, enabled a 

number of genes to be expressed in a cell type in which they are never 

expressed jji vivo. For example, the rabbit 3-globin gene could be 

expressed in HeLa cells (Grosveld £t ^ . , 1982), or mouse L cells 

(Mantei, Boll and Weissman, 1981, Dierks ^  , 1981) and mouse a-globin

could be expressed in monkey kidney cells (Mellon et ^ . , 1981), whereas 

these two genes are only expressed in erythroid tissue vivo. The 

expression of genes in heterologous cell types was explained by the 

identification of an ’enhancer’ sequence in the virus promoter region in 

similar transient expression experiments. Rabbit g-globin gene 

expression in HeLa cells showed a requirement for the SV40 enhancer 

sequence (Banerji et ^ . , 1981), although the a-globin gene does not show 

this requirement. In many other cases it has been shown that the 

enhancer sequence may over-ride the regulatory control sequences, for 

example those specifying cell-type expression, of a gene downstream. 

Renkawitz et (1982) found that the chicken lysosyme gene may be 

faithfully transcribed in HeLa and MCF-7 cells where lysozyme is not
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normally expressed only when the SV40 enhancer region is placed upstream. 

In the absence of the SV40 enhancer the lysozyme gene may only be 

expressed when introduced into chicken oviduct cells. Furthermore, 

lysosyme expression in the heterologous cell types is not regulated by 

steroid hormones but is regulated appropriately by these hormones in 

chick oviduct cells. It is generally true that in the absence of a viral 

enhancer sequence, the gene in question is expressed at significant 

levels only in cell types where the gene is normally expressed vivo. 

Although the transfection experiments with these original virus based 

vectors proved successful in identifying ’core' promoter elements in the 

5 ’-flanking region of eukaryotic genes, for example the TATA and CCAAT 

boxes (see Section 1.2) it became clear that signals further upstream in 

the promoter region were probably going to be overlooked due to the 

inclusion of virus regulatory sequences in the vector. Viral sequences 

were therefore omitted from expression vectors in order to carry out 

studies on regulated gene expression. Recently, the introduction of 

genes into differentiated cell types in culture that express the cognate 

gene, demonstrates that appropriate regulation of the cloned gene is 

reproduced and it appears that sequences within the 5 ’-flanking region of 

a gene are frequently sufficient to confer regulated and cell 

type-specific expression on the gene in both transient or stable 

expression experiments (Walker _et al., 1983, Ott _et ^ . , 1984, Melloul et 

al., 1984, Muglia and Rothman-Denes, 1986).

In order to study regulated myoglobin gene expression, the 

myoglobin gene must be re-introduced into the cell type in which the 

endogenous myoglobin gene is expressed, namely muscle cells in culture 

(Chapter 4). The G8-1 mouse myoblast cell line described in Chapter 4 

has not previously been used in transfection experiments and therefore it 

was necessary to determine whether these cells were capable of taking up
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and expressing exogenously added DNA. This Chapter describes 

transfection of various expression vectors into mouse myoblasts and 

analysis of expression from these vectors over a transient expression 

period.

The most widely used method for introducing genes into mammalian 

cells is the calcium phosphate technique first described by Graham and 

van der Eb (1973) and this procedure was used to transfect G8 myoblasts. 

This technique can be used to introduce any DNA into mammalian cells for 

transient expression assays or long-term transformation. It involves 

mixing exogenous DNA with calcium chloride to which is then added a 

solution containing phosphate ions. The calcium phosphate-DNA 

co-precipitate which forms in this mixture is readily taken up by 

mammalian cells in culture and exogenous DNA is expressed at high levels. 

Expression from DNA transfected into mouse myoblasts was investigated 

after a transient expression period using either Northern blot analysis 

to detect specific transcripts in RNA isolated from the transfected 

myoblasts or enzyme assays to detect gene products in transfected cell 

extracts.

5.2 Outline of the procedure used to transfect mouse myoblasts

The calcium phosphate technique used to transfer DNA into G8 mouse 

myoblasts was essentially that of Graham and van der Eb (1973), with 

modifications described by Wigler et (1978) or Gorman, Moffat and 

Howard (1982) and is described in Section 2.14.

Basically, exponentially growing myoblasts were trypsinised and 

replated at a density of 1x10^ cells per 10 cm dish the day before 

transfection to ensure that myoblasts were in log phase the next morning. 

Myoblasts were always about 70% confluent at the time of transfection and 

transfections were always carried out at a low cell passage number-
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usually on the second passage and always before the sixth passage. The 

normal growth medium above the cells was changed 3 hours before addition 

of the DNA precipitate to the cells. Plasmid DNA to be transfected was 

electrophoresed on agarose gels before each transfection to ensure that 

it was predominantly supercoiled. Care was taken to obtain very fine 

calcium phosphate-DNA precipitates since if this is not accomplished, a 

low efficiency gene transfer results (Spandidos and Wilkie, 1983). To 

prepare fine precipitates, the solution containing the phosphate ions was 

added to the well mixed DNA and calcium chloride solution dropwise from a 

small pipette using a pipette aid and immediately after the addition air 

was bubbled through the solution for several seconds using the pipette 

aid. A very fine precipitate usually formed after 15 mins at room 

temperature. Precipitates were never made in volumes larger than 2 mis 

since scaling-up the solutions resulted in the formation of coarse, 

uneven precipitates which led to low transfection efficiencies.

Usually, 1 ml of precipitate containing 20 ug of DNA (plasmid plus 

carrier DNA) was added directly to a 10 cm dish containing 10 ml of 

medium. DNA precipitates were left on the cells overnight (15-20 hours, 

but see later) and the medium containing the DNA precipitate was then 

replaced with fresh medium containing 10% PCS. The cells were left to 

incubate for a further 24-36 hours. After this time, cells were washed, 

trypsinised from the culture dish and pelleted. Total RNA or cell 

extracts were prepared from cell pellets which had been frozen at -70°C.

5.3 Transfection of expression vector p4l into mouse myoblasts and 

analysis of gene expression using Northern blots and dot-blots 

G8 myoblasts were transfected with an expression vector (p4l), 

obtained from C. Weissmann. Expression vector p4l, (Fig.5.1, Wieringa et 

al., 1983) consists of pBR327, plus a 3,309 bp segment of SV40 DNA
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containing the enhancer sequence as well as the origin of replication and 

the complete early transcription unit together with the mouse and rabbit 

B-globin genes. This particular vector was chosen for the preliminary 

transfection experiments since it produces a high level of transcripts 

from the SV40 early region genes and the rabbit and mouse g-globin genes, 

easily detectable on Northern blots.

Ten 10 cm dishes of sub-confluent myoblasts were transfected with 

lOyg of p4l + lOyg of salmon sperm carrier DNA. The same number of 

myoblasts were transfected with 20yg of salmon sperm carrier DNA only as 

a mock-transfected control. Myoblasts were transfected as described 

above and left to express the exogenous plasmid DNA for -50 hours. RNA 

and DNA were isolated from the cell pellets of transfected and 

mock-transfected myoblasts as described in Section 2.12 and 2.13 

respectively. DNA recovered from transfected and mock-transfected cell 

pellets was analysed on a Southern blot using nick-translated p4l 

expression vector as a hybridisation probe (Fig.5.1). Plasmid DNA was 

readily detected in digested and non-digested DNA from myoblasts which 

had been transfected but hybridisation signals were not observed in 

mock-transfected myoblast DNA tracks. However, the presence of the 

mouse 3-globin gene on p4l enables ^^P-labelled p4l vector to detect 

endogenous mouse B-globin genes in the EcoRI digested mock-transfected 

myoblast DNA sample. The probe hybridised to two fragments, each -10 kb 

in size which correspond to the fragment sizes observed for C57/L (HbbS) 

mouse B-globin genes (Sue Adams, Ph.D thesis, 1983). In the EcoRI 

digested p4l transfected myoblast DNA, three distinct hybridising 

components are observed which correspond to the expected fragment sizes 

of 4l plasmid DNA digested by EcoRI, although most of the DNA in this 

track runs as a smear of degraded plasmid DNA around 0.5 kb in size. A 

faint smear of hybridisation is also observed above the three expected

-1 24-



Figure 5.1

Uptake of exogenous DNA by mouse myoblasts

Top A diagrammatic representa^on of the expression vector, p4l used to 
transfect mouse myoblasts. This vector (-11 kb) comprises pBR327 plus a
3.05 kb segment of SV40 DNA (open box) containing the enhancer sequence 
as well as the entire early transcription unit and origin of replication 
(ori), together with the mouse and rabbit g-globin genes (open boxes 
representing non-coding DNA, black boxes coding DNA). The direction of 
transcription of the two globin genes and the early and late region genes 
of SV40 is indicated by arrows.

Bottom Genomic DNA from p4l and mock-transfected myoblasts (8 yg per gel 
lane) were transferred to nitrocellulose by Southern blotting (Section 
2.6). The filter was hybridised with labelled p4l DNA probe,
followed by washing in 1 x SSC at 65°C.
Lanes 1 and 10 contain A x Hindlll and pBR322 x Sau3A molecular weight
markers.
Lanes 2, 3 and 5 contain p4l vector DNA 
Lane 6 undigested p4l transfected myoblast DNA 
Lane 7 undigested mock-transfected myoblast DNA 
Lane 8 EcoRI digested p4l transfected myoblast DNA 
Lane 9 EcoRI digested mock-transfected myoblast DNA

The -10 kb doublet DNA fragment which hybridises with p4l probe 
DNA in lane 9 and is likely to be the endogenous mouse g-globin gene is
shown by an open triangle. Autoradiography was overnight.
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EcoRI fragment sizes of the vector indicating that the vector is 

hybridising to EcoRI fragments of different sizes. This probably 

indicates that a small amount of vector DNA has become integrated since 

if all the DNA had been in extrachromosomal multimers, digestion by EcoRI 

would have produced the three fragments only. It appeared therefore that 

pMl plasmid DNA was being taken up by myoblasts although it is difficult 

to demonstrate with Southern blot analysis' that the hybridisation signal 

is not due to plasmid DNA which is associated with the outside of 

myoblast cell wall debris which might be present as a contaminant in the 

genomic DNA.

To demonstrate that DNA had indeed been taken up by myoblasts and 

was expressed, RNA was analysed on Northern blots using pMl vector as a 

hybridisation probe.

Total RNA was prepared from transfected and mock-transfected 

myoblasts and passed once over an oligo-dT column to isolate poly(A)+ RNA 

and remove most of the contaminating plasmid DNA. Poly(A)+ RNA, 

approximately 3yg per track, was analysed on a Northern blot, using 

[32p]iabelled p4l vector as a hybridisation probe. Fig. 5.2 shows that 

in the p4l transfected myoblasts RNA a strong hybridising signal is 

observed but no hybridisation can be detected to RNA of mock-transfected 

myoblasts. Furthermore the signal in the p4l transfected myoblast 

poly(A)+ RNA track disappears after RNase treatment, indicating that the 

signal is not due to plasmid DNA contaminating the RNA. The transcripts 

however are heterogeneous, probably due to several different transcripts 

and partial degradation of the RNA. To ensure that the transfection of 

myoblasts with this vector was reproducible, the transfection experiment 

was repeated with a different batch of 4l plasmid DNA and transcripts 

analysed on RNA dot blots (Fig.5.2). An RNase sensitive signal was 

detected once again only in RNA from myoblasts
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Figure 5.2 Expression of p4l DNA in mouse myoblasts

A. Northern blot analysis of mRNA isolated from p4l transfected and 
mock-transfected myoblasts
Poly(A)+ RNA samples, (~3yg per gel lane), were electrophoresed and 

transferred to nitrocellulose by Northern blotting as described in 
Section 2.6. Filters were hybridised to ^^P-labelled p4l DNA followed by 
washing in 0.1 x SSC at 50°C and autoradiography.

Lanes 1 and 9 contain molecular weight markers X x Hindlll and pBR322 
X Sau3A respectively. Sizes in kb are shown next to the appropriate 
hybridising fragment.

Lanes 2, 3 and 4 contain 100, 10 and 1 pg of uncut p4l DNA 
respectively run in the same conditions as the RNA.

Lanes 5-8 contain 3yg of poly(A)+ RNA from:
5: Mock-transfected myoblasts. Treated with RNase 
6: p4l transfected myoblasts. Treated with RNase 
7: Mock-transfected myoblasts 
8: p4l transfected myoblasts

The open triangle shows the presence in lane 6 of a small amount 
of contaminating, degraded vector DNA. Autoradiography was for three 
days.

B. Dot-blot analysis of p4l transfected and mock-transfected myoblasts 
Samples of poly(A)+ RNA from p4l and mock-transfected myoblasts were

spotted onto a nitrocellulose filter as described in Section 2.6 and 
hybridised as in A. Spots contain -1pg of poly(A)+ RNA from:
1 : p4l transfected myoblasts, treated with RNase.
2: p4l transfected myoblasts 
3: mock-transfected myoblasts 
and 4: 200 pg of p4l vector DNA

Autoradiography was for 4 days.
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transfected with p4l DNA and not in the mock-transfected control.

5.4 Transfection of mouse myoblasts with expression vector pRSV-CAT 

and analysis of gene expression using both Northern blots and an 

enzyme assay

A number of expression vectors have been developed which contain a 

gene coding for enzyme which is not normally expressed in eukaryotic 

cells and may therefore be used as a "reporter" of promoter activity when 

placed downstream of the promoter in question. An example of an 

expression vector containing a reporter function is pRSV-CAT, developed 

by Gorman et £l. (1982). This vector contains the bacterial 

chloramphenicol acetyl transferase gene (CAT) from transposable element 

Tn9 placed under the transcriptional control of a long terminal repeat 

promoter (LTR) from Rous Sarcoma virus (RSV). The CAT gene has been 

modified for use in eukaryotic cells by the addition of SV40 splice 

signals and polyadenylation signal (Chapter 6). CAT is a particularly 

useful reporter function to monitor the promoter activity of a gene (see 

Chapter 6), and has been used in a wide variety of eukaryotic cells to 

assay promoter activity and to quantitate transfection efficiencies

(Gorman _et £l., 1984). pRSV-CAT was used to transfect mouse myoblasts as

a first step to establish the potential use of this attractive system to 

study myoglobin gene expression.

lOyg of pRSV-CAT were used to transfect five 10 cm dishes of

sub-confluent myoblasts as described above. Myoblasts were incubated for

52 hrs after addition of the DNA precipitate to allow expression of the 

CAT gene to occur. Cytoplasmic RNA was extracted from myoblast cell 

pellets of transfected and mock-transfected samples and poly(A)+ RNA 

prepared from the cytoplasmic RNA (Section 2.12). Expression of CAT was 

investigated using Northern blots to detect CAT transcripts in the
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cytoplasmic RNA and poly(A)+ RNA. The hybridisation probe was the CAT 

containing fragment isolated from pRSV-CAT and contained the CAT coding 

segment and SV40 RNA processing signals which was labelled by 

nick-translation. A faint hybridising component can be detected in 

tracks corresponding to total RNA from transfected myoblasts which is 

absent both from transfected myoblast RNA samples which have been treated 

with RNase and from mock-transfected total RNA samples (Fig 5.3). It is 

difficult to see the band because of a high background of hybridisation 

to contaminating plasmid DNA but it appears to be migrating at about 

1900nt. The transcript size is in agreement with a predicted CAT mRNA 

size of 1620 nt (not including the polyA tail). Poly(A)+ RNA's from 

pRSV-CAT and mock-transfected myoblasts analysed on a second Northern 

blot contain a hybridising signal only in RNA from pRSV-CAT transfected 

myoblasts. The transcript is quite degraded but appears to be migrating 

around 1300 nt. The hybridising signal in the pRSV-CAT transfected 

poly(A)+ RNA sample is again sensitive to RNase indicating that it is 

likely to be due to a specific RNA transcript in pRSV-CAT transfected 

myoblasts rather than contamination of the RNA samples with plasmid DNA.

Further transfections of mouse myoblasts were carried out with 

pRSV-CAT to determine whether CAT gene mRNA is translated. CAT activity 

was monitored by assaying cell extracts made from transfected myoblasts 

for enzyme activity. The CAT assay is a simple radioactive assay in 

which CAT activity is detected by the conversion of radioactive 

chloramphenicol to two mono-acetylated products which can be separated 

from chloramphenicol by thin layer chromatography and visualised by 

autoradiography of the silica gel plate. Assays of CAT enzyme activity 

in cell extracts are a more sensitive method to monitor expression from 

CAT gene fusions (Gorman _et al., 1984) and provide a rapid method of 

monitoring promoter activity compared to the tedious process of RNA
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Figure 5.3

Expression of pRSV-CAT DNA in mouse myoblasts

A Cytoplasmic RNA samples were electrophoresed and transferred to 
nitrocellulose by Northern blotting (Section 2.6). The filter was 
hybridised to the 1.6 kb BamHI/Hindlll CAT coding fragment from pRSV-CAT, 
The first lane of each pair contains 20pg and the second lane, 40pg of 
RNA from:

Lanes 1 and 2; Mock-transfected myoblasts. Treated with RNase.
Lanes 3 and 4: pRSV-CAT transfected myoblasts. Treated with RNase.
Lanes 5 and 6: Mock-transfected myoblasts
Lanes 7 and 8: pRSV-CAT transfected myoblasts
Lane 11 contains molecular weight markers X x Hindlll and lanes 9 

and 10 contain 10 pg and 100 pg of pRSV-CAT digested with Hindlll
The hybridising component observed at around 1900 nt is shown by 

an open triangle. Exposure was for 2 days.

B Poly(A)+ RNA prepared from the cytoplasmic RNA samples in A, were 
treated and analysed as in A. Lanes contain -3ug of poly(A)+ RNA from: 

Lane 2: pRSV-CAT transfected myoblasts treated with RNase 
Lane 3: pRSV-CAT transfected myoblasts 
Lane 4; Mock-transfected myoblasts treated with RNase 
Lane 5: Mock-transfected myoblasts 

Molecular weight markers X x Hindlll and pBR322 x Sau3A are in Lanes 1 
and 9 and Lanes 6, 7 and 8 contain 1, 10 and 100 pg pRSV-CAT DNA x 
Hindlll
Exposure was for 3 days with an intensifier screen.
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isolation and analysis.

For each transient expression experiment (two transfections were 

carried out on separate days), two 10 cm dishes were transfected with 

lOiig of pRSV-CAT. Cell extracts were prepared from transfected myoblasts 

after an expression period of about 48 hours and assayed as described in 

Section 2.15.

A second CAT based vector, pSVO-CAT (Gorman et ^ . , 1982), was 

also used to transfect myoblasts. This vector acts as a control for CAT 

expression in CAT based expression vectors since it does not contain a 

eukaryotic gene promoter, the SV40 early region promoter having been 

deleted from this vector.

Fig. 5.4 shows the results of the CAT assays. CAT activity can be 

detected at high levels in myoblasts transfected with pRSV-CAT as seen by 

the conversion of chloramphenicol to the two mono-acetylated forms. The 

radioctive spots containing unmodified chloramphenicol and 

chloramphenicol 1- and 3-acetate were cut out of the TLC plate and 

counted in a scintillation counter. The percentage of conversion of 

chloramphenicol to its acetylated products in the two transfections are 

79/6 and 72% using 25pl of cell extract. There is no detectable CAT 

activity in mock-transfected myoblast cell extracts and only backround 

levels (^1% conversion of chloramphenicol) in pSVO-CAT transfected 

myoblast cell extracts.

The conditions of the transfection assay were varied in order to 

optimize transfection efficiency and to determine whether the various 

procedures of the transfection experiment affected the subsequent 

differentiation of mouse myoblasts. Several chemical facilitators have 

been described which increase the expression of transferred donor DNA in 

recipient cells (Wilkie and Spandidos, 1983). Two such facilitators, 18% 

DMSO and 20% glycerol, were tested for toxicity to G8 myoblasts when
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Figure 5.4

Expression of pRSV-CAT DNA in mouse myoblasts
CAT assays were carried out on two sets of transfected myoblast 

cell extracts as described in Section 2.15. All assays used 25yl of cell 
extract containing the same amount of protein (around 250yg) as 
determined in Section 2.15 and 0.5 yCi of  ̂**0-chloramphenicol. Extracts 
were assayed for four hours.

A CAT assays from myoblasts transfected with pRSV-CAT and pSVO-CAT. 
Myoblasts were exposed to the calcium phosphate-DNA precipitate 
overnight.

B CAT assays from myoblasts transfected with pRSV-CAT and pSVO-CAT. 
Myoblasts were exposed to the calcium phosphate-DNA precipitate 
overnight.

C Assays from myoblasts transfected with pRSV-CAT and pSVO-CAT.
Calcium phosphate-DNA precipitates were left on myoblasts for 6 hours 
after which time myoblasts were subjected to a 20% glycerol shock for 2.5 
minutes.

D Assays from myoblasts transfected with pRSV-CAT. DNA precipitates 
were left on myoblasts for 6 hours.

CM shows the position of the unmodified chloramphenicol and lAcCM 
and 3AcCM the two mono-acetylated products, depicted by arrows in panels 
B-D. M.T. shows CAT assays carried out on mock-transfected myoblasts. 
Autoradiography was overnight.
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added for varying lengths of time. Exposure for short periods to DMSO 

(-1-1.5 minutes) appeared quite damaging to the myoblasts, clone 1 

especially, whereas even quite long exposures of myoblasts to 20% 

glycerol (-2-5 minutes) had no effect (not shown). A 20% glycerol shock 

of 2.5 mins after exposure of the myoblasts to DNA for six hours was 

chosen since this was reported to increase expression of transferred DNA 

in L6 and L8 rat myoblasts (Rebecca Aft and David Yaffe, personal 

communication, Melloul et , 1984). Two transfection procedures were 

investigated; Myoblasts were exposed to DNA (pRSV-CAT) precipitates for 6 

hours only. The DNA precipitate was then removed and myoblasts were 

refed with fresh growth medium. Alternatively, after the 6 hour exposure 

of the myoblasts to the DNA precipitate, the cells were subjected to the 

glycerol shock described and then refed with fresh medium. These 

conditions were compared to the overnight incubation of myoblasts with 

the DNA precipitate. Transfected myoblast cell extracts (from two 

separate transfections) were assayed for CAT activity (Fig. 5.4). The 

levels of CAT activity appear to be essentially the same in extracts from 

myoblasts which had been exposed to the DNA precipitate overnight (64% 

and 36% of chloramphenicol converted) and in extracts from myoblasts 

which had been exposed to the DNA precipitate for 6 hours followed by a 

glycerol shock (76% and 45% of chloramphenicol converted). This was true 

for other batches of plasmid DNAs. However, in cell extracts from 

myoblasts that had been exposed to DNA precipitates for 6 hours without a 

glycerol shock, lower levels of CAT activity were observed (about 10% and 

15% of conversion of chloramphenicol).

Parallel transient mock-transfection experiments were carried out 

to assess the effect of the calcium phosphate-DNA precipitate and 

glycerol shock on subsequent myoblast differentiation. It appeared that 

myoblasts exposed to calcium phosphate-salmon sperm DNA precipitates
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overnight were much less effective at differentiating to form myotubes 

than myoblasts that were exposed to the precipitates for shorter periods 

of time even when these myoblasts were subjected to the glycerol shock 

step (not shown). Even the shorter exposure time delayed myoblast 

differentiation for about 24 hours. This was true for both parental 

G8-1 and derived clone 1 myoblasts. Another line of myoblasts, rat L8 

myoblasts are sensitive to the calcium phosphate-DNA precipitate which 

cannot be left on the myoblasts for longer than a six hour period. 

Differentiation of transfected L8 myoblasts is also delayed for about 24 

hours (R. Aft-Konisberg and D. Yaffe personal communication).

5.5 Transfection of mouse myoblasts with a second CAT vector, pSV2-CAT 

In order to determine whether the CAT gene may be expressed from 

promoters other than the RSV LTR promoter, a second similar CAT 

expression vector, pSV2-CAT, was used to transfect myoblasts. In 

pSV2-CAT, CAT expression is driven by the SV40 early region promoter and 

the rest of the vector is essentially the same as pRSV-CAT (Gorman, 

Moffat and Howard, 1982). The levels of CAT activity in myoblast cell 

extracts transfected with this CAT vector are shown in Fig 5.5. As 

previously, no detectable CAT activity is observed in mock-transfected 

myoblasts and only a small amount of background activity is observed in 

cell extracts from pSVO-CAT transfected myoblasts. pSV2-CAT transfected 

myoblast cell extracts have high levels of CAT activity (in duplicate 

experiments, (39% and 75% conversion of chloramphenicol per 35yl of cell 

extract). In transfected myoblasts, the RSV LTR promoter appears to 

drive approximately two times more CAT expression than the SV40 early 

region promoter, compared to the situation with transfected CEF cells 

(Gorman £t , 1982), where the LTR promoter drives at least 5 times 

more CAT expression than the SV40 early region promoter. Level of CAT
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Figure 5.5

Analysis of CAT enzymatic activity in myoblasts transfected with pSV2-CAT 
Myoblasts were transfected with pSV2-CAT as described in Section 

2.14 with a glycerol shock step. CAT assays were carried out for 4 hours 
on 35yl of transfected cell extracts, containing about 350-400yg of 
protein and 0.5 yCi of chloramphenicol. Autoradiography was overnight.

The position of chloramphenicol (CM) and the two monoacetylated 
derivatives (lAcCM, 3AcCM) are shown. Assay of CAT activity in 
mock-transfected myoblast(M.T.) and pSVO-CAT transfected myoblast cell 
extracts are shown as controls.
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expression from both promoters varies from transfection to transfection 

but as determined by Gorman £t (1984), variable levels can be 

minimised by subjecting plasmid DNAs to be transfected to two cycles of 

caesium chloride density centrifugation.

The transfections and CAT assays illustrated in this Chapter were 

carried out using clone 1 myoblasts as these are the cells of choice for 

later transfections in which cloned myoglobin genes will be introduced 

into myoblasts since clone 1 myoblasts differentiate rapidly.

Transfection of myoblasts was not always successful as 

demonstrated by very low levels of CAT activity in some transfected cell 

extracts. Similar transient expression experiments with the original 

G8-1 myoblasts revealed lower and even less consistent levels of CAT 

activity compared with clone 1 myoblasts (not shown).

5.6 Summary

G8 mouse myoblasts are able to take up exogenously added DNA.

This has been demonstrated successfully with several eukaryotic 

expression vectors. Furthermore, G8 mouse myoblasts can express the 

exogenous DNA. Gene expression from these vectors was demonstrated by 

detection of both specific RNA transcripts from the gene(s) on Northern 

blots and activity of a specific gene product in transfected cell 

extracts.

The transfection results presented in this Chapter are essentially 

qualitative and give no information on transfection efficiencies although 

it has been established that the optimum transfection procedure that will 

allow subsequent differentiation is a short calcium phosphate-DNA 

precipitate exposure time including a glycerol shock. Since mouse 

myoblasts can be transfected, it is now possible to carry out similar 

transient transfection experiments where cloned myoglobin genes are
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introduced into mouse myoblast cells in culture in an attempt to begin to 

study the DNA sequences that regulate myoglobin gene activation during 

myoblast differentiation.
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CHAPTER 6

CONSTRUCTION OF RECOMBINANTS CONTAINING 5*-UPSTREAM FRAGMENTS OF THE 

MYOGLOBIN GENE LINKED TO THE CAT CODING SEQUENCE

6.1 Introduction

It is preferable to study the regulated expression of a gene by 

réintroduction into its homologous cell type since it is more likely to 

respond to its correct regulatory signals (see introduction to Chapter 

3). However, in this case the exogenous gene must be modified in some 

way to distinguish it from the endogenous gene. A way to do this, and a 

method which has been sucessful to study gene regulation in prokaryotic 

systems, is to link the promoter region containing the putative control 

signals to a second gene segment that codes for a reporter function for 

example, a readily assayable enzyme normally absent from the cells in 

which expression analysis is to be carried out. Expression of the fused 

gene may then be subject to the control signals present on the regulatory 

region of the gene of interest and in this way, expression from the 

exogenous gene is clearly distinguished.

A particularly useful reporter function is the bacterial gene CAT 

described in Chapter 3. It was previously demonstated that CAT 

expression driven by virus promoters could be assayed after introduction 

of CAT vectors into G8 mouse myoblasts. The CAT system has been used to 

define the regulatory borders of a large number of eukaryotic genes (see 

Walker et , 1983, Ott et , 1984, Gorman et , 1984, Grichnk et 

al., 1986) but this particular strategy to study the molecular basis for 

gene regulation does have some limitations. The use of the CAT system as 

with any other gene fusion system allows only transcriptional promoting 

activity in the 5 ’-flanking region of the gene to be investigated.
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Sequences in other regions of the gene which might modulate 

transcriptional activity or be involved in post-transcriptional 

regulation would not be identified by this method. Another limitation 

with this system is that CAT activities may vary between transfection 

experiments, although the relative levels remain constant.

CAT activity has been shown to be proportional to the 

transcriptional strength of the promoter in appropriately constructed 

gene fusions (Gorman et ^ . , 1982). Such gene fusions require that the 

mRNA leader sequence of the gene in question remains intact; the 

importance of all the necessary signals in the leader sequence for 

production of a stable mRNA molecule was demonstrated by Mulligan £t al. 

(1979). Moreover, no other AUG sequences should be included in the 

leader sequence before the CAT start codon (Gorman et ^ . , 1984) since it 

has been shown in a number of cases that inclusion of an extra AUG leads 

to a decrease in CAT synthesis from the gene fusion, presumably due to 

use of abnormal translational starts. With these points in mind, and 

since the regulated expression of an exogenous myoglobin gene was to be 

analysed after introduction into myoblasts, myoglobin-CAT fusions were 

constructed without the inclusion of virus enhancer sequences.

6.2 Insertion of the CAT coding sequence and a poly-linker sequence into 

PAT153

A two stage strategy was employed to generate a versatile cloning 

vector for the insertion of myoglobin promoter fragments upstream of CAT. 

In the first stage, the CAT gene was inserted into pAT153. The purpose 

of moving the CAT fragment into pAT153 was to avoid the complicated 

removal of the LTR promoter region from pRSV-CAT (at this time pSVO-CAT 

was not available). Also, pAT153 does not contain the poison sequence, 

present in pBR322, which inhibits gene expression in eukaryotic cells

-134-



(Lusky and Botchan, 1981).

A 1.6 kb Hindlll-BamHI DNA fragment containing the CAT gene was 

excised from pRSV-CAT (Gorman et , 1982). This fragment contains the 

entire CAT coding sequence and downstream of this the SV40 small t 

antigen intron and splice signals and the SV40 polyadenylation signal 

(Fig. 6.1). The fragment was recovered from an agarose gel using DE81 

paper as described in Section 2.5. The recovered CAT fragment was 

introduced into the corresponding Hindlll/BamHI sites of digested pAT153 

by ligation. Ampicillin resistant recombinants were recovered after 

transformation of E .coli JM83 and plasmid DNA isolated from these 

resistant colonies was checked for the insertion of the CAT fragment by 

restriction enzyme analysis. The resulting vector was termed pAT-CAT and 

is depicted in Fig. 6.1.

The second stage involved the insertion of a poly-linker sequence, 

containing a variety of useful restriction endonuclease sites, upstream 

of the Hindlll site in pAT-CAT. This procedure is shown diagramatically 

in Fig. 6.2. The particular poly-linker chosen was from pUCI3 since this 

poly-linker contains a Smal site which would provide a cloning site for 

blunt-ended DNA fragments. The poly-linker sequence would also provide 

several extra restriction endonuclease sites 3 ’ and 5* of an inserted 

myoglobin fragment which would be useful later for creating promoter 

deletions at either side of the fragment. Furthermore, unlike many 

poly-linker sequences, the pUCI3 sequence does not contain an ATG 

sequence.

To isolate the poly-linker, pUC13 was first restricted with EcoRI 

to release the 5 ’ end of the poly-linker and the 5 ’-protruding termini 

produced by cleavage filled in with dNTPs using reverse transcriptase 

(Section 2.5). The blunt-ended linear plasmid DNA was next restricted 

with Hindlll at the 3 ’ end of the poly-linker to release the 45 bp
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Figure 6.1

Construction of vector pAT-CAT
The 1.6 kb BamHI/Hindlll CAT-SV40 DNA fragment from pRSV-CAT 

containing the CAT coding sequence (filled box) and SV40 poly adénylation 
signals (pA) and splice sites (both shaded box) was isolated as described 
in Section 2.5 and inserted into the corresponding sites of pAT153«
Rase refers to the treatment of linear vector DNA with alkaline 
phosphatase to dephosphorylate DNA ends.

On the various plasmids, gene coding for ampicillin resistance 
(Ap) is depicted by an arrow showing the direction of transcription and 
the origin of bacterial replication (Ori) is shown. On pRSV-CAT, the RSV 
long terminal repeat promoter is shown with its direction of 
transcription leading into the CAT gene.

Diagrams of the plasmids in this Figure and Figures following 
(Figs. 6.2-6.5) are not to scale.
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poly-linker fragment. This small DNA fragment was separated from the 

bulk of the plasmid DNA on an 8% acrylamide gel and isolated from the gel 

slice as described in Section 2.5. To insert the poly-linker fragment 

upstream of the Hindlll site in pAT-CAT, pAT-CAT DNA was restricted first 

with Clal and again the 5 ’-protruding termini filled in with dNTPs by 

using reverse transcriptase. Plasmid DNA was recovered by ethanol 

precipitation and then subjected to a second cleavage by restriction at 

the Hindlll site. The resulting digestion products were treated with 

alkaline phosphatase to prevent religation of cohesive vector DNA ends in 

the next step. The isolated and blunt-end/Hindlll poly-linker fragment 

was ligated to the compatible blunt-end/Hindlll sites of the vector. 

Recombinants were recovered as ampicillin resistant colonies after 

transformation of E .coli JM83. Insertion of the poly-linker fragment 

into pAT-CAT was tested for by restriction of recombinant plasmids using 

restriction endonucleases for which sites were only present in 

poly-linker DNA sequence. The resulting vector was termed pAT-CATp.l. 

(Fig. 6.2).

6.3 Construction of a mouse myoglobin-CAT gene fusion

The outline of the construction of the mouse myoglobin-CAT gene 

fusion is illustrated diagramatically in Fig. 6.3. Restriction 

endonuclease sites were chosen to excise 5 '-myoglobin DNA fragments of -1 

kb in size, the assumption being made that all the signals necessary for 

myoglobin gene expression would lie within this 1 kb region. In the 

three myoglobin-CAT gene fusions to be constructed, an Ncol restriction 

endonuclease site present within the initiation codon sequence of all 

three myoglobin genes could be utilized as the 3'-restriction 

endonuclease site. Therefore all three constructions would contain a 

complete 5 '-mRNA leader sequence.
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Figure 6.2

Insertion of the pUC13 poly-linker into pAT-CAT
The plasmid, pUC13 was cleaved with EcoRI, treated with reverse

transcriptase to create blunt DNA ends and then cleaved with Hindlll to
release the 45 bp poly-linker (p.l.). The poly-linker fragment was
purified as described in Section 2.5. The plasmid pAT-CAT was cleaved
with Clal, treated with reverse transcriptase to create blunt DNA ends 
and then cut with Hindlll. The resulting vector DNA ends were 
dephosphorylated (Pase) and the 45 bp poly-linker was then ligated into 
the prepared pAT-CAT vector to produce pAT-CATp.l.

The CAT-SV40 fragment is represented as in Fig. 6.1, as are the 
various markers on the plasmid.

The lacZ and l a d  genes of pUC13 are shown by open boxes and a 
small open triangle indicates the direction of transcription of the lacZ 
gene. Restriction endonuclease sites shown in brackets demonstrate sites 
which have been destroyed due to the creation of blunt DNA ends.
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The mouse myoglobin 5 ’-flanking region fragment was obtained by 

digestion of the EcoRI insert fragment of pX3G8E4 (Fig. 3.1)» which 

contains mouse myoglobin exon 1 and associated flanking sequences, with 

restriction endonucleases TaqI and Ncol. The mouse fragment, 1064 bp in 

size, contains the conserved region and the (CTOgs sequence found in the 

mouse myoglobin promoter region and the intact mRNA leader sequence up to 

the iniation codon. The TaqI restriction enzyme site is located 1068 bp 

before the CAP site and therefore includes 122 bp of the 3 ’ end of the B1 

element but does not include the B1 element promoter (see Fig. 3.2). The 

DNA fragment was blunt-ended by brief digestion with SI nuclease (Section 

2.5). SI nuclease was employed to create blunt DNA ends for all three 

myoglobin fragments due to the necessity to remove the myoglobin 

initiation codon sequence contained within the Ncol restriction 

endonuclease sequence.

The resulting blunt-ended mouse DNA fragment was ligated into the 

Smal site of digested pAT-CATp.l. Ligated recombinants were used to 

transform E .coli JM83. Ampicillin-resistant colonies of E.coli JM83 were 

purified and recombinant plasmids were checked for the insertion of the 

mouse 5 ’-flanking fragment by colony hybridisation using [^^-P]labelled 

Taql/Ncol fragment DNA as a hybridisation probe. Plasmid DNA was 

isolated from colonies whose DNA hybridised to the probe. To establish 

the correct orientation of the insert fragment (the direction of 

transcription from the mouse promoter leading into the CAT coding 

sequence), plasmid DNAs were digested with various restriction 

endonucleases which would give informative digestion patterns. 

Recombinants containing the 5 ’-flanking region in the correct orientation 

were also restricted with Ncol to ensure that the initiation codon of the 

myoglobin gene had been destroyed and with various other restriction 

enzymes to determine the size of the insert and to discern whether
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Figure 6.3

Construction of the mouse myoglobin-CAT gene fusion
The EcoRI insert fragment of p X3G8e4 containing myoglobin gene 

exon 1 and associated flanking DNA was purified and subsequently digested 
with TaqI and Ncol to release the promoter region up to the initiation 
codon and around 800 bp of 5 ’-flanking DNA. The Taql/Ncol DNA fragment 
was treated with SI nuclease to create blunt-ends and the resulting 
fragment ligated into the Smal site of restricted pAT-CATp.l.
Recombinants were transformed into E.coli JM83 and and colonies 
containing cloned myoglobin gene insert were identified by colony 
hybridisation and are shown numbered. These recombinants were digested 
with Hindlll which cleaves the insert fragment assymetrically relative to 
the Hindlll site of the CAT coding fragment in order to establish the 
orientation of the insert. Recombinants containing the myoglobin gene 
insert in the correct orientation are shown by hashes (#).

The conserved region (CR) is shown and the open triangle in 
pMMb-CAT depicts the direction of transcription of the gene fusion.
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restriction enzyme sites around the fusion points were still intact (not 

shown). Recombinants fulfilling these criteria are depicted by hashes 

( #  in Fig. 6.3.

6.4 Construction of a human myoglobin-CAT gene fusion

The human myoglobin gene 5 ’-flanking DNA fragment was isolated 

from pHM.27.B2.9 (Weller et , 1984) which contains human myoglobin 

exon 1 and associated flanking DNA as an Sstl/Ncol fragment, 1026 bp in 

size. The fragment carries the conserved region and the GAGA box region 

(see Section 1.2) and intact mRNA leader sequence to the initiation codon 

at the Ncol site. This fragment was introduced into pAT-CATp.l using 

similar procedures to those described above (see Fig. 6.4). An SstI site 

present in the poly-linker sequence could be utilised in this 

construction. The isolated Sstl/Ncol DNA fragment was ligated at its 

cohesive end into the SstI site of pAT-CATp.l which had been previously 

digested with SstI and Smal and treated with alkaline phosphatase. The 

resulting linear ligation product was then treated briefly with SI 

nuclease to generate blunt-ends at the Ncol digested DNA ends. The 

plasmid DNA was recircularised by ligation of the blunt DNA ends. 

Recombinants obtained from this procedure were identified and isolated as 

described in Section 6.3. The human myoglobin-CAT gene fusion should 

have been the most straightforward construction to carry out since both 

fragment and plasmid vector contained an SstI site by which to orientate 

the insertion of the fragment into the vector. However, many of the 

positively hybridising colonies gave unexpected DNA fragment sizes when 

digested with a various of restriction endonucleases. Only five out of 

the twenty positively hybridising colonies which were checked appeared to 

contain the insert in the correct orientation (Fig. 6.4, labelled by 

hashes) and further restriction endonuclease digestions revealed that
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Figure 6.4

Construction of the human myoglobin-CAT gene fusion
The plasmid pHM27B2.9 containing the human myoglobin gene exon 1 

and associated flanking DNA was digested with Ncol and SstI to release an 
NcoI/SstI fragment which was purified. The SstI end of the DNA fragment 
was ligated to the SstI end of pAT-CATp.l., previously cut with SstI and 
Smal and treated with alkaline phosphatase. The resulting linear plasmid 
was treated with SI nuclease to create blunt DNA ends at the Ncol 
cleavage site to allow ligation to the Smal DNA end of the vector. 
Recombinant plasmids were transformed into E.coli JM83 and colonies 
containing cloned human myoglobin gene insert were identified by colony 
hybridisation and are shown numbered. These recombinants were digested 
with SstI and BamHI to determine the size of the insert and since most 
recombinants had lost the BamHI site in the poly-linker, the orientation 
of the insert could be determined. Recombinants containing the correct 
size insert in the correct orientation are shown by hashes (Ak).

The conserved region (CR) is shown and the open triangle in 
pHMb-CAT depicts the direction of transcription of the gene fusion.
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although the insert was about the right size in these recombinants many 

of the sites in the poly-linker were lost leading to some unexpected 

restriction digest patterns. The myoglobin gene Ncol site had been 

destroyed in all of the recombinants labelled with hashes.

6.5 Construction of a seal myoglobin-CAT gene fusion

The seal myoglobin 5 ’ flanking region was isolated as an Ncol/Ncol 

fragment from pSM 19.5 (Blanchetot et , 1983) which contains exon 1 

and exon 2 of the seal myoglobin gene and associated flanking sequences. 

The fragment, 962 bp in size, contains the conserved region, GAGA box and 

intact mRNA leader sequence. The isolated seal myoglobin DNA fragment 

was treated briefly.with SI nuclease to create blunt DNA ends at the Ncol 

sites of the fragment and was then inserted into the Smal site of 

digested pAT-CATp.l DNA by ligation. Recombinants generated by ligation 

were identified and isolated as in Section 6.3 and recombinant plasmid 

DNAs were analysed by appropriate restriction endonuclease digestions. 

Recombinants containing inserts in the correct orientation are shown in 

Fig. 6.5. As with the mouse and human recombinants, the seal 

recombinants were restricted with various restriction enzymes to 

establish that the size of the insert was correct, that restriction sites 

around the fusion points remained intact and that the seal myoglobin gene 

Ncol site at the initiation codon had been destroyed.

6.6 Definition of the gene fusions in mouse, human and seal myoglobin-CAT 

recombinants by DNA sequencing

It is possible that during the various sub-cloning procedures 

small deletions or minor rearrangements which might have disrupted 

important control signals had occurred or that an ATG sequence had been 

inadvertently created. Such sequence changes would probably not be
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Figure 6.5

Construction of the seal myoglobin-CAT gene fusion
The plasmid pSM19.5 (Blanchetot et , 1983), containing seal 

exon 1 and 2 and associated flanking DNA was digested with Ncol to 
release an Ncol/Ncol fragment which was purified and treated with SI 
nuclease to create blunt DNA ends. The prepared fragment was ligated to 
the vector pAT-CATp.l. previously cut with Smal and treated with alkaline 
phosphatase. Recombinant plasmids were transformed into E.coli JM83 and 
colonies containing the cloned seal myoglobin gene insert were identified 
by colony hybridisation and are shown numbered. These recombinants were 
digested with Hindlll and Pstl. Hindlll cleaves the fragment 
assymetrically relative to the Pstl sites of the vector. Recombinants 
containing the myoglobin gene insert in the correct orientation are 
depicted by hashes (#).

The conserved region (CR) is shown and the open triangle in 
pSMb-CAT depicts the direction of transcription of the gene fusion.
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detected by the restriction enzyme analysis and therefore to determine 

precisely the sequence around the gene fusion point, a few myoglobin-CAT 

gene fusions were sequenced over the region where the myoglobin 

5’-flanking region was joined to the CAT coding region fragment.

In Fig. 6.6 the relevant region of DNA sequenced in each 

recombinant is illustrated. For the human and mouse myoglobin-CAT 

recombinants, a PvuII fragment beginning at the myoglobin CAP site and 

extending about half-way into the CAT coding region was sequenced. For 

the seal recombinants, an Rsal fragment from 693 bp before the myoglobin 

CAP site to a third of the way into the CAT coding region was sequenced. 

Fragments to be sequenced were isolated from digests of plasmid DNA and 

inserted into the Smal site of M13mp19. Resulting Ml 3 recombinants were 

sequenced using the dideoxy chain termination method of Sanger (1980)

(Fig. 6.5). Due to the random insertion of blunt-ended DNA fragments, 

most of the recombinants were sequenced on both strands. In all cases, 

the sequence at the fusion joint could be determined and the integrity of 

the TATA, CAP, 5’-untranslated region of the myoglobin gene and 

initiation codon sequence of the CAT gene could be deduced. Sequencing 

revealed that the insertion of human, mouse and seal 5 '-flanking DNA 

fragments into the poly-linker sequence upstream of the CAT coding 

sequence in pAT-CATp.l. had occurred as predicted and in all cases 

without any changes or with changes in the DNA sequences being joined 

which did not interrupt known control sequences.

6.7 Summary

Expression vectors have been constructed in which the reporter 

gene, bacterial CAT, has been placed under the transcriptional control of 

the myoglobin promoter region of seal, human or mouse myoglobin genes.

The hybrid CAT constructs were first examined by restriction endonuclease
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Figure 6.6

DNA sequence over the fusion Joints of pMMb-CAT, pSMb-CAT and pHMb-CAT 
recombinants

pMMb-CAT
The expected nucleotide sequence (E) over the fusion joint is shown 

in uppercase letters. The observed sequences of two pMMb-CAT 
recombinants (10 and 39) are shown in lower case letters.

pSMb-CAT
The expected sequence (E, uppercase letters) and the observed 

sequence of a pSMb-CAT recombinant (5) are shown. The fragment sequenced 
in this case extended about 500 bp into the seal 5 ’-flanking DNA and all 
upstream sequences were demonstrated to be intact (not shown).

pHMb-CAT
The expected sequence (E, uppercase letters) and the observed 

sequence of a pHMb-CAT recombinant (9) are shown.

Sequences of recombinants are shown for the antisense DNA strand. 
All sequences were determined on both strands (except 39) and were 
sequenced at least twice. Gaps in the recombinant sequences indicate 
deleted nucleotides. On the expected sequences the CAT fragment is 
underlined, with the initiation codon (ini) and the first three amino 
acids shown and the poly-linker (p.l.) sequence is bordered by two small 
arrows. The broken horizontal arrow indicates sequences in the 
5'-nontranslated region of the myoglobin genes and the vertical arrow 
indicates fusion at the Ncol and Smal sites.
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mapping and then by nucleic acid sequencing to define the gene fusion 

junctions. The construction strategy was successful in that no major 

rearrangements, disturbing control sequences, had occurred during the 

procedure.

The myoglobin-CAT gene fusions could now be tested to determine 

whether the CAT gene is expressed after introduction of the gene fusion 

into C8 mouse myoblasts, as the next step towards the identification of 

control sequences in the 5 ’-flanking region of myoglobin genes.
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CHAPTER 7

THE EXPRESSION OF MYOGLOBIN-CAT GENE FUSIONS IN DIFFERENTIATING MYOBLASTS 

IN VITRO

7.1 Introduction

Having established that mouse myoblasts can take up and express 

exogenous DNA in transient expression experiments (Chapter 5), the 

myoglobin promoter-CAT gene fusions described in Chapter 6 were tested in 

similar transient expression experiments. There were three major 

questions to address in these experiments to discern whether the 

myoglobin gene expression could be induced under the special conditions 

of a transient expression assay; i) does the myoglobin promoter drive 

transcription when introduced into myoblasts? ii)is the transcription of 

the CAT gene fusion enhanced during myoblast differentiation? and iii)is 

the expression of the gene fusion cell-specific?

When the work on transfections of myoglobin-CAT gene fusions into 

myoblasts started, there was only one report of successful introduction 

of a muscle specific gene into myoblasts in culture and in this 

particular case expression from the exogenous gene was monitored in 

stable transformants which had integrated the muscle gene fusion into 

genomic DNA (Melloul et ^ . , 1984). The results of this work concluded 

that the information contained within the promoter region of the 

muscle-specific gene was sufficient to confer tissue and stage-specific 

expression to the gene.

I preferred to carry out a similar study on the vitro 

expression of mammalian myoglobin genes using transient transfection 

experiments since these transfections may be carried out more rapidly 

when several promoters are to be tested at once. Another advantage is
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that in transient transfections introduced DNA remains extra-chromosomal 

in which case the only cis-acting effects monitored are those of the 

construct and are not due to the site of integration of the DNA into the 

host chromosome. If expression does occur from any gene fusion copies 

which might have become integrated, since a heterogenous pool of cells 

are analysed in transient expression experiments, position effects would 

be averaged out.

Since the reported work of Melloul et (1984), a number of 

other laboratories have introduced various muscle specific genes into 

myoblasts in culture (Nudel et ^ . , 1985, Konieczny and Emerson, 1985, 

Grichnk et ^ . , 1986, Minty and Kedes, 1986, Jaynes et , 1986, Bergsma 

e_t ^ . , 1986) and most have adopted the transient transfection procedure 

with some success. The majority of transfections have been carried out 

with contractile protein genes. This chapter describes transfection of 

mouse myoblasts with a non-contractile muscle-specific gene fusion in an 

attempt to mimic the induction of expression of the endogenous gene in 

mouse myoblasts during myogenesis vitro.

7.2 Can myoblast differentiation be induced over a transient expression 

period?

It became apparent in the early transfection experiments that the 

addition of the calcium phosphate-DNA precipitate to myoblasts resulted 

in a delay of differentiation to form myotubes of at least 24 hours

(Chapter 5). A similar delay in differentiation of -24 hours has also

been noted after transfection of another myogenic cell line, L8 (Rebecca

Aft and David Yaffe, personal communication), but this is not true of all

myogenic cell lines (see Grichnk £t al., 1986 for example).

This delay in differentiation posed the immediate problem of 

whether the myoglobin-CAT gene fusion could be expressed within a
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transient expression period since the level of gene expression reaches a 

maximum at around 24 to 48 hours in a transient expression period and 

then falls off sharply (see Shen et , 1982). The delay in 

differentiation should not prevent the expression of the myoglobin gene 

within a transient expression period with clone 1 myoblasts since 

myoglobin transcripts should still appear at around - 40-50 hours in 

fusion medium. However, it might be difficult to maintain parallel 

cultures of pre-fusion myoblasts for this period of time in order to 

analyse gene expression in pure populations of myoblasts and myotubes.

Transfections were carried out using the conditions determined in 

Chapter 6; myoblasts were exposed to calcium phosphate-DNA precipitates 

for 6 hours after which time they were subjected to a glycerol shock. 

After the glycerol shock, myoblasts were re-fed with proliferative medium 

and left overnight after which time they were re-fed with low serum 

fusion promoting medium and left for a further 40-50 hours.

The following experiments describe various transfections into 

mouse myoblasts in an attempt to acheive reproducible expression from 

transferred myoglobin-CAT gene fusions during differentiation within a 

transient expression period.

7.3 Introduction of myoglobin-CAT constructs into mouse myoblasts and 

assay for CAT activity during differentiation over a transient 

expression period

Transfection was carried out in the first instance with the mouse 

myoglobin-CAT gene fusion since it was expected that a transferred mouse 

myoglobin promoter would be more likely to function normally in its 

homologous cell-type.

Each dish of 1x10® cells were transfected with lOag of the mouse 

myoglobin-CAT fusion plasmid, pMMb-CAT. Control transfections were

-144-



carried out alongside with pSVO-CAT and carrier DNA only. After the 

glycerol shock, myoblasts were maintained in DMEM + 10/S FCS overnight (17 

hours) before one of the two dishes of myoblasts transfected with 

pMMb-CAT were refed with low serum, fusion-stimulating medium. The 

cultures were left in fusion medium for approximately 30 hours. During 

this time, the proliferative growth medium was changed on the remaining 

myoblasts once. After the 30 hour fusion period, the total period of 

time the cells had been expressing the exogenously added DNA was -48 

hours and myoblasts were very confluent -therefore cells were assayed at 

this time. Cells were harvested and freeze-thaw extracts made from cell 

pellets. Extracts were assayed for CAT activity and results of these 

assays are shown in Fig.7.1. There is a very low level of CAT activity

in extracts from myoblasts transfected with pMMb-CAT, slightly above the

background observed in mock-transfected cell extracts. This is true for 

both pre-fusion and fusing cultures and levels are approximately the same 

in both extracts. Myotubes were not apparent in the fusing cultures in 

this transfection experiment but myoblasts had begun to line-up.

The transfection experiment was repeated and the myoblasts

transfected with pMMb-CAT were allowed to differentiate in low serum

medium for a further 24 hours (total fusion time -50 hours). A small 

amount of activity was observed in fusing cell extracts (Fig. 7.1). 

Myoblasts which were not stimulated to differentiate were harvested at 

the same time point as in the previous experiment (48 hours) and 

therefore there was a 24 hour difference between assay of the samples.

The radioactive spots containing unmodified chloramphenicol and the 

acetylated derivatives were cut out from the TLC plate and counted using 

a scintillation counter, to give some indication of the relative increase 

in CAT activities. The additional fusion time resulted in a small amount 

of CAT expression in fusing cultures, 4.7 fold higher than in myoblast
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Figure 7.1

Analysis of CAT enzymatic activity in clone 1 myoblasts transfected with 
pMMb-CAT

Myoblasts (1x 10® cells), were transfected with pMMb-CAT as 
described in Section 2.14. About 15 hours after addition of the 
CaPO^-DNA precipitate, one dish of myoblasts were switched to low serum 
medium to induce myoblast fusion. Cell extracts (50^1) were assayed for 
CAT activity overnight as described in Section 2.15. and using 1 jjCi of 
 ̂‘"C-chloramphenicol.

A CAT assays from pre-fusion (?) and fusing (F) myoblasts
transfected with pMMb-CAT. Time in hours after addition of the DNA 
precipitate is shown. Assay of CAT activity in mock-transfected myoblast 
cell extracts (M.T.) is shown as a control. Autoradiography was for 3 
days.

B CAT assays from pre-fusion (?) and fusing (F) myoblasts
transfected with pMMb-CAT. CAT assays carried out on pRSV-CAT 
transfected myoblasts (25yl of cell extract) and carrier DNA (M.T.) are 
shown as controls. Time in hours after addition of the DNA precipitate 
is shown. Assay of 0.6yg of pure CAT protein (CAT) was used as a control 
for assay conditions in all CAT assays performed and is shown here as an 
example. Autoradiography was for 3 days.

Radioactive spots containing chloramphenicol derivatives were cut 
out from the TLC plate and counted using a scintillation counter. The 
increase in counts in acetylated chloramphenicol products per 50yl of 
cell extract from the 48 hour sample to the 72 hour sample is 4.7 fold.
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cultures. pMMb-CAT is therefore expressed in myotube cultures but at low 

levels compared to the expression from RSV-CAT in myoblasts.

7.4 Transfection of myoglobin-CAT constructs and assay of CAT activity 

over a time course

In order to determine whether the level of CAT expression could be 

improved, a number of changes were made in the transient expression 

experiment. Firstly, the seal myoglobin-CAT gene fusion was introduced 

into myoblasts. Seal skeletal muscle contains eight times more myoglobin 

mRNA compared to mouse (see Section 1.6) which raises the possibility 

that the seal myoglobin promoter might be more efficient than the mouse 

homologue. Secondly, myoblasts were left to differentiate over a longer 

time period. Transfected clone 1 myoblasts were assayed at a pre-fusion 

time point of 24 hours after addition of the DNA precipitate. Further 

samples were assayed at time points representing fusing (48 hours after 

addition of the DNA precipitate, 28 hours in fusion medium) and 

post-fusion (72 and 96 hours after addition of the precipitate, 52 and 76 

hours in fusion medium) cultures. Similar transfections were carried out 

with C8-1 myoblasts to determine whether clone 1 and C8-1 myoblasts 

similarly expressed myoglobin-gene fusions. C8-1 myoblasts were assayed 

over an extended fusion time period (pre-fusion, 48 hours, post-fusion, 

120, 140 hours) to be at an equivalent stage of differentiation as clone 

1 myoblasts.

Myoblasts transfected with pRSV-CAT were used as a control in the 

transfection experiments to check for artifactual increases in 

transcription due to cell proliferation or transcriptional competence of 

a non-muscle promoter during myoblast differentiation. Fig. 7.2 shows 

the result of the CAT assays carried out on the transfected G8-1 ond 

clone 1 myoblast cell extracts. In differentiating clone 1 myoblasts
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Figure 7.2

Analysis of CAT enzymatic activity in clone 1 and G8-1 myoblasts 
transfected with pSMb-CAT and pMMb-CAT over an extended time period

A Clone 1 myoblasts were transfected with pSMb-CAT. CAT assays of 
the transfected cell extracts is shown. Assays were carried out for 4 
hours using 50pl of cell extract (containing 500-550yg of protein) from 
myoblasts transfected with pSMb-CAT or mock-transfected (M.T.) and 25yl 
of extract (containing ~300yg of protein) from myoblasts transfected with 
pRSV-CAT. The time in hours after addition of the DNA precipitate is 
shown. Low serum medium was added to the 48-96 hour samples -15 hours 
after the addition of the DNA precipitate. Autoradiography was for three 
days. The graph alongside the TLC plate shows CAT activities: 
radioactive spots were cut out and counted in a scintillation counter to 
give total counts converted to acetylated products from the 48, 72 and 96 
hour samples divided by the activity expressed at 24 hours (pre-fusion 
level); this gives the fold increase in activity.

B G8-1 myoblasts were transfected with pSMb-CAT, pMMb-CAT and
pRSV-CAT and carrier DNA (M.T.) as controls. CAT assays were carried out 
using 50yl of extract (containing -400-450yg of protein) from cells 
transfected with pSMb-CAT, pMMb-CAT and mock-transfected myoblasts (M.T.) 
and 25yl (-200yg of protein) from cells transfected with pRSV-CAT. 
Autoradiography was for three days.

The graph alongside the TLC plate shows CAT activity (as in A) 
from the 120 and 140 hour samples divided by the activity expressed at 48
hours, again representing the fold increase in activity.

The migration positions of chloramphenicol (CM) and the 
monoacetylated and diacetylated derivatives (arrow heads) are shown. 
lyCi of ^’’C-chloramphenicol was used.
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transfected with pSMb-CAT, CAT activity is detectable in fusing and 

post-fusion cell extracts. Furthermore, the level of CAT activity 

increases during differentiation of clone 1 myoblasts to give a relative 

increase in CAT activity from pre-fusion to post-fusion myoblasts of 6 

fold (Fig. 7.2). Conversion of chloramphenicol to its monoacetylated 

derivatives does not appear to be very much greater in pSMb-CAT 

transfected differentiating myoblast cell extracts than the pMMb-CAT 

transfected myoblast cell extracts of the previous experiment.

In G8 mouse myoblasts transfected with pSMb-CAT, CAT activity was 

similarly detectable in cell extracts from fusing and post-fusion 

cultures but not in pre-fusion myoblast cell extracts and the relative 

increase in CAT activity from pre- to post-fusion cultures was 2.3 fold. 

G8-1 myoblasts were also transfected with the mouse construct, pMMb-CAT, 

but CAT activity is barely detectable either in pre- or post-fusion cell 

extracts of these transfected myoblasts (Fig. 7.2). In this particular 

experiment therefore, the seal myoglobin gene promoter would appear to 

drive more CAT expression than the mouse myoglobin gene promoter, 

assuming of course that the transfection efficiency of all myoblast 

samples transfected is equal.

Transfection of both clone 1 and G8-1 myoblasts with pRSV-CAT 

reveals that there is also an increase in the level of CAT activity in 

cell extracts from post-fusion cultures of myoblasts compared with 

pre-fusion cultures of myoblasts transfected with the same amount of 

pRSV-CAT plasmid DNA. The increase in CAT activity was more apparent in 

Clone 1 cell extracts where a relative increase from pre- to post-fusion 

cultures of 11 fold is observed (Fig. 7.2). The increase in CAT activity 

was surprising since it is not obvious why the RSV LTR promoter would be 

inducible during myoblast differentiation. However, an increase in CAT 

activity from pRSV-CAT transfected myoblasts during myogenesis has been
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noted by others using different myogenic cell lines (W.E. Wright, 

personal communication). Also, Melloul et al. (1984) found a much wider 

range of increase in CAT activities following myoblast differentiation in 

their pSV2-CAT containing clones than in their g-actin-CAT containing 

clones. Felsani et (1985) have demonstrated that the adenovirus El a 

enhancer is active in myotubes but not in myoblasts. Since a number of 

virus promoters are observed to become activated during differentiation 

of teratocarcinoma cells (see Gorman, Rigby and Lane, 1985 for example) 

it might also be true that at "later" stages of cell differentiation 

virus promoters are more competent to be expressed and perhaps this 

effect is being observed during myoblast differentiation.

7.5 Introduction of a myoglobin-CAT construct into mouse Ltk fibroblasts

To establish whether the CAT activity observed in differentiating 

myoblast cell extracts is specific to this cell type, pSMb-CAT was used 

to transfect Ltk mouse fibroblasts in parallel with the above transient 

expression time course carried out with myoblasts. The transfection of 

mouse fibroblasts failed to reveal any CAT activity, above background, in 

cell extracts prepared from fibroblasts which had been allowed to express 

the exogenously added DNA for 24 to 72 hours (Fig. 7.3). As expected, a 

high level of CAT activity was observed in fibroblast cell extracts from 

cells transfected with pRSV-CAT similar to the levels observed in 

myoblast cell extracts. Since no increase in CAT activity is observed 

over the transient expression time period in fibroblasts transfected with 

pRSV-CAT, this would tend to suggest that increase in CAT activity in 

differentiating pRSV-CAT transfected myoblasts is not due to cell 

proliferation since fibroblasts were also proliferating during the 

transient expression period.

It therefore appears that the CAT activity and the increase in CAT
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Figure 7.3

Analysis of CAT enzymatic activity in Ltk fibroblasts transfected with 
pSMb-CAT

A Ltk fibroblasts were transfected with pSMb-CAT in parallel with
the transfections shown in Fig. 7.2.

Fibroblasts were also transfected with pRSV-CAT and 
mock-transfected (M.T.) as controls. CAT assays were carried out for 
four hours with 15pl (containing 200-250pg protein pRSV-CAT transfected 
and M.T. myoblast cell extracts) and 50pl (containing 550-600yg of 
protein, pSMb-CAT transfected myoblast cell extracts). Time in hours 
after addition of the DNA precipitate is shown. Autoradiography was for 
3 days.

B The graph represents the percentage of acétylation of
chloramphenicol to monoacetylated derivatives for each of the pRSV-CAT 
transfected myoblast cell extracts shown in A. Radioactive spots were 
cut out from the TLC plate and counted.

Extracts from fibroblasts transfected with pSMb-CAT have 
background levels of CAT activity.
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activity over a time period observed in fusing cultures of mouse 

myoblasts which have been transfected with myoglobin-CAT constructs, 

although low, is specific to cultures of differentiating myoblasts.

7.6 Transfection of mouse myoblasts with a promoterless construct

In order to determine whether the expression from the 

myoglobin-CAT fusions was dependant upon the presence of a myoglobin 

promoter in the construct, transfections of myoblasts were carried out 

using the original CAT containing vector, pAT-CATp.l., into which 

myoglobin promoters were subsequently inserted (Chapter 6). An equal 

concentration (lOyg per 10 cm dish) of pAT-CATp.l. plasmid DNA was used 

to transfect clone 1 myoblasts. The same number of clone 1 myoblasts 

were transfected with pSMb-CAT, pRSV-CAT and carrier DNA only. After 

transfection myoblasts were stimulated to differentiate over a transient 

expression period of M8 to 96 hours after the addition of the DNA 

precipitate, the pre-fusion myoblast cell extract being assayed 2H hours 

after the addition of DNA. Fig. 7.^ illustrates the results of the 

various CAT assays. CAT activity is detectable in fusing (48 hours after 

addition of the DNA precipitate) and post-fusion (72 and 96 hours after 

the addition of the DNA precipitate) myoblast cell extracts from 

myoblasts transfected with pSMb-CAT but not in the pre-fusion cell 

extracts of the same transfected samples. CAT activity from pAT-CATp.l. 

transfected myoblasts is barely detectable in either pre-, fusing or 

post-fusion cell extracts, at 6% of that observed in , post-fusion 

myoblast cell extracts from pSMb-CAT transfected myoblasts. Expression 

from the hybrid-CAT gene therefore requires the presence of the myoglobin 

promoter.

The activity of the endogenous myoglobin gene was assessed in this 

transfection experiment over the differentiation time period.
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Figure 7.4

Analysis of CAT enzymatic activity in myoblasts transfected with 
pAT-CATp.l. and appearance of endogenous myoglobin gene transcripts

A Clone 1 myoblasts were transfected with pAT-CATp.l. which does not
contain a eukaryotic promoter as described in Section 2.14. pSMb-CAT, 
pRSV-CAT and carrier DNA (M.T.) were used as controls. In all 
transfections, plasmid DNA had been subjected to two cycles of caesium 
chloride density centrifugation. Time in hours after addition of the DNA 
precipitate is shown and low serum medium was added to the 48-96 hour 
myoblast samples -15 hours after the addition of the DNA precipitate.
CAT assays were carried out for four hours using 40pl (containing -400 
-500 yg of protein) of cell extract for each sample. The migration 
positions of chloramphenicol (CM) and the monoacetylated products (arrow 
heads) on the TLC plate are shown.

B Graph showing the percentage of acétylation of chloramphenicol in
cell extracts from pSMb-CAT and pRSV-CAT transfected myoblasts, 
determined by scintillation counting of the radioactive spots.

pAT-CATp.l. cell extracts converted only background levels of 
chloramphenicol (^ 0.3%)

C Appearance of myoglobin gene transcripts in RNA extracted from -
one fifth of the pSMb-CAT transfected myoblast cell extracts was analysed 
by Northern blotting using a human myoglobin gene exon 2 hybridisation 
probe. Time in hours after the addition of the DNA precipitate is shown. 
(The lanes are taken from the same blot as that shown in Fig. 4.5 but 
hybridisation was with the human exon 2 probe and the extra myoblast RNA 
sample is shown).
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Cytoplasmic RNA was analysed on Northern blots using the human myoglobin 

exon 2 probe (which should not cross-hybridise to the myoglobin 

5’-flanking region and 5’-nontranslated mHNA sequences present in the 

myoglobin-CAT gene fusion). The RNA was prepared from the cell extracts 

of transfected myoblast samples by phenol extraction and ethanol 

precipitation, and analysed on agarose gels prior to blotting to ensure 

uniform concentrations. The Northern blot shown in Fig. 7.4 illustrates 

that myoglobin transcripts are apparent in the post-fusion cell extracts 

(fusion time; 52 and 76 hours) but not in pre-fusion or fusing cell 

extracts (fusion timeiO and 28 hours). The appearance of endogenous 

myoglobin transcripts seems to coincide therefore with the amount of CAT 

activity.

In this particular transfection experiment levels of CAT activity 

observed in cell extracts from myoblasts transfected with pRSV-CAT show 

high levels of CAT activity and since practically all of the 

chloramphenicol is converted to its mono-acetylated products or the 

di-acetylated product, (-98% conversion) in cell extracts assayed from 

pre-, fusing and post-fusion cultures it is not possible to determine 

whether there would be higher levels of CAT in differentiated myoblast 

cell extracts. This experiment makes the important point that even if 

levels of CAT do increase as a result of cell differentiation in 

myoblasts transfected with pRSV-CAT, the RSV LTR promoter is not behaving 

exactly as the myoglobin promoter since the LTR may drive very high 

levels of CAT in myoblasts whereas the myoglobin promoter may not.

7.7 Transfection of clone 1 myoblasts with pHMb-CAT

A transfection was carried out with pSMb-CAT, pAT-CATp.l., 

pHMb-CAT, pMMb-CAT and pSV2-CAT into clone 1 myoblasts in order to assess 

in one transfection experiment (rather than separate experiments) the
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levels of CAT activity from the various promoters. In order to ensure 

more uniform transfection efficiencies, all plasmids transfected were 

subjected to two caesium-chloride centrifugations (see Gorman, Moffat and 

Howard, 1982).

The results of the various transfections demonstrate that levels 

of CAT activity are increased during differentiation in myoblast cell 

extracts from myoblasts transfected with pSMb-CAT, pHMb-CAT and pMMb-CAT 

(Fig. 7.5). pHMb-CAT and pMMb-CAT extracts were assayed at 30 hours 

after the addition of the DNA precipitate (pre-fusion) and 72 hours after 

the addition of the DNA precipitate (post-fusion, time in fusion medium = 

46 hours). pHMb-CAT showed a relative increase of CAT activity from 24 

to 72 hours of 11.2 fold and pMMb-CAT of 7.4 fold. At the 72 hour time 

point in myoblasts transfected with pSMb-CAT, a relative increase in CAT 

activity of 5.3 fold is observed and by the 96 hours CAT activity has 

increased 10.2 fold. In this particular experiment it does not appear 

that the 5 '-flanking region of the seal myoglobin gene present in the 

pSMb-CAT gene fusion drives more efficient transcription than the 

5 ’-flanking regions present in the mouse and human gene fusions, assuming

that transfection efficiencies are equal with all three constructs.

As was observed for the levels of CAT activity from the RSV LTR in

Fig. 7.4, pSV2-CAT transfected myoblast cell extracts have high levels of

CAT activity (Fig 7.5). Since there is almost 100% conversion of 

chloramphenicol (upper limits of assay) it is not possible therefore to

determine whether there would be a large difference in CAT activity in

myoblasts and myotubes.

Northern blot analysis of RNA from transfected myoblast cell 

extracts revealed the presence of myoglobin transcripts in post-fusion 

(72 hour expression) myotube RNA but not in pre-fusion (30 hour

expression) myoblast RNA samples (not shown).
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Figure 7.5

Analysis of CAT enzymatic activity in myoblasts transfected with 
pSMb-CAT, pMMb-CAT and pHMb-CAT

Top Myoblasts were transfected with equal amounts of the three 
myoglobin-CAT gene fusions and with pAT-CATp.l., salmon-sperm DNA and 
pSV2-CAT as controls. Pre-fusion myoblasts (24 hour samples) and fusing 
and post-fusion myoblasts (48-96 hour samples) were assayed for CAT 
activity. Low serum medium was added to the 48-96 hour samples 26 hours 
after the addition of the DNA precipitate. Assays were carried out for 4 
hours using 50yl of cell extract for each sample. Autoradiography was 
for 2 days.

Bottom Graph showing the percentage of acétylation of chloramphenicol in 
the cell extracts determined by scintillation counting of the radioactive 
spots.
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7.8 Replating of mouse myoblasts after transfection

Another transfection procedure was carried out in order to try to 

assay parallel myoblast and myotube cultures, therefore providing an 

alternative to assay over a time course. pSMb-CAT was transfected into 

clone 1 myoblasts which were subsequently replated at high and low cell 

densities after the transfection procedure. Three 10 cm dishes of 

myoblasts were transfected as usual. After recovery from the glycerol 

shock, myoblasts were trypsinised from the culture dishes and pooled and 

split into dishes to give myoblasts at a high cell density (one dish 

only) anc myoblasts at low cell density (equal number of cells 

distributed between 5 dishes). When the myoblasts had settled in the 

high density dish, the medium above the myoblasts was immediately 

replaced with low serum, fusion-stimulating medium. After 72 hours in 

culture (fusion time: 53 hours) the resulting cell morphology was mainly 

myotube fibres. The myoblasts replated at a low cell density had 

subsequently proliferated and the medium was changed frequently in an 

attempt to prevent precocious fusion in the cultures to have pure 

populations of proliferating myoblasts for the comparison. For the assay 

of CAT activity in these extracts, equivalent volumes of each extract 

were assayed so that the same initial number of transfected myoblasts 

were being analysed. Fig. 7.6 shows the result of the CAT assays; there 

is an increase in CAT activity in the fusing myoblast cell extract 

compared to pre-fusion extract (a relative increase of 2.6). Since 

myoblasts have proliferated, this estimate of increase in CAT activity is 

likely to be conservative if any insertion of the gene fusion had 

occurred and since the overall backround level of CAT activity is 

increased due to assay of a greater number of cells. The level of CAT 

activity in the pre-fusion extracts is about 2.5 fold above normal 

background levels observed as determined by scintillation counting. This
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Figure 7.6

Assay of CAT enzymatic activity in myoblasts and myotubes in parallel

Myoblasts (3 x 10®) were transfected with pSMb-CAT. After recovery from 
the glycerol shock, myoblasts were replated at high and low cell 
densities. The cells at high density were refed with low serum medium 
after replating. CAT assays (see left panel) were carried out 72 hours 
after the addition of the DNA precipitate on extracts from low density 
myoblasts (pre-fusion:P) and high density myoblasts which had been in low 
serum medium for 46 hours (post-fusion:PF). The positions of the 
chloramphenicol (CM) and mono-acetylated derivatives (arrow heads) are 
shown. The post-fusion cell extract converted 2.6 times more 
chloramphenicol than the pre-fusion cell extract. Autoradigraphy was for 
three days.

The right hand panel shows two lanes of a Northern blot on which RNAs 
isolated from pre- and post-fusion cell extracts were hybridised to the 
human myoglobin gene exon 2 probe (316 bp, see Table 3.1). Myoglobin 
gene transcripts (Mb) are indicated by an arrow. It cannot be determined 
from this blot whether a low level of myoglobin transcripts are present 
in the pre-fusion (?) RNA sample due to high background radioactivity 
levels. Autoradiography was for four days.
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increased level of CAT activity in myoblast cell extracts could also be 

due to some precocious differentiator in confluent clone 1 cultures which 

are difficult to maintain in a completely proliferative state (Chapter 

5), although it was not possible to detect myoglobin mRNA in myoblast 

cultures on Northern blots.

If time had permitted, this transfection procedure could have been 

modified to transfect myoblasts in suspension and then replate at the 

appropriate cell density.

7.9 Summary and comment on experimental procedures

Transfection of myoglobin-CAT gene fusions and assay of CAT 

activity after differentiation of myoblasts over a transient expression 

period have demonstrated that CAT is expressed from the gene fusion when 

transfected into mouse myoblasts. Furthermore, the level of CAT activity 

appears to increase over a differentiation period. There is a 

coincidence of appearance of CAT activity and endogenous myoglobin gene 

transcripts. The expression of CAT driven by a myoglobin promoter in 

transient expression experiments appears to be tissue-specific because 

CAT activity is not detectable in mouse Ltk fibroblast cell extracts 

when fibroblasts are transfected with a myoglobin-CAT construct.

Some of the information for this tissue-specificity and stage 

specific expression would seem to be contained within the ~1 kb of 

myoglobin 5 '-flanking region present in the myoglobin-CAT gene fusions. 

Both seal and human myoglobin-CAT gene fusions are expressed in 

differentiating mouse myoblasts which indicates that the regulatory 

signals controlling myoglobin tissue-specific and stage-specific 

expression have been conserved during many years of independent evolution 

in these species.

These preliminary transient expression results with cloned
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myoglobin promoters are therefore encouraging, especially in view of the 

fact that not all transfections with transferred muscle-specific genes 

have resulted in expression of the particular gene fusion. For example, 

no expression could be detected from a transferred acetylcholine receptor 

gene (J. Merlie, personal communication). However, there are a number of 

experiments or modifications to experiments described above which must be 

carried out before it can be convincingly demonstrated that expression of 

the myoglobin gene fusion reflects that of the endogenous myoglobin gene 

during myoblast differentiation.

First and foremost, SI nuclease analysis should be carried out to 

show that the initiation start site in the myoglobin-CAT gene fusions is 

identical to that used by the endogenous myoglobin gene. This experiment 

was attempted using the seal myoglobin-CAT Rsal fragment cloned into Ml 3 

(Section 6.6) to generate a single stranded hybridisation probe 

containing the expected site of transcrition initiation and -500 bp of 

5 ’-flanking DNA. The experiment was not successful and should be 

repeated before going on to other experiments.

An SI nuclease analysis would also provide information on the 

hybrid gene RNA levels during differentiation over the transient 

expression period. This might indicate whether the observed increase in 

CAT activity is due to a build up in CAT protein levels from a previously 

established pool of hybrid gene transcripts in myoblasts or whether the 

increase in CAT activity reflects an increase in mRNA synthesis during 

differentiation.

Another major question raised by these results is whether the 

increase in CAT activity during differentiation is due to a specific 

response by the muscle-specific gene promoter to a "muscle-activator" or 

whether the observed effect is a non-specific global activation also 

operating at least on RSV as a result of terminal differentiation of the
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cells. The restricted expression of the myoglobin-CAT genes in muscle 

versus non-muscle cells and the coincidence with the appearance of the 

endogenous myoglobin gene transcripts tends to suggest that the 

transfected myoglobin-CAT gene fusions are being regulated specifically 

and appropriately but the activation of the RSV promoter during myoblast 

differentiation in identical transfection experiments would tend to 

suggest that the activation is non-specific. Other researchers have 

noticed this effect with virus promoters, and the induction of expression 

is not consistent. The choice of this "control" plasmid was therefore 

unfortunate and it appears that the RSV LTR promoter is not a suitable 

control for transfection into differentiating myoblasts. During the 

myoblast to myotube transition there will be many changes in cellular 

"regulatory" factors, and it is not necessarily true that the same factor 

which activates the myoglobin promoter during myogenesis also activates 

the LTR promoter. A better control to test the specificity of the 

activation might be a gene expressed during terminal differentiation of 

another cell-type, for example the g-globin gene. A gene expressed 

constitutively in muscle cells during pre- and post-differentiation, for 

example a 5 ’ g-actin gene fusion, would provide another control for this 

system.

In the CAT assays described in this Chapter the level of CAT 

activity appears to be low although the difference between activity and 

no activity is clearly visible. It is difficult to determine whether 

levels of CAT activity observed with myoglobin-CAT fusions are very low 

for a transferred muscle-specific gene, since in many reported 

transfections with muscle gene-CAT fusions, quantitations of CAT activity 

levels reported in the literature are restricted to the degree of 

induction during differentiation.

It is possible that a low level of expression might result from
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lack of an important control signal in the myoglobin-CAT gene fusion. It 

has been reported for example that a troponin C gene requires sequences 

within introns 1-3 in order to be expressed (B. Paterson, personal 

communication) and an embryonic myosin heavy chain gene requires a 

sequence maybe as far away as 1.5 kb before the CAP site for high level 

expresion of a transfected mini-gene (V. Madhavi, personal 

communication). It would therefore be wise to include other portions of 

the myoglobin gene in further constructs.

Another reason for low level expression might be that much of the 

plasmid DNA is degraded by the time myoblasts become competent to express 

it. Southern blot analysis of plasmid DNA isolated from transfected cell 

extracts revealed that towards the end of the transient expression time 

course, plasmid DNA could not be detected in the extracts (not shown).

The use of a cell line which differentiates rapidly, for example the MM14 

mouse myoblast line of Chamberlain, Jaynes and Hauschka (1984) might be 

useful in that these myoblasts would be competent to express the 

myoglobin muscle gene fusion before the DNA becomes substantially 

degraded. Other useful cell lines might be the quiescent L6 and C2 

myoblast cell lines isolated by Whalen _et al. (1986). In these cell 

lines fusion may be rapidly induced in quiescent myoblasts with a 

serum-free medium, allowing the processes of growth and differentiation 

to be separated. The control over manipulation of growth and 

differentiation of these cell lines would obviously allow more control in 

transfection experiments using these myoblasts.

The system described here may not be useful at present to 

determine whether the seal myoglobin promoter is a more efficient 

promoter than the human or mouse myoglobin promoters. Although there is 

no information on the levels of mRNA from the transfected gene fusions, 

the preliminary experiments would indicate that all three promoters drive
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similar levels of CAT gene expression as determined by the similar levels 

of CAT activity observed in transfected cell extracts. It therefore 

appears that in the particular seal myoglobin-CAT gene fusion 

constructed, sequences in the 5 '-flanking region, up to -1 kb, are not 

responsible for the observed increase in seal myoglobin mRNA observed in 

vivo. It might be that in the particular gene fusion a putative sequence 

(for example an enhancer sequence) specifying high level transcription 

has been deleted. Speculating further, it could be that mouse myoblasts 

lack a positive activator (or contain a negative regulator) which 

normally specifies increased transcriptional activity of the seal 

myoglobin promoter in seal myotubes or alternatively, levels of seal 

myoglobin mRNA are attained during muscle fibre maturation and therefore 

would not be seen in embryonic myoblast cell cultures which do not mature 

successfully vitro.

As the vitro system stands, the difference between

myoglobin-CAT gene fusion expression and no expression is quite clear and 

therefore this system could be used at present to determine the effects 

of various promoter deletion mutations on expression of transfected 

myoglobin-CAT gene fusions. Although a number of deletion mutation 

strategies were planned, there was no time to carry out these 

experiments. In conclusion therefore, this system should be useful to 

study the molecular basis for myoglobin gene regulation during 

myogenesis.
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CHAPTER 8

DISCUSSION

8 .1 Structure of mammalian myoglobin genes

The recent cloning and characterisation of the mouse myoglobin 

gene (Chapter 3) has enabled further definition of the organisation of 

mammalian myoglobin genes.

Myoglobin of both cardiac and skeletal muscle is encoded by a 

single gene in the mouse. This is also true of the human and grey seal 

and therefore a single gene encoding myoglobin is likely to be the rule 

in mammals. In contrast to this, other members of the globin gene family 

are found as members of multigene families providing a variety of 

specialised gene products: for example, the B-like globin gene cluster in 

humans, encoding a number of embryonic, foetal and adult haemoglobins and 

the family of globin genes specifying leghaemoglobin in higher plants 

(see Jeffreys et , 1983). The single myoglobin gene also stands in 

stark contrast to the large number of genes encoding muscle-specific 

protein isoforms (see Buckingham and Minty, 1983). The MHC multigene 

family for example, consists of ten members and has specific skeletal and 

cardiac isoforms. The role played by myoglobin in different muscles, 

muscle fibre types and during muscle development does not require 

specialised forms of myoglobin and its presence is determined by the 

physiological requirements of specific muscle types.

All the mammalian myoglobin genes characterised so far show the 

common three exon-two intron organisation found in vertebrate a- and g- 

globin genes. The introns of mammalian myoglobin genes, however, are 

much longer than their haemoglobin counterparts and this is also likely 

to be a stable feature of mammalian myoglobin genes. It appears that the 

exact size of the introns is not rigidly determined since mouse myoglobin
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gene intron 2 is relatively short (1.5 kb versus 3.5 kb in human, 3.2 kb 

in seal) indicating a certain amount of fluidity in intron length. 

Similarly, intron 1, of the human gene is 5.8 kb in size, whereas seal 

and mouse are 4.8 kb and 4.4 kb in size respectively.

Myoglobin genes also have elongated 3 *“nontranslated regions 

compared to a- and g-globin genes, although once again the length of this 

region shows interspecies variability: with the mouse 3 ’"nontranslated 

region being -100 bp shorter than its human and seal counterparts. The 

sequence of neither introns nor 3*"nontranslated regions show any 

evidence for conservation between mammalian myoglobin genes. It is not 

known whether the elongated introns and 3'"nontranslated regions of 

myoglobin genes represent a functional adaption of globin family members 

incorporated into the myogenic developmental program. It would be 

interesting to determine at which point in evolution these long 

non-coding regions were established or the non-coding regions became 

shorter in haemoglobin genes.

An analysis of myoglobin gene promoter regions revealed that the 

"core" promoter region of myoglobin genes is atypical for a globin gene 

promoter. The only feature they share with globin promoters (and other 

specialised eukaryotic promoters) is a conserved TATA box in all three 

myoglobin genes located about 30 bp before the myoglobin gene CAP site.

Humans and mice contain eight fold less myoglobin mRNA in their 

skeletal muscle than seals. Sequence analysis of the myoglobin gene 

5 '-flanking regions does not reveal any specific sequence changes between 

the species which might account for the very obvious differences in the 

levels of myoglobin mRNA detected in human, seal and mouse skeletal 

muscle. The initial characterisation of seal and human myoglobin genes 

revealed that substitutions in the promoter region of the genes were more 

apparent in the purine-rich region termed the GAGA box. This lead to the
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proposal that sequence differences in this region might determine in some 

way differences in the levels of myoglobin mRNA observed between these 

two species. However, the statistical analysis of observed base 

substitutions in the aligned human and seal myoglobin gene sequences 

(Section 3.5) demonstrated that this sequence is neither significantly 

diverged nor conserved between the two genes but is evolving at the same 

rate as DNA in the noncoding regions of the gene, presumably at or close 

to the neutral rate. Also this region is absent from the mouse myoglobin 

gene and therefore would not appear to play a role in myoglobin gene 

expression although the molecular basis for the adaption of the seal 

myoglobin to high level expression clearly awaits a functional test.

The sequence comparison between mammalian myoglobin genes led to 

the identification of a long highly conserved domain in the 5 '-flanking

region located about 120 bp before the mRNA CAP site of the genes. The

significant sequence conservation in this region (for at least 80MY) 

suggests it may serve some functional role in myoglobin gene expression

and will be discussed in Section 8.3.

8.2 Induction of myoglobin gene expression during myoblast 

differentiation in vitro

The early appearance of myoglobin in embryogenesis can apparently 

be modelled in cultures of differentiating embryonic myoblasts vitro ; 

both rat and mouse permanent myoblast cell lines synthesise myoglobin 

mRNA on fusion and differentiation to form myotubes. The induction of 

contractile protein genes and other muscle-specific genes also occurs 

during myoblast differentiation jji vitro and as was found for the 

myoglobin gene, transcripts accumulate before the formation of visible 

myotubes. It has been demonstrated for a number of contractile protein 

genes that regulation of gene activation is primarily at the level of
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transcription (see Section 1.4). The finding that a myoglobin-CAT gene 

fusion may be activated in differentiating myoblasts suggests that part 

of the regulation of myoglobin gene expression during myogenesis is at 

the level of transcription (see Section 8.5).

In contrast to the results described in this thesis and by Weller 

£t (1986) using permanent rodent myoblast cultures, Gunning (personal 

communication) was unable to detect myoglobin gene transcripts in fusing 

cultures of cloned human skeletal muscle satellite myoblasts over a 

differentiation period of 15 days. Satellite myoblasts are isolated from 

adult skeletal muscles, but on differentiation to form myotubes in vitro, 

they recapitulate embryonic muscle development and express muscle gene 

isoforms found at the embryonic stage (see Strohman _et ^ .  , 1986).

Gunning believes that differentiating satellite myoblasts more closely 

resemble the normal events and phenotypes which occur during skeletal 

muscle myogenesis vivo and therefore permanent rodent myoblast cell 

lines may carry a regulatory mutation involving myoglobin gene 

expression. However, this seems unlikely for a number of reasons. 

Firstly, myoglobin gene transcripts are detectable extremely early in 

mouse embryogenesis (14 days of gestation, Weller _et al., 1986) at a time 

when myoblast fusion is securing. Since contractile protein gene 

transcripts are detectable at this time, it would be expected that the 

myoglobin gene is activated along with the contractile protein genes 

during myoblast differentiation jji vitro. Secondly, there are other data 

suggesting activation of the myoglobin gene during myoblast fusion in 

another cell system. For example, Kagen and Freedman (1973) have 

demonstrated that myoglobin can be detected by immunological assays very 

early in development in the chick embryo and this early appearance in 

embryogenesis is reflected by the synthesis of myoglobin in fusing chick 

primary myoblast cultures in vitro (Kagen and Freedman, 1974). Kagen and
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Freedman (1974) detected a large increase in myoglobin concentrations in 

differentiating chick myoblasts after a period of 72 hours in culture, 

visible fusion to form myotubes occurring at 48 hours in this system.

The appearance of myoglobin in these chick primary myoblast cultures 

therefore occurs somewhat after fusion. They demonstrated however, that 

the increase in myoglobin synthesis around the time of fusion was not 

dependant upon the fusion event since myoglobin is synthesised in the 

absence of fusion in calcium depleted medium.

Interestingly, their studies with myoblasts isolated from 

embryonic future pectoralis muscle (white, fast) and embryonic future 

thigh muscle (red, slow) showed differential myoglobin synthesis. 

Myoglobin cannot be detected in chicken pectoralis muscle vivo by 

their immunological technique but is detectable in differentiating 

cultures of primary chicken pectoralis derived myoblasts although at a 

lower concentration than found in differentiating primary myoblasts 

derived from thigh muscle. Heywood, Havaranis and Herrmann (1973) 

however, were unable to detect myoglobin either in chicken pectoralis 

muscle jji vivo or in differentiating myoblasts derived from this muscle 

in vitro. These experiments demonstrate that the early appearance of 

myoglobin in chick embryogenesis may be modelled in cultures of 

differentiating chick myoblasts Jji vitro and furthermore, the 

differential levels of myoglobin observed physiologically in different 

muscle types may also be modelled jji vitro to a certain extent.

The lack of myoglobin gene expression in adult satellite myoblasts 

is therefore puzzling. It has recently been suggested that slow muscle 

satellite myoblasts may be different from myoblasts derived from fast 

muscle and it appears that adult satellite cells have diverged along a 

commitment pathway for fast and slow muscle respectively (Strohman £t 

al., 1986); if clones of fast muscle satellite myoblasts were used, it
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seems likely that the myoglobin gene would not be expressed at 

significant levels.

Another similarity of the behaviour of the myoglobin gene during 

myogenesis with that of the contractile protein genes was obtained from a 

preliminary study of the méthylation patterns around the myoglobin gene 

during myoblast fusion (J. Shaw, M. Price and A.J. Jeffreys, unpublished 

observations). DNA méthylation has been implicated as one of the control 

processes responsible for the expression of specific genes during 

development (see Cedar, 1984). Considerable evidence has been obtained 

for a large number of cell-specific genes correlating expression of the 

genes with the degree of undermethylation of specific gene sequences.

For example, genes encoding ovalbumin, conalbumin, and globin genes have 

sequences which are hypomethylated in cells that express them and 

hypermethylated in cells that do not.

Shani, Admon and Yaffe (1984) determined the méthylation patterns 

around two contractile protein genes, a-skeletal actin and MLC2, in 

myoblasts and myotubes using methylation-sensitive restriction enzyme 

analysis. Their results demonstrated that no change in the méthylation 

pattern around the genes occurred during the myoblast to myotube 

transition, and that both genes contained a number of unmethylated sites 

in both myoblast and myotube DNA. It also appeared that a-skeletal actin 

and MLC2 genes were less methylated in DNA from tissues which do not 

express either gene. We observed a similar result with the myoglobin 

gene. No change in the méthylation pattern of various sequences in the 

5 '-flanking region of the myoglobin gene could be detected in myoblast 

DNA and myotube DNA using a number of methylation-sensitive restriction 

enzymes. The myoglobin gene sequences also appeared to be less 

methylated in fibroblast DNA which does not express the myoglobin gene. 

Therefore, in the case of the myoglobin gene and the contractile protein
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genes, no correlation between undermethylation of the particular bases 

tested and activation of gene expression was observed.

Yisraeli et £l. (1986) have recently extended the studies of 

méthylation state of the a-skeletal actin gene. Using gene transfer 

experiments, they have demonstrated that the introduction of an a- 

skeletal actin gene fusion, methylated jji vitro resulted in site-specific 

déméthylation of the transferred gene only in cultures of myoblasts.

This déméthylation process mimics a similar process which occurs in the 

endogenous a-skeletal actin gene during normal muscle cell development.

The expression of the myoglobin gene concomittantly with the 

contractile protein genes during myogenesis and the similarity in their 

méthylation states suggest that the myoglobin gene and contractile 

protein genes may share some common regulatory mechanisms. This is 

discussed below.

8.3 Sequence conservation in the 5 '-flanking region of muscle-specific 

genes

There are a large number of examples in the literature of 

5 '-flanking sequences which are highly conserved in evolution between 

genes suggesting that these sequences are functionally significant in 

initiation and/or regulation of gene transcription. The sequences 

described are generally relatively small oligonucleotide sequences (for 

example, Schmidt, Yamada and de Crombrugghe 1984) but in some cases quite 

large regions of conservation are apparent (for example, Hu et £l., 1986, 

Daubas et ^ . , 1985).

The myoglobin gene contains a relatively long domain of sequence 

conservation in the 5 '-flanking region. How may the functionality of 

these conserved regions be determined? One approach is to compare the 

particular conserved sequence with sequences which have been shown to be
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essential for expression _ijri vitro or which are conserved in other genes 

expressed in the same cell type. It might be expected that coordinate 

gene expression in response to "cell-specific" signals or particular 

extrinsic factors might involve shared regulatory elements. Are common 

sequences generally found in eukaryotic genes which are expressed in the 

same cell-type or are activated in response to common extrinsic factors? 

For a number of genes it would appear that homologous sequences 

signifying common cis-acting gene regulatory elements do exist. For 

example, three fat cell specific genes, adipocyte P2, 

glycerol-3-phosphate dehydrogenase and adipsin, which are coordinately 

activated during adipocyte cell differentiation, contain a 13 bp region 

of homology present in multiple copies in the 5 ’-flanking region of each 

gene. The three genes are members of three distinct gene families (Hunt 

e_t , 1986). Similarly, genes expressed specifically in the exocrine 

pancreas, amylase, chymotrypsin and trypsin I possess upstream elements 

that direct their differential cell-type expression (Boulet, Erwin and 

Ritter, 1986). The amylase gene and chymotrypsin gene upstream sequences 

have been mapped in detail. They lie 41 to 235 and 93 to 275 bp before 

the mRNA CAP site respectively, and exhibit the properties of cell-type 

specific enhancers. Sequences in the 5 ’-flanking region of seven other 

pancreatic exocrine genes show homology and are in a similar location to 

the amylase and chymotrypsin enhancer regions. Homology is not detected 

in endocrine genes or in a number of non-pancreatic genes tested. It is 

noteworthy that the pancreatic exocrine genes demonstrate diverse 

expression profiles during development.

The coordinate induction of transcription of the heat-shock genes 

in Drosophila, in response to a rise in temperature, appears to be 

mediated by a conserved heat-shock regulatory sequence found in the 

5 ’-flanking region of heat-shock genes promoters. The homologous region
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is found in an area which may adopt a hair-pin loop configuration 

(Pelham, 1982) and the heat-shock consensus sequence appears to be bound 

by a specific heat-shock transcription factor (Dynan and Tjian, 1985).

The vitellogenin and apoVLDL II yolk protein genes of the chicken 

are specifically transcribed in the liver upon oestrogenisation. Both 

genes have a number of common sequence motifs in regions of the genes 

which exhibit oestrogen induced changes in chromatin structure (Van Let 

Schip £t , 1986). A distinct homology to some of these sequences in 

vitellogenin genes in Xenopus laevis is also found.

Genes activated during development of a specific cell-type or in 

response to the same external stimuli therefore sometimes contain common 

sequences within their 5 '-flanking region which may be implicated in 

their common regulation. There are however exceptions. A search for 

homologous sequences in a number of egg white proteins which are 

specifically induced in the ovary by four classes of steroid hormones was 

negative (Renkawitz et , 1982). In another example, prolactin and 

growth hormone genes are structurally related and co-expressed within the 

same cell types during development which raises the possibility that they 

may be regulated by common factors. Cell type-specific enhancers have 

been described in the 5 '-flanking regions of both genes but are 

structurally distinct cis-acting sequences under the regulation of 

discrete trans-acting factors (Nelson _et ^ . , 1986). Similarly, no 

common sequences are found in the a- and g-globin genes which are 

specifically expressed in erythroid cells (Charnay et &1., 1984)

During muscle cell differentiation, a large number of unrelated 

genes are activated around the time of myoblast fusion (Section 1.4). It 

is therefore of interest to determine whether common sequences may be 

found in muscle-specific genes which would imply a relatively simple 

induction process in which coordinate control is mediated by a single
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regulatory factor.

The myoglobin gene upstream conserved domain was compared to 

sequences in muscle specific genes which have been shown to be highly 

conserved in a number of species, show similarities from one gene to 

another and which have been shown to be required for regulated gene 

expression jji vitro. A list of these published sequences which were 

compared to the myoglobin gene conserved sequence is given in Table 8.1.

Muscle-specific gene sequences homologous to the myoglobin gene 

conserved sequence (and flanking this region) were not detected by 

dot-matrix comparisons and by eye. The variety of sequences depicted in 

Table 8.1 demonstrate that while striking homologies can be observed 

between the same gene in different species which is probably indicative 

of a functional role in gene specific expression, a single sequence found 

in all muscle specific genes which could be considered as conferring a 

"muscle context" cannot be found. Some sets of muscle-specific genes may 

show common regulation which might explain why some consensus sequences 

appear to be present in a selected set of muscle-specific genes (Table 

8.1). The sequences depicted in Table 8.1 demonstrate that the promoters 

of muscle-specific genes are complex. A variety of sequences in the same 

gene are shown to be essential for expression _in vitro, and in other 

genes long conserved regions are found implying a number of functional 

sequences within the promoter region. L. Kedes (personal communication) 

has observed regions which seem to confer both positive and negative 

regulation on the human a-cardiac actin gene.

A simple model of common promoter sequence elements recognised by 

a specific factor appears to be too simplistic a concept to explain 

coordinate gene activation during myoblast differentiation and a more 

complex process is likely to be operating.

In view of some of the recent work carried out by Gunning
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Troponin 1 gene consensus sequence
GCCCGAcaccCAAATAT
aga agacaagg

ggggA B C
Sarcomeric actin CAAT box 
GCCCGACACACCCAAATATGGC rat 
GCCCAACACACCCAAATATGGC chicken

Human a-cardiac actin: GO (A)^ GG boxes 
CCCTATTTGG -197 chicken 
CCCTATTTGG -240 human 
CCTTAGATGG -165 chicken 
CCTTACATGG -215 human

TGTGGCTTATTGTCCCCAAGGCT

a-skeletal actin hair-pin loop sequences 
TCCTTCTTTGGTCAGTGCAGGAGACCCGGG----------------------------y
CCCAGGCTGAGAACCAGCCGAAGGA

Rat and chicken a-skeletal actin gene conserved sequences 
-230 CTCTCCATATACGGCCCGGTCCGGTTCAGG CTACCTGGGCCAGGGCCA

CCTTCTTTGGTCAGTGCAGGAGACCC GTGCCCAACACCCAAATATGGCTTGGGAAGGGC -80

5 Creatine kinase repeat sequence 
ACCTGGGGXXXGCCCAX
c ct c g c

6 MLC 2 and a-skeletal actin gene conserved sequences 
-165 CCCTGCCCTTGGCTCCA + AGAATGGC
-242 GCTCCCTATATGGCCAT

7 Xenopus a-cardiac actin enhancer like sequence
-323 TACTCCATTTGCAGACCCCTG

Sequences required for regulated expression of chicken a-skeletal 
actin

-200 GGGGGCCCGGCAGACGCTCCTTATACGGCCCGGCCTCGCTCACCTGGGCCGCGGCC 
AGGAGCGCCTTCTTTGGGCAGCGCGGGGCCGGGGCC -107



Table 8.1
Conserved sequence elements in the 5 '-flanking region of muscle-specific 
genes

1 The 17 bp muscle gene consensus sequence is from Baldwin, Kittler 
and Emerson (1986) and is found 329 bp (quail fast troponin 1 gene), 100 
bp (chicken and rat a-skeletal actin genes), 256 bp (chicken MLC 3 gene) 
and 411 bp (rat cardiac MHC gene ) before the respective CAP sites. Two 
homologous regions (A and C) flank a more variable central core (B).
The most prevalent nucleotide is shown in uppercase letters and the 
variant nucleotides in lower case.

2 The CAAAT box (underlined) is highly conserved in evolution in
sarcomeric actin genes and homology extends over 20 bp around the CAAT 
box in the chicken and rat a-skeletal actin genes with only one 
nucleotide difference (Ordahl and Cooper, 1983)

3 CC(A)joGG boxes, shown here conserved at two positions (out of the
five) between human and chicken a-cardiac actin genes were first 
described in the human a-cardiac actin gene (-240 to -40 bp. Minty and 
Kedes, 1986) and have been found in multiple copies in the 5 '-flanking 
regions of the Xenopus a-cardiac actin gene (3 copies) a-skeletal actin 
genes (rat, chiken, 3 copies), g-actin genes (rat, chicken, 2 copies) and 
once in the rat a-cardiac MHC gene, chicken cardiac MLC2 gene, rat 
skeletal MLC2 gene and chicken cardiac Tn T gene. Upstream of the 
CC(A)pGG boxes in the human cardiac actin gene, sequences homologous to 
enhancer core sequences are found. Sequences showing a high degree of 
homology to the SV40 enhancer sequence are underlined. This region 
containing enhancer homology requires the CC(A)pGG in order to increase 
gene expression.

4 The 5 '-flanking region of rat, mouse and chicken a-skeletal actin
genes are conserved from the CAP sites to 300 bp upstream and sequences 
which could form hair-pin loop structures are found in this region. One 
of the potential stem loop structures (out of four) from the mouse a- 
skeletal actin gene is shown (Hu et ^ . , 1986). Nudel et (1985) have 
also reported significant sequence conservation over 4 regions in the
5 '-flanking regions of the rat and chicken a-skeletal actin genes from 
-230 to -80 bp, particularly around the CAAT box (underlined). The dots 
beneath the rat sequence indicate identical nucleotides in the chicken 
sequence.

5 A number of inverted and direct repeat sequences are found in the 
5 '-flanking region of the mouse muscle-specific creatine kinase gene 
(Jaynes et al., 1986). The consensus sequence of a small repeat found 3 
times in the 5 '-flanking region of the creatine kinase gene (before -240 
bp), the rat and chicken a-skeletal actin genes (before -300 bp) and 1 
time in the rat myosin heavy chain gene (before -200 bp) is shown. The 
nucleotides shown are invariant and those that differ are shown.
Sequences containing these small repeats are required for _in vitro 
expression of the creatine kinase gene.

6 Chicken and mouse a-cardiac actin genes contain a sequence
homologous to the El A enhancer core sequence (underlined). This sequence 
is also found at -100 in the mouse MLCIf gene (see Garner et 1986)1
Immediately upstream of this enhancer like sequence is the 17 nt sequence 
shown, conserved between a-actin and MLCIf genes and therefore
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cont...

might confer muscle-specific gene expression to the enhancer should it 
function as one. The mouse a-cardiac gene contains a (TG)z4 iri the same 
position as the SV40 enhancer like sequence in the human cardiac gene and 
therefore this gene may contain two non-overlapping enhancer regions.
The 17 nt sequence shown, found at 242 bp before the CAP site is
identical at all 17 positions in mouse and chicken a-skeletal actin
genes.

7 The enhancer-like sequence found in the Xenopus a-cardiac actin
gens is shown (underlined) and is homologous to the octamer sequence 
identified as a transcription factor binding site in the 5 '-flanking 
region of the immunoglobulin heavy and K-light chain genes (Mohun, Garret 
and Gurdon, 1986). This sequence is also similar to the immunoglobulin 
enhancer sequence located in an intron in immunoglobulin heavy and light 
chain genes and to the enhancer-like sequence found in the 5 '-flanking 
region of the U1 and U2 SnRNA genes in Xenopus.

8 The chicken a-skeletal actin gene sequence (-200 to -107 bp) is
the border which has been defined as being necessary for the regulated 
expression of the a-cardiac actin gene (Bergsma et ^ . , 1986). This 
region contains some of the hair-pin loop structures described in 4. 
Downstream of -107 bp, sequences involved in the transcription of the a- 
cardiac actin gene have been defined, including the CAAT and TATA boxes.



(personal communication), it is perhaps not too suprising that a single 

sequence in the muscle-specific genes is not detected. He analysed the 

kinetics of appearance of over thirty different muscle gene transcripts 

in differentiating human satellite myoblasts, and his data were 

consistent with a proposal that each muscle-specific gene is likely to 

have its own myogenic regulatory program. This is necessary to explain 

the different kinetics of appearance of most of the transcripts, the 

different levels of transcript accumulation and the up and down 

modulation of some transcript levels observed in culture. The complexity 

of muscle gene regulation is likely to be reflected in the complexity of 

the muscle gene promoters. This is observed in the rat a-fetoprotein 

gene for example, where over 7 kb of 5 ’-flanking region are required for 

its regulated expression iji vitro. This region encompasses a promoter, a 

negative regulatory element and a complex cell-specific enhancer (Muglia 

and Rothman-Denes, 1986).

It is unlikely that the cis-acting sequences of each 

muscle-specific gene are recognised by a specific "myogenic" factor but 

more likely that a small number of muscle activators (or repressors) 

exist which may recognise different sub-sets of genes and bind each 

sub-set with different affinities to produce a wide range of 

combinatorial effects. It is interesting to note that it has recently 

been demonstrated using gel retardation techniques and foot-printing 

assays that the same factor binds to a similar sequence in the rat a- 

skeletal actin and MLC 2 genes (R. Aft-Konigsberg, personal 

communication).

8.4 Are all muscle-specific genes activated at the time of myoblast 

fusion?

A model to explain gene expression during muscle fibre development
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proposed that all muscle-specific genes are activated at the time of 

myotube formation and later changes observed in phenotypes in different 

fibres is due to a selective modulation of gene expression. Evidence for 

this model came from the observation that both fast and slow isoforms of 

the contractile proteins are detectable in both future fast and slow 

myotubes formed jji vitro and yet only one form predominates in adult fast 

or slow muscle fibres (see Hastings and Emerson, 1982).

The sequential appearance of specific MHC isoforms during 

development would argue against this model and suggest that there are 

likely to be multiple activation events occurring during muscle 

development. The clustering of the MHC genes within the same chromosomal 

domain may hold some answers to their particular mode of regulation 

during development.

In the case of myoglobin gene expression in skeletal muscle, 

regulation at two distinct stages is observed: first there is a low level 

activation of the gene during myoblast differentiation which would tend 

to support the total activation model since it is not thought that 

myoglobin is required early in skeletal muscle development (Longo, Koos 

and Power, 1973). In the second stage, there is a selective activation 

of myoglobin gene expression which gradually increases myoglobin mRNA

pools during late pre-natal and post-natal periods. This second

"activation" is possibly linked to the development of slow muscle fibres 

where myoglobin is predominantly found. This general activation followed 

by selective activation at a later stage of development may be a feature

of the regulation of genes involved in muscle metabolism and may reflect

a regulation suited to the metabolic demands of developing muscle fibres.

8.5 An in vitro svstem to study myoglobin gene expression

While interesting results may be obtained from a comparison of the
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primary sequence of eukaryotic genes, the definitive role of conserved 

sequences may only be demonstrated by functional tests of the sequence in 

question in vitro expression systems. The proposal that conserved 

sequences are involved in the regulation of gene expression has to some 

extent been borne out in functional studies with for example, insulin 

(Walker _et ^ . , 1983), a-cardiac actin (Minty and Kedes, 1986) and a- 

skeletal actin (Bergsma £t al., 1986) genes, where conserved gene 

sequences have been shown to be required for gene expression jja vitro.

The aim of this research was to develop an vitro system in 

which some of the mechanisms responsible for the regulation of the 

muscle-specific myoglobin gene could be analysed and particulary to 

define the role of the long conserved region found in the 5 '-flanking 

region of myoglobin genes. The induction of myoglobin gene expression 

during myoblast fusion iji vitro (Chapter 4) provided a system in which 

the early activation of the myoglobin gene observed ûi vivo could be 

studied at the molecular level using gene transfer experiments. 

Contractile protein genes and several other muscle-specific genes are 

transcriptionally activated upon myoblast differentiation Jji vitro, and 

although a simple model of gene regulation under these circumstances is 

unlikely (Section 8.3) there may be some regulatory similarities in the 

initial induction of myoglobin and other muscle-specific genes. 

Myoglobin-CAT gene fusions introduced into differentiating myoblasts 

demonstrated that the gene fusions are expressed, although at a 

relatively low level and furthermore, expression increases 5 to 12 fold 

during myoblast fusion, coincidently with the appearance of endogenous 

myoglobin gene transcripts. The expression of the myoglobin-CAT gene 

fusions is cell-type specific. Therefore, sequences in the 5 '-flanking 

region of myoglobin genes are able to confer tissue specificity and 

differentiation-linked inducibility on the myoglobin gene (although other
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sequences outside of this region may be required). This is also observed 

for a number of contractile protein genes and a non-contractile protein 

gene: sequences in various regions in the 5 '-flanking region are 

sufficient to direct the regulated expression of the genes (Melloul et 

al., 1984, Konieczny and Emerson, 1985, Minty and Kedes, 1986, Jaynes et 

al., 1986). This system will therefore be useful to determine the 

sequences required for this cell-type specific and developmental 

stage-specific gene expression and to define the role of the long 

conserved domain found in the 5 '-flanking region of myoglobin genes using 

promoter deletion analysis.

Gene transfer experiments using the myoglobin promoter linked to a 

virus enhancer may be useful to define the core promoter of myoglobin 

genes. Interestingly, transfection experiments with an embryonic MHC 

gene, (V. Madahvi, personal communication) established that replacement 

of an upstream sequence of the MHC gene with the SV40 enhancer did not 

overule the tissue-specific activation of the MHC gene but merely acted 

as a "replacement" for a region of the MHC gene required for high level 

expression.

The vitro system will be useful to determine the effects of a 

variety of physiological factors on myoglobin gene expression. For 

example, if myoglobin protein levels can be assayed, the effect of haem 

on myoglobin synthesis, known to induce the synthesis of haemoglobin may 

be analysed as well as the mechanism by which increased oxygen levels 

cause an increase in myoglobin mRNA levels (L. Kedes, personal 

communication).

The j_n vitro system as it stands may not be useful in determining 

the possible transcriptional differences between the different myoglobin 

promoters. All three promoters apperared to drive similar levels of CAT 

gene transcription and further experiments must be carried out in order
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to establish whether the seal myoglobin gene promoter is 

transcriptionally more active due to primary sequence of the promoter 

region, activating factors which bind to the seal myoglobin promoter 

region more readily, decreased turnover of seal myoglobin mRNA or that 

high levels of seal myoglobin mRNA are controlled at a later stage of 

myogenesis (see Summary of Chapter 7). It is important to continue 

experiments in this direction since the myoglobin gene provides an 

excellent example to investigate the way in which a gene may become 

adapted to high level expression during evolution in response to a 

particular physiological requirement.

The differential expression of the myoglobin gene in foetal 

skeletal and cardiac muscle during development will probably require the 

use of animal models to determine the role of physiological signals 

influencing myoglobin gene expression in the two muscle types vivo.

It might be interesting however, to compare the levels of CAT gene 

expression from myoglobin-CAT gene fusions transfected into primary 

cultures of cardiac myocytes and skeletal myoblasts.

The second stage of myoglobin gene activation will almost 

certainly require the use of animal models or cultures of myoblasts able 

to differentiate and mature jji vitro. The increase in myoglobin gene 

expression which occurs after stimulation of a fast fibre with the 

impulse frequency of a slow fibre is one way in which the increase in 

expression of the myoglobin gene in response to enforced slow fibre 

development may be investigated. For a full understanding of the 

molecular mechanisms involved in myoglobin gene expression during 

devlopment, experiments involving transgenic mice would be invaluable.

The single myoglobin gene exhibits diverse regulation both within 

the individual and between species. Differential gene expression is 

observed in different muscle types during development, in different fibre

-172-



types, between different species and in response to a number of 

functional demands made on muscle. The work carried out for this thesis 

has provided a base from which the different types of regulation 

exhibited by this muscle specific globin gene may be investigated. -
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Analysis of the structure and expression of mammalian myoglobin genes 
Melanie Price

The myoglobin gene is a distant member of the globin gene superfamily, 
expressed in muscle rather than erythroid cells. In vertebrate muscle, 
myoglobin is the principle haemoprotein and serves to facilitate the 
diffusion of oxygen from the vascular system to the muscle mitochondria.

A single gene encodes myoglobin of both cardiac and skeletal muscle in 
the mouse. The characterisation of the mouse myoglobin gene established 
that it has the same three exon/two intron structure found in the a- 
and g-globin genes but differs from haemoglobin genes in having very long 
non-coding DNA regions. These features are shared by human and seal 
myoglobin genes.

Sequence comparison of human, seal and mouse myoglobin genes revealed a 
highly conserved upstream domain, approximately 120 bp before the 
myoglobin gene CAP site and extending over 200 bp. Although the position 
before the CAP site suggests it may play some regulatory role, this 
sequence has no homology to conserved 5’“flanking sequences described for 
contractile protein genes.

As expected from the early appearance of low levels of myoglobin mRNA in 
embryonic skeletal muscle, myoglobin gene expression is induced in both 
rat and mouse embryonic myoblasts during differentiation in vitro, 
concomitant with the contractile protein genes.

*Myoglobin-CAT gene fusions containing -1 kb of 5’-myoglobin DNA, 
including the conserved domain, are expressed on introduction into mouse 
myoblasts and furthermore, expression increases during myoblast 
differentiation over a transient expression period. This should' provide 
a good in vitro system to study myoglobin gene expression at the 
molecular level during myogenesis.
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