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SUNNARY 

1. Various structural investigations on ribosomal. RNA 

from Xenopus laevis are described. In the Introduction, 

the mchanism of synthesis of ribosomal RNA and the 

properties of the ribosomal genes as representing a 

multiple gene array are reviewed. The investigations 

described in the subsequent chapters centre on the 

structure of the 40s ribosomal precursor RNA, which is 

of especial interest as a well defined primary gene 
product; and on the consequences of the existence of 

multiple copies of the ribosomal genes for the structure 

of the ribosomal RNAs. 

Xenopus kidney cells are shown to accumulate 40s 
RNA in the presence of cyclohexirilide. This is made the 

basis of a new procedure for preparation of quantities 

of the 40s RNA suitable for chemical studies. 

The heterogeneity shown by 40s RNA on gel electro-

phoresis is shown to be reversed by denaturation, and 

to be exhibited also by 28s RNA. It is therefore 
believed to be caused by the existence of many meta-

stable secondary structures which are fast to form and 

slow to interconvert. 

The 5' termini of the 18, 28 and 40s RNAs are 

investigated by the method of alkaline hydrolysis. 

Although 5' triphosphates can be demonstrated in total 

RNA and in 5s RNA, the 40s RNA bears only a 5' mono-

phosphate with the terminus pG. This suggests either 
that the 40s molecule is not a primary transcription 

product or that there exists some special feature of 

transcription of the ribosomal genes. The 5' termini 

of the 18 and 28s.RNAS are bothpU. 



5. The 40s and 28s RNAs are shown to contain a sequence 

of three adjacent ribose methylatiOnS which is believed 

to be GmAmAmAp. This sequence is not at the 5' end. 

A similar methylated tetranucleotide is found in rat 

28s RNA. This, together with the end groups and the 

5' oligonucleotides recovered after labelling with 

polynucleotide kinase, disproves an earlier and much 

quoted report suggesting that the 28s segment lies at 

the extreme 5' end of the precursor molecule. 

6. A quantitative approach is developed towards the 

oligonucleotide mixtures produced by ribonuclease 

digestion. Equations are derived to express the 

distribution of radioactivity on the isosti-ch length, 
the distribution of compositional isomers on the iso-

stich length and on intensity. It is shown what 

conclusions can be drawn about a sequence from a 

quantitative study of its digestion products. 

equations is 
of isostich and 

Experimental isostiCh 

carried out for 18 

theoretical predic-

sequences approx- 

7. The range of application of thE 

determined by computer simulations 

compositional isomer separations. 
separations and "fingerprints" are 

and 28s RNAs and compared with the 

tions. The results show that both 

imate to randomness. 

8. The nature of "fingerprints" of transcripts of 

diverged repetitious DNA is considered, and a method 

is proposed for calculating the parameters of a 
sequence family from the fingerprint. The fingerprints 

of Zeno2us ribosomal RNAs are discussed in the light 

of this model. 
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Chapter 1 

I N TRO DUO TI ON 

The Structure of the Ribosomal Gen es  

• This thesis is concerned with structural studies 

on the ribosomal RNAs of Xenopus laevis. There were 

two main reasons for this work. First, the ribosomal 

genes are the best known case of a multiple gene array, 

the properties of which pose several theoretical problems. 

Secondly, this remains the easiest system to work with 

for the study of the control of transcription, not 

least because of the existence of a well defined prim-

ary transcript, the ribosomal precursor RNA. Although 

the work to be described below is concerned exclusively 

with RNA, the inferences concern the genes, whose known 

properties are therefore carefully considered in this 

Introduction. 

Xenopus laevis has been the species of choice for 

the study of the ribosomal genes and the recent work in 

this field may be said to have begun in 1953 with the 

discovery of the anucleolar mutant by Elsdale et-al. (1). 

The nucleolus is an intranuclear organelle associated 

with a chromosomal constriction called the nucleolar 

organiser, of which the normal somatic cells of Xenopus 

contain two. The mutation appeared to be a deletion 

of the nucleolar organiser. HomoygoteS had no nucleoli 

and died at the early tadpole stage, heterozygotes were 

normal except that they possessed only one nucleolus per 

nucleus. In 1964, Brown and Gurdon showed that the 

anucleolate mutant lacked the ability to make ribosomal 

RNA (2). They proposed that the genes for both the 18s 

and the 28s RNA were located at the nucleolar organiser. 

It was already known at that time that there were many 

genes for ribosomal RNA because of saturation hybridiz- 
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ations carried out with bacteria (3) and pea seedlings 

(4), and this was confirmed by Birnst!Jul et.al .(5) 

for Xenopus. The currently accepted figure for the 

multiplicity of the ribosomal genes in this species is 

600 (6). 

That the anucleolate mutant had suffered a deletion 

of the ribosomal genes rather than aflutatiOfl in a 

regulatory gene was shown by BirnsteJli's demonstration 

that the genes formed a heavy satellite (p=1.723) on 

CsC1 gradients (5). The DNA from wild type, heterozyg-

ous and homozygous recessive individuals showed the 

satellite in a ratio of 2:1:0. The formation of a sat-

ellite in DNA of high molecular weight showed that the 

genes must be clustered, perhaps all together. 

In 1968, the groups of Brown and Birnst/h reported 

essentially similar experiments which demonstrated the 

existence of "spacer" DNA in between the ribosomal 

coding regions (7,8). First, although 18s and 28s RNA 

hybridized in the same position to a CsCl gradient of 

large pieces of DNA (mol.wt. 4x10 6 ), these positions 

were separated when the DNA was sheared to a small size 

(mol.wt. 0.3x106 ). Both move to a less dense position 

and the genes for lBs RNA move slightly further. There- 

fore the lBs and 28s coding regions must be interspersed , 

and be separated by a spacer of very high CG content. 

Similar conclusions were drawn from the second experiment 

in which DNA of different sizes was pre-hybridized to 

a cold rRNA, fractionated on CsC1 and challenged with 

radioactive 18s and 28s RNA. In this experiment the 

banding position of the pre-hybrid depended on is RNA: 

DNA ratio. 

That the 18s and 28s coding regions were strictly 

alternating was strongly suggested by the discovery of 

the ribosomal precursor RNA in mammalian cells (9,10,11). 

2. 



This was shown to contain both sequences by hybridization 

competition (12). Such a "polycistronic" precursor was 

discovered in Xenopus in 1969 (13,14). In the same year 

Miller and Beatty(15) published electron micrographs of 

DNA from the extrachromosomal nucleoli of Triturus virid-

escens. These showed an axial fibre with "matrix units" 

of about two microns alternating with matrix free units. 

The matrix units consisted of polarized fibres attached 

to the axial fibre, which were longer at the distal than 

at the proximal end. Experimants involving nuclease 

digestion and labelling with radioactive RNA precursors 

indicated that the axial fibre was DNA and that the 

fibres of the matrix unit were growing chains of RNA. 

A "blister map" of ribosomal DNA was constructed in 1971 

by Wensink and Brown (16). They employed electron mic-

roscopy of DNA partially denatured in alca1i and found 

the repeating unit to be 5.4 microns in length. 

The arrangement of the 18 and 28s segments in the 

repeating unit has recently been established by electron 

microscopy of partially denatured precursor RHAs (I.Dawid 

personal communication). In addition, the 5.8s RNA 

coding region has been localised by shearing and hybrid-

ization experiments (J.Speirs, personal communication). 

The structure of the repeating unit now seems to be as 

shown in Fig. 1.1. 

za 
jene14  
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5' 
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Fig.l.l Arrangement and polarity of the ribosomal 

repeating unit. 
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Multiple Gene Arrays 

The ribosomal genes form one example of several 

multiple gene arrays now known to be present in 

higher organisms. Other molecules coded for by 

multiple DNA sequences include the histones (17), 

transfer RNA (6) and 5s RNA (18). The genes for 

immunoglobulin V regions seem to exist in the germ line 

as a large number of related sequences (19) and in 

addition the higher organism genome contains a large 

fraction of kinetically defined "reiterated DNA" (20) 

of which at least some is transcribed (21), so it is 

quite possible that additional multiple gene arrays 

remain to be discovered. 

There are three classes of theoretical problem 

which are associated with the multiple gene arrays, and 

they are not usually clearly distinguished: 

How are the multiple copies formed in the first 

place? 
How do they spread through an interbreeding pop-

ulation ? 
What is their mode of evolution after they have 

become established ? 

Before discussing these problems we shall briefly review 

the properties of the better known cases, starting with 

the ribosomal genes. 

In Xenopus laevis, the ribosomal repeating unit is 

present in about 600 copies per haploid genorne (in other 

species the numbers vary between 160 for yeast and 14000 

for the Chinese cabbage (22)). These copies are clustered 

at the nucleolar organiser. There is no melting point 

depression after denaturation and reassociation of the 

rDNA of either a single individual or of a group of indiv -

iduals in the same species (23), which suggests that the 

multiple copies are very similar or identical. The group 
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Of D.D.Brown have studied the ribosomal genes of . a 

related species, Xenopus mullen (24). These are organ-

ized in the same way as the genes of X.laevis, and the 

rRNA of the two species, hence also the coding.regiOflS 

of the genes, are believed to be identical. However, 

the spacer regions (including the transcribed spacer 

which will be referred to. hereinafter as "excess") are 

very different by base composition, by hybridization 

to heterologous cRNA and by comparison of "blister maps". 

So it would seem that the ancestor to the two species 

had the repeating unit arrangement and that after the 

reproductive isolation the spacer regions have rapidly 

diverged in sequence while the coding regions have re-

mained.conserved. Each change has been fixed both 

vertically (in the population) and horizontally (in the 

tandem repeats). 

The 5s RNA genes of Xenopus present a similar 

picture with one important difference. The genes from 

X.laevis were isolated by Brown et-al. (18) by a 

procedure involving four eauilibriurfl gradients. The 

genes have a much lower CG content than would he 

predicted from the 5s HNA sequence, and a study of the 

blister map suggested that the spacer was six times the 

length of the coding region. The 5s genes from X.nulleni 

were described two years later (25). From saturation 

hybridization and CsC1 banding of the hybrid, the spacer 

was found to be much longer than that of X.laevis, about 

seventeen times the length of the coding region. Cross 

hybridization with cRNA showed that the spacers were 

greatly different in sequence while the coding regions 

were conserved. So far the situation seems to be the 

sa!Tia as that of the ribosomal genes except for the 

different lengths of the spacers. But the 5s genes 

differ in that they do not apiear to be identical by 

the criterion of melting point depression, either within 

the species or within the individual organism. 

5. 



Some work on the histone genes has been reported 

by Birnstejl and co-workers (26,27). Three histone 

messenger RNAs were purified from early embryos of the 

sea urchin Psa!nmechinus milaris. All hybridized to the 

same position on the dense side of a CsC1 gradient of 

the Di'1A, and all hybridized to sequences with a 

multiplicity of about 1200 under conditions of DNA 

excess. So it would seem that these genes also are 

present in clustered multiple copies. Because these 

genes are very highly conserved in evolution, it proved 

possible to perform an in situ hybridization on Drosophila 

salivary gland chromosomes, and to show that all the 

messages hybridized to a short segment of chromosome 2. 

The histone genes have not yet been isolated and so 

there is no melting point depression data on the 

question of divergence between the multiple copies. 

However, the RNA-DNA hybrids are of high thermal stab-

ility which indicates considerable similarity and 

certainly more than would be expected if the genes were 

diverged to the extent permitted by the requirements 

of the protein sequences. A T  depression of about 50 

was found for interspecific RNA-DNA hybrids between 

Psamniechinus milaris and Faracentroths lividus. If this 

is taken to represent a sequence divergence of about 

3%, then it is about one quarter of that of the bulk 

DNA, which is the expected value if there were selection 

for exact conservation of the protein sequences. 

There are no known genetic markers for ribosomal 

or 5s genes, but one is known for a histone. This is 

position 15 in histone V from the chicken (28). Histone 

V is a protein which occurs only in.the nucleated 

erythrocytes of vertebrates, and if its genes form a 

multiple cluster like those for the other histones 

then the existence of a Mendelian marker strongly 

suggests that the copies are identical. In this case 
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they must be subject to the same processes of horiz-

ontal fixation as the ribosomal genes. 

A beginning has been made to the study of the 

transfer RNA genes in Xenopus (29 1 6,30). Each tRNA 

gene is reiterated about 200 fold, but the uiultiplicities 

vary, even between different isoacceptor tRNAs. Pre-

hybridization of excess, unfractionated tRNA to DNA 

leads to a small but definite density increase for each 

of the various genes and so it is presumed that each 

tRNA species has clustered genes with quite long (0.5x10 6 ) 

spacer regions. Probably the spacers for the different 

clusters are different but it is not yet possible to 

say whether there is a single cluster for each tRNA 

gene or whether the tandem repeats are identical. 

Divergence between clusters 

The implication behind our consideration of the four 

types of gene together is that rRNA, 5s RNA, tRNA and 

histone genes all share a common set of characteristics, 

namely that they are coraposed of identical or very 

similar repeating units which are clustered, each 

repeating unit containing a coding region and a spacer 

region. 

The main problem about this conclusion is the 

heterogeneity of the Xenopus 5s genes which was alluded 

to above. This heterogeneity is also evident from the 

primary structure of the 5s RNA  (31,32). To explain 

this we need. not invoke differences between individual 

copies of the 5s genes but only differences between 

isolated clusters. It has been shown by in situ 

hybridization of cRNA from isolated 5s DNA that the 

20,000 gene copies are divided into many clusters 

present on most of the chromosomes, in the telomere 

regions of the long arms (33). The primary sequence 
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data in fact strongly suggests a situation in which 

there are certain differences between internally 

homogeneous clusters. 5s RNA from kidney cells was 

found to have a unique sequence, while that from the 

ovary contained certain partial substitutions at various 

positions along the molecule. So perhaps only one 

cluster is transcribed in the former tissue and several 

clusters in the latter. 

Xenopus has only one cluster of ribosomal genes per 

haploid chromosome set. But mammalian species may have 

several nucleolar organisers per haploid set, and so we 

might here expect to find heterogeneity in ribosomal 

RNA caused by differences between the gene clusters. 

There are in fact reports of base composition and sequ-

ence differences between mouse rRNAs from normal tissues 

and tumours (34,35), low thermal stability Of rRNA—DNA 

hybrids in the rabbit (36), and complex renaturation 

kinetics in the rat (37). However in Man, an organism 

with six nucleolar organisers per chromosome set (38), 

there seems to be little or no divergence in the rDNA 

(39), so this question must be regarded as unsettled. 

Possible solutions to problems 

It is not known how the multiple copies first arose 

or how they spread through the population. The chances 

are that these events occurred in remote antiquity 

since the multiple genes are probably ubiquitous and 

the known ones code for moleculas which are Dresent in 

all living organisms and required in large quantities. 

The satellite DNAs (40) and the immunoglobulin V genes 

(19) present a contrast to this. They show great 

differences of sequence family pattern between species 

and considerable divergence between neighbouring 

sequences within a cluster. This suggests that they 

are subject to ongoing evolutionary processes of 
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multiplication and divergence. 

When it comes to the question of sequence conservat-

ion within multiple gene clusters, several theories have 

been propounded. These will be listed and then it will 

be explained why they are all inadequate. 

Callan's "master-slave" hypothesis (41) which was 

originally stated in connection with larnpbrush chromo-

some loops. Here, in each individual, all the copies 

are corrected in accordance with amaster copy. 

Brown's "expansion-contraction" theory. The 

number of ribosomal genes is drastically reduced at 

intervals in evolution and is then restored by ampli-

fication of the few remaining copies. 

Smith's unequal crossing over theory (42). Here 

unequal crossovers between identical arrays in sister 

chromatids causes a small fluctuation in gene number 

with cell generation which eventually leads to homo-

geneity in a single tandemly repeating set. 

An unpublished theory of Birnst'il's required 

that a point mutation inhibited recombination over a 

long stretch of the array, and therefore isolated itself 

from the gene pool. As soon as it became 1inced to a 

lethal mutation it became eliminated from the population. 

There is no direct evidence in favour of the 

master-slave theory and recently some good evidence has 

been obtained against it (D.D.Brown, unpublished). 

When X.1aevis-X.mulleri hybrids are backcrossed to one 

of the parent strains, all the offspring are found to 

contain spacer DNA from both of the species specific 

types. This proves both that recombination occurs in 

the ribosomal gene array and that there is no mechanism 

for correction of the abnormal copies at the level of the 

individual. 

Birnstl's idea is an ingenious one, but the 



genetic evidence that recombination can occur between 

very close point mutations makes the main premise 

rather unlikely. 

Theories ii. and iii. are essentially similar, the 

former involving more drastic fluctuations of gene 

number at longer intervals of time. The main experi-

mental evidence is that provided by Ritossa(e.g.43) 

who has shown that strains of DrosQphila of a strong 

bobbed phenotype will recover over several generations, 

and that this recovery is associated with the restoration 

of the normal complement of ribosomal DNA in the genoxne. 

However, in the opinion of the author, these theories 

do not explain anything at the moment because they are 

not posed in population terms. The computer simulations 

described by Smith (42) do not represent a biological 

population but only a single lineage of chromosomes 

in a population of somatic cells. Homogeneity among 

tandem genes in a population of organisms would be 

achieved only by the normal mechanism of genetic drift 

which depends on the small sampling errors in those 

gametes to be represented in the next generation. 

Unequal crossing over might perhaps have a role in the 

generation of a pseudo-allelism on which genetic drift 

could operate. 

The other notable evolutionary feature of the 

ribosomal genes is that the spacer region has undergone 

much faster interspecific divergence than the coding 

region. This, however, is not so mysterious as the 

conservation problem because' it can be explained if 

most of the mutations in the coding sequences are 

deleterious while those in the spacer are neutral or 

nearly so. 
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Other genes 

The aforementioned work on multiple gene arrays 

raised the suspicion that many or all genes might be 

present in multiple copies, particularly in view of the 

large amount of DNA per cell in higher organisms and the 

fact that the bands in polytene chromosomes and the loops 

in laTapbrush chromosomes behave to some extent like 

genes although they are much too big. Gene ultiplicit-

ies can now be measured by the hybridization - of - isolated 

mRNAs, or better their DNA coin.plements,to a vast excess 

of DNA. Experiments of this type with the mRNA for 

haemoglobin (44), silk fibroin (45) and ovalbumin (46) 

indicates that only a single gene copy exists per 

chromosome set. 

Synthesis of Ribosomal RNA 

This subject has been reviewed repeatedly in 

recent years (47,48,49,50,51,52). The most detailed 

knowledge exists for the HeLa cell and it is. now clear 

that the processing scheme is not necessarily the same 

in other eukaryotes. However, there are a number of 

general features for which the evidence is listed 

below: 
Ribosomal RNA is made in the nucleolus. 
The first product of transcription is a high 

molecular weight precursor RNA. 
Transcription is inhibited by low concentrations 

of actinomycin B.  
rRNA is made by a different RNA polymerase from 

mRNA. 
Various modifications are made to the precursor 

molecule shortly after transcription; these include 

several ribose methylations, a few base methylations, 

and conversions of uridine to pseudouridine. 
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The precursor contains one and only one of each of 

lBs and 28s RNA sequences. 

The precursor is invested with proteins and 

cleaved at specific sites, eventually forming 18 and 

28s RNAs. 

The ribosomal subunits are assembled in the 

nucleolus and then transported to the cytoplasm. 

Evidence 

1) The uptake of 3H-uridine into nucleoli is blocked 
by low actinomycin (53), there is no rRiA synthesis in 

the anucleolate Xenopus (2), and all the various rRNAs 

are made in isolated nucleoli (54). 
ii) A pulse label of 3H-uridine goes into RNA of about 

45s which in heLa cells appears in about 5 minutes and 
reaches a maximum specific activity in about 15 minutes. 
This material has a similar base composition to rRNA 

and the label may be chased into 18+28s RNA in the 

presence of low actinomycin (55). 
RNA polyinerases may be separated on DEAE Sephadex. 

In all the higher organisms studied the first component 

is nucleolar, functions in low salt and is insensitive 

to o<-amanitin, while the second component is nucleo-

plasmic, functions in high salt and is sensitive to 
-amanitin. Polymerase I is presumed to be responsible 

for rRNA synthesis (56). 

rRNA synthesis can be followed using ( 3H-methyl) 

methionine (56) which characteristic was used to 

estimate the transcription time of the 45s molecule as 

2.5 minutes. The methylations in HeLa rRNA were first 

analysed by Wagner et-al-(58). 

The presence of the 18s and 28s sequences in the 

45s RNA was shown by hybridization competition (12). 

vii & viii) A series of ribosomal precursor particles 

has been found in the nucleolus (59) the first of which 

contains both 45s and 5s RNAs, the 5s RNA coming from 
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outside the nucleolus. Processing and transcription 
are inhibited in Concert by cycloheximide (60). The 

sDecificity of the cleavage reactions is indicated by 

the homogeneous terminal sequences reported for ribo-
somal RNA (49). 
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Fig.1.2. Processing scheme for HeLa rRNA proposed by 
Weinberg et-al. 

The detailed analysis of the processing scheme in 

HeLa cells came when gel electrophoresis was introduced 
as a fractionation technique for RNA (61). This had 

a higher resolution than sucrose gradients and enabled 

the measurement of molecular weights by the semi-log 

relationship with mobility (62). Weinberg et-al. 

(63,64) found nucleolar RNAs of molecular weights 4.1, 
3.1, 2.1, 1.4 and 0.95 millidn daltons, all of which 
were shown to be precursors of rRNA by chase kinetics 
in actinomycin D. Infection with poliovj3 in the 

presence of 2 mM guanidine caused the accumulation of 
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Fig.1.3. Formation of 24s and 36s RNAs by an ,, -incorrect 

cleavage order. 
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Fig.1.4. Structure of 45s RNA determined by electron 

microscopy. 
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Fig.1.5. Formation of 24s and 36s RNAs according to 

Wellauer and Dawid. 
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the 41, 28, 20 and 18s RNAs so that their 32P/methyl 

label ratios could be accurately measured. On the 

basis of the molecular weights and the P/Me ratios 

the processing scheme was proposed which is shown in 

Fig.1.2. The 2.5 and 1.4 species were presumed to 

arise from premature cleavage of the 41s.(Fig.1.3). 

In 1973,  Wellauer and Dawid (65) examined all the 
HeLa riucleolar RNAs by electron microscopy. After 

partial denaturation, the 28s and 18s sequences are 

recognisable by distinct secondary structure features 

and the polarity was assigned by digestion with a 3' 

exonuclease. The 45s precursor had the structure 

shown in Fig.1.4, and a different origin is proposed 

for the 36s and 24s RNAs. The former is supposed to 

arise from the 3' end of the 45s RNA and the 24s to 

be the normal excess fragment from the same end (Fig.1.5). 

Ribosomal RNA processing has now been studied in 

several animals and plants (eg.66) and it seems likely 

that in no case will the scheme turn out to be exactly 

the same as the HeLa cell. In particular, organisms 

other than birds and mammals seem to have much smaller 

primary precursors (67). In this account we shall 
consider only the case of Xenopus because of the wealth 

of knowledge about the structure of the genes in this 

species. A high molecular weight rRNA was first found 

by Gall (68). It was shown to be a ribosomal precursor 

by actinoycin chase kinetics and labelling with 

( 3H—methyl) methionine by Landesm.ann and Gross (13). 

Using gel electrophoresis, Loening et.al . (14) and 

Rogers and Klein (69) measured the molecular weight as 

2.6 million daltons and found two precursors of 28s 

RNA (mol.wts. about 1.78 and 1.6 million) but no 

im-mediate precursor to 18s RNA. Electron microscopic 

analysis by I.Dawid (personal communication) reveals 

in addition a 38s RNA which contains both the 28s and 
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Fig.1.6. Processing scheme for XenopusrRNA proposed 
by Dawid. 

18s sequences (see Fig.1.6). 

Quite a battery of enzymes ?nust be involved in the 

entire process of ribosome formation, quite apart from 

the ribosomal proteins. In particular we can expect to 

find some specific methylases, exo- and endonucleases. 

The methylation of Heba rRNA has been carefully studied 
by Maden et.al . (70,71) and it is now blear that all 
the sites are quantitatively methylated. Vaughan et.al . 
(72) showed that processing was arrested at the 32s 

stage in iriethionine starved cells, and that this 32s 

RNA was undermethylated. Perry and Kelley (73) have 
described a 3' exonuclease from L cell nucleoli which 

is perhaps responsible for the exonucleolytic steps 

of processing and which is inactive against 2 1 -0- 

methylations. There are also some preliminary results 

which suggest the presence of specific nucleolar 

endonucleases (74,75,76). These are expected by 
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analogy between RNA processing and microbial restriction-

modification systems (77), but it may well prove to 

be that the specificity resides as much in the secondary 

structure of the RNA or in RNA-protein interactions 

as in the cleavage enzymes. 

Relevance of the Thesis 

• 	Many of the results mentioned above were not 

available when this work was commenced in 1971. In 

particular the arrangement of the 18 and 28s sequences 

on the ribosomal precursor was unknown, and the electron 

microscopic comparison of the ribosomal genes of X.laevis 

and X.mulleri had not yet been done. The latter work 

indicates that all the tandemly arranged ribosomal genes 

are the same to the level of resolution provided by 

electron microscopy, but in 1971 various pieces of 
evidence seemed to point to heterogeneity, especially 

of the precursor RNA. 

It had been demonstrated in this - laboratory that the 

ribosornal precursor from Xenopus and from Schitzo-

saccharomyces pombe showed heterogeneous behaviour on 

gels. The RNA from a particular position in the peak 

would remain at this position on rerunning (78). Also 

ribosomal precursors of different lengths had been 

found in different tissues of Phaseolus aureus (79), 

and ithad been shown that the gel mobility of the mouse 

precursor depended on the length of the radioactive 

pulse used to label it. (80). 

So, it seemed important to characterize the 

heterogeneity of the precursor RNA. Xenopus was 

selected as the experLaental organism for several 

reasons 
i) It was an organism in which the heterogeneity had 
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been demonstrated. 
It has only one cluster of 

chromosome set, which reduces ti 

causes for heterogeneity. 

The kidney cells grown in 

relatively large amounts of 40s 

other sources. 

ribosomal genes per 

e number of possible 

the laboratory contained 

RNA when compared to 

The main method of investigation adopted was that 

of 5' end determination. This should reveal a 

heterogeneity of length (polydispersity) because all 

four nucleotides would be found at the 5' end instead 

of just one. It would not distinguish between the 

cases where heterogeneity is determined by secondary 

structure effects and by a low level of sequence 

divergence (the latter is to be expected in several of 

the theories of multiple gene evolution discussed 
above). But a choice between these possibilities 
can be made by means of various denaturation experiments 

which are described in chapter 3. 

The 5' end determinations, which are described in 

chapters 4 and 5, were also employed to answer questions 

about transcription and about the arrangement of the 

ribosomal coding regions. The 40s RNA is the first 

identifiable gene product and if it is a primary 

transcript it should bear a 5' triphosphate, so some 

experiments were carried out to look for this. 
Secondly, there was the question of whether either of 

the 18 and 28s sequences lay at the extreme 5'end of 

the precursor. At this time there was one report of a 

common methylated sequence from the 5' ends of the 

28s and 45s ENAs in the rat (81), although most workers 

considered that the 18s sequence lay at the proximal 

end of the precursor molecule (23,82,83). Some 

preliminary experiments were performed on 3' end 

determination, but these were abandoned when it became 
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clear that the infornation gained would not justify the 

expenditure of time and effort. 

The second part of this thesis is on a slightly 

different aspect of the multiple gene problem. The 

end group project had made the author familiar with 

many of the techniques used in the sequencing of RNA. 

He was struck by the qualitative nature of the field and 

wondered whether a more quantitative approach would 

enable the properties of the nucleic acids under anal-

ysis to be deduced from the statistics of the components 

of the digest. A statistical theory of digests was 

duly constructed and compared with computer simulations 

of unique and multiple sequence fingerprints. 

Isostich separations and fingerprints were carried 

out for the high molecular weight RNAs with which the 

author had been working, and these were interpreted in 

the light of the theory. 
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Chapter 2 

THE CYCLOFiEXIIiIDE EFFECT AND ITS APPLICATION 

TO THE PREPARATION OF 40s RNA 

The vast majority of studies on the synthesis and 

processing of ribosomal RNA have involved tbe.fraction-

ation of whole cell, nuclear or nucleolar RNA as an 

analytical rather than a preparative method. As far 

as the preparation of the primary precursor RNA (40s 

in Xenopus) is concerned, gel electrophoresis has not 

the capacity and sucrose gradients have not the resolution. 

For those experiments which have in the past involved 

manipulable quantities of ribosomal precursor RNA it 

has been prepared by several cycles of sucrose gradient 

sedimentation (eg.23,73). This has the disadvantage 

that it is time consuming, exposes the RNA to considerable 

risk of degradation, and separates only by molecular 

weight. 

In order to improve on this, three questions were 

considered: 
1) How to increase the amount of starting material. 

Whether the amount of 40s RNA per cell could be 

increased. 
Which techniques to use, and in what combination, 

to obtain a rapid and efficient fractionation. 

The final protocol enables the preparation of about 

50 micrograms of 40s RNA per batch. It is presented 

diagrammatically in Fig.l and is described below. 

After the description, some of the work which led up 

to it will be Outlined. The description covers all 

the RNA preparations mentioned in this thesis; however 

a particular preparation may have been scaled down and 
for a given experiment the RNA species were only purified 
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Fig.2.1. Protocol for preparation of ribosomal RNA 

from Xenopus kidney cells 
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as far as was required. For sterile preparations, all 

the glassware was autoclaved or washed with diethyl 

pyrocarbonate (DEP). Gloves were worn at all stages 

and solutions were Millipore filtered or treated with 

DEP at 600 for one hour. 

Description of the Protocol 

Stage 1 

The Xenopus cells were grown in Winchester bottles 

on a iilatburn rolling apparatus. The growth medium 

was: 

1VIEM (Glasgow modification) 	 xi. 

Foetal Bovine Serum 	 10% 

Sodium bicarbonate 	 0.35% 

Glutamine 	 2 rnlvl 

Peniciiiin+StreptomYCin 	 50 units/mi. 

Non-essential amino acids 	 xl. 

(media from Biocult Laboratories, Glasgow) 

This mixture was diluted by 16% with distilled water. 
100-200 mis of medium were used per Winchester and the 

cells were grown for about a week. For preparation 

of ribosomal precursor RNA, 2 Vg/ml of cycloheximide 

were given two hours before extraction. 

Various radioactive labels were used in the course 

of this work. Labelling with 32P was carried out in 

phosphate free medium containing about 50 Ci/ml of 

isotope. For pulse labels (1-3 hours) the medium 

contained 2 1/o serum, and for long labels (24 hours or 

more) it contained 5% serum.. Labelling with 3H-uridine 

was carried out in the standard medium. The concentrated 

medium was diluted by 16% with the isotope instead of 
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with water and so this gave a final concentration of 

0.16 mCi/mi. For methyl labelling, ( 3H-methyl) methion-

me was used at 20 p.Ci/ml in methionine free medium 
with 5% serum. This medium also contained 20 jiM adeno-

sine, 20 jiM guanosine and 20 mid sodium formate which 

is reported to suppress the labelling of purine rings (70). 

Stage - 

Extraction of RNA was carried out by a modification 

of the method of Parish and Kirby (84). The cell sheet 
was washed in Duibecco's phosphate buffered saline 

and dissolved in "TNT" which consists of: 

Sodium triisopropyinaphthaieneSulPhonate 	2% 

Sodium chloride 	 1% 

Tris chloride pH 7.4 	 50 mM 

About 1-2 mis were used per 20 cm  of cells, and if 

there was a large amount of cells the mixture was 

homogenized. This solution was extracted twice with 

a phenol mixture: 

Redistilled phenol 
	 500 grns 

Redistilled m-cresol 
	 70 gms 

8-hydroxyquinoline 
	 0.5 gas 

+ excess distilled water to saturate. 

0.1 volumes of 3 M NaCl were added before the second 

extraction. A third phenol extraction was performed 

using a 1:1 mixture of the above "phenol" and chloroform. 

The nucleic acids were precipitated from the aqueous 

phase with two volumes of ethanol and left overnight in 

the cold room. This precipitate was redissolved in 

0.15 lvi sodium acetate pH 6, 0.5% SDS and reprecipitated 

with ethanol. 
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The second precipitate was washed in 80% ethanol, 

0.1 M NaCl to remove SDS and was then dissolved in a 

small volume of IvIES buffer: 

2(N_morpholiflo)ethane suiphofliC acid 	50mMlPH 7.0 

Sodium hydroxide 	 37 n1MJ 

Magnesium acetate 	 2.5 mM 

(sterilized by Millipore filtration) 

20 fg/ml of DNAse I was then added and the mixture 

shaken at 00 for one minute or for fifteen minutes 

depending on the extent of DNA breakdown required. 

Then one volume of 0.15 M sodium acetate pH 6, 0.5% 

SDS was added and four volumes of ethanol to precip- 

itate the RNA. 

At this stage the preparation is referred to as 

,, total RNA" although it also contains quite a lot of 
carbohydrate. There are several experiments in this 

thesis which use such a preparation. 

Stage 3 

The total RNA was dissolved in 10 mis of 2.5% 

sucrose gradient solution: 

Tris chloride pH 7.4 	 50 my,  

Sodium chloride 	 150 mM 

Mid 1 m  

SDS 	 0.5% 

It was applied on top of a 5-20o gradient in the MSE 

B XIV zonal rotor and overlain with 100 mis of gradient 

buffer. The rotor was spun at 45K for 3 hours 10 

minutes at 20 °C. Ten ml fractions were collected and 

the effluent was monitored at 254 nm with an ISCO 

recording spectrophotometer. The fractions containing 
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the required RNA species were pooled-and precipitated 

with two volumes of ethanol. Because of the large 

volume of the zonal gradient, the samples were rather 

dilute, especially the 40s RNA. So they were left at 
_20 0  overnight to precipitate and were pelieted by 

spinning at 10K for 30 minutes in the High Speed 18 

centrifuge. At this stage the 18 and 28s RNAs were 

pure except for a small amount of carbohydrate, but 

the 40s RNA required further purification. 

Stage 4 

Oligo-dTcelluiose was equilibrated in "binding 

buffer" for a few hours: 

Tris chloride pH 7.4 	 10 mM 

1  EDTA 	 mm  

SDS 	 1% 

Sodium chloride 	 0.4 M 

A column of 0.2 ml volume was poured into a 1 ml 

syringe. The sample was dissolved in 0.5 mis of 

binding buffer and passed through slowly. This 

removes poly A containing RNA species. The eluate 

was precipitated with two volumes of ethanol. 

St age 5 

A large 2.4% polyacrylamide gel was made as descrihe.d 

in ref. (61). The sample was dissolved in less than 100 

Ill of *E buffer + 12% sucrose and applied to the top of 

the gel. E buffer-is:  

Tris hydroxide 	 36 
' 1rpH 7.6 

Sodium dihydrogen phosphate 	 30 mM\ 

M EDTA 	 1 m  

SDS 	 0.2% 
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Electrophoresis was continued for four hours at 50 V. 

The gel was washed in E buffer for about one hour and 

scanned at 260 nun in a Joyce Loebi gel scanner. If the 

sample was labelled with 32P it was frozen in a metal 

trough with CO  snow and sliced to 1 ram slices in a 

Mickie slicer. The slices were put into scintillation 

vials and counted by Cerenkov radiation in the Packard 

3320 scintillation counter (Gain 55%, full window). 

The RNA was recovered from the slices of interest 

as follows. The slices were packed into a sawn off 

Pasteur pipette with muslin plugs at top and bottom. 

A dialysis bag was attached to the bottom of the 

pipette and the whole inserted into an electrophoresis 

tank. The current was left on until all the radioact-

ivity had entered the bag, and then the contents were 

precipitated with two volumes of ethanol. This product 

is pure 40s RNA except for a little non-poly A containing 

HnRNA. 

Stage 6 

This stage was for the preparation of 5s RNA. The 

procedure was identical to that of stage 5 except that 

the gel was 7.55 acrylamide and was run for 2 hours. 
The sample was the precipitated "soluble RNA" from the 

zonal rotor. 

Optimization of the Protocol 

Amount of Starting Material 

Xenopus cells grown in vitro contain perhaps 0.5% 

wet weight of RNA, of which no more than 1% is 40s 
RNA. So to prepare 1 jig of 40s RNA we need at least 
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20 rhgs of cells. Since the cells grow in monolayer it 
was thought that tissues from the animal might be a 

more suitable starting material. 

• RNA was accordingly prepared from the livers of 

mature and very young toads. The extraction procedure 

was the same as for the cells except that the tissue 

was mechanically homogenized in the TNT buffer and the 

solution was centrifuged at 30K for 30 minutes to 
remove glycogen before the second ethanol precipitation. 

Unfortunatly there was very little 40s RNA in these 

preparations. None was detactable in the adult liver 

RNA and only a suspicion in the young liver RNA (Fig 2.2). 

So it wasdecided to use cells after all and to 

grow them in a larger bulk than was possible in the 

plastic dishes then in use. A Matburn rolling apparatus 

was modified by rearranging the wheels and fitting 

several plastic belts so that two Winchesters could be 
rotated. These were used to grow the cells, the total 

surface area being equal to about twenty of the plastic 

dishes. The apparatus could yield up to one gram of 

cells. 

Amount of 40s RNA per Cell 

Willems et.al . (60) showed that in HeLa cells 

the procesing of the primary precursor depended on 

continuing protein synthesis. It therefore seemed 

possible that an inhibitor of protein synthesis such 

as cycioheximide might cause an accumulation of 40s 

RNA, although this does- not •happen in HeLa cells. 

The effect of cyclohexirnide on rRNA synthesis in 

Xenopus was investigated as follows. First, the total 
RNA was examined on polyacrylarnide gels after a variety 

of treatments. It was felt to be especially important 
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Fig. 2.2 Folyacrylamide gel of total RNA prepared 

from livers of young toads. 

Fig. 2.3 Accumulation of 40s RNA caused by various 

concentrations of cycloheximide. 1) none 2) 2 1ig/ml 

3) 10 ig/ml 4) 20 jig/ml- 
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to examine the optical density rather than the radioact-
ive profiles because the relative sizes of radioactive 

peaks depend on specific ac
tivity as well as on relative 

abundance. The results are shown in Figs. 
2.3 and 2.4. 

It can be seen that cyclOheXme does cause an accum -

ulati on of material at the 40s position the maximum 

accumulation occurring after two hours in 2 ug/nil of 

inhibitor. It was found that this concentration of 

cycloheximide inhibited protein synthesis by 
93V- 

(Fig 2.5). 

In order to prove that this a
ccumulation was in fact 

the ribosOiflal precursor RNA, a pulse-chase experiment 

1.0 

1 0.5 

8 

0 

Fig. 2.4 Time course of accUmulatb0 	
i) zero time 

2) 1 hour 3)_2 hours 4) 3 hours. The concentration 

of 0loheXim5 is 2 ug/ini. 
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was designed (Figs. 2.6 & 2.7). There were five dishes 

of cells and all received a 30' pulse of 32P. Dishes 

4 and 5 show the state of labelling after a l- hour 

chase with and without cycloheximide. Dishes 2 and 3 

show the state. of labelling after a 5 hour chase. It 

is clear that the inhibitor greatly reduced the rate 
of processing of 40s RNA. In dish i the cyclohexifflide 

was removed after l hours and it can he seen that 

processing has restarted, so the effect must be 

reversible : 

Stage 2 

RNA was always prepared from whole cells rather 

than from nuclei or nucleoli. There were two reasons 

for this: first the cytoplasmic RNAs were often wanted 

as well as the nucleolar ones, and secondly because it 

was felt that dissolving the cells directly in strong 

detergent minimized the possibility of degradation. 

The DNAse treatment was usually for 15' but this 

was reduced to 1' in cases where the avoidance of 
nicking was especially important. A 1' exposure 

caused the DNA to break down to small pieces which 

precipitate in ethanol and sediment with tRNA. 

Stage 3 

In the first year of the work the B XIV zonal 

rotor was not available and so all the sucrose gradients 

were run on the SW 25.1 rotor of the .Spinco model L 

centrifuge. The gradient was as supplied by M.Birnstil 

Sodium acetate pH 5.0 	 20 rnlvl 

EDTA 	
1 mid 

SDS 	 0.2%. 

5 - 40% sucrose. 
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Fig.2.5 Effect of various concentrations of cyclo-

heximide on the incorporation of 3H—leucine by 
Xenopus kidney cells. 

4 

cell growth 

cycloheximdo 
S 	 32p PUISO 

0 	0.5 	 2.0 	 hours 	 5.5 

Fig.2.6 Regimes exoeriencethby the five dishes of 

cells involved in the pulse chase experiment. See 
also Fig.2.7 overleaf. 
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Fig. 2.7 Pulse-chase experiment. Dishes 5. and 3. 

were controls, dishes 4. and 2. were. held in cyclo-

h.exiniide for 2 and 5.5 hours respectively, and dish 

1. had the cycloheximide removed after 2 hours. 
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Fig. 2.8 Separation of Xenopus RNA species on a 

5-40% sucrose gradient. 

The gradients were run for 18 hours at 21.6K and 1 ml 

fractions were collected, the flow being monitored at 

254 rim. A typical gradient is shown in Fig-2.8 above. 

The separation of 40s from 28s RNA is rather poor, but 

at this stage of the work purer preparations were 

not necessary. 

When the zonal rotor became available, it was 

necessary to compute the best conditions for resolution 

of the RNA species. The relevant calculations are set 

out below and hear on the following questions: 

1) What is a suitable approximation to an isokinetic 

gradient ? 

ii) How is such a gradient to be prepared ? 

In most sucrose gradients the zones move slower as 

they get further down the tube because the retardation 

caused by viscosity increases faster than the acceler-
ation caused by the increased distance from the rotor 

2s 
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centre. However, a linear 5-20% gradient is usually 

approximately isokinetic and is for this reason 

favoured for molecular weight determinations (85). 

It was used for the 40s RNA preparation on the basis of 

the calculation set out in the table below. The 

approximately constant absolute velocity gave good 

prospects for complete separation from 28s RNA. 

sucrose r relative absolute velocity 

ems s-value cm.sec.xl06  

5 3.24 0.850 4.82 

10 4.33 0.715 5.49 

15. 5.52 .0.585 5.65 

20 6.67 0.470 . 	5.49 

Outer radius of rotor = 6.67 ems. 

Inner radius = 3.24 ems. (allowing for buffer overlay) 

Relative s value = 	- 	
S2

17C CIV r 
W 	 - 

, ( - v')20 

and since the runs were at 20 0C, I/ 	 / 

= 0.53 for ribosomal RNA (86) 

and c for sucrose solutions from (87). 

Now, what form should such a gradient take if it 

is to be linear with radius inside the rotor ? If the 

dimensions of the rotor are as shown in Fig.2.9, and 

the effluent volume is represented by V, then: 

t = R and V = 0 at 	C = 

r = R 2  and V=Vf at.c=c 2 . 

If.the gradient is linear with radius, then: 
/over 
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Fig. 2.10 
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= C, -- 	 c) 
R2 - R, 

	

c) 	

- 	 [c, 	

R(c2—C)j 

	

(R 2 — RI) 	 -  

and for the B XIV rotor with a 5-20% gradient, A = 4.36 

and B = -9.2. 

The dependence of r on V can be deduced if the 

rotor is treated as a perfect annuloid with cylindrical 

volume elements 

01V - 

V 	- 

r 
= 
 [--K- 

 ir k + 
i] 

Substituting: 

- 4-.3 ~ 
1 [ —~~ -+ R] 	C1. 2- ...(l) 

71-71 

It is rather difficult to design a gradient maker 

which produces a gradient of this particular mathemat-

ical form. But it was found that a very good 

approximation was produced by the apparatus described 

in ref.(88), Fig.2.10. 	For this gradient maker, the 

concentration of the effluent is given by: 	/over 
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Fig 2.11 The curve represents the sucrose gradient 

required for linearity within the rotor, and the 

points represent the gradient produced by the appar- 

atus in Fig. 2.10. 

Fig 2.12 Separation of Xenopus RNA s3cies by the 

zonal rotor. 
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C - 	- (c—c 1 
 ) 

and this gives good correspondance with eouation (1) 

with the values Ch = 35% sucrose and V1  = 840 mis 

(Fig. 2.11). 

So all the gradients were made using these values and 

the samples were run as described above. It was calcul-

ated that a time of three hours at 45K would bring the 

40s RNA two thirds of the way down the gradient, and 

the eventual time of centrifugation which was used was 

3 hours 10 minutes. This method gave good resolution 

of soluble, 18s, 28s and 40s RNAs (Fig.2.12). 

Stage 4 

Both sucrose gradients and acrylamide gels separate 

mainly according to molecular weight, so they do not 

remove the heterogeneous RNA of the same molecular 

weight as the ribosomal precursor. 

It has recently been shown that a certain proportion 

of HnRNA contains 3'poly A (89,90,91), and that poly A 

containing RNAs are retained on oligo-dT cellulose at 

high salt (92). For this reason, passage through an 

oligo-dT celluipse column was included as a step in the 

purification procedure. 

The RNA which is retained on the column can be 

eluted with a low salt buffer (this is the same as the 

binding buffer without the NaCl). The 40s peak off the 

zonal gradient was used as the sample and a comparison 

was made between the retained and the non-retained RNA. 

Gel electrophoresis showed that the former was 
heterogeneous while the latter was mainly 40s (Fig.2.13). 
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	 the 40s peak off the zonal 
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An analysis of base composition showed that, as expected, 

the non-retained RNA is of high CG and the retained 

RA. of high A composition: 

A U C G 

Non-retained 
	

22 17 31 30 % 

Retained 
	

28 22 26 24 % 

Stages 5 & 6 

At this stage, a 40s RNA preparation still usually 

contained a certain amount of 28s RNA which probably 

sediinented as an aggregate in the zonal rotor. An 

attempt was made to separate the two using a 5-20 % 

gradient in the Spinco SW-50 rotor. This rotor goes up 

to 50K and so a run can be completed in 95 minutes and 
diffusion be thereby minimised. However, it seemed that 

the resolving power was not good enough (Fig.2.14). 
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Fig 2.14 Failure to separate 40s from 28s RNA by 

sucrose gradient sedimentation. 
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Fig 2.15 Separation of 40s from 28s RNA by polyacryl-

amide gel electrophoresis. 
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5. 

Fig 2.16 Separation of 5s from 4s RNA by polyacryl-

amide gel electrophoresis. 
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So, polyacrylamide gel electrophoresis was used 

routinely. This gives good resolution but has the 

disadvantage that a certain amount of oligo-acrylamide 

comes out of the gel along with the RNA. 

40s RNA was prepared with 2.4% gels (Fig.2.15), and 

5s RNA was similarly purified from the first zonal rotor 

peak using 7.5% gels (Fig.2.16). It was thought possible 

that some of the four minor peaks on the 7.5% gels 

might be messenger RNAs, but none of them was found to 

stick to oligo-dT cellulose under the conditions 

described above. 

Recovery of the RNA from the gels was for some time 

carried out by the method in use in the laboratory. 

This involved shaking the slices for some hours in 0.6 M 

lithium acetate, 0.5% SDS and then pelleting the RNA 

from solution with. an  overnight centrifugation at 40-50K. 

This procedure takes two days if the elution is done 

overnight and does not give more than 50% yield of 40s 

RNA. It has the advantage that single gel slices can 

be eluted. 

The method described in the protocol, in which the 

RNA band is electrophoresed into a dialysis bag, was 

found to be much Quicker and to give an almost 

quantitative recovery. Variants of this technique 

which involved the use of sucrose cushions in the bag 

were found to have nothing in their favour. 

Discussion 

The inhibition of processing by cycloheximide 

presumably indicates that newly synthesized protein is 
required, whether or not these are ribosomal proteins 
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is unknown. Accumulation of the precursor RNA does not 

occur in HeLa cells and reaches a maximum after two 

hours in Xenopus. The simplest explanation of this is 

a feedback control of transcription by the amount of 

precursor. But there must be other controls on rRNA 

synthesis as witnessed for example by the finding that 

liver contains much less pre-rRNA than tissue culture 

cells, a difference which is presumably related to the 

rate of cell division and the requirement for new 
ribosomes. Such controls of rRNA synthesis are discussed 

by Perry (93). 
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Chapter 3 

THE "HETEROGENEITY" EFFECT IN 40s RNA 

Introduction 

The stimulus to this part of the work was the 

heterogeneity of 403 RNA revealed by gel electrophoresis 

(78). If the RNA from various slices across the peak 

was eluted and rerun, then it ran in the position from 

which it was taken. This shows. that the molecules 

from different parts of the peak differ in some way 

and cannot rapidly interconvert. There seemed to be 

four possible explanations: 

1) 40s RNA is polydisperse in the same sense as a 

synthetic polymer, and contains a mixture of components 

of different lengths. Either the initial transcripts 

are different or this could be a result of early 

processing reactions. 
Although all of the molecules are the same length, 

they differ slightly in seauence because the ribosomal 

genes are not all identical. 
The differences are of secondary structure and 

represent a series of conformations adopted by the 

molecule in the various nucleolar RNP particles. 
The differences are of secondary structure but 

are of no functional significance. 

The experiments described in this chapter depended 

on the use of formamide, which has been shown to 
denature RNA (94). There were two main types of experi-

ment. In both, 32P labelled RNA eluted from single 

gel slices was rerun in the presence of 31i labelled 

marker RNA. In the first type of experiment, both 

RNAs were denatured just before the rerun, and in the 
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second type the 32 P labelled RNA was denatured before 

the first run. 

Formamide Denaturation and Gel Electrophoresis 

These experiments involved the use of RNA pulse- 

or long labelled with 32  P and 3H-uridine. The techniques 

of cell growth, labelling, RNA preparation, gel manu-

facture and elution are all described above. Sterile 

precautions were extremely important for these prep-

arations, which were all of "total RNA" and performed 

on a small scale. 

The formamide was deionized by passage through 

mixed Ainberlite IR-120/IRA-400. The conditions used 

for the denaturation. of RNA were 70% formatnide at 

room temperature for a few minutes, the RNA being 

dissolved in "E" buffer. 

Denaturation and Hetero geneity 

When the helical regions of RNA are unwound this 

causes changes in various physical properties. It 

also causes breaks in the chain to be exposed, because 

molecules containing such breaks ("nicks") will fall 

apart. 

The denaturation of RNA as measured by hyperchrom-

icity was determined for a range of formainide concen-

trations at room temperature using 28s RNA (Fig. 3.1), 

and a formainide concentration of 70% was judged to be 

sufficient for complete denaturation. Whether it 

really is sufficient or not will be discussed below. 

The release of 5.8s RNA from the 28s was studied 
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Fig.3.1. Denaturation of 28s RNA by formamide. This 

hyperchrOflhiCitY curve was determined by adding RNA 
samples to different concentrations of formamide. The 

optical density was measured at 280 rim rather than 260 

rim and the formanuide absorption was subtracted. 

I 

Fig-3.2. Denaturation of 28s RNA by form- 

release 	

The 

release of 5.8s RNA is revealed by polyaCrylamide gel 

electrophoresis. 

45. 



by running the samples on 2.4o gels for one hour 

(Fig-3.2). It was found that this fragment was 

released at a forniamide concentration of 20% or more. 

In other words, although complete denaturation required 

70% formamide, various "partial reactions" of denaturation 

could be completed at much lower concentrations. 

Denaturation of subfractions of 40s RNA 

RNA eluted from slices taken from either side of 

the. 40s peak reran in the same position relative to 
the 3H marker RNA. But when this RNA, together. with 

the marker, was denatured in formarnide, the labels 

were found to run coincidently (Fig-3-3). 

So, that which causes the effect can be abolished 

by denaturation. This rules out number ii. from the 

possibilities listed above. Number 1. could still 

be true if all the molecules contained a nick such 

that they were "tailored" to the same size by denat-

uration, but the third and fourth possibilities seem 

more likely. 

A decision between these two was made by means of 

the second type of experiment. If the 32P-RNA is 

denatured before the first run, then the molecules 

should become homogeneous if they have been tailored 

or if they were in special conformations brought 

about by the effect of other molecules in vivo. 

But if the fourth possibility is correct and the 

heterogeneity is caused by spontaneously forming but 

non_interconvertable conformations, then it should 

remain because the molecules will coil up again when 

they have migrated out of the formauiide. 

This was found to be the case (Fig-3-4), and so 

it was concluded that the fourth explanation was the 
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J /\ 

Fig-3-3. Abolition of the heterogeneity of 40s RNA 

by denaturation. The first gel peak is shown below 

and RNA from the indicated slices was rerun. In the 

four upper gels the dashed histograms represent the 
3H-marker RNA. The RNA in gels a. and c. was uninelted 
and that in gels b. and d. was melted. 

b 

rj  

A. 
Fig-3-4. In this experiment the RNA was denatured 

before the first run. It can be seen that the hetero-
geneity remains. 
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Fig-3-5. The heterogeneity effect in 28s RNA* This 

RNA can he seen to show a slight but definite hetero-

geneity (a. & c.) which is also abolished by formarnide 
(b.& d.). 

correct one. This means that the effect should be 

shown by all RNAs, although one might expect the 

number of stable and non-interconvertable forms to 

increase with molecular weight. Accordingly, the 

first experiment was repeated with 23s RNA and it 

gave the same result: the RNA showed slight hetero-

geneous behaviour which was abolished by denaturation 

(Fig. 3.5). 

Discussion 

The secondary structure of RNA in neutral solution 

is thought to involve bonding of anti-parallel strands 
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with A-U and C-G base pairs (95). It seems intuitively 

possible that when the molecules are synthesized, or 

when they are transferred out of a denaturing environ-

ment, the base paired loops do not form identically in 

all molecules. Once formed, they would be metastable 

if interconversion involved unfolded intermediates of 

a significantly higher free energy. The existence of 

such an array of metastable states would be a plausible 

explanation of the results desOribed above, because 

gel mobility is known to depend to some extent on 

secondary structure (96). It can be predicted that 

there would be more metastable states the longer the 

molecule, in which case the feature of 40s RNA which 

makes it appear heterogeneous is simply its length. 

The existence of metastable conformations in RNA 

is already known from studies of titration hysteresis 

between pH 3 and 7 (7,98). These,however, are not 

thought to involve the normal base pairs but parallel 

runs of A-AH or C-CH (98) or a variety of G-G base 

pairs (99), so the non-occurrence of titration 

hysteresis in the pH 7-8 range does not necessarily 

mean that there are no metastable states under these 

conditions. This conclusion about RNA structure is 

rather different from the assumption of Fresco et.al . 

(100) who wrote in 1960: "RNA takes up its most 

stable conformation as a result of a lateral mobility 

which permits exploration of most competitive conform- 

ations." 

Since these experiments were carried out, rumours 

have been circulating to the effect that the conditions 

used were not sufficient to bring about complete 
denaturation. This may be so, but it seems that the 

conditions were stringent enough to abolish the hetero-

geneity. Presumably the last loops to unwind are the 

longest and most CG rich, and it might be that these 
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form very fast in renaturing conditions and are thus 

the same for all molecules. 
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Chapter 4 

INVESTIGATION OF 5' ENDS OF 18, 28, AND 40s RNAs 

AND OF OTHER ALKALINE HYDROLYSIS PRODUCTS 

Introduction 

As was explained in the first chapter, an examin-

ation of the 5' terraini of the Xenopus rRNAs was 

carried out for three reasons: to find out whether or 

not the 40s RNA was polydisperse, to find if the 40 

and 28s RNAs had the same 5' end or methylated 
sequence, and to find whether the 40s RNA bore a 5 

triphosphate characteristic of a primary transcription 

product. 

It was felt that the best way to. approach these 

questions was the rather old technique of alkaline 

hydrolysis coupled with chromatography in 7 M urea on 

DEAE Sephadex (101, 102, 103). Alkaline hydrolysis 
will break down an RNA sequence as follows (104, 105, 

106): 

- 	pNpN ...... pNmpN. . . . .. . 

joH_ 

pNp + Np + NmpNp + NOH 

-4 	-2 	-3 	0 - . ... expected  negative 

charge at neutral 
pH. 

By far the majority of counts in a 	labelled sample 

appear in the 5' monophosphates. A small percentage 

appears in dinucleotides which are methylated at the 
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of the 5' residue. This methylation 

prevents the formation of the cyclic phosphate inter-

mediate of hydrolysis. The 5' terminus appears as a 

nucleoside_3',51_diPhosPhate, and the 3' terminus 

disappears in a 32P labelled sample because it forms 

an unlabelled nucleoside. If the 5' end bears a 

triphosphate, the hydrolysate will contain a product 

of the type pppNp which has a negative charge of about 

-6 at neutral pH. 

DEAE columns with 7 M urea have been widely used 

for separating oligonucleotides. The urea suppresses 

the effects of non-ionic interaction between, the 

nucleotides and the column medium. So a linear salt 

gradient should elute species in order of their 

negative charges. Commonly, a digest of yeast RNA 

with pancreatic RNAse is used as an optical standard, 

because it provides a regular pattern of isostich 

peaks, each with one more negative charge than the 

previous one. 

For the unambiguous detection of 5' termini, quite 

a large amount of radioactivity is required in the 

sample. For example, consider the 40s molecule which 

contains about 8200 phosphate groups. With a sample 
of one million cpm we shall obtain 122 cpm per phosphate 

group. In practice, about 
10  cpm were loaded onto the 

column and the relevant fractions were counted for 

10 1 . So a tetraphosphate should give 4880 counts and 

be easily detected. 

Peaks which were likely candidates for 5' terminus 

derivitives were subjected to two tests: 
Chromatography with pNp standards. 

Treatment with alkaline phosphatase followed by 

chromatography. Phosphatase causes end group 
deriviti-VeS to lose all their label as phosphate, 
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while oligonucleotides lose only some of their label: 

	

pNp 	 > N + 2P 

	

pppNp 	 > N + 4P 

	

NpNpNp 	 NpNpN + P 

Column and Thin Layer Chromatography 

RNA Preparation 

This was described in Chapter 2. 

Alkaline Hydrolysis 

The RNA sample, containing at least 
10  Cpm, was 

incubated in about 1 ml of 0.2 H KOH at 
370  for 18 

hours. Then 5% perchioric acid was added dropwise 

until the solution was neutralized, as determined by 

spotting small quantities onto pH paper. The solution 

was left in ice for 15' to allow the 1(010 4  to 

precipitate. The precipitate was removed by centrif-

ugation and the desalted sample was mixed with the 

optical marker and diluted with 811 urea to a final 

concentration of 7 M. 

Preparation of Optical Marker 

RNA from Torula (Sigma, Grade VI) was used. It 

was found to give a rather unsatisfactory isostich 
pattern unless it w is further purified. So it was 

subjected to phenol extraction and repeated precipit-

ation with ethanol. The marker was made by incubating 

the RNA with 1/20th of its weight of pancreatic RNAse 
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for 1 hour at 370 in 10 inN Tris Cl pH 7.49 1 mM EDTA. 

DEAE Column 

Initially, Whatmafl DE-52 cellulose was used in 

an 0.9 x 30 cm col u
mn. This was not very successfu]- 

and eventually tmjcrocoluInns"of 0.3 x 20 cras containing 

DE_Sephadex A 25 were found to be most useful. The 

DE_Sephadex was precycled in 0.1 H HC1 and NaOH and 
equilibrated in the starting buffer. The buffer was 

initially 20 inN Tris CI pH 7.8, 1 mM EDTA, 7 H urea, 
but later the EDTA was omitted for reasons which will 
be described shortly. The urea (BDH Analar) was made 

up to 8 H in distilled water and this solution was 

purified of charged impurities by serial passage 
through a column of DEAE cellulose and phosphocellulose. 

The microcolumne took about six hours to run. The 

gradient was 0-0.4 H NaCl and 100 one ml fractions 
ated the first six 

were collected. This system separ  
isostichs quite reproducibly. The effluent optical 

density at 254 nm was recorded contiflU0US-Y with an 

ISCO monitor. The fractions were collected inside 

small plastic tubes which fitted inside scintillation 

vials. They were counted by CereflkOv radiation 

(55% gain, full window) on a Packard Model 3320 

scintillation counter. 

Removal Of Salt and Urea 

It was ne cessary to remove the salt and urea from 

the column fractions which contained material to be 

subjected to further analysis. Three methods were 

tried in order of recommendation by the resident 

authorities, and onl y the third was any good. The 

first was a batch procedure which involved the absorp-

tion of the sample onto 'a small amount of DE-52, and it 
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was rather u.nreproducible. Either the radioactivity 

could not be completely absorbed, or it could not be 

eluted. In the second method, the counts were absorbed 

onto activated charcoal and eluted with ethanol, and 

this did not work because the counts always came off 

in distilled water. The successful method was a 

modification of that described by Rushizeky and Sober 

(107). The solution was diluted five fold with 

distilled water and run slowly through a 1 ml column 

of DE-52. It was washed with 30 mis of 20 iriM ammonium 

carbonate pH 8.0, and eluted with 30% triethylammoniuni 

carbonate (TEa) pH 9.2. Five drop fractions were 

collected and counted by Cerenkov radiation. Those 

fractions which contained the radioactivity were 

spotted onto a glass backed polythene sheet and dried 

down in a vacuum dessicator. The residue was redissolved 

in distilled water and dried down again a few times. 

The White Sludge 

Although the Rushizsky-Sober technique gave quantit-

ative recovery of the radioactivity, it did not at 

first seem to remove all the salt. There was always 

a considerable residue left after removal of the TEC. 

Oddly enough, this was not very soluble in water and 

quite a lot of it could be removed by mixing the residue 

with a little water and centrifuging. Put enough 

remained to stop the samples running properly on the 

thin layers. In addition it became clear after a 

while that it was inhibiting the alkaline phosphatase 

which was being used to test for terminal phosphates. 

What could the sludge be ? How could it be got 

rid of ? Whatever precautionary measures were taken, 

the sludge always seemed to be present in large amounts. 

Eventually one suspicion was confirmed when it was found 

that the addition of zinc sulphate to a mixture of 
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alkaline phosphatase, p-nitrophenyl phosphate and sludge 

caused it to turn yellow. The material was EDTA from 

the column buffer. It was concentrated by the desalting 

procedure because of its multiple charge, and it inhibit-

ed the phosphatase by chelation of zinc. The amounts 

encountered could be explained because five mis of 

pooled fractions at 1 mM EDTA would contain over two 

milligrams of the material. 

pH 2.7 Columns 

For some purposes, DEAE Sephadex columns were run 

at acid pH. Here the buffer consisted of 7 M urea 

titrated to pH 2.7 with HC1 9  and the gradient was 

0-80. mM sodium chloride. The pH used is in between 
the first and second pKs of phosphate, so each phosphate 

group bears one negative charge whether its situation 

is internal or terminal. Also the nucleoside bases 

bear partial positive charges, so there is separation 

by base composition: 

Phosphate 

pK1  1.0-1.6 

plC 2  5.8-6.6 

Charges at pH 2.7 

C 	 +1.00 

A 	 +0.95 

G 	 +0.30 

U 	 0 	(ref .108) 

Enzyme Treatments 

The reactions were carried out in liquid drops on 

polythene sheets, evaporation being prevented by a 

plastic vial cap stuck down with vacuum grease. 

For phosphatasing, the samples were dissolved in 

5 Fl of 20 InN TEC pH 8, 5 mM MgC1 2  and treated with 
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0.5 p.g of E.coli alkaline phosphatase (Whatman) at 
370 for 30 1 . 

For complete venom phosphodieSterase digestion, 

the buffer was 5 il of 50 mM Tris acetate pH 8.2, 5 mM 

1-,'IgC1 2 . Incubation was for 3 hours at 37 °  with-1 lag of 

enzyme (Worthington). 

Thin Layer Chromat2jZaEh.  

This was carried out on commercial thin layers 

of cellulose impregnated with polyethylene imine 

(PEI-cellulose, Cam.lab) (109,110). These were prepared 
for use by i) wetting in distilled water, ii) washing 

in io% NaCl, jjj) washing in water, iv) washing in 
2 N pyridine formate pH 2.2, v) rinsing in water and 

allowing to dry. Chromatography was performed in the 

upwards direction on 20 cm strips, sometimes a paper 

wick was attached to the top of the strip to draw the 

solvent further. The solvent was 2 M sodium formate 

or 1 N pyridine formate pH 3.5. All thin layer 

separations in this and subsequent chapters were 

accompanied by a mixture of dyes consisting of xylene 

cymol PP, Orange G and Acid fuschin. The chromatograms 

were visualized by autoradiography with X ray film. 

The development of this technique and the synthesis of 

the standards is described in the next chapter. 

Results 

Total RNA 

The first question was whether triphosphate ends 

could be detected in total pulse-labelled RNA, as is 

the case in E.col1 (ill). The cells were labelled for 
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one hour and the total RNA prepared as described above. 

It was dialysed for 48 hours against several changes 

of 0.15 NI sodium acetate, 0.5 0/f. SDS to remove low 

molecular weight contaminants. 

The column fractionation of the alkaline hydrolysate 

is shown in Fi.g.4.1. The peak-labelled "A" was suspected 

to contain the 5' derived tetraphosphates because of its 

position (112). The material was desalted and divided 

into two portions. One was phosphatased and both were 

chromatographed on PEI-cellulose. As shown in Fig-4.2, 

the material is immobile in the solvent used and all 

its phosphate is labile to the enzyme, both of which 

properties are consistent with it being tetraphosphate. 

It was concluded that at least some RNA species in 

Xenopus bear 5' triphosphates and that they were 
detectable by means of the techniques used. The result 

is not surprising because 5' triphosphates have, for 
example,been shown to exist in rat liver HnRNA.(113). 

5s RNA 

5s RNA from all eukaryotes is reported to be a 

mixture of molecules containing one, two and three 

5' terminal phosphates (114). Xenopus 5s RNA seemed 

therefore to be an ideal control for the technique. 

The 5s RNA was prepared as described above, hydrolysed 

and run on the column (Fig-4-3). Three small peaks 

were found to elute above the mononueleotides. The 
results from the phosphatasing and chromatography 

were: 

Peak 	Chromatography 

I 	 streaked 

II 	with pGp 

III 	immobile 

Phosphatase 

loses all 

(Fig-4-4) 
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Fig .4.l. DE-Sephadex column of total I?NA h'drolysae. 

The continuous line shows the optical density trace 

of the isostich markers, and the histogram shows 
32  P 

radioactivity. 
Fig-4.2. PEI-cellulose chromatography. a) I, , 	"A", 

b) peak "A" after phospiatase, c) stdards. 
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Fig-4.3. DE-Sephadex column of 5s RITA hydrolysate. 

The bars show the positions of elution of each isostich, 

with the negative charge, q.nd the histogram. shows - '- F 

radioactivity. 
Fig-4-4. PEI-cellulose chroatography. a) standards, 

b) & c) peak I before and after phosphatase, a) & e) 
peak II before and after phosphatase, f) & g) peak III 

before and after phosphatase. 
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It is possible that the three peaks are pGp, ppGp and 

pppGp, but the tests rather suggest that the second is 

pGp and the third ppGp. The technique does not 

distinguish a ppNp from a pppNp, but this is not very 

serious since both indicate that the molecule is a 

primary transcription product. It should be noted that 

the end group determination is correct, since the 5' 

residue was already known to be G (31). 

lBs RNA 

The column separation of the 18s hydrolysate is 

shown in Fig-4-5. There was a sizeable peak eluting 

with the second isostich (-3) and a small one eluting 

with the third (-4). Since ribosomal RNA was known to 
contain 2 1 -0-methylations, the -3 peak was thought to 
consist of methylated dinucleotides of the type NmpNp. 

This was confirmed by a methyl labelling experiment. 

RNA labelled with 32P was mixed with RNA labelled with 

( 3H-methyl)-rnethionine before the zonal rotor separation. 

The 18s RNA was hydrolysed and chromatographed as before 

and the column fractions counted for both isotoDes 

(Fig.4.6.).. There is some 3H label in the mononucleo-

tides, but it is not certain that this is significant 

because of the great excess of 32P in this peak. The 

-3 peak was strongly labelled with 3ff and the -4 peak 
unlabelled. So this strongly suggests that the -3 

peak consists of methylated dinucleotides and that the 

-4 peak was a nucleoside-3',5 1 -diphosphate from the 
5' end. The proportion of radioactivity in the -4 

peak, averaged over several experiments, indicated 2.3 

moles of phosphate which is about right for one mole 

of pNp. 

The material from the -4 peak was desalted and 

run on a DE-Sephadex column at pH 2.7. It ran as a 

single peak, apart from a few counts in the runoff, 
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Fig-4-5- DE-Sephadex chromatography of 18s RNA 

hydrolysate. The bars show the position of the isostichs 

with their net charges, and the histogram shows 

radioactivity. 
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Fig-4.6. The same with the 3H.radioactivity from a 

( 3H-methyl)-methionine label. The -3 peak is labelled 

with II while the -4 peak is not. 
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Fig-4-7. DE-Sephadex chromatography at pH 2.7 of 

the -4 peak from the 18s hjdrolysate. The bulk of 

the counts coe1uie with ATP at this p11. 
Fig-4.8. PEI-cellulose chromatography. a) -4 pe 

from 18s RNA, b) the same after phosphatase, 

c) standards. 

and eluted along with ATP (Fig-4-7). At pH 2.7, ATP 

has a charge of -2, and the only nucleoside-3',5'-

diphosphate which would have this charge is pUp (see 

p56). An analysis of the material showed that it 

ran coincidently with pUp on PEI-cellulose and that 

all its phosphate was labile to phosphatase (Fig4.8). 

So it was concluded that the 5' terminus of the 18s 

RNA was pU. 

28s RNA 

The column separation of the 233 hydrolysate is 

shown in Fig.4.9. Here, there was again a relatively 

large -3 peak, and this time two small oeaks of charge 

-4 and -5. The number of phosphate groups per mole 

was estimated at 3.4 for the -5 peak and 7.8 for the 

-4 peak. All of thess three peaks were found to be 

labelled by (3H-methyl)-rnethionine (Fig4.10). There 
was no peak in a position appropriate to a pppNp. 
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Fig-4.9. DE-Sephadex column of 28s RNA hydrolysate. 

The bars show the positions of the isostichs and the 
histogram the 32P. radioactivity. 
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The -5 peak was of some interest because it could 

have been one of several things. 

Me /P 	number of phosphates 

ppNp 	 0 	 3 

pNmpNp 	 0.33 	 3 

NmpNmpNrnpNp 	0.75 	 4 

The first would clearly be a 5' end derivitive , the 

second would be a 5' end derivitive of the type 

described by Choi and Busch (81) for rat 28 and 40s 

RNAs, and the third would be amethylated stretch of 

unprecedented length from a naturally occurring RNA. 

The material was shown to be a single component by 

electrophoresis on DEAE paper at pH 1.9. The estimated 

number of phosphate groups, 3.4, was consistent with 
any of the possibilities. The methyl labelling, however, 

excluded the first. The ratio of ivie/P, taking the 

alkali stable dinucleotides as 0.5, was 0.63. This 
was closer to the third than to the second possibility 

but not really conclusive. 

The crucial experiment consisted in rerunning 

the material on the DE-Sephadex column after digestion 

with alkaline phosphatase. This is the "shift out" 

technique of Tomlinson and Tener (115) which is 

especially useful for distinguishing between terminal 

and internal fragments:  

ppNp -p N + 3P 

	

-5 	0 	-2 

pNmpNp - 	NmpN + 2P 

	

-5 	-1 	-2 

...net charge at 

pH 7.8 

/ove r 
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NmpNmpNrnpNp 	NmpNmpNmpN + P 

-5 	 -3 	-2 

In fact peaks were obtained in the -2 and -3 positions 

(Fig.4.11) and this is very good evidence that the 
material is a tetranucleotide and not a methylated 5' 

end. It was thought possible, particularly before the 

methyl labelling experiment was done, that the tetra- 

nucleotide might result simply from incomplete hydrolysis. 
But when it was desalted, rehydrolysed for 18 hours and 

rerun on the column, all the radioactivity was still at 

the -5 position (Fig-4-12). This should also exclude 
the structure NmpNpNmpNp which might have a relatively 

resistant internal phosphodieSter bond. 

I I I I I 

Frictions 

Fig.4.11. "Shift out" experiment. Treatment of the 

-5 material with phosphataSe gives peaks at the -2 

and -3 positions showing that the material was a 
tetranucleotide. In this experiment the phosphatasing 

was incomplete. 
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Fig.4.12. RechrOrflatography at pH 7.8 after a second 

round of alkaline hydrolysis. 
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Several unsuccessful attempts were made to label the 

tetranucleotide at the 5' end for sequencing purposes, 

using polynucleotide kinase and 32P-ATP (see next 

chapter). This.was the more annoying because the. 

radioactive ATP contained an impurity with a charge of 

-5 which was for a while taken for pNrnpNmpNinpN. 

Eventually the tetranucleotide was sequenced using 

double: labelled material. The desalted material was 

treated with alkaline phosphatase. The enzyme was 

removed by adding 100 p.1 of 0.15 M sodium acetate, 
0.5% SDS, extracting with phenol/chloroform and desalting 

the aqueous phase once again. It was hoped to determine 

the 5' and 3' ends by fractionation of a total venom 

phosphOdiesterase digest: 

N1mpN2mpN3faPN4 	
venom N 1 m + pN2m + pN 3m + pN4  

+ 	+ 	+ 	- 

32P - 	+. 	I + 	+ 

Fractionation of the digest by paper electrophoresis 

at pH 3.5 should give pN4  as the one peak with no H. 

To identify 1\7  m, a paper chromatography system was found 

which separated nucleosides but not 5' nucleotides 

(Fig.4.13). This was 31YRAI  paper with a solvent consist-

ing of 3:2:2:1 ethyl acetate, 7.5 M ammonia, isopropaflol 
and n-butanol. The results of these two fractionations 

are shown in Figs. 4.14 and 4.15. From the paper 
chromatography the 5' end seemed to be G. The electro-

phoresis gave only one peak, under pA, with the 3H and 

labels not quite coincident. So this is probably a 

mixture of pAm and pA, all three distal bases being 
adenine. This makes the complete structure of the 

tetranucleotide GmpAmpArnpAp. 

The -4 peak was estimated to contain 7.8 phosphate 
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Fig-4.13.. Paper chromatography system employed in 

Fig-4-14 to determine the 5' end of the tetranucleotide. 
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Pig.4.14. Fractionation of the total venom digest 

of the tetranucleotide by the chromatography system 

shown above. 
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Fig-4-15. Paper electrophoresis of the total venom 

digest. The clear histogram represents 32P radio-
activity and the hatched one 3H radioactivity. 

67. 



C 

0 

C 

0 

ft 
0 

C 

a- 

20(7' 

1000 

0 

I 

S 	pCp+pAp 

• 	• 	PUP 
• 	 pGp 

S 	 -origin 

 

Fractions 

 

c 	d 	e 

]?ig.4.16. Resolution of the 28s -4 peak on DE-Sephadex 

at pH 2.7. The solid histogram represents 32P radio-

activity and the dashed histogram 31i radioactivity. 

Fig-4.17. PEI-cellulose chromatography. c) standards, 

d) peak -4/11 from the 28s hydrolYsate, e) the same 

after phosphatase. 

groups per mole. It labelled with methionine to an 
extent representing 0.55 i.e/P relative to the dinucleo-

tides and 0.66 Me/P relative to the tetranucleotide. 
This was clearly a mixture of components and so a further 

resolution was attempted on DE-Sephadex at pH 2.7. 

This gave three peais reproducibly, the first of which 

was a runoff peak. The relative areas of the three 

peaks was rather variable and the overall recovery 

from the column was about 60%. The methyl labelling 

pattern of the three peaks is shown in Fig-4-16. Both 

the first and the third peaks label and were assu:ied to 

consist of or to contain methylated trinucleotides. 

The position of elution from the column and the result 

of a total digestion '."ith venom phosphodiesterase 
suggested that the third one was Gm(G,U). The first 

seemed to be a complex mixture on PEI-cellulose 

chromatography. 

The second, unmethylated, c:lmpOnent was assumed to 
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be the nucleoside_3I,51_diPh0SPte from the 5' end. 

As was the case for the 18s RNA, this co-eluted from 

the pH 2.7 column along with ATP, 	
_hromatographed 

on PEI-cellulose with PUP, and lost all its phosphate 

when treated with alkaline phosphatase (Fig.4.17). It 

was concluded that the 5' end of the 28s RNA is also 

pU. 

40d RNA 

The fractionation pattern of the alkaline hydrolysate 

is shown in Fig.4.18. Like the 28s pattern, this 

showed a relatively large -3 peak, and small -4 and -5 

peaks. On no occasion was any peak seen above the 
-5 position, so it was decided that the precursor RNA 

does not bear a 5' triphosphate. It was not possible 

to label the 40s RNA to a high enough specific activity 

with ( 3H_methyl)meth1011h- 	to enable the experiments 

involving this label to be carried out. So only the 

characterizations involving the 32P label were done. 

The -5 peak represented 4.5 phosphate groups per 
mole, and it seemed pretty likely that this was the 

same methylated tetranucleotide found in the 28s 

hydrolysate. Just to make sure, the shift out 
experiment was repeated with material from the 40s 

-5 peak and it gave- the' same result,, viz peaks at 

-2 and -3. 

The -4 peak was fractionated on a DE-Sephadex 
column at pH 2.7, and like the 28s material, gave three 

peaks. The first and third resembled those from the 
28s RNA, while the second, which was the 5' end derivitive 

o_ chromatOgraPhed with pGp on PEI-cellulose and lost 

all its phosphate on treatment with alkaline phosphatase 

(Fig.4.19). So the 5' end of the 40s RNA seems to 

differ from that of the 18s and the 28s and to be PG. 

MW 



C 

E 
0 

C 

0 
L) 

20 
I-, 

0 

• 	P1 

•PCP 

IpAp 

O • pGp 

• 	• • ATP 

a 	b c 

C 	 405 

40 
	

1 	111 

JL 
C 

Fig-4.18. DE—Sephadex chromatography of 40s RNA 

hydrolysate. The bars show the isostichs and their 

charges and the histogram shows 32P radioactivity. 

Fig-4.19. PEI—cellulose chromatoraphy. a) peak 

—4/11 from the 40s hydrolysate, b) the same after 

phosphatase, c) standards. 

Conclusion 

Certain c1earct results may be summarized from 

these experiments: 

The 5' ends of 18, 28 and 40s RNA are pU, pU and 

pG respectively. 

No rRNA species bears a 5' triphosphate (or diçho3-

phate) such as may be found in total RNA or 5s RNA 

The 40 and 28s RNAs contain a methylated sequence 

believed to be GmAmAmAp in addition to many isolated and 

one or two double ribose methylations. 

These results will he discussed at the end of the 

next chapter. 
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Chapter 5 

INVESTIGATION OF 5' ENDS USING POLYNUCLEOTIDE KINASE 

Introduction 

This work was commenced before that described in 

the previous chapter. Because the results are consistent, 

but not so clearcut on their own, they are described 

second. The objectives of these experiments were the 

same. 

In vitro terminal labelling of RNA with a radioactive 

phosphate group is an alternative method of 5' end 

determination to that described in the previous chapter. 

Alkaline hydrolysis of 5' labelled RNA yields a pNp as 

the only radioactive product, and digestion with a 

specific ribonuclease, tE T RNAse, yields a single 

radioactive oligonucleotide which bears a phosphate 

group at each end. This method has been used to 
determine the terminal sequences of several bacterial 

rRNAs (116,117) and viral RNAs (118,119,120). In 

outline the procedure is as follows: 

RNA 

alkaline phosphatase 

5 'OH-RNA 

poly. kinase, 32P-ATP 

5 0  32P-RNA  

alkali 
/ \T

1  RNAse 

Np 	 pN ... pGp 
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Label lin and Analytical; Procedures 
 

RNA 'PreparatiQp 

This was dealt with in chapter 2. Sterile precautions 

were especially important for these preparations 

because the nicks in 
the RNA sequence can be labelled 

in the reaction, and may in fact be better substrates 

than the 5' end itself. 

Removal; of 5' Phosphate Grou 

The enzyme used was alkaline phosphatase from 2 011  

(Whatman biochemicals). Early trials with the Worthing-

ton enzyme showed the presence of considerable ribofluc-

lease a
ctivity which could not be removed even by gel 

electrophoresis. The buffer used for phosphataSifl 

was 50 tnlVI TrisCl pH 7.6, 10 nil\li I'IigCl 2 . The correct 

E:S ratio was arrived at by the following experiment. 

A sample of RNA was phosPhatased and kinased and was 

dialysed exhaustively against 0.15 M sodium acetate, 

0.5% 
SDS to remove radioactive ATP. Then samples were 

incubated for 30' at 370 with different amounts of 

phosphatase. 1 ml of cold carrier RNA was added to 

each and 5 
als of 5% TCA. The samples were centrifuged 

and the supernatants counted by Cerenkov radiation 

and the precipitates counted on filters (toluene 
0.5% 

PBD, gain 1%, full window). The result is shown in 

Fig.5.1, 
and it can be seen that the reaction goes 

to its maximum extent with an E:S ratio of 1:2. 

For the experiments to be described, unlabelled RNA 

was phosphatased under these conditioflS, the enzyme was 

removed by phenol extraction and the RNA precipitated 

twice with two volumes of ethanol. 
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Fig.5.1. Efficiency of pho s phataSing at different 

E:S ratios. Each pair of points represents a single 

tube, the open circles being the released phosphate 

and the closed circles being the retained phosphate. 
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Fig.5.2. Efficiency of kinasing at different E:S 

ratios. Ratios in units enzyme per g RNA are 

a) 0.1, b) 0.2, c) 0.4, d) 1.0. 
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5' Terminal Labelling 

When used with DNA, this reaction apparently goes 

very readily under a variety of conditions. However, 

the present work with RNA indicated that the reaction 

conditions were very critical for success. The buffer 

used was 10 mM Tris Cl pH 7.4, 5 mM MgC1 2 , 20 mM 

mercaptoethanol. It proved to be harder to decide on 

the correct E:S ratio than it was for the phosphatase. 

If there is a great excess of enzyme, then the amount 

of label incorporated still increases, because contaminat-

ing RNAsé introduces nicks which become labelled. The 

way around this was to melt the samples in formamide 

and to separate the intact molecules from the degradation 

products by gel electrophoresis. Such an experiment is 

shown in Fig.5.2. Here the RNA was 28s and it seemed 
that the optimum E:S ratio was 0.5 units/pg. The incub-

ation was for 45' 
at 370 

The ATP came from Amersham and had a specific 

activity of 15 mCi/1imole. It was dissolved in water 
at 1 nmo1e/il and used at 1/10th of this concentration, 

which is 5x the Km for the enzyme. So the reaction mix-

ture was: 

5 	5 1 0H-RNA 

3 units PKase incubation 37°, 451• 
2 pu ' 32P-ATP  
buffer to 20 jul. 

Isolation of Product 

Since the radioactive ATP was present in excess, it 

was necessary to remove it from the terminally labelled 

RNA. Gel electrophoresis proved to be an ideal technique 

for this, because the small and highly charged ATP 

molecules move quickly through the gel and into the 
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bottom buffer compartment. Also, any labelled 
degradation products of the RNA move faster than the 

complete molecules because they are smaller. The earlier 

experiments showed considerable (40%) heterogeneity for 

the 18 and 28s molecules. This was found to be caused 

by labelled nicks for it was abolished when the RNA 

was melted with formamide before loading onto the gel. 

In some experiments, whole cell RNA labelled with 

was added as a marker. This was to check that the 32 P 

labelled RNA was really of the same molecular weight as 

the original material, and had not been degraded. The 
RNA from the peak slices was eluted in lithium acetate 

and pelleted as described in chapter 2. 

Alkaline Hydrolysis 

Hydrolysis in KOH was not very successful for this 

purpose. Not all the salt can be removed by perchioric 

acid precipitation, and the remainder interfered with 
the chromatography of the nucleoside-3' ,5'-diphosphateS. 

Success was obtained using 5% piperidine, L:.rnM EDTA, 

which is a mixture used to hydrolyse RNA from gel slices 

(14). The RNA was incubated in this at 60 0  for 48 hours 

in a sealed capillary, and then the mixture was dried 

down onto a polythene sheet. The residue was redissolved 

in distilled water and dried down again. 

Chromatography of Nucleoside-3' ,5'-diphosphateS 

Before this work was carried out, there was no 

one-dimensional separation method for the four nucleo-
side_3',5'diphoSPhates. At first, paper electrophoresis 

was attempted, as this is the standard-technique for 

the separation of nucleotides. But it was not satisfact-

ory. Then PEI-cellulose thin layers were tried with 

various concentrations of pyridine formate pH 3.5. 

A concentration of 1 M seemed to give a satisfactory 
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separation of the four compounds. Since it was not at 

first realized that the kinase would label 3' mono-

nucleotides, the standards were prepared by the follow- 

ing reactions: 

RNA micrococcal nuclease 

50 mM Na borate pH 8.8 

10 mM CaCl 2 . 

Piperidine/ 
pNp <- 

EDTA 

5 ' OH-f ragnie nts 

poly . kinase 
32P-ATP.  

- Np.....Np 

After a considerable time lag, the four radioactive 

compounds were prepared separately. The different 

routes of synthesis s i mply reflected the available 

starting materials: 

Ap  PKase  PAP 

Gp 	-;' pGp 
It 

CPU 	> CPU 

'UPC 	 PUPC 

0H 	Cp 

pUp 

all separated from 

ATP and P i on PEI-

cellulose. 

When these became available it was clear that the 

• • S 	I 	 • p 	Fig-5-3- (left) chrornatog 

• pCp raphy of pNps in 1 Wi pyrid- 

• 	
5 pAp inc foriatO pH 3.5. 

• 	II 
• pup 	

Fig-5-4- (right) crO2tO 
raphy of pNps in 2 ri sodium 

• pGp 	
f ormate pH 3.4. 

• ATP 

MN pAp pCp pLlp pGp all 
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system in use did not separate pAp from pCp, and that 
the leading spot from the microCocCal nuclease standards 

was some unidentified mystery compound. In fact this 

did not matter since none of the RNA species turned 

out to have pA or pC at their 5' ends, but a search for 

a suitable solvent led eventually to 2 lvi sodium formate 

pH 3.4 (Figs-5.3 & 5.4). 

RNAse Digests 

RNA pellets from the separation step were dissolved 

in distilled water and freed from salt and SDS by passage 
through 1 ml columns of G-100 Sephadex. The digestion 

was carried out on a polythene sheet as previously 
described. The sample was mixed with carrier RNA and 

enzyme and incubated at 370 for 30' (E:S ratio 1:10, 

the buffer was 10 mM Tris Cl pH 7.4, 1 mM EDTA). Since 

the radioactive product has phosphate groups at both 
ends, it was displayed by running the mixture on a 2-

dimensional separation technique used for pyrimidine 

tract analysis (110). This was PEI-cellulose with 

2 H pyridine formate pH 3.5 in the first dimension and 

i ivi LiCl in the second dimension. 

Elution of Material from Thin Layers 

This was necessary for the preparation of standards 

and for the further analysis of the T 1  oligonucleOtides. 

The piece of thin layer was cut out and the adsorbed 
material was chromatographed onto a paper flag with 30% 

TEC. Then it was eluted from the paper into a glass 

capillary with water— 

Results 

When all the techniques described above had been 

developed or got to work, it was in principle possible 
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Fig-5.5.A PolyacrylaUiide gel 

of a mixture of unlabelled total 

RNA and 18s RNA labelled in vitro 

with polynucleotide kinase. 
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Fig-5-5.B The same for 28s RNA 

Fig-5.5.0 Polyacrylarnide gel of 

RNA from the first zonal rotor 

peak which has been phosphatased 

and kinaed. The left hand peak 

is 40s and the right hand peak is 
28s RNA. 
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to identify the 5' end of any RNA species. In fact the 

experiments are very tricky for one person because the 

RNA, the kinase, and the radioactive ATP are all unstable 

and have to be obtained at. the same time for success. 

In addition the kinase reaction frequently failed to 

work for reasons which are not understood. 

However, when the procedure did work, quite good 

labelling could be obtained (Fig-5-5). When tritiated 

RNA was run on the gels together with the in vitro 

labelled material, the isotope peaks were coincident, 

showing that the bulk of the sample had escaped 

degradation (Fig-5.6). In fact there must have been 

some nicking because the first end groups found for 18 

and 28s RNAs were only 60-65% of  PUP (Fig-5-7). When 

the labelled RNA was mixed with formarnide before running 
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Fig. 5.6. Double label experifl1 

acrylainide gels of mixtures of 

and total RNA labelled in vivo 

profiles .are the 3H counts and 

counts. A. 28s RNA and B. 
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5' labelled species 
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1'1ig.5.7. PEI-cellulose chromatography of pNps 

r3covered from terminally labelled RNA species. 

.) 18s RNA, b) 28s RNA, c) standards. About 60 of 

tH a counts are in pUp for the two RNAs. 

The same, exceotthat the labelled RIAs we re 

nielted in formamlde before gel electrophoresis. 

a) standards, b) 18s RNA, c) 28s RNA. 	90 of the 
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en 	roup was successfully determined for the 40s RNA. 

}ut a comparison of T 1  products from the 28s and 40s 

RNAs was made, both with and without the formamide 

melting step. The predominant 40s product moved just 

behind the Orange G marker in the first solvent (Fig-5-9). 

This is the position of pGp, and when the end group had 

been determined by the alkaline hydrolysis method, it 

became clear that this was what it was, not an cl1,o- 

n1otio •.t .11. 

Ohe 1-ilri prodct from t 	 hJ 

Ui mohilit', in tho first so]innt. 7/e cnow t'it i.t 
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Fig-5.9. 2—dimensional chromatography on PEI_ce11Ul05 

The 1st dimension was 2 M pyridine formate pH 3.5, and 

the second was 1 14 LiC1. The samples were T
1  digests 

of 5' labelled RNA species. The top plate is for 

28s RNA and the bottom one for 40s RA and it can be 

seen that the two spots run in different positions 

relative to the marker, dyes. 
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Fig.5.10. DE-Sephadex chromatography of 5' oligonucleo-

tide from 28s RNA. The histogram shows the radioactivity 

and the bars show the positions of elution of T i  iso- 

	

stichs made from yeast RNA. 	 - 

5' end is pU and that its 3' end must be Gp because of 

the T1  digestion. Its length was measured by DEAE 

Sephadex chromatography with unlabelled T isostichs 

as markers. This column was run in exactly thesame 

way as those described in the previous chapter (Fig.5.10). 

The oligonucleotide eluted with -the seventh .isostich 

and so must have a net charge of -8. The two terminal 

phosphates will bear a total charge of -4 and so there 

must be four internal groups each with a charge of -1. 

This makes the structure of the oligonucleotide. 

pUpNpNpNpG-p. 

Discussion of Results from Chapters 4 &5 

Absence of 5' Triphosphate from 40s RNA 

By analogy with 18 and 28s RNAs this finding, suggests 

that the 40s RNA is itself a processed product, and that 

a larger RNA is transcribed, perhaps from the entire 

ribosomal repeating unit. In the author's opinion, 

there are several pieces of evidence against this. 

First, no giant rRNAs (mol..wt. 4 million) have been 

found in Xenopus despite a careful search in connection 

with the mechanism of nucleo'lar amplification (121). 

Secondly, the electron micrographs of ribosomal genes 
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in action (15) show an alternation of transcribed and 

non-transcribed regions. Thirdly, in the laevis-

mullen comparison (24), the spacer DNA seems to be 

more diverged than the excess, suggesting a greater 

selective pressure on the transcribed portion. On 

the other hand, evidence for the occasional transcrip-

tion of spacer DNA comes from the observation of 

"prelude pieces" of RNA in the electron micrographs 

(122), and from the creation of polymers of 45s RNA 

by isolated rat nucleoli incubated in high concentrations 

of nucleoside tniphosphates (123). If these examples 

can be regarded as pathological distortions of the 

normal process, then perhaps it may be suggested that 

the normal mode of progression of polymerase along the 

spacer involves going through all of the motions of 

transcription except the formation of the phosphodiester 

bonds. This would explain the 5' monophosphate and also 

the exceptional sensitivity of ribosomal RNA transcrip-

tion to actinomycin D. Such a mechanism could be. tested 

by showing that RNA polymerase I plus ribosomal DNA 

converts 5' triphosphates into 5' monophosphates. A 

plausible analogy may be the K restriction system of 

E.coli which has a large ATP requirement believed to 

be related to the process of translocation along the 

DNA duplex (77). 

The End Groups 

For the 18 and 28s RNAs, the occurrence of a 5' 

phosphate allows us to deduce that, whatever other 

properties the processing enzymes may have, they are 
nucleases of the B type. That is, enzymes which 

catalyse a direct hydrolysis by 1120  rather than phosphate 
transfers through a cyclic intermediate (124). Of 

course, such 5' phosphates have been found before in 

other eukaryotes ea L cells (106) and Saccharomyces 

cerevisias (117), but this.point does not seem to have 
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been realized before and it means, for example, that 

the methylations cannot protect sequences against 

processing, as suggested by Maden (51), because 

methylated seauences are vulnerable to the B type 
nucleases. In fact one such enzyme is the venom 

phosphodiesterase which is used in their analysis. 

The fact that the 40s RNA has a single end group 

rather than a mixture is in accordance with the results 

described in chapter 3, ie that this substance is a 

unique molecular species and is not polydisperse. 
Although a study of the 3' end was not carried out, the 

author would be very surprised if it showed anything 

different. 

The fact that the end groups of 28 and 40s RNA 

are not the same indicates that there is a segment of 

excess RNA at the proximal end of the precursor. 

Dawid's electron microscopic map of the precursor puts 

the 28s sequence at the extreme 5' end, but fortunatly. 

electron microscopy is not yet sensitive enough to 

contradict the result described here. Both this 

finding, and the placing of the 5.8s sequence between 

the 18 and 28s (.J.Speirs, personal communication) 

show that the processing mechanism must be more 
complicated than that proposed by Perry and Kelley 

(72), which envisaged a single endonucleolytic 

cleavage followed by 3' exonuclease digestion. 

The Trimethylated Sequence 

At first the discovery of the trimethylated 

sequence was rather surprising because no such sequence 

had been found before, even in an exhaustive analysis 

of the HeLa rRNA methylations (58). But a telephone 

call to B.E.H.Maden revealed that he suspected the 
presence of such a sequence in HeIa 28s RNA and believed. 
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that the alkali stable fragment might have been 

mistaken for the 5' end fragment pCmpUp by Choi and 

Busch (81). This latter result was of course much 

quoted as evidence that the 28s sequence lay at the 

extreme 5' end of the precursor. 

Somewhat later, when some rat cells were being 

grown in the laboratory the opportunity was taken to 

examine this possibility. Rat 28s RNA was prepared and 

the alkaline hydrolysate fractionated on a DEAE column. 

The -5 peak was present. It was shown to be labelled 
by ( 3H-methyl)S-adenosyl methionine in isolated nucleoli 

and it yielded a species of net charge -3 after 

phosphatase treatment. So it did seem to be a methyl-

ated tetranucleotide similar to that in Xenopus. 

Recently, Nazar and Busch (125) have retracted the 

original claim and now propose that the -5 species 

from rat is the methylated tetranucleotide AmGmCmAp. 

Although the sequence is different, this result is 

much more in accordance with ours, and it is always 

possible that there is .a genuine difference of sequence 

between rat and Xenopus. 

The function of the ribose rnethylations remains 

unknown. It seems probable that they do have a function 

• 	because they are restricted to the 28 and lBs segments 

of the precursor and because they are all quantitative. 

In addition, the probability of obtaining three 

adjacent methylations from randomly scattered groups 

is about 6.5x10 3 . However, the only experimental 

evidence which bears on the problem is that of Vaughan 

• 	et.al .(72) who found that processing was arrested at 

the 32s stage in inethionine starved cells, and that 

this RNA was undermethylated. This at least showed that 

the methylations are not necessary for the specificity 

of the early processing reactions. 
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Chapter 6 

A STATISTICAL TREATMENT OF RNA DIGESTS 

Introduction 

The work on end groups described in the preceding 

chapters had acquainted the author with some of the 

techniques used in RNA sequence analysis. It was thought 

probable that information other than the sequence could 

rapidly be obtained from the data provided by the 

oligonucleotide separations, if there existed a statis-

tical theory of digests. At present, the field of 

primary sequence analysis is a very qualitative one, 

but a quantitative approach will eventually become a 

necessity, especially for sequence studies of DNA. It 

was with the conviction that a quantitative theory could 

be created that the work described below was undertaken. 

The digests which are considered are those of RNA 

by RNAse A (cuts after pyrimidine nucleotides) and 

RNAse T1  (cuts after G residues), and the separation 

techniques which are given special attention are the 

isostich fractionation on DEAE columns (103) and the 

"fingerprinting" technique of Sanger, Brownlee and 

Barrell (126). 

The following terms will be used repeatedly in the 

next three chapters: isostichs are sets of oligonucleo-

tides of common chain length; compositional isomers 

are sets of common length and base composition; and 

sequence isomers consist of defined sequences of 

nucleotide residues. The term instance will be used to 

refer to each copy of an isostich, compositional isomer 

or sequence isomer; and the incidence of a given species 

is the number of instances in the entire sequence. 
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The total sequence complexity will be defined according 

to the usage of Wetniur and Davidson (127) as the total 

unique sequence length measured in nucleotide residues. 

Note that for a defined species of RNA such as a single 

messenger RNA the complexity is the same as the length 

of the molecule, while for in vitro transcripts from 

DNA it may be quite different. 

An ideal sequence will be defined as one in which 

the four nucleotide residues occur with equal frequency 

and the probability of a particular residue in a partic-

ular position is independent of the sequence on either 

side. A random sequence will be defined more loosely as 

one which was or could have been created by a stochastic 

process, but which may include constraints which make it 

non-ideal. Some of the following theory is derived for 

ideal sequences only, and some covers random sequences 

which shows some straightforward type of non-ideality 

such as a particular base composition. 

The extent to which the "ideal nucleic acid laws" 

will cover real nucleic acids will be considered in 

chapters 7 and 8 in the context of their application to 
ribosomal RNA and to the properties of multiple gene 

arrays in general. 

Number and Weight Distributions for Isostichs 

The use of DEAE columns with 7 M urea to separate 

the isostichs of a nucleic acid digest has prompted 

some quantitative treatment of the distribution of 

32 P radioactivity between the isostichs.(128-130). Of 

these references, the last is the most detailed but it 

is in error in its formula for the number fraction of 

each isostich because the break points are each counted 
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twice: at the beginning and end of each run. 

For the purposes of the following calculation, an 

RNA sequence will be regarded as a sequence of Bernouilli 

trials which are "successes" or "failures" depending on 

whether they are on the immediate 5' side of a chain 

scission. Then if we ask what proportion of the molecu-

les in the digest are of length n, this is the same as 

asking what is the probability of a run of n-i "successes" 

in the sequence. Such probabilities are given by the 

geometric distribution, so if the proportion of break 

points ("failures") is y: 

PIOpOCCIO of iiecIec /et 	= 

This is a number distribution. If we now wish to 

know the proportion of radioactivity in each isostich 

we must convert this to a weight distribution. This 

is done by multiplying each term by n and renormalizing 

so that the sum of all terms is unity. Normalization 

is carried out by dividing by the mean of the geometric 

distribution (l/y), so that the result is: 

(rL)= 	 . (
I) 

where z(n) is the fraction of radioactivity in the n th 

isostich. It is convenient to put this equation into 

linear form by taking logarithms: 

= 	 2y 
	

(2) 

Now if iog(z/n) is plotted against n-i, a straight line 

is obtained with a slope of log(i-y) and an intercept 

of 2 log y. 

The important thing to note about this relationship 

is that z is a function only of the proportion of break 
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points and not of the total complexity of the sequence. 

In other words, long runs do not occur in a larger 

proportion in long sequences. However, the equation 

is only exactly true for a sequence of infinite complex-
ity. For finite sequences of complexity T there will be 

sampling errors in the actual weight fractions and these 

will be greater the smaller the value of T. 

For this reason we need confidence limits for the 

points represented by equation (2). The statistical 

analysis of this situation has been worked out in terms 

of a probability distribution for the number of fragments 

of length n (D.Sales, unpublished). 

The mean of this distribution, which is the expected 

value of the incidence of the n th isostich, is denoted 
by R: 

ID 
- - 

,t. 

and the standard deviation, which is the standard error 
of R is given by: 

TZ 

If zis defined as a random variable with a mean specified 

by equation (i), then: 

- z. 
 

Tn( 	- 

and the standard error of the transformed variable 

log(/n) may be found by using a Taylor series approx-

imation (131): 
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Fig.6.1. Linear plot of equation (2) with confidence 

limit envelopes for two values of T. 
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The result is: 

6.[L] 	 lei 	 65 

When this equation is used to calculate confidence 

limits around the straight lines represented by 

equation (2) we obtain a family of curves having T as 

parameter (Fig.6.1). Of course, these curves are not 

confidence limits for the whole straight line, but they 

join the 95% limits for each point considered independen- 

tly. 

• The use of this linear plot to analyse isostich 

separations will be demonstrated in the next chapter. 

Properties of RNA "Fingerprints'' 

Fingerprinting is a two-dimensional separation 

technique which resolves oligonucleotides mainly by 

on 



their length and base composition. The experimental 

details will be described later. For the - present it 

should be noted that the arrangement of spots shown on 

the autoradiograms corresponds approximately to a cata-

logue of compositional isomers in the digest. 

In the opinion of the author, the term "fingerprint" 

is rather misleading because it implies that the pattern 

of spots is uniquely characteristic for each RNA species. 

This may be true for the large and rare oligonucleotides 

but the smaller ones are likely to be present in all 

RNA sequences and this is why all "fingerprints" of 

long RNA sequences do look roughly the same. From a 

quantitative point of view, the question is: can we 

predict the properties (number and intensities, of spots) 
of a fingerprint from the overall characteristics of 

the RNA (base composition and complexity) ? 

Number of Spots 

The number of spots approximates to the number of 

different compositional isomers present in the digest. 

This may appear to be a simple quantity to calculate 

but it is in fact quite a formidable combinatorial 

problem. There are several stages to the calculation: 

i) What is the maximum number of sequence and of 

compositional isomers which can be present in a partic-

ular isostich ? These quantities will be respectively 

designated by g(n) and f(n) and can be deduced from 
simple probability arguments. For example, the f(n) 

for T1  oligonucleotides is the number of ways of part-

itioning n-i objects into three 'groups. The results 

are: 

/over. 
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RNAse A 	RNAse T1  

number of 
n(n+1) 

compositional 	f(n)= 	2n 	 2 
isomers 

number of. 

sequence 	g(n)= 	2 	
3n-1 

isomers 

What is the number of sequence isomers included in 

a given compositional isomer ? If the compositional 

isomer is written as ACbUG, then the number of sequence 
isomers will be given by the multinomial coefficient: 

(4-i)! 
hihere 	it-'-  b-i- C 

What is the expected incidence of the n th isostich 

in a sequence of complexity T ? This is given in equat-

ion (3) above: 

:: 

ri 

If we consider the n th isostich, then the expected 

number of spots which it contributes to the fingerprint 

will be the expected number of the f(n) isomers which 
are represented among the R(n,T) instances. This would 

be a classical occupancy problem if the probabilities of 

the compositional isomers were all the same. But since 

they depend on the number of included sequence isomers 

we must adopt a procedure described by Feller (132). 

If the compositional isomers are numbered from 

l...i ... f, then: 

(n-i)! 

= 
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and the probability that the i th compositional isomer 

will be unrepresented in the R instances of the isostich 

is then: 

[1 - 

In order to find the probability that exactly j of 

the f isomers are not represented, we have to calculate 

the coefficients Sk• These are the sums of the probab-

ilities of all the ways in which k compositional 

isomers can be absent from R instances: 

SK=E :: 
4? 	 / 

Then: 

? (j) 	- 	'C Sji 	 - - - 	S 

where the C terms are binomial coefficients. This is 

a probability distribution for the absence of j out of 

the f possible isomers which is the same as the probab-

ility that f-j are present in one or more copies. So 

the expected value for the number of spots contributed 

by the n th isostich is f(n) minus the mean of this 

distribution. 
For the whole fingerprint, these values would be 

summed over all the isostichs. 

Unfortunately, there is no analytical expression 

for the mean of the probability distribution, and the 

calculation of the coefficients . S would require 

enumeration of all the selections of k from f isomers. 

So although the spot number could be calculated by this 

method, it would be somewhat tedious to do so. 

Of more practical use is an approximation which was 

discovered in the course of research on the spot number 

problem. It is a relationship between the spot number 
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per isostich, X, and the isostich length, n: 

X(T) 0 A 

The total spot number is obtained by summation over 

the isostichs: 

IV (T 	x() 	C) 

This equation arises if it is assumed that all the 

compositional isomers have an equal probability of 11f, 

and that their occurrence or non-occurrence in H trials 

are independent of one another. Then the right hand 

side of equation (6) can be seen as: 

flbe 
o. q 	

C t1F)S1cAJ 	X 	preseri( 	of 

i.s rvt2rS 	
2 ve 4 

The errors brought in by the two assumptions largely 

cancel, but the factor 0.9 is inserted to give better 

agreement with the computer simulations which will be 

described below. 

If equation (6) is written out in full then for a 

T1  digest: 

0.9 	
-[ I - ti(i) 

2. 

Some plots of this equation are shown in Fig.6.2. For 

the shorter isostichs, all the possible compositional 

isomers are present, then as n increases the number 

present first rises to a maximum and then falls to 

zero. The proportion of the longer isomers is increased 

by a fall in y, but the most important feature of the 

relationship is that, unlike the z function, it is 

strongly dependent on the sequence complexity. 
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Pig.6.2. Plots of equation (6) (number of compositional 

isomers per isostich) for various values of T. A. y=0.2 

B. y=O.3. 
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Fig.6.3. Plots of equation (7) (total number of 

compositional isoiiers v. complexity) for various 

values of y. A. RNAse A digest, B. RNAse T1  digest. 

In Fig6.3 are shown plots of the total spot number 

against complexity for both RNAse A and RNAse T 1  

digests. Especially for the latter there is quite a 

strong dependence on T, which makes it a practical 

possibility to estimate the complexity of a sequence 

from an experimental spot count. 

It should be stressed that in addition to the 

small systematic errors resulting from the approximations 

there will be statistical fluctuations of experimental 

values of X(n,T) around the predicted ones. These 

arise first from the standard error in R, expressed in 

equation (4), and secondly from sampling errors involved 

in the representation of the different compositional 

isomers. 
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The Calculation of Intensities 

The simplest way of representing the intensities of 

the spots on a fingerprint is by a histogram of spot 

frequency on intensity. This will be called an intensity 

spectrum and designated by a continuous frequency 

distribution 0(I). I represents intensity and will be 

normalized so that the sum of all intensities on a 

fingerprint is unity. 

Again each isostich will be considered separately. 

For the n th isostich, the intensity of a single 

instance of any compositional isomer is n/T, and if 

the Incidence is j, then the intensity is jn/T. The 

distribution of instances of the f(n) compositional 

isomers among many sequences will follow a multinomial 

distribution in which the probability of the I th 

compositional isomer is p1 . The number of trials is 

R(n,T), so: 

/I , KL 	 = 

K, 	'<L 	/)f 
Kf  

•..  

where k is the incidence of the i th isomer. 

For a single isomer, the distribution will be a 

binomial in which each term will be a summation over 

all terms having k 1  instances of the i th isomer: 

To move from this equation to an expression for the 

intensity spectrum it is necessary to make two 

simplifications. First, as before, to assign each 

compositional isomer the same probability 11f; and 

secondly to assume that the frequency distribution 

for a single isomer between sequences approximates 
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to the frequency distribution for the collection of 

isomers in a single sequence. The author knows of 

no mathematical justification for this second step, 

but it seems to work. Since there are X(n,T) composit-

ional isomers in the n th isostich this frequency 

becomes: 

(,T)' 	(, 	I 
W(j) = X(VI 	 !.J! \fr)J ( - 

Substituting: I = mIT 
TL 	 /,TZ 

-T
X .  R 

( 

_( i) I fL 

and summing over the isostichs: 

•VO
.. . ( 8 ) 

In practice, the intensity spectra were calculated 

using the normal approximation where R5O and putting 

0=0 outside the range of the binomial. 

Some spectra are shown in Fig.6.4. They are highly 

dependent on T with respect to the position of the max-

imum, and the dispersion. The effect of base composition 

(the y parameter) mainly operates through the effect on 

N(T) which is the area under the curve (not shown). 

Since the approximations involved in this calculation 

are so extreme, it is not claimed that the equations 

provide accurate quantitative predictions about the 

properties of actual fingerprints. But they do give a 

good qualitative indication of their behaviour, as 

will be illustrated in the next chapter. As before, we 

may expect statistical fluctuations in the experimental 

results to be superimposed on the systematic errors. 
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Discussion 

This theoretical work opens up various new 

possibilities. The log(z/n) vs. n-i plot could be 

used as a test of randomness in an RNA sequence and is 

used in this way in the next chapter. It can also be 

used to determine the proportion of "break points" 

in all analagous problems involving the geometric 

distribution. For example, when satellite DNAs are 

digested with restriction enzymes, a "ladder" of 

fragments is obtained if the repeating unit contains 

a restriction site. The log(z/n) vs. n-i plot has 

been applied by E.iVi.Southern and H.J.Cooke of the 

MRC Mammalian Genome Unit to measure the degree of 

divergence of various satellites. The "y" parameter 

given by the plots is the proportion of restriction 

sites which has survived the divergence, and if the 
site contains )) nucleotides: 	

lover. 
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The existence of a formula relating spot number of 

fingerprints to sequence complexity should make it 

possible to measure complexities of mixed samples, 

ea  total messenger RNA, or RNA transcripts of reiterated 

DNA, which are hard to measure in other ways. It is 

known for example that the measurement of complexity 
from reassociation rate is not reliable for reiterated 

DNA because of the effects of mismatching on reaction 

velocity (133,134). 

The possible applications of intensity spectra 

will be considered in chapter 5. 
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Chapter 7 

COiiPUTiR SIMULATIONS AND EXFERIMENTS ON RNA DIGESTS 

Simulations 

The expressions for z, X and 0 in the previous 
chapter are based on the assumption of ideality in the 

RNA sequence. Furthermore, the working relations for 

0 and X are approximations. It is therefore necessary 
to ask two questions of the analysis: 

Are the approximations valid, and over what range 
of the parameters do they hold ? 

How non-ideal must a sequence be before it ceases 
to obey the equations ? 

These questions, have been answered by means of 

computer simulations of RNA digestions. Simulations 

have several advantages over experiments, in particular 

the properties of the sequence are known exactly at the 

start and each parameter can be varied independently. 

Also, many simulations can be carried out in the time 

it takes to do one experiment, and there is no question 

of experimental errors. 

The general nature of the computer programs used 

is described in appendix 2. The most important program 

was AJSSAT, which constructed digests from sequences 

supplied as data. The sequences used were random 

sequences of specified base composition con-posed by 
the program AJSSEQ. There is a certain problem about 

non-ideality because there is an infinite number of 

ways in which a sequence could be non-ideal. What 
was done for the simulations described below was to 

construct Markov chains from the four letters A,C,U,G 

which were characterized by a single parameter, r. 
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All the diagonal elements of the transition matrix were 

put equal to r and all the non-diagonal elements to 

(1-r)/3. The result of this is that sequences with 

r>O.25 have a propensity to contain runs of the same 

base, while those with r<0.25 have a deficiency of 

such runs. 

z function 

z(n) may be calculated from a simulated digestion 

by summing all the spot intensities for each isostich. 

The prediction from equation (2) is that we shall obtain 

the same straight line plot of log(z/n) vs.n-1 for 

sequences of the same base composition but different 

complexity. The scatter of points about the line should 

be less the greater is the sequence complexity and 

should be indicated by the confidence limits calculated 

from equation (5). 

In Fig.7.1 are shown two plots from simulated 

digests. The straight lines are the theoretical plots 

for y=0.25, and the points are obtained from simulations 

of digestions of ideal sequences. In the upper figure, 
T=2000 and in the lower figure T = 10000, and it may be 

seen that the scatter differs accordingly. If the 

proportion of potential break points in the sequence 

is altered, then the slope and intercept of the plots 

should change' accordingly, and this was found to be so. 

In Fig-7.2 are shown plots for a series of Liarkov 

chain sequences having r= 0.1, 0.2, 0.3, 0.4. The 

deviations from the straight line are readily comprehen-

sible: if there is a propensity for runs of identical 

bases then there will be more G in the digest relative 

to the other short isostichs, and vice versa. But these 

deviations seem to be small compared to the statistical 

scatter in the range 0.2>r>0.3 and so we may consider 
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Fig.7.1. Linear plots calculated from simulations of 

RNA digestions. For both, the straight line is the 

theoretical plot for y0.25 9  the curves are confidence 
limit envelopes for the appropriate complexity, and the 

points are from a simulation with a sequence of that 

complexity. A. T=2000, B. T=10000. 

102. 



3 

2 

log 1 + 4 

3 

2 

OA 0.2 

r 	0.3 N__,.r = 0.4 

0 	5 	10 	0 	5 	10 

n—I 

• Fig-7.2. Linear plots for Markov chain sequences at 

four values of the r parameter. 

the equation to be valid for such non-ideal sequences. 

X function 

X, the number of compositional isomers in each 
isos -tich of a digest, is given directly by the 

simulations (see appendix II). When plotted against 

the isostich length, this shows good agreement with 

the predictions of equation (6) as far as the effect of 

complexity is concerned. (Fig.7.3). 

Values of N, the total number of different compos-

itional isomers in the digest, are also obtained 

directly from the simulations and are shown in Fig-7-4 

for various values of T and y. Equation (7) seems to 

hold quite well below T=5000 but to overestimate the 

number of isomers at higher complexities. 

For Markov chain sequences (not shown), the total 

spot number shows a steady increase with r, but the 
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Fig.7.3. Compositional isomer vs. isostichplbts. The 

hatched areas are histograms calculated from equation 

(6) and the bars are the results from one simulation. 

A. T=2000, B. T=10000. 
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the deviations from the expected plot do not become 
severe ( X exceeded for 5% significance level) until 
r 0.5. 

0 Function 

The intensity data from the simulated digests is 

plotted in the form of histograms of spot number in 

classes of width 0.002 normalized intensity units. 

Fig-7-5 shows predictions and results for ideal 

sequences with complexities of 2000 and 5000. The 

predictions of equation (8) can be seen to be not bad, 

but they overestimate the number of spots in the lowest 

intensity class. The equation predicts that the effect 

of altering y will be mainly on the total spot number 

(the area under the histogram) rather than on the mode 

or the dispersion, and this was indeed found to be the 

case. Simulated intensity spectra from the Markov 

chain sequences showed severe, deviations from the 
prediction outside the range 0.2<r<0.3. 
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Fig-7-5- Intensity spectra. The curves are calculated 

from equation (8) and the histograms are from computer 

simulations. A. T=2000, B. T=5000. - 

The conclusion from this simulation study of 

single sequences is that the equations derived in the 

previous chapter are at least valid for predictive 

purposes within the ranges 1000<T<5000 , 0.2<r<0.3 

and 0.2<3r<0.3 and may be usable outside these limits 

• 	under defined conditions. 
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Experiments on Xenopus rRNA 

Looked at in one way, experiments are simply a 

slower and less clearcut way of doing computer simul-

ations. However, once the equations have been verified 

bysimulations, there arises an additional reason for 

carrying out some of the relevant measurements on 

naturally occurring RNAs, because any. deviations from 

predicted behaviour may tell us something about the 

sequences concerned. 

The first question concerns the randomness of the 

sequences of ribosomal RNA. Presumably the function of 

ribosomal RNA at least involves the formation of a 

precise three dimensional structure to hold the various 

ribosomal proteins in the correct positions. If this 

leads to significant non-randomness in the primary 

sequence, it should be detectable by means of the 

iog(z/n) vs. n-i plot. The randomness referred to 
here is independence of successive positions in the 

sequence, ribosomal RNA is not strictly ideal because 

it does not have the four bases present in equal 

proportions. 

Secondly, we can ask whether the molecules have 

fingerprints showing the expected number of spots. 

Too few spots might suggest internal duplications of 

sequence, and too many might suggest sequence hetero-

geneity caused by divergence between copies of the 

ribosomal genes. It will be recalled that although 

this factor was excluded as the cause of the heterogeneity 

of 40s RNA (chapter 3), a constant, low level of diverg-

ence is required by several of the theories of gene 

conservation (chapter 1) and is hard to rule out 

experimentally. 
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• The predictions for the 18 and 28s RNAs of Xenopus 

were made using the following values for sequence length 

and base composition: 

18s RNA 	28s RNA 

T=2120 	T=4550 

molar 	 A 	0.239 	0.194 

proportions 	C 	0.243 	0 1.282 

of bases 	 U 	0.233 	0.171 

G 	0.285 	0.353 

These are all taken from reference 14. 

Isostich separations 

Xenopus cells were labelled for 48 hours with 32P 

and 18 and 28s ENAs were prepared as described in 

chapter 2. The RNA was digested with pancreatic RNAse 

(RNAse A) in 10 mM TrisCi pH 7.4 1  1 mlvi EDTA for 1 hour 

at 370, with an E:S ratio of 1:2. The samples were 

brought to 7 lvi urea and were chromatographed on 

columns of DEAE Sephadex. The procedure was the same 

as that described in chapter 4 for the fractionation 

of alkaline hydrolysis products, except that the column 

size was increased to 0.6x3O cms and the gradient was 

0-0.5 M NaCl. 2 nil fractions were collected in poly-

thene tubes and counted by Cerenkov radiation. 

These columns gave quite good resolution of the 

isostichs, as is shown in Fig.7.6. The proportion of 

radioactivity in each peak is the quantity z(n) and 

so the values of log(z/n) could be readily calculated. 

These values for 18 and 28s RNA are shown plotted in 

Fig-7-7 over the theoretical lines calculated from 

equation (2) and the error envelopes calculated from 

equation (5). It can be seen that the agreement between 
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Fig-7-7. Log(z/n) vs. n-i plots for Xenopus rRNAs. 

A. 28s, B. 18s. The lines are calculated from 

data in ref. 14 and the points are from the experimental 

isostich separations such as that of Fig-7.6. 
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theory and experiment is very good, and that there is 

therefore no reason to suppose that either of the 

RNA species has a significantly non-random sequence. 

Fingerprints 

These were carried out by the procedure in use in 

the laboratory of E.M.Southern. Samples of 18 and 28s 

RNA of high specific activity (6 x 10 cpm111g) were 

desalted by passage through 1 ml columns of Sephadex 

G-75 and dissolved in 10 mM Tris Cl pH 7.4, 1 mM EDTA. 

They were digested with Ti 
 RNAse for 30' at 

370  at an 

E:S ratio of 1:20. 2 g of a digest was used for each 

fingerprint. 

The first step was electrophoresis on cellulose 

acetate (Oxoid) for 3 hours at 5 kV. The buffer was 

5% pyridine acetate pH 4.3 in 7 N urea. The sample was 

applied together with marker dyes and the strip was 

run immersed in paraffin to avoid overheating. After 

running, the strip was washed in ether and the contents. 

transferred to large (16" x 14") sheets of PEI cellulose 

by ascending chromatography in water. These thin layers 

were not the commercial ones used previously, but were 

home made on plastic sheets of film backing by the 

following method: 30 grams of MN cellulose were mixed 

with 200 mis of 1% polyethylene irnine + formic acid 

pH 6.5, the mixture was homogenized for 2' to remove 

lumps and was degassed. The sheets were made by pulling 
the backing sheet under a spreading trough with 0.4 mm 

aperture. They were allowed to dry and were left for 

a few weeks to mature. After the transfer, the layers 

were washed in water to remove urea and were chroniato- 

• graphed overnight in 2 M pyridine formate pH 1.8. They 

were dried at 800 and the spots were visualized by 

utoradiography. 
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Fig-7.8. "Fingerprints" of XenoDus rRNAs carried out 

by the method described in the text. Top: 18s RNA, 
bottom: 28s RNA. 
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The thin layer modification of the original 

fingerprinting technique was used because of its 

superior resolution. It was hoped to separate all the 

compositional isomers from the Xenopus rRNAs, and in 

the best fingerprints this was virtually achieved 
(Fig.7.8). The spots were counted by comparing several 

fingerprints of the same RNA, because some resolve a 

particular region better than others. The final 

figures obtained were 122 for the 18s RNA and 130 for 

the 28s RNA. 

These numbers were slightly higher than the 

theoretical predictions, so some additional computer 

simulations were carried out to produce confidence 

limits for the predictions. Ten random sequences were 

generated with the length and base composition of the 

two rRNAs and were fingerprinted by means of the AJSSAT 

program. The results are summarized below: 

Spot numbers 

18s RNA 	28s RNA 

Calculated 	 106 	125 

Simulation 	105 + 9 	118 ± 11 

Experimental 	122 	130 

At present the opinion of the author is that the slight 

excess of spots is a technical artifact and is not bec-

ause the sequences have a higher complexity than predic-

ted from their molecular weight. The main reason is 

probably the separation of some sequence isomers, since 

some such separations are plainly visible 2 .a ACG and CAG. 
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Discussion 

Some people find it hard to believe that an RNA 

sequence can be "random", or that a theory based on 
an ideal sequence can be at all valuable. This presumably 

springs from the reductionist view that a sequence which 
has a specific function e coding for a protein, must 

also have a specificity at a lower level of organization, 

namely the primary sequence. The author believes that 

necessity at one level may be chance at another. Of 

course it is impossible to maintain that the whole 

genome is random because DNA can be fractionated into 

distinct classes of base composition or nearest neigh-

bour frequency. But this does not deprive the ideal 

sequence of its uses, and in fact the next chapter 

consists of a theoretical study of one well known case 

of non-ideality, that of the repeated diverged sequence. 

As far as the results described in this chapter are 

concerned, the simulation study clearly verifies the 

main predictions of the theory for ideal sequences and 

for non-ideal sequences within a defined range. The 
isostich separations for Xenopus rRNAs show experimentally 

that these species also follow predictions made from 

the assumption of a random sequence of their base 

composition. 

It seems from the fingerprinting experiments 

described above that at present this technique is not up 

to accarate measurements of complexity because of the 

problems of non-specific digestion and the separation 

of sequence isomers. However, the theory does explain 

one striking feature of these results. It may have 

surprised some readers that the number of spots was 

so similar for the 18 and 28s RNAs even though the 

latter is more than twice as long as the former (4550 
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and 2120 nucleotides. But in this respect the predictions 

were quite correct. The explanation in words is that 

the lower G content of the iSs makes the oligonucleo-

tides of a longer average length, so although there 

are far fewer copies, they are distributed over more 

compositional isomers. So, the similarity in spot 

number should not be taken to indicate, for example, 

that the 28s is a slightly diverged diner of the 18s 

(135). 
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Chapter 8 

FINGERPRINTS OF DIVERGED REPEATED SEQUENCES 

Introduction 

The properties of and the problems associated with 

the multiple gene arrays were discussed in chapter 1. 

Whether or not the multiple copies of such arrays as 

the ribosomal genes are diverged depends on which 

theory of their mechanism of evolution you believe in. 

But there is no doubt that there is divergence within 

the satellite DNAs (40) and irnmunoglobulin V genes(19) 

not to mention the kinetically defined reiterated DNA. 

From a theoretical point of view, such diverged 

repeated sequences represent a gross deviation from 

the ideal sequence defined above. So a special study 

has been made of the expected properties of such arrays 

and of the digests of RNA transcripts from them. 

The model with reference to which the discussion 

will be conducted is the simplest possible one 

illustrated in Fig.8.1. The seciuence family is a set 

of sequences derived from a single ancestral sequence 

by an M fold multiplication and an accumulation of 

random substitutions. A microseQuence will be defined 

as a single member of the family. A rnicrosite is a 

single position in a microsequence and a macrosite is 

a complete set of homologous microsites. The divergence, 

D, will be defined as the probability that a given 

macrosite in a set of two microsequences contains 

different residues. The divergence is a property of 

the family as a whole and not of individual microsequen-

ce s. 
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Fig.8.1. A simple sequence family. 

monomer 	 dimer 	 dime, with 
Substitution 

Molecular  
Weight 	

M 	 2M 	 2M 

Complexity 	T 	 T 

- Pig.8.2. Illustration of the problem of defining 

"complexity" for a diverged repeated sequence. 

In chapter 6 the complexity, T, was defined as the 

total unique sequence length. Such a definition is 

not satisfactory when we are dealing with diverged 

repeated sequences. This may be illustrated when we 

consider the three molecules in Fig.8.2. The complexity 

of the third molecule is clearly neither T nor 2T but 

something in between. In order to be able to assign a 

value, it is here defined by means of a rearrangement 

of equation (7): 

() 

In practice, T will be measured from the number of spots 

on a fingerprint by using the curves of Fig.6.3. 
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Relationship Between Extent of Substitution and 

Divergence 

In the computer simulations of the evolution of a 

sequence family (next section) we know how many random 

substitutions have been introduced overall but we do 

not know the divergence, which is what is measured by 

experimental techniques such as melting point depression 

of a denatured and reassociated sample of DNA. A 
relationship between the divergence, D, and the total 

number of substitutions, t, can readily be found if 

we define a new variable called "the virtual frequency 

of mutation", in. It is necessary to assume that all 

the twelve possible residue replacements occur with 

equal frequency (an approximation, see ref. 136) and 

that there are in addition null events (feL A-A) of the 

same frequency. Then for M sequences of length L: 

nl= 
31J1 

The distribution of mutated sites represents a classical 

occupancy problem under conditions in which a Poisson 

distribution is applicable (ie when niL/L 2  is small). 

For a single microsequenCe, the proportion of unmutated 

sites will therefore be e in. For two microsequenCes, 

the proportion of unmutated macrosites will be e- 2m 

Any pair of rnicroseqUeflCes should 9how the salle degree 

of difference, and because of the definition of in 
both singly and doubly mutated m.acrosites have the 

same probability of an interstrand difference (viz 0.75). 

Therefore: 

o.('- 	
2) 	 (io) 

and this equation was used to calculate the values of 
the divergence in the simulations to be described 

below. 
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Simulation of Digests of Reiterated Sequences 

The question to which we address ourselves in this 

section is: can we distinguish a unique from a repeated 

sequence by means of its fingerprint ? If SO, can we 

calculate the constants which define the sequence 

family, namely L, M and D ? 

This has been investigated by the method of 
computer simulation. The program used was similar to 

AJSSAT, which was used to produce the single sequence 

digests described in the previous chapter. But in this 

case, the data sequence was multiplied M times and 
random substitutions were introduced into the sequence 

family. At various prespecified times a digestion 

of the entire family was carried out. 

That happens is illustrated in Fig-8-3. This 

shows a few of the compositional isomers from repeated 

fingerprints of a family with dimensions L=50, M=lOO. 

The horizontal.--axis represents the spot intensity. 

'a' represents an increasing number of new spots which 

were brought into existence by the mutational events 

and build up to an equilibrium intensity. 

'b'is a spot which remains fairly constant in intensity 

since it is close to equilibrium both for the starting 

and for the final complexity. 
'c' and 'd' are ancestral sequence spots which are 
falling in intensity to the new equilibrium values. 

'e' is a surprise spot which achieves an anomalously 

high intensity and which subsequently drops back again. 

It may be seen that the behaviour of the spots in this 

simulation is fairly complicated, and these are only 

five out of a large number of compositional isomers in 

the various digests. It will in fact be more profitable 

to examine the problem in terms of the z, X and 0 
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Divergence Complexity 

ac 	 b 	d 	e 	
0.37 3400 

0.31 2900 

'I 	 0.24 2400 

' 1 	 0.17 1700 
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Fig.8.3. How the intensities of particular spots 

in a fingerprint of a sequence family change with 

divergence. 
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Fig-8-4. Linear plots for isostichs from a sequence 

family at two different degrees of divergence. 
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functions derived in chapter 6. 

It was found that the log(z/fl). plot was quite 

anomalous for such a digest. In Fig.8.4 are shown 

the points for a sequence family (iOOxlOO) at two 
different degrees of divergence. The scatter of points 

was very great and as the divergence increased it 

became progressively reduced to that appropriate to 

the complexity LM, in this' case 10000. Urifortuflatly 

the main features of this kind of plot are accidental 

ones which depend on the nature of the ancestral 

sequence, and so not 'much can be ,  deduced from it 

except that the sample is non-ideal. 

That about the spot number and the spot intensities 

of a fingerprint ? This will be clearer if the inten-

sities are considered first. When the intensity spectra 

were plotted for different divergences it was found 

that the mode was always in a position appropriate to 

the complexity LM, as-shown in Fig.8.5. The reason 

for this is that above a very small divergence the 
main sequence spots make little contribution to the 

spectrum because they are so few in number. So the 

position of the intensity maximum should make it 

possible to measure LM experimentally. 

The total spot number, N, was found to rise with 

divergence from that appropriate to a 
complexity L to 

that appropriate to a complexity LM. From various 

simulations it was concluded that for low values of the 

divergence there is a linear relationship between T 

and D of the form: 

T 	2LMD 

Therefore it should be possible to estimate the 

divergence of a family from its fingerprint as follows 
/over 
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Fig-8-5- Intensity spectra for sequence family 
digests. The curves show the theoretical spectra 

appropriate to the complexities exhibited by the 

digests. The histograms show the actual spectra. 

It can be seen that the mode of the distribution 

is in a constant position which is that appropriate 
to the complexity i0000 (=L x M). 
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T is found from the total spot number by means of the 

curves of Fig.6.3. LM is found from the mode of the 

intensity spectrum; and then D is approximately equal 

to T/2LM. 

Discussion 

These results suggest that, in a favourable case, 

the analysis of a single fingerprint should enable 

measurements to be made of L, M and D. There are of 

course factors which may militate against such an 

analysis. For example, a family with a very large 

number of copies will have minor spots of such low 

relative intensities that they will probably pass un-

noticed and the sequence be regarded as unique. There 

may also be families that have come into existence by 
a more complex process than multiplication and divergence, 

and in such a case this treatment would not be appro- 

priate. 

When we examine the fingerprints of Xenopus rRNAs 

in the light of this treatment we can draw certain 

conclusions. The fingerprints of 5s - RNA from the kidney 

and ovary are different (31,32) the formaer having 22 
spots and the latter 41. Various sites in the ovary 

sequence were found to be heterogeneous, 	to have 50% 

of each of two different nucleotide residues. This 

behaviour is not characteristic of the sort of sequence 

family illustrated in Fig.8.1, because there are about 

20,000 copies of 5s DNA per haploid set (18) and so 

vastly more spots would be expected before any single 

site became appreciably substituted. It is much more 

likely that this heterogeneity, together with the melt-

ing point depression in the reassociated DNA (18) is 

due to differences between gene clusters. Only one 

cluster would be transcribed in. the kidney cells and 
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several would be transcribed in the ovary, which is 

very active in.5s RNA synthesis. 

The fingerprints of the 18 and 28s RNAs, which were 

carried out by the author and described in the previous 

chapter, gave a small excess of spot number over the 
expected values. What are the chances that this excess 

is significant and-is caused by a low level of divergence 

among the ribosomal genes ? In the author's opinion 

they are slim. Although he believes that there is a. 

small amount of divergence in the ribosomal genes, 

the same argument holds as for the 5s RNA. A small 

amount of divergence would give very faint spots of 

about 1/600th the average intensity, while a large 
amount of divergence would give far more spots than were 

observed and would also be detectable by other methods. 

Since there is only one ribosomal locus per chromosome 

set in Xenopus there is no a priori reason to expect 

divergence between clusters which might give rise to 

a few extra spots at high intensity. 
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Chapter 9 

POSSIBLE EXTENSIONS TO THIS WORK 

The Cyclohexiruide Effect 

In this thesis the effect is described but not 

investigated. It is not known whether the accumulation 

of 403 RNA is caused by the inhibition of protein 

synthesis or by some specific effect of the drug. The 

latter possibility would be excluded if it occurred with 

other protein synthesis inhibitors, and there is some 

evidence that this is the case for puromycin (David 
Hutchens, Zoology Honours Project). It would of course 

be interesting to identify the proteins which are 

required, the most obvious possibility being that they 

are ribosomal proteins. 

Secondary Structure of RNA 

Probably the simplest method of proving the conclu-

sion of chapter 3 would be to compare partial ribonuc-

lease digests of material from the right and left hand 

sides of a gel electrophoresis peak. If there are 

several metastable arrangements of the base paired loops 

in the sequence then there might be some qualitative 

differences in the partial digests. However, a negative 

result from such experiments would have little signif- 

icance. 

The best proof would be to demonstrate by computation 

that the 40s RNA will form a variety of metastable 
conformations. But this will have to await the public-

ation of the complete sequence, for at present we have 

only the 5 1  end. 
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"Read through" of Ribosomal Genes 

It was implied in the discussion following chapter 

5 that the author favours a mechanism for ribosomal RNA 
synthesis in which there is no reinitiation for each 

repeating unit, and the polymerase moves through the 

spacer by some process akin to transcription. One 
confirmation of this idea would be to show a conversion 

of nucleoside triphosphates to 5' monophosphates by 

polymerase I + ribosomal DNA, or by in vitro nucleoli. 

This process should be sensitive to actinornycin D. 

The Trimethylated Sequence 

The importance of this is that it is an easily 

recognised marker in the 28s sequence. We have in 

fact already used this property to check the fidelity 

of methylation by isolated rat liver nucleoli by 

showing that the tetranucleotide is labelled by 

( 3H-methyl) 3-adenosyl inethionine. 

Before the publication of the electron microscopic 

map of the 40s RNA, it was thought that the order of 

the 18 and 28s sequences could be determined by 

exonuclease digestion of the precursor, using the 

alkali stable tetranucleotide as a marker. Some trial 

experiments were performed using polynucleotide 

phosphorylase, but these were abandoned because of 

the problem of endonucleolytic degradation. 

The Spot Number/Complexity Relationship  

This is likely to be the most useful of the 

equations derived in chapter 6 because it provides a 

method of measuring the complexity of mixed RNAs by 

means of a single fingerprint. It is a different sort 

of measurement from that provided by hybridization. 
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An RNA excess hybridization shows what proportion of 

the DNA is cornplernantary to the RNA, and a DNA excess 
hybridization shows which kinetic fraction of the DNA 

is complementary to the RNA, but neither gives the 

complexity of the RNA. The fingerprint method is 

independent of the relative amounts of the different 

species so long as all the digestion products are 

detectable and resolvable. 

Three possible applications of interest are: 

Measurement of the complexity of total HnRNA or 

total mRNA under various circumstances. 

Measurement of the complexity of the host sequences 

associated with SV 40 IIiRNA, which is under study in 

this laboratory, to find whether the virus integrates 

at a few sites or at random. 

Checking the fidelity of transcription by E.coli 

RNA polymerase in vitro. 

Sequence Families 

The theory of seauence families presented in 

chapter 8 will have to await some suitable data for 

its application. This data would consist of high 

quality fingerprints of in vitro transcripts of DNA. 

An attempt was made to analyse such data obtained by 

A.Biro for mouse satellite DNA. This was unsuccessful, 

but this - is not surprising because the sequence evidence 

strongly suggests a multistage multiplication and 

divergence which means that the model of chapter 8 is 

not applicable. 
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APPENDIX I 

An Improved Method for the Preparation of 

Polynucleotide Kinase 

Polynucleotide kinase is an enzyme produced by 

T—even phages in the early part of the infective cycle. 

The standard preparative method was described by 

Richardson (137), and the yields have more recently 

been increased by using a phage mutant blocked in 
DNA replication (138). Such mutants form about three 

times the normal amount of enzyme and because they 

cannot complete maturation, the timing of cell 

disruption is not critical. 

The enzyme was prepared twice for the work described 

in this thesis. The protocol below describes the 

second, and simpler, procedure, which differs consid-

erably from that of Richardson. 

1. Growth of Phage 

E.coli CR 63 (amber suppressing) was grown to a 

turbidity of 0.5 (about 0.5 x 1O9  cells/nil) on Lbroth 

in a 10 1. fermenter. The phage lysate (T4am82) was 

added at a multiplicity of 10:1 at which point the 

mixture frothed considerably. After 1- hours a few 

drops of chloroform were added to the lysate which 

was stored in the fridge. 

2. Growth of Infected Cells 

E.coli B/r/T1 (non-suppressing) was grown on- L 

broth in a 50 1. fermenter to a density of 0.8-1x10 9 . 

The lysate prepared in the first stage was added at 

a multiplicity of 4:1 accompanied by 10 jig/ml of 

127. 



tryptophan. The infection was allowed to continue for 

90' after which the temperature was reduced to 100 and 

the cells spun down in a continuous centrifuge. They 

were stored frozen at -20
0 

. 

Cell Disruption 

50 g. of frozen cells were ground for 10' with 

100 g. of alumina (Alcoa). The sludge was mixed with 

250 mis of 50 mM Tris Cl pH 8, 0.2 M NaCl, 10 mM 

mercaptoethanol, 1 inN EDTA and 5% glycerol, and 

centrifuged at 10K for 20 1 . The pellets were reground 

for 5' and then recentrifuged. The pooled supernatants 

were centrifuged again at 28.5K for 2* hours in the 

Spinco 30 rotor and the pellets were discarded. At 

this stage it was estimated that the solution contained 

about 80% of the soluble protein from the cells. 

1st Ammonium Sulphate Precipitation 

The solution was broughtto 50% saturation by 

dropwise addition of saturated ammonium sulphate pH 

7.4 at 0 00. The suspension was stirred for 30' and 

the precipitate spun down at 10K for 15'. It was 

dissolved in 100 mis of 10 mM Tris Cl pH 7.4, 10 inN 

mercaptoethanol, 5% glycerol. This was diluted until 

the conductivity had fallen to a value equal to that 

of 0.3 N NaCl in the same buffer. 

Removal of DNA 

A 250 ml column of DE-23 cellulose was equilibrated 

in 10 mlvi Tris Cl pH 7.4, 10 mM mercaptoethanol, 5% 

glycerol, 0.3 N NaCl. The sample was run onto the 

column and was followed by the same buffer. At this 

salt concentration, the column should retain nucleic 

acid fragments but allow the enzyme to pass through. 
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The A260/A280  was measured for the fractions, and 

those with a ratio of less than 0.8 were pooled for 

further purification. 

6. 2nd Ammonium Sulphate Precipitation 

The solution was brought to 50% saturation of 

ammonium sulphate as before and the precipitate was 

spun down at 10K for 15'. It was dissolved in 24 mis 

of 50 mM sodium phosphate pH 7.4, 10 mM mercaptoethanol 
and dialysed against three changes of one litre of the 

same buffer to remove the salt. The precipitate which 

formed during dialysis was spun down at 10K for 15' 

and was discarded. 

7. PhosphoceliulOse Column 

A 50 ml column of phosphocellUlose was equilibrated 

in 50 mM sodium phosphate pH 7.4, 10 mM mercaptoethanol. 
The sample was run on and washed with 40 mis of buffer. 

Then two "steps" were applied, the first being 80 mis 
of buffer + 0.1 M NaCl and the second being 120 ills of 

buffer + 0.25 M NaCl. All the fractions were assayed 

and the main peak of activity was found to be associated 
with the second step (Fig.A.l). These fractions were 

pooled and were dialysed overnight against 10 MM 

sodium phosphate pH 7.4, 10 mM mercaptoethaf101. 

8. DEAE Cellulose Column 

The 20 ml column was equilibrated in 10 mM sodium 

phosphate pH 7.4, 10 niiiI mercaptoethafl0]. The sample 
was run on and washed with 40 mis of buffer, then a step 

was applied of 60 mis 50 mM sodium phosphate pH 7.4, 

10 mM mercaptoethanol. The activity eluted with this 

step (Fig.A.2). 

At this stage the preparation was ready for use. 
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Fig.A.l. Phosphocellulose column chromatography 

of polynucleotide kinase. 

*0 

CPN 

x io- 

20 

0 	
J. 	 '10 	 Ic 	 2 

Fig.A.2. DEAE Cellulose column chromatography of 

polynucleotide kinase. 
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Fig.A.3. Assays of polynucleotide kinase performed 

by the method described in the text. This shows 

the assays for a number of fractions from a DAE 

column. 

Assays 

The Folin method was used for protein (139). The 

enzyme assay was somewhat modified from a method used 

by K.Murray. The reaction mixture consisted of: 

Tris Cl pH 7.4 20 mM 

MgC1 2  5 mM 
mercaptoethanol 20 mM 

ATP 1 m 
V 2P-ATP trace 

CPU 1.1 mm 

5 121. of this were mixed with 1 or 2 pl of sample and 
incubated under a plastic cap for 30' at 37 g . Then 

it was transferred to a PEI cellulose layer and 

chromatographed for 30' in 1 M pyridine formate pH 3.5. 

The layer was dried and exposed to X-ray film for 1-2 

hours. Thus visualized, the ATP and pCpU spots were 

cut out and counted. 

Since the CPU is in excess over the ATP in the 
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reaction mixture, the extent of reaction is measured 

by ATP consumption. A 20% conversion of ATP to pCpU 

represents one unit of enzyme activity because 1 unit 

= 1 nmole transferred in 30 at 370• Fig.A.3 shows a 

peak of enzyme activity demonstrated by this assay. 

Purification Table 

Stage 	Total 	 Total 	Spec. 	Fold 

Protein (mg) 	Activity (u.) 	Act. Purif. 

Crude extract 5040 	7.2 x 10 	1.43 x 102 	1 

1st. AS ppt. 	540 	1.3 x lO 	2.4 x 
10 	1.7 

DEAE I 	 460 	8.4 x 10 	1.8 x i02  1e3 

2nd. AS ppt. 	178 	1.1 x 10 	6.2 x 10 	4.2 

Phosphocell. 	33 	7.5 x 10 	2.3 x 10 	 16 

DEAE II 	 5.4 	5.4 x lO 	1 x 10 	70. 

Storage 

The first hatch of polynucleotide kinase was stored 

at 40 in the cold room. Although this is the recommended 

method, the enzyme rapidly lost its activity. So a 

variety of storage methods were examined using the 
second batch. It was found that freezing and thawing, 

however fast, caused almost total loss of activity. 
Inclusion of 10% DIVISO or glycerol before freezing gave 

good protection. The DMSO is probably better but it 

does give rise to a foul smell in the solution, probably 

by oxidation of mercaptoethanol. 80-100% of the enzyme 

activity remained after one cycle of fre e zing/thawing 

in DIM SO. 
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APPENDIX II 

Computer Programs 

A number of computer programs were written to 

carry out the work described in chapters 6, 7 and 8. 

All were written in FORTRAN and were implemented on 

the Edinburgh Multi Access System. The programs and 

data are held on the magnetic disc and may be edited 

or run from a remote console. The actual listings of 

the programs can be provided on request, but this 

appendix should give an idea of what each one does. 

Programs for Mathematical Computation 

1. AJSSLP: This program is supplied with the values 

of y and T for a sequence and calculates the constants 

for the linear plot and the confidence limit envelopes: 

.5/ope. 

-4-  Lj- 

ji  

1 , q6 1110 10 
e I _r z J 

Data: 	y 	NN 	II y = proportion of break 

points.  
0.250 	20 	3 

NN = number of isostichs 
1000 

used in calculation. 
2000 T T 

II number of values of T 
i0000i 

used for envelope 

computation. 

T = complexity. 
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Sample output: 	 - 

SLACK PLOT FOR Y = 0.250 
Y-AXIS + 4 UNITS 
Y-INTERCEPT = 2.796 	SLOPE = -.125 

ENVELOPES:  
= 2000 

N-i 955 LIMITS 

0 2.72 2.87 

• 	1 2.59 2.75 

2 2.45 2.64 

• 	3' 2.31 2.53 

4 2.17 2.42 

5 2.02 2.32 

• 	6 1.87 2.22 

• 	7 1.72 2.12 

8 1.56 2.03 

9 1.40 1.94 
1 	iO 1.23 1.86 

:1 	ii 1.06 1.79 

12 0.87 1.72 

13 0.68 1.66 

14 0.48 1.61 

2. AJSNUC: This calculates values of X(n) and srns 

them over the isos'tichs to provide an estimate of the 

number of spots on a fingerprint: 

X() = O 	)[ I - (I -))J 

11 I1 

>i) 

rl  

The data is inserted into DATA statements within the 

program and consists of values for y, T, n1  and 

whether the digestion is by RNAse A or RNAse 
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Sample output: 

THEORETICAL CURVES FORRNASF-T1 DIGESTION 

PROPORTION OF BREAK POINTS = 0.250 

COMPLEXITY = 5000 NUCLEOTIDES 
LI 

IS(]TICF-{ Ni].COMPS. 
1 1.0 
2 3.0 
3 6.0 
4 10. 
5 15. 
6 20. 
7 . 	 24. 
8 25. 

9 23. 
10 1.9. 
11 16. 
12 12. 
13 9.4 
14 7.2 
15 5.5 
16 4.1 
17 3.1 
18 2.3 
19 1.8 
20 1.3 
21 0.99 
22 0.74 
23 0.56 
24 0.42 
25 0.31 
26 0.24 
27 0.18 
28 0.13 
29 0.99E-01 
30 0.75E-01 

TOTAL NUMBER OF SPOTS = 210 

3. AJSINS: This calculates intensity spectra. The 
calculation proceeds independently for each isostich 

and the expression used depends on the value of R. 

If R<50, the binomial formula is used: 

lover. 
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X,R! 
'I 	Ti)i/1.Lj 
R 	/•c 	i 

-ri 

() T( 
_ t) R - (

I  I
f-IT  ) 

and when RTI/n, 0 = 0. If R>,50, the normal 
approximation to the binomial is used: 

Ø(n ) i) 	
[R/ I 

_L'J 
)1'(i 

O-3'SX 
	 .) /( ) (' 

All isostichs are summed to give the overall intensity 

spectrum. 

y = proportion of break Data: 	y 

0 .250 
points.  

T = complexity 
2000 20 	1 

NN = number of isostichs 

T NN 	AGAIN considered. 

AGAIN = whether or not 

there is a further data set. 

Sample output: 

INTNSIT? 	SP0TRLY4 FOR 	N4 FINGFPINT 	I = 5550 	Y= 	0.250 

Ui 	[1 )FR!0UENCi 	SMAF 
36.5 29.5 19,9 

30.3 
13.0 

39.?! 
8.19 5.23 3.50 2.9 

1 .87 1 .45 I 	• 	I'i 0 - 	/j 0.647 
0.21 

0.55 .L95 O.54 Q.6 

ME(N = 	0.0032 V!F.I.NCE 	= 0.0651 

Pro gS Used for Simulation 

4. AJSS 	This program generates random sequences 

of the four letters A, U, C, G. The proportions of 

each are specified in the data and the letter-for 

each site is selected by means of uniform random 
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numbers from a power residue random number generator. 

Data: 
2000 	0.250 0.450 0.800 34534729 1 

T 	cumulative base 	random AGAIN 

proportions for 	starter 

A t  U, C. 

The output was written directly onto a disc file for 

use by one of the digestion programs. 

5. AJSMAR: This generates random sequences which have 

base proportions all equal to 25% but which are Markov 

chains defined by a single association parameter r. 

For each site a random number is selected and the 

transition matrix is entered in the column of the 

previous base. The new base is chosen by comparing 

the random number with the four values in the column. 

All the diagonal elements are equal to r and all the 

non-diagonal elements to (1-r)/3. 

Data: 
2000 0.300 465785432 1 
-r-- --y--- 

T 	r 	random AGAIN 

starter 

Again, the output is written directly onto a disc file. 

6. AJSSAT: This takes a sequence supplied as data and 

produces an RNAse T 1  digest. The output consists of 

a table of the compositional isomers yielded by the 

sequence, in order of length, together with their 

intensities calculated with the formula 

Intensity 
length x incidence_ 

= 
(length x incidence) 
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Pig.A.4. Plow diagram of the computer program 

AJSSAT, used to work out ,fingerprints" from 

sequences supplied as data. 
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The principle of this program, is very simple, but it 

does require some quite complicated sorting routines. 

The flow diagram-is shown in Fig.A.4. 

7. AJSUGH: This program is the same except that it 

operates on a sequence family. A short data sequence 

is duplicated M times and then random substitution. are 

introduced into the array. At certain prespecified . 

extents of mutation, the whole array is subjected to 

-the digestion procedure and a table of the compositional 

isomers is printed out. 
.......... 

/ 	 -'- 	--- 	 - 

	

-Sample, output: 	 - 

fTh9JJTI O\)AP'( DRI FT UI1 UL TI PLE GENES, 
E'FCT O"J Tj DIGESTIO' OF RNA. 
DA1 	= 4 	N = 	10 	 - 
STARTING SEQUNC IS 
GGJUGCGAJLJGGAJLJGCG AUUIGG3 AU'JGGG -JJ3GGAUU3GC AUU --------------_ - 	._:.-----.--------------- 	------_- 	- - 

EXTENT -OF 1JUTATION = 00300000 .- - 	 - - 
NU /I IP 'R OF SECUENCi -S IN DIGEST 	21 	 - - - 

0 i 1\D IISITIO\S IN JICT = 	13 
FIN 	.RP1INT DETAILS: 	 -... 	. 

U 	A 	C 	C 	LCNGTH 	INTENSITY 
• 	 0 	0 	.0 	1 	'1 	 0.3146 	- 

0 	1 	0 	1 	 2 	0.0042 
2 	0 	0 	0 	2 	- 	0.0042 	- 	- - 	- - 
1 	0 	0 	.1 	 2 	0.0042 
1 	1 	0 	- 	1  

- 	I 	C; 0.031-3 
- 	2 	0 	i 	1 	- 	 0.0033 	- 	- 	.•• . - 

2 - 	- 	1 	- -0 	.1 	. 	4 	 0.4250 	- .-• 	 - 	. 	- 
- 2 	2 	.0 	0 	 4 	. 	0.0167 

- 	1 	2. 	0 	1 - 	 0.0333 	- - 
-. 	3 	1 -- 	0 	0 	 4 	 0.0033 - 

2 	1 	1 	0. 	4 	 0.0033 
1 	-i 	1 	1 	 4 	- 	0.0033 

-2 	1 	1 	1- 	 5 	 0.0313 
3 	.1 	0 	1 	 5. 	0.0104 

0.0(25 

	

1 	2 	1 - --- 	- 	5-- 	 fl.01O•• 
1 	 3 	i IS 	 o 
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APPENDIX III 

Materials 

Radiochemi-Cals 

DL( 3H)leucine 

5-( 3H)-uridine 

(me thyl- 3H)-me thionine 

32Phosphate 
(y_ 32P)-ATP 

15000 raCi/minol 

15000 in.Ci/mmol 

5000 rnCi/mmol 

90 ci/rug 

10000 mCi/miuol 

All from the Radiochemical Centre, Amersham. 

Enzymes 

Alkaline phosphatase 30 units/mg 
from Whatman Biochemicals Ltd., Maidstone, Kent. 

Ribonuclease T 1 	Grade III 

Ribonuclease A 	Type 1 A 
DeoxyribonUCleaSe I ElectrOphoretiCally purified 

Venom phosphodiesteraSe Type II 
from Sigma Chemical Co. Ltd., Kingston-Upon-Thames. 

Separation Media 

DEAE Cellulose, Whatm.an DE-23 & DE-52 
from W.R.BalstOfl Ltd., Maidstone, Kent. 

DEAE Sephadex 
from PharmaCia (GB) Ltd., Paramount House, 

London W5 5SS. 

140. 



PEI-Cellulose thin layers 

from Camlab, Cambridge. 

Oligo-dT Cellulose 
from Collaborative Research Inc., Waltham, 

Mass. 02154, USA. 

Cell Growth Media 

All from Biocult Laboratories, 3 Washington Road, 
Paisley. 
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5'-Ends of Ribosomal and Ribosomal Precursor RNAs 

from Xenopus laevis 

Jonathan M. W. SLACK and Ulrich E. LOENING 

Department of Zoology, University of Edinburgh 

(Received August 14/October 8, 1973) 

The 5'-ends of 18-S, 28-S and 40-S RNA from Xenopus laevis have been studied by two 
techniques. The first involves fractionation of alkaline hydrolysates on columns of DEAE-Sephadex 
at pH 7.8 and 2.7 1  followed by thin-layer chromatography on polyethyleneimine cellulose. The 
second involves labelling in vitro of the RNA species at the 5'-end using polynucleotide kinase. 

The 40-S molecule is shown not to bear a terminal 5'-triphosphate. It has the 5'-terminus 
guanosine 5'-phosphate. Both the 18 and 28-S RNAs have the 5'-terminus uridine 5'-phosphate. 
The 28-S RNA has the 5'-terminal sequence pTJ-N-N-N-Gp. 

These results are discussed in relation to the transcription of the ribosomal genes, the possible 
heterogeneity of the ribosomal precursor and the position of the 28-S sequence within the precursor 
molecule. 

A great deal is now known about the structure of 
the ribosomal genes of Xenopus laevis [1]. In contrast, 
most of what is known of the synthesis, structure and 
processing of ribosomal RNA comes from studies on 
mammalian cells [2,3]. Since there are some major 
differences between rRNA synthesis in mammals and 
Xenopus [4,5] it is desirable to know more about the 
structure of the Xeno pus ribosomal RNA species in 
order to increase our knowledge of the relationship 
between the gene and the gene product. 

In this paper we address ourselves to three 
questions. First; is the 40-S ribosomal precursor 
molecules the primary product of transcription? If 
it is then we would expect it to bear a triphosphate 
group on its 5'-terminus. The method of investiga-
tion that we have adopted is to search the alkaline 
hydrolysis products for molecules of the type 
pppXp. 

Secondly, previous experiments in our laboratory 
have demonstrated that the 40-S molecule shows 
heterogeneous behaviour on polyacrylamide gels [6]. 
One possible explanation for this is that the initia-
tion of synthesis does not start at exactly the same 

Abbreviations. DEA.E, diethylaminoethyl; PET, poly-
ethyleneimine; Butyl PBD, 2-(4'-tert-butylphenyl)-5-(4"-bi-
phenylyl)-1,3,4-oxadiazole. 

Enzymes. Alkaline phosphatase (EC 3.1.3.1); polynucleo-
tide kinase (EC 2.7.1.-); pancreatic ribonuclease (EC 2.7.7.16); 
Ti ribonuclease (EC 2.7.7.26). 

De/inition. 1 unit of polynucleotide kinase catalyses the 
transfer of 1 nmol phosphate from ATP to CpU in 30 mm 
at 37 00  

point in each of the repeated gene copies. If this were 
the case we might expect to find more than one 
5'-terminal nucleotide, and so we have identified the 
5'-termini of the 18, 28 and 40-S RNAs by the method 
of alkaline hydrolysis. 

Finally, recent evidence from electron microscopy 
[7] indicates that the 28-S sequence lies at the proxi-
mal end of the 40-S molecule. We have examined 
oligonucleotides formed by Ti RNAase digestion of 
40 and 28-S RNA terminally labelled with poly -
nucleotide kinase in order to find whether or not the 
28-8 sequence is at the extreme 5'-end. This appears 
to be the case in Novikoff cell RNA where a 5'-se-
quence pCmpllp was obtained from 45-S, 35-S and 
28-S nucleolar RNAs[8]. 

MATERIALS AND METHODS 

Growth and Labelling of Cells 

• Xeno pus kidney cells were grown in Winchester 
bottles on a modified Matburn rolling apparatu. 
The growth medium consisted of minimal Eagle's 
medium (Glasgow modification) plus 1X non-essential 
amino acids, glutamine, 10 0/0  foetal bovine. serum, 
50 units/ml penicillin + streptomycin (all solutions 
from Biocult Laboratories, Glasgow) and an addition-
al 16°/s  of distilled water. The cells grew at room 
temperature in an atmosphere of 5 0/0  002 . 

For the preparation of ribosomal precursor RNA, 
2 g/ml cycloheximide were added 2 h before extrac-
tion. We have shown that the inhibitor causes an 
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Fig. 1. Fractionation of a total RNA preparation in the zonal rotor. Conditions are as described in the text. This preparation 
has been labelled with 32P  for 24 h. It was DNAase-treated for 1 min so the DNA appears in the first peak. Continuous 
line shows the absorbance trace - 

approximately two-fold accumulation of precursor 
RNA in these cells. 

Labelling with 32P  was carried out for 1 h to make 
total pulse-labelled RNA, for 3 h to make ribosomal 
precursor RNA and for 24 h to make 18 and 28-S 
RNA. For each Winchester 2-3 mCi 32p1  (80 Ci/mg 
P, Radiochemical Centre, Amersham) were used in 
50 ml phosphate-free medium containing 5 0/0  (in-
dialysed) serum. 

Preparation 0/ RNA Species 

The cells were washed in Dulbecco's phosphate-
buffered saline and then dissolved in 50 mM Tris-Cl 
pH 7.4, 1 0/0  NaCl, 2°/0  sodium triisopropylnaph-
thalenesulphonate. The method of deproteinization, 
removal of phenol and DNAase treatment is describ-
ed elsewhere [4]. Some preparations were treated for 
only 1 min with DNAase instead of the usual 
15 mm. This causes the DNA to be broken to 
small pieces and it sediments with the soluble RNA 
in the first peak off the zonal rotor. 

The total RNA preparations were fractionated 
iiito four peaks in the MSE B XIV (titanium) zonal 
rotor (Fig. 1). The gradient consisted of 550 ml 
5_20 0/o  sucrose calculated to be linear with radius 
inside the rotor and hence approximately isokinetic. 
The buffer was 50 mM Tris-Cl pH 7.4, 150 mM NaCl, 
1 mM EDTA, 1 0/0  sodium dodecylsuiphate. The 
sample was applied on top of the gradient in 10 ml 
buffer + 2.50/ sucrose and was overlain with 100 ml 
buffer. Centrifugation in the MSE Superspeed 65 
centrifuge was at 45000 rev./min for 3 h 10 min at 
20 °C. 10-ml fractions were collected from the rotor  

and for labelled preparations these were counted 
for 1 min by Cerenkov radiation in a Packard model 
3320 scintillation counter (gain 55 0/0 , full window). 
Each of the four peaks was pooled and precipitated 
with two volumes of ethanol. 

The high resolution afforded by the zonal rotor 
means that the two central peaks of 18 and 28-S 
RNA require no further purification. The 40-S peak 
still contains some contaminating 28-S RNA and for 
the alkaline hydrolysis experiments it was purified 
by electrophoresis for 4 h on 2.4 0/a  polyacrylamide 
gels. The making, running, scanning and slicing of 
these gels has been described previously [9]. For this 
and other occasions on which RNA 'as extracted 
from a gel and used for further -experiments the 
following extraction procedure was used: the rele-
vant gel slices were extracted for several hours with 
0.6 M lithium acetate, 0.5 0/0  sodium dodecylsulphate 
and the RNA was pelleted from the solution by over-
night centrifugation at 40000 rev./min. 

Thin-Layer Chromatography 

This technique is referred to several times in the 
following text. It was carried out on plastic-backed 
sheets of cellulose impregnated with polyethylene 
imine (obtained from Camlab, Cambridge) [10,11]. 
Before use these were washed in distilled water, bob 
NaCl, distilled water and 2 M pyridine formate pH 2.2. 
All chromatography was in an upwards direction, the 
samples being applied in a few microlitres of distilled 
water and accompanied by a marker dye mixture 
consisting of xylene cymol FF, orange G and acid 
fuschin. After running, the radioactive spots were 
visualised by autoradiography. 
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Enzyme Digestions 

All enzyme digestions referred to subsequently 
were carried out in small drops of solution on glass-
backed polythene sheets. The drops were protected 
from evaporation by plastic caps stuck down with 
silicone grease and were incubated in a 37 C oven. 

Analysis of Alkaline Hydrolysates of RNA 

Alkaline Hydrolysis. The RNA samples were 
hydrolysed in 1-2 ml 0.2 M KOH for 24 h at 37 C. 
The livdrolvsates were titrated to neutrality with 
50/a perchloric acid and the precipitates of K('10 4  
removed by centrifugation. 

Column Chromatography. The initial fractiona-
tion was on columns (3 e' 250 mm) of DEAE-
Sephadex. The buffer was 20 mill Tris-CI p11 7.8, 7 M 
urea and the salt gradient was 100 ml from 0-0.4 M 
NaCI [12]. 0.1 mg yeast RNA digested with pancrea-
tic RNAase was used as an optical marker. This 
system gives a regular pattern of isostich peaks each 
with one more negative charge than the one before. 
The nth peak has a negative charge of n ± I and 
so a radioactive peak eluting with the nth optical 
peak is referred to as the —(n ± 1) peak. 

Some of the peaks of radioactivity were further 
fractionated on similar columns run at acid pH. The 
buffer was 7 M urea titrated to pH 2.7 with HCI and 
the gradient was 0-80 mM NaCI [12]. 

The 1-nil fractions were counted by Cerenkov 
radiation as described above. The recovery of counts 
was about 100 0 / 0  for the pH 7.8 columns and about 
80 0/, for the pH 9•7  columns. 

Removal of Salt and Urea. This was carried out 
by a procedure based on that of Rush izky and Sober 
13!. The pooled fractions were diluted four times 

with distilled water and absorbed onto 1-ml columns 
of DEAE-cellulose equilibrated in 20 mM ammonium 
carbonate pH 8. These were washed with 30 ml of 
the same buffer and the radioactive material eluted 
with 30 0/ a  triethvlammonium carbonate 1)11 9.7. 
The volatile salt was removed by repeatedly dissolv-
ing the sample in distilled water and evaporating to 
dryness on a polythene sheet with a vacuum 
desiccator. 

Alkaline Phosphalase Digestion. Samples were 
digested with 0.5 g enzyme (Whatman Biochemicals, 
Maidstone, England) in 5 V.1 20 mM triethylanimo-
nium carbonate pH 8, 5 mM MgC'1 2  at 37 CC  for 
30 nun. After this the solution was evaporated and 
the sample redissolved in distilled water. 

Thin-Layer Chromatography. Samples were run 
in I ml pyridine formate PH 3.5 or 2 M sodium for-
mate pH 3.4. These solvents have similar properties 
but the second will separate all the nucleoside 
3',5'-bisphosphates while the first does not separate 
pAp from pCp. A mixture of radioactive standards 
was prepared by labelling an RNA hydrolysate with 
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polynucleot.ide kinase and [i- 32P]ATP. This contain-
ed all the nucleoside 3',5'-bispho.sphates together 
with Pi  and ATP. 

Labelling of RNA with Polynucleotide Kinase 
in vitro 

Preparation of f'olynucleotide Kina.se. The enzyme 
was prepared from 50 g Escherichia coli B/nT! 
infected with T4 arn82 phage by the procedure of 
Hughes and Brown [141. The method of preparation 
was modified from that of Richardson [15]. The 
enzyme was stored frozen in bob dimeth yl sulph. 
oxide, under which conditions we found it to be 
quite stable. 

Alkaline Phosphatase Treatment. Purified, un-
labelled RNA species were treated with half their 
weight of alkaline phospha.tase in 0.5 ml 50 mM 
Tris-CI pH 7.4. 10 mM MgCl 2 . After incubation at 
37 °C for 30 min, 0.1 ml 3 M NaCI was added and the 
enzyme removed by phenol extraction. The RNA 
was twice reprecipitated with two volumes of ethanol. 

5'-Terminal Labelling. The incubation mixture 
contained 5 RNA, 3 units polynueleotide kinase, 
2 nmol [y-32P]ATP (IS Ci/mmol. Radiochemical 
Centre, Amersharn) in 20 1A 50 mM Tris-Cl 1)11.  7.4, 
51n-11 MgCl 2 , 20 mM mereaptoethanol. Incubation 
was for 45 min at 37 1'. After this. 20 l forniamide 
were added to denature the RNA and the mixture 
run for 3-4 Ii on a 2.4 0/a  polyacrylanuide gel. This 
freed the product. of radioactive ATP and degrada-
tion products. The gels were sliced and counted by 
Cerenkov radiation and the RNA recovered from 
the peak slices by the method described above. 

.5'-End Analysi.. 5'-labelled RNA samples were 
hydrolysed in 10 0/, piperidine, 1 mM E1)TA in sealed 
capillaries at 60 CC  for 48 Ii [9(. The piperi(line was 
removed by evaporation and the labelled nucleoside 
3',5'-bisphosphate identified by thin-layer chro-
matography in 1 M pyridine formate pH 3.5. Radio-
active PT.TI) was prepared from UpC (Sigma., London) 
by labelling with polynucleotide kinase followed by 
piperidine hydrolysis of the pUpC. 

5'-Oligonucleotide Analysis. The pellets of RNA 
recovered from the gels after 5'-labelling were dis-
solved in distilled water and freed from salts and 
dodeeylsulpha.t.c by passage through 1-mi columns 
of Sephadex G-100. The fractions containing radio-
activity were dried down on a polythene sheet and 
incubated with 0.5 g TI RXAase and 5 ug unlabelled 
t.RXA in 5 l 10 mM Tris-CI pH 7.6. 1 mM E1)TA, 
for 45 min at 37 c(  The resulting 5'-labelled oligo-
nucleotide was characterised by two dimensional 
chromatography on l)Olyethyleneinuine thin layers, 
the first dimension in 2 M pyridine formate pH 3.5 
and the second in 1 i\1 LiCI. The LiC1 was removed 
by washing in methanol. 
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Fig.2. DEAE-Sephadex chromatography at p1-1 7.8. The continuous line shows the absorbance trace of yeast RNA digested 
with pancreatic RNAase. The histogram shows 32p radioactivity from alkali-hydrolysed total RNA pulse labelled for 1 h. 
The peak labelled A is believed to consist of molecules of the type pppNp 

Fig.3. 7/.';'i• 	 The
solvent is 2 M sodium tormate pH 3.4. (a) Peak A. (b) peak A 
after treatment with alkaline phosphatase; (c) radioactive 
standards with the identity of each spot shown 

SULTS 

/k-aline Hydrolysis of Total Pulse-Labelled RNA 

This was a control experiment to find whether 
-triphosphates are formed in Xenopus RNA in vivo. 
iter alkaline hydrolysis these should be liberated as 
)lecules of the type pppNp which have been report-
to eltiate from 1DEAE-Sephadex columns between 

the fourth and fifth isostich peaks [16]. 
The RNA used for these experiments was pulse-

labelled with 32P for 1 h. We found that the bulk of 
the radioactivity in such preparations was actually 
contained in small molecules such as ATP which 
eoprecipitated with the RNA in ethanol. The RNA 
was freed from these contaminants by dialysis for 
48 h against two changes of 0.6 M lithium acetate, 
1 0/, sodium dodecylsulphate. 

The DEAE-Sephadex columns showed a small 
peak of radioactivity eluting between the 4th and 
5th isostich and none at higher salt concentration 
(Fig. 2). This material was found to be immobile on 
PEI-cellulose and to lose all its phosphate when 
treated with alkaline phosphatase (Fig.3). We con-
clude that molecules of the type pppXp can readily 
be demonstrated by these techniques providing that 
the starting material contains sufficient radioactivity. 

-likaline Hydrolysis of 18, 28 and 40-S RNA 

The 18-S hydrolysate gave a large peak eluting 
with the second isostich and a small one with the 
third isostich (Fig.4A and Table 1). The —3 peak 
was presumed to consist of 2'-O-methylated dinucleo-
tides which are resistant to alkaline hydrolysis. The 
—4 peak was shown to be a single component by 
DEAE-Sephadex chromatography at pH 2.7. It 
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Table 1. Percentage 32 1 radioaetuty in column peaks 
Molecular weights from [4]. The values in this table are 
derived from the data presented in Fig.4 

RNA 	10_6  
Mo! 
x wt 

Total 
No. of 
phos- 
phates 

Peak Radio- 
activity 

No. 
phos-
phates 

0/0 
18-8 	0.7 2120 —2 97.18 

—3 2.71 57 
—4 0.109 2.3 

28-S 	1.5 4240 —2 97.43 
—3 2.31 98 
—4 0.184 7.8 
—5 0.079 3.4 

40-S 	2.6 	7900 	—2 	97.77 
—3 	2.05 	161 
--4 	0.125 	10.2 
- 	0.055 	4.5 

co-chromatographed with pUp on PET-cellulose and 
lost all its phosphate on treatment with alkaline 
phosphatase (Fig. 5). Therefore we conclude that it is 
pLTp from the 5'-end of the 18-8 molecule. 

Both the 28 and 40-S R.NAs gave peaks eluting 
with the second, third and fourth isostich (Fig.4B 
and C, Table 1). The —5 peak is in nearly the right 
place to represent a triphosphate end, but we present. 
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Fig.4. JJEAE-&phadex chromatography at p1! 7.8. The bars 
show the position of elution of the isostichs from yeast RNA 
digested with pancreatic RNAase. The numbers indicate the 
net negative charge of each isostich. The histograms show 
32p radioactivity from alkaline hydrolvsates of individual 
species of RNA. (A) 18-S RNA; (B) 28-8 RNA; (C) 40-S 
RNA 

evidence in the accompanying paper that it is actually 
a tetranucleotide with three adjacent 2'-O-methyla-
tions. The hydrolysis products from the 5'-termini 
were found in the —4 peaks. Chromatography of this 
material on DEAE-Sephadex at pH 2.7 gave three 
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F 

Fig. 5. Thin-layer chroniotajroj/ty on PEI-eelluiose.. The solvent is 1 XI pyridine formate pH :3.5. This shows the behaviour 
of the alkaline hydrolysis products from 5'-termini. (a) from 18-S RNA; (b) the same after alkaline plosphatase treatment; 
(c) standards with identities indicated at the side; (d) from 28-S RNA; (e) the same after alkaline phosphatase treatment 

Fig. 6. Thin-layer chromatography on PEI-cellulose. The solvent is 2 Al sodium formate pH 3.4. (a) alkaline hydrolysis product 
from 5'-terminus of 40-S RNA; (b) the same after alkaline phosphatase treatment; (c) standards with identities indicated 

peaks. For both the 28-S and 40-S RNAs, the second 
of these peaks lost all its phosphate on treatment 
with alkaline phosphatase while the others did not. 
The thin-layer chromatography showed that pUp 
was obtained from the 28-S RNA and pGp from the 
40-S RNA (Fig.5 and 6). 

5'-Terrnini from Labelled RNA in vitro 

18 and 28-S RNA could be labelled to a high 
specific activity at the 5'-end by the polynucleotide 
kinase reaction as described in the Materials and 
Methods section. It was demonstrated that the 
products were undegraded by adding a sample of 
tritiated total RNA after completion of the reaction. 
The gels were counted for 32P and 111 (3:2 v/v 
toluene : methoxyethanol 0.5 0  w/v, butyl PBD,  

3H gain 70 0/ a, window 50-500, 32P gain 1.8 0 /a , 
window 50-1000), and for both RNA species the 
5'-labelled RNA had the same mobility as the tritiat-
ed marker (Fig. 7 A and B). 

Analysis of the 5'-termini by piperidine hydrolysis 
and thin-layer chromatography is shown in Fig.8. 
In agreement with the results from the alkaline 
hydrolysis study, both species were found to give 
pUp. 

.5'-Oligonucieotides 

The polynucleotide kinase method was used to 
label 40-S RNA prepared with the zonal rotor and 
treated with alkaline phosphatase (Fig. 9). A compari-
son of the oligonucleotides obtained from 40-8 and 
28-8 RNA after digestion with Ti RXAase is 
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Fig.7. Electrophoresis on 2.40 10  polyacrylanide yIs. The dashed histogranis represent 3H radioactivity from a total RNA 
preparation labelled in vivo. The solid histograms represent 321)  radioactivity from individual RNA species labelled in vitro 
with polvnueleotide kinase. (A) 28-8 RNA: (B) 18-S HNA 

Oil lEt-' lli1c 
solvent is 1 _11 pyridine liIriniite ph 3.2. aj tandards with 
identities indicated; (h) piperidine hydrolysate of 18-S RNA 
labelled with polynucleotide kinase; (c) the same for 28-8 
RNA 

shown in Fi g . 10. The product from 40-S RNA moved 
in the position to be expected of pGp (just behind 
the orange G marker). The principal product from 
the 28-S RNA was rather slower. The length of this 
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283 

1110111 

Fi. 	I. I I;/i - 	40Io  polyacrylamide gels. The 
-it epic is l\ A (ruin the fourth zonal rotor peak which has 
been treated with alkaline phosphatase and labelled at the 
5'-end with polynucleotide kinase. The continuous line 
represents absorbance and the histogram 32p  radioactivity 

oligonucleotide was determined by chromatography 
on DEAE-Sepha.dex with unlabelled Ti RXAase 
digested yeast RNA as marker (Fig. 11). The radio-
active peak eluted with the seventh isostich and 
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Fig. 10. Two-dimensional chromatography on PEI-cellulose. The first solvent is 2 M pyridine formate pH 3.5, and the second 
is 1 M lithium chloride. The samples are Ti RNAase digests of 5'-terminally labelled RNA. The positions of the marker 
dyes are indicated.: XCF xvlene cymol FF, OG orange G and AF acid fusehin. (A) 40-S RNA; (B) 28-S RNA 
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Fig. 11. DEAE-Sephadex chromatography at pH 7.8. The bars indicate the positions of isostichs from yeast RNA digested 
with Ti RNAase. The histogram represents 32p  radioactivity from the 5'-terminal oligonucleotide of 28-8 RNA 

therefore has a net charge of —8. Since the 3'-residue 
must be guanosine, we can conclude that it has the 
sequence pU-N-N-N-Gp. 

DISCUSSION 

The implications of our results for the questions 
posed in the introduction would seem to us to be as 
follows: 

a) The 40-S molecule does not bear a 5'.triphos-
phate. This suggests that it may not be a primary  

transcription product although it is possible that the 
two extra phosphates are removed shortly after 
transcription. If there is an even larger precursor 
then it must be extremely short lived. A recent care-
ful search for heavy rRNA molecules in Xenopu.s 
oocytes has proved negative [17]. An alternative 
explanation is that the mechanism of movement of 
RNA polyinerase along the untranscribed spacer 
regions involves going through all the motions of 
transcription except forming the phosphodiester 
bonds. This type of movement would require a supply 
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of 5'-triphosphates and convert them to 5'-mono-
phosphates and one might then expect primary 
transcripts to bear only a single 5'-phosphate. 

We have shown that all three ribosomal RNA 
species bear a single 5'-terminal nucleotide. This 
makes it unlikely that the heterogeneous behaviour 
of 40-S RNA on polyacrylamide gels results from it 
being composed of a mixture of molecules of different 
lengths, although to be sure of this a study of the 
3'-end would also be necessary. 

Since the 5'-ends of the 40-8 and 28-8 RXAs 
are different, the processing mechanism must in-
clude at least one reaction at this end of the precursor 
molecule. This makes it necessary to consider more 
complicated processing schemes than that suggested 
by Perry and Kelley [18]. 
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Evidence is presented to show that an alkaline hydrolysis product from 40-S and 28-S RNA of 
Xenopu.s iaevi8 is a tetranucleotide containing three adjacent 2'-O- met .hylations. 

This is the longest such sequence yet. reported and is believed to be Gm-Am-Am-Ap. 

About lob of the ribose residues in ribosomal 
RNA are methylated in the 2'-0 position. This 
renders the corresponding phospho(iiester bond 
resistant to alkaline hydrolysis and to cyclizing 
ribonucleases. This property has been used to isolate 
methylated clinucleotides from ribosomal RNA of 
various organisms by alkaline hydrolysis [1 —3]. 

In this paper we report the discovery of an alkali 
stable tetranucleotide in 28-8 RNA from Xenopus 
laevi,s. We made use of RXA double labelled with 32P 

and with Me- 3Hlniethionine. The latter isotope. 
under the conditions used, was confined to the 
methyl group protons in the RNA. 

This component was found during work on the 
5'-end determinations reported in the accompanying 
paper. We have characterised the tetranucleotide in 
some detail because of possible confusion between it 
and the 5'-terminal sequence pCni-pUp found in 
Novikoff cell 28-8 RNA [4]. This latter sequence 
has been used to determine the order of the 28 and 
18-8 sequences in the ribosomal precursor, but our 
experiments indicate that it does not exist in Xeno-
pus. 

MATERIALS AND METHODS 

Most of the techniques used are the same as those 
described in the accompanying paper. The additional 
ones were as follows. 

Labelling 0/ RNA with [Me- 3H]Methionine 

Xeno pus kidney cells were labelled for 24 h in 
methioni ne-free medium containing 5 0/ 0  (undialysed) 
serum, 0.05 mCi/ml [Me- 3H]methionine (9 Ci/rnmol, 
Radiocheinical Centre, Amersham) with 20 M adeno- 

Abbreviations. DEAE, diethvlatninoethyl; butyl-PBD, 
2-(4'-tert-butvlphenvl )-5-(4"-biphenvlyl)-1,3.4-oxadiazole. 

Enzymes. Alkaline phosphatase (EC 3.1.3.1); venom 
phosphodiesterase (EC 3.1.4.1). 
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sine, 20 tM guanosine and 20 mM sodium formate to 
suppress the labelling of the purine rings 11. The 
relatively small amount of 31f  labelling in the mono-
nucleotide peaks of Fig. I indicates that only the 
methyl group protons were labelled. 

Total Digestion with Venom Phosphodie.sterase 

This was carried out in 5 IA 50 mM Tris-acetate 
p1l 8.2, 5 mM MgCl, with 1 g enzyme (Worthington 
Biochemical Corp., New •Jersey, U.S.A.). Incubation 
was for 3 Ii at 37 01  

Separation Method-s 

Paper chromatography was carried out on What - 

man 3 MM paper with a solvent mixture composed 
of ethyl acetate - isopropanol —7.5 M ammonia - 
,z-but.anol (3:2:2:1, v/v/v/v) [6]. 

Paper electrophoresis was carried out on What-
man 52 paper impregnated with 5 0 / 0  pyridine acetate 
1)113.5. The paper strips of about 60-cm length were 
run immersed in white spirit at 4 kV for 1 h. 

Counting Techniques 

Slices of paper from chromatograms and electro-
pherograms were counted immersed in 3:2 (v/v) 
toluene : methoxyethanol - 0.5 0/a  (w/v) butyl PI3D 
in a Packard model 3320 scintillation counter. The 
321) channel was set at 1.8 0/o  gain and full window 
and the 3H channel at 90 0/ gain and 50-600 win-
dow. Under these conditions about 3 0/o  of the 32 

radioactivity was counted in the 3H channel and this 
was subtracted. 

Aliquots of buffer containing 7 M urea were 
counted in the same way. For the larger volumes it 
was necessary to increase the met.hoxvethanol con-
tent of the scintillator to 55 0/ 0 , which means that 
32P 13H ratios cannot be compared between different 
experiments. 
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Fig. 1. l)EAE-Sephadex chromatography at pH 7.8. The bars 
indicate the positions of elution of the marker isostichs and 
their negative charges. The continuous histogram shows 
32p radioactivity and the dashed histogram 3H radioactivity 
from alkaline hydrolysates of double-labelled RNA. (A) 
18-S RNA; (B) 28-S RNA 

RESULTS 

Alkaline-Hydrolysis of Double-Labelled RNA 

In the accompanying paper it is shown that when 
alkaline hydrolysates of RNA are fractionated on 
DEAE-Sephadex columns with 7 M urea, a —5 peak 
is obtained from 28-8 and 40-S but not from 18-S 
RNA. To find which of the peaks contained methyl-
ated oligonucleotides, we repeated the experiments 
with double-labelled RNA. 

RNA labelled with [ 311]methionine was mixed 
with RNA labelled with 32  and fractionated in the 
zonal rotor. The 18 and 28-8 RNAs were recovered, 
hydrolysed in KOH and run on DEAE-Sephadex 
columns at pH 7.8. In Fig. 1 it is shown that the 
H labelling patterns differ for the two RNA species. 

For both, the —3 peak is labelled with 3H and was 
identified as 2'-0-mnethylated dinucleotides. For the 
18-S RNA the —4 peak is unlabelled with 3H which 
is consistent with our finding that it is pUp from the 
5'-end of the molecule. But for the 28-S RNA, both 
the —4 and —5 peaks are labelled with 3H. The 
311/ 32P ratios are shown in Table 1. The theoretical 
values are calculated on the assumption that the 
—4 peak consists of two methylated trinucleot.ides 
+ pUp and the —5 peak of a single tetranucleot.ide. 

When the material from the 28-8 —4 peak was 
run on DEAE-Sephadex at pH 2.7, three peaks 
were obtained of which the first and third were 
labelled with tritium (Fig.2). We have identified the 
centre peak as pUp from the 5'-end. 

Analysis of the —5 Peak 

When the material from the —5 peak was re-
hydrolysed for 24 h in KOH and then rerun on the 
DEAE-Sephadex column, it still eluted in the same 
position (Fig.3). This shows that it is not an artifact 
of incomplete hydrolysis. 

When it was subjected to treatment with alkaline 
phosphatase and rerun on the same column, it eluted 
with the second marker isostich instead of the fourth 
i.e. it has lost two negative charges (Fig.4). This is 
the "shift-out" procedure of Tomlison and Tener [7] 

Table 1. 1sotop ratios for 28-S IL\14 hydroly$is product 
These values are derived from the data presented in Fig.!. 
In the third column the measured isotope ratios are divided 
by 2.02. The numbers in the fourth column are the ratios of 
the numbers of methyl to phosphate groups in the molecules 
believed to be present 

Peak 	311/32P 	 Relative 	Theoretical 
values 

—3 	1.21 	 0.6 	 0.5 
—4 	1.34 	0.66 	 0.66 
—5 	1.53 	0.75 	 075 
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Fig.2. 1)EAE-Sephadex chrornato(/raphy at p1! 2.7. The sample is the —4 peak from the 28-8 RNA hydrolysate. The con-
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Fig.4. Rechromatography on J)EAE-Sephadex at p!1 7.8 of the —5 peak from the 28-8 ILVA hyrlrolysate after treatment with 
alkaline phosphatase. Phosphatase treatment was incomplete and so some radioactivity remains in the —5 position 

which serves to distinguish internal oligonucleotides 	For analysis of the base composition of 2'-0- 
(which lose two negative charges) from terminal 	methylated sequence it is necessary to remove the 
ones (which lose 0, 4 or more). 	 3'-terminal phosphate with alkaline phosphatase 

	

- 	 and then to dige st with venom phosphodiest.erase. 

	

NOH ± P1 	 When the oligonucleotide is double labelled the 

	

—5 	—3 	—2 	 products are one 3H-labelled 2'-O-methyl nucleoside 
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Fig. 5. Paper electrophoresis of a venom phosphodiestera$e digest of double-labelled tetranucleotide. The solid line represents 32p 

radioactivity and the shaded histogram represents 3H radioactivity 
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Fig. 6. Paper chromatography of a venom phosphodiesterase 
digest of the tetranucleotide labelled with [Me- 3H]methionine 

from the 5'-end, one 32P-labelled 5'-nucleotide from 
the 3'-end and two double -labelled 2'-O-methyl 
5-nucleotides. 

Such a venom phosphocliesterase digest was 
mixed with unlabelled 5'-nucleotides and fiactionated 
by paper electrophoresis as described in Materials 
and Methods. This yielded a large radioactive peak 
of 3H and 32  running slightly behind adenosine 
5'-phosphate (Fig.5), which suggests that the three 
distal bases are all adenines. The small peak of 3H 
at the origin presumably represents the 2'-O-methyl 
nucleoside. 

The 2'-O-methyl nucleoside was identified by 
fractionating a venom phosphocliesterase digest by 
paper chromatography. (Fig. 6). With the system 
described, all the 5'-nucleotides move slower than the 
slowest nucleoside. The only nucleoside spot which 
was labelled was guanosine, so it was concluded that 
the 5'-residue is 2'-O-methyl-guanosine and the 

DISCUSSION 

If we take 1.5 0/ as the proportion of methylated 
sugars in 28-8 RNA then we can calculate from 
Poisson statistics the chance of obtained three adja-
cent meth lations by random processes. This comes 
out at 1.56x 10 for the whole 28-8 sequence. 

This suggests that the sequence has some specific 
function,perhaps concerned with the assembly of 
the larger ribosomal subunit. A recent finding (B. E. 
H. Maclen, personal communication) that HeLa cell 
28-8 RNA may contain a similar triinethylated 
sequence strengthens this possibility. The work of 
Vaughan et al. [8] showed for HeLa cells that the 
methlation was necessary for ribosome assembly 
but not for the initial proeessin of the rihosoma 
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