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The relationship between RNA and DMA is qtudied by molecular 

hybridization. This technique estimates nucleotide sequence homology 

between the two molecules. A method employing unlabelled RNA has been used 

because it is often difficult to obtain labeflei'! "NA's also the different 

rates of synthesis of RNA species is such that the use of isotope labels can 

often confuse the interpretation of results. 

The diversity of '?NA species makes comparisons between tissues difficult 

because nucleotide sequences may occur at different concentrations in different 

tissues. 'Tor this reason comparisons have been made by isolating the hybrid 

molecules and thereby recovering the complementary DNA strand for hybridization 

with a second 'NA. 



ABB1ViATIONS AND TERMS USED 

wb DNA 	the major component of mouse DNA separated from the lighter 

satellite component by CeC1 buoyant density centrifugation. 

rNA 	- ribosomal 'RNA. 

RNA&se 	ribonuolease. 

A 	- 	At%enylic Acid (Ay?) 

C 	 - 	Cytidylic Acid (CYP) 

- 	tuonylio Acid (wy) 

U 	- Uri&ylio Acid (UM) 

P 	- 	91hymidylic Acid (P) 

Reactions - 

Reassooiation;- the formation of double stranded DNA molecules by base 

pairing between single DNA strands of sufficient 

oomplententarity to be stable at the conditions 

employed. 

Hybridization;- the formation of double stranded molecules by base 

pairing between single strands of RNA and DNA of 

sufficient complementarity to be stable at the 

conditions employed. 

o) 2nd CycleReactions,— DNA strands recovered from a hybridisation or 

reassooiation reaction (let cycle reaction) are 

recovered and again reacted to form reassociated or 

hybrid molecules. 



2nd cycle Homologous Reassoolation reaction:- 32plabelled DNA strands 

recovered from hybrid molecules are used in a 2nd cycle 

reassociation reaction with unlabelled DNA. 

2nd cycle Homologous reaction,- DNA strands recovered from hybrid 

molecules are used in a 2nd cycle hybridisation reaction with 

NA from the same source as that used in the first reaction. 

2nd cycle Iteterologous reaction— DNA strands recovered from hybrid 

molecules are used in a 2nd cycle hybridization reaction with 

RNA. from a different source as that used in the first reaction. 



Introduction 

The genes of an organism largely determine its pattern of chemistry and 

structure. In addition, the genetic material retains a record of the 

organisms evolutionary history or phylogeny. Unravelling the pattern of 

chemistry and structure provides an exciting challenge and the reading of 

the phylogenetic record a challenge equally as great. (The connection 

between the two is clearly understood in the theory of natural selection). 

A central idea in molecular biology is that the gene is made up of DNA 

and that DNA carries information encoded in the form of specific sequences of 

nucleotides, which determine the amino acid sequences of protein. Tt has 

been demonstrated that a simple congruence exists between these two sequences 

and'RNA acts as the intermediary in the translation. 

DNA is a helical double-stranded polynucleotide molecule made up of long 

linear sequences of the four nuoleotides A, C., C, and T. The two single 

strands of the DNA molecule are held together by specific interactions between 

complementary nucleotide pairs. A and T normally pair with each other as 

G• and C pair together; these are referred to as complementary base pairs. 

The two nuoleotide strands (complementary strands) in helical configuration 

are joined by complementary base pairing. 

It is thought that the genetic code relating DNA and protein sequences 

is universal. Direct evidence is available indicating that the same code for 

protein synthesis is utilised in bacterial and animal cells (Woese, 1967). 

What is not known however, is the fraction of the total DNA which codes for 

protein, or even that which is expressed as 1!NA, in any organism. Prom 

nucleotide sequence studies on a viral genome, (Dahlberg 1968) it is known 

that the ends of the molecule are devoid of protein initiation or terminating 

sequences. It is reasonable to suggest that a proportion of all DNA's will 
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not be translated into proteins and that certain nucleotide sequences may 

have a structural role or be recognised by a particular protein configuration. 

The latter requirement is necessary, for example, for the operon hypothesis 

of Jacob and ronod which has been proven in part by the demonstrations of the 

protein nature of the repressor. (Gilbert, Muller-Hill, 196 	and Ptashne, 

1968). 

The work to be described is specifically concerned with the homology 

between NA and DNA. There are two levels at which this relationship may be 

discussed. At the gross level, a considerable ho of information exists 

concerning the overall base composition of the two el sees of molecules. A 

population of NA molecules transcribed from one particular cietron will be 

less likely to show overall base complementarity to that of the total DNA, 

whereas a population of molecules arising from many different ol-strons will 

be more complementary to the DNA. This has proved valuable for classifying 

'RNA's and has made some contribution to assigning tetbolic roles for the 

different molecular species. Base ratio corn er'terity and sequence 

homology are however, distinctly different, for there are many possible 

sequence combinations of any one composition. 

The ultimate description of oomplementar -'r between two molecules is in 

their complete base sequences. Although virtually complete sequences are 

known for the majority of t-irnA's (see review by Philippe 1969) even the RNA 

bacteriophage informational molecules area Long way from complete determination 

(Brownlee et al, 1969). There is no general method for the isolation of a 

single cistron except through the purification of a single messenger molecule 

which in turn is possible only in simple viral systems, (autz and Reilly 

(1966)). 

At this date, therefore, the problem of complete sequence determination, 
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particularly in mammals, is far from being solved. Fortunately, however, 

the nucleic acids themselves show specificity in sequence recognition when 

subjected to certain conditions. After the discovery of Doty at al (19(0) 

and 1armur and Lane (1960) that the two strands of DNA may be separated and 

reannealed, it became clear that this reaction could be useful in analysing 

RNA as well as estimating the genome complementarity to purified RNA species. 

Thus the sites of synthesis of transfer and ribosomal PNA's have been 

assayed (Goodman and Rich, 1962, Ciacomoni and Splegelman, (1962), Yanf sky 

and Spiegelman (1962,a,b,) Gillespie and Splegelman, (1965)) and even 
'V/A kLA(E cd 

isolated (Birusteil, 1966). ratimates have been made of the recurrence of 

the cistrons for these species and in the case of r RNA, studies have been 

made on the organisation of the cistron itself. (Birnateil et al 1969). 

These studies make use of purified RNA preparations, so that high 

concentrations of one or a few RNA sequences can be employed. The results 

of these experiments show that under these conditions all of the DNA sites 

available for the reaction with the PNA, have reacted. Then 1)NA is reacted 

with a mixture of PNA species it is difficult to demonstrate a reaction 

between the DNA and representative RNA molecules from each species, because 

each forms only part of the total and thus r12rc-ent species will show 

different effective concentrations in the reaction. This effect has been 

demonstrated in principle (Bishop, 1968). 

Then RNA and denatured DNA are reacted in solution, two different reactions 

can occur (A), the DNA can reassociate with itself, or (b), it can enter 

into the hybrid reaction with 'tNA. The reaction that takes place on a 

nucleotide sequence will depend upon the relative concentration of that 

sequence in the IMA and the DNA. 

The existence of these competitive interactions can introduce serious 



errors, particularly in experiments determining absolute amounts of homology 

(saturation plateaus). 

The problem of the homologous DW DNA reaction was initially overcome by 

immobilizing the DNA phase of the reaction, first on nitrocellulose columns 

(Bauts and Hall 1962) using glucosylated DNA, and subsequently by embedding 

the DNA in agar gels (Bolton and !oCarthy 1962). Britten (1963) fixed DNA 

by tI.V, irradiation to synthetic polymers which were then employed as columns 

for NA hybridization. 

irom the observation of Nygaard and Hall (1964) that nitrocellulose 

filters strongly absorbed single stranded DNA along with any hybridized 1NA, 

Gillespie and Spiagelman (1965) designed a technique which proved to be most 

convenient, both in terms of the small quantities of reactants required and 

for the handling of many samples. In this, denatured DNA is absorbed on to 

a nitrocellulose filter disc and the whole incubated with the DNA. 

Adventitously bound DNA is removed by washing and by 1NAase digestion. The 

latter procedure also removes the unduplexed regions of the DNA, though there 

is evidence that this is restricted to pyrtmid.ine rich regions (Attardi et al, 

1965 and Merits et al, 1966). 

In certain Instances the complication 	the homologous reaction can be 

surmounted by incubating at temperatures well below the melting temperature 

(Tm) of the DNA, a strategy used by Yankof sky and Spiegelman (1962, 1963). 

However, low temperature is not a universally available solution. TINA 

molecules possessing an extensive secondary structure will not hybridize 

until their own melting temperature is approached a situation encountered 

with t-DNA (C.iaoomoni and Spiegelman 1963). 

Tn mammalian hybridization experiments the problem of the homologous 

reaction may not even be circumvented entirely by immobilization of the DNA. 
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The reason for this lies in the complexity (number of base pairs) of the 

DNA, but there are other and possibly more serious problems associated with 

the complexity. It is clear that the reassociation reaction depends upon 

effective collisions of complementary strands; thus the rate of the reaction 

should be inverely proportional to the number of different nucleotide sequences 

which exist in a given DNA (wetmur and Davidson, 1968). This implies an 

Inverse proportiona]Aty between the rate of reaction and the DNA content per 

haploiti cell of an organism. Clearly the rates of renaturation should be 

much slower for a bacterial than for a viral DNA and very much slower for a 

mammalian DNA. It has been known for some years that this is not the case 

(Hoyer et al, 1964, Walker and YoLaren, 1965), and in fact, were it so studies 

of DNA/DNA and DNA,INA duplex formation would not have been possible. The 

expected dependency of the rate of reaction on the complexity of the DNA is 

observed to the level of the eukaryote, where a rate similar to that of a 

bacterial DNA is seen (Britten and rohne, 1966). 

The other observation which elucidates the structure of mammalian DNA 

comes from melting experiments. The molting profiles of duplexes formed with 

mammalian DNA are very much a function of the annealing temperature. The 

higher the temperature of incubation, the greater the stability of the duplex 

structure (Walker and Wctaren, 1965, Martin and Tloyer, 1966). This is not so 

in the profile of renatured bacterial DNA's where the melting profiles are 

essentially the same, independent of the annealing temperature in the range 

50-75°C (!oCarthy and !'oConaughy, 1968). 

The mammalian genome is made up in part of nuoleotide sequences which are 

sufficiently similar to reassociate with each other under the conditions of 

the incubation. These related sequences may be considered as families, perhaps 

phylogenetically related through gene duplication as is suggested for the 
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ribosomal ol.strons (Moore and McCarthy, 1968) 	In mammals at least, 

different families of sequences may contain v'irbie numbers of individuals 

(1ritten and Kohno, 1966). An extreme example of reiteration is offered by 

the satellite of mouse DNA. (Kit t  1963)  in which there appear to be approximately 

a million similar sequences (Waring and Britten, 1966).  The majority of 

sequences (about 70) in the mouse genome, occur uniquely and will only 

react under conditions of high concentration and long incubation times. 

As a result of the great similarity of base sequences within a family, 

the specificity of DNA/DNA and DNA/NA (Church and WoCarthy, 1968) duplex 

formation is reduced. Thus, the nucleotide sequence is not sufficiently 

distinct, or alternatively, the specificity of the reaction is not sufficiently 

great to preclude the reaction of RNA or DNA strands originating from different, 

yet similar, genetic loci. This will account for a high rate of reaction, 

and for the failure to form duplexes which h*v 	-'i1ities close to that of 

the native structure. In addition, since the various members of base 

sequence families are related to differing degrees, the extent of matching 

of base pairs will depend on the conditions of the incubation. These 

conditions have been reviewed for the reassooiation reaction (Marmur et al, 

1963, McCarthy and WoConaughy, 1968) and for the hybrid reaction (Church and 

McCarthy, 1968). 

In view of the lack of complete locus specificity in hybridization 

reactions with complex DNA's, it is clear that saturation or titration 

experiments of the type used to calculate the amount of genome complementary 

to rNA (Pitossa and Spiegelman, 1965) cannot easily be applied to the entire 

spectrum of 'Nk molecules, Thus the experiments described in the publications 

of Crippa, Davidson and Mirs1y (1967), and Widhole and Bonner (1967) require 

cautious interpretation. The purpose of such experiments is to determine 
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the fraction of the genome responsible for 1 NP synthesis in an embryo of a 

given developmental stage, or for the synthesis of a given type of NA 

molecule. Particularly in the case of Crippa, Davidson and Virsky the 

saturation plateau must be greatly elevated as a result of the high salt 

concentrations used in the reaction system. In general, most hybridization 

experiments estimating saturation levels will be subject to over estimations 

as a result of P1Zt reacting with related partially complementary DNA sites, 

and underestimated because with the amounts of INA used, reaction with 

unique sequences does not occur. No firm conclusions may be drawn regarding 

the fractional activity of the genome owing to the sequence similarities and 

complexity, but it may be supposed that saturation plateaus determined under 

similar conditions will be reasonable relative estimates of the genome 

transcribed. 

In the same way, the results of competition experiments (Nygaard and 

Hall, 1964) are completely dependent upon the incubation conditions. 

There is some disagreement in the literature, not only on the interpretations 

of competition experiments (Bishop at a]., 1969, McCarthy and Bolton, 1964, 

and Bo].le at al 1968), but also on the outcome of the different means 

employed. Whiteley at a]. (1966) demonstrated that the results were 

identical when the DNA was presaturateci with competitor prior to hybridizations  

and when the competitor was included in the incubation mixture, Church and 

McCarthy (1968), Velli and Bishop (1969) confirmed these results. Biro1in 

at al (1967) found that competition was higher on simultaneous inoubtion. 

It is note-worthy that the last mentioned authors pre-incubated with rather 

smaller amounts of INA than the first and it may be argued that if the messeng 

or easily hybridizable fraction constitutes only a few per cent of the RNA, 

then the low level of RNA used as competitor would not be sufficient to 
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completely saturate the sites. Nevertheless the same amount of NA was used 

in both competition systems. 

Interpreting competition experiments is very difficult. Then the NA 

contains a single or uniform distribution of sequences, interpretation of 

the data is straightforward. Then a mixture of many different sequences 

at different relative concentrations is used serious problems of interpretation 

arise, a. If there are very many different sequences, effective concentrations 

of each may be unattainable due to solubility, (for instance non—ribosomal 

NA has a lower solubility in salt solutions than rN& (amarina et al, 

1965)). b Certain species of NA may not enter into the reaction because 

their effective concentration is too low. o. Certain species may occur at 

high concentrations and be complementary to only a small fraction of the DNA 

(e.g. riNA) thus effectively reducing the concentration of other species 

present. 

In competition experiments the shape of the dilution curve is determined 

by the sequence homolog of the competing mixtures, and by their concentrations. 

In the comparison of the RNA. of differentiated tissues, differences could 

perhaps be accounted for in terms of the effective concentration of the 

sequences that enter into the reaction. The same sequences may in fact be 

transcribed in different systems and in the same amounts, yet the effective 

concentrations of these sequences may be quite different, depending on the 

amount of other RNA's in the preparation. Competitive saturation does not 

necessarily overcome this problem. The results from competition experiments 

clearly have some meaning, but that meaning may not be connected with the 

common sequences transcribed, or the extent to which they are transcribed. 

Tissue specific differences have been demonstrated in various systems employing 

the competition reaction (McCarthy and Royer, 1961, Perry at al (1967) Church 



and McCarthy, 1967  a, and b Drews at al 1967,  'iyagi  at  al 1967, Gilmour 

and Paul 1968 a and b 1969; Rennig 1969).hat these hybridizations 

are restricted to the reiterated part of the genese has been demonstrated 

by Valli and Bishop (1969). 

Considering the lack of specificity in the eukaryote hybridization 

reaction and the restricted amount of the genome examined, it is 

surprising that tissue specific molecules can be detected. some authors 

have, however, expressed 	contrary view that differences are 

surprisingly small (McCarthy and Royer, 1964, Miyagi at al (1967). 

Comparisons of the rate and time of synthesis of different cell 

fractions and species of RNALhave also been made in this way (Church and 

McCarthy 1967 a, Birboim at al 1967,  i)rewa at  al  1967, Anon at al 1967, 

Valli and Bishop 1969. Many of these experiments involve pulse labell& 

WA's and consequently introduce the uncertainty of isotopes distribution. 

In certain cases In vitro synthesised 	is 	the comoeting agent for 

RNA's from different sources (Gilmour an! Tlmiil,1.°P a and b 1969, Mclii and 

Bishop, 1969. Though this system will undoubtedly have a uniform 

distribution of label it may not have a uniform, concentration of sequence, 

for it is known that the polymerase mole,u1e, ithout its sigma facto,' 

determining its sequence start specificity (Burgess and ?ravers, 1969), will 

transcribe at random. !urthermore, the possibility of forming IMA 

sequences complementary to one another cannot be discounted as it can in 

naturally 000uring 'RNA's in mammals (Harris, 1961) and in bacteria (McCarthy 

nci Bolton, 1964.). Possibly the aspect of use of In vitro made INA in 

competition experiments, which causes most concern Is In the amount of genome 

transcribed by the polymerase molecule. Clearly If the in vitro made 

competitor is not representative of the total genome then the results obtained 



from a competition experiment will reflect the seuerces recognised by the 

polymerase and not the spectrum of sequences common to the genotne and the 

cellular 'NA. 

In addition to the problems of specificity and complementary sequence 

concentration in competition reactions, there are questionable features of 

any immobilised DNA hybridization method. It is fundamental to the procedure 

that all of the sequences in the DNA be proportionally represented and free 

for sequence matching with the RNA. The mere fact that the DNA is in 

"ontact with the solid phase means that this cannot be the case unless some 

property of the solid attracts the ribose phosphate backbone of the molecule 

or, alternatively, repels the bases. Possibly more controllable however, 

is the concentration of DNA and salt at which the filter is loaded. The 

rapid rate of reassooiation of small amounts of mammalian DNA may result in 

some sequences becoming involved in the homologous reaction. Also, the size 

of the molecule and malt concentrations cmploe. in +he process of loading 

may result, to some extent, in non-specific 	 (tud1er, 3.969. 

In the work to be described, the DMA.DNA reassocintion reaction has been 

allowed to proceed and 1 NA has been employed as a competitor in this reaction. 

In this way unlabelled NA may be used since the effect of the NA sequences 

is seen in effectively increasing or decreasing the rete and extent of the 

homologous reaction, The method employed is one in which duplexed material 

can be recovered, By adjusting the conditions of the reaction it is possible 

to recover the virtually pure complementary strand of the DNA. This strand 

can be matched against sequences in a ttxond 	and the extent of the 

reaction is a measure of the sequences common to both RNA'. The rate of 

the reaction is a measure of their effective concentration. Tissue or cell 

fraction comparisons of 'RNA carried out in this way give an estimate of the 



oomplemontartty, the reiterative value of the complementary sequences and 

some measure of the concentration of the sequences in the RNA. 

Hyb'id and reassociated molecules are recovered by salt chromatography 

on N. This material permits fractionation independent of temperature, 

thus duplex molecules can be recovered at incubation temperature. A simple 

technique is described which permits rapid fractionation of many samples in 

such a way that the reaction rate may be measured and the molecules 

recovered. 

Using this technique the extent of homology between DNA and RNA 

sequence is studied. The continuity of RNA sequences between the nucleus 

and cytoplasm is considered, firstly in terms of their overall homology with 

the DNA and their effective concentration in the hybrid reaction. Secondly, 

direct comparisons are made between the complementnry sequences in the DNA 

derived from nuclear and cytoplasmic !NA hybrid reactions. Using these DNA 

sequences the proportion of complementarity, or the family size, is measured, 

and the fractions characterised by estimating their degree of reiteration and 

also by reannealing sequences derived from the nuclear NA hybrid with oyto-

plasmio RNA and vice-versa. In a similar manner the NA sequences of the 

liver and kidney nuclei are compared. 

A computer si,nJ.,lation of the hybrid reaction in solution, and employing 

unlabelled complementary sequences, is used to substantiate the interpretations 

of the hybridization scheme. 
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MATERIALS AND METHODS 

I. The Isolation of Nuclei. 

Nuclei were isolated in two ways; 1. By the citric acid procedure 

originated by Dounce (1%3)  and 2. By the sucrose procedure (which in 

principle is credited to Arnesen et al, 1%9. The relative merits 	the 

various methods for the isolation of nuclei ve recently been reviewed by 

toodyn (1969. 

The citric acid procedure is quick and easy for hulk preparations and 

most important, it simultaneously removes the outer layer of the nuclear 

envelope. This layer is known to be associated with ribosomes and Its loss 

might be expected to significantly raise the concentration of non-ribosomal 

RNA* The citric acid preparation of nuclei l.a also appealing because 

nucleases are inhibited at low pH values. This method was easily applicable 

to all mouse somatic tissues, though for cells derived from tissue cultures 

prewsahing in isotonic salt solution was necessary to remove the buffering 

capacity of the growth media. 

Nuclear preparations derived from citric acid solutions of decreasing pH 

were compared in terms of breakage and PNA/DNA ratio. This preliminary study 

resulted from a consideration of the wide range of piT's employed in various 

citric sold nuclear preparations; and because PRA may leak from the nuclei 

with decreasing pH. 

At pH 5 and above nuclear breakage was considerable so the NA/DNA ratio 

shown in Table I is for preparations below pH 5. No significant difference 

in ratio is seen at any pH down to piT 2, in keeping with the work of ITigashi 

et al (1968) who employed a P. V w/v citric acid solution and obtained clean 

and intact nuclei. The difference seen between citric acid nuclei and sucrose 
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nuclei preparations from the same source are probably due to rtbosomes 

associated with the nuclear envelope. 

The routine method of preparing citric acid nuclei was as follows - 

Five adult mouse livers were homogenised. in 100 mis. .025W citric acid 

in an LS.E. blender at the medium speed setting for 4 minutes. After this 

time a considerable frothing had occured, trapping in it much of the fibrous 

material of the lysate. Using a bone spatula this material was retained in 

the blender whilst the suspension was filterei through eight layers of 

cheese-cloth into a Sorval centrifuge bottle 	Nuclei were pelleted at 

2,000 r.p.ms in the sorval refrigerated centrifuge for 5 minutes. The 

entire procedure was carried out at temperatures below 5°C. The nuclear 

pellet was in some instances cleaned by a second pelloting, after re-

suspension in a fresh citric acid solution, whilst in others it was sufficient 

merely to agitate the last few milliloters on decanting to remove the 

additional sediment over the nuclei. 

The routine method of preparing sucrose nuolet was as follows 

One adult mouse liver (1.5 gms. wet weight) in 15 mis. 0.25W sucrose 

containing 3.3m  V Ca17  was homogenised by three strokes of a teflon-glass 

homogeniser. !omogenates were pooTLi and ifale up to 2W sucrose 3. 3m V. Ca C12  

prior to straining through eight layers of cheese cloth. Nuclei were 

polieted by centrifugation for 2 hours at 18,000 r.p.m. in the M.S.., or for 

1 hour at 23,000 r.p.m. in the Spinco model L. The pellet derived from the 

slower centrifugation was the cleanest though a lower yield was observed. 

The entire procedure was carried out at 50C. Tuo1ei prepared by the sucrose 

method contained a considerable amount of cell lebris, this is reflected in 

the nucleic acid content shown in Table I. 
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2. The Preparation of DNA. 

Isotopioally.-labelled L cells were used trouhntt as the source of 

mouse DNA. Cells grown for two or three generations in the presence of 

32 P sodium phosphate were harvested, lysed, and the DNA extracted according 

to the procedure described by'Talker and MoLaren (19658), which is a 

modification of that by Marmur (1961). The DNA was simultaneously cleaned 

and fractionated into its major band and satellite components by centrifuging 

to equilibrium in CaC1 after the procedure of Flamm at al (1966). !raotions 

from the CsCl gradient were pooled and diluted prior to pelleting the DNA 

by centrifugation for 18 hours at 50,000 r.p.m. The pellet was raised in 

the buffer required and dialysed overnight to bring the DNA completely into 

solution and to remove any remaining cesium ion. 

Prior to use in annealing, the molecular weight of the 1)NA was reduced 

by the ultrasonic treatment described by walker and Notaren (1965b), which 

produces fragments of about 500,000 T)altons. DNA. was denatured in alkali 

by adding one tenth volume of IN Na0T to the DNA solution in 0.0-PO 

buffer pH 6.8. DNA was maintained (as far as was possible) in solution in 

the native state in 0.03M-P0 	buffer in rnigertor at 4°C. 
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3. The Preparation of 111A. 

A. Nuclear TNA. 

A slight modification of the procedure described by Scherrer et al 

(1963) was used throughout. Nuclei were taken up in 0.01 M acetate pH 

5.1 containing 2ug/rnl polvinylsuiphate. Sodium lauryl sulphate was added 

to a final concentration of 0. 5%. Acetate buffer saturated phenol, pre-

heated in a boiling water bath, was added in equal volume and the whole 

raised to 700C with continuous mixing. Emulsification was achieved by 

Plunging the preparation into a dry lee bath at -200C. Subsequently the 

emulsion was broken by centrifugation. Phenol extraction was carried out 

twice on the aqueous and interphaees. The aqueous phase was finally 

extracted with ether, made 0.1M in !OCl, and NA precipitated by the addition 

of two volumes of ethanol pre-cooled to -200C. Precipitation was allowed to 

continue overnight at this temperature. Sometimes an additional 

precipitation with 2V potassium acetate and 25% ethanol (Dl. Girolamo at al, 

1964.) was employed. In all preparations the precipitated RNA was 

redissolved in 0.01 Y trim H Cl pH 7.0 and the solution made up to 1.70g/em 3 

with C1. The solution was run to equilibrium in an VS1r, high speed centri-

fuge at 20 C. The RNA pellet resulting from L.i was stored under alcohol 

at -20°C when used, the pellet was taken up in .12M P0 buffef and dialysed 

for one hour against three changes of the same buffer at 5°C. A pellet 

once dissolved, was never re-precipitated and as far as possible fresh PNA 

pellets were used for each experiment. 

Pelleting RNA through CsCl at high speed remove," any extraneous matter 

from the preparation since 'NA is the only biological molecule known to have a 

density greater than 2gm/cm3. Thus the last traces of DNA and protein are 
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removed from the RNA preparation. This was demonstrated by including 

labelled DNA (2xlO6opm) to a preparation of TN( to be pelleted through CaC1. 

After a final dialysis of the PNA pellet the resulting 'RNA solution contained 

no detectable radioactivity. 

For small scale L-cell preparations, the washed cells were lysed in 

0,01V acetate buffer pH5.1, 0. OW E1YA and 0.5% sodium lauryl sulphate. The 

lysate was lightly homogenised in a loose fitting glass homogeniser and CsCl 

was added to a final density of 1.70gms/om3  whilst mixing continuously. At 

this high salt concentration a dense protein precipitate develops which 

gradually rises on standing. This precipitate was removed and filtered 

through T7hatman grade 90 filter paper which had been presoaked in CsCl 

solution. The precipitate was finally washed with CsCl solution and the 

total eluant centrifuged to equilibrium under liquid paraffin.  Tf the 

protein precipitate is not removed it forms a gel on top of the CsCl gradient 

at its liquid paraffin interphase, which becomes a firm eliptical pad on 

centrifugation* vthen the tube is removed from the rotor much of the gradient 

is disturbed by the movements of this pad and the gradient cannot be 

fractionated. The small diffuse pad derived from the filtered preparation 

does less damage and DNA can be fractionated past the RNA pellet, which in 

the angle rotor is on one side of the tube (Flamm at al, 1966). 

DNA banded in this preparation scheme can also be recovered from CsCl 

by absorbing onto HAP after a ten-fold dilution of the CaC]. solution. The 

recovery of DNA in this way compares well with that obtained by pelleting 

from the diluted C901 solution. Density gradient centrifugation is described 

in section 10. (Materials and Methods). 	Thole mouse tissue TINA was prepared 

as described for nuclear RNA. 
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B. The Preparation of Cytoplasmic RNA. 

Three different preparation procedures were investigated. In each case 

the extraction was carried out at 50C. 	edistilled phenol was used through- 

out. 

The supernatant from the citric acid preparation of nuclei was adjusted to 

pH 6 with the addition of tri.s buffer and NaCl to final oonoentrttons of 

0.lN and 0.14N respectively. This was then extracted with an equal volume 

of phenol and the aqueous phase recovered. After a further two extractions 

with phenol the qNA was precipitated overnight at -20' after the addition of 

two volumes of cold. ethanol. The NA was peileted and taken up in 0.01N tris 

buffer pH 6 before extraction with ether and final pelleting through CsC1. 

A procedure was devised for whole organs based on eorg.ev and antieva's 

(1960) observation that on the extraction of tissues for the preparation of 

'DNA by irby's procedure (1956), nuclei remain intact in the phenol and inter-

phase layers. 

Tissues were quickly homogenised in the MSE blender in the presence of 

ten times the tissue weight of 0.14 N NaCl and an equal volume of water 

saturated phenol, pH 6. After centrifugation the aqueous phase was recovered 

and. retained. The phenol and interphase was re-extracted with .14 N NaC1 

and again the aqueous phase retained. The aqueous phases were pooled and 

extracted twice with phenol before precipitation and pelleting through CsC1 

as described previously. 

a) Cytoplasm, recovered from the sucrose nuclei preparation already described, 

was extracted as follows 
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The supernatant from a sucrose nuclei preparation was made up to 

2 ug/mi P.V.S. and dialysed at 4°C for four hours against four changes of 

0.114 NaC1. 	l)ialysis was considered complete after the fourth change of salt 

solution as this was found sufficient for normal sep'ration of the phenol 

and aqueous phases on subsequent extraction of the PNA. The extraction 

procedure was exactly as that described previously for preparation 'b'. 

C. Note on the preparations of 'NA used. 

No technique for the preparation of nuclei is free from criticism with 

regard to 'RNA losses or cytoplasmic contaminants (Dounce, 1955,  1oodyn,  1969). 

The acid procedure for the preparation of nuclei was preired for its obvious 

applicability to large scale preparations, for nuclease inhibition at the pff  

employed and for its selective removal of the outer membrane layer. The 

supernatant from the nuclear pellet is also easily extracted for cytoplasmic 

NA. The PNA prepared from the citric acid nuclei supernatant appears 

identical to that prepared by the method used by Goorgiev et al (1963) 

(preparation 'b' above), on the criteria of effective concentration of PNA 

sequences in a hybridization experiment. Because of this, these preparations 

were used together with the citric acid nuclear preparation procedure for the 

preparation of cytoplasmic and nuclear RNA; thus maintaining the division 

between the two 1MA classes. 

). Preparation of Ribosomal TMA. 

Tjbosomes were made by the Renshaw (1964) procedure. Liver was homogenised 



in five times the tissue weight of a medium containing 0.05 M WC1 0. 5xl0 

M !g acetate and W073 M tris pTl 7.8. The aupernatant obtained after 

centrifuging at 15,000g for 10 minutes was treated with 0.5%, deoxyoholate 

and ribosomes were sedimented by centrifugation at 150,000g for 1 hour. 

Ribosomal 'RNA was prepared by extracting the ribosomal pellet with a 

solution of 0.01 acetate buf'?.r pH 6 with ]. SDS in a teflon glass homo-

genizer. An equal volume of phenol was added after homogenization and the 

phases separated by oentrifugation. The aqueous phase was re-extracted 

twice before the PNA was precipitated with alcohol. 
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4.. Nucleic Acid Estimations. 

I. The estimation of DNA. 

The Giles and Myers (1965) modification of the Burton (1956 

diphenylamine method was used throughout. DNA estimations of mouse Tiver 

and kidney, together with estimations made on preparations of nuclei from 

those tissues are shorn in Table 1. Mouse DNA was taken as having 4.2 C+C. 

2. The Estimation of M. 

The oroinol procedure of Schneider (1967) was the method used. Base 

ratio estimations were carried out by the procedure described by Chamberlain 

(1964.'. Base ratio estimations of nuclear and total eel" "NA were made on 

L cells and the base distribution assumed to be the same in mouse somatic 

tissues. TNA estimation 	mouse liver and kidney, together with those 

made on preparations of nuclei from these tissues are shown in Table 1. 
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TABLE 1 

Source mg/gm 	wet wt. tissue Ratio 

RNA DNA RNA i DNA 

Liver 9.3. 2.6 3.8 

Kidney 1.6 1.5 1.0 

Nuclei: Liver 

A. Citric Acid plU.. 22 108 0.20 

Citric Acid pH 3.5 18 99 0.19 

Citric Acid pH 3.0 20 108 0.18 

Citric Acid pH 2.5 24 110 0.21 

Citric Acid pH 2.0 19 104 0.18 

B. Sucrose 36 64. 0.56 

NucleiiXidney 

Citric Acid pH 2,5 16 22 0.72 

Sucrose 22 20 1.1 

TABLE 3. 

The nucleic acid content of material used for the extraction of RNA. 



5. HAP Chromatography. 

ft. Introduction. 

HAP fractionation of deoxypolynucleotides depends on the finding that 

at certain phosphate buffer concentrations extended single chains of 

denatured DNA do not remain absorbed onto the column material, whereaz duplex 

molecules are still firmly bound (!iyazawa and Thomas 1965, Bernardi 1965). 

Evidence presented by Walker and Motren 1965a), strongly suggested that in 

DNA these duplex molecules could be native, or renatured, or merely contain 

stretches of intra-molecular hydrogen bonding, comparable with those found in 

RNA. 	5o(allum and Walker (1967) demonstrated the techniques of resolving 

between these three states. Each state can be separated from the single 

stranded molecule by fractionation procedures in which the previous treatment 

as well as the phosphate and temperature conditions during aotionat ion, 

are varied. The methods ares 

Thermal chromatography of native DNA at a constant phosphate concen-

tration, which distinguishes DNA fragments by their base composftion. 

Salt chromatography of denatured DNA at high temperatures and after 

various times of inoubtion before fractionation, which distinguishes 

reassociated molecules from the remainder. 

Salt chromatography at lower temperatures without prior incubation, 

in which DNA is separated on its ability to form intra-molecular secondary 

structure, stable at a defined temperature. 

Flamm, Walker and McCallum (1969) have employed the salt chromatographic 

method at high temperatures for estimating the rate of reassociation of DNA. 

To apply this procedure to estimating the rate of hybrid formation, the salt 

chromatography of RNA, hybrid and reassociated molecules must be studied as well 

as their possible effects on the chromatographic behaviour of each other. 
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6. The preparation of Calcium Phosphates (iw's) 

The following procedure, that of Miyazawa and Thomas (1965) is a 

slight modification of the original design by Tiselius, jerten and Levin 

(1956). 

Approximately 400 mis. of distilled 1120  was run into a 5 L glass beaker, 

Into this was run separately, 2,000 mis. each of 0,5V Na2  11PO4  and 0.5M CaC1 

by means of separating funnels at the rate of 120 drops per minute. The 

contents of the beaker were mixed with a stainless steel propeller turning at 

530 r.p.m. The resulting precipitate was then washed four times with 

distilled 1120  and the final wash was allowed to settle overnight. After 

decanting, the white slurry was raised and thoroughly mixed in 4 L of 

distilled water and 100 m1. of a 40?, w/v solution of Na 011 was added on 

mixing. The whole was boiled for one hour and after that time the crystals 

were allowed to settle and the supernatant was decanted whilst still very hot. 

A considerable amount of fine materiel was lost in this process. One further 

boiling step for 15 minutes in O.OlM P0' buffer pT16.8 was performed with 

subsequent repeated washings of this buffer until p11 6.. was attained. The 

FLAP thus obtained can be stored in 0.01!f P043  in the cold as a 50 w/v slurry. 

This preparation was termed PILAF. 

These crystals in the light microscope appear as blade-like structures. 

Their excellence regarding stability and reproducible chromatographic perfor-

mance, as well as having a high absorption factor for polynucleotides, suffers 

slightly in terms of column flow rate. Particularly when large incubation 

mixes require passage through a column, flow rate can be a crucial character-

istic 

haracter

istic of the material. Possibly more important, however, is the flow rate 

factor in thermal chromatography. 



Main, Wilkins and Cole (1959) studied various modifications of calcium 

phosphate in terms of polynucleotid.e absorption, elution from the column, 

and flow rate. prom their studies a material with a specially good flow 

rate and moderate retention was prepared as follows? 

Calcium phosphate was precipitated by adding dropwise (one drop per 

second) 100 mis. of 0.5M Ca012  to 120 mis 0.5M sodium phosphate buffer p1! 

6.7 with continuous mixing. The resulting suspension was stirred for a 

further hour and then allowed to settle. The pff of the solution was 

determined and adjusted to pH 6.7 if necessary. The precipitate was 

washed by decantation seven times with 600 mis of 0.005M phosphate buffer 

p1! 6.7, 	After one wash with distilled H 2  0 the material was boiled for 

30 minutes in a solution made up of 600 mis. distilled 1T20  and 750  mis. of 

a filtered solution of Ca (0fl)2  (saturated at room temperature). 5 drops 

of a 0.2 solution of phenchalein were added prior to boiling. The amount 

of (a(01!)2  added was usually sufficient to maintain the pH of the solution 

above 8.5. In certain instances the pH fell below this value and the 

preparation was rejected. Calcium phosphate derived from this preparation 

procedure was termed MW. 

This preparation when observed under the microscope appears more 

rectangular than blade-like and the majority of the crystals have a shared 

end with several others, producing a complex three-dimensional rosette. 
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C. flow iate. 

The rate of flow of .12. phosphate buffer (PB) through the different 

calcium phosphate preparations (TRAP and MHAP) was estimated in the 

following way. Glass capillary tubing of Tom internal diameter and 

containing at one end a glass wool plug, was used to contain the preparation. 

The HAP as a 5O slurry was pipetted onto the glass wool to produce a 

settled column length of 7 ems. A head of 10 ems. PB was maintained and 

the rate of flow through the preparation estimated. Measurements made on 

the same preparation in different columns agreed to --1thin + 2. 

Preparations differed markedly, particularly in the case of THAP + 10, in 

LHAP the differences were + 

The estimations of flow rate are shown in Table 2. The flow rate is not 

affected by temperature or amount of sheared polynuoleotide absorbed. The 

column material can be disturbed after packing and unlike most column 

chromatographic materials, MHAP, possibly,because of its low resistence to 

flow, does not suffer from channeling. Chromatographic performance was 

found to be independent of flow rate. 

d. Nucleic Acid. Absorption Characteristics on HAP. 

An experiment was designed to examine the effects of NA on the binding 

of shearec1)nativeanc1 reassociated 1)NA on HAP. The binding capacity of HAP 

was simultaneously calculated. Both HAP preparations were examined. 

Trace amounts of 32  labelled sheared native and reassociated DNA's 

were bound to HAP in the presence of increasing unlabelled amounts of each 
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TABLE 2A 

Flow rate and Nucleic Acid absorption characteristics on 1!AP 

HAP 	Flow rate mg Nucleic Acid bound per cm. packed vol. HAP 
MATERIAL 	through lx7cm. 

column total ribosomal native sheared renatured denatured 
mi./hr. RNA RNA DNA DNA DNA 

THAP 	5.5 mi/hr. 5...mg 5+mg 4.25mg 4mg 3.8mg 

MRAP 	75.3 al/hr. 3.6mg 3.8ng 2.4mg 2.25mg 2.ng 

TABLE 2B 

HAP LABELLED labelled control Nucleic Acid displaced Competitor 
MATERIAL CONTROL by unlabelled competitor 

Nucleic mg. Amounts of competitor 
Acid 0.25 0.5 1.0 1.5 2.0 2.5 3.0 

TRAP Sheared 0 0 2.5 5 8 10 17 total 
MH.AP native 1 2 4 6 10 16 22 

DNA 

TRAP renatured 0 1 2.8 6 9 15 23. total 
MHAP DNA 5 10 3.5 24. 32 37 42 RNA 

TRAP denatured 0 0 2 4. 3 10 17 total 
WRAP DNA 0 7 U 24. 33 4.1 4.6 RNA 

TRAP total 0 0 0 C) 0 0 0 total 
WRAP RNA 0 0 0 0 0 0 0 RNA 

TRAP Sheared 0 0 0 0 0 0 0 Renatured 
WRAP native 0 0 0 0 0 5 10 DNA 

DNA 

TRAP renatured 0 0 0 0 0 0 2.2 renatured 
MHAP DNA 0 0 0 0 0.5 7 14 DNA 

TRAP denatured 0 0 0 0 0 0 0 renatured 
WRAP DNA 0 0 0 2 6 12 16 DNA 

TRAP total 0 0 0 0 0 0 0 renatured 
WRAP RNA 0 0 0 0 0 0 0 DNA 



other and of total RNA from mouse liver. The reaction was carried out 

in 0.12 PB. at 600c. The conditions for fractionation were as described 

for kinetic experiments (section 7). Controls of trace amounts of each 

alone served as a basin for the results (Tables 2a and b) which are 

expressed in of the control displaced. The tracer in noh sample 

contained 50,000 c.p.m. Absorption was onto lml. packed volume of the 

HAP preparation. 

The possibility of displacing material absorbed onto HAP was also 

investigated.. Trace amounts of single-stranded, (slow fraction, Britten 

and Tohne, 1966), reassociated and. native DHII's and. RNA were absorbed onto 

HAP in 0.12M PB at 60°C. Each nucleic acid/HAP was subsequently incubated 

for 1 hour at 4.0°C with increasing amounts of the others as in the last 

experiment. Prior to incubation each nucleic acid/FlAP was washed thoroughly 

to remove any unbound. material. After incubation each was again washed, in 

each case washes were ccl' -y,- ed in sointillator vials and radioactive 

measurements were made by the Cerenkov method. In no ease where material 

absorbed. onto HAP in .12J PB was subsequent displacement observed. 

The absorption capacity of HAP preparations were not routinely 

determined., instead suitable controls were included in each experiment to 

check that the capacity of the column had not been exceeded. 

25 



The Chromatographic Behaviour of DNA on P. 

The behaviour of DNA and HAP is well documented. (walker and MoLaren 

1965, McCallum and Walker, 1967). From the above results it is clear that 

the presence of NA has no effect on this behaviour provided the binding 

capacity of the HAP has not been exceeded. Fig.la shows t)e salt chroma-

tographic behavior of sheared native DNA, and Fig.lb that of reassooiated 

DNA under the conditions employed in a kinetic experiment. 

The Chromatographic Behaviour of RNA on HAP. 

Bernardi observed that at low temperatures, DNA elutes from HAP on a 

sslt chromatogram at concentrations between 0.15 and .5M PB. McCallum and 

Walker (1967)  suggested that this result might be explainable in terms of 

secondary structures stabilised by hydrogen bonding between only a few bases. 

tPNA is known to be organised in this way, as is much of the r'NA molecule 

(Spirin, 1963). If this explanation is correct then it is reasonable to 

expect these PNA's to elute in this salt range. This has already been 

demonstrated for t NA (Muench and Berg 1966)  and Fig.2a shows the stepwise 

elution of a 32P total RNA salt chromatogram together with those of heat 

denatured RNA and Pibonuclease I digested PNA. Fig.2b shows the elution of 

r -RNA. 

The Chromatographic Behaviour of 'NA/DNA Hybrids on HAP. 

Hybrid molecules were formed between 	BNA and DNA under the conditions 
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Pig. 2A 

Salt chromatography of 1ZPt on HAP. 

Piled cirelee and lines- untreated total RNA. 

Open oircles and broken lines- heat denatured RNA. 

Pilled squares and dotted line: RNAaeed RNA. 
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Salt chromatography of rRNA on W. 
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Fig. 2A' 

Salt chromatography of hybrid molecules recovered from CsC1 density 

gradients, on W. 

Open area 	untreated. 

Hatched area : hybrid, treated with RNAaae. 

Fig. 2B' 

Salt chromatography of hybrid molecules on HAP. White dots on black 

background: hybrid formed with 0.1mg/mi 32PNRNA and ixlO 3mg/ml nib DNA. 

Black dots on white background: hybrid formed with 0.25mg/mi  32PNRNA and. 

1x1073mg/ml nib DNA. Black small dots on white background: hybrid formed 

with 0.5mg/mi 32PNRNA and lx10 3mg/ml nib DNA. White area: hy)rid formed 

with 1mg/mi 3 PNRNA and lxlO 3mg/inl nib DNA. 
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presented in section S. The total nucleic acid in the incubation mixture 

was absorbed onto flAP and salt ohromatogrammed at a column temperature of 
0 

65 C. The fractions from each were made up to .5M CL and the hybrid 

molecules, detectable by the presence of the radio label, were trapped on 

nitro—cellulose filters (Nygaard and flail 196). 	'ig.2S ihows the salt 

chromatogram of these hybrid molecules. flybrids recovered from CsC1 

gradients were also shown to elute from HAP in exactly the same place 

(Fig.2I) and under the same conditions as the non CeC1 fractionated hybrids. 

Fig.2a' also shows the  effect of ibonuolease T digestion on this hybrid 

subsequent to fractionation on flAP. 

raotionation of hybrid molecules on CsC1 is the subject of Appendix I. 

27 



6. The Column Procedure for TAP Chromatography. 

Tom. internal diameter water-jacketed columns, containing a coarse 

grade sintered glass disc, were used to contain the TMP. It was found 

that the most reproducible results were obtained by adding the HAP as a 

5W, slurry in the required PB. Also, the best results were obta&ied if the 

1AP was pro-mixed with the solution to be absorbed and added to the column 

with two, or three washes. Water circulation about the column was maintained 

by a Cirootherm IT (handon) circulating pump containing a regulatable 

heating unit. In this way the temperature of the slurry was maintained 

at less than 0.5 below that of the pump reservoir in the range 60-750 . 
At high temperatures air bubbles sometimes formed in the column, but 

did not appear to effect the results. !)rying out of the material had no 

effect though it was avoided throughout. The packed HAP can be agitated 

and mixed with the eluate with no ill effects; in thermal chromatography 

this was routinely performed by means of v 

 

-II 	rod, with every increase 

in temperature, prior to elution. 

Salt chromatograms in the column procedure were performed by step-wise 

elution of increasing PB concentrations. lOini. washes were collected in 

scintillation vials either by maintaining a constant flow rate with a finger 

pump on the outlet or by air pressure from the top of the column. It has 

already been noted that t nerformance of HAP appears to be independent of 

flow within practioable flow rates. VFIkP showed little more resistence to 

flow rate than did the glass sointer disc supporting it, and in the main, 

required no assistance in elution. With lOom. column bed lengths air 

pressure from the lungs or a bicycle pump produced very rapid elution. 

Thermal ohromatograms were performed as follows lOnil. PB solutions were 



maintained in the circulating pump reservoir prior to pouring onto the 

column. The temperature of the eluate was measured in the column and 

Its increase arrested at the temperature required. The column contents 

were mixed with a glass rod and the whole equilibrated for 1 minute before 

elution and further increase in temperature with addition of the next pre-

heated wash volume of PB. with up to I ml. packed volume of ifA?, one 

10 ml. wash was found sufficient to remove P11 of the label eluting at one 

particular temperature. 

As in all 	column work, prior to the elution programme the hAP was 

washed In the stoting PB: after absorption of the material to be chromato- 

graphed it was further thoroughly washed to background 	the starting 

buffer. 

Pecovery from the oc' nn was in the range 90-9 estimated by radio-

activity. Estimations of recovery from the column in which the radio label 

was on the NA were consistently higher than 1en the NA contained the 

label. 
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7. The Batch Procedure for }!AP Chromatography and 'Kinetic Trperiments. 

Salt chromatographic fractionation can be rerfonsed quiekly and easily 

by simply separating the eluate (supernatant) from the P crystals by 

centrifugation at a chosen temperature. This procedure is equivalent to 

step-wise salt elution on a 

A email centrifuge constructed to fit into a thermostatically controlled 

oven consisted of four swinging buckets which could attain a speed of 2,000 

r.p.m. This speed was sufficient to pellet 1 ml. packed volume of 1-T4P 

crystals through a 5 ml. solution in a sli.ioonised p'tio tube of 1.5 cm. 

internal diameter. 

The oven was placed next to a large thermostatically controlled bath 

which contained, along with the incubation mixture to be chromatographed, 

various phosphate buffers. 'Uliconised plastic centrifn'e tubes containing 

a pro-determined sufficient amount of HAP in the required PB were also 

maintained in the 'bath. -lio,  HAP content of each tube had previously been 

pelleted in the heated centrifuge through the desired buffer. 

The sequence of events in a kinetic experiment were as follows. 

Incubation mixtures containing the experimental and control solutions 

were sampled by pipetting and the aliquot run into the 5 ml HAP PB buffer 

slurry. After agitation on a otamixer (Hook and Pucker) the tube was 

replaced in the bath in seouence with the other four tubes in the experiment. 

Tn the same sequence the tubes were run in the centrifuge and after pelleting 

the HAP crystals (Iminute), the supernatants were decanted into sointillator 

vials. 

At each PB concentration three washes were found to be sufficient to 
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remove all unbound label. In kinetic experiments tubes were washed three 

times in 0.12, 0.15 and 0.30M PB solutions, It is clear that the temper-

ature of the tube contents is only critical for the first two sets of 

washes. Thus tubes can be stored and final washes to remove the duplexed 

material can be done at some later time. 

Annealing was estimated by determining the amount of ralioaotivity 

in the 0.3!f  PB set of washes as a fraction of the total. Counting was 

performed either by the Cerenkov method or, after drying, in toluene based 

sointjllator. 

This method gave results which were founi to be indistinguishable from 

those obtained by column chromatography. 

8. Initiation of Anneal-;M7- eaotions. 

It is imperative that DNA enters into the reaction initially in the 

denatured state. To be certain of this, DNA was mixed into the Incubations 

in alkali solution. 

In the hybrid incubations, TMA in .121 PB at nine-tenths the final volume 

was heated in the water bath to the temperature of the reaction. DNA in a 

solution of D.1N Na0T1 at a oonoentrtion ten times that of the incubation 

concentration required, was also heated to the incubation temperature. The 

DNA solution was rapidly added to the NA solution with a hypodermic syringe. 

In the control reassootation reactions, volumes of 0.121.! PB were used, other-

wise the procedure was exactly the same. 
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9. 'Recovery at the DNA3trand from Hybrid Molecules. 

Hybrid molecules recovered, from TAP, generally in 0.3M  PB, were dialysed 

for two hours in the cold against two changes of distilled H20. The 

solution was made up to O.5N NaUR and incubated at room temperature overnight. 

This treatment was found sufficient to reduce the PNA to an ineffective state 

in a hybrid reaction. 

After alkaline digestion the solution was neutralised with TM PB and 

the whole dialysed against distilled HO until the dialysate matched distilled 

in the refractometer. The contents of the dialysis bag were then condensed 

either by evaporation in a Rotoevaporater or by hanging the dialysis bag in 

the draught of a fern. Recovery by the latter procedure was between 80 and 

85. 
A consistent background of between 4. and 	was observed with all Mb DNA 

preparations. This background may be due in part to contaminating satellite 

sequences and to cross-linked DNA (walker and McLaren, 198). This fraction 

appears to be characteristic, to some extent, of the preparation since it 

varies between preparations but is consistent within a preparation. Prior 

to re-cycling DNA after digestion of the NA of the hybrid, this fraction can 

be removed to some extent by incubRtion and passage through 'P. 

9. Materials 

Adult male Q strain mice were used as the source of RNA. Mouse t cells 

grown in tissue cultures were used as the source of DNA. Looll. 'NA was a 

gift from Dr. J..  Robinson. 
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orthophosphate was purchased from the !adiochemicai Centre, 

Amersham. ceC]. (Ana].ar) was obtained from the British rug Houses ltd.., 

Poole, England. Nitrocellulose membrane filters were obtained from lartorius 

Membrane filter Gmbfl, Cotlingen, Cermany. 

10. Density Gradient Centrifugation. 

a. Introduction. 

Preparative isopyonic centrifugation of )I'A in OsCi or Cs  90 density 

gradients has been applied to a variety of problems. Mammalian DMA. has been 

resolved into major and minor components (Palli at al. 1965,  Tit 1961; Flamm 

at a]., 19661967) separat: 	native from heat denat'red DNA (ownd at al, 

1961) from phage or viral DNA (Erikson, 1964), from newly synthesised DNA 

(mibna at al, 1(5) and from glycogen (Counts and Flamm, 1960. 	TQ/nN 

hybrids, were initially demonstrated (flail and $piegelnian, 1961) on density 

gradients of CeC1 (Moselson et al, 1957).  This technique has achieved the 

resolution and recovery of the rtNA oistrons (Birnstiel at al, 1968; Brown 

and Webster, 1968). 

Those separations were achieved in high speed swinging bucket rotors. 

Fisher, Clime and Anderson (196.) showed that the fixed angle rotor could be 

used for preparative gradients, pointing out that the fluid translation of the 

density gradient from verLcl to horizontal during deceleration, replaces the 

mechanical transition of the tubes in the swinging bucket rotor. TIers1  -ey at 

al (1965) showed partial resolution of the single strands of 	DMA. which 

differ in buoyant density by 0.005 g/cm in OsCi solution using the angle 

rotor. Flamm, Bond and 'Burr 1966) demonstrated the superior resolution of 
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the fixed angle rotor by direct comparison with swinging bucket centri-

fugation. The procedure described by these a!thors has been used 

throughout this work. 

b. The Fractionation of CeC1 Gradients. 

Preparative gradients 'e run in the 8x25 ?P aluminium rotor at 

35,000 r.p.m. for 60 hours. Each tube contained 9 ml. CsCl solution, the 

top of the tube being filled with liquid paraffin. 

On completion of the run, tubes were carefully removed from the rotor 

and clamped in the vertical position. The tube cap sealing screw was 

removed and replaced by a flexible threaded connection -Yh n liquid paraffin 

reservoir. Fractions (0.25 ml.) were oolleete* hy p roing the bottom of 

the tube with a 27 gauge Mle and displacing the tube contents with 

liquid paraffin by means of a double syringe revice connected to a three way 

stopcock. A 1 ml. syringe could thus be used to measure the fractions by 

filling from the reservoir and subsequently displacing into the centrifuge 

tube slowly in aliquots of .215 ii. Collection was in 2m1. glass test tubes. 

o. lecovery of Fractions and Assay for hybridization. 

Optical density meaB:'oents of the .25 ml. fractions were either 

measured directly in a Beckman DB speotrophotometer in a microcell, or after 

dilution with 0.01Y tris buffer. 

'Radioactivity measurements were made by removing an aliquot into glass 

sointillator tubes (Packard) and drying down the solution prior to adding 

toluene based scintillator fluid. In hybridization experiments the excess 
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amount of 	RNA in the reaction obscured the hybrid molecules. 11he 

excess R14A in this case was removed by taking aliquote from the fractions, 

diluted. to .5M(C1, onto nitrocellulose filter discs which retained hybrid 

(Nygaard and Hall, 1964) but not RNA, molecules. 'lius 'peak' positions 

according to tube fraction number could be detected and the buoyant density 

position either measured directly in the refractometer or deduced from 

calibration curves obtained from different rotors run to equilibrium at 

different speeds. 

'Peak' material recovered by absorbing onto HAP was found to be heavily 

contaminated with unhybridized ?NA. Even digestion with PNAase prior to 

centrifugation was insufficient to remove this material completely. 
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RESULTS 

The satellite sequences of mouse DNA have been shown to be without a 

complementary 'RNA in the cell (Flamm et al, 1969). In the experiments 

described in this work major band (mb) DNA is used. 

a) The Reaction Between RNA and DNA. 

A preliminary experiment was performed to examine the reaction kinetics 

of reassociating 32 mb DNA. in the presence of excess unlabelled RNA. The 

results of this experiment are shown in Fig.3 (a, b and a). 

To 0.1, 0.5 and 1mg/mi. amounts of liver N RNA in 0.12M-PB at 65°C  32P 

mbDNA was added in alkali. The rate of the reaction of 1, 2.5 and 5 ug/u]. mb 

DNA in each amount of N RNA, was estimated by the THAP batch method. 

It can be seen that the presence of complementary cold sequences accelerates 

the hybridisation reaction and also inhibits the homologous reaction. The 

acceleration effect is best seen at low DNA inputs (rig.3a).  The competitive 

effect is most clearly demonstrated at higher DNA and RNA inputs. (rig. 3o). 

No significant deviation from the control homologous reaction was seen 

in the presence of 1mg/mi. E.coli RNA. Pre-treatment of the liver N RNA with 

Ribonuolease or alkali gave the same result. The salt concentration and 

temperature of incubation used in the experiment are those used for annealing 

DNA prior to its fractionation on HAP (McCallum and "Talker, 1967). 

There are two interesting aspects of these results. The first of these 

is the plateau in the RNA/DNA reaction. The reaction in this situation is 

essentially complete as is made clear from Fig.3o which shows the homologous 

control reaction progressing while the heterologous hybrid reaction ceases 

after only ten minutes of incubation. The Plateau occurs at approximately 

the same value in each case but the time taken to attain this final value varies 
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Fig. 3 

Reaction of 0.1, 0.5 and lag/ml amounts of NRNA with 1, 2.5 and 5x10 3  

mg/ml mb DNA. Filled circles and continuous line; reassoolation 

control reaction. 

Open circles and broken line: hybrid reaction with 0.1mg/mi NRNA. 

Open squares and lines and crosses: hybrid reaction with 0.5mg/mi NRNA. 

Filled squares with dashed line: hybrid reaction with 1mg/mi NRNA. 

Fig. 3 

Reaction with lxiO 3mg/ml mb DNA. 

Fig. 3B 

Reaction with 2.5xlO 3mg/ml mb !NA. 
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Fig. 3C 

Reaction with 5x1(r3mg/ml mb DNA. 

Fig, 31) 

'Reaction of lxlcr3  mg/ml  ab DNA with 2.5 and 5.OxlO' 2mg/ml NNA and 

ixlOmg/mi NTNA. Open triangles: hybrid reaction with 2. 5x10 2mg/ml 

NtNA. Filled triangles and dashed line; hybrid reaction with 5.0x10 2  

mg/ml 

Open circles and dashed line: hybrid reaction with lxlOmg/ml NRNA. 

Filled circles and continuous line; reaesooiation reaction of 

mg/ml ab DNA. 
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with the input concentration of the reactants. 

The experiment with 1 ug/ml input was repeated. with RNA inputs of 25,  50 

and loougJml.  These results are shown in Fig- 3d together with a repeat of a 

homologous 5ug/ml DNA reaction. The latter DNA cone. 'was chosen as it best 

demonstrates how the effective concentration of the 1NA may be calculated in 

the experiment. It can be seen that the reaction of 25ug/ml  iNk with lug/rn]. 

DNA almost matches the rate of the 5ug/ml homologous DNA reaction. Clearly 

the input RNA has raised the reaction rate of the lower input DNA to a value 

five times as fast as the homologous reaction. This means that approximately 

one fifth of the liver N RNA is complementary to sequences in the DNA which 

will reassociate under the conditions used. 

The second point of interest in the experiments shown in Pig.3 is the 

fairly consistent background. value. This value is virtually independent of 

input, which suggests that it is not totally the effect of contamination by 

satellite sequences (Flamm et al, l96q'). The mb DNA used in these experiments 

had been passed twice through CsCl with the express purpose of removing 

satellite sequences. The results of Fig.3d were obtained from rub DNA where 

a special step had been introduced to remove this background material. In 

this step the DNA in alkali was neutralised. at 650C and immediately passed 

through HAP. Almost l of the counts applied to the HAP adhered and this 

figure was reduced to 	with four washes of 0.12 ic-PB. The fraction 

remaining must have a considerable duplex or secondary structure. Walker 

and MoLaren (196) reported a fraction of almost 2 in the mammalian genorue 

which they deduced was cross-linked. The fraction seen as background on 

these experiments will be in part made up of this fraction and may also 

contain some material which has reassoolated by intra-strand. annealing. 
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Comparison of 1'ig.3a with ?ig.3o shows that the level of the plateau 

in the hybrid reaction is the same in both oases if the background value is 

subtracted from the former. 

It is possible that under the conditions used the effect of the RNA 

sequences on the reaction of DNA could be due to an event other than base 

pairing. Therefore the effects of salt concentrations and temperature of 

incubation on the reaction were studied (for a review see flarmur et al, 1963). 

Major band DNA (0. 5ug/inl) was incubated in various salt solutions between 

0.05 and I M-PB at 65°C  with 1mg/mi. N RNA. At salt concentrations greater 

than 0.1 M.-PP suitable dilutions were made before absorption on to PHAP. 

The amount of material which did not adhere to the 1!AP after washing at 

0.16 M-PB was estimated prior to the transfer of the crystals to a column 

where the melting profiles of the reassociated DNA. and hybrid molecules were 

measured by elution with .12 M-PB at increasing temperatures. At each salt 

concentration the extent of the homologous reaction was determined by a 

control containing no RNA. These results are shown in Figs. 4a and 5a. 

In a parallel experiment using exactly the same materials in the me quantities 

the effect of the incubation temperature was studied at 0.12 M-PB. The 

results of this experiment are shown in Fig.4.b and Fig. 5b. Incubations 

were performed at temperatures between 40 and 80°C at 100C intervals. 

Fractionation in this case was performed by the !AP column method because of 

difficulties in the batch method at temperatures above 70°C. 

The results show that the extent of the interaction (rate) and the stability 

of the products are dependent upon temperature and salt concentration as shown 

for eukaryote hybrid molecules by Denis (1966) and Church and McCarthy (1968). 

These authors also observed the characteristic spread of the hybrid melting 
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Fig. 4PL 

,Reaction  of 5x10 4mg/ml mb DNA with 1mg/mi NRNk at 650C with increasing 

salt concentrations. 

Open circles and dashed line; hybridization reaction. 

Filled squares and continuous line; control reassoolation reaction. 

Fig. 4B 

Reaction of 5x1O mg/ml mg DNA with 1mg/rn]. MA at different temperatures 

in 0.12MPB. 

Open circles and dashed line; hybridization reaction. 

Filled squares and continuous line; control reassootation reaction. 
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Fig. 3A 

Thermal chromatography of hybrids formed at different salt concentrations 

at 65°C. 

Filled circles; hybrids formed in 0. 05!P. 

Open circles; hybrids formed in 0.2MPB. 

Open triangles; hybrids formed in 0.14P3. 

Filled triangles; hybrids formed in 0.7VPB. 

Thermal chromatography with 0.121PB. 
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Fig. 5B 

Thermal chromatography of hybrids formed at different temperatures in 

Filled triangles; hybrids formed at 4.0 
0
C. 

Open triangles; hybrids formed at 50°C. 

Open squares; hybrids formed at 600C. 

Filled squares; hybrids formed at 650C. 

Open circles; hybrids formed at 70°C. 

Filled circles; hybrids formed at 

Thermal chromatography with 0. l27PB. 
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profile. This feature predicted by Chamberlin and Patterson (1965) has 

been demonstrated in the comparison of RNA/DNA hybrids to duplex DNA 

(Chamberlin and Berg 1964). It is concluded that base pairing between 

RNA and DNA occurs with increasing specificity at higher temperatures and 

at decreasing salt concentrations. Exactly the same relationship exists 

for the DNA/DNA reaction (walker and MoLaren, 196, ?vartin and Hoyer, 1966; 

McCarthy and McConaughy, 1968). 

b) The Complementarity of Mouse Liver RNA. 

The extent of homology between total liver RNIt and mb DNA was st idled 

in the following way: increasing amounts of total liver RNA were incubated 

in 0.12 M-PB at 65°C with 0.5 ug/mi mb DNA for 1 hour. The result of this 

experiment is shown in iig.6a. The complementary sequences of the DNA were 

not saturated even at an input of 15mg/mi.  RNA. 

If the DNA complementary strands in the reaction are representative of 

the distribution of sequences in the genome then these strands should 

reassociate with unlabelled excess DNA at the same rate as the total DNA. 

To test this complementary strands recovered from alkali digestion of the 

hybrid, were made up to 0.01 mg/rnl with unlabelled DNA. Reaction rate was 

measured by the batch procedure on ThAP. Estimation of the reassociation 
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Fig. 6A 

Reaction of mouse liver RNA with 5xlO 4mg/ml mb DNA at 650C in 0.12PB. 

Filled squares; control reassociation reaction. 

Open triangles; oytoplaemio RNA 

Filled triangles; total coil RNA. 

Filled circles; NTNA. 

Fig. 6B 

Homologous reassociation reactions. 

Opensquares: the reassociation reaction of lxlO mg/mi mb DN A 

(Left axis) 

Open circles; the homologous reassociation reaction of complementary 

DMA strands from a first cycle reaction with total cell 11L&, with 

ixlO mg/61 mb DNA (Right axis). 

Filled squares; the reaasooiation reaction of complementary DNA 

strands from a first-cycle reaction with total cell RNA. (Right axis). 
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rate of the radioactive complementary strand compared to the rate of 

reassool.atjon of a labelled control at 0.01mg/rnl gives a measure of the 

dispersion of the liver 'N& complementary sequences in the genome. (Fig.6b) 

A scheme similar to this was also used by 1ohne (1968) to estimate the 

number of copies of the ribosomal cistrons in T.001i and other bacterial 

species. 

In the original liver'RNA/DNA incubation some DN&/DNP. reassociation must 

have taken place. The maximal reassociated contribution was estimated in a 

parallel experiment in which no RNA was included. This control was given 

exactly the same treatment as the experiment. The results are shown in 

wig. 6b. In a repeat of this experiment the DNA was pre-fractionated on 

HAP (as described previously) before incubating with the NA in the 

experiment and alone in the control. Using pro-fractionated material the 

control reaction was undetectable; the hybridization values were the same 

as with unpre-fractionated DNA. 

These results suggest that the sequences of the genome complementary to 

liver qNA are restricted to the reiterated fraction. Britten and Tcohno 

(1966) describe the relationship between the extent of reiteration and the 

rate of the reaction; using their calculation, the liver RNA is complementary 

to sequences of the DNA which exist within a set of families of sequences of 

which there are between 10,000 and 100,000 members (copies of similar sequences). 

The size of these families or their fraction of the total genome can also be 

calculated from the re-cycling homologous reaction. Since only 50 of the 

label was found in the reassociated fraction it follows that only 50 of the 

family members have reassociated. Since about 4 mb DNA constituted the 

liver complementary fraction (d- uble-stranded amount) it must have membership 
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of a set of families which make up between 8 and 	of the total DNA. Tf 

this deduction is correct, on extending the incubation time or increasing 

the concentration in the re-cycled homologous reaction, complete reassoolation 

should be seen. The most convenient way of relating concentration and time 

of incubation for different data, is by the Cot term (initial concentration 

x time of incubation, expressed as moles nucleotide per litre per second) 

described by Britten and Thhne (1966). 

The liver RNA experiment was repeated and the DNA complementary to the 

!NA was subjected to a further incubation with unlabelled DNA at Cot values 

up to & 100. At a Cot of a 100, sequences of only 1,000 copies are partly 

reassociated. To achieve this Cot value lmg/ml. unlabelled DNA was incubated 

for 10 hours. To investigate the possibility of reassociating molecules 

breaking down over this period a control of pre-fractionated 32P reassociated 

DNA was included. Reassociated DNA repeatedly re-chromatographed with a 

background of between 5 and 10 at 63°c on lml packed volume THAP. After 1 

hour incubation reassociated DNA re-ohromatographerl at % + 2 and after 10 

hours 	 9W., 14. In each ease the estimation was. made in 

triplicate. The experiment showed 8 + 5 reassociation after 10 hours. It 

may be concluded from this that a maximum of lWrof the liver RNA. complementary 

sequences occur in families with less than a 100 members (copies) and that at 

least 60 occur within the reiterative range 10,000 to 100,000. 
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a) The relationship of 'NA Sequences in the Nucleus and Cytoplasm. 

RNA. was extracted from total liver, from nuclei prepared by the citric 

acid procedure, and from the supernatant of the citric acid nuclear preparation. 

Increasing amounts of each were incubated with O.Sug/ml. mb DNA. The results 

of this experiment are shown in Pig. 6a. This shows that the effective 

concentration of the nuclear RNA preparation is much higher than those of 

the total liver and cytoplasm. This is not altogether unexpected since the 

bulk of the RNA in each case Will be made up of rNA which will be inert in the 

hybridization reaction. As most of the rRNA occurs in the cytoplasm the 

effective concentration of the nuclear should be much higher than the cyto-

plasmic 'RNA. 

This experiment was repeated using DNA which had been pre-fraotionated on 

HAP. DNA at a concentration of 0.5ug/znl.  was incubated with 15 mg. each of 

total liver and cytoplae1c 'PNA (in this case prepared as described in Section 

3b(b) (materials and methods). Incubation times were extended to give DNA 

Cot values of up to 0.05.  The results of this experiment and the control 

reaction are shown in vig.7a.  Also shown in Pig.7b are the re-cycled 

homologous reassociation reactions of the complementary strands from each of 

the three RNA's. These results indicate the close similarity of the family 

sequences complementary to the three INA's as is seen in the rates of 

reassociation in the homologous second cycle reaction. 

Long incubation times increase the contribution of the simultaneous DNA/ 

DNA reaction to the total duplex measured in the hybrid reaction with total 

liver and cytoplasmic RNk's. It is possible that the inability of the oyto-

plasmia RNA to attain the same levels of saturation as the nuclear, may be due 

to the reassootation of a fraction of the complementary DNA strands. This 
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Fig. 7A 

Reaction of mouse liver RNA's with 5x16 mg/mi mb DNA. at 65°c in 0.12MPB. 

Filled squares; control reassociation reaction. 

Open triangles; cytoplasmic M. 

Filled triangles; total osli RNA. 

Filled circles; N'R1L. 

Fig. 73 

Homologous reassociation reactions. 

Filled squares; the reassociation reaction of lx10 2  mg/61 mg DNA 

(Left axis) also, filled squares; lower line, the reassooiation reaction 

of complementary DNA strands from a first cycle reaction with cyto-

plasmic RNA (Right axis). 

Filled. circles, Filled triangles and open triangles; homologous 

reassociation reaction of complementary DNA strands from first cycle 

reactions with NRNA, total cell 'RNA, and cytoplasmio RNA respectively. 

(Right axis) 
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fraction might account for the difference in the extent of the reactions but 

it cannot account for the overall similarity of the homologous second c ..ole 

reassociatlon reactions. In order to avoid the transfer of reassociated 

strands into the homologous second cycle, DNA from the first cycle after 

digestion of the RNA in alkali was incubated at the same effective concen- 

tration as on the first cycle reaction. Strands which reassociated in the 

first cycle should reanneal and therefore be separable on HAP leaving only 

the strands complementary to the 'RNA unreassooiated. There is however, one 

important consideration that must be made in this procedure. The amount of 

material reassociated may only be a fraction of a family of sequences with a 

certain effective concentration. If the first cycle roaseociation reaction 

is confined to a family making up 2O of the total 1)N&, then the effective 

concentration for the reaction is one fifth of the total DNA. In the 

annealing reaction to remove this fraction it is not sufficient merely to 

adjust the concentration to compensate for the family sequence concentration 

in the initial reaction. If the effective concentration of the family was 

known and adjusted to that value in the re-cycling reaction then the Same 

fraction of the sequences of the family would again reassociate, such is the 

nature of the second order reaction. Thus it is extremely dlffiruJ t to remove 

the last traces of homologously reassociated DNA in the reaction. It is for 

this reason that low inputs of DNA and short incubation times are used. 

The reassociated component was removed as far as possible by concentrating 

the DNA taken into the second cycle to ten times that of the first cycle 

reaction and incubating for at least twice as long as in the first reaction. 

A preliminary experiment showed that after this time no further reaction was 

seen. In the ease of the cytoplasmic RNA/DNA reaction the homologous reassociated 
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component made up a considerable fraction of the total l.uplexed DNA seen 

as 3Of reassoolation on homo-incubation. It is uMeretood however, that 

not all of the first cycle reassociated material is removed. 

The close similarity of the homologous reassociation rates of the 

complementary strands from the hybrids could mean that these strands belong 

to one family or that they belong to different families with similar numbers 

of sequences. To decide this complementary strands from one hybridization 

were reannealed with heterelogous 1NA, using the homologous NA as the control 

reaction. Complementary sequences to N RNA were recovered after a one hour 

incubation of lug/mi. nib DNA with 2mg/u.N RNA at 650  in 0.12 M-PB. 

Similarly, strands complementary to cytoplasmic RNA. were obtained from a one 

hour incubation of 15mg/mi cytoplasmic RNA with lug/mi. mb )NA. The 

complementary strands of the 1)NA were recovered as described previously. 

In a second cycle set of reactions using these isolated single strands each 

was incubated without RNA, with its homologous NA, and with heterologous RNA. 

Thus strands complementary to N RNA were incubated in the second cycle again 

with that RNA, also with cytoplasmic RNA,  and without RNA. In a separate 

experiment second cycle N RNA complementary strands were reacted with N NA 

which had been treated with alkali as in the procedure for the recovery of 

DNA. strands from the hybrid. No reaction in this case, or in a control 

with 10mg/mi. i.00li RNA, was seen. 

The results of second-cycle homologous and cross-reactions are shown in 

Fig. 8a. These results again reflect the large differences in the effective 

concentration of reacting sequences between the TNA preparations. It Is seen 

that the N RNA reacts faster and to a greater extent with DNA first fractionated 

on N RNA than with that prepared from cytoplasmic RNA, Cytoplasmic RNA on the 
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Fig. 8k 

Second cycle homologous and heterologous hybridization reactions. 

Filled circles; homologous NRN4. reaction, 

Open circles; heterologons NNA reaction. 

Filled triangles; hetorologous cytoplasmic RNA reaction. 

Open triangles; homologous cytoplasmic RNA reaction. 

Filled squares; the reassociation reaction of complementary 

DNA strands from a first cycle reaction with NRNA. 

Fig. BB 

Second cycle homologous and heterologous hybridization reactions with 

DNA strand concentration adjustments. 

Symbols as for Fig. 8k. 
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other hand reacts faster arid to a treater extent with DNA from N RNA. 

prepared strands than with its homologous counterpart. This effect can 

be explained by again considering the effective concentration of complementary 

strands in the first cycle reaction. Virtually all of the sequences that 

can react with N RNA are removed in the first cycle incubation. This is 

not so with the cytoplasmic RNA where the concentration of reacting 

sequences is so small that after most of the sequences have hybridized, 

the effective concentration becomes such that much larger amounts of 

complementary RNA sequences or much longer incubation times would be 

required to complete the reaction. Similarly, strands which are complementary 

to cytoplasmic RNA may occur within families which are partly reacted under 

the conditions employed and thus be unavailable for reaction with RNA. The 

concentration of DNA used in this experiment is low enough to render the 

latter possibility less likely, and it is more probable that the effective 

concentration of the complementary RNA sequences is not sufficient to raise 

the complementary sequence concentration to high enough Cot values. This 

effect is again seen in the second cycle reaction where the cytoplasmic RNA 

reaction proceeds more slowly and in neither is completed. The second cycle 

reaction between cytoplasmic RNA and N RNA complementary strands largely bears 

out the earlier interpretation of the rate and extent of the cytoplasmic 

reaction, It is predictable that the second cycle reactions should be 

twice as fast in the case of the N RNA complementary strands from the first 

cycle than those derived from the cytoplasmic NA reaction. This is because 

there should be at least twice as many strands present in the incubation, a 

carry over from the extents of first cycle reactions. The concentration of N 

RNA was too high in the reaction shown in Fig. 6a for rate differences to be 
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seen, the cytoplasmic RNA for the most part bears out this prediction. 

i'ig.8b shows second cycle reactions in which strand concentration is te 

same. This was achieved by pooling complementary strands from first cycle 

cytoplasmic RNA hybridization reactions. 

In each of the second cycle reactions, the reaction rate is slower 

than on the first cycle. Theoretically, since the sequence concentrations 

are the same in both first and second cycles, the rates should be the same. 

This certainly should be the case for N RN complementary strands derived 

from a reaction which is complete. This effect is difficult to account for 

unless specificity requirements change on re-cycling. If this is the case, 

the melting temperature (Tm) should also be different. Melting profiles 

of first and second cycle hybrids ar?t reassociated molecules are shown in 

1ig.9a and b). These profiles show increasing spread and decreasing Tm 

on re-cyoling. 

It is difficult to see why specificity requirements should change on 

re-cycling. Clearly whatever the effect it must reside in the DNA component 

of the reaction, since in both cycles the conditions of the incubation were 

identical. Therefore the effect of re-cycling reassociated DNA was 

investigated. 
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Fig. 9A. 

Thermal chromatography of 1st and 2nd cycle hybrids on HAP with 0.12APB. 

Open circles NRNA. hybrid 

Filled circles (right hand curve) oytoplasmio RNA hybrid. 

Filled circles (left hand curve) second-cycle hybrids. 

Hoterologous and homologous second cycle hybrids were indistinguishable. 
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Fig. % 

Thermal chromatography of reassooiated mb DNA strands on HAP with 0.12Tfl'B. 

Filled circles; sheared native mb DNA. 

Open circles; first cycle reassociated mb DNA. 

Filled triangles; second cycle reassooiated mb DNA. 

Open triangles; third cycle reassoetatod mb DNA. 
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a) The Effect of eannea1ing DNA. 

To study the effect on the DNA of re-cycling, the DNA-DNA reaction 

was studied in the following way. bug/rn]. mb DNA was incubated for 2 

hours at 65°C in 0.12 M-PB. After this time 2O5 of the DNA had reassociated. 

Since only very small changes in extent of the reaction after 2 hours at this 

concentration were seen, the reaction was considered complete. The effective 

concentration of the sequences which had reassociated was therefore 20 of 

the initial concentration (2ug/rnl ab DNA). The reassociated fraction was 

readjusted to 205 of the concentration of the initial reaction, denatured 

and reannealed for the same time and under the same conditions as for the 

first cycle reaction. If all the sequences of the families involved in the 

first reaction had reacted, then complete reassooiation should be seen on the 

second cycle. The results (Table 3) show that this did not occur. The 

reaction observed after 2 hours incubation was 70 2 in an average of three 

experiments, and the overall rate of the reaction was slower by a factor of 

almost 2. Reassociated DNA from the first reaction, undenatured on the 

second, redohromatographed to a value of 92 	
0 

after 2 hours incubation at 65 C. 

The discrepency between the theoretical and observed extent of the 

reaction on the second cycle could be accounted for by assuming that the 

first cycle reaction had not gone to completion. The change in the rate 

however, cannot be accounted for in this way. Both the change in rate and 

the discrepancy in extent of the reaction can be accounted fbr by assuming 

a certain amount of breakdown in the molecule. The rate of the reaction is 

piece length dependent (Britten and Kohne, 1966, i'7etmur and Davidson, 1968) 

and if under the conditions used in the reaction certain of the sequences had 

become reduced to a size less than the minimum stable duplex piece length 
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complete reassociation would not occur. These two alternatives were 

investigated in the following ways 

Cot values of I were attained, in two ways. a) eb DNA was incubated for 

]. hour at a concentration of 0.1mg/el., and., b) ml, DNA was incubated. for 10 

hours at a concentration of 0.01mg/el. The reasaociated fraction was 

recovered from both incubations and., as previously, reannealed at a 

concentration of 2 ug/mi. in a second cycle reaction for 2 hours. These 

results are shown in Table 3, and Fig. 9b shows melting profiles. 

Although the difference is small between the rates and extent of reactions 

of the reassociated DNA's from the different reactions, the results are 

indicative of breakdown of DNA in the annealing process. The fact that 

neither fraction approaches the theoretical expected value of reassociation 

on a second cycle, implies that some breakdown occurs on HAP chromatography. 

This conclusion was substantiated and a rather interesting effect of piece 

length seen when the second cycle reaction was driven to completion with 

unlabelled large excesses of total DNA. In this experiment the sequence 

concentration effect was examined.. Large excesses of DNA (1mg/mi. unlabelled 

total DNA) were included in the second cycle reassociation reaction; these 

results are also shown in Table 3. Unlabelled. DNA was reassociated, in order 

to increase the concentration of complementary strands five-fold over 

unreassociated unlabelled DNA. The latter DNA however, raised the reaction 

to values higher than the pre-fraotionated DNA. This result suggests that 

the longer piece lengths of the unfractionatod. DNA have helped stabilize the 

shorter pieces of the re-cycled material. 

The change in rate can similarly be accounted for by piece length of the 
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TABLE 	3 

THE 	iCT OF RBNNETJING DNA 	ON THE RATE AND 
AT1T 	OF 	THE REACTIONS 

REACTIONS 	CARRIED 	OUT 	IN 	O.12APB. at 	65°C. 

Incubation 	 eassooiation after incubation time in minutes 

10 	20 	40 	60 80 	100 120 

let cycle 
reassociation 	8 	12 	16 	19 19.2 	19.4 19.4 
1xlcr2mg/ml 
ab DNA 

2nd Cycle 	 20 	28 	42 	55 65 	68 70 
reassoolation 

2rd cycle 
undenatured 
reassociated 	- 	- 	- 	925 - 	- 92 
OG!tr0i 

2nd cycle 
reaesgoiation 	22 	30 	42 	57 

A 
67 	70 72 

2nd cycle 
reaeeoiation 	18 	25 	38 	51 64 	66 68 

B 

2nd cycle 
homologous 	 - 	- 	- 	72 - 	- 76 
reaeeciation 

2nd cycle 
homologous 	 - 	- 	- 	80 - 	- 82 
rome aoiat ion 

2 

* 
A 	reassociation reaction using DNA from let cycle reaction 

with 0.1mg/6i DNA for 1 hr. 
* 
B 	reassooiation reaction using DNA from let cycle reaction 

with 0.01mg/mi DNA for 10hrs. 

1* 	homologous reaction with enriched re-iterated DNA. * 
2 	homologous reaction with unreaseooiated DNA. 



the DNA. Tm decrease must to some extent reflect the overall decrease in 

the numbers of base pairs formed per sequence length. If an initial 

nucleation between two strands of the DNA reduces the specificity 

requirements for further nucleations between the strnd., then, when the 

sequence length is reduced the possibility of forming more base paired 

regions is reduced. 

The rate decrease of the second cycle reaction will, to some extent, 

effect the extent of the reaction. If the rate was halved on re—cycling 

then the time of the reaction to completion must be doubled.. Extending 

the time course of the second cycle reaction does not produce this result, 

probably because the rate of reduction of piece length in the DNA matches 

the rate of nucleation in the raet ion. 

e) sequences Coon to Liver and Kidney NRNA's. 

Exactly the same approach used to study sequences common to nuclear and. 

cytoplasmic ENA I S was used to estimate the sequences common to liver and kidney 
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Kidney nuclear NA was found to have an identical saturation effect 

in the hybrid reaction to liver MMA, although the effective concentration 

of sequences was higher by a factor of two in the kidney nucleus than in the 

liver. The complementary 1)NA was of a reiterative class similar to that of 

the liver i)N and of a similar proportion in the genome. These results are 

shown in Fig.lOa. 

Complementary DNA was isolated as described previously for nuclear and 

cytoplasmic RN's. For the kidney first cycle reaction 1m&/mi. NNA was 

reacted with lug/61 pre-fraotionated mbDNP. In the liver first cycle 

reaction 2mg/mi. liver NNA was used. - The same amount of complementary 

DMA from each tissue was taken into the second cycle. The second cycle 

reactions are shown in !ig.10b. The same amount of each RNA was used in 

both cycles thus maintaining the same effective concentration of sequences 

in the RNA. The complementary sequence DNA concentration was also the same 

in each case, no adjustment being required as both RNA preparations gave the 

same saturating effect at the same value. The second cycle homologous 

reassoojatlon reactions are shown in Pig.11a, for the complementary strands 

derived from both tissue ENAt5.  Although the differences are small it is 

seen that the complementary sequences have proportional membership of sequence 

families of differing reiterative values. The kidney derived complementary 

sequences are proportionally representative of more highly reiterated families 

than are those derived from the liver. This is reflected in the rates of 

the reactions. The liver complementary sequences are more equally 

representative of all of the reiterated families. 

In the second cycle heterologous reactions the differences in the reaction 

rate again reflect the complementary strand bias between families. The extent 

ES 



Fig. 1OA 

Reaction of mouse liver and kidney NRNA' s with 5xlO mg/al ab DNA. 

Filled crossed circles; the reassociation reaction of 5xiO 

mg/ml mb DNA. 

Filled circles and continuous line; the reassociation reaction 

of 5x103 mg/ml  ab DNA. 

Filled squares; hybrid reaction with 5x10 
2 mg/ml liver NRNA. 

Open squares; hybrid reaction with 2.5x10 2  mg/61 kidney NRNk; 

Filled and open triangles; hybrid reactions with ixl& mg/mi 

liver NRNA and 5xl0 2  mg/al kidney NRNA respectively. 

Fig. lOB 

Second cycle hybridization reactions. 

Filled and open circles; second cycle homologous reactions of 

liver NRNA (2mg/mi) and kidney NRNA (1mg/mi) respectively. 

Filled and open squares; second cycle homologous reactions of 

liver NUA (lxiOmg/al) and kidney NNA (5x10' 2mg/ml) respectively. 

Filled triangles; second cycle heterologous reaction of kidney 

NRNA (5xl0 2mg/ml). 

Open triangles; second cycle heterologous reaction of liver 

NRNA. (ixlO mg/al). 
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Fig. 11A 

Second cycle homologous reassociation reactions. 

Filled circles; reassoojation reaction of ixi6 2mg/mi mb DNA (Left axis). 

Open circles; the homologous reassociation reaction of complementary 

DNA strands from a first cycle reaction with kidney NRNA, with lxlO 2  

mg/ml mb DNA (Right axis). 

Filled squares; the homologous reassociation reaction of complementary 

DNA strands from a first cycle reaction with liver NRNA, with 1x10 2  

mg/ml mb DNA (Right axis). 

Crossed filled circles; reassoolation reaction of complementary strands 

from a first cycle reaction with kidney NRN&. 

Fig. llB 

Second cycle homologous reassoolation reactions. 

Filled circles; reassoolation reaction of 5x10 3  mg/mi mb DNA (Left axis). 

Open circles and squares; as for Fig. hA, reaction of liver and kidney 

complementary strands with 5xl0 3  mg/mi. mb DNA. 
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of the reaction in each case is noteworthy. Liver NRNA. completes the 

reaction with heterologous complementary DNA less well than ices !d1ney 

NRNA in the same situation. This must to some extent be the product of 

the effect of sequence concentration and breakdown in the DNA. The 

homologous reaction in both cases is more extensive than the heterologous, 

which means that some families are not common to bothRNA's, although it 

may reflect the differences in sequence concentration between the 'M's, 

These conclusions are substantiated by the results shown in Fig.11b. 

In this case the first cycle reactions were stopped when only half 

completed, and the complementary DNA homologously reassociated in a second 

cycle reaction. The bias of the kidney complementary strands to the more 

highly reiterated sequences is seen more clearly in this situation. 
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A Model System For Iybridization and fleassociation in Solution. 

Since the oonclusions drawn from the reactions between RNA and DNA 

are based on the interpretations of the reactions ho'n in IR19,3  namely, 

that the reaction of RNA in a reaseociation system both accelerates the 

overall reaction rate and depresses the overall reaction extent, a model 

s constructed to substantiate this interpretation. 

The hybridization reaction has been formally demonstrated to be 

sequence concentration dependent and therefore second order in reaction 

rate (Bishop, 19690 with excess complementary sequences the reaction 

will become pseudo first order, the effect of this is seen in plateauing 

in the 1 NA/DNA reactions. 

As in the DNA.s-DNA reactions (Wetmur  and t)avit%son, 1968) the rate 

limiting event must be the nucleation event, that is, the formation of one 

or a few correct base pairs at some in-register point along the two strands. 

In the ideal case of reassociation and hybridization reactions occuring 

simultaneously in solution, at each nucleation site on the DNA either of 

the two reactions can occur. The type of reaction that occurs will depend 

upon the relative concentration of complementary sequences in the DNA and 

RNA. The reactions may be written thus 
K 

as DNA + se DNA- DNA./DNA .........(i) 
K 

seDNA + 	'RNA 	>RNA/DNA .......(2) 

Those reactions represent the model situation where all of the NA. is 

complementary to one single strand of 1)Ni (ss DNA). Since the complementary 

strand can enter into both reactions its rate of depletion will be determined 

by the rates of both reactions. 

Assuming both reactions have the same overall rate constants, let ex the 
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single stranded initial concentration, and b= the initial concentration of 

complementary RNA. Tf, after time t, x amount of reassociation has 

cocured whilst y amount of hybridization has oocured; reactions 1 and. 

2 may be represented thus - 
K 

(a-7-y) + (a-x) 	> x 

K 
(a-x-y) + (b-y) 	> y 

The rate of formation of .x and y is therefore 

dx 	k (a-x-y) (a-x) 
at 

and: 

* 	k (a-x-y) (b-y) 

Solving these simultaneous equations for y gives 

t a l log ra3 -a2x 	1 
kb 	

La3 - a2x - abx 

The derivation of this equation is shown in appendix 2. 

A computer was programmed to solve for IxI with varying values of 'b', 'k' 

and 't' with 'a' maintained as unity. The programme scanned 'Ic' values from 

0.1 to 1 at intervals of 0.1. At each stage b values from 0 and 0.1 to x 65 

the value of 'a' in geometric progression were substituted at 't' intervals 

of between 1 and 10. 

A further important restriction was placed on the system to mimic the 

performance of an isotopically labelled reaction in which the DNA is labelled 

and the 'RNA is unlabelled. In this situation the product is made up of double 

stranded DNA with both strands labelled and the hybrid of which only one 

strand, the DNA, Is labelled. In the model case, the proportion of NA/DNA 

to DNA/DNA will be the same as the input ratio of the NA and DNA. Thus the 

proportion of hybrid (y) to reassociated molecules (x) can be represented? 
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y = b x 
a 

where only one strand of the hybrid is labelled, 'y' has one half of this 

value. 

For every value of x calculated at increasing values of b and k, the 

computer was asked to calculate y and finally to summate x and y. 

The results of this programme are shown in Fig.12 (a, b and o). One 

rather striking feature is the effect made by even fractional inputs of the 

complementary strand. The crossing over feature is also interesting especially 

in relation to the increasing values of 'k'. Clearly k reflects complexity 

the lower the IkO value the longer the reaction time. 
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Fig* 12 

Computer simulation of hybridization reaction. For details see text. 
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DISCUSS ION 

In viral and bacterial genomes, Britten and icohne (1966) showed a linear 

relationship between 'k' (the second order rate constant) and genome size in 

terms of numbers of base pairs. This relationship does not hold for 

eukaryote genomes because of the 000u!rnoe of base sequences sufficiently 

related that they can reassociate. An, as yet, undetermined number of such 

families exist with different numbers of members. Clearly the numbers and 

sizes of families Will be determined by the stringency of the conditions 

employed in measurement; this is seen in the dependence of the reassocistion 

reaction rate and extent on the conditions of incubation (for a review see 

'talker, 1969). 

At a given incubation condition the population of sequences within a 

family will react at a rate proportional to the family size. Thus each 

family of sequences in the mammalian genome will have its own second order 

rate constant. Therefore the overall rate constant for mammalian DNA is the 

sum of a number of rate constants. The number being determined by the 

number of different family classes of sequences in the DNA. 

Considering the second order rate constant (Ciasatone, 1951): 

k= 2.30 	b(a-x 
T (a-b) 	g a (b-x 

where 'a' and 'b' are the initial concentration of the reactants and x is the 

decrease of each after time 't'. 

The overall rate constant for 'n' families will be 

kv k +k +k + ......+ k 	+ k 
1 2 3 	 n-i n. 
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When k 
U  is the n th family of sequences with an effective concentration of a U 

reacting with complementary sequences at a concentration of b showing a 

decrease of xn  after time t. 

The hybridization reaction in thenammalian genome is extremely complex 

when viewed in this way. Families may show very large differences in size of 

membership and may, in hybridization reactions, show widely differing values 

of complementarity to sequences in the RN. From the second order equation 

it is clear that when 'b' becomes large with respect to 'a' the reaction 

becomes kinetically first order. In the hybridization reaction certain 

families may show extensive complementarity to sequences in the RNA, making 

the reaction one of pseudo-first order. This situation may exist together 

with the situation in other families where the extent of oomplementarity is 

less and the family membership is small, a situation in which little or no 

reaction would take place. It is possible that certain sequences could be 

equally represented in the 'RNA (the same number of transcriptory products) 

but because of differences in the family size of their complementary sequences 

in the DNA, widely differing extents of hybridization could occur between 

these sequences. 

There is one other important aspect of the occurrence of families of 

sequences and the second order reaction. It is best seen from the model 

curves (Fig.12) that the time course of the reaction is determined by the 

value of k. Though even at high k values the second order reaction is 

essentially never complete, the reaction of certain families will be more 

complete than others after any given time (t). At any given value of 't' 

the difference between the hybridization and reassooiation levels of a 

family of sequences is determined by the effective concentration of 
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complementary sequences in the RNA. The extent of the hybridization reaction 

will be determined by the concentration of the different 'RNA's present in the 

incubation solution. The results of differences in effective concentration 

will be greatest when small families of DNA sequences have only small amounts 

of complementary sequences in the PNA. If the overall effective oonoontratio 

of reacting sequences is low, less frequently represented sequences bay not 

react during the time of the experiment. 

The results show that the hybridization reaction is restricted to the 

reiterated sequences of the genome. Repeated attempts usingRNA's from many 

different sources and obtained by different preparation procedures failed to 

bow any reaction with the uniquely occurring sequences. Attempts in which 

the sequences of the slow fraction were concentrated in the presence of RMA 

sequences and incubated over extended periods failed to yield a DNA strand 

which on recovery from the hybrid would homologously reassociate with slow 

fraction DNA. Because of the restriction of hybridization to the reiterated 

sequences it is impossible to quantify the amount of the genome transcribed. 

It is possible that the unique sequences of DNA do not have a transcriptory 

product, although some evidence for hybridization occurring with unique 

sequences has been presented (Drake and Britten; 1968: Davidson and Hough, 

1969). It is by no means certain, however, that these reactions were with 

unique sequences. The difficulty of taking a second order reaction to 

virtual oomplotl means that the last reiterated sequences cannot be removed. 

In hybridization eperiments designed to anneal unique sequences, the reaction 

with RA of any reiterated sequences which remain will mask the formation of 

any DNA-RNA unique sequence hybrids. It is quite probable then, that the 

above mentioned workers have only observed the reaction of reiterated 
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sequences. In results obtained from systems using immobilised DNA, since 

the reaction rate is reduced by a factor of about 10 (Britten; 1969.) 

compared to the liquid phase reaction, only reiterated sequences have been 

measured. 

It is a common misconception to think that if a non-reiterated sequence 

is transcribed many times its hybridization will be observed. If a Cot value 

of 10,000 is required before a unique sequence will react, then a very high 

proportion of the RNA must be complementary to one unique sequence before 

hybridization occurs. To react one unique sequence it would be necessary to 

employ a system sufficiently sensitive to detect lxlO? hybridization of the 

DNA (taking a unique sequence length as 1,000 base pairs). Clearly only small 

aultiples of this value could be hybridized with any given 'N!. because of the 

difficulty in obtaining sufficiently high Cot values with many sequences. If 

there are unique sequences amplified in transcription the total number of 

sequences transcribed must be reduced, hence the overall complementarity 

G1 hybridization) must be reduced. Thusjthe TMA concentration is left 

constant and the average copy number of sequences in the RNA is raised, the 

rate of reaction Will be increased but the overall extent of the reaction will 

be reduced. The interpretation of plateau values or extent of the reaction 

is difficult because any one value can be attained in a variety of ways 

depending upon the number of copies of the complementary sequences in the'RNA 

and their relative proportions to the reiterated seierce families in the DNA. 

From the rate of the reactions observed there must exist many RNA copies 

of the reiterated DNA sequences. These copies may in fact be the trans-

oriptory product of only a very few sequences, but hybridization could occur 
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with all the family members. There may exist several such families in which 

one or two members are transcribed but all of which hybridize. This is 

likely to be the case for most, if not all, of the reiterated sequences seen 

to hybridize with nuclear RNA. 

About 200%.'of the major band fraction of mouse DNA will reassociate at 

Cot values about 10, after this further reaction is virtually unineasurable. 

Since some W., of the total mb DNA will hybridize with NNA this means that 12 

of the total mb DNA is complementary to this ?NA. This is about half of the 

amount of reiterated DNA. in the major band traction. lrrom the homologous 

reassociation experiments it is seen that oomplementarity extends through 

almost the entire spectrum of reiterated sequences. Since the hybridization 

reaction is essentially complete the 6r of the genoine complemented can be 

considered an absolute value. Yet, considering the distribution of the 

hybridized DNA sequences throughout the reiterated families of sequences it 

is difficult to understand why the hybridization value is so low; why in fact, 

the hybridization value is not one half of the total reiterated sequence value 

at completion. Obviously the simplest explanation of this is that two or 

more families exist which are reiterated to the same extent. Also, families 

may differ in their relative proportions within the reiterated fraction of the 

genome. In the first case 1 NA homology with one family out of two or more of 

similar reiterative value would in the homologous reassociation reaction show 

oomplementarity to that reiterative class and reveal nothing of inter-class 

family differences. The second explanation is equally feasible. In this 

ease, if one considers the possibility of there being quite considerable 

differences in family reiterative values together with there being differences 

in proportion of families, then it is easy to see that a perfectly smooth 



second order reaction would be seen on reassooi.ation. On hybridization, two 

or three highly reiterated families amounting to 12 of the nib DNA could 

explain the observed results. 

There is however, one further possible explanation of the limited extent 

of the hybridization reaction. If one considers the possibility that what 

constitutes a sequence family in terms of reassociation may be different from 

that which constitutes a family in terms of hybridization, then the observed 

extent of the hybridization reaction might be the ceiling value of that 

reaction. Put another way, in terms of the reassociatton reaction the 

reiterative sequences constitute some 20 of the nib DNA, but in terms of the 

hybridization reaction they may only constitute lZ. If this were the case 

it would mean that a stable hybrid molecule would require more extensive 

oomplementarity in base pairing than the reassociated molecule. Hybrid 

molecules on thermal chromatography shçw a much greater range of stabilities 

and a lower Tm than does its reassociated counterpart. Since the maximum 

values for duplex formation occur some 20-250C below the Pm it follows that 

under the experimental conditions employed, more severe demands have been 

made of the hybrid than of the reassociated molecule in terms of base 

sequence matching. This in itself means that sequence family size has been 

more restricted in the hybridization reaction. The extent of second-cycle 

reactions also support this explanation. Given the fact that It is DNA 

breakdown which prevents the reaction approaching the theoretically expected 

lOOt value, the differences between the extents of second cycle reassociatior 

and hybridization reactions must reflect the stability requirements. 	The 

hybridization value, since it is more reduced, reflects the greater sequence 

length complementarity requirements. 
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It is known that the stability of the duplex is affected both by the 

base composition (Marmur and Doty, 1961) and by the sequences of the bases 

along the individual stranTh, in particular in the mixed ribose-deoxyribose 

polymers (Chamberlin et al, 1963;  Chamberlin and. Patterson, 1965; ii1ey et 

al, 1966). T'rom this work it is seen that U- containing polymers are less 

stable than their P analogs so that poly rA-poly rU melts 12°C lower than 

poly- dA-poly 4T in 0.1 M Na1'. Poly dA-poly rU has a Pm at least 199C lover 

than poly rA-poly dT, whilst poly d.C.-poly rC on the other hand "Is more stable 

than poly dC-poly dC. work on artificial polymers by Lipsett et al (1961) 

and. by Michelson and Monny (1967) shows clear relationship between oligomer 

chain length and increase in Tm of the duplex. Considering these points it 

is clear that more extensive base pairing will be required to form a stable 

hybrid duplex with an RNA of high A U value (more DNA like) than one with a 

high C C value. Since, in the main, the hybrid molecules observed are made 

up of non-ribosomal NA the extent of base pairing in these molecules must be 

greater than that in their reassociated counterparts. Again, this means that 

the conditions for hybrid formation are more stringent and, as in the case of 

reassociation, the more stringent the conditions, the smaller the reiterated 

class size. Thus the overall extent of the hybridization reaction may be 

less than the reassociation reaction due to the differences in the stability 

requirements for the reactions and therefore the differences in effective 

concentrations of the sequences involved. The effective concentration of the 

RNA sequences that will hybridize in the cytoplasm is at least 20 times lees 

than that of the nucleus in liver cells. Considering the differences in 

amounts of NA in the nucleus and cytoplasm of a liver cell there could in fad 
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be the same number of complementary sequences occurring to the same extent in 

terms of number of molecules in each; the effective concentration of the 

former will be much higher than the latter simply because of the large 

differences in amounts of the total RNA.. It is not surprising then, that 

cytoplasmic Ta fails to compete as effectively or as extensively as does 

NRNA in an immobilised DNA hybridization scheme with labelled total cell TNA. 

(Shearer and McCarthy, 1967.  These authors interpreted their results as 

demonstrating the existence of a fraction of RNA sequences restricted to the 

nucleus. There is other evidence which suggests the existence of an RNA 

fraction confined to the nucleus (for a review see Harris, 1964). 

The results presented here might be interpreted to show the occurrence 

of all cytoplasmic RNA's within the nuclear INA fraction but the absence of 

certain NqNA's from the cytoplasmic fraction. There are, however, two points 

worth consideration: 1) The overall similarity in the family representation 

of the DNA complementary to both RNA classes. 2) The incompleteness of both 

first and second cycle reactions with cytoplasmic RNA. 

It is possible to argue from these points that the observed effects, both 

in competition experiment and in re-cycling isolated complementary strands, 

are due to the effective concentration of the RNA sequences involved. If a 

family of sequences in the 1)NA is half reacted with the complementary sequencei 

in a NNA preparation then at least 20 times longer incubations or 20 times 

higher concentrations of cytoplasmic RNA would be required to produce the same 

result with the same sequences. The results show that competition does not 

reflect the absence of certain molecular species of RNA in the cytoplasm but 

their lesser abundance. Of the total1VNA sequences in liver nuclei about 2O' 
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appear to be of the class which hybridizes with the reiterated DNA. In 

kidney nuclear Tr1k preparations this fraction appears to make up 40 of the 

total sequences. The overall extent of the reaction is the same in both 

cases although from the rates of the homologous reassociation reactions kidney 

complementary ' appears to be made up of a higher proportion of more highly 

reiterated sequences, From the second cycle homologous and heterologous 

hybridization reactions It is however, clear that a considerable overlap 

exists between the sequeC; 

similar result was s,rn 	 c 	 1964 

immobilised 1)Nt. hybridization procedure with toti1 

The second cycle heterologous reaction using kidney 'NA is interesting 

and difficult to interpret for it is odd that the heterologous should be 

almost as extensive as the homologous reaction. Although the differences are 

small the rate of reaction is greater in the heterologous case. This effect 

can only in part be due to concentration of RNA sequences. The results could 

possibly be explained in terms of stability requirements if kidney 111MMA had 

less stringent regiirements than liver NINK in the formation of a stable 

hybrid duplex. Relaxed conditions for duplex formation would result in 

higher sequence reiterative values although it need not necessarily mean that 

the reiterated fraction constitutes a greater proportion of the total. All 

reactions with NiNA from kidney should then proceed faster and more extens&vel3 

than those with liver NNP because the kidney cornple:entary sequences In the 

DNA should be of higher reiterative values. The performance of kidney N"NA 

in the second cycle heterologous reaction could thus be explained in terms of 

the liver sequences being raised in reiterative value relative to that in the 
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homologous reaction4 A knowledge of the base constitution of the non-

ribosomal NNA 'a from liver and kidney would be of considerable value in 

interpreting the results seen. If indeed it were known that kidney NRNA 

was higher in G C content than liver N'RNA it would help substantiate this 

interpretation. 

Nuclear 'RNA is known to be both heterogenoua in size and in its rate 

of turnover in the nucleus (Brown and turdon, 1964;  Nemer and Infante, 1965; 

Gazarjan, 1966; Samarina, 1964; Ingle at a]. 1965).  S edimentation coefficients 

vary between 15 and 60s, with a main peak of about 18 and more or less 

heterogenous material in the region of 20-30. 'Rapidly labelled 'RNA is seen 

first in the higher coefficient values of the gradient and spreads throughout 

on longer times of labelling. Initially the label in NA Aas800iated with the 

chromosomes. This RNA fraction sediments principally over the range 25-309 

although a considerable fraction shows greater size heterogenttty at still 

higher values (amarina at a]., 1965; Georgiev et a]., 1963). 	The existence 

of a rapidly labelled high molecular weight TTA fraction confined to the 

nucleus has been established beyond reasonable doubt, but its fate and 

relation to r'RNA's and m'RNA'a are controversial. Two basic interpretations 

can be considered: 

I. The high molecular weight 'RNk molecules are marked by an exceedingly 

high turnover rate with a half life of about 2-20 minutes (warner et al, 1966: 

Attardi et a]., 1966; Gazarjan, 1966). They are made and degraded inside the 

nucleus (Harris, 1963, 19(*;  !!iarner et al, 1966; Attardi et a]., 1966). 

However, although rapid labelling of this 'RNA is consistently observed, 

unequivocal proof of rapid and complete degradation has not been presented. 
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Experiments with actinomycin D indicate that either there is not a preferentia 

degradation of rapidly labelled RNA (Attard.i at al, 1966) or it is more stable 

than rRNA precursor (leapp and Mandel, 1966). On the other hand some 

investigators point out that at least a fraction of newly synthesised RNA is 

unstable and degrades upon transfer of the cells to non-radioactive medium or 

in the presence of aotinomyoin (Scherrer at al, 1963:  Grozclev and P±ohnov, 

1964). Under these conditions the heaviest fractions of the raidly labelled 

NA are shown to disappear completely from the gradient ((azarjan, 1966). 

Despite the controversies concerning the rate and conditions of breakdown it 

appears to be generally agreed that RNA is made and broken down in the 

nucleus without ever having left it, this may suggest an as yet obscure 

function for the short lived fraction of WNL. 

2. The high molecular weight'RNA is a precursor of cytoplasmic m!NA and 

because of its large size may represent a polycistronlo miTA (Scherrer, 1965; 

Scherrer at al, 1966). Tracer kinetic data must however, rule out a direct 

precursor-product relationship Attardi at al, 1966). In addition the 

operation of special mechanisms selecting only the mNA segments needed for 

cytoplasmic translation must be 1.nvisaged (Scherrer et al, 1966). 

Since neither view alone embraces all of the facts, the existence of two 

parallel pathways of high molecular weight RNA turnover in the nucleus has 

been considered (Soeire et al, 1966). 

A precursor-product relationship has been argued by Hadjiolov (1967) on 

the basis of RNA synthesis rate. Goldstein at al (1965) presented data which 

allows the calculation of the estimated time of completion of precursor PNA 

of about 80-160 minutes. Although very little data is available on this 
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topic !adjio1ov concludes that the completion time of one 'NA molecule in 

animal cells could perhaps be reckoned in hours. (reenburg and Penman 

(1966) estimated a lower limit of two to three minutes for the completion of 

45S rNA in HeLa cefle. On the other hand a kinetic study showed that the 

degradation time is within one or two minutes (cazarjan, 1966). These 

results are contradictory and they show the difficulty of arriving at 

sensible conclusions regarding nuclear RNAU  The discrepancy must be even 

larger in non-growing cells where the overall rate of RNA synthesis is ten to 

one hundredfold slower. 

Certainly it is a plausable solution to this paradox to accept that high 

molecular weight NM_ is a precursor of other RNA molecules. Since it cannot 

be the immediate precursor of any type of cytoplasmic RNA (Harris, 19 64) 

conversion into stable NNA 's has been suggested Hadjiolov, 1967). 

Transformation of high molecular weight PHA into stable 13 RNA has been put 

forward by several workers (c.eorgiev, 1961+ Floyd, 1966; Brown and Curdon, 

1964; Steele and Busch, 1966). It is interesting that the maximum template 

activity of RTIA in protein synthesis resides in the 185 region of sucrose 

gradients (Braverman et a]., 1963; Di. Giralamo at al, 1961k). Formation of 

stable 18S RNA is, however, rather a slow process, which is not compatible 

with the high rate of turnover of high molecular weight early labelled RNA 

(Ceorgiev, 1966). 

On the basis of tracer kinetic and hybridization data teorgiev has 

concluded that the TNA of the nucleus can be divided into two classes. 

Ribosomal "NA, derived from the 455 precursor, and heavy raidly labelled 

DNA-like RNA. This latter class was subdivided into (achromosoma1 185 RNA 

which is ultimately found as mRNA in the cytoplasm, and (b) an RNA fraction 
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which functions and is broken down in the nucleus (for review see (eorgiev, 

1967). At best, tracer kinetic data is inconclusive. The validity of the 

argument of an DNA restricted to the nucleus appears to lie in hybridization 

results. 

Samarina et al (1965) studied hybrid.izability between DNA and different 

DNA fractions prepared from nuclei by the hot phenol method.. It was shown 

that the hybrid.izebility of non-ribosomal'-RNA is lower by a factor of 10 to 

25 than that of the rapidly labelled high molecular weight DNA. An increase 

in the DNA/NA ratio leads to a proportional increase in the percent of 

hybridization until saturation occurs and a further increase in DNA raises 

the percent of hybridization only slightly. These results were obtained 

using an immobilized DNA hybridization system. It is important to note that 

the same amounts of DNA from different extractions of DNA prepared at 

different temperatures was used. No account was taken of the proportions 

of the relative non-rDNA sequence concentrations in each. This result 

merely reflects the heterogen*ty of NRNA with regard to phenol extraction 

temperature. 

A further series of experiments, performed in this case by Anon and 

eorgiev (1967) and reviewed by Ceorgiev (1967),  studied the relative 

complementanity of labelled NRNA from different zones of a sucrose gradient. 

Nuclear DNA appears on a iuorose gradient with a main peak position about 185, 

with a considerable amount of heterogerua material to values up to 50 or 

even 60s (Samanina et al, 1965; Georgiev et al, 1963;  Ingle et al, 1965; 

Yoshikawa et al, 1964; Gazarjan et al, 1966). Newly formed NA, detected 

by the incorporation of pulsed labels appears first in the heavier zones of 



the gradient and only at longer times does it begin to follow the tl IT 

distribution. 

Hybridization experiments with RNA derived from gradients after different 

times of labelling showed that rapidly lsbelleI. heavy NA hybridized better 

than the total NRNA and also better than 18. It was inferred from this 

that the heavy early labelled fraction contained replicas from a larger number 

of oistrone than did the 188 component. Several other interpretations are 

open to these results particularly considering the conditions of the experi- 

ment which employed high ratios of DNA/.NA. In that the same amounts of NI 

were used from each fraction of the gradient, the effective concentration of 

sequences in that fraction about the 18$ region will be lower since must of 

this fraction will be made up of ribosomal !NA sequences. 

Arian and Ceorgiev performed further studies by re-cycling RNA, 

unoomplexed after first annealing to DNA, with new portions of DNA. It was 

found that after the first transfer the hybridization percent falls rapidly, 

but after the third or fourth transfer it stops at a relatively low but 

signifioantly constant level, at both long and short labelling times. Brown 

and Curdon (1966) observed a similar effect in labelled RNA derived from the 

anuoleolate mutant Xenopus laevis where no rNA can be labelled. It was 

concluded from these results that the bulk of the NNA is represented by 

replicas from a relatively limited number of oistrons. In both of these 

experiments high ratios of DNA/N& were used, and in both cases 10 to 20! 

of the RNA was hybridized. !ith only small changes in the percent bound 

after the first cycle. It has been suggested by Church and 1oCarthy (1968) 

that these results reflect the transcription of non-reiterated sequences in 
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the DNA although insufficiently high Cot values were employed to react all but 

the most reiterated DNA. The difference in the results seen between NA 's 

after dferent labelling times in the Anon and Ceorgiev experiments 

requires more careful consideration. RNL recovered from one hour 

labelling of the cells showed some 2W hybridization to the DNA on the first 

cycle. 1NA labelled for 20 hours gave less than half of this value. Each 

gave similar values on a second annealing and each showed constant background 

values on subsequent hybridizations with new samples of NA, the values being 

higher with the long-labelled RNA. This result shows that only 205 of these 

RNA preparations was effective in their reactions with DNA. The hybridizstioii 

reaction with longer labelled RNA is obscured by the presence of non-reacting 

labelled species of RNA at the concentrations employed. 

The final experiments from Anon and (eorgiev involved competition 

reactions between labelled NRNA and unlabelled cytoplasmic competing RNA. 

The heavy early labelled fraction was shown to be reduced by 20 of its 

unoompeted hybridization value whilst the 183 fraction showed over 507' 

reduction. These values are of the order expected on a sequence oonoentrattor 

basis. Highest values could be expected for the heavy early labelled. 

fraction because of the relative absence of zNA sequences; in competition 

with cytoplasmic 1N& the observed effect should be less than for the 183 

fraction which should have a lower effective concentration because of the 

presence of r!NA sequences. These results, like those of Shearer and McCarthy 

(1967) are inconclusive in their demonstration of M sequences restricted 

to the nucleus. 
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Considering the relative concentration of non-ribosomal RNA sequence 

between cytoplasm and nucleus, it is perhaps a little surprising that 

cytoplasmic RNA competes to the extent observed. This might, in part, be 

explained from the lower specificity of the rection of cytoplasmic R?U. 

revealed in the lower Tm on melting the hybrid (Results section c.). 

Certainly, if the requirements for a stable duplex were relaxed for one 

particular fraction of RN& relative to another the complementary family size 

would be larger and the reaction would be faster and more extensive. A 

similar effect has been shown for the cytoplasmic RNA in competition experi-

ments (Birnboim et al 1967). In this case competition specificity was 

reduced when mammalian cytoplasmic 'RNA was used as the competitor. This 

effect may be due to the base constitution of the effective cytoplasmic 

sequences, 

The most convincing evidence for the restriction of an RP& fraction to 

the nucleus comes from Harris and his associates. Tn this work the 

heterokaryon oefl was employed to considerable advantage. 	Methods were 

devised for recovering and separating nuclei from heterokaryows between HeLa 

and hen erythrocytes (Fisher and Harris, 1962). The hen erythrocyte nucleus, 

when incorporated into HeLa cell cytoplasm enlarges and produces increasing 

amounts of RNA as it gets bigger. Analysis of the RNA made in the two types 

of nuclei showed that normal 28 and l RNA. as well as the rapidly labelled 

high molecular weight RNA were being made in the HeLa nucleus, whilst only 

the rapidly labelled high molecular weight RNA was synthesised in the hen 

nucleus. The presence of hen protein synthesis in the cytoplasm was 

investigated by immunological methods, and could not be detected. An even 
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more sensitive method failed to detect hen specific surface antigens 

(Tatkins and Grace, 1967).  Thus the HeLa call nucleus appears to dominate 

protein synthesis in the heterokaryon, even in the case where only one !!eLa 

nucleus shares a cytoplasm with several hen nuclei. 

The question arises whether the 1 N& being turned over in the hen nuclei 

passes to the cytoplasm but fails to programme HoLe ribosomes, or whether it 

remeiniT restricted to the nucleus. Sidehottom and Harris (1968) showed that 

by irradiating the HaLe nuclei in the heterokaryous they could completely 

cancel Hate NRNA synthesis. Subsequent to irradiation the heterokaryon was 

incubated with labelled RNA precursors, it was found that the erythrocyte 

nuclei continued to synthesis, TNA, but this labelled 'RNA did not appear to 

be transfered to the cytoplasm. Since the hen nucleus contains only inactive 

vestigial nucleoli no r1NA was being synthesised, thus the RNA synthesis 

observed must be of the heterogerus polydieperse class. 

The macrophage, like the hen nucleus in the heterokaryon, is without 

nucleoli. Watts and Harris (1959, and Harris 1959) showed that virtually 

all of the rapidly labelled polydisperee flM?I synthesised in the macrophage 

nucleus could not be detected in the cytoplasm. Actinomyoin T) produces gross 

structural changes in the nucleolus (Schoef'l, 1961.) at concentrations which are 

too low to inhibit the transcription of RNA elsewhere in the nucleus (Perry, 

1963). When cells which have been incubated with radioactive 1Vi precursors 

are exposed to aotinomyoin !) the labelled RNA in the cell nucleus widergoes 

degradation, and again very little of it in transfered to the cytoplasm 

(Paul and Struthers, 1963). Clearly, the nucleus does not transfer genetic 

information to the cytoplasm unless it has a functional nucleolus and it is 
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therefore reasonable to conclude that this structure and thus rNA is 

involved in some fundamental way in the process of information transfer. 

Intranuolear RNA turnover is much more pronounced in stationary or 

slowly growing cells, or in cells tranafered from a rich to a poor medium, 

than it is in cells growing exponentially (Attardi at al, 1966 Haussais at 

al, 1966;  Bellamy, 1966). In this situation, and in the macrophage nuclei, 

it is certain that RNA is made and totally broken without leaving the nucleus. 

There is some evidence that 28 3 exists in a pool in the nucleus though 185 

does not and is observed, consequently, to turnover faster (Perry, 1966). 

Harris (1968) has suggested that the r4d turnover of the 185 region of the 

gradient may in fact reflect the turnover of the rapidly labelled polydisperse 

component. This, Harris claims, has the same average polynuoleoticle chain 

length as the 185 RNA detected by ultraviolet absorption, the difference in 

sedimentation reflecting a difference in shape and not size although this 

view is not supported by other techniques for determining RNA size (Soherrer, 

1967; Loaning, 1969). 

Apart from the observation that synthesis of polydisperse 185 occurs all 

over the cell nucleus, the 18s fraction also contains several species which 

are selected out on MAX chromatography (Bramwel]. and Harris, 1967). Further-

more the specific activity of labelled ribosomes in the cytoplasm shows that 

28 and 188 components are not closely coupled in their synthesis. Under 

certain conditions of labelling the 185 traction may be labelled whilst the 

28S is not(Perry, 1966). Also the cytoplasm does not appear to contain any 

ribosomal subunits which have additional RNk attached to them (Perry and 

Kelley, 1966). Despite differences in the relative rates of turnover of the 
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two ribosomal RNA components, it is clear that they are derived from one 

precursor molecule (Birneteil et al 1969). 

Though it is not surprising that a fraction of !N& purporting to be 

'messenger' should be made all over the nucleus, it is somewhat astonishing 

that it should be made in such amounts,, In other words far more RNk is made 

than the fraction that becomes functional. Furthermore, if the generally 

held values of molecular weight are accepted (Boherrer and Marcaud, 1965) then 

a large fraction of the non-ribosoma]. RNA produced exceeds by, about 50 fold 

the expected and observed molecular weights of messenger molecules (Keuchler 

and Rich, 1969). Yet, the rate of formation, base composition and the 

ability to stimulate protein synthesis in a cell free system (Scherrer et al, 

1963), supports 'messenger' designation for the polydisperse fraction of 'MA. 

If this fraction is indeed a polyoistronic precursor molecule, then the 

question remains whether all of the RNA sequences found in the nucleus are 

found in the cytoplasm? Given that certain sequences are broken down in the 

nucleus, are these sequences the same or different from those sequences trans-

lated in the cytoplasm? 

Due to the lack of specificity in the mammalian nucleic acids hybridization 

reaction this technique cannot give a definite answer to this question. The 

results may show that there are many copies of only a few sequences, or 

alternatively, that there are relatively few copies of many sequences. In 

that the sequences hybridized are members of extensive families of sequences in 

the DNA the alternatives cannot be resolved. The answer to this question is 

critical to an understanding, not only of the control of transcription and 

ultimately of protein synthesis, but also to an understanding of the organization 
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of the sequences in eukaryote DNA. 

Britten and Davidson (1969)  and Ceorgiev (1969) have postulated regulatory 

roles for the reiterated sequences of the DNA. rn each case the models 

derived have 1NA. restricted to the nucleus fundamental to their framework. In 

the Britten and Davidson model the reiterated sequences of DNA are seen as 

regulatory in function with mediation through sequence epeoifie complexes, with 

nucleus restricted RNA's. The type of complex suggested is between double 

stranded DNA and single stranded M. Bekhoç at el (1969 a and b), have 

presented evidence suggesting that sequence specific binding between chromosomal 

NA and genomlo DNA. determines the sites at which the transcription-inhibiting 

chromatin proteins bind to the DNA.. The model also allows for mediation 

through proteins produced by the NTNA. Although experiments have shown that 

protein synthesis may occur in the nucleus, and in one case totally in the 

nucleus (omme1 & Bessman 1964), they are largely unconfirmed. !renster (1963) 

suggested that TZNA might act effectively as a derepressor by annealing with the 

nonsense strand of the DNA thus leaving the sense strand open for transcription. 

This mechanism certainly would account for repetitious sequences, for the 

complementary strand at the derepressor RNA's transcription site must be 

identical to the sense strand being do-repressed. In either case, from the 

rate of production of N1NA its role must be a short lived one and must also (if 

they are up to 60s in size) cover up to 20,000 bases of the DNA.. 

The Georgiev model is altogether more precise and has more experimental 

data to substantiate it. Based on the operon model of Jacob and Monod (1961) 

it consists of two main parts: promotor-proximal acceptor (or non-informative) 

sane, and promoter distal structural (or informative) zone. The non-informative 
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zone contains acceptor loot which do not carry any information but 

specifically interact with regulatory proteins. The informative zone oontain 

structural and regulatory genes carrying information regarding structural 

proteins, enzymes and regulatory proteins. Different operons may contain 

identical or similar acceptor loot, the most multiple acceptor loot being 

localized in the proximal part. On the other hand, one operon contains a 

number of different acceptor loot, reacting with different regulatory proteins 

It is suggested that the whole operon is transcribed and consequently a 

large RN!1 molecule is produced. The replica from the non-informative part 

of the operon is then degraded and the structural zone, now a 'messenger' 

molecule is transfered into the cytoplasm. 

Certainly this model provides a plausible explanation of known facts such 

as the formation and turnover of large RN1 molecules, and the presence of 

closely related sequences and their scrambling with non-reiterated sequences 

within the genome (Britten and Kohne, 1965). It has been shown that the bulk, 

if not all of the high molecular weight NRNA is combined with protein 

particles (Samarina at a)., 1965; Perry and volley, 1968). These proteins 

are aggregates of high molecular weight consisting of a number of subunits 

(Samarina at al, 1968; Krioherskaya and Georgev, 1968). On the basis of 

this model it is possible that these protein particles are involved in 

regulating breakdown of the large RNA molecules to 'messenger' size. This 

model is substantiated by the large body of evidence in support of the scheme 

of breakdown of the 15S ANA precursor molecule to produce the ribosomal RNA 

subunits. It was demonstrated in aotinomycin chase experiments that the 

giant 4.5( rQXA breaks down to produce the 28 and 183 rRNA 's of the cytoplasm 
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(Scherrer at ml, 1963; Perry et ml, 196). Also it has been demonstrated 

that the process of breakdown is non-conservative, almost 5O of the 115S 

molecule being broken down completely (Lerman at ml, 1965; Jeanteur et ml, 

1968; Willem* at *1, 1968; Quaglisrett and titossa, 1968). Strong support 

of this model also comes from the observations of Hell (1964) and Wilt (1965) 

who demonstrated that initiation of haemoglobin formation in explants of chick 

embryos is resistant to actinomyoin after the seven semite stage but can be 

inhibited by puromyoin. These results can beet be explained by assuming that 

a pre-existing 'stable' messenger is made to function by controls after 

transcription of the haemoglobin gene, but before the onset of translation. 

The experiments of Paul and Gilmour (1966 and 1968), Ar3anieva and icozlov 

(1966) and Ananiova at ml (1968) might be interpreted to provide indirect 

evidence for involvement of the reiterated sequences in the regulation of 

transcription. These workers obtained in vitro synthesised RNA from chromatin, 

de-histoned chromatin and de-proteinised chromatin. Annealing each of these 

preparations with DNA from the same source as the chromatin and at the same 

concentrations, showed that the NA made on the de-proteinised DNA hybridized 

about five times better than that from whole obromatin and twice as much as 

that from de-histoned chromatin. Furthermore, tissue specific differences 

could be demonstrated between the RNA. made from chromatin derived from 

different tissue. At the concentrations used, hybridization must have been 

restricted to the repeated sequences. 

rt is easily seen that any model for the mammalian genome based on the 

Juxtaposition of control and informational sequences will immediately 

experience quantitative problems when translooation is considered. Clearly, 
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with each translocation the control sequence requirement must be doubled for 

it is known that as closely related characters as the polypeptl.de  chains of an 

enzyme molecule may be situated in two distinct chromosome loci and on two 

different chromosomes (Horovits and )cetsenbergar, 1965). It is difficult to 

understand why the reiterated sequences or the polydisperse RNA of the nucleus 

should be thought of as regulatory at all, other than the obvious fact that 

there is at this date no other easily assignable role for them. 

Fairly large differences in the hybridization of the reiterated sequences 

have been detected between differentiated systems, both in hormonal response 

(o'lAallery at el, 1968) and in embryonic development (Glisin at el, 1966; 

Church and McCarthy, 1967). Differences amounting to 100 were observed 

between the measured RN.A's in the successive stages of the embryogenesia of 

Xonopus (Davidson at el, 1968). If all of the'RNA hybridized in these 

situations was 'control' TN& one would have a situation in which the 

regulatory molecules were almost as varied as the genes themselves. Clearly 

the regulatory molecules cannot be as varied as the genes, nor can they even 

remotely approach such a situation; if it were so, then the informational 

potentiality of the genome would be consumed in self-regulation. 

When the stability requirements of a reassociated molecule are considered 

it is surprising that related sequences do not constitute a greater proportion 

of the genome. walker (1969) concluded that the stability requirements may 

be met by 20 base pairs and possibly even fewer. On this basis sequences 

that are seen as reiterated might well be expected to be expressed as proteins 

for it is reasonable to suggest that many proteins will share sequences of 
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seven amino acids. This hypothesis does not at first sight gain much support 

from complementarity studies, Hybridization values as high as IW, of the 

genome have been observed from the 1NA. of a differentiated cell. Paul and 

Gilmour,, 1968) and differences as large as 80 between different tissues 

(Church and McCarthy, 1968). Considering the number of differentiated cell 

types there is Insufficient DNA in the genome to cover the requirements if the 

sequences hybridized were 'informational'. The same argument, however, has 

been used against the sequences being 'control'. It is doubtful whether this 

paradox could be settled assuming that both 'informational' and 'control' 

sequences were hybridized when taking into account the values involved. Tt 

is possible that different RNA's from different sources may have different 

stability requirements and thus account for the observed hybridization vauies. 

The results of tissue comparisons presented here (results section L) differ 

considerably from the results of tissue comparisons obtained from the 

immobilised DNA technique employing competition hybridization (Church and 

McCarthy, 1968). Since the salt concentrations and temperatures employed 

were roughly the same it is difficult to see why the differences should be so 

great unless one assumes that the immobilized DNA hybridization procedure is 

more demanding in its stability requirement and is thus more sensitive, 

consequently revealing greater differences. However, as the overall amount 

of the genome bound is roughly the same in both cases it is reasonable to 

conclude that the two procedures are of equal sensitivity. 

The scheme of work presented for studying sequence homology between the 

nucleic acid species has many appealing aspects. The extent and rate of the 

hybridization reaction can be measured and from this the effective concentration 
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of sequences in the RNA. The re-cycle homologous reassootation reaction 

shows the proportional distribution of family sequences complementary to the 

different RNA preparations. The recovery of the DNA strand from a 

hybridization reaction and its further reaction can provide a great deal of 

information. This is most clearly seen in tissue comparisons(Results 

section ii.). 

From a comparison of the second cycle reaction it is clear that the 

distribution of RNA 'e are distinctly different in the liver and kidney. A 

much higher proportion of RNA sequences in the kidney are complementary to 

more highly reiterated families of sequences in the DNA than in the liver NA. 

The difference is however, one of proportion, for liver RNA also has a fraction 

complementary to these sequences in the DNA. The liver RNA would appear to 

have a greater range of oomplementarity to sequences in the DNA from the 

extent and rate of the homologous reassooiation reaction. Using oomplernentar3 

strands of DNA derived from an incomplete first cycle reaction, the differencet 

between tissues is even more marked in the second cycle homologous reassoo-

iation reaction. It may be concluded from this result that a greater number 

of different family sequences have hybridized with liver NRNA than with kidney 

NRNA on the first cyole. This is seen in the rate and extent of the second 

cycle homologous remesociation reactions. Kidney complementary DNA reacts 

with sequence families that are proportionally more highly reiterated and 

thus the reaction progresses faster than does the liver complementary DNA 

reaction. The liver RNA is quite different in its oomplementarity distri-

bution. Although it has membership within the more highly reiterated families 

it has a more even distribution between the families, 



The second cycle hybridization results show that different families of 

DNL sequences have hybridized with the RNA's from the two tissues; this is 

seen in the differences between the second cycle heterologous hybrid reactions 

This result considered with the second cycle homologous reassociation reaction 

and the first cycle hybrid reaction presents a paradox. both first cycle 

reactions attained similar hybridization values and, in the second cycle 

reassociation reactions although the rates were different, the overall extent 

of the reactions were the same. Yet, the second cycle heterologous 

hybridization reactions show differenoesJ This can only be explained by 

different families occurring with about the same reiterative values. One 

such family set must have its complement more frequently represented in liver 

NTNA and the other its oompleznent more frequently represented in kidney. The 

emphasis should be on the word 'frequent' for the differences can only reflect 

the effective concentration of the RNA species themselves. 

Although most proteins may be expected to fall into families having a 

common sequence of seven amino acids there must occur exceptions. The 

informational sequences in the MA for these proteins will fall into the 

'unique' category. Since it is difficult and perhaps even impossible, with 

the available techniques, to hybridize these oistrons, the differences that 

are observed in hybridization experiments must be minimum estimates. 

Therefore studies in homology with the mammalian genoa., either in 

reassociation or hybridization will continue to be limiting because of the 

complexity of the genoa. itself. The relaxed conditions of reaction 

specificity relative to the simpler genomee makes interpretation of the results 
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difficult, and the conclusion drawn can only be tentative. 

Further resolution may possibly be achieved by firstly resolving the 

karyotype. If an organism contained 4.0 chromosomes then the isolation an 

recovery of one of these should reduce the complexity of the DNA by one 

fortieth of the total. Similarly, the effective concentration of the slow 

sequences would be increased by a factor of forty. This is arrived at by 

assuming that firstly, all of the chromosomes are of the same size, and 

secondly, that there is bias in the distribution of sequence families between 

chromosomes. If members of every family of sequences were represented on 

every chromosome then the DNA for one chromosome would be as complex as the 

total and only the effective concentration of the unique sequences would be 

increased. Chromosomes are, however, not of uniform size and in the cases of 

very small chromosomes, some of which can be no larger than the R.coli genome, 

proportional representation of family sequences would result in a unique copy 

situation. If this Is unlikely, since it is generally held that increase in 

genome size resulted from the tandem duplication and subsequent divergence of 

already existing sequences, then the small chromosomes van only be made up of 

one, or a very small number of families. Reducing the larger chromosomes in 

ii.* should present a similar situation. 

It is likely that the polytene chromosomes of insects will be most 

ammenable to this type of approach. Expressly from the point of view of NA/ 

DNA relationship, the separation of a single insect chromosome with only one 

puff should provide the ideal material to resolve many of the problems that 

emerge due to the complexity of the DNA and the heterogeneity of the 'RNA 

species. 
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Appendix I 

The Isolation of !tNA/DNk Hybrid Molecules by Buoyant-Density Centrifugation. 

Introduction. 

Because of the difference in density between DNA and RNA equilibrium 

density centrifugation was an obvious choice of technique for the separation 

and recovery of hybrid molecules. That this technique has not enjoyed wide 

application can probably be accounted for by the fact that, in general, only 

very email amounts of hybrid have to be resolved from the very large amounts 

of non-hybridized material. But there are other limiting factors, principle 

among which has been the extent of separation of the hybrid component. In 

the case of the heavy ribosomal cistrons of Xenopus laevis, which not only 

make up a proportionally larger fraction of the genome than that generally 

seen, but which are also in themselves distinctly separated from the major 

component of the DNA, resolution of the rDNA/r%NA molecules was clearly 

demonstrated (Wallace and Birnstiol 1966). Hybrid molecules formed with 

DNA from within the major fraction of the genome present a more difficult 

problem. 

Since the equilibrium position of a molecule in a density gradient is 

determined by the density of the molecule it must be dependent, in the case 

of a hybrid, upon the ratio of 1NA: DNA is the molecule. Thus the greater 

the proportion of TNA making up the hybrid the greater the distance of 

separation from non-hybridized DNA in a density gradient. Hybrid molecules 

formed between PNA and sheared DNA should on this basis be more easily resoivet 

from the non-hybridized material than those formed with high-moleouler weight 
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DNA, since the bnsity of the molecule should be greater du, to the 

proportionally greater amount of RNA making up the molecule. 

The quantitative limitations of the technique already mentioned, could 

to some extent be relieved by prior fractionation of the DNA, or by prior 

enrichment of the hybrid component of the total nuoleic acid placed on the 

gradient. Removal of the slowly renaturing sequences of the DNA would in 

this respect, be to an advantage as would the recovery of only iuplexed 

material from the reaction mixture prior to centrifugation. 

In this work RAP was used with some success for enriching the amount of 

hybrid in the total amount of material on the gradient. Though HAP chroma-

tography is limited to some extent in its usefulness, being restricted to 

sheared DNA, and also because of the further reduction of molecular weight 

during the chromatographic procedure, these factors as already discussed can 

actually be to an advantage in the subsequent resolution of hybrid molecules. 

Results 

The practical procedures were as described in the section 'Materials and 

Methods'. Unlabelled DNA was prepared from mouse livers, 32  P labelled RNA 

was prepared by the hot phenol method from L cells and from nuclei derived by 

the citric acid procedure from L cells. 

Reiterated sequences in the DNA preparation were enriched in certain of 

the experiments described by prior renaturation to a Cot value of 10 and 

subsequent recovery from HAP. In other experiments the hybrid component on 

the gradient was enriched by recovery from RAP of the total duplexed material 

from the reaction. In both cases recovery was by salt chromatography. Tn 



all eases the gradients were made up in 0.12 !IPB. Centrifugation was perfor-

med in the VSR 8 x 25 angle rotor, the conditions, the fractionation procedure 

and the measurement of radioactivity and optical density were an described in 

the 'Vethods' section. 

Tn the first result shown Mg. 13*) the hybridization reaction was 

performed using total unlabelled DNA. (1x1omgrLL) and total cellular 32p ;tNA  

(ion1)specific activity 1.12 x 106  cpa/mg) in 0.12 MPB for 4. hours at 

60°c, a total incubation volume of 125 ale. was used. After incubation for 

4. hours the total duplexed material was recovered from ffAP in two fractions, 

that eluting between 0.12 i and 0.2 YPB and that between 0.2 and 0.3 OR-

The former showed no detestable retention of counts on nitro-cellulose filters 

subsequent to fractionation of the gradient, whilst the latter showed the 

fractionation pattern shown (Fig.139). About 2O of the 0!) was recovered in 

the 0,2M  to  o. 3m salt fraction of the obromatogran and some 1% of the 

radioactivity. The total amount of duplex material recovered over the 0.2W 

to 0. 3)t?B region was split into four centrifuge tubes, each tube containing 

about 4. 0!) units at a density of 1.70 gee. en C.Cl. By rough calculation, 

at least 759 of the input 0!) on the gradient should be made up by BNA. 

After fradtionat ton corresponding fractions from the four tubes were pooled 

and the 0!) determined. TNk/!W duplexes were then trapped on nitro-cellulose 

filter discs and the radioactivity measured. About 2.5% of the radioactivity 

put onto the gradient was recovered on the discs. Slightly less than 2 of 

the input 0!) was recovered from the gradient. 

The poor realution seen on fractionation (Fig.136) was not unexpected. 

Wallace and Birnatiel (1966) showed that, unlike the r0soma1 hybrid, non- 
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ribosomal 'RNA hybrid molecules were not significantly displaced in the density 

gradient from denatured DNA. There may be several reasons for this. It may 

for instance, be the case that the increase in density due to the collapse of 

the seoonds.r7 structure of the molecule, and in the case of the renatured 

component incomplete base pairing in the moleoule produces the observed over-

lap with the hybrid densities. Alternatively, the poor resolution may be 

due to the relative contribution of RNA and DNA in the hybrid molecule. 

The latter is probably the most likely explanation. 

An explanation concerning the relative amounts of NA and DNA in the 

hybrid molecule cannot, however, completely explain the result shown (Fig.13a) 

The short pieces of DNA used (about 200-250 base pairs) are at least two orders 

of magnitude shorter than the 18s rNA. molecule. Thus, unless the 'NA of the 

hybrid was considerably reduced in SISe during the procedure of isolation, an 

explanation concerning relative amounts cannot hold. In order to investigate 

the effects of TUP on the RNA of the hybrid molecule the experiment described 

above was repeated. Tn this case, however, répititious DNA was previously 

enriched by HAP chromatography and the hybrid was not chroinatographed. 

A hybridization reaction was performed with 2 X 10 3mg/ml HAP enriched 

repititious DNA and 1 X 102mg/ml 32 
 total cellular RNA. in O.12VPB at 60°C 

for 4 hours. Using a starting density of 1.70 gm cm CsCl no radioactivity 

could be detected on the filters subsequent to centrifugation. At a starting 

density of 1.78 gins. CeOl the result shown in 1'ig.l4a was obtained. The 

peak of radioactivity occurs at a density of 181 gms om 3, determined by 

Pooling these fractions and measuring the refractive index of an aliquot. 

The difference between this result and that shown in 1'ig.13a can only be 

explained in terms of the breakdown of the 'RNA. component of the hybrid 
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molecule on RAP chromatography. 

The effect of RAP on the size of 11NA was further investigated with 

respect to temperature. 	'P labelled nuclear NA (1.0 1 10 ape/mg 'x) 

was absorbed onto RAP in 0.05 VPB at room temperature (about 23°C) and 

recovered in 0,3M* This material was then used in a hybridization reaction 

with RAP enriched reptitioue DNA. The experiment performed was exactly as 

described above, CaC1 gradients being formed from a starting density of 

1.78 sm. o*. CaCI. The result of this experiment is shown in Ftg.13b. 

This experiment was repeated using the same RNA which, in this ease, had 

not been previously absorbed onto RAP. In two separate experiments, the 

hybridisation reaction was performed with rM at a concentration of 3. x 1072  

mg/el in each case, whilst the incubation time was 4. hours in one experiment 

and 8 hours in the other. The results of these reactions are shown in 

Pig.14.b together With the result of a hybridisation reaction using the same 

RNA previously incubated with 5 x 1072  agJ.1  RYZAase for 1 hour at 37°C. 

Interpretation of rigs. 13 and 14.b are difficult. The two peaks seen 

in the first few fractions of Fig.15b may be the result of partial breakdown 

of the tNA by the treatment with RAP. The peek seen in the middle region of 

this gradient occurs at a mean density lower than that of the corresponding 

peaks seen in Pig.14.b which supports the breakdown interpretation. The 

actual densities involved differ only by 0.002 ge* am 3  though the differences 

are clearly seen when corresponding fraction numbers are compared. 

The attributing of peaks to particular RNA classes is also difficult from 

the results available. Possibly the best evidence for the high density peak 

being made up of rRNA comes from the melting curves shown in Pig.15. Malti, 



experiments were performed by separately pooling filters 1 to 5 and 13 to 19 

derived from the exierirnent described above using 2 x 10 mg/mi TtAP enriched 

reitious A and I x 10 2mg/61 32P NNA incubated fork hours. Filters 

were first mashed in 10 ml 0.12 iQB at 60°c and at 5°C intervals in the same 

buffer by transferring the filters between soiritillator tubes containing the 

buffer and heated to the appropriate temperature. The tube contents were 

subsequently dried and counted. 

1!'rom !ig.15 it can be seen that the high density peak melts at temper-

atures considerably higher than the low density peak and from this evidence 

alone it is reasonable to assign this peak to r& and its !)NA. complement. 

The consistent occurrence of this peak irrespective of the source, concen-

tration, or incubation time suggests that this NA species is in great 

excess in the reaction, a feature which also supports its interpretation as 

r. 

In the absence of double-label data the melting profiles shown are, 

together with the adherence of the molecules to nitro-cellulose, good evidence 

for the banding patterns observed being due to the formation of hybrid 

molecules. 

Discussion 

Though the centrifugation experiments deribe& in this appendix were 

undertaken to obtain hybrid molecules for the purpose of studying the place of 

elution of hybrid molecules on salt chromatograms of HAP, the results in 

themselves are interesting, though they perhaps reveal some discouraging 

aspects of the effect on RNA of HAP chromatography. Indeed, if the breakdown 
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interpretation is correct then the usefulness of the HAP technique, with 

respect to the isolation of specific RXA molecules and their DM complement, 

is limited. 

Hybrid molecules on CsC1 gradients appear to band over tiodensity 

ranges, the smaller with a mean density of 1.78  gm. am-3.  These density 

positions are considerably higher than even the Xenopus ribosomal hybrids at 

saturation which showed a mean value of 1.77  gm. cm-3,(Ilallace and. Birnetiel: 

1966). The high densities observed may be interpreted in terms of the RNA/ 

1)M ratio in the hybrid and also the base constitution. 	hen filters from 

each peak region were pooled and subjected to digestion with RNAase a six-

fold decrease in radioactivity was observed from the smaller and more dense 

peak, whilst a 2.4 decrease was seen in the larger and lighter peak. This 

substantiates the deduction that the• NA : DIU ratio largely determines the 

high density banding positions. In the absence of data from experiments in 

which both nucleic acid species in the hybrid are differently labelled this 

cannot be conclusive. 

Considering the possible range of matched sequences in mammalian hybrid 

molecules it is somewhat surprising to see almost symetrioal bands in the 

density gradient. Band symetry suggests hoznogen*ty which makes the 

assignation of the larger and lower density band difficult. From the experi-

ments presented it in clear that this RNA fraction is enriched in the nuclear 

preparation and that at the concentrations and incubation times used the 

hybridization reaction has not been completed. Using higher concentrations 

of RNA was found to be impracticable for, even in the results shown, the 

gradients were greatly overloaded. Overloading the gradient, particularly 

with the RM component being in the greater excess results not only in RNA 
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pellet formation on the bottom of the tube but also the danger of CiC1 coning 

out of the solution, in ithiob case the gradient t. destroyed. Also in this 

respect the rotor tonp.retino is critical. At the high initial densities of 

CsC1 involved in these experiments even a small drop in temperature below 

25°C resulted in the CsCl coming out of solution and pelleting on the bottom 

of the tube* 

,mother work with higher specific activity 'NA and labelled 1)N& should 

prove interesting, especially regarding the NRNA low density hybrid. 

Considering the molecular species concentrations and reaction tine, involved 

in these experiments it can be concluded that the NINA component shish has 

its complement in all but the most reiterated DNA is also homogeneous with 

regard to etse and possibly with regard to base constitution. 



Fig. 13A 

Buoyant density distribution of hybrid and reassociated molecules 

recovered from HAP. 'eaotion carried out with lxlO 2mg/ml mb 1)NA, 

and 5x162 mg/  32 
total cellular NA (specific activity 1.12x106  

cpm) in 0.12YPB at 600c fork hrs. 

Open circles; optical density. 

Filled circles; radioactivity. 

Starting density 1.70 gm cm 3  CaC1. 

Fig. 13B 

Buoyant density distribution of hybrid molecules using RNA recovered 

from He 32 rNA (specific activity 
WO  

cpm) recovered from HAP 

(for details see text) reacted at a concentration of Ix, 	mg/  mg/al with 

lxLf 2  mg/ml ab DNA in 0.12 VPB at 600c. Starting density 1.78  gas 

CeC1. 

Open circles; optical density. 

Filled circles; radioactivity. 
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Fig. 14A 

Buoyant density distribution of hybrid molecules using DNA recovered 

from HAP. 

1eaotion carried out with 2x10 3  mg/ml nib DNA recovered from HAP 

(for details see text) and li162mg/ml 3P total cellular RNA 

(specific activity 1.12xlO6opm) in 0.12 !PB at 600C for 4. hrs. 

Starting density 1.7 gnis om CeC1. 

Open circles; optical density. 

Closed circles; radioactivity. 

Fig. lifB 

Buoyant ensity distribution of hybrid molecules. 

Hybridization reactions carried out using P NPNA (specific activity 

1x106  opm) at a concentration of 1x102  mg/ml with 1x10 2  mg/61 nib DNA, 

in 0.12 !PB at 600C for 4. hrs. and 8 hrs. 

Filled iirolee; reaction time - 4. hrs. 

Filled triangles; reaction time - 8 hrs. 

Filled squares; PNA&sed RNk, reaction time 8 hrs. 
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'Fig* 15 

Thermal obromatogrephy of bybrid molecules recovered from CiC1 

gradients. 

Right hand curve; high density hybrid. 

Left hand curve; low density hybrid. 

Thermal chromatography with 0.12 VP!. 
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Appendix 2. 

Derivation of the equation 

t = iog[ a3-a2x 	
] kb a -a x-abx 

from the reaction rate equations 

dx = k(a-x-y) (a-x) 	 (1) 

and 	dv  dt k(a-x-y) (b-y) 	 (2) 

From (1) and (2) 

= dx a-x 

dydx 
b-y - a-x 

-log(b-y) = -log(a-x)+log c 	 (3) 

when t=O, x=O, y=O 

-log b = -log a + log c 

.. 	logc= -lg=log 

(3) gives 

-log b a-x b-y = log c = log a 

a-x 	a . 	lo(_) = log 

b(a-x) = a(b-y) 

(4) 

-bx = -ay 

vb 	 b 

	

= - 	and from (4) ; = c x a 



In (1) 	 Ox  = k[a-x_cx](a_x) dt 

= k[a-(].+c)xj(a_x) 

k(1.+c)(ra  - x) (a-x) 

let k' = k(l+c) and d * 

than 	 dx  = k' (d-x) (a-x) dt 

and 	 dx = k'dt (d-x) (a-x) 

Integrating x and t. 

x 	 t 

ad S[ 	
1 

d_x_a_xi dxt J t  
0 	 0 

x 
r 
-log (d-x)+log (a-x)j 	= k #  t 

a-d iog: 
	

= k' t 

___ 	___ 	a1  . 	k' t = 	Flog () - log j 

k' t = 1  log d(a-.x) 
a(d-x) 

1 	d(a-x) 
= k'(a-d) log  a(d-x) 

By substitution in (5) for 	= k(1+c) 
a 

li-c 
and 

gives the equation 

- .J:_ I a3-a2x tlu9 3 2 
L5 -a X-abx 

(5) 



Appendix 3 

Work-ilow for First and Second Cycle Teaetions: 

This text should be read in conjunction with the work-flow diagram 

included. The sequence of events starts at the top left corner (Box T). 

The principle path of events is shown in heavy lines. 

1 volume of ma 1)Nk in 0. 12MP13, made up from 0.1 vol. ab DNA in alkali 

(Box T) and. 0.9 volumes 0.12teB 'Box 2) at the desired incubation temperature, 

and is passed through hAP. The oluste is retained. 

The eluste (Box 3) is brought to the same concentration and volume in 

alkali as the starting solution in Box I. Box 3 is used in two reactions. 

In the first cycle control reaction the DNA is made up to 1 volume by the 

addition of 0.9 volumes of 0.12PB from Box 2. In the first cycle hybridization 

reaction (Box A, principle pathway) the !A is made up to 1 volume with 0.9 

vol. r.NA, in 0.12PB from Box. The incubation time for both reactions is 

the same. 

After Incubation the total duplexe& material is recovered from RAP and 

after the digestion of the 'NA in alkali the WA is again concentrated and 

made up to either 0.05 or 0.1 volumes in alkali (Box B). 

Box B is the starting point of second cycle reactions. In some instanoei 

a second cycle cleaning reaction was performed in the same way as the first 

reaction event. DNA  in 0.05 volumes alkali is made up to 0.1 volumes with 

0.03 volumes 0.24 VPB from Box 6, the whole is passed through 1W' and, as in 

the first event, the eluant is concentrated and used in the hybridization 

reactions. 



{a?p] mbDNA 
01 Vol 

in 
alkali 

2 5 	 6 

1 	012 MPB mb DNA 	 024 MPB 
E32p] mbDNA 005 Vol 

in 	 0-05 Vol 
lVol I 	09 Vol alkali 

012 MPB 

HAP Nd( 3 ___ 

Fraction 	eluted 1 	Vol 
from 	HAP 	

....... 1st. cycle control 
made 01 Vol DNA/DNA 1 Vol 

in 	alkali _________ 2nd. cycle 

control 

iLA 
HAP I 

1st. cycle anneal IB  
1 	Vol 

RNAJDNA [Homologous [Homologous 
DNAIDNA L 

[ 	DNAj

in reassociation 	01 &005 Vol 	reassociation 
________________ 

DNA/DNA alkali cleaning 
4 0-1 	Vol [ 

RNA (1) 

012 M 

PVol 0-9 :i. 
Homologous 	 gouS 

4! 
hybridization 	 ation Ubd 

RNA (2) 2nd. cycle 	 cycle 

O12 MPB
RNA/DNA IDNA 

0-9 Vol 1 

WORK—FLOW DIAGRAM FOR 

lst.& 2nd. 	CYCLE 	REACTIONS 



The second cycle control reaction is performed using 0.1 volume from 

Box B and 0.9 volume 0.12 WPB from Box 2. The second cycle hybridization 

reactions are of two types. Homologous hybridization is that using the same 

RNA as in the first cycle reaction (Box 4). Heterologous hybridization 

uses different RNA (Box 43)•  In both oases the reaction is the same, 0.1 

volume second cycle MA in alkali from Box B is incubated with 0.9 volume 

NA in 0.12 M. from Boxes 4 and 41 giving Boxes C and D. 

An homologous reassoelatian reaction is performed using second cycle )WA 

from Box B together with unlabelled mb DNA from Box 5 (both 0.05 volume) and 

making up to 1 volume with 0.9 volumes VPB from Box 2. 
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