
ABSTRACT

2HE ISOLATION OF A MAMMALIAN MYOGLOBIN GENE

D. WOOD

Myoglobin is the major haemoprotein of vertebrate muscle where it 
facilitates oxygen diffusion from the blood to the mitochondria and acts 
as an oxygen store. Elevated levels of myoglobin are found in diving 
mammals and birds.

Myoglobins and haemoglobins form part of the globin super family and 
are related evolutionarily. The ancestral globin gene underwent a 
duplication between 500 and 800 million years ago to give rise to monomeric 
myoglobins and the haemoglobin lines. The globin superfamily of proteins 
has been extensively characterised and sperm whale myoglobin was the first 
protein whose three-dimensional structure was determined. In addition the 
haemoglobin genes represent the best characterised multigene family. How
ever the myoglobin gene has not been investigated. In order to understand 
the relationship of myoglobin genes in relation to other globin genes from 
an evolutionary and structural aspect, a mammalian myoglobin gene has been 
isolated.

After unsuccessful attempts to clone myoglobin messenger RNA from 
human muscle, grey seal muscle containing high levels of myoglobin was 
used to prepare polyadenylated mRNA. cDNA was prepared by reverse trans
cription of polyadenylated mRNA and cloned into a plasmid vector. ^  of 
cDNA recombinants contained myoglobin cDNA inserts. One clone, shown to 
contain only 5' non-translated mRNA sequences, was used to determine that 
grey seal myoglobin is coded by a single gene which is transcribed to 
give a 1400 nucleotide mRNA considerably longer than related haemoglobin 
mRNAs. This cDNA clone was also used to isolate a myoglobin genomic clone 
from grey seal DNA cloned into a X bacteriophage vector. The 3* end of 
this gene has been completely sequenced and the gene is interrupted by an 
intervening sequence at codon 105, a position precisely homologous to that 
in a- and g-globin genes. The 3' exon of the grey seal myoglobin gene is 
remarkably long and comprises codons 106-153» which give an amino acid 
sequence identical to that of the harbour seal myoglobin, and 548 bp of 
untranslated sequence. This untranslated sequence contains a typical poly- 
adenylation signal and is much longer than the corresponding sequences of 
a- and 3-globin genes.
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Summary

Myoglobin is the major haemoprotein of vertebrate muscle where it 

facilitates oxygen diffusion from the blood to the mitochondria and acts 

as an oxygen store. Elevated levels of myoglobin are found in diving 

mammals and birds.

Myoglobins and haemoglobins form part of the globin superfamily and 

are related evolutionarily. The ancestral globin gene underwent a 

duplication between 500 and 800 million years ago to give rise to monomeric 

myoglobins and the haemoglobin lines. The globin superfamily of proteins 

has been extensively characterised and sperm whale myoglobin was the first 

protein whose three-dimensional structure was determined. In addition the 

haemoglobin genes represent the best characterised multigene family. How

ever the myoglobin gene has not been investigated. In order to understand 

the relationship of qgrq^Qbin genes in relation to the other globin genes from 

an evolutionary and structural aspect, a mammalian myoglobin gene has been 

isolated.

After unsuccessful attempts to clone myoglobin messenger RNA from 

human muscle, grey seal muscle containing high levels of myoglobin was 

used to prepare polyadenylated mRNA. cDNA was prepared by reverse trans

cription of polyadenylated mRNA.and cloned into a plasmid vector. 4% of 

cDNA recombinants contained myoglobin cDNA inserts. One clone, shown to 

contain only 3' non-translated mRNA sequences, was used to determine that 

grey seal myoglobin is coded by a single gene which is transcribed to 

give a 1400 nucleotide mRNA considerably longer than related haemoglobin 

mRNAs. This cDNA clone was also used to isolate a myoglobin genomic clone
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from grey seal DNA cloned into a X bacteriophage vector. The 3' end of 

this gene has been completely sequenced and the gene is interrupted by an 

intervening sequence at codon 105, a position precisely homologous to that 

in a- and g-globin genes. The 3’ exon of the grey seal myoglobin gene is 

remarkably long and comprises codons 106-153, which give an amino acid 

sequence identical to that of the harbour seal myoglobin, and 548 bp of 

untranslated sequence. This untranslated sequence contains a typical poly- 

adenylation signal and is much longer than the corresponding sequences of 

a- and g-globin genes.
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Chapter 1

INTRODUCTION

1. MYOGLOBIN

(i) Historical Aspects
In 1803 Xavier Bichat reported on the properties of a red pigment 

of muscle indicating its distinctiveness from the pigment of the circulating 

haemoglobin# He observed the increase in muscle pigmentation with age 
and that many red blooded animals, such as frogs, may have almost completely

IIwhite skeletal muscle although rich in blood vessels. Kolliker, in I85O, 
asserted that the red colour of muscle arose from its own unique pigment 
which became bright red when oxygenated and darkened in the presence of a

IIreducing agent# In 1897 Horner studied the spectrophotometric differences
It

between the muscle pigment from dogs and cainine haemoglobin. Momer 
suggested the name myochrome for this muscle pigment. However, in 1921,
nGunther proposed the name myoglobin in order to emphasize the similarities

Itof the pigment with haemoglobin. Gunther demonstrated quantitatively the 
deficiency of myoglobin in the skeletal tissue of the foetus and also 
described several myoglobinuric states in man (Kagen, 1973)#

Whipple developed techniques for the measurement of myoglobin in 
muscle and in 1926 demonstrated the increase in canine muscle myoglobin 
with age and after prolonged exercise. In 1928 Whipple and Woodruff 
demonstrated the lowered content of myoglobin in the muscle of inactive 

patients with chronic wasting diseases (Kagen, 1973)#

The distinctiveness of myoglobin and haemoglobin was finally 

demonstrated by Ray and Paff in 1930 using reflection spectrophotometry



from muscle in situ (Ray and Paff, 1930)# In 1932, Theorell succeeded 
in crystallising myoglobin from horse cardiac muscle. He demonstrated 

the lower molecular weight of myoglobin compared to haemoglobin and the 

difference in oxygen binding of the two pigments (Theorell, 1932).
(ii) Structure

Myoglobin is a globular protein composed of a folded polypeptide 

portion, globin, and a prosthetic group, haem, which contains iron in its 
ferrous state (Fell). The disc-like water-insoluble haem is inserted 
into the hydrophobic region of the globin polypeptide. Myoglobin, as well 
as the other respiratory proteins, has the property of reversibly binding 
molecular oxygen. This reversible binding of oxygen takes place at the 
iron within the haem group. In myoglobin and haemoglobin, the oxygen- 
containing forms maintain the iron in the ferrous state. This special 
and critical property depends on the linkage between the haem and the globin, 
and is lost if the globin is denatured. Ferrimyoglobin (metmyoglobin) 

does not bind oxygen.
Myoglobin is the simplest haemoprotein capable of reversibly binding 

molecular oxygen, containing one polypeptide chain and one haem group 

per molecule. Haemoglobins are usually composed of several subunits, each 
containing a globin polypeptide chain with an associated haem group. 

Mammalian haemoglobins are made up of four such subunits, two identical 
a-like chains and two identical 0-like chains.

Myoglobins have been isolated from the skeletal muscle, and some
times the cardiac muscle, of a large number of animal species. The 
physical structure of myoglobin was elucidated by Kendrew and his 

colleagues in a number of pioneering studies (Kendrew et al., 1938, I960, 

1961, Kendrew, 19^3; Nobbs et al., 1966). X-ray crystallographic tech-



niques were used to determine the three-dimensional structure of sperm 

whale myoglobin. A recent redetermination of the structure has been 

published by Takano (1977)# From these studies the picture of myoglobin 
as a spherical globular protein has emerged. Most of the polypeptide chain 

is arranged as an alpha helix, with the majority of charged polar groups 

lying near the surface and the nonpolar groups directed inward. The haem 
moiety lies in a pocket lined with nonpolar groups. The protein consists 

of eight connected pieces of alpha helix with 121 of its 153 residues in 

these helical regions.
The amino acid composition and the amino acid sequence have been 

determined for myoglobins of several species (Romero-Herrera e^ al.,
1978). All mammalian myoglobins so far sequenced are 153 amino acids in 
length, with a molecular weight of around 17 kd, compared with l46 amino 
acids for 0-like glohins and l4l for a-like globins.

Molluscan myoglobin may be dimeric with a molecular weight of 
around 34 kd, (Geraci et al., 1977; Read, 1967) or may occur in the mono
meric form as in higher animals. This dimeric myoglobin has a sigmoidal 
oxygen dissociation curve similar in appearance to that for haemoglobin 
(Terwilliger and Read, 1971)# Monomeric myoglobin shows a characteristic 
hyperbolic oxygen dissociation curve and has a greater affinity for oxygen 
at low oxygen tensions as first described by Theorell (1934).

The amino acid sequence of human skeletal muscle myoglobin is 
identical to that of cardiac muscle myoglobin. Similarly, the amino acid 
content of human adult and foetal myoglobin are also identical 

(Schneiderman, I962).



Only five human myoglobin variants have been described (Boyer _et al., 

1963; Boulton et al., 1969, 1970, 1971, a, b, c). All five variants 
result from single amino acid substitutions and have no apparent effect on 

function and do not appear to be associated with disease. Study of these 
variants in heterozygotes, who show equal amounts of variant and normal 
myoglobin, suggests that the myoglobin gene is present as a single copy 

(Boyer et al., 19&3).

(iii) Function
Myoglobin has been found in the muscle of anivals from many different 

phyla. In molluscs it is found in buccal, adductor, râdular and heart 

muscle (Rossi-Fanelli et al., 1958; Manwell, 1963; Koppenheffer and Read,

1969; Geraci et al., 1977). In higher animals myoglobin forms the major 
haemoprotein of cardiac and red skeletal muscle. The concentration of 
myoglobin is higher in muscles which carry out sustained or periodic work 
with a fairly slow period (Millikan, 1939)* In birds myoglobin is found 
in the breast muscle of active forms such as geese and ducks but completely 
absent in the white breast muscle of the nonflying chicken. The remaining 

skeletal muscle of chicken has the same concentration of myoglobin as 
that of duck and geese (Kagen and Linder, 1968).

In fish the mass of the body musculature is white, but the lateral 
band muscles used for slow sustained movements are deeply red (Barets,
1961 ; TekeuQhi, 1959). Gill muscle is also red, requiring myoglobin to 
sustain the constant movement of water over the gills surface.

The colour of red muscle is due to the presence of both myoglobin 
and cytochromes. Lawrie (1952, 1953a,b)* described the correlation 

between the redness of muscle and myoglobin content. Muscles richest in myog

lobin are those which show constant slow work of long duration. Thus there 

is three times the level of myoglobin in the pectoral muscle of the ocean



going Manx shearwater, with relatively slow wing movements, than in the 
same muscle of the land based pigeon. The myoglobin content of particular 

skeletal muscles seems related to its capacity for oxidative metabolism. 
Cardiac muscle is rich in myoglobin and depends largely on oxidative 

metabolism whereas muscle fibres with less myoglobin have greater 

glycolytic activity (Kagen, 1973).
Although much is known about the structure of myoglobin, little is 

known of its formation and destruction. Myoglobin in the muscle fibre 
sarcoplasm is probably in solution. During prolonged tonic contractions 

of red muscle, the blood supply to the tissue is diminished and some of 
the oxygen requirement is provided from that stored in the myoglobin. Thus 
myoglobin is found in higher amounts in animals regularly deprived of 
access to air for short periods of time. The myoglobin content of muscle 
of the surface diving dolphins which dives for about two minutes is 
around 7 mg/g wet weight (Lehmann, 1974) whereas land mammals such as man 
and cattle have between 3 and 5 mg/g wet weight myoglobin in skeletal 
muscle. Deeper diving seals have around seven times the amount of myoglobin 

as the skeletal muscle of man (Robinson, 1939) while the very deeply 
diving sperm whale has up to ten times the myoglobin content of man 
(Wittenberg, 1970). During the prolonged dives of sperm whales, the 
arterioles to the skeletal muscles constrict, diverting blood to the vital
organs, while the muscles derive their oxygen from the rich myoglobin

stores.
Myoglobin can combine with oxygen at lower oxygen tensions than 

haemoglobin. The mechanics of the action of myoglobin and its function

were reviewed by Millikan as early as 1939. One of the prime functions of
myoglobin is in facilitated oxygen diffusion. Myoglobin augments the 

flow of oxygen toward the mitochondria and enables the muscle to obtain a



higher level of sustained work than could occur in its absence# Wittenberg 

(1970) and Wittenberg et al. (1975) described how myoglobin facilitates 

oxygen diffusion in muscle tissue. They suggest that a steady state of 

oxygen supply and steep gradients of free and myoglobin-bound oxygen are 

necessary for myoglobin to enhance the flux of oxygen within the muscle 

fibre.
The role of myoglobin as a storage mechanism within the cell is of 

considerable importance. Such a role is supported by the rich myoglobin 
content of muscle of deep-diving mammals. It seems likely that myoglobin 
acts as a short-term store and releases its oxygen during prolonged 

muscular contractions.
(iv) Myoglobin Content of Foetal Muscle

As early as I803 Bichat observed that foetal skeletal muscle is 
deficient in myoglobin. The influence of maturation on the myoglobin content 
of muscle is a good example of muscle differentiation. Kagen and 
Christian (1966) determined that human adult skeletal muscle contained 
4-3 mg of myoglobin per gram wet weight, and muscle of children between 1 

and 17 months of age had approximately one third of this value. The 
skeletal muscle of newborn infants and foetuses was found to contain less 
than one per cent of the myoglobin content of adult skeletal muscle.

Similar findings have been found for a range of mammals and birds (Lawrie, 
I95O; Musin, 1969; Froning et al., 1968; Kagen and Linder, 1968).

The developmental appearance of a number of muscle proteins, 
including myoglobin, in human skeletal and cardiac muscle has been studied 

by Tipler et al. (1978). They observed that myoglobin was not detectable 

in skeletal muscle tissue until after 24 weeks gestation, although it is 

readily detectable in cardiac muscle at 20 weeks gestation. It seems



therefore that the oxygen storage and transport functions of myoglobin 

are required by foetal cardiac muscle earlier in development than in the 

relatively quiescent foetal skeletal muscle. These workers also observed 

no differences between adult and foetal myoglobin in size or isoelectric 

point.

(v) Evolution
Early studies in molecular evolution concentrated on the comparison 

of amino acids of related proteins (Dayhoff, 1972). It was established 
that homologous protein sequences of different species varied in a phylo- 

genetically consistent manner. It has been found that the more closely 
related the species the greater the similarity in amino acid sequence. 
Detailed molecular phylogenies have been deduced which tend to reflect 
phylogenetic relationships already established from taxonomic and 
palaeontological studies. Individual protein sequences appear to evolve 
at a constant rate regardless of the particular lineage being studied 
(Wilson et al., 1977). Thus the idea of an evolutionary molecular clock 
has emerged, where the rate of evolution has been found to vary greatly 
for different proteins but to be quite constant for a given protein 

independent of lineage.
The molecular evolution of myoglobin at the protein level has been 

studied extensively (Romero-Herrera et al., 1973; Goodman et al., 1973; 
Holmquist et al., 1976; Romero-Herrera et al., 1977; Romero-Herrera et 
al., 1978; Czelusniak et al., 1982). The approach used in these studies 
has been to compeure the differences in the amino acid sequences of the 

myoglobin from many species and, using fossil evidence to estimate times 

of divergence of these species, construct dadograms using the fewest 

possible number of amino acid substitutions. Romero-Herrera et al.

(1973) compared the amino acid sequences of myoglobin of eighteen living



species. They constructed a cladogram and derived a possible ancestral 

myoglobin chain.
In order to study the evolution of myoglobin it is essential to 

consider the function of the protein. Myoglobin resembles haemoglobin at 

the haem contacts, but not at those sites responsible for haem-haem inter

action in haemoglobin (Romero-Herrera and Lehmsinn, 1971; Perutz et al., 

1963). The internal hydrophobic residues are similar in all globins. Of 

the 18 amino acid sequences studied by Romero-Herrera et al., (1973) 
mutations had been fixed at only sixty seven sites out of 133» Sixty of 

these involve the 120 surface residues and only seven of the thirty three 

internal residues. Thirteen residues participate in maintaining the 

shape of the myoglobin monomer (Englander and Staley, 1969).
These residues tend to differ in the globin families, but amongst the 
myoglobins they are highly conserved. An invariant leucine residue in 

myoglobin (G5 Leu) becomes a phenylalanine residue in haemoglobins, which 
is involved in maintaining a more upright position for the haem plate in 
deoxyhaemoglobin (Morimoto et al., 1971). Interestingly the abnormal 
haemoglobin "Heathrow " has a leucine (0G5) at this position (White et 
al., 1973) and shows a very high oxygen affinity, which suggests that this
residue is important in the high oxygen affinity of myoglobin. In myo
globin H23 Tyr is in a helical part of the protein but in a non-helical 
part (HC2) in haemoglobin (Perutz, 1963). This invariant residue is 
involved in the transition from the deoxyhaemoglobin to the oxyhaemoglobin 
tetramer (Perutz, 1970). In the myoglobins an external flat plane is

formed by the C helix and the CD interhelical bend with invariant

residues at positions 03, C6, CD2, CD5 and CD8. This region may be 

highly conserved to allow interaction with mitochondria during the facilit-



ation of oxygen diffusion (Scholander, 1965; Wittenberg, 1965)* In
haemoglobin residues C3 and C6 are involved in maintaining contacts

between monomer subunits of the molecule (Perutz et al#, 1968) and the

conservation of different residues in this part of the myoglobin protein

may guarantee that it remains monomeric. The interface residues in

haemoglobin are hydrophobic in the haemoglobins, however the corresponding

residues in myoglobin are hydrophilic. Ohno (1970) proposes that the C
terminal residues in myoglobin have been lost in the haemoglobins in
order to allow them to form tetrameric molecules. Romero-Herrera _et al.
(1978) suggest that the 21 bases of the mRNA coding for seven invariant

myoglobin residues at position 133-139 may form a hairpin structure with
the bases coding for the C-terminal amino acids in myoglobin at position
146-152. If this secondary structure exists in myoglobin mRNA it may

ipr
provide stability or function as a recognition siteAranslation. This 
study should be able to answer this question in the myoglobin genes being 

studied.
Goodman et al. (1973) compared the amino acid sequences of 55 globins 

including monomeric haemoglobins and myoglobins. They deduced that during 
the evolutionary transition from monomer to tetramer the residues which 
acquired cooperative functions changed more rapidly than the other 
positions, and attributed these changes to Darwinian natural selection to 
produce more optimal function. In their study a maximum parsimony method 
was used to reconstruct a genealogy of the globin chains. Their
genealogy shows that the separation of mammalian myoglobin branch from 
the a-8 haemoglobin branches occurred after the separation of lamprey 

globin (Li and Riggs, 1970). They consider that homotetramers preceded 

heterotetramers in haemoglobin evolution and that the ancestral homo-
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tetramer had 0-like chains* The haemoglobins of the primitive verte
brates the lampreys are monomeric when oxygenated, but form dimers in 

the deoxygenated state (Anderson and Gibson, 1971) as well as transitory 
tetramers (Behlke and Schelee, 1970). Goodman et al. suggest that a 
similar haemoglobin existed in the earliest vertebrates which released 

oxygen more readily at reduced pH and in its aggregated state. In order 
to facilitate more efficient delivery of oxygen to the tissues of fast- 
moving animals it was necessary to evolve a heterotetrameric haemoglobin. 

After the 0-a duplication, positive selection could act on the a locus 
while stabilising selection wels stronger at the 0 locus. Once the 0̂  ̂

type haemoglobin was replaced with the 02 tetramer positive selection 
for a more specialised 8 chain intensified. Once this functionally 
superior tetrameric haemoglobin emerged, more intense stabilising selection 

occurred at the a and 0 loci. Goodman et al. (1975Ï present detailed 
evidence for this interpretation and go on to suggest that natural 
Darwinian selection continued to shape the finer adaptations of the protein 
particularly at the external sites involved in interactions with other 

molecules.
Subsequent studies of globin and myoglobin evolution utilised more 

and more available sequence data (Holmquist et al., 1976; Romero- 
Herrera et al., 1977). The most recent study by Czelusniak et al.
(1982) used amino acid sequence data from 195 globin chains of 87 

vertebrate and 19 non-vertebrate species. In addition they used nucleotide 
sequence data to construct a genealogy of 40 a- and 0-haemoglobin genes 

and pseudogenes of eight vertebrate species. They conclude that 

myoglobin, 0-globin, embryonic and adult a-globins of living birds and 

mammals had their origins early in vertebrate evolution. Rates of amino 

acid substitutions in the diverging globin lineages were exceptionally
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fast. However late in the vertebrate phylogeny amino acid substitutions 

occurred at a much slower rate# The early period of fast evolution involved 
amino acid substitutions at positions which acquired new or altered 

functions. For example after the c c - 6  duplication the fastest rates occurred 

at residues responsible for subunit cooperativity i.e. ^^^2 contacts, Bohr 
effect sites and 2,3-diphosphoglycerate binding sites. Later in evolution 

change at these sites occurred at a much lower rate.
Czelusniak al. suggost that suround 700 million years ago molluscan 

myoglobin diverged from the remainder of the globin lineage and that 500 

million years ago agnathan myoglobin diverged from gnathostome haemog- 
globin. Lamprey myoglobin is cladistically closer to lamprey haemoglobin 
than any other globin. Around 450-500 million years ago they suggest that 
a gene duplication occurred giving rise to lineages leading to gnathost^ome 
myoglobins and haemoglobins. Further gene duplications occurred in the 
haemoglobin lineage giving rise to embryonic foetal and adult haemoglobins 
(see Section 9, The Globin Genes). This study places the myoglobin- 
haemoglobin gene duplication much closer to the a-B-globin gene duplication 
than previously suggested (Dayhoff, 1972; Efstratiadis et al., 198O) and 
it remains to be seen whether this estimate is accurate. The sequence 
analysis of myoglobin genes from different species should help to estimate 
more accurately the timing of these events.

The hagfish (Eptatretus stoutii) has several loci for monomeric 
haemoglobin (Ohno and Morrison, I966) and exhibits gene duplication with 
the retention of equivalent function and apparently no divergence. 

Haemolysates from 12 hagfish revealed five haemoglobin phenotypes with four 

to six distinct haemoglobins. Each haemoglobin was shown to be monomeric 

with molecular weights of around 18 kd. Ohno and Morrison postulate that 

these monomers are controlled by genes at four loci.
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2. MUSCLE AND MYOGENESIS
The muscular tissue of man composes around 40^ of his total body weight, 

Muscle converts chemical energy into mechanical work.
The general scheme of muscle development is well understood (reviewed 

by Fischman, 1972). A mononucleated, mitotically dividing cell population 

accumulates at sites destined to form muscle. Early in myogenesis certain 
cells elongate and assume a bipolar, spindle shape. These mononucleated 

cells show no DNA synthesis or mitotic activity and are called myoblasts.
The next stage in myogenesis is the formation of multinucleated 

syncytia, termed myotubes, by the cytoplasmic fusion of myoblasts. After 
cell fusion the bulk synthesis of actin and myosin and other contractile 
proteins begins, although it appears that myoblast fusion is not aJi 
absolute requirement for such synthesis (Buckingham, 1977). Subsequent 
development of the muscle cell involves the assembly of myofibrils, mito
chondrial proliferation, glycogen deposition and innervation.

3. THE MOLECULAR BASIS OF MUSCLE CONTRACTION
Myofibrils have a banded appearance along their length, as a result of 

the arrangement of partially overlapping arrays of protein filaments 
constituting the contractile apparatus. The two principal proteins of the 
contractile apparatus are actin and myosin. Myosin constitutes around 
3896 of total muscle fibre protein while actin accounts for around 18#.

Actin and myosin are arranged into separate filaments which slide past each 
other during contraction. The lengths of the thick myosin-containing 
filaments and the thin actin-containing filaments remain constant during 

contraction. When a muscle is activated an interaction takes place between 

the myosin and actin molecules which enables the myosin to split ATP at a 

rapid rate, providing energy required for contractions (Reviewed by 

Huxley, 1973).
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4. THE CONTRACTILE PROTEINS OF MUSCLE

(i) Actin
Actin is a highly conserved protein found in all eukaryotic cells and 

functionally involved in cell motility, mitosis, muscle contraction and 

the maintenance of cytoskeletal structure. The a-actin of muscle is a 

globular protein which in the absence of sodium chloride forms the monomeric 
G-actin, while under physiological salt conditions actin forms the double 
stranded polymer, F^actin. The actin polypeptide has a molecular weight 

of around 43 kd (Lewis et al., 1963)#
(ii) Myosin

Myosin is a large and complex molecule composed of two heavy chains 
of approximately 200 kd each, which are wound together in a double stranded 
a-helical arrangement. In addition at least four smaller polypeptides, 
myosin light chains, are located at the head portion of the myosin molecule. 
Myosin from fast skeletal muscle contains two distinct light chains (21 kd 
and 16 kd), released on alkali treatment, which seem to be involved in the 
regulation of the myosin ATPase. Two other light chains (18 kd), released 

on treatment with dithionitrobenzene (DTNB), seem to be involved in calcium 

binding (Kendrick-Jones et al., 19?6).
(iii) Tropomyosin

Tropomyosin is a major regulatory protein in muscle, involved in the 
calcium ion dependent interaction of actin and myosin. It is closely 
associated with actin in muscle fibres. The protein is dimeric, composed 
of two types of subunit : a-tropomyosin (34 kd) and 0-tropomyosin (36 kd) 

(Laki, 1971 )• Different muscle types have different

proportions of the two forms, fast muscle having an a to 8 ratio of 3*8 :

1. The two forms of tropomyosin have similar amino acid compositions.
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(iv) Troponin

Troponin acts as a calcium binding protein in muscle cells and acts 
with tropomyosin on the actin filament to activate muscle contraction.

The protein is found in only certain muscle types being absent from smooth 

muscle and some invertebrate muscles. There appear to be three troponin 

polypeptides, troponin T (37 kd), troponin I (24 kd) and troponin C (19 

kd), (Maruyama, 1971).
(v) Minor Proteins

In addition to the above muscle proteins a number of other minor 
proteins are found in myofibrils. CE-actinin is universally distributed with 
a molecular weight of 95 kd and is found associated with actin. In 
skeletal muscle a number of high molecular weight proteins have been 
identified all of which copurify with myosin, these include the C protein 
(l40 kd) and the B and F proteins (15O-I8O kd) (Laki, 1971).

3. PROTEIN SYNTHESIS IN MUSCLE

The differentiation of muscle fibres from myoblasts is characterised 
by striking changes in cellular function and morphology. These changes are 
accompanied by pronounced changes in the pattern of protein synthesis.
Most significantly there is a several hundred-fold increase in the 
synthesis of the muscle filament proteins actin and myosin, (Devlin and 
Emerson, 1978).

The changes in muscle protein synthesis during muscle cell 
differentiation has been extensively reviewed by Buckingham (1977).

The regulation of protein synthesis during muscle differentiation 

may be at the level of transcription, nuclear or cytoplasmic processing or 

translation of the relevant mRNA molecules. Expression of the major 

muscle proteins myosin, troponin and tropomyosin appears to be coordinately 
regulated.
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Early experiments concentrated on the regulation of myosin protein 

synthesis. Heywood and his colleagues suggested that an mRNA selectivity 

operates during the initiation steps of protein synthesis (Heywood, 1973» 

Rourke and Heywood, 1972). Initiation factor 3 (IF3) was found to be 
responsible for this messenger selectivity. Subsequent studies using both 

myosin and myoglobin mRNAs and initiation factors from muscle suggests 

that muscle contains a number of messenger recognition factors (Thompson 

et al., 1973» Heywood and Kennedy^ 1974; Heywood ̂  al., 1974). Initiation 

factor 3 derived from red muscle is involved in the translation of both 
myosin add myoglobin mRNAs, while IF3 derived from white muscle is only 
effective in the translation of myosin mRNA.

Recently Affara et al. (198O a and b) monitored changes during 
myogenic differentiation in a number of gene products at a number of levels 
: the nuclear RNA, the cytoplasmic mRNA and the pattern of polypeptides 
synthesised. These workers used three cell lines representing different 
stages in myogenic development; an undifferentiated pluripotent mouse 
embryonal carcinoma cell line, a committed mouse teratocarcinoma-derived 
myoblast cell line and a multinucleate terminally differentiated myotube 
cell line. By following the hybridisation of labelled, single-copy mouse 
DNA with nuclear RNA and poly(A)+ polysomal RNA from these cell lines, 
they estimate that there is a J>0̂  increase in nuclear RNA complexity in 
passing from the pluripotent embryonal carcinoma cell line to the myoblast 
and myotube stages. In addition the embryonal carcinoma nuclear RNA 
sequences remain as a subset of the myoblast and myotube stage nuclear 

RNA. With each stage of differentiation a new group of mRNA sequences 

enters the polysomes. Complementary DNA (cDNA) probes enriched in the 

new sequences appearing at the myoblast and myotube stages were prepared.
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By hybridisation of these cDNA probes with nuclear RNA from the three 

stages of differentiation, these workers demonstrated that the expression 

of these new polysomal sequences is controlled at the level of trans
cription. In addition, gene sequences specific to the myotube stage were 

resistant to attack by DNase I in the chromatin of the embryonal carcinoma 
and myoblast cells, whereas gene sequences expressed at all stages of 

development are readily digested.
In the second part of their study Affara e^ al. examined the changes 

in the pattern of protein synthesis during the terminal differentiation of 
a mouse myogenic cell line. The levels of a-actin and myosin light chains 
(LC1, LC2 and LC3)» tropomyosin and troponin greatly increases after cell 
fusion.

Thus, a number of approaches have been used to analyse the control 
of gene expression during myogenesis. These approaches suggest that 
control may be at the level of transcription and translation. With 
recent advances in the field of recombinant DNA technology it has become 

possible to clone specific DNA sequences containing the genes for many 
of these contractile proteins. These cloned DNA sequences have been used 
to study the gene structure and arrangement of actin and myosin genes in 
a number of species. It should be possible to use these cloned DNAs to 
study the expression of these muscle genes in both vivo and in vitro 
systems.

6. ACTIN GENES

Actin is a highly conserved, ubiquitous protein having been found in 

all eukaryotic cells from protists to mammals. It forms part of the 

cytoskeleton and is involved in cell mobility and muscle contraction.
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The genes encoding actins form a complex gene family which show 

differential gene expression during development. There are three forms 
of actin in mammalian cells, ^-actin and y-actin are cytoplasmic forms 

found in all cells while a-actin is found only in muscle cells.
a-actin is not observed in myoblast cells prior to cell fusion, but 

its synthesis is substantially increased during muscle cell differentiation, 

Amino acid sequencing of cytoplasmic and a-actins show that muscle actins 
have a different N-terminal sequence from that of cytoplasmic actins. The 
three different forms of actin appear to be products of different mRNA 
species. In addition a-actins from smooth and striated muscle have 
slightly different primary sequences (Firtel, 19&1).

Actins have been studied in lower organisms psirticularly yeast and 
Dictyostelium. Only one form of actin is found in yeast, consistent with 
the presence of only one actin gene. In Dictyostelium actin synthesis 
is developmentally regulated. Several actins have been observed in 
Dictyostelium, the primary sequences of these actins being more similar to 
mammalian cytoplasmic actins than to mammalian muscle actins. Dictyo
stelium actins appear to be encoded by approximately 17 genes (Kindle 
and Firtel, 1978; McKeown et al., 1978; McKeown and Firtel, 1981).

The number of actin genes seems to be species dependent as do the 
number and position of intervening sequences within actin genes. The 
Dictyostelium actin gene appears to have no intervening sequences (Firtel 
et al., 1979)1 while the yeast actin gene has one intervening sequence 
interrupting the fourth codon (Gallwitz and Sures, 198O; Ng and Abelson, 
1980). Drosophila has six actin genes with at least one intervening 

sequence (Fyrberg et al., I98O). Three forms of actin have been more 

similar to mammalian cytoplasmic actins than to mammalian muscle actins.
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Dictyostelium actins appear to be encoded for by approximately 17 genes 
(Kindle and Firtel, 1978; McKeon et al., 1978; McKeon and Firtel, I981).

In Drosophila melanogaster three forms of actin have been 
identified (Actins I, II and III). Actin I is found only in muscle tissue 

and appears during myogenesis. Tobin ̂  al. (1980) isolated a genomic 

clone from D. melanogaster using a Dictyostelium cDNA plasmid, and 
established that the Drosophila genome contained a number of actin coding 

sequences which they localised at dispersed sites on polytene chromosomes. 
Fyrberg et al. (1980) concluded that the Drosophila genome contained six 
different actin genes, each identified in Drosophila melanogaster (Actin 

I, II and III). Actin I is found only in muscle tissue and appears during 
myogenesis. Tobin et al. (198O) isolated a genomic clone from 
D. melanogaster using a Dictyostelium cDNA plsismid, and established that 

in the Drosophila genome the actin coding sequences are widely dispersed 
in the polytene chromosomes. The six Drosophila actin genes each code 
for a different message (Fyrberg et al., 1980). One of these clones 
XDmAZ, contains a gene which codes for a non-muscle actin with a single 
intervening sequence of I.65 kb. This clone was used to isolate six 
genomic clones each containing a different Drosophila actin genes 
(Fyrberg et al., I981). These genes encode several different proteins, 
but none comparable in primary structure to vertebrate muscle actins.
The position of intervening sequences within these genes is not conserved, 
one gene is split at codon 13» a second at codon 3 and a third at codon 

307. The sizes of these intervening sequences are O .63 kb, I.65 kb and

0.357 kb respectively. The variability in the positions and sizes of 

intervening sequences is in sharp contrast to the situation observed in 

globin genes (see below).
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Fyrberg et al. (19&3) bave shown that the six Drosophilia actin mRNAs 

accumulate in a stage - and tissue-specific manner. They used the unique 
3* untranslated portions of the cloned actin genes to monitor levels of 
their respective mRNAs in whole organisms and dissected body parts. Two 
genes act^C and act42A are expressed in undifferentiated cells and probably 

encode cytoplasmic actins. Two other genes act37A and act87E eure expressed 
mainly in larval, pupal and adult intersegmental muscles, while act88F is 

expressed in adult thorax muscle and act79B in thorax and leg muscles.
These workers postulate that these genes come under regulation of different 
regulatory molecules. The genes for the cytoplasmic forms may respond to 
levels of mitogenic compounds. The other genes may respond to molecules 

synthesised early in muscle cell differentiation.
Sea urchins have around eleven different actin genes, each with 

several intervening sequences (Durica et al., 19&0). Although some actin 
genes share intervening sequences in common positions, no obvious pattern 
of intervening sequence position is observable in this gene family, unlike 
the case in the globin gene family. This difference may reflect some 
fundamental difference in gene stability within these two gene families.
A study of the actin gene family may help to elucidate the function and 
evolutionary properties of intervening sequences.

The observation that the lower eukaryotes and Drosophila synthesise 
only cytoplasmic forms of actin, suggests that vertebrate actins evolved 
after insects separated from the phylogenetic line that gave rise to 
vertebrates. The report of Storti et al., 1978 seems to contradict 

Fyrberg*s findings that Drosophila only encode cytoplasmic actins. How

ever, it seems that some of these genes code for actin proteins utilised 

in striated muscle (Davidson et al., 1982).
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The a-actin genes of chick have been analysed and there appears to 
be 4-7 different actin genes. Schwartz et al. (198O) constructed a cDNA 

probe complementary to the a-actin mRNA, and found that the muscle specific 

a-actin sequence had only a 70^ homology with the non-muscle 6- and y-actin 
sequences. Ordahl et al. (198O) also constructed cDNA probes complementary 

to chick a-actin mRNA. One of these probes was used to isolate actin 
genes from a genomic library of chick DNA. Clones containing a-actin 
sequences were isolated, and one of these was subsequently sequenced 

(Fornwald et al., 198%). The gene is interrupted by six very short 
intervening sequences between 105 and 225 bp long. The position of these 
six intervening sequences is identical to those found in the rat a-actin 

gene.
Katcoff _et al. (198O) isolated cDNA recombinant plasmids containing 

sequences complementary to rat non-muscle actin mRNA, muscle actin mRNA 
and mRNA coding for myosin light chain 2. The rat skeletsil muscle a-actin 
cDNA clones were further analysed (Shani et al., 1981) and one of these 
was used to isolate the rat skeletal muscle actin gene (Nudel et al., I982) 

which was found to contain six intervening sequences.
Minty et al. (1981) constructed a recombinant plasmid molecule 

containing a cDNA complementary to mouse a-actin mRNA. This recombinant 
was subsequently used to isolate a cDNA plasmid complementary to a foetal 
skeletal muscle actin mRNA.

Humphries et al. (1981) used the mouse actin probe to determine that 
the human genome contains approximately 20 actin genes. These workers 
isolated 12 actin recombinants froma a human genomic library which represent 

9 different genes, which probability calculations indicate were picked
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from a pool of at least 20 different actin genes. Engel et al# (1981) 

have used cloned actin genes from Drosophila and chicken to isolate actin 
containing sequences from a human genomic library, and have reached a 

similar estimate for the number of human actin genes.
The discordant pattern of intervening sequences in actin genes 

may be due to the insertion of intervening sequences during evolution or 

the elimination of intervening sequences from a more complex ancestral 
pattern. The origin and evolutionary significance of the pattern of inter

vening sequences in actin genes remains to be investigated in more detail, 
and may help elucidate the role of these sequences in eukaryotic genes.

7. MYOSIN GENES
Myosin genes for both heavy and light chain myosins have been cloned 

from a number of different species.
Mutants of the soil aenatode Caenorhabditis elegans that show 

uncoordinated body movements (unc-54) have been analysed (Brenner, 1974). 
The unc- 34 loci specifies a major myosin heavy chain found in the body wall 
musculature. A second myosin heavy chain is found in the body wall 
musculature as well as two others in the pharynx. MacLeod et al. (1981) 

have cloned the unc-34 gene from genomic libraries of the nematode.
The gene contains seven introns which do not separate functional domains. 

Other une genes in C. elegans code for other contractile proteins, unc-13
for paramyosin and unc-92 for an actin polypeptide.

Bernstein et al* (1983) report the isolation and characterisation of 

a Drosophila muscle myosin heavy chain gene. The myosin heavy chain
protein is present in larval leg and thoracic muscle and is encoded by a
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single gene. Chromosomal mapping showed that this gene does not map close 

to any of the six actin genes but maps to a region containing a cluster 
of flight muscle mutations.

Recombinant cDNA clones containing sequences of two different myosin 

heavy chain genes from chicken embryonic skeletal muscle have been 

constructed by Umeda et al. (1981)# A myosin heavy chain gene has also 

been constructed by cDNA cloning from rat skeletal muscle by Medford et 
al# (1980). These workers have found that myosin heavy chain genes in 

rat are tightly linked. In addition a myosin heavy chain gene appears 
to have 32 intervening sequences which do not separate functional domains, 
and which are not conserved in position in adult myosin heavy chain genes. 
There appears to be some 17-20 myosin heavy chain genes in rat. Nudel 
et al. (1980) have also isolated myosin heavy chain DNA sequences from a 
rat genomic library and conclude that there are several rat myosin 
heavy chain genes.

The amino acid sequences of chick myosin light chains have been 
determined (Matsuda et al., 1981)# Skeletal muscle myosin contains two 
alkali light chains LC^ and LC^. Sequence homology between these and 

other tissue specific light chains suggest these proteins are related and 
may have evolved from one ancestral gene. The nucleotide sequence of 

cloned cDNAs for chick skeletal myosin alkali light chains LC^ and LC^ 

have been determined (Nabeshima et al., 1982) and the sequence encoding 

the C-terminal l4l amino acid residues and the entire 3*-untranslated 
region of the LC^ and LC^ mRNAs is identical. In contrast, the 5* 108 

nucleotides of LC^ and the 5* 78 nucleotides of LC^ are different. 
Nabeshima et al. (1984) have isolated a genomic clone of myosin alkali
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light chain which is interrupted by eight intervening sequences. Exons 

1 and 4 are specific for LC^, while exons 2 and 3 are specific for LC^. 

Exons 3-9 are shared by both LC^ and LC^. Exon 1 contains the 3*-non 
coding sequence and N-terminal 42 amino acid residues of , while 

exon 2 contains the 3'-non coding sequence and ATG initiation codon of 
LC^, The precursor RNAs for LC^ and 1X3̂  are initiated at different sites 

and are subsequently spliced by different pathways to produce the two 
mature mRNAs from one gene. The mechanism of this differential splicing 

is unknown but it seems likely that the secondary or tertiary structure 

of the precursor mRNA has an important role in selecting the splice site.
DNA sequences corresponding to rat myosin light chain 2 (Katcoff et 

al., 1980) and mouse myosin light chains 1 and 3 (Robert et al., 1982) 
have been isolated. One mouse myosin light chain gene appears to have 
several introns.

8. TROPOMYOSIN AND TROPONIN GENES
Tropomyosins are a family of related proteins widely distributed in 

nature. Skeletal muscle contains two forms of tropomyosin (a and 0). 
MacLeod (1981) constructed recombinant cDNA plasmids containing sequences 
complementary to chicken skeletal muscle a -tropomyosin. These plasmids 
were subsequently sequenced (MacLeod, 1982) and two distinct a -tropo
myosin mRNAs were identified specifying a major and a minor a -tropomyosin.

Helfman ̂  al. (I983) used an immunological screen to identify clones 
encoding chicken tropomyosin. They constructed a cDNA library of around 
9000 clones from chicken smooth muscle mRNA using the plasmid expression
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vector pUC8 , to enable transcription using the lacZ gene. Colonies were 

screened with rabbit anti-tropomyosin antibody. Two colonies were 
detected by this screening procedure. The purified plasmids from these 

colonies selected a particular chicken mRNA which in vitro translations 
gave rise to tropomyosin. Direct sequence analysis of the cDNA insert of 
these clones (600 and 900 base pairs) confirmed that these clones encode 

portions of the tropomyosin protein.
Hastings and Emerson (1982) used a cDNA cloning approach to investigate 

muscle gene regulation during differentiation of cultured embryonic 
myoblasts of quail (Coturnix coturnix). cDNA clones corresponding to 
a-actin, a-tropomyosin, myosin heavy chain, myosin light chain 2 , troponin- 

C and troponin-I were isolated. In general, sequence analyses of these 
clones suggest that embryonic quail muscle cultures express adult genes 
for these proteins rather than a special set of genes encoding embryonic 
isotypes. Three forms of troponin-I are known, a fast, a slow and a 
cardiac form. The N-terminus of these proteins is greatly diverged while 

the C-terminus show some homologies. The fast form of troponin I has been 
cloned from embryonic quail muscle by Emerson. This gene contains five 
intervening sequences which appear to separate the gene into exons coding 
for functional domains. One exon codes for a troponin-C binding domain, 
while a second codes for an actin binding domain. Troponin-C has a fast 
and a slow/cardiac form. The fast form troponin-C gene has been cloned 
and contains a number of intervening sequences. The cardiac and slow 
forms of troponin-C are encoded by the same gene.
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9. THE GLOBIN GENES
The globin gene family represents the best characterised multigene 

family in higher organisms. Globins are widespread and include tetrameric 

haemoglobins of higher vertebrates, monomeric haemoglobins of proto- 

chordates, invertebrate globins, monomeric myoglobins and monomeric leg- 
haemoglobins foundin the root nodules of nitrogen fixing plants.

The globins of man are coded for by two unlinked sets of genes. The 

a-globin related family is located on chromosome 16 (Deisseroth et al*,

1977) and consists of a § -globin gene expressed early in embryogenesis 
and two very similar a-globin genes expressed in the foetus and adult. The 
P-globin related family is located on the short arm of chromosome 11 
(Deisseroth et al., 1978; Jeffreys et al., 1979; Gusella et al., 1979) and 
consists of an embryonic £ -globin, two very similar foetal globin genes 
(^y and ^y), a minor adult 6-globin gene and the major adult 8-globin gene. 
In addition there are an unknown number of myoglobin genes. All of these 
globin genes show significant amino acid sequence homology and have arisen 
by a number of gene duplications followed by subsequent sequence 
divergence. By assuming that globin genes evolve independently and in 
a clock-like manner it is possible to deduce the timing of these gene 
duplications (Dayhoff, 1972; Efstratiadis et al., I980)* The most ancient 
duplication occurred between 500 and 8OO million years ago and gave rise 
to the ancestors of haemoglobin and myoglobin genes. The ap-globin gene 
duplication occurred about 5OO million years ago, early in vertebrate 
evolution. The j3-globin gene family evolved more recently with a foetal- 

adult duplication about 200 million years ago,an£-y duplication around 

100 million years ago and the 6-p duplication around 40 million years ago.
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The oc and 8-globin genes have been studied extensively in mammals,

birds and amphibians as well as in some plants.
The a-globin gene cluster on human chromosome 16 is arranged within 

25 kb of DNA in the order 5*-^2-]f5-jKi-a2-al-3'. The 8-globin gene 

cluster on human chromosome 11 is arranged in a 4-5 kb region of DNA in the 
order All genes are orientated in the same

direction and are separated by stretches of intergenic DNA. Only 8^ of 
the DNA in these clusters codes for globin mRNA, and 8^ comprises the. globin 

intervening sequences. The function of the remaining intergenic DNA is 
unknown, but consists of single copy DNA and repetitive elements (Adams 
et al., I98O; Baralle et al., 198O; Coggins et al., 198O; Fritsch et al.,

1980).
The overall arrangement of the globin gene cluster has been shown to

be indistinguishable in man, gorilla and baboon (Barrie et eil., 1981).
These sequences may have been under some selective constraint during the 
20-40 million years of recent primate evolution. One possible explanation 
for the retention of this arrangement may be the existence of chromatin 
domains; regulation of gene activity may be achieved by modulating the 
packing conformation of these domains (Van der Ploeg et al., I98O).

New World monkeys and prosimians have different arrangements of the 
8-globin gene cluster (Barrie et al., 1981)# Analysis of the lemur 8“ 
globin gene cluster shows that it is the shortest so far described in 
mammals and is similar in arrangement to that found in the rabbit (Lacy 

et al., 1979). This suggests that a simple cluster of 8-globin genes was 

established before the radiation of the mammals at least 85 million years 

ago.
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The 6-globin cluster of rabbit is arranged in the transcriptional 

order 5*-64-63-^62-81-3' (Hardison et al., 1979)# The pi gene encodes 
the adult p-globin chain and the 63 and 6^ genes encode embryonic and/or 
foetal globin chains. The 62 gene is a pseudogene containing frameshift 

mutations and premature termination codons that render it incapable of 

encoding a functional p-globin chain (Lacy and Maniatis, 198O).
The 6-globin cluster of mouse has also been characterised (Jahn et 

al*, 1980) with the genes arranged in the same transcriptional orientation, 

5*-?y3-6Ho-6h1-6h2-6h3-6®aj-6niin-3*» in 70 kb of DNA, 6^2 and 6^3 are 

pseudogenes.
a-globin genes have been characterised in man. (Orkin, 1978; Lauer 

et al., 1980) and the apes (Zimmer et al., I980) and in the mouse (Leder 
et ̂ . ,  1981).

Unlinked clusters of a- and 6-globin genes have been characterised in
the chicken (Hughes et al., 1979; Engel and Dodgson, 1980). Unlike the
mammalian 6-globin clusters, the chicken embryonic genes (y/̂  and £  ) are

Hlocated at the 5* and 3* ends of the cluster while the hatching (6 ) and 
adult (6) genes are found at the centre of the cluster in the order,
5. .

The adult globin genes in Xenopus laevis have been characterised 
(Jeffreys et al., I98O; Patient et al., 198O). The major adult a* and 

6' globin genes are closely linked in the order 3'-&'-6'-3'# This suggests 
that the initial ap globin gene duplication was a tandem duplication . 
and occurred around 5OO million years ago, and that these tandem 

duplicates have remained closely linked in amphibia. These genes have 

subsequently become unlinked in the lineage leading to birds and 

mammals. This unlinking may have occurred by some transposition event, 

a chromosomal translocation or a chromosome duplication to give two 

unlinked sets of a-p clusters, followed by silencing of linked a- or p-
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globin genes. X.laevis has a second a^-globin gene cluster coding for 
minor adult globin chains. This cluster appears to have arisen by tetra- 

ploidisation, as the related species X.tropicalis has a single aP-globin 
cluster. X.tropicalis represents a contemporary equivalent of the 

ancestral species that underwent the tetraploidisation event.

10. INTERVENING SEQUENCES IN GLOBIN GENES
All active vertebrate globin genes studied contain two intervening 

sequences. In each case the intervening sequences occur at precisely 
homologous positions in the genes. The human p-globin genes are interr
upted between codons 30 and 31 and codons 104 and 105, by intervening 
sequences of 122-130 bp and 850-904 bp respectively (Efstratiadis et al.,
1980). The human a-globin genes, the mouse a- and p-globin genes, the 
rabbit 6-globin genes, the chicken 6” and £ -globin genes and the Xenopus 
a- and 6-globin genes contain intervening sequences at homologous 
positions (Jeffreys and Flavell, 1977; Dodgson et al., 1979; Hardison 
et al., 1979; Konkel et al., 1979; Jahn et al., 198O; Lauer et al., 198O; 
Dolan et al., 198I; Patient et al., I98O). The discontinuous nature of 
globin genes must have been in existence for at least 5OO million years 
and must have preceded the a-6 gene duplication.

A number of sequences similar to sequences coding for globin poly
peptides have been found in many species. These sequences however contain 
changes in the coding sequence including insertions, deletions and changes 
creating stop codons and missense reading such that no globin polypep

tide can be made from these sequences. Such sequences have been termed 

pseudogenes and have been found in many gene families apart from the 

globin genes. Low stringency hybridisations have been used to search for
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globin related sequences in the 6-globin cluster of man. A 61 globin 
gene was detected between the and 6-globin genes (Fritsch et al.,

I98O; Efstratiadis et al., I98O). Tbis pseudogene sequence is present 

in many primates (Barrie et al., 198I; Barrie, Harris and Jeffreys, 
personal communication). This pseudogene as well as the and ^ in

man (Proudfoot and Maniatis, I980), the rabbit ̂ 2  gene (Lacy and 

Maniatis, 198O), the goat Ÿ'6^ and 6^ genes (Cleary et al., 198O, 1981) 

the mouse 6^3 pseudogene (Jahn et al., I980) and the lemur ^ 6 gene 
(Jeffreys et al., 1982) all contain intervening sequences at homologous 

positions to functional globin genes._ One remarkable pseudogene, however, 
the mouse ^(%3 gene has had both intervening sequences precisely removed 
during evolution (Nishioka et al., 198O; Vanin et al., I98O). Sufficient 

base changes have occurred in the |̂ oc3 gene to distort the translational 
sequence such that it is unable to encode a functional globin polypeptide. 
The mechanism of intron loss in the mouse ̂ oc3 gene is unknown. The 
possibility that a cDNA copy of the mouse a-globin mRNA has illegitimately 
recombined into the chromosome seems to be ruled out because homology 
between the ̂ 3  gene and the functional a-globin gene extends beyond the 
5' cap site of the mRNA molecule although the possibility of an 
abnormally long germ line transcript cannot be ruled out. It is possible 
that the mature mRNA or cDNA may act sis a template for gene conversion.
In this model the mRNA (or cDNA) hybridises to the gene at a growing 
fork during DNA replication and the introns are looped out sind removed 

by nicking and exonuclease activities. A third model postulates a 

retroviral origin of the^^3 gene (Flavell, I982). This model suggests 

that the mouse a-globin mRNA became incorporated into a retroviral RNA 

which in turn became integrated into the mouse genome in its DNA form.



30

It is known that retroviruses can incorporate cellular genes into their 

RNA (Bishop, 1981) sometimes with the loss of introns (Goff et al., I98O). 
Further evidence for this mechanism for the origin of the mouse )̂ oc3 gene 

has been provided by Lueders et al. (1982) who show that the Y  dj) gene is 
flanked by sequences homologous to retroviral-like mouse intracisternal 

A particle RNA. These repeats are however invert repeats and occur at a 

large distance from the Y  "̂ 3 gene.
Intronless pseudogenes have been reported to occur in human 6-tubulin 

genes (Wilde et al., 1982a,b; Gwo-Shu Lee et al., 1983)* These workers 
used the 3' untranslated region of a human 6-tubulin cDNA to isolate four 
distinct regions from a genomic library. One of these regions contained 
a functionsil 0-tubulin with three intervening sequences all with correct 
consensus splice sequences. This gene codes for two mRNAs, due to the 
presence of two polyA addition sites, of 18OO nucleotides and 2600 nucleo
tides. The three other regions represent intronless pseudogenes, two of 
these seem to have been derived by integration into the host germ line of 
cDNA copies of the I8OO nucleotide mRNA and the other by integration of a 
cDNA copy of the 2600 nucleotide mRNA. They calculate that these 
integration events occurred 4, 10 and 13 million years ago. The three 
pseudogenes have a polyA tract and extend to the 5' cap sites and are 
therefore full length cDNA copies. All three pseudogenes are flanked by 
short direct repeats of different length with no relationship to each 
other. All three contain genetic lesions precluding translation to give 
a functional polypeptide. The mechanism of insertion of these cDNA copies 
is unknown, however human placental tissue does contain sin RNA-dependent DNA 

polymerase (Nelson et al., I981) which could reverse transcribe mRNAs ex

pressed in the germ line. Gwo-Shu Lee et al., (1983) predict that in multi
gene families where germ line expression occurs, a significant portion of
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sequences will be accounted for by pseudogenes generated via a RNA 

intermediate.
Similar pseudogenes have been reported for the rat a-tubulin gene 

(Lemishka and Sharp, 1982) the human métallothionein gene (Karin and 

Richards, 19&2) and a human 6-actin gene (Hamada et al., I982).
In the human immunoglobulin gene family a gene has been shown to 

have introns but with altered splicing signals as well as premature 
termination codons.(Bentley and Rabbitts, 198O). In addition a human 
immunoglobulin light chain pseudogene has been shown to have lost its 

J-C intron (Hollis et al., I982).
Split genes are transcribed into colinear precursors from which the 

intron transcripts are removed by splicing. Sequence analysis has shown 
that intron-exon junctions show similarities (Breathnach and Chambon,
1981). If an enzyme system exists for intron removal as in mouse it
is interesting to speculate as to why all introns have not been removed. 
It may be that the enzyme system is very inefficient or that introns 

could have some function. It is interesting that normal globin genes 
whose introns have been removed are not expressed (Hamer and Leder, 1979)<

Many split genes have arisen by the duplication of already split 
genes. Gene duplication by unequal crossing over may explain how some 
split genes may have arisen (Sakano et al., 1979a,b). These workers 
explain how split immunoglobulin light and heavy chain genes evolved by 
multiple duplications of an unsplit DNA segment coding for a polypeptide 
with a similar size to that of the present homologous domains of the 

heavy chains.

It was suggested by Gilbert (1978) that interrupted genes present a 

way to facilitate the evolutionary development of more complex proteins. 

Two previously separate functions might be brought together by recomb
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ination within intervening sequences to place their coding sequences 

within the same transcriptional unit. Thus a novel genetic function may 

be generated by the shuffling of exons at the DNA or RNA level. This 
mechanism has led to the suggestion that exons might encode discrete 

domains within proteins (Blake, 1979)# In the case of the globins exons 
do seem to encode discrete functional or structural regions in the globin 

polypeptide (Craik et al., 198O, I981). The central exon codes for the 
haem-binding domain of globin, and the other two exon products seem to be 

required to maintain a stable haemprotein complex. Similarly the four 
exons of the chicken lysozyme gene each specify different functional regions 
of the protein (Jeffreys, I98I; Go, I982).

Doolittle (1978) suggests that the discontinuous structure of 
eukaryotic genes is the primitive form and that prokaryotic genes have 
lost their intervening sequences during evolution. He suggests that in the 
common ancestor of eukaryotes and prokaryotes replication, transcription 
and translation was unfaithful, and that genetic information in these cells 
would be redundant and not tightly organised as in Escherichia coli. Inter

vening sequences would ensure that transcripts of exons, reiterated but 
often incorrectly transcribed and replicated, would at least occasionally 
assemble correctly to code for functional proteins. As the transcriptional 
and replicational processes became more faithful, evolutionary pressure 
to eliminate these sequences would increase providing there was a premium 
for rapid replication in this system. Thus prokaryotic genomes became 
more streamlined and could only evolve at a point mutational level while 
'higher* forms retained the genetic plasticity inherent in the genomes of 

their primitive ancestors.

Darnell (1978) and Crick (1979) have suggested that genes containing 
intervening sequences may once have been continuous but subsequently
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acquired introns by the insertion of transposable elements. It is 

necessary to invoke the pre-existence of splicing mechanisms in order to 
render such events non-lethal. The transposable character of these 

insertion elements would be then lost in evolution. In this model 
eukaryotic genes were at one time uninterrupted and strictly colinear with 

the polypeptide they encoded. There is no direct evidence for intervening 
sequences being acquired by eukaryotic nuclear genes during evolution. It 
is possible that the irregular organisation of intervening sequences in 

actin genes may be due to the insertion of intervening sequences (see 
Section 6). However, generally it seems that the number of introns in a 

gene decreases during evolution.
It has been postulated that inserted DNA sequences act as controlling 

elements in Zea mays (Nevers and Sadler, 1977)* The introns of the cyto
chrome b gene in yeast mitochondrial DNA may have arisen by insertion. In 
some yeast strains three of the five introns including the mRNA maturase 
sequence are absent (Nobrega and Tzagoloff, I98O). It is possible that 
these three dispersible introns were once transposons and that the maturase 
has evolved from a transposase originally used to excise DNA, not RNA 

(Borst and Grivell, I981).

11. LEGHAEMOGLOBIN GENES

Leghaemoglobin is a myoglobin like monomeric haemoprotein found only 
in the root modules of legumes symbiotically associated with Rhizobian. 
The leghaemoglobin protein is encoded by the plant genome (Sidloi £t al.,

1978). Leghaemoglobin is structurally and functionally related to 

myoglobin and haemoglobin (Appleby, 1974) and until recently was thought 

to have arisen by convergent evolution. Soybean (Glycine max) root 

modules contain four major leghaemoglobins (Fuchsman and Appleby, 1979)
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as well eus some minor forms. The differences in the amino acid sequences 

of the various leghaemoglobins are small. Computer anailysis of the 
amino acid sequences of globins including several leghaemoglobins suggest 

that leghaemoglobins and globins have a common evolutionary origin 

(Hunt et al., 1978).
Recently a number of leghaemoglobin genes have been isolated from 

soybean DNA (Sullivan et al., I98I; Jensen et al., 198I; Hyldig-Nielsen 
et al., 1982; Brisson and Verma, I982). The leghaemoglobin genes are 

interrupted by three intervening sequences at codons 32» 68-69 and 103- 
104. The positions of the first and third intervening sequences aire 
homologous to the two intervening sequences found in all other known 
globin genes. The second, central, intervening sequence is unique to 
leghaemoglobin genes.

Leghaemoglobin has never been detected in any plant other than 
legumes which appeared about 200 million years ago, (Hyldig-Nielsen et 
al., 1982). The presence of leghaemoglobin in legumes is enigmatic as 

estimates of its time of divergence, sissuming a constant rate of globin 
evolution, suggest leghaemoglobin diverged around 15OO million years ago 
(Dayhoff, 1972). It is possible that the leghaemoglobin gene is a result 
of convergent evolution involving the recombination of two haem binding 
exons present in the plant genome with unknown function, with two other 
plant gene exons according to the mechanism of Blake (1981).

It is interesting to speculate on other possible mechanisms whereby 
legumes may have obtained their leghaemoglobin gene. There are many 

similarities between rhizobial and agrobacterial infections of plant cells, 

Agrobacterium tumefaciens is known to be capable of inserting bacterial 

genes into the plant genome (Zambryski et al., I98O). It is possible 

therefore that a Rhizobium globin-like gene was transferred into the
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genome of a primitive legume host, from which leghaemoglobin evolved.
This mechanism is unlikely however as intervening sequences have never 

been detected in prokaryotes. It is possible however that an animal 

globin sequence became incorporated into a Rhizobium plasmid, similar to 
the Ti plasmids of Agrobacterium, and subsequently became incorporated 

into the legume genome. The animal globin gene sequence may have entered 

the Rhizobium cell by a simple process of transformation.
Another possible mechanism for the presence of this plant globin gene 

is that it was translocated there by some viral agent. For example, an 
insect bourne plant pathogenic virus such as rhabdo-virus (Francki and 

Randles, 198O) may have been the vector for an insect globin gene to be 
transferred to a legume. It would be interesting, therefore, to examine 
the globin genes of insects and determine whether their structure 
resembled that of leghaemoglobin. If these genes have three intervening 
sequences it would seem likely that the central intervening sequence has 
been eliminated in the lineage leading to the vertebrates sometime before 
the c c - 0  gene duplication. Another possible alternative for this gene 
transfer may have been through the agency of some retroviral like RNA.
It is possible that an unprocessed globin gene RNA, complete with introns, 
was transferred as part of the retroviral RNA and became incorporated 

into the legume genome.
The existence of three intervening sequences in the leghaemoglobin 

gene seems incompatible with the hypothesis that exons encode functional 
protein domains, as the central exon in the leghaemoglobin gene is split 
into two halves. However, Go (1981) has analysed the 6-globin poly

peptide and is able to discern four distinct modules or sectors. She 

suggests that globin genes may have originally consisted of four exons, 

and predicts an additional intervening sequence at almost the exact 

position that the extra leghaemoglobin gene intervening sequence is 
found.
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Brisson and Verma (1982) have demonstrated that leghaemoglobin 

genes in the soybean genome, represent a moderately complex family of 

sequences which include functional genes linked to pseudogenes#

12. OBJECT OF THE RESEARCH

Haemoglobin genes represent the best characterised vertebrate 

multigene family and have proved useful in our understanding of gene 
structure and expression. However, nothing is yet known of another member , 

of the globin gene family, the myoglobin gene. Comparisons of haemoglobin 
and myoglobin genes may provide information concerning the early events in 

globin gene evolution as well as enable us to study the properties of genes 
incorporated within radically different (erythroid and myogenic) develop
mental programmes. Analysis of the myoglobin gene in relation to the 
expression of the muscle contractile protein genes would be facilitated 
by the molecular cloning of a myoglobin gene.

The work in this thesis is concerned with the molecular cloning of 
a mammalian myoglobin gene. Initial, unsuccessful, attempts were made to 
isolate a cDNA clone complementary to human skeletaQ. muscle myoglobin 
mRNA. The skeletal muscle from adult grey seal (Halichoerus grypus) was 
therefore used as a rich source of myoglobin mRNA, to synthesise a 
myoglobin cDNA clone. This clone was used to estimate the number of 
myoglobin genes in the grey seal genome and the size of the myoglobin 
mRNA, as well as to isolate a myoglobin gene from a genomic library of 
grey seal DNA cloned into bacteriophage A.
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Chapter 2

MATERIALS AND METHODS

1. TISSUE
Human adult skeletal muscle from post-mortems and foetal limb 

skeletal muscle was supplied by Dr Yvonne Edwards (University College, 

London). Human adult skeletal muscle from amputations of calf muscle 

(67 year old male) was supplied by Dr Simon Walker (Pathology Department, 
Leiceste:^. Grey seal (Halichoerus grypus) skeletal muscle from juvenile 
animals was supplied by Dr John Prime (British Antarctic Survey,

Cambridge).

2. RECOMBINANT PLASMIDS
pPG1 DNA was a gift from Professor C. Weissmann (Zurich). pcxA91 was 

supplied by Dr Margaret Buckingham (Paris).

3. ENZYMES, ANTIBIOTICS, CHEMICALS AND REAGENTS
Proteinase K, bovine pancreatic ribonuclease A, lysozyme, S1- 

nuclease, lysostaphin, protein-A, deoxyribonucleoside triphosphates, 

dithiothreitol, spermidine trichloride, putrescine dichloride, salmon 

sperm DNA (sodium salt), bovine serum albumin, dimethyldichlorosilane, 
piperidine, ampicillin, diethylpyrocarbonate, L-methionine and N,N,N*, 

N'-tetramethylethylenediamine were obtained from Sigma, London, England. 

Tri-iso-propylnaphthalene sulphonic acid, glyoxal and hydrazine were 

obtained from Eastman Kodak, Rochester, N.Y., U.S.A.; restriction 

endonuclease EcoRI, calf intestinal phosphatase and calf liver tRNA from 

the Boehringer Corporation, London, England; DNA Polymerase I, restriction
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endonucleases AccI, Alul, Avail, BamHI, Bglll, Ddel, EcoRI, Haelll, Hhal, 

Hindlll, Hinfl, Hpall, PstI, Sau96l, Sau3A, and Taq Y1, and urea from 

Bethesda Research Laboratories Inc., Rockville, Maryland, U.S.A; deoxy

ribonuclease I from Worthington Biochemical Corporation, Freehold, New 

Jersey, U.S.A; avian myeloblastosis virus reverse transcriptase from Dr 
J.W. Beard, Life Sciences Incorporated, St. Petersburg, Florida, U.S.A;
T4 polynucleotide kinase and terminal deoxynucleotidyl transferase from 
PL Biochemicals Inc., Milwaukee, Wisconsin, U.S.A; ficoll 400 and 

Sephadex G-50 from Pharmacia Fine Chemicals, Sweden; polyvinylpyrrolidone 
and phenol (AR) from Fisons, Loughborough, England; oligo d(T) cellulose 
Type 3» from Collaborative Research Incorporated, Waltham, Massachusetts, 
U.S.A; anti-human myoglobin antiserum, anti-human transferrin and agarose 
from Miles Laboratories Ltd., Stoke Poges, England; acrylamide and bis- 
acrylaraide from Bio-Rad Laboratories Ltd., Watford, England; dimethyl 
sulphate from Aldrich Chemical Co. Ltd., Gillingham, England; Aquasol-2
from New England Nuclear, Massachusetts, U.S.A. Deoxyadenosine, deoxy-

32cytidine and deoxythymidine F triphosphates, specific activity
2-3000 Ci/mMole, deoxy 8-^H guanosine 5*""triphosphate, specific activity 
12 Ci/mMol, adenosine triphosphate, specific activity 3OOO Ci/
mMole, L- S-methionine, specific activity 1100 Ci/mMol and rabbit 

reticulocyte lysate were obtained from Amersham International Ltd., 
Amersham, England. All other chemicals used were analytical grade.

4. MEDIA
The following liquid medium was used: Luria Broth (10 g Difco Bacto

Tryptone, 5 g Difco Bacto Yeast Extract, 5 g NaCl per litre of distilled 
water).

Agar plates were prepared by solidifying liquid medium with 15 g 

Davis New Zealand Agar per litre; 6 g agar per litre was used to prepare
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soft agar overlays,

BBL Agar, used for phage assays and initial growth, contained 10 g 
Trypticase (Baltimore Biological Laboratories) and 5 g NaCl per litre of 
distilled water solidified with 15 g or 6 g agar as above. Soft agar 

overlays were always supplemented with 10 mM MgCl^»

5. AGAROSE GEL ELECTROPHORESIS
Horizontal agarose slab gels were used: generally 2-3% for RNA test

gels, 0.4% for restriction endonuclease test gels and 0.8% for restriction 

endonuclease analysis by "Southern blotting". All gels were run in 40 mM 
Tris-acetate buffer pH7.7 containing 1 mM EDTA and 0.5 pg/ml ethidium 
bromide, (Aaij and Borst, 1972). RNA and DNA samples were mixed with 0.5 
volume of a 2% suspension of agarose beads in 20 mM EDTA containing 10# 
glycerol and a small amount of bromophenol blue as an electrophoresis 
dye marker (Schaffner et al., 1976). Samples were loaded into 5 mm x 7 
ram deep slots and gels were run at room temperature at 6 V/cm.

To run DNA in the single stranded form, samples were denatured by the 
addition of 0.1 volume of 1.5 M NaOH, 0.1 M EDTA 5 minutes before loading. 
Samples were loaded and left for 5 minutes before running.

6. PREPARATIVE GEL ELECTROPHORESIS

Preparation of samples, gel loading and electrophoresis were as 

described by Jeffreys et al. (I98O). The amount of native DNA loaded was 

adjusted so that no more than O .5 Vg of DNA entered each 1 mm^ of gel 
surface; more than this amount caused overloading in this system.

DNA in gels was located by the fluorescence of bound ethidium 
bromide in the DNA under long wave length ultra violet light.
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DNA was recovered from gel slices by inserting them into dialysis 

bags together with a small amount of diluted electrophoresis buffer (8 mM 
Tris-Acetate) as described by Smith (1980), the bags placed in shallow 

buffer just sufficient to maintain electrical contact and the DNA electro
eluted out of the gel into the dialysis bag. The DNA was rinsed off the 
dialysis membrane with diluted electrophoresis buffer. The DNA was 

recovered from solution by phenol extraction followed by ethanol 
precipitation.

7. PHOTOGRAPHY
Gels were photographed using a Nikon F camera and Ilford Ilfodata 

HS23 Type J500 P 35 nim film. DNA was visualised by bound ethidium 
bromide fluorescence, using a short wave length ultra violet light 
transilluminator.

8. GENERAL TECHNIQUES USED IN DNA AND RNA PREPARATION AND RECOVERY

(i) Phenol Extraction
DNA and RNA solutions were deproteinised by mixing with 0.5 volumes 

of phenol : chloroform : isoamyl alcohol : 8-hydroxyquinoline (100 : 100 : 

4 : 0.1, W : V ; V : W) saturated with 10 mM Tris-HCl, pH7.5, and briefly 
centrifuged to separate the phases. The upper aqueous phase containing 
the DNA or RNA was removed and the phenol layer re-extracted with an equal 

volume of 10 mM Tris-HCl, pH7*5»
The phenol used was AR grade and not redistilled.
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(ii) Ethanol Precipitation

DNA and RNA were precipitated from solution by the addition of 0.1 

volumes of 2 M (or 3 M) sodium acetate, pH5*6, and 2 (or 2.5) volumes of 

ethanol and chilling for 5 minutes in an industrial methylated spirit 

(I.M.S.) - dry ice bath. DNA precipitates were pelleted by centrifugation 

at 16300 X g for 5 minutes at -15°C, and then rinsed with 70# ethanol, 
centrifuged in an Eppendorf centrifuge for 2 minutes and the 70% ethanol 

removed.
(iii) Methoxyethanol/Phosphate.Extraction Of Carbohydrate

In order to remove carbohydrate and further clean DNA preparations, 
DNA solutions were mixed with equal volumes of 2.5 M potassium phosphate, 
pHS.O, and 2-methoxyethanol and the resulting turbid solution centrifuged 
(Jeffreys et al., I98O). The upper phase was then dialysed overnight 
against 100 pM Tris-HCl, 10 pM EDTA pH7.5«
(iv) Butanol Concentration

DNA solutions were concentrated by extraction of water with butan-2-
ol. Solutions were mixed with butan-2-ol and briefly centrifuged. The 
top phase was discarded and the lower phase extracted 3 times with 
diethyl ether to remove remaining butan-2-ol. Traces of diethyl ether 
were removed by gentle passage of air over the solution.

9. PREPARATION OF DNA FROM TISSUE

Tissue was stored at -80°C. The tissue was thawed in 5 volumes of 

ice-cold 150 mM NaCl, 100 mM EDTA pH8.0, and homogenised in this solution 

using a Sorvall Omnimixer. The homogenate was lysed by adding an equal 

volume of 8# tri-isopropyl-naphthalene-sulphonic acid, 2% sodium dodecyl 
sulphate, 12% butan-2-ol dissolved in water. The lysate was then mixed 

with 0.25 volumes of 5 M sodium perchlorate and phenol extracted without
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re-extracting the phenol layer. Mixing was gentle to avoid shearing high 

molecular weight DNA. Nucleic acids were precipitated by adding 2 volumes 

of ethanol and the precipitate rinsed with 70# ethanol. The DNA was then 
dissolved in 0.1 x TNE (TNE = 50 mM Tris-HCl, 100 mM NaCl, 5 mM EDTA,

PH7.5) at 0-4°C and the solution incubated at 37° for 20 minutes with 
100 pg/ml heat treated pancreatic ribonuclease followed by 100 pg/ml 
proteinase K in 1 x TNE, 1# sodium dodecyl sulphate, at 37°C for 20 

minutes. The DNA was phenol extracted and precipitated with 0.1 volumes of 
2 M sodium acetate, pH5»6, and 2 volumes of IMS without chilling or 
centrifugation. The precipitate was redissolved in a small volume of 10 
mM Tris-HCl, pH7«5» and methoxyethanol/phosphate extracted to remove 
carbohydrates (Kirby, 1957). DNA was precipitated from the upper phase 
using sodium acetate and IMS as before. The pellet was rinsed 3 times 
with 70% IMS and redissolved in 10 mM Tris-HCl, 1 mM EDTA, pH7.5t and then
dialysed against 2 1 of 2 mM Tris-HCl, 0.1 mM EDTA, pH7.5, overnight at 

4°C.
DNA concentrations were determined by measurement of optical density 

of DNA solutions at 260 nm using a Unicam SP5OO Spectrophotometer.

DNA quality was tested by agarose gel electrophoresis.

Low molecular weight denatured salmon sperm DNA, used as carrier in 
filter hybridisations, was prepared by shearing salmon sperm DNA to a 

length of about 0.4 kb by heating to 100^0 for 20 minutes in O .3 M NaOH,

20 mM EDTA. The DNA solution was then neutralised by adding 1 M Tris-HCl, 

pH7*5 to 40 mM and then concentrated HCl to pH7*8. The DNA was then 
phenol extracted and precipitated with IMS, vacuum dried and redissolved 

in water.
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10. PREPARATION OF TOTAL RNA FROM TISSUE
Tissue was stored at -80°C. $00 g was fragmented with a hammer and

placed in liquid nitrogen for 60 minutes. These pieces were then 
shattered and homogenised in three volumes of ice-cold 75 mM NaCl, 50 mM 
EDTA, pH8.0, 0.1# diethyl pyrocarbonate in a Waring Blendor which had been 

chilled overnight at -20°C. The homogenate was lysed by adding sodium 

dodecyl sulphate to a final concentration of 1# and shaking on ice for 
10 minutes. The lysate was then phenol extracted without re-extracting 
the phenol layer. Nucleic acids were precipitated by adding 2 volumes 
of IMS and the precipitate rinsed with 70# IMS. The nucleic acid was then 
dissolved in water treated with 0.1# diethylpyrocarbonate. Nucleic 
acids were further precipitated by the addition of 0.1 volumes of 2 M 
sodium acetate pH5-6 and 2 volumes of ethanol and rinsed with 70# ethanol. 
The nucleic acids were then dissolved in a small volume of water.

In order to remove DNA the RNA was pelleted in a caesium chloride 
gradient as described by Gilsin et al., 1974 and Ullrich et al., 1973*
10 g of caesium chloride were added to 2.2 ml 0.5 M EDTA, 0.22 ml 1 M 

Tris-HCl, pH7-5 and 5«3 ml nucleic acid solution making final
concentrations of 5«7 M caesium chloride, 0.1 M EDTA, 0.02 M Tris-HCl, 
pH7.5" Samples were centrifuged for 22 hours at 160000 x g at 25°C.
The RNA pellet was redissolved in a small volume of water and dialysed 

against water at 4° overnight.

RNA concentrations were determined by measurement of optical density 

of RNA solutions at 260 nm using a Unicam SP5OO Spectrophotometer.
RNA quality was tested by agarose gel electrophoresis.
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11. PREPARATION OF PQLYADENYLATED RNA

Polyadenylated RNA was purified on oligo (dT) cellulose columns as 

described by Aviv and Leder (1972). Total RNA was loaded onto columns 

of 0.3 ml bed volume, in binding buffer (0.5 M NaCl, 10 mM Tris-HCl, 
pH7»5) unbound non-polyadenylated RNA was washed through the column with 
15-20 bed volumes of binding buffer. Bound polyadenylated RNA was eluted 

from the column with 10 bed volumes of elution buffer (10 mM Tris-HCl, 

pH7.5).
The unbound RNA fractions were loaded twice more onto the same 

column and the bound fractions containing polyadenylated RNA were pooled. 

Generally this polyadenylated RNA was then heated at 65° for 5 minutes, 
cooled on ice, made up to binding buffer conditions and reloaded onto the 
same column and the bound polyadenylated RNA eluted with elution buffer.
The polyadenylated RNA was recovered by adding 0.1 volumes of 2 M sodium 
acetate, pH5-6, and 2 volumes of 100# ethanol, chilling at -80°C for 5 
minutes and spinning at 10,000 rpm for 10 minutes. RNA pellets were rinsed 
with 70# ethanol and redissolved in a small volume of water.

Polyadenylated RNA concentrations were determined by measurement of 

optical density of RNA solutions at 260 nm using a Unicam SP5OO 
Spectrophotometer.

RNA quality was tested by agarose gel electrophoresis.

12. Di VITRO TRANSLATION OF RNA

Translation products of total and polyadenylated RNA were analysed 

in an vitro translation system using rabbit reticulocyte lysate. Assays 
were carried out at 30°C for 60 minutes at a final radioactive 

concentration of 1 mCi/ml. Typical assays contained 8 pi rabbit reticule-
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cyte lysate and 2 pi labelled amino acid (L-[^^S]-methionine).

Reactions were initiated by adding 1 pi of RNA containing 0.1-0.5 pg of 

polyadenylated RNA or 1-3 pg of total RNA. Zero message controls were 

carried out by adding 1 pi of distilled water instead of RNA.
After incubation vitro, translations were terminated by adding 

L-raethionine to a final concentration of 10 mM and heat treated pancreatic 
RNase to a final concentration of 0.1 rag/ml and incubating at 37°C for 

15 minutes.

13. ANALYSIS OF m  VITRO TRANSLATION PRODUCTS BY SDS-POLYACRYLAMIDE GEL

ELECTROPHORESIS
Labelled translation products of vitro translations were analysed 

by sds-polyacrylamide gel electrophoresis as described by Laeramli (1970). 
The constitution of buffer and solutions is given in Table 2:1. Gels 
were composed of a 7.2# stacking gel and a I5# or 17# separating gel. 
Freshly prepared ammonium persulphate was always used. Electrophoresis 
was carried out using a Raven slab gel apparatus (IN/96). Samples were 
boiled for 2 minutes in 2 volumes of sample buffer. Electrophoresis was 
carried out at 120 V per gel until the bromophenol blue was 5 mm from the 
bottom of the gel. Gels were stained for one hour in 400 ml 10# v/v 

acetic acid, 50# v/v methanol, 0.1# Coomassie brilliant blue. Diffusion 

destaining was carried out by shaking the gel in 400 ml 10# v/v acetic 
acid, 5# v/v methanol overnight with one change of solution. Gels were 

photographed on a white light transilluminator.
Fluorographs were prepared by dehydrating the gels in two changes of 

dimethyl sulphoxide (DM80), followed by impregnation with 1,4-bis-2-(4 
methyl-5-phenyloxazoyl)-benzene (dimethyl POPOP) exactly as described by



Table 2:1

Solutions and buffers used in electrophoresis

A. Separating Gel Buffer:
0.75 M Tris-HCl, pH8.8, 0.2# w/v sodium dodecyl sulphate.

B. Stacking Gel Buffer:
0.025 M Tris-HCl, pH6.8, 0.2# w/v sodium dodecyl sulphate.

C. Acrylamide Solution:
44# w/v acrylamide, 0.3# w/v N, N*-methylene-bis-acrylamide.

D. Electrophoresis Buffer;
0.125 M Tris, 0.192 M glycine, 0.1# w/v sodium dodecyl sulphate,

PH8.3.
E. Sample Buffer:

0.625 M Tris-HCl, pH6.8, 20# v/v glycerol, 4# w/v sodium dodecyl 

sulphate, 5# v/v 2-mercaptoethanol, 0.001# w/v bromophenol blue.
F. Gel Composition (ml):

Separating Gel 15# 17#
Buffer A 13.5 13.5

C 9.2 10.4
distilled water 3-6 2.8

ammonium persulphate 0.95 0.95

(10 mg/ml)
TEMED 0.075 0.075

Stacking gel. 10 ml Buffer B, 3-3 ml C, 7-2 ml
distilled water, O .5 ml ammonium
persulphate, 0.04 ml TEMED.

The gel apparatus was plugged with the same gel composition as 

the separating gel.
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Bonner and Lasky (1974). The gels were dried onto Whatman 3 MM 
Chromatography Paper in a Bio-rad gel drying unit and exposed in an X-ray 

cassette with a Kodak X-Omat XRP5 X-ray film at -80°C. Generally films 

were prefogged to increase sensitivity.

14. IMMUNOPRECIPITATION OF SPECIFIC IN VITRO TRANSLATION PRODUCTS USING

PROTEIN-A PRECIPITATION
Myoglobin was immunoprecipitated from vitro translations of human 

skeletal muscle polyadenylated RNA, using ânti-hümàn myoglobin antiserum 
raised in goats smd protein-A precipitation. 2 pi of a 24 pi vitro 
translation mixture were removed as inputs and 2 x 10 pi taken for
immunoprécipitation. To one 10 pi aliquot 1 pi of anti-human myoglobin
antiserum was added, to the second 10 pi aliquot 1 pi of anti-human trans
ferrin antiserum was added. This was repeated for 24 pi iri vitro
translation products of total nucleic acid and zero RNA controls.

24 pi of immunoprécipitation buffer were then added to all tubes 
(immunoprécipitation buffer ; 50 mM Tris-HCl, pH7.5, 100 mM sodium 
chloride, 0.1# w/v N.P.40, 1 mM PMSF). The tubes were left at 0°C over
night. 10 pi of Protein-A were added and the tubes left at room 
temperature for one hour. The tubes were centrifuged in an Eppendorf 
centrifuge for 2 minutes, supernatants saved, and the pellets washed 4 

times in immunoprécipitation buffer. The pellets were then taken up in 
30 pi of polyacrylamide gel sample buffer (see Table 2:1) boiled for 2 

minutes and centrifuged for 2 minutes in an Eppendorf centrifuge. Sample 
buffer was also added to aliquots of the supernatant after precipitation 
and all samples loaded onto a I5# polyacrylamide gel.
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15. PREPARATION OF MYOGLOBIN BY ISO-ELECTRIC FOCUSSING AND POLY
ACRYLAMIDE GEL ELECTROPHORESIS

Adult human skeletal muscle was homogenised in an equal volume of 
water and centrifuged at 12,000 g for 10 minutes. The supernatant was 

removed and centrifuged at 5,000 g for one hour. The supernatant was 
dialysed overnight against water at 0°C and concentrated by surrounding the 

dialysis tubing in solid polyethylene glycol 6000. This concentrate 

was loaded onto a LKB Arapholine PAG plate pH5-5“8.5 (LKB 1804-103) which 
had been prefocussed for one hour at 20 W, 1.5 kV. Samples were focussed 

for 2-3 hours until all the pigmented proteins could be resolved. Human 
haemoglobin markers were also focussed. The major non-haemoglobin red 
pigmented band (myoglobin) was excised and protein extracted by mashing 
the gel slice in 20 mM sodium chloride in 4 changes of solution. The 
solution was centrifuged and concentrated by placing it in dialysis 
tubing surrounded by solid polyethylene glycol 6000. The concentrated 
solution was dialysed overnight against 20 mM sodium chloride, 2 mM 

Tris-HCl, pH7.5.
Further purification of human apo myoglobin was achieved by electro- 

phoresing the iso-electrically focussed protein in a 15# sds-polyacryla
mide gel. The region of gel containing myoglobin was excised and mashed 
in 3 volumes 60 mM Tris-HCl pH7#0, 0.2# sodium dodecyl sulphate, 10 mM
2-mercaptoethanol. The protein was allowed to elute from the gel for 

3 hours at 4°C. The gel pieces were pelleted by centrifugation and the 
supernatant stored. More buffer was added to the gel pellet and 
remaining protein allowed to elute overnight at 4°C. The gel pieces were 
pelleted and both supernatants pooled, dialysed against several changes 
of water, concentrated to a small volume with solid polyethylene glycol 

and stored at -20°C.
Seal myoglobin was prepared from skeletal muscle by iso-electric 

focussing as described above.
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16. SEPARATION OF MYOGLOBIN FROM IN VITRO TRANSLATIONS OF SEAL

POLYADENYLATED RNA AND POSITIVELY SELECTED RNA BY ISO-ELECTRIC

FOCUSSING

0.9 Vg of seal polyadenylated RNA in a 30 pl reaction volume or 1 
pi of positively selected RNA (Materials and Methods Section 32) in a 

10 pi reaction volume were ij: vitro translated in the rabbit reticulocyte 

system.
After dp. vitro translation 1/5 of each reaction mix was removed as 

input and the remaining mixture mixed with I5 pi purified grey seal 
myoglobin. This mixture was then loaded onto a LKB Ampholine PAG plate, 

pH5.5-8.5 (1KB 1804-103). After electrofocussing the myoglobin band 
was excised and either the myoglobin recovered as described above and 
loaded onto a 17# Gds-polyacrylamide gel or the gel slice boiled for 5 
minutes in polyacrylamide gel sample buffer (Table 2:1) and loaded 
directly into the sample slots of a I7# sds-polyacrylamide gel. Samples 
were electrophoresed and fluorographed as described above.

1 7 . PREPARATION OF SINGLE STRANDED COMPLEMENTARY DNA FROM POLYADENYLATED

RNA
Avian Myeloblastosis virus (AMV) reverse transcriptase was used to 

synthesise complementary DNA (cDNA) copies of polyadenylated RNA in the 
presence of an oligo (dT) primer. Preliminary experiments were carried 
out in order to optimise reaction conditions with regard to substrate and 

enzyme concentration. All reactions were carried out in 50 mM Tris-HCl 

(pH8.3), 60 mM KCl, 6.0 mM MgCl^, 10 mM dithiothreitol, 0.6 mM dATP, O.O6 

mM dCTP, 0.6 mM dGTP, 0.6 mM dTTP, 100 pg/ral actinomycin D and 7.5 pg/ml 
oligo (dT)^Q primer. Optimising experiments were in 10 pi reaction volume,
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The reaction was monitored by the incorporation of a-^^P-dCTP 

(2-3000 Ci/mMole) at a final radioactive concentration of 0.1 mCi/ml. 

Reactions were incubated at 42°C for 2 hours and terminated by the 

addition of an equal volume of 1# sodium dodecyl sulphate, 0.1 M EDTA, 
pHS.O. Nucleic acid was ethanol precipitated twice in the presence of 
10 pg of alkali denatured salmon sperm DNA. Pellets were redissolved in 

20 pi 10 mM Tris-HCl, pH7«5, prior to Cerenkov counting. In order to 
analyse radioactive cDNA synthesis, samples were alkali denatured to 
remove the RNA template and electrophoresed in I.5# agarose gels. The 
gels were dried down onto a glass plate with hair-dryers and autoradio

graphed for 10-12 hours using Kodak X-Omat R film, XRP5.
Bulk preparations of single stranded cDNA were direct scale ups 

of the above reaction using optimal substrate and enzyme conditions. 
However no carrier salmon sperm DNA was used in precipitations and the

32cDNA/mRNA hybrid molecules were separated from unincorporated a- P-dCTP 
by Sephadex G50 column chromatography. Enough Sephadex G50 was pre

swollen in 10 mM Tris-HCl, pH7-5» 1 mM EDTA, pHS.O, to produce a bed 
volume of I.5 or 3.0 ml. Columns were set up in siliconised Pasteur 
pipettes plugged with glass wool. Columns were washed with 5 times the 
bed volume of 10 mM Tris-HCl, 1 mM EDTA, pH7.5. The reaction mix, 
after incubation, was applied to the column and eluted in I50 pi fractions 

with 10 mM Tris-HCl, 1 mM EDTA, pH7.5.
Generally 40 pg of polyadenylated RNA was reverse transcribed using 

550 units of reverse transcriptase and 15 pg oligo (dT)^^ in 2 ml
32reaction volume in the presence of 40 pCi a- P-dCTP. The ratio of 

labelled to unlabelled dCTP was 1 : 7 500 (this ratio was changed to
1 : 750 for later experiments). This ratio was selected in order to

52reduce the radiolysis of cDNA by the decay of P. The
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quality of cDNA synthesised was assayed by the electrophoresis in 1.5# 
agarose gels of alkali-denatured samples of the reaction mix. Gels 

were dried down and autoradiographed.

18. PREPARATION OF DOUBLE STRANDED COMPLEMENTARY DNA
The RNA of cDNA/mRNA hybrid molecules was hydrolysed by incubation 

at 6?°C for 15 minutes in 0.2 M sodium hydroxide. After incubation an 
equal volume of 1 M Tris-HCl, pH?.5, was added and the mixture 
neutralised by the addition of 1 M hydrochloric acid. Single stranded 
cDNA was ethanol precipitated twice, redissolved in water and Cerenkov 
counted in order to estimate yields.

Optimising experiments for second strand synthesis were carried 
out in 10 pi reaction volumes in 50 mM Tris-HCl, pH8.5, 60 mM KCl, 60
mM MgCl^, 0.6 mM dATP, 0.6 mM dCTP, 0.6mM dGTP, 0.6 mM dTTP. No 

32radioactive a- P-dCTP was incorporated into the second strand. Re
actions were incubated at 42°C for 2 hrs and terminated by the addition 
of an equal volume of 1# sodium dodecyl sulphate, 0.1 M EDTA, pH8.0. 
Double stranded cDNA was recovered by ethanol precipitation.

The extent of the reaction was monitored by assessing the 
proportion of 81-nuclease resistant reaction products. O .5 pg of single 
stranded cDNA was incubated with 550 units of reverse transcriptase in 

0.3 ml reaction volume. This mixture was incubated for 2 hours at 42°C. 
The reaction was stopped by adding EDTA to a final concentration of 20 
mM and the mixture extracted with phenol/chloroform mix with two re
extractions. The aqueous phases were ethanol precipitated and double 

stranded cDNA further purified by passage over a Sephadex G50 column as 

described above. The excluded fractions were pooled and made 
to a final concentration of 0.025 M sodium chloride, 0.3 M
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sodium acetate, 4.5 mM zinc chloride, pH4.5, SI-nuclease was added to 
a final concentration of I5OO units/ml. An aliquot of this mixture was 

removed and 1 pg of alkali denatured high molecular weight human DNA 

and 1 pg of double stranded X DNA digested with EcoRI were added to 
provide internal controls for SI-nuclease activity. Both mixtures 

were incubated at 37°C for I5 minutes. The main digest tube was then 
frozen at -20°C. The mixture of double stranded cDNA, single stranded 
human DNA and double stranded X DNA x EcoRI was electrophoresed in a 

1.5# agarose gel to assay for SI-nuclease digestion. After checking 
Sl-nuclease digestion in the tested aliquot the main digest was thawed, 
extracted 3 times with phenol/chloroform and ethanol precipitated. The 
dried pellet was redissolved in a small volume of water and Cerenkov 
counted to estimate the yield of double stranded cDNA.

The size of double stranded cDNA was determined by electrophoresis 

in 1.5# agarose gels followed by autoradiography.
In order to check that the Sl-nuclease had removed the 'hairpin* 

structures at the end of the double stranded cDNA molecules, samples 
were mixed with 1 pg of high molecular weight human DNA and denatured 
in 0.2 M sodium hydroxide for 5 minutes at room temperature. This 
mixture was neutralised,made to Sl-nuclease reaction conditions, X DNA 

X EcoRI added and incubated with 5 units of Sl-nuclease as described 
above. The mixture was electrophoresed against input double stranded 
cDNA, double stranded cDNA treated with Sl-nuclease and alkali- 
denatured double stranded cDNA. After electrophoresis the gel was 

photographed, dried down and autoradiographed. The input track of this 
autoradiograph was scanned with a densitometer in order to estimate the 
size range of double stranded cDNA molecules.
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19. ADDITION OF HOMOPOLYMER TAILS TO DOUBLE STRANDED cDNA MOLECULES

After Sl-nuclease treatment and phenol extraction the double 
stranded cDNA was passed over a Sephadex G50 column. Terminal deoxy

nucleotidyl transferase was used to catalyse the addition of deoxy-
cytidine residues to the 3* ends of double stranded cDNA. In preliminary

52experiments 3.0 ng of double stranded cDNA in 1.5 mCi/ml a- P-dCTP 
(2OOO-3OOO Ci/mmole) 0.1 M potassium cacodylate, pH6.9» 1 mM dithioth
reitol, 1 mM dCTP were used in a 10 pi reaction volume. 1 pi of 10 mM 
CoCi^ was added to the above mix and the mixture prewarmed at 37°C for 
2 minutes. 1.7 units of terminal transferase were then added and the 
mixture incubated at 37°C- 1 pi aliquots were removed at intervals and
immediately quenched with 10 pi of 10# sodium dodecyl sulphate, O .5 M 
sodium chloride. 229 pi of H^O were added to this mixture along with 
5 pi 0.5 M EDTA, pHS.O, 50 pg high molecular weight salmon sperm DNA 
and 500 pi 8# trichloracetic acid (TCA). Samples were left on ice for 
10 minutes and filtered through GFC Whatman glass fibre filters. The 
filters were rinsed with 5 x 5  nils of 8# TCA and 3 % 3 mis 100#
Industrial Methylated Spirits. The filters were then dried and Cerenkov 
counted.

In bulk preparations of "C"-tailed double stranded cDNA 46 ng of 
DNA were incubated in a reaction mix as described above suitably scaled 

up. At 20, 30, 40 and 60 minutes 1/4 of the reaction mixture was 
removed and quenched with 10# sodium dodecyl sulphate, O .5 M NaCl to 
stop the reaction. These aliquots were then pooled and passed over a 
Sephadex G50 column. The excluded fractions were pooled and 

concentrated to approximately 20 pi with butan-2-ol. Residual butan-2-ol 
was removed with diethyl ether and the solution Cerenkov counted to 

estimate the length of tails added.
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20. ADDITION OF HOMOPOLYMER TAILS TO LINEARISED PLASMID pAT153

pAT153 was linearised with the restriction endonuclease Pstl.
Oligo (dG) homopolymer tails were added to the 3' termini of the 

linearised plasmid by incubating 5 pg of DNA in a final volume of 100 

pi in 140 mM cacodylic acid 30 mM Trizraa base (neutralised to pH6.9 
with potassium hydroxide) 1 mM dithiothreitol, 18 pCi deoxy 8-^H 
guanosine ^'-triphosphate. Cobalt chloride was added to a final 
concentration of 1 mM, the reaction mixture prewarmed at 37°G for 2 
minutes, 40 units of terminal transferase were added and the reaction 
incubated at 37°C. At 30, 60 and 90 minutes 2 pi aliquots were removed 
for gel analysis and 30 pi quenched with an equal volume of sodium 
dodecyl sulphate, 1# 0.1 M EDTA, pH8.0. These large aliquots were 
pooled, phenol extracted and loaded onto a Sephadex G-50 column. The 
excluded fractions were pooled and concentrated to 20 pi with butan-2-ol,
This sample was electrophoresed in a 0.4% agarose gel and the DNA
recovered from the gel slice as described in Materials and Methods 

Section 6.
The 2 pi aliquots were electrophoresed in a 0.4% agarose gel, the 

gel slice excised and boiled in 1 ml of water and counted in 4 ml 
Aquasol-2 in a liquid scintillation counter in order to estimate the 

incorporation of ^H-dGTP into the DNA.

21. ANNEALING G-TAILED VECTOR DNA AND C-TAILED DOUBLE STRANDED DNA

Equimolar amounts of C-tailed double stranded cDNA and G-tailed

pAT153 were annealed in 10 mM Tris-HCl pH7.3, 5 mM EDTA and 0.1 M NaCl 
for 10 minutes at 65°C, followed by 2 hours at 42°C. The reaction was 
allowed to cool to room temperature overnight and kept on ice until 

ready for use.
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22. TRANSFORMATION

An overnight culture of E.coli HB101 (recA, hsdR^ hsdM^ pro 

leu thi lacY endA rpsl 20 ara 14 galK^ Xyl-5 mtl-1 supE44 trp ) 
in Luria broth with thymine at 20 pg/ml was diluted one hundred fold into 
identical medium and grown to A^^^ = 0.2. The culture was then rediluted

as before and again grown to A^^^ = 0.2. 10 ml aliquots of cells were
then pelleted by centrifugation at 12000xg for 10 minutes at 4°C and 
resuspended in 5 ml of ice-cold 50 mM CaCl^ and kept on ice for 15 
minutes. Cells were repelleted and suspended in 500 pi of 50 mM CaCl^ 
and kept on ice. Typically, 100 ng of annealed DNA were diluted to 50 
pi with water and 34 pi of this mixed with 100 pi of competent cells 
and 10 pi of transformation buffer (50 mM CaCl^, 50 mM MgCl^, 50 mM 
Tris-HCl, pH?.5). Volumes were made up to 160 pi with water. Mixtures 
were kept on ice for 30 minutes and then at 37°C for 2 minutes and then 
at room temperature for 10 minutes. 1 ml of Luria broth with thymine at

20 pg/ml was added to each mixture and tubes incubated at 42°C for 2
minutes and at 37°C for 6O-9O minutes with shaking. The contents of 
each tube were then plated on Luria agar plates supplemented with 
thymine at 20 pg/ml and tetracycline at 7-5 pg/ral. Controls were trans

formations with the linearised tailed vector and with pAT153-
Plates were incubated overnight at 37°C.

23. SCREENING OF TRANSFORMANTS
The method used was a modification of the procedure of Grunstein 

and Hogness (1975)* Colonies from each transformation experiment were 

transferred using sterile toothpicks onto two Luria agar plates 
containing 20 pg/ral thymine and 7-5 pg/ml tetracycline overlaid with 9

Ifcm diameter Schleicher and Schull gridded nitrocellulose filters
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(Schleicher and Schull, pore size 0.45 pM). One plate acted as a 

master while the other was a replica. Both masters and replicas were 

incubated at 37°C overnight. The master plate was then stored at 4°C.
Filters were removed from the replica plates and treated in the 

following manner by placing them on Whatman 3 MM chromatography paper 

flooded with the appropriate solution. At no time was liquid allowed 
onto the upper surface to prevent any merging of colonies.

Filters were first treated with 1.5 M NaCl, 0.5 M NaOH for 10 
minutes and then twice with 1.0 M Tris-HCl pH?.5 each time for 2 
minutes. This was followed by 1.5 M NaCl, 0.5 M Tris-HCl pH?.5 for 4 
minutes after which filters were blotted dry and baked, colony side up.
for 5 hours at 80°C. The filters were then hybridised as described 
below using as probe a single stranded ^^P-labelled cDNA prepared by 
reverse transcription from polyadenylated RNA. Positively hybridising 
colonies were detected by autoradiography.

24. PREPARATION OF ^^P-LABELLED cDNA BY REVERSE TRANSCRIPTION
The method used was a modification of the procedure of Marotta

et al. (1974)’. 0.2 pg of polyadenylated RNA was incubated with 5 units
of avian myeloblastosis virus reverse transcriptase for 3 hours at 42°C

in the presence of 50 mM Tris-HCl, pH8.3, 60 mM KCl, 6 mM MgCl^, 10 mM
dithiothreitol, 0.6 mM dATP, dGTP and dTTP, 4 pM dCTP, 10 pg/ml of oligo

32(dT), 0.25 mg/ml of actinomycin D and 10 %iCi of a- P dCTP. Recovery 
was exactly the same as that described below for the recovery of nick 
translated DNA using high molecular weight salmon sperm DNA as carrier 
and redissolving the precipitated nucleic acid in 200 pi 10 mM Tris-HCl, 
pH?.5. The cDNA was rendered single stranded for hybridisation by RNA
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hydrolysis. EDTA was added to 20 mM and NaOH to 0.2 M. This mixture 

was incubated for 15 minutes at 6?°C before being diluted with an equal 

vol of 1 M Tris-HCl, pH?.5 and then neutralised to pH?.0 with 1 M HCl.

25. SMALL SCALE PREPARATION OF PLASMID DNA

Two methods were used to make DNA from small cultures of E.coli

HB101 harbouring recombinant plasmids.
(a) This method was a modification of that described by Klein et al* (198O)
E.coli HBIOI harbouring recombinant plasmids was grown in 10 mis of 
Luria broth supplemented with 20 pg/ml thymine and ?.5 pg/ml tetracycline
at 3?°C. These cultures were allowed to grow to 0.9-1.0 at which
stage they were amplified by adding chloramphenicol to a concentration 
of 100 pg/ml. The cultures were then grown overnight at 3?°C. The 
cells were pelleted and resuspended in O .5 ml 50 mM Tris-HCl pH8.0 and 
transferred to a 1.5 ml Eppendorf tube. 50 Vl of a 10 mg/ml solution 
of lysozyme in 10 mM Tris-HCl were added and the mixture left at room 
temperature for 15'* An equal volume of phenol/chloroform mix was then 
added,shaken and the mixture centrifuged for 15' in an Eppendorf 
centrifuge. The aqueous phase was removed and re-extracted with O .3 ml 
of phenol/chloroform mix. Plasmid DNA was recovered by ethanol 

precipitation.
(b) The method used was a modification of that described by Birnboim 
and Doly (19?9). 2 ml cultures of E.coli HB101 harbouring recombinant
plasmids were grown in Luria broth supplemented with 20 pg/ml thymine 
and ?.5 pg/ml tetracycline at 37°C overnight. 1.5 ml of these cultures 

were transferred to 1.5 ml Eppendorf tubes, the cells pelleted and 
resuspended in 100 pi of lysis buffer (25 mM Tris-HCl (pH8.0), 10 mM EDTA 
(pH8.0), 50 mM sucrose, 1 mg/ml lysozyme) this mixture was left on ice
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for 10 minutes. 200 pJL of 0.2 M NaOH, 1# sodium dodecyl sulphate was 
added and left on ice for 5 minutes. I50 pi of 3 M potassium acetate, 
pH4.8, were added and the mixture left on ice for 10 minutes. Tubes 

were centrifuged in an Eppendorf centrifuge for 5 minutes at room 
temperature, 0.4 ml supernatant removed and 1 ml 100# ethanol added.
The tubes were placed at -80°C to allow the DNA to precipitate and then 

spun for 2 minutes in an Eppendorf centrifuge. DNA pellets were re

dissolved in 100 pi of 0.2 M sodium acetate, pH5.6, and 300 pi of 100# 
ethanol added. DNA was allowed to precipitate at -80^C, the DNA 
pelleted in an Eppendorf centrifuge, rinsed with 1 ml 70# ethanol, 

vacuum dried and redissolved in a small volume of water.

26. LARGE SCALE PREPARATION OF PLASMID DNA
This method was found suitable for E.coli HB101 harbouring pAT153 

and recombinant plasmids. 10 mis of culture supplemented with 20 pg/ml 
thymine and 7*5 pg/ml tetracycline were grown overnight at 37°C. This 
10 ml culture was added to two 5OO ml baffled flasks of Luria broth 
supplemented with 20 pg/ml thymine and 7-5 pg/ml tetracycline and grown 

overnight at 37°C.
Cells were pelleted and resuspended in 40 ml of lysis solution

(see above) and left for 5 minutes at 0°C. 80 ml of alkaline/
sodium dodecyl sulphate solution (see above) were added and the mixture 

left at 0°C for 5 minutes. 60 ml of 3 M potassium acetate, pH4.8, were 

added and the mixture left at 0°C for 5 minutes. The mixture was then 
spun in a GS3 bottle at 8OOO rpm for 10 minutes at 4°C. The supernatant 

was poured through a funnel plugged with polyallomer wool and nucleic 

acid precipitated by addition of 100 ml iso propanol followed by 
centrifugation, at 8000 rpm for 10 minutes at 4°C. The DNA 
pellet was rinsed with 70# ethanol, dried with
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diethyl ether and redissolved in 20 ml of 10 mM Tris-HCl, 1 mM EDTA,

pH?.5» 4 ml of 5 mg/ml ethidium bromide and 23.76 g A.R. CsCl were
added. The solution was divided between two 50 Ti tubes, which were

then sealed and centrifuged in a Beckman 50 Ti rotor at 39000 rpm for 40
hours at 15°C. After centrifugation the lower plasmid band was 
visualised with ultra violet light and removed using a syringe and tubing. 
Ethidium bromide was removed by several extractions with iso-propanol 
saturated with a solution of caesium chloride. Two volumes of water 
were added to the DNA and the DNA precipitated by adding two volumes of 
ethanol. The precipitate was pelleted, rinsed with ?0# ethanol, vacuum 

dried and dissolved in 0.5 ml 10 mM Tris-HCl (pH?.5).

2?. LABELLING DNA BY 'NICK TRANSLATION*
The procedure used was a modification of that of Rigby _ê  al.

(197?). 15 pCi of a ^^P-dCTP (2-3000 Ci/mMole) (= 1.5 pi of a
stabilised aqueous solution of the triethylammonium salt) were made up 

to a final volume of 25 pi with 50 mM Tris-HCl, pH?.8, 5 mM MgCl^, 10 
mM 2-mercaptoethanol, 4 pM dGTP, 4 pM dATP and 4 pM dTTP. 0.1 pg of 
DNA, 16 pg of deoxyribonuclease I and 2 units of E.coli DNA polymerase I 
were added and the mix incubated for 1 hour at 15°C. The reaction was 

stopped by the addition of 25 pi of 0.5# sodium dodecyl sulphate, 12.5 
mM EDTA, 10 mM Tris-HCl, pH?.5, phenol extracted and centrifuged at top 
speed in an MSE bench centrifuge for 2 minutes. After removing the 

aqueous upper phase the phenol layer was reextracted with 50 pi 10 mM 

Tris-HCl, pH?.5* 50 pg of high molecular weight salmon sperm DNA were 
added to the pooled aqueous phases and the DNA ethanol precipitated 

without centrifugation or chilling. The ethanol was removed and the DNA
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precipitate rinsed with ?0# ethanol before being redissolved in. 200 pi

of 10 mM Tris-HCl, pH?.5» The DNA was reprecipitated and rinsed as before

and then redissolved in $00 pi of 10 mM Tris-HCl, pH?.5- Specific 
? 8activities of 10 to 10 dpm/pg DNA were generally obtained.

28. RESTRICTION ENDONUCLEASE DIGESTION
Digestions were carried out according to manufacturers recommended 

conditions. For genomic mapping experiments 15 pg of DNA was digested 
at a concentration of 100 pg/ml. Completion of digestion was checked by 
removing a 0.5 pg aliquot and electrophoresing this through a 0.4# 
agarose slab gel alongside molecular weight markers. Where digestion was 
incomplete a further aliquot of restriction endonuclease would be added 
and the incubation repeated. After digestion EDTA was added to a final 
concentration of 20 mM and the DNA phenol extracted, ethanol precipitated, 
vacuum dried and redissolved in 10 mM Tris-HCl, pH?.5- This solution 
was used for subsequent digestion with other restriction endonucleases 

when required.
For digestion of plasmid DNA 1-2 pg of DNA were digested at a 

concentration of 100 pg/ml and the digestion products electrophoresed in 
0.5#, 1# or 2# agarose slab gels without recovery of the DNA from the 

digest.

29. TRANSFER OF DNA TO NITROCELLULOSE FILTERS

Digested DNA samples containing 15 pg in 20 pi 10 mM Tris-HCl, pH?.5 
were denatured and loaded into 20 cm x 20 cm horizontal 0.8# agarose 

slab gels and the gels run until the bromophenol blue had run about 8 cm 
from the loading slots. Gels were then washed, with occasional, gentle 
rocking, in 20 x SSC (SSC = saline sodium citrate; 1 x SSC is O.I5 M
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NaCl, 15 mM trisodium citrate, pH?.0 for 20 minutes at room temperature. 
The denatured DNA was transferred onto nitrocellulose filters 

(Sartorius, 0.45 pm pore size) by following a modification of the 

procedure of Southern (1975)* The transfer apparatus was constructed 
by placing a glass plate on supports in a tray flooded with 20 x SSC and 
covering it with 2 sheets of Whatman 5 MM chromatography paper soaked in 
20 X SSC; these sheets also dipped into the bottom of the tray to act as 
wicks. The tray and paper were covered with a sheet of cling-filra and a 

hole cut in this slightly smaller than the slab gel. The exposed paper 
was soaked with 20 x SSC and the gel placed so that all the exposed area 
was covered by the gel and the DNA in the gel all lay within the borders 
of the exposed area. Great care was taken to ensure no air-bubbles were 
trapped between the gel and paper. After flooding the gel surface with 
3 X SSC a Sartorius filter soaked in 3 x SSC was placed on the gel, again 
avoiding air bubbles. A similar sized piece of Whatman 3 MM chromato
graphy paper soaked in 3 x SSC was placed over the filter followed by 
three dry sheets. Those were covered with three layers of Boots 
Disposable Nappies cut to fit the surface area. On top was placed a glass 
plate and a 2 kg weight, and the apparatus left at 4°C overnight. The 

filters were subsequently washed with 3 x SSC for 20 seconds and then 
baked for 5 hours at 80°C to bind the DNA onto the filter.

30. TRANSFER OF RNA TO NITROCELLULOSE FILTERS
2 pg of polyadenylated RNA and 10 pg of total RNA were vacuum dried 

and redissolved in 20 pi RNA dénaturation mix. (10 mM sodium phosphate, 
PH6.85, 16# v/v glyoxal deionised by mixing with Bio-rad AG - x 8 
(D) beads, 50# v/v dimethylsulphoxide) and incubated at 50°C for 1 hour.
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2 pi of 10 mM sodium phosphate, pH?.0, 0.05# bromophenol blue were 

added to each sample and the samples loaded onto 2.5# agarose gels made 

by dissolving 7-5 g of agarose in 300 ml 10 mM sodium phosphate (pH7.0). 
Gels were electrophoresed at I50 V for 2 hours in 10 mM sodium 
phosphate, pH7.0, during which time electrophoresis buffer was re

circulated using a peristaltic pump.
After electrophoresis RNA was transferred to nitrocellulose filters 

as described for DNA samples, except that the nitrocellulose filter was 

soaked in 20 x SSC before placing on the gel.

31. FILTER HYBRIDISATION
DNA hybridisation and filter washing was at 65°C in a gently rocking 

water bath. Hybridisation solutions were thoroughly degassed under 
vacuum before useras air bubblescoraing out of solution give rise to 
intense black spots of background labelling (Jeffreys and Flavell, 1977^# 
Flat bottomed perspex boxes with rubber gasket-sealed lids, with bottom 
interior dimensions 10 cm x 4 cm and I.7 cm deep and with sloping sides 
were used as incubation chambers. Circular chambers of similar design 
with a bottom interior diameter of 9 cm were used for screening recomb

inant plaque lifts and Grunstein-Hogness filters.
The baked filters from DNA transfers were cut into 9 cm x 3 cm 

strips using a long wave length ultra violet top illuminator to view 
filter-bound ethidium bromide along the DNA tracks. The strips were 

sandwiched between two blank filters, 3*7 cm x 9.4 cm and always 
completely submerged in all solutions to prevent drying out which gives 

rise to high background labelling.
Filters were first incubated in 3 x SSC for 20 minutes and then 

treated for 1 hour with 0.2# ficoll, 0.2# polyvinylpyrrolidone, 0.2#
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bovine serum albumin in 3 x SSC (Denhardt, 1966). This solution was 

then replaced with the same mixture supplemented with low molecular 

weight denatured salmon sperm DNA at 50 pg/ml and sodium dodecyl sulphate 
at 0.1% and incubated for 1 hour. The salmon sperm DNA- was added to 

reduce non-specific binding of labelled probe.
The filters were then incubated for a further 1 hour in a similar 

solution containing 9% dextran sulphate (Sigma, approximate average 

molecular weight 500,000 Daltons); the dextran sulphate greatly increases 
the filter hybridisation kinetics (Wahl et al., 1979; Jeffreys et al., 
1980). Strips were then transferred to 12 ml of an identical solution 
containing no more than 10 ag/ml of ^^P-labelled DNA probe; DNA 
probes were denatured at 100°C for 5 minutes before adding to the 
hybridisation solution.

After overnight hybridisation, strips were given four 10 minute 
washes in complete hybridisation mix preheated to 65°C with the labelled 
probe omitted and using an intermediate bath of the same solution 
between each transfer. This was followed by two 30 minute washes in 
0.3 to 0.1 X SSC containing with 50 vg/ml low molecular weight denatured 
salmon sperm DNA and 0.1% sodium dodecyl sulphate preheated to 65°C. 

Finally strips were rinsed in cold 3 x SSC, blotted dry and autoradio
graphed at -70°C for 1-14 days using Kodak X-Omat R film, XRP5, in 
conjunction with an Ilford Tungstate intensifying screen.

The baked filters from ENA transfers were cut into 9 cm x 3 cm 
strips. The strips were sandwiched between two blank filters and always 
completely submerged in all solutions. DNA marker filters were 

hybridised as described above. RNA filters were prehybridised for 8-20 

hours at 42°C in 509̂  v/v formamide, 5 x SSC, 50 mM sodium phosphate, 
pH6.5, 250 pg/ml alkali denatured salmon sperm DNA, 0.02% Ficoll (Sigma,
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type 400), 0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone 

(Sigma PVP-360). The nick translated probes were denatured by immersing 

in a 100°C bath for 5 minutes and added to the hybridisation mix (4 parts 
of above prehybridisation buffer mixed with one part $0% w/v dextran 

sulphate). After mixing the probe into the hybridisation mix thoroughly, 

the RNA filters were transferred to the hybridisation buffer and 
incubated at 42°C overnight.

After hybridisation the RNA filters were washed in 4 changes of 2 
X SSC, 0.1% sodium dodecyl sulphate for 5 minutes each at room
temperature, and then in 2 changes of 0.1 x SSC, 0.1% sodium dodecyl 
sulphate for I5 minutes each at 50°C.

The RNA filters were dried at room temperature for 60 minutes and 

autoradiographed at -?0°C using Kodak X-Oraat R film, XRP5, in conjunction 
with an Ilford Tungstate intensifying screen.

32. POSITIVE SELECTION OF mRNA BY FILTER BOUND cDNA CLONES (HYBRID
RELEASED TRANSLATION)
In order to assign cloned cDNAs to specific proteins the technique 

of Hybrid Released Translation was used. Cloned cDNAs were bound to 
nitrocellulose filters and hybridised to polyadenylated RNA, the filters 
were washed and after elution from the filter the bound message 

translated in the rabbit reticulocyte system.
Initially, cloned cDNAs were analysed as pools of IO-I5 individual 

clones and screened. Some of these pooled sets of clones were sub
sequently analysed individually by the same method.

Plasmid DNA made by one of the small scale preparations was made to 
5 mM Tris-HCl, 10 mM sodium chloride, 1 mM EDTA, pH?.5 and incubated at 
37°C for 20 minutes with 100 pg/ml heat treated pancreatic ribonuclease
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followed by 100 pg/ml proteinase-K in 50 mM Tris-HCl, 100 mM sodium 

chloride, 5 mM EDTA, pH?.5, sodium dodecyl sulphate, at 37°C for 20 
minutes. The DNA was phenol extracted and ethanol precipitated and 5-10 

pg redissolved in 5 pJ of dénaturation buffer (1 M sodium chloride, 0.5M 
sodium hydroxide, 10 mM EDTA). The DNA was incubated at 65°C for 5

Tlminutes, spun down and spotted onto Schleicher and Schull 9 cm diameter 
nitrocellulose filters (0.45 p pore size) in an ordered array. The 

spots were allowed to dry for 20 minutes at room temperature, and rinsed 
in 3 X SSC for 2 minutes before baking at 80°C for 5 hours.

Each spot of DNA was numbered on the reverse of the filter with a 
soft pencil and washed four times in water at room temperature. The
filters were then washed 2 times for 2 minutes in water at 80°C to 
remove any unbound DNA. Each spot was then carefully cut from the filter 
with a scalpel and all the spots placed in the minimum volume of 
hybridisation mix required to completely cover all the filters. 
(Hybridisation mix ; 50% v/v twice recrystallised formamide, 0.4 M 
sodium chloride, 10 mM PIPES - Na pH6.4, 4 mM EDTA, 0.6 mg/ml calf 
liver tRNA). Filters were incubated in siliconised glass pots at 41°C 

for 3 hours with continuous shaking. Filters were then transferred to 
fresh hybridisation mix for a further two hours at 41°C. After this 

prehybridisation, the solution was replaced by hybridisation mix 
supplemented with polyadenylated ENA at concentrations between 25-50 
pg/ral of hybridisation mix. (Generally 20-25 filters could be 
hybridised in 0.8 ml of hybridisation mix). The filters were then 
incubated overnight at 41°C with continuous shaking.

Control filters with bound ppGlDNA were hybridised separately in 

hybridisation mix supplemented with 50-100 ng of rabbit globin mENA 

in 160 pi hybridisation volume.
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After hybridisation, filters were washed twice in 10 ml of 1 x SSC, 
0.5% sodium dodecyl sulphate for 3 minutes each at room temperature, 

followed by 3 washes in 10 ml of 0.1 x SSC, 0.1% sodium dodecyl sulphate 

for 3 minutes each at room temperature. The filters were then washed at 

50°C in 10 ml of 0.1 x SSC 0.1% sodium dodecyl sulphate for 5 minutes, 

followed by two washes in 10 ml 10 mM Tris-HCl pH?.5, 1 mM EDTA for 3 
minutes each at 50°C.

Filters were then individually placed in Eppendorf tubes,I30 yl of 

water added and incubated at 80°C for 2 minutes. The water was then 
removed and 100 pi of fresh water added and the incubation repeated. The 
water from these two elutions was pooled and RNA ethanol precipitated 
twice in the presence of 4 pg of calf liver tRNA. The RNA was re
dissolved in 2-3 pi of water ready for use in the vitro translation 
system.

33. PREPARATION OF PARTIAL DIGESTS OF GREY SEAL DNA USING RESTRICTION
ENDONUCLEASE SAU3A1
The Sau3A partial digests of grey seal DNA were prepared by Dr 

Alec Jeffreys. 13 aliquots each of 40 pg of grey seal DNA at a 
concentration of 200 pg/ml in 10 mM MgCl^, 50 pM NaCl, O .5 M dithio- 

threitol, 10 mM Tris-HCl, pH?.4 were incubated at 37*̂ C for 20 minutes 

with increasing amounts of restriction endonuclease Sau3A ranging from 
1 to 20 units. 0.4 pg samples were removed from each 40 pg digests and 
tested for partial digestion by agarose gel electrophoresis. The digests 

were pooled and the DNA recovered by phenol extraction and ethanol 

precipitation.

The DNA was vacuum dried, redissolved in water and electrophoresed 
in a preparative 0.4% agarose gel flanked by \ DNA x Hindlll molecular



66

weight markers. Sau3A partials between 13 and 21 kb were electrophoresed 
into a dialysis bag and recovered (Materials and Methods - 4).

34. GROWH AND HARVESTING OF REPLACEMENT VECTOR
Phage lysates were prepared by a modification of the method of

Blattner et al. (1977)- A fresh plaque of bacteriophage XL47-'! (Loenen
and Brammar, I98O) was dispensed into 1 ml of phage buffer (6 mM Tris-
HCl, pH7.2, 10 mM MgS0^.7H20, 0.005% gelatin) and 0.1 ml of the phage

nsuspension was added to 5 % 10 cells of E.coli C600 in Luria broth 
supplemented with 10 mM MgCl^. After adsorption for 20 minutes at room 
temperature the mixture was diluted into 400 ml of Luria broth 
supplemented with 10 mM MgCl^ and 0.2% maltose in two 2 1 baffled conical 
flasks. Cultures were incubated with vigorous shaking at 37°C overnight. 
Obvious lysis and bacterial debris were apparent the following day.
Lysates were cleared by centrifugation at I3OOO x g for 10 minutes at
4°C and the phage harvested by centrifugation at 5IOOO x g for 3 hours
at 4°C. Each pellet was resuspended in 1 ml of phage buffer.

35. PREPARATION OF PHAGE DNA
Phage suspensions were lysed by adding sodium dodecyl sulphate 

to 1% and EDTA to 20 mM. This was followed by phenol extraction and two 

ethanol precipitations without chilling. Vacuum dried pellets were 
dissolved in 0.1 x TNE and then treated with heat treated ribonuclease and 
proteinase. The DNA was then phenol extracted and ethanol precipitated 
three times without chilling and without centrifugation. Precipitates 

were vacuum dried and redissolved in 50 10 mM Tris-HCl and then
extracted with 2-methoxyethanol/phosphate. The upper phase was removed 
and the lower phase re-extracted by adding 30 of water and an equal
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volume of 2-raethoxyethanol and potassium phosphate. The upper phases 

were pooled and precipitated with 0.5 ml of ethanol. The upper and lower 

phases were carefully removed leaving DNA at the interface. This was 

dissolved in 50 pl 10 mM Tris-HCl pH7»5 and repeatedly ethanol 
precipitated without chilling or centrifugation until addition of ethanol 
no longer caused the liquid to turn cloudy. The precipitates were 
vacuum dried and redissolved in 100 pi 10 mM Tris-HCl, pH7*5»

36. PREPARATION OF VECTOR ARMS
Vector arms were prepared by Dr Alec Jeffreys 60 pg of ^L47«1 DNA 

were digested to completion with restriction endonuclease BamHI and the 
DNA recovered by phenol extraction and ethanol precipitation, vacuum 
dried and redissolved in 10 mM Tris-HCl pH7»5- The left and right arms 
were recovered by electrophoresis into a dialysis bag in a preparative 
0.4% agarose gel and the DNA recovered as described earlier.

37. PREPARATION OF XL47.1 GREY SEAL RECOMBINANTS
Recombinants were prepared by Dr Alec Jeffreys. The first stage 

was annealing of the cohesive termini of the arms of /Jj47*1* 8 pg
of the left emd right arms of XL47-1 were incubated in 16 pi 0.1 M 

Tris-HCl pH7*5 and 10 mM MgCl^ at 42° for 1 hour and stored at -20°C.
For ligation, 1 pg of annealed KL47*1 arms were mixed with 0.44 pg 

of size selected grey seal DNA fragments (i.e. equimolar amounts) and the 
DNA mixture incubated at 4°C overnight in ligase buffer (66 mM Tris-HCl 

pH7.5, 6.6 mM MgCl^, 10 mM dithiothreitol and 0.4 mM ATP) in a total 

volume of 20 pi and in the presence of 5 units of T4 DNA ligase. 3 pi 
aliquots were removed for testing. The remainder were stored at -20°C.

To each 3 pi test sample was added 20 pi of 66 mM Tris, 10 mM MgCl^ and
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the tubes then heated at 68°C for 3 minutes to melt annealed cohesive 

termini before being placed on ice. Each sample was divided into two, 

one half alkali denatured, and then both halves electrophoresed in a 0.3% 

agarose gel alongside unligated mixtures to test the effectiveness of the 

ligation.

38. IN VITRO PACKAGING

The method used was a modification of the procedure, of Enquist and 

Sternberg (1979) using E.coli X lysogens BHB2688 [N205 recA (Ximm434 
cits b2 red3 Eam4 Sam 7)/X] and BHB2690 [N205 recA (Ximm434 cits b2 
red3 Dam15 Sam7)/X] (Hohn, 1979). Streaks of both strains were grown 
on nutrient agar for 2 days at 30°C. Overnight cultures from single 
colonies were grown by inoculating 2 ml Luria broth and incubating at 

30°C.
(i) Preparation Of a Freeze-thaw Lysate (FTL) From Strain BHB2688

Three 500 ml cultures of BHB2688 in Luria broth in 2 litre baffled 
conical flasks were grown to A^^^ =0.3 and induced by placing in a 
water-bath at 45°0 for 15 minutes without shaking. The induced cultures 
were then grown at 37”38°C for 1 hour shaking hard. Cultures were cooled 
on ice and the cells harvested by centrifugation at I6OOO x g for 10 min 
at 4°C. All the supernatant was drained off by pouring off the bulk and 

then letting the tube rest at an angle, on ice, with the pellet upper
most. After 5 minutes all drained liquid was removed. Each pellet 

(250 ml worth of cells) was resuspended in O .5 ml 10% sucrose, 50 mM 
Tris-HCl, PH7.5. All the pellets were pooled into 2 Sorvall tubes and 

to each one was added 75 pi of fresh lysozyme solution (2 mg/ml in 0.25  

M Tris-HCl, pH7.5)* These were gently and thoroughly mixed and then
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quick-frozen in liquid nitrogen. At this stage the preparation could be 

stored at-Bo°C if necessary. The peparations were warmed briefly at 

room temperature and then at 4°C until completely thawed; they were then 

cooled on ice. To each tube was added 75 pi of buffer Ml (6 mM Tris-HCl, 

pH7*5» 30 mM spermidine trichloride, 60 mM putrescine dichloride, 18 mM 

MgCl^, 15 mM ATP neutralised with .88O ammonia, 28 mM 2-mercaptoethanol) 
with thorough, gentle, mixing. The tubes were then spun at 35000 x g 
for 50 minutes at 4°C. The supernatant was removed and distributed into 
pre-cooled microfuge tubes in 5O-IOO pi aliquots. These were then 
quick-frozen in liquid nitrogen and stored at -80°C.
(ii) Preparation Of A Sonicated Extract (SE) From Strain BHB2690

One 500 ml culture of BHB2690 was grown at 30°C to A^^^ = 0.3, 
induced, grown for 1 hour at 37~38°C and then cells harvested as 
described for the FTL above. Each pellet was suspended in O .5 ml of 
buffer A (20 mM Tris-HCl, pH8.0, 3 mM MgCl^, 0.05% (v/v) 2-mercaptoethanol, 
1 mM EDTA, pHy.O), the samples pooled in a plastic sonicating tube and 
diluted with 2.6 ml of buffer A. The cells were sonicated without 

foaming using I5 x 3 sec blasts of an ethanol sterilised microtLp in an 
MSE 150 watt Ultrasonic Disintegrator keeping the suspension on ice. At 
this point the mixture was no longer viscous. The cell debris was 

pelleted by centrifugation at 6OOO x g for 6 minutes at 0°c. This 

produced a small pellet; a large pellet at this stage indicated intact 
bacterial cells and hence inadequate sonication. The supernatant was 
distributed into pre-cooled microfuge tubes in 50 pi aliquots, quick- 

frozen in liquid nitrogen and stored at -80°C.
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(iii) IN VITRO PACKAGING OF XL47.1/GREY SEAL RECOMBINANTS

Before the vitro packaging extracts were used for packaging 
recombinant DNA, the efficiency of the system was tested using XL47.1 and 
X wt as DNA substrates, aL47«1 was packaged into infectious phage 

particles at 7-5 x 10^ pfu/pg whilst X wt DNA was packaged at 3-7 x 10^ 
pfu/pg.

For vitro packaging, components were mixed in the following order 
: 0.13 pg of DNA (in a volume of 3«6 pi), 9 pi of buffer A, 1.4 pi of 
Ml buffer, 8.4 pi of SE, and 14 pi FTL. Mixtures were incubated at 25°C 
for 1 hour euid then diluted on ice into O.5 ml of phage buffer. 10 pi 
of each were then plated in serial dilutions onto the following E.coli 
strains : WL87 (803, supE, supF, hsdR̂  ̂ , hsdM^^, tonA, trpR , metB),
WL95» a P2 lysogen of WL87 for recombinant selection and ED89IO (803, 
supE, supF, recB21, recC22, hsdS). 240 pi of each diluted preparation were
also plated onto single plates of WL87 and ED89IO. All soft agar over
lays were supplemented with 10 mM MgCl^ and 0.2% maltose. No more than 
30 pi of a packaging reaction or its diluted equivalent were used for a 
single plating. Controls were XL47«1 ligated arms and intact XL47.1 
alone. Plates were incubated at 37°C overnight. Subsequent reactions 
were scaled up by 3-3 and after dilution into O .5 ml of phage buffer 

were divided into four 155 pi aliquots each of which was plated on a 
single 9 cm plate of WL95-
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39- SELECTION OF PHAGE RECOMBINANTS CONTAINING GREY SEAL MYOGLOBIN
GENE

The method used was that of Benton and Davis (1977)- The plates 
screened were those on which about half the diluted vitro packaging 

reaction had been plated onto strain WL95- After phage growth the agar 
was hardened by cooling the plates at 4°C for 15 minutes. 88 mm diameter 

nitrocellulose filters (Sartorius 0.45 pm pore size) were placed directly 
onto the agar without trapping air bubbles. Phage were allowed to 
transfer onto the filters for 5 minutes during which time filters and 
plates were marked for future orientation. The filters were then gently 
peeled off and washed for 1 minute in 0.1 M NaOH, 1.5 M NaCl and then 
neutralised by washing for 1 minute in 0.2 M Tris-HCl pH7-3* 2 x SSC
before being blotted dry and baked for 5 hours at 80°C. The filters

32were then hybridised with P labelled pSM I78 DNA as described earlier. 
Washing after overnight hybridisation followed the standard pattern 
finishing with a final stringency wash of O .3 x SSC. Filters were then 
dried and recombinant phage-probe hybrids detected by autoradiography 

for 1-4 days.

40. PURIFICATION OF POSITIVELY HYBRIDISING RECOMBINANT CLONES
Each positively-hybridising recombinant plaque or region was picked, 

resuspended in O .5 ml of phage buffer, shaken with chloroform and 100 

pi plated in serial dilutions onto strain etS910 genotype.

Plates were incubated overnight at 37°C. Plates with well separated 

plaques were then screened as before and positively hybridising clones 
and rescreened as described above.
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41. PHAGE AMPLIFICATION

Positively-hybridising well separated plaques were dispersed into 

0.5 ml phage buffer and 100 pi used for serial dilutions on EW.9IO using 

Luria agar plates; the remaining 0.4 ml was used for a single plate. 
After overnight incubation at 37^0 plates with near confluent lysis were 

overlaid with 3 ml of Luria broth supplemented with 10 mM MgCl^ and left 
to stand for 10 minutes at room temperature. The liquid and soft agar 

overlays were then removed, gently mixed with the agar well macerated 
then cleared by centrifugation at I6ÔOÔ x g for 5 minutes. One drop of
chloroform was added to the supernatant which was stored at 4°C.

42. RESTRICTION ENDONUCLEASE MAPPDiG OF RECOMBINANT PHAGE

0.5 pg of recombinant phage M A  was used for each digestion in a 
final volume of 10 pi. Digested DNA was not recovered as was usual for 
larger DNA digests. For subsequent digestion with another restriction 
endonuclease 1 pi of a 10 x conversion buffer was added directly to 
adjust the salt conditions to those required by the next restriction 
endonuclease. Digests were electrophoresed directly in 0.4% agarose 
gels without recovering the DNA.

43. PREPARATION OF LINEARISED AND PHOSPHATASED PLASMID pATl33

Linearised, phosphatased pAT153 was prepared by Dr Alec Jeffreys.

20 pg of plasmid pAT153 was linearised by digestion with restriction 
endonuclease Hindlll. The DNA was recovered in the usual way redissolving 
the pellet in 10 mM Tris-HCl, pH7-5- 15 pg of linearised plasmid DNA in 
150 pi 10 mM Tris-HCl, pH7.5* was incubated with O.I5 units of calf 
intestinal phosphatase at 37°C for 1 hour. The DNA was extracted twice 

with phenol before being ethanol precipitated and redissolved in 10 mM 

Tris-HCl, PH7.5.
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44. LIGATION OF FRAGMENTS INTO PLASMID pAT153
Recombinant phage DNA was digested with the restriction endonuclease

Hindlll and the DNA recovered in the usual way. Fragments produced by 

digestion with restriction endonuclease Hindlll were ligated with plasmid 

pAT153 linearised with restriction endonuclease Hindlll. The linearised 
plasmid had been phosphatased using calf intestinal phosphatase.

A total of 100 gg of linearised, phosphatased plasmid DNA and 

recombinant phage fragment DNA were mixed in equimolar proportions in a 
total reaction volume of 25 pi of ligase buffer and incubated with 1.5 
units of the DNA ligase at 4°C overnight. Ligation was tested by 
agarose gel electrophoresis.

45. FRAGMENT PREPARATION AND END LABELLING FOR SEQUENCING
(i) Restriction Endonuclease Digestion

10 pg of recombinant plasmid DNA was digested with an appropriate 
restriction endonuclease under conditions just compatible with complete 
digestion in a volume of 100 pi. 5 were checked on agarose gels 
for complete digestion. If digestion was incomplete more enzyme was 
added and the incubation repeated. DNA was recovered from completed 

digests by a phenol extraction followed by two ethanol precipitations. 
The DNA pellet was redissolved in 20 pi 10 mM Tris-HCl pH7-5-
(ii) Labelling DNA Ends With Polynucleotide Kinase And y-^^P ATP 

10 pg of restricted DNA in 50 pi of 10 mM Tris-HCl pH?.5 were
incubated at 37°C for 45 minutes with 0.1 units of calf intestinal 
phosphatase. After incubation the DNA was recovered by two phenol 
extractions followed by two ethanol precipitations. The DNA pellet 

was redissolved in 10 pi 10 mM Tris-HCl, pH7.5 and incubated with 5 

units of T4 polynucleotide kinase at 37°C for 30 minutes in the presence
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of 50 mM Tris-HCl, pH?.6, 10 mM MgCl^, 50 mM dithiothreitol, 4 mM
32spermidine, 0.1 mM EDTA, and 25 pCi of y- P ATP, in a reaction volume 

of 15 pi. 0.7 pi were removed and electrophoresed in an agarose gel.

The gel slice containing the labelled fragment was excised and 
Cerenkov counted in order to estimate incorporation. DNA was recovered 

from the reaction by two phenol extractions followed by two ethanol 

precipitations.
(iii) Labelling DNA Ends By 'Filling-in* With Reverse Transcriptase 

and g-^^P dNTPs
10 pg of DNA in a total volume of 50 pl was incubated with I6 units

of reverse transcriptase at 37°C for 90 minutes in the presence of
IOO mM Tris-HCl pH8.0, 1 mM 2-mercaptoethanol, 10 mM MgCl^, 10 pM dATP,

3210 pM dGTP, 10 pi'i dTTP and 30 pCi a- P dCTP. Different mixes were 
used to suit the end being labelled, using different labelled and 
unlabelled dNTPs. After incubation DNA was recovered by phenol 
extraction followed by two ethanol precipitations.
(iv) Second Restriction Endonuclease Digestion

Labelled DNA was digested in a volume of 100 pi with an appropriate 

restriction endonuclease. 5 pi were checked against 5 pl of input for 
complete digestion. After digestion the DNA fragment(s) was recovered 
by electroelution from a preparative agarose gel as described earlier. 

The labelled DNA was then cleaned by using DEAE-cellulose columns as 

follows;
For each gel slice 2 DEAE-cellulose columns were prepared using 

autoclaved Whatman preswollen DE52-cellulose in 1/10 x agarose gel 

electrophoresis buffer. Columns were constructed by plugging a 1 ml 
plastic Eppendorf pipette tip with autoclaved polyallomer wool 

(aquarium filter wool), cutting off 2 mm from the end to enlarge the
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orifice and loading with a 100 pl - 200 pl bed volume of DEAE-cellulose 

which was then rinsed with 1/5 x electrophoresis buffer. The column 

used was that with the fastest flow rate. A third Eppendorf pipette 

tip was plugged with polyallomer wool. The eluted DNA was first passed 
through the tip with polyallomer wool and then loaded onto a DEAE- 

cellulose column. The column was then washed with 0.5 ml of 1/5 x 
electrophoresis buffer and then the bound DNA eluted from the column 

with two 200 pl aliquots of 1 M NaCl, 50 niM Tris-HCl pH7.5 1 mM EDTA.
1 ml of ethanol was added and the mixture chilled in a dry ice-IMS 
bath for 10 minutes. The precipitated DNA was pelleted by centrifugation 
for 10 minutes in an Eppendorf centrifuge the supernatant removed and 

the pellet redissolved in 250 pl of 0.5 sodium acetate pH6.0. This was 
followed by 750 pl ethanol, chilling and centrifugation as before. The 
pellet was then rinsed with 80% ethanol very gently to avoid dislodging 
it; and the tube centrifuged as before before removing the alcohol. The 
pellet was vacuum dried and redissolved in 55 pl of distilled water 
ready for sequencing.
(v) DNA Sequencing

32All the procedures used for DNA sequencing of P end-labelled 
DNA fragments were exactly those described by Maxam and Gilbert (I98O) 
in their published protocol.

46. CONTAINMENT

All recombinant DNA experiments described were performed under the 
Containment Category I conditions stipulated by the Genetic 
Manipulation Advisory Group.
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Chapter 3

DETECTION OF HUMAN MYOGLOBIN mRNA

1. PURIFICATION OF HUMAN MYOGLOBIN
Myoglobin accounts for approximately 1% of the protein of adult 

human skeletal muscle. Myoglobin was purified from this muscle by iso
electric focussing and sds-polyacrylamide gel electrophoresis.

Homogenates of adult human skeletal muscle were loaded onto an 
ampholine polyacrylamide iso-electric focussing gel and focussed against 
adult haemoglobin markers. After focussing, the major non-haemoglobin 

red pigmented protein band (myoglobin) was excised and the native 
myoglobin recovered from the gel slice.

This protein was further purified by electrophoresis in a 15% sds- 
polyacrylamide gel and by staining marker protein tracts the region of 
gel containing the myoglobin protein excised, and the protein recovered. 
This protein was used in subsequent experiments as *pure' human apo- 

myoglobin.

2. ISOLATION AND ANALYSIS OF POLYADENYLATED RNA FROM HUMAN SKELETAL

MUSCLE
Initially a number of methods were used to isolate RNA from skeletal 

muscle. All of these methods involved the homogenisation of frozen 
muscle samples, lysis of cells with either detergent or a detergent based 

mixture, phenol extraction of protein and ethanol precipitation of 
nucleic acids. Initially homogenates were lysed in an equal volume of 
8% tri-isopropyl-naphthalene-sulphonic acid, 2% sodium dodecyl sulphate 
and 12% butan-2-ol. Preparations using this lysis mixture were usually
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badly degraded and subsequent preparations used a gentle lysis in 

sodium dodecyl sulphate. Preparations using this mathod of lysis were 

generally not badly degraded as revealed by agarose gel electrophoresis 
where relatively high molecular weight RNAs including ribosomal RNA bands 

could be detected (Figure 3:1).
A number of sources of human skeletal muscle tissue were used to 

prepare RNA. Adult tissue was generally from post morteras or amputated 
calf muscle. Foetal samples were from abortuses and neonate samples from 
still born infants. It was found that RNA prepared from post mortem 

samples was often badly degraded (Figure 3:1)- This was probably due to 
long delays of up to 24 hours between death and the freezing of tissue 
samples. In addition amputated calf muscle often gave yields of badly 
degraded RNA (Figure 3:1). This was possibly because the patients were 
suffering from diabetes and their muscle tissue may have been ischemic 
due to poor circulation.

The method finally adopted to prepare RNA from muscle samples 
generally gave good yields of relatively undegraded RNA (Figure 3:1).
It was found necessary to make all solutions up with water treated with 
0.1% diethylpyrocarbonate in order to inhibit ribonuclease activity from 
the lysed cells. Tissue was stored at -80^C until required. Before use 
the muscle was placed in liquid nitrogen for at least one hour, in order 

to facilitate easier homogenisation. All subsequent procedures were 
carried out on ice and as swiftly as possible, using precooled sterile 
equipment. After homogenisation the tissue was gently lysed, phenol 
extracted and nucleic acids ethanol precipitated. Typical yields of 

nucleic acid from adult human skeletal muscle are shown in Table 3:1.

RNA was separated from DNA by centrifugation in caesium chloride. 

Total nucleic acid samples were made up to 5*7 M caesium chloride and 
centrifuged in a Swing-out rotor at 160000 x g for 22 hours at 25°C.



Figure 3:1 Agarose gel electrophoresis of skeletal muscle nucleic 
acid preparations

Nucleic acid preparations from various sources of skeletal muscle 

were electrophoresed in 2% agarose gels. Preparations of nucleic acid 
from adult skeletal muscle using the 'harsh* lysis procedure (A lanes 1 
and 2) show an intense high molecular weight DNA bsuid (D) and a smear of 

RNA, a low molecular weight tRNA bsind (t) is visible, but no bands 

corresponding to 28S and 198 ribosomal RNA can be seen. On alkali treat

ment of the nucleic acid preparation most of the RNA is degraded to low 
molecular weight oligonucleotides (lanes 3 and 4).

In preparations of nucleic acid from the same muscle using the 
•gentle* lysis procedure (B) higher molecular weight RNA bands can be 
visualised (lanes 1 and 2) which are degraded on alkali treatment (lanes 

3 and 4).

Preparations of nucleic acid from human adult amputated calf muscle 
often showed considerable RNA degradation (C lanes l) with no high 

molecular weight RNA visible. The smear of low molecular weight RNA 

treated with alkali shows further degradation (lane 2). Similarly some 
adult skeletal muscle post mortem samples showed no high molecular 
weight RNA bands (D leuies 1 and 2).

Human adult skeletal muscle nucleic acid prepared from post mortem 

samples by gentle lysis in the presence of diethylpyrocarbonate (E 
lanes 1 and 2) showed a high molecular weight DNA band (D) and 28S and 

l8s ribosomal RNA bands (28 and l8) as well as a smear of RNA with 

fainter RNA bands superimposed on it and a tRNA band. On alkali treat
ment (lanes 3 and 4) this RNA was degraded into small molecular weight 

oligonucleotides.

0 denotes the origin of electrophoresis.
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This method sediments RNA while DNA remains in the supernatant and forms 

a band near the top of the gradient. Proteins and carbohydrates form a 
'skin* at the top of the gradient. The supernatant was removed and the 

RNA pellet redissolved in water. Quality of the RNA was checked on 
agarose gels. Nucleic acid preparations before centrifugation clearly 
showed a high molecular weight DNA band, two bands corresponding to 28S 

and 18S ribosomal RNA and a small RNA band. Superimposed on these 
bands was a heterogeneous smear of RNAs. At least some of this RNA was 
probably breakdown products of ribosomal RNA (Figure 3:1).

After centrigugation in caesium chloride it could be shown by 
agarose gel analysis that all or most of the DNA had been separated from 
the RNA pellet. Ribosomal RNA and transfer RNA bands could be clearly 
seen in the RNA fraction of the gradient on agarose gels.
Typical yields of RNA obtained from nucleic acid preparations after 

centrifugation in caesium chloride are shown in Table 3:1-
Polyadenylated RNA was separated from total RNA preparations by 

passage over oligo (4T) cellulose columns. RNA samples were made to hi^i 
salt conditions (0.5 M NaCl, 10 mM Tris-HCl pH7*5) in order to allow the 
binding of polyadenylated RNA to the column. The polyadenylated RNA could 
be eluted from the column under low salt conditions (10 mM Tris-HCl 

pH7.5)« After the first passage and elution the unbound fraction was 
reloaded onto the column two more times* The eluted polyadenylated RNA

was heated at 65°C for 5 minutes in order to 'melt* any secondary structure 
in the RNA and to denature RNA aggregates, made to high salt conditions 

and reloaded onto the same column. Polyadenylated RNA was eluted from 
the column under low salt conditions.

It was found that yields of polyadenylated RNA from oligo XdT) 
cellulose columns were quite variable. Typical yields are shown in 

Table 3:1#
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The quality of polyadenylated RNA was checked on agarose gels. A 

range of molecular weights of RNA could be detected. Little 5S RNA was 

present, whereas both ribosomal RNA bands could be detected (Figure 3:2). 

This ribosomal RNA contamination of polyadenylated RNA did not seem to 
inhibit subsequent in vitro translations or cDNA synthesis.

3. M  VITRO TRANSLATION OF HUMAN SKELETAL MUSCLE RNA

RNA and polyadenylated RNA preparations from adult human skeletal 
muscle were translated vitro in a rabbit reticulocyte lysate system. 
After incubation, non-radioactive methionine and RNase were added to 
prevent further incorporation of radioactive methionine and to chase 
label into mature polypeptides. The products of the ^  vitro translation 
were analysed by electrophoresis in sds-polyacrylamide gels. Gels of 
high concentration (15% and 17%) were used in order to obtain good 
resolution between globin (16.4 kd) and myoglobin (17*2 kd).

A wide range of different, molecular weight proteins up to 200 kd 

could be detected in the vitro translation profiles on sds-poly
acrylamide gels. The smallest detectable protein in ̂  vitro translations 

of adult human polyadenylated RNA was of approximately 17 kd (Figure 3:3)• 
Smaller proteins could not be detected in this system as they would be 
obscured by the large globin band from the lysate.

When human myoglobin was electrophoresed and the stain profile 
compared with the vitro translation product profile it was observed 

that the 17 kd protein comigrated with purified human myoglobin.



Figure 3:2 Agarose gel electrophoresis of skeletal muscle

polyadenylated RNA

Polyadenylated RNA from human adult skeletal muscle was electro

phoresed in 2% agarose gels. Lane 1 shows polyadenylated RNA with some 
ribosomal 28S and 18S RNA contamination, but no DNA or tRNA. On alkali 

treatment the RNA is degraded to low molecular weight oligonucleotides 
(lane 2).

0 denotes the origin of electrophoresis and nt = nucleotides.
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Figure 3:3 In vitro translation profile of human skeletal muscle

polyadenylated RNA

0.1 of rabbit globin mRNA (lane 2) and 0.1 ng of human skeletal 

muscle polyadenylated RNA (lane 3) were translated in the rabbit reticu

locyte lysate system and the translation products electrophoresed in 
17^ sds-polyacrylamide gels. A range of translation products could be 

seen including a number of small proteins between 17 and 20 kd. Myo

globin migrates as a 17 kd protein.
The 42 kd protein which appears in the zero RNA control (Lane 1)

is present in the reticulocyte lysate. This protein comigrates with
actin in sds-polyacrylamide gels but has been shown to have a different
isoelectric point to actin and is probably binding unincorporated 
35S-methionine.

0 denotes the origin of electrophoresis.
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4. IDENTIFICATION OF MYOGLOBIN IN IN VITRO TRANSLATION PROFILES BY

IMMUNOPRECIPITATION

Human myoglobin is a protein of 1?.2 kd molecular weight. In order 

to determine whether the 17 kd band which coraigrates with purified human 

myoglobin is myoglobin, immunoprécipitation with antihuman myoglobin 
antiserum was performed.

Adult human skeletal muscle polyadenylated RNA was translated vitro 

in the rabbit reticulocyte lysate system. The translation mixture was 
immunoprecipitated with anti-human myoglobin antiserum raised in goats.
As a control, a similar translation mixture was immunoprecipitated with 

anti-human transferrin antiserum. After incubation at 0°C overnight 
Protein-A was added to the mixture in order to precipitate any antigen- 
antibody complexes. Precipitated products were analysed on sds-poly- 
acrylaraide gels. Using anti-human myoglobin antiserum, a protein 
corresponding to the small 17 kd protein in vitro translations could be 
specifically immunoprecipitated. With the anti-human transferrin anti
serum no protein could be specifically immunoprecipitated from ^  vitro 
translations of adult human skeletal muscle polyadenylated RNA (Figure 

3:4).



Figure 3:4 Immunoprécipitation of myoglobin from vitro translations 

of total nucleic acid and polyadenylated RNA from human 

skeletal muscle

The vitro translation profiles of polyadenylated RNA (A) total 

nucleic acid (B) and a zero RNA control (C) and immunoprécipitations 

from these ̂  vitro translations are shown# Anti-human myoglobin (m) 
or antihuman transferrin (t) antisera were added to the in vitro trans

lations of the zero RNA (zero) total nucleic acid (total) and polyadeny
lated RNA (polyA) and any antigen-antibody complexes precipitated using 
protein-A# The pellets and supernatants from these immunoprécipitation 

were electrophoresed in a 17^ sds-polyacrylamide gel.
Myoglobin was present in the vitro translations of total nucleic

acid and polyA RNA as well as the supernatants of the immunoprecipitated 
samples of these translations# No myoglobin was present in the zero 
RNA controls# Myoglobin (17 kd) was specifically immunoprecipitated 
from the polyA translation to which anti-human myoglobin antiserum had 
been added but not from the zero RNA or total nucleic acid d^ vitro 

translations# The anti-human transferrin antiserum did not precipitate 
any protein from either the total nucleic or polyA RNA translations#

The scale is shown in kilodaltons (kd)#
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Chapter 4

THE CONSTRUCTION AND ANALYSIS OF A cDNA LIBRARY FROM ADULT HUMAN 
SKELETAL MUSCLE POLYADENYLATED RNA

Adult human skeletal muscle polyadenylated RNA was used to construct 

a cDNA library in E.coli HB101. A schematic representation of the steps 

involved in the construction of a cDNA library are shown in Figure 4:1 .
1. FIRST STRAND SYNTEIESIS

Single stranded cDNA was made from polyadenylated RNA using an oligo 
(dT)^Q primer and AMV reverse transcriptase. Use of an oligo (4T) primer 
should ensure that cDNA synthesis is initiated near the 3* terminus of the
RNA in the poly(A) tract. Synthesis of cDNA was monitored by following

32the incorporation of a- P-dCTP into the synthesised cDNA strand.
Reaction conditions were optimised using a standard reaction of 10 

pi volume containing 1 pCi of a-^^P-dCTP (2-3000 Ci/mMole). Initial 
experiments showed that when 1 pg rabbit globin mRNA was reverse trans
cribed in a 10 pi reaction reverse transcriptase activities of greater than 
3 units per 10 pi reaction resulted in decreased yields of cDNA. This is 
presumably due to ribonuclease contamination of the reverse transcriptase, 
as described by Buell et al. (1979)* Therefore, optimising experiments 
were carried out at a reverse transcriptase concentration of 2.75 units 
per 10 pi reaction volume. In order to determine the optimal concentration 
of polyadenylated RNA required, varying amounts of polyadenylated RNA 

were reverse transcribed in a standard 10 pi reaction. The yields of 

single stranded cDNA generally obtained are shown in Table (4:1)*
In order to estimate the size of cDNA synthesised, the cDNA/poly- 

adenylated RNA hybrids were hydrolysed in alkali and the single stranded



Figure 4:1 Strategy for the synthesis of a cDNA copy of polyadeny

lated mRNA and insertion into a plasmid vector by homo

polymer tailing

Polyadenylated mRNA is copied by reverse transcriptase (r.t.) and 

treated with alkali to form a single stranded cDNA. Reverse transcriptaae 
is used to synthesise the second strand and S1 nuclease (S1) used to remove 
the 'hairpin' loop* The double stranded cDNA is then tailed with oligo 

(dC) using terminal transferase (t.t.)*
The plasmid vector (pAT153) is linearised with Pst1, tailed with 

oligo (dG) using terminal transferase and anneeLIed with the oligo (dC) 
tailed cDNA, thus recreating the Pst1 target sites# The annealed DNA is 

then used to transform E.coli HB101 and tetracycline transformants 
selected (Tc^)#
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Table 4:1

Yields of cDNA transcribed from poly(A)^ RNA with reverse transcriptase

p moles dCTP p moles dNTP

Jig polyA* incorporated incorporated ng cDNA

0.10 7.3 29.2 9.7
0.05 7.9 31.6 10.4

0.10 22.6 90.4 29.8

0.20 14.3 57.2 18.9

0.40 24.5 98.0 32.3

0.80 16.5 66.0 21.8

1.60 18.4 73.6 24.3
3.20 16.4 65.6 21.7

97*0
208.0

298.0

94.5

80.8

27.3

15.2

6.8

* globin mRNA control
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cDNA electrophoresed in agarose gels, which were subsequently dried down 
and autoradiographed. From these gels it was determined that cDNAs between 

3000 nucleotides and less than 100 nucleotides could be synthesised, with 
an average size of approximately 300 nucleotides (Figure 4:2). It is 
clear that the majority of cDNA molecules are shorter than 1000 nucleo

tides and only a small proportion are as long as 3000 nucleotides in 
length.

Bulk preparations of single stranded cDNA were direct scale-ups of
the optimised reaction conditions. 40 pg of polyadenylated RNA were
incubated with 550 units of reverse transcriptase and I5 pg oligo (4T)
in a 2 ml reaction volume, at a radioactive concentration of 20 pCi 
32a- P-dCTP per ml of reaction volume (2-3000 Ci/mMole). The ratio of 

labelled to unlabelled dCTP was reduced to 1 : 7500, to minimise radio- 
lysis of single stranded cDNA.

As previous experiments had shown that unincorporated a-^^P-dCTP 
could be ethanol precipitated to a certain degree, the cDNA/polyadenylated 
RNA hybrids were recovered by chromatography on Sephadex G50 column 
into 10 mM Tris-HCl pH7.5* After alkali hydrolysis of the RNA it was 

determined that I.5 pg of single stranded cDNA was obtained from this 
reaction.
2. SECOND STRAND SYNTHESIS

Synthesis of the second cDNA strand was achieved using reverse 

transcriptase in the "self-primed” reaction. This reaction relies on a 

region of self complementarity at the 3* end of a cDNA molecule which 

results in the formation of a "hairpin” structure (Leis and Hurwitz, 

1972). Addition of reverse transcriptase allows the hairpin to act as 
primer for elongation, resulting in the synthesis of a double stranded 
copy of the cDNA with one "closed" end (containing sequences derived from



Figure 4:2 Agarose gel electrophoresis of single stranded cDNA

cDNA/raRNA hybrids were hydrolysed in alkali and the cDNA electro
phoresed in ê o agarose against single stranded DNA markers (unlabelled). 

The gels were photographed, dried down and autoradiographed# Lane 1 
has twice the amount of labelled cDNA as lane 2. The size range of 
cDNAs is from around 100 bases to around 3000 bases with an average size 

of around 300 bases.
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the 5* end of the mRNA) and one "open" end (containing 3* derived mRNA 
sequences).

The second strand synthesis reaction was monitored by determining 

the degree of protection of the initial ^^P-single stranded cDNA molecules 
against S1-nuclease which is specific for single stranded DNA. After 
second strand synthesis (see Materials and Methods) cDNA molecules were 
recovered by Sephadex G50 column chromatography to remove any deoxy- 
nucleotide triphosphates as concentrations of 1 pM deoxynucleotide 

triphosphates inhibit S1-nuclease activity (Wickens, 1978).
Optimisation experiments indicated that 0.7 units of S1-nuclease in 

a 10 pi reaction would totally digest 1 pg of heat-denatured human genomic 
DNA but would not digest 1 pg of X DNA cleaved with EcoRI (double stranded) 

Figure (4:3).
1 pg of single stranded cDNA was incubated with reverse transcriptase 

and recovered by Sephadex G50 column chromatography, and then treated with 
S'l-nuclease. 230 ng of double stranded cDNA were recovered from this 

reaction.
In order to estimate the amount of single stranded cDNA converted to 

double stranded form the degree of S1-nuclease resistance was determined. 
An aliquot of the S1-nuclease treated double stranded cDNA was mixed with 

1 pg of human DNA as an internal control, alkali denatured and neutralised 
with hydrochloric acid. This DNA was mixed with 1 pg of X DNA x EcoRI
and incubated at 37°C for I3 minutes with 5 units of S1-nuclease. Samples 

were analysed on a agarose gel which was photographed, dried down and 

autoradiographed. Gel analysis revealed that the humsui DNA was completely 
degraded by S1-nuclease but that the X DNA x EcoRI was completely 
resistant to S1-nuclease attack. The autoradiograph (Figure 4:4) revealed



Figure 4;3 Agarose gel electrophoresis of SI treated DNA

1 Jig of heat denatured human DNA was mixed with 1 jig of XDNA 

cleaved with EcoRI and electrophoresed in a 1.3^ agarose gel (lanes 

3-7). Similar DNA samples were treated with varying amounts of S1 

nuclease : 1.3 units, 1.0 units, 0.7 units, and 0.3 units (lanes 8, 
9i 10 and 11 respectively). Lanes 1 and 2 contain X x Hindlll and 
pBR322 X Sau3A DNA markers respectively.

0 = origin of electrophoresis.
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Figure 4:4 Agarose gel electrophoresis of 81 treated cDNA

^^-labelled single stranded cDNA (lane 1 ) was treated with SI 
nuclease (lane 2) and degraded to small oligonucleotides. Double stranded 

cDNA, after S1 nuclease treatment to remove hairpins, was alkali denatured 
and treated with S1 nuclease and degraded to small oligonucleotides (lane 

3). Non alkali denatured double stranded cDNA remained resistant to SI 

nuclease (lane 4). Lane 5 is input double stranded cDNA.

0 denotes the origin of electrophoresis*
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that the Si-nuclease treated double stranded cDNA remained resistant. The 

alkali denatured double stranded cDNA was sensitive to S1-nuclease. This 
implies that the hairpin structures had been removed by S1-nuclease 

treatment, as double stranded cDNA with hairpins would immediately 'snap 

back* after dénaturation and neutralisation and remain S1-nuclease 
resistant.
3. HOMOPOLYMER TAILING OF cDNA AND pAT133

Terminal deoxynucleotidyl transferase, from calf thymus, catalyses 

the addition of nucleotides to a suitable 3* terminus in the absence of a 
template. Terminal transferase will synthesise a homopolymer tract or 

"tail" of defined length at both 3* termini of the double stranded cDNA.
If a homopolymer tail of the complementary nucleotide is added to the 
termini of a linearised plasmid then stable recombinants can be formed by 
annealing the double stranded cDNA to the plasmid (Jackson et al., 1972; 

Lobban and Kaiser, 1973)-
In order to insert double stranded cDNA into the PstI site of 

pAT153i poly dG - poly dC homopolymer tailing was used. Adding a tail of 
"C" residues to the cDNA and "G" residues to the plasmid DNA, the PstI 

site of the plasmid is reconstructed which allows the excision of the 
cDNA insert using PstI.
(i) "C" tailing double stranded cDNA

Optimisation experiments were carried out as described in Materials 
and Methods. Approximately 40 ng of double stranded cMA were tailed, the 

incorporation of "C" residues being monitored by the incorporation of
32a- P-dCTP. An average of 60 "C" residues were added to each 3* terminus 

of the double stranded cDNA (Figure 4:3)*



Figure 4:3 Homopolymer tailing of double stranded oDNA

Double stranded cDNA was incubated with terminal transferase and 

aliquots removed at 3i 10, 13» 30» 60 and 90 minutes, quenched with sds 
and precipitated with TCA in the presence of high molecular weight 

salmon sperm DNA# Samples were filtered through glass fibre filters 
which were dried and Cerenkov counted# The incorporation of 

dCTP was determined and the average number of "C" resiudes per end of 
each cDNA molecule calculated# The number of "C" residues added 
increases with time for the first 60 minutes and then levels off at 
just over 100 residues per end#
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(ii) "G" tailing pAT153 DNA

pAT153 was linearised with the restriction endonuclease PstI and "G" 
tailed as described in Materials and Methods. Incorporation of "G” 
residues was monitored by the incorporation of ^H-dGTP. An average of 

10 "G" residues were added to each 3* terminus of plasmid DNA.
The tailed double stranded cDNA and tailed plasmid DNA were then 

annealed as described in Materials and Methods.

4. TRANSFORMATION OF E.eali HB101

pAT153 is a derivative of pBR322 (Twigg and Sherrat, I98O) which has 
lost a segment of DNA required for mobilisation of the plasmid but 
retaining the genes encoding ampicillin and tetracycline resistance. The 
PstI site of pAT153 lies in the ampicillin resistance gene between the 
sequences encoding amino acids 182 and I83 of the p-lactamase (Sutcliffe, 
1978). All tailed cDNAs were introduced into pAT153 at this PstI site.

Calcium chloride treatment of E.coli cells was used to render them 
competent for DNA transformation (Mandel and Higa, 1976). In order to 
minimise the possibility of rearrangements arising during the bacterial 

amplification of the inserted DNA the recombination-deficient strain 
HB101 was used for DNA transformation (Boyer and Roulland-Dussoix, I969).

In addition to the large scale transformation using the recombinant 
DNA, a series of small-scale control transformations were performed in 

parallel. Transformants were selected on tetracycline at 7.5 pg/ml.
In order to estimate the efficiency of transformation,closed-circular 
pAT153 DNA was used to transform HB101. In addition a "mock" recombinant 

DNA sample was used as a control, this sample was "G" tailed pAT153 DNA 
which had gone through the annealing reaction in the absence of tailed 
cDNA. The relative transformation efficiencies of closed circular DNA, 

recombinant DNA and "mock" recombinant DNA are shown in Table (4:2).
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A total of approximately 200 transformants were obtained from 

transformations using recombinant DNA. 20 of these transformants were 

tested for resistance to 25 pg/ml ampicillin. Insertion of cDNAs into the 

PstI site of pAT153 might be expected to inactivate the p-lactamase gene 
and render all transformants sensitive to ampicillin. However only 7 of 

the 20 transformants tested were found to be ampicillin sensitive. This 
has been reported by Villa-Komaraff et al. (1978). The PstI site in the 

P-lactamase gene of pAT153 interrupts the gene between the sequences 
encoding amino acids 182 and I83 (Sutcliffe, 1978). Thus the active site 
of the p-lactamase must lie within the N terminal l82 amino acids of the 

protein.
5. SCREENING THE HUMAN cDNA CLONE BANK

The clone bank of approximately 200 clones was screened using the 
in situ hybridisation method devised by Grunstein and Hogness (1975). 
Bacterial colonies were replicated onto nitrocellulose filters, lysed in 
situ with alkali and hybridised to a radioactively labelled probe.

In order to identify clones specific to adult muscle mRNAs,
32duplicate filters were hybridised with P labelled cDNA reverse trans

cribed from adult and foetal polyadenylated RNA. I9 week foetal poly
adenylated RNA was used as no myoglobin protein is detectable in foetal 

muscle at this stage (Tipler et al., 1978). However, this does not 
discount the possibility that foetal muscle may contain repressed myo

globin mRNA. Adult and foetal probes were used in order to detect adult 
specific clones which might be expected to be strong candidates for clones 
containing a myoglobin cDNA sequence.

It is clear from Figure (4:$) that the colonies hybridised with 
different intensities. The intensity of each spot reflects the relative



Figure 4:6 Colony hybridisation of human cDNA clone bank with adult 

and foetal probes

Approximately 200 cDNA clones were streaked onto 2 sets of four 

ungridded nitrocellulose filters; (A-A', B-B’, C-C* and D-D')* One 
set (A, B, G, D) was l^ybridised with ^^-labelled adult cDNA (ADULT), 

the other (A', B*, C*, D*) with similarly labelled foetal cDNA (FOETAL). 

The probes were made by the reverse transcription of human skeletal 

muscle polyadenylated RNA from the relevant source.

Two sets of clones could be distinguished. One set (1-8) corresponds 

to eigjit strongly hybridising adult specific clones. The position of the 

equivalent clones in the foetal screen are designated 1'-8*. The second 

set corresponds to 13 adult clones (a-ra) which are also detected by the 

foetal probe (a'-m'). The letters or numbers used to indicate these 

clones are placed directly beneath the relevant clone.

It should be noted that the positions of the clones on the two sets 

of filters are not perfectly aligned due to inconsistency in the streaking 
out procedure.

pAT153 controls are ringed.
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abundance of the mHNA corresponding to the cloned sequence in the poly

adenylated RNA (Williams, I98I). Figure (4:6) shows that most of the 200 

clones screened with the adult cDNA probe hybridise at a level similar to 

that of the negative controls (pAT153)« However approximately 50 clones 
hybridise more intensely than the negative controls. Fewer of the foetal donee 

approximately 20, hybridise more intensely than the negative controls.

Comparing the foetal and adult positively hybridising clones it can be seen 
that most of the 'foetal* clones are detected by the adult probe. How

ever 8 strongly hybridising adult clones are not detected by the foetal 

cDNA probe. These 'adult specific* clones have been designated pLG623» 

pLG648, PLG676, plû?14, pLG737* pLG745. pIG752 and pLG793*
The human cDNA library was also screened with a mouse a-actin probe 

pcA91(Minty et al., I98I; Figure (4:7)) to detect any human actin 

cDNAs. It can be seen from Figure (4:8) that most clones hybridise at a 

level comparable to the negative controls. One clone however, pIG646, 

hybridised very intensely to the mouse a-actin probe.
6. POSITIVE SELECTION

Positive selection was used to identify plasmids containing mRNA 

sequences encoding translation products. The plasmid DNA was bound to 

nitrocellulose filters and hybridised to adult skeletal muscle poly

adenylated RNA, unhybridised RNA was removed and the hybridised RNA recovered 
and translated in the rabbit reticulocyte system (Cleveland et , I980).

Initially the library of 218 clones was screened as I5 pools of 14 
different cloned DNAs. (Table 4:3) 25r30 pg of each pooled DNA was 

spotted onto nitrocellulose filters and hybridised as described in 

Materials and Methods to 25 pg of human adult skeletal muscle poly

adenylated RNA. Figure 4:9 shows the in vitro translation profiles of 

positively selected RNA from these pools. Some pools e.g. 4 and 11 show



Figure 4;? Partial restriction map of a mouse a-actin plasmid 
(poA9l)

The map of poA91 is adapted from Minty et al# (1981)# Sites for 

BamH1 (B), EcoRI (E), Hindlll (H) and PstI (P) are shown# The cDNA 
insert of poA91 contains around 90^ of the coding sequence of a-actin 

(amino acids 30-374) and approximately 300 nucleotides of 3* noncoding 
sequence#

The 1.1 kb PstI fragment of paA91 was isolated by preparative gel 

electrophoresis, labelled by nick translation and used as a probe for 
actin sequences in the humsm skeletal muscle cDNA library.
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Figure 4:8 Colony hybridisation of human cDNA library with mouse 
a-actin probe

Approximately 200 cDNA clones spotted onto 4 nitrocellulose filters 
(A, B, C, D) were hybridised with a ^^-labelled mouse a-actin probe 

derived from poA91 (Figure 4:5)• pAT153 controls are arrowed.

X designates a strongly hybridising clone, pLG646, corresponding to a 
tentative human a-actin clone.

The high background level of hybridisation is probably due to 

contamination of the a-actin probe with plasmid DNA.
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Table 4:3

Constitution of pooled DNAs used in positive selection

Pool pLG Number
1 601 - 614

2 615 ~  628
3 629 - 642

4 643 - 656

5 657 - 670

6 671 - 680, 691 - 694

7 681 - 690, 723 - 726

8 695 -  708
9 709 - 722

10 727 - 740

11 741 - 754

12 755 - 768

13 669 - 782

14 783 - 796

15 797 - 818
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Figure 4:9 Positive selection of rnRNA by pooled and individual

recombinant cDNA clones

The human skeletal muscle cDNA library was pooled into 15 pools of 

around 14 clones and hybridised to human skeletal muscle polyadenylated 
RNA, the hybridised RNA was in vitro translated and electrophoresed in 

a 19̂  sds-polyacrylamide gel. 0 = blank filter only hybridised. L = 
rabbit reticulocyte lysate (zero RNA). P = human skeletal muscle poly
adenylated RNA vitro translation. G = rabbit glob in rnRNA vi tro

translation.
The DNA of individual pools 5 and 15 were hybridised separately, 

along with a control p^GI DNA containing rabbit 0-globin cDNA which was 
hybridised to rabbit globin mRNA. Recombinant pLG667 positively selects 
all the mRNAs encoding the proteins selected by pool 5 and similarly 
pLG7l4 selects mRNAs selected by pool 15* 

kd = kilodaltons.
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no novel proteins compared to the zero DNA track. Other pools e.g. 5 and 
9 show several proteins when compared to the zero DNA track. Some tracks 
share common proteins e.g. 1 and 7, indicating that these pools share at 
least one clone which selects the same rnRNA from total polyadenylated RNA. 

Other pools e.g. 5 and 9 share a number of common proteins but also a 
number of different proteins.

Pool 5 and pool 13 seemed to have a protein which migrates in the 
region of the gel where myoglobin in the total polyadenylated RNA trans
lation profile migrates. The individual DNAs from these two pools were 

therefore used in a positive selection experiment.
When this experiment was carried out it was found that all the 

proteins corresponding to pool 5 were selected by the single plasmid 
pLG667 and similarly the proteins corresponding to pool 13 were selected 
by the single plasmid pLa714- There are two possible explanations for 
this phenomenon. Firstly, pLG667 and plG714 may contain a cDNA sequence 
which is common to a number of different muscle mRNAs which are selected 
and translated to give a number of proteins. Secondly, the cDNA contained 
in pLG667 and pLG714 may select only one mRNA which gives rise to a 
number of premature termination products or degradation products after 
in vitro translation of specific length which appear on sds-polyacrylamide 
gel electrophoresis as a number of differently sized bands.

pLG667 seemed to select an mRNA which could be translated vitro 
to give a protein which comigrates with purified myoglobin in sds-poly

acrylamide gels, in addition to a number of other proteins. In order to 
determine whether this cDNA contained any myoglobin DNA sequence the cDNA 

insert of pLG667 was sequenced as described by Maxam and Gilbert (I98O).
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7. MAPPING AND SEQUENCING pLG66? oDNA INSERT

pLG667 (Figure (4:10)) contains a cDNA insert at the PstI site of 

pAT153 of approximately I90 base pairs. As a result of the homopolymer 
tailing PstI sites have been regenerated at each end of the cDNA sequence, 

pLG667 contains one Taq Y1 site approximately 75 bp from the right hand 
PstI site and a Hhal site approximately 145 bp from this site.

plG667 was cleaved with restriction endonuclease Taq Y1. The DNA
32fragments were treated with alkaline phosphatase and labelled with y- P- 

ATP using polynucleotide kinase. The DNA was recovered and cleaved with 

the restriction endonuclease PstI. The DNA was electrophoresed in a 3% 
agarose gel and the two smallest fragments of approximately II5 bp and 
75 bp were excised from the gel and the DNA recovered.

DNA sequencing chemistry was performed on these two fragments and 
the samples electrophoresed as described by Maxam and Gilbert (I98O).

The preliminary sequence of the cDNA insert in pLG667 is shown in 
Figure (4:11).

It can be seen from this sequence that the homopolymer tails are of 
30 and 16 base pairs. No sequence corresponding to a poly(A) tail or 
AATAAA box (polyadenylation signal can be detected in this sequence, 

suggesting that this cDNA corresponds to mRNA upstream of the 3* end of 
the message.

Comparing the cDNA sequence to the predicted DNA sequence derived 
from the human myoglobin amino acid sequence (Dayhoff et al., 1972), no 
similarities could be detected. This suggests that the cDNA insert in 

pDG667 is not derived from the message corresponding to human myoglobin.



Figure 4:10 Sequencing strategy for the cDNA insert of pl/j667

The cDNA insert of pLG667 was partially sequenced by the Maxara- 
Gilbert technique using the TaqYI site (T) within the cDNA insert. The 
TaqYI site was kinase-labelled and then cleaved with PstI (P). The 75 

bp and 115 bp fragments were recovered from an agarose gel and sequencing 
chemistry performed.
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Figure 4:11 Preliminary sequence of the cDNA insert of pLG66?

The cDNA insert contains 1?8 base pairs. The 5* terminus has a 
G.C tail of 30 base pairs auid the 3* terminus has a G.C tail of 16 base 
pairs# The remaining sequence (132 bp) contains no polyadenylation 

signal or sequence encoding the human myoglobin amino acid sequence. The 

sequence around the TaqYI site has not been determined and is designated 

by dashes (-). Ambiguous sequence is shown as N. Dots above the 
sequence occur every tenth base.



ggggggggggggggggggggggggggggggCCGCCGACTCCATCTACAACAGCNNTCNNT

GTGT ÏCGA AGGAAGGACCTNGNTATGCCAACAACGTCGTGCTGGGTGCCAG

CGCGGTGATCTCTTTCTGCATGCGGTGAGCGGTCCTAGGGTTcccccccccccccccc

Figure 4:11
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Chapter 3

ISOLATION AND CHARACTERISATION OF POLYADENYLATED RNA FROM GREY SEAL 

SKELETAL MUSCLE
The red skeletal muscle of diving mammals such as whales and seals 

contains between 5 and 10 times the concentration of myoglobin protein 

than does the equivalent muscle in other mammals (Robinson, 1939» 
Wittenberg, 1970). One possible consequence of this phenomenon is that 
the skeletal muscle of diving mammals may contain a higher concentration 
of myoglobin mRNA than does human skeletal muscle. For this reason the 
skeletal muscle of the grey seal (Halichoerus grypus) was used as a 
source of polyadenylated RNA. The muscle tissue was obtained from Dr 
John Prime of the British Antartic Survey, Cambridge. The muscle 
provided was skeletal red muscle although the exact muscle type, sex and 
age were unknown.

1. PURIFICATION OF GREY SEAL MYOGLOBIN
Homogenates of grey seal skeletal muscle were loaded onto an 

ampholine polyacrylamide iso-electric focussing gel and focussed. The 

major non-haemoglobin red pigmented protein band (myoglobin) was excised 
and the native myoglobin recovered from the gel slice (Figure 5:1)»

2. ISOLATION OF POLYADENYLATED RNA

RNA was prepared from grey seal skeletal muscle tissue as described 
for human skeletal muscle. Samples were made brittle by chilling in 
liquid nitrogen, shattered, homogenised and lysed with sodium dodecyl 

sulphate. All procedures were carried out using solutions made up with 

water treated with 0.1# diethylpyrocarbonate to inhibit RNase activity.



Figure 5:1 Iso-electric focussing of grey seal myoglobin

Homogenates of grey seal skeletal muscle were loaded onto an LKB 

ampholine polyacrylamide I.E.F. gel (pH 5*5 - 8.5). Two major red 

pigmented bands could be seen, the myoglobin band which migrated at a 
pK of 7.4 was excised and the protein recovered. The other major band 

had a higher pK (about 7*8) and probably corresponds to myoglobin in a 
different oxidation state* Other faint red pigmented bands (pK 6*7 - 

7*1) probably correspond to grey seal haemoglobins*
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Typical yields of nucleic acid, RNA and polyadenylated RNA from 

grey seal skeletal muscle are shown in Table (5:1)»
RNA prepared from grey seal skeletal muscle was generally undegraded 

and bands corresponding to 288 or l8S ribosomal RNA bands could be seen 
on agarose gel electrophoresis (Figure 5:2)» The good quality of RNA 

prepared from this tissue can be accounted for by the fact that the 
samples were frozen immediately after the animals were killed. The sub
sequent procedures used to isolate RNA from this tissue have been 
developed in order to produce minimum degradation of the RNA.

3. Df VITRO TRANSLATION OF GREY SEAL POLYADENYLATED RNA

Polyadenylated RNA from adult human and grey seal skeletal muscle 
was translated iji vitro in the rabbit reticulocyte system in the 
presence of ^^S methionine and the products electrophoresed on SDS- 
polyacrylamide gels (Figure 5:3a)* It is clear from these that the human 

tjyvc(. seal profiles are very similar. In the seal polyadenylated RNA trans
lation profile there is a protein of approximately 1? kd which comigrates 
with purified grey seal myoglobin. This protein is present in greater 

quantities in the translation profile of seal polyadenylated RNA than 
is the equivalent protein in translation profiles of human polyadenylated 
RNA. It seems therefore that grey seal skeletal muscle may be 

significantly enriched for myoglobin mRNA compared to human skeletal 
muscle. Alternatively the seal myoglobin mRNA may be translated more 

efficiently in the rabbit reticulocyte system.
Grey seal total RNA, polyadenylated RNA and non-polyadenylated RNA 

were translated in the rabbit reticulocyte system and the products



Table 5:1

Typical yields of nucleic acid prepared from grey seal skeletal muscle

Nucleic acid fraction Yield/kig tissue # of total nucleic acid

Total nucleic acid 200 100

Total RNA (after CsCl 120 60
centrifugation)

poly(A)^ mRNA (after 0*7 0.55
oligo (dT) cellulose
chromatography)

poly(A)" RNA (after /v 75 /v 57*5
oligo (dT) cellulose
chromatography)



Figure 5:2 Preparation of nucleic acid, RNA and polyadenylated mRNA 

from grey seal skeletal muscle

1 |ig of total nucleic acid was electrophoresed in a 2# agarose gel 

(lanes 1 and 4), DNA (D), 28S and 18S ribosomal RNA (28 and 18) and tRNA 

(t) bands could be clearly seen. After centrifugation in CsCl no DNA or 

tRNA bands were present (lane 2 - 1  pg). Lane 3 shows 10 pg of total 

nucleic acid with a wide range of molecular weights. Lane 5 shows 1 pg 

of seal polyadenylated mRNA with only faint 288 and 18S bands. Lane 5 

shows 10 pg of total nucleic acid after alkali treatment.

0 = origin of electrophoresis, nt = nucleotides.
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Figure 5:3 In vitro translation profiles of grey seal polyadeny

lated RNA

(a) 0.1 pg of rabbit globin mRNA (lane 2) human skeletal muscle poly

adenylated RNA (lane 3) and grey seal skeletal muscle polyadeny

lated RNA (lane 4) were translated in the rabbit reticulocyte lysate 

system and electrophoresed in sds-polyacrylamide gels. The 

myoglobin band migrated at 17 kd and the grey seal profile is 

greatly enhanced for this protein. Lane I is a zero RNA control.

(b) Lane 1 corresponds to in vitro translation of 0.1 pg of rabbit 

globin mRNA. Lanes 2 and 3 are ̂  vitro translations of 3 and 1 pg 

of total RNA from grey seal skeletal muscle. Lanes 4 and 5 correspond 

to vitro translations of 0.3 and 0.1 pg of non-polyadenylated

RNA from grey seal skeletal muscle and lanes 6 and 7 correspond 

to 0.3 pg and 0.1 pg of polyadenylated RNA from grey seal skeletal 

muscle. The total RNA clearly has a low proportion of active mRNA. 

The polyadenylated RNA fraction is greatly enriched for mRNA species, 

including myoglobin mRNA,compared to the non-polyadenylated RNA 

fraction.
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analysed on sds-polyacrylamide gels (Figure 5:36)* From these gels it 

is clear that the non-polyadenylated RNA fraction is depleted in myoglobin 

mRNA. This suggests that the majority of myoglobin mRNA molecules are 

polyadenylated.

4. IDENTIFICATION OF MYOGLOBIN IN W  VITRO TRANSLATIONS BY

PURIFICATION FROM ISO-ELECTRIC FOCUSSING POLYACRYLAMIDE GELS

In order to confirm further that the 17 kd protein from in vitro

translations of grey seal skeletal muscle RNA was myoglobin, its

migration in iso-electric focussing gels was studied. In vitro trans

lation products of grey seal skeletal muscle polyadenylated RNA were 

mixed with grey seal myoglobin. This mixture was focussed on an 

ampholine polyacrylamide iso-electric focussing gel (LKB Ampholine PAG 

Plate PH5.5-8.5). The band corresponding to grey seal myoglobin was 

excised and the protein recovered from the gel slice. This protein was 

analysed on a I7# sds-polyacrylamide gel. It was determined from this 

analysis that the purified myoglobin comigrated on both iso-electric 

focussing gels and sds-polyacrylamide gels with the radioactively labelled 

17 kd in 3̂  vitro translations of grey seal skeletal muscle poly

adenylated RNA (Figure 5:4). The fact that some of the 17 kd translation 

product copurifies with seal myoglobin on iso-electric focussing gels 

suggests that at least some of this protein is myoglobin. This 17 kd 

protein copurifies with native myoglobin on iso-electric focussing gels 

and must therefore be the native myoglobin associated with the haem 

group. The rabbit reticulocyte lysate is therefore a useful system for 

in vitro translation as it will translate messages from diverse sources 
and in the case of myoglobin, provides the haem groups from the lysate 
to produce the native myoglobin holoprotein.



Figure 5:4 Identification of myoglobin mRNA in seal muscle poly(A)^ 

RNA by iso-electric focussing

RNAs from grey seal muscle were translated in a rabbit reticulocyte
55lysate system in the presence of L- S methionine and the products 

analysed by sds-PAGE in 17# gels# *-* = no RNA, 'RNA* = 1 Hg total 

muscle RNA, poly(A)* RNA = 0.1 îg muscle polyadenylated RNA. The lysate 

from the translation of polyadenylated RNA was mixed with pure seal myo

globin and analysed by iso-electric focussing# Mb + = sds PAGE of lEF 

purified myoglobin mixed with lysate from poly(A)* RNA translations showing 

co-purification of labelled myoglobin with unlabelled pure seal myoglobin 

(Mb). Mb - = sds PAGE of lEF purified myoglobin mixed with lysate from 

zero RNA translation showing no co-purification of any labelled product.
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Chapter 6

lEE CONSTRUCTION AND ANALYSIS OF A cDNA LIBRARY FROM GREY SEAL SKELETAL 
MUSCLE POLYADENYLATED RNA

Grey seal skeletal muscle polyadenylated RNA was used to construct 
a cDNA library in E.coli EB101. An identical cloning stategy was used 
in the construction of this library as was used for the construction of 
the human library as described in Chapter k (Figure 4:1).
1. , CONSTRUCTION OF A GREY SEAL cDNA LIBRARY

Single-stranded cDNA was made by incubating 50 |ig of seal muscle 
polyadenylated RNA in the presence of an oligo (dT)̂  ̂primer and AMV 
reverse transcriptase. Approximately 2.5 |ig of ̂ ^-labelled cDNA were 
recovered. Double-stranded cDNA was prepared by incubating 2 (ig 
labelled single-stranded cDNA with reverse transcriptase. Double
stranded cDNA was recovered and flush ended with S1-nuclease. 1 |ig of 
S1-nuclease treated double-stranded cDNA was recovered. Agarose gel 
electrophoresis and autoradiography of the single-stranded cDNA showed a 
range of relatively short cDNA molecules from around 100 to 1000 nucleo
tides in length. This may have been the result of using partially 
degraded polyadenylated RNA from the original muscle sample as well as a 
relatively inefficient 'first strand' cDNA synthesis, (Figure 6:1).
Oligo (dC) homopolymeric tails were added to the 3* termini of the double
stranded cDNAs using a-^^-dCTP and terminal deoxynucleotidyl transferase. 
The average length of these 'C tails was around 40 nucleotides. This 
'tailed' double-stranded cDNA was mixed with an equimolar amount of Pst1- 
cleaved, oligo (dG) tailed pAT153 DNA (average length of tails 8 nucleo
tides) in an annealing reaction. The annealed DNA was transformed into 
E.coli HB101 and recombinants selected in the presence of tetracycline.



Figure 6:1 Agarose gel electrophoresis of single and double stranded

cDNA from grey seal mRNA

cDNA/mRNA hybrids (lane 2) and double stranded cDNA (lanes 3 and 4) 

were electrophoresed against a labelled Sau3A digest of pBR322 DNA 

(lane 1) in a agarose gel. The size range of single stranded cDNA 

was between 0.3 and 3#0 kilobases with an average size of around 0.3 

kilobases. The size range of the double stranded cDNA was between 0.1 and 

1.0 kilobases, with an average size of around 0.3 kilobases.
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Approximately I6OO clones were isolated. No transformants were obtained 
from * mock* transformations using *G* tailed pAT153 DNA \diich had been 
annealed in the absence of 'C* tailed cDNA. This indicated that all I6OO 
transformants were likely to be recombinants.

The recombinant cDNA clones were replica-plated onto nitrocellulose 
filters and screened by hybridisation with ̂ ^P-labelled single-stranded 
cDNA prepared by reverse transcription of grey seal polyadenylated ENA 
(Figure 6:2). Individual colonies gave a range of hybridisation 
intensities, reflecting the relative abundance of polyadenylated ENA 
sequences corresponding to each cDNA clone. Strongly hybridising cDNA 
clones correspond to relatively abundant mENAs, while faintly hybridising 
clones correspond to mENAs present at low abundance in the polyadenylated 
ENA prepared from grey seal skeletal muscle.
2. IDENTIFICATION OF MOGLOBIN çDNA CLONES

In vitro translation of seal muscle polyadenylated ENA show 2-3 
prominent labelled products in the molecular weight range 17-20 kd (Figure 
5:3)" The smallest of these co-electrophoresed precisely with grey seal 
myoglobin (17 kd), when pure myoglobin was added to the translation products 
prior to electrophoresis and comparing the stained polyacrylamide gel with 
the autoradiograph of the labelled ̂  vitro translation products. By adding 
pure native myoglobin to an in vitro translation of polyadenylated ENA 
followed by focussing the reticulocyte lysate on an isoelectric focussing 
gel, and electrophoresing the purified myoglobin band on a polyacrylamide 
gel it was possible to show that only the 17 kd labelled component co
purified with seal myoglobin.

These results indicated that myoglobin mENA should be moderately 
abundant in seal skeletal muscle, that at least some myoglobin mENAs are



Figure 6:2 Hybridisation analysis of seal muscle cDNA library with

^^-labelled cDNA

Recombinant cDNA clones were replica plated onto nitrocellulose 

filters and screened by hybridisation with ^^P-labelled single stranded 

cDNA prepared from seal polyadenylated ENA and filters autoradiographed. 

Two such filters are shown, individual colonies giving a range of 

hybridisation intensities. Strongly hybridising clones correspond to 

relatively abundant mENAs while faintly hybridising clones correspond 

to low abundance mENAs.

0 denotes control colonies containing vector pAT153 DNA.
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polyadenylated and that on vitro translation native myoglobin complexed 

with haem is produced.
Around 130 moderately to intensely hybridising cDNA clones were 

selected from the pool of around 16OO clones (Figure 6:2) and recombinant 

plasmid DNAs prepared for each clone. These were pooled into 9 pools of 
16 or 17 different cloned DNAs (Table 6:1), bound to nitrocellulose

filters and hybridised with seal muscle polyadenylated ENA. ENA which had 
hybridised with the cDNA clones was recovered and translated ̂  vitro in 
the rabbit reticulocyte system. Labelled products were analysed by sds- 

polyacrylamide electrophoresis and autoradiography (Figure 6:3).
In addition a random selection of approximately 30 independent 

recombinant DNAs were screened individually by this positive selection 
procedure. Pool 8 appeared to contain a DNA or DNAs which selected ENA 
which in turn directed the synthesis of the 17 kd labelled apomyoglobin. 

The DNAs of this pool were therefore screened individually and the 
recombinant plasmids pSMl68, pSM175* pSMl78, pSM179i pSMlSO and pSMl82 

appeared to select ENA which directed the synthesis of the 17 kd labelled 

apomyoglobin identifying these clones as containing myoglobin cDNA inserts 
(Figure 6:4). This identification was confirmed for p8Ml44, pSM174 and 
PSMI78 by filter selection of ENA, ^  vitro translation and purification 
of myoglobin from the reticulocyte lysate by isoelectric focussing in the 

presence of pure unlabelled grey seal myoglobin. In each case at least 

30^ of the 17 kd labelled polypeptide co-purified with seal myoglobin. In 
contrast, ENA selected by non-myoglobin cDNA clones translated to give no 

labelled polypeptides i^ch co-purified with myoglobin (Figure 6:3)-



Table 6:1

Constitution of pooled DNAs used in positive selection 

Pool t)SM Number

1 1-16
2 17-33
3 33-50
k 101-116
5 117-133
6 134-150

7 151-167
8 168-184
9 185-200



Figure 6:3 Screening pools of recombinant plasmid DNA by hybrid 
release translation

16 different recombinant plasmid DNAs were pooled, bound to nitro

cellulose, hybridised to seal muscle polyadenylated ENA, the hybridised 

ENA translated in a reticulocyte system and the protein products analysed 

by sds-PAGE. Translation profiles for 3 pools are shown, lanes 1, 2 and 3* 

Lane 0 is a zero ENA control and lane pA shows the translation profile of 

grey seal skeletal muscle polyadenylated ENA. The 17 kd myoglobin (Mb) 
band is indicated and can be seen in polyadenylated ENA and pool 2 but 

not in pools 1 or 3*
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Figure 6:4 Identification of myoglobin cDNA clones by hybrid release 

translation

17 individual seal muscle cDNAs from pool 8 (Table 6:1) were 

screened by hybrid release translation. pA = translation profile of 

grey seal skeletal muscle polyadenylated ENA sharing 17 kd myoglobin 

band (Mb). Lane 1 is a zero ENA control in vitro translation. Lanes 

2-l8 show the in vitro translation profiles of cDNA plasmids pSMl68- 

184 respectively. Lanes 2, 8, 9» 12, 13 and 14 corresponding to cDNA 

clones pSMl68, 1?4, 173, 1?8, 179 and l80 show the 17 kd myoglobin band 
indicating that these clones contain myoglobin cDNA inserts which select 

myoglobin mENA on hybridisation. Other clones pSM173 and l8l (lanes 7 

and 15) appear to select mENA which codes for a 42 kd polypeptide.
These lanes also show other less intense bands which may correspond to 

breakdown products of the larger protein.



Figure 6:4

Mb —

—  42kd

—  I7kd

p A I  2 3  4 5 6 7 8  pA

Mb —

: ■ J

P fr-

L"l

—  42kd

—  I7kd

pA 9 10 II 12 13 14 15 16 17 18 pA



Figure 6;3 Identification of myoglobin cDNA clones by hybrid release 

translation and iso-electric focussing of labelled 

myoglobin

Myoglobin containing cDNA clones were bound to nitrocellulose, 
hybridised to seal muscle RNA and the hybridised HNA tranlsated in a 

reticulocyte lysate. Some of this lysate was analysed by sds-PAGE 

(lanes marked *a*) the remainder of the lysate was focussed on iso

electric focussing gels with unlabelled myoglobin and the myoglobin band 

cut out of the gel. The protein from these gel slices were analysed by 

sds-PAGE (lanes marked *b*)« 0 = no DNA bound to filter. pA = grey seal

polyadenylated RNA jn vitro translation (a) and electrophoresis of trans

lation products which co-purify with unlabelled myoglobin (b). 1, 3 and

4 = pSMl44, 1?4 and 178 myoglobin cDNA clones, respectively, bound to 

nitrocellulose filters. 2 and 3 = pSM1?3 and pSM170 non-myoglobin cDNA 

clones respectively, bound to nitrocellulose filters. Mb indicates the 

migration of unlabelled grey seal myoglobin. Labelled myoglobin from in 

vitro translations of ENA hybridising to the myoglobin cDNA clones co- 

purifies with unlabelled seal myoglobin (lanes Ib, 3b, 4b) but no trans

lation product from RNA hybridising to non-myoglobin cDNAs co-purifies 

with unlabelled seal myoglobin (lanes 2b and 3b)* The unusual migration 

of myoglobins in lanes la and Ib and 3a and 3b can be accounted for by the 

sample containing the polyacrylamide gel sice which results in thé wide 

appearance of the myoglobin band.
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3. DNA SEQUENCE ANALYSIS OF MYQGLOBIN cDNA CLONES

Six independent myoglobin cDNA clones were analysed by restriction 
endonuclease cleavage. As expected, the cDNA inserts were short, ranging 

from 150-355 bp in length, and showed certain similarities in restriction 
patterns including an internal Psti cleavage site in addition to the 

reconstituted Psti sites flanking the inserts.
The largest myoglobin cDNA insert, in the recombinant plasmid pSM1?8, 

was mapped in detail and completely sequenced. The sequencing strategy 
involved fragments which were kinase and fill-in labelled at the Hinfl 
site within the cDNA insert and fragments fill-in labelled at the adjacent 
vector Sau3A and Avail sites (Figure 6:6). The insert consisted of 3OI 
base pairs of mRNA sequence flanked by (dG.dC)^^ and (dG.dC)^^^ tails.
One end of the molecule corresponded to the end of a mRNA sequence, with a 
(dA)g remnant of the poly(A) tail preceded at a distance of 17 base pairs 
by an AATAAA sequence commonly found towards the 3* end of mammalisin mRNAs 
(Proudfoot and Brownlee, 1976).

A second myoglobin cI^A clone (pSMl5l) was also sequenced and found 
to contain a cDNA insert corresponding exactly in sequence to positions 

60 and 309 of the pSM178 cDNA insert (Figure 6:6), followed by a (dA)^^ 

sequence prior to the oligo (dG.dC) tail. These two independently derived 
cDNA clones must represent cDNA reverse transcribed from the same mRNA 

species as their sequences are identical.
Comparison of the pSM178 grey seal myoglobin cDNA sequences with the 

published amino acid sequence of the closely related harbour seal myoglobin 

(Dayhoff, 1972) showed that myoglobin sequences were not present in this 
cDNA. This indicates that the 3* non-translated region of seal myoglobin



Figure 6:6

pSM 178 100 bp

Sau3A Psti Psti Hinfl Psti Avail

(a)

qqggggggggggggggTGTTAATTCGCCTCTCTCTTAAACTCCAACCCAATTCCTCCAACCTCCAAACTCAACCACACCT 80

TCACCCTCACCTCTAATCACAAATCCAAGCCATAAACCAAGGCCTGGCCATAAAGATGCTCTCCCATCACCCCCCGCCCC 160

AAAGTCTGTCTGCAGTGAGAAAGAGGTGTGGGCGGAGAGGGACAGCCACACGCATCCCGAGAGAGGCCACCGGGGTCTGG 2 40

AACATAAGTCTGCCTTCTCAGCGAATGGAGTGACTCACCTGGTTTTAATAAAAGACCTTGCAGCATCACAAAAAAAAccc 320

cc cccc ccc ccc cccc ccc ccc cccc ccc cc

(b)



Figure 6:6 The myoglobin cDNA sequence of pSM178

The restriction endonuclease cleavage map of pSM178 is shown for 

Sau3A, Pst1, HinFI and Ava11 (a). Restriction fragments were kinase- 
labelled at the 5* terminus (open circles) or fill-in labelled at the 
3* terminus (closed circles). The extent of the sequence is shown by 

the length of the arrows, all the restriction sites of the insert are 
overlapped and the DNA sequence has been determined off both strands. 
The AATAAA polyadenylation signal and the remnant of the poly(A) tail 

are underlined, and the oligo (dG.dC) tails shown in lower case.(b).
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mENA is at least 293 nucleotides in length in marked contrast to the 

short (51-135 nucleotide) 3* non-translated regions reported for a variety 
of avian and mammalian a- and P-globin mENAs (Efstratiadis ^  al., 198O; 
Liebhaber et al., 198I; Honinson and Ingram, 198I; Hampe et al., 1981). 
Myoglobin is 133 amino acid residues in length and therefore of similar 

size to a- and p-globins (l4l and l46 amino acid residues respectively).
This predicts that seal myoglobin mENA should be substantially longer than 
globin mENA. In order to test this prediction a Northern blot analysis of 
seal muscle polyadenylated RNA probed with ^^-labelled pSM178 cDNA to 
detect myoglobin mRNA was carried out (Figure 6:7)» A discrete hybridising 
component of approximately l400 nucleotides in length was detected by this 
analysis. This is considerably longer than rabbit p-globin mRNA (750 
nucleotides) detected in a parallel Northern blot hybridisation. This 
difference in size represents a major difference between haemoglobin and 
myoglobin mRNAs and suggests that seal myoglobin mRNA contains approximately 

800 nucleotides of non-translated sequences in addition to 465 nucleo
tides of coding sequences.

4. ABUNDANCE OF MYOGLOBIN mRNA IN SEAL MUSCLE POLYADENYLATED RNA
By relating the cDNA clones which positively select myoglobin mRNA 

from seal muscle polyadenylated ENA (Figure 6:4) to those clones idiich 

hybridise to cDNA made from seal muscle polyadenylated ENA (Figure 6:2) it 
is clear that myoglobin cDNA clones represent intensely hybridising 

clones. The approximate abundance of myoglobin mRNA was determined by 
hybridising a seal muscle cDNA library of around 8OO clones with a purified 
myoglobin cDNA sequence. In order to avoid problems of cross- 

hybridisation between cDNA clones and the oligo (dG.dC) tails in pSM178, 

a 215 base pair Sau96l-Hinfl cDNA fragment was isolated from the



Figure 6:7 Detection of grey seal myoglobin mRNA by use of myoglobin 

cDNA clone pSM170

PSMI78 DNA was digested with Hhal and the 642 bp fragment containing 

the cDNA insert isolated, labelled with by nick translation and used 

as a probe in a Northern blot hybridisation to denatured grey seal muscle 

polyadenylated RNA blotted onto nitrocellulose from a 2% agarose gel (seal 

poly(A)* RNA). Also shown is the hybridisation of rabbit P-globin cDNA 

(from the plasmid p^Gl) to rabbit globin mRNA and a zero message control 

hybridisation (-). RNA sizes were estimated by parallel electrophoresis 

of single stranded ^^-labelled marker DNA (\ DNA x Hindlll and pBR522 x 

Sau3A).
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relatively short myoglobin cDNA of pSM151, which has a Sau96l site at 
the 5* end of the cDNA created by fusion of the oligo (dG.dC) tail to a 
CC dinucleotide at position 6O-6I (Figure 6:6). This Sau96l site is 
obviously absent in the pSM1?8 cDNA insert. This pure myoglobin cDNA 
was labelled with by nick translation and hybridised to the seal 
cDNA library (Figure 6:8). Around k% (34/780) of cDNA clones hybridised, 
including all those which had previously been identified as containing 
myoglobin cDNA inserts by their property of positively selecting myoglobin 
mRNA (Figure 6:4). In contrast, clones which had been shown to contain 
non-myoglobin cDNA inserts were not detected in the hybridisation with 
the purified myoglobin cDNA from pSM151* It appears therefore that 
myoglobin mRNA is one of the most abundant mRNA species in adult grey 
seal skeletal muscle and accounts for approximately 4Çé of all poly
adenylated RNAs in this tissue.
5. DETECTION OF THE GREY SEAL MYOGLOBIN GENE BY SOUTHERN BLOT ANALYSIS 

The myoglobin cDNA insert in pSM178 was labelled with and used 
to detect the myoglobin gene in Southern blot hybridisations of 
restriction endonuclease digested grey seal DNA (Figure 6:9)» In each 
digest, a single major hybridising component was detected, and by 
analysing double digests of grey seal DNA, an unambiguous restriction 
endonuclease cleavage map could be constructed around this single myoglobin 
gene (Figure 6:iO). At least one additional faintly hybridising component 
could also be detected in several digests of seal DNA, suggesting that 
the seal genome contains additional diverged sequence(s) containing at 
least the 3* end of a myoglobin gene.



Figure 6:8 Relative abundance of myoglobin mRNA

cDNA clones were replicated onto nitrocellulose filters and the 
colonies hybridised with ^^-labelled myoglobin cDNA (isolated as a 
215 bp Sau96l - Hinfl DNA fragment from pSM15l) and the filters auto
radiographed (B). Colonies shown to contain myoglobin cDNA inserts by 
hybrid release translation (Figure 6:4) are marked *M', non-myoglobin 
cDNA clones are marked (A). Clones known to contain myoglobin cDNAs 
in this way also hybridise with the myoglobin cDNA from pSM178. Around 

of all the colonies tested hybridised with the myoglobin cDNA insert 
and this wsus taken sus an estimate of the relative abundance of myoglobin 
mRNA in grey seal muscle.

The filter labelled 'A' represents cDNA clones hybridised 
to ^^P-labelle 
in Figure 6:2.

32to P-labelled single stranded cDNA prepared as described
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Figure 6:9 Seal myoglobin gene fragments detected by use of the 

myoglobin cDNA clone pSM1?8

A 642 bp Hhal fragment of pSM178 containing the entire myoglobin 
cDNA insert was isolated, labelled with by nick translation and used 
as a probe in Southern blot hybridisations (in 1 x SSC at 65°) against 
grey seal genomic DNA digested with various combinations of BamHI (B), 
Bglll (Bg), EcoRI (E) and Hindlll (H). DNA sizes were estimated by 
parallel electrophoresis of single stranded labelled marker DNA 
(\ DNA X Hindlll and pBR322 DNA x Sau3A)« The probe detects a 12.0 kb 
B, a 3»7 kb E, a 3*8 kb Bg and a 6.9 kb H fragment. The E and Bg frag
ments are contained within the H fragment, as H cleaves neither fragment. 
The B fragment overlaps the H fragment by 2.7 kb and the E fragment by 
1.5 kb, positioning the E site within the 2.7 kb H - B fragment. The Bg 
fragment overlaps the B by 1.3 kb and the E fragment is trimmed by Bg thus 
positioning a Bg site within the 1.5 kb Bg - B fragment. The cleavage site 
map for these enzymes is presented in Figure 6:10.

Figure 6:10 Restriction endonuclease cleavage site map of the grey seal 
myoglobin gene

The physical map of restriction sites around the single myoglobin 
gene is shown. The 3* end of the gene is located in the shaded region 
B = BamHI, H = Hindlll, E = EcoRI, Bg = Bglll.
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Chapter 7

CLONING THE GREY SEAL MYOGLOBIN GENE

1. CONSTRUCTION OF A GENOMIC LIBRARY
(i) Strategy

The strategy for constructing a genomic library of grey seal DNA 
was to ligate grey seal DNA fragments produced by partial digestion with 
with Sau3A into the BamHI sites of the replacement vector \ L47.1 
(Loenen and Brammar, 198O).

Sau3A has a four base pair recognition sequence and therefore has a 
cutting site frequency of one per approximately 256 base pairs. By using 
partial digestion the number of possible ways of obtaining a fragment of 
specified length ia increased as well as generating a random collection of 
large DNA fragments. By generating large average fragment sizes the 
number of phage plaques that have to be screened is reduced.
(ii) Preparation of Grey Seal DNA Fragments and Ligation into X L47.1 

Aliquots of high molecular weight grey seal DNA were digested with
different amounts of Sau3A, pooled and fragments of 13 to 21 kb isolated 
by preparative gel electrophoresis.

The vector was prepared by digesting \ L47.1 DNA with BamHI to 
generate two phage arms and an internal fragment not essential for phage 
viability (Loenen and Brammar, 1980). The arms were separated by 
preparative gel electrophoresis and the cohesive termini annealed. Equi- 
molar amounts of arms and grey seal DNA were ligated using T4 DNA ligase. 
Typically 1 |ig of annealed X L47.1 arms were ligated to 0.44 pg of grey 
seal DNA fragments.
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Using the equation of Clarke and Carbon (1976):

N = In (1-P)
In (1-f)

it is possible to calculate the number of different, independently derived 
phage recombinants needed to give a 99^ probability of finding a given 
single copy sequence in the library. Where N = the number of plaques, 
p = probability and f = the fraction of the total genome represented by 
each fragment, f maybe calculated by dividing the average fragment size 
by the haploid genome size. Assuming a typical mammalian haploid genome

9size of 3 X 10 base pairs for the seal genome and an average fragment 
size of 15 kb, about 9 x 10^ recombinants are needed. The system used in 
this work is therefore oLn efficient way of constructing a library of phage 
recombinants that can be screened on a small number of 9 cm plates without 
amplification.

Eight plates produced from two packaging reactions representing
460.000 plaque forming units were screened using the method of Benton and 
Davis (1977)# The plaques were screened by hybridisation with the 642
bp fragment from a Hhal digest of pSM178, which contains part of the 5* 
untranslated region of grey seal myoglobin mRNA, labelled with by nick 
translation. Four positively hybridising regions were detected. With

9an average fragment size of 15 kb and a genome size of 3 x 10 bp,
460.000 clones would be expected to include about 2 clones of a given 
gene. This result therefore suggests that the seal genome contains only 
one or a few myoglobin genes.
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(iv) Characterisation of Recombinant Phage

The four positively hybridising regions were picked as 2*5 mm plugs 
of agar using a gleiss tube. These were replated on E.coli ED891O at low 
plaque density, rescreened with 2 cycles of rescreening. On rescreening 
only two strongly hybridising plaques could be detected (\ SM.1 and X 
SM.19) and DNA made as described by Jeffreys et al., (1983̂

DNA from each of these two recombinant phage was digested with 
restriction endonucleases both singly and in pairwise combinations and 
the resulting fragments separated by electrophoresis in the native form in 
neutral agarose gels. The DNA fragment patterns were then photographed 
and the DNA in the gels subjected to acid/alkali dénaturation (Wahl et 
al., 1979) before transfer to nitrocellulose filters by Southern blotting. 
The filters were hybridised with labelled grey seal myoglobin cDNA (from 
pSM178) to identify fragments containing grey seal myoglobin gene sequences 
(Figure 7:1).

The maps of X SM.1 and X SM.19 are shown in Figure 7.2. Comparison 
between the genomic map of the 3* end of the myoglobin gene and the map of 
the recombinant DNAs shows that no detectable rearrangement has occurred 
in this region of DNA during the cloning process. The cloned DNA in X 
SM.1 and X SM.19 accounts for about 8.6 kb and 14.9 kb of the grey seal 
genome respectively.

The map of the recombinants X SM.1 and X SM.19 show a slight 
reduction in fragment sizes from those of the genomic map. However this 
can be attributed to differences in electrophoretic separation; in 
genomic mapping the DNA fragments were denatured in alkali before electro
phoresis whereas in the characterisation of the recombinants the DNA 
fragments were deW(+" ed after electrophoresis. The estimated size of



Figure 7:1 Southern blot analysis of XSM.1 DNA

XSM.1 DNA was cleaved singly with BamHI (B), EcoRI, Hindlll (H) 
and Bgll (Bg) and electrophoresed in an agarose gel, denatured and trans
ferred to nitrocellulose filters which were hybridised with labelled 
PSMI78 DNA (Upper panel). Similarly double digests of ASM.1 DNA were 
also analysed (Lower panel).

The scale is in kilobase pairs (kb).
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fragments run in the native form tends to be lower than those ran in the 

single stranded form (Baralle et al., 1980).

2. SUBCLONING AND SEQUENCING

Specific restriction endonuclease fragments were subcloned into 
pATl53 (Twigg and Sherratt, 1980). This vector was chosen as it cannot be 

mobilised and has a higher copy number than pBR322.
The 3* end of the myoglobin gene was located within the 3#4 kb 

Hindlll-BamHI fragment of X SM.1 by Southern blot hybridisation with 
labelled pSM1?8 DNA. Additional coding regions were identified by 
hybridisation with seal muscle polyadenylated RNA labelled ̂  vitro with 

using T4 polynucleotide kinase and 7 ATP (Chaconas and Van de
Sande, 198O). Three hybridising regions including the 3* end of the 
myoglobin gene were detected thus making it possible to decide the 
direction in which the clones should be sequenced.

The 6.5 kb BamHI fragment from X SM.1 was prepared by preparative 

gel electrophoresis of X SM.1 DNA cleaved with BamHI, and ligated into the 
phosphatased BamHI site of pAT153* The subclone containing this BamHI 
fragment was designated pSMI.17 (Figure 7:2). Similarly, the 3.7 kb 
Hindlll fragment of X SM.1 was ligated into the Hindlll site of pATl53 
and the subclone designated pSMI.9# These subclones were extensively 
mapped with restriction endonucleases and used as a source of restriction 
endonuclease fragments used in the determination of part of the seal 
myoglobin gene sequence by the Maxam-Gilbert technique (198O).

The sequencing strategy used DNA fragments which had been kinase- 

labelled at the 5* terminus or fill in labelled at the 3* terminus 

(Figure 7:3). Sites which were kinase labelled included the Hinfl



Figure ?:2 Restriction endonuclease cleavage map of the 3* exon 
of the grey seal myoglobin gene

A BamHI (B), Bglll (Bg), EcoRI (E) and Hindlll (H) restriction 
map was determined using XSM.1 and ASM. 19 DNA. The leftmost BamHI 

site was created at the lefthand end of ASM.1 during cloning and is 

absent from ASM.19 and seal genomic DNA. Restriction fragments from 

ASM.1 and ASM.19 were subcloned into pAT133 and designated pSMI.I? 

and pSMI.9.

Figure 7:3 Sequencing strategy for the 3* exon of the grey seal 
myoglobin gene

The sequencing strategy used restriction fragments isolated from 

pSM1.17 and pSM1.9. DNA fragments were kinase labelled at the 5* 
terminus (open circles) or fill-in labelled at the 3* terminus (closed 
circles) using reverse transcriptase. Myoglobin sequences are represent

ed by the solid box and untranslated myoglobin mRNA sequence by the 
open box. Hf = Hinfl E = EcoRI Bg = Bglll S = Sau3A A = Avail.
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sites, the Bglll site, the EcoRI site, and the SauJA site. Sites which 
were fill-in labelled included the Hinfl sites, the Bglll site, the Sau^A 

site and the Avail site. The DNA sequence obtained from the sequencing 

of these fragments is shown in Figure ?:4. The sequence is continuous 

and the majority of bases confirmed by sequencing both strands of DNA.

As expected, this sequence extended upstream from the polyadenylation 
site and included a segment of myoglobin-coding DNA, covering codons 

106-153 and predicting an amino acid sequence identical to that 
determined for the harbour seal.



Figure 7:4 DNA sequence of the 3* end of the grey seal myoglobin 
gene

Sequences present in mature myoglobin mRNA are shown in capital 

letters. The intron-exon junction (boxed) conforms to the GT-AG rate 

of Breathnachand Ghambon (1981). The final 293 base pairs of the 3*- 
untranslated region are identical to the sequence of the myoglobin 

cDNA clone, pSM178 (Figure 6:6b). The AATAAA polyadenylation sequence 
is underlined and the poly(A) addition site arrowed. The 3* exon 

comprises codons 106-133 and the intron preceding this interrupts the 
coding sequence at homologous positions to the second intron of all 
a- and P-globin genes.

Dots above the sequence indicate every tenth base.



ccgactgggaaacttgggtaaaaccacttaatgggagcatttoccttcotttotgotgoo 
• « • • •

agoatgggggoagtgtcotgggotcttgoaocgaggtgggcotggttcccogtoggoacc 
* « • • •

tgtctccoagggtggtagggagagaaggaattaatccaoagagacccotogatagcaogc
♦ • • # #

ttggtgtgtaataagccctogataaatggoogtggagtaaagagaaggtgggaotcagto
* « « • •

tgattoocatotggotcotggogtgtgcgccoctgtgacoagoaocccctttcgtotooo
no

phe lie ser glu ala lie lie his val leu his ser lys 
00ttgcggpTC.ATC.TCA.GAA.6CC.ATC.ATC.CAT.GTC.CTG.CAC.AGC.AAG.

120 130 
his pro ala glu phe gly ala asp ala gin ala ala met lys lys 
CAT.CCC.GCG.GAA.TTC.GGG.GCC.GAC.GCC.CAG.GCT.GCC.ATG.AAA.AAG,

140
ala leu glu leu phe arg asn asp lie ala ala lys tyr lys glu 
GCC.CTG.GAG.CTG.TTC.CGG.AAT.GAC.ATC.GCT.GCC.AAA.TAC.AAG.GAG.

150
leu gly phe his gly ter . . . .
CTG,GGG.TTC.CAT.GGC.TAAGCACCTGGGCGCCCCCACTCCCACCCCCACCCACTCG
GGCCCCGGGGCCAAGGGTCGGGTGGGCCTAGATCTCCTGTAGCCATGTAGAGTTTGCTTC
TGAGTGTCTGCTTTGTTTGAGAGGTGGGTGGGAGAGGCTGAGGGGCTGGGCTAGGCTCTT
CAGGGTGGCTTCGCTGCCTGGAGACTGGGGTCCTCGTGGAGGGTCATCACCCCGGGAACC
AGGAGACATGTGACCCTTTGCTCACTGTGGCCCCGCAGTGTTAATTCGCCTCTCTCTTAA
a c t c c a a c c c a a t t c c t c c a a c c t c c a Âa c t c a a c c a c a c c t t c a c c c t c a c c t c t a Âtc
a c a a a t c c a a g c c a t a a Âc c a a g g c c t g g c c a t a a a g Ât g c t c t c c c Ât c a c c c c c c g c c
c c a a a g t c t g t c t g c a g t g a g a a a g a g g t g t g g g c g g Âg a g g g a c a g c c a c a c g c a t c c c
g a g a g a g g c g a c g g g g g t c t g g a a c a t Âa g t g t g c c t t c t c a g c g a a t g g a g t g a c t c a c. *pory(̂.
CTGGTTTTAATAAAAGACCTTGCAGCATCACagtoogtgOCtggtgatottootttoooa. . . . . .
gagcaagtgaaggggcooooagggaagaaatggotgggattgtgtgtgoagaoagoootg
gggggogaggcagagggagaggaggagaggagggaaaoggggoaggagggagagagggao
gggaagotgocttcottagatoaooootoagtggoggggaoagtgotgggoaoggggaag
gagggggg

Figure 7:4
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Chapter 8

DISCUSSION

1. INTRODUCTION

Myoglobin facilitates oxygen transport and acts as an oxygen store 

in red muscle. It is a monomeric protein of 133 amino acids and has been 

sequenced from a great number of species. The existence of this red 
haemoprotein in muscle has been known since the early 19th century when 
it was discovered to be distinct from the haemoglobin of blood. Advances 
in biochemical and molecular biological methods has enabled the study of 
this protein and its relationship to the haemoglobins to make great 
progress. This study is part of that progress.

The globins, including myoglobin, have been studied extensively at 
the protein level with regard to the evolution of a multigene family.
In addition vertebrate globins are the most intensively studied family of 
proteins at the physical biochemical and molecular levels.

In 1938 Kendrew and his co-workers determined the three-dimensional 
structure of sperm whale myoglobin - the first protein structure to be 
determined. This established myoglobin as a classic protein to be 
studied at all levels including evolution, physiology and structure.

It is now possible to isolate and clone specific DNA sequences of 

single copy genes from higher organisms. This has allowed major advances 
in the study of gene evolution organisation and structure. It is 
apparent that little of the DNA in higher organisms encodes proteins.
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There are large tracts of intergenic DNA, satellite DNAs and intervening 

sequences whose functions, if any, remains unknown. The discovery of 
intervening sequences in particular has led to intense speculation on the 

evolution of gene structure in eukaryotes. The possible genetic functions 

of non-coding DNA can be studied by analysing the molecular evolution of 

DNA. Extragenic regulatory elements in eukaryotes may be involved in 

changes in morphology during evolution (King and Wilson, 1973).
The vertebrate haemoglobin, genes have been extensively studied using 

recombinant DNA techniques. Much knowledge has now accumulated on the 
arrangement, structure and organisation of globin genes in many species 
ranging from amphibians to man. In addition genes encoding the related 
monomeric le^iaemoglobins have recently been cloned (Jensen et al., 1931; 
Brisson and Verna, 1982; Wiborg et al., 1982; Hyldig-Neilsen, 1982).
These leghaemoglobin genes are unique in all the globin genes studied 
in that they are interrupted by three intervening sequences as opposed to 
the usual two.

It is surprising, therefore, that no attempt, until this study, has 
been made to clone a myoglobin gene. Myoglobin is an important member of 
the globin protein family. The myoglobins and haemoglobins are 
evolutionarily related, but are now incorporated within different 
developmental programmes - erythroid and myogenic. The first gene 
duplication in the evolutionary history of the globin gene family was that 
which gave rise to lineages leading to haemoglobins and myoglobins and may

9have occurred up to 10 years ago. Comparisons of haemoglobin and myoglobin 
genes could therefore provide information about early events in globin 

gene evolution, the organisation of intervening sequences, the chromosomal 

arrangement of haemoglobin and myoglobin genes and the properties of 

homologous genes incorporated into radically different developmental 

programmes.



107

2. cDNA CLONING

The aim of this project has been to clone a mammalian myoglobin gene. 

The approach used to achieve this aim was to construct a cDNA clone bank 

using skeletal muscle polyadenylated RNA and to identify myoglobin cDNA 

clones by their ability to select myoglobin mRNA from polyadenylated RNA, 

which could then be translated ̂  vitro to give the myoglobin protein.
Once identified these cDNA clones can be used to screen a genomic library 

to isolate the myoglobin gene.
The preparation of a cDNA clone bank involves a series of enzymic 

steps (Williams, 1981). These enzymic steps are technically demanding, 
time consuming and expensive. The justification for using this approach 
as opposed to screening a genomic bank is a) no direct screen for a 
myoglobin gene is possible without the use of a cDNA b) a cDNA clone 
bank contains fewer clones than a genomic bank. Eukeuryotic mRNAs are 
present at varying abundances in different cell types and the frequency of 
occurrence of a particular clone in a cDNA bank is roughly proportional to 
this abundance. Myoglobin forms of total protein in the myoglobinised 

muscle of land mammals and up to ten times this amount in the muscle of 
diving mammals. It is therefore a reasonable assumption that myoglobin 
mRNA is relatively abundant in these tissues. Using this tissue as a 
source of mRNA it should be possible to make a cDNA clone bank of a 
relatively small number of clones and have a reasonable chance of finding 
a myoglobin cDNA clone. c) every cDNA clone contains an mRNA sequence 
and therefore a positive hybridisation signal should mean a clone should 

contain the required sequence. Screening of genomic banks usually 

generates false positives due to the contamination of mRNA preparations 
with ribosomal RNA which can be copied into cDNA with low efficiency.



108

d) it is not necessary to obtain a full length cDNA copy of a particular 

mRNA in order to use this clone to screen a genomic bank for the gene 
required. Providing there is enough specificity in the cloned cDNA it 

should be relatively straightforward to isolate a specific genomic clone.

The construction of a cDNA clone bank involves several enzymic steps. 
At any of these steps the presence of contaminating exonuclease or endo

nuclease activities may lead to the cloning of only partial cDNA copies.
It is therefore necessary to characterise each enzyme used before using 

them on valuable samples. It may be advisable to perform 'dummy' 
experiments using easily obtainable mRNA such as globin mRNA before using 
these enzymes with painstakingly prepared mRNA. Alternatively 'pilot' runs 
on small proportions of the prepared sample can be carried out in approp
riately scaled down reactions for each stage of the cDNA construction. 
Generally, this 'pilot' run approach has been used in this study.

The first stages in the construction of a cDNA clone bank is the 
preparation of mRNA from a tissue in which the gene of interest is 
expressed. Between 1 and 2% of total cytoplasmic RNA is mRNA, a relatively 
large amount of mRNA needs to be prepared in order to construct a cDNA 
clone bank of reasonable size, particularly if subsequent screening 
procedures involves the use of mRNA to make cDNA probes or in positive 
or negative selection hybridisations.

The major concern in preparing total cell RNA from a tissue is the 
action of cellular ribonucleases in the degradation of RNA. The use of 
ribonuclease inhibitors, low temperatures and speed in the extraction 

procedure is strongly recommended. DNA can easily be removed from RNA 
preparations by pelleting the RNA in caesium chloride (Gilsin et al.,

1974; Ullrich et al., 1973).
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It is possible to make cDNA clones using total RNA preparations, 

however ribosomal RNA sequences can also be copied (Williams and Lloyd,

1979). It is therefore useful to purify mRNA before cloning. Most 

eukaryotic mRNAs contain a tract of around 100 (A) residues at their 3* 

termini (Kates, 1970; Lim and Cannelakis, 1970). Polyadenylated RNA 

can be prepared by separation on an affinity column of oligo(dT) cellulose 

(Aviv and Leder, 1972) or poly(lT) sepharose (Palatnik et al., 1979).
Once polyadenylated RNA has been purified it is possible to prime 

the cDNA synthesis using oligo(dT) primers of 10-20 nucleotides. These 
primers hybridise to the poly(A) tract of the mRNAs and form a substrate 
for reverse transcriptase. Use of these primers should ensure that cDNA 
synthesis is initiated at the 3’ end of the mRNA. E.coli poly(A) poly
merase can be used to add poly(A) tracts to the 3* ends of non-poly- 
adenylated RNAs such as ribosomal RNA. If some of the nucleotide sequence 
is known, specific synthetic primers can be used to make cDNAs of a 

particular mRNA such as rat insulin mRNA (Chan et al., 1979).
Most cDNA cloning has involved the insertion of a double stranded 

cDNA into a bacterial plasmid and this has been the method adopted in this 
study. An alternative method is to insert an mRNA-cDNA hybrid into a 

plasmid using complementary homopolymeric tails (Wood and Lee, 1976;
Zain et al., 1979). Reverse transcriptase from Avian Myeloblastosis virus 
is used in the presence of a primer, to synthesise the first strand. The 
mRNA template is then removed by alkali hydrolysis and the second 
synthesised by the self priming synthesis reaction. A region of self 

complementarily at the 3* end of a cDNA molecule forms a 'hairpin* 
structure (Leis and Hurwitz, 1972), Synthesis of the second strand can 

be by reverse transcriptase, as in this study, or by DNA polymerase I,
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the Klenow fragment or T4 DNA polymerase. The phosphodiester bonds 

within the 'hairpin' loop of a double stranded cDNA can be removed by 

SI nuclease from Aspergillus oryzae.

SI nuclease digestion invariably leads to the loss of sequences 
corresponding to the extreme ^'-terminal region of the mRNA# A procedure 

for the efficient cloning of the entire sequence of an mRNA is presented 

by Land et al. (1983). This method involves the priming of second strand 
cDNA synthesis by oligo(dG) hybridised to the 3* homopolymer tail of 
dCTP-tailed single stranded cDNA. Full length double stranded cDNA is 
purified from agarose gels and after a second tailing step with dCTP, 
the cDNA is annealed to dGTP tailed plasmid DNA.

Double stranded cDNA may be introduced into a plasmid by the use 
of homopolymeric tailing or restriction enzyme linkers. In this study 
C tails were added to the cDNA and G tails to the Psti cleaved vector 
pATl33 using terminal transferase. PolydG-polydC tailing was used as 
these tails are more stable than polydA-polydT hybrids and the PstI site 
of the vector is regenerated allowing the excision of the cDNA insert 

(plus tails).
Annesded cDNA and vector can be introduced into bacterial cells by 

transformation. The bacterium acquires any drug resistance carried by 

the plasmid. E.coli cells can be treated with calcium chloride to make 
them competent for DNA transformation (Mandel and Higa, 1976). In this 
study the E.coli strain HB101 has been used for transformation as it ig 

recombination deficient (Boyer and Roulland-Dussoix, 1969).

Once transformants have been obtained it is necessary to screen them 

to identify a clone containing the sequence of interest. Transformants 
can be spotted onto nitrocellulose filters, lysed and hybridised to a 
radioactively labelled probe, (Grunstein and Hogness, 1975). The probe



111

used may be a labelled RNA or a labelled cDNA. The amount of probe 

hybridising to a clone is directly proportional to the abundance of the 

sequence in an mRNA population. In this study radioactively-labelled 
cDNAs of polyadenylated RNA were hybridised to cDNA clones in order to 

determine which clones were recombinant, plus the relative RNA abundance 
of individual cDNA clones.

Further screening can be carried out by the analysis of translation 
products directed by RNA complementary to the plasmid DNA. In this study 

a positive selection procedure has been adopted. Plasmid DNA was bound 
to nitrocellulose and hybridised to polyadenylated RNA. Hybridised RNA 
was eluted and translated vitro. In this way it is possible to 
correlate recombinant plasmids with a specific translation product. An 
alternative, negative selection, procedure may be used. In this method - 
hybrid arrested translation - mRNA-DNA hybrids are formed and the mRNA 
translated vitro. As mRNA-DNA hybrids do not translate ̂  vitro it is 
possible to look for a translation product which disappears or is reduced 
in amount and to correlate a cDNA clone with that translation product. 

Hybrid arrested translation is useful in identifying high abundance mRNA 
sequences for which a high-resolution gel separation technique is 
available. However, it is not suitable for identifying medium or low 

abundance mRNA sequences (Williams, I98I).
Once a cDNA clone of interest has been identified it can be directly 

sequenced and compared to any known amino acid sequence and then used to 
isolate the gene of interest from a genomic library.
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3. ISOLATION OF A MYOGLOBIN cDNA

Initial attempts at obtaining a myoglobin cDNA clone from humans 

proved unsuccessful# It is essential when attempting to make cDNA clones 

that the original mRNA preparation is of high quality. RNA preparations 

were made from human skeletal muscle. These muscle samples were often 

post mortems and amputations. It was clear from our preparations of 
RNA from these tissues that a leurge amount of degradation had occurred. 

However, these preparations proved a useful substrate in vitro 
translation experiments. It was shown that polyadenylated RNA from 
human skeletal muscle could be translated ̂  vitro to give a number of 
relatively high molecular weight protein products as visualised on 
SDS polyacrylamide gels. It is clesir then that these preparations of 
polyadenylated RNA contained some full length copies of the more abundant 
muscle mRNAs. By the use of SDS polyacrylamide gels and immunoprécipitation 
it was shown that one of these translation products was the 17 kd protein 
myoglobin. It is clesu: from this result that at least some of the human 
skeletal muscle myoglobin mRNA is polyadenylated. It was essential for the 

strategy adopted that myoglobin could be recognised on SDS polyacrylamide 
gels of vitro translations of skeletal muscle polyadenylated RNA.

A cDNA clone bank was made from preparations of human skeletal muscle 

polyadenylated RNA. This bank of around 200 clones was screened using 
the cDNA insert of a mouse cc-actin containing plasmid. Actin mRNA should 

be a relatively abundant message in skeletal muscle and therefore actin 
containing cDNA clones should be readily detected with this probe and 
this was found to be the case. As no similar probe existed,for obtaining 

a myoglobin cDNA a different screening procedure was adopted. This screen 
involved hybrid released translation or positive selection of myoglobin
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mRNA. It was found by this screen that the cDNA clone bank did not 
appear to contain a myoglobin cDNA. It was concluded that the abundance 

of myoglobin mRNA in human skeletal muscle was too low for a myoglobin 
cDNA to be detected from a cDNA bank of this size.

Diving mammals such as whales and seals have 6-10 fold elevated 
levels of myoglobin protein in skeletal muscle compared with man and 
other terrestrial mammals. These elevated levels of myoglobin could be 

due to elevated levels of myoglobin mRNA in these tissues. Skeletal 
muscle from adult grey seal (Halichoerus grypus) was therefore used as 
a potentially rich source of myoglobin mRNA, to synthesise a myoglobin 
cDNA clone.

RNA was prepared from adult grey seal skeletal muscle. Electro
phoresis of total RNA in 2^ agarose gels indicated some degree of post
mortem degradation. The polyadenylated RNA showed a range of sizes up to 
4000 nucleotides in length. In vitro translation of grey seal skeletal 
muscle polyadenylated RNA showed a range of translation products up to 
200 kd in size. 2-3 prominent vitro labelled translation products could 

be resolved in the molecular weight range, 17-20 kd. The smallest of these 
co-electrophoresed with grey seal myoglobin. The other small labelled 
polypeptides (18-20 kd) probably included myosin light chains 17-21 kd 

(Weeds and Lowey, 1971). The 17 kd labelled translation product was shown 
to copurify with pure native grey seal myoglobin on isoelectric focussing 
gels.

These results indicate that myoglobin mRNA should be moderately 
abundant in seal muscle, that at least some myoglobin mRNA molecules are 

polyadenylated and that translation of this message in a rabbit reticulo
cyte lysate produces native myoglobin complexed with haem.
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A cDNA clone bank was made using grey seal skeletal muscle poly
adenylated RNA. Agarose gel electrophoresis of this cDNA showed a 
relatively low size range of between 100 and 1000 nucleotides. This is 

probably due to the use of partially degraded polyadenylated RNA and 
an inefficient first strand synthesis.

Around I6OO cDNA clones were screened using the hybrid released 

translation screen. Several filter selected RNAs directed the synthesis 

of only the 17 kd labelled apomyoglobin, identifying the corresponding 
cDNA clones as containing myoglobin cDN^ inserts.

These clones were analysed by restriction endonuclease cleavage and 
shown to contain short cDNA inserts of between 15O to 355 bp in length.
The largest myoglobin cDNA insert of pSM178 was completely sequenced.
The insert consisted of 3OI bp of mRNA sequenced flanked by (dG.dC)^^ and 
(dG.dC)^^ tails. One end corresponded to the end of a mRNA sequence, with 
a (dA)g remnant of a poly(A) tail preceded at a distance of 17 bp by an 
AATAAA sequence commonly found towards the 3* end of mammalian mRNAs 
(Proudfoot and Brownlee, 1976).

The amino acid sequence of the myoglobin of the harbour seal (Phoca 

vitulina) has been published (Bradshaw and Gurd, 1969). Comparison of the 
PSMI78 grey seal myoglobin cDNA sequence with this amino acid sequence 
showed that myoglobin sequences were not present in this cDNA. This 

indicates that the 3* non-translated region of grey seal myoglobin mRNA 
is at least 293 nucleotides in length. This is in marked contrast to the 

short 3* non-translated regions reported for a variety of avian and 

mammalian a- and 3-globins which range between 51 and 135 nucleotides 
(Efstratiadis et al., 198O; Liehaber et al., 198I; Roninson and Ingram, 

1981 ; Hampe et al.). This suggests that seal myoglobin mRNA should be 

substantially longer than globin mRNA as the polypeptides are similar in
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length, myoglobin being 153 residues and a- and 8-globin being l4l and 

l46 residues respectively. This prediction was confirmed by a 'Northern* 

blot analysis of seal polyadenylated RNA probed with labelled pSM178 cDNA 
to detect myoglobin mRNA. A discrete hybridising component of 

approximately l400 nucleotides was detected which is considerably longer 

than rabbit ^-globin mRNA (750 nucleotides) detected in a parallel 
Northern blot hybridisation. This is a major difference between haemo

globin and myoglobin mRNAs and suggests that seal myoglobin mRNA contains 

approximately 800 nucleotides of non-translated sequences in addition to 
465 nucleotides of coding sequence. It is interesting to speculate on 
the significance of this difference between myoglobin and globin mRNA.

The approximate abundance of myoglobin mRNA in grey seal skeletal 
muscle was established by hybridising the seal muscle cDNA library against 
a purified myoglobin cDNA. A 215 bp Sau96l-Hinfl cDNA fragment was 

isolated from the relatively short myoglobin cDNA of p8M151. This 
fragment eliminates the (dG.dC) tails which would cross-hybridise to all 

the clones in the cDNA library. ^  of cDNA clones hybridised to this 
purified myoglobin cDNA, including those which had previously been 
identified as containing myoglobin cDNA inserts. In addition, most of the 

clones which hybridised most strongly with labelled cDNA prepared from 
total polyadenylated RNA hybridised with myoglobin cDNA. It can be 

concluded, therefore, that myoglobin is one of the most abundant mRNA 

species in grey seal skeletal muscle and accounts for approximately ^  

of all polyadenylated RNA in this tissue. This confirms the assumption 

that the high level of myoglobin in the muscle of diving mammals is 
correlated with high levels of myoglobin mRNA at least in the grey seal.

In order to begin to analyse the genomic organisation of myoglobin 

genes in grey seal the purified myoglobin cDNA was used to detect the
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myoglobin gene in Southern blot hybridisations of seal genomic DNA. In 
each digest a single major hybridising component was detected and an 

unambiguous cleavage map can be constructed around this single myoglobin 
gene. Other faintly hybridising components could also be detected in 

several digests, suggesting that the seal genome may contain additional 
diverged sequences containing at least the 3* end of a myoglobin gene.

There is tentative genetic evidence for a single myoglobin gene in 
man (Boyer ̂  al., I963) which probably specifies foetal and adult 
cardiac myoglobin as well as skeletal muscle myoglobin. The grey seal 
genome also appears to contain a single myoglobin gene. This suggests 
that the elevated level of myoglobin in seal muscle is not the result of 
amplification of a myoglobin gene, but may be the result of an increased 
transcription rate from a single myoglobin gene. A comparison of the 5' 
regulatory sequences of a seal and terrestrial mammal myoglobin gene could 
prove interesting in elucidating the mechanism of this regulation.

4. ISOLATION OF A MYOGLOBIN GENE

The myoglobin cDNA insert of pSM1?8 was used to detect myoglobin gene 

sequences in a genomic library of Sau3A partial digests of grey seal DNA 
cloned into the BamHI replacement phage vector \ 14?.1 (Loenen and 

Brammar, 198O). Two hybridising recombinants, ASM.1 and ASM.19 were 
isolated and shown to be overlapping isolates of a single region of the 

seal genome. The 3* end of the myoglobin gene was located by Southern blot 

analysis of these recombinants with cloned myoglobin cDNA. The 
restriction map around this region corresponds to the map of the seal 
myoglobin gene previously determined by Southern analysis of seal genomic 
DNA probed with myoglobin cDNA. Fragments from these two recombinants 

were subcloned into pATl53 and used for DNA sequencing.
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The 3* exon of the seal myoglobin gene has been completely sequenced 

and is remarkably long comprising codons 106-153 plus 548 bp of 3*-un
translated sequence# The amino acid sequence deduced from the exon coding 

region corresponds exactly to the sequence reported for grey seal myoglobin 

from the harbour seal, Phoca vitulina (Bradshaw and Gurd, 1969). The 
sequence extends 5* into non coding DNA, presumably of an intervening 

sequence, for a further 308 bp. The position of this intervening sequence 

in the seal myoglobin gene (codons 105-106) is precisely homologous to the 
second intervening sequence in a- and 0-globin genes (Efstratiadis et al.,
1980). The exon-intron junction in the seal myoglobin gene conforms to 
the GT-AG rule of Breathnach and Ghambon (1981) in that the final two 
bases of the intron are A G. The final 293 bp of the 3* untranslated 
region are identical to the sequence of the myoglobin cDNA clone, pSM178, 
fully confirming that this gene is the functional myoglobin gene in adult 
seal muscle.

Romero-Herrera et al. (1978) suggested that the 21 bases of the 
myoglobin mRNA specifying residues 133-139 of the protein may form a hair

pin loop with the mRNA encoding residues 146-152. They postulate a 
sequence where 15 of the 21 base pairs are complementary and may form a 

stable structure. The sequence of the grey seal mRNA in this region is 
different to this postulated sequence and only 9 of the 21 base pairs 
are complementary. The proposed hairpin structure is therefore unlikely 

to form in the grey seal myoglobin mRNA sequence. There must be another 

explanation for the conservation of the seven invariant residues 133- 
139 probably involving functional and steric considerations.



118

The complete DNA sequence of the exons of the grey seal myoglobin 
gene has been completed by other workers and has now been published 
(Blanchetot et al., I983)* The coding region of the gene is interrupted 

by two very long introns of 4,800 and 3*400 bp. The three exon, two 

intron organisation is identical to that of all vertebrate a- and 0-globin 

genes. This structure must therefore have been established before the 

myoglobin-haemoglobin divergence up to 8OO million years ago. The soybean 

leghaemoglobin gene contains an additional intron within the central 
globin exon. Whether this extra intron was gained by insertion into a 

globin-like gene or whether a primordial gene ancestral to globin and 
leghaemoglobin contained three introns, one of which was eliminated early 
in animal evolution is unknown.

It remains to be seen whether this organisation of the grey seal 
myoglobin gene is peculiar to this species or whether it represents a 
common feature of all vertebrate myoglobin genes.

5. PROSPECTS
The grey seal myoglobin gene is the first myoglobin gene 

to be isolated. . Gene sequence from this clone can be used to isolate 
the myoglobin genes of other species. It should be interesting to 
isolate the human myoglobin gene in order to compare its structure and 

organisation. The human globin gene family is well characterised at the 

molecular level. Information regarding the similarities and differences 
between human myoglobin genes and haemoglobin genes should prove of 

great evolutionary and functional interest.

The grey seal myoglobin gene has been used to isolate the human 
myoglobin gene from a human genomic library, (Weller et al., 1984). The 

amino acid sequence derived from the cloned human gene corresponds exactly
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with the myoglobin sequence determined by Romero-Herrera and Lehmann 

(1974). The overall organisation of the human and grey seal myoglobin 

genes is similar. The human myoglobin gene is interrupted by two introns 
at codon 31 and between codons 105 and IO6 , that is, in identical positions 
to those in the seal myoglobin gene and all characterised vertebrate a- 

and 8-globin genes (Blanchetot et al., I983)* These introns (5*8 kb and 
3 .6 kb) are much longer than their haemoglobin counter parts and slightly 

longer than the introns of the grey seal myoglobin gene. The 5*“ and 3*- 
nontranslated regions of the human and grey seal myoglobin genes are of 
similar length and as a result the predicted mRNA length is simileir. 
Analysis of the human myoglobin gene sequence reveals tandem repetitive 
sequence upstream of the gene with internal homologies. In addition a 33 
base pair tandem repeat element is present in the first intron flanked by 
a direct repeat and sharing homology with other repetitive elements in the 
human genome.

Unique sequence DNA probes were isolated from the cloned human myo
globin gene and used to assign the gene to a specific human chromosome 
(Jeffreys et al., 1984). The myoglobin gene is located on chromosome 22 

in the region 22q11— > 22q13* The myoglobin gene is therefore not linked 
to either the a- or 8-globin gene clusters on chromosomes I6 or 11 

respectively, and represents a third dispersed globin locus in the human 
genome.

As well as its use in isolating myoglobin genes from other species 

the seal myoglobin gene can be used as a probe to analyse the genomic DNA 
of many species in order to determine gene number and arrangement. In 

addition the nucleotide sequence comparison of myoglobin genes from many 
different species should güLlow more detailed molecular phylogenies to be 
constructed.
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It should be interesting to study the organisation of myoglobin genes 

in diving and terrestrial mammals in order to understand the genetic 

basis for increased levels of the protein in the former. A study of 
promoter efficiency and messenger RNA stability could be carried out 

using myoglobin cloned gene sequences.

Isolated myoglobin gene sequences can be used to study the develop

mental expression of the myoglobin genes in different tissues. Myoglobin 

gene sequences can be cloned into expression vectors in order to study 
regulation of these genes in either prokaryotic or eukaryotic systems.

6. CONCLUDING REMARKS
This study was undertaken in order to isolate a mammalian myoglobin 

gene. From the results presented here it is clear that the experimental 
strategy adopted has proved successful in isolating the grey seal myoglobin 
gene. The use of this cloned DNA in the analysis of myoglobin genes from 
this and other species should enable a wealth of information to be obtained 
regarding myoglobin gene evolution and organisation. The analysis of 
myoglobin at the DNA level should complement the studies already carried 
out on myoglobin proteins. Myoglobin is an ancient and important member 

of the most extensively studied protein family. The analysis of myoglobin 

gene sequences should further enable us to elucidate the overall organisation 
and evolution of this multigene family.

The use of the techniquecof recombinant DNA technology has 
revolutionised the study of molecular biology. These techniques have been 
used to isolate a mammalian myoglobin gene. Further technical advances 
should enable us to manipulate gene sequences in vitro and ̂  vivo in 
order to gain a greater understanding of the control of gene structure 
and function.
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ABSTRACT

THE ISOLATION OF A MAMMALIAN MYOGLOBIN GENE

D. WOOD

Myoglobin is the major haemoprotein of vertebrate muscle where it 
facilitates oxygen diffusion from the blood to the mitochondria and acts 
as an oxygen store. Elevated levels of myoglobin are found in diving 
mammals and birds.

Myoglobins and haemoglobins form part of the globin superfamily and 
are related evolutionarily. The ancestral globin gene underwent a 
duplication between 500 and 800 million years ago to give rise to monomeric 
myoglobins and the haemoglobin lines. The globin superfamily of proteins 
has been extensively characterised and sperm whale myoglobin was the first 
protein whose three-dimensional structure was determined. In addition the 
haemoglobin genes represent the best characterised multigene family. How
ever the myoglobin gene has not been investigated. In order to understand 
the relationship of myoglobin genes in relation to other globin genes from 
an evolutionary and structural aspect, a mammalian myoglobin gene has been 
isolated.

After unsuccessful attempts to clone myoglobin messenger RNA from 
human muscle, grey seal muscle containing high levels of myoglobin was 
used to prepare polyadenylated mRNA. cDNA was prepared by reverse trans
cription of polyadenylated mRNA and cloned into a plasmid vector. ^  of 
cDNA recombinants contained myoglobin cDNA inserts. One clone, shown to 
contain only 5' non-translated mRNA sequences, was used to determine that 
grey seal myoglobin is coded by a single gene which is transcribed to 
give a 1400 nucleotide mRNA considerably longer than related haemoglobin 
mRNAs. This cDNA clone was also used to isolate a myoglobin genomic clone 
from grey seal DNA cloned into a X bacteriophage vector. The 3* end of 
this gene has been completely sequenced and the gene is interrupted by an 
intervening sequence at codon 105, a position precisely homologous to that 
in a- and 3-globin genes. The 3* exon of the grey seal myoglobin gene is 
remarkably long and comprises codons 106-153» which give an amino acid 
sequence identical to that of the harbour seal myoglobin, and 548 bp of 
untranslated sequence. This untranslated sequence contains a typical poly- 
adenylation signal and is much longer than the corresponding sequences of 
a- and 3-globin genes.


