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SUMMARY

Two cloned Eco RI fragments have been isolated from a Xenopus 
borealis genomic library in phage lambda, using an actin cDNA clone as a 
probe. Both fragments have been restriction-mapped and partially 
sequenced. As a result of this, one fragment, 2.6 kb in size, has been 
found to encode an amino acid sequence identical to the first 149 amino 
acids of the mammalian cardiac muscle actin, while the other, 3.6 kb in 
size, encodes a protein which is almost identical to the first 267 amino 
acids of the mammalian beta-cytoskeletal actin. The putative muscle 
actin gene contains introns at different positions to those of the 
cytoskeletal actin gene. These intron positions are identical to those 
of the analogous genes in mammals. These data suggest that vertebrate 
muscle and cytoskeletal actin genes became separate before the 
divergence of amphibians from the rest of the vertebrates.

Other sequence studies performed include an examination of codon 
usage and sequence divergence in actin genes.

’Repetitive DNA' has been found in the 3.6 kb Eco Rl fragment and 
has been roughly localized.

Primer extension has been used to show that the partial leader 
sequence of an oocyte mRNA species is identical to that found in the 
beta-like cytoskeletal actin clone. A large intron is present in the 
leader of this gene. Near the transcriptional start site, several small 
sequences have been found which exist in similar positions in the rat 
beta-cytoskeletal actin gene, and may possibly be involved in the 
control of gene expression. Another oocyte actin mRNA species encodes a 
protein similar to the N-terminal end of the mammalian gamma- 
cytoskeletal actin, and its leader sequence is surprisingly similar to 
that of the beta-like actin message.

Primer extension has also been used to study the expression of 
actin genes in several laevis non-muscle tissues, as well as in JU 
borealis skeletal muscle.



1. INTRODUCTION

1.1 General Aims

One of the most interesting biological enigmas is that of the 

development of multicellular organisms. A single fertilized egg can 

give rise to a wide range of different cell types, each characterized by 

a specific protein complement, yet all containing the same set of genes. 

The latter point was shown in Xenopus laevis, where the nuclei from skin 

and intestinal epithelium (i.e. differentiated cells) were injected into 

enucleated eggs, and shown to be capable of giving rise to swimming 

tadpoles, containing a wide range of differentiated tissues (Gurdon, 

1974). Recently, swimming tadpoles have also been formed following the 

injection of adult erythrocyte nuclei of Rana pipiens into oocytes, the 

nuclei of which were later removed after maturation (Di Berardino and 

Hoffner, 1983). Therefore, it appears that differentiation does not 

involve the elimination or irreversible inactivation of parts of the 

genome in particular tissues. It must instead involve the controlled 

expression of genes in such a way that specific sets of proteins are 

expressed only in the appropriate place (in addition to the proteins 

expressed in all cells, the so-ca’led 'house-keeping proteins'). How 

this occurs, is one of the major questions at which the research 

described in this thesis is aimed.

The molecular mechanisms involved in determining the types of cell 

differentiation that take place during the development of an organism 

are, of course, particularly interesting. They are, however, most 

easily investigated in organisms where developmental mutations can be 

mapped, enabling the genes involved to be cloned. The best known 

examples of these are the bithorax, antennapedia, and similar genes in
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Drosophila (Bender et al., 1983; Akam, 1983; North, 1983). However, it 

should also be possible to gain some insight into the molecular 

mechanisms of differentiation by studying the structure and control of 

expression of those genes whose products characterize differentiated 

cells. Indeed, it will clearly be necessary to know this information to 

fully understand the action of mechanisms which bring about 

differentiation. The original aim of this project was, therefore, to 

study the structure, pattern of expression, and eventually, the 

mechanism of control of a family of such genes: the act ins. (In fact, 

not all the actin isoforms are tissue-specific, but as explained later, 

the degree of* expression of the cytoskeletal actin genes does appear to 

be modulated in different tissues.)

I have chosen to study the actin genes of the frog Xenopus 

borea1 is, partly because of the existence, already, of a certain amount 

of data concerning events at the molecular level during Xenopus 

development, including some on actin gene expression (Ballantine e£ al., 

1979; Sturgess e£ a 1., 1980), and partly because of the manipulative 

usefulness of Xenopus oocytes. This usefulness arises from their 

enormous size (roughly 1 mm in diameter) which makes them easy to 

micromanipulate and microinject with exogenous DNAs and RNAs. The 

Xenopus oocyte has become a powerful system for introducing cloned genes 

into a living cell to study the sequences important in their expression. 

For example, the deletion or mutation of certain regions of cloned DNA, 

before recloning and microinjection, has been used to study the function 

of sequences 5' to certain genes (Grosschedl and Birnstiel, 1980, 1982; 

Grosschedl £t a K , 1981; Wasylyk and Chambon, 1981). When using such a 

system, it would seem reasonable to judge the results as more meaningful 

when the genes injected are from the same, or a closely related, species



(especially in the case of the cytoskeletal actins, where the genes are 

known to be expressed in the oocyte itself).

As it involved the isolation and sequencing of cloned actin genes, 

this study has also contributed towards our understanding of the 

evolution of actins, both at the protein level (e.g. the significance of 

various amino acid substitutions), and at the level of the genes 

themselves (e.g. the relationship between amphibian actin genes and 

those of other vertebrates), no information on amphibian actin genes 

having been published yet.

To appreciate the questions that a study such as this can attempt 

to answer, it is useful to describe our current knowledge of the family 

of actin proteins. The next section will describe the function of actin 

in general, the differences between the various actins, and their 

differing patterns of expression.
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1.2 Actin: The Protein 

The Function of Actin

Actin is an important element in the contractile mechanism of 

muscle cells, as well as performing an important role in all eukaryotic 

cells, both structurally and in motility. In its monomeric form ('G- 

actin' ) it has a molecular weight of approximately 42,000 daltons, but 

it also exists in muscle, and other cells, as a filamentous polymer (1F- 

actin'). In muscle the polymerization occurs only once, but in non

muscle cells the large pool of unpolymerized actin, and the extensive 

rearrangement of actin during motility and the cell cycle, suggest that 

the pools of actin monomer and polymer may be in a more dynamic state 

(reviewed by Pollard and Craig, 1982; Craig and Pollard, 1982). It is 

in the polymerized form that actin functions physiologically.

The mode of action of actin was first elucidated in striated muscle 

(Huxley, 1969), where contraction is accomplished by the sliding of 

overlapping actin filaments and myosin filaments, powered by ATP 

hydrolysis; the actin filaments are anchored at lattice-like structures, 

called Z bands, which contain the protein alpha-actinin. This sliding 

movement is mediated by the continual attachment of myosin 'heads' 

(myosin has a bipartite structure with two globular heads and a long, 

fibrous tail) to the actin filament, followed by a conformational 

change, a breakage of the actomyosin contact, the hydrolysis of ATP, and 

a return to the original «snformation. Regulation of the contraction is 

mediated by reversible inhibition of the actin-myosin binding reaction, 

on the lowering of the intracellular calcium ion concentration. In 

molluscan muscle this regulation resides in the myosin molecule, but in 

vertebrate striated muscle the thin actin filaments contain a complex of



the control proteins troponin and tropomyosin, which undertake the 

interaction with the calcium ions.

A different regulatory mechanism exists in smooth muscle and non

muscle tissues, where it is believed that a similar type of actin-myosin 

interaction gives rise to contractility, but where no troponin has been 

found. Here, the protein caldesmon binds to actin and inhibits 

crossbridge formation until, in the presence of raised calcium ion 

levels, prefers to bind to calmodulin, and the act in-myosin 

interaction can take place (Kakiuchi and Sobue, 1983). In non-muscle 

cells, actin exists in a variety of structural forms and is involved in 

a wide variety of motile processes, including cell locomotion, 

cytoplasmic streaming and transport, secretion, phagocytosis and 

cytokinesis (Buckley and Porter, 1967; Pollard and Weihing, 1967; Korn,

1978). Examples of the different structural forms that actin may take 

include the stress fibres and the filamentous network that may be found 

in moving cells (Lazarides and Weber, 1974; Lazarides, 1976; Goldman and 

Knipe, 1972; Heath and Dunn, 1978; Small e£ a K , 1978). Stress fibres 

consist of tightly-packed bundles of actin-containing filaments in 

association with myosin, tropomyosin and alpha-actinin, and are 

associated at their termini with the cell membrane. The dense filament 

meshwork car. be found in the leading lamellae and ruffling membranes, 

and undergoes dramatic changes in viscosity and stiffness. Many 

proteins that bind to actin have been found that might control this sort 

of versatility (although the ^n vivo action of few have been 

demonstrated; Craig and Pollard, 1983; Weeds, 1982). These include 

proteins that cross-link filaments into networks or bundles, proteins 

which cap the ends of filaments to regulate their length (and may also 

sever filaments), and proteins that inhibit polymerization by binding to
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ac t in monomers.

Actin is a conserved protein

The large number of proteins with which actin must interact, as 

well as the necessity for the self-association of G-actin, probably 

explains why actin is so highly conserved in amino acid sequence. Thus, 

chicken and mammalian skeletal muscle actins are identical, as are 

chicken gizzard and mammalian gamma-smooth muscle actins, and these 

differ from cytoskeletal actins at only a small number of residues 

(Vandekerckhove and Weber, 1978b, 1978d, 1979). Physarum actin shows 

only 5Z amino acid substitutions when compared with mammalian 

cytoskeletal actins (Vandekerckhove and Weber, 1978e), and a sea urchin 

actin, only 6Z divergence from Drosophila actins (Cooper and Crain, 

1982). The most diverged actin sequence so far detected is that of 

Oxytricha fallax (Kaine and Spear, 1982), but this may encode an actin- 

related fibre protein, since the encoded polypeptide is smaller than 

other actins (being only 356 amino acids long, whereas actins from other 

organisms vary between 374 and 376 amino acids in length). Amongst 

other actins the highest divergence is that of 19Z, between Drosophila 

and soybean actins (Shah £t a 1 . , 1982). This evolutionary conservation 

has been very useful when identifying clones, because it enables genes 

from phylogenetically distant organisms to be used as hybridization 

probes (see Section 3.1).

Mammalian actins: some are tissue-specific

As suggested in the previous paragraph, some actins are tissue- 

specific. At present, six different primary sequences have been 

described in different mammalian tissues (Vandekerckhove and Weber,
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1979). Their nomenclature is based on the ability of isoelectric 

focussing techniques to resolve them into three groups, called alpha, 

beta and gamma, in order of decreasing negative charge (Whalen e£ al., 

1976; Garrels and Gibson, 1976). There is an alpha-actin sequence 

specific to skeletal muscle, and a different alpha-actin in the heart 

(Vandekerckhove and Weber, 1978a). (In contrast to the situation for 

myosin, tropomyosin and troponin, there is no evidence for different 

alpha-actins in fast and slow skeletal muscle; Vandekerckhove and Weber, 

1979.) In smooth muscle, two other actins have been identified. Their 

relative proportions vary in different smooth muscle tissues; in aorta, 

an alpha-type predominates, whereas in stomach (or chicken gizzard), a 

gamma-type is the major component (Vandekerckhove and Weber, 1981). Two 

cytoskeletal actins, beta- and gamma-types, have been found in all 

mammalian non-muscle cells examined (Garrels and Gibson, 1976), and it 

has been shown that they are both expressed in a single cell (Bravo ££ 

al., 1981). This information has been summarized in Figure 1.1, for 

easy reference. In addition to these six, a few additional isoforms 

have been postulated: in the nucleus of non-muscle cells (Bremer e£ al.,

1981), and in brain synaptosomea (Marotta et il., 1978).

What are the differences between these various iaoforms? The amino 

acid differences between the accepted six mammalian isoforms are small 

in number. Only 4 out of 375 amino acids differ between cardiac and 

skeletal muscle actins, 6 to 8 between smooth and skeletal muscle 

actins, 24 to 25 between striated muscle and cytoskeletal actins, and 22 

to 23 between smooth muscle and cytoskeletal actins (Vandekerckhove and 

Weber, 1979). It is possible that these differences are the result of 

the different interactions of actin (with control proteins, etc.) in 

theae tissues. The most variable part of the actin sequence is the 5 to
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Figure 1.1: The 6 Mammalian Actin Isoforms

The location of the 6 major mammalian actin isoforms is summarized 

together with their running position on 2-dimensional gels. Mammalan 

actins can be separated into 3 spots by isoelectric focussing: Of, 6 and V 

, in order of decreasing negative charge. The two smooth muscle- 

specific isoforms exist in varying proportions in both aorta and stomach 

muscle, but the of-type is predominant in the former, and they-type in 

the latter.
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6 amino acid region at the N-terminal end of the protein, and this 

region has recently been implicated in the binding of actin to the 

myosin heavy chain (Sutoh, 1982).

There is evidence that, in mammals at least, the expression of 

actin genes is controlled, not just in a tissue-specific manner, but 

also temporally in the same tissue. Minty e^ al. (1982) have shown that 

cardiac muscle actin is coexpressed with skeletal muscle actin in mouse 

fetal skeletal muscle, but that in adult skeletal muscle, the mRNA for 

the cardiac muscle isoform is no longer present. This raised the 

interesting possibility that groups of muscle-specific genes might all 

be turned on together at myogenesis; the restricted isoform patterns 

evident in adult muscle might result from the selective turn-off of 

expression of inappropriate isoforms later in development. This 

certainly seems to be applicable to the expression of fast and slow 

isoforms of myosin light chains (Keller and Emerson, 1980; Stockdale et̂  

al., 1981), alpha-tropomyosin (Hontarras and Fiszman, 1982) and troponin 

C (Hastings and Emerson, 1982), in cultured myoblasts from slow or fast 

avian Skeletal muscles. Minty et al. (1982), however, could detect only 

extremely low levels of skeletal muscle actin mRNA in 17 to 20 day fetal 

and adult heart, although it is possible that larger amounts of this 

mRNA may be synthesized at earlier stages of fetal heart development.

At this time, therefore, it leems unwise to attribute a single programme 

of control to all the contractile proteins that are expressed in any one 

tissue. Thus, although fetal and adult isoforms of myosin light chain 1 

are also co-expressed in fetal skeletal muscle (Whalen e£ a_l., 1978), 

and in myotube cultures (Robert al̂ ., 1952), the disappearance of 

fetal actin (cardiac muscle) mRNA during skeletal muscle development 

does not appear to be tightly co-ordinated with that of fetal myosin



10

light chain. The three developmentally regulated forms of myosin heavy 

chain have been shown to be expressed sequentially in muscle 

development; and not all together at any time (Whalen £t̂  a_l. , 1981). 

Additionally, none of the myosin heavy chains appear to be both 

activated and repressed coordinately with fetal actin. Such data 

indicate that there may be programmes of developmental regulation 

specific to each multigene family of muscle-specific proteins.

Non-mammalian act ins

How many actins do non-mammalian organisms have? As mentioned 

above, the chicken skeletal muscle and gizzard muscle actins are 

identical to their mammalian counterparts, so it is possible that the 

whole set of actins in birds is identical to that in mammals. The only 

other vertebrate actins to be studied are the cytoskeletal actins of the 

amphibians Xenopus laevis, Rana pipiens (frogs), Triturus cristatus 

(newt) and Pleurodeles waltlii (salamander) (Vandekerckhove et al.. 

1981). Some of these have been shown to possess differences in the 3 N- 

terminal acidic residues possessed by the mammalian cytoskeletal actins. 

This information is summarized in Figure 1.2. Thus, while the mammalian 

beta- and gamma- types possess the end sequences X-asp-asp-asp 

(designated type 1) and X-glu-glu-glu (type 8), respectively (where asp 

- aspartic acid, glu - glutamic acid, and X is a blocking group 

recognized as an acetyl group in other actins), X^ laevis possesses 3 

cytoskeletal types: X-glu-asp-asp (type 4), X-asp-glu-glu (type 5) and a 

type 8 (in kidney, brain, liver and oocytes). Type 1, type 8 and type 

3 (X-asp-glu-aop) actins are found in cultured cells of Triturus. Brain 

and liver tissues of Rana only show two actin forms, type 4 and type 5,

while liver tissue of Pleurodeles shows only a single major actin form
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Figure 1.2: 5 Vertebrate Cytoskeletal Actins

The 5 different cytoakeletal actin isoforma that have been isolated 

so far from vertebrates are presented, together with the species in 

which they have been found (marked +). As indicated, these isoforms are 

known to vary in the acidic amino acid residues present at their N- 

terminal end (asp - aspartate, glu - glutamate, X - a blocking group 

recognized as an acetyl group in other actins). The numbering system is 

as suggested by Vandekerckhove e£ al̂ . (1981).



(as yet uncharacterized). Clearly, cytoskeletal actins are more complex 

and variable in amphibians than in warm-blooded vertebrates. The reason 

for this is unknown. The possible localization of the two mammalian 

cytoskeletal isoforms, in different regions of the muscle cell, is 

discussed in Section 4.1. It is possible that this apparent 

specialization of function in mammals has not occurred in amphibians and 

that these differences represent neutral mutations.

Two genes coding for different cytoskeletal actins have been found 

in the sea urchin Strongylocentrotus purpuratus (Cooper and Crain, 1982; 

Schuler et al̂ ., 1983). The total number of different actin isoforms in 

sea urchins has not been studied. Some regulation of their expression 

during development does take place, however. Of the two actin mRNA 

species observed in Northern blot experiments, a 1.8 Kb transcript is 

most abundant in embryos after the blastula stage, while a 2.2 Kb 

message is most abundant during oogenesis, early embryogenesis, and in 

adult cell types, such as coelomocytes or intestine (reviewed by 

Davidson ££ al_. , 1982).

Drosophila has 6 actin genes which code for at least 3 different 

polypeptides (Fyrberg et al^., 1981). 3 different actins can also be

separated by isoelectric focussing (Storti e£ a U , 1978; Fyrberg and 

Donady, 1979). Very recentlv, Fyrberg et al. (1983) have surveyed the 

expression of the six genes during development, and found each gene to 

be transcribed to form a functional mRNA which accumulates with a 

diatinct pattern. Two of the genea are expressed in undifferentiated 

cells, and probably encode cytoskeletal actina; another two are 

expressed predominantly in larval, pupal and adult intersegmental 

muacles. A fifth is expressed only in the muscles of the adult thorax, 

and the sixth in both the adult thorax and leg muscles. Clearly, there
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is tissue-specific expression of Drosophila actin genes.

It is interesting that the amino acid sequence of each of the 6 

Drosophila actin genes is more similar to that of the vertebrate 

cytoskeletal actins, than to vertebrate muscle actins (Fyrberg et al.t 

1981). Possibly, the differences found between vertebrate muscle and 

cytoskeletal actins arose after the divergence between protostomes and 

deuterostomes and are not necessary for the function of all muscles. In 

support of this, Davidson et a K  (1982) have reported the results of 

Files (1983) which show that the DNA sequence of an actin

gene expressed in the body wall musculature of the nematode worm 

Caenorhabdit is elegans indicates that this gene also codes for a protein 

similar to vertebrate cytoskeletal actins. One interesting prospect for 

this project, therefore, was to discover at what stage this 

specialization of muscle isoforms occurred in the development of 

vertebrates (i.e. do amphibian muscle-specific actins resemble mammalian 

muscle or cytoskeletal isoforms?).

So far, I have described the occurrence of tissue-specific 

expression of actin genes in certain Metazoa, the vertebrates, insects 

and nematodes, and pointed out that in sea urchins, different actins 

become predominant at different developmental stages. Can this be 

extended to other forms of life? Do other organisms possess multiple 

forms of actin, and are the genes for these expressed in different ways?

The exact number of actin isoforms in plants has not been 

investigated. One gene has been cloned from soybean, however, and found 

to resemble the vertebrate cytoskeletal actins in amino acid sequence 

(Shah e£ al., 1982). Only one form of actin can be found in the 

plasmodia of the slime mould Physarum polycephalum (Vandekerckhove and 

Weber, 1978e), and the yeast Saccharomyces cerevisiae only possesses one
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actin gene (Ng and Abelson, 1980; Gallwitz and Seidel, 1980). This 

apparent simplicity of actin composition in lower eukaryotes cannot 

necessarily be extended to Acanthamoeba castellaani, however, as Jantzen 

(1981) has described the separation of at least three actin forms by 2- 

dimensional electrophoresis, although it was not demonstrated that these 

were not merely post-transcriptional modification of the products of the 

same gene, as originally found in the slime mould Dictyostelium (Kindle 

and Firtel, 1978; Firtel, 1981). The latter organism has 17 actin genes 

of which at least 8 are known to be expressed (McKeown et̂  , 1978; 

McKeown and Firtel, 1982), yet there appears to be only one type of 

actin primary sequence (similar to the vertebrate cytoplasmic type) 

expressed by all the genes (Vandekerckhove and Weber, 1980; McKeown and 

Firtel, 1982), although not all of the genes have been sequenced and 

minor protein forms representing less than 5Z of the total actin would 

not have been detected. This phenomenon is even more remarkable, as it 

seems that several of these genes are differentially expressed during 

the Dictyoatelium life cycle (McKeown and Firtel, 1981; Tsang e£ al.,

1982). The reason for this is unknown.
■

The levels of cytoskeletal actins can vary

So far, the genes that are expressed in a tissue-specific manner 

and have been characterised have all been found to be those coding for 

muscle actina. Does this mean that the cytoskeletal actins are 

expressed constitutively in all cell types?

Although the cytoakeletal actins have been found in nearly all 

vertebrate cell types, their synthesis is not independent of the cell in 

which they are expressed. Thus, regulation appears to occur, both in 

total synthesis rate, according to cell morphology or differentiated



state of the cell, and in the relative proportions of the gamma- and 

beta-type mammalian isoforms. Garrels and Gibson (1976) reported that 

the ratio of these latter isoforms (as measured on 2-dimensional gels,
•JCwhen labelled with JJS-methionine), although always less than 1, was not 

constant in various cell lines; these included nerve, glial cell, 

postfusion muscle precursor and myotube rat cell lines. A decrease in 

the rate of actin synthesis has been reported when certain sublines of 

3T3 cells undergo adipose differentiation (Spiegelman and Farmer, 1982). 

The altered synthesis of actin (down by 90Z), as well as tubulin and 

vimentin, was quite specific in that most preadipocyte proteins did not 

undergo large decreases during differentiation. In contrast to this, 

there is an increase in cytoskeletal actin synthesis during the 

differentiation of myeloid leukaemia cells (Hoffman-Lieberman and Sachs, 

1978).

There appears to be a control of cytoskeletal actin gene expression 

during some types of differentiation. It is not clear, however, in the 

case of adipocyte differentiation, whether the change in actin synthesis 

is not merely due to the change in cell morphology at differentiation. 

Thus, the suspension of anchorage-dependent mouse fibroblasts has been 

reported to result in a decrease in total protein synthesis, with actin 

synthesis being preferentially inhibited (Farmer ejt al., 1983). 

Reattachment initiates a preferential increase in actin synthesis.

Thus, there appears to be a close relationship between the morphological 

state of the cell and the regulation of cytoskeletal gene expression. 

Growth may also be an important factor, as Riddle e£ a 1. (1979) have 

suggested that actin synthesis peaks during the transit from Go to S 

phase, during the serum-stimulated growth of mouse 3T3 cells.

Is there a change in cytoskeletal actin synthesis at muscle cell



differentiation? Several groups have reported the reduction in quantity 

of cytoskeletal actin messages following the fusion of myoblasts during 

myogenesis (Schwarz and Rothblum, 1981; Shani et̂  al., 1981; Caravatti e£ 

al., 1982), and Garrels and Gibson (1976) were unable to detect 

cytoskeletal actins in adult muscle tissue using 2-dimensional gels and 

Coomassie-blue staining. Caravatti et̂  a_l. (1982), however, did not 

observe any decrease in beta- and gamma-act in synthesis for at least 72 

hours after the approximate time of myoblast fusion. Pardo et̂  al.

(1983) used affinity chromatography to isolate a polyclonal antibody to 

chicken gizzard actin which was specific to gamma-type actins (including 

the cytoskeletal type). Using immunofluorescence methods, they found 

that this antibody colocalizes with mitochondria in muscle fibres of the 

mouse diaphragm, indicating that cytoskeletal actins do exist in fully 

differentiated muscle cells. A similar conclusion was reached by Lubit 

and Schwartz (1980), using an antibody to Aplysia actin. The inability 

of Garrels and Gibson (1976) to find cytoskeletal actin in adult muscle 

is explicable because the staining method they used is comparatively 

insensitive.

Cytoskeletal actin synthesis also appears to be regulated during 

early development. Ballantine et̂  a 1 . (1979) and Sturgess et_ al. (1980) 

have found that the cytoskeletal actins of Xenopus laevis are among the 

most rapidly made proteins of oocytes, but that their synthesis, 

relative to other proteins, is low in the egg or cleaving embryo. In 

blastulae and later embryonic stages, however, cytoskeletal actins are 

once more among the most rapidly made proteins. Abreu and Brinster 

(1978) and Martin et a U  (1978) have reported that actin synthesis in 

the developing mouse is reduced just after fertilization. The 

functional reasons for these changes is not known. In the case of



Xenopus, Sturgess et_ a_l. (1980) have pointed out that, because the 

oocyte contains a large store of actin, making only a small amount of 

actin for 5 to 6 hours of early development will have very little effect 

on the actin content of the early embryo.

Summary of main conclusions

Actin is a highly conserved protein and can be found in widely 

divergent organisms, including deuterostomes, protostomes, plants and 

protists. It is therefore suitable for evolutionary studies covering a 

long period of time. The muscle actins have been found to be tissue- 

specific, while the ratio of beta- to gamma-cytoskeletal actins can also 

vary from tissue to tissue. The total levels of cytoskeletal actins 

appear to be determined by many different factors, which may include 

cellular morphology, growth phase and differentiation, as well as the 

developmental stage of the organism.

How does the control of actin gene expression come about? This 

will be discussed in the next chapter.



1.3 The Control of Actin Gene Expression

Various actin isoforms are expressed in a tissue-specific manner 

while the extent of expression of others appears to be finely 

controlled. How are these controls brought about? To begin this 

section, the possible control sites in the pathway of gene expression 

will be discussed, where possible, with reference to previous work on 

actin expression. The second part will discuss the types of control 

elements that may be involved in this regulation and will also consider 

the role of gene clustering in the control of those genes' expression; 

the spatial relationship between co-expressed contractile protein genes 

will be discussed.

1.3.1 At what level is actin gene expression controlled?

The production of a functional protein from a eukaryotic gene is a 

process that involves many steps. When investigating the control of 

gene expression, it is necessary to consider which of these steps is 

most likely to be involved in that control. The protein-coding sequence 

of most eukaryotic polymerase II genes, with the exception of such genes 

as histones and alpha-interferon (Kedes, 1979; Nagata e£ al., 1980), 

contain inserts of non-coding sequence called introns (Breathnach and 

Chambon, 1981). All of the actin genes so far cloned, with the possible 

exception of the Dictyostelium (McKeown and Firtel, 1981b) and Oxytricha 

(Kaine and Spear, 1982) genes, have been found to contain introns 

(Hamada et al., 1982; Nudel et «1., 1983; Zakut et al., 1982; Fornwald 

et al., 1982, Davidson et al., 1982; Fyrberg at a±., 1981; Sanches et 

al., 1982; Files and Hirsch, 1982; Nellen and Gallwitx, 1982; Gallwitx 

and Sures, 1980; Ng and Abelson, 1980; Shah et al., 1982). After
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transcription, such introns must be spliced out of the primary 

transcript. Not only must this RNA be removed, but transcription in 

some genes, such as the mouse and chicken beta-globin genes (Hofer and 

Darnell, 1981; Groudine and Weintraub, 1981), has been shown to proceed 

past the polyadenylation site, and hence this RNA must be removed before 

polyadenylation of these messages can occur. Preceeding these steps, 

the primary transcript is capped with an m7G residue (Shatkin, 1976), 

and once all such modifications are made, the message must still be 

transported from the nucleus. Once in the cytoplasm, the production of 

protein depends on the translation of that message by ribosomes, and the 

amount produced per mRNA molecule depends on its stability. Once the 

protein is made, it may still have to undergo modification before 

becoming active and, of course, the amount of protein present at any 

time will depend on its stability.

Which of these steps is most likely to be involved in controlling 

the tissue-specific expression of muscle-specific actin genes or 

regulating the level of cytoskeletal actins? As I will show later, the 

answer to the second part of this question may vary depending on the 

particular phenomenon being considered (e.g. cell detachment and 

reattachment to surfaces, heatshock, etc.), although for most of such 

cases no firm conclusion can be reached as to the site of control. The 

first part of the question relates to differentiation in general, and 

examples of other tissue-specific abundant proteins will be used in the 

argument. I will consider each stage of gene expression successively 

(in reverse order), and try to evaluate the importance of each in the 

controlled expression of the various actin genes.

There is little information available on the stability of actin 

proteins, and there is no evidence that the regulation of stability of
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any other protein is responsible for its appearance or non-appearance in 

differentiated cells. It is possible that stability may have an effect 

on the regulation of protein levels, however, as studies have shown that 

the stability of liver proteins may change (Schimke and Doyle, 1970).

Comparisons of cloned vertebrate actin gene sequences with protein 

amino acid sequences, have revealed that post-translational modification 

does take place in actins, to replace the first one or two amino acids 

with an acetyl blocking group (Gaetjens and Barany, 1966; Alving and 

Laky, 1966; Vandekerckhove and Weber, 1978a; Nudel £t̂  £l_., 1983; Zakut 

et al., 1982; Hamada e£ a K , 1982; Gunning et a_l., 1983). It is 

possible to envisage such a step being controlled, but there is no 

evidence for this. Post-translational modification also occurs in 

Drosophila, although the facts are, at present, somewhat confusing. The 

Drosophila actins can be separated into 3 types by isoelectric 

focussing. Type III is an unstable species except in adult thorax 

(Horovitch £t a_l., 1979). Fyrberg £t (1983) translated poly A(-0

message from adult thorax in reticulocyte lysate and were unable to 

detect this actin type, suggesting that a post-translational 

modification is involved in its formation. This might appear to be an 

example of tissue-specific post-translational modification. This may be 

true; however, it seems that there are two Drosophila actin genes whose 

messages are found only in adult thorax and leg muscle (suggesting pre- 

translational control to be operating). The unstable type III actin 

found in non-thorax tissues may possibly be a different gene product to 

the type III protein found in the thorax.

The tissue-specific expression of vertebrate muscle actin (or 

myosin heavy and light chains) is not a result of translational control. 

This conclusion is partly based on experiments using myoblasts from
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developing skeletal muscles, which proliferate in culture and then enter 

a phase of cell fusion and formation of multinucleated muscle fibres. A 

close correlation has been found between the levels of the muscle- 

specific contractile proteins, and their mRNAs. This has been found by 

in vitro translation studies (Paterson e£ a K , 1974; Daubas et al.,

1981) on the RNA extracted from various stages. It has also been found 

using cloned probes in hybridization experiments with primary chick 

cultures (Schwartz and Rothblum, 1981), in rat L8 cultures (Shani et̂  

al., 1981), mouse cultures (Caravatti et al., 1982) and primary quail 

cultures (Hastings and Emerson, 1982). Ballantine et al. (1979) showed 

that alpha-actin (muscle-specific) first appeared at gastrulation, 

during the development of Xenopus embryos, and ^n vitro translation 

studies showed that the mRNA for this protein also first became 

detectable at around this time. The changes in beta- and gamma-actin 

levels during the formation of chicken gizzard (smooth muscle) have been 

found, by in vitro translation studies, to correlate with the changes in 

mRNA levels (Saborio e£ al., 1979).

If translational control were to play a major role in tissue 

differentiation, this might mean that the ability to translate 

particular kinds of mRNAs would only appear during the differentiation 

of particular types of cell. Sturgess e£ a^. (1980) injected mRNA from 

tadpole tail into Xenopus eggs and found that alpha-actin was 

synthesised. A similar result has been obtained uaing mRNAs specific to 

other types of differentiated cell. Thua, globin is synthesized on 

injection into oocytes or eggs, and is still made in swimming tadpoles; 

even in regions differentiated into non-erythroid cells (Woodland et̂  

al., 1974; Gurdon ££ ajN , 1974).

Translational control may not play a role in the tissue-specific



expression of muscle actin, but seems to be used by some cells to 

control the rate of synthesis of the cytoskeletal actins. Cytoskeletal 

actins are among the most rapidly made proteins of oocytes, blastulae 

and later embryonic stages of Xenopus laevis, but the rate of synthesis 

is thought to be lower in the egg or cleaving embryo (Ballantine et̂  al. 

1979; Sturgess et a K , 1980). However, by extracting RNA and 

translating it jjn vitro, it was shown that the cytoskeletal actin mRNA 

is present in equal amounts at each of these stages; demonstrating that 

translational regulation is acting here.

Another example of a change in translational utilization takes 

place during muscle cell differentiation: Caravatti et a 1. (1982) found 

a sharp decrease in cytoskeletal actin message levels after the fusion 

of myogenic cells, but could not detect any change in the amount of 

beta- and gamma-actin synthesized at this time, or up to 72 hours later 

They have suggested that there may be an increase in actin mRNA 

utilization by the translational machinery of these cells.

Translational control may also play a role in controlling the rate 

of cytoskeletal actin synthesis in response to changes in cell 

configuration. Farmer et̂  aj_. (1983) found that when a 3T3 line of 

anchorage-dependent fibroblasts were suspended, total protein synthesis 

was strongly inhibited. Actin synthesis was preferentially inhibited, 

decreasing from 12Z of total protein synthesis to 6Z in suspended cells 

The level of actin mRNA, as determined by Northern blot hybridization 

with an actin cDNA clone, fell only slightly on suspension of the cells 

so it was suggested that the phenomenon was due to some form of 

translational control. Farmer e_t a 1. suggested that the mRNAs of the 

suspended cells were rendered untranslatable by some kind of 

modification of the RNAs. It is also possible, however, that the



reduction in actin synthesis occurs when there is an overall decrease in 

the efficiency of initiation of protein synthesis by ribosomes, and that 

actin messages merely lose out in the competition with other mRNAs.

This type of phenomenon has been described by Lodish (1974) and Alton 

and Lodish (1977), and is a different form of control from that where 

specific messages are bound to proteins that inhibit translation, as 

probably occurs, for example, in Spisula development (Rosenthal e£ al.,

1980). The latter process could well account for the control of 

cytoskeletal actin in early Xenopus development as well, since the 

decrease of the actin synthesis occurs at the same time as a 50-fold 

increase in nucleosomal core histone synthesis and a 2 to 5 fold 

increase in overall protein synthetic rate (Woodland et̂  al«, 1980; 

Ballantine £t al_., 1979).

Although translational control appears to have an effect on actin 

expression, it is not responsible for the tissue-specific expression of 

muscle actins. Is gene expression in differentiated tissues controlled 

by selectively stabilizing certain messages while degrading others? The 

accumulation of alpha-actin mRNA at myogenesis (Caravatti £t a 1., 1982; 

Schwartz and Rothblum, 1981; Shani e£ al., 1981) could be explained by 

an increase in its stability as well as by an increase in transcription 

or primary transcript processing.

Although there is no evidence for such a form of contiol with 

muscle-specific actins, there is a substantial amount supporting its 

influence on other tissue-specific abundant protein levels. Thus, when 

prolactin is given to breast tissue explants, there is a 20-fold 

increase in casein mRNA halflife (Guyette eti a^. , 1979). The halflives 

of vitellogenin and VLDL mRNAs, in rooster liver, drop from 24 hours to 

3 hours on withdrawal of oestrogen (Wiskocil £t̂  al_. , 1980). There are



also two established cases where preservation of a specific group of 

mRNAs occurs at the same time as the destruction of a large fraction of 

the total cellular RNA. In mammalian reticulocyte differentiation, the 

final stage, where 902 of the synthesized protein is globin, appears to 

be reached with the conservation of globin (and a few other erythrocytic 

mRNAs) and the specific destruction of all other mRNAs (Aviv e£ al.,

1976; Bastos e£ a K , 1977; Volloch et_ a K , 1981). Dictyostelium 

amoebae, on aggregation, synthesize an extra set of mRNAs in addition to 

the normal set. The new set of RNA species is specifically destroyed if 

the cells are artificially disaggregated (Margiarotti et al,, 1982).

The stability of mRNA species does seem to be an important factor 

in development and cannot be ignored. It is conceivable that the 

stability of various actin messages may be altered in some situations.

It is interesting, in this respect, that there is an immediate decrease 

in cytoskeletal actin mRNA content on the fusion of myogenic cells, 

concomitant with the increase in muscle-specific protein RNAs (Caravatti 

et al., 1982; Shani e£ a K , 1981). However, evidence is presented below 

that the appearance of muscle-specific actin mRNAs at myogenesis is the 

result of transcriptional activation, just as the actual tissue-specific 

appearance of globin RNA in erythroid tissues is a result, primarily, of 

transcriptional activation (see below).

Before moving on to transcriptional control, the possibility of 

control within the nucleus should be considered. There is little 

evidence that nuclear transport is important, but there is evidence, at 

least in certain systems, that control may be exerted during processing 

of the primary transcript. Nuclear turnover of RNA transcripts in HeLa 

cells has been found to be substantial (Soeiro e£ al̂ ., 1968), and 

nuclear RNA complexity has been found to be 4 to 10 times greater than



the complexity of mRNA (Lewin, 1980d). This is perhaps greater than the 

difference expected on the basis of intron loss during processing, 

suggesting that complete transcripts fail to appear in the cytoplasm. 

Analysis of nuclear RNA in cultured CHO cells has shown that the primary 

transcripts can be divided into two classes: those that give rise to 

mRNA sequences and those that do not. Thus, greater than 90Z of non

histone mRNAs entering polysomes contain polyA, while polyA is added in 

the nucleus to about one quarter of the total primary transcripts 

(Harpold et al., 1979; Salditt-Giorgieff, 1981). That the polyA(-) 

species were different from those that were polyadenylated was shown by 

hybridizing cDNA clones made from polyA(+) mRNA to nuclear RNA. They 

hybridized mainly to the polyA( + ) fraction (Harpold et̂  a_l., 1979). To 

show that there is tissue-specific control at the nuclear level, 

however, it would be necessary to demonstrate that some of these 

unexpressed primary transcripts can appear in the polysomes of a 

different cell type. The only positive evidence for this type of control 

has been found in sea urchins where Wold e£ a 1. (1978) found, for 

example, that while 85Z of blastula mRNA sequences were not present in 

the adult intestine mRNA population, virtually all were present in the 

intestine nucleus.

There is no evidence that this type of control is important for the 

tissue-specific abundant proteins of vertebrates. Instead, trans

criptional control is believed to be exerted over such genes. The 

experiments performed to demonstrate this, have involved the isolation 

of nuclei from various tissues, followed by the synthesis of 

radioactively-labelled RNA by bound RNA polymerases for a short length 

of time (1 to 2 minutes). Such a protocol minimizes the chance that 

primary transcripts will not be seen due to degradation (as might occur



if they were destined not to be processed in that cell type). Such a 

protocol has been used by Groudine and Weintraub (1981) to demonstrate 

the synthesis of globin primary transcripts in red blood cell nuclei, 

but not in primitive erythroblasts, and also by Dermann £t al_. (1981) to 

show that liver-specific mRNAs were transcribed only in the liver, and 

not other tissues.

Are vertebrate muscle-specific actin genes also under 

transcriptional control? There is some indirect evidence that this is 

the case. Studies using a variety of cell types have shown that genes 

which are being expressed in a cell type are organized in chromatin in a 

conformation which renders them more susceptible to mild digestion with 

pancreatic DNAase I than genes which are not active in the same tissue 

(Weintraub and Groudine, 1976; Garel and Axel, 1976; Panet and Cedar, 

1977; Wu et a^., 1979; Storb £t a_l, 1981). Thus, for example, the 

globin, but not the ovalbumin gene, is digested by DNAase I in avian 

erythrocytes (Weintraub and Groudine, 1976), but the ovalbumin gene and 

not the globin gene is preferentially digested in the chick oviduct 

(Garrel and Axel, 1976). This might seem to be a convenient method of 

showing that a gene is transcriptionally active at any given time. 

However, other experiments have shown that this change in chromatin 

structure may not be sufficient for transcription, since a number of 

apparently inactive genes have been reported to be DNAase I sensitive; 

for example, the chick adult beta-globin gene in primitive erythroblats, 

and the foetal gamma-globin genes of adult sheep bone marrow (Stalder et 

al., 1980; Young et £l., 1978). Nevertheless, it appears that this 

change in DNA conformation is necessary before transcription may occur, 

as there have been no instances, so far, of genes which are apparently 

active in a tissue (in that their mRNA product is abundant there), but
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are not DNAase I sensitive. This fact is important in the argument for 

transcriptional control over the skeletal muscle actin gene. Thus, 

Carmon et al. (1982) have found tht the genes for skeletal muscle actin 

and myosin light chain 2 only become DNAase I sensitive when rat 

myogenic cells fuse into multinucleated muscle fibres. This increase in 

sensitivity occurs close to the time that the mRNAs from these genes 

were shown to appear (Shani ^t al_., 1981; Caravatti et̂  al̂ ., 1982). The 

coincident increase in production of messages and the change in 

chromatin conformation is, I think, convincing evidence that 

transcriptional activation does occur during myogenesis. This 

conclusion would not go undisputed, however, as Schwartz and Rothblum

(1981), although finding a greatly increased content of muscle-specific 

actin mRNA at myogenesis, were able to detect a significant amount (150 

molecules/cel1) of this message in replicating prefusion myoblasts.

These workers however, were not able to rule out the possibility that 

such messages were being produced from a few precociously 

differentiating cells within the cultures.

Even if transcriptional control is responsible for the non

expression of muscle-specific actins in non-muscle cells, once 

activated, other factors may increase the expression of such genes. 

Zimmer and Schwartz (1982) have produced evidence that the chicken 

skeletal muscle gene is amplified approximately 90- Id during the 

fusion of myogenic cells, both in cell culture, and in intact embryonic 

muscle. The amplification takes the form of two new EcoRI bands^, the 

first of which appears prior to the expression of alpha-actin mRNA, and 

has an actin sequence dosage of about 8 to 10-fold greater than the 

alpha-actin atructural gene. The second species appears later in 

myogenesis and has a gene dosage of about 85-fold greater than the
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alpha-actin gene, during Che maximal induction of mRNA. These amplified 

DNA species both disappear in concert with the drop in alpha-actin mRNA 

levels in late postfusion myotubes, The rough correlation between the 

appearance and disappearance of the amplified species and the change in 

levels of the alpha-actin mRNA would suggest that these phenomena are 

linked, although there is, as yet, no evidence that the amplified DNA is 

transcribed (and these results need confirmation).

Only one other type of protein-coding gene has been shown to be 

amplified during cellular differentiation: that of the chorion proteins 

in Drosophila (Spradling and Mahowald, 1980; Thireos £t a_l., 1982; 

Spradling, 1982). Unlike the chorion genes, which are endoreplicated in 

the macrochromosomes (probably the result of multiple DNA replication 

initiation events at a replication origin within the cluster of 4 

chorion genes, giving rise to a set of nested replication forks), and 

where the amplified DNA eventually disappears via cell death when the 

fly pupates, the amplified actin genes disappear very rapidly (within 24 

hours of their appearance). Because of this, Zimmer and Schwartz (1982) 

have suggested that the actin genes are amplified extrachromosomally 

(probably by a rolling circle type of mechanism; the mechanism by which 

the first extrachromosomal copy is produced from the chromosomal gene is

unknown), in the same way as the ribosomal RNA genes in Xenopus oocytes

(Brown and Dawid, 1968).

Thus, the tissue-specific expression of skeletal muscle actin genes 

is probably under transcriptional control, although gene amplification 

may increase the amount of mRNA produced. It would seem likely that the 

control of expression of the other muscle-specific actin genes is also 

transcriptional. Doea the same apply to cytoskeletal actins? The 

question here is a little different, aa the latter genes are expressed



to some extent in most cell types. The ratio of the beta- and garama- 

cytoskeletal actins varies from one non-muscle tissue to the next 

(Carrels and Gibson, 1976). There has been no work designed to find out 

what causes this phenomenon, and it seems, at present, that post- 

transcriptional mechanisms are just as likely to be responsible as those 

acting at transcription. There are also some situations where the total 

levels of cytoskeletal actin mRNA change. I have already explained that 

some of these are likely to be the result of translational control. In 

some cases, however, other levels of control may be responsible. Thus, 

on re-attachment of anchorage-dependent mouse 3T3 fibroblasts, there is 

a dramatic increase in actin synthesis (more so than other proteins) 

which coincides with an increase in actin mRNA production (Farmer e£ 

al., 1983). On fusion of cultured myogenic cells, during myogenesis, 

there is an immediate decrease in the levels of the cytoskeletal actin 

mRNAs (Caravatti et a 1. 1982). The former phenomenon may be the result 

of control at any pre-translational level. The latter appears to be the 

result of specific RNA degradation, although the lack of quantitative 

information given on the speed of this decrease and the prefusion 

halflives of these messages leaves this conclusion uncertain; 

transcriptional control of cytoskeletal actin genes at myogenesis cannot 

be ruled out yet. The rat beta-actin gene is DNAase I sensitive in both 

differentiated and undifferentiated myogenic cultures (Cannon e£ al.,

1982). DNAase I sensitivity, however, appears to be unrelated to the 

rate of transcription of a gene (Garel et a 1., 1977) and, therefore, 

this cannot be taken to show that the cytoskeletal actin genes of muscle 

cells are not under transcriptional control (especially as several 

DNAase I-sensitive genes have been found which do not appear to be 

transcribed at all; Stalder et al_., 1980; Young e£ ¿1., 1978).
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There is little evidence indicating the level at which the 

expression of most cytoskeletal actin genes is controlled. However, 

evidence does exist that the transcriptional control of cytoskeletal 

actins can take place in Drosophila. Findly and Pederson (1981) found 

that the normally high level of 5 minute-pulsed actin nuclear RNA 

transcripts decreased within 10 minutes of subjecting Drosophila cells 

to a 35°C heat-shock, and that it returned to normal within 2 hours of 

returning the cells to 25°C. It seems likely that this is a 

demonstration of a rapid and flexible transcriptional control. It is, 

of course, possible to argue that this is a special situation and that 

control at other levels accounts for the other changes in cytoskeletal 

actin synthesis that I have described.

Summary of main conclusions

It seems likely that muscle-specific actin genes are 

transcriptionally inactive in non-muscle cells. In muscle cells, 

however, once these genes are being transcribed, further factors (such 

as gene amplification and changes in mRNA utilization) may effect the 

final muscle actin levels. There is no evidence relating to the tissue- 

specific regulation of beta/gamma cytoskeletal actin ratios. Other 

changes in the rate of synthesis of cytoskeletal actins may be brought 

about through control at the translational, transcriptional or message 

stability levels.

1.3.2 Sequences involved in the control of gene expression and the 

possible role of gene clustering

For the precise regulation of gene expression, it seems necessary
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There is little evidence indicating the level at which the 

expression of most cytoskeletal actin genes is controlled. However, 

evidence does exist that the transcriptional control of cytoskeletal 

act ins can take place in Drosophila. Findly and Pederson (1981) found 

that the normally high level of 5 minute-pulsed actin nuclear RNA 

transcripts decreased within 10 minutes of subjecting Drosophila cells 

to a 35°C heat-shock, and that it returned to normal within 2 hours of 

returning the cells to 25°C. It seems likely that this is a 

demonstration of a rapid and flexible transcriptional control. It is, 

of course, possible to argue that this is a special situation and that 

control at other levels accounts for the other changes in cytoskeletal 

actin synthesis that I have described.

Summary of main conclusions

It seems likely that muscle-specific actin genes are 

transcriptionally inactive in non-muscle cells. In muscle cells, 

however, once these genes are being transcribed, further factors (such 

as gene amplification and changes in mRNA utilisation) may effect the 

final muscle actin levels. There is no evidence relating to the tissue- 

specific regulation of beta/gamma cytoskeletal actin ratios. Other 

changes in the rate of synthesis of cytoskeletal actins may be brought 

about through control at the translational, transcriptional or message 

stability levels.

1.3.2 Sequences involved in the control of gene expression and the 

possible role of gene clustering

For the precise regulation of gene expression, it seems necessary



31

that the regulatory molecules concerned should recognize specific DNA 

(or RNA) sequences. The alternative would require gene specific 

differences in chromatin conformation that are replicated independently 

of DNA sequence; a seemingly unlikely occurrence. Differences in 

chromatin conformation do exist in the eukaryotic genome (see below), 

but many of these are the results of, not the cause of, regulatory 

events. One type of such phenomena, DNAase I hypersensitive sites 

(Elgin, 1981), can apparently be transmitted from one cell generation to 

the next (Groudine and Weintraub, 1982), but it is thought that such 

structures are DNA sequence dependent (Weintraub, 1983) and are, in any 

case, often only found associated with active genes (Elgin, 1981; 

Weisbrod, 1982; Igo-Kemenes £t £l., 1982).

The models that have been proposed for gene regulation in 

eukaryotes all represent a reformulation of the concept of the bacterial 

operon proposed by Jacob and Monod (1961). The most detailed model was 

proposed by Britten and Davidson (1969). This involved the control of 

the protein-producing 'structural genes' by a closely-linked 'receptor' 

element. They proposed that the activation of the structural genes 

requires the interaction of an activator protein, or RNA, with the 

receptor sequence. The genes coding for the activator molecules, termed 

'integrator' genes, could in turn be activated by a nearby 'sensor' 

element, which might respond, for example, to an external stimulus. In 

order for genes to be transcribed together, in 'batteries', at the 

appropriate time in the appropriate tissue, several structural genes 

might be associated with the same type of receptor sequence or, 

alternatively, a single sensor element might activate several different 

integrator genes; the activator molecules produced reacting with



different receptor sequences. There are many possible variations on 

such a model, and Davidson and Britten (1979) later proposed that the 

interaction of activator with receptor elements might take place post

transcript ional ly (activator RNA interacting with intron-containing 

structural gene primary transcripts; in fact, it is possible to extend 

the model to postnuclear control mechanisms, involving the interaction 

of proteins with specific sequences in mature cytoplasmic messages).

The theory is useful in that it predicts that, where genes are 

coordinately expressed, it might be possible to find a common sequence 

associated with each of the genes. It might, therefore, be possible to 

find such a sequence associated with the alpha-actin genes and other 

musele-specific protein genes. Of course, as explained by the theory, 

such genes may possess different 'receptor' elements, but it may be 

possible to identify these sequences by examining one gene type from 

several organisms, in the hope that sequences with an important 

controlling function may be more conserved than the surrounding DNA. As 

this was one of the starting aims of my project, it is worth examining 

the evidence that this type of control mechanism might exist.

The Britten and Davidson hypothesis was initially attractive 

because of its potential ability to explain the function of the large 

amount of repeated sequences that make up a considerable proportion of 

plant and animal genomes (Lewin, 1 9 8 0 b ). For example, DNA reannealing 

studies on Xenopus laevis, a frog closely related to the species studied 

in this project, have shown 10Z of its genome to be composed of 
sequences repeated 110 times, 31Z of sequences repeated 2000 times, and 6Z of sequences repeated 3 0 0 ,0 0 0  times; 54Z being single copy DNA 
(Davidson £t a ^ . ,  1 9 7 3 ). The major part of this repetitive DNA does not 

code for protein; so, what does it do? A high fraction of repetitive



sequences in most eukaryotes are present as small blocks of sequence 

interspersed with non-repet itive sequences (Lewin, 1980c). Repetitive 

sequences have been found, at least in some mammalian and echinoderm 

species, in a large fraction of nuclear transcription units (Davidson 

and Posakony, 1982). Furthermore, the representation of sea urchin 

repetitive sequences in nuclear RNA has been found to be tissue-specific 

(Scheller £t a K , 1978). Several sets of Dictyostelium polyA(+) RNAs 

have been reported which are developmentally regulated; a set being 

defined by the particular repeat sequences covalently attached to its 

members (Kimmel and Firtel, 1979; Zuker and Lodish, 1981). Repetitive 

sequences have been found around, and sometimes even within, many cloned 

structural genes (Davidson et a K , 1975; Cochet, 1979; Bell et al., 

1980a; Proudfoot et_ a 1., 1980; Shen and Maniatis, 1980a; Page «:£ al., 

1981; Pearson et al_., 1981; Ryffel e£ £l., 1981; Young et_ al̂ ., 1982; 

Schibler et al., 1982). Consequently, much attention has been paid to 

the possibility that such repetitive sequences might be the control 

elements suggested by the hypothesis (e.g. the members of one repeat 

family might constitute the receptor elements adjacent to a set of genes 

which are coordinately expressed). No evidence, however, has yet been 

presented that identifies such sequences as being necessary for the 

control of gene expression. The 'evidence' described above can be 

explained in different ways. Thus, the proximity of repetitive 

sequences near and within transcription units may serve no useful 

function, yet this arrangement might, for example, lead to such 

sequences being transcribed (Davidson and Posakony, 1 9 8 2 ).
The identity of repetitive DNA as control elements remains 

unproven. Attention, however, has now focussed on the possibility that 

such DNA may have no function at all and may be merely 'selfish' in



nature (Orgel and Crick, 1980; Doolittle and Sapienza, 1980; Doolittle, 

1982), its repeated nature merely being a result of its ability to 

increase its copy number in the genome, and for the copies to be 

integrated elsewhere in the genome by transposition. Thus the 

transposable elements of yeast and Drosophila make up most or all of the 

middle-repetitive DNA components of these organisms (Finnegan et al., 

1982; Doolittle, 1982); physically similar DNAs being found in other 

eukaryotes (Adams e£ a K , 1980; Anderson e£ a_l. , 1981). Such sequences

are several kilobases in length, however; longer than the interspersed 

middle repetitive elements in species like Xenopus (300 to 500 

basepairs). The best studied of such sequences are the members of the 

Alul family, which represent more than half of all human middle- 

repetitive DNA, with relatives in other mammals (Jelinek £t a K , 1980; 

Jelinek and Schmidt, 1982). The transcription of many of these elements 

by RNA polymerase III (Elder et_ a_K, 1981), together with the 

observation that most of the elements are flanked by direct repeats 7 to 

20 nucleotides long (specific to each element), suggests that many of 

these repeats are formed via an RNA intermediate which is possibly 

reverse transcribed, and the resulting DNA integrated into the genome 

(Sharp, 1983). Alul-like sequences have been found to exist as closed 

circular extrachromosomal DNA, just like the copia transposable elements 

of Drosophila (Calabretta e£ a_l., 19C2; Flavell and Ish-Horowicz, 1981).

Although these sequences may be replicated and inserted elsewhere 

in the genome this does not necessarily mean they have no function. 

However, it is certainly not necessary to propose that they all have a 

function as control elements.

If such sequences are not necessarily all control elements, then it 

would seem that some sequences must be. But are the control elements



necessarily located adjacent to the structural genes, as proposed by the 

hypothesis? Might they not be located many tens of Icilobases away, 

making their identification difficult? It is possible to envisage the 

transcription of genes resulting from, say, a change in conformation of 

a large chromatin domain, in which case the controlling element need not 

be positioned adjacent to the structural gene. Indeed, it is possible 

to envisage many genes located together in one such region so that their 

coordinate expression might not require control elements for each 

individual gene. That large sections of chromatin might be controlled 

in this way, was suggested by work on Drosophila, where transposition of 

a DNA segment to a different part of the chromosome affects the level of 

gene expression (Spofford, 1976).

Although there is no evidence to suggest that their transcription 

is controlled in this way, there are several gene families whose members 

are expressed at the same time, and are clustered in the genome. These 

include the histone genes (Hentschel and Birnstiel, 1981), the heat- 

shock genes in Drosophila (Mirault et̂  aK, 1979; Artavanis-Tsakonis et̂  

al., 1979), the ribosomal RNA genes of most eukaryotes (Long and Dawid, 

I960), the silkworm and Drosophila chorion genes (Eickbush and Kafatos, 

1982; Jones and Kafatos, 1980; Spradling, 1981), the chick ovalbumin 

family (Royal et al., 1979) and the antennapedia gene complex related to 

the control of segmental pattern of Drosophila (Lewis e£ a_l., 1980). 

There is, however, little real evidence that the clustering of these 

genes has any functional role. It is possible that the clustering of 

related genes may only reflect their evolutionary origins. They 

presumably arose by gene duplication and, for some unknown reason, the 

products have not yet been separated. There is a growing body of 

evidence which suggests that, at least for some genes, the sequences



responsible for controlling their expression are located very close to 

the structural genes.

Recently, Chao £t̂  a K  (1983) have shown that sequences important in 

the induction of mouse beta-globin genes exist within the 1.2 kilobases 

of 5' flanking DNA. Similar results were obtained with a human beta- 

globin gene. Thus, for example, a human beta-globin gene was introduced 

into the genome of murine erythroleukemia cells. The latter cells are 

arrested in erythroid maturation, but can be induced to follow an 

erythroid developmental programme with chemical inducers. Such inducers 

were found to increase the level of transcription from the exogenous 

globin gene, but not of a non-globin exogenous gene. Similarly, cloned 

chick delta-crystal1 in genes have been injected into the nuclei of 

various mouse tissues, and were found to be expressed only in lens 

epithelial cells; the correct tissue for this tissue-specific gene 

(Kondoh e_t a 1., 1983). Experiments have shown that the sequence 

necessary for the inducibility of the metallothionein gene by cadmium are 

located within 148 base-pairs of the transcriptional start site (Mayo 

and Palmiter, 1982). Other instances where a cloned gene is inducible 

when introduced into cells include the interferons (Mantei and Weissman, 

1982; Ohno and Taniguchi, 1982; Pitha et al., 1982), and the heat shock 

proteins (Corces et. al., 1981; Burke and Ish-Horowicc, 1982; Pelham, 

1982).

If such control sequences exist adjacent to genes, can they be 

identified? One approach to this problem has been to change regions of 

cloned genes S' to the start of transcription, and test the effect of 

such deletions, or mutations, on transcription. Several sequences 

specific to one type of gene, and which are necessary for maximal 

transcription have been reported, including the HSV TK gene (McKnight



and Kingsbury, 1982), the sea urchin H2A gene (Grosschedl and Birnstiel, 

1980, 1982), the SV40 early region (Benoist and Chambon, 1981; Fromm and 

Berg, 1982), and the beta-globin gene (Dierks e£ a K , 1983). The latter 

sequence was also found to be conserved in all but one of the beta- 

globin genes of mouse, human, goat and rabbit (Efstratiadis, 1980) as 

well as present, but in a slightly different position, in the chicken 

(McGhee £t a K , 1981). The physiological significance of such sequences 

has not been proven, however. For example, in the case of the beta- 

globin experiments, the genes were introduced into non-erythroid cells, 

where the endogenous globin genes would not be expected to be expressed. 

It has been proposed that the SV40 and sea urchin H2A sequences are 

'enhancer' sequences. The latter are promoters (i.e. their presence 

increases the transcription of genes), capable of acting over long 

distances (reviewed by Khoury and Gruss, 1983), and in either direction.

Other sequences have been found which do seem to function in a way 

which can be related to a possible physiological role. These have 

recently been reviewed by Davidson e£ al. (1983) who suggest that their 

small size (9 to 15 bases) and relatively high degree of mismatch 

between members of one family may have made them invisible to the 

traditional, DNA reannealing, methods of identifying repeated sequences. 

Thus, four yeast genes for amino acid synthesis, that are activated when 

the organism is starved for amino acids, possess sequences in their 5' 

flanking regions which have a high percentage homology with a 9 base- 

pair consensus sequence. In transformation experiments, deletion 

mutants of the gene, which lack the repeated sequence element, cannot be 

induced (Donahue et al, 1983). A short repeat is also shared by the 

Drosophila heat-shock genes, and Pelham (1982) has shown that deletions 

in the region of this sequence destroy the transcriptional response of



the hsp70 gene to heat-shock. Furthermore, when the hsp70 5' flanking 

sequence was ligated to the herpes thymidine kinase gene, the latter 

became inducible by heat-shock, and this effect was not seen if the 

hsp70 DNA induced lacked the shared repeated sequence element. Other 

shared repeats have been found in the conalbumin, lysozyme, and 

ovalbumin genes of chicken (steroid-induced egg white proteins) (Grez ££ 

al., 1981), the late silkmoth chorion genes and the middle silkmoth 

chorion genes (Jones and Kafatos, 1980). There has been no functional 

assay for the repeated element in these last 3 groups, however. The 

putative control elements in all of these groups are different, as is 

necessary if such sequences are to control the expression of these 

groups in response to different stimuli. This difference is also 

necessary if such elements are to be distinguished from sequences such 

as the 'TATA box' and the 'CAAT box' which appear in many gene types; 

perhaps functioning as promoter elements (Breathnach and Chambon, 1981). 

Also, where no functional test has been made for such elements, it is 

important that the non-coding DNA sequence surrounding the elements have 

much less homology among the members of a group. This is important, for 

example, in the case of the chorion genes, where the structural genes 

themselves are ancestrally related, and are located in a cluster so that 

sequence homology in long stretches of non-coding sequences might merely 

indicate the occurrence of concerted evolution, as has been documented 

in a number of gene families (Dover and Coen, 1981; Jeffreys, 1981).

So, there are several instances of small sequences adjacent to 

genes playing a role in the expression of those genes. In a few cases 

(heat-shock genes, chorion genes) these sequences have been found in 

clustered genes. Does this mean that clustering definitely has no

function?



Not necessarily; there may be other levels of control involved.

For example, various members of the beta-globin cluster of mammals are 

not expressed at the same time during the life of the animal, yet the 

structure of the 50 kilobase cluster seems to be important for their 

expression. The arrangement of the cluster has been found to be 

indistinguishable in man, gorilla and baboon, indicating that it has 

been faithfully preserved for 20 to 40 million years (Barrie £t al.,

1981). Moreover, the intergenic sequences are much more highly 

conserved than if they were functionless (Barrie e£ a 1., 1981), and 

mutations in one part of the cluster have been found to have a 

significant effect on the expression of distant genes expressed at a 

later stage (Van der Ploeg et «1., 1980). Jeffreys (1982) has suggested 

that the preservation of the overall structure may result from this 

region being controlled as one chromatin domain. I have already 

described how beta-globin genes have their own control elements adjacent 

to them. This does not rule out a preliminary regulatory event, 

however, which, for example, might activate the beta-globin domain only 

in erythroid cells. It is possible that chromatin conformation may have 

to change so that regulatory molecules can interact with the DNA. This 

might explain why the deletion of the gamma and skit*. genes influences 

beta-globin expression (Van der Ploeg e£ a K , 1980).

That several separate events may be involved in the activation of 

eukaryotic genes, was suggested by experiments by Burch and Weintraub 

(1983), which showed the appearance of a specific set of DNAase I 

hypersensitive sites (Elgin, 1981), on committment of the chicken liver 

vitellogenin gene to vitellogenin synthesis during embryogenesis. Only 

the liver genes underwent this chromatin conformational change and only 

these genes became inducible by oestrogen. (DNAase I hypersensitive



sites have been shown to be propagated from one cell generation to the 

next; Groudine and Ueintraub, 1982.) The other changes that appear to 

be necessary, but not sufficient for gene activation, are, of course, 

also suggestive that more than one regulatory step occurs. These 

include the general sensitivity to DNAase I (Ueintraub and Groudine, 

1976; Stalder £t £l., 1980; Young £t £l., 1978) and hypomethylation 

(Razin and Riggs, 1980; Chisholm, 1982) (although not all active genes 

are hypomethylated; Gerber-Huber e£ a_l., 1983). Such findings suggest 

that several levels of regulation, and hence several regulatory 

sequences, may exist.

Is there linkage of genes coding for coordinately expressed actins and 

other contractile proteins?

One of the main questions posed at the outset of this project was 

whether the expression of actins was also controlled by adjacent 

regulatory sequences. It is perhaps worth examining the evidence 

obtained from other species which addresses the question of whether 

clustering is important in the coordinate expression of actin and other 

contractile protein genes.

Where coordinately expressed genes can be shown to be unlinked, 

then it seems that trans-acting mechanisms must be responsible for that 

control. This is the case with several groups of actin genes which are 

coordinately expressed. Drosophila actin genes are, in most tissues, 

expressed together in pairs (Fyrberg ejt a 1., 1983). Vertebrate beta- 

and gamma-act ins are expressed in the same cell (Bravo et al., 1981), 

and the two striated muscle actin mRNAs accumulate together in foetal 

skeletal muscle and during the differentiation of a cloned mouse 

myoblast cell line (Minty £t a U , 1982). In the corresponding genomes,
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the six actin genes of Drosophila are dispersed at different chromosomal 

loci (Fyrberg e£ a^., 1980), the beta- and gamma-cytoskeletal genes are 

found in different chromosomal fractions in the chick (Cleveland e£ al.,

1981) , and the two striated muscle genes do not cosegregate in 

recombinant inbred mouse lines and are, therefore, not genetically 

linked (Minty e£ a K , 1983). These genes, then, are coordinated by a 

trans-acting system.

Are all actin genes unlinked? In several species, linked actin 

genes have been isolated on cloned DNA. Two linked genes were found in 

Dictyostelium (McKeown et a K , 1978), but have since been found not to 

be expressed and are thought to be pseudogenes (McKeown and Firtel,

1982) . Three of the four actin genes of the nematode elegans are 

clustered (Files and Hirsch, 1983). The times at which these genes are 

expressed have not yet been established, however. Several actin genes 

are believed to be linked at one locus in Physarum, although nothing is 

known of their expression (Schedl and Dove, 1982). The only other 

organism in which clustering has been observed is the sea urchin 

(Scheller et_ al., 1981; Schuler and Keller, 1981; Overbeek e£ al., 1981; 

Davidson et a 1., 1982), where 3 genes have been found on one 30 kilobase 

fragment, 2 genes on a 12 kb fragment (Scheller e£ al., 1981), and 2 

others are also linked to each other (Davidson e£ al., 1982). The sea 

urchin actin genes can be classed into subgroups according to the 

homology of their 3' non-coding regions. Linkage occurs, both of genes 

in the same subgroup, and of genes in different subgroups (Davidson «t 

al., 1982). Various members of each of the 3 subgroups have been shown 

to be transcribed. The transcripts from the different subgroup types 

become prevalent at different times during development. Thus the 

linkage of genes of different subgroups is possibly an example of the



linkage of two genes which are not coordinately expresed; a situation 

similar to the globin genes (Jeffreys, 1982). Caution must be applied 

here, however, as the individual genes present in this cluster have not 

yet been shown to be transcribed (Scheller e£ a 1. , 1981; Davidson e£ 

al., 1982). The linkage of members of the same subgroup may only 

reflect the process by which they were formed: gene duplication 

(Jeffreys and Harris, 1982). It is conceivable, however, that these 

genes may not have separated because they are coordinately expressed; 

both possibly being situated in a functionally important domain.

Actin genes, then, are found both in clusters, and separately.

There is little evidence to support the view that coordinately expressed 

actins must be clustered in order for that form of regulation to take 

place. What about the linkage of actin genes with other types of genes 

with which they are expressed?

There is much less information available on contractile protein 

genes other than actin. However, recent results show that three linked 

tropomyosin genes (two muscle, one non-muscle) map in the same 

chromosomal region, 88F, 2-5, on the right arm of chromosome 3 (Bautch 

et al., 1982), as the actin gene DmAl (presumably a muscle actin), which 

is expressed in the thorax of Drosophila (Fyrberg et_ al., 1983). This 

mapping, however, was based on ^n situ hybridisation, which cannot 

localize sequences to a region less than 50 to 100 kilobases in size, 

and so does not necessarily imply that these genes are immediately 

adjacent on the DNA. In addition to this, Bernstein ££ a 1. (1981) have 

reported that a Drosophila myosin heavy chain gene maps in a different 

region from any of the actins. Czosnek e£ al^., (1982) have recently 

shown that the genes coding for the skeletal muscle-specific myosin 

heavy chain, myosin light chain 2 and actin proteins are all located on
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separate chromosomes of the mouse.

Generally, these observations suggest that trans-acting mechanisms 

are responsible for the coordinate expression of contractile protein 

genes. This, and the discovery of sequences important in the activation 

of several types of gene, immediately 5' to such genes, suggests that 

similar sequences may be involved in the control of actin gene 

expression. It should also be remembered, however, that data discussed 

in Section 1.3.1 suggest that post-transcriptional control of some types 

of actin gene may sometimes occur. In such instances, control sequences 

might be located within the region of the gene that will give rise to

the mature mRNA molecule.
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1.4 Aims

The primary aim of this project was to obtain clones of Xenopus 

borealis actin genes in order to find out if regulatory sequences were 

present adjacent to these genes. The main genes of interest were those 

expressed in a tissue-specific manner: the muscle actin genes. 

Initially, the search for these sequences was to be made by sequencing 

the genes, finding out where transcription starts, and comparing the 

sequence in this region with sequences of coordinately expressed genes, 

or the same gene-type in another organism. It was also decided to 

sequence as much of the genes as possible (i.e. not just the 5' 

regions), to gain more knowledge of actin evolution.

These goals have not all been achieved. In particular, the 

transcriptional studies on a muscle-specific gene have not yet been 

made. However, the 5' portions of a cytoskeletal and a putativ*. 

muscle-specific actin gene have been almost completely sequenced, 

yielding some interesting information of an evolutionary nature. The 

former gene has been transcriptionally mapped by primer-extension, and 

several conserved sequences, which possibly may be involved in the 

control of gene expression, have been discovered. The existence of 

quite a large amount of sequence upstream from the putative muscle- 

specific actin gene may aid the future transcriptional mapping of this

gene



45

2 MATERIALS AND METHODS

2.1 Materials

Restriction enzymes were obtained from Boehringer-Mannheim (London) 

Ltd., Bethesda Research Laboratory (U.K.), New England Biolabs, and 

Miles Labs Ltd. E^ coli DNA polymerase I and E^ coli DNA polymerase 

Klenow fragment was obtained from Boehringer Mannheim. T4 DNA 

polymerase I, bacterial alkaline phosphatase, T4 DNA kinase, and T4 DNA 

ligase were all obtained from Bethesda Research Laboratory.

All radioisotopes were obtained from Amersham International Ltd. at 

the following specific activities: alpha-^P-dNTP at 2000-3000 Ci/mM at 

10 mCi/ml in aqueous solution, gamma-^P-dNTP at >5000 Ci/mM at 10
C

mCi/ml in aqueous solution, and ^S-methionine at 1200 Ci/mM at 12 

mCi/ml in 20 mM potassium acetate containing 0.1Z mercaptoethanol.

X-ray film was obtained from Fuji Photo Film Co. Ltd. and Eastman 

Kodak Company. Nitrocellulose sheets were obtained from Schleicher and 

Schull (W. Germany). Type II Agarose for electrophoresis was bought 

from Sigma Chemical Company. Acrylamide for sequencing gels was 

obtained from BDH Chemicals Ltd. (Anala R grade). Materials for 

bacteriological media were obtained from Difco Laboratories and Oxoid 

Ltd. Other chemicals were obtained from BDH Chemicals, Sigma, and 

Fisons Scientific Apparatus.

Xcnopua laevis frogs were obtained from the South African Snake 

Farm, Fishhoek, South Africa, while Xenopus borealis frogs (originally 

found in Kenya) were laboratory bred. X^ laevia and )L borealia genomic 

DNA, used for experiments in section 7, were generous gifts from Dr.

Phil Turner, as was the X_̂  borealis ovary RNA used for experiments in 

Sections 3 and 5. The X. laevia kidney, ovary, and XTC cell RNAs uaed



in Section 5.3 were kindly supplied by Ms. Elizabeth Ballantine

2.2 Some Commonly Used Solutions

These will be frequently referred to throughout this section and 

are listed here for convenience.

T.E.; 1 mM EDTA, 10 mM Tris/ HC1 pH 7.4

1 x SSC: 0.15 M NaCl, 0.015 M sodium citrate

L Broth: 10 g NaCl, 10 g Bactotryptone, 5 g Yeast Extract in 1 litre

2 x TY: 5 g NaCl, 16 g Bactotryptone, 10 g Yeast Extract in 1 litre 

TBE buffer: 10.9 g Tris base, 5.5 g boric acid, 0.95 g EDTA in 1 litre, 

pH 8.3

2.3 Preparation of Plasmid DNA

This was the 'cleared lysate' method adapted from Clewell and 

Helinski (1970). A 10 ml inoculum of plasmid-containing E_̂  coli was 

grown overnight in L Broth supplemented with antibiotic (e.g. 0.1 mg/ml 

ampicillin for the pBR325 recombinants). This was added to 1 litre of

L. broth (+ antibiotic) in a 2 litre flask and shaken vigorously at 

37°C, until the optical density at 590 nm was about 0.6 to 0.7. Solid 

chloramphenicol was then added to 0.1 mg/ml, and the flasks shaken 

overnight at 37°C. The bacteria were harvested by centrifugation at

10,000 rpm in an MSB 6 x 250 ml rotor, for 15 minutes. The centrifuge 

pots were drained thoroughly, and then the bacteria were resuspended in 

precooled 25Z sucrose, 50 mM Tris/HCl pH 8.0, and kept on ice. For each 

ml of this suspension, 0.2 mis of a freshly made lysozyme solution were 

added (20 mg/ml in 10 mM Tris/HCl pH 8.0). This was left on ice for 5



minutes before 0.4 mis of 25 mM EDTA/Tris/HCl pH 8.0 was added. This 

was mixed gently and, after another 5 minutes on ice, 1.6 mis of Lysis 

Mix (0.1X Triton X-100, 0.0625 M EDTA, 0.05 M Tris/HCl pH 8.0) were 

added and, again, mixed gently. This was left on ice for 20 minutes, 

inverting every 5 minutes. The mix was then centrifuged for 1 hour in 

an MSE 8 x 50 rotor at 18,000 rpm, at 4°C. The supernatant, containing 

the plasmid DNA, was carefully decanted off.

The plasid DNA was purified by banding on a CsCl equilibrium 

gradient. 26 g of CsCl was added to the supernatant of the above 

centrifugation, the volume of which had been made up to 25 ml with 0.1 x 

SSC (i.e. final CsCl concentration - 0.91 g/ml). 1.5 ml of 10 mg/ml 

ethidium bromide was then added to this, in a 30 ml, self-sealing, 

Beckmann centrifuge tube. The tubes were centrifuged for 16 hours at

50,000 rpm, 23°C, in a Beckmann VTi50 vertical rotor. The resulting DNA 

bands were visualized with ultra violet light; the upper band being 

genomic DNA, the lower being the required plasmid in supercoiled form. 

The latter was removed with a metal tube attached to a syringe, and the 

ethidium bromide removed by extraction with isoamyl alcohol (previously 

equilibrated with CsCl-saturated water). The plasmid preparation was 

then dialyzed overnight against 1 mM EDTA, 10 mM Tris/ HC1 pH 7.4 (TE), 

at 4°C. To the resulting DNA solution, was added a tenth volume of 3 M 

sodium acetate, and 2 volumes of ethanol. After precipitation, 

overnight at -20°C, the DNA was pelleted by centrifugation (e.g. 10,000 

rpm in an MSE 8 x 50 rotor, at 4°C, for 30 minutes), rinsed with 75Z 

ethanol and vacuum dried for a short period of time. DNA was usually 

then redissolved in TE, at 3 to 4 mg/ml, and stored at 4°C. Stocks of 

important plasmids were kept as a pellet, under ethanol, at -20°C.



2.4 DNA Electrophoresis on Agarose Flatbed Gels

100 ml, 15 x 20 cm agarose slab gels were made up, and run, in 1 x 

TAE buffer (4.84 g Tris base, 2.72 g sodium acetate, 0.74 g EDTA in 1 

litre, adjusted to pH 8.3 with glacial acetic acid) (Sharpe et_ al.,1 9 7 3 ) .  The percentage of the gels was varied according to the size of 

the DNA fragments to be separated. Gels of DNA samples, to be 

visualized by ethidium bromide fluorescence, were made up containing0 .0 0 1  mg/ml ethidium bromide; as was the running buffer. Gels of 

radioactive DNA samples were usually dried down onto DEAE-cellulose 

paper. Samples were diluted with 1/5 volume of loading buffer (20 mM 
Tris pH 8 . 0 ,  100 mM EDTA pH 8 . 0 ,  50Z glycerol, orange G as a dye) before 
running. Electrophoresis was usually at 20 volts overnight, or at 120 
volts for several hours.

2 .5  E x t r a c t i o n  o f  DNA from A g a r o s e  G e l s
Many methods of extracting DNA from agarose gels were tried.S e v e r a l  methods u s u a l l y  gave  r e a s o n a b l e  ( a t  l e a s t  50Z) y i e l d s .  One o f  t h e s e  s im p l y  in v o l v e d  t h e  p l a c i n g  o f  th e  e x c i s e d  a g a r o s e  g e l  fragm en t i n t o  a l a r g e  ( 1 . 5  m l) E p p e n d o rf t u b e ,  f o l l o w e d  by i t s  p a r t i a l  d i s a g g r e g a t i o n  w it h  a b l u n t  in s t r u m e n t .  0 . 3  ml o f  TE was th e n  added and th e  DNA a l lo w e d  t o  d i f f u s e  o u t ,  o v e r n i g h t  a t  4 ° C .  T h i s  was then spun th r o u g h  g l a s s  w o o l ,  to  remove t h e  a g a r o s e ,  e x t r a c t e d  w it h  p h e n o l ,  and p r e c i p i t a t e d  w it h  l / 1 0 t h  volume o f  3 M sodium  a c e t a t e ,  2 volumes o f  e t h a n o l ,  in  d ry  i c e  f o r  10 m i n u t e s .  The DNA was th e n  p e l l e t e d  by c e n t r i f u g a t i o n  f o r  10 m in u te s  in  an E p p e n d o rf c e n t r i f u g e ,  washed in 75Z e t h a n o l ,  d r i e d  ( b u t  n o t o v e r - d r i e d ,  a s  i t  was then d i f f i c u l t  to



redissolve), and redissolved in TE.

A second method was used more often for large quantities of DNA. 

This involved using a gel made with 'Low Melting Point Agarose'. The 

buffer system for these gels was the same as for normal gels. Agarose 

slices were added to twice their volume of TE in Eppendorf tubes, and 

heated at 67°C for 30 minutes, before being transferred to a 37°C water 
bath. An equal volume of prewarmed phenol was then added, after which, 

the mixture was vortexed for 30 seconds, and centrifuged for 3 minutes. 
The aqueous upper phase was removed and re-extracted twice with phenol, 

and then once with chloroform. The DNA was then precipitated as above. 

The yield from this method was high, but the DNA was sometimes 

undigestable with restriction enzymes, and had to be re-extracted.

Probably the best method, involved the insertion of a strip of

Whatman No. lApaper immediately in front of a required DNA band, in a

small slit cut in a normal agarose gel. The DNA was run into this 
asi f t -»Vs • m H  fin* •» *»*••»*'> *a»W»a*«. ¿wcrtiA ««**■ tS* f«psf. 

paperA The paper was removed and inserted into a small Eppendorf tube

with a small hole in the bottom. This tube was then placed in a large

Eppendorf tube and centrifuged. The DNA solution appeared in the bottom

tube and was extracted with phenol, and precipitated as above. High

yields can be attained in this way.

The second and third methods were used for the preparation of large 

amounts of DNA. Only the first method was practicable when s o mII 

amounts of radioactivity-labelled DNA were involved. For fragments of 

the latter kind, under 0.7 kb in length, an acrylamide gel system was 

used, to achieve the maximum yield.

2.6 DNA electrophoresis in Polyacrylamide Cels (Non-Denaturing)



These were as in Maniatis e£ a_l. (1975) and Southern (1979). They 

were used to obtain high yields of radioactively-labelled small 

fragments (<0.7 kb) of ds DNA. 25 cm vertical gels were run, with 0.4 

mm spacers. The gels were usually 5Z acrylamide, 0.17Z bis-acrylamide 

and 1 x TBE (10.9 g Tris base, 5.5 g boric acid, 0.95 g EDTA in 1 litre 

and pH altered to 8.3 with solid boric acid or solid Tris), and were 

polymerized with 6.6Z ammonium persulphate and TEMED (e.g. 0.15 ml and

0.05 ml, respectively, for a 25 ml gel mix). The running buffer used 

was 1 x TBE. The sample buffer used was 1 x TBE, 20Z glycerol and 

Bromophenol Blue. Radioactive DNA samples were usually precipitated, 

the pellets washed and dried, and redissolved in this sample buffer. 

These gels were usually electrophoresed at 600 volts until the 

bromophenol blue had run 2/3 the length of the gel. The glass plates 

were then separated and the gel covered with cling film. Radioactive 

ink was used to asymmetrically mark the gel. A strip of X-ray film was 

placed next to the gel, the glass plates clipped together, and the whole 

thing was wrapped in foil. This was then placed at 4°C to expose 

(usually for 1 to 2 hours).

2 . 7  The E l e c t r o p h o r e s i s  o f  S i n g l e - S t r a n d e d  DNA on P o l y s c r y l a m i d e  G e l s .The same g e l  system  was used f o r  the  s e p a r a t i o n  o f  s e q u e n c in g  r e a c t i o n  p r o d u c t s ,  t h e  p r e p a r a t i o n  o f  p rim er and th e  s e p a r a t i o n  o f  p r im e r  e x t e n s i o n  p r o d u c t s .  Most o f  t h e  g e l s  c o n t a in e d  8Z a c r y l a m i d e :3 . 6  g a c r y a l m i d e ,  0 .1 8  g b i s - a c r y l a m i d e ,  1 8 .9  g u r e a ,  4 . 5  ml o f  10 x TBE made up t o  45 ml w it h  w a t e r .  They were p o ly m e r iz e d  w it h  0 . 3  ml o f  6 .6 Z  ammonium p e r s u l p h t e  and 0 .0 3  ml o f  TEMED. G e l s  were form ed between two 40 x 20 cm g l a s s  p l a t e s ,  ta p ed  t o g e t h e r  w it h  0 .4  mm s p a c e r s .  Samples



were dissolved in sample buffer (98Z deionised formamide, 4Z (w/v) 

Ficoll, 0.01Z bromophenol blue, 0.01Z xylene cyanol), and heated to 90°C 

for 3 minutes, before being rapidly cooled in ice, and loaded on to the 

polymerized gel (at least 1 hour allowed for polymerization) with a 

drawn-out capillary tube. The gels were run vertically, in fresh 1 x 

TBE buffer, at 26 mA. For sequencing gels, it was generally found that 

the bands became fuzzy if the gel was run for more than 5 to 7 hours (so 

that it was difficult to read sequence more than 250 to 300 bases from 

the labelled end). After running, the gels were treated as in section

2.6 except that the sequencing and primer extension gels were 

autoradiographed frozen, at -70°C.

2.8 Extraction of DNA from Acrylamide Gels

This was adapted from Maxam and Gilbert (1977). The DNA-containing 

slice of gel was transferred to a 1.5 ml Eppendorf tube, to which was 

added 0.3 ml of 0.5 M ammonium acetate, 0.01 M magnesium acetate, 0.1Z 

sodium dodecyl sulphate, 0.1 sH EDTA. This was left overnight at 37°C. 

The gel slice was then removed from the tubes and 0.7 ml of ethanol 

added to the remaining solution. The DNA was precipitated by placing 

the tube in dry ice for 10 minutea. The precipitate was pelleted in an 

Eppendorf centrfuge. When double stranded DNA was being extracted from 

non-denaturing gels, this pellet was redissolved in TE and 

reprecipitated without the addition of any salt. With single-stranded 

DNA from urea-containing gels, however, this was not done (as the DNA 

would not precipitate without additional salt). E_j_ coli tRNA carrier 

was added to most precipitations involving small amounts of DNA (<1 Mg), 
as it was found to be necessary to reduce the amount of the latter that



'stuck1 to the tube. It was also crucial to avoid over-drying of the 

DNA pellet, to avoid the same problem.

2.9 E. coli Genomic DNA Preparation

This was similar to the plasmid preparation method (see 2.3), 

except that, after addition of the lysozyme, the tube was kept on ice 

for 30 minutes. Also, the Lysis Mix consisted of 0.5Z Triton X-100, 25 

mM EDTA, 50 mM Tris/ HCl pH 8.0. After addition of the latter, the tube 

was kept on ice for 30 minutes, with vigorous vortexing. After the 

clearing spin, the DNA solution was extracted several times with 

phenol/chloroform and then ethanol-precipitated.

2.10 Preparation of Muscle RNA

Several X. borealis froglets were taken and anaesthetized in 0.1Z 

'MS222' (Ethyl m-amino benzoate), before being decapitated. They were 

then skinned and the leg and body-wall muscle cut out, These were 

chopped up with scissors and homogenized in 10 mM EDTA, 2Z sodium 

dodecyl sulphate, 1Z LiCl, 0.1 M Trie/ HC1 pH 8.6 (with added octan-l-ol 

to reduce frothing). This was then treated directly with proteinase K. 

The latter was preincubated at 37°C for 30 minutes, to remove any RNAase 

contamination of the enzyme, and then added to the RNA preparation at

0.1 mg/ml and incubated for 30 minutes. The preparation was extracted 3 

to 4 times with phenol/ chloroform (1:1), once with chloroform/ isoamyl 

alcohol (24:1), and ethanol precipitated, overnight at -20°C. After 

pelleting the RNA, by centrifugation for 30 minutes at 10,000 rpm, 4°C 

in an MSE 8 x 50 ml rotor, it was redissolved in 50 mM Trie/ HCl pH 7.6,



3 mM magnesium chloride and then incubated at room temperature for 1 

hour with RNAase-free DNAase (at 0.1 mg/ml). This was re-extracted with 

phenol/ chloroform and ethanol precipitated. The RNA was pelleted as 

before, rinsed with 75Z ethanol, dried, and dissolved in 100 pi of 

sterile distilled water.

2.11 Bacteriophage Plating

This was essentially as described by Murray and Murray (1974) and 

Enquist £t al_. (1974). Bacteria and phage were plated on 9 cm diameter 

circular plates containing approximately 30 mis of autoclaved L. Agar 

(10 g NaCl, 10 g Bacto Tryptone, 5 g Yeast Extract, 15 g Difco agar in 1 

litre). For the initial screening, 10 x 10 cm square plates were used. 

The plates were dried well, before addition of the Top Agar. Phage were 

diluted to a suitable concentration in Phage Buffer (1.5 g potassium 

dihydrogen phosphate, 3.5 g disodium hydrogen phosphate, 2.5 g Nacl,

0.125 g magnesium sulphate, 0.1 mM calcium chloride and 50 mg gelatin in 

500 mis). The E^ coli strain LE392 were grown overnight at 37°C in 10 

mis of L. Broth containing 0.4Z maltose and 10 mM magnesium sulphate, 

until a dense culture was obtained. The bacteria were centrifuged for 3 

minuts in an MSE benchtop centrifuge (5,000 rpm) and resuspended in 1 ml 

of 10 mM magnesium sulphate. 0.1 ml of this suspension was then added 

to 0.1 ml of diluted phage and left at room temperature for 10 minutes 

(to allow the phage to adsorb onto the bacterial cells). Then, 3.5 mis 

(or 10 mis for the square plates) of Top Agar (as above for L. agar, but 

containing only 8g/litre agar and supplemented with 0.4Z maltose and 10 

mM magnesium sulphate), autoclaved and cooled to 4S°C, was added to the 

phage and bacteria, and this mixture poured onto an L. Agar plate. The



plates were incubated overnight at 37°C.

2.12 Bacteriophage Storage

Plaques of potential interest were transferred with the sterile 

large end of a Pasteur pipette into 1 ml of Phage Buffer. After mixing, 

the supernatant was removed into another large Eppendorf tube, which was 

centrifuged to pellet any bacteria. The phage-containing supernatant 

was transferred into a sterile bijoux bottle and 1 drop of chloroform 

added from a Pasteur pipette. This was stored at 4°C.

2.13 Benton and Davis Plaque-Lift Procedure

This is the phage-screening procedure of Benton and Davis (1977). 

Phage were plated out so as to produce separated plaques (e.g. 3000 to 

4000 plaques per 10 cm square plate). These plates were then cooled at 

4°C (to prevent the Top Agar sticking to the nitrocellulose). 

Nitrocellulose filters, previously autoclaved, were layed on the cooled 

Top Agar for 3 minutes. During this time, the position and orientation 

of the nitrocellulose was marked in the Agar with a toothpick. The 

nitrocellulose was removed and washed in 0.5 M NaOH, 1.5 M NaCl for 20 

seconds, 0.5 M Tris/HCl pH 7.0, 3 M NaCl for 20 seconds, and finally 

rinsed n 2 x SSC (1 x SSC - 0.15 M NaCl, 0.015 M sodium citrate), before 

blotting dry. The filters were then baked at 80°C for 2 hours. They 

were then ready for hybridisation with a radioactive probe.

2.14 Bulk Preparation of Phage DNA



This was derived from Murray and Murray (1974). A phage plaque was

first plated out onto a fresh plate. Then varying numbers of plaques 

(the optimum number appeared to depend on the individual recombinant 

concerned) were removed by scraping off the Top Agar and mixing with 

Phage Buffer (see 'phage plating'). The bacterial and Agar debris was 

spun down in an MSE bench centrifuge at 8000 rpm, for IS minutes. This 

was the starting inoculum. E^ coli (LE392) bacteria were grown in 10 

mis of L Broth supplemented with 0.4Z maltose and 10 mM magnesium 

sulphate. While the bacteria were still in log phase, 0.2 mis was added 

to 0.9 mis of phage inoculum and left at room temperature for S to 10 

minutes. This was added to 1 litre of L. Broth, containing 10 mM 

magnesium sulphate, which had been autoclaved in a 2 litre flask, and 

then prewarmed to 37°C. This was incubated at 37°C overnight, with 

vigorous shaking. Successfully completed growth was indicated by the 

presence of bacterial debris at the bottom of the flask.0 .3  m is  o f  c h l o r o f o r m  were th e n  added t o  each  l i t r e  c u l t u r e .  The c u l t u r e s  were c e n t r i f u g e d  a t  5000 rpm in  an MSE 6 x 230 ml r o t o r  a t  4 ° C ,  t o  p e l l e t  t h e  b a c t e r i a l  d e b r i s .  The s u p e r n a t a n t  was made 0 .5  M in  N a C l ,  10Z in  p o l y e t h y l e n e  g l y c o l  ( P E G ) .  T h i s  was s t i r r e d  t o  t h o r o u g h l y  d i s s o l v e  a l l  th e  PEG, and l e f t  on i c e  f o r  a t  l e a s t  2 h o u r s .  The phage p r e c i p i t a t e  was p e l l e t e d  by c e n t r i f u g a t i o n  a t  5000 rpm f o r  15 m in u te s  in  an MSE, 6 x 250 ml r o t o r ,  a t  4 ° C .  The s u p e r n a t a n t  was c a r e f u l l y  poured o f f ,  and a s  much r e s i d u a l  l i q u i d  rem oved , as  p o s s i b l e ,  w it h  a P a s t e u r  p i p e t t e .  The p e l l e t  from 1 l i t r e  o f  b a c t e r i a  was resu sp e n d e d  in  <7 ml o f  Phage B u f f e r .To e a c h  ml o f  t h i s  phage s u s p e n s io n  was added 0 .7 1  g C s C l .  T h is  was d i s s o l v e d  and t h e  volume made up t o  a c o n v e n ie n t  one ( f o r  th e  c e n t r i f u g e  tu b e s  b e i n g  u se d )  w it h  Phage B u f f e r  ( w it h  0 .7 1  g C s C l  added



per ml). This was centrifuged in an MSE 10 x 10 ml rotor at 40,000 rpm, 

20°C, for 36 to 48 hours. The phage band in the resulting density 

gradient was removed, made up to a convenient volume with more Phage 

Buffer (with 0.71 g CsCl added per ml), and recentrifuged as before.

The phage band was removed, once again, and dialyzed for 2 hours at room 

temperature against TE (1 mM EDTA, 10 mM Tris/HCl pH 7.4). This was 

twice extracted with an equal volume of phenol and dialyzed overnight 

against TE, at 4°C, to remove the phenol. The DNA was then ready for 

use. At no stage was the phage DNA precipitated from ethanol as it was 

found to be extremely hard to subsequently redissolve.

2.13 Nitrocellulose Filter Hybridization

The conditions used were after Denhart (1966). This method was 

used for Southern blots and screening the Benton and Davis plaque lifts. 

Usually, the filter was prehybridized overnight with Denhart's additives 

(0.2Z Ficoll, 0.2Z polyvinylpyrolidone, 0.2Z bovine serum albumin) and 

E . coli DNA at 10 pg/ml, in 3 or 4 x SSC. 5 to 10 ml of this solution 

was added to the nitrocellulose and sealed into a plastic bag, which was 

placed at the bottom of a water bath at the required temperature. For 

the hybridization, a fresh solution of the same composition was used.

The nick-translated probe was first boiled tor 10 minutes, and rapidly 

cooled on ice, before being made up to 3 ml with the hybridization 

solution (usually made in concentrated form so as to avoid dilution by 

the probe). The hybridization was performed overnight or over the 

weekend. The nitrocellulose was then washed at the appropriate 

temperature and salt conditions for 1 hour (usually several changes of 

300 ml) dried, and autoradiographed with an intenaifying acreen.



For Che experiment described in section 7.1, however, the 

prehybridization and hybridization mixes contained 50Z deionized
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formamide pH 7.0, 3 x SSC, 10 pg/ml E^ coli DNA, and 50 mM Hepes pH 7.0. 

The prehybridization mix contained 0.1Z bovine serum albumin, Ficoll and 

polyvinyl pyrolidone, while the hybridization mix contained these 

ingredients at 0.02Z plus 10Z (w/v) dextran sulphate. Both stages were 

at 42°C, in a 3 ml volume, overnight in plastic bags. Afterwards, the 

filter was washed 4 times in 2 x SSC (15 minutes each), at room 

temperature, before being washed twice in 0.1 x SSC (15 minutes each). 

The temperature at which the last wash was done was varied from room 

temperature (low stringency), to 60°C (high stringency).

2.16 Hybrid Release Translation

The protocol used was a modified version of that used by Cleveland 

et al. (1980). 1 cm square nitrocellulose filters were autoclaved and

soaked in 6 x SSC. 50 pg of recombinant DNA was then made 6 x SSC, 

boiled briefly, and quenched on ice (to denature the DNA). This was 

loaded equally onto 2 nitrocellulose filters, which were air-dried, and 

baked at 80°C for 2 hours. Each filter was broken up and placed in a

1.5 ml Eppendorf tube. To each was added either 100 pg of borealis 

skeletal muacle total RNA or 200 pg of borealis total ovary RNA. The 

RNA was dissolved in 10 mM PIPES (pH 6.4), 0.4 M NaCl, 0.2Z SDS. The 

tubes were sealed and incubated at 50°C for 2 hours in a shaking 

waterbath. The RNA was then removed and the filters washed 6 times in 

500 pi of 1 x SSC at 60°C for 1 minute each. This was followed by two 1 

minute-washes in 500 pi of 0.2 x SSC at 50°C. The bound RNA was then 

eluted from the filters by boiling in two successive 200 pi aliquots of
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water. 10 pg of E_̂  coli tRNA carrier was added to the pooled eluent, as 

well as 40 pi of 3 M sodium acetate and 1 ml of ethanol. This was left 

overnight at -20°C to precipitate the RNA. The tubes were spun to 

pellet the RNA, the latter then being washed, dried and redissolved in 

10 pi water.

2.17 Wheat Germ in vitro Translation

The wheat germ extract used for this procedure was a gift from Drs. 

R. W. Old and A. Colman. This extract was first treated in the manner 

described by Pelham and Jackson (1976) to remove the endogenous 

messages. 1 pg of micrococcal nuclease was added to 100 pi of wheat 

germ extract as well as 2 pi of SO mM CaCl2> This was incubated at room 

temperature for 15 minutes, after which the reaction was stopped with 2 

pi 100 mM EGTA (EGTA specifically chelates Ca** ions, which are 

essential to the activity of the nuclease). A reaction mix was made up 

consisting of the following: 10 pi of Energy Mix (20 mM dithiothreitol, 

10 mM ATP, 0.2 mM GTP, 80 mM creatine phosphate, 0.4 mg/ml creatine 

phosphokinase), 10 pi of 0.4 M HEPES/KOH pH 7.6, 10 pi of 1.1 M KCl, 10 

pi of a mixture of all 20 amino acids (minus methionine) at 0.5 mM and 

pH 7.8 each, and 60 pi of ^S-labelled methionine (360 pCi). The final 

incubation mixture consisted of 5 pi of this reaction mix ♦ 5 pi of 

nuclease-treated wheat-germ extract ♦ 2.5 pi of RNA in water. This was 

incubated for 1 hour at 25°C.

2.18 Translation in Reticulocyte Lysate

The lysate used was made by myself (the preparation is described



separately) and was used after removing the endogenous RNA, as described 

by Pelham and Jackson (1976). To 1 ml of untreated lysate was added 30 

ml of 1 iM haemin, 5 pi of creatine kinase (10 mg/ml), 10 pi of 100 mM 

CaCl2 (20 mM Tris HC1 pH 7.2) and 10 pi of micrococcal nuclease (10 

mg/ml). This was then incubated at 20°C for 17 minutes, when the 

reaction was stopped by addition of 10 pi 0.25 M EGTA pH 7.8. This 

treated lysate can be stored for several months in liquid nitrogen.

To make 100 pi of reaction mix, 50 pi of nuclease-treated lysate 

was taken and to it was added 8 pi of a mixture of all the amino acids 

(except methionine) at 0.5 mM pH 7.8, 5 pi of 2 M KC1, 5 pi of ^ S -  

labelled methionine (60 pCi), 4 pi of mouse liver tRNA (2 mg/ml), 3 pi 

of 400 mM creatine phosphate, and 25 pi of 20 mM Tria HC1 pH 7.2.

30 pi of such a mix would be incubated with 3 pi of RNA (in water) 

at 30°C for 1 hour.

2 .1 9  P r e p a r a t i o n  o f  R a b b it  R e t i c u l o c y t e  L y s a t eThe s t a r t i n g  m a t e r i a l  was 6 r a b b i t s .  These w ere f i r s t  i n j e c t e d  w it h  v i t a m i n s  ( m a in ly  v i t . B ) .  On each  o f  t h e  n e x t  5 days each  r a b b i t  was i n j e c t e d  s u b c u t a n e o u s l y  w it h  0 .6  ml o f  2 .5 Z  p h e n y l h y d r a z i n e .  They were th e n  l e f t  one day b e f o r e  p e r fo r m in g  h e a r t  p u n c t u r e  on th e  4 s u r v i v i n g  r a b b i t s .The r a b b i t s  were a n a e s t h e t i z e d  w it h  1 ml o f  sodium  p e n t a b a r b i t o n e  (60 mg/ml) by i n j e c t i o n  i n t o  an e a r  v e i n .  R a p i d l y ,  a l o n g  s y r i n g e  n e e d le  was i n s e r t e d  th r o u g h  t h e  body w a l l  i n t o  t h e  h e a r t .  On p i e r c i n g  t h e  l a t t e r ,  a 50 ml s y r i n g e ,  p r e v i o u s l y  r i n s e d  in h e p a r i n  (1000 u n i t s / m l ) ,  was a t t a c h e d  and 50-75 ml o f  b lo o d  w ithdraw n ( I  would l i k e ,  a t  t h i s  p o i n t ,  t o  th a n k  D r .  G i o r g i o  V a l l e  f o r  h i s  manual h e l p  and moral
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support). The blood was kepton ice before being centrifuged for IS 

minutes at 2000 rpm in the Mistral 6L 4 x 1000 rotor in heparin-treated 

250 ml glass pots. The pellet obtained was washed 3-4 times in washing 

buffer (140 mM KC1, 50 mM NaCl, 5 mM MgClj) until the supernatant became 

clear. The volume of the pellet was measured and an equal volume of 

cold sterile water added to lyse the cells. This was centrifuged at 

8000 rpm in an MSE 8 x 50 rotor for 10 minutes in oak ridge tubes. The 

supernatant was removed carefully, so as to include no nuclear pellet, 

and dispensed into 1 ml aliquots. These were rapidly frozen in liquid 

nitrogen. From 4 rabbits, 22 mis of lysate were finally obtained. This 

can be kept for over 18 months in liquid nitrogen.

2.20 Protein Gel Electrophoresis

For the separation of the ¿n vitro translation products the SDS- 

polyacrylamide gel electrophoresis system of Laemlli (1970) was used.The g e l s  used f o r  r e t i c u l o c y t e  l y s a t e  p r o d u c t s  were 1 2 . 5Z a c r y l a m i d e ,  t h o s e  f o r  wheat germ p r o d u c t s ,  18Z. To make an 18Z s e p a r a t i n g  g e l  t h e  f o l l o w i n g  components were c o m b in e d :  15 ml o f  60Z a c r y l a m i d e ,  0 .3 Z  NN b i s - a c r y l a m i d e ,  6 .2 5  ml 3 6 . 6Z T r i a  HC1 pH 8 . 8 ,  0 .5  ml 10Z SD S, 28 ml w a t e r ,  0 .2 5  ml ammonium p e r s u l p h a t e  and 10 p i  TEMED. To make a 1 2 . 5Z g e l ,  t h e  amount o f  a c r y l a m i d e /  b i s - a c r y l a m i d e  s o l u t i o n  was reduced a c c o r d i n g l y .  A f t e r  t h e  s e p a r a t i n g  g e l  had s e t ,  a 10 ml s t a c k i n g  g e l  was poured on t o p :  3 ml o f  10Z a c r y l a m i d e ,  0 .5 Z  NN b i s - a c r y l a m i d e ,  4 . 4  ml w a t e r ,  2 .4  ml 6Z T r i s  HC1 pH 6 . 8 ,  0 .1  ml 10Z SDS, 100 p i  10Z ammonium p e r s u l p h a t e ,  5 p i  TEMED. S l o t s  were formed w it h  a s l o t  form er on p o u r i n g  t h e  s t a c k i n g  g e l .  G e l s  were ru n in T r i s / g l y c i n e  ru n n in g  b u f f e r  (50 mM Trizm a b a s e ,  400 mM g l y c i n e ,  0 . 5 Z  S D S ) .  5 p i  o f  r e t i c u l o c y t e



translation mix were loaded with 10 pi of sample buffer: 1 mM 

phenylmethy 1su1f ony1 fluoride, 20 mM Tris pH 7 . 6 ,  20Z glycerol, 1Z 
mercaptoethanol, 0 .0 1 Z  Bromophenol blue, 2Z SDS. 10 pi of wheat germ 
mix were loaded with 4 pi of 40Z glycerol, 8Z SDS, 2Z mercaptoethanol, 1 8.2 5Z  Tris HC1 pH 6 . 8 ,  0 .0 0 4 Z  Bromophenol blue. These mixes were 

boiled before loading. Gels were usually run overnight at 50 volts and 

then dried down.

The 35S label was detected in gels by fluorography (Laskey and 

Mills; 1975). Gels were stained in Coomassie blue (1 g coomassie blue 

in 227 mis methanol, 227 mis water, 46 mis acetic acid for 1 hour, 

followed by destaining in 875 mis water, 50 mis methanol, 75 mis acetic 

acid for 1 hour) to locate the unlabelled markers. The gel was then 

soaked in two changes of dimethylsulphoxide (DMSO) for 1 hour each, with 

gentle shaking, then in 22Z PPO in DMSO for 3 hours. The gel was then 

rinsed under running water for 1 hour, dried onto Whatman 3 MM paper and 

autoradiographed with flashed film.

2 .21 A n n e a l in g  o f  3 5 A - D e r iv e d  P rim e r t o  RNAThe c o n d i t i o n s  f o r  t h i s  were s i m i l a r  t o  t h o s e  used by T s a n g  e t  a l .( 1 9 8 2 ) .  The h y b r i d i z a t i o n  m ix e s  w hich were used h a v e  been d e s c r i b e d  in s e c t i o n  5 . 1 . 2 .  When up t o  20 pg o f  RNA were i n v o l v e d ,  th e  volume used was 10 p i ,  th e  RNA an d  p rim e r b e in g  p r e c i p i t a t e d  t o g e t h e r  and th e  p e l l e t  r e d i s s o l v e d  in  th e  h y b r i d i z a t i o n  b u f f e r .  I t  was th e n  t r a n s f e r r e d  t o  a s m a ll  E p p en d o rf t u b e ,  c o n v e r e d  w it h  p a r a f f i n  and h y b r i d i z e d  o v e r n i g h t  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e .  The sam p le  was t h e n  d i l u t e d  i n t o  0 .1  ml o f  TE and e t h a n o l - p r e c i p i t a t e d  t w i c e .
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2.22 Primer Extension Reaction

The pellet obtained from 2.21 was redissolved in 5 pi of 10 mM 

Pipes pH 6.4, 0.4 M NaCl. 0.04 ml of premade Primer Extension Mix (50 

mM Tris/HCl pH 8.2, 10 mM dithiothreitol, 6 mM magnesium chloride, 25 

pg/ml actinomycin D and 0.5 mM dATP, dCTP, dGTP, dTTP) was added to 

this, as well as 5 to 10 units of AMV reverse transcriptase. This was 

incubated at 42°C for 60 minutes. Sometimes, further enzyme was added 

and the incubation continued for another 30 minutes. This was then 

extracted with phenol, ethanol-precipitated twice, and the pellet 

redissolved in sequencing gel sample buffer. This was run on an 8t 

sequencing gel.

(When 750 pg of ovary RNA were annealed to primer, for sequencing, 

the hybridization was performed in 0.35 ml volume, and the primer 

extension used 0 .4 8  ml of Primer Extension Mix plus 0.06 ml of 10 mM 

Pipes pH 6 . 4 ,  0 . 4  M N a C l . )

2 .2 3  P h o s p h a t a s i n g  and K i n a s i n g  DMAT h i s  was o n l y  s u c c e s s f u l  u s i n g  5' o v e r h a n g s .  The ONA was d i s s o l v e d  i n  45 p i  o f  TE and 5 p i  o f  0 .5  M T r is / H C l  pH 8 . 0 .  1 p i  o f  b a c t e r i a la l k a l i n e  p h o s p h a ta a e  (250 u n i t s )  was added t o  t h i s  and in c u b a t e d  fo r  1 h o u r  a t  3 7 ° C .  0 .5  p i  o f  500 mM EDTA, pH 8 .0  was added to  t h i s  andh e a t e d  t o  60°C f o r  10 m i n u t e s .  I t  was then e x t r a c t e d  3 t im e s  w ith  p h e n o l / c h l o r o fo r m  ( 1 : 1 )  and e t h a n o l - p r e c i p i t a t e d .The k i n a s e  r e a c t i o n  was perform ed in 20 p i  v o lu m e . T h i s  in c lu d e d  2 p i  o f  10 x K in a s e  B u f f e r  ( 0 . 7  M T r i s / H C l  pH 7 . 6 ,  100 mM magnesium c h l o r i d e ,  50 mM d i t h i o t h r e i t o l )  as w e l l  as t h e  gam m a-label l e d  ^2P-ATP



and 12 units of T4 polynucleotide kinase. The reaction was performed at 37°C for 15 minutes. This was extracted with phenol (with 10 pg of E .  
coli tRNA added) and passed down a Sephadex G50 column to check for

labelling of the DNA.

2.24 Nick Translation

This was adapted from Rigby e^ al̂ . (1977). Usually the DNA was 

made as hot as possible, for the probing of nitrocellulose filters. For 

restriction mapping, however, the DNA was only lightly labelled, so that 

it was still possible to visualise discrete restriction digest products

on gels.

The latter type of reaction was performed in  20 p i  v o lu m e ,  w hich 
included 4 pi of 5 x NT Buffer (0.25 M T r i s / H C l  pH 7.9, 50 siM magnesium 
chloride, 50 raM dithiothreitol, 250 pg/ml b o v in e  serum a l b u m i n ) ,  1 p i  
each of three u n l a b e l l e d  dNTPs (1 mM e a c h ) ,  1 t o  2 p i  o f  a l p h a - ^ P  dNTP 
(10 mCi/ml i n  aqueous b u f f e r )  and w a t e r .  1 p i  o f  E_j_ c o l l  DNA p oly m e ra se  I  ( 2 - 5 u / p l )  was added t o  s t a r t  t h e  r e a c t i o n ,  w hich was run f o r  1 hou r a t  
24°C. For h e a v i l y  l a b e l l e d  m a t e r i a l ,  t h e  l a b e l l e d  dNTP in  th e  r e a c t i o n  was i n c r e a s e d ,  50 pg o f  DNAase I  wes added ( t o  20 p i ) ,  and 1 p i  o f  th e  t h r e e  u n l a b e l l e d  dNTPs a t  10 pH was a d d e d .  The r e a c t i o n  was a t  37°C f o r  3 h o u r s .In  b o th  c a s e s  t h e  r e a c t i o n  m ix was s u b s e q u e n t l y  e x t r a c t e d  w it h  p h e n o l ,  and p a sse d  down a Seph adex G50 column ( w it h  10 p i  o f  Ê _ c o l i  tRNA as c a r r i e r )  to  c h e c k  f o r  s u c c e s s f u l  l a b e l l i n g  o f  th e  DNA.
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2.25 Labelling DNA with T4 DNA Polymerase _I

This technique was used for the labelling of DNA markers as well as 

for the end-labelling of DNA for sequencing. It was taken from 

O'Farrell £t al. (1980). The reaction mix in the latter type of 

reaction consisted of 1 pi of 10 x TA (0.33 M Tris acetate pH 7.9, 0.66 

M potassium acetate, 0.1 M magnesium acetate, 1 mg/ml nuclease-free 

bovine serum albumin, 5 mM dithiothreitol) to 2 pg of DNA, 20 pCi of
•> 9alpha- P-dNTP, 1 unit of T4 DNA polymerase made up to 10 pi. This was 

incubated at 20°C for 30 minutes, and then extracted with phenol. The 

low temperature was used to minimize the amount of 3' to 5' exonuclease 

activity, so that only one labelled base would be incorporated. 

Consequently, only 5' overhangs could be labelled in this way.

For the labelling of DNA markers the reaction was set up in 20 pi 

with 2 pi of 10 x TA buffer, 1 pg DNA and 1 unit of T4 polymerase. This 

was incubated at 37°C for 3 to 5 minutes (at 1.25 units/pg DNA, 20 

nucleotides/min should be excised from each 3' end). After this time, 2
^9pi of alpha- P-dNTP (10 mCi/ml in aqueous solution) was added directly 

to the reaction mix, together wsith 1 pi of a mixture of the other 3 

unlabelled dNTPs (at 2 mM), and incubated for 30 minutes at 37°C.

After each type of reaction, the mix was extracted with phenol, and 

then passed down a Sephadex G50 column.

2.26 Ligation of Restriction FragmentsL i g a t i o n  was u s u a l l y  p e r fo r m e d  in a volume o f  10 t o  20 pi, and in  a s o l u t i o n  o f  50 mM T r i s  HC1 pH 7 . 6 ,  10 mM magnesium c h l o r i d e ,  20 mM d i t h i o t h r e i t o l ,  1 mM ATP ( a d e n o s i n e  t r i p h o s p h a t e )  and 1 u n i t  o f  T4 DNA l i g a s e .  The r e a c t i o n s  w ere p erform ed a t  4 °C  o v e r n i g h t  ( o r  o c c a s i o n a l l y



a t  1 S°C f o r  7 h o u r s ) .  T y p i c a l l y ,  such a l i g a t i o n  used 20 ng o f  v e c t o r  DNA and 40 ng o f  donor DNA. The l i g a t i o n  m ix  was th e n  added d i r e c t l y  t o  com p eten t c e l l s  in  t h e  t r a n s f o r m a t i o n  p r o c e d u r e .

2 .2 7  T r a n s f o r m a t i o n  o f  E .  c o l i  w it h  D o u b le - S t r a n d e d  M13 and P l a t i n gA c o l o n y  o f  E^ c o l i  (JM 103) was grown up in  20 m is o f  2 x TY medium ( l O g  Y e a s t  E x t r a c t ,  5 g N a C l ,  16 g B a c t o t r y p t o n e  in  1 l i t r e )  u n t i l  i t s  o p t i c a l  d e n s i t y ,  a t  590 nm, was 0 . 3 .  The c e l l s  were p e l l e t e d  a t  f u l l  speed in  an MSE bench c e n t r i f u g e  (10 m in u te  s p i n ) .  The c e l l s  were r e s u s p e n d e d  in  10 m is o f  p r e c o o l e d  50 mM c a l c i u m  c h l o r i d e  and l e f t  on i c e  f o r  40 m i n u t e s .  They were th e n  spun down a g a i n  and resu sp e n d e d  in  2 ml o f  50 mM c a l c i u m  c h l o r i d e .  0 . 3  ml a l i q u o t s  o f  t h i s  were added t o  each  l i g a t i o n  m ix and t h e n  l e f t  on i c e  f o r  40 m in u te s  (m eanw hile a  f r e s h  c u l t u r e  o f  JM103 was p r e p a r e d  so  t h a t ,  on p l a t i n g ,  i t  was s t i l l  in  e x p o n e n t i a l  grow th p h a s e ) .  The c e l l s  were h e a t s h o c k e d  a t  42°C f o r  2 m i n u t e s .  A t  t h i s  t im e 30 p i  o f  BCIG (20 mg/ml in  d im e t h y l fo r m a m id e ) ,  25 p i  o f  IPTG (24 mg/ml in  w a t e r )  and 0 .2  ml o f  e x p o n e n t i a l l y  g ro w in g  JM103 were added t o  3 m is  o f  H-Top A g a r  (10 g B a c t o t r y p t o n e ,  8 g D i f c o  a g a r ,  8 g N aC l in  1 l i t r e ) ,  a t  4 5 ° C .  The t r a n s f o r m e d  c e l l s  were then add ed  t o  t h i s  H-Top A g a r  and t h e  m i x t u r e  poured o n t o  a d r i e d  9 cm d ia m e te r  m in is M l a g a r  p l a t e .M in im a l  A g a r  p l a t e s  were made by a u t o c l a v i n g  390 ml o f  w a te r  w it h7 .5  g  o f  D i f c o  a g a r .  When c o o l ,  100 m is o f  A s a l t s  ( 5 .2 5  g o f  d ip o t a s s i u m  h y d ro g e n  p h o s p h a t e ,  2 .2 5  g o f  p o t a s s iu m  d ih y d ro g e n  p h o s p h a t e ,  0 . 5  g o f  ammonium s u l p h a t e ,  0 .2 5  g  o f  t r i s o d i u m  c i t r a t e  in  100 m i s ) ,  0 .5  ml o f  1 M magnesium s u l p h a t e ,  0 .1 2 5  ml o f  I X  t h i a m i n e  h y d r o c h l o r i d e  ( v i t a m i n  B l )  and 10 ml o f  20X g l u c o s e ,  were ad d ed,  and 30
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at 15°C for 7 hours). Typically, such a ligation used 20 ng of vector 
DNA and 40 ng of donor DNA. The ligation mix was then added directly to 

competent cells in the transformation procedure.

2 .2 7  T r a n s f o r m a t i o n  o f  E .  c o l i  w it h  D o u b l e - S t r a n d e d  M13 and P l a t i n gA c o l o n y  o f  Ê _ c o l i  (JM 103) was grown up in 20 mis o f  2 x TY medium ( l O g  Y e a s t  E x t r a c t ,  5 g N a C l ,  16 g B a c t o t r y p t o n e  in  1 l i t r e )  u n t i l  i t s  o p t i c a l  d e n s i t y ,  a t  590 run, was 0 . 3 .  The c e l l s  were p e l l e t e d  a t  f u l l  speed in  an MSE bench c e n t r i f u g e  (10 m in u te  s p i n ) .  The c e l l s  were resu sp en d ed  in 10 m is  o f  p r e c o o le d  50 mM c a l c i u m  c h l o r i d e  and l e f t  on i c e  f o r  40 m i n u t e s .  They were th e n  spun down a g a i n  and re s u s p e n d e d  in  2 ml o f  50 mM c a l c iu m  c h l o r i d e .  0 . 3  ml a l i q u o t s  o f  t h i s  were added to  each l i g a t i o n  mix and th e n  l e f t  on i c e  f o r  40 m in u t e s  (m ean w h ile  a f r e s h  c u l t u r e  o f  JM103 was p re p a re d  so  t h a t ,  on p l a t i n g ,  i t  was s t i l l  in  e x p o n e n t i a l  growth p h a s e ) .  The c e l l s  were h e a t s h o c k e d  a t  42°C f o r  2 m i n u t e s .  A t  t h i s  t im e  30 p i  o f  BCIG (20 mg/ml in  d i m e t h y l fo r m s m i d e ) ,  25 p i  o f  IPTG (24 mg/ml in  w a t e r )  and 0 . 2  ml o f  e x p o n e n t i a l l y  g ro w in g  JM103 were added to  3 m is  o f  H-Top A g a r  (10 g  B a c t o t r y p t o n e ,  8 g  D i f c o  a g a r ,  8 g NaCl in  1 l i t r e ) ,  a t  4 5 ° C .  The t r a n s f o r m e d  c e l l s  were th e n  added t o  t h i s  H-Top A gar and t h e  m i x t u r e  poured o n t o  a  d r i e d  9 cm d ia m e t e r  m inim al a g a r  p l a t e .M in im a l A g a r  p l a t e s  were made by a u t o c l a v i n g  390 ml o f  w a te r  w it h7 .5  g o f  D i f c o  a g a r .  When c o o l ,  100 m is  o f  A s a l t s  ( 5 .2 5  g o f  d ip o t a s s iu m  h y d r o g e n  p h o s p h a t e ,  2 .2 5  g o f  p o t a s s iu m  d ih y d r o g e n  p h o s p h a t e ,  0 .5  g  o f  ammonium s u l p h a t e ,  0 .2 5  g  o f  t r i s o d i u m  c i t r a t e  in  100 m i s ) ,  0 .5  ml o f  1 M magnesium s u l p h a t e ,  0 .1 2 5  ml o f  I X  t h i a m i n e  h y d r o c h l o r i d e  ( v i t a m i n  B1) and 10 ml o f  20X g l u c o s e ,  were a d d e d ,  and 30



mis poured onto each plate.

Once the transformed cell-containing Top Agar had set, the plates 

were inverted and incubated overnight at 37°C. The presence of blue 

plaques indicated that the transformation had worked because only when 

the defective forms of beta-galactosidase of the M13 and JM103 

complement each other (on induction by IPTG « isopropyl-beta-D-thio- 

galactopyranoside), is the lactose analogue BCIG (5-bromo-4-chloro-3- 

indoyl-beta-galactoside) broken down to give a blue derivative. 

Recombinant phages, in which foreign DNA has been inserted into one of 

the cloning sites within the beta-galactosidase gene, usually yielded 

white plaques.

2 .2 8  P r e p a r a t i o n  o f  S i n g l e - S t r a n d e d  M13 ( f o r  s e q u e n c in g )A 10 ml c u l t u r e  o f  JM103 was grown o v e r n i g h t  a t  3 7 ° C .  A drop o f  t h i s  was added to  25 ml o f  2 x TY a n d  1 ml a l i q u o t s  o f  t h i s  were d is p e n s e d  i n t o  s t e r i l e  B i j o u x  b o t t l e s .  M a t e r i a l  from w h i t e  p la q u e s  was t r a n s f e r r e d  by t o o t h p i c k  i n t o  t h e a e  c u l t u r e s  and th e n  t h e y  w ere in c u b a t e d  f o r  5 t o  6 h o u rs  a t  3 7 ° C ,  w it h  s h a k i n g .  A f t e r  t h i s ,  th e  b a c t e r i a  were p e l l e t e d  by c e n t r i f u g a t i o n  in  1 .5  ml E p p e n d o r f  tu b e s  f o r  5 m i n u t e s .  The s u p e r n a t a n t  ( c o n t a i n i n g  f r e e  p h a g e )  was t r a n s f e r r e d  to  a n o t h e r  E p p e n d o rf  tu b e  (when i t  c o u l d  be s t o r e d  f o r  s e v e r a l  days  a t  4 ° C ,  but was t h e n  r e c e n t r i f u g e d  b e f o r e  p r o c e e d i n g  w it h  t h e  n e x t  s t e p )  where 0 .2  ml o f  2 .5  M N a C l ,  20Z p o l y e t h y l e n e  g l y c o l  was a d d e d .  A f t e r  m i x i n g ,  t h i s  was l e f t  a t  room t e m p e r a tu r e  f o r  15 m i n u t e s .  The p hage p r e c i p i t a t e  was p e l l e t e d  w it h  a n o t h e r  5 m in u t e  c e n t r i f u g a t i o n ,  and t h e  s u p e r n a t a n t  d i s c a r d e d .  The t u b e s  were resp u n  and a l l  t h e  s u p e r n a t a n t  removed w it h  a P a s t e u r  p i p e t t e .  The p e l l e t  s h o u l d  be v i s i b l e .  0 .1  ml o f  10 sR
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T r i s / H C l  pH 8 . 0 ,  0 .1  mM EDTA was added and t h i s  was e x t r a c t e d  w it h  50 |>1 o f  n e u t r a l i z e d  p h en o l ( v o r t e x e d  10 s e c o n d s ,  s to o d  f o r  5 m in u t e s ,  r e v o r t e x e d  and c e n t r i f u g e d  f o r  1 m i n u t e ) .  The upper aqueous l a y e r  was e x t r a c t e d  w it h  0 .5  ml d i e t h y l  e t h e r  and t h e  M13 ssDNA p r e c i p i t a t e d  w it h  10 p i  o f  3 mM sodium a c e t a t e ,  0 .2 5  ml o f  e t h a n o l ,  in  dry i c e  f o r  10 m i n u t e s .  A f t e r  c e n t r i f u g a t i o n  and d r y i n g ,  t h e  DNA was r e d i s s o l v e d  in  10 p i  o f  10 mM T r i s / H C l  pH 8 . 0 ,  0 .1  mM EDTA. I f  s u c c e s s f u l ,  1 p i  o f  t h i s  DNA s o l u t i o n  s h o u ld  show up w e l l  on an a g a r o s e  g e l ,  s t a i n e d  w ith  e t h id iu m  b r o m id e .  The DNA was s t o r e d  a t  4 ° C .

2 .2 9  T e s t i n g  th e  O r i e n t a t i o n  o f  C lo n e d  I n s e r t s  i n  M13T h i s  was u s e d ,  when a s i n g l e  fra g m e n t had been c l o n e d ,  t o  t e s t  w hich DNAs t o  s e q u e n c e .  The b a s i c  p r i n c i p l e  i n v o l v e d ,  was to  h y b r i d i z e  a l l  p o s s i b l e  c o m b in a t io n s  o f  p a i r s  o f  t h e  ssDNAs t o g e t h e r ,  and t o  th e n  run t h e s e  on an a g a r o s e  g e l ,  n e x t  t o  u n h y b r i d iz e d  DNA. DNAs r e s u l t i n g  from t h e  c l o n i n g  o f  t h e  o r i g i n a l  fra g m e n t in  o p p o s i t e  d i r e c t i o n s  w i l l ,  in  s i n g l e  s t r a n d e d  fo r m , be c o m p le m e n ta r y .  T h ese  w i l l  th u s  h y b r i d i z e  and run as d o u b le  s t r a n d e d  DNA on t h e  g e l ,  i . e .  t h e y  a r e  r e t a r d e d .  The h y b r i d i z a t i o n  r e a c t i o n  was perform ed in  a 9 p i  v o lu m e ,  and in c l u d e d  0 .5  p i  o f  each DNA, 3 p i  o f  w a t e r ,  1 p i  o f  a g a r o s e  g e l  l o a d i n g  b u f f e r  ( s e e  s e c t i o n  2 . 4 )  and 4 p i  o f  ' f r e s h '  10 x  H in  b u f f e r  ( s e e  s e c t i o n  2 . 3 0 ) .  T h i s  m i x t u r e  was h y b r i d i s e d  f o r  30 m in u t e s  a t  6 7 ° C ,  and then lo ad ed  d i r e c t l y  o n t o  t h e  g e l .
2 .3 0  M l3 S e q u e n c in gT h i s  was b a se d  on t h e  c h a i n  t e r m i n a t i o n  method o f  Sa n g e r  «  a l



(1977), where single stranded DNA is used as a template for the 

synthesis of a radioactively labelled second strand. In each of 4 

separate reactions, a small amount of one dideoxynucleoside triphospahte 

is included, so that the newly synthesired strand tends to terminate at 

that type of base. The quantities of the nucleotides are varied so that 

a ladder of such terminations is achieved for each base. When the 

products from the 4 reactions are electrophoresed, side by side, on an 

8% urea-polyacrylamide sequencing gel, the sequence can be read by 

following the order of appearance of bands in the 4 tracks.

The DNA to be sequenced was cloned into the replicative form of 

M13mp7 (Messing et al., 1981), M13 mp8, or M13 mp9 (Messing, 1981;

Messing and Vieira, 1982). Single stranded DNA was prepared (see 

section 2.28) and the radioactively labelled second strand primed from a 

universal primer, as in Sanger et al̂ . (1980).2 p i  o f  s i n g l e  s t r a n d e d  M13 r e c o m b in a n t  was h y b r i d i s e d  w it h  a IS  b a s e - l o n g  u n i v e r s a l  p rim e r  (1 p i  o f  5 pg/m l) in  10 p i  o f  v o lu m e ,  i n c l u d i n g  6 p i  o f  w a te r  and 1 p i  o f  ' f r e s h '  10 x  H in  b u f f e r  (1 v o l  o f  100 mM d i t h i o t h r e i t o l  + 9 v o l  o f  s t o r a g e  10 x  H in  b u f f e r  ■  0 .1  M T r i s / H C l  pH 7 . 4 ,  0 .1  M m agnesium  c h l o r i d e ,  0 . 5  M N a C l ) .  The s m a ll  E p p e n d o rf t u b e ,  c o n t a i n i n g  t h i s  m i x t u r e ,  was h e a t e d  t o  9 0 -1 0 0 °C  f o r  3 m i n u t e s ,  and t h e n  a l lo w e d  t o  c o o l  s l o w l y ,  a t  room t e m p e r a t u r e ,  f o r  20 m i n u t e a .  0 .5  p i  o f  32P dGTP was added t o  t h i s ,  fo l l o w e d  by 1 p i  o f  d i l u t e d  Klenow fr a g m e n t s o l u t i o n  (1 u n i t  o f  t h e  Klenow fr a g m e n t o f  E .  c o l l  DNA p o ly m e r a s e  I ,  d i l u t e d  in  50 aH p o t a s s iu m  d ih y d r o g e n  p h o s p h a t e ,50Z g l y c e r o l )  2 p i  o f  t h i s  m i x t u r e  was added t o  e a c h  o f  4 l a r g e  E p p e n d o rf t u b e s ,  c o n t a i n i n g  v a r y i n g  p r o p o r t i o n s  o f  t h e  d i f f e r e n t  d i d e o x y -  and d e o x y n u c l e o s i d e  t r i p h o s p h a t e s :

6 0
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1. The T mix: A volume of 0.5 mM dideoxy TTP was added Co an equal 

volume of T° solution (1 pi of 0.5 mM dTTP, 20 pi of 0.5 mM dCTP, 20 pi 

of 0.5 mM dATP, 1 XI of 0.066 mM dGTP pluse 5 pi of 'low TE' - 5 mM 

Tria/HCl pH 8.0, 0.1 mM EDTA).

2. The C mix: 0.2 mM dideoxy CTP was added to an equal volume of C°

solution (20 pi of 0.5 mM dTTP, 1 pi of 0.5 mM dCTP, 20 pi of 0.5 mM d

ATP, 1 pi of 0.0966 mM dGTP plus 5 pi of ’low TE').

3. The A mix: 0.2 mM dideoxy ATP was added to an equal volume of A°

solution (20 pi of 0.5 mM dTTP, 20 pi of 0.5 mM dCTP, 1 pi of 0.5 mM

dATP, 1 pi of 0.066 mM dGTP plus 5 pi of 'low TE').

A. The G mix: 0.016 mM dideoxy dGTP was added to an equal volume of G° 

solution (20 pi of 0.5 mM dTTP, 20 pi of 0.5 mM dCTP, 20 pi of 0.5 mM 

dATP, 1 pi of 0.066 vM dGTP ♦ 5 pi of 'low TE’).

2 pi o f  e a c h  mix was added t o  a s e p a r a t e  tu b e  w it h  t h e  p r i m e r -  a n n e a le d  M13 m i x .  The m i x t u r e  was i n c u b a t e d  a t  room t e m p e r a t u r e  f o r  15 m i n u t e s ,  b e f o r e  t h e  a d d i t i o n  o f  2 pi o f  0 . 5  mM dGTp, and a f u r t h e r  15 m in u te  i n c u b a t i o n .  5 pi o f  s e q u e n c i n g - g e l  sam ple b u f f e r  ( a e c t i o n  2 .2 1 )  was th e n  a d d e d ,  t o  s t o p  th e  r e a c t i o n .  T h i s  m i x t u r e  was t h e n  h e a t e d  a t  100 °C , w it h  t h e  tu b e  to p s  o p e n ,  f o r  3 m i n u t e s ,  t h e n  r a p i d l y  c o o l e d  on i c e ,  and lo a d e d  o n to  an 8X s e q u e n c in g  g e l .
2.31 S o u t h e r n  B l o t t i n gT h ie  i s  t h e  p ro ce d u re  o f  S o u t h e r n  ( 1 9 7 5 ) ,  t o  t r a n s f e r  DMA from
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agarose gels to nitrocellulose. After running the gel, the DNA was

denatured iji situ in the gel by soaking it for IS minutes in 0.5 M NaOH,

1.5 M NaCl, followed by neutralisation for 15 minutes in 0.5 M Tris/HCl

pH 7.0, 3 M NaCl. Typically, 500 ml of each buffer was used. The gel

was laid on 4 sheets of 3 MM chromatographic paper, previously moistened 
with 20 x SSC (175 g NaCl, 88.25 g trisodium citrate, in 1 litre), on a

glass platform. The latter was raised above the surface of a tray so

that the gel was above the surface of the 20 x SSC, but the 3 MM paper

hung over the edge of the plate, to form a wick. A section of

nitrocellulose was laid over the DNA-containing region of the gel.

Len£hs of polythene were placed so that a few mm protruded between the

nitrocellulose and the gel, but otherwise entirely covered the rest of

the apparatus. Two sheets of 3 MM were laid over the nitrocellulose,

and a pile of Kleenex tissues, several inches thick, over this. The

apparatus was now assembled so that the liquid in the tray should be

drawn up into the tissues via the window created with polythene, i.e.

through the gel and nitrocellulose. The next day, the nitrocellulose

was removed, rinsed in 2 x SSC, and blotted dry. It was then baked at

80°C for 2 hours.

2 .3 2  Maxam and G i l b e r t  S e q u e n c in gT h i a  was e s s e n t i a l l y  as d e s c r i b e d  in  Maxam and G i l b e r t  ( 1 9 7 7 ) .  The s t a r t i n g  m a t e r i a l  c o n s i s t e d  o f  d o u b l e - s t r a n d e d  DNA, l a b e l l e d  a t  one end w it h  3 2 - p h o s p h o r u s .  T h i s  was d i v i d e d  i n t o  5 s i l i c o n i s e d  1 .5  ml E p p e n d o r f  tu b e s  and e t h a n o l - p r e c i p i t a t e d ,  t o g e t h e r  w it h  1 ug o f  E .  c o l i  tRNA ' c a r r i e r ' .  T h e n ,  5 r e a c t i o n s  were r o u t i n e l y  p e r fo r m e d ,  each r e s u l t i n g  in  t h e  c l e a v a g e  o f  t h e  DMA a t  one o r  two o f  t h e  4 ty p e s  o f
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baa*:

1. The G reaction: The DNA pellet was dissolved in 0.2 ml of 50 mM 

sodium cacodylate pH 8.0, 1 mM EDTA. To this was added 1 pi of dimethyl 

sulphate, and after mixing, this was left at room temperature for 2.5 

minutes. The reaction was stopped with 0.05 ml of 1.5 M sodium acetate 

pH 7.0, 1 M beta-mercaptoethanol, 0.1 mg/ml E^ coli tRNA.

2. The A>C reaction: The DNA pellet was redissolved in 0.1 ml of 1.2 M 

NaOH, 1 mM EDTA, and incubated at 90°C for 9 minutes. The reaction was 

stopped with 0.15 ml of acetic acid and 5 pi of 1 mg/ml Ê _ coli tRNA 

added.

3. The C reaction: The DNA pellet was redissolved in 15 pi of 5 M NaCl 

and 5 pi of water. 30 pi of hydrazine was added to this and mixed.

After incubation at room temperature for 7.5 minutes, the reaction was 

stopped with 0.2 ml of 'C-stap* (0.3 M sodium acetate, 0.1 mM EDTA, 25 

pg/ml E^ coli tRNA).

4 .  The C ♦  T r e a c t i o n : The r e a c t i o n  was th e  same as t h e  C r e a c t i o n  e x c e p t  t h a t  t h e  DNA p e l l e t  was d i s s o l v e d  in  20 p i  o f  w a te r  ( w i t h  no N a C l ) .  A g a i n ,  0 .2  ml o f  ' C - s t o p '  was used t o  s t o p  t h e  r e a c t i o n .
5 .  The A ♦  C r e a c t i o n : The DNA p e l l e t  was r e d i s s o l v e d  in  6 p o f  w a t e r .  25 p i  o f  95Z fo r m ic  a c i d  was added t o  t h i s ,  and t h e  m i x t u r e  in c u b a t e d  a t  room t e m p e r a tu r e  f o r  4 m i n u t e s .  The r e a c t i o n  was s to p p e d  w it h  0 .2  ml o f  1 M sodium a c e t a t e ,  5 pg/ml E_  ̂ c o l i  tRNA.
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Iranediately after each of these reactions, 0.75 ml of ethanol was 

added to each tube, and the latter placed on dry ice for 10 minutes.

The reprecipitated DNA was then pelleted, redissolved in 0.2 ml of 0.3 M 

sodium acetate and precipitated once more with 0.5 ml of ethanol. The 

DNA pellet, this time, was then washed with 75Z ethanol, and vacuum- 

dried. It was resuspended in 0.1 ml of 1 M piperidine and incubated at 
90°C for 30 minutes. The piperidine was then removed by freeze-drying. 

The DNA was resuspended in 0.1 ml of water and freeze-dried. Another 20 

pi of water was then added and also freeze-dried. The DNA was 

resuspended in formamide-containing sample buffer and run on urea- 

containing polyacrylamide gels (i.e. the 5 reactions in 5 slots, side by 

s ide).

2 .3 3  T r a n s f o r m a t io n  o f  E. c o l i  w it h  P la s m id  DNA (pBR325 r e c o m b in a n ts)  T h is  method was t h a t  u sed  by Mandel and H iy a  ( 1 9 7 0 ) .  A l o o p - f u l l  o f  E^ c o l i  (HB101) was t r a n s f e r r e d  from a f r e s h l y  s t r e a k e d  p l a t e  i n t o  10 ml o f  L. b r o t h ,  and shaken o v e r n i g h t  a t  3 7 ° C .  A 1 ml a l i q u o t  o f  t h i s  was d i l u t e d  i n t o  50 ml o f  L .  b r o t h .  The c u l t u r e  was grown t o  an o p t i c a l  d e n s i t y  o f  0 .6  ( a t  590 nm) and c e n t r i f u g e d  a t  3 ,0 0 0  rpm f o r  10 m in u te s  in  an MSB bench c e n t r i f u g e  ( h i g h e s t  s e t t i n g ) .  The b s c t e r i a  were resu sp e n d e d  in  25 ml o f  p r e c o o l e d  50 mM c a l c i u m  c h l o r i d e  and l e f t  on i c e  f o r  30 m i n u t e s .  The c e l l s  were th e n  c e n t r i f u g e d  a g a i n ,  a s  b e f o r e ,  and r e s u sp e n d e d  in  5 ml o f  50 mM c a l c i u m  c h l o r i d e .  A s m a ll  amount o f  t h e  DNA t o  be t r a n s fo r m e d  (up t o  10 p i )  wss added t o  an e q u a l  volume o f  100 mM c a lc iu m  c h l o r i d e  in  a s t e r i l e  E p p e n d o rf  t u b e ,  and then 0 .0 5  ml o f  TCM b u f f e r  (10 mM T r i e  HC1 pH 7 . 5 ,  10 c a l c i u m  c h l o r i d e ,  10 mM magnesium c h l o r i d e )  was a d d e d .  0 .1  ml o f  c a l c i u m - t r e a t e d  b a c t e r i a  was added t o
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this and the mixture left on ice for 60 minutes before the bacteria were 

heat-shocked at 42°C for 3 minutes. 0.85 ml of sterile L. Broth was 

added to the tube and this was incubated at 37°C for 60 minutes. The 

bacteria were spread onto selective agar-plates (usually approximately 

0.1 ml per plate). The latter were made by autoclaving a mixture of L. 

broth with Difco Agar at 15 g/litre and, when this had cooled to 45°C, 

adding the antibiotic and pouring the plaets (30 ml per 9 cm diameter 

plate). In this case, the antibiotic was ampicillin at 0.05 mg/ml.

After spreading the bacteria on the dried plates, the latter were 

incubated overnight at 37°C. Only transformed bacteria should appear as 

colonies. Such colonies were then picked onto plates containing 

chloramphenicol at 1 pg/ml, to test for insertion of DNA into the pBR325 

plasmid (see section 3.5).



74

3 ISOLATION AND SEQUENCING OF ACT IN GENES

3.1 Screening the Lambda Library

3.1.1 Introduction

A gene library made by Dr. William Bains (Bains, 1982) was used to 

probe for actin genes. This library had been constructed using the 

cloning vector, lambda-gtWES (Tiemeier et̂  a K  , 1976). This involved the 

removal of a central EcoRI fragment from the phage DNA, followed by the 

ligation to the remaining 'arms', of a partial EcoRI digest of Xenopus 

boreal is genomic DNA (made from the blood of 3 females). The subsequent 

packaging of the ligated DNA into phage particles, and infection of the 

E. coli strain LE392 with these, produced a primary library of 425,000 

phage. This was subsequently amplified 10^ to 10^ times by growth on 

plates.One o f  t h e  r e a s o n s  f o r  u s i n g  t h i s  l i b r a r y  f o r  th e  s c r e e n i n g  was be ca u se  i t  was a ' p a r t i a l  l i b r a r y ' .  EcoR I i s  a ' s i x - c u t t e r '  r e s t r i c t i o n  enzyme; t h a t  i s ,  i t  c u t s  a t  th e  s i x  b ase s  GAATTC. The random c h a n c e  o f  t h e s e  6 b a se s  a r i s i n g  in  any g i v e n  s t r e t c h  o f  DNA s e q u e n c e  is  1 in  4®;i . e .  on a v e r a g e ,  t h e r e  s h o u l d  be su c h  a s i t e  e v e r y  4096 b a s e s .  When l o o k i n g  f o r  a n  a c t i n - t y p e  g e n e ,  where th e  c o d i n g  s e q u e n c e  a l o n e  w i l l  occupy [374 x  3 “ ) 1122 b a s e s ,  and i t  i s  s u s p e c t e d  t h a t  t h e r e  w i l l  be a c o n s i d e r a b l e  l e n g t h  o f  DNA p r e s e n t  in  i n t e r v e n i n g  s e q u e n c e s ,  t h e r e  is  a r e a s o n a b le  c h a n c e  t h a t  any s i n g l e  E coR I fra g m e n t i s o l a t e d  w i l l  c o n t a i n  o n ly  p a r t  o f  t h e  d e s i r e d  s e q u e n c e .  U s in g  a p a r t i a l  d i g e s t  f o r  the  c l o n i n g  w i l l  i n c r e a s e  t h e  c h a n c e  o f  o b t a i n i n g  t h e  w hole g e n e  in one phage i s o l a t e .W i l l i a m  B a in s  fo u nd t h e  mean i n s e r t  s i z e  o f  i s o l a t e s  o b t a in e d  from t h i s  l i b r a r y  t o  be 6 .1  k b .  T a k in g  th e  h a p l o i d  genome s i z e  o f
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borealis as 3.2 x 109 bases (Theibaud and Fischberg, 1977), and using 

the formula of Clarke and Carbon (1976), N » ln(1-P)/ln(1-F) (where N “ 
the number of recombinants, P - the required probability, and F - the 
fraction of the genome represented by the average recombinant), 10^ 

phage would have to be screened to have a 90Z chance of finding any one 

actin gene. This was too large a number to screen initially, and as 

studies on mammalian actins have shown that there are at least 6 

different primary sequences, and so at least 6 separate genes, only

200,000 phage were screened. This should have been enough to find at 

least one actin gene, assuming that the actin genes in boreal is are 

not closely linked.

The probe used in this experiment was the Dictyostelium actin cDNA 

clone pcDd actin B1 (Bender e£ al., 1978). This consisted of a 1.1 kb 

insert, cloned by GC-tailing into the Pst I site of pBR322. The actins 

are known to be very highly conserved between different species. For 

example, it was known that there is a region between amino acids 7 and 

159 where there is only 1 amino acid difference between Dictyoatelium 

and mammalian cytoskeletal actins (Vandekerckhove and Weber, 1980). 

Because of this, it was expected that cross-hybridisation between the 

Dictyostelium and Xenopus actin sequences would occur in low stringency 

hybridisation conditions.

3.1.2 Results

(i) The first screen40 square L Agar plates (9 cm x 9 cm) were plated with 
approxisiately 5 ,0 0 0  plaques each. Nitrocellulose filteres were prepared 

from these plates according to Benton and Davis ( 1 9 7 7 ) .  These were 

hybridised overnight with nick-translated insert from pcDd actin B1 in 4









Figure 3.1: First and Second Screens of the Lambda Library

(a) : An example of an autoradiograph produced from screening one 

nitrocellulose filter with nick-translated insert from the Dictyostelium 

pcDd actin B1 clone. S is an example of a strong positive, and W, a 

weak positive.

(b) : Examples of autoradiographs from a second screening; i.e. the 

plaque-containing agar portions corresponding to the positives from the 

first screen, were isolated and the phage from these replated. The 

plaques from these were transferred to nitrocellulose(see Section 2.13) 

and rescreened in exactly the same way as for the first screening (the 

hybridization in 4 x SSC at 60°C, the wash in 4 x SSC at 55°C). Both 

filters in this example were exposed to X-ray film for the same length 

of time. The plate giving rise to S was produced from a strong 

positive, and that giving rise to W, from a weak positive.



x SSC, 1 x Denhardt'8, 60 pg/ml sonicated coli DNA, 100 pg/ml 

poly(A), at 60°C and washed in 4 x SSC at 55°C, before exposure. An 

example of the result obtained is shown in Figure 3.1(a). 7 strongly

hybridizing plaques were found, as well as roughly 20 weakly hybridizing 

plaques (the inaccuracy in estimation is due to the difficulty in 

distinguishing between the latter plaques and artefacts).

(ii) The second screen

All of the strong positives and most of the weak positives were 

picked in plugs of agar (with the blunt end of a Pasteur pipette), and 

replated at 100 to 200 plaques per plate. These were then rescreened 

using the same hybridization and washing conditions as before. Figure 

3.1(b) shows examples of filters taken from a replated strong positive 

and replated weak positive. Clearly, the weakly hybridizing plaque 

retains this characteristic in the second screening (i.e. the weak 

positives are not all artefactual). Unfortunately, only four of the 

strong positives were picked properly and observed in the second screen. 

I shall refer to these as X SAP, X 13A, X 35A, and X 37BP.

Individual plaques corresponding to positives were picked from the 

second screening, and replated. To ensure clonal purity, single plaques 

were picked once again, and stored in phage buffer at 4°C. These were 

the stocks used for subsequent experiments.

3.2 Hybrid-Release Translation (HBT)

3.2.1 Introduction

This section will describe the method used to ensure that the 

recombinents isolated by the above screen contained genuine act in



sequences, and were not the result of hybridization of non-act in 

sequences in the probe; such as the stretches of poly dC and poly dG 

which were left attached to the cDNA insert after cleavage with Pst I.

The method of hybrid-release translation is now in wide use (e.g. 

Cleveland £t , 1980). The technique involves the binding of 

recombinant DNA to a small piece of nitrocellulose paper, followed by 

the use of this in a hybridization reaction with an RNA preparation. 

Only those RNA species complementary to some portion of the recombinant 

DNA will be retained on the filter at the end of the reaction after the 

non-hybridizable RNA has been washed off. These bound RNA species are 

then eluted off the DNA and used as a template for protein synthesis in 

a cell-free translation system. The protein products of a cloned gene 

can then be identified by electrophoresing these ^n vitro translation 

products on the same polyacrylamide gel as proteins of known size and 

identity. Of course, to identify a specific cloned gene, the RNA 

preparation used in the hybridization reaction must contain RNA species 

homologous to that sequence. In this instance, the cloed DNA was 

thought to contain actin sequences, but the type of actin was unknown. 

However, because of the relatively few amino acid differences between 

the vertebrate muscle isoforms (see Section 1.2), it was hoped that the 

hybridization of an actin message to a filter-bound actin clone could be 

achieved, no matter what type of actin gene was involved, by using a 

skeletal muscle RNA preparation and an ovary RNA preparation (both from 
X. borealis). The latter cell-type has been shown to contain a 

considerable amount of beta- and gamma-act in mRNA (Ballantine et al.. 

1979; Sturgess et al^., 1980). The skeletal muscle actin of mammals has 

been shown to differ by only 4 amino acids from cardiac muscle actin, 

and only 6 to 8 amino acids from the smooth muscle actins
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sequences, and were not the result of hybridization of non-act in 

sequences in the probe; such as the stretches of poly dC and poly dG 

which were left attached to the cDNA insert after cleavage with Pst I.

The method of hybrid-release translation is now in wide use (e.g. 

Cleveland et «1., 1980). The technique involves the binding of 

recombinant DNA to a small piece of nitrocellulose paper, followed by 

the use of this in a hybridization reaction with an RNA preparation. 

Only those RNA species complementary to some portion of the recombinant 

DNA will be retained on the filter at the end of the reaction after the 

non-hybridizable RNA has been washed off. These bound RNA species are 

then eluted off the DNA and used as a template for protein synthesis in 

a cell-free translation system. The protein products of a cloned gene 

can then be identified by electrophoresing these ^n vitro translation 

products on the same polyacrylamide gel as proteins of known size and 

identity. Of course, to identify a specific cloned gene, the RNA 

preparation used in the hybridization reaction must contain RNA species 

homologous to that sequence. In this instance, the cloed DNA was 

thought to contain actin sequences, but the type of actin was unknown. 

However, because of the relatively few amino acid differences between 

the vertebrate muscle isoforms (see Section 1.2), it was hoped that the 

hybridization of an actin message to a filter-bound actin clone could be 

achieved, no matter what type of actin gene was involved, by using a 

skeletal muscle RNA preparation and an ovary RNA preparation (both from 
X. boreal is). The latter cell-type has been shown to contain a 

considerable amount of beta- and gamma-act in mRNA (Ballantine et al., 

1979; Sturgess et a K , 1980). The skeletal muscle actin of mammals has 

been shown to differ by only 4 amino acids from cardiac muscle actin, 

and only 6 to 8 amino acids from the smooth muscle actins
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(Vandekerckhove and Weber, 1979).

3.2.2 Results

The isolate, designated X13A (a strong positive), was grown up in a 

litre culture to produce several hundred pg of DNA. This was then used 

for the HRT experiment. Two control types of DNA were also used; these 

were \ bh2, a recombinant isolated from the same library by Dr. William 

Bains (Bains, 1982), which was known to hybridise to several histone 

genes; and pcDd act in B1, the Dictyostelium act in cDNA cloned into 

pBR322 (the insert from this had been used to screen the library). The 

latter acted as a positive control.

DNA of each type was loaded onto a pair of filters, 23 pg on each. 

One filter from each pair was hybridized to 100 pg of unfractionated X. 

boreal is skeletal muscle RNA, and the other to 200 pi of unfractionated 

X. boreal is ovary RNA. The eluted RNA was translated in both the 

reticulocyte lysate and wheat germ cell-free translation systems, and 

the products size-separated by SDS-polyacrylamide gel electrophoresis. 

The wheat germ system was used to detect histones translated from X bh2 

hybrid-released RNA. This is because, in reticulocyte lysates, the 

large amount of globin synthesized from the remaining endogenous 

message, as well as the non-radioactive globin, runs in the same 

position as the histones, and obscures their presence. However, the 

wheat germ system gave a high background due to endogenous message, and 

a clearer result (in the region where actin runs) was obtained with 

reticulocyte lysate.

The fluorographs produced from these gels can be seen in Figure 

3.2. Both translation systems show that, when ovary RNA is used, X 13A 

hybrid-releases a protein that runs at the same position as the
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Figure 3.2: Hybrid-Release-Translation Products

Hybrid-released RNA was translated in (a) a message-dependent wheat 

germ system and (b) a message-dependent reticulocyte lysate system. In 

the former case the products were electrophoresed on an 18Z SDS- 

polyacrylaraide gel, and in the latter case, a 12.SZ SDS-polyacraylaraide 

gel. The incorporated ^S-methionine in each case was detected by 

fluorography.

The products of each translation system without the addition of RNA 

were run in track 1. Track 8 contains the translation products of the 

skeletal muscle RNA. Tracks 2 to 7 contain the translation products of 

RNA eluted from filters: filters 2 and 3 were each loaded with 25 pg of X 

13A, 4 and 5 with 25 pg Dictyostelium actin cDNA clone B1, 6 and 7 with 

25 pg of Xbh2. Filters 2, 4 and 6 were each hybridized with 200 pg of 

unfractionated X. borealis ovary RNA, and filters 3, 5 and 7 with 100 pg 

of unfractionated X_̂  boreal is skeletal muscle RNA. Track 9 in (b) 

contains the translation products of borealis ovary poly(A)* RNA.

The arrow shows the position where an unlabelled rabbit actin

marker ran.
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unlabelled rabbit actin marker. This was also the size of one of the 

most abundant translation products of the skeletal muscle RNA and the 

ovary poly(A)+ RNA. The Dictyostelium actin clone also hybrid-released 

this protein, while X bh2 did not. The latter, as predicted, only 

hybridized to histone RNAs (see track 6 of Figure 3.2a). Neither 

translation system produced the actin-like protein when no message was 

added, confirming that this was a genuine product of hybrid-release RNA. 

It was concluded thatX 13A contained actin-like sequence.

The significance of the stronger actin band produced when ovary RNA 

was used in the hybridization with X13A is not clear. The proportion of 

actin message contained in each preparation could have been 

contributory, as well as differing degrees of homology between each 

actin RNA type and the clone.

The conclusion from this experiment was that the recombinant ^13A 

probably contained genuine actin sequence, and that it was worth 

proceeding with the characterization of this, as well as the other three 

'strong positives'.

3.3 Comparison of the Four 'Strong Positives'

3.3.1 Introduction

The purpose of the experiments described in this section was to 

establish how many different actin sequences were present in these 

clones. The experiments performed with this aim were as follows: the 

sizing of the cloned EcoRI fragments, the identification of those EcoRI 

fragments that hybridize to the Dictyostelium actin clone, and the 

comparison of the 4-cutter restriction di gest patterns of 3 of these 

frsgments. In this way, it was hoped that genes coding for different
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isoforms, or highly diverged genes coding for the same isoform, would be 

detected. This analysis would not necessarily detect allelic 

differences; a desirable attribute, as the man-hours involved in gene

sequencing would make the sequencing of two alleles extremely wasteful.

3.3.2 Results

What size inserts do the clones have?

DNA produced from clones X5AP, X13A, X35A and \37BP (all strong 

positives) and X 22A (a weak positive) was digested with EcoRl and run on 

a 0.62 agarose gel next to a Hind III digestion of 'wild type' DNA.

Figure 3.3(a) shows the resulting bands. A plot of the marker sizes 

against the reciprocal of the distance travelled can be used to obtain

size estimates for the EcoRl inserts. The two largest bands in each of

the EcoRl digested tracks are due to the lambda arms.

5AP has a 2.6 kb insert not shared by the others. X 35A, X13A and X

37BP all have a 3.6 kb insert while X13A also contains a 1.7 kb insert; X

22A has a 6.7 kb insert. The similarity in the insert sizes of X 3SA and X 

37BP suggested that they probably represent the same DNA sequence (which 

has been multiplied in the library amplification step). It was decided, 

therefore, to concentrate on only one of these inserts.

2 13A contains an extra 1.7 kb fragment, and so presumably arose 

from a separate cloning event in the formation of the primary library. 

Although it is obvious that the 3.6 kb fragment must contain sequences 

homologous to the Dictyostelium probe (because 35A and 37BP contain this 

fragment alone), it was necessary to decide whether the 1.7 kb fragment 

would be of interest in this respect. Therefore the EcoRl fragments 

were transferred to nitrocellulose from the gel shown in Figure 3.3(a) 

and probed with the Dictyostelium actin clone once more. The result is
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shown in Figure 3.3(b), which has been over-exposed so that the 

background in track 1 can be seen. Clearly, the probe has not 

hybridized to the 1.7 kb fragment, even though the same low-stringency 

conditions were used as in the original screening. The 3.6 and 2.6 kb

positive' fragment can also be seen to hybridize, to a lesser extent. 

Despite this encouraging sign, all further work was confined to 'strong 

pos it ives'.

Because they were cloned separately, the 3.6 kb inserts of X13A and X 

35A were investigated to see how similar they were. This was done by

isolating the two fragments, mildly nick-translating them̂ , digesting the 

labelled DNA with various 4-cutter enzymes, and running the products of 

the 2 fragments side-by-side on the same 3Z agarose gels. These were 

then dried down onto DEAE cellulose paper and autoradiographed. The 

products of X5AP's 2.6 kb insert were also included on the same gels, 

for comparison. These digests are shown in Figure 3.4, partly for this 

comparison and also because reference will be made to these fragments in 

the next section, on restriction mapping.4 - c u t t e r  r e s t r i c t i o n  enzymes r e c o g n i z e  and c u t  a t  s i t e s  c o n s i s t i n g  o f  4  b a s e s ;  e . g .  Hpa I I  c u t s  a t  CCGG. They w i l l  t h e r e f o r e  te n d  t o  c u t ,  on a v e r a g e ,  once e v e r y  ( •  256) b a se  p a i r s ,  a n d ,  s o ,  a r e  u s e f u l  in  c o m p a r in g  t h e  s e q u e n c e s  o f  two l a r g e  l e n g t h s  o f  DNA. W ith  a l l  s i x  4 -  c u t t e r s  used in  t h i s  e x p e r i m e n t ,  t h e r e  were no d e t e c t a b l e  d i f f e r e n c e s  betw een  t h e  3 .6  kb i n s e r t s  o f  X13A and X35A .  A l s o  t h e r e  were fe w , i f  a n y ,  4 - c u t t e r  fr a g m e n t s  t h a t  were common t o  both X 5 A P  and X35A  ( o r  X 1 3 A ) .  T h e r e f o r e ,  from t h i s  p o i n t  o n ,  a l l  work was c o n c e n t r a t e d  on th e3 . 6  kb fra g m e n t o f  X 3 5 A ,  and t h e  2 .6  kb fragm ent o f  X 5 A P .

'strong positive' fragments have The 6.7 kb 'weak

C"*
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Figure 3.3: Probing the Lambda Inserts with the Dictyostelium

Actin Clone

Approximately 1 pg of various recombinant lambda DNAs were digested 

with EcoRI and the products electrophoresed on a 0.6Z agarose gel, 

containing 1 iig/ml ethidium bromide. The gel was then exposed to 

ultraviolet light and the resulting DNA bands are shown in (a). The DNA 

was then transferred to nitrocellulose paper by the Southern blot method 

and hybridized with nick-translated insert from the Dictyostelium pcDd 

actin B1 clone. The hybridization and washing conditions were the same 

as those originally used to screen the library (see Section 3.1.2 and 

Fig. 3.1). After drying, the nitrocellulose was placed next to X-ray 

film with an intensifying screen. The resulting autoradiograph is shown 

in (b).

The tracks contain the EcoRI digests of X 13A (1),X35A (2),X37BP 

(3), X5AP (4) and X22A (5). Track 6 contained a Hindlll digest of wild 

type lambda as markers. The sizes of the EcoRI inserts are given in

kilobases.
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Figure 3.4: Comparing 4-Cutter Digests of 3 Lambda Inserts

I
X13A, X35A andX5AP were digested with EcoRI, and the 3.6 kb and

2.6 kb inserts gel-purified. These were then mildly nick-translated andA
restricted with various 4-cutter restriction enzymes. The products were 

electrophoresed on a 3Z agarose gel, dried down onto DEAE cellulose 

paper, and autoradiographed with an intensifying screen. Included on 

the gels were radioactive markers consisting of a T4 polymerase end- 

labelled Hpa II digest of pAT153 (track 2) and a T4 polymerase end- 

labelled Hindlll digest of wild type lambda (track 1). In (a), the 

enzymes used were Alu I (3, 6 and 9), Hae III (4, 7 and 10), and Hha I

(5, 8 and 11). Two different lengths of autoradiograph exposure are

shown. In (b) the enzymes used were Hinf I (3, 6 and 9), Hpa II (4, 7

and 10), and Rsa I (3, 8 and 11). In (a) and (b) the digestions were

done with the X5AP insert (tracks 3 to 5), the X13A 3.6 Kb insert 

(tracks 6 to 8), and the X35A insert (tracks 9 to 11).

The sizes of these fragments are given in Figures 3.6 and 3.14.

The marker sizes given are in kilobases.
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3.A Restriction Mapping and Localization of the Genes

3.4.1 Introduction

Depending on the approach adopted for DNA sequencing, a restriction 

enzyme map may or may not be an essential prerequisite. If the method 

of M13 sequencing is adopted initially, there may be no need for such a 

map. There are several variations in the overall strategy of this 

technique, but most involve the generation of restriction fragments 

which are then cloned, either separately or mixed, into the M13 vector. 

After production of single stranded DNA, the inserted DNA is sequenced 

by the dideoxy method (see Methods). The objective is to obtain the 

sequence of all the restriction fragments generated by one enzyme, and 

then to do exactly the same for a second enzyme. It should then be 

possible to overlap the sequences obtained using the two different 

enzymes (in practice, more may have to be used). The essential point is 

that one need not know the relationship of the restriction fragments to 

each other before the sequence is obtained.Such a s t r a t e g y  would h a v e  been p o s s i b l e  w it h  th e  2 c l o n e s  d e s c r i b e d  h e r e  i f  th e  t e c h n i q u e  had been w o rk in g  e f f i c i e n t l y  in  th e  l a b o r a t o r y  a t  t h e  t i m e .  One o f  i t s  f a i l i n g s  i s  t h a t  l a r g e  amounts o f  u n i n t e r e s t i n g  se q u e n ce  may h a v e  t o  be produced b e fo r e  t h e  i n v e s t i g a t o r  o b t a in s  th e  s e q u e n c e  o f  th e  r e g i o n  h e  i s  i n t e r e s t e d  i n .  W it h o u t  any p r e l i m i n a r y  m a p p in g ,  he w i l l  n o t  e v e n  know how much o f  t h e  g e n e  i s  p r e s e n t  on th e  s e c t i o n  o f  DNA he h a s  c l o n e d .  I  d e c i d e d ,  t h e r e f o r e ,  t o  make a d e t a i l e d  r e s t r i c t i o n  map o f  t h e s e  c l o n e s ,  t o  f i n d  t h e  p o s i t i o n  o f  th e  a c t  in  se q u e n c e s  on t h e s e ,  and t h e n  sequ ence th e  r e l e v a n t  r e g i o n s  u s i n g  t h e  method o f  G i l b e r t  and M a x a a .  The l a t t e r  t y p i c a l l y  i n v o l v e s  th e  e n d - l a b e l l i n g  o f  a s p e c i f i c  r e s t r i c t i o n  fr a g m e n t ,  f o l l o w e d  by t h e



cleavage of Chat fragment with a second enzyme, to produce material 

labelled at only one end (which is then used in the sequencing reaction; 

for details, see Methods). There is obviously a need with such a method 
to have as detailed a map as possible. This is the reason for the work 

to be described in this section.

There are two basic approaches to restriction mapping in current 

use. In the first of tl^e, the cloned DNA is digested with an enzyme, 

and the fragments sized by electrophoresis. The DNA may then be doubly 

digested with this and a second enzyme, and the products analysed. The 

second enzyme may cut one or more fragments produced by the first, 

leaving others intact. By repeating this with many other pairs of 

enzymes, it may be possible, eventually, to deduce the positions on the 

whole molecule where each enzyme cuts. There is a drawback with such a 

procedure, in that, to map the restriction sites of many 4-cutters 

(which tend to cut very often; once every 256 bases, on average) from 

several kilobases of DNA, a large mass of data would have to be 

analysed. Such an analysis is very difficult, unless performed on 

smaller portions of the DNA.

In the second procedure, the DNA is prepared labelled at one end.I t  i s  t h e n  p a r t i a l l y  d i g e s t e d  w it h  t h e  t e s t  enzyme t o  g e n e r a t e  a m i x t u r e  o f  p r o d u c t s ,  w hich a r e  then s e p a r a t e d  by e l e c t r o p h o r e s i s  and d e t e c t e d  by a u t o r a d io g r a p h y  (S m ith  and B i r n s t i e l ,  1 9 7 6 ) .  O n ly  t h o s e  fr a g m e n ts  w it h  th e  l a b e l l e d  end a t t a c h e d  w i l l  be d e t e c t e d .  The s m a l l e s t  band on th e  a u t o r a d io g r a p h  w i l l  thu s c o r r e s p o n d  t o  t h e  t e r m i n a l  f r a g m e n t ,  t h e  se co n d  s m a l l e s t  b e in g  th e  t e r m i n a l  fr a g m e n t  p l u s  i t s  n e i g h b o u r ,  and s o  o n .  In t h i s  w a y ,  t h e  d i s t a n c e s  o f  t h e  v a r i o u s  s i t e s ,  from t h e  p o i n t  o f  l a b e l l i n g ,  c a n  be worked o u t .  P r o v id e d  pure e n d - l a b e l l e d  s M t e r i a l  can be m ade, t h i s  i s  a more r a p i d  t e c h n i q u e  th a n  t h a t  o f  d o u b l e - d i g e s t s .



Both of these methods were used in assembling the maps in this 

study; as well as several variations on these. As the positioning of 

the actin coding sequence was an integral part of the mapping process, 

this will be described in this section as well.

3.4.2 Results

Restriction map of X35A insert 

The 6-cutter map

To provide a framework around which the more numerous 4-cutter 

sites could be placed, I initially digested nick-translated insert with 

numerous 6-cutters. Ava I, Bam HI, Sal I, Hind III, Pst I, Hinc II all 

failed to cut it. Kpn I, Sst I and Xba I each cut the insert once, as 

shown in Figure 3.5(a). To position these sites, the 3 possible 

combinations of double digests were performed. The results of these are 

shown in Figure 3.5(b).

If we fix the Kpn I site at 0.75 kb from one end, the question this 

experiment is asking becomes: in what order does one find the Xba I and 

Sst I sites, on proceeding towards the centre of the insert?E x a m in a t io n  o f  F i g u r e  3 . 5 ( b )  shows t h a t  in  t h e  d o u b le  d i g e s t s  i t  i s  th e2 .1  kb S s t  I  fr a g m e n t and t h e  1 .7  kb Xba I  fr a g m e n t t h a t  i s  d i g e s t e d  by Kpn I .  T h i s  g i v e s  th e  o r d e r  o f  s i t e s  a s  b e in g  K p n - X b a - S a t ,  as  w e l l  as g i v i n g  t h e  d i s t a n c e  betw een th e  s i t e s .  F i g u r e  3 . 5 ( c )  i l l u s t r a t e s  the  s i t e  p o s i t i o n s  t h a t  a r e  c o n s i s t e n t  w it h  t h e  d o u b le  d i g e s t s .  The o n ly  i n c o n s i s t e n c y  in  F i g u r e  3 . 5 ( b )  i s  t h e  l a c k  o f  0 . 4  kb fragm ent in  t r a c k2 .  T h i s  may be a t t r i b u t e d  to  t h e  breakdown o f  th e  n i c k - t r a n s l a t e d  DNA ( w it h  th e  p a s s i n g  o f  t i m e )  w hich te n d s  t o  o b s c u r e  s m a l l e r  f r a g m e n t s .  I t  s h o u l d  be e x p l a i n e d  t h a t  t h e  l a r g e s t  band in  each  o f  t r a c k s  1 t o  3 has
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been interpreted as being due to a partial digestion, i.e,, if the 

digestion had gone to completion, these bands would have disappeard. In 

such nick-translated (or unlabelled) material such bands can often be 

identified because of the greater intensity of smaller bands (the 

intensity should be roughly proportional to the size of the fragment).

35A: The 4-cutter map

In this section, reference will be made to the various fragments 

produced by the enzymes on digestion ofX35A insert. The autoradiographs 

showing these products have been shown in Figures 3.5, but the fragment 

sizes are summarized, for convenience, in Figure 3.6.

Figure 3.7 shows the results of partial digestions carried out on 

the two Sst I fragments. The whole Eco RI fragment was end-labelled 

with T4 DNA polymerase, digested with Sst I, and the two fragments 

separated on a 12 agarose gel. Figure 3.7(a) shows the partial 

digestions on the 1.5 kb fragment, and Figure 3.7(b), those on the 2.1 

kb fragment. Because DNA extracted from agarose gels tends to be 

contaminated with DNA smaller in size, there are bands in partials of 

the 2.1 kb fragment that can be attributed to the 1.5 kb fragment.These were e l i m i n a t e d  from th e  a n a l y s i s ,  a l t h o u g h  i t  i s  p o s s i b l e  t h a t  some may r e p r e s e n t  g e n u in e  s i t e s  in  th e  l a r g e r  fr a g m e n t .Some i n f o r m a t i o n  was o b t a i n e d  by t h e  c o u p l e t e  d i g e s t i o n  o f  en d - l a b e l l e d  X 35A i n s e r t  w hich had n o t  been c u t  i n t o  two (shown i n  F ig u r e  3 . 7 c ) .  T h i s  g a v e  t h e  end fr a g m e n ts  o f  some e n z y m e s .  F o r t u i t o u s l y ,  th e  two ends o f  t h e  E c o R I  fra g m e n t l a b e l l e d  t o  d i f f e r i n g  e x t e n t s  w it h  T4 DNA p o ly m e r a s e ,  and t h e  end fr a g m e n ts  c o u l d  each  be a s s i g n e d  t o  one end.
The interpretation of all of these experiments is summarized in Figure3 .9
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Confirmation of some of this information was achieved with the 

double digests shown in Figure 3.t. The position of the 1.05 kb Hinf I 

fragment was confirmed because it was cut by Sst I, and not by Xba I (or 

Kpn I); see Figure 3.8(a). Similarly, the 0.9 kb Rsa I fragment and the 

1.85 kb Hpa II fragment were cut only by Sst I; see Figure 3.8(b).

Some extra information was generated by the double digests shown in 

Figure 3.8(b). The largest (0.9 kb) Hae III fragment was cut by Sst I 

but not by the other 6-cutters. One of the two 0.85 kb Hha I bands is 

cut by each of the 6-cutters (it is known from the end-labelling 

experiments that the 1.05 kb fragment is at one end and cannot be cut by 

these enzymes). As it is known that one 0.85 kb fragment is an end 

fragment, the other 0.85 kb Hha I fragment can now be positioned. These 

additions are shown as dotted lines in Figure 3.9.

Where, on this map, is the actin sequence?

Having c o n s t r u c t e d  t h i s  map, th e  r e g io n  c o n t a i n i n g  th e  a c t i n  sequ ence was l o c a t e d .  I n s e r t  from 1 35A was d i g e s t e d  w it h  v a r i o u s  6 -  and 4 - c u t t e r  enzym es, th e  p r o d u c t s  s e p a r a t e d  on a 3Z a g a r o s e  g e l ,  and b l o t t e d  o n to  n i t r o c e l l u l o s e .  T h is  was then probed w i t h  i n s e r t  from t h e  D i c t y o s t e l i u m  a c t i n  cDNA c l o n e  under the  same, low s t r i n g e n c y  h y b r i d i z a t i o n  and w a sh in g  c o n d i t i o n s  as used in  t h e  o r i g i n a l  s c r e e n i n g .  The r e s u l t i n g  a u t o r a d i o g r a p h  is  shown in  F ig u r e  3 . 1 0 .  The h y b r i d i s i n g  r e g i o n  i s  c l e a r l y  c o n f i n e d  t o  th e  s m a ll  1 .5  kb S s t  I  f r a g m e n t .  N e i t h e r  t h e  2 .1  kb S s t  I  nor th e  1 .7  kb Xba I  fragm ent h a s  ' l i t  u p ' .  A l l  th e  h y b r i d i s i n g  bands in  F i g u r e  3 .1 0  a r e  c o n s i s t e n t  w i t h  t h i s  l o c a l i s a t i o n .  C l e a r l y  t h i s  was t h e  r e g i o n  in  which t o  s t a r t  s e q u e n c i n g .
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Figure 3.5: 6-Cutter Digests and Double-Digests on 35A

X35A DNA was digested with EcoRI and the 3.6 kb insert gel- 

purified. This was digested with various enzymes and the products 

electrophoresed on 1.5Z agarose gels. These were dried onto DEAE 

cellulose paper and autoradiographed with screens. The enzymes used in 

(a) were Sst I (1), Kpn I (2) and Xba I (3). The enzymes used in (b) 

were Sst I and Kpn (1), Sst I and Xba I (2), and Xba I and Kpn I (3). 

Track 4, in each case, contained the radioactive XHind III markers (see 

Appendix I for the sizes of these). The numbers refer to the sizes, in 

kilobases, of the bands.

The positions of the enzyme sites, that are consistent with these 

digests, are shown in (c). The numbers represent the distance, in 

kilobases, betwen various sites.
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Figure 3.6: Restriction Fragment Sizes of 35A

Restriction fragment sizes (in kilbases) of the X 35A 3.6 kb Eco RI 

insert. In the case of Rsa I and Alu I there are definitely many small 

fragments that cannot be separated and sized with the gel system used.
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Figure 3.7(a) and (b): Partial Digests on End-Labelled Sst I

Fragments of 35A

Partial digests on end-labelled Sst I fragments of 35A. The 3.6 kb 

EcoRI fragment ofV35A was end-labelled using T4 DNA polymerase I and 

then digested with Sst I. The 2.1 kb and 1.5 kb fragments were 

separated by electrophoresis on a 1Z agarose gel and extracted. (a) 

shows the results of partial digestion of the end-labelled 1.5 kb Sst I 

fragment with Sau 3AI (A), Rsa I (B), Hha I (C) and Hinf I (D). (b)

shows the results of partial digestion of the (impure) 2.1 K fragment 

with Hinf I (A) and Hpa II (B). For each enzyme, 1 pg of unlabelled DNA 

was added to each of 4 tubes, together with a small amount of the 

relevant labelled fragment. The tubes were incubated with the relevant 

enzyme for 0 minutes (1), 5 minutes (2), 30 minutes (3), or 120 minutes 

(4), before the reactions were stopped by the addition of Tris-acetate 

sample buffer, followed by heating to 70°C for 10 minutes. The 

radiolabel led markers (a mixture of a Hinf I digest of pAT153 and an 

EcoRl/Hind III digest of wild-type lambda DNA - see Appendix I) were run 

in the tracks labelled M. In (b), X marks the bands thought to be 

contaminants from the 1.5 Kb Sst I fragment. The band sizes are in

kilobases
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Figure 3.7(c): Total Digests on End-Labelled 35A

Total digests on the end—labelled 3.6 kb EcoRI insert of X 35A. The

3.6 kb EcoRI insert of X35A was end-labelled with T4 DNA polymerase I, 

and after digestion with various enzymes, the products were separated by 

electrophoresis on a 3% agarose gel. This was then dried onto DEAE 

cellulose paper and autoradiographed with an intensifying screen. The 

enzymes used were Haelll (1), Hha 1 (2), Hinf I (3), Rsa I (^), Alu I 

(S’), Sau 3A1 (&) and Hpa II (7). The markers (in the tracks labelled M) 

were as in (a) and (b) except that the pAT153 and lambda digests were

run in separate tracks.
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Figure 3.8: Double Digests on 35A

(Mtft*)
The 3.6 kb Eco RI fragment of K 35A was mildly nick-translated^and 

digested with various combinations of enzymes. The products were 

electrophoresed on 3Z agarose gels, dried onto DEAE cellulose paper, and 

autoradiographed with intensifying screens. In (a), the enzymes used 

were: Hinf I + Sst I (1), Hinf I ♦ Kpn I (2), Hinf I ♦ Xba I (3), and 

Hinf I alone (4). In (b), the labelled Eco RI insert was first digested 

with either Sst I (2), Kpn I (3) or Xba I (4). Each of these was then 

digested with Hae III(A), Hpa II (B), Rsa I (C), and Hha I (D). Track 1 

in each case was digested with the 4-cutter enzyme alone. The sizes are 

in kilobases.

105

Q35
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Figure 3.9: Restriction Map of 35A

The interpretation of the gels shown in Figures 3.7 and 3.8. Most 

of the sites are derived from the end-labelling work,but the positions 

of restriction fragments drawn with dotted lines were determined by 

double digests. Additions to this map, as a result of sequencing, are 

shown in Fig. 3.20.
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Figure 3.10: Locating Actin Sequence on the 35A Map

The 3.6 kb Eco RI insert from X35A was gel-purified and digested 

with Hae III (4), Hha I (5), Hinf I (6), Hpa II (7), Alu I (8), Rsa I 

(9), Kpn I (10), Xba I (11), and Sst I (12). The products were 

separated on a 3Z agarose gel and Southern-blotted onto nitrocellulose. 

The latter was then probed with P-nick-tran9lated insert from the 

Dictyostelium pcDd actin B1 clone under the same hybridization 

conditions as the original screening (see Fig. 3.1). The dried filter 

was then autoradiographed with an intensifying screen. Tracks 1 and 14 

contained an end-labelled Eco Rl/Hind III digest of wild-type lambda, 2 

and 13, an end-labelled Hpa II digest of pAT153, and 3, undigested EcoRI 

fragment. The marker sizes are in kilobases (see Appendix 1 also).



? 0

Restriction Map of X SAP Insert 

The 6-cutter map

The insert of X SAP was mildly nick-translated, and incubated with 

various 6—cutters. Ava I, Bam HI, Sal I, Sst I, Kpn I, Xba I, and Acc 

I, all failed to cut it. Figure 3.11(a) shows the products produced by 

digestion with Pst I, Hind III and Hinc II and Figure 3.11(b), the 

products of the three double digestions possible with these enzymes. As 

there is one Pst I site, it is easiest to orientate everything around 

this. Clearly, the largest Hind III fragment (1.05 kb) is the one cut 

by Pst I. Reference to the total digestion of end-labelled insert, 

shown in Figure 3.12, shows that the 1.25 kb and 0.8 kb Hind III 

fragments are on the outside; while the 0.45 kb fragment is unlabelled 

and so must be in the interior. Similarly, Figure 3.12 shows the 0.95 

kb and 0.19 kb Hinc II fragments to be labelled, and therefore are on 

the ends. Figure 3.11 shows that it is the large (1.2 kb) Hinc II 

fragment that is cut by Pst I. The order of six-cutter sites is shown 

in Figure 3.13(a). The position of the 0.21 kb Hinc II fragment, 

adjacent to the 0.175 kb, can be deduced from the fact that the 1.2 kb 

Hinc II fragment is cut by Hind III into 0.4 kb and 0.8 kb fragments 

(and not into 0.2 kb and 1 kb fragments).

The 4-cutter map

As with 35A, the total digests on nick-translated insert with 

various 4-cutters have already been shown in Figure 3.4. The fragment 

sizes are summarised, for convenience, in Figure 3.14. Figure 3.1JL 

shows the results of T4 polymerase I end-labelling the 2.6 kb Eco RI 

insert of X5AP, and then digesting with various 4 cutters. Only the 

outermost fragments should remain labelled after a total digestion. In
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the case of Hpa II, these are 1.1 kb and 0.85 kb in size, and in the 

case of Hinf I, 0.54 kb and 0.39 kb.

It was at this point in making the map of 5AP that the localization 

of the actin sequence was used in constructing the map itself, and it is 

therefore more convenient to describe the two processes in an integrated 

fashion.

The 5AP insert was digested with various enzymes, and the products 

ran out on a 3Z agarose gel. These were then blotted onto 

nitrocellulose and probed with insert from the Dictyostelium clone 

(exactly the same experiment as with 35A). The results are shown in 

Figure 3.15. The interpretation of this experiment is more complicated 

than the equivalent one performed with 35A.

Nevertheless, the actin sequence is clearly localized on the larger Pst 

I fragment, and hybridizes most strongly to the 0.95 kb Hinc II 

fragment. If it is accepted that the right hand end of the insert (see 

Fig. 3.13) hybridizes the most strongly, then one can place the 0.54 kb 

Hinf I, and the 0.85 kb Hpa II, fragments at this end as well. This 

fixes the Hpa II sites with respect to Figure 3.13(a), but still leaves 

the orientation of the central two Hinf I fragments in doubt. This was 

clarified by the experiments shown in Figure 3.16. If the 1.15 Hinf I 

fragment is adjacent to the 0.54 kb fragment, then the 0.64 kb Hpa II 

fragment would not be cleaved in a Hpa II/ Hinf I double digest (nor 

would the 0.49 kb Hinf I fragment). However, Figure 3.16(a) shows that 

the 0.64 kb fragment is cut in this digest. Therefore, it is the 0.49 

kb Hinf I fragment that is adjacent to the 0.54 kb Hinf I fragment.

This orientation is confirmed by the fact that it is the 1.15 kb Hinf I 

fragment that is cut by Pst I (sea Figure 3.16(b)). The resulting map 

and hybridising regions are ahown in Figure 3.13(b). In Figure 3.15,
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Figure 3.11: 6-Cutter Digests and Double-Digests on SAP

The 2.6 kb insert of X 5AP was mildly nick-translated and digested 

with various 6-cutter restriction enzymes. The products were 

electrophoresed on (a) a 1.5X agarose gel, and (b) a 31 gel. These were 

then dried onto DEAE-cellulose paper and autoradiographed with 

intensifying screens. For (a), the enzymes used were: Hind III (1), Pst 

I (2), and Hinc II (3). For (b), the enzymes used were: Pst I ♦ Hind 

III (1), Pst I + Hinc II (2), and Hind III ♦ Hinc II (3). The band 

sizes are given in kilobases.



Fig.3.12
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Figure 3.12: Total Digests on End-Labelled 5AP

The 2.6 kb insert of 15AP was end-labelled with T4 DNA polymerase I
M.nFI(fcJ«.U H,-.If»).

and then digested with Hind III (3), Hinc II (4), and Pst I (5)^y The 

products were electrophoresed on a 3Z agarose gel, dried onto DEAE- 

cellulose paper and autoradiographed with an intensifying screen. Track 

1 contained a radiolabel led Eco Rl/Hind III wild-type lambda digest, and 

track 2, a radiolabelled Hpa II pAT153 digest (see Appendix 1 for the 

sizes of these markers). The band sizes are given in kilobases.



Fig.3.13 SAP: 6 —cutter and 4_cutter maps
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Figure 3.13: Restriction Map of 5AP

The 6-cutter restriction map of 5AP (a) together with the 4-cutter 

map and the regions that apparently hybridized to the Dictyoatelium pcDd 

actin B1 insert (b). The 6-cutter map results from the digests shown in 

Figures 3.11 and 3.12, and the 4-cutter map, from digests shown in 

Figures 3.15 and 3.16.
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Fig. 314 5AP restriction fragments

Hinfl Hpal Haeill Alu)

1.15 1.1 1.35 0.71

Q54 0.85 0.4 0.51

049 0.64 0.35 027

0.39 0.2 0.23

•
0.17 0.15

? ?

Rsal H indi Hincfl Pstl

1.55 1.25 1.2 1.65

0.38 0.88 0.95 0.95

0.27 0.45 0.21

025 0.19

0.17



Figure 3.14: Restriction Fragment Sizes of 5AP

The sizes (in kilobases) of the fragments generated on digestion of 

the X5AP Eco RI insert with various restriction enzymes. There are no 

Hha I sites.





à I
 4





Figure 3.15: Localization of Act in Sequence on the SAP Map

The Eco RI insert of X5AP was digested with Hinf I (1), Hpa II (2), 

Alu I (3), Rsa I (4), Hind III (5), Hinc II (6), and Pst I (7). The 

products were electrophoresed on a 3X agarose gel and Southern-blotted. 

The nitrocellulose filter was then probed with nick-translated insert 

from the Dictyostelium actin pcDd actin B1 clone (in the same 

hybridization conditions as used to screen the library - see Section

3.1.2 and Figure 3.1). The dried filter was autoradiographed with an 

intensifying screen. Track 9 contained a radiolabel led EcoRI/Hind III 

digest of wild type lambda, and track 8, a labelled Hpa II pAT 133 

digest (see Appendix 1 for the marker sizes).
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The 2.6 kb Eco RI insert of X5AP was mildly nick-translated and 

digested with (a) Hinf I (1), Hpa II (2), and Hpa II ♦ Hinf I (3); and 

(b) Hinf I t Pst I (1), and Hinf I (2). Track 3 in (b) is a marker 

track consisting of a mixture of a radiolabel led EcoRl/Hind III digest 

of wild type lambda and a radiolabelled Hpa II digest of pAT 153 (see 

Appendix 1 for the marker band sizes). The DNA was electrophoresed on 

3X agarose gels and dried onto DEAE-cellulose paper. This was 

autoradiographed with an intensifying screen. The sizes of several 

bands discussed in the text are shown (in kilobases).

Figure 3.16: Double-Digests on 5AP



the probe does not seem to have hybridized to the 0.95 kb Pst I 

fragment, yet has hybridized to the 1.25 kb Hind III fragment, leaving 

the 0.45 kb Hind III fragment unhybridized. This suggested two separate 

act in coding regions on the clone, and the sequencing that followed was 

concentrated, initially, on these areas.

3.5 Recloning into pBR325

For greater convenience of DNA preparation, the 3.6 kb Eco RI 

insert of X 35A and the 2.6 kb Eco RI insert of X 5AP were recloned into 

the Col El-derived vector pBR325 (Bolivar, 1978; Prentki e£ a 1., 1981). 

In each case, gel-purified insert (approx. 0.2 pg) was ligated with Eco 

Rl-linearized pBR325 (approx. 0.5 pg) and transformed into the E^ col i 

strain HB101. The plasmid pBR325 contains a gene that confers 

resistance to the drug ampici11 in. Consequently, the bacteria were 

spread onto ampicil1 in-containing plates to select for those containing 

plasmids. These colonies were then picked onto chloramphenicol- and 

ampicillin-containing plates. The unique Eco RI site in pBR325 is in 

the middle of the chloramphenicol-resistance gene, and insertion into 

this site inactivates the gene (Bolivar, 1978). Therefore, those 

colonies that grew on ampicillin plates, but not on chloramphenicol 

plates, contained recombinant plasmids. Such colonies were picked from 

the ampicillin plates and grown up on 10 ml cultures. DMAs prepared 

from these were restricted with Eco RI and the products run on agarose 

gels. Those clones that gave rise to the same size Eco RI band as the X 

35A or XSAp inserts, used as markers, were subsequently grown up (and 

shown to give the same restriction products as the inserts of X3SA and X 

5AP; data not shown). These clones will be referred to as p5AP and



p35A. For simplicity, I will often refer to the 2.6 kb and 3.6 kb Eco 

RI inserts from these clones as 5AP and 35A, respectively.

3.6 Sequencing the Clones

Having obtained a rudimentary map and the rough positions of the 

actin sequences, I began to sequence the clones. This usually involved 

the Maxam and Gilbert (1975) method, but on several occasions a 

restriction fragment was cloned into the appropriate M13 vector and 

sequenced by the dideoxy method developed by Sanger e£ aj_ (1977). Both 

of these methods are described in detail in Section 2.

When using Maxam and Gilbert sequencing one must be able to 

generate end-labelled material. Three methods of doing this were used 

in this study. Two different DNA polymerase enzymes were used. One of 

these, the Klenow fragment of E_̂  coli DNA Polymerase I, was used only 

rarely because it was frequently found to produce internal labelling of 

the fragment. (This may have been a property of the particular batch of 

enzyme in use at the time.) Far more frequently used, was T4 DNA 

polymerase I, which was free from this problem. Both of these enzymes 

can add labelled nucleotides, in a 5' to 3' direction, onto an end 

produced by a reatriction enzyme leaving a 5' overhang; the latter 

acting aa the template. I have also used the 3' exonuclease, or proof

reading, activity of the T4 enzyme, on several occasions, to produce 

labelled ends for sequencing (e.g. labelling Eco RI and Hinf I sites at 

the G position). The third method used here exploits the ability of T4 

polynucleotide kinase to add a radioactive phosphate group onto the 5* 

end of a 5* overhang, once the original phosphate has been removed by a 

phosphatase (see Methods).



Whatever the method used, the end-labelled fragment was usually cut 

with another restriction enzyme so as to produce fragments unequal in 

size that could easily be separated on gels. (Although, on several 

occasions, the initial fragment was such that it was possible to label 

one end only; e.g. Hpa II - Eco RI, Hind III - Eco RI, and some Hinf I - 

Eco RI fragments.) The fragments were then subjected to the sequencing 

chemistry, and the products run on sequencing gels, as described in 

Methods. Figures 3.17 and 3.19 give the detailed sequencing strategies 

for both clones.

The regions of DNA sequenced, together with the resulting 

restriction maps and gene structures are shown in Figures 3.18 and 3.20.
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A map of 5AP showing the sequencing strategy. Most of the regions 

were sequenced by the Maxam and Gilbert method. The exception, labelled 

M13, was sequenced using the method of Sanger e£ al̂ . (1978) - see 

Section 2.13. The restriction enzyme sites for Eco RI (E), Hinf I (H), 

Pst I (P), Hind III (D), Hpa II (M) and Sau 3A1 (S) are shown.

Sections 1 to 12 were end-labelled using T4 DNA polymerase. For 

sections 1 and 2 the 2.6 kb Eco RI fragment was labelled with P dGTP, 

and then cut with Hinc II. For sections 3 and 4 the 1.15 kb Hinf I 

fragment was labelled with 32PdGTP, and similarly for 5 and 6 using the 

0.49 kb Hinf I fragment, both being cut with Hpa II. The 0.64 kb Hpa II 

fragment was used for sections 7 and 8 and the 1.1 kb Hpa II/Eco RI 

fragment for section 9. Both were labelled with P dCTP and cut with 

Hinf I. For section 10 the 0.85 kb Hpa II-Eco RI fragment was labelled 

only at the Hpa II end, using ^2P dCTP and unlabelled dATP. The 0.54 kb 

Hinf I-Eco RI fragment was used for section 11, being labelled only at 

the Hinf I end using ^2P dGTP and unlabelled dATP. The same labelling 

method was used to label only the Hind III end of the 0.34 kb HindI I l / H i n f  I  f r a g m e n t ,  t o  o b t a i n  s e c t i o n  12. S e c t i o n  13 used th e  2 .1 5  kb
32Sau 3AI fra g m e n t w hich was l a b e l l e d  w i t h  Klenow fra g m e n t and P dGTP b e f o r e  b e in g  c u t  w it h  H in f  I .S e c t i o n  14 was sequenced by c l o n i n g  the  0 .9 5  kb P s t  I -  Eco RI fra g m e n t i n t o  an M13 mp8 v e c t o r ,  w h ich  had p r e v i o u a l y  been r e s t r i c t e d  w it h  Eco RI and P a t  I ,  and s e q u e n c in g  by the  S a n g e r  m eth od.

Figure 3.17: Sequencing Strategy for 5AP



Fig. 3.18 5AP
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Figure 3.18: Detailed Restriction Map of 5AP

A more detailed restriction map of the p5AP insert showing those 

regions that were sequenced (S), and those regions (hatched) that code 

S for actin (C). The region labelled P is the Hinf I - Bst NI fragment

q  used as a probe for genomic blots (see Section 7.1).
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Figure 3.19: Sequencing Strategy for 35A

A map of 35A showing the sequencing strategy. Those regions 

sequenced by the Sanger method are shown under the 'M13', and those by 

the Maxam and Gilbert method, between the latter and the 'M ♦ G'. The 

restriction sites of Eco RI (E), Hinf 1 (H), Hpa II (M), Bst NI (B) and 

Sau 3A1 (S) are shown (NB: only part of 35A has been mapped for Bst NI - 

see Fig. 3.20).

Sections 1 to 12 were end-labelled using T4 DNA polymerase. For
32sections 1 and 2 the 3.6 kb Eco RI fragment was labelled with P dGTP,

and cut with Hinf I. For sections 3 and 4 the 0.75 kb and 1.85 kb Hpa
32II-Eco RI fragments were labelled at the Hpa II end only with P dCTP 

and unlabelled dATP. For section 5 a 0.35 kb Hinf I fragment was 

labelled with ^ P  dGTP, and cut with Hpa II. For 6 and 7, the 1.05 kb 

Hinf I fragment was labelled with ^ P  dGTP and cut with Hha I (see 

Figure 3.20). Section 8 used the 0.5 kb Hinf I-Eco RI fragment,

labelled at the Hinf I end, only, with ^2P dGTP and unlabelled dATP.For s e c t i o n  9 ,  t h e  0 .9 4  kb Sa u 3A1-Xba I  fra g m e n t was l a b e l l e d  a t  t h e  Sau 3AI end o n l y ,  w it h  ^2P d G T P .  For s e c t i o n s  10 and 1 1 , t h e  0 .3 8  kb Sau 3AI fragm ent was l a b e l l e d  w i t h  32P dGTP and c u t  w it h  Hae I I I .  F o r  s e c t i o n  12, th e  0 . 6  kb Sau 3 A I - E c o  RI fr a g m e n t was l a b e l l e d  a t  th e  Sau 3AI e n d ,  o n l y ,  w it h  ^2P dGTP a n d  u n l a b e l l e d  dATP.S e c t i o n s  13 t o  17 were e n d - l a b e l l e d ,  u s i n g  T4 p o l y n u c l e o t i d e  k i n a s e ,  w it h  g a m m a -la b e lle d  ^2 P ATP. S e c t i o n s  13 and 14 used th e  0 .1 5  kb Hpa I I  fr a g m e n t ,  w hich was c u t  w it h  Sau 3A1 a f t e r  l a b e l l i n g .  S i m i l a r l y ,  th e  0 .7 5  kb Hpa I I  fragm en t was used f o r  s e c t i o n  1 5 , and c u tw it h  H i n f  I .  The 0 .4 6  kb Bat N I  fragm ent ( fro m  t h e  1 .9  kb Xba I - E c o  RIfr a g m e n t)  was used f o r  s e c t i o n s  16 and 17, b e in g  c u t  w it h  S s t  I .
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For section 18, an M13 mp8 vector was cleaved with Bam HI and a Sau 

3A1 digest of the whole 3.6 kb Eco RI fragment was ligated with this 

preparation. A clone with an insert over 2 kb in size was partially 

sequenced by Mr. A. Mohammed and was found to contain the region shown 

(i.e. the sequence spanning the Hpa II site).

For sections 19 to 21, an M13 mp7 vector was cleaved with Acc I and 

gel- purified 0.15 kb and 0.75 kb Hpa II fragments were ligated, 

separately, with this. The insert orientation test (see Section 2.29) 

was used to identify recombinants with inserts in opposite orientations. 

The clones of the 0.75 kb fragment were found to include some in both 

orientations, and so, sequence was obtained from both ends. The 

sequence obtained from the 0.15 kb clone was used only for spanning the

Sau 3A1 site.
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Figure 3.20: Detailed Restriction Map of 35A

A more detailed restriction map of the p35A insert showing those 

regions that were sequenced (S) and those regions (hatched) that code 

for actin (C). The position of the majority of the leader sequence (L) 

is shown (see Section 5.1.2; 8 bases of the 5' untranslated region also 

lie adjacent to the first coding exon). The region marked P corresponds 

to the Hha I-Bst N1 fragment used in Section 5 for primer extension

studies.



i 4

4 SEQUENCE ANALYSIS

4.1 The Coding Sequence

Do actin-coding regions exist in 35A and SAP? Figures 4.1 and 4.2 

show all of the sequence obtained from SAP and the sequence of regions 

4, S and 6 from 3SA (see Fig. 3.20). In the sequence of SAP, two blocks 

of sequence can be found that, when translated, differ from the revised 

rabbit skeletal muscle actin sequence (Elizinga and Lu, 1976; Collins 

and Elzinga, 1975; Vandekerckhove and Weber, 1978b) in only 2 out of 149 

amino acid positions. Similarly, in 3SA there are 3 regions that 

translate to give 267 amino acids, in which there are 18 differences 

from the rabbit sequence. There can be little doubt, therefore, that 

these regions do represent the exons of actin genes. It comes as no 

surprise that these coding regions are separated by regions that 

presumably serve no coding function. Such introns have been found in 

the majority of eukaryotic polymerase II genes to date (Breathnach and 

Chambon, 1981).What d o e s  th e  amino a c i d  s e q u e n c e  t e l l  u s?  F i g u r e  4 . 3  shows a com parison made between t h e  amino a c i d  s e q u e n c e s  o f  th e  5AP and 35A- encoded p r o t e i n s ,  r a b b i t  s k e l e t a l  m u s c le  a c t i n  and mammalian c y t o s k e l e t a l  a c t i n .  V a n d e k e rck h o ve  and Weber (1 978b) h a v e  d ete rm in e d  the  amino a c i d  se q u e n ce s  o f  a number o f  v e r t e b r a t e  a c t i n s ,  com p ariso n s between w h ich  h a v e  r e v e a l e d  a number o f  amino a c i d  p o s i t i o n s  a t  which m uscle  a c t i n s  d i s p l a y  one c h a r a c t e r i s t i c  r e s i d u e ,  and c y t o s k e l e t a l  a c t i n s  a n o t h e r .  A c o m p a riso n  o f  p o s i t i o n s  S t o  266 in  F i g u r e  4 .3  shows t h a t ,  in  e a c h ,  th e  SAP-encoded p r o t e i n  has t h e  amino a c i d  t h a t  is  p re se n t  in  r a b b i t  s k e l e t a l  m u s c le  a c t i n  w h i l e  th e  3 S A -e n co de d  p r o t e i n  has the  s u b s t i t u t i o n  p r e s e n t  in  t h e  m asssalian c y t o s k e l a t a l  t y p e s .  There
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Figure 4.1: Sequence of 5AP: Regions 1 to 5

The AnWsense strand sequence of regions 1 to 5 of 5AP (see Figure 

3.18) is shown. Each full line contains 60 bases. In regions 3 and 5, 

two blocks of sequence are found which encode an amino acid sequence 

similar to a mammalian muscle-specific actin (the encoded amino acids 

are shown above the DNA sequence). Putative splice sites that obey 

Breathnach and Chambon's rule (see Section 4.4) are indicated by large 

arrow heads. The positions of the restriction enzyme cutting sites 

shown in Figure 3.18 are indicated.
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The sense strand sequence of regions 4 to 6 of 35A (see Figure

3.20) is shown. Each full line contains 60 bases. In regions 5 and 6, 

three blocks of sequence were found which encode an amino acid squence 

identical (except in one position) to the mammalian beta actin (the 

encoded amino acids are shown above the DNA sequence). Putative splice 

sites that obey Breathnach and Chambon's rule (see Section 4.4) are 

indicated by large arrow heads. The positions of most of the 

restriction enzyme cutting sites shown in Figure 3.20 are indicated (Alu 

I sites, AGCT, have been omitted to avoid congestion). In region S the 

sequence which has been overlined and labelled S resembles part of a 

repetitive element found by Spohr et a 1. (1981), while 10 out of 11 

bases of the overlined sequence R1 are repeated in R2 (see Section 6). 

Also in region 5, I have underlined the section of this gene's 

transcript to which the primer described in Section 5 hybridizes (i.e. 

the primer is the sense strand of this Hha I-Bst NI restriction fragment 

- see Figure 5.1).

Figure 4.2: Sequence of 35A: Regions 4 to 6
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Figure 4.3: Comparisons Between 5AP, 35A, Cytoskeletal and Muscle

Actins

The amino acid differences between mammalian cytoskeletal actins 

(C), rabbit skeletal muscle actin (M), and the proteins encoded by 5AP 

and 35A are shown. Only the first 267 amino acids have been compared, 

as neither Xenopus clone contains sequence encoding residues beyond this 

part of the protein (there are another 7 positions, between residues 267 

and 375, where mammalian skeletal muscle and cytoskeletal actins 

differ). The amino acids encoded by the 5AP and 35A genes have been 

numbered to match the mammalian sequences (Vandekerckhove and Weber, 

1978b), and this numbering system is used in the text. As explained in 

the text, the initial met-cys of the 5AP gene and the met-ala of the 35A 

gene, may be post-translationally removed. The 5AP gene only encodes 

amino acids up to residue 149.
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Figure 4.4: Comparison Between 5AP and the Muscle Acting

The differences between the mammalian muscle actin isoforms are 

tabulated for comparison with the protein encoded by the 5AP gene. The 

numbering system is as in Figure 4.3. The mammalian actin sequences are 

from Vandekerckhove and Weber (1978d), and are as follows: SkM - rabbit, 

bovine, and chicken skeletal muscle actin, CM - bovine cardiac muscle 

actin; S raM (y) =* chicken gizzard smooth muscle actin; S mM (or) - bovine 

aorta smooth muscle actin.













Figure 4.5: Sequencing Gels: N-Terminals of the 5AP and 35A Actins

Sequencing gels showing the first 39 bases of the coding region of 

the 5AP gene (a), and the first 24 bases of the coding region of the 35A 

gene (b). In the former case the «»fisense strand was 3' end-labelled 

for sequencing (see section 9 of Figure 3.17), and so the sequence reads 

5' to 3' from top to bottom. In the latter case the sense strand was 5' 

end-labelled (section 17, Figure 3.19) and reads 3' to 5' from top to 

bottom; the complementary strand has also been supplied, for easy 

comparison with the non-sense strand sequence shown in Figure 4.2.

1 1 9
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are no other amino acid differences in this region, between 5AP and 35A, 

and between either of these two and the mammalian actins. This is 

highly suggestive that the 5AP gene encodes a muscle-specific actin and 

the 35A gene, a cytoskeletal actin (although I have yet to show that the 

5AP gene is actually expressed in muscle, and there is no amino acid 

sequence available on Xenopus muscle actins).

Vandekerckhove and Weber (1978a) have shown that at least 6 

different actin types are expressed in mammals and that 4 of these are 

muscle-specific. Figure 4.4 shows the differences between the muscle 

types (Vandekerckhove and Weber, 1978d). Fig. 4.5(a) shows the 

sequencing gel from which the N-terminal end of the 5AP gene product was 

determined. The 5AP-encoded protein is the same as a mammalian striated 

muscle actin at positions 17 and 89. It is also dissimilar to the 

aorta smooth muscle actin at positions 4 and 5. The gizzard smooth

muscle actin is one amino acid shorter at the N-terminal end than both

the striated muscle actin and the 5AP protein. In fact, the latter is

not only dissimilar to the mammalian smooth muscle actin but is

identical to the bovine cardiac muscle sequence (except for the initial 

methionine and cysteine residues, but - see below). Because it is not 

yet known to what extent the differences between the actin iaoforms are 

the same in amphibians as in mammals it is not possible, from this data 

alone, to conclude that the 5AP gene codes for a heart muscle actin. 

However, there is high degree of silent site conservation between SAP 

and a putative laevis cardiac muscle actin cDNA clone (Tim Mohun; 

personal coumunication). The latter is possibly a cardiac actin becauae 

of its similarity to the maimnalian cardiac actin at poaitiona 298 and 

357, and because of the similarity of part of its 3' untranslated region 

to the same region of a mouse cardiac actin cDNA clone (T. Mohun, per.
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comm.). Out of 390 bases compared between the Xenopus clones there were 

only 7 silent base changes (and no replacement changes). This gives a 

figure of 25Z divergence of silent sites, when using the method of 

Perler et al. (1980) to correct for multiple substitutions at each site. 

This compares with a value of 112Z obtained for a comparison between 

human cardiac and skeletal muscle actin genes (Hanauer e£ al., 1983).

The difference between the X_̂  laevis and X;. borealis clones is, 

therefore, much less than the difference between the two striated muscle 

actin types of one species of mammal. Therefore, it seems likely that 

the divergence of the two Xenopus genes represents that of the same gene 

in the time since the 2 species diverged. However, even if the gene, of 

which 5AP is part, is identical to the mammalian cardiac actin gene, it 

is possible that the amphibian cardiac and skeletal muscle actins have 

not diverged in the same way as have the mammalian actins; there is, as 

yet, no evidence in Xenopus of a different actin isoform in cardiac 

muscle to that in skeletal muscle. It is impossible to date, 

accurately, the divergence of the mammalian cardiac and skeletal muscle 

genes from the silent site changes, because of the saturation of such 

changes over long periods of time (Hanauer al., 1983; Perler e£ al.,1 9 8 0 ) .  Furthermore, a great range of such divergence rates has been 

found in various globin genes (Perler e£ al., 1 9 8 0 ) .  However a 

corrected silent site divergence of only 8 6 Z ,  between human and chicken, 

and 70Z between rat and chicken akeletal muscle actins (Hanauer e£ al.,1 9 8 3 ) ,  ia suggestive that the cardiac and skeletal muscle gene 

divergence may have occurred before the separation of the mammalian and 

avian ancestral lines (cf. 112Z between human cardiac and skeletal 
genes). It is not known, however, if this divergence occurred before, 

or after, the aeparation of theae lines from the amphibians.
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The main difference between the amino acid sequences encoded by 5AP 

and 35A and the vertebrate protein sequences published to date lies in 

the first two amino acids. All the latter sequences begin with an 

aspartate or glutamate residue which is acetylated. The 5AP-encoded 

protein, however, begins with a methionine and cysteine before the first 

acidic residue, and the 35A-encoded protein, a methionine followed by an 

alanine. Cysteine has not been found at the amino terminus of any known 

act in isoform (Vandekerckhove and Weber, 1979). There is good reason to 

believe, however, that this does not represent a significant difference 

between amphibian actin proteins and others. One of those actins that 

has been sequenced is the chicken skeletal muscle gene (Vanderkerckhove 

and Weber, 1978d). A chicken gene has been sequenced by Fornwald e£ al. 

(1982) and found to code for a protein identical to this except for the 

presence of an additional methionine-cysteine at the N-terminal end. A 

met-cys has also been found at the start of the human cardiac and 

skeletal muscle, a rat skeletal muscle, a sea urchin, all A nematode, 

and all 6 Drosophila actin genes (Hamada e£ a 1., 1982; Zakut e£ al., 

1982; Fyrberg et £l., 1981; Files et el., 1983; Cooper and Crain, 1982; 

Schuler e£ al̂ ., 1983; Hanauer £t £l., 1983; Gunning al., 1983). 

Therefore, it seems likely that these amino acids are cleaved off after 

translation.

The same explanation may apply to the methionine-alanine at the N- 

terminus of the 35A gene product, although there are no amino acid data 

for Xenopua borealia actins. (The sequencing gel from which the N- 

terminus of the 35A gene product was determined is shown in Fig. A.3b.) 

The three cytoskeletal actin isoforms found in Xenopus laevis oocytes (a 

species closely related to X_;_ borealis) have all been found to begin 

with 3 acidic residues. Therefore, it is likely that this X^ borealis



gene (which is expressed in the oocyte; see Section S.l) expresses a 

protein which also starts with 3 acidic residues; the met-ala being 

post-translationally removed.

There are also invertebrate act ins which possess amino acids 

between the initiating methionine and the acidic residues. There is, 

however, little evidence to support the notion that all such amino acids 

must be cleaved off. The Acanthamoeba gene codes for methionine-glycine 

at the N-terminus (Nellen and Gallwitz, 1982), while a soybean gene has 

been found to begin with methionine-alanine (Shah £t tl., 1982). In the 

former case, the glycine appears to be a substitution for an acidic 

residue, it being followed by only two acidic residues. This glycine 

may be present in the mature protein (the authors suggest that this 

contributes to the protein having a more alkaline isoeletric point than 

the mammalian actins). In the latter case there is no amino acid 

sequence information and consequently no evidence that the alanine is 

cleaved off.

It is interesting that the only other vertebrate cytoskeletal actin 

genes for which there is any sequence information, the rat beta-gene 

(Nudel £t al., 1983), and the human beta- and gamma-genes (Gunning et 

al., 1983), also do not possess the cysteine found at the N-terminal of 

all vertebrate muscle, sea urchin, and protostome actin genes that have 

been sequenced. The methionine of these genes, however, is immediately 

followed by the acidic residues found in the mature proteins, unlike the 

35A-encoded protein with its intervening alanine residue. It is 

tempting to speculate that the post-translationally removed cysteine of 

these genes is conserved for a functional purpose; one which is not 

needed by vertebrate cytoskeletal actins.When d id  t h i s  d i f f e r e n c e  a r i s e ?  I t  seems u n l i k e l y  th a t  t h i s



cysteine arose separately in vertebrate muscle, sea urchin and 

protostome genes, by convergent evolution. It also seems unlikely that 

these cys(+) and cys(-) genes arose from two separate lines of genes 

which were present before the divergence of the protostomes and 

deuterostomes. This is because all of the Drosophila and nematode genes 

(all Cys+) resemble the vertebrate cytoskeletal genes (Cys-) more than 

the vertebrate muscle-specific (Cys+) genes (see section 1.2). Also, 

the sea urchin cytoskeletal actin genes 1 and 2 are of the Cys(-f) type 

(Schuler £t al̂ . , 1983). Consequently, it seems likely that at some 

stage of deuterostome evolution, the muscle-specific genes diverged from 

the cytoskeletal genes, and that after the divergence of the echinoderms 

and the vertebrates, the cytoskeletal genes lost their N-terminal 

cysteine codon. In mammals, the codon was removed entirely, while in 

amphibians, it mutated to an alanine codon.

In the above sequence of evolutionary events, I have said that the 

muscle-specific genes diverged from cytoskeletal genes 'at some time 

during deuterostome evolution'. The presence of an amphibian actin 

sequence identical to a mammalian muscle type now suggests that this 

occurred before the separation of the amphibian, bird and mammalian 

lineages. The actin genes of sea urchins (Davidson e£ al., 1982) have 

not all been sequenced. The further dating of this gene divergence must 

await such work.

What type of cytoskeletal actin does the 3SA gene encode? 

Immediately after the met-ala, 35A codes for 3 aspartate residues (see 

Pig. 4.5b). It is, in this sense, similar to the mammalian beta-actin 

(see Pig. 4.3), and unlike the mammalian cytoskeletal gamma-act in (the 

latter having 3 glutamate residues in these positions). The 33A gene, 

however, possesses a residue at position 10 which, as Fig. 4.3 shows, is
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the same as the mammalian gamma-actin. The presence of 3 aspartates at 

positions 2 to 4 (numbered from the rabbit skeletal muscle actin) of 

this X. borealis actin was surprising, as none of the 3 cytoskeletal 

act ins found by Vandekerckhove e_t a K  (1981) in X_̂  laevis were found to 

have this sequence. No actin of this type was found in oocytes, kidney 

epithelial cells, brain or liver. Several other amphibians had been 

found to possess act ins different at their N-terminus to those of X_;_ 

laevis, as well as mammals (Vandekerckhove e£ a 1., 1981; described in 

Section 1.2). The question, raised by these results is whether these 

differences have evolved because they were functionally important, or 

whether they show that, in amphibians at least, there is no functional 

difference between the cytoskeletal actin isoforms; i.e. that the 

differences represent neutral mutations. The difference in the isoforms 

found in 2 such closely related species as X^ laevis and X_̂  borealis 

seems to support the latter explanation (immunological data on the 

albumins would suggest that these species diverged from a common 

ancestor about 8 million years ago; Bisbee e£ a 1., 1977), but, of 

course, does not prove it. This apparent difference does depend on the 

3SA gene being expressed; evidence is produced in support of this in 

Section 5.1.

In mammals, it seems likely that the two cytoskeletal isoforms do 

perform different functions. It is thought likely that all mammals 

possess the beta- and gamma-isoforms shown in Fig. 4.3, because 

sequences corresponding to these actins have been found in humans 

(Vandekerckhove e£ al., 1980b), cows, rats, and mice (Vandekerckhove and 

Weber, 1978b, 1978c). This conservation of the mammalian cytoskeletal 

isoforms, together with the tissue-specific variation in their ratios 

(Carrels and Gibson, 1976), would suggest that they perform different
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functions. There is also some more direct evidence for this proposal. 

This stems from the work of Pardo £t î l. (1983) on the distribution of 

cytoskeletal actins in muscle cells. A polyclonal antibody preparation, 

which recognizes gamma-act ins, colocalized with the mitochondria in 

these cells. Lubit and Schwartz (1980) and Hall e£ al. (1981) made an 

antibody to Aplysia (a mollusc) actin, which does not recognize the 

vertebrate skeletal muscle actin. This antibody localized in a 

completely different region of muscle cells to that of Pardo £t al.

(1983): to the sarcolemma (especially at the neuromuscular junction), 

the sarcoplasmic reticulum, and transverse tubules. Pardo £t a 1. have 

therefore postulated that this second antibody was recognizing a 

different isoactin to the gamma-type: presumably the beta-actin. They 

pointed out, however, that they had produced no evidence that these 

proteins were the same as those present in non-muscle cells. Anti-act in 

sera commonly bind to many actin types; for example, the antibody 

preparation of Pardo e£ a 1. (1983) binds to gamma-actins of both the 

smooth muscle and cytoskeletal type, and could possibly be binding to a 

third protein in skeletal muscle, although there is no evidence for 

this.

Cacares e£ al. (1983) have recently used monoclonal antibodies 

against quail muscle actin in studies on the dendrites of brain 

neurones. One such antibody clone was found to stain dendrites as well 

as the dendritic spines ('mushroom-1 ike' projections on dendrites), 

while another only stained dendrites. — *
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__) This would be explained by isoforms of

actin having a differencial distribution in the spines and parent 

dendrite. However, another interpretation of this result is that the 

difference of labelling observed with the second monoclonal antibody was 

due merely to the different accessibility of this particular antigenic 

site in these two locations (this is a problem which is presumably not 

encountered when polyclonal antibodies are used, as with Pardo £t al. 

(1983) and Lubit and Schwartz, 1980).

Summary

5AP and 35A each contain the 5'-portion of an actin gene.

Comparison with mammalian protein sequences makes it seem likely that 

the 5AP gene encodes a muscle-specific actin, while the 35A gene encodes 

a cytoskeletal actin. If this is correct, then there are almost no 

amino acid sequence differences between the proteins encoded by these 

Xenopus clones, and their mammalian counterparts. Evidence from other 

vertebrate muscle-specific genes suggests that the initial met-cys 

residues encoded by the 5Ap gene sre probably post-translationally 

removed. Comparison with amino acid sequences of Xenopus laevis 

cytoskeletal actins suggests that a similar fate might befall the 

initial met-ala encoded by the 35A gene. The amino acid sequence 

available for the 5AP gene is identical to that of a mammalian cardiac 

muscle actin, but there is no evidence that amphibian heart and skeletal 

muscle contain different actin isoforms. The amino acid sequence of 35A 

is identicsl to the mammalian beta-isoform (ignoring positions -1 and -



2) except for position 10, where it is the same as the gamma-

cytoskeletal isoform. It is, however, different in positions 2 to 4 (at 

least) from the 3 laevis cytoskeletal actins. Together with data 

presented in Section 5.1 which indicates that the 35A gene is expressed, 

this suggests that, in amphibians, there may be little functional 

difference between the cytoskeletal isoforms. However there is some 

evidence for the separate localization of cytoskeletal actins in
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4.2 Actin Gene Sequence Comparison

The tissue-spec ific nature of vertebrate actins has already been 

described in Section 1.2, where it was also pointed out that the amino 

acid sequence of a given isoform appears to be completely conserved in 

different mammalian and bird species. This, of course, makes it 

impossible to establish the divergence of two vertebrate actin genes 

from the replacement site substitutions of one relative to the other, as 

was done with globin genes (Perler et al., 1980; Efstratiadia et al.,

1980). In the latter case, the rate of divergence was calibrated by 

comparing known globin types between species where the time since their 

divegence was known. Using this calibration, the approximate date of 

various gene duplications could be estimated.

The only way in which the divergence time of actin genes could 

possibly be estimated is by studying the silent site substitutions. The 

latter are base changes that give rise to a synonymous codon rather than 

one specifying a different amino acid. The rate of silent site 

substitution has also been studied in globin genes (Efstratiadis et al., 

1980; Perler et al., 1980), where it has been found to occur at an 

initial rate of about 0.7X per million years. This accumulation of 

changes appears to saturate after 85 million years, after which, they 

accumulate at a much reduced rate.

Does the same phenomenon occur in actin genes? A recent study of 

two linked sea urchin actin genes appears to show a strong conservation 

of silent site bases (Schuler e£ a K , 1983). The marked divergence of 

most of the non-coding DNA, including the introns, suggests that these 

genes diverged about 90 million years ago. The silent site divergence, 

however, was only 12Z after correction for multiple mutations (Perler e£ 

al., 1980). This compares with an approximately 60Z corrected
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divergence found for globins after a similar divergence time. This 

silent site conservation could be the result of the need for particular 

features of secondary structure by these transcripts or, possibly, the 

result of some mechanism of concerted evolution, such as gene conversion 

or unequal crossover (Slightom e£ al^, 1 9 8 0 ;  Jeffreys, 1 9 8 1 ) .  If the 

former is true then the necessity for such silent site conservation 

would appear to have been lost by other act in genes. I have compared 

the rat and rabbit skeletal muscle actin genes (Zakut et al., 1 9 8 2 ;  
Putney et a K , 1 9 8 2 ;  Minty et a^., 1 9 8 2 ) ,  which I have assumed to have 
diverged at approximately the time of the mammalian radiation, 85 
million years ago (Romero-Herrara e£ £l., 1 9 7 3 ) .  I found the corrected 

silent site divergences (corrected exactly as described in Perler et 

al., 1980; see Appendix 2) in both comparisons to be about 5 0 Z ;  
considerably greater than that of the two sea urchin genes. Hanauer et 

al. ( 1 9 8 3 )  have recently done a similar calculation and found a 61Z 
corrected divergence between a human and rat skeletal muscle actin 

genes.

Could the sea urchin genes be similar because of some form of 

concerted evolution? This kind of process appears to have been 

responsible for the similarity of the silent sites and introns of the 

human alpha-globin genes (Zinsser e£ al., 1980) and the 5* halves of the 

human gamma-globin genes (Slightom it al., 1980), as well as the lack of 

divergence of the first intervening sequence in the mouse major and 

minor beta-globin genes (Konkel et al., 1979). Concerted evolution has 

also been described inthe heat-shock genes of Drosophila (Torok et al.. 

1982; Leigh Brown and Ish-Horowics, 1981), and for the human and great 

ape ribosomal genes (Arnheim et al.. 1980). There is, therefore, a 

reasonable body of data which suggests that portions of related genes



can be corrected against each other in some way. That often only part 

of such genes are involved in this process, suggests that it may be 

responsible for the silent site similarity of the two sea urchin actin 

genes (Schuler e£ a_l., 1983). Most of the non-coding sequence, 

including most of the introns, are highly diverged. 35 bases of one 

intron, however, also show 12Z corrected divergence between the two 

genes; this is evidence in favour of concerted evolution acting here.

I have also compared the rat and chicken skeletal muscle genes 

(Zakut e£ a K , 1982; Fornwald et a K , 1982), which presumably diverged 

approximately 270 million years ago (Dickerson, 1971; Moore et_ al.,

1976; Wilson et a_l., 1977), and found a corrected divergence of only 

68Z. This is similar to the average value obtained for a similar 

divergence time with globin genes (Efstratiadis £t a_l., 1980), and 

suggests that the accumulation of silent changes also saturates in actin 

genes (i.e. this value is similar to the corrected divergence of 61Z 

between human and rat alpha-act in genes).

This saturation presumably occurs when all the neutral silent sites 

have been fully randomized. The slow change after saturation may 

represent the change of silent sites which were previously conserved 

for, perhaps, structural reasons. That all possible silent replacements 

are not necessarily neutral was suggested by Kafatos it a 1. (1977), who 

found that silent changes were not scattered at random along the mRNA, 

but were clustered into regions that tended also to be rich in 

replacement site substitutions. The slow change may be because of the 

gradual appearance of adaptive changes in gene expression, or the slow 

shift in codon utilisation pattern of the genome. The occurrence of 

certain 'invariant codons' (see Section 4.3.1), where the codon used 

only changes after a long period of divergence, may be an example of
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such a conserved silent site. Perler et al. ( 1 9 8 0 )  suggested that such 
conserved silent sites in the globin genes were those silent changes in 

the same codon with one or two replacement substitutions. This cannot 

be the case here, though, as there are no replacement substitutions 

between rat and chicken actins. Jeffreys ( 1 9 8 1 )  has queeried whether 
the apparent change in silent site substitution rate is real, or an 

artefact caused by analysing highly divergent sequences, or by the 

methods used for correcting these divergences for multiple 

substitutions. For example, these methods will be inaccurate at high 

levels of substitution since they assume that the 3 possible base 

changes per substitution occur with equal probability; this has been 

found not to be the case (Van Ooyen e £  a 1 . ,  1979; Jukes, 1 9 8 0 ) .
It might appear that the silent site substitutions of actin are 

similar to those in globin. Hanauer e £  al. ( 1 9 8 3 )  have also pointed out 
that the divergence of 61Z between rat and human skeletal muscle genes 
is similar to data obtained for other rat/human gene comparisons using 

the same calculation: insulin, 6 4 Z , growth hormone, 7 1 Z ;  prolactin, 76Z 
(Perler et £l., 1980; Cooke et tl., 1 9 8 1 ) .  All these values may be 

misleading, however. Silent site substitutions may not represent a very 

good evolutionary clock. Thus Perler £t al. ( 1 9 8 0 )  found that the 

individual divergence values for various pairs of globin genes over 

approximately the same time period differed considerably. For example, 

the alpha-globin comparison between human and rabbit, and human and 

mouse, gave corrected divergences of 31Z and 8 3 Z ,  respectively. This 

phenomenon must place considerable doubt on any conclusions based on 

silent substitution data.

This may be further exemplified by several strange values obtained 

with various actin gene comparisons. Thus, I have compared the rat



beta-gene (Nudel e£ a K , 1983) with the 35A gene, and the first 267 

amino acids of a sea urchin gene (Cooper and Crain, 1982), and found a 

higher corrected silent site divergence for the former pairing than the 

latter; 1492 and 1152, respectively. Two vertebrate cytoskeletal actin 

genes might have been expected to be more closely related than 

vertebrate and echinoderm genes. A comparison betweenthe rat alpha- and 

beta-genes, also over the first 267 amino acids, (Zakut et al., 1982; 

Nudel £t a_l. , 1983) gives a value of only 822. This also is a strange 

result, when compared to the rat beta/35A pairing, as I have shown that 

Xenopus possesses an actin like the vertebrate muscle-type, and 

therefore the divergence between this and the cytoskeletal actins is 

likely to have occurred before the separation of the amphibian and 

mammalian ancestral lines.

The high degree of silent site conservation found between two sea 

urchin actin genes is more likely to be the result of concerted 

evolution than of a conservation of silent site bases. This conclusion 

is drawn because of the much higher divergence values found between 

other actin genes that diverged at approximately the same time as the 

sea urchin genes. Such figures are roughly similar to the average 

silent site divergences between globin genes that diverged at the same 

time. However, because individual divergence values between different 

pairs of globin genes that have all diverged at a similar time have been 

found to be quite different, it has previously been concluded that 

silent site divergence cannot be used as an accurate molecular clock. 

Comparisons between several actin genes support this conclusion.
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4.3 Invariant Codons and Codon Usage

4.3.1 Invariant codons

Turner and Woodland (1982) and Bain8 (1982) found poaitions in Che 

histone genes coding for H4 and H3, respectively, where the same codon 

was used in a large number of genes, in preference to the synonymous 

codons. I shall refer to these as 'invariant codons’.

The authors of these studies used the codon usage data obtained for 

their genes, to produce an estimate of the significance of these 

invariant codons. Thus, Turner and Woodland multiplied together the 

probabilities of finding a given codon encoding a particular amino acid 

in each of the genes they had available. In two instances, the 

probability was low enough to suggest that the occurrence of these 

codons, in these positions, had been conserved for some function that 

would not be fulfilled by the synonymous codon.

In view of such claims, I decided to perform a similar survey using 

sequence of actin genes available at the time of writing. Some of the 

data obtained from this comparison have been shown in Figure 4.6. In 

(a), the first 149 amino acids of 14 genes are compared, including the 

5AP and 35A sequences; in (b), amino acids 150 to 266 of 13 genes, 

including 35A, and in (c) amino acids 267 to 375 of 14 genes. As might 

be expected, the number of positions using the same codon tends to 

decrease when genes from less related species are compared. Column A 

compares all the deuterostome and protostome genes, while the other 

columns each introduce a gene from the lower eukaryotes, and a plant, 

into the comparison. The information is presented in this way because 

it is conceivable that some codons may be conserved, but that the 

function these codons serve may diverge over long evolutionary periods,



Figure 4.6(a)

asp 11 GAC

phe 31 TTC

gin 49 CAG

lys 50 AAG 

ser 60 AGC 

lys 61 AAG 

ile 64 ATC 

lys 68 AAG 

a8n 78 AAC 

lys 84 AAG 

phe 90 TTC 

tyr 91 TAC 

glu 100 GAG 

lys 118 AAG 

lie 122 ATC 

vai 139 CTG 

thr 148 ACC
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Figure 4.6(c)

A B c D E

ile 274 ATC 4
ile 282 ATC 4 4 4 4
ile 289 ATC 4 4
ala 295 GCC

aia 296 AAC 4 4 4 4
lys 315 AAG 4 4 4 4
lye 326 AAG 4 4 4
lya 328 AAG 4 4 4
cyr 331 TAC 4 4
ile 345 ATC ♦ 4 4
ser 350 TTC ♦

thr 35J ACC 4 4 4 4
lya 359 AAG ♦

hia 371 CAC ♦ 4 4 4
cya 374 TGC



Figure 4.6: Invar iant Codons

The sequences of all of the published actin genes were compared at 

each amino acid position in order to identify those positions where the 

same codon is used by many genes . The data has been divided into 3 

sections: in (a), the first 149 amino acids are compared, including 

sequence from the 5AP and 35A genes, in (b), amino acids 150 to 267 are 

compared, including 35A sequence, and (c) where amino acids 268 to 375 

are taken, with no Xenopus sequence. The amino acid positions and 

sequences of those codons invariant in deuterostomes and protostomes are 

given in column A: rat skeletal muscle and beta-cytoskeletal genes 

(Zakut et al_., 1982; Nudel et al_., 1983), a chick skeletal muscle gene 

(Fornwald et a_l., 1982), a human cardiac muscle gene (Hamada et al., 

1982), two Drosophila genes, 79B and 88F (Sanchez e£ a_l., 1982) and two 

sea urchin genes (Cooper and Crain, 1982; Schuler e£ £l., 1983) (except 

for part (c), where only 1 sea urchin gene was used). In each of the 

other columns, an extra gene was compaerd to this set: the Acanthamoeba 

gene in B (Nellen and Gallwitz, 1982), the yeast gene in C (Gallwitz and 

Surea, 1980; Ng and Abelson, 1980), the Oxytricha gene in D (Kaine and 

Spear, 1982), and the soybean gene in E (Shah e£ al., 1982). Where the 

same codon was used in these genes, a s  well, a (♦) has been marked.



so that a different codon may be found in a gene from a very diatantly 

related organism. It would be possible, of course, to present 

comparisons of genes separated by even shorter periods of divergence,

but I have been unable to demonstrate the significance of any such 
codons.

In order to attempt a numerical estimate of the significance of any 

invariant codons, the frequency of occurrence of all the codons in each 

gene has been counted and reproduced in Figure 4.7. The frequency of 

occurrence of each codon in each gene can also be expressed as a 

fraction of the total occurrence of that amino acid, and used as the 

probability of finding that codon in any given position where that amino 

acid occurs. It is clear that, as with other genes in various organisms 

(Grantham et̂  a 1., 1980), the use of synonymous codons is not random (see 

below). This is important when considering the significance of the 

invariant codons. It can also be seen that the pattern of codon usage 

varies between the organisms. In particular, soybean, yeast and 

Oxytrycha differ greatly. For this reason, the numbers have not been 

expressed as an average of all the genes available, as was done by 

Turner and Woodland (1982).C o n s id e r a t io n  o f  F ig u r e  4.6 r e v e a ls  th a t  th e r e  a r e  v e r y  few codons th a t  a r e  in v a r ia n t  in  a l l  th e  gen es fo r  w hich sequ en ce i s  a v a i l a b l e .  C o aipa riso n  betw een t h i s  and F ig u r e  4.7 w i l l  show th a t  a lm o s t a l l  th e  in v a r ia n t  codons in  F ig u r e  4.6 in v o lv e  th e  most w id e ly  u se d  o f  th e  synonymous c o d o n s . I f  i t  w ere assum ed ( f o r  th e  moment) t h a t  a l l  o f  th e  genes u sed  h e r e  a r e  t o t a l l y  u n r e la t a d  to  each  o t h e r , th e n  i t  i s  p o s s ib la  to  c a l c u l a t e  th e  p r o b a b i l i t y  o f  a g iv e n  codon o c c u r in g  a t  a s p e c i f i e d  p o s it io n  in  a g iv e n  number o f  g e n e s . T h is  was done by c a l c u l a t i n g ,  fo r  each g e n e , th e  p r o b a b i l i t y  o f  a g iv e n  codon b e in g  used f o r  a g iv e n  amino
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acid, and then multiplying together these numbers. Thus, the 

probability of finding the codon AAG used for lysine 84 in the 14 genes 

of Figure 4.6(a) is approximately 0.08. But what is really required is 

the probability of finding a given invariant codon, a given number of 

times, anywhere in the gene. Thus, as there are 4 positions in the 14 

actin genes shown in Figure 4.6(a) where lysine is present in all the 

genes, the probability required is that of obtaining an invariant codon 

in one amino acid position with no invariant codons in the other three.

In this case, there are 4 possible combinations of 1 invariant codon and 

3 non-invariant codons that can be achieved (the formula is, in fact, n!-j- 

[(n-r) .’xr: ] where ! * factorial, and, in this case, n “ 4, and r « 1). 

Thus, in this example, the probability is 0.08 x (1-0.08)^ x 4 » 0.25. 

This does not appear to be very significant. Similarly high (>0.1) 

probabilities were obtained for a selection of several other invariant 

codons where the codons involved were preferred to the synonymous 

codons. Of course, this analysis does not show that such invariant 

codons are not the result of conservation for functional reason; the 

overall preference of a gene for certain codons might be the result of 

such conservation. However, there may be other explanations for this 

preference (e.g. conservation or mutability of meCpG, preferred codon- 

anticodon binding energiea, iaoacceptor tRNA abundance; see Section 

4.3.2). Only when the codon used is one that ia infrequently used in 

the rest of the gene, is it possible to demonstrate that an invariant 

codon ia not a chance observation.

I have found it posaible to generate smaller probability values by 

varying the genes considered in the compariaon. For example, if only 11 

genes are compared (Fig. 4.6a, column B), than AAG occurs for lysine in 

all the genes at 5 positions (out of a poaaible number of 7), with a



probability of 0.0115. If 8 genes are compared (Fig. ,

eo|«nn 3  )» H  lysines out of 18 use AAG

in all the genes, with a probability of 0.026. However, the only 

examples which are entirely convincing are those that use the least- 

preferred codons. Serine 60 is encoded by AGC in 10 genes (Fig. 4.6a) 

and Valine 139 by GTG in 11 genes (Fig. 4.6a). There are 6 positions 

where this could occur for the serine and 9 for the valine.
—8Consequently, the probabilities of these occurrences are 2.48 x 10 and 

1.46 x 10-4, respectively. Serine 60 is also AGC in the partial 

sequences for the mouse skeletal and cardiac muscle actin genes (Minty 

et al., 1982), as well as the human skeletal muscle actin gene (Hanauer 

et al., 1983). It is not, however, the codon used at this position in 

the recently published sequences of the 4 nematode genes (Files e£ al.,

1983). Valine 139 has also been found to be GTG in a partial rabbit 

skeletal muscle actin sequence (Putney et al̂ ., 1983) and the human 

skeletal muscle actin gene (Hanauer et al^., 1983).A n o th e r  exam p le o f  a s i g n i f i c a n t - l o o k i n g  in v a r i a n t  codon i s  t h a t  o f  th e  TGT codon u sed  fo r  th e  c y s t e in e  fo l lo w in g  th e  f i r s t  m e th io n in e  in  8 o f th e  g e n e s . The p r o b a b i l i t y  o f  t h i s  o c c u r r in g  a t  t h i s  p o s i t i o n  by c h a n c e , s e p a r a t e l y ,  in  each  o f  th e s e  g e n e s , i s  4 .6 7  x 10- 5 . In  f a c t ,  th e  same codon i s  used in  t h i s  p o s it io n  in  th e  o t h e r  4 D r o s o p h ila  g en es (n o t f u l l y  se q u e n ce d  and so  n ot in c lu d e d  in  th e  s u r v e y , F y r b e r g  £ t  a l . ,1 9 8 1 ), as  w e ll  a s  th e  4 nem atode gen es ( F i l e s  e £  a l . .  1 9 8 3 ). The s i g n i f i c a n c e  o f  t h i s  f i n d in g  i s  d im in is h e d , h o w e v e r, by th e  r e c e n t  p u b l i c a t io n  o f  t h e  human s k e l e t a l  m u s c le  a c t i n  g e n e  se q u en ce (H an au er a t  a l . ,  1983; G u n n in g  e t  a l . , 1 9 8 3 ), where th e  TGC cod o n  is  used  in  t h i s  p o s i t i o n .The p r o b a b i l i t y  v a lu e s  c a lc u la t e d  f o r  su ch  in v a r ia n t  cod o n s may



appear quite significant. It must be remembered, however, that the 

probabilities calculated in this way are likely to be underestimates. 

This is because the method of multiplying together the probabilities of 

codon usage from several genes (to give the probability of that codon 

being used by all the genes) relies on each gene having been formed as a 

completely separate event. This, of course, is not true and, although 

the neutral silent sites of genes from distantly related species may 

have been randomised, this may not be true for other genes, such as the 

two closely related sea urchin genes, and perhaps the two Drosophila 

genes. It is not known how long it takes for the silent site 

substitutions of actin genes to saturate; the reasons for this have been 

discussed in Section A.2. Despite these reservations, I believe that 

the invariant codons used for Serine 60, Valine 139, and Cysteine-1 are 

not the result of chance, but are the result of their conservation for 

some unknown function.

4 . 3 . 2  Codon u sa g eF ig u r e  4 .7  showa th e  fr e q u e n c y  o f  u s e  o f  th e  v a r io u s  codons in  14 p a r t i a l  and c o m p le te  a c t i n  g e n e s ( i n c l u d i n g  th e  5AP and 3SA g e n e s ) . I t  is  c l e a r  t h a t ,  fo r  e a c h  amino a c i d ,  t h e r e  a r e  cod o n s t h a t  a r e  p r e fe r r e d  o v er o t h e r s .  F ig u r e  4 .8  shows th e  fr e q u e n c y  o f  o c c u r r e n c e  o f  each  b a se  a t  th e  t h i r d  codon p o s i t i o n  fo r  e a c h  o f  t h e s e  g e n e s . The f i r s t  and secon d  p o s i t i o n s  h a v e  n o t been in c lu d e d  a s  th e s e  w i l l  o b v io u s ly  be in f lu e n c e d  by th e  am ino a c id  c o m p o s it io n  o f  th e  a c t i n a .  F o r th e  same re a so n  t h e  m e th io n in e  (ATG) and t r y to p h a n  (TGG) cod on s h ave n o t been in c lu d e d  in  th e  t h i r d  p o s it io n  a n a l y s i s .  M ost o f  th e  o th e r  a a in o  a c id s  a r a  en co d ed  by a s e t  o f  synonymous cod on s w here th e  t h i r d  p o s it i o n  is



Figure U .7

A 8 C D E P G H I J K L M N
Arg CGT 5 6 8 7 6 8 8 9 6 6 3 5 1 6

CGC 1 2 6 3 6 6 1 1 12 10 14 0 1 1
CGA 0 1 0 1 2 0 1 1 0 1 0 0 0 3
CGG 0 0 3 3 2 1 0 0 0 0 0 0 0 0
AGA 1 4 1 1 0 1 2 1 0 0 0 13 21 6
AGG 0 1 0 0 2 2 5 4 0 1 1 0 0 2

Leu TTA 0 0 1 0 0 0 0 1 0 2 0 2 1 0
TTG 1 2 3 1 2 3 2 0 2 1 0 19 7 4
CTT 0 4 0 0 2 1 10 9 2 0 3 2 0 11
CTC 1 4 6 6 5 5 11 1 3 2 18 1 11 9
CTA 0 1 1 1 0 1 0 1 3 0 0 2 3 3
CTG 8 1 16 19 17 16 4 4 18 24 8 0 1 0

Ser TCT 1 3 5 3 5 3 5 5 2 0 1 14 4 7
TCC 4 4 11 14 11 16 13 7 16 11 6 12 3 5
TCA 0 1 0 1 2 0 3 4 1 1 0 3 11 5
TCG 0 0 0 0 1 0 0 0 4 11 17 0 0 0
AGT 0 0 0 0 0 0 1 0 0 0 0 3 1 7
AGC 1 4 3 3 4 4 4 3 2 1 0 0 7 7

Thr ACT 2 6 9 7 4 4 3 4 2 1 3 13 9 9
ACC 7 7 12 15 20 16 15 13 20 22 22 8 11 6
ACA 2 4 3 4 2 7 2 0 0 0 0 0 1 3a c g 0 0 0 0 1 0 1 0 1 3 1 0 0 0

Pro CCT 1 2 6 11 3 5 1 1 0 3 1 6 0 3c c c 5 6 9 6 10 10 9 8 12 11 15 0 3 6
CCA 3 6 1 2 2 4 9 6 3 4 0 13 9 7
CCG 0 0 3 0 2 0 0 0 4 1 3 0 1 0

Al« GCT 6 13 12 9 12 10 10 10 4 7 4 15 9 11
GCC 7 4 13 18 15 18 19 16 21 18 23 11 14 8
GCA 0 4 2 1 0 0 1 0 2 1 0 0 0 9
GCG 0 1 2 3 2 1 0 0 3 3 2 0 0 0

Gly GCT 8 9 8 9 10 10 10 11 10 16 12 28 15 14
GCC l 4 15 14 13 12 6 4 17 12 16 0 1 4
GGA 0 7 2 1 0 1 12 10 2 1 2 0 9 8
GCC 3 0 3 2 5 3 0 0 0 0 0 0 0 3

Val GTT 2 4 3 2 0 0 9 9 1 1 2 14 14 13
GTC 2 3 10 5 5 8 10 10 8 3 13 12 9 7
GTA 1 5 2 2 0 1 1 0 4 2 0 0 3 3
CTG 6 5 6 13 16 12 3 3 10 13 6 0 0 3
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F igure 4.7: Codon Usage

Codon usage in 11 complete and 3 incomplete (5AP, 35A, and 

urchin 1) act in genes.

A - 5AP gene 

B - 35A gene
C =* human cardiac actin gene (Hamada et̂  al. , 1982)

D * rat beta-actin gene (Nudel e£ al..» 1983)

E “ rat skeletal muscle actin gene (Zakut et a K  , 1982)

F » chick skeletal muscle actin gene (Fornwald et al̂ ., 1982)

G « sea urchin pSp G17 gene (Cooper and Crain £t̂  al.. 1982)

H ■ sea urchin actin gene 1 (Schuler e£ a 1., 1983)

I “ Drosophila 79B gene (Sanchez e£ a_l., 1983)

J “ Drosophila 88F gene (Sanchez e£ «1.., 1983)

K “ Acanthamoeba gene (Nellen and Gallwitz, 1982)

L ■ yeast gene (Gallwitz and Sures, 1980)

M » Oxytricha gene (Kaine and Spear, 1982)

N - soybean gene (Shah et̂  al., 1982)



Figure 4.8

I

5AP 40

35A 87

Human cardiac muscle 97

Rat beta cytoskeletal 76

Rat skeletal muscle 68

Chick skeletal muscle 73

Sea urchin pSpG17 71
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Drosophila 79B 43
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Acanthamoeba 78

Yeast 134
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G/A

3.00

0.63

3.04

4.23

5.82

2.90

1.67

1.52

4.32

7.33 

31.67

0.39

0.42

The frequence of occurrence of each base in the third position of 

the codons of 14 act in genes (3 being incomplete, see Figure 4.7 for the 

references). To avoid the influence of amino acid composition only the 

occurrence of the two pyrimidines or the two purines should be compared. 

For the same reason, the single codons for methionine (ATG) and 

tryptophan (TGG) have been excluded.

Figure 4 . 8 : Third Base Frequences

0.62



occupied just by pyrimidines, just by purines, or both; the C to T ratio 

or A to G ratio, should not, therefore, be affected by the protein's 

amino acid composition. The only exception is isoleucine with the 

codons ATA, ATC and ATT. Here, however, the ATA codon is used only 

twice for 354 isoleucines and so will not appreciably affect the A:G 

ratio in this analysis.

From Fig. 4.8 it is clear that, in most of the genes, there is a 

marked under-usage of A in the third position, relative to G. The 

exceptions to this are the genes of 35A, yeast, Oxytricha and soybean, 

where A is preferred to G. Similarly, there is preference for C over T 

(but not so marked), except in 35A, yeast, and soybean. A preference for 

G over A in the third position has been noted by Grantham e£ a_l. (1980,

1981) in several different mammalian genes (but not, however, in the 

case of immunoglobulins and certain hormones). These authors also 

demonstrated that different genome types use distinct strategies of 

codon usage (e.g.: mammalian, bacterial, virus, mitochondrial, yeast and 

slime mould genes fall in different classes). These results appear to 

concur with this view. For example Figure 4.7 shows the CTG codon being 
preferred for leucine in three mammalian, one c h ic k e n  and two D r o s o p h ila  
genes, while CTT or CTC is  p r e fe r r e d  fo r  th e  s e a  u r c h in , A can tham o eb a, O x y t r ic h a  and so yb ean  g e n e s , and TTG fo r  th e  y e a a t  g e n e .T h ere  a l s o  a p p e a r  to  be d i f f e r e n c e s  in  u s a g e  o f  p a r t i c u l a r  codons in  d i f f e r e n t  gene t y p e s  w it h in  a s p e c i e s .  F ig u r e  4 .7  shows t h a t  th e  Xenopus b o r e a l i s  5AP g e n e , w h ich  p r o b a b ly  co d a s f o r  s  m u sc le  a c t  in , o ft e n  shows a d i f f e r e n t  codon p r e fe r e n c e  to  t h a t  o f  th e  35A g e n e , a Xenopus b o r e a l i s  c y t o s k e l e t a l  a c t  in  g e n e . T h is  i s  o b se rv e d  w ith  th e  codons fo r  s e r i n e ,  a l a n i n e ,  g l y c i n e ,  g lu t a m in e , i s o l e u c i n e ,  and p h e n y la la n in e . T h is  phenomenon h as been o b s e r v e d  b e fo r e . In  Xenopus
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laevis histone H4 genes, TTC is always used for phenylalanine (Turner 

and Woodland, 1 9 8 2 ), while both codons occur equally in Xenopus laevis 

globin (Richardson ££ al., 1 9 8 0 ). A distinct difference in isoleucine 

codon usage can also be found in these two types of gene. In mammalian 

immunoglobulin genes, almost twice as much degenerate A can be found as 

G (Grantham £t a K , 1 9 8 1 ). This is in complete contrast to most other

mammalian genes (see above).

What is the cause of non-random codon usage and the phylogenetic 

and gene-specific differences? A possible influence on the bias for 

certain codons may be related to the ease with which some codons can be 

mutated. For example, in animal cells, 50 to 702 of the dinucleotide 

5'-CpG-3' occurs in a form with the cytosine methylated. MeC residues 

are thought to undergo spontaneous deamination to T residues, which are 

not recognized by any correction mechanism, and so are left in the DNA. 

Thus, where the meC of a meCpG dinucleotide has occurred in the third 

position of a codon, this might be expected to change to a T (without 

changing the amino acid encoded). Also, where the meC of a meCpG 

dinucleotide in the other strand has changed to a T, a meCG may also 

change to a meCA (where A is the third base of a codon). The soybean, 

yeast, and 35A genes prefer T and A to C and G, in the third position of t h e i r  co d o n s . Is  t h i s  a r e s u l t  o f  meC d e a m in a tio n ?  F ig u r e  4 .9 ( a )  shows th e numbers o f  v a r io u s  d in u c le o t id e s  o c c u r r in g  in  th e  t h i r d  and f i r s t  base p o s it io n s  o f  t h e s e  g en es a s  w e ll a s  t h e  5AP g e n e . The d in u c le o t id e s  a r e  a r r a n g e d  in  p a i r s  so t h a t  th e  r a t i o  w it h in  a p a ir  i s  not a f f e c t e d  by t h e  amino a c id  c o m p o s itio n  o f  th e  p r o t e in ;  d in u c le o t id e s  u s in g  th e  t h ir d  b a s e  o f  ATG and TGC codons h a v e  been e x c lu d e d . The soybean and 35A g e n e s  both show a h ig h  r a t i o  o f  TpG to  C p C , w hich is  h ig h e r  than th e  r a t i o  in  any o t h e r  p a i r s .  F ig u r e  4.9(b) shows th e
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Figure 4.9: Dinucleotide Frequencies

Dinucleotide frequencies in the 5AP and 35A genes, the yeast actin 

gene (Gallwitz and Sures, 1980), and a soybean actin gene (Shah et al.,

1982). The dinucleotides have been grouped into pairs, between which, 

direct comparisons can be made with no distortion occurring due to the 

amino acid composition of the protein. In (a) the dinucleotides are made 

up from the third base of each codon plus the first base of the next 3' 

codon. In (b) the dinucleotides are made up from the second and third 

bases of each codon. Dinucleotides including the third base of 

methionine (ATG) or tryptophan (TGG) codons have not been included.



ratios of the dinucleotides occurring in the second and third positions 

of codons in these two genes; there is clearly a predominance of CA over 

CG in both genes (although there is also a preference for GA over GG). 

Thus meC mutability appears to have affected the codon usage of these 

two genes. Figure 4.9(a) indicates, however, that this explanation 

cannot be applied so easily to the yeast actin gene.

The 5AP gene was included for comparison with the 35A gene, and it 

is interesting that the ratios of TpG to CpG differ between the two.

This apparent difference may result from the small number of bases 

available in the 5AP gene, but similar differences in CpG content 

between related genes from the same species have been observed by 

McClelland and Ivarie (1982), comparing rabbit alpha- and beta-globin 

genes, and human alpha-2- and beta-globin genes.

Codon usage in the soybean and 35A genes may be affected by meC 

mutability, but most of genes shown in Figure 4.8 actually have 

preference for C and G over T and A. McClelland and Ivarie (1982) found 

mammalian genes to be, on average, enriched in CpG, relative to the rest 

of the genome. This difference was not confined to the coding regions, 

where selection of amino acids takes place, and they suggested that the 

genes may have maintained CpG levels by selection, because of the 

possible role of meC in the regulation of gene expression. An inverse 

correlation between gene expression and gene mcthylation has been found 

in the case of the Xenopus ribosomal genes (Bird et al., 1981), in 

globin genes of various species (McGhee and Cinder, 1979; van der Ploeg 

and Flavell, 1980; Shen and Maniatis, 1980b; Gerber-Huber et al., 1983), 

in the chicken ovalbumin gene (Mandel and Chambon, 1979), in a Xenopus 

albumin gene (Gerber-Huber e£ al., 1983), and various integrated viral 

genes (Groudine et al., 1981; Pollack et a^., 1980; Sutter and Doerfler,
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1980). Conservation of CpG pairs for gene regulation cannot, however, 

explain the third position's preference of C to T in the case of 

Drosophila and the sea urchin, as methylation is rare in the former, and 

most of the latter's genes appear to be unmethylated (Smith and Thomas, 

1981; Bird et al., 1979).

What other factors are responsible for the nonrandom usage of 

codons? It is possible that certain codons may be required at specific 

sites to produce the correct secondary structure for the mRNA. Clearly, 

to influence the overall codon usage of a gene, a large number of such 

codons would be required. This type of phenomenon may indeed be what 

has been observed when II lysines out of 18 use AAG in 8 of the act in 

genes (see Section 4.3.1).

Another type of influence may be that of the differing codon- 

anticodon binding energies found with various codons. In bacteria, 

highly expressed genes tend to avoid codons of strongest binding energy 

(Grantham et al., 1981). Various authors have suggested that the codon 

usage of abundantly expressed genes in yeast has also evolved to produce 

optimum and uniform codon-anticodon binding energies (Bennetzen et al., 

1982; Ikemura, 1981a, 1981b).I t  h a s  a l s o  been s u g g e s te d  th a t  a m a jo r  f a c t o r  in  d e te r m in in g  th e  u sa g e  o f  synonym ous codons i s  th e  ab u n d an ce o f  th e  v a r io u s  is o a c c e p t o r  tHNAs ( B e n n e ts e n  and H a l l ,  1982; Ik e m u ra , 1982; Gouy and G a u t i e r ,  1 9 8 2 ). In  y e a s t ,  th e  cod on  u sa g e  o f  th e  g en es f o r  th e  abundan t p r o t e in s  g ly c e r a ld e h y d e - 3 - p h o s p h a t e  d e h y d ro g e n a se  and a lc o h o l d e h y d r o g e n a s e -1  is  h e a v i ly  b ia s s e d  in  fa v o u r  o f  th o s e  cod o n s whose tRNAs a r e  m ost abundant (B e n n e tse n  and H a l l ,  1 9 8 2 ). H ow ever, in  c e l l s  o f  c e r t a i n  h i g h l y  s p e c i a l i s e d  e u k a r y o t ic  t i s s u e s ,  tRNA ab u n d an ce is  a d ju s t e d  t o  th e  codon fr e q u e n c y  in  t h e  mRNAa fo r  th e  p r o t e in s  p re d o m in a n tly  p ro d u ce d  in  th o s e



tissues, i.e. the tRNA profiles are tissue-specific. This would seem to 

indicate that it is not necessarily always the tRNA profile that 

determines codon usage; the codon usage can presumably also affect the 

levels of the various CRNAs. Thus, it is not a sufficient explanation 

for the non-random usage of codons to say that this is related to tRNA 

abundance. Although changes in the latter (random?) may certainly have 

been contributory, it also seems likely that other factors, such as 

those discussed above, may have affected codon usage.

Like other proteins, synonymous codons in actin genes are not used 

in a random fashion; there is a bias towards certain codons. Codon 

usage in actin genes, like other genes, varies over phylogenetic 

distances. The codon usage for the SAP gene is different to that of the 

35A gene; this has been found for other comparisons of genes expressed 

in different tissues. The biassed use of codons in the 35A and soybean 

genes can be partly explained by the mutation of a meC residue in the 

third position to T, or the mutation of a complementary meC residue 

giving rise to an A in the third position, replacing a G. This 

explanation, however, cannot be so easily applied to yeast, the only 

other organism that shows a preference for T and A over C and G, in the 

third position. All the other genes (except that of Oxytricha) show a 

preference for C and G over T and A in the third position. This might 

be explained, in some cases, as a result of CpG conservation for the 

purpose of control of gene expression by methylation. Drosophila and 

sea urchin genes, however, are unmethylated. Various other factors may 

effect codon usage, including codon-anticodon binding energias, mRNA 

secondary structure, and tRNA abundance.



4.4 The Introns: Their Location and EvolutionA s  in many other genes (Breathnach and Chambon, 1981), the 

boundaries of the introns are all ambiguous unless the GT-AG rule is 

employed. This rule is based on the observation that in all the 

polymerase II split genes so far studied, the intron-exon junctions can 

always be drawn so that the intron begins with the dinucleotide GT at 

its S' end, and ends with the dinucleotide AG at its 3' end (Breathnach 

and Chambon, 1981; Breathnach e£ al., 1 9 7 8 ). As an example of the 

ambiguities found in these genes, I will take the intron between amino 

acids 41 and 42 in 35A. I have assigned the splice sites as 

CAC,CAG/GTT— AAG/GTT,GTA (where / - the splice site, and the commas 

separate the codons). In this way, the amino acid sequence expected (by 

comparison with other vertebrate actins) is obtained. However, the same 

amino acids could also be obtained by drawing in the following splice 

sites: CAC,CAG,G/TT— AAGG/GT.GTA or CAC,CA/GGTT— AA/G,GGT,GTA or 

CAC.C/AGGTT— A/AG,GGT,GTA. These, however, do not follow the GT-AG 

rule. Similar alternatives can be drawn for all the other intron/exon 

boundaries in these clones. The common occurrence of this phenomenon 

can be attributed to the direct repeat nature of the 5' and 3' 

junctions. Thus AG/GT— AG/GT is often found at splice sites (Breathnach 

and Chambon, 1981). The splice site saquences in these genes will be 

discussed later, in Section 4.5. For the moment, I will deal with the 

most interesting aspect of these introns: their positions within the 

coding sequence.

The intron positions in 5AP and 35A are different. As Figure 4.1 

shows, the introns in 5AP occur between amino acids 41 and 42 and in the 

middle of the codon for amino acid 150. Figure 4.2 shows that the 

introns in 35A occur between amino acids 41 and 42, between amino acids



121 and 122, and in the middle of the codon for amino acid 267.

Thia result was surprising because several other gene families had 

been found to consist of members whose introns were present at exactly 

the same location; for example, the globin genes (Efstratiadis et al., 

1980), the ovalbumin genes and their homologues (Royal £t al^, 1979; 

Heilig et a_l., 1980), the vitellogenin genes (Wahli £t £l., 1980) and 

the immunoglobulin genes (Yamawaki-Katoaka et al., 1981). It had been 

the accepted view that intervening sequence positions are evolutionarily 

stable. Thus, the intron positions of the globin family have been found 

to remain constant throughout vertebrate evolution (Patient et al..

1980; Barrie et il., 1981).

A similar phenomenon has recently been found with other actin 

genes. Thus, chicken skeletal muscle, rat skeletal muscle and human 

cardiac muscle actin genes all have introns at positions 41/42, ISO,

204, 267 and 327/328 (Fornwald et al̂ ., 1982; Zakut et al., 1982; Hamada 

et al., 1982), whereas the rat beta-cytoakeletal gene has introns at 

positions 41/42, 121/122, 267, and 327/328. The 5AP and 35A intron 

positions can be seen to fit in exactly with thia difference in intron 

patterns, which appears to differ between the striated muscle types and 

the cytoskeletal types (whether this pattern differs further in the 

smooth muscle and gamma-cytoskeletal genes must await further cloning 

work). Although SAP and 3SA do not contain complete genes, and 

therefore possibly differ from the mammalian and chicken intron 

patterns, this data would seem to support the proposal put forward 

earlier that the muscle-type and cytoskeletal actin genes started to 

evolve separately before the divergence of amphibians from the rest of 

the vertebrates.

The intron poaitiona of all the actin genes studied to date are
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shown in Figure 4.10. It can be seen that Drosophila, a nematode, and a 

sea urchin also each contain genes with different positions. Intron 

positions also vary between the organisms compared; in fact, introns 

have now been found in 14 different positions in the actin genes 

(including one in the 5' untranslated region). The variability of 

sites, shown in Figure 4.10, has been discussed by several authors 

(Zakut et a 1., 1982; Davidson et a l ., 1982). Two extreme models can be 

envisaged to explain this variability: firstly, that the original actin 

gene contained many introns which have since been gradually eliminated, 

or secondly, that the original actin gene contained no introns, and that 

these have been introduced during evolution.

Intron elimination has been demonstrated in other genes (Lomedico 

et al., 1979; Hyldig-Nielaen e£ al̂ ., 1982). Thus, for example, the 

insulin genes of chicken (Perler et_ al., 1980) and man (Bell e£ al., 

1980b) have 2 intervening sequences. The rat has 2 insulin genes; one 

of these has a similar structure with 2 introns, but the other gene has 

lost the second intron (Lomedico et il., 1979). Intron elimination 

would seem to explain the evolution of the deuterostome actin genes 

(vertebrate and sea urchin) from a primordial gene containing at least 7 

introns. Each type of sea urchin gene contains intron positions which 

are found separately in the vertebrate muscle and cytoskeletal genes.

The events giving rise to the completely different intron positions 

in the Protista and lower eukaryotes are more difficult to imagine.

These organisms contain far fewer introns; in the case of Dictyostelium 

and Oxytricha, probably none at all (although none of the former genes 

have been completely sequenced and, in the latter case, the gene was 

cloned from macronuclear DNA, ao that introns may have been eliminated 

during the development of the macronucleus from the micronucleus; Ksine
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Figure 4.10: Intron Positions in Act in Genes

The 14 positions where introns have been found in various actin 

genes are shown along the top of the grid. The numbering system is that 

originally used for rabbit skeletal muscle actin (Collins and Elzinga, 

1975) and, since the N-terminal sequences of actin proteins show 

different numbers of amino acids, and internal additions and deletions 

may occur in the actin protein sequence, the intron position given here 

is not necessarily equivalent to the actual numbering syatem for the 

actin gene in question. Where two numbers are given this signifies that 

the intron is found inbetween the triplets coding for those amino acids, 

while where there is only one, the intron occurs vithin that codon. 'L' 

represents the 5' untranslated (but transcribed) region of the gene.

'O' indicates the presence of an intron, '-' the absence of an intron, 

and a blank indicates that there is no information available concerning 

introna in that region. The genes are divided into four groups 

according to the type of organism they were isolated from: 

deuterostomes, protostomes, protista, and plants (from top to bottom). 

The actin genes examined include a human cardiac muacle gene (Hamada et 

al., 1982), a rat skeletal muacle gene (Zakut et £l., 1982), a chicken 

skeletal muscle gene (Fornwald £t_ al .. 1982), a rat beta-cytoakeletal 

gene (Nudel et £l., 1983), the 5AP and 35A genes (this work), the sea 

urchin C-type and J genes (Cooper and Crain, 1982; Davidson e£ al.,

1982), the Drosophila 5C, 57B, 798, and 88F genes (Fyrberg e£ £l., 1981; 

Sanchez et £l., 1982), all four nematode genes (Files e£ al., 1983), an 

Oxytricha macronucleus gene (Kaine and Spear, 1982), an Acanthamoeba 

gene (Nellen and Gallwitz, 1982), the yeast gene (Gallwits and Surea, 

1980; Ng and Abelson, 1980), the Dictyoatelium genes (McKeown and
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and Spear, 1982). None of the intron positions of these organisms has 

been found in deuterostomes. It might be argued, form this, that the 

second model (intron addition) might be applicable to the earlier 

evoli*r>so of actin genes. The first model is also possible, however, as 

protists may represent the more advanced evolutionary forms in that 

their smaller genomes may result from 'streamlining' introduced during 

the much higher number of divisions they have undergone (Doolittle, 

1978). The original actin gene may have started with 14 or more 

introns, in that case, and most of these may have been eliminated in 

protists. Evidence that this might be the case comes from recent 

results in soybean and corn actin genes. One of the 3 introns of these 

genes occupies the same position as the vertebrate muscle genes. A 

second intron is in an identical position to an intron found in one of 

the nematode genes (see Figure 4.10). It seems unlikely that this could 

be due to coincidence; rather, this suggests that these introns were 

present in the ancestral gene leading to all of these lines (unless one 

proposed that there exist preferred sites for intron insertion).I t  seems t h a t  some in tr o n s  were p r e s e n t  in  v e r y  e a r l y  a n c e s t r a l  genes and th a t  th e s e  h a v e  been removed in  some o r g a n is m s . I t  i s  not p o s s i b l e ,  h ow ever, to  e x c lu d e  th e  p o s s i b i l i t y  th a t  th e s e  o r any o th e r  in t r o n s , a r e  in s e r t e d  i n t o  th e  a c t i n  g en es a t  some t im e . I t  seems th a t  i f  such in s e r t io n s  w ere t o  o c c u r , th e y  w ould h ave to  be accom p an ied  by th e  a b i l i t y  o f  th e  g e n e  t o  s p l i c e  them o u t .  T h is  i s  b e ca u se  a c t i n  is  such a c o n s e r v e d  p r o t e in  i t  seems u n l i k e ly  t h a t  th e  in s e r t io n  o f  e x t r a  c o d in g  se q u e n ce  w ould be t o le r a t e d  f u n c t i o n a l l y ,  even  fo r  a s m a ll number o f  g e n e r a t io n s .In  a number o f  p r o t e in s  d i f f e r e n t  s t r u c t u r a l  and f u n c t io n a l  dom ains hava been shown to  be r a p r a s e n te d  by d i f f e r e n t  axon s ( S t e in  et  ̂ a l . .



and Spear, 1982). None of the intron positions of these organisms has 

been found in deuterostomes. It might be argued, form this, that the 

second model (intron addition) might be applicable to the earlier 

evol*risft of actin genes. The first model is also possible, however, as 

protists may represent the more advanced evolutionary forms in that 

their smaller genomes may result from 'streamlining' introduced during 

the much higher number of divisions they have undergone (Doolittle,

1978). The original actin gene may have started with 14 or more 

introns, in that case, and most of these may have been eliminated in 

protists. Evidence that this might be the case comes from recent 

results in soybean and corn actin genes. One of the 3 introns of these 

genes occupies the same position as the vertebrate muscle genes. A 
second intron is in an identical position to an intron found in one of 

the nematode genes (see Figure 4.10). It seems unlikely that this could 

be due to coincidence; rather, this suggests that these introns were 

present in the ancestral gene leading to all of these lines (unless one 

proposed that there exist preferred sites for intron insertion).

It seems that some introns were present in very early ancestral 
genes and that these have been removed in some orgsnisms. It is not 
possible, however, to exclude the possibility that these or any other 
introns, are inserted into the actin genes at some tisw. It seems that 
if such insertions were to occur, they would have to be accompanied by 
the ability of the gene to splice them out. This is because actin is 
such a conserved protein it seems unlikely that the insertion of extra 
coding sequence would be tolerated functionally, even for a small number 
of generationa.

In a number of proteins different structural and functional domains 
have been shown to be represented by different exons (Stein st al.,
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1980; Artymuik et al., 1981; Hyldig-Nielsen e£ «1., 1982; Tonegawa et 

al., 1978; Craik et al., 1980; Sargent et «1., 1981). The actin 

molecule has so far been shown to contain only two structural domains 

(Suck et al., 1981). However, because of the large number of 

interactions of actin with other proteins (Weeds, 1982), and its 

extraordinary evolutionary conservation, it seems likely tht it is 

composed of a large number of small functional domains. If the original 

actin gene contained many introns, it would be possible to invoke the 

idea of Gilbert (1978) that 'exon shuffling' may have served to 

construct this gene from a series of small exons, each having evolved to 

encode a polypeptide with a specific interaction. This might be the 

explanation for the presence of some of the introns now found in the 

genes, even if it doesn't account for all of them; some introns may have 

been added after the construction of the gene in this way.

The intron positions of the actin genes in 5AP and 35A are 
different. The positions of the former gene's introns are the same as 
those of the striated muscle actin genes of other vertebrates, and the 
position of the latter genes, the same as those of the vertebrate 
cytoskeletal genes. This suggests that the vertebrate muscle-specific 
and cytoskeletal actin genes became separate before the divergence of 
amphibians from the other vertebrates.

The introns of actin genes from various deuterostomes, protostomes, 
and protists occupy differing positions; in total, 14 different ones.
It seems likely that some of these introna existed in a 'primordial 
actin gene', which existed before the separation of these lines, and 
have since been eliminated in certain organisms. It is not known,
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however, whether some of these introns could have been introduced later 

on in the evolution of certain actin genes.



Figure 4.11 compiles Che sequences at the intron splice sites of 

5AP and 35A, and compares these with the consensus sequence of 

Breathnach and Chambon (1981). The latter was based on a study of 90 5' 

splice junctions and 85 3' splice junctions of various protein-coding 

genes. Both that study, and the sequences presented in this thesis, 

show that only the GT at the 5' end of the intron, and the AG at the 3' 

end, are present at all the sites. The other positions in the consensus 

sequence represent bases that were present in a greater number of sites 

than the alternatives. Some of the splice sites of 5AP and 35A have 

sequences that differ from this consensus. For example, at position 1 

of the intron at amino acid 267 of 35A there is a thymine which is found 

in only 4 out of the 90 sites examined by Breathnach and Chambon. 

Similarly the adenine at position 17 of the 35A (41/42) intron was found 

in only 3 of the 85 3' splice sites, and the cytosine at position 8 of 

the 5AP (41/42) intron was found in only 1 out of 90 5' splice sites.

The number of differences of each sequence from the consensus has been 

shown in Figure 4.11(a), and it is clear that for most of the sites only 

a few positions differ.

It has been suggested that one or more of the small nuclear RNAs 
found in the nuclei of eukaryotic cells (Busch et al., 1982) may be 
involved in the mechanism of splicing. One of these, designated Ul,has 
a sequence which displays complementarity to the consensus sequence for 
both 5' and 3' splice sites. Consequently, Lerner et al.., (1980) and 
Rogers and Wall (1980) have proposed that the U1 RNA might hydrogen bond 
with both S' and 3' sequencea in such a way as to hold the two exon ends 
together for splicing to occur. Mount et al. (1983) have recently 
produced evidence that UlsnRNPs will selectively bind 5' splice sites .in

4.5 Introns: Splice Site Sequences and Splicing Mechanisms
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Figure 4.11 compiles Che sequences at Che inCron splice sites of 

5AP and 35A, and compares these with the consensus sequence of 

Breathnach and Chambon (1981). The latter was based on a study of 90 S' 

splice junctions and 85 3' splice junctions of various protein-coding 

genes. Both that study, and the sequences presented in this thesis, 

show that only the GT at the 5' end of the intron, and the AG at the 3’ 

end, are present at all the sites. The other positions in the consensus 

sequence represent bases that were present in a greater number of sites 

than the alternatives. Some of the splice sites of 5AP and 35A have 

sequences that differ from this consensus. For example, at position 1 

of the intron at amino acid 267 of 35A there is a thymine which is found 

in only 4 out of the 90 sites examined by Breathnach and Chambon. 

Similarly the adenine at position 17 of the 35A (41/42) intron was found 

in only 3 of the 85 3' splice sites, and the cytosine at position 8 of 

the 5AP (41/42) intron was found in only 1 out of 90 5' splice sites.

The number of differences of each sequence from the consensus has been 

shown in Figure 4.11(a), and it is clear that for most of the sites only 

a few positions differ.

It has been suggested that one or more of the small nuclear RNAa 
found in the nuclei of eukaryotic cells (Busch £t al., 1982) may be 
involved in the mechanism of splicing. One of these, designated Ul,haa 
a sequence which displays complementarity to the consenaus sequence for 
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4.5 Introns: Splice Site Sequences and Splicing Mechanisms





Figure A.11(a) : Intron Splice Sites

A compilation of the putative intron splice sites contained within 

the 5AP and 35A genes. The intron in the leader (5' untranslated 

portion of the transcribed region) of the 35A gene was discovered as a 

result of the sequencing of primer extension products which is described 

in Section 5.1.2 (see also, Figure 5.3). The 3' splice sites of the 

introns at positions 150 of the 5AP gene, and 267 of the 35A gene, are 

not contained in these clones. The numbers above each splice site give 

the number of bases surrounding that site which differ from the 

Breathnach and Chambon consensus sequence (see Figure 4.11b).





Figure 4.11(b): The Breathnach and Chambón Splice Site Consensus

Sequence

The Breathnach and Chambon consensus sequence (Breathnach and

Chambón, 1981); formulated as a result of examining 90 5’ splice sites

and 85 3' splice sites of various protein-coding genes. The bases are

numbered for easier reference. Below the latter are given the fraction

of the total number of splice sites where the base shown was found in

that position.



vitro. They could not, however, find any binding of U1 snRNPs to 3' 

sites, and have suggested that this nuclear RNA is only involved in 

binding the 5' site.

The data currently available on the mechanism of intron splicing 

has been reviewed elsewhere (Breathnach and Chambon, 1981; Mount and 

Steitz, 1983), so a detailed survey of this material will not be made 

here. A brief summary, however, may be of use when considering the 

significance of these splice site sequences.

The sequence at the splice sites has been shown to be important in 

determining which site is used, as alteration of a natural splice site 

has often led to the use of 'cryptic* sites (Felber et al., 1982;

Treisman e£ £l., 1982, 1983; Wieringa e£ al^., 1983). That this is not 

the only factor which determines the choice of splice sites, however, 

has been indicated by a number of examples where sequences some distance 

from splice sites affect the efficiency or fidelity of splicing (Spence 

et al., 1982; Khoury e£ al., 1979; Langford and Gallwitz, 1983). The 

creation of new S' splice sites by mutation has sometimes caused the use 

of new 3' sites as well (Treisman e£ al., 1983; Dobkin et al̂ ., 1983), 

and the placing of S' or 3' splice sites upstream or downstream of their 

natural counterparts in the rabbit beta-globin gene has been found to 

result in the outermost sites always being used (Wieringa et al.,

1983b). All of these data argue for complex splicing models which do 

not just involve the splicing machinery first associating with one 

splice site and then moving one dimensionally in search of a counterpart 

(as has been suggested previously). Kuhne et al̂ . (1983) have suggested 

that the seco^iry and tertiary structure of the RNA be taken into 

consideration in such models. Such considerations might be responsible, 

for instance, in the choice of the 3' splice site of the 35A leader

1 r  o
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intron (see Figure 4.11), where a sequence more closely resembling Che 

Breathnach and Chambon consensus (CACTGCCTAGGT) can be found between 50 

and 100 bases upstream (although it is possible that which bases differ 

from the consensus sequence is also important in the choice of splice 

site; not just the number).

The process of splicing is at present poorly understood. Although 

this work has not been directed at determining the splicing mechanism, 

it has provided further conformation of the GT/AG rule of intron 

splicing (see above), and the intron sequences provided in Figures 4.1 

and 4.2 may be useful, eventually, in forming a mdoel for this 

mechanism.

All of the introns of the 5AP and 35A actin genes obey the GT/AG 

rule: the intron starts with GT at the 5' end, and finishes with AG at 

the 3' end. Also, most of the splice sites are very similar to the 

consensus sequence established by Breathnach and Chambon (1981).

However, in at least one case, the 3' splice site of the leader intron 

in 35A, a sequence more closely resembling the consensus sequence can be 

found close by. The factors determining the choice of splice sites in 

eukaryotic genes are at present poorly understood.



5 THE EXPRESSION OF ACTIN GENES IN XENOPUS

5.1 Primer Extension and the Transcriptional Mapping of 35A

5.1.1 Introduction

An interesting prospect that arises, once genes have been 

sequenced, is that of the search for sequence elements that play a role 

in their expression. This can take the form of sequence comparisons 

between genes, together with experiments where sequences 5' to a gene 

are gradually deleted, and the subsequent transcriptional activity of 

the gene in ijn vitro and iri vivo systems examined. In this way, severs 

elements have been discovered, which are common to almost all RNA 

polymerase II-transcribed eukaryotic genes: the 'TATA' and 'CAAT' boxes 

(Corden al.., 1980; Benoist ît a^., 1980; Flavell, 1980). A similar 

approach has been used to search for sequences that are responsible for 

the expression of a limited set of genes (Davidson et a K , 1983). A 

common feature of all of these sequences is that they are found 5' to 

the transcriptional initiation site. In order to start looking for 

similar sequences in these borealis actin genes, therefore, it was 

clearly necessary to find the position in the sequence where 

transcription starts. There are two basic approaches to this: SI 

mapping and primer extension. I will briefly describe the principles 

involved in each, and explain why the latter was chosen for this 

project.

SI mapping (Berk and Sharp, 1977) exploits the ability of the 

nuclease SI to hydrolyze single stranded nucleic acid, while leaving 

double stranded nucleic acid intact. Typically, the technique involves 

the hybridization of a labelled, single-stranded DNA probe to a 

preparation of mRNA, followed by the degradation of all unhybridized



regions, and assay by gel electrophoresis of the so-called 'protected' 

regions. An appropriate probe for this purpose would be a restriction 

fragment that could be labelled at the 5' end of the non-coding strand 

within the N-terminal exon of the gene, while the other end extends 

several hundred bases into non-coding regions upstream from the 

initiation codon. For many genes, such a scheme has enabled the start 

of transcription to be mapped on a genomic clone. It was known, 

however, that several vertebrate actin genes possessed introns within 

the RNA leader sequence (Nudel eit a K , 1983; Zakut £t al̂ . , 1982;

Fornwald £t al^., 1982). The simple SI mapping experiment described 

above would merely give the position of the 3' end of this intron, and 

the front portion of the leader sequence would remain to be found; a 

more difficult task.

An alternative method is that of primer extension. This involves 

5' end labelling a segment of sense-strand DNA near the S' end of the 

gene, hybridisation to RNA containing that gene product, followed by the 

extension of the DNA primer on the RNA template with reverse 

transcriptase (see Figure 5.1). The primer extended DNA can then be 

sequenced using the Maxam and Gilbert technique. In effect, the 

sequence of the mRNA can be obtained, and comparison with the 

appropriate regions of the genomic clone should define the 

transcriptional start point, as well as any leader introns present. It 

should also be apparent, that, provided the primer is taken from a 

protein coding region that is conserved in all the members of the gene 

family concerned, the number and, in this case, identity of the 

transcripts from that family, in any given tissue, can be defined. This 

aspect is another advantage over SI mapping, where the only information 

obtained on the expression of genes in tissues is whether, or not, the
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Figure 5.1: Primer Preparation, Hybridisation and Extension

The primer used in this work was made from a Hha I - Bst NI 

fragment (a) which included all but the first 7 amino acids of the first 

coding exon of the 35A gene (see Figure 4.2). (a) illustrates that the 

sense strand of this fragment is 3 bases longer than the nonsense 

strand. To allow for the detection of small quantities of the primer 

and its extended products, the 5' phosphate of this sense strand was 

removed with bacterial alkaline phosphatase and replaced with a P- 

labelled phosphate using T4 nucleotide kinase and gamma-labelled ATP 

(b). This fragment was denatured, and the two strands size-separated by 

electrophoresis on a urea-(8Z) polyacrylamide sequencing-type gel. The 

labelled 103 base strand was extracted (C) and hybridized to an RNA 

preparation. After hybridization of the primer to actin mRNA (d), the 

primer DNA strand was extended in its 3' direction using AMV reverse 

transcriptase and unlabelled deoxynucltoside triphosphates; the mRNA 

being the template (e). The products of this reaction were then 

separated on an 8Z sequenting-type gel.



specific gene that has been cloned, is complementary to RNA from those 

tissues. The primer extension technique, therefore, is a more useful 

tool, for, in the study of the differential expression of a family of 

genes, it is obviously essential to know where and when each gene is 

expressed.

5.1.2 Results and Discussion

The primer for these studies was made from a Hha I/Bst NI fragment 

(103 base sense strand) which included all but the first 7 amino acids 

of the first coding exon of the 35A gene (see Figure 4.2). A property 

of this fragment is that the Hhal site is situated within the ala-leu- 

val triplet of amino acids that is common to all vertebrate actins, and 

also it does not include the highly variable N-terminal end of the gene. 

This makes it a potentially very useful tool as it will probably 

hybridize to any vertebrate actin mRNA (it hybridized to X_̂  borealis 

skeletal muscle actin RNA - see Section 6).

Figure 5.1 illustrates the preparation of the primer and the 

principle of its use. In a fragment, such as this, with a 3' overhang 

(Hhal site) at one end and a 5' overhang (BstNI site) at the other 

(which can be kinase-labelled), one strand is 3 bases longer than the 

other. This makes the process of separating the strands very simple, as 

the double-stranded fragment can be electrophoresed in a sequencing- 

type, denaturing, acrylamide/ urea gel system which separates the 2 

strands on the basis of their size.

Initially, the conditions used for the hybridization of this primer 

to the RNA were similar to those described in Tsang e£ al. (1982).

Figure 5.2(a) shows the primer extension products after this primer had 

been annealed to X. boreal is total ovary RNA, overnight in 10 mM Pipes









Figure 5.2(a): Primer Hybridization to Ovary RNA at Various

Temperatures

Single-stranded, 5'-labelled primer (see Figure 5.1) was annealed 

overnight with 4 pg of X̂ . borealis ovary RNA in 10 mM Pipes pH 6.4, 0.4 

M NaCl, 0.2Z SDS, in a 10 p 1 volume. After the hybridization, the 

samples were precipitated twice, redissolved in primer extension buffer, 

and incubated for 60 minutes at 42°C with AMV reverse transcriptase.

They were then extracted with phenol/chloroform, ethanol-precipitated 

twice, and dissolved in formamide sample buffer, before electrophoresis 

on an 8Z sequencing-type gel (see Section 2.7). Untreated primer was run 

in track 1. Tracks 2 to 5 contain the primer extension products 

following hybridizations at 50°, 55°, 60° and 70°C respectively. The 

sets of bands labelled A to D are those that are thought to represent 

products from discrete mRNA species. The position of unextended primer

is marked with a P.



G C U C  U G  G  A  A U  G  U

C G C G A C G U U A C A  

G  C  A  A  A  G  C U G G C

I I I I I I I I II
C G U U U C G A U C G



1 66

Two sections of the borealis beta-like mRNA (which is 

transcribed from the 35A gene) primer-annealing region were found to be 

complementary to sections further along the mRNA in the 5' direction. 

The hairpin loops that would be formed from annealing of such sequences 

are shown. 10 out of 12 bases of sequence (1), from the primer

annealing region, can pair with a sequence 15 bases upstream from it in 

the protein-coding region. 10 out of 11 bases of sequence (ii), also in 

the primer-annealing region, can pair with a sequence of the leader 

region, 97 bases upstream.

Figure 5.2(b): Possible Hairpin Loop Structures in the 35A Transcript
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and Hybridization Conditions

X. borealis ovary RNA was hybridized overnight to primer at 70°C in 

10 mM Pipes pH 6.4, 0.4 M NaCl, 0.2Z SDS (tracks 1 to 3), or at 45°C in 

the same buffer containing 50Z formamide (track 4). The amounts of RNA 

used in the hybridizations were: 60 pg (tracks 3 and 4) or 30 pg (track 

2), each in a 30 pi volume, or 6 pg (track 1), in 10 pi. The primer 

that had hybridized to RNA was then extended with AMV reverse 

transcriptase, and the products run on an 8Z sequencing-type gel (see 

Figure 5.2a and Section 2.7). Sets of bands labelled B, C, and D are 

the same as those described in (a).

Figure 5.2(c): Primer Hybridization with Varying RNA Concentrations



pH 6.4, 0.4 M NaCl, 0.2Z SDS at 50°, 55°, 60° and 70°. It can be seen 

that the 70°C hybridization appears to have resulted in the largest 

yield of primer extended products. I have labelled 4 sets of bands, A 

to D, which I think may have arisen from discrete RNA species (the only 

way to conclusively show that each band has arisen from a discrete mRNA 

species is to sequence each band; as we will see, this has only been 

done for bands B and C). There appears to have been more hybridization 

of primer to the messages that give rise to bands A to C at 70°C than at 

lower temperatures; this was quite surprising, but a similar result has 

been observed by Professor H. R. Woodland (per. comm.) using a Xenopus 

histone H4-derived primer. It is possible that this is due to secondary 

structure at the 5' end of these mRNA species, which may have to be 

destroyed by high temperature before primer annealing can occur. Figure 

5.2(b) shows two examples of sequences in the 35A primer-annealing 

region which might base-pair with sequences further along the mRNA in 

the 5' direction.

Figure 5.2(c) demonstrates more clearly that 'bands' B and C are, 

in fact, each composed of two to three bands. Other workers have found 

that primer extension on a single RNA species gives rise to two bands 

one base apart (Luse et al., 1981), and have suggested that this may be 

an artefact of the primer extension reaction. However, the lower of 

each of the sets in B and C is clearly more than one base smaller than 

the upper. Nevertheless, I think it likely that these lower bands are 

derived from the major species (they show the same behaviour in response 

to changes in hybridization temperature, for example), and the seta of 

bands for B and C were each pooled for sequencing.

Because more radioactive label was incorporated into them, the seta 

of bands B and C were the obvious first choice for sequencing. Figures
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5.2(a) and (c) show that while a greater degree of hybridization occurs 

at 70°C for some RNAs, there is also a large amount of chemical 

degradation at this temperature. In order to increase the radioactivity 

incorporated into the sets of bands B and C still further, an experiment 

was performed to test the effect of using a lower temperature with 

formamide in the hybridization. Tracks 3 and 4 of Figure 5.2(c) 

demonstrate that far more extended product was obtained when the 

hybridization was performed at 50Z formamide, 45°C, than at 70°C without 

formamide; this appears to be due to a decrease in chemical degradation. 

This modification was used to obtain material from B and C for 

sequencing.

Figure 5.2(c), tracks 1 to 3, demonstrate the effect of using 

increasing amounts of RNA in the hybridization reaction. Not 

surprisingly, there is an initial increase in the products obtained, 

with increasing RNA concentration. However, a comparison of tracks 2 

and 3 reveals that, after saturating the primer with total actin 

message, band D is lost on increasing the RNA concentration further.

This phenomenon is repeatable (e.g. see Figure 5.6b). One possible 

explanation for this phenomenon might be that this RNA species is only 

partly complementary to the primer and, on reducing the primer/RNA 

ratio, this weakly hybridizing species loses out in the competition for 

primer. If this is true then care must be taken when interpreting 

experiments that compare the primer extension products obtained with RNA 

from different tissues; artefactual differences might be obtained, for 

example, by using different concentrations of RNA from each tissue.

Figure 5.3(a) shows the sequence read from an 8Z sequencing gel, on 

which was run the Maxam and Gilbert sequencing products of B and C. The 

sequence of B exactly matches the coding sequence and first 8 bases of
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Figure 5.3(a): Sequences of Primer Extension Sets of Bands B and C

The sequences of the primer extended sets of bands B and C are 

shown. The bracketed Ts indicate that the precise number of Ts was not 

discernible. There were, however, more Ts in the C sequence than the B 

sequence, so a gap has been introduced in the former to show the 

similarity of the sequence 5' to this region. It was not possible to 

read either of the sequences all the way to the 5' end of the mRNA. In 

the coding region, the amino acids have been written underneath the 

corresponding sequence. The regions where the two leaders are 

homologous have been boxed. The arrow marks the position in the 

sequence of the B band where an approximately 1200 bp insert was found 

in the sequence of 35A. Thus, the sequence 5' to this arrow can be seen 

to read the same as the sequence 5' to a similar arrow in Figure 5.3(b); 

the 3' sequence reads the same as the sequence 3' to a similar arrow 

situated 8 bases 5' to the first ATG codon (see Region 5 in Figure 4.2).

A  G
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The onK-sense strand sequence of region 3 of 35A (see Figure 3.20) 

is shown. Each complete line contains 60 bases. The horizontal arrow 

roughly marks the position of the transcriptional start site. The 

vertical arrow head marks the 5' splice site of the leader intron. The 

putative 'TATA' and 'CAAT' boxes are overlined, as are 5 other sequences 

that are candidates for being elements involved in the control of this 

gene'8 expression (see Section 5.1.2). Sequences 1 to 3 are found in 

similar positions, relative to the transcriptional start, in the rat 

beta-cytoskeletal actin gene (Nudel e£ a_l., 1983), while sequence 4 is 

present (with one base difference) 300 bases from the start of 

transcription of the rat gene. Sequence 5 is found in the leader region 

of the rat bef«-gene (11 out of 12 bases) as well as the leader of this 

gene. The pair of sequences, R2, represents a perfect repeat while the 

pairs, R1 and R3, are imperfect repeats (8 out of 9, and 10 out of 11 

bases, respectively, being repeated). These are discussed in Section 6, 

as is the sequence IR, the inverted complement of which (with 2 base 

changes) is present 50 to 100 bases upstream (see Figure 6.3). Most of 

the restriction enzyme cut sites shown in Figure 3.20 are indicated 

(except for the Alu I sites, AGCT, and a Hae III site, GGCC, the latter 

being within the first putative 'CAAT box').

Figure 5.3(b): Sequence of 35A: Region 3
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Co Chis, Che sequence of 3SA again matches Chat of Che B band (for Che 

51 bases of Che latter that can be read). From this, I conclude Chat 

Che 35A actin gene is expressed in the oocyte.

As Figure 4.11 shows, Che approximately 1200 bp intron possesses 

Che terminal 5' GT and 3' AG associated with almost all introns (in 

fact, the precise boundaries of the intron were fixed by applying this 

rule; Breathnach and Chambon, 1981). An intron located within the mRNA 

leader, at a similar position, has been found in all the other 

vertebrate actins that have been studied so far (Nudel £t a K , 1983; 

Zakut £t £ K , 1982; Fornwald e£ £l., 1982).

Although the reading of the primer extended sequence became 

difficult after the region shown in Figure 5.3(a), the rest of the 

sequence of B could be roughly identified with that of 35A so as to give 

an approximate position for the start of transcription. As Figure 

5.3(b) (the sequence of region 3 in Fig. 3.20) shows, this lies close to 

the sequence TCATTCA, which exactly fits the consensus sequence found 

for histone gene cap sites (PyCATTCPu; Hentschel and Birnstiel, 1981). 

This is surprising as this consensus sequence is thought to be specific 

to histone genes. Most other genes do not conform to any specific 

consensus sequence at all, except that transcription usually starts at 

an A residue (in the anti-sense strand) which tends to be surrounded by 

pyrimidines (PyNNNPyAPyPyPyPyPy; see Breathnach and Chambon, 1981). 

Although the exact transcriptional start point is hard to determine, it 

appears to be several bases upstream from this histone-like sequence, 

and therefore the latter resemblance may be coincidental.

Approximately 25 to 30 bases upstream from the start of 

transcription lies the beginning of the sequence 5'-TTAAATA-3'. This is

Che 5' upstream sequence of Che 35A gene. ApproximaCely 1200 bases S'



similar, but not identical, to the consensus sequence (TATA^,A^,A) found 

in this position (the initial T, 26 to 34 bp from the transcriptional 

start point, Breathnach and Chambon, 1981) in nearly all eukaryotic 

polymerase II genes that have been sequenced so far. The so-called 

'TATA box' is believed to be the dominant element in determining the 

transcriptional start site of these genes (Grosveld et_ al̂ . , 1982; 

Grosschedl and Birnstiel, 1980a; Benoist and Chambon, 1981; Fromm and 

Berg, 1982; Dierks et al., 1983). Its deletion often results in in vivo 

initiation at multiple start points, although Dierks £t a K  (1983), 

using the rabbit beta-globin gene, have found that, in its absence, 

transcripts start at the 'cap site', the normal initiation point. They 

have suggested that the latter region also exerts a weak effect on 

deciding the initiation point. However, on insertion of linker 

sequences inbetween the 'TATA box' and the 'cap site' of the rabbit 

beta-globin gene, Dierks e_t_ a^. found the start point to be always 26 to 

28 nucleotides downstream from the 'TATA box'; indicating the overriding 

influence of the latter.

In addition to determining the site of the start of transcription, 

the 'TATA box' is also required for the efficient transcription (that is 

to say, its removal lowers the level of transcription) of the beta- 

globin gene (Dierks et_ a_l., 1983; Grosveld ii* • 1982), and probably 

other genes. These include the sea urchin histone H2A (Grosschedl and 

Birnstiel, 1980a), HSV TK (Mcknight and Kingsbury, 1982), conalbumin 

(Grosschedl jet al., 1981) and adenovirus EIA and major late promoters 

(Osbourne e£ al̂ ., 1982; Moreau e£ al_., 1981). Deletion of the 'TATA 

box', in these in vivo studies, does not lead to complete 

transcriptional inactivation, however, as does the Pribnow box promoter 

in a bacterial gene (Miller, 1978), and so it is presumably not the sole



promoter-like element in a eukaryotic gene.

Another conserved sequence found in many eukaryotic protein-coding 

genes is the so-called 1CAAT box'. This region is usually found 70 to 

90 base pairs upstream from the start of transcription, and has the 

canonical sequence 5' - GC^CAATCT - 3' (Benoist et̂  a K  , 1980; 

Efstratiadis ejt a 1., 1980). Deletion of this sequence has been found to 

decrease transcription rn vivo (i.e. on transformation of the altered 

gene into cell lines) of alpha- and beta-globin genes (Dierks et_ al., 

1981, 1983; Grosveld et al., 1982a, 1982b; Melton et «1., 1981). The 

sequence GGCCAATC occurs in the 35A gene at a position where the first G 

is approximately 115 to 120 bases from the start of transcription. This 

oligonucleotide most closely resembles the canonical sequence, although 

another oligonucleotide, GCCCATA, lies 32 bases closer to the 

transcriptional start, at the expected position. Either of these 

sequences may function as a promoter element, although not necessarily 

so. The deletion or mutation of the CCAAT-like sequences of the sea 

urchin histone H2A gene (Grosschedl and Birnstiel, 1980a) actually leads 

to a 2-fold increase in the rate of transcription, while McKnight and 

Kingsbury (1982) showed that most of the nucleotides within a CCAAT-like 

sequence in the HSV TK promoter region could be substituted without loss 

of promoter function. Possibly, these CAAT-like sequences are not 

functional homologues of the globin CAAT box. It may be unwise, 

therefore, to equate either of these 35A sequences with a promoter 

element solely on the basis of psrtial homology to the consensus 

sequence.

In addition to these elements, various other upstream regions 

appear to be important for maximum transcriptional activity. Thus, the 

beta-globin genes of mouse, human, goat and rabbit contain a sequence
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approximately 100 bases upstream from the cap site with the consensus 

sequence 5' - CCTCACCCTG - 3' (Dierks et al., 1983). Such sequences 

tend to be gene-type specific, however, as studies on the HSV TK gene 

(McKnight and Kingsbury, 1982), the sea urchin H2A gene (Grosschedl and 

Birnstiel, 1980b, 1982), and the SV40 early region (Benoist and Chambon, 

1981; Fromm and berg, 1982) have shown. It is perhaps coincidental, 

therefore, that the 35A sequence contains the sequence 51 — CCAGACCCTG — 

3', 150 to 200 bp from the capsite (see Fig. 6.3).

The most obvious method of trying to locate sequences important in 

the transcription of actin genes, is to compare the region 5' to the cap 

site of 35A with similar regions of other actin genes. A comparison of 

35A with the rat beta-actin gene (Nudel ejt a_l., 1983) reveals several 

interesting short sequences shared by both. One of these 5' - GGCGC - 

3' is situated approximately midway between the 'TATA box' and the cap 

site in both genes. Another, 5‘ - GCGAGGC -3', also lies in similar 

positions in both genes; the last C lies approximately 103 bases from 

the cap site of the 35A gene, and 110 bases from that of the rat gene.

If the GCCCATA sequence were to represent the true 'CAAT box' in the 35A 

gene, these sequences would also be located the same distance (approx.

20 bases to the 5' side) from the 'CAAT box' in both genes. The 

sequence CTGTGPuCG lies close to the 5' side of both 'TATA boxes'; 

immediately in front, in the case of the 35A gene, and 3 bases in front, 

in the case of the rat gene. These sequences appear significant because 

of the similarity of their positions in these two genes (both encoding 

cytoskeletal actins). They are also absent from the rat skeletal muscle 

actin gene of Zakut et a U  (1982), and so possibly may be involved in 

the control of expression of cytoskeletal actin genes.

Sequences involved in the control of expression of other gene-types



have been described in Section 1.3. Recently, a candidate for such a 

control element has been found in skeletal muscle actin genes. Ordahl 

and Cooper (1983) have shown that a 20 base-pair region is highly 

conserved in the 5‘ upstream regions of the chick and rat genes. The 

surrounding non-coding sequence shows relatively low homology between 

the genes, and the localization of the conserved sequence (surrounding 

and including the 'CAAT box') is the same in both genes. This sequence 

is also absent from the rat and chicken beta-cytoskeletal actin genes, 

which, as we have seen, have a different pattern of expression to the 

muscle actin genes.

Other homologies exist between the frog and rat genes, but these do 

not occur in similar positios. For example, the sequence 5' - 

CTTCTCTCTAC - 3' occurring approximately 300 bases upstream from the cap 

site of the rat gene, is similar to the sequence 5' - CTTCTATCTAC - 3', 

approx. 71 bases 5' to the frog cap site. Obviously, sequence 

similarities are likely to be found if a large enough region of DNA is 

searched. However, the recent discovery of promoters, called enhancers, 

which appear to function regardless of orientation to, and distance 

from, a gene (within limits), makes it unwise to disregard all such 

sequences, merely because of their different positions relative to the 

cap site (Khoury and Gruss, 1983). The immunoglobulin enhancer is 

especially interesting as it appears to function in a tissue-specific 

manner (Gillies et̂  a 1., 1983).

Determining the function, if any, of these sequences will depend on 

experiments where they are deleted or mutated before being recloned and 

introduced back into cells to study their pattern of expression. Of 

course, before this can be done, it must be shown that unaltered actin 

gene clones can be used to transform cells and obtain normal
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transcriptional regulation. With muscle-specific actins, normal 

regulation consists of transcriptional activation only at myogenesis 

(see Section 1.3). With cytoskeletal actin genes (such as the 33A 

gene), however, we do not yet definitely know of any transcriptional 

regulation in vertebrates, and further experiments are required in this 

area, before such experiments can be performed.

As explained in Section 1.3, the expression of cytoskeletal actin 

genes in several circumstances may be controlled at the level of mRNA 

translation. It is possible that the regions of homology between the 

rat beta-act in gene and the 35A gene leader regions, TCCTTGC and AGCT 

(joined in the rat gene, but with a T separating them in the frog gene; 

see Fig. 5.3b), are involved in such a form of control. A similar 

sequence is not found in the leaders of the rat and chicken alpha-actin 

genes (Zakut et̂  al_., 1982; Fornwald £t aJN , 1982). It is also possible, 

however, that this sequence is merely involved in the interaction of 

ribosomes with the mRNA, as 6 out of the first 7 bases of this region of 

homology are complementary to the conserved, purine-rich, 3' region of 

eukarotic 18S (including Xenopus) ribosomal RNAs (Hagenbuchle ejt al., 

1978; Maden e£ a K , 1982). This complementarity is illustrated in Fig. 

5.4(a). The precise role that would be played by such an interaction of 

this sequence with a ribosome is not clear, however. Most eukaryotic 

messages do not possess leader sequences with any significant 

complementarity to the 18S RNA (De Wachter, 1979) although there are a 

few exceptions, such as an ovalbumin mRNA (Kuebbing and Liarakoa, 1978) 

and an adenovirus major late mRNA (Ziff and Evans, 1978), with regions 

of 6 to 9 bases complementary to the conserved 3' end of the 18S rRNA 

(Kozak, 1983). These, however, are not thought to serve a function 

analagous to the 'Shine and Dalgarno' sequence of prokaryotic messages



(a 7 base sequence situated 10 bases upstream from the initiator AUG 

which is complementary to the prokaryotic 16S ribosomal RNA, and is 

thought to be involved in ribosome binding; Shine and Dalgarno, 1974; 

Steitz and Jakes, 1975; Kozak, 1983) as they do not occur near the AUG 

codon. The region of complementarity to the 18S RNA found here is 54 

bases upstream from the first AUG of the 35A gene and 37 bases upstream 

from the initiator AUG of the rat beta-gene. A considerable body of 

circumstantial evidence (reviewed by Kozak, J978, 1980, 1981, 1982,

1983) appears to support a model whereby eukaryotic 40S ribosomal 

subunits bind initially at the 5' end of the mRNA molecule before 

migrating towards the interior and stopping at the first AUG (although 

there are several instances where initiation does not occur at the 5'- 

proximal AUG triplet-reviewed by Kozak, 1983; in the case of the 35A 

gene there are no AUG codons preceeding the initiating AUG). Kozak 

(1982) has suggested that, if the regions complementary to the 18S RNA 

have any functional significance, their interaction with rRNA might 

enhance the efficiency of translation, perhaps by stabilizing a 'pre

initiation complex'. There is, as yet, no evidence for such an 

interaction, however, and the possibility that the region of homology 

found here (between the rat beta- and 35A gene leaders) is involved in 

translational control cannot be ruled out.

The actin gene found on 35A is expressed in the X_̂  borealis oocyte. 

There is an approximately 1200 bp long intron in the 5' untranslated 

region of the primary transcript. The start of transcription has been 

roughly mapped, and candidates for the 'TATA' and 'CAAT boxes' have been 

found. Several short sequences have been found which are also found in
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Figure 5.4: Sequence Comparison

In (a) the 3' region of 18S rRNA that has been found to be 

conserved in several eukaryotes (Hagenbuchle et̂  a K  , 1978) is shown to 

be partly complementary to the region of the 35A gene's leader (bottom 

sequence) that is also found in the rat beta-gene's leader (see Figure 

5.3b). In (b) the region 5' to the actin-like sequence of the human

- gene, pseudo-1 (Moos and Gallwitz, 1903), was 

compared with the leader region of the rat beta-actin gene (lower 

sequence). The cap site of the rat gene is underlined with a broken 

line. In (c) the leader region of the 35A gene (upper sequence) was 

compared with a putative X̂ _ laevis gamma-cytoskeletal actin cDNA clone 

(T. Mohun, per. conn.). Gaps have been introduced into the sequences to 

achieve maximum homology, and homologous regions are boxed.

**w s *«r
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a similar position in the rat beta-cytoskeletal actin gene, but not the 

rat skeletal muscle actin gene.

5.2 Band C: A Gamma-Act in Gene Product?

As Figure 5.3(a ) shows, the sequence of primer extension band C 

differs from that of B in coding for 3 glutamate residues at positions 2 

to 4, instead of 3 aspartate residues. In this respect is is identical 

to the mammalian gamma-cytoskeletal actin, although, of course, there 

may be differences elsewhere in the protein.

Like the beta-type actin, encoded by the 35A sequence, this gamma

like actin has an alanine codon immediately after the first methionine. 

This has been found also to be the case in a laevis cDNA clone 

encoding a putative gamma-cytoskeletal actin (T. Mohun, per. comm.).

This codon ia not present in the rat beta-act in gene (Nudel e£ al.. 

1983), or the cDNA clones encoding beta- and gamma-cytoskeletal actina 

of humans (Gunning e£ al., 1983). All vertebrate muscle actin genes so

far examined have a cysteine codon in this position. The implications 

of this have been discussed in section 4.1.

Figure 5.3(a ) also shows the high homology found between the beta- 

and gamma-like RNA species (bands B and C) in those parts of their 5' 

untranslated regions ('leaders') that have been sequenced. There are 

several possible explanations for this observation. The genes giving 

rise to these RNAs may have arisen from a duplication event in the 

recent past or, alternatively, this event may have occurred some time 

ago and a racent gene converaion event has equalised the leader regions 

of the two genes. Another possibility ia that this region of the leader 

ia functionally important and so has been conserved for this reason.



If the latter explanation is true, then comparisons of these 

sequences with genes from more distantly related species might also 

expect to reveal some homologies in this region. Figure 5.3(b) shows 

the only region of homology between leader regions of the 35A gene 

(beta-like) and the rat beta-gene (Nudel et̂  a^., 1983). The homology in 

this region is surprising, and is perhaps a result of some functional 

role for this sequence (see Section 5.1.2). However, the majority of 

the sequence conserved between the borealis beta- and gamma-like gene 

leaders is not found in the rat beta-gene. If this sequence is 

conserved for some functional role, then this role must have changed 

since the divergence of the mammalian and amphibian ancestral lines. It 

is interesting, however, that a comparison between this rat beta-gene 

sequence and the sequence of the human cytoskeletal actin pseudogene, 

pseudo-1 (Moos and Gallwitz, 1983), reveals a very high degree of 

homology in the leader region (Figure 5.4b). Furthermore, the 

pseudogene shows a high degree of replacement site divergence from the 

other vertebrate cytoskeletal actins, which would be unusual for an 

expressed gene, and has, almost certainly, occurred since the creation 

of the pseudogene. It seems likely, therefore, that a large amount of 

the differences that are observed between the rat and human leader 

regions have also occurred since this event. The homology between these 

two species, which can be assumed to have diverged at the time of 

mammalian radiation, 85 million years ago (Romero-Herrara ^t al., 1973), 

is therefore even more striking than at first appearance. Hanauer e£ 

al. (1983) have recently found a high degree of homology between the 

leader sequence of the rat skeletal muscle actin gene (Zakut et al.,

1982) and a human skeletal muscle actin cDNA clone (Hanauer et al..

1983) . This is in contrast to the high divergence of most of the 3'



untranslated region. It seems that the leader region of all actin genes 

may evolve very slowly (i.e. more slowly than if the changes were 

neutral).

Is this the explanation for the similarities between the X. 

borealis beta- and gamma-like gene leaders? It may be contributory.

The leader region of the X_̂  borealis gamma-like gene that has been 

sequenced (Figure 5.3b) is identical to that of the laevis gamma-like 

sequence of T. Mohun (per. comm.). The C peptide of the preproinsulin 

genes (Perler £t a_l., 1980), on average, accumulates silent site changes 

with a U.E.P. of 0.7 (U.E.P. “ unit evolutionary period, the time in 

millions of years for the fixation of 1Z changes between the two lines). 

If there were no functional constraints on the gamma-like actin leader 

sequence then I might have expected roughly 11Z divergence between the 

sequences in the 8 million years since X_̂  laevis and X_j_ borealis 

diverged (Bisbee e£ a_l., 1977). This calculation, however, assumes that 

the rate of silent site fixation is the same for all genes in all 

species, and the high degree of variation found for different genes by 

Perler £t̂  a 1. (1980) makes this assumption doubtful. Nevertheless, the 

similarity between the two leaders does suggest conservation.

Is there any evidence to suggest that the similarity between the 

leaders of the X_j_ borealis beta- and gamma-like genes is not the result 

of functional conservation? Figure 5.4(c) shows that there is a high 

degree of homology between the X^ borealis beta-like leader and the 

leader of the laevis gamma-like gene leader cloned by Dr. T. Mohun 

(per comm.). However, the silent site divergence between the two coding 

regions of these genes is surprisingly small; only 29Z, when corrected 

for multiple substitutions (Perler e£ si., 1980). Although, as 

explained in Section 3.2, the silent site substitutions do not make an
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accurate evolutionary clock, and so the exact time since their 

divergence cannot be calculated, it would seem that these genes may not 

have arisen from the same event that gave rise to the mammalian beta- 

and gamma-cytoskeletal genes. Alternatively, a gene conversion event 

may have recently equalized the whole or part of these genes. Whatever 

the cause, the point to be made is that it is not just the leader 

regions, in this case, that show unexpected homology, and so it may be 

erroneous to attribute a special function to the leader sequence.

Clearly, it is difficult to gauge the contributions of factors such 

as gene conversion, recent duplication, and conservation for functional 

reasons, to the homology found between Xenopus cytoskeletal actin mRNA 

leader regions. The data on actin genes from other species, however, 

does suggest that the sequence of actin leaders from distantly related 

species can be highly conserved; presumably (as gene conversion and 

unequal crossover events cannot equalize genes from different species) 

for functional reasons.

5.3 Are The Same Cytoskeletal Actin Genes Expressed In All Tissues?

The two mammalian cytoskeletal actin isoforms have been found in 

all non-muscle tissues so far examined, although the ratio of these two 

proteins varies from tissue to tissue (Gsrrels and Gibson, 1976; 

Vandekerckhove and Weber, 1978b). Bravo et al., (1981) have shown them 

to be both expressed in a single cell. The 3 laevis cytoskeletal 

actins have also been shown to exist in a number of non-muscle tissues: 

liver, brain, oocyte and kidney (Vandekerckhove et al̂ ., 1981). The 

ratio of these amphibian actins also varies from tissue to tissue. 

Therefore, it seems a general rule in vertebrates that cytoskeletal
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actins are not tissue-specific, that all are co-expressed in many 

tissues, and that the degree of the expression varies.

It is pertinent to ask whether the same cytoskeletal actin genes 

are being expressed in each of these tissues. It is conceivable, for 

example, that many such genes might exist, each being associated with a 

different group of tissue-specific genes which are all activated in the 

appropriate tissue. Another possibility is that the same genes are 

transcribed differently in different tissues; for example, using 

different promoters. This is the situation for the Drosophila alcohol 

dehydrogenase gene (Benyajati et a K , 1983), and the mouse alpha-amylase 

1 gene (Young et̂  al̂ ., 1981).

Figure 3.5(a) shows the primer extension products obtained after 

hybridization of the primer with ovary poly(A)+ and poly(A)-, kidney, 

and XTC cell RNA (a fibroblast-derived cell line) from laevis. The

same pattern of bands can be seen in tracks 2 to 4 (XTC cell and ovary 

RNA) and the upper two bands in these tracks, at least, are just visible 

in track 1 (kidney RNA). It seems that at least one gene is expressed 

in all three tissues (it is tempting to say two, but it is impossible, 

without sequencing material from each band, to be sure that the lower 

band is not a result of degradation of the RNA that gave rise to the 

upper band). This conclusion, of course, assumes that it is unlikely 

for two different actin genes to produce RNA with the same length of 

leader region. I conaider this a reasonable assumption, except for 

those cytoskeletal genes that have arisen from a very recent duplication 

event. Thus, tracks 3 and 6 of Figure S.S show that the primer 

extension products of borealis ovary RNA (run on the same gel) can be 

clearly distinguished from those of X^ laevia; the two species probably 

having diverged only 8 million years ago (Bisbee e_t a 1. , 1977).











Figure 5.5: Primer Extension with RNA From Various Non-Muscle Tissues

Labelled primer was hybridized to laevis kidney total RNA (1), 

XTC cell (fibroblast derived) total RNA (2), ovary poly(A) ♦ RNA (3), 

and ovary poly(A) - RNA (4), as well as 10 pg and 50 pg, respectively, 

of X^ boreal is total ovary RNA (5 and 6). The latter two hybridizations 

were performed at 70°C (without formamide) while the hybridizations to 

X. laevis RNA were performed at 50°C and 70°C, for each RNA. The primer 

extension products were run on an 8Z sequencing-type gel. X^ borealis 

ovary bands (B to D) are labelled in the same way as in Figure 5.2. The 

large arrows mark the positions in the X̂ . laevis kidney tracks of the 2

faint sets of bands which are present in the other laevis tracks 

The position of unextended primer is labelled P.
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Nevertheless, these results do not conclusively prove that the same 

cytoskeletal actin gene is transcribed in all these tissues, although 

this seems to be most likely, and they do provide no evidence to the 

contrary. They also provide evidence against the possibility that 

different promoters are used for the same gene in different tissues, 

assuming that different length leaders would result from this.

5.4 Actin Expression in Skeletal Muscle

Figure 5.6(a) shows the primer extension products resulting from 

the hybridization of the cytoskeletal act in-derived primer to X . 

borealis skeletal muscle RNA. A range of temperatures from 50° to 70°C 

was used for the hybridization. Three groups of bands are indicated 

which could represent distinct RNA species. Set (ii) was more prevalent 

when the hybridization was performed at the lowest temperature. This 

was in contrast to the other 2 groups, which were more prevalent at 

70°C. Figure 5.6(b) shows that group (i) runs at the same position as 

the set of bands called C in Figure 5.2(a), and that group (iii) runs at 

a different position to set D (the hybridizations in this experiment 

were performed at 70°C, ao group (ii) was not seen). No set of bands 

corresponding to set B could be detected in experiments using skeletal 

muscle RNA (see Figure 5.6b), although in the original autoradiograph it 

was possible to detect a faint band running at the same position as the 

lower, fainter, band of the B set. As in non-muscle tissues, the 

precise number and clear identification of the genes that are expressed 

in skeletal muscle must await the sequencing (preferably individually) 

of all of these bands. The experiments described here appear to show 

that, in addition to the gamma-like cytoskeletal gene (whose product







Figure 5.6(a): Primer Hybridization to Muscle RNA at Varying

Temperatures

5 pg of total borealis skeletal muscle RNA was hybridized 

overnight with 5'-labelled primer (see Figure 5.1) at 50°C (track 1), 

55°C (track 2), 60°C (track 3), 65°C (track 4), and 70°C (track 5) in 

the absence of formamide. The hybridizations were done in 10 pi 

volumes. The primer that had hybridized to RNA was extended with AMV 

reverse transcriptase and the products separated on an 8Z sequencing- 

type gel (see Section 2.7). Three sets of bands (labelled i to iii) are 

thought to represent distinct RNA species. The unextended primer is

labelled P.
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Figure 5.6(b): Comparison of Primer Extension Product» of Muscle

and Ovary RNA

6 pg (track 1) and 30 pg (track 2) of borealis ovary poly(A) ♦ 

RNA and 5 pg of X^ borealis skeletal muscle total RNA (track 3) were 

hybridized overnight with 5'-labelled primer (see Figure 5.1) at 70°C, 

in the absence of formamide. The primer which hybridized to RNA was 

extended with AMV reverse transcriptase and the products separated on an 

8Z sequencing-type gel (see Section 2.7). The ovary RNA bands labelled 

B, C and D, and the skeletal muscle bands labelled i and iii, are the 

same as those in Figure 5.2 and Figure 5.6(a), respectively. The 

unextended primer is labelled P.



appears as the C set of bands; see Section 5.2), at least 2 other actin 

genes are expressed in skeletal muscle.

It appears that the gamma-like actin mRNA species is far more 

abundant in skeletal muscle than the beta-like mRNA species 

(corresponding to the B set of bands), whereas the primer extension 

products of these two species, when using oocyte RNA, appear to be 

approximately equal in abundance (although, because the primer was made 

from a beta-like gene, and may not hybridize as well to a gamma-like 

message, this does not necessarily mean that the 2 messages are equal in 

abundance in the oocyte). Garrels and Gibson (1976) were unable to 

detect any cytoskeletal actins in adult muscle tissues, by Coomassie 

blue staining. This is an insensitive method, however, and Pardo e£ al. 

(1983) and Lubit and Schwarz (1980) have used antibodies to detect two 

different cytoskeletal actins in skeletal muscle cells (which are not 

components of the muscular contractile mechanism). They were, however, 

unable to prove, that these were the same proteins as those found in 

non-muscle tissues. My results would appear to support the view that 

whole skeletal muscle contains cytoskeletal actin and show that at least 

one species of muscle mRNA is the same as that found in the oocyte. It 

is possible, however, that the cytoskeletal actin mRNA species detected 

in this experiment is not found in muscle cells, but originates from 

non-muscle cells (e.g. fibroblasts and endothelial cells) present in 

muscle tissue. Also, it is possible that the presence of two non- 

cytoskeletel actin mRNA species, instead of the expected one, would be 

due to contamination with smooth muscle ectin message from arteries etc. 

To remove such doubts, these experiments should be repeated using RNA 

from a purified myoblast cell line where differentiation has been 

induced (as in Caravatti et al., 1982).
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6 REPETITIVE ELEMENTS IN THE p35A INSERT

Figure 6.1(a) shows Che result of hybridizing nick-translated 

insert from p35A to a Southern blot of X_̂  borealis and X^ leavis genomic 

DNA digested with various 6-cutter restriction enzymes. Figure 6.1(b) 

shows the result of a similar experiment, using nick-translated p5AP DNA 

as the probe. Using hybridization conditions of 68°C, 3 x SSC, and 

washing for 1 hour at 65°C in 0.5 x SSC, the hybridization with 35A 

resulted in a smear in each track, while hybridization with 5AP gave 

only discrete bands. This smear indicates that the p35A insert contains 

at least one sequence that is repeated many times elsewhere in the X. 

borealis and X^ laevis genomes. The smear was not due to contaminating 

nuclease activity, as the same DNA digests were run on the gel which, 

once blotted, was used for the hybridization with p5AP. Of course, with 

such experiments, the genomic sequences that hybridize need not be 

identical to the repetitive elements in 35A. It is also possible that 

the 5AP insert contains repetitive elements that have diverged from its 

related sequences in the rest of the genome to a greater extent than 

those in 35A. Post hybridization washing of the nitrocellulose at lower 

stringency conditions (i.e. lower temperature and higher salt 

concentrations) might possibly reveal such sequences in SAP.The f i n d i n g  o f  r e p e t i t i v e  se q u e n ce s  n ear th e  35A a c t i n  gene came as no s u r p r i s e ,  a s  i t  h a s  been known fo r  some tim e t h a t  e u k a r y o t i c  genomes c o n t a i n  a s u b s t a n t i a l  p r o p o r t i o n  o f  r e p e t i t i v e  s e q u e n c e s  ( s e e  L e w in ,  1980b, and S e c t i o n  1 .3  f o r  d e t a i l s  o f  X^ l a e v i s ) ,  and t h a t  some o f  t h e s e  a r e  i n t e r s p e r s e d  w it h  s i n g l e  copy DNA (L e w in ,  1980c; J e l i n e k  and Schm id, 1 98 2).  T h u s ,  SOX o f  t h e  l a e v i s  genome i s  composed o f  r e p e t i t i v e  s e q u e n c e s ,  o f  a v e r a g e  l e n g t h  300 b a s e s ,  and o f  n o n - r e p e t  i t i v e  sequ en ces
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Approximately A pg of X. borealis or X. laevis DNA (each from one 

individual) was digested with Eco RI (1 ♦ 6), Sst I (2 -*-7), Hind III (3 

♦ 8), Kpn I (4 ♦ 9), and Pst I (5 + 10). Each digest was then divided 

in half and each half run on a separate 1.5X agarose gel. In each gel, 

tracks 1 to 5 contained borealis DNA, and 6 to 10, X^ laevis DNA.

The DNA from each gel was blotted onto nitrocellulose.
32The blot shewn in (a) was probed with nick-translated, P-labelled

, 39p35A insert. The blot shown in (b) was probed with nick-translated P- 

labelled p 5AP. The hybridizations were carried out overnight at 68°C 

in 3 x SSC plus Denharts additives. The filters were washed in 0.5 x 

SSC, at 65°C, for 1 hour. A mixture of a i2P-end-labelled Hpa II digest 

of pAT153 and an Eco Rl/Hind III digest of wild type lambda DNA run in 

the tracks labelled, M, as size markers. The sizes (in kilobases) of 

these are shown.

Figure 6.1: Genomic Blots Probed with 35A and 5AP

.484









Figure 6.2: Localization of Repetitive DNA on the 35A Map

Some p35A was digested with Eco RI (until the digestion was 

complete). Approximately 2 to 3 pg of this mixture was digested with (1) 

Sst I, (2) Xba I, (3) Kpn I, (4) Hpa II, or (5) Hha I and the products 

electrophoresed on a 3Z agarose gel. The DNA was blotted onto 

nitrocellulose and probed with nick-translated, JiP-labelled X_̂  borealis 

genomic DNA. The hybridization was at 60°C in 3 x SSC, 0.2Z Denhardts, 

and the filters were washed in the same conditions. A mixture of a P- 

end labelled Hinf I digest of pAT153 and an EcoRI/Hind III digest of 

wild-type lambda DNA was run in the tracks labelled M, as size markers 

(see Appendix 1). The sizes of the hybridizing bands are shown.
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Some p35A was digested with Eco RI (until the digestion was 

complete). Approximately 2 to 3 pg of this mixture was digested with (1) 

S81 I, (2) Xba I, (3) Kpn I, (4) Hpa II, or (5) Hha I and the products 

electrophoresed on a 3% agarose gel. The DNA was blotted onto 

nitrocellulose and probed with nick-translated, ^P-labelled borealis

genomic DNA. The hybridization was at 60°C in 3 x SSC, 0.2Z Denhardts,
32and the filters were washed in the same conditions. A mixture of a P- 

end labelled Hinf I digest of pAT153 and an EcoRl/Hind III digest of 

wild-type lambda DNA was run in the tracks labelled M, as size markers 

(see Appendix 1). The sizes of the hybridizing bands are shown.

Figure 6.2: Localization of Repetitive DNA on the 35A Map
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of average length 800 bases (Davidson £t̂  a K , 1973). The possible role 

of such repetitive sequences in gene regulation has been discussed, 

briefly, in Section 1.3. It was of interest to find out where the 

repetitive elements on 3SA were situated, relative to the gene.

Figure 6.2 shows an autoradiograph resulting from an experiment 

designed to localize the repetitive DNA in 35A. This involved the 

electrophoresis of various restriction digest products of 35A (the whole 

plasmid, p35A, was first restricted with EcoRI, the digestion checked, 

and then the resulting mixture used for further digestions) on an 

agarose gel, followed by Southern blotting. The nitrocellulose filter 

was hybridized overnight with nick-translated X . boreal is genomic DNA at 

low stringency (60°C, 3 x SSC) and then washed under the same 

conditions. The rationale of this experiment was that only the 

repetitive elements in 35A would be abundant enough in the radioactive 

probe to produce detectable hybridization. Examination of Figure 6.2 

reveals that with the three 6-cutter digests, each of which produces 

only 2 fragments, both fragments have hybridized with the genomic DNA. 

However, the degree of hybridization differs over the insert and the 

greater intensity of the 0.75 kb Kpn I band correlates with that of the

2.1 kb Sst I band, the 1.7 kb Xba I band, the 0.75 kb Hpa II band, and a 

0.85 kb Hha I band. It would appear, then, that there may be more than 

one repetitive element in 35A. One element lies somewhere in the 0.75 

kb Kpn I band, 5* to the transcriptional start of the actin gene, while 

it is possible that at least one other element is located somewhere in 

the 1.5 kb Sst I fragment, presumably within an intron, and is either 

less abundantly represented in bores1 is genome than the first, or

less homologous to the rest of its fsmily of repetitive sequences.

However, while the stronger hybridizing region 5' to the gene (a



result which is repeatable) can best be explained as being due to a 

repetitive element localized there, the absence of the necessary control 

from the above experiment (e.g. a region of 5AP containing act in coding 

sequence) makes the existence of the second proposed region rather more 

uncertain. Thus, it is possible that the region of the clone within the 

coding sequence hybridized to the actin coding sequences in the probe 

and not to any repetitive elements contained in the introns.

Does the DNA sequence tell us anything about the location and 

character of these repetitive sequences? Figure 6.3 shows the sequence 

of areas 1 and 2 from Figure 3.20 which are situated in the 0.75 kb Kpn 

I fragment containing the repetitive DNA which hybridizes to genomic DNA 

to the greatest extent. It is obviously not known that these two 

stretches of sequences actually include the repetitive element. 

Nevertheless, a computer comparison was made between this region, as 

well as other non-coding regions of 35A, and the sequences of several 

cloned Xenopus repetitive sequences. One of these was cloned from X. 

laevis and sequences related to part of this element have been found to 

be expressed during X^ laevis development (Spohr e£ 1981, 1982).

The other clone sequence has been found to be present in several Xenopus 

species, including X^ borealis (Lam and Carroll, 1983). None of these 

sequences could be found in any great length in the sequence of 35A, 

although it is still possible that such sequences might exist in the 900 

bases of 3SA that have not been sequenced. Some rmaller regions of 

homology between 35A and these sequences can be found. The largest of 

these is the sequence 5' - GAGNAGANGCNCTTAAGANTTNA - 3', which is shared 

by the sequence of Spohr et al. (1981) and the leader intron of the 35A 

gene (region 5, Figure 3.20, Figure 4.2). There is very little homology 

in the area outside this sequence. Numerous other short stretches of
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Figure 6.3: Sequence of 35A: Regions 1 and 2

The »«Fi-sense sequence of regions 1 and 2 of 35A (see Figure 3.20) 

are shown. Each complete line contains 60 bases. The inverted 

complement (with 2 base changes) of the underlined sequence, IR, is 

found 50 to 100 bases downstream (see Figure 5.3b and Section 6). The 

overlined sequence is the same, in 8 out of 10 positions, as the 

consensus sequence found 100 bases upstream from the cap site of several 

mammalian globin genes (see Section 5.1.2).

:c m *ccct'



homology (10 to 20 bases) can be found, but the significance of such

sequences is not clear. These homologies may be accidental, or an 

indication that these regions of the X_̂  borealis clone may have 

originally arisen by the insertion of elements resembling these cloned 

repetitive sequences. Such short homologies may be indicative of the 

ways in which such non-coding sequences have arisen, yet may not 

necessarily be the sequences responsible for the hybridization of 35A to 

many genomic DNA restriction fragments.

A computer analysis of the 35A sequence reveals many small 

sequences (5 to 10 base-pairs) that are repeated within the cloned DNA. 

These are too numerous to be presented here and their significance is 

doubtful. Some repeats occur within a short enough length of sequence 

to appear to be not the result of chance. Thus, the sequence 5' - 

CTTNCTAGCTT - 3', which occurs in the leader region (Figure 5.3b), is 

repeated one base downstream, and the sequence 5' - ACTGNCTAGGT -3', in 

the leader intron (Figure 4.2), is repeated 26 bp downstream (contained 

within this space, incidentally, is the perfect palindrome 

ACCATGCATGGT). Several elements containing sequences which I have 

suggested might be conserved in the rat beta-actin, are also repeated 

nearbye in the genome (see Figure 5.3b). These include the sequence 

immediately 5' to, and including part of, the putative 'TATA box': 

TGACGTT, which is repeated within the leader region, and the sequence 5' 

- CGCGAGGCG - 3', which is present as an imperfect repeat, CGCCAGGCG, 

approximately 50 bases 3' to this. The significance of such repeats is 

not clear. It is possible that such sequences are analogous to the 

short direct repeats, 8 to 20 bp long, that flank the Alu I family of 

short repetitive elements (Jelinek and Schmid, 1982), as well as several 

'processed' pseudogenes (e.g. Moos and Callwits, 1983; Lee et al..
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1983). These are thought to be the results of integration of these DNA 

segments into a staggered host chromosomal break, followed by the repair 

of the target site (Van Arsdell e£ a K , 1981). However, it seems 

unlikely that part of the 'TATA box' could consist of sequence resulting 

from the recent insertion of such an element (presumably the insertion 

would have to be recent for the direct repeat to remain unaltered).

Also of interest, is the sequence 5' - CAATCGCGAGGCGT - 3', which 

contains one of the putative 'CAAT boxes' (see Figure 5.3b), and the 

sequence 5' - GCGAGGC - 3' which was discussed in Section 5.1.2. This 

sequence is an imperfect inverted repeat of the sequence 5' - 

ACGCCTCCCTATTG - 3', which is situated 50 to 100 bases 5' to this (see 

Figure 6.3). Because of their existence in, or near, a region of DNA 

known to be repeated elsewhere in the genome, it is possible that these 

sequences are analogous to those inverted repeats bordering the (direct) 

Long Terminal Repeats (LTRs) of retroviruses, the Tyl sequences of 

yeast, and the long-period dispersed repeats of Drosophila (Jelinek and 

Schmid, 1982). The latter two types of sequence are thought to be 

transposable because they are not always present at the same chromosomal 

locations, and have been found in circular extrachromosomal form 

(Flavell and Iah-Horowicz, 1981). The double stranded form of 

retroviruses can integrate into the host cell chromosome, and may be 

stably transmitted to progeny cells (Hughes et al., 1979). These 

elements do differ from the sequences found in 35A, however, in that 

their LTRs are 300 to 600 bases long, and their inverted repeats have 

always been found to be bordered by the dinucleotides TG, at the 5* end, 

and CA, at the 3' end.
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7. ACT IN GENE NUMBER

7.1 How Many Actin Genes Are There In X. borealis?

Figure 7.1(a) shows the autoradiograph from an experiment where the 

products of various 6-cutter digests of genomic DNA from a single X. 

boreal is frog have been separated on an agarose gel, blotted, and then 

probed under low stringency hybridization conditions with a fragment 

containing only actin-coding sequence from SAP (from amino acids 52 to 

137). The probe was made by digesting the 0.54 kb Hinf I fragment with 

BstN I, and extracting the 258 bp band from a 5% acrylamide gel (see 

Figure 3.18). Figure 7.1(b) shows the result of washing the blot shown 

in (a) at a higher temperature, before re-exposing.

What do these results tell us? Comparison of Figures 7.1(a) and 

(b) reveal that several strong bands present in the former, disappear in 

the latter, while others remain. Thus, in (b), two strong bands remain 

in tracks 1 and 2 (EcoRI and Sst I digests, respectively) while 3 remain 

in track 3 (Hind III digest). These bands, I believe, reveal that 2, or 

perhaps 3, genes exist in the X^ borealis genome that have a high degree 

of homology with the probe. Of course, one of these represents the 

putative muscle-specific gene of which 5AP is part, and the probe was 

made from; one of the strong bands in the EcoRI track (track 1) is 

approximately the same size as the 2.6 kb EcoRI insert cloned in * 5AP. 

The discrepancy in number of bands, in (b), between track 3 and the 

others, is possibly the result of the probe hybridizing to two halves of 

one gene in track 3, or alternatively, to two genes not being separated 

in tracks 1 and 2. If there is only one gene that is very similar to 

that cloned in 5AP then this is possibly the result of a recent 

duplication event. It is thought that the ancestor of X^ borealis (and
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Figure 7.1: Genomic Blot Probed with Actin-Coding Region

5.6 yg of borealis genomic DNA (from one individual) was 

digested with EcoRI (track 1), Sst I (track 2), or Hind III (track 3). 

For track 4, 4 yg of laevis genomic DNA (from one individual) was 

digested with Sst I. The digestion products were run on a 1.5Z agarose 

gel, and then blotted onto nitrocellulose. The blot was then probed 

with a nick-translated, ^^P-labelled, Bst NI-Hinf I fragment containing 

actin-coding sequence (amino acids 52 to 137) from the p5AP insert (see 

Figure 3.18). This hybridization was overnight in 50Z formamide, 3 x 

SSC, 10Z dextran sulphate (see Methods) at 42°C. The final wash of the 

filter was in 0.1 x SSC at (a) 0°C, and (b) 60°C. The markers (M) were 

a mixture of a radiolabel led Hinf I digest of pAT153 and of an Eco 

Rl/Hind III digest of wild type lambda (see Appendix 1). In (a), a 

longer exposure of track 1 is included to visualize the fainter Eco RI 

bands. The band sizes are in kilobases.



X. laevis; two strong bands also remain in the laevis Sst I track 

after stringent washing; see track 4) has undergone a tetraploidization 

event since its divergence from a common ancestor with Xenopus 

tropical is (which contains„half the genome size of the others), about 35 

million years ago (Tymowska and Fischberg, 1973; Theibaud and Fischberg, 

1977). This is a possible candidate for the gene duplication event that 

may have given rise to these results. An alternative, however, is that 

these genes are similar because of a recent gene conversion event (or 

events). At present, such possibilities are difficult to distinguish.

It is probably worthwhile pointing out that the detection of a 2.6 

kb EcoRI band strongly homologous to the 5AP-derived probe, and a weaker 

EcoRI band, in (a), which is approximately the same size as the 3.6 kb 

insert from 35A, is useful confirmation that the DNA cloned in 5AP and 

35A did originate from X_̂  borealis. This is not a trivial point, as 

several X. laevis genomic libraries, using the same vector, were present 

in th is laboratory at the time of the isolation of these clones, and 

contamination with pre-existing clones has caused much trouble in the 

past.

How many actin genes are there, in total, in X ._ boreal is 7 There 

are approximately 9 to 12 bands in track 3 (Hind III digest) of Figure 

7.1(a), while only 5 in track 2 (Sst I digest). The greater intensity 

of the latter bands, however, implies that some of these may represent 

more than one gene (although two, of course, are strong because of a 

greater homology between them and the probe), although, equally, some of 

the bands in the Hind III track may well arise from the hybridization of 

the probe to 2 portions of one gene. It is obviously possible to 

produce only a very rough estimate of actin gene number in X . boreal is 

from a result like this; say between 5 and 15.

2
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How could a more accurate estimation be produced? One of the 

problems with the method used here is the possibility that a restriction 

enzyme might cut one or more of the actins in the region to which the 

probe hybridizes. For this reason, it is obviously desirable to use as 

small a fragment of sequence as possible. However, the probe actually 

used will hybridize to DNA either side of the intron at amino acid 121 

in the case of the cytoskeletal actin genes; this increases the chance 

that such genes will be cut by a restriction enzyme to show up as two 

bands. A useful test will be to repeat the experiment using a different 

coding-region probe; if the same bands were produced, for a given 

restriction enzyme, then it would be unlikely that this problem would 

apply.

There are several other problems with the interpretation of this 

experiment. As mentioned already, the number of genes represented by 

each band is unknown. Also, there is the possibility that some bands 

might be the result of only partial digestion of the DNA by the 

restriction enzyme. Finally, in this case, the counting of bands would 

be made easier by gaining further separation of the digested DNA in the 

agarose gel.

An alternative method of estimating gene number is in widespread 

use. This involves the hybridization of a radioactive probe to a known 

amount of genomic DNA, followed by a comparison of the amount of 

radioactivity bound to the genomic DNA with that bound to varying 

amounts of the DNA used to make the probe. In this way, the number of 

gene equivalents contained in a known amount of genomic DNA, and hence 

in one haploid genome's worth, can be calculated (for example, see 

Turner and Woodland, 1983). Although some of the problems described 

above would not be encountered in this method, others would still
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remain; in particular, the weaker hybridization of the probe to less- 

homologous sequences would tend to give an underestimate.

To summarize: the experiments described here place the haploid 

number of actin genes in 31̂  borealis as roughly between 5 and 15. I 

have also indentified at least one other gene which is similar in 

sequence to the putative muscle-specific gene cloned in 5AP.

7.2 Actin Gene Number In Other Species

How many actin genes do other organisms possess? With the 

exception of yeast, which has only a single gene (Ng and Abelson, 1980; 

Gallwitz and Seidel, 1980), other organisms have multigene families of 

varying sizes. The lower eukaryotes tend to have fewer genes than the 

higher eukaryotes, with the exception of Dictyostelium, which has 17 

(Kindle and Firtel, 1978; McKeown eit al_., 1978). Thus Acanthamoeba has 

3 (or more) genes (Nellen and Gallwitz, 1982), Oxytricha has 2 to 3 

(Kaine and Spear, 1980) and Physarum, 4 or more (Schedl and Dove, 1982). 

The nematode Caenorhabditis elegans has 4 actin genes (Files et al.,

1983), while Drosophila has 6 (Fyrberg e£ , 1980). The 

deuterostomes, with the exception of hamster, which has only 

approximately 5 genes (Dodemont a U , 1982), have a greater number of 

genes still. Thus the chicken has been estimated to have 10 genes by 

Cot analysis (Schwartz and Rothblum, 1980), or 4 to 7 genes by Southern 

blot analysis (Cleveland e£ al., 1980; Zimmer and Schwartz, 1982). The 

sea urchin Strongylocentrotus purpuratus has 11 to 20 genes (Durica e£ 

al.. 1980; Scheller £t al_., 1981; Davidson £t a K , 1982), while mice, 

rats and human have an even larger number: greater than 20 (Engel e£ 

al.. 1981; Humphries e t  al_., 1981; Soriano e t  •!., 1982; Dodemont e t
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al., 1982).

Why do some mammals have so many actin genes? The low number of 

actin genes in hamster makes it seem unlikely that all of these genes of 

rats, mice and humans encode proteins with distinct functions. In 

humans, 8 different actin gene sequences homologous to both beta- and 

gamma-actin raRNAs have been cloned so far (Engel et̂  al̂ ., 1982), while in 

chickens there appear to be 1 beta- and 3 gamma-like actins (Cleveland 

et al., 1980). The reason for this multiplicity in cytoskeletal actin 

genes is not clear. It is possible that there may be more cytoskeletal 

isoforms than at first thought (brain and nucleus types? - Section 1.2), 

as was found in amphibians (Vandekerckhove e£ al̂ ., 1981), although this 

explanation seems unlikely to explain the large number of genes in 

humans (see below). In fact, very few of these genes have been shown to 

be expressed, so it is possible that many of the rat, mouse and human 

genes are pseudogenes. The latter have been found in many other gene 

families (Jacq £t al., 1977; Proudfoot, 1980; Little, 1982) and consist 

of genomic DNA sequences which show considerable homology to functional 

genes, but which no longer give rise to functional RNA transcripts. 

Recently, Moos and Gallwitz (1983) have identified several beta- and 

gamma-like actin pseudogenes in the human genome, and postulated that a 

large number of the human actin gene copies represent pseudogenes 

related to cytoskeletal actins. These cloned pseudogenes were of the 

type that lack introna, and are flanked by direct repeats, with a 

poly(dA) tract preceeding the 3' repeat. Such pseudogenes have been 

termed 'processed genes' (Hollis e££l., 1982) and are thought to derive 

from the reintegration, into the germline DNA, of a cDNA transcript from 

an mRNA (which, of course, has been processed and is, therefore,
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intronless). The direct repeats may have arisen from a transposon-like 

insertion mechanism of the cDNA copies (see Calos and Miller, 1980).

Such a phenomenon is not unique to actin genes; it has also found in the 

case of the human immunoglobulin (Hollis e£ a 1 . , 1982), tubulin (Wilde 

et al., 1982A, 1982b), metalothionein (Karin and Richards, 1982), 

dihydrofolate reductase (Chen e£ a K , 1982), and the rat tubulin 

(Lemischka and Sharp, 1982) gene families. Cytoskeletal actin messages 

have been found to be abundant in many cell types, including the Xenopus 

oocyte (Ballantine £t al_., 1979), so it is not difficult to see how a 

cDNA transcript may find its way into the chromosomes of the germline. 

The fact that some processed^genes, such as immunoglobulins, would not 

be expected to be expressed in any germ line cell, indicates that more 

than one mechanism may be involved. Alternatively, the obvious 

explanation may be incorrect in the case of genes encoding abundant 

mRNAs in germline cells. An alternative explanation is that the 

pseudogenes derive from infection with a retrovirus. Such a mechanism 

would enable the transmission of abundant mRNA sequences from any cell- 

type capable of viral infection.

A second class of pseudogenes has been encountered in other gene 

families (Little, 1982). These usually contain introns, and are thought 

to be derived by the duplication of a functional gene followed by 

subsequent mutation and inactivation of one of the resultant pair of 

genes (presumably because there is no selective pressure to retain both 

in a functional state). Two of the Dictyoatelium actin genes have been 

found not to be expressed, and not to possess 'TATA' bojaes (see Section 

5.1.2), and are thought to be of this type (functional Dictyostelium 

actin genes have no introns and so this criterion is of no use here) 

because of their close linkage to other actin genes (McKeown and Pirtel,
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1981a; McKeown and Firtel, 1981b; McKeown and Firtel, 1982).

It can be seen that, while these studies of actin gene number are 

interesting from the point of view of the evolution of the eukaryotic 

genome in general, they are not greatly important to the developmental 

biologist. While the number obtained is useful as a maximum value, the 

presence of a large number of pseudogenes can be greatly misleading. 

What is important is the number of sequences actually expressed. This 

may be studied by SI analysis using unique regions of particular cloned 

genes, and by primer extension, using probes from regions of conserved

sequence
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8 PROSPECTS

This project has involved the isolation and sequencing of the 5’ 

portions of 2 Xenopus borealis actin genes; one that encodes an amino 

acid sequence similar to a mammalian cytoskeletal actin, and the other, 

a sequence similar to a mammalian muscle-specific actin. Using primer 

extension, I have shown that the former gene is expressed in the oocyte, 

and have mapped its transcriptional start point in the genomic clone. I 

have also shown that at least one cytoskeletal actin gene is expressed 

in several different laevis non-muscle tissues. In this section I 

will briefly consider several experiments that could be performed to 

continue this work.

One of the original aims of this project was to examine the 

transcriptional control of a muscle-specific gene. Although a large 

amount of the coding and 5'-flanking regions of a putative muscle- 

specific gene have been sequenced, this gene has not yet been 

transcriptionally mapped, or the site of its expression determined. The 

primer constructed from the cytoskeletal gene hybridizes to muscle- 

specific RNA (see Section 5.A) and it should be possible to use this to 

obtain the sequence of the S' translated (the first 25 bases) and 

untranslated regions of actin mRNAs from various muscle tissues of 

Xenopus. This should identify the tissue where the putative muscle- 

specific gene is expressed (as well as giving useful information on the 

expression of other muscle-specific actin genes; for example, it would 

be useful to know if the distribution of isoforms between the tissues is 

the same as that found in mammals). As with the cytoskeletal actin 

gene, comparison of this primer extended sequence with that of the 

genomic clone could reveal the transcriptional start point on the
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latter. The sequence in the promoter region of this gene would then be 

compared with that of similarly expressed genes of other species. Thus, 

any conserved sequences, possibly with a regulatory function, could be 

identified.

It may be necessary, for future experiments with the muscle- 

specific actin gene, to isolate clones containing DNA fragments adjacent 

(in the genome) to the one isolated here. Thus, for example, the 

discovery of leader introns in several vertebrate muscle-specific actin 

genes, as well as the borealis cytoskeletal gene described here,

increases the likelihood that the muscle actin clone I have isolated 

does not include the promoter (i.e. this gene might contain a leader 

intron greater than 900 bases, the amount of DNA between the coding 

region and the 5' end of the insert). If this was found to be true, 

then the 0.45 kb Hind III fragment of this insert (containing intron 

sequence only) could be used as a gene-specific probe for screening a 

genomic library. This is because, when used as a probe in 

hybridizations to Southern blots of borealis genomic DNA, only one 

Pat I, Hind III, or Eco RI fragment is found to hybridize.

Once it has been transcriptionally mapped, it would be interesting 

to inject the cloned muscle-specific gene into Xenopus laevis fertilized 

eggs. If this gene is not expressed in the egg, but is expressed in 

muscle tissue, later in development (it should be possible to 

distinguish its transcripts from the endogenous ones by primer extension 

or SI analysis), then the role of various sequences in this regulation 

could be tested (by mutating or deleting these sequences, recloning the 

altered genes, and observing the expression of these genes during 

development). In addition, it may be possible to induce the expression 

of the muscle-specific gene in non-muscle tissues, such as the oocyte,
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by the addition of various components from muscle cells, and so, the 

proteins involved in the gene-regulation might eventually be isolated. 

Blau e£ a 1 . (1983) have shown that cytoplasmic factors exist in 

differentiated mouse muscle cells which will activate the expression of 

several muscle-specific genes in human amniocytes when the latter are 

fused to them (the nuclei remaining separate).

It would be interesting to extend the investigation (using primer 

extension) of cytoskeletal actin expression to other tissues; for 

example, the brain. The possibility of a brain synaptosome-specific 

actin isoform has already been mentioned in Section 1.2 (Marotta e£ al.,

1982) , and an mRNA for another cytoskeletal protein, beta-tubulin, has 

recently been shown to be present only in brain tissue (Bond and Farmer,

1983) .

One of the major conclusions of this thesis stems from the 

similarity of the intron positions, and encoded amino acid sequences, of 

the cytoskeletal and putative muscle-specific actin genes to those of 

their mammalian counterparts. This suggests that these 2 types of gene 

began to evolve separately before the divergence of the Amphibia from 

the rest of the vertebrates. The cloning and sequencing of the 3' 

portions of these genes would obviously reveal how great the similarity 

between amphibian and mammalian actin genes is.

Another interesting finding has been that X_̂  boreal is contains an 

expressed cytoskeletal actin gene which is identical, in its first 3 

acidic amino acid residues, to the mammalian beta-isoform. It has been 

reported (Vandekerckhove et al., 1981) that this isoform cannot be found 

in the closely related species laevis. I have suggested that, if 

true, this indicates that such differences between isoforms, in the 

first 3 acidic residues, may have no functional significance. However,
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the conservation of the mammalian beta- and gamma-cytoskeletal isoforms, 

as well as the apparently separate localization of these isoforms in 

mammalian skeletal muscle (Pardo et̂  a 1., 1983), makes this conclusion 

rather surprising. It would be useful, therefore, to try and confirm 

the findings of Vandekerckhove e£ a 1. (1981) (which were based on the 

sequencing of N-terminal peptides) by sequencing the primer extension 

products obtained after hybridizing the X_̂  borealis primer used in this 

study to laevis oocyte RNA.
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APPENDIX 1: DNA Marker Fragment Sizes

Several gels shown in this thesis include tracks containing DNA 

size markers. For the sake of clarity the sizes of these fragments have 

not always been included in the Figures concerned. For easy reference, 

the fragment sizes (in kilobases) of various marker mixtures have been 

summarised here:

Hindlll/Eco RI digest of 'wild-type' lambda (lambda CI857S7)

20.09, 5.02, 4.84, 4.19, 3.49, 2.00, 1.92, 1.56, 1.36, 0.91, 0.81,

0.567, 0.153.

Hind III digest of 'wild-type' lambda

23.72, 9.46, 6.67, 4.26, 2.25, 1.96, 0.59, 0.10.

Hinf I digest of pAT 153 (Twigg and Sherrat, 1980)

1.631, 0.517, 0.396, 0.298, 0.221, 0.220, 0.154, 0.145, 0.75.

Hpa II digest of pAT153

0.622, 0.492, 0.404, 0.242, 0.238, 0.217, 0.201, 0.190, 0.160,

0.147, etc



APPENDIX 2: A Method for Calculating Silent Site Sequence

Divergence, taken from Perler et al. (1980)

The nucleotide substitutions are assumed to be Poisson-distributed. 

First, the number of potential silent sites are counted. The possible 

changes at each position of a codon are considered and scores are 

assigned as shown in Fig. Al. The number of sites that can afford one, 

two, or three changes are counted separately, and each of the three 

categories are averaged between the two sequences under comparison.

Then the two sequences are compared codon by codon. Each silent 

substitution is scored with one point and categorized according to the 

type of site in which it has occurred. For example, if the codons 

compared are Pro CCC - Pro CCT, there is one change of category 3 of 

silent substitutions; the codons Leu CTC - Phe TTT have one change of 

replacement substitutions (first codon position), a half change of 

category 1 of silent substitutions (third codon position); the change in 

the third position of codons lie ATC - Thr ACG is half silent (category 

3), and half replacement.

Finally, the sum of silent substitutions in each category is 

divided by the sum of the corresponding potential sites. Each 

percentage change (z) is then corrected for multiple events by one of 

the following formulae:

Category 1: 3 x 1-1/2 ln(l-2z)J

Category 2: 3/2 x [-2/3 ln(l-3/2z)]

Category 3: [-3/4 ln(l-4/3*)]

The brackets are correction formulas relating the observed 

frequency to the Poisson-distributed frequency of mutational hits for
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mutations restricted to one, two, or three substitutions, respectively.

The factors outside the brackets correct these restricted values up to a 

total mutation rate, assuming that transitions and transversions are 

equally probable.

For each pair of sequences the overall divergence is the average of 

two weighted averages of the corrected percentages, using separately as 

weighing factors the number of sites or the numbers of changes in each 

category.



Figure Al: Scores of Silent Sites of Codons

A B £

Met, Trp 0 0 0

Phe, Tyr, His, Gin, Glu, Asn

Asp, Cys, Lys, Ser AGY 0 0 1

H e 0 0 2

Val, Pro, Thr, Ala, Gly, Ser, UCX

Leu COY, Arg CGY 0 0 3

Leu CUR, Arg CGR 1 0 3

Leu UUR, Arg AGR 1 0 1

The number of potential silent changes is shown for each codon

(ABC). Y is a pyrimidine, R is a purine and X is any base
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