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V. SUMMARY

During the course of this project, the complete nucleotide sequence of the 28S
ribosomal RNA gene of Xenopus borealis has been determined. A comparison
of this sequence with that of a closely related species X. laevis revealed a 0.16%
divergence between the “conserved core” regions, and a 4.5% divergence between
the cukaryotic expansion segments of both species. This means that the expan-
sion segments (which are very rich in G + C residues) also called the variable re-
gions, have evolved about thirty times faster than the conserved core sequences
of the species. The differences between the conscerved core sequences of X.
borealis and X. laevis 285 rDNA involved four point mutations: two transitions
and two transversions. On the other hand, the cukaryotic expansion segments
were found to differ at 73 positions. These differences were either point mutations

or insertions and deletions involving single or multiple bases.

Several X. borealis and X. laevis rDNA clones derived from chromosomal
DNA or amplified oocyte nuclear DNA, were analysed for intra—species 28S
rDNA sequence microheterogeneity in the major eukaryotic expansion segments
(V2a, V2b, and V8). The results obtained revealed two points of sequence
heterogeneity in X. laevis 28S rDNA whereas the X. borealis rDNA clones
studied contained no intra-species sequence heterogeneities in these three re-
gions. The less frequent variants in X. laevis 28S rDNA gave a sequence identical
to that of X. borealis 28S rDNA at the same positions. This similarity with a
minority of X. laevis 28S rRNA genes suggests that the process of speciation be-
tween the two organisms was subsequent to the appearance of sequence variants
at these points in an ancestral species and that X. borealis fixed one of the vari-

ants at each point.

Xix




I have also attempted to discover the effect of ribose methylation on the higher
order structure (secondary) of X. laevis 28S rRNA. Using an enzymatic second-
ary structure probe (nuclease Sl1), cellular methylated and in vitro transcript
non—methylated 28S rRNA, it was found that 2’-O-methylation makes the
rRNA more sensitive to digestion by the enzyme. This greater sensitivity of
methylated 28S rRNA to S1 nuclease indicates that 2’-O-methylation may affect
the structure or conformation of the molecule in solution. The use of the chemical
sccondary structure probes (DMS and CMCT) showed that non —methylated in
vitro transcript RNA was about 3.3% more reactive than cellular methylated 288
rRNA in solution. The difference in reactivity between both species of rRNA to
the probes suggests thai methylation may affect the higher order structures or
conformation of 28S rRNA in solution by making the phosphodicster bonds be-
tween nucleotides more accessible to nuclease S1 attack, while at the same time
shiclding the chemically reactive positions on the bases from the probes DMS and
CMCT. However, given the difficultics in quantifying reactions with chemical
probes, the overall difference between methylated and in vitro RNA with DMS

and CMCT may not be significant.



CHAPTER 1
1. Introduction

The ribosome is considered as a cellular ribonucleoprotein “factory” responsi-
ble for the synthesis of proteins from aminoacids. This factory needs three dif-
ferent ribonucleic acid components for its proper function. These include, the
messenger ribonucleic acid (mRNA) which is the carrier of genetic information
that has to be translated into polypeptides or proteins; transfer ribonucleic acid
(tRNA) responsible for the transport of aminoacids to the site of protein synthesis
in the ribosome, and ribosomal ribonucleic acid (rRNA) whose association with

specific proteins constitute the ribosomal subunits.

The ribosome is made up of two units: the large subunit (LSU) and the small
subunit (SSU). Each of these subunits contains different species of rRNA, both
in prokaryotes and cukaryotes (Table 1.1). In prokaryotes, the large subunit
contains 23S RNA and 5S RNA whereas in cukaryotes, this subunit has a 26S
or 28S RNA, 5.8S RNA, and 5S RNA molecules. The small ribosomal subunit
in prokaryotes contains a 16S RNA whereas in ecukaryotes, the SSU has an 18S
RNA molecule. All these rRNA molecules are transcribed from ribosomal RNA

genes .




Organism Ribosomal Sedimentation Length in References
subunit coeff. of rRNA bases
(Svedbergs)
E. coli SSuU 16S 1542 Brosius et al., 1978; Carbon et al., 1979
LSU 23S 2904 Brosius et al., 1980
S. cerevisiae SSuU 18S 1799 Rubtsov et al., 1980
LSU 28S 3392 Georgicv et al., 1981
X. laevis SSU 18S 1826 Salim and Maden, 1981
LSU 28S 4110 Ware et al., 1983
mouse SSuU 18S 1869 Raynal et al., 1984
LSU 28S 4712 Hassouna et al., 1984
human SSuU 18S 1869 McCallum and Maden, 1985
LSU 28S 5025 Gonzalez et al., 1985

TABLE 1.1. Major rRNAs in the SSU and LSU of a Prokaryote and some Eukaryotes.




1.1. Ribosomal RNA Genes

1.1.1. Location of rRNA Genes in the Cell

Ribosomal RNA genes or rDNA make up the region of the genome that con-
tains genetic information needed to produce functional ribosomal RNAs. These
genes in eukaryotes are located in the nucleolus or nucleolar organiser. Evidence
supporting the localization of rDNA in the nucleolus was first obtained using
DNA-RNA hybridization tests on wild-type (two nucleoli) and mutant (one
nucleolus), Xenopus laevis embryos (Birnsticl et al., 1966; Brown and Weber,
1968a). In these studies, the mutant embryo carrying one nucleolus was shown
to have exactly half the wild-type complement of ribosomal RNA genes. More
recently, work done on homozygous anucleolate X. laevis embryos (Steele ef al.,
1983), tends to suggest that these contain much reduced amounts of rDNA, in
regions of the nucleus designated ‘pseudonucleoli’, compared to the mutant or
wild-type embryos. The amount of rRNA produced by the pseudonucleoli of the
anucleolate embryos is not sufficient to sustain their long term survival, since they
do not live beyond the swimming tadpole stage when the large pool of ribosomes
provided by the egg has been used up (Brown and Gurdon, 1964). Other exper-
iments done with different species, Drosophila (Ritossa and Spiegelman, 1965)
and human Hela cells (McKonkey and Hopkins, 1964) also showed the close as-

sociation between rDNA and the nucleolus.

The location of rDNA on specific chromosomes in the genome has been
mapped using the technique of in situ hybridization of labelled rRNA to chro-
mosomes. In this way, the distribution of human rDNA on five acrocentric
chromosomes (13,14,15,21, and 22) was demonstrated (Henderson et al., 1972;

Gaubatz et al., 1976). The same technique has also been used to locate a major

3
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5S RNA gene locus on chromosome 1 of man (Steffensen and Duffey, 1974).
Comparative experiments with X. laevis and X. mulleri chromosomes (Pardue,
1973), showed that rRNA genes in these species are located on the secondary
constriction of the largest subtelocentric chromosome pair whilst the 5S RNA
genes are located at or near the telomere region of many, if not all, of the chro-
mosomes. In yeast, the rRNA genes have been located on chromosome 7 (Zamb

and Petes, 1982).

1.1.2. Structure of Ribosomal RNA Genes

There are usually, several ribosomal gene units per genome and the number
of these units varies greatly between species; from about 10 in bacteria, to be-
tween 100 to 200 in lower eukaryotes, to several hundreds and even thousands in
higher eukaryotes (Long and Dawid, 1980). In eukaryotes, the rRNA genes are
arranged in clusters of tandemly repeated units whereas in prokaryotes, these
rDNA units are dispersed in the genome. It has been shown that in higher
cukaryotes, plant rRNA gene units tend to be more highly repeated than in their

animal counterparts (Long and Dawid, 1980).

Each rDNA unit is made up of three different regions: an intergenic spacer,
IGS (formerly called non-transcribed spacer, NTS), the transcribed spacers (ETS

and ITS), and the ribosomal RNA coding regions (Fig.1.1)

As will be described in more detail later, this thesis is concerned with 28S
rDNA and rRNA in X. borealis and X. laevis. The general properties of rDNA

are reviewed below.
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1.1.2.1. The Intergenic Spacer Region (IGS)

The IGS region of a ribosomal gene is located between the end of the 28S
RNA coding sequence and the external transcribed spacer (ETS), (Fig.1.2).
Enzyme restriction and nucleotide sequence data show that this region varies
widely between and somectimes within species. In X. laevis and Drosophila
melanogaster, the IGS has been shown to contain intra—species length variations
(Botchan et al., 1977), and the distribution of certain fragments may be quite
different within gene units of an individual animal (Wellauer et al, 1976;

Botchan et al., 1977; Boncinelli et al., 1983).

Nucleotide sequence as well as other data obtained for the IGS of different
non —primate species indicate that these regions contain repeated sequences of
various lengths and organisation (Long and Dawid, 1980). Two sub-regions have
been distinguished from the available data for various species: one downstream
from the transcription termination, and the other upstream from the transcription
initiation sites. The latter has been the best characterised because of the search
for promoter sequences. The former has been studied in some detail at least in,
Xenopus (Boseley et al., 1979; Moss et al., 1980; Bach et al., 1981), in rat (Braga
et al., 1982), in D. melanogaster (Mandal and Dawid, 1981, Simeone et al., 1982)
and man (La Volpe et al., 1985; Dickson et al., 1989, and Sylvester et al., 1989).
In mouse IGS, a sub-region showing size variation of repeated DNA has also

been located and analysed (Kuehn and Arnheim, 1983).

Primate ribosomal DNA IGS has not been found to be as variable within the
species as non—primate IGS except for a length microheterogeneity in the region
adjacent to the 3° end of the 28S coding region (Krystal and Arnheim, 1978;

Schmickel et al., 1980). This heterogeneity, which consists of four fragment

5



Figure 1.3. rDNA microheterogeneity in primates.

rfl »rf4 constitute the restriction fragments that could be obtained when the re-
gion shown in the figure is digested with the enzymes BamHI and EcoRI.

“S” designates additional DNA scgments that cause the rDNA length
heterogencity in the IGS region of primates. These segments have sizes between
700bp and 800bp. One to three copies of these scgments could be inserted in a

region of about 3.9Kb in size (La Volpe et al., 1985).
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length variants was detected by digesting the total DNA of twenty individuals
with different restriction endonucleases and then hybridising the DNA fragments
produced with the 3’ end of the 28S rRNA coding region (Fig. 1.3), (Naylor et

al., 1983; La Volpe et al., 1985).

This length heterogeneity, which is very limited when compared to that of

other systems, for example Xenopus, appears to be present in every individual.

1.1.2.2. Transcribed Spacers

The transcribed spacers are regions of the rDNA unit that are transcribed into
RNA and form part of the primary transcript or precursor RNA (pre—RNA)
but which are subsequently excised from this transcript during processing. In
eukaryotes two distinct types of spacer regions have been described (see Fig. 1.1):

the external transcribed spacer (ETS) and the internal transcribed spacer (ITS).

The ETS specifies RNA sequences present on the 5 or 3’ extremity of the
precursor RNA (40 to 45S) but absent in the mature rRNA molecules (Brown
et al., 1971; Wellauer et al., 1974; Wellauer and Reeder, 1975; Grummt et al.,
1985, and Bartsch et al., 1987). Nucleotide sequence analyses of the ETS have
shown that these regions are highly variable between species. There is however,
good alignment between significant stretches of the nucleotide sequence of some
species in spite of the length variations, for example in X. laevis and X. borealis
(Furlong et al., 1983), and mouse and man (Gonzalez et al., 1990). Some of the
species whose ETS sequences have been published include; Xenopus (Furlong et
al., 1983), mouse (Bourbon et al., 1988), and human (Financsck et al., 1982;

Gonzalez et al., 1990).
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Fig. 1.4. Diagram showing X. borealis and Human Internal Transcribed Spacers.



The internal transcribed spacers (ITS) constitute the region of the rDNA
transcription unit that separates the SSU from the LSU RNA coding regions. In
eukaryotes, there are two ITS regions designated, ITSI1 and ITS2 (Hall and
Maden, 1980). The ITSI is located between the 3’ end of the SSU RNA and the
5" extremity of the 5.8S coding region. The ITS2 region is situated between the

3" end of the 5.8S and the 5" end of the LSU RNA (Fig. 1.4).

As with the ETS, inter—species comparison of the ITS regions of rat,
Xenopus, and yeast (Subrahmanyam et al., 1982), X. laevis and X. borealis
(Furlong and Maden, 1983), human, hominoid primates (chimpanzee and
gorilla), mouse, and rat (Gonzalez et al., 1990), show great nucleotide sequence
and rDNA length variations. These studies have also shown that there are some
short arcas of scquence homology between the species. These conserved sequence
tracts may be recognition sites for precursor rRNA processing. Intra—species
comparison of the ITS in Xenopus (Stewart et al., 1983) and human (Maden et
al., 1987; Gonzalez et al., 1990) show two types of differences in rDNA clones
of same and from different individuals: length variations in homopolymer tracts
and simple base changes. The accumulation of many such variations over time

would generate the type of inter—species divergence that is observed.

1.1.2.3. Ribosomal RNA Coding Regions

The ribosomal RNA coding regions make up most of the transcription unit of
rDNA. These regions contain the information needed for the production of SSU
and LSU RNAs. In prokaryotes, these regions are part of a single transcription
unit which codes for 16S, 5S, and 23S RNAs (Kossman et al., 1971b; Colli et
al., 1971, and Bremer and Berry, 1971). 16S RNA in prokaryotes is the SSU

RNA whercas the 5S and 23S RNAs arec the LSU RNAs.
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In lower eukaryotes, the SSU RNA and the LSU RNAs are part of the same
gene unit (see Fig. 1.1), (Planta and Rauc, 1988), but this gene unit has two
transcription units; one for the 5S RNA coding region, and the other for the re-
maining SSU and LSU RNAs coding regions (17 to 18S, 5.8S and 26 to 28S).
In higher eukaryotes, the genes coding for 5S RNA are located on different
chromosome regions forming clusters with very high multiplicity (Brown and

Weber, 1968a; Pardue, 1973).

Comparative sequence analyses and other data available for the rRNA coding
regions of several species show that these regions vary much less across species
than the neighbouring spacer regions (Stiegler et al., 1981; Furlong and Maden,
1983). With respect to the SSU RNA coding regions, Stiegler et al., (1981) found
a high degree of sequence conservation between species of the same major group
(cukaryotes and prokaryotes), for example; yeast and Xenopus SSU RNA se-
quences show extensive but interrupted homology between the species (Gourse

and Gerbi, 1980; Salim and Maden, 1981).

The LSU RNA coding regions (5.8S and 26 to 28S) have also been extensively
analysed. 5.8S RNA which is present only in eukaryotes is highly conserved be-
tween species. Nazar et al., (1975) showed that there is a 75% homology between
rat and yeast 5.8S RNA. Other studies done on human Hela cells, chick embryo
fibroblasts, and X. laevis (Khan and Maden, 1977) show that the 5.8S rDNA

sequence is highly conserved between the various species.

A major characteristic of the LSU RNA (23 to 28S) genes is their great length
variations. This gene ranges in size from about 2900bp in prokaryotes, 3392bp in
yeast, to about 5025bp in man. These size variations have been shown by rDNA

sequencing to be a result of expansion or contraction of variable joining sequences
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at 10 to 12 specific points within the gene (Chan et al., 1983; Hassouna et al.,
1984, and Clark et al., 1984). These variable regions alternate with other regions
whose secondary structure is highly conserved in prokaryotes and cukaryotes
(Gutell and Fox, 1988). The variable joining sequences are absent in prokaryotes.
It has also been discovered from sequencing data that the variable regions of 28S
rDNA show intra—species as well as inter —species variations although these se-
quence differences are smaller in extent than those between the corresponding

spacer regions (Gonzalez et al., 1985; Maden et al., 1987).

1.1.3. Evolution of Ribosomal RNA Genes

Recent developments in the determination of rDNA sequences have revealed
the complex phylogenetic relationships between distant species. Macromolecular
sequence comparisons are thought to be the most accurate and reliable basis from
which to infer phylogenetic relationships, as first recognised by Zuckerkandl and
Pauling, (1965) with protein (globin) sequences. More than four hundred SSU
RNA —like gene sequences have been determined and some of these data have
been used to develop an unrooted phylogenetic tree (Fig. 1.5), (Pace et al., 1986)

using the method proposed by Fitch and Margoliash, (1967).

It has been concluded that extant organisms fall into three phylogenetically
coherent groups; eukaryotes, eubacteria, and archebacteria (Fox et al., 1980),
that make up the three primary kingdoms. The root of the tree for these primary
lines of evolutionary descent is absent because this requires a more deeply
branching sequence which cannot exist in a universal phylogeny (Pacc et al.,
1986). The absence of a root supports the view that, divergence between
eukaryotic and prokaryotic systems for gene expression is a very ancient one

(Woese and Fox, 1977; Doolittle, 1978, and Darnell, 1978).
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