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SUMMARY

I have determined the sequence of the central part of a ribo-

somal transcription unit from Xenopus laevis, using the plasmid pXlrlOl.

The sequence comprises over 200 bp at the 3' end of the 188 gene, the
first intermal transcribed spacer, the 5.8S gene, the second internal
transcribed spacer, and over 100 bp at the 5' end of the 285 gene.

The two transcribed spacers have G + C contents of over 80% and include
long homopolymeric tracts of G or C (10-15 residues). ITS1 also has
long tracts of purines containing several A residues.

The Xenopus sequence is compared to other organisms where data is
available. The gene sequences show a high level of homology with
sequences from other eukaryotes and also some homology with the prokaryote
E. coli. No sequence homology is found between the internal transcribed

spacers of Xenopus and yeast (Saccharomyces).

Tentative secondary structure models are proposed for the Xenopus
sequence and again compared to possible models from other organisms.
Secondary structure may be highly conserved within the mature rRNAs,
even in regions where the primary sequence is variable between species.
In the transcribed spacers one hairpin may be held in common by Xenopus
and yeast but other secondary structures are not obviously conserved.

I have attempted to characterise some ribosomal RNA precursors
in Xenopus tissue culture cells by both 'Northern' transfers and Sl
nuclease protection mapping. Various artifacts limit the usefulness
of these techniques in this system. However it is proposed that a
putative '30S' precursor exists containing the RNA of 5,85, ITS2 and 285,
and having the same 5' end as 5.8S5 rRNA.

Evidence from the sequence supports the proposition that 5.85 rRNA
in eukaryotes is structurally equivalent to the 5' end of 23S rRNA in
E. coli  The results lead to speculation of the relationship between rRNA

processing in eukaryotes and ‘E. coli.



CHAPTER 1, GENERAL INTRODUCTION

Ribosomal RNA is a major component in the protein synthetic
machinery of the cell, All organisms (except viruses) have rRNA genes,
usually in multiple copies. In most eukaryotes these genes are arranged
in tandem arrays at ome or a few chromosomal locations.

A considerable amount of work on ribosomal RNA and its genes
(rDNA) has been reported and many experiments pioneering new techniques
and ideas have arisen from this system, For example post-transcriptional
processing of RNA was shown first for ribosomal RNA (see Perry, 1967),
the first eukaryotic genes to be cloned in E, coli were those coding for

ribosomal RNA from Xenopus laevis (Morrow et al, 1974) and the first

reported intervening sequence was in the ribosomal genes of Drosophila

melanogaster (Glover & Hogness, 1977).

The aim of this project was to characterise the region containing
the 'internal transcribed spacers' in the ribosomal DNA of X, laevis (see
figure 1,1 and below), To place this aim in context I shall start by
summarising some general features of rRNA and rDNA in eukaryotes, In
Chapter 2 I shall describe the specific objectives in more detail and
discuss the experimental approach, For general reviews of rRNA and
rDNA see for example Long and Dawid (1980a), Cox (1977), Hadjiolov and

Nikolaev (1976) and Perry (1976).

1.1, Structure of ribosomal DNA

In eukaryotes 18S, 5.8S5 and 28S rRNAs are transcribed as part
of a large precursor molecule (40S RNA in Xenopus, 45S RNA in mammals),
The precursor also contains an external and two intermnal tramscribed
spacers, regions of RNA which are excised in an ordered series of

events during the maturation of rRNA. The unit of DNA coding for the
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Figure 1.l. A unit of ribosomal DNA from Xenopus laevis.

The transcription unit is represented with a thick line
and the non-transcribed DNA with a thin line.

NTS - non-transcribed spacer

ETS - external transcribed spacer

ITS - internal transcribed spacer



TRNA precursor is tandemly repeated, and between each transcription unit

lies non-transcribed spacer DNA.,  Xenopus laevis has about 600 rDNA

repeats per haploid genome and other eukaryotes have numbers ranging
from less than a hundred to several thousand repeats (see Long & Dawid,
1980a). The structure of a ribosomal DNA repeat is summarised in
Fig 1,1.

Ribosomal DNA occurs at a single chromosomal location in

Xenopus laevis, termed the nucleolar organiser (Pardue, 1973). The

genes for 5S rRNA are separate and are found at the telomeres of several
chromosomes (Pardue et al, 1973),

The general organisation of rDNA is similar for most eukaryotes,
but there are differences in detail in both the transcribed and non-
transcribed regions. The lengths of elements within the repeat unit are
variable, For instance in Xemnopus and plants the region which is
transcribed is approximately 7,5 kb, whereas it is about 12 kb in mammals,
and intermediate in birds, The difference reflects mainly an increase
in the length of the transcribed spacers, but the 285 gene is also slightly
longer in mammals and birds than in Xenopus (Loening et al, 1969; Schibler
et al, 1975), Even greater differences are found in the non-transcribed
spacers. Mouse, man and calf all have total rDNA repeat lengths of
30-40 kb (Arnheim & Southern, 1977; Meunier-Rotival et al, 1979). In
contrast the repeat length in various plants is 8.6-9 kb (Goldsbrough
& Cullis, 198l; Friedrich et al, 1979; Gerlach & Bedbrook, 1979), In
Xenopus it is 11-15 kb (see 1,2). Taking the values for the length of
the transcription unit given above, this represents a length variation in
the non-transcribed spacer of more than an order of magnitude between
diverse eukaryotes,

The ribosomal transcription unit of Drosophila has two special

characteristics which should be mentioned, and which are also found in



some other invertebrates, The genes for 5.85 and 285 rRNA each contain
a short 'spacer', which is transcribed and then cleaved during rRNA
processing, This results in each RNA occurring in two non-covalently
linked parts in the mature ribosome (Jordan, 1975; Jordan et al, 1976;
Pavlakis et al, 1979). The second special feature is the presence of

a large intervening sequence in some copies of the 285 gene (Glover &
Hogness, 1977).

In yeast each rDNA repeat also contains a gene for 55 rRNA,
but this occurs on the opposite strand and between the major transcription
units (Rubin & Sulston, 1973; Aarstad & Oyen, 1975).

In some single~cell eukaryotes the bulk of the rDNA is extra-

chromosomal and in several instances, eg, Dictyostelium and Tetrahymena,

this DNA takes the form of giant palindromes (Cockburn et al, 1978;

Rarrer & Gall, 1976),

1,2. Chromosomal and amplified rDNA from X, laevis

Much of the work on Xenopus rDNA has been carried out using
amplified DNA from oocytes., During oogenesis extensive amplification
of ribosomal DNA takes place, and the amplified rDNA remains extra-
chromosomal, The first phase of amplification occurs in both sexes
during early germ cell proliferation and results in a 10-40 fold increase
in rBNA gene number (Bird, 1977), The second, major, phase of amplifi-
cation occurs during meiosis in oocytes but not in sperm. This second
amplification, apparently involving a rolling-circle mechanism, brings
the number of rDNA repeats to a few thousand times the chromosomal level
(reviewed by Tobler, 1975). Amplified rDNA differs from chromosomal
rDNA in its lack of methylated cytosines; it can thus be purified as a
high density satellite after density gradient centrifugation of DNA

from oocytes or ovaries (Dawid et al, 1970).



Amplified rDNA has been used in many studies, and most
importantly in this context it was used in the construction of recombin-
ant plasmids (see Table 3.1). It is therefore critical to know whether
amplified rDNA is representative of chromosomal rDNA, and as part of this
question whether any rDNA repeats are different from others.

Initial experiments by Birnstiel et al (1969) showed that the
renaturation kinetics of somatic rDNA were consistent with a single
repeating unit of a length corresponding to one set of rihosomal gemnes
plus a fixed amount of non-ribosomal DNA, The degree -of similarity
between repeats was tested by Dawid et al (1970) as follows: amplified
rDNA was melted, allowed to reanneal then melted again and the two melting
profiles compared. The profiles were very similar, suggesting that when
different copies anneal with each other the extent of mismatch is very low.
(The DNA was obtained from ovaries from several frogs.) Wensink and
Brown (1971) then compared amplified and chromosomal DNA by electron
microscopy. Molecules were partially denatured to give a characteristic
repeating pattern of double and single stranded regions (depending on
local base composition), and repeat lengths were measured. By this
criterion all repeat lengths in both types of DNA appeared to be the same,
as did the characteristic denaturation pattern,

However more recently the use of restriction enzymes and gel
electrophoresis has allowed repeat lengths to be measured and compared
with greater accuracy and resolution, Wellauer et al (1974a) digested
amplified rDNA with EcoRl and separated the products by electrophoresis,
They found omne strong band of DNA with an estimated molecular weight
of 3.0 x 106 and several bands of higher molecular weight and varying
intensity, The combined molecular weights of all fragments was much

too great to correspond to a single repeat unit (estimated from E.M.).



Electron microscopy of single stranded molecules derived from EcoRl
digested rDNA revealed that two types of fragment were present, The
small fragment of 3,0 x 106 appeared to contain most of the 28S gene, by
comparison to the appearance of 285 rRNA under similar spreading con-
ditions, Each of the higher molecular weight fragments contained most

of the 18S gene plus a variable length of non-transcribed spacer and a
short section of the 288 gene, It was therefore concluded that each
rDNA repeat contains two sites for EcoRl. The smaller fragment generated
is homogeneous in size but the larger fragment, containing the non-
transcribed spacer, is heterogeneous and several size classes were found
(Wellauer et al, 1974a). Wellauer et al (1976a) then used four different
cloned copies of the large EcoRl fragment to analyse the molecular basis
of length heterogeneity, The cloned rDNA was denatured and allowed to
reanneal, either to its complementary strand as a homoduplex or to rDNA
from a second plasmid as a heteroduplex. Examination of homoduplexes
showed that a percentage of molecules reanmealed impe rfectly, usually
leaving two single stranded loops of equal size, This structure could

be explained if the DNA was internally repetitious, allowing a duplex to
form with the repeats annealed out of register, Further information was
gained by examination of heteroduplexes, The extra DNA from the longer
molecule could be seen looped out in a variety of positions and could

form either one large single-stranded loop or a few smaller loops separated
by regions of duplex, All the patterns found could be explained by re-
association between molecules which contain different numbers of internal
repeats, Wellauer et al (1976a) were able to define two repetitive
regions, both within the non-transcribed spacer, and one of these regioms
seemed to account for the length differences between the four plasmids.

More recently restriction analysis and sequence determination have



confirmed that much of the non-transcribed spacer is repetitive, In
the region which is most heterogeneous in length there appears to be a
higher order repeating unit superimposed on the short repeats (Botchan
et al, 1977; Boseley et al, 1979). This longer repeating unit is
defined by sites for BamHl and the region around each Bam site is very
similar in sequence to the region in which transcription of 40S rRNA is
initiated (Moss & Birnstiel, 1979),

Wellauer et al (1976b) and Buongiorno-Nardelli et al (1977)
both examined the ribosomal DNA from individual frogs. The chromosomal
rDNA from each frog displayed several size classes at various frequencies,
The pattern of bands seen after electrophoresis of EcoRl digested material
was distinctive to each frog., Examination of amplified ¥DNA from the
ovaries of the same frogs again revealed that several size classes were
present, Except in rare cases the same size classes were present in both
chromosomal and amplified rDNA from an individual, but the frequency
distribution of different size classes was often altered, Bird (1977)
examined rDNA from individual oocytes by Southern blotting, using cloned
rDNA as a probe, He showed that each ococyte selectively amplified only
one or a few size classes, but different ococytes selected different size
classes,

We can conclude from these studies that,while the general
structure of each ribosomal repeat appears to be the same, variations
certainly exist within the non-transcribed spacer DNA, We cannot rule
out the possibility that small differences may alsoc occur within the
transcribed regions, Secondly amplified rDNA does represent rDNA
repeats that exist in the chromosome, but probably not all chromosomal

repeats will be proportionately represented.



1.3. Comparison between related species

To gain some understanding of how ribosomal DNA has evolved it
is useful to compare rDNA from related species and see what kinds of
differences exist, In this context comparisons have been made between

Xenopus laevis and Xenopus borealis (wrongly identified as X. mulleri in

early studies - Bisbee et al, 1977). The ribosomal DNA from X. borealis
is judged to comsist of about 500 tandem repeats omn a single chromosome,
The repeats are apparently homogeneous (by E.M., measurements), and they
are of similar length to X. laevis repeats (Brown et al, 1972), Mature
ribosomal RNA from the two species is indistinguishable in size and base
composition, A mixture of TRNA from the two species (one labelled with
3H and the other with 32P) was hybridised to rDNA immobilised on a
filter, The proportion of each vRNA hybridised was the same regardless

of whether the rDNA came from X, laevis or X, borealis, The rRNA's

were then melted from the hybrid and again no significant difference was
seen in the release of either rRNA from either rDNA. These results
indicate that the two species have very similar rRNA sequences, and it was
estimated that there was a maximum of 3% mismatch in the heterologous
hybrids (Brown et al, 1972), 40S rRNA precursors were also compared from
the two species; the precursors were of the same length but rDNA from
each species preferentially hybridised precursor RNA from the same species,
This suggests that there are differences between the precursors, which
must be located in the transcribed spacer regions of the molecule (Brown
et al, 1972),

This study was followed up by electron microscopy of hetero-
duplex molecules formed by reassociation between rDNA from X, laevis and
X. borealis (Forsheit et al, 1974). Perfectly duplexed regions could

be seen which were of about the length expected for the 18S and 28S genes,



The region between these genes, corresponding to part or all of the
internal tramscribed spacer, remained single stranded. Similarly the
external transcribed spacer was single stranded for part or all of its
length, In the non-transcribed spacer a variable pattern of duplex
regions and single stranded loops was seen, This could represent short
regions of homology repeated in the non~tramnscribed spacer but inter-
spersed with non-homologous regions., Undoubtedly the repetitive mature
of the non-transcribed spacer makes these results more difficult to
interpret.

These studies show that the sequences coding for mature rRNA have

changed very little since the divergence of X, laevis and X. borealis,

(Indeed, Ford and Mathieson (1978) directly compared the sequence of 5,8S
from the two species and found only one base change; the X, borealis
sequence was also found in less than 1% of X, laevis 5,85 molecules,)

In contrast the sequences of both transcribed and non-transcribed spacers
appear to have changed markedly,

The divergence of transcribed and non-transcribed spacers in
two related species suggests that their exact sequence is mnot critical to
gene function, However within each species there is not great heter-
geneity between the sequences of elements in different rDNA repeats
(since non-transcribed spacers of different lengths differ in number of
subrepeats rather than sequence), During the evolution of this multigene
family some mechanism must prevent the rDNA repeats from diverging and yet

allow them all to evolve simultaneously,

lodi, Further comparative studies on the transcription unit

A variety of methods has been used to compare the rRNA trans-
cription unit over a wide range of species, Khan et al (1978) examined

the sequences around methylated nucleotides in rRNA from human, hamster,



mouse, chicken and Xenopus. By comparing the fingerprints of methyl-
labelled vRNA digested with Tl ribonuclease they estimated that the oligo-
nucleotides were at least 95% homologous. However the sequences around
methylated nucleotides might be more conserved than in other parts of the

rRNA molecule,

Gerbi (1976) hybridised rRNA from six species, Gyrodinium cohnii,

Drosophila hydei, Chironimus thummi, Sciara coprophila, Xenopus laevis and

mouse, to heterologous rDNA, In general the extent of hybridisation
reflected evolutionary distance, though some anomalies occurred,
Hybridisation of rRNA to heterologous rDNA was also performed in the
presence of unlabelled rRNA from a third species, It was observed that
the unlabelled rRNA was in all cases able to compete for sites on the
rDNA., Thus certain regions of the rRNA must be conserved in all the
species tested., More recently Cox and Thompson (1980) hybridised 28S

rRNA from X, laevis or 255 rRNA from Neurospora crassa to specific

restriction fragments of rDNA from the two species, Conserved sequences
were distributed through most of the 285 (258) gene, Ribosomal DNA
fragments with sequences common to the two species also hybridised with

285 rRNA from Drosophila melanogaster, again suggesting that certain

regions are highly conserved in a wide range of organisms,

In recent years 5,85 rRNA from a number of species has been
sequenced (see compilation by Erdmann, 1981), The vertebrate sequences
are remarkably similar to each other but are only about 70% homologous to

yeast, Neurospora, Vicia fabia (bean) and Drosophila (5.8S + 2S), Again

it seems that certain parts of the molecule are more strongly conserved

than others (Pavlakis et al, 1979),

Gourse and Gerbi (1980) have examined the whole transcription

unit for highly conserved regions, They used cloned rDNA from yeast
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(S, cerevisiae), Dictyostelium discoideum and E, coli to hybridise to

specific X, laevis rDNA restriction fragments, including fragments from
the transcribed spacers. Regions at the 3' end of both the 18S and 28S

genes showed hybridisation between E, coli and Xenopus laevis, Other

regions of the X, laevis genes hybridised strongly to yeast (and some also

to D, discoideum) but not to E, coli. In the transcribed spacer regions

no hybridisation was found between X. laevis and any of the heterologous
rDNAs.

A particular limitation of hybridisation studies is that fairly
long stretches of exact complementarity are required to give a positive
result under stringent conditions (probably about 20 base pairs). This
limitation is demonstrated by the lack of hybridisation between the 5,88
genes in the work of Gourse and Gerbi (1980). It would not be possible
to detect short regions of homology such as putative control elements by
this means,

A second problem in all these studies is that we are looking
solely at primary sequence comservation, yet particular nucleic acid
secondary structures almost certainly have a role in interactions with
protein, Secondary structures can sometimes be inferred from a knowledge
of the nucleotide sequence, but a change in sequence need not necessarily
result in a corresponding change in secondary structure, This topic will
be further discussed later, especially in relation to sequence comparisons
arising from this project and other recently published work, However
one study in which secondary structures were compared directly is that of
Schibler et al (1975)., They examined by electron microscopy partially
denatured rRNA precursor molecules from a variety of vertebrates, Under
the conditions used 18S rRNA showed no secondary structure but the 28S
region of the molecule had characteristic loop structures, Two distinct

multiple loop structures were conserved in 28S rRNA of all the species
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Figure 1.2. A. Approximate location of cleavages

which take place during processing of precursor rRNA
in eukaryotes. Cleavages sites are numbered from the
5' end. The order of cleavage can vary according to
species and conditions.

B. Putative processing pathway in Xenopus laevis

(Wellauver & Dawid, 1974).
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studied, Characteristic secondary structures were also seen in the
transcribed spacers; the position of structures in the intermal tramscribed
spacer was comparable in all species but the size and complexity tended to

increase with an increase in spacer length in the higher vertebrates,

1,5, Processing of the rRNA transcript

Ribosomal RNA is transcribed in the nucleolus by RNA poly-
merase 1 (Chambon, 1975). A number of processing steps then take place,
Many nucleotides are specifically modified either by addition of a methyl
group or by conversion of uridine to pseudouridine, All of these
modifications seem to occur on nucleotides which are retained in mature
TRNA even though most take place on the intact precursor molecule (for
review see Maden et al, 1977), The second step is the elimination of
the transcribed spacer RNA. This seems to involve at least four endo~-
nucleolytic cleavages, perhaps followed by exonuclease trimming, The
approximate sites of cleavage are indicated in Fig. 1.,2A,

The most detailed work on rRNA processing has been om vertebrate
cells and yeast, but other eukaryotes examined appear to have similar
pathways, Early kinetic studies showed that radioactive RNA precursors
are incorporated first into 455 RNA in Hela cells, and only later does
radioactivity appear in 185 and 325 BRNA, and later still in 285 rRNA
(Penman, 1966), Thus it was concluded that ribosomal RNA is initially
synthesised as a large precursor molecule which then has to be processed
into mature rRNA.

Weinberg and Penman (1970) went on to analyse the processing
pathway in greater detail, The use of polyacrylamide gels allowed the
resolution of additional intermediate molecules and it was found that
substantial amounts of minor intermediates were accumulated after

infection of Hela cells with poliovirus, Each intermediate was
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characterised with respect to size and methyl content (from ratio of
methyl label to phosphate label), Since methyl groups are conserved
during the processing of 458 to 185 and 285 it was possible to deduce
the nature of each precursor and to suggest a likely processing pathway.
45S contains as many methyl groups as 28S and 18S together, The second
largest precursor (41S) has the same number of methyl groups but is
smaller, so must have resulted from the excision of transcribed spacer
RNA (ie, cleavage 1 in Fig. l.2A).,  32S has the same number of methyl
groups as 285 TRNA but is longer, and 20S has (roughly) the same number
of methyl groups as 18S but is again longer. The combined size of 328
and 20S is close to the size of 418 so these molecules could be generated
by a single cleavage (3 in Fig. 1.24). Subsequently cleavage 2 would
generate 185 rRNA and cleavage at site 4 would generate 285 and 5.8S
rRNAs, (Site 4 probably corresponds to two cleavages,) Two other
intermediates were also found which could not fit this pathway and were
judged to be the result of aberrant processing events (but see later),
Wellauer et al (1974b) examined the size and secondary structure
of rRNA from mouse L-cells by electron microscopy. Under conditions of
partial denaturation characteristic loop structures can be seen which
allow the positiomns of 28S and 18S rRNA to be located in precursor
molecules, Two large precursors were seen which both contain 285 and 18S
but differ in that the smaller ome does not have the external transcribed
spacer, These are analogous to 45S and 41S in Hela cells, No molecule
corresponding to 20S was seen in mouse cells, but a 325 molecule was seen
and also a 36S molecule, The 36S molecule contained the same elements as
325 but had additional intermal transcribed spacer RNA. It could thus
be deduced that in mouse cells cleavage at position 2 must occur before

cleavage at position 3, generating 18S plus 36S instead of 20S plus 328
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as in HeLa cells, 365 would then be cleaved to generate 32S and
subsequently 28S plus 5,85, Wellauer and Dawid (1974) also examined
Xenopus TRNA precursors by electron microscopy and concluded that cleavages
occur in the same order as in mouse cell rRNA processing although the
precursors were shorter (due to shorter transcribed spacers). The
putative pathway for processing of Xenopus rRNA is shown in Fig. 1.2B.
More recently there have been several reports which have
suggested that the order of processing is mot as rigid as had been
supposed, Winicov (1976) reported a line of hamster cells which was
temperature sensitive in the cleavage of the 328 precursor, At the non-
permissive temperature the sizes of precursors which could be isolated
suggested that the predominant order of earlier cleavages was also
altered, Similarly it is possible that the 'aberrant' precursors found
by Weinberg and Penman (1970) in Hela cells represent alternative
processing pathways which could still yield mature rRNAs. A detailed
kinetic study of processing in rat liver suggests that cleavages can occur
in almost any order, but that some pathways are favoured, In a given
precursor molecule it was possible to define the probability for each
cleavage site that that site would be the next one cut (Dudov et al, 1978),
It has also been proposed that rRNA processing in Drosophila can occur by
two alternate pathways (Long & Dawid, 1980b). The technique used was
to electrophorese RNA, transfer to DBM paper (diazobenzyloxymethyl-paper),
then probe with specific rDNA restriction fragments to define which
sequences were contained in a particular RNA molecule, Precursors were
found which were apparently analogous to Xenopus precursors, but in
addition a molecule containing 18S and both external and internal trans-
cribed spacer RNA was detected. This could represent a processing
pathway in which cleavage occurred at (or near) site 3 first, and only
later at sites 1 and 2 (see Fig l.2A). A novel cleavage site between

sites 2 and 3 was also predicted in this study.
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In summary we can conclude that the general processing steps
are probably quite similar in all eukaryotes but that the order in which
cleavage events occur can be flexible, with different pathways pre-
dominating in different situvations, One of the objectives of this
project was to locate more precisely the sites at which some of these

cleavages occur in Xenmopus laevis, having first determined the sequence

of the DNA, This approach has also been used in yeast as I will
describe in the discussion (Veldman et al, 19809.

It should be added that ribosomal RNA is associated with proteins
throughout its life-time, These will include processing enzymes as well
as proteins of the mature ribosome, It has been shown that rRNA pro-
cessing is dependent on protein synthesis, Addition of cycloheximide
or starvation for valine both cause a rapid decrease in the rate of 4585
processing (Willems et al, 1969; Maden et al, 1969)., One interpretation
is that processing enzymes may only correctly recognise RNA which is

already associated with ribosomal protein in a precursor particle,
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CHAPTER 2, OBJECTIVES AND EXPERIMENTAL APPROACH

2,1 Objectives

At the outset of this project I hoped to fully characterise

the region of rDNA from Xenopus laevis which lies between the 188 and

285 genes. This region contains the two internal tramscribed spacers,
separated by the gene for 5.8S rRNA. The internal transcribed spacers
are excised from the 40S precursor molecule by specific cleavages
during rRNA maturation (see 1.5). The sites at which processing occurs
must be correctly recognised by ribonucleases, presumably by virtue of
either their primary sequence, secondary structure, tertiary structure,
interaction with other proteins, or some combination of these features.
One way in which it may be possible to definme critical

characteristics of processing sites is to look for similarities between
analogous site