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ABBREVIATIONS

Abbreviations used are as recommended in the Biochemical

Journal Instructionsto Authors, 1981, with the following

additions

rRNA
rDNA
RTU
pre-rRENA
ITs
ETS
NTS
Ivs

bp

kb
dNTP
d4NTP
RF
cccDNA
SDS
PPO
BéIG.

IPTG

ribosomal'RNA

genes for ribosomal RNA and associated spacer DNA
ribosomal transeription unit

riboéomai precursor RNA

internal transcribed spacer

external transcribed spacer
non-transcribed spacer

intervening seguence

base pairs

kilobases (1000 bases)
deoxynucleotide~5"'-triphosphate
2',3'-dideoxynucleotide-5"'-triphosphate
replicative form

covalently closed circular DNA

sodium dodecylsulphate

2,5-diphenyloxazole

.5-bromo-l4-chloro-3-indoyl-B-galactoside

isopropyl-beta=-D-thio-galactopyranoside
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SUMMARY

I have examined the transcribed spacers of Xenopus
laevis ribosomal DNA, by direct DNA sequence analysis, for
sites of sequence variation. Substantial microheterogeneity
was i1dentified in all three transcribed spacers. The ribo-
somal DNA sources examined included cloned and uncloned
amplified ribosomal DNA and cloned chromosomal ribosomal DNA,
In addition, amplified fDNA clones constructed from ribosomal

DNA isolated and purified from a single Xenopus laevis were

studied. The regions covered in DNA from these sources covered
the 3' end of the external transcribed spacer and the whole

of both internal transcribed spacers - an area comprising
approximatel& 1,100 ﬁucleotides of the ribosomal DNA unig
structure. Some twenty sites at which variants occur have

been identified. These variants include single base changes

end length variants of one to several nucleotides. In addition,
a site in the first internal transcribed spacer has been shown

to vary by the presence or absence of a block of twenty nucleo-

tides.

The identification of sequence variants of the same type
in both cloned and uncloned oocyte ribosomal DNA confirms
that heterogeneities in cloned ribosomal DNA are not artefacts
introduced during cloning. Comparison of the sequence data
for amplified and chromosomal ribosomal DNA revealed very good
correspondence between the two sources of DNA.. This indicates
that chromosomal ribosomal DNA serves as the primary reservoir

of variant sequences.



Sequence variation at the level of single nucleolar
organisers was inferred in oocyte ribosomal DNA isolated from
a single frog. This confirms that variants occcur on.physically

linked repeats within individual chromosomes.

The findings of the transcribed spacers contrast strikingly
with those for the ribosomal RNA coding sequences in which
no sites of sequence variatlion were found in an extensive survey
of the 185 coding region (Maden et al, 1982b}. In addition,
no variants were found in the 5.88 coding region in the analysis
of cloned amplified and chromosomal ribosomal DNA and in a
partial analysis of uncloned amplified ribosomal DNA. A single
site of variation was identified near the 5' region of the

285 gene in one amplified and one chromosomal clone.

The results of this study provide novel data relevant to
the evolution of ribosomal DNA, especially the transcribed
spacer regions, and leads to speculation about the function of

these spacer regions in ribosome formation.




NTS ETS ITS 1 ITS 2

288 185 \s8s/ 288

L I - mx N
€ RTU >
Figure 1.1 rDNA repeating structure in X.laevis with

riboscomal transcription unit ( RTU ) illustrated. NIS,
ETS and ITS denote non—transcribed, external transcribed
and internal transcribed spacers respectively.



1.l General Introduction

The aim of this project has been to examine the transcribed

spacers of Xenopus laevis ribosomal DNA (rDNA) for sites of

microheterogeneity. Transcribed spacers are fegions_of rDNA
which are transcribed into ribosomal precursor RNA (pre-rRNA)
and are subsequently eliminated during ribosome maturation
(see Figure 1.1). It might be supposed +that the transcribed
spacers perform some specific role in ribosome maturation.
However, a variety of studies culminating in recent sequence
analyses have shown that transcribed spacers vary very greatly
in primary structure between different eukaryotes, even between
quite closely related species. Knowledge of the extent and
nature of microheterogeneity in the transcribed spacers within
s single speciles might provide insight into the genetic
mechanisms contributing to phyiogenetic variation in these
regions and may also contribute to an understanding of the

function (if any) of these regions in ribosome maturation.

In the remainder of this introduction, the background
information on rRNA and its genes which led to the present

investigaﬁion will be described.

1.2 The Ribosomal Transcription Unit

1.2.1 General features

In both prokaryotes and eukaryotes the ribosomal trans-
eription unit (RTU) contains the rRNA coding sequences and
_regions of transcribed spacer. In X. laevis, the RTU
codes for the 188, 5.885 and 28S rRNA genes and 3 transcribed

spacers, the ETS, ITS1 and ITS2 (Figure 1.1). The order of



the rRNA sequences is the same in eukaryotes and prokaryotes
(Lewin, 1976) : a 5' ETS seguence followed by the smaller
rRNA component which is succeeded by a transcribed spacer
region. The large ribosomal component lies at, or close to,
the 3! epd. The genes coding for 55 RNA are distinct from
the rRNA genes in most eukaryotes. The only exceptions known

are in Saccharomyces (Rubin et al, 1973) and Dictostelium

(Maizels, 1976). -In bacteria, each transcription unit
contains genes for 16S, 235 and 55 RKA and in addition some
tRNA genes. To date, no tRNA genes have been found in the

RTU of any eukaryotic organisms.

1.2.2 BStructure of ribosomal precursor RNA

Transcription of the RTU results in the formation of
pre-rRNA. The existence of pre-rRNA containing both the large
and small ribosome components was first demonstrated by pulsé
labelling experiments of HeLa cells (Perry, 1962; Scherrer
and Darnell, 1962). Subsequent partial sequence analysis of
pre-rRNAs (Jeanteur et a&l, 1968) revealed the presence of non-
ribosomal type sequences which are lost in the conversion of
the precursors to mature rRNA. Studies on the base composition
of the 458 pre-rRNA in the HeLa cell nucleolus (Willems et al,
1968) and purified 28S and 185 rRNA (Amaldi and Attardi, 1968)
showed the precursor molecule to have & higher G + C content
than a putative precursor consisting solely of one 288 and
one 188 RNA molecule. These stﬁdies implied that the

discarded RNA is exceedingly rich in G + C,

The location and approximate size of these non-ribosomal




sequences was first identified by electron microscopic
studies (Wellauer and Dawid, 1973) although orientation of

the rRNA molecules with respect to transcription was
incorrectly defined. Comparison of the secondary structure
maps of 453 pre-rRNA, mature 185 and 285 rRNA and various
intermediate pre—-rRNAs revealed the presence of two trans-
cribed spacer regions, one separating the 185 and 285 genes,
the seccond region bging located 5' to the 18S gene. Similar
maps were constructed for X. laevis 408 pre-rRNA (Wellauer

and Dawid, 197L). The transcribed spacer regions became
known as the external and internal transcribed spacers.

The arrangement of gene and transcribved spacer regions and

of secondary structure loobs were compared in mouse-L cell,
HeLa cell and Xenopus rRNA (Wellauer et al, 19Tha).

The overall arrangement of regions and loop pattern was very
similar in the . rRNA from these three organisms. However,
the sizes of the transcribed spacers and the shapes of the
loops within the transcribed spacer regions varilied greatly
between sipecies. Earlier studies (Loening, 1968; Perry et al,
1970) had shown that the molecular weight of 18S and 288

rRNA remains almost constant from lower to higher vertebrates
whereas, the molecular weight of the RTU increases considerably.
Electron microscopic studies by Schibler et al, (1975)
extended those of Wellauer and Dawid (197Lk) and showed that
this increase in size of pre-rRNA during vertebrate evolution

was due principally to changes in length of both the internal

and external transcribed spacers. The morphology and
arrangement of loops in the spacer regions were very similar

in closely related species but varied considerably between



different groups of animals.

The RTU of all eukaryotic organisms studied, contains,
in addition to the 18S and 28S rRNAs a small RNA species
(designated 5.88) which in the mature ribosome ié found
hydrogen bonded to 288 rRNA. This RNA species was first
characterised in Hela cell ribosomes (Pene et al, 1968)
and was thought to be transcribed as part of the same pre-
rRNA containing the 185 and 288 rRNAs. This was verified
by studies on the 5.8S RNA of X. laevis (Speirs and Birnstiel,
197k4) and its location in the ribosomal pre-rRNA was tenta-
tively designated as somewhere within the intermnal transcribed
spacer region. The precise location of 5.885 has only
recently been defined by direct DNA sequencing of the 188-
285 intergene region (Hall and Maden, 1980). This study
revealed transcribed spacer regions on either side of 5.88S
RNA . These regions were appropriately called ITS1 (the

region between 188 and 5.8S) and ITS2 (the region between 5.88

and 288).

1.2.3 Processing of pre-rRNA

The formation of the mature 188, 288 and 5.85 rRNAs occurs
through a series of processing events which follow a general
temporal sequencé, varying slightly from organism to organism.
Understanding of the order in which these cleavage reactions
take place has arisen from the ability to isolate and compare
the (metastable) pre-rRNA molecules generated during pro-
cessing. In E. coli, the sequences flanking the 16S (and 238)

rRNAs interact to form an extensive base-paired structure




which constitutes a processing site for RNase III. Sub-
sequent cleavage by this enzyme releases the almost mature
168 (and 23S) rRNA. However, no regions of extensive base
pairing between the ETS and ITS1 of X. laevis rRNA have been

found (Maden et al, 1982a). The occurrence of distinct

intermediates in ribosome maturation in X. laevis indicates

that cleavage on the 5' and 3' side of 18S rRNA are kinetically
separate events. It ié generally accepted in eukaryotes that

the ETS is removed first followed by elimination of the internal
'transcribéd spacers. The précise role (if any) of the

internal transcribed spacers during processing are as yet

uncertain, although recent reports (Crouch et al, 1983; Bach~
ellerie et al, 1983) suggest a possible specific role for ITS2

in the conversion of 328 rRNA to 288 rRNA and 5.88 rRNA.

1.3 Structure of rDNA

1.3.1 Mﬁltiplicity and chromosomal location of rDNA

Multiple copies of the rRNA genes occur in both pro-
karyotes and eukaryotes (Attardi and Amaldi, 1970). Early
studies using mutants of X. laevis suggested the possible
clustering of these coples at the nucleolus organiser site
of a single chromosome (Brown and Gurdon, 196k4). Homozygous
anucleolate mutants (O-nucleoli) were unable to synthesise
any rRNA, whereas heterozygotes containing one nucleolus only
(1L - nu) regulated their wild type genes to produce twice as
much 285 and 188 rRNA as the same genes when present in wild
type (2 - nu) individuals. Hybridisation of ©rRNA with DNA

isolated from wild +type X. laevis (Brown and Weber, 1968)



demonstrated that multipe copies (“L450) of the 28S and 188
genes were present for each haploid complement of chromosomes.
Clustering was shown to occur at a single chromosome since
verj low levels of hybridisgtion were detected with DNA
isolated from anucleolate mutants. . This intense clustering
on the chromosomal DNA and the unique bouyant density of

rDNA (Birnstiel et al, 1968) have therefore made the isolation

and subsequent analyses of the rRNA genes possible.

The cytochemical location of the rRNA genes on chromo-
somes 1s made possible by the ability of rDNA-containing
regions to organise a nucleolus (nucleolus organising region,
NOR) . A simple cytological technigue using ammoniacal
silver nitrate allows a precise localisation of nucleolus
organisers (Goodpasture and Bloom, 1975; Howell et al, 1975).
Whereas in situ hybridisation indicates the location of rDNA
(Brown and Weber; 1968), silver staining of NOR's reflects
activity of ribosomal genes rather than just their presence.
Cytochemical tests demonstrate that the silver nitrate'ﬁinds
neither +to the rDNA or rRNA, but rather to acidic proteins
associated with rRNA transcribed at the rDNA sites. In
mammals several chromosomes may contain NOR's, in humans the

number is five (Wellauer and Dawid, 1979). In both X. laevis

and Saccharomyces cerevisae the rRNA genes are located on a

single chromosome. In prokafyotes, the rRNA genes of

Escherichia coli have been extensively studied and it is
now certain that exactly seven rRNA transcription units
exist in the E. coli genome . These units are not clustered
at a single location but have been isolated from seven

different locations.




1.3.2 The Neon—-transcribed spacer. (NTS) of rDNA

Analysis of purified chromosomal and amplified rDNA
from X. laevis {(see ©Dbelow for description of different rDNA
sources) by a variety of physical and chemical technigues
demonstrated the existence of a transcribed region coding for
the 408 pre-rRNA and & non-transcribed spacer region. The
transcribed and non-transcribed segments form a single unit
which is repeated in a tandem fashion within the NOR of a

chromosome.

The NTS has been the subject of much detailed analysis.
Restriction analysis and electron microscopic studies of
amplified rDNA (Wellauer et al, 19Thb) arnd electron micro-
scopiec studies on cloned NTS fragments (Wellauer et al, 1976a)
showed that the NTS of X. laevis rDNA is heterogeneCus in
length and is made up of internally repetitious elements.

The restriction mépping data of Botchan et al (197T7)
presented the first detailed analysis of an NTS confirming
and extending the earlier studies of Wellauer et al (19T4b,
1976a). NTS length heterogeneity in X. laevis rDNA is mainly
due to a variable number of infernally repetitious sequence
elements. The precise organisation of these sequences has
now been elucidated by DNA sequencing of a cloned ribosomal
NTS (Boseley et al, 1979; Moss and Birnstiel, 1979; Moss
et _al, 1980). Length heterogeneity in X. laevis NTS
manifests itself in the number of recognition sites for the
enzyme Bam H1 (Pigure 1.2a). This number can vary from two

to seven sites in different repeats. Figure 1.2b illustrates

the highly repetitive nature of the NTS. A major part of



Figure 1.2.

(a)

(b)

Length heterogeneity in the NTS of X. laevisrDNA.
Length heterogeneity in a number of NTS-containing
rDNA clones. The number of Bam HI recognition sites
varies from two to seven (Botchan et al, (1977);
Boseley et al, {(1979)). Closed hoxes denote rRNA
coding regions. The open box denotes the external

transcribed spacer.

Location of repetitive regions (Rep. Reg.) and Bam-
islands in the NTS of pX1108. The sequence around
each Bam HI recognition site, the so called Bam-
island sequence is the same. These Bam-islands,
together with repetitive regions 2 and 3 form a Bam-
HI superepeat. Variation in the number of these

superepeats gives rise to the major NTS length

variation observed in X. laevis rDNA. Boxes are
described as above. The data are taken from Moss
et al, (1980).
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the NTS comprises a pattern in which segquences called "Bam-
islands", which closely resemble the region preceding the
site of initiation of transcription (Sollner-Webb and Reeder,
1979), are followed by repetitious regions with multiple

Alu I recognition sites.

Recent studies on the detailed structure of D. melano-

gaster NTS has revealed a similar internally repetitive nature
(Coen and Dover, 1982). The overall features of the sequence

are thought to be common to several Drosophila species.

It is perhaps unfortunate that this region of the rDNA
repeat unit is referred to as the non-transcribed spacer.
The detailed studies previously mentioned for a X. laevis

and D. melanogaster ribosomal spacer and in addition studies

on X. borealis and X. elivii ribosomal spacers (Bach et al

k]

1981) have suggested an active transcriptional role for the
NTS. These studies have shown that a common feature of

all NTS regions is the reduplication of the pre-rRNA initiation
site seguence. Moss (1983) has shown that the Bam-islands
in the X. laevis NTS act as "sinks" for RNA polymerase I
molecules. Transcription downstream of the Bam—~islands
results and is terminated at a site 213bp upstream of the

408 pre-rRNA initiation site. He suggests that this serves

to increase the concentration of polymerase molecules at the
408 promoter and LOS initiation would thereby be stimulated

or enhanced.
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1.3.3 Intervening Sequences in rDNA

In eukaryotes, intervening sequences (IVS's) interrupt
the coding regiqns of many genes specifying mRNA and tRNA
(Abelson, 1979; Breathnach and Chambon, 1981). The
sequences represented in the rDNA coding regions are usually
continuous but in some cases IVS's are present in some or all
of the 288/268 genes. These interruptions have been

characterised in a number of organisms e.g. D. melanocgaster

(Glover and Hogness, 1977) and Tetrahymena thermophilia

(Cech and Rio, 1979).

These IVS's should not ©be confused with the transcribed
spacer sequences found in pre-rRNA fr&m which they differ in
2 respects. Firstly if the IVS's are +transcribed at all then
they are very short lived, unlike the metastable transcribed
spacers. Secondly removal of an IVS requires the recognition
of specific splice sites in the 2885 gene by splicing enzymes
followed by 1ligation of the gene ends to generate a covalently
continuous 288 gene. Removal of the ETS and ITS from pre-
rRNA does not result in ligation of the femaining fragments.

Rather the individual mature rRNAs are generated.

1.4 Chromosomal and amplified rDNA in Xenopus laevis

Amplified rDNA has been used extensively in the detailed
characterisation of X. laevis rDNA, Two types of rDNA can
be purified from X. laevis : chromosomal and extrachromosomal
amplified rDNA. During amplification (for review see Bird,

1980, and below) the rDNA content of the nucleus of a Xenopus
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oocyte rises to about 30pg.compared to a total chromosomal

DNA content of 12pg. (Macgregor, 1968). Thus almost three-
quarters of the DNA in the ococyte nucleus is extrachromosomal.
In contrast, chromosomal rDNA comprises about 0.2% of the
total DNA of somatic cells of X. laevis (Birnstiel et al,
1966). Because of this large difference in the amount of
chromosomal and amplified rDNA much higher yields of amplified
rDNA can be purifilied from X. laevis oocytes than chromosomal
rDNA from a somatic source. It is for this reason therefore,
that so many of the detailed studies on rDNA in X. laevis

have been carried out using amplified rDNA.

Before examining the validity of using amplified rDNA
instead of chromosomal rDNA for such detailed characteris-
ations I would first like to describe some of the molecular
events which take place during amplification in X. laevis

oocytes.

1.4.1 TInitial events in rDNA amplification

Amplification of rDNA occurs in ococytes during early
oogenesis in a wide variety of animals (Brown and Dawid, 1968,

1, 1969; Vincent

1969; Gall, 1968, 1969; Lima-de-Faria et

et al, 1969; Dawid et al, 1970). ~Thé mature oocyte of X.laevis
contains about 4000X as much rDNA as is ﬁresent in the haploid
chromosome set (Brown and Dawid, i968). This amplified rDNA is
extrachromosomal and gives rise to multiple nucleoli within the
large oocyte nucleus.
Morphological development of thg'amphibian cocyte begins

with a series of rapid cell cleavages.\ During the cleavage
stages a tremendous amount of protein éynthesis occurs. In

order to prepare for this rapid protein synthesis many ribo-

somes must be produced and stored in the oocyte. Thus this
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massive amplification of the rRNA genes makes possible the
intensive ribosome synthesis required for egg development.

Is amplified rDNA derived from chromosomal rDNA and if so, how is that

first copy produced ?

Two alternative mechanisms were considered to try and answer the
first part of this question. One possible mechanism, the episome
inheritance mechanism, (Wallace et al, 1971; Brown and Blackler, 1972)
proposed that amplified rDNA copies are never integrated into the chromo-
some but pass episomally between generations. Brown and Blackler (1972)
also suggested a second mechanism (the chromosqme copy mechanism) in which
the first amplified copy would be a replica of one or more of the several
100 repeating gene sequences which comprise the chromosomal rDNA at the

nucleolus organiser.

It is possible to distinguish between those two mechanisms by taking
advantage of the different kinds of inheritance which each model predicts.
The chromosomal copy mechanism requires nuclear inheritance of the rDNA,
whereas the episome mechanism predicts maternal inheritance. Crosses

between X. borealis and X. laevis were carried out (Brown and Blackler,

1972) and the amplified rDNA from female progeny was analysed. Only

X. laevis rDNA was found to be amplified, whether the X. laevis parent was
male or female. This indicates that the template for the amplified rDNA

can be transmitted through the spermatocyte as well as the oocyte. Since
sperm cells contain only chromosomal rDNA the findings lead to the“conclusion
that amplified rDNA is derived from the chromosomal genes. Once this was

established, mechanisms whereby the rDNA can make the transition from

the integrated to extrachromosomal state were considered.

One possibility involved the excision of a copy of the repeating
sequence from the chromosome by a recombination event. This, however,

has. the difficulty that the number of chromosomal genes would be reduced
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at each generation. Another mechanism (Tocchini-Valentini and

Crippa, 1971) suggests that the first copy is produced via an RNA
intermediate. In this model a transcript of the entire repeating
sequence is produced by utilisation of the pre-existing transcription
machinery and the transcript is then reverse transcribed to give a double
stranded copy of the gene. A third mechanism (Sederoff and Tartoff, cited
in Tartoff, 1975), conveniently named the "double-initiation model" by
Bird (1980), involves bidirectional replication of the DNA to give a
replicative bubble containing a single repeat unit.. A second round of
replication of the same replication bubble generates the extrachromosomal

rDNA segment.

The latter two models have an advantage over the first in that they
both leave the parental chromosome unchanged. To date however, this
primary replication event in ribosomal gene amplification remains one of

the major unresolved areas in this field.

1.4.2 Replication of amplified rDNA

The mechanism whereby the first amplified rDNA copy is replicated
ﬁo give many thousands of copies is now well characterised. rDNA
purified from amplifying ovaries revealed, by electron microscopy, that
2-5% of the molecules are circular (Hourcadeetal, 1973). The contour lengths
of the circles suggested that they were monomer, dimer, trimers etc. of
the rDNA repeat unit. In addition a small prdportion of the circular
molecules examined contéined tails. Because the circles and tailed
circles were found to be only a small fraction of the total amplified
rDNA analysed it was important to be sure that those molecules were, in
fact, rDNA. Partial denaturation mapping revealed that these circular

molecules displayed the same melting pattern characteristics of rDNA and
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therefore represent rDNA.

The tailed circle configuration suggested that these molecules were
roiling circle intermediates (Gilbert and Dressler, 1968) in rDNA
replication. This conclusion was shown to be correct by incubating the
amplifying ovaries with 3H-deoxyoytiaine prior to electron microscopic
autoradiography (Bird et al, 1973; Rochaix et al, 1974). These
labelled molecules preferentially enter tailed circles, showing that they
are indeed replication intermediates. In addiﬁion, the pattern of pulse
and pulse-chase experiments conforms exactly.with that expected for a
rolling circle mechanism: As the pulse length is increased the labelled
region in the tail grows from the replication fork towards the free end
of the tail. Secohdly after a pulse-chase, the labelled region is
displaced towards the free end of the tail and no label remains associated

with the reolling circle.

Studies by Wellauer et al (1976b) also support this rolling ecircle
mechanism. In analysis of rDNA from iﬁdividual frogs, the amplified rDNA
showed little if any intramolecular length heterogeneity, whereas in
chromosomal rDNA repeats of different lengths were scrambled to a consid=-
erable extent. The rolling circle mechanism would automatically generate

such intramolecular length homogeneity in amplified rDNA.

1.4.3 Comparison of amplified and chromosomal rDNA

Dawid et al (1970) isolated chromosomal and amplified rDNA from
X. laevis erythrocytes and évaries respectively andAcompared them by a
variety of physical énd chemical methods. The comparison was undertaken
because amplified rDNA was found to be of higher bouyant density than
somatic rDNA (Brown and Dawid, 1968). The.single difference observed in

all the studies carried out between these DNAs was in their content of
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5-methyldeoxycytiq;;ic acid (5-MeC). Chromosomal rDNA has 4.5% of its

residues as 5-MeC whereas amplified rDNA, in contrast, is not detectably
methylated. The presence of 5-MeC is known to lower the density of

DNA and the difference in bouyant density of the two DNAs was due entirely

to the different methyl content.

Subsequent work by electron microscopy (Wensink and Brown, 1971;
Wellauer et al, 1976b described above) has confirmed the gross similarity
between chromosomal and amplified rDNA. However, see also the next

paragraph.

1.4.4 How representative of chromosomal rDNA is amplified rDNA?

Analysis of rDNA from the whole ovary indicates that
individual frogs show varying degrees of preferential ampli-
fication of rDNA units containing particular length variants

(Wellauner et al, 1976b). This phenomenon was studied further

by analysing the amplified rDNA from single oocytes (Bird,
1977) . Digestion of Xenopus rDNA with Eco RI had shown
clearly that the tandemly arranged repeat units are not homo-
genous in length, rather the large Eco RI fragments obtained
were heterogeneous in size due to length variation in the NTS

(Morrow et al, 19T4; Wellauer et al, 197Lb).

Amplified rDNA from individual oocytes from one female

X. laevis was purified and restricted with Eco RI. The

patterns obtained were compared with a Eco RI digest of blood
cell rDNA purified fromhthe same female. Analysis of the
restriction products showed that ~each oocyte amplifies only
a small subset of the repeats present chromosomally. Bird
(1977) showed that individual oocytes differ in their choice

of amplified subset.
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In the frog studied (Bird, 1977) the spacers amplified
most often were those most commoa in the somatic rDNA.
However, studies by Wellauer et al (1976b) on the whole
ovaries of individual frogs showed that some animals selectively
amplified repeat lengths rarely found in their chromosomal

rDNA  whereas others amplify their most abundant size class.

.Although individual oocytés and individual frogs show a
preference to the repeat units amplified, when large prepar-
ations of amplified rDNA are made from many frogs, the
freiuencies of different length variants approximate those in
chromosomal rDNA. Thus, such amplified rDNA preparations
contain a representative and large sample of the rDNA units
present in chromosomal rDNA. Therefore, on the Tbasis of
gross criteria, such as electron microscopy and restriction
with Eco RI, the use of amplified rDNA in the detailed

characterisation of X. laevis rDNA‘appears to be justified.

However, some actual sequence studies on chromosomal rDNA
would also be desirable and have been carried out as part of

this prbject.

1.5 Interspecies Comparisons

The earliest comparison between the ribosomal gene
repeating units of different species was made using purified

rDNA from X. laevis and X. borealis. Brown et al, (1972)

observed that the 18S and 288 sequences of both species were
virtually indistinguishable whereas cross hybridisation
invelving the KTS regions showed that only a small fraction

of the NTS sequences hybridised. Subsequent restriction




Species/TRNA gene Reference

Human mitochondrial 16S, 125 Eperon et al, (1980)
Mouse mitochondrial 16S, 125 van Etten et al, (1981)
Zea_mays chloroplast 16S Schwarz & K8ssel, (1980)

noow " 125 Edwards & Kossel, (1981)
E. coli 23S Brosius et al, (1980)

" " 163 Brosius et al, (1978)
S. cerevisae 255 Georgiev et al, (1981)

" " 17s Rubstov et al, (1980)
X. laevis  18% Salim & Maden (1981)
Rat 18s Torczynski et al, (1983)

Table 1(a)

Complete sequence data

for some large and small

in relation

n.d.a. mean

References Draosophila:

Yeast
X.laevis
X.borealis:

Mouse
Rat

subunit rRNAs.
Size(bp) G + C (%)
Species ETS ITS1 ITS2 ETS ITS1 ITS2
Drosophila n.d.a.|n.d.a., 400 n.d.a. | n.d.a. 20
Yeast 652 360 230 43 35 38
X. laevis 712 557 262 83 84 88
X. borealis} 613 554 336 81 76 88
Mouse n.d.a.| 299 ]l089 n.d.a. 70 74
Rat n.d.a.| 1067 765 n.d.a. 74 80
Table 1.1(b) Phylogenetic variability of transcribed spacer rDNA

to size and ¥ G + C content.

s no complete sequence data are available
taken from Michot et al, (1983).

for ETS, Skryabin et al, (197%a);

for ITS, Skryabin et al (197%b),

veldman et al, (1980),(1981)

ETS, Maden et al, (1982a);

Hall and Maden (1980).
(submitted for publication);
(1983).

for ITS,
ETS Furlong et al,
for ITS Furlong and Maden,

Michot et al, (1983).
Submhmanyam et al, (1982),
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analyses and extensive electron microscopic studies (Wellauer
et al, 197Lkb, 1976a, 1976Db) of’X. laevis rDNA revealed that

the NTS shows considerable intraspecific length heterogeneity
(the molecular basis of which is described in Section 1.3.2),
whereas the RTU shows apparent length homogeneity.
Heterologous nucleic acid hybridisation studies (Sinclair and
Brown, 1971; Gerbi, 1976; Gourse and Gerbi, 1980) demonstrated

that even over a wide range of eukaryotic species some

degree of homology is observed in the rRNA coding regions.

With the advenit of molecular cloning and rapid DNA
sequencing techniques, large sections of the RTU in a number
of species have ©Dbeen investigated in detail and seqguence
comparisons have been made. Comparative data are important
in trying to identify regions of the RTU which may have some

functional importance in, for example, ribosome fFformation.

1.5.1 BSequence comparisons in the rRNA coding regions

Complete sequence data are now available for a number of
eukaryotic, prokaryotic and organelle ribosomal genes (see
Table 1(a)). Comparison of the small rRNA reveals a high
degree of homology between prokaryote/organelle rRNAs and
between eukaryote/eukaryote rRNAs. Homology between
prokaryote 16S/eukaryote 188 rRNA is much lower although
interspersed throughout the sequences are many short tracts of
clear homology (Zwieb et al, 1981l; Stiegler et al, 1981).

In addition to the primary structure, secondary structures have
been defined for prokaryotic 165 rRNA . (Woese et al, 1980;
“Slotz and Brimacombe, 1980) and eukaryotic 185 rRNA (Zwieb et’al, 1981;
Stiegler et al, 1981 ). One of the most important conclusions
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to emerge from these models is that the secondary structure

of prokaryote, eukaryote and mitochondrial small subunit

rRNA all conform to a common plan. All of the rRNAs consist
of four domains, each domain bound by a short helix. Each

of these helices is formed by a long range interaction between
rRNA regions that are distant from each other in the primary

structure.

Similar studies have been carried out on the large
subunit rRNA although they are not so extensive because of
the limited amount of seguence data. From all these studies,
however, 1t appears that in certain regions of the gene,
the nucleotide sequence is of-utmost importance and must be
under intense selective pressure to remain conserved; in
other regions mutations can accumulate gradually but the
ability to form a particular secondary structure must be

maintained.

1.5.2 Seguence comparisons in the transcribed spacer regions

Whereas the mature rRNAs have been strongly conserved
during evolution, ribosomal transcribed spacer regions have
evolved more rapidly and show dramatic differences in size

and G + ¢ content among distant eukaryotes (Table 1(b)).

Complete sequence data on the 188-288 intergene region
are available now from yeast (Skryabin et al, 1979b;
Veldman et al, 1980, 1981) Xenopus (Hall and Maden, 1980;

Furlong and Maden, 1983), Mouse (Michot et al, 1983) and rat

(Subramanyamet al, 1982). Sequence comparison reveals little

homology between the phylogenetically distant species.
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Nucleic acid hybridisation (Brown et al, 1972; Forsheit

et al, 197k) showed that the transcribed spacers of X. laevis

and X. borealis were comparable in length in the two species

but that their nucleotide sequences differed. Comparison of
the actual transcribed spacer sequences confirms these findings.
(Furlong and Maden,1983; Furlong et al, submitted for publication). Both the
ETS and the ITS, although differing extensively, do contain
short tracts of completely,or almost completely,conserved
sequences in both regions. Similar findings have been
reported for the ITS1 of mouse and rat (Michot et al, 1983).
It is interesting to observe that some of the conserved tracts
found in Xenopus show 100% homology with specific conserved
tracts in the mouse ITS,. Considering the overall lack of
homology in the ITS, it is surprising to find such conser-
vation, although restricted to small regions, between these

distantly related species.

Thus the transcribed spacer sequences show a high degree
of evolutionary fluidity and appear to be under little select-

ive pressure toc maintain primary structure.

1.6 Why search for heterogeneities in the transcribed spacers?

In the introductory paragraph to this thesis, I suggested
that searching for microheterogeneity in the transcribed
spacers of X. laevis rDNA might help to improvg our under-
standing of how these spacer regions have diverged so extensiv-
eiy even between closely related species,.

Classically, the rDNA repeat units within a single species
have been considered to contain two types of sequence : a

highly variable NTS region which shows considerable length
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Figure l.3- Schematic illustration of Unequal Recombination.

Each letter represents an individual wnit in a tandem array. When
two recombining sequences align out of register with respect to

the total array length, a genetic crossover may change the size and
consti:tution of the array. Although reciprocal products are
generated by each event, the fate of only one is shown. Crossovers
within the array generate deletions and duplications resulting in an
increase or decrease (as indicated by the numbers in brackets) of the
size of the array. Eventually one sequence (b) predominates..In this
way a unit cdntaining a new mutant will either be lost through
deletion or will be duplicated and gradually encompass the entire
array.
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heterogeneity and a highly constant transcribed region which,
by restriction analysis, shows no length variation. When
different species are compared, both the non-transcribed and
transcribed spacers are highly variable and only the ribosomal
coding regions are relatively highly conserved. How can
different parts of the rDNA repeat unit evolve at different
rates while individual members of the rDNA multigene family
appear to evolve in parallel to retain homogeneity within

species, at least in their transcribed regions ?

Unegual recombination provides one mechanism whereby
such"concerted evolution”™ might occur (Smith 1973, 1976).
Suﬁpose a mutation occurs at a site in one member of a multi-
gene family. After several cycles of replication and unequal
recombination, a number of progeny bearing different numbers of
copies of the mutation in the multigene family will now be

present in the animal population (Figure 1.3). Such unequal

crossovers, which must occur in the germ line for their effect
to be propagated into new generations of animals, might

happen at meiosis or at any one of the many germ line mitoses.
Comput;r ;imulation shdws that the result of successive randon
crossovers is to eventually impose uniformity on the region
involved due to the random increase of one variant and decrease
of the other. Any new wvariants created by mutation will
either be eliminated or expand to occupy the entire array.

This process Smith named "crossover fixation".

Smith also suggests that different regions of the repeat
might differ in their respective rates of acceptance of
mutations. If a deleterious mutation were introduced into a

gene region then mtural selection would rapidly eliminate
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chromosomes in which a repeat harbouring such a mutation is
on the way to fixation. On the other hand mutations in
the spacer portion might have no damaging effect, would not
be eliminated by selection, and thereby would be able to

achieve fixation.

A further feature of the model is that short tanden repeats
can evolve to occupy any region of DNA that is not subject to
selective pressure. This may partly explain the internally

repetitive nature of both Xenopus and Drosophils NTS (However,

see also the preceding discussion on a possible role of the
NTS for RNA polymerase loading). The currently recognised
source of intraspecific variation among repeat units is
length variation caused by different numbers of NTS sub-
repeats. Unequal exchange can account for this since out

of register crossover within repetitious internal segments of

a complete repeat would automatically generate length variants.

How has interspecific variation arisen in the trans-
cribed spacers 1 Clearly mény individual sequence variants
must have arisen and become establisﬁed in the respective rDNA
multigene families to generate the observed degree of sequence
divergence between the transcribed spacers of closely related

species (e.g. X. laevis and X. borealis : Furlong and Maden,

1983, Mouse and rat : Michot et al, 1983). Restriction

analysis of the transcription unit of several Drosophils

species of the Melanogaster group (Coen et al, 1982) has
revealed that each species has only one predominant ITS length
implying intraspecies homogeneity. However, the degree of

homogeneity/heterogeneity in the transcribed spacer cannot
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be critically assessed by such techniques and has never
been examined at the nucleotide sequence level in a single
species. It 1is in fact possible that regions of the trans-
cribed spacers may contain small scale variants, not
detectable by restriction analysis, which are in the process
of undergoing fixation or elimination from the multigene
family. The aim of this project was to determine whether
any such microheterogeneity exists within the transcribed

spacers of X. laevis rDNA.
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2. Strategy of Research

2.1 Starting point

At the outset of this study the complete nucleotide sequence of the
185-28S intergene region of a rDNA clone called pXlrlOl (See Figure 2.1)
was known (Hall and Maden, 1980). In addition a small amount of sequence
data was available from a different clone pX1212 (see Figure 2.1) in
which the 5.8S gene and flanking regions of the two internal transcribed
spacers had been analysed (Boseley et al, 1978). Comparison of the
sequence data revealed several apparent sites of sequence variation
between the respective parts of the two ITS regions thus providing a
focal point for the start of my search for variants. In fact these

apparent sequence differences were not confirmed - see Chapter 4.

To undertake systematic screening of the transcribed spacers of
X. laevis rDNA for microheterogeneities, I carried out extensive DNA
sequencing on X. laevis rDNA from several sources using the chemical
method of Maxam and Gilbert (1980) and the "dideoxy" method of Sanger

et al (1977).

2.2 Sources of rDNA

The rRNA coding sequences were the first eukaryotic genes to be
cloned in E. coli (Morrow et al, 1974).  Since those initial experiments
many further rDNA clones have been constructed. Figure 2.1 illustrates
the different plasmid based rDNA clones which I have used during the
course of this study. Some clones contain a complete repeat unit of
rDNA (e.g. pXx1101-103, pxlcrl1-5) whereas others contain only a
segment of the rDNA repeatingstructure (e.g. px1212, px1108).
Moreover, the clones illustrated in Figure 2.1 fall into two categories

with respect to the rDNA source; clones which contain amplified rDNA
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Figure 2.1.

Description of the plasmid-based rDNA clones used
in this study.

The structure of rDNA from X.laevis showing slightly more than
cne unit of repeating structure is illlustrated. The restriction
sites used for cloning and the rDNA fragment contained in each
clone is shown. The number and spacing of Bam HI sites in the NTS
differs between different clones. Subclones containing regions A,
L and M from some of the clones were used in this work.
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purified from X. laevis oocytes and clones which contain chromosomal

rDNA purified from X. laevis erythrocytes. These latter clones were
constructed during this project (see Chapter 6). The original rDNA
(either amplified or chromosomal) was isolated and purified after pooling

from several frogs.

Uncloned amplified rDNA was alsc studied. This rDNA was part of a
large preparation from the ovaries of 50-100 small frogs. It was
purified by banding in CsCl according to Dawid et al (1970) and was

donated by D.D. Brown.

Finally amplified rDNA, isolated and purified from a single X. laevis

frog as part of this project, was also analysed.

2.3 DNA Sequencing

The two most commonly used rapid methods of DNA sequencing are the
chemical method of Maxam and Gilbert and a primed synthesis method

using chain-terminating inhibitors.

2.3.1 Chemical method

In the chemical method end-labelled DNA is partially cleaved at each
of four nucleotide bases in four different reactions following by chain
cleavage with piperidine. The products are ordered by size by gel
electrophoresis and the sequence is read off an autoradiograph by noting
which base-specific agent induced cleavage at each successive nucleotide
along the strand. Figure 2.2 describes the general steps involved in
this method. Either single or double stranded DNA uniquely labelled at

either the 5' or 3' end can be sequenced.
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Figure 2.2. Summary of the general steps in the Maxam and Gilbert
method of DNA sequencing.
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Sumary of the general steps involved in the "dideoxy™
method of DNA sequencing,
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2.3.2 Primed synthesis

In the primed synthesis approach a single~stranded template con-
taining the sequence of interest is enzymatically copied to produce the
radioactiveiy labelled complementary strand. By using chain—terminating
inhibitors e.g. 2', 3'-dideoxynucleoside~-5'-triphosphates (ddNTP's)
sets of partially elongated molecules are produced which can be fraction-
ated on denaturing gels and the pattern of the labelled bands indicates
the sequence (Figure 2.3).

Two disadvantages have limited the use of this method in the past ;
the requirement that the DNATbe sequenced is in a single stranded form
and that for every 200-300 bases of sequence a specific primer, comple-
mentary to the 3' end of the template must  be prepared. However, recent
genetic manipulations of the bacteriophage M13 into a cloniné vehicle
(Sanger et al, 1980; Messing et al, 1981) and the construction of a
"universal" primer have overcome these problems. In order to under-
stand the relationship between the M13 cloning system and the dideoxy
sequencing method it is necessary to understand a little of the phage

biology and also how the various M13 cloning vectors were developed.

2.3.3 The biology of M13

M13 is a single stranded DNA-containing,filamentous bacteriophage
which is specific for male E. coli. Infected cells oontain.the double
stranded replicative form (RF) of the DNA from which new single stranded
DNA is synthesised. This newly synthesised DNA strand (+ strand) is
packaged'into the protein coat and the M13 phage is extruded out of the
cell without lysis. The RF DNA can be purified from infected cells.

If foreign DNA is ligated in vitro into the RF and the recombinant DNA

is used to transfect E. coli, the phage life cycle provides an easily




29

obtained source of single stranded DNA which can serve as the template

in the primed synthesis method.

2.3.4 The development of M13 vectors

Clever genetic engineering of wild type M13 has converted this phage
into a versatile cloning vehicle. M13mp2 was the first engineered M13
cloning vector. It was constructed by the insertion:of a Hind II
restriction fragment, derived from the lac operon of E. coli, into the
intragenic space of wild type M13 phage genome (Messing et al, 1977).

The inserted fragment contains the DNA sequence for the promoter,
operator and the first 145 amino acid residues of the B-galactosidase
gene (the so called a-peptide). Within this gene a single site for the
restriction enzyme Eco RI was introduced yielding the recombinant M1l3mpZ2
(Gronenborn and Messing, 1978). Thé o-peptide when induced (by 1PTG:
isopropyl-beta-D-thio-galactopyranoside) is not a functional B-galacto-
sidase. Moreover the host E. coli JM103 carries a deletion of the lac-
promoter region from the chromosome and this region is carried instead

on the male episome. The episomal B-galactosidase is also defective,
missing the sequence encoding amino acid residues 11-41. When M13mp2
invades the host the two defective B-galactosidase polypeptides associate
and complement each other and produce a functional B-galactosidase.
Plaques of infected cells therefore produce a functional f-galactosidase
which is readily identified by including a lactose analogue BCIG (5-bromo-
lh-chloro-3-indoyl-B-galactoside) on the plate. This colourless compound
is hydrolysed by B-galactosidase to a blue dye, bromo-chloroindole and
confers a blue perimeter on plaques of M13mp2. By contrast, recombinant
plaques, in which foreign DNA has been inserted at the unique cloning
site within the o-peptide of B-galactosidase, yield white plaques. The
inserted DNA interrupts the o-peptide and destroys its complementation of

the defective episomal B-galactosidase.



The flexibility of the M13 cloning system has been greatly improved
by the insertion of synthetic oligonucleotides containing an array of
restriction sites into the original Eco RI site of Ml3mp2 (see Figure
2.4a). - The insertion of these additional sequences does not affect the
ability of the lac gene product to undergo intra cistronic complementation.
The development of M13mp8 and 9 and M13mp 10 and 11 has been especially
useful since these two sets of vectors allow asymmetric cloning of

restriction fragments,

Sequencing the inserted DNA by the chain terminator method requires
both a single stranded template and a primer complementary to the 3' end
of the region. M13 biology provides the source of single stranded DNA
which can be rapidly prepared from the recombinant molecules (see
Chapter 3, Section 5.). Since all fragments which are to be sequenced
are cloned into the same specific region of the M13 genome it was possible
to develop a "universal" primer for sequencing through the recombinant
region. Such chemically synthesised oligonucleotides, complementary to
the region 3' to the cloning site, have been developed (Anderson et al,
1980; Heidecker et al, 1980; Messing et al, 1981; Duckworth et al,
1981). For sequencing, the primer is annealed to the complementary region

in the single stranded template and this primes the 5'e—e—3 3' synthesis

of the complementary strand of the insert DNA (Figure 2.4b).

2.4 Application of sequencing methods in the search for transcribed

spacer variants

The four major steps involved in the chemical DNA sequencing method
(see Figure 2.2) are based on the following. The starting material is
double stranded DNA. Generation of the required DNA fragments and

separation of the labelled ends is most often achieved by restriction

enzyme digestion (followed by gel electrophoresis). Knowledge of
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(a). H/S/Accl H/5/Accl
E.coRT Bam HI Pst I Bam HI E.coRT
MI3mp7 A1GACCATGATTACGAATTCCCCGGATCCGTCGACCTCCAGGTCGACGGATCCGGGGAATTCACTGGCC
M T M I 0w L A

Smal I H/S/Accl

E.CoRT Bam HI pst I Hind IIT
MI3mp8 ATGACCATGATTACGAATTCCCGGGGATCCCTCGACCTGCAGCCARGCTTGGCACTGLCC
JC A 1 iy L A

H/S/AecT Smal/Xmal

Hind IT1 Pst T Bam HI E.coRT
F13mpY ATGACCATGATTACGCCAAGCTTGGCTGCAGGT CGACGEATCCCCGGGARNTTCACTGOUC
MoTono1oY L A
Seal/Xmal H/S/Aecl
£.coRI S5t I Bam HI Xba I Pst T Hind I1I
FI3MPIO ATGACCATGATIACCRATTCGAGCICUGCCCGGEGATCCTCIAGAGTCGACCT GCAGCC CALGCTT GGCACT GECT
o7 on oI L&
H/S/Accl Smal/Xmal
Hind TIT  Pst T Xba I pam H1 Sst I E.coRT
MI3mpIl ATGACCATGATTACGCCAAGCTTGGGCTCCAGGTCGACICTAGAGGATCCCCGGGCCAGCTCGRATTCECTLECC
LT N o101 L &
(b). 5te ATGACCATGATYWACG —— insert ECYGGCCGICCTTTTACAACGT =3'

xxkxkrxkxnrxxxxak synthetic primer site
3! €=——t' DN synthesis

Figure 2.4.
(a). Description of some recently genetically engineered M13 vectors

each containing an array of restriction endonuclease sites. The + strand
is shown.

(b). Annealing site of 17-mer synthetic primer used in this dideoxy
sequencing analysis.
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restriction sites in the DNA to be sequenced is therefore pre-
requisite. Because of the availability of many rDNA clones with
detailed restriction data (e.g. pXlrlOl : Hall and Maden, 1980; Salim
and Maden, 1981; Maden et al, 1982a,b. pX1108 and pXl2l2 : Boseley
et al, 1978, 1979) and the fact that this sequencing system was well
established in our laboratory, I chose the Maxam and Gilbert method

for my initial search of transcribed spacer sequence variants.

The entire 18S-28S intergene region of the clone pX1212 was
depermined. In order to Séreen other rDNA clones rapidly only partial
sequence analysis was performed. The transcribed spacers of X. laevis
rDNA are extremely GC rich so either the G or C cleavage reaction was
carried out. The resulting G or C cleavage patterns were compared among
the different rDNAs screened. - If variation(s) in the patterns arose, a

full sequencing experiment was performed on the rDNAs of interest.

My final sequencing objective in this project was to analyse rDNA
isolated from a single frog. I wished to study a specific region of the
rDNA repeat unit, namely ITS1, by screening as many ITS1 containing
clones as possible. It became clear that the most efficient and duickest
way of generating such clones and analysing them was by using fhe'Ml3

cloning system in conjunction with the "dideoxy" sequencing method.

The main advéntage of this system over the chemical ﬁethod is that
once clones are constructed, the biology of M13 allows single stranded
DNA to be obtained and purified quickly (1 day). Rapid screening of
many clones in parallel is achieved by performing one of the dideoxy
reactions, and both sequencing and gel eleetrophoreéis can behperformed
on the same day. Therefore, within 24 hrs of obtaining ssDNA,

comparative sequence data on clones is beginning to accumulate. By

contrast, in the Maxam and ‘Gilbert Method the DNAs to be screened must
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first be excised and purified from the parent clone prior to sequencing
{steps 1-U, Figure 2.2). Sequencing and gel electrophoresis cannot be
performed on the same day. Thus the overall time taken to obtain

sequence informatibn is much longer than with the M13 system.

However, use of these two sequencing techniques in succession has

provided an ideal way of achieving my sequencing objective.




3. Materials and Methods

Part A : Materials

1. Chemicals

Unless otherwise specified all chemicals were Analar grade supplied
by BDH Chemicals Ltd. or Fisons Scientific Apparatus. Where chemicals
or equipment were obtained from other sources this is indicated in the
text and a list of the names and addresses of the suppliers is given

below.

2. Suppliers

Amersham International ple, Amersham, Bucks., England

Aldrich Chemical Co., Gillingham, Dorset, England

BDH Chemicals Ltd., Poole, Dorset, England

A & J Beveridge Ltd., Edinburgh, Scotland

Beckman Instruments Inc., High Wycombe, Bucks., England

Bethesda Research Laboratories (UK) Ltd., Cambridge, England

Bioserv Ltd., Worthing, Sussex, England

The Boehringer Corporation (London) Ltd., Lewes,E. Sussex, England

James Burrough Ltd., Fine Alcohol Division, London, England

Calbiochem-Behring Corp. (UK), Bishops Stortford, Herts., England

Cronex-Lighting, Du-pont (UK), Huntingdon, Cambs., England '

Collaborative Research Inc., Universal Scientific Ltd. (UK distr),
London, England

Difco Laboratories, West Molesey, Surrey, England

.Fisons Scientific Apparatus, Loughborough, Leics., England

Fluka AG., Fluorochem Ltd. (UK distr.), Glossop, Derbyshire, England

Koch-Light Laboratories Ltd. Colnbrook, Bucks., England

Kodak Ltd., Kirby, Liverpool, England

LKB Instruments Ltd., LKB House, South Croydon, Surrey, England
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New England Biolabs., CP Labs. Ltd. (UK dist.), Bishops Stortford,
Herts., England

PL Biochemicals Inc., Northampton, England

Pharmacia Ltd., Milton Keynes, Englamd

Schleicher and Schuell, Andermann and Co. (UK distr.), E. Molesey,
Surrey, England

Sigma London Chemical Co. Ltd., Poole, Dorset, England

Whatman Lab Sales Ltd., Maidstone, Kent, England

Worthington, Flow Labs. Ltd., Irvine, Scotland.

UV Products, Winchester, Hants., England.

3. Media and Antibioties

3.1 L=-Broth
1% Tryptone (Difco),0.5% Yeast extract (Difco),0.5% sodium chloride,

10mM Tris.Cl pH 7.4, 1mM MgSO)4

3.2 M9-Medium

0.1% NH,C1, 0.013% MgSO,.7H,0, 0.3% KH,PO,, 0.6% Na HPO,,
0.5% casamino acids (Difeo0),0.4% glucose, 2ug/ml thiamine

(Vitamin Bl, Sigma).

3.3 Nutrient Agar

15g of "Bacto"-agar (Difco) per litre of L-broth.
Antibiotics (Sigma} were used at the following concentrations :

ampicillin 100ug/ml, tetracycline 15ug/ml, kanamycin 50ug/ml.

3.4 YT-Medium

0.8% Tryptone (Difco), 0.5% yeast extract (Difco),0.5% NaCl.

2 x YT is double the above concentrations.




3.5 YT-Agar
15g of "Bacto"-agar (Difco),per litre of YT-medium

3.6 Soft (top) Agar

6g of "Bacto"-agar (Difco),per litre of YT-medium

Part B : Methods

1. General Procedures

During the course of this work, a number of procedures were

frequently used. The following section describes these general procedures.

1.1 Description of bacterial strains.

Two strains of bacteria have been used during this project
E. coli HB10Ol has been used as the host for the growth of ali plasmid
DNA and has the following genotype

K12, £, pro , leu , thi", lac Y, hsd R*, end A, rec A™,

rsp L20, ara-14, gal-K2, xyl-5, mtl-1l, Sup & U4 (Bolivar and

Backman, 1979).
The second strain, E. coli JM103 was the host used for the growth of
the single-stranded bacteriophage M13 (Messing et al, 1981) and M13
recombinants. JM103 has the following genoﬁype

Alac pro, sup E, 'thi, f' pro AB, lac Iq, ZAM15, f' tra D36,

str A, end A, sbe B15, hsd RY.

1.2. Storage of bacteria

Stock cultures of HB1Ol and HBIOl transformed with plasmid DNA

and JMIO3 can be stored under glycerol at -20°C. Add 2.5mls of sterile

80% glycerol to 2.5ml of exponentially growing culture and vortex to
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ensure a homogeneous solution is obtained. The bacteria will remain

viable for several years if stored at -20°C.

1.3 Storage of plasmid DNA

A list of the plasmids used in this study is given in Table 3.1.
A full description of these plasmids is given in Chapter 2 (Section 2.2).
Plasmid DNA is stored naked in TE buffer'(lOﬁM Tris. Cl1 pH 8.0, O0.1lmM
EDTA) over chloroform at 4°C in a tight fitting screw cap tube. DNA
stored in this way remains stable for several years providing the chloro-
form level is maintained. In addition a small aliquot of plasmid DNA

in TE buffer is stored at -20°C.

1.4 Restriction Enzymes

Restriction enzymes were purchased from the following companies ;
Bethesda Research Laboratories (B.R.L.), New England Biolabs and The
Boehringer Corpeoration (London) Ltd. Enzyme digests were set up
according to the manufacturers specifications using the appropriate
restriction buffer. The extent of digestion was monitored by electro-

phoresis of a small aliquot in a 1% agarose mini-gel system (see below).

1.5 Gel electrophoresis

Both agarose énd pdlyacryiamide gel electrophoresis were used for
the separation of DNA fragments. in gengral, agarose gels were ﬁsed
to-separate fragments greater than kb in‘size, whereas, fragments of

less than 1kb were separated on polyacrylamide gels.




CILONE VECTOR ANTIBIOTIC MARKER REFERENCE

PX1lrIOI pMB9 Colicin EI immmity R.Reeder

‘ (inpublished
lerIOZ L] L] results).
lerIOB " n
PXirIOIL PBR322 Amp, resistance Subcloned by
pX1rIOIM ® " :
pX1rIO2L " v L.M.C.Hall,
pX1lrIO2M . "
pX1rIO3L " ,, (1981).
lerIO3M L u
pX1lrIT Col EI Colicin EI immunity DawidsWellauer I976.
leI'I4 " " Botchan et _a;_l,I977.
pXi 2I2 PCRI Kan. resistance Boseley et al, I978.
pXl IO8 " " Boseley et al, 1979.
pX1rIIL pPBR322 Amp, resistance Subcloned by
pXlrI4a " " B.E.H.Maden.
pX1 TO8A " - "
pXl 2I2L « "o M.A.Stewart (this wor
pXler I PATIS3  Amp, resistance
pXlcr .2 " n
lecr 3 . n M.A.Stewart,
pXlcr 4 » .
pXler 5 . :: (this work).

Table 3,.I

Sumary of the plasmid-based riboscmal clones used in this
study. A full explaination of the rDNA fragment in each clone
is given in figure 2.T.

"X1r" stands for "X.laevis riboscmal"
"Xlcr" stands for "X.laevis chromoscmal ribosomal'.
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1.5.1 Agarose gel electrophoresis

Electrophoresis buffer : 1x agarose running buffer contains

40mM Tris. Cl pH 8.0, 20mM sodium
acetate, 2mM EDTA

Loading Buffer : 2M sucrose in lx agarose running buffer

and 0.05% bromophenol blue as marker dye

1% agarose solution : 5g of agarose (Sigma or B.R.L.) in 500ml

of 1x agarose running buffer. Store
-molten at 65°C ready for use. Make up
fresh every week

(a) 1% agarose minigels

The development of minigel systems has been invaluable for checking
that a preparative restriction digest has gone to completion or for
guick qualitative analysis of small quantities of DNA. I have used a
BRL minigel system, model H6, gel size 75 x 50 x 2.5mm. The 1% agarose
gel is just submerged in 1x agarose running buffer and electrophoresis
1s carried out at a constant current of 100mA until the bromophenol blue
dye has travelled 2/3 way towards the anode. When electrophoresis is
complete, remove the gel from the apparatus and stain in a solution of
ethidium bromide (1Qug/ml) for 15 mins. Visuvalise the DNA under U.V.
light using a U.V. illuminator (Model C-62, U.V. Products) and photograph,
if required. (Polaroid Cu-5, hand camera fitted Jith a yellow filtér and
polaroid 655 Positive/Negative film). To retain the negative immerse in

1M sodium sulphite for 5 mins then wash in cold water and dry.

{b) Preparative agarose gel electrophoresis

Either vertical 160 x 160 x 3mm agarose gels (B.R.L. Mode V16) or
horizontal 250 x 200 x 5mm agarose slab gels (B.R.L. Model HO) were

used. For less than 30ug of DNA use a vertical gel. Vertical gels are
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normally run at a constant current of 100mA, horizontal gels
at 120mA. Electrophoresis, staining and photography of the

gel is carried out as described above.

1.5.2 Elution of DNA from agarose gels

There are many methods for recovering DNA from agarose
gels, I have cobtained highest recovery by electroelution in

dialysis bags.

Run the gel and localise the band of interest using
ethidium bromide staining and U.V. illumination. Using a
sharp scalpel cut out a siice of agarose containing the band.
At this point photograph the gel so that a record is kept
of which band is eluted. Fill a dialysis bag to overflowing
with 1x agarose running buffer and, holding the neck of the
bag, pick up the gel slice with forceps and place it inside
the fluid-filled dialysis bag. Allow the gel slice to sink
to the bottom of the bag then remove most of the buffer leaving
just enough to keep the gel slice in constant contact with the
electrophoresis buffer. Seal the bag tightly with suitable
clips ensuring that no air bubbles are trapped. Tumerse
the bag in a shallow layer of 1x agarose running buffer
(a horizontal gel electrophoresis apparatus is ideal for this)
and switch on the power éupply. After electrophoresing at
100V fér 2-3hrs (or 150V, 1-2hrs) reverse the polarity of the
current for 2 mins to release the DNA from the wall of the
dialysis Tbag. Open up the bag and carefully recover all
the buffer surrounding the gel slice into a siliconised 1l5ml

corex ‘tube. Using a clean Pasteur pipette wash out the bag
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with a small quantity of electrophoresis buffer. Stain the
gel slice with ethidium bromide (1O0ug/ml) then examine under
U.V. light to check that all the DNA is eluted. If elution
is complete then adjust the DNA solution to 0.3M salt using

3M sodium acetaté pH 5.5 and add 21 volumes of ice cold

ethanol., Vortex thoroughly and precipitate the DNA at
-20°¢ overnight. Collect the DNA by centrifugation at 2500g
for 45 mins. Dry the pellet in a vacuum dessicator for

5 mins, dissolve in LOOul of 0.3M sodium acetate and transfer
to & 1.5ml snap cap polypropylene Eppendorf tube. High

speed centrifugation for 5 mins (Eppendorf centrifuge model
5412, 9950g) pellets any contaminating agarose debris and
leaves +the DNA free in solution. Carefully remove the
supernatant into a clean 1.5ml Eppendorf tube and add lml of

ice cold ethanol. Precipitate the DNA at —TOOC in a dry ice/

methylated spirits bath for 15 mins. Centrifuge (9950g)

for 5 mins and remove the supernatant to waste taking care not
to disturb the DNA precipitate. Wash the pellet in 300ul

of 80% ethanol and chill for 5 mins at -70°C. If the DNA is
to be used immediately centrifuge as before, remove the
supernatant and dry the DNA in a dessicator for 5 mins.
Dissolve in the appropriate volume of TE buffer pH 8.0 and
store on ice ready for use. Otherwise store the DNA as an
ethanol precipitate at —EOOC and carry out the final centri-

fugation and subseguent drying step prior to use.

Addition of salt to a final concentration of 0.3M and
ethanol (23x aqueous volume) is a standard method for pre-
cipitating DNA. In subsequent sections this series of steps

is referred to as the DNA "work-up".
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1.5.3 Polyacrylamide gel electrophoresis (PAGE)

Acrylamide electrophoresis buffer : 1x working solution

(1 x TBE)contains 0.1M Tris.borate, 1mM EDTA pH 8.3.

Loading buffer : 50% glycerol in 1 x TBE, 0.05% xylene

cyanol and 0.05% bromophenol blue as marker dyes.

Preparative PAGE : Vertical 160 x 160 x 1.5mm 4% poly-
acrylamide gels %ere used to separate DNA fragments of
less than 1lkb. Electrophoresis in 1 x TBE is carried
out at 200V for 2—3hrs‘until the dyes have travelled the
required distance. In 4% gels xylene cyanocl migrates
with fragments 380—h00bps, bromophenol blue migrates with
fragments of TO-100bp. Visualisation of the DNA is as

previously described (1.5.1).°

1.5.4 Elution of DNA from polyacrylamide gels

The method used was based on the established method of
Maxam and Gilbert (1980) in which the DNA of interest is
eluted from the gel piece and collected through siliconised
glass wool to retain the acrylamide debris. The DNA is

subsequently purified by the "work-up" procedure.

2. Cloning Procedures

The construction of recombinant molecules during this
work initially involved subcloning of restriction fragments
from parent X. laevis rDNA clones and laterally cloning
material ffom uncloned rDNA. The following section describes
the procedures involved in the construction and screening of
clones made de novo. The methods described are also suitable

for the construction of subclones although a more simple

approach for the identificati0n of subclones is adopted (see
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Foreign DNA (either restrictio
fragment of parent clone or
total digest of uncloned

DNA ). ‘

Bam HIT

\

Fragment(s) of foreign DNA
with Bam HI ends.

./

Annealing

T 4 DNA ligase

Tet®
R ‘I‘etR AmpR
Anp c
oreign
N
+
Transformants grow Transformants grow
in the presence of both only in the presence of

Anmp. and Tet.

Figure 3.1. General strategy for generation of recombinant molecules.
All of the cloning into plasmid vectors performed in this study
involved insertion of foreign DNA into the tetracycline gene.
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below).

Two related plasmids pBR322 (Sutcliffe, 1978) and

pAT153 (Twigg and Sherratt, 1980) have been used in the
construction of all the plasmid based recombinaunts made
during this project. The general strategy for producing
tﬁese hybrid molecules is illustrated in Figure 3.1. In

all of the cloning experiments performed, the DNA to be
cloned was inserted in the tetracycline gene of pBR322 or
PpAT153 to producéampicillin resistant, tetracycline sensitive

(AmpR Tets) transformants.

2.1 Ligation reaction

The aim of the ligation reaction is the in vitro con-
struction of hybrid DNA molecules in which a foreign piece
of DNA is inserted into vector DNA. Duriﬁg this process two
competing - reactions are taking place (1) the end to eand
joining of separate molecules (intermolecular collisions) and
(2) the joining of opposite ends of the same molecule
(intramolecular collisions). The ligetion reaction is
performed to favour the formation of hybrid molecules. The
initial siages of the reaction .employ a small volume -
high DNA conceptrations Wiil favour intermolecular collisions.
Increasing the volume will thén dilute the DNA and the second
competing reaction is favoured (for a theoretical discussion
see Dugaiczyk et al, 1975). I have found that, if possible,
a 5-10 fold molar excess of "insert" DNA over vector DNA

favours the formation of recombinant molecules.
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If a specific zrestriction fragment is to be cloned
then purify the DNA by gel electrophoresis. If cloning
involves a mixture of restriction fragments then purify the
mixture of DNAs by phenol extraction to remove any restriction
enzymes present. Purify the linear form of the required
vector by gel electrophoresis (it is important to eliminate
circular forms of the vector as these will transform with a
high efficiency and give rise 'to a high background of
colonies). In‘addition if the vector DNA has been linear-
ised with a single restriction enzyme only, then recircular-
isation of the linear DNA can be minimised by treating the
DNA with bacterial alkaline phosphatase, BAP (Worthington)
to remove free 5'-phosphates. The self-ligation reaction
is then unable to occur since one of the substrates required

by Tk DNA ligase is a 5'-phosphate group.
in
Set up the ligation reactionAa 1l.5ml1 Eppendorf tube

containing 10:1 molar ratio of insert:vector DNA and 50mM

Tris, pH T7.6,8mM MgCl 0.1lmM ATP and 10mM dithiothreitol

23
(reaction buffer) in a final volume of 10ul. Add 0.5ul of
‘TL DNA ligase (Bethesda Research Laboratories 1U/ul), vortex,
and incubate for 2 hrs at lSOC. Dilute the DNA with 10

volumes of reaction buffer (as above) and add 1 unit of Th

ligase. Incubate overnight at lSOC.
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2.2 Transformation of E. coli HB1O1l

2.2.1 Preparation of competent cells

Chill a 100ml culture of exponenfially growing HB1O1
on ice fo? 2 mins.'then transfer 4 x 25ml1 aliquots into
sterile 30ml corex tubes. Incubate at 0°C for 10 mins then
centrifuge the cells at 4000g for 10 mins at 4°¢c. Discard
the supernatant'and resuspend the pellets in a total of
50ml of ice cold sterile 50mM CaCle. Resuspend the pellets

gently by tapping the side of the corex tubes and incubate

on ice for 20 mins. Centrifuge as before and resuspend the
pellets in a total of Lmls of ice cold.50mM CaClE. Pool the
cell suspensions and add 2ml of sterile 80% glycerol. Aliquot

250ul samples into sterile snap cap tubes and freeze at -TOOC.
These cells can be stored for many months in this way and

st111l retain their competency.

2.2.2Transformation of HB10l by plasmid DNA-

For each transforﬁation, remove an éliquot of competent
cells from -76°C and thaw on ice. Add the ligation mix(es)
to one (or more) aliquots and incubate on ice for 30 mins.

As a control to check the efficiency of transformation add

lng of uncut pBR322 to an aliquot of competent cells and treat
in the same way as the test transformations. Remove the tubes
from OOC, incubate at 3700 for 5 mins then stand at room
temperature for 10 mins. Add 500ul of sterile L-broth to

each mix, place the tubes inéide a large container, such as a
250ml1 conical flask and incubate (without shaking) for 1lhr at

3700. This allows expression of the antibiotic resistance
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markers of the transforming DNA (Cohen et al, 1972). Spread
a range of concentrétions (1-1/100) of the transformation
mixes directly onto detergent-free nitrocellulose filters
(Schleicher and Schuell) which are lying on the surface of
ampicillin nutrient agar plates. Let the plates stand at
room temperature until the liguid has been absorbed then
invert and incubate the plates overnight at 3700. Small

colonies (0.lmm in diameter) will appear in 8-10hrs.

2.2.3 Selection of recombinants on the basis of

antibiliotic resistance

For the test transformations many colonies will be
present on the nitrocellulose filters. (If transformation
efficiency is high then '106 célonies/ug of uncut pBR322
should be ohtained). In order to distinguish between
recombinant molecules and recircularised plasmid, colonies
must be replics plated‘onto both ampicillin and tetracycline
agar plates. This is achieved by pressing a fresh nitro-
cellulose filter onto the original filter (filter-~to-filter
contact).\ A mirror image of the original filter is obtained.
This process can be repeated up to five times using the
original filter. The replica filters are then placed onto
ampicillin and tetracycline nutrient agar plates and incubated

overnight at 3700.

If cloning into the tetracycline gene involved a
purified restriction fragment (as in subcloning) then over
90% of the colonies which are AmpR TetS will contain the
recombinant DNA of interest. This can be confirmed by

limited restriction analysis of a small scale preparation of
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the recombinant DNA from a few selected colonies (see below).
If however, the cloning has involved a mixture of fragments
(as in de novo cloning) then only éome of the AmpR Tets
colonies will contain the recombinant DNA of interest.

Thus, such putative recombinants must be analysed further.

A duplicate filter of the nitrocellulose filter containing
the AmpR TetS colonies is made by filter-to-filter contact
(see above). This duplicate is then used for subsequent
analysis of the putative recombinants whereas the original

filter serves as a master filter. The master filter should

o - .
be kept sealed at 4 C on an ampicillin agar plate.

2.3 Tdentification of recombinant clones by colony

hybridisation

The method used was based on the method of Grunstein
and Hogness (1975) in which colonies on nitrocellulose filters
are lysed and the liberated DNA fixed to the filter by baking.
After hybridisation of a 32P—labelled probe, the filter is
monitored by autoradiography. A colony whose DNA gives a

positive autoradiographic result may then be easily identified

on the master filter, recovered and subsequently analysed.
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2,3.1 Solutions

1x Working solution (1 x SSC) contains 0.15M NaCl, 0.015M

sodium citrate (Koch Light)

keep 24 of 20 x SSC as a stock solution

Lysis buffer : 0.75M NaOH, 1.5M NaCl

Neutralising buffer : 1M Tris C1 pH 7.2, 1.5M NacCl.

2.3.2 Preparation of DNA from individual colonies

All incubations are at room temperature unless otherwise
stated. Place the filters onto 5 layers of Whatman 3MM paper
presoaked in lysis buffer and incubate for 10 mins. Transfer
each filter onto 0.8ml of neutralising buffer in a petri dish
and incubate for 3 mins. Blot excess liquid onto a tissue
‘and repeat the last step using fresh neutralising buffer and
a clean petri dish. Place the filters onto a clean tissue,

colonies upwards until they assume a dryish appearance.

Proteinase K step : This is optional but I have achieved

cleaner hybridisation results when included. Make up
0.7mg/ml Proteinase K (Sigma) in 1 x S8C. Place the filters
into separate petri dishes and add 2ml of the solution %o
each, dropwise onto the colonies. Incubate for 90 mins
ensuring that the filters are always covered by the solution
during the incubation. Rinse the filters twice with 500mls
of 2 x SCC (the washing buffer becomes cloudy due to degraded
bacterial debris from the coloniés) then lay the filters onto

a few layers of tissue to absorb excess liquid. Blot once

with a piece of 3MM paper. The liberated DNA is then baked
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onto the filter by incubating in a vacuum oven for 2hrs at

80°¢c.

2.3.3 Preparation of 32P—labelled probe

A high specific activity probe was generated using the
method of Maizels (1976) in which Hela cell 288 rRNA is
subjected to mild alkaline hydrolysis to yield fragments
of 60-90bp in length, followed by kinase labelling of the
available 5' ends. HeLa 288 rRNA was used because large
amounts were available in our laboratory and the RNA was

shown to hybridise strongly to Xenopus laevis 28S rDNA.

Adjuét 5ug of HelLa 288 fRNA to 50mM Tris pH 9.5 and boil
for 10 mins at 9000 in a 0.5ml siliconised Eppendorf tube,.
Centrifuge for 15 secs (9950g) and place tube on ice.
Transfer lug of the hydrolysed material (usually 2ul) to a
1.5ml siliconise@ Eppendorf tube and label using Tu poly-
nucleotide kinase (PL Biochemicals) and high specific

activity 7—32

P-ATP (> 5000 Ci/mmole in aqueous solution).
The method for labelling is the same as used for labelling
DNA fragments for Maxam and Gilbert sequencing and is

described in Section 3.1.2.

32?—288 rRNA from mononucleotides and

Separation of
unincorporated label is achieved by column chromatography using
Sephadex G-25 (Pharmacia Ltd.) packed into a Pasteur pipette.
Collect approximately 35, 2 drop fractions into 1.5ml
Eppendorf tubes and using a hand held mini-monitor determine

empirically which fractions contain labelled RNA. Two

peaks of radioactivity are obtained. The first peak
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corresponds to labelled RNA and is eluted in the void volume
of the colunn. The second peak 1s due to unincorporated
labelled phosphate. Fractions containing labelled RNA

should be pooled and the total volume noted.

2.3.4 Determination of specific activity of the probe

In a 5ml glass tube add 1ml of 0.2% 8DS, 1lml of 25%
trichloroacetic acid (TCA), 50ul 0.2% bovine serum albumin
and 1ul of the labelled RNA sample. Vortex and incubate on
ice for 30 mins. Collect the precipitate by filtering the
solution through a prewashed nitrocellulose disc (0.45um).
Wash the filter three times with 5ml of ice cold 5% TCA.

Dry the filter under a heat lamp, pldce inside a glass
scintillation vial,add 5ml of liquid scintillant (5g/% PPO

(2,5-diphenyloxazole) in toluene) and monitor counts using

a scintillation counter. This gives a measure of the radio-
activity incorporated into 285 rRNA. Specific
activities of 1-5 x 10" cpm/ug RNA were obtained. Store

the probe, frozen,ready for.use,

2.3.5 The hybridisation reaction

The pre-hybridisation and hybridisation reactions are
performed in & polythene bag slightly larger than the filters.

The bag is sealed with the expulsion of air.

Pre—-hybridise the nitrocellulose filters in 10mls of
pre—hybridisation mix (k x SSC, 50% formamide (Fluka),
10ug/ml sonicated calf thymus DNA) for L-6hrs at 42°%.,
Remove the pre-hybridisation mix and add 10wmls of hybridisation

mix which contains 4 x SSC, 50% formamide and the 32P—
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labelled 28S rRNA probe. Reseal the hybridisation bag and
incubate at 42°¢ overnight. 'Remove the hybridisation mix
(it can be re-used if stored at -20°C) and transfer the
filters to a 2% beaker. Wash the filters extensively first,
in 12 of 5 x 88C with fairly vigorous agitation followed by
incubation in 200mls L4 x SSC, 50% formamide for 8 hrs at~héoC.

Replace the wash solution and incubate overnight at 42%.,

2.3.6 Autoradiography

Blot the filters using 3MM paper, air-dry at room
temperature for 10 mins then bake in vacuum oven at 8000 for
30 mins. Tape the filters by their extreme edges onto a
clean piece of 3MM paper attached to a glass plate and using
radioactive ink arrow several locations on the 3MM paper
around the filters. These markers serve to align the auto-
radiograph with the filters. Then cover with a layer of

Saran wrap.

In the darkroom cover the filters with a sheet of
Kodak-X-Omat H-film using an .intensifying screen (Cronex-
lighting, Dupont, U.K.) and wrap up to prevent any light
penetration. Expose ove?night at hTOOC. ngelop the
autoradiograph and align the film with the filters using
the marks left by the radioactive ink. deate any_poéitive
hybridisation signals>an& identify the positive clones by
referring back to the master filter stored at 4°Cc on an
ampicillin agar plate. Small scale preparéﬁions of the
plasmid DNA from the individual colonies which gave positive

signals can now be made.
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2.4 8mall Scale Isolation of Recombinant DNA

A number of rapid procedures are available for isolating
plasmid DNA grown from individual bacterial colonies. These
methods yield DNA in sufficient gquantity and purity for
analysis by restriction enzyme digestion and gel electro-
phoresis. Therefore, colonies that have been identified
by their ability to hybridise to a given probe  can be rapidly
characterised in some detail. Recombinant molecules contain-
ing the DNA of interest can then be prepared on a larger scale.
The rapid method I have used (Birnboim and Do;:y, 1979) relies
on the selective alkaline denaturation of high molecular weight
chromoscmal DNA while cova;ently closed circular (ccec) DNA

remains double-stranded.

2.4,1 Solutions

I Lysozyme solution : 2mg/ml lysozyme (Sigma), 50mM glucose,

10mM EDTA, 25mM Tris. Cl pH 8.0.
Prepare a 10x stock excluding lysozyme which is added

prior to use. (store 4°C).

II Alkaline SDS solution : 0.2M NaOH, 1% SDS (store room

temperature) .

III High salt solution : 3M sodium acetate pH k4.8 (store L°C).

IV 0.1M sodium acetate, O.5M Tris. C1 pH 8.0 (store 4°C).
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2.4.2 Extraction of plasmid DNA

Prepare 2.5ml overnight cultures of selected colonies
from the hybhridisation experiment. Transfer 0.5ml1l of each
culture to a 1.5m1 Eppendorf tube and store the remaining
culture at -20°C after addition of sterile glycerol to L40%.
Centrifuge the 0.5ml culture (9950g) for 1 min and resuspend
the cell pellet in 100ul solution T. Incubate for 30 mins
at OOC then add 200ul of solution II and gently bortex the
tubes. After 5 mins at OOC add 150ul of sclution III and
mix the contents by inversion (most of the protein, high mol.
wt. RNA and chromosomal DNA precipitates). Centrifuge
(9950g) for 5 mins and remove 40Opl of supernatant from each
tube into clean 1.5ml Eppendorf tubes. Add 1ml of ice cold
ethanol and precipitate the DNA (and low mol. wt. RNA) by
freezing at —TOOC for 15 min. Centrifuge as before and
dissolve the pellet in 100ul solution IV. "Add 2 volumes of
ice cold ethanol and after 15 mins at -70°C collect the
precipitate by centrifugation. Wash the pellet twice in 80%

ethanol prior to enzyme digestion.

Limited restriction analysis is then carried out using
enzymes with known recognition sites for the recombinant of

interest.

2.5 Large Scale Isolation of Plasmid DNA

2.5.1 Growth and harvesting of bacteris

The volumes given below are for & 500ml culture but

can be adapted for the preparation of plasmid from larger



55

cultures or for smaller preparations of different plasmids.

Prepare an overnight culture of the transformed bacteria
(Section 2.4,2) and inoculate 500ml of M9 medium in a 2%
flask with 5ml of the overnight culture. Incubate at BTOC
with vigorous shaking until the culture reaches logarithmic
growth stage (OD66O 0.4~0.5 units) and then add 2.5ml chloram-—
phenicol (Sigma) solution (34mg/ml in ethanol). Continue
the incubation for 12-16hrs during which time plasmid DNA
amplification occurs while chromosomal DNA synthesis is
inhibited. Harvest the cells by centrifugation at 5000g for
10 mins at 4°c and wash the cell pellets in a total of 100ml of
ice cold STE (0.1M NaCl, 1OmM Tris. C1l pH 7.8, 1mM EDTA).

Centrifuge as before.

2.5.2 Lysis of cells Dby treatment with SDS

Resuspend the bacterial pellet from the 500ml culture in
10ml of ice cold 10% sucrose in 50mM Tris. Cl pH 8.0.
Transfer the suspension to a 50ml screw cap glass tube and
add 2ml of a freshly made lysozyme solution (10mg/ml in
0.25M Tris.Cl pH 8.0). Add 8ml of 0.25M EDTA and mix by
inversion several times. Incubate on ice for 10 mins then
add 4ml of 10% SDS. Mix gquickly with a glass rod to
disperse the SDS evenly through the bacterial suspension and
gently so as not to sheer the liberated bacterial DNA.
Immediately add 6mls of 5M NaCl, mix gently by inversion and
incubate on ice for at least lhr. Centrifuge to remove high
molecular weight DNA and bacterial debris in a Beckman Type

50 Ti rotor at 30,000 rpm for 30 mins at 4°c. Pour off and
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save the supernatant. Discard the pellet which should be
firm and tight. Nucleic acid is then purified from residual
protein by extraction twice with an equal volume of 1:1
phenol:chloroform and once with an equal volume of chloroform.
After each extraction, transfer the‘aqueous layer to a

clean tube. Deproteinisgtion ig more efficient when two
types of organic solvent are used and the final extraction
with chloroform removes any lingering traces of phenol from
the preparation. Recover the DNA by ethanol precipitation
followed by two washes in 80% ethanol to remove residual salt.
After the final centrifugation dry the pellet and dissolve

in 15m1 of TE buffer, pH 8.0.

2,.5.3 Purification of closed circular DNA

Closed circular plasmid DNA is purified from linear
plasmid DNA and any remaining chromosomal DNA by centrifugation
to equilibrium in caesium chloride (CéCl) gradients containing
saturating quantities of ethidium bromide. cccDNA binds
much less ethidium bromide than linear DNA and therefore
bands at a higher density in such gradients. Any RNA that is
present will travel through the gradient and pellet.

Add 1g Qf solid CsCl to each ml of DNA solution and mix gently
to dissolve all the salt. Add 0.8ml of ethidium bromide
(lomg/ml) for every 1Oml of CsC1/DNA solution. Mix well.
Check that the final density of the solution is l.SSg/ml by
weighing 1lml of the solution. Centrifuge to equilibrium at
20°C either in a Beckman Ti 60 rotor for 36 hrs at 45,000 rpm
(if +volumes are less +than 30mls) or in a Beckman VTi 50

rotor for 16 hrs at 49,000 rpm (if volumes are larger than
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30ml). Two bands of DNA are visible in ordinary light.
The upper band corresponds to linear bacterial DNA angd
nicked plasmid DNA, the lower band consists of cccDNA. To
enhance resolution for removal of the ccecDNA visualise the
bands under U.V. light. Collect the lower band of DNA

into. a glass tube.

2.5.4 Removal of Ethidium bromide

Extract the ethidium bromide/DNA solution with an egual
volume of saturated isopropanol solution (isopropanol, 0.05M
Tris. C1 pH 8.0, 0.05M NaCl, 0.03M EDTA, saturated with solid
CsCl) until all the pink colour disappears from the agueous

phése.

Dialyse the agqueous phase agalnst several changes of
TE pH 8.0 at hOC. When complete, measure the absorbance of
iml of the DNA solution at 260nm (10D unit is equivalent to
50ug/ml DNA). Store the plasmid DNA at 4L°C as describead

(Seetion 1.3.

I have obtained yields of 2mg of plasmid DNA from

500ml starter cultures using this method.

3. DNA Sequencing by the Maxam and Gilbert Chemical Method

Plasmid DNA was prepared for,and sequenced by,the method
of Maxam and Gilbert. This procedure was well established
in our laboratory and is desciibed in great detail by
Hall (1981).For a detailed analysis of the procedure consult

Maxam and Gilbert (1980).



58

3.1 5'end labelling

3.1.1 Phosphatase reaction

Dissolve the DNA fragment in 90pl of TE pH 8.0 and add
10ul of bacterial alkaline phosphatase (Worthington, further
purified according to Hall (1981)). Incubate at 37°C for
60-90 mins ‘then extract with redistilled phenol. Reextract
the phenol phase with an equal volume of TE pH 8.0, pool
the agqueous phases and ethanol precipitate after the addition

of salt to 0.3M. "Work-up" the DNA as described (1.5.2).

3.1.2 Polynucleotide kinase reaction

If the DNA fragment to be sequenced has 5' protruding
ends then the reaction conditions are as follows. Dissolve
the phosphatased DNA in 2ul of H20 and add 1lul of 10x kinase
buffer pH 8.0 (1 x kinase buffer is 0.05M Tris, 0.01M MgClg),
1ul 50mM dithioﬁheitol, 6uld agueous y—32P—ATP (Amersham
International plc, 5000 Ci/mmole) and 5 units of TM poly-
nucleotide kinase (PL Biochemicals). Mix, then incubate at
37°Cc for 30 mins (If the DNA to be segquenced has flush or 3!
"ends then labelling is favogred if,prior to the addition of

32P—ATP and kinase,lul of 10mM spermidine is added

the y-
to thé DNA sample and the mixture heated to 750C for S5 mins).
Adad (Opl of é.SM ammonium acetate and 160ul of ice cold

ethanol. Precipitate the DNA at —TOOC for 15 mins, centrifuge

for 5 mins and "work-up" the DNA as described (1.5.2).
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3.1.3 Separation of labelled ends

The 5'-labelled ends of a plece of double-stranded DNA
are separated by cleavage of the fragment intoc two or more
subfractions with a restriction enzyme which is known to cut
the DNA fragment, followed hy PAGE. The products are
visualised either by ethidium hromide staining or if only
very small amounts are present then by autoradiography
(expose for 20 mins only using Kodak nonscreen 2T film).

Identify the bands in the gel and. elute as described (1.5.L4).

3.2 Base SBpecific Chemical (leavage Reactions

3.2.1 Solutions

1. Pyridinium formate : U% v/v formic acid adjusted
to pH2.:0 with pyridine (using 0.0QSM HQSOu as
pH 2.0 std.)

2. DMS buffer : 50mM sodium cacodylatg, 10mM MgClE,
0.1lmM EDTA pH 8.0.

3. "DMS stop": 1.5M sodium acetate, 1M B-mercaptoethanol
(Koch-Light) ,100ug/ml yeast RNA

4, "Hydrazine stop" : O0.3M sodium acetate, 0.1mM EDTA,

S50ug/ml yeast RNA

3.2.2 Additional reagents

1. Dimethylsulphate = DMS (Gold Label, Aldrich Chemical

Co. Ltd.)
2. Hydrazine -Hz (Kodak Ltd.)
3. Piperidine (Koeh-Light)

4. AnalaR ethanol (James Burrough Ltd.)
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3.2.3 Base modification reactions and chain cleavage

The four reactions I used for full sequence determin-
ation were specific for guanine (G), guanine and adenine
(¢ + A), cytosine (C) and cyfosine and thymine (C + T).
When only partial sequencing was performed then only the G
or C specific reactions were utilised. Chain cleavage was
achieved using 1M piperidine. Table 3.2 describes the

precise protocol followed.

3.3 Gel electrophoresis

High resolution thin (O.lLmm) sequencing gels according to
Sanger and Coulson (1978) were used. Routinely these are 8%
or 6% polyacrylamide gels containing TM urea (Aristar grade,
BDH) and electrophoresis is in 1 x TBE buffer. Pre-
electrophorese the gel for 1-2hrs at 25-30mA (LKB 2103 power
pack) . This current initially draws a voltage of 1.2-1.3kV
but as the gel heats up the voltage rises to 2kV then drops
back to about 1.5-1.TkV and remains constant at this vealue
throughout electrophoresis.

While the gel is pre-electrophoresing dissolve the samples
in sequencing loading dye (99% deionised formamide, 0.05%
xylene cyanol). For an overnight auntoradiographic exposure
10,000 cpm per loading is ideal so,if possible,dissolve the
DNA to give 10,000 cpm/ul. Boil the samples for 2 mins then
chill quickly on ice. Wash out the wells of the gel prior to
loading to remove residual urea which lies in the bottom of the
wells. Normally three consecutive loadings are carried out

per gel, 6% (8%), to allow up to 180 (140) nucleotides to be

read from the 5' labelled end of the DNA fragment.
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G G+ A C+7T . C
Iyl carrier DNA Iyl carrier DNA Iyl carrier DNA | Iyl carrier DNA
TI.| Iyl 2o Iyl 32p-pva Iyl 3o v Iyl 3o o
98yl DMS buffer Iyl HZO oyl HZO 8yl sat. NaCl.
2.1 0.5yl DMS 2.5yl pyr. form. | IS5yl Hz. I5yl Hz.
3.] 20°C, 4mins. 30°C, 7omins. 20°c, émins. 20°c, 8mins.
24yl DMS stop 60yl Hz. stop
dlaooqt Ar. BTOR | L oo 25041 . B0
-70°C, I5mins. 1yophilise. -70°C, I5mins.
5. c'fuge_ (99509) add Toyl B0 c'fuge (9950g) Smins.
e freeze —7Oc2)C
6. 60yl 0.3M Na.Ac. L . 60yl O.3M Na.Ac.
2004l Ar. ETOH yophilise. 2004l Ar. ETOH
7.| repeat step 5 repeat step 5
8.] 200yl 70% ETCH 200yl 70% ETOH
9. repeat step 5 repeat step 5
IO{ 200yl 70% ETOH 200yl 70% ETOH
II.| repeat step 5 repeat step 5
I2.] dry pellet dry pellet
I3. I00yl IM Piperidine
4. 90°C, 3Omins.
I5. c'fuge (9950g) 30secs.
6. freeze -70°C , lyophilise, add 20yl HZO’ freeze -7OOC, lyophilise,
add 20yl H,0, freeze ~70°C, lyophilise.
Table 3,2. Protocol used for DNA sequencing by the Maxam and

Gilbert chemical method.
DMS~dimethylsulphate;
pyridine formate,pH2;

Hz-hydrazine; sat. NaCl-saturated NaCl; pyr. form.-
Ar. ETIOH-analar ethanol; Na,Ac.-sodium acetate.

All the reactions were performed in 1.5ml siliconised Eppendorf tubes.

DMS and Hz wastes were disposed of into 5M NaCl and 3M ferric chloride
respectively and steps involving handling of these chemicals were carried
out in the fume hood. After the final lyophilisation in step 16, the
radicactivity of each sample was determined by Cerenkov counting.
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3.4 Autoradiography

Remove one of the glass plates tc expose the gel and cover with cling
£ilm. Identify the lanes with radioactive ink then wrap up using an
intensifying screen and store as previously described (2.3.6). Expose

for the desired length of time depending on the number of counts loaded.

4, 1Isolation and Purification of rDNA from X.laevis

4.1 Maintenance of animals

Three mature female X. laevis frogs were purchased from Bioserv Ltd.
The frogs {(3-4 yrs old) ranged from 9-10cm in length (Figure 3.2).
They were kept in a large aquarium containing copper free water kept at
a constant Eemperature of 2500. Feeding was once per week, each animal
receiving 30-50g of sheep heart. The tank was cleaned and water changed

one day after feeding.

4,2 Dissection of animals

4.2.1 Anaesthesia

Place a single frog in a large beaker containing a 0.4% solution of
MS222 (Sigma : ethyl-m-aminobenzoate methane sulphonic acid salt). This
chemical is a powerful anaesthetic and is absorbed through the foot and
hand pads of the frog. Within 20 mins. the frog is fully anaesthefised

and will show no sign of movement when held ventral side upwards.

4.2.2 Cardiac puncture

Place the frog, dorsal side down onto a couple of pieces of 3MM paper.
Wash the ventral side with ethancl. Place pads of cotton wool soaked in
MS222 onto the foot and hand pads to ensure that the level of anaesthesia

is maintained during the dissection. Using sterile forceps and sharp
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scissors make a small slit lem below the xiphisternum (Figure 3.2).
Insert one blade of the scissors into the slit and cut the skin forwards
to the level of the lower jaw. Cut transversely at the level of phe arm
as far as the elbows. Loosen the skin from the underlying muscle so
that it can be turned back freely. With clean scissors make a small
incision in the abdominal wall on the right side of the mid-ventral line
about 1cm below the xiphisternum, and cut the muscle forwards to the
level of the lower jaw. Be careful not to sever the anterior abdominal
veiﬁ which runs along the mid ventral line from the abdomen to the heart.
In addition try not to puncture any internal organs with the tip of the

scissors.

Lift the xiphisternum using forceps énd cut across the centre of
it - this exboses the heart which lies directly beneath the xiphisternum
in a small cavity. Clean the scissors and forceps with ethanocl. Using
the clean forceps pull the heart out of the cavity (it is quite robust
and will stand up to quite rough handling) and inject 0.5ml of heparin
100w/ml (Sigma) into the heart using a hypodermic needle (25mm gauge).
Allow the heparin to pump through the circulatory system for approx-
imately 1min then gently start to pull back the plunger of the syringe
drawing blood into the heparinised hypodermic. If the needle slips out
or no more blood is being drawn out then transfer the blood into a sterile
50ml Falcon centrifuge tube (supplied by A and J. Beveridge Ltd.) on ice.
To ensure that the blood does not clot add 0.5ml of the heparin solution
to the blood and mix briefly. Puncture the heart again with the hypo-
dermic and repeat the extraétion procedure. Once no more blood can be
extracted in this way nick the gpex of the heart using sharp scissors
and collect the blood that is pumped out using a Pasteur pipette. Pool

all the blood into the 50ml Falcon tube.



Figure 3.2 Schematic representation of the ventral side

of a frog.

The figure illustrates how access is gained to the
body cavity by an incision along the mid-ventral line.
The heart lies directly beneath the xiphisternum in a

small cavity.

Figure 3.3 Schematic representation of the position

of some of the internal organs in X. laevis

The position of the heart relative to the ovaries 1is

illustrated. In a mature X. laevis the ovaries cover the
entire body cavity. Note the positions of the gall bladder
and stomach - care must be taken not to damage these organs

during the dissection.
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4.2.3 Removal of ovaries

Extend the skin cut down towards the level of the pelviec girdle and
down each thigh to the level of the knee (Figure 3.2). LLoosen the skin
away from the underlying muscle and turn back. Repeat this for the muscle
layer taking care not to damage any underlying organs especially the gall

bladder and stomach (both rich in strong digestive enzymes).

In a mature X. laevis, the ovaries cover the entire abdominal
cavity (Figure 3.3) and are very easily removed from the joining conn-
ective tissue. With sterile forceps and scissors pick up one of the
ovariés and carefully snip away the thin layers of connective tissue.
To remove the ovary completely cut through the join of the ovary with
the oviduct and place it in a petri dish on ice containing 3-4mls of

1 x SSC. Repeat the process for the second ovary.

4.3 TIsolation and Purification of Total DNA from Erythrocytes

The protocol devised, is based on the methods of Marmur (1961)
Dawid et al (1970) and Bird and Southern (1978). It was also used for

extraction of DNA from X. laevis oocytes.

Make the volume of the red cell/heparin mix up to léml with 1 x SSC.
Lyse the cells by adjusting the solution to 1% SDS and add 3mls of 0.5M
EDTA pH 8.0 (to inhibit any digestive action of DNases). Incubate at 6OOC
for 15 mins then phenol extract, gently, overnight at MOC. Add 10ml of
1 x SSC to increase the volume of the aqueous phase. The solution is quite
lumpy due £o the mass of denatured protein. Subsequent phenol extractions
compact this proteinaceous material. Centrifuge (1500g, 15 mins, 15°C)
and Pemoﬁe the lower phenol phase. Add 20mls of phenol/ chloroform
solution (1:1 v/v) and mix the contents of the tube by inversion for

10 mins. Repeat centrifugation and remove the organic phase. Reextract
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the aqueous phase and protein mass with an equal volume of chloroform

by inversion for 5 mins. Centrifuge as before. By this étage the
aqueous phase is becoming clear but is very sticky due to the high mol-
ecular weight chromosomal DNA. Remove the agueous phase to a clean 50ml
Falcon tube leaving behind the now tightly packed protein layer and the
organic phase. Extract the aqueous phase once more with chloroform and
remove the aqueous phase into two sterile 30ml corex tubes on ice. A
wide bore glass pipette is used tp avoid shearing the hiéh molecular weight
material. Add two volumes of ice cold ethanol to each, invert the tubes
and a stringy mass of nucleic acid precipitates immediately. Transfer
the nucleic acid to a sterile 30ml corex tube on ice using a glass rod.
Dissolve in 10ml of 1 x SSC by gently shaking the solution until
dispersion is complete (lumps of nucleic acid can be recognised by

adhering air bubbles when the solution is shaken).

Add DNase free pancreatic ribonuclease (Sigma) and RNase T1
(Calbiochem) to final concentrations of 50ug/ml and 50U/ml respectively.
Incubate at 37°C for 30 mins then add 500ul of a solution of predigested
Pronase (100mg/ml in 10% SDS incubated for 3 hrs at 3700) and incubate for
lhr at 370C. Remove proteins by a phenol/chloroform extraction followed
by chloroform gxtraction. Precipitate the nucleic acid (high molecular .
weight DNA and small fragments of RNA) by adding 2 vqlumes of ice cold
ethanol and chilling to -20°C for 30 mins. Centrifuge (2500g, 15 mins
OOC) and wash the pellet twice in 80% ethanol. Dry briefly under
vacuum and dissolve the nucleic acid in a total volume of 10ml TE buffer

pH 8.0. Store at 4°C prior to ultracentrifugation in CsCl gradients.
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4.4 Isolation and purification of total DNA from ovaries

Pre-cool a sterile glass homogeniser tube ( 40ml volume) and a
loosely fitting teflon pestle. Homogenise the two freshly dissected
ovaries in 10@1 of 1 x SSC for four strokes of the pestle at full speed.
Keep the homogeniser tube coel by swirling on ice between strokes.
Tfansfer the homogenate into a sterile 50ml Falcon tube on ice, and wash
the homogeniser tube and pestle with 5ml of 1 x SSC. Pool this rinse
with the homogenate. Lyse the cells as described (4.3) and phenol
extract overnight. After centrifugation (1500g, 15 mins, lSOC) three
distinct layers are clearly visible - a lower organic phase, a tightly
packed protein layer and a cloudy upper agueous phase. Subseqguent
extractions are much more easily achieved than during the erythrocyte
preparation because of the tightly packed nature of the protein obtained
at this early stage. Extract the aqueous phase and protein layer with
an equal volume of phenol/chloroform by inversion for 10 mins.
Centrifuge as before and extract the agueous phase, with chloroform, as
above. Aliquot the final aqueous phase into two sterile 30ml ccrex tubes
on ice and precipitate the mucleic acid by the addition of 2 volumes of
ice cold ethanol. The solution becomes immediately cloudy and nucleic
acid flocculates. In contrast to the chromosomal preparation which com-
prises mostly high molecular weight DNA, the bulk of the DNA obtained
from ococytes is amplified rDNA of a few repeat units in length
(Chaper 1, 1.4.2). Centrifuge (2500g, 15 mins, OOC) and dissolve the
pellets in a total of 10mls of 1 x SSC. RNase and pronase digestion

is performed as for erythrocyte DNA purification (4.3).
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4.5 Purification of rDNA from total DNA

rDNA has a higher G + C content ( 63%) than bulk DNA ( 40%)
and therefore has a higher bouyant density in caesium chloride (Wallace
and Birnstiel, 1966). When total DNA is centrifuged to equilibrium in
'CsCl gradients, the rDNA component bands as a satellite on the heavy side
of the bulk DNA band. I have purified rDNA from total DNA using a
protocol based on the methods of Wellauer et al (1976b) and Buorngiorno-

Nardelli et al (1977).

Measure the A26 of both ococyte and erythrocyte preparations.

Orm
Increase the volume of the samples to give a DNA concentration of no more

than 50ug/ml. Add solid CsCl to give a final density of l.7g/cm3

then
centrifuge to equilibrium using a Beckman Ti 60 rotor (33,000 rpm, 18°¢,

62 hrs).

Pump the gradients through a Guilford 240 recording spectrophotometer,
monitoring continuously at 260mm and collect about 30 fractions per gradient.

Locate ‘the rDNA component by hybridisation.

4.5.1 Bybridisation

The basic method used to detect rDNA was to bind aliquots of the
fractions to nitrocellulose and detect rDNA by hybridisation to a Hela
32P-288rRNA probe. However, because of the very small amounts of rDNA

to be detected certain modifications to the standard procedure, previously

described, were made.

Add T7.5ul of each fraction to be screened to 10yl of O0.1M NaOH in a
titre plate. Mix. After 10 mins at foom temperature, add 2ul of
0.5M Tris, 0.5M HCl. Draw a grid on 4 x lem detergent-free nitrocellulose

filters and apply each sample to a single position on the grid. Because
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of the large volume (20ul) apply the sample in 5ul aliquots allowing
it to dry between applications. The DNA is then baked onto the filter

(e}
in a vacuum oven for 2hrs at 80 C.

Hybridisation reaction : The filters are prehybridised as previously

described. However the hybridisation volume is reduced to 2-3mls.since
the filters are much smaller than previously. A small hybridisaticn
volume and high specific activity probe will aid in the detection of

the nanogram amounts of rDNA bound to the filters. Washing and auto-
radiography of the filters is the same as before. Pool the fractions
which give positive signals from the hybridisation, rerun the gradients
( 8ml/gradient) in a Beckman Ti 50 rotor at 33,000 rpm for 60 hrs at

18°C and collect fractions as before.

Although much of the total DNA is removed by the first centri-
fugation there is some carry through to the second gradient. This is
especially true of the chromosomal rDNA preparation. Locate the rDNA
after the second gradient by filter hybridisation reducing the volumes
by half because of the reduced volume/fraction. Pool the fractions
which give strong positive signals and remove CsCl by extensive
dialysis against TE buffer pH 8.0 at 4°c (4 x 18 changes). Store the

DNA at -20°C as an ethanol precipitate after washing in 80% ethanol.

5. Analysis of rDNA by M13 Cloning and "Dideoxy" Sequencing

Restriction fragments of rDNA obtained from a single frog were
analysed by using the versatile M13 cloning system and "dideoxy"
sequencing method. The rationale behind this decision is described in

Chapter 2.
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5.1 Construction of M13 recombinant molecules

Preparation of vector and "insert" DNA and the ligation
reaction are performed according to the protocol described in
Section 2.1. A three times excess of insert to M13 RF was

utilised to favour recombinant formation.

5.2 Transfection

5.2.1 Preparation of Competent Cells

Streak out stock JM103 onto a glucose minimal agar
plate. Allow +this plate to grow overnight at 3700. This
plate is used as a stock for single colonies for at least
one month when stored at hOC. Cultures of JM103 are always
started by inoculation of 2 x YT medium with a single bacterial

colony and grown overnight at 37OC.

Inoculate 25ml1l of 2 x YT medium with 2.5ml1 of overnight
JM103 . and grow the cells at 3700 until the OD66O is 0.3~
0.4 units. Collect the cells by centrifugation at L4000g
for 10 mins at 4%¢. To obtain exponentially growing JM103
for later uée (see below) inoculate 5ml of fresh 2 x YT
medium with 50ul of the primary culture and incubate at BTOC.
During the time the cells are being made competent, this new
culture will grow to the density required for plating the

transfection mix.

Resuspend the pelleted cells in 12.5ml of 50mM CaCl2
and incubate on ice for 20 mins., Centrifuge as before and
resuspend the cells in 2.5m1l of 50mM CaClz. Keep on ice
ready for use. Unlike competent HB1l0l, JM103 lose their

competency if frozen at —TOOC. Fresh cells must be



prepared for each transfection experiment.

5.2.2 Plating of Recombinants

Add each ligation mix to 0.3ml of freshly prepared
competent JM103. In addition add 1lng of uncut vector DNA
(i.e. M13 RF) to a 0.3ml aliquot-to check the transfection
efficiency. Incubate all the mixes on ice for 40 mins.

Heat shock for 2 mins at MQOC. While the cells are heing
shocked,to 3ml of soft agar at hSOC add 25ul 2% BCIG (Sigma)
(25meg/ml in dimethylformamidé (sigma)), 25ul 2.5% IPTG (Sigma)

(25mg/ml in water) and 0.2ml exponentially growing JM103 to

provide a lawn of cells. Add this agar mix to the trans-
formed cells and plate out on YT plates. Invert the plates
and 1lncubate overnight at 3700. Recombinant molecules can

be tentatively identified as white plaques on the plates
whereas vector DNA containing no insert will give blue

plaques.

5.3 Preparation of single stranded template for sequencing

It is qonveniént to prepare 24 templates at the same
time. Add a a50p of.bvernight JM103 to 25ml of 2 x YT.
Aliquot the 2 x‘YT into 24 snap cap culture tubes.l
Individually toothpick a single white plague into the
2L x 1ml aliquots and shake at 37°C for 43 - 53 hours.

Pour into 1.5ml Eppendorf tubes and centrifuge (9950g) for
5 mins. Pour the supernatant into another Eppendorf making
no effort to transfef completely (~0.8ml). The cell pellet

is stored at 4°C and provides the starting material for
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growth of recombinant RF if needed. Add 200ul 2.5M NaCl,
20% polyethyleneglycol (PEG) to the supernatant and leave
at room temperature for 15 mins. Centrifuge (9950g) as
before, pour off supernatant to waste, recentrifuge for
30 secs. to bring ligquid off the walls of the tube, and

carefully remove all the remaining traces of the PEG

supernatant. The PEG pellet should be visible (although
very small). Add 200ul of TE buffer pH 8.0 and phenol
extract with 100ul of redistilled phenol. Add 20ul of

3M Na acetate pH 5.5, 500l of ice cold ethanol and store
overnight at -20°%. Centrifuge (9950g) for 5 mins then
wash the pellet in 80% ethanol. Finally dissolve the pellet

in 50ul TE pH 8.0 and store at -20°¢.

As a qguick check on whether the virus has grown or
whether cloned DNA has been lost during the work up, run

5ul of DNA on a 1% agarose minigel and visualise the DNA.

5.4 DNA sequencing with chain terminating inhibitors

A primer annealed to a single stranded template can be
extended in the 5“—3' direction by DNA polymerase I (Klenow’
fragment) in the presence of deoxynucleotide triphosphates
(dNTPs) . Klenow polymerase will also specifically incor-
porate ddNTPs in pléce of theilr 4NTP counterparts, dut the
lack of a 3'-hydroxyl group on the sugar moiety of the ddNTP
prevents further polymerisation. Thus the 4ddNTPs act as
specific chain terminators. In four separate sequencing
readtions, template and specific primer are incubated with
Klenow fragment in the presence of a different 44NTP

(4aTTP, AdATP, AdGTP, 4dCTP), as well as the four aNTPs,
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one of which is labelled with u32—phosphate. Partial
incorporation of the d4dNTP results and the four reactions
give products with a fixed 5' end (the primer) and termin-

ating at either T or C or G or A.

In order to screen as many clones as possible in the
time available, I performed only one of the four sequencing
reactions. The clones constructed contained the entire ITS1
sequence (see Chapter T) éo the G sequencing reaction was
chosen. The following sections describe the procedures

involved in carrying out this rapid screening objective.

5.45.] Seguencing solutions and buffers

(i) 10x annealing buffer : 100mM Tris pH 8.5, 100mM MgCl2.

(ii) Stock ANTP/44dNTP solutions:

dNTPs were purchased from the Boehringer Corporation Ltd.
end d4NTPs from P.L. Biochemicals.
Stock 20mM dANTPs in TE buffer pH 8.0, and 10mM

ddGTP in TE pH 8.0 were kept frozen at -20°cC.

(iii) Working "G reaction" mix

The degree of primer extension 1in each of the four
reactions depends on the ratio of each ddANTP to its
dNTP counterpaft. Too much d4NTP will cause termin-
ation at too short a chailin length whereas excess A4NTP
will dilute out the effect of the competing 44ANTP and
will not allow sufficient termination to occur. I
found the following mixture of 4dGTP/Ad4GTP gave
suitable chain.termination : 500ul O,5mnM dTTP, 500ul

0.5mM d4CTP, 25pl 0.5mM 4GTP, 16ul 10mM 44GTP,
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10001l TE pH 8.0. This solution was stored at
-20°C and reused for each screening experiment.
AATP is added during the actual sequencing reaction
in the form of high specific activity 0-32p-aaTp

(> 400 Ci/mmole, obtained from Amersham International

plc).

(iv} Specific M13 primer

The primer I used was a lT7-mer described in
Figure 2.4. The primer was kindly donated by
A.T. Bankier but is now commercially available from

Collaborative Research Inc.

(v) Klenow fragment

DNA polymerase I was purchased from The Boehringer
Corporation (London) Ltd. at a concentration of

lunit/ul.

5.4.2 The annealing reaction

The following volumes are for a single screening of 12
clones in parallel. Add 2pul aliquots of the élones to be
sequenced to 12, 1.5m1 Eppendorf tubes. To each add 2ul
of primer mix (5pl 17-mer, 5ul 10x annealing buffer, 15ul
H20, freshly prepared and stored at hoC) and incubate at

60°Cc for 1lhr.

5.4.3 The polymerisation reaction

Add L2ul of a—32P—dATP to & siliconised glass tube and

dry under vacuum. Redissolve thoroughly in 25ul of working

"G reaction" mix. This is now called G¥ solution. Place
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12 capless 1.5ml Eppendorf tubes into & plastic Eppendorf
rack tilted at an angle of 60° from the horizontal. Add

2ul of each hybridisation mix to the rim of each of the 12
tubes. Add 2ul of G¥* sclution ensuring the two drops of
liquid do not mix. Finally add 2ul of freshly diluted
Klenow fragment (0.125U/ul in HEO) and centrifuge (9950g) for
5 secs to mix and start the polymerisation. Incubate at

SOOC for 15 mins.

"Pausing" of chain extension due to the low molar con-
centration of 4dATP can also occur, so after the initial

synthesis period with a—32

P-3dATP the incomplete chains are
extended by chasing with cold 4ATP (if other a—32P—dNTPs are
used then the chase is made with the corresponding cold ANTP).
Thus the only short chains after a chase are those which

underwent true termination due to incorporation of dideoxy-

nucleotide,

Add 2ul of 0.25mM 4AATP to the rim of each tube, centri-
fuge as above and incubate at 30°¢ for 15 mins. The poly-
merisation is stopped by adding 4ul of formamide sequencing
dye (3.4) and placing the tubes on ice prior to gel electro-

phoresis.

5.5 Gel Electrophoresis and Autoradiography

The same gel system was utilised as previously described

for separation of Maxam and Gilbert sequencing products

(3.3).

Prepare the samples for electrophoresis by boiling for

4 mins then chilling immediately on ice for 5 mins (replace
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caps to prevent evaporation during boiling step). Load the
12 samples 1in parallel onto the gel (2ul/loading) and
electrophorese until the xylene cyanocl dye has travelled 2/3
way towards the anode. For allonger run, electrophorese

until the dye reaches the bottom of the gel.

To improve resolution of the bands for autoradiography,
fix the gel in 10% acetic acid/10% methanol for 10-15 mins.
Transfer to Whatman 3MM paper by placing a wet piece of 3MM
onto the gel and carefully peeling away - the gel adheres to
the 3MM paper. Cover the gel with a layer of cling film
and dry for 15-30 mins on a gel drier at 80°¢c. Remove the

cling film and expose overnight using Kodak-X-Omat H-film (2.3.6).
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4y, Analysis of the 185-285 intergene nucleotide sequence

of pXi2l2

4,1 Subcloning region L

pXl21l2 is a large recombinant plasmid (17.5kb) contain-
ing a L4.5kb rDNA fragment cloned into the single Eco RI site
of the plasmid pCRI (Figure k.1l). To simplify preparation
of restriction fragments for sequence determination, I

decided to subclone region L into pBR322.

Digestion of pXl2l2 with restriction enzymes Eco RI and
Bam HI excises region L from the parent plasmid in addition to
regions M and R (see Figure L4.1). Region L is bound by
Eco RI and Bam HI restriction sites at opposite ends,
allowing it to be cloned into pBR322 after removal of the small
Eco RI/Bam HI fragment from pBR322 (Sutcliffe, 1978).
Ligation was carried out as described (Chapter 3, Methods 2.1)
and recombinant moleculeé selected on the basis of antibiotic
resistance. Insertion of foreign DNA into this region of
pBR322 inactivates the tetracycline gene, therefore bacteria

harbouring recombinant molecules are AmpR TetS (see Figure 3.1).

Small scale plasmid DNA preparations were made on four
Amp Te'bS colonies and limited restriction analysis revealed
all four plasmid DNAs to contain region L (Figure Lk.2).
A large scale DNA preparation was made from colony 1 and

the plasmid denoted pX1212L.




Figure 4.1 Preparation of region L from pXl2lZ2.

10ug of pX1l212 were digested with Bam HI and Eco RI
and the digestion products resolved on a vertical 1%
agarose gel. The gel was stained with ethidium bromide
and the DNA located by U.V. illumination. The band
containing region L was carefully excised from the gel and

eluted in preparation for subcloning.
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Figure 4.1



Figure 4.2 Identification of recombinant molecules.

The DNA from 4 AmpR Tets colonies was digested with Xba I
(lanes 1-L) or with Eco RI and Bam HI (lanes 5-8) and the

products resolved on a vertical 1% agarose gel.

Digestion with Eco RI and Bam HI releases a large DNA
fragment containing the parent plasmid pBR322 (A) and a
smaller fragment (B) corresponding to region L. Xba I has
one recognition site in region L and no sites in pBR322.
Digestion with Xba I lineérises a recombinant moleculé, the

linear form (C) running more slowly than the uncut circular

form (D).

The extra bands in the lanes 2 and 5 represent incom=-

plete digestion of the DNA in these lanes.
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Ll ,2 Sequence determination

The complete sequence from the Eco RI site in the 188
gene through to the start of the 28S gene was derived from
a large number of individual determinations on overlapping
restriction fragments. This region had already been fully‘
sequenced in a different rDNA clone - pXlrl0l (Héll and
Madep, 1980) and a detailed restriction map was.available.
Knowledge of the sequence revealed previously unmapped'
restriction sites which simplified this present sequence
analysis e.g. Bst NI. Figure 4.3 illustrates the restriction
enzyme sites used in this sequence determination and the

direction of sequencing runs extending from those sites.

pX1212L provided the primary source of DNA for the
restriction fragments extending from the Eco RI site in the
188 gene to the Bam HI site in ITS 2. The parent . plasmid,
pX1212, was used to obtain restriction fragments exteﬁding
from the Bam HI site to the start of the 288 gene. In order
to read through the Bam HI site in ITS2, a L20bp Hinf I
fragment from a complete Hinf I digest of pXl2l2 was isolated
and sequenced (Figure 4.3, gel no. .12). - Isolation and
sequencing of this fragment from pXlrlOl had been previously

achieved (Hall, 1981).

All of the fragments in thislsequence analysis were
prepared by digesting a pure 5'-end labelled DNA fragment
asymmetrically. After secondary restriction the fragments
can again be separated on a L% acrylamide gei and the bands

located directly by staining with ethidium bromide.




81

188 ITS1 588 ITS2 288

Xba |
Sau 3A
Sma
. \\Ava I
Bst Nl
Teq 1
Ava 1t
Sma 1
Alu 1
Hinf |
Sau 34
Taq |

20 15 12

100bp

23 21 18 16 13

22 17

Figure 4.3. Sequencing strategy for the 18S-28S intergene region
of pXl212.

Only those sites used for labelling following primary restriction

are shown. .The beginning of each arrow denotes the restriction site

at which the fragment was labelled at the 5'end. The arrow tip denotes
the longest reading of all the gels starting from the indicated
restriction site. The arrows are numbered sequentially along the right-
wards and leftwards DNA strands and serve as reference numbers for

the text. 75% of the sequence was determined on both strands, the
remaining 25% unarbiguously on one or other strand. The procedure

for sequencing end-labelled DNA is as described (Methods 3.2.). The
length of sequence which can be read from each gel depends on the

resolution of individual gels and the extent of attack in each chemical
modification.
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Figures 4.4 and 4.5 show respectively, the series of steps
involved, and the sequence information obtained from a typical

sequencing experiment.

Region L was digested with Bst NI or Ava II and the
products separated on a L% acrylamide gel (Figure L.4(i)).
Each of the required fragments was end labelled, digested
with an appropriate restriction enzyme and then separated
on a second gel (Figure L4.L4(ii)). Two of the sequencing gels
obtained are shown in Figure L4.5. The line diagram at the
bottom of Figure 4.5 illustrates the total amount of infor-
mation obtained from this complete sequencing experiment.

Any gaps in the sequence are filled in by sequence determin-

ations on overlapping restriction fragments.

4.3 Preliminary sequence comparison between pXlrlOl and pXl212.

As mentioned previously several specific sites of sequence
variation were thought to exist between pXlrlOl and pXl2l2.
The regions in guestion covered the last 80 nucleotides of

ITS1 and the first 36 nucleotides of ITS 2.

In order to study both these regions in pXl2l2, a ginf I
digest of L was performed. Hinf I has only one recognition
site in region L, located at the start of the 5.8S5 gene
(Figure L4.6). Sequencing the ITSl-containing Hinf I
fragment leftwards from the Hinf I site leads directly into
the 3' end of ITS1. In addition, by sequencing the 5.85-
containing fragment, rightwards from theHinf I site, I hoped
to be able to read through the 5.88 gene to the start of

iTsz2. This however proved to be rather overambitious



Figure L. Preparation of restriction fragments for

sequencing - an example.

10ug of region L weredigested with Bst NI and 5ug
of region L digested with Ava II and the products separated
on a 4% polyacrylamide gel (i). The background bands in
both digests are due to incomplete digestion of region L.
In both cases a Taq I digest of pBR322 was run 1n parallel

to aid in identification of required restriction fragments.

The appropriate bands were eluted, 5'end labelled and
digested with a second enzyme as illustrated. The products
were then separated on a second 4% polyacrylamide gel (ii).
(The secondary restriction products of the Ava II digest
are very faint but could be clearly seen on the original

gel).
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Figure L.5 Sequencing gels for *Ava II/Taq I and *Bst NI/

Sau 3A restriction fragments

This figure shows the three overlapping loadings from two
overlapping sequencing gels spanning the central region of .
ITs1. The Ava II/Taq I fragment corrésponds to fragment 3a
in Figure L.4, the Bst NI/Sau 3A fragment corresponds to
fragment la in Figure 4.L, After 5' end labelling and
secondary restriction, each fragment was subjected to full
sequencing chemistry using the chemical reactions specific for
G, G+A, C+T and C (Methods 3.2), After chain cleavage with
piperidine, the sequencing products were resolved on 8% de-

naturing polyacrylamide gels.

Nucleotides are numbered according to the individual
numbering system of pXlrlOl (see Figure 4.8). Uncertain
nucleotides are described according to Staden (1979). "p"
denotes more than one C, "H" denotes more than one G,

/Ndenotes order of nucleotides is unclear. In problem regions,
the sequence was determined unambiguously on the opposite strand.
The line diagram at the bottom of the Figure illustrates the

total overlapping sequence information obtained from fragments

la and 3a (above) and fragments 2a and 3b (FPigure h.kL).
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(see below).

The sequencing gel obtained from the leftwards sequencing
determination is shown in Figure L4.6. Comparison of the
séquence with the respective sequence in pXlrlO0l revealed
100% homology in the regions of suspected sequence variation.
Repetition of the sequence determination on the opposite
strand (Figure 4.3, gel no. 7) confirmed this. The use of
thin gels for electrophoresis has greatly improved resolution
of sequencing products. Since there are no apparent
ambiguities in my data I feel confident that the sequence

determined for pX1l21l2 in this project is correct.

However, analysis of the pXl2l2 seguence further upstream
revealed a definite alteration of the sequence when compared
to the same region in pXlrlOl. Careful comparison showed
that pXl1l2l2 contains a segment of DNA that is not present
in pXlrlO0l. Determination of the nucleotide sequence of
this DNA was hampered because of clustering of bands in the
gel at this region. This problem was also encountered in
other sections of both ITS1 and ITSZ2. Such compression of
bands and uneven spacing of adjacent bands makes 1t difficult
to tell the number and order of the nucleotides. The
distortion is due to strong local secondary structure which
is not fully eliminated even under the denaturing conditions
of the gel. However, in most cases the precise sequence can
" be elucidated if sequence determinations are carried out on

both strands of the "problem" DNA,



Figure 4.6 Identification of an "extra" block of nucleotides

in pXlzlz,

Full DNA sequencing was performed on a labelled Taq I/
Hinf I fragment containing the 3' portion of ITS1. The figure
shows the three overlapping loadings from the same sequencing
gel.

ITS1 and ITS2 have heen designated individusl numbering
systems in the reference clone pXlrl0Ol and the nucleotides
numbered in the figure correspénd to this system. Nucleotide

557 1s the last nucleotide in ITS1.

¥ Indicates positions in the sequence which were originally
thought to be sites of variztion between 1lrlOl and pXl21l2.
Comparison of the full sequences for these two clones in

this region revealed 100% homology.

The DNA sequence shown at the bottom of the figure
represents the sequence determined in pX1l212, extending left-
wards from the Hinf I site in the 5.88 gene. Homologous
sequences in pXlrl0l are indicated by a continuous line.

The precise number and nucleotide sequence of the extra DNA
‘in pX1l21l2 cannot be elucidated from this gei alone.
Uncertﬁin nucleotides are described according to Staden
(1979). 'D'denotes more than one C, H denotes more than one

G, and N denotes order of nucleotides is unclear.
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Figure 4.7 Determination of "extra" DNA sequence in pXl2l2.

The figure illustrates the appropriate regions of
three sequencing gels which together allow the unambiguous
determination of the extra DNA sequence identified in pXl2l2.
Gel (i) shows segquencing of the insert on the rightwards
strand extending from the Ava II site shown. Gels (ii)
and (11i) are overlapping sequencing runs extending from the
Alu I-site at the extreme 3' end of ITS1 and an Sma I site
at the extreme 3' end of the extra sequence, respectively.
The code for uncertain nucleotides is the same as described
for Figure L4.6. Nucleotides are numbered according to the
pXlrlOl numbering system (see Figure 4.8) and the extra

block of 20 nucleotides designated h68l—h6820.
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Figure-h.T illustrates the sequencing strategy and gels
required %o determine the sequence of the extra DNA found in
pXl2l2. The segment of DNA is 20bp in length and like the
rest of ITS 1 comprises largely pf'guanine and cytosine.

It is located at nucleotide 468 in ITS 1 and incfeases the

length of ITS1 from 557 (pXlrlOl) to 577 nucleotides.

Sequencing the start of ITS2 using the 5.88-Hinf I
frﬁgment (Figure 4.6) was unsuccessful due to the length of
run required to reach ITS2 - the 162 nucleotides of the 5.88
gene must be read through first. However, a different
sequencing strategy was employed and restriction fragments
were generated which allowed an unambiguous sequence deter-
mination of the start of ITS2 to be achieved (Figure 4.3,
gel nos. 9 + 10). Comparison with the same region in

pX1lrlOl again revealed 100% homology of the sequences.

4.4 Comparison of the entire 188-28S5 nucleotide sequence of

pXl21l2 with the reference segquence from pXlrlOl

4L.,4.,1 rRNA coding sequences

In total, 419 nucleotides of gene sequence was analysed
in pXl1l21l2 : +the 3' end of the 185 gene extending from the
Eco RI site, the entire 5.8S gene and the first 20 nucleotides
of the 288 gene. Comparison of the sequence data»with the
reference sequence revealed 100% homology in the rRNA coding

sequences analysed.




Figure 4.8 Summary of comparative data in the internal transcribed
spacers of pXlrlOl and pX1212,

The figure shows the sequence of the RNA-like strand of ITS 1 and
ITS 2 in the reference clone pXlrlOl and px1212. A continucus line
represents complete sequence homology of pX1212 with the reference
sequence. Dashes indicate deletions with respect to the longer
sequence examined.,

Individual numbering systems have been adopted for ITS 1 and ITS 2.
Two sites of variation occur in ITS 1: at position 29 and immediately
following nucleotide 468 in the reference sequence. Variation also
exists in ITS 2: at position 193 and positions 225 and 257. The
latter two sites occur in the homopolymeric C tracts just upstream
from the start of the 285 gene.
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INTERNAL TRANSCRIBED SPACER 1.

PX1r10l ACGAGACCCC CCTCACOCGG AGAGAGGGAR GGOGOOOGCC GCACCCICCC CGCGGAGAGA 60
pX1 212 b -C -

PX1rl0l GAGAGAGACG COCGOOCCGE AGCGGAGACC GOCCOOCCOC CACGGGGGGG GEGOGROCGT 120
pXl 212 t ol

pX1rl0l OCCGRARGGG ACGACGAGGA ACCOCCAGAC GGCCCCGGOG AGGGGRECGEC GGCGACOCCG 180
PX1 212 b— {

PX1rl0l GGTOCACOCC GGGOOCGOOC GCCCGCCICC CCGCCGCGERE OCCGO0CGEG TACCTAGOCG 240
pX1 212 | 4

pXirlOl GGGCCGGGGC GOGGGGGCTG GCGCGGGAGC GGGGUGGOCC CAGGGOCGIC CGGOCTOCCC 300
pX1 212 ¢ —

PX1rlOl GCGICCGCCT COCGCGAOCC GCKDCGGGOG GTTCGARGAC COCGOOCGOC GGGOGGOGEG 360
pX1 212 ¢ —

PX1rl0l AGGGCOGGGA GGGAGOCGGG GAGGGGAGGG GGGGAGGCGG CGGUGHACCC GGOCGRROGE 420
pXl1 212 } - /

‘ 468 469

PX1r101 CGCCGOCGCA GGACCOCCGT OCCCETOOCG CGOCEICNeC — GGCGOOCGEG
pX1 212 +— — GC TOOCGOCOCC GROGRONC =i
pxlrloi CCGCGACCOGE CTCAGCGGCA GCACCGGTAG OCCTGOCGAG ACCGAAAAGG ARAACCGACC 540
PX1 212 b= -4

pX1rl0Ol GACGCGICGG CGAGAGC 557
PXL 212 — 1

INTERNAL TRANSCRIBED SPACER 2.

pX1rl0l GACGICCATC GOOOOCGCCG GGTCCCGTOC CGGOAOGGAG GUGCGGCIGE GGOOGTCGCA 60

pXl 212 — |

PX1r101l GGGGCGOGRC GCICCCCITC GTCOCOCCAA GACCAGACOC COGGOOCGEC GOCCGGGOCC 120
PXL 212 jeee i

PX1rl0l CGGCCCGACC GRCGGCGGCT GICTGIGAAT CCCTTCACGG CTGORCOCCC GGOCGECOCt 180
pX1 212 # 4

PX1rlol OCGGGGO00C GGOOCGOOGE CGRGAGCGGG COCGROCCCC COOCCOGEEE CGOGGONCCE 240
pX1 212 ¢ - 1GH 4 — -

pX1rl0l CGCCCOOOCC COUCOCCACG AC 262
pXi 212 b e B 4

Figure 4.8
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h.oh,2 ITS1

Two sites of variation exist in ITS1l of pXlrlOl and
pXl2l2 (Figure 4.8(i)). At nucleotide 29, pX1l212 contains
C whereas pXlrl0Ol contains A, This change occurs in a
purine rich tract which shows no obvious secondary structure.
The second site of variation occurs immediately following
nucleotide 468 in the reference sequence. pXl212 contains
an extra block of 20 nucleotides (denocted M681-h6820) as

mentioned above.

L.hk.3 ITS2

Between positions 1 and 192 the sequence of pXlrl0l and
pX121l2 correspond exactly. At nucleotide 193, pXl2l?2
contains C whereas pXlrlCl contains G. This base change
generates a new Sma I recognition site in pXl2l2. Hall and
Maden (1980) reported the presence of two lbng homcpolymeric
tracts of C residues in ITS2. These unusual sequences both
occur in pXl212 although the number of residues in each tract

differs from the corresponding numbers in pXlrl0l (Figure

L.8(ii)).

L,5 Conclusions

Determination of the nucleotide segquence of ITS1 and
ITS2 from this second rDNA clone, pX1212, has revealed
sequence variation in the form of single base changes and
length variation. This finding of spacer variation
immediately raises three questions

1) Could +this variation have arisen during the cloning of

the rDNA ?
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2) If not, is transcribed spacer variation a common

phenomenon in X. laevis rDNA ?

3) Do variations in amplified rDNA truly represent

variations in chromosomal rDNA?

The following two chapters describe the experiments

performed to answer these questions.
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5. Comparative sequence analysis of cloned and uncloned

amplified rDNA.

My search for further sequence variants covered part
of the external transcribed spacer and the whole of both

internal transcribed spacers.

5.1 Isclation of restriction fragments from cloned rDNA

A description of the clones used in this comparative
study is given in Figure 5.1. To simplify preparation of
restriction fragments for sequencing, subclones were used
when available. Selected control experiments showed that
no variation between subclones and parent clones existed.

Restriction digests of subclones were resolved on 4% poly-

acrylamide gels and digests of parent clones on 1% agarose

gels. The appropriate fragments were eluted from the gels

(Chapter 2, Materials 1.5.2 and 1.5.4) and prepared for

sequencing by 5'-end labelling and secondary restriction.

5.2 Isolation of restriction fragments from uncloned rDNA

Approximately 20ug of uncloned amplified rDNA were donated

by D.D. Brown. This sample was part of a larger preparation

isolated from the ovaries of 50-100 small frogs and purified

by banding in caesium chloride according %o Dawid et al.,

(1970).

After dialysis (by B.E.H._Maden) and rather prolonged storage,

the DNA was at first difficult to restrict. However subseqﬁent

phenol extraction and ethanol precipitation rendered the rDNA

susceptible to restriction. The purity of the rDNA was

confirmed by analytical restriction of small aligquots with




93

NTS ETS ITS | ITS2 tkb
285 185 585,/ 285
* rya
l 44 i .
2 3 g Z 2 E = 2 8
g £ s 8 g 3 & g £
- pXir 10|
pXir 102
pXirlO3
XIr 14 - g | ———
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Figure 5.1. Description of amplified rDNA clones in comparative
sequence study.
Slightly more than one repeating unit of rDNA from X,.laevis is

shown. The restriction sites used for cloning and the rDNA clones
used are indicated.

pX1lrlQOl, 102 and 103 contain a complete repeat unit bound by Hind III
sites. They therefore each contain the ETS and both ITS1 and ITS2
from a single transcription unit. pX1212 and pXlrll contain only

ITSL and ITS2. pXll08 and pXlrl4 contain the ETS.

To simplify preparation of restriction fragments, subclones contain- -
ing regions A,L or M were used in preference to the parent clones.
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enzymes that cut rDNA at known sites e.g. Eco RI, The

expected bands were seen with no significant contamination.

The amount of uncloned rDNA was quite small so, to make
maximum use of the material,]l wished to restrict the DNA
so as to produée several resolvable fragments containing
appropriate regions ( i.e. ITS1, ITS2, ETS) of the rDNA
repeating structure. A survey of numerous restriction sites
which had been mapped iﬁ one or more rDNA clones {(Botchan
et al., 1977; Boseley et al., 1978, 1979) or inferred from
sequence data (Hall and Maden, 1980) showed +that combined
digestion with Bam HI and Xba I would yield a suitable array
of.products. After a successful trial digest on & small
guantity of material, a large scale digest was carried out.

The design of the experiment and the results obtained are

shown in Figure 5.2.

After their recovery from the gel, the appropriate
fragments or asaliquots therefrom were used directly for full
ocr.partial sequencing runs cor after further restriction and
fragment separation, to give access to additional sites for
sequenciﬁg. Secondary restriction of end-labelled fragments
was carried out on the basis of known réstriction sites in
clones, yielding the expected fragments usually in just
sufficient quantity for visualisatioﬁ in polyacrylamide gels

after ethidium bromide staining.




Figure 5.2 Restriction of uncloned amplified rDNA.

Upper section : Map of Bam HI and Xba I sites in rDNA,

initially predicted from data from clones (see text). Lines
with arrow heads represent fragments obhtained from complete
digestion of uncloned rDNA with Bam HI and Xba I. Fragments
1-6 are numbered according to size. TFragments 2a and 2b and
fragments 6a, 6b and 6c are all variants due to heterogeneity

in the location of Bam HI sites in the NTS.

Lower section : Restriction digests of rDNA. Restriction

products were separated on a 1% vertical agarose gel and
visualised, after ethidium bromide staining, by U.V.
illumination. The wide central section contains the pre-
parative Bam HI plus Xba I digest of uncloned rDNA. The
fragment numbers correspond to those in the upper section :
the relationship of the fragments to the rDNA repeating
structure was inferred from the known distances bétween
restriction sites in cloned rDNA and confirmed by markers in
Lanes 1-3.

Lane 1: complete digestion of pXlrlOl with Bam HI + Xba I.
Lane 2: complete digestion of pXlrl0Ol with Xba I.

Lane 3 : complete digestion of pXl21l2 with Bam HI.

The top two fragments in lane 1 and the top fragment in
each of lanes 2 and 3, contain some material from the respective
vector linked to rDNA, The more rapidly migrating fragments con-
tain only rDNA. The sizes of these fragments are indicated
on the left (inecluding a very small Xba I fragment 7 from the

188 gene not numbered in the upper section).
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NTS ETS ITS I ITS 2
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2b
60 6b
6¢c
Uncloned rDNA
23
1 ~ 4

Figure 5,2

Ikb
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5.3 Comparative partial chemical cleavage

In order to screen rapidly for sites of variation Tbetween
clones and heterogeneity in uncloned rDNA, corresponding
restriction fragments from the various rDNA sources were
examined in parallel. After 5'=-end labelling and secondary
restriction the fragments were subjected to partial G
modification or partial C modification. Subsequent manip-
ulations were the same as used for full sequencing runs.

The choice between the G or C reactions was made so as to
maximise the amount of useful information that could be
obtained, on the basis of data from the reference clone and

on any preliminary data from other clones. Where suitable,

G cleavage was preferred because hydrazine {C specific) can
cross react weakly with G giving weak extra bands in the
cleavage pattern. If sequence variation was thought to exist
on the basis of the single cleavage experiment then, whenever
possible, a full sequencing run was performed on the DNA

in question.

5.4 Comparative sequenceanalysis

Comparative sequencing studies were carried out first on
both internal transcribed spacers because my preliminary
studies had already revealed several sites of variation
between two rDNA clones.‘ Figure 5.3 depicts the analyses
that were performed on the 188-288 region of five clones and

uncloned amplified rDNA.
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ITs2
= X _ — < T
z(z) :o; rvg'\ g - = o c 100bp
Ay % A A s £ 3 @
188 I 588 I 285
R
pXir 101
pX| 212
- ~ | e » pXir
L -—— I O pXIrt02
e o - - -t e ot e e e ] px|f 103
-— g Uncloned
rDNA

Figure 5.3, Summary of sequencing runs on the 185-28S intergene region

of five cloned rDNAs and uncloned amplified rDNA.

pX1lrlOl was fully sequenced in this region as described by Hall and

Maden, 1980. pX1212 was fully sequenced in this region during the
course of this work. pXlrlO2, pXlrlO3, pXlrll and uncloned rDNA were
subjected either to full sequencing runs (continuous arrows) or to G or
C cleavage (interrupted arrows) from the restriction sites shown.
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5.4.1 TITS1

Tnitial studies on ITS1l concentrated on the 5' and 3!

ends and were then extended into the internal section

whenever possible (Figure 5.3). Several sites of variability
were found. At nucleotide 29, pXl21l2 contains C whereas
all the other clones contain A, Next, in the wvicinity of

nucleotide 100, four out of the five clones contain a tract

of 10 cytosines followed after two nucleotides by 10 guanines.
pXlrll contains 11 of each of these nucleotides (Figure 5.4).
The number of guanines was determined by sequencing the
complementary strand because the G bands are compressed in
sequencing gels of the rightwards strand. Beyond the
compression effect, sequencing gels of cloned rDNA become
readable again. pX1lrll also contains an extra C following
C366 of the reference sequence (Figure 5.4). This gives rise
to an extra Sme I site which was experimentally demohstrated

(Hall, 1981).

Uncloned amplified rDNA (band 5, Figure 5.2) was analysed
rightwards from the Xba I site at the 3' end of the 188 gene
by a full sequencing run. Degpite the small amount of
uncloned material available, full sequencing experiments
were very successful (with one exception, see rRNA coding
regions) and gave clear sequence readings.' Part of the Xba I
full sequencing gel is shown in Figure 5.5. At position 29,
A shows less strongly than neighbouring adenosines and is
partly replaced by C. Normally A and C do not cross react
in such a way (see elsewhere in the gel) and the unique

occurrence of this dual reaction corresponds to the site of




Figure 5.4 Summary of comparative data from amplified rDNA

for ITS1 (rightwards RNA-like strand).

The figure shows the cqmplete sequence in pXlrl0l and the
variations between rDNA sources. Dashes indicate deletions
with respect to the longest seguence examined. Plus signs
for uncloned rDNA means that part of the population contains»
extra bases at this point. A shaded box signifies that the
indicated rDNA sources were subJect to complete sequencing
runs, with identical findings to pXlrlOl in the boxed region.
An open box signifies that G cleavage runs were carried out,
with no differences evident from pXlrlOl in the boxed region.
The zig-zag lines for uncloned rDNA indicate partly unresolved
cleavage pattefns due to length heterogeneity at the origins
of the lines. Unambiguous sequence determination of the
block of 20 nucleotides was achieved only in pXl21l2 "H" in
the remaining clones and uncloned rDNA signifies more than one
G and the order of nucleotides between position h6813—h6817
- was not resolved due to compression of nucleotides in the gels
obtained. "X" in uncloned rDNA indicates heterogeneities for

which no corresponding variants were found in the amplified

rDNA clones.
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Figure 5.5. Sequencing run on uncloned airplified rDNA.

The figure shows part of a sequencing gel obtained from a ccarplete
sequencing run on uncloned rDNA. The 3'end of the 18S gene and the first
part of ITS1 are illustrated. An aliquot of fragment 5 from uncloned rES*
was 5'end labelled and secondary restricted with Tagl. The labelled
*Xbal/Taql fragment was then subjected to full sequencing chemistry. Three
loadings were applied to the gel; the two longer loadings are shown here.
Nucleotides are numbered according to the pXlrlOl numbering system.
Despite the small amount of material the sequencing gel obtained yields
good sequence information: at position 29, the dual A/C reaction corresponds
to the A/C heterogeneity found at this position in the clones. The zig-zag
line following nucleotide 101 indicates loss of readability due to length
heterogeneity in this region of the clones.
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A/C variation between clones. Further downstream at
nucleotide 100 the sequence was readable in the oligo-C

tract but became unreadable after the compressed G tract
(Figure 5.5). This was in marked contrast to the clones.
The same feature was confirmed in the sequencing gel starting
from the Sau 3A site Jjust bhefore the 3' end of the 188 gene
(Figure 5.3). This sudden loss of readability can be
attributed to length heterogeneity in the oligo-C/oligo-G
tract correspondiﬁg to length variants at this location

found in clones. Thus the sites of variation between clones
correspond to sites of heterogeneity in uncloned rDNA and are

therefore not artefacts of cloning.

The most exciting site of veriation in ITS1 occurs
immediately following nucleotide 468 in the reference sequence
(Figure 5.4). A G cleavage experiment was carried out on the
five clones and on an aliquot of uncloned amplified rDNA band 5,
extending leftwards from the Hinf I site at tﬁe start of the
5.88 gene (Figure 5.6). Full sequencing of pX1l21l2 from
this site had revealed an extra block of 20 nucleotides at
nucleotide L468. Comparison of the G cleavage patterns
revealed that two of the five clohes showed the same pattern
as leélQ. Thus pXl2l2, pXlrl02 and pXlrll contain the
extra block of 20 nucleotides not found in pXlrlOl and pXlrlO3.
Complete sequencing runs alsc showed variation within the
20bp segment at position h683, two clones possess T and a third
possesses C (Figure 5.L4). The preparation of uncloned rDNA
.contains predominantly the sequence with the extra 20 nucleo-
tides (Figure.5.6). In addition, a complete sequencing run

showed a relatively homogeneous sequence in the region con-




Figure 5.6 Preparation and screening of the 3' region of ITS1.

The Xbal/BamBHI ITSl-containing fragment of five clones and
an aliguot of uncloned rDNA, band 5, was digested with Hinf I
and the products resolved on a 4% polyacrylamide gel (i).
Lanes 1-6 represent pXlrlOl, 103, 102, pXirll, pX1l212 and
uncloned rDNA respectively. Fragment la contains the entire
ITS1 and was eluted from the gel for each of the clones and
uncloned rDNA. After 5' end labelling and secondary restrict-
ion with Taq I the products %ere separated on a second 4%
polyacrylamide gel (ii) (Lanes 1-6 as béfore). Fragment
2b contains the 3' region of ITS1 and migrates more slowly
in pXlrl02, pXlrll and pXl2l2 than the equivalent band in-
pX1lrl0l and 103. Uncloned rDNA fragment 2b was very faint.
G cleavage was performed on fragment 2b from each of the rDNA
sources extending leftwards from the Hinf I site at the start
of the 5.88 gene. The relevant areas from two overlapping
loadings from the same sequencing gel are shown (iii).
Guanine bands correspond to cytosine on the rightwards
strand in Figure 5.k4. Nucleotides are numbered according

to the pXlrlOl numbering system (Figure L4.8).

"X" in uncloned rDNA 1s as previously described

(Figure 5.4) and in the text (5.3.1).
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Figure 5.7 Analysis of unclconed rDNA in the 3' region of ITSL1.

(a) Complete sequencing run on uncloned rDNA extending leftwards
from the Hinf I site at the start of 5.83 into ITS1. Three
loadings were applied to the sequenéing gel : the two longer
loadings are shdwn. Nucleotides are numbered according to

the ?Xlrloi éystem in Figure Lk.8. It was not possible‘to
determine the precise sequence of the block of 20 nucleotides

at position 468 due to compression of cytosines (denoted by D)
on the leftwards strand.

(b) This illustrates the two size classes of rDNA due to the
Vgriable presence of an extra 20bp segment following nucleotide
468 in ITS1. The righthand side of (b) shows fragments
labelled at the Hinf I site in 5.8S and extending to the Taq I
site in ITS1 (fragment 2b, Figure 5.6). Uncloned rDNA contains
predominantly the larger fragment with a small quantity
(arrowed) of the smaller fragment. The lefthand side of (b)
shows the same fragments after partial G cleavage (as in Figure
5.6) to provide size calibration. pXlrli contains an extra
nucleotide following position 366 and this seems to cause

slight expansion of spacing in the last few nucleotides of

the fragment from this clone.
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taining the extra 20 nucleotides (Figure 5.7(a)). A sizing
experiment with an aliguot of the labelled Hinf I restriction
fragment encompassing this region showed that only 2-5%

of the material lacked this 20bp segment (Figure 5.7(Db)).
Therefore, although this preparation of uncloned rDNA
contains predominantly the longer sequence version at this
point, a small but detectable guantity of shorter version is

also present.

The last region of variability in ITS1 was found only in
uncloned rDNA and occurred in the region flanking the 5.88
sequence. In Pigure 5.6, X marks the six sites at which G
shows in uncioned rDNA but not in any of the clones. The
complete sequencing run on uncloned rDNA showed heterogeneity
at each of these sites. A possgible explanation for the
complex pattern of heterogeneity might be the presence, in
uncloned rDNA, of a sequence variant that is "frame-shifted"
one position to the left in the sequence of the RNA-like
strand. A single base deletion immediately preceding the
affected region and a single base insertion immediately
afterwards would produce this effect. Subsequent analysis
of further clones (see under chromosomal clones, Chapter 6)

revealed this to be the case.

5.4,2 TTS2

The single Bam HI site near the middle of ITS2
(Figure 5.3) serves as a useful dividing point for describing
ITS2 sequence variants. The initial sequence comparison

between the reference clone and pX1l21l2 revealed a homogeneous
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Figure 5.8. Summary of comparative data for ITS 2 (rightwards,
RiA~like strand).

The figure shows the complete sequence in pXlrlOl and the variation
between rDNA sources. "Boxing" is as explained in figure 5.4 with
one exception; an open box signifies that C cleavage runs were
carried out, with no difference evident from pXirlOl in the boxed
region. The question mark at position 193 in pXlrll means that there
was no C in the C cleavage pattern. Therefore G was inferred by
analogy with the full sequence determination for pXlrlOl.
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sequence through to this Bam HI site (Figure 5.8). A full
sequencing run on uncloned amplified rDNA (band 5), extending
leftwards from the Bam HI site (Figure 5.3) showed no

detectable heterogeneities in this region.

The latter half of ITS2 harbours all the ITS2 sequence
variants. A C cleavage experiment was performed on the five
clones and uncloned rDNA (band 4, Figure 5.2) extending
rightwards from the Bam HI site. In the cloned DNAs, two
sites of base substitution at positions 193 and 205 were found
(Figure 5.8). Uncloned rDNA in this region showed a com-
plicated pattern for about 20 nucleotides following the first
site of sequence variliation between the cloneé but the pattern
became normal again at the start of the first oligo-C tract
(Figure 5.9, lefthand section). . Evidently variant sequences
are present in this region but it is not possible to say
whether the variants are the same as those identified in the

clones.

In pX1lrlOl, the first oligo-C tract contains 15 cytosines.
In the other clones and uncloned rDNA that tract contains only
11 cytosines (Figure 5.9, lefthand section). In contrast,
the number of cytosines in the second tract is more generally
variable, ranging from 9-15 C in the clones (Figure 5.9,
righthand section). It is not possible to distinguish the
number of cytosines in uncloned rDNA. The C cleavage pattern
after the tract becomes unclear as a result of length hetero-

geneity in this tract (Figure 5.9, righthand section).




Figure 5.9 Comparative C cleavage of the 3' region

of ITS2 in amplified rDNA.

The Figure shows the C cleavage patterns of cloned and
uncloned rDNA in the region of ITS2 immediately following the
first site of variation at position 193. Nucleotides are
numbered according to the individual numbering system of

pX1lrl01l (Figure 4.8).

Following the first site of variation of position 193,
uncloned rDNA shows a complicated C cleavage pattern for
about 20 nucleotides ("X" in left-hand section of Figure)
tightly spaced doublets of C bands occur in which the
separation is approximately half that for the normal interval
between single nucleotides. At position 216 the spacing

reverts to normal.

The second oligo-C tract is shown in the right-hand
section. It varies from 9-15 in cloned rDNAs. The zig-zag
line for uncloned »rDNA indicates paritly unresolved cleavage
patterns due to length heterogeneity corresponding to length.’

variation at this point in the clones.
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5.4.3 ETS

This is the longest of the three transcribed spacers in
X. laevis rDNA and has been fully sequenced in the refefence
clone pXlrlOl (Maden et al., 1982a). In preliminary com=-
parative studies the region near the 18S gene revealed some
sites'of variation between clones (B.E.H. Maden, pers. comm.).

This region was therefore chosen for a more detailed study.

Five ETS~containing clones, pXlrlOl, 102, 103, pxl1l08
and pXlrll, and fragments 2a and 2b from uncloned amplified
rDNA were used for this comparative study. Fragments 2a and
2b each contain part of the NTS, the entire ETS and part of
the 18S gene (Figure 5.2). The two fragments differ in
length from each other-by about 150 nucleotides. The main
source of this length difference is in the NTS. The reasons
for inferring this are as follows. Restriction data on the
NTS in rDNA clones show a general pattern in which two or
more Bam HI sites are flanked on the right by variable length
repetitious regions containing multiple Alu I restriction
sites (see Introduction). After the last Alu I repetitious
region in the NTS there are no further Alu I sites before the
first Xba I site in the 18S gene shown in Figure 5.2.
(Boseley et al., 1979; Maden et al., 1982(b)). Restriction
tests on small aliquots of fragments 2a and 2b showed that the
distance from the last Alu I site in the NTS to the Xba I site
was similar to within a few nucleotides in the two fragments
(R.E.H. Maden, pers. conm.). This indicates that the major
site of length difference must be, as expected, within the

Alu I repetitious region immediately following the last Bam HI

site in the NTS.




Figure 5.10 Analysis of the ETS in amplified rDNA.

Upper section: Diagram of sequencing runs in the ETS. pX1rlOl was
subjected to complete sequence analysis throughout the ETS (Maden et al,
1982a). pX1108 and pXlrl4d were subjected to full sequencing rums
(continuous arrows) from the restriction sites shown. pXlrlO2 and

pPX1rl03 were subjected to G cleavage runs (interrupted arrows) from
the Sau 3A site indicatéd. Uncloned rDNA fragments 2a and 2b were
subjected to complete sequencing runs from the Xba 1 site at nucleotide
+158 in the 18S gene, permitting reading into the first 25 nucleotides

of the ETS (Maden et al, 1982b), and to G cleavage runs (interrupted
arrows) from the indicated Sau 3A site.

Lower section: G cleavage patterns of fragments from rDNA clones
and uncloned rDNA extending leftwards from the Sau 3A site at
nucleotide +10 in the 18S gene. The relevant areas of two

overlapping loadings from the sequencing gel are shown. Guanine
bands in this figure correspond to cytosine on the rightwards strand
in Figure 5.11. Nucleotides are numbered according to the pXlrlOl
nunbering system for the ETS (Maden et al, 1982a). The pXlrlOl-type
sequence gave some spacing ancmalies between nucleotides -20 and =33
on the leftwards strand. The full sequence was established for
both strands in pXlrlOl. It was thereby possible to identify the

pXlrlOl-type sequence unambiguously in other sources from data on
the leftwards strand.
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A Sau 3A restriction fragment containing the bulk of the
ETS and the first 10 nucleotides of the 18S coding regiocn was
purified from the five ETS-clones (see above) and uncloned
rDNA fragments 2a and 2b. After 5'-end labelling and
secondary restriction, G cleavage was carried out, extending
leftwards from the 188 Sau 3A site into the ETS. In addition,
full sequencing runs were performed on two of the clones,

pX1108 and pXlrlk, in this region (Figure 5.10).

Comparison of the G cleavage patterns obtained
(FPigure 5.10) showed several interesting features. In the
region between nucleotides -20 and -33, the clones fall into
two groups with different cleavage patterns: pXlrlOl, 102 and
103 show one pattern whereas pXlrlh and pX11l08 show another
pattern. Full sequencing runs showed that pXlrld and pX1108
differ from pXlrlOl by the presence of two mini-insertions,
each comprising two hucleotides, and a base substitution
(Figure 5.11). At nucleotide -33, the two types of pattern
become similar again but are out of register by four nucleo-
tides due to the extra nucleotides in the pXlrlkh-type
sequence. Uncloned fragments 2a and 2b show a very
interesting relationship to the patterns for the cloned rDNA
in this region. The longer fragment 2a contains predom-
inantly the pXlrlOl-type sequence whereas the shorter fragment
2b, contains predominantly the pXlrlh-type sequence. Had
these sequence types be?n randomly distributed among fragments
2a and 2b, then the G cleavage patterns of both fragments
would have become ohscure immediately upstream due to super-
position of "out-of-register" sequences. This is clearly

not the case (Figure 5.10).
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The figure shows the complete sequence in pXlrlOl and the variations
between rDNA sources. "Boxing" is as explained in figure 5.4. The
numbering system is according to Maden et al, (1982a). The question
mark at position -28 in uncloned fragment 2b means that there was

no G in the leftwards strand at this point (figure 5.10). Thus the
actual nucleotide cannot be specified with certainty. However, by
analogy with sequence data from pX1108 and pXlrld a cytosine is
almost certainly present, and hence guanine in the rightwards strand.
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Continuing upstream the cleavage patterns of both cloned
and uncloned rDNA remain distinct until a long run of guanines
(Figure 5.10, lefthand section of G cleavage gel) correspond-
ing to the oligo—-C tract at nucleotide =50 in'the rightwards
strands (Figure 5.11). As is the case for ITS2, the homo-
polymeric tract exhibiﬁs length variation of 11-1) residues
in the different clones. In uncloned rDNA, the G cleavage
pattern beyond this region shows loss of internal register.
Although a dominant pattern can still be recognised, there
are contributions from "out-of-phase" patterns indicating that
length heterogeneity occurs at this point in both fragments.
This is in cofrespondence with the lepgth.variants at this

site in the clones.

Analysis of three clones in the region extending right-
wards from nucleotide -293 performed by B.E.H. Maden, revealed

some additional sites of variation as shown in Figure 5.11.

5.4.4 rRNA Coding Regions

As mentioned previousiy (4L.4.1) no sites of wvariation
were found in the rRNA coding regions studied in the reference
clone and pXl21l2. Maden et al (1982b) reported that no
sites of sequence variation Qere found in an extensive survey
of the 185 gene from several cloned rDNAs and uncloned
amplified rDNA. I have sequenced the 5.88lcoding region from

this uncloned amplified rDNA preparation. Two overlapping

sequencing gels through the 5.8S5 gene were obtained (Figure 5.3).
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The first gel, extending rightwards from the Hinf I site, yielded
poor A and T reactions and prevented elucidation of the precise
nucleotide sequence. The second gel, extending from the

Sau 3A site illustrated in Figure 5.3, yielded good chemistry

and the data from the two gels together excluded the

possibility of any grosé heterogeneities,such as length

heterogeneity,in the 5.885 gene.

During analysis of two short regions of 28S rDNA, -one
site of variation was found between clones; pXlrl02 contains 'an
extra cytosine approximately 4O nucleotides.in from the start
of the sequence. Because of length heterogeneity in the
oligo-C tract, upstream in ITS2, I was unable to determine the

sequence in this region of the 288 gene in uncloned rDNA.

Comparative G cleavage runs, leftwards from the Bam HI
site in the 288 gene (Figure 5.2) revealed an identical

pattern in both cloned and uncloned rDNA in this region.

5.5 Conclusions

I started this chapter by poging three questions. The
experiments Jjust described have answered the first two
questions. Seqﬁence microheterogeneities are a common
phenomenon among the transcribed spacers of X. laevis rDNA.
In addition,'analysis of uncloéned rDNA has éhown that these
heterogeneities are not artefacts introduced during cloning
but are representati%e of sequencekvariants occurring in a

large rDNA population.
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However, one question remains unanswered, Do the seguence
variants found in amplified rDNA also occur in chromosomal
rDNA ¢ It is important to answer this question because the
possibility remains that sequence variation may arise in
amplified rDNA because of aberrant DNA replication of chromo-
somal rDNA during amplification. By the same token, ident-
"ification of chromoscmal rDNA sequence variants would indicate
that the primary reservoir of variant sequences is genomic

rDNA.

The following chapter describes the construction and

subsequent analysis of five X. laevis chromosomal rDNA clones.
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6. Analysis of X. laevis Chromosomal rDNA Clones

6.1 TInitial characterisation of chromosomal rDNA

3ug of purified X. laevis chromosomal rDNA were donated
by A.P. Bird. The rDNA was isoléted from the erythrocytes
of several frogs and was purified by banding in caesium
chloride.l The frogs had been purchased from Xenopus Ltd.

and originated from the wild.

In order to check the purity of the rDNA, small aliquots
(0.1pg) were restricted with Eco RI or Hind III, The
expected bands were obhtained. Another small aliguot was
shown to be highly resistant to digestion with Hpa IT
(Figure 6.1). This resistance is characteristic of ery%hrocyte
chromosomal rDNA in contrast to either amplified or cloned rDNA,

and is due to methylation of the many Hpa II sites (Bird and

Southern, 1978).

6.2 Construction and identification of chromosomal rDNA clones

My thective was to perform sequence analysis in the
trenscribed spacers of chrémosomal rDNA. In order to achieve
this aim, I decided to construct chromosomal rDNA clones. My
previous results made me confident that cloning would not
introduce any sequence artefacts. I wished to construct
clones homologous in configuration to the amplified rDNA clones
pX1lrl01-103 (Figure 5.1). For this reason therefore, chromo-
somal rDNA (0.8ug) was digested to completion with Hind III
and the restricfion products (containing complete repeat
units) cloned into the Hind III sité of pAT153. To aid in

the formation of recombinant molecules, Hind III cut pAT153




Figure 6.1 Characterisation of uncloned chromosomal rDNA,

The sequence CpG is contained within the recognition site

for the restriction enzyme Hpa II. Hpa II cleaves only at

unmethylated CpG seguences.

Small aliguots of uncloned chromosomal rDNA (methylated)

and amplified cloned rDNA {(unmethylated) were digested to

completion with Hpa II or Hae III and the products resolved

on a 1% horizontal agarose gel. The products were trans-

ferred to nitrocellulose paper according to the method of

Southern (1979) and hybridised to a Hela

probe.

Lane

Lane

Lane

Lane

L

32P—-288 + 185 rRNA

The figure shows the resulting autoradiograph.

2ug pXlrlOl digested with Hpa II
0.75ug chromosomal rDNA digested with Hpa IT
2ug pXlrlOl digested with Hae III

0.25ug chromosomal rDNA digested with Hae III.

Chromosomal rDNA gave only high molecular weight products

after digestion with Hpa II due to methylation of CpG sites.

Digestion of chromosomal rDNA with Hae IIT gave the charact-

eristic Hae III-rDNA restriction pattern (compare lanes 3

and 4) and confirmed the susceptibility of this rDNA prepar-

ation to restriction.
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was treated with bacterial alkaline phosphatase to prevent
recircularisation of the vector DNA. Ligation was per-
formed as described (Chapter 2, Methods 2.1) and recombinant
molecules were initially selected on the basis of antibiotic
resistance. The single Hind IIT site in pAT153 is located
in the promoter region of the tetracycline coding sequence

and cloning into this site prevents expression of the tetra-
cycline gene. Recombinant molecules are therefore AmpR TetS.

Of the 108 colonies screened, 35 were AmpR TetS and were

designated as putative recombinants.

In order to identify rDNA containing clones, both colony
"hybridisation and small scale plasmid DNA preparations were
performed on the 35 putative recombinants. Examination of
the autoradiograph after colony hybridisation revealed five

32P—labelled HeLa 288 rRNA

strong positive signals with the
probe used for the hybridisation. The pesitive colonies were
identified as colonies 4, T, 13, 28 and 31. Restriction
analysis with Bam HI on the DNA prepared from the 35 colonies
(Figure 6.2) revealed that. the DNA from the same five colonies
gave bands characteristic of rDNA digested with Bam HI.

Large scale DNA preparations were then made from these five

colonies and the plasmids denoted pXlecrl, 2, 3, 4 and 5 where

"Xler" strands for "X. laevis chromosomal ribosomal™.

Thus of the 35 AmpR Tets colonies i1dentified initially,
only five contained recombinant rDNA molecules. I think that
this low efficiency of recombinant formation is due largely

to the large size of the insert DNA (1lkb) in relation to
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Figure 6.2 Identification of chrcmosamal rDNA clones by limited
restriction analysis.

DNA prepared from the 35 putative recorrbinants (see text) was
digested with Bam HI and the products resolved on 1% vertical
agarose gels. Identification of rDNA clones was aided by
comparison of the Bam HI restriction products with those
obtained for a known rDNA clone - pXlrlOl (lanes 1, 20 and 32).
An invariant 1200bp fragment containing the 3’end of ITS 2 and
the start of the 285 gene (seeabove) was identified in the DNA
purified from colonies 4, 1, 13, 28 and 31 (lanes 5, 8, 15, 31
and 35 respectively).

The strong bands at the bottom of both gels represents low
molecular weight BNA present in the small scale preparation
of each DNA.
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vector DNA size ( 3kb). Subsequent control experiments
carried out in our laboratory revealed a dramatic fagall in
the number of recombinant molecules obtained as insert size
was increased to over 6kb. With hindsight, a higher cloning
efficiency would surely have been obtained if I héd used the
bactefiophage lamba cloning system for constructing full

length chromosomal rDNA clones.

6.3 Regtriction and seguence analysis of pXlerl-5

Digestion of lecrl—S‘with.Bam HI and Xba I yields a
series of fragments similar to those obtained for amplified
rDNA (Figure 5.2). Figure 6.3 shows the restriction products
of two chromosomal clones, pXler 4 and pXlcr 5, and pXlrlOol
after combined digestion with Bam HI and Xba I. Certain
fragments are common to both pXirlOl and pXler L and 5.
Bands 4, 7 and 5 in pXlrl0l correspond to fragments contain-
ing part of the 183 gene, 185-28S intergene region and 288
gene, respectively. Similar bands were found in all five
chromosomal clones and the equivalent bands in pXlecrl-5
were subsequently usgd for sequence analysis of ITS1l and
ITs2. Because of heterogeneity in the location of Bam HI
sites in the NTS, identification of the ETS-containing
fraément in the chromosocmal clones was more difficult. A
different restriction strategy was dgvised, using Sau 34,

to obtain an appropriate ETS fragment.

Analysis of all the known Sau 3A sites in pXlrlOl led
to the prediction that the entire length of ITS1l and three-

guarters of the ETS should be contained in separate Sau 3A




Figure 6.3 Restriction analysis of pXlecrk and pXlers

Upper section : Map of Bam HI and Xba I sites in the reference

clone pXlrlOl. Lines with arrowheads represent fragments
obtained from complete digestion of pXlrlOl with Bam HI and

Xba I. Fragments 2-7 are numbered according to size.

Lower section : Bam HI/Xba I restriction products of two

chromosomal clones pXlerlk and 5 (lanes 2 and 3 respectively)
and pXirlOl (lanes 1 and 4) resolved on a 1% vertical agarose
gel and visualised, after ethidium bromide staining, by U.V.
illumination. The top two fragments in lanes 1, 3 and bk

and the top fragment in lane 2 contain some materizl from

the parent vectors linked to rDNA. The fragment numbers

for pXlrlOl correspond to those in the upper section.
Fragments obtained within the ribosomal transcription unit
were the same in pXlerk, 5 and pXlrlOl (i.e. fragments L4, 5,7).
The remaining bands in lecrﬁ and 5 correspond to NTS-
containing fragments and are variable because of Bam HI site

heterogeneity in the NTS,.
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fragments approximately 600bp in size. The ITS1 fragment
extends from a Sau 3A site at the 3' end of the 188 gene
(Figure 5.3) to a Sau 3A site 20 nucleotides into the start
of the 5.88 gene. The ETS'fragment extends from position
-600 in the ETS to a Sau 3A site at nucleotiae +10 at the
5'-start of the 18S gene (Figure 5.3). On the basis of

this information I decided to digest pXlerl-5 with Sau 3A

and try and identify these ETS and ITS1l fragments. By a
stroke of good luck, a band of approximately 600bp was
separated from the many other rDNA and vector bands on a
4Ocm, 4% polyacrylamide gel. The intensity of the band after
ethidium bromide staining‘confirmed that the ETS and ITS1
fragﬁents had comigrated. The "Sau 600" fragment in each
clone was eluted from the gel and the DNA 5'-end labelled.
Isolation of specific ETS and ITS1l fragments was achieved by
secondary restriction with Ava II which has several recog-

nition sites in both the ETS and ITS1.

A limited amount of sequence analysis was carried out '
in all three transcribed spacers and short sections of the
rRNA coding regions in pXlerl-5. Fragments were prepared for
sequencing as described (Chapter 5, Section 5.3) and then
subjected to various complete sequencing runs or to G or C
cleavage runs in selected regions of the transcribed spacers

and rRNA coding regions.

6.4 The internal transcribed spacers

Figures 6.4 and 6.5 illustrate the sequencing runs

carried out and the results obtained for ITS1l and ITS2




Figure 6.1 Summary of ITS1 sequencing runs and variants

identified in pXlecrl-5.

pXlrlOl is the reference sequence : on this line is indicated
every site where a transcribed spacer variant has been found in
another rDNA source. Where substitutions were found in other
sources, the base that occurs in pXlrl0Ol is shown above the
line, together with the nucleotiée number below the line.

For insertions or deletions in other sources a box is shown
.above the pXlrlQ0l line and the number of the adjacent nucleo-
tide in pXlrl0l below the line. For pXlecrl-5, a solid line
represents coverage by complete sequencing in the region
indicated; an interrupted line indicates G cleavage only.

A gep indicates that no data are available. Substitutions
are denoted by showing the base that différs from that in
pXlrlol. Insertions with respect to pXlrl0l are shown

thus 77 , with the number of extra nucleotides, +1 etec.
Deletions with respect to pXlrlOl are shown thus AL , Wwith

the number of deficient nucleotides -1 etc. The gquestion
mark at position 1luh in pXlcrl means that it was not

possible to say with complete certainty that T is present

(as in pXlecrk) because of poor T chemistry. Between nucleo-
tides 525 and 551, the inset shows the variant phase-shifted
sequence of pXlerkd (written for the rightwards sirand).

pXlcrl showed a similar G cleavage pattern to pXlerl but was

not fully sequenced.
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Figure 6.5 Summary of ITS 2 sequencing runs and,variants identified

in pXlerl-s,
pXlrlOl is the reference sequence. Figure markings are as described in
figure 6.4 with one exception. An interrupted line indicates C cleavage
only was performed. In pXlcr4, the A residue indicated is at position 192.
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respectively. The findings (including those for the ETS,
see below) corresponded well to those for amplified rDNA.

In addition some new sites of variation were identified.

A full sequencing run extending rightwards from the
Sau 3A site at the 3' end of the 18S gene allowed comparative
analysis of the first 150 nucleotides of ITS1 in all five
clones. In this region it will be recalled, that two sites
of variation were observed in amplified rDNA (Figure 5.4).
At position 29, amplified rDNA shows A/C heterogeneity.
This was also true for the chromosomal clones : pXler 2, 3
and 5 contain A whereas pXlecr 1 and 4 contain C (Figure 6.L4).
Further downstream length variation in the oligo-C tract
following nucleotide 100 was observed in the chromcsomal clones.
I was unable to determine the corresponding number of guanines
in the adjoining oligo—-G tract hecause sequencing was per-
formed on the rightwards strand only. However, full seguence
determiriations in the amplified rDNA clones always revealed
equivalent numbers of C and G. By analogy, therefore,length
variation in the oligo-G tract is inferred in chromosomal rDNA.
A new site of variation, not found in the amplified rDNA
clones examined, occurs in pXlcr 4 (and possibly pXler l,rsee
legend to Figure 6.4) at position 1hk. A C— T change is

present.

The 3'-end of ITS1 had revealed sites of major variation
in amplified rDNA. Accordingly, this region was studied in
great detail in the chromosomal clones (Figure 6.4).
Initially a G cleavage experiment was carried out extending

leftwards from the Hinf I site at the start of the 5.88 gene.
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Full sequencing runs were then performed on pXler2, L4 and 5.
All of the clones exhibited a G cleavage pattern compatible
with an extra block of nucleotide between nucleotides 468
and 469. None of the clones resembled pXlrlOl and pXlrlO3
at this point, all of them.contain the extra 20bp segment.
Full sequence analysis on three of the clones verified this
finding and confirmed the variable nature of nucleotide h683

(Figure 6.4).

I mentioned in Chapter 5 (Section 5.4.1) that uncloned
amplified rDNA revealed a block of ambiguous nucleotides near
the start of the 5.88 gene. Analysis of the G cleavage
pattern for two clones pXlerl and 4 and full sequencing of
pXlerk showed that both these clones possess variant sequences
in this region. ©Figure 6.6 illustrates the appropriate
region of two sequencing gels. pXler5 shows the same
sequence as pXlrlOl. pXlcrh contains the variant sequence.

A single base deletion occurs at position 525 in ITS1 followed

by a single base insertion following position 551. The

region between nucleotides 525 and 551 in the variant sequence

is thus "phase-shifted" by one base with respect to the

reference sequence. Superposition of the reference sequence

and "phase-shifted" sequence would generate a pattern of

bands similar to those found in unclioned amplified rDNA.

Thus, this chromosomal variant was present in uncloned

amplified rDNA but was not found in any of the amplified rDNA

clones analysed. In addit%;e, pXlerlk showsﬂvgriation within
-

variation : at positions 52§>and 552 a A —> Q&and G ——3 A

base chahge has oceurred (Figure 6.4, inset).
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Figure 6.6 Full sequencing determination of the

"phase-shifted" sequence in pXlerk.

The Figure shows the shortest loading of the full
sequencing gels obtained for pXlerld and pXlcrS at the

extreme 3' end of ITS1.

Gel(i) shows the seguencing run obtained for pXlecr5 in
this region, extending leftwards from the Hinf I site at
the start of the 5.8S5 gene. Gel(ii) sﬁowsthe equivalent
sequencing run for pXlecrk. pXlcr5 exhibits the same
sequence type as pXlrlOl, pXlcrh exhibits the "phase-

shifted" sequence type.

Nucleotides are numbered according to the pXlrlOl
numbering system. The sequences at the bottom of the
Figure are for the leftwards strand. ¥ denotes variant

nucleotides between positions 525 and 551.
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GGC-TTCCCTTCTGGCTGGCTGCGCAGCCGTTTCTCG — 5' pXlcr4

Figure 6.6
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ITS2 was analysed in a similar way to ITS1 (Figure 6.5).
No sites of variation had been found in the first half of
ITS82 in amplified rDNA. This was also true of chromosomal
rDNA : full seguence analysis of pXlcr2 in this region
revealed 100% homology with the amplified rDNA sequence.
Further downstream, length variation in both homopolymeric C
tracts was present in pXlerl-5. The 11 cytosines found in
the first tract in pXlrlOl appears to be the least common
length variant. All the other amplified and chromosomal
rDNA sourcescontain 9 C. The second tract is more variable
among the different sources, ranging from 10 to 16 C.
Chromosomal rDNA showed one new variant in ITS2, a G- A
" change in pXlerl at position 192 (Figure 6.5) next to the

site of C—»G variation at 193 in pXi2l2.

6.5 ETS

Sequence analysis in the ETS covered the 3' region
extending leftwards from a Sau 3A site at position +10 in
the 18S gene. The sequencing runs performed and the results

obtained are summarised in Figure 6.7T.

Between nucleotides -20 and -33 amplified :DNA diéplayed
two types of seguence : pXlrlOl-type sequence common to
pX1lrl01l, 102, 103 and fragment 2a from uncloned amplified rDNA,
and pXlrlh-type sequence found in pXlrlk, pX1l108 and fragment
2b from unclconed 1rDNA. Both sequence types are present in
chromosomal rDNA : pXlcr2, 3 and 5 show pXlrlCl-type ééquenqe
whereas pXlcrl and 4 display a pXlrlk-type sequence. 'No new

sequence types were observed.
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Figure 6.7 Summary of ETS sequencing runs and variants identified
in pXlerl-5. .

pX1lrlOl is the reference sequence. Figure markings are as described

in figure 6.4.
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Further upstream, the sites of variation previousl&
identified in amplified rDNA were identified in corresponding
positions in the chromosomal clones. pXlcr2 was the only
clone to show complete ETS homology in the region examined,

with the reference clone, pXlrlOl (Figure 6.7).

6.6 rRNA coding regions

Sequence analysis of the rRNA coding regions was limited
to the last 60 nucleotides of the 188 gene in four of the
clones and the entire 5.85 gene in one clone pXlecr2. No sites
of sequence variation were identified - the sequences show

complete homology with the sequences obtained for
amplified rDNA. The start of the 28S gene was analysed by =
C cleavage experiment extending rightwards from the Bam HI
site in ITS2. pXlcr2 showed a slightly different pattern in
the 28S region to the remaining clones and full sequence
analysis verified the presence of an extra C adjacent to dho
in the sequence. This variant was also identified in the

amplified rDNA clone pXirlO2,

6.7 Conclusions

Analysis of the transcribed spacers of X. laevis chromosomal
rDNA clones has revealed several sites of microheterogeneity
previously identified in both cloned and uncloned amplified
rDNA. A sequence variant present in unclcned amplified
rDNA but not found in any of the amplified rDNA clones was
identified in two of the chromosomal clones. In addition,
two new sites of variation in the form of single base changes

were observed. These results are reassuring:it seems unlikely
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that amplification of rDNA during oogenesis introduces

sequence variants into the transcribed spacers of amplified

rDNA.

In the introduction to this thesis (Section 1.L4), I
discussed the validity of using amplified rather than chromo-
somal rDNA for detailed characterisation of X. laevis rDNA.

I concluded that when large preparations of amplified rDNA
are made from many frogs a representative selection of
chromosomal rDNA repeats is present in the amplified rDNA.
Both the uncloned and cloned amplified rDNA used in this study
originated from groups of frogs which had been bred at the
Carnegie Institute of Washington, Department of Embryology
1973-1976, after descent by one or a few generations from
the wild. The chromosomal rDNA used in this analysis was
obtained from frogs supplied by a commercial company and
originated from the wild. The findings reported here
indicate that pooled amplified rDNA does give a true repres-
entation of chromosomal rDNA by the criteria of direct DHNA

sequence analysis in the transcribed spacer regions.
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T. Analysis of »DNA from a single X. laevis

The preceding three chapters have been concerned with
determining the nature and extent of seguence variants in the
transcribed spacers of both amplified and chromosomal rDHA
purified from many X. laevis frogs. Heterogeneities including
-single base'chdhges and length variants of one to several
nucleotides were identified in all three transcribed spacers.
These results however, give no indication of the extent of
transcribed spacer variation within single frogs : moré
specifically within single nucleolar organisers. The most
basic level for the introduction of sequence variants within
the transcribed spacers of X. laevis rDNA must exist within
single nucleolar organisers. T anticipate that the hetero-
geneities identified in pooled rDNA reflect a low level of
sequence variation present within single nucleolar organisers
which, given time, have spread through and hecome established
within the rDNA multigene family. My final objective in this
project, therefore, was to purify chromosomal and amplified
rDNA from individual X, laevis and determine the extent of

intranucleolar transcribed spacer variation.

Wwild +type X. laevis.contain theilir diploid complement .
of rRNA genes within two nucleolar organiser regions (2-nu).
However, mutants of X. laevis exist which contain only one
nucleolar organiser, These heterozygotes (l-nu) regulate
their genes to produce twice as much 288 and 188 rRNA as the
same genes whén present in wild-type (2-nu) individuals.
rDNA isolated from a l-nu X. laevis would provide the ideal
material for determining the extent of intranucleolar trans-

eribed spacer variation because any sequence variants identified
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must originate within the single nucleolar organiser of the
animal, However, such frogs must he specially bred and
reared and are therefore not easily obtained. I decided
instead to study rDNA isolated from a single wild-type

(2-nu) X. laevis.

In order to show that transcribed spacer variation
exists at the level of a single nucleolar organiser, at least
three types of transcribed spacer seguence must be identified
in rDNA isolated from a 2-nu animal. Identification of only
two types of sequence does not rule out the passibility that
each.qucleolar organiser may only contain a single sequence
type (intranucleolar homogeneity) rather than a mixture of
the two sequences (intranucleolar heterogeneity). Identif-
ication of a third sequence type eliminates this possibility.
It does not matter how the sequence types are arranged within
each nucleolar organiser because in all of the possible
arrangements one of the nucleolar organisers must contain at
.least two types of sequence. Thus intranucleolar variation
.Would exist if three types of variant were found in the rDNA
of a singlé frog.

The initiél objectives of this particular sequencing
project‘weré 1) isolation and purification of chromosomal and
amplified rDNA from'three individusl X. laevis animals and
2) sequence analysis of both ends of ITS1 and the 3' end of ETS
purified frdm the chromosomal and amplified preparations from

each frog.

Purification of aﬁplified rDNA was very successful giving

yields of approximately 4, 8 and 10ug of rDNA from the three
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animals., In contrast, I was unable to obtain very pure
preparations of chromosomal rDNA because of contamination of
the preparations with total nuclear DNA, I decided therefore,
to limit my sequence analysis to amplified =rDNA. In addition,
detailed analysis of amplified rDNA from each frog generates

a substantial amount of work, So in the time left available
to me, I constructed ETS and ITSl-containing clones using
amplified rDNA from one frog and then concentrated by sequence
analysis on the 3' end of ITS1. During the writing up of

this thesis, an Honours student in our laboratory, Alan Warren,
has extended this sequence énalysis to cover the 5' region

of ITS1 and the 3' region of the ETS.

7.1 Restriction and cloning strategy

The quickest and most efficient way of achieving my sequ-
encing objective was to utilise +the M13 cloning system in
conjunction with the dideoxy sequencing méthod (see Chapter 2).
A survey of the available M13 vectors revealed that two related
vectors, M13mplO and M13mpll, contained unique Sst I and Xba I
restriction nuclease recognition sites (see Figure 2.L4).

This combination was of particular interest since a survey of
restriction sites in X. laevis rDNA revealed the strategic
location of Sst I and Xha I sites for cloning the transcribed
spacer regions (Figure T7.1). On the bhasis of this information
I decided to clone the ETS Sst I/Xba I fragment into M13mplO
and the ITS1 Xba I/Sst I fragment into M13mpll. Cloning into
M13mplO allows seqguence analysis of the 3' end of the ETS
whereas cloning into M13mpll allows sequence analysis of the

3' end of the ITS 1 fragment (Figure 7.2). Sequence analysis




Figure 7.1 Restriction of amplified rDNA purified from a

single X. laevis

Upper section : Map of 8st I and Xba I sites in rDNA pre-
dicted from amplified rDNA clones. Lines with arrowheads
represent fragments obtained from complete digestion of
amplified rDNA, from "frog 3", with Sst I and Xba I. Fragments

1-5 are numbered according to size.

Lower section : Restriction digests of amplified rDNA.

Restriction products were separated on a 1% horizontal agarose
gel and visualised, after ethidium bromide staining, by U.V.
illumination,. The wide central section represents the
preparative Sst I plus Xba I digest of amplified rDNA

prepared from "frog 3". The fragment numbers correspond

to those in the upper section : the relationship of the
fragments in this preparative digest was inferred from the
known distances between restriction sites in cloned rDNA

and was confirmed by a complete Sst I plus Xba I digest of

pX1lrlol.

N.B., The line marked "X" in the upper section of the figure
represents a group of fragments in the amplified rDNA
preparation which are wvariable in length due to wvariation in
the position of the first Sst I site in the NTS. These

fragments are present in submolar amounts.
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'Figure 7.2 M13 cloning strategy for analysis of the 3'region of the
ETS and ITS 1 of amplified rDNA.
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of the 5' end of ITS1 (by A. Warren) was achieved by cloning

an aligquot of the ITS1 Xba I/Sst I fragment into M1l3mpll.

Figure 7.1 illustrapes the restriction fragments obtained
when amplified rDNA from "frog 3" was digested to completion
With.Xha I and Sst I and resolved on a 1% agarose gel. The
pattern obtained corresponds well with the restriction pattern
of the reference clone pXlrlOl, The ETS (band 3 ) and ITS1
(band 5 ) containing fragments were recovered from the "frog 3"
rDNA digest and an aliquot of each fragment used in the sub-

sequent cloning experiment,.

Construction of the M13mplO and mpll/ rDNA clones
was performed as described (Chapter 3, Section 5.1) using
0.1l5pmoles of rDNA and 0.0S5pmoles of linearised M13 vector in
each ligation reaction, Recombinant molecules were identified.
by their ability to form white plaques on 1PTG/BCIG plates
(Chapter 3, Section 5.3). In both experiments over 95% of the
plaques obtained were white. The ETS cloning experiment
yeilded fewer plaques (246 total, 233 white) than the ITS1
cloning experiment (682 total, 670 white). This difference
in. number may reflect the influence of insert size during the
cloning step. As insert size increases from 630bp (ITS1
fragment) to 1160bp (ETS fragment) the cloning efficiency
decreases. The plates were stored at 4°¢ prior to dideoxy
séquence analysis- of a number of white plagues. It has been
reported that plaques stored in this way are unstable and
have a tendancy to lose inéert, especially if insert size is
over 1lkb. All of my sequencing studies were performed on

DNA prepared from plagues within six weeks of the cloning
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experiment and I encountered no problems with insert instability.
In contrast, sequence analysis of the ETS using DNA prepared
four months afiter the initial cloning experiment (A. Warren)
revealed that the recombinant DNA was unstable and deletions

had arisen in the insert segquence,

7.2 Analysis of the 3'—end of ITS1l by partial dideoxy

sequencing

In my previous search for transcribed spacer variants
using the Maxam and Gilbert chemical sequencing method, I
chose the G specific reaction to compare the 3' end of ITS1
from cloned and uncloned rDNA. A characteristic G cleavage
pattern was obtained for the different seguence types present
in this region (see for example Figure 5.6). I decided to
adopt a similar screening technique for analysing the newly
constructed ITS1l clones using the dideoxy sequencing method.
Single stranded DNA was prepared from 81 white plagues and
dideoxy sequencing using the G termination reaction only was
pe£formed. Of the 81 clonesanalysed in this way, 69

contained the ITS81l sequence.

The most striking feature revealed by analysis of.the G
termination pattern was the occurrence of the extra block of
20 nucleotides, following nucleotide 468, in all 69 clones.
This 20bp segment had previously been identified in three
(of the five) amplified rDNA clones, in uncloned amplified
rDNA and in all five chromosomal rDNA clones {(Chapters 4-6).
Figure 7.3 shows the consensus sequence (leftwards strand)

derived previously from full sequencing runs on amplified




Figure 7.3 Screening of the 3' region of ITS1 by partial

dideoxy sequencing.

The G termination banding pattern in the region of ITS1
which was shown to vary by the presence or absence of a 20bp
block of nucleotides in pooled rDNA, is shown for six
Ml3mpll/ITSl amplified rDNA clones. Nucleotides are
numbered according to the pXlrlO0l numbering system. The
banding pattern illustrated, was identical in all 69 clones
examined and comparison with the sequence for pXl2l2
(sequence of leftwards strand for pXl2l2 is shown) demon-
strated the presence of the 20bp block of nucleotides in all
69 clones. One site of variation was identified - at
position 468> either a G band {(lane 2) or a space
(lanes 1, 3—6) was obtained, representative of a C or T
respectively, on the rightwards strand (see text for explan-

ation).
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and chromosomal rDNA clqnes, and the G pattern ohtained for
six newly constructed ITSLl clones in the region of nucleotide
L68. The spacing and position of bands in the G pattern

is consistent with a DNA sequence containing a 20bp segment
between nucleotides 468 and L69, The handing pattern within
the 20bp segment gives some spacing anomalies {see Figure 7.3)
because of strong local secondary structure. However, it is
possible to identify single base variation at nucleotide h683.
The presence of a band at 4683 indicates a G, therefore C on
the rightwards, RNA-like strand. In contrast, a space at
position 4683 implies, from previous full sequencing runs on
amplified and chromosomal rDNA clones, that A is present at
this position. Therefore, T is present on the rightwards,
RNA—iike strand.Of the 69 clones analysed 62 displayed the
pattern lacking G at position 1;683 (see Figure 7.3, lanes 1,
3,4,5 and 6) whereas only 7 clones displayed a band signi-

fying G at position h683 (see Figure 7.3, lane 2).

At the extrme 3' end of ITS1l analysis of amplified and
chromosomal rDNA (Chapters 4-6) demonstrated two +types of
sequence : the reference type sequence, as in pXlrlQl, was
displayed by all of the clones except two chromosomal clones,
whereas a '"phase-shifted" sequence was present in pXlerl and
pXlerl. Figure T.4 ( lower section) shows the sequence of
the leftwards strand of pXlrl0l and pXlcrhd in this region.
pXlcrhk contains a single bhasée deletion at nucleotide 525 and a
single base insertion following nucleotide 551. Each sequence
type gives & characteristic G banding pattern : Tbetween G557
and G551 (see Figure T.4) pXlrlOl contains five nucleotides

whereas pXlerhd contains six nucleotides. Similarly between




Figure 7.k Identification of "phase-shifted" sequence

at the 3' end of ITS1.

The nucleotide sequence Tfor the leftwards strand of
pX1lr10l (reference sequence) and pXlecrld (phase-shifted
sequence) between nucleotides 523 and 557 are shown. In
addition, the G termination banding pattern in this region
is illustrated for three M13mpll/ITS1 amplified rDNA clones.
Nucleotides are numbered according to the pXlrl0l numbering
system and bands in the gel correspond to guanine in the
nucleotide sequences shown. Lanes 2 and 3 demonstrate
a pXlerh-type sequence pattern, lane 1 demonstrates a

pXlrl0l-type sequence pattern.
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G535 and G523 (see Figure T.4) pX1lrlOl contains eleven
nucleotides whereas pXlcrld contains ten nucleotides. Thus
the pXlerld sequence is "phase-shifted" by a single base with
respect to the pXlrlOl-type seguence, Comparison of the G
termination pattern obtained for the 69 ITS1 clones (see

main section, Figure 7.4 for an example) revealed that
the pXlcrhd sequence type was the more frequent sequence type
in this frog. Only 10 clones displayed a banding pattern
characteristic of the reference sequence (Figure 7.4, main
section,.lane 1). This contrasts with the results obtained
Tor the amplified and chromosomal clones for rDNA prepared
from many frogs. Here only two, out of the +ten clones
studied in this region, displayed the "phase-shifted" sequence.

The reference sequence was the more common sequence type.

7.3 Conclusions

In order to demonstrate that intranucleolar transcribed
spacer variation exists, at least three types of seguence
must be identified in rDNA purified from 2-nu X, laevis.

In these experiments I have identified four types of sequence
at the 3'end of ITS1l (Figure T7.5). A1l the sequence types
contain the extra 20bp segment at position 468, however, some
clones contain T at )4683 others C. In addition, further
downstream at the extreme 3' end of ITS1l, some clones display
a "phase-shifted" pXlcrl-type sequence between position 525
and 551 whereas others display the reference pXlrliOl-type
sequence. The relative abundance of the different sequence
in this frog is very different. The most common seguence

type, present in 55 of the 69 clones examined, contains T at
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3'=end of ITS I.

C/T pX1rIOI/pXlcrd—type
1
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2. l f 1 (5 clones)
T IOI-type
3. | 1 1 (7 clones)
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4, 1 L (55 clones)

Figure 7,5 Summary of the four different sequence types identified
at the 3'end of ITS 1 in amplified oocyte rDNA from a
single frog.
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position 4683 and displays the pXlecrhb-type sequence further
downstream (Figure 7.5, sequence type L4). Thus identification
of four sequence types in this seguencing study demonstrates,
unequivocably, that transcribed spacer variation within single

nucleolar organisers does exist.
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8. Discussion

8.1. DNature and extent of variation in the transcribed

spacers of X. laevis rDNA

Before this work was commenced it was generally supposed
that the transcribed spacers of rDNA within a single species
were homogeneous with respect to length. In this
work, I have carried out direct DNA sequence analysis on
the transcribed spacers of X. laevis from the following
sources:-

1. clones from amplified rDNA

2. uncloned amplified rDNA

3. clones from chromosomal rDNA

4, clones from amplified rDNA from a single frog

The regions examined in DNA from these various sources
covered the extreme 3' end of the ETS and the whole of both
ITS1 and ITS2, a total of approximately 1,100 nucleotides of
the rDNA unit structure. Substantial microheterogenelty was
observed. Transcribed spacer variants comprising base
substitutions and insertions and deletions of one or a few
nucleotides were identified at some 20 sites. In addition,
a site in ITS1l has been shown to vary by the presence or

absence of a block of 20 nucleotides (see below).

Sequence variants identified 1n amplified rDNA clones
were also identified in uncloned amplified rDNA. This
finding confirmed that heterogeneities in cloned rDNA are
not artefacts introduced during cloning. Comparison of the

sequence data obtained for amplified and chromosomal rDNA
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DNA SEQUENCE

"B e 221 GAGAGAGAAAGACGGAAAGAAAGGAGAG
~192— =175 C,TC, ,IC 4+
-174 = -165 Gig
-59 —> —48 Cyo
ITs 1
19 — 32 GGAGAGAGGGAGE
54 —> 68 GGAGAGAGAGAGAGA
92 — 113 C1ACG, &
378 — 397 GGGGAGGGGAGGGGGGGAGG
525 — 534 Pandceanda
TS 2
216 —226 ¢y
243 —5257 Cps'

Table 8.1 Simple sequence tracts in the transcribed spacers
of X.laevis rDNA,

+ means that length variation occurs in this tract.
If a single base change occurs in a tract, this is
indicated in the table,
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showed that there was very good correspondence between

the findings for the two sources. This indicates that the
primary reservolr of variant sequences is genomic rDNA and
that the variants do not originate during the amplification
process., . It was important to establish this fact because,

in order for variants to spread through & large population

of frogs then the variants must occur in the germ line

(i.e. chromosomal) rDNA. Analysis of amplified rDNA

from a single X. laevis revealed several of the variants which
had already been identified in rDNA pooled from many frogs.

The significance of this finding is discussed below.

a) Localisation of some heterogeneities in simple seguence

tracts.

Specific regions of the transcribed spacers which display
a run of 10 or more nucleotides consisting of purines only or
pyrimidines only, or which show a strong bias towards a single
type of base have been designated as "simple sequence" DNA.
All three transcribed spacers contain a number of "simple
sequence" tracts (Table 8.1). Several of the transcribed
spacer variants occur in these tracts, especially length
variants, and eight out of the eleven tracts in the table
contain sites of variation. Apparently these simple sequence
tracts constitute potential foeci for length heterogeneity and
mutational "hotspots" within the spacer regions. It is
worth noting that although there is a tendency towards simple
sequence DNA, there js no evidence for the occurrence of large
scale repetitive sequence patterns - a characteristic common

to the NTS (1.3.2).



147

b) 20bp tract in ITS1

The most striking site of variation in the transcribed
spacers 1s located towards the 3' end of ITS1 and is charact-
erise@ by the presence or absence of a block of 20 nucleotides.
Analysis of five amplified and five chromosomal clones (rDNA
prepared from many frogs) and 69 amplified rDNA clones (rDNA
prepared from a single frog) in this region of ITS1 revealed.
that only two clones, pXlrlOl and pXlrl03, lack this 20bp
segment. The sample of uncloned amplified rDNA analysed
comprised predominantly the version containing the 20bp
block of nucleotides with only a small amount of the shorter

variant (Figure 5.7).

Two possibilities exist which could explain this finding.
It is possible that, in terms of transeribed spacer seguence
evolution, the version of ITS1 lacking the 20bp sequence is
"older" than the version containing the 20bp seguence. Thus
insertion of & 20bp segment has occurred and this new version
of ITS1 is now in the process of sweeping through the rDNA
family with the simultaneous elimination of the shorter ITS1
version from the family. On the other hand, the predominance
of the longer version of ITS1 could mean that this form of
ITS1 is in fact "older" than the shorter version. Thus
deletion of the 20bp segment could be a recent event and this
version of ITS1 is in the primary stages of sweeping through
the other members of the rDNA multigene family. In both
cases however, the identification of a sequence variant
within the 20bp block (position 4683 T/C heterogeneity)

implies that this DNA sequence has been established in the
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transcribed spacer long enough to allow the introduction and
spread of a new variant within this region through the

individual family members.

c) No two transcription units vet examined are identical

No two transcription units examined in this study are
identical throughout their trahscfibéd spacer regions.
Diversity arises at two levels : different combinations of
variants within a single transcribed spacer (ETS, ITS1 or
ITS2) and combinations of variants between the three trans-
cribed spacers in a single transcription unit. In order to
make this latter observation only those clones containing
a completé repeat unit of rDNA can be compared (i.e. pXlrlOl-

103, pXlerl-5).

d) Identification of linked groups of variants

Examination of the nature of the transcribed spacer
variants identified reveals that, despite the extensive
diversity observed, some linked groups of variants occur.
First,.in the ETS between nucleotides -20 and -28 all the clones
examined conform to oné or other of two alternative patterns,
resembling pXlrlOl or lerlh respectively (Figures 5.11 and
6.7). The pXlrllh-type pattern possess two mini~insertions
with respect to the leflOl~type pattern : no intermediate
form with only one of the two insertions was found. A second
type of linkage pattern is observed in uncloned oocyte rDNA.
Fragments 2a and 2b in uncloned amplified rDNA (Figure 5.2)
span the entire ETS and part of the NTS. 2a and 2b are
length variants due to Bam HI site heterogeneity in the NTS.

The longer fragment 2a, contains predominantly the pXlrlOl-
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type sequence whereas the shorter fragment 2b, contains
predominantly the pXlrllh-type sequence. Thus in this sample
of uncloned rDNA a pattern of sequence variation at the 3!
end of'thé ETS is linked to a pattern of length variation
more than 1lkb upstream in the NTS. However, not all of

the clones examined were found to conform to this linkage
pattern. A third example of linkage betﬁeeﬁ variants

occurs at the extreme 3' end of ITS1 : the deletion of
position 525 1s evidently coupled to the insertion'following

nucleotide 551 (Figure 6.4).

The fact that no intermediate forms of the first (ETS,
-20 to -28) and third (ITS1l, 525 to 551) type of linkage
patterns occur suggests that the pairs of variants within
each region have arisen simultaneously or in close succession
in the same gene. The gene containing the linked variants
would then begin to replace the other members of the family
resulting in the pattern observed in this study: 1in the ETS
either pXlrlOl or pXlrllh type sequence, in ITS1l either a

phase-shifted or reference seguence.

8.2 Evolution of the transcrifed spacers

All eukéryotic genomes contain families of repeated
genes in which individual ﬁembers of the multigene family show
a greater similarity within species than between related
species. Variation accumulates between species yet indiv-
idual members within a species_do not evolve independently -
a phenomencn known as concerted.evolution. Concerted

evolution involves three processes : mutation, "homogenising
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mechanisms'" such as unequal recombination and gene conversion
which result in the transmission of variants through the

family, and natural selection.

Mutation : The sequence of a single gene can be altered by
the chance occurrence of single base changes and insertions
and deletions of one or a few nucleotides, It is possible
that different regions of a gene may display different

nmutation rates.

Unequal recombination : The role that unequal recombination

plays in the transmission of sequence variants through multi-
gene families and, in particular, the rDNA mulfigene family
has been discussed (1.6). Briefly, when sister chromatids,
each containing a tandem array of repeated genes, are paired,
the arrays may align out of register with respect to the total
array length. Frequent recombination between arrays would
thus result in continuous duplication or deletion of indiv-
idual gene units. In this way, a repeat containing a new
mutant will either be lost through deletion or will be dup-
licated and gradually encompass the entire gene array

(Figure 1.3).

Gene conversion : This mechanism is thought to maintain

homogeneity within genomically dispersed and tandemly linked
families of genes (Dover, 1982, references therein). In

gene conversion, two initially slightly different copies end
up sharing the DNA sequence of one of them: one copy converts
the other. The direction of conversion i1s often random,

but sometimes one wvariant copy persistently converts the other.




151

The direction of conversion is often random, but sometimes
one variant copy persistently converts the other. Random
fluctuations in the direction of conversion, or a bias in the
direction of conversion eventually ensures that all copies of
a gene family in all individuals of the same species, are of

the same type.

Natural selection : Natural selection determines the viability

of a particular gene whether the gene is a single copy gene or
a member of a multigene family. Consider the rDNA multigene
family. If a mutation, introduced into a rRNA gene, is
deleterious to ribosome formation, then natural selection

will eliminate any gene harbouring the mutant. Hence the
overall rate of change within that particular region of the
gene 1s slow. On the other hand, mutants having no
deleterious effect i.e. neutral mutants, will be accepted by
natural selectian and the overall rate oflchange within that
region of the gene will be determined by the mutation rate and
the rate at which mutations can sweep through the multigene

family via the homogenising mechanisms per unit time.

It is clear from analysis of DNA sequence data that the
rates of change within different regions of the rDNA unit
are very different. NTS length heterogeneity is of widespread
ocecurrence in eukaryotic rDNA and is correlated with rapid
evolutionary change within these regions (Coen et al, 1982).
In contrast, the overall rate of change in the rRNA coding

regions is slow. Presumably natural selection eliminates gene

copies in which mutations, deleterious to rRNA function, have
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arisen, The transcribed spacers of eukaryotic rDNA
undergo rapid evolutionary change. Clearly natural selection

allows these regions to accept and accumulate mutations.

The identificationAof multiple variants in the trans-
cribed spacers of X. laevis rDNA demonstrates that the overall
rate of change within the transcribed spacers is fast enough
to allow substantial heterogeneity to be seen at any point
in time in these spacer regions - a previously unrecognised
fact. Even within single nucleolar organisers, some degree
of sequence variation exists. Thus the variants indeed occur
on physically linked repeats within individual chromosomes,
and are net, for example, a consequencé of sampling of
different geographical populations of frogs with different

but internally homogeneous transcribed spacer arrays.

Comparison of two closely related species of frog -

X.laevis and X. borealis has led to the identification of

homologous blocks of sequence within all three transcribed
spacer regions (Furlong and Maden, 1983; Furlong et al,
submitted for publication). This analysis has clearly
demonstrated that the transcribed spacers in X. laevis

and X. borealis have evolved from common ancestral transcribed

spacers segquences., However, although the conserved tracts

in X. laevis and X. borealis occur in the same linear order

in the transcribed spacers of the two species, the distances
and sequence patterns between these tracts differs, implying
a history of base changes and insertions and -deletions. I

would like to suggest that the identification of intraspecies
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transcribed spacer variants in X. laevis rvDNA in the form of
base changes and insertionsand deletions of one or a few
nucleotides, implies a degree of sequence instability which

may underly this phylogenetic variation.

Thus these data suggest that phylogenetic change in the
transcribed spacers occurs by the repeated occurrence of small

insertions or deletions in ‘addition to point mutations.

8.3 Function of the transcribed.spacers

Because of their presence within the ribosomal trans-
cription unit, the transcribed spacers have always been
assumed to play some specific role in rRNA maturation.
However, although the order of processing stéps in eurkaryotic
rRNA is well known, little is understood of the precise
mechanisms involved in each step and even less is understood
of the function of the transcribed spacers in these processing
steps. A question which must be ésked therefore is "Do the
transcribed spacers serve a specific function in rRNA matur-
ation?". In order to answer this question consider the

following.

a)'How important is primary sequencel?

Comparison of sequence data from a number of eukaryotes
(Table 1.1(b) for references) reveals little homology among
the transcribed spacers. Such extensive divergence does not
seem to suggest any function that is closely related to
sequence content. The identification of intra-specific

transcribed spacer variation strengthens this proposition
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Mouse GAGCGUCGCUUGACGAUCAAUCGOGUC

Rat G=
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Figure 8.1 Sequence conservation at the 5'start of ITS 2
in a number of eukaryotes.

The data for mouse, rat, Xenopus and yeast are from references
citied in Table l.1b. The chick data are from Crouch et al,
1983. In each sequence, nucleotides " identical with the mouse
sequence are represented by a straight line. .

A means one nucleotide is deleted in the Xenopus sequence
with respect to the mouse sequence. |

Y means that one nucleotide is inserted in the Xenopus
sequence with respect to the mouse sequence.

No sequence information upstream of nucleotide =8 in the
5.85 gene is available for chick,
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especially when we consider that in this study, I found that

no two transcriptiocn units were alike within their transcribed
spacer regions. In addition, several of the variable sites
identified occur quite close to the rRNA coding regions,
implying that there is no unigque relationship between sequence
and function in these rRNA flanking regions. There are
variants within 30 nucleotides of the 5' and 3' ends of the

185 sequence and the 5' end of the 5.8S gene (Figures 5.4,

5.8, 5.11). A variable length C tract in ITS2 terminates only

a few nucleotides from the 28S boundary (Figure 5.8).

There is however one region in the transeribed spacers,
namely the 5' start of ITS2, which shows a significant degree
of sequence homology between rat, mousé, chick, yeast and
Xenopus {(Figure 8.1). This region is also highly homogeneous
in X. lagvis ITsS2 (Figures 5.8, 6.5). The significance of
this homology is unclear. A role for ITS2 in base-pairing
with a small nucleclar RNA, U3, has been proposed by

Bachellerie et al, (1983) and Crouch et al, (1983). However,

the ubiquity of this feature in eukaryctic ITS2 is yet to be

established.

On the whole, the primary sequence data available suggest
that if the transcribed spacers are functionally important,
this-function must be totally independent of primary sequence.
Perhaps transcribed spacer function in the RTU, is simply to
maintain distance between the ribosomal coding regions, to
allow the moiecules responsible for generating mature rRNAs

access to their sites of action.
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b) Sequence conservation between Xenopus and mouse

Comparison of the primary sequence between closely

related species {(e.g. X. laevis/X.borealis : Furlong and

Maden 1983, Furlong et al, submitted for publication, mouse/
rat : Michot et =al, 1983), has revealed that embedded in the
largely divergent segquences of the transcribed spacers are
short tracts of completely conserved or almost completeiy
conserved sequence. None of the X. laevis transcribed'spacer

variants identified in this study occur within any of the

conserved X. laevis/X. borealis tracts. Comparison of these

tracts between the two species of frog and two species of
rodent reveals that two of the seven ITS conserved tracts in

X. laevis/X. borealis are also conserved in mouse. A 20

nucleotide tract in ITS1 of frog (tract 1) contains 1k
nucleotides which are exactly conserved in mouse ITS1. Near
the start of ITS2, 19 of the 25 nucleotides of tract 1 in
frog are conserved 1n both mouse and rat. Considering the -
very low extent of overall homology within the entire ITS
sequences, on the one hand between both Xenopus species and
on the other hand between mouse/Xenopus and rat/Xenopus, this
observation is very surprising. It could:be.interpreted to
suggest that at least some bf these conserved ITS sequences
are functionally significant. Equally,.however, these .
sequences may simply represent mere evolutionary relics
conserved by chance within regions undergoing rapid divergence.
Whichever of these possibilitiés is correct rémains unknown

at present.
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¢) Secondary structure considerations

In E. coli, the sequences flanking 168 and 23S rRNA
form extensive base-paired structures which are recognised and
cleaved by RNase III during ribosome maturation {(Young and
Steitz, 1978; Bram et al, 1986). It is tempting to envisage
a similar situation for eukaryotic rRNA formation. However,
in X. laevis the sequences flanking 18S rRNA show no significant

potential for interaction (Maden et al, 1982a). In

S. carlsbergensis an intermediate situation appears to exist

the éequence at the 5' end of 178 rRNA is cleaved simultane-
ously with a sequence downstream from the 3' end, but the
potential for base—-pairing between the cleavage sitesis
limited (Veldman et al, 1981). Thus, it seems unlikely that
mature eukaryotic RNAs are generated by molecular mechanisms

similar to those in E. coli.

8.4 Conclusions

The degree of heterogeneity in the transcribed spacers
of X. laevis rDNA has been critically assessed by direct
nucleotide sequence analysis. Identification of seguence
variants in these regions has provided novel and important dats
relevant to the evolution of eukaryotiec transcribed spacer
rDNA and also queries the function of these sequences in

ribosome formastion.

I would like to suggest that large parts of the trans-
cribed spacers behave as "neutral" regions because of their
ability to accept mutations. Some regions appear to be

inherently more mutable than other regions : it is interesting
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to observe that nine of the twenty sequence variants
identified in this study are located within some of the
simple sequence tracts described in Table 8.1, as discussed
above. If the transcribed spacers do play a specific role
in ribosome formation, then I propose that these "neutral”
regions are functionally unimportant, and only those regions
which show intraspecies homogeneity or whiéh have g teﬁdency
towards phylogenetic conservation (e.g. 5' start ITS2,

Figure 8.1) should be considered as functionally significant.
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