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ABSTRACT OF THESIS 

The expression of muscle function genes during myogenesis is a 

highly controversial subject, and, therefore, it was recognised that 

highly specific nucleic acid probes for genes which are specifically 

expressed in muscle tissue must be developed to further research. 

Myosin heavy chain (MHC) makes up 30% of the total protein in differen-

tiated muscle and, therefore, it was decided to attempt to isolate the 

MHC gene as a genomic sequence rather than as a cDNA, with a view to 

obtaining flanking and intervening sequences also. It was intended 

that such a gene would provide a highly specific probe to be used in 

further studies on the control of muscle gene expression during myo- 

genesis and during the further development of different types of muscle. 

A chicken genomic library was constructed by cloning 20 kilo base 

lengths of randomly cleaved chicken liver DNA in the bacteriophage x 

vector, charon 4A. The vector was suitably manipulated to accept the 

DNA fragments and the recombinant molecules were packaged into viable 

phage particles in vitro. This chicken gene library was screened with 

a MHC probe which was also prepared as part of the project from 14-day 

chick embryo skeletal leg muscle heavy polysomes. 

A fraction of the heavy polysomes, collected from the bottom of a 

sucrose gradient was shown by in vitro translation to predominantly 

direct the synthesis of a single high molecular weight (200,000 daltons) 

polypeptide which co-electrophoresed with MHC marker. This was con-

firmed by in vitro translation of the messenger RNA extracted from this 

polysome fraction in two heterologous systems. The mRNA was reverse 

transcribed and the 32 P-labelled cDNA was employed as a specific probe 

for screening the library by in situ plaque hybridisation. The cDNA was 

shown to represent a 10% copy of MHC mRNA (500 nucleotides), to 



consist of at least two MHC sequences present in equal proportions, and 

to be contaminated with ribosomal RNA sequences. 

A proportion of the library was screened with a nick-translated 

ribosomal DNA probe and it was estimated that 0.19% of the sequences 

in the library represented ribosomal RNA suggesting that the sequence 

representation of the library was complete and that the chances of 

detecting a much less abundant sequence such as MHC were high. By 

cross-screening a proportion of the library with both rDNA and MHC 

cDNA probes it was estimated that the eDNA was contaminated to an 

extent of 20% with ribosomal sequences. 

A total of 3.5 x 	plaques (7 genomes of chicken DNA) were 

screened with the MHC eDNA. 52 areas of positive hybridisation were 

detected indicating that this MHC probe recognises sequences equivalent 

to 0.0015% of the chicken genome. This suggests several possibilities 

about MHC gene structure and arrangement: Either the gene sequences 

represented in this 'embryonic' probe are present at 7-8 copies per 

genome, or MHC exists as a gene family with whose members the probe is 

able to cross-hybridise, or the probe may be cross reacting with other 

types of muscle myosin such as cardiac or smooth muscle. 

Ann Curtis 

110 Montgomery Street 
Edinburgh EH7 5HE 	 July 1983 
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1.1 General Aim of the Project 

The study of muscle function genes has been continuing in this 

laboratory for several years (John, 1974; Patrinou-Georgoulas and 

John, 1977; John, Patrinou-Georgoulas and Jones, 1977; Patrinou-

Georgoulas and John, 1980; John 1980; John and Lawson, 1980), and 

the aim of this project is to further those investigations at the level of 

the nucleic acids. 

The skeletal muscle myosin heavy chain gene was chosen for the 

study because the large protein of 200,000 molecular weight for which it 

codes makes up 30% of the total differentiated muscle protein and hence 

is very important in the overall structure of the muscle. The cor-

respondingly large messenger RNA (mRNA) is convenient for isolation 

in a relatively pure form because it forms a heavy polyribosomal complex 

which can be purified using a variety of fractionation techniques. 

In order that the myosin heavy chain gene could be studied at 

the genomic level, rather than as a mRNA or complementary DNA, as 

previously (Patrinou-Georgoulas and John, 1977), the necessity was 

recognised to isolate the DNA corresponding to the myosin heavy chain 

gene from actual tissue. For technical reasons, the embryonic chick 

was chosen as the source of material, and after consideration of various 

methods of obtaining complete copies of the myosin heavy chain gene, it 

was decided to construct a chicken gene library using techniques 

developed over the past four years. From this, the aim was to isolate 

the required gene with its flanking sequences and possible intervening 

sequences using purified probes which would also be prepared as part 

of the project. 
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1. 2 Development of Muscle 

The study of muscle development, especially regarding myosin 

is a particularly controversial subject, and it is a study of the gene 

at the most fundamental level which will help to resolve many of the 

existing controversies. These include: 

the number of different types of myosin; 

the number of genes which control their synthesis; 

C) the timing of gene expression during muscle development. 

Muscle gene expression is influenced by many intrinsic and extrinsic 

factors such as nerve impulses (Srter and Gergley, 1973; Weeds 

etal., 1974; Brevet etal., 1976; Salmons and Srter, 1976), nervous 

trophic influences (Harris et al., 1971; Cohen and Fischbach, 1973; 

Walker and Wilson, 1975), hormones (Mandel and Pearson, 1974), 

collagen (Hauschka and Konigsberg, 1966; Elsdale and Bard, 1972; 

De La Haba, Kamali and Tiede, 1975; Duance et al., 1977; Mayne 

et al., 1977; John and Lawson, 1980), creatine (Konigsberg, 1971; 

Ingwall et al., 1972; Ingwall and Wildenthal, 1974) and cyclic AMP 

(Wahrman et al., 1973; Zalin and Montague, 1974), but the level of 

their action - whether for instance they affect transcription of certain 

genes or translation of their mRNAs - and the actual mechanisms are 

little understood. 

Such fundamental studies may also help in the understanding of 

certain inherited muscle diseases. Although, to date, such investiga-

tions have not revealed defects in the structural proteins, this does 

not eliminate the possibility that a controlling factor associated with a 

structural gene could be primarily responsible. 



1. 2. 1 Types of Muscle 

The muscle of vertebrates is classified as several types: 

Smooth muscle consists of uninucleate flame-shaped single cells, 

grouped together into muscle tissue. Innervation is from the auto-

nomic nervous system. Smooth muscle is present in structures 

such as the lining of the intestine, blood vessels, ducts and walls 

of many organs. 

Cardiac muscle is the least abundant type of muscle in the body, 

but is the most active. The myocardial cells are cylindrical in 

shape, arranged in columns which branch and anastomase. They 

show cross striations, but unlike skeletal muscle, do not form a 

syncytium, and are served by the autonomic nervous system. 

Skeletal muscle is innervated by the voluntary nervous system, 

and its structure is detailed below in Section 1.2.2. 

1.2.2 Structure of Skeletal Muscle (Wilkie, 1968; Bendall, 1969) 

Mature skeletal muscle consists of groups of muscle fibres many 

centimetres long. Regular striations extend across the fibre and divide 

it into sarcomers. Within the fibres lie the actual contractile structures - 

the myofibrils which consist of rods of contractile protein running from 

one end of the fibril to the other. The fibril is divided by thin partitions 

called Z lines which run from fibril to fibril across the fibre and so 

form the basis of the sarcomers as shown in Figure 1. 1. Each myofibril 

is made up of protein filaments. The thick filaments are myosin, containing 

two moles of heavy chains and 4 moles of light chains, which have projec-

tions to either side. The thin filaments are actin, made up of two strings 

of globular proteins wound together, on which are arranged the other 
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major muscle proteins, tropomyosin and three components of troponin 

(see Figure 1.1). The filaments interdigitate with each other, forming 

cross bridges which develop the force of contraction. 

1. 2.3 General Structure of Myosin (Wilkie, 1968; Bendall, 1969) 

Myosin is the focal point of the contraction process, having both the 

binding sites for complexing with actin and the enzymatic sites which 

allow the hydrolysis of ATP - each being essential for muscle contrac-

tion to occur, as shown diagramatically in Figure 1.1. 

The molecule consists of double a-helical rod with two globular 

heads at one end, which form the enzymatic site and the actin binding 

site. Brief trypsin digestion yields two fragments, having cleaved the 

tail approximately two-thirds the way along the length. Heavy mero-

myosin consists of the globular heads attached to a shortened tail, and 

light meromyosin consists of the remainder of the tail. The polypeptide 

chains in this structure consist of two similar heavy chains of which 

there are two or more types (Starr and Offer, 1973), each of molecular 

weight 200,000 daltons which make up the double helical rod and head 

structure. Fitted around the head are the light chains of which there 

are 5 types of molecular weights, 27,000, 25,000, 21,000, 18,000 and 

16,500 daltons, and which are present in a combination which reflects 

the muscle type (Dow and Stracher, 1971). Two alkali, or non-phos-

phorylatable light chains (LC L) and two regulatory, or phosphorylatable 

light chains (LC 2 ) are present per myosin molecule, and in fast skeletal 

muscle an additional alkali chain, LC 3 , is present. 



Figure 1. 1 



FIGURE 1. 1: The Structure of Skeletal Muscle. 

The muscle fibre: 

The muscle fibre is a cylindrical structure which may be many 

centimetres long. It is divided by regular striations into 

sarcomeres. Within the fibre are many cylindrical sub-units, 

the fibrils which are the basic contractile elements of the 

muscle. 

The sarcomere: 

The individual sarcomeric units consist of rods of contractile 

protein which are fine filaments arranged longitudinally. The 

thin filaments consist of an a -helix of globular actin molecules, 

and the thick filaments are myosin. The myosin molecules have 

projections which extend laterally and make contact with the 

actin sub-units. It is the sliding of the thick and thin fila- 

ments which form the molecular basis of muscle contraction, 

the actual length of the filaments remaining unchanged. 

Transverse section through a sarcomere 

This is a diagrammatic representation of the mechanism of 

ATPase activity, which is a particular feature of the actin - 

myosin interaction in muscle contraction, and depends on two 

other muscle specific proteins, troponin and tropomyosin. 

Calcium ions regulate contraction by releasing the inhibition 

of the actin - myosin interaction through a conformational 

change in the troponin-tropomyosin complex as shown. 
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1. 2. 4 Types of Myosin 

It has been shown by many workers that different isoforms of 

myosin exist, each being specific to a particular tissue type. The 

myosins of smooth muscle, cardiac muscle and skeletal muscle are 

antigenically different and these are different again to myosin found 

in non-myogenic tissue such as brain (Ben, Puszkin and Nicklas, 

1973), fibroblasts (Adelstein et al., 1972) and platelets (Bettex-

Galland and Luescher, 1965; Adelstein, Pollard and Knehi, 1971). 

The non-myogenic myosin contributes to intracellular movement, 

mitosis and cellular adhesiveness. It only accounts for 0. 5 - 3.0% of 

the total cell protein compared with 30% for muscle myosin. The two 

types of myosin differ in their solubility properties (myogenic myosin 

precipitates at high ionic strength whereas fibroblast myosin precip-

itates at low ionic strength (Ostlund and Pastan, 1974)), but other-

wise many properties are similar (Adelstein et al., 1972; Ostlund and 

Pastan, 1974). For example, ATPase activity is stimulated by EDTA 

in the presence of calcium and potassium and suppressed by magnesium 

in 0. 6M potassium chloride, both bind to actin, have a heavy chain 

molecular weight of 200, 000 daltons and there is evidence to suggest 

that non-myogenic myosin has two light chains of 20,000 and 16,000 

daltons (Chi etal., 1975). 

Adult skeletal muscle is again subdivided according to muscle 

type which arises as a result of innervation by different sets of motor- 

neurons. Fast twitch muscle is innervated by a single motorneurone and 

is fast contracting; and slow tonic muscle is multiply innervated and slow 

contracting. Fast muscle myosin has three light chains of 25,000, 18,000 

and 16,500 daltons associated with two heavy chains per molecule, and 

slow muscle myosin has two light chains of 27,700 and 21,000 daltons, with 
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two heavy chains, per molecule. Slow myosin also tends to have a 

lower ATPase activity than fast myosin. That innervation is important 

in the development of these two muscle types was demonstrated by 

Gordon et al. (1977) who replaced a slow muscle, the anterior latissimus 

dorsi (ALD), of the chicken with a minced fast muscle, the posterior 

latissimus dorsi (PLD), which, therefore, received the ALD nerve 

supply. The minced muscle regenerated as ALD, and in a similar experi-

ment where minced ALD replaced PLD, the minced muscle regenerated 

as PLD, and it was shown that the relative myosins also changed as 

determined by their light chain composition. This was only achieved 

with regenerating muscle, though Weeds et al. (1974) by cross re-

innervation of the slow and fast twitch muscle of the cat, and Srter 

et al. (1975) performing cross re-innervation experiments in the rabbit, 

showed that the adult muscle phenotype could be changed to the opposite 

type and hence concluded that myosin phenotype is controlled through 

the nervous system. 

That the adult forms of fast and slow muscle express different 

isoforms of myosin in a tissue specific manner is now well established, 

but the development of either form is highly controversial.. Some 

investigators claim that all embryonic muscle fibres, whether destined 

to become fast or slow in the adult, initially synthesise both fast and 

slow myosins (Srter et a! .., 1972) and only after proper innervation 

has become established do they select the continued synthesis of one 

type and repress that of the other. Others propose that embryonic 

muscle consists of fast myosin only - slow myosin not being synthesised 

until proper innervation is established (Rubinstein and Kelly, 1978) and 

yet others claim that there is a distinct myosin unique to the embryo 

which is gradually replaced by one or other adult form (Srter et al., 
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1975; Whalen et al., 1979; Whalen et al., 1981). A most convincing 

demonstration of the expression of a distinct embryonic MHC gene 

has recently been provided by Jakowlew et al. (1982) who showed that 

the levels of a distinct MHC mRNA present in embryonic chick heart 

decrease during development. Several immunohistochemical studies 

(Hoh et al., 1978; Whalen and Sell, 1980; Lompre et al., 1981) on rat 

cardiac muscle have demonstrated three isoforms of cardiac MHC named 

V1 , V 2  and V 3  on the basis of their increasing electrophoretic mobility. 

These studies have shown that V1  appears at birth and persists through-

out life whereas V 2  and V 3  are foetal forms which also re-appear in the 

second month of post-natal life. The distribution of the three types 

throughout development suggests that different MHC genes are ex-

pressed at specific developmental stages and under different physio-

logical and pathological conditions. 

Using a fluorescent antibody staining technique with antibodies pre-

pared specifically against slow, fast and cardiac myosin heavy chain, Masaki 

and Kinoshita (1974) and Masaki and Yoshizaki (1974) showed that all three 

antibodies stained the same myotubes and myofibrils in embryonic chick 

skeletal muscle at various stages of development from 4 days onwards. By 

the same technique, they also showed that the ability of embryonic fast 

skeletal muscle to synthesise cardiac and slow muscle myosin gradually 

decreases until they are almost undetectable in the pectoralis muscles of 17-

day embryos. Similar results were obtained with early developing rat 

muscle, using an immunocytochemical approach (Gauthier etal., 1978), when 

fast and slow isoenzymes of myosin were shown to co-exist in the same 

fibre. In this same study, the developing rat diaphragm, destined to 

become a fast muscle, retained ATPase activity after both acid and 

alkali treatment, but during post-natal development, only the alkali 
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stable form persisted. This may be an indication of the presence of 

both fast and slow myosin in the embryonic muscle, since, adult rat 

myosin ATPase is acid stable in slow fibres and alkali stable in fast 

fibres, unless there is an embryonic form which retains its activity in 

both acid and alkali conditions. In addition, it was shown by Syrovy 

(1977) that the slow, semi-tendonous muscle of rabbits contains fast 

and slow muscle light chains in the newborn animal but only slow forms 

in the adult. The newborn also had a higher ATPase activity. Such a 

pattern of change in myosin isoenzymes is consistent with physiological 

changes which occur in the skeletal muscles of small mammals. Up until 

7 days after birth contraction is slow, and until then, slow and fast 

myosin have been shown to exist together. By 21 days, however, when 

the speed of contraction in fast muscles has increased, the level of 

staining for slow myosin has decreased. In addition to these examples, 

a further 'superfast' molecule has been identified (MHCSF)  as the 

heavy chain in the myosin of the rapid maxillary muscle of the cat 

(Rowlerson et al., 1981). 

However, it must be noted that many studies have failed to identify 

slow myosin in embryonic muscle. Usiflg sodium.... dodecylsuiphate poly-

acrylamide gel electrophoretic techniques to identify the various light 

chains, and antibody techniques to differentiate between fast and slow 

heavy chains, Rubinstein et al. (1977) claim that pectoralis (fast) and 

ALD (slow) muscles of the embryonic chick only contain fast myosin 

heavy chain and the 25,000 and 18,000 dalton light chains, and only 

after the establishment of innervation does the ALD begin to synthesise 

slow heavy chain and by 20 days of development the light chains which 

are characteristic of slow muscle become predominant. These results 

confirmed the early work of Srter et al. (1972), who showed that the 
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ATPase activities of various embryonic myosins, whether destined to 

become fast or slow in the adult were very close to those of fast adult 

muscle. Rubinstein and Kelly (1978), working on the rabbit, also 

postulated a developmental progression from a fast type muscle to the 

adult form. The light chains of ELD (fast) isolated at various stages 

of development always migrated with the adult form. The light chains 

of the soleus (slow), however, also migrated with the adult fast light 

chains, on polyacrylamide gels, up until 20 days of foetal development. 

By 2 days post partum, the soleus showed 5 light chains with mobilities 

identical to those of fast and slow, and by 10 days post partum, slow 

light chains predominated. The adult soleus shows no sign of the fast 

light chains. 

The question of gene expression of the fast and slow isoforms of 

myosin heavy chain in developing muscle is complicated by the fact that 

some developing muscle contains a mixture of fast and slow fibres, and 

the study of individual fibres is difficult. In addition, potential cross-

reactivity between the various antibodies to adult and embryonic fast 

and slow isoforms can present problems as shown by Whalen et 0/. (1981) 

and Gauthier et al. (1982). Bileter et al. (1981) have analysed individual 

fibres biochemically and shown co-expression of slow and fast light chains 

though it is unknown whether the genes are activated in the same 

nucleus. For this reason, further studies on cloned myoblasts were 

carried out (Keller and Emerson, 1980; Stockdale et al., 1981) and were 

found to express both slow and fast myosin light chain genes irrespective 

of the original source of the clone, though expression of the myosin HC 

under such conditions is unknown at present. 

Perry and his co-workers (Trayer and Perry, 1966; Holland and 

Perry, 1969) and others (Obinata, 1969) stressed the differences between 
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'embryonic' and 'mature' muscle myosins to the extent that they suggested 

that the embryo has its own form of myosin with a lower ATPase activity 

which increases gradually during development as the myosin becomes 

replaced by the adult form. Evidence for this hypothesis has come from 

work on both the heavy and light chains. Perry claims that the heavy 

chain of the embryonic myosin is different to that of adult fast myosin, 

since, in recombination experiments, only the two largest adult light 

chains can combine with the embryonic heavy chain - that is, it appears 

to have no affinity for the smallest adult light chain, which has been 

shown to be absent, or present in very small amounts in embryonic tissue 

(Dow and Stracher, 1971; John, 1974; Srter et al., 1975; Dabrowska 

et al., 1977). More recently (Whalen et al., 1979), partial proteolytic 

cleavage and immunological analysis followed by two dimensional electro-

phoresis have demonstrated three types of skeletal muscle myosin heavy 

chain - a fast, a slow and an embryonic type. The fast and slow forms 

were identified in diaphragm and soleus muscles respectively, and the 

embryonic form was unique to embryonic muscle and some types of 

myogenic cell culture. The methods used are claimed to expose antigenic 

sites which have previously not been involved in immunological studies, 

and have resulted in an estimate of at least nine heavy chain genes. 

Evidence for an embryonic light chain (LC1E)  similar to the largest 

light chain of fast muscle (LC1F)  was obtained (Whalen et 01., 1978) 

after two-dimensional electrophoresis of myosin from cultured muscle and 

cell lines. It was also identified in embryonic and newborn rats, but 

not the adult, so was not dismissed as a tissue culture phenomenon, and 

was shown to have similar properties to LC1F  by its co-purification 

properties and its association with myosin subfragment 1 (the globular 

part of the molecule) from which LC2F  is lost. However, this evidence 
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has been dismissed in another more recent study (Rubinstein and Holtzer, 

1979) which has only been able to identify fast myosin heavy chain in 

muscle, prior to innervation, whether it is destined to become fast or 

slow. The largest light chain was identified as a doublet as previously 

reported, but when RNA was extracted from cultures of such muscle and 

translated in vitro, this second band was not apparent and was thus 

dismissed as an artifact which presented no real evidence for a distinct 

embryonic form. The amino acid sequence data on some of the myosin 

heavy chain proteins is very incomplete and thus it is not possible to 

conclude anything about the number of different forms of myosin heavy 

chain in this way. However, peptide mapping and immunological data 

show that the various forms have considerable sequence homology. 

The recent development of monoclonal antibodies (Masaki et al., 1982) 

against various regions of the MHC molecule should permit more accurate 

studies on the regions of homology between the various myosin heavy 

chains. 

The fact that fast and slow muscle displays different properties 

suggests that several structural genes are required to produce a given 

functional thick filament. Obviously genetic decisions must be taken 

during myogenesis to specify which heavy and light chains are tran-

scribed and translated in a particular fibre. 

Most of the literature discourages the idea that prior to innervation 

and active contraction, all muscles translate messengers corresponding 

to the heavy and light chains of a less specialised 'embryonic' type 

which is later replaced by one or other adult form. All the literature is 

united in the idea that innervation is important in muscle development, 

and consequently in the genetic expression of the muscle but it is the 

precise nature of this influence which is controversial. One suggestion 
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is that the synthesis of fast myosin is endogenously programmed and 

the synthesis of slow myosin is dependent on innervation. This was 

demonstrated by the de-nervation of rabbits at birth (Rubinstein and 

Kelly, 1978) in which both types of muscle developed rapid contractions 

very similar to those of adult fast twitch muscle, suggesting that the 

speed of contraction of slow fibres depends on innervation. Other 

theories suggest that both types of muscle are synthesised without innerva-

tion, but a specific type of nervous input either suppresses the synthesis 

of a certain type of myosin or maintains the synthesis of the other type 

beyond a particular stage in development. Certainly, the speed of 

contraction of embryonic muscle, which is generally slow, does not 

correlate with the idea that it only contains fast myosin. Slow myosin 

seems to be most abundant when the speed of contraction is slow and 

fibres are multiply innervated, and its synthesis seems to be switched 

off when contraction speed increases and the fibres become innervated 

by single neurones. Recently, Kelly and Rubinstein (1980) have 

explained this apparent contradiction by suggesting that skeletal muscles 

develop from a small population of primary generation cells, and sub-

sequently, second generation cells develop along the walls of these 

primary cells, eventually separating and becoming independent units of 

contraction. Using anti-slow and anti-fast myosin, Kelly and Rubinstein 

(1980) demonstrated that the primary generation cells react with anti-

slow and the secondary generation cells react with anti-fast myosin, and 

that it is the influence of these primary cells which cause the slow con-

tractions early in development. 

However, the evidence for any of these theories is based on the 

type of myosin present in embryonic muscle, and if gene expression 

could be investigated directly at the DNA level, then such controversies 

may be resolved. 
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A partial eDNA, prepared from an embryonic chick skeletal muscle 

myosin heavy chain mRNA has been prepared in this laboratory by 

Patrinou-Georgoulas and John (1977) and using the technique of 

in situ hybridisation has enabled the detection of myosin mRNA in 

individual cells (John, Patrinou-Georgoulas and Jones, 1977). However, 

although the eDNA was a partial copy, it did appear to be specific for 

embryonic skeletal muscle myosin heavy chain mRNA as it did not cross 

react with fibroblast myosin heavy chain mRNA. The degree to which 

it may cross react with other muscle myosins remains to be determined. 

Any form of cross reactivity will make this probe a powerful tool for the 

isolation of complete genomic copies of the various myosin heavy chain 

genes which can then in turn be used as further probes for the detection 

of different myosin heavy chain messengers in the various tissues. 

1. 2.5 Myo genesis 

The development of embryonic skeletal muscle is regarded by 

many workers as a model system for development studies on differen-

tiating tissues. 

Briefly, the muscle cells, or myoblasts, present early in develop-

ment are single cells which become determined on one course-of 

development. Eventually, cell fusion occurs quite rapidly to form 

multinuclear, highly specialised syncitial myotubes (Strehler;etaI. 

1963; Vertel and Fischman, 1976). This is the terminal differentiated 

state which is also marked by specific protein synthesis, including 

synthesis of the Structural proteins, actin and myosin, muscle specific 

enzymes such as creatine phosphokinase and the appearance of acetyl-

choline receptors on the cell surface. 

The fusion process is asynchronous in vivo but conditions have 

been developed in vitro where the transition from the single cell to the 
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myotube state is very sharp; 70-80% of all cells will fuse in one genera-

tion time (O'Neil and Stockdale, 1972) and, in fact, all the later stages 

of myogenesis can be reproduced in tissue culture (Buckingham, 1977). 

This led to many studies of cell fusion and various theories about muscle 

development. Several workers (Okazaki and Holtzer, 1966; Bischoff 

and Holtzer, 1969; O'Neil and Stockdale, 1972; Wahman et al., 1976; 

Moss and Strohman, 1976) have investigated cell fusion with respect to 

the cell cycle, and this prompted Holtzer (Bischoff and Holtzer, 1969) 

to put forward his theory of a critical mitosis which yields daughter 

cells with a pattern of synthetic activities which are very different from 

those of the parent cell. Fusion, it is agreed, is limited to cells in the 

G  period of the cell cycle, and it has been reported (Okazaki and 

Holtzer, 1966; Bischoff and Holtzer, 1969) that nuclei radioactively 

labelled with tritiated thymidine at the end of the previous S period do 

not appear in myotubes sooner than 8 hours later which brings them into 

the final third of the Gi period. Under conditions which normally 

shorten the G1 period, it was found that this 1 8-hour rule' still applied, 

but the cells did not move on through the cell cycle. It was therefore 

concluded that cells withdraw from the cell cycle prior to fusion or enter 

a post-mitotic period, the previous mitosis being qualitatively different 

from that of other cell cycles. 

In fresh myogenic cultures, it was observed (Bischoff and Holtzer, 

1969) that24% of - the. mononucleated cells fused without synthesising DNA, 

though they had ample opportunity to do so in vitro since fusion was 

not evident until the end of the first day in culture. It was implied, 

therefore, that these cells had withdrawn from the cell cycle prior to 

the setting up of the cultures and were awaiting suitable conditioning 

of the medium (O'Neil and Stockdale, 1972) before becoming competent 

to fuse. 
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This hypothesis suggests that myoblasts fall into two populations - 

dividing stem cells and post-mitotic cells, which have passed through the 

critical division and one, or both, of the daughter cells have repressed 

DNA synthesis and thus activated that part of the genome necessary for 

fusion. O'Neil and Stockdale (1972), however, have found no evidence 

for the existence of these two populations of cells and, therefore, dis-

count the critical mitosis theory. They observed cell fusion occurring 

just 3 hours after the previous period of DNA synthesis - that is, at 

the beginning of Gi, and if cells failed to make contact during the G1 

period, they appeared to undergo another round of DNA synthesis 

before fusion. This means that the ability to fuse arises in a cyclic 

fashion in synchrony with the cell cycle. 

It is possible that these differing observations could be accounted 

for by the vastly different culture conditions, which were shown to 

promote large differences in fusion rate, and various manipulations of 

the cell environment. 

In support of his 'critical mitosis' theory, Holtzer has observed 

myoblasts which show striated myofibrils, i.e. contain actin and myosin, 

which later fuse into myotubes (Okazaki and Holtzer, 1966). The myo-

blasts do not undergo cell, division and due to the presence of striated 

myofibrils, must be committed to myogenesis. 

It appears, therefore, that the study of myogenesis in relation to 

the cell cycle can vary according to the in vitro conditions employed and 

more reliable factors which demonstrate terminal differentiation, such as 

the expression of specific muscle genes, for example myosin, will give a 

more meaningful indication of events. However, recent studies have 

focused on the expression of such genes at the protein or mRNA levels 

and various disagreements have arisen which reinforce the proposals that 
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developmental studies should be made at the level of the genome, and 

centre around the control of the expression of genomic DNA. 

It has been proposed that myosin synthesis is not a reliable 

indicator of terminal differentiation since early investigations could not 

detect myosin in culture until after fusion (Coleman and Coleman, 1968; 

Yaffe and Dym, 1972; Pzybyla and Strohman, 1974) and yet others 

report detectable amounts in presumptive myoblasts (Chi et al., 1975). 

Emerson and Beckner (1975) showed that myosin synthesis increases 

50-100 times during fusion over levels synthesised in the dividing 

myoblast, from a rate of 300 molecules/nucleus/mm.. before fusion to 

20,000 molecules /nucleus /min in cultures which are 85% fused. In 

addition, when cells were inhibited from fusing by EGTA treatment to 

chelate all calcium ions, and prevented from dividing and synthesising 

DNA by lowering the serum and embryo extract concentrations in the 

medium, myosin synthesis paralleled those levels found in fusing cultures. 

However, other studies (Paterson and Strohman, 1972; Pzybyla and 

Strohman, 1974) involving inhibition of fusion could not detect myosin 

synthesis, though the conditions used did promote cell division. Using 

fluorescent antimyosin, Moss and Strohman (1976) detected myosin in 

most cells of their fusion blocked, post-mitotic myogenic chick cultures, 

and found that they could accumulate the protein at the same rate as 

fused cells, and it was also shown (Vertel and Fischman, 1976) that 

myosin was organised into fibrils in fusion blocked cells. The conflicting 

evidence arising from these early studies is probably due to differing 

levels of sensitivity of methods of detection of myosin heavy chain which 

therefore made it very difficult to establish the exact time of onset of 

of synthesis. More recent work (Devlin and Emerson, 1978; Shani et al., 

1981a, b) has. shown, using two dimensional gel electrophoretic 
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techniques that large numbers of contractile proteins are synthesised 

around the time of cell fusion, though the exact time of onset is still 

undetermined, but is probably a few hours before fusion (Shani et al., 

198 la,b) ..'Therefore,  it appears that the activation of myosin synthesis 

does not require the cells to be in their terminally differentiated state - 

that is, post-fusion, but is promoted in cells where cell division and 

DNA synthesis have ceased. These experiments are consistent with the 

view that cells withdraw from the cell cycle after a particular cell 

division and from then, the cell is determined on one course of develop-

ment with the co-ordinated activation of specific genes. 

Although some workers (Yaffe and Dym, 1972; Pzbyla and Strohman, 

1974) could not detect myosin in myogenic cells prior to fusion, they do 

agree with others that fusion is not the primary event in gene activation 

during myogenesis, since at the time fusion occurs, some muscle specific 

gene transcription has taken place. This was implied by an expeii-

ment in which actinomycin D, applied to cultures at the time of fusion to 

block RNA synthesis, did not prevent the initial rise in myosin heavy 

chain synthesis, suggesting that myosin heavy chain mRNA is present 

prior to fusion. This led to the hypothesis (Yaffe and Dym, 1972; 

Morris et al., 1972; Buckingham et al., 1976) that the myosin heavy 

chain mRNA accumulates in advance of protein synthesis and is retained 

in the cell in an inactive form for a significant period of time. However, 

the actinomycin D experiments have also been interpreted (Strohman 

et al., 1977) in terms of the existence of a very small amount of mRNA 

which may be present prior to fusion in order that the low level of 

myosin synthesis detected by Emerson and Beckner (1975) can be 

explained, and thus confuses interpretation of experiments on the 

accumulation of mRNA. 
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Several workers have isolated myosin heavy chain mRNA in pre-

fusion myoblasts in the form of a messenger ribonucleoprotein particle 

(mRNP) sedimenting between 80S and 120S. However, the methods used 

for positively identifying the myosin messenger are open to dispute. 

Attempts at in vitro cell free translation have generally failed, but 

may be due to the messenger being of low translational efficiency or 

modified in some way when associated with proteins. Rubinstein and 

Holtzer (1974) isolated a 26S polyA containing RNA from myoblasts and 

called it the putative myosin message, though there was no other evidence 

(apart from the sedimentation value) that this actually was myosin 

message, except that it migrated at 32S on polyacrylamid gels, a value 

which has been determined for myosin heavy chain mRNA. It was shown 

that during the logarithmic growth of myoblasts, but not fibroblasts, 

this 26S species increased in amount. Its synthesis then decreased 

during the lag phase prior to fusion, though immediately before fusion, 

synthesis increased again. These changes also correlated with a change 

in half-life of the message from 10 hours before fusion to 56 hours 

after fusion. It was confirmed that these are the same RNA species by 

hybridisation to eDNA. 

Other studies (Robbins and Heywood, 1976; Dym, Kennedy and 

Heywood, 1979) have identified the same mRNA, mainly in mRNP particles 

prior to fusion, and mainly in polysomes after fusion, by hybridisation 

with cDNA copies of 26S polyA l  RNA. Using the same technique to 

quantify the levels of myosin heavy chain mRNA, it was shown by 

Robbins and Heywood (1976), that the total number of myosin 

transcripts decreases after cell fusion when the synthesis of myosin is 

increasing. This could be related to the increase in stability of the 

messenger found previously by Buckingham et al. (1974) and suggests 
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an increase in the efficiency of translation of mRNA during differen-

tiation when there is a general shift in the polysome profile from one 

with many monosornes and small polysomes (with which the mRNP's 

sediment) to one with many heavy polysomes. Thus, the detection 

of mRNP particles prior to fusion which synthesises myosin in a cell 

free system (Heywood et al., 1975; Bag and Sarkar, 1976) gives 

credibility to the theory that terminal differentiation takes place when 

the genome is already programmed for the synthesis of specific proteins 

at the transcriptional level, but phenotypic changes occur later and 

are controlled at the level of translation. When fusion occurs, the 

messengers present may be stabilised, though this is not directly 

associated with the appearance of heavy polysomes, which occurs some 

16 hours later. 

A model for the maintenance of mRNA in an inactive form has 

been proposed by Bester et a/. (1975), involving translational control 

RNA (tcRNA) as shown in diagrammatic form in Figure 1.2. Evidence 

for the existence of this is that small RNAs can be isolated from both 

polysomes and inRNP fractions (Bester et al., 1975) which inhibit the 

translation of the mRNA present in the same fraction but not in the other. 

The tcRNA isolated from mRNPs contains a long polyU tract not found in 

the tcRNA isolated from polysomes and therefore it was proposed that 

this hybridises with the polyA tract of the messenger RNA as part of 

the inactivation process. Furthermore, a specific nucleotide region at 

the 3' end of the 'molecule hybridises with the 5' end of the message, 

thus circularising and further inactivating it. On activation, the 

polyU tract is hydrolysed, so making the RNA available to the ribosomes 

for translation. Heywood and Kennedy (1976) showed that a small 

poly(U) rich RNA interacts with myosin mRNA on a 1: ibasis, rendering 



Figure 1. 2 - 



FIGURE 1.2: The Mechanism of Action of Translational Control 
RNA (Bester et al., 1975). 

Translational control RNA (tcRNA) is cleaved from the 

heterogeneous nuclear RNA (HuRNA) in the nucleus and it 

passes into cytoplasm as part of the mRNA molecule. Its 

long poly(u) tract is able to hybridise with the poly(A) 

tract at the 3' end of the mRNA, thus circularising and 

preventing the messenger entering a polysomal form. On 

hydrolysis of the polyU residues, the mRNA is released into 

an active form. 
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it resistant to T 1  and T 2  nuclease and completely inhibited from trans-

lation. They concluded that a translational control RNA does exist, 

controlling the utilization of messengers in the embryonic system. 

Evidence against this model is provided by reports (Pzybyla and 

Strohman, 1974; Benoff and Nadal-Ginard, 1979) which fail to detect 

myosin heavy chain mRNA binding to oligo dT-cellulose, and therefore 

imply that the polyA stretch of the mRNA is non-existent or very short. 

Benoff and Nadal-Ginard (1979) suggest a series of 13 polyA residues 

only, although it is possible that, as the myosin heavy chain mRNA 

'ages', its polyA tail is shortened, as has been observed for the globin 

message (Perry and Kelly, 1973). However, Dym, Kennedy and Heywood 

(1979) did not detect hybridisation of myosin heavy chain cDNA to the 

unbound fraction from their oligo dT-cellulose column and so could not 

confirm these results. Most investigators have used the polyA fraction 

eluted by oligo dT-cellulose fractionation of total RNA as an initial step 

in the purification of myosin mRNA and later work (Benoff and Nadal-

Ginard, 1980) has shown that myosin HC mRNA with a short polyA tail 

translates very poorly in vitro relative to myosin HC mRNA with a 

longer polyA tail. 

The existence of mRN particles implies a translational control 

mechanism for the synthesis of myosin. However, several workers 

favour a transcriptional control mechanism following studies on the 

levels of myosin HC mRNA in early (pre-fusion) and late (post-fuion) 

cultures. Equal amounts of total RNA from each of these cultures was trans-

lated in vitro and the relative amounts of protein synthesised by each pre-

paration was determined (Strohman etal., 1977). Fused cultures gave a 

30-fold increase in the myosin heavy chain mRNA activity over unfused 

cultures and it was demonstrated by mixing the two RNA preparations 
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that no inhibitory factor was acting on the translation of the RNA from 

the unfused cultures. The conclusion drawn from these experiments 

was that transcriptional control must be important because the increased 

synthesis in protein before and after fusion was reflecting direct 

changes in the mRNA levels of the cell. However, no actual measure-

ments of RNA levels were made and therefore the experiment was simply 

measuring the translatable activity of the messengers present before and 

after fusion. It is possible, then, that myosin heavy chain mRNA is 

present before fusion in an inactive form, possibly an mRNP particle, 

which is not translatable in an in vitro cell free system, in which case 

these results imply the importance of translational control. 

Two studies have estimated the quantitative nature of mRNA 

populations during development. Paterson and Bishop (1977) worked 

on the changes in mRNA populations during myogenesis and Axel, 

Fiegelson and Schultz (1976) analysed the messenger sequence complexity 

of the chicken liver and oviduct. Both studies concluded that trans-

criptional control is important during differentiation and when taken 

with studies on haemoglobin (Ross et al., 1974), fibroin (Suzuki and 

Suzuki, 1974),andchorion proteins (Gelinas and Kafatos, 1972), there 

is a definite trend towards this view. 

mRNA from pre-fusion cultures and fused cultures was hybridised 

to homologous cDNA to estimate the number of sequences expressed in 

each cell type and their frequency distribution, and cross hybridisation 

was carried out to determine the extent of homology between the two 

populations (Paterson and Bishop, 1977). This showed that the mes-

senger population in the myoblast was ten times more complex than that 

in the myofibril. The myoblast expresses 17,000 different mRNA 

sequences present in three abundance groups, but the myofibril only 
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expresses 2400 sequences, 20% of which is only 6 different sequences 

present in 15,000 copies/cell. It was shown by cell free translation 

that the change in abundance of messengers as fusion proceeds cor-

relates with a rapid increase in the synthesis of several muscle specific, 

predominantly structural, proteins, including myosin, actin and tropo-

myosin, providing evidence that myogenesis is controlled at the level 

of transcription. 

Using a similar hybridisation technique, Axel, Fiegelson and 

Schultz (1976) showed that 70% of the oviduct mRNA represents only 10 

different species, present as 14,000 copies/cell, and in the liver 43% 

of the messengers account for just 7 different types. 90% of the mRNA 

of the posterior silk gland of the silk moth is fibroin mRNA (Lizardi, 

1976). 

Thus, there is conflicting evidence, both for and against the 

operation of transcriptional and translational control mechanisms during 

myogenesis - particularly regarding the expression of the myosin gene. 

However, even if translational control does play an important role, then 

transcriptional control must operate at some stage since there are 

definite changes in the concentrations of various mRNA species at some 

developmental stages, and differences between cell types (Ross et al., 

1974; Suzuki and Suzuki, 1974; Axel, Fiegelson and Schultz, 1976; 

Lizardi, 1976; Gelinas and Kafatos, 1977; Paterson and Bishop, 1977). 

As well as the operation of some control mechanism over the onset of 

myosin heavy chain synthesis, there must also be co-ordinated switches 

between foetal and adult programs of myosin heavy chain gene expression 

These may be between embryonic and adult isoforms or perhaps, the 

repression of slow isoforms in preference for the synthesis of fast forms, 

or visa versa. One way of obtaining a better understanding of gene 
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expression is to investigate the gene at the genomic level where the 

mechanisms of control may be found and understood. 

1.3 Cloning of Muscle Function Genes 

1. 3. 1 Introduction 

The increasing number of controversies which are arising out of 

current research on muscle development indicate that a study of the 

genes at their most fundamental level is necessary to be able to resolve 

many of the problems. Such a study will reveal the number of myosin 

heavy chain genes, for example, and possibly lead to a conclusion about 

their expression during development, and in various physiological 

muscle types if suitable probes become available. From structural work 

on several contractile proteins (that is, actin, myosin, tropomyosin and 

troponim) it has become evident that they exist as different isoforms 

which have different primary sequences, and therefore are coded for 

by multi-gene families. The myosin heavy chain genes, in particular, 

appear to be expressed in a tissue specific manner as already discussed, 

and the advent of recombinant DNA technology is now making possible 

studies of such genes at the level of the genome. 

Several attempts have been made to purify single genes from 

genomic DNA. Brenner et al. (1970) isolated tRNA from E. coil and by 

repeated hybridisation to total sheared, denatured, E. coil DNA and 

subsequent fractionation on a hydroxylapatite column to separate the 

hybrids from single stranded DNA, isolated the corresponding genomic 

DNA. Shih and Martin (1973) improved this basic system by chemically 

linking RNA to cellulose in a column maintained at 37°C with 50% form-

amide to encourage hybridisation of the RNA to complementary sequences 

of sheared total genomic DNA which passed through the column. The 
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unbound DNA was then heated to 90°C to denature any DNA/DNA 

hybrids which had formed, and was then re-passed over the immobilised 

RNA. If a specific RNA is used, it can be completely saturated with 

complementary DNA fragments which are later eluted. The system was 

tested by binding SV 40 RNA to the cellulose and circulating SV 40 DNA 

mixed with E. co/i DNA. The SV 40 DNA was specifically retained even 

when the E. co/i DNA was in a 10 k-fold excess. 

In an effort to purify the ovalbumin gene sequence (Anderson and 

Schimke, 1976; Woo et al., 1977) which makes up 10-6  of the total 

chicken genome, a cDNA copy of the specific mRNA was synthesised and 

this was bound to phosphocellulose. 5 kiobase lengths of chicken DNA 

were then circulated over this and it was found that the ovalbumin 

sequence was specifically retained and could be enriched 15,000-fold. 

Due to slight contamination of the original mRNA preparation with 

messengers of the other egg white proteins, conalbumin and ovomucoid, 

a lengthening of the hybridisation time allowed isolation of these gene 

sequences also (Anderson and Schimke, 1976). 

Many genes have now been isolated by complementary DNA (eDNA) 

cloning in plasmids, a technique which has become quite routine in 

many laboratories. This involves the synthesis of eDNA from either 

a purified mRNA species, or a population of mRNA molecules, from one 

particular tissue, for example. The eDNA is subsequently chemically 

linked into a bacterial plasmid (a closed circular DNA molecule which can 

be maintained in a bacterial cell as an extra-chromosomal element), as 

shown diagrammatically in Figure 1.3 and used to transform a suitable 

host bacterium which is then able to produce many copies of the particular 

piece of DNA. Advantages of recombinant DNA technology over the 

earlier methods are that gene sequences can be synthesised in quantity 
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FIGURE 1.3: Strategy of Cloning in Bacterial Plasmids. 

To clone a specific gene in a plasmid, a cDNA copy is 

synthesised from a previously purified specific messenger 

RNA. This is made into a double-stranded from which is 

then 'tailed' at the 3' ends of each strand with a short 

stretch of cytidine residues. The plasmid is cleaved at 

a suitable site with a restriction enzyme and the free 3' 

ends are extended with guanosine residues. Mixing allows 

base pairing between the polyG and polyC tails, and treat-

ment with DNA ligase to seal the 'nicks' gives a recombinant 

molecule which can be used to transform a suitable bacterial 

host. This figure shows specifically the strategy involved 

in using pBR322 as the bacterial plasmid which confers 

resistance to both of the antibiotics, tetracycline and 

ampicillin. The plasmid is cut with the restriction enzyme 

PstI which recognises a single site situated within the ampr 

gene and thus recombinants will lose their ability to confer 

ampicillin resistance on transformed bacteria. 
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and in a very pure form providing probes for subsequent study, such 

as actual sequencing and analysis of control of gene expression. In 

some cases, expression of the cloned eukaryotic gene can be achieved 

in the bacterial cell such that proteins, hormones, or other biological 

molecules important for medicine or industry, such as insulin, growth 

hormone, and interferon can be isolated in large quantity, at low cost, 

in a pure form. 

However, the sequence which is cloned from cDNA is not necessarily 

the complete copy of the gene. On a technical level, the mRNA, if it 

is very long may not be completely copied by reverse transcriptase, 

due to inefficiencies in the methodology, producing a shortened cDNA. 

More significantly, the genomic sequence of a gene in many cases, has 

been shown to be much longer than the mature mRNA. For example, 

the -globin gene has been extremely well studied, and it has been 

shown to contain two regions, called introns, which are not represented 

in the mature rnRNA in the rabbit (Jeffreys and Favell, 1977; Van Den 

Berg et al., 1978), mouse (Tilghman et al., 1978a,b; Konkel, Tilghman and 

Leder, 1978) and human (Flavell et al., 1978; Lawn et al., 1978). 

Similarly, the ovalbumin gene contains six introns in the chicken genomic 

sequence (Dugaiczyket al., 1978; Gannon et al., 1979).. There is-much 

speculation about the function of these intervening sequences, but as 

yet there is no identifiable consistent pattern emerging by way of 

nucleotide sequence or number of introns within the structural genes 

isolated so far. Indeed, the introns seem to be the most divergent part 

of some gene sequences which are very well conserved across the 

evolutionary tree, such as the glob ins and actins. 

Within the past 3-4 years, several developments have yielded 

techniques which, in combination, make a direct approach to the actual 
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genomic sequence very feasible. These are cloning methods which 

allow the whole genome of an organism to be maintained as a 'library' 

of random DNA fragments incorporated into the genome of a modified 

form of bacteriophage A, and are illustrated diagrammatically in 

Figure 4.1. 

The DNA of organisms with small genomes, such as Drosophila 

(Wensink et al., 1974; Glover et ci., 1975) and Yeast (Carbon 

1977), have been cloned as libraries in plasmids. More recently, the 

cloning of the DNA of those organisms with larger genomes including 

mouse (Blattner et al., 1978), rat (Sargent et al., 1979), human 

(Lawn et al., 1978), rabbit (Maniatis et al., 1978) and silk moth 

(Maniatis et al., 1978) has been possible due to the development of an 

efficient screening technique by Benton and Davis (1977). This allows 

10 6  recombinant phage to be screened daily, potentially allowing the 

recovery of any single copy gene, providing that a suitable probe is 

available. 

The cloning of the genomes of higher organisms, particularly 

mammals, has been made possible by the development of EK2 certified 

cloning vectors - certain safe forms of bacteriophage lambda, which can 

only survive under very special conditions which do not arise in the 

natural environment, and due to the development of in vitro packaging 

systems, where the recombinant DNA of a lambda phage can be incor-

porated into a phage protein coat, to produce a viable phage particle, in 

the test tube. 

There are some advantages in utilizing cDNA clones in preference 

to genomic clones. Forinstarice, some RNA sequences have no DNA 

equivalent, such as RNA viruses )  so eDNA cloning is the only possible 

method. Also, a eDNA clone bank is generally simpler to screen than 
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a genomic library because it will contain fewer clones, being represen-

tative of the mRNA of a particular tissue only. If the aim of a particular 

cloning experiment is to produce a particular eukaryotic protein, then 

cDNA cloning in bacteria is more likely to result in expression of the 

cloned sequence, since, there is no evidence to indicate that prokaryotic 

genes contain introns, and therefore seems unlikely that bacteria will 

have the necessary splicing enzymes to remove the intervening sequence 

that interrupt the transcripts of eukaryotic genomic DNA. 

However, the sequences represented in a cDNA clone bank will not be 

representative of the whole genome of the organism. Some sequences will 

be completely absent, and those which are present will be so in a proportion 

which reflects the abundance of the particular mRNA in the original tissue. 

This may be desirable for some studies, but here it was more important 

to obtain as equal a representation as possible of the whole genome of the 

chicken to enable the library to be used for the isolation of several myosin 

heavy chain genes which are probably expressed at different times during 

development and in different tissues. 

Thus, it is the aim of this project to construct a DNA library of 

the chicken genome and to make a specific hybridisation probe for the 

myosin heavy chain which is expressed in embryonic skeletal tissue. 

The probe will be used to screen the library and hence to isolate one, 

or more (if there is cross reaction between the different types) of the 

various myosin heavy chain genes. Further advantages in isolating genes 

from a genomic library rather than constructing cDNA clones in plasmids 

are that sequences, which may function in controlling expression of the 

gene, on either side of the coding region are isolated too, as well as 

the previously mentioned fact that the gene can be obtained as a complete 

copy, including sequences within coding regions which themselves are 

not represented in the mature message. 
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1. 3. 2 Structure of Bacteriophage Lambda (A) 

The mature bacteriophage A particle consists of an icosahedral 

protein head containing a single DNA molecule, and a protein tail which 

makes contact with the bacterial cell wall during infection of a susceptible 

host, and through which the phage DNA is able to pass into the bacterial 

cell, leaving the protein coat behind. The structure is shown diagram-

matically in Figure 1.4. 

The wild type DNA consists of a single linkage group (Jacob and 

Woliman, 1954) of 49,000 base pairs (30.8 x 106  daltons) (Schroeder and 

Blattner, 1978) which exists in a linear or closed circular form depending 

on conditions. The circular form arises due to annealing of the cohesive 

ends of the molecule (Hershey et al., 1963). These are single-stranded 

ends of the same length which are complementary (Kaiser and Wu, 

1965; Wu and Taylor, 1971) and thus can be annealed and sealed with 

ligase to form circular molecules. 

Only ADNA molecules with cohesive ends are infective. Kaiser 

and Wu (1965) used DNA polymerase I to fill in the single-stranded ends 

at each end of the molecule, but these completely double-stranded 

molecules were not infective, until exonuclease III was used to remove 

(from the 3' end) the newly synthesised bases. The cohesive ends of 

separate molecules can also anneal, a left end to a right end (Hershey 

and Burgi, 1965), to form long concatamers of ADNA units. It is DNA 

in this state which is particularly important in the final developmental 

stage of a mature A particle (Feiss and Widner, 1982). Weigel et al. 

(1973) showed the cos site to consist of a 22 base pair sequence with 

strong rotational symmetry as shown in Figure 1.5. 

41 genes have so far been identified in the A genome as shown in Figure 

1.6. 21 code for the head, tail and assembly proteins, 12 are responsible 
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Head 

0. 055 p in diameter 
containing 17 p  DNA 
molecule 

Tail 

0.15 p x 0.012 p 
consisting of 35 discs 

1 Terminal fibre 

0.025 p  x 0.002 p 

FIGURE 1.4: Diagrammatic Representation of a Bacteriophage A Particle. 

The mature bacteriophage A particle consists of an icosahedral protein 
head, which contains the single DNA molecule, and a long tail piece 
which is assembled from 35 protein discs. During infection, the 
terminal fibre makes contact with the host bacterial cell wall and the 
DNA molecule is injected into the host cell following its passage through 
the tail. 
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OH-CCCCCTA 	--- 	 A5' 

	

5 I S --- 	CGCGACCT-oH 

Left hand end 
	

Right hand end 

FIGURE 1.5: Nucleotide Sequence of the Bacteriophage X Cohesive Ends. 

Before DNA replication can proceed, the DNA molecule which constitutes the bacteriophage 
A genome must circularise. This is made possible by virtue of the single stranded protruding 
ends which have a 12-nucleotide complementary sequence, as shown. 



34. 

for DNA replication, recombination and lysis of the host cell, and 8 are 

regulatory genes. 27 of these are essential functions. The remaining 

14 non-essential genes can be removed from the genome, and so long as 

the total length of the DNA remains greater than 75% of the wild type 

genome, then it will still be viable. 

Phage A is a temperate phage - that is, it can exist in a lytic or 

lysogenic state. The lytic state involves infection of a host bacterium -  

by a single phage which then undergoes DNA replication and phage 

protein production, assembly of mature phage particles and finally results 

in the lysis of the host cell to release progeny phage. The lysogenic 

state, however, does not immediately destroy the host cell. The phage 

DNA molecule is incorporated into the host chromosome and is called a 

prophage. This renders the bacterium immune to further infection by 

a phage of the same type, but upon induction the prophage may excise 

from the bacterial chromosome and enter the lytic cycle. During 

lysogeny, integration into the bacterial chromosome is always at a 

specific point. This site on the phage chromosome is between the genes 

mt and J. The maintenance of lysogeny depends initially on the 

synthesis of a repressor protein which is transcribed from the ci gene 

and which binds to the operators on either side of the ci gene, prevent-

ing transcription from these points, as shown in Figure 1.7a. This, 

in turn, prevents transcription from other points on the genome because 

all transcription is initially dependant on these two operators. In the 

absence of the repressor, RNA polymerase can reach the promotors as 

shown in Figure 1.7b, and move along to the initiation sites. Genes N 

and cro are transcribed initially, transcription ending at points beyond 

these genes. The cro gene product prevents repressor protein synthesis 

and this establishes the beginning of the lytic cycle, and so the balance 
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FIGURE 1.6: Functions of the Known Bacteriophage A Genes. 

This figure shows the functions of the 41 bacteriophage A genes 

which have thus far been identified. The b 2  region, whose function 

is unknown, lies between genes J and att on the A chromosome. 
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between lysogenic or lytic development depends on a direct antagonism 

between the cro and ci gene products. The N gene product then allows 

transcription of the delayed early genes (by a read through at the 

termination codons tL  and tp].), 0 and P, which control replication and 

recombination of the phage genome, Q, which regulates the transcription 

of the late genes A-S, mt which controls integration of the prophage and 

cii and CIII which are necessary for the transcription of ci. The 

transcription of int, cii and ciii leads to lysogeny, and the transcrip-

tion of ©,P and Q leads to lytic development. Which of these occurs 

depends on the relative times and efficiencies of the action of the 

repressor protein and cro gene product. 

Following transcription of the delayed early genes, the A DNA, 

in a closed circular form (Ogawa and Tomizawa, 1967), due to annealing 

of the cohesive ends, undergoes replication to produce various forms of 

the molecule (Young and Sinsheimer, 1967, 1968). The first predominant 

form is a monomeric closed circle which replicates semi-conservatively 

and bidirect ion ally, and after 10 min of infection, both open and circles 

can be isolated. After 30 min, a heterogeneous population of molecules 

can be isolated which appear to be precursors of the mature linear form, 

being much larger than the single genome, and have been identified as 

concatamers. These are generated by a rolling circle method of replica-

tion where the circle is a unit genome but the tail extends for several 

genome lengths. Only DNA in this concatameric state can be used as 

a precursor for packaging into mature phage particles (Stahl et al., 

1972; Syvanan, 1974; Drabinkaetal., 1976; Hohnet.aI., 1976). The 

specificity is for an uncut cohesive end site (cos site) since packaging 

is initiated by the A protein which complexes with the Nul gene product 

and the DNA at these specific sites. The complex formed between the 
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FIGURE 1.7: Mechanism of Repression and Induction of Bacterio-
phage A Gene Expression. 

shows the initial stages in the establishment of lysogeny. 

A repressor protein, transcribed from gene ci binds to the 

operators and promoters on either side of the ci gene, thus 

preventing further transcription and, therefore, replication. 

shows that in the absence of the repressor, the lytic cycle 

can begin since RNA polymerase is able to bind at the 

operators and transcription therefore occurs. Once the cro 

gene product is available, to prevent synthesis of the 

repressor, the lytic cycle becomes firmly established. The 

N gene product prevents termination at t, tn and tr2  and 

the Q gene positively regulates late transcription from 'r 

which establishes and maintains lysogeny. 
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A and Nul gene products is called A terminase (Hohn, 1975). The 

A DNA is packaged directly into preformed precursor structures, called 

petite A, made up of the phage coded protein E. ATP is necessary for 

this process, but before it is completed the D protein is added to cover 

the whole of the icosohedral shell. The A terminase then cuts the 

concatameric DNA at the cos site to liberate two cohesive ends of a 

mature A DNA molecule. By an analogy with type II restriction enzymes, 

it is the symmetry of the cos site sequence which is believed to be 

important in the terminase binding and nicking functions. The packag-

ing of A DNA into its protein coat is illustrated diagrammatically in 

Figure 1.8. 

Syvanan... and Yin (1978) using electron microscope studies have 

observed petite A structures appearing like 'beads on a string'. It has 

been suggested that the primary icosohedral structure has two openings 

through which the DNA threads, becoming attached by a cos site at one 

opening while the remainder of the molecule is packaged through the 

other. 

Thus, during one infectious cycle, A DNA, either from an infecting 

particle or from a prophage, becomes circularised, undergoes several 

cycles of replication producing concatameric molecules of several units 

of DNA, and is packaged into precursor particles when the DNA is 

cleaved into monomers with cohesive ends. The final step in the 

assembly of a mature, viable, phage particle is the attachment of tail 

fibres to the DNA filled head from which point the DNA is then free to 

leave the head once more on initiation of another infective cycle. 
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FIGURE 1.8: Diagrammatic Scheme of the Assembly of a Bacterio-
phage A Particle. 

This figure shows the stages involved in the assembly of a 

mature bacteriophage A particle and the gene products 

involved. DNA is packaged into the prehead before the 

head is completely assembled and before the attachment of 

the tail. There is a physical restriction on the amount of 

DNA which can be accommodated within the head particle, 

and when this limit is achieved the DNA within the head is 

cleaved from the rest of the concatamer by an enzyme which 

recognises the cos site. The head expands by 20% during 

this process. When the head is filled, the D protein locks 

the head in place around the DNA. Finally, the head is 

associated with preformed tail units which are associated by 

a separate pathway. 
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1. 3. 3 Manipulation of A Bacteriophages to Produce Cloning Vectors 

As genetic engineering techniques have developed, several vector 

systems have been described due to the discovery of bacterial restriction 

enzymes which have made possible the physical manipulation of DNA. 

These endonucleases, which occur naturally, prevent the infection of 

a bacterial cell by foreign DNA by cleaving the invading DNA into 

fragments. The host DNA is protected from cleavage by methylation. 

There are three classes of restriction enzymes, and it is type II which 

is important in DNA manipulation. Each enzyme recognises a specific 

4 or 6 base pair sequence and cleaves at certain phosphdiester bonds 

which may, or may not, lie opposite on each DNA strand of the double 

helix. When they are opposite, double stranded, blunt ends are formed 

and when they are not, single stranded, asymmetrical, complementary 

ends arise. Restriction enzymes are described in more detail in Chapter 

IV, Section 4.5. 

Initially, eukaryotic genes were cloned in plasmids (Cohen et al., 

1973), extra-chromosomal DNA elements of bacteria, as briefly described 

in Section 1.3.1. A large number of plasmids are now available as cloning 

vectors, especially for use with E. co/i as host (reviewed by Morrow, 

1979) which possess the following necessary features: 

capable of autonomous replication within the host cell; 

contain a single restriction enzyme site for as many 

restriction enzymes as possible; 

confer a selective phenotype on the transformed host 

cell since only a small number are transformed. 

Plasmids often confer drug resistance on the host cell, which fulfils 

criterion 3 mentioned above, a feature which is useful when screening 
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for transformed bacteria. For instance, if a DNA fragment is inserted 

into the restriction enzyme sites of the endonucleases Hindlil, Sail, 

or Barn HI, of plasmid pBR322, the result for the host E. co/i cell will 

be loss of tetracylin resistance but the presence of ampicillin resistance. 

Therefore, successful transformants are selected by their ability to 

grow in the presence of the drug ampicillin but not in the presence of 

tetracyclin. 

Piasmids have been used successfully for the construction of 

gene libraries from Xenopus (Smith et al., 1979), Drosophila (Wensink 

etal., 1974; Glover et al. , 1975), Sea Urchin (Kedeseta/., 1975) 

and Yeast (Carbon et al., 1977), though the efficiency of transformation 

is relatively low and therefore plasmids are more useful for cloning 

cDNA which represents a small number of different sequences. The 

size of insert which is most efficiently transformed and detected is in 

the region of 5-10 kiobases, which is rather small if the object is to 

isolate a particular genomic DNA sequence with its flanking nucleotides. 

Bacteriophage x is extremely suitable for use in the construction 

of DNA recombinants containing large inserts of foreign DNA because 

a third of the A genome, making up a single continuous block in the 

centre region, can be replaced without losing the ability to grow 

lytically. The current extensive knowledge of both the. structure and 

genetics of bacteriophage X has. enabled workers to manipulate it-in various 

ways so that it fulfils all the requirements of a receptor vector molecule 

as follows: 

small and easily prepared in pure form; 

able to replicate autonomously in a bacterial host; 

only contains one, or a very limited number, of targets 

for a particular restriction enzyme. 
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carries some identifiable characteristic such as drug 

resistance, immunity, plaque formation or ability to 

complement an auxotrophic strain; 

insertion of a foreign DNA does not destroy an 

essential gene; 

recombinant vectors are easily selected; 

able to clone a variety of sizes of DNA fragments; 

able to clone with minimal manipulations. 

The wild type form of the A genome (A') cannot be used as a 

vector directly for several reasons. The DNA has too many target 

sites for restriction enzymes which means that many fragments would 

have to be linked together during the formation of a recombinant 

molecule. There are also physical limitations on the actual size of the 

DNA molecule which can be packaged into a A capsid. This ensures 

that viable particles are only formed when the DNA length is between 

75% and 106% of the A genome, that is between 34 and 48 kilobases 

(Fiess et al., 1977), indicating that the cloning vector must be of a 

reduced size to enable the insertion of foreign piece of DNA and its 

subsequent packaging. The maximum size of a DNA insert which can be 

introduced into the A genome is only about 5 kiobases. The recom-

mendations of the Genetic Manipulation Advisory Group (GMAG) also 

make the use of A impossible since it does not meet the required con-

tainment standards. 

Therefore, the A genome has been manipulated by several workers 

to enable it to fulfil these conditions. Deletion mutants provide a 

suitable starting point in the construction of vector molecules since they 

may remove unwanted restriction targets and provide physical space 

for the insertion of foreign pieces of DNA. Suitable genetic crosses 
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followed by selection of the required mutant may also remove unwanted 

restriction sites. There are now several derivatives of the phage A 

genome which are suitable for cloning (reviewed by Morrow, 1979), 

each with their useful restriction enzyme target sites. For instance, 

A 1059 has a single Barn HI site (Karn etal., 1980), NM762 has a useful 

HindIlI site (Murray et al., 1977) and phages Agt WES (Tiemeier 

et al., 1976), NM641 (Murray et al., 1977) and a range of Charon 

phages (Blattner et al., 1977; De-Wet et al., 1980) all possess EcoRl 

cloning sites. EcoRl is a restriction enzyme which recognises a specific 

hexanucleotide sequence (Green et al., 1974) and cuts it to give 

staggered ends. The A genome has 5 such sites (Allet et al., 1973) 

but these have been reduced to one in some cloning vector forms. 

Therefore, it is possible to insert foreign pieces of DNA bearing the 

cut EcoRl sequence at each end into the cut A EcoRl site by virtue of 

the complementary nature of the cleaved EcoRl site. 

Thomas et al. (1974) constructed a A cloning vector, later modified 

by Tiemeier et al. (1976) and Leder et al. (1977) called AgtWES. The 

genome has been manipulated to contain two EcoRl sites which allows 

the internal fragment, carrying only non-essential genes, to be removed 

leaving a molecule of 73% of the A genome which thus cannot be packaged 

alone. There must, therefore, be an insert of a certain minimum size, 

from 1-14 kilobases, inserted in place of the removed fragment before 

viable phage can be produced, which provides a positive selection 

method for recombinant phage particles. In order that this vector 

satisfies biological containment criteria, some specialised recombination 

genes have been substituted by an inserted fragment and three amber 

mutations have been introduced into very essential genes - W (the 

protein necessary for joining head and tail compoments), E (the major 
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capsid protein) and S (the host lysis gene). Therefore, xgt WES 

phages are only able to grow on hosts which suppress the W and E 

gene mutations and are only able to lyse hosts which suppress the S 

gene mutation. 

The vector to be used in this study is a derivative of X called 

eharon 4A, and is one of a series of 21 charon vectors constructed by 

Blâttner and co-workers (Blattner et al., 1977; Williams and Blattner, 

1979; De Wet et al., 1980.). The charon phages contain mutations which 

make them easy to use and increase their biological safety. They are 

able to incorporate various lengths of foreign DNA up to 25 kiobases. 

The structure of charon 4A is compared with that of wild type A in 

Figure 1.9. 

Throughout the development of recombinant DNA research techniques 

there has been concern over the potential risk of transmission of foreign 

genes, via the cloning vector, into the natural environment. The guide 

lines set out by the National Institute of Health on this matter state 

that "for EK2 vector systems, when the vector is a phage, no more than 

1 in 108  phage particles should be able to perpetuate itself and/or a 

cloned fragment under non-permissive conditions designed to represent 

the natural environment, either as a prophage in the laboratory or by 

transferring itself to another host in the natural environment " . 

Charon cloning vectors are designed with inherent safety mechanisms 

which reduce their survival chances outside specific hosts. In particular, 

they have two or more amber mutations introduced into essential genes 

which means that very specific hosts carrying the necessary suppressor 

tRNA 's are essential for their propagation, as described for Agt WES. 

charon 4A is certified for use in EK2 vector systems because of the 

introduction of amber mutations into the capsid genes A and B, its 
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FIGURE 1.9: Comparison of the Wild Type Bacteriophage A Genome 
with that of Charon 4A. 

The wild type bacteriophage A genome (a) is compared with that 

of Charon 4A (b). The regions of the wild type genome which 

have been replaced or deleted during its manipulation to produce 

an EK2 certified cloning vector are shown. Certain recombination, 

DNA replication and host cell lysis genes of the wild type have 

each been substituted to limit the chance of propagation of 'charon 

4A in the natural environment. Some deletions have also been 

introduced to allow the recombination of foreign DNA fragments, 

and thus the establishment of Charon 4A as an efficient cloning 

vector. The positions of the EcoRl endonuclease recognition 

sites are shown. Positions of some important genes are shown in 

(a), but for a more comprehensive list of phage A gene functions 

see Figure 1.6. The verticle lines in (a) indicate distances of 

1 kilobase along the genome. 
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inability to form a lysogen due to the deletion of K54 in the immunity 

region, the elimination of the genes Tint' and 'att' which are necessary 

for insertion into a bacterial chromosome, and the presence of nin5 

deletion which enhances the lytic function. 

X phages in general have a poor survival rate in the natural 

environment anyway. It was shown by Robeson et al. (1980) that less 

than 1 in 1010  phage particles can survive pH 3.0 (stomach conditions), 

less than 1 in iO 7  survive 30 mins in detergent, less than 2 in 10 

survive 6 hours on a drying bench, and less than 3 in 106  will survive 

20 hours in sewage. Therefore, there are initial barriers to escape 

even before special precautions are introduced genetically. 

The genomes of the eharon phages have been further manipulated 

by substitution, deletion and introduction of point mutations which alter 

the distribution of restriction enzyme sites, especially those in the 

essential regions of the genome. In the case of charon 4A, this has 

resulted in a phage with three EcoRl sites (as shown in Chapter IV, 

Figure 4.6), which gives rise to two large external and two small 

internal fragments. The latter are in non-essential regions and are, 

therefore, removed during the cloning procedure to provide space for 

insertion of foreign DNA fragments, and also leaving the genome smaller 

than 75% of the A genome. As for XgtWES, this means that charon 4A 

imposes a lower limit on the size of the DNA fragment which can be cloned 

and thus provides its own positive selection system in that the ability 

to form plaques is an indicator of successful cloning. Charon phages 

10 and 11 do not impose this minimum size limit and therefore can be used 

for cloning very small DNA fragments. In these cases, the cloning site 

is in a non-essential gene whose function is monitored. Gene inactiva-

tion, therefore, indicates successful cloning. Charon 4A was considered 
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a better vector than gtWES for this study because it was necessary 

to clone large fragments (approximately 20 kilobases) to increase the 

possibilities of eventually isolating a complete gene sequence for the 

myosin heavy chain and to reduce the amount of screening required to 

a minimum. A further advantage is that charon phages possess an 

ability to grow to high yields (up to 10 10 /ml) in small volumes when given 

the correct conditions. 

Many charon phages, including 4A, contain the lac5 region from 

E. co/i which codes for -galactosidase which acts as a second selection 

system. An EcoRl site is situated in the lacZ promotor which means that 

when plated on the colourless chromogenic substrate 5-bromo-4-chloro-3 

-indolyl---D-galactosidase (XG indicator plates), they produce blue 

plaques due to the synthesis of -galactosidase which cleaves the 

chromogenic substrate and releases a blue indolyl derivative. In 

recombinant phage, the central EcoRl fragment containing the lacZ 

promotor is substituted, and, therefore, -galactosidase is not synthes-

ised, giving rise to colourless or faint blue plaques. 

More recently, cosmid cloning vectors have been developed 

(Collins and Bruning, 1978; Collins and Hohn, 1979). Cosmids are 

vectors derived primarily from plasmids but containing the phage A cos 

site. Since only the cos site is necessary for recognition by the phage 

A packaging system, cosmids can be packaged in vitro and transduced 

into E. coli at high efficiency. Once inside the bacterium, the cosmid 

circularises and behaves as a bacterial plasmid, conferring resistance 

to antibiotics, for instance. Cosmids are very small molecules, often 

less than 5 kb in size, and therefore the lower limit of DNA fragments 

which can be cloned is 30 kb and the upper limit approximately 45 kb - 

much larger than those which can be inserted into plasmids or A vectors. 



48. 

Therefore, the cosmid system is useful for cloning very large pieces 

of DNA, but so far the efficiency of cloning has not equalled that of 

A vectors. 

Until now, phage A vectors have been the most widely used cloning 

vehicles, especially for the production of gene libraries because they 

are relatively easily handled, efficient and easily screened. 

1. 3.4 In Vitro Packaging of Recombinant Bacteriophage A DNA 

Bacteriophage A DNA is packaged in vivo in the presence of the 

products of genes A, Nul, D and Fl, which are important in the 

packaging process itself (Hohn and Hohn, 1974; Hohn, 1975), the head 

precursor genes E, B, C and Nu3, and the genes W and Fli which are 

responsible for the assembly of mature particles (Casjens et al., 1972) 

and phage tails. 

However, phage A DNA, whether wild type or recombinant, can also 

be packaged in vitro into infectious virus particles (Casjens et al., 

1972; Hohn and Hohn, 1974; Hohn 1975; Hohn etal., 1976). This 

occurs without propagation through a bacterial host and thus offers a 

degree of biological containment in the case of recombinant DNA. 

Furthermore, it eliminates the possibility of a selection mechanism acting 

on certain recombinant molecules by the bacterial host at this stage, as 

is thought to occur with transfection mechanisms (Cameron et al., 1975). 

Transfection in this context involves treatment of bacteria with calcium 

chloride in order that they will take up recombinant bacteriophage DNA 

molecules and package them into viable phage in vivo. 

Details of the methodology of the in vitro packaging system are 

presented in Chapter IV, Section 4.8, but the principles of the reaction 

will be described here. In vitro packaging is based on the use of two 
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E. coil bacterial strains, each carrying a A prophage which is defective 

in the synthesis of a different protein essential to the packaging process. 

These lysogens, when induced by heating to 42°C, which inactivates 

the repressor protein, begin to accumulate phage proteins, but due to 

each having a genetic block in one essential gene, mature phage do not 

arise and in effect, the bacteria are "bags of phage spare parts". 

Upon lysis and mixing of the two induced strains, the two genetic blocks 

complement each other such that all the necessary gene products for 

the formation of mature phage A are present. When exogenous A DNA, 

ATP and spermidine are added, packaging occurs spontaneously in vitro. 

Sternberg et al. (1977). 	developed two lysogenic bacterial strains 

suitable for in vitro packaging, one carrying a mutation in gene A and 

one with a mutation in gene E. In addition, each has an amber mutation 

in the host lysis gene, S, which means that lysogens fail to lyse and 

as a result three times the normal amount of phage components accumulate. 

To prevent endogenous phage DNA from being packaged, each prophage 

also carries the Ab2 mutation which results in a damaged attachment site 

and thus prevents excision of the prophage from the host chromosome. 

Also, both the hosts' and the prophage recombination systems are 

inactivated by mutations in genes recA and red3 respectively, thus 

preventing any recombination between exogenous and endogenous DNA. 

Hohn and Murray (1977) have also developed two lysogenic strains 

of E. co/i suitable for use in in vitro packaging reactions based on the 

same principal. One has a genetic block in gene E and one in gene D. 

However, there is no genetic mutation to prevent packaging of endogenous 

DNA, so this must be damaged by the application of ultra violet irradia-

tion prior to the addition of the exogenous packaging substrate. 
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The final stage in the process of in vitro packaging involves a 

chiorform treatment which kills any existing bacteria and thus provides 

a means of chemical containment. 

The efficiency of the in vitro packaging procedure is at least one 

hundred times greater than that of transfection to produce mature 

recombinant phage particles. Vector molecules carrying inserted DNA 

fragments are usually larger than the wild type molecule and for this 

reason have a lower transfection efficiency. Since the ligation of vector 

and insert DNA is usually inefficient, the number of packaged recom-

binants arising from a transfection experiment is, therefore, very low. 

Although phage A will only package DNA molecules of a certain size limit, 

and there is some prejudice shown towards individual molecules which 

lie within the limits, such that wild type molecules are packaged more 

efficiently than recombinants, if there is no bacterial cell wall to traverse 

prior to packaging, then the in vitro method would be expected to be 

the more efficient. Estimates have indicated (Hohn and Murray, 1977) 

packaging in vitro of 1 in 103  wild type DNA molecules compared with 

only 1 in 10 5  appearing in mature phage particles during transfection. 

Although these figures are 10-100 times lower when recombinant DNA 

is used, their relative orders remain the same. 

Transfection offers the opportunity for some recombinant DNA 

molecules to be selected for or against by the host, and for many to 

disappear altogether (Cameron et al.,. 1975). Packaging does not allow 

the same selection pressures to arise since DNA is merely a substrate 

and only the cos sites have to be specific. Therefore, the character-

istics of the DNA being packaged are theoretically of little consequence 

in the resulting plaque forming units and should reflect the abundance 

of the various DNA molecules present. 
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However, Sternberg showed that his packaging strains do show a 

preference towards the packaging of phage genomes which have a size 

closest to that of wild type A DNA and, in fact, he found a direct 

relationship between the size of the DNA up to 100% of A and the 

packaging efficiency. Thus, there seems to be a selection mechanism 

operating on a certain size class of recombinant molecules. However, 

further selection pressures of a genetic nature will inevitably arise 

later during the replication and growth phase within host cells when 

the numbers of recombinant phage are amplified. 

The strains developed by Hohn and Murray (1977), however, have 

been shown not to possess this selective mechanism based on size and 

all molecules within the size range 75% to 106% of the wild type A genome 

are packaged equally well. It is these strains which were used in this 

work due to a generous gift by Professor K. Murray. 

1. 3. 5 Selection and Screening of Recombinant Bacteriophage A Clones 

The final step in any cloning procedure is the screening of the 

clones to detect those containing the foreign DNA sequence of interest. 

In general, screening procedures have tended to fall into two classes: 

screening by phenotype and directly searching for the nucleotide 

sequence of interest. 

The first class is applicable particularly to plasmid libraries 

containing prokaryotic DNA inserts when a particular gene can be 

expressed in E. co/i and will confer upon the host a readily detectable 

phenotype. A number of genes from E. coil (Clarke and Carbon, 1975, 

1976), fungi (Ratzkin and Carbon ., 1977) and yeast (Struhl et ai., 1976) 

have been isolated in this way. It has also been possible to detect 

particular recombinant bacteriophage A particles using functional 

expression by growing in a host defective in a particular function 

(1) 
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(Cameron et al., 1975; Moir and Brammer, 1976; Borck et al., 1976; 

Hopkins et al., 1976). Increased expression of a gene can be achieved 

by delaying cell lysis using an S strain, and can be further exploited 

if the insert is made in genes N or Q when late proteins will not be 

synthesised, allowing large quantities of DNA to be available for trans-

cription. If the inserted sequence does not have its own promotor, 

however, then to ensure expression it must come under the control of 

L• Hence, the exploitation of well studied A genetics allows the useful 

amplification of a variety of genes and their products to be achieved with 

A vectors even when a specific promotor is not cloned, such as restriction 

enzymes, DNA ligase and polymerase. 

When the DNA insert is eukaryotic, the detection of clones by 

expression of the cloned sequence is not usually applicable due to the 

different modes of expression of eukaryotic and prokaryotic genes, and 

different biochemical pathways. Many eukaryotic genes contain inter-

vening sequences and neither E. coil, nor bacteriophage A is capable of 

synthesising the necessary splicing enzymes which remove the non-

translated sequences from the primary transcript during the biosynthesis 

of the mature mRNA molecule. In addition, many eukaryotic gene 

products will not complement or suppress E. co/i mutations, and therefore 

will not be detected. Occasionally, these problems have been overcome 

when cDNA has been cloned rather than genomic DNA, and a low level 

of gene expression has been observed, for example, the mouse dihydro-

folate reductase gene was detected in E. coil clones because it conferred 

trimethoprim resistance (Chang et al., 1978). Other gene products 

have been identified by immunological or biological assays. 

The most widely used method of screening is the second class 

mentioned above - that is, a direct approach to the sequence of interest 
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by nucleic acid hybridisation using a gene specific radioactive DNA or 

RNA probe. In situ hybridisation methods, more commonly employed in 

cytological analyses (John et al., 1969), were shown to be applicable 

using cRNA (Jones and Murray, 1975) as a probe. Sea urchin DNA 

was digested with EcoRl restriction endonuclease and electrophoresed 

on agarose gels. The fragments were eluted and those containing 

histone genes were located by hybridisation to histone mRNA. These 

fragments were inserted into a A vector and of the 200 recombinant 

plaques which were screened using cRNA, three were found to be 

positive. 

A colony screening procedure for detecting recombinant plasmids 

was developed by Grunstein and Hogness (1975) and modified by Hanahan 

and Meselson (1980). A technique based on these procedures was 

developed by Benton and Davis (1977) and others (Kramer et al., 1976) 

for screening A clones. The technique is particularly applicable to 

screening genomic libraries since 106 recombinants can be screened 

daily, and was therefore the method of choice in this project, as 

described in detail in Chapter V. The method, described as plaque 

hybridisation, uses 32P-labelled DNA or RNA as the probe and removes 

the tedious task of isolating a desired sequence which may be among 

very many inappropriate sequences, and make up no more than 2 x 

of the haploid genome (Grunstein and Hogness, 1975; Benton and Davis, 

1977). The principal of the technique is based on the fact that the 

surface of a plaque produced following the lysis of host bacteria will 

contain some free DNA which was not packaged into viable phage prior 

to lysis. This DNA will be identical to that contained within the mature 

phage particles, resulting from one initial infection. Positive hybridisa-

tion of a complementary DNA or RNA to the free DNA on the plaque 
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essentially identifies the recombinant phage of interest which can then 

be amplified further. The phage screening procedure has a better 

signal to background ratio than the procedures used to screen plasmid 

containing bacterial colonies, probably because there is less debris to 

interfere and increase the non-specific binding of radioactivity. 

Other, less well used screening procedures include 'hybrid 

arrested' and 'hybrid selected' translation (Paterson et al., 1977). 

These methods are applicable when a pure probe is not available but the 

mRNA for the sequence of interest is relatively abundant. Hybrid 

arrested translation is based on the faôt that mRNA cannot be translated 

in vitro when hybridised to DNA. DNA extracted from clones or groups 

of clones is hybridised to the mRNA which is then incubated in a cell-

free translation system. Inhibition of translation of the protein of 

interest will identify the clone (or group of clones) which contain the 

•DNA sequence of interest. Hybrid-selected translation is more sensitive 

and is based on the presence rather than absence of a particular protein. 

Again, cloned DNA is hybridised to the mRNA and the hybrids are 

isolated by column chromatography, melted, and the mRNA translated 

in a cell free system. Successful translation will identify the DNA 

arising from the clone of interest. 

More recently, radioactively labelled synthetic oligonucleotides 

have been used in screening methods. These are useful when it is 

possible to deduce a reasonable nucleotide sequence (Agarwal et al., 

1981) from a known amino acid sequence for a particular protein whose 

mRNA is particularly difficult to isolate in a pure form, and therefore 

cannot be used as a source of specific probe. This method was partic-

ularly successful in the isolation of a messenger RNA for the hormone 

gastrin (Noyes et.aI....1979). 
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The chicken gene library constructed during this project was 

screened by the Benton and Davis (1977) plaque hybridisation technique 

using specific probes for the myosin heavy chain and ribosomal DNA 

sequences. The latter probe was included as a positive control to test 

the completeness of the library and to test the screening procedure. 

1. 3. 6 Structure of Eukaryotic Gene Sequences 

Recombinant DNA technology, particularly that leading to the 

cloning of genomic DNA has permitted the isolation of gene sequences 

in pure form from the DNA of higher organisms, and has made possible 

detailed analysis of gene structure and gene evolution. Bacteriophage 

A libraries have been a constant source of pure genomic sequences over 

recent years and have contributed considerably to present day knowledge 

about eukaryotic gene structure due to the relative ease of isolation of 

'single copy' genes. 

One of the most important pieces of information to emerge on gene 

structure is that eukaryotic, but not prokaryotic, genes are split. 

This phenomenon, first described in 1977 by Jeffreys and Flavell for 

the rabbit -globin gene and since reported for many genes from 

vertebrates, insects, fungi and, recently, plants (Sun et ci., 1981), 

means that a genomic sequence is often much larger than the correspond-

ing messenger RNA due to the existence of one or more intervening 

sequences within the actual coding region, as mentioned briefly in 

Section 1.3.1 of this chapter. The intervening sequences are called 

introns and those making up the coding regions, exons. The entire 

gene is initially transcribed (Tilghman et al., 1978b) and subsequently 

introns are removed by a sequential cleavage-splicing mechanism which 

is very precise, removing introns in a very specific order to finally 

release the mature mRNA. This was demonstrated by Chambon et al. 
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(1979) in studies on the chicken ovalbumin gene which has 7 introns 

(Gannon etal., 1979; Dugaiczyk etal., 1978) and spans 8kb. A similar 

procedure was shown to occur by Tsai etal. (1978) and Nordstrom et al. 

(1979) for the ovomucoid gene which is 5.6 kb long compared with 821 

nucleotides in the mature messenger RNA (Lai etal., 1979b). Again, there 

are 7 introns varying from 0.22 - 1 kb in length which are removed in a 

- definite order. This form of gene processing is now believed to be 

universal for eukaryotic gene sequences. The only genes which 

definitely do not contain introns are the histones (Kedes, 1979), and 

the human leucocyte interferon gene (Nagata et al., 1980). However, 

there are also other extreme examples such as the Xenopus Iae v/s 

vitellogenin sequence which contains 33 introns (Wahli et al., 1980). 

Therefore, between different genes there is no set pattern 

emerging relating to number or length or position of intervening 

sequences though genes which tend to fall into families, such as the 

globins, have similar numbers of introns at similar positions in the 

genomic sequence and many genes show similar patterns between species. 

In general, it has been noticed that the intron sequences are more 

divergent between species than the exons (Van Den Berg et al., 1978), 

though an exception to this is the intron-exon splice junction where 

there is considerable sequence conservation which probably act as 

recognition sites for splicing enzymes. It has been suggested (Lerner 

et al., 1980) that a small species of nuclear RNA is involved in the 

splicing reaction. Yeast tRNA precursors contain a 15-base sequence 

which is not present in the mature tRNA. Extracts of yeast cells 

have been shown to be capable of removing these extra nucleotides 

and rejoining the remaining segments (Knapp et al., 1978). In general, 

the sequences on either side of the introns are not complementary 
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(Breathnach et al., 1978) which implies that a theory suggesting that 

splicing takes place by homologous pairing of small pieces of DNA 

causing looping out of the intron which is then removed, is not valid.. 

Evidence about the actual role of intervening sequences is very 

confused. Initial speculation was concerned with a possible role in the 

control mechanisms of gene expression but due to the inconsistency in 

number, position and sequence, this now seems unlikely. The pre-

proinsulin gene, for example, exists as two non-allelic copies in many 

species. Preproinsulin I has two introns at identical positions in all 

species studied, but preproinsulin II has two introns in most species, 

but only one in the rat which is analogous to the first intron in gene I. 

Similarly, the actin gene contains one intron in yeast, sea urchin and 

drosophila, but has three introns in the chicken (Ordahi et al., 1980). 

The presence of two introns in the -globin sequence appear necessary 

for the correct processing of transcripts (Hamer and Leder, 1979.4, ,b)and 

some level of gene expression (Fritsch et al., 1979), but the actual 

sequences are very diverse between species when compared with the 

actual coding sequence, for example, between the rabbit and the mouse 

(Van Den Berg et al., 1978). The introns seem to have diverged by 

all possible means, that is, base substitution, deletion and insertion, 

with the coding sequences remaining highly conserved. Gilbert (1978) 

suggested that the exons code for stable, discrete, domains of proteins 

which fold into a single functional unit such as the region containing 

the active site of an enzyme. The boundaries of protein domains are not 

known with enough precision for these theories to be rigorously tested, 

but there is evidence that some proteins Consist of such regions. The 

structure of the immunoglobulin gene, for example, reflects the arrange-

ment of the variable and constant regions in the heavy and light chains 



(Brack etal., 1978). These domains are separated by intervening 

sequences in the genomic sequence. Similarly, the central coding block 

of the globins corresponds to the haem binding region of the protein 

while the other areas are involved in polypeptide chain interactions. 

If this theory is true, then during evolution, exons are probably 

"shuffled" about in the genome without giving rise to haphazard peptide 

sequences, but possibly producing a protein with a selective advantage 

to the organism. Therefore, introns may not play a direct role in gene 

expression but may be advantageous as raw material for the evolution 

of new genetic functions. 

Many genes exist as families in the genome, including myosin 

heavy chain, and, in fact, the true single copy gene sequence may not 

actually exist. Ribosomal and histone sequences are present as long 

tandem repeats in all eukaryotes so far studied, and others are repeated 

to a lesser extent, such as 8 non-allelic copies of interferon have been 

isolated from a human genomic library (Nagata et al., 1980), some of 

which are clustered. However, the clustering of gene families is not 

universal. Fyrberg et al. (1980) used chicken and Dictostellium actin 

gene probes to screen a Drosophila genomic library and identified six 

sequences widely dispersed sites on the chromosome. All the genes 

contained intervening sequences which are transcribed but do not 

appear in the mature mRNA as determined by the presence of three 

size classes in embryos and larvae. Dictostellium has 15 actin genes 

(Kindle and Firtle, 1978) and sea urchin has between 5 and 20 (Durica 

et al., 1980). The chorion genes are even more complex with over 100 

different genes being expressed sequentially during oogenesis in the 

chicken (Kafatos et al., 1978). 
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The most intensively studied gene family, made possible by 

recombinant DNA technology is the globin gene family (Efstratiadis 

et al., 1980). Human globins are coded by two unlinked clusters, 

the a globins which include the foetal C globins, and the globins 

which include the foetal y  globins, embryonic E globin and the minor 

adult 6 globin. The individual genes are separated by substantial 

tracts of intergenic DNA which reflects the apparent DNA excess in 

higher organisms in general. They have clearly evolved by a series 

of duplications and have at some stage become unlinked to form the 

two separate clusters which have then further diverged from each 

other. The genes have retained an ancestral pattern of intervening 

sequences though there is little sequence homology between the introns. 

All have two introns, one major (approximately 570 base pairs) and 

one minor (approximately 120 base pairs) in the protein coding region 

at homologous positions, including the chicken (Dodgson et al., 1979), 

mouse (Konkel et al., 1978; Tiemeier et al., 1978), human and rabbit 

(Hardison et al., 1979a,b). The primary transcript of the -globin 

gene is approximately 1400 nucleotides, though the mature mRNA is 

less than half this size at 675 nucleotides. A 900 nucleotide species 

is believed to be a processing intermediate following the removal of 

the major intervening sequence. 

Recombinant DNA technology has recently led to a better under-

standing of the arrangement of multiple gene sequences. It has become 

clear over the past few years that some small peptides (7-40 amino acids 

in length) are synthesised as large precursor polypeptides which appear 

immunologically to incorporate several functional peptides. The first of 

such complex "multi-genes" to be identified was proopiomelanocortin 

(POMC) which appeared initially to be made up of the two pituitary 
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hormone sequences, adrenocorticotrophic hormone and -lipotrophin, 

among much redundant protein (Roberts and Herbert, 1977; Nakanishi 

et al., 1979). However, when the gene for POMC was isolated, it was 

shown to contain, in addition, the sequences of several melanotrophins, 

endorphins and met-enkephalin (Roberts et al., 1979; Cochet et al., 

1982), and in fact gives rise to a single polypeptide which is the 

precursor for all these small neuropeptides. Figure 1. 10 shows the 

arrangement of these peptides in a single precursor molecule. Similarly, 

oxytocin and vasopressin are synthesised with their binding proteins, 

neurophysini and II respectively (Schmale and Richter, 1980; Schmale 

and Richter, 1981) and met- and leu-enkephalins are synthesised as a 

long tandem repeat which contains the peptides in various proportions 

depending on the species (Noda et al., 1982). 

Following the sequencing of some of these multigene complexes, 

they appear to contain non-coding sequences which do not appear in 

the mature mRNA and also coding sequences which do not appear in the 

active peptide, as shown diagrammatically in Figure 1.10. They, there-

fore, have redundant material at two levels of gene expression, trans-

cription and translation. 

Following the isolation of many structural genes, questions are now 

being asked about the sequences which flank the genes, both on the 3' 

and 5' sides. A requisite for answering such questions is the isolation 

of overlapping clones, upstream and downstream from a given gene or 

cluster. This is carried out by the generation of a terminal fragment 

by restriction enzyme digestion of a given clone, which is then labelled 

by nick translation and used to re-screen the library from which the 

original clone was obtained. This will isolate overlapping sequences 

which extend upstream or downstream from the original clone. When 
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FIGURE 1.10: The Structure of the Proopiomelanocortin Molecule. 

This figure shows the arrangement of the nine peptides incorporated in the proopiomelanocortin molecule. 
They are transcribed into a single messenger RNA molecule and then translated into a single, large 
precursor protein of 30,000 molecular weight. The precursor is later processed by a series of enzymatic 
cleavages within the anterior pituitary gland to yield the various active peptides. 
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flanking sequences are compared between genes and between species, 

in general there is little sequence homology. However, just as exons 

can be recognised as isolated regions of conserved sequences, there are 

some conserved elements in the non-coding regions around the genes. 

The first of these, an A-T rich region, was noticed by Goldberg in 

1978 and is commonly called the TATA box. Its actual sequence is 

TATAA 

and it is present approximately 30 bases before the coding sequence 

of many eukaryotic genes which are transcribed by RNA polymerase II 

which generally synthesises messenger RNA (Corden et al., 1980), 

but is absent from genes transcribed by polymerases I and III. Its 

structure resembles that of the Pribnow box which is the prokaryotic 

promotor site (Pribnow, 1975a,b) and because of this homology, its 

sequence conservation and position, there is much speculation that the 

TATA box is the eukaryotic RNA polymerase II promotor. 

About 80 nucleotides upstream from most eukaryotic genes is 

another conserved DNA sequence, the "CCAAT box" (Efstratiadis et al., 

1980) which is also postulated to play a r&e in the initiation of trans-

cription, by analogy with the prokaryotic promotor which has two 

functional sites at 7 (Pribnow box) and 35 nucleotides upstream from 

the gene coding sequence, but evidence for this is not conclusive. 

At the 3' end of many genes is the sequence AATAAA which also 

appears in the mRNA and may be involved with polyadenylation (Proudfoot 

and Brownlee, 1976). Also at the 3' end are T clusters (TTGT or TTTT) 

in generally AT rich regions which are preceded by GC rich regions. 

These have been identified in the 3' flanking sequences of the genes for 

ovomucoid (Lai et al., 179b), Xenopus 58 rRNA (Korn and Brown, 1978), 
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mouse -g1obin (Konkel et al., 1978) and rat insulin (Efstratiadis 

1979). Brown (1979) showed that a single base change in these four 

base pairs will cause a read-through of the Xenopus 5S rRNA gene 

and hence it is thought that such a sequence plays a major role in 

termination of transcription. 

1. 3. 7 Structure of the Myosin Heavy Chain Gene 

It is unknown at present whether the structural features of the 

genes, briefly described in the previous section, can be applied to the 

myosin heavy chain gene. However, recombinant DNA technology is 

enabling questions concerning intron-exon structure, flanking 

sequences, regulatory sequences, the number of genomic sequences 

and the organisation of these sequences, to be asked directly about 

the myosin heavy chain gene. Several laboratories have recently 

isolated myosin heavy chain eDNA clones constructed from mRNA 

isolated from various sources such as rat heart (Mahdavi et al., 1982), 

rat leg muscle (Hornig and Nadal-Ginard, 1981), chick embryo leg 

muscle (Umeda et al., 1981; Umeda et al., 1982) and mouse leg muscle 

(Caravatti etal., 1982). These studies have provided limited insights 

into the number of myosin heavy chain genes and their expression in 

different tissues, though the most detailed investigations so far are 

into their coding sequences and degrees of sequence homology. 

Mahdavi et at. (1982) selected four cDNA clones which represented 

two original mRNA species isolated from rat cardiac muscle. The largest 

of these inserts, however, only represented 23% of the mRNA molecule, 

comprising a portion of the polyA track, the complete untranslated 3' 

end and representing 430 carboxyl terminal amino acids. A most 

detailed sequence comparison over more than 1000 nucleotides was carried 

out between the two different DNA clones demonstrating a 97% homology 
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in amino acid sequence and a 95% homology in nucleotide sequence in 

the coding-  region. The untranslated 3' end of the mRNA's showed 

very divergent sequences. When these clones were compared with an 

embryonic skeletal muscle myosin heavy chain cDNA clone, regions 

of homology interspersed with regions of less homology were revealed. 

This pattern was also clear when two adult rat fast muscle myosin heavy 

chain sequences were compared (Hornig and Nadal-Ginard, 1982). Thus, 

it is becoming clear that there are highly conserved regions and more 

divergent regions between the various myosin heavy chain types from 

different tissues and species which may indicate that different evolutionary 

pressures are acting on different parts of the molecule which may reflect 

areas of functional importance which are able to resist amino acid changes. 

When the sequences of cDNA clones from rat heart (Mahdavi 

et al., 1982), rabbit heart (Umeda et al., 1982a,b) and mouse leg 

muscle (Caravatti etal., 1982) are compared, an 80% sequence homology 

is apparent which confirms the theory that 'hot spots" for amino acid 

substitution exist between the various MHC sequences. It is also clear 

that the last 10 amino acids at the carboxyl terminal are highly diverged 

in sequence and that the 3' untranslated part of the mRNA shows no 

sequence homology and varies considerably in length (50-120 nucleotides). 

The isolation of these clones and the sequencing studies are 

beginning to provide information on the expression of the various myosin 

heavy chain genes during development, the controversies of which 

were discussed in Section 1.2.4 and 1.2.5. Mahdavi et al. (1982) 

showed that their eDNA clones from adult rat cardiac muscle will hybrid-

ise preferentially with mRNA from adult heart muscle but not with 

foetal muscle mRNA, indicating that foetal MHC is coded for by a mRNA 

which does not prevail into adult life. However, the two MHC cDNA 
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clones isolated from rabbit heart muscle (Sinha et al., 1982; Umeda 

et al., 1982) probably correspond to. an adult and an embryonic form 

since one is a major form in normal adult ventricles and is replaced by 

the other in thyrotoxic hearts. 

Evidence suggesting differences in fast myosin heavy chain in 

adult leg and breast muscles of the chicken were demonstrated by 

Umeda et al. (1982) who isolated two MHC eDNA clones with 83% nucleo-

tide homology in the carboxyl terminal region. One of those sequences 

is represented in adult and newborn leg muscle but not in the correspond-

ing breast. It is also present to a greater extent in the adult tissue, 

though the extent to which any of the clones discussed above will cross 

hybridise with sequences from smooth muscle and non-muscle sources 

is unknown. 

These recent studies using MHC eDNA clones have provided some 

important information on gene structure, particularly the fact that all 

clones of the 3' and of the mRNA so far studied have a highly variable, 

both in size and sequence, untranslated 3' end which suggests that a 

specific control function in this region is unlikely. However, these 

clones will be most useful in determining amino acid sequences of the 

various myosin heavy chain isotypes and as hybridisation probes for 

developmental gene expression studies. It is a study of the genomic 

sequences which will reveal the most about gene structure and control. 

Nudel et al. (1980) isolated several EcoRl fragments from total 

rat genomic DNA which were tentatively identified as parts of five 

different myosin heavy chain genes through their ability to hybridise 

with a eDNA clone synthesised originally from rat skeletal muscle total 

polyA RNA. The polyA RNA was not shown to synthesise MHC only, 

though the eDNA was shown to hybridise with a particular polyA 



66. 

species which in a cell free system gave a product which co-migrated 

with purified MHC. However, many other translation products were 

also produced, though these were probably breakdown products or 

partial translation proudcts of MHC. The eDNA clone was used to 

screen a rat genomic library and three different patterns of hybridisa-

tion resulted corresponding to the EcoRl fragments previously isolated 

of 8.9, 8.0 and 4.6 kilobases. Electromicroscopy of hybridisation 

between two of the fragments showed homologous regions interrupted 

by regions of non-homology, thus confirming the results obtained from 

sequencing eDNA clones that the MHC genes possess areas where the 

nucleotide sequence has been allowed to diverge during evolution of 

the gene family. It is not possible from the study of Nudel et al. (1980) 

to speculate on the existence of introns in the MHC gene though they 

do imply that the areas of non-homology represent intervening sequences 

on the basis of the very close similarity in amino acid sequence between 

various MHC proteins. However, more recently Wydro et al. (1983) 

have shown, also in the rat, that very large parts of the MHC gene may 

actually represent introns, covering up to 3 kilo bases of DNA. 

This project is concerned with the construction of a chicken genomic 

library with the aim of isolating a sequence from this library which 

contains all or part of a myosin heavy chain gene. The approach has 

been different to that of Nudel et al. (1980), who worked with rat, in 

that a great effort was made to purify the myosin heavy chain mRNA 

from embryonic chick skeletal muscle so that a pure cDNA probe could be 

constructed for probing the library. This made the initial cloning of a 

total eDNA population, unnecessary in this instance. 

A description of the methods employed in the project can be 

divided into three broad categories: firstly, the preparation of a corn- 
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plementary DNA probe for the myosin heavy chain mRNA; secondly, 

the construction of a chicken recombinant DNA library; and thirdly, 

the screening of the library using the probe. Details of the methodol-

ogy are provided in the following Chapters II - V with further partic-

ulars in the Appendix. 



CHAPTER II 

Preparation of Probes 
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2. 1 Introduction 

There are several widely used methods for radioactively labelling 

DNA which thus allows the construction of useful hybridisation probes. 

End-labelling involves the transfer of a 32 P-phosphate group from 

ATP to either the 5' end (Chaconas and Van de Sande, 1980) or 3' 

end (Chang et ci., 1977) using the enzymes T4 polynucleotide kinase 

and terminal transferase, respectively. A more uniform distribution of 

label throughout the length of a DNA molecule is achieved by the two 

methods described in this chapter: reverse transcription (Kacian et ci., 

1972; Ross et al., 1972; Verma et ci., 1972), and nick-translation 

(Kelly et ci., 1970; Rigby et ci., 1977). It was necessary to employ 

both methods due to the availability of two different starting materials: 

a purified messenger RNA which is the template required by reverse 

transcriptase and a purified DNA sequence which is most efficiently 

labelled by nick-translation. 

The specific probe for the myosin heavy chain sequence was 

prepared by the reverse transcription (Kacian et ci., 1972; Ross et 

al., 1972; Verma et al., 1972) of a purified myosin heavy chain mRNA 

yielding a radioactively labelled complementary DNA. The mRNA was 

prepared from a preparation of heavy polysomes (the myosin heavy 

chain message is large at 2 x 106  daltons) isolated from embryonic 

chick leg muscle by a modification of the methods of Heywood et al. 

(1967) and Sarkar et al. (1973). The mRNA was shown to predominantly 

direct the synthesis of the myosin heavy chain in an in vitro transla-

tion system, the products of which were analysed by SDS polyacrylamide 

gel electrophoresis as described in Chapter III. 

The second DNA probe was prepared by the nick-translation of 

a cloned ribosomal gene sequence. This is a process where unlabelled, 
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double-stranded DNA is labelled by the replacement of existing deoxy-

nucleotides by radioactive ones, there being no actual net synthesis 

of DNA. This second probe was used to test the screening methods 

described in Chapter V prior to the use of the more valuable myosin 

heavy chain eDNA probe. 

All experiments involving RNA, either directly or indirectly, were 

performed under strict ribonuclease free conditions. The precaution of 

wearing surgical gloves was always taken to ensure no contamination 

from RNase on the skin. All glasswear was heat sterilised at 150°C for 

12 hours, solutions were autoclaved for 30 min at 15 pounds/sq.in . and 

where heating was impossible, solutions and equipment were treated with 

fresh 0.1% diethylpyrocarbonate (DEP) to destroy any contaminating 

RNase. Equipment, such as plastic tubing and centrifuge tubes, was 

washed for 10 min in the DEP solution followed by exhaustive washing 

with sterile distilled water. Solutions were treated with 3 drops of 0.1% 

DEP followed by incubation at 60°C for 30-60 min when DEP is evolved 

as carbon dioxide and ethanol. 

2.2 Construction of a Complementary DNA Probe to the Myosin 

Heavy Chain mRNA Sequence 

2.2. 1 Isolation of Heavy Polysomes 

It has been demonstrated (Patrinou-Georgoulas and John, 1977) 

that the second fraction from the bottom of a polysome gradient prepared 

as described below contains predominantly polysomes which direct the 

synthesis of myosin heavy chain and therefore this method was employed 

as the initial step in the purification of myosin heavy chain mRNA. 

The leg muscles of 14-day embryonic chicks were dissected free of 

skin and bone and were homogenised in pairs in an equal volume of 



70. 

M-buffer, containing 50 jig/ml dextran sulphate as an RNase inhibitor, 

in a loose fitting Dounce homogeniser. The homogenate was centrifuged 

at 10, 000 g for 10 min at 4°C and the supernatant was layered on to 

a 35 ml linear 15-40% sucrose gradient on a 1 ml 60% sucrose cushion. 

The supernatant from 5 embryos was layered on to 6 gradients. The 

gradients were centrifuged at 25,000 rpm for 2 hours in a Beckman L5 

centrifuge, SW27 rotor at 4°C. 1 ml fractions were collected from the 

bottom of the tube and the optical density at 254 nm of each was monitored. 

The first six fractions (those containing the heaviest material) were 

pooled with the identical fraction collected from each of 30 gradients 

and the polysomal material was pelleted by centrifugation at 35,000 rpm 

for 3 hours in the L5 centrifuge, SW40 rotor at 4°C. 

The pellets were rinsed with ice cold sterile water. All operations 

were carried out at 0°C unless otherwise stated. 

The typical profile of a polysome gradient prepared as described 

and monitored at 254 nm using an isco UV monitor is shown in Figure 2.1. 

2. 2. 2 Preparation of Total Polysomes (Lee and Braweriman, 1971) 

Unfractionated polysomes were prepared at described for heavy 

polysomes in Section 2.2.1 but 4-5 ml of the post -mitochondrialsuper-

natant was layered onto 4.5 ml of 20% sucrose and centrifuged at 100,000 g 

in an MSE 10 x 10 fixed angle rotor at 4°C for 2 hours during which 

time the polysomes formed a gelatinous pellet. The pellet was rinsed with 

ice cold sterile water. 

2. 2. 3 In Vitro Translation of Polysomes 

The polysomes isolated from chick skeletal muscle were translated 

in a homologous in vitro system since the factors necessary for translation 

were obtained from a fairly crude chick skeletal muscle homogenate 
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FIGURE 2.1: Polysome Profile After Centrifugation Through a 
Sucrose Gradient. 

The post -mitochondrial supernatant of the homogenate from 5 pairs 
of leg muscles was layered onto six 35 ml sucrose gradients 
(15 - 40%) and centrifuged as detailed in Section 2. 2. 1. 30 gradients 
were prepared per experiment. 1 ml fractions were collected from 
the bottom of the tube and the OD254 was monitored using an Isco 
UV monitor. Fractions 1-6, containing the heavy polysomes, were 
retained. 
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(S-150 fraction). Although the homologous system is not ideal and is 

subject to valid criticism, it was used here as a rapid method to assess 

the complexity of the individual polysome fractions. 

Preparation of the S- 150 fraction (Heywood and Nwagwu, 1969): 

14-day chick embryonic skeletal muscles were homogenised in 2 

volumes of ice cold M1B buffer and centrifuged for 10 min at 10,000 g. 

The supernatant was filtered through fine gauze and centrifuged for 

2 hours at 150,000 g at 4°C. The lower two-thirds of the supernatant 

were then dialysed against M 1 buffer at 0°C for 12 hours and then 

against M1B buffer containing 50% glycerol for 4 hours. The dialysis 

buffers were changed regularly. The dialysate was stored at -20°C in 

small aliquots. 

The protein concentration of the dialysate was determined by 

scanning the solution at 260 nm and 280 nm and using the equation: 

Protein concentration (mg/ml) = E 280  x f x 

(Warburg and Christian, 
1941) 

where d is the light path in cm and f is a factor dependent on the 

ratio of E2801E 260  which also gives an indication of the percentage 

contamination by nucleic acids. 

The protein concentration of the S-150 was normally between 6 

and 12 mg/ml and a typical result is shown in Table 2.1. 
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TABLE 2.1: Protein Concentration of S 150 Fraction. 

Absorbance at 280 nm (E 280 ) 	 11.2 

Absorbance at 260 nm (E 260 ) 	 8.6 

f (Warburg and Christian, 1941) 	 0.969 

Light path in cm (d) 	 1.0 

Protein concentration in mg/ml 	 10.85 

Nucleic acid contamination in % 	 1.26 

The S150 fraction was extracted from a homogenate of embryonic 

chick leg muscle, as described in Section 2.2.3. This was used as 

the source of enzymes and co-factors necessary for the in vitro 

translation of poiysomes in a homologous system. 0.6 mg of protein 

from the S150 fraction were used per 1 ml translation mix, which 

corresponds to 55 j.ti of this preparation. 
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Translation: 

0.5 0D 260  units of polyribosomes were resuspended in 1 ml of 

a solution containing: 

0.15 M 	potassium chloride 

0.01 M 	magnesium chloride 

0.01 M 	tris pH 7.4 

2 mM ATP 

0.5 mM GTP 

0.01 M creatine phosphate 

5 	j.tM each of 19 amino acids (excluding leucine) 

6 	mM 2-mercaptoethanol 

50 	.tg creatine kinase 

0.6 mg S- 150 (55 Ml,  see Table 2.1) 

50 j.iCi of 3 H-leucine was added to start the reaction 

The reaction mixes were incubated at 37°C for 50 mm. 50 il of each 

mix were spotted on to 3MM Whatman filter discs, dried and placed in 

10% trichioroacetic acid containing 5 mM unlabelled leucine for 10 mm. 

The discs were transferred to 5% trichioroacetic acid at 900C  for 15 min 

and were then washed in 3 : 1 ethanol : ether. The incorporation of 

3 H-leucine into protein was determined by counting in toluene PPO 

POPOP scintilant. The radioactivity was concentrated by centrifuging 

the polypeptides at 150,000 g for 2 hours and then dissolving the pellet 

in an appropriate volume of 8 M urea - SDS solution for electrophoretic 

analysis as described in Chapter III, Section 3.2. 1. 

Figure 2.2(a) shows that translation of polysomes using the S-150 

fraction is dependent on the concentration of polysomes added. Three 

different concentrations of total polysomes were tested and 0.5 0D260 
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'units/ml were shown to have incorporated the maximum amount of 

radioactivity into protein under these conditions. Therefore, this 

same concentration was used in the translation of fractionated polysomes 

as shown in Figure 2.2(b). The actual acid precipitable counts per 

minute incorporated following the translation of the 6 fractions of heavy 

polysomes are shown in Table 2.2. Fraction 1 had very low activity and 

therefore was not included in the calculation of the mean incorporation 

which is plotted in Figure 2.2(b). 

2. 2. 4 Isolation of Polysomal RNA 

Polysome pellets from a total of 30 gradients were resuspended in 

P buffer to give a final concentration of 3 0D 26 0 units. An equal volume 

of phenol : chloroform : isoamyl alcohol (50 : 50 : 1) was added and the 

mixture was gently shaken for 15 min at room temperature. Following 

centrifugation at 10,000 g for 10 min at 4°C, the upper aqueous phase 

was stored on ice while the lower phenolic phase was re-extracted with 

an equal volume of P buffer. The first and second aqueous phases were 

pooled and re-extracted twice more with the phenol mixture, or until 

the protein interphase had been completely removed. Finally, the 

aqueous phase was extracted with chloroform and made 0.2 M sodium 

acetate pH 5.0. RNA was precipitated by adding 2 volumes of ice cold 

ethanol and leaving to stand at -20°C for 16 hours and then pelleted by 

centrifugation at 15,000 g for 30 min at -10°C in a siliconised glass tube. 

The precipitation step was repeated twice before the RNA was used 

further. 
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TABLE 2.2: Incorporation of 3 H-leucine into Protein During 
in vitro Translation of Heavy Polysome Fractions. 

Incubation 	Acid precipitable counts (cpm) 	
Mean of 

time 	 Fraction number 	 fractions 
(mm) 	1 	2 	3 	4 	5 	'6 	 2-6 

10 225 562 429 543 584 548 544 

20 394 1154 1026 1162 1203 1163 1159 

30 512 1733 1694 1785 1849 1752 1779 

40 549 2201 2192 2226 2285 2256 2240 

50 537 2536 2405 2552 2421 2471 2488 

The incorporation of 3 H-leucine (expressed as counts per minute) 

incorporated into acid insoluble protein during the in vitro 

translation of heavy polysome fractions 1 - 6. The mean values of 

f2 to f6 are plotted in Figure 2. 2b. 	50 	.il aliquots from total 

translation mixes of 1 ml were assayed at each time point. 



Figure 2. 2 



FIGURE 2.2: 

Incorporation of 3 H-leucine into protein during in vitro transla-
tion of total polysomes. 

This figure shows that the incoporation of 3 H-leucine into protein, 

as directed by total polysomes in a homologous cell free system is 

dependent on poly some concentration. Incubation mixes consisted 

of a total volume of 1 ml, as described in Section 2.2.3, to which 

either 0.25 0D 260  units, 0.5 0D260  units, or 1.0 0D260  units of 

total polysomes were added. Of these three concentrations, the 

0,5 0D26 0 units of polysomes showed the maximum incoporation of 

cpm into acid insoluble protein. 50 Ui samples were removed from 

the translation mixes at each time point, precipitated in trichloro- 

acetic acid, and collected on glass fibre filters prior to scintillation 

counting. 

Incorporation of 3 H-leucine into protein during in vitro transla-
of fractionated heavy polysomes. 

This figure shows the incorporation of 3 H-leucine into acid 

insoluble protein as directed by the heavy polysome fractions 

2-6 in a homologous cell free system. The cpm values shown are 

the means of those presented in Table 2.2. On the basis of the 

evidence presented in (a), 0.5 0D 260  units of polysomes were 

translated per 1 ml total mix throughout 
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2. 2. 5 Oligo dT-cellulose Chromatography of RNA Samples 

(Aviv and Leder, 1972) 

There is considerable evidence that most mRNA species carry a 

polyadenylated tail of about 150 nucleotides at their 3' ends (Adesnik 

et al., 1972; Greenberg and Perry, 1972; Molloy et al., 1972) which 

is added post-transcriptionally. This feature forms the basis of the 

chromatography technique developed by Aviv and Leder (1972) for the 

separation of mRNA from all other cellular RNA types. Oligo thymidylic 

acid residues are linked to an insoluble support medium such as cellulose 

so that when an RNA solution with a high salt concentration is passed 

over the cellulose any RNA molecules with long stretches of polyA are 

retained. The A-T base pairing can then be disrupted by lowering the 

salt concentration when an enriched mRNA sample is eluted. 

Polysomal RNA samples were dissolved at a concentration of 1 mg/ml 

in a small volume (100-200 jil) of I rni\1 EDTA pH 7.0 which was then heated 

to 70°C for 30 sec to ensure disruption of any internal base pairing. 

The samples were cooled immediately on ice. An equal volume of 2 x 

concentrated binding buffer was added and the RNA concentration was 

adjusted to 100 jig/ml with 1 x binding buffer. This was layered on to 

a 500 mg oligo dT-cellulose bed equilibrated with the same buffer, mixed 

gently with the cellulose and left for 15 min to allow annealing to take 

place. The sample was eluted slowly and re-passed over the column 

twice more. The column was then washed to a background 0D 250  with 

binding buffer (2-221  hours) and the RNA retained by the column at this 

stage was regarded as polyA RNA. This was eluted from the column 

using 10 ml of eluting buffer. 0.5 ml fractions were collected and those 

with significant 0D 260  values were pooled as shown in Figure 2.3. The 

RNA was precipitated as described previously in Section 2.2.4. 
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FIGURE 2.3: Elution Profile of f2 mRNA from an Oligo dT-Cellulose 
Chromatography Column. 

Oligo dT-cellulose chromatography of total and polysomal RNA 
samples was carried out as described in Section 2.2.5. The po1yA 
fraction of the RNA sample is bound to the cellulose in high salt 
buffer, and then eluted by lowering the salt concentration. This 
elution profile was obtained when the f2 polysomal RNA was 
fractionated as described. The polyA RNA eluted in a single, 
sharp peak from the oligo dT-cellulose column. Fractions 3, 4 and 
5 were pooled and mRNA obtained by ethanol precipitation at -20°C. 
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Occasionally, the polyA containing fractions were repassed over 

the column but this made little difference to the translational capacity 

of the RNA but significantly reduced the final yield so the procedure 

was not carried out routinely. 

2. 2. 6 Poly-U Hybridisation to Determine mRNA Concentration 

This method (Gillespie et al., 1972) is based on the ability of 

the polyA tail of the mRNA molecule to form a 1: 1 hybrid with 3 H-polyU. 

Determination of the radioactivity (in counts per minute) which is ribo-

nuclease resistant after a suitable hybridisation time gives an accurate 

estimate of the mRNA concentration in any particular sample when 

compared with the standard curve (Figure 2.4). 

Incubation mixes contained: 

	

2 .t1 	3 H-poly rU (17 Ci/mmol) 

	

20 jfl 	polyA RNA (0.5 rig) or poly dA at concentrations 

ranging from 75 ng/ml to 1.5 jig/ml 

	

10 P 	10xSSC 

	

20 jil 	water 

Mixes were incubated at 37°C for 20 min and chilled for 10 min. 

1 ml 2 x SSC was added with 2 jil RNase. Samples were gently mixed 

and further incubated at 0°C for 20 min. 10 jil of 10 mg/ml BSA was 

added as carrier with 1 ml ice cold 20% trichioroacetic acid and after 

chilling for a further 10 min precipitated hybrids were collected on 

GF/C filter discs. The radioactivity was determined by scintillation 

counting in toluene PPO POPOP scintillant. 

The amounts of mRNA obtained from each polysome fraction following 

oligo dT-cellulose chromatography were acurately determined using this 

poly-U hybridisation method. The standard curve shown in Figure 2.4 



 

05 

Mej 

O5 

C,, 

E 
C-) 

3•75 	 7.5 	 1125 	150 ng poly  

0075 	015 	 0225 	03 ug mRNA 

FIGURE 2.4: Calibration Curve of 3 H-polyU Hybridisation with 
polydA Used for Estimations of mRNA Concentrations. 

The concentration of mRNA was determined accurately by 

hybridising the polyA tail of the messenger to 3 H-polyU as 

described in Section 2.2.6. The calibration curve, shown here, 

was firstly prepared by hybridising known amounts of polydA 

(1.875 ng to 13. 125 ng) with 3 H-polyU and then determining the 

amount of radioactivity (measured as cpm) remaining in double 

stranded form following ribonuclease treatment. The dashed 

line ( ---- ) indicates the result obtained when the f2 mRNA 

concentration was determined in this way: 1060 cpm were 

recovered in double stranded form following hybridisation to 

3 H-polyU. This corresponds to 11.875 ng polyA, which, 

assuming a 5% polyA content in messenger RNA, gives an mRNA 

value of 0.2f 	jig. Allowing for a 1 : 20 dilution of the original 

mRNA preparation, the total recovery of polyA RNA from the 

f2 polysome fraction (30 gradients) was 4.75 jig. 
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TABLE 2.3: Messenger RNA Yields from Polysome Fraction f2. 

Initial amount of tissue 
(14-day chick embryo skeletal 	25 g 
leg muscle). 

Total RNA extracted from 150 jig polysome fraction f2. 

Poly(A) RNA recovered by 
oligo-dT chromatography. 

mRNA recovered as deter- 
mined by polyU/polydA 	 4.75 ig 
hybridisation. 

(layered onto 
30 gradients) 

The yields of RNA at each stage in the extraction process are shown 

for the f2 heavy polysome fraction. 

* The significant difference between these two values indicates 
that the RNA recovered from the oligo-dT cellulose column 
chromatography step is not 100% poly(A) RNA and is, therefore, 
probably highly contaminated with ribosomal RNA species. 



was constructed from a series of known concentrations of poly-dA 

included in the hybridisation reactions, plotted against the cpm retained 

by the filter following RNase treatment to remove unhybridised polyU. 

It was then possible, assuming a 5% polyA content in mRNA, to estimate 

the concentration of mRNA in a given sample with reasonable accuracy. 

The values obtained for the polysome fraction f2 is indicated in Figure 

2.4, and is compared with the value obtained from optical density 

measurements in Table 2.3. 

2. 2. 7 Cell Free Translation of mRNA 

mRNA translation was performed in two heterologous cell free 

systems. Early in the project, the mRNA samples were translated 

routinely in a wheat germ system using 3 H-labelled amino acids. However, 

in later experiments, the rabbit reticulocyte lysate system became the 

method of choice as reliable preparations became commercially available 

and higher radioactive incorporation into protein was achieved, as shown 

in Figure 2.7, particularly if 35S-methionine was included as the labelled 

amino acid, thus reducing the time required for autoradiography. 

Wheat germ translation system (Roberts and Paterson, 1973) 
Preparation of S-30 fraction (Marcu and Ducock, 1974) 

5 g of wheat germ (General Mills) was ground with 5 g ground glass 

in a cold mortar for a few minutes. 13 ml of grinding buffer were added 

and the paste was centrifuged at 30,000 g for 15 mm. The supernatant was 

passed over a sephadex G25 coarse column and eluted at 3 ml/min. 1 ml 

fractions were collected and those with an OD 60  greater. than 0.5/5 il- were 

pooled and centrifuged for 20 mm at 30, 000 g. The supernatant was dialysed 

against grinding buffer for 16 hours and then centrifuged again at 30,000 g 

for 20 mm. The final supernatant was frozen instantly by gently pipetting 

drops into liquid nitrogen. The frozen spheres were stored at -70°C. 
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Translation: 

Each translation mix contained in a total volume of 50 jil: 

20 jil S-30 

0.02 M Hepes pH 7.6 

0.16 M potassium chloride (see Figure 2.5) 

2.8 mM magnesium acetate 

60 jiM spermine 

1 mM ATP 

200 PM GTP 

8 mM creatine phosphate 

40 jig/ml creatine phosphokinase 

2 mM dithiothreitol 

25 jiM each of 19 amino acids (excluding leucine) 

50 j.tCi 3 H-leucine at 1 jtCi/j.tl (specific activity 187 Ci/mmol) 

1 jig of the mRNA sample was added in 1 jil sterile water to initiate 

the reaction. Reaction mixes were incubated at 25°C for 90 mm.-

Aliquots of 5 j.tl were spotted onto Whatman GF/C filter discs, dried 

and placed in 10% trichloroacetic acid containing 5 mM unlabelled 

leucine for 30 mm. The filters were then heated at 90°C for 15 mm 

in 5% trichloroacetic acid, rinsed in ice cold 5% trichloroacetic acid, 

ethanol, ethanol : ether (3 : 1) and, finally, ether. Incorporation of 

radioactivity into acid insoluble protein was determined by scintillation 

counting. 

It has been reported (Roberts and Paterson, 1973) that the 

efficiency of the wheat germ system varies for different mRNA types, 

depending on the potassium ion concentration. 1 jig  of polyA RNA 

from the heavy polysome fractions was translated with potassium chloride 
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FIGURE 2.5: Effect of Changes in Potassium Ion Concentration on 
the Translation of Myosin Heavy Chain mRNA (f2) 
in Wheat Germ Cell Free System. 

The in vitro translation of mRNA was carried out using the wheat germ 
cell free system as described in Section 2.2.7. The incorporation of 
radioactive amino acids into acid insoluble protein by this system 
varies with the potassium ion concentration, as shown in this figure. 
Concentrations of potassium chloride, varying from 95 mM to 220 mM 
were tested and it was found that f2 mRNA translates most efficiently 
with a potassium ion concentration of 160 mM, and therefore this 
concentration was used routinely. 



concentrations varying from 95 - 220 mM. A concentration of 160 mM 

was shown to stimulate the maximum incorporation of radioactivity into 

protein when all other conditions were kept constant as shown in 

Figure 2.5. 

The translation products were analysed by SDS-polyacrylamide 

gel electrophoresis as described in Chapter III. 

The rabbit reticulocyte lysate translation system: 

This was purchased from the Radiochemical Centre. It is prepared 

by a modification of the method described by Pelham and Jackson (1976) 

in which endogenous mRNA is destroyed by treatment with a calcium 

activated nuclease under carefully controlled conditions, and when 

incubated with an optimal amount of exogenous mRNA is capable of 

maintaining a high level of protein synthesis for over an hour. The 

lysate contains: 

1 mM calcium ions 

2 mM EGTA 

0.02 mM hemin 

2 mM dithiothreitol 

10 mM creatine phosphate 

50 	ig1m1 creatine kinase 

100 mM potassium acetate 

1.6 mM magnesium acetate 

and all other factors necessary for the mRNA directed 

incorporation of labelled amino acids into protein. 

The rabbit reticulocyte lysate also contains an endogenous pool 

of 20 essential amino acids. When a labelled amino acid is added its 

specific activity will be reduced by the cold amino acid present in this 



pool. This effect is negligible for an amino acid with a low endogenous 

pool size, such as L-methionine, and small for L-leucine but can be 

considerable for an amino acid such as glycine or alanine for which the 

endogenous pool is rich. 

Routine translation assays were carried out at 30°C for 1 hour 

using a mix containing 80% lysate and 20% labelled amino acid by volume. 

The final radioactive concentration of either 3 H-leucine (specific activity 

187 Ci/mmol) or 35S-methionine (specific activity 1050 Ci/mmol) was 

1 jiCi/jil. The reactions were initiated by adding mRNA in a volume not 

exceeding 10% of the assay mix used. This was normally 0.75 jig in 

1.5 j.tl for a 20 jil assay mix. The optimum amount of mRNA to use in 

each translation was determined using mRNA extracted from total poly- 

somes as shown in Figure 2.6(c). Similarly, the potassium and magnesium 

ion concentrations were shown to considerably affect the protein synthes-

ising ability of mRNA extracted from skeletal muscle polysomes as shown 

in Figures 2.6(a) and 2 . 6(b), respectively, where various concentrations 

were tested in an attempt to determine optimum conditions. This was 

necessary as it has been reported (Sonenshein and Braweriman, 1977; 

Tse and Taylor, 1977) that the number of incomplete polypeptide chains 

may increase if the concentrations of these ions are sub-optimal. 

During the incubation period, 2 jil samples were removed from the 

reaction mixes at intervals into 0.5 ml of iN NaOH, 5% hydrogen peroxide 

and kept at room temperature for io mm. This completely decolourised 

the sample. Proteins were precipitated by adding 3 ml of ice cold 25% 

trichioroacetic acid containing 2% casein hydrolysate as a carrier. The 

incorporated radioactivity was collected onto pre-wetted GFJC filter 

discs, washed with 8% trichloroacetic acid, dried and counted by liquid 

scintillation. 



Figure 2. 6 



FIGURE 2.6: Effect of Changes in Potassium Ron, Magnesium Ion 
and Messenger RNA Concentration on the Translation 
of Myosin Heavy Chain (f2) mRNA in the Rabbit 
Reticuiccyte Lysate System 

The in vitro translation of mRNA was carried out using the rabbit 

reticulocyte lysate cell free system, as described in Section 2.2.7.  

The optimum conditions for the efficient translation of f2 mRNA 

were determined, as recommended by the manufacturers, with 

respect to potassium ion, magnesium ion and mRNA concentration 

shows that the maximum incorporation of radioactive methionine 

into protein occurs at a potassium acetate concentration of 150 W&ViIO 

This required the addition of potassium acetate to 50 mM to raise 

the endogenous concentration of 100 mM to the necessary level. 

shows that the addition of magnesium acetate reduces the 

translational efficiency of the mRNA. The highest level of in-

corporation of 35 S-methionine into protein was achieved with no 

addition of extra magnesium, the endogenous concentration in the 

lysate being 1.6 mM. 

shows the effect of increasing amounts of mIRNA on in vitro 

translation in the rabbit reti T", yte lysate eysten0 Itn the case 

of f2 mRNA, translational efficiency increased sharply up to 1 mg 
of RNA per 22 MIt translation mix, but then tended to be inhibited 

slightly if the RNA concentration exceeded 1.5 pg per 22 Ml. 
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FIGURE 2.7: Incorporation of Radioactively Labelled Amino Acids 
into Protein, Directed by f2 mRNA in the Rabbit 
Reticulocyte Lysate and Wheat Germ Cell Free Systems 

The incorporation of radioactively labelled amino acids into TCA 

precipitabie protein, directed by f2 mRNA in two cell free 

systems. 35S-methionine was included as the labelled amino 

acid when f2 mRNA was translated in the rabbit reticulocyte 

lysate system as shown by the solid line ( 	). In a total 

volume of 22 Mi9  the translation mix included 150 mM potassium 

acetate, 1.6 mM magnesium acetate and 1 ug  of mRNA. Generally, 

incubations were terminated at 60 min due to the apparent 

protease activity which arises during longer incubation periods, 

3 H-leucine was the labelled amino acid used during mRNA 

translation in the wheat germ system, as shown by the dashed 

line ( ---- ). In a total volume of 50 Ml,  the potassium chloride 

concentration was 160 mM, and included 1 pg of f2 mRNA. 

Incubations were continued for 90 min as there was no detectable 

breakdown of newly synthesised proteins prior to this. 
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Following in vitro translation of mRNA samples in both the rabbit 

reticulocyte lysate and wheat germ systems, samples were retained for 

SDS-polyacrylamide gel electrophoretic analysis of the newly synthesised 

products. The ability of the mRNA preparation to direct the synthesis, 

in these in vitro systems, of only one protein, which was shown to 

co-electrophorese with a myosin heavy chain marker in SDS-polyacryl-

amide gels, was the main criterion used to assess the purity of the 

messenger preparation. 

As is described in detail in Chapter III, the mRNA obtained from 

the second fraction (f2) of the polysome gradients fulfilled this criterion. 

2. 2. 8 Preparation of Complementary DNA 

A specific hybridisation probe, to be used in the screening of the 

recombinant library was prepared by the reverse transcription of the 

purified myosin heavy chain f2 mRNA preparation. 

Reverse transcription is a natural process, common to RNA viruses 

which initiate their replication within the host cell by producing a DNA 

copy of the RNA genome which is subsequently used as a template for 

the synthesis of many RNA copies. Purified avian myeloblastosis virus 

reverse transcriptase is able to direct the synthesis of a DNA copy of 

eukaryotic mRNA molecules under appropriate conditions, and by the 

simple inclusion of one or more labelled deoxynucleotide triphosphates, 

the cDNA copy will be radioactive. 

Reaction mixes contained in 100 JIl: 

50 mM Tris-HC1 pH 8.3 

60 mM sodium chloride 

6 mM magnesium chloride 

4 mM dithiothreitol 

0.5 mM each of dGTP, dATP, dCTP 
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100 jiCi 	3 H-dCTP (specific activity 21 Ci/mmol) 

or 50 jiCi 	a- 32P-dCTP (specific activity 800 Cilmmoi) 

100 j.ig/ml 	oligo dT 

5 jig/ml 	mRNA 

600 units/ml AMV reverse transcriptase 

The radioactive and non-radioactive deoxynucleotide triphosphates were 

freeze dried completely and the remaining ingredients of the reaction 

were added. The mRNA was pre-incubated with the oligo dT primer for 

2 min at 37°C before adding to the cocktail. The oligo dT serves to 

initiate the reaction by hybridising to the polyA tail of the mRNA. The 

reaction will not proceed without this step, and therefore because other 

cellular RNA's lack a polyA tail, any minor contaminants of the mRNA 

(particularly ribosomal RNA) will not participate in the reverse trans-

scription. 

Incubation was at 40°C for 1 hour after which the reaction was ter-

minated with the addition of 400:i.tl  10 mM EDTA and, 600 tl 0. 5M potassium 

hydroxide to hydrolyse the mRNA. Hydrolysis was completed by 

heating at 90°C for 10 mm, and the mix was then neutralised with 

600 jil iN sodium dthydrogen orthophosphate. 5 jig of bacteriophage 

X DNA was added as carrier and the mix was applied to a sephadex 

G100 column (10 ml bed volume). 0.75 ml fractions were collected in 

3 mM sodium chloride, 0.01M Tris-HC1 pH 8.0, 0.01M EDTA and 

monitored by counting 10 j.il samples. The eDNA was contained in the 

first peak of radioactivity to elute from the column as shown in Figure 

2.8. The second peak corresponded to free deoxycytidine triphosphate 

since this was not precipitable with TCA. The size of the eDNA was 

estimated following agarose gel electrophoresis as described in Chapter 

1:11. 
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FIGURE 2.8: Isolation of eDNA by Sephadex G100 Chromatography. 

Reverse transcription of f2 mRNA was carried out as described in 
Section 2.2.8, using 0.5 jig of the mRNA as template and either 
100 jiCi 3 H-dCTP or 50 jiCi 32 P-dCTP as the radioactive deoxy-
nucleotide. The eDNA was separated from free deoxynucleotide 
by Sephadex G100 chromatography. 0.75 ml fractions were collected 
and 10 jil samples were allowed to precipitate in 2 ml ice cold 20% 
TCA. The samples were collected on glass fibre filters and counted. 
The peak fractions which contain TCA precipitable material were 
pooled, freeze dried and taken up in water to give 2000 cpm/j.il. 
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2. 2. 9 Purity of the Complementary DNA Probe 

Single-stranded DNA is able to hybridise and form duplexes 

very precisely with either complementary RNA or complementary DNA 

molecules in solution. Such hybridisation depends not only on the 

extent of the complementary sequences within the two populations, but 

also on the collision reactions between them, and therefore follows simple 

kinetics based on nucleic acid concentration and the time allowed for 

annealing. Hybridisation between RNA and DNA, where the RNA is 

in excess and therefore drives the reaction, is measured in terms of 

Ro t values where R 0  is the initial RNA concentration expressed in moles/i 

and t is the annealing time expressed in seconds. When mRNA drives 

the hybridisation reaction to complementary DNA from the same source, 

transitions of hybridisation occur corresponding to the abundance classes 

of the mRNA molecules within the population. Such reactions have thus 

been used for measuring the complexity of RNA populations (Bishop 

et al., 1974). These homologous reactions will theoretically proceed to 

100% hybridisation of the eDNA, but the R o t required for this will 

depend on the frequency of the lowest abundance class which may require 

very extended time periods or high mRNA concentrations to be able to 

anneal. The R0 t1  is the Ro t value at which 50% of the molecules within 

a particular abundance class have annealed and is a measure of the 

sequence complexity of that particular abundance group. 

Therefore, hybridisation of a cDNA back to its purified mRNA is 

a measure of the faithfulness of the copy. The number of minor transi-

tions as hybridisation approaches 100% will indicate the extent of 

contamination of the mRNA by other species and the R ot, of both major 
2 

and minor transitions will provide an indication of the number of dif-

ferent species within these abundance classes. Therefore, the MHC 
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cDNA was hybridised back to its mRNA template as a method of obtaining 

an indication of the purity of the probe. 

Hybridisation: 

MHC eDNA was hybridised to an excess of MHC mRNA using 

mRNA at two different concentrations: 1 jig/ml and 20 jig/mi. 

The mRNA and eDNA (approximately 30,000 cpm) were mixed in a 

total volume of 200 jil of 0.012M sodium phosphate pH 7.0 in a small 

siliconised tube. The mixture was heated for 3 min in a boiling water 

bath and a 20 iii sample was taken immediately and diluted into ice cold 

stop buffer. The hybridisation mixture was transfered to a 70°C bath 

and the salt concentration was increased to 0.24M PEB by the addition 

of 20 j.tl of 2.3M PEB. Following removal of the 2 min sample, liquid 

paraffin was layered over the reaction mixes to prevent evaporation. 

20 jil aliquots were withdrawn at various times from 1 min to 5 hours 

following incubation at 70°C (see Table 2.4) and diluted into 380 jil of 

ice cold stop buffer. 

The exent of eDNA annealing was measured by resistance to Si 

nuclease which digests single-stranded nucleic acids but leaves duplexes 

intact. 

S 1 nuclease digestion: 

All hybridisation samples were rapidly frozen at -20°C so that all 

those for a given experiment could be treated at the same time with Si 

nuclease. One-tenth volume of concentrated Si buffer was added to 

each sample and each was divided into 2 x 200 jil aliquots, one of which 

was treated with 10 jil (100 units) of Si nuclease. The final reaction mix 

consisted of 48 mM PEB, 0.2 mM EDTA, 20 mM sodium chloride, 30 mM 

sodium acetate pH 4. 5, 0.6 mM zinc sulphate, 0.052 N acetic acid. 
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Incubation was at 45°C for 40 min following which the samples were 

placed on ice and 200 ig  of BSA and 2.5 ml of 10% trichioroacetic acid 

were added. They were allowed to stand for 30 min at 0°C and then 

collected on Millipore GF/C filters, washed with 5% TCA, dried and 

counted in toluene PPO-POPOP scintilant. 

The ratio of the cpm value of the nuclease treated sample to the 

untreated sample, after subtraction of the Si resistant background 

determined immediately after the denaturation step is expressed as a 

percentage in Table 2.4 and plotted against R ot in Figure 2.9. In the 

calculation of the R o t values, the nucleotide molecular weight was taken 

as 320 daltons. 

A single transition of hybridisation between the cDNA probe and its 

template mRNA is shown in Figure 2.9, indicating the presence of a 

single abundance group of mRNA molecules. The transition is sharp and 

the Si nuclease resistance is greater than 85%, indicating that the 

hybridisation is almost complete. Taken together, these observations 

indicate that the MHC mRNA is not contaminated to any great extent 

with other RNA species which are able to interfere in the reverse 

transcription, and thus further indicate that the eDNA is a faithful copy. 

The R ot, value of 7. 1 x 10 (log Rot - 2.15) is in close agreement, 

though slightly higher, than two previously determined values of 5.3 x 

10 (Robbins and Heywood, 1976) and 6.3 x 10 (Patrinou-Georgoulas 

and John, 1977). 

Patrinou-Georgoulas and John (1977) showed that highly purified 

globin mRNA hybridised to its cDNA with a similar sharp transition 

approaching 100% hybridisation with an Rot, of 5.3 x 10. Using the 

molecular weight value of globin mRNA as determined by Bishop et al. 

(1974) of 4 x 10, and of myosin heavy chain mRNA of 2 x 106  as 
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TABLE 2.4: Hybridisation of Muosin Heavy Chain mRNA to 
Its Homologous eDNA. 

RNA 	 %S1 
concentration 	Time 	R ot 	 nuclease 

Expt 	(R 0 ) moi/i 	(t) sec 	mol sec/i 	Log R ot 	resistance 

3.2 x 10 6  60 1.92 -x 10 -3.72 11.2 

(1ig/rnl) 120 3.84 x 10 -3.42 12.7 

600 1.92 x 10 -2.72 27.9 

1.2 x10 3  3.84 x 10 -2.42 41.5 

1.8 x10 3  5.76 x iü -2.24 44.8 

2.7 x10 3  8.64 x -2.06 54.1 

3.6 x10 3  1.15 x 102 -1.94 59.6 

7.2 x10 3  2.30 x 102 -1.64 65.8 

2 	6.25 x 	 60 3.75 x 10 -2.43 31.5 

(=20.tgIm1) 	120 7.50 x iø -2.12 46.2 

300 1.88 x 102 -1.73 63.2 

600 3.75 x 10_2 -1.43 73.7 

1.5 	x10 3  9.38 x 102 -1.03 77.5 

3.0 	x10 3  1.88 x 10_i -0.73 84.2 

1.08 X  104 6.75 x iø -0.17 85.0 

1.80x10 1.13 -0.05 86.6 

This table shows the detailed data which is expressed in Figure 

2.9 as a R ot curve. Two hybridisation experiments were carried 

out, as described in Section 2.2.9, between f2 mRNA and its eDNA 

(in RNA excess) to allow a wide R ot range to be covered. It was 

necessary to use two different initial concentrations of mRNA (R 0 ) 

to achieve this of 1 ig/ml and 20 ig/ml. 
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FIGURE 2.9: R ot Curve Showing the Hybridisation of Myosin Heavy 
Chain mRNA to its eDNA. 

Myosin heavy chain mRNA, isolated from heavy polysome fraction f 2, 
was hybridised in RNA excess to its complementary DNA as 
described in Section 2.2.9. A single transition of hybridisation 
is evident, indicating the presence of a single abundance group of 
mRNA molecules. The transition is sharp, and hybridisation of 
the available cDNA is almost complete since the 51 resistance is 
greater than 85%. The R ot  of 7.1 x 10 of the transition (cor -
responding to a log R ot of '- 2.15) is high when compared with 
standard estimations for purified globin mRNA (Bishop et al., 1974), 
and therefore suggests the presence of two or three different myosin 
heavy chain sequences, present in similar numbers. 



determined by Sarkar et al. (1973), they calculated the Rt 1  for myosin 

heavy chain mRNA/cDNA hybridisation to be 2.7 x 10 which is 

approximately half their experimental value and therefore concluded that 

there were two myosin heavy chain sequences within their preparation. 

From the observed R 0 t 1  value, shown in Figure 2.9, a similar situation 

would appear to exist in the probe preparation described here as the 

R ot, value suggests the sequence complexity is greate -r than would be 

expected for a single species. 

2.3 Nick Translation as a Method of Synthesising Hybridisation 

Probes 

The nick translation reaction (Kelly et al., 1970; Rigby et al., 

1977), catalysed by Escherichia co/i DNA polymerase I (Rigby et al., 

1977; Maniatis et al. , 1975a; Mackey et al., 1977), is used to replace 

existing unlabelled nucleotides in DNA with radioactive ones, and in 

this way DNA which has been purified and stored in an unlabelled form 

can be labelled to a high specific activity in vitro, as shown diagram-

matically in Figure 2. 10. The quality and specific activity of labelled 

DNA prepared in this way depends on several factors including the 

quality of the enzymes used, the extent to which the existing nucleo-

tides are replaced and the specific activity of the newly introduced 

nucleotides. Very high specific activities can be achieved which is 

particularly important since the sensitivity of nucleic acid hybridisation 

techniques depends largely on the specific activity of the labelled 

probe. For instance, a 200-fold increase in the specific activity of a 

probe can permit a 200-fold reduction in the amount of an unlabelled 

DNA which is being 'probed' (Rigby et ci., 1977). This is an important 

consideration when probing a genomic library for "single copy" gene 
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FIGURE 2.10: Diagrammatic Representation of the Labelling of 
Double Stranded DNA by Nick Translation. 

Double stranded DNA can be radioactively labelled in vitro by nick 
translation, as described in detail in Section 2.3, and shown 
diagrammatically in this figure. 

Single stranded nicks are introduced randomly in the DNA 
by the action of DNaseI. 

Nucleotides on the 5 1 -side of the nick are removed due to the 
exonuclease activity of DNA polymerase I. 

Labelled nucleotides are added to the 3 1 -OH side of the nick, 
also by the action of DNA polymerase I, to replace those 
which have been removed. 

The nick is 'translated' in a 5' to 3' direction along the DNA 
chain. 
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sequences but is not so important here where the nick translated probe 

will be used to search for the repetitive sequences of the ribosomal 

RNA genes. 

The mechanisms of nick translation have been the subject of much 

investigation, particularly by Kornberg, the discoverer of E. co/i 

DNA polymerase I. In all published procedures (Maniatis et al., 1975; 

Mackey etal., 1977; Rigby et al., 1977; Tsai et al., 1978; Balmain 

and Birnie, 1979) the principals are the same: single-strand breaks or 

'nicks' are introduced randomly into the unlabelled DNA by an endo-

nuclease (usually pancreatic deoxyribonuclease I) which generates 

3 1 -hydroxyl termini. DNA molecules containing such termini serve as 

template-primers for DNA polymerase I. Nucleotides are added to the 

3 1-hydroxyl side of the nick at the same time as existing nulceotides 

are removed from the other side by the 5' to 3' exonuclease activity 

which is an integral part of the enzyme (Klett et al., 1968; Deutscher 

and Kornberg, 1969). Consequently, the nick is 'translated' along the 

DNA molecule in the 5' to 3' direction (see Figure 2.10), the sequence of 

nucleotides added to the 3' hydroxyl side of the nick being determined by 

the opposite strand of the DNA duplex and is therefore a copy of the 

sequence of nucleotides being removed from the 5' side of the nick. 

Thus, there is no net synthesis of DNA, and if the nucleotides introduced 

during this process are radioactive, the DNA will become radioactively 

labelled. At the relatively low temperature used (15 0C), the in vitro 

DNA synthesis is restricted to one round of replication, and the reaction 

proceeds no further than one complete renewal of the existing nucleotide 

sequence. At higher temperatures (22°C) the synthesis continues 

beyond the first round of replication (Dumlas et al., 1971), and there 

is overall synthesis, probably by a mechanism involving strand displace- 
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ment. However, such a process is difficult to control such that some 

sections of the DNA become represented more frequently than others 

and thus is not suitable for the synthesis of probes to be employed in 

kinetic hybridisation reactions. DNA nick translated at the lower 

temperature, however, is uniformly labelled (Mackey et al., 1977; 

Rigby et al., 1977) and has the expected renaturation kinetics (Mackey 

et al., 1977; Balmain and Birnie, 1979). 

Nick translation was used in this project as a method of synthes-

ising a probe which would be ideal as a positive control during the 

screening of the library. Due to the repetitive nature of the ribosomal 

DNA sequences within the genomes of higher organisms (Spear, 1974; 

Vlad, 1977), including the chicken (Sinclair and Brown, 1971), the 

number of recombinant phage carrying such sequences, even in an 

incomplete library, should be high (as discussed in Chapter V), and 

therefore should be readily detectable using a specific probe. 

A 32P-ribosomal DNA probe was prepared by the nick translation 

of a purified ribosomal DNA sequence provided by Ian Purdom in this 

laboratory. 

Incubation mixes of 125 tl contained: 

1 	iig 	DNA 

50 	j.tCi 	c7- 32 PdCTP (specific activity 800 Ci/mmol) 

0.008 mM 	each of dATP, dGTP, dTTP 

0.05 M 	potassium phosphate pH 7.4 

4.8 mM 	magnesium chloride 

10 	iig/ml deoxyribonuclease I 

15 	units E. co/i DNA polymerase I 

The labelled and unlabelled deoxynucleotide triphosphates were 

lyophylised to dryness and the DNA and salt buffers were added in 

100 jil. The DNase I was added, mixed and left at room temperature 
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for 1 mm. Finally, the DNA polymerase I was added and the mix was 

incubated at 14°C for 3 hours. Samples of 2 j.il were removed at 

0, 1, 2 and 3 hours onto GF/C filter discs which were washed in 

ice cold 10% TCA for 10 mm, washed in ethanol, dried and counted 

by scintillation counting. The reaction was terminated by the addition 

of 60 jil of 0.25M EDTA and 10 .il of 5% sodium dodecyl sulphate. 

The DNA was extracted and enzymes removed by gentle mixing with 

200 jil of water saturated phenol, centrifuged for 2 min and the aqueous 

phase was applied to a sephadex G-50 column. 0.7 ml fractions were 

collected in 0.1 x SSC and the position of the radioactivity was deter-

mined by taking 2 jil samples and counting directly in aquasol. The 

nick translated probe was found in the first peak of radioactivity 

eluting from the column. The peak tubes were stored at -70°C. 

Figure 2.11 shows a time course of the incorporation of 32 p. 

dCTP into ribosomal DNA by nick translation and Figure 2.12 shows 

the separation of the nick translated probe from the free deoxynucleo-

tides by sephadex chromatography. 

2.4 Conclusions 

Radioactively labelled DNA probes were prepared using two 

different methods as described in this chapter. 

The nick translation of purified, unlabelled ribosomal DNA 

produced a uniformly, highly labelled 32 P-probe with an efficiency of 

3.5 x iO cpm/j.ig. This probe is representative of a highly repetitive 

sequence within the chicken genome, and therefore, even in an 

incomplete genomic library has a high possibility of being represented. 

The reverse transcription of f2 (myosin heavy chain) mRNA, 

conversely, yielded a specific probe for a sequence which is present 
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FIGURE 2.11: Nick Translation of Ribosomal DNA - Incorporation 
of 32 P-dCTP into DNA with Time. 

Nick translation of a cloned ribosomal DNA was carried out as 
described in Section 2.3. The incorporation of 32 P-dCTP into the 
DNA was monitored over a 5 hour incubation period by removing 
2 Ml samples at intervals of 0, 1, 2, 3, 4 and 5 hours, spotting 
onto glass fibre filters, washing in TCA and counting. The maximum 
incorporation of radioactivity into acid insoluble material had 
occurred after 3 hours of incubation, but there was no significant 
degradation following this. 
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FIGURE 2.12: Separation of Nick-translated Ribosomal DNA by 
Sephadex G 100 Chromatography. 

The nick-translated DNA was separated from free 32 P-dCTP 

by sephadex G 150 chromatography in 0. 1 x SSC. 0.7 ml fractions 

were collected and the peak of radioactive DNA was identified 

by directly counting 2 al samples in aquasol. The first peak of 

radioactivity was pooled and retained at -70°C. The second, 

large peak consists of free deoxynucleotides. 
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in only a few copies per genome. The validity of this statement 

depends on a demonstration of the purity of the mRNA preparation 

and that it codes exclusively for the myosin heavy chain protein. 

It has been shown previously (Patrinou-Georgoulas and John, 1977) 

that the mRNA isolated from an f2 polysome fraction is highly en-

riched in a mRNA which codes for myosin heavy chain and this is 

confirmed in Chapter III where the in vitro translation products of 

both mRNA and polysomes from f2 are analysed by polyacrylamide gel 

electrophoresis. 

Using nucleic acid hybridisation techniques, Patrinou-Georgoulas 

and John (1977) concluded that there are two myosin heavy chain 

sequences represented in the f2 polysome fraction and that each of 

these is represented twice in the chicken genome. The R ot value 

of 7.1 x 10 	presented in Section 2.2.9, following the hybridisation 

of f2 cDNA to its template mRNA, is slightly higher than their value 

of 6.3 x 10-3  but it also suggests the presence of more than one 

sequence though it is not possible to propose a definite number 

without further experiments. However, the purpose of the hybridisa-

tion experiment presented in Section 2. 2.9 was not to further speculate 

on the number of myosin heavy chain genes which has been well 

studied, but to assess the purity of the mRNA preparation. 

The suitability of the cDNA probe for the eventual screening of 

the library depends entirely on the purity of the mRNA preparation. 

The possibility was considered that slight contamination of the mRNA 

preparation by a few other templates which could not be detected by 

in vitro translation of the mRNA, may give rise to a mixed cDNA 

preparation if these templates were particularly good substrates for 

reverse transcriptase. Hybridisation of the cDNA to its template 
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should reveal the presence of any minor contaminating species as 

minor transitions of hybridisation which would arise as resistance 

to Si nuclease approached 100%. Such minor transitions were not 

observed and since the nature of the single transition was sharp and 

approached complete hybridisation it is strongly indicated that the 

mRNA (and therefore the cDNA) is not contaminated to any major 

extent with minor abundance groups and that the cDNA is indeed a 

faithful copy of the mRNA. 

Therefore, the methods described in this chapter, taken together 

with the evidence provided by polyacrylamide gel electrophoresis 

presented in Chapter III, present a reasonable scheme for the isola-

tion of purified myosin heavy chain mRNA. By virtue of its large 

size and abundance in developing chick skeletal muscle, it was 

possible to isolate the mRNA in a pure form from the heavy fraction 

of polysomes extracted from embryonic chick skeletal muscle and 

fractionated by sucrose gradient centrifugation. From this, a cDNA 

probe was synthesised by reverse transcription though it probably 

represents more than one particular heavy chain sequence. Previous 

evidence provided by Patrinou-Georgoulas and John (1977) suggests 

that a particular heavy chain sequence, of which there are probably 

two, is present in very few copies per haploid genome. Therefore, 

the number of positive signals arising following the screening of a 

genomic library with this cDNA probe will depend not only on the 

completeness of the sequence representation of the library but also 

on the cross hybridisation (that is, extent of sequence similarity) 

between the different heavy chains. 
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3.1 Introduction 

Gel electrophoresis is a widely used technique which allows the 

separation of proteins and nucleic acids according to their molecular size 

(Davis 1964; Laemrhli, 1970; McDonnell et al., 1977). The technique, 

in its many forms, was very important throughout this work and 

therefore will be discussed in this separate chapter thought it is 

referred to often throughout the text. 

Generally, proteins are separated in polyacrylamide gels at a pH 

around neutral and nucleic acids are separated in agarose since it forms 

a gel with a larger pore size, though small fragments of nucleic acids 

are ideally electrophoresed in polyacrylamide. Single-stranded forms 

should be separated under denaturing conditions, such as alkaline pH, 

and double-stranded forms under non-denaturing conditions at neutral 

pH. By passing a current through the gel, the molecules will move 

the anode (negative electrode) 49 the cathode (positive electrode). The 

speed at which they move at a given current depends on individual 

molecular size. 

Proteins may also be separated by isoelectric focusing according to 

their charge (O'Farrell, 1974; O'Farrell et al., 1977). In this procedure 

the polyacrylamide gel has a pH gradient extending throughout its 

length and under the influence of an electrical current, the proteins 

migrate to their isoelectric point at which they have no net charge. 

This latter technique is more applicable to the actual characterisation 

of. proteins where two-dimensional electrophoresis may be desirable - 

involving isoelectric focusing in one dimension followed by separation 

by molecular weight in a second. This level of separation was not 

required here so electrophoresis based on molecular weight only was used. 
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The choice of polyacrylamide or agarose gel concentration is very 

important as it is this which influences the molecular weight range 

over which a good separation can be achieved. Plots of relative mobility 

versus log molecular weight usually show a linear relationship over a 

restricted (approximately five-fold) range of molecular weight and become 

sigmoidal at high and low molecular weight values. A standard curve 

of this type is shown in Figure 3.1. Low polyacrylamide gel concentra-

tions (5-10%) are useful for the separation of large proteins and high 

gel concentrations (15-20%) are useful for the separation of small proteins 

and peptides. A complex mixture is therefore best separated on a gel 

consisting of a concentration gradient. This principal similarly applies 

to the separation of nucleic acids in polyacrylamide or agarose gels. 

A low concentration of agarose is 0.3 - 0.7% and a high concentration is 

1.5- 2.0%. 

Gel electrophoresis played a major part in all sections of this work. 

Firstly, following the in vitro translation of polysomal mRNA fractions 

by either the wheat germ or rabbit reticulocyte lysate systems, the 

newly synthesised products were analysed by electrophoresis on sodium 

dodecyl sulphate (SDS) polyacrylamide gels. The homogeneous nature 

of the mRNA extracted from each individual polysome fraction was 

assessed according to the number of polypeptides appearing as bands 

on the gel following in vitro translation. The aim was to obtain a mRNA 

preparation which directed the synthesis, in these cell-free systems, of 

a single protein which co-electrophoresed with the myosin heavy chain 

marker. 

A dissociating gel system was used throughout. Native proteins 

under such conditions are dissociated into their constituent sub-units 

and post-translational modifications such as methyl, acetyl or glycosyl 
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FIGURE 3.1: Standard Protein Mobility Curve. 

The mobility of a series of proteins following SDS polyacrylamide 
gel electrophoresis, relative to that of actin, were plotted 
against their known molecular weights on a log scale as shown. 
This provides a curve which is extremely useful for the determina-
tion of unknown protein molecular weights, using actin as a 
marker. 
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side groups are removed. Since, following in vitro translation, it is 

unlikely that post translational modifications or assembly of polypeptide 

sub-units into active proteins take place due to the absence of necessary 

enzyme systems and co-factors, many of which are membrane associated, 

the dissociating conditions included in this gel system are to prevent 

non-specific aggregation of newly synthesised polypeptides. 

Secondly, agarose gel electrophoresis was widely used during 

the construction of the DNA library and during the construction of the 

probes. mRNA was electrophoresed to determine the level of contamina-

tion of any particular myosin heavy chain preparation with other RNAs, 

particularly 28S ribosomal RNA. The size of the eDNA was determined, 

and all the stages involved in the construction of the library, where 

both bacteriophage and chicken DNAs were manipulated, were carefully 

monitored, by agarose gel electrophoresis. 

3.2 Polyacrylamide Gel Electrophoresis 

Translated mRNA and polysome fractions were analysed by electro-

phoresis on two types of polyacrylamide gels, each having different 

advantages. 

3. 2. 1 Electrophoresis of Polysome Translation Products in 8M Urea 

(Davis, 1964) 

Initially, translation products were analysed in polyacrylamide gels 

by a method based on that developed by Weber and Osbourn (1969) 

where 8M urea is included in the sample buffer as a denaturant. 

A 10% acrylamide solution was prepared containing 0. 13% bis and 

0.2% SDS in 0.01M sodium phosphate pH 7.0. The polymerization agents, 

ammonium persuiphate and TEED were added to a final concentration 

of 0.3% and 0.075%, respectively, and the gels were cast in 0.3 cm x 
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8 cm glass tubes to within 0.5 cm of the top. Water was layered over 

the surface prior to setting to form a perfectly level interface. 

Protein samples usually consisted of 50-75 i.tl of the incubation 

mixes following the in vitro translation of polysomes. Often it was 

necessary to partially lyophylise these to concentrate the radioactive 

protein into a suitable volume. Two volumes of warmed dissociation 

buffer were added to give a final concentration of 8M urea, 1% SDS, 

1% -mercaptoethanol, 0.01M sodium phosphate pH 7.0, and samples 

were incubated at 37°C for 5 min to completely dissociate proteins into 

their sub-unit components and to disrupt the weak covalent bonds which 

often form cross links within polypeptide chains. In this way, the 

secondary structure of a protein does not affect its electrophoretic 

properties and thus separation in SDS-polyacrylamide gels is a function 

of the molecular weight of individual chains. The sample was then made 

10%, with respect to glycerol, and 0.025%, with respect to bromophenol 

blue, 5 jig of myosin was added as marker and the whole sample was 

applied to the top of the gel beneath the tank buffer. Prior to applica-

tion of the samples, the gel surface was rinsed with dissociation buffer 

containing 8M urea as this treatment was found to enhance the ability 

of the large myosin heavy chain to initially enter the gel. The tank 

buffer was 0.005M sodium phosphate pH 7.0. Electrophoresis was 

carried out at 8 mA constant current per tube (up to 8 gels could be 

electrophoresed together) for 41 hours. 

Following electrophoresis, the gels were removed from the tubes 

and stained in 0.2% coomassie blue stain prepared in 45% ethanol, 10% 

acetic acid at 60°C for 2 hours. Background stain was removed by 

destaining in 25% ethanol, 10% acetic acid followed by 10% acetic acid 

alone at room temperature. 
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The position of the myosin heavy chain marker was noted and the 

gels were then sliced neatly into 1 mm sections. Each section was 

individually solubilised in 0.5 ml of 100 volumes hydrogen peroxide at 

50°C for 6 hours and counted directly in aquasol. 

The advantage of this gel system is that marker proteins and 

samples can be electrophoresed together. This allows the location of 

protein bands by both staining and slicing (followed by scintillation 

counting) to be performed on the same gel. Since co-electrophoresis is 

the main criterion for the identification of newly synthesised myosin 

heavy chain, it was felt that this degree of accuracy was necessary. 

Figures 3.2a-f are plots of counts per minute against gel slice 

number. Figure 3.2a shows the complex profile obtained following the 

translation of total polysomes and electrophoresis as described above. 

However, as is shown in Figures 3.2b-f, when the polysome fractions 

collected from the bottom of the gradients were translated individually 

the resulting protein profiles were much simpler. There was no trans-

lational activity in the first fraction (Figure 3.2b) but there was one 

major peak of radioactive incorporation in fraction 2 (Figure 3.2c) and 

this co-electrophoresed with the myosin heavy chain. This peak was 

also present in fractions 3.; 4.and':5 (as shown in Figures 3.2d, 3.2e  and . 3 . 2f), 

but to a lesser extent and it did not form an exclusive peak in these 

fractions. 

When a polysome translation mix to which no exogenous polysomes 

had been added was treated in an identical manner to that described 

in Chapter U, Section 2.2.3 and as above, the sliced gel profile was 

similar to that shown for polysome fraction 1 in Figure 3.2b. This 

indicates that the endogenous activity of the S-150 fraction is very low, 

such that the peaks of radioactivity arising from fractions 2-5 are due to 

the in vitro translation of the exogenous polysomes. 



Figure 3. 2 



FIGURE 32: 

Total polysomes, extracted from 14-day embryonic chick leg muscle 

were translated and the 3 H-labelled translation products were 

electrophoresed on disc gels, as described in Section 3.2.1, 

according to the method of Weber and Osborn (1969). The gels 

were sliced into 2 mm slices, solubilised and counted. As shown 

in (a), a complex mixture of 3 H-proteins resulted from the in vitro 

translation of total polysomes. 

Individual heavy polysome fractions 1 to 5, collected from the 

bottom of a 15-40% sucrose gradient were translated and electro-

phoresed by identical procedures. The profiles of the sliced disc 

gels are shown in (b) to (f). Purified marker myosin heavy 

chain was co-electrophoresed with each sample and its position 

on the gel, determined by coomassie blue staining, is shown (v). 
This position corresponded to a peak of radioactivity following 

translation of both total polysomes (a) and fractions 2 to 5 [(c) - 

(f)]. However, only fraction 2 showed a single major peak of 

incorporation which co-electrophoresed with the myosin heavy chain 

marker. 
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3. 2. 2 Electrophoresis of Proteins by the Laemmli Discontinuous 

Buffer System (Laemmli, 1970) 

This system involves electrophoresis through two types of poly-

acrylamide gel: an upper stacking gel at pH 6.8 and a lower separating 

gel at pH 8.8. The short stacking gel serves to concentrate the sample 

so that the effects of diffusion which inevitably takes place in the 

separating gel are reduced to a minimum. For this concentration effect 

to be successful, it is necessary for the pH difference between the two 

phases to be two units. 

An advantage of this system is that the gel is easily dried with no 

distortion since it is only 1 mm thick and is therefore an excellent system 

for the autoradiographic detection of newly synthesised proteins. 

Several samples can be electrophoresed in parallel and the final profiles 

can be compared easily. 

10% polyacrylamide slab gels (18 cm x 16 cm x 1 mm) supported 

between two glass plates, consisted of a 2 cm plug of 22.5% polyacryl-

amide over which was layered the separating gel. This consisted of 9.7% 

acrylamide, 0.3% bis as the cross linking agent, 0.2% SDS, 1M tris 

pH 8.8.with 0.3% ammonium persulphate and 0.05% TEMED as the poly -

merisation catalysts. Following polymerisation of the separating gel, a 

4.75% stacking gel, approximately 3 cm deep, was layered on top, 

consisting of 4.6% acrylamide, 1.75% bis, 1% SDS, 0.3% ammonium per-

sulphate, 0.05% TEMED in 0.125M Tris pH 6.8. A row of sample wells 

were formed in the stacking gel capable of holding a volume of 50 Pl. 

Protein samples usually consisted of suitable volumes of the incuba-

tion mixes directly following the in vitro translation of mRNA (10 tl 

following translation in the rabbit reticulocyte lysate system and 25 il 

following translation in the wheat germ system). These were incubated 
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for 5 min at 100 0C in an equal volume of 2 x sample buffer which 

contained SDS and 2-mercaptoethanol as protein denaturants for those 

reasons described in Section 3.2.1. Samples were made 10% with 

respect to glycerol and 0.025% with respect to bromophenol blue, and 

applied to the gel. Molecular weight marker proteins, both labelled 

and unlabelled, were treated in an identical manner. The tank buffer 

was 0. 025M Tris, 0. 192M glycine, 0. 1% SDS. Gels were electrophoresed 

at a constant current of 8 mA for 16 hours or 25 mA for 5 hours. 

Staining of the gels was carried out as described in Section 3.2.1 

above, using coomassie blue. However, staining of these gels was not 

always necessary as the newly synthesised proteins were not present 

in sufficient quantity to be directly visualised and autoradio graphic 

detection was always necessary. Figure 3.3 shows a stained and dried 

gel upon which were electrophoresed translation samples from mRNA 

fractions 1-5. Under coomassie blue staining, all the tracts appear 

identical but the stained bands simply represent the endogenous rabbit 

reticulocyte lysate proteins. These bands are not represented on the 

autoradiograph of a similar gel which is shown in Figure 3.4a. 

3. 2.3 Fluorography 

Labelled proteins in the slab gels were detected by a scintillation 

autoradiography method called fluorography (Bonner and Laskey, 1974). 

The gel is impregnated with the scintillant, 2,5-diphenyloxazole (PPO), 

and film placed adjacent to the gel is exposed by light generated by 

interaction of particles with the PPO. 3000 dpm of tritium can be 

detected in 24 hours by this procedure and when applied to 35  sulphur 

or 14  carbon the method is 10 times more sensitive than conventional 

autoradiography. 130 dpm of these isotopes can be detected in 24 hours. 
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FIGURE 3.3: Stained Polyacrylamide Slab Gel of mRNA Translation 
Products. 

mRNA extracted from polysome fractions 1-5 were translated in the 
rabbit reticulocyte lysate cell free system (Chapter 2, Section 2.2.7). 
The translation products were electrophoresed on 10% polyacrylamide 
slab gels and stained using coomassie blue. All tracts appear 
identical, including that to which no exogenous mRNA was added 
(lane 6) due to the predominant staining of the reticulocyte lysate 
proteins. The in vitro products are not synthesised in sufficient 
quantity to be stained by coomassie blue and therefore must be 
detected by autoradiography as shown in Figure 3.4. Lanes 1 to 5 
represent translation products from fractions fl to f5, respectively. 
Lane 7 is purified myosin marker protein, and the position of the 
heavy chain is indicated. 
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PPO is highly insoluble in water, and therefore to allow its 

penetration into the gel, it is necessary to dehydrate the gel without 

causing distortion. Dimethylsuiphoxide is a suitable solvent which 

will both dehydrate polyacrylamide and dissolve PPO. 

Directly after electrophoresis or after staining, the gels were 

soaked in 20 volumes of dimethylsuphoxide (DMSO) for 30 min followed 

by a second 30 min soak in fresh DMSO. The gels were then immersed 

in 4 volumes of 22.2% (w/v) PPO and DMSO for 3 hours followed by 

1-2 hours in a large volume of water which was regularly changed. 

This final re-hydration of the gel greatly aids the drying process since 

DMSO is difficult to remove under vacuum. However, this does lead to 

the in situ precipitation of PPO which turns the gel opaque, but the 

fluorographic efficiency is not affected by this. The gels were dried in 

approximately 3 hours under vacuum at 90°C. The dried gel was then 

placed in contact with pre-flashed RP Royal X-omat medical x-ray film 

(Laskey and Mills, 1975) and exposed at -70°C. The exposure times 

varied from 5 days to 3 weeks depending on the specific activity of the 

proteins and the isotope used in the in vitro translation. 

It was shown (Laskey and Mills, 1975) that the pre-exposure 

of the film to a brief flash of light greatly increases the sensitivity of 

fluorography and allows quantitative interpretation of the film image. 

Without the pre-flashing treatment, the absorbance of the fluorographic 

image is not proportional to the concentration of radioactivity in a 

particular band or proportional to the time of exposure. Pre-flashing 

corrects this non-linear relationship. 

Figure 3.4 shows an aut.oraliograph of a fluorographed poly-

acrylamide slab gel following electrophoresis of polysomal mRNA 

translation products. This figure indicates that the newly synthesised 
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FIGURE 3.4: Autoradiograms of mRNA Translation Products. 

(a) Autoradiogram of a similar 5gel to that presented in Figure 
3.3. Lanes 2-6 show the S-labelled in vitro translation 

products of mRNA extracted from polysome fractions fi to f 5. 
All fractions except fi synthesise a 200,000 molecular weight 
protein which co-electrophoreses with MHC, but only f2 mRNA 
is able to direct the synthesis of this polypeptide alone. Lane 1 
shows a series of 'C-molecular weight markers: myosin heavy 
chain (200, 000), phosphorylase b (92, 500), bovine serum albumin 
(69,000), ovalbumin (46,000) and carbonic anhydrase (30,000). 
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FIGURE 3.4: Autoradiograms of mRNA Translation Products. 

(b) Autoradiograms of the in vitro translation products of mRNA 
extracted from total chick embryo skeletal leg muscle poly-

somes directed by the rabbit reticulocyte (lanes 2 - 5 with various 
loadings) and the wheat germ systems (lane 6). Lanes 1 and 7 show 
a series of molecular weight markers: a) myosin heavy chain 
(200,000), b) phosphorylase b (92,500), c) bovine serum albumin 
(69,000), d) ovalbumin (46,000), e) carbonic anhydrase (30,000), 
and f) lysozyme (14,300). The positions of actin, and myosin heavy 
chain which appear very predominantly in the translation products 
of total polysomes are shown. 
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proteins arising from the translation of f2 mRNA consist predominantly 

of myosin heavy chain. 

3. 2.4 Polyacrylamide Gel Electrophoresis of Small Double-Stranded 

DNA Fragments 

Small fragments of double-stranded DNA (10 to 100 base pairs) 

can be separated electrophoretically on polyacrylamide gels (Maniatis 

et al., 1975b) with better resolution than can be achieved with agarose 

gels. The concentration of acrylamide depends on the size of the DNA 

to be separated. As discussed in Chapter IV, Section 4.7.1, this 

electrophoretic method was the method of choice for the separation of 

small double-stranded DNA fragments ranging from 16 to 104 base pairs 

resulting from the ligation of a hexamer sequence. A very low acryl-

amide concentration was therefore required. 

5% polyacrylamide slab gels (18 cm x 16 cm x 1 mm) were prepared, 

consisting of 4.75% acrylamide, 0.25% bis as the cross linking agent in 

tris-borate buffer (0.09M Tris pH 8.3, 0.025M EDTA, 6.5 mM boric 

acid). Ammonium persuiphate was added to 0.3% and TEMED to 0.075% 

as polymerisation catalysts. 

The DNA samples were prepared in the same tris-borate buffer 

with the addition of 5% glycerol and 0.025% bromophenol blue. Electro-

phoresis was continued at a constant voltage of 200 volts for 5 hours. 

The DNA bands were visualised by staining with ethidium bromide 

solution. Following electrophoresis the gel was soaked for 30 min in 

10 mM tris-HC1 pH 7.4 containing 0.5 .tgJml ethidium bromide after which 

the DNA bands could be visualised under ultra violet light. 
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3.3 Agarose Gel Electrophoresis of Nucleic Acids 

The manipulation of DNA which was carried out during the con-

struction of the chicken gene library as described in Chapter IV, was 

continually monitored by agarose gel electrophoresis at all stages, and 

is therefore referred to throughout that chapter. However, the 

experimental details are presented here since the technique was also 

important during the construction of the hybridisation probes. 

3. 3. 1 Electrophoresis of RNA Samples 

1.5% vertical agarose gels were prepared by gently refluxing 

agarose in water followed by addition of an equal volume of warmed 

2 x concentrated RNA gel buffer. The gel plates were heat sterilised 

prior to the casting of the gel which was carried out before the plates 

had completely cooled to prevent irregular polymerisation of the agarose. 

The gel was then chilled at 4°C until the agarose turned opaque. 

1 .tg of f2 mRNA was added to 15 111 of RNA gel buffer (50 mM 

boric acid, 5 mM sodium borate, 10 mM sodium sulphate, 1 mM EDTA), 

containing 10% glycerol and 0.025% bromophenol blue. 1 .tg of ribosomal 

RNA (collected in the unbound fraction during oligo dT cellulose 

chromatography) was treated in the same way and electrophoresed in 

parallel. Electrophoresis was continued at a constant voltage of 80 V 

for 3 hours. The tank buffer was also RNA gel buffer. 

The gel was stained by soaking for 30 min in 10 mM tris-HC1 pH 

7.4 which neutralised the denaturing conditions set up in the gel by 

the boric acid followed by a further 30 min in the same buffer containing 

0.5 jig/ml ethidium bromide. This causes nucleic acids to fluoresce 

under ultra violet (UV) light which thus allows visualisation of the 

pattern of bands on the gel when safety spectacles are worn to protect 
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the eyes. Gels were photographed under UV light using polaroid 

film. 

Figure 3.5 shows the photograph of such a gel. The f2 mRNA 

appears to electrophorese as one major band which is slightly larger 

than the 28S rRNA species. 

3. 3. 2 Sizing of cDNA by Agarose Gel Electrophoresis 

Single-stranded eDNA prepared by the reverse transcription of 

f2 mRNA as described in Chapter II, Section 2.2.8, was sized on agarose 

gels under denaturing alkaline conditions according to the method of 

McDonnell et al. (1977). 

A solution of 2% agarose was prepared by gently refluxing in 

water and was then cooled to 50°C. This was made 30 mM sodium 

hydroxide (NaOH) and 2 mM EDTA and diluted to an agarose concentra-

tion of 1%. The gel was cast in a horizontal electrophoresis apparatus 

due to the low concentration of agarose which would not have sufficient 

rigidity to form a vertical gel. It was then chilled at 4°C until the 

agarose turned opaque. 

Approximately 2000 cprn of the f2 cDNA was prepared in 15 jil of 

30 mM NaOH, 2 mM EDTA, left to stand at room temperature for 15 mm 

to allow disruption of any base pairing, and then made 10% glycerol, 

0.025% bromophenol blue. The sample was applied to the gel and 

electrophoresis was continued at 80 V for 3 hours, or until the stain 

had reached the end of the gel. The tank buffer was 30 mM NaOH. 

2 jig samples of standard molecular weight markers were treated in an 

identical way and electrophoresed parallel to the eDNA sample. The 

markers used were denatured Hin dill restriction fragments of 

bacteriophage lambda which have sizes ranging from 100 to 23,000 

nucleotides, a very broad range ideal for sizing unknown DNA fragments. 
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FIGURE 3.5: Electrophoresis of RNA. 

Ribosomal RNA (lane 1) and f2 mRNA (lane 2) were electrophoresed 
in parallel on 1% denaturing agarose gels as described in Section 
3.3.1. The f2 mRNA (MHC mRNA) electrophoresed as a single 
species with a molecular weight similar to that of 28S ribosomal RNA, 
in agreement with several previous studies which have identified 
MHC mRNA as a 26S molecule. 
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Following electrophoresis, the gel was neutralised by soaking 

for 30 min in 1M Tris-HC1 pH 7.4 and was then stained using ethidium 

bromide, as described in Section 3.3.1, for the RNA gels. The positions 

of the marker bands were carefully noted and the tract containing the 

eDNA sample was sliced into 2 mm slices. These were solubiised in 

0.5 ml hydrogen peroxide at 80°C for 2 hours, and counted directly 

in 10 ml of aquasol. 

Figure 3.6a shows the position of the peak of radioactivity 

corresponding to the f2 (myosin heavy chain) cDNA following alkaline 

agarose electrophoresis. There was one major peak of 3 H-activity 

which corresponds to a single-stranded eDNA of approximately 550 

nucleotides when compared with the electrophoretic mobility of the 

molecular weight markers represented diagrammatically in Figure 3.6b 

and plotted as mobility against log molecular weight in Figure 3.6c. 

When 32P-dCTP was used as the radioactive label during the reverse 

transcription of f2 mRNA, again a single peak appeared on dectro-

phoresis of the resulting 32P-cDNA, but the size was calculated to be 

10% smaller than the tritiated form at 500 nucleotides. 

3. 3. 3 Sizing of Double-Stranded DNA by Agarose Gel Electrophoresis 

Gels were usually prepared as described previously for cDNA 

gels in Section 3.3.2, except that the gel buffer was a neutral one 

(36 mM tris, 30 mM sodium dihydrogen orthophosphate, 1 mM EDTA 

pH 7.2), since denaturing conditions were not necessary. However, 

occasionally, netural agarose gels were cast in small tubes, 0.3 cm 

diameter x 8 cm, when only one or two samples were to be analysed. 

It was also possible under neutral conditions to include ethidium bromide 

in the gel at 0.5 jigimi which enabled the DNA bands to be visualised 

immediately following electrophoresis. 
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FIGURE 3.6: Sizing of Myosin Heavy Chain (f2) 3 H-cDNA and 
32 PcDNA by Alkaline Agarose Gel Electrophoresis. 

2000 cpm of 3 H-cDNA and 10,000 cpm of 32 P-cDNA were applied 

to 2% alkaline agarose gels as described in Section 3.3.2. 2 mm 

gel slices were solubilised and counted. The positions of the 

peaks of radioactivity (slices 43 and 44) are shown. The size 

of the 3 H-cDNA was calculated to be 550 bases, approximately 

10% of the myosin heavy chain mRNA, and the 32 P-cDNA was 

slightly smaller at 520 bases. 

The Hindill restriction fragments of bacteriophage A which 

range from 22 kb to 0.1 kb were electrophoresised in parallel 

with the cDNA samples, as molecular weight standards. A 

diagram of the position of the bands, viewed by ethidium bromide 

staining under UV illumination, is shown. 

The mobility, measured from the top of the gel, of the 

bacteriophage A Hind][II restriction fragments were plotted 

against molecular weight as shown. The sizes of the eDNA 

preparations were deterine 	Ta'ey c ths 	by 

directly comparing the positions of the 3 H and 32 P radioactive 

peaks. 
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1 .ig DNA samples were prepared in 10-15 j.tl of the above gel 

buffer containing 10% glycerol and 0.025% bromophenol blue. Electro-

phoresis was carried out using the same buffer as tank buffer for 

6 hours at 60 V or for 16 hours at 20 V. The gels were viewed and 

photographed under an ultra violet lamp with no further staining 

required. 

Figure 3.7 shows the electrophoretic pattern of the EcoRl re-

striction enzyme fragments of wild type bacteriophage lambda (A) 

compared with those of Charon 4A, a derivative of x to be used as the 

cloning vector for the chicken genomic library, described in Chapter 

IV. The molecular weights of the fragments are indicated. 

3.4 Conclusions 

Gel electrophoresis was a widely used technique throughout this 

work and therefore the various methods which are referred to only 

briefly elsewhere are presented in detail in this chapter. However, 

the evidence presented here must be considered in parallel with that 

presented in Chapter II. 

The purity of the f2 mRNA preparation was assessed using two 

main criteria: the synthesis of a single protein which co-migrated. with 

purified myosin heavy chain marker protein during SDS-polyacrylamide 

gel electrophoresis, following the in vitro translation of a small aliquot 

of the mRNA or polysomes; and the back hybridisation of the cDNA 

to the original mRNA which occurred with a single, complete transition. 

This latter criterion was fulfilled and discussed in Chapter II, though 

to be meaningful it must be complemented with the polyacrylamide gel 

electrophoresis evidence described in this chapter which fulfils the 

former criterion. 
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FIGURE 3.7: 3.7: Separation of DNA Fragments by Agarose Gel Electrophoresis. 

Double stranded DNA fragments of a wide molecular weight range 
can be separated by electrophoresis on 1% neutral agarose gels and 
visualised by staining with ethidium bromide. This figure shows 
separation of the fragments obtained following EcoRl digestion of 
charon 4A DNA (lane 1) and X DNA (lane 2). 
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It is shown in Figure 3.2c that the polysomes isolated from a 

single fraction (f2) taken from a polysome gradient, as described in 

Section 2.2.1, predominantly directed the synthesis of a single radio-

actively labelled polypeptide of 200,000 molecular weight, which co-

electrophoresed with a myosin heavy chain marker, in a cell-free 

translation system. The translation system was a homologous system. 

That is, it was developed from chick skeletal muscle, the same source 

as the polysomes. However, it was shown that no endogenous poly-

somes were contributing to the translation assay as there was no 

incorporation of radioactivity into protein if water replaced the exogenous 

polysomes. Also, the patterns arising from the translation of several 

different heavy poly some fractions were very different, as shown in 

Figures 3.2a-f.. 

The purity of the polysome fraction f2 was further confirmed when 

mRNA was purified and translated in two heterologous systems developed 

from wheat germ and rabbit reticulocytes. Figure 3 A demonstrates. 

that several of the heavy polysome fractions are able to direct the 

synthesis of a protein which co-electrophoreses with myosin heavy 

chain, but only in the f2 fraction is this the major protein. Faint minor 

bands were often identified on the autoradiographs after electrophoresis 

of the f2 mRNA translation products, especially if the translation had 

been performed in the rabbit reticulocyte lysate system. The low 

molecular weight bands represent endogenous mRNA activity of the 

lysate since they were always present, even when water replaced the 

mRNA. The presence of the higher molecular weight contaminants 

was never consistent between different batches of f2 mRNA and, 

therefore, these are most likely to represent various degradation 

products of both the large mRNA molecule and the newly synthesised 

myosin heavy chain polypeptide. 
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Patrinou-Georgoulas and John (1977), in this laboratory, have 

previously assessed the purity of the f2 polysome fraction, isolated 

in an identical manner to that described here, more rigorously than was 

carried out in this project: firstly, the mRNA isolated from the f2 

fraction was visualised as a single band in formamide-polyacrylamide 

gels where it runs at 32S, and was shown to migrate as a single peak 

at 26S in sucrose gradients as detected by hybridisation to 3 H-polyU. 

This enabled polyA containing material to be completely distinguished 

from any contaminating ribosomal RNA which has a component which 

migrates at 28S in such gradients. It is shown in Figure 3.5 that 

f2 mRNA also migrates as a single species on agarose gels under 

denaturing conditions with a molecular weight similar to that of 28S 

rRNA. Secondly, following the in vitro translation of the f2 mRNA, 

the translation products were not only shown to co-electrophorese with 

myosin heavy chain marker protein, but 90% of the incorporated radio-

activity was precipitated with carrier at low ionic strength, and co-

chromatographed with myosin heavy chain on DEAE sephadex 50 after 

precipitation at 38-50% saturation ammonium sulphate. 

There are other high molecular weight proteins, present in 

considerable amount in skeletal muscle, such as M-line protein (180,000 

daltons) and C-protein (150,000 daltons), and, as expected, on trans-

lating a larger portion of the heavy polysomes (Figures 3. 2a-f). 

several high molecular translation products were observed. Myosin 

heavy chain appears to make up a large proportion of the translation 

products of total chick embryonic skeletal muscle polysomes (Figure 

3.2a) and this may be as great as 36% (Patrinou-Georgoulas and John, 

1977). However, since the f2 polysomes only gave rise to a single 

protein possessing the characteristics of myosin heavy chain, as 
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determined here and previously, this was used as the source of myosin 

heavy chain mRNA. 

The size of the eDNA probe was calculated following denaturing 

agarose gel electrophoresis in parallel with markers of known size. 

The final probe was estimated, as shown in Figure 3.6, to be 550 

nucleotides in length when labelled with tritium, but 10% shorter at 

500 nucleotides when labelled with 32 P. This difference may be ex-

plained if the 32 P had a mild destructive effect on the mRNA causing 

earlier chain termination during reverse transcription and thus a 

shorter average lengthened cDNA. However, this difference in size 

is negligible when compared with the length of the myosin heavy chain 

mRNA which has been estimated at 5830 nucleotides (Sarkar et al., 

1973). However, even the 10% copy of 530 nucleotides obtained by 

Patrinou-Georgoulas and John was shown to be quite specific since 

it cross reacted to an extent of 85% with myosin heavy chain mRNA, 

but to only 6% with purified globin mRNA. 

Attempts were made to increase the length of the eDNA by in-

creasing the concentration of the deoxynucleotide triphosphates to 

600 iiM, as described by Efstatiadis et al. (1975) and Monahan et al. 

(1976), and by employing milder hydrolysis procedures than those 

described in Section 2.2.8 which, it was suspected, may lead to some 

cDNA degradation. None of the modifications tried, such as lower 

temperature (Robbins and Heywood, 1976), use of RNase instead of 

alkali to remove the template (Sullivan et al., 1973) and a combination 

of both, was found to increase the eDNA length significantly. There-

fore, the 10% copy of 500 nucleotides was accepted as the probe to be 

used in following experiments. 
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4. 1 Introduction 

This chapter describes in detail the methods employed in the 

construction of the chicken genomic library. The theory behind the 

manipulation and development of the cloning vector and the general 

methodology which has made the production of genomic libraries 

possible (such as the use of restriction enzymes and rapid screening 

techniques) have been discussed in general terms in Chapter I, Section 

1.3. 

The library was constructed according to the method developed 

by Maniatis and his co-workers (1978) for the construction of libraries 

of the drosophila, silkmoth and rabbit genomes. Where modifications 

were introduced they are discussed in the appropriate section. Briefly, 

the general strategy required three developments: firstly, the isolation 

of clonable DNA fragments from chicken which were representative of 

the total genome. Secondly, the covalent joining of these fragments to 

a suitable cloning vector, and, thirdly, introduction into a host cell 

to obtain a large number of independent recombinants. 

The detailed basic scheme is illustrated diagrammatically in Figure 

4.1. Genomic chicken DNA was extracted from the liver and fragmented 

by performing a mixed restriction enzyme digestion using two enzymes, 

Hae III and Alu I, both of which generate blunt-ended molecules. The 

reaction was not allowed to go to completion, thus generating a series 

of random fragments. Maniatis et al. (1978) attempted to fragment DNA 

by mechanical shearing followed by trimming single-stranded ends using 

Si nuclease. The enzymatic method, however, was shown to be more 

efficient and hence was employed here. DNA fragments of approximately 

20 kb in length are ideal for cloning in the vector, Charon 4A. These 

were, therefore, selected by sucrose gradient centrifugation and gel 
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FIGURE 4.1: Diagrammatic scheme to show the strategy which was 
followed in the construction of a random genomic 
library of chicken DNA fragments, cloned in the 
phage A vector, charon 4A. 
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electrophoresis, and were then rendered resistant to the restriction 

endonuclease, Eco R 1, by treatment with Eco R 1 methylase. It was now 

possible to attach synthetic DNA linkers, which carry the EcoRl 

recognition site, to these fragments and to generate cohensive ends by 

treatment with Eco R 1 without destruction of the chicken DNA fragment. 

Vector DNA was acquired in large quantities by propagation of 

charon 4A phage through its lytic growth cycle in an appropriate host 

bacterium. Under appropriate conditions the cohesive ends (cos site) 

of the charon 4A DNA molecules were annealed and the circles subjected 

to EcoRl restriction endonuclease digestion. This results in three 

fragments (31 kb, 8 kb and 7 kb) which were fractionated on a sucrose 

gradient. The two smaller, internal fragments contain genes which are 

not essential for phage viability and, therefore, were discarded to 

provide 'physical space' for a eukaryotic DNA insert. Since all DNA 

fragments had been manipulated to contain EcoRl staggered ends, 

it was possible to covalently join the chicken DNA fragments, via 

the attached linkers, to the 31 kb charon 4A fragment. The chicken 

DNA had replaced the two smaller àharon 4A fragments but the total 

length of the recombinant. molecule was approximately equal to the native 

phage genome. It is possible to replace these internal EcoRl fragments 

of ëharon 4A with DNA fragments in the size range 8.2 to 22.2 kb without 

hindering the packaging efficiency and viability, though packaging will 

not take place if the molecule is above or below these size limits due to 

certain physical restrictions. Thus, a positive selection method for 

recombinant phage is endogenous to the packaging procedure. Packag-

ing of recombinant molecules into viable phage particles was carried out 

in vitro using the Hohn and Murray (1977) procedure. 
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The essential feature of this scheme developed by Maniatis et al. 

(1978) for gene isolation is that a permanent library is established which 

can be repeatedly screened. Although the aim of a cloning experiment 

may be to isolate a specific gene and prior enrichment of this sequence, 

if possible, will make the cloning procedure simpler and faster, when 

constructing a gene library, in general it is not desirable to enrich for 

a specific gene, since this will eliminate other DNA sequences which may 

be required in the future. 

The incorporated chicken DNA fragments were, therefore, amplified 

by growing the recombinants in a suitable bacterial host and storing as 

a plate lysate. In this way, a permanent library of the chicken genome 

was established from which, in principle, any gene sequence could be 

isolated with a specific hybridisation probe. In Chapter-V, the screening 

procedure is described with specific reference to the myosin heavy chain 

gene using the specific 32P-labelled cDNA probe. 

All techniques involving the growth of bacteria and phage must be 

carried out under sterile conditions to prevent bacterial and phage 

cross contamination from the immediate environment. The methods 

described in this chapter, therefore, were all carried out using auto-

claved, or filter sterilised (through 0.22 pm filters), solutions and 

glasswear pre-heated to 1500C  for several hours, usually overnight. 

The tops of flasks, bottles and tubes and all pipettes were rigorously 

flamed using a strict microbiological technique when in use, especially 

if bacterial growth was involved. Bacteriological grade plastic petri 

dishes (Sterilin) were purchased pre-sterilised and used throughout. 
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4. 2 Growth of Bacterial Strains 

The host bacterium for all strains of bacteriophage A is 

Escherichia co/i, and in almost all recombinant DNA research, mutants 

of E. coil K12 have been used. These hosts lack a restriction system 

and therefore do not degrade foreign, unmodified DNA when it is 

introduced into the cell. Two strains of E. coil were used here: C600 

for the propagation of the wild type phage A (A ) and DP50supF for the 

propagation of the vector phage, charon 4A. 

Both strains were stored at a concentration of 10 cell/ml at _200C 

in L-broth containing 12% glycerol. 

To grow the C600 strain, 50 ml of L-broth, supplemented with 

1 mM magnesium sulphate were.inoculated with a loopful of the bacterial 

stock in a 500 ml conical flask. This was incubated in an orbital shaker 

with moderate shaking for approximately 14 hours, or overnight. A very 

cloudy* bacterial suspension was evident after this incubation period 

which contained in the region of 2 x iO 9  cells/mi. 

The DP50supF strain was grown in an identical manner, except 

that it was necessary to supplement the L-broth with 40 ig/ml thymidine 

and I0j.tgtml diaminopitheLicaôid (DAP) as well as 1mM magnesium sulphate. 

4,3 Growth of Bacteriophage A 

Large quantities of bacteriophage, both A and charon 4A, were 

obtained, as a source of DNA, by propagation through the normal lytic 

cycle in their respective hosts. 



139. 

4. 3. 1 Preparation of Phage Liquid Lysates 

An overnight bacterial culture was diluted by 1: 50 into L-broth 

supplemented with 1 mM magnesium sulphate (and 40 .igJml thymidine, 

10 ig/ml DAP if charon 4A or recombinant phage were to be propagated) 

to give an optical density reading at 650 nm (0D650) of 0.1, correspond-

ing to 4 x 107  cells/mi. It was necessary to use a large conical flask 

with a cotton wool stopper to allow for vigorous aeration of the culture, 

which is essential for phage growth. Typically, 100 ml of L-broth were 

contained in a 1 litre flask. The culture was incubated at 37°C in an 

orbital shaker while the 0D 650  was followed until it reached 0.5 (or 

2 x 108  cells/ml). 

Bacteriophage were added to the bacterial culture, either wild 

type or charon 4A to their respective hosts to give a multiplicity of 

infection oLone(m.o.i.) (i.e. one viable phage/bacteriai cell). The 

incubation was continued with vigorous shaking to ensure rapid, 

continuous aeration of the culture for approximately 2 21  hours. The 

0D6 50  was monitored throughout this period as it rose (often as high as 

1.8) and then, as the lytic cycle of the phage neared its end, the 

0D650  would fall as the bacterial cells were lysed. It was important to 

follow the 0D650  during this period as the lysis occasionally occurred 

after 1 21  hours of phage infection, but could sometimes take up to 4 

hours if the aeration of the culture was not optimum. When the 0D 650  was 

at a minimum chloroform was added to 0.2% to complete the cell lysis and 

the culture was shaken rapidly for 10 mm. 

Figure 4.2 is a graphic representation of the lytic cycle of both 

)cF and charon 4A when grown in their respective E. co/i hosts, C600 

and DP50supF, as described here. 
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FIGURE 4.2: Growth of Wild Type Bacteriophage A and the Vector 
Charon 4A. 

K and charon 4A were propagated through their respective hosts, 
E. coil C600 and DP50SupF, as described in Section 4.3.1. The 
growth, and subsequent lysis of the host cells was monitored at 
650 nm both before and during 'phage infection. The lytic cycle is 
represented graphically in this figure. 
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11. 3. 2 Precipitation of Phage with Polyethylene Glycol 6000 

The chloroform treated lysate was made 4% with sodium chloride. 

10 .tg/ml DNase and RNase were added to remove bacterial nucleic acids 

and the lysate was left to stand at room temperature for 1 hour. The 

liquid was clarified by centrifugation at 10,000 rpm for 10 min in the 

Sorval SS30 rotor when bacterial debris pelleted leaving the bacterio-

phage in suspension. 

Solid polyethylene glycol 6000 was added to the supernatant to 

give a concentration of 10% w/v, and was dissolved with gentle swirling. 

The solution was then left to stand at 4°C for at least 2 hours, but often 

overnight, as it turned more and more opaque as the phage particles 

precipitated. The bacteriophage were recovered by centrifugation at 

10,000 rpm for 20 mm. The supernatant was now clear and the pellet 

was resuspended in phage buffer by gentle rotary shaking at 4°C. 

Typically, the phage pellet obtained from 100 ml of culture was re-

suspended in 4 ml phage buffer. 

Concentration of bacteriophage through caesium chloride step gradients: 

After polyethylene glycol 6000 precipitation, the phage suspension 

was still contaminated with bacterial and phage debris. This was removed 

by centrifugation of the suspension through caesium chloride step 

gradients when the various components band at different points in the 

gradient according to their densities. 

A three-step gradient was prepared in a 12 ml nitrocellulose tube 

consisting of 1.5 ml steps of caesium chloride in phage buffer of 1.3 g/ 

ml, 1.45 g/ml and 1.65 g/ml, as shown in Figure 4.3. The lowest 

density solution was placed in the tube initially and the denser steps 

were gently layered underneath using a syringe and fine needle. 7 ml 

of the phage sample was layered onto one gradient and centrifugation 

was at 35,000 rpm for 1-2 hours at 20CC  in a Beckman SW4 rotor. 
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FIGURE 4.3: Partial Purification of Bacteriophage by Caesium 
Chloride Centrifugation. 

Bacteriophage were routinely purified from contaminating bacterial 
debris by centrifugation through a three-step caesium chloride 
gradient, as described in Section 4.3.2. The bacteriophage form a 
white, sharp band at the interface between the 1.3 g/ml and the 
1.45 g/ml caesium chloride steps. Protein debris and DNA remain 
above the caesium chloride, and occasionally some further debris was 
observed near the bottom of the tube, but this did not contain viable 
phage particles. 
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The phage band was readily identified since it was always sharp 

and white in contrast to the two bands of debris above and below it, 

which tended to be more difuse and discoloured. 

The white phage band was carefully removed with a hooked pasteur 

pipette and could be stored indefinitely in the caesium chloride solution 

at 4°C. 

4. 3. 3 Titration of Phage 

It was necessary throughout the whole cloning procedure, from 

the initial preparation of X and charon A4 liquid lysates to the ampli-

fication and screening of the library, to be familiar with the numbers 

of phage produced at each stage. 

The titration of phage numbers is a standard procedure carried 

out using the plaque assay technique which is based on the principal 

that plaques corresponding to areas of phage growth will arise in lawns 

of dense bacterial growth on nutrient agar surfaces. The plaques are 

regions where bacteria have lysed due to the growth of phage colonies 

descended from parent phages present in the initial, bacterial inoculum. 

Since only one phage may infect one bacterium, a plaque is generated 

from one single infective unit so that the number of plaques on a 

bacterial lawn is directly proportional to the number of infective units 

contained in the original phage suspension, and therefore is useful in 

a quantitative assay. 

Fresh overnight bacterial cultures of the strain necessary for the 

propagation of the phage to be titred were used. 108  cells (i.e. about 

50 j.tl of the overnight suspension) were shown to form a thick bacterial 

lawn on a 10 cm petri plate containing L-agar supplemented with 1 mM 

magnesium sulphate to encourage phage growth, so this number of 

bacteria were considered adequate for routine titration assays. 
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Various dilutions of the phage stocks were made in 1 ml aliquots 

of phage buffer. A typical range was from 10 -2  (i.e. 10 jil of the 

stock) to iO. 108  bacterial host cells were added and the infection 

was allowed to take place by incubating at 37°C for 15 mm. 3 ml of 

moulton soft top agar at 45°C was added and the contents gently mixed 

by inversion of the tubes. Immediately, the mixture was poured over 

a prepared petri-plate containing L-agar and allowed to solidify. The 

L-agar plates were always prepared at least 1 day in advance to allow 

moisture which always accumulated on the surface to dry. Plates were 

incubated at 37°C, overnight in an inverted position to prevent spread-

ing of the phage by the accumulation of moisture. A control plate 

minus added phage was always included to test for contamination of 

the bacterial stock. 

The infective titre of the phage suspension per millilitre was 

calculated by choosing a plate with a reasonable number of. plaques, 

usually around 100 and multiplying that number by the dilution made 

before plating. 

The recovery of viable phage from a single caesium chloride step 

gradient was usually in the region of 3-2 x 1012 + infective units and 

an order of magnitude less at about 3.5 x 1011  charon 4A infective units. 

4.4 Preparation of DNA 

4. 4. 1 Extraction of Phage DNA from Liquid Lysates 

The phage suspension which had been purified by step gradient 

centrifugation was dialysed against 10 mM Tris pH 8, 1 mM EDTA for 

at least 1 hour at 4°C to remove caesium chloride. The phage were then 

diluted to a concentration of 2 x 10 10  plaque forming units per ml, with 

the same Tris/EDTA buffer. If the phage concentration is too high, 

it is difficult to achieve efficient phenol extraction. 
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Freshly distilled phenol was pre -equilibratedwith 0. 5M Tris-HC1 

pH 8, and the phage suspension was extracted with an equal volume 

of the phenol by gentle inversion and rolling of the tube (but not 

shaking) for 15 min at room temperature. The aqueous and phenol 

phases were separated by centrifugation at 10,000 g• for 10 min at 4CC 

and the aqueous phase was extracted with fresh phenol three more 

times. Finally, the aqueous phase was dialysed against 10 mM Tris-HC1 

pH 8, 1 mM EDTA to remove traces of organic solvents, with several 

changes of buffer over a 24-hour period. The optical density was 

measured at 260 nm, 280 nm, 235 nm and 320 nm. For a clean DNA 

preparation, the ratio 0D 260 : 0D 28 0 should be 2 1, and the OD26 0: 

0D 235  ratio should be higher. The absorbance at 320 nm is ideally zero 

since the reading at this wavelength is an indication of particulate 

protein matter in the solution. Under these conditions, the absorbancy 

at 260 nm gives the concentration of the DNA according to the relation-

ship 

1 0D 260  = 50 .igIml DNA 

The DNA solution was made 0.2M sodium chloride and was con-

centrated by precipitation at -20°C in 66% ethanol for 24 hours, followed 

by centrifugation at 10,000 g for 30 min at -10°C. The DNA pellet was 

taken up in 10 mM Tris pH 7.5, 0.1 mM EDTA to a concentration of 

1 mg/mi. 
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4. 4. 2 Preparation of Phage DNA from Plate Lysates 

10 cm plates of L-agarose supplemented with 1 mM MgSO 4  were 

prepared. Agarose was used in preference to agar as the growth 

medium here because contaminants of agar are known to inhibit 

restriction enzyme activities, and such contaminants may be carried 

through the DNA extraction process to inhibit such reactions later. 

Phage were plated at a concentration of 5 x 10 5  pfu/plate (this number 

can be obtained from a single plaque of wild type A) in soft top agarose 

in a similar manner to that used for titration of phage, except that 

the plates could be used fresh as there was no need to wait for surface 

moisture to evaporate. Plates were incubated, inverted at 37°C for 

approximately 8 hours or until confluent lysis was achieved. Well 

cleared L plates are necessary for DNA preparations. A plate without 

phage was always included to check for contaminants and as an indica-

tion of the amount of bacterial growth in the absence of phage. 

Cleared plates were overlayed with 5 ml 10 mM iris, 10 mM EDTA 

pH 7.5 and left overnight at 4°C. The solution was pipetted off and 

DNase and RNase were added to give a final concentration of 10 ig/ml 

to remove the E. co/i DNA and RNA which was released following cell 

lysis. The solution was allowed to stand for 30 min at room temperature. 

To each 4 ml of supernatant were added 0.4 ml of 0.5M EDTA pH 8.5, 

0.2 ml 2M tris base and 0.2 ml 10% SDS, mixed and placed on ice. 

A white precipitate formed. 10 Ml  of diethylpyrocarbonate was added 

and the mixture was heated at 65°C for 30 min in open tubes in a fume 

cupboard. The precipitate dissolved. The mixture was chilled and 1 ml 

of 5M potassium acetate (unbuffered) was added and chilled for 1 hour 

when the white precipitate formed again. Centrifugation was at 25,000 g 

in an 8 x 50 rotor for 10 min when the nucleic acids remained in the 
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supernatant. This was decanted and precipitated at _200C  overnight 

in 70% ethanol. The DNA was pelleted by centrifugation at 10,000 g 

for 30 min and dissolved in 10 mM Tris, 1 mM EDTA pH 7.5 at a con-

centration of 1 mg/mi. 

The DNA prepared in this way tended to be slightly contaminated 

with E. co/i DNA (and probably RNA) as determined by EcoRl restric-

tion endonuclease analysis, in spite of the enzyme treatment. DNA 

prepared from liquid lysates was much purer and therefore was the 

method of choice for the preparation of vector DNA to be used in the 

construction of the library. 

4. 4. 3 Preparation of Chicken Liver DNA 

The chicken DNA was prepared by a modification of a procedure, 

described originally by Marmur (1961), which isolates DNA in a high 

molecular weight form. The method basically involves the disruption 

and lysis of cells, the removal of protein and debris by denaturation 

and centrifugation, removal of RNA using ribonuclease and the selective 

precipitation of DNA with isopropanol. Chelating agents and sodium 

dodecyl sulphate (SDS) help to reduce deoxyribonuclease activity. 

10 g of fresh chicken liver were washed in 50 ml saline-EDTA at 

room temperature, and then homogenised in a glass/teflon motor driven 

homogeniser in small pieces (2-3 g)  in a total volume of 100 ml of fresh 

saline-EDTA. The homogenate was made 2% with respect to SDS to 

ensure complete lysis of cells and nuclei and the mixture was placed in 

a 60°C waterbath for 10 min and then cooled to room temperature. 

The mixture was now extremely viscous. Sodium perchiorate (SM) was 

added to a final concentration of 1M to help dissociate proteins from the 

nucleic acids. The mixture was shaken with an equal volume of phenol/ 

chloroform/isoamyl alcohol (50 50 : 1) for 30 min at room temperature 
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and then centrifuged at 5,000 rpm in a Sorvall SS-34 rotor. This 

separated the mixture into three layers: an upper aqueous layer 

containing the nucleic acids, a middle protein layer and a lower phenol 

layer. The upper aqueous layer was gently pipetted off and re-extracted 

with the phenol mix several times until the middle protein layer was not 

present following centrifugation. Nucleic acids were precipitated by 

gently layering two volumes of ethanol over the aqueous phase and 

stirring gently with a glass rod. The nucleic acids precipitated at the 

interphase of the aqueous and ethanol phases and spooled onto the rod 

as a thread-like precipitate. This was drained free of excess ethanol 

by pressing against the side of the beaker. The spool was gently removed 

from the rod and allowed to dissolve in 50 ml of dilute saline citrate 

(DSC) at 4 °C. This took several days. 

The solution was adjusted to standard saline citrate (SSC) and 

RNase was added to final concentration of 50 .tg/ml. Incubation was at 

37°C for 30 mm. The mixture was again treated with phenol /chloroform/ 

isoamyl alcohol as before and the supernatant was treated with protein-

ase K at 20 .Lg/ml for 1 hour at 37°C. D ep rote inisation was completed 

by several more treatments with the phenol mixture until no protein 

was visible at the interphase following centrifugation. A final extraction 

was then carried out using chloroform/isoamyl alcohol (24: 1). The 

aqueous phase was precipitated with ethanol by spooling as described 

and was dissolved in 25 ml DSC. 1 ml of acetate-EDTA was added and 

while stirring with a glass rod 13.5 ml (0.54 vols) of isopropyl alcohol 

were added. RNA, oligoribonucleotides and polysaccharides remained 

in solution during this treatment while DNA precipitated through a 

gelatinous to a thread-like state and wound onto the glass rod. 
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The final precipitate was washed free of acetate, salt and organic 

solvents by stirring the adhered precipitate in increasing (70-95%) 

concentrations of ethanol. The DNA was stored in DSC at -20°C at a 

concentration of 1 mg/mi. The concentration was determined according 

to the absorbance at 260 nm and using the relationship 1 0D 260  = 50 j.tg/ 

ml of DNA. The yield was 10-15 mg of DNA from 10 g of tissue. 

4.5 Restriction of DNA 

Restriction endonucleases are a group of enzymes, extremely 

useful in nucleic acid research which have an endonuciease activity 

in that they are able to cut double-stranded DNA molecules internally 

to produce many fragments. The phenomenon was first observed by 

Meselson and Yuan in 1968, though the first specific enzyme was 

discovered by Smith and Wilcox in 1970. There are now 250 reported 

examples, though it is not certain that these are all in fact different 

enzymes. 

Restriction enzymes occur naturally in bacteria which are able to 

modify their own DNA by methylation as protection against such endo-

nucleolytic attack. Smith and Wilcox (1970) observed that a cell extract 

from Heamophilus influenzae degraded DNA from the bacteriophage P22 

but had no effect on the DNA from Heamophilus itself. Therefore, 

infection of a bacterium by a piece of foreign DNA, such as that of a 

phage, generally results in destruction of that DNA unless it also 

carries the modified sequences. 

Restriction enzymes are normally named according to their bacterial 

source, a convention developed by Smith and Nathans (1973). For 

example, Eco from Escherichia co/i, Hae from Heamophi/us aegyptius, 

and Alu from Arthrobacter luteus. They are classified as type I, II 
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or III. Types I and III do not cleave DNA at specific sequences and 

therefore are not particularly useful in genetic engineering. Type II 

enzymes, however, cleave at, or very close to a defined recognition 

sequence and have been exhaustively used in recombinant DNA work. 

It is three particular type II enzymes which were very important in 

the construction of the chicken genomic library described here. Their 

specific recognition sequences and sites of cleavage are shown on Figure 

4.4. 

Most restriction enzymes, though not all, recognise a specific 

palindromic sequence of 4 to 8 base pairs and cut the DNA of both 

strands within this sequence. Thus, in a random DNA molecule which 

will contain 50% A-T and 50% G-C base pairs, a particular tetranucleotide 

sequence will occur every 256 base pairs and a hexanucleotide sequence 

will occur every 4096 base pairs. However, most DNA is not 'random' 

and therefore the number of fragments produced from a restriction 

enzyme digestion which is allowed to proceed to completion will not be 

random and will depend exclusively on the number of sites which the 

enzyme recognises within that molecule. 

Some restriction enzymes cut both strands of the double-stranded 

DNA molecule at the same position and thus leave fragments with blunt 

ends, while others cut the two strands at positions which are not 

opposite and thus form fragments with staggered but complementary 

ends (with either 5 or 3' ends protruding). These two groups of 

enzymes have special uses in the field of genetic engineering. Staggered 

ends allow the simple joining of molecules from different sources but 

which have been produced by digestion with the same enzyme, by 

virtue of the complementary nature of their protruding single-stranded 

ends. However, as will be discussed in Section 4.5.3, this may not 
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FIGURE 4.4: Recognition Sequences of the Restriction Endonucleases 
EcoRl, Alul and HaeIII. 

This figure shows the recognition sequences of the three restriction 
endonucleases used extensively throughout this project. EcoRl 
(from Escherichia co/i) cuts to produce staggered 5' protruding ends 
(Hedgpath et al., 1972; Green et ci., 1974) at the points indicated 
(v). Alul (from Arthrobacter /uteus) and HaeIII (from Haemophiius 
aegyptius) give rise to blunt ended molecules (Roberts et al., 1976; 
Middleton et al., 1972). The significance of each type of enzyme is 
discussed in Section 4.5. 
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always be the ideal way of recombining DNA molecules, and often blunt 

ends are preferable so that DNA fragments produced by the action of 

different enzymes can be linked together and ligated using T4 ligase. 

The enzymes usually have broad pH optima (for example, from 

6.5 to 8.5) and require only magnesium. However, salt concentration 

is often very critical as high ionic strengths tend to be inhibitory, 

and therefore it is important to follow the suppliers' directions for 

optimum activity. 

4. 5. 1 Restriction of Bacteriophage A DNA by EcoR 1 

DNA was prepared from phage liquid lysates of X I  phage and 

restricted using the enzyme EcoRl to provide a ready supply of molecular 

weight markers for routine use in agarose gel electrophoresis of DNA 

fragments during the cloning experiments. 

Usually 1 jig  of A DNA was digested to completion in 10 j.tl of 

EcoRl restriction buffer with 2 units of EcoRl for 1 hour at 37°C. 

Sodium chloride is present in the buffer at high concentration to 

inhibit 'Ri star' activity, which is a secondary, much less active 

enzymatic site of EcoRl. 

Reactions were terminated by heating the digests at 70°C for 

10 min followed by rapid cooling on ice. The addition of excess EDTA 

will also stop the EcoRl digestion but the heat step was considered more 

suitable to ensure dissociation of the A DNA cohesive ends which may 

have annealed during the incubation. Samples were electrophoresed on 

neutral agarose gels as described in Section 3.3.3. 

Bacteriophage )c' genome has a molecular weight of 3.1 x 107  daltons 

which corresponds to a size of 49,000 base pairs (Schroeder and Blattner, 

1978). The molecule contains 5 EcoRl recognition sites so that a complete 

digestion produces 6 fragments as shown in Figure 4.5. A more 
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FIGURE 4.5: EcoRl Digestion of X1  and Charon 4A DNA. 

1 Pg of charon 4A DNA (lane 1) and A DNA (lane 2) were digested 
to completion by the restriction enzyme EcoRl. The fragments 
produced were analysed by neutral agarose gel electrophoresis and 
their sizes are indicated in this figure with further details presented 
in Figure 4.6 and Table 4.1. The letters in the figure refer directly 
to those in Figure 4.6 and Table 4.1. 
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TABLE 4.1 EcoRl Digestion of )C and Charon 4A Genomes. 

Molecular 	Molecular 
Fragment 	weight 	weight 	% of X 

(see Fig 4.6) 	(daltons) 	(base pairs) 	genome 

(a) A 

3.10 x 107 49,000 100 

A 1.39 x 10 21,800 44.5 

B 4.83 x 10 6  7,500 15.4 

C 3.78 x 10 6  5,900 12.1 

D •3.52 x 10 6  5,500 11.3 

E 3.07 x 10 6  4,800 9.8 

F 2.18 x 10 6  3,400 6.9 

(b) Charon 4A 

Charon 4A 2.94 x 107 46,000 100 

A 1.98 x 107 31,000 67.4 

B 1.02 x 107 19,900 34.7 

C 9.60 x 10 6  11,100 32.6 

D 5.10 x 10 6  8,300 17.4 

E 4.50 x 10 6  6,700 15.2 

The information obtained following the EcoRl restriction 

endonuclease digestion and neutral agarose gel electro-

phoresis of the X genome is presented in (a) and of the 

charon 4A genome in (b). 
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FIGURE 4.6: EcoRiRestriction Maps of X and Charon 4A Genomes. 

The positions of the EcoRl restriction sites ( A) within the A 1  (a) and 
the charon 4A (b) genomes are shown diagrammatically. The restric-
tion sites are in map units where the total DNA molecule is 100 map 
units. The vertical lines in the figure are equivalent to 2 kb. More 
details are presented in Table 4.1. 
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detailed diagrammatic restriction map is presented in Figure 4.6 and 

Table 4. la. 

4. 5. 2 Restriction of Charon 4A DNA 

Annealing of cohesive ends: 

Charon 4A DNA was prepared as described in Section 4.4.1. The 

cohesive ends of the linear molecules were first annealed by incubation 

of 100 ig of the DNA at a concentration of 1 tg/il in 0.1M Tris-HC1 

pH 8. 0, 10 mM magnesium chloride for 1 hour at 42°C. This gave rise 

to a series of circles and concatamers, as shown diagrammatically in 

Figure 4.7c, and following agarose gel electrophoresis, as shown in 

Figure 4.7a. 

EcoR 1 digestion: 

2-mercaptoethanol and sodium chloride were added to the 

concatamer and circle mixture to concentrations of 10 mM and 50 mM, 

respectively, with 200 units (an excess of EcoRl). The reaction mix 

was incubated at 37°C for 3 hours to ensure complete digestion. An 

aliquot was reserved for neutral agarose gel electrophoretic.analysis. 

The DNA was extracted with water saturated distilled phenol by gentle 

inversion of the tube, and finally extracted with ether and precipitated 

at -20°C with two volumes of ethanol. 

EcoRl was the enzyme of choice for manipulation of the vector 

DNA because it has few target sites (only three) within the charon 4A 

genome and none of these lie within the gene sequences essential to 

the viability of the phage, and as discussed previously, the two internal 

fragments can be removed, also without loss of viability. In addition, 

the EcoRl single-stranded protruding termini of the large, 31 kb, 

fragment which results from the enzyme digestion are utilised in the 
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final ligation to chicken DNA fragments to be discussed in Section 

4.7.2. 

Figure 4.7b shows an agarose gel of the EcoRl fragments of 

charon 4A in which the cos sites have not annealed (lane 1) and where 

they have annealed (lane 2). Lane 1 contains four bands corresponding 

to fragments of 16, 15, 8 and 7 kb and lane 2 contains only three 

bands corresponding to 31 kb (due to the annealing of the cos site), 

8 and 7 kb. Figure 4.6b is a diagrammatic representation of the 

EcoRl restriction map of charon 4A, the details of which are presented 

in Table 4. 1b. 

The internal fragments of 7 and 8 kb were separated from the 

31 kb fragment by sucrose gradient centrifugation. 70 jig of the 

EcoRl cleaved DNA in 10 mM Tris-HC1 pH 8, 1 mM EDTA were layered 

onto a 17 ml 10-40% linear sucrose gradient in 1M sodium chloride, 

20 mM Tris-HC1 pH 8, 10 mM EDTA and centrifuged in a Beckman L6 

ultracentrifuge, SW27 rotor, at 27,000 rpm for 24 hours at 20°C. 

0.5 ml fractions were collected from the bottom of the tube, and the 

0D 260  of each fraction was monitored as shown in Figure 4.8a. 25 jil 

samples from those fractions corresponding the peak 0D 260  units were 

electrophoresed on neutral 1% agarose gels to check the molecular weight 

of the DNA fragments and then fractions 5, 6 and 7 were pooled as these 

were shown to contain the 31 kb annealed arms of .haron 4A (Figure 

4.8b). 

4. 5.3 Restriction of Chicken DNA 

It was necessary to fragment the chicken DNA, prepared as 

described in Section 4.4.3, into lengths of approximately 20 kb. 

charon 4A internal fragments can be replaced by sequences of between 

8.2 and 22.2 kb, but it was decided to use inserts towards the upper 



158. 

FIGURE 4.7: Annealing of Charon 4A DNA 
at the Cos Site. 

(a) The cos sites of the charon 4A DNA 
molecules were annealed as described 

in Section 4.5.2. This figure shows that 
molecules larger than intact charon 4A were 
present following annealing and therefore 
confirms that concatamers, as shown 
diagrammatically in c) had formed. 

431 kb 
i19.9kb 

11-1 kb 

i83kb 

io7kb 

(b) Following EcoRl digestion of the 
annealed charon 4A cos sites, a 

31 kb fragment is evident as shown in 
lane 1. Lane 2 shows the digestion, 
under the same conditions, of charon 
4A DNA which had not been annealed. 
There are traces of the 19.9 and 11.1 
kb fragments in the annealed DNA 
sample indicating that not all molecules 
had formed concatamers or circles. 
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FIGURE 4.7: Annealing of Charon 4A DNA Molecules at the Cos Sites. 

Diagrammatic representation of the charon 4A genome following 
annealing of the cos sites. The two possible conformations are shown. 
Circles will tend to form when the DNA is very dilute, but the 
formation of concatamers will be encouraged in more concentrated 
DNA solutions when molecules will be more likely to make contact with 
each other. 
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FIGURE 4.8: Sucrose Gradient Fractionation of Annealed and 
EcoRl Restricted Charon 4A DNA. 

(a) Following complete EcoRl endonuclease digestion of annealed 

charon 4A DNA, 70 jig of the DNA digest was fractionated by 

sucrose gradient centrifugation, as described in Section 4.5.2. 

0.5 ml fractions were collected from the bottom of the tube and the 

position of the charon 4A EcoRl fragments located by monitoring 

the absorbance of each fraction at 260 nm. These positions are 

shown in the figure. The 31 kb fragment was isolated from fractions 

5, 6 and 7 by ethanol precipitation at -20°C. 
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FIGURE 4.8: 

(b) Analysis of Sucrose Gradient Fractionated Charon 4A DNA 
Fragments by Agarose Gel Electrophoresis. 

A small aliquot (25 jil) from selected fractions of the sucrose 
gradient was electrophoresed on a neutral agarose gel. It is clear 
from this figure that in this experiment not all the charon 4A DNA 
molecules were annealed at the cos site due to the presence of 19.9 
and 11.1 kb fragments in some fractions. The efficiency of annealing 
tended to vary between DNA batches. 
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limit of this range to minimise the number of plaques required to 

screen a complete genome and to reduce the chance of eukaryotic 

fragments joining to each other prior to joining to the vector. In 

order that a complete genomic library could be established, it was 

important that the DNA fragments should be produced as randomly as 

possible to eliminate any bias for or against a particular sequence. 

For this reason, EcoRl was not used as the restriction enzyme 

(even though it would have been the most simple as then both chicken 

and vector DNA would have possessed cohesive complementary ends) 

due to the possibility that EcoRl sites may be non-randomly distributed 

and specific sites within and adjacent to structural gene sequences may 

be selectively lost during the size fractionation steps. Regions where 

EcoRl sites were greater than 20 kb apart would not be represented 

in the library. 

Maniatis et al. (1978) found that a non-limit restriction endo-

nuclease digestion with two enzymes was a very efficient method for 

producing fragments in a random fashion and therefore this method was 

followed. The restriction endonucleases HaeIII and Alul were chosen 

because they cleave frequently (each approximately every 256 or 4' 

nucleotides) and generate blunt ended fragments (Figure 4.4). The 

greater the number of possible cleavage sites, the larger the number of 

possible ways of producing 20 kb fragments by non-limit digestion of a 

high molecular weight molecule, and thus the more random the collection 

of fragments will be, and the risk of losing a sequence of interest will 

be very small. 

The best conditions for partial endonuclease digestion with HaeIII 

and Alul were established by diluting the enzymes from a concentration 

of 1 unithil to concentrations of 0.5, 0.1, 0.05, 0.01 and 0.001 units/pl 
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in 6 mM Tris-HC1 ph 7.5, 6 m MgC1 29  6 mM -mercaptoethanol. 1 jil 

of each enzyme at each dilution was incubated with 1 jig chicken DNA 

in 10 J.I1 of the same buffer at 37°C for 1 hour. The digestion mixes 

were electrophoresed on 1% neutral agarose gels and as shown in 

Figure 4.9 the dilution of the enzymes to 0.05 units/jig DNA yielded 

a high number of fragments in the region of 20 kb (i.e. some digestion 

had occurred but the fragment size was not too small). 

On the basis of this information, six large scale digests were set 

up containing 330 jig  of DNA per reaction in 6 mM Tris-HC1 pH 7.5, 

6 mM MgC1 2 , 6 mM -mercaptoethanol. Two mixes contained HaeIII and 

Alul at 0.1 unit/jig DNA (i.e. 33 units of each enzyme), two contained 

the enzymes at 0.05 units/jig (i.e. 16.5 units of each enzyme) and the 

final two contained the enzymes at 0.025 units/jig (i.e. 8.25 units of 

each enzyme). Incubation was for 1 hour at 37°C and then the DNA 

fragments were extracted by gentle mixing with fresh water saturated 

phenol followed by precipitation with ethanol. 

The fragments were then dissolved in 10 mM Tris-HCL pH 8, 10 mM 

EDTA, heated to 68°C for 20 min to dissociate aggregates and 250 jig 

were then layered onto and sedimented through a 17 ml 10-40% linear 

sucrose gradient as described previously in Section 4.5.2(b). 20 jil 

aliquots of each 0.5 ml fraction from the gradients were electrophoresed 

on a 0.5% agarose gel using K 1  EcoRl fragments as molecular weight 

markers, as shown in Figure 4.10. Those fractions containing 19-21 

kb DNA were pooled and dialysed against 10 mM Tris pH 8, 1M NaCl, 

1 mM EDTA for 24 hours at 4°C. The DNA fragments were then con-

centrated by ethanol precipitation. 
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FIGURE 4.9: Partial Restriction Digests Using HaeIII and Alul of Chicken 
Genomic DNA. 

1 Vg of chicken DNA was digested with HaeIII and Alul restriction 
enzymes at 6 different dilutions in an attempt to determine the 
optimum concentration of enzyme required to produce a maximum of 
20 kb fragments as described in Section 4.5.3. This figure shows 
that the two enzymes at a concentration of 0.05 units/Eig of DNA is 
sufficient to yield fragments in the required size range. Lane 1 
shows EcoR 1 digested charon 4A DNA, electrophoresed as molecular 
weight standards. 
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FIGURE 4.10: Sucrose Gradient Fraction of 20 kb Chicken DNA 
Fragments. 

Following HaeIII and Alul partial restriction enzyme digestion of 
chicken DNA, the 20 kb fragments were isolated by centrifugation 
through a sucrose gradient as described in Section 4.5.3. 20 iii 
aliquots of each 0.5  ml fraction from the gradient were electro-
phoresed on neutral agarose gels to determine the position of the 
20 kb fragments using EcoRl digested A" DNA as molecular weight 
markers (right hand lane). This figure shows fractions 4 to 11 of 
such a gradient. Fractions 4 and 5 were pooled and retained. 
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4.6 Methylation of 20 kb Chicken DNA Fragments 

Any EcoRl cleavage sites within the 20 kb chicken DNA fragments 

were methylated by treatment with an EcoRl modification methylase to 

render the sites resistant to EcoRl attack. This procedure was 

necessary because the synthetic linkers (which were to be attached 

to the chicken DNA to form the link between the chicken and charon 4A 

fragments), contained an EcoRl site which must be cleaved to generate 

the necessary cohesive ends. 

Charon 4A DNA was mixed with aliquots of the methylation mix to 

monitor the extent of methylation. If discrete bands were visible on a 

gel following EcoR 1 restriction and agarose gel electrophoresis, then the 

methylation was incomplete. 

115 ig of 20 kb chicken DNA fragments were made up to 1 ml in 

0. 1M Tris-HC1 pH 8.9, 10 mM EDTA, and 6 imoles of S-adenosyl-L-methi-

onine were added. Two 10il aliquots were taken. 20 units of EcoRl 

methylase were added and a second two 10 41 aliquots were taken. All 

aliquots were mixed with 0.5 .tg of charon 4A DNA and were incubated 

with the 1 ml mix at 37°C for 1 hour. Each 10 il aliquot was mixed with 

an equal volume of 2 x concentrated EcoRl buffer and two of them (one 

withdrawn before, and one after, the addition of methylase) were mixed 

with 2 units EcoRl. All four aliquots were incubated for a further 1 hour 

at 37°C and then electrophoresed on a horizontal 0.5% neutral agarose 

gel as shown in Figure 4.11. This figure demonstrates that the charon 

4A DNA which was incubated with EcoRl methylase was subsequently 

resistant to EcoRl endonuclease. From this it was assumed that the 

chicken DNA would also have been successfully methylated as is indicated 

by the apparent lack of degradation of the 20 kb fragments following 

incubation with the restriction enzyme. 
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FIGURE 4.11: Methylation of Chicken DNA. 

The 20 kb chicken DNA fragments were rendered resistant to 
EcoRl digestion by methylation as described in Section 4.6. 10 il 
aliquots were mixed with charon 4A DNA and incubated with EcoRl 
both before and after methylation. 

Lane 1 - 	before methylation + EcoRl 

Lane 2 - 	before methylation - 	EcoRl 

Lane 3 - 	following methylation + 	EcoRl 

Lane 4 - 	following methylation - 	EcoRl 

The presence of charon 4A DNA EcoRl restriction fragments in Lane 
1 and their absence in Lane 2 demonstrates that methylation was 
successful. Electrophoresis was in a 1% neutral agarose gel. 
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The methylated DNA in the 1 ml mix was extracted with an 

equal volume of water saturated distilled phenol in an eppendorf tube 

by gentle inversion and rolling. The DNA in the aqueous phase was 

precipitated by the addition of two volumes of ethanol and incubation 

at -20°C for 20 hours. The DNA was pelleted by centrifugation and 

dissolved on 40 il 5 mMTris-HC1 pH 5. 

4.7 Production of Recombinant DNA Molecules 

Both donor and vector DNA molecules have been suitably manip-

ulated into a form where they can now be joined together to produce 

a recombinant before re-introduction into viable phage particles. 

When vector and donor DNA are both cleaved by an enzyme 

which generates sticky ends, the DNA termini can be annealed by 

base pairing and use of DNA ligase. However, as was discussed 

previously in Section 4.5.3, it was not possible to create fragments of 

chicken DNA which possessed the EcoRi sticky ends complementary to 

those of the charon 4A 31 kb fragment. As shown in Figure 4.3, the 

enzymes HaeIII and Alul, used to generate the 20 kb chicken DNA 

fragments leave blunt ends, and though T4 DNA ligase can be used to 

join blunt ends under appropriate conditions, the efficiency is much 

lower than that of cohesive end ligation (Sugino et al., 1977). Therefore, 

it was necessary to generate EcoRi cohesive ends on the chicken DNA 

fragments rather than creating blunt ends on the charon 4A fragments, 

by use of Si nuclease, for example. 

This was achieved by the blunt and ligation of synthetic DNA 

linkers to the chicken DNA which contain the recognition sequence 

for EcoRl endonuclease. After ligation, the linker was treated with 

EcoRi and the fragments were then used in cohesive end ligation. 
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The synthetic linkers are duble-stranded oligonucleotides con-

taming specific enzyme recognition sequences which have been chemically 

synthesised by several groups (Bahl et al., 1977; Scheller et al., 

1977) following the development of the triester method of polynucleotide 

synthesis (Itakura et al., 1975) and used to insert various DNA sequences 

into plasmids (Heynecker et al., 1976; Ulirich et al., 1977; Shine et al., 

1977). 

A similar approach has been adopted for the insertion of eukaryotic 

DNA fragments into bacteriophage A (Maniatis et al., 1978). For this 

project, the EcoRl site containing linkers, GGAATTCC, were bought 

commercially as they are now readily available from several companies. 

4. 7. 1 Joining of Synthetic Linkers to Eukaryotic DNA 

The first step in the procedure is the blunt end ligation of the 

linkers to each end of the chicken DNA fragments. Since the method of 

synthesis produces oligonucleotides with 5' hydroxyl ends (Scheller 

et al., 1977) and the DNA ligase requires deoxyribonucleotide 5' 

phosphate ends to covalently link to a 3' hydroxyl group, the linkers 

were first phosphorylated using T4 kinase. 

5 jig of EcoRl linker DNA was taken up in 10 jil  of 66 mMTris-HC1 

pH 7.6, 10 mM magnesium chloride, 1* mM ATP, 1 mM spermidine, 15 mM 

dithiothreitol, 200 j.iglml gelatin, and added to 10 units T4 kinase, 

and incubated at 37°C for 1 hour. This mixture was then added 

directly to 100 jig of methylated chicken DNA fragments in 100 jil of the 

same buffer. 5 units of T4 ligase was added and the mixture was left 

in at a cool room temperature (approximately 16°C) for 6 hours. 

5 jil of the reaction mix was electrophoresed on a 12% Tris-borate-

EDTA gel (Maniatis et al., 1975b), as described in Chapter III, Section 

3.2.4.  This method of nucleic acid gel electrophoresis gives successful 
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resolution of very small DNA fragments. The DNA was visualised by 

ethidium bromide staining as previously described, and the ligation 

was considered successful if the linkers had formed oligomers with 

each other. These could be seen as a series of linker oligomers from 

dimers up to 13-mers, as shown in Figure 4.12. 

Following ligation, the mixture was diluted with 400 .tl of 10 mM 

EDTA to stop the enzymatic reaction, incubated at 68°C for 15 min and 

centrifuged through a 10-40% linear sucrose gradient as described in 

Section 4.5.2(b). This step was important to remove unincorporated 

linkers and linker oligomers which would otherwise compete for the 

EcoRl restriction endonuclease during digestion of the terminal linkers 

to produce sticky ends. The 0D 260  of the gradient fractions were 

monitored and a broad peak of absorbance was found, as shown in 

Figure 4.13. Fractions 10, 11, 12, 13 and 14 were pooled and dialysed 

against the 0.1M Tris-0.2M sodium chloride-lmM EDTA buffer to remove 

sucrose. The DNA was recovered by precipitation with 70% ethanol at 

-20°C. 

The DNA pellet was dissolved in 100 il of 5 mM sodium chloride 

and an equal volume of 2 x concentrated EcoRl restriction buffer was 

added with 100 units of EcoRl. 5 jil of the reaction mix was mixed with 

0.5 ig  of charon 4A DNA and both were incubated at 37°C for 1 hour. 

The small digestion mix was electrophoresed on a 0. 5% neutral agarose 

gel. The complete digestion of the charon 4A DNA, as shown in Figure 

4.14, was taken as evidence of a similar complete digestion of the linkers 

attached to the chicken DNA fragments. By this procedure, the randomly 

produced, 20 kb chicken DNA fragments were provided with EcoRl 

cohesive ends which were complementary to those of the charon 4A 

31 kb fragment. 
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FIGURE 4.13: Sucrose Gradient Fractionation to Separate Chicken 
DNA Fragments from Free Linker Molecules. 

Linker oligomers incorporating the EcoRl recognition site were 

ligated to the 20 kb chicken DNA fragments as described in 

Section 4.7.1. The chicken DNA fragments were then separated 

from free manomeric and oligomeric linkers by centrifugation 

through a 10-40% sucrose gradient. 0.5 ml fractions were collected 

from the bottom of the tube and the 0D260 was monitored. These 

fractions containing the 20 kb material were retained and the 

DNA recovered as described. The linkers remained near the top 

of the gradient, and this figure demonstrates that the separation 

was effective. 
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FIGURE 4.12: Ligation of Synthetic EcoRl Linkers to Chicken DNA 
Fragments. 

Synthetic linkers containing the EcoRl restriction site were ligated 
to chicken DNA fragments as described in Section 4.7.1. An aliquot 
(5 il) of the reaction mix was electrophoresed on a Tris-Borate--EDTA 
polyacrylamide slab gel and stained using ethidium bromide. This 
figure shows that linker oligomers were present in the mix and 
therefore present evidence of successful ligation. The large 20 kb 
chicken DNA fragments cannot enter the high concentration poly-
acrylamide gel, but the small 14-nucleotide linker electrophoreses 
with the bromophenol blue dye front. 
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FIGURE 4.14: EcoRl Digestion of Linkers Attached to Chicken DNA 
Fragments. 

The linkers carrying the EcoRl site were digested with EcoRl to 
produce staggered ends on the chicken DNA fragments as described 
in Section 4.7.1. 

Lane 1 - 20 kb chicken DNA fragments - EcoRl 

Lane 2 - 20 kb chicken DNA fragments + EcoRl 

Lane 3 - 20 kb chicken DNA fragments + EcoRl 
+ 0.5 iig  charon 4A DNA 

The presence of charon 4A DNA EcoRl restriction fragments in 
lane 3 was taken as evidence that the concentration of EcoRl used in 
the large digestion mix was sufficient to digest the linkers at the 
EcoRl site. The single band formed by the chicken DNA, even in 
the presence of EcoRl is evidence that the 20 kb fragments are still 
resistant to endonculease attack. Electrophoresis was in a 1% neutral 
agarose gel. 
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4. 7. 2 Ligation of Chicken and Charon 4A DNA Fragments 

The vector : donor DNA ratio during ligation is very important. 

The in vitro A packaging system is to be used for transduction of 

the recombinant molecules, and therefore the aim of this ligation is to 

produce concatamers where both donor DNA ends are joined to vector 

molecules. This is favoured by a high molar vector : donor DNA ratio. 

Also, the total DNA concentration in the in vitro ligation reaction 

influences the type of molecules which are formed. Low concentrations 

(less than 20 j.ig/ml) favour circularisation due to reduced intermolecular 

interaction, but high concentrations (300-400 ig/ml) encourage forma-

tion of concatamers. 

The conditions employed here were as described by Maniatis et al.. 

(1978) who showed that, using charon 4A, a vector: donor ratio of 

2.5 : 1 gave high cloning efficiencies. Also, to encourage the formation 

of concatarners, the substrate for in vitro packaging, relatively high 

concentrations of DNA were used. 

The charon 4A arms were incubated at 42°C for 1 hour in 66 mM 

Tris-HCI pH 7.6, 10 mM magnesium chloride, 200 jig/ml gelatin to 

ensure the cos sites were annealed and that the vector DNA did exist 

as a 31 kb fragment. For every 50 jig of ôharon 4A arms, 20 ig of 

chicken DNA fragments were added with 19 units of T4 ligase in a total 

volume of 300 jil  (giving a DNA concentration of 230 jig/ml). The 

mixture was incubated at 12°C for 12 hours and a 5 i.il aliquot was 

electrophoresed on a 0.3% neutral agarose gel. As shown in Figure 4.15, 

molecules larger than intact charon 4A DNA were present in the mixture 

which provides evidence that the ligation had been successful, and a 

suitable recombinant series of concatamers were available for in vitro 

packaging. Several ligation reactions were performed, and the DNA 



175. 

i Intact Charon 4A 
DNA 

FIGURE 4.15: Production of Recombinant DNA Molecules. 

The 31 kb charon 4A DNA fragment was ligated to the 20 kb 
chicken DNA fragments by base pairing of the complementary 
EcoRl staggered ends at each end of both sets of molecules. This 
figure demonstrates that ligation has been successful in producing 
a series of different sized molecules larger than intact charon 4A 
DNA which represent concatamers suitable for in vitro packaging. 
Electrophoresis was in a 0.2% neutral agarose gel. 
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from each was recovered by ethanol precipitation at -20°C followed by 

pelleting at 10,000 g for 30 mins. 

4.8 In vitro Packaging of Recombinant DNA Molecules 

The actual cloning step depends on the transfer of the recombinant 

DNA into a host cell which must be able to replicate that DNA to enable 

the eventual isolation of one species of recombinant. 

Until recently, the most commonly used method of cloning 

recombinant phage DNA was by transfection (Mandel and Higa, 1970). 

This involves treating E. coil with calcium chloride to make them 

susceptable to DNA uptake, mixing with the recombinant DNA at 0°C 

followed by a short incubation at 42°C (heat shock), and then immediately 

plating on agar. Eventually, plaques will appear in a bacterial lawn due 

to phage DNA molecules having been taken up by the bacteria in which 

they have replicated and given rise to infectious phage which cause 

cell lysis. The number of plaques provides a measure of the number 

of transfected phage DNA molecules. 

However, Maniatis et al. (1978) showed that cloning efficiencies 

using in vitro packaging procedures employed in this project were 

increased by a factor of 0.15 x 10 when compared to those achieved 

in vivo by the calcium chloride transfection procedure of Mandel and 

Higa (1970). Cloning efficiencies of 2 and 0. 15 x 107  plaque forming 

unitshtg were obtained for intact and religated A DNAs, respectively, 

using both the Hohn and Murray (1977) and Sterberg et al.. (1977). 

paIcging techniques. 

Theoretical considerations of the in vitro technique have been 

discussed in Chapter I, Section 1.3.4, so they will only be mentioned 

briefly here. 
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In vitro packaging of A DNA, either wild type or vector, depends 

on the temperature induction of prophage which carry amber mutations 

in genes necessary for the packaging of DNA into viable phage, using 

pre-formed head and tail components. Due to the genetic block, 

therefore, viable phage cannot be produced by a single lysogenic strain, 

but if two strains, carrying different amber mutations, are mixed 

following induction, the induced products will complement and packaging 

can take place. 

The possibility exists that hybrid DNA, when added to the mixed 

lysogen extract, will recombine with the endogenous prophage DNA to 

produce a molecule bearing wild type markers of the prophage. In 

order that the precise biological containment features of the vector DNA 

are not altered by the occurrence of such a recombination event, the 

lysogenic strains have special features also. 

Sternberg et aJ. (1977) developed packaging strains carrying. the Ab2 

mutation which removes part of the attachment site (att) of the prophage 

and thus prevents excision from the host chromosome. In addition, 

both bacteria and prophage in these strains are recombination deficient 

(that is, are rec A and red A, respectively) as a precaution against 

recombination. 

The Hohn and Murray (1977) packaging strains, which were used 

in this project, must be irradiated with ultra violet light to ensure 

damage of all endogenous DNA prior to the addition of the hybrid vector 

DNA. 

4. 8. 1 Preparation of the Packaging Extracts 

The lysogenic strains used were BHB2671 and BHB2673 which carry 

prophages bearing amber mutations in genes E and D, respectively. 
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A single colony of each lysogen was picked from an L-agar plate 

and streaked over two fresh L-agar plates. The plates were incubated, 

inverted at 32°C overnight. The bacteria were then scraped off the 

plates taking care not to remove any agar. Keeping the two strains 

entirely separate, the bacteria were resuspended in 2 ml L-broth and 

added to 100 ml of pre-warmed L-broth in a 1 1 flask. This generally 

gave an 0D650  value of 0.1- 0. 15. The cultures were grown to an 0D 650  

of 0.5 at 32°C with rapid shaking to ensure adequate aeration and then 

were induced by incubating in a water bath at 45°C for 15 mm. During 

the induction period, the flasks were shaken by hand every 2-3 mm. 

The cultures were then replaced in the orbital shaker and incubated 

at 37°C for 3 hours with very fast shaking. During this time, phage 

coded proteins were accumulating in the bacterial cell, but no release 

of viable phage was possible due to the lack of one vital protein. 

Following the 3-hour incubation period, the two cultures were mixed and 

centrifuged at 9,000 g for 10 mm. The cell pellet was resuspended in 

M9 buffer to give a two-fold dilution of the original volume (that is, 

400 ml). The suspension was divided equally between four sterile glass 

staining troughs and was irradiated with ultra violet light for 25 min at 

a distance of 20 cm (see Section 4.8.2, below). The cell suspensions 

were gently stirred during this time. It was shown that bacteriophage 

could not survive this treatment and therefore it was assumed that all 

DNA had been damaged and so the risks of recombination between the 

prophage and .charon 4A were eliminated. 

The cells were pelleted (9,000 g, 10 mm) and the phage proteins 

were concentrated by a series of steps as follows: the cells were 

washed in 50 ml concentration buffer and pelleted again; they were 

then resuspended in 8 ml of concentration buffer, centrifuged again 
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and finally resuspended in 1 ml of concentration buffer. The final 

packaging extracts were prepared by centrifuging for 2 min in an 

eppendorf centrifuge and resuspending in 0.8 ml of concentration 

buffer. At this stage, the suspension was very viscous following 

lysis of the bacterial cells during the concentration process. This 

viscous suspension was stored in 20 .tl aliquots, snap frozen in liquid 

nitrogen and maintained below -60°C. The extracts remained active for 

4-5 months when stored in this manner. 

4. 8. 2 Safety  Precautions 

Calibration of the ultra violet lamp: 

The killing efficiency of the ultra violet light source was calibrated 

using the vector phage, charon 4A. The phage were transfered in 

phage buffer, to four glass staining dishes, at a concentration of 10 6  

pfu/ml with 100 ml per dish. They were irradiated at a distance of 20 

cm for 60 mm. 1 ml, aliquots were removed after 5, 10, 20, 30, 40, 60 

mins, and the numbers of surviving phage were determined by titrating 

on DP50supF bacteria, as described in Section 4.3.3. It was shown 

that no phage survived a 20 min exposure to UV light as can be seen 

from the data presented in Figure 4.16 and Table 4.2, and all phage 

were probably dstroyed after 15 min irradiation. This dose was 

considered adequate for use in the preparation of the packaging extracts, 

but to make absolutely certain that all endogenous DNA would be 

destroyed, an irradiation period of 25 min was routinely used. 

Mock packaging experiments: 

Every preparation of packaging extracts was tested for prophage 

excision and packaging by performing 'mock' packaging experiments, 

as described in Section 4.8.3 below, without the addition of exogenous 
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TABLE 4.2: Calibration of the Ultra-violet Light Source. 

Irradiation 
time 
(mm) 10

0  

Dilution from 

10 

1 ml sample 

10 

Total number 
of surviving 

10 	phage/mi 

0 - _ approx 	92 12 	 106 103 

5 - - 82 9 	2 0 	8.5 x 10 

10 89 11 0 0 	0 - 	10 

20 0 0 0 0 	0 - 	0 

30 0 0 0 0 	0 - 	0 

40 0 0 0 0 	- - 	0 

60 0 0 0 0 	- - 	0 

During the preparation of in vitro packaging extracts, as described 

in Section 4.8, endogenous phage were destroyed by ultra-violet 

irradiation. The data presented here shows the numbers of surviving 

viable phage after various periods of irradiation. The initial concentra-

was 10 6  pfu/ml, and titration on DP50supF at various dilutions after 

periods of irradiation showed that all viable particles were destroyed 

after 20 mm. This data is plotted in Figure 4.16. 
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FIGURE 4.16: Calibration of the Ultra-violet Light Source. 

Charon 4A at 106  pfu/ml were irradiated at a distance of 20 cm. 

1 ml aliquots were removed at suitable time intervals and the 

survival rate was determined by titrating on DP50SupF. The 

survival rate of the phage plotted against irradiation time, as 

shown above, can be reduced to zero in 15 mm. Certainly 

no phage survived a 20 min exposure to ultra violet, and 25 mm 

was chosen as the routine exposure time in the preparation of 

the packaging extracts, as described in Section 4.8.2a. 
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DNA, and plating on DP50supF as this is the strain which would be 

used to propagate the recombinants. Five 'mock' experiments were 

normally carried out for each batch of extract, using 20 jil of the 

extract and one 10 cm L-agar plate supplemented with 1 mM magnesium 

sulphate, 40 ig/ml thymidine and 10 j.ig/ml.DAP, per experiment. Plaques 

were observed very rarely, and the numbers observed were acceptable 

to the Genetic Manipulation Advisory Group which states that the ratio 

of plaques formed in a mock experiment, without the addition of exogenous 

DNA, to plaques formed when recombinant DNA is added must be less 

than 1 : 10 6 . 

4. 8. 3 Use of the Packaging Extracts 

The 20 .il aliquots of extract were transfered from -60°C to. liquid 

nitrogen and then thawed very slowly on ice. The extracts performed 

more efficiently if this procedure was followed. ATP was added to 

5 mM. A 210  th volume of a 100 mM ATP solution in water, pH 7. 0, was 

a sufficient volume to add without causing dilution of the extract. 

1 jil of DNA, either wild type or recombinant, was added to give a 

concentration of between 0. 1 and 1 jig per 20 jil extract. The contents 

were mixed carefully and collected with a short spin in an eppendorf 

centrifuge and then incubated for 60 min at 37°C. The packaging 

reaction was stopped by the addition of a further 20 Rl of extract which 

had been incubated on ice for 30 min with DNase at 10 jig/mi. Incuba-

tion was continued at 37°C for 45 min followed by the addition of 0.5 

ml of phage buffer and a drop of chloroform to each incubation mix. 

In this way, any free bacteria having escaped previous treatments were 

destroyed and non-packaged DNA was removed. 
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4. 8. 4 Construction of the Chicken Gene Library 

Following the ligation of the chicken DNA fragments to the 

charon 4A arms as described in Section 4.7.2, approximately 80 jig 

of DNA were recovered. Although the evidence presented in Figure 

4.15 demonstrates that ligation between the two sets of molecules had 

successfully taken place, there is also evidence that the ligation was 

not 100% complete due to the presence of bands smaller than intact 

charon 4A which probably correspond to free 31 kb charon 4A and 20 

kb chicken fragments. Therefore, the 80 jig does not represent a 

total of recombinant DNA. However, since the 31 kb fragment, and 

anything smaller cannot be packaged, it was decided not to attempt 

to fractionate the DNA sample further, but to use it at its highest 

possible concentration in the in vitro packaging procedure on the 

assumption that only recombinant DNA molecules would emerge as viable 

phage particles. 

Therefore, to construct the chicken gene library, a total of 65 

packaging reactions were performed as described in Section 4.8.3 

above. Three different batches of packaging extracts were used with 

approximately. 20 reactions per batch. The cloning efficiencies of each 

batch were similar, as shown in Table 4.3. 1 'g of recombinant DNA 

was used per reaction. 

Following dilution with phage buffer and chloroform treatment, 

each batch of packaging experiments (approximately 20) were pooled 

and mixed with solid caesium chloride to give a concentration of 0.5 gI 

ml. This was layered on to caesium chloride step gradients composed of 

1.5 ml steps of 1.45, 1.5 and 1.7 g/ml caesium chloride in phage buffer. 

The gradients were centrifuged at 32,000 rpm in an SW40 rotor for 1.5 

hours at 4°C. 0.4  ml fractions were collected from the bottom of the 



TABLE 4.3: Efficiency of Pakcaging Recombinant Charon 4A DNA Molecules 

Efficiency of 
Efficiency of 	 packaging 

packaging intact 	Total number of 	 recombinant 
Packaging 	 charon 4A DNA 	 recombinant 	 charon 4A DNA 

extract number 	 (pfu/jig) 	 phage recovered 	 (pfu/jig) 

(20 reactions) 
	

5.6 x 106 
	

1.4 x 10' 
	

0.7 x 10 	
00 

(23 reactions) 
	

8.3 x 10 6 
	

3.3 x 105 
	

1.4 x 10 

(22 reactions) 
	

4.1 x 10 6 
	

2.1 x iO 
	

0.9 x 10 

6.8 x 105 

Three batches of packaging extracts were prepared, as described in Section 4.8.1. The 

packaging efficiencies were determined using intact charon 4A DNA (five reactions of 1 jig for 

each extract) and were shown to be similar, as presented in column 2 above. Recombinant DNA 

was packaged by an identical procedure. 65 reactions, each containing 1 jig of DNA were 

performed and a total of 6.8 x 105  recombinants were recovered. The efficiency of packaging 

recombinant DNA is shown in column 4 and is consistantly between 102  and 10 3 -fold lower than 

the efficiency of packaging intact DNA. 
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tube and the phage were located by spotting 50 j.tl of 10 -3  dilutions 

on to a lawn of DP50supF bacteria. The phage banded in fractions 4, 

5 and 6. These fractions were pooled and dialysed against phage 

buffer for 24 hours at 4°C with three changes of buffer. The gelatin 

concentration in the phage suspension was increased to 0.02% to 

stabilise the phage. 

After removal of the caesium chloride by dialysis, the recombinant 

phage suspension was accurately titred as described previously in 

Section 4.3.3. 

Dilutions of 10 1, 10-2  and 10-  were titrated for each batch of 

packaging reactions in order to obtain an accurate estimate of the 

number of recombinants as shown in Table 4.3, the total number of 

recombinant phage recovered from all three packaging batches was 

6.8 x 10 and the mean efficiency was 1 x 104  plaque forming units per 

tg of recombinant DNA. 

4.9 Amplification of the Gene Library 

On constructing a gene library by in vitro packaging of phage 

DNA molecules; any particular sequence will not be represented in 

more than a few copies. In order that the library can be screened for 

a particular sequence, therefore, it must be amplified many times to: 

increase the chance of locating a particular sequence; 

to establish a permanent library which can be screened 

repeatedly for the same or other sequences; 

to provide many recombinant phage for restriction 

enzyme analysis, for example, when confirming the 

existence and size of the inserts. 
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Assuming that a complete sequence representation of the chicken 

genome had been achieved by the in vitro packaging of recombinant 

charon 4A DNA molecules, it was necessary to amplify every phage 

particle in the library to ensure that this situation remained. It was, 

therefore, also important to reduce the chances of competitive growth 

between the phage which may have led to the elimination from the 

population of recombinant phage which may have a growth disadvantage. 

For this reason, amplification was achieved using low density plate 

lysates. 

Fresh 15 cm L-agar plates supplemented with 1 mM magnesium 

sulphate, 40 tg/ml thymidine and 10 iig/ml DAP were used. 10,000 

recombinant phage particles were diluted to 2.5 ml in phage buffer 

and 106  DP50supF cells were added. Pre-adsorption was allowed to 

continue for 20 min at 37°C and then the phage were plated with 7.5 ml 

of soft top agar. To amplify the whole library it was necessary to set 

up seventy 15 cm plates. The plates were incubated overnight (usually 

14-16 hours) at 37°C wrapped in tin foil to prevent photoreactivation. 

Almost complete lysis had occurred during this time. 

The top agar was scraped into 500 ml sterile beakers and the 

plates were rinsed with 4 ml phage buffer. Each 300 ml of lysate was 

stirred with 10 ml chloroform for 20 min and then centrifuged in 200 ml 

bottles at 5,000 g for 30 min at 4°C to pellet the top agar. The super-

natant was withdrawn and the phage were concentrated by polyethylene 

glycol precipitation as described in Section 4.3.2. This treatment 

removed bacterial debris and allowed the original 600 ml of lysate to be 

concentrated to a phage pellet. The pellet was resuspended in 21 ml of 

phage buffer and centrifuged through a caesium chloride step gradient 

as described in Section 4.3.2. The phage band was recovered and 



187. 

titrated at iO - , 10_8,  iO-  and 10- 10  dilutions. The total number of 

phage following amplification of the library was 2.3 x 1010  representing 

an amplification of 3 x 10't-fold. The library was stored in caesium 

chloride, in aliquots at 4°C. 

4. 10 Conclusions 

Three important factors were stated in the introduction to this 

chapter as being necessary for the production of a genomic DNA 

library. These have been further discussed and evidence to support 

them has been presented. 

The isolation of clonable DNA fragments was achieved by the use 

of non-limit restriction enzyme digests which aimed to produce even 

sized fragments of approximately 20 kb as randomly as possible. The 

size of the fragments was chosen towards the upper limit of the maximum 

possible insert which could be made to reduce the number of clones 

required to represent the whole genome. The random nature of the 

fragments means that cloned gene sequences would carry extensions 

of various lengths away from the gene in both directions, and independ-

ently isolated clones of a given gene are unlikely to be identical. 

The chicken DNA fragments were joined to the vector via EcoRl 

linker oligomers, and finally the library was completed by the in vitro 

packaging of the recombinant molecules into viable phage which were 

propagated on plate lysates to give large numbers of recombinants. 

The assumption was made here that all plaque forming units were, in 

fact, recombinants due to the positive selection pressure exerted by the 

lambda system where only molecules of a certain size class are packaged 

into viable phage. Any concatamers arising from the ligation of charon 

4A 31 kb arms with each other would not possess cos sites at the correct 

distance apart to be recognised by the packaging enzyme, terminase. 
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The covalent linking of vector and chicken DNA was not 100% 

efficient and this may account for- relatively low cloning efficiencies, 

though the efficiency also depends on the packaging extract itself. 

The efficiency of the various batches of extract were tested using 

intact Charon 4A DNA and were found to vary between 4.1- 8.3 x 10 6  

plaque forming units per i'g  of input DNA. Maniatis et al. (1978) 

obtained ten-fold higher efficiencies using the Sternbet'g etáI. (1977) 

packaging strains of 2-20 x 10 1  pfuhtg,  but does not indicate the 

source of lambda DNA used for this test. However, these efficiencies 

are both higher than have been reported for the calcium chloride 

transfection procedure, which are close to 1 x 106  pfu/LIg. 

The efficiency of packaging recombinant DNA was found to be 

consistently lower than for intact DNA. Maniatis et al. (1978) quote 

values of 3.8 x 104  to 5.6 x 10 5  pfu/.tg, depending on the source of 

eukaryotic DNA. This project gave efficiencies of 0. 7 - 1.4 x 10' pful 

Vg for chicken DNA, a value which is probably a reflection of both 

the quality of the packaging extracts and the efficiency of ligation of 

the eukaryotic and vector DNAs. However, even these efficiencies 

were at the upper end and above the scale recorded for efficiencies 

of transfection which range from 2 - 10 x 10 3  pfu/i.tg. 

The total number of recombinants obtained using 65 ig of recom-

binant DNA was 6.8 x 10 5 . Assuming the chicken genome is 1 x 10 

base pairs, an excess of 5 x 10 recombinant phage are required to be 

certain of complete genomic sequence representation. A ten-fold increase 

on this number was obtained here. McClements and Skalka (1977) 

estimated that the equivalent of 20 genomes is required to be certain 

of complete sequence representation in a library containing 10,000 kb 

inserts of chicken DNA. The inserts in this library were 20,000 kb on 
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average, so it was assumed that all sequences have a good chance of 

being represented and the possibility of detecting a myosin heavy 

chain recombinant is a reasonable expectation. 



CHAPTER V 

Screening of the Chicken Gene Library 
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5. 1 Introduction 

The original aim of the project was to attempt to isolate genomic 

DNA sequences which correspond to the skeletal muscle myosin heavy 

chain gene, using a specific eDNA hybridisation probe constructed by 

the reverse transcription of a purified messenger RNA for this gene. 

For this reason, the emphasis of the project has been divided into two 

distinct parts: 

the construction of the probe; 

the manipulation of genomic DNA into the form of a 

library which could be maintained in this state. 

It is here, however, that the two parts complement each other in an 

attempt to use the probe to identify specific sequences within the 

recombinant DNA library. 

The screening procedure was developed by Benton and Davis 

(1977). It allows a total of 106  recombinants to be screened daily. As 

discussed in Chapter I, Section 1.3.5, the technique depends on the 

fact that not all the phage DNA produced during a lytic infection is 

packaged prior to lysis of the bacteria. Therefore, when plaques are 

produced in a bacterial lawn, there will be free recombinant DNA, as 

well as viable recombinant phage on the surface of the plaque. This 

free DNA is immobilised on a nitrocellulose filter and the cDNA probe is 

allowed to hybridise to any complementary sequences on that filter. 

Positive hybridisation, following autoradiography, identifies a recombin-

ant phage of interest. 

This 'plaque hybridisation' method of screening is particularly 

appropriate to a situation where one may wish to isolate a single copy 

gene from a whole genome, since the desired sequence will be present 
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among very many inappropriate ones, yet many recombinants can be 

screened rapidly - indeed, a whole genome can be screened at one time. 

Maniatis et al. (1978) examined the possible variables in the 

Benton and Davis screening procedures in an attempt to optimise the 

screening efficiency. The type of growth medium, the host bacterial 

strain, the plating concentration of the phage and the method of prepar-

ing the filters were tested with little effect on the final number of 

positive hybridisation signals observed for any particular probe. The 

most obvious differences were observed following variations in the 

concentration of plating bacteria. It was shown that 3 x 108  bacteria 

per 104  phage particles per 15 cm dish were optimum plating conditions 

since confluent lysis was never achieved during an overnight incubation. 

It was also shown that duplicate filters should be applied sequentially 

rather than by stacking together. 

An attempt was made in this project to screen the library on 

large 30 cm x 30 cm plates, but it was difficult to achieve a smooth 

surface and the handling of the filters was extremely difficult. There-

fore, the more conventional 15 cm plates were used routinely, even 

though many more were required. 

To screen the complete chicken genomic library, it was necessary 

to screen in excess of 5 x 104  plaques. To increase the chance of 

detecting a sequence which is present at very low concentration, as 

was expected for the myosin heavy chain gene, a total of 2.5 x 

phage particles were screened, a total of 25 plates. 
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5.2 The Screening Method 

5. 2. 1 Preparation of Plates 

15 cm L-agar plates, supplemented with 1 mM magnesium sulphate, 

40 j.ig/ml thymidine and 10 .tg/ml DAP, were dried in a 37°C incubator 

for four hours to minimise the possibility of agar adhering to the nitro-

cellulose filters later in the procedure. Once on the filter, agar is 

very difficult to remove and it causes an increase in the background 

hybridisation signal. 

10 1  recombinant phage were mixed with 3.1 x 10 8  DP50supF 

bacterial cells in 2.5 ml phage buffer, pre-adsorbed for 20 min at 37°C 

and plated on to the 15 cm plates with 7.5 ml soft top L-agarose. 

Agarose was used as the top layer in preference to agar as it has a 

lesser tendency to adhere to nitrocellulose. The plates were incubated 

at 37°C overnight (14-16 hours) by which time the plaques were fairly 

large, and many were making contact, but lysis was not confluent. 

The plates were incubated at 4°C for 1 hour before proceeding, to 

harden the top agarose. 

5. 2. 2 Preparation of Filters 

Millipore HA nitrocellulose filters, pore size 0.45 urn, were cut 

to fit the 15 cm agarose surface exactly. The filters were marked for 

orientation by placing three small 'V' shaped cuts asymmetrically in the 

edges which corresponded to marks placed on the edges of the plates. 

The filters were placed onto the chilled plates very carefully. 

It was important that air bubbles were not allowed to form between the 

filter and the agarose, that the filter fitted onto the plate perfectly, 

and that it was not moved at all to prevent 'smudging' the plaques over 

the plate. Adsorption of DNA to the filter was allowed to continue for 
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3 min and then it was removed very carefully to avoid lifting the 

agarose layer. A second filter was applied in the same way and allowed 

to adsorb DNA for 5 mm. 

Immediately following adsorption the filters were placed individually 

into a solution of 0. 1M sodium hydroxide, 1. 5M sodium chloride for 

30 sec to denature the DNA and were then neutralised in 0.2M Tris-

HCI pH 7.5 for 30 sec. They were then washed in 2 x SSC for 30 sec, 

blotted on to Whatman 3MMpaper, and placed on fresh 3MM sheets 

between glass plates to keep the filters flat as they dried. Drying took 

place in a vacuum oven at 80°C for 4 hours. If hybridisation was not 

to be carried out immediately, the filters were stored in sealed polythene 

bags between 3 MM paper at -20°C. 

The used plates were stored at 4°C for a few days until the results 

of the autoradiography were known. 

5. 2. 3 Hybridisation 

Filters were washed in 3 x SSC and then incubated in 10 x con-

centrated Denhardt solution (Denhardt, 1966). (0.2% polyvinylpyrol-

idone, 0.2% ficol, 0.2% bovine serum albumin in 3 x SSC), containing 

50jig/ml denatured E. coil DNA. Incubation was carried out in sealed 

polythene bags, with two filters per bag from which all bubbles had 

been removed, at 68°C, in a shaking water bath overnight. 

The polythene bags were prepared from cut sheets of heavy 

gauge polythene which were thoroughly cleaned before use by washing 

in warm water, two changes of cold distilled water and ethanol before 

drying. 

The probe of interest was denatured by heating at 100°C for 5 

min followed by immediate chilling on ice to prevent renaturation. 

A hybridisation solution of 3 x SSC, 1 x concentrated Denhardt solution 
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containing 50 Mg/ml denatured E. co/i DNA was prepared. Filters 

were incubated in sealed polythene bags with 20 ml of hybridisation 

solution and iO - 10 6  cpm of 32 P-labelled probe for 18 hours at 68°C 

in a shaking water bath. Again, it was important to remove all air 

bubbles, and for this reason the polythene bags were cut long to ease 

the teasing out of air bubbles when 32 phosphorus was present. 

The filters were removed from the bags and rinsed in 2 x SSC. 

They were then resealed in bags containing a large volume (approxi-

mately 75-100 ml) of 2 x SSC and washed by shaking at 60°C for 1 hour. 

This washing procedure was repeated with fresh 2 x SSC. It is 

important that the washing is thorough to ensure removal of all non-

hybridised probe which otherwise would given rise to high background 

hybridisation. The filters were then placed between Whatman 3MM 

paper and two glass plates and dried in a vacuum oven at 80°C for 

4 hours. 

5. 2.4 Autoradiography 

The dried, hybridisation filters were fixed to filter paper sheets 

and covered with 'cling film'. They were exposed to Kodak medical 

X-ray film in Kodak cassettes, with intensifying screens, for 3-4 days.. 

The films were developed by immersing in D19B developer (Kodak) for 

5-10 mm, rinsed in water and then fixed in FX80 fixer (Kodak) for 

5 mm, in a dark room. The films were exhaustively rinsed in tap water 

before air drying. 
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5.3 Screening the Library with Specific Hybridisation Probes 

5.3. 1 Nick-translated Ribosomal DNA 

A specific hybridisation probe for ribosomal DNA sequences was 

prepared by nick translation of cloned ribosomal genes as detailed in 

Chapter II, Section 2.3. 

McClements and Skalka (1977) screened a series of chicken genomic 

DNA fragments cloned in the vector XgtWES for ribosomal sequences. 

They estimated that the fragments screened represented 5-10% of the 

total chicken genome and from this concluded that there are approxi-

mately 200 copies of the ribosomal gene per chicken genome, represent-

ing 0.12% of the total DNA. The sequences are clustered (Sinclair 

and Brown, 1971), as has been shown for many other eukaryotic species, 

and are cleaved into fragments of two sizes of 5 x 106  and 12-14 x 10 6  

daltons which suggests, as is also the case for the other eukaryotic 

species so far studied, that the 18S, 28S and 5.8S ribosomal genes are 

present as tandem repeats. 

(a) Sequence representation of the library: 

Due to the highly repetitive nature of the ribosomal sequences 

in the genome it was considered reasonable to expect, even in an 

incomplete library, to be able to detect a number of clones carrying 

rDNA. The absolute number which were detected was expected to 

provide an indication of the completeness of the sequence representation 

of the library and thus give an estimate of the number of clones which 

need to be screened in order to be sure of detecting a sequence belong-

ing to the 'unique abundance class', such as myosin heavy chain. 

McClements and Skalka (1977) estimated that the cloning of a single copy 

gene would require the screening of 20 genomes of DNA. However, 
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their eukaryotic DNA inserts averaged 10, 000 base pairs, that is, 

half the size of those cloned here, so uing this estimate, the equivalent 

of ten genomes should be screened to increase the probability of 

detecting a single copy sequence. 

A total of 10 recombinant phage plates were screened by the 

procedure described in Section 5.2 using the 32 P-labelled ribosomal 

DNA. A total of 205 spots were identified on the autoradiographs, of 

which 188 probably represented true recombinant phage. 17 spots were 

discounted as representing non-specific adsorption of the 32 P-probe 

to the nitrocellulose filters. An example of such a non-specific spot 

is shown in the autoradiograph in Figure 5.1. These were identified 

by their very intense appearance and very sharp edges and arose due to 

adsorption of the nucleic acid probe by the nitrocellulose at Sites- in 

the membrane which had not been completely blocked by the Denhardt 

treatment. Such spots are never present on the duplicate filter. 

Spots representing true hybridisation of probe to complementary 

recombinant DNA have less well defined edges, often are not completely 

circular, and of course are present on the duplicate filter. 

The identification of 188 positive plaques from a total of 10 re-

combinants carrying 20 kb chicken DNA inserts indicates that the 

ribosomal gene sequences represent 0. 19% of the chicken genome. This 

is in close agreement with the previous estimate of McClements and 

Skalka (1977) of 0.12% and therefore suggests that the genomic library 

produced in this project did not contain any major deficiencies, and 

therefore the sequence representation of the library must be approach-

ing completion. 
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FIGURE 5.1: Autoradiograni of Recombinant Charon 4A Plaques 
Screened with the Nick Translated 32 P-ribosomal DNA 
Probe. 



198. 

(b) Contamination of the myosin heavy chain cDNA probe 

The ribosomal DNA probe was also used to test the possibility 

of contamination of the myosin heavy chain cDNA with ribosomal 

sequences. As shown in Chapter H, Table 2.2, the myosin heavy chain 

mRNA preparation was contaminated, to an extent of 35%, with rRNA. 

In theory, rRNA should not have been a substrate for reverse trans-

criptase due to the absence of a primer sequence, but it has been 

shown (King etal., 1979; Williams and Lloyd, 1979) that low levels of 

reverse transcription of rRNA can take place. This did not occur to 

a very high degree, as shown by the hybridisation studies presented in 

Chapter II, Section 2.2.9, between the eDNA and its template. However, 

even a very low level of reverse transcription can lead to an unrepres-

entatively high number of false positive plaques during screening due to 

the repetitive nature of the ribosomal genes. This was indeed shown 

to be the case.. 

To determine the extent of such possible contamination, DNA from 

the 10 plates previously screened with the rDNA probe was adsorbed 

onto a third filter. This was carried out in the same way as described 

for the duplicate set of filters, except that adsorption was allowed to 

continue for 15 min to ensure that sufficient DNA was transferred from 

the plaques to the nitrocellulose. This third set of filters was screened 

with the 32 P-cDNA probe. Eleven positive plaques were detected and 

their positions were compared with the plaques picked up by the 

ribosomal sequence probe, and of these two were possibly detected by 

both probes. It was impossible to be absolutely certain without re-

screening due to the fact that the boundaries of some plaques were 

touching and there was no duplicate filter as a double check. However, 

this suggests that approximately 20% of the recombinants recognised by 
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the myosin heavy chain eDNA probe will be due to probe contamination 

which arises due to a very low level of reverse transcription of con-

taminating ribosomal RNA in the original mRNA preparation. However, 

due to the repetitive nature of the ribosomal sequences and the fact. 

that the eDNA only cross hybridised with a possible 2 out of 188 

recombinants, this level of contamination was not considered to be 

excessive. 

5. 3. 2 32 P-labelled Myosin Heavy Chain cDNA 

A total of 2. 5 x 105,  the equivalent of five chicken genomes of 

DNA, were screened by the Benton and Davis method, as described 

in Section 5.2, with a specific myosin heavy chain 32 P-cDNA probe 

prepared, as described in detail in Chapter II. This was expected to 

provide a 96.9% chance of detecting a single copy gene sequence. 

An autoradiogram of 15 cm filters which had been adsorbed with 

recombinant DNA and then treated with the 32 P-cDNA probe is shown 

in Figure 5.2. The regions of non-specific hybridisation are obvious 

by their high intensity and definite boundaries as was discussed for 

similar spots occurring in Figure 5.1. True myosin heavy chain 

sequence recombinants are represented by the more diffuse 'plaque-

sized' areas of positive hybridisation as shown in the autoradiogram 

(Figure 5.2). 

A total of 75 areas of hybridisation were detected, of which 22 

were immedaitely discounted as areas of non-specific adsorption of the 

probe by the introcellulose. It can be estimated, from the data presented 

in Section 5.3. 1 above, that 20% of the 53 positive recombinants may have 

arisen due to hybridisation by contaminating sequences in the probe 

which recognise ribosomal DNA sequences within the library. It is 

impossible to identify which of these positive clones represent ribosomal 
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FIGURE 5.2: Autoradiogram of Recombinant Charon 4A Plaques 
Screened with the 32 P-myosin Heavy Chain eDNA Probe. 

The diffuse areas of hybridisation which lie directly over plaques 
when the autoradiogram is compared with the original plate are those 
most likely to represent phage carrying the mysoin heavy chain 
gene sequence. 
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genes without screening identical filters with the 32 P-rDNA probe. 

Therefore, it can be concluded that within a total of 2.5 x 10 5  recombin-

ant phage, approximately 43 were expected to contain myosin heavy 

chain gene sequences. 

5.4 Plaque Purification 

The isolation of a recombinant phage of interest is achieved by 

picking plaques from the region of a plate corresponding to an area of 

positive hybridisation on the autoradiograms. This is usually performed 

with a sterile pasteur pipette which removes a complete plug of agar 

containing the plaque of interest. The phage are then resuspended' 

in 0.5 ml phage buffer and the suspension should be titred as described 

in Chapter IV, Section 4.3.3. A titration plate containing about 100 

plaques is then rescreened with the specific 32 P-labelled probe. The 

plaques will now be more widely distributed on the plate, enabling a 

positive to be repicked by the same procedure, and again screened until 

more than 90% of the plaques on a plate give positive signals. It is 

then acceptable to prepare the recombinant phage DNA for further study 

from a single positive plaque by growing the phage as a plate lysate, 

as described in Chapter IV, Section 4.4.2, and as was carried out to 

amplify the library (Chapter IV, Section 4.9). 

5.5 Conclusions 

A summary of the numbers of positive recombinants identified 

following screening of the library is presented in Table 5. 1. 

The nick-translated ribosomal DNA probe was prepared and 

successfully used to screen the chicken genomic library purely as a 

control. The aim was to test the completeness of the sequence representa- 



TABLE 5.1: 

Number of positive clones Contamination Estimated 

Number of 
identified with other proportion of 

recombinants non-specific cross reaction true sequences chicken genome 

Probe screened hybridisation with rDNA positives (%) (%) 

Nick-translated 
32 P-ribosomal 10 17 N/A 188 Ot 0.19 

DNA 

Myosin 105 14 2 9 'I 20 

heavy chain I 	. 	 x 	10 52 
* 1 

0.0015  

32 P-cDNA 2.5 x 	i05 j 22 10* 43 J 

N/A not applicable 

t 	the extent of contamination of rDNA probe was not determined in this project, 
but since the original material was obtained from cloned DNA, the sequence 
should be pure. 

* 	these figures were not directly determined in this project, but were inferred 
from the data presented in line i) of this table. 
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tion, the purity of the myosin heavy chain eDNA probe and the Benton 

and Davis (1977) screening procedure. It was shown by screening the 

equivalent of two genomes of chicken DNA that recombinants containing 

ribosomal sequences make up 0. 19% of the genome. This implies that 

the library is complete - that is, all sequences in the chicken genome 

are likely to be represented on a statistically random basis, assuming 

that no positive selection was operating against particular sequences 

at any stage during the construction of the library. The rDNA probe 

also showed, by cross hybridisation with some recombinant plaques, 

that the myosin heavy chain cDNA probe was contaminated with ribosomal 

sequences to an extent of 20%, and therefore before embarking on plaque 

purification of single recombinant phage, these ribosomal clones should 

be positively identified by rescreening. 

Allowing for contamination and non-specific hybridisation, 43 out 

of 2.5 x iO, and 9 out of 10 5  recombinant phage were detected • following 

hybridisation with the myosin heavy chain probe. Several inferences can 

be drawn from these results. Since the equivalent of seven genomes 

were screened in total, the myosin heavy chain gene must be present 

at a frequency of greater than one copy per genome, unless the genomic 

sequence is so large, and incorporates sufficient Alul and HaeIII 

recognition sites, as to be distributed throughout many clones. However, 

even if this possibility were true, it is unlikely that the relatively 

short cDNA probe of 500 nucleotides would contain sufficient sequence 

homology to be able to hybridise with all the Alul and HaeIII restriction 

fragments which were generated, since it is prepared against 10% of 

the mRNA only and probably corresponds to the 3' end. 

The eDNA was shown in Chapter II, Section 2.2.9 to consist of 

more than one myosin heavy chain sequence. The R o t, value obtained 
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from the kinetics of hybridisation to the template mRNA indicated that 

2-3 different myosin heavy chain sequences were represented, and 

therefore if these sequences are present as single copy in the genome, 

then 14-21 positive plaques would be expected. However, since more 

than twice this number (that is, 43) areas of true probe hybridisation 

were observed, it can be concluded that either the myosin heavy chain 

sequences are duplicated within the genome of the chicken, or that they 

exist as a family with considerable sequence homology, representing 

myosin heavy chain for various types of muscle, with which this short 

eDNA is able to cross react. 
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6.1 Introduction 

The original aim of this project, as described in Chapter I, 

was to furtherinvestigations into muscle function genes at the level 

of the nucleic acids as part of an on-going scientific programme being 

conducted in this laboratory with the support of the Muscular Dystrophy 

Group of Great Britain. The reasons for choosing the myosin heavy 

chain gene in particular were also discussed in Chapter I with an 

outline of the strategy behind the work presented in this thesis. As 

previously mentioned, it was decided to construct a genomic DNA 

library with a view to isolating the myosin heavy chain gene sequences 

with their corresponding flanking and intervening sequences using a 

purified hybridisation probe. Such specific sequences should be 

invaluable tools for investigations into controversies arising from 

current research on muscle development. 

The achievements of the project can be classified under three 

headings: 

(a) a specific hybridisation probe for the chick embryonic 

skeletal muscle myosin heavy chain gene was prepared 

and characterised, as described in Chapters II and III. 

..(b) A chicken genonie DNA library was constructed, as 

described in Chapter IV. 

(c) Using plaque hybridisation techniques, clones carrying 

myosin heavy chain gene inserts were identified, though 

the actual structure of these sequences was not investi-

gated. However, one advantage of genomic DNA 

libraries is that they can be continually screened for 

any sequence for which a probe is available and there-

fore such clones can be isolated in the future for 

sequence determinations. 

Since this project was initiated others have adopted similar schemes 

which will be discussed later in this chapter. 
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6.2 Conclusions 

6. 2. 1 Purity of the cDNA Probe and its Cross Hybridisation 

with Cloned Genomic Sequences 

The reliable screening of the DNA library, in an attempt to 

identify recombinant bacteriophage carrying myosin heavy chain 

gene sequences, was primarily dependant on two qualities of the 

cDNA probe. These were, most importantly, the purity of the probe, 

and, secondly, the eDNA length, which would partially dictate the 

final number of recombinants identified due to cross reactivity with 

different myosin heavy chain gene sequences, the extent of which is 

unknown. The more complete the copy, the more specific it will be 

as a hybridisation probe. 

It was shown in Chapters II and III that myosin heavy chain 

mRNA could be isolated in a very pure form from a single 1 ml fraction, 

f2, collected from the bottom of a heavy poly some sucrose gradient. 

Other fractions collected from the heavy polysome region also contained 

myosin heavy chain mRNA, but never in a form uncontaminated with 

other messengers. The purity was determined initially by in vitro 

translation of the mRNA in three cell-free systems; one homologous, 

requiring addition of polysomes and, two heterologous, the wheat 

germ and rabbit reticulocyte lysate systems, requiring addition of 

mRNA. Polyacrylamide gel electrophoresis in the presence of denatur-

ing agents, SDS and 8-mercaptoethanol, demonstrated that a single 

protein was synthesised by the f2 polysomes which co-migrated with 

purified myosin heavy chain with an apparent molecular weight of 

200,000 daltons. 

Such in vitro translation studies indicated that the mRNA prepara-

tion was not contaminated to any detectable extent with other mRNA 
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species. However, these gave no indication as to the possible extent 

of contamination with ribosomal RNA sequences, which would not be 

identified in this way. Following reverse transcription, therefore, 

the sequence complexity of the probe was further examined by the 

hybridisation of the 3 H-cDNA to its template mRNA. The kinetics of 

hybridisation showed a single transition approaching 100% duplex 

formation. The absence of minor transitions further reinforced the 

conclusion that the mRNA, and thus the eDNA, was not contaminated 

to any detectable level with minor RNA species, though the R 0 t 1  value 

obtained did indicate the possible existence of more than one myosin 

heavy chain sequence in the mRNA population as was suggested 

previously by Patrinou-Georgoulas and John (1977). However, the 

likely possibility of contamination by rRNA cannot be eliminated since 

rRNA is not efficiently reverse transcribed due to the absence of a 

suitable primer sequence and therefore may not be detected by the 

back hybridisation procedure. This argument, however, can be 

similarly used in a more positive way: if rRNA is not reverse trans- 

cribed, then even if it is present in the mRNA, it will not be represented 

in the cDNA and therefore will not interfere with the screening process 

since it is the eDNA which is used as the probe. The copying efficiency 

of rRNA by reverse transcriptase has been reported to be very low 

(King et ci., 1979; Williams and Lloyd, 1979) and does not generally 

present a problem but it is important to be aware that mRNA prepara-

tions are normally contaminated to a significant extent with rRNA, 

and therefore false positives can arise if screening is performed with a 

cDNA as in this project. Such effects can be further amplified because 

of the multiplicity of ribosomal genes. Ideally, eDNA cloned in a 

bacterial plasmid is the better probe, since, by definition, it represents 
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only a single sequence and this reduces the chances of detecting false 

positives. Thus, the genomic sequence of an abundant mRNA can be 

detected more convincingly if the eDNA is first cloned and then isolated 

from a single, well characterised recombinant plasmid and then employed 

as a probe for screening genomic libraries. This sort of scheme would 

be very feasible for myosin heavy chain due to the abundance of the 

mRNA, and would allow the use of a single sequence probe, rather than 

a mixed one, as was probably employed here. Myosin heavy chain 

eDNA clones have been isolated recently by other workers and will be 

discussed in a later section of this chapter. 

The degree of contamination of the myosin heavy chain mRNA 

preparation was estimated to be as high as 35% as shown in Table 2.3, 

though the extent to which this was transfered to the cDNA probe 

following reverse transcription was not determined until late in the 

screening process. The same clones were screened with both the cDNA 

and a specific nick-translated ribosomal DNA probe to estimate the 

number of clones recognised by both probes. This was too late to 

make any adjustments to the composition of the probe, but did show 

that the eDNA was much less contaminated with ribosomal sequences 

than its mRNA template. However, a significant number of common 

recombinants were recognised by the two probes which is probably a 

reflection of the repetitive nature of the ribosomal genes which are 

represented in approximately 50 times as many phage as the myosin 

heavy chain sequences. However, awareness of these findings made 

it possible to use the eDNA probe with an acceptable degree of con-

fidence. 

The 32 P-labelled myosin heavy chain cDNA sequence was used to 

screen a total of 2.5 x 10 5  recombinant phage, which corresponded to 
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5 genomes of chicken DNA since the inserts were close to 20 kb in 

length. If the probe was able to recognise a single copy gene only, 

and the library was a complete sequence representation of the chicken 

genome, then an absolute maximum of five positive clones would be 

expected. However, a tenfold increase on this expected value was 

obtained, and 53 positive recombinants were identified by plaque 

hybridisation. Ten of these, that is 20%, may be attributed to con-

taminants in the probe which recognised recombinant phage carrying 

ribosomal sequences. The fact that a further 43 recombinant phage 

were able to hybridise with the probe suggests three possibilities: 

There is a relatively high degree of non-specific 

hybridisation to the plaques, or non-specific adsorption 

by the nitrocellulose filters. 

The two or three myosin heavy chain genes represented 

in the cDNA probe are present in several copies in 

the genome. 

(C) The probe is able to cross react with the genomic 

sequences of different myosin heavy chain genes which, 

therefore, may exist as a family of sequences even 

though they may not be directly represented in the 

probe, such as cardiac and non-muscle myosin heavy 

chain gene sequences. 

The first of these possibilities is a technical problem which was 

discussed in detail in Chapter V. Spots on the autoradiographs 

corresponding to non-specific adsorption of 32 P-cDNA by the nitro-

cellulose filter have definite characteristics which make them readily 

identifiable, and, therefore, such artifacts are not included in the 

43 positives referred to here. The degree of non-specific hybridisation 

to recombinant phage can only be tested by rescreening isolated plaques. 
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In this study, it is impossible to distinguish between possibilities 

(b) and (C). Since the cDNA is only a partial copy (10%) of the 

mRNA, as shown in Figure 3.6, it is likely, due to the similar amino 

acid sequences of various myosin heavy chains that it will not be 

completely specific for one sequence only. The several forms of the 

myosin heavy chain polypeptide have some similar properties, such as 

electrophoretic mobility, the ability to complex with other muscle 

proteins, such as actin, and some have similar ATPase activities. 

Therefore, they may share common amino acid sequence domains which 

confer these properties and which will be represented in the nucleotide 

sequence, to a certain extent, also. It is therefore probable that a 

partial DNA copy of a myosin heavy chain gene will recognise several 

related, but not identical, genomic sequences, and the extent of any 

cross hybridisation will depend partially on the length of the cDNA 

probe. The more complete the copy, the more unstable hybrids will be 

under stringent hybridisation conditions, if they are not entirely 

complementary, and therefore the more specific the probe will be for 

one or very few sequences. However, these arguments may not be 

entirely justified as Mahdavi et al. (1982) have shown in some recent 

sequencing studies on cardiac muscle myosin heavy chain that the 3' 

end of the mRNA molecule consists of a short nucleotide sequence which 

is highly specific to one particular myosin heavy chain type, and Rozek 

and Davidson (1983) also indicate that the 3' end of the primary trans- 

.cript is important in determining myosin heavy chain type in Drosophila. 

It would, therefore, be desirable to obtain a complete cDNA 

probe rather than the 10% copy only. Much effort has been directed 

towards defining conditions which optimise cDNA synthesis due to its 

importance in molecular biological research, but unfortunately there are 
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many discrepancies between different laboratories. The two main 

criteria are the yield of eDNA per amount of input mRNA, and the 

length of the cDNA; and the optimal conditions for the former are 

not necessarily those for the latter. It is, of course, the latter 

criterion which is important here, and some effort was made during 

this work to devise a method of increasing cDNA length as mentioned 

in Chapter III. However, since then an attempt has been made to 

rationalise the various reaction conditions used in many laboratories 

and has shown that much of the confusion arises from the use of 

reverse transcriptase contaminated with ribonuclease (Retzel et al., 

1980). By using highly purified reverse transcriptase, the other 

modifications to the basic procedure have no effect, and a high propor-

tion of full length transcripts can be obtained from the avian mycelo-

blastosis virus (AMV) genome, an RNA which is 3-4-fold longer than 

the average eukaryotic mRNA at 7500 nucleotides, and is also longer 

than a very long eukaryotic mRNA, such as myosin heavy chain which 

contains 7100 nucleotides. However, it must be realised that reverse 

transcription is a natural process to AMy, from which the enzyme is 

obtained, and therefore efficient copying is to be expected. The 

eukaryotic mRNA used in the studies of Ret zel et al. (1980) and which 

was copied completely, was conalbumin, consisting of 2750 nucleotides 

which is considerably shorter than the myosin heavy chain messenger. 

Therefore, the number of positive plaques identified would be 

reduced if a full length cDNA probe was available for screening, but 

this would still depend very much on the degree of sequence homology 

between the various myosin heavy chain genes. The only satisfactory 

way to distinguish between the clones would be to grow them in isolation 

to obtain enough DNA for sequencing studies. This, of course, would 
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be highly desirable, since specific probes for the various myosin 

heavy chain genes may then become available. Knowledge of the 

complete genomic sequence may reveal particular regions of the molecule 

unique to one heavy chain type and if of sufficient length, this oligo-

nucleotide region could be synthesised in vitro and-employed as a 

specific probe in studies on muscle development using the technique 

of in situ hybridisation (Jones and Murray, 1975) with tissue slices. 

A synthetic oligonucleotide of just 13 nucleotides was sufficient to 

identify the mRNA for the hormone, gastrin (Noyes et al., 1979), by 

Northern blotting of total mRNA isolated from the intestine onto 

nitrocellulose filters followed by hybridisation of this probe with the 

immobilised mRNA. Such a technique is becoming more widely used 

and could be adapted to hybridisation studies on tissue sections. 

A small synthetic probe could represent an intron where the sequences 

may be more diverse between different genes and the problems of 

extensive similarities in the eDNA sequences would then become 

irrelevant. Such small, but specific oligonucleotides for the different 

myosin genes would be extremely useful in research into muscle 

development and associated disorders. 

6. 2. 2 Sequence Representation within the Library 

A further very important factor determining the number of 

positive clones identified in this study is the completeness of the 

sequence representation of the library. Several factors are to be 

considered here: 

Were sufficient 20 kb fragments, randomly generated by 

partial restriction enzyme digests, available for cloning? 

Were sufficient clones generated following in vitro 

packaging and what are the selection pressures acting 

on this process? 
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(C) Do selection pressures act on the individual re-

combinants during amplification of the library? 

(d) Were the final numbers of clones obtained and 

screened sufficient to statistically have a very high 

chance of representing all single copy gene. sequences? 

When the library was screened with a 32 P-nick translated ribo-

somal DNA probe, 188 positive plaques were identified from the 10 

which were screened, as described in Chapter V, Section 5.3.1. 

This indicated that the ribosomal gene sequences make up 0.19% of 

the total genome which is in close agreement with previous estimates 

(McClements and Skalka, 1977) and therefore suggests a complete 

chicken genome sequence representation in this library. However, 

due to the much less abundant nature of the myosin heavy chain 

sequences, the factors listed above must also be given careful con-

sideration when attempting to determine the expectation of detecting 

such a sequence amongst so many inappropriate ones. 

The chicken DNA was fragmented using a double, partial digest 

with the restriction endonucleases HaeIII and Alul, as described in 

Chapter IV, Section 4.5.3. The reaction conditions were suitably 

manipulated so that a large proportion of the resulting fragments were 

in the size range 19 to 20 kb in an attempt to prevent elimination of 

particular sequences at this initial stage. Both enzymes have the 

minimum recognition sequence of four bases which results in a more 

random collection of fragments following partial digestion. A total of 

65 .tg of recombinant DNA was employed in the packaging reaction 

which corresponds to 26 ig of chicken DNA and represents 2.08 x 10 

chicken genomes (the haploid DNA content of the chicken is 1.25 pg; 

Mirsky and Ris, 1949; Vendrely and Vendrely, 1949). Therefore, 
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if the restriction enzymes operated in a truely random fashion, all 

single copy sequences should be represented in this amount of recom-

binant DNA (Clarke and Carbon, 1976). However, the experience of 

some workers has shown that libraries constructed by the methods 

described in this thesis may lack certain sequences. For example, 

Maniatis and his co-workers (Lawn et al., 1978) constructed a human 

genomic library using the restriction endonucleases HaeIII and Alul, 

but were unable to identify clones carrying the y globin gene or the 

region between the y-  and 5-globin genes, though several -globin 

gene recombinants were isolated. The y-globin sequence was eventually 

isolated from a library constructed with the restriction endonuclease, 

EcoRl, and the region separating the y-  and 5-globin genes from a 

library constructed with MboI digested DNA (Van Der Ploeg et al., 

1980). It is not understood why some sequences are absent or under-

represented following some enzyme digests. Some sites may be prefer-

entially cut, even in partial digests giving small fragments which will 

never be packaged due to the lower limit size restriction, or there may 

be isolated regions in the genome of several thousand base pairs 

(greater than 20 kb in these cases) which simply do not contain the 

necessary recognition sequences, even though this is highly unlikely 

on a purely statistical basis, giving large fragments which are also 

eliminated prior to packaging. Of course, some recombinants may be 

lost during the cloning or amplification processes for other reasons to 

be discussed later. 

A total of 6.8 x 105  recombinant phage particles were recovered 

from the packaging reaction, which represents greater than 10 chicken 

genomes. All sequences should be represented in this number (Clarke 

and Carbon, 1976), though it is towards the lower limit for certainty 
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of single copy sequence representation. The efficiency of packaging 

(10 recombinant phage were recovered per jig of input recombinant 

DNA) was also low when compared with the values of 3.1 x 10- 5.6 x 

iO obtained by Maniatis et al. (1978) though 101  is equivalent to the 

maximum recorded for transfection efficiencies. The low packaging 

efficiencies may be due to the quality of the packaging extracts since 

the efficiency of packaging intact charon 4A DNA (4.1 - 8.3 x 10 pfu 

per jig) was found to be, on average, ten-fold lower than that recorded 

by Maniatis et al. (1978) of 2 - 20 x 107  pfu per jig. The packaging 

extracts used in this study were prepared from different bacterial 

strains to those used by Maniatis and co-workers, but without comparing 

the two directly it is impossible to determine whether one set of strains 

has some advantage, or whether an unknown factor contributed to 

the lower packaging efficiencies obtained here. However, it is necessary 

to remain aware of the fact that these low packaging efficiencies may 

contribute to the under-representation of sequences in the final library. 

Though, if this arises, it will be an entirely random process since 

packaging does not rely on phage growth within a host cell, as does 

transfection, and therefore within certain size limits, the characteristics 

of the DNA being packaged are of little consequence. 

Several factors may contribute to the further loss of sequences 

during library amplification. Slow growth of some recombinant phage 

due to a disadvantage such as slow replication, the production of toxins 

by certain clones, or by further recombination of the recombinant DNA 

molecule, is one possible reason for selective loss, though efforts were 

made to minimise these competitive growth effects and any other selection 

pressures of a genetic type, by amplifying the library on low density 

plate lysates, as described in Chapter IV, Section 4.9. The eukaryotic 
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DNA insert size may also exert selection pressures on the growth of a 

particular recombinant phage. Fiëss et al. (1977) showed that low 

yields of recombinants were obtained following amplification if the 

recombinant DNA molecules which are of a size towards the upper or 

lower limits of the packaging range. Therefore, since recombinants 

are continually repackaged every generation during amplification, those 

with a size approaching these limits will be selected against which may 

result in selective elimination of certain sequences from the complete 

library. For this reason, 20 kb were chosen as the insert size in this 

project as a compromise between the maximum permissible size of 

22.5 kb, which would subject many clones to the possibilities of elimina-

tion, and a smaller size which would unnecessarily increase the number 

of clones required to detect a single copy sequence when screening. 

The loss of single copy sequences during library amplification was 

tested in a simple experiment. Tritiated single copy tracer DNA from 

Drosophila was hybridised to both sheared Drosophila genomic library 

DNA and embryo DNA. The re-association rates were found to be 

identical and therefore the single copy complexity in the library was 

the same as in the intact organism. In this case, there was no apprec-

iable loss of single copy DNA during library amplification, though the 

loss of a few selective sequences would not be detected by this method. 

The stability of clones has also been shown to present a problem 

in certain cases and is worth consideration here. In a few cases, 

specific deletions in DNA cloned in phage A have been detected and 

shown to be artifacts in the cloning procedure. For example, Lacy 

et al. (1979) detected a 4.35 kb deletion in a rabbit a-like globin 

sequence, Fritsch et al. (1980) showed a deletion in a clone spanning the 

region between the Gy_and  A.g1obin genes, and Lauer et al. (1980) 
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showed that deletions occur at high frequency in phage A clones con-

taining the ci -like genes. A common factor in these examples seems to 

be the occurrence of deletions in genomic areas showing a high degree 

of sequence homology, and therefore perhaps arise by unequal crossing 

over during growth of the phage. This is reinforced by the finding 

that cosmids grown in a recA host have a very low incidence of such 

deletions. Since it is probable that different myosin heavy chain genes 

share some common sequences, the possibility of crossing over occurring 

between different genes and thus introducing deletions is very real and 

should be considered when sequencing. 

The haploid DNA content of evolutionary diverse organisms varies 

considerably, as shown in Table 6.1. For example, Escherichia co/i 

has the potential to code for 3000 - 4000 different gene products, whereas 

the corresponding number in humans is 106,  though only a small propor-

tion of this DNA does code for protein. Table 6.1 also shows the 

theoretical number of clones required to represent the total genomes of 

four very diverse types of organism. Statistically, this means that 

there is a 50% chance of detecting a single copy sequence when screening 

a library containing this minimum number of clones, and when screening 

twice this number there is a 75% chance, and so on. Therefore, 3-10 

times the minimum number of clones should be screened to ensure a 

reasonable chance of identifying a particular gene. As stated previously, 

6.8 x 10 clones were obtained following in vitro packaging which 

represents greater than 13 times the minimum number, and following 

amplification, 2.5 x iO recombinants were screened representing five 

times the number required for a 50% probability of isolating a particular 

gene which is equivalent to a 96.9% chance of detecting a single copy 

sequence. Since 43 clones were recognised by the cDNA probe, it was 
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TABLE 6.1: The Theoretical Number of Recombinants Required 
to Represent a Complete Genome. 

Size of 	
Organism 

fragment 	Bacteria.. 	Fungi 	Chicken 	Mammals 
(kiobase pairs) 	2 x10 6  bp 	2 x 107  bp 	1 x 10 9  bp 	3 x 10 9  bp 

5 	 400 	4,000 200,000 600,000 

10 	 200 	2,000 100,000 300,000 

20 	 100 	1,000 50,000 150,000 

40 	 50 	 500 25,000 75,000 

The theoretical, minimum number of clones required when cloning 

genomic DNA into a bacteriophage X library in order that the total 

genome of four very evolutionary diverse species will be represented. 

Figures are given for DNA fragment sizes of 5, 10, 20 and 40 kb. 
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considered that one or more of these initially positive recombinants 

would contain a myosin heavy chain sequence, and therefore that the 

number of clones obtained and the screening procedure were adequate. 

A second, and possible third, screening of these first-time positives 

will be necessary to determine unambiguously how many represent true 

myosin heavy chain genes and how many are false positives due to 

unavoidable non-specific hybridisation of the probe, the extent of which 

is entirely unknown. 

6.3 Other Studies of this Type 

As mentioned at the beginning of this chapter, several workers 

have adopted a similar strategy to that outlined in thiS thesis. The 

lines of investigation can be broadly divided into two categories, 

though these are very much inter-related. The first is the structure 

and number of the myosin heavy chain gene(s) and the second is the 

regulation of expression of these genes during development and in 

specific muscle cell types. As discussed in Chapter I, Section 1.3.7, 

most information so far has been gained from eDNA clones, and a large 

amount of interesting sequence data has emerged. However, genomic 

myosin heavy chain gene clones, in combination with cDNA clones, 

must be used to study the actual structure of the gene sequence and to 

identify possible control regions within that sequence. An initial study 

of this nature has been presented by Nudel et al. (1980). 

6. 3. 1 Myosin Heavy Chain Gene Number 

A series of cDNA clones which hybridised with myosin heavy 

chain mRNA were constructed by Nudel et al. (1980) and a rat genomic 

library, constructed in charon 4A, was screened using one of these 
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clones as a hybridisation probe. The positive genomic sequences fell 

into three categories based on their restriction patterns following 

digestion with the enzymes EcoRl, Hindlil and BamHI. Two of the 

isolated genomic sequences were hybridised to each other and studied 

by heteroduplex analysis under the electron microscope. This revealed 

the existence of several homologous regions interspersed with regions 

of non-homology. Such non-homologous areas may simply represent 

non-hybridising sequences within two different genes; or they may 

represent intervening sequences. Nudel et al. (1980) suggest the 

latter due to the difference in size between the observed loops. The 

myosin heavy chain proteins are all of a similar size and therefore may 

be expected to contain :simi1r.. amounts of DNA within the coding 

regions of their genes, though this argument may not necessarily be 

true, as some splicing of information may take place at the level of a 

precursor RNA, following transcription. The size and number of these 

intervening sequences is not suggested by Nudel and co-workers, but 

more recent, similar studies by Wydro et al. (1983) suggest introns 

which total 30 kb of DNA within a gene whose mRNA is only 7100 nucleo-

tides in length, and Rozek and Davidson (1983) have tentatively 

identified 9 introns within a single myosin heavy chain gene of Drosophila 

melanogaster. The mRNA length also suggests the possible existence 

of further large regions of non-homology within the myosin heavy chain 

genes since only 5500 nucleotides are required to code for the 2 x iO 

dalton protein. This implies that one or more large areas of the gene 

exist which are represented in the mRNA but are not translated and 

whose nucleotide sequence may have diverged considerably. 

The suggestion that the myosin heavy chain genomic sequence 

of the rabbit is of the order of 37 kb (Wydro et al., 1983) implies that 
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a single bharon 4A recombinant, containing the maximum insert of 22.5 

kb, will never contain the whole gene. Indeed, the DNA library 

prepared in this project consisted of charon 4A recombinants carrying 

20 kb inserts, and therefore it is likely that a complete genomic 

sequence will be detected in a minimum of two or three individual 

recombinants depending on the exact positions of Alul and HaeIII 

restriction sites. This uncertainty makes the estimation of gene number 

from the number of positive clones identified within a library very 

difficult. A Drosophila genomic library was recently screened by 

Rozek and Davidson (1983) and two clones representing a single MHC 

gene were identified. The genomic length of the gene is estimated to 

be 20-22 kb, with a transcriptional unit of 19 kb, carrying at least 

9 introns. Chromosome walking techniques can be used to isolate 

recombinants carrying pieces of adjacent, overlapping DNA. Such 

techniques, employed here to piece together a complete copy of the 

myosin heavy chain gene, may answer such questions as to what lies 

upstream or downstream from a given gene or cluster on a given 

chromosome. The principal of this very useful molecular mapping 

technique involves fragmentation of a particular positive clone with 

a restriction endonuclease to generate a terminal fragment which 

contains single copy DNA. This is then labelled in vitro by nick 

translation and hybridised back to the original library, making it 

possible to isolate more clones containing this terminal fragment, some 

of which will extend further upstream if a 5' fragment was used as the 

probe, or downstream if the probe was a 3' fragment. This process 

can then be repeated, and theoretically a whole myosin heavy chain 

gene and its flanking sequences could be isolated. However, since 

many investigations indicate that the myosin heavy chain gene family 
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has several members in birds and mammals, then similarities in sequence 

may make the isolation of sufficient lengths of single copy DNA, suitable 

as probes in the chromosome walking technique, very difficult. There-

fore, if the myosin heavy chain gene sequences are shown to be very 

large, it may be wiser to use another cloning system which accepts 

much larger DNA fragments as inserts, such as the cosmid system. 

The chances of isolating a gene sequence in a single recombinant are 

then very much increased. This would simplify structural comparisons 

of individual members of a gene family due to increased certainty that 

a particular sequence is not a hybrid of various members of the family. 

Cosmids are cloning vectors which accept foreign DNA inserts of 

up to 45 kb. They are derived from plasmids which also contain the 

bacteriophage X cohesive ends (Collins and Brüning, 1978; Collins and 

Hohn, 1979) and are therefore recognised by the X packaging system as 

described in Chapter IV. They are transduced at high efficiency 

into E. co/i and once within the bacterial cell they circularise and 

resemble plasmid vectors, rather than X vectors, by confering some 

antibiotic resistance. They are frequently less than 5 kb in size, and 

therefore, because of the size restrictions imposed by the packaging 

system, the foreign DNA insert must be of a minimum size. Hence, 

the cosmid system is an efficient way of cloning large fragments of DNA 

and therefore may be advantageous for the isolation of complete myosin 

heavy chain genes. 

The number of different myosin heavy chain genes which exist 

is still highly speculative, despite the application of recombinant DNA 

technology. Nudel etal. (1980) show that at least five different genes 

are represented in rat skeletal muscle but do not suggest at what stage 

of development these are expressed. Similar estimates of between 5 and 8 
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different genomic sequences have been made by other workers in the 

rat (Nguyen et al., 1982) and the chick (Robbins etal., 192), though 

these may be underestimates since the probes employed may not detect 

smooth muscle and non-muscle myosin sequences. Patrinou-Georgoulas 

and John (1977) showed that two sequences are actually expressed in 

embryonic chick skeletal muscle by an analysis of R ot curves, and this 

is confirmed in Chapter II, Section 2.2.9, but they were unable to 

speculate on the number of genes represented in the genome. Similarly, 

two different eDNA clones were detected by Umeda et al. (1981) as 

representing the mRNAs expressed in embryonic chick skeletal muscle. 

Mahdavi et al. (1982) showed that at least two myosin heavy chain genes 

are expressed in the rat heart muscle, but due to sequence homology, 

their hybridisation data is unable to determine exactly how many genomic 

sequences exist. 

Data concerning the number of myosin heavy chain genes is con-

tinuing to accumulate, and unfortunately this is made more speculative 

due to varying experimental conditions. Variations in exposure times 

and hybridisation stringency conditions can contribute considerably to 

background levels and thus to false positives or, conversely, can cause 

failure of detection of some positives. However, the fact which is 

unanimously agreed throughout the literature is that myosin heavy chain 

genes exist as a multigene family in mammals and birds, as has been 

comprehensively described for the actins (Schwatz and Rothblum, 1980; 

Cleveland et al., 1980; Zimmer and Schwatz, 1982) and globins (Fritsch 

et al., 1980). Recent observations on peptide mapping (Whalen and 

Sell, 1980), immunological cross reactivity (Whalen et al., 1981) and the 

DNA analysis described above, suggest the family may consist of as 

many as ten members in the rat. However, in contrast to these findings, 
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Rozek and Davidson (1983) have more recently isolated two overlapping 

myosin heavy chain genomic clones from a Drosophila melanogaster 

DNA library which represents the only myosin heavy chain gene in the 

Drosophila genome. 

An interesting and perhaps relevant point emerging from the 

recent eDNA sequencing data of myosin heavy chain clones is the fact 

that the coding sequences of the genes give rise to mRNA's which have 

highly unconserved 3' sequences, as shown diagrammatically in Figure 

6.1. A small part of this is translated, corresponding to 5-10 amino 

acids, but most is untranslated. It may, therefore, be more fruitful 

to employ short eDNA sequences as hybridisation probes in the search 

for specific genomic sequences as these will consist of sequences 

represented at the 3' ends of the mRNA molecules which may be highly 

specific for particular myosin heavy chain types. It is sequence data 

of this type which confirmed unambiguously that at least two cardiac 

myosin heavy chain genes are expressed in the adult rat (Mahdavi 

et al., 1982). It has been demonstrated with actin eDNA sequences 

that those clones containing 3 1 -non-coding sequences hybridise specific-

ally to their homologous mRNA's, and cross hybridisation is very weak 

(Cleveland et al., 1980; Shani et al., 1981b). 

Comparisons of gene sequences isolated by recombinant DNA 

techniques allow evolution to be studied at a molecular level. There 

is'sufficient data available on the myosin heavy chain gene sequences 

to be able to speculate on the nature of the genes' evolution, but such 

studies will be possible as more sequencing data is generated, partic-

ularly from the further detailed characterisation of cloned genomic DNA 

as described in this thesis. The actin genes have been comprehensively 

studied in this way. A comparison of actin genes which are widely 
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FIGURE 6.1: 

A general summary of the available structural data of the myosin 

heavy chain gene is shown diagrammatically. The information 

presented in (a) was accumulated from studies on eDNA clones, 

so no information on the position or size of possible intervening 

sequences is shown. The 3' non-translated region spans a maximum 

of 120 nucleotides. (b) is a representation of the studies of 

Rozek and Davidson (1983) who have tentatively identified 9 introns 

in the myosin heavy chain gene of Drosophila. The exons are 

shown as boxes and the introns as the lines between them. 

The scales of (a) and (b) are not identical. The total length 

covered by the boxes in (b) is equivalent to the coding sequence 

shown in (a). 
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separated evolutionarily, such as sea urchin with Drosophila or yeast 

shows a moderately high percentage of nucleotide sequence divergence 

of the order of 14-18% (Cooper and Cram, 1982), but the actin amino 

acid sequence has been highly conserved throughout evolution. For 

example, Physarum actin shows only 5% amino acid divergence from 

mammalian actins (Vandekerckhove and Weber, 1978) and sea urchin 

actin only 6% divergence from that of Drosophila (Cooper and Cram, 

1982). Therefore, in the case of this highly universal protein, evolu-

tionary conservation appears to result from selective pressure at the 

protein level rather than the nucleic acid level where there is more 

opportunity for silent substitution in the third base of atriplet. The 

sequence information obtained from the myosin heavy chain eDNA clones 

so far isolated suggest close similarities between the genes which are 

expressed in a particular tissue of a single species. The two rat 

cardiac myosin heavy chain eDNA clones isolated by Mahdavi et al. 

(1982) show about 8% nucleotide divergence only. However, no compari-

sons have yet been made between evolutionary diverse species simply 

because the sequence data is not sufficiently complete. The isolation 

of genomic clones will enable the evolutionary rates of the coding and 

non-coding regions to be compared. In systems studied so far, such as 

the globins, it has been shown that selection pressures acting on the 

exons are far greater than those acting on the introns. 

The divergence of gene sequences throughout phylogeny is just 

one measure of molecular evolution. Superimposed upon this is the 

evolution of multigene families as must have occurred with myosin heavy 

chain. The first of such gene families to be studied were the histones 

(Kedes and Birnsteil, 1971) and ribosomal RNA genes (Brown and 

Weber, 1968; Brown et al., 1971) which are the simplest cases, 
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consisting essentially of identical copies of tandem repetitive blocks 

which appear to have evolved by simple duplication due to unequal 

crossing-over at cell division. More complex examples have since been 

extensively studied, such as the globin gene family. Here, the 

individual sequences have diverged but remain linked in two clusters, 

as described in Chapter I, Section 1.3.6. 

Very little is known about the linkage relationship between members 

of the myosin heavy chain gene family, but it seems probable that a 

further evolutionary procedure may have taken place - that is, disper-

sion of the various sequences throughout the genome such that they are 

now unlinked. Davidson et al. (1982) have suggested that various 

actin genes may have been dispersed throughout the genome during 

evolution into different regulatory modules depending on their sequence 

of expression in different tissues and during different developmental 

periods. 

6. 3. 2 Myosin Heavy Chain Gene Expression 

The regulation of the expression of muscle specific genes during 

development and in particular cell, types is an area of investigation to 

which recombinant DNA techniques will contribute considerably in the 

future. The subject at present is highly controversial, as discussed 

in detail in Chapter I, Sections 1.2.4 and 1.2.5, where much of the 

in vivo and in vitro studies on gene expression were presented. These 

have attempted to measure the accumulation and relative levels of protein 

and mRNA within a particular cell type, particularly when develop-

mental changes cause a switching from one phenotype to another. The 

main controversies which have arisen from these earlier studies concern: 
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The levels of control of muscle specific genes. That 

is, are they solely transcriptional, or does translation 

play a major role too? 

The timing of the onset of myosin heavy chain (and 

other muscle specific protein) synthesis during early 

development of the muscle. 

(C) The number and type of myosin heavy chain genes 

expressed in the various foetal and adult muscle tissues. 

(d) If an embryonic form of myosin heavy chain is 

expressed, when is its synthesis repressed, and the 

adult forms induced? 

Simple measurement of the levels of a particular protein or a 

messenger RNA, indirectly by in vitro translation, and analysis of 

the protein products is too susceptible to inaccuracies in the methodol-

ogy employed to yield conclusive solutions to the above dilemmas. 

Indeed, it is such methodology which created the controversies initially. 

Hence, very precise procedures which specifically detect the expression 

of a gene for a particular type of myosin are necessary in experiments 

designed to determine the control mechanisms involved. Such studies, 

using recombinant DNA techniques are in their very early stages at 

present and the small advances which have been made recently on 

myosin heavy chain gene structure, number and organisation have not 

yet provided enough data to determine some fundamental points such as 

the existence of 5' regulatory regions adjacent to myosin heavy chain 

genes which may indicate some mechanism of activation or repression. 

However, continued examination of the myosin heavy chain gene structure 

and analysis of the transcription products of the different molecular 

forms of the gene family may reveal some regulatory mechanisms. 

Linkage relationships, as mentioned earlier, between the various muscle 
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specific protein genes have not been conclusively elucidated, but 

accumulating evidence based mainly on actin and tubulin would tend 

to argue against linkage of genes which are co-expressed in a given 

contractile muscle (Fyrberg et al., 1980; Cleveland et al., 1981). 

Therefore, regulation is probably not by some cis-acting regulatory 

sequence, but instead a trans-acting mechanism may be responsible 

for co-ordinated gene expression. 

A situation which is contrary to all previous work is the finding 

described by Rozek and Davidson (1983) that the Drosophila melano-

gas ter genome contains a single myosin heavy chain gene but from 

which three mRNA species of 7.2 kb, 8.0 kb and 8.6 kb are expressed. 

These RNAs arise through different patterns of splicing at the 3' end 

of the primary transcription unit which alter at the various develop-

mental stages of the fly as it progresses through the embryo, larval 

and pupal stages to the adult fly. Rozek and Davidson (1983) 

speculate that a single gene which can be regulated in this way may 

provide sufficient genetic information for myofibril formation through-

out the life of the fly. It is also suggested that other myosin heavy 

chain genes were not detected in their study due to lack of sequence 

homology which may have arisen by nucleotide sequence divergence 

throughout evolution. However, the possibility also exists that the 

fruit fly simply does not require multiple myosin heavy chain genes due 

to its muscle structure being much simpler than that of the other species 

which have been extensively studied. 

The use of very specific cloned nucleic acid probes for the 

various myosin heavy chain genes in hybridisation experiments could 

provide an accurate measure of the levels of mRNA in the various 

muscle types at very specific times. Dym et al. (1979) adopted this 
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approach to investigate the important question of transcriptional 

versus translational control mechanisms. Previously, translational 

control had been suggested following several findings, including the 

detection of myosin heavy chain mRNA as a stored, translationally 

repressed free mRNP particle (Bobbins and Heywood, 1978); the ability 

of cultured muscle cells, treated with the RNA synthesis inhibitor 

actinomycin D, to synthesise muscle specific proteins (Yaffe and Dym, 

1972); and marked differences in the stability of mRNA molecules and 

the myoblast and myotube stages of development (Buckingham et al., 

1974; Buckingham et al.; 1976). Since actinomycin D is now believed 

to be much less specific in the inhibition of RNA synthesis than at the 

time of the early studies, some of the conclusions from this work have 

been questioned. Dym et al. (1979), therefore, investigated this 

problem with a different approach. Using an uncloned myosin heavy 

chain cDNA, the extent of hybridisation with mRNA extracted from sub-

cellular fractions of cultured chick embryo breast muscle was measured. 

It was demonstrated that prior to cell fusion, before the onset of myosin 

synthesis, the majority of transcripts were present in a protein complex, 

whereas in differentiated myotube cultures, when myosin synthesis is 

occurring at a very high rate, the amount of stored mRNA is minimal, 

while a majority is localised in the poly some fraction. This apparent 

shift in the sub-cellular localisation of the myosin heavy chain mRNA 

suggests that translational control plays a major rle, perhaps as 

important as transcriptional control, in the regulation of gene expres-

sion, when a definite increase in the efficiency of translation takes 

place during terminal differentiation. This approach, using cDNA-

mRNA hybridisation is expected to yield more quantitative data since 

it is not limited to the detection of translatable messengers and does 
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not have to account for the different translational efficiencies of 

mRNA's as do the more indirect methods of estimation, such as in vitro 

translation. 

More recently, Saidapet et al. (1982), recognising the quantitative 

importance of the cDNA-mRNA hybridisation techniques, have adopted 

a similar approach to the same problem. These workers studied the 

distribution of mRNA abundance classes for contractile muscle proteins 

in general, between polysomal and mRNP fractions in chick embryo 

skeletal muscle, developing in ovo. They argue that this system is 

more physiologically representative than a tissue culture system and 

conclude that translational control is of minor importance only. Total 

cDNA to a mRNA fraction which represents approximately 20% of the 

total RNA was prepared and demonstrated to be muscle specific by its 

inability to hybridise to liver mRNA, but highly specific for myogenic 

tissue culture mRNA. This abundance class was shown to be represented 

more in polysomes than mRNP particles in 9-day embryo muscle (rich 

in myoblasts). The polysomal content increased twelve-fold from 9 days 

to 14 days of development (as fusion proceeds) with a further 3.6-fold 

increase from 14 to 18 days (rich in myotubes). This 45-fold increase 

in the polysomal level of these muscle specific mRNAs corresponded 

to a 3% decrease in the mRNP population, and therefore Saidapet and 

co-workers conclude that mRNPs are not a reservoir of untranslated 

muscle specific mRNAs and hence transcriptional control must play a 

major role. 

Although the approach of Saidapet et al. (1982) in using cDNA 

to quantitate the amounts of mRNA in different fractions is an excellent 

one and indirectly confirms the earlier work of Paterson and Bishop 

(1977) because a mixed eDNA probe was used, conclusions concerning 
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the distribution of myosin heavy chain mRNA cannot be made from 

this study. Therefore the results do not directly oppose those of 

Dym et al. (1979). Though translational control may not be of general 

importance in muscle protein synthesis, there is considerable evidence 

suggesting that it is very significant in the control of myosin heavy 

chain synthesis. 

A technique which will be invaluable if very specific probes 

become available is that of in situ hybridisation. John et al. (1977), 

using a cDNA probe prepared from the myosin heavy chain mRNA of 

chick embryonic skeletal muscle and this technique, were able to 

distinguish between myogenic and non-myogenic cells in tissue culture, 

and demonstrate that early replicating myoblasts contained no detect-

able myosin heavy chain mRNA. The first cells to synthesise this 

message were those undergoing mitosis which indicates, firstly, that 

it is not withdrawal from the cell cycle which triggers differential 

gene expression, and, secondly, that fusion is not a prerequisite since 

myosin heavy chain mRNA was also detected in EGTA treated, fusion 

blocked cells. 

The application of these recombinant DNA techniques to. the 

study of myogenesis is in its early stages. For it to progress, probes 

are now required which are specific for individual members of the 

myosin heavy chain gene family in order that tissue specific gene 

expression can be unambiguously investigated. Very few of these 

are available in a eDNA form and it is genomic DNA clones which will 

prove the most useful since the non-transcribed sequences, in general, 

are more divergent between various members of a gene family than 

the coding regions. Genomic clones, therefore, will be more specific 

for any one particular member. The eDNA probe prepared in this 
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project is a mixture of two or three sequences as demonstrated by the 

hybridisation data presented in Chapter II, Section 2.2.9, but the 

genomic clones which it detected in the chicken gene library could 

represent several members of the gene family due to an unknown extent 

of cross homology. 

Such highly specific probes are necessary in investigations into 

the critical period where embryonic muscle becomes adult type. Gene 

expression is influenced at this time by unknown factors which may 

reflect the physiological and hormonal status of the organism (Rubinstein 

et al., 1978)0 The rale, and even the existence, of embryonic type 

myosin, has been questioned, as have the relative quantities of fast and 

slow myosin in muscle during this development period (Whalen et al., 

1979; Whalen et al., 1981; Gauthier et al., 1982). Nucleic acid probes 

have been used to investigate these problems. Umeda et al. (1981) 

used chick embryo muscle myosin heavy chain eDNA clones to study the 

expression of individual myosin heavy chain genes and found two types 

to be expressed in agreement with this project and with Patrinou-

Georgoulas and John (1977). Both cDNAs. hybridised to fast muscle 

myosin heavy chain mRNA which prompted Umeda and co-workers to 

speculate that one represents a true fast form and the other an embryonic 

form which has some cross reactivity. This uncertainty again reinforces 

the problems encountered when genes have extensive sequence homology 

and stresses that nucleic acid hybridisation studies cannot be conclusive 

unless the probe is very specific. 

It has been shown that there are also two myosin heavy chain 

genes expressed in cardiac muscle, an a and a form (Sinha et al., 1982; 

Mahdavi et al., 1982). The expression of these genes follows a distinct 

developmental pattern (Chizzonite et al., 1982). During the second 
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half of gestation in the rabbit, the cL: 	protein ratio is 1 : 3, 

whereas after birth, a synthesis increases so that : $ is 1 : 1 two 

weeks postnatally. Following this, c synthesis decreases again and 

the a form remains exclusive in the adult. The mechanisms controlling 

the expression of these cardiac genes are not understood, but they 

are influenced by certain external factors, such as the application 

of thyroid hormonecauses continued expression of the cL-gene into 

adulthood and repression of the s-gene. Conversely, propylthiouMcil 

allows expression of the a form only. The isolation of eDNA clones by 

Sinha et al. (1982) and Mahdavi et al. (1982) has demonstrated that 

these two myosin heavy chains do indeed represent separate genes and 

appear to be specific to cardiac muscle, since the amount of hybridisa-

tion with skeletal and myogenic cell line mRNA can be accounted for by 

cross homology. The cDNAs show absolutely no affinity for smooth 

muscle or non-muscle tissue mRNA. 

6.4 Concluding Remarks 

It is clear from this and other studies, that a genomic myosin 

heavy chain clone is essential to the further progress of research into 

muscle gene expression. The achievements of this study are that a 

chicken genomic library has been constructed and several recombinant 

phage identified by screening with a partial eDNA copy of the myosin 

heavy chain mRNA from embryonic skeletal muscle. It can be concluded 

that more than one myosin heavy chain gene is expressed in chick 

embryonic muscle due to the fact that more than one sequence was 

shown to be present in the cDNA preparation. The number of positive 

recombinants identified by the cDNA in the genomic library suggests 

that the myosin heavy chain genes are present as a family of sequences 
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with some homology between them, and that each individual sequence 

may be present in more than one copy per genome. 

Many other workers have since cloned in bacterial plasmids, and 

characterised to various degrees, the myosin heavy chain eDNA, but 

thus far, a genomic clone has not been positively identified and 

sequenced from a mammal or bird. The example described by Rozek 

and Davidson (1983) is unusual, since it appears that a multiple family 

of myosin heavy chain genes do not exist in the fruit fly. 

Genomic clones will be extremely useful tools for differentiating 

between the various muscle myosins, as discussed at length throughout 

this thesis. Therefore, future investigations must concentrate on 

characterising the positive recombinant phage which were identified by 

the eDNA probe employed here. The true positives should firstly be 

identified by re-screening, and then sequencing studies used to 

identify the differences and similarities between them. 
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APPENDIX 

Solutions and Formulae 
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Acetate-EDTA 3M sodium acetate 
1mM EDTA pH 7.0 

Binding Buffer 0. 5M potassium chloride 
(autoclave) 0.1M Tris-HC1 pH 7.6 

Concentration Buffer 40mM Tris-HC1 pH 8.0 
(Filter sterise) 10mM sodium azide 

10mM magnesium chloride 
10mM putrescine 

0.1% ft-me rcaptoethanol 
7% dimethylsulphoxide 

10mM spermidine 

Denhardt Solution 	 3x 	SSC 
(lOx concentrated) 	0.2% 	polyvinylpyrolidine 

	

0.2% 	BSA fraction V 

	

0.2% 	ficoll 
50j.iglml denatured E. co/i DNA 

Dilute Saline Citrate 	15mM sodium chloride 
(DSC) 	 15mM trisodium citrate pH 7.1 

Dissociation Buffer 	 12M 	urea 

	

1.5% 	SDS 

	

1.5% 	8-mercaptoethanol 
15mM sodium phosphate pH 7.0 

EcoRl Buffer 	 0.1M 	Tris-HC1 pH 7.5 
10mM magnesium chloride 
10mM 8-mercaptoethanol 
50mM sodium chloride 

Eluting Buffer 
	 10mM Tris-HC1 pH 7.6 

(autoclave) 

Grinding Buffer 	 20mM Hepes pH 7.8 
(wheat germ translation 	0. 12M 	potassium acetate 	autoclave 
system) 	 5mM magnesium acetate 

1mM dithiothreitol 
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L_A gar * 	 1% 
(autoclave) 

bactotryptone (Difco) 
sodium chloride 
yeast extract (Difco) 
bacto-agar (Difco) 
pH 7.2 with sodium hydroxide 

L_Agarose * 	 As for L-agar with 1% agarose in place 
(autoclave) 	 of the bacto-agar 

L_Broth* 	 1% 	bactotryptone (Difco) 
(autoclave) 	 1% 	sodium chloride 

	

0.5% 	yeast extract (Difco) 
pH 7.2 with sodium hydroxide 

Medium 9 	 10% 	(v/v) salt mixture 
(filter sterilise) 	 0.4% 	glucose 

0. 1mM calcium chloride 
1mM magnesium sulphate 

Muscle Buffer (M) 	0. 25M 	potassium chloride 
10mM magnesium chloride 	autoclave 
10mM Tris-HC1 pH 7.4 
50iig/ml dextran sulphate 

Muscle Buffer (MIB) 	0.15M 
(autoclave) 10mM 

20mM 
6mM 

10% or 
.J'J 0 

n0 

Parish-Kirby Solution 	1% 

6% 
0 

.1.
1

0 

6% 
0 .5% 

potassium chloride 
magnesium chloride 
Tris-HC1 pH 7.6 
-mercaptoethanol 

glycerol 

sodium tri-isopropyl naphtholene 
sulphonat.e 

sodium-4-amino salicilate 
sodium chloride 
butanol 
SDS 

Phage Buffer 	 0.3% 	potassium dihydrogen orthophosphate 
(filter sterilise) 	 0.7% 	di-sodium hydrogen orthophosphate 

	

0.5% 	sodium chloride 
1mM magnesium sulphate 

0. 1mM calcium chloride 

	

0.001% 	gelatin 

*G rowth media were supplemented with 40 ig/ml thymidine and 10 i.tg/ml 
diaminopimelic acid for the growth of DP50supF cells. 
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Phenol Solution 	 275 ml phenol, water saturated, freshly 
distilled 

275 ml chloroform 
35 ml m-cresol 

0.25 g 8-hydroxyquinoline 

Phosphate-EDTA (PEB) 	Equimolar amounts of sodium dihydrogen 
orthophosphate and di-sodium hydrogen 
orthophosphate 

1mM EDTA pH 7.0 

Polysome Buffer (P) 	10mM Tris-HC1 pH 9.0 
0.5% 	SDS 

RNA Gel Buffer 	 50mM boric acid 
5mM sodium borate 

10mM sodium sulphate 
1mM EDTA 

Si Buffer 	 0.3M 
0.2M 
0.3M 

2mM 
6mM 

0.52N 

Saline-EDTA 	 0. 15M 
0.1M 

Salt Mixture 	 7% 
00 
)0 

0.5% 0 

10 

PEB 
sodium chloride 
sodium acetate pH 4.5 
EDTA 
zinc sulphate 
acetic acid 

sodium chloride 
EDTA pH 8.0 

di-sodium hydrogen orthophosphate 
potassium di-hydrogen orthophosphate 
sodium chloride 
ammonium chloride 

Sample Buffer 

Laemmli gels 	 10% 	glycerol 

	

5% 	-mercaptoethanol 

	

2.3% 	SDS 
62.5mM Tris-HC1 pH 6.8 

Weber and Osborn 	8M urea 
gels 	 1% 	SDS 

	

1% 	-mercaptoethanol 
10mM sodium phosphate pH 7.0 
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Soft Top A gar * 	 As for L-agar with only 0.65% bacto-agar 

Soft Top Agarose* 	 As for L-agarose with only 0.65% agarose 

Standard Saline Citrate 	0.15M sodium chloride 
(SSC) 	 15mM tn-sodium citrate pH 7.1 

Stop Buffer 	 60mM PEB 
120jig/ml denatured, sheared E. co/i DNA 

*Growth media were supplemented with 40 jig/ml thymidine and 10 jig/ml 
diaminopimelic acid for the growth of DP50SupF cells. 


