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SUMMARY. 

The A+T rich satellite DNAs of Apoderaus sylvaticus, Apodemus 

flavicollis and Apodemus agrarius were purified on caesium chloride 

density gradients. Each satellite DNA was characterised with 

respect to its properties when subjected to density gradient 

centri14ation, therl denaturation and reassociation. From the 

rate at which A. sylvaticus and A. flavicollis satellite DNAs 

renature, a kinetic complexity of 3-400 base pairs has been 

estimated. 

The melting properties of sonicated A. agrarius satellite DNA 

suggest that it consists of two interspersed' sequence components 

which alternate at least once every 500 base pairs. Other evidence 

is described which supports the hypothesis that this satellite 

consists of a repeating unit 370 base pairs long. In contrast, 

the satellite DNA renaturee at a rate equivalent to a kinetic 

complexity of about 100,000 base pairs. It is suggested that 

the high extent of mismatching found in the renatured duplex was 

responsible for slowing down the reaasociation reaction. 

Partial sequence nalysas of RNA transcripts of the DNA 

suggests that all three satellite DNAa are related in sequence. 

The results are consistent with the interpretation that 

A. sylvaticus, A flavicollis and A agrarius satellite UNAs are 

derived from a common, highly diverged simple sequence with a 

repeat length much shorter than 300 base pairs. 

The possible evolutionary relationships of the three 

satellite DNAs are discussed. 
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I. • 	INTRODUCTION 

The DNA of all eukaryotic organisms studied to date can be 

divided into two types of molecules; those sequences present in 

only one copy within the genome (unique sequences) and those 

present in more than one copy (repetitious sequences). The pro-

portion of the DNA of higher organism genomes that is in the form of 

repetitive sequences varies considerably even between closely 

related species (Britten and Kobne, 1968; Laird and McCarthy 91969 

Ueunig and Walker, 1970; see Bostock, 1972). In many cases the 

repetitious sequences within one organism may be subdivided with 

respect to the length of the sequences repeated, and the frequency 

with which they occur in the genome (Britten at al., 1968; 

Britten, 1968). 

The experimental evidence for the existence of repeated 

sequences comes from the measurement of the rate of reassociation 

of the single strands of homologous DNA. Marmur and Doty (1961) 

were the first to discover that denatured DNA is capable of 

reforming, in a sequence specific manner, a duplex with the 

properties of the native molecule. A more detailed investigation 

of the kinetics of renaturation by Wetinur and Davidson (1968) 

showed that the reaction is second order and follows a two step 

mechanism involving nucleation followed by zippering. Nucleation, 

which is rate limiting, explains the dépendance of the rate of the 

reaction upon temperature, salt concentration and nucleic acid 

concentration (Britten and Kohne, 1966; Wetmur at al., 1968). 

After each successful nucleation the amount of zippering that can 

take! 
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take place depends upon the molecular weight of the DNA, and the 

rate of renaturation is found to be proportional to the square 

root of molecular weight. However the most important aspect of 

this work was the demonstration by Wetmur and Davidson (1968) 

that the rate of renaturation of a DNA is inversely proportional 

to its genomic complexity, which they defined as the total number 

of DNA base pairs in non repeating sequences. 

Using a variety of DNAs of differing complexity, Waring 

and Britten (1966) and Britten at al., (1966) made the original 

observation of the above relationship but were surprised to find 

that the DNAs of some eukaryotic organisms, such as mouse, did not 

renature as predicted. Although they had sheared their DNA in 

order to avoid the rapid formation of high molecular weight net-

works, (Bolton, Britten, Cowie, Roberts, Seafranaki and Waring, 

1966) significant amounts of renaturation took place at rates 

much faster than expected for DNAs of such large genoinic complexity. 

To account for this phenomenon Britten at al. (1966) proposed that 

some eukaryotic DNAs may contain sequences present in more than 

one copy and thus, because they are at a relatively higher con- 

centration, they will renature more rapidly than those sequences 

present only once. Indeed this had been the explanation for the 

formation of high molecular weight networks upon renaturation of 

eukaryotic DNA (Bolton at al., 1966). 

There are two advantages to be gained by expressing re-

maturation kinetics in terms of Cot values. Cot is the product 

of the initial DNA concentration in moles of .uc1eotide per 

litre / 
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litre and time in seconds. By plotting the Cot of a reaction on a 

logarithmic scale 'DNA fractions differing in their rates of 

renaturation by a factor of 106 can be conveniently represented. 

Also the Cot value at 30% renaturation (Cot ) is equivalent to 

the reciprocal of the rate constant, k 
21 

and is therefore directly 

proportional to sequence complexity. 

Most higher organisms show a broad spread with respect to 

the frequency of sequence repetition within their genomes. In 

general however, three classes of molecules are often distinguish-

able. Those sequences which renature in the range of Cot values 

10  - 10  are thought to be present only once within the genome 

and constitute the slow fraction. Present in all higher organism$ 

DNAa is an intermediate fraction which is characterised by its 

renaturation between Cot values of 10 -2 and 	These sequences 

are thought to be present in 102 - 10 
5   copies. The remainder of 

the DNA which reassociate* with a Cot of less than 1072is the 

fast fraction and is not always present or apparent in every higher 

organism DNA. The fast fraction represents sequences present in 

more than 10 copies. These fractions are not always individually 

distinguishable and often overlap each other as is the case, for 

example, in Xenopus laevis and salmon DNA (Britten at al., 1968). 

In some cases we are able to estimate the length or 

complexity of the sequences that are repeated from the percentage 

of DNA represented by a specific frequency of renaturation. For 

example in mouse, 10% of the DMA renatures with an average Cot 

value of 10 and must therefore be made up of sequences about 

300 base pairs long repeated 
10  times. However, we are only 

able! 
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able to make such a conclusion because we know that mouse 

fast fraction is a homogeneous class of sequences, unlike the 20% 

intermediate fraction of mouse DNA which is probably made up of a 

variety of sequence lengths present in different frequencies. 

We are able to define mouse fast fraction as a homogeneous 

class of sequences through significant discoveries made In another 

field of DNA studies. 

When analysed by density gradient centriguation the DNA of 

higher organisms rarely gives the homogenous banding pattern 

characteristic of bacteria or phage DNAe (Meselson, Stahl and 

Vinograd, 1957). More surprising, however, was the discovery 

that some higher organism DNAs, when subjected to density gradient 

centrifugation, exhibited the presence of minor components banding 

in positions well removed from the majority of the DNA. For 

example, mouse DNA was shown to contain a light banding component 

(Kit, 1961 a,b), and heavy components were found in guinea pig 

(Kit, 1961 b) and calf DNA (Sueoka, 1961) on analysis in neutral 

caesium chloride gradients. 

Although the term 'satellite' DNA had been coined to 

describe minor components found in caesium chloride density 

gradients, the term had to be redefined (Walker, 1971) when it 

was discovered that certain DNA fractions bind heavy metals, such 

as Hg and Ag to an extent different from that of the bulk DNA 

(Nandi, Wang and Davidson, 1965) and that these fractions could 

afterwards be separated in caesium su1phae gradients. Using 

this technique, Corneo et a].. (1968 a,b; 1970 a,b) were able to 

demonstrate the existence of satellite components In the DNA. of 

man, guinea pig and calf, which are not visible in neutral caesium 

chloride/ 
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chloride gradients. 

Naturally, because of their widespread occurence in the 

DNA of higher organisms (Arrighi, Mandel, Bergendabi and Han, 

1970; Henuig 	1970) and the relative ease with which they 

could be isolated after centrifugation in fixed angle rotors 

(Flamm, Bond and Burr, 1966 a), satellite DNAs became the subject 

of a great deal of intensive research. 	As a result, satellite 

DNAs have been shown to possess, in many cases, a number of 

physical properties which distinguish them from the bulk DNA. 

Although the density at which DNA bands in a csium 

chloride gradient is a function of its base composition for 

bacterial DNA (Schildkraut, Marmur and Doty, 1962) many satellite 

DNAs band in positions characteristic of DNA of higher G + C 

content than has been chemically determined for those satellites 

(Walker, 1971). The ability of bacterial DNA to bind heavy 

metals is also a function of G + C content. However, the three 

satellite DNAs of guinea pig, which have similar base compositions 

and identical densities in caesium chloride(Flamm, Walker and 

McCallum, 1969 b), band as quite different densities when complexed 

with heavy metals and analysed in caesium sulphate gradients 

(Corneo et al., 1970a). Due to their abnormal bias in C+T 

content ,it is often possible to isolate the single strands of 

satellite DNAs on alkaline caesium chloride gradients (Flamm, 

McCallum and Walker, 1967; Corneo at al., 1968b) although this 

is certainly not always the case (Hennig at al., 1970; Walker, 

Flaima and McLaren, 1968). Furthermore although the temperature 

at which DNA ip solution denatures is normally a function of its 

base/ 
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composition (Marmur and Doty, 1961), some satellite DNAs, including 

mouse (Flaamn et al., 1967), guinea pig (Corneo at at., 1968a), 

and a number of crustacea satellite DNAe (Skinner, Beattie, Kerr 

and Graham, 1970) exhibit thermal transitions at temperatures 

higher than expected from their known G+C content. 

Recently, bacterial restriction enzymes have been used to 

study the structure of satellite DNAs (Southern 1974a; Cooke, 

1974). These enzymes cleave double stranded DA in both strands, 

the breaks occuriug within a short defined sequence (Kelly and 

Smith, 1970) which is characteristic of the enzyme used. The 

fragments produced can be separated by gel electrophoresis, which 

enables their size and yield to be calculated. As satellite 

CL 
DNA is usually a t%ndemly repeating sequence, restriction enzymes 

may have either of two actions upon them: either the DNA will 

remain high molecular weight after enzyme treatment if the 

repeating unit does not contain the restriction site; or, if the 

restriction site is contained within the repeating sequence, then 

the satellite should be digested into fragments with the length 

of the repeating unit. By this method, Soutbern(1974a) has 

estimated that the basic repeat length of mouse satellite DNA is 

240 base pairs. However, from the pattern of fragments produced 

by the original digest, and the renaturation behaviour of the 240 

base pair fragment, the presence of another repeating unit is 

indicated. 	This sequence appears to be only 120 base pairs long 

and is contained within the longer repeat. However, these 

discrepancies in repeat length with the original estimate of about 

300 base pairs (Waring et al.,1966) for mouse satellite DNA are 

small/ 
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compared to the estimate obtained from partial sequence analysis 

of that DNA. 

Analysis of the pyrimidine oligonucleotides produced by 

dephenylamine—formic acid degradation of the DNA (Burton and 

Peterson, 1960) remains the only direct method of sequencing DNA. 

Alternatives include sequence analysis of either copy RNA, made by 

transcription of the DNA with RNA polymerase, or of ribo—substituted 

DNA copies. In all cases the analysis is simplified if the single 

strands of the satellite can be isolated. 

To date, ten satellite DNAs have been partially or completely 

sequenced and in every case the basic repeating sequence is, very 

simple. Pyrimidine tract analysis of guinea pig satellite suggests 

that the DNA consists of a sequence only six basepairs long, 

CCCTAA which ha been repeated many times (Southern, 1970). 
UJJ 

However, it is also evident from the analysis that a great deal of 

sequence divergence has taken place in the DNA due to the introduct—

ion of mutations. A similar anlaysia of mouse satellite DNA (Biro, 

Carr—Brown, Southern and Walker, 1974), although indicating a more 

complex sequence, suggests a repeat length of about 12 base pairs. 

However, analysis of the RNA transcribed from this DNA, shows that 

some of the short tracts from the pyrimidine tract analysis derive 

from sequences related to the longer tracts so that the length of 

the basic repeating sequence is almost certainly shorter than 12 

base pairs. 

The pyrimidine tract analysis of two other satellites of 

guinea pig (Southern, 1973) and three satellite DNAs of Dipodomys 

ordli (Szala and Southern, 1974) suggest that these DNAs have also 

evolved/ 
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evolved from very short repeating sequences. More recently Gall 

and Atherton (1973) have managed a complete sequence analysis of 

the three satellite DNAs which constitute approximately half the 

genonie in Drosophila virus. By sequencing cRNâ transcripts of 

the isolated strands of the satellite DNAs they were able to show 

that the DNAs are in all cases repeating heptanucleotides related 

to each other by simple base pair changes. 

Perhaps the most significant aspect of the sequence analyses 

of satellite DNAs is the contribution that they have made to our 

understanding of the origin and evolution of repeated sequences. 

It had been generally accepted that satellite DNAs were produced 

rapidly in evolution and thus they were apparently species specific 

(Ilennig at al.,1970). 	However, in the ease of guinea pig 

satellite, the former statement is far from true. Many of the 

diverged pyrimidina tracts found in the sequence analysis of this 

DNA are present in quantities significantly greater than would be 

expected from the random introduction of inututions into a pure 

repeating hexanucleotide. 	To explain this phenomenon Southern 

(1970) proposed that amplifications had occured in stages and that 

mutations were introduced between the steps of multiplication. 

By this mechanism, distinct satellite DNAs can arise from the same 

ancestral simple sequence if different sections of the sequence are 

taken from subsequent multiplications. This appears to be the 

case for guinea pig satellite DNAs II and III which share a coon 

ancestral sequence but have different physical properties (Southern 

1973). 

Satellite DNAs from distinct yet related species can also 

share/ 
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share a common ancestral sequence. Sutton and McCallum (1972) were 

able to detect substantial amounts of cross reassocistion, at low 

stringency conditions, between the separated strands of Mus musculus 

satellite DNA and five satellite DNAs of three other related Hue 

species. The duplexes formed had low stability but, surprisingly, 

melted over a very narrow temperature range some 2O25°  below the 

melting temperature of the native duplex. This result indicates 

that although the reassociated duplexes are highly mismatched, the 

mismatching is evenly spread over the whole length of the duplex. 

Sutton at al.(1972) interpreted these results as indicating that 

the satellite DNAs of the Mus species had all arisen from a common 

ancestor, which consisted of a highly repetitious but highly diverged 

sequence. 

Sequence analysis of satellite DNAs also highlights the fact 

that although satellites can show distinct physical properties they 

may be very closely related in sequence. This is most strikingly 

demonstrated by the three Drosophila virilis satellite DNAs. 

Although they differ only in one base pair from the common heptamer 

sequence (Gall at al., 1973) they are easily distinguished with 

respect to a number of physical properties (Blumenfeld, 1973). Also, 

the hybrids formed upon rennturation of the separated strands of 

the three satellite DNAs have greatly reduced stability. In fact 

there appears to be no duplex formation between the strands of 

satellites II and III, the only case in which there is a two base 

pair difference within the heptamer (Bltmienfeld, 1973). 

Sequencing techniques are of course the ultimate method for 

the determination of the structure and sequence relationships of 

repetitive DNA. However, this method can only be applied 

successfully/ 
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0.• 

successfully to the study ofrelativly simple sequence. For this 

reason repetitive DNAs are more frequently characterised with 

respect to their renaturation behaviour. Nevertheless this method 

also has disadvantages inherent in the techniques used and the 

interpretation of the results obtained. 

46 
Renaturation is often monitored by absorbice changes in a 

conventional spectrophotometer and therefore relatively high 

concentrations of DNA have to be used. As most satellite DNAs 

renature rapidly, it is necessary to slow the reaction down by 

reducing the salt concentration. Although the dependence of 

renaturation rate on salt concentration has been determined 

(Wetmur et al., 1968; Britten and Smith, 1970), this relationship 

may not apply to the special sequences found in satellite DNAs. 

By working with very low concentrations of radioactively labelled 

DNA and using hydroxylapatite (Tiselius, Hjerten and Levin,1956) 

to distinguish between single and double stranded DNA (!4iyazawas 

and Thomas, 1965; McCallum and Walker, 1967) the effects of salt 

concentration can be overcome. However this method is not capable 

of distinguishing between partially single stranded duplex molecules 

and native molecules (Sutton, 1971) and will tend therefore to 

overestimate the extent of renaturation. 

However, the above problems, although of some importance, have 

been dwarfed by the cortroversy surrounding the effect that 

mismatching may have upon the rate of renaturation and more recently 

by the suggestion that highly repetitive DNAs do not obey one of the 

principles of renaturation, stated by Wetmur and Davidson (1968). 

These two problems, discussed below throw doubt on the use of 

measurements! 
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a.asurments of reassociation rates as a means  of measuring the 

sequence complexity of rep.ated sequences. 

When a reassociated, repetitive fraction of DNA is subjected to 

thermal d.x*aturation, it vary rarely melts at the same temperature 

as the native duplex. For example, the A Th (Difference in 

melting temperature between a native and reassociated DNA) of 

mouse satellite DNA is about 50C (Sutton, 1971) and for guinea 

pig 	satellite is closer to 230C (Corueo et.a1., 1970*). The 

reduction in thermal stability is principally due to imperfect 

sequence eemplsmentarity between the reassociated strands and 

thus supplies a convenient measure of the extent of mismatching in 

reassociated duplexea. The most commonly used conversion factors 

vary from 1% (Ullman, 1970; Wang and Kallenbach, 1971; fAcCarthy 

and FarquIzar, 1972) up to l.SZ (Laird, HeCounaughty and McCarthy, 

1970) mismatching for each 10C drop in melting temperature. 

Southern (1911) was the first to suggest that this Imperfect 

pairing during reaesociation could have a very significant effect 

upon the rate of renaturation. His predictions were apparently 

confirmed by Sutton and 4cCa11we (1971) who, after fractionating 

reassociated mouse satellite DNA into a number of classes of 

varying degrees of wismatc, fouud that their rates of renaturation 

were highly dependent upon t4e A  T they exhibited with respect 

to native DZiLA. They estimated a 6 sold reduction in renaturation 

rate f or a 	Ai. 	However, McCarthy and Farquhar (1912) 

and Bonner, Brenner, Neufeld and Britten (ia73) vera unable to 

measure such a large effect of mismatch upon rate using both 

deaiainated bacterial and phage DNM, and also cross-reassociation 

of/ 
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of closely related bacterial DNAs. Their estimates were a more 

conservative 2-3 fold reduction in rate for 10 O L Tm. 

Recently Hutton and Watmur (1973) have shown that on renaturing 

a crude preparation of mouse satellite DNA and following this by 

exonuclease S1  digestion, (Sutton, 1911) the molecular weight of 

the reacting molecules is reduced. If this procedure is repeated 

over a number of cycles of renaturation the molecular weight 

continues to decrease, however, the surprising aspect of this work 

was that as the molecular weight of the renaturing molecules 

decreases, the rate constant for the reaction increases. A 

possible explanation for this peculiar result has been proposed by 

Chilton (1973). She argues that for a short repeated sequence 

within a longer DNA strand, k2  will not exhibit the usual molecular 

weight dependence (Wetmur et,al., 1968). Increasing the molecular 

weight of the reacting strands will not linearly increase the 

length of duplex formed per successful nucleation. The length of 

the duplex formed should instead be proportional to the repeat 

length of the DNA. This being the case, then the rate of re-

naturation, rather than being directly proportional to, should be 

inversely proportional to the square root of the molecular weight. 

Indeed button and Wetmur's (1973) results do obey such a relation-

ship. 

We shall noW turn our attention to the aspects of satellite 

DNAs which are more related to their possible function. Although 

it had been known for some time that satellite DNAs are not 

confined to one type of tissue (Kit, 1961 b, 1962; Szybalski,1961; 

Chun and Littlefield, 1963)9  it was aot until 1966 that a number 

of/ 
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of workers showed that they are of nuclear origin (Cameo et al., 

1966; Borst etal., 1966; Flammetal., 1966 b). Halo and 

Schildkraut (1969) were able to show that satellite DNA is 

equally distributed amongst the different size classes of chromo-

somes, although earlier they had shown that the sequences are more 

concentrated in nucleolus associated chromatin (Schildkraut and 

Maio, 1968). By using the technique of cytological in situ 

hybridization, Jones (1970) and Pardue and Gall (1970) confirmed 

the presence of mouse satellite sequences on all types of mouse 

chromosomes with the possible exception of the Y chromosome. The 

more significant aspect of this work was the discovery that 

hybridization is concentrated primarily in the centronieric hetero-

chromatin. However, in situ hybridization is not a sensitive 

technique. 	This Is shown by the low level of hybridization 

achieved, equivalent to saturation of only 8% of the satellite 

sequences ( Jones, 1970). The results, therefore, do not preclude 

the possibility that lower concentrations of satellite sequences 

may be spread throughout other regions of the chromosome. In 

fact the results of Ilennig, Hennig and Stern (1970) suggest that 

for three closely related Drosophila species, "young" satellites 

are found first in the centric heterochromatiu but later in their 

evolution they appear at many other sites. The association of 

satellite sequences with other types of sequence has also been 

inferred by Flamm et al., (1969a) who found significant amounts 

of satellite sequences retained within the main baud after 

centrifugation on density gradients. 

The close relationship between satellite DNA and heterochrom-

atin is also evident from the fact that the 70% of nuclear DNA 



14. 

extracted by washing chromosomes in high salt does not contain the 

satellite sequences, (Haio et al., 1969) which are retained in the 

resistant fraction. 	These observations have been extended by 

Yasmineb and Tunis (19699  1970a), who have isolated chromatin 

fractions from nuclei by mild ultrasonic treatment followed by 

differential centrifugation. They resolved three fractions which 

they called heterochromatin, intermediate and euchroniatic DNA. 

Satellite DNA is greatly enriched in the heterochromatic fraction 

for mouse (Yaamineh and Tunis 1969, 1970a), guinea pig (Yunis and 

Yasmineb, 1970 b) and calf (Yasmineh and Yunis 1971). However 

neither Mattochia and Cummings (1970) nor Bostock and Prescott 

(quoted in Beqtock, 1972) have been able to find such high satellite 

enrichment in hetarochrornatjn, 

Lima—de—Faria (1969) and Ohno, Kaplan and Kinosita (1957) have 

Shown that mouse heterchromatin is replicated late in the S phase 

of the cell cycle. The satellite DNAs of mouse (Bostock and 

Prescott, 1971; Tobia, Schildkraut and Maio, 1970) and Kangaroo rat 

(Bostock, Prescott and Hatch, 1972) have also been shown to replicate 

late in S phase. Late replication is one definition of heterochrom—

atm, and this shared property strenctheris the association between 

the satellite DNAs and heterochromatin. 

Before going on to describe tie possible functions of repetitive 

DNA we should mention a number of mechanisms by which these 

sequences may be produced. With respect to the relatively large 

differences in the size of sequences that are amplified, it seems 

probable that more than one method may be used for their production. 

Given a short oligodeoxyribonucleotide as a template, bacterial 

DNA polymerase is capable of producing a long chain of tandemly 

].inked/ 



15. 

linked copies of the template (Wells et al., 1967). This structure 

is similar to the basic sequence of satellite DNAs. The amplifi—

cation of longer sequences may be more succesafuly accomplished by 

continuous replication from a circular DNA as is the case for phags 

DNA replication (Gilbert and Dressier, 1968). In the latter case 

the circular DNA may take the form of a loop projecting from the 

chromosome (Keyl, 1965). Finally, Smith (1973) has shown that 

repeated unequal crossing over in a family of serially duplicated 

sequences can lead to the gradual 	over' of these sequences. 

The result of this phenomenon is that the surviving sequences are 

all descendants of only one of the original sequences and are 

related to each other by a highly structured family tree, in which 

the sequences fail into a few relatively distantly related subgroups 

of closely related sequence. 

Broadly speaking, the theories proposed to account for the 

presence of repetitious sequences within the genomes of eukaryotes 

can be divided into four classes. They have been reviewed by both 

Walker (1971) and Bostock (1972). 

A haploid genome containing 3 x 1O9  base pairs is probably 

unable to withstand a mutational load equivalent to 8.3 x 10 

changes per amino acid Site per year (Corbin and Uzzell, 1970) if 

all of th e  base pairs are in coding sequences ( Muller, 1967; 

Ohno, 1971). For this reason Ohno (1970; 1973) has concluded that 

the bulk of DNA in the mammalian genome must have no function other 

than being present in large amounts. Functionless DNA base 

sequences may be useful in a negative way. Chromosome breaks often 

occur in mammalian cells and the rejoining of the broken ends may 

be/ 
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be accompanied by deletion, addition and substitution of base 

pairs. These events will be harmless so long as the break occurs 

within a function-less base sequence. 	Similarly large chromosomal 

changes, which often accompany speciation, could be accommodated 

within the satellite rich centromeric heterochromatin. 

Callan (1967) in his 'Master-Slave' hypothesis also attempts to 

explain the large and variable DNA content of eukaryotIc genomes. 

Basically, this model predicts that genes are present in many exact 

Q, 
copies which are tndemly linked. Both Whitehouse (1967) and 

Thomas(1970) have expressed support for this theory and recently 

Thomas, Hainkalo, Misra and Less (1970) have provided corroborative 

experimental evidence. Although a number of coding sequences are 

known to be present in more than one copy (Birnstiel, Chipchaae 

and Spiers, 1971; Kedes and Birnstiel, 1971) there are three lines 

of evidence which argue against this model as a general structure 

for all genes and an explanation for the high and variable C-value 

of higher organisms. In many instances the majority of the DNA 

of higher organisms is present only as unique sequences. Also, 

although repetitious DNA is known to be transcribed to some extent 

(Church and McCarthy, 1967; Paul and Gilmour, 1968) the product 

probably does not leave the nucleus to be translated (Shearer and 

McCarthy, 1967; McCarthy, Shearer and Church, 1969). Finally, 

if the genome is composed of exact tandem repeats, then the fragments 

produced by digestion with a restriction endonuclease should not 

be able to form circles such as those desc.d by Tborias at al., 

(1970). 	However guinea pig, mouse and IleLa cell DNA all form a 

high proportion of circles after such treatment (Soutiern and 

R oiaes 1973). 
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e. 
There are a number o 4l thoori 	Nic% 	tat rLtirive 

DNA may be involved in the control of protein synthesis. Georgiev 

(1969) has proposed a model which is an extension of the bacterial 

operon structure (Jacob and Monod, 1961) in which protein molecules 

control transcription by binding to acceptor sites adjacent to the 

structural gene. In this model many acceptor sites are responsible 

for the control of each gene and may also be shared in common with 

other genes. Britten and Davidson (1969) have proposed a more 

complex scheme involving RNA as the regulating molecule. This RNA 

may be transcribed from repeated sequences and the acceptor sites, as 

in the previous model, may be held in common between many structural 

genes. Paul (1972) prefers to retain the idea of multiple gene 

copies with the distinction that these sequences may diverge during 

relaxed selection. However the controlling elements common to 

each gene copy may not diverge, and will be maintained as a homogene—

ous family of repeated sequences. Each of these models accounts 

for the presence of repeated sequences, their interspersion between 

non—repeated DNA (Britten and Smith, 1970) and also the properties 

of nuclear heterogeneous RNA. 

However there are difficulties with the above models. The 

majority of repetitive sequences do not orm highly stable duplexes 

upon renaturation (Sutton, 1971) and therefore show no indication 

that they have been selectively maintained within the genome. Much 

of the intermediate DNA has possibly evolved from satellite sequences 

(Walker, 1971) and will therefore be in the form of highly diverged 

highly repeated very short sequences. It is difficult to envisage 

such sequences showing specific binding or coding properties with 

respect to proteins. 
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In order to overcome these problems, transcriptional control 

models which are not dependent upon sequence recognition have been 

developed. 	Crick (1971) proposes that repetitive sequences 

adjacent to recognition sites for regulatory activators may be 

involved in local unwinding of these sites to aid in transcription. 

In this context the important feature of the repeated DNA is not 

its sequence but rather its secondary structure. Sutton (1972) 

derives his model f roT?. the observation that newly formed repeating 

sequences, such as satellites, are often found in highly condensed 

inactive heterochromatin, He proposes that as these sequences 

diverge, a gradual weakening in the extent of condensation in 

chromatin will occur and that a gradation of packing will be the 

result. He suggests that such structures may act as a coarse 

control for transcription. 

Finally, Walker, Flamm and licLaren (1969) have proposed a 

number of functions specifically for satellite DNAs. They argue 

that as these sequences are not transcribed ( Flamm etal., 1969 a; 

Walker, 1971) they may only operate in a structural sense. The 

functions proposed include (1) sites for initiation of DNA replicat—

ioa, (2) special regions for recombination, (3) pairing sites in 

Meiosis, (4) centrovier.e recognition sites, and (5) sequences involved 
in 

in detera.i4g the complex and changing patterns of chromosome 

structure by providing specific folding sites. 

It is clear from the diversity of the theories described above 

that our knowledge of the organisation of higher organism genomes 

is at an early stage in development. We have much to learn about 

the structure of the different classes of repetitive sequences 

especially/ 
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especially in terms of their possible evolutionary relationship. 

If satellite DNAs are evolutionary precursors to the intermediate 

and unique fractious of DNA, a more detailed understanding of 

their structure and evolution will surely reflect on the significance 

of the other fractions. 

Apodernus sylvaticus, Apodemus fiavicoilis and Apode.mus agrarius 

are three closely related species of wood mice. bach has a light 

satellite DNA which can be isolated on caesium chloride gradients 

(L-iennig et al., 1970). 	The purpose of this study was to isolate 

and characterise each satellite DNA with respect to their physical 

properties. To determine whether the satellites are related in 

sequence,a preliminary sequence analysis was also conducted. 



Abbreviations 

EDTA 	Ethylene diamins tetracetic acid 

disodium salt. 

Tris. 	Trio (hydroxymethyl) amino methane. 

S.S.C. 	Standard saline citrate ( 0.15ut-NC16  

0.015m-tri-eodium citrate). 

La-phosphate 0,95m-Di-sodium hydrogen Orthophosphate 

buffer 	O.5m -Sodium di-hydrogen orthophosphate. 

Cs2SO4 	
Caesium sulphate. 

CaC1 	Caesium chloride. 

A,G,C,U. 	Adenosine, guanosine, cytidine, uridino 

ATP,UTP 	5' - (pyro) triphosphate of adenosine, 
etc* 

uridina, etc. 
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2, MATERIALS AND METHODS 

2.1 flatarials 

All chemicals used, whete possible, were of 'Anslax' grade 

from the british Drug House Ltd., London. The sources of all other 

chemicals and materials, with the ezc*tion of those listed below, 

are indicated in the text. 

l.a. tIydrozyapatlte preparatiom 

Large crystals of bydroxyapatite were prepared by the 

procedure of Tiselius et. al. (1936) as modified by Hiyasaws and 

Thomas (196$). 

I.b, Preparation of S. Colt 	. joIymerase 

S. Cali ANA polymers.e was prepared by the method of Burgess 

(1969) involvintp the glycerol gradient centrifugation procedure. 

I.c. Preparation of thin layers. 

Poiyuthyl.neuine impregnated cellulose layers were prepared 

by the procedure of Randerath and Randerath (1967) • The support 

for the layers was subbed backing of X-ray films (kindly supplied 

by Kodak). After spreading and drying, the layers were stored at 

room temperature for at least one week before further use. For 

SNase T1  fingerprints the sine of the layers was 15 z 12.3 inches. 

Smaller layers (7.5 x 7.5 inches or 11 x 11 inches) were used for 

the analysis of pancreatic RNaas digests, Before chromatography the 

layers were washed in distilled water (1 mm.), IOZ (w/v) NaC1(S aim.), 

distilled water (1 min.), 2 m-formic acid (p1k 2.3 with pyridine) 

10 mm.) and finally in distilled water. 

I.d Scintillation Fluid. 

Tolulens based scintillation fluid was prepared by dissolving 

5g. 2-3" Diphenyloxazole (PPO) and 300 mg. 1 1,4 bie-2(4- methyl-5- 
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Phenyloxazole)- Benzene (POPOP) in 1 litre of tolulene. 

I.e. Mice 

Apodemus sylvaticus, originating from Midlothian (Scotland), 

Apodetaus flavico].lis,from Yugoslavia and Apodenus agrarius from 

Bohemia were bred in the laboratory. 

2.11 METHODS 

II.a.DNA preparation 

DNA was prepared from liver, kidney, testes and spleen by 

extraction with cold phenol and sodium dodecyl sulphate as described 

by Walker and McLaren (1965). For caesium sulphate density centri-

fu,ation the DNA was further purified by iso-propanol rreci4ation. 

This was achieved by slowly adding 0.58 volume (of DNA solution) 

of iso-propanol to the DNA solution made 0.3 H in sodium acetate. 

The DNA was spooled out on a glass rod and redissolved in distilled 

water. 

1I.b.Preparative density gradient centrifugation. 

The satellite fractions of the DNAs were isolated from pre-

formed CsC1 density gradients (Brunk and Leick, 1969). The 

gradients were formed by layering a solution of CsC1 at a density 

of 1.62 gus./ml., and containing 400-500 pg NA, onto the same 

volume of CsC1 solution at a density of l. 	i./ml. The two 

layers were then covered with paraffin oil and centrifuged at 

26,000 r.p.m. for 70 hours in a fixed angle rotor (Flamm et. al., 

1966a) on an M.S.E. 65 centrifuge. 

0,2 ml. fractions were collected from the gradients by means 

of a finger pump connected to a perspex float, which had been 

carefully lowered onto the surface of the solution, the J.V. 

absorb ance/ 
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absorbance of each fraction was measured on a Beckmann DB-G 

spectrophotometer. The satellite fractions were collected and 

pooled. 

By diluting the pooled fractions and making the CsC1 solution 

up to a density of 1.62 gm/mi., the gradients could again be pre-

formed and the fractionation repeated. Altogether 3 cycles were 

performed with A. sylvaticus and A. flavlcollis but only two cycles 

were necessary with A. agrarius. 

LL.c.Analytical density gradient centrifugation. 

Analyses of the DNA at various stages throughout the fraction-

ation procedure were carried out on a M.S.E. analytical ultracentri-

fuge equipped with standard U.V. optics. The solution to be 

centrifuged was in each case brought to a DNA concentration of 

0.06 O.D. units/l. at an initial CsCl (Harshaw grade) density 

between 1.7050 and 1,7213 gin./ml. 

Micrococcus iysodeikticus DNA at a concentration of 1 pg/ti. 

was added as a marker. 

Centrifugation was carried out for at least 17 hours at 

45,000 r.p.i. At equilibrium photographs were taken on Kodak 

commercial fine grain film and were anlysed on a Joyce-Lobel 

double beam recording microdensomiter, Mark IIIC. 

The buoyant densities of the specimen DNAs were determined 

by the method of Szybalski (1968). 

Ag+Ca2SO4  density gradients were prepared by the procedure 

of Jensen and Davidson (1966) as modified by Corneo et al. (1970b). 

The DNA, dissolved in 0.lm-Na2SO4  was added to 0.lm borate buffer 

pH 9,2. 10 m-AgC1O4  was then added to give a final Agion to DNA-

phosphate molar ratio of 0.27, and the density was adjusted to 
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1.508 gm./ml, with Cs2SO4  at 1.25 gm./ml. (w/v). 

Alkaline CsC1 gradients were prepared by adding 0.02 ml. of 

1% SLS and 0.06 ml. of lm-NaOH to 0.4 ml. of DNA solution followed 

by enough CsC1 (Harshaw grade) to bring the density to 1.75 gm./ml. 

I1.d.Treatment of DNA prior to optical studies 

Pooled satellite fractions from the final prepative centri-

fugation were dialysed overnight against 0.12m-phosphate buffer, 

pH 6.8. The molecular weight of the DNAS was reduced by sonication. 

The samples, cooled on ice, were given two ten second treatments 

with a Dave Soniprobe at a setting of 4. The sample was allowed to 

cool for 1 minute between treatments. To remove U.V. absorbing 

material other than DNA, the samples were passed over a 0.5 ml. 

hydroxyapatite column. The satellite DNAs, eluted with 0.3m-

p osphate buffer were dialysed overnight against 0.Olm-NaCl, 0.001m-

Tria/HC1 (pH8), 0.0001m-EDTA. Before melting, all samples were 

dearated and finally given a short centrifugation to remove dust 

particles. 

lI.e.Melting and Reassociation Experiments. 

All melting and reassociation experiments were performed in a 

Zeiss PMQI1 spectrophotometer equipped with a thermostated, cir-

culating water bath. Melting was carried out in O.Olm-NaCl, 

0.00lm-Tris/FiCl(pH8), 0.000lm-EDTI4. 	The temperature was increased 

at a rate of 0.50  per minute. Absorbance readings, taken at 

2u Pm , were corrected for thermal expansion. 

For reassociation experiments, DNA sa-.1-ples in the melting 

buffer, were heat denatured at96
0  for five minutes and then 

equilibrated for 5-10 minutes at the reassociation temperature. 

Reassociation was initiated by the addition of an appropriate 
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volume (not more than 5% of the sample vol.) of Im or 5m-NaCl, 

followed by rapid mixing (by inversion). The first reliable read-

ing could be taken 15 secs. after the salt was added. All Cot 

values (product of initial DNA concentration and time) have been 

corrected to the equivalcic  

of Britten and Smith (1970.). 

I1.f.Transcription of Satellite )N- As. 

The satellite A)NAB were transcribed with L. Coli. RNA pc'lymerase 

prepared by the method of Burgess (1969) involving the glycerol 

gradient centrifugation procedure. 2 pg of DNA were incubte. with 

5 units of RNA polymerase in a reaction mixture of 50.j1 , con-

taining 0.04m-Tris/HC1 (p11 7.9 at 25°), 0.0lm-MgCl2, i.i. mm-DTh, 

0.1mm-dithiothreitol, (.15m-KC1, 0.04 mmK2  11 2PO4, 0.1 ian-CT?, CT? 

and AT? and 0.1 32 	- labelled UT? (specific activity of 

10 Ci./m.mole). 	ten Labelling with 32  P,- -labelled AT? the 

specific activity was 1 Ci./rn.mole. After incubation at 
370  for 

25 mins., 5up9 /l, UNase (Worthington RNase free) was added 

and incubation was continued at 370  for a further 20 mine. The 

sample was then chilled on ice, diluted to 2mls. with 0.2% SDS, 

0.lm-NaCl, and extracted three times with buffer saturated, dis- 
I- 

tilled phenol. The RNA was then preciated overnight with two 

vols. of ethanol at _200.  After pellein6, the cRNA was re-

dissolved in distilled water and paeed through a column of 

Sephadex G-75 to separate the transcribed RNA from free triphos-

phates and oligonucleotidea. The excluded peak was pooled, dried 

and stored at - 200 . 

11.g.Fingerprintinjl, of cRNAs. 

Approximately 500 x 10 cpa of eRNA, with enough t-RNA from 
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L. coil, to make 1)ig total RNA, was dissolved in iOi,of 

10 mm-Tris/}1C1 (p11 7.4), 0.1 mm-EDTA and treated with RNase 

(Sankyo) or pancreatic RNase (Worthington) at an enzyme to substrate 

ratio of 1:20 for 30 mine, at 370 
	

The reaction was performed 	on a 

polythene sheet under a cap sealed with silicone grease, and was 

terminted by drying rapidly in a vacuum. 	Electrophoresis was 

performed on cellulose acetate strips in either 7m-urea, 5% acetic 

acid (p11 4.3 with pyridine) for RNase T1  digests or 7m-urea, 5% 

acetic acid (p113.5) for pancreatic RNase digests, at 5 kV for 

2.5 hours and 3 kV for 1.0 hour respectively (Sanger and Brownlee,, 

1967). The oligonucl.eotides were transferred by a modified 

procedure giving quantitative transfer (Southern, 1974b) to pre-

washed layers of cellulose impregnated with polyethylcneine 

(Randerath at al., 1967). These were then developed with 1.6m-forinic 

acid (p11 3.8 with pyridine) for RNase T1  digests or 2.0m-formic 

acid (pH 3.5 with pyridine) for pancreatic RNase digests. The 

plates were dried by evaporation at room temperature and e:posed 

to X-ray film (Kodak Blue Brand) for 1-3 days. The nucleotides 

were located, cut out and their radioactivity was measured. 

Nucleotides eluted from the layer with 2.9m-triethylainmouiuni 

carbonate, were dried down on a polythene sheet, taken up in 

distilled water and dried down again. This procedure was repeated 

three times to remove traces of the eluting agent. 

Further analysis of the RNase T1  nucleotides were carried out 

by digestion with pancreatic RNase. 	sequences from pancreatic 

RNase digests were further analysed by digestion with RNase Ti. 

The conditions used for enzyme digestions were as above. The 

products from either of these secondary digestions were separated 
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by electrophoresis on Whatean DE81 paper at pH 3.5 (Sanger et al., 

1967). 

11 .h.Nearest neighbour analysis. 

Nearest neighbour analysis of the total ckLA and of the primary 

or secondary digestion products was accomplished by alkaline dig-

etiuu oilowej i..'y ionophoresis. The RNM or nucleotides were 

djau ill j)p1  of 0.2m-NaO at 370  for 16 hours in a sealed 

capillary. After incubation the products were separated on 

tJhatrnan No.52 paper by electrophoresis at ph 3.5 and 60 volts/cm. 

for 1-1.5 hours (Sanger etal., 1967). 	The paper was then dried 

and exposed to X-ray film. The products were located, Cut out 

and their radioactivity was measured. 
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3 	RESULTS AND DISCUSSION 

The presentation and discussion of results has been divided 

into three sections. The satellite DMA of A. agrarius displays 

many physical properties quite distinct from those of the other 

two satellite DNAs and indeed from any other satellite DNA that 

has been described. The physical properties of this DNA are 

therefore dealt with separately. With respect to their partial 

sequence analyses the three satellite DNAs have been dealt with 

together. 

3.1 	The physical properties of A. sylvaticus and A. flavicollis 

satellite DNAs 

l.a. Density Lyadients 

The analyses of the DNAs in density gradients of caesium 

c. bride of the species used here, have been described elsewhere 

(klennigetal., 1970). 	A. sylvaticus and A. flavicollis DNAs 

both contain light satellites amounting to 8% and 6 of the total 

DNA respectively (Fig. la, Table 1). Analysed as silver coraplexea 

on caesium sulphate gradients A. sylvaticus revealed two satellite 

components whereas A. flavicollis had only one (Fig. lb). 	It has 

not, however, been confirmed that the silver-caesium sulphate 

satellites correspond to those seen in caesium chloride gdients. 

The satellites were purified in a preparative centrif.',e on 

gradients of caesium chloride (Figs. 2 and 3). After three cycles 

of purification both satellite DNAs gave a single, symttrical 

band in analytical gradients of cae.ium chloride, thougi it is 

possible that they were contaminated with other DNAs having the 

same buoyant density. This problem is more serious with 

A. sylvaticus which is closer to the main baud. 



(a) 

A.syl 
A.fla 

A.ag 

A.syl. 

A.flav. 

A.agr 

(b) 

Buoyant Density. (g/mi.) 

Fig. 1. (a) iutrai. tACI grudient centrifu&atics 	tJ. 
DNA. The marker DNA is not shown. 

(b) Ag/Cs2SO4  gradient centrifugation of total Apodr.us DNA:.  



Table 1 

Caesium chloride densities of Apodeius satellite DNAS  

A. syivaticus 	A. flav~_d&s 	A. agrariu5 

L.e1ative 

Amount (%) 	- b 6 4 

Native 1.695 1.693 1.691 

Renatured 1.699 1.697 1.699 
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Fig. 2. Preparative purification of A.sylvaticus satellite DNA on 
neutral CsCl gradients. A sample of the pooled satellite 
fractions (between the 1arrows) was analysed by analytical 
ultracentrifugation (a , b1, c1) after each cycle of 
purification (a b, c). 
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rre purification of A. flavicolljs satellite 

DNA on neutral CsC1 gradients. Details as in Fig. 2 
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A better idea of the homogeneity of the satellite DNAs was 

obtained by analysing them in density gradients after sonication, 

denaturation and reassociation, (Fig 4b). It is unlikely that 

contaminating DNAa would reassociate to give duplex.s with the same 

buoyant density as the satellite DNA.. 

In alkaline caesium chloride gradients in the analytical 

ultracentrifuge, A. flavicollis satellite DNA showed some strand 

separation whereas A. sylvaticus satellite DNA. gave a single band 

(Fig. 4a). It was not possible to separate the strands of 

A. Plavicollis satellite DNA. on a preparative gradient. 

Lb. Melting of Native Satellite DNA... 

A. sylvaticus and Al  flavicollis satellite DNAs gave sharp, 

unimodal transitions with a mid-point of denaturation at 67.5°  when 

melted in 0.01 rn-Na (Fig. 5, Table 2). Both Tm (Marmur and Doty, 

1962) and buoyant density (Schildkraut at. al., 1962) are related to 

base composition for bacterial DNAs. The same relationships do not 

hold good for all satellite DMA's (Walker, 1971) or for synthetic 

polymers with simple repeating sequences (Wells et.al., 1965; Riley 

at 11.0 1966). 	For the satellite DNA., used here we have no 

chemical measurement of the base composition. However, the G+C 

contents calculated from the Tm and buoyant density are not in 

agreement (Table 3). The melting temperature would suggest a G+C 

content of 42% for both DNAu whereas the buoyant densities suggest 

base compositions of 34.7 and 33.7% G+C for A. sylvaticus and 

A. flavicollis respectively. 

I.c. Renaturation of the Satellite DNAs 

Preliminary experiment showed that A. sylvaticus and 

A. flavicollis light satellite DNA.s reassociate very rapidly. Rapid 



(a) (b) 

A. syl. 

A.f lay. 
A.flav. 

A.ag r. A.syl 

A.agr 
1.698 

Buoyant Density. (g/rd.) 

	

Fig. 4(a) 	Alkaline CaC1 gradient centriguation of purified Apodemus 
satellite DNAs, 

	

(b) 	Neutral CsC1 gradient centriguation of reassociated, 
sonicated Apodemus satellite DNAs. The marker DNA 
is not shown. 
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Tablo 2 

Me1tin temperatures of Apodeus Satellite DIVis in 0.01m_a+.(0C) 

4 ararius 
A sylvaticus 	\ f1ivico11is 	I 	II 

Native Tm, 	 67.5 	 67.5 	 63.5 	70.0 

Renatured Tm 

(600  reaction) 	 56.5 	 61.5 	 48,0 

Renatured Tm 

(570 re1ction) 	 - 	 - 	 42.0 

A ,m, 

0 	 * 
(()) reaction) 	 11.i 	 6.0 	 18.0 

A rj 

* 
(570  reaction) 	 - 	 24,0 

I 	- 	low melting component 

II 	- 	high melting component 



Table 3 

Estimated G+C contents of Apodemus Satellite DNAs () 

A sylvaticus 	A flavicollis 	a.rarius 

Calculated from density in 
CsC1.+ 	 34.7 	 33.7 	31,6 

Calculated from melting 	 * 
teiperature ++ 	 42.0 	 42.0 	37.3 

+ 	c:ildicrut at al, (1962). 

++ :4armur and Doty (1961). 

* 	Average of two melting coouczts. 



29. 

reassociation rates can be measured using hydroxylapatite (Bernardi, 

1965; Miyazava and Thomas, 1965), if the rate is slowed down by 

using dilute solutions of DNA. This method requires radioactive 

DNA. Alternatively, special apparatus capable of following rapid 

reactions optically may be used, or the reaction may be followed in 

a standard spectrophotoiuster if the rate is slowed by lowering the 

ionic strength of the solution. As neither radioactive DNA nor 

apparatus for measuring rapid reactions were available, the latter 

method was used to study these satellite DNAs. Sutton (personal 

comnunication)haa shown that mouse satellite DNA obeys the same 

dependence of reassociation rate on ionic strength as do bacterial 

DNAa and therefore the tables of Britten and Smith (1970) have been 

used to adjust the estimates of the reassociation rate constants to 

the standard salt concentrations used by other workers. 

Estimation of the rate constant of reassociation requires a 

measurement of the final extent of the reaction. However, neither 

A. sylvaticus nor A. flavicollis satellite DNAa returned to the 

optical density of the native duplex (Fig. 6). There are two 

possible causes for the reduced hypochromicitys for both satellite 

DMa the reassociated duplexes are not perfectly base paired as is 

shown in the next section, and this will give some reduction in the 

hypochroinicity; secondly, as already mentioned, the purified 

satellites may not be homogeneous and the 'impurities' may not 

reassociate at the rapid rate of the satellite sequences. This 

latter problem is likely to be serious only with A. sylvaticus 

satellite DNA which may be contaminated with main band DNA. Two 

rate constants for the reactionso,  have been calculated first making 

the assumption that the true end point of the reaction would have 

been a return to the native optical density, as suggested by 

Wetmur and Davidson (1968), and secondly they have been calculated 
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Fig. o 	0pical reassociat ion curves of isolated 
A. sylvaticus (-0-0-) and A. flavicollis ( 	S S 	) 
satellite DNAs, All initial absorbances were measured 
in O.Olni-Na and corrected fol dilution. Both satellites 
were reassociated in 0.04in-Na at 510C and also in 0.18m-
Na at 60°C. 
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using the end point of the reaction actually achieved (Tab].. 4). 

The first value is likely to be an underestimate and the second an 

overestimate of the rate constant. 

The renaturation of A. sylvaticus and A. flavicollis are 

represented in Figs. 7 and 8 in the form described by Wetmur and 

Davidson (1968). On such a plot, the renaturation of a bacterial 

DNA would follow a straight line relationship. From the slop, of 

the line the rate constant for reassociation can be determined. 

For A. sylvaticus and A. flavicollis no single straight line can be 

drawn through the points and therefore the rate constants for these 

reactions have been determined by taking the reciprocal of the Cotj 

value (Fig. 6). 

LA. Properties of the reassociated satellite DNAs. 

Both satellite DNAa reassociate to give imperfectly matched 

duplexes (Fig. 5). An estimate of the extent of mismatching is 

given by the decrease of Tm of the reassociated duplex from that of 

the native DNA. Calculated from the L Tm values using the 

relationship of LX mismatching per ].0 
 drop in Tm (Bonner eta].., 1973) 

the proportion of mismatched base pairs ares liZ for A. sylvaticus; 

6% for A. flavicollis (Table 2). From these results it would be 

expected that the density difference between the native and reassoci—

ated DNAs in neutral caesium chloride would be less for A. flavicollis 

than for A. sylvaticus. In fact both DNA.s gave density shifts of 

4 mg./ml. (Table 1). 

I.e. Discussion of Results 

With respect to their physical properties, the only significant 

difference betwean the satellite DNAs of A. sylvaticus and A.flavico—

his is in the extent and quality of duplex formation during 



Table 4 

Rate constants (k2) for the reilaturation of the Apodemus Satej1i 

i)W8 expressed as 	(litres/nole x seconds). Cot 

A syi.vaticus 	A flavicollis 	•,xarius 

* 
k2 	5,3 x 10 2 
	

1.3 x 10 3 	1.4 	0.5 

** 	 3 k2 	].,4x10 	 1,8x103 	- 	- 

I 	Reuaturatioit at 600 in 

II Renaturation at 57
0 
 in 

* 	Calculated on the basis that 100% reaction will result in a 
return to tae native optical density. 

** Calculated on the basis that 1007 reaction has been achieved, 
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Time (mm) 

Fig. 7 	Optical reassociation curves of isolated Apodenius 
satellite DNAs plotted as described by Wetmur ad 
Davidson (1968). Renaturation was in 0.18m-Na at 
60°C 

sylvaticu; 	• • A. flavicollis; 
agrarius 
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Time (mm) 

Fig. 8 	Optical reassociation of isolated A. sylvaticus-O-O- 
and A flavicollis • • satellite DNAs in O.o4rn-Na 
at 51 C., plotted as described by Wetmur and Davidson 
(1968). 

Approximately 70 mine, on the above scale is equivalent 
to 1 mm. on that of Fig, 7 
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reassociation. Upon correction for the extent of renaturation 

both DNAe have kinetic complexities of about 3-400 base pairs. However 

before discussing the results obtained in this study it is important 

that a brief mention be made about the results of the restriction 

studies being carried out on the satellite DNAs of A. sylvaticus 

and A. flavicollis. 

The pattern of fragments produced by digestion with the 

bacterial restriction enzyme, Hindlil, are very similar for both DRAs 

(Cooke, 1974). Each DNA gives a pattern of bands with lengths of 

340, 2 x 340 and 3 x 340 base pairs. This is strong evidence in 

favour of a sequence relationship between A. sylvaticus and 

A. flavicollie satellite DNA. Two other points of this work are 

important. When A. sylvaticus satellite is digested with the enzyme 

only about 80% of the DNA goes into the bands. The remaining 202 

may well be contaminating main band DNA and therefore partly respons—

ible for the reduced hypochromicity upon renaturation of the 

satellite DNA. Furthermore when the DNA from the smallest 

A. sylvaticus restriction band is isolated and renatured it goes to 

within 80% of completion. Taking these results into consideration 

it would be expected that the A. sylvaticus satellite DNA used in 

the present work would achieve at least 60% renaturation even taking 

contaminatio ii into account. Clearly another factor must be 

involved in reducing the, extent of renaturation. The restriction 

fragments of A. sylvaticus satellite DNA are homogeneous in size 

and reassociate to form duplexes matched from one end to the other. 

They do not form concatemers or high molecular weight networks. 

However such structures can be formed from sonicated DNA because on 

average, the length of the reacting molecules is longer than the 
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sequence complexity. Indeed there is evidence that they do form 

since the reassociated DNAe form sharp bends in CsCl gradients. 

Combined with relatively high extent of mismatching, these structures 

may prevent long stretches of sequence from forming duplexes and 

hence reduce the extent of renaturation measured from the 

hyprochromici ty. 

The duplex formed upon renaturation of the smallest restriction 

band of A. sylvaticus satellite DNA melts in two steps (Cooke, 1974). 

The majority (80%) of the duplex melts with a A  Tm similar to 

that reported here but the remaining 20% melts with a A  Tm of 

only 2°, It seems likely that the inhoiuogeneity of the sonicated 

sample used in this study, combined with the low extent of 

renaturation achieved, is responsible for the absence of a step 

in the melting curve of the re4ocsiated DNA. 

Cooke was also able to show that on remelting and renaturing 

the low stability duplexes only, the product contained, once again, 

both high melting and low melting duplexes. He interpreted this 

result as indicating that A. sylvaticus satellite DNA contains 

more than one family of repeated sequences and that th e sequences 

of different families are able to cross reassociate to form poor 

duplexes. The proportions of high stability duplexes, formed by 

renaturation of members of the same sequence family, and of low 

stability duplexes, formed by renaturation between members of 

different sequence families, suggest that about five such sequence 

families are present in A. sylvaticus satellite DNA. 
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3.11 THE PHYSICAL PROPERTIES OF A. AGRARIUS SATELLITE DNA. 

3. IIa.Deusity gradients 

Apodemus agrarius has a light satellite DNA amounting to about 

41 of the total DNA, with a buoyant density of 1.691 gm./ml. (Table 

10  Fig. La). It is well separated from the bulk of the DNA and 

needed only two cycles of preparative purification before giving a 

single, symmetrical band in an analytical gradient of caesium 

chloride (Fig. 9). When analysed as a silver complex on a caesium 

sulphate gradient, the total DNA again snowed a light satellite 

(Fig. lb). It has not, however, been confirmed that the silver 

caesium sulphate satellite corresponds to the one seen in caesium 

chloride gradients. On centrifugation in an alkaline caesium 

chloride gradient there was no evidence to suggest strand separation 

(Pig. 4a). 

II,b Melting of Native Satellite DNA. 

When melted in O.Olm - Na"  A. agrarius satellite DNA gave a 

two step transition (Fig. 10). Approximately 70% of the hyper—

chrosnicity resulted from a sharp melt, the mid—temperature of which 

was 63e50. The remainder of the DNA melted over a wider range with 

a Tm of 70.00.  From Marmur and Doty's (1962) relationship between 

Tm and base composition, the base composition of the low and high 

melting fractions of A. agrarius satellite DNA are calculated as 

32.21 and 49.3% G9C respectively. Given these values, and taking 

into consideration the different amounts of the two fractions, the 

average G4C content for the satellite DNA would be 37.3%. This is 

to be compared with a value of 31.6% calculated from the buoyant 

density of the satellite (Table 3). It has already been mentioned 

that syieopolymsrs with simple repeating sequences do not always 
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obey the relationship between Tm and G+C content. For example, 

alternating poly d (A—T) has a Tm 750 lower than poly dA. poly 

dT. (Riley et.ai., 1966). Although it cannot be ruled out that 

A. agrarius satellite DNA may contain a high G+C fraction, the 

discrepancy in base composition from the two estimates above coupled 

with the partial sequence analysis described later, suggests that 

the two step melt may result from sequence differences in the two 

fractious rather than a base compositional difference. 

lI.c. Renaturatiou of A. agrarius satellite DNA 

As A. agrarius satellite DNA renatures much more slowly than 

A. sy1vatics.  cr  A. flavicolli.!o  it was found necessary to increase 

the rate of raaasociation by increasing the ionic strength of the 

DNA solution. The tables of Britten and Smith (1970) have been 

used to adjust the estimates of reassociation rate constants to the 

standard salt concentration of 0.18uNa4 . 

The rate of renaturatiOn of A. agrarius satellite DNA was 

followed at two different temperatures, 570 and 60
0. The reaction 

at 600 in 0.18mNa'  is equivalent to working 22.5°  and 29.0°  below 

the melting temperatures of the low and high melting fractions 

respectively. 

It is clear from Fii. 11, thatat both temperatures reassociatiOn 

was still in progress when the experiments were stopped. As no 

real end point of the reactions is available, the rate constants 

have been calculated making the assumption that the true end point 

of the reaction would have been a return to the native optical 

density. Based upon this assumption, the Cot value of the 

reaction at 570 would be I x 10-1  and at 600  would be 2. These 

values represent sequence complexities of about 0.5 and 1.5 x 106 
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base pairs respectively. However, a complexity of 5 x lO base 

pairs would be obtained if the 570 reaction was complete at 60% 

reassociat ion. 

II.d. Properties of the Reassociated Satellite DMA 

Fig, 10 shows the melting curves of the reassociated duplexes 

formed at 570  and 600. They have A Tin values of 24°  and 18°  

respectively, taking the Tm of the native satellite as 660. Clearly 

the satellites have formed very poorly matched duplexes. On 

analysis in a ceasium chloride gradient the reassociated duplex, 

formed at 57°, gave a hypersharp band with a density of 1.700 gm./ml. 

This is 8 mg./ml. heavier than that of the native satellite DNA 

which is what one would expect for such a poorly matched duplex. 

It was rather surprising however that only one band was formed. 

It may be inferred from this result that most molecules had entered 

into duplex formation even though the hypochromicity was only 60%. 

It is unlikely that the formation of such a highly mismatched duplex 

would result in the return of the optical density to that of the 

native DNA. If this conclusion is correct, then this result lends 

more weight to a kinetic complexity estimate of around 50,000 base 

pairs. 

II.e, 'Snapback' experiment 

The two step melt of A. agrarius satellite DNA could result 

from a variety of configurations within the DNA molecules, the two 

extremes of which are represented diagrammatically in Fig. 12, In 

Model A, the sequences responsible for the high and low melting 

fractions in the satellite DNA alternate regularly with each other. 

On the other hand, the sequences may be grouped together in large 

blocks and this extreme is shown in Model B. 
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A simple experiment was conducted to determine which of the 

above models applied in the base of A. agrarius satellite DNA. 

The DNA was sonicated under conditions which normally produce mole-

cules with an average else of 500 base pairs. The DNA was then 

melted in 0.Oli*-NaCl. At various stages during the melting tran-

sition (a, b, c, etc. Fig. 13) the sample was removed from the 

spectrophotometer and placed on ice for a few minutes. The sample 

was then returned to the spectrophotometer at 400  and the absorbance 
V 	V 

or the extent of denaturation, was again measured (a , b , c , etc. 

Fig. 13). 	This procedure was repeated a number of times gradually 

increasing the extent of denaturation before cooling, until 

eventually the sample was completely denatured. Pig. 13 shows the 

results of this experiment. 

Evet.z when the sample was denatured by more than 90 (d)  and 

then cooled, the absorbance returned to within 25% of the native 

optical density (d), and when remelted the denaturation transition 

was very similar to that of the native DNA. It should be noted 

that in such low ionic conditions and over such a short period of 

time the DNA would not reassociate if complete strand separation 

occurred. 

Only Model A predicts the results obtained above. The 

denatured low melting fraction must be attached to a high melting 

block which holds the complementary DNA strands in register until, 

when the temperature is lowered, the molecule returns to its native 

state by 'zippering' up from the duplex region. Return to the 

native optical density was almost complete when only the low melting 

fraction was denatured (b, Pig. 13). It is concluded from this 

that the high melting blocks must occur at least once every 500 base 

pairs. 
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1.f, Discussion of Results 

The 'snapback' experiment described above strongly indicates 

that A. agrarius satellite DNA consists of a repeating sequence 

less than 500 base pairs long. However, more decisive evidence 

for this conclusion has been provided by the experiments of 

L. Polito (reported in Allan etal., 1974). 

The efficiency with which exonuclease treated sheared fragments 

of DNA form circles is dependent upon the ability of the single 

stranded ends of one fragment to renature with each other (Thomas, 

Lee, Pyeritz and Bick, 1972). Circle formation therefore reflects 

sequence repetition within the DNA fragments. The reaction is also 

a function of the length of the repeating sequence, the extent of 

exonucleolytic hydrolysis, and the degree of sequence divergence 

within the repeating sequence. 

Circles have been formed from both needle—sheared and 

sonicated A. agrarius batellite DNA (Allan at al., 1974). The 

proportion of circles formed with needle—sheared A. agrarius 

satellite DNA was only half of that formed from mouse satellite 

DNA under the same conditions. This result may reflect either a 

longer sequence complexity or a higher extent of sequence divergence 

within the repeating sequence of A. agrarius satellite DNA. In 

view of the Low thermal stability of the duplees of reassociated 

A. agrarius satellite DNA, the latter is probably the case. The 

fact that circles were also formed with sonicated A. agrarius 

satellite DNA seems to indicate at first sight that the repeat 

length is shorter than the circumference of the circles, because 

only a small proportion of the DM was exposed by exonuclease 

treatment and as Thomas et al., (1972) have argued, the 
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probability of forming a circle becomes significant only when the 

length exposed is a substantial fraction of the repeat length. 

The circumference of the circles formed is therefore a maximum 

measure of the repeat length. 

When the size of the eonicatad fragments and the circles 

formed from them were measured in the electron microscope, a very 

aurp r ising result was obtained. The molecules fell sharply into 

size classes with groups at 0.13, 0.269  0.39 and 0.5 microns. The 

spacing of the size classes was the sane as that of the circles 

(Fig. 14). 

It is generally thought that sonication of DNA involves 

random breakage of the molecules, which, under the conditions used 

by Allan et al., (1974) ,would result in a broad distribution of 

DNA fragments ranging in size from about 200 up to about 1000 base 

pairs with a mean length of 5-600 base pairs (Mitchell, 1973). In 

this respect the result obtained on sonicating A. agrarius satellite 

DNA is surprising in three ways. Firstly, the fragments do not give 

a broad distribution of lengths even within the size classes formed. 

Secondly, the fact that there are distinct size classes and that 

these are multiples of the smallest class produced is also unexpected. 

Finally, the smallest group of molecules formed has a mean size of about 

370 base pairs which is quite different from the 5-600 base pairs 

expected. 

Although Thomas et al., (1972) argue against the possibility 

of shear breaks occurring at or near special sequence related sites, 

the above evidence is not only strongly in favour of such sites 

being present, but suggests that they are evenly distributed 

throughout A. aararius  satellite DNA and occur about once every 370 
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base pairs. After treatment of the sonicated fragments with 

exonuclease, the fragments form circles. The circles also fall 

into distinct size classes, separated by about 370 base pairs 

(Fig. 14). 

These results and the 'snapback' experiment strongly suggest 

that A. agrarius satellite DNA consists of a repeating sequence 

about 370 base pairs long. However, the kinetic complexity of the 

DNA, derived froi- its renaturation rate constant, is 50,000 base 

pairs at aminimuin.  There are two possible reasons for this 

discrepancy. They differ according to which value is taken for the 

effect of mismatching on the rate of reassociation of the DNA. 

Firstly, if the effect of mismatching on rate is small as 

suggested by Bonner et al., (1973). McCarthy etal., (1972) and 

Wang et 21., (1971), then A. agrarius satellite DNA must consist 

of more than one family of repeated sequences. The effect of mis—

matching upon the rate of renaturation found by the above authors 

is equivalent to a five fold reduction in rate for a 200C A TIN 

After correction by this factor, the kinetic complexity of 

A. agrarius satellite DNA is reduced to 10,000 base pairs. A DNA 

consisting of 25 - 30 families of sequences, all with a complexity 

of 300 base pairs and each family reassociating to give duplexes 

with a L I'm of 20°, would reassociate with an average complexity 

of 10,000 base pairs. Such a situation might exist for 

A. agrarius satellite DNA. 

The duplexes formed by reassociation of A. agrarius satellite 

DNA at 60°  melt over a broad temperature range (Fig. 10) indicating 

the presence of both well matched and poorly matched duplexes. 

However, the duplexes formed by renaturation at 
570  give a more 
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homogeneous melting curve with a higher average A Li (Fig. 10, 

Table 2). These results support the idea that A. agrarius 

satellite DNA consists of many sequence related families. At 570 

many families may cross-reassociate to form highly mismatched 

duplexes. However,, at the higher stringency conditions of 600 

renaturatjon may be limited to members of the same or very closely 

related sequence families, giving well matched duplexes, and only 

a few families will cross-reassociate to form poorly matched 

duplexes. Also, if this is the case, the concentration of 

molecules able to renature will be higher at 570  than at 600  and 

the rate of the former reaction should be correspondingly faster. 

The rate of renaturatjon at 570  was three times faster than at 

600 (Fig. 11, Table 4). It should be noted of course, that the 

estimate of 25-30 sequence families in A. agrarius satellite DNA 

was based on the assumption that they could not cross-reassociate. 

If A. agrarius satellite DNA contains many sequence families 

they must have closely related physical properties. The Isnapback t  

experiment (Fig. 13), the sonication results (Fig. 14) and the 

relative homogeneity of both native (Fig. la) and reassociated 

(Fig. 3a) satellite DNA when banded in caesium chloride gradients 

all argue for physical homogeneity. This possibility is made more 

plausible by the work of Smith (1973) who showed by computer 

simulation that repeating sequences can be separated into sequence 

related families by unequal crossing over. 

Secondly, it remains possible that mismatching has a much 

greater effect upon the rate of renaturation than that proposed by 

Bonnet at al., (1973). Sutton and McCallum (1971), using a 

correction factor derived from studies on mouse satellite DNA, 
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estimate a corrected sequence complexity for A. agrarius satellite 

DNA of only 330 base pairs. This figure is in close agreement 

with the estimate of 370 base pairs obtained in the present 

study. Kallenback and Drost (1972) used syntheti.. polynucleotides 

to study the effect of mismatching on rate and they showed that the 

rate of reassociation for highly mismatched duplexes is very 

sensitive to the conditions used for reassociation; and this 

dependence was emphasised in the work of Bonner et al., (1973) too. 

In addition to renaturation at 
570 

 and 600, A. agrarius satellite 

DNA was also reassociated at 500  in some preliminary experiments. 

In this case, although the initial rate of renaturation was faster 

than the reaction at 570  (but thereafter much slower) the 

structures formed on reassociation gave a melting profile which 

indicated that very little, if any, duplex had been formed. These 

experiments with A. agrarius satellite DNA show that even when a 

variety of reassociation conditions is used for rate measurements, 

it is still difficult to get a meaningful estimate of sequence 

complexity for sequences which reassociate to give poorly matched 

duplexes. The implications of this for the families of repeated 

sequences in higher organism DNA are discussed more fully in a 

later section. 



3.111 PARTIAL SEQUENCE ANALYSIS 

lila Transcription with E Coli RNA polymerase 

Direct sequence a.alysis of DNA is still much more difficult 

than analysis of RNA largely because of the lack of methods for 

specific degradation. For the Apodemus satellite DNAs there was 

the added problem of making DNA uniformly labelled with 32P, because 

there are no established cell lines for these organisms. The 

alternatives were to make DNA copies and use ribo'-substitution 

to allow for base specific degradation, as was used by Fry et al, 

(1973) for the analysis of the satellite DNAs from the kangaroo 

rat, or to make RNA copies with RA polymerase and use the standard 

procedures for sequence analysis of RNA (Gall at al., 1974). The 

latter method was chosen because the techniques involved were 

already well established in this laboratory. 

RNA polymerase from E coli which had been prepared by a method 

which probably does not remove the sigma factor (Burgess, 1969) was 

used for transcription. The native, high molecular weight 

satellite ONAs were transcribed in the presence of either UTP or 

ATP labelled with 32P in the  phosphate, together with the other 

three non-radioactive riknnuc1eotde triphosphates. 

Since it was not possible to obtain the isolated single 

strands of the satellites it was hoped that transcription might, 

under the conditions used,be ighly asymmetric, as is the case for 

mouse satellite DNA (Biro et al., 1974). This would simplify 

the analysis of the RNA. It turned out, however, that for all 

three satellite DNAs the RNA produced was resistant to RNase T1, 

thought not to pancreatic RNase (Fig. 15). The transcripts from 
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A. sylvaticus and A. ararius satellite DAa were found to be 

50% resistant to RNase T whereas that from A. flavicollis was 

70% resistant. heating to 100°  followed by rapid cooling rendered 

the RNà.a labile to RNase T1. 

RNA—RNA duplexes melt at higher temperatures than the 

corresponding DNA—DNA duplexes (isbop, 1969). In 0.01 m—SSC 

a perfectly base paired NA—RA duplex, transcribed from the 

Apod"us satellite DNAS would have a melting temperature of 600_700. 

When assayed by resistance to RNase T1, the cRNAs of the Apodem 

DNM melted between 
4Q0  to 70°, but were completely digested by 

pancreatic RNase at 4Ø0• As the duplexes are clearly not 

perfectly matched it is unlikely that they were produced by dis—

placement of RNA from RNA—DNA hybrids during transcription (iUehop, 

1969). A more probable explanation is that both strands of the 

DNA are copied during transciption and that subsequently the 

RNA product renaturee to form a poorly Watched duplex. 

III.b.Nearcst 	hbour and Partial- 	uence Analyses 

Analysis of the nucleotide compositions of the Apodemu; 

cRNAs after a*kaline hydrolysis identified the nucleotide to the 

51  side of the 	32P labelled nucletido. The results (Table 5) 

indicate significant clustering of A and U residues which was 

later confixiied y further au%Iysis of the products of RNase 

and pancreatic RNase digests. 

The products of digestion by RNase T and pancreatic RNase 

were analysed on a two dimension system involving ionopboesis 

and irn—exchange chromatography (Southern and Mitchell, 1971; 

Sanger and Brownlee, 1967). A total of four analyses (two for 
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each type of label) were required for each satellite DNA. 

The 'fingerprints' (Plates 1-4) are rather complex but some 

features are apparent. All three DNAs show a pattern formed by a 

number of strong spots with an overlying pattern of weaker spots. 

This feature is most clearly demonstrated in the fingerprints of the 

RNase T1  digests of eRNAs from A. sylvaticus and A. flavicollis 

(Plates 1 and 3). The predominant pattern for A. sylvaticus 

and A. flavicollis DNAs is very similar and most of the strong 

spots can be matched between these fingerprints. However, the 

pattern for A. agrarius satellite DNA is clearly uiuch'more complex 

and does not bear a strong initial resemblance to either of the 

other satellite DNAs. Further analysis of the major spots, described 

later, suggests that they are derived from the basic repeating 

sequence of the satellite DNA and therefore the overlying weaker 

pattern may have been formed as a result of divergence within this 

sequence. The stronger overlying pattern in A. sylvaticus DNA, 

relative to A. flavicollis DNA, may be partly due to main band 

contamination of this sample. 

For each DNA, the major products after digestion of the UTP 

labelled RNA with RNase T1  were long nucleotides which remained 

close to the origin of the chromatograms (Plate 1). From their 

position on the fingerprints these spots must be rich in A and U 

and may also contain C residues. This feature of the DNAs was 

confirmed upon analysis of the same RNA with pancreatic RNase. 

Products of the type AU constituted 53.2%, 47.3% and 59.4% of the 

total radioactivity of the pancreatic RNase fingerprints of 

A. sylvaticus, A. flavicollis ad A. agrarius respectively 

(Plate 2, Table 7). 
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RNase 
I1 

 digestion of the 111ZAS labelled with AT? gave 

similar fingerprints (Plate 3), in which nucleotides rich in A 

and U and containing C residues were again most prominent. Both 

RNase T1  and pancreatic RNase analyses of the A-libelled RNA 

again showed that long runs of A residues are coumion to each 

satellite DNA (Plates 3 and 4). 

It should be stressed that the major 	of spots on 

the fingerprints result not only from the use of ATP and UTP as 

the radioactive triphosphates but also genuinely reflect cluster-

ing of the A and U residues, since U rich spots are apparent in 

RNA labelled with ATP and vice versa. (Compare Plates 1 and 3). 

All of the strong and many of the weaker nucleotides were 

eluted from the thin layers and analysed in more detail by 

digesting RNase T1  products with pancreatic RNase and vice versa. 

The results of these secondary analyses are shown in Tables 6 - 9. 

The majority of first digestion nucleotides were also analysed by 

nearest neighbour analysis. This latter technique was used 

primarily to determine the base composition of the nucleotides 

rather than their sequence. 

III. C ,iscuss ion 

In discussing the results of the partial sequence analysis 

of the Apcdernus satellite DNAs we are primarily concerned with 

attempting to answer two questions: 

Is each of the ApodeAus satellite DNAs derived from 

very short repeating sequences, analogous to those of guinea pig 

CX (Southern 1970) and mouse (Biro et al., 1974) satellite DNAs? 

If the Apodeiaus satellite DNAa consist of short repeating 

units, do these repeats exhibit a similarity in their base sequence 



Plates 1 - 4 	Separation of RNase T1  and pancreatic 

RNase digests of 32P—UTP and Ix 32P—

ATP labelled cRNAs of the Apodeinus satellite 

DNAs. The digests were separated by 

electrophoresis on cellulose acetate and 

chromatography on polye thyleneimine 

cellulose as described in section. 2.11.g 

* 
Plate 1. 	 RNase T1  digests of UTP labelled cRNAs. 

Plate 2. 	 Pancreatic RNase digests of UTP labelled cRNAa. 

Plate 3. 	 RNase T1  digests of ATP labelled cRNAs. 

Plate 4. 	 Pancreatic RNase digests of ATP labelled cR.NAs. 

* In this analysis some of the nucleotides on the 

A.flaviC011is cRNA fingerprint have been eluted 

from the end of the thin layer. The data in Table 6 

relating to the missing spots was obtained from a 

duplicate experiment. 
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Tables 6 -9 
Characterisation of nucleotides from 

fingerprints of ribonucleass digest!_ 

composition:- 
The composition of each spot was determined 

partly from its fingerprint position, nearest 

neighbour analysis and secondary digestion 

products. 

% $ 
The amounts of radioactivity ( 32P) in each 

spot is presented as the percentage of the 

total radioactivity on the respective fingerprint. 

Secondary Nucleotides from RNase T19  digests were analysed 

Products* by digestion with pancreatic RNase. 

Nucleotides from pancreatic RNase digests 

were analysed by digestion with RNass T1. 

The secondary digestion products were separated 

by electrophoresis (section 2.11.g 0) 	The 

secondary products are ordered by their 

relative amounts (visually estimated). 

Table 6. 
Nucleotides from RNa94fuiflgerPri11t5 of 	32P- 

UTP labelled cRNAa. 

Nucleotides from pancreatic RNase fingerprints Tabteji 

of 	cc 	32 P-UTP labelled cENAs. 

Table 8 Nucleotides from RNase T1  fingerprints of 

cc 	32P-ATP labelled eRNAS. 

Nucleotides from pancreatic RNase fingerprints 
Table 9 

of 	cc 	PATP labelled cRNAB. 



Table 6 

podetius sylvaticus Apodeus flavicollis Apodemus ararius 
Spot No. Composition / Second4ry Prociucts % Secdary Products Secondary Products 

1 G 5.1 C 3.3 C 2. 9 C 
2 AG 2.4 AC 1.8 AG 1.4 AG 
3 A 

2  G  

7 CG 0.2 C 1.2 C 

13 UG 3.5 C 3,2 C 1.7 C 
14a AUG ( ( ( 
14b AUG (1.9 AU ,C (3.6 AU,C (3.1 AU,G 

15a A2UG ( ( ( 
15b A2i. (07 A2L,AU,G (0.8 A5U,AU,G (1.8 A2IJ,AU,G 

16 A3UC - - - 1.0 A3  U SA 2U,AU,G 
17 A4UC - - 1.2 G,AU,A2  U SA 4U 
19 CUG 1.3 0.7 C,G 1.6 C,G 
20 ACUG 1.1 1j,,C,AC 1.2  
21 A2CUG O.@ AIJ,AG ).7 A2C,A2U,AU 
24 0.7 AU,G - - 
25 U 

2  G 3.4 G,U 5.7 'J,G 1.2 0,0 
26a AU 2G0.7 AU 0.7 AU ( 
26b AU2C 0.8 AU,U,C 1.6 AU,G (2.1 AU,G 



Table 6 (Contd..) 

Apoderaus sylvaticus Apodenus flavicollis Apodemus agrarius 

Spot No. 	Composition 	% 	Secondary Products % 	Secondary Products ! 	Secondary Products 

27 A2  U2 0.6 Ali 1.7 A2U,AU 1.4 
28 A 3  U  2  C - 1.2 AU,A7U,G 1..) 
29 A U,.G - 

2 -4  1.2 
30 A5  U2 - - 
31 CU,C 1.5 C.LJ.0 2.5 G,  
32 ACU2  O - - 0.  
33 - - 1.1 A2C,AU,AC,G 
34 A CU:; - - 1.0 
35 A 4CU2 J - - 1.0 
36 -- - 0.8 A2C - 
37 - 1.0 U,G,AU - 
38 U 3  G 0.7 U - 0.9 
39a AU3G 1.1 AU,U,C ( ( 
39b AU3C 1.1 U,AU (1•9 AU,U (1.0 

40a A2U3G - 0.9 AU,U,G - 
40b A2U3G - 0.9 AU,U, - 
41 A 3 U 3 G - 1.3 U,AU,A2U 0.8 
42 A 4 U 3  G 1.6 TJ,C,AU 1.0 U,G,C,AU - 
43 A5U3C - 2.3 
44 U3CG 1.2 U,C,G 2.2 U JC,G 0.9 

- t )U 	LL ,G ,U 

A3U 
A 4  U 
AT ,A2U 

c: ,u 
1 L 

,AtJ 
AU9A2U ,A3X 

Li, G 

AU 

A2U,AU 

AU ,A4U 

AU,A2U 



Table 6 (Contd.) 

Apodewus sylvaticus Apodein flavicollia Apodezus agrarius 

Spot No. Cosapo3itioll - ieconttary JrdUCtS Secoadary 	rducts Z cuithrj Products 

45 A5C133 ; — — 1.] AU 
46 A6cU3G — — 1.1- 12 AU 9A2U 

47 U49 1.0 U 3.9 N— 

48 AU4G ).7 U,AU 14 A2U,U,A 010  AU,U,(7 

49 A2U4G(G) 0.9 AUU,C 1.7 U,C 1. A1UA2U 

50 — 1.7 U,AU,A2U 0.9 A2U,AU,: - 
51 — I.C1 U,C,AU 2.2 MJ,U,C — 
52 — 1.6 1.4 A2U,Ab,i,.. — 
33 -- — .6 U ,AU ,A4U 
54 i.:, iA 1.7 AU,A3U,UJ,C,G — 
33 — .. 1.2 U,C,AU — 
56 —. I ., ,J .Afb  .4 U ,C,AU,A2 J - 
57 — 2.5 Au ,U ,A2V 1.4 U ,C ,AU - 
58 — 2.8  AU A2U ,U 2.5  U ,A2U 
39 — — 1.4  
60 — iSO AUu,C 
61 — AU,A2 ,L 1.7 U,AIJ,A2U — 
62 — 2.5 AU,A4X,A2U,U 3.0 U,&U,A2U,A4X — 
63 1.8 AU9,11,A3UA2U 1.0 AU,U,A3U,A2U,C — 
64 — 1.7 AIJ,U 1.6 AU,U,G,C — 



Table 6 (CouLd.) 

Apodemus sylvaticus 	 Apodemus flavicollis Apodenius agrarius 

Spot No. Composition 	7. 	Secondary Products 	x 	Secondary Products 	- Secondary Products 

65 - 	1.3 	AU,U,A20,C 	1.0 	11,0 - 
66a - 	1.0 	AU,U 	 - - 
66b - 	• 7 	AU ,A2U ,C 	0.9 	AU - 
67 - 	- 1.1 AU,U,A2U,A30 
68 - 	- 1.3 AU,U 
69 - 	- 1.1 AU,U 
70 - 	- 0.9 AU,U 
71 - 	- o.6 AU,U 

72 - 	- 1.0 AU,U 

73 -- 	- 1.5 AU,U,C 

74 -- 1.4 U,C,G,AXJ 

75 - 	- 0.7 U,AU 
76 -- 	- ).7 AU,U 



Table 7 

Apodemus aylvaticus Apodemus flavicollis Apodemus agrarius 

Spot No. Composition Z Secondary Products Secondary Products Secondary Products 

I C 
2 AC 1.5 AC 1.7 AC 2.2 AC 
3 A2C 0.5 A 2 C 0.8 A 2  C 0.8 A 2  C 
4 A 3  C - 0.4 At - 
7 GC 4.6 C 3.7 C 4.1 C 
8 AGC 1.2 C 0.7 C 0.9 C 
11 U 2J.7 U 18.5 U 15.1 U 
12 AU 11.5 AU 13.5 AU 23.8 AU 
13 A2U 2.5 A2U 3.0 A2IJ 4.6 A2U 
14 A3U 1.7 h3U 0.6 A3U 1.i A3U 
15 A4U 1.0 A4U 1.2 A4U 1.9 A, U 
17 GU 14.0 G,U 21.1 G,IJ 8.5 G 

18 AGU 3.7 A.U,AC 4.3 W,AC, 5.8 AU,AG 
19a AGU 2 ( ( 
19b A2GU ( 1.0 A,U,AU - (1.2 AU,A U 

20 A3GU 3.6 A3U,A2U,AU 0.8 A3U,A2U'Au 1.3 A2U,A3U 
22 G211 1.8 C 1.0 C 1.2 C 
23 AC2U 1.0 AG 1.2 AG 0.6 AG,AU.G 
24 - - - 0.9 AU 
I U2  13.8 U 9.7 U 10.9 U 

II U3  2.0 U 0.8 U 1.3 U 



Table 8 

Apodemus sylvaticus Apodemus flavicollis Apodemus agrarius 

Spot No, Composition Secondary Products Secondary Products 7 	Secondary Products 

1 G - 	C 6.7 C 8.3 G 

2 AG - 	AG 6.4 AG 5.i AC 

3 A2G - 	A2G 4.6 A2G 9.0 A2G 

4 A3G - 	A 3  G 5.0 A3G 3.0 A3G 

5 A4C - 	A 4 5.1 A4G 1.2 A 4  G 

6 A 5 G 

7 CC - 0.7 - 
8 ACG - 	CG,AC 1.0 G,AG,C 1.) C,AG,G 

9 A2C( - 	A2C 0.6 A2C,C 0.8 AC,A2G,AG,C 

10 - - 0.6 C,C - 
11 - - 0.9 AC,C - 
12 - - 1.3 A2C,C,C - 
13 UG - 	C 0.9 C 1.1 C 

14a AUG - 	C ( 0.8 G 

14b AUG - 	C 
(1 .9 
( 

J1 
'

AC 
'C  1.1 UAG 

15a A2UG - 	A2G P IT ( 2.3 AU,A2U,G 

15b A2UC - 	A2U (2.0 A2G,IJ,A2U,AU 1.0 A2G,A2U 

16 A3UG - 	1),3U,U 4.0 A3G,U 1.1 A3U,AU 

17 A4UG - - 1.4 A4X 

18 A5UG - - 0.7 A5X 



Table 8 (Contd.) 

Apodemus sylvaticue Apodemusfiavicollis Apodemus agrarius 

Spot No. Compsition % 	Secondary Products Secondary Products Z Secondary Products 

20 jCUG - 	U 1 C 1 • 1 U - A5X 

21 A.CUG - 1.1 CJAU,A2G 1.6 A2C,A2U,G 

22 A3CUG - 1.0 ACU 0.7 A2G,A2U,AC 

23 A4CUG - - 0.6 A 4 
26 AU2G - 0.8 AU,U 1.3 U,C,AC 

27 A2U2G - 1.3 U,A2G,A2U,AU 0.9 A2U,G 
28 A3U2G - 0.7 A2U,U 0.5 A2U 

29 A4U2G - 1.1 AU,G 

30 A5U2G - - 0.6 A4X1A2U,AU 
33 - - 	U IA2U,A2G 1.1 U,A2G I A2U,AG - 
34 A3CU2G - - 0.8 AU,A2U,A3U 

35 A4CU2G - - 0.8 A2U,AU 

36 - - 	U,A2C,G 1.8 A2C,G,U - 
37 - - 	A2C,U,AC 1.1 A2C,AC,U - 
39 AIJ3G - 	U 0.8 11 - 
41 A3U3G - 	UAU 0.7 U - 
42 A4U3G - 0.6 A2C,U 0.6 A4U 

43 A5U3G - - 1.2 A4U,AU 

45 A5CU3G - - 0.7 AU,A2U,A3U,A4U 

46 A6CU3G - - 0.8 AU,A2U,A4U 

67 - - - 0.5 U,GAU,A2U,A3U 



Table 9 

Apodewus Sylvaticu. Apodemus Flavicollis Apodeaus agrarius 

Spot No. Composition Z Secondary Products Z Secondary Products Z Secondary Products 

1 C 2.0 C 2.0 C 2.1 C 
2 AC 4.1 AC 6.3 AC 4.2 AC 
3 A2C 3.8 A2C 4.6 A2C 3.3 A2C 
4 A 3  C 2.6 A 3  C 17 A 3  C 1.2 

A 3 5 A4C 2.5 A4C 3.8 A4C 2.3 A4C 
6 A 5 C - - 0.6 A5C 
7 cc 2.1 C 2.3 C 1.0 c 
8 AGC 2.4 G,C,AC 1.3 C.0 1.3 
9 A2GC 1.9 AG,A2G 9A2C,AC 1.4 A2GAG 1.5 AG,A2C,A2C 
10 A3GC 1.0 A3X 0.5 A 2  G 0.8 AG,A2C 
11 U 5.3 U 5.6 U 6.5 U 
12 AU 1.6 AU 2.6 AU 3.7 AU 
13 A2U 3.6 A 2  U 2.9 A 2 5.0 A2U 
14 A3U 4.0 A3U 1.1  A3U 4.9  A3U 
15 A 4  U 3,2  A 4 2.2  A4U 6.3  A  
16 A5U - - 1.3 A5U 
17 GU 2.4 U 4.7 U 1.4 U 
18 AGU 2.1 C 2.0 G,U 4.7 A.U,G,U 
19a A2CU 0.7 A2G 0.6 A 2G 0.5 A 2  G 
19b A2GU 1.4 A2U,AG,C 0.5 A2U,AG,C 2.8 AC,AIJ,A2U,C 
20 A CU 1.0 A3U 0.5 A3U 3.2 

A 2 



Table 9 (Ccmtd.) 

Apodemus sylvaticus Apodemes flavicollia Apodemus agrarius 

Spot No. Composition % Secondary Products Z 	Secondary Products Z Secondary Products 

21 A4GU 1.2 A 3  G 0.5 A2G,A2U 1.5 A4X 
23 - 0.5 Origin,G 0.9 Origin 1.6 A2G,AG 
20 - 0.8 A3C,A2C,AGG 0.5 A3C,G 4.9 A2C,AC 
27 - 1.5 A2GAG 1.6 A2G,AG 1.0 A2U,A2G 1,AG 
28 - 1.2 AG9A2U,A2U,C 1.4 A4X,A3U 1.1 A4X1A3U 
29 - 1.8 A3UA2G JG 2.2 A3U,A3G,A2G 1.3 A4X,A2G,AG 
30 - 0.6  A3C ,A2C ,AG ,G 1.5  A3C ,A3G ,G ,A2G - 
31 - 0.7 Origin,G 0.8 Origin,G - 
32 - 2.1 A3U,A2G.G 2.4 A3U,A3G - 
1 cyclic  - - 
11 Cyclic U 6.6 6.2 5.6 
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between the three species? In other words, is the basic 

repeating sequence for each satellite DNA derived from a common 

ancestral short sequence? 

Some satellite DNAs appear to have evolved by 

multiplication of stretches of DNA consisting of i 0
6 

repeating short sequence (Southern, 1970; Sutton et al., 1972). 

Base changes introduced into the simple sequence are amplified 

during subsequent multiplication steps. In the sequence analysis 

of a DNA which has evolved in this manner, divergence within the 

short repeating sequences uaaifests itself as related nucleotides 

on a fingerprint. For example, more than half of the pyrimidine 

tracts obtained by diphenylamine - formic acid digestion of 

either the light or heavy strand of guinea pig 01  satellite DNA 

are related to the main hexamer sequence by only one base change. 

(Southern, 1970). 

From the limited analysis of the Apodemus satellite DNAs 

it was not possible to determine the sequence of more than a few 

relatively short nucleotides. However, comparison within each 

species, of the secondary products clearly reveals that many of 

the nucleotides on each fingerprint are related in sequence. 

Consider for example, the secondary products obtained from 

the RNase T I fingerprints of the UTP labelled cRNks (Table 6). 

From the A. sylvaticus analysis spots numbered 50, 52, 57, 58 

and 61, accounting for 10.1% of the total radioactivity gave the 

same secondary digestion products, these being U. AU and A2U. 

Furthermore, another 12 spots from the same analysis, amounting 

to 16.1% of the radioactivity, gave products differing from those 

above by one one base. Similarly for A. flavicollis spots 41, 
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48, 300  589  61 and 62 totalling 10.8% of the radioactivity also 

gave U, AU and A2U me their only secondary digestion products. 

Also nuclentides differing by only one base in their secondary 

products were present in 13 spots amounting to 18.2Z of the total 

radioactivity of this RNA* 	However, sequence relationships 

between the nucleotides on the fingerprints was beet illustrated 

in the case of A. agrarius. 	Rove than belt of the nucleotides 

obtained from this RMA gave AU as their main product after further 

analysis. Vurthsrmortpots amounting to 36% of tht, total  

radioactivity gave only products of the type Anti and occasionally 

a C residue. Taken together, the results frci the above analyses, 

with those from the other three analyses of each satellite OM 

strongly suggest that each of the Apodeitus satellites are 

deriv. from short repeating sequences. 

When analysing fingerprints of uniformly 32  P labelled 

nucleic acids the frequency with which specific nucleotides occur 

within a fixed length of nucleic acid can be simply determined 

(Southern, 1970). By this method it is sometimes possible to 

estimate the length of the ancestral sequence of the nucleic acid. 

However, in order to apply tne sane method to fingerprints of 

nucleic acids labelled only in one nucleetide it is necessary to 

know the number of phosphate groups contributed by the labelled 

nucleotide. These phosphate groups may be internal or at the 

3' and by transfer. In this preliminary investigation the 

nucleotides were not analysed so rigorously, and therefore an 

estimation of the sequence complexity could not be made. Never" 

thelass, some idea of the complexity of a sequence is given by the 

washer of spots seen on fingerprints. For example &Nsse Ti 
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digests of 58 (about 120 nucleotides long) RNAs give around 

twenty spots whereas 16e RNAs (about a thousand nuciecti des tong) 

F  ive more than one hundred. Sequence complexity is less simply 

defined for heterogeneous sequences. For example the ovarian 

5s RNA of Xenopus taevis gives a pattern of strong spots arising 

from the principle sequence and is overlaid with a pattern of 

weaker spots arising from minor sequences (Ford and Southern, 

1973). The situation is even more  complex for satellite DtAs 

having more than one level of complexity (Biro et al, 1974). 

For the Apodoi 	satellite DNAa at least two such levels of 

complexity re suggested. 	The many strong spots are derived 

from divergence within the ancestral sequence and the overlying 

pattern of weaker spots comes from divergence within a more 

recently formed longer repeat. Another significant complication 

in the case of the Apodeflius analyses is that the cRNAa from the 

jde1nus DNAs are double stranded. Therefore digestion products 

from both strands are present on the fingerprints. 

Although in the preceding discussion we have considered the 

satellite DNAs separately, the partial sequence analysis suggests 

that they share a common ancestral sequence. To illustrate this 

point it is necessary to co-,:,,pare the secondary digestion products 

of corresponding nue1tides from equivalent fingerprints of the 

different species. For A. sylvatleus and A. flavicollis this 

task is relatively easy as their fingerprints are not only 

comparatively simple but are also very similar. However,. 

agrarius cRNA gave more complex aps and thus matching of 

corresponding nucleotides between this species and the other two 
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was more difficult. In fact many of the spots on the A. agrarius 

fingerprints have been given different numbers ( 67 upwards, on 

Plate ic) because they could not be matched with any certainty to 

the nucleotides in corresponding positions on the fingerprints of 

A. sylvaticus and A. flavicoll cRNAs (spots numbered 50-66, Plates 

la and b). As a result only a broad comparison can be made between 

the products of the large nucleotides from the A. agrariu finger— 

prints and those of A. sylvaticus and A. flavica1lj. 	Nevertheless, 

the analyses do suggest a strong similarity in the basic sequence of 

the satellite DNAS of the three sciü. 	
Consider for example 

the general secondary digestion products obtained from the 

nucleotides of the RNase'T1, UTP labelled cItNA fingerprints (spots 

ntbered > 400  Plate 1, Table 6). The outstanding products for 

all three satellite cRNAs were AU and U, although C residue 
xu.i 

products of the type AU figured prominently in the A. fiavcoI is 

analysis and to a lesser extent in the A. sylvaticus analysis. 

More specific examples can be given to illustrate the similarity 

between A. sylvaticus and A. flavilcolliff satellite DNAs. In 

these latter analyses spots number 42, 449-509  510  560  58, 61 and 

62 gave the same secondary digestion products and a further 8 

nucleotides differed with respect to only one base. These results 

strongly suggest that the ARodezius satellite DNAs share a coon 

ancestral sequence. 
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4. 	CONCLUSION 

The repeated sequences found in higher organism DNA must be 

the result of a process involving multiplication or accumulation. 

Very little is known about this process. The molecular mechanism 

involved may be enzymatic copying or unequal crossing over. With 

respect to the time scale of the process, copies may be made all in 

one burst of saltatory replication (Britten and L(ohne, 1968) or 

accumulate gradually over many generations (Southern, 1970). Some 

of these questions may be approached by studying the relationships 

between the different members of the set of sequences which form a 

single satellite DNA and the relationships between the sequences 

of different satellite DNAs. 

The satellite DNAs of A. sylvaticus, A. flavicollis and 

A. agrarius appear to derive from the same ancestral sequence -- 

and yet 'ave very different physical properties. 	It is easy to 

see ho; repeated 44nces wita different physical properties 

can arise f rail tac sae ancestral squenee. 	If the ancestral 

sequence is itself a diverged repeated sequence and different portions 

are taken to produce three new repeated sequences, these will have 

properties which reflect the qualitative differences in the portions 

taken for multiplication. It is a corollary to this argument that 

the portions taken for multiplication are short enough that a non-

random selection of the divergence is made. 

The set of sequences which go to make the satellite DNA of 

A. sylvaticus is less diverged than that in A. agrarius, implying 

that most of these copies have accumulated since the two species 

diverged. 	Assuming that theA Tm reflects the average divergence 
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of the set and that base changes accumulate at a rate of 1% per 

million years (Kohne, 1970; Laird et al., 1969), the age of the 

A. sylvaticus set of sequences is around 6 million years. Applying 

the same assumptions to the satellite DNA of A. agrarius it would 

appear that these sequences are about 5 million years older than 

those in A. sylvaticus. 	It is possible therefore that the set of 

sequences which make up the A. agrarius satellite DNA were present 

in the common ancestor to A. agrarius and A. sylvaticus and that the 

A. sylvaticus sequences were made by a multiplication from a small 

portion of this set. 	In other words, the A. sylvaticus satellite is 

less diverged because it was produced more recently than the A. 

agrarius satellite DNA. 	In this case, the other A. agrarius 

sequences must have been deleted in the line to A. sylvaticus. In 

a similar manner one can propose a scheme whereby the satellite DNA 

of A. flavicollis, which appears to be 3 million years younger than 

that of A. sylvaticus, may also have evolved from the diverged 

sequences of A. agrarius satellite DNA. 

Although A. sylvaticus satellite DNA renatures to form a duplex 

with a A 9Th of 11°C, suggesting an age of 6 million years, it is 

unlikely that the poorly formed duplex actually reflects divergence 

within only one set of sequences. Cooke (1974) has suggested that 

this satellite DNA contains a number of sequence related families 

which are able to renature with each other to form poorly matched 

duplexes. This is supported by the fact that the pattern of restrict—

ion fragments found on analysis of A.sylvaticus satellite DNA suggest 

an age of only 2 — 3 million years for the most recently formed 

repeat8. Therefore the satellite DNAs of A. sylvaticus and 

A. flavicollis must have been formed at or about the same time. 
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These results imply  that a number (probably > 4) of related 

sequences may 	•.en taken for separate multiplications in the 

line to A. sylvaticus while only one sequence was involved in the 

formation of A. flavicollis satellite DNA. 	This mechanism has 

been proposed previously to account for the relationships seen 

between the satellite DNAs of Hus species (Sutton and McCallum, 1972), 

the satellite DNA.s II and III of guinea pig (Southern 1973) and 

bear some analogies to the mechanisms proposed to account for the 

evolution of multiple copies of ribosomal DNA (brown, Wensink and 

Jortan, 1972; Ritossa, 1972). 	If A. Lv1vaticus satellite DNA 

evolved in the above manner then the A  Tm of the cross—reassociated 

molecules reflects the divergence between the selected sequences 

at the time they were taken for multiplication and suggests that 

they were then 3 - 4 million years old. However, this is a very 

unreliable estimate as in all probability the sequences chosen for 

multiplication would not have been a representative sample of the 

diverged precursor. 

There are indications from the studies on A. agrarius satellite 

DNA that it also contains many sets of sequences, and therefore may 

have evolved in the same manner as A. sylvaticus satellite DNA. 

However, in this instance very little can be concluded about either 

the number of families of sequences involved or the extent to which 

they are able to cross—reasacciatS with each other. This problem 

stems from the fact that when studying such highly mismatched 

duplexes it is difficult to estimate just how much the rate of 

renaturti3r is influenced b' 	•u1itv of tt 	u:iex being formed. 

It should be mentioned in tii contxt, tat t 	A Tm values 
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measured for the reassociated A. agrarius satellite DNA may under—

estimate the real extent of divergence between the reacting 

sequences. This is based on the assumption that those sequences 

which have not renatured during the course of the reaction were 

to some extent prevented from doing so because they were even more 

mismatched than those sequences which did renature. 	KoLrne(1970) 

has stressed the importance of this point when using reassociation 

techniques to determine sequence homologies between the ONAs of 

related species. 

Nevertheless, it iay be that 	in each of the sequence 

families of A. agrarius satellite )NA the extent of divergence 

is no more than that found in A. flavicollis satellite DNA and that 

the poorly matched duplexes formed upon reassociation are a result 

of cross—reassociation between members of different families. In 

this case the satellite of A. agrarius may have been formed at 

the same time as the other ApOdCULUS satellite DflAs. Alternatively, 

as already suggested, A. ararius satellite DNA may be the common 

highly diverged ancestral precursor to the satellite i4As of 

A. sylvaticus aud A. flavicollis. 

11w strong implication from the experiments with A. agrarius 

satellite DNA is that it contains a repeat every 3-400 base pairs 

and that reassociation kinetics overestimates the sequence complexity 

by a factor of about 300. A number of possible structures for the 

satellite can be proposed to explain this anomaly. Three such 

proposals, listed below, are extreme cases and the true structure 

of A. agrarius satellite DNA may lie between any two of the three. 

A. agrarius satellite DNA may consist of:— 
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A single set of highly diverged repeating sequences 

with a complexity of 300 base pairs. 

A large number of sets of sequences which are able to 

cross—reassociate with each other. 

A large number of sets of sequences which are not 

able to cross—reassociate with each other. 

A number of properties of A. agrarius satellite DNA are not in 

agreement with the last proposal. The dramatic increase in the 

rate of reassociation for a small reduction in temperature, the 

differences in the homogeneity and stability of the duplexes formed 

at different temperatures of reassociation and finally, the banding 

pattern of the reassociated satellite DNA indicate that many of the 

sets of sequences are able to cross reassociate with each other. 

The homogeneity of the satellite is further emphasised by the 

sharp melting curve, of both components, of the satellite DNA. It 

should be mentioned however, that although A. agrarius satellite 

DNA appears to be relatively homogeneous with respect to its physical 

properties, this cannot be taken as suggesting a limited extent of 

divergence within the families of sequences. The presence of high 

meltin, regions and sonication - susceptible sites, evenly distri—

buted throughout the DNA, are properties of the DNA which are 

probably related to structural features of the DNA resulting from 

localised sequence differences. These regions are therefore 

likely to be able to sustain a high degree of divergence without 

loosing their inherent properties. 

In terms of renaturation behaviour there is no real distinction 

between proposals (1) and (2) abovcas a single set of highly 

diverged sequences may be regarded as comprising of a number of sets 
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with differing degrees of divergence and therefore having varying 

capacities for cross-reassociation. If mismatching has only a 

small effect upon the rate of reassociation as suggested by Bonner 

et. al., (1973) and others (iang and Kallenbach, 1971; McCarthy 

and Farquhar, 1972), and the structure of A. agrarius is as contained 

in proposals (1) or (2) above, then the DNA should renature 50 times 

faster than was actually found. Therefore, it is strongly indicated 

by 	 L.:. .................._L.L3: .........A, agrarilis 

satelLii- 	i. .1 aiv 	 mismatching in 

the duplexes formed. 

Part of the problem with respect to the mismatching/rate 

controversy may lie in the design of the experiments which have 

been used in this field of inquiry. Bonner et al., (1973) determined 

the maximum rate of reassociation of their mismatched duplexes at 

optimum temperatures, and estimated the effect of mismatching upon 

the rate of reassociation from these rates. 	jUttOU and McCallum 

(1971), however, determined the rates of reassociation of the 

mismatched duplexes at a fixed temperature, 250  below the Im of 

the native DNA. A brief review of the literature reveals that 

when determining the rate of reassociation of a DNA most workers 

adopt the latter technique and operate at a temperature 250 below 

the Tm of the native duplex. In fact when studying samples which 

have been isolated in a non-native state (kinetic fractions) the 

standard procedure is to renature under conditions equivalent to 

0.18m-Na at 600. 

The rate of renaturation of very highly mismatched duplexes 

is critically depandant on the temperature of reassociation 
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(Kallenbach and Drost, 1972). A. agrarius satellite DNA does 

show a dramatic increase in its rate of reassociation as the 

temperature is decreased. However on renaturation at 
500 

(340 below 

the Tm of the satellite DNA) the results suggest that only extremely 

unstable duplexes are formed at this temperature. This observat-

ions raises another problem which may be relevant to the studies 

of mismatched duplexes. It is possible that the optimum rate of 

reassociation of the diverged, 3.400 base pair repeat in 

A. agrarius satellite DNA is at a temperature well below what was 

actually used. The partial sequence analysis of this DNA suggests 

that within the 3-400 base pair repeat, there is a much shorter 

repeating sequence. Although at this lower level of complexity 

the divergence between the sequences may be quite high, at very 

low stringency conditions of reassociation these sequences may 

begin to determine which register of reassociation is involved in 

duplex formation. In other words, upon reassociation at low 

temperatures, duplexes may form in the shorter register. The 

latter register is unlikely to be the same as for the longer repeat. 

The resulting structures will be very short, highly mismatched 

duplexes with long single stranded tails which are unable to zipper 

up. In effect, reassociation in the conventional sense will be 

prevented from taking place. One might also predict that a 

similar situation may arise in other DNAS which contain more than 

one level of complexity. A number of satellite DNAs have this 

type of sequence complexity hierarchy and may not, therefore, obey 

the relationship found for mismatching upon the rate of reassociat-

ion determined from non-repetitive DNAs. 
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The properties of A. agrarius satellite DNA also contribute 

to our present interpretation of the evolution of repeated 

sequences. The evolutionary origins of satellite DNAS either by 

0- 	 u 
the formation of a tidemly repeating short se eice 	"o'. r) o1d, 

1973; Gall and Atherton; 1973) or by the np1ifctio' 

portion(s) of a diverged repeating short sequence (Southern, 1973; 

Sutton and McCalltmi, 1972) have already been discussed in some 

detail. These fastest reassociating sequences appear to have been 

introduced into the genome most recently, since the broad pattern 

found for their reassociation is that they give less mismatched 

duplexes than those repeated sequences which reassociate more 

slowly. It is generally accepted that the more slowly reassociating 

sequences, such as the intermediate DNA, evolve from the faster 

reassociating sequences. However, there is disagreement over the 

way in which these changes are thought to take place. In the 

interpretation of Britten and Kohne (1967) the sequences in the 

fast reassociating DNA are present in more copies than in more 

slowly reassociating DNA. Therefore a loss of many copies of a 

fast fraction will reduce the concentration of these sequences and 

they will subsequently renature more slowly. Alternatively a 

single family of rapidly renaturing sequences may evolve into a set 

of different families with sequences which will reassociate only 

within a family and not between families. This pathway seems to 

have been followed in the evolution of ribosomal DNA (Brown et al., 

1972). 	A. third method is that random divergence of a fast 

reassociating family can slow down the rate of reassociation to such 

an extent that it becomes an intermediate family. 
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The properties of A. agrarius satellite DNA are best explained 

by this last method. Furthermore, the general application of 

the first two proposals to the evolution of repeated sequences 

is not borne out by experimental observation. 	A wide study 

of the cross—reassociation of repeated sequences from related 

species of rodents (Rice, 1972) and primates (Cuumerson, 1972) 

show that there is no major deletion of repeated sequences as 

species diverge. Also, in the absence of new amplification 

events, the divergence of repeated sequences is a random process, 

Therefore, the broad pattern of changes occuring in the repeated 

sequences can be explained simply as a progression from the 

introduction of the fast fraction into the genome, through the 

intermediate fraction and ultimately into the unique fraction 

(McCarthy and Farquhar, 1972), the changes being brought about 

by increasing divergence. The progression is cyclical in that 

new repeated sequences are introduced by multiplying sections 

taken out of old repeated sequences. 
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